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Abstract. Lithium-sulfur batteries are regarded as a promising energy storage system. 

However, it is plagued by fast capacity decay, low Coulombic efficiency, severe shuttle effect 

and low sulfur loading in cathodes. To address these problems, effective carriers are highly 

demanded to encapsulate sulfur and extend cycle life. Herein, we report an aqueous emulsion 

approach and in-situ sulfur impregnation to synthesize multi-shelled hollow carbon 

nanospheres encapsulated sulfur composites with a high percentage of sulfur loading (86 

wt.%). When applied as cathodes in lithium-sulfur batteries, the composite materials delivered 

a high specific capacity of 1350 mAh/g and excellent capacity retention (92% for 200 cycles). 

Further measurements at high current densities also demonstrate significantly enhanced 

cyclablities and high rate capabilities. 

 

 

Introduction 

Energy storage devices with merits of high energy density, long 

cycle life, low cost and safety are in high demand. Substantial 

efforts have been devoted to develop various energy storage 

systems, including traditional secondary batteries, lithium-ion, 

lithium-oxygen and lithium-sulfur (Li-S) batteries, for both 

portable electronic devices and electric vehicles or plug-in 

hybrid electric vehicles.1-9 Among them, Li-S batteries are 

regarded as a promising system with many advantages, such as 

low cost, natural abundance of sulfur (around 3% of earth 

mass), environmental friendliness and high theoretical capacity 

(1673 mAh/g, energy density of ~2600 Wh/kg).2, 10-13 Previous 

reports on sulfur loading in cathodes are mostly around 70%, 

which is confined by volume expansion (~80%, charge) and 

limited inner voids. Most importantly, recent report by Abruña 

group showed that the volumetric energy density of Li-S cells 

with a sulfur loading more than 70 wt. % exceeded that of 

lithium ion cells.14 In order to achieve high energy density, high 

percentage of sulfur loading carriers with sufficient inner 

spaces and good conductivity are required to develop high 

performance Li-S batteries. In the discharge process of a Li-S 

battery, there are two main reaction stages, and each stage 

includes several reactions relating to the transformation of 

cyclo-octasulfur (S8) to soluble long-chain lithium polysulfides 

at the first plateau (2.15-2.4 V), and further decompose to 

insoluble lithium sulfide (Li2S) or lithium persulfide (Li2S2) at 

the second plateau (2.0-2.1 V). The subsequent charging 

process is mainly dominated by the slow kinetic reaction of 

oxidizing lithium sulfides to lithium polysulfides, and then 

rapid reversing to cyclo-octasulfur.15-17 Two broad oxidation 

peaks were commonly observed in previous reports.16-18 

 Despite many advantages, the practical application of Li-S 

batteries is hindered by rapid capacity decay. This is caused by 

many reasons, including the insulating nature of sulfur, 

dissolution of lithium polysulfide ions (causing shuttle effect), 

large volume changes and the formation of lithium dendrite.19-23 

Furthermore, insoluble Li2S2 and Li2S of the discharged 

products tend to precipitate on the surface of electrodes.24 

Conducting additives or graphitized carbon matrice were 

employed to improve the conductivity and to confine 

polysulfides dissolution.10, 21, 25-30 Various hollow 

(nanospheres21, 31-33), flexible (carbon paper34 and graphene18, 35-

37) or tunnel carbon materials (carbon nanotube,38-40 carbon 

nanofibers20, 41 and highly ordered porous carbon matrix12, 42) 

were also used to encapsulate sulfur and confine the shuttle 

effect originated from soluble lithium polysulfides, which is 

considered as the physical confinement. Conducting polymers 

and amphiphilic polymers, including poly (3,4-

ethylenedioxythiophene) (PEDOT),43 polypyrrole (PPY),44 

polyethylene glycol (PEG),12, 27 polyaniline (PANI)45 and 

ployvinylpyrrolidone (PVP)41, 46 have also been applied to 

restrain the dissolution of polysulfides ions through chemical 

interactions, which can be regarded as a chemical confining 

strategy.47-51 Moreover, the addition of LiNO3 in electrolyte 

also suppresses the shuttle effect.41 Combining the physical and 

chemical approaches as a dual sulfur confining tactic would 

open new opportunities to rationally develop cathode materials 
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with superior properties. However, to date, only a few reports 

