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Abstract
Lithium/sulfur (Li/S) cells have a theoretical specific energy five times higher than that of
lithium-ion (Li-ion) cells (2600 vs. �500 Wh kg�1). The conventional Li/S cells that use an
organic liquid electrolyte are short-lived with low coulombic efficiency due to the polysulfide
shuttle. We herein design carbon-coated NanoLi2S (NanoLi2S@carbon) composites, which consist
of Li2S nanoparticles as the core and a carbon coating as the shell. The carbon shell prevents
the NanoLi2S core from directly contacting the liquid electrolyte, which improves the
performance of Li/S cells to provide longer cycle life and high sulfur utilization. The cyclability
of Li/S cells is further enhanced by mixing the core–shell NanoLi2S@carbon composites with
graphene oxide, which chemically immobilizes polysulfides in the cathode through their
functional groups. The resulting Li/S cell shows an initial specific discharge capacity of
1263 mAh g�1 (normalized to sulfur) at the C/10 rate and a capacity retention of 65.4% after
200 cycles. The capacity decay mechanism during cycling is also characterized in detail using
near edge X-ray absorption fine structure (NEXAFS) spectra.
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hts reserved.

nt of Chemical and Biomolecular Engineering, University of California, Berkeley, CA 94720, USA.
.J. Cairns).
ng University in Hangzhou, China.

dx.doi.org/10.1016/j.nanoen.2014.08.003
dx.doi.org/10.1016/j.nanoen.2014.08.003
dx.doi.org/10.1016/j.nanoen.2014.08.003
dx.doi.org/10.1016/j.nanoen.2014.08.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2014.08.003&domain=pdf
mailto:ejcairns@lbl.gov
dx.doi.org/10.1016/j.nanoen.2014.08.003


409Bi-functionally immobilized sulfur cathode
Introduction

The depletion of fossil fuels and the effects of green house
gases have aroused great interest in developing high energy
density storage systems throughout the world [1–4]. The
lithium/sulfur (Li/S) cell, consisting of lithium metal as the
anode and elemental sulfur as the cathode, has been
considered as the next-generation energy storage system
for electric vehicles and large-scale grids. Based on the
conversion reaction of

16LiþS8-8Li2S ð1Þ
the Li/S cell can supply a theoretical specific energy of
2600 Wh kg�1, which is five times greater than that of the
lithium-ion (Li-ion) cell [5–7].

The conventional Li/S cell uses an organic liquid electro-
lyte. During discharge, elemental sulfur is reduced to form
soluble polysulfides (e.g., Li2Sx, 4rxr8), which can dis-
solve into the organic liquid electrolyte. Since the elemen-
tal sulfur and its final discharge product Li2S are neither
electronically nor ionically conductive, the operation of Li/S
cells depends on the dissolution of polysulfides in the liquid
electrolyte [8–13]. However, the high solubility of polysul-
fides in the organic electrolyte represents a significant
challenge in conventional Li/S cells, i.e., the polysulfide
shuttle. The polysulfide shuttle migrates sulfur species from
the cathode to the anode, resulting in the loss of active
material, short cycle life of the sulfur-based electrode, and
low coulombic and energy efficiencies [14,15]. In order to
prevent the polysulfide shuttle and improve the cycling
performance, the construction of a solid, essentially inso-
luble sulfur cathode is a necessity in the conventional
liquid-electrolyte Li/S systems. Moreover, cycling the
metallic lithium anode in the organic liquid electrolyte also
remains a problem. During recharge, the metallic lithium
forms dendrites, which can penetrate the separator and
short the cell [16–19].

Currently much Li/S research focuses on using an ele-
mental sulfur cathode because of its high specific capacity
(1675 mAh g�1) and light weight. The prevention of the
polysulfide shuttle by a conductive polymer coating is a
common method for protecting the sulfur particles. Lithium
sulfide (Li2S) has been studied as the prelithiated sulfur
electrode in Li/S cells because of its high melting point
(1372 1C) and favorably high specific capacity (1166 mAh
g�1) [20–22]. The Li2S cathode supplies lithium and may
avoid the direct use of a metallic lithium anode [23,24]. The
possible combination of the Li2S cathode with a Si or Sn
anode can dramatically enhance the energy density of
traditional rechargeable lithium cells [8,25]. However, bulk
Li2S has low electronic and ionic conductivity as low as 10–14

and 10–13 S cm�1, respectively; and it has been considered
to be an electrochemically inactive material.

