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Summary
Combining a high-capacity material possessing a core@shell structure with a
carbon material is a powerful tactic for reinforcing the performance of Li-ion

Correspondence battery (LIB) anodes. As an efficient and simple approach to obtain tin(II) sul-
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fide (SnS) with ultrafast lithium-storage capability and cycling stability, we
propose the hierarchical core@shell structure of carbon nanofibers@SnS nano-
tubes (CNF@SnSNTs) covered with S-doped carbon via a one-pot carboniza-
tion by harnessing the Kirkendall effect of camphene and sulfurization of
Funding information SnO, by L-cysteine. This hierarchical core@shell structure contains mesopor-
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ous carbon nanofibers (CNFs) that reduce the Li-ion diffusion pathway, SnS
nanotubes (NTs) that expand the active site, and a S-doped carbon layer at the
faces of the SnS NTs that promotes the electrical conductivity and inhibits vol-
ume expansion of SnS. Therefore, a CNF@SnSNT-C7 electrode achieves
superb ultrafast electrochemical performance (528.1 mAh/g under a current
density of 2000 mA/g), high specific capacity (2218.2 mAh/g under a current
density of 100 mA/g), and an ultrafast cycling stability of 92.9% after 500 cycles
under a current density of 2000 mA/g. These performance improvements are
resulted from the synergistical effect of mesoporous CNFs, SnS NTs, and S-
doped carbon layer. Therefore, CNF@SnSNT is potential anode material for
LIBs having superior Li-storage capability.
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1 | INTRODUCTION vehicles (EVs)."* Owing to the explosive growth of the

EV market, LIBs as a central power source require high

With the expanding world energy market, lithium-ion
batteries (LIBs) have accepted tremendous concerns
owing to their benefits such as large energy density, wide
voltage window, high cycling stability, eco-friendliness,
and low self-discharge rate. Hence, LIBs have been
actively applied as the power source of diverse electrical
machine, including smart phones, tablets, and electric

energy density of 300 Wh/kg, short charging time of
6 minutes, and minimum of 300 miles per charge.>®
Therefore, early research on LIBs focused on increasing
the specific capacity and cycling stability but is now
focused on achieving ultrafast charging -capability.
Although the Li-ion storage kinetics in anode materials
play a major role in realizing ultrafast cycling
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performance, graphite, which is the briskly applied anode
material in LIBs, has poor lithium-storage kinetics, lead-
ing to its poor ultrafast cycling capability. Furthermore,
by the poor theoretical capacity of graphite (372 mAh/g),
developing alternative anode materials is important to
realize high-performance, ultrafast LIBs.””

Various anode materials that have high theoretical
capacities and Li-ion transfer rates have been proposed in
view of this goal. Among them, tin(II) sulfide (SnS),
which possesses the two-dimensional (2D) layered struc-
ture, is a competitive anode material because of its large
theoretical capacity (1137 mAh/g) and relatively high
Coulombic efficiency.'® Furthermore, SnS has a lattice
interlayer spacing of 4.33 A, which is advantageous for
ultrafast cycling capability because it improves the Li-ion
transfer rate.!' Despite this advantage, its inherently poor
electrical conductivity and huge expansion of SnS during
cycling results in inferior ultrafast cycling performance
with cycling stability of anode.™ To resolve these difficul-
ties, various approaches to enhance its electrical conduc-
tivity and prevent volume expansion have been
investigated, resulting in improved anode materials for
ultrafast LIBs. For example, one effective strategy is the
nanosizing of SnS materials,'*'* which increases the
number of active sites by expanding the specific surface
area and boosts the ion-transfer kinetics by diminishing
the Li-ion diffusion pathway. Furthermore, the unique
nanostructures of nanoflowers, nanobelts, and
nanosheets provide an efficient Li-ion transport pathway,
facilitating the ultrafast capability of the anode. However,
SnS-based nanomaterials tend to degrade easily and
aggregate during long-term cycling tests owing to their
large volume expansion. To resolve the aforementioned
problems as well as the inherently low electrical conduc-
tivity, complexation of SnS with carbon materials (such
as graphene and carbon nanospheres) has been carried
out.'>” In these structures, carbon can enhance the
inherently poor electrical conductivity of SnS and prevent
the volume expansion and agglutination of SnS particles,
enhancing the lithium-storage kinetics and cycling stabil-
ity of the anode. However, the high cost and composite
fabrication are serious drawbacks, and uncomplicated
efficient process is need if ultrafast LIBs are to be realized
using SnS-based nanomaterials as anodes.

