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ABSTRACT: Lithium sulﬁde (Li2S) is a promising cathode
material for Li−S batteries with high capacity (theoretically
1166 mAh g−1) and can be paired with nonlithium−metal
anodes to avoid potential safety issues. However, the cycle life
of coarse Li2 S particles suﬀers from poor electronic
conductivity and polysulﬁde shuttling. Here, we develop a
ﬂexible slurryless nano-Li2S/reduced graphene oxide cathode
paper (nano-Li2S/rGO paper) by simple drop-coating. The
Li2S/rGO paper can be directly used as a free-standing and
binder-free cathode without metal substrate, which leads to
signiﬁcant weight savings. It shows excellent rate capability (up
to 7 C) and cycle life in coin cell tests due to the high electron conductivity, ﬂexibility, and strong solvent absorbency of rGO
paper. The Li2S particles that precipitate out of the solvent on rGO have diameters 25−50 nm, which is in contrast to the 3−5
μm coarse Li2S particles without rGO.
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Li2S. Traditionally, this is done via the slurry approach, where
the additional electron conductors (e.g., carbon), Li2S, and
binder powders are mixed into a slurry, and then doctor-bladed
on solid aluminum foil and baked. But the slurry has relatively
poor electron conductivity and mechanical properties. Uniform
dispersion of Li2S into a natively more conductive and ﬂexible
long-range 2D framework, like a macroscopic piece of paper,
could be an eﬀective way to utilize Li2S in Li−S batteries.
Recently, a number of studies on Li2S with promising results
have emerged. Some ball-milled commercial Li2S to get
diﬀerent particle sizes, and the resulting particles are mostly
micrometer-sized.12−15,18 If the Li2S particle is coarse sized,
there may be an energy/voltage barrier in the initial charge
process, and the rate capability and the cyclability might be
poor. But if the particle size decreases to nanoscale, the barrier
will be much smaller as indicated by the initial cyclic
voltammetry (CV) curve and charge proﬁle. There are already
some reports about nanosized Li2S that achieved good results.
Very recently, there are also some impressive results about

eveloping cheap and high energy density materials for
electrochemical energy storage is of current interest.1,2
Lithium sulfur (Li−S) battery is a promising candidate for nextgeneration energy storage devices.3,4 For traditional Li−S
battery systems, Li metal is used as the anode material.5−7
However, lithium metal has safety and cyclability issues due to
the formation of lithium dendrites;8,9 the pulverized and
detached lithium metal formed during cycling can result in
explosions when exposed to air.10,11 In view of this, lithium
sulﬁde (Li2S) has attracted much attention because safer
anodes such as nanostructured silicon, aluminum, tin, graphene,
transition metal oxides, and so forth can be paired with Li2S,
which do not have dendrite problem.12,13 Li2S has a high
theoretical capacity of 1166 mAh g−1 and a high melting point
of 938 °C.14,15 However, two signiﬁcant issues with the sulfur
cathode, poor electrical conductivity and intrinsic polysulﬁde
shuttle, also exist in Li2S.16,17 Furthermore, because Li2S is
highly sensitive to moisture and oxygen its handling is often
more complex than pure sulfur and should be put in a
protected atmosphere all of he time. Also, even though Li2S
should have better electrical conductivity than pure sulfur it is
still essential to introduce additional electron conductors into
© 2015 American Chemical Society
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Figure 1. Schematic illustration of the material preparation processes of the nano-Li2S/rGO paper and structure changes during cycling of nanoLi2S/rGO paper. (a) The rGO paper was obtained by freeze-drying of GO suspension in water at −50 °C ﬁrst and then reduced by heat treatment
under 5% H2/Ar atmosphere, and the rGO paper is ﬂexible and has good in-plane electrical conductivity (3.07 × 104 S/m). (b) Drop coating of the
rGO paper by the solution of Li2S in anhydrous ethanol in the glovebox. Moisture and oxygen in the glovebox were less than 1 ppm. (c) The ﬁnal
product, nano-Li2S/rGO paper, after removing the free and crystallized ethanol by vacuum heating at 300 °C for 2 h. Li2S particles were uniformly
distributed throughout the rGO paper. (d) Schematic shows the possible charge situation of the nano-Li2S/rGO paper; sulfur is smaller than Li2S.
The rGO paper can tolerate the volume change during cycling and remains stable.

