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ABSTRACT: Given their high theoretical energy density, lithium−sulfur (Li−S)
batteries have recently attracted ever-increasing research interest. However, the
dissolution of polysulfides and uncontrolled deposition of insoluble discharge
product significantly hinder the cycling stability. Herein, a nanospace-confinement
copolymerization strategy for encapsulating polymeric sulfur into porous carbon
matrix is presented. The morphologies and sulfur contents of carbon/polymeric
sulfur (C/PS) composites could be readily tailored by controlling the
copolymerization time. Confining polymeric sulfur in the porous carbon with
abundant interparticle pores facilitates rapid electronic/ionic transport and
mitigates dissolution of polysulfides intermediates. More importantly, the organic sulfur units dispersed in the insoluble/
insulating Li2S2/Li2S phase could prevent its irreversible deposition. Such nanostructure with tailored chemistry property permits
the C/PS electrodes to exhibit enhanced cycling stability and high rate capability. The nanospace-confinement copolymerization
strategy features general and facial advantages, which may provide new opportunities for the future development of advanced
sulfur cathodes.
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■ INTRODUCTION

Driven by the ever-increasing demand of energy storage in
portable electronics, vehicle electrification and smart grid, high-
energy rechargeable batteries recently are under intense
investigations.1 Among various types of rechargeable batteries,
lithium−sulfur (Li−S) batteries attract extensive attention
because of their high theoretical energy density (2600 Wh
kg−1) and competitive cost. Li−S batteries typically use
elemental sulfur as the cathode and metal lithium as the
anode and work through multielectron-transfer reaction of S8 +
16Li+ + 16e− ↔ 8Li2S.

2,3 During the charge/discharge process,
the high dissolution of polysulfides intermediates in the organic
electrolyte leads to the shuttle effect and irreversible deposition
of Li2S2/Li2S, which are considered as the main reasons for the
rapid capacity fading of sulfur cathode.4−8 In addition, the
volume change and ionic/electronic insulation of sulfur and
discharged products also hampered the electrochemical
performances of sulfur cathode.9−12

To tackle the dissolution issue, a promising technology is
encapsulating sulfur into a porous and conductive host, such as
carbon materials,13−16 conductive polymers,17,18 and core−shell
or yolk−shell nanostructured materials.10,11,17,19,20 The pio-
neered work by Nazar et al. described trapping sulfur species by
ordered mesoporous carbon CMK-3.13 This highly ordered
nanostructured cathode exhibited a capacity of about 1000
mAh g−1 for 20 cycles. Inspired by this technology, superior
nanostructured materials with optimized porous size distribu-

tion and tailored surface chemistry have been developed for
better trapping sulfur species in the past few years.21−25 For
example, well-defined microporous carbon was employed to
prepare small sulfur molecules of S2−4, which could avoid
unfavorable transition reaction between S8 and S4

2−.21 Carbon
materials with reactive functional groups26 or nitrogen-
doping27,28 were reported to trap the polysulfides more
effectively through chemical interactions. Despite the successful
demonstrations based on these diverse materials with different
nanostructures, however, there are still some polysulfides
leaching out.29,30 This is mainly because the encapsulation
technology just slows down the dissolution of polysulfides but
does not totally eliminate this phenomenon. Moreover, the
electromigration of polysulfides is hard to overcome by the
encapsulation technology merely. The dissolution of poly-
sulfides not only leads to the losing of active materials but also
is directly associated with the irreversible deposition of
insoluble/insulating Li2S2/Li2S on the surface of cathode.31−33