discuss the dual sulfur confining strategy.12, 17 

 Besides the improvements on electrode conductivity and the 

confinements on shuttle effect, modification on sulfur 

composites and newly designed sulfur components have 

demonstrated enhanced electrochemical performances. Cui et 

al. prepared hollow sulfur nanospheres with the conductive 

polymer PEDOT coating, which achieved an initial capacity of 

1267 mAh/g at 0.2C, with a capacity retention ratio of 74% 

after 100 cycles, and a reversible capacity of 739 mAh/g even 

after 300 cycles.45  Long et al. reported a sustainable and 

efficient way of layer-by-layer catalyzing and depositing sulfur 

on a nitrogen-contained mesoporous carbon framework, 

demonstrating a high reversible capacity of 939 mAh/g after 

100 cycles at 0.2C, and an excellent rate capability of 527 

mAh/g up to 5C.42 Cheng et al developed a graphene-pure-

sulfur sandwich structure by clamping pure sulfur between two 

well-prepared graphene membranes, and assembled with a 

commercial separator pre-coated with another graphene 

membrane, showing a resumed capacity of 950 mAh/g, with a 

capacity retention ratio of 90.3% after 100 cycles at a current 

density of 0.75 A/g.36 Liu et al. designed a hybrid anode with 

electrically connected graphite and lithium foil to control side-

reactions on the surface of lithium foil, achieving a high 

capacity of 800 mAh/g for 400 cycles at a high current density 

of 1,737 mA/g, with a high Coulombic efficiency.52   

 Multi-shelled carbon and metal oxides nanospheres with 

high surface area, high electron mobility and robust physical 

architecture have been extensively applied in lithium ion 

batteries and photovoltaic cells, exhibiting superior 

electrochemical and catalytic performances.53-60 Similarly, 

multi-shelled hollow carbon nanospheres (MHC) with high 

specific surface area and large total pore volume could be an 

ideal carrier for sulfur immobilization.61 Voids between carbon 

layers can provide a huge space to accommodate sulfur and 

tolerate the volume change during charge/discharge 

processes;62-67 While the multi-shelled hollow carbon skeletons 

can enhance the electrode conductivity and prevent sulfur loss. 

Compared with mono-shelled and double-shelled carbon 

nanospheres,31 the multi-shelled spherical structure may offer 

extra protection to sulfur, because multiple carbon shells can 

provide alternating barriers to restrain the dissolution of 

polysulfides.  

 Herein, we report the synthesis of multi-shelled hollow 

carbon nanospheres encapsulated sulfur (MHCS) composites as 

sulfur-rich cathode materials for high performance Li-S 

batteries. MHC with a high specific surface area of 1050 m2/g 

was prepared by an aqueous emulsion approach. Through an in-

situ sulfur impregnation, MHCS composites with the highest 

sulfur loading of 86 wt. % were achieved. When applied as 

cathodes in lithium sulfur batteries, the composites delivered a 

high specific capacity of 1350 mAh/g at the current density of 

0.1C (167.3 mA/g). The composites also exhibited significantly 

enhanced cycling stability and high rate capabilities. 

 

Results and discussion 

 The schematic illustration of the synthesis procedure is 

presented in Scheme 1. Multi-shelled hollow carbon 

nanospheres were synthesised by an aqueous emulsion 

approach, during which 1, 3, 5-trimethylbenzene (TMB) served 

as an organic co-solvent, and silica and Pluronic F127 served as 

co-templates.61 After heat treatment at high temperature in an 

inert atmosphere and the subsequent removal of silica, multi-

shelled hollow carbon nanospheres were obtained.  

 

Scheme 1. Schematic illustration of the synthesis of MHCS 

composites. 

