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Highly Stable Lithium—Sulfur Batteries Promised
by Siloxene: An Effective Cathode Material to Regulate
the Adsorption and Conversion of Polysulfides

Yang Wang, Liping Zhou, Jingyun Huang,* Xinyang Wang, Xinling Xu, Jianguo Lu,*
Yang Tian, Zhizhen Ye,* Haichao Tang, Shuit-Tong Lee, and Yingying Lu*

1. Introduction

Designing an appropriate cathode is still a challenge for lithium—sulfur

batteries (LSBs) to overcome the polysulfides shuttling and sluggish redox
reactions. Herein, 2D siloxene nanosheets are developed by a rational
wet-chemistry exfoliation approach, from which S@siloxene@graphene
(Si/G) hybrids are constructed as cathodes in Li-S cells. The siloxene pos-
sesses corrugated 2D Si backbone with abundant O grafted in Sig rings
and hydroxyl-functionalized surface, which can effectively intercept poly-
sulfides via synergistic effects of chemical trapping capability and kinetically
enhanced polysulfides conversion. Theoretical analysis further reveals that
siloxene can significantly elevate the adsorption energies and lower energy
barrier for Li* diffusion. The LSBs assembled with 2D Si/G hybrid cathodes
exhibit greatly enhanced rate performance (919, 759, and 646 mAh g™

at 4 C with sulfur loading of 1, 2.9, and 4.2 mg cm™2, respectively) and
superb durability (demonstrated by 1000 cycles with an initial capacity of
951 mAh g~' and negligible 0.032% decay rate at 1 C with sulfur loading

of 4.2 mg cm~?). It is expected that the study presented here may open up
a new vision toward developing high-performance LSBs with siloxene for

practical applications.
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To keep pace with thriving development
of electric vehicles and grid level energy
storage, developing advanced battery
systems with sustainable high gravi-
metric and volumetric energy densities
and prolonged cycle reliability becomes
increasingly paramount. Conventional
lithium-ion batteries relying on interca-
lation mechanism are obviously unable
to meet the demands imposed on next
generation energy-storage systems, either
on performance or expense require-
ments.'3] Among the emerging battery
technologies, lithium-sulfur batteries
(LSBs) have attracted extensive attention
owing to unparalleled features including
high energy density, non-toxicity, and low
cost.*”] However, the practical implemen-
tation of LSBs, close to commercial appli-
cation, is plagued with several dilemmas,
including insulating nature of sulfur and
its final discharge products, highly soluble
polysulfides and large volume fluctuation
upon lithiation/delithiation process.®] Among these intrac-
table issues, dissolved polysulfides in organic electrolytes and
their subsequent inter-electrode migration, namely, shuttling
effect, are particularly detrimental to the performances of LSBs,
which could lead to rapid capacity attenuation, inefficient sulfur
utilization, low coulombic efficiency, and worse still, lithium
dendrite issues.”'% Besides, the sluggish electrochemical
conversion kinetics of soluble polysulfides can cause grievous
polarization effect, resulting in inferior rate performance.['’!
Massive efforts have been concentrated on cathode design to
address the aforementioned challenges. Due to highly conduc-
tive matrix and tunable architectures, carbonaceous materials
are commonly employed as sulfur hosts, which, to some extent,
mitigates the notorious shuttling effect and boosts the elec-
trochemical kinetics of sulfur species.''12l Unfortunately, the
nonpolar characteristic of pristine carbon host has made the dif-
fusion of polysulfides propelled by the concentration gradient not
effectively mitigated.'* Additionally, by combining polar metal
compounds (such as transitional-metal oxides,"*1% carbides,!!”]
nitrides,'®19 sulfides,?*2!) and heterostructure???3)) with car
bonaceous materials, the resultant cathodes could effectively
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immobilize polysulfides and improve the cycling stability of
LSBs due to the strong adsorption ability of such metal com-
pounds toward polysulfides.

Recently, many researches have been embarking on polar
two-dimensional (2D) sulfur host materials. By contrast, nano-
structured 2D materials possess many advantages over bulk
structure. Owing to strong covalent bonds in plane and weak
van der Waals' forces between interlayers, 2D materials are
more prone to layer peeling than breaking, thus they can form
complete well-aligned structure to provide both physical shield
and chemisorption to polysulfides.?* Besides, many 2D mate-
rials have been demonstrated to have unique sulfur species cata-
lytic property, thus ameliorating the sluggish kinetics. Common
polar 2D materials employed as sulfur host are molybdenum
compounds (MoS,,?>2% Sng :3sM00;”)), MXenes?® and their
ramification,?” phosphorene,[!l borophene,3% graphitic carbon
nitride (C3N,, C,N,),B132 etc. Although these 2D materials are
considered as ideal candidates for Li-S cathodes, there are still
some defects needed to be improved. For instance, i) the heavy
transition metal atoms in 2D materials are not beneficial to
the cost control of LSBs and the development LSBs with high
gravimetric energy density; ii) rigorous and complicated prepa-
ration processes are not in line with the demands of large-scale
manufacturing.

