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A B S T R A C T   

Lithium-sulfur (Li–S) batteries have been deemed as next-generation large-scale energy storage devices. How-
ever, the severe shuttle effect and sluggish conversion kinetics of lithium polysulfides significantly impede the 
commercialization of Li–S batteries. Herein, a unique “soft on rigid” composite consist of oxygen-deficient and Co 
cluster-decorated TiO2 nanofibers with carbon nanofibers (CNF), embedding numerous Co nanoparticles 
(denoted as “Co–TiO2-x/CNF”) is developed as a high-performance self-supporting multifunctional cathode 
electrocatalyst. The Co–TiO2-x/CNF offers vast surface area and enlarged porosity to homogenize sulfur distri-
bution and enhance sulfur immobilization. The oxygen deficient Co–TiO2-x fiber and CNF establish a three- 
dimensional conductive framework, which accelerates electron and ion transportation within the electrode. 
Meanwhile, the introduction of Co clusters significantly regulate the Ti d-band center and thereby improving the 
Li2S6 adsorbability. Benefiting from these synergistic features, the Li2S6/Co–TiO2-x/CNF electrode delivers 
outstanding cycling stability (capacity fading rate of 0.03% per cycle over 500 cycles) and an improved rate 
capability (743 mAh g− 1 at 3.0C). This design strategy based on synergy engineering could also open up new 
possibilities for the practical application of high performance Li–S batteries and promote the material design in 
related energy storage fields.   

1. Introduction 

Among many competing battery concepts, lithium-sulfur (Li–S) 
batteries have great promise for next-generation large-scale electric 
energy storage. Li–S batteries have a five-fold increase in theoretical 
energy density (2600 Wh kg− 1) than commercial lithium ion batteries, 
and thus may replace current lithium ion batteries [1–3]. Furthermore, 
sulfur has many attractive features, including low cost, natural abun-
dance, nontoxicity, and environmental friendliness [4–8]. Nonetheless, 
the practical application of Li–S batteries is still hampered by some 

intractable obstructions, such as the insulating property of sulfur and its 
final discharging products (Li2S2/Li2S), the large volume expansion 
(80%) during lithiation, and the high dissolution of lithium polysulfide 
(LiPS) intermediates (Li2Sn, 2 ˂ n ≤ 8) [9–13]. In addition, the electro-
chemical conversion kinetics from LiPS to Li2S2/Li2S is limited [14,15]. 
These issues lead to low sulfur utilization, rapid capacity decay, and 
inferior rate property [16–20]. 

To resolve these challenges, extensive research efforts have been 
aimed at the development of sulfur host materials, the modification of 
separator, and the exploration of electrolyte [21–23]. Although these 
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approaches have achieved substantial progress, enhancing the perfor-
mance of Li–S batteries still faces massive challenges. Recently, a 
concept regarding polysulfides conversion catalysts has been used to 
accelerate the redox reaction, and this approach can mitigate the 
dissolution of LiPS in the electrolyte and impede the accumulation of 
polysulfides on the sulfur electrode [24,25]. Polar metal oxides, sulfides, 
carbides, hydroxide, and metal-organic frameworks have attracted 
tremendous attention as conversion catalysts because of their intrinsic 
catalytic activity. Specifically, they provide abundant adsorption sites 
for chemically anchoring LiPS [26–32]. Among these polar materials, 
TiO2 has been used as a sulfur host cathode with strong LiPS confine-
ment, which is able to significantly inhibit the shuttling effect [33]. A 
recent study found that manipulating the valence state of titanium, 
accompanied by the introduction of oxygen vacancies, is a capable 
approach for achieving improved catalytic effect on polysulfide reaction 
kinetics to obtain a remarkable electrochemical performance [34]. 
Although there have been many reports of defective materials in the 
application of Li–S batteries, there are still many areas for improvement. 
As far as TiO2 is concerned, although the adsorption capacity of TiO2 
containing oxygen deficiencies has been improved compared to perfect 
TiO2, its LiPS catalytic ability and electron conductivity are still unsat-
isfied, resulting in poor reaction kinetics. Meanwhile, the unsaturated Ti 
atoms associated with oxygen defect sites are highly reactive, which 
may be combined with polysulfides, leading to the fast decay of catalytic 
activity. For this reason, it is still necessary to synchronously adjust the 
defect structure and the electronic structure to further improve its 
adsorption and catalytic capabilities for accelerated reaction kinetics. 

