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ABSTRACT Graphene—sulfur (G—S) hybrid materials with sul-
fur nanocrystals anchored on interconnected fibrous graphene are
obtained by a facile one-pot strategy using a sulfur/carbon disulfide/
alcohol mixed solution. The reduction of graphene oxide and the
formation/binding of sulfur nanocrystals were integrated. The G—S
hybrids exhibit a highly porous network structure constructed by
fibrous graphene, many electrically conducting pathways, and easily
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tunable sulfur content, which can be cut and pressed into pellets to be directly used as lithium—sulfur battery cathodes without using a metal current-

collector, binder, and conductive additive. The porous network and sulfur nanocrystals enable rapid ion transport and short Li* diffusion distance, the

interconnected fibrous graphene provides highly conductive electron transport pathways, and the oxygen-containing (mainly hydroxyl/epoxide) groups

show strong binding with polysulfides, preventing their dissolution into the electrolyte based on first-principles calculations. As a result, the G—S hybrids

show a high capacity, an excellent high-rate performance, and a long life over 100 cycles. These results demonstrate the great potential of this unique

hybrid structure as cathodes for high-performance lithium—sulfur batteries.
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he development of high-capacity en-
Tergy storage systems is highly desir-

able from the viewpoint of both
energy and environmental issues. Lithium—
sulfur (Li—S) batteries have attracted great
interest as potential energy storage devices
for electrical vehicles and other applications
needing large-scale electricity storage be-
cause of their high theoretical energy den-
sity of 2567 W h kg™, which is more than
5 times that of lithium ion batteries based on
conventional insertion compound cathodes.' 3
Other advantages are that elemental sulfur is
low cost, has low toxicity, and is an abundant
resource. However, the practical application of
Li—S batteries is greatly hampered by two
major challenges including (i) high solubility
of the reaction polysulfide products, which
can shuttle between the anode and cathode,
forming deposits of solid Li,S, and Li,S on the
cathode, causing loss of the active material,
which leads to low Coulombic efficiency, low
utilization of the sulfur cathode, and a severe
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degradation of cycle life, and (i) the low
electrical conductivity of sulfur, the intermedi-
ate polysulfide products, and the final Li,S,
affecting the reaction rate of the battery.*®
Some strategies have been proposed to
alleviate the impact of the polysulfide shuttle.
For instance, extensive studies have been
carried out to improve the electrical conduc-
tivity of the sulfur electrode and to confine the
sulfur and polysulfides in a carbon matrix. For
example, ordered mesoporous carbon,"” hier-
archical porous carbon,®° microporous carbon
spheres,'® hollow carbon spheres,' carbon
nanotubes/nanofibers,’>'* and graphene“;’18
have been investigated as the confining/
conductive medium and have shown improved
cyclic stability. Among these carbonaceous
materials, graphene has opened new possibi-
lities and is promising as a two-dimensional
(2D) conductive support because of its high
electrical conductivity, superior mechanical
flexibility, high chemical and thermal sta-
bility, high surface functionality, and large
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Figure 1. lllustration of the formation process of the G—S hybrid and schematic of fabrication of a self-supporting electrode.

surface area.'®?° Moreover, reduction of graphene
oxide (GO) provides a way to produce graphene on
a large scale for practical applications.”’ However,
graphene layers are prone to agglomerate during the
reduction and drying process because of strong 7—x
stacking and hydrophobic interactions. Consequently,
many unique properties of graphene are significantly
compromised or even unavailable.?? Self-assembly of
graphene into macroscopic materials can translate the
intriguing properties of graphene into the resulting
macrostructures for practical applications.>>** When
used as electrodes, these well-defined interpenetrat-
ing structures provide macroscopic graphene materi-
als with a large surface area, high mechanical strength,
and fast mass and electron transport due to the com-
bination of a porous structure and excellent intrinsic
properties of graphene.>>~ %

