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Lithium—sulfur batteries are promising technology in electrical vehicles and large-scale energy storage
systems. However, their market penetration is seriously impeded by great challenges such as the low
electrical conduction of sulfur and lithium sulfides, and lithium polysulfides’ shuttling effect. This work
shows that such challenges can be partly resolved by encapsulating sulfur in crumpled reduced
graphene oxide (S@crGO), which was synthesized by a facile and scalable one-step in situ method. The
strong interaction between sulfur and the graphene host, micro- and meso-pore structures, and rich
surface functional groups contribute to the high performance of the S@crGO cathode for lithium-sulfur

rsc.li/rsc-advances batteries.

Introduction

Lithium-sulfur batteries, characterized by the excellent prop-
erties of sulfur in terms of extremely high theoretical specific
capacity (1675 mA h ¢~ ') and energy density (2600 W h kg™ and
2800 W h L™ " based on the complete reduction from elemental
S to Li,S), cost-effective, and environmental friendliness,"* have
attracted increasing attention from both the academic and
industrial fields for their possible applications in electrical
vehicles and large-scale energy storage systems.** However,
their market penetration is seriously impeded by the great
challenges facing this promising technology."? First, the highly
insulating nature of sulfur and the discharged products Li,S,
and Li,S seriously impairs their energy and rate capability and
also reduces the utilization rate of sulfur. Second, 80% volume
change accompanied with S and Li,S transformation exposes
serious challenges to the long-term performance stability.
Third, the notorious shuttling effect originating from the
charged products, lithium polysulfides, results in fast capacity
fading and declined coulombic efficiency. The polysulfides
dissolve in the organic electrolyte and migrate to the Li anode,
reacting with Li to generate lower-order lithium polysulfides,
followed by diffusing back to the S cathode and regenerating
higher-order polysulfides. Fourth, high sulfur loading is still
a challenge to meet the demand of practical applications.

To address these issues, various strategies have been
explored through engineering all the battery components
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ranging from anode,” cathode,® electrolyte,” to separator.®
Because major obstacles originate in the S cathode, numerous
efforts have been devoted to improving the electrical conduc-
tion properties and suppressing the shuttling effect of the
cathode by tailoring the properties of various carbon-based
skeletons.**** The work from the Nazar group* found that
the highly ordered mesoporous carbon (CMK-3) can not only
constrain S within its channels and generate the essential
electrical contact to S, but also sequester the polysulfides. Later
work from the same group™ revealed that a highly ordered
mesoporous carbon with bimodal pore structure (2.0 and 5.6
nm) yielded improved performance. The 50% S loaded sample
gave an initial capacity of 995 mA h g ' and remained
550 mA h g~' after 100 cycles at the rate of 1C. Such perfor-
mance is ascribed to the advanced bimodal pore microstruc-
tures. The small pores of 2.0 nm serve as micro-containers for
the polysulfides and thus mitigate the shuttling effect, whilst
the large interconnected pores favor the rapid transport of Li"
ions during cycling.***¢ In addition, functionalization of carbon
materials can further improve the electrochemical perfor-
mance.">**'7** Both N-doped mesoporous carbon®*?° and gra-
phene oxide'” show better cycling stability owing to the
existence of surface functional groups, which strongly adsorb S
atoms, thus effectively prevent the dissolution of lithium poly-
sulfides in the electrolyte during cycling. Besides those, novel
approaches have been explored to synthesize the cathode
materials.>*>* Recently, 3-dimensional porous graphitic carbon
composites containing S nanoparticles were prepared by a facile
in situ method.* The derived materials exhibit excellent
performance in terms of high S utilization, high specific
capacity (1115 mA h g~ ' at 2C), long cycling life (decay of
0.039% per cycle over 1000 cycles at 2C) and impressive rate
capability, which are largely ascribed to the homogeneous

This journal is © The Royal Society of Chemistry 2018
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distribution of S nanoparticles and the covalently bonding to
the carbon host.

