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structure and CeO, adsorbs lithium polysulfides chemically to reduce shuttle effect to achieve long life-
time and high capacity for lithium sulfur battery. With a sulfur content of 2 mg, a high capacity of 1177
mAhg~! was achieved at 0.2C with an excellent stability of only 0.11% capacity decay per cycle over 300
cycles. The improved performance is attributed to the binding of lithium polysulfides by CeO, and the
blocking of polysulfides physically by the compact conducting carbon fiber.
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1. Introduction

Energy consumption is a major global issue of the 21st century
with the rapid development of the fast-paced society. To fully uti-
lize the environmentally benign and renewable energy sources like
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solar power, wind power, and geothermal energy etc., there is an
urgent need of energy storage devices due to their intermittent
nature. For more than a few decades, rechargeable Li ion batteries
(LIBs) have been studied and/or used prevalently in consumer elec-
tronics applications, portable electronics, electric vehicles, and
uninterrupted power supply devices. But the current LIB technol-
ogy still lacks the performance because of low energy density, that
comes at a high cost. Lithium sulfur (Li-S) battery is a promising
candidate to replace conventional LIBs due to its high theoretical
capacity (1675 mAhg~!) which is about 3-5 times higher than that
of LIBs, reasonable operating voltage of 2 V, high theoretical energy
density (2600 Whkg™1), less toxicity and cost effectiveness. Since
sulfur is an earth abundant material (the 17th richest element),
the electrode material cost per kilowatt hour is much cheaper than
the other high energy density battery electrode materials [1]. At
present, LIBs have low specific capacity of less than 300 mAhg~!
and the Li insertion mechanism in the popular cathode materials
like LiFePOy, LiCoO, restricts the ability of improving the energy
density of the cells [2-9]. It also requires the use of transition metal
phosphates or oxides to preserve the crystallinity. On the other
hand, Li-S batteries use two lithium atoms to preserve the crys-
talline structure without the need of any additional atom. This
two-electron transfer mechanism during cycling, and the high the-
oretical energy density/specific capacity make Li-S battery a viable
choice to replace Li ion technology in energy storage devices.
Despite being a promising alternative to Li ion battery due to the
high theoretical energy density and abundance of sulfur, Li-S bat-
tery is yet to be commercialized because of some critical technical
issues and there is still significant room for improvement for stable
Li-S battery with long cycle life. The major problems associated
with the Li-S batteries are (i) the insulating nature of sulfur
(5 x 103°Scm ! at room temperature) and its reaction products
(LiS,/ LipS) [10-12], (ii) the notorious “shuttling effect” of dis-
solved higher order lithium polysulfides in the liquid electrolyte
[13-15], (iii) volume change (~80%) of cathode active material
during cycling [16,17], (iv) dendrite formation in lithium anode
causing morphological change and short circuiting of the battery
[18] and (v) electrochemical performance degradation due to N,
and N,O gases [19].

To meet the criteria towards commercialization of Li-S batter-
ies, researchers have focused on developing novel porous carbon
materials for cathode and various encapsulation strategies to block
polysulfide shuttling [20-24]. Much emphasis was also put on
developing interlayer materials to trap polysulfides chemically
and physically to improve the lifetime of the battery. A membrane
between the cathode and the separator known as “interlayer” was
previously demonstrated by Manthiram'’s group [25,26]. The elec-
trolyte permeable microporous interlayer can act as a vice-
electrode expanding the area for extra reaction sites and work as
an extra layer to adsorb or immobilize the polysulfides. A conduc-
tive interlayer can promote fast electron transfer from the cathode
to the interlayer improving redox reaction kinetics. It also provides
protection from Li anode corrosion since it collects the deposited
lithium discharge products on its surface which can be reused in
the cathode [27]. However, using the interlayer between the sepa-
rator and the anode would be inappropriate, since, it won’t facili-
tate the reuse of the sulfur discharge products in the cathode.
Fan et al. used carbonized cellulose paper as an effective interlayer
to suppress polysulfide shuttling [28]. It was demonstrated that
the interlayer can improve the conductivity as well as provide valid
physical confinement to inhibit polysulfide shuttling. In addition,
Huang et al. used carbonized bacterial cellulose as an interlayer
in the Li-S battery to prevent the aggregation of sulfur in the cath-
ode [29]. Cui et al. reported interlayer design with a two dimen-
sional layered structure of metal disulfides to encapsulate
polysulfides by bonding with Li,S,/Li,S and forming Li-S bond [30].
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Various porous high-surface-area carbonaceous nanomaterials
can physically trap the lithium polysulfides (Li»S,: 4 < n < 8)
and also work as current collector owing to their outstanding con-
ductivity. However, although these carbon-based materials show
excellent Li,S,, trapping capability in laboratory test cells, the fab-
rication method of these proposed interlayers involves complex
process and is not a viable option for large scale synthesis of inter-
layer membranes. Thus, a facile and simple synthesis route to fab-
ricate porous carbon-based interlayer material is a compelling
topic of research. Cellulose is an earth abundant organic compound
or biomaterial that contains structural components of cell mem-
brane/walls or texture. The source of cellulose is very common
due to the biomass feedstock derived from agriculture crops or
their wastes. Cellulose contains a large number of carbon bonds
in its structure, and its abundance and low cost make it a popular
choice as carbon source. Cellulose derived carbon structure has
good mechanical hardness, excellent electrical conductivity owing
to the interconnected fiber network providing fast electron trans-
port pathway, and large surface area for electrolyte contact [31].
Therefore, pyrolyzed cellulose can be used as another carbon-
based effective interlayer for Li-S battery as Fan et al. demon-
strated previously [28]. However, the porous carbon nanofibers
in cellulose can only physically entrap the lithium polysulfides,
providing little to no adsorption synergy towards chemically bind-
ing the polysulfides and avoiding shuttling. As a result, the assem-
bled battery suffered from rapid capacity decay at 0.2C lasting for
only 130 cycles [28].