The accumulation of detrimental Li2S2/Li2S deposition could
block the electronic/ionic transport, which is another important
reason for rapid capacity fading. Manthiram and Xiao et al.34,35

described that charge operation control could quantitatively
control the thickness and uniformity of Li2S2/Li2S redeposited
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on the electrode, tremendously improving the cycling stability.
From the viewpoint of preparation, it is necessary to develop
another complementary strategy, not only focusing on trapping
polysulfides but also controlling the Li2S2/Li2S deposition. A
complete solution is to chemically bind sulfur species onto a
polymer backbone or carbon surface, such as polyaniline,17,36

polyacrylonitrile,37,38 polyvinylidene chloride,39 and sulfurized
carbon.40 A recent work by Pyun et al. described that polymeric
sulfur prepared via inverse vulcanization could suppress
irreversible deposition of discharge products.41,42 The tunable
thermomechanical properties of this polymeric sulfur enable
fabrication of the well-defined sulfur-rich micropatterned film,
which exhibited high specific capacity (823 mAh g−1 at 100
cycles) and enhanced capacity retention. However, similar to
elemental sulfur, bulk polymeric sulfur still suffered from
electronic/ionic insulation and polysulfides intermediates
dissolution.42,43 Inspired by the encapsulation strategy for
elemental sulfur, confining polymeric sulfur into conductive
matrix may be a promising approach to address these issues.
However, encapsulating polymeric sulfur in a confined-space is
still challenge because of the different densities of carbon and
elemental sulfur. Therefore, it is necessary to develop another
complementary strategy to construct porous carbon/polymeric
sulfur composites.
Herein, we describe a nanospace-confinement copolymeriza-

tion strategy for encapsulating polymeric sulfur into porous
carbon matrix. The influences of copolymerization time on the
components, morphologies, and electrochemical performances
of the carbon/polymeric sulfur (C/PS) composites were
systemically investigated. The C/PS composite with appro-
priate sulfur content exhibits enhanced cycling performance
with high specific capacity and good rate performances.

■ RESULTS AND DISCUSSION

The nanospace-confinement copolymerization strategy is
schematically presented in Figure 1a. The copolymerization
reaction is carried out in seal Teflon autoclave at 190 °C. At this
temperature, liquid sulfur is confined in the nanopores of
carbon host, keeping an intimate contact with conductive
framework. The 1,3-diisopropenylbenzene (DIB) vapor diffuses
into pores and reaches the liquid sulfur surface. The cyclo-S8 is
then transferred to polymeric sulfur, keeping contact with the

carbon framework. During discharge process, polymeric sulfur
goes through a series of polysulfides and generates solid Li2S2/
Li2S and organic sulfur units. These organic sulfur units
disperse in the solid Li2S2/Li2S phase, which could suppress
irreversible deposition. Two critical points with regard to the
nanospace-confinement copolymerization should be noted.
First, we find that the temperature plays a significant role on
the copolymerization kinetic. At low reaction temperature
(<180 °C), the low pressure of the DIB vapor restricts the
reaction rate. However, a relative high temperature (>200 °C)
will severely accelerate the copolymerization reaction and it will
be difficult to control the reaction progress. Therefore, a
mediated reaction temperature was chosen at 190 °C. Second,
as shown in Figure 1b, the polymeric sulfur consists of
branched and linear sulfur units. The mass ratio of DIB to
sulfur in the C/PS composite reflects the components the
branched and linear sulfur units in the polymeric sulfur. The
mass ratio could be easily tailored by controlling the
copolymerization time (Figure 1c). After reaction for 10 and
20 min, the ratio is about 0.1 and 0.3, respectively. But after 30
min, the ratio dramatically increases to ∼1.0. High ratio
corresponds to the low sulfur content in the C/PS composite.
To evaluate the contents of sulfur in C/PS composites
prepared at different reaction time, TG was conducted. All
C/PS composites show large weight loses in the temperature
region of 250−350 °C (Supporting Information Figure S1)
because of the decomposition of polymeric sulfur. Different
from the total sublimation of elemental sulfur, there are still
some residual for the polymeric sulfur after thermal treatment.
The polymeric sulfur should be transferred to amorphous
carbon.
The morphology and nanostructure of the C/PS composites

were first characterized through scanning electron microscope
(SEM). Pristine C/S composite shows uniform morphology of
nanoparticles (Supporting Information Figure S2). Large sulfur
particles or aggregations are not observed, indicating that
elemental sulfur was fully confined in the nanopores. N2
adsorption/desorption results (Supporting Information Figure
S3) reveal that the porous carbon exhibits high Brunauer−
Emmett−Teller (BET) specific surface area (1260 m2 g−1) and
pore volume (1.54 cm3 g−1). After sulfur encapsulation, the
specific surface area and pore volume decrease to 28 m2 g−1 and

