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a b s t r a c t

Lithium-sulfur batteries represent one of the next-generation Li-ion batteries; yet rapid performance
degradation is a major challenge. Herein, a highly crosslinked copolymer is synthesized through ther-
mally activated polymerization of sulfur and trithiocyanuric acid onto the surface of reduced graphene
oxide nanosheets. Of the thus-synthesized composites, the sample with a high sulfur content of
81.79 wt.% shows a remarkable rate performance of 1341 mAh g�1 at 0.1 C and 861 mAh g�1 at 1 C with
an almost 100% coulombic efficiency. The composite electrode also effectively impedes the dissolution of
polysulfides and their shuttle diffusion because of the abundant and robust chemical bonding between
sulfur and trithiocyanuric acid and spatial confinement of polysulfides by the reduced graphene oxide
sheets, which leads to 81.72% retention of the initial capacity even after 500 deep charge-discharge cycles
at 1 C, corresponding to a decay rate of only 0.0404% per cycle. This performance is markedly better than
those of comparative materials prepared in a similar fashion but at either higher or lower S loading, and
among the highest in sulfur copolymer cathodes to date. The results provide an effective paradigm in the
preparation and engineering of polymer cathode materials for high-performance lithium-sulfur
batteries.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Lithium-sulfur (Li-S) batteries are regarded as one of the most
promising candidates for next-generation rechargeable batteries
due to various unique advantages: (a) the energy density of Li-S
batteries (2567 Wh Kg�1) is about five times higher than that of
conventional Li-ion batteries due to the high specific capacity of
sulfur (1672 mAh g�1), such that Li-S batteries can meet the ever-
increasing power demands in portable electronics and electric ve-
hicles [1e3]; (b) sulfur is among themost earth-abundant elements
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and may sustain massive commercialization of Li-S batteries [4,5];
and (c) Li-S batteries are easy to fabricate, cost-effective and envi-
ronmentally friendly [6e8]. However, to realize large-scale
commercialization of Li-S batteries, several critical issues need to
be resolved, such as the low coulombic efficiency and rate capacity
resulting from the low electrical conductivity of sulfur and poly-
sulfides (~5 � 10�30 S cm�1 at 25 �C) [9,10], rapid capacity atten-
uation caused by mechanical degradation of the cathode due to the
large volume expansion (up to 80%) of sulfur lithiation, and the so-
called “shuttle” effect of lithium polysulfides (Li2Sn with 4 � n � 8)
due to the dissolution and diffusion of polysulfides in organic
electrolytes [11e14]. Moreover, lithium dendrites can be easily
formed in the lithium metal anode during charge-discharge pro-
cesses, which may short the circuit by penetration into the thin
membrane, resulting in a short life-span and serious safety con-
cerns [15].

To mitigate these issues, extensive research efforts have been
devoted to the design and engineering of novel cathode materials

mailto:esguili@scut.edu.cn
mailto:shaowei@ucsc.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2017.06.036&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
http://dx.doi.org/10.1016/j.carbon.2017.06.036
http://dx.doi.org/10.1016/j.carbon.2017.06.036
http://dx.doi.org/10.1016/j.carbon.2017.06.036


S. Zeng et al. / Carbon 122 (2017) 106e113 107
[16,17], membrane separators [18e20], and anode protections [21]
to prevent the dissolution and diffusion of polysulfides in the
electrolyte and the formation of lithium dendrites [22e24]. As for
cathode materials, a variety of carbon-based materials, such as
hollow carbon spheres [25e27], carbon nanotubes [20,28,29],
porous carbon [3,30e32], layered carbon matrices [33], and carbon
nanofibers [34,35], have beenwidely used as conductive substrates
for sulfur to increase the rate performance and coulombic effi-
ciency. However, sulfur is mostly physically adsorbed on these
carbon substrates, hence the issues of dissolution and diffusion of
polysulfides in organic electrolytes remain unresolved [36e38].
This may be further mitigated by chemical confinement of the
carbon-sulfur composites. An emerging judicious method is based
on copolymerization of elemental sulfur with small organic mole-
cules such as vinylic monomers [4], styrene [39], polyacrylonitrile
[40] and dicyanobenzene [41] through inverse vulcanization.
However, the insulating nature of these copolymers greatly re-
stricts the loading of active sulfur to only 1 mg cm�2 or lower
(shown in Table S1) and hence compromises the capacitive per-
formance. Therefore, deliberate engineering of the sulfur
copolymer-based cathodes is strongly desired to increase the
loading of active sulfur for further improvement of the battery
performance. This is the primary motivation of the present work.

