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Wise selection of host materials and judicious design of electrodes are critical for constructing high-performance
energy storage devices. Here we report an unusual cathode configuration for lithium-sulfur (Li-S) batteries
employing B4C nanowires (BC-NWs) as a skeleton, porous activated cotton textile (ACT) as a flexible carbon
scaffold, and reduced graphene oxide (rGO) as a self-adaptive protective shell. This BC-NWs@ACT/S/rGO
cathode achieved superlative sulfur confinement and electrochemical performance with excellent cycling sta-
bility (over 1000 cycles at a high current density of 1.5mA/cm?), an ultralow capacity decay rate (0.056% per

cycle) and remarkable capacities at a wide range of discharging rate from 0.1 to 1.5 mA/cm?, demonstrating its
potential to achieve high capacity and long cycle life simultaneously in Li-S batteries.

1. Introduction

Developing advanced energy-storage systems becomes paramount
due to the continuously increasing demand of energy consumptions and
rising concerns about environmental issues [1-4]. Owing to the stern
reality that conventional lithium-ion batteries (LIBs) are approaching
their theoretical limit [5-9], lithium-sulfur (Li-S) battery is considered
as one of the most promising energy storage devices for electric ve-
hicles, portable electronics, and even grid-scale storage devices [10]. Li-
S chemistry offers superior theoretical specific capacity (1673 mAh/g)
while natural abundance sulfur endows low cost and environmental
compatibility [11]. Coupling with lithium metal, the assembled Li-S
battery has a specific energy of 2600 W h/kg, which is more than five
times higher than that of state-of-the-art lithium-ion batteries [12].
Despite the obvious advantages of Li-S batteries, many challenges need
to be addressed before practical implementation, by and large, due to
severe capacity decay, poor cycle life, low utilization of sulfur, and bad
coulombic efficiency [13]. This dilemma can be primarily ascribed to
the low electrical conductivities of sulfur, dissolution of intermediate
polysulfides (Li,S,, 3 < n < 8), and structural collapse induced by large
volume variation (~80%) during solid-solid conversion between sulfur
and Li,S [14,15].

Aforementioned issues have sparked considerable interests in the
configuration and rational design of Li-S battery cathodes to increase
the sulfur utilization, immobilize polysulfides, and enhance battery's
structural stability. Advanced carbon materials, such as porous carbon,
carbon nanotube and graphene [16,17], have been extensively studied
and widely utilized in various devices, such as supercapacitors [18],
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solar cells [19,20], piezoresistive sensors [21], and strain sensors [22].
To date, the most common cathode design is to impregnate sulfur into
various carbon matrices, such as amorphous carbon [23], carbon na-
notube [24], and graphene [25-27]. Although substantial progress has
been made, carbon-based materials alone are insufficient for high-per-
formance Li-S batteries, especially the ones assembled in the flexible/
wearable electronic devices, because it is still very challengeable to
simultaneously increase the sulfur content, inhibit the “shuttle effect”,
and ensure mechanical stability of the electrode [28-30].

To address these issues, many efforts and improvements have been
made to encapsulate sulfur with novel materials to mitigate capacity
decay and enhance cycling performance, especially by employing car-
bides due to their chemical and mechanical stabilities [31,32]. Boron
carbide (B4C), one of the third hardest materials known in nature [33],
is distinguished from other materials by its eminent physical and me-
chanical properties such as low density (2.5 g/cm?®), high melting point
(exceeding 2400 °C), extreme hardness (27.4-37.7 GPa), high elastic
modulus (460 GPa), outstanding corrosion resistance, and high thermal
stability [34]. In addition, at the nanometer scale, B4C nanowires are
ductile, without cracking when being bent to an included angle of 70 °
[35]. Such exceptional properties make B4C a promising electrode
material for batteries and fuel cells [36-41]. However, to the best of our
knowledge, the investigation on B4C as the electrode material for Li-S
batteries is rare, let alone its further design and production.

