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Abstract A novel stacking sheet-like carbon (SSC) has been
synthesized by carbonizing the corn stalks and composited
with sulfur to prepare a cathode for lithium/sulfur batteries.
Scanning electronic microscopy observations showed the for-
mation of irregularly interlaced nanosheet-like structure
consisting SSC with uniform sulfur coating on its surface.
The SSC nanoflakes in the composite act as nanocurrent col-
lectors, favoring the charge carrier ion transport and electro-
lyte diffusion. The interlaced SSC nanoflakes irregularly stack
together and form a three-dimensional network, which is ben-
eficial for both trapping soluble polysulfide intermediates and
rendering the electrical conductivity of the composite elec-
trode. A lithium cell employing this sulfur/stacking sheet-
like carbon (S/SSC) composite cathode delivered an initial
discharge capacity of 965 mAh g−1 at 0.2 C and retained a
capacity of 743 mAh g−1 over 100 charge-discharge cycles.
Even at 3.2 C rate, the lithium cell with the S/SSC composite
cathode demonstrated an excellent rate capability, delivering a
highly reversible discharge capacity of 418 mAh g−1.

Keywords Corn stalk . Sulfur cathode . Sulfur/stacking
sheet-like carbon composite . Lithium/sulfur battery

Introduction

Rechargeable lithium-ion batteries, based on Li+ intercalation
electrodes, have become the dominant power source for vari-
ous portable applications [1, 2]. However, the current cathode
materials used in lithium-ion batteries, such as those based on
transition metal oxides and phosphates, have an inherent the-
oretical capacity limit of 300 mAh g−1 and a maximum prac-
tically usable capacity of only 210 mAh g−1 reported, which
cannot fully satisfy the application requirements for electric
vehicles and large-scale energy storage, such as wind or solar
energy storage [3–5]. The lithium/sulfur (Li/S) battery can
offer a strikingly high theoretical specific capacity of approx-
imately 1672 mAh g−1 and a theoretical specific energy of
2600 Wh kg−1, which is five times higher than that of
LiCoO2/graphite system [6]. Furthermore, sulfur is eco-
friendly and abundantly available, which reduces the
projected cost of Li/S batteries. Accordingly, the Li/S battery
is considered as one of the judicious selections with respect to
the advanced power supply in the near future. However, prac-
tical application of S as a cathode-active material in Li/S bat-
teries has been plagued with its low electrical conductivity and
high solubility of polysulfides in the electrolyte solutions [7].
To overcome these problems, one of the most promising
methods is to fabricate sulfur/carbon composites. This is
mainly because different kinds of carbonaceous supporters
can act as a conductive network to facilitate electronmigration
and as a reservoir to adsorb the polysulfides formed upon a Li/
S battery operation [8].

Many efforts have been dedicated to impregnating sulfur
into various carbon matrixes. For example, mesoporous car-
bon [9, 10], microporous carbon [11], carbon fiber [12], car-
bon nanotubes [13–15], and graphene [16, 17] have been ap-
plied to improve the electrochemical properties of the S cath-
ode. Although the S/carbon composites show good electro-
chemical performance, most of the preparation techniques of
sulfur/carbon composites have disadvantages of prolonged
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and complicated processing and side products, which trade off
the cost efficiency of the final product [18]. In contrast,
biomass-derived carbon materials are abundant in raw sources
and cheap; they are easily scalable in synthesis route [19].
Therefore, aiming to further ameliorate the expenses problem
of the final product while maintaining the superior conductiv-
ity of the electrode materials, it is an intriguing inspiration to
create sulfur/biomass-derived carbon composites. Corn is one
of the most common crops in the earth, especially in China.
The corn stalk is a good precursor to prepare a value-added
carbonaceous material, possessing a negative value associated
with their disposal. Corn stalks have been used to fabricate
conventional activated carbons in the previous work [20].
However, to the best of our knowledge, there is currently no
discussion and consideration of corn stalk-prepared carbon
serving as a carbon supporter for sulfur composite cathode
in Li/S batteries.