Figure 1. (a) Schematic illustration of preparation procedure of C/PS composites and electrochemical reaction of polymeric sulfur in confined
nanopores. (b) Branched and linear units in polymeric sulfur. (c) Mass ratio of DIB to elemental sulfur depends on reaction time. SEM images of C/
PS composites prepared at different polymerization times: (d) 10, (e) 20, and (f) 30 min.
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0.08 cm3 g−1 respectively, further demonstrating sulfur
occupying the nanopores. Figure 1e−g and Supporting
Information Figure S4 display the typical SEM images of C/
PS composites prepared at different reaction times. The C/PS
composite prepared at 10 min shows similar morphology and
sizes distribution with that of C/S composite. The size of the
carbon nanoparticles is about 40−60 nm and still remain
abundant interparticle pores. In the SEM image, large sulfur or
polymer particles or aggregations were not observed, indicating
that the polymeric sulfur was completely confined in the pores
of carbon. After reaction for 20 min, we find that the size of
carbon nanoparticles slightly increases. During the nanospace-
confinement copolymerization, the pores are filled with
polymeric sulfur and then the polymeric sulfur grows on the
surface of carbon nanoparticles. But the interparticle pores
could still be observed form the SEM images. After
copolymerization for 30 min, the polymeric sulfur grow thicker
and carbon nanoparticles were embedded in the polymeric
sulfur. Therefore, appropriate reaction time (20 min) is critical
for the morphology and nanostructure of C/PS composite. We
choose C/PS composite prepared at 20 min for further
characterization.
As shown in transmission electron microscopy (TEM)

images (Figure 2a, b), the carbon nanoparticles show dense

pores and graphitized structure, consisting of a few layers of
graphene. In addition, no polymeric sulfur layer was observed
on the carbon surface, suggesting that polymeric sulfur was
confined in the nanopores. The scanning transmission electron
microscopy (STEM) image and corresponding element
mapping images (Figure 2c) further revels that the uniform
dispersion of polymeric sulfur in the porous carbon matrix.
Figure 3a shows the Raman spectra of C/S and C/PS

composites. The C/S and C/PS composites show similar
Raman spectra and ID/IG values (1.27 and 1.25, respectively).
The absence of peak of sulfur indicates that sulfur and
polymeric sulfur are confined in the pores and shows
amorphous structure,44 which is ascent with the SEM and
TEM images. As shown in Figure 3b and Supporting
Information Figure S5, the C/S and C/PS composites display
similar C 1s and S 2p XPS spectra. The two sulfur spectra both
show double peaks, revealing that the sulfur is in the dominated
form of elemental sulfur consisting of the S 2p3/2 and S 2p1/2
components.45,46 But for the C/PS composite, the S 2p peaks
shifts to lower binding energy (0.26 eV), corresponding to

weaker S−S bond in polymeric sulfur chain than S−S bond in
cyclic sulfur. The weaker binding energy of S−S chain may
benefit the kinetics of C/PS electrode. As shown in the S K-
edge X-ray absorption near-edge structure (XANES) spectra of
polymeric sulfur (Supporting Information Figure S6), the peak
at about 2480 eV shift to lower energy. The structure of
polymeric sulfur was further characterized via 1H NMR
spectrum. The 1H NMR spectrum of polymeric sulfur
(Supporting Information Figure S7) confirms the presence of
aromatic peaks at δ = 6.5−8.0 ppm, methylene at δ = 2.5−4.0
ppm and methyl protons at δ = 0.7−2.2 ppm.41 These
characteristic peaks confirm the copolymerization of sulfur and
DIB.
C/PS and C/S composites were electrochemically test to