Therefore, to satisfy the electrical conductivity,
lithium-storage kinetics, and cycling stability of SnS-
based anode materials, we propose a unique hierarchical
core@shell structure of carbon nanofibers@SnS nano-
tubes (CNF@SnSNTs) covered with S-doped carbon
layers. This was achieved by harnessing the Kirkendall
effect of camphene and sulfurization by L-cysteine using
a simple one-pot carbonization process. Owing to these
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synergistical effect of camphene and L-cysteine, S-doped
carbon layers covered the surfaces of the SnS NTs. The
SnS NT structure increases the number of active sites and
mitigates the Li-ion diffusion pathway. Moreover, S-
doped carbon layers on face of the SnS prevent volume
expansion and increase the electrical conductivity of SnS.
With these features, the hierarchical core@shell structure
of CNF@SnSNTs covered with S-doped carbon layers can
realize excellent specific capacity with cycling stability at
ultrafast cycling, making it a superb anode material
for LIBs.

2 | EXPERIMENTAL

A hierarchical core@shell structure of CNF@SnSNTs
covered with S-doped carbon layers was fabricated using
electrospinning and one-pot carbonization. First, 12.5 wt
% polyvinylpyrrolidone (PVP; Aldrich), 12.5 wt% tin(II)
chloride dihydrate (SnCl,-2H,0; Aldrich), 125 wt% cam-
phene (C,oH¢ Aldrich), and 2.5 vol% acetic acid
(CH;CO,H; Aldrich) were dispersed in N,N-
dimethylformamide (DMF, C;H,NO; Aldrich) at 50°C for
1 hours. For electrospinning, the applied voltage, dis-
tance between the collector and needle, and feed rate
were retained at 17 kV, 20 cm, and 0.02 mL/h, respec-
tively. The as-spun SnCl,/camphene nanofibers (NFs)
were then mixed with L-cysteine (C3H,NO,S), heated at
350°C for 10 minutes in air, and carbonized at 500°C for
2 hours in N, at a heating rate of 15°C/min. To confirm
the L-cysteine effect, we regulated a mass ratio of L-
cysteine to the as-spun SnCl, NFs as 0:1, 1:1, 3:1, 5:1, 7:1,
and 10:1. Therefore, the hierarchical core@shell struc-
tures of CNF@SnSNTs covered with S-doped carbon
layers were successfully fabricated owing to the Kirken-
dall effect of camphene and sulfurization of SnO, by L-
cysteine (hereafter referred to as CNF@SnSNT-CO,
CNF@SnSNT-C1, CNF@SnSNT-C3, CNF@SnSNT-C5,
CNF@SnSNT-C7, and CNF@SnSNT-C10). To prove the
camphene effect, we fabricated SnCl, NFs without cam-
phene, stabilized SnCl, NFs without camphene, stabi-
lized SnCl, NFs with camphene, stabilized SnCl,/NFs
mixed with L-cysteine, stabilized SnCl,/camphene NFs
mixed with L-cysteine (hereafter referred to as as-spun
SnCl, NFs, stabilized SnCl, NFs, stabilized SnCl,/cam-
phene NFs, and stabilized SnCl, NFs + cysteine, stabi-
lized SnCl,/camphene NFs + cysteine, respectively), and
bare CNF without any additives other than PVP and
DMF. In these stabilized samples, the weight ratio of the
as-spun NFs to L-cysteine was fixed at 1:7.

