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A Sheet-like Carbon Matrix 
Hosted Sulfur as Cathode for 
High-performance Lithium-Sulfur 
Batteries
Songtao Lu1,*, Yan Chen1,*, Jia Zhou1, Zhida Wang1, Xiaohong Wu1, Jian Gu2, Xiaoping Zhang2, 
Aimin Pang2, Zilong Jiao3 & Lixiang Jiang3

Lithium-sulfur (Li-S) batteries are a promising candidate of next generation energy storage systems 
owing to its high theoretical capacity and energy density. However, to date, its commercial application 
was hindered by the inherent problems of sulfur cathode. Additionally, with the rapid decline of non-
renewable resources and active appeal of green chemistry, the intensive research of new electrode 
materials was conducted worldwide. We have obtained a sheet-like carbon material (shaddock peel 
carbon sheets SPCS) from organic waste shaddock peel, which can be used as the conductive carbon 
matrix for sulfur-based cathodes. Furthermore, the raw materials are low-cost, truly green and 
recyclable. As a result, the sulfur cathode made with SPCS (SPCS-S), can deliver a high reversible 
capacity of 722.5 mAh g−1 at 0.2 C after 100 cycles with capacity recuperability of ~90%, demonstrating 
that the SPCS-S hybrid is of great potential as the cathode for rechargeable Li-S batteries. The high 
electrochemical performance of SPCS-S hybrid could be attributed to the sheet-like carbon network 
with large surface area and high conductivity of the SPCS, in which the carbon sheets enable the 
uniform distribution of sulfur, better ability to trap the soluble polysulfides and accommodate volume 
expansion/shrinkage of sulfur during repeated charge/discharge cycles.

With the notable scaled-up demand of rechargeable batteries with high energy and power density for various 
consumer electronic applications, lithium-sulfur (Li-S) batteries have attracted enthusiastic interest as powerful 
energy storage systems owing to their overwhelmingly high theoretical gravimetric capacity (1672 mAh g−1) 
and energy density (2580 Wh kg−1)1,2. Furthermore, sulfur is naturally abundant, low-cost, and environmentally 
friendly, making Li-S batteries promising candidates of next generation battery systems3,4. Unfortunately, several 
challenges must be addressed prior to its commercial application5–8. The first is the intrinsic insulating nature 
of sulfur and lithium sulfides, which hinders the complete conversion of sulfur to lithium sulfides once lithium 
sulfides layer (Li2S and Li2S2) covered on the cathode surface, and leads to a low utilization of sulfur and limites 
specific capacity of cathodes7. Moreover, the dissolution and so-called shuttle effect of polysulfides cause the loss 
of sulfur active materials, the passivation of lithium anode and the increasing impedance of cells as these soluble 
sulfur species reduce to lithium sulfides on the surface of lithium anode1. Finally, the severe volume shrinkage/
expansion of sulfur species during charge/discharge process results in the gradual alteration of morphology and 
integrity of cathode2.

Over the past few decades, the carbon (such as carbon black9,10, graphene11,12, carbon nanotubes13–15, car-
bon nanofibers16,17, and porous carbon spheres18–20) modified sulfur-based cathodes has demonstrated a 
significantly-improved cyclability and capacity. Most recently, apart from conventional carbon materials, biomass 
carbon has shown its prospects in electrochemical energy systems due to their abundance, inexpensive cost and 
truly environmental benignity21–27. For instance, the peanut shells are a green and economical waste, with a high 
yield over 6 million tons per year globally. Ding et al. used the carbon cmaterials derived entirely from peanut 
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shells, as both anode and cathode for sodium ion capacitor, and the electrodes delivered a promising electro-
chemical performance28. In addition, Zhang et al. applied porous carbon materials, prepared from silk cocoon, to 
encapsulate sulfur that used as cathode for Li-S batteries29. In their work, the carbon-sulfur composites exhibited 
a specific capacity of 804 mAh g−1 with a Coulombic efficiency of 92% after 80 cycles at a rate of 0.5 C. Shaddock 
is a kind of popular fruits, with the global production over 8 million tons in 2012 alone. Shaddock peel (SP) is 
composed of cellulose, pectin, low molecular weight hydro-carbons, etc., and usually considered as a waste. Given 
the huge amount of the yield of shaddock per year, it becomes extremely important to make use of SP from not 
only economical perspective but environmental perspective. So far, due to its active groups (such as hydroxyl and 
carboxyl groups), as well as its porous and spongy structure, SP has been not only utilized as an effective adsor-
bent for removing methylene blue from aqueous solution30 and a toxic radioactive heavy metal (Uranium VI)31, 
but also served as electrode material for batteries32,33.