Herein, we first report on a novel stacking sheet-like carbon
(SSC) synthesized via carbonizing the corn stalks. Active sul-
fur is loaded to SSC via a simple impregnation and heat treat-
ment to design a sulfur/stacking sheet-like carbon (S/SSC)
composite. The structural properties of this S/SSC composite
and its electrochemical performance as the cathode for Li/S
battery have been investigated. The resulting composite cath-
ode demonstrates excellent electrochemical performance with
good cyclability, rate capability, and high utilization of sulfur.
The synergetic effects of stacking structure, thin sheets, and
irregularly wrinkled surface of SSC on the electrochemical
performance of the S/SSC cathode are investigated in detail.

Experimental

Material preparation

The corn (Zea mays) stalks used in the experiments were
collected fromWuli Town, a region of Ankang City in China.
SSC was prepared by thermal carbonization of the corn stalks
followed with activation by KOH. Firstly, the collected corn

stalks were extensively washed with deionized (DI) water, cut
into small pieces, and dried at 120 °C in a vacuum oven for
24 h. Then, typically a 10-g sample of corn stalk precursor
was heated in a tubular furnace at 300 °C for 5 h (heating rate
5 °C min−1) under Ar flow (150 sccm) to proceed with the
pyrolysis carbonization. Further, the obtained sample was
carefully immersed and kept overnight in 8 mol dm−1 KOH
solution and then separated by centrifugation and dried. The
role of KOH solution was to dissolve the by-product tar and to
form pore structures during the following activation stage.
Further, the powder was transferred into a tubular furnace
and heated in Ar with a rate of 5 °C min−1 to 550 °C and kept
at this temperature for 4 h to obtain the black SSC product.
Finally, the black SSCwas ground and washed by 2 mol dm−1

HCl and DI water until the washing solution pH reached 7.0,
and dried in vacuum at 150 °C overnight.

The S/SSC composite was prepared by simple impregna-
tion of sulfur into SSC and followed by heat treatment. The
procedure is schematically illustrated in Fig. 1. Firstly, S was
dissolved in carbon disulfide (CS2) to form a 50 % S/CS2
solution. Then, the S/CS2 solution was dropped on the SSC,
rapidly adsorbed by the SSC. After evaporation of CS2, the
sulfur adsorption process was repeated several times to
achieve a desired weight loading of sulfur. In order to deposit
S homogeneously, the obtained black powder was transferred
into a Teflon autoclave, filled with N2, sealed and maintained
at 155 °C for 10 h, and then naturally cooled down to ambient
temperature. Finally, the resulting sample was dried at 60 °C
in a vacuum oven for 24 h to obtain the S/SSC composite.

Material characterization

Powder X-ray diffraction (XRD) patterns of samples were
obtained using a Bruker D8 Advance X-ray powder diffrac-
tometer using Cu Kα radiation (λ=0.15418 nm) at a scanning
rate of 0.02°s−1 in the 2θ range from 10° to 70°. The Brunauer-
Emmett-Teller (BET) surface area and the Barret-Joyner-
Halenda (BJH) pore size distribution of the samples were
measured at 77 K (BET, ASAP 2020; Micromeritics).

Fig. 1 Schematics of the S/SSC composite synthesis process
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Scanning electron microscopy (SEM) images were obtained
using a FEI Quanta 400 ESEM-FEG (environmental scanning
electron microscope-field emission gun) equipped with an X-
ray energy-dispersive spectrometer (EDS). Thermogravimet-
ric analysis (TGA) was performed on a thermoanalyzer (DSC-
TGA; SDTQ600; American TACompany) in the temperature
range of 20–500 °C (10 °C min−1) under N2 atmosphere, with
a flow rate of 50 mL min−1. The interior structure of sample
was observed by transmission electron microscopy (TEM,
JEM-2100F, JEOL) at 120 kV.

