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Electrocatalytic activity of 
lithium polysulfides adsorbed 
into porous TiO2 coated MWCNTs 
hybrid structure for lithium-sulfur 
batteries
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Jingyi Xu1, Jia Xie2, Jiakuan Yang1, Sha Liang1 & Xu Wu1

Lithium-sulfur batteries have attracted great attention because of their high energy density, 
environmental friendliness, natural abundance and intrinsically low cost of sulfur. However, their 
commercial applications are greatly hindered by rapid capacity decay due to poor conductivity of 
electrode, fast dissolution of the intermediate polysulfides into the electrolyte, and the volume 
expansion of sulfur. Herein, we report a novel composite MWCNTs@TiO2-S nanostructure by grafting 
TiO2 onto the surface of MWCNTs, followed by incorporating sulfur into the composite. The inner 
MWCNTs improved the mechanical strength and conductivity of the electrode and the outer TiO2 

provided the adsorption sites to immobilize polysulfides due to bonding interaction between TiO2 

and polysulfides. The MWCNTs@TiO2-S composite with a mass ratio of 50% (MWCNTs in MWCNTs@
TiO2) exhibited the highest electrochemistry performance among all compositing ratios of MWCNTs/
TiO2. The performance improvement might be attributed to the downward shift of the apparent Fermi 
level to a more positive potential and electron rich space region at the interface of MWCNTs-TiO2 that 

facilitates the reduction of lithium polysulfide at a higher potential. Such a novel hybrid structure can be 
applicable for electrode design in other energy storage applications.

In response to the emerging environmental and ecological concerns of using fossil fuels and the depleting of 
fossil fuel reserves, there is a growing demand on the development of renewable, environmental friendly and 
high energy density energy-storage technologies1–3. Rechargeable batteries, especially lithium-ion batteries, have 
become a key component in electrical vehicles and portable personal electronics due to their high speci�c energy 
density1–5. However, the practical applications of lithium-ion batteries are still greatly hindered by the limited 
theoretical capacities3,6–8. Lithium-sulfur batteries, with signi�cant high theoretical capacity (1675 mAh g−1)  
and speci�c energy density (2600 Wh kg−1), are considered to be one of the most promising alternatives for 
next-generation energy storage devices. In addition, sulfur bears the advantages of low cost, non-toxic, and nat-
ural abundance, which make lithium-sulfur battery an attractive candidate for practical applications with mass 
production9–12.

Currently, several inherent issues of lithium-sulfur batteries should be solved before achieving satisfied  
performance: i. electric/ionic insulating of elemental sulfur and the discharge products (Li2S2 or Li2S)13, leading 
to poor electrical conductivity of electrode and low sulfur utilization; ii. polysul�des can be easily dissolved into 
the organic electrolyte and di�use to the lithium anode, causing undesired parasitic reaction; iii. the shuttle e�ect 
leading to random precipitation of Li2S2 or Li2S on the lithium anode, which dramatically changes the electrode 
morphology and accelerates capacity fading14; iv. large volumetric expansion (about 80%) upon the charge/dis-
charge process, resulting in the destruction of the electrode, and �nally the capacity decay of the battery15.
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To address these problems, several strategies have been proposed to enhance the performance of lithium-sulfur 
batteries. Some metal oxides with polar surfaces, including Mg0.6Ni0.4O, Al2O3, MnO2 and TiO2

16–19 have been 
used as additives or absorbents to con�ne sulfur and polysul�des. Porous TiO2, for example, can serve as on-site 
adsorption host for encapsulating polysul�des through bonding interaction to minimize the dissolution of sulfur 
into the electrolyte20. Yi Cui and co-workers also reported that conductive Ti4O7 was a highly e�ective matrix to 
bind with sulfur species due to the strong adsorption of polysul�des on the low-coordinated Ti sites of Ti4O7

21. 
However the relatively low conductivity of metal oxides makes it insu�cient to satisfy the high rate performance 
for lithium-sulfur batteries. In fact, various carbon matrix, including mesoporous carbon or microporous car-
bon22–25, graphene oxide26–28, carbon nanotube or carbon nano�ber29–31, and hollow carbon sphere32,33 have also 
been used as conductive matrix in lithium-sulfur batteries due to the conductivity of carbon and the physical 
con�nement property of the nanostructured carbon. �erefore the combination of the conductive network, such 
as MWCNTs34, with metal oxides would be an ideal route to overcome the low conductivity issue associated with 
metal oxides. Other strategies such as optimization of organic electrolyte35, sulfur loading conducting polymer36,  
designing new Li–S batteries device configuration37 were also employed and stable cycle performance was 
achieved.

Herein, we report a novel MWCNTs@TiO2-S hybrid nanostructure by gra�ing TiO2 onto the exterior sur-
face of MWCNTs, followed by incorporating sulfur through the melt-di�usion method. TiO2 provided adsorp-
tion sites to bind with polysul�des, while MWCNTs acted as the e�cient current collector. �e hybrid structure 
of TiO2 coated MWCNT demonstrated the synergistic e�ect towards electron transfer kinetics for the redox 
response of polysul�des and an interpretation based on bending of energy bands at the MWCNT-TiO2 interface 
was also proposed.

