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ABSTRACT: Novel hierarchically porous carbon materials
with very high surface areas, large pore volumes and high
electron conductivities were prepared from silk cocoon by
carbonization with KOH activation. The prepared novel
porous carbon-encapsulated sulfur composites were fabricated
by a simple melting process and used as cathodes for lithium
sulfur batteries. Because of the large surface area and
hierarchically porous structure of the carbon material, soluble
polysulfide intermediates can be trapped within the cathode
and the volume expansion can be alleviated effectively.
Moreover, the electron transport properties of the carbon
materials can provide an electron conductive network and
promote the utilization rate of sulfur in cathode. The prepared
carbon−sulfur composite exhibited a high specific capacity and excellent cycle stability. The results show a high initial discharge
capacity of 1443 mAh g−1 and retain 804 mAh g−1 after 80 discharge/charge cycles at a rate of 0.5 C. A Coulombic efficiency
retained up to 92% after 80 cycles. The prepared hierarchically porous carbon materials were proven to be an effective host
matrix for sulfur encapsulation to improve the sulfur utilization rate and restrain the dissolution of polysulfides into lithium−
sulfur battery electrolytes.
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■ INTRODUCTION

With the urgent needs of energy storage for portable
electronics, hybrid electric vehicles, and large industrial
equipment, more and more attentions have been paid to the
development of Li-ion batteries.1−5 However, the current Li-ion
batteries will no longer satisfy the requirements of the future
electric vehicles because of the low inherent capacity of the
conventional cathode materials, such as ∼148 mAh g−1 for
LiMn2O4, ∼170 mAh g−1 for LiFePO4 and ∼274 mAh g−1 for
LiCoO2.

6−9 Nowadays, the energy density of Li-ion batteries
has approached their ceilings. Hence, researchers have currently
moved their interests to developing novel cathode materials
with higher gravimetric and volumetric capacities.
Lithium−sulfur (Li−S) batteries have attracted researchers’

extensive attention for more than two decades because of a high
theoretical specific capacity (1675 mAh g−1) and a high
theoretical energy density (2600 Wh kg−1), which are 3−5 fold
higher than those of state-of-art Li-ion batteries.9−11 The
abundance of sulfur in nature makes it a cheap material, which
reduces the cost of Li−S batteries.12,13 Despite these significant
advantages, there are several problems and challenges that have
to be solved for Li−S batteries, such as the low electron
conductivity of sulfur and its reduced products, the dissolution

and diffusion of polysulfide intermediates, and the volume
expansion of sulfur intermediates during cycling.14−17 The poor
electron conductivity of sulfur directly leads to the low
electrochemical utilization rate of sulfur. The obvious
volumetric expansion of sulfur cathode during the charge−
discharge process can be described by the reaction S + 2Li →
Li2S. The reason is the density of Li2S (1.66 g cm−3) is lower
than that of sulfur (2.03 g cm−3).6 The volumetric expansion of
sulfur cathode may cause the instability of cathode structure.
Additionally, different from conventional lithium-ion batteries
that operate on the basis of topotactic intercalation reactions,
the charge−discharge process of sulfur with a metallic lithium
anode involves two-electron-transfer electrochemical reaction,
and forms a series of polysulfide intermediates.18,19 The
dissolution and shutting effect of the polysulfide intermediates
results in poor cyclical stability, severe lithium anode corrosion
and low Coulombic efficiency.19,20 To address these challenges,
a great deal of effort has been made, such as finding a suitable
host matrix for sulfur encapsulation, to enhance the electron
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conductivity of the cathode as well as hinder polysulfide
diffusion. There are two methods to improve the performance
of sulfur cathode. One is fixing sulfur onto the polymer chains
via covalent bond to obtain a kind of rich-sulfur organic
substance by chemical reactions.21,22 The other is coating or
encapsulating sulfur in host matrixes, such as conductive
polymers (polypyrrole, polyaniline, polythiophene, etc.),23−25