Figure 2. Photograph of the GO gel after freeze-drying in a Petri dish (a), the rGO paper after heat treatment of the pressed GO gel (b), and
solution of Li2S in anhydrous ethanol and the concentration is 15 mg mL−1 (c). The disk of rGO paper with a diameter of 11 mm: (d) top view, (e)
bent rGO paper, indicating it has a good ﬂexibility, (f) the nano-Li2S/rGO paper synthesized by the drop coating method.

graphene oxide (GO) and nano-Li 2 S composites.19−21
However, these processes all involved synthesizing GO and
Li2S powders, which are made into viscous slurry after mixing
with binders, then cast on solid aluminum foil to make the
cathode of coin cell. These processes all need to be performed
in protective atmosphere due to the sensitive nature of Li2S.
Nan et al. used a solution reaction method to form Li2S and
could control the size of the Li2S particles by changing the
concentration of solution and reaction time.22 This method is
eﬀective to get nanosized Li2S. They then carbon coated the
Li2S spheres by the chemical vapor deposition (CVD) method.
However, all these multistep processes, including the CVD,
were done in a glovebox to protect the Li2S from moisture and
oxygen. Wu et al. explored a method using the freshly
precipitated Li2S nanoparticles with polymer coating to avoid
agglomeration.23 Then they annealed the material at 700 °C
under Ar atmosphere. The carbon coated Li2S nanoparticles
have a diameter around 10 nm and exhibited good electrochemical performance. But the multistep synthesis and
electrode production still need to be protected in an inert
atmosphere. Generally speaking, the pathways had been very
similar to preparing sulfur cathode, just changing sulfur to Li2S;
but the equipment requirements for industrial scale up would
be more stringent than dealing with pure sulfur cathode (in the
pure sulfur cathode case, however, the gas-sensitivity challenge
is transferred to the lithium metal anode side).
We have developed a much easier pathway of material
synthesis and electrode preparation. The result is a ﬂexible
nano-Li2S/reduced graphene oxide (nano-Li2S/rGO) cathode

paper that can be used directly as cathode to be paired with
safer anode materials such as silicon, aluminum, tin, graphene,
transition metal oxides, and so forth. It means we can skip the
usual steps of making viscous slurry and applying them to the
metal substrate in battery assembly.
The reduced graphene oxide (rGO) paper was prepared by
freeze-drying graphene oxide (GO), which was then reduced in
a heat treatment (Figure 1a). The nano-Li2S loading is achieved
by drop coating using anhydrous ethanol as the solvent, as Li2S
is very soluble in ethanol (Figure 1b). More uniform
distribution of Li2S in the network is expected to exhibit a
superior electrochemical performance. The rGO paper has a
strong solvent absorbency, so the Li2S solution can inﬁltrate
throughout the rGO paper and the Li2S particle precipitates are
distributed very homogeneously inside the rGO paper. All the
processes are illustrated in Figure 1. This material preparation
pathway is very easy (but still in a protected atmosphere) and
does not use high temperature (just between room temperature
and 300 °C). Simple, lower temperature and scalable
processing is essential for industrial scale-up, especially if the
protected atmosphere is a given. To our surprise, after the very
simple process of ethanol evaporation under a vacuum, the
precipitated Li2S particles are nanosized spheres. The ﬂexible
rGO paper prevents the agglomeration of Li2S particles and
also can accommodate the stress caused by the large volume
change during lithiation and delithation (Figure 1c,d).24
Moreover, the long-range rGO network, just like a macroscopic
piece of paper, is quite conductive and mechanically stable
during cycling.25
1797

DOI: 10.1021/acs.nanolett.5b00112
Nano Lett. 2015, 15, 1796−1802

Letter

Nano Letters

Figure 3. SEM and TEM images of the nano-Li2S/rGO paper. (a) Top view of the nano-Li2S/rGO paper, (b) side view of the Li2S/rGO paper, and
(c) the Li2S particles at high magniﬁcation; (d,e) TEM images of the nano-Li2S/rGO paper, and (d) is the overlap of many layers. There are many
small crystals on the graphene surface as seen in (f), which is smaller than 10 nm. The nano-Li2S/rGO paper was cut into small piece and use as
SEM samples directly. TEM samples were prepared by sonicating a small piece of nano-Li2S/rGO paper in hexane for 5 min; then a lacy carbon
mesh was used to immerse into the dispersion and take out to put on the TEM holder as soon as possible to try to reduce the degree of oxidation of
Li2S. As the sonicating time is short, there may be some thick samples on the mesh.

