
A high conductive TiC–TiO
2
/SWCNT/S composite 

with effective polysulfides adsorption for high 

performance Li–S batteries

Abstract

Lithium-sulfur (Li–S) batteries have attracted more and more attention in recent years, as their 

theoretical capacity is several times larger than conventional lithium-ion batteries and they have a 

high energy density in secondary battery systems. In our work, a titanium carbide - titanium 

dioxide/single-walled carbon nanotube/sulfur (TiC–TiO
2
/SWCNT/S) cathode with high conductivity 

and effective polysulfides adsorption is prepared by a facile method for fabricating Li–S batteries. 

The batteries with this composite cathode show a good performance at 0.1 C due to relatively high 

utilization of sulfur, reaching 1338.6 mAh·g−1
 specific capacity at first cycle and retaining 802.5 

mAh·g−1
 after 100 cycles. Meanwhile, it presents an excellent rate performance with 711.2 

mAh·g−1
 at 4 C, and recovers to 1006.9 mAh·g−1

 when the current returns to 0.1 C. Also a slow 
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capacity decay (0.045% decay rate per cycle) is observed at 1 C. These results suggest that a small 

amount of SWCNT can increase the conductivity of the whole composite to a great extent, and the 

strong adsorption ability of TiO
2
 increases the cycle life. This work offers an efficient and low-cost 

strategy to obtain high performance batteries with great potential for commercial applications.

Keywords: Lithium-sulfur batteries; Titanium carbide; Titanium dioxide; Single-walled carbon nanotube

1 Introduction

Driven by insufficient specific capacity of traditional lithium-ion batteries (<300 mAh·g−1
) for increasing 

demands today [1–3], the importance of lithium-sulfur (Li–S) batteries has been recognized as a promising next-

generation energy applied to electric vehicles and other systems. Attractively high theoretical energy density of 

2600 Wh·kg
−1

 and specific capacity of 1675 mAh·g−1
, moreover, abundant source of elemental sulfur in nature 

and nontoxicity advantage have stimulated many advanced developments in Li–S batteries [4,5]. However, 

several unresolved problems in Li–S batteries limit its applications as energy storage devices, and it is still a long 

way to go for commercial applications. These challenges are addressed as follows: Firstly, non-conductive nature 

of elemental sulfur (25 °C, 5 × 10
−30 S ·cm

−1
) and lithium sulfides produced during the discharge process result 

in the low utilization rate of sulfur and poor rate performance [6]. Secondly, the volume of sulfur will expand 

about 80% when the discharge is completed, leading to the damage of the electrode and thus rapid capacity 

fading [7]. Thirdly, the dissolution and "shuttle effect” of polysulfides directly cause the self-discharge of the 

battery within hours and the loss of the active materials [8–10], consequently a fast decay of capacity [11,12].

In order to solve these issues, various methods have been dedicated and the main focus is to fabricate novel 

nanostructured composite cathodes. One of the popular choices is carbon material since it exists widely in nature 

and offers great conductivity, high porosity and surface area. Moreover, carbon has flexible layered structure, 

which could wrap small-size active sulfur and effectively reduce the loss of sulfur [13]. The carbon-sulfur 

composites, such as graphene-sulfur [14,15], carbon nanotubes-sulfur [16–19], porous and hollow carbon 

spheres-sulfur, have become the most promising electrode materials benefited from a simple preparation process 

and superior improved capacity performance [20–23].

Another research hotspot is metal oxides that typically contain an anion (O
2−

) with a strong polar surface [24]. 

Different from nanostructured carbon materials, nanostructured metal oxides afford abundant polar active sites to 

favor the absorption of polysulfides, facilitating the Li–S batteries with high sulfur utilization and long life span [

25–29]. One good example was reported in Mingpeng Yu's work. They applied atomic layer deposition of 

titanium dioxide (TiO
2
) layers on nitrogen-doped graphene/sulfur (NG/S) electrodes to avoid the capacity 

deterioration. It delivered initial discharge capacity up to 1069.5 mA h  ·g−1
 and 918.3 mAh·g−1

 after 500 

cycles at 1 C [30]. Similarly, Xiao Liang's group applied S/vanadium pentoxide (V
2
O

5
)-graphene composite to 

obtain a decay rate of 0.048% per cycle at 0.05 C and Xiulei Ji's group employed a porous silicon dioxide 

(SiO
2
) embedded within the carbon-sulfur composite to assist the absorption of polysulfides [31,32]. Most of the 

metal oxides, however, have poor conductivity and thus the slow electron transfer speed, which is unfavorable to 

the utilization of sulfur under the large current density. Hence, a challenge has been to develop a composite that 

can not only capture polysulfides but also enhance the conductivity of cathode.