In addition to improving the catalytic conversion ability through the 
design of the sulfur host, studies have shown that it is also effective to 
use soluble polysulfides as active materials [35]. When soluble poly-
sulfide is used as the active material, the initial reaction changes from 
the traditional solid-liquid-solid reaction to the liquid-solid reaction, 
which promotes the uniform deposition of sulfur during the first 
discharge and accelerate the reaction kinetics for improved active ma-
terial utilization, thereby enhancing the electrochemical performance. 
For example, Shang et al. employed Mo2C-decorated N-doping carbon 
nanofibers as current collector and Li2S6 as active material, a stable 
cycling performance of over 250 cycles without obvious capacity fading 
at 0.2C was achieved [36]. The cobalt atoms dispersed on hierarchical 
carbon nitride support was reported used as cathode electrocatalyst in 
lithium-polysulfide batteries by Wu et al. and a high discharge capacity 
of 800 mAh g− 1 at 12.8 mA cm− 2 was realized [37]. 

Herein, based on our previous works on oxygen vacancies [1,38], we 
report a novel fabrication “soft on rigid” hybrid fiber serving as 
self-supporting multifunctional cathode electrocatalyst. The hybrid 
consists of rigid Co–TiO2-x fibers and soft CNF fibers which is mounted 
on its surface through subsequent chemical vapor deposition (CVD) 
techniques. A large amount of Co nanoparticles are coated in the CNF 
and abundant Co cluster attached on the surface of TiO2-x (referred as 
Co–TiO2-x/CNF). The “fiber on fiber” structure is designed to provide 
sufficient active sites for redox reaction. In addition, the CNF and unique 
structure lead to an enormous improvement in electron/ion trans-
portation and overall electronic conductivity, which enhances the sulfur 
utilization and rate performance of sulfur cathodes. A large number of 
active sites were constructed by introducing oxygen vacancies on TiO2. 
In addition, the introduced Co nano-clusters regulated the electronic 
structure, ion transport and reaction energy barrier of TiO2, thus 
achieving improved polysulfide catalytic conversion ability and 
enhanced reaction kinetics. Due to these superiorities, the Li2S6/-
Co–TiO2-x/CNF cathode delivers an improved reversible capacity (1227 
mAh g− 1 at 0.1C after 100 cycles) and rate performance (743 mAh g− 1 at 
3.0C), demonstrating its superior electrochemical performance in Li–S 
batteries. In addition, calculations at the theoretical level and analysis at 
the experimental level are used to comprehensively explain the mech-
anism by which the electronic structure and the oxygen-defective 
structure synergistically regulate the catalytic activity mechanism and 

the enhancement of its ability to adsorb and convert LiPS. 

2. Experimental 

2.1. Synthesis 

Preparation of the Co–TiO2-x/CNF composite: Briefly, 0.281 g tri-
block copolymer Pluronic F127 and 0.4 g PVP (polyvinyl pyrrolidone, 
Mw = 1300000, Aldrich) were dissolved into 3.6 g ethanol under con-
stant stirring for a uniform precursor solution. After while, 0.1925 g 
acetylacetone and 0.068 g pure water were put into the prepared pre-
cursor with stirring for 1 h. At last, 1.094 g of TTIP (Titanium isoprop-
oxide) was put into the mixed solution under robust stirring at room 
temperature for 1 h, and then 0.286 g of cobalt nitrate hexahydrate was 
further added. Further stirring for 2 h was conducted to obtain an 
electrospinning solution. Afterwards the solution was loaded into a 
plastic syringe (5 mL) equipped with a capillary and needle head (0.7 
mm in diameter). The working voltage was 8 kV, and the ejection rate of 
solution was 0.15 mm min− 1. An aluminum foil was employed to collect 
the precursor fibers with a distance of 20 cm from the nozzle. After 
electrospinning, CoOx-TiO2 precursor was subsequently heated at 
280 ◦C for 2 h in air, and further calcination was conducted in Air at 
600 ◦C for 1 h with a heating rate of 1 ◦C min− 1. As for the following CVD 
treatment, the CoOx-TiO2 was heated to 600 ◦C with a raising rate of 1 ◦C 
min− 1 under Ar. And H2 (10 mL min− 1) was introduced for 1 h with Ar 
(80 mL min− 1) at 600 ◦C. Subsequently, acetylene (10 mL min− 1) was 
introduced for 20 min with unchanged Ar/H2 input to obtain Co–TiO2-x/ 
CNF. As a comparison, the TiO2 precursor was prepared according to 
similar electrospinning process without the addition of cobalt nitrate 
hexahydrate. And the following calcination was conducted only in air. 