To analyze the fabrication mechanism of the
CNF@SnSNTs samples, we conducted thermogravimetric
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analysis (TGA) of the as-spun SnCl, NFs and as-spun
SnCl,/camphene NFs under a heating speed of 15°C/min.
The stabilized SnCl, NFs, stabilized SnCl,/camphene
NFs, stabilized SnCl, NFs + cysteine, and stabilized
SnCl,/camphene NFs + cysteine were also analyzed using
field-emission scanning electron microscopy (FESEM)
and X-ray diffraction (XRD). The structures of the
bare CNFs, CNF@SnSNT-C5, CNF@SnSNT-C7, and
CNF@SnSNT-C10 were characterized using FESEM,
and the nanostructures with the elemental distribution of
CNF@SnSNT-C7 were observed using transmission elec-
tron microscopy (TEM) with energy-dispersive spectrome-
try (EDS) mapping. The porous structures of the
fabricated samples were confirmed using N, adsorption/
desorption isotherm. The component ratios of the fabri-
cated samples were investigated using TGA. X-ray photo-
electron spectroscopy (XPS; ESCALAB, with Al K, X-ray
source) was conducted to verify the chemical bonding
states of all fabricated samples.

To examine the electrochemical performance of the
bare CNFs, CNF@SnSNT-C5, CNF@SnSNT-C7, and
CNF@SnSNT-C10, coin cells (CR2032) were produced
using the anode of the fabricated samples, a counter elec-
trode of the lithium foil (Honjo Chemical), electrolytic
solution of 1.0 M LiPF4 dissolved in a mixed solvent of
ethylene carbonate and dimethyl carbonate in a volume
ratio of 1:1, and the separator of porous polypropylene
membrane (Celgard 2400). To produce the anode, slurries
consisting of the fabricated samples as an active material
(70 wt%), polyvinylidene fluoride as a binder (20 wt%),
and Ketjen black as a conducting carbon (10 wt%) were
prepared, coated on the Cu foil, and then dried at 130°C
for 12 hours in a vacuum oven. The loading amount
of the active materials on all electrodes was 1
+ 0.05 mg/cm?, and all cells were assembled in an argon-
filled glovebox (<5 ppm O, and H,0).

The electrochemical kinetics of all the electrodes were
examined using electrochemical impedance spectroscopy
(EIS) in the frequency range of 10° to 10> Hz at AC volt-
age of 5 mV. The galvanostatic charge/discharge test of
all the electrodes was conducted using a battery cycler
(WMPG 3000S) in the potential range of 0.05 to 3.00 V
(vs Li/Li"). The cycling stability was examined for
100 cycles at 100 mA/g, and the rate performances were
investigated at current densities of 100, 300, 700, 1000,
1500, and 20 mA/g. Additionally, the ultrafast cycling
performance was monitored for 500 cycles under
2000 mA/g. Furthermore, cyclic voltammetry measure-
ments of the bare CNF and CNF@SNSNT-C7 electrodes
were conducted using a potentiostat/galvanostat
(PGST302N) at in the potential range of 0.05 to 3.00 V
(vs Li/Li") at scan rates of 1 mV/s.

3 | RESULTS AND DISCUSSION

Figure 1 displays schematic images of the formation pro-
cess of the hierarchical core@shell structure of
CNF@SnSNTs covered with a S-doped carbon layer,
which was achieved via the Kirkendall effect of cam-
phene and sulfurization of SnO, by L-cysteine through
one-pot carbonization. During the carbonization process,
camphene induces the Kirkendall effect of Sn ions inside
the as-spun SnCl,/camphene NFs owing to its low melt-
ing point (44°C-48°C)."® The melted hydrophobic cam-
phene is transformed into hydrophilic isobornyl acetate
by acetic acid, which is a polar aprotic solvent. Therefore,
Sn ions, PVPs, and isobornyl acetate can coexist in
SnCl,/camphene NFs owing to the electrostatic interac-
tion between the Sn ions and their carbonyl oxygen. Con-
sequently, thermally decomposed camphene can increase
the rate of the Kirkendall effect owing to its higher diffu-
sion coefficient (D = ~12 x 10~® m?/s) compared with
that of PVP (D = ~3 x 10~® m?/s). Additionally, SnO,
particles were formed outside the fibers."” Simulta-
neously, owing to the decomposed camphene with dif-
fused Sn ions, mesopores were formed inside the CNFs.
Meanwhile, L-cysteine was thermally decomposed at
~221°C to produce H,S, CO,, and NH; gases.?® Then, the
sulfurization reaction of SnO, particles located outside
the fibers by H,S gas at 500°C occurred via the following
chemical reaction (Equation [1])*":