The Li-S batteries using CeO, as catalytic material were
reported previously. Particularly, modifying nano-CeO, on fiber
or carbon nanotube has been reported for lithium-sulfur batteries
[32,33]. Lu et al. used solvothermal technique to prepare CeO, dec-
orated with carbon nanotube webbed structure as cathode host
material [33]. Shen et al. prepared a composite of Ketjen Black dec-
orated with homogeneously distributed CeO, nanodots to use it as
a sulfur host material for Li-S battery [34]. Similar approach was
taken by Jin et al. where they implanted CeO, nanocrystals inside
the porous nitrogen doped carbon nanospheres [35]. The microp-
ores filled with CeO, can help entrap the polysulfides for improved
Li-S battery performance. Zhang et al. combined spray-drying and
hydrothermal process to prepare CeO,/RGO nanocomposite where
RGO works as the conductive support and CeO, as polysulfide
immobilizer [36]. However, these reported systems did not use
freestanding structure as a conductive support to grow CeO,.
Moreover, the decoration of CeQO, involves complex processing
steps including electrospinning [32], solvothermal reaction [33],
wet impregnation [34], spray drying and hydrothermal [36] etc.
On the contrary, this work is based on scalable, cost-effective and
easy fabrication of freestanding carbon fiber derived from com-
mercially available cellulose paper using one step tube furnace car-
bonization and one pot hydrothermal synthesis of CeO, nanorods
on carbon fiber. Since an additional layer in the form of interlayer
adds extra weight to the battery architecture, it is necessary to
make a weight efficient interlayer design. The binders, conductive
additives and current collectors add unnecessary weight into the
interlayer. However, the freestanding interlayer eliminates the
use of the binder, conductive additive and current collectors mak-
ing it an efficient design and increases the sulfur weight ratio.

Previously, our group investigated hydrothermally grown CeO,
nanorods on carbon cloth as an effective cathode host material for
Li-S battery [37]. The surface oxygen functional group of CeO, can
trap lithium polysulfides by binding with polysulfide anions. More-
over, the reaction of polysulfides with CeO, generates in situ thio-
sulfate ([S;05]*") and polythionate ([SO3S,S03]*") species which
provides catalytic effect towards the conversion of polysulfides.
The as-prepared cathode host results in excellent battery rate per-
formance. Since we have already done electrode modification using
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Ce0, nanorods, our focus in this work is to innovate alternate and
effective approach by developing interlayer material, which is
another crucial part nowadays in lithium sulfur battery research.
This interlayer can suppress the polysulfide shuttling outside the
cathode zone and can also work as conductive current collector
to improve the battery reaction kinetics. Although, growing CeO,
on carbon cloth substrate can be effective as cathode host, carbon
cloth with large pores where polysulfides can diffuse through, can-
not provide effective physical entrapment towards polysulfides
shuttling when used as interlayer material. Inspired by this, in this
study, a low cost and easy synthesis method was developed to pre-
pare carbonized cellulose paper as the carbon substrate, which was
decorated with hydrothermally grown CeO, nanorods used as
interlayer material in Li-S battery.

Herein, a novel method is proposed to develop interlayer mate-
rials in Li-S battery using a commercial filter paper derived meso-
porous carbon fiber structure, which is decorated by CeO,
nanorods anchored on its 3D framework structure. Instead of using
the CeO,/CFP (carbonized filter paper) membrane as cathode, using
this as interlayer acts as the barrier outside the cathode to suppress
the polysulfide shuttling and prevent deposition of Li,S discharge
products on Li metal anode. The polysulfides are trapped and
deposited on this interlayer instead. It reduces the overall cell
impedance as well due to high electrical conductivity of the mem-
brane providing fast electron transfer from the cathode to the
interlayer. A facile one step pyrolysis using tube furnace was
adopted to obtain the carbon nanofibers by pyrolyzing commercial
filter paper. Further, one step hydrothermal method was used to
decorate the carbon nanofibers with CeO, nanorods. The carbon
nanofibers provide conductive 3D framework structure and physi-
cal entrapment sites of lithium polysulfides. The CeO, nanorods
anchored on the carbon nanofibers work as adsorption synergistic
support to chemically bind the lithium polysulfides and prevent
further shuttling as shown in Fig. 1.

.
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2. Experimental
2.1. CeO,/CFP interlayer preparation

The cerium oxide decorated carbonized filter paper (CeO,/CFP)
interlayer was prepared in a two-step method. Firstly, one piece
of commercial filter paper (Whatman Inc.) was carbonized in tube
furnace under Ar flow at 800 °C for 2 h. The carbonized filter paper
consists of carbon nanofibers which will be used as the substrate in
CeO, hydrothermal synthesis process. Then, the as-obtained car-
bon fiber film was put at the bottom of a Teflon lined stainless steel
autoclave. Then, 88 mL of 0.1 M cerium nitrate hexahydrate (Ce
(NO3)3-6H,0) was mixed with 8 mL of 6.0 M sodium hydroxide
(NaOH) in deionized water (DI water) and magnetically stirred
for 30 s. The mixture was poured in the autoclave with the carbon
fiber film and was hydrothermally treated at 90 °C for 48 h. After
the hydrothermal treatment, the as-obtained CeO, grown on car-
bon fiber film was obtained, namely CeO,/CFP. Then it was washed
with DI water and ethanol several times and further dried in a vac-
uum oven at 80 °C overnight. The film was then cut into 15 mm
diameter sized circular film and used in Li-S battery.

The amount of CeO, was calculated by weighting the CFP before
and after hydrothermal treatment. The mass of the CFP with
38 mm diameter was recorded as 23 mg. After hydrothermal and
drying, the mass of the CeO,/CFP film was recorded as 26.2 mg.
So, for the area of 11.34 cm?, the amount of CeO, was roughly
3.2 mg. As we used 1.5 cm? CeO,/CFP interlayer, the amount of
CeO, per interlayer is approximately 0.42 mg. So, the amount of
CeO, in the CFP matrix is approximately 12.14% per interlayer.

2.2. Cell assembly
All cells were assembled using CR2032 coin cell from MTI cor-

poration. Stainless steel spacers with 1.5 cm? areal size were used
as current collectors. For separators, Celgard 2500 polypropylene
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Fig. 1. Schematic illustration of the role of the CeO,/CFP interlayer in Li-S battery.
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with porosity of 55% and pore size distribution of 0.064 was used.
Lithium foils with 1.5 cm? circular disks were used as anode. The
assembly processes were conducted in an argon filled glovebox
(VTI Vacuum Technology Inc.) with oxygen and water contents less
than 0.1 ppm. After assembling the cell by hand, it was crimped to
tightly seal the cell with a Gelon hydraulic crimper.

The blank electrolyte used in Li-S battery was prepared by mak-
ing a solution of lithium bis(tri-fluoromethanesulfonyl)imide
(LiTESI) (1.0 M) in 1, 2-dimethoxyethane (DME) and 1, 3- dioxolane
(DOL) (1:1 by volume ratio) containing lithium nitrate (LiNOs)
(1 wt%). The lithium polysulfide (Li,Sg) catholyte was prepared
by chemically reacting sublimed sulfur and lithium sulfide (Li,S)
in the as-prepared blank electrolyte to form 0.5 M Li,Sg solution.
The solution was stirred at 60 °C inside the Ar glovebox for 12 h
to obtain dark red lithium polysulfide catholyte.