Siloxene is a novel Si-based 2D material with three planar
structure types: Weiss-type structure (Si-H and Si-OH bonds
alternating on the surface of Si6 rings), Kautsky structure
(Sig rings interconnecting with abundant O (Si-O-Si) and
hydroxyl-functionalized group on the surface), and chain-like
siloxene.**l The common method to prepare siloxene is the dein-
tercalation of Ca atom by different oxidant (metal chlorides, I,
aqueous HCl, etc.)l3*3% from CaSi,, which is a hexagonal layered
structure consisting of alternating Ca layers and corrugated Si
(111) planes.3% In the fields of solar-electric energy conversion!*”]
and lithium storage, 33 siloxene has been demonstrated as an
efficient metal-free semiconductor for photocatalytic water-split-
ting, and an excellent anode material for Li-ion batteries. Nev-
ertheless, as a unique 2D material, the exploration of siloxene’s
potential application in electrochemical energy storage is still
very much in its infancy. To our knowledge, the utilization of
siloxene to demonstrate the development of high-performance
LSBs has not been reported yet. Herein, ultrathin siloxene
nanosheets have been synthesized via a simple and scalable
wet-chemistry exfoliation approach and selected as the sulfur
host. The detailed synthetic strategy is outlined in Scheme 1.
Concretely, by treating CaSi, with concentrated aqueous HCI,
Ca atom can be easily extracted from the layered CaSi,. With
the generation of water and hydrogen, the retained silicene
(2D silicon layer) is oxidized into siloxene in the oxygenated
environment due to strong reducibility of silicene. The as-
prepared siloxene nanosheets maintain the corrugated 2D
silicene backbone with abundant O doped in the Sig rings and
hydroxyl on the surface. When used as sulfur host, the siloxene
nanosheets show excellent polysulfides regulation capability.
The cells with S@siloxene@graphene (Si/G) composite cathode
display superior electrochemical performance, including highly
reversible capacity, outstanding rate capability (delivering a
reversible capacities of 919, 759, and 646 mAh g! at 4 C with
areal sulfur loading of 1.0, 2.9, and 4.2 mg cm™2, respectively)
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Scheme 1. Preparation process illustration of siloxene nanosheets, the
structure of as-prepared siloxene nanosheets, and Li-S cell configuration
employing the siloxene nanosheets.

and superb cycle stability (only 0.032% capacity decay rate per
cycle over 1000 cycles at 1 C with a high areal sulfur loading
of 42 mg cm™2). Computational studies based on first prin-
ciple calculation indicate that the improvement is related to the
effective polysulfides immobilization capability and low energy
barrier for Li-ion diffusion, thus lowering the polarization and
improving the utilization of sulfur. Moreover, electrochemical
experiments reveal that siloxene could also facilitate the conver-
sion kinetics of polysulfides, which shortens the existence time
of polysulfides and therefore reduces the probability of their
shuttling. Combing with simple and easily scalable prepara-
tion process as well as low-cost precursor material (CaSi, can be
synthesized by directly heating a mixture of high-purity Ca and
Si via a solid-state reaction method,’”) and the Ca and Si are
abundant in earth), we strongly believe that siloxene is a pro-
mising candidate cathode material for high-performance LSBs.

2. Results and Discussion

The morphology and microstructure of the as-prepared
siloxene nanosheets were confirmed by transmission electron
microscopy (TEM), scanning electron microscopy (SEM), and
atomic force microscopy (AFM). As exhibited in Figure 1a, the
low-resolution TEM image of siloxene, dropped on a carbon
nanotube (CNT) grid, shows the smooth and uniform 2D
structure with several microns lateral dimension. Besides, the
scanning transmission electron microscope (STEM, presented
in Figure 1d), shows the high transparency of the sheet-like
siloxene, thus indicating their ultrathin nature. Layer stacking
characteristic is also found in our resulting siloxene samples,
shown in Figure 1b,e, which means that, like other 2D mate-
rials, the agglomeration due to interlayer interaction forces is
inevitable. However, the stacked nanosheets still show homo-
geneous transparent morphology, indicating that the agglom-
eration is not very serious. Corresponding energy dispersive
X-ray spectroscopy (EDS) analysis is depicted in Figure S1,
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Figure 1. Surface morphology characterization of siloxene nanosheets. a,b) Transmission electron microscopy (TEM) of resulting siloxene nanosheets.
c) The high-resolution TEM (HR-TEM) image of siloxene nanosheets and relevant selected area electron diffraction (SAED) pattern (inset). d,e) The
scanning transmission electron microscope (STEM) image of siloxene nanosheets. f) Atomic force microscopy (AFM) to measure the thickness of

siloxene nanosheets.

