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a b s t r a c t
The major challenge for realistic application of Li-S batteries lies in the great diﬃculty in breaking
through the obstacles of the sluggish kinetics and polysulﬁdes shuttle of the sulfur cathode at high sulfur loading for continuously high sulfur utilization during prolonged charge-discharge cycles. Here we
demonstrate that large percentage of sulfur can be effectively incorporated within a three-dimensional
(3D) nanoﬁber network of high quality graphene from chemical vapor deposition (CVD), through a simple ball-milling process. While high quality graphene network provided continuous and durable channels
to enable eﬃcient transport of lithium ions and electrons, the in-situ sulfur doping from the alloying effect of ball milling facilitated desirable aﬃnity with entire sulfur species to prevent sulfur loss and highly
active sites to propel sulfur redox reactions over cycling. This resulted in remarkable rate-performance
and excellent cycling stability, together with large areal capacity at very high sulfur mass loading (Speciﬁc capacity over 666 mAh g−1 after 300 cycles at 0.5 C, and areal capacity above 5.2 mAh cm−2 at 0.2
C at sulfur loading of 8.0 mg cm−2 and electrolyte/sulfur (E/S) ratio of 8 μL mg−1 ; and high reversible
areal capacities of 13.1 mAh cm−2 at a sulfur load of 15 mg cm−2 and E/S of 5 μL mg−1 ).
© 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by Elsevier B.V. and Science Press. All rights reserved.

1. Introduction
Conventional lithium ion batteries (LiBs) based on intercalating oxide cathodes and graphite anodes are unable to meet the
ever-increasing demands for energy storage and power sources
due to inadequate energy density [1]. The key request for nextgeneration energy storage systems is to enhance the energy density above 500 Wh kg−1 [2], and better still with long-term stability and safety [3,4]. Lithium–sulfur batteries have the potential to
provide a large speciﬁc energy density of 2600 Wh kg−1 on the
basis of the ultra-high speciﬁc capacities of both sulfur cathode
(1675 mAh g−1 in theory) and lithium metal anode (3860 mAh g−1
in theory), making them a promising alternative for the cur-
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rent LiBs [5,6]. Nevertheless, there are some serious problems
for Li–S batteries to overcome, before their realistic commercial
exploitations.
The main roadblocks against delivering high-performance Li–
S batteries lies ﬁrstly in that sulfur and its discharge products
Li2 S/Li2 S2 are electronically and ionically insulating, which results in sluggish kinetics of sulfur redox reactions in cathode
[7]. Secondly, polysulﬁde intermediates (Li2 Sn , 4 ≤ n ≤ 8) generated over charge–discharge are easily dissolved into organic electrolytes, leading to undesirable shuttling effect, which leads to
self-discharge, rapid capacity fading, low coulombic eﬃciency and
an irreversible loss of active sulfur [8]. Besides, the enormous
volume change (~80%) over the conversion between S and Li2 S
during charge–discharge cycles, which is also behind poor cycling performance due to premature structural failure in S-based
cathodes.
Among the numerous attempts to overcome the aforementioned problems, conductive carbon materials with large speciﬁc surface area such as porous carbon [9,10], carbon nanoﬁbers
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[11], carbon nanotubes [12], and graphene [13,14] were combined
with sulfur as composite cathodes, in order to enhance structural
integrity and electric/ionic transport. Great efforts have also been
made in improving adsorption of polysulﬁdes within cathodes, using nanocrystalline metallic materials [15], or their compounds
such as oxides [16–18], nitrides [19], sulﬁdes [20,21], selenides
[22,23], carbides [24], phosphides [25], borides [26], chlorides [27],
and even MXenes [28].
However, this latter task in keeping S from losing is even
more challenging, because of its readiness in dissolving into liquid organic electrolytes, inducing to dead sulfur due to irreversible reactions over charge–discharge cycles [29]. It has been
recognized in numerous studies that capacity for absorption of
polysulﬁdes by nanocrystalline metal compounds was limited below 5 μmol m−2 (or 1.35 mg m−2 for Li2 S8 ) [30], suggesting great diﬃculty to anchor polysulﬁdes at high sulfur content or at high mass loading of sulfur. Theoretical simulations
showed that even though a wide variety of metal-based materials could anchor polysulﬁdes and Li2 S effectively, their aﬃnity
to S8 is rather poor [31]. Therefore, in working Li–S batteries,
achieving rapid polysulﬁde redox reactions to reduce the polysulﬁde shuttle induced by concentration gradient is also of great
signiﬁcant.
It has been progressively ascertained that a potential sulfur host
should have the following characteristics: (a) being able to conﬁne
sulfur in interconnecting frameworks with both high electronic and
ionic conductivities, to reduce polarization from the insulating S8
and Li2 S [20]; (b) providing suﬃcient inner space to accommodate
the volume changes over charge–discharge processes [32], (c) being of strong aﬃnity to sulfur and lithium (poly)sulﬁdes to avoid
the irreversible loss of sulfur through the undesirable “shuttle effect”, and (d) offering highly active sites to enhance the kinetics of
sulfur redox reactions [33,34].
As recently reported, transition metal based electrocatalyst
such as Pt [35], Co [36], Ni [37] have also demonstrated remarkable accelerative effect on polysulﬁde conversion. Inspired by
these attempts, heteroatoms doped carbon materials at a much
lower cost also exhibited excellent catalytic activity in electrochemical redox reactions related to renewable energy conversion and storage such as oxygen reduction and oxygen evolution
reactions [38], which could be as promising metal-free choices
for high-dynamics Li–S system. Doping reduced graphene oxide
(RGO) with non-metallic species such as nitrogen [39,40], sulfur [41–43], boron [44] and iodine [45] could lead to enhancement in absorbing polysulﬁdes, but the enormous contents of
defects in RGO results in signiﬁcantly lowered conductivity as
a great disadvantage hindering charge and ion transport, which
causes low surface electrochemical activity [46,47]. It has been
demonstrated recently that vertical graphene nanoﬂakes (VG) with
extremely low defect contents can be synthesized by chemical vapor deposition (CVD) [48] on various substrates including
amorphous carbon nanoﬁbers [49] and carbon felt [50,51]. While
such high-quality graphene nanoﬂakes are ideal conductors to
both ion and electrons, the lack of defect is not helpful to absorb sulfur containing species and demonstrate chemically inert
[52].
Here in this work, we report an effective method in incorporating large quantity of sulfur with vertical graphene ﬂakes, using ball-milling to deliver even mixing of materials while inducing
adequate in situ doping of S into graphene. We found that such
graphene-S composites have the combined advantages for high
electric/ionic transport, and great ability in anchoring S-containing
species and propelling sulfur species redox reactions, thus enabling remarkable rate-performance and excellent cycling stability together with large areal capacity owing to high sulfur mass
loading.

