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loading in Li–S batteries†
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A hierarchically micro/mesoporous a-MEGO with a high surface area

(up to 3000 m2 g�1) and large pore volume (up to 2.14 cm3 g�1) was

utilized as a superior carbon host material for high sulfur loading

towards advanced Li–S batteries.
Motivated by the increasing demand of advanced energy storage
systems, lithium–sulfur (Li–S) batteries are considered as
promising candidates for the next generation of high-energy
storage devices due to their high theoretical specic capacity
(1675 mA h g�1) and energy density (�2600 W h kg�1).1–9

However, the application of Li–S batteries is still inhibited by
various problems, which mostly originate from the sulfur
cathode. On one hand, sulfur exhibits poor ionic and electronic
conductivities, leading to a relatively high resistance.10 On the
other hand, the highly electrolyte-soluble polysulde interme-
diates will give rise to a loss of active materials and a shuttle
effect, responsible for the rapidly fading capacity and poor
Coulombic efficiency.11–18

One of the most effective ways to enhance the performance
of the sulfur cathode is by impregnating sulfur into various
conducting substrates,19,20 such as carbon nanotubes (CNTs),21

graphene,22 porous carbon,23 and conductive polymers.24,25 The
loading of sulfur in these substrates is a very important issue.
Since the substrate contributes negligible capacities between
the working voltage ranges of Li–S batteries, a low sulfur loading
would lead to a reduced overall volumetric capacity and energy
density of the cathode.26 Nevertheless, achieving high sulfur
loading (>70 wt%) is a big challenge because the S/C composite
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cathode may show a poor electrochemical activity due to the
intrinsic electronic insulation of sulfur.27 Besides, a high sulfur
content would also lead to a severe dissolution of polysuldes
and shuttle effect.

Graphene, a single-atom-thick carbon material, has been
utilized as a substrate for sulfur loading because of its extremely
high conductivity, exibility, and a high theoretical specic
surface area (SSA) of 2600 m2 g�1.28–30 However, due to the
agglomeration of the graphene sheets, it exhibits a much lower
SSA than the theoretical value, leading to relatively low sulfur
loading. What is more, since graphene is a two dimensional
(2D) material, sulfur only inltrates onto the surface or the
pores formed by the crumpled graphene sheets, which is hard
to alleviate the dissolution of polysuldes into the electro-
lyte.31,32 Many efforts have been devoted to improve the perfor-
mance of the graphene/S cathode, such as surface coating by
conductive polymers33 and reduced graphene oxides,34 hetero-
atom doping,35 surface hydroxyl modication36 and construct-
ing three dimensional (3D) graphene conductive networks.37

Recently, constructing porous graphene has aroused great
attention. Zhang's group38 demonstrated a mesoporous gra-
phene with a pore size of �3.8 nm produced by activating
hydrothermally reduced graphene oxide hydrogels for 60 wt%
sulfur loading. The S/C composite exhibited a high capacity up
to 1379mA h gsulfur

�1 at 0.2 C, however, the cycling performance
was limited within 60 cycles since the sole use of mesoporous
carbon cannot completely suppress the dissolution of poly-
suldes. Micropores have been proved to effectively conne
polysuldes.39 However, it also suffers from a low energy density
(<50 wt% sulfur) and a sluggish Li+ diffusion process.40

Recently, carbon hosts with micro/mesoporous structure have
been considered as ideal substrates to achieve the balance
between sulfur connement and loading.41

