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ABSTRACT: In this study, three-dimensional flower-shaped
activated porous carbon/sulfur composites (FA-PC/S) are
fabricated for the first time via a simple method utilizing
flower-shaped ZnO as a template and pitch as the carbon
precursor, followed by carbonization activation and thermal
treatment. The composites are characterized using scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), Brunauer−Emmett−Teller (BET) analysis, Raman
spectroscopy, X-ray powder diffraction (XRD), and thermog-
ravimetric (TG) measurements. The results show that sulfur is
well dispersed and encapsulated homogeneously in the micropores of the flower-shaped activated porous carbon (FA-PC) with
excellent electrical conductivity, high surface area, and large pore volume. The electrochemical tests show that the FA-PC/S
composites with 60 wt % S have a high initial discharge capacity of 1388 mA h g−1 at 100 mA g−1, good cycling stability
(reversible discharging capacity of approximately 600 mA h g−1 at 1600 mA g−1), and excellent rate capability.
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■ INTRODUCTION

Along with the development of energy shortages and global
environmental problems, new electrode materials for Li-ion
batteries have been receiving increased attention because of
their unique electrical and chemical properties for applications
in portable electronic devices. In particular, elemental sulfur has
been extensively investigated as a promising cathode material
for lithium−sulfur batteries because of its high theoretical
specific capacity of 1675 mA h g−1, high theoretical specific
energy of 2600 W h kg−1, abundant sources, low cost,
nontoxicity, and environmental friendliness.1−6 However,
some troublesome issues associated with sulfur cathodes
severely limit the utilization of sulfur in electrodes and the
electrochemical performance of lithium−sulfur batteries. For
instance, the high solubility of lithium polysulfide intermediates
in organic electrolytes from the electrochemical reduction
process7−9 results in a shuttle effect of dissolved polysulfide
ions between the sulfur cathode and the lithium anode, which
eventually leads to a deposition of insoluble and insulating
Li2S2/Li2S on the electrode surface, a drastic reduction in the
specific capacity, and a fast decline in the capacity.10,11

Additionally, both the high insulating ability and volume
expansion of sulfur will reduce the electrode conductivity and
cause deterioration of the cathode integrity. To overcome these
issues and improve the specific capacity and cycling perform-
ance of lithium−sulfur batteries, various types of carbon
materials have been extensively applied to sulfur composite
cathodes in recent years,12−19 such as carbon nanotubes/
nanofibers, mesoporous carbon, graphene, hollow carbon,
microporous carbon, hierarchical porous carbon, and carbon

spheres. Notably, recent results suggest that different types of
carbon materials with good conductivity, high surface area, and
large pore volume have been regarded as the ideal matrix for
sulfur to improve the cycling performance and the rate
capability of lithium−sulfur batteries.
In our work, three-dimensional flower-shaped activated

porous carbon/sulfur composites (FA-PC/S) for lithium−
sulfur batteries have been prepared for the first time using a
simple method using flower-shaped ZnO as a template, pitch as
the carbon precursor, and KOH as an activating agent, followed
by carbonization activation and thermal treatment.20−24 A
typical flower-shaped FA-PC spherical structure is composed of
many nanopetals intersecting one another. The process of how
the flower-shaped 3D activated porous carbon structures were
formed is illustrated in Scheme1. Because of the unique three-
dimensional flower-shaped porous spherical structure, FA-PC
has high reactivity, high electrical conductivity, and a short
transport length for the Li ion. Furthermore, the rich
micropores of the FA-PC offer enough space to accommodate
the volume expansion that occurs during the discharge process
of the encapsulated sulfur as well as confine the electrochemical
reaction products of the sulfur cathode within the micropores;
thus, the FA-PC/S cathode material exhibits excellent electro-
chemical properties.25
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■ EXPERIMENTAL SECTION
Preparation of Flower-Shaped Activated Porous Carbon

