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A novel type of MWCNTs microspheres was synthesized and applied to 

the sulfur cathode of high performance lithium-sulfur batteries. 
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performance lithium-sulfur batteries 
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A novel multi-walled carbon nanotubes microspheres were successfully prepared and applied to 

the sulfur cathode of lithium sulfur batteries. 
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Abstract 

Lithium-sulfur (Li-S) batteries are considered as a promising commercial alternative to 

lithium-ion batteries (LIBs) for next-generation battery systems. However, the practical 

application of Li-S batteries is hindered by several obstacles, such as the insulating nature 

of elemental sulfur and the high solubility of the lithium polysulfide products. In this work, 

a new type of multi-walled carbon nanotubes (MWCNTs) microspheres was synthesized 

successfully and used as a carbon framework for sulfur cathode of lithium sulfur batteries. 

Commercial aqueous-dispersed MWCNTs of low cost are an easy access for large-scale 

production of the carbon skeleton through a simple spray drying approach. The as-prepared 

carbon framework shows a porous microspherical architecture with particle size around 

several micrometers, and the MWCNTs in it are intertwined to construct a 

three-dimensional (3D) continuous electronic conductive network. For the sulfur cathode, 

the C/S microspheres (MS-C/S) was facilely prepared by a melt-diffusion way. The 

obtained MS-C/S electrode displays excellent cycling stability and rate capability. The 

electrode with a sulfur loading of 2.5 mg cm
-2

 shows an initial discharge capacity of 983 

mA h g
-1

 and a stable capacity of 858 mA h g
-1

 after 100 cycles at a current rate of 0.2 C. 

Even the current rate increases to 0.5 C, a stable capacity of 806 mA h g
-1

 is maintained 

over 100 cycles.  

 

Introduction 
With the development of high performance portable electric devices, electric vehicles 

and energy storage systems, lithium rechargeable batteries require increasingly high power 

and energy density. However, traditional lithium-ion batteries (LIBs) are approaching the 

theoretical energy density limit.
1-4

 For example, LiCoO2 and LiNi1/3Co1/3Mn1/3O2, the 

common cathode materials for LIBs, have a restricted gravimetric energy density of less 

than 300 Wh/kg, which is not sufficient to satisfy the increasing requirement for the 

emerging market. Thus,
 
it is urgent to explore new electrode materials or new battery 

systems.
5-9

  

In this regard, lithium-sulfur (Li-S) batteries, which possess a theoretical capacity of 

1672 mA h g
-1

, are one of the most promising candidates for next-generation battery 

systems.
10-12

 The sulfur based cathode material has advantages of natural abundance, low 

environmental impact and low cost. However, the practical application of Li-S batteries is 

hindered by several obstacles. One is the insulating nature of the element sulfur (~5×10
-30

 

S/cm at room temperature), which leads to the low utilization of the active material, severe 

capacity fading and poor cycle stability.
13-18

 Furthermore, the high solubility of the lithium 
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polysulfide products (Li2Sx, x>2) in organic electrolyte results in significant morphology 

and component changes in the electrode.
19-24

 In addition, the large volumetric change (∼
80%) of sulfur during Li insertion and extraction processes deteriorates the mechanical 

integrity and stability of the electrode over cycles.
25, 26

 

Over the past few decades, considerable researches have focused on developing 

methods to overcome these drawbacks by introducing conductive agents with special 

structures. For example, efforts have been made to prepare structurally and 

morphologically different carbon support materials, including mesoporous carbon,
27

 

graphene,
28

 microporous carbon,
29

 carbon nanofibers
30 

and carbon nanotubes,
31, 32 

which 

have been composited with sulfur by various methods to improve the capacity and cycle 

stability of sulfur cathodes. Chen et al. reported a graphene-based three-dimensional 

hierarchical sandwich-type architecture, which exhibits a high initial capacity of 1396 mA 

h g
-1

 at the current density of 0.2 C. The synergistic effect of graphene sheets and 

MWCNTs within the C/S nanocomposite provides a good conductive network for electron 

transport, a strong confinement for soluble polysulfide as well as an effective buffer for 

volume expansion of the sulfur cathode during discharge.
33

 MWCNTs own high 

conductivity and a unique structure with high aspect ratio, and thus provide a fast electron 

diffusion pathway. It was reported that MWCNTs could improve the long time cycle 

performance of Li-S batteries.
13

 Guo et al. synthesized disordered carbon nanotubes  for 

the carbon framework of the sulfur cathode by using a template wetting technique based on 

commercial anodic aluminum oxide membranes.
34

 The as-prepared samples heated at 500 
o
C show the best electrochemical performance of ~670 mA h g

-1
 at 0.25 C after 100 cycles. 