2. Experimental
2.1. Preparation of materials
2.1.1. Preparation of carbon nanoﬁbers (CNFs) and vertical graphene
(VG) composite
A homogeneous solution of 1 g polyacrylonitrile (PAN,
Mw=150,0 0 0, Sigma Adrich) dissolved in 10 mL N, Ndimethylformamide (DMF) were prepared via mechanical stirring
for 12 h at room temperature. This precursory solution was then
transferred into a syringe for the electrospinning process by using
a 15 kV voltage and a distance of 15 cm between the collector
and steel syringe needle. The ﬂow velocity was 2 mL h−1 and the
shift distance of the needle was 6 cm. After spinning, the PAN
ﬁbers were collected, which were heated to 270 °C at a heating
rate of 1 °C min−1 to stabilize in air, and followed by heating to
10 0 0 °C at a heating rate of 5 °C min−1 to carbonize under an
Argon atmosphere.
VG was grown on CNFs substrates by the CVD method. The
process was started by heating to 1100 °C at a heating rate of
10 °C min−1 under an argon ﬂow of 180 mL min−1 . Then CH4 and
H2 gases were introduced with ﬂow rates of 20 and 160 mL min−1
respectively to deposit VG at 1100 °C for 4 h. An argon ﬂow was
maintained after switching off the reactive gases, while the tube
furnace was cooled down naturally.
2.1.2. Preparation of cathode composite
The graphene-S composite was prepared by ball milling
method. Typically, 1 g VG on CNFs, 5 g sublimed sulfur and 200 g
Zirconia balls (diameter 10 mm, 5 mm and 3 mm with a mass ratio of 5, 3, 2) were sealed in a stainless-steel milling pot. The ball
milling was carried out at 300 rpm for 10 h, resulting in milled
powder for cathodes. Such ball-milled composite is denoted as
SG/S, with SG for S doped graphene owing to balled milling induced alloying effect. For comparation with ball-milled composite
powder, the mixture of VG and S powder (VG/S) was also prepared
by mechanically grinding the same ratio (1:5) of VG on CNFs to
sublimed sulfur in an agate mortar as active matter for cathode.
2.1.3. Preparation of Li2 S6 solution and SG powder from SG/S
For the adsorption test, a Li2 S6 solution in 1,3-dioxolane
(DOL)/1,2-dimethoxyethane (DME) solvent (1:1 in volume) was
prepared by the following process: Initially, Li2 S and sulfur powder
predetermined by stoichiometry were mixed by mechanical grind
for 30 min in an argon ﬁlled glove box. The mixture was then dissolved in DOL/DME (1:1 in volume) with continuous mechanical
stirring for 12 h at room temperature. SG powder for the adsorption test was recovered from the ball-milled SG/S composite by removing S8 from SG/S with thermal treatment at 600 °C for 4 h under argon. The collected powder was then washed with ethyl alcohol and dried at 80 °C for 12 h. For contrast, VG was also recovered
from VG/S (denoted as RVG) by the same procedure as SG.
2.2. Characterizations of the materials
The morphology and microstructure of the materials were characterized by ﬁeld-emission scanning electron microscopy (SEM,
ZEISS SIGMA 500) and ﬁeld-emission transmission electron microscopy (TEM, FEI Tecnai G20), with both equipped with energy
dispersive X-ray (EDX) spectroscopy for elemental analysis. Overall phase identiﬁcation was conducted by X-ray diffraction (XRD,
Rigaku Ultima IV system) with Cu Kα radiation. Raman spectroscopy was carried out using a LabRAM HR Evolution instrument
with a laser wavelength of 532 nm. X-ray photo-electron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS)
were performed using an AXIS Supra facility. Thermal gravity (TG)
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measurement was performed using a NETZSCH STA 449 F3 Jupiter
rig under argon atmosphere at a heating rate of 10 °C per minute.

