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a b s t r a c t 

To achieve scale-up commercialization of Li-S batteries, parasitic shuttle effect, leading to low utiliza- 

tion of active material and fast capacity decay, has to be resolved effectively. Herein, we prepared CeO 2 

nanorods decorated interwoven 3-D carbon cloth via facile one-step hydrothermal reaction and Li 2 S 6 - 

containing polysulfide as starting material to successfully improve the electrochemical performance of 

Li-S battery. First, strong chemical interaction toward polysulfides was successfully constructed by polar 

CeO 2 nanorods and numerous oxygen vacancies on their surface acting as efficient polysulfides anchoring 

sites significantly enhanced the utilization of active material sulfur. Second, interwoven freestanding car- 

bon cloth can considerably enhance redox kinetics through a 3-D interconnected network with abundant 

long-range electron transfer channels and can significantly improve redox kinetics by easy accessibility to 

electrolyte and abundant ion transport pathways. Third, the utilization of Li 2 S 6 -containing catholyte leads 

to uniform distribution of active material and improves sulfur utilization. Benefiting from the aforemen- 

tioned advantages, free-standing 3-D carbon cloth with CeO 2 nanorods decoration combined with Li 2 S 6 - 

containing catholyte (CC@CeO 2 @Li 2 S 6 ) electrode delivered an initial discharge capacity of 1311 mA h g −1 

at 0.2C and approximately 95% of the initial discharge capacity was remained after 100 galvanostatic 

cycles, manifesting superior capacity retention with minimal capacity fading of 0.050% per cycle. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Lithium ion batteries (LIBs) are promising candidates among 

he existing energy storage devices due to extensive utilization in 

he secondary battery field [1] . LIBs not only have been dominant 

echargeable power sources in portable electrical devices market 

ince it was initially launched in early 1990s [2] , but also have 

evolutionized the transportation industry from conventional fossil 

uels powered vehicles to battery powered electric vehicles. How- 

ver, conventional LIBs consisting of insertion-compound cathodes 

e.g. LiCoO 2 , LiMnO 4 , and LiFePO 4 ) and graphite anode have been 

emonstrated to reach their maximal theoretical specific capacity 

f 300 mAh g −1 and maximal theoretical energy density of 150–

00 Wh kg −1 [3] , so little exploration room considerably hinders 

he fulfillment of increasing demands of electric vehicles and smart 

rids [4] . The lithium-sulfur (Li-S) battery has been receiving in- 

reasing attention from scientific community due to its remarkable 

roperties such as considerable abundance of sulfur, nontoxic na- 

ure, and environmental friendliness. It is worth mentioning that 

ts ultrahigh theoretical capacity (1675 mAh g −1 ) and theoretical 
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nergy density (2600 Wh kg −1 ) when coupled with lithium metal 

node differentiate it from other conventional cathode materials 

5] . Although rapid development of the Li-S battery resulting from 

ubstantial effort has been achieved, several formidable technical 

ssues make the realization of commercialization a real challenge, 

ncluding shuttle effect caused by polysulfide diffusion, poor con- 

uctivity of sulfur, and volume variation of the electrode during 

harge-discharge cycling process [6 , 7] . The shuttle effect, leading 

o rapid capacity decay and huge degradation of the cell electro- 

hemical performance, is one of the most serious problems that 

he Li-S battery system is facing and has to be addressed urgently. 

Over the past few years, a considerable amount of effort has 

een devoted to developing and engineering novel materials to 

ddress those aforementioned technical issues. Those synthesized 

athode composites from previously reported work are generally 

lassified into two categories (non-polar and polar materials) based 

n different working mechanisms to mitigate the shuttle effect 

f soluble lithium polysulfides. At the beginning, various carbona- 

eous nanomaterials were extensively exploited to inhibit para- 

itic dissolution of intermediate polysulfide species formed during 

harge-discharge cycling process due to remarkable physical con- 

ning capability against polysulfides. It is also worth mentioning 
hat carbonaceous nanomaterials with excellent electronic conduc- 

https://doi.org/10.1016/j.electacta.2021.138645
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mailto:rwang@eng.ua.edu
https://doi.org/10.1016/j.electacta.2021.138645


Z. Wei, J. Li, Y. Wang et al. Electrochimica Acta 388 (2021) 138645 

t

d

c

c

n

g

t

l

a

w

t

s

p

s

t

p

i

a

s

c

h

m

c

c

c

f

s

t

i

m

h

s

[  

e

l

a

L

a

m

i

t

h

m

o

o

t

d

a

p

t

fi

e

p

n

v

g

fi

p

p

c

w

e

a

g

r

c

s

i

t

t

w

b

fi

o

fi

f

n

s

fi

e

a

t

r

m

i

r

c

c

t

v

w

2

2

n

m

p  

s

f

a

w

a

t

t

r

i

C

2

s

w

s

c

a

2

p

d

r

b

ivity can effectively facilitate electron transfer, resulting in fast re- 

ox kinetics for the Li-S battery. Abundant non-polar carbon ar- 

hitectures were developed including 0D microporous/mesoporous 

arbon particles, 1D carbon nanomaterials like multi-walled carbon 

anotube (MWCNT) and 2D nanostructured carbon materials like 

raphene. For example, Wang et al. [8] reported that an innova- 

ive and facile synthesis of ordered mesoporous carbon with excel- 

ent conductivity and high specific surface area (1432 m 

2 g −1 ) was 

chieved by a simultaneous template and carbonization approach 

ithout the addition of metallic catalysts. Chen et al. [9] reported 

hat a cost-effective and well-performed design of hierarchically 

tructured MWCNT/S nanosphere with the collective effect of large 

ores as well as the existence of carboxyl functional groups can 

ignificantly improve the overall electrochemical performance of 

he Li-S battery. Zhang et al. [10] reported that a significant im- 

rovement of overall performance of the cell was fulfilled by an 

nnovatively prepared sulfur anchored graphene composite through 

 cost-effective one-pot hydrothermal approach. The obtained re- 

ults show that NanoS@G composite delivered an excellent dis- 

harge capacity of 1400 mAh g −1 for the first cycle, leading to 

igh sulfur utilization of 83.7%. Moreover, the capacity was well 

aintained above 720 mAh g −1 over 100 cycles. The remarkable 

onducting nature, hierarchical structure and high porosity endow 

arbonaceous materials-based cathode with a superior initial dis- 

harge capacity, but subsequently the cell is usually followed by 

ast capacity fading. It is concluded that it is extremely hard for 

ulfur-carbon composites to maintain a stable and high capacity 

hroughout the whole charge-discharge process due to the weak 

nteraction between polar polysulfides and non-polar carbonaceous 

aterials [11] . 