 

 Figures 1a and 1b show the low and high magnification 

field emission scanning electron microscopy (FESEM) images 

of multi-shelled hollow carbon nanospheres. Homogenous 

multi-shelled hollow carbon nanospheres with a diameter of 

approximately 150 nm are presented. Figure 1c exhibits the 

transmission electron microscopy (TEM) image of multi-

shelled hollow carbon nanospheres. The multi-shelled hollow 

structure of MHC with a shell thickness of 20 nm is shown in 

Figure 1d. A six layer-lamellar structure can be clearly 

identified. The interlayer distance is approximate 3 nm, which 

provides large inner spaces to accommodate guest components. 

Additionally, many tiny pillars can be distinguished in 

interlayer spaces. Nitrogen adsorption-desorption results 

presented in Figure S1 (Supplementary information) exhibit the 

changes of structural features of products obtained at each 

stage. Before removal of the silica template, the interlayer 

spaces and inner voids are partially occupied. Once the silica 

template is etched by a strong base aqueous solution, the 

surface area of multi-shelled hollow carbon nanospheres 

dramatically increases. The Brunauer-Emmett-Teller (BET) 

surface areas calculated from Figures S1a1 and S1b1, rapidly 

increase from 226 m2/g to 1050 m2/g, verifying that vast 

mesoporous voids are released. The corresponding pore size 

distributions in Figures S1a2 and S1b2 also provide additional 

evidence to demonstrate the changes. Before etching, the 

average pore size appears at around 8 nm, which is associated 

with the pyrolysis of triblock copolymers (F127). Subsequently, 

after the high temperature treatment and removal of silica, two 
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more peaks of pore sizes appear at around 4.5 nm and 50 nm, 

respectively. This indicates that the additional spaces 

previously occupied by silica are released and some mesopores 

are probably formed during the etching process.44 Estimated 

from the isotherms in Figure S1b2 (Supplementary 

information), MHC material has a high total pore volume of 

0.75 cm3/g. 

 

 

 

 

Figure 1. Morphology observation and structural 

characterization of MHC. (a-b) Low and high magnification 

FESEM images of MHC. (c) TEM image of MHC. (d) HRTEM 

image of MHC. 

 The impregnation of sulfur was performed by an in-situ 

approach and then coated by polyvinyl pyrrolidone (PVP). 

Sulfur impregnation proceeded via a disproportionate reaction, 

which can be described in a chemical equation as: 

         2Na2S + Na2SO3 + 6HCl→ 3S↓ + 6NaCl+3H2O           (1) 

 After further heat treatment, sulfur was absorbed into the 

mesopores and stored in the interlayer spaces and hollow 

carbon cavities via the strong capillary forces. MHCS 

composites with uniform sizes and homogeneous spherical 

morphology are shown in Figure 2a. For comparison, the 

morphology of pure sulfur is presented in Figure S2a-b 

(Supplementary information), displaying a micro-sized 

irregular granular structural feature. A high magnification view 

of MHCS composites is presented in Figure 2b. Compared with 

the semi-transparent pristine MHC (Figure 1a), MHCS 

composites exhibit a much deeper contrast, suggesting a 

successful S encapsulation. The insert image in Figure 2b 

shows the relatively dense nature of the sample, implying the 

existence of sulfur. No obvious sulfur aggregates can be found 

in either Figure 2a or 2b, which indicates a very homogeneous 

impregnation of sulfur. The TEM image of MHCS composites 

is shown in Figure 2c, and the insert image in Figure 2c also 

exhibits a darker contrast than the pure carbon nanospheres 

(Figure 1b), indicating a good sulfur loading. Yet, the spherical 

morphology is still maintained. The elemental mapping image 

in Figure 2d further reveals the distribution of sulfur (red) and 

carbon (green) elements in MHCS composites. Apparently, 

sulfur is distributed in carbon interlayer voids and hollow 

carbon cavities. The insert images in Figure 2d are the 

corresponding elemental mapping in TEM. It is worth to note 

that sulfur (red) with a tiny size of around 5 nm is distributed in 

the inter-shelled carbon nanostructure (green). Sulfur is 

preferred to be accommodated in the inter-shelled spaces other 

than the large hollow chamber through the strong attraction 

forces between sulfur and multilayered lamellar carbon 

structure. Pure sulfur rarely can be observed outside of multi-

shelled hollow carbon nanospheres. More FESEM and TEM 

images, elemental mapping images and their corresponding 

energy dispersive X-ray (EDX) spectrum are presented in 

Figure S3a-d and Figure S4a-d (Supplementary information). 