porous carbon materials (mesoporous carbons, graphene
oxides, carbon nanotubes et al.) and graphene.26−28 These
polymer−sulfur and carbon−sulfur composites have helped to
improve utilization rate of sulfur and cycling stability. Among
the above researches, porous carbon materials are particularly
attractive due to their excellent electron conductivity and
inherently large surface area. Their excellent electron
conductivities lead to a high utilization rate of active materials.
Their large surface area, porous structure and strong adsorption
ability are responsible for minimizing or avoiding dissolution
and the shuttle of polysulfides.20 Notable successes were
implemented by Nazar et al., who pioneered the developments
of mesoporous carbons for sulfur encapsulation, and achieved a
very high specific capacity of around 1300 mAh g−1.14 Stefan
Kaskel’s group prepared a kind of mesoporous carbon materials
called Kroll-Carbons with specific surface area ranging close to
2000 m2 g−1. The Kroll-Carbons showed outstanding perform-
ance as cathodes in lithium−sulfur batteries. The coin cell
assembled by them showed initial specific capacity of near to
1400 mAh g−1.29 In these porous carbon encapsulated sulfur
composites, the surface areas and electron conductivities of the
host matrixes are very important for the electrochemical
performance of the cathode.
Silk cocoon is one of an abundant biopolymer in nature. It

has been used to prepare porous carbon materials by
carbonization. The carbonization process of silk cocoon is an
important way for obtaining porous carbon materials with high
BET surface area. Liang Y. R. et al.30 prepared 1D hierarchically
porous carbon microfibers (HPCMFs) from silk cocoon with
porous structure, which exhibited the BET surface area of 796
m2 g−1. Jin H. J. et al.31 fabricated novel carbon based
microporous nanoplates containing numerous heteroatoms (H-
CMNs) from the regenerated silk fibroin and found that a high
surface was induced by carbonization with KOH activation.
The prepared H-CMNs possessed a high BET surface area up
to 2557 m2 g−1. These porous carbon materials (C-PCMs)
from silk cocoon biopolymer have been used as supercapacitor

electrodes and presented superior electrochemical perform-
ance.31 To the best of our knowledge, there is no report on the
application of C-PCMs as host matrixes for Li−S batteries.
In this work, we employed a simple method to prepare

hierarchically porous carbon materials (C-HPCMs) from silk
cocoon biopolymer, and explored the possibility using them as
host matrixes for lithium−sulfur battery cathode materials. The
prepared C-HPCMs possess super high surface area of 3243 m2

g−1, hierarchical structure with large pore volume of 2.1 cm3

g−1, and excellent electron conductivity (1.0 S cm−1). The C-
HPCM encapsulating sulfur composites (C-HPCM/S) were
prepared by simple melting diffusion method. The electro-
chemical properties of C-HPCM/S composite cathode exhibit
an initial discharge capacity of 1443 mAh g−1 and remain a
capacity of 804 mAh g−1 after 80 cycles at a rate of 0.5 C.

■ EXPERIMENTAL SECTION
Preparation of Hierarchically Porous Carbon Materials (C-

HPCMs) from Silk Cocoon. Silk cocoons were cleaned using
deionized water and dried at 40 °C in the oven for 24 h. The dried silk
cocoons were precarbonized at 350 °C for 2 h with a heating rate of 1
°C min−1. And then grinded with KOH (w/w = 1:0.5, 1:1, and 1:1.5)
together. The mixtures were calcined at 900 °C for 1 h with a heating
rate of 3 °C min−1 under N2 atmosphere in a tubular furnace. The
obtained carbon materials were treated with 1 M HNO3 three times (3
h for each time), washed with deionized water and dried at 100 °C for
24 h in a vacuum oven.