Sn02+st—>SI’IS+H20. (1)

In Figure S1, while the stabilized SnCl, NF sample pos-
sessed a smooth fiber surface (Figure S1A), the stabilized
SnCl,/camphene NF samples contained fibers with SnO,
particles on the surface (Figure S1B) owing to the Kirken-
dall effect of camphene. Moreover, the stabilized SnCl,
NF -+ cysteine sample showed a partial NT structure on
the faces of the NFs owing to the sulfurization of SnO, in
the NFs by L-cysteine (Figure S1C). Furthermore, the sta-
bilized SnCl,/camphene NFs + cysteine sample con-
tained connected SnS NTs owing to the synergistical
effect of the Kirkendall effect and sulfurization by cam-
phene and L-cysteine (Figure S1D), that is in good com-
pliance with XRD results (Figure S2). Therefore, the SnS
particles formed by the sulfurization of SnO, particles
were linked to each other, and a final hierarchical core@-
shell structure of CNF@SnSNTs covered with S-doped
carbon layers was obtained. As a result, the SnS NTs can
increase the specific capacity owing to the more abun-
dant active sites caused by the extended contact area
between SnS and electrolyte both inside and outside the
NTs.”
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FIGURE 2 (A-D)Low- and
(E-H) high-resolution FESEM
images of bare CNF, CNF@SnSNT-
C5, CNF@SnSNT-C7, and
CNF@SnSNT-C10 samples

To determine the optimal amount of L-cysteine, we
conducted FESEM analyses of the bare CNF,
CNF@SnSNT-C5, CNF@SnSNT-C7, and CNF@SnSNT-
C10 samples. As shown in Figure 2A,E, the bare CNF dis-
played a one-dimensional (1D) fiber structure with a
smooth surface, dense cross-sections, and a diameter
range of =283.9-322.4 nm. In contrast, as shown in

—
200 nm

Figure 2B,C, the CNF@SnSNT-C5 and CNF@SnSNT-C7
samples contained uniform SnS NTs with a diameter
ranges of ~307.9 to 345.2 nm and 308.2 to 354.8 nm,
respectively, and CNFs in the SnS NTs (Figure 2F,G)
owing to appropriate sulfurization. However, the
CNF@SnSNT-C10 sample contained irregular and
agglomerated SnS with diameters ranging from ~431.6 to
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550.3 nm as well as CNFs in the SnS NTs, which is why
L-cysteine caused an extreme sulfurization reaction,
resulting in the excessive growth of SnS particles. By con-
trast, the CNF@SnSNT-CO samples contained CNFs with
particle-like SnO, NTs owing to the absence of a sulfuri-
zation reaction (Figure S3A,B). Additionally, owing to
the Kirkendall effect of camphene, the Sn ions migrated
outward from the CNFs, forming mesopores inside. In
particular, owing to the optimized L-cysteine effect, the
CNF@SnSNT-C7 samples had the highest specific surface
area and mesoporous fraction (Figure S4 and Table S1).
Thus, for the CNF@SnSNT-C7 samples, the mesoporous
CNFs in the hierarchical core@shell structure of the
CNF@SnSNTs inhibit the Li-ion diffusion pathway,
enhancing the ultrafast electrochemical performance.*>**

To further analyze the nanostructure, we used TEM
to analyze the CNF@SnSNF-C7 sample. In the low-
resolution TEM images (Figure 3A), the CNF@SnSNF-
C7 sample possessed a 1D nanotube structure with diam-
eters ranging from ~309.7 to 350.4 nm. Furthermore, in
the magnified TEM images (Figure 3B), a comparatively
bright contrast is apparent at the middle of the
CNF@SnSNF-C7 sample, which represent the internal
CNFs, while the dark contrast in the outside area corre-
sponds to the external SnS NTs covered with a carbon
layer. Additional bright regions were observed in the
CNFs, signifying the mesopores formed by the decompo-
sition of camphene with the diffusion of Sn ions. In the
magnified TEM images, as shown in Figure 3C, we noted
that the carbon layer, which had a thickness of ~12.11 to
13.43 nm, was coated on the SnS having a lattice distance
of 0.28 nm, corresponding with (111) plane of ortho-
rhombic SnS. These results demonstrate that during one-