Preparation of Li2S6 solution: Li2S6 (1 M) was prepared by adding 
Li2S and S into 1.0 M lithium bis-trifluoromethanesulfonimide (LiTFSI) 
in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 by vol-
ume) including 1% LiNO3 at a molar ratio of 1:5. Following constant 
mechanical stirring for 24 h at 60 ◦C was used to synthesize homoge-
neous Li2S6 electrolyte. 

2.2. Materials characterization 

X-ray diffraction (XRD, D8 Focus, Bruker) pattern was recorded by 
Cu Kα radiation. The morphology of the products was investigated by 
scanning electron microscopy (SEM, S-4800, Hitachi) and transmission 
electron microscopy (TEM, JEOL, JEM2100F). Raman spectra were 
measured in a Raman microscope (Thermo Scientific, Waltham, MA) 
with a laser excitation wavelength of 514 nm. Brunauer-Emmett-Teller 
(BET, V-Sorb, 2800P) was employed to test the specific surface area. 
X-ray photoelectron spectroscopy (XPS) spectra were recorded on a 
Thermal Fisher Scientific ESCALAB 250Xi spectrometer. To confirm the 
presence of vacancies, the g factor was determined using electron 
paramagnetic resonance (EPR, Bruker, A300) spectroscopy at 77 K. 

2.3. Electrochemical measurements 

The cathodes were fabricated by directly dropped the Li2S6 on the 
prepared Co–TiO2-x/CNF. Coin-type cells (CR2032) were assembled by 
using the Li2S6/Co–TiO2-x/CNF as cathode, lithium foil as anode, and 
Celgard 2400 polypropylene membrane as separator. The same pro-
cedures were used to prepare Li2S6/TiO2 composite. The sulfur loading 
is controlled by the added amount of Li2S6. The electrolyte was 1.0 M 
LiTFSI dissolved in a 1:1 vol ratio of DOL and DME, containing 1% 
LiNO3. The sulfur loading was calculated according to the molar mass of 
sulfur in Li2S6. 5 μL Li2S6 electrolyte (1 M) and 15 μL blank electrolyte 
were dropped in the Co–TiO2-x/CNF electrode with a diameter of 9 mm, 
corresponding to the sulfur loadings of 1.5 mg cm− 2 for regular test. The 
coin cells with high sulfur loading was assembled with different volume 
of Li2S6 electrolyte and blank electrolyte. The total amount of electrolyte 
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remains unchanged at 30 μL. The cells were assembled in an argon-filled 
glove box. Cyclic voltammetry (CV) curves and Nyquist plots were ob-
tained using electrochemical workstation (Princeton, VersaSTAT 4). 
Galvanostatic charge and discharge tests were performed with a voltage 
window of 1.7–2.8 V on a Neware tester. 

Symmetric cell: Sulfur powder and Li2S were mixed with a molar 
ratio of 5:1 added into the above mentioned electrolyte to obtain the 
Li2S6 electrolyte. Co–TiO2-x/CNF (TiO2) was employed as the working 
electrode and the lithium foil was used as the counter electrode. CV 
measurements were tested on electrochemical workstation (Chenhua 
CHI–660C) from − 1.5 V to 1.5 V at 10 mV s− 1. 

Li2S deposition measurement: Li2S8 electrolyte (0.25 mol L− 1) was 
prepared in a similar way to Li2S6 electrolyte, but using tetraglyme. The 
cell was galvanostatically discharged to 2.06 V at 0.112 mA, followed by 
discharging potentiostatically at 2.05 V. 

Linear sweep voltammetry (LSV) measurement: The cells consisted 
of a working electrode, a reference (saturated Ag/AgCl electrode), and a 
counter electrode (platinum sheet). Li2S/methanol solution (0.1 M) was 
used as electrolyte. The electrochemical workstation (Princeton, Ver-
saSTAT 4) was employed to collect the results from − 0.8 V to − 0.3 V at 
5 mV s− 1. 

2.4. Computational method 

The density functional theory (DFT) calculation was conducted using 
plane-wave ultra-soft pseudopotential method and Perdew-Burke- 
Ernzerhof (PBE) for the exchange and correlation energy terms. A 3 ×
3 supercell of TiO2 (101) surface was constructed and the vacuum height 
was set to 15 Å. The cut off energy of plane wave was 400 eV, and the 
Monkhorst-Pack grid k-space was set to be 2 × 2 × 1. The maximal 
interaction forces of atoms were 0.03 eV Å− 1. 