2.3. Electrochemical measurements
The CR2025 type coin cells were used for electrochemical tests.
A homogeneous cathode slurry was prepared by mixing the ballmilled SG/S or VG/S powder, conducting carbon powder (Super
P for Li) and polyvinylidene ﬂuoride (PVDF) at 85:10:5 by mass
in Nmethyl-2-pyrrolidinone (NMP) solvent. The slurry was then
coated onto CNFs ﬁlm and dried at 60 °C for 12 h as cathode free
of current collector. The Li–S coin cells were assembled in a glove
box ﬁlled with argon. Lithium metal plate was used as anode, and
1 M LiTFSI in DOL and DME (1:1 by volume) with 2 wt% LiNO3 was
employed as the electrolyte. A microporous polypropylene membrane (Celgard 2500) was used as separator. The sulfur mass loading in cathodes were 1.5–2.0 mg cm−2 , 4 mg cm−2 , 8 mg cm−2
and 15 mg cm−2 , with the corresponding electrolyte/sulfur ratios being 25 μL mg−1 , 15 μL mg−1 , 8 μL mg−1 and 5 μL mg−1 .
Pouch batteries were fabricated using the same cathode, separator and electrolyte and procedure as for coin cells. The sulfur
area mass loading on the cathode was maintained at 2 mg cm−2 .
Lithium (50 μm thickness) capped copper foil was used as anode.
The nickel and aluminum strips were used as anode and cathode lugs respectively, with aluminum-plastic ﬁlm being used for
packaging.
Galvanostatic charge–discharge measurement was carried out
using a Land CT2001A battery analyzer in the voltage range 1.7–
2.7 V. The cells were rested for 120 s after every charge/discharge
process. The electrochemical impedance spectroscopy (EIS), potentiostatic step and linear polarization (LP) tests were performed
with a VMP-300 electrochemical workstation. Before the tests, cells
were galvanostatically charged or discharged to different depths,
and then rested for 6 h to be stabilized. The EIS test were performed by using a sinusoidal excitation voltage, which was started
from the open-circuit voltage in the frequency range between
10 mHz and 200 kHz with a perturbation amplitude of 5 mV. For
the potentiostatic step test, an overpotential of +50 mV or −50 mV
were applied for 300 s, and the chronoamperometry curves (I–t)
were recorded. The LP measurement were performed in the overpotential range of −55 mV with a scanning rate of 0.1 mV s−1 .
And the exchange current density I0 was calculated by:

I0 =

RT
mF Rp

where R is gas constant, T is absolute temperature, m is the transferred charge number of the reaction. F is Faraday’s constant and
Rp is the polarized resistance derived from LP ﬁtting (Rp = d1I ,
dE

dE→0).
Symmetric battery was assembled for the investigation of electrocatalysis for SG on Li–S redox conversions. 0.2 M Li2 S6 electrolyte was prepared by dissolving the even mixture of Lithium
sulﬁde and sulfur powder at stoichiometric ratio in DOL/DME solution (1:1 in volume) containing 1 M LiTFSI in argon ﬁlled glove
box. After a continuous mechanical stirring for 12 h at room temperature, homogeneous Li2 S6 electrolyte was obtained. The electrode was obtained by blading the slurry of SG or recovered VG
powder and PVDF binder (5:1 in mass) in NMP on Al foil, followed
by drying at 50 °C for 12 h. The symmetric battery was assembled
by using round disks of SG or recovered VG coated Al-foils as both
working and counter electrodes with 25 μL electrolyte including
0.2 M Li2 S6 . The cyclic voltammetry (CV) tests of symmetric batteries were scanned at a rate of 5 mV s−1 between −1.0 V and
1.0 V.