To promote the electrochemical activity of Li2S, herein
we report a solid sulfur cathode prepared by an environ-
mentally benign synthesis of nanostructured Li2S (NanoLi2S)
via reacting elemental sulfur with lithium triethylborohy-
dride (LiEt3BH) in tetrahydrofuran (THF). The NanoLi2S is
coated with conductive carbon by heat-treatment of the
Li2S particles with a thin coating of polyacronitrile (PAN)
polymer on the surface to form a core–shell structure
(NanoLi2S@carbon). This structure not only enhances the
conductivity, but also inhibits the dissolution of sulfur
species for improved cycling performance. The cyclability
of carbon-coated NanoLi2S is further improved by mixing it
with graphene oxide (GO–NanoLi2S@carbon), which chemi-
cally constrains polysulfides within the cathode by the
functional groups (such as hydroxyl, epoxide, carbonyl and
carboxyl groups). The resulting Li/S cell shows an initial
specific discharge capacity of 1263 mAh g�1 (normalized to
sulfur) at the rate of C/10 with a capacity retention of
65.4% after 200 cycles, which makes it a promising cathode
material for Li/S cells.
Results and discussion

Figure 1a shows the synthesis schematic of core–shell
carbon-coated NanoLi2S as cathode materials for Li/S cells.
First, NanoLi2S was prepared by reacting elemental sulfur
(S) with lithium triethylborohydride (LiEt3BH) in tetrahy-
drofuran (THF), Eq. (2):

Sþ2LiðCH2CH3Þ3BH-Li2S↓þ2 ðCH2CH3Þ3BþH2↑ ð2Þ
During the reaction, aggregates of Li2S nanoparticles

precipitated from the THF solution; and the particles are
not very uniform in size since particle aggregates are found
(Figure 1b). However, we can synthesize uniform NanoLi2S
spheres by modifying the preparation procedure [26]. The
collected NanoLi2S was washed, centrifuged, and dried at
140 1C under vacuum for 2 h prior to use. Before carbon
coating, the NanoLi2S was heat-treated at 500 1C under Ar
for 0.5 h, and a thin carbon layer of 2–3 nm was formed on
the surface of the NanoLi2S. Carbon-coated NanoLi2S com-
posites were prepared by the pyrolysis of a PAN coating
(from DMF solution) on the NanoLi2S. After heat treatment
at 600 1C in Ar for 1 h, a much thicker carbon layer is found
on the surface of NanoLi2S, e.g., the thickness of the
coating layer is 20–30 nm when the carbon content is
10 wt% (Figure 1c).

Figure 2a shows the X-ray diffraction (XRD) patterns of as-
prepared NanoLi2S, NanoLi2S after heat-treatment at
500 1C, and core–shell NanoLi2S@carbon composites. The
XRD patterns of the NanoLi2S are identical to those of bulk
Li2S (JCPDS card no. 23-0369). These peaks are identified as
a pure phase of Li2S: 27.21 (111), 31.61 (200), 45.11 (220),
53.51 (311), and 56.01 (222), respectively. The XRD peaks of
NanoLi2S show significant peak broadening compared to
those of the bulk Li2S. The estimated crystallite size is 20–
30 nm, which is much smaller than that of the bulk Li2S
particles (i.e., the particle size is �1 μm). After heat-
treatment at 500 1C, the peak widths become much nar-
rower, which is due to the crystal growth of NanoLi2S. The
average size of the NanoLi2S aggregates is 500 nm in
diameter after heat-treatment. However, when the Nano-
Li2S was further coated with carbon by the pyrolysis of the
PAN polymer on its surface, the average size of the NanoLi2S
is preserved. The carbon coating procedure does not change
the particle size of the NanoLi2S with heat-treatment at
600 1C.