Herein, we report the preparation of graphene-supported highly
crosslinked sulfur copolymer nanoparticles as a cathode material
for Li-S battery. Experimentally, trithiocyanuric acid (TTCA) was
pre-deposited on the surface of highly conductive graphene oxide
nanosheets as tiny nanoparticles, and then crosslinked with sulfur
via radical polymerization. The resulting cp(S-TTCA)@rGO hybrids
exhibited much enhanced electrical conductivity, as compared to
the nanocomposites without graphene support, and the dissolution
and diffusion of polysulfides was effectively supressed by the
combined contributions of chemical confinement resulting from
the extensive bonding between sulfur and TTCA as well as physical
confinement by the graphene crosslinked networks. Within the
present experimental context, the sample with a high sulfur con-
tent of 81.79 wt.% (2.0 mg cm�2) was found to exhibit the best
performance as the cathode for Li-S battery, with a reversible ca-
pacity of 1341 mAh g�1 at 0.1 C, and a discharge capacity of
671 mAh g�1 even after 500 deep charge-discharge cycles at 1 C
with a high capacity-retention of 81.72%.

2. Experimental section

2.1. Synthesis of cp(S-TTCA)@rGO nanocomposites

Graphene oxide was obtained by a modified Hummers' method
[42]. As illustrated in Fig. 1, cp(S-TTCA)@rGO was synthesized as
follows: (1) TTCA was dissolved in dimethyl formamide (DMF, 99%,
Alfa Aesar) to form a solution (1.13 M), followed by the addition of
graphene oxide (50 mL, 8 g L�1). After magnetic stirring of the
mixed solution for 2 h, a calculated amount of sodium borohydride
was slowly added to the solution also under magnetic stirring for
another 2 h. The obtained TTCA@rGO composites were collected by
filtering, washed with distilled water and then dried. (2) The ob-
tained TTCA@rGO was mixed with sulfur at a TTCA@rGO:sulfur
weight ratio of 2:4, 1:4 and 1:7; and the mixtures were heated at
150 �C for 3 h to impregnate the molten sulfur into the pores be-
tween rGO sheets under an argon atmosphere, and then further
heated at 170 �C for 8 h to initiate ring-opening polymerization of
sulfur and TTCA, leading to the formation of highly crosslinked
nanoparticles between S and TTCA that were supported on rGO
nanosheets. The resulting composites were denoted as cp(S-TTCA)
@rGO-70, cp(S-TTCA)-80 and cp(S-TTCA)-90, respectively. Simple
cp(S-TTCA) was also prepared in a similar fashion but without the
addition of graphene or carbon black.
The cp(S-TTCA)@rGO-80/C composite was prepared with a

mixture of cp(S-TTCA)@rGO-80, carbon black and PVDF at a mass
ratio of 80: 10: 10.

2.2. Material characterization

SEM and TEM measurements were conducted on a Hitachi S-
4800 field emission scanning electron microscope (FESEM) and a
JEOL JEM-2100 transmission electronmicroscope at an acceleration
voltage of 200 KV, respectively. X-ray diffraction (XRD) measure-
ments were performed with a Bruker D8 instrument using Cu Ka

radiation. FTIR spectra were recorded on Nicolet 6700 FTIR spec-
trometer using a KBr pellet in the transmission mode. Raman
spectra were recorded on a RENISHAW in Via instrument with an
Ar laser source of 488 nm in a macroscopic configuration. XPS
measurements were carried out with a Phi X-tool XPS instrument.
TGA/DSC curves were acquiredwith aMETTLER instrument under a
N2 atmosphere at a heating rate of 10 �C min�1.