Results and Discussion
The structural characterization. Scanning electron microscopy (SEM) was used to characterize the mor-
phologies of the pristine MWCNTs, TiO2, 50%-MWCNTs@TiO2 and 50%-MWCNTs@TiO2-S composites (50% 
refers to the mass proportion of MWCNTs in the MWCNTs@TiO2 composite). MWCNTs exhibit smooth sur-
face and one dimensional linear structure, with an outer diameter of about 20 nm and a length of about several 
microns (Fig. 1a). TiO2 reveals grain-like morphology with the average length of about 300 nm (Fig. 1b), the 
�ne �ower-like nanostructure indicates high speci�c surface area38. �e SEM image of 50%-MWCNTs@TiO2 
shows TiO2 nanoparticles coating on the surface of MWCNTs with a rougher surface (Fig. 1c) comparing with 
pristine MWCNTs. Interestingly, in contrast to the aggregation of the �ower-like morphology of TiO2 particles 
in the absence of MWCNTs, TiO2 is distributed uniformly on the exterior of MWCNTs, probably due to the 
enhanced nucleation of nanoparticles on hydrophilic surface resulting from carboxylation of MWCNTs39. A�er 

Figure 1. SEM images of (a) MWCNTs, (b) TiO2, (c) 50%-MWCNTs@TiO2 and (d) 50%-MWCNTs@TiO2-S.
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encapsulating sulfur into the 50%-MWCNTs@TiO2, the surface of 50%-MWCNTs@TiO2-S becomes smoother 
without agglomeration (Fig. 1d), indicating the successful incorporation of sulfur into the composites.

To further con�rm the nanostructure of the composites, X-ray di�raction (XRD) patterns were acquired for 
MWCNTs, TiO2, 50%-MWCNTs@TiO2 and 50%-MWCNTs@TiO2-S respectively (Fig. 2). It reveals an appar-
ent high-intensity graphitic peak at 2θ  value of around 26°, which can be ascribed to the (002) re�ection of 
MWCNTs34, and 2θ  values of 25.3°, 37.8°, 48.0°, 53.9°, 62.7°, 75.0° are attributed to the (101), (004), (200), (105), 
(204) and (215) crystalline phases of anatase TiO2 (JCPDF NO. 21-1272)40 (Fig. 2a). A�er coating MWCNTs with 
TiO2, MWCNTs peaks become much weaker, while the peaks of anatase TiO2 remain strong. From the XRD pat-
terns of pure sulfur, 50%-MWCNTs@TiO2 and 50%-MWCNTs@TiO2-S (Fig. 2b), intense and sharp di�raction 
peaks of sulfur at 2θ  values of 23.4° and 28.0° were observed, which match well with the (222) and (040) re�ec-
tions of the Fddd orthorhombic phase (JCPSD no. 08-0247)41, indicating a well-de�ned crystal structure. A�er 
sulfur being encapsulated into the 50%-MWCNTs@TiO2, almost all typical sulfur di�raction peaks and the ana-
tase TiO2 peaks became weaker, indicating that sulfur was dispersed homogeneously into the composite and no 
obvious aggregates of sulfur or TiO2 on the surface of MWCNTs, which is consistent with the results from SEM.

�ermal gravimetric analysis (TGA) was utilized to evaluate the content of sulfur incorporated into the com-
posites (Figure S1). All materials show a plateau of weight loss from 200 °C to 350 °C, re�ecting the evaporation 
of sulfur loaded in the composites. �e sulfur contents were determined to be 65.95%, 58.78%, 65.62%, 61.66% 
and 62.99% respectively, which are lower than the proportion of sulfur and MWCNTs@TiO2 (75%) utilized for 
incorporating sulfur into the MWCNTs@TiO2, indicating that a small amount of excessive sulfur was removed 
through the heat treatment process and no excess sulfur remained on the surface.

Electrochemical performance of the MWCNTs@TiO2-S composites. �e electrochemical features 
of di�erent composites can be seen from the cyclic voltammetry curves (CV) recorded at a scan rate of 0.1 mV s−1 
in the voltage range of 3.0–1.5 V. As the �rst cycle showed the activation behavior, the second and the tenth CV 
curves were selected to evaluate the redox behaviors of the cathodes (Fig. 3a,c,e). During the discharging process, 
all electrodes show two apparent reduction peaks at the same potential for the second and tenth cycle, indicating 
excellent cycling stability. �e peak at around 2.3 V represents the reduction of element sulfur (S8) to high-order 
lithium polysul�de (Li2Sn, 4 ≤  n ≤  8), while the peak at around 2.0 V corresponds to the reduction of high-order 
lithium polysul�de to low-order lithium polysul�de (Li2S2 and Li2S). In the subsequent anodic process, an oxi-
dation peak develops at around 2.5 V of 0%-MWCNTs@TiO2-S and 100%-MWCNTs@TiO2-S (Fig. 3a,e), which 
shows similar oxidation potential for typical microporous and mesoporous carbon structures24,42. Interestingly, 
50%-MWCNTs@TiO2-S shows an additional oxidation peak at about 2.7 V (Fig. 3c), which have only been 
observed in a few sulfur-conductive matrix systems with high conductivity and low polarization26,32, and this oxi-
dation peak is associated with the electrocatalytic oxidation towards the Li-S redox reaction due to the synergistic 
e�ect of the best combination of TiO2 and MWCNTs (with the mass ratio of 50%), which further promoted the 
electron transfer rate and minimized the polarization of the battery21,43,44. �e charge - discharge curves of di�erent  
electrodes from the 2nd, 20th and 50th cycles demonstrate two distinct discharge plateaus for all tested cathodes 
(Fig. 3b,d,f), including a shorter and higher potential plateau at 2.3 V and a prolonged lower potential plateau at 
around 2.0 V, in agreement with their redox peaks of CV curves respectively. Other composites (20%-MWCNTs@
TiO2-S, 70%-MWCNTs@TiO2-S) were also studied (Figure S2), both of which have the same two reduction peaks 
at around 2.3 V and 2.0 V, one oxidation peak at 2.5 V, and the optimal performance was observed with the mass 
ratio of 50% for MWCNTs.

