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Abstract
Ordered porous cabon with a 2-D hexagonal structure, high specific surface area and large pore volume was synthesized through a two-
step heating method using tri-block copolymer as template and phenolic resin as carbon precursor. The results indicated the electrochemical
performance of the sulfur/carbon composites prepared with the ordered porous carbon was significantly affected by the pore structure of the
carbon. Both the specific capacity and cycling stability of the sulfur/carbon composites were improved using the bimodal micro/meso-porous
carbon frameworks with high surface area. Its initial discharge capacity can be as high as 1200 mAh·g−1 at a current density of 167.5 mA·g−1.
The improved capacity retention was obtained during the cell cycling as well.
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1. Introduction

The low energy density in the rechargeable batteries has
become one of the limitations for the further applications in
advanced electrical vehicles (EVs) and portable electronic de-
vices. Sulfur with an extremely high theoretical specific ca-
pacity of 1672 mAh·g−1 has been considered as a promising
cathode candidate. The theoretical specific energy for the
Li-S battery can reach 2600 Wh·kg−1 [1]. However, due to
the poor electrochemical property and cycle stability of sul-
fur electrode, the Li-S batteries still suffer from several chal-
lenges for its practical application. First, sulfur is an electronic
and ionic insulator. Second, lithium polysulfides (Li2Sx, 4≤x

68), the intermediate discharge products are soluble in the
organic electrolyte. Their shuttle effect between the cathode
and anode could lead to sulfur mass loss, current leakage,
charge/discharge efficiency decay, and thus cell performance
degradation. Besides, the insoluble and insulated final product
Li2S can block the pathway for ions and electrons transporta-
tion and cause cathode failure. Many efforts have been con-
ducted to solve these problems, and utilizing the sulfur/carbon
(S/C) composites has been demonstrated as an effective ap-
proach to improve the electrochemical property of sulfur cath-
ode [2]. Various porous carbon materials have been investi-

gated for the sulfur/carbon composites, e.g. carbon blacks [3],
mesoporous carbons [4], carbon nanotubes(CNTs) [5], and
carbon fibers [6]. Their pore structure and surface property
have shown to favor the electrical conduction and improve the
capacity and the cycling stability [7]. Liang et al. [8] syn-
thesized a hierarchically structured S/C nanocomposite with
a high initial discharge capacity of 1584 mAh·g−1 at a cur-
rent density of 2.5 A·g−1 in LiTFSI/(DOL+DME) electrolyte.
Chen et al. [4] also reported an ordered mesoporous car-
bon/sulfur nanocomposites prepared via heat treatment, which
delivered a high initial discharge capacity of 1138 mAh·g−1

at 0.1 C rate. It exhibited excellent stability with a capacity of
274 mAh·g−1 even after 400 cycles at ∼6 C (7 A·g−1) rate.

Herein, the mesoporous carbons with different pore-size
distribution were successfully synthesized for the S/C com-
posite cathode. The effects of the mesopore structure in the
carbon frameworks on the electrochemical properties and cy-
cling performance of the composite were also investigated.

2. Experimental

2.1. Preparation of ordered porous carbon

Two kinds of ordered porous carbon, named as MC-1 and
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MC-2, were synthesized, respectively. Their procedures are in
the following.

The MC-1 was prepared following the method reported
by Meng et al. [8]. 1.0 g tri-block copolymer F127 (Sigma)
was dissolved in 20.0 g ethanol under stirring. 5.0 g 20 wt%
resol precursors in ethanol solution was added. The resol was
prepared using a polymerization method driving from phenol
and formaldehyde reported elsewhere [9]. A homogeneous
solution was obtained after further stirring for 10 min, which
was then transferred into petri dishes and dried at room tem-
perature for 5−8 h with an additional heat treatment at 100 ◦C
for 24 h in an oven. The resultant transparent orange films
were collected and ground into powders, and finally calci-
nated at 900 ◦C in an Ar atmosphere to generate MC-1.

1.0 g the as-prepared MC-1 was mixed with 4.0 g KOH
solids. The mixtures were heated at 850 ◦C for 2 h in a tube
furnace in an Ar atmosphere. The sample was first washed
with copious HCl solution to remove KOH and then washed
with de-ionized water to neutral. The final MC-1 treated by
KOH named as MC-1-KOH was obtained after drying.

MC-2 was synthesized according to Liu et al. report [10].
1.0 g F127 was dissolved in 8 g ethanol with 1 mL 0.2 mol/L
HCl solution at 40 ◦C under stirring for 1 h. 2.08 g TEOS and
5.0 g 20 wt% resol in ethanol solution were then added into
the clear solution and stirred for 2 h. The following proce-
dures of drying and calcination were the same as the above de-
scription for the preparation of MC-1. The products, carbon-
silica composites were immersed in 10% HF in ethanol so-
lutions for 24 h to remove the silicas. Further washing and
drying were conducted to obtain MC-2.