evaluate the effects of the polymeric sulfur on the electro-
chemical performances. As shown in of Supporting Information
Figure S8a, there are two cathodic peaks and one anodic peak
in the CV curves C/PS electrode, which are similar to sulfur
cathode.15,47 The first cathodic at about 2.25 V (vs Li/Li+) is
contributed to the linear sulfur units to long chain polysulfides
Li2Sn (4 ≤ n ≤ 8). The sequential cathodic peak at 2.0 V
corresponds to the further reduction of long-chain to Li2S2/
Li2S and small organic sulfur units. The anodic peak at ∼2.4 V
corresponds to the oxidation of Li2S2/Li2S and organic sulfur
units.42 The charge/discharge voltage profiles of C/PS
electrode (Supporting Information Figure S8b) shows large
overpotential in the first cycle. This suggests that the C/PS
electrode requires an activation step, as the interparticle pores
of the C/PS composite decrease and it takes some time for the
electrolyte to diffuse into the internal surfaces of the active
materials.15

As shown in Figure 4a, the C/PS electrode shows higher
specific capacity and much better cycling performances than
that of C/S electrode. The initial specific capacity of C/PS
electrode is about 1105 mAh g−1 (Specific capacity values were
calculated based on the mass of sulfur in the composite.).
Moreover, the capacity shows a gradual increase during the first
five cycles. After 100 cycles, the capacity of C/PS electrode still
remains 889 mAh g−1 and capacity retention is up to 80.5%.
For C/S electrode, the specific capacity rapidly decreases from
997 to 507 mAh g−1. Even at a high rate of 1 C, the C/PS
electrode also exhibits superior cycling performance with high
Coulombic efficiency (Figure 4b). After 100 cycles, the capacity
is up to 703 mAh g−1. Figure 4c shows the rate performances of
C/PS electrode. At rates of 0.2, 0.5, 1, 2, and 5 C, the capacities
are 1094, 905, 815, 751, and 681 mAh g−1. The charge/
discharge voltage profile of C/PS still remains the charge/
discharge plateau (Figure 4d) at high current rates, which
further indicates the excellent rate performance. The enhanced
performance of C/SP composite electrode is associated with

Figure 2. TEM images of (a, b) C/PS composite (20 min), (c) STEM
image, and corresponding elemental mapping images of C/PS
composite.

Figure 3. (a) Raman spectra and (b) high-resolution S 2p XPS spectra
of C/S and C/PS composite.
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the nanostructure with polymeric sulfur confined in the
nanospace. The carbon matrix with high electric conductivity
and high specific surface area is favorable for the electronic/
ionic transport and suppress the dissolution of polysulfides in
the electrolyte. Compared with the C/S composite, the organic
sulfur in the discharge product could prevent the irreversible
deposition of Li2S2/Li2S on the surface of electrode, which also
enhances the electronic/ionic transport.
To investigate the effects of the ratio on the electrochemical

performance, we compared the electrochemical performances
of C/PS composites prepared at different reaction time. Figure
5a shows the cycling performances of three C/PS composites at
a current density of 0.5 C. For C/PS composite with low ratio
(10 min), the electrode shows a high specific capacity but poor

cycling stability. The initial capacity is about 1112 mAh g−1.
After 50 cycles, the capacity is only about 566 mAh g−1. The
capacity retention is only about 51%. As discussed above, when
the copolymerization increases to 20 min, the C/PS exhibits
best electrochemical performance with high specific capacity
and cycling stability. However, when the copolymerization time
increases to 30 min, the C/PS composite electrode shows good
cycling performance but low capacity. Figure 5b shows the
typical normalized discharge curves of C/PS composite
electrodes. For C/PS composites prepared under 10 and 20
min, the discharge curves show two obvious discharge plateaus.
However, C/PS composite prepared under long reaction time
(30 min), the curve shows large overpotential, which may be
the main reason for low capacity. We propose that the reaction

