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ABSTRACT

The particle morphology of CeO5 nanocrystals with different exposed crystal facets is a crucial factor influencing
the surface-related materials performance. In this report, shape-controlled synthesis of CeO2 nanocrystals with
various preferentially exposed crystal facets (CeO2 nanorods with (110)/(100)/(111), CeO2 nanocubes with
(100) and CeO2 nanoctahedra with (111)) was conducted aiming to investigate the crystal plane effect of polar
CeO; as a cathode host on the immobilization of lithium polysulfides and electrochemical performance of the
assembled Li-S batteries. The strong chemical bonding between lithium polysulfides and CeO host, including Ce-
S and Li-O bonds formed on the exposed (110)/(100) and defected (111) crystal facets of CeO3 nanorods during
reversible electrochemical conversion from soluble long-chain polysulfides to insoluble short-chain LizS/LisSo,
results in superb diffusion restriction of lithium polysulfides towards Li anode and endows CeOy nanorods@CC
electrode with a superior electrochemical property among three tested electrodes of CeO2 nanorods@carbon
cloth (CC), CeO, nanocubes@CC, and CeO, nanoctahedra@CC. However, such strong chemical interaction
against polysulfides was not observed by CeO, nanocubes with preferentially exposed (100) crystal planes and
CeO; nanoctahedra with preferentially exposed (111) crystal planes. In addition to the factor of the exposed
crystal planes, CeO, nanorods possess defect-rich surfaces (i.e., oxygen vacancies and Ce>") also serving as
possible polysulfides anchoring sites, which can contribute to effective immobilization of lithium polysulfides.
Benefiting from the above-mentioned advantages, CeO nanorods are considered as an outstanding candidate of
cathode host materials for long life and high-performance Li-S batteries.

1. Introduction

candidates to meet the above-mentioned requirements, have attracted
ever-increasing attention due to their remarkably high theoretical ca-

To effectively address the parasitic issues of highly polluted envi-
ronment due to burning conventional fossil fuels, novel environmentally
friendly and sustainable energy production and storage systems are ur-
gently needed, i.e., replacing fossil fuels driven vehicles by electric ve-
hicles. Rechargeable lithium-ion batteries (LIBs) have been extensively
investigated and utilized over the past two decades since their com-
mercial launch in the early 1990s by Sony. However, conventional LIBs
have already reached their theoretical energy density (150-200 Wh
kg™ 1), so they are difficult to meet the continuously rising demands in
fast-developing portable electronics, advanced electric vehicles and grid
storage for intermittent renewable energy storage from solar and wind
resources [1]. There is an urgent demand to develop rechargeable en-
ergy storage systems with excellent attributes such as low-cost fabrica-
tion, fast charging, great cyclability and high energy density. Lithium
sulfur batteries (LSBs), considered as one of the most favorable
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pacity of 1675 mAh g1, high theoretical energy density of 2600 Wh
kg’1 and low cost of sulfur ($40 per metric ton in 2020) [2-5]. Despite
many favorable advantages of elemental sulfur cathode including non-
toxicity, natural abundance and low cost, the practical large-scale
commercialization of rechargeable LSBs is restricted by several intrac-
table technical challenges, including (1) poor electronic conductivity of
sublimed sulfur and lithium sulfide (Li»S: discharge product) [6,7]; (2)
formidable volumetric expansion of sulfur (~80%) during char-
ge—discharge cycling process [6,7]; (3) highly soluble long-chain inter-
mediate polysulfide species can easily dissolve into organic solvents
upon the formation and huge loss of active materials is caused by the
diffusion of a significant amount of dissolved intermediate polysulfide
species from the cathode side to the lithium metal anode side, which is
known as “shuttle effect” [6-11]. The combination of these technical
challenges leads to fast capacity decay, low sulfur utilization and cycling
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instability of LSBs.

In order to mitigate those aforementioned technical limitations of
LSBs, enormous efforts have been devoted to formulating and assessing
the feasibility of a number of trapping strategies of lithium polysulfides.
Firstly, incorporating insulating sublimed sulfur with highly conductive
carbonaceous nanomaterials to fabricate multifunctional hybrid com-
posites has been enormously successful in the field of LSBs, due to their
remarkable physical confining capability against polysulfides and
excellent electronic conductivity of carbon materials in various forms.
Therefore, diverse high-surface-area carbonaceous host nanomaterials
with various dimensionalities, sizes and morphologies were innova-
tively developed, including 0D microporous/mesoporous carbon parti-
cles [12], 1D carbon nanomaterials like multi-walled carbon nanotubes
(MWCNT) [13] and 2D nanostructured layered carbon materials like
graphene [14]. However, for long-term electrochemical cycling, limited
restriction of polysulfide diffusion was achieved using the aforemen-
tioned diverse carbonaceous host nanomaterials due to their non-polar
nature leading to weak affinity against lithium polysulfides species.
Therefore, enormous attention has been paid to numerous metal sul-
fides, metal nitrides and metal oxides hosts and/or additives due to their
polar-nature surface with strong polysulfides adsorption capability.
Particularly, varied metal oxides (ZnO [15], Fe3O4 [16], V203 [17],
Tap0s5 [18], and MnO [19]) have been reported to successfully entrap
polysulfides, resulting in enhanced sulfur utilization and battery cell
performance.

Recently, polar CeO; has been reported as effective polysulfides
absorbent in the cathode of LSBs. For example, Ma et al. [20] reported
that their assembled LSBs exhibited high reversible capacity of 1066
mAh g~ ! at 0.2C after 200 cycles and 836 mAh g~ ! at 1C after 500 cy-
cles, with an efficient sulfur host material prepared by implanting CeO5
nanocrystals homogeneously into well-designed bimodal micro- and
meso-porous nitrogen-rich carbon nanospheres. Later Qi et al. [21]
designed a hollow nanosphere structure with CeOo/ultrathin nitrogen-
doped carbon shells as sulfur host for LSBs, which demonstrated a
high reversible capacity of 1348 mAh g ! at 0.2C and superior cycle
stability (632 and 458 mAh g~! at 2C and 5C after 500 cycles, respec-
tively). In another study, Xiao et al. [22] also achieved good specific
capacities of 1359 and 715 mAh g’1 at rates of 0.1C and 1C, respec-
tively, using CeOo-webbed carbon nanotubes (CeO,@CNT) as sulfur
absorbent for LSBs.