GO was prepared via the same method as in our previous
studies.26 Figure 2a shows the GO aerogel after freeze-drying of
the ice solid under vacuum for 48 h. The GO aerogel was
pressed into paper form, and annealed at 800 °C for 4 h under
5% H2/Ar atmosphere. The obtained rGO paper (Figure 2b)
was cut into discs, which are very ﬂexible as shown in Figure
2d,e (also can be seen from the movie in the Supporting
Information). The Li2S solution is clear and transparent, as
shown in Figure 2c. The ﬁnal nano-Li2S/rGO paper (Figure 2f)
can be directly used as the cathode electrode in coin cells
without aluminum current collector or binder, which saves
much weight. The material preparation processes and
morphology are very sensitive to moisture and oxygen, so all
the processes involving Li2S were done in a glovebox with
moisture and oxygen concentrations below 1 ppm. Details of
the procedure are shown in Supporting Information.
We ﬁrst check whether the pressed rGO paper is a good
enough conductive support. The electrical conductivity was
measured by a four-probe setup. The sheet resistance of the
rGO paper is 0.65 Ω/sq, and the in-plane electrical conductivity
is 3.07 × 104 S/m, which is similar to previously reported
result.27 Details of the calculation are presented in the
Supporting Information. This is much better than the electrical
conductivity of a typical baked slurry (∼102 S/m) and is already
good enough to be used as the electrode directly if the
electrode size is approximately in centimeters, like for the coin
cells we demonstrate below. For still larger-area electrodes, a
sparse aluminum wire net (pore size ∼ centimeter) may be
padded beneath our freestanding cathode paper to improve
long-range electron transport in-plane. In contrast, the
traditional slurry approach must use a solid foil and cannot
use a metal wire net because of the viscous nature of the slurry,
as the solid aluminum foil serves both an electrical role and a
mechanical role during doctor-blading and cycling of the slurry.
We used the nano-Li2S/rGO disc directly as the electrode
after the ethanol dried in a vacuum without heat treatment. The
cells using such untreated paper showed very poor performance: the capacity was nearly zero. After doing thermogravi-

metric analysis (TGA), we found that there was weight loss at
low temperature. Supporting Information Figure S1 shows the
TGA curves of the precipitated Li2S powder before and after
heat treatment. The unheated sample had been put under a
vacuum overnight. We found that there was nearly 50 wt %
weight loss if the unheated Li2S powder is annealed at 200 °C.
We think this loss may be mainly due to the decomposition of
solvated compound of Li2S with ethanol (Li2S·CH3CH2OH)
formed during precipitation from ethanol. It appears that Li2S·
CH3CH2OH is electrochemically inactive, while the decomposition product Li2S after 200 °C annealing is electrochemically active.
We checked the XRD diﬀraction of the powder before heat
treatment, which is shown in Supporting Information Figure
S2. We can see the main peaks of Li2S (shown in red stars)
from the diﬀraction, but there are some other peaks that we can
hardly attribute to any crystal, indicating that the powder is not
pure Li2S. We then heated the powder to 300 °C to bake out
the residual ethanol. The TGA curves of the heat-treated
powder shows that there was nearly no weight loss after 200
°C, which indicates that ethanol has been fully removed
(Supporting Information Figure S1). The XRD diﬀraction of
the nano-Li2S/rGO paper after thermal treatment is shown in
Supporting Information Figure S3. The XRD diﬀraction of Li2S
(JCPSD No.65-2981) and the pure rGO paper are also shown
in Supporting Information Figure S3. We can see a high peak
for the rGO paper centered around 2θ = 26°, which is mainly
due to the graphitization of graphene oxide after thermal
treatment at 800 °C. The highest peak of Li2S is at 2θ = 26.98°,
which nearly overlaps with the rGO peak, and the other peaks
match well with the PDF data. The peaks are not very sharp,
indicating that the precipitated Li2S is not well crystallized.
SEM and TEM was used to investigate the morphology of
the nano-Li2S/rGO paper. Figure 3 displays the SEM (a,b,c)
and TEM (d,e,f) images of the nano-Li2S/rGO paper.
Supporting Information Figure S5 shows the top views of the
nano-Li2S/rGO paper at low magniﬁcation. The images shows
some material covering the surface of the rGO paper. When we
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and Li 1s for the nano-Li2S/rGO paper are shown in
Supporting Information Figure S4. The ﬁtting results show
the sample had partially oxidized during the transport to XPS
chamber. The peaks of the S 2p at 160.94 and 159.56 eV can be
ascribed to Li2S.28 Combined with the S 2p and C 1s spectra,
we see there are some interactions between S and C. The
subpeaks of S at 162.22 eV and C at 284.68 eV can be ascribed
to the C−S bond in the nano-Li2S/rGO paper, indicating that
some sulfur atoms may be bonded to the rGO.17,29 These C−S
bonds anchor the 25−50 nm Li2S nanoparticles to rGO,
prevent their agglomeration, and provide stability during
lithiation/delithiation.
The electrochemical properties of our cathode paper were
evaluated using coin cells with lithium metal as the anode and
Celgard 2400 ﬁlm as the separator. The cathode paper disc has
diameter 11 mm and nano-Li2S loading of about 0.8−1.5 mg
cm−2. Electrolyte solution with polysulﬁde additive was
prepared by mixing a small amount of sulfur and lithium
sulﬁde powder into the electrolyte and stirring overnight. The
as-synthesized solution has a nominal molecular formula of
Li2S8 and the concentration of Li2S8 is 0.01 M. The amount of
electrolyte we used in the coin cell is 15 μL, so the total amount
of sulfur in the polysulﬁde additive electrolyte was less than 4
wt % (0.038 mg) of that in the nano-Li2S/rGO paper electrode.
This indicates that the majority of the capacity originates from
Li2S and the electrolyte can give a capacity no more than 38
mAh g−1 (assuming that sulfur has a reversible capacity of 1000
mAh g−1). Cells were galvanostatically and potentiostatically
charged and discharged between 1.7 and 2.8 V versus Li+/Li on
a Land CT2001A battery tester except for the ﬁrst cycle, which
were charged at 0.05 C to 3.6 V and discharged to 1.8 V versrus
Li/Li+ throughout the text.
Figure 5a shows the cyclic voltammetry (CV) curves of the
nano-Li2S/rGO paper in the ﬁrst ﬁve cycles. It has been
reported that the charge barrier is universal in Li2S, so we
scanned to 3.6 V at the ﬁrst cycle to see if there are some
uncommon peaks.14 Figure 5a displays the ﬁrst cycle of the CV
curve. It is obvious that there are two anodic peaks for nanoLi2S/rGO paper in the initial sweep. The anodic peak centered
around 2.5 V can be attributed to the oxidation of Li2S to S.
The other small peak at 3.54 V may be caused by the
agglomeration of Li2S nanoparticles, which has been reported
in the literature.14,30 The peak at 3.5 V is very small, which
means the volume fraction of the agglomerated Li2S large
particles is small. It is clear there is no obvious initial energy/
voltage barrier for nano-Li2S/rGO paper, even though these
barriers usually are seen if one uses micron-sized Li2S particles.
The appearance of the energy/voltage barrier at the ﬁrst cycle is
mainly due to the low electrochemical activity of bulk Li2S, and
the barrier can be decreased by charging at low rate. Here, we
assume that the nanostructuring and the polysulﬁde additive
reduce the barrier or even eliminate the barrier. There are some
reports about the utilization of nanosized Li2S with the
combination of polysulﬁde additive for Li−S batteries. Han et
al. reported a Li2S-reduced graphene oxide nanocomposite,
although they did not give the CV curves, we can see from the
dQ/dV curves that there is no initial energy barrier.31 The same
situation can also been found in the study of Wu et al.;23 we can
see that the C−Li2S nanocomposite has no obvious energy
barrier from their charge proﬁle of the ﬁrst cycle.
There are two redox peaks in the ﬁrst cycle of CV, and the
two cathodic peaks are due to the multiple reduction of sulfur
in the presence of Li+ ions. The peak at 2.3 V is related to the