50%-MWCNTs@TiO2-S composite shows a reduction peak at higher reduction potential (2.03 V) comparing 
to electrodes with other TiO2 loading ratios (Fig. 4), which indicates improved electrochemical kinetics and better 
utilization of active mass21,45. �e improvement can be attributed to the immobilization of polysul�des on the 
TiO2 surface, as well as the nature of energy band bending on the interface of MWCNTs and TiO2. It have been 
reported that TiO2 are terminated with hydrophilic Ti-O groups and surface hydroxyl groups, which are known 

Figure 2. (a) XRD patterns of MWCNTs, TiO2 and 50%-MWCNTs@TiO2; (b) XRD patterns of pure sulfur, 
50%-MWCNTs@TiO2 and 50%-MWCNTs@TiO2-S.
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to bind favorably with polysul�des anions46. In fact, Li2Sx shows strong adsorption on TiO2 (101) from DFT 
calculations, especially for Li2S2 and Li2S4, and the chemical bonding between Ti-S bonds and S-O bonds were 
detected from XPS analysis, con�rming that sulfur atom in polysul�des is bonded strongly with two bridging 
oxygen atoms on the TiO2 surface21. Hence the soluble high order lithium polysul�des (Li2Sn, 4 ≤  n ≤  8) can be 
anchored at the adsorption site, signi�cantly alleviating the undesired shuttle e�ect47,48. In addition, Li2Sx shows 
molecular interaction with oxygen vacancies in TiO2

49,50. To characterize the density of oxygen vacancies, elec-
tron paramagnetic resonance (EPR) spectroscopy was carried out to evaluate the unpaired electrons associated 
with oxygen vacancies in the TiO2 crystalline structure (Figure S3). �e strong peak at g =  2.001 was attributed 

Figure 3. Comparison of CV curves and voltages vs. capacity pro�les at 0.1 C of (a,b) 0%-MWCNTs@TiO2-S, 
(c,d) 50%-MWCNTs@TiO2-S and (e,f) 100%-MWCNTs@TiO2-S in the voltage range of 3.0–1.5 V vs Li/Li+.

Figure 4. �e partial enlarged drawing of the reduction peaks of varied MWCNTs loading ratios (0%, 20%, 
50%, 70%, and 100%). 
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to oxygen vacancies in the TiO2 crystalline structure and the density of oxygen vacancy was estimated to be 
1.09 ×  1011 cm−3, which provides additional adsorption sites for polysul�des49.

�e composite 50%-MWCNTs@TiO2-S shows two reduction peaks at around 2.03 V and 1.89 V respectively, 
indicating the co-existence of two types of electron transfer kinetics. Anatase TiO2 is known to have a band gap 
of 3.2 V, with a Fermi level of 1.3 V (work function of 6.0 V vs. vacuum level of − 4.7 V vs. NHE)51, which is more 
positive than the Fermi level of the metallic MWCNTs (0.2 V vs. NHE)52. When TiO2 is in contact with MWCNTs, 
electrons �ow from MWCNTs to TiO2 until an equilibrium of Fermi energy is reached and the energy bands bend 
downwards at the interface, leaving an electron rich accumulation layer on the TiO2 side, and a hole rich surface 
at the MWCNTs side of the TiO2-MWCNTs interface (Fig. 5), which is consistent with the literature53. �e down-
ward shi� of the apparent Fermi level to a more positive potential facilitates the reduction of lithium polysul�de 
at 2.03 V. To balance the negative charge at the TiO2 side, holes are accumulated on the MWCNTs surface at the 
interface (Fig. 5), shi�ing the reduction potential of lithium polysul�de to a more negative one at 1.89 V. �e 
typical width of the space charge region is around tens of nanometers54,55. When it is in the same order with the 
thickness of the TiO2 coating, as the case of 50%-MWCNTs@TiO2-S, the electron rich space charge region may 
even expand from the interface to the exterior surface of the TiO2 layer, leading to a pronounced reduction peak 
at a relative positive potential (2.03 V). Further increasing of the TiO2 thickness may reduce the electron density 
on the exterior surface of the TiO2 coating (20%-MWCNTs@TiO2-S), and deteriorates the reduction kinetics. 
In summary, the results demonstrate that TiO2 and MWCNTs composite with a mass ratio of 50% (MWCNTs) 
may produce a synergistic e�ect that have a positive catalytic activity towards the redox property of polysul�des.