283

3. Results and discussion
The schematic representation for the process of S-doped
graphene/sulfur (SG/S) composite is shown in Fig. 1(a). The corresponding SEM images for carbon nanoﬁbers (CNFs), VG on CNFs
and ball-milled composites are shown in Fig. 1(b–d). Typically,
ﬂexible CNFs (Fig. S1) prepared by carbonizing the electrospinning PAN nanoﬁbers were used as substrate for vertical growth of
graphene ﬂakes by the CVD method. Ball-milling VG on CNFs with
S in a mass ratio of 1:5 further formed the SG/S hybrid in situ.
The VG on CNFs exhibits typical vertical growth characteristics, with ﬂuffy graphene ﬂakes covering each carbon ﬁber leading to dramatic enlargement of overall diameter (Fig. 1(c) and Fig.
S2 at lower magniﬁcation). Porous composites were obtained after
ball-milling the VG on CNFs with sublimed sulfur, Fig. 1(d). The
pores in the composites are below 50 nanometers in size were
present between interlocking graphene ﬂakes, and there was no
evidence of sulfur particles from SEM examination. And as shown
in lower magniﬁcation SEM image (Fig. S2), bare blocks from the
CNFs were dispersed in the composite material. EDX analysis was
performed to visualize the elements distribution (Fig. S3), which
exhibited even distribution of both carbon and sulfur (Noticing the
limited spatial resolution of EDX analysis, typically over hundreds
of nanometers).
Analytical transmission electron microscopy and highresolution electron microscopy were carried out to study ﬁner
structural features. Dark S nano particles typically below 10 nm
were resolved both in the bright ﬁeld images (Fig. 2a and 2b),
and the angular dark ﬁeld image (Fig. 2c), over a matrix of overlapping graphene ﬂakes (Fig. 2d), typically below 6 layers of the
basal plane, as shown by slightly under-focused high-resolution
TEM (HRTEM) images (Fig. S4). It follows that, the high energy
ball milling was effective in reﬁning microstructures, so that
rather coarse sublime sulfur powder was uniformly mixed with
graphene into a rather spongy composites, with nano particles of
sulfur uniformly distributed over the interlocking graphene ﬂakes
[52,53].
TG measurement showed that the overall content of S in the
SG/S composite was 80.3 wt% (Fig. S5A), which was consistent with
the designated nominal ratio. XRD showed that the ball-milled
SG/S contained crystalline peaks from sulfur (Fig. S5B), while CNFs
was shown to be typically amorphous in nature, and the peak shift
(2θ about 25°) in the VG on CNFs is consistent with graphene
material. The corresponding lattice spacing is 0.356 nm, which is
evidently bigger than the (002) spacing for graphite (0.335 nm).
This conﬁrms that overall the VG ﬂakes were indeed few-layer
graphene.
Raman spectroscopy is well recognized as a dependable measure for distinguishing various carbon-based materials [54,55].
Fig. 2(e) shows the Raman spectra of VG on CNFs and SG/S.
The Raman spectrum demonstrates three primary peaks that D
peak is at about 1338 cm−1 , G peak at about 1570 cm−1 and
2D peak at about 2680 cm−1 . The interval between G and 2D
(2D-G) of VG shows reduced Raman shift of 10 cm−1 with that
of graphite, and the 2D peak of VG is largely symmetrical (Table S1). This conﬁrmed the graphene ﬂakes in VG are few layers, which is consistent with the HRTEM observation. It is noted
that reduction of (2D-G) in the Raman spectrum from the SG/S
is 16 cm−1 , indicating that ball-milling induced further exfoliation of graphene ﬂakes in VG into fewer layers. The D peak originates from the presence of defects and disorder in lattice [56],
so that the ratio of D/G peak is a signiﬁcant indicator of lattice defect density and extent of disorder. It is of large difference
that after ball-milling, the D/G ratio of SG/S (1.75) became much
higher than that from the VG on CNFs wherein D peak was from
CNFs. Besides, the 2D/G ratio is signiﬁcantly reduced, attributing
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Fig. 1. (a) Schematic diagram showing the process for the fabrication SG/S composites and SEM images for (b) CNFs, (c) VG on CNFs, and (d) SG/S.

Fig. 2. TEM from SG/S: (a,b) bright ﬁeld images; (c) high angle annular dark ﬁeld image; (d) HRTEM image; (e) Raman spectroscopy of VG on CNFs and SG/S; (f) C 1s spectra
of VG on CNFs and SG/S.

to that ball-milling induced sulfur doping into graphene. In contrast, VG/S composite shows a sharp 2 D peak and slightly enhanced D/G ratio compared with SG/S (1.07 vs. 1.75). This is mainly
attributed to the weak interaction of VG with sulfur during mechanical grind which has a much lower energy than ball-milling
(Fig. S6).