Figure 4. Electrochemical performances of C/PS (20 min) electrode: (a) cycling performances of C/S and C/PS electrodes at a current rate of 0.5
C, (b) cycling performance of C/PS electrode at 1 C, (c) rate performance of C/PS electrode, and (d) charge/discharge voltage profile of C/PS
electrode at different rates.

Figure 5. (a) Comparison of cycling performances of different C/PS composites at 0.5 C. (b) Normalized discharge curves of C/PS composites at
0.5 C. (c) Schematic illustration of lithium ion diffusion in C/PS composites with different morphologies.
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time-dependent differences can be partially traced to the sulfur
contents and morphologies. As schematically presented in
Figure 5c, with short reaction time (10 and 20 min), the C/PS
composite still remain porous nanostructure with interparticle
pores (Figure 2a−d), which favors the diffusion of lithium ion
during charge/discharge process. However, when the copoly-
merization time increases to 30 min, polymeric sulfur occupied
the interparticle pores and the carbon nanoparticles was
completely embedded in the insulating polymeric sulfur. The
polymeric sulfur shell block the electron and lithium ion
pathway, thus leading to low electrochemical utilization of
active material.
To deeply investigate the effects of organic sulfur on the

deposition of Li2S2/Li2S on the surface of electrodes,
morphology characterizations and EIS of the electrodes after
cycling (at fully charge state) were conducted. As presented in
Figure 6a, dense discharge product aggregations could be

obviously observed on the surface of C/S electrode. These
detrimental products format from the deep discharge of sulfur
and the strong reduction of soluble polysulfides in the
electrolyte. These inactive products “paste” on the C/S
electrode not only lead to loss of active materials, but also
block the electric/ionic transport, both of which could result in
capacity fading. In contrast, the morphology of C/PS (20 min)
electrode before (Supporting Information Figure S9) and after
cycling (Figure 6b) show no significant change. The similar
morphologies of C/PS before and after cycling indicate the
uniform deposition of Li2S2/Li2S. The EIS spectra of C/S and
C/PS electrodes (Supporting Information Figure S10) after
cycling were composed of a semicircle in the high-frequency
domain and a straight line in the low-frequency region. The
semicircle in the high-frequency domain corresponds to the
charge-transfer process, and the straight line in the low-
frequency domain corresponds to a semi-infinite Warburg
diffusion process.19 Obviously, the C/PS electrode shows lower
charge-transfer resistance and Warburg diffusion resistance,
indicating faster electronic/ionic transport in the C/PS
electrode. The reason may be attributed to the presence of
the organic sulfur units.42 The organic sulfur units disperse in
insoluble/insulating discharge product phase and suppress the
irreversible deposition of insoluble products. Therefore, the
polymeric sulfur confined in the nanopores could significantly
suppress the aggregation of insulated Li2S2/Li2S on the
electrode surface during cycling.

■ CONCLUSION
In summary, we describe a nanospace-confinement copoly-
merization strategy for preparation of C/PS composites with
polymeric sulfur encapsulated in the nanopores of carbon. Such
nanostructure favor rapid electronic/ionic transport and
alleviate the solubility of polysulfides during the charge/
discharge process. The organic sulfur units disperse in

insoluble/insulating discharge product phase and suppress the
irreversible deposition of insoluble discharge products. These
combined unique features permit the C/PS electrode to exhibit
excellent cycling stability with high rate capability. At a current
rate of 0.5 C, the C/PS electrode exhibits a high specific
capacity of 1105 mAh g−1 and a capacity retention of 81% after
100 cycles. The strategy described here may provide new
avenues for the future development of polymeric sulfur-based
Li−S batteries with high specific capacity and excellent cycling
performance.