Meanwhile, the investigation of diverse CeO, nanocrystals with
different morphologies including nanorods, nanocubes and nano-
ctahedra has been extensively conducted in the field of catalysis for
various gas or chemical conversion applications such as ethanol
reforming [23], CO oxidation [24], Hy oxidation [25], catalytic ozona-
tion [26], HaS selective oxidation [27], dimethyl carbonate synthesis
[28], 2-chloroethylethyl sulfide degradation [29], HCI oxidation [30],
and NO reduction [31] due to the crystal plane-dependent materials
properties. Different nanoshaped CeO, has their own preferentially
exposed crystal facets (thermodynamically stable or metastable), which
is a significant determining factor influencing the catalytic activity and
selectivity when used in the field of redox related catalysis. Typically,
CeO; nanorods (CeOy NR) preferentially expose (110) and (100) or
defected (111) crystal facets, CeO, nanoctahedra (CeOy NO) are
enclosed by dominant (111) crystal planes and CeO3 nanocubes (CeO4
NC) only exhibit (100) crystal planes [32].

Recently, shaped-controlled synthesis of various metal oxide nano-
crystals used in electrodes for diverse rechargeable battery systems such
as LSBs [33,34], Na-ion batteries [35] and LIBs [36] has been investi-
gated. It appears that the morphology and surface structure of metal
oxide hosts or additives are important factors affecting electrochemical
performance of the batteries due to their impact on various intrinsic
properties such as surface area, adsorption, and redox related behavior.
To the best of our knowledge, a comprehensive investigation on
morphology-dependent  electrochemical properties of surface-
engineered CeO. nanocrystals used as sulfur host or additive for
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rechargeable LSBs has not been conducted. Herein, morphology-
controlled synthesis of diverse CeO4 additives with different preferen-
tially exposed crystal facets (CeO, NR with (110) and (100) and (111),
CeO2 NC with (100), and CeO, NO with (111)) was implemented
aiming to understand the role of CeO, termination surfaces and surface
defects on the electrochemical performance of the assembled LSBs.
Hereinafter, the developed electrodes composed of self-supporting car-
bon cloth (CC) with decorated CeO, NR, CeO, NO and CeO, NC are
refereed as CeO; NR@CC, CeO, NO@CC, and CeO, NC@CC
respectively.

2. Experimental section
2.1. Preparation of CeO2 NR@CC, CeO2 NO@CC and CeO,; NC@QCC

The preparation of CeO2 NR@CC and CeOy NC@CC was completed
by an one-step in situ hydrothermal deposition method as previously
reported [37]. Typically, 8 mL of 6.0 M aqueous NaOH (VWR, 99%) was
added into 88 mL of 0.1 M Ce(NOs3)3-6H20 (Acros Organics, 99.5%)
solution and subsequently the mixed solution was stirred vigorously for
~ 15 s. A free-standing carbon cloth (Fuel cell earth, 20 cm x 20 cm,
thickness = 0.381 mm, density = 1.75 g/cm®) was firstly cut into a 3.5
cm x 3.5 cm piece and then placed into a 200 mL Teflon-lined autoclave
before the mixed solution was poured into it. The hydrothermal syn-
thesis was conducted in a programmable box furnace at 90 °C and
150 °C with a dwell time of 48 h to obtain CeO, NR@CC and CeO,
NC@CC respectively. After the hydrothermal reaction, the autoclave
was cooled down to room temperature, CeO2 NR@CC and CeO2 NC@CC
were collected and washed thoroughly with DI water to eliminate Na™
and other residual ions. After rinsing, CeOy NR@CC and CeO, NC@CC
were transferred into a vacuum drying oven and the samples were
collected after drying at 60 °C overnight.

The preparation of CeO; NO@CC was achieved by a slightly different
procedure compared to those of CeO, NR@CC and CeO, NC@CC.
Firstly, CeOy NR powder was obtained by the hydrothermal reaction as
described above. Subsequently, the CeO; NR powder was calcined at
600 °C for 6 h to fulfill a morphological conversion from nanorods to
nanoctahedra. After the thermal calcination, CeOz NO powder was ob-
tained. CeO, NO@CC was prepared by directly drop-casting the sus-
pension solution containing CeO2 NO powder onto free-standing carbon
cloth. Finally, CeO, NO@CC was obtained after drying at 60 °C over-
night. In this study, the loading content of CeO5 was measured based on
the difference between the mass of bare carbon cloth disc (diameter =
15 mm, ~21 mg) and the mass of loaded CeO3 NR@CC disc (diameter =
15 mm, ~22 mg). Therefore, the content of CeO5 in CeO3 NR@CC can be
calculated as: 22 mg-21 mg = 1 mg. The weight percentage of CeO; can
be determined as:

1
M8 100% = 4.55%

22 mg

2.2. Preparation of LiySe solution and polysulfide adsorption test

1.0 M LiySe solution was prepared by directly adding sublimed
elemental sulfur powder (Alfa Aesar, > 99.5%) and LisS (Alfa Aesar, >
99.9%) with a molar ratio of 5:1 into a liquid organic electrolyte con-
taining 1.0 M lithium bis(trifluoromethane) sulfonimide (LiTFSI)
(AdipoGen Life Sciences, > 99%) and 0.5 M LiNOj3 (Alfa Aesar,
99.999%) mixed with dioxolane:dimethoxyethane (DOL:DME) (1:1 by
volume ratio) (Alfa Aesar, 99%). To thoroughly dissolve sulfur and Li,S,
the previously obtained mixed suspension solution was heated on a hot
plate at 60 °C for 24 h with vigorously stirring inside an Argon-filled
glovebox. The final solution had a reddish color without apparent
sediment. The chemical reaction involved is shown below:

LirS 458 = LirSe
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Specifically, 0.002 mol (92 mg) of Li»S and 0.01 mol (320 mg) of
sulfur were dissolved into 2 mL blank electrolyte. After thoroughly
stirring and heating, the reddish-colored solution containing 412 mg of
Li»Se was obtained. Theoretically, 1 pL of the reddish-colored solution
contains 0.206 mg of LiSe. It is worth noting that sulfur is the active
material and the amount of sulfur involved in 1 pL of the reddish-colored
solution can be calculated through the equation below:

6 x 32 gmol ' (molar mass of sulfur)

0.206 mgul.™" x =0.192 mguL™"

206 gmol ' (molar mass of LirS)

To implement polysulfide adsorption test, 1.0 M polysulfide solution
was diluted to 3.0 mM Li,Sg solution. 25 mg of CeO; NR, CeO, NO and
CeO2 NC powders were placed separately into three 2 mL vials of 3.0
mM LiySe solution. Photos were taken at the beginning of the test and
after 1 h of adsorption.

2.3. Cell assembly

The previously obtained CeO2 NR@CC, CeO, NO@CC and CeOy
NC@CC were punched out into circular disks with 15 mm diameter. By
measuring the mass change of the circular disks (diameter = 15 mm)
with and without CeO, loading, the mass loading of different shaped
CeO3 nanocrystals can be determined. The corresponding mass loading
of CeOy NR, CeO, NO and CeOy NC was properly controlled within the
range (0.9 ~ 1.1 mg, corresponding to the areal density of 0.51 ~ 0.62
mg em™2). The circular disks of CeO; NR@CC, CeO, NO@CC and CeO,
NC@CC were coated with a slurry prepared by mechanically mixing
super P carbon black (Alfa Aesar, > 99%) used as conductive agent and
polyvinylidene fluoride (PVDF) used as binder in N-methyl-2-pyrroli-
done (NMP) solvent, which was followed by vacuum drying at 60 °C
overnight. For each circular disk (diameter = 15 mm), the mass loadings
of the super P and PVDF binder were 0.9 and 0.1 mg, respectively. These
three different shaped CeO, coated CC disks were used as the cathodes in
this work. The CR2032 coin-type cell assembly was conducted in an
Argon-filled glovebox with the oxygen and moisture levels lower than
0.1 ppm. Lithium metal and Celgard 2400 membrane were used as the
anode and separator, respectively. Firstly, 9.2 pL of LipSe solution was
dropped onto the disks (diameter = 15 mm, area = 1.77 cm?) of CeO,
NR@CC, CeOy NO@CC and CeOp NC@CC, fulfilling a sulfur mass
loading of 1.77 mg (areal sulfur loading of 1 mg cm~2). Then, 30 pL of
the electrolyte (1.0 M LiTFSI and 0.5 M LiNOs dissolved in mixed DME
and DOL solvent with a volume ratio of 1:1) was dropped onto each of
the cathode disks. Next, the separator was placed on the top of the
cathode disks, which was followed by adding another 30 pL of the
electrolyte. Finally, the lithium metal anode was placed on the top of the
cathodes.

2.4. Materials characterization

The morphological and structural characterization of the investi-
gated CeOy NR@CC, CeO3 NO@CC and CeOz NC@CC was carried out by
using scanning electron microscopy (SEM, JEOL 7000 FE) coupled with
an Oxford Instruments energy dispersive X-ray spectrometer (EDS).
Transmission electron microscopy (TEM, FEI Tecnai F-20) operated at
200 kV was used to obtain the particle size, morphology and atomic
level structures of CeOy NR, CeO2 NO and CeOy NC. The preparation of
TEM samples consists of several simple steps: firstly, ultrasonicating
CeO2 NR, CeO3 NO and CeO2 NC powders in ethanol using three 25 mL
vials; secondly, dropping homogeneous CeO3 NR, CeOy NO and CeO5 NC
suspension solution onto ultrathin carbon film attached to a 400-mesh
copper grid (Ted Pella Inc.); finally, letting CeO2 NR, CeOz NO and
CeO4 NC dispersion dry in a fume hood. The dried CeO5 NR, CeO; NO
and CeOy NC samples were directly used for TEM analysis. A Kratos Axis
Ultra DLD spectrometer equipped with monochromatic Al Ka radiation
(hv = 1486.6 eV) under ultra-high vacuum (10'10 Torr) was used to
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perform X-ray photoelectron spectroscopy (XPS) analysis. The carbon
peak C 1 s (284.8 eV) was used as a reference to calibrate the binding
energy drift due to possible charging issue. CasaXPS software was used
to implement the fitting and deconvolution of peak spectra. A Horiba
LabRAM HR 800 Raman spectrometer equipped with a spectral window
ranging from 100 to 1200 cm ' and a 100 long-working-distance
objective (NA = 0.60) was used to collect the Raman spectra. The cali-
bration of Raman spectra was achieved by using a silicon single-crystal
wafer as the reference (520.7 cm’l).

2.5. Electrochemical measurement

Galvanostatic charge discharge cycling was implemented on an MTI
battery tester within a voltage window ranging from 1.7 V to 2.8 V with
various current densities (1C = 1675 mAh g~ 1). Cyclic voltammetry
(CV) measurement within a voltage potential window of 1.7-2.8 V at a
scan rate of 0.1 mV s~! was carried out on a Gamry Potentiostat/Gal-
vanostat workstation (Gamry Interface 1000E). Electrochemical
impedance spectroscopy (EIS) measurement with a frequency range of
0.01-10° Hz was implemented on the same Gamry Instrument. All the
electrochemical measurements were conducted at room temperature
(20 °C).

