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www.rsc.org/ Sulfur possesses high specific capacity as a rechargeable lithium battery cathode. However, the commercial applications nf
sulfur cathode are limited by the poor electronic/ionic conductivity of elemental sulfur and polysulfides, volume expansion
of sulfur during discharge process, and the high solubility of long—chain lithium polysulfides (Li,S,, 4 < n < 8). Herein, \ -
design a core—shell structure composed of active carbon (AC) and an amorphous carbon—coating layer to encapsulate the
sulfur in the carbon matrix. The carbon—coating layer obtained from the hydrothermal carbonization of glucose c...
effectively entrap the polysulfides. Furthermore, the composite matrix provides a conducting framework serving as an
electrochemical reaction chamber for the sulfur cathode. After wrapped AC-S with an amorphous carbon layer, the
obtained composite cathode can effectively confine the polysulfides and buffer the volume change. Consequently, the
resulting composite cathode possesses a high specific capacity, good rate capability, and stable cycling performance. At 0...
A g current density, the as—prepared carbon—coated AC—S composite cathode shows a high specific discharge capacity of
1103 mAh g™. At a current density of 0.8 A g™ and 1.6 A g™, the composite cathode exhibites 75% capacity retention over
150 cycles. The coulombic efficiency of the cell remains at approximately 95%

were proven to be an effective conductive framework for
Introduction sulfur cathodes.'**

diffuse into electrolyte causing the “shuttle” phenomenon.
26,27

However, polysulfides can still readily
9,22

Rechargeable lithium—sulfur (Li-S) batteries are considered to
be promising candidates for advanced energy storage devices
because of their high theoretical specific capacity (1,675 mAh ) A .
g—l) and energy density (2,600 Wh kg_l).1_7 Furthermore, carbon to further trap polysulfides, thereby improving the

cycling performance.
elemental sulfur also possesses other advantages such as ycling p

natural abundance, low cost, and environmental benignity." AC'S Carbon'coated AC'S

To solve this problem, conductive ponmer,B_25 thin oxide,

. 9,28,29
and reduced graphene oxide were coated on poro

Nevertheless, commercial applications of Li-S batteries have
been hindered by several challenges, such as the low
electronic/ionic conductivity of elemental sulfur and
polysulfides, volume expansion of sulfur during discharge
process, and the high solubility of long—chain lithium
polysulfides (Li,S,, 4 < n < 8) in conventional organic

electrolytes.l’3 The dissolved polysulfides shuttle between the Sulfur
sulfur cathode and lithium anode, causing precipitation of + LI ﬂ‘ F “i » + Ll
insoluble and insulating Li,S,/Li,S on the surface of the - & Po|ysu|fide . 4

electrodes. This undesirable phenomenon could result in low
coulombic efficiency and loss of active materials.®® Various
strategies have been explored to address these issues,
including optimization of organic eIectrontes,10 fabrication of
conductive polymer—sulfur composites,n'13 and carbon—sulfur
composites.”’18 Porous carbon materials with a high specific
surface area, large pore volume, and nanoporous structure
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structure. After wrapped AC-S with an amorphous carbon
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layer, the obtained composite cathode can effectively confine
the polysulfides and buffer the volume change.

The hydrothermal carbonization of carbohydrates is an
easy, low—cost and environment—friendly method to produce
amorphous carbon—coating Iayers,e'o_34 which can effectively
mitigate the mechanical stress caused by volume change
(cushion effect).>**! Thus, it has been employed to strengthen
the structural integrity of the anode material of lithium—ion
batteries.>*>? Herein, we designed a core-shell structure
carbon—coating active carbon—sulfur (AC-S) composite. The
amorphous carbon layer derived from the hydrothermal
carbonization of glucose was applied to the AC-S composite
cathode to improve the electrochemical performance. After
wrapped AC-S with an amorphous carbon layer, the obtained
composite cathode can effectively confine the polysulfides and
buffer the volume change (Fig. 1). The resulting composite
cathode exhibited a high discharge capacity of 835 mAh g_1
and 75% capacity retention over 150 cycles at 1.6 A g_l.