Herein, we employ hydrothermal treatment and carbonization (see the experimental section for details) to 
take full advantage of the unique structure of SP and ultimately achieve a sheet-like carbon material with 3D 
interconnected framework composed of transparent and crumpled carbon sheets, namely Shaddock Peel Carbon 
Sheets SPCS. The SPCS-sulfur (SPCS-S) hybrid obtained by the method of melting diffusion, with even distri-
bution of sulfur, can deliver an excellent electrochemical performance. For instance, the SPCS-S cathode with 
62.0 wt% sulfur can deliver a high reversible capacity of 722.5 mAh g−1 at 0.2 C after 100 cycles, a capacity recu-
perability of ~90% as the current returned to 0.2 C and a high Coulombic efficiency of ~99.5%.

Results and Discussion
Two fundamentally different structures of carbon materials were achieved via tailoring the synthesis process from 
the same precursor SP. Figure 1 illustrates each carbon material synthesis process employed for sulfur electrode, 
as well as the relevant scanning electron microscopy (SEM) images. The SP was firstly freeze-dried and then 
carbonized at argon and hydrogen atmosphere (Route 1 in Fig. 1). For comparison, another carbon material was 
prepared by hydrothermal treatment, followed by freeze-dying and carbonization at same condition (Route 2 in 
Fig. 1). Both products were washed with dilute hydrochloric acid (HCl) to remove potential impurities that may 
be present in plant-based precursors and then rinsed with abundant DI water. From Fig. 1a, the freeze-dried SP 
shows a porous and spongy structure. After carbonization in Route 1, the products consisted of interconnected 
carbon tubes with a diameter of ~20 μ m are shown in Fig. 1b, namely Shaddock Peel Carbon Tubes (SPCT). 
The tubes of SPCT are not only in favor of infusing of sulfur and infiltrating of electrolyte, but also suitable 
for accommodating the volume changes of sulfur species during charge/discharge process. In Route 2, the SP 

Figure 1. Materials synthesis process employed for SPCT (Route 1) and SPCS (Route 2). Models, SEM and 
TEM images: (a) SP after freeze-drying; (b) SPCT; (c) SP after hydrothermal treatment and freeze-drying;  
(d) SPCS.
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was pretreated by hydrothermal treatment ahead of freeze-drying, in which the SP was exfoliated into sheets as 
shown in Fig. 1c. After carbonization, as shown in the high magnification SEM image and TEM image (Fig. 1d), 
the products consisted of transparent and crumpled carbon sheets are detected, which indicates its few layers of 
carbon atom and the two-dimensional structure, namely Shaddock Peel Carbon Sheets (SPCS). The 3D inter-
connected porous network of SPCS suggests a high specific surface area, a large sulfur loading, and an achievable 
permeation of electrolyte. For SPCS (Route 2), the exfoliated sheet-like material was obtained after hydrothermal 
treatment, which was demonstrated directly by the TEM characterization of SPCT and SPCS in Fig. 1b,d, and 
further demonstrated by the surface chemical constituents and specific surface area analyses (the higher oxygen 
content and specific surface area after hydrothermal treatment as shown in Table 1) and the interlayer spacing of 
SPCT and SPCS determined by the X-ray powder diffraction (XRD) results (Fig. 2a, discussed later in the text).

The surface elemental analysis of samples was carried out by using X-ray photoelectron spectroscopy (XPS) 
and energy-dispersive X-ray spectroscopy (EDS) with SEM, listed in Table 1 and Supplementary Information 
Table S1. Based on the XPS and EDS analysis, the content of oxygen increased after hydrothermal treatment, 
confirming the increasing degree of oxidation of SP. For SPCT and SPCS, the C/O ratio was clearly enhanced 
after carbonization, and the potential impurities (e.g. Mg, Ca, K, P) were not detected, which may be below the 
detection limits of XPS and EDS analysis. In addition, a small quantity of nitrogen was detected, which would 

Sample

Surface chemical analysis (XPS) Textural properties
Carbon 

Structure

Conductivity 
(S cm−1)

C 
(wt%)

O 
(wt%)

N 
(wt%)

K 
(wt%)

SBET  
(m2 g−1)

Vt
b  

(cm3 g−1)
d002 
(Å) IG/ID

c

SP 48.09 45.1 1.80 1.01 51.1 0.04 – – –

SPd 44.19 48.52 1.76 4.05 149.6 0.13 – – –

SPCT 91.15 7.08 1.77 – 484.3 0.40 3.78 1.02 –

SPCS 90.06 8.25 1.69 – 937.1 0.82 4.19 0.44 107.2

Table 1.  Surface elemental composition, textural properties, carbon structure and electronic conductivity 
of SP, SPCT and SPCS. aSpecific surface area. bTotal pore volume. cthe intengrated intensities of G-band and 
D-band. dSP with hydrothermal treatment.

Figure 2. Carbon structure characterization (a) XRD patterns, (b) Raman spectrum, HRTEM images of  
(c) SPCS and (d) SPCT.
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improve adsorption ability, surface polarity, and electron conductivity of carbon materials34. Moreover, it has been 
reported that N-doping could enhance the reduction of sulfur, and provide high discharge potential and initial 
discharge capacity35,36. Additionally, the higher K content in SP with hydrothermal treatment was observed owing 
to the absorption of potassium hydroxide (KOH) on the surface of SP during hydrothermal treatment, which 
implied that SPCS possessed a higher specific surface area after carbonization because of the chemical activation 
of KOH to carbon37.