Electrochemical performances of cathodes with various MWCNTs loading ratio (0%, 20%, 50%, 70%, and 
100%) have been investigated by galvanostatic charge/discharge measurements. In this study, all speci�c capacity 
values were calculated on the basis of the mass of sulfur. A�er the �rst cycle of activation and stabilization, the 
discharge capacities achieve 677, 1133, and 941 mAh g−1 for 0%-MWCNTs@TiO2-S, 50%-MWCNTs@TiO2-S, 
100%-MWCNTs@TiO2-S respectively (Fig. 6a). A�er 50 cycles, the capacities decrease to 446, 679, 408 mAh g−1,  
indicating that a higher performance retention for 50%-MWCNTs@TiO2-S a�er cycling. It is believed that the 
dissolution of polysul�des is the main challenge for capacity degradation. Capacity retention decreases with the 
decline of mass fraction of TiO2, which indicated that higher TiO2 mass ratio may lead to higher absorption abil-
ity toward sulfur and polysul�des21,56. However, higher mass fraction of TiO2 may also deteriorate the electrical 
conductibility of the cathode57. �e results show that 50%-MWCNTs@TiO2-S might be the relatively optimal 
mass proportion, leading to the highest reversible capacity and excellent capacity retention. �e coulombic e�-
ciency (CE) of 50%-MWCNTs@TiO2-S remained above 95% over 50 cycles (Fig. 6b), indicating minimum shuttle 
e�ect of polysul�des and stable cycle performance. Other composites (20%-MWCNTs@TiO2-S, 70%-MWCNTs@
TiO2-S) were also studied (Figure S4), and the results demonstrate that the mass ratio of 50% is still optimal.

It is clear that the rate capability of 50%-MWCNTs@TiO2-S was much better than the 0%-MWCNTs@TiO2-S 
and 100%-MWCNTs@TiO2-S (Fig. 7). It demonstrates a discharge capacity of about 900 mAh g−1 at 0.1 C rate 
a�er 10 cycles. Subsequently, cyclings at 0.2 C, 0.5 C, 1 C and 2 C show high reversible capacities of 700 mAh 
g−1, 500 mAh g−1, 360 mAh g−1, 300 mAh g−1 respectively. And when the current rate switches from 2 C to 
0.1 C again, the 50%-MWCNTs@TiO2-S reaches a capacity of 640 mAh g−1, revealing better stability of the cath-
ode material. �e higher electrochemical performance might be attributed to the synergetic e�ect of TiO2 and 
MWCNTs, which is consistent with the CV results.

Figure 5. Schematic diagram for the adsorption mechanism of lithium polysul�des on the TiO2, as well as 
energy levels and densities of free charge carriers close to the interface of TiO2-MWCNTs. 
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In order to shed light on the role of TiO2 and MWCNTs in the electrochemical reaction, electrochemical 
impedance spectroscopy (EIS) spectra were acquired (Fig. 8) and analyzed by �tting with equivalent circuits 
(Figure S5). It can be seen that all EIS spectra were composed of a depressed semicircle in the high-frequency 
region before cycling, corresponding to the charge-transfer process generated at the electrode/electrolyte inter-
face, and a sloping straight line in the low-frequency region corresponding to the Warburg di�usion process 
(Fig. 8a). �e charge-transfer resistance (Rct) decreases with the increase of the mass ratio of MWCNTs, indicat-
ing that higher proportion of MWCNTs contributes to higher conductivity of the electrode. Moreover, a�er 20 
cycles, the obtained impedance spectrum of 50%-MWCNTs@TiO2-S contains two semicircles (Fig. 8b), the one 
in the high-frequency re�ects the charge-transfer resistance (Rct), while the other in the middle-frequency may 
be attributed to the formation of insoluble polysul�des species such as Li2S2/Li2S

58. Previous report showed that 
the impedance of interfacial charge-transfer dominated the reduction reaction during the upper voltage plateau, 
whereas the mass transport dominated the lower voltage plateau58,59. A�er 20 cycles, the semicircle resistance in 
the high-frequency decreases (from 69 Ω to 46 Ω), indicating faster interfacial charge transfer owing to the syn-
ergistic e�ect of MWCNTs and TiO2.