2.2. Preparation of sulfur/carbon composites

The as-prepared porous carbon materials (i.e. MC-1, MC-
1-KOH, and MC-2) were mixed with the elemental sulfur
(99.5%, Tianjin Damao Chemical Corp.) with a weight ratio
of 1 : 5 in a planetary mill for 5 h, respectively. After then, the
mixtures were heated at 150 ◦C for 15 h and then at 300 ◦C for
1 h, and cooled down to room temperature to yield the final
S/C composites. Since the above mentioned heat treatment
will not cause mass loss in the porous carbon, the sulfur con-
tent in the composites can be calculated based on their mass
change. Thus, the corresponding sulfur contents in the S/MC-
1, S/MC-1-KOH, and S/MC-2 composites are 39.8%, 37.5%,
and 58.7%, respectively.

2.3. Assembly of Li-S cells

The sulfur cathodes were prepared by mixing S/C com-
posites, acetylene black and polyvinylidene fluoride (PVDF)
with a weight ratio of 7 : 2 : 1 in the ethanol to prepare a vis-
cous homogeneous paste. The paste was then pressed into an
electrode film with thickness of∼100 µm using a twin-rollers
machine. The as-prepared electrode membrane was dried at
50 ◦C for 12 h in a vacuum. Then, it was cut into square sheets
with the dimension of 1 cm×1 cm to be served as the cath-
odes. Then the sulfur electrodes were dried at 58 ◦C under

vacuum for 24 h before use.
The CR 2016-type coin cells were assembled in an argon-

filled glove box using the composite cathode and lithium
metal anode. A 1 mol/L of LiTFSI in the DME/DOL (1 : 1,
v/v) solution was used as the electrolyte with a Celgard 2400
membrane as the separator.

2.4. Characterizations

The crystal structures of the synthesized porous carbons
and their corresponding S/C composites were characterized
using an X’pert Pro X-ray diffractometer (XRD, PANalyti-
cal, The Netherlands). The nitrogen adsorption isotherms of
specimens were tested at 77 K using a QuadraSorb SI 4 ph-
ysisorption analyzer (Quantachrome Instruments, USA).

The charge/discharge performances were tested at a cur-
rent density of 165 mA·g−1 in the voltage range between
1.5 V and 3.0 V using a CT2001A battery tester (LAND,
Wuhan, China) at room temperature.

3. Results and discussion

3.1. Structure of the porous carbons

Figure 1 shows the small-angle XRD patterns of the as-
prepared porous carbons: (a) MC-1, (b) MC-1-KOH, and (c)
MC-2, respectively. Two peaks that can be indexed as (100)
and (110) were observed for the three materials, indicating
that the carbon materials have an ordered 2-D hexagonal struc-
ture with the space group P6mm [11].

The nitrogen adsorption isotherms of the three carbons
and the corresponding pore-size distributions are shown in
Figure 2. As for MC-1-KOH and MC-2, the nitrogen adsorp-
tion isotherms can be catalogued as Type IV curves which
suggest a mesoporous carbon structure [12]. The physico-
chemical properties of the ordered porous carbons MC-1, MC-
1-KOH, and MC-2 are listed in Table 1. The specific surface
areas are 611, 1387 and 2137 m2·g−1 with the corresponding
pore volumes of 0.34, 0.81 and 1.8 cm3·g−1, respectively. The
analysis from nitrogen adsorption indicated that the surface
area (482 m2·g−1) and pore volume (0.25 cm3·g−1) of MC-
1 were attributed to the micropores with pore size of 1.6 nm
[13]. The surface area and pore volume of the mesopores in
MC-1-KOH are 980 m2·g−1 and 0.51 cm3·g−1, respectively.
The KOH activation in MC-1 was demonstrated to contribute
to the generation of mesopores with pore size of 2.9 nm [14].
Compared with the other two porous carbons, MC-2 exhibited
higher surface area, larger pore volume and also a bimodal mi-
cro/mesoporous structure with pore sizes averaged at 1.9 nm
and 6.5 nm. The 10% HF was found to have little effect
on the primary mesoporous structure in MC-2. The unique
physicochemical properties of MC-2 can be ascribed to its in-
terconnected secondary pore channels which were generated
from the removal of silicon species in the carbon framework
[10]. Scheme 1 illustrates the detailed schemes of the ordered
porous carbons (a) MC-1 and (b) MC-2, which clearly reflects
their difference in the porous structure.
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Figure 1. Small-angle XRD patterns of ordered porous carbons: (a) MC-1, (b) MC-1-KOH, and (c) MC-2