3. Results and discussion
3.1. Morphological characterization before cycling

Fig. 1 illustrates the fabrication processes of CeO; NR@CC, CeOq
NO@CC and CeO, NC@CC and the detailed procedure is described in
the experimental section. Fig. S1 exhibits the XRD patterns of CeO3 NR,
CeO2 NC and CeO, NO powders. The representative diffraction peaks
can be observed at 28.5, 33.1, 47.5, 56.3, 59.1, 69.4, 76.7, 79.1 and
88.4° for all three CeO; samples, corresponding to face centered cubic
CeO phase with fluorite structure (JCPDS#: 34-0394). The morpho-
logical characterization of in situ hydrothermally deposited CeO3 on CC
was conducted using scanning electron microscopy (SEM). As demon-
strated in Fig. S2 a-c, CeO2 NR synthesized via hydrothermal method
were directly attached onto the individual carbon fibers of free-standing
carbon cloth that was placed at the bottom of Teflon-lined stainless-steel
autoclave prior to hydrothermal reaction. The localized formation of a
dense and uniform CeO5 NR layer was easily observed from the enlarged
SEM image (Fig. S2 c¢), showing the strong anchoring effect of CeO2 NR
onto the individual carbon fibers. Similarly, CeO, NC were uniformly
covered onto the individual carbon fibers forming a dense layer, as
exhibited in Fig. S2 g-i. In contrast to CeO; NR@CC and CeO, NC@CC,
from Fig. S2 d-e, it appears that there is a greater density of particle
agglomeration and weak attachment of CeO, NO on the carbon fibers.
EDS elemental mapping was used to further investigate the CeO, dis-
tribution on carbon cloth. As displayed in Fig. S3 a-c, all three CeO,
nanocrystals were homogeneously distributed throughout the 3-D
interconnected and highly conductive self-supporting carbon cloth
framework.

Transmission electron microscopy (TEM) was used to provide the
particle size, morphology and atomic level structural information about
three different shaped CeO,. As exhibited in Fig. 2 a-b, rod-like
morphology can be clearly seen from the TEM images of CeOy NR.
The exposed (11 0) crystal facet was validated by the HRTEM images of
CeO2 NR with an interplanar spacing of 0.19 nm as shown in Fig. 2 c-d.
The (100) and (111) crystal facets of CeO2 NR were also observed.
Fig. 2 e-f present the octahedron-like morphology of CeOy NO. The
(111) crystal facet was confirmed by the HRTEM images of CeOy NO
with an interplanar spacing of 0.31 nm as exhibited in Fig. 2 g-h. As
displayed in Fig. 2 i-j, cube-like morphology can be easily seen from the
TEM images of CeOy NC. The exposed (100) crystal plane was sub-
stantiated by the HRTEM images of CeO, NC with an interplanar spacing
of 0.27 nm as shown in Fig. 2 k-1. It should be pointed out that, due to the
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Fig. 1. Schematic diagram showing the preparation routes of CeO, NR@CC, CeO; NO@CC and CeO, NC@CC electrodes.

Fig. 2. TEM and HRTEM images of (a-d) CeO3 NR, (e-h) CeO, NO, and (i-1) CeO, NC at various magnifications.

difference of SEM/TEM resolution and the sample preparation methods 3.2. Electrochemical characterization

as described in the experimental section, the particle dispersion of CeOy
is quite different exhibited in the SEM and TEM images (Fig. S2 and

To assess the redox kinetics and the electrochemical performance of

Fig. 2). three different shaped CeO; cathode hosts, CR-2032 button cells were
assembled with the same areal sulfur loading of 1.0 mg cm 2. Electro-
chemical impedance spectroscopy (EIS) with a frequency ranging from
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0.01 to 10° Hz was carried out to compare the internal impedance and
investigate the electrochemical reaction kinetics prior to and after gal-
vanostatic charge discharge cycling test. The equivalent circuit model
for the EIS curve analysis is shown in Fig. 3 a. The equivalent circuit
model consists of the resistance of electrolyte (R1), the internal phase
contact of resistance and its related capacitance in electrode (Ry/CPE;),
the charge-transfer resistance and its related capacitance (R3/CPE5), and
the CPE for diffusion (CPE3). As depicted in Fig. 3 b, for three fresh coin
cells, a semicircle located in the high frequency region can be clearly
seen from the EIS curves prior to the galvanostatic cycling, corre-
sponding to the charge transfer resistance (R.) at the interface between
the electrode and liquid organic electrolyte, and an oblique line is sit-
uated in the low frequency region related to the Warburg impedance
representing the diffusion process of lithium ions in liquid organic
electrolyte [38-41]. The diameter of the semicircle of the CeOy NR@CC
cell is much smaller than those of the CeO, NO@CC and CeO; NC@CC
cells. Quantitatively, the Ry value is 12.44 Q for the CeOy NR@CC

a
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electrode compared with the values of 29.98 Q for the CeOy NO@CC
electrode and 32.12 Q for the CeOy NC@CC electrode. This low
impedance typically leads to accelerated charge transfer enabling
favorable improvement of sluggish redox kinetics and facilitated elec-
trochemical transformation of lithium polysulfides for the CeO, NR@CC
electrode [42]. In comparison, as displayed in Fig. 3 ¢, the EIS plots of
three cycled coin cells demonstrated that one small semicircle in the
high frequency region is related to the formation of solid Li»So/LisS film
and one big semicircle in the middle frequency region is associated with
the charge transfer resistance [42]. A dramatic decrease in the charge
transfer resistance of three different shaped CeO, electrodes was clearly
observed owing to rearrangement of the active materials and better
electrolyte wettability after the initial charge discharge galvanostatic
cycles [43]. Among three different electrodes with CeO5 additives after
the galvanostatic cycling process, the CeO, NR@CC electrode cell had
the lowest charge transfer resistance indicating superior electronic/ionic
transport capability and accelerated redox kinetics of intermediate