3. Results and discussion 

The ideal sulfur host needs to possess both strong adsorption ability 
on LiPSs and catalytic effect on sulfur species conversion. As above 

stated properties, DFT calculations were conducted to predict the 
possible structure, conductivity, adsorption and catalytic abilities to 
LiPSs of Co–TiO2-x. Fig. 1a displays the optimized stable adsorption 
configurations and the corresponding binding energies of Li2S6 on the 
TiO2, TiO2-x and Co–TiO2-x surfaces. The significantly increased binding 
energy due to the introduction of oxygen vacancies and Co cluster 
suggests the excellent chemical immobilization between Li2S6 and 
Co–TiO2-x. The higher adsorption energy of Co–TiO2-x could be attrib-
uted to the synergistic effect of Co–S bond caused from the introduced 
Co cluster and strengthened Ti–S bond by oxygen vacancies, which en-
hances the chemical affinity to LiPSs. Meanwhile, the modified TiO2 
further offers fast Li+ diffusion capability on its surface, leading to much 
improved redox reaction (Fig. 1b). The Co–TiO2-x exhibits a much lower 
Li+ diffusion energy barrier of 0.88 eV than TiO2 (1.48 eV) and TiO2-x 
(1.22 eV), indicating its fast ion diffusion on Co–TiO2-x surface. Apart 
from strong adsorption effect and fast Li+ transfer, effective catalysis on 
the transformation of sulfur species is also important. The Li2S deposi-
tion profiles in Fig. 1c performs a reduced Li2S decomposition energy 
barrier of Co–TiO2-x (0.67 eV) than that of TiO2 (1.03 eV) and TiO2-x 
(0.84 eV), indicating the fast LiPS conversion capability of oxygen va-
cancies and Co cluster. Therefore, the vast oxygen vacancies and Co 
cluster, serving as active sites, significantly strengthen the adsorption 
ability and catalytic conversion of LiPS, leading to much improved 
electrochemical performance. 

In the practical application of Li–S battery, excellent conductivity is 
also important. Fig. 2a shows the density of states (DOS) patterns. TiO2 
and TiO2-x all demonstrate distinct energy gaps for spin-up and spin- 
down channels with a typical semiconducting character. And the DOS 
pattern of TiO2-x performs an extensive state rearrangement from TiO2 
along with the existence of a shallow donor level (defect level). After the 
introduction of Co cluster, the band gap disappeared, indicating the 
significantly improved electronic conductivity, which facilitates elec-
tron transportation within the electrode. Fig. 2b depicts the d-band 
centers. A highest Ti d-band center was found for Co–TiO2-x (− 0.02 eV) 
compared with that of TiO2 (− 0.22 eV) and TiO2-x (− 0.19 eV), especially 
the introduction of Co clusters significantly upshifts the d band center of 

Fig. 1. (a) Chemical interactions between Li2S6 and TiO2, TiO2-x and Co–TiO2-x; (b) the diffusion profiles of Li+ on TiO2, TiO2-x and Co–TiO2-x; (c) transition state of 
Li2S decomposition on TiO2, TiO2-x and Co–TiO2-x. 
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Ti atoms, indicating that the Co cluster can regulate the Ti electronic 
structure and thereby improving the Li2S6 adsorbability. 

In order to verify the practical effect, a Li2S6/Co–TiO2-x/CNF hybrid 
was constructed to serve as sulfur host. The detailed fabrication pro-
cedure was shown in Fig. 2c. Co–TiO2-x/CNF is composed of oxygen- 
deficient TiO2-x rigid fiber decorated with Co cluster, soft CNF and the 
Co nanoparticles coated in the top of CNF. First, a homogeneous free- 
standing film precursor was achieved by using electrospinning tech-
nique. Then, the precursor was calcined in air to produce CoOx-TiO2 
composite. After chemical vapor deposition (CVD) treatment, a 
Co–TiO2-x/CNF film was obtained containing the metallic Co nano-
crystals, TiO2-x fiber and CNF fiber. In addition, Li2S6 was further loaded 
on the substrate by drop coating method to obtain the LiPS cathode. 

