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nal sulfur/reduced graphene oxide
with embedded carbon nanotubes composite as
a binder-free, free-standing cathode for
lithium–sulfur batteries†

Kongqing Ying,a Ran Tian,a Jie Zhou,a Hua Li, *ab Roberto Dugnani,c Yanyan Lu,d

Huanan Duan, a Yiping Guo a and Hezhou Liuab

Binder-free and free-standing electrodes have been regarded as an attractive and promising structure in

lithium–sulfur batteries. In this work we describe how a free-standing sulfur/reduced graphene oxide

with embedded carbon nanotubes electrode has been synthesized by a novel, facile and eco-friendly

method taking advantage of the solubility difference of polar and nonpolar materials. First, the nonpolar

elemental sulfur is dissolved in a weak polar solvent (ethanol) by intensive ultrasonication. During

a subsequent heavy polar solvent (deionized water) drop-wise procedure, nano-sized sulfur particles are

precipitated from the ethanol and deposited on the dispersed carbon nanotubes and graphene oxide.

Noticeably, since ascorbic acid is taken as the reducing agent for graphene oxide at 75 �C, the process

produces no toxic byproducts. Besides, the ‘as-designed’ sulfur/reduced graphene oxide with embedded

carbon nanotubes graphene oxide displays a unique structure with both the sulfur and carbon

nanotubes embedded in the basal plane of reduced graphene oxide. The manufactured electrode is

found to exhibit excellent rate capability and cyclability, with the maximum capacity of 1025 mA h g�1

observed in the third cycle and a stable capacity of 704 mA h g�1 after 100 cycles.
Introduction

With the development of portable devices, energy storage devices
like rechargeable batteries are in high demand. Currently, in the
portable devices' battery systems, lithium-ion batteries (LIBs)
play a dominant role due to their high performance and being
relatively light weight. But the energy density limits of LIBs
cannot t the increased demand of electric and large-scale
vehicles. Researchers are exploring new energy storage devices
such as lithium–sulfur batteries (Li–S batteries)1 and hydrogen
storage,2 which could replace the commercial lithium-ion
batteries due to their abundance and high energy density.

For Li–S batteries cathode, many kinds of carbon could act
effectively as electric conductors to enhance the utilization of the
insulating sulfur and could also serve as a porous framework to
contain redox products.3–5 Various researchers have used
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different kinds of carbon to improve the property of S/C cathode
as a result of the low density, abundance in nature, low cost,
among other advantages of Li–S batteries.6–9 The volume
changes during charging and discharging of S/C cathode could
be effectively suppressed because of the combination of the
mesoporous carbon.10 At the same period, carbon nanotubes
(CNTs) have been introduced into Li–S batteries system with
benets such as its extremely high conductivity and low density.
It has been shown that carbon nanotubes with 155 �C heat
treatment did improve cell performance, by both an increase in
discharge capacity and an enhancement in cycle life. This also
indicated a new stabilizationmechanism of sulfur in carbon.11–13

Unfortunately the loss of the sulfur cathode material causes
signicant capacity fading in lithium/sulfur cells which cannot
be solved effectively by mesoporous carbon. Therefore, graphene
oxide with reactive functional groups has been used to immo-
bilize sulfur and lithium polysuldes via chemical approaches.
In addition, the mechanism of polysulde immobilization on
defective graphene has also been studied.8,14,15

Regretfully, the cathode materials of the composites
mentioned above require the use of binders and aluminum foils
as a part of the cell components. Conventionally designed elec-
trodes use either PVDF (polyvinylidene uoride) or PEO (poly
(ethylene glycol)) binders. Moreover, the composites need to be
ground into powder and then mixed with carbon black and
RSC Adv., 2017, 7, 43483–43490 | 43483
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polyvinylidene uoride in N-methyl-2-pyrrolidone (NMP).16

Therefore, high energy density is difficult to achieve using this
type of manufacturing.