Here, we report a rational design and implementation of a flexible,
free-standing cathode for Li-S batteries with B4C nanowires (BC-NWs)
as the skeleton. In specific, porous activated cotton textile (ACT) was
applied as the framework, and BC-NWs@ACT composite was obtained
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by in-situ synthesizing the self-assembled high-density BC-NWs on the
ACT via a conventional vapor-liquid-solid (VLS) [42] process. Then the
preparation of a binder-free cathode for Li-S batteries was realized by
impregnating elemental melted sulfur into the as-synthesized BC-
NWs@ACT composite to form BC-NWs@ACT/S, and in further wrap-
ping the BC-NWs@ACT/S with reduced graphene oxide (rGO) sheets
that serve as the self-adaptive protective shell. This novel hierarchically
configured cathode (BC-NWs@ACT/S/rGO) successfully confined sulfur
in the three-dimensional interconnected framework while being flexible
and mechanically robust. Ultimately, the Li-S cell with BC-NWs@ACT/
S/rGO as the cathode exhibited excellent cycling stability (over 1000
cycles), an ultralow capacity decay rate (0.056% per cycle) and high
capacities at a range of discharging rate from 0.1 to 1.5 mA/cm?. The
flexible free-standing BC-NWs@ACT/S/rGO cathode was also as-
sembled into a lightweight and foldable Li-S battery, which retained a
high specific capacity and excellent mechanical stability, confirming its
practical usage as a flexible power source.

2. Experimental Section
2.1. Preparation of BC-NWs@ACT/S/rGO hybrid cathode

As depicted in Fig. 1, BC-NWs@ACT hybrid structure was directly
synthesized according to our previously established method [43,44]. A
Ni-B emulsion was mixed by dissolving 7 g of Ni(NO;),-6H,0 and 4 g of
amorphous boron powders into 10 ml of ethanol under ultrasonic vi-
bration. A piece of cotton textile was immersed in the Ni-B emulsion
and dried at 70 °C in a preheated oven for 3 h. The BC-NWs@ACT hy-
brid structure was synthesized in a horizontal alumina tube furnace
(diameter: 60 mm, length: 790 mm). The nickel- and boron-loaded
cotton textile was placed in the middle of the tube furnace and heated
to 1160 °C for 2h with 300 sccm (standard cubic centimeter) con-
tinuous flow of argon at atmospheric pressure. BC- NWs@ACT/S na-
nocomposite was prepared via a melt-diffusion method. Sulfur powders
were loaded onto the as-synthesized BC-NWs@ACT plate and heated to
156 °C for 10 h in a sealed autoclave.

In a typical procedure, graphene oxide (GO) solution with a con-
centration of ~4 mg/ml was produced using modified hummers method
[45] from pure graphite powders. A piece of BC-NWs@ACT/S nano-
composite was dipped in the GO solution and dried for 6 h at 70 °C. The
obtained hybrid structure was further thermally treated at 200 °C for
2h in a sealed autoclave to vaporize any superfluous sulfur and par-
tially reduce the GO to conductive rGO. BC-NWs@ACT/rGO hybrid
structure with the same size was produced following the above-men-
tioned process as a reference to calculate the loading of sulfur. The
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sulfur loading of the BC-NWs@ACT/S/rGO hybrid cathode was mea-
sured to be ~3.0 mg/cm?>. As shown in Fig. S1, the mass ratio of active S
was calculated to be 77.6 wt% using thermogravimetric analysis (TGA;
Q50, TA Instruments).

A piece of ACT was synthesized by directly heating the blank cotton
textile to 1160 °C with 300 sccm continuous flow of argon in the tube
furnace. Sulfur powders were respectively loaded onto the ACT and the
BC-NWs@ACT plates without rGO coating, and heated to 156 °C for
10 h and 200 °C for 2 h. The as-synthesized ACT/S and BC-NWs@ACT/S
hybrid cathodes served as control samples and the mass of loading
sulfur was controlled to be ~3.0 mg/cm?.

2.2. Materials characterization

The morphology and compositions of the as-synthesized samples
were characterized and analyzed by scanning electron microscopy
(SEM, Quanta 650), high-resolution transmission electron microscopy
(HRTEM, FEI Titan 80), energy dispersive X-ray spectroscopy (EDX on
the SEM and HRTEM), X-ray diffraction (XRD, PANalytical X'Pert Pro
MPD), X-ray photoelectron spectroscopy (XPS, ULVAC-PHI, Inc.), and
Raman spectroscopy (Raman, Renishaw InVia Raman microscope at
514 nm). The specific surface area of the composite was measured using
a Quantachrom Autososrb iQ nitrogen adsorption—desorption analyzer
and measured with the Brunauer-Emmet-Teller (BET) theory.