(FA-PC) and Flower-Shaped Activated Porous Carbon/Sulfur
(FA-PC/S). In a typical experiment, the flower-shaped 3D ZnO
template was obtained as follows:20−22 1.48 g of Zn(NO3)2·6H2O and
3.52 g of HOC(COONa)(CH2COONa)2·2H2O were completely
dissolved in 100 mL of deionized water under stirring. Then, 1 g of
NaOH was dissolved in 20 mL of water and gradually added to the
above solution. Afterward, a white precipitate of flower-shaped 3D
ZnO was produced after continuously stirring for 2 h at 28 °C. Finally,
the as-prepared ZnO was collected by centrifugation, washed
thoroughly with deionized water to remove the residues, and dried
under vacuum at 100 °C. To prepare the flower-shaped activated
porous carbon (PC), 0.40 g of as-prepared flower-shaped 3D ZnO as a
template and 0.10 g of pitch as a carbon precursor were dispersed in
60 and 20 mL of THF solvent, respectively. After violently stirring for
1 h, the 20 mL pitch dispersion was gradually added to the 60 mL
ZnO solution. The mixture was stirred for 6 h and then dried at 60 °C,
and the resulting solid was heated to 500 °C under N2 atmosphere and
maintained for 2 h. The obtained powder was further dispersed in
distilled water, followed by washing with an aqueous solution of HCl
to remove the ZnO template until the filtrate was neutral. The product
of PC was gathered and dried at 100 °C for 12 h in a vacuum oven.
The resulting PC material and KOH (at a 1:2 mass ratio) were
dissolved in 40 mL of aqueous solution, stirred for 1 h at room
temperature, and then dried at 100 °C to thoroughly remove the
solvent. The resulting mixture was carbonized at 850 °C for 2 h under
N2 atmosphere. Finally, the acquired product was treated with an
aqueous solution of HCl and washed repeatedly with deionized water
to remove the residual potassium hydroxide until the filtrate was
neutral. After collecting and drying at 100 °C for 12 h, the FA-PC
material was successfully prepared.
The prepared FA-PC material (0.04 g) and sublimed sulfur (0.06 g)

were mixed and ground for 1 h in a quartz mortar and then sealed in a
PTFE container full of N2 atmosphere. The PTFE container was first
heated to 155 °C and maintained for 24 h and then thermally treated
at 160 °C for 12 h to further guarantee that the melting sulfur could
diffuse into the abundant micropores of the FA-PC.26,27 Finally, the
obtained composite was named FA-PC/S. For comparison, a PC/S
composite was prepared by using the same sulfur−carbon ratio and
thermal treatment as mentioned above.
Morphological Characterization and Electrochemical Meas-

urements. The synthesized composite was characterized by powder
X-ray diffraction (Bruker D8 Advance, Cu Kα radiation = 1.5406 Å)
and Raman microscopy (Renishaw, U.K.), and nitrogen adsorption
isotherms were determined using a Quantachrome Autosorb-1-MP
instrument (77 K, Quantachrome, U.S.A.). The flower-shaped
structures of the composite were studied by field-emission scanning
electron microscopy (FE-SEM, Hitachi S-4800) and transmission
electron microscopy (TEM, JEOL-2100F, Japan). Thermogravimetric
(TG) measurements were conducted to measure the weight content of
sulfur in the composites on a Mettler Toledo TGA-SDTA851
instrument under N2 atmosphere (500 °C, 10 °C min−1). The FA-
PC/S and PC/S electrodes were prepared from a mixture of carbon/

sulfur composites, Super P, and PVDF binder (70:15:15) in a N-
methyl-2-pyrrolidone (NMP) dispersant. The slurry was uniformly
cast onto carbon-coated Al foil by a doctor blade. After the solvent
volatilized, the cathode was cut into disks (d = 12 mm), which were
subsequently dried at 60 °C for 18 h in a vacuum oven. The half-cells
with Li as the counter electrode and a Celgard 2300 sheet as a
separator were assembled in an argon-filled glovebox (Mikarouna,
Superstar 1220/750/900) and tested with a LAND instrument
(CT2001A, Wuhan Jinnuo Electronic Co., Ltd.). The electrolyte
utilized was 3 M LiTFSI in a solution of 1,3-dioxolane (DOL)/1,2-
dimethoxyethane (DME) (2:1 by volume). The mass of the electrode
material is about 2 mg, and the electrode surface area is 1.13 cm2 (Φ =
12 mm). The specific capacity values in this paper were calculated on
the basis of the active sulfur mass in the charge−discharge
measurements.

■ RESULTS AND DISCUSSION
Morphology and Structure of FA-PC and FA-PC/S

Composites. FESEM and TEM images were used to confirm
the morphologies of the flower-shaped 3D FA-PC and FA-PC/
S composites. The FESEM images in Figure 1a and b and TEM

image in Figure 2a show that the as-synthesized PC material
exhibits a uniform flower-shaped structure, which is built from
numerous intersecting nanopetals, and the thickness of the
carbon nanoflakes is approximately 15 nm. After KOH
treatment, the FA-PC retains its flower-shaped morphology,
but an obvious curling of the carbon nanoflakes and
interconnected network of macropores can be observed, as
shown in Figure 1c and d and Figure 2b, indicating that a
portion of the carbon was corroded in the chemical activation
process leading to the production of abundant micropores.
After the active sulfur impregnation, both the FESEM images
(Figure 1e,f) and TEM images (Figure 2c) of the FA-PC/S
composite demonstrate a flower-shaped 3D superstructure
similar to the original FA-PC material. No obvious surface