Supporting Information, which reveals the presence of Si and
O atoms throughout the siloxene nanosheets. The introduc-
tion of O atoms into planar Si begins in the process of the Si
layer being stripped from CaSi,, owing to that newly formed
layered Si nanosheets (silicene) are highly reactive and thus
can be rapidly oxidized.’¥) SEM images (Figure S2, Supporting
Information) display the graphene-like structure of siloxene
nanosheets with crumpled morphology, which is in contrast to
the bulk CaSi, with clearly compact stepped stacking structure
(Figure S3, Supporting Information), revealing the effective
exfoliation of siloxene nanosheets from CaSi,. In the high-res-
olution TEM (HRTEM) image (Figure 1c), it is clear that the
atomic arrangement of such siloxene nanosheets have amor-
phous characteristics, which is consistent with the selected area
electron diffraction (SAED) pattern (inset in Figure 1c). The
thickness of the resultant siloxene nanosheets was measured
in the range of 5-6 nm by AFM (Figure 1f), corresponding to
about ten individual siloxene layers.l Figure S4a, Supporting
Information, shows the N, adsorption—desorption isotherms of
obtained siloxene nanosheets and the measured surface area
via Brunauer-Emmett-Teller (BET) method is 95.59 m? g7},
which could promote uniform deposition of active sulfur and
provide effective adsorption and catalytic sites for immobilizing
polysulfides. Subsequent pore size distribution (Figure S4b,
Supporting Information) calculated via Barrett—Joyner—Halenda
(BJH) method depicts single peak at about 11 nm that indi-
cates the presence of mesopores, and the total pore volume of
siloxene is 0.1 cm? g1,

The chemical states of siloxene nanosheets were evaluated
by X-ray photoelectron spectroscopy (XPS). Based on the wide-
range spectrum analysis (Figure S5a, Supporting Information),
the O/Si atomic ratio of as-prepared siloxene nanosheets was
calculated to be 1.42. The calculated O/Si atomic ratio is <2,
which indicates that the atomic ratio in the 2D siloxene does
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not conform to the stoichiometric ratio of bulk silica, and also
reveals the uniqueness of 2D structure. Figure 2a exhibits the
core-level spectrum of Si 2p states of the siloxene nanosheets.
In order to confirm the oxidation states of siloxene nanosheets,
the Si 2p spectrum can be fitted into five peaks with binding
energy between 99.3 and 103.5 eV, attributed to Si’, Si'*, Si%,
Si**, and Si*.3%40 The results of XPS fitting also indicate that
the chemical states of Si in the resultant siloxene distinguish
from the one in bulk SiO, (Si*"). Figure S5b, Supporting Infor-
mation, presents a broad O 1s spectrum that relates to the
Si-O-Si bridges in the Sig rings and hydroxyl on the surface of
siloxene.?33 To determine the detailed phase of the siloxene
nanosheets and identify the structural transformation before
the wet-chemistry exfoliation, X-ray diffraction (XRD) was car-
ried out. Figure S6, Supporting Information, displays the XRD
patterns of resulting siloxene and CaSi, precursor. In the XRD
of the CaSi, precursor, the peaks of CaSi, mainly match with
the JCPDS No: 75-2192, indicating that the precursor mainly
exists in hexagonal CaSi, phase, and the tetragonal CaSi, phase
(JCPDS No: 75-2193) is also observed. Besides, in the XRD
of the CaSi, precursor, some impurity peaks can be attributed
to FeSi, (JCPDS No: 35-0822 Tetragonal, P4/mmm), which is
due to the reaction of iron impurity remaining in the prepara-
tion of CaSi, with silicon. While in the XRD pattern of siloxene
nanosheets, all characteristic diffraction peaks of CaSi, and
impurity FeSi, disappear and a new diffraction peak located
at around 24.3° (26) is found. The newly presented diffraction
peak in the siloxene nanosheets attributes to the diffraction
pattern of (001) stacking layer of siloxenel®! and the calculated
layer spacing parameter is 3.65 A based on Bragg’s formula.
Fourier transform infrared (FTIR) and Raman spectra
were conducted to further reveal the chemical composition of
resultant siloxene nanosheets. Figure 2b displays the FTIR spec-
trum with characteristic bands at 452, 869, 1050, and 2137 cm™,
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Figure 2. Chemical characterization of the siloxene sheets. a) The core-level spectrum of Si 2p XPS of siloxene nanosheets. b) Fourier transform infrared

and c) Raman spectrum of siloxene nanosheets. The Raman peak position maps of d) Si-Si (bending vibration),

tion) mode, respectively.