Preparation of C-HPCM Encapsulating Sulfur Composites
(C-HPCM/S). The C-HPCM/S composites were prepared by
following a conventional melting diffusion strategy. The as-prepared
C-HPCMs and sublimed sulfur with different weight ratios (C-
HPCMs: S = 1:1, 2:3, and 3:7) were grinded together, transferred to a
tubular furnace, and heated at 155 °C for 6 h with a heating rate of 3
°C min−1 under a N2 atmosphere. After cooling down to room
temperature, the C-HPCM/S composites were obtained and sealed in
the glass bottles prior to use.

Materials Characterization. Thermogravimetric analysis (TGA)
was conducted on PerkinElmer Pyris Diamond thermogravimertic/
differential thermol analyzer. Nitrogen adsorption−desorption iso-
therms and pore size distribution were characterized by accelerated
surface area and porosimetry system (Micromeritics, ASAP 2010).
Elemental analysis (EA) was performed on Elementar Vario EL Cube
elemental analyzer. The X-ray diffraction (XRD) was conducted by an
X’Pert Pro diffractometer using Cu Kα radiation (λ = 0.15418 nm).
The morphology was characterized by scanning electron microscopy
(SEM, Hitachi, S4700 and SEM, JEOL JSM model 820). Electron

Scheme 1. Schematic of Preparation Process for C-HPCM/S Composites
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conductivity was measured on a semiconductor powder electron
conductivity test board (Suzhou Jinge Electronic Co., Ltd., SZT-D).
Electrochemical Characterization. Cathodes from the C-HPCM/S

composite were prepared by a slurry coating procedure. The cathode
slurry consisted of 70 wt % the as-prepared C-HPCM/S composite, 20
wt % carbon black (Super P Conductive Carbon Black) and 10 wt %
polyvinylidene fluoride (PVDF). N-methylpyrrolidinone (NMP) was
used as the solvent. The slurry was coated onto aluminum foil current
collectors and then dried at 60 °C overnight. The electrodes were cut
into disks of 10 mm in diameter and the sulfur loading was about 0.2
mg cm−2. CR2025-type coin cells were assembled in an argon-filled
glovebox. The electrolyte used was 1 M bis(trifluoromethane)
sulfonimide lithium salt (LiTFSI) dissolved in a mixture of 1,3-
dioxolane (DOL) and dimethoxymethane (DME) with a volume
ration of 1:1, including 0.1 M LiNiO3 as an electrolyte additive.
Lithium metal was used as the counter electrode and a microporous
polyethylene membrane (Celgard 2400) was used as separator.
Galvanostatic charge−discharge tests were performed at different
current densities in the potential range of 1.5−2.8 V versus Li/Li+

using a CT2001A cell test instrument (LAND Electronic Co. Ltd.,
China). All specific capacity values were calculated on the basis of
sulfur mass. Cyclic voltammetry (CV) measurements were performed
using a Solartron S1287 electrochemical interface at a scan rate of 0.1
mV s−1 in the potential range of 1.0 to 3.0 V versus Li/Li+.
Electrochemical impedance spectroscopy (EIS) was measured in the 1
MHz to 0.1 Hz frequency range with the applied voltage of 5 mV on
an electrochemical working station PCI4/300 (Gamry Instrument,
Warminster, PA, USA). All the electrochemical tests were performed
at room temperature.

■ RESULTS AND DISCUSSION
Characterization of C-HPCMs and C-HPCM/S Compo-

sites. As shown in Scheme 1, C-HPCMs were prepared in two
steps. The first step was the precarbonation of silk cocoons at a
low temperature of 350 °C. The second step was the final
carbonation of the precarbonized product at a high temperature
of 900 °C. The high surface area can be induced by KOH
activation. The different weight ratios of precarbonized carbon/
KOH (1:0.5, 1:1, and 1:1.5) were designed to get C-HPCMs
with different surface areas.
N2 adsorption isotherms were measured to elucidate the