On the other side, the addition of polar materials in cathode 

as garnered considerable attention aiming at impeding the poly- 

ulfide diffusion. Various metal oxides (ZnO [12] , Fe 3 O 4 [13] , V 2 O 3 

14] , TiO 2 [15] , Ta 2 O 5 [16] , and MnO [17] ) have been reported to

ffectively immobilize polysulfides, leading to increased sulfur uti- 

ization which is fulfilled by the presence of formed O 

2 − with 

 strong polar nature [18] . For example, Yuan et al. [19] used 

a 2 O 3 nanoplates anchored highly conductive carbon nanotubes 

s a promising sulfur host to enhance the electrochemical perfor- 

ance of the cell. The optimal combination of highly conductive 

nterconnected CNTs framework, that can provide abundant elec- 

ron transfer pathways, and polar La 2 O 3 , that can successfully in- 

ibit polysulfide diffusion and prevent irreversible loss of active 

aterial, endows the cell with superb initial discharge capacity 

f 1251 mAh g −1 and well-maintained capacity of 1011 mAh g −1 

ver 100 cycles at 0.1C. It is also worth noting that the innova- 

ively synthesized composite exhibited superior capacity retention 

emonstrating capacity fading of 0.067% per cycle after 300 cycles 

t 0.1C. 

In the meantime, CeO 2 has been used in cathode material 

reparation because CeO 2 can construct strong interaction with in- 

ermediate polysulfide species, successfully immobilizing polysul- 

des and ensuring excellent capacity retention. For example, Zhu 

t al. [20] reported that the combination of nano-sized sheet-like 

orous carbon with superb electrical conductivity and polar CeO 2 

anoparticles with excellent polysulfide-adsorbing capability pro- 

ides the C/CeO 2 /S composite with superb cyclability of 729 mAh 

 

−1 over 300 cycles at 0.5C. 

Comprehensive characterizations have also been used to con- 

rm strong adsorption capability of CeO 2 against intermediate 

olysulfide species. For example, Wang et al. [21] reported that 

orous carbon nanofibers (CNF) with CeO 2 decoration was used as 

athode matrix to enhance electrochemical performance. In their 

ork, polysulfide adsorption test and UV–vis spectroscopy were 

mployed to confirm the strong adsorption capability of CeO 2 

gainst polysulfides and bare non-polar CNF was used as control 
2 
roup. Two distinct peaks corresponding to S 6 
2 − and S 4 

2 − species 

espectively were located at 411 nm and 280 nm, which can be 

learly seen from the UV–vis spectra of the blank Li 2 S 6 -containing 

olution. Compared with bare non-polar CNF, a significant decrease 

n the peak intensity of those two peaks was realized by using syn- 

hesized CeO 2 @CNF composite, demonstrating a great reduction in 

he concentration of polysulfide in CeO 2 @CNF composite solution, 

hich further exhibiting strong polysulfide adsorption capability 

y CeO 2 . 

Herein, we innovatively develop CeO 2 nanorods which are 

rmly anchored on free-standing carbon cloth via simple and facile 

ne-step hydrothermal reaction and use Li 2 S 6 -containing polysul- 

de as starting material to effectively enhance electrochemical per- 

ormance of Li-S battery. To the best of our knowledge, CeO 2 

anorods with numerous oxygen vacancies are used as efficient 

ulfur host material and effective polysulfides adsorbent for the 

rst time. Elaborately fabricated CC@CeO 2 @Li 2 S 6 electrode deliv- 

red a superb initial discharge capacity of 1311 mAh g −1 at 0.2C 

nd approximately 95% of the initial discharge capacity was main- 

ained after 100 galvanostatic cycles, resulting in excellent capacity 

etention with minimal capacity decay of 0.050% per cycle. Further- 

ore, CC@CeO 2 @Li 2 S 6 delivered a superior initial discharge capac- 

ty of 852.7 mAh g −1 at 1C and demonstrated a well-maintained 

eversible capacity of 852.7 mAh g −1 after 220 galvanostatic cy- 

les, leading to surprisingly outstanding capacity retention and cy- 

ling stability with zero capacity decay. Moreover, various charac- 

erizations and control group experiments were carried out to pro- 

ide more insights on the underlying mechanisms involved in this 

ork. 

. Experimental section 

.1. Preparation of CC@CeO 2 

The preparation of free-standing carbon cloth (CC) with CeO 2 

anorods decoration was achieved by a simple one-step hydrother- 

al method. Typically, 8 mL of 6 M aqueous NaOH (VWR, 99%) was 

oured into 88 mL of 0.1 M Ce(NO 3 ) 3 • 6H 2 O (Acros Organics, 99.5%)

olution and subsequently the mixture was stirred vigorously be- 

ore the mixed solution was transferred into a 200 mL Teflon-lined 

utoclave with CC at the bottom. One-step hydrothermal synthesis 

as implemented in a programmable box furnace at 90 °C with 

 dwell time of 48 h to obtain rod-like CeO 2 nanocrystals. After 

he hydrothermal reaction, the autoclave was cooled down to room 

emperature, CC decorated with CeO 2 nanorods was collected and 

insed with DI water to completely remove Na + and other residual 

ons. After washing, the CC was placed in vacuum drying oven and 

C@CeO 2 was acquired after drying at 60 °C overnight. 

.2. Preparation of Al@S 

Conventional Al@S electrode was prepared by mixing 70 wt% of 

ublimed sulfur powder, 20 wt% of super P carbon black and 10 

t% of PVDF with NMP to form a slurry. The obtained slurry was 

tirred overnight and subsequently pasted onto aluminum foil. The 

oated aluminum foil was transferred into a vacuum drying oven 

nd then dried at 60 °C overnight under vacuum. 

.3. Preparation of Li 2 S 6 -containing catholyte solution and 

olysulfide adsorption test 

Li 2 S 6 -containing catholyte solution (Li 2 S 6 ) was prepared by 

irectly mixing sublimed elemental sulfur with stoichiomet- 

ic Li 2 S in a liquid organic electrolyte containing 1-M lithium 

is(trifluoromethane) sulfonimide (LiTFSI) (Adipogen Corp Ms, 
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99%) and 0.5-M LiNO 3 (Alfa Aesar, 99.999%) in diox- 

lane:dimethoxyethane (DOL:DME) (1:1 by volume) (Alfa Aesar, 

9%). Sublimed elemental sulfur powder (Alfa Aesar, ≥ 99.5%) and 

i 2 S (Alfa Aesar, ≥ 99.9%) with a molar ratio of 5:1 were dispersed 

nto the previously obtained organic electrolyte to make 1-M Li 2 S 6 
atholyte solution (the molar concentrations were precisely calcu- 

ated based on sulfur). To completely dissolve sulfur and Li 2 S, the 

reviously obtained mixed solution was heated on a hot plate at 

0 °C for 24 h with vigorously stirring inside of Argon-filled glove- 

ox. The final solution had a reddish color without apparent sedi- 

ent. To conduct visualized polysulfide adsorption test, the previ- 

usly obtained 1 M polysulfide solution was diluted to 3 mM Li 2 S 6 
olution. 25 mg of CeO 2 nanorods powder and bare CC were placed 

eparately into 2 mL of 3 mM Li 2 S 6 solution. Photos were taken at

he beginning of the test and after 1 h of adsorption. 