Recently, researchers have given a lot of importance to
a novel binder-free and current collector-free electrode designs.
For instance, sulfur with activated carbon bber cloth as
a binder-free and free-standing cathode has been shown to be
able to deliver a maximum discharge capacity of 1050 mA h g�1

while maintaining 800 mA h g�1 aer 80 cycles with only 33%
sulfur content.17 Compared to carbon ber, reduced graphene
oxide with high specic surface areas is a more promising
binder-free and free-standing carbon matrix. Wu et al.18 pre-
sented a 3D sulfur cathode embedded into porous reduced
graphene oxide (rGO) with large areal mass loading of sulfur
(12 mg cm�2) which displayed an extremely low decay rate
(0.08% per cycle aer 300 cycles). Furthermore, Wu et al.19,20

also presented a series of remarkable and interesting works of
combination of rGO and Li2S as binder-free and free-standing
cathode which took advantage of both materials and exhibi-
ted an outstanding electrochemical performance. Besides, the
scale of sulfur particles had a signicant inuence on the
performance of Li–S batteries. Ni et al.21 designed a facile route
to fabricate an unique structure with multiscale and integrated
S-particles in rGO, and the electrochemical performance was
enhanced by the enhanced interfacial adhesion and conduc-
tivity plus shortened diffusion path. Wang et al.22 presented
a exible S–rGO sheet with 60% nano sulfur content. The
specic discharge capacity is 800 mA h g�1 aer 200 cycles, with
current density 300 mA h g�1, and the capacity fading rate only
0.035% per cycle. In Wang's work, nano sulfur is used directly
increasing signicantly the manufacturing cost of the elec-
trodes, and the shape of the electrodes was restricted to circular
disks on account of the manufacturing method used. Further-
more, enhancing the electrochemical performances by combi-
nation of CNTs and graphene is a very appealing method. Ding
et al.23 reported highly nitrogen doped CNT–graphene 3D
nanostructures with a capacity retention of 97% aer 200 cycles
at a high rate of 2C. Hu et al.24 presented a 3D GF–rGO hybrid
nested hierarchical network which combined the advantages of
graphene, rGO, porous materials and 3D network structure.
This kind of cathodes with a sulfur loading of 9.8 mg cm�2 and
sulfur content of 83 wt% exhibits a high areal capacity of
10.3 mA h cm�2 at 0.2C rate, which is extraordinary. In addition
to the structures mentioned above, Yang et al.25 reported an
interesting and exible electrodes of stringed hollow nitrogen-
doped (N-doped) carbon nanospheres with a remarkably high
energy density of 754W h kg�1, which combined the advantages
of hollow structures, 3D electrodes and exible devices.

Besides, the pH of the solution is of great importance for the
reducing of graphene oxide. The alkaline solution environment
obtained when using themost common sulfur sources of Na2S, is
not benecial for the formation of graphene sponges due to the
increased electrostatic repulsion between the rGO sheets.26

Therefore, most of methods of synthesis of rGO sponges are
followed by sulfur loading, which make graphene sponges dis-
playing a relatively loose structure with large pores formed by
linked graphene sheets in the range of tens of micrometers.
43484 | RSC Adv., 2017, 7, 43483–43490
Moreover, the intermediate production of the Na2S2O3,27 CS2 (ref.
24) from most manufacturing methods produces poisonous gas.

In this work, a facile in situ method was used for preparing
three-dimensional porous graphene/carbon nanotubes composite
containing sulfur nanoparticles which act as binder-free and free-
standing electrodes. With the proposed novel and environment-
friendly method, a 3D interconnected network porous structure
with small pores of rGO combined with CNTs was formed. The
manufactured structure not only could utilize graphene oxide to
trap the soluble polysuldes by physical connement and chem-
ical bonding, but also could accommodate the volume changes
during cycling. Additionally, it could also increase the number of
conductive paths and enhance the conductivity because of CNTs.
Besides, because of the use of ethanol and deionized water (DI
water) only, this method was very suitable for industrial produc-
tion due to its low cost and eco-friendly characteristics. Further-
more the proposed method allowed the design of various
structural shapes with great ease. Finally, the designed sulfur/
reduced graphene oxide with embedded carbon nanotubes
(S–CNTs@rGO) was shown to exhibit excellent rate capability and
cyclability with sulfur and CNTs embedded in the basal plane
of rGO.