2.3. Battery assembly and electrochemical testing

To characterize the electrochemical properties of the as-synthesized
cathode, CR2032 type coin cells were assembled by using MTI MSK-110
crimping machine in an argon-filled glove box (Mbraun, Germany),
with BC-NWs@ACT/S/rGO as a cathode, lithium metal as an anode and
Celgard 2400 film as a separator, respectively. Specific capacity values
and charge/discharge rates were calculated based on the mass of active
materials (sulfur). The electrolyte solution was prepared by dissolving
1M lithium bis(trifluoromethanesulfonyl)imid (LiTFSI) and 0.2M
LiNOs; in 1,3-dioxolane (DIOX)/1,2- dimethoxyethane (DME) (1:1, by
volume). For comparison, the ACT/S, ACT/S/rGO, and BC-NWs@ACT/
S cathodes were also assembled into CR2032 type coin cells as the
control samples. To demonstrate the excellent mechanical properties
and flexibility of BC-NWs@ACT/S/rGO, the flexible Li-S cell was as-
sembled using the binder-free BC-NWs@ACT/S/rGO nanocomposite
directly as the cathode. Galvanostatic charge/discharge measurements
were performed at different rates in the voltage range of 1.3-3 V versus
Li/Li* using a LAND CT2003A battery tester. A CHI 660E electro-
chemical workstation was used to measure the cyclic voltammograms

BC-NWs@ACT/S/rGO

ACT fiber BC-NWSs/S

S, GO

BENWS @ACHIS/KGO,

Fig. 1. (a) Schematic illustration of the design principle and synthesis process of BC-NWs@ACT/S/rGO hybrid structure. (b,c,d) Digital images of cotton textile, BC-
NWs@ACT and BC-NWs@ACT/S/rGO samples. The corresponding samples under folded state are also imaged, as shown in the inset.
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Fig. 2. Synthesis and characterization of BC-NWs@ACT/S composite. (a) Low-magnification SEM image of BC-NWs@ACT and TEM image inset of a B4,C nanowire.
(b) SEM image of BC-NWs@ACT/S. (c) TEM image of BC-NW/S (EDS sulfur map and corresponding SEM image of BC-NWs/S in the inset). (d) HRTEM image and
close-up observations of B4C and sulfur, and (e) the corresponding FFT of BC-NW/S. (f) XRD patterns of sulfur powders, BC-NWs@ACT and BC-NWs@ACT/S. High-

resolution (g) B 1s, (h) C 1s, and (i) S 2p XPS spectra of BC-NWs@ACT/S.

(CV) and electrochemical impedance spectroscopy (EIS) in the fre-
quency ranging from 0.01 Hz to 100 kHz with an AC perturbation of
5mV.

To characterize the inhibition effect of B4C on polysulfide dissolu-
tion and diffusion, the as-synthesized BC-NWs@ACT/S composite was
used as the cathode and assembled in a Li-S battery cell. After the as-
sembled batteries were charged/discharged for several cycles, we
stopped the tests during the charging process, and the coin batteries
were disassembled manually. The cathodes were taken out and soaked
into 1,2-dimethoxyethane (DME) to remove residual electrolyte and
part of polysulfides. The as-obtained cathodes were further washed
with acetone and dilute water, and then dried at 70°C for 10h.
Visualized adsorption of polysulfide test was carried out using 1 mmol/
L Li,Se solution in DIOX/DME (1:1, by volume). Li»Ss was synthesized
by mixing lithium and sulfur at a molar ratio of 1:3 in DIOX/DME

2.4. MD simulations

All molecular dynamics (MD) calculations were performed using the
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
[46], to describe the response of BC-NWs@ACT/S/rGO hybrid structure
to volume expansion and verify that boron carbide has an inhibitory
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effect on “shuttle effect”. The initial atomic configurations (boron car-
bide unit cell, graphene, lithium polysulfide, electrolyte molecules, Fig.
S2) were optimized using Cambridge Serial Total Energy Package
(CASTEP) [47] based on density functional theory (DFT). The gen-
eralized gradient approximation (GGA-PBE) was selected to describe
the exchange and correlation energy. The Broyden—
Fletcher-Goldfarb—Shanno (BFGS) minimizer was used to perform cell
optimization, and the convergence tolerance of total energy was set to
be 1 x 10 eV/atom. The as-obtained configurations were replicated,
truncated and combined to be the initial input structure for MD simu-
lations. Periodic boundary conditions were applied in all directions.
Boron carbide interactions were described by a set of Stillinger—Weber
parameters [48]. The canonical ensemble (N, V, T) was applied to relax
the structure with a time step of 0.25 fs, and the constant temperature
was controlled by a Nose-Hoover thermostat method.