Conclusions
A nanostructure MWCNTs@TiO2-S composite with TiO2 nanoparticles coating on the surface of MWCNTs and 
sulfur homogeneously distributing into the porous TiO2 was designed as a novel cathode material for Li-S battery. 
�e MWCNTs@TiO2-S composite with 50% MWCNTs exhibited higher electrochemistry performance compar-
ing with other combination ratio of MWCNTs and TiO2 in the composites including 0%-MWCNTs@TiO2-S, 
20%-MWCNTs@TiO2-S, 70%-MWCNTs@TiO2-S and 100%-MWCNTs@TiO2-S, with an initial discharge capac-
ity of 1133 mAh g−1, and maintain 674 mAh g−1 a�er 50 cycles at 0.1 C. We ascribe the improvement of the elec-
trochemistry performance of this composite to the unique hybrid nanostructure of MWCNTs@TiO2-S, and the 
synergistic e�ect of MWCNTs and TiO2. �e inner MWCNTs can improve the mechanical strength and conduc-
tivity of the whole electrode, further ensure the fast electronic transport, while the outer porous TiO2 wrapping 

Figure 6. (a) Cycle performances at 0.1 C of MWCNTs@TiO2-S composites with di�erent mass ratio of 
MWCNTs; (b) Cycle performance of 50%- MWCNTs@TiO2-S at 0.1 C.

Figure 7. Rate properties of 0%-MWCNTs@TiO2-S, 50%-MWCNTs@TiO2-S and 100%-MWCNTs@TiO2-S 
composites at di�erent current densities from 0.1 C to 2 C. 
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the exterior surface of MWCNTs can provide the adsorption sites to immobilize polysul�des. �e improvement 
of the electrochemical performance might be attributed to the downward bending of energy band on the interface 
of MWCNTs and TiO2, and a charge region of rich electron developed at the TiO2 side of the interface that could 
even extend to the exterior TiO2 surface. �e strategy employed in this work provides an e�cient way of recaptur-
ing polysul�des from the electrolyte while maintaining the high conductivity and redox activity, which can also 
be applicable for designing electrode materials for other energy stordage applications.

Methods
Chemicals and Materials. Multi-walled carbon nanotubes (MWCNTs purity > 95%) were purchased from 
Nanotech Port Co., Ltd. (Shenzhen, China). Nitric acid (HNO3 65%) and dehydrated alcohol were supplied by 
Aldrich Chemical Company (America). Tetrabutyl titanate (TBT) was purchased from the Aladdin Industrial 
Corporation (America). All chemical reagents were analytical grade and were used as received.

Materials synthesis. Prior to TiO2 coating, the pristine MWCNTs were pretreated in 6 M concentrated 
nitric acid and re�uxed at 120 °C for 12 h to remove impurities and introduce carboxyl groups on the surface, 
subsequently lead to improved dispersion of MWCNTs. �en the acid-treated MWCNTs (with varied mass ratio) 
were dispersed in 50 mL ethanol under sonication for 30 min, a�er that, 1 mL tetrabutyl titanate (TBT) and 10 mL 
glycerol were added into the solution, and stirred for 30 min. �en the mixture was transferred into a 100 mL 
Te�on-lined stainless steel autoclave at 180 °C for 15 h. Subsequently, the precipitation was washed with ethanol 
and deionized water, dried at 60 °C overnight and calcined at 450 °C in ambient atmosphere for 2 h.

The MWCNTs@TiO2-S composites were prepared by a simple melt-diffusion method. Firstly, sulfur and 
MWCNTs@TiO2 were mixed by physical grinding at the weight ratio of 3:1, then the mixture was sealed in a 
Te�on-lined autoclave in an oven and heated at 155 °C for 12 h; followed by calcination at 250 °C in nitrogen atmosphere 
for 2 h to remove exterior excess sulfur. MWCNTs@TiO2-S were obtained a�er cooling down to room temperature.

Preparation of the cathodes. All the cathodes were prepared by mixing the MWCNTs@TiO2-S, Super-P 
and PVDF (polyvinylidene �uoride) binder (80:10:10 by weight) in N-methyl-2-pyrrolidone solvent to form a 
slurry. �e slurry was uniformly spread onto the Al foil and dried at 50 °C for 12 h in a vacuum oven to act as the 
working electrode. �e mass loading of the active S was 2 mg cm−2. �e 2032-type coin cells were assembled in an 
argon-�lled glove box using Li metal foil as the counter electrode and the reference electrode. �e electrolyte was 
1.0 M lithium bis- (tri�uoromethanesulfonyl)imide (LiTFSI) and 0.1 M LiNO3 in 1,3-dioxolane(1,3-DOL) and 
1,2-dimethoxyethane(1,2-DME) (volume ratio, 1:1).

Electrochemical measurements. Cyclic voltammetry (CV) measurements were performed with an 
electrochemical workstation (Biologic VSP 300) using a voltage range of 3.0− 1.5 V vs. Li/Li+ at a scan rate 
of 0.1 mV s−1. Galvanostatic charge–discharge of the Li-S battery was conducted using Land battery system 
(CT2001A) operated at di�erent rates between cut-o� potentials of 3.0− 1.5 V. Electrochemical impedance spec-
troscopy (EIS) was measured with the frequency range from 100 kHz to 10 mHz, and the voltage amplitude 
applied to the coin cells was 5 mV. Speci�c capacity values were calculated based on the mass of sulfur in the 
samples.