Experimental procedure
Synthesis of graphene oxide dispersion and preparation of
CNTs

Graphene oxide (GO) dispersion and acidization of CNTs were
similar to what previously reported.28,29 CNTs (purity > 95 wt%)
were purchased from Chengdu Organic Chemistry Co. Ltd.,
Chinese Academy of Sciences (Chengdu, China).

Preparation of S/CNTs/ethanol solution

120 mg elemental (nonpolar) sulfur and 18 mg CNTs were dis-
solved for 2 hour in 120 mL ethanol with intensive ultra-
sonication at 35 �C. Sulfur (purity > 99.5 wt%) was purchased
from Sinopharm Chemical Reagent Co., Ltd.

Synthesis of S–CNTs@rGO

9 mL graphene oxide (7 mgmL�1) was mixed with 12 mL DI water
before adding drop-wise into 120 mL S/ethanol solution (mass
ratio of graphene oxide and S 1 : 2). Subsequently, the solution was
heated to 65 �C to let the ethanol slowly evaporate until 20 mL
solution was le and to ensure that the graphene oxide was at
a proper concentration. In order to achieve homogeneous disper-
sion, stirring was carried out for more than 24 hours. Aerwards,
180 mg of ascorbic acid powder was added into the mixture and
stirred for an additional 30 minutes. The solution was poured into
a mold and placed for 4 hours into a draught drying cabinet at
75 �C to obtain 3D graphene hydrogels. Subsequently, the mono-
lith was taken out and put in de-ionized water for 24 hours, and
nally freeze-dried for 48 hours into graphene aerogel.

Material characterization

The crystal structures of the as-prepared samples were charac-
terized using powder X-ray diffraction (XRD) on a Goniometer
This journal is © The Royal Society of Chemistry 2017
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Ultima IV (185 mm) diffractometer with Cu Ka radiation (l ¼
1.5418 Å) at a step of 5� per minute. The morphology of samples
was characterized by transmission electron microscope (JEM-
2100F, JEOL). Field-emission scanning electron microscope
(FE-SEM) analysis and energy dispersive spectrometer (EDS)
were performed on JSM-6700F at an acceleration voltage of 10.0
kV. X-ray photoelectron spectroscopic (XPS) measurements
were performed on a Kratos AXIS Ultra DLD spectrometer with
a monochromatic AlKa X-ray source. Elemental Analysis (EA)
was performed on VARIO EL cube (Elementar). Thermal gravi-
metric analysis (TGA) was conducted in nitrogen atmosphere at
a heating rate of 10 �C min�1 from 25 �C to 600 �C.
Electrochemical measurements

The electrochemical properties of the electrodes were charac-
terized at room temperature. A Li foil was used as the counter
electrode. CR2025-type cell assembly was carried out in a Mik-
rouna glovebox with the moisture and oxygen concentration
kept below 0.1 ppm. The Celgard 2400 microporous membrane
was used as the separator. The electrolyte was approximately
1 M LiTFSI/DOL + DME (1 : 1 by volume) with 1 wt% LiNO3

additive.
The galvanostatic cycling test was done at a voltage range

between 3.0 V and 1.6 V using a LAND CT2001A battery tester.
Cyclic voltammetry (CV) was performed on an electrochemical
workstation (Bio-Logic, France) in a voltage range of 1.6–3.0 V
vs. Li/Li+ with a scan rate of 0.2 mV s�1. Electrochemical
impedance spectroscopy measurement was performed over
a frequency range from 100 kHz to 0.01 Hz with an AC voltage of
5 mV in amplitude using a Bio-Logic VMP-300 Battery Testing
System.
Results and discussion

Fig. 1 showed the schematic diagram for the above described
synthesis of 3D S–CNTs@rGO. The nonpolar elemental sulfur
was dissolved in one weak polar solvent (i.e., ethanol) by
Fig. 1 Schematic of the 3D S–CNTs@rGO composite preparation.

