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ABSTRACT: Porous carbon materials with large pore volume
are crucial in loading insulated sulfur with the purpose of
achieving high performance for lithium−sulfur batteries. In our
study, peapodlike mesoporous carbon with interconnected
pore channels and large pore volume (4.69 cm3 g−1) was
synthesized and used as the matrix to fabricate carbon/sulfur
(C/S) composite which served as attractive cathodes for
lithium−sulfur batteries. Systematic investigation of the C/S
composite reveals that the carbon matrix can hold a high but
suitable sulfur loading of 84 wt %, which is beneficial for
improving the bulk density in practical application. Such
controllable sulfur-filling also effectively allows the volume expansion of active sulfur during Li+ insertion. Moreover, the thin
carbon walls (3−4 nm) of carbon matrix not only are able to shorten the pathway of Li+ transfer and conduct electron to
overcome the poor kinetics of sulfur cathode, but also are flexible to warrant structure stability. Importantly, the peapodlike
carbon shell is beneficial to increase the electrical contact for improving electronic conductivity of active sulfur. Meanwhile,
polymer modification with polypyrrole coating layer further restrains polysulfides dissolution and improves the cycle stability of
carbon/sulfur composites.
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1. INTRODUCTION

With the increasing demand of the world energy consumption,
Li-ion batteries (LIBs) have been widely used as the primary
electrical energy storage devices in various portable electronics
for their lightweight relative to other types of batteries.
However, LIBs are approaching the theoretical specific energy
limits issues from traditional intercalation materials with the
limited capacity of about 400 W h kg−1 (e.g., LiCoO2: 387 W h
kg−1).1 So the new system is being sought for the next-
generation batteries to provide high energy density and reduce
cost factors. With a theoretical capacity of 1675 mA h g−1,
elemental sulfur has been considered as one of the most
promising alternative cathode materials for green trans-
portation.2−4 In typical lithium−sulfur (Li−S) systems,
elemental sulfur serves as the active cathode material and
lithium metal as the anode. Sulfur undergoes reduction by
lithium to generate a series of polysulfides Li2Sn (8 ≥ n ≥ 2) to
ultimately form Li2S during discharge.

5,6 In addition to the high
capacity, utilization of sulfur as a cathode material has the
advantages of natural abundance, low cost, and environmental
friendliness.7 Therefore, the Li−S battery shows great potential
for the next generation of lithium batteries that are capable of
offering high energy density as power sources for electric
vehicles.8,9

However, the Li−S battery systems investigated previously
have some persistent problems.10−13 First, active sulfur faces to

the low utilization and poor rate capability, due to the highly
insulating nature sulfur (5 × 10−30 S cm−1 at 25 °C). Second,
Li2S and other insoluble compounds are generated and cover
the active compounds during cycling, which inhibit access of
lithium ions. Third, the dissolved polysulfides (Li2Sn) diffuse
through the electrolyte to the lithium anode where they are
reduced to form solid precipitates such as Li2S2 or Li2S. These
reduced products can also diffuse back to the cathode by
charging, leading to severe “shuttle phenomenon”.
To overcome these problems, many attempts have been

made, which focus on enhancing the electrical conductivity of
the cathode and suppressing the loss of soluble polysulfide
intermediates during cycling.14,15 Many types of carbon
materials have been developed as the matrix for preparation
of carbon/sulfur (C/S) composites, such as carbon nano-
tube,16,17 carbon fiber,18,19 porous carbon,20−22 carbon
spheres,23−25 and graphene.26−29 Besides, conductive polymers
are also introduced in Li−S cathode, like polymer/sulfur
composites30,31 or carbon/sulfur composites coated with
polymers.32,33 On the basis of the aforementioned studies, it
is evident that porous carbon/sulfur composites, especially for
mesoporous carbon, can yield a much improved electro-
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chemical activity and cycling stability. However, the small pore
volume makes it hard to achieve a sulfur loading of >70 wt %
and limits the available battery volume.3 Therefore, the
application of large pore volume carbon matrix with optimized
pore structure is a new and promising approach for Li−S
batteries.
In this paper, peapodlike mesoporous carbon, combining the