XPS was employed to study the chemical states of elemental
species in the VG and SG/S composite. The XPS survey spectra
are shown in Fig. S7. Elemental quantiﬁcation results showed that
the initial C/O ratio of VG was 44.5, being much higher than that
of the graphene powders prepared by various other methods as
previously reported (Table S2). Further analysis of the C 1s peak
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(Fig. 2f) of VG showed that the contents of C–C sp3 (285.7 eV) associated with defects were extremely low in VG, and most of carbon atoms were bond with C–C sp2 (284.8 eV). After ball-milling,
the C/O ratio (4.5) of SG/S is reduced to about one tenth compared
with VG on CNFs. Peak analysis of the C 1s of SG/S illustrates that
signiﬁcant amount of C–S/C–O–S bonds (285.4 eV) were present.
And some carbon, oxygen and sulfur are bond with C–S–O at high
binding energy position (288.4 eV) [57]. Chemical association between carbon, oxygen and sulfur were attributed to picking up of
some oxygen and moisture in the processing ambient, and the C–
S bonding was owing to incorporation of S in the graphene lattice
[57,58]. Consistently, the S–S and carbon–sulfur bonds (includes C–
S, C–O–S, C–S–O) were the major states for sulfur. Nearly equal
amount of carbon (about 45%) was associated with the carbon–
sulfur bonds indicates that high degree of functionalization with
sulfur atoms owing to mechanical alloying effect from the high energy ball-milling. As comparation, the C/O ratio of VG/S is much
lower than SG/S, and further peak analysis of the C 1s spectra of
VG/S shows that the most C–C sp2 bonds are remained, indicating a small variation of chemical state of graphene compared with
pristine VG (Fig. S8). The SG/S was heated up to 600 °C for 4 h
under argon to remove physically absorbed sulfur, and the XPS of
SG was then carried out as displayed in Fig. S9, which shows pronounced contents of bonding between C and S/O, being in accord
with the presence of the S and O peaks in XPS (Fig. S9A). The corelevel XPS spectra analysis of S 2p presents that the most sulfur
atoms are chemically bonded with carbon, being inconsistent with
C 1s analysis, providing the further evidence of sulfur doping (Fig.
S10). VG was also recovered from VG/S by the same procedure as
SG for contrast. Fig. S9 shows the survey XPS and C 1s analysis of
recovered VG, demonstrating the large difference with SG sample.
The oxygen content for recovered VG is much lower than SG and
the most carbon atoms are bonded with C–C sp2 , which implies
the weak interaction of VG and sulfur during mechanical grinding due to the huge energy disparity between the ball-milling and
grind processes. The XPS results thus conﬁrmed that bonding associated with S and O did contribute to the changes in the Raman
spectrum of SG/S.
The measured work function from the UPS results [59] (Fig.
S11) of pristine S, VG on CNFs and SG/S are 3.1, 4.5 and 4.5 eV
respectively. The work function of VG is signiﬁcantly bigger than
that of S, while the work functions of the SG/S composite was
the same as that of VG, which suggests full coverage of sulfur
with VG owing to the large speciﬁc area of graphene resulting in
formation of heterojunction between the sulfur particles and the
graphene substrates [60]. The calculated valence band maximum
(VBM) from UPS [61] are 3.6, 0 and 0.5 eV for S, VG, and SG/S,
respectively. The valence band and the conduction band of VG are
merged due to its best conductivity, with the VBM being coincident with the Fermi energy at 0 eV. Meanwhile, the VBM of the
insulating sulfur is 3.6 eV which is below the Fermi energy with
a huge gap. The closeness in VBM positions for SG/S and VB provides strong evidence that overall the SG/S composite was highly
conductive to electrons. It is amazing that the thorough coupling
between graphene and over 80 wt% of sulfur induced such remarkable change in the electronic structures, thus leading to greatly improved electric conductivity throughout the SG/S composite owing
to dramatic lifts in the VBM of SG/S towards the Fermi level thanks
to the formation of heterojunctions between sulfur particles and
the interlocking network of graphene ﬂakes [52].
The porous structure was investigated by N2 adsorptiondesorption isotherms (Fig. S12). The isotherms of CNFs, VG on
CNFs, SG/S and SG recovered from SG/S show typical combined
features of I and IV type isotherms with well-deﬁned plateaus and
hysteresis loops, suggesting the presence of both micropores and
mesopores. The calculated Brunauer–Emmett–Teller (BET) speciﬁc
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surface areas of CNFs, VG on CNFs, SG/S and SG are 24.5, 30.4, 6.3
and 54.4 cm2 g−1 , which increase ﬁrst and then decrease and elevate subsequently. The pore volumes of these materials demonstrate the similar variation trend with surface areas from CNFs to
SG. The pore size distribution curve presents three obvious peaks
at pore diameter values of about 0.8–2.0 nm, 2–5 nm and 5–
100 nm in SG recovered from SG/S composite, implying a hierarchical porous structure (Fig. S13). These results combined with
morphological characterizations prove that implanting VG on CNFs
provides increased speciﬁc surface area and pore volume, and further ball-milling VG with sulfur could effectively enhance surface
and pores to support a large quality of sulfur. Thus, SG demonstrates the highest surface area and pore volume with hierarchical
porous structure, which is helpful for electrolyte inﬁltration and
the mass transfer of ions/electrons and liquid sulfur species.
Overall, large amount of vertical graphene nanoﬂakes with extremely low defect content was obtained by employing an excellent substrate of amorphous carbon nanoﬁbers via CVD method.
High-quality VG nanoﬂakes are ideal conductors for both lithium
ions and electrons. To further enhance the chemical absorption
of VG with sulfur containing species, effective ball-milling process was introduced in incorporating large quantity of sulfur with
vertical graphene ﬂakes, inducing adequate in situ doping of S
into graphene. After high-energy ball milling, the one-dimensional
structure of VG planted CNF was broken and VG nanosheets were
rearranged, with an interlocking spongy SG/S composite achieved.
During ball-milling process, the S nanocrystals formed heterojunction with the interlocking network of graphene, and the extensive
coupling between sulfur and graphene induced remarkable modiﬁcation of the electronic structure of the composite, with its VBM
radically lifted close to the Fermi level which was to enable desirable improvement in conveying lithium ions and electrons. Therefore, such porous SG/S composite could combine the advantages of
both VG and sulfur dopants for high electric/ionic transport and
great ability in anchoring sulfur-containing species. This induced
a highly active surface for sulfur species redox reactions. Such a
composite was expected to perform well as cathode for Li–S batteries.
CR2025-type coin cells were assembled by using the SG/S mixture as cathode material, and the electrochemical performance of
the cells were tested. For comparation with ball-milled composite
powder, the mixture of VG on CNFs and S powder was also prepared by mechanically grinding the same ratio of VG on CNFs to
sublimed sulfur in an agate mortar as active matter for VG/S cathode. The rate performance and cycling stability of ball-milled SG/S
and mechanically mixed VG/S cathodes are compared in Fig. 3(a).
When the discharge rate went up from 0.1 C to 0.2 C, 0.5 C, 1 C, 2
C, and 5 C, the corresponding speciﬁc discharge capacities of SG/S
were 1216, 903.2, 804.7, 729.7, 634.7, and 506.5 mAh g−1 . Notably,
when the discharge rate was returned from 5 C to 0.5 C, a remarkable capacity of 794.2 mAh g−1 was recovered. On the other hand,
the rate performance for VG/S cathode was signiﬁcantly inferior
particularly at higher current densities. Right after the rate performance test, the same Li–S coin cells were subject to prolonged
charge/discharge at 0.5 C for 300 cycles. The speciﬁc capacity for
SG/S cathode maintained a steady state at a slight decay rate to a
high capacity retention of 666 mAh g−1 at the 300th cycle, along
with an excellent coulombic eﬃciency above 98.4%. In contrast, the
speciﬁc capacity for the VG/S cathode was 125 mAh g−1 lower at
300th cycles, together with an inferior coulombic eﬃciency.
Fig. 3(b) shows the galvanostatic charge/discharge proﬁles of
VG/S and SG/S cells. There were two discharge voltage plateaus of
2.3 V (higher) and 2.1 V (lower), and one charge voltage plateau
of about 2.4 V at the current density of 0.2 C. Generally, the discharge capacities at the higher voltage plateau (QH ) is attributed
to the formation and dissolution of polysulﬁdes. And the capacities
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Fig. 3. (a) Discharge and charge proﬁles from VG/S and SG/S cathodes at different current density from 0.1 C to 5 C rates and capacity changes at 0.5 C after the rate
performance tests; (b) Comparation of the galvanostatic charge/discharge proﬁles of VG/S and SG/S cathodes at 0.2 C, and (c) corresponding time-voltage curves (V-t) of
VG/S and SG/S at 0.2 C after discharge/charge (1 C = 1675 mAh g−1 ).