This journal is © The Royal Society of Chemistry 2017
intensive ultrasonication. During heavy polar solvent (DI water)
drop-wise procedure, nano-sized sulfur particles precipitated
from the ethanol and deposited on the dispersive CNT and
graphene oxide that provided abundant adhesion location for
sulfur deposition. Subsequently, ascorbic acid, which was
non-toxic and eco-friendly, was used as reducing agent to turn
S–CNTs@GO into S–CNTs@rGO in a cylindrical mold.

The mechanism and inuence factors for turning the sulfur
particle with large size to nano size are discussed. According to
the discussion of Fig. S1 and S2 in the ESI,† the following
conclusions can be obtained. The preferable ratio of water to
S/ethanol solution was approximately 1 : 5 by volume. Besides,
the supporting medium can provide abundant adhesion loca-
tion for sulfur deposition, which is important for turning the
sulfur particle with large size to nano size. Furthermore, the
dropping rate is an important inuence factor. By low dropping
rate, nano S particle rather than large S particle will be slowly
precipitated from the ethanol and anchor on the supporting
medium. Therefore, low dropping rate will be benecial for
preparing nano size S particle. Besides, CNTs are able to relieve
the S agglomeration problem. Therefore, it will be a good choice
to take both CNTs and rGO as the supporting mediums to
preparing the electrode of Li–S batteries. And the discussion
details are in the ESI.†

Table 1 showed details of typical solution-based methods for
sulfur preparation in Li–S batteries compared with the one
proposed in this work. It was found that most of the typical
solution-based method described in the literature cannot avoid
producing toxic gases. Additionally, most solution-based
methods cannot produce nano-scaled sulfur in the compos-
ites. Comparatively the method proposed in this work is more
eco-friendly than solution-based methods. As for fabricating
binder-free structure, comparing to the solvothermal reaction
and vacuum ltration procedure, our method is more exible as
it allows the fabrication of any monolithic shape (Fig. 2) rather
than being limited to thin sheets.27,33,36,37

Fig. 2a–c show the free-standing 3D S–CNTs@rGO is well-
shaped and suitable for common electrochemical measure-
ments without any cutting or post-pressing procedure. Fig. 1d
shows different shapes and designs can be easily obtained
implementing the proposed method. Another advantage of the
current method is that it could concurrently function as both
energy storage and structural component. And the 3D S/rGO
was prepared for comparison. And ESI Fig. S3a–d† online
show that the cuboid shape obtained by the proposed method
can have a good mechanical properties and elasticity.

The morphology and microstructure of the 3D S–CNTs@rGO
were investigated by SEM and TEM (Fig. 3). The Fig. 3a and
b display a tight structure with pore sizes in the range 3–12 mm.
And the tight structure can also be found in 3D rGO according
to the SEM image of 3D rGO (ESI Fig. S4† online). As mentioned
above, the small size of pores result from the neutral solution
environment. When more commonly used sulfur sources such
as Na2S is used, the alkaline solution environment does not
promote the formation of graphene sponges due to the
increased electrostatic repulsion between the rGO sheets.26

Moreover, the small size pores in the 3D network structure allow
RSC Adv., 2017, 7, 43483–43490 | 43485
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Table 1 Comparison of solution-based methods for S preparation in Li–S batteries

Reaction mechanism Reduction methods
S with nm
scale? Toxicity

Method of fabricating
binder-free structure Ref.

Insolubility between polar materials (ethanol and DI water)
and nonpolar materials (sulfur)

Ascorbic acid Yes No Template method Current work

S/CS2 / evaporation Heating No Yes — 24, 30 and 31
Na2S2O3 + 2HCl / SY + 2NaCl + H2O + SO2[ Hydrothermal process

or no reduction
No Yes — 32

Na2S2O3 + 2HCl / SY + 2NaCl + H2O + SO2[ HI and heating No Yes Vacuum ltration 33
Na2S2O3 + 2HI / SY + 2NaI + H2O + SO2[ HI No Yes Vacuum ltration 27
Na2S + 2Fe(NO3)3 / 2Fe(NO3)2 + 2NaNO3 + SY Heating Yes No — 34
Na2Sx + 2HCOOH / (x � 1)SY + 2HCOONa + H2O + H2S[ Hydrothermal process No Yes — 35