advantages of large pore volume (4.69 cm3 g−1) and bimodal
mesopores (2 and 22 nm) structure, was synthesized by hard-
template method using poly(benzoxazine)34,35 as precursor and
colloidal silica spheres as hard templates. Subsequently,
elemental sulfur was impregnated into the mesoporous
channels of carbon matrix through a melt-diffusion method
with optimized sulfur contents. Because of the large pore
volume and suitable pore size, the effective loading of active
sulfur can be as high as 84 wt %. Beyond that, the peapodlike
structures may display a good electrical conductivity through
trapping and connecting these small sulfur particles, which are
also flexible to warrant structure stability. Further coating a
conducting layer of polypyrrole on the surface of the C/S
composites would further enhance the cycle stability and high-
rate discharge capacity of the Li−S battery.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Resorcinol (99.5%) was purchased from Tianjin

Kermel Chemical Reagent Co., Ltd. Ludox AS-40 was purchased from
Sigma-Aldrich. Formaldehyde (37 wt %), 1,6-diaminohexane (DAH,
99.0%), sublimed sulfur (99.5%), hexadecyl trimethyl ammonium
bromide (CTAB, 99.0%), iron(III) chloride hexahydrate
(FeCl3·6H2O, 99.0%), and pyrrole (98%) were supplied by Sinopharm
Chemical Reagent Co., Ltd.
2.2. Material Preparation. Synthesis of Peapodlike Mesoporous

Carbon. The mesoporous carbon was prepared using colloidal silica
spheres as hard templates. Typically, resorcinol (0.220 g) was first
dissolved in deionized water (100 g) with vigorous stirring at the
temperature of 24 °C and then formaldehyde (37 wt %, 292 mL) and
Ludox AS-40 (1.2 mL) were added to form a clear solution. After
addition of DAH (0.058 g), the clear solution turned white
immediately. The resultant solution was further heated to 80 °C
accompanied with vigorous stirring 42 h. The obtained silica/polymer
compounds were pyrolyzed at 800 °C under nitrogen atmosphere.
Then the mesoporous carbon was obtained after the removal of the
silica template with aqueous NaOH solution.
Synthesis of Carbon/Sulfur Composites. The C/S composites

were prepared following a melt-diffusion strategy. The mass ratios of
mesoporous carbon and sulfur were 1: 6; 1: 4; 1: 2.5, and the obtained
C/S composites were accordingly denoted C/S-1, C/S-2, and C/S-3
respectively. Then the powder was ground and heated to 155 °C
under argon gas for 6 h. This treatment lowers the viscosity of sulfur,
thereby improving the sulfur distribution inside the C/S via capillary
action. Then, the temperature was increased to and kept at 300 °C for
1 h to vaporize the superfluous sulfur on the outer surface of
mesoporous carbon.
Synthesis of the Polypyrrole-Coated C/S Composite. The

polypyrrole-coated composite was synthesized by an in situ chemical
oxidative polymerization of pyrrole on C/S composite. First, C/S
composite was dispersed in 50 mL water with 0.1 M CTAB by
sonication for 0.5 h. Then, pyrrole was dropped into the solution and
stirred for 30 min by magnetic stirring. After that, proper amount of
FeCl3·6H2O (three times as much as the mole of the pyrrole) was
added by dropping and stirred for 4 h. The product was washed and
filtered until the filtrate was colorless. The composite was dried at 50
°C for 12 h. The mixture was then heated to 300 °C for 2 h under an
argon atmosphere. Finally, the product was obtained after the system
was naturally cooled to room temperature, and the obtained
polypyrrole-coated composite was accordingly denoted as C/S@PPy.