The surface area and pore volume of samples were investigated by nitrogen adsorption-desorption test, and 
the results are collected in Table 1. A higher specific surface area was obtained for SP after hydrothermal treat-
ment than SP without hydrothermal treatment, demonstrating the formation of the exfoliated SP. The highest 
specific surface area (937 m2 g−1) and total pore volume (0.8 cm3 g−1), both of which were desirable for increasing 
the total ion adsorption and accelerating the electrolyte diffusion, were achieved in SPCS, ascribing to the KOH 
activation during hydrothermal treatment and carbonization. During carbonization process, KOH etches carbon 
atoms from ordered carbon structure, leading to an increasing extent of amorphous structure for SPCS38.

The structural differences between SPCT and SPCS were inspected by XRD patterns and Raman spectros-
copy (Fig. 2). The XRD patterns of SPCT and SPCS (Fig. 2a), show two broad diffraction peaks that are indexed 
as (002) and (100) of the pretended graphitic domains28, however, barely consequential in SPCS, revealing its 
high amorphous structure. On the other hand, the average carbon interlayer spacing (Table 1) can be calcu-
lated from the centre position of (002) peak, the interlayer spacing for SPCS is significantly larger than that 
of SPCT, demonstrating the exfoliation of SP by hydrothermal treatment and carbonization. The structure of 
SPCT and SPCS was further monitored by Raman spectroscopy. As shown in Fig. 2b, both samples exhibit broad 
disorder-induced D-band (~1346 cm−1) and in-plane vibration of sp2-hybridized carbon G-band (~1582 cm−1). 
The intensity of G-band/D-band ratio, obtained by fitting the spectra, is employed to index the degree of gra-
phitization, as shown in Supplementary Information Figure S139. For SPCT, the value is 1.02, higher than that of 
SPCS (0.44, Table 1), implying a larger extent of amorphous structure of SPCS39. Moreover, the obvious 2D band 
and D+ G band at ~2600–3000 cm−1 show a more ordered graphitic structure for SPCT40. The XRD and Raman 
results were confirmed once again by the high resolution transmission electron microscopy (HRTEM) of SPCS 
(Fig. 2c) and SPCT (Fig. 2d), demonstrating the low ordered and high amorphous structure for SPCS and the 
high degree of graphitization for SPCT. The SPCS displays an excellent electrical conductivity of 107.2 S cm−1 
(Table 1), collected by Hall measurement. Nevertheless, the conductivity of SPCT was not able to be obtained 
account of the failure of pressing SPCT into dense block in order to satisfy requirement of test. The SPCS, SPCT 

Figure 3. Morphology characterization (a,b,c) SEM images and (d) TEM images of SPCT-S hybrid.
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and carbon black electrodes were prepared and assembled cells as same as the sulfur electrodes (see Experimental 
Section for details), for carrying out EIS test. The Nyquist plot curves were shown in Supplementary Information 
Figure S2. All electrodes exhibit the insertion of the Nyquist plot with the x-axis in the high-frequency, one com-
pressed semicircle in the middle-frequency and a sloping straight line in the low-frequency. The semicircle in 
the middle-frequency can be attributed to the charge-trnasfer resistance (Rct). The Rct value of the cell assembled 
using the SPCT electrode is lower than that of the cell using carbon black electrodes.

The SPCT-sulfur (SPCT-S) and SPCS-sulfur (SPCS-S) hybrids were prepared by a melting diffusion method, 
at 155 °C for 10 h under vacuum condition. The sulfur content of SPCT-S and SPCS-S was 63.2 wt% and 62.0 wt%, 
respectively, measured by thermogravimetric analysis (TGA, Supplementary Information Figure S3). For the 
SPCS-S and SPCT-S, XRD studies (Supplementary Information Figure S4) depicted that no obvious change 
of characteristic peak of carbon matrix was found, and the sulfur showed sharp and strong peaks, indicated 
its well-defined crystal structure. Figure 3 shows the SEM images and TEM image of SPCT-S hybrid. The well 
retained structure of SPCT after incorporating with sulfur is clearly observed from the SEM images (Fig. 3a,b). 
From the high magnification SEM image (Fig. 3c) and TEM image (Fig. 3d), the mild aggregation of sulfur par-
ticles in the channel can be clearly observed, which was further confirmed by the elemental mapping of SPCT-S 
(Supplementary Information Figure S5) and the high magnification SEM images of SPCT-S from different regions 
(Supplementary Information Figure S6). Figure 4 displays the SEM images and TEM image of SPCS-S hybrid. It is 
obvious that the 3D interconnected network structure of SPCS is maintained along with the incorporation of sul-
fur. The high-magnification SEM image in Fig. 4b,c, illustrates the homogeneous distribution of sulfur particles 
in SPCS-S hybrid, further confirmed by TEM characterization. The elemental mapping of SPCS-S was shown in 
Supplementary Information Figure S7. As shown in Fig. 4d, a number of sulfur particles with homogeneous size 
of ~50 nm are evenly anchored on the surface of carbon sheets in SPCS-S hybrid, which results in an increasing 
interface of carbon substrate and sulfur, and reveals the increasingly electrochemical reaction sites and indicates 
the improved capacity and rate property of SPCS-S hybrid as well41.