However, the preparation process is very complicated. There are many disadvantages of 

using carbon nanotubes (CNTs) as carbon support material. Firstly, CNTs tend to 

agglomerate because of van der Waals interactions，which limits their efficiency as sulfur 

hosts; secondly, the conductivity of one-dimensional materials is worse than that of 

three-dimensional materials; thirdly, practical large-scale synthesis of carbon frameworks 

based on CNTs with homogenous architecture remains challenging. In addition, nano-size 

materials show much lower tap density than micro-size materials.  

In this article we report a large-scale synthesis of carbon frameworks composed of 

MWCNTs porous microspheres (MS-C) through a spray drying method, which is widely 

used for spherical shape granulating in industry and has been used in our previous work to 

synthesize a C/S nanocomposite.
35

 The aqueous-dispersed MWCNTs with low cost, are 

commercially available. The MS-C has a homogeneous porous microspherical 

morphology with particle size of several micrometers. We then use a melt-diffusion 

method to obtain carbon/sulfur microspheres (MS-C/S) with the same microspheircal 

structure and apply them to Li-S batteries. The MS-C/S cathode delivers an initial capacity 

of 983 mA h g
-1

 and a stable capacity of 858 mA h g
-1

 over 100 cycles at 0.2 C. Even at 0.5 

C, a capacity of 808 mA h g
-1

 after 100 cycles can be obtained. Such an excellent rate 

capability and cycle stability are attributed to the carbon frameworks, which possess an 

interconnective polyporous microspherical architecture and offers effective 3D conductive 

networks for electron transport and ion diffusion, strong immobilization of soluble 

polysulfide, and mechanical support for volume expansion/shrinkage of the sulfur cathode 

during the charge/discharge process.  
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Experiment 

 

Chemicals and Materials  

Sublimed sulfur (S, 99.5%, Alfa Aesar), carbon disulfide (CS2, AR, Shanghaihushi), 

MWCNTs (CNano Technology Company, TM-9000), MWCNTs aqueous dispersion 

(CNano Technology Company, LB200), dimethoxy ethane (DME) and 1,3-dioxolane 

(DOL) (2:1 V/V, BASF), lithium bis (trifluoromethane sulphonyl) imide (LiN(SO2CF3)2, 

LiTFSI, TCI, Japan), lithium nitrate (LiNO3, 99+%, Alfa Aesar), ammonium bicarbonate 

(NH4HCO3, AR, Shanghaihushi), commercial Ketjenblack (KB, Shanghai Tengmin 

Industry Company, EC300J), sodium carboxymethyl cellulose (CMC) and 

styrene-butadiene rubber (SBR) were obtained from commercial sources. All chemicals 

and materials were used without any further treatment.  

 

Carbon/Sulfur microspheres Preparation  

First, the MWCNTs aqueous dispersion was diluted with the same volume of distilled 

water, and the diluted dispersion was spray-dried at 130 °C to obtain porous microspheres. 

Then, sulfur (1.4 g) and the prepared MWCNTs microspheres (0.6 g) were added into 

carbon disulfide (15 mL) by stirring for 1 h. Carbon disulfide was evaporated and recycled 

by rotary evaporation. At last, the mixture was sealed in a glass tube and heated at 155 °C 

for 12 h. 

For comparison, we also prepare a control sample. We grinded sulfur and pure MWCNTs 

for 30 minutes and then heat them at 155 °C for 12 h. For convenience, we will use the 

abbreviation T-C/S to represent the control sample. 

 

Characterization   

XRD measurements were carried out on a Bruker D8 X-ray diffractometer with Cu Kα 

radiation (λ =1.5405 Å) in the scan range of 10
o
-70

o
. Raman spectra were obtained using a 

Renishaw inVia micro-Raman spectroscopy system. The morphology of the as-prepared 

samples was characterized by using a scanning electron microscope (FE-SEM, Hitachi, 

S4800) equipped with energy dispersive X-ray spectroscopy (EDS) and a transmission 

electron microscope (TEM, JEM 100-CXII, 80 KV). The thermogravimetric analysis  

(TGA) of MS-C/S was examined by using NETZSCH STA 449C thermo-analyzer in argon 

atmosphere.  