The battery using CeO,/CFP as interlayers was assembled by
putting the interlayer between the carbon cloth and the separator.
The carbon cloth cathode host was first impregnated with 20 uL
lithium polysulfide (Li,Sg) catholyte to obtain ~ 2 mg S loading
(1.33 mg/cm?) and used as the positive electrode. After uniformly
distributing the catholyte, the DOL/DME solvent was evaporated
after a while. Then the as-prepared interlayer film was placed in
between the cathode and the separator. The separator was impreg-
nated with 20 pL of blank electrolyte. The amount of electrolyte
has a great influence on the performance (i.e., energy density and
sulfur utilization) of Li-S battery. Although, commercial Li-S batter-
ies aim for electrolyte to sulfur (E/S) ratio of 4:1 or 3:1, where ether
based electrolytes are considered as 10 mg uL~!, most of the prac-
tical Li-S battery publications use E/S ratio of greater than 7:1 [38].
The E/S ratio here is 10:1, which is higher than commercial Li-S
battery but lower than many other reported literatures. Finally,
the cell was assembled using a hydraulic crimping machine. The
diameter of the circular cathode, interlayer and the lithium foil
were 15 mm (area ~ 1.5 cm?) for all the batteries and the diameter
of the separators were 19 mm.

2.3. Electrochemical measurements

The battery cycling test was done in Neware battery testing sys-
tem. The galvanostatic charge-discharge was conducted at 0.1C,
0.2C, 0.5C and 1C within the voltage range of 1.7 V- 2.8 V. The
specific capacity of the battery was calculated according to the
mass of the sulfur in the cell with current density of 1C = 1675 m
A g ! of S. The Cyclic Voltammetry (CV) and Electrochemical Impe-
dance Spectroscopy (EIS) were conducted using the Gamry instru-
ment Interface-1000 potentiostat/galvanostat/ZRO.

2.4. Materials characterization

Scanning electron microscopy (SEM) images were taken using
Thermo Scientific APREO FE-SEM. The accelerated voltage used
ranged from 1 kV to 30 kV and the beam current ranges from 13
PA — 40 nA. The low beam current condition was chosen to avoid
the charging of the samples. The Energy Dispersive X-ray Spec-
troscopy (EDS) was done in the same instrument equipped with
an EDS characterization system provided by EDAX. The user inter-
face software APEX-EDS was used for elemental mapping analysis
and data processing. X-ray photoelectron spectroscopy (XPS) of the
as-prepared samples was performed on a VersaProbe 5000 spec-
trometer with monochromatic Al Ko (hv = 1486.6 eV) radiation
at a working pressure of less than 8 x 107 '° Torr. The effect of
the specimen charging was corrected by the reference of the car-
bon peak C 1 s (284.8 eV). The Brunauer-Emmett-Teller (BET) sur-
face area measurement was measured by single point adsorption-
desorption at liquid nitrogen temperature of 77 K using
Micromeritics AutoChem II 2920 chemisorption analyzer. The
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XRD analysis was taken using a Philips X’'Pert MPD X-ray diffrac-
tometer with Cu Ko radiation (A = 1.5405 A) operating at 45 kV
and 40 mA. The X-ray data was taken from 10 ° to 80 ° of the 2 0
angle with a step size of 0.5°/min and this X-ray instrument is
equipped with a goniometer that supports the angular movement.
The recorded patterns were analyzed using JADE software to deter-
mine peak positions, lattice constant, and average crystalline sizes
by use of Scherrer’s formula. The Transmission Electron Micro-
scopy (TEM) images were taken using FEI Tecnai F-20. The Raman
spectra were taken using Horiba Labram HR 800 Raman spectrom-
eter using 532 nm laser.

3. Results and discussion
3.1. Material fabrication and morphology

The procedure of synthesizing the CeO,/CFP interlayer is given
in Fig. 2. A clean cellulose-based filter paper (Whatman Inc.) was
put in a temperature-controlled tube furnace under argon atmo-
sphere with a mass flow controller (200 mL/min) to pyrolyze at
800 °C for two hours with a heating rate of 4°C/min to obtain car-
bon nanofibers. During pyrolysis, the cellulose fibers decomposed
into carbon and lost hydrogen and oxygen. This loss of oxygen
and hydrogen is evident from the size reduction of the cellulose-
based filter paper from 55 mm diameter and 150 pm thickness to
34.5 mm diameter and 50 um thickness. The size comparison of
the filter paper before and after pyrolysis is given in Fig. 3a.
Fig. 3b depicts the SEM image of the morphology and size for the
as-prepared carbon fibers derived from cellulose. The diameter of
the individual carbon fibers ranges from a few hundred nanome-
ters to 10 um and the cross-linked morphology of the carbon fibers
is maintained like the cellulose fibers after pyrolysis. The filter
paper was grinded and turned into powder for BET surface area
measurement and 70 mg of samples were loaded in a quartz U-
tube to conduct the experiment. The surface area was recorded
as 172 m?/g. This conductive carbon fiber film was then used as
the substrate and anchoring structure to grow CeO, using
hydrothermal synthesis.

To decorate the carbon nanofiber film with CeO, nanorods,
firstly, the film was put in a Teflon lined stainless steel autoclave.
Then the aqueous mixture of cerium nitrate hexahydrate salt
(0.1 M Ce(NO3)3-6H,0) and sodium hydroxide (6.0 M NaOH) was
slowly poured into the autoclave. The autoclave was then sealed
and put in an electric oven for hydrothermal reaction of CeO,
nanorods under the temperature of 90 °C for 48 h. After completion
of the hydrothermal synthesis, the carbon fiber film was washed
with DI water (500 mL) and ethanol (50 mL) several times and
dried in a vacuum oven at 60 °C for 12 h. This sample was named
as CeO,/carbonized filter paper (CeO,/CFP) interlayer.

The morphological characterization of the as-prepared CeO,/
CFP interlayer is also given in Fig. 3. The SEM image in Fig. 3c
shows that CeO, nanorods powders were homogenously dis-
tributed in the carbon fiber 3D structure and on the carbon fibers.
The higher magnification SEM image of Fig. 3d shows a fiber dec-
orated with CeO, nanorods. The CeO, nanorods created a strong
contact with the carbon fibers and anchored well on the fiber sur-
face. So, it is evident that, during the growth of CeO, nanorods, the
carbon fiber 3D structure acted as a supporting scaffold for the
nucleation growth of CeO, nanorods. In this kind of interlayer
material, the highly conductive carbon fiber network provides fast
charge transfer network. The pores in the carbon fiber network
provide efficient ion diffusion pathway and space for possible vol-
ume change during the battery cycling. The CeO, nanorods
anchored on the carbon fibers can suppress polysulfides shuttling
since they show strong interaction and have high bonding affinity
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Fig. 2. Schematic illustration of the preparation of the CFP and CeO,/CFP interlayer.

with the lithium polysulfides via both physical confinement and
chemical binding. To show the rod like morphology of CeO,, the
CeO, powders were collected after hydrothermal treatment. The
powders were washed with DI water and ethanol several times,
and dried at 60 °C for 12 h. The as obtained pieces were grounded
using mortar to obtain CeO, nanorods powder for TEM imaging.
The rod like CeO, are shown in the TEM images of Fig. 3 (e-f) at dif-
ferent magnifications with diameters ranging from 5 to 10 nm and
length 50-150 nm.