It is worth noting that the surface chemistry of
carbonaceous materials has been recently recognized
as another important aspect affecting the performance
of Li—S batteries. For example, Tarascon's group found
that using oxygenated porous structures can improve
the capacity retention of sulfur cathodes, which might
be due to weak binding between the polysulfides and
the oxygenated framework.?? Zhang's group showed
that the oxygen-containing groups on GO could im-
mobilize sulfur in the cathode material of Li—S
cells. 33" However, little attention has been paid to
the chemical interaction of polysulfides with graphene,
which is worthy of consideration because sulfur is
converted to polysulfide ions during the charge/
discharge processes. Progress in this field has inspired
us to study the interaction mechanism between poly-
sulfide species and oxide-containing surfaces, in the
hope that it will facilitate understanding of the rever-
sibility and long cyclic stability of sulfur electrodes.

Herein, we have prepared a cathode that is a self-
supporting fibrous graphene—sulfur (G—S) hybrid with
good electrical conductivity. We developed a one-pot
strategy using the hydrothermal reduction of GO and
its self-assembly with sulfur nanocrystals precipitated
from a sulfur/carbon disulfide (CS,)/alcohol mixed solu-
tion. This method has the merit of easy control over
the amount of sulfur, uniform distribution of the
sulfur nanocrystals, and tight contact of the sulfur with
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graphene. It can be cut and pressed into plates for direct
use as Li—S battery electrodes without a metal current-
collector, binder, and conductive additive, as illustrated in
Figure 1. The fibrous graphene facilitates electron trans-
fer, porous network resulting from the interconnected
graphene allows for rapid ion transport, and the sulfur
nanocrystals provide short Li* diffusion distances. Our ex-
perimental observations, combined with first-principles
calculations, demonstrate that the dissolution/diffusion
of polysulfide anions in the electrolyte can be greatly
reduced by the strong binding of sulfur to the oxygen-
containing (mainly hydroxyl/epoxide) groups on reduced
graphene oxide, resulting in improved cyclic stability.

RESULTS AND DISCUSSION

Figure 2a shows typical photographs of the as-
prepared materials. Sample |, made from GO and sulfur
as precursors without the addition of a CS, solution,
shows a rough surface, and yellow sulfur agglomerates
can be clearly observed on the surface of the G—S
mixture (G—Sp;y). In contrast, for samples Il to IV, the
G-—S assembled hybrids fabricated from GO, sulfur-
dissolving CS, (adding 100, 150, and 200 mg of sulfur,
respectively), and alcohol dispersion show a smooth
surface, and their volume is almost independent of
sulfur loading. The sulfur contents in samples lI—IV are
55, 63, and 71 wt % according to thermogravimetric
analysis (TGA, Figure S1, denoted as G—S55, G—S63,
and G—S71). These results indicate that the alcohol
acts to improve the miscibility of the sulfur/CS, and the
GO aqueous solution and plays an important role in the
formation of homogeneous G—S hybrids. GO is also an
important precursor because if we synthesize G—S
hybrids from intercalation-exfoliated graphene with a
very small amount of oxygen functional groups (C/O =
38.9) and from thermally exfoliated reduced graphene
with a medium amount of oxygen functional groups
(C/O = 10.6) after the hydrothermal process with the
same amount of sulfur in the mixed solution (see
Experimental Section), only G—S hybrids (powder)
were obtained (Figure S2a). After freeze-drying, the
G—S hybrids (powder) were collected and the weight
percentage of sulfur in the hybrid powder tested by
TGA was 60 and 59 wt % (Figure S2b, denoted as
G—S60 hybrid (powder) and G—S59 hybrid (powder)).
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Figure 2. (a) Photographs of the as-prepared (I) G—S,,;x using GO and sulfur as precursors without adding CS, and (II-1V) G—S
hybrids with sulfur loadings of 55, 63, and 71 wt % using GO, sulfur-dissolving CS,, and alcohol dispersion as precursors, after
hydrothermal treatment at 180 °C for 10 h. (b) SEM image of the interconnected fibrous microstructure of the G—5S63 hybrid
and (c) its corresponding EDS spectrum (unit: keV). (d) TEM and (e) HRTEM images of the G—S63 hybrid. (f) STEM image and (g)
corresponding sulfur map of the region indicated by the yellow square in (f) of the G—S63 hybrid.