BET surface areas and the porous structure of the as prepared
C-HPCMs. BET surface area of the C-HPCMs from different
ratios of the precarbonized carbon to KOH are as high as 1871,
2181, and 3243 m2 g−1. The corresponding samples are termed
as C-HPCM1800, C-HPCM2100, and C-HPCM3200 in turns.
The N2 adsorption−desorption isotherms curves of C-HPCMs
can be identified as type IV in the IUPAC classification with
typical H1 hysteresis loop as shown in Figure 1.29 Taking the
curve of C-HPCM3200 as an example, it can be seen that the
pore sizes range from micropores to macropores. Specifically,
the adsorption uptake at relatively low pressure (P/P0) also
reveals the existence of micropores. The following slope at
medium relative pressure and the hysteresis loop illustrates the
presence of mesopores, and the final increased tail at relative
high pressure from 0.95 to 1.0 (P/P0) indicates the existence of
macropores. As shown in the pore size distribution (PSD)
curves of Figure 2, the C-HPCMs showed distinctly hierarchical
pores. Three main pore size regions can be found for C-
HPCM3200: (1) micropores region in the ranges of 0.4−2.4
nm; (2) mesopores region in ranges of 2.5−40 nm; (3)
macropore region in the range of 50−100 nm. The macropores
in C-HPCM3200 are much stronger in signal than the
macropores in C-HPCM2100 and C-HPCM1800. The C-
HPCM3200 has a pore volume of 2.1 cm3 g−1 and an average
pore diameter of 2.6 nm. The C-HPCM1800 shows a similar

pore size distribution with C-HPCM3200, whereas the C-
HPCM2100 shows some differences. The C-HPCM2100 has
wider mesopores distribution within 2.4−10 nm. The KOH
treatment induced formation of hierarchical pores and the high
surface area of C-HPCMs. The suggested mechanism is that the
activation of carbon with KOH conducts as 6KOH + C ↔ 2K
+ 3H2 + 2K2CO3, followed by decomposition of K2CO3 and/or
reaction(s) of K/K2CO3/CO2 with carbon.31,32

Elemental analyses of the C-HPCMs were performed and the
results are listed in Table 1. The results show that C-HPCMs

contained a small quantity of nitrogen, indicating that some
nitrogen groups in silk cocoon still exists after carbonization.
Generally, nitrogen is one of the most attractive elements,
which could improve the carbon wettability, adsorption ability,
surface polar, and electron conductivity. It has been reported
that nitrogen-doping could enhance the reduction of sulfur, and
provide high discharge potential and initial discharge capacity.33

Furthermore, nitrogen-doping could assist the mesoporous
carbon to inhibit the diffusion of polysulfide species into the
electrolyte by means of the enhanced interface adsorption.34 In

Figure 1. N2 adsorption−desorption isotherms and specific surface
area of C-HPCMs.

Figure 2. Pore size distribution of C-HPCMs.

Table 1. Elemental Analysis Results of C-HPCMs

name C[%] H[%] N[%] C/N ratio

C-HPCM3200 88.8 ± 0.3 0.7 ± 0.3 1.5 ± 0.3 61.2
C-HPCM2100 84.1 ± 0.3 0.5 ± 0.3 5.9 ± 0.3 14.2
C-HPCM1800 77.6 ± 0.3 1.4 ± 0.3 7.6 ± 0.3 10.3
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other words, the presence of nitrogen atom is expected to
improve electrochemical performance of C-HPCM/S compo-
site cathodes. The electron conductivity of the host matrix can
improve electrochemical activity and utilization rate of sulfur.
Before electron conductivity measurements, the powder C-
HPCMs were compressed into disks under varying pressure (2,
4, 6, 8, and 10 MPa). It can be seen from Table 2 that the

electron conductivity of C-HPCMs increase with the increase
of pressure. Meanwhile, C-HPCM3200 and C-HPCM2100
show the better electron conductivities than C-HPCM1800.
Considering both specific surface area and electron conductivity
of C-HPCMs, C-HPCM3200 was investigated as a host matrix
for encapsulation of sulfur to prepare C-HPCM/S composites
cathodes.
TGA was used to ascertain sulfur contents in C-HPCM/S