Fig. 4 (b-d) show the spatial distribution of the elements C, O
and Ce obtained from EDX in CeO,/CFP interlayer which are in
accordance with the morphological information from the SEM
image of Fig. 4a. This elemental mapping clearly indicates how
the CeO, nanorods are uniformly anchored on the fibers of the car-
bon framework. The crystal structure of the commercial cellulose
filter paper (FP), carbonized filter paper (CFP) and CeO,/CFP mem-
branes were characterized by X-ray diffraction (XRD) in the 2 0
angle range of 10 ° to 80 ° by putting the membranes on a zero-
background quartz sample holder. Fig. 4e shows that the filter
paper presents the characteristic XRD peaks of Cellulose 1B (PDF
# 00-060-1502). After carbonizing the cellulose paper at 800 °C
for 2 h, the carbonized CFP shows broad XRD peaks at 24 ° and
45 ° corresponding to (002) and (100) planes respectively from
the graphitic carbon structure of CFP, which is a little bit shifted,
but almost identical as previous reports [28,39]. After the
hydrothermal growth of CeO, on CFP, the cubic phase Ce0O, is seen
in the XRD pattern of the CeO,/CFP sample which can be indexed to
the cerium oxide PDF# 04-006-2393. These CeO, diffraction peaks
were not seen in the CFP, indicating stable CeO, crystals on the car-
bon framework. Raman spectroscopy was also employed to study
more about the elemental coordination environment of the CFP
and CeO,/CFP membranes as shown in Fig. 4f. For the Raman spec-
trum of the CFP membrane, two peaks at approximately 1340 cm ™!
and 1590 cm™~! were seen which correspond to the vibrational
mode of the disordered carbon in the hybridized carbon ring (p-
band) and symmetrical vibration bond of sp? bonded carbon atoms
pair (G-band) respectively [28]. For the Raman spectra of CeO,/CFP,
the weak peaks the D and G bands from the carbon are evident,
along with a strong peak at approximately 455 cm~! which corre-
sponds to triply degenerate F,; mode of CeO, fluorite structure
[37,40]. The intensity ratio of the D and G bands (Ip/lg) specifies
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the negative correlation of the carbon graphitization degree [32].
The Ip/Ig ratio was recorded as 0.979 and 0.976 for the CFP and
CeO,/CFP film, respectively, indicating almost similar disorder in
the sp? carbon lattice.

3.2. Cell electrochemical performance

To analyze the electrochemical behavior of CeO,/CFP as an
interlayer in Li-S battery, 2032 type coin cells were assembled with
commercial carbon cloth as cathode host material and lithium
metal foil as anode. The sulfur was introduced by drop casting of
lithium polysulfide catholyte on the carbon cloth. The CeO,/CFP
was sandwiched in between the carbon cloth and Celgard 2500
separator. The wide and open pore of pristine commercial carbon
cloth cannot effectively trap the lithium polysulfides in the long
term. Therefore, the 3D structure of carbon cloth, as cathode sulfur
host material, was used as an ideal framework structure to effec-
tively compare and evaluate the performance of the CeO,/CFP
interlayer in this study. The conventional electrolyte with LiTFSI
salt in 1,3-dioxolane (DOL) and 1,2-dimethoxymethane (DME)
with 1 wt% LiNO3 additive was used in the cell assembling. The
LiNO; additive was used to passivate the lithium to enhance
Coulombic efficiency. All the assembled cells had 20 uL of the elec-
trolyte. For 2 mg sulfur loading, 20 pL of 0.5 M Li,Sg catholyte was
used. The whole battery assembling process was conducted in an
argon filled glovebox under the condition of less than 0.1 ppm
H,0 and less than 0.1 ppm O,.

Fig. 5a shows the charge-discharge curve of the Li-S cell with
Ce0,/CFP as interlayer at 0.2C current rate (1C = 1675 mA g~ ! of
S) between 2.8 and 1.7 V versus Li*/Li. The two-plateau behavior
during discharge and one plateau behavior during charge in the
galvanostatic charge-discharge cycle are evident here just like
the cyclic voltammetry curve of Fig. 6¢. During discharge, the first
plateau corresponds to the transformation of cyclo-octa Sg to long
chain soluble lithium polysulfides (Li,S,; 4 < n < 8) and the second
plateau corresponds to the formation of short chain lithium poly-
sulfides (Li,S;, Li,S). The specific capacity calculation was based
on the amount of sulfur in the cathode structure. For 2.0 mg S load-
ing, the initial discharge capacity of the battery was recorded as
1177 mAhg~! at 0.2C and it was then stabilized around ~ 800
mAhg~! discharge capacity. The capacity contribution from the
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Fig. 3. a) Optical picture of the size comparison of pristine cellulose based filter paper (left) and carbon nanofiber film (right) after pyrolysis; b) SEM image of cross-linked
carbon nanofibers derived from cellulose filter paper; c) SEM image of CeO, nanorods agglomerates homogeneously decorated on the cellulose derived carbon structure; d)
Higher magnification image of a fiber decorated with CeO, nanorods. (e-f) TEM images of CeO, nanorods at various magnifications.

high plateau Qy is about 625 mAhg~! which comes from the con-
version of Sg to (Li,Sx: X > 4) and from the low plateau region Q; is
about 552 mAhg~! which comes from the conversion of Li,S, to
final discharge products of LiS, and Li,S. After 100 cycles, the
specific capacity was recorded as 828 mAhg~!, which was also
stable even after 200 and 300 cycles at 804 and 775 mAhg !,
respectively. This battery performance results demonstrate a sig-
nificant improvement from the previously reported PPy/ZnO inter-
layer where the capacity at 0.2C degraded from 1194 mAhg !
to ~ 600 mAhg~! after 50 cycles with a capacity retention of
only ~ 50% and a decay rate of 1% per cycle [41]. The fast capacity
decay was due to the low conversion rate of sulfur containing spe-
cies and uncontrollable growth of Li,S after high polysulfide shut-
tling. Whereas, with full utilization of polysulfides by chemical and
physical trapping and controllable growth of Li,S, the CeO,/CFP
interlayer retained 65.8% of the initial discharge capacity after
300 cycles showing a capacity decay rate of only 0.11% per cycle,
which further proves low capacity fading and enhanced electro-