attributing to the stretching vibrations of Si-Si, Si-H, Si—O-Si,
and OSi,=Si-H modes, respectively.}*#!l The FTIR spectrum
bands at 3400 cm ™ originate from vibrations of ~OH, revealing
the oxidation and hydroxylation during the exfoliation process of
silicene from CaSi,. Combing the presence of OSi,=Si-H rather
than Si;=Si-H mode in the siloxene, the structure type of the
as-prepared siloxene should be defined as Kautsky-type siloxene
structure that possesses Si—-O-Si bridge grafted in Sig rings and
hydroxyl-functionalized group on the surface. As noted, the
Si—H mode in siloxene highlights that the edge or other sur-
face of Sig rings is saturated by H atoms. Raman spectrum of
the siloxene nanosheets (Figure 2c) clearly depicts the Si-Si
(386 and 518 cm™!, corresponding to bending and stretching
vibration, respectively), Si—O (492 cm™!) and Si—H (637 and
738 cm™!, corresponding to bending and stretching vibration,
respectively) vibration, which demonstrates the existence of
Si—Si, Si—0, and Si—H mode in the siloxene nanosheet.[’”!
The Raman result is consistent with the abovementioned FTIR
analysis. Raman maps of Si—O and Si—Si were also conducted
to understand the vibrational characteristics in more detail.
Figure 2d—f exhibits the peak position maps of Si—Si (bending
vibration), Si—O, and Si—Si (stretching vibration) modes,
respectively. It is clear that both the peak positions of Si—O and
Si—Si vary within the detected area, which can be intuitively
judged from the color change in maps. The peak intensity maps
(Figure S7, Supporting Information) also suggest the variations
of relevant peak of Si—Si and Si—O. Additionally, Figure S8,
Supporting Information, shows the IR maps of Si—O-Si and
—OH modes, which clearly reveals that the vibration intensity
of Si—O—Si and —OH vary within the detected area. The results
shown in the Raman and IR maps reveal the heterogeneous dis-
tribution of the chemical structure in siloxene nanosheets, due
to Raman and IR, peak shift and intensity of chemical structure
are closely related to the chemical environment.

To demonstrate the electrochemical application of the as-
prepared siloxene nanosheets, S@siloxene@graphene hybrid
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e) Si-0, and f) Si-Si (stretching vibra-

electrodes (denoted as Si/G electrodes, with sulfur contents of
60 wt%, which was confirmed by thermogravimetric analysis;
as presented in Figure S9, Supporting Information) are syn-
thesized by conventional melt-diffusion method (the detailed
preparation process is described in Experimental Section), in
which graphene is used to improve the electrical conductivity
of electrodes. Figure S10a—c, Supporting Information, shows
the SEM and TEM images of Si/G composite after impregna-
tion of electroactive S constituent. It is obvious that, after sulfur
impregnation, the obtained Si/G encapsulated sulfur compos-
ites still maintain the 2D morphology. Besides, the different
sharp contrast can be observed inside the Si/G, indicating the
encapsulation of sulfur. Combined with the energy dispersive
spectroscopy (EDS) for elemental distribution of C, Si, O, and
S atoms (Figure S10d—g, Supporting Information), it can be con-
clude that siloxene, graphene, and sulfur are highly dispersed.
The electrochemical performances of Si/G electrodes are evalu-
ated by galvanostatic charge/discharge tests. As demonstrated
in Figure 3a, the Si/G-1 electrode (Si/G electrode with areal
sulfur loading of 1.0 mg cm™2) obtains a high initial discharge
capacity of 1289 mAh gt at 0.1 C (1 C = 1675 mA g!) activa-
tion. Subsequently, the rate capability of the Si/G-1 electrode is
measured, which displays the average reversible specific capaci-
ties of 1204, 1122, 1049, 966, and 919 mAh g™! at the current
densities set for 0.2, 0.5, 1, 2, and 4 C, respectively. For the con-
trol, the S@graphene hybrid electrodes (prepared by the same
method, denoted as pure-G electrodes) are also tested under
identical conditions. By contrast, the pure-G electrode exhibits
an inferior rate capability with lower initial discharge capacity
of 1073 mAh g! at 0.1 C and average reversible specific capaci-
ties of 859, 760, 602, 507, and 417 mAh g™! at the current densi-
ties 0f 0.2, 0.5, 1, 2, and 4 C, respectively. Remarkably, when the
current density switches back to 0.1 C, the average discharge
capacity of Si/G-1 cathode recovers to 1218 mAh g1, which is
close to the initial value (1289 mAh g™) and exceeds that of the
pure-G electrode (811 mAh g!), revealing good reversibility.
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utilization of active sulfur.*? In addition, the
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Figure 3. The galvanostatic charge/discharge tests of cells with Si/G and pure-G electrodes.
a) The rate performance of Si/G-1, Si/G-2.9, and Si/G-4.2 representing the Si/G electrodes with
areal sulfur loadings of 1, 2.9, and 4.2 mg cm™2, respectively; pure-G with areal sulfur loading of
1 mg cm™2. b) The galvanostatic charge/discharge profiles at 4 C. c) The comparison of cycling
performance under 0.5 C with areal sulfur loading of 2.9 mg cm™2. d) The long-term cycling sta-
bility test of Si/G electrode under high sulfur loading of 4.2 mg cm=2 at 1 C during 1000 cycles.