The adsorption experiments with Li2S6 as the electrolyte were 
examined. The Li2S6 solution after adsorbed by Co–TiO2-x/CNF became 
colourless, indicating its strong chemical affinity for Li2S6 attributed to 
the strong LiPS adsorption of Co–TiO2-x/CNF, as seen in Fig. 2d. UV–vis 
spectroscopy was also employed to evaluate the LiPS adsorption capa-
bility of different sulfur immobilizer. After adsorption, the peak in-
tensity at about 280 cm− 1 and 415 cm− 1 significantly reduced, 
corresponding to the decreasing concentration of S6

2− and S4
2− species, 

respectively. Furthermore, the accelerated electrocatalytic effect of 
Co–TiO2-x/CNF was explored by the LSV test in Fig. 2e. A glass carbon 
was used as a reference electrode. The almost non-current response in-
dicates that it has no effect on the sulfur oxidation process. The LSV 
curve of TiO2 demonstrates an onset potential of ~ -0.5 V, which is lower 

than that of Co–TiO2-x/CNF (− 0.6 V). This evidence demonstrates the 
strong effect of Co–TiO2-x/CNF on reducing the energy barrier of sulfur 
oxidation from solid Li2S to soluble LiPS. Symmetric cells were 
employed to reveal the ability of Co–TiO2-x/CNF on accelerating the 
LiPS transformation. The CV profiles are performed in Fig. 2f, distinctive 
and sharp peaks can be observed in Co–TiO2-x/CNF, indicating its su-
periority to catalyze the conversion of LiPS due to the existence of ox-
ygen vacancies and special electronic structures affected by introduced 
Co cluster. As a comparison, TiO2 shows low current response, which is 
related to the limited LiPS catalytic conversion. Li2S deposition profiles 
are shown in Fig. 2g to examine its Li2S formation kinetics. The cell 
based on Co–TiO2-x/CNF performs the stronger current response with 
the higher deposition capacity of 166.9 mAh g− 1 than TiO2 (66.8 mAh 
g− 1), indicating its better capability of boosting the transformation of 
LiPS into insoluble Li2S. 

To further explore the working mechanism, a series of character-
izations were conducted to observe the properties of Co–TiO2-x/CNF. 
The optical photos in Fig. S1 indicated its flexibility to serve as free- 
standing cathode. The SEM image in Fig. 3a reveals the morphology of 
the as-prepared precursor by electrospinning. The precursor consists 
abundant fibers with good size uniformity. After calcination in air, the 
uniform fiber structure of CoOx-TiO2 film is still maintained, as seen in 
Fig. 3b. After CVD treatment, abundant CNF fibers are loaded on the 
surface of TiO2-x, which is capable to offer decent electronic conduction. 
A typical “soft on rigid” fiber structure is revealed in Fig. 3c and d. It is 
worth noting that no severe collapse occurred after the calcination and 

Fig. 2. (a) DOS profiles, (b) d-band center for Ti of TiO2, TiO2-x and Co–TiO2-x; (c) schematic illustration of fabrication procedure for Li2S6/Co–TiO2-x/CNF hybrid 
and the corresponding conversion mechanism. (d) UV–vis spectra and optical images (inset) of LiPS solution before and after adsorption by TiO2 and Co–TiO2-x/CNF; 
(e) LSV curves; (f) CV and (g) Li2S deposition profiles of TiO2 and Co–TiO2-x/CNF. 
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CVD treatment. The thickness of the Co–TiO2-x/CNF coating was 
determined by cross-sectional SEM to be about 37 μm in Fig. S2. The 
content of CNF in Co–TiO2-x/CNF was explored to be 18.5% by TG under 
air atmosphere (Fig. S3). And the Co content in Co–TiO2-x/CNF was 
calculated to be 0.67% by inductively coupled plasma-mass spectrom-
etry. As comparison, Co–TiO2-x/CNF with different Co contents is syn-
thesized and the SEM images are shown in Figs. S4a–d. It can be seen 
that the limited Co addition in Co–TiO2-x/CNF will result in reduced CNF 
loading, while excessive Co addition will collapse its unique structure. 