In this work, we demonstrated a facile process to fabricate the titanium carbide - titanium dioxide/single-walled 

carbon nanotube/sulfur composite (TiC–TiO
2
/SWCNT/S) to address this challenge. At the beginning, a simple 

oxidation reaction was carried out for turning TiC to TiC–TiO
2
 composite. Then, SWCNT was mixed with 



TiC–TiO
2
 through an ultrasonic dispersion technique to form the TiC–TiO

2
/SWCNT composite. Finally, sulfur 

was deposited on the TiC–TiO
2
/SWCNT composite by a melting-diffusion method and the final composite TiC–

TiO
2
/SWCNT/S was produced. Compared with previous work [33,34], TiC–TiO

2
/SWCNT/S presents a higher 

capacity in large current density (850.7 mAh·g−1
 at 1 C for the first cycle) and has a better rate performance 

(711.2 mAh·g−1
 at 4 C) with improved conductivity. Another attractive feature is less conductive agent (super p) 

used during the slurry preparation process compared to previous study [33,34]. We improved the conductivity by 

modifying the composite materials with less conductive agent, namely the mass ratio of the composite: 

conductive agent: binder is now 8:1:1 rather than the previous reported one 7:2:1 [33,34]. This strategy is more 

cost effective and excellent performance with application potential achieved by increasing the energy density for 

the whole battery.

2 Experiment details

2.1 Chemicals and materials

Titanium carbide (≥99.9%, metals basis), titanium dioxide (≥99.8%, metals basis) and SWCNT (≥95%) were 

purchased from Aladdin Industrial Ltd. Co. Ethanol (≥99.8%) was purchased from Sinopharm Chemical 

Reagent Co. Ltd. Nitric acid (65.0–68.0%) was purchased from Jiangsu Qiangsheng Functional Chemistry Co. 

Ltd. Sulfur sublimed (≥99.5%) was purchased from Chengdu Kelong Chemical Reagent factory. The deionized 

(DI) water produced from a PURELAB (ELGA, UK) was used throughout for all the experiments.

2.2 Synthesis of TiC–TiO2 composite

The TiC–TiO
2
 composite was synthesized by a simple oxidation reaction. At first, 30 mL nitric acid (7 M) and 

60 mL ethanol were mixed together and stirred for 5 min. Then, 600 mg TiC was added into the mixed solvent, 

stirred well and under ultrasonic dispersion for 10 min. Next, the mixture suspension was under magnetically 

stirred at 60 °C for 12 h. Finally, the suspension was centrifuged, washed with ethanol and DI water for several 

times. After dried at 80 °C by vacuum drying oven, the TiC–TiO
2
 composite was obtained [35].

2.3 Synthesis of TiC–TiO2/S and TiC–TiO2/SWCNT/S composite

For both composites, sulfur loading was achieved through a melting-diffusion method. At the beginning, 

sublimed sulfur was mixed into TiC–TiO
2
 composite with 3:1 ratio by weight, and then under ball-milling for 

10  min in order to mix uniformly and ensure good homogeneity before the process of melting sulfur. The 

following procedure was applied for melting sulfur in the composites. Firstly, the powder was placed in a 

porcelain boat and transferred to a quartz tube, then heated at 155 °C for 10 h under the protection of Ar in the 

furnace. Next, the powder was heated to 200 °C in Ar and kept for 15 min to remove the excess sulfur on the 

surface. After cooling naturally to room temperature, the resultant composite was denoted as TiC–TiO
2
/S [33].

For TiC–TiO
2
/SWCNT/S composite, 15 wt%, 10 wt% and 5 wt% SWCNT (relative to the mass ratio of TiC) 

were mixed with TiC–TiO
2
 respectively in ethanol via ultrasonic dispersion for 30 min. The suspension was 

then filtered and dried to obtain the TiC–TiO
2
/SWCNT composite. These prepared composites and sublimed 

sulfur (TiC–TiO
2
: S = 1:3 ratio by weight) were placed under the same ball-milling mentioned above. The 

melting sulfur procedure was the same as above, except the addition of SWCNT. The final products were named 

as TiC–TiO
2
/SWCNT/S 15, TiC–TiO

2
/SWCNT/S 10 and TiC–TiO

2
/SWCNT/S 5, respectively. The schematic 

of the procedure for preparing TiC–TiO
2
/SWCNT/S composite is shown in Fig. 1.