Raman spectra of NanoLi2S, NanoLi2S after heat-
treatment at 500 1C and core–shell NanoLi2S@carbon are
shown in Figure 2b. Significant peaks are found in the
wavenumber range from 250 to 2000 cm�1 in the Raman
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Figure 1 Synthesis and characterization of NanoLi2S and core–shell NanoLi2S@carbon composites. (a) The synthesis schematic of
core–shell NanoLi2S@carbon composites. (b) The SEM image of NanoLi2S. (c) TEM image of core–shell NanoLi2S@carbon composites.
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spectra. The strong peak for NanoLi2S at 375 cm� l is
evidence of stretching vibrations of the Li–S bond, and the
peaks between 700 and 1500 cm�1are identified with
the C–H, C–S, S–H and S–O bonds [27,28] and reflect the
existence of organic residues. After heat-treatment in Ar at
500 1C for 0.5 h, these peaks are gone due to the carboniza-
tion of the organic residue (the color of NanoLi2S changed
from light yellow to gray). The peak at 1335 cm�1 is
assigned to the disordered graphite structure (D-band),
and the peak at 1587 cm�1 (G-band) corresponds to a
splitting of the E2g stretching mode of graphite, which
reflects the structural intensity of the sp2-hybridized carbon
atoms. The G- and D- bands in the Raman spectrum suggest
a typical amorphous carbon coating on the surface of
NanoLi2S. The relative intensity of the NanoLi2S peak
indicates the thickness of the carbon coating. After heat-
treatment at 500 1C and carbon coating, the diffraction
peaks of NanoLi2S disappear due to the layer of carbon on
the NanoLi2S. The peaks of both XRD and Raman spectra
confirm the core–shell structure of carbon-coated NanoLi2S
composite, which is consistent with the TEM image in
Figure 1c. This carbon coating not only allows electron and
ion transports within it, but also prevents the NanoLi2S from
directly contacting the liquid electrolyte, which mitigates the
polysulfide shuttle and improves the cycling performance.

To determine the electrochemical properties and rever-
sibility, the cyclic voltammogram (CV) of Li/S cells was
obtained by using NanoLi2S@carbon composites as the
cathode in the liquid electrolyte (0.18 M LiNO3+1 M LiTFSI
in PYR14TFSI/DME/DOL, 2:1:1 by volume), as shown in
Figure 3a. When scanning upward from the open circuit
voltage (OCV) on the 1st cycle, two broad oxidation peaks
between 3.0 and 4.0 V are caused by lithium extraction from
NanoLi2S. In the conventional Li/S cell, the oxidation
potential to form sulfur species is always around 2.5 V.
The higher oxidation potentials here are caused by low
conductivity and poor lithium extraction kinetics of Nano-
Li2S during the electrochemical reaction. When scanning to
lower potentials, two clear reduction peaks around 2.4 and
2.0 V are found: the one around the 2.4 V is comprised of
the transformation of S to higher-order Li2Sx (4rxr8), and
the other one at around 2.0 V was caused by further
reduction of the higher-order lithium polysulfides to
lower-order Li2Sx (xr4), and to Li2S. After scanning down-
ward to 1.5 V, one clear oxidation peak is found, which
confirms the good reversibility of sulfur species such as Li2Sx
(x=1 or 2). The same situations are also found at the 2nd
and 3rd cycle; therefore, the potential range of 1.5–2.8 V
vs. Li/Li+ was chosen for further evaluation of the cycling
performance.

Figure 3b shows the typical constant current charge–
discharge profiles of NanoLi2S@carbon cathodes when using
the cut-off potentials of 1.5–3.75 V for the 1st cycle at
C/10, and 1.5–2.8 V for the following cycles at C/2
(1C=1166 mA g�1 Li2S). At the 1st charge, the voltage
keeps increasing until the cut-off voltage of 3.75 V, which
confirms the continuous lithium extraction from NanoLi2S.
For the charge–discharge curves of the Li/S cell at the 3rd
cycle, two voltage plateaus at 2.4 and 2.0 V during the
discharge procedure, which correspond to the reduction of
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long chain polysulfides (S2�x , 4rx) and short chain poly-
sulfides (S2�x , xr4), are found. The ratio of the first
plateau at 2.4 V to the second plateau at 2.0 V is about
1:3, which indicates the possible blockage of the polysulfide
shuttle. The plateau at high voltage (2.4 V) is also found
during the charging process; all of these results are con-
sistent with the peaks observed in the CV profiles.