CPE, CPE,
o *
R.E. W.E.
R, CPE,
VWA AAA
RZ R3
15 15
b 4 Nanorods 4 Nanorods °
e Nanoctahedra C ® Nanoctahedra , =
= Nanocubes " Nanocubes
a0 .
—~ 104 Be, " _ 104 .
£ » .. .. = .. L]
< o’ . < A
o [ 4 - o A ® u
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Fig. 3. (a) The equivalent circuit model for EIS curves; (b) EIS curves of CeO, NR@CC, CeO, NO@CC and CeO, NC@CC prior to galvanostatic cycling; (c) EIS curves
of CeO, NR@CC, CeO, NO@CC and CeO, NC@CC after 200 galvanostatic cycles at 1C; (d) CV curves of CeO; NR@CC, CeO; NO@CC and CeO, NC@CC for the 1st
cycle; (e) CV curves of CeO, NR@CC, CeO; NO@CC and CeO, NC@CC for the 2nd cycle.
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lithium polysulfides. This observation can be explained by the strong
chemical bonding effect constructed between intermediate polysulfides
and CeO;, NR, leading to favorable inhibition of polysulfide diffusion and
excellent cycling performance [44-46].

Cyclic voltammetry (CV) measurement operated within a potential
window ranging from 1.7 V to 2.8 V at a scan rate of 0.1 mV s~ was
carried out to further understand the underlying mechanisms related to
the accelerated electron transport and enhanced redox kinetics of CeO5
NR@CC compared with the counterparts of CeO; NO@CC and CeO,
NC@CC. For all three assembled coin cells, two representative cathodic
peaks (referred as C: C I and C II) can be easily observed from Fig. 3 d.
The cathodic peak (C I) situated at higher voltage potential (approxi-
mately 2.3 V) is attributed to the reductive conversion from elemental
sulfur (S8) to soluble long-chain intermediate lithium polysulfide spe-
cies (Sg — LisSy, x > 4) and the other cathodic peak (C II) located at
lower voltage potential (approximately 2.0 V) is associated with the
electrochemical reduction from soluble long-chain polysulfide species to
insoluble short-chain LisSo/LisS (LisSx — LiaSo/LisS, x > 4) [47,48]. It is
worth mentioning that the large portion of discharge capacity of
rechargeable Li-S battery is realized by the electrochemical reduction
from soluble long-chain polysulfide species to insoluble short-chain
LisSy/LisS at lower potential (the CII region). Therefore, the cathodic
peak (C II) located nearby 2.0 V at lower voltage potential plays a more
significant role in realizing high discharge capacity of LSBs. All the
assembled coin cells manifest a similar position of the cathodic reduc-
tion peaks (C II), but the CeO, NR@CC electrode cell possesses the
largest current response compared with the CeOy NO@CC and CeO,
NC@CC electrode cells. The higher and broader cathodic peak (C II) of
the CeO2 NR@CC electrode with a larger reduction current of 2.93 mA is
clearly demonstrated compared to the CeO, NO@CC electrode with a
reduction current of 2.39 mA (the current of CeO; NR@CC is 22.6%
higher than that of CeO2 NO@CC) and the CeO3 NC@CC electrode with
a reduction current of 1.65 mA (the current of CeOy NR@CC is 77.6%
higher than that of CeO; NC@CC), indicating a much stronger electronic
and ionic transport capability for the CeOy NO@CC electrode cell [49].
In addition, two adjacent anodic peaks (referred as A: AIand A II) can be
easily visualized from the CV curve of the CeO, NR@CC electrode,
representing the electrochemical transformation from insoluble short-
chain LisSy/LisS to soluble long-chain intermediate lithium polysulfide
species (LipSo/LisS — LipSy, X > 4) and the electrochemical conversion
from soluble long-chain intermediate polysulfide species to elemental
sulfur (LisSx — Sg, x > 4) [50]. However, as depicted in Fig. 3 d, only one
anodic peak can be seen from the CV curves of the CeOy NO@CC elec-
trode and CeOy NC@CC electrode, possibly due to: 1) severe polariza-
tion issue; 2) slow electronic and ionic transport leading to sluggish
redox kinetics; 3) weak chemical interaction with lithium polysulfides
resulting in parasitic shuttle effect [51]. All the assembled coin cells
have a similar cathodic peak (C II) position, but the anodic peak (A II) of
the CeO2 NR@CC electrode is located at the lowest potential compared
with those of the CeO; NO@CC electrode and CeO, NC@CC electrode.
In other worlds, the polarization potential of the CeO, NR@CC electrode
(391 mV) is smaller than those of the CeOy NO@CC electrode (446 mV)
and CeOz NC@CC (440 mV), indicating a strong chemical affinity be-
tween CeO2 NR and lithium polysulfides [52]. It is also worth
mentioning that the higher and broader anodic peak (A II) of the CeOy
NR@CC electrode with a larger oxidation current of 5.50 mA is clearly
observed compared to those of the CeO; NO@CC electrode with an
oxidation current of 3.46 mA (the current of CeOy NR@CC is 59.0%
higher than that of CeO2 NO@CC) and the CeO3 NC@CC electrode with
an oxidation current of 3.52 mA (the current of CeO, NR@CC is 56.3%
higher than that of CeO, NC@CC), demonstrating a significantly
enhanced charge transport ability for the CeO, NR@CC electrode cell.
Fig. 3 e exhibits the 2nd scan of the CV curves for CeO, NR@CC, CeO,
NO@CC and CeOy NC@CC. These polarization potentials, cathodic peak
current (C II), anodic peak current (A II) of CeO3 NR@CC, CeO; NO@CC
and CeOy NC@CC are summarized in Table S1.
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Galvanostatic charge discharge cycling ranging from 1.7 V to 2.8 V
was performed to gather insights into capacity retention and cycling
stability of three button cells with different shaped CeO, additives. The
1st galvanostatic cycle profiles of three fabricated coin cells were illus-
trated in Fig. 4 a. In accordance with the CV curves, for all the fabricated
electrodes, two representative discharge voltage plateaus can be easily
observed from Fig. 4 a. The upper discharge plateau situated at higher
voltage potential (approximately 2.35 V) is attributed to the reductive
conversion from elemental sulfur (Sg) to soluble long-chain intermediate
lithium polysulfide species (Sg — LisSx, x > 4) and the lower discharge
plateau located at lower voltage potential (approximately 2.05 V) is
associated with the electrochemical reduction from soluble long-chain
polysulfide species to insoluble short-chain LipSy/LisS (LiaSx — LisSa/
LisS, x > 4) [53-56]. For the 1st galvanostatic cycle at 0.2C, the
discharge capacities of the CeO3 NR@CC, CeO, NO@CC, CeOy NC@CC
electrodes reached 1261 mAh g~!, 1026 mAh g~! and 810 mAh g™*,
respectively. It is worth mentioning that the active material sulfur uti-
lization rate of the CeOy NR@CC electrode (75.3%) is higher than those
of the CeOy NO@CC electrode (61.3%) and CeO, NC@CC electrode
(48.4%) for the 1st galvanostatic cycle. Additionally, the voltage dif-
ference between the charge and discharge plateaus (AE) of the CeO,
NR@CC electrode is smaller than those of the CeO5 NO@CC electrode
and CeOy NC@CC electrode, indicating low polarization of the CeOq
NR@CC electrode compared with the CeO, NO@CC electrode and CeO,
NC@CC electrode, which is in accordance with the CV results. The 100th
galvanostatic cycle profiles of three assembled button cells were shown
in Fig. 4 b. For the 100th galvanostatic cycle at 0.2C, the discharge
capacities of the CeOy NR@CC, CeO3 NO@CC, CeO NC@CC electrodes
reached 1196 mAh g1, 995 mAh g ! and 960 mAh g}, respectively.
The active material sulfur utilization rate of the CeO, NR@CC electrode
(71.4%) is higher than those of the CeOy NO@CC electrode (59.4%) and
CeO2 NC@CC electrode (57.3%) for the 100th galvanostatic cycle. The
active material sulfur utilization rate can be calculated through the
equation shown below.