The “soft on rigid” structure is confirmed by observation of the TEM 
image shown in Fig. 3e. As mentioned above, the Co–TiO2-x/CNF is 
composed of TiO2-x fiber, Co nanoparticles, and abundant CNF, which all 
can be clearly seen in Fig. 3e. In order to further observe the interface 
between the various components, selected area is performed in Fig. 3f. 
The interface between the CNF and TiO2-x is clearly shown in Fig. 3f. In 
order to prove the existence of oxygen vacancy, the area in yellow frame 
is chosen to further explore using fast Fourier transform (FFT). The FFT 
results are shown in Fig. 3g, clear diffraction spots cannot be found, 
which demonstrates the arrangement of the crystal plane was severely 
damaged. Some dislocations can be seen in the inverse FFT result, which 
offers direct evidence that there are oxygen vacancies present in the 
Co–TiO2-x/CNF composite. This is because some trivalent Ti atoms 
appear during the H2-assisted reduction process. The Co–TiO2-x/CNF 
composite consists of Ti2O3 (Ti3+) and TiO2 (Ti4+), and these cause the 
composite to become disordered and to have some oxygen vacancies 
[39]. The lattice spacing of 0.36 nm further confirms the defective na-
ture of the obtained TiO2-x by showing a slightly expanded interplanar 
spacing on the (101) face. The HRTEM result of TiO2 without oxygen 
vacancy (Fig. S5) is used as a comparison, the area in red frame is chosen 
to further explore using FFT. The FFT result is shown in Fig. 3h, clear and 
bright diffraction spots are obtained, indicating the excellent 

crystallinity of TiO2. After the inverse FFT treatment, distinct lattice 
fringes are revealed, which is attributed to the (101) plane of TiO2. TEM 
elemental mapping analysis indicates that the uniform elemental dis-
tribution in Co–TiO2-x/CNF (Fig. 3i-l). In order to prove the existence of 
Co cluster, the selected area of Fig. 3f was analyzed in Fig. S6. The lattice 
spacing in HRTEM and corresponding FFT patterns in Fig. S6 not only 
confirms the existence form of metallic Co, but also reveals its ultrafine 
size in Co–TiO2-x/CNF. Meanwhile, In Fig. S7, a HRTEM image exhibits a 
fringe spacing of the Co (111) plane and the outer CNF coating, which 
also indicates the existence of Co in the Co–TiO2-x/CNF. The Co cluster 
on the surface of TiO2-x can regulate the d-band center of Ti towards 
improved LiPSs adsorbability and enhance electronic conductivity, 
rendering much improved redox reaction kinetics. 

The crystallization properties of the samples were analyzed by XRD 
patterns in Fig. 4a. Obviously, the diffraction peak of Co–TiO2-x/CNF at 
26.7◦ originated from the CNF, which was deposited via CVD treatment. 
In addition, the XRD pattern showed several diffraction peaks which 
were indexed to the (101), (004), (200), (211), and (004) planes of 
anatase TiO2 (PDF#21–1272). However, compared with the pattern of 
TiO2, there is a down-shift toward smaller angles for Co–TiO2-x/CNF, 
especially in the range of 20–30◦ because of the presence of oxygen 
vacancies [40,41]. Furthermore, there are no obvious diffraction peaks 
of Co were found, indicating its limited content in the composite. BET 
test was conducted to observe the porosity of the samples. The 
Co–TiO2-x/CNF exhibits a much higher Barrett-Emmett-Teller surface 
area of 132.7 m2 g− 1 than TiO2 (81.5 m2 g− 1), confirming the success of 
CNF loading on the TiO2 fibers (Fig. 4b). The higher surface area is able 
to stockpile sulfur and uniform the sulfur distribution, leading to 
improved electrochemical performances of Li–S batteries. Raman 
spectra were measured to investigate the graphitization degree of 
Co–TiO2-x/CNF, and the results are shown in Fig. 4c. The as-prepared 

Fig. 3. SEM images of (a) precursor, (b) CoOx-TiO2; (c, d) Co–TiO2-x/CNF; (e) TEM and (f) high-resolution TEM image of Co–TiO2-x/CNF; (g, h) FFT pattern, inverse 
FFT pattern and lattice spacing images in the selected area; (i–l) high-magnification elemental mapping of Co–TiO2-x/CNF. 
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Co–TiO2-x/CNF exhibits two typical peaks at 1351 and 1602 cm− 1, and 
these are ascribed respectively to the D-band and G-band vibrations of 
carbonaceous material. The intensity ratio of the D-band to the G-band 
(ID/IG) for Co–TiO2-x/CNF is 0.95, and this indicates the partial graph-
itization degree of the CNF that formed because of the introduction of 
the cobalt catalyst. Furthermore, the TiO2 peaks, which located at 141 
cm− 1, 391 cm− 1, 514 cm− 1 and 634 cm− 1, are shifted to higher wave-
number in Co–TiO2-x/CNF, and this further proves the presence of ox-
ygen vacancies in the Co–TiO2-x/CNF [42]. XPS spectra of the 