use higher magniﬁcation, we can see many particles uniformly
distributed on the graphene layers (Figure 3a). We ﬁnd that the
particles are smaller than 100 nm (Figure 3c). Figure 3b shows
the edges of the nano-Li2S/rGO paper, which were cut by
scissors when preparing the SEM sample. We can see the inner
space of the nano-Li2S/rGO paper, which indicates that Li2S
nanoparticles are also distributed uniformly between the
graphene layers. For the purpose of contrast, the SEM images
of Li2S powder precipitated without rGO paper, as the control
sample, are shown in Supporting Information Figure S6. The
primary Li2S particles are small (Supporting Information Figure
S6b) but they are agglomerated to form secondary particles
around 3−5 μm in diameter. Therefore, the rGO paper
provides nucleation and anchoring sites for the precipitated
Li2S nanoparticles and prevent the agglomeration of Li2S.
Supporting Information Figure S7 shows the TEM image of
the rGO sheet. We can see that the surface of the rGO sheet is
very clean and the sheet is very thin. Figure 3d−f shows the
TEM images of sheets of nano-Li2S/rGO paper. From Figure
4d,e, we can see that there are many nanoparticles on the rGO

Figure 4. HAADF-STEM image (a) and corresponding EDS mapping
for the element distribution in nano-Li2S/rGO paper: (b) C, (c) S, and
(d) O.