422

chemical activity. In addition, if we consider the capacity after get-
ting stabilized around ~ 900 mAhg~! after 10 cycles, the discharge
capacity with cycle number curve in Fig. 5b is considerably flat,
and the capacity retention can be measured as 83.1% with a decay
rate of only 0.06% from cycle number 11 to 300.The long discharge
plateaus of the curves indicate that the polysulfides generated in
the discharge process were successfully trapped and adsorbed by
the CeO,/CFP interlayer, which reduced the dissolution of polysul-
fides in the electrolyte significantly. Even after 300 cycles, the long
discharge plateau (Qy) was observed as shown in Fig. 5a which fur-
ther indicates fast polysulfide conversion after adsorption by CeO,
nanorods, limiting dissolution of dissolved polysulfides. It is worth
noting that the initial discharge capacity of the cell with CeO,/CFP
interlayer was slightly increased due to the activation process of
the cell. This is due to the sulfur particles that are present in the
electrochemically inactive sites become active after the other
neighboring particles transform to lithium polysulfides. Then the
large capacity loss after a few cycles was attributed to the insulat-
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Fig. 4. (a) SEM image and (b-d) corresponding elemental mappings of C,
and CeO,/CFP. (f) Raman spectra of CFP and CeO,/CFP membrane.
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ing nature of the formed Li,S that covers some parts of the active
CeO,.

Upon contact with the interlayer, lithium polysulfides got
trapped in the CeO,/CFP interlayer and then were further utilized
in the cell. The cycling stability of the battery at 0.2C rate is also
shown in the Fig. 5b. The battery was very stable at 0.2C for at least
300 cycles. Initially, the battery showed 1177 mAhg™!, but after 3
cycles, it started to stabilize at around ~ 900 mAhg~!. This high
capacity at the initial cycles indicates that the CeO,/CFP interlayer
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successfully seizes the soluble lithium polysulfides during the first
discharge. Even after 300 cycles, the battery retained specific
capacity of about 775 mAhg~!. This proves the effectiveness of
the CeO,/CFP interlayer that can trap the polysulfides and help
retain the capacity of the battery. The Coulombic efficiency of the
battery was maintained above 98% for all cycles except the 3rd
cycle, which is further proof of interception of soluble lithium poly-
sulfides and attenuation of shuttle effect. The low Coulombic effi-
ciency in the initial cycles can be attributed to the formation of
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Fig. 5. a) Charge-discharge profiles of Li-S battery with CeO,/CFP interlayer at 0.2C between 2.8 V and 1.7 V vs Li*/Li. b) Cycling performance and Coulombic efficiency at 0.2C
for Li-S battery with CeO,/CFP interlayer. c) Charge-discharge curve at various current densities for Li-S battery with CeO,/CFP interlayer. d) Long term cycling performance of
Li-S battery at 1C with CeO,/CFP as interlayer. e) Li-S battery performance comparison at 0.2C for no interlayer, with CFP interlayer and CeO,/CFP interlayer. f) Cycling

performance and Coulombic efficiency.

Solid Electrolyte Interface (SEI) layer with excess Li ion utilization
and electrolyte decomposition.

The robustness of the CeO,/CFP interlayer can be evaluated by
the rate performance of the battery by running it at different cur-
rent densities. As shown in Fig. 5c, the cell with CeO,/CFP inter-
layer shows reversible discharge capacities of 870 mAhg~!, 810
mAhg !, 768 mAhg ' and 642 mAhg ! at 0.1C, 0.2C, 0.5C and 1C
respectively, indicating an excellent rate capability. The 0.2C dis-
charge capacity in Fig. 5¢ differs from Fig. 5a because, here, the bat-
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tery was initially charged at slower current rate. Moreover, the
Coulombic efficiency of these curves are less than 100% because
these are the very first cycle at the respective current density.
The Coulombic efficiency gradually stabilized to nearly 100% after
a few cycles as the long cycling curves suggest. With the increasing
current density, the discharge plateau gradually decreases due to
the kinetic over voltage and polarization. Moreover, the reduced
plateau could be the effect of the volume change of the electrolyte
in the pore space because of the 80% volume expansion of Sg to
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Fig. 6. a) Electrochemical impedance spectroscopy (EIS) plots of the cells with and without the CFP, CeO,/CFP interlayer. b) Resistance values calculated from the EIS profiles

with and without interlayer. ¢) Cyclic voltammogram (CV) of Li-S battery with the CeO,/CFP interlayer at a potential sweep rate of 0.1 mV s

~1.d) CV comparison of the battery

before and after 300 cycles at 0.2C. e) CV curves of Li-S battery without interlayer and with CFP and CeO,/CFP interlayer at a scan rate of 0.1 mV s~ .

Li,S. Since the pores of the CFP interlayer are very small, the further
decoration of CeO, makes the pores more confined. So, it experi-
ences less electrolyte volume expansion that affects the second
discharge plateau [42]. In comparison, the previously reported
capacities for Li-S battery with Catecholamine-functionalized
reduced graphene oxide cathode were 654 mAhg~! and 399
mAhg~! at 0.5C and 1C respectively, with the almost same sulfur
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loading of 1 mg/cm? [43]. A stable discharge plateau was observed
even at high current rate of 1C as shown in Fig. 5¢c. The outstanding
electrochemical performance at different current densities mani-
fests that the CeO,/CFP interlayer can inhibit the shuttle effect of
lithium polysulfides effectively and promote the cycling stability
in the Li-S system. To further test the long-term stability of the cell
with the CeO,/CFP interlayer, the galvanostatic charge-discharge
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cycles were tested at 1C for 100 cycles. Fig. 5d shows the long-term
cycling performance and Coulombic efficiency of the Li-S battery
with the CeO,/CFP interlayer. The initial discharge capacity at 1C
was recorded as 642 mAhg~! and it retained the specific capacity
of 803 mAhg~! after 200 cycles. It is tremendous that even at high
current density rating of 1C, after 200 cycles, the capacity of the
battery didn’t fall down, rather, it increased significantly by about
25.2%. This gradual increment in capacity could happen induced
from the redistribution of active material in the sulfur cathode
and due to the strong polysulfide adsorption efficiency of the
CeO,/CFP interlayer. The Coulombic efficiency was also maintained
above 99% from the 2nd cycle except the final few cycles. The low
Coulombic efficiency at the first cycle was due to the activation
process of the sulfur electrode. This high Coulombic efficiency for
long time indicates lacking corrosion of lithium anode. Overall, it
demonstrates that the CeO,/CFP interlayer leads to high discharge
capacity at high current rate and maintains stable cyclability of the
sulfur cathode. This significant enhancement in the electrochemi-
cal performance with improved capacity and cyclability even at
high current rate of 1C is attributed to the encapsulation and
restriction of lithium polysulfides migration by simultaneously
physical and chemical binding effect of the CeO,/CFP interlayer.