Herein, a hierarchically micro/mesoporous activated gra-
phene (a-MEGO) with high SSA was utilized in Li–S batteries.
Employing microwave exfoliated graphene oxide (MEGO) as a
precursor, a-MEGO exhibits a high SSA of up to 3000 m2 g�1

exceeding the theoretical value of graphene, a high pore volume
J. Mater. Chem. A, 2015, 3, 4799–4802 | 4799
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Fig. 2 (a and b) SEM images, (c) HETEM image, (d) bright field STEM
image and the corresponding (e) S and (f) C EDX elemental mappings
of the a-MEGO/S composite.
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of 2.14 cm3 g�1, a 3D carbon conductive network, and a hier-
archically micro/mesoporous structure (0.6–5 nm).42 Due to the
extremely high SSA and pore volume, a-MEGO could achieve a
high sulfur loading of 75 wt%, leading to a high overall energy
density. Meanwhile, the hierarchically micro/mesoporous
structure could ensure an effective connement of polysulde.
As a result, the composite exhibits a high specic capacity of
789 mA h g�1 (based on the composite) at 0.15 C with a
Coulombic efficiency of �100%. The capacity retention of a-
MEGO/S could reach 76% aer 200 cycles at 1 C.

The preparation route of the a-MEGO/S composite is shown
in Fig. 1. To begin with, MEGO was prepared by exfoliating
graphene oxide (GO) in a microwave oven.43 Then MEGO went
through a KOH activation process to yield a-MEGO (Fig. 1a and
b).42 According to the X-ray diffraction (XRD) patterns (see
Fig. S1, ESI†), the sharp peak of GO at around 10� disappeared
aer microwave irradiation and KOH activation process,
demonstrating full exfoliation of GO into graphene sheets. The
obtained a-MEGO shows 3D bulk morphology (see Fig. S2a and
b, ESI†), which is quite different from the typical thermal
reduced graphene oxide.34 This 3D carbon framework could
provide effective pathways for electron transportation. Sulfur
was introduced to form the a-MEGO/S composite through a
vapor phase infusion method to facilitate the infusion of sulfur
into the carbon matrix44 (Fig. 1c). Aer heat treatment, the
characteristic XRD peaks of orthorhombic S (JCPSD no. 08-
0247) and Raman vibration peaks of a-S8 have disappeared
(Fig. S3, see ESI†), demonstrating that sulfur exists as amor-
phous type and is nely incorporated into the nanopores of a-
MEGO. Consistently, no sulfur particles are observed on the
surface of a-MEGO (Fig. 2a and b), indicating good incorpora-
tion of sulfur into the a-MEGO substrate. In the high resolution
transmission electron microscopy (HRTEM) image of the a-
MEGO/S composite (Fig. 2c), no crystalline sulfur spacing can
be observed, which is in good agreement with the XRD results.
Scanning transmission electron microscopy (STEM) and
elemental mapping analysis with good match between the
sulfur (yellow) and the carbon (red) maps further conrm that
the sulfur elements distribute homogeneously among the
carbon substrates (Fig. 2d–f).

N2 adsorption/desorption isotherms were employed to
investigate the pore structures of a-MEGO and a-MEGO/S
composites (see Fig. S4, ESI†). The results show that a-MEGO
has a large Brunauer–Emmett–Teller (BET) SSA of 2994.8m2 g�1.42

Aer sulfur impregnation, the SSA of the a-MEGO/S composite
is as low as 0.066 m2 g�1, indicating well incorporation of
Fig. 1 Schematic illustration of the preparation of the a-MEGO/S
composite.

4800 | J. Mater. Chem. A, 2015, 3, 4799–4802
sulfur. According to the high pore volume (up to 2.14 cm3 g�1),
a-MEGO could contain 81 wt% sulphur theoretically, and the
actual sulfur content is demonstrated as high as 75 wt% as
shown in thermogravimetric analysis (TGA) in Fig. S5 (see ESI†).
This sulfur loading is much higher than many reported values,
e.g., 50 wt% for hydroxylated graphene36 and 47 wt% for poly-
acrylonitrile/graphene.45 Due to the high SSA and a continuous
3D network of pores, high sulfur loading with homogeneous
distribution was achieved.

Cycle voltammograms (CV) of a-MEGO/S cathode are shown
in Fig. 3a. Since a-MEGO shows the presence of micropores
mainly in the �1 nm size range with a very small proportion of
pores less than 0.5 nm, which means most of the sulfur in the a-
MEGO/S composite is cyclo-S8, typical output voltages of Li–S
Fig. 3 (a) Cyclic voltammograms of the a-MEGO/S at a scanning rate
of 0.1 mV s�1. The solid and dashed line correspond to the first and
second cycle, respectively. (b) Galvanostatic charge/discharge voltage
profiles and (c) cycling performance of the a-MEGO/S at 0.15 C. (d) A
scheme of the electrochemical reaction process of the a-MEGO/S
composite for its improved electrochemical performance. (e) Cycling
performance of the a-MEGO/S at 1 C.