Excellent cycling performance was demonstrated when
using the NanoLi2S and core–shell NanoLi2S@carbon compo-
sites as cathode materials for Li/S cells, as shown in
Figure 3c. The core–shell NanoLi2S@carbon cathode demon-
strates an initial discharge specific capacity of 902 mAh g�1

at C/10 (unless otherwise noted, the capacities hereafter
are normalized to the weight of Li2S; however, the capa-
cities are also shown in terms of the weight of sulfur for
reference), which is 77.4% of its theoretical specific capa-
city. The core–shell NanoLi2S@carbon cathode was tested at
the 2nd cycle at C/2, which has the capacity of 761 mAh
g�1. After 60 cycles, the capacity decays to 582 mAh g�1,
which is about 1/2 of its theoretical maximum. Though the
initial discharge capacity of NanoLi2S is higher than that of
NanoLi2S@carbon at C/2 (810 vs. 761 mAh g�1), it quickly
decays to 582 mAh g�1 after only 37 cycles. Moreover, the
coulombic efficiency of the NanoLi2S@carbon cathode is also
much higher than that of the NanoLi2S cathode (�99% vs.
98.4%, not shown in the figure). Both the cycling perfor-
mance and coulombic efficiency of NanoLi2S are improved
by the carbon coating on the surface, which not only
enhances the conductivity of the bulk material but also
prevents direct contact with the organic electrolyte. As a
result, the polysulfide shuttle is greatly inhibited.

The cycling performance of NanoLi2S@carbon composite
was further improved by mixing with GO (GO–NanoLi2
S@carbon). The initial discharge capacity of the GO–
NanoLi2S@carbon cathode is 757 mAh g�1 at C/2, which
gradually decays to half of its theoretical maximum after
100 cycles; after 200 cycles, the capacity decays to 441 mAh
g�1, which demonstrates a capacity retention of 58.3%.
When the GO–NanoLi2S@carbon cathode was cycled at the
low rate of C/10, the capacity recovers to about 1/2 of its
theoretical maximum, i.e., 575 mAh g�1. Further improve-
ment in the cycling performance may be achieved by
modification of the functional groups on the GO surface,
which chemically immobilize the polysulfides in the cathode
during cycling. The good protection achieved by using
carbon coating and GO is confirmed by the high coulombic
efficiency (Figure 3d). The initial coulombic efficiency of
the GO–NanoLi2S@carbon cathode is about 93%; after that it
has a coulombic efficiency of �99.5% during the entire
cycling process, which is much higher than those of the
NanoLi2S@carbon cathode and the NanoLi2S cathode.
It should be noted that the coulombic efficiency decreases
to �75% after 100 cycles at the low rate of C/10. Though
the capacity is much higher when the C/10 rate was chosen,
the polysulfide shuttle is more severe at low cycling rates
than that at high rates. However, after a few cycles at C/2,
the coulombic efficiency recovers back to �99.5%. Such a
high coulombic efficiency indicates the suppression of the
polysulfide shuttle, which has been shown to be the main
cause of low coulombic efficiency in the traditional Li/S
cells when using an organic liquid electrolyte [29,30]. When
using GO–NanoLi2S@carbon as the cathode material for Li/S
cells at high current densities, excellent rate capability is
achieved (Figure 3e). The cell shows a reversible capacity of
360 mAh g�1 at 2C after 50 cycles at various rates, and
further cycling at a low rate of C/5 shows a recovery of the
reversible capacity to 587 mAh g�1. Figure 3e illustrates the
benefits of carbon coating in the improvement of conduc-
tivity, and the GO in chemically constraining the polysulfides
within the cathode.