Graphene has been the hot-spot due to its interesting prop-
erties and thus various applications, including in Li-S
batteries.”*” However, its 2-dimensional nature renders gra-
phene easy to aggregate and restacking due to the strong van
der Waals attraction. Such dilemma can be well resolved by
constructing crumpled graphene balls,*® in which the locally
folded w-m stacked ridges stabilize the structure of crumpled
graphene. The crumpled graphene balls are stable and
aggregation-resistant in general processing steps. Highly
crumpled graphene film and balls have been reported as host
for S cathode to show good electrochemical performance in Li-S
batteries.>** However, the two-step method of synthesizing
crumpled graphene followed by infusing S into the host, is
tedious. Herein, a one-step in situ strategy is developed to
prepare the crumpled graphene-encapsulated sulfur (S@crGO).
Owing to the strong interaction between sulfur and the crum-
pled graphene host, the surface functional groups, and the pore
microstructures, the crumpled-graphene encapsulated sulfur
exhibits high rate capability and stable long-term cycling
performance as cathode for lithium-sulfur batteries.

Experimental
Preparation of S@crGO

The crumpled graphene oxide-encapsulated sulfur (S@crGO)
was prepared by an aerosol method as shown in our previous
work.?®?! In a typical experiment, GO was prepared by a modi-
fied Hummers' method as reported earlier.*> 0.4 g GO was
dispersed in 200 mL water to get a GO colloidal suspension,
then 4.8 g Na,S,0; (98%, Aladdin) was added into GO suspen-
sion with vigorous stirring to get a homogeneous mixture. After
that, the mixture was nebulized by an ultrasonic atomizer
(Yuwell) to form droplets, which were carried by Ar gas (99.99%,
Zhenhao) at 1.5 L min~ "' to flow through a horizontal tube
furnace preheated at 400 °C; afterwards, the carrier gas arrived
at a H,SO, (98%, Yuanli) collecting solution (2 M), where the
Na,S,0; reacted with H,SO, to generate sulfur according to
Na,S,0; + H,SO, = Na,SO, + H,O + SO,T + S|. After the
removal of H,SO, by filtration, the S@crGO was collected. The
pure crumpled graphene was prepared with the same procedure
except the addition of Na,S,0;. Three sample series were
prepared with different sulfur contents by changing the mass
ratio of GO to Na,S,03, i.e., 1:10, 1:12, and 1 : 15. Based on
our initial results, to balance the S-loading and electrochemical
performance, only the samples with 1:12 ratio (marked as
S@crGO) was investigated in detail in terms of structural
characteristics and electrochemical performance.

Electrochemical characterization

The electrode was prepared by mixing the S@crGO, commercial
conductive carbon nanotube, and polyvinylidene difluoride
(PVDF) with a weight ratio of 8 : 1 : 1 in N-methyl pyrrolidone
(NMP) solvent to form a slurry. Then the slurry was casted on
a carbon-coated aluminum foil using a doctor blade and dried
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at 60 °C under vacuum for 12 h. The mixed solvent of 1,3-
dioxolane (DOL) and dimethyl ether (DME) (1 : 1 volume ratio)
with 1.0 mol L™ lithium bis(trifluoromethanesulfonyl)imide
(LITFSI) was selected as the electrolyte. 1% LiNO; was added
considering its protection of Li anode from reacting with
soluble polysulfides.®® The areal mass loading of sulfur is
~0.5 mg cm ™2 The electrolyte/sulfur ratio in the coin cells is
~20 pL:0.5 mg. Lithium foil and the Celgard 2400 poly-
propylene membrane were anode and separator, respectively.
Cyclic voltammetry (CV) tests were conducted on CHI 760E
(CHI, Shanghai, China). Galvanostatic charge-discharge test
were carried out on Land-CT2001A.