Experimental
Sample preparation

100 mg of commercial AC was thoroughly mixed and ground
with 200 mg of the sublimed sulfur. Afterwards, the mixture
was heated to 160 °C and held at this temperature for 24 h to
obtain AC-S. The as prepared AC-S composite (100 mg) was
dispersed in 1 mL ethanol and 39 mL distilled water, then 280
mg of glucose was dissolved to the suspension with sonication
and magnetic stirring. Subsequently, the mixture was aged at
180 °C for 6 h in a Teflon—lined autoclave (hydrothermal
treatment process). The obtained product was then washed
several times and dried at 70 °C for 24 h under vacuum. The
product was nominated as carbon—coated AC—S composite.
Material characterization

X—ray powder diffraction (XRD) patterns were obtained on a
Bruker D8 powder X-ray diffractometer (Germany). The
microstructure of the samples was examined with a Hitachi S—
4800 field—emission scanning electron microscope (FE-SEM)
and a JEOL JEM-2100 transmission electron microscope (TEM).
The N, adsorption—desorption analysis was performed using a
Micromeritics ASAP 2010 instrument. Thermal analysis was
measured on NETZSCH STA 409C thermal analyzer (Germany),
in which the sample was heated in alumina crucible under N,
flow to 550 °C at a heating rate of 10 °C min~.

Electrochemical test

The cathode slurry was prepared by mixing 70 wt% of carbon—
coated AC-S nanocomposite, 20 wt% of Super P (TIMCAL,
Graphite & Carbon
difluoride (PVDF, Alfa Aesar) dissolved
pyrrolidone (NMP, Aldrich). Each current collector contained

Inc.), and 10 wt% of polyvinylidene
in N—methyl-2—

between 0.9 mg cm—2 to 1.0 mg cm-2 active material. Positive
electrodes were produced by coating the slurry on aluminum
foil and drying at 60 °C for 12 h. The cell tests was evaluated
using 2032 coin—type cells cycled at room temperature
between 1.0 V and 3.0 V, which were fabricated in an argon—
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filled glove box using lithium metal as the counter electrode
and a microporous polyethylene separator. The electrolyi-
was 1 M bis—(trifluoromethane) sulfonamide lithium (LiTFSI) in
a mixed solvent of dimethoxyethane (DME) and dioxolane
(DOL) with a volume ratio of 1:1. The performance of the ce..s
was tested with LAND CT—2100A instrument (Wuhan, China).
The specific capacity was calculated on the mass of elemental
sulfur. Electrochemical impedance spectroscopy (EIS) data
were obtained with a CHI 760D electrochemical workstation
(Shanghai Chenhua, China) by applying a 5 mV amplitude
signal from 100 kHz to 10 mHz after charging to 3.0 V.

Results and discussion

()

Carbon |(l)

Fig. 2 (a) SEM and (b, c) TEM images of AC; (d) SEM and (e, f)
TEM images of AC-S; (g) SEM and (h, i) TEM images of the
carbon—coated AC-S composite; and (j) low-magnification SEM
image and the corresponding (k) carbon and (l) sulfur mapping
of the carbon—coated AC-S composite.

SEM and TEM images of the AC, AC-S, and carbon—coated AC—
S composite were obtained to investigate the morphology
characteristics. Bulk AC exhibits an irregular structure with the
size of several micrometers (Fig. 2a). The TEM images (Fig. 2b
and 2c) show that the AC material possesses abunda...
nanopores homogeneously distributed throughout the particle.
In comparison with AC, no apparent difference in the
morphology and size of the AC-S composite was found (Fig.
2d). Moreover, no aggregation of bulk sulfur is found on the
surface of AC-S composite, which indicates the incorporatio-
of sulfur into the active carbon matrix by a capillary for e
during the heating process. The TEM image of the AC-S
composite (Fig. 2e and 2f) illustrates that the amorphous sulf r
phase components are entrapped within the pore channels o
the AC matrix. The carbon layer derived from glucose w s
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coated on the AC-S composite after hydrothermal treatment
(Fig. 2g). The TEM image (Fig. 2h) indicates that the AC-S
composite is covered with a uniform and continuous
carbon layer. It is worth noting that the