The G—S hybrid materials have an interconnected
porous network resulting from the fibrous graphene,
as shown in Figure 2b (marked by the white arrows)
and Figure S3. The width of the fibrous graphene is
1—2 um, and the porous network consists of stacked
graphene flakes, indicating that GO sheets were rolled
up into a cross-linking fibrous structure during the
hydrothermal process (Figure 1). In contrast, the scan-
ning electron microscopy (SEM) image of the G—Six
(sample 1) shows strongly aggregated graphene with a
loose structure and many large pores (several tens of
micrometers in diameter, Figure S4). Energy-dispersive
X-ray spectroscopy (EDS) reveals the presence of C, O,
and S in the G—S63 hybrid (Figure 2c). Figure 2d and
Figure S5 show the transmission electron microscopy
(TEM) images of the G—S hybrids, in which sulfur nano-
crystals with a particle size in the range of 5—10 nm are
uniformly distributed on the surface of graphene. It is
worth noting that even after strong ultrasonication to
disperse samples for TEM characterization, the sulfur
nanocrystals are still anchored to the surface of the
graphene with a high surface concentration, suggesting a
strong interaction between graphene and sulfur. The
high-resolution TEM (HRTEM) image in Figure 2e shows
the edge of a graphene sheet with a tightly anchored
sulfur nanocrystal. The adjacent fringe spacing of the
aligned lattice fringes was about 0.34 nm, corresponding
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to the (026) plane of sulfur. A scanning TEM (STEM) image
(Figure 2f) and corresponding sulfur map (Figure 2g) of
the region indicated in Figure 2f provide additional
evidence to confirm the homogeneous distribution of
sulfur on the surface of graphene. However, the sulfur
tends to spontaneously agglomerate and form several
micrometer-size particles on the intercalation-exfoliated
graphene with a very small oxygen content (Figure S6a,b).
As for the thermally exfoliated reduced graphene with
a moderate oxygen content, the sulfur particles show a
size of several tens to several hundreds of nanometers
(Figure S6c¢,d). These results suggest that the presence
of oxygen-containing functional groups plays an im-
portant role in anchoring and preventing the sulfur
from growing into bulk crystalline particles.>*33

X-ray diffraction (XRD) patterns of the G—S hybrids
are shown in Figure S7. The hybrids exhibit a broad
diffraction peak at around 25°, confirming the reduc-
tion of GO with irregular layer stacking during the
hydrothermal reaction. The sulfur shows sharp and
strong peaks indicating a well-defined crystal structure,
which is consistent with the TEM analysis. To elucidate the
extent of the binding between the graphene and sulfur
nanocrystals, X-ray photoelectron spectroscopy (XPS)
measurements were performed. Gaussian fits to the C
1s spectra of GO and the G—563 hybrid both show four
peaks, but in different ratios. The C 1s signal of GO in
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Figure 3. C 1s XPS spectra of the (a) GO and (b) G—S63 hybrid. (c) Relationship of the O/C ratio and weight percentage of S—O,
S—Sin S 2p in the GO, G—S55, G—S63, and G—S71. (d) S 2p XPS spectrum of the G—S63 hybrid.