.4. Cell assembly 

The previously obtained CC@CeO 2 , Al@S and bare CC were 

unched out into circular disks with 15 mm diameter. The sul- 

ur loading of each Al@S disk was controlled to be approximately 

.0–1.2 mg cm 

−2 . The circular disks of CC@CeO 2 and bare CC were 

oated with slurry containing conductive additive and binder pre- 

ared by mechanically mixing super P carbon black (Alfa Aesar, 

99%) and polyvinylidene fluoride (PVDF) in the N-methyl-2- 

yrrolidone (NMP) solvent, which was followed by vacuum dry- 

ng at 60 °C overnight. The CR2032 coin-type cell assembly was 

ompleted in an Argon-filled glovebox, and the oxygen and mois- 

ure levels were maintained lower than 0.1 ppm. Coated CC@CeO 2 

isks, coated CC disks and Al@S disks were used as three inves- 

igated cathodes in this work. Lithium metal and Celgard 2400 

embrane were used as the anode and the separator, respec- 

ively. CC@CeO 2 @Li 2 S 6 was obtained by implementing the follow- 

ng steps: 9 μL of Li 2 S 6 -containing catholyte solution was dropped 

nto one circular CC@CeO 2 disk used as the cathode achieving an 

real sulfur loading of 1 mg cm 

−2 . Then, 31 μL of the electrolyte 

as dropped onto the cathode. Next, the separator was placed on 

he top of the cathode, which was followed by adding another 31 

L of the electrolyte. Finally, the separator was covered by the 

ithium metal anode. The same procedure was conducted for cir- 

ular CC disk to obtain CC@Li 2 S 6 and an areal sulfur loading of 

 mg cm 

−2 was also achieved. However, Li 2 S 6 -containing catholyte 

as not dropped onto Al@S disk due to the included active mate- 

ial sulfur. The rest of the procedure was remained consistent for 

l@S. 

.5. Morphological characterization 

The morphological characterization of the samples was imple- 

ented by using scanning electron microscopy (SEM, JEOL 70 0 0 

E), transmission electron microscopy (TEM, FEI Tecnai F-20), X- 

ay diffraction (Philips X’Pert MPD diffractometer) and X-ray pho- 

oelectron spectroscopy (XPS, Kratos Axis Ultra DLD). 

.6. Electrochemical measurements 

Galvanostatic charge-discharge cycling was carried out on MTI 

attery tester within a voltage window of 1.7–2.8 V with vari- 

us current densities (1C = 1675 mAh g −1 ). Cyclic voltammetry 

CV) measurement ranging from 1.7 to 2.8 V at 0.1 mV s −1 was 

mplemented on Gamry workstation. Electrochemical impedance 

pectroscopy (EIS) measurement with the frequency range of 0.01–

0 5 Hz was conducted on Gamry Instrument. All the electrochemi- 

al measurements were implemented at room temperature (20 °C). 
3 
. Results and discussion 

.1. Morphological characterization prior to galvanostatic cycling 

The preparation of free-standing carbon cloth (CC) with dec- 

rated CeO 2 nanorods (hereinafter referred to as CC@CeO 2 ) is 

chematically illustrated in Fig. 1 , and its detailed preparation pro- 

edure can be obtained from the experimental section. Scanning 

lectron microscope (SEM) and transmission electron microscope 

TEM) were used to characterize the morphologies and sizes of 

are carbon cloth, CC@CeO 2 and individual CeO 2 nanorods. In con- 

rast to the smooth surface of individual carbon nanofibers ( Fig. 2 a) 

onstituting the bare carbon cloth, a series of enlarged SEM im- 

ges of individual carbon nanofibers decorated with CeO 2 nanorods 

 Fig. 2 b,c) exhibit rough surface of carbon cloth and reasonably 

ell distributed and coated CeO 2 on carbon fibers. As shown in 

ig. S1 a, free-standing carbon cloth is recognized as one of the 

ost favorable frameworks to accommodate sulfur. As exhibited in 

ig. S1 b,c, carbon cloth can be easily bent and return to its original 

hape after being deformed without any cracks formed, exhibiting 

uperb mechanical property. Interwoven free-standing carbon cloth 

onsisting of individual carbon fibers framework is also shown 

n Fig. S1 d,e. The interwoven freestanding carbon cloth (Fig. S1 

,e) with excellent mechanical flexibility and hierarchical porous 

tructure offers sufficient free space to effectively offset the para- 

itic volume variation of active materials during charge-discharge 

ycling [22] . Additionally, effectively physical restriction of poly- 

ulfide diffusion can be successfully achieved by freestanding in- 

erwoven carbon cloth with multi-functional hierarchical porous 

tructure covering the entire framework [23] . However, physical 

onfinement of polysulfide diffusion enabled by non-polar carbon 

loth is considered as weak interaction resulting in poor chemical 

ffinity, which cannot guarantee stable adhesion against polysul- 

des during long cycles and will eventually lead to the capacity 

ecay and cycling instability [7] . As exhibited in Fig. 2 b,c, CeO 2 

anorods synthesized via a simple and facile one-step hydrother- 

al method are uniformly and densely covered onto individual 

anofibers of free-standing carbon cloth. Elemental mapping anal- 

sis via energy dispersive X-ray spectroscopy (EDS) was conducted 

o confirm that CeO 2 nanorods was successfully covered onto the 

ndividual nanofibers of interwoven carbon cloth and Ce element 

as homogeneously distributed throughout the entire framework 

s demonstrated in Fig. 2 d–f. Noticeable rod-like features of CeO 2 

anocrystals were clearly seen from the representative TEM images 

f CeO 2 nanorods ( Fig. 2 g–i). 

.2. Electrochemical characterization 

The electrochemical performance of the cells assembled with 

real sulfur loading of 1 mg cm 

−2 was successfully evaluated in 

rder to determine the role of CeO 2 nanorods decoration and 

ynergistic effect of CeO 2 nanorods combined with free-standing 

arbon cloth in Li-S battery. To make efficient comparison, in 

his work, innovatively synthesized cathode consisting of free- 

tanding carbon cloth with CeO 2 nanorods decoration combined 

ith Li 2 S 6 catholyte (hereinafter referred to as CC@CeO 2 @Li 2 S 6 ), 

athode comprising carbon cloth incorporated with Li 2 S 6 catholyte 

hereinafter referred to as CC@Li 2 S 6 ) and basic cathode consist- 

ng of pure sublimed sulfur coated onto Al current collector (here- 

nafter referred to as Al@S) were assessed by various electrochem- 

cal characterizations. 

Cyclic voltammetry (CV) measurements ranging from 1.7 to 

.8 V at 0.1 mV s −1 were firstly implemented to analyze elec- 

rochemical redox performance of the investigated cells during 

harge discharge cycling process. As exhibited in Fig. 3 a, for in- 

ovatively fabricated CC@CeO @Li S electrode, in the 1st scan of 
2 2 6 
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Fig. 1. Schematic diagram of the preparation of carbon cloth coated with CeO 2 nanorods via one-step hydrothermal method. 