In order to investigate the electrochemical properties of the as-prepared SPCT-S and SPCS-S hybrids, coin 
cells (tape2032) were assembled and tested with a small piece of lithium foil used as the counter electrodes, while 
a solution of 1 M lithium bis(trifluoromethane) sulfonamide in 1,2-dimethoxymethane: 1,3-dioxolane (1:1, v-v) 
with 0.1 M lithium nitrate was selected as the electrolyte. The cathodes possess an areal density of ~2.0 mg cm−2. 
The Nyquist plot curves of SPCS-S and SPCT-S electrodes were shown in Supplementary Information Figure S8.  
 It is worth noting that SPCS-S exhibits 21% lower charge transfer resistance (Rct) than SPCT-S, suggesting a 

Figure 4. Morphology characterization (a,b,c) SEM images and (d) TEM images of SPCS-S hybrid.
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higher electrochemical performance of SPCS-S electrode. Figure 5a shows the galvanostatic charge/discharge 
curves of the initial five cycles of SPCS-S hybrid at 0.2 C (1 C =  1675 mA g−1). The cyclic voltammogram (CV) 
curves of SPCS-S cell were carried out after 100 charge/discharge tests at 0.2 C, as shown in Fig. 5b, at a scan rate 
of 0.2 mV s−1 within the voltage range of 1.8 V to 2.8 V. The corresponding charge/discharge and CV curves of 
SPCT-S hybrid are shown in Supplementary Information Figure S9. Both SPCT-S and SPCS-S cathodes exhibit 
typical charge-discharge behaviour of sulfur cathode, which can be divided into two stages during discharge 
process: element sulfur (S8) to high-ordered polysulfides (S7

2−, S6
2−, S4

2−) and further reduction to low-order 
polysulfides (S2

2−, S2−), corresponding to the two reduction peaks in CV curves1,6,7.
The first stage corresponds to the upper-plateau at 2.15-2.4 V in the charge/discharge curves and the reduction 

peak at ~2.35 V in CV curves15. In the second stage, as Li2S2 and Li2S are formed, and the corresponding voltage 
is lowered, a long lower-plateau and a larger reduction peak can be observed. The charge curves also display two 
potential plateaus: a linear sloping (corresponding to the oxidation peak at ~2.3 V in CV curves) and a short 
plateau at relatively high voltage ranges (corresponding to the oxidation peak at ~2.4 V in CV curves), corre-
sponding to the transformation of L2S2 or Li2S to low-order lithium sulfides and further convert to high-order 
lithium sulfides or elemental sulfur, respectively42. The two plateaus (the two oxidation peaks) were unconspicu-
ous, owing to the high overvoltage when Li2S2 or Li2S converts to lithium ploysulfides. The SPCS and SPCT cath-
ode respectively delivered a discharge specific capacity of ~1099.2, 954.6 mAh g−1 in the first cycle at 0.2 C, with 
the initial Coulombic efficiency of 95.8% and 92.2%. The low Coulombic efficiency was attributed to the solid 
electrolyte interface (SEI) and the irreversible reaction of sulfur, caused by the insoluble and irreversible Li2S2 (or 
Li2S) depositing at the interface between electrode and electrolyte.

The cycling performance and Columbic efficiency of SPCS-S (Fig. 6a) and SPCT-S (Fig. 6b) cathodes with 
different current density was investigated. The SPCS-S cathode can achieve the initial specific capacity of 1189.5, 
1099.2, 906.5 and 660.3 mAh g−1 at rates of 0.1 C, 0.2 C, 0.5 C, and 1 C, respectively. After 100 charge/discharge 
tests, the cathode displays a stable capacity of 778.9, 722.5, 619.8, and 476.4 mAh g−1 at the same rates from 0.1 C 
to 1 C, with the corresponding capacity retentions of 65.0, 65.7, 68.4 and 72.1%, respectively. While for SPCT, the 
cathode shows the initial capacity of 1118.6, 954.6, 668.4, and 499.0 mAh g−1 at 0.1 C, 0.2 C, 0.5 C and 1 C, respec-
tively, which can maintain at 693.4, 601.6, 450.3, and 348.1 mAh g−1 after 100 cycles, corresponding the capacity 
retention of 62.0, 63.0, 67.4 and 69.6%. For both SPCS-S and SPCT-S cathodes, the average Coulombic efficiency 
with different rates is obtained around the level of 99.5% during the 100 cycles. The rate capability of SPCS-S and 
SPCT-S hybrids was evaluated by galvanostatic method at various current rates, as shown in Fig. 6c. The capacity 
recuperability of SPCS-S hybrid can achieve ~90%, higher than that of SPCT-S hybrid (~81%) when the current 
returned to 0.2 C.