Since the high mass loading of sulfur is essential for the high
energy density of LSBs, the Si/G electrodes with areal sulfur
loading of 2.9 and 4.2 mg cm™ (denoted as Si/G-2.9 and
Si/G-4.2, respectively) are further evaluated. It is noted that
the Si/G-2.9 and Si/G-4.2 electrodes still achieve outstanding
rate capability comparing with pure-G electrode. Even at high
current density of 4 C, the Si/G-2.9 and Si/G-4.2 electrodes
remain high reversible capacities of 759 and 646 mAh g,
respectively, indicating lower polarization and better reaction
kinetics of Si/G electrode than pure-G electrode. The galvano-
static charge/discharge profiles of the Li-S batteries with Si/G
and pure-G electrode at 4 C are presented in Figure 3b. Obvi-
ously, there are two well-defined plateaus in the discharge pro-
file, which depicts the typical multistep conversion of S. The
initial discharge plateau at around 2.3 V represents the dis-
solution of sulfur to high-order soluble (Li,S,, 4 < x < 8), and
another plateau at around 2.1 V corresponds to the formation
of Li,S,/Li,S.* For the charge profile, the plateau implies the
reverse transformation from Li,S,/Li,S to Li,Sg/Sg. It is evident
that the discharge capacity of Si/G-1 electrode obtained at the
low discharge plateau is much higher than that of the pure G
electrode, which indicates that the polysulfides dissolution in
organic electrolyte is significantly alleviated, thus enlarging the
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29.5% capacity retention). The stable cycling
performance is attributed to the efficient
anchoring effect of siloxene nanosheets for
polysulfides.*¥ The results further highlight
the merits of siloxene nanosheets in miti-
gating the shuttling effect of polysulfides.
Figure S11, Supporting Information, shows
the digital images of Li,S¢ in DOL/DME
solution before and after addition of the as-prepared siloxene
nanosheets and graphene powders, which preliminarily con-
firms the immobilization capability of siloxene to polysulfides
via the visible decoloration of the Li,S4 solution. The superior
polysulfides regulation capability can be further confirmed by
the morphology evolutions of lithium metal anode surfaces at
the current density of 0.5 C after 100 cycles (Figure S12, Sup-
porting Information). As depicted in Figure S12, Supporting
Information, the surface of lithium anode cycled with pure-G
cathode exhibits much higher roughness with prominent gul-
lies and cracks than that of Si/G cathode, which indicates that
chemical reactions between Li metal and diffused polysulfides
from cathode side are more serious in cell with pure-G cathode.
Besides, severe diffusion of polysulfides to the Li anode can
also be verified in the EDX analysis of Li metal (Figure S12a,c,
Supporting Information). The anode matched with Si/G
cathode has very low sulfur content in the surface of Li metal,
suggesting stronger polysulfides trapping capability of Si/G
cathode. Such phenomenon is well in accord with the results
of electrochemical cycling tests, demonstrating that siloxene
can serve as a good sulfur host for LSBs. Since high-S loadings
are accompanied by serious polysulfides dissolution loss, it is
very necessary to verify the long-term cycling stability of LSBs
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electrodes under high sulfur loading conditions. Therefore, in
order to further verify the superiority of the siloxene nanosheets
in LSBs electrode, the high areal sulfur loading of Si/G elec-
trode is tested. As depicted in Figure 3d, remarkably, the cell
employed Si/G electrode with a high areal sulfur loading of
4.2 mg cm2 at 1 C still delivers a high initial discharge capacity
of 851 mAh g! and possesses an ultralow capacity fading rate
of 0.032% per cycle over 1000 cycles, suggesting the excellent
long-term stability for practical application. These electrochem-
ical results strongly demonstrate that siloxene nanosheets play
a very important role in improving the electrochemical perfor-
mance of LSBs.

In order to further unravel the superiority of siloxene
nanosheets in cathodes of LSBs at the atomic level, first-prin-
ciple calculations based on density functional theory (DFT)
were applied to further investigate the chemical interactions
between soluble polysulfides and siloxene nanosheets. The
Li,S¢ was chosen as the representative polysulfides prototype
molecule to check the chemical binding. Figure S13a, Sup-
porting Information, presents the optimized configuration of
Kautsky-type siloxene structure with Si—O—Si bridge grafted
in Sig rings and hydroxyl-functionalized group on the corru-
gated surface, which is consistent with the abovementioned
structure characterization. Since such siloxene was obtained
by oxidation during the process of peeling off the silicene
(2D silicon layer) from CaSi,, it is necessary to select silicene
(the optimized model of silicene is exhibited in Figure S13b,
Supporting Information) as a control object to reveal the effect
of structural transformation brought about by oxidation on poly-
sulfides trapping. Figure 4a,b shows the optimized adsorption
geometry with the Li,S¢ molecule on the surface of siloxene and
silicene, respectively. The calculated binding energy of Li,S¢ on

Li,S,@silicene
AE = -1.26 eV

a LliS.@siloxene b

Li* diffusion
4 on siloxene

Energy barrier (eV)