sheet. Figure 4d is relatively thick, and we can hardly identify
each particle because the image has many overlapping layers. As
shown in Figure 3e, the Li2S spheres are in diameter about 25−
50 nm. Figure 3f shows the high resolution of the Li2S sphere,
the interlayer distance is 0.33 nm, which is consistent with the
(111) plane spacing of Li2S. Moreover, we found that there are
many crystal fringes on the graphene sheet as shown in Figure
3f, and the distance is also 0.33 nm. We assume that it is
because small Li2S crystals are distributed all over the surface of
graphene sheet, and the crystal size is less than 5 nm.
In order to further identify the microstructure of the nanoLi2S/rGO paper, high-angle annular dark-ﬁeld scanning transmission electron microscopy (HAADF-STEM) and the
corresponding EDS mapping were used, as shown in Figure
4. The HAADF-STEM image (Figure 4a) further illustrates that
there are many particles on the graphene sheets. The selected
area is relatively thick and has many graphene sheets. The
elemental maps of C, S, and O clearly demonstrate that they are
homogeneously distributed in the nano-Li2S/rGO paper. The
appearance of O is mainly from the oxygen of rGO and the
oxidation of Li2S during the TEM sample preparing processes.
X-ray photoelectron spectroscopy (XPS) of C 1s, S 2p, O 1s,
1799
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Figure 5. (a) Cyclic voltammograms of the nano-Li2S/rGO paper electrode between 1.5 and 3.6 V at the ﬁrst cycle and the following four cycles
scan between 1.5 and 3 V at a potential scanning rate of 0.2 mV s−1. Electrochemical characteristics of the nano-Li2S/rGO paper electrodes. All
electrodes were charged to 3.6 V at the ﬁrst cycle in 0.05 C rate and then cycled between 1.7−2.8 V. Electrolyte was 0.6 M LiTFSI with the additive
of 0.01 M Li2S and 0.4 M LiNO3. (b) Cycling performance of the thicker and thinner nano-Li2S/rGO papers at a current rate of 0.1 C. (c) Charge
and discharge proﬁles of the thicker nano-Li2S/rGO paper at the 1st, 2nd, 10th, 20th, 50th, 100th cycle at 0.1 C. (d) Cycling performance and
corresponding Coulombic eﬃciency at current rates of 0.5 and 1 C for the thicker nano-Li2S/rGO paper. (e) Rate performance of the nano-Li2S/
rGO paper electrode with a current rate ranging from 0.05 to 7 C. (f) Cycling performance of the nano-Li2S/rGO paper electrode at high current
rate of 5 C.

capacity of 465.4 mAh g−1 after 150 cycles with a fading rate of
0.3% per cycle. The capacity retention of the thicker cathode
paper is much better than the thinner one but even the
performance of the thinner one is better than that of most
reports.14,31 Because we do not use aluminum foil or binder,
the weight percentage of active Li2S material in the whole
cathode is much higher than reports using traditional slurry-onmetal-foil electrodes. The BET surface area of the thinner and
thicker rGO paper are similar and are all around 185 m2 g−1,
which is small compared to porous carbon materials. Here, we
propose that the solvent absorption ability of rGO directly
aﬀect the electrochemical performance. A highly wettable rGO
absorbs the electrolyte and traps the dissolved polysulﬁdes
during cycling. The solvent absorbency of the rGO paper is
good, as shown in the movie in Supporting Information, and
the thicker rGO paper is better than the thinner one, which
may be the main reason for the better cyclability of the thicker
paper.
The corresponding charge and discharge proﬁles of the
thicker nano-Li2S/rGO paper at the rate of 0.1 C is shown in
Figure 5c. The charge and discharge plateaus stay nearly the
same during cycling except for the ﬁrst charge proﬁle, which is
around 2.4 V and corresponds to the oxidization process of
Li2S. The following small plateaus between 3.2 and 3.6 V, which
are consistent with the CV results, may be caused by the
agglomeration of Li2S nanoparticles or the oxidation of
electrolyte. Two discharge voltage plateaus appear at around
2.35 and 2.1 V, which can be assigned to the two-step reaction
during discharge process, and are consistent with the typical
discharge proﬁle of sulfur cathodes. The voltage plateaus
changed very little since the second cycle, as the current rate in
the ﬁrst cycle is 0.05 C and followed by 0.1 C during cycling.
Even after 100 cycles, the charge and discharge proﬁles stay
nearly the same, indicating that the nano-Li2S/rGO paper has
excellent capacity retention. Compared with the recent research