2.3. Structure Characterization. X-ray diffraction patterns
(XRD) were obtained with a D/MAX-2400 diffractometer using Cu
Kα radiation (40 kV, 100 mA, λ = 1.54056 Å). Nitrogen adsorption
isotherm was measured at 77 K with an ASAP 3000 adsorption
analyzer (Micromeritics). The Brunauer−Emmett−Teller (BET)
method was utilized to calculate the specific surface areas. Pore size
distribution (PSD) was derived from the adsorption branch of the
isotherms using the Barrett−Joyner−Halenda (BJH) model. Total
pore volumes were calculated from the amount adsorbed at a relative
pressure, P/P0 of 0.99. Elemental analysis was carried out on an
elemental analyzer (Vario EL III, Elementar). The IR spectrum was
collected on a Nicolet 6700 FTIR spectrometer. Scanning electron
microscopy (SEM) was carried out with a FEI Nova NanoSEM 450
instrument at 10 kV. Transmission electron microscopy (TEM)
analyses were carried out with a Tecnai G220S-Twin equipment
operating at 200 kV. The sample for TEM analysis was prepared by
dropping an ethanol droplet of the products on carbon-coated copper
grids and drying at room temperature. Thermogravimetric analysis was
measured from 25 to 500 °C with a heating rate of 10 °C min−1 under
nitrogen flow, using a STA449 F3 Jupiter thermogravimetric analyzer
(NETZSCH).

2.4. Electrochemical Characterization. Electrochemical experi-
ments were performed via CR2025 coin-type test cells assembled in an
argon-filled glovebox with lithium metal as the counter and reference
electrodes at room temperature. The cathode for Li−S batteries was
prepared by mixing 80 wt % composite materials, 10 wt % carbon
black and 10 wt % polyvinylidene difluoride (PVDF) in N-methyl-2-
pyrrolidone (NMP) to form a slurry. Subsequently, the slurry was
pasted onto a carbon-coated aluminum foil and Celgard 2400
membrane was used as the separator to isolate electrons. The
electrolyte was 1 M bis(trifluoromethane) sulfonimide lithium salt
(LiTFSI) dissolved in a mixture of 1,3-dioxolane (DOL) and
dimethoxymethane (DME) (1:1 by volume). The discharge/charge
measurements were conducted at a voltage interval of 1.0 to 3.0 V
using a Land CT2001A battery test system at 0.2C (1C = 1675 mA
g−1). Cyclic voltammetry (CV) measurements were performed on
CHI660D electrochemical workstation at a scan rate of 0.2 mV s−1.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology of the Mesoporous
Carbon and C/S Composites. As shown in Figure 1a, the
nitrogen sorption isotherm was measured to determine the
pore structure of the peapodlike mesoporous carbon material.

Figure 1. (a) Nitrogen sorption isotherm of the peapodlike
mesoporous carbon. The inset is the corresponding pore size
distribution calculated using the BJH formula from the adsorption
branch. (b) SEM image of the peapodlike mesoporous carbon. (c, d)
TEM images of the peapodlike mesoporous carbon.
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The isotherm feature hysteresis between desorption and
adsorption branches indicates the presence of mesopores.36

The pore size distribution plot specifically confirms that the
sample has a bimodal pore system concentrated at 22 and 2
nm, which are attributed to the diameter of silica spheres
templates and the pores in the carbon walls, respectively.
During the melt-diffusion process, the small mesopores (2 nm)
in the carbon walls are in favor of liquid sulfur diffuse.
Consequently, the large mesopores (22 nm) would serve as
reservoirs for storing the sulfur. TEM images (Figure 1c, d)
show that the mesoporous channels are interconnected, which
is consistent with the SEM observation (Figure 1b). Previously,
Wan et al. have confirmed the truth that the nanoporous
carbon with interconnected nanochannels and thin walls is
characteristically good conducting networks for both Li+ and
e−.37 Besides, the flexible elasticity of the carbon host effectively
mitigates the structural degradation caused by the volume
expansion upon full lithiation.3