Fig. 2. (a) SEM image of bare carbon cloth consisting of individual nanofibers; (b,c) SEM images of carbon cloth coated with CeO 2 nanorods at different magnifications; (d–f) 

Elemental mapping of CC@CeO 2 ; (g–i) TEM images of CeO 2 nanorods at different magnifications. 
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V curves, two noticeable cathodic peaks located at 2.30 V and 

.01 V were clearly observed, corresponding to electrochemical 

onversion from elemental sulfur (S 8 ) to long-chain soluble poly- 

ulfide species (Li 2 S x , 4 ≤ x ≤ 8) and electrochemical transforma- 

ion from long-chain soluble polysulfide species (Li 2 S x , 4 ≤ x ≤ 8) 

o short-chain insoluble Li 2 S 2 /Li 2 S, respectively [24 , 25] . Two no-

iceable anodic peaks situated at 2.40 V and 2.44 V were also eas- 

ly observed in the 1st scan of CV curves, representing the reverse 

lectrochemical conversion from insoluble Li 2 S 2 /Li 2 S to intermedi- 

te soluble polysulfide species (Li 2 S x , 4 ≤ x ≤ 8) and further to 

lemental sulfur [26-27] . The CV curves were nearly identical in 

he following scans, indicating excellent electrochemical reversibil- 

ty. For CC@Li 2 S 6 electrode, as shown in Fig. 3 b, two adjacent an-

dic peaks located at 2.46 V and 2.38 V were observed in the 
4 
st anodic scan and two cathodic peaks situated at 2.27 V and 

.97 V were shown in the 1st cathodic scan. The anodic and ca- 

hodic peaks in the following cycles were well overlapped, indicat- 

ng outstanding cycling reversibility. For conventional Al@S elec- 

rode, as shown in Fig. 3 c, two cathodic peaks situated at 2.33 V 

nd 2.00 V were shown in the 1st cathodic scan, but only one an- 

dic peak located at 2.47 V was observed in the 1st anodic scan 

ue to severe polarization issue, which slows electronic and ionic 

ransport. These suggest sluggish redox kinetics and weak chem- 

cal interaction with polysulfides resulting in parasitic shuttle ef- 

ect. Fig. 3 d exhibits the comparison of the 1st CV curve between 

C@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S electrodes. Two representa- 

ive cathodic peaks seen from the CV curves of CC@CeO 2 @Li 2 S 6 , 

C@Li 2 S 6 and Al@S electrodes are denoted as C II (at lower volt- 
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Fig. 3. (a–c) CV curves of CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S at 0.1 mV s −1 ranging from 1.7 to 2.8 V, respectively; (d) The comparison of the 1st cycle CV curves between 

CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S; (e) The comparison of EIS for CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S before cycling; (f) The comparison of EIS for CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 
and Al@S after 100 galvanostatic cycles at 0.2C. 
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ge potential) and C I (at higher voltage potential). Two typical an- 

dic peaks observed from the CV curves of CC@CeO 2 @Li 2 S 6 and 

C@Li 2 S 6 electrodes are denoted as A II (at lower voltage poten- 

ial) and A I (at higher voltage potential). Only one anodic peak 

xhibited from the CV curve of Al@S electrode is referred to as 

. It is worth noting that the large portion of discharge capac- 

ty of rechargeable LSBs is fulfilled by the electrochemical reduc- 

ion from soluble long-chain polysulfide species to insoluble short- 

hain Li 2 S 2 /Li 2 S at lower potential. Therefore, the cathodic peak (C 

I) located nearby 2.0 V at lower voltage potential plays a more 

rucial role in electrochemical performance of Li-S battery. The 

olarization potential of CC@CeO 2 @Li 2 S 6 electrode (389 mV) is 

maller than those of CC@Li 2 S 6 electrode (407 mV) and Al@S elec- 

rode (471 mV), indicating strong chemical affinity between CeO 2 

anorods and polysulfides leading to enhanced redox kinetics. The 

C@Li 2 S 6 electrode exhibits 2.42 mA of oxidation current and 
.21 mA of reduction current and Al@S shows 1.50 mA of oxida- c

5 
ion current and 1.03 mA of reduction current. For CC@CeO 2 @Li 2 S 6 , 

.56 mA of oxidation current peak was obtained, which is signif- 

cantly sharper and broader, corresponding to approximately 88% 

igher oxidation current than that of CC@Li 2 S 6 . In addition, for 

C@CeO 2 @Li 2 S 6 , 3.39 mA of reduction peaks was achieved, which 

orresponds to approximately 53% higher reduction current than 

hat of CC@Li 2 S 6 as shown in Fig. 3 d, demonstrating exceedingly 

aster charge transfer and redox kinetics during charge-discharge 

ycling process [27] . As depicted in Fig. S2 , in the 2nd scan of

V curves, the polarization potential of CC@CeO 2 @Li 2 S 6 electrode 

377 mV) is still much smaller than those of CC@Li 2 S 6 electrode 

381 mV) and Al@S electrode (438 mV). In addition, compared to 

C@Li 2 S 6 with 2.05 mA of oxidation current and 2.01 mA of re- 

uction current and Al@S with 0.99 mA of oxidation current and 

.98 mA of reduction current, for CC@CeO 2 @Li 2 S 6 , 4.08 mA of ox- 

dation peak corresponding to approximately 99% higher oxidation 

urrent than that of CC@Li S and 3.47 mA of reduction peaks 
2 6 
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t

orresponding to approximately 73% higher reduction current than 

hat of CC@Li 2 S 6 were observed. Electrochemical impedance spec- 

roscopy (EIS) within the frequency range of 0.01 to 10 5 Hz was 

mplemented to further validate the enhanced reaction kinetics 

nd electrochemical performance of three investigated cells. Two 

epressed semicircles in a high-to-intermediate frequency region 

ere clearly seen for the EIS spectrum of CC@CeO 2 @Li 2 S 6 ( Fig. 3 e)

efore charge-discharge cycling process [28–30] , corresponding to 

he formation of Li 2 S 2 /Li 2 S dense solid film and the charge trans-

er resistance at the interface between the electrolyte and the elec- 

rode, and one nearly straight slope line in the low frequency re- 

ion associated with the Warburg impedance representing the dif- 

usion process of lithium ions in the organic electrolyte. In con- 

rast, only one depressed semicircle was situated in a high-to- 

ntermediate frequency region for CC@Li 2 S 6 and Al@S before cy- 

ling, accompanying an oblique line in the low frequency region 

29] . Compared with CC@Li 2 S 6 and Al@S, significantly reduced 

nternal impedance of CC@CeO 2 @Li 2 S 6 was resulted from strong 

ffinity of polar CeO 2 nanorods against polysulfide species and ef- 

ective inhibition of polysulfide diffusion, leading to a fast charge 

ransfer and rapid redox reaction at the interface between the 

athode and the liquid electrolyte [29] . It is worth mentioning 

hat considerable reduction in charge transfer resistances of all 

hree investigated cells was observed in Fig. 3 f and ascribed to 

he fact that all three cells were activated after charge discharge 

ycling [28] . Two depressed semicircles in a high-to-intermediate 

requency region and one nearly straight slope line in the low fre- 

uency region were clearly seen for the EIS spectrum of cycled 

C@Li 2 S 6 ( Fig. 3 f). In contrast, only one depressed semicircle was 

ituated in a high-to-intermediate frequency region and one nearly 

traight slope line was located in the low frequency region for 

ycled CC@CeO 2 @Li 2 S 6 and Al@S electrodes. Elaborately designed 

C@CeO 2 @Li 2 S 6 still exhibited the lowest charge transfer resistance 

epresenting a significantly smooth charge transfer compared with 

C@Li 2 S 6 and Al@S, resulting in faster redox kinetics throughout 

he entire electrode. 