Figure 3a consists of component peaks at 284.6, 286.7,
288.0, and 288.9 eV, corresponding to carbon species of
C—C/C=C,C—0, (=0, and O—C=0, respectively.3* After
hydrothermal treatment, the hydroxyl and epoxide peaks
were greatly reduced, as were those for the carbonyl and
carboxyl groups to a lesser extent, while the peak
corresponding to the sp® carbon increased and became
narrower. This indicates that these oxygen-containing
functional groups are removed and converted to C—O—S
bonds during the reduction—assembly process (Figure 3b).
Meanwhile, the shifts in the binding energies of carbon
bonded to oxygen (such as C—0 and C=0) compared to
GO suggest a different chemistry. The O 1s spectrum of
the G—S63 hybrid (Figure S8) can be deconvoluted into
three peaks. The peak at 531.2 eV is assigned to C=0
groups, and the peak at 533.3 eV is ascribed to C—OH
and/or C—O—C groups (hydroxyl and/or epoxide).3*3*
The peak centered at 532.0 eV is attributed to the
formation of an S—0O bond.3'?® The O/C ratios are 0.48
and 0.10 for the GO and G—S hybrids, which also implies
the partial reduction of GO in the hybrids (Figure 3c). In
the S 2p spectrum of the G—S563 hybrid (Figure 3d), the S
2ps, (163.6 and 164.8 eV) and 2p;/, (164.3 and 165.5 eV)
spin—orbit levels with an energy separation of 1.2 eV
are attributed to the S—S bond and S—O species,
respectively.?>*! With the increase of sulfur loading, the
proportion of S—S increases, while S—O in S 2p is similar
for G—S55, G—563, and G—S71 hybrids (Figure 3c). The
other small peak at 168.6 eV can be ascribed to the sulfate
species formed by the oxidation of sulfur in air3” The
above analysis indicates that the sulfur nanocrystals
maintain intimate contact with graphene through S—O
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bonding, which could immobilize sulfur and the corre-
sponding polysulfides produced during the discharge/
charge process, preventing the loss of active materials
and stabilizing the cyclic life of Li—S batteries.

To better understand the possible functionality of
oxygen-containing groups on the performance of Li—S
batteries during cycling, especially for the polysulfides
produced, we performed density functional theory
(DFT) calculations to explore the interaction between
oxygen-containing species and polysulfides. On the
basis of the above experimental results, the residual
oxygen-containing functional groups on graphene are
mainly hydroxyl and epoxide, which is in accordance
with the recent theoretical prediction.3® Here, we
focused on S; clusters and multiply charged S anions
(monoanion, S3~ and dianion, $3°7) with a chain-like
structure, since other multiply charged S anions (5,7,
n =4-8, 0 = 1, 2) take chain-like structures based on
DFT studies®*“° and should behave similarly to Ss
anions on a graphene surface. Smaller sulfur molecules
(S2_4) were also reported with good electrochemical
performance in Li—S batteries recently.”’ Figure 4a
presents the fully relaxed geometric structures of the
neutral S5 clusters and polyanions (S;~ and S5°7). The
calculated S—S bond length and bond angle of S;~ are
almost the same as those of S3~ and are respectively
longer and smaller than those for a neutral Sz cluster.
The longer S—S bond length and reduced bond angle
of S3'~ and S3°~ are the result of a charge redistribution,
as shown in Figure 4a. For example, the two terminal
sulfur atoms are negatively charged (—0.14 ) while the
center sulfur atom is positively charged (+0.28 e) for a

VOL.7 = NO.6 = 5367-5375 = 2013 ACS\A

J

WL

N

Na

WWwWW.acsnano.org

5370



a neutral §, s;’ Sg’
+0.28 00 00
\9550‘ \9@0 : \9??“0 '
S99 o090 0.0

('—\)
%) QJ
VD 20D u@@
c b Qa °° <4 o °° °D 4

| ] o0 o o o a
o ¥ oo
+0.12
H +0.07 02760027 +0.26
> 033 ©0-0.033 019950 034
@ A
v ¥ &
AQ~04e AQ~058 ¢ AQ~073e
Ep=054 eV E,=084eV Ep=1.09eV