Figure 5. Electrochemical properties (a) the galvanostatic charge/discharge curves and (b) the cyclic 
voltammogram curves of SPCS-S hybrid.
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To demonstrate the superiorities of carbon sheets of SPCS, we investigated the morphology of SPCT-S and 
SPCS-S hybrids after 50th discharge tests at 0.2 C (Fig. 7). The coin cells were disassembled in the argon-filled 
glovebox, and the cathodes were firstly washed several times with dimethyl carbonate (DMC) to remove the sol-
uble species, followed by washing and centrifuging several times with tetrahydrofuran (THF), and finally dried 
at room temperature in argon-filled glovebox to collect active materials. Figure 7a,b exhibited the low and high 
magnification SEM images of SPCS-S after 50th discharge tests at 0.2 C. It is clearly observed that a significant 
structural preservation of SPCS-S occurred after repeatedly charge/discharge tests, demonstrating the superior 
flexibility of carbon sheets in SPCS. This character endowed the SPCS-S cathodes with well accommodating of 
the volume changes and the structural retention, leading to its excellent cyclic stability. Figure 7c,d displayed 
the SEM images of SPCT-S after 50th discharge tests at 0.2 C, and the tube structure of SPCT was destroyed after 
repeatedly discharge/charge tests due to the volume expansion/shrink of sulfur particles, revealing its poor stabil-
ity during cycling. The elemental mapping of SPCS-S and SPCT-S after 50th discharge tests at 0.2 C was shown in 
Supplementary Information Figure S10 and Figure S11, and the appearance of oxygen was mainly from the oxi-
dation of sulfur species during the SEM sample preparing process. It is worthwhile to note that a large amount of 
sulfur species were detected on the surface of carbon sheets in SPCS-S (Supplementary Information Figure S10),  
suggesting the high utilization of active material and cyclic stability of SPCS-S cathode.

The more excellent capacity, rate performance and cycling stability arise for SPCS from three effects: (i) the 
N-doping of SPCS enhancing the reduction of sulfur; (ii) the larger specific surface area being applied to absorb/
immobilize sulfur species; (iii) the flexibility of carbon sheets in SPCS endowing cathode with well accommodat-
ing of the volume changes and a structural preservation; (iv) the uniformly distribution of sulfur enlarging the 
interface between conductive substrate (SPCS) and sulfur species and finally resulting in high rate performance.

Figure 6. The cycling performance and Columbic efficiency of (a) SPCS-S and (b) SPCT-S and (c) the rate 
capability of SPCS-S and SPCT-S hybrids.
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Conclusion
In summary, the SPCS obtained from organic waste shaddock peel through hydrothermal treatment and car-
bonization is a promising, low-cost, truly green and renewable carbon material that serves as hosts for sulfur 
cathode with superb electrochemical performance. The SPCS possesses the 3D interconnected porous network 
for electronic delivery, electrolyte channel and sulfur species absorption/trap. The large specific surface area of 
SPCS and uniform sulfur-distribution in SPCS-S enlarge the interface between conductive substrate (SPCS) and 
sulfur species. The flexibility of carbon sheets in SPCS endows cathode with well accommodating of the volume 
changes and a structural preservation. As a result, the SPCS-S cathode exhibits an excellent cycling stability and 
rate property. Meanwhile, the SPCT was generated by direct carbonization, as a contrast with SPCS for sulfur 
cathode. The results demonstrated that the carbon materials obtained from shaddock peel or other organic wastes 
are economically and commercially encouraging for the low-cost, recyclable, and green energy storage systems.

Methods
Synthesis of SPCT and SPCS. SP was cleaned using deionized (DI) water with several times and freeze-
dried for 24 h. The dried SP was carbonized in quartz tube furnace at 900 °C for 2 h with a heating rate of 10 °C min−1  
under argon (Ar) and hydrogen (H2) atmosphere (Ar and H2 flow rate: 400 mL min−1 and 40 mL min−1). The 
samples were washed with boiled 1 M HCl and abundant DI water, and then SPCT was obtained by drying in 
vacuum oven at 80 °C for 24 h.

Shaddock peel was chopped into blocks with a mass of 0.5 g, and then cleaned using DI water for several times. 
Thereafter, the cleaned SP and 8 mL KOH (1 M) aqueous solution were sealed in a 15-mL Teflon-lined stainless 
steel autoclave and maintained at 140 °C for 12 h. After self-cooled to room temperature, a gray SP hydrogel 
can be obtained by being soaked in DI water for several days to residual impurity ions, and then SP aerogel was 
freeze-dried for 24 h. For SPCS preparation, the as-prepared SP aerogel was carbonized by the same method of 
SPCT. The SPCS were obtained after washing and drying by the same method of SPCT.