pot carbonization, orthorhombic SnS was successfully
formed by the sulfurization reaction, and carbon layers
were formed on the face of the SnS by decomposed PVP.
In addition, we conducted EDS mapping to analyze the
elemental distribution of the CNF@SnSNT-C7 sample
(Figure 3D), which revealed that C was well-dispersed
along the CNFs and Sn and S along the NTs, suggesting
that the SnS NTs were well-located outside the CNFs.
Therefore, we confirmed that the face of SnS was uni-
formly covered by the carbon layers, and this structure
not only increased the cycling stability by preventing the
volume expansion of SnS but also enhanced the electrical
conductivity of SnS.*

To demonstrate the change in the crystal structure
owing to the L-cysteine effect, XRD analyses of the
bare CNF, CNF@SnSNT-C5, CNF@SnSNT-C7, and
CNF@SnSNT-C10 samples were conducted. In
Figure 4A, the bare CNF gives rise to broad peaks at
~26.0°, which correspond with the (002) plane of amor-
phous graphitic carbon. However, the CNF@SnSNT-C5,
CNF@SnSNT-C7, and CNF@SnSNT-C10 samples
showed diffraction peaks at approximately 20.0°, 26.0°,
27.4°,30.4°, 31.5°, 39.0°, and 45.4°, which is a convincing
proof of the formation of the orthorhombic SnS phase
with (110), (120), (021), (101), (111), (131), and (002)
(JCPDS card No. 39-0354), respectively, via the L-cysteine
effect. Furthermore, we confirmed that all SnO, were
transferred to SnS via an efficient sulfurization reaction
when the weight ratio of L-cysteine to as-spun SnCl,
fibers was 3 or more (Figure S5). Additionally, the magni-
fied XRD curves in Figure 4B show that two peaks
corresponded with the (101) and (111) planes gradually
shift toward lower angles from CNF@SnSNT-C5 to

FIGURE 3 (A) Low- and (B,C)
high-magnification TEM images of
CNF@SnSNT-C7, and (D) EDS mapping
results of C, S, and Sn elements
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FIGURE 4 (A)XRD patterns, (B) magnified XRD results in the range of 29° to 33°, and (C) TGA curves of bare CNF, CNF@SnSNT-C5,

CNF@SnSNT-C7, and CNF@SnSNT-C10 samples

CNF@SnSNT-C10, indicates the extended interlayer dis-
tance of SnS owing to the increased insertion of S ions as
a result of the increased amount of L-cysteine.”*° The
extended interlayer distance can also increase the ion-
transfer rate; therefore, the ultrafast cycling capability
gradually increased from CNF@SnSNT-C5 to
CNF@SnSNT-C10.>>*"?® In Figure 4C, TGA was carried
out to confirm the component ratios of all samples.
Although the bare CNF exhibited complete weight loss,
the fabricated core-shell structures underwent partial
weight loss (CNF@SnSNT-C5: 36.84%; and
CNF@SnSNT-C10: 31.12%), implying that the inserted S
ions in the layered SnS and doped S atoms in the carbon
layer increased owing to the enhanced L-cysteine effect.
Therefore, the SnS NTs in the hierarchical core@shell
structure of CNF@SnSNTs-C7 have a high specific capac-
ity and enhance the ultrafast cycling capability.