reduction of S8 to long chain lithium polysulﬁdes. The
following peak around 2 V is associated with the further
reduction of long chain lithium polysulﬁdes to Li2S2 and Li2S.
The cathodic peaks overlap in the subsequent four cycles
(Figure 5b). Compared with the ﬁrst cycle, the anodic peaks
have shifted slightly to a higher voltage and the intensities have
increased very much. The redox peaks stay nearly the same
from the third to the ﬁfth cycles, indicating a good
electrochemical reversibility of the nano-Li2S/rGO paper.
During the material preparation process, we found that
pretreatment in an oven at 80 °C for 2 days before annealing
can produce a much thicker rGO paper, which is more ﬂexible
and has a better solvent absorbency (see movie in Supporting
Information). The thinner one was heat-treated soon after
freeze-drying. After freeze-drying, the GO gel is very diﬃcult to
handle because it is fragile and brittle, but after the 80 °C
preheating, the structure becomes much tougher and easier to
handle. The quality of the as-prepared rGO disks is around
0.6−1 mg and the loading of Li2S is about 0.8−1.5 mg, which
indicates that the Li2S content is about 50−60 wt % in the
electrode. The thinner and thicker rGO disks have the similar
Li2S loading by weight.
The electrochemical performance of the thicker and thinner
nano-Li2S/rGO papers were studied. Figure 5b shows the
cycling performance of the two kinds nano-Li2S/rGO papers at
a low rate of 0.1 C. We can see that the discharge capacities at
the ﬁrst cycle of the thicker and thinner samples are 1119 and
1060.7 mAh g−1 (based on Li2S), respectively, which is very
high and among the best reported values.14,15,30 Except for the
fast fading of capacity for both the thicker and thinner cathode
paper in the ﬁrst cycle, the thicker cathode paper shows a much
better electrochemical performance than the thinner one. After
150 cycles, the capacity of the thicker cathode paper still
maintains at 816.1 mAh g−1, indicating that the capacity fading
rate is 0.18% per cycle. The thinner cathode paper has a
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and we think that the interaction between the Li2S nanoparticles and graphene may have become stronger than the
initial adhesion.
We then disassembled the coin cell after cycling 150 times
and the SEM images are shown in Supporting Information
Figure S10. We can see that the structure of the nano-Li2S/
rGO paper is well maintained after 150 cycles. There are no
obvious cracks on the electrode, and the surface of the
electrode seems smoother than the fresh one before cycling.
This indicates the Li2S/S nanoparticles are well-anchored on
the rGO during cycling. The Li2S layer should be thin as we can
still clearly see the graphene layers below. Here, the electrode is
demonstrated to be very stable and the active nanoparticles do
not lose contact with rGO during cycling. Thus, the nano-Li2S/
rGO paper electrode shows excellent rate capability and long
cycle life even at very high currents.
In summary, we have developed a simple drop coating
method in protective atmosphere to synthesize a free-standing
and binder-free Li2S/rGO cathode paper for Li−S batteries
without the use of viscous slurry and metal substrate, which
leads to signiﬁcant weight savings. To our surprise, with such an
easy slurryless method we can synthesize nanosized Li2S
particles as small as 25−50 nm and distribute them uniformly
inside the long-range interconnected rGO paper. The ﬂexible
and conductive paper electrode shows excellent cycling life and
rate capability with a reversible discharge capacity of 816.1 mAh
g−1 after 150 cycles at 0.1 C, and 597 mAh g−1 even at 7 C.
After cycling 200 times at 5 C, the capacity can still remain at
462.2 mAh g−1. The superior electrochemical performance may
be attributed to the following reasons: (1) the nanosized Li2S
particles could decrease the energy barrier for Li ions transport;
(2) the uniform distribution of Li2S nanoparticles in the rGO
framework can improve the utilization of Li2S; (3) the good
solvent absorbency of rGO paper can conﬁne polysulﬁdes
between the graphene layers and alleviate the capacity loss
during cycling; and (4) the interconnected conductive rGO
paper can facilitate transportation for both electrons and Li
ions. Moreover, the ﬂexible nano-Li2S/rGO paper can
accommodate the stress generated from the large volume
change during charge and discharge, so as to maintain the
mechanical integrity of the electrode, which is very important
for cyclability.

of C−Li2S composite that shows good performance, the voltage
polarization in our sample is smaller.30
The electrochemical performance in the following paragraphs
are based on the thicker cathode paper. Figure 5d shows the
cycling performance of the nano-Li2S/rGO paper at 0.5 and 1
C rate. Beyond the ﬁrst cycle under 0.05 C, which achieves
charge and discharge capacities above 1000 mAh g−1, the
discharge capacity at 0.5 and 1 C are 897.7 and 752.2 mAh g−1,
respectively. The discharge capacities still remain at 692 and
617.6 mAh g−1 after 145 cycles, which demonstrates that the
capacity retentions are 77.1 and 82.1%, respectively. The
discharge capacity at the 100th cycle is 771.3 mAh g−1 at 0.5 C
rate, which is equal to 1102 mAh g−1 of sulfur. This result is
among the best reported for lithium sulfur battery. Wu et al.
reported a discharge capacity of 1200 mAh g−1 after 100 cycles
under 0.5 C of the C−Li2S nanocomposite. Compared to their
results, we have higher active material loading on the electrode.
(Their loading is less than 30 wt % including the aluminum
foil.23) The Coulombic eﬃciency of the nano-Li2S/rGO paper
is around 98−99% during the cycling, and the high Coulombic
eﬃciency during cycling can be attributed to the eﬀect of
adding LiNO3 and polysulﬁde into the electrolyte and the good
entrapment of polysulﬁdes inside the rGO paper.
The rate capability of the nano-Li2S/rGO paper at various
rates from 0.05 to 7 C is shown in Figure 5e. The nano-Li2S/
rGO paper exhibits excellent rate performance with discharge
capacities of 1044, 916, 758, 708, and 640 mAh g−1 at 0.05, 0.1,
1, 3, and 5 C, respectively. Even at a high rate of 7 C, it still
achieves a high reversible capacity of 597 mA g−1. The rate
capability is signiﬁcantly higher than those reported for Li2S
composite of Li−S batteries in the literatures. Moreover, after
cycling at such a high rate the capacity recovered to 755 mAh
g−1 at 1 C, implying a good reversibility of the nano-Li2S/rGO
paper. The corresponding charge and discharge proﬁles at
diﬀerent C-rates are presented in Supporting Information
Figure S8. We can see that the polarization of the charge and
discharge plateaus were increased slowly especially at low rate,
which is much better when compared with the literatures.23,30,31
Even at 1 C, the plateaus change very little from 0.05 C. Figure
5f shows the cycling performance of the nano-Li2S/rGO paper
at a high current rate of 5 C. We can see that the discharge
capacity can still remain at 462.2 mAh g−1 after 200 cycles.
Electrochemical impedance spectroscopy (EIS) was used to
examine the nano-Li2S/rGO paper (Supporting Information
Figure S9). The intercept on Zreal axis in the high-frequency
region corresponds to the resistance of the electrolyte (Rs). The
resistance of the electrolyte is very small, less than 5 Ω. The
semicircle in the high-frequency region before cycling reﬂects
the out-of-plane charge transfer resistance (Rct), which is
related to the electrode/electrolyte interface. The oblique
inclined line in the low-frequency region represents the
Warburg impedance (Zw), which is related to the solid-state
diﬀusion of Li ions in the electrode materials. In the Nyquist
plots obtained after running for 150 cycles using the same coin
cell, a new semicircle appears in the high-frequency range,
which may be mainly due to the formation of a passivation ﬁlm
on the electrode. We hypothesize that the passive ﬁlm should
be the deposition of Li2S on the surface of the nano-Li2S/rGO
paper. The Rct values of the nano-Li2S/rGO paper before and
after cycling were around 219 and 53 Ω, respectively. The total
resistance after cycling is about 163 Ω, which decreased a little
bit after cycling. This could be due to the good accommodation
between graphene and Li2S nanoparticles after several cycles
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Supporting Materials