2.3. Device preparation and characterization

In a typical measurement, the polyvinylidene fluoride (PVDF)
binder was completely dissolved in N-methyl-2-pyrrolidene (NMP)
under magnetic stirring. A calculated amount of the cp(S-TTCA)
@rGO samples prepared above and conductive carbon black were
then added into the solution to form a homogenous slurry at a cp(S-
TTCA)@rGO: carbon black: PVDFmass ratio of 80: 10: 10. The slurry
was then deposited on an aluminium current collector using the
doctor blade method and then dried at 60 �C for 18 h in a vacuum
oven. The obtained cathode foil was compressed and cut into cir-
cular sheets of 12 mm in diameter. The typical mass loading of
active sulfur was calculated to be 2.0 mg cm�2. The CR2032-type
experiment cells were assembled in an argon-filled glove box.
The cell comprised of a positive electrode, polypropylene (PP dia-
phragm Celgard 2400) as the separator, a lithium foil as the refer-
ence/counter electrode, and the mixed solution of 1,3-dioxolane
and 1,2-dimethoxyethane (volume ratio 1:1) containing 1 M
lithium bis(trifluoromethanesulfonyl) imide (LiTFSI), and 0.1 M
LiNO3 as the electrolyte. For comparison, coin-cells with cp(S-TTCA)
and S cathodes were prepared in the same manner, at the same
active substance content and mass loading of active sulfur.

Galvanostatic discharge-charge tests of the as-fabricated cells
were performed by potential cycling between þ1.5 and þ 3.0 V (vs.
Li/Liþ) at different current rates using a button cell test system
(LANHE CT2001A 5 V 20mA). Cyclic voltammetry (CV) studies were
performed in the potential range of þ1.5 to þ3.0 V at varied scan
rates. EIS studies were conducted at the charged state in the fre-
quency range of 100 KHz to 10 mHz at an AC amplitude of 5 mV.

3. Results and discussion

The synthesis of cp(S-TTCA)@rGOwas illustrated in Fig. 1, where
TTCA and graphene oxide (GO) nanosheets were firstly co-
dissolved in N,N-dimethyl formamide, followed by the addition of
an aqueous solution of NaBH4 that produced reduced GO (rGO) and
concurrently precipitated and deposited crystalline TTCA nano-
particles onto the rGO surface to form TTCA@rGO composites
(shown in Fig. S1). The mixture of sulfur and TTCA@rGO was then
heated at 170 �C where ring-opening radical polymerization of
sulfur and TTCA yielded cp(S-TTCA)@rGO as the final product. The
formation of crosslinked cp(S-TTCA) was evidenced by the color
change from light yellow (TTCA) to dark-brown (shown in Fig. S2)
[43].

Three samples were prepared at various S loadings.