discharge capacity

utilization rate = x 100%

theoretical discharge capacity(1675 mAhg=")

In addition, for the 100th galvanostatic cycle, a smaller polarization
of the CeO, NR@CC electrode compared with the CeO, NO@CC and
CeO2 NC@CC electrodes was also easily observed from Fig. 4 b. Capacity
retention and cycling reversibility were further investigated by con-
ducting long-term galvanostatic charge discharge cycling for all three
fabricated button cells at various current densities (0.2C, 1C and 2C). As
depicted in Fig. 4 ¢, it can be seen that the initial discharge capacity of
CeO, NR@CC was up to 1261 mAh g~ at low current density of 0.2C
and approximately 94.8% of the initial discharge capacity was suc-
cessfully remained after 100 galvanostatic cycles, which results in su-
perior capacity retention with a minimal capacity fading of 0.052% per
cycle. Fig. 4 d and Fig. 4 e exhibited the galvanostatic cycling compar-
ison between three samples at high current density of 1C and 2C,
respectively. In order to demonstrate noticeable difference in their
galvanostatic cycling performance, Table S1 summarizes the initial
discharge capacity and reversible capacity of three samples at various
current densities. The rate performance of the CeOy; NR@CC, CeOq
NO@CC and CeO5 NC@CC electrodes was assessed at different current
densities varying from 0.2C to 2C and the corresponding results were
exhibited in Fig. 4 f. The CeOy NR@CC electrode demonstrated favor-
able discharge capacities of 1195 mAh g™, 1108 mAh g™}, 1006 mAh
g 'and 912 mAh g ! at 0.2C, 0.5C, 1C and 2C, respectively. However,
the counterpart CeO2 NO@CC electrode exhibited low discharge ca-
pacities of 1068 mAh g1, 967 mAh g1, 870 mAh g ! and 763 mAh g~ *
at 0.2C, 0.5C, 1C and 2C, respectively. In addition, the counterpart CeOo
NC@CC electrode manifested low discharge capacities of 977 mAh g1,
939 mAh g}, 805 mAh g~ ! and 583 mAh g ! at 0.2C, 0.5C, 1C and 2C,
respectively. It can be concluded that the discharge capacities of the
CeO2 NR@CC electrode at varying current rate were higher than those of
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the CeO5 NO@CC and CeO, NC@CC electrodes. When reverted back to
0.2C, approximately 100% of the initial discharge capacity at 0.2C was
remained for the CeOy NR@CC electrode. As depicted in Fig. 4 g, for the
CeO2 NR@CC electrode, the discharge capacity was well maintained at

697 mAh g~! after 400 galvanostatic cycles at 1C, demonstrating a su-
perior capacity retention with a minimal capacity decay of 0.062% per
cycle. As exhibited in Fig. 4 h, the CeO3 NR@CC electrode demonstrated
a well-maintained discharge capacity of 712 mAh g~ ! after 450
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galvanostatic cycles at 2C, indicating a superb capacity retention with a
minimal capacity attenuation of 0.038% per cycle. As a cathode material
of LSBs, the sulfur-loading ability is an indispensable indicator for its
performance. Furthermore, taking the practical commercialization into
account, the electrochemical measurements for the CeO, NR@CC, CeO,
NO@CC electrode and CeO2 NC@CC electrodes with high areal sulfur
loading (3 mg cm~2) and a smaller amount of electrolyte (40 pL) were
carried out (Fig. S4). Two noticeable voltage plateaus still can be easily
recognized under high areal sulfur loading of 3 mg cm™2 for all three
samples (Fig. S4 a-c). However, the CeOy NR@CC electrode cell displays
smaller polarization between the charge curve and the discharge curve.
Additionally, the CeO2 NR@CC electrode cell also demonstrates the
highest initial discharge capacity and reversible capacity after 100 cy-
cles at 0.2C (Fig. S4 d). The specific values of discharge capacity of three
different electrodes with high areal sulfur loading are given in Table S1.