To elucidate the chemical bonding state of all sam-
ples, we performed XPS analyses of the bare CNF,
CNF@SnSNT-C5, CNF@SnSNT-C7 and CNF@SnSNT-
C10 samples; all spectra were calibrated by the C 1s bind-
ing energy of approximately 284.5 eV. In Figure 5A, the
C 1s XPS spectra display four special peaks at ~284.5,

286.0, 287.6, and 288.9 eV, according with C—C, C—N/
C—0/C—S, C=0, and O—C=0 bonding states, respec-
tively.>*' The peak-area ratios of C-N,0,S to C—C grad-
ually increased from CNF@SnSNT-C5 (0.25) to
CNF@SnSNT-C10 (0.36), indicating increased S doping
in the carbon layer. In the Sn 3d XPS spectra (Figure 5B),
the CNF@SnSNTs samples, excluding the bare CNF, dis-
played two characteristic peaks at approximately 485.9
and 494.3 eV, that were equivalent in the Sn*" 3ds,, and
Sn*" 3d,,, states, suggesting that no SnO, remained
owing to the efficiency of sulfurization. These conse-
quences are well matched with the XRD conse-
quences.’>* Although the bare CNF exhibits no
characteristic peaks at the S 2p XPS spectra, in Figure 5C,
the CNF@SnSNT samples give rise to four special peaks
at #160.5, 161.8, 162.9, and 163.7 eV, according with SnS
2p3/2, SnS 2p; /2, C—S—C 2ps,,, and C—S—C 2p;,, respec-
tively.”>** The enhanced C—S—C peak intensities indi-
cate that the doped S atoms in the carbon layer increase
with increasing amount of L-cysteine, and the doped S
atom is located between two C atoms as thiophenic-S,
which can increase the electrical conductivity by provid-
ing additional electrons by spin-orbit coupling.’**?
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Therefore, the development of the S-doped carbon layer
improved the ultrafast lithium-storage capability by
enhancing the electrical conductivity of the S-doped car-
bon layers on the SnS NTs.

To explore the electrochemical kinetics, we conducted
EIS analyses of the bare CNF, CNF@SnSNT-C5,
CNF@SnSNT-C7, and CNF@SnSNT-C10 electrodes. In
the Nyquist plot, the semicircle at high-frequency area
denotes the charge-transfer resistance (R.), and the
tipped line at the low-frequency area indicates the War-
burg impedance. The CNF@SnSNT-C7 electrode exhib-
ited the smallest R, and thus the highest electrical
conductivity owing to the S-doped carbon layers on SnS,
as shown in Figure 6A. According to the XPS results, the
CNF@SnSNT-C10 sample had the highest amount of S
doping amount in the carbon layer; this electrode exhib-
ited a high R, owing to the agglomeration of SnS as a
result of excessive sulfurization. Moreover, with respect
to the Warburg impedance (Figure 6B), the
CNF@SnSNT-C7 electrode displayed the lowest value
among all the electrodes. Knowing the Warburg imped-
ances, the Li-ion diffusion coefficients of all the elec-
trodes could then be calculated using Equations (2) and
(3)34,35:

sn2' Snz+
(B) 3dan2 a5 Sn3d
CNF@SnSNT-C10 P

S — R .. e
>, | CNF@SnSNT-C7 VAY
24 A M &nﬁ
: o~
Q@ [cnF@snshT-Cs
£
Bare CNF
498 494 490 486 482

Binding Energy (eV)

XPS spectra of (A) C 1s, (B) Sn 3d, and (C) S 2p of bare CNF, CNF@SnSNT-C5, CNF@SnSNT-C7, and CNF@SnSNT-C10

Zreal = Re +Rct+0'wa)71/2a (2)

D=R’T*/2A’n*F*C?%s,, (3)

where R,, oy, D, R, A, n, T, F, and C represent the bulk
resistance, Warburg impedance, Li-ion diffusion coeffi-
cient, gas constant, temperature, electrode area, number
of electrons, Faraday's constant, and molar concentra-
tion, respectively. Compared with the bare CNF electrode
(D = 63x10 " cm® s'), the CNF@SNSNT-C5,
CNF@SnSNT-C7, and CNF@SnSNT-C10 electrodes had
higher Li-ion diffusion coefficients of 16.8 x 1074,
19.3 x 107, and 14.7 x 10~ cm® s !, respectively, due
to the mesopores of the CNF structure. However, the
CNF@SnSNT-C10 electrode had a lower Li-ion diffusion
coefficient owing to the reduced mesopore volume as a
consequence of the agglomerated NT structure. There-
fore, ultrafast Li-ion storage performance of the
CNF@SnSNT-C7 electrode was highest owing to the
boosted electrochemical kinetics owing to the optimized
L-cysteine effect.