2.4 Material characterization

The microstructure and morphology of TiC–TiO
2
/SWCNT/S composites and other control groups were 

characterized by scanning electron microscope (SEM), field emission scanning electron microscope (FE-SEM), 

scanning transmission electron microscopy (STEM) and selected area electron diffraction (SAED). The SEM 

was investigated by JEOL JSM-6510. The FE-SEM was performed with S-4700 type manufactured by 

HITACHI. The TEM was carried out by FEI Tecnai G2 F20 with STEM and SAED function. Powder X-ray 

diffraction (XRD) patterns of these composites were collected on an X-ray diffractometer (BRUKER D8 

ADVANCE) from 10° to 80° with Cu Kα radiation. Raman spectroscopy was performed on a HORIBA 

XploRA system with a 532  nm laser. Thermogravimetric analysis (TGA, NETZSCH STA 449 F3) was 

performed from 28 to 500 °C at a heating rate of 10 °C per minute in N
2
 atmosphere to determine the content of 

elemental sulfur. X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo scientific) was used to 

characterize surface functional groups and chemical bonding states. The specific surface area and the pore size 

distribution of the product were tested by the Brunauer-Emmett-Teller (BET; 3H–2000PS2) through recording 

N
2
 adsorption-desorption isotherms at 77.3 K.

2.5 Electrochemical measurements

CR2032-type coin cells were assembled in a glove box (Vigor Sci-Lab) under Ar-filled atmosphere and used for 

electrochemical characterization. TiC–TiO
2
/SWCNT/S composites were used as the cathode (13  mm) and 

lithium tablets were used as anode (14 mm), which were separated by the Celgard 2400 separator (18 mm). The 

electrolyte was lithium bis (trifluoromethanesulfonyl) imide (1.0  M) dissolved in a mixture of lithium salt 

(LiTFSI) in dioxolane (DOL) and dimethoxyethane (DME) (1:1 by volume) with a 1.0 wt% LiNO
3
 additive. To 

prepare the working electrode, a slurry was obtained by mixing and stirring the composite, conductive agent and 

binder: namely as-prepared TiC–TiO
2
/SWCNT/S composite, super P (TIMCAL, Switzerland) and 

polyvinyldifluoride (PVDF, ARKEMA, Paris French) with the mass ratio of 8:1:1 in N-methyl-2-pyrrolidone 

(NMP, Aladdin, Shanghai China), respectively. The slurry is coated to the current collector (aluminum foil) by 

using a coating machine and vacuum dryied for 12 h at 60 °C. The electrolyte amount is around 40 μl/mg sulfur 

and the sulfur loading ranges from 0.5 to 1 mg/cm
2
.

Cyclic voltammetry (CV) was conducted at a scan rate of 0.1 mV·  s−1
 in a voltage range of 1.7–2.8 V and 

electrochemical impedance spectroscopy (EIS) was used in the frequency ranging from 5 mHz to 100 kHz with 

Autolab PGSTAT302 N electrochemical workstation. Galvanostatic charge/discharge tests were performed in 

the potential range of 1.7–2.8 V at 22 °C by using a Neware CT-4008 battery-testing instrument.

3 Results and discussion

3.1 Microstructure and morphology characterizations

alt-text: Fig. 1

Fig. 1

Schematic diagram for preparing TiC–TiO2/SWCNT/S composite.



To investigate the microstructures and morphologies of the modified cathodes, SEM and TEM images of 

different materials are conducted.  presents the low magnification SEM image of TiC–TiO
2
/SWCNT/S 

10 composite, which offers a large field of view of this composite. The corresponding EDS elemental mapping 

images of C, O, S and Ti in this large view are shown in . It is clear that all the elements are 

dispersed well in the composite, demonstrating the uniform distribution of sulfur, SWCNT and TiC–TiO
2
 in the 

composite. High-resolution FE-SEM and TEM images are further used to characterize the composite. Fig. 2a 

and  are the as-purchased TiC particles. After growing TiO
2
 to form TiC–TiO

2
, the surface becomes 

more rounded shape and most areas of the surface develop a porous structure (see Fig.2b and ). When 

the melted sulfur process is carried out, these TiC–TiO
2
 particles are aggregated and inter-linked by a large 

amount of sulfur particles (Fig. 2c). In Fig. 2d, it is seen that a few batches of SWCNT are intertwined to the 

particles and the TiC–TiO
2
/SWCNT/S 10 composite is formed. It is interesting that the addition of these 

SWCNTs preventing a full coating of non-conductive sulfur, thus enhances the dispersion of TiC–TiO
2
/S 

particles and a high conductive network is built to improve the performance of batteries, and this structure is also 

beneficial to high utilization of sulfur. Actually SWCNT was reported in favor of forming a flexible and free-

standing structure [16,36], so it is expected SWCNT would make the composite more robust and may overcome 

volume expansion of sulfur by this intertwine structure.