Other characterization

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were performed on Hitachi S-4800 (Hitachi,
Japan) operated at 5 kV and JEM 2100F (JEOL, Japan) operated
at 200 kv equipped with the energy dispersive spectroscopy
(EDS), respectively. X-ray photoelectron spectroscopy (XPS)
analyses were performed on a Physical Electronics PHI5802
instrument using a magnesium anode (mono-chromatic Ko X-
rays at 1253.6 eV) as the source. The binding energy in the
XPS spectra was calibrated with carbon signal (C1s at 284.8 eV).
Thermogravimetry analyzer (TGA, Rigaku, Japan) was operated
in N, with a heating rate of 5 °C min~* up to 500 °C. Nitrogen
adsorption curves were measured by a BEL max-instrument at
77 K, and the samples were pretreated at 200 °C for 12 h before
measurement. The specific surface area was calculated by the
Brunauer-Emmett-Teller (BET) equation and the pore size
distribution was calculated based on adsorption branch by the
density functional theory (DFT). X-ray diffraction (XRD) patterns
were recorded by DX-27 mini (Dandong, China).

Results and discussion

S@crGO in this work was prepared by a spray drying approach
as depicted in Fig. 1. At the heating area in the furnace, Na,S,0;
precipitates out with the evaporation of water and was

GO sheet

Spraying }

Na,S,0, solution

Mixture of GO and Na,S,0, Micron-sized droplets

Drying

Reacting with H,50, @'
_ y

Na,$,0,+H,80,—~5+Na,S0,+S0,+H,0 . |~

S@crGO

Na,S,0,@crGO

Fig. 1 Schematic of S@crGO composite preparation.
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Fig. 2

encapsulated by GO sheets. The GO sheets were crumpled by
capillary compression constantly until the droplets dried
completely. Meanwhile, the GO sheets were partially thermally
reduced. S@crGO was acquired by filtration. TGA result
(Fig. S17) reveals that the S content in the composite cathode
with GO to Na,S,0; ratioof 1: 10,1 : 12,and 1 : 15 is ca. 55.6%,
66.0%, and 72.4%, respectively. Similar with that shown in our
previous work,**?** the pure graphene obtained by spray drying
is paper-ball like with rich folds and wrinkles as evidenced by
SEM observation (Fig. S2t). The paper-ball shapes were well
maintained in the composite S@crGO (Fig. 2a and b) with an
average particle size of ca. 500 nm. The size of the paper-ball can
be readily regulated by tuning the preparation parameters.*
The folds and wrinkles can work as a buffer to accommodate the
volume changes during charge/discharge cycling.** Based upon
the TEM results (Fig. 2c), the sulfur species are encapsulated by
the graphene sheets. EDS elemental mapping (Fig. 2d) shows
that C, S and O are rather homogeneously distributed but with
less S concentration at the edge of particles, further proving that
sulfur is encapsulated by GO sheets. The existence of O is due to
the low drying temperature of 400 °C, which is not high enough
to reduce GO completely. XRD result (Fig. S31) shows charac-
teristic diffraction peaks of sulfur along with the amorphous
graphene host, similar with the reported results.>?**3

Since the S@crGO in this work was prepared by the in situ
method with homogeneous mixture solution of GO and
Na,S,0; at 400 °C, the possible interaction between the S
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(@ and b) SEM images at low and high magnifications, and (c) TEM image of S@crGO, (d) elemental mapping of C, S, and O in S@crGO.

derived from Na,S,0; and crumpled graphene host is examined
by XPS. The corresponding survey spectrum (Fig. 3a) reveals the
existence of C, S, and O, in agreement with the EDS results
(Fig. 2d). High resolution C1s spectrum (Fig. 3b) shows that
compared with the crumpled graphene host (Fig. S41), S@crGO
has an additional peak at 285.5 eV, corresponding to the C-S
bond,**** which suggests the interaction between S and the
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Fig. 3 (a) Survey XPS spectrum of S@crGO, and corresponding high

resolution spectra of (b) C, (c) S, and (d) O.
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Fig. 4 (a) N, isothermal sorption curves of crumpled graphene host and S@crGO, (b) corresponding pore size distribution calculated by using

the adsorption branch.

crumpled graphene. The peaks at 284.8, 286.4, 287.2, and
288.9 eV are assigned to the sp> hybridized carbon, C-O, C=0,
and O-C=O0, respectively.*® The binding energy of 163.0 and
165.0 eV, ascribed to the S 2p;,, and S 2p,,, doublet with an
energy separation of 1.2 eV,* is slightly lower than that of
elemental sulfur (164.0 and 165.2 eV), which reconfirms the
presence of C-S bonding. The peak at 168.6 eV is owing to the
presence of sulfate*® possibly formed by the oxidation of sulfur
in air. The O 1s spectrum analysis reveals the existence of O-
related surface functional groups, such as O=C, O-S, and C-
OH/C-0O-C.** Those polar surface functional groups are ex-
pected to immobilize the lithium polysulfides during cycling
test and thus restrain the shuttling effect.