To further confirm the homogeneous sulfur impregnation. It 

should be noted that those multi-shelled hollow carbon 

nanospheres are completely filled by sulfur, but some of them 

have only their interlayer voids filled, implying that the 

encapsulation process is started from voids on the shell, then 

diffused inward, layer by layer, finally reaching hollow centers. 

Nitrogen adsorption-desorption results also reveal the internal 

structure change after sulfur impregnation. Both the specific 

surface area and the amount of mesopores are substantially 

decreased. Sulfur is homogenously distributed in the carbon 

nanospheres and occupies the mesopores, which reduces the 

surface area to 182 m2/g (base on Figure S1c1, supplementary 

information), and pore volume also decrease from 0.75 cm3/g 

of MHC to 0.16 cm3/g of MHCS composites. There is no 

apparent peak in the pore size distribution plot in Figure S1c2 

(Supplementary information), implying that the mesopores are 

completely occupied by sulfur. 
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Figure 2. (a) Low magnification FESEM image of MHCS 

composites. (b) High magnification FESEM image of MHCS 

composites with an insert image of an enlarged view. (c) TEM image 

of MHCS composites. The inset is a HRTEM image of MHCS 

composites. (d) Elemental mapping SEM images of sulfur (red) and 

carbon (green) in MHCS composites. The insets are TEM elemental 

mapping of carbon (green) and sulfur (red).  The scale bar is 100 nm. 

  MHC, pure S and MHCS were characterized by X-ray 

diffraction (XRD) to reveal the crystalline nature of the samples 

(Figure S5a). The observation of the (002) peak in the pattern 

of MHC implies carbon nanospheres are partially graphitized 

during the high temperature calcination. The XRD pattern of 

MHCS composites can be distinguished as the characteristic 

peaks of crystalline sulfur, which agrees well with those peaks 

of pure sulfur (indexed to JCPDS NO. 42-1278). The Raman 

spectrum intensity ratio of ID/IG for multi-shelled hollow carbon 

nanospheres equals the 1.43 in Figure S5b (Supplementary 

information), further proving the partial graphitization of 

carbon at high temperature, which should benefit for the 

enhancement of the electrical conductivity. Compared with the 

Raman spectrum of pure sulfur, the intensities of peaks at 205 

and 485 cm-1 of MHCS composites substantially decrease, 

implying that the signal of sulfur is occulted by multi-shelled 

hollow carbon nanospheres, and that less sulfur can be detected 

on the outside of MHC.  

 The loading amount of sulfur in those multi-shelled hollow 

carbon nanospheres has been determined to be 86 wt. % by 

thermal gravimetric analysis (TGA) in Figure 3, which is the 

highest sulfur content to our best knowledge. It is worth noting 

that the evaporating temperature of sulfur accommodated in 

MHC is around 250 ℃, which is higher than that of pure sulfur 

(180 ℃). This might be ascribed to a strong affinity between 

sulfur and multi-shelled hollow carbon nanospheres, 

demonstrating enhanced thermal stability of MHCS 

composites. The corresponding differential scanning 

calorimetry (DSC) plot of MHCS composites is also presented 

in Figure 3. The first peak positioned at around 250 ℃ is 

ascribed to the evaporation of sulfur stored in the carbon 

interlayers, and the second peak at 320 ℃ might be related to 

sulfur absorbed in the carbon inner cores. This retardation 

phenomenon demonstrates the strong physical confinement of 

multi-shelled hollow carbon nanospheres for sulfur. The peak at 

600 ℃ is related to the pyrolysis of MHC.  