composites and depicted in Figure 3. TGA curves of sulfur and

C-HPCM3200 are shown for easier comparison. A slight
weight loss of 8.2 wt % for the origin C-HPCM3200 is found
before 450 °C, which ascribe to the desorption of water in the
hierarchical pores and decomposition of the containing
nitrogen groups in carbon materials This proves that although
final carbonization conducts at a very high temperature. Despite
this, there are still a few containing nitrogen groups existing in
C-HPCMs as shown in Table 1. The adsorbed water in its
pores facilitates decomposition of these groups when running
TGA test. After subtracting this weight loss, the sulfur contents
can be calculated from the reduction in weight of the C-
HPCM/S composites. We obtained three samples of C-
HPCM3200/S with different sulfur contents, 48.4 wt %, 57.7
and 66.5 wt %, which named as C-HPCM3200-48.4%S, C-
HPCM3200-57.7%S and C-HPCM3200-66.5%S in its turns. In
addition, the weight loss of sulfur sublimation in C-

HPCM3200/S composites is postponed to high temperature
compared with element sulfur. It proves that sulfur in C-
HPCM3200/S composites was restricted effectively in the
pores of C-HPCMs. This is consistent with the results of BET
measurements for C-HPCM3200/S composites as follows.
The N2 adsorption−desorption isotherms and PSD curves of

C-HPCM3200/S composites are presented in Figures 4 and 5,

respectively. After the impregnation of sulfur, the specific areas
of C-HPCM3200/S composites with different sulfur loading
decrease sharply from 3243 to 753, 615, and 65 cm2 g−1, and
their pore volumes decrease from 2.1 to 0.6, 0.3, and 0.1 cm3

g−1 when compared with those of the pristine C-HPCMs. The
results indicate that there still remains a volume for sulfur
expansion in C-HPCM3200/S composites even after the
encapsulation of sulfur. As shown in Figures 2 and 5, C-
HPCM3200/S composites exhibit the different pore size
distribution compared with its pristine porous carbon. The
porous volumes of mesopores (20−40 nm diameter) and
macropores (50−100 nm diameter) decrease obviously. Taking
C-HPCM3200-66.5%S as an example, its microspores and
small mesopores in the range of 0.4−5 nm almost disappear.
With the increase in sulfur content, the mesopores with
diameters of 20−40 nm disappear finally, whereas the
mesopores with diameters of 5−10 nm increase. Furthermore,
the mesopores with diameters of 10−40 nm and macropores
with diameters of 50−100 nm decrease accordingly. This can
be attributed to the diffusion of sulfur into mesopores and then

Table 2. Electron Conductivities of C-HPCMs

electron conductivity (S cm−1)

pressure (MPa) C-HPCM3200 C-HPCM2100 C-HPCM1800

2 0.5 ± 0.1 0.6 ± 0.2 0.3 ± 0.1
4 0.7 ± 0.2 1.0 ± 0.2 0.5 ± 0.1
6 1.0 ± 0.1 1.4 ± 0.3 0.6 ± 0.2
8 1.4 ± 0.2 1.8 ± 0.2 0.7 ± 0.1
10 1.6 ± 0.3 2.3 ± 0.1 0.8 ± 0.2

Figure 3. TGA curves of sublimed sulfur, C-HPCM3200, and C-
HPCM3200/S composites.

Figure 4. N2 adsorption−desorption isotherms and specific surface
area of C-HPCM3200/S composites with different sulfur contents.