To obtain the electrodes for the electrochemical measurement, we first dispersed MS-C/S, 

Ketjenblack, CMC and SBR in a weight ratio of 90:5:1.5:3.5 in distilled water, spread them 

uniformly on an ultrathin carbon paper current collector, and then placed them in vacuum  

at 55 °C for 10 h. To illustrate the effect of MS-C improving the conductivity of sulfur 

cathode, we also prepared a control cathode by using the aforementioned procedure but 

with the MS-C/S replaced by the sublimed sulfur, and we will name this control electrode 

as K-C/S for convenience. We then assembled the cathode, the counter electrode (pure 

lithium foil), the electrolyte [1 M LiTFSI and 0.4 M LiNO3 in DME/DOL (2 : 1 V/V)], and 

a Celgard 2400 separator in an argon-filled glove box to obtain coin cells CR2032. The 

discharge-charge tests were recorded on a Land BT2000 Battery Test System (Wuhan, 

China). Cyclic voltammetry was carried out on a CHI600D Electrochemical Workshop 

(Shanghai, China) at a scan rate of 0.1 mV/s to examine the electrochemical reaction of the 

cell. Electrochemical impedance spectroscopy (EIS) was performed on the coin cell with 
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an IM6e electrochemical station with an applied sinusoidal excitation voltage of 5 mV in a 

frequency range from 50 mHz to 1 MHz. 

 

Results and discussion 

 

 
Scheme 1. Schematic illustration of the synthesis process of the MS-C/S 

 

We first give a brief description of the synthesis process of the MS-C/S, which is 

environmentally friendly, convenient and low cost. As shown in Scheme 1, the porous 

MS-C was fabricated by a spray drying of MWCNTs aqueous dispersion; the sublimed 

sulfur was then mixed with the MS-C uniformly in carbon disulfide under constant stirring. 

After the slow evaporation of the carbon disulfide, the mixture was sealed in a glass tube 

and heated at 155 °C for 12 h. 

 

 
Fig. 1 SEM images of (a) the porous MS-C and (b) the MS-C/S; (c) corresponding element maps of 

carbon and sulfur for the red rectangular region shown in (b); TEM images of (d) the MS-C and (e) the 

MS-C/S; (f) TGA results of the MS-C/S and T-C/S. 

 

The morphology of the porous MS-C and the MS-C/S samples were examined by a 

scanning electron microscope (SEM) and a transmission electron microscope (TEM). The 

SEM image of the MS-C (Fig. 1a) reveals that numerous MWCNTs intertwine together 

and form a homogeneous microspherical structure with particle size of several 

micrometers. The rough surface of the MS-C indicates the polyporous architecture is 

beneficial for loading sulfur. Fig. S1 shows the SEM images of single MWCNTs 

microspheres before and after heat treatment at 600 
o
C in Ar atmosphere. After calcination, 
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the surface of the microspheres becomes denser without any other change, which means 

the structure displays good thermal stability. When encapsulating sulfur into the 

microspheres, the surface of the MS-C/S (Fig. 1b) becomes smoother than that of the pure 

carbon matrix (Fig. 1a), while the particle size and the morphology remain the same. This 

implies that sulfur is composited well with the MS-C. The corresponding energy dispersive 

X-ray spectroscopy (EDS) elemental maps of the MS-C/S are shown in Fig. 1c. The EDS 

maps prove the existence of sulfur in the carbon matrix, and the consistent signal suggests 

the distribution of the sulfur is uniform. The TEM images in Fig. 1d and 1e further confirm 

the existence of a polyporous microspherical architecture. In such an architecture, the 

MWCNTs are well interconnected to build continuous electronic conductive networks, 

which improve the conductivity of the sulfur cathode and maintain the integrity of the 

cathode during the cycling process. Furthermore, the porous structure makes the 

electrolyte easy to infiltrate into a thick active material layer and react with the interior 

sulfur.  

Thermogravimetric analysis (TGA) was performed in an argon environment to 

determine the sulfur content. Fig. 1f shows that the content of sulfur in the MS-C/S is 70 

wt%. When the sulfur content increases to 77 wt% (Fig. S2), the microspheres are 

agglomerated and the particle size becomes inhomogeneous (Fig. S2). Hence，the sulfur 

content of 70 wt% is appropriate for the MS-C/S. 