Scheme 1. Illustration of Preparation of FA-PC Material

Figure 1. FESEM images of PC (a,b), FA-PC (c,d), and FA-PC/S
(e,f) at high magnification.
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deposition or aggregation of active sulfur inside or outside the
flower-shaped 3D superstructure can be observed. The entrance
of sulfur into the micropores of FA-PC was also investigated by
elemental mapping at high magnification (Figure 2d−f). Both
C and S elements were found to be uniformly distributed in the
micropores of the FA-PC material, which was further confirmed
by Brunauer−Emmett−Teller (BET) measurements. The pore
structure of the FA-PC, PC, FA-PC/S, and PC/S composites
were characterized by BET measurements (Figure 3a,b). A
narrow pore size distribution determined by the density
functional theory method determined the characteristic micro-
porous superstructure of the FA-PC. Moreover, the large
specific surface area of 2539 m2 g−1 and the Vt of 1.48 cm3 g−1

for the FA-PC composite offers an excellent opportunity for
sulfur encapsulation. However, for the PC, although it has a
similar pore structure as FA-PC, it is obvious that both the
specific surface area of 1117 m2 g−1 and the Vt of 1.16 cm3 g−1

are lower than those of FA-PC, which further confirms that a
portion of the carbon in the PC material was consumed upon
KOH activation, resulting in the production of more micro-
pores in the FA-PC material. After the sulfur was introduced in
both PC and FA-PC, the specific surface areas were rapidly
reduced to below 50 m2 g−1. The homogeneous dispersion of
sulfur in the micropores of FA-PC can also be explained by the
X-ray diffraction patterns and Raman spectroscopy. The XRD
results for the PC, FA-PC, S, PC/S, and FA-PC/S composites
are shown in Figure 4a. The PC and FA-PC exhibit wide-angle
XRD patterns with two broad characteristic diffraction peaks
located at approximately 25° and 43°, which are ascribed to the
(002) and (101) planes of graphite, respectively. Sublimed S
exhibits several sharp crystal diffraction peaks, indicating that
elemental sulfur typically exists in a crystalline state. After
heating the mixture of sulfur and carbon, it is obvious that
almost all of the characteristic diffraction peaks of sulfur appear

in the PC/S composite but entirely disappear in the FA-PC/S
composite, demonstrating that sulfur is amorphous and
uniformly distributed in the micropores of the FA-PC, which

Figure 2. TEM images of PC (a), FA-PC (b), and FA-PC/S (c) at
high magnification and the corresponding element mapping of C/S
(d−f).

Figure 3. (a) Gas (N2) adsorption−desorption isotherm loops. (b)
BJH pore size distributions of PC, FA-PC, PC/S, and FA-PC/S.

Figure 4. (a) XRD patterns of the PC, FA-PC, PC/S, and FA-PC/S
composites. (b) TGA and DTG curves of the PC/S and FA-PC/S
composites.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc500459c | ACS Sustainable Chem. Eng. 2014, 2, 2442−24472444



is consistent with the FESEM and TEM results. The 60 wt %
sulfur content in the PC/S and FA-PC/S composited were
measured by TGA, as shown in Figure 4b. Compared to those
of the PC/S composite, the DTG curves of the FA-PC/S
composite reflect a broader temperature range during the entire
sulfur loss process. This observation may be attributed to the
confinement of sulfur in the micropores of the FA-PC.
Electrochemical Performance of FA-PC/S Composites.

Galvanostatic charging−discharging performance and rate
capability evaluations were performed to investigate the
electrochemical performance of the composite materials. Figure
5 shows the long cycling performance of FA-PC/S and PC/S at

different current densities. For the FA-PC/S composite, a high
initial discharge capacity of 1388 mA h g−1 at a current density
of 100 mA g−1 was achieved, and the FA-PC/S electrode
demonstrated good cycling stability with a reversible capacity of
approximately 800 mA h g−1 after 50 cycles. However, for the
PC/S electrode, a lower first discharge capacity of 822 mA h
g−1 and reversible capacity of 400 mA h g−1 after 50 cycles with
a current density of 100 mA g−1 were obtained. When increased
to a higher current density of 1600 mA g−1, an initial discharge
capacity of 870 mA h g−1 was measured, and a reversible
capacity of approximately 600 mA h g−1 was obtained after 50
cycles for the FA-PC/S electrode. In contrast, not only was a
smaller initial discharge capacity of 520 mA h g −1 obtained but
the discharge capacity was rapidly reduced to 200 mA h g−1

after 50 cycles for the PC/S electrode. Furthermore, for the FA-
PC/S electrode, the coulomb efficiency was nearly 100% in
addition to the first lap in the entire cycle, and the PC/S
electrode showed the same result except for occasional
fluctuations. The high coulomb efficiency indicated that the
above electrodes can work well in the high concentration ether
electrolyte without the addition of LiNO3.