Structural characterization. �e morphology and microstructure were characterized using SEM oper-
ating at 10.00 kV (Sirion 200); the crystallographic structure was characterized using XRD (PANalytical B.V. 
X’pert PRO) operating at 40 kV and 40 mA using Cu Kα  radiation (λ  =  0.15406 nm); and the mass fraction of 
sulfur were estimated using TGA (Waters TGA Q 600), performed under an Ar atmosphere with a heating rate of  
10 °C min−1 from room temperature to 600 °C.

Figure 8. (a) EIS spectra of 0%-MWCNTs@TiO2-S, 50%-MWCNTs@TiO2-S, 100%-MWCNTs@TiO2-S 
composites electrodes before cycling, and (b) EIS spectra of 50%-MWCNTs@TiO2-S before and a�er the 20th 
cycle. �e experimental results were labeled with scatter plot and the �tting results were labeled with line.



www.nature.com/scientificreports/

8Scientific RepoRts | 7:40679 | DOI: 10.1038/srep40679

References
1. Arico, A. S., Bruce, P., Scrosati, B., Tarascon, J. M. & Van Schalkwijk, W. Nanostructured materials for advanced energy conversion 

and storage devices. Nat. Mater. 4, 366–377 (2005).
2. Bruce, P. G. Energy storage beyond the horizon: Rechargeable lithium batteries. Solid State Ionics 179, 752–760 (2008).
3. Goodenough, J. B. & Kim, Y. Challenges for Rechargeable Li Batteries. Chem. Mater. 22, 587–603 (2010).
4. Whittingham, M. S. Lithium batteries and cathode materials. Chem. Rev. 104, 4271–4301 (2004).
5. Yang, P. & Tarascon, J. M. Towards systems materials engineering. Nat. Mater. 11, 560–563 (2012).
6. Ellis, B. L., Lee, K. T. & Nazar, L. F. Positive Electrode Materials for Li-Ion and Li-Batteries. Chem. Mater. 22, 691–714 (2010).
7. Kang, K. S., Meng, Y. S., Breger, J., Grey, C. P. & Ceder, G. Electrodes with high power and high capacity for rechargeable lithium 

batteries. Science 311, 977–980 (2006).
8. Suo, L., Hu, Y. S., Li, H., Armand, M. & Chen, L. A new class of Solvent-in-Salt electrolyte for high-energy rechargeable metallic 

lithium batteries. Nat. Commun. 4, 1481 (2013).
9. Bresser, D., Passerini, S. & Scrosati, B. Recent progress and remaining challenges in sulfur-based lithium secondary batteries–a 

review. Chem. Commun. 49, 10545–10562 (2013).
10. Bruce, P. G., Freunberger, S. A., Hardwick, L. J. & Tarascon, J. M. Li-O2 and Li-S batteries with high energy storage. Nat. Mater. 11, 

19–29 (2012).
11. Evers, S. & Nazar, L. F. New Approaches for High Energy Density Lithium-Sulfur Battery Cathodes. Acc. Chem. Res. 46, 1135–1143 

(2013).
12. Ji, X. & Nazar, L. F. Advances in Li–S batteries. J. Mater. Chem. 20, 9821 (2010).
13. Mikhaylik, Y. et al. High Energy Rechargeable Li-S Cells for EV Application. Status, Remaining Problems and Solutions. Battery/

Energy Technology (General) - 216th Ecs Meeting 25, 23–34 (2010).
14. Song, M. K., Cairns, E. J. & Zhang, Y. Lithium/sulfur batteries with high speci�c energy: old challenges and new opportunities. 

Nanoscale 5, 2186–2204 (2013).
15. Zhang, S. S. Liquid electrolyte lithium/sulfur battery: Fundamental chemistry, problems, and solutions. J. Power Sources 231, 

153–162 (2013).
16. Lee, J., Hwang, T., Lee, Y., Lee, J. K. & Choi, W. Coating of sulfur particles with manganese oxide nanowires as a cathode material in 

lithium–sulfur batteries. Mater. Lett. 158, 132–135 (2015).
17. Ma, X. Z. et al. S–TiO2 composite cathode materials for lithium/sulfur batteries. J. Electroanal. Chem. 736, 127–131 (2015).
18. Yermukhambetova, A. et al. Examining the e�ect of nanosized Mg0.6Ni0.4O and Al2O3 additives on S/polyaniline cathodes for 

lithium–sulphur batteries. J. Electroanal. Chem. 780, 407–415 (2015).
19. Zhang, Y. et al. Effect of nanosized Mg0.6Ni0.4O prepared by self-propagating high temperature synthesis on sulfur cathode 

performance in Li/S batteries. Powder Technol. 235, 248–255 (2013).
20. Ding, B., Shen, L., Xu, G., Nie, P. & Zhang, X. Encapsulating sulfur into mesoporous TiO2 host as a high performance cathode for 

lithium–sulfur battery. Electrochim. Acta 107, 78–84 (2013).
21. Tao, X. et al. Strong sulfur binding with conducting Magneli-phase Ti(n)O2(n-1) nanomaterials for improving lithium-sulfur batteries. 