As has been well documented, the soluble polysufides
transport sulfur species from the sulfur cathode to the Li
anode, where they can chemically react with metallic Li and
represent active material loss and low coulombic efficiency
(o90%). Considering the good cycling performance (65.4%
capacity retention after 200 cycles) and high coulombic
efficiency (�99.5%) when using GO–NanoLi2S@carbon com-
posites as cathode material, we believe that the important
role of protection can be provided by both carbon coating
and GO usage. Therefore, we carried out a simple bench-top
test of the polysulfide dissolution and composition measure-
ment of the sulfur species in the cathode to study the
effectiveness of the carbon coating in protecting against
sulfur loss. The polysulfide dissolution test when using
NanoLi2S and NanoLi2S@carbon composites for comparison
is shown in Figure 4a. The solution is the liquid electrolyte
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used for the cell cycling. Sulfur was added to the solution
first; and its amount is determined by the reaction of

7SþLi2S-Li2S8 ð3Þ
When adding the NanoLi2S to the solution, the color of

the solution immediately became dark-brown, which indi-
cated the formation of Li2S8. In comparison, there is no
color change when adding the NanoLi2S@carbon composite
to the solution. The color is nearly unchanged after standing
for 6 h, which indicates the protection of NanoLi2S from the
organic electrolyte by the carbon coating. There was color
change overnight (20 h), which indicates the gradual for-
mation of polysulfides.

GO was further chosen to constrain the polysulfides in the
cathode during cycling; and the sulfur anchoring is illu-
strated in Figure 4b by using NEXAFS spectroscopy in the TFY
mode. There are six peaks found in the NEXAFS spectra of
the NanoLi2S/GO composite. The peaks at 2470.80 and
2472.37 eV were attributed to the transition of S 1s to πn

state of linear polysulfides and the transition from the S
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1s core level to the S–S πn state of linear polysulfides (S2�x ,
x41); the peaks located at 2476.17, 2478.12, 2480.32, and
2482.42 eV are assigned to the σn state of Li2S, the S2� σn

state and/or the SO2�
3 σn state, the COSO�

2 σn state, and
the SO2�

4 σn state, respectively [31–33]. Comparing with the
peaks of NanoLi2S only (not shown in the figure), there
should be two peaks observed at 2472–2473 eV; however,
the peak at 2473.32 eV may overlap with the broad peak
located at 2472.37 eV [32,33]. Most of the Li2S was bonding
with oxygen functional groups of the GO sheet by forming
S–O, and part of the Li2S was transformed to Li2Sx (x41).
The above evidence shows the strong chemical bonding
between the NanoLi2S and GO, which can chemically
immobilize sulfur species in the cathode.
In order to study the capacity loss mechanism during
cycling, NEXAFS spectra were used to characterize the
GO–NanoLi2S@carbon composites at the end of charge/
discharge after different numbers of cycles. Since NanoLi2S
was used as the S cathode material, we first charged the
cell. Figure 5a shows the total-fluorescence-yield (TFY) S K
edge NEXAFS spectra of the cathode material after five
different numbers of charge/discharge cycles and stopped
in the charged state. After the first charge, several sig-
nificant changes were observed, which reflect the evolution
of the S chemical species: the disappearance of the peak at
2470.80 eV, the decay of the peak at 2476.00 eV, the
appearance of peaks at 2470.34 and 2473.89 eV, and the
intensification of the SO2�

4 peak. The peaks at 2472.37 and
2473.89 eV are originated from the S–S bonding and the C–S
bonding, respectively [33–35]. The small peak at 2470.34 eV
is associated with the bonding of S to GO, but the specific
transition involved is still an open question [34,35]. These
S species are active species that are involved in the
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charge/discharge process. According to the Li2Sx (x41) and
Li2S peak intensity evolution located at 2470.80 and
2476.00 eV, the Li2Sx (x41) species were fully oxidized to
elemental S8 while the Li2S was partly oxidized during the
first charge. In the meantime the S species were bonded to
the GO sheets and formed C–S bonds, which help to
immobilize sulfur in the cathode.