Figure 2. Nitrogen adsorption/desorption isotherms of ordered porous carbons: (a) MC-1, (b) MC-1-KOH, and (c) MC-2 with inset showing the corresponding
pore-size distributions

Table 1. Physicochemical properties of the porous carbons
before and after encapsulating sulfur

SBET Smicro
BET V total V micro D

Samples
(m2·g−1) (m2·g−1) (cm3·g−1) (cm3·g−1) (nm)

MC-1 611 482 0.34 0.25 1.6
S/MC-1 12 0 0.04 0.00 –

MC-1-KOH 1387 980 0.81 0.51 2.9
S/MC-1-KOH 148 0 0.12 0.00 2.9

MC-2 2137 0 1.80 0.00 1.9/6.5
S/MC-2 397 0 0.48 0.00 1.9/6.5

Scheme 1. Schematic illustrations of the ordered porous carbons (a) MC-1
and (b) MC-2

3.2. Structure of the sulfur/carbon composites

Figure 3 shows the wide-angle XRD patterns of the pure

sulfur, as-prepared ordered porous carbons and S/C com-
posites, respectively. The multiply intense peaks with the
strongest one at 2θ = 21.5o suggested an excellent crystallinity
of sulfur. All the porous carbons exhibited broad reflections at
22o and 44o indicating the formation of a graphitic-type struc-
ture with limited crystallization in the MC-1, MC-1-KOH, and
MC-2. The S/MC-1 composite had similar XRD patterns to
the sulfur, which could be due to the sulfur aggregation on the
carbon surface caused by the small pore size of MC-1 that re-
tarded sulfur encapsulation. However, the characteristic sulfur
peaks were not easily observed in the XRD patterns of S/MC-
1-KOH and S/MC-2. The results suggested that most sulfur
had been well distributed into the mesopores in the framework
of the carbons to form the amorphous phase in S/MC-1-KOH
and S/MC-2 [15].

Figure 4 displays the nitrogen adsorption isotherms of
the S/C composites, (a) S/MC-1, (b) S/MC-1-KOH, and (c)
S/MC-2, respectively. Their specific surface areas are calcu-
lated to be 12, 148 and 397 m2·g−1 with the pore volumes
of 0.04, 0.12 and 0.48 cm3·g−1, respectively. The reduction
in the surface area and pore volume in the S/C composites
confirms that sulfur had occupied the majority of the pores in
the carbon matrixes for the three samples. Multiply hysteresis
loops in Figure 4(a) implies that S/MC-1 had a wide pore-size



394 Xin Zhuang et al./ Journal of Energy Chemistry Vol. 23 No. 3 2014

distribution (also shown in inset), which could be related to
the partial encapsulation of sulfur in the micropores in MC-
1 and the piled pores caused by the aggregation of sulfur on
the carbon surface. As shown in Figure 4(b), S/MC-1-KOH
possessed the typical Type IV isotherm but with an unclosed
hysteresis loop which may be resulted from the adsorption of
sulfur. The pore size of S/MC-1-KOH (inset in Figure 4b) was
comparable to that of MC-1-KOH (inset in Figure 2b). The
obvious reduction of the volume and surface area of the mi-
cropores in S/MC-1-KOH indicates the encapsulation of sul-
fur within the small meso-pores in MC-1-KOH carbon. The
typical Type IV curve of S/MC-2 as shown in Figure 4(c) re-
veals a bimodal pore-size distribution close to that of MC-2.
The obvious reduction of the pore volume of the micropores
with pore size of 1.9 nm suggests that most of the sulfur were
embedded in the micropores. The results obtained from BET
analysis indicate that the different sulfur distributions in the
three composites depend on the porous structure of the carbon
framework, which also agrees well with the XRD results. The
smaller pore size in MC-1 depressed the adsorption of molten
sulfur, whereas the larger mesopores in MC-1-KOH favored

the sulfur encapsulation. As for MC-2, its unique bimodal mi-
cro/mesoporous structure is more benefit to providing larger
pore volume and surface area for higher sulfur loading.

Figure 3. Wide-angle XRD patterns of the sulfur, ordered porous carbons
and S/C composites

Figure 4. Nitrogen adsorption/desorption isotherms of S/C composites, (a) S/MC-1, (b) S/MC-1-KOH, and (c) S/MC-2 with inset showing their corresponding
pore-size distribution

3.3. Electrochemical performance of the sulfur/carbon com-
posites

Figure 5 plots the initial discharge curves of the S/C com-
posite electrodes at a current density of 167.5 mA·g−1. Two
typical and obvious voltage plateaus at round 2.3 V and 1.9 V
were detected for all the three samples. The upper plateau
is related to the reduction of sulfur to polysulfides (Li2Sx,
4≤x68), and the lower one involves a further reduction of
polysulfides to sulfides Li2S2 and Li2S [16,17].