To provide in detail understanding of the effect of CeO, nanor-
ods decorated carbonized filter paper as interlayer, a comparison of
battery performance is given in the Fig. 5 e,f among three assem-
bled Li-S batteries with no interlayer, with CFP or CeO,/CFP as
interlayer. Here, for all three types of batteries, a 1.5 cm? circular
piece of carbon cloth was used as the cathode. The total sulfur
loading was ~ 2 mg. Fig. 5e clearly shows that the initial discharge
specific capacity for the battery without interlayer is a very low
recording of 394 mAhg~' at 0.2C. This low specific capacity
resulted from the lack of inhibition of polysulfides shuttling. Add-
ing a CFP as interlayer improved the discharge capacity to 640
mAhg~!. This improvement came from the physical entrapment
of the polysulfides by the CFP interlayer. Decorating the CFP with
CeO, nanorods further boosted the performance of the Li-S battery
to 1177 mAhg~!. This capacity increase of almost 198% than with-
out interlayer further proves the effect of CeO, nanorods in retract-
ing the polysulfides shuttling effect.

To evaluate the superiority of the CeO,/CFP interlayer, the dis-
charge capacity of the 3 types of cells were divided into high pla-
teau (Qy) and low plateau (Q.), as shown in Fig. 5e. The high
plateau capacity of the cell with the CeO,/CFP interlayer shows
higher cycling stability compared with those of the cells with the
CFP interlayer and no interlayer, which confirms the effective mit-
igation of higher order polysulfide (Li;Sx: X > 4) dissolution due to
the high adsorption capability of CeO, nanorods. The low plateau
capacity (Q), which corresponds to the conversion from Li,S, to
Li,S,/Li5S, is also more stable for the cell with the CeO,/CFP inter-
layer compared to the other two counterparts, indicating fast reac-
tion kinetics in the conversion from lithium polysulfides to lithium
sulfides. Therefore, it can be concluded that, the CeO,/CFP inter-
layer can not only immobilize lithium polysulfides through physi-
cal and chemical interaction, but also provide enhanced conversion
of lithium polysulfides and lithium sulfides. Moreover, the charge-
discharge curve of the cell with the CeO,/CFP interlayer shows
lower potential gap (A E) of 240 mV compared to the 303 mV
and 258 mV values of the cell without interlayer and with the
CFP interlayer respectively, demonstrating a significantly reduced
polarization. This could be attributed to the high conductivity of
carbon fiber and the catalytic effect of the surface engineered
Ce0, nanorods via Ce*" and Ce*" redox reaction and/or other sur-
face defect reactions. Together with the dual mechanisms of phys-
ically and chemically entrapping the lithium polysulfides, the Li-S
battery with the CeO,/CFP interlayer shows superior performance
than the other two batteries. The cycling performance data in
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Fig. 5f also shows the superior rate performance of the cell with
the CeO,/CFP as interlayer compared to those of the cells with
CFP only interlayer and no interlayer. The Coulombic efficiency
was above 97% for all types of batteries. Even after 70 cycles, the
specific capacity of the CeO,/CFP interlayer battery was higher
than the other two types of batteries. The specific capacity of the
battery without interlayer remained lower because it has no mech-
anism to collect and reuse the soluble lithium polysulfides. The
cycling stability of the cell with the CeO,/CFP interlayer being less
than its other counterparts could originate from the activation and/
or redistribution processes of the active materials in the cell. The
sulfur particles at CeO, sites become electrochemically active by
transforming neighboring sulfur to soluble lithium polysulfides.
These polysulfides are trapped in the CeO,/CFP interlayer and fur-
ther utilized. The cell with no interlayer doesn’t have this capabil-
ity to collect and reuse the polysulfides, hence the stability is
higher. The CFP has physical entrapment, so the stability is in
between the cell with no interlayer and CeO,/CFP interlayer.

Fig. S1 shows the cycling performance of Li-S battery with
Ce0,/CFP interlayer with the sulfur content in cathode of
1.33 mg cm~2 and 5.33 mg cm~2 at 0.2C in terms of specific and
areal capacity. Since sulfur is insulating material, increasing sulfur
content in the cathode results in lower electronic conductivity. The
batteries with the CeO,/CFP interlayer with sulfur loadings of
1.33 mg cm~2 and 5.33 mg cm 2 provided high initial discharge
capacity of 1177 mAh g~' (1.57 mAh cm2) and 571 mAh g!
(3.04 mAh cm~2) respectively at 0.2C and the reversible discharge
capacity after 150 cycles can be maintained at 827 mAh g~! (1.10
mAh cm™2) and 696 mAh g~! (3.71 mAh cm~2) respectively, indi-
cating a high sulfur utilization when the CeO,/CFP was used as
interlayer. With a high sulfur content of 5.33 mg cm™2, the rising
trend of the discharge capacity may be originated from the redistri-
bution of active material in the cathode. This excellent perfor-
mance at high sulfur loading can be attributed to the use of the
CeO,/CFP interlayer with high conductivity and strong polysulfide
confinement.

These results are better or comparable to other reported CeO,
based Li-S battery systems when important parameters like sulfur
loading, electrolyte to sulfur ratio, cycling rate, number of cycles
are considered. For example, Lu et al. reported specific capacity
of 1033 mAhg™! and a reversible capacity of 723 mAhg™! after
100 cycles running at 0.2C rate *>. Even with almost identical sulfur
loading and higher electrolyte to sulfur ratio, their battery had
higher capacity decay rate of 0.235% per cycle. Li et al. developed
core shell structured CeO, inside porous carbon and reported
specific capacity of 1242 mAhg~! which degraded to 663.3 mAhg ™!
after 100 cycles at 0.25C with a sulfur loading of approximately
0.7-1 mg/cm? [44]. A summary of the Li-S battery performance
with other reported materials as cathode and interlayers is given
in Table 1 to compare the results with the existing literatures.