of the lower discharge plateau (QL ) are associated with the recovery of the soluble polysulﬁdes into the insoluble sulﬁdes of Li2 S2
and Li2 S [11]. The QH of SG/S and VG/S were about the same, and
the QL of SG/S was much higher than that of VG/S. This indicates
better conversion from the soluble lithium polysulﬁde to insoluble
sulﬁdes into the SG/S cathode.
The voltage hysteresis (V, voltage gap between charge and
discharge plateaus) [20], voltage rise after discharge (VD ) and
voltage drop after charge (VC ) are compared. It is apparent that
the all the V, VD and VC of SG/S were smaller than that for
VG/S, suggesting much slighter polarization in the former cell. The
corresponding time-voltage rise after discharge and time-voltage
drop after charge curves are shown in Fig. 3(c). The SG/S cathode exhibited much smaller voltage drop/rise from ohmic, electrochemical and concentration polarization. The reduction of polarization leads to better kinetic performance, more complete electrochemical reactions, less energy dissipation and heat release, especially at high current density. Besides, the much lower V of
SG/S cathode means the lower total overpotential of the Li2 S electrodeposition in discharge and Li2 S dissolution in charge process,
representing a typical catalysis on such sulfur redox reactions.
The EIS outcome from various discharge and charge conditions
at the 6th cycle was analyzed and shown Fig. 4(a), showing the signiﬁcant change of EIS during the discharge and charge processes.
The intersection with the Z’-axis (real term) is representative of
the ohmic resistance (ﬁtted as R1 ). The semicircles in the high frequency range is associated with the charge transfer resistances at
the conductive agent interface (ﬁtted as R2 ), which became smaller
through discharging (Table S3). This indicates that charge transfer
in the reaction of Li2 S4 to Li2 S2 /Li2 S at lower platform is not more
diﬃcult than the charge transfer in the reaction of S8 to Li2 S8 .
The secondary arc before the tail of EIS (ﬁtted as R3 ) could be re-

lated to the resistance of Li2 S2 /Li2 S ﬁlm [62], demonstrating the
biggest change. R3 increased monotonously during the discharge
process, and reached the maximum at full discharge state, validating that the mass transport dominates the LiPS reduction reaction
during the lower voltage plateau. When the cell was recharged,
the decreasing R3 represented that the oxidizing reaction of sulfur species became easier, which was mainly resulted from the reduced Li2 S ﬁlm by the dissolution of LiPS. The EIS of VG/S at 50%
DOD showed a much bigger ﬁtted R2 and R3 than that for SG/S,
suggesting larger reaction resistance in the Li-S cell (Fig. S14 and
Table S4).
Potentiostatic step method was used to study the kinetics of
sulfur redox reactions. Fig. 4(b and c) exhibit the chronoamperometry curves of SG/S and VG/S cathodes under a constant potential step of −50 mV at 50% DOD and +50 mV at 50% DOC. The
SG/S cathode demonstrated a much faster and higher conversion
capability of polysulﬁdes to Li2 S for discharge or Li2 S to polysulﬁdes and S8 for charge [63]. The exchange current densities could
be calculated from the linear polarization curve (Fig. 4d–e). Notably, the SG/S cathode showed lower polarization resistance and
higher corresponding exchange current densities at both 50% DOD
and DOC, which conﬁrms that the polysulﬁdes are much easier to
transform in SG/S cells. Such superior kinetics for SG/S cathode is
the primary reason for the lower V and higher QL /QH ratio.
The promotion of Li–S redox conversion was further conﬁrmed
by cyclic voltammetry (CV) of symmetric cells with identical working and counter electrodes of SG in the electrolyte containing
0.2 M Li2 S6 at a scan rate of 5 mV s−1 between −1.0 and 1.0 V.
The CV curve of the SG based cell exhibits a pronounced feature
of paired redox peaks (Fig. S15). The cathodic peaks of a and b is
identiﬁed for the reduction of sulfur to Li2 S6 and then to Li2 S on
working electrode (c peak) [64]. In the reversed process, two an-
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Fig. 4. (a) EIS of SG/S at different depths of charge and discharge; Chronoamperometry curves of VG/S and SG/S under a constant over potential: (b) −50 mV at 50% depth
of discharge, and (c) 50 mV at 50% depth of charge; Linear polarization curves of VG/S and SG/S: (d) at 50% depth of discharge and (e) at 50% depth of charge.