Fig. 2 (a–c) Photographs of free-standing 3D S–CNTs@rGO sheet. (d)
Different shapes and designs of the free-standing 3D S–CNTs@rGO.
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View Article Online
efficient ion diffusion/mass transfer and could also be used as
buffering/absorption reservoir for polysulphides.38 The SEM
images also suggest the absence of widespread bulk sulfur,
which indicates that with the help of the embedded CNTs,
Fig. 3 (a–d) SEM images ofmorphology andmicrostructure of the 3D S–
ethanol, (f) TEM image of 3D S/rGO, (g) and (h) TEM images of the 3D S

43486 | RSC Adv., 2017, 7, 43483–43490
nano-sulfur either embedded or anchored uniformly onto the
3D CNTs@rGO network. Fig. 3c and d show the morphology of
CNTs@rGO network. The CNTs embedded in the basal plane of
rGO well and can act as conductive paths, for instance, in the
case of the bridge connecting two rGO layers, hence enhancing
the conductivity of the structure.

The morphology of sulfur nanoparticles and 3D S/rGO
synthesized by this method were investigated by TEM (Fig. 3e
and f). As it can be seen from Fig. 3e S particles synthesized by
this solution-based method are spherical with the diameters
approximately from 20 to 200 nm. As it can be appreciated in
Fig. 3f, nano S particles are uniformly and strongly anchored on
rGO sheets but the nanoparticles are easily agglomerated
together. As the images of the 3D S–CNTs@rGO show in Fig. 3g
and h with the assistance of CNTs, nano S particles can anchor
mostly on the CNTs and then anchor or embed in the rGO layer
without severe agglomeration. This implies that better disper-
sion, shorter conductive paths, stronger adsorption energy of
the CNTs@rGO network and nano scaled restriction can be
achieved. And the XRD patterns of the S/rGO and S–CNTs@rGO
shown in ESI Fig. S5† online agree well with the patterns of
standard sulfur (JCPSD no. 08-0247). Compared with the
patterns of the S/rGO and S–CNTs@rGO, the XRD pattern of S–
CNTs@rGO, (e) TEM image of sulfur nanoparticles precipitated from the
–CNTs@rGO.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a–d) SEM image and the corresponding elemental mapping of
3D S–CNTs@rGO. (e) TGA curves for 3D S–CNTs@rGO and 3D S/rGO.
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CNTs@rGO exhibits peaks of sulfur with lower intensity, which
can be attributed to its unique structure.

Fig. 3a and b show themorphology andmicrostructure of the
3D S–CNTs@rGO. Based on these images, no bulk sulfur is
found; this phenomenon can be attributed to the fact that with
the help of embedded CNTs, nano sulfur can also embed or
anchor in the 3D CNTs@rGO network with good dispersion. In
order to prove this point, elemental mapping of the 3D structure
(Fig. 4a–d) were taken. As displayed in the SEM images (Fig. 4a–
d), although no bulk sulfur is found in Fig. 4a, the corre-
sponding elemental mapping images show matched uniform
spatial distribution of sulfur and carbon.

To investigate the electrochemical properties of the 3D S–
CNTs@rGO cathode, the sulfur content in the 3D S–CNTs@rGO
and 3D S/rGO were measured by TGA measurement. According
to the weight loss rate at 500 �C in Fig. 4e, the sulfur content of
3D S–CNTs@rGO and 3D S/rGO are 55 wt% and 60 wt%,
respectively.