Synthesis of SPCT-S and SPCS-S hybrids. The SPCT-S and SPCS-S hybrids were prepared by a melting 
diffusion method. 0.7 g sublimed sulfur and 0.3 g as-prepared samples (SPCS or SPCT) were mixed by grind 
milling for 30 min in an agate mortar. Then, the mixture was placed inside quartz tubes that were sealed under 

Figure 7. Morphology characterization of active materials after 50th discharge tests at 0.2C (a,b) SPCS-S; 
(c,d) SPCT-S.
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vacuum, and were transfer to a quartz tube furnace under 155 °C for 10 h with a heating rate of 5 °C min−1. After 
cooled down to room temperature, the SPCT-S and SPCS-S hybrids were obtained.

Materials characterization. The X-ray diffraction (XRD) was measured by a D/max-2000 diffractometer 
with Cu-Kα irradiation (λ =  1.54056 Å) in the 2θ  range from 10 to 80 degrees. Raman spectra were carried out 
on Bruker Optics Senterra R200-L Raman scattering microscope with a wavelength of 633 nm. The electronic 
conductivity of samples was measured by Hall Effect Measurement System (Swin HALL 8800, Chinese Taipei) 
at room temperature. Nitrogen adsorption-desorption isotherms were measured on a Micromeritics TriStar II 
3020 at 77 K, and the surface areas were calculated using the Brunauer-Emmett-Teller (BET) method. The mor-
phology was characterized by field scanning electron microscope (FESEM, JSM-6700) and transmission electron 
microscope (TEM, H-7650). The surface elemental composition of samples was analysed by X-ray photoelectron 
spectroscopy (XPS, ESCALAB Mark II, VG) with Al Kα X-ray source. The sulfur content was determined by 
thermogravimetric analysis (TGA, ZRY-2P).

Electrochemical characterization. The SPCT-S and SPCS-S cathodes were prepared via a slurry coating 
method. The slurry constituted of 90 wt% the as-prepared active material (SPCT-S or SPCS-S) and 10 wt% poly-
vinylidene fluoride (PVDF), N-methyl pyrrolidone (NMP) was used as solvent. The cathodes with the diameter 
of 10 mm and the loading of active materials of ~2.0 mg cm−2 were obtained through the slurry coated on alu-
minium foil current collect and dried at 60 °C in vacuum for 24 h. The preparation of SPCS, SPCT and carbon 
black (purchased from SHENZHEN KEJINGSTAR TECHNOLOGY LTD.) electrodes was by the same method, 
containing 90 wt% SPCS (or SPCT, carbon black) and 10 wt% PVDF. CR2032-type coin cells were assembled in an 
argon-filled glove box with lithium foil as the anode. The separator was purchased from Cellgard (model 2400). 
The electrolyte was 1.0 M lithium bis(trifluoromethane) sulfonamide dissolved in the mixture of 1,3-dioxolane 
and 1,2-dimethoxymethane (volume ration 1:1) and 0.1 M lithium nitrate as an electrolyte additive. The electro-
chemical properties of SPCT-S and SPCS-S cathodes were measured by galvanostatic measurement in a poten-
tial range of 1.8–2.8 V (vs. Li+/Li) by using a LAND CT2001A battery test system at room temperature. Cyclic 
voltammetry measurements were tested in the same potential range at a scanning rate of 0.1 mV s−1 under an 
electrochemical workstation (PARSTAT 4000, Princeton, USA.) Electrochemical impedance spectrum (EIS) 
measurements were performed using an electrochemical workstation (PARSTAT 4000, Princeton, USA.) within 
a frequency range of 100 kHz to 0.01 Hz and a potentiostatic signal amplitude of 10 mV.

References
1. Manthiram, A., Fu, Y. Z., Chung, S. H., Zu, C. X. & Su, Y. S. Rechargeable Lithium-Sulfur Batteries. Chem Rev 114, 11751–11787 

(2014).
2. Yang, Y., Zheng, G. Y. & Cui, Y. Nanostructured sulfur cathodes. Chem Soc Rev 42, 3018–3032 (2013).
3. Yin, Y. X., Xin, S., Guo, Y. G. & Wan, L. J. Lithium-Sulfur Batteries: Electrochemistry, Materials, and Prospects. Angew Chem Int Edit 

52, 13186–13200 (2013).
4. Wang, D. W. et al. Carbon-sulfur composites for Li-S batteries: status and prospects. J Mater Chem A 1, 9382–9394 (2013).
5. Whittingham, M. S. Lithium batteries and cathode materials. Chem Rev 104, 4271–4301 (2004).
6. Bruce, P. G., Freunberger, S. A., Hardwick, L. J. & Tarascon, J. M. Li-O-2 and Li-S batteries with high energy storage. Nat Mater 11, 