For the local details, TEM and STEM EDS mapping images are obtained. As seen in , for TiC–TiO
2
/S 

composites, the size of TiC–TiO
2
 particles is range from 50 to 100  nm. Attractively, all these particles are 

wrapped with a thin sulfur layer as confirmed by an evidence from the STEM EDS sulfur elemental mapping of 

. A uniform distribution in the composite is also observed from other elemental mapping images of C, 

O, Ti shown in .

Fig. 3a shows the TEM images of TiC–TiO
2
/SWCNT/S 10 composite. Compared to , the original TiC–

TiO
2
 particles with wrapped sulfur layer remain unchanged. The added SWCNTs serves as a network to link the 

Fig. S1a

Figs. S1b–e

Fig. S3a

Fig. S3c

alt-text: Fig. 2

Fig. 2

FE-SEM images of (a) TiC, (b) TiC–TiO2 , (c) TiC–TiO2/S and (d) TiC–TiO2/SWCNT/S 10.

Fig. S2a

Fig. S2g

Figs. S2d–f

Fig. S2



TiC–TiO
2
 particles. Moreover, there are some sulfur nanoparticles growing on the SWCNT surface [37,38], 

which is supported by Fig. 3g. Similarly, as shown in the STEM image (Fig. 3b and c) and STEM EDS 

mapping results (Fig. 3d–g), all the elements also distribute uniformly in the composite. Noticeably, the content 

of carbon is concentrated around the TiC–TiO
2
/S particles due to the SWCNT is surrounding them (Fig. 3d) 

while the distribution of titanium has a clear boundary (Fig. 3f). In general, it is clear that SWCNTs intertwine 

the TiC–TiO
2
/S tightly, which may benefit for ready electrons transport among different materials.

Fig. 4a is the Raman spectra of purchased TiC and TiO
2
 powders, which are served as the baselines to compare 

the as-prepared TiC–TiO
2
 composite. Their characteristic peaks are showed as black line (TiC) and red line 

(TiO
2
) respectively. In Fig. 4b, for the as-prepared TiC–TiO

2
 composite there are 4 peaks located at 141.8, 

384.5, 506.7, and 619.3 cm
−1

. As the molecular percentage of TiC is 33% and thus TiO
2
 is 67% in TiC–TiO

2
 

composite ( ) and the composite presents peaks belong to more abundant materials, all the peaks for TiC 

cannot be observed. At the same time, peaks of TiC–TiO
2
 composite are close to the characteristic peaks of 

TiO
2
 in Fig. 4a but with a slight shift, reflecting some remaining pristine TiC particles. In Fig. 4b, for the final 

product TiC–TiO
2
/SWCNT/S 10, there are no visible TiC and TiO

2
 characteristic peaks, only sulfur peaks and 

three extra peaks for SWCNT (D band at 1333.0 cm
−1

, G band at 1586.8 cm
−1

 and 2D band at 2665.4 cm
−1

). 

The observation here is consistent that SWCNT is well-known for its distinct and intense Raman characteristic 

peaks even for a very small content [38–40]. Sulfur is dominant here because it takes nearly three quarters mass 

ratio in the composite. Moreover, as shown previously in the TEM image, the TiC–TiO
2
 particles are typically 

enclosed by a large amount of sulfur. Although TiC has some chemisorption towards polysulfides [24], 

polysulfides mainly are adsorbed by surface oxidized TiO
2
 in TiC–TiO

2
.

alt-text: Fig. 3

Fig. 3

(a) TEM image of TiC–TiO2/SWCNT/S 10 composite; (b) STEM image with STEM EDS mapping area and (c) The enlarged 

view of marked area in (b); STEM EDS elemental mapping of (d) C, (e) O, (f) Ti, (g) S.