Figure 5. Pore size distributions of C-HPCM3200/S composites with
different sulfur contents.
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into macropores, followed by transforming into mesopores,
until all the pores were “stuffed”.5

The X-ray diffraction (XRD) patterns of sublimated sulfur,
C-HPCM3200 and C-HPCM3200/S composites are presented
in Figure 6. The broad diffraction peaks at around 24° and 44°

are for C-HPCM/S composites, corresponding to amorphous
characteristics of carbon materials.19 However, only a broad

diffraction peak at around 44° is found for C-HPCM3200,
whose broad diffraction peak at around 24° is not observed
clearly. This is due to its high amorphous structure. The
characteristic peaks of element sulfur cannot be detected for C-
HPCM3200-48.4%S and C-HPCM3200-57.7%S composites.
These suggests that sulfur successfully diffused into the pores of
C-HPCM3200/S composites and existed in a highly dispersed
state. This conclusion is also confirmed by SEM observations.
The characteristic peaks of sulfur are observed in C-
HPCM3200-66.5%S composite, indicating that sulfur crystal-
lized on the outer surface of the C-HPCM3200 after
overloading sulfur.
Figure 7 shows the SEM microstructures of silk cocoon, C-

HPCM3200 and C-HPCM3200−48.4%S composites. The
SEM image in Figure 7a shows that silk cocoon is composed
of interlaced 1D silk microfibers with about 10−15 mm in
diameter. After a precarbonization treatment at 350 °C, the
carbon microfibers in the precarbonized silk cocoon preserve
the well-defined fibrous morphology in Figure 7b. The SEM
image in Figure 7e demonstrates that the as-prepared carbon
microfibers subjected to being ground had homogeneous
length (<50 um). It can be seen from Figures 7c and d that C-
HPCM3200 exhibit hierarchical pores, including micropores
(<5 nm), small mesopores (5−50 nm) and macropores (>50
nm). When sulfur diffused into the pores, most pores disappear
and some macropores change into mesopores in C-

Figure 6. XRD patterns of sublimated sulfur, C-HPCM3200, and C-
HPCM3200/S composites.

Figure 7. (a, b) SEM images of silk cocoon before and after being precarbonized, (c, d) C-HPCM3200, (e−g ) C-HPCM3200-48.4%S. (h) SEM
mapping of C-HPCM3200-48.4%S.
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HPCM3200/S composite as shown in Figures 7f and g.
Elemental X-ray mapping (Figure 7h) shows a homogeneous
distribution of sulfur within C-HPCMs matrix. It is apparent
that the prepared C-HPCMs with hierarchically porous
structure are good host matrixes for encapsulating sulfur. The
C-HPCM/S composites cathodes are expected to suppress the
dissolution of sulfur into electrolyte and provide considerable
cycling stability.
Electrochemical Measurements. The cyclic discharge

performance of the C-HPCM3200/S composites cathodes with
different sulfur contents at a current rate of 0.5 C (by the
weight sulfur, 1C = 1675 mA g−1) between 2.8 and 1.5 V at
room temperature are shown in Figure 8. C-HPCM3200/S

composite with 48.4 wt % sulfur content shows very high initial
specific capacity of 1443 mAh g−1 and kept the specific capacity
of 804 mAh g−1 after 80 cycles, revealing the highest capacities
and the best cycling stability among C-HPC3200/S composites.
The comparison of the performance with the data in other
published references are tabulated in Table 3. It can be seen

that the prepared C-HPCM3200/S composite exhibits the
highest initial specific capacity and excellent cycle stability.
Moreover, C-HPCM3200/S composite with 48.4% sulfur
content shows high Coulumbic efficiency over 92% after 80
cycles. Although C-HPCM/S composites with 57.7 and 66.5 wt
% of sulfur contents exhibit high initial specific capacities of
1358 and 1150 mAh g−1 respectively, their specific capacities
decrease faster than C-HPCM3200−48.4%S during cycling test.
The high initial specific capacities of these C-HPCM/S
composites are believed to be resulted from the good electron