Fig. 1. Schematic illustration of the synthesis of graphene-supported crosslinked sulfur copolymer nanoparticles, cp(S-TTCA)@rGO. (A colour version of this figure can be viewed
online.)
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Thermogravimetric analysis (TGA) was then carried out in a ni-
trogen atmosphere to determine the sulfur content [15,44,45].
Fig. 2. (a, b) TGA and DSC curves of elemental S and cp(S-TTCA)@rGO with different sulfur c
elemental S, TTCA@rGO and cp(S-TTCA)@rGO-80. (A colour version of this figure can be vie
From Fig. 2a, one can find that all three samples exhibited a major
weight loss that started at ca. 200 �C and ended at ca. 350 �C,
ontents. (c) XRD patterns of elemental S and cp(S-TTCA)@rGO-80. (d) Raman spectra of
wed online.)
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consistent with that of elemental sulfur. This suggests that such a
weight loss was due to the evaporation of sulfur nanocrystals in the
nanocomposites [46]. From the weight loss, the sulfur contents
were estimated to be 72.27 wt.%, 81.79 wt.%, and 90.86 wt.%. Thus,
the three samples were referred to as cp(S-TTCA)@rGO-70, cp(S-
TTCA)@rGO-80, and cp(S-TTCA)@rGO-90, respectively. DSC mea-
surements were conducted to further ascertain the formation of
crosslinking between sulfur and TTCA. As shown in Fig. 2b, pure
sulfur sample exhibited four pronounced endothermic peaks in the
heating thermogram, where the first one at ca. 118 �C was ascribed
to the solid phase transformation from orthorhombic to monoclinic
forms, the second one at ca. 134 �C was attributed to the trans-
formation from solid to liquid state (melting), and the third one at
about 200 �C was due to the ring-opening of S8 to form radicals;
whereas, the fourth peak centered at ca. 350 �C was marked broad,
starting from ca. 250 �C to about 360 �C, which is probably due to
the combination of evaporation and boiling of liquid sulfur, coin-
ciding with the sudden weight loss within this temperature range
in the corresponding TGA curve for pure sulfur in Fig. 2a. For the
three cp(S-TTCA)@rGO composites, the endothermic peaks at ca.
110 �C,134 �C and 350 �Cwere alsowell-resolved, whereas the peak
at about 200 �C completely disappeared, as highlighted by a green
ellipse in Fig. 2b. This observation signifies that S8 ring has been
opened to bond/anchor with thiol groups on TTCA, that is forma-
tion of crosslinked polymers in these three cp(S-TTCA)@rGO com-
posites. Note that the significant weight loss of TTCA is also at about
330 �C due to decomposition (Fig. S3), therefore theweight loss and
endothermal peak at around this temperature for the three cp(S-
TTCA)@rGO composites depicted in Fig. 2b should be partially
contributed by the decomposition of TTCA.

From Fig. 2c, one can see that the XRD patterns of cp(S-TTCA)
@rGO-80 resembled those of elemental sulfur, which indicates
that sulfur remained crystalline in the composite. The bonding
interaction between elemental sulfur and TTCA was evidenced in
Raman measurements. Fig. 2d shows the typical Raman spectra of
S, TTCA@rGO and cp(S-TTCA)@rGO-80. For TTCA@rGO, the vibra-
tional band at ca. 446 cm�l might be attributed to the N]CeS
deformation in TTCA [43]. After the mixture of TTCA and elemental
sulfur was heated at 170 �C to produce cp(S-TTCA)@rGO-80, this
deformation peak red-shifted to 439 cm�l and concurrently a new
peak appeared at ca. 473 cm�l due to the stretching of the SeS
bonds. Again, these observations suggest that elemental sulfur (S8)
reacted with the thiol groups on TTCA forming crosslinked poly-
mers, as depicted in Fig. 1.

The morphology of the cp(S-TTCA)@rGO composites was then
studied by scanning electron microscopy (SEM) measurements. As
depicted in Fig. 3a, granular domains with diameters ranging from
tens of nanometers to hundreds of nanometers are observed with
pure sulfur, whereas cp(S-TTCA)@rGO-80 exhibited a sheet-like
crumpled structure with a rough surface (shown in Fig. 3b). From
higher-magnification SEM studies of the selected area in Fig. 3b,
one can see that nanoparticles up to 50 nm in width are densely
packed on these sheet-like structures (shown in Fig. 3c). Typical
TEM images of the cp(S-TTCA)@rGO-80 are shown in Fig. 3d and e,
where one can find that the nanoparticles in Fig. 3c are actually
comprised of smaller particles of less than 20 nm in diameter. In the
corresponding high-resolution TEM image shown in Fig. 3f, one can
see well-resolved lattice fringes with a d-spacing of 0.38 nm,
consistent with the (222) planes of crystalline sulfur (PDF#08-
0247) [47], indicating the encapsulation of nanocrystalline sulfur in
the cp(S-TTCA)@rGO composites. EDS measurements (shown in
Fig. 3g) show that the cp(S-TTCA)@rGO-80 composite was
comprised only of the C, O, N, and S elements, which were
distributed homogeneously on the surface of the sample, as evi-
denced in elemental mapping studies (shown in Fig. 3i).
Calculations based on the integrated peak areas yielded a content of
15.45 wt.% for C, 1.02 wt.% for O, 4.67 wt.% for N and 78.85 wt.% for
sulfur (shown in Fig. 3h). Consistent results were obtained in XPS
measurements, where the contents of C, N and S were determined
to be 18 wt.%, 7 wt.% and 75 wt.%, respectively (shown in Fig. S4).