odic peaks of d and e represent the oxidation of Li2 S to Li2 S6 , and
then to sulfur on the working electrode which induces the anodic
peak of f. In contrast, only two pairs of weak and broad peaks with
large voltage interval are recorded in CV for recovered VG based
symmetric battery, indicating sluggish kinetics for sulfur species
conversion. Compared with recovered VG, much bigger peak current and low voltage hysteresis suggest the high activity towards
the redox conversions of entire sulfur species. This result conﬁrms
that SG has a remarkable electrocatalysis on Li–S redox reactions.
The adsorption of polysulﬁdes on substrate surface is the ﬁrst
step in the deposition process from liquid polysulﬁdes to solid Li2 S
ﬁlm. Adsorption experiments with Li2 S6 showed that the solution
was light white for SG but pale brown for VG (Fig. 5a) and recovered VG (Fig. S16). This veriﬁed that the SG was much more
eﬃcient in anchoring polysulﬁdes in comparation with pristine VG
and recovered VG from VG/S. The carbon-sulfur bonds decorated
graphene had signiﬁcantly stronger binding with polysulﬁdes, as
was veriﬁed in our recent work [52]. The enhanced ability in keeping polysulﬁdes from leaving the cathode region leads to reduced
shuttling effects, thus limiting sulfur loss and promoting polysulﬁde conversions over charge-discharge cycles. As further evidence
for enhanced polysulﬁde conversion processes in SG/S, the remnant polysulﬁdes in electrode after cycling were examined and
shown in Fig. 5(b). After long-term cycling, the cells were disassembled at fully charged states, and the electrode were then
dipped into DOL/DME solution. The much lighter color for SG/S
suggests smaller amount of unconverted polysulﬁdes in SG/S cathode. The better conversion of polysulﬁdes helped to reduce the
shuttle effect.
Besides, it is envisaged that good host aﬃnity with S8 and Li2 S
is helpful to their uniform deposition from soluble polysulﬁdes.
Previous work showed that perfect graphene tends not to form
bonds with S8 or Li2 S [31], since perfectly bonded C atoms in
graphene are pretty inert to interact with either S or Li [52]. On
the other hand, S doped into graphene via ball milling provides
adequate pinning effect to sulfur-containing species, thus promoting their in situ conversions. The aﬃnity with S8 was assessed

Fig. 5. (a) The adsorption ability of polysulﬁdes for VG on CNFs and SG recovered from SG/S; (b) Typical colors of solutions for the VG/S and SG/S electrodes
in DOL/DME after long term cycles (100 cycles at 0.2 C); (c) EDX mapping of the
SG/S composite after 155 °C for 12 h; (d) EDX mapping of the mixture of VG on
CNFs and sulfur after 155 °C for 12 h. Scale bars: 200 nm for (c,d). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

experimentally, by heating the SG/S and VG/S composites at 155 °C
for 12 h, before SEM-EDX analysis. It revealed that sulfur could
diffuse uniformly on SG surface, while there was nearly no sulfur on the VG surface (Fig. 5c–d). This conﬁrmed that ball-milled
SG was indeed to provide highly active cites for S8 deposition. Besides, theoretical calculation according to the established method
in recent work showed that Li2 S are more easily anchored on Sdoped graphene, with a signiﬁcant adsorption energy of −1.85 eV,
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Fig. 6. Illustration of Li–S reaction scenarios at high polysulﬁde concentration state of discharge, full charge and discharge for (a) SG/S cathode and (b) VG/S cathode.