Representative galvanostatic profiles of CC@CeO 2 @Li 2 S 6 , 

C@Li 2 S 6 and Al@S at low current density of 0.2C are pre- 

ented in Fig. 4 a. Two typical plateaus can be easily seen from 

he discharge curves of CC@CeO 2 @Li 2 S 6 and CC@Li 2 S 6 electrodes, 

hich is greatly consistent with the CV results. It is well es- 

ablished that the discharge process in Li-S batteries consists of 

wo steps of reduction corresponding to the two distinct voltage 

lateaus in the representative charge-discharge voltage profile and 

wo distinguishable cathodic peaks in the CV curve. The upper 

oltage plateau corresponding to the conversion from elemental 

ulfur (S 8 ) to long-chain polysulfide (Li 2 S x , 4 ≤ x ≤ 8) is located

round 2.3 V (vs Li/Li + ), leading to the realization of 25% of a

heoretical capacity (0.5 electron transfer per sulfur atom) [31 , 32] . 

he lower voltage plateau corresponding to the conversion from 

ong-chain polysulfide (Li 2 S x , 4 ≤ x ≤ 8) to insoluble lithium sul- 

de (Li 2 S 2 /Li 2 S) is situated around 2.1 V (vs Li/Li + ), resulting in the

ulfillment of 25% of a theoretical capacity (1.5 electron transfer 

er sulfur atom) [33] . The only difference between CC@CeO 2 @Li 2 S 6 
nd CC@Li 2 S 6 is a longer range of the lower voltage plateau pro- 

ided by CC@CeO 2 @Li 2 S 6 , indicating strong polysulfides adsorption 

apability of polar CeO 2 nanorods leading to higher active mate- 

ial utilization and excellent capacity retention. CC@CeO 2 @Li 2 S 6 
nd CC@Li 2 S 6 clearly show two typical voltage plateaus during 

ischarge process, which can be ascribed to the utilization of 

i 2 S 6 -containing catholyte leading to uniform distribution of active 

aterial and improved sulfur utilization. In contrast, conventional 

l@S is not capable of showing two voltage plateaus of a normal 

ischarge profile due to pulverization of active material. Addi- 

ionally, another major obstacle that conventionally synthesized 

lemental sulfur-based cathodes face is that the internal sulfur is 
6 
ot easily accessible to the electrolyte and is difficult to be used 

mmediately, resulting in poor cycling performance in the initial 

ew cycles. This technical issue can be effectively addressed by 

he introduction of polysulfide-containing catholyte. Long term 

00 galvanostatic cycles at 0.2C was carried out to evaluate the 

ycling stability of CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S and the 

orresponding results were displayed in Fig. 4 b. It can be observed 

hat the initial discharge capacity of CC@CeO 2 @Li 2 S 6 is up to 1311 

Ah g −1 at low current density of 0.2C and approximately 95% 

f the initial discharge capacity is remained after 100 galvanos- 

atic cycles, leading to superior capacity retention with minimal 

apacity fading of 0.050% per cycle. In contrast, the poor reversible 

ischarge capacities of CC@Li 2 S 6 and Al@S are 1044 mAh g −1 

nd 575 mAh g −1 respectively resulting from weak non-polar 

nteraction against intermediate polysulfides constructed by bare 

arbon cloth and conventional Al@S electrode. 

To further confirm the effectiveness of CeO 2 nanorods’ ad- 

orption capability against intermediate polysulfide species, 1C 

nd 2C measurements of galvanostatic charge-discharge cycling 

ere conducted for CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S. The areal 

oading of 1 mg cm 

−2 active material sulfur in form of Li 2 S 6 -

ontaining catholyte solution was applied onto three investigated 

C@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S electrodes. The 1st charge dis- 

harge cycling profiles of CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S at 

C were shown in Fig. 4 c, exhibiting that innovatively synthesized 

C@CeO 2 @Li 2 S 6 delivers an outstanding discharge capacity of 852 

Ah g −1 , which is far higher than those of CC@Li 2 S 6 and Al@S. 

he initial discharge capacities of CC@Li 2 S 6 and Al@S were only 

92 and 134 mAh g −1 , respectively. Fig. 4 d shows the variation of 

he discharge capacity and Coulombic efficiency of three investi- 

ated cells when being cycled at 1C for 100 cycles. It is worth 

entioning that a slight increase in discharge capacity of CC@Li 2 S 6 
fter 60 cycles was observed, which is presumably caused by slug- 

ish activation process of active material polysulfide used in this 

ork [34] . However, CC@CeO 2 @Li 2 S 6 with strong adsorption capa- 

ility and better kinetics did not encounter the formidably slow 

ctivation process of polysulfide, leading to an outstanding electro- 

hemical reversibility and cycling stability. The Columbic efficien- 

ies of three assembled cells were all close to 100% throughout the 

00 cycles of galvanostatic charge-discharge cycling. This promising 

henomenon is partly attributed to the addition of 0.5 M LiNO 3 

nto organic electrolyte facilitating the formation of stable solid- 

lectrolyte interface (SEI) layer on the surface of Li metal anode 

34] . CC@CeO 2 @Li 2 S 6 delivered an outstanding initial discharge ca- 

acity of 852 mAh g −1 and reversible discharge capacity of 866 

Ah g −1 after 100 cycles. The most stable Columbic efficiency 

urve was obtained by employing CC@CeO 2 @Li 2 S 6 presumably due 

o strong anchoring capability of polar CeO 2 nanorods against poly- 

ulfides. A long-term measurement of 220 galvanostatic cycles at 

C rate was carried out on CC@CeO 2 @Li 2 S 6 with the maintained 

real sulfur loading of 1 mg cm 

−2 to obtain deeper insight of ca- 

acity retention and cycling stability. Fig. 4 e exhibits that innova- 

ively designed CC@CeO 2 @Li 2 S 6 delivers a high initial discharge ca- 

acity of 852.7 mAh g −1 and yields an extremely well-maintained 

eversible capacity of 852.7 mAh g −1 even after the long-term 

20 galvanostatic cycles, demonstrating the successful restriction 

f polysulfide enabled by the introduction of CeO 2 nanorods which 

esulting in surprisingly outstanding capacity retention and cycling 

tability with near zero capacity fading. As exhibited in Fig. 4 f, 

C@CeO 2 @Li 2 S 6 electrode delivered an initial discharge capacity 

f 776 mAh g −1 and a reversible capacity of 677 mAh g −1 af- 

er 100 cycles with excellent Columbic efficiency of nearly 100%. 