X-ray photoelectron spectroscopy (XPS) was applied to
investigate the surface chemical composition of the 3D
S–CNTs@rGO. According to the survey spectra of 3D S–
CNTs@rGO in Fig. 5a, only C, O and S are found in the
untreated sample. As displayed in Fig. 5b, the spectrum of S 2p
can be tted by two components. Each component has a S 2p3/2
and 2p1/2 doublet with an intensity ratio of 2 : 1. The binding
energies of S 2p3/2 were 163.9 eV and 164.3 eV, which can be
ascribed to C–S/S–S38,39 and S–O,40 respectively. As for the peak
at 168.6 eV, it can be ascribed to the sulfate species formed by
the oxidation of sulfur in air. Furthermore, the intensity of the
component peak at 168.6 eV is relatively low compared to what
found in the literature,22,40 which indicates that the synthesize
method is mild and benetted from the use of active materials.
According to Fig. 5c, three component peaks at 284.8, 285.4, and
287.6 eV are present in the C 1s prole, which can be attributed
to sp2 C]C, C–S and C]O.22,39 This observation, together with S
2p result, supports the idea that chemical connections exists
between the S and CNT@rGO. The XPS result of O 1s in Fig. 5d
shows the component peaks at 531.3, 531.9 and 533.4 eV, which
can be assigned to C]O, S–O and C–OH/C–O–C.22 The existence
of strong S–O indicates the intimately connection between S
and graphene, which is also helpful for the immobilization of S
and polysuldes and the performance of the Li–S battery.41

Fig. 6a shows the cycling performance of the 3D S–
CNTs@rGO and S/rGO at 0.1 A g�1. The discharge capacity of
the rst cycle of 3D S–CNTs@rGO is 921 mA h g�1. Then
a capacity increase is observed in the following cycles. The
maximum capacity of 1025 mA h g�1 was observed at the third
cycle. The increase in capacity can be attributed to the gradual
activation of the active materials. Aer 100 cycles, the observed
capacity is 704 mA h g�1, which is considerably more stable
than the one of S/rGO. It can be seen in the Fig. 6a that S/rGO
with high coulombic efficiency shows a poor cycling stability.
During the 2nd to 40th cycles, although the coulombic efficiency
of S/rGO is �99%, the charge capacity of every cycle is lower
than the discharge capacity of its previous cycle and capacity
loss are very obvious, which means the irreversible loss of
soluble polysuldes intermediate is serious. As for the 3D S–
This journal is © The Royal Society of Chemistry 2017
CNTs@rGO, its coulombic efficiency is 92%–97%, which is
relatively lower than S/rGO but still is a good performance. And
the relatively low coulombic efficiency results from the shuttle
effects. During the 2nd to 100th cycles, its charge capacity of
every cycle is higher than the discharge capacity of its previous
RSC Adv., 2017, 7, 43483–43490 | 43487
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Fig. 5 (a) XPS survey spectra of the 3D S–CNTs@rGO. (b) S 2p, (c) C 1s,
(d) O 1s spectra of the 3D S–CNTs@rGO.
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cycle, which is the evidence for the shuttle effects. Besides, the
cycling stability of the S–CNTs@rGO is much better than the S/
rGO and the capacity loss is not very obvious during the charge/
discharge cycles, which indicates the good suppression of the
irreversible loss of soluble polysuldes intermediate. The
enhanced cycling stability can be attributed to the introduced
CNTs which promote additional active locations for the depo-
sition of nano sulfur. CNTs also result in a good dispersion and
effective connection between nano sulfur and CNTs@rGO,
Fig. 6 Electrochemical performance of the 3D S–CNTs@rGO and 3D S/r
0.1 A g�1; (b) charge–discharge profiles of the 3D S–CNTs@rGO at 0.1 A g
(d) rate performances of 3D S–CNTs@rGO and 3D S/rGO at stepwise cu

43488 | RSC Adv., 2017, 7, 43483–43490
which not only improve the electrical conductivity but also
suppress polysuldes dissolution into the electrolyte.42 Another
reason for the observed superior performance of the electrode is
its exible framework. Since the graphene wafers prepared are
porous and elastic they could accommodate the sulfur volume
expansion during the charge/discharge cycles. From the corre-
sponding charge/discharge proles in Fig. 6b, typical proles of
lithium–sulfur batteries are observed. And the proles are
relatively stable, which also proves the excellent electrochemical
stability of the 3D S–CNTs@rGO composite.

Cyclic voltammetry (CV) was used in the voltage range of 1.6–
3.0 V at a sweep rate of 0.2 mV s�1 as shown in Fig. 6c. Two
reduction peaks approximately at 2.3 and 2.0 V can be observed.
These peaks can be attributed to the reduction of sulfur to
soluble polysuldes intermediate, and to insoluble Li2S2 and
Li2S, suggesting the multiple reaction of sulfur with lithium
ions. Meanwhile, the oxidation peaks at 2.45 V indicate the
oxidation of insoluble Li2S2 and Li2S to polysuldes and to
elemental sulfur. Furthermore, the overlapping of the 3–8 cyclic
voltammetry curves certies the excellent electrochemical
stability of the 3D S–CNTs@rGO composite, which is in accor-
dance with the observations made about Fig. 6b.