Electrochemical measurement

The S/SSC electrodes were prepared by mixing 75 wt% as-
prepared composite, 15 wt% acetylene black, and 10 wt%
polyvinylidene fluoride in 1-methyl-2-pyrrolidinone. The sul-
fur loading in each electrode was about 1 mg cm−2. Lithium
foil was used as a counter electrode; 1 mol dm−1 LiCF3SO3

solution was prepared in a mixture of 1,2-dimethoxyethane
(DME) and 1,3-dioxolane (DOL) (1:1, v/v) and used as an
electrolyte. A LiNO3 salt (1 wt%) was added into the electro-
lyte. The separator was microporous polypropylene film.
Coin-type (CR2025) cells were assembled in a glove box
filled with Ar. The charge-discharge tests were carried out
on a LAND battery program-control test system in a cutoff

potential window of 1.0–3.0 V vs. Li+/Li. Cyclic voltammetry
(CV) was carried out on a CHI 660D electrochemical work-
station at a scan rate of 0.1 mV s−1 in the potential range of
1.0–3.0 V vs. Li/Li+. Electrochemical impedance spectrosco-
py (EIS) was measured using the same electrochemical work
station within a frequency range from 0.01 to 100 kHz. The
no-additive sulfur electrodes were also prepared for compari-
son using the same technology.

Results and discussion

The crystal structures of the obtained materials were firstly
investigated by XRD. Figure 2a shows the XRD patterns of
SSC, S, and S/SSC composite. The synthesized SSC displays
a strong diffraction peak at around 26°, which can be ascribed
to the (002) reflection of carbon [21]. The S/SSC composite
gives obvious peaks at 23.1°, 25.9°, 27.8°, 28.7°, 31.5°, 37.1°,
42.8°, 47.8°, and 51.3°, which are typical signals from ortho-
rhombic sulfur (JCPDS #08-0247) [22]. In addition, the
S/SSC composite displays a broad diffraction peak at around
26°, belonging to the (002) reflection of carbon. All the XRD
patterns indicate that the S/SSC composite was successfully
synthesized using the current synthesis method. Furthermore,
no peak shift could be observed, which could be an indication
of absence of phase transformations during sulfur
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impregnation and heat treatment, and the sulfur crystal struc-
ture remained in the S/SSC composite. The sulfur content in
the S/SSC composite was estimated by TGA. As shown in
Fig. 2b, the TGA curve exhibits an obvious one-step weight
loss from around 160 to 320 °C, which is assigned to the
evaporation of sulfur [23]. Subsequently, the carbon material
remains almost unchanged up to 500 °C. The TGA data show
that the final sulfur content of approximately 52.2 wt% in the
S/SSC composite was achieved.

The results of the surface area and pore size distribution
studies of the as-prepared SSC are shown in Fig. 3. Figure 3a
is the N2 adsorption-desorption isotherm of SSC. The iso-
therm profile can be indexed as type IV with an obvious re-
vulsion at a low relative pressure of 0.44, suggesting that SSC
has mesoporous structure. According to the low critical rela-
tive pressure of SSC, we can conclude that the mesoporous
size of SSC is small. The enclosed hysteresis loop of the

adsorption-desorption isotherm can be categorized as type
H3, indicating the channels and inhomogeneous pores existing
in the SSC structure. The pore size distribution of SSC, as
shown in Fig. 3b, and the pore size distribution curve indicate
that the main small pore size lies in the 2–10 nm range, which
conform with the N2 adsorption-desorption isotherm. The
BET-specific surface area is measured to be 139.8 m2 g−1,
and the pore volume and average pore size of SSC, calculated
using the Barrett-Joyner-Halenda method, are 0.263 cm3 g−1

and 6.317 nm, respectively. This highly mesoporous structure
could be very beneficial for assuming optimized morphology
and fast kinetics for sulfur cathode, confirming the following
electrochemical studies results.