Table S1

alt-text: Fig. 4

Fig. 4



Raman spectra of (a) purchased TiC and TiO2; (b) three distinct materials; (c) XRD patterns of four different materials; XPS 

spectra of (d) TiC–TiO2/SWCNT 10, its (e) C 1s and (f) Ti 2p .

alt-text: Fig. 5

Fig. 5



Fig. 4c compares the XRD patterns of four different materials. Specifically, the green line is the diffraction peaks 

of purchased TiC. For the red line, three new weaker peaks located at 25.0°, 47.9° and 62.7° correspond to the 

crystal planes (101), (200) and (118) of TiO
2
 [41]. The TiC–TiO

2
/S composite mainly shows the diffraction 

peaks from sulfur such as (113), (222) and (026) because of the high content of sulfur, while all the peaks are 

weaker in the TiC–TiO
2
/SWCNT/S 10 composite due to the addition of a small amount of SWCNT with broad 

peaks and the formation of smaller nano sulfur particles according to the BET results (see Fig. 6b) [38,42].

TGA curves of TiC–TiO2/S, TiC–TiO2/SWCNT/S 5 and TiC–TiO2/SWCNT/S 10 composites.

alt-text: Fig. 6

Fig. 6

(a) N2  adsorption-desorption isotherm and (b) pore-size distribution curves of TiC–TiO2/SWCNT 10.



To determine the chemical composition of the as-prepared materials, XPS analysis was carried out for these 

composites. Fig. 4d displays the wide scan of TiC–TiO
2
/SWCNT 10 composite (TiC: SWCNT = 10:1, mass 

ratio) and three peaks are corresponding to C 1s, O 1s and Ti 2p. According to the peak areas, the atomic 

content of carbon, oxygen and titanium are calculated as 13.7, 59.1 and 27.2 at.%. According to the relationship 

of weight (m), molar mass (M) and molecular weight (n) in the composite (see ), it can be calculated 

that the molecular percentage of TiC in TiC–TiO
2
 composite is 33% or the molecular ratio of TiC and TiO

2
 is 

around 1:2. For the TiC–TiO
2
/S composite, it can be seen that the conductivity of this composite is insufficient 

in previous work, because the nonconductive TiO
2
 occupies a large proportion, more conductive agent is 

needed in slurry but the capacity was unsatisfactory at large current density [43,44]. Similarly, in Fig. 7c-d, poor 

performance is observed in our work for TiC–TiO
2
/S composite with less conductive agent. The peaks at 

284.7 eV, 286.6 eV, 288.8 eV refer to the C–C, C–O bonds and carbonate species while the peak at 281.1 eV 

could be assigned to C–Ti bond (Fig. 4e) [45–47]. For Ti 2p peaks in Fig. 4f, two peaks located at 459.0 eV and 

464.6  eV are assigned to the Ti
4+

 oxidation state in TiO
2
, whereas an extremely weaker peak located at 

454.5 eV might result from a relatively small quantity of Ti–C [33].

The TGA curves of TiC–TiO
2
/S, TiC–TiO

2
/SWCNT/S 5 and TiC–TiO

2
/SWCNT/S 10 composite are 

presented in Fig. 5. The sulfur contents of TiC–TiO
2
/S, TiC–TiO

2
/SWCNT/S 5 and TiC–TiO

2
/SWCNT/S 10 

composite are 74.3 wt%, 72.0 wt% and 70.4 wt% respectively. It is expected that sulfur content would further 

decrease with increasing the amount of SWCNT added. Therefore, it is important to balance the content of sulfur 

and the amount of SWCNT for a practical and cost-effective application. In our study, the slurry ratio is now 

8:1:1 rather than the previous reported one 7:2:1 [33,34], which offers 10% more electrode material. However, 

from Fig. 5 it is only less than 4% sulfur in TiC–TiO
2
/SWCNT/S 10 compared to that of TiC–TiO

2
/S. 

Table S1

alt-text: Fig. 7

Fig. 7

(a) First charge-discharge curves; (b) Charge-discharge performance at 0.1 C, (c) Charge-discharge performance at 1 C large 

current density and (d) Rate performance from 0.1 C to 4 C of five different cathodes.



Therefore, adding a small amount of SWCNT (10  wt% relative to TiC or around 2.01  wt% in TiC–

TiO
2
/SWCNT/S 10) has no negative effect to the energy density. On the contrary, there is 8% more active sulfur 

in electrode as a whole, making it attractive as high-performance Li–S batteries.