3.3. Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV)

The electrochemical impedance spectroscopy (EIS) further out-
lines the role of the CeO,/CFP interlayer in the Li-S battery by mon-
itoring the internal resistance. Fig. 6a shows the Nyquist plot for
the cell with CFP, CeO,/CFP interlayer and without the interlayer
within the frequency range from 100000 Hz to 0.1 Hz. The equiv-
alent circuit is given in the inset figure. The X-intercept of the
Nyquist curve in the high frequency region determines the com-
bined ohmic resistance (R;) of the cell. The first semicircle in the
high frequency region is the resistance derived from the insulating
solid electrolyte interface (SEI) layer denoted as Rsg;. The resistance
due to the charge transfer process (R.;) between the electrolyte and
electrode interface is determined by the semicircles at the middle
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Table 1
Li-S battery performance summary and comparison with a few existing literatures.
Material Sulfur Cycling Number of Initial Reversible Capacity decay rate (% per cycle) Ref.
loading rate cycles capacity capacity
mg/cm? (mAhg~1) (mAhg~ 1)
Ce0, webbed CNT 1.3-1.6 0.2C 100 1033 723 0.235 [33]
S@Ce0,/PG - 0.2C - 1104 - - [45]
1.05 1C 500 710 348.6 0.068
S/Ce0,/RGO - 0.1C 200 1054 792 0.12 [36]
Ce0,/RGO * 2 0.1C 100 1136 886 0.24 [46]
S/CS-Ce0,/PC 0.7-1 0.25 100 1242.6 663.3 0.466 [44]
500 421 0.015
PPy/ZnO * 13 0.2C 50 1194 ~600 1 [41]
VO,/graphene 1.2 0.2C 200 1050 782 0.138 [47]
Activated carbon/ y- MnO, 1 0.1C 100 926 541 0.41 [48]
Porous GO/CNT * 1 0.2C 100 1600 670 0.6 [49]
C0304@GC/N-CNT NF * 2 0.1C 250 1187 712 0.16 [50]
1 T-MoS,/ Carbon nanofiber * 1 0.1C 100 880 718 0.18 [51]
ZIF-7/CNF * 15 0.2C 100 1226.9 1091 0.11 [52]
Ce0,/GR-1.8 * 1 0.1C 350 1488 789.4 0.13 [53]
FS-SiO,/C-CNFM * 1 0.1C 50 1304 934 0.57 [54]
MoS,/G * 1.09 0.1C 300 1537.2 853.6 0.148 [55]
CeO,/CFP 133 0.2C 300 1177 775 0.11 This
work

* Used as interlayer in Li-S battery

frequency region. This semicircle also represents reduction reac-
tion kinetics in the sulfur cathode dominating the conversion from
higher order lithium polysulfides (Li>S,: 4 < n < 8) to LiyS,/Li,S.
The inclined line in the lower frequency region represents the
ion diffusion within the cathode (Warburg impedance). The cell
with the CeO,/CFP interlayer shows the impedance of only 3.25
Ohms (Table 2) which is lower than the ohmic resistance of the cell
without interlayer. This reduction of impedance with the CeO,/CFP
interlayer is mainly due to the high conductivity of the carbon fiber
matrix. As shown in Table 2, the Rsg; and R¢ (27.0 and 20.1 Ohms
respectively) of the cell with the CeO,/CFP interlayer are signifi-
cantly lower than those (33.2 and 49.1 Ohms respectively) of the
cell without interlayer. This mitigation of Rgg; after adding the
interlayer means that the insulating SEI layer depletes after the
interlayer insertion. The lower R in the cell with the CeO,/CFP
interlayer proves that it improves the reaction kinetics of polysul-
fides conversion. The CFP interlayer consists of only one semicircle
representing the charge transfer resistance Ry. From the Nyquist
curve, it is evident that the CFP interlayer improves the R signif-
icantly than without interlayer. Unlike the cells without interlayer
and with CeO,/CFP interlayer, the CFP interlayer doesn’t have the
Rsg; semicircle because of highly conductive carbon fiber structure.
The insulating CeO, NRs on the CFP could be the reason for the
appearance of the Rsg; semicircle for the CeO,/CFP interlayer. How-
ever, the lower R of CeO,/CFP interlayer compared to CFP proves
the improvement of higher order to lower order polysulfide con-
version during the electrochemical reaction. Fig. 6b shows a quan-
titative comparison of resistive parameters of the both type of
cells. Specifically, the large difference in R between the cells with-
out and with the interlayer signifies fast polysulfide conversion
reactions provided by the CeO,/CFP interlayer. So, the overall elec-
trochemical impedance shows that the CeO,/CFP interlayer pro-
motes the conversion of elemental sulfur to higher order soluble
lithium polysulfides. The low impedance of the cell can also be

Table 2

EIS resistance analysis.
Cell R; (Ohms) Rsgr (Ohms) Ree (Ohms)
Without Interlayer 43 33.2 49.1
CFP Interlayer 4.54 - 21.42
Ce0,/CFP Interlayer 3.2 27.0 20.1
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attributed to the good transportation of ions and high conductivity
of the carbon framework in the interlayer that works as current
collector as well. Moreover, CeO, nanorods can effectively reuse
the dissolved active materials and provide enhanced performance
by reducing surface aggregation. Table 2 shows the tabulated resis-
tance parameters obtained from the EIS profiles.

The cyclic voltammetry (CV) measurement of the Li-S battery
with the CeO,/CFP interlayer was conducted to gain an under-
standing of the redox reactions at a scan rate of 0.1 mVs~! with
the potential range from 1.7 V to 2.8 V vs Li*/Li. As presented in
Fig. 6¢, the cell displays two obvious cathodic peaks at 2.29 V
and 2.04 V and one anodic peak at 2.45 V which match very well
with the typical charge-discharge profiles shown previously. These
two cathodic peaks at 2.29 V and 2.04 V correspond to the reduc-
tion reactions from elemental cyclo-octa sulfur Sg to soluble long-
chain lithium polysulfides (Li;S,; 4 < n < 8) and then sequentially
to insoluble short-chain lithium polysulfides (Li,S,, Li,S) respec-
tively. The anodic peak corresponds to the reverse process. Fur-
thermore, the CV profile presents sharp and high charge-
discharge peaks which verify the rapid electron and/or ion transfer
processes. The almost overlapping curves for the first two CV
cycles with no severe potential shifts also indicate the high poly-
sulfides trapping ability and cycling stability of the CeO,/CFP
interlayer-based cell. The large current densities of the cathodic
and anodic peaks demonstrate high conductivity and fast reaction
kinetics which successively enhances the specific capacity and rate
cycling capability. Fig. 6d shows the CV curves for the cell before
and after cycling at 0.2C for 300 cycles. Even after 300 cycles, the
CV curves maintain the characteristic redox peaks which shifted
a little and became much broader. This indicates the excellent
reversibility and cyclability of the battery cell. Fig. 6e shows the
comparison CV profiles of the cells without interlayer and with
CFP, CeO,/CFP interlayer. The 2nd cathodic peak of the cell with
the CeO,/CFP interlayer is stronger than the same peaks of the
other two cells. For the cell without interlayer, this cathodic peak
is very weak, demonstrating no polysulfide blocking and conver-
sion. The 2nd anodic peak of the cell with CFP interlayer is a little
larger and provides some sort of polysulfide inhibition. Since this
2nd anodic peak signifies the conversion of soluble long-chain
lithium polysulfides (Li;S,; 4 < n < 8) and to insoluble short-
chain lithium polysulfides (Li5,S,, Li,S), the stronger peak of the cell
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with the CeO,/CFP interlayer provides another evidence of excel-
lent polysulfide blocking and fast polysulfide conversion.