composites were recorded and analyzed. The Ti 2p XPS spectrum proves 
the generation of Ti3+, corresponding to a pair of smaller peaks at 458.1 
and 463.6 eV (Fig. 4d). A reducing H2 atmosphere was introduced via 
CVD and should promote the formation of Ti3+ sites and adjacent oxy-
gen vacancies that would accelerate electron transportation within the 
oxide. Therefore, the presence of Ti3+ sites greatly improves the con-
ductivity of the Co–TiO2-x/CNF composite [41,43]. Moreover, the O 1s 
XPS spectrum also verifies the existence of oxygen vacancies (Fig. 4e). 
The O3 peak located at 532.1 eV is attributed to the generation of oxygen 

Fig. 4. (a) XRD patterns, (b) Nitrogen adsorption isotherms, (c) Raman spectra, (d) Ti 2p and (e) O 1s high-resolution XPS spectra, (f) EPR spectra of TiO2 and 
Co–TiO2-x/CNF. 

Fig. 5. (a) CV, (b) charge-discharge profiles, (c) cycle performance of Li2S6/Co–TiO2-x/CNF cathode, (d) rate capability, (e) long-term operation and (f) EIS of various 
electrodes, (g) high-loading and lean-electrolyte performances and (h) rate capability of Li2S6/Co–TiO2-x/CNF cathode. 
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vacancies. And the O1 peak at 530.2 eV represents the Ti–O bond, the O2 
peak at 531.4 eV is contributed by the O–H bond. The O4 peak at 532.9 
eV is caused by adsorbed moisture [40,44]. The existence of oxygen 
vacancies is also verified by EPR measurements, in which the 
Co–TiO2-x/CNF produces a distinctive EPR signal with a g factor of 2.003 
(Fig. 4f), corresponding to electrons localized on oxygen vacancies and 
implying that H2-assisted reduction largely increased the concentration 
of oxygen vacancies. 

Based on above mechanism analysis, it was proved that Co–TiO2-x 
shows the superior catalytic performance. In order to verify this, elec-
trochemical performance of CR2032-type coin cells with Li2S6/TiO2 and 
Li2S6/Co–TiO2-x/CNF cathodes were measured. Fig. 5a shows cyclic 
voltammetry (CV) curves. For each cycling process, both the Li2S6/TiO2 
and Li2S6/Co–TiO2-x/CNF cathodes undergo typical two-step reduction 
reactions and a one-step oxidation reaction. The cathodic peaks can be 
explained as the reduction of sulfur (S8) to soluble high-order lithium 
polysulfides (Li2Sx, 4 ≤ x ≤ 8) and its further reduction to Li2S2/Li2S 
while the anodic peaks are related to the oxidation of Li2S2/Li2S to S8 
[45,46]. Moreover, comparing with the Li2S6/TiO2 cathode, the 
Li2S6/Co–TiO2-x/CNF cathode witness a much lower potential hystere-
sis, indicating its improved Li–S electrochemistry. Fig. 5b shows the 
galvanostatic charge-discharge curves of the Li2S6/Co–TiO2-x/CNF 
cathode at 0.1C. The galvanostatic charge-discharge curves indicate that 
the Li2S6/Co–TiO2-x/CNF electrode shows obvious charge/discharge 
plateaus, which is consistent with the CV curves. The potential hyster-
esis (ΔE) of the Li2S6/Co–TiO2-x/CNF cathode is small, indicating its low 
electrochemical polarization and excellent reversibility. 