The performance of the cp(S-TTCA)@rGO composites as active
cathode materials was then evaluated with a prototype battery in a
coin-cell configuration, as depicted in Fig. 4a and Fig. S5. In cyclic
voltammetric (CV) measurements (shown in Fig. 4b), two pro-
nounced reduction peaks were resolved in the negative potential
scan from þ3.0 V to þ1.5 V for the cp(S-TTCA)@rGO-80 cathode,
where the first peak at about þ2.23 V was attributed to the con-
version of polymerized sulfur in cp(S-TTCA) to high-ordered poly-
sulfides (Li2Sn, 4 � n � 8) while the second peak at about þ1.93 V
was ascribed to the further reduction of lithium polysulfides to
lithium sulfides (Li2S). In the charging state, an anodic peak
emerged at aboutþ2.51 V, which arose from the oxidation of Li2S to
polysulfides [48]. It is worthy to note that no obvious change was
observed between the 1st and 20th CV cycles of cp(S-TTCA)@rGO-
80, which signifies high electrochemical stability of the cp(S-TTCA)
@rGO-80 cathode. To identify the effect of sulfur-rich nanoparticles
on the electrical performance of cp(S-TTCA)@rGO-80, electro-
chemical impedance spectroscopic (EIS) measurements was then
conducted. From the EIS spectra in Fig. 4c, one can see that both the
cp(S-TTCA)@rGO-80 sample and a simple mixture of sulfur and
carbon black (S/C) showed a semicircle in the high-frequency re-
gion and a radial oblique line in the low-frequency region. From the
semicircles, the electron-transfer resistance (Rct) involved was
estimated to be only 51.2 U for the cp(S-TTCA)@rGO-80 cathode,
markedly lower than that (132.9 U) of the S/C electrode [49]. As for
the linear segment in the low-frequency region, it was ascribed to
the resistance of ion diffusionwithin the electrodes. Again the cp(S-
TTCA)@rGO-80 showed a much lower resistance than the S/C
electrode. These observations clearly demonstrate that copoly-
merization of sulphur with TTCA to form crosslinked nanoparticles
on rGO significantly facilitated the electron-transfer and mass-
transfer dynamics.

Notably, the cp(S-TTCA)/rGO-80 electrode showed an excellent
rate performance (shown in Fig. 4d and Fig. S6). For instance, it
displayed a highly reversible discharge-charge capacity of
1341 mAh g�1 at 0.1 C (shown in Fig. S7) 1220 mAh g�1 at 0.2 C,
1017 mAh g�1 at 0.5 C, 861 mAhg�1 at 1 C, 807 mAh g�1 at 2 C, and
645 mAh g�1 at 5 C. These rate-capacity values are higher than
those of sulfur-embedded benzoxazine polymers [50], covalent
triazine frameworks [41], allyl-terminated copolymers, divinyl-
benzene copolymers [51,52], and the copolymers of S and TTCA
supported on carbon black (denoted as cp(S-TTCA)/CB-80 shown in
Fig. S8). This was most likely due to the formation of small sulfur-
rich polymer crystallites on the highly conductive rGO substrate
(Fig. 1). The cycling performance of cp(S-TTCA)/rGO-80 was eval-
uated at a higher rate current density of 0.5 C. As shown in Fig. 4e,
although the specific capacity of cp(S-TTCA)/rGO-80 cathode
diminished gradually with prolonging cycling, the discharge volt-
ages remained almost invariant. Fig. 4f shows the cycling perfor-
mance and coulombic efficiency of the series of cp(S-TTCA)/rGO
cathodes. The initial capacity was determined to be 878 mAh g�1