3.4. Microstructure analysis after cycling

To further understand the detailed polysulfides adsorption
mechanism, the Li-S battery cells were disassembled inside an
argon filled glovebox after 300 cycles at 0.2C. The integrity
microstructure of the CeO,/CFP interlayer was well maintained
as shown in the SEM images of Fig. 7(a-b). No cracks were
observed on the cycled CeO,/CFP interlayer which indicates that
the CeO, nanorods can effectively entrap the polysulfides within
the interlayer structure. As a result, the capacity decay in the bat-
tery was retarded during the cycling. The open pores of the carbon
nanofibers were also maintained for fast lithium ion migration.
However, after cycling, the initially smooth surface of lithium foil
became rough as shown in Fig. 7c. As reported previously, it could
be protected using different methods to enhance the performance
of the Li-S battery [18,56]. The high Coulombic efficiency of the
battery also stems from the fact that the interlayer successfully
inhibited the reaction between the polysulfides and lithium foil.
The focus of this study was on the interlayer, so the lithium corro-
sion, dendrite formation, electrolyte decomposition and depletion
issues were overlooked which can be the cause of capacity fading
as well. However, the Li,S deposition on the surface of the lithium
foil were not seen for the samples with interlayer, which is attrib-
uted to the polysulfide interception by the CeO,/CFP interlayer. The
visual inspection of the condition of the separators can be seen in
the optical images of Fig. 7d. The separator from the disassembled
cell with the CeO,/CFP interlayer (the bottom picture of Fig. 7d)
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was fresh and clean with no obvious yellow colored polysulfide
in it, indicating immobilization of polysulfides by the CeO,/CFP
interlayer. Whereas, the separator from the cycled cell without
interlayer (the top picture of Fig. 7d) was yellow colored represent-
ing poor restriction of polysulfide diffusion.

To confirm the lithium polysulfide trapping in the CeO,/CFP
interlayer, EDS elemental mapping was conducted on the cycled
interlayer sample. From Fig. 8(a-b), it is clearly seen that the sulfur
was trapped effectively and homogeneously distributed on the car-
bon fiber structure, confirming polysulfides adsorption by the
CeO,/CFP interlayer. This occurrence happens because the CeO,
nanorods attached on the carbon fiber framework and chemically
bound the polysulfides on the surface of the interlayer, promoting
polysulfide redox kinetics and cell efficiency. To validate the chem-
ical binding effect of the CeO,/CFP layer with lithium polysulfides,
20 mg of CeO,/CFP powder was first added in 0.5 mL of 5 mM Li,Sg
catholyte. After keeping it overnight, the excess catholyte was
dumped and the powder was dried at 60 °C overnight in a vacuum
oven. The XPS analysis was then conducted to investigate the
chemical interaction between the interlayer and lithium polysul-
fides. The S 2p spectra in Fig. 8¢ show two S 2p3), contributions
at 164.1 and 162.6 eV which represent the bridging (S§) and termi-
nal (S7) sulfur. The peak at 169.2 eV corresponds to polythionate
complex. As mentioned by Nazar et al. [57], this polythionate com-
plex can accelerate the polysulfide conversion and result in fast
electrocatalytic activity. The u and v peaks representing the spin
orbit splitting of Ce 3ds;, and Ce 3ds;, are shown in Fig. 8d
[37,58]. These u”/v”, /v’ pairs of peaks are originated from var-
ious Ce 4f electron configuration of Ce** species. The u’/v’ peaks are

CeOQ,/CFP
Interlayer

(d)

Fig. 7. SEM images of (a-b) CeO,/CFP interlayer and c) lithium foil after 300 cycles at 0.2C rate. d) Optical images of separators from the disassembled batteries with and

without CeO,/CFP interlayer.
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Fig. 8. a) SEM image of the cycled CeO,/CFP interlayer; b) Elemental mapping of S; ¢) S 2p and d) Ce 3d XPS spectra of Li,Ss/CeO,/CFP.

induced from the two electron configuration of Ce3* species
[37,59].

In order to visually examine and compare the polysulfide trap-
ping proficiency of CeO,/CFP, a visual discrimination adsorption
test was performed. The CFP and CeO,/CFP films of 20 mg each
were mechanically grinded into powders in a mortar and were dis-
persed in 0.5 mL of 5 mM Li,Sg in DOL/DME (volume ratio 1:1)
solution. The color variation of the solutions was compared with
blank catholyte after aging for different times (0 h, 4 h, 8 h, and
12 h) as shown in Fig. 9. Compared to the blank solution and the
solution containing CFP, the solution containing CeO,/CFP became
transparent gradually in 12 h. This demonstrates that CeO,/CFP
shows strong absorption towards Li,Sg compared to CFP. Therefore,
CeO,/CFP is more capable of suppressing the lithium polysulfide
diffusion and improving sulfur utilization.

4. Conclusion

An environmentally friendly and cost-effective method to fabri-
cate potent cathode interlayer for Li-S battery, based on CeO,
nanorods decorated on cellulose paper derived carbon fiber frame-
work, has been demonstrated to alleviate the polysulfide shuttle
effect. Li-S battery with this interlayer demonstrated a high dis-
charge capacity of 1177 mAhg ! and efficiency of more than 98%
at 0.2C current rate with high cycling stability. Even at 1C rate,
the battery delivered a specific capacity of 803 mAhg~! after 200

429

cycles. The proposed interlayer was shown to be very effective to
mitigate polysulfides shuttling and self-discharging problem of
the Li-S battery. The high capacity retention and the cycling stabil-
ity at different current rates indicate that such design of CeO,/CFP
interlayer as “vice-electrode” is a highly feasible approach towards
commercialization of Li-S battery. The adsorption and reutilization
of the dissolved polysulfides by CeO, nanorods and the high con-
ductivity of the carbon fiber network are the primary reasons for
the improved performance of the battery. Our data suggests that
it can be an easy yet economical method to design practical Li-S
battery for future energy storage applications.
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and CeO,/CFP powder (right) in 5 mM Li,Sg,
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