The morphology of the synthesized SSC and the S/SSC
composite was investigated by SEM. Figure 4a, b shows a
typical SEM image of the SSC, from which one can see that
the obtained SSC is composed and assembled by the

Fig. 4 SEM images of SSC (a, b)
and S/SSC composite (c)
samples, carbon, and sulfur
mapping of the S/SSC composite
(d, e). TEM images of SSC (f)
and S/SSC composite (g)

66 Ionics (2016) 22:63–69



interlaced nanoflakes with irregularly wrinkled surface with
porous structure. The SEM image of the S/SSC composite in
Fig. 4c indicates that it forms irregular stacks of interlaced
nanosheet-like structure, leading to a smooth surface, densely
covered with sulfur. This is probably due to the high absorption
ability of SSC towards sulfur [24]. It could be suggested that
SSC nanosheets may act as nanocurrent collectors for the sulfur
particles and enhance the conductivity of the composite [25].
On the other hand, hollow structure of the composite agglom-
erates creates the pathways for the electrolyte and Li-ion trans-
port providing enhanced activity of the composite [26]. In order
to investigate the distribution of sulfur in the S/SSC composite,
the EDS mapping was obtained as presented in Fig. 4d, e. One
can see that sulfur is homogeneously distributed in the S/SSC
composite. This well-developed stacking sheet-like structure
with homogeneous sulfur distribution enhances the contact of
sulfur with the conductive SSC, positively affecting the overall
electrochemical performance of the composite cathode materi-
al. The TEM results (Fig. 4f, g) confirm the formation of the
flake-like structured SSC, and it can be clearly seen from the
TEM images that SSC flakes are covered with sulfur, and ir-
regular stacks of interlaced nanosheet-like structure were
formed. It could be suggested the SSC acts as nanocurrent
collectors of the S/SSC composite, enhancing the conductivity
of the composite material.

Three initial CV curves of the S/SSC composite electrode
were measured in the potential range of 1.0–3.0 V vs. Li+/Li at
a scan rate of 0.1 mV s−1, as shown in Fig. 5a. The first CV
curve shows typical characteristics of two major cathodic
peaks of a Li/S system at about 2.37 and 2.05 V. The cathodic
peak at 2.37 V can be assigned to the reduction of sulfur (S8)
to polysulfides (Li2Sn, n≥4), while the strong cathodic peak
around 2.0 V is associated with the reduction of soluble
polysulfides into Li2S2/Li2S [22, 27]. In the anodic scan, only
one sharp anodic peak is observed around 2.5 V, associated
with the reoxidation of the discharge products (Li2S and
Li2S2) to Li2S8 [28, 29]. In the following CV scans, the redox
peak currents and potentials show no obvious change, indicat-
ing good reactive reversibility and cycling stability of the
S/SSC composite electrode. The galvanostatic charge-
discharge curve of the S/SSC composite at the initial cycle
at a current density of 0.1 C (1 C=1670 mAh g−1) is shown
in Fig. 5b. The S/SSC composite electrode shows two appar-
ent plateaus in the discharge curve and one plateau in the
charge curve, which are in good agreement with the CV data.
Considering the capacity per S gram (similarly hereinafter),
the S/SSC composite cell shows a high initial discharge ca-
pacity of 1337 mAh g−1 at the cycling rate of 0.1 C.

The cycle and rate performance are important challenging
and key aspects for Li/S battery applications. The enhanced
soluble product trapping capacity of the S/SSC composite
with porous and loose architecture with uniform sulfur coating
is reflected in the cycle performance enhancement. As shown

in Fig. 6a, the S/SSC composite and sulfur electrodes deliver
initial capacities of 965 and 735 mAh g−1 at 0.2 C, respective-
ly. The discharge capacity of the sulfur cathode drastically
decreases and maintains only 363 mAh g−1 after 100 cycles.
In comparison with the sulfur cathode, the S/SSC composite
cathode exhibits a remarkably enhanced performance, deliv-
ering a high specific capacity of 743 mAh g−1. Furthermore,
one may note from Fig. 6a that the coulombic efficiencies of
both S/SSC composite and S electrodes are relatively low in
the initial several cycles. This may be due to the fact that at
these initial cycles, the untrapped polysulfides dissolve into
the electrolyte and, thus, the occurred shuttle mechanism re-
sults in the faster capacity attenuation and lower coulombic
efficiency upon initial cycling. After the initial activation, both
S/SSC composite and sulfur cathodesmaintain a high coulom-
bic efficiency more than 95 %. Furthermore, the coulombic
efficiency of S/SSC composite cathode is more reposeful than
that of bare sulfur counterpart. This could be attributed to the
porous hierarchical architectures assembled by the interlaced
nanoflakes of S/SSC composite, suppressing the shuttle effect.