■ EXPERIMENTAL SECTION
Preparation of C/S and C/PS Composites. The C/S composite

with a sulfur content of 70 wt % was prepared through a melt−
diffusion method as described in previous reports.11,17 Typically, 150
mg of commercial conductive carbon black (Ketjenblack EC600JD)
and 350 mg of sublimed sulfur (chemical grade) were ground together
and heated to 155 °C for 12 h. The C/PS composites were prepared
through a nanospace-confinement copolymerization strategy. Typi-
cally, 100 mg of C/S composite was added to a 25 mL beaker and then
placed in a 100 mL autoclave. Then 1 mL of 1,3-diisopropenylbenzene
(DIB) was dropped into the autoclave and heated at 190 °C for
different times. C/PS composites were carefully collected and the mass
ratio of DIB to sulfur was calculated after reaction for different times.
For comparison, C/S composite was also treated under same
conditions but without DIB.

Characterization. The morphologies of as-prepared C/S and C/
PS composites were examined by scanning electron microscope
(Hitachi 4800), transmission electron microscopy (JEOL JEM-2010)
and scanning transmission electron microscopy (Tecnai G2 F20).
Raman spectra were conducted on the HORIBA Scientific LabRAM
HR Raman spectrometer system with a 532.4 nm laser. The X-ray
photoelectron spectroscopy analysis was performed on a PerkinElmer
PHI 550 spectrometer with Al Kα (1486.6 eV) as the X-ray source.
Thermogravimetric analysis was conducted on a TG-DSC instrument
(NETZSCH STA 409 PC) under nitrogen protection at a heating rate
of 10 °C min−1 from 30 to 600 °C. The N2 adsorption−desorption
isotherms of the samples were conducted by a Micromeritics BK122T-
B analyzer. The specific surface area was calculated using the
Brunauer−Emmett−Teller method. The total pore volume and pore
size distribution were obtained from Barret−Joyner−Halenda
adsorption cumulative volume of pores. The XANES experiment is
performed at 4B7A beamline, Beijing Synchrotron Radiation Facility
(BSRF), using a Si (111) crystal monochromator. The XANES spectra
were collected in a total electron yield (TEY) mode. The 1H-NMR
were performed with a Bruker DRX-400 NMR spectrometer at room
temperature using D-chloroform (CDCl3) as solvent. The C/PS
composite was dispersed in CHCl3 to dissolve polymeric sulfur. To
obtain the polymeric sulfur, then the supernatants was collected and
dried under vacuum at 60 °C.

Electrochemical Measurements. Electrochemical characteriza-
tion was carried out by galvanostatic cycling in a CR2016-type coin
cell. The working electrodes were prepared at a slurry coating
procedure. The slurry consisted of active material (C/S or C/PS
composites), acetylene black, and polyvinylidene fluoride at a weight
ratio of 70:20:10 in N-methylpyrrolidinone and was uniformly spread
on an aluminum foil current collector and then was dried at 65 °C for
12 h. Test cells were assembled in an argon-filled glovebox. Lithium
foil was used as the counter electrode and the separator was Celgard
2400. The electrolyte was composed of 1 M bis(trifluoromethane)
sulfonimide lithium (LiTFSI) salt and 0.1 M LiNO3 additive dissolved
in a mixed solvent of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME) (1:1 by volume). Cyclic voltammetry (CV) and electro-
chemical impedance spectra (EIS) were performed on a Zive SP2
electrochemical workstation (WonATech Co. Ltd., Korea). EIS was
conducted at in the frequency range of 105−10−2 Hz with the
amplitude of 5 mV. Galvanostatical charge/discharge cycle was

Figure 6. SEM images of (a) C/S and (b) C/PS electrodes after
cycling.
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performed on a CT2001A cell test instrument (LAND Electronic Co.)
in the potential window of 1.7−3.0 V.
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