S, on graphene S} on EO-graphene S} on HO-graphene

>4 pd ,
>4 b4 p-q pd4 pd b
4 P4 p4dq P 4 pdopd P
g >4 pod  p4 pd Op-p >4
Sed b wd » <4 b pdq b
o P4 pd »d b-q }ﬂ& |
Oeq p-dq p-q o- o 2 < 3
»>q p-a pq p-d pd bpq
pd pd >4 pd
4 >4 °
+0.28
3 +0.23 0.140-0-0-014 .
S 0150-0-0.0.15 ©-0-0.17
A
L} 4
AQ~007e AQ~00e AQ~0.09 ¢
E,=0.30eV Eo=034eV Ep=0.47 eV
S, on graphene S;on EO-graphene S, on HO-graphene
d [ o oj‘ p—d
4 b4 4 pd >4 pd
pd »d pdg <4 »d pd b4 p-d pd
; 9 -4 o-a | 2 s 4 b—a p—q » Qv o-a pb-a »
D p—o p-4 pod b4 b4 954 b4
Seq PG 4 o < p- a 4 » q & q P
o pd »d pdq 4 %9ed® pd p—4 b—q
O aq e o < o—d = b < o— b
p-q - -9 »—a o § - -4 - | ]
[ =1 b-q - o9 »-d |
oq »-d P-4
3 043 619120 0.43
+0.05 +0.15
] o
S 04899043 0270-g-0-048
© A b
T . 00-00-00-00-00-00-- -—00-00-08-89-00-00- -—00-00~08-g0—00-—00—
7]
L ] L 4 e
AQ~11e AQ~126¢ AQ~14e
E,=073eV Ep=1.81eV Ep,=195eV

S on graphene S} on EQ-graphene S on HO-graphene

Figure 4. (a) Geometric structures of a fully relaxed neutral S; and charged S;~ (S3?7) clusters and corresponding charge
densnty plots with a charge isocontour of 0.002 e/A> (lower panel). Side and top view of (b) a neutral S; cluster, (c) S5, and (d)
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and small cyan balls. The calculated charge population for each sulfur atom, the binding energy (E,), and corresponding

charge transfer (AQ) are also shown.

neutral S5 cluster; however, in the case of 53~ (5327), two
terminal sulfur atoms are more negatively charged, —0.5 e
(—1.0 e), while the center sulfur atom remains in a
neutral state. In order to compare the interaction be-
tween a charged S; cluster (S;~ and S5%7) and graphene
with that between a neutral S; cluster and graphene, we
define the binding energy (E,) as follows:

E, = E(S3’@graphene) — E(graphene) — E(S39)
=0 -land —2

Here, E(graphene), E(S5°), and E(S;°@graphene) are total
energies of graphene, an isolated S; cluster, and gra-
phene bound to a S; cluster, respectively. Using the
above definition, we observe a moderate binding effect
(0.30 eV) between a neutral S; cluster and the pristine
graphene surface, which slightly increases to 0.34 (0.47) eV
after introducing epoxide (hydroxyl) groups on the
graphene surface, EO-graphene (HO-graphene), as de-
scribed in Figure 4b. This implies that epoxide and
hydroxyl groups remaining on the graphene surface do
not greatly improve the binding between graphene and
a neutral S; cluster. However, as shown in Figure 4cand d,
hydroxyl and epoxide groups can remarkably increase
the binding between graphene and the charged Ss;
clusters (S~ and S5°7). For example, the binding energy
of 53~ (S5>7) on the HO-graphene is calculated to be 1.09
(1.95) eV, which is about 2—3 times larger than that of S3™
(S527) on the pristine graphene surface. Charge popula-
tion analysis indicates that oxygen-containing functional
groups on the graphene surface can induce a larger
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charge transfer (AQ) from the polysulfide (53~ and S;27)
anions to graphene. For instance, the calculated AQ from
S (S327) to HO-graphene increases from 0.4 (1.1) t0 0.73
(1.4) electron, as shown in Figure 4c and d. Therefore, the
increased binding effect can be ascribed to the larger AQ
between S5~ (S327) and graphene due to the existence of
epoxide or hydroxyl groups on the graphene surface. It
was also found that the HO-graphene shows stronger
binding effects on the polysulfide (S;~ and S;27) anions
than does the EO-graphene, and the binding energies are
calculated to be 1.09 (1.95) eV and 0.84 (1.81) eV for S5~
(S5%7) on the HO-graphene and EO-graphene, respec-
tively. This mainly results from the fact that hydroxyl
groups on the graphene surface can induce an asymme-
trical charge distribution on the two end sulfur atoms of a
Sz cluster, resulting in larger polarization and conse-
quently stronger electrostatic interaction between a Ss
cluster and the HO-graphene. Here, taking 55>~ on the
HO-graphene as an example, a larger partial charge (0.48
electron) for the end sulfur atom closer to the hydroxyl
group than that (0.27 electron) for the sulfur atom at the
other end is observed, as shown in Figure 4d.