“00 02 04 06 08 10
Relative diffusion coordinate

www.afm-journal.de

siloxene surface is —3.44 eV, which is much higher than that
on carbon hexatomic ring matrix,>*4% indicating that the
siloxene nanosheets possess strong chemical anchoring capa-
bility for polysulfides. Notably, the binding energy of Li,Ss on
silicene is decreased to —1.26 eV, revealing that the silicene
has lower affinity to the Li,S; molecule than siloxene. To fur-
ther understand the strong electrostatic interactions, different
charge density (DCD) and Bader charge analysis were observed.
As a result, the DCD of siloxene adsorbed Li,S; showed more
distinct phenomenon of electrostatic interaction than that of
silicene. In detail, based on Bader charge analysis, we found
that the charge transfer from siloxene to Li,S¢ is much higher
(2.46 e) while the charge transfer from silicene is about 0.1 e. In
order to investigate the huge difference in the charge transfer
of siloxene and silicene, we analyzed the S atoms. It was found
that the S atoms can get more electrons (0.69 e per S atom)
on the surface of siloxene than silicene (0.27 e per S atom),
which induce a higher adsorption energy. In addition, the
results of DCD and Bader charge analysis are consistence with
the adsorption energy of Li,Ss on the surface of siloxene and
silicene, respectively. The PDOS (projected density of states)
of Si and S atoms before and after adsorption was calculated
via DFT to further investigate the detailed explanation on the
interaction between siloxene and Li,Ss. PDOS plots of Si atom
(Figure S14, Supporting Information) present that partial elec-
trons of Si in siloxene have obviously transferred to Li,Sg mol-
ecule, and this phenomenon is more pronounced than that in
silicene judging by the obvious positive shift of Si PDOS in
siloxene.2#47] PDOS plots of S (Figure S15, Supporting Infor-
mation) reveal that S atoms could obtain more electrons after
adsorbed on siloxene than on silicene. These results indicate
that the siloxene has a higher affinity for polysulfides than

C  Li* diffusion d L diffusion

on siloxene on silicene
. . lu(l(i_
. . » o’

S OH 0
f os
Li* diffusion
on silicene

o
o

g

Energy barrier (eV)
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L i

0.0 v : . v
0.0 0.2 0.4 0.6 0.8 1.0
Relative diffusion coordinate

Figure 4. Density functional theory (DFT) calculations. Adsorption energies of Li,Sg molecule on a) siloxene and b) silicene surfaces. Top view sche-
matic illustrations of corresponding diffusion pathway for Li* on c) siloxene and d) silicene surfaces, and the corresponding diffusion energy barriers
of Li* on e) siloxene and f) silicene. The purple, green, yellow, pink, and red balls represent the Si, Li, S, H, and O atoms, respectively.
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silicene, which enhances the capability to inhibit polysulfides
shuttling. Owing to that Li ion diffusion on host materials is
closely related to the further conversion of Li,S,,[*¥ the diffu-
sion barriers for Li ion on siloxene and silicene are simulated,
shown in Figure 4c—f. The diffusion energy barrier of Li ion
on the surface of siloxene is 0.13 eV, which is much lower
than that on the surface of silicene (0.68 eV), indicating that
Sis matrix promotes the diffusion of Li ion after oxidation. The
lower Li ion diffusion energy on siloxene than that on silicene
originates from the existence of abundant electronegative het-
eroatom O doped in the Sig rings and hydroxyl on the surface,
which substantially improves the wettability of Sig matrix and
modifies the surface chemistry toward accelerating Li ion dif-
fusion.[*>>% The lower Li ion diffusion energy barrier suggests
that siloxene nanosheets can promote the reaction between
lithium and polysulfides, thus reducing the electrochemical
polarization and improving polysulfides conversion efficiency.
Besides chemical trapping ability, improving polysulfides
redox conversion reactions is also very important to sup-
pressing the shuttling effect. Figure 5a displays the cyclic vol-
tammetry (CV) profiles comparison between Si/G and pure-G
cathodes at a scan rate of 0.1 mV s™L. Two reversible cathodic
peaks attribute to the solid-to-liquid phase transformation

(from elemental sulfur to soluble polysulfides) and following
conversion from soluble polysulfides to solid-state Li,S,/Li,S,
and one anodic peak is related to the reconversion of Li,S/Li,S,
to sulfur,[®>! which is in harmony with the analysis of galvano-
static charge/discharge profiles. All peaks of Si/G cathode are
sharper and possess stronger peak current density in contrast to
those of pure-G cathode, suggesting better redox reactivity and
higher utilization of active S species.’?l Meanwhile, comparing
the peak potentials (Figure 5b), the Si/G cathode shows sig-
nificantly higher cathodic reaction potentials and lower anodic
reaction potential, which reveals that the introduced siloxene
nanosheets can efficiently suppress the electrochemical polari-
zation via accelerated redox kinetics of polysulfides transforma-
tion.l'%>3] Moreover, the cathodic peaks of Si/G cathode show
higher onset potentials (Figure 5c¢) comparing with those of
pure-G cathode, further verifying the better kinetics of poly-
sulfides. As demonstrated in Figure S16, Supporting Infor-
mation, it is evident that the CV profiles of Si/G cathode are
more stable than the pure-G counterpart, indicating enhanced
cycling reversibility of electrochemical reaction and continuous
suppression of electrochemical polarization.* Electrochemical
impedance spectra (EIS) were also tested to reveal the charge-
transfer capability across the electrode—electrolyte interface.
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Figure 5. Analysis of electrochemical redox reaction kinetics. a) The CV profiles of Li-S cells with Si/G and pure-G cathodes at a scan rate of 0.1 mV s/,
the corresponding b) peak potentials and c) onset potentials comparisons. Tafal plots for Si/G and pure-G cathodes: d,e) are in correspondence with
the cathodic and anodic peaks marked with A and C peaks in the CV profile, respectively. CV profiles of the f) Si/G and g) pure-G cathodes recorded
at scan rates of 0.1-0.5 mV s7', and the relevant b value calculated from plot of log i versus log v for h) Si/G and i) pure-G cathodes.
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As shown in Figure S17, Supporting Information, the Si/G
cathode exhibits lower charge-transfer resistance (27.5 Q)
than that of pure-G cathode (49.3 Q), and after 500 cycles, the
charge-transfer resistance of Si/G cathode is still relatively
low, demonstrating the positive role of siloxene nanosheets
in enhancing electrochemical reaction kinetics. Figure 5d.e
presents the cathodic and anodic Tafel plot comparisons of
Li-S cells with Si/G and pure-G cathodes. The calculated Tafel
slopes of cathodic and anodic peaks (corresponding to the
peaks marked with A and C in the CV profile) for Si/G cathode
are 56.7 and 86.9 mV dec™!, respectively. While on the pure-G
cathode, the relevant Tafel slopes are increased into 66.4 and
341.9 mV dec’!, respectively. The lower Tafel slopes demon-
strate that the existence of siloxene could significantly enhance
the kinetics in polysulfides conversion reactions.”!