Fig. 6a shows the N
2
 adsorption-desorption isotherms of TiC–TiO

2
/SWCNT/S 10 composite. In previous work, 

the pore size distribution for TiC–TiO
2
 is at the range of 2–10 nm with 158.99 m2 ·g−1

 large specific surface 

area. On the contrary, TiC–TiO
2
/S just has 8.24 m2 g−1

 low specific surface area and all the pores are larger 

than 5 nm because TiC–TiO
2
 is almost filled with sulfur in TiC–TiO

2
/S [33]. In our work, the situation of the 

TiC–TiO
2
/S composite is similar to previous work [33] and it can be calculated that the specific surface area of 

TiC–TiO
2
/SWCNT/S 10 composite is 12.08 m2  ·g−1

, which is slightly higher than TiC–TiO
2
/S composite, 

because of the addition of a small amount of SWCNT. Meanwhile, the formation of smaller nano sulfur particles 

contributes to this increase of the specific surface area. As a result, it appears a number of 2–5 nm pores again in 

TiC–TiO
2
/SWCNT/S 10 and the average pore size is calculated to be 9.8 nm.

3.2 Electrochemical performance of batteries

The charge-discharge profiles in Fig. 7a show two discharge plateaus and one charge plateau during the process 

for all the composites. For TiC–TiO
2
/SWCNT/S 10 composite, its discharge platforms appear at about 2.35 V 

and 2.10 V, corresponding to the reduction peaks of the CV curves in Fig. 8c. All the TiC–TiO
2
/SWCNT/S 

cathodes display similar shape for the first cycle with less polarization and higher sulfur utilization, since those 

composites with SWCNT have good conductivity. Moreover, the intertwined networks formed by SWCNT can 

facilitate the reaction to polysulfides and further reaction of Li
2
S

2
 and Li

2
S by offering effective electron tunnels 

and decreasing charge transfer resistance (verified in Fig. 9). However, the profile of TiC–TiO
2
/S cathode has a 

large extent polarization (its discharge platforms appear at about 2.30 V and 2.05 V) as charge transfer resistance 

is higher without the connection of SWCNT. For the charge platform, different cathodes show a little difference 

and most of them appear at around 2.25 V.

alt-text: Fig. 8

Fig. 8



CV plots for the first four cycles of (a) TiC–TiO2/S, (b) TiC–TiO2/SWCNT/S 5 and (c) TiC–TiO2/SWCNT/S 10; (d) CV curves 

for the 4th cycle of different cathodes.

alt-text: Fig. 9

Fig. 9



As observed in Fig. 7b, the discharge specific capacities were obtained during cycling for the batteries of five 

different materials at 0.1 C. A significant high initial capacity of 1324.2 mAh·g−1
 is delivered by the cell with 

TiC–TiO
2
/SWCNT/S 10 cathode. The capacity maintains at 817.0 mAh·g−1

 after 100 cycles with a satisfactory 

retention of about 60% to the initial value because of the high utilization rate of sulfur in modified crosslinked 

structure, as well as TiO
2
 with strong adsorption of polysulfides. The cell with TiC–TiO

2
/SWCNT/S 15 

presents a very similar performance while a slightly low capacity of 802.5 mAh·g−1
 was observed after cycles. 

In comparison, the cell with TiC–TiO
2
/S composite shows the capacity 1157.3 mAh·g−1

 and 657.9 mAh·g−1
 

with the capacity retention of 57% under the same condition. For the simple TiC/S cathode, its capacity decays 

to just 534.6 mAh·g−1
 after 100 cycles from the value of 1202.4 mAh·g−1

 at the beginning due to poor 

adsorption of polysulfides without TiO
2
. Clearly, capacity for the cells with the addition of SWCNT were 

markedly superior to the cells without SWCNT, meanwhile TiO
2
 also plays an important role in the improved 

cycling capacity as its good adsorption of polysulfides.

Long cycle performance of these cathodes at large current density of 1 C is presented in Fig. 7c. For the initial 

cycle, both TiC–TiO
2
/SWCNT/S 10 and TiC–TiO

2
/SWCNT/S 15 display a relatively high capacity, with 850.7 

mAh·g−1
 and 857.3 mAh·g−1

 at the first cycle, respectively. After charged and discharged for 500 cycles, the 

capacity is about 666.5 mAh·g−1
 for TiC–TiO

2
/SWCNT/S 10 with 77.7% retention rate, and the values of TiC–

TiO
2
/SWCNT/S 15 are close to TiC–TiO

2
/SWCNT/S 10, while a slightly lower capacity (799.1 mAh·g−1

 at 

first cycle) is seen in the blue line for the composite with only 5% SWCNT added. The excellent large current 

performance found from the SWCNT modified cathodes is explained by that a small amount addition of 

SWCNT can improve the conductivity of cathode to a great extent. However, our results also reveal that adding 

too much SWCNT in the composite might not have obvious positive effect on enhancing the conductivity. 