Fig. 7. (a) Cycling performances of SG/S at 0.1 C and 0.2 C rates with a sulfur mass loading of 4 mg cm−2 ; (b) Cycling performances of SG/S at 0.2 C (ﬁrst ﬁve cycles at 0.1
C for activation) with a sulfur mass loading of 8 mg cm−2 , with the inset pouch battery using SG/S cathode powering a small motor and LED lights. (1 C = 1675 mAh g−1 ).

while that for Li2 S4 was −1.25 eV [41]. Thus, the balled-milled SG
was more effective in pinning both sulfur and (poly)sulﬁdes, thus
promoting in situ conversions over cycling.
Such remarkable kinetic performance for the SG/S is attributable to the porous 3D graphene networks with highly reactive surface [65]. As concluded from the morphology and structural investigation, the sulfur in the SG/S composite existed in the
form of sulfur nanodots, or sulfur-containing functional groups associated with strong chemical bonds between graphene and sulfur.
Overall the heterojunctions formed by sulfur with the wrapping
graphene sheets are capable to uplift the valence band edge significantly, leading to prominently accelerated charge transfer across
the graphene–sulfur heterojunctions. The formation of heterojunction could offer fast electron transport channels at the SG/S interfaces. The 3D graphene networks in SG/S could also provide desirable transport highways for lithium ions across the junction to

sulfur nanodots through electrochemical reactions, so that the SG/S
cathode with excellent charge/ionic transport contributed to reduce the charge transfer resistances and polarization. The S-doped
graphene with strong aﬃnity to entire sulfur species could offer abundant active cites for accelerating liquid polysulﬁde redox
reactions and solid products (Li2 S and S8 ) depositions. This resulted in higher exchange current density to enable much faster
and more complete conversion of polysulﬁdes, thus leading to remarkably promoted and complete electrochemical reactions. Overall, the presence of such porous 3D conductive network with high
catalytic activity is key to promoting electrochemical kinetics and
the corresponding rate performance.
During long-term discharge–charge cycles, the irreversible sulfur loss consists of sulfur in unconverted polysulﬁdes in electrolyte due to the sluggish kinetics, and sulﬁde deposited on the
lithium metal from the so called shuttle effect, and the deposi-
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tion of insoluble and irreversible S8 or Li2 S species away from carbon [66]. Such loss in sulfur leads to continuous capacity decay
over charge/discharge cycles [67]. Apparently, preventing the shuttling effect and propelling the sulfur redox reactions will be highly
beneﬁcial in reducing sulfur loss, and this can be realized by enhanced surface chemisorption and activity for sulfur species within
the cathode [52].
In summary, the overall beneﬁt for SG/S cathode in Li–S battery cells, against that using S mixture with perfect graphene, is
illustrated in Fig. 6(a). Mechanical alloying of S into the graphene
lattice by ball milling provides covering (a) highly active anchoring sites for sulfur containing species including sulﬁdes, polysulﬁdes and elemental sulfur alike, (b) quality heterojunction between
sulfur nanocrystals band the 3D network of S-doped graphene
enabling eﬃcient ionic and electronic transport throughout the
cathode materials, and (c) populous nanopores within the interlocking spongy composites to help accommodate volumetric
changes through charge–discharge cycles. This helps conﬁne the
polysulﬁdes within the 3D cathode cages of interlocking S-doped
graphene ﬂakes and, thus avoiding shuttling of polysulﬁdes, reducing polarization and loss of sulfur, and offering an excellent
kinetics of sulfur species conversion. On the other hand, perfect graphene without S doping tends not to absorb S-containing
species, thus leading to signiﬁcantly inferior performance as cathode for Li–S batteries.
As further demonstration for the great advantage of ball-milling
induced alloying effect, SG/S cathodes with high area sulfur loading were fabricated (Fig. 7). The cell with a sulfur area loading
of 4 mg cm−2 was able to deliver a high initial speciﬁc capacity
of 1057 mAh g−1 at 0.1 C and 807.3 mAh g−1 at 0.2 C, together
with excellent cycling stability. Even at a higher sulfur area loading of 8 mg cm−2 , the SG/S cathode delivered a high areal capacity
of above 5.21 mAh cm−2 and corresponding high energy density
over 1276.4 Wh kg−1 during cycles. Even at a much higher sulfur area mass loading of 15 mg cm−2 and a low E/S of 5 μL mg−1
at a relatively low current of 1 mA, high initial areal capacities of
17.17 mAh cm−2 reversible of 13.13 mAh cm−2 could also be realized by SG/S cathodes (Fig. S17). The comparation between this
work and others previous similar works on high-loading sulfur
cathodes was made as shown in Fig. S18, indicating that this work
is one of the best results reported by far. In addition, as demonstrated in the inset of Fig. 7(b) and Fig. S19, the SG/S–Li pouch
battery with high discharge speciﬁc capacity was shown to supply
power for a small motor and LED lights.

4. Conclusions
Over 80 wt% of sulfur powder was composted with high-quality
CVD graphene by ball milling, leading to spongy materials made of
3D network of S-doped graphene and sulfur nanoparticles. Quality
heterojunctions were formed between sulfur nanoparticles and Sdoped graphene, which is highly effective to channel though both
ions and electrons through sulfur to promote its utilization at active cathode content.
The mechanical alloying effect to incorporate sulfur into the
graphene lattice played an essential role in signiﬁcant enhancement of graphene aﬃnity to the entire sulfur species, while maintaining high conductivity for remarkable reaction activity as a lowcost metal-free electrocatalyst for high performance working Li–S
cells.
This work provides a big step forward towards practical use
of Li–S batteries, in that S-doped graphene decorated with nanosulfur particles is able to enable high-rate and cycling performance
at remarkably high area loading of sulfur and low electrolyte/sulfur
ratio.
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