Nano Lett. 14, 5288–5294 (2014).
22. Ji, X., Lee, K. T. & Nazar, L. F. A highly ordered nanostructured carbon-sulphur cathode for lithium-sulphur batteries. Nat. Mater. 8, 

500–506 (2009).
23. Lee, J. T. et al. Sulfur-in�ltrated micro- and mesoporous silicon carbide-derived carbon cathode for high-performance lithium sulfur 

batteries. Adv. Mater. 25, 4573–4579 (2013).
24. Li, X. et al. Optimization of mesoporous carbon structures for lithium–sulfur battery applications. J. Mater. Chem. 21, 16603 (2011).
25. Oschatz, M. et al. A new route for the preparation of mesoporous carbon materials with high performance in lithium-sulphur 

battery cathodes. Chem. Commun. 49, 5832–5834 (2013).
26. Ji, L. et al. Graphene oxide as a sulfur immobilizer in high performance lithium/sulfur cells. J. Am. Chem. Soc. 133, 18522–18525 

(2011).
27. Zhang, F. F., Zhang, X. B., Dong, Y. H. & Wang, L. M. Facile and e�ective synthesis of reduced graphene oxide encapsulated sulfur 

via oil/water system for high performance lithium sulfur cells. J. Mater. Chem. 22, 11452 (2012).
28. Zhou, G. M. et al. Fibrous Hybrid of Graphene and Sulfur Nanocrystals for High-Performance Lithium-Sulfur Batteries. Acs Nano 

7, 5367–5375 (2013).
29. Dor�er, S. et al. High capacity vertical aligned carbon nanotube/sulfur composite cathodes for lithium-sulfur batteries. Chem. 

Commun. 48, 4097–4099 (2012).
30. Rao, M., Song, X. & Cairns, E. J. Nano-carbon/sulfur composite cathode materials with carbon nano�ber as electrical conductor for 

advanced secondary lithium/sulfur cells. J. Power Sources 205, 474–478 (2012).
31. Zheng, G., Yang, Y., Cha, J. J., Hong, S. S. & Cui Y. Hollow carbon nano�ber-encapsulated sulfur cathodes for high speci�c capacity 

rechargeable lithium batteries. Nano Lett. 11, 4462–4467 (2011).
32. Jayaprakash, N., Shen, J., Moganty, S. S., Corona, A. & Archer, L. A. Porous hollow carbon@sulfur composites for high-power 

lithium-sulfur batteries. Angew. Chem. Int. Ed. Engl. 50, 5904–5908 (2011).
33. Qu, Y. et al. A simple SDS-assisted self-assembly method for the synthesis of hollow carbon nanospheres to encapsulate sulfur for 

advanced lithium–sulfur batteries. J. Mater. Chem. A 1, 14306 (2013).
34. Yuan, L., Yuan, H., Qiu, X., Chen, L. & Zhu, W. Improvement of cycle property of sulfur-coated multi-walled carbon nanotubes 

composite cathode for lithium/sulfur batteries. J. Power Sources 189, 1141–1146 (2009).
35. Liang, X. et al. Improved cycling performances of lithium sulfur batteries with LiNO3-modi�ed electrolyte. J. Power Sources 196, 

9839–9843 (2011).
36. Fanous, J. et al. Correlation of the electrochemistry of poly(acrylonitrile)-sulfur composite cathodes with their molecular structure. 

J. Mater. Chem. 22, 23240–23245 (2012).
37. Yang, Y., Zheng, G. & Cui, Y. A membrane-free lithium/polysul�de semi-liquid battery for large-scale energy storage. Energy 

Environ. Sci. 6, 1552 (2013).
38. Peining, Z., Nair, A. S., Sheng, Y. Y. & Ramakrishna, S. TiO2–MWCNT rice grain-shaped nanocomposites—Synthesis, 

characterization and photocatalysis. Mater. Res. Bull. 46, 588–595 (2011).
39. Di, J. et al. Biomimetic CNT@TiO2 composite with enhanced photocatalytic properties. Chem. Eng. J. 281, 60–68 (2015).
40. Zhou, J., Zhang, M. & Zhu, Y. Photocatalytic enhancement of hybrid C3N4/TiO2 prepared via ball milling method. Phys. Chem. 

Chem. Phys. 17, 3647–3652 (2015).
41. Choi, J. W. et al. Rechargeable lithium/sulfur battery with suitable mixed liquid electrolytes. Electrochim. Acta 52, 2075–2082 (2007).
42. 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. Energy Environ. Sci. 3, 1531 (2010).
43. Li, Y., Zhan, H., Liu, S., Huang, K. & Zhou, Y. Electrochemical properties of the soluble reduction products in rechargeable Li/S 

battery. J. Power Sources 195, 2945–2949 (2010).
44. Yamin, H., Penciner, J., Gorenshtain, A., Elam, M. & Peled, E. �e electrochemical behavior of polysul�des in tetrahydrofuran. J. 