Fig. 5c displays the cycling performance of the Li2S6/TiO2 and Li2S6/ 
Co–TiO2-x/CNF cathodes at 0.1C. After 100 cycles, the Li2S6/Co–TiO2-x/ 
CNF and Li2S6/TiO2 cathodes exhibit discharge capacities of 1227 and 
796 mAh g− 1, respectively. The Li2S6/Co–TiO2-x/CNF cathode has a 
higher capacity and capacity retention during the cycling process. In 
order to explore the structure stability of Co–TiO2-x/CNF under the 
repeated cycling process, the electrode after cycling was further inves-
tigated, as shown in Fig. S8. The SEM image and element mapping reveal 
a distinctive “soft on rigid” fibrous structure with a uniform element 
distribution after cycling, indicating the superior structure stability of 
Co–TiO2-x/CNF to serve as multifunctional sulfur immobilizer for fast 
and durable Li–S performance. The rate performance of the cells with 
the Li2S6/Co–TiO2-x/CNF and Li2S6/TiO2 cathodes were assessed from 
0.2C to 3.0C (Fig. 5d). The specific capacity of the Li2S6/Co–TiO2-x/CNF 
cathode is 1234 mAh g− 1 at 0.2C (the 10th cycle), whereas the corre-
sponding value for the Li2S6/TiO2 cathode is 1081 mAh g− 1 (the 10th 
cycle). At higher C-rates set for 0.5C, 1.0C, 2.0C and 3.0C (the 10th 
cycle), the specific capacities of Li2S6/Co–TiO2-x/CNF cathode yields 
1018, 853, 781 and 743 mAh g− 1, respectively. Furthermore, a high 
reversible capacity of 1203 mAh g− 1 is still recovered at 0.2C after cy-
cles, indicating the improved rate performance caused by Co–TiO2-x/ 
CNF. 

The long cycle performance at 1C was further tested to prove the 
cycling stability of the Li2S6/Co–TiO2-x/CNF cathode at 1.0C for up to 
500 cycles. As seen in Fig. 5e, a high capacity of 694 mAh g− 1 after 500 
cycles with a low capacity fade of only 0.03% per cycle can be obtained 
in Li2S6/Co–TiO2-x/CNF cathode, indicating its much improved capacity 
retention. Such good cycling stability is attributed to a synergistic effect 
of the 3D interwoven structure and defective structure design of 
Co–TiO2-x/CNF, which exhibit high electrical conductivity, strong LiPS 
adsorption and fast trapping-conversion. EIS spectra of various elec-
trodes are shown in Fig. 5f. Clearly, the Li2S6/Co–TiO2-x/CNF cathode 
shows the lower charge transfer resistance, indicating the rapid charge 
transport and accelerated sulfur redox reactions. 

The practical application of Li–S batteries requires a stable operation 
under high sulfur loading and decreased electrolyte/sulfur (E/S) ratio. 
Therefore, the cells with different mass loading and electrolyte content 
were evaluated to validate the excellence catalytic effect of Co–TiO2-x/ 
CNF electrocatalyst. As demonstrated in Fig. 5g, the specific discharge 

capacities of the Li2S6/Co–TiO2-x/CNF cathodes under different sulfur 
loadings of 2.6, 5.4, and 7.8 mg cm− 2 can keep a satisfying discharge 
capacity of 2.4, 4.3, and 4.8 mAh cm− 2 after 100 cycles, respectively. 
Even under raised sulfur loading of 7.8 mg cm− 2, a high capacity 
retention is still retained. Besides, at 7.8 mg cm− 2, the rate performance 
displays a high areal capacity of 4 mAh cm− 2 at 0.5C, proving the 
enhanced sulfur utilizations as well as reduced electrochemical polari-
zation (Fig. 5h). Attributed to its structural superiorities, the remarkable 
performance enhancement of Co–TiO2-x/CNF was achieved when 
serving as cathode electrocatalyst. 

4. Conclusions 

In summary, we successfully fabricated oxygen-deficient and Co 
cluster decorated Co–TiO2-x/CNF as efficient cathode electrocatalyst for 
Li–S batteries. Compared with Li2S6/TiO2, the Li2S6/Co–TiO2-x/CNF 
cathode shows a superior cycling stability with a reversible capacity of 
694 mAh g− 1 (capacity decay of only 0.03% per cycle) after 500 cycles at 
1.0C. The enhanced electrochemical performance of Li2S6/Co–TiO2-x/ 
CNF can be attributed to i) introduced Co clusters upshift the d-band 
center of Ti atoms and thereby improving the Li2S6 adsorbability of 
TiO2-x; ii) the strengthened physical confinement offered by its unique 
structure and strong chemical interactions given by oxygen vacancies 
and Co cluster; iii) the promoted LiPS adsorption and conversion kinetics 
by the unique electronic structures regulated by Co cluster. This com-
bination of defect structure design and electronic structure adjustment 
promotes the development of cathode electrocatalyst for Li–S batteries 
toward fast and durable Li–S redox reaction, holding great promises to 
be utilized as multifunctional cathode substrate and electrocatalyst to-
ward its practical applications. 
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