n contrast, for CC@Li 2 S 6 electrode, the phenomenon of electro- 

hemical instability and poor cycling performance occurred after 

5 cycles at 2C, which is ascribed to the weak interaction between 

he non-polar free-standing carbon cloth and polysulfide species, 
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Fig. 4. (a) Initial galvanostatic charge-discharge profiles of CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S at 0.2C; (b) The comparison of cycling performance and the corresponding 

Coulombic efficiency between CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S at 0.2C for 100 cycles; (c) Initial galvanostatic charge-discharge profiles of CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and 

Al@S at 1C; (d) The comparison of cycling performance and the corresponding Coulombic efficiency between CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S at 1C for 100 cycles; 

(e) Superior cycling stability and Columbic efficiency of CC@CeO 2 @Li 2 S 6 at 1C for 220 cycles; (f) The comparison of cycling performance and the corresponding Coulombic 

efficiency between CC@CeO 2 @Li 2 S 6 and CC@Li 2 S 6 electrodes at 2C for 100 cycles; (g) Superior cycling stability and Columbic efficiency of CC@CeO 2 @Li 2 S 6 at 2C for 280 

cycles; (h) The comparison of rate performance between CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S. 
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eading to huge loss of active material. As shown in Fig. 4 g, long-

erm electrochemical test of 280 galvanostatic cycles at high cur- 

ent density of 2C rate was implemented on CC@CeO 2 @Li 2 S 6 elec- 

rode to gain more compelling evidence of excellent cycling sta- 

ility enabled by strong affinity of CeO 2 nanorods against poly- 

ulfides. CC@CeO 2 @Li 2 S 6 delivered an initial discharge capacity of 

76 mAh g −1 and the capacity was eventually maintained at 696 

Ah g −1 at the end of long-term 280 cycles, providing a superior 
7 
apacity retention with minimal capacity decay of 0.037% per cy- 

le. The multi-functional architecture also enables CC@CeO 2 @Li 2 S 6 
o obtain a superb Coulombic efficiency of nearly 100% through- 

ut the long-term 280 galvanostatic cycles. It is also worth men- 

ioning that CC@CeO 2 @Li 2 S 6 electrode is highly competitive com- 

ared to the previously reported Li-S batteries containing CeO 2 

demonstrated in Table S1). Rate performance measurement was 

lso carried out to evaluate the electrochemical stability of assem- 
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Fig. 5. High-resolution XPS of (a) S 2p spectrum of CC@CeO 2 @Li 2 S 6 after 100 galvanostatic cycles at 0.2C; (b) S 2p spectrum of CC@Li 2 S 6 after 100 galvanostatic cycles at 

0.2C; (c) S 2p spectrum of Al@S after 100 galvanostatic cycles at 0.2C; (d) Ce 3d spectrum of CC@CeO 2 @Li 2 S 6 after 100 galvanostatic cycles at 0.2C. 
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led cells tested under different current densities. As demonstrated 

n Fig. 4 h, the obtained CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S elec-

rodes underwent a series of different current densities raised from 

ow current density to high current density (from 0.2C, 0.5C to 1C, 

C) and eventually was reverted back to low current density (0.2C). 

he assembled cells were tested under each current density for 11 

ycles. The highest initial discharge capacity and well-maintained 

ischarge capacity even at a high current density of 2C were ob- 

ained by using CC@CeO 2 @Li 2 S 6 . The remarkable rate capability of 

C@CeO 2 @Li 2 S 6 was confirmed by the fact that the discharge ca- 

acity did not undergo a significant drop when the current rate 

ncreased from 0.2C to 2C and the fact that the discharge capacity 

as remained pretty close to the initial discharge capacity when 

he current was reverted back to low current density of 0.2C rate. 

n stark contrast, replacing CC@CeO 2 @Li 2 S 6 with Al@S leads to sur- 

risingly poor rate capability, especially under high current den- 

ity. Initially being cycled at 0.2C and 0.5C and subsequently be- 

ng cycled at 1C and 2C caused a significant decrease in discharge 

apacity for Al@S electrode and showed an impressively low ca- 

acity under high current density of 1C and 2C. High rate capa- 

ility was enabled by free standing carbon cloth with 3D inter- 

onnected electronic charge transfer pathways and was further en- 

anced by CeO 2 nanorods with strong affinity against polysulfide 

pecies. CC@CeO 2 @Li 2 S 6 button cell with high areal sulfur loading 

f 3 mg cm 

−2 and low electrolyte of 40 μL was also assembled. 

he galvanostatic cycling was performed at 0.2C for 60 cycles as 

isplayed in Fig. S3. The CC@CeO 2 @Li 2 S 6 electrode with high areal 

ulfur loading of 3 mg cm 

−2 exhibits an outstanding initial dis- 

harge capacity at 0.2C and provides a superior capacity retention 

ith minimal capacity fading. 
8 
.3. XPS and morphological characterization after galvanostatic 

ycling 

X-ray photoelectron spectroscopy (XPS) measurements were 

arried out to validate the strong chemical interaction between po- 

ar CeO 2 nanorods and polysulfides and the obtained results are 

isplayed in Fig. 5 a–d. Two distinct peaks with the highest inten- 

ity located at 169.7~170.4 eV and 167.7~168.4 eV are attributed to 

he formation of polythionate and thiosulfate and one single peak 

ith the lowest intensity situated at 161.4~162.8 eV is originated 

rom the terminal sulfur (S T 
−1 ) as exhibited in Fig. 5 a [35] . One

istinct peak with moderate intensity located at 167.5~168.3 eV is 

ttributed to the formation of thiosulfate, one distinct peak with 

igh intensity situated at 162.9~165.2 eV is originated from the 

ridging sulfur (S B 
0 ) of Li 2 S 4 and one noticeable peak with mod- 

rate intensity located at 160.0~161.4 eV is the contribution from 

he terminal sulfur (S T 
−1 ) as demonstrated in Fig. 5 b [36] . One ob-

ervable peak with the lowest intensity located at 168.0~168.9 eV 

s ascribed to the generation of thiosulfate, one noticeable peak 

ith low intensity situated at 164.1~162.7 eV is originated from 

he bridging sulfur (S B 
0 ) of Li 2 S 4 and one distinct peak with the 

ighest intensity located at 160.8~161.2 eV is the contribution from 

he terminal sulfur (S T 
−1 ) as demonstrated in Fig. 5 c [36] . 