In order to demonstrate the structural benefits of
G—S hybrids and the bonding between graphene and
sulfur nanocrystals for improving cathode performance, a
series of electrochemical measurements were carried out.
The G—S hybrids were cut into slices, compressed, and
shaped into circular pellets, and then directly used as
electrodes with high electrical conductivity (Figure S9).
Cyclic voltammetry (CV) was used to reveal the
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Figure 5. (a) CVs of the G—563 cathode at 0.1 mV s in a potential window from 1.5 to 2.8 V vs Li"/Li°. (b) First galvanostatic
charge—discharge curves of the G—S63 cathode at 0.3 A g . (c) Capacity at different current densities of the G—563 cathode.
(d) Cyclic performance and Coulombic efficiency of the G—S63 cathode at 0.75 A g~ for 100 cycles after the high current

density test.

electrochemical reaction mechanism of the G—S cathode
measured between 1.5 and 2.8 V at a sweep rate of
0.1 mV s~ ', as shown in Figure 5a. During the first
cathodic reduction process, three peaks at approximately
2.3,2.0,and 1.8 V (vs Li*/Li% were observed. The peak at
2.3 V corresponds to the reduction of sulfur to higher-
order polysulfides (Li,S,, 4 < x < 8).5 The peaks at 2.0 and
1.8 V are related to the reduction of higher-order poly-
sulfides to lower-order polysulfides (such as Li,S,, Li,Ss,
Li»S,) and Li,S.2** In the subsequent anodic scan, one
asymmetric oxidation peak (which can be divided into
two peaks) is observed at about 2.5 V and is attributed to
the conversion of lithium sulfides to polysulfides and
sulfur. These results are in agreement with galvanostatic
charge—discharge curves (Figure 5b) and similar to other
reports.>'>*%42 From the second cycle, both the CV peak
positions and areas remain almost unchanged, suggest-
ing relatively good capacity retention.

The rate capability of the G—S63 cathode is shown in
Figure 5¢, measured using a coin cell configuration
with a lithium metal anode. The G—S63 cathode can
deliver a capacity of 1160 mAh g~ ' at03Ag~ ', and
the overall capacity of the cathode (including sulfur
and graphene) is 731 mA h g, calculated using the
known sulfur weight ratio. The capacity of the G—S63
hybrid can be maintained at ~700 mA h g~ after 50
cycles, much higher than those of the G—559 hybrid
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(powder) with ~410 mA h g~' and G—560 hybrid
(powder) with ~350 mA h g’1 after 50 cycles (Figure S10a).
The sulfur content can be easily tuned by the initial
sulfur addition, and the properties of G—S55 and G—S71
cathodes were compared in Figure S11a. With the
increase of the current density to 1.5 and 45 A g/,
the specific capacity of the G—S63 cathode is 670 and
390 mA h g~ " with the overall capacity of 422 and
246 mA h g~ ', demonstrating a high rate performance.
Moreover, the material recovered most of the original
capacity when the cycling current was restored to
0.75 Ag™", implying that the structure of the sulfur elec-
trode remains stable even under high rate cycling. The
high rate performance of the G—S cathodes is attributed
to the thin graphene and nanosized sulfur, which lead to
short Li* diffusion distances, while the open porous
structure provides rapid ion transport pathways. The
immobilization of sulfur/(poly)sulfides by oxygen-
containing groups during cycling is vitally important
for the stable utilization of sulfur in the cathodes based
on first-principles calculations, which is also verified by
the existing S—O species in the S 2p region after being dis-
charged to the end of the second plateau (Figure S12).
As demonstrated in Figure 5d, the sulfur cathode can
maintain a capacity as highas 541 mAhg~'at0.75Ag "
for the G—S63 over 100 cycles even after the rate
capability test, much better than those of G—S hybrids
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(powder), as shown in Figure S10b. Furthermore, its
Coulombic efficiency is around 98% for all the G—S
cathodes during cycling (Figure 5d and Figure S11b). It
should be noted that the entrapment of sulfur by the
large surface areas and many functional groups of the
graphene ensures a complete redox process, prevents
sulfur from dissolving into the electrolyte, and results in
improved cycling performance. Nonetheless, capacity
degradation still occurs to some extent on repeated
long-term cycling of the batteries, especially in the high
sulfur sample, because the binding is not 100% efficient.
Therefore, this and other strategies such as conductive
polymer coating"**** and pore confinement''%*> may
be combined to further improve the performance of the
G—S cathodes.