Power Sources 14, 129–134 (1985).
45. Tang, H. et al. Mg0.6Ni0.4O hollow nano�bers prepared by electrospinning as additive for improving electrochemical performance of 

lithium–sulfur batteries. J. Alloys Compd. 650, 351–356 (2015).



www.nature.com/scientificreports/

9Scientific RepoRts | 7:40679 | DOI: 10.1038/srep40679

46. Wei, Seh Z. et al. Sulphur-TiO2 yolk-shell nanoarchitecture with internal void space for long-cycle lithium-sulphur batteries. Nat. 
Commun. 4, 1331 (2013).

47. Evers, S., Yim, T. & Nazar, L. F. Understanding the Nature of Absorption/Adsorption in Nanoporous Polysul�de Sorbents for the 
Li–S Battery. J. Phys. Chem. C 116, 19653–19658 (2012).

48. Ji, X., Evers, S., Black, R. & Nazar, L. F. Stabilizing lithium-sulphur cathodes using polysulphide reservoirs. Nat. Commun. 2, 325 
(2011).

49. Chen, J. et al. Black Anatase Titania with Ultrafast Sodium-Storage Performances Stimulated by Oxygen Vacancies. ACS Appl. Mater. 
Interfaces 8, 9142–9151 (2016).

50. Gu, X. et al. Ball-milling synthesis of ZnO@sulphur/carbon nanotubes and Ni(OH)2@sulphur/carbon nanotubes composites for 
high-performance lithium-sulphur batteries. Electrochim. Acta 196, 369–376 (2016).

51. Heikkilä, M., Puukilainen, E., Ritala, M. & Leskelä, M. E�ect of thickness of ALD grown TiO2 �lms on photoelectrocatalysis. J. 
Photochem. Photobiol. A Chem. 204, 200–208 (2009).

52. Liu, P. et al. Measuring the work function of carbon nanotubes with thermionic method. Nano Lett. 8, 647–651 (2008).
53. Mehmood, U., Ahmed, S., Hussein, I. A. & Harrabi, K. Co-sensitization of TiO2-MWCNTs hybrid anode for e�cient dye-sensitized 

solar cells. Electrochim. Acta 173, 607–612 (2015).
54. Yu, L. et al. Photoelectrocatalytic performance of TiO2 nanoparticles incorporated TiO2 nanotube arrays. Appl Catal B: Env. 

113–114, 318–325 (2012).
55. Wolcott, A., Smith, W. A., Kuykendall, T. R., Zhao, Y. & Zhang, J. Z. Photoelectrochemical Water Splitting Using Dense and Aligned 

TiO2 Nanorod Arrays. Small 5, 104–111 (2009).
56. Wang, X., Gao, Y., Wang, J., Wang, Z. & Chen, L. Chemical adsorption: another way to anchor polysul�des. Nano Energy 12, 

810–815 (2015).
57. Zhang, Z. et al. Sulfur encapsulated in a TiO2-anchored hollow carbon nano�ber hybrid nanostructure for lithium-sulfur batteries. 

Chemistry 21, 1343–1349 (2015).
58. Yuan, L., Qiu, X., Chen, L. & Zhu, W. New insight into the discharge process of sulfur cathode by electrochemical impedance 

spectroscopy. J. Power Sources 189, 127–132 (2009).
59. Li, W. et al. High-performance hollow sulfur nanostructured battery cathode through a scalable, room temperature, one-step, 

bottom-up approach. Proc. Natl. Acad. Sci. USA 110, 7148–7153 (2013).

Acknowledgements
The authors would like acknowledge the financial supports from National Program on Key Basic Research 
of China (973 Program, 2015CB258400), the National Thousand Young Talents Program, Natural Science 
Foundation of China (51508213), key project of Hubei Provincial Natural Science Foundation (2014CFA109), 
Innovative and Interdisciplinary Team at HUST (0118261077), and Independent Innovation Foundation of 
HUST - Exploration Fund (2014TS092). �e authors would like to thank the Analytical and Testing Center of 
Huazhong University of Science and Technology for providing the facilities to conduct the characterization work.

Author Contributions
X.H., J.H. and H.H. proposed the idea and the interpretation of synergistic e�ect. X.H. conducted the synthesis 
of composite material and performed the battery assembly and test. X.Y. and J.X. were involved in battery test. 
H.H., L.H., J.H., B.L., J.X., S.L. and X.W. helped to prepare the manuscript. All authors read and approved the 
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing �nancial interests: �e authors declare no competing �nancial interests.

How to cite this article: He, X. et al. Electrocatalytic activity of lithium polysul�des adsorbed into porous 
TiO2 coated MWCNTs hybrid structure for lithium-sulfur batteries. Sci. Rep. 7, 40679; doi: 10.1038/srep40679 
(2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

�is work is licensed under a Creative Commons Attribution 4.0 International License. �e 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/
 
© �e Author(s) 2017

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

	Electrocatalytic activity of lithium polysulfides adsorbed into porous TiO2 coated MWCNTs hybrid structure for lithium-sulfur batteries
	Introduction
	Results and Discussion
	The structural characterization
	Electrochemical performance of the MWCNTs@TiO2-S composites

	Conclusions
	Methods
	Chemicals and Materials
	Materials synthesis
	Preparation of the cathodes
	Electrochemical measurements
	Structural characterization

	Additional Information
	Acknowledgements
	References