Additionally, CV tests of Li-S cells with Si/G and pure-G
cathodes measured under different sweep rates were also car-
ried out to reveal the electrochemical reaction kinetic behavior
of different cathodes. Figure 5f,g shows the CV profiles of the
Si/G and pure-G cathodes at different scanning rates ranging
from 0.1 to 0.5 mV s7}, respectively. The logarithm of cathodic
and anodic peaks current density (A, B, and C peaks) of both
the Si/G and pure-G cathodes has a linear relationship with
the logarithm of relevant scanning rates (demonstrated in
Figure 5h,i), according to the formula: i = auP, where i rep-
resents the peak current density, v represents the scanning
rates of CV tests, and b value is positively correlated with the
lithium ion diffusion coefficient.”® Since the electrode kinetics
are closely related to the lithium ion diffusion coefficient,>”->8!
the b value can be used to assess the ease of the polysulfides
conversion reactions in the electrode. Obviously, all the A, B,
and C peaks of Si/G cathode are higher than those of pure-G
cathode, which confirms rapid lithium ion diffusivity arising
from the fast conversion of polysulfides. As noticed, for pure-G
cathode, the b value of B peak is lower than the value of A peak,
suggesting that the solid—to-liquid reaction of Sg to long-chain
polysulfides is faster than the liquid—to-solid reaction of long-
chain polysulfides to Li,S,/Li,S.*®l However, for Si/G cathode,
in addition to the increase in the values of A and B peaks, the
value of B peak is greater than the value of A peak, which indi-
cates that the conversion reaction of long-chain polysulfides to
solid-state Li,S,/Li,S is significantly improved, hence reducing
the existence time of long-chain polysulfides and inhibiting
the shuttling effect. Therefore, these kinetic results give clear
evidence that the presence of siloxene nanosheets is capable of
kinetically enhancing polysulfides redox conversion, which is
critical in improving the performance of LSBs, including rate
capability and cycling stability.

3. Conclusions

In summary, the 2D siloxene nanosheets prepared by chem-
ical exfoliation of CaSi, in aqueous HCI are proposed for the
first time to employ as sulfur hosts in LSBs. It is proven that
the 2D siloxene nanosheets are capable of serving as not only
a resultful shuttle-suppressing shield for polysulfides via dual
lithiophilic—sulfiphilic chemisorption sites but also a pro-
moter in accelerating polysulfides redox reactions kinetics,
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lowering electrochemical polarization, decreasing the energy
barrier for Li* diffusion, and improving sulfur utilization. Con-
sequently, benefiting from these synergistic effects, the siloxene
nanosheets enable high-loading LSBs with enhanced capacity,
excellent rate performance, and superior long-term cyclability.
The cell employed Si/G electrode delivers a high capacity of
919, 759, and 646 mA h g™! at 4 C with areal sulfur loading of 1,
2.9, and 4.2 mg cm™2, respectively, and simultaneously achieves
a low capacity decay of 0.032% during 1000 cycles at 1 C with
a high areal sulfur loading of 4.2 mg cm™. We demonstrate
the potential application value of the siloxene nanosheets for
energy storage and this result brings a new insight to develop
high-performance LSBs.

4. Experimental Section

Preparation of Siloxene Nanosheets: The 2D siloxene nanosheets were
prepared by chemical exfoliation of CaSi, (Shanghai urchem Ltd.) in
aqueous HCI. Specifically, CaSi, powder (1 g) was gradually added in the
aqueous HCl (6 mol L', 400 mL), which was magnetically stirred for
4 days. After the reaction was completed, the solution was ultrasonically
treated to precipitate the suspended particles that are not sufficiently
reacted. The upper solution was then centrifuged and the obtained
centrifugal product was added to HCl solution to continue sonication
to further remove the bottom precipitate and retain the upper solution.
Repeat the ultrasound and centrifugation steps several times, and
collect the final centrifugal product then dry it at 60 °C for 24 h to obtain
2D siloxene nanosheets.