CONCLUSIONS

We have designed and prepared fibrous G—S hybrids
by a one-pot reduction—assembly method, which is
simple, highly efficient, and scalable. The G—S hybrids
can be cut and pressed into Li—S battery electrodes

EXPERIMENTAL SECTION

Synthesis of GO. GO was synthesized from natural flake
graphite by a modified Hummers' method.*® The concentration
of the GO suspension obtained was 1.8 mg mL~", which was
determined by drying the suspension at 90 °C under vacuum for
24 h and then weighing the dried GO.

Synthesis of Intercalation-Exfoliated Graphene. Intercalation-exfo-
liated graphene powder was fabricated by Sichuan Jinlu Group
Co., Ltd. using a solid-state intercalation and liquid-phase
expansion and exfoliation method and was used as-received
in this work.

Synthesis of the Thermally Exfoliated Reduced Graphene. Thermally
exfoliated reduced graphene was prepared as reported in our
previous work.*

Preparation of G—S Hybrids. G—S hybrids were prepared by
hydrothermal reduction—assembly of GO with a sulfur-dissolving
CS, and alcohol solution. In brief, 50 mL of the GO aqueous
dispersion and 15 mL of alcohol were mixed, and then 3 mL of
CS, containing 100, 150, and 200 mg of dissolved sulfur (tuning
the sulfur content in the samples) was added to the GO
dispersion. The mixture was stirred for 90 min and then sealed
in an 80 mL Teflon-lined stainless steel autoclave for a hydro-
thermal reaction at 180 °C for 10 h. The black cylinder of the
G—S hydrogel was washed by ethanol and distilled water, and
the wet hydrogel was then freeze-dried to obtain the G—S
hybrids.

Preparation of G—S Hybrids (Powder). G—S hybrids (powder)
were prepared by mixing 90 mg of intercalation-exfoliated
graphene and thermally exfoliated reduced graphene with
150 mg of sulfur under the same hydrothermal conditions as
the G—S hybrids.

Preparation of G—S,ix. The G—S,ix was prepared by mixing
50 mL of the GO aqueous dispersion, 15 mL of alcohol, and
150 mg of sulfur under the same conditions but without CS,.

Materials Characterization. SEM observations were carried out
on an FEI Nova NanoSEM 430 at 15 kV. TEM and STEM were
performed using a Tecnai F20 (200 kV). EDS was used for
elemental analysis. XPS analysis was performed by using an
ESCALAB 250 instrument with Al Ko. radiation (15 kV, 150 W)
under a pressure of 4 x 1078 Pa. XRD was conducted with a
D-MAX/2400 diffractometer (Cu Ka, A = 0.154056 nm). TGA was
performed with a NETZSCH STA 449C thermobalance in argon
with a heating rate of 10 °C min~" to 500 °C. The electrical
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without using a metal current-collector, polymeric binder,
and conductive additive. The combination of the highly
conductive interwoven fibrous graphene and the small
size of the sulfur (5—10 nm) greatly improves the kinetics
of charge and ion transfer in these G—S hybrid elec-
trodes. Moreover, the strong absorption and interaction of
oxygen-containing functional groups on graphene with
sulfur/polysulfides effectively reduce the dissolution of
polysulfide intermediates into the electrolyte and im-
prove the cycling performance. DFT calculations reveal
that the performance improvement results from the
strong binding between the oxygen-containing func-
tional groups on the graphene and sulfur/polysulfides,
which reduces the irreversible loss of sulfur during
discharge/charge. Therefore, the G—S hybrid cathodes
demonstrate excellent electrochemical performance
with high specific capacity, good rate performance,
and stable cyclability over 100 cycles. These results
demonstrate that these G—S hybrid cathodes are
very promising candidates for high-performance Li—S
batteries.