3.3. Morphological characterization after cycling

To further understand chemical adsorption capability against poly-
sulfides of three prepared electrodes with different shaped CeOs,
morphological characterization of Li anode surfaces from the dis-
assembled CeO, NR@CC, CeO, NO@CC and CeO, NC@CC coin cells
after 200 galvanostatic cycles at 1C was implemented by SEM to gather
information about the structural and chemical changes. As demon-
strated in Fig. 5 a-c, a smooth surface of Li metal anode from the dis-
assembled CeO, NR@CC button cell without noticeable pulverization or
cracks can be easily seen, providing powerful evidence of lithium pol-
ysulfides being efficiently trapped on the cathode side through the
strong chemical interaction constructed by CeO2 NR [57]. In contrast, as
depicted in Fig. 5 d-f and Fig. 5 g-i, the surfaces of Li metal anode from
the disassembled CeO, NO@CC and CeO, NC@CC button cells exhibited
numerous cracks, severe pulverization and a large amount of LizSa/LisS
deposition due to the detrimental side reactions caused by the diffusion
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of lithium polysulfides between intermediate polysulfide species and Li
metal anode [57,58], indicating that the chemical adsorption capability
of CeO2 NO and NC was lower than that of CeO3 NR. Fig. 6 a-l exhibited
the corresponding EDS elemental mapping and spectra of the Li anode
surfaces from the disassembled CeOy NR@CC, CeO, NO@CC and CeO
NC@CC button cells after 200 galvanostatic cycles at 1C. The surface
sulfur concentration of the CeO, NR@CC electrode (10.9 wt%) is rela-
tively lower than those of the CeOy NO@CC electrode (14.7 wt%) and
CeO2 NC@CC electrode (19.3 wt%), indicating successful immobiliza-
tion of polysulfides is achieved by CeOy NR compared with CeO NO and
CeO2 NC.

Fig. S5 a-f displayed the cross-sectional SEM images and EDS line
scans of the Li metal anodes from the disassembled CeO, NR@CC, CeO
NO@CC and CeO, NC@CC button cells after 200 galvanostatic cycles at
1C. The EDS line scan of the CeOy NR@CC electrode exhibited the
minimum thickness of elemental S deposited on the cycled Li anode
among three cells indicating the smallest polysulfide penetration and
efficient inhibition of polysulfides migration.

3.4. XPS and Raman spectroscopy analysis

The XPS S 2p spectra of the cathodes from the disassembled CeOy
NR@CC, CeO2 NO@CC and CeO NC@CC button cells after 200 galva-
nostatic cycles at 2C were displayed in Fig. 7 a-c. The peaks situated at
~ 170.5 eV are assigned to polythionate ([SO352S03]~2) and the peaks
located at ~ 168.3 eV are attributed to the formation of thiosulfate
([5203]’2) [59-61]. Moreover, the peaks situated at ~ 162.9 eV corre-
spond to the bridged S-S bond (Sg) representing the presence of
elemental sulfur, and the peaks located at ~ 161.3 eV are attributed to
the terminal Li-S bond (S; 1) indicating the existence of Li»So/LisS [62].
For the 200 discharge and charge cycling tests, each galvanostatic cycle
started with a discharge process and ended with a charge process. The
electrochemical conversion from insoluble LisS to elemental sulfur

8pm

Fig. 5. SEM images of Li anode surface from the disassembled (a-c) CeO, NR@CC, (d-f) CeO, NO@CC, and (g-i) CeO, NC@CC coin cells after 200 galvanostatic

cycles at 1C at different magnifications.
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Fig. 6. (a-c) SEM images of the Li anode surfaces from the disassembled CeO, NR@CC, CeO, NO@CC and CeO, NC@CC button cells after 200 galvanostatic cycles at
1C; Corresponding EDS elemental mapping of the Li anode surfaces from the disassembled (d-e) CeO, NR@CC, (f-g) CeO, NO@CC, and (h-i) CeO, NC@CC button
cells after 200 galvanostatic cycles at 1C. Corresponding EDS plots of the Li anode surfaces from the disassembled (j) CeO, NR@CC, (k) CeO, NO@CC, and (1) CeO,

NC@CC button cells after 200 galvanostatic cycles at 1C.

should be completed when the galvanostatic cycling was finished. The
area ratio of elemental sulfur (Sg peaks) to insoluble Li,S (S; 1 peaks) at
the end of the charge process can effectively represents the effectiveness
of the electrochemical conversion (Li3S — LizSy — Sg) of the assembled
button cells [62]. In other words, the greater the area ratio of elemental
sulfur (Sg peaks) to insoluble LisS (S{l peaks) is, the better the elec-
trochemical conversion will be. As shown in Fig. 7 d, the area ratio of S}
to Sy 1 peaks on the surface of the cycled CeO; NR@CC cathode (~4.8) is
much greater compared with those of the CeO; NO@CC (=2.8) and
CeO2 NC@CC (=22.4) cathodes, demonstrating superb electrochemical
conversion efficiency of CeO, NR@CC. The calculated areas of S§ and
S{l peaks from the XPS S 2p spectra of three samples are exhibited in
Fig. S6 a-b. Moreover, the formation of thiosulfate and polythionate is a
good indication for an accelerated electrochemical transformation dur-
ing galvanostatic cycling [63-65]. As displayed in Fig. 7 e, the area
combination of polythionate and thiosulfate peaks of CeO, CC@NR
(1151.1 + 110.4=1261.9) is 14 ~ 20% greater than those of CeO,
CC@NO (886.9 + 118.9~1005.8) and CeO, CC@NC (1023.5 +
66.7~1090.2). A possible working mechanism of soluble intermediate
polysulfides adsorption via CeO, NR is schematically illustrated in Fig. 7
f. Firstly, in-situ oxidation of polysulfides occurs on the surface of CeOy
NR with significant amount of surface defects to form the thiosulfate
group [S203]2 with a strong S-O chemical bonding between O of CeO,
and S of lithium polysulfides [66]. Secondly, thiosulfates [SpOs] 2
adsorb the newly formed polysulfides to create polythionates
[SOgSgSOg]'2 and insoluble short-chain LipSy/LisS through a dispro-
portionation reaction as shown below [67].