for cp(S-TTCA)/rGO-70, 1094 mAh g�1 for cp(S-TTCA)/rGO-80 and
1026 mAhg�1 for cp(S-TTCA)/rGO-90 at the same sulfur loading of
2 mg cm�1). Yet, after 300 discharge-charge cycles, the specific
capacity decreased to 673 mAh g�1 for cp(S-TTCA)/rGO-70,
815 mAh g�1 for cp(S-TTCA)/rGO-80 and 713 mAh g�1 for cp(S-
TTCA)/rGO-90, corresponding to a decay rate of 0.088%, 0.098%
and 0.121% per cycle, respectively. From these results, one can see
that cp(S-TTCA)/rGO-80 stood out as the best among the series.

The long-term cycling stability of the cp(S-TTCA)@rGO-80



Fig. 3. (a) SEM image of elemental sulfur. (b) SEM image of cp(S-TTCA)@rGO-80 and (c) the corresponding high-resolution SEM image of the selected area in (b). (d, e) TEM images
of cp(S-TTCA)@rGO-80 at different magnifications. (f) High-resolution TEM image showing the lattices of crystalline nanoparticles on cp(S-TTCA)@rGO-80. (g) SEM image showing
the selected area for EDS measurement; (h) the corresponding EDS spectrum and the summary of element contents. (i) Elemental mapping images of S, C, and N in cp(S-TTCA)
@rGO-80. (A colour version of this figure can be viewed online.)
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cathode was further studied at a high rate of 1 C. As shown in Fig. 5,
after 500 deep charge-discharge cycles, the specific capacity of
cp(S-TTCA)@rGO-80 decreased from the initial value of 821 mAh
g�1 to 671 mAh g�1, corresponding to 81.72% retention and a decay
rate of only 0.0404% per cycle. Moreover, the coulombic efficiency
was maintained at almost 100%. In contrast, a simple mixture of
sulfur and TTCA supported on rGO (denoted as S&TTCA@rGO-80)
showed a rapid decrease in capacity, retaining a capacity of ca.
500 mAh g�1 after only 300 discharge-charge cycles. The much
higher cycling stability of cp(S-TTCA)@rGO-80 is most likely due to
the formation of highly crosslinked sulfur copolymers nano-
particles on the rGO surface.

To gain further insights into the structures of cp(S-TTCA)@rGO,
we also carried out FTIR measurements (shown in Fig. 6a). The
band at 792 cm�1 is due to the stretching vibration of the CeS bond
[41,53], and the one at 819 cm�1 to the stretching vibration of SeS
[53]. No apparent change was observed in the FTIR spectrum of
cp(S-TTCA)@rGO-80 even after 500 discharge-charge cycles at 1 C,
indicating that cp(S-TTCA) is structurally robust. Fig. 6b shows the
typical Raman spectra of TTCA@rGO, and cp(S-TTCA)@rGO-80
before and after 500 discharge-charge cycles at 1 C, where one
can find that the N]CeS deformation peak in TTCA remains at ca.
439 cm�l, indicating that the thiol groups were still chemically
bonded with sulfur. That is, cp(S-TTCA) retained its highly cross-
linked networks leading to effective confinement of lithium poly-
sulfides during long-term discharge-charge cycles.

To quantify the crosslinking of sulfur in cp(S-TTCA)@rGO, XPS
measurements were conducted (Fig. 7). Calculations based on the
integrated peak area of S2s in Fig. 7a suggested that the total S
element in the as-synthesized cp(S-TTCA)@rGO-80 was ca. 81.0 wt.%



Fig. 4. (a) Schematic illustration of the Li-S battery in the present study. (b) CV curves of the cp(S-TTCA)@rGO-80 cathode at 0.1 mV s�1. (c) EIS curves of cp(S-TTCA)@rGO-80 and S/C
cathodes. (d) Rate capacity of the cp(S-TTCA)@rGO-80 cathode at various current densities from 0.1 C to 5 C. (e) The discharge-charge profiles of the cp(S-TTCA)@rGO-80 cathode
after various cycles at 0.5 C. (f) Cycling performance and coulombic efficiency of different cathodes at 0.5 C. (A colour version of this figure can be viewed online.)