conductivity of the electrodes was measured by a standard four-
point probe resistivity measurement system (RTS-9, Guangzhou,
China). Three measurements were carried out at different positions
on each sample, and the average value was taken.

Electrochemical Measurements. The G—S hybrid was cut, com-
pressed, and shaped into a circular pellet with a diameter of
12 mm and directly used as a cathode. The mass loading of a
G—S electrode was about 2 mg cm™2 The G—559 or G—560
hybrid (powder) cathode was prepared by mixing 90 wt %
G—S559 or G—S60 hybrid (powder) with 10 wt % polyvinylidene
fluoride dissolved in N-methyl-2-pyrrolidone as a binder to form
a slurry, which was then coated on an aluminum foil and dried
under vacuum at 70 °C for 12 h. The foil was pressed between
twin rollers, shaped into a circular pellet with a diameter of
12 mm, and used as a cathode. The electrolyte was 1.0 M lithium
bis-trifluoromethanesulfonylimide in 1,3-dioxolane and 1,2-di-
methoxyethane (1:1 by volume) with 0.5 wt % LiNO3; additive.*®
A 2025 type stainless steel coin cell was used to assemble a test
cell. A lithium metal foil was used as the anode, and a G—S slice
as the cathode. A LAND galvanostatic charge—discharge instru-
ment was used to perform the measurements. The coin-type
cell was assembled in an Ar-filled glovebox (MBraun Unilab).
The current density set for cell tests was referred to the mass of
sulfur in the cathode and varied from 0.3 to 4.5 A g™'. The
charge—discharge voltage range was 1.5—2.8 V. The CV was
measured using a VSP-300 multichannel potentiostat/galvanostat
(Bio-Logic, France) workstation in the voltage range 1.5-2.8 V
(vs Li*/Li) at a scan rate of 0.1 mV's . The G—S$63 hybrid electrode
was discharged to the end of the second plateau and disas-
sembled, dried in the glovebox, and followed by transferring to
the vacuum chamber of XPS for structure characterization.

Theoretical Calculations. All calculations were performed with
the plane-wave-based VASP code,***° applying projector aug-
mented wave (PAW)®' pseudopotentials to describe electron—
ion interactions, and the local density approximation functional
(LDA)*? for the electronic exchange correlation effect. Kohn—
Sham one-electron valence states were expanded on the basis
of plane waves with a cutoff energy of 400 eV. A large polyaro-
matic hydrocarbon (PAH) molecule consisting of 54 C atoms
and 18 H atoms was constructed to represent the graphene
within a cubic supercell (20 A x 20 A x 20 A), as shown in
Figure 4. The graphene oxide with hydroxyl (epoxide) groups
was modeled by adding two OH groups (four O atoms) on both
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sides of the PAH surface. The k-space sampling was restricted to
the I'-point for all calculations. All atomic positions were relaxed
to a force convergence of 1072eV/A, and a dipole correction®
to the total energy was used to improve the energy conver-
gence for charged systems. For an isolated Ss~ anion, the
vertical detachment energy is calculated to be 247 eV, which is
slightly less than the previously determined theoretical results
(2.64 eV) and well reproduces the experimental value (2.50 ev).®
The charge population was calculated using Bader charge
analysis.>*
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