Simultaneously, the rate performance of the S/SSC com-
posite cathode has also been improved comparing to S cath-
ode, as it is demonstrated in Fig. 6b. The reversible capacities
of 1393, 973, 741, 618, 511, and 418 mAh g−1 of the S/SSC
composite cathodes are achieved at the initial cycles at the
current densities of 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 C,
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respectively. Although the capacity decreases gradually with
the current density, when the discharge rate was reduced back
to 0.2 C, the cell fully recovers its reversible capacity of
966 mAh g−1. In contrast, at the current rates of 0.1, 0.2, 0.4,
0.8, 1.6, and 3.2 C, the S cathode achieves the initial discharge
capacities of only 1086, 692, 493, 367, 261, and 139mAh g−1,
respectively. At each current rate, the S/SSC cathode revers-
ible capacity is higher for 200–300 mAh g−1 compared with
the S cathode. The rate performance improvement could be
attributed to the combinative multiple effects of the SSC as
conductor, sulfur distributor, and an active absorber for the
electrochemical reaction products. The SSC nanoflakes in
the composite could serve as nanocurrent collectors, favoring
fast ion transport and electrolyte diffusion.

EIS is a powerful tool to study the effect of various addi-
tives on the conductivity and charge transfer behavior in com-
posite cathode materials. EIS measurements for both the
S/SSC and S cathodes after the first charge and discharge
are carried out, as shown in Fig. 7. For both cathodes, the
Nyquist plots are represented by a semicircle in the high-to-
medium-frequency region relating to the charge transfer resis-
tance of the cathodes, followed by a declined straight line of
theWarburg impedance in low-frequency part attributed to the
Li+ diffusion resistance of the cathodes [30]. In general, the
smaller the diameter of a semicircle is, the lower the charge
transfer resistance of an electrode. The bigger the slope of a
line is, the lower the Li+ diffusion resistance of an electrode.

From Fig. 7, it can be easily observed that both the charge
transfer resistance and the Li+ diffusion resistance of the
S/SSC composite cathode are obviously lower than that of
the S cathode. The results support our above suggestion on
the conducting property enhancement of the S/SSC composite
cathode using a new SSC carbon supporter.

Conclusions

A novel stacking sheet-like carbon (SSC) has been synthe-
sized by carbonizing the corn stalks followed by activation
by KOH. This is a cost-effective, simple, and easy-to-scale-
up technique for the material production. Based on the SSC
material, a sulfur/stacking sheet-like carbon (S/SSC) compos-
ite has been successfully prepared via simple impregnation
and heat treatment. When served as a cathode for lithium/
sulfur (Li/S) battery, the S/SSC composite exhibited a high
initial discharge capacity of 1337 mAh g−1 at 0.1 C. At the
cycling rates of 0.2, 0.4, 0.8, 1.6, and 3.2 C, the S/SSC cathode
shows a high discharge capacity of 973, 741, 618, 511, and
418 mAh g−1, respectively. After a 100 cycle stability test, the
specific capacity of S/SSC composite cathode delivers a dis-
charge capacity up to 743 mAh g−1 at 0.2 C with a high
Coulombic efficiency of 98 %. The good electrochemical per-
formance could be attributed to the porous hierarchical archi-
tectures assembled by the interlaced nanoflakes of S/SSC
composite, which is providing high conductivity and short
Li+ diffusion distances as well as absorbing polysulfides to
improve the cycle ability in Li/S batteries.
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