The employed peapodlike mesoporous carbon in this study
showed a high BET specific surface area of 977 m2 g−1 and a
large total pore volume of 4.69 cm3 g−1, suggesting excellent
potential for sulfur encapsulation. It was known that 1.0 g
mesoporous carbon can accommodate 7.785 g of Li2S (1.66 g
cm−3 × 4.69 cm3 g−1, that is the density of Li2S multiplied by
the pore volume of the mesopores carbon), which corresponds
to a maximum of 5.433 g sulfur obtaining a sulfur percentage of
84.5 wt %.14 To investigate the effect of the sulfur loading, we
conducted a series of experiments as follows. By precisely
regulating the mass ratio between carbon materials and sulfur,
we can determine the sulfur loading of the composites after
melt-diffusion. Therefore, three samples C/S-1, C/S-2 and C/
S-3 accordingly with 84, 77, and 60 wt % sulfur loading, were
achieved, and the loadings of sulfur in the resultant C/S
composites were proved by elemental analysis and TG analysis
(Figure 2a). Among the three samples, C/S-1 (84 wt %) has
the highest sulfur loading which is almost identical as the
above-mentioned theoretical maximum value (84.5 wt %).
The XRD patterns before and after sulfur incorporation

(Figure 2b) is a proof of good dispersion of sulfur in the C/S-1
composite which has the highest sulfur loading among the three
samples. The broad signal around 24° mainly results from
amorphous carbon. An XRD analysis of elemental sulfur
(JCPDS: 08−0247) showed two prominent peaks at 2θ = 23

and 28° that correspond to an Fddd orthorhombic structure,38

which could also be seen in the C/S composites before sulfur
melting (Figure 2b, blue curve) and disappeared in C/S
composites after sulfur diffusion (Figure 2b, red curve),
suggesting that the sulfur is well dispersed in the pores of
peapodlike mesoporous carbon. Electron microscopy has been
introduced to visually observe the morphology of carbon/sulfur
composites. Both SEM and TEM images show negligible
morphology change after sulfur loading, suggesting that sulfur is
homogeneously distributed into the pores and that no obvious
large sulfur agglomeration is observed.

3.2. Electrochemical Performances of C/S Compo-
sites. To check the electrochemical properties of C/S
composites, the cyclic voltammogram (CV) and galvanostatic
discharge−charge measurements were conducted for C/S-3 as
a typical example. As shown in Figure 3a, the peak at 2.10 V

(vs. Li+/Li) corresponds to the conversion from elemental
sulfur (S8) to lithium polysulfide anions (Li2Sn, where n is
typically 4−6). Another main peak is clearly identified at about
1.76 V during the first cathodic scan, which can be attributed to
the deep reduction of polysulfide ions to insoluble Li2S2/Li2S.

39

On the other hand, the two expected oxidation peaks overlap
and form one large peak at about 2.69 V during the first anodic
scan. This overlap may be due to high overpotential for
conversion of Li2S to lithium polysulfide. However, the real
reactions on the electrodes are more complicated than the
typical electrochemical reactions, because of disproportionation
reactions of the intermediate polysulfides during the charge/
discharge process. Therefore, the reduction and oxidation peak
areas are not one-to-one and do not correspond to that as
expected for a conventional battery system.26 In the subsequent
scan, the main reduction peaks are shifted to higher potentials
and the oxidation peaks to lower potentials. This potential
shifting is mainly ascribed to the formation of complexes with
lower adsorption energy after the first anodic oxidation of Li2Sn,
which indicates an improvement of reversibility of the electrode
with cycling. Figure 3b shows charge/discharge voltage profile
of C/S-3. The discharge curve shows two typical plateaus like
all the sulfur-containing electrodes, which could be assigned to
a two step reaction of sulfur with lithium during the discharge
process, agreeing well with the results of CV measurements.

Figure 2. (a) TG curves of the C/S composites. (b) XRD patterns of
C/S composite before and after melting diffusion. SEM (c) and TEM
(d) images of C/S-1 composite.