The electrochemical performances of the bare CNF,
CNF@SnSNT-C5, CNF@SnSNT-C7, and CNF@SnSNT-C10
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C5, CNF@SnSNT-C7, and CNF@SnSNT-C10 electrodes

electrodes were investigated using galvanostatic charge/
discharge tests. In the cycling stability test (Figure 7A),
compared with the bare CNF electrode, the CNF@SnSNT
electrodes exhibited higher initial discharge capacity
because of a large theoretical specific capacity of SnS with
large number of active sites provided by the hierarchical
core@shell structure of CNF@SnSNTs. Furthermore, to
clarify the reversible capacity, the charge capacities of all
the electrodes are displayed in Figure S6. In particular,
the CNF@SnSNT-C7 electrode exhibited a superb initial
discharge capacity (2218.2 mAh/g) compared with the
other CNF@SnSNT electrodes (1798.8 mAh/g for
CNF@SnSNT-C5 and 1627.2 mAh/g for CNF@SnSNT-
C10) owing to its optimum NT structure as a result of the
L-cysteine effect, as confirmed by the SEM results.
The galvanostatic charge/discharge curves distinctly dis-
play two voltage plateaus during the first discharging
process at ~1.3 V, coinciding with the transformation of
SnS (SnS + 2Li" + 2e” — Li,S + Sn), and below 0.76 V,
coinciding ~ with  alloying  reaction of Sn
(Sn + 2Li" + 2e~ — Li,Sn), as shown in Figure §7.>"2%3¢
The Coulombic efficiencies of all electrodes got to ~100%
after 8 cycles, indicating the reversible charge/discharge
reaction, and the CNF@SnSNT-C7 electrode displayed a
high cycling stability (81.0%) and superb discharge capac-
ity (859.8 mAh/g) after 100 cycles compared with the
CNF@SnSNT-C5 (74.4% with 674.6 mAh/g) and
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(A) Nyquist plots, (B) relationship between Z,., and o~ 2, and (C) Li-ion diffusion coefficients of bare CNF, CNF@SnSNT-

CNF@SnSNT-C10 (67.1% with 467.2 mAh/g) electrodes.
These results indicate that the optimized hierarchical
core@shell structure of the CNF@SnSNTs covered with a
S-doped carbon layer increases the specific capacity by ris-
ing the number of active sites, improving the cycling sta-
bility, by preventing the volume expansion of SnS due to
carbon layers. Figure 7B displays the rate performances
about all electrodes. Based on the rise in current density
of 100 to 2000 mA/g, the CNF@SnSNT-C7 electrode dem-
onstrated the best capacity retention of 54.6% compared
with the other electrodes (35.2%, 45.3%, and 43.7% for
bare CNF, CNF@SnSNT-C5, and CNF@SnSNT-C10,
respectively). Additionally, as the current density began
to return to 100 mA/g, the CNF@SnSNT-C7 electrode dis-
played an excellent reversible capacity (91.2%) compared
with the CNF@SnSNT-C5 (88.5%) and CNF@SnSNT-C10
(76.4%) electrodes. The superb rate capability of the
CNF@SnSNT-C7 electrode is ascribed to its electrical con-
ductivity, which was reinforced by S-doped carbon layers
at the faces of SnS and the mesoporous CNFs on account
of the diminished Li-ion diffusion path. Furthermore, to
examine the influence about hierarchical core@shell
structure of in the CNF@SnSNTs covered with S-doped
carbon layers on the ultrafast cycling performance, all
electrodes were subjected to an ultrafast cycling test
under a current density of 2000 mA/g, as shown in
Figure 7C. After 500 cycles, compared with the other
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FIGURE 7