For the MD simulations of volume expansion, a cylindrical core-
shell model was constructed with an inner diameter of 5nm for B,C
core and an outer diameter of 10 nm for polysulfide nanoparticles. To
be simplified, the cylindrical system was encapsulated by eight pieces of
graphene sheet instead of rGO. Graphene was modeled by the adaptive
intermolecular reactive empirical bond order (AIREBO) potential [49].
The non-bond interactions among B4C, polysulfide nanoparticles and
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Fig. 3. Synthesis and characterization of BC-NWs@ACT/S/rGO composite. (a) SEM image of BC-NWs@ACT/S/rGO. (b) HRTEM image and close-up observations of
B4C, sulfur and rGO, and (c) the corresponding FFT of BC-NW/S/rGO. High-resolution (d) B 1s, (e) C 1s, and (f) S 2p XPS spectra of BC-NWs@ACT/S/rGO.

graphene were simply described by the Lennard-Jones (LJ) potential
with parameters ¢ = 1 meV. Volume expansion and shrinkage processes
were realized by varying parameter o in LJ potential from 1 to 5A
continuously [25]. Simulations temperature was set to be 1 K to ignore
the thermal effect. For MD simulations of polysulfide dissolution and
diffusion, the reactive force field simulation (ReaxFF) [50], with pre-
viously published Li/S ReaxFF parameter sets [51], was implemented to
describe the Li/S interatomic interactions. Solvent molecules (1:1
mixture of DME and DIOX) were modeled using CHARMM force field
[52], and the parameters are obtained from Ref [53,54] and [55]. The
non-bond interactions were described by the LJ and Coulomb potential,
and LJ parameters were simply set to be ¢ = 1 meV and 0 = 3 A, which
are in the appropriate range for typical materials. After relaxed for
20000 MD steps, the atomic configurations were selected as the re-
ference positions (x(0), Fig. 5f). The mean square displacement (MSD,
([x(¢) = x(0)]?)) of polysulfide particles was obtained as a function of
time and the diffusion coefficient was calculated by linearly fitting the
MSD-time curves.

3. Results and discussion
3.1. Synthesis and characterization of the electrode nanocomposite

A one-step synthesis (Fig. 1) was used to obtain BC-NWs@ACT
hybrid structure via VLS method by utilizing amorphous boron powder
as boron source, carbonaceous gases generated from pyrolysis of cotton
as carbon source and nickel as the catalyst. Scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM) images
(Fig. 2a) demonstrate that high-density boron carbide nanowires with
catalytic particles on their tips are uniformly aligned on ACT micro-
fibers. Each 1 pm X 1 um region contains around 20 nanowires, which
have dimensions with diameters in the range of 50-500 nm and the
average length of 5um. X-ray diffraction (XRD) analysis verifies that
the nanowires are rhombohedral boron carbide (JCPDS No. 6-0555)
with nickel boride in the catalyst particles (Fig. 2f). Typical peak
broadening and shifting are due to the existence of nickel and small
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particle sizes [56]. The nitrogen absorption/desorption test showed that
such BC-NWs@ACT composite had a BET surface area of ~142.6 mz/g
(Fig. S3).