To investigate the pore structure of the crumpled graphene
host in the composite, the S@crGO samples were annealed at
400 °C for 1 h in N, to evaporate the S species. The desulfurized
crumpled graphene host and S@crGO were subjected to N, gas
sorption test. The isotherm sorption curve of graphene host
(Fig. 4a) demonstrates the type IV curve, characteristics of
mesopores. The BET surface area is 494.9 m> g ' and pore
volume is 0.75 cm® g~ . It shows mixed pore size distribution,
with micropores (1-2 nm) and mesopores (2-5 nm). Compared
with the pure crumpled graphene (Fig. S5t) prepared with the
same procedure, the graphene host in S@crGO shows much
higher surface area (494.9 vs. 121 m® g~ ') and pore volume (0.75
vs. 0.20 cm® g~ '), which is owing to the fact that the Na,S,0;
encapsulated in the graphene sheets suppress the further
aggregation by capillary tension during drying. The high surface
area and pore volume of crumpled graphene host make it
possible for high S loading. Both the BET surface area and pore
volume of S@crGO was dramatically lower than the crumpled
graphene host, 19.4 m> g~ " and 0.06 cm® g, respectively, only
3.9% and 7.9% of the crumpled graphene host. Such significant
decrease has been widely reported,"**** which is due to the
occupation of pores by S. The pore properties of crumpled
graphene host and S@crGO are listed in Table 1. Further
analysis reveals that the decline in the mesopore is larger than
that of micropore, which is quite different from the conven-
tional cathodes prepared by melt-diffusion, where micropore
was preferentially occupied by S due to capillary force

This journal is © The Royal Society of Chemistry 2018

effect.”®**** The mesopores are generated mainly by the
precipitation of Na,S,0;.

The electrochemical performance of the one-step prepared
S@crGO as the cathode for Li-S batteries was tested in coin
cells. The first three CV profiles at a scan rate of 0.5 mV s~ * in
the potential range of 1.5-3.0 V vs. Li'/Li, are presented in
Fig. 5a. The CV curves show two reduction peaks around 2.25
and 2.0V, corresponding to the reduction of elemental sulfur to
lithium polysulfides Li,S, (2 < x = 8) and further reduction to
Li,S, and Li,S. The oxidation peak around 2.5 V is assigned to
the oxidation of Li,S, and Li,S to S.**”** The redox peaks shift
with cycling, i.e., the reduction peaks shift to higher potentials
whilst the oxidation peaks to lower potentials, which indicates
that the reversibility is enhanced with cycling, at least the first
three cycling.

The galvanostatic cycling performance of S@crGO at various
current densities (0.1-2C, 1C = 1675 mA g~ ') was then tested
(Fig. S6T). Two reduction plateaus and single oxidation plateau
are observed in the discharge/charge process, which are the
typical characteristics of S-C cathodes.'>'*'?"3% At the rate of
0.1C, the specific capacity is 1289 mA h g™, 77% of the theo-
retical capacity (1675 mA h g ). It should be noted that all the
capacity was calculated based on the mass of S. The capacity
declines to 962 mA h g~' when the rate is doubled (0.2C). The
rate capability was further evaluated with 10 cycles (Fig. 5b). The
capacity decreases gradually with increasing C-rates. Neverthe-
less, an average capacity of 1112 mA h g ' at 0.1C and
620 mA h g~ ' at 2C was achieved. When the rate was reduced
back to 0.5C, most of the capacity was recovered (751 vs.
803 mA h g~ '). Such rate capability is better than some results
reported.'”*® The long-term cycling performance of S@crGO as
cathode for Li-S batteries was evaluated at a rate of 0.5C