 

 
Fig. 2 XRD spectra of the MS-C, sublimed sulfur and MS-C/S. 

 

The X-ray diffraction (XRD) patterns of the MS-C, sublimed sulfur and MS-C/S are 

shown in Fig. 2. For sublimed sulfur, the sharp and strong diffraction peaks indicate a 

well-defined crystalline S8 phase.
36 

After sulfur impregnated, the sulfur in the MS-C/S 

turns to rosickyite (JCPDS card No. 01-071-0137), which is an allotrope of S8. Compared 

with the original S8, the intensity of S is receded obviously, which suggests that the sulfur is 

now deeply embedded into the MWCNTs microspheres and well dispersed in the carbon 

matrix. Note that before thermal treatment the sufur in the C/S composite is also in S8 

phase (Fig. S4). The interaction between the sublimed sulfur and the dispersant in the 

MWCNTs aqueous dispersion during the melt-diffusion process may lead to the change of 

the crystal structure. However, this needs to be verified.  
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Fig. 3 Raman spectra of the MS-C, sublimed sulfur and MS-C/S. 

The Raman spectra of the MS-C, sublimed sulfur, and MS-C/S are plotted in Fig. 3. The 

spectrum of the MS-C shows two strong peaks at 1585 cm
-1

 (G-band) and 1350 cm
−1

 

(D-band), respectively. The G peak corresponds to the graphitic cluster lattice vibration 

mode with E2g symmetry， and the D peak is activated by the disordered carbon.
35

 The pure 

sulfur have several strong vibrational signals below 500 cm 
−1

; however, for the sulfur in 

the MS-C/S, these signals are much weaker (without any other noticeable differences).  

 

 
Fig. 4 (a) Cyclic voltammograms of the MS-C/S electrodes at a scan rate of 0.1 mV/s in the voltage 

range of 1.8–2.8 V; (b) The 1st, 50th, and 100th galvanostatic discharge/charge curves of the MS-C/S 

electrodes with 2.5 mg/cm
2
 sulfur loading at a current rate of 0.2 C in the voltage range of 1.8-2.6 V 

versus Li
+
/ Li; (c) The discharge capacity versus the cycle number of the MS-C/S electrodes at various 

current rates (0.05 C, 0.1 C, 0.2 C, 0.5 C and 1 C), compared with the T-C/S electrodes at a rate of 0.1 C; 

(d) Cycling performance of the MS-C/S electrodes at a current rate of 0.2 C and 0.5 C. The capacity is 

calculated based on the mass of the sulfur active material in the MS-C/S. 

 

The electrochemical performance of the MS-C/S was tested by cyclic voltammetry 
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(CV) and galvanostatic discharge/charge cycling. The electrochemical reaction of the 

rosickyite is the same as that of typical S8. Fig. 4a shows the representative CV curves of 

the MS-C/S electrodes during lithiation/delithiation process. Two cathodic peaks at 2.32 

and 2.05 V are observed, which can be attributed to the reduction of sulfur to soluble 

polysulfide intermediate and insoluble low-order S
2−

. Meanwhile, the anodic peaks at 2.3 

and 2.38 V indicate the oxidation of lithium sulfides to polysulfide and element sulfur.
37

 

These four peaks are reversible in the reduction and oxidation processes, which reveals the 

good stability of the MS-C/S electrodes; the reversibility is due to the microspherical 

structure with effective 3D mixed conducting networks.  

       Fig. 4b presents the discharge/charge profiles of the MS-C/S electrodes with 2.5 mg 

cm
-2

 sulfur loading at a current rate of 0.2 C. There are also two obvious cathodic and two 

anodic plateaus, which demonstrate typical sulfur cathode charge/discharge behavior and 

agree well with previous CV curves.
38, 39

 The MS-C/S electrode shows an initial discharge 

capacity of 983 mA h g
-1

, and the capacity gradually decays to 874 mA h g
-1

 in the first 50 

cycles (Fig. 4b). A stable capacity of about 858 mA h g
-1

 (87% of the initial capacity) 

remains until 100 cycles. The irreversible dissolution of polysulfide into electrolyte and the 

redistribution of sulfur result in the decrease of the capacity, while the following stabilized 

electrochemical performance can be attributed to the strong adsorption ability of 