In this section we evaluate the rate performance of the
S–CNTs@rGO composite by increasing the charge/discharge
current density stepwise from 0.1 A g�1, 0.2 A g�1, 0.5 A g�1,
1.0 A g�1, 1.5 A g�1, 0.2 A g�1. As shown in Fig. 6d, the electrode
delivers a discharge capacity of 1059 mA h g�1 at 0.1 A g�1,
834.5 mA h g�1 at 0.2 A g�1, 589.7 mA h g�1 at 0.5 A g�1,
GO: (a) cycling performance of the 3D S–CNTs@rGO and 3D S/rGO at
�1; (c) CV curve of the 3D S–CNTs@rGO at a sweep rate of 0.2 mV s�1;
rrent rates.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 EIS spectra of the 3D S–CNTs@rGO and 3D S/rGO electrodes.
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441.8 mA h g�1 at 1 A g�1, 339.8 mA h g�1 at 1.5 A g�1,
741.2 mA h g�1 at 0.2 A g�1. Comparing these results to the
S/rGO, S–CNTs@rGO shows a better rate performance. These
results indicate that the CNTs@rGO network can increase
effective pathways for fast ion diffusion and electron trans-
portation hence promoting the CNTs@rGO network's improved
rate performance. Besides, it is noted that the electrode becomes
very stable at 0.2 A g�1. And the cycling performance of the 3D S–
CNTs@rGO at 0.2 A g�1 in ESI Fig. S6† online also shows a very
stable cycling performance. The discharge capacity of the rst
cycle is 839 mA h g�1 and the 200th cycle is 610 mA h g�1, which
clearly indicate the good cyclability of the S–CNTs@rGO.

Electrochemical impedance spectroscopy (EIS) measurements
were carried out to study the electrode's superior electrochemical
performance and the kinetics properties. Fig. 7 shows the Nyquist
plots of the fresh 3D S–CNTs@rGO and 3D S/rGO electrodes as well
as the equivalent circuit model. The intersections of the semicircle
at the Zreal-axis in the high frequency region, which was denoted as
R1, were attributed to the internal resistance, associated to the bulk
resistance of electrolyte and electrode. The R1 of the S–CNTs@rGO
and S/rGO were 2.3 and 6.7 U respectively, which indicated the
improvement of electronic conductivity with embedded CNTs in
the electrodes. It was found that R2 corresponded to the charge
transfer resistance.38 Simultaneously, the slope of the low
frequency tail was approaching a typical Warburg behavior char-
acteristic of semi-innite diffusion.43 The semicircle diameter of
the S–CNTs@rGOwas smaller than that of S/rGO, which suggested
an enhancement of the electron and ion transfer in the electrode/
electrolyte interface resulting from the embedded CNTs in the rGO
layer.44 And the good conductivity of CNTs@rGO can be respon-
sible for the excellent electrochemical performance.
Conclusions

A novel eco-friendly and non-toxic in situmethod, using ethanol
and element sulfur, has been applied in synthesizing the
binder-free and free-standing 3D S–CNTs@rGO electrode. First,
S nano particles with diameter in the range of 20–200 nm were
obtained by the method based on insolubility between polar
This journal is © The Royal Society of Chemistry 2017
materials and nonpolar materials. Second, through this
method, nano S particles can be anchored or embedded in the
CNTs@rGO layer without severe agglomeration problem, which
minimize the loss of lithium polysuldes to the electrolyte.
Moreover, the embedded CNTs in the basal plane of rGO can
provide natural electron pathways that improve the conductivity
of rGO. In addition, we expect that our strategy to synthesize 3D
S–CNTs@rGO composites will arouse interest of designing
cathode structure for Li–S batteries with amore eco-friendly and
non-toxic method.
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