The S/MC-1 composite showed a lower discharge volt-
age and a smaller specific discharge capacity compared with

S/MC-1-KOH and S/MC-2 as shown in Figure 5. The re-
sults are probably due to the aggregation of insulating sulfur
on the carbon surface thus degrading the electrochemical ki-
netics of S/MC-1. Besides, an additional voltage plateau ap-
peared at 1.5−1.7 V in S/MC-1, which could be attributed to
the lithiation in the carbon frameworks. Both S/MC-1-KOH
and S/MC-2 delivered a nearly identical initial specific capac-
ity, around 1200 mAh·g−1 (S), indicating the similar utiliza-
tion of sulfur in the two S/C composites. However, the con-
tent of sulfur in S/MC-2 is 58.7% which is much larger than
37.5% for S/MC-1-KOH. Thus, the specific discharge capac-
ity for the S/C composite is 704 mAh·g−1 and 450 mAh·g−1

for S/MC-2 and S/MC-1-KOH, respectively.
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Figure 5. The initial discharge curves of S/C composite electrodes at a current density of 167.5 mA·g−1. Specific capacity was calculated using the mass weight
of sulfur (a) and S/C composites (b)

Figure 6. Discharge curves of S/C composite electrodes, (a) S/MC-1, (b) S/MC-1-KOH, and (c) S/MC-2 for different cycles at a current density of 167.5 mA·g−1

Figure 7. Cycling performances of S/C composite electrodes at a current
density of 167.5 mA·g−1

Figure 6 shows the discharge curves of the three S/C com-
posite electrodes for different cycles at a current density of
167.5 mA·g−1. Their specific capacities all decayed as in-
creasing the cycle numbers. The cycling performances of the
three S/C composites are shown in Figure 7. The significant
decline of the capacity during the first 10 cycles for S/MC-

1 and S/MC-1-KOH can be observed. This phenomenon is
possibly due to the easy dissolution of polysulfides generated
from the sulfur locating at the surface of carbon or in the piled
macropores of carbon species. The similar phenomenon has
been reported in the other works as well [18,19]. The compar-
ison of cycling performances indicates that S/MC-2 exhibited
a superior specific capacity and stability with 55% capacity re-
tention after 100 cycles, followed by S/MC-1-KOH with 50%
retention and S/MC-1 with only 33% retention at the same
condition.

The different cycling performances are relevant to the sul-
fur distribution in the three S/C composites. As discussed
above, sulfur mainly distributes on the carbon surface in
S/MC-1. The un-trapped sulfur could form polysulfides dis-
solved in the electrolyte solution during the discharge process,
which can account for its fast capacity decay. After the KOH
activation, the significantly enlarged mesopores (2.9 nm) fa-
vored the sulfur encapsulating, which then improved the cy-
cling stability through preventing the polysulfides dissolution.
However, the insoluble sulfide Li2S could segregate and block
the inner mesopores, and thus suppress Li2S oxidation. In ad-
dition, the excellent property of S/MC-2 could be attributed to
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the unique synergetic effect of its bimodal porous structures
[7]. The micropores (1.9 nm) increased the sulfur capacity
and the mesopores (6.5 nm) promoted lithium ion mass trans-
port, both of which contributed to the improvement of electro-
chemical performance and cycling ability.

4. Conclusions

The ordered porous carbon with high surface area and
large pore volume were prepared to fabricate the S/C com-
posites for lithium-sulfur battery cathode. The pore structure
of the carbon framework was proved to influence the sulfur
distribution and thus the electrochemical performance. The
bimodal porous S/MC-2 composite delivered a high initial dis-
charge capacity of 704 mAh·g−1 (S/C) at a current density of
167.5 mA·g−1 with the capacity retention of 55% after 100
cycles. Its superior electrochemical performance can be as-
cribed to the synergetic effect of its bimodal pore structures.
The mesopores in the carbon frame of MC-2 provide chan-
nels for molten sulfur diffusion into the micropores and the
micropores improved the sulfur encapsulation and depressed
the dissolution of polysulfides. Meanwhile, the mesopores in
the S/MC-2 composites facilitate the mass transport of Li ion
and prevent the block of the pores due to the generation of
Li2S. Design and preparation of porous carbons with desir-
able structure has been indicated as an effective approach to
enhance the sulfur cycle life for high-energy density lithium-
sulfur battery.
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