 

 

Figure 3. Thermogravimetric analysis of pure sulfur and MHCS 

composites (The dashed line is the corresponding differential 

scanning calorimetry of MHCS composites). 

 The electrochemical performances of MHCS composite 

were systematically measured by cyclic voltammogram (CV), 

galvanostatic charge/discharge cycling tests and 

electrochemical impedance spectroscopy (EIS). The CV curves 

in Figure 4a illustrate the typical electrochemical reaction 

behaviors between Li+ ions and sulfur in the multi-shelled 

hollow carbon nanosphere-sulfur composite. Two broad 

reduction peaks centered at 2.28 V and 2.05 V were observed, 

corresponding to the two main stages of reduction reactions.48, 

49, 51-53 The first peak is ascribed to the transformation of cyclo-

octasulfur to soluble long chain lithium polysulfides, related to 

a fast kinetic reaction; While the other one originates from 

further decomposition of those polysulfides to insoluble 

Li2S2/Li2S, corresponding to the slow kinetics.65 One main peak 

associated with slow oxidation kinetics from lithium sulfides to 

lithium polysulfides and cyclo-octasulfur dominates the 

subsequent electrochemical reaction. The corresponding 

electrochemical reaction equation can be described as:  

S8 + 16Li ↔ 8Li2S                        (2) 

 Apparently, little peak changes demonstrate the good 

reversibility and successful suppression of shuttle effect in the 

sulfur nanocomposites. The reduction peak position slowly 

shifted to lower voltage, which is ascribed to the diffusion 
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controlled chemical polarization. Furthermore, the perfect flat 

anodic base lines suggest that the shuttle effect at cathode has 

been almost eradicated.  

 Typical charge/discharge profiles in the first and 200th cycle 

recorded at the current density of 0.1C (167.3 mA/g) are 

presented in Figure 4b, in the voltage range of 1.7-2.6 V. A 

high initial discharge specific capacity of the MHCS electrode 

delivered 1350 mAh/g. Two main characteristic plateaus 

corresponding to the formation of long-chain polysulfides at 

around 2.28 V and short-chain Li2S2/Li2S centered at 2.1V are 

observed, which agrees well with the electrochemical behaviors 

in CV curves. After 200 cycles, a reversible capacity of 1250 

mAh/g (1075 mAh/g based on the entire electrode mass) is well 

maintained with a capacity retention ratio of 92%, 

demonstrating an excellent cycling stability. However, without 

the confinement of multi-shelled hollow carbon nanospheres, 

the pure sulfur electrode is plagued by an insulation nature and 

the severe shuttle effect of lithium polysulfides. It exhibits a 

charge capacity of 1203 mAh/g with a reversible capacity of 

801 mAh/g and a low Coulombic efficiency of 33.4% in the 1st 

cycle (Figure S6a, supplementary information). The cycling 

performances of the MHCS electrode and the pure sulfur 

electrode are shown in Figure 4c, with insert plots of the 

corresponding Coulombic efficiencies.  A significantly 

improved long-term stability of the MHCS electrode has been 

achieved, implying the excellent sulfur confining effect of 

multi-shelled hollow carbon nanospheres. 

 
Figure 4. Electrochemical performances of pure sulfur and MHCS. (a) Cyclic voltammogram of MHCS composite at a scan rate of 0.1 mV/s. 

(b) The charge/discharge profiles of MHCS composites in the 1st and 200th cycles. (c) The cycling performances of pure sulfur and MHCS 

composites. The insert shows the corresponding Coulombic efficiency of the two materials. 

 

 Aiming to examine the cycling performances of MHCS 

electrodes at high current densities, the electrodes were cycled 

at several current rates (0.5C, 1C and 5C), and the results are 

shown in Figure 5. Figure 5a shows the cycling performances 

under the step-wise current rate tests, exhibiting the stable 

cyclability at high current rates, and the complete capacity 

recovery (back to 0.1C). The associated charge/discharge 

profiles at different current rates are shown in Figure S6b 

(Supplementary information). Discharge plateaus become 

shortened and lower when the current densities are increased, 

which is probably ascribed to the conductivity limitation of the 

sulfur electrode, the fast lithium ion diffusion and subsequent 

electrode polarization.  