conductivity of C-HPCMs host matrixes, which can facilitate
the electrochemical reaction of sulfur. Their hierarchal pores
provide spaces not only for accommodation of sulfur, but also
for volume expansion of sulfur in the charge/discharge process.
C-HPCM3200-66.5%S contains a small amount of sulfur on the
outer surface of the host matrix. C-HPCM3200−48.4%S still
possesses the sufficient pore volume to provide spaces for
cathode’s volumetric expansion,14 and shows the best cycling
performance. As a result, the prepared hierarchically porous
carbon materials from silk cocoon are good matrixes for
enhancing the utilization rate of sulfur and suppressing the
shuttling phenomenon in Li−S batteries.
The rate performance of C-HPCM3200−48.4%S composite

cathode was investigated by cycling the cells at various current
rates from 0.1 to 1 C. As shown in Figure 9, during the first 12

cycles, the discharge capacity decreases gradually at 0.1 C rate
and remains a capacity of 980 mAh g−1. A capacity of 800 mAh
g−1 can be delivered at higher rate of 0.3 C. When increasing
the rate to 0.5 and 1 C, reversible capacity of 650 mAh g−1

(46% of its initial capacity) and 500 mAh g−1 (36% of its initial
capacity) are reached, respectively. The cell shows an excellent
stability at each rate between 0.3 and 1 C. When the charge/
discharge rate was changed back to 0.3 and 0.5 C in sequence
after continuous cycling for 50 times, a capacity almost
recovered to its origin one, respectively. When the rate was
adjusted back to 0.1 C after 80 continuous cycles, a reversible
stability of 650 mAh g−1 can be restored, demonstrating cyclical
stability of C-HPCM/S composite. Presumably, the excellent
rate performance of C-HPCM/S composite is due to
hierarchical pore structure and good electron conductivity of
C-HPCM host matrix.
Figure 10 shows the discharge and charge voltage profiles of

C-HPCM-48.4%S composite cathode at a rate of 0.5 C. There
are two typical discharge plateaus at about 2.34 and 2.04 V
(versus Li/Li+), which are attributed to the two step reaction of
sulfur with Li during the discharge process. As shown in Figure
10, C-HPCM/S composite exhibits good utilization rate of
sulfur with an initial discharge capacity of 1335, 1300, and 1250
mAh g−1 for the first 3 cycles at a rate of 0.5 C. The high initial
specific capacity is due to good electron conductivity of C-
HPCM host matrix. The initial charge and discharge profiles of
C-HPCM/S composites with different sulfur contents are
shown in Figure 11. The initial discharge specific capacity
decreases along with the increase in sulfur content in C-

Figure 8. Discharge cyclic performance of C-HPCM3200/S
composites with different sulfur contents at a current rate of 0.5 C.

Table 3. Specific Capacity of C-HPCM3200-48.4%S and
Data from References

initial
discharge
capacity

(mAh g−1)

discharge
capacity after 50
cycles (mAh g−1)

capacity
retention
(%)

sulfur
content (%) ref

1 1443 ± 23 886 ± 11 61 ± 0.2 48.4 ± 0.3 this
work

2 1350 709 52 55 20
3 1106 580 52 60 35
4 1305 469 36 75 36
5 1400 650 46 64 37
6 1300 450 35 40 38
7 1285 878 69 57 5
8 1100 730 66 54 19

Figure 9. Rate performance of C-HPCM3200−48.4%S composite
cathode.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503069j | ACS Appl. Mater. Interfaces 2014, 6, 13174−1318213179