28−30 The reduced
amount of overcharge can be attributed to an decrease in the
polysulfide solubility in the high concentration organic
electrolyte, which inhibited the shuttle effect in some degree.
The flower-shaped 3D FA-PC/S electrode also exhibited

superior high-rate performance. A progressive rate-step test for
the cells was implemented, as shown in Figure 6. The reversible
capacity at a current density of 200 mA g−1 was approximately
820 mA h g−1 after 10 cycles. Subsequently, the reversible
capacity decreased slowly with an increase in current density.
When measured at a higher current density of 1600 mA g−1, the

specific capacity remained at approximately 500 mA h g−1 and
could be recovered to approximately 700 mA h g−1 when the
current density was reduced back to 200 mA g−1. However, for
the PC/S electrode, lower reversible capacity and faster
attenuation of capacity with an increase in current density
were clearly observed. The second, third, sixth, and tenth
galvanostatic charge−discharge profiles at a current density of
200 mA g−1 are shown in Figure 7. For the FA-PC/S
composite, two plateaus centered at ∼2.1 and ∼2.3 V were
observed in the discharge profile, corresponding to the two
typical characteristic plateaus of sulfur−carbon cathodes for
lithium−sulfur batteries.31−33 As reported in previous works,
the upper plateau (∼2.3 V) results from the ring opening of S8
upon reduction to linear high order lithium polysulfides (Li2Sn,
n ≥ 4). The lower plateau (∼2.1 V) corresponds to the high-
order lithium polysulfides transforming into low-order lithium
polysulfides (Li2Sn, n < 4).34,35 The reversible capacity of 977
mA h g−1 was obtained in the second cycle at 200 mA g−1, and
the attenuation of specific capacity decreased as the number of
cycles increased. However, for the PC/S electrode, there was a
higher charging platform at 2.35 V. Furthermore, compared to
the FA-PC/S electrode, a lower reversible capacity of 664 mA h
g−1 in the second cycle at 200 mA g−1 and a faster capacity
attenuation with an increasing number of cycles were obtained.
The relatively superior cycle and rate capability of the FA-PC/S
electrode may be attributed to its large surface area and high
pore volume, which offer sufficient space to confine the
occurrence of electrochemical reactions in the abundant
micropores. This capability would not only effectively prevent
active sulfur and intermediate products from dissolving in the
electrolyte but also ensure the stability of the FA-PC/S material
and the integrity of the electrode. Moreover, the macropores of
stable flower-shaped 3D FA-PC/S composed of carbon sheets
as ion-buffering reservoirs could offer a short diffusion distance,
shorten the transport length for the Li ion, and facilitate the
rapid transport of electrolyte ions to the interior of the material,
which would further enhance its reactivity and electrical
conductivity.36,37

■ CONCLUSIONS
In summary, flower-shaped 3D porous FA-PC sulfur-
encapsulating composite cathode materials have been success-
fully prepared for the first time via a simple thermal treatment
process. The FA-PC/S electrodes deliver a higher reversible
specific capacity and cycle efficiency compared to PC/S

Figure 5. Cyclic performance and coulombic efficiency of FA-PC/S
(red and blue, respectively) and PC/S (black and olive, respectively)
electrodes at 100 mA g−1 and 1600 mA g−1, respectively.

Figure 6. Discharge capacity of the FA-PC/S and PC/S electrodes at
different rates.
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electrodes. These results are attributed to the unique abundant
microporous structure of FA-PC, which not only contains
enough micropores to store active sulfur but also has enough
remaining space to accommodate the volume expansion
problem and prevent active sulfur and intermediate products
from dissolving in the electrolyte during the discharge process
for Li−S batteries. This characteristic contributes to retaining
the stability of the FA-PC/S electrode material and the integrity
of the electrode before and after discharge. The stable flower-
shaped 3D FA-PC/S electrodes exhibit excellent electro-
chemical properties and are promising candidates for cathode
materials for lithium−sulfur cells.
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