Afterward, sulfur was deposited via a simple melt-diffusion method
at 156 °C to construct the BC-NWs@ACT/S nanocomposite. Fig. 2b,c
show the SEM image of BC-NWs@ACT/S and the TEM image of an
individual B4C nanowire coated with sulfur. No obvious morphology
changes are observed after heating but the surface of the nanowire
becomes “rougher” due to the uniform deposition of sulfur, which is
further verified by energy dispersive X-ray (EDX) spectrum (Fig. S4)
and sulfur elemental mapping (the insets of Fig. 2c). The primary
structural unit cell of B4,C (Fig. S2) exhibited a rhombohedral ar-
rangement consisting of 12-atom icosahedra and 3-atom linear chains
(R3m space group, a= 5.16 A, and a= 65.7°) [33]. A close-up inspection
(Fig. 2d) and the corresponding Fast Fourier Transform (FFT) pattern
with a zone axis [121] (Fig. 2e) indicate that the B4C nanowires were
grown with the perfect rhombohedral crystal lattice, and clearly de-
monstrate that sulfur particles were homogeneously anchored on the
surface of nanowires. The measured crystal plane spacings of B4C are
consistent with the (101) and (012) reflections in the XRD patterns
(Fig. 2f). The high resolution TEM (HRTEM) images (the insets of
Fig. 2d) and the diffraction rings (broad and narrow) in Fig. 2e jointly
verify that sulfur existed in both polycrystalline and amorphous phases.
The lattice fringe spacing of ~0.211nm is uniquely indexed to the
(319) crystal plane of sulfur in the orthorhombic structure, in good
agreement with the XRD results in Fig. 2f (JCPDS no. 08-0247). X-ray
photoelectron spectroscopy (XPS) was performed to detect the ele-
mental composition and the chemical bonding states of BC-NWs@ACT/
S. In the B 1s spectra, three peaks centered at 187.7, 188.6, and
193.4eV were observed, corresponding to B-B, B-C, and B-O bonds
respectively (Fig. 2g). The C 1s peaks revealed the existence of C-B
(282.2eV), C-C (284.5eV), and C-S (285.2eV) bonds (Fig. 2h) [57].
The S 2p spectrum was deconvoluted into three peaks centered at
163.6 eV (S 2ps3,»), 164.8eV (S 2p;,»), and 169.8 eV (Sulfate) (Fig. 2i).
The S 2p3,, and S 2p; > peaks have an energy separation of 1.2 eV and
intensity ratio of 2:1, confirming the successful loading of sulfur [58].
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With various functional groups on the surface (epoxy and hydroxyl
groups), GO has been reported as a polysulfide immobilizer which can
slow down the diffusion and prevent the parasitic reactions on elec-
trodes [59]. Herein, to further mitigate the shuttle effect, the as-ob-
tained BC-NWs@ACT/S nanocomposite was wrapped with partially
reduced GO sheets. The SEM image of BC-NWs@ACT/S/rGO (Fig. 3a)
reveals that the ACT microfiber with radially growing B,C nanowires as
branches was wrapped by the silk-like rGO skin, and the individual
nanowire was also uniformly covered by the compact self-assembled
rGO sheets (Fig. 3b). The enlarged HRTEM images (the insets of Fig. 3b)
and the corresponding FFT pattern (Fig. 3c) present that B,C nanowires
remained well single crystal lattice structure after the heating treatment
up at 200 °C and can retain excellent mechanical properties. Raman
spectrum was used to characterize the surface components (Fig. S5) of
BC-NWs@ACT/S/rGO electrode. For untreated BC-NWs@ACT samples,
Raman peaks in the range of 200-600 cm™ are assigned to the vibra-
tions of chain structures of B4C, and the regions above 600 cm™ are
associated with intraicosahedral and intericosahedral modes [60]. The
sharp peaks in the Raman spectrum ranging from 100 to 500 cm™ ap-
pear in the BC-NWs@ACT/S sample and vanish in the BC-NWs@ACT/
S/rGO sample, suggesting that sulfur is well dispersed and confined by
rGO protective shell. The successful loading of sulfur was further con-
firmed by high-resolution S 2p XPS analysis of BC-NWs@ACT/S/rGO,
showing the S 2p3,, and S 2p; » peaks with energy separation of 1.2 eV
and intensity ratio of 2:1 (Fig. 3f). In the B 1s spectra, the two dominant
peaks centered at 187.6 and 188.5eV were identified as B-B and B-C
bonds, respectively (Fig. 3d). The C 1s spectrum was deconvoluted into
five peaks at 283.3, 284.5, 285.2, 286.2, and 287.3 eV, which can be
ascribed to C-B, C-C, C-S, C-O (hydroxyl and epoxy groups), and
O =C-O=(carboxyl groups) bonds, respectively (Fig. 3e). The results are
consistent with the previous studies [57,61]. In sum, the BC-NWs@ACT
scaffold was successfully fabricated, anchored by sulfur and enfolded by
rGO skin, which acts as a natural barrier to polysulfide diffusion. The
B4C nanowires and rGO sheets jointly maximize the interfacial contacts
between sulfur and the cathode where the electrochemical redox re-
action occurs. Furthermore, the mechanically strong B4C skeleton and
rGO skin are expected to buffer the volume variations and thereby
enhance the cyclic stability.

3.2. Electrochemical characterization

CR2032 type coin cells were fabricated using the BC-NWs@ACT/S/
rGO nanocomposite (Fig. 4a) as the freestanding cathode and Li foil as
the anode for electrochemical performance evaluation. Bare ACT/S,
ACT/S/rGO, and BC-NWs@ACT/S electrodes were also assembled in
coin cells for comparison. The sulfur loading of the cathodes was
measured to be ~3.0 mg/cm?. Fig. S6a shows the galvanostatic voltage
profiles of the battery at the current density of 0.6 mA/cm? with a
voltage window between 1.3 and 3 V. The profiles of ACT/S and ACT/
S/rGO cells display a typical two-plateau discharging morphology
which corresponds to the reduction of Sg molecule to long-chain dis-
solved polysulfides (Li»S,, 4 < x < 8) and the subsequent formation of
short-chain insoluble polysulfides (Li,S,, Li,S), respectively [14]. In-
triguingly, BC-NWs@ACT/S and BC-NWs@ACT/S/rGO electrodes
(Fig. 4c) exhibited a sloping discharge plateau in the galvanostatic
charge/discharge curves at the current density of 0.6 mA/cm? The
cyclic voltammetry (CV) curves obtained at a sweep rate of 0.1 mV/s
(Fig. 4b) confirmed this finding. Theoretically, the Li-S battery features
two cathodic peaks, corresponding to the transformations of Sg to -S4
and -S,% to -S%, respectively. Unexpectedly, the BC-NWs@ACT/S/rGO
cell exhibited a single pair of redox peaks, with the oxidation peak at
2.68V versus Li*/Li and the reduction peak at 2.18 V versus Li* /Li,
indicating that the dissolution of polysulfides was disrupted by the
existence of BC-NWs. During the first 300 cycles, the overall features of
the charge/discharge curves show no obvious changes, implying good
electrochemical stability of the BC-NWs@ACT/S/rGO cathode and
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highly reversible redox reactions. Comparing with other control sam-
ples (Fig. S6b), the BC-NWs@ACT/S/rGO electrode showed almost
negligible overcharging behavior in the first cycle, indicating that the
polysulfide shuttle effect was significantly reduced [62].