CeO 2 nanorods with a large amount of electrochemically active 

xygen vacancies that can act as efficient polysulfides anchoring 

ites can achieve facilitated conversion from polysulfide species to 

hiosulfate [37] . Strong chemical bonding successfully constructed 

nd efficient immobilization of polysulfides accomplished by thio- 

ulfate can further lead to the generation of polythionates that also 

ossess strong chemical adsorption capability, finally resulting in 
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Fig. 6. (a–c) SEM images of Li anode surface from Al@S cell after 100 galvanostatic cycles at low, intermediate, and high magnifications, respectively; (d–f) SEM images of 

Li anode surface from CC@Li 2 S 6 cell after 100 galvanostatic cycles at low, intermediate, and high magnifications, respectively; (g–i) SEM images of Li anode surface from 

CC@CeO 2 @Li 2 S 6 cell after 100 galvanostatic cycles at low, intermediate, and high magnifications, respectively. 
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he formation of insoluble Li 2 S 2 /Li 2 S and the completion of dis- 

harge process [37] . Therefore, the largest amount of polythionates 

nd thiosulfates formed during cycling is a clear and convincing 

vidence that can validate the effectiveness of chemical adsorp- 

ion ability and facilitated conversion capability towards polysul- 

des from the addition of CeO 2 nanorods. The spin-orbit splitting 

f Ce 3d 5/2 and Ce 3d 3/2 denoted as u and v that can be seen

rom the Ce 3d XPS spectra of CC@CeO 2 @Li 2 S 6 after cycling was 

emonstrated in Fig. 5 d [38] . Different Ce 4f electron configuration 

f Ce 4+ species induces the pairs of peaks u/v, u 

′′ /v ′′ and u 

′′ ′ /v ′′ ′ ,
hile the couple peaks of u 

′ /v ′ represent the two electron config- 

ration of Ce 3 + species [39] . The reduction from Ce 4 + to Ce 3 + dur- 

ng cycling will generate more oxygen vacancies induced by the 

xistence of Ce 3 + , leading to enhanced chemical adsorption and 

mproved catalytic conversion of polysulfides [39] . 

A credible confirmation in support of inhibited polysulfide dif- 

usion was achieved by observing the morphological changes of 

he surface of the Li metal anode from three investigated cells. The 

hree investigated cells were tested under high current density of 

C for repeated 100 galvanostatic cycles and were dissembled in- 

ide of Argon-filled glovebox after repeated charge-discharge cy- 

ling. The cycled Li metal anodes were rinsed with mixed solu- 

ion of DME and DOL with volume ratio of 1:1. After drying natu- 

ally inside of glovebox, microscopic characterization was imple- 

ented by SEM to obtain detailed information about the mor- 

hological structure of the surface of three cycled Li metal an- 

des. From Fig. 6 a–c, numerous cracks, serious pulverization and 

 large amount of Li S /Li S deposition were easily observed on 
2 2 2 

9 
he surface of Li anode from Al@S cell [40] , which was related 

o the side reaction between a large amount of unrestricted poly- 

ulfide species and Li metal anode [23] . The parasitic side reac- 

ion was mitigated to some extent by using CC@Li 2 S 6 electrode, 

eading to lower amount of cracks and insoluble Li 2 S 2 /Li 2 S formed 

n the surface of Li metal anode as exhibited in Fig. 6 d–f. How-

ver, non-polar free standing carbon cloth was not capable of suc- 

essfully and completely immobilizing polysulfide species that can 

ravel through the electrolyte and reach the Li anode side, which 

an still cause the formation of cracks and deposited insoluble 

i 2 S 2 /Li 2 S on the surface. As demonstrated in Fig. 6 g–i, a smooth

nd nearly intact surface of Li metal anode without obvious pulver- 

zation or cracks was observed from CC@CeO 2 @Li 2 S 6 cell, providing 

ompelling evidence of polysulfides being effectively confined on 

he cathode side through the strong bonding constructed by CeO 2 

anorods [40] . 

Cross-sectional SEM images of lithium metal anodes 

f CC@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S after cycling and 

ross-sectional EDS line scans of lithium metal anodes of 

C@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S after cycling are demon- 

trated in Fig. 7 a–i. Al@S demonstrated the maximum thickness 

f sulfur elemental signals representing occurrence of parasitic 

huttle effect as shown in Fig. 7 a, d and g. CC@CeO 2 @Li 2 S 6 exhib-

ted the minimum thickness of sulfur elemental signals indicating 

inimal polysulfide diffusion and successful immobilization of 

olysulfides as shown in Fig. 7 c, f and i, which is considerably 

ower than that of CC@Li 2 S 6 and Al@S with formidable penetration 

f sulfur element. These results provide powerful evidence that 
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Fig. 7. (a–c) Cross-sectional SEM images of lithium metal anodes of Al@S, CC@Li 2 S 6 and CC@CeO 2 @Li 2 S 6 after 100 galvanostatic cycles at 0.2C; (d–i) Cross-sectional EDS 

sulfur line scans of lithium metal anodes of Al@S, CC@Li 2 S 6 and CC@CeO 2 @Li 2 S 6 . 
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C@CeO 2 @Li 2 S 6 is capable of inhibiting polysulfides diffusion from 

he cathode side to the lithium metal anode during repeated 

alvanostatic cycling [41] . 

.4. Observation of cycled separators and polysulfides adsorption test 

After 100 galvanostatic cycles at high current density of 1C, 

C@CeO 2 @Li 2 S 6 , CC@Li 2 S 6 and Al@S cells were disassembled in- 

ide of Argon-filled glovebox and the separators from three cells 

ere collected. The visual observation of the separators after cy- 

ling can be achieved from Fig. 8 a–c. The separator obtained from 

C@CeO 2 @Li 2 S 6 cell was clean and fresh indicating minimal poly- 

ulfide diffusion and successful immobilization of polysulfides by 

olar CeO 2 nanorods. The slightly yellow-colored separator col- 

ected from CC@Li 2 S 6 cell represented that physical restriction of 

olysulfide diffusion achieved by interwoven carbon cloth can only 

ddress the shuttle effect issue to some extent. The heavily yellow- 

olored separator obtained from Al@S demonstrated serious poly- 

ulfide diffusion issue known as shuttle effect, which leading to 

uge loss of active material, low discharge capacity and formidable 

ycling instability [42] . Li 2 S 6 solution containing CeO 2 nanorods 

emonstrated an obvious decolorization after 1 h of polysulfide ad- 

orption test compared with Li 2 S 6 solution containing non-polar 

arbon cloth as shown in Fig. 8 d,e, indicating superior polysulfide 

dsorption capability of CeO 2 nanorods which is consistent with 

he results from other characterization methods [43] . 