19–29 (2012).
7. Manthiram, A., Chung, S. H. & Zu, C. X. Lithium-Sulfur Batteries: Progress and Prospects. Adv Mater 27, 1980–2006 (2015).
8. Mikhaylik, Y. V. & Akridge, J. R. Polysulfide shuttle study in the Li/S battery system. J Electrochem Soc 151, A1969–A1976 (2004).
9. Su, Y. S. & Manthiram, A. A facile in situ sulfur deposition route to obtain carbon-wrapped sulfur composite cathodes for lithium-

sulfur batteries. Electrochim Acta 77, 272–278 (2012).
10. Jeong, T. G. et al. Free standing acetylene black mesh to capture dissolved polysulfide in lithium sulfur batteries. Chem Commun 

(Camb) 49, 11107–11109, doi: 10.1039/c3cc46358c (2013).
11. Ji, L. W. et al. Graphene Oxide as a Sulfur Immobilizer in High Performance Lithium/Sulfur Cells. J Am Chem Soc 133, 18522–18525 

(2011).
12. Wang, C. et al. Macroporous free-standing nano-sulfur/reduced graphene oxide paper as stable cathode for lithium-sulfur battery. 

Nano Energy 11, 678–686 (2015).
13. Fu, Y. Z., Su, Y. S. & Manthiram, A. Highly Reversible Lithium/Dissolved Polysulfide Batteries with Carbon Nanotube Electrodes. 

Angew Chem Int Edit 52, 6930–6935 (2013).
14. Yuan, Z. et al. Hierarchical Free-Standing Carbon-Nanotube Paper Electrodes with Ultrahigh Sulfur-Loading for Lithium-Sulfur 

Batteries. Adv Funct Mater 24, 6105–6112 (2014).
15. Xin, S. et al. Smaller Sulfur Molecules Promise Better Lithium-Sulfur Batteries. J Am Chem Soc 134, 18510–18513 (2012).
16. Elazari, R., Salitra, G., Garsuch, A., Panchenko, A. & Aurbach, D. Sulfur-Impregnated Activated Carbon Fiber Cloth as a Binder-

Free Cathode for Rechargeable Li-S Batteries. Adv Mater 23, 5641–5644 (2011).
17. Lu, S. T., Cheng, Y. W., Wu, X. H. & Liu, J. Significantly Improved Long-Cycle Stability in High-Rate Li-S Batteries Enabled by 

Coaxial Graphene Wrapping over Sulfur-Coated Carbon Nanofibers. Nano Lett 13, 2485–2489 (2013).
18. Zhang, C. F., Wu, H. B., Yuan, C. Z., Guo, Z. P. & Lou, X. W. Confining Sulfur in Double-Shelled Hollow Carbon Spheres for 

Lithium-Sulfur Batteries. Angew Chem Int Edit 51, 9592–9595 (2012).
19. Liang, C. D., Dudney, N. J. & Howe, J. Y. Hierarchically Structured Sulfur/Carbon Nanocomposite Material for High-Energy 

Lithium Battery. Chem Mater 21, 4724–4730 (2009).
20. Zhang, B., Qin, X., Li, G. R. & Gao, X. P. Enhancement of long stability of sulfur cathode by encapsulating sulfur into micropores of 

carbon spheres. Energ Environ Sci 3, 1531–1537 (2010).
21. Kalyani, P. & Anitha, A. Biomass carbon & its prospects in electrochemical energy systems. Int J Hydrogen Energ 38, 4034–4045,  

doi: 10.1016/j.ijhydene.2013.01.048 (2013).
22. Raymundo-Pinero, E., Leroux, F. & Beguin, F. A high-performance carbon for supercapacitors obtained by carbonization of a 

seaweed biopolymer. Adv Mater 18, 1877–1882 (2006).
23. Chung, S. H. & Manthiram, A. A Natural Carbonized Leaf as Polysulfide Diffusion Inhibitor for High-Performance Lithium-Sulfur 

Battery Cells. Chemsuschem 7, 1655–1661 (2014).
24. Hu, C. C., Wang, C. C., Wu, F. C. & Tseng, R. L. Characterization of pistachio shell-derived carbons activated by a combination of 

KOH and CO2 for electric double-layer capacitors. Electrochim Acta 52, 2498–2505 (2007).
25. Subramanian, V. et al. Supercapacitors from activated carbon derived from banana fibers. J Phys Chem C 111, 7527–7531 (2007).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:20445 | DOI: 10.1038/srep20445

26. He, X. J. et al. Efficient preparation of biomass-based mesoporous carbons for supercapacitors with both high energy density and 
high power density. J Power Sources 240, 109–113 (2013).

27. Hao, P. et al. Graphene-based nitrogen self-doped hierarchical porous carbon aerogels derived from chitosan for high performance 
supercapacitors. Nano Energy 15, 9–23, doi: 10.1016/j.nanoen.2015.02.035 (2015).

28. Ding, J. et al. Peanut shell hybrid sodium ion capacitor with extreme energy-power rivals lithium ion capacitors. Energ Environ Sci 
8, 941–955 (2015).