Figure 3. (a) Cyclic voltammogram of C/S-3 electrode at a sweep rate
0.2 mV s−1. (b) Charge/discharge curve of the C/S-3 at a 0.2C rate
(1C = 1675 mA g−1) between 1.0 and 3.0 V vs Li/Li+. Discharge
capacities vs cycle numbers and Coulombic efficiency of the C/S
composites based on (c) the mass of the sulfur and (d) the C/S
composites at 0.2C rate.
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To illustrate the good properties of the C/S composites, we
used two methods to calculate the specific capacity: one is
based on the mass of the sulfur and the other one is based on
the whole C/S composites. The specific capacities are plotted
versus cycle numbers, as displayed in panels c and d in Figure 3,
respectively. As seen in Figure 3c, composite C/S-3 with the
sulfur loading of 60 wt %, has the highest specific capacity of
the initial discharge among the three samples. The capacity was
as high as 1106 mA h g−1, which was about 66% of sulfur
utilization based on the theoretical value (1675 mA h g−1) of
sulfur. It has been well accepted for Li−S battery that the initial
discharge capacity usually declines with the increase of sulfur
loading.13 As the sulfur loading increased from 77 wt % (C/S-
2) to 84 wt % (C/S-1), the capacities of C/S composites
reached almost the similar value after 50 cycles, accompanying a
similar fading tendency in capacity.
As the cathode contains two components, namely carbon and

sulfur, but only sulfur offers capacity, so that the calculated
capacities of the electrode are usually based on the mass of
sulfur itself. In fact, considering a practical application, we also
need to calculate the energy density of a battery based on the
overall mass of the composites. Therefore, we introduce
another calculating method that is based on the mass of the
entire composites. If the formula of Figure 3c is defined as eq 1

=−
Q

m
Cap S

sulfur (1)

Where Cap‑S represents the specific discharging capacity of per
cycle on the basis of the mass of sulfur, Q is the total capacity
stored in the electrode, and msulfur indicates the mass of sulfur.
So the formula of Figure 3d could be defined as eq 2

=−
Q

m
Cap C

composite (2)

Where Cap‑C is the specific discharging capacity of per cycle
based on the mass of the composites, and mcomposite is the mass
of sulfur. On the basis of eqs 1 and 2, the relationship between
Cap‑S and Cap‑C is Cap‑C = Cap‑S × sulfur content (%).
From Figure 3d, the capacity of the C/S-1 with the highest

sulfur loading is the largest among the three samples. This may
set a way to construct suitable carbon matrix for practical
application. Carbon with large pore volume is beneficial for
reserving sufficient amount of active sulfur, meanwhile, the
pores should show excellent interconnectivity, which facilitates
the rapid ionic diffusion and electronic transport due to
drastically shorten transport distance, thus exhibit better rate
capability. However, like many other studies,13,29 all C/S
composites had the phenomenon of capacity fading, which was
caused by the dissolved polysulfides (Li2Sn).
3.3. Electrochemical Performances of C/S@PPy Com-

posite. To further restrain the dissolution of polysulfide and
improve the sulfur utilization, we purposively introduce
conductive polymer, polypyrrole (PPy), as the coating layer
for surface modification.40 Figure 4d shows the FTIR spectra of
mesoporous carbon and C/S@PPy composite. The character-
istic bands of the C/S@PPy sample were consistent with data
in literature.41 The pyrrole ring fundamental vibration are at
1585 and 1505 cm−1, the =C−H in-plane vibration are at 1250
and 1090 cm−1, and the C−N stretching vibration is at 1180
cm−1. Essentially, the molecular structure of the PPy chain
prepared here is identical to that of the PPy synthesized using a
common method. A slight difference may result from that a

small amount of elemental sulfur reacts with polypyrrole to
form a cross-linked S-PPy net. At a result, the sulfur has been
both physically and chemically confined in the C/S@PPy
composite.23