[$205] 2 + 5,2 >[508,805] 2 +5,%(x > 4,y < 3)

Moreover, polythionates [SOgSgSOg]'2 can function as efficient
meditators for accelerating the electrochemical transformation from
soluble long-chain polysulfides to insoluble short-chain Li»Ss/LisS as
reported previously [68].

Raman spectroscopy was implemented to gain insight of coordina-
tion environment and defects (i.e., oxygen vacancies) of three surface
engineered CeO, additives. As exhibited in Fig. S7, the strongest
vibrational peak near 460 cm ™! corresponds to triply degenerate Fag

mode of fluorite structure CeO5 [69]. For CeO, NR, one noticeable band
situated near 255 cm ™! is attributed to doubly degenerate TO mode
(2TA) of CeO,. Another observable band located near 600 em ! s
assigned to the defect-induced band (D band) used for estimating the
concentration of the oxygen vacancy defects [69]. However, these
above-mentioned representative 2TA and D defect bands on CeO, NR
were not observed from the Raman spectra of CeO5 NC and NO.

3.5. LiyS¢ adsorption test

LiySe adsorption test was carried out to gather more information of
LisSg adsorption capability onto CeO5 NR, NO, NC. As shown in Fig. S8
a-c, LisSe solution containing CeO2 NR exhibited a noticeable color
change after 20 min of the adsorption test and a complete decolorization
was fulfilled after 60 min of the test, indicating superior polysulfide
adsorption capability. However, the counterparts CeO2 NC and CeO5 NO
exhibited no apparent color change after 20 min and a slight decolor-
ization after 60 min.

3.6. Possible working mechanism of CeO2 additive

Based on the previously reported DFT simulation of TiO, similarly
used as a functional host in LSBs [70-74], we propose a possible working
principle of lithium polysulfides adsorption on surface engineered CeO,
nanocrystals involved in this work as shown in Fig. 8. For the chemical
binding mechanism of lithium polysulfides on polar host materials, the
surface termination crystal planes and surface defect concentration are
keys to immobilize soluble Li>Sx (x > 4) and avoid their shuttling to Li
anode. To substantiate this hypothesis, CeO, nanocrystals with various
termination crystal facets (CeO2 NR with (110) and (100) and (111),
CeO2 NC with (100) and CeO2 NO with (111)) were investigated by
comparing the difference in electrochemical performance and under-
standing the shape-performance correlation.

First of all, the electrochemical measurements and structural char-
acterizations involved in this work showed that CeO, NC with prefer-
entially exposed (100) crystal facets and CeO, NO with preferentially
exposed (111) crystal planes were less effective to form strong chemical
affinity against polysulfides (i.e., formation of Ce-S and Li-O chemical
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Fig. 7. XPS of S 2p spectra of (a) CeO; NR@CC, (b) CeO, NO@CC, and (c) CeO, NC@CC after 200 galvanostatic cycles at 2C. In the S 2p spectra, the area ratio (d) of
Sy peaks to S;! peaks for CeO, NR@CC, CeO, NO@CC and CeO, NC@CC. In the S 2p spectra, the integration(e) of the areas of the thiosulfate and polythionate peaks
for CeO; NR@CC, CeO, NO@CC and CeO, NC@CC. (f) Schematic diagram of the proposed interaction mechanism of polysulfides and CeO, NR@CC.

bonding), resulting in detrimental polysulfides diffusion and poor uti-
lization of sulfur. The CeOy NR with preferentially exposed (110) and
(100) and defected (111) crystal facets seem to more effectively trap
lithium polysulfides and enabling an enhanced electrochemical con-
version. Secondly, according to the DFT calculation, polar TiO, with
different termination planes (110, 101, 100) showed significantly vari-
able binding energies towards LiaS4 [70,71,75]. The calculated binding
energies of LisS4 on the TiOy are — 2.38, —2.41, and — 3.95 eV for plane
(110), plane (101) and plane (100), respectively. Therefore, surface
engineered CeO, with different terminal planes (nanorods with (110)/
(100)/(111) planes, nanocubes with (100) plane and nanoctahedra
with (111) plane) will bind lithium polysulfides differently, which in-
fluences their adsorption capability towards polysulfides shuttling.
Therefore, surface engineering is an effective approach to controllably
obtain CeOy nanocrystals with various termination crystal planes and
surface defect concentration that can affect the immobilization capa-
bility towards intermediate soluble LisSy (x > 4) and impede their
shuttling to Li anode [76,77]. Benefiting from the aforementioned
merits, CeO2 NR are recognized as a more promising candidate of

10

functional sulfur host materials for LSBs.

4. Conclusion

In summary, three CeOy NR@CC, CeO2 NO@CC and CeO, NC@CC
electrodes were prepared via simple hydrothermal reaction employed as
sulfur host materials in LSBs to understand the effects of CeO5 shape and
exposed crystal facets on the adsorption of lithium polysulfides and
battery electrochemical performance. Among all three investigated
electrodes, the CeO, NR@CC electrode exhibited superior capability of
immobilizing polysulfides and the best electrochemical performance,
which can be attributed to the strong chemical bonding including Ce-S
and Li-O bonds formed on the exposed (110)/(100) and defected
(111) crystal planes of CeOy NR during the electrochemical conversion
from long-chain polysulfides to insoluble short-chain LizS/LizSs. How-
ever, weaker interactions or adsorption of polysulfides was observed on
CeO2 NC and NO with predominant (100) and (111) crystal facets,
respectively. This study provides new insights into the morphological
tailoring for functional sulfur host materials and effective polysulfide
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Fig. 8. Schematic illustration of working mechanism of CeO, NR, CeO5 NC and CeO, NO against polysulfides.

adsorbents to solve intractable shuttle effect issue and promote high-
performance LSBs.
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