amorphous carbon layer contain abundant nanopores (Fig. 2i),

amorphous

which is advantageous for trapping polysulfides.34 Elemental
mapping reveals that elemental sulfur is uniformly distributed
in the carbon—coated AC-S composite (Fig. 2k, I).
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N2 adsorption—desorption analysis was performed to
investigate the porous structure of the AC and AC-S
composites. The isotherm of AC exhibits a high nitrogen
uptake at P/PO = 0.3 and a small hysteresis at P/PO = 0.4-0.8
(Fig. 3a), indicating a combined microporous and mesoporous
structure of AC.19 The AC matrix shows a high specific surface
area of 1880 m2 g—1 and pore volume of 1.01 cm3 g-1 as
determined by the Brunauer—Emmett—Teller (BET) method. In
theory, 1.0 g AC can accommodate 2.091 g of S (2.07 g cm-3 x
1.01 cm3 g-1, which is the density of S multiplied by the pore
volume of the activated carbon), corresponding to a
theoretical sulfur loading of 67.6 wt%.35 After encapsulating
sulfur in the nanopores, a very low nitrogen uptake at low
P/PO in the nitrogen adsorption—desorption
isotherms of AC-S composite. The AC-S composite shows a

is observed
low BET surface area of 1 m2 g—1 and pore volume of 0.01 cm3

g—1 after sulfur infusion. Such a remarkable decrease in the
surface area and pore volume indicates that the sulfur has
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been embedded into the pores of the AC matrix. The pore size
distribution curves obtained using the Barrett—Joyner—Halenc'-
(BJH) method are shown in Fig. 3b. The main peak of the size
distribution significantly decreases with the incorporation of
sulfur into the AC framework. The XRD patterns of AC, AC-,
and carbon—coated AC-S composites are shown in Fig. 3c.
Sharp diffraction peaks of sublimed sulfur indicated that the
The AC-S
composite exhibits significantly lower peak intensities than the

elemental sulfur exists in a crystalline state.
pure sulfur, suggesting a poor crystal structure. For the
carbon—coated AC-S composite, the sharp diffraction peaks of
sulfur nearly disappear, further demonstrating that sulfur
exists in a highly dispersed state.9,35 The thermal analysis
result (Fig. 3d) shows that the sulfur contents are 65.3% and
57.9% for the AC-S and carbon—coated AC-S composites,

respectively.
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Fig. 3 Nitrogen adsorption—desorption isotherms (a) and B. -
pore size distribution curves (b) of the AC and AC-S
composites; (c) XRD patterns of elemental sulfur, AC, AC-S,
and carbon—coated AC-S composites; and (d) Thermal analy: s
curves of AC-S and carbon—coated AC—S composites.

The AC-S and carbon—coated AC-S composites we’ .
assembled into Li-S batteries to test their electrochemical
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Fig. 4 (a) Discharge/charge voltage profiles and (b) cycle life of
the AC-S and carbon—coated AC—S composites at a current
density of 0.2 A g_l; (c) Rate capability of AC-S and the carbon—
coated AC-S composites; (d) Typical voltage profiles of thic
carbon—coated AC-S composite; (e) Cycle performance of the
carbon—coated AC-S composite at the rate of 0.8 A g_1 and 1.6
A g_l; (f) Galvanostatic discharge and charge curves of the
different cycles for the carbon—coated AC—S composite at a
rateof 1.6 Ag .

behavior. The typical galvanostatic charge/discharge profiles
within a cut—off voltage window of 1.0-3.0 V are shown in Fig.
4a. All the discharge curves display the two—plateau behavior
of the sulfur cathode, corresponding to the formation of long—
chain polysulfides (Li,S,, 4 < n < 8) at ~2.3 V as well as solid-
state Li,S,/Li,S at ~2.1 V.*® The AC-S composite exhibits an
initial discharge capacity of 1012 mAh g'1 at a current density
of 0.2 A g The capacity decreases to 607 mAh g™ after th~
50™ cycles. The as—prepared carbon—coated AC—S composite
possesses an initial specific discharge capacity of 1030 mAh g'l,
which increases to 1103 mAh g'1 at the 6™ cycle, ai -
maintains at 950 mAh g'1 after 50 cycles. Although low initial
discharge capacities were observed, the carbon—coated AC-S
composite showed a gradual increase in discharge capaci y
during the initial several cycles (Fig. 4b). This behavio.
indicates that the carbon—coated AC-S composite electror -
requires an activation step. A certain amount of time
required for the electrolyte to infiltrate the amorphoi