In the C/S@PPy composite, the PPy-coated layer was
supposed coating on the surface of the C/S composite. As seen
in Figure 4a−c (SEM and TEM images of the C/S@PPy), it
was clear to observe the evident morphology change as
compared to that of the pristine C/S composite. For clarity, the
PPy layer was indicated by the red dashed line in Figure 4c.
Such a “layer-coated” structure in the C/S@PPy composite
would further enhance the electrochemical performance of the
composite by preventing lithium polysulfides from dissolving
into the electrolyte. The discharge capacities of C/S@PPy and
C/S-1 based on the mass of the composites are shown in Figure
4e. Because of the reduced sulfur loading, C/S@PPy shows a
lower capacity than C/S-1 during the first several cycles.
Importantly, C/S@PPy shows much higher stability than the
C/S composite, that is stemmed from the PPy-coating layer
restraining shuttle phenomenon. The rate capability of the C/
S@PPy composite is shown in Figure 4f. The capacity gradually
decreased as the current rate increased from 0.2 to 1 C. A
satisfactory capacity of 400 mA h g−1 based on the mass of
sulfur was obtained for C/S@PPy at 1 C after 60 cycles.

3.4. Effect of the Sulfur Loading and Surface
Modification on Cycle Stability. To further study the
relationship between the electrochemical performance and the
sulfur loadings, we introduce the capacity fading rate fc. The fc is
defined as eq 342

=
−

f
C C

nc
n1

(3)

Figure 4. (a) SEM image of C/S@PPy composite. (b), (c) TEM
images of C/S@PPy composite. The PPy layer was indicated by the
red dashed line in 4c. (d) FT-IR spectra of mesopores carbon (gray)
and the C/S@PPy composite (red). (e) Discharge capacities vs cycle
numbers and Coulombic efficiency of C/S-1 and C/S@PPy
composites based on the mass of the composite at 0.2 C rate. (f)
Rate capability of the C/S@PPy composite based on two calculating
methods.
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Where C1 and Cn are the specific discharging capacities of first
and nth cycle, and n is the number of cycles. It has been known
that the Li−S battery has poor electrode rechargeability owing
to the insulating nature of sulfur and the solid reduction
products (Li2S and Li2S2). We thus choose the second cycle as
the point to calculate the capacity fading and the realistic
formula is defined as eq 4

=
−
−

f
C C

n 1
n

c
2

(4)

Where C2 and Cn are the specific discharging capacities of
second and nth cycle, and (n − 1) is the number of cycles.
The capacity fading rates of the composites were shown in

Figure 5, it is obvious that the capacity fading rate of C/S

composites gradually increases with the increase of sulfur
loading. The fading rates of C/S-1, C/S-2, and C/S-3 are
accordingly 6.22, 6.19, and 5.51 mA h g−1 per cycle. We thus
can establish a correlation between the fading rate and the
sulfur loadings, as shown in Figure 5. Based on this correlation,
the calculated fading rate was 5.00 mA h g−1 per cycle, in the
case of 43 wt % sulfur loading. In contrast, the fading rate of C/
S@PPy is 3.05 mA h g−1 per cycle, which indicates C/S@PPy is
much stable as compared to the C/S composite. The PPy-
coated layer can enhance, to some extent, the electrochemical
performance of the composite by preventing lithium poly-
sulfides to dissolve into the electrolyte.

4. CONCLUSIONS
In this study, peapodlike mesoporous carbon with large pore
volume (4.69 cm3 g−1) was used as a conducting matrix to
encapsulate sulfur as Li−S battery cathodes. The sulfur loading
can reach as high as 84 wt % on the basis of elemental analysis
and TG measurement, owing to the large pore volume of the
carbon host. Meanwhile, the flexible character of the carbon
host effectively mitigates the structural degradation caused by
the volume expansion upon full lithiation. Simultaneously,
surface modification can enhance the stability of the composites
by trapping the polysulfides formed during redox process. The
sulfur loading and surface modification affect the electron and
mass transfer during cycles, thus impact the performance of Li−
S batteries. Further exploration focuses on a multifunctional
composite with continuous peapodlike carbon network, high
sulfur loading and conductive polymer coating would be
beneficial for Li−S battery in practical application with desired
capacity, high-rate capability, as well as cycle stability. Follow-
up work of our group is under way.
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