Slurryless Li2S/reduced graphene oxide cathode paper for
high-performance lithium sulfur battery
Chao Wang, Xusheng Wang, Yuan Yang, Akihiro Kushima, Jitao Chen, Ju Li, Yunhui
Huang
Materials synthesis
Synthesis of rGO paper
Sodium nitrate (NaNO3, AR), potassium permanganate (KMnO4, AR), hydrochloric acid (HCl) and hydrogen
peroxide (H2O2, AR) were bought from Sinopharm Chemical Reagent. Expanded graphite was obtained from
commercial use. GO was prepared with the same method as in our previous studies. Typically, 2 g expanded
graphite, 1 g NaNO3 and 50 mL concentrated sulfuric acid were mixed together and stirred at room temperature for
24 h. The mixture solution was put into ice bath under vigorous stirring, followed by drop-wise addition of 6 g
KMnO4. Subsequently, the solution was transferred to a water bath at 35-40 C and kept for 30 min under stir.
After that, 90 mL distilled water was gradually added for three times; each time the solution was stirred for 15
min. The obtained solution was diluted with 280 mL water and treated with 20 mL H2O2 (30%). The colour turned
from dark brown to bright yellow. Then we stopped stirring, and left it for one hour. The graphene oxide can be
easily precipitated from the strong acid solution. Excess solvent was poured off, and then they were washed with
500 mL 5% diluted HCl solution twice. A resultant GO gel with a concentration about 20 mg mL-1 was attained by
centrifugation at 20,000 rpm. Then we take 2 g of the concentrated GO gel to make into a 2 mg mL-1 water
solution with a volume of 20 mL and sonicated for 1 h to form a uniform suspension. The dispersion was then
transferred into a Petri dish with a diameter of 6 cm, and frozen at -80 °C for 2 h. Then the GO aerogel (Fig. 2a)
was formed by freeze drying of the ice solid under vacuum for 48 h. Then the Petri dish was put into the oven at 80
C for two days. At last, we press the GO aerogel into paper form (Fig. 2b), and heat treated at 800 C for 4 h
under 5% H2/Ar atmosphere. The obtained rGO paper (Fig. 2c) was cut into discs by a cutting machine (Fig. 2d),
and the discs are very flexible as shown in (Fig. 2e). The reference thinner rGO paper was prepared by the same
method, but without the process of heating in 80 C for two days before sintering.
Synthesis of nano-Li2S/rGO paper
Lithium sulfide (Li2S, 99.98% trace metals basis) and anhydrous ethanol (≥99.5%) were purchased from
Sigma-Aldrich. Fig. 1 schematically illustrates the drop coating process used for the synthesis of nano-Li2S/rGO
paper. In a typical procedure, 75 mg Li2S was added to 5 mL anhydrous ethanol to obtain a 15 mg mL-1 solution.
Although the ethanol is anhydrous, a trace amount of water may exist. The residual water will react with Li2S to
form LiOH, which will precipitate in ethanol. We just left it for a few hours and decanted the supernatant into

another bottle. The supernatant is pale yellow (Fig. 2f). The rGO disks were put on aluminium foil and Li2S
solution was added using a pipette for 1 drop per disc. We waited until the rGO papers were dry, turned them over
and repeated dropping. The dropping and drying process above was repeated three times. Then the rGO papers
were put into an autoclave under vacuum and heated to 300 C for 2h in glove box. The obtained nano-Li2S/rGO
paper (Fig. 2g) can be used directly as a cathode electrode in coin cells. The synthesis processes and morphology
are very sensitive to moisture and oxygen, and all the processes were done in glove box with moisture and oxygen
concentrations below 1 ppm.