Preparation of Si/G and Pure-G Cathodes: Typically, 0.4 g as-prepared
siloxene nanosheets, 0.4 g graphene (Graphene was purchased directly
from XFNANO nanotechnology co., LTD., The grade of graphene
was about 5 um in diameter and 1-5 nm in thickness), and 1.2 g
sulfur powder were completely mixed together then sealed under Ar
atmosphere in an autoclave and heated at 155 °C for 12 h to make sulfur
fully infiltrate the host materials to obtain S@siloxene@graphene (Si/G)
composite. The working electrode was prepared by blending the Si/G
composite and polyvinylidene fluoride (PVDF) under the weight ratio of
9:1 in N-methylpyrrolidone (NMP) solvent. The obtained homogeneous
slurry was casted on the Al foil current collector via traditional doctor
blade method and dried at 60 °C overnight to get Si/G cathode. The
areal sulfur loading of Si/G cathode is 1.0, 2.9, and 4.2 mg cm™. The
pure-G cathode was prepared according to the same process by using
0.8 g graphene to replace 0.4 g siloxene nanosheets and 0.4 g graphene.

Electrochemical Measurements: Electrochemical experiments of the
Si/G and pure-G cathodes were carried out with CR2016 coin cells,
fabricated in an Ar-filled glovebox, and using Li foil as the counter
electrode. The electrolyte used in this study was composed of a
mixture of 1 m bis (trifluoromethylsulfonyl) imide in 1,3-dioxolane/1,2-
dimethoxy-ethane (DOL/DME; 1:1 v/v) with 1 wt% LiNO; additive.
The amount of electrolyte in each cell was 15 puL mg™' for areal sulfur
loading of 1.0 mg cm™, 10 uL mg™' for areal sulfur loading of 2.9 and
4.2 mg cm™2. The galvanostatic charge-discharge tests (including rate
performance and cycling stability) were measured by Neware BTS-4000
battery equipment with a voltage window of 1.8-2.8 V versus Li*/Li and
all the Li-S cells were tested at 25 °C in a thermostat. Cyclic voltammetry
(CV) (performed at scan rates of 0.1-0.5 mV s7') and electrochemical
impedance spectroscopy (EIS) measurements (obtained in the frequency
range of 1 MHz to 0.1 Hz) were conducted on CHI760E multichannel
electrochemical workstation. The Li,S¢ electrolyte used in adsorption
test was prepared by dissolving stoichiometric amounts of Li,S and
sulfur in a mixture solvent of 1,3-dioxolane/1,2-dimethoxy-ethane (DOL/
DME) with a volume ratio of 1:1.

Material Characterization: The morphology characterizations of
siloxene nanosheets were investigated by SEM (SU8010, HITACHI),
120 kV low-resolution TEM (HT-7700, HITACHI) and 200 kV
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high-resolution TEM (JEM-2100, JEOL). STEM images were collected
on a Philips-FEI Tecnai G2 F30 S-Twin system. XRD measurements
were carried out on Empyrean 200 895 XRD system (Cu Ka radiation,
A =0.1540598 nm, PANalytical B.V.). The elements’ chemical states were
analyzed by XPS (Escalab 250Xi, Thermo Fisher Scientific). AFM (AFM,
Bruker Vecco and Oxford Cypher S) analysis was used to determine the
thickness of siloxene nanosheets. Chemical composition of resultant
siloxene nanosheets was studied by Raman spectra (LabRAM, HR
Evolution) and FTIR (Nicolet5700, Thermo Fisher Scientific). The IR
maps of siloxene were conducted on nanolR2-fs (Anasys Instruments).
The specific surface area Pore size distribution were calculated from
the adsorption—desorption data obtained by AUTOSORB-1Q2-MP
equipment (Quantachrome).

Computational Method: Density functional theory (DFT) calculation
was carried out via the Vienna Ab-Initio Simulation Package.l*® Projector
augmented-wave (PAW) pseudopotentials with a cutoff energy of
400 eV for the wave functions expansion was employed to describe the
electron-ion interaction. The Perdew—Burke—Ernzerhof (PBE) version of
the generalized gradient approximation (GGA) exchance-correlation was
applied as the exchange and correlation functionals.[%61l The supercell
of silicene and siloxene with 15 A vacuum layer were used to simulate
the adsorption of Li,Sg on the surface of silene and siloxene, respectively.
In the brillouin zone integration on the grid with 3 x 3 x 1 for geometry
optimization and 5 x 5 x 1 k-grid mesh for calculation of density of states
during the DFT calculations. In addition, the climbing image nudged
elastic band (CI-NEB) method!® was used to simulate the diffusion
of Li on the surface of silicene and siloxene. Five images were inserted
between the initial and final configurations in the transition state search
began with an NEB calculation. And the corrected adsorption energy of
Li,Sg (AE,q4s) Was defined as:

AEalds = Etotal - Ehost - Eguest (-I )

where Ey is the total energy of silene and siloxene surface adsorbed
with the Li;Se, Epost is the total energy of silene and siloxene, and Eg g is
the total energy of Li,Se.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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