With the increasing numbers of charge/discharge cycles,
several significant peak intensities evolve. First, the peak
intensity originating from the S8 and/or C–S–S–C became
stronger after 5 cycles, due to the conversion of more Li2S
to active S species during the first few cycles. With
increasing cycle numbers, the active S peak intensity
decreased, which might be caused by polysulfide dissolu-
tion. Second, the peak intensities of SO2�

3 and SO2�
4

continuously decay, while the peak intensity of the COSO�
2

specie is always increasing. The interesting point is that all
the spectra go through three points marked as A, B and C in
the figure, which are attributed to phase transition phe-
nomena. The SO2�

3 and SO2�
4 were most likely to convert to

the COSO�
2 specie within the cycling process, which are all

unexpected products during cycling. Finally, there is a peak
located even higher than where SO2�

4 is, which is assigned
to the remaining electrolyte. The intensity of this peak
increases with the increasing cycle number as this specie
comes from the electrolyte and stays on the cathode
surface, which is also confirmed by total-electron-yield
(TEY) spectra (Figure S1a and S1c). As the TEY mode is
more surface-sensitive than the TFY mode, these species
are more likely to accumulate on the cathode surface and
form a new layer at the cathode/electrolyte interface. This
layer hinders the diffusion of Li-ions within the cathode,
leading to the lower utilization of active sulfur species and
subsequent capacity fading during cycling.

TFY and TEY S K-edge NEXAFS of cathode materials
recorded after different numbers of cycles and stopped in
the discharged state are shown in Figures 5b, S1b, and S1d,
respectively. After the first discharge, the peak intensity of
lithium polysulfides increases while the intensity of the Li2S
peak decreases. This indicates that the elemental S8 was
mostly reduced to Li2Sx (x41) during discharge. As a result,
the proposed electrochemical reaction of 2Li+xS⇋ Li2Sx,
(1rxo8) is demonstrated. Comparing with the fresh
cathode material, the ratio of the peak at 2470.80 eV to
the peak at 2472.34 eV is much smaller at the discharged
state. We propose two reasons: (1) the S8 and C–S–S–C
bondings remain, and (2) the cathode materials can only
be discharged to Li2Sx(x41) [33]. With the increase in cycle
number, the evolutions of the S species are similar to those
of the charged samples: (1) the decay of Li2Sx, (2) the
accumulation of an unexpected layer (SO2�

3 , SO2�
4 , COSO�

2 ,
and electrolyte), and (3) the phase transition from SO2�

3
and SO2�

4 to COSO�
2 . Therefore, with the decay of the

active sulfur species (Li2Sx) during charge/discharge and the
accumulation of the surface layers, the overall capacity
fading mechanism during the cycling was illuminated.
Conclusion

In summary, high-performance Li/S cells were developed by
combining core–shell NanoLi2S@carbon with GO as the
cathode material. The carbon coating prevents NanoLi2S
from contacting the liquid electrolyte, which greatly
improves the cycling performance of Li/S cells. The cells
using the carbon coating show superior cyclability to those
using uncoated NanoLi2S. The cycling performance of Li/S
cells using NanoLi2S@carbon was further improved by mixing
the NanoLi2S@carbonwith GO. The functional groups on the
surface of GO chemically absorb the polysulfides within
the cathode, which prevents them from dissolving in the
electrolyte and subsequently from reacting with the lithium
anode. The protection mechanisms from carbon coating and
the functional groups of GO were studied in detail, and
confirms the great inhibition of the polysulfide shuttle
during cycling. The Li/S cell shows an initial specific
discharge capacity of 1263 mAh g�1(normalized to sulfur)
at the rate of C/10 and capacity retention of 65.4% after
200 cycles. The decay mechanism during cycling is char-
acterized and discussed in detail and confirmed by using
NEXAFS spectra. This research provides a new approach for
designing novel Li2S cathodes for Li/S cells with excellent
cycling performance and sulfur utilization.
Experimental section

Chemicals and reagents

Sulfur (S), lithium sulfide (Li2S), 1 M superhydride (LiEt3BH)
in THF, carbon black (CB), bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI, 99.95% trace metals basis), N-methyl-
2-pyrrolidone (NMP), 1,3-dioxolane (DOL), and dimethox-
yethane (DME) were purchased from Sigma-Aldrich and were
used without further purification.