Materials characterization
The phases of the nano-Li2S/rGO paper, rGO paper were checked by X-ray diffraction (XRD) on a Rigaku
D/MAX-2000 diffractometer (Japan) using Cu Kα radiation (λ = 0.15406 nm) from 10° to 70°. We use the Kapton
tape to seal the samples, and the tape shows no diffraction under X-ray. The morphology and microstructure were
observed by field-emission scanning electron microscope (SEM, S4800, Hitachi) and transmission electron
microscope (TEM, Tecnai F20). The elemental composition and mapping were conducted via local chemical
analysis performed by STEM-EDX with a HAADF detector on TEM (JEOL, JEM-2100F) operated at 200 kV.
Thermogravimetric analysis (Mettler Toledo) was used to check the thermal stability of the samples in the
temperature range of 25-400 C at a heating rate of 10 C min-1 under N2 atmosphere. X-ray photoelectron
spectroscopy (XPS) measurements were carried out on an Axis Ultra (Kratos Analytical Ltd.) imaging
photoelectron spectrometer using a monochromatized Al Ka anode. The energy calibrations were made against the
C 1s peak to eliminate the charging of the sample during analysis. Brunauer-Emmett-Teller (BET) surface area
was measured at 77 K through N2 adsorption/desorption isotherms by a Micromeritics ASAP 2010 analyzer.

Electrochemical characterization
The electrochemical properties of the composite were evaluated using coin cells with lithium metal as the anode
and Celgard 2400 film as the separator. The electrodes were the nano-Li2S/rGO paper with diameter of 11 mm and
the active materials loading of about 0.8-1.5 mg cm−2. CR2032 coin cells were assembled in an argon-filled glove
box
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mol
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bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1 : 1 by
volume) with 0.4 mol L−1 lithium nitrate (LiNO3) as an additive. Polysulfide solution was prepared by mixing a
proper amount of sulfur and lithium sulfide powder into the electrolyte and stirring overnight. The as synthesised
solution has a nominal molecular formula of Li2S8 and the concentration of Li2S8 is 0.01 M. Cells were
galvanostatically potentiostatically charged and discharged between 1.7 and 2.8 V versus Li+/Li on a Land
CT2001A battery tester except the first cycle. At the first cycle, the cells were charged at 0.05 C to 3.6 V and
discharged to 1.8 V vs Li/Li+ throughout the text. The specific capacities and current rates were calculated
according to the mass of Li2S in the cathode and all C rates are based on the theoretical capacity of Li2S (1 C =
1166 mA g-1). Cyclic voltammetry was carried out using an electrochemical workstation (Autolab PG302N,
Netherlands) at a scan rate of 0.2 mV s−1 ranging from 1.5 to 3.6 V versus Li+/Li at the first cycle and 1.5 to 3 V
versus Li+/Li at the following cycles. Electrochemical impedance spectroscopy (EIS) was also performed on coin

cells by the electrochemical workstation with an applied sinusoidal excitation voltage of 5 mV in the frequency
range from 100 kHz to 0.01 Hz. The resistance of the rGO paper was measured by a four-point probe instrument.
The sheet resistances (RS) of the rGO is read directly from the machine. From the equations :ρ=Rs*t, σ=1/ρ, we
can calculate that the electric conductivity is σ=1/RS*t, while t is the thickness.

Movies
We recorded two movies to support the flexibility and solvent absorbency of rGO paper.

Fig.S1 TG curves for the precipitated Li2S powder before (blue) and after (black) heat treatment under N2
atmosphere.

Fig. S2 XRD pattern of the Li2S powder after precipitate from ethanol

Fig.S3 XRD patterns of Li2S (black), rGO paper (blue), and Li2S/rGO paper (red).

Fig. S4 XPS spectrum of (a) C 1s (b) S 2p (c) O 1s (d) Li 1s for Li2S/rGO paper.

Fig S5 Top view of the nano-Li2S/rGO paper at low magnification

Fig. S6 SEM images of the Li2S powder using the same method with rGO paper.

Fig. S7 TEM image of the rGO sheet

Fig. S8 Typical charge-discharge profiles at different C-rate

Fig. S9 Nyquist plots of the nano-Li2S/rGO paper electrode before and after cycling by applying a sine wave with
an amplitude of 5.0 mV within a frequency range from 100 KHz to 0.01 Hz at open circuit voltage.

Fig. S10 The nano-Li2S/rGO paper electrode before (a) and after (b) cycling for 150 times.