Long-term cycling performances of MHCS cathodes at 

different current rates are presented in Figure 5b. The MHCS 

electrode exhibits an initial specific capacity of 1057 mAh/g at 

0.5C (909 mAh/g based on entire electrode mass), with a 

capacity retention ratio of 94% after 200 cycles. The electrode 

delivered 1003 mAh/g (862 mAh/g based on entire electrode 

mass) and 541 mAh/g (465 mAh/g based on entire electrode 

mass) at 1C and 5C in the initial cycle, respectively. After 200 

cycles, specific capacities of MHCS composites still maintain 
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at 846 mAh/g and 452 mAh/g, with capacity retention ratios of 

84% and 83.5%, respectively. However, without the PVP 

polymer coating, the cycling performance of sulfur cathode at 

1C rate exhibits a capacity fade tendency (as shown in Figure 

S6c). The capacity retention ratio is only 53.9%. 

 

Figure 5. Electrochemical performances of MHCS composites at different current densities. (a) Step-wise cycling performance of 

MHCS composites. (b) The cycling performances of MHCS electrodes at different current rates. 

 

 

 To further exploit the integrity of the MHCS electrode and 

electrochemical impedance changes before and after 200 

cycles, ex-situ SEM analysis, elemental mapping and EIS 

measurement were performed on the cycled electrodes. The 

elemental mapping image of the MHCS electrode after cycling 

is shown in Figure S7a (Supplementary information). Sulfur is 

still confined in the interlayer spaces of multi-shelled hollow 

carbon nanospheres, and no sulfur can be observed on the 

outside of the multi-shelled hollow carbon nanospheres, 

indicating that the unique carbon architecture can effectively 

prevent the loss of sulfur and suppress the shuttle effect. Figure 

S7b and S7c (Supplementary information) clearly distinguish 

the distribution of sulfur and carbon. The EDX spectrum in 

Figure S7d (Supplementary information) shows the elemental 

information. Even after long time cycling, the robust multi-

shelled hollow carbon nanosphere-sulfur composites can 

maintain their structure and integrity. The electrochemical 

impedance spectra are presented in Figure 6a and the 

corresponding equivalent circuit is shown in Figure 6b. The 

impedance spectra, consisting of a depressed semicircle in the 

high frequency area and an oblique line in the medium 

frequency region, reflect the changes of impedances of the 

electrode before and after 200 cycles. Obviously, there are little 
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changes of the radius of two semicircles in the high frequency 

region, illustrating that the electrochemical impedances do not 

increase dramatically. This further demonstrates the robust 

properties and superior conductivity of multi-shelled hollow 

carbon nanospheres, and the stable cycling characteristics of 

multi-shelled hollow carbon nanosphere-sulfur composites.  

 

 

Figure 6. (a) Electrochemical impedance spectra of MHCS 

electrode before and after cycling. (b) The corresponding 

equivalent circuit (RΩ: Ohm resistance; Rct: Charge transfer 

resistance; Zw: Warburg diffusion process; CPE: constant-

phase element). 

 Based on the aforementioned analysis, the enhanced 

electrochemical performances of sulfur-rich MHCS composites 

can be ascribed to the rationally designed dual sulfur confining 

approach. The physical confinement of multi-shelled hollow 

carbon nanospheres and the chemical bonding force of the PVP 

polymer layer jointly restrain the sulfur loss during 

discharge/charge processes. Furthermore, the heat treatment of 

carbon nanospheres at high temperature can effectively enhance 

the conductivity of electrodes. The large inner voids and spaces 

in multiple carbon shells provide sufficient spaces to buffer the 

volume changes during charge/discharge. The high sulfur 

content in the composite electrodes can enhance both 

gravimetric and volumetric energy density. The electrolyte 

additive of LiNO3 also assists in suppressing the shuttle effect 

originated from lithium polysulfide ions during both charge and 

discharge processes. TEM and elemental mapping confirmed 

that sulfur was fully encapsulated into intershell spaces and 

inner cores of multi-shelled hollow carbon nanospheres, which 

maintained the unique structure even after 200 cycles and 

exhibited the enhanced electrochemical performances.   

