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ABSTRACT

The commercialization of Li-S batteries has been seriously hindered by the notorious polysulfides shut-
tling and sluggish redox kinetics. To effectively address these technical issues, in this work, oxygen-
deficient CeO,_, nanorods (NR) decorated on free-standing carbon cloth (CeO,_, NR@CC) were used as
a promising dual-functional cathode host material to enhance the electrochemical and cycling perfor-
mance of Li-S batteries. The oxygen-deficient CeO,_x NR were prepared in a facile processing route by tun-
ing the surface structures of pristine CeO, NR in strong reducing NaBH, solution. In contrast to the
pristine CeO,NR@CC control sample, chemically etched CeO,_x NR@CC with abundant implanted oxygen
vacancies effectively trapped the polysulfides and dramatically accelerated electron charge transfer, lead-
ing to faster redox kinetics. The main working mechanism of CeO, x NR@CC on the improved electro-
chemical performance was attributed to chemical binding effect on trapping lithium polysulfides and
even promoting the conversion of polysulfides, thanks to reversible Ce3*/Ce** transformation, oxygen
vacancies, and other surface defects. Hence, the CeO,_x NR@CC electrode delivered an outstanding initial
capacity of 1358 mAh g~ at 0.2C for the 1st cycle and a superb sulfur utilization of 81%, compared to an
initial capacity of 1176 mAh g~! at 0.2C and a sulfur utilization of 70% for the CeO, NR@CC electrode. The
improved electrochemical performances of the CeO,_x NR@CC electrode can be mainly attributed to the
successful adsorption of more dissolvable polysulfides by the dual-functional cathode host materials that
combine the physical confinement of conductive CC and the chemical binding of CeO,_x NR with ample
surface defects.

© 2022 Elsevier Inc. All rights reserved.

* Corresponding author at: 245 7th Avenue, 360 H.M. Comer Hall, United States.
E-mail address: rwang@eng.ua.edu (R. Wang).

https://doi.org/10.1016/j.jcis.2022.01.165
0021-9797/© 2022 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2022.01.165&domain=pdf
https://doi.org/10.1016/j.jcis.2022.01.165
mailto:rwang@eng.ua.edu
https://doi.org/10.1016/j.jcis.2022.01.165
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

Z. Wei and R. Wang
1. Introduction

Rechargeable secondary batteries have been recognized as a
promising technology route to storage and utilize sustainable
and environmentally friendly intermittent solar and wind energy,
which can compete with and eventually replace traditional fossil
fuels. Thanks to the devastating trend of climate change, research-
ers have been constantly pursuing high energy-efficiency and cost-
effective energy storage systems to meet the world’s increasing
energy demands. In recent years, Li-S batteries or LSBs have been
considered as a favorable cost and resource sustainable energy
storage system and received enormous attention from scientific
community. Part of the reason has to be ascribed to the intrinsic
attributes of sulfur cathode such as cost-effectiveness, natural
abundance and environmental compatibility [1]. However, the
large-scale commercialization of Li-S batteries has been greatly
hindered by some formidable technical limitations, particularly
the intractable intermediate lithium polysulfide diffusion known
as “shuttle effect”, leading to low sulfur utilization and fast capac-
ity degradation, and the intrinsically sluggish redox kinetics of sul-
fur species [2].

To overcome these technical impediments mentioned above for
the development of commercially viable Li-S batteries, various sul-
fur host materials have been innovatively designed aiming to effec-
tively encapsulate sulfur species and mitigate serious shuttling
issue of polysulfides. Investigation of carbonaceous materials serv-
ing as efficient sulfur host materials have been extensively con-
ducted due to their intrinsic high conductivity, cost-effectiveness
and excellent structural tunability (1D, 2D, and 3D structures)
[3]. Rapid electronic transport leading to accelerated electrochem-
ical reactions is mainly achieved by the intrinsic superior electrical
conductivity of carbonaceous materials [4]. Moreover, effective
physical immobilization towards polysulfides migration can be ful-
filled by 2D carbonaceous materials like graphene with large sur-
face area and 3D hierarchical porous carbonaceous materials
with core-shell structure [5]. However, only limited hinderance
of polysulfides diffusion can be achieved by carbonaceous host
materials due to poor chemical binding ability towards polysul-
fides, leading to low sulfur utilization, poor rate capability and fast
capacity fading in long term battery life [6]. Therefore, enormous
attention has been shifted to various polar host additives, including
various metal oxides (such as Ta;Os [7], MnO [8], ZnO [9], Fe304
[10], V205 [11]) functioning as efficient adsorbents that can chem-
ically bind polysulfides. However, the intrinsic poor electrical con-
ductivity of metal oxides leading to sluggish redox kinetics needs
to be further enhanced for the development of commercially viable
Li-S batteries.

Metal oxides and metal sulfides used as sulfur host materials
have been receiving increasing attention from scientific commu-
nity [12-17]. For instance, Dong et al. [12] reported that bronze
TiO, (TiO,-B) nanosheets can chemically bond with carbon as a
promising host material for rechargeable Li-S batteries. As a result,
the TiO,-B/S electrode demonstrated high discharge capacity
(1165 mAh g~! at 0.2C) and superb rate capability (244 mAh g~!
at 5C). Chen et al. [13] reported that MnO, nanosheets were in-
situ grown on hollow nitrogen-doped micropore-rich carbon
(NMRC) to form NMRC/S@MnO, nanocomposite, which led to high
areal sulfur loading for the improved the Li-S batteries’ electro-
chemical performances. As a result, the NMRC/S@MnO, nanocom-
posite can achieve a high sulfur loading of 72% and demonstrate an
excellent initial discharge capacity of 1144 mAh-g~!, while main-
taining a reversible discharge capacity of 1023 mAh-g~! after 200
cycles at 0.2C. The excellent electrochemical performance was
attributed to the synergistic dual encapsulation (structural con-
finement and chemisorption). In addition, Meng et al. [16] reported

528

Journal of Colloid and Interface Science 615 (2022) 527-542

that MoSe; nanosheets were anchored on hollow carbon spheres
with mesoporous walls through a simple solvothermal method.
The boosted electrical transfer of MoSe, nanosheets was fulfilled
by the formation of interfacial C-Se bonds. High chemical affinity
to lithium polysulfides and propelled conversion kinetics were
achieved by ultrathin MoSe, nanosheets with abundant edge
defects. Consequently, the MoSe,@MCHS-S electrode displayed
excellent discharge capacity and superb cycling stability.