The rate capability of the BC-NWs@ACT/S/rGO composite is dis-
played in Fig. 4d. Theoretically, a lower capacity is often obtained at a
higher rate due to polarization. Intriguingly, with increasing current
rate from 0.1 to 1.2 mA/cm?, the capacity of the BC-NWs@ACT/S/rGO
cell initially increased and then gradually decreased afterward, because
sulfur utilization gradually enhanced in this hybrid structured elec-
trode. The reversible discharge capacities delivered by the battery are
1166, 1195, 1008, 890, 833 and 805 mAh/g at the current rates of 0.1,
0.2, 0.4, 0.6, 1.0 and 1.2mA/cm?, respectively. At the maximum
charge/discharge rate (1.2mA/cm?), the cycling process remained
stable with a high specific capacity (~800 mAh/g). Impressively, when
the current rate was reversed to 0.6 mA/cm?, the discharge capacity
recovered and even increased continuously up to 965 mAh/g over 50
cycles, demonstrating an excellent rate capability. The long-term cy-
cling test was carried out to further characterize the electrochemical
properties of the BC-NWs@ACT/S/rGO electrode, which exhibited an
outstanding cycling performance at a high current density of 1.5 mA/
cm? for over 1000 charge/discharge cycles (Fig. 4e). The initial dis-
charge capacity is 963 mAh/g and the discharge capacity increased
gradually up to 1395 mAh/g in the first 50 cycles due to the increasing
utilization of sulfur in the 3D hybrid structural electrode [63]. A high
specific capacity retention of 89.8% was achieved at the 400th cycle
and an ultralow capacity loss rate of 0.056% per cycle was obtained for
1000 cycles, revealing that the shuttle effect was significantly reduced
via the spatial and chemical confinement enabled by the three-dimen-
sional BC-NWs@ACT/S/rGO structure. Additionally, the cell presented
a coulombic efficiency as high as 95.4% even after 1000 cycles, and the
average coulombic efficiency was calculated to be 97.4%, illustrating
superior sulfur utilization and cyclic stability of BC-NWs@ACT/S/rGO.
For comparison, the cycling performances of ACT/S, ACT/S/rGO, and
BC-NWs@ACT/S were also characterized (Fig. S6b). The profile of
ACT/S displayed an initial discharge capacity of 914 mAh/g, which is
close to that of BC-NWs@ACT/S/rGO electrode due to the same sulfur
loading. However, the capacity of ACT/S faded rapidly down to 292
mAh/g after 700 cycles with 0.1% capacity loss per cycle. The specific
capacity retention of ACT/S/rGO and BC-NWs@ACT/S electrodes were
calculated to be 91.2% and 90.1% at the 400th cycle, respectively,
indicating the inhibitory effect of both BC-NWs and rGO on “shuttle
effect”. The lifespan verified that hierarchically configured BC-
NWs@ACT/S/rGO cathode can largely enhance the cycling stability.
The electrochemical impedance spectra (EIS) of the BC-NWs@ACT/S/
rGO cell at the 1st and 500th cycles are shown in Fig. S7. The Nyquist
plots are composed of two depressed semicircles and a straight line. The
semicircle in the high-frequency range corresponds to the formation of
the passivation layer (Li»S»/Li>S) on the surface of the lithium anode
(Ry), and the semicircle in the middle-frequency range attributes to the
Li* charge transfer (Rg3). The straight line in the low-frequency region
relates to the diffusion of lithium ions. Based on the equivalent circuit
fitting, after cycling, R, increased, suggesting the formation of SEI film.
Meanwhile, the slight increase of charge transfer resistance after 500
cycles indicated that the BC-NWs@ACT/S/rGO cathode was stable after
long time cycling. Impressively, armed with the B4C nanoskeleton and
rGO skin, the BC-NWs@ACT/S/rGO cathode exhibited superior elec-
trochemical performance - higher specific capacity, longer cycling life
and greater rate capability.