MWCNTs microspheres, which capture the polysulfide effectively.
 40 

  The rate capability of the MS-C/S electrodes with sulfur loading of 2.5 mg cm
−2

 at 

different current rates (0.05 C-1 C) is shown in Fig. 4c. The reversible discharge capacities 

of the first cycle are 1108, 1062, 983, 921 and 844 mA h g
-1

 at constant current rates of 0.05 

C, 0.1 C, 0.2 C, 0.5 C and 1 C, respectively. After 30 cycles, the capacities gradually reduce 

to 895, 891, 900, 852 and 831, respectively. Compared with the initial capacity, the 

capacity retentions of the 30th cycle at 0.05 C, 0.1 C, 0.2 C, 0.5 C and 1 C are 81%, 84%, 

91%, 93% and 98.4%, respectively. The MS-C/S electrode shows an excellent rate stability. 

In long-term cycling, the MS-C/S electrode remains a high discharge capacity of 858 mA h 

g
-1

 over 100 cycles at the current rate of 0.2 C (Fig. 4d). Besides, the MS-C/S electrode 

delivers a reversible capacity of 806 mA h g
-1

 after 100 cycles, with a high capacity 

retention of 88%, even at 0.5 C.  

    For comparison, a control sample (T-C/S) was prepared by melt-diffusion of pure 

MWCNTs and sulfur. Its sulfur content is measured to be 71% (see Fig. 1f), which is quite 

close to that of the MS-C/S. As shown in Fig. 4c, the T-C/S with the same sulfur loading 

shows an initial capacity of 900 mA h g
-1 

, and a reversible capacity about 672 mA h g
-1 

after 30 cycles at 0.1 C, whose capacity retention (75%) is much lower than the MS-C/S 

electrode.  
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Fig. 5 Electrochemical impedance spectra of the MS-C/S and K-C/S before 

and after 20 cycles at 0.1 C 

 

Fig. 5 shows the EIS spectra of the MS-C/S and K-C/S electrodes before and after 

cycling for 20 cycles. The diameter of the depressed semicircle in the high frequency 

region is regarded as the charge transfer resistance (Rct) of the cell. According to the fitting 

of the equivalent circuit, before cycling, the Rct of MS-C/S and K-C/S cells is 30.4 Ohm 

and 49.4 Ohm, respectively. The lower charge transfer resistance of MS-C/S electrode 

could be attributed to the much-enhanced conductivity of the MS-C/S cathode. Moreover, 

the Rct of the MS-C/S electrode is reduced to 1.9 Ohm after 20 cycles, while that of the 

K-C/S remains at 32.6 Ohm.  

In addition, the morphology of the MS-C/S electrode before and after 20 cycles at 0.1 

C is shown in Fig. S5. Even after 20 cycles (Fig. S5b), the particles on the electrode are still  

well-dispersed microspheres without obvious change in the morphology, which further 

confirms the stability of the microspheres architecture and the well infiltration of sulfur 

into the carbon framework. 

 

Conclusion 

In summary, a novel type of multi-walled carbon nanotubes microspheres were prepared 

and applied to the sulfur cathode of lithium sulfur batteries. The MWCNTs microspheres 

were fabricated through a simple one-step spray drying of MWCNTs aqueous dispersion. 

The resulted carbon framework shows an homogeneous polyporous microspherical 

architecture with particle size around several micrometers. The MWCNTs in the 

microspheres are well interconnected and form a 3D continuous electronic conductive 

network. When applied to the Li-S batteries, the element sulfur infiltrates into the 

MWCNTs microspheres uniformly, and the carbon matrix then immobilizes the 

polysulfide efficiently and prevents their diffusion into the electrolyte to minimize the 

shuttling effect. In the meanwhile, the porous structure is also beneficial for the quick 

infiltration of liquid electrolyte and makes it easy to react with the interior sulfur. 

Furthermore, the carbon skeleton is not only a predominant reservoir for polysulfide 

intermediate, but also an efficient buffer to alleviate the volume expansion/shrinkage 

during the charge and discharge process. Thus, the MS-C/S electrodes exhibit excellent 
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electrochemical performance. Typically, at a high current rate of 0.5 C, the MS-C/S 

electrodes deliver a reversible capacity of 806 mA h g
-1

 after 100 cycles with 88% capacity 

retention. All these results suggest that such carbon framework with efficient 3D 

conductive network prepared by a facile approach using low cost raw material is promising 

for the practical application in energy storage and conversion devices such as sodium-ion 

batteries, lithium-ion batteries or fuel cells. 
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