Synthesis

The NanoLi2S was synthesized through a solution-based
reaction of elemental sulfur powder with 1.0 M Li(CH2CH3)3BH
solution in THF. The sulfur first dissolved and then precipitated
out as nanoparticles of NanoLi2S. The collected NanoLi2S was
washed, centrifuged, and heat-treated at 140 1C under
vacuum for 2 h prior to use. Before carbon coating, the
NanoLi2S was heat-treated at 500 1C under Ar for 0.5 h to
convert any organic residue to carbon. The carbon coated
NanoLi2S was prepared by the pyrolysis of the NanoLi2S with
polyacronitrile (PAN) at 600 1C in Ar. The PAN was dissolved in
the DMF solution, and then added the weighed NanoLi2S and
stirred for 1 h. After the evaporation of the solvent, the
mixture of NanoLi2S with polyacronitrile (PAN) was carbonized
at 600 1C in Ar. The carbon content was measured by the
weight gain of NanoLi2S before and after heat-treatment,
which was found to be �10 wt%.

GO–NanoLi2S@carbon was prepared by adding certain
amounts of NanoLi2S@carbon (carbon content is �10%)
and GO (GO content in is also �10 wt%) into THF, which
was sonicated for 2 h and then dried for further use. The
cathode slurry was prepared by mixing GO–NanoLi2S@carbon
(75 wt%), carbon black (20 wt%), and PVP (5 wt%) in NMP.
After 0.5 h sonication, the cathode slurry was coated onto
carbon paper (the current collector). This electrode was
assembled with the lithium metal foil into a traditional coin
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cell. The cell was assembled using the GO–NanoLi2S@carbon
as the cathode, 0.18 M LiNO3+1 M LiTFSI in PYR14TFSI/DME/
DOL (2:1:1 by volume) as the liquid electrolyte, and
metallic lithium foil as the anode. The electrode loading
was 2.3 mg mixture cm�2, or 1.5 mg Li2S cm

�2.
The bench-top color measurement was tested by using

the same amount of Li2S8 (Li2S+7S-Li2S8) in the liquid
electrolyte. The sulfur was first added into the liquid
electrolyte. During the testing, the NanoLi2S and Nano-
Li2S@carbon were added into the liquid electrolyte, respec-
tively. The color changes of these two samples were
recorded by camera with time.

Electrochemical evaluation and structure
characterization

Coin cells were used to evaluate the cycling performance.
Carbon papers with the thickness of �100 μm were used as
the current collector. Charge and discharge were carried
out using a Maccor 4000 series cell tester at a current
density of 0.2 mA cm�2 (C/10) between the cut-off poten-
tials of 1.5–2.8 V vs. Li/Li+. The current densities of
0.4 (C/5) and 0.75 (C/2.5) mA cm�2 were applied to
measure the rate capability. The calculation of specific
charge/discharge capacities is based on the mass of lithium
sulfide and sulfur content.

The structures of the cathode electrode before and after
cycling were examined using a field emission STEM (Hitachi
HF-3300) at 15 kV. The elemental mapping of the samples
was also taken using STEM. X-ray diffraction (XRD) analysis
was performed at a PANalyticalX'pert PRO2-circle X-ray
diffractometer with a CuKα radiation (λE1.5418 Å). Raman
spectroscopy was recorded from 500 to 200 cm�1 on a
Renishaw Confocal Micro Raman spectrometer at room
temperature.

X-ray absorption fine structure (NEXAFS) spectra

The original Li2S/GO composites were prepared by in-situ
depositing NanoLi2S onto the surface of GO. The cathode
materials were taken out from the coin cells in the glove
box under Argon. The samples were transferred to the
beamline in the Advanced Light Source at Lawrence Berke-
ley National Laboratory. S K edge NEXAFS spectra were
collected in bending magnet beamline 9.3.1. Total electrons
yield signals (TEY) were collected by monitoring the offset
sample drain current, and the total fluorescence yield (TFY)
signals were collected by a silicon drift detector. NEXAFS is
a powerful technique for identifying and characterizing the
chemical and bonding characteristics of materials. S K-edge
NEXAFS spectra correspond to the transitions from S 1s to 3p
orbital and are sensitive to the chemical environment
varies. The NEXAFS peaks at absorption photon energies
were corresponded to different S-based species.
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