CNF@SnSNT-C7, and CNF@SnSNT-C10 electrodes

electrodes (80.8% with 369.9 mAh/g for CNF@SnSNT-C5,
and 79.5% with 278.5 mAh/g for CNF@SnSNT-C10), the
CNF@SnSNT-C7 electrode demonstrated superior ultra-
fast cycling capability along with a cycling stability of
92.9% and specific capacity of 528.1 mAh/g. Furthermore,
we conducted cyclic voltammetry measurements of the
bare CNF, CNF@SnSNT-C5, CNF@SnSNT-C7, and
CNF@SnSNT-C10 electrodes to clarify the electrochemi-
cal reactions of CNF@SnSNT-C7. In Figure S8, the
CNF@SnSNT electrodes exhibit cathodic peaks at 1.2V,
corresponding with the reaction of SnS with Li" ions
(SnS + 2Li" + 2e~ — Li,S + Sn), and at ~0.5 V, corre-
sponding with the multistep alloying process of Sn
(Sn + 2Li* + 2e~ — Li,Sn), which are in accordance
with the charge-discharge profile.

This remarkable ultrafast electrochemical perfor-
mance with stability of the CNF@SnSNT-C7 electrode
are explained as follows: (I) the mesoporous CNFs
formed by the decomposition of camphene with diffused
Sn ions reduced the Li-ion diffusion pathway; (II) the
SnS NTs prepared via the Kirkendall effect of camphene
and sulfurization of SnO, by the L-cysteine effect
resulted in excellent specific capacity by rising the
number of active sites; and (IIT) the S-doped carbon
layers on the face of the SnS NTs, formed during the car-
bonization and sulfurization reactions, enhanced the
ultrafast cycling stability by preventing the volume

"-c) 500 B —&— Bare CNF
= ( )—o—CNF@SnSNTvCS
< 2000 —a— CNF@SnSNT-C7
£ —3— CNF@SnSNT-C10
2 1500
[%]
8
2 1000 |
(&)
O AR 0N ey
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[%]
[
o 0 1 1 " N h
n 0 10 20 30 40 50 60 70

Cycle Number (n)

(A) Cycling stability, (B) rate performance, and (C) ultrafast cycling performance of bare CNF, CNF@SnSNT-C5,

expansion of SnS during cycling and increasing electrical
conductivity.

4 | CONCLUSIONS

In this study, we prepared hierarchical core@shell struc-
tures of S-doped carbon layer covered CNF@SnSNTs via
a one-pot carbonization process by harnessing the syner-
gistic effects of camphene with L-cysteine. This causes
enhancements in the electrical conductivity, lithium-
storage kinetics, and cycling stability of the ultrafast LIBs
anode. During carbonization, SnO, particles were formed
on the faces of the NFs owing to the Kirkendall effect of
camphene. Then, SnS NTs were formed owing to sulfuri-
zation by L-cysteine. Simultaneously, S-doped carbon
layers were developed on the faces of the SnS NTs, and
the interlayer distance of SnS increased upon the inser-
tion of S ions. A 1:7 the weight ratio of the as-spun SnCl,
NFs to L-cysteine (CNF@SnSNT-C7) led to excellent cov-
erage of the hierarchical core@shell structure with the S-
doped carbon layer, large mesoporous pore volume, and
increased interlayer distance of SnS by optimizing the L-
cysteine effect. Therefore, the CNF@SnSNT-C7 electrode
demonstrated a superior discharge capacity of
859.8 mAh/g and cycling stability of 81.0%. Furthermore,
during the ultrafast cycling test (current density of
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2000 mA/g), the CNF@SnSNT-C7 electrode demon-
strated a superb specific capacity of 528.1 mAh/g with a
cycling stability of 92.9%, which is ascribed to the syner-
gistical effect of the hierarchical core@shell structure of
the CNF@SnSNTs covered with the S-doped carbon
layer. This ultrafast cycling capability resulted from the
mitigation of the Li-ion diffusion path by the mesoporous
CNFs as well as the ingibition of volume expansion of
SnS and increase of electrical conductivity by the S-doped
carbon layers on the faces of the SnS NTs, while the high
specific capacity was due to the increased number of
active sites in the SnS NTs. In conclusion, the novel hier-
archical core@shell structure of CNF@SnS, because of its
large specific surface area, mesoporosity, and S-doped
carbon layer, leads to ultrafast lithium-storage capability
with cycling stability, making this a hopeful anode mate-
rial for ultrafast LIBs.
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