In order to further validate the effectiveness of strong adsorp- 

ion capability towards polysulfide species achieved by polar CeO 2 

anorods, X-ray diffraction (XRD) was carried out after Li 2 S 6 solu- 

ion adsorption test. As displayed in Fig. 9 a, hexagonal carbon was 

onfirmed by three characteristic peaks located at 26.6 °, 43.8 ° and 

5.6 °, respectively, corresponding to (005), (102) and (103) planes 
10 
25] . Carbon is a major component of individual carbon nanofibers. 

owever, no representative peaks of sulfur-related species were 

hown in the XRD pattern of carbon cloth after Li 2 S 6 solution ad- 

orption test, indicating little polysulfides can be effectively ad- 

orbed onto carbon cloth framework and demonstrating poor poly- 

ulfides adsorption capability and weak interaction between non- 

olar carbon cloth and polysulfide species. Cubic CeO 2 was vali- 

ated by six representative peaks situated at 28.5 °, 33.0 °, 47.4 °, 
6.3 °, 76.6 ° and 88.4 °, respectively, corresponding to (111), (200), 

220), (311), (331) and (422) planes respectively. It is worth men- 

ioning that three characteristic peaks situated at 38.3 °, 44.9 ° and 

4.9 °, corresponding to (241), (400) and (272) planes respectively 

f orthorhombic CeS 2 were clearly seen from the XRD pattern of 

eO 2 nanorods after Li 2 S 6 solution adsorption test as shown in 

ig. 9 b. The formation of sulfur-containing compound (orthorhom- 

ic CeS 2 ), can provide compelling evidence of strong interaction 

etween polar CeO 2 nanorods and lithium polysulfides. Raman 

pectroscopy was also conducted to provide additional evidence 

howing the bonding information between CeO 2 nanorods and 

ithium polysulfides. As displayed in Fig. 9 c, the strongest peak 

ear 454 cm 

−1 can be assigned to triply degenerate F 2g mode 

f fluorite structure of CeO 2 [44] . Moreover, defect-induced peaks 

ear 225 and 600 cm 

−1 correspond to oxygen sublattice disorder 

nd/or oxygen vacancies on the surface of CeO 2 nanorods. After the 

i 2 S 6 solution adsorption test, the intensity of 200 band decreased 

ignificantly, suggesting that the adsorption sites of lithium poly- 

ulfides species might be close to the oxygen vacancies or other 

urface defects on CeO 2 nanorods. The anchoring effect on sur- 

ace defects of CeO 2 nanorods leads to successful entrapment of 

ntermediate polysulfides species [45] . According to the previously 

eported work [46] , a peak near 10 0 0 cm 

−1 that can be clearly

een from CeO nanorods after Li S adsorption test is indicative of 
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Fig. 8. (a–c) Images of separators collected from Al@S cell, CC@Li 2 S 6 cell and CC@CeO 2 @Li 2 S 6 cell after 100 cycles at 1C; (d,e) Images of Li 2 S 6 adsorption test at the beginning 

and after 1 h. 

Fig. 9. (a) XRD patterns of non-polar carbon cloth before and after Li 2 S 6 solution adsorption test; (b) XRD patterns of polar CeO 2 nanorods before and after Li 2 S 6 solution 

adsorption test; (c) Raman spectra of CeO 2 nanorods before and after Li 2 S 6 solution adsorption test and (d) magnified plot of Raman spectra for region of interest. 

11 
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Fig. 10. Schematic illustration of working mechanism of strong adsorption capability of CeO 2 nanorods against polysulfides. 
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he successful formation of Ce-S chemical bonding as exhibited in 

ig. 9 d, which is in good agreement with the XRD characterization. 

ombined with the XRD and Raman spectroscopy results, both en- 

rapment on surface defects and formation of chemical bonding 

an contribute to the excellent efficiency of CeO 2 nanorods used 

s host materials of lithium polysulfides in Li-S battery. 

The underlying working mechanism involved in this work is 

chematically illustrated in Fig. 10 . Compared to other counterparts 

f CeO 2 nanorods with various morphologies (nanocubes, nanocta- 

edra, and nanosphere), CeO 2 nanorods not only possess a vari- 

ty of surface defects (voids, steps, oxygen vacancy, and Ce 3 + etc.), 

ut also own more reactive termination surfaces such as {110} and 

100}, where mobile oxygen species are accessible on the crystal 

urface [44 , 47–49] . According to previously reported DFT simula- 

ion of TiO 2 used as host materials [50–54] , we propose an under- 

ying working mechanism of Li 2 S 6 adsorption where Ce-S and Li- 

 chemical bonding successfully formed on preferentially exposed 

110) crystal plane of CeO 2 nanorods during cycling, leading to ef- 

cient inhibition polysulfides diffusion. Compared with CeO 2 oc- 

ahedra and cubes, more oxygen vacancies formed on the surface 

f CeO 2 nanorods can be used as efficient polysulfide anchoring 

ites, ensuring strong polysulfide adsorption capability and real- 

zing successful restriction of polysulfide diffusion, which further 

eads to superior capacity retention, high Coulombic efficiency and 

utstanding cycling stability [55–59] . Therefore, CeO 2 nanorods can 

e a more promising candidate than CeO 2 octahedra and cubes for 

i-S battery. Therefore, successful synergy of CeO 2 nanorods cov- 

red with abundant oxygen vacancies and Ce 3 + enabling strong 

olysulfides adsorption, 3-D interconnected carbon cloth with nu- 

erous electron pathways leading to fast reaction kinetics and the 

tilization of Li 2 S 6 -containing catholyte resulting in uniform dis- 

ribution of active material can significantly improve the electro- 

hemical performance of Li-S batteries [60 , 61] . 

. Conclusion 

To summarize, CeO 2 nanorods were prepared and successfully 

nchored onto 3-D interconnected carbon cloth via simple one- 

tep hydrothermal method to serve as a novel host material. In- 

erwoven freestanding carbon cloth can considerably enhance re- 

ox kinetics through a 3-D interconnected network with abundant 

ong-range electron transfer channels and can significantly improve 
12 
edox kinetics by easy accessibility to electrolyte and abundant 

on transport pathways. Synergistic effect of free-standing carbon 

loth acting as physical confinement against polysulfide and polar 

eO 2 nanorods with strong chemisorption capability against poly- 

ulfide can provide Li/polysulfide battery with outstanding capac- 

ty retention, superb cycling stability and excellent rate capabil- 

ty. Therefore, the 3-D interwoven carbon cloth incorporated with 

he firmly anchored CeO 2 nanorods and Li 2 S 6 -containing catholyte 

CC@CeO 2 @Li 2 S 6 ) electrode delivered an initial discharge capacity 

f 1311 mA h g −1 at 0.2C and approximately retained 95% of the 

nitial discharge capacity after 100 galvanostatic cycles, resulting 

n outstanding capacity retention with capacity fading as low as 

.050% per cycle. Moreover, CC@CeO 2 @Li 2 S 6 delivered an initial 

ischarge capacity of 852.7 mAh g −1 at 1C and a high reversible 

apacity of 852.7 mAh g −1 was well maintained after 220 galvano- 

tatic cycles, indicating superior capacity retention and cycling sta- 

ility with zero capacity decay. This study provides new insights 

nto the morphological tailoring for novel high-efficiency S hosts 

nd effective polysulfide adsorbents to resolve shuttle effect issue 

nd promote the high-performance of Li-S batteries. 
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