 

Conclusions 
 
 In summary, the sulfur-rich (86 wt. %) MHCS composites 

were successfully synthesised by an aqueous emulsion 

approach and in-situ impregnation method. Multi-shelled 

hollow carbon nanospheres and PVP polymers were employed 

as a dual sulfur confining strategy. When applied as cathodes in 

lithium sulfur batteries, multi-shelled hollow carbon 

nanosphere-sulfur composites delivered a high specific capacity 

of 1350 mAh/g, and excellent cycling stability at the current 

density of 0.1C. Reversible curves from cyclic voltammogram 

curves validate successful suppression of shuttle effect. The 

electrode delivered 1003 mAh/g and 541 mAh/g at 1C and 5C 

in the initial cycle, respectively. After 200 cycles, specific 

capacities of the MHCS composites at 1C and 5C still 

maintained 846 mAh/g and 452 mAh/g with capacity retention 

ratios of 84% and 83.5%, respectively, which demonstrates 

enhanced cyclability and good capacity retentions.  

 

Experimental 

Preparation of resol precursors.  

 The resol precursor with a low molecular weight (Mw < 

500) was made using a typical approach reported by Zhao’s 

group.61 In a typical procedure, 4 g of phenol and 0.63 g of 20 

wt.% NaOH aqueous solution were mixed under stirring at 40 ~ 

43 °C in a flask for 10 min. Then, formalin (7 g, 37 wt.% 

formaldehyde) was added  dropwise below  50 °C, and the 

reaction mixture was further stirred at 70 °C for 1h. After the 

mixture cooled to room temperature, the pH value was adjusted 

to neutral (around 7.0) by means of HCl solution. Then, water 

was evaporated in a vacuum oven at 50 °C overnight. Finally, 

the precursor was redissolved in ethanol before further use.   

  

Synthesis of multi-shelled hollow carbon nanospheres.  

 Multi-shelled hollow mesoporous polymer–silica precursors 

and carbon nanospheres were prepared by the multi-constituent 

co-assembly method, assisted with Pluronic F127 (Mw=12600, 

poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene 

oxide) (PEO-PPO-PEO), purchased from Sigma Aldrich) in an 

aqueous solution. The typical synthetic procedure can be 

described as follows: 0.5 g of Pluronic F127 was dissolved in a 

resol enthanolic solution (3.2 g) containing 4.0 mmol of phenol 

and 8.0 mmol of formaldehyde. Then, 3.75 g of ethanol mixed 

with 1.0 g of TMB was added to the aforementioned solution 

with strong stirring until forming a clear solution (marked as 

solution-1). Meanwhile, 1.2 g of Tetraethylorthosilicate 

(TEOS) was hydrolyzed in an aqueous solution of HCl (75 ml, 

1M) at 40 °C for half an hour. Solution-1 was then added 

dropwise under continuous stirring, forming a lactic solution in 

a few seconds. After stirring for 12 h, the solution was 

transferred into an autoclave and maintained at 90 °C for 24 h. 

Then, lactic precipitates were obtained by filtration with 

copious water, and dried in air. After that, the precursors were 

calcined at 350 °C for 2h then 900 °C for 3h, with a heating rate 

of 1 °C/min for 3 h under N2, named as MHC-SiO2. 200 mg  of  

Page 7 of 10 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

8 | J. Name., 2014, 00, 1-10 This journal is © The Royal Society of Chemistry 2014 

calcined  MHC-SiO2 was  treated with 50  ml  of  2M NaOH 

solution, with  stirring overnight, and then the multi-shelled 

hollow carbon nanospheres were obtained by filtration with 

copious de-ionized water and ethanol, and then dried at room 

temperature.  