3.3. Role of BC-NWs and rGO in Li-S cell

The immobilizing effect of rGO on sulfur and lithium polysulfides
via the reactive functional groups has been extensively studied [59].
However, to the best of our knowledge, no previous studies have been
reported on the inhibition effect of B4C on polysulfide dissolution and
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NWs@ACT/S/rGO electrode. (b) Initial cyclic voltammogram profiles at a scan rate of 0.1 mV/s. (c) Galvanostatic discharge/charge profiles at the current density of
0.6 mA/cm?. (d) Rate performance at different current densities. (e) Cycling performance and correlated coulombic efficiency.

diffusion. In this work, both experimental characterizations and mole-
cular dynamics (MD) simulations were carried out to unveil the role of
B,4C nanowires in Li-S batteries. To rule out the impact of rGO skin,
sulfur powders were loaded onto the bare BC-NWs@ACT plate without
coating rGO. The as-synthesized BC-NWs@ACT/S composite was then
used as the cathode and assembled in a Li-S battery cell. After 10 cycles
of charge/discharge, the cell was disassembled to characterize the
morphological changes of the cycled cathode by SEM. The cycled BC-
NWs@ACT/S and ACT/S (the control sample) cathodes were rinsed
with 1,2- dimethoxyethane (DME), acetone and distilled water to
compare the capacities of polysulfide adsorption. At the same magni-
fication, SEM inspections on the cycled BC NWs@ACT/S (Fig. 5a) and
ACT/S (Fig. 5¢) samples present that individual BC-NWs@ACT micro-
fibers have an average diameter of 16.5 um, which is much larger than
the pristine ACT fibers (5.4 um), indicating that large amounts of
polysulfides are anchored on the BC-NWs@ACT/S cathode. Compared
with the ACT/S sample (Fig. 5d), the B,C nanoskeleton in the BC-
NWs@ACT/S cathode largely enhanced the surface area of the cathode,
hindering the dissolution of polysulfides (Fig. 5b). Static polysulfide
absorption test (Fig. 5e) was carried out to further evaluate the ad-
sorption capability of B4C, with the solution of 1 mmol/L Li,Se in 1,3-
dioxolane (DIOX)/1,2- dimethoxyethane (DME) (1:1, by volume). No
obvious color change was observed for the Li»S¢ solution with ACT,
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indicating a weak absorption capability. Compared with ACT, the sig-
nificant color fading (brown to colorless) of the Li,S¢ solution with BC-
NWs@ACT suggested the strong interactions between B4C and poly-
sulfides.

MD simulations were carried out to further uncover how B,4C na-
nowires affect the polysulfide diffusion process in the electrolyte
(Fig. 5f, and Fig. S2). The diffusion coefficient of polysulfide molecules,
Dy, was calculated at room temperature through
Dy = lim ([x(t) — x(0)]*)/2t eh)

X—00
where tis time, {[x(t) — x(0)]?) is the mean square displacement (MSD)
of polysulfide molecules in direction x. The drift of the center of mass
(COM) of polysulfides was subtracted out before MSD was calculated.
At room temperature (300K), Dy of polysulfides in the electrolyte
without B,C was obtained as 1.87 X 1071° m?/s, which is consistent with
previous work [64,65]; while the B,C nanoskeleton successfully re-
duced the diffusivity down to 1.06 x 1071° m?/s, revealing that the B,4C
nanowires can effectively confine the polysulfide particles around the
cathode, and largely limit the shuttle effect, in accord with the ex-
perimental results. In our model, the interaction between B4C and
polysulfides is only described by van der Waals forces (LJ potential,
Coulombic interaction). In nanowire growth, amorphous carbon
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coating with functional groups could be generated, which could further
absorb polysulfides via chemical bonding.