Although having a relatively slow decay rate, it only achieves 671.0 mAh·g−1
 at first cycle for the TiC–TiO

2
/S 

composite, which means the conductivity of TiC–TiO
2
/S is insufficient and its conductivity is the lowest among 

all the composites On the contrary, for the initial several cycles the cell with TiC/S offers better capacity than the 

cell with TiC–TiO
2
/S because the conductivity of TiC/S is higher. However, without metal oxide of TiO

2
, the 

EIS spectra of TiC–TiO2/SWCNT/S 10, TiC–TiO2/S and TiO2/S cathodes (inset – corresponding equivalent circuit).



TiC/S cathode alone is lacking the effective adsorption of polysulfide, resulting in a fast decay during whole 

cycle process as agreed to the performance shown in Fig. 7b at 0.1 C.

For the rate performance in Fig. 7d, the results are similar to the corresponding cycling performance as seen in 

Fig. 7b and c. The TiC–TiO
2
/SWCNT/S 5 cell only dives to 673.2 mAh·g−1

 at a high rate of 4 C and retains 

981.2 mAh·g−1
 when the current returns to 0.1 C. As expected, the cells with TiC–TiO

2
/SWCNT/S 10 and 

TiC–TiO
2
/SWCNT/S 15 cathodes present similar outstanding performance, but two curves can be still 

independently distinguished. The discharge capacity of TiO
2
/SWCNT/S 10 reaches 711.2 mAh·g−1

 at 4 C and 

recovers to 1006.9 mAh·g−1
 when the current density resets to 0.1 C, which is significantly higher than 490 

mAh·g−1
 at 4  C reported in recent work [33]. This excellent rate performance and the recoverability are 

associated with the outstanding conductivity and the remarkably robust electrode structure after cycling at high 

current density (4 C). For the current density from 0.1, 0.2, 0.5, 1 C– to 4 C and back to 0.1 C, the results of 

TiC–TiO
2
/SWCNT/S 15 are slightly superior to TiC–TiO

2
/SWCNT/S 10 in 0.1 C–1 C process, because adding 

SWCNT could improve the conductivity of the cathode and more efficient in accelerating the velocity of the 

redox reaction in the Li–S cell. However, this improvement is not that significant if considering the cost of 

adding extra 5% SWCNT, as well as it will decrease the energy density of the whole cell. Noticeably, the cell 

with TiC–TiO
2
/S composite just achieves 155.3 mAh·g−1

 at 4 C and its second discharge platform is below 

1.8  V  at 2  C current density on account of such low conductivity of TiC–TiO
2
/S ( ). To further 

understand the reason,  shows a comparison of charge and discharge profiles for rate performance of 

three electrodes. Due to the large polarization, TiC–TiO
2
/S just shows one discharge platform when current is 

4 C ( ). On the contrast, although overall capacity of rate performance of TiC/S is lower, TiC/S with 

higher conductivity shows a smaller polarization and two full discharge platforms all the time in . 

Therefore, TiC/S still remains 460.4 mAh·g−1
 at 4 C large current density. Furthermore, compared with  

and , TiC–TiO
2
/SWCNT/S 10 and TiC/S present almost the same degree of polarization, indicating that 

they have similar conductivity, verified in EIS results in Fig. 9. Obviously, both conductivities are markedly 

higher than TiC–TiO
2
/S and thus the addition of SWCNT into TiC–TiO

2
/S is essential for improving the 

performance of the Li–S batteries.

In addition, the electrochemical performances of TiO
2
/S has been added for a comparison ( ). It is 

observed that for 1 C large current density performance, TiO
2
/S presents a low specific capacity with just over 

300 mAh·g−1
. Next, the capacity rises to about 600 mAh·g−1

 because active sulfur and electrolyte mix uniform 

gradually, but it drops to a lower value after 500 cycles. For the rate performance, owing to the large resistance 

of TiO
2
, TiO

2
/S shows a very low capacity at 2 C and almost zero capacity when the current density increases 

to 4 C.