This journal is © The Royal Society of Chemistry 2015
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batteries with two reduction peaks at 2.25 and 2.0 V were
observed.39,46 There are only slight changes of the CV peak
positions in the second cycle, demonstrating a good electro-
chemical reversibility. For the a-MEGO/S composite, the initial
discharge capacity is as high as 765 mA h g�1 (1020 mA h g�1

based on the mass of sulfur), with a high initial Coulombic
efficiency of �100% (Fig. 3b). When calculated on the mass of
the whole composite, the capacity is much better than many
reported S/C composites with low sulfur contents, which shows
high specic capacity on sulfur but low capacity on the
composite.47 Due to the high conductivity and 3D electron
transporting pathways, the a-MEGO/S also exhibits good rate
capabilities (see Fig. S6, ESI†). When cycled at 1 C, the capacity
retention could be 71.2% compared with that at 0.2 C. Aer 100
cycles, the a-MEGO/S could deliver a capacity of 502 mA h g�1,
(670 mA h g�1 based on the mass of sulfur) at 0.15 C (Fig. 3c).
The cycling performance and the corresponding Coulombic
efficiencies of a-MEGO/S with a high current density of 1 C are
shown in Fig. 3e. The capacity retention could reach 76% aer
200 cycles. The Coulombic efficiencies always are 100%, even
under low current densities, demonstrating that the a-MEGO
could effectively diminish the shuttle effects of polysuldes.
Aer 200 cycles at 1 C, the a-MEGO/S cathode could still
maintain a homogeneous distribution of sulfur in the a-MEGO
matrix in view of the good match between sulfur and carbon
maps (see Fig. S7, ESI†), indicating a superior cycling stability.
The enhanced performance is attributed to the hierarchically
micro/mesoporous structure, which could effectively conne
polysuldes into the nanopores and prevent them from dis-
solving into the electrolyte (Fig. 3d).

The improved electrochemical performance of a-MEGO/S
might originate from the following aspects. (1) The extremely
high SSA exceeding the theoretical value of graphene and a high
pore volume promise a high sulfur loading, further leading to
an increased energy density and volume density of the cathode.
(2) Themicropores andmesopores of a-MEGO could function as
reservoirs for polysulde and play an important role in
absorbing and conning polysuldes, which result in a sup-
pressed shuttle effect, improved Coulombic efficiency and
cycling stability eventually. (3) The 3D carbon frameworks and
the inter-connected pores ensure effective pathways for fast ion
diffusion and electron transportation, proving a good rate
capability.

In summary, a micro/mesoporous a-MEGO with a high SSA
of �3000 m2 g�1 and a large pore volume of �2.14 cm3 g�1 was
utilized as a carbon substrate for high sulfur loading in Li–S
batteries. Due to the high SSA and the porous structure, the a-
MEGO could ensure a homogeneous distribution of sulfur even
at a high sulfur loading of 75 wt%.When applied as a cathode in
Li–S batteries, the a-MEGO/S exhibits high specic capacity,
good rate capabilities and impressive cycling stability. The good
electrochemical performance of a-MEGO/S could be attributed
to its unique 3D hierarchically micro/mesoporous structure,
which could function as superior reservoirs for polysuldes and
suppress their diffusion into the electrolyte. The results
demonstrate that a-MEGO is a promising host material to
realize high sulfur loading as well as superior electrochemical
This journal is © The Royal Society of Chemistry 2015
performance at the same time for advanced Li–S batteries with
high energy density, high rate capability and long cycle life. In
view of the electrochemistry similarity between elemental
sulphur and selenium, the a-MEGO may also be extended to
Li–Se batteries.48
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