HPCM/S composite. C-HPCM3200-48.4%S composite exhib-
its the highest initial discharge specific capacity. From the
results of XRD and SEM measurements, because of the
overloading of sulfur, C-HPCM3200-66.5%S composite con-
tained some sulfur on its outer surface that can reduce electron
conductivity and lead to its low initial discharge capacity.
Furthermore, C-HPCM3200-66.5%S composite shows shorter
of discharge plateau than other two composites and exhibits
nonpersistent discharge plateaus in the initial discharge curve.
The cyclic voltammogram (CV) curves of C-HPCM-48.4%S

composite are shown in Figure 12. Three cycles are scanned
continuously in the voltage window of 1.0−3.0 V at scan rate of
0.1 mV s−1. The three curves almost overlap, revealing the
steady electrochemical reduction and oxidation reactions. The
CV curves shows one oxidation peak (2.33 V versus Li/Li+)
and two reduction peaks (2.34 V, 2.03 V versus Li/Li+) as the
same as the typical CV curves of Li−S batteries. Two reduction
peaks are due to the multiple reaction mechanism of sulfur with
lithium. The peak at 2.34 V corresponds to the transformation
of sulfur to soluble lithium polysulfides (Li2Sn, 2 < n < 8), and
the peak at 2.03 V associates the reduction of lithium
polysulfides to lithium sulfide (Li2S).

39 The difference between
the first reduction peak and the oxidation peak is only 0.1 V in

all CV scans, which indicates the good reversibility of the
reaction.5

Figure 13 depicts the EIS profiles of C-HPCM/S composite
cathodes with different sulfur contents. It can be seen that all

Nyquist plots are composed of two depressed semicircles in the
middle-high frequency region, and a straight oblique line in the
low-frequency region. All C-HPCM/S composites possess
similar ohmic resistance (Ro) from the high frequency intercept
on the real axis, which are composed of the ionic resistances of
the electrolyte, the intrinsic resistance of the active materials
and the contact resistance of the interface between the
electrodes and current collectors.40 The semicircle at high-
frequency region is attributed to the total resistances of the
solid electrolyte interface (SEI) film formed on the electrodes’
surface (Rs).

41 Among three C-HPCM/S composites, C-
HPCM3200-48.4%S exhibits the lowest Rs, because its low
sulfur content and highly conductive porous host matrix
facilitate the interface charge and electron transporting.
The semicircle at medium frequency region corresponding to

the charge transfer resistance (Rct) is very small for every C-
HPCM/S composite, representing the easy charge transporting
for electrochemical reactions in the cells. The inclined line at
low frequency region corresponds to Warburg impendance

Figure 10. Charge−discharge profiles of C-HPCM3200−48.4%S
composite at a rate of 0.5 C.

Figure 11. Initial charge−discharge curves of C-HPCM3200/S
composites with different sulfur contents at a rate of 0.5 C.

Figure 12. CV curves of C-HPCM3200−48.4%S composite cathode at
0.1 mV s−1.

Figure 13. EIS profiles of C-HPCM3200/S composites with different
sulfur content between 1 MHz and 0.1 Hz.
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(Wo) for a semi-infinite Warburg diffusion process.42 The EIS
results of C-HPCM/S composites propose that the as prepared
C-HPCMs can be used as a good host matrix for Li−S battery
applications.

■ CONCLUSIONS
The hierarchically porous carbon material can be readily
prepared by KOH assisted carbonization of silk cocoon
biopolymer. A high surface area of 3243 m2 g−1, large pore
volume of 2.1 cm3 g−1, and good electron conductivity of 1.0 S
cm−1 were obtained for C-HPCM3200 carbon material, which
was derived from 1:1 weight ratio of precarbonized product to
KOH. The as-prepared carbon material can be used as a host
matrix for sulfur encapsulation for Li−S battery cathodes. The
electrochemical measurements of the composite cathodes in
Li−S batteries demonstrate that the hierarchical pores can
effectively trap sulfur and the soluble polysulfides intermediates.
The highly electron conductive framework can effectively
enhance the utilization rate of sulfur. The C-HPCM/S
composite with 48.4% sulfur exhibits a very high initial specific
capacity of 1443 mAh g−1 and retains 804 mAh g−1 after 80
cycles, together with a high Coulombic efficiency over 92%.
The novel hierarchically porous carbon material from silk
cocoon is proven to be a promising carbon matrix for lithium−
sulfur battery applications.
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