This journal is © The Royal Society of Chemistry 20xx
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carbon—coating Iayer.zg”24 This activation phenomenon also
occur in other porous carbon—sulfur composite materials."
The amorphous carbon layer can effectively inhibit the
diffusion of polysulfides during the charge/discharge process,
improving the cycle performance of the AC-S electrode. The
rate capability study of the AC-S and carbon—coated AC-S
composites was conducted at various rates. Compared with
AC-S composite, the carbon—coated AC-S compoiste shows a
better rate capability behavior. The AC=S composite exhibits a
capacity of 379 mAh g ™" at a current rate of 6.4 A g, while the
carbon—coated AC-S composite acquires a capacity of 603
mAh g_1 at the same rate (Fig. 4c). When the current rate is
increased from 0.2 A g* to 6.4 A g, the carbon—coated AC=S
composite maintains the typical two—plateau behavior of the
sulfur cathode (Fig. 4d). Furthermore, the discharge capacity
can be mostly recovered when the current density is
decreased again from 6.4 A g_1 to 1.6 A g_l, showing the
significant tolerance of the carbon—coated AC-S composite at
different current densities. In order to evaluate the cyclability,
the samples were tested at 0.8 A g_1 and 1.6 A g_1 for long life
cycle performance (Fig. 4e). The activation phenomena occurs
at both rates for the carbon—coated AC—S composite. After
amorphous carbon—coating, the resulting composite electrode
delivers a maximum reversible discharge capacity of 880 mA h
g in the 19™ cycle at 0.8 A g and 835 mA h g™* in the 13"
cycle at 1.6 A g_l. The retention rate of the discharge capacity
increased from 54% and 57% for the AC—S composite cathode
to both 75% for the carbon—coated AC-S composite cathode at
0.8Ag and 1.6 Ag™", respectively. At the current rate of 1.6 A
g', no obvious change in the charge/discharge profiles was
observed even after 150 cycles (Fig. 4f). The coulombic
efficiency of carbon—coated AC—S composite cathode was
maintained at approximately 95%.
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Fig. 5 EIS spectra of AC-S and carbon—coated AC—S composites.

To further investigate the improved electrochemical
performance of carbon—coated AC-S composite, EIS spectra of
both samples were carried out (Fig. 5). The impedance plots
were composed of a depressed semicircle in the high—
frequency region and a straight line in the low—frequency
region. The semicircle at the high—frequency is related to the

charge—transfer process. The straight line at the low—

This journal is © The Royal Society of Chemistry 20xx
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frequency is ascribed to semi-infinite Warburg diffusion
process.37_39 After the amorphous carbon—coating, the charge
transfer resistance decrease from 33.3 Q to 29.5 Q, probably
due to the excellent conductivity of the carbon—coating layer.

The excellent electrochemical behavior of the a -
prepared carbon—coated AC—S composite can be attributed to
the multiple synergistic factors. First, AC is recognized as a
promising matrix for sulfur cathode.’ Second, the amorphous
carbon—coating layer which serves as a microcapsule can
further entrap polysulfides during the charge/discharge
process as shown in Fig. 1, enabling more stable cycling
performance. Third, the amorphous carbon—coating layer
provides a buffer region to accommodate volume changes
during the charge/discharge process.32 Therefore, the core-
shell structure constituted by AC and carbon—coating layer can
serve as a good electrochemical reaction chamber. When
assembled into Li-S batteries, the carbon—coated AC _
composite acquires excellent rate capability and long life cyc’
performance.

Conclusions

In summary, a core—shell carbon—coated AC-S composite was
designed for Li-S batteries. The carbon—coating layer obtaine..
from the hydrothermal carbonization of glucose can effectively
entrap the polysulfides. Furthermore, the composite matrix
provides a conducting framework which can serve as an
electrochemical reaction chamber for the sulfur cathode.
Consequently, the resulting composite cathode possesses z
high specific capacity, good rate capability, and stable cycling
performance. Our results demonstrate that the carbon—coated
AC-S composite can serve as a promising candidate for Li-S
batteries.
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AC-S Carbon-goated AC-S

. Sulfur
£Li
Polysulfide

After wrapped AC-S with a carbon—coating layer, the obtained composite can

effectively confine the polysulfides.