In addition to the shuttle effect, the large volume variation during
charge/discharge process is another factor that deteriorates the elec-
trochemical performance of Li-S batteries. To simplify the system, for
MD simulations graphene sheets were studied instead of rGO. The
atomic configuration (Fig. 5g) represents a cross-section of a typical
representative volume element (RVE) of the BC-NWs/S/graphene cy-
lindrical structure, based on which MD simulations were performed to
investigate the self-adaptive behavior to the volume change of gra-
phene skin during the discharge/charge process. The MD results reveal
that the B4C core remains stable while the graphene shell accom-
modates a large volume change without destructing the structure. In a
cycle of polysulfide expansion/contraction, the multilayer graphene
unfolds and slides back and forth between layers while maintaining
contact with the internal polysulfide structure, which can release strain
energy induced by volume variations and enhance the charge transfer
kinetics. In reality, the self-adaptive process of the BC-NWs@ACT/S/
rGO electrode should be more complicated due to its complex hybrid
structure. Therefore, the capacity changes, in the first 300 cycles, were
induced by the gradual utilization of sulfur and the complex self-
adaptive behavior of cathode (Fig. 4e). After the self-optimization
process, the BC-NWs@ACT/S/rGO cell became much stable, thus lar-
gely increasing its lifespan. Armed with an in-depth understanding of
the experimental results and MD simulations, it is concluded that the
synergistic effects of B4,C nanoskeleton and rGO skin largely enhance
the electrode stability, thereby improving the electrochemical perfor-
mance. This BC-NWs@ACT/S/rGO configuration demonstrates un-
precedented opportunities for designing robust cathodes for Li-S
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batteries.

3.4. Flexible lithium-sulfur batteries with BC-NWs@ACT/S/rGO cathode

A flexible cell was assembled with the BC-NWs@ACT/S/rGO as a
cathode, Celgard 2400 film as a separator and lithium foil as an anode.
No external pressure was applied during the assembling process.
Charge/discharge cycling tests (Fig. 6a) were carried out to char-
acterize the electrochemical properties of the flexible BC-NWs@ACT/S/
rGO electrode at normal (1st-25th cycles) and bent (25th-50th cycles)
states. The flexible cell was cycled in normal state from the beginning,
and the capacity was found to be stabilized at ~500 mAh/g under the
bent state, because in the bent state, external pressure was applied,
thereby improving the solid-solid interfacial contact. Similarly, the
flexible cell displays a sloping discharge plateau in the galvanostatic
charge/discharge curves under normal (1st, 2nd and 3rd cycles) and
bent (25th, 26th, and 27th cycles) states (Fig. 6b). The reproducible
charge/discharge voltage profiles together with the negligible over-
charging behavior in the initial cycle unveil that the flexible BC-
NWs@ACT/S/rGO electrode possesses excellent mechanical robustness
and electrochemical stability. A light-emitting diode (LED) was ligh-
tened up by the as-obtained soft package Li-S cell at flat and folded
states (Fig. 6¢), verifying the practicality of the flexible BC-NWs@ACT/
S/rGO cathode. To characterize the mechanical properties and chemical
stability of BC-NWs, the flexible BC-NWs@ACT/S/rGO cathodes, before
and after cycling, were treated by ultrasonication, to separate and
disperse BC-NWs onto the silicon substrate. The nanoindentation force-
displacement curves obtained from the BC-NWs before and after cycling
are almost identical (Fig. 6d), demonstrating that battery cycling and
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complex chemical environment have little effect on the mechanical
properties of BC-NWs. The reduced elastic moduli were measured to be
253 and 226 GPa before and after over 1000 cycles, respectively, based
on the unloading curves according to the Oliver-Pharr method [66].
Convincingly, BC-NWs@ACT hybrid structure is a promising candidate
in the flexible energy storage devices due to the flexibility of ACT,
excellent mechanical properties and chemical stability of BC-NWs.

4. Conclusion

In summary, the flexible ACT cloth with boron carbide nanowires as
the skeleton and reduced graphene oxide as the protective skin was
successfully synthesized via low-cost raw materials and employed as a
3D conductive host for sulfur to construct high performance flexible
lithium-sulfur batteries. Compared with the ACT/S electrode, the as-
fabricated Li-S battery using BC-NWs@ACT/S/rGO as the cathode de-
monstrated the combined advantages of ACT, B,C nanowires and rGO,
and yielded significant improvements, in terms of high specific capacity
(the initial discharge capacity was 963 mAh/g and after 50 cycles in-
creased to 1395mAh/g at a high current density of 1.5mA/cm?), su-
perior cycling stability (over 1000 cycles), ultralow capacity decay rate
(0.056% per cycle) and excellent rate capability (current density from
0.1 to 1.2 mA/cm?). The excellent electrochemical performance of BC-
NWs@ACT/S/rGO cell was primarily attributed to the outstanding
mechanical properties of the B4C skeleton, the self-adaptive capability
to volume variations of rGO skin, and the synergistic effects of B,C and
rGO on the suppression of polysulfide diffusion. The flexible free-
standing BC-NWs@ACT/S/rGO cathode was also assembled into a
foldable Li-S cell, presenting a high specific capacity and excellent
mechanical stability. Such novel B,C nanowire enabled electrode
system opens up unprecedented opportunities for designing flexible
high-performance energy storage devices.
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