CV curves of three different batteries are shown in Fig. 8. For TiC–TiO
2
/SWCNT/S 10, two reduction peaks are 

seen at 2.32 V and 2.04 V, corresponding to the reduction of elemental sulfur to high-order lithium polysulfides 

and the further reduction of high-order lithium polysulfides into Li
2
S

2
 and Li

2
S during the discharge process. 

Two peaks at 2.33 V and 2.39 V refer to two oxidation process during charge process [48]. Starting point 

appears around 2.36 V at first cycle for all the batteries is associated with the self-discharge phenomenon of the 

cell after standing. If compared with Fig. 8a, b and 8c, it is clear that the redox peaks are gradually sharper and 

better overlapping feature for the initial several cycles with the addition of SWCNT. Among these three 

cathodes, the shape and the position of redox peaks of TiC–TiO
2
/SWCNT/S 10 are the sharpest and the closest 

to the theoretical values. On the other hand, these peaks have almost no shifts on the following cycles for TiC–

TiO
2
/SWCNT/S 10, indicating the stable reaction pathway for the lithiation process. Meanwhile, with the 

addition SWCNT, the level of polarization gradually decreases and two oxidation peaks have become more 

Fig. S5b

Fig. S5

Fig. S5b

Fig. S5c

Fig. S5a

Fig. S5c

Fig. S6



pronounced. To compare more clearly, the CV curves for the 4th cycle presenting a relative stable condition of 

these three different batteries is illustrated in Fig. 8d. All these CV results are in a good agreement with charge-

discharge curves shown in Fig. 7a.

EIS test can further demonstrate the impedance of cathodes. In Fig. 9, the semicircle in the high frequency region 

can be ascribed to the internal impedance of cathode (R
int

), and a small arc of a semicircle locates in the medium 

frequency range refers to the charge-transfer resistance (R
ct

) [33,49]. The short line in the low frequency region 

is generally named as Warburg resistance, denoted as W
0
, which is attributed to the diffusion resistance of 

lithium ions within the cathode. CPE1 and CPE2 in the equivalent circuit represent the capacitive elements [50]. 

A corresponding equivalent circuit is inserted. It can be measured that the R
int

 of TiC–TiO
2
/SWCNT/S 10 is 

22.9 Ω, which is smaller than TiC–TiO
2
/S (31.2 Ω) and bigger than TiC/S (16.4 Ω). Meanwhile, the R

ct
 of TiC–

TiO
2
/SWCNT/S 10 is 9.6 Ω, which is also lower than TiC–TiO

2
/S (16.1 Ω) and even less than TiC/S (10.8 Ω). 

These phenomenon could be explained by surface oxidized TiO
2
 leading to a relative high resistance for TiC–

TiO
2
/S. In addition, SWCNT can decrease resistance in TiC–TiO

2
/SWCNT/S 10 by constructing a conductive 

network [38,43]. Moreover, a small amount of SWCNT interwined in TiC–TiO
2
/SWCNT/S 10 composite can 

break non-conductive sulfur agglomeration in large areas, thus promoting material dispersion and decreasing 

charge-transfer resistance by providing numerous electron tunnels [51]. The structure can be seen in FE-SEM 

images in Fig. 2c and d and Fig.3a.

4 Conclusion

In summary, the TiC–TiO
2
/SWCNT/S modified cathode for Li–S batteries was proposed and fabricated via a 

facile oxidation method. Compared with previous TiC–TiO
2
/S cathode, TiC–TiO

2
/SWCNT/S 10 with a small 

addition of SWCNT delivers 1324.2 mAh·g−1
 specific capacity at first cycle and 817.0 mAh·g−1

 after 100 

cycles for 0.1 C, proving its higher conductivity and greater sulfur utilization. For rate performance, it shows 

711.2 mAh·g−1
 at 4 C and recovers to 1006.9 mAh·g−1

 when current returns to 0.1 C. This cathode also 

reveals a good long cycling stability with 850.7 mAh·g−1
 initial capacity and 77.7% retention rate after 500 

cycles at 1 C large current density. Another attractive element for this study is that only a small amount of 

SWCNT (10 wt% relative to TiC in this case) is needed to enhance the conductivity of whole composite to a 

large extent. The overall cycling, rate performance and long cycling stability remain almost identical for adding 

10% or 15% of SWCNT, indicating 10 wt% SWCNT is sufficient to offer good electrons transferring channels. 

Our results highlight that this strategy is efficient and low-cost to obtain high performance batteries, which has 

great potential to be applied in large-scale commercial applications.
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