Table 1 Pore characteristics of crumpled graphene host and S@crGO

SBET (mz gfl) 14 (Cm3 gil)
Sample St Smic Smesn Vt Vmic Vmesn
Crumpled graphene host 495 74.4 420.5 0.75 0.06  0.69
S@crGO 19.4 5.5 13.9 0.06 0.005 0.054

RSC Adv., 2018, 8, 18502-18507 | 18505
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Fig. 5 (a) CV curves of the first three cycles at a scan rate of 0.5 mV s~%, (b) rate capability at different discharge/charge rates of 0.1-2C, (c)
cycling performance of Li-S battery with S@crGO as cathode at the rate of 0.5C.

(Fig. 5¢). It exhibits an initial discharge capacity of 794 mAh g™*
and remains a reversible capacity of 432 mA h g™' after 500
cycles with capacity retention of 54.4%. The corresponding
efficiency is higher than 95% over the whole cycle life. The
cycling profiles of samples with 55.6% (1 : 10) and 72.4% (1 : 15)
S-loading at 0.5C was presented in Fig. S7.7 Higher S-loading
resulted in poor cycling performance, whilst lower S-loaded
samples show comparable performance with its 66.0%
counterpart.

The high electrochemical performance of the present
S@crGO cathode can be ascribed to several factors (Scheme 1).
First, XPS results indicate strong interaction between the gra-
phene host and sulfur, and also existence of rich oxygen-related
surface functional groups. Keep in mind the graphene host in
S@crGO is partially reduced graphene oxide and thus high
electrical conductivity.?® Such strong interaction not only facil-
itates the electron transport at the interface of graphene and
sulfur and thus fast rate capability, but also slows down the
dissolution of lithium polysulfides into the electrolyte and thus
better cycling stability."”***” Second, as aforementioned, the
crumpled graphene host shows micropore and mesopore
textures. Pores of such size (micropore, 1-2 nm and mesopore,
2-5 nm) have been widely recognized to be very effective in
immobilizing the lithium polysulfides and thus mitigate the
shuttling effect, leading to enhanced cycling stability."*** In
addition, the mesopores are easily accessible to the electrolyte

18506 | RSC Adv., 2018, 8, 18502-18507

and provide the fast channels for lithium ion transport,
resulting in better rate capability.'®***** Finally, the folds and
wrinkles in the crumpled graphene host can accommodate the
volume changes accompanying S-Li,S transformation;*
meanwhile, the strong mechanical stability and aggregation-
resist nature of crumpled graphene help maintain the
stability of microstructure during cycling.*® Both contribute to
improved cycling stability. It should be noted that although the
shuttling effect can be suppressed by the present S@crGO, it
cannot be completely eliminated as evidenced by the decay of
the capacity with cycling (Fig. 5¢). In addition, great room still

Strong
interaction
between host
and S

Rich surface
Conductive crGO functional
host " \ groups

High performance
S@crGO cathode

Micropore and
mesopore
textures

Strong mechanical
stability and
aggregation-resistance
nature of crGO host

Folds and
wrinkles in crGO
host

Scheme 1 Reasons for the high performance of S@crGO cathode for

Li—S batteries.
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remains to improve the utilization of sulfur at high discharge
rates (0.5C, Fig. 5¢), e.g., by optimization the pore properties
and sulfur loading.**

Conclusions

Crumpled reduced graphene oxide-encapsulated sulfur was
synthesized by a facile and scalable one-step in situ method. The
resultant materials show good rate capability and decent cycling
stability, which is derived from the advanced micro- and meso-
pore textures, strong interaction between the crumpled gra-
phene host and S, and rich surface oxygen functional groups.
The Li-S battery with S@crGO cathode delivers specific capacity
of 1112 and 620 mA h g ' at respective 0.1 and 2C, and
432 mA h g~ after 500 cycles at 0.5C. The synthesis protocols
demonstrated here can be applied to prepare other crumpled
graphene-based composites.
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