Fig. 5. Long-term cycling performance of cp(S-TTCA)@rGO-80 and S&TTCA@rGO-80
cathodes at 1 C. (A colour version of this figure can be viewed online.)

Fig. 6. (a) FTIR spectra of cp(S-TTCA)@rGO before and after 500 discharge-charge cycles at 1
discharge-charge cycles at 1C. (A colour version of this figure can be viewed online.)
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(red curve). After thoroughly washing with CS2 to remove the
uncrosslinked sulfur (S8), the total content of S element was deter-
mined to be ca. 67.0wt.% (black curve), which corroborate that about
82.7 wt.% of the feeding sulfur (S8) has been covalently bonded with
TTCA to form crosslinked sulfur-rich polymers in cp(S-TTCA)@rGO-
80 composite, which is consistent with the result of TGA measure-
ment in Fig. 2a. Also, on basis of the XPS survey spectra (Fig. 7bec),
the total sulfur content of both cp(S-TTCA)@rGO-80/C and S/C
electrodes before and after long-term cycling (500 cycles at 1C for
cp(S-TTCA)@rGO-80/C electrode, 300 cycles at 0.5 C for S/C elec-
trode) were determined. As summarized in the histograms in Fig. 7d,
the total sulfur content in cp(S-TTCA)@rGO-80/C electrode was
67.5wt.% before cycling, while it decreased to 49.2 wt.% after cycling,
that is about 72.8% of the feeding sulfur (S8) in synthesis remain
bonding with TTCA, corresponding to about 8% loss of the cross-
linked sulfur after 500 cycles at 1C. In contrast, the S/C electrode
C. (b) Raman spectra of pristine TTCA@rGO, and cp (S-TTCA)@rGO before and after 500



Fig. 7. (a) XPS survey spectra of pristine cp(S-TTCA)@rGO-80 sample before and after washing with CS2. (b) XPS survey spectra of cp(S-TTCA)@rGO-80/C electrode before discharge-
charge cycling and the cp(S-TTCA)@rGO-80/C electrode washed with CS2 after 500 discharge-charge cycles at 1 C. (c) XPS survey spectra of S/C electrode before discharge-charge
cycling and the S/C electrode measured after 500 discharge-charge cycles at 0.5 C without washing with CS2. (d) Histograms of the sulfur element contents for samples shown in
panels aec. (A colour version of this figure can be viewed online.)
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showed a decrease from 50.3 wt.% for the electrode before cycling to
20.0wt.% for that after cycling, corresponding to ca. 60% loss of sulfur
even after only 300 cycles at 0.5 �C. these observations unambigu-
ously show that most of the bonds between sulfur and TTCA are
robust to survive after long-term discharge-charge cycling and the
significant positive effects of combining both chemical and physical
confinements on the performance of Li-S battery.

4. Conclusion

In conclusion, sulfur was copolymerized with TTCA to form
highly crosslinked particles on the rGO surface via ring-opening
radical polymerization at 170 �C. After polymerization, sulfur was
encapsulated into the polymer matrix forming nanoscale crystal-
lites, which helped increase the electrical conductivity and utili-
zation of sulfur. The resulting rate performance was also markedly
enhanced with a high discharge capacity of 1341 mAh g�1 at 0.1 C
and 645mAh g�1 at 5 C. Because of the formation of a large number
of chemical bonds between sulfur and TTCA in the cp(S-TTCA)/rGO
hybrids, the dissolution and diffusion of polysulfides were sub-
stantially reduced, leading to a specific capacity of 671 mAh g�1 at
1 C with a retention of 81.72% after 500 deep charge-discharge
cycles and a decay rate of only 0.0404% per cycle. These results
highlight the significance of chemical confinement of sulfur in
enhancing the cathode performance of Li-S batteries, whichmay be
exploited as a fundamental basis for the rational design and engi-
neering of efficient, stable polymer cathodes for high performance
Li-S batteries.
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