  

Preparation of multi-shelled hollow carbon nanosphere-

sulfur composites:  

 50 mg as-synthesized hollow multi-shelled hollow carbon 

nanospheres were transferred in a mixed solution of sodium 

thiosulfate solution (3.2 mmol, 0.403 g dissolved into 50 ml de-

ionized water and 10 ml ethanol) and sodium sulfide (6.4 

mmol, 0.499 g) with strong stirring for 30 min. Hydrochloric 

acid (1M, 20 ml) solution was dropwise added to the dark 

suspension and stirred for 30 min. After this, 10 mg polyvinyl 

pyrrolidone (PVP) was added and maintained stirrings for 3 h. 

The suspension was then treated by pulsed sonication for 30 

min (5s on and 5s off) in an ice bath using a Branson S-450D 

sonifier with a horn of 13 mm in diameter (40% amplitude).  

After that, the suspension was washed with de-ionized water 

and dried overnight in a vacuum oven at 80 ℃. Finally, the 

composites were quickly placed in a preheated horizontal 

furnace (155 ℃) with a flow of Ar (200 sccm) gas for 12 hrs, 

and then cooled to room temperature. 

 

Structural and phase characterization.  

 The as-prepared hyperbranched carbon nanorods/sulfur 

composites were characterized by X-ray diffraction (Rigaku 

D/max-2550 V with Cu Kα radiation) operated at 40 KV and 30 

mA. Raman spectra were measured by a Renishaw inVia 

Raman spectrometer system (Gloucestershire, UK) equipped 

with a Leica DMLB microscope (Wetzlar, Germany) and a 17 

mW at 633 nm Renishaw helium neon laser with 50% power. A 

thermogravimetric analyzer (TGA, SDT 2960) was used to 

measure the weight percentage of Si from RT to 800 ℃ in air. 

The morphologies and crystal structure of materials were 

analyzed by a field emission scanning electron microscope 

(JSM-6700F, 20 kV) and transmission electron microscope 

(TEM, JEOL JEM-2010F) equipped with an energy-dispersive 

X-ray spectroscopy (EDX).  

 

Electrochemical measurements.  

 The working electrodes were made from 80 wt.% of active 

materials, 10 wt.% of the conductive agent (acetylene black), 

and 10 wt.% of the binder (Alginic acid sodium salt extracted 

from brown algae). The mixture was stirred by an adjustable 

high-speed electric agitator. The working electrodes were dried 

in a vacuum oven. The mass of each electrode on the 

aluminium current collector is around 3 mg. CR2032 coin cells 

were assembled in an argon-filled glove box (Mbraun, Unilab, 

Germany), in which both the moisture and oxygen contents 

were controlled to be less than 0.1 ppm. Lithium foil was used 

as the counter electrode. The electrolyte was 1 M lithium bis 

(trifluoromethanesulfonyl)imide (LiTFSI) and 1 wt.% lithium 

nitrate (LiNO3) in 1,3-dioxolane and 1,2-dimethoxy-ethane 

(volume ratio 1:1). Electrochemical measurements were 

performed using a LAND-CT2001C battery test system. The 

cells were discharged and charged galvanostatically in the fixed 

voltage range of 1.7‒2.6 V, with a current density of 167.3 

mA·g-1 (0.1C). Higher current rates (0.5C, 1C and 5C) were 

also used to test the electrochemical performances. Cyclic 

voltammogram was measured on a CHI 660E electrochemical 

workstation, at a scan rate of 0.1 mV·S-1. 
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Multi-shelled hollow carbon nanospheres with a high specific surface area of 1050 m
2
/g were prepared by 

an aqueous emulsion approach, which achieved a high percentage of sulfur loading (86 wt. %). When 

applied as cathodes in lithium-sulfur batteries, the sulfur composites delivered a high specific capacity of 

1350 mAh/g at the current rate of 0.1C (167.3 mA/g), a significantly enhanced cyclability and high rate 

performances. 
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