29. Zhang, B. et al. Novel Hierarchically Porous Carbon Materials Obtained from Natural Biopolymer as Host Matrixes for Lithium-
Sulfur Battery Applications. Acs Appl Mater Inter 6, 13174–13182 (2014).

30. Liang, J., Wu, J., Li, P., Wang, X. & Yang, B. Shaddock peel as a novel low-cost adsorbent for removal of methylene blue from dye 
wastewater. Desalination and Water Treatment 39, 70–75, doi: 10.1080/19443994.2012.669160 (2012).

31. Zou, W. H., Zhao, L. & Zhu, L. Adsorption of uranium(VI) by grapefruit peel in a fixed-bed column: experiments and prediction of 
breakthrough curves. J Radioanal Nucl Ch 295, 717–727 (2013).

32. Zhang, J. et al. Biomass derived activated carbon with 3D connected architecture for rechargeable lithium - sulfur batteries. 
Electrochim Acta 116, 146–151 (2014).

33. Hong, K. L. et al. Biomass derived hard carbon used as a high performance anode material for sodium ion batteries. J Mater Chem 
A 2, 12733–12738 (2014).

34. Sun, F. G. et al. High Efficiency Immobilization of Sulfur on Nitrogen-Enriched Mesoporous Carbons for Li-S Batteries. Acs Appl 
Mater Inter 5, 5630–5638 (2013).

35. Qiu, Y. C. et al. High-Rate, Ultra long Cycle-Life Lithium/Sulfur Batteries Enabled by Nitrogen-Doped Graphene. Nano Lett 14, 
4821–4827 (2014).

36. Sun, X. G., Wang, X. Q., Mayes, R. T. & Dai, S. Lithium-Sulfur Batteries Based on Nitrogen-Doped Carbon and an Ionic-Liquid 
Electrolyte. Chemsuschem 5, 2079–2085 (2012).

37. Raymundo-Pinero, E. et al. KOH and NaOH activation mechanisms of multiwalled carbon nanotubes with different structural 
organisation. Carbon 43, 786–795 (2005).

38. Wang, J. C. & Kaskel, S. KOH activation of carbon-based materials for energy storage. J Mater Chem 22, 23710–23725 (2012).
39. Zheng, X. Y. et al. Oriented and Interlinked Porous Carbon Nanosheets with an Extraordinary Capacitive Performance. Chem Mater 

26, 6896–6903 (2014).
40. Lee, V. et al. Large-Area Chemically Modified Graphene Films: Electrophoretic Deposition and Characterization by Soft X-ray 

Absorption Spectroscopy. Chem Mater 21, 3905–3916 (2009).
41. Ji, X. L., Lee, K. T. & Nazar, L. F. A highly ordered nanostructured carbon-sulphur cathode for lithium-sulphur batteries. Nat Mater 

8, 500–506 (2009).
42. Zhao, M. Q. et al. Unstacked double-layer templated graphene for high-rate lithium-sulphur batteries. Nat Commun 5, 3410,  

doi: 10.1038/ncomms4410 (2014).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Nos 51173033, 51572060 and 
51502062), the Fundamental Research Funds for the Central Universities (No. HIT.BRETIII.201224 and 201312) 
and Program for Innovation Research of Science in Harbin Institute of Technology (PIRS of HIT-No. 201506). 
Excellent Youth Foundation of Heilongjiang Scientific Committee (No. JC2015010)

Author Contributions
S.T.L. and X.H.W. devised the original concept, designed the experiment, discussed the interpretation of results 
and co-wrote the paper. S.T.L. and Y.C. performed the experiments. Y.C., J.Z., Z.D.W., J.G., X.P.Z., A.M.P., Z.L.J. 
and L.X.J. analysed the dates. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Lu, S. et al. A Sheet-like Carbon Matrix Hosted Sulfur as Cathode for High-
performance Lithium-Sulfur Batteries. Sci. Rep. 6, 20445; doi: 10.1038/srep20445 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	A Sheet-like Carbon Matrix Hosted Sulfur as Cathode for High-performance Lithium-Sulfur Batteries
	Introduction
	Results and Discussion
	Conclusion
	Methods
	Synthesis of SPCT and SPCS
	Synthesis of SPCT-S and SPCS-S hybrids
	Materials characterization
	Electrochemical characterization

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                A Sheet-like Carbon Matrix Hosted Sulfur as Cathode for High-performance Lithium-Sulfur Batteries
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20445
            
         
          
             
                Songtao Lu
                Yan Chen
                Jia Zhou
                Zhida Wang
                Xiaohong Wu
                Jian Gu
                Xiaoping Zhang
                Aimin Pang
                Zilong Jiao
                Lixiang Jiang
            
         
          doi:10.1038/srep20445
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep20445
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep20445
            
         
      
       
          
          
          
             
                doi:10.1038/srep20445
            
         
          
             
                srep ,  (2016). doi:10.1038/srep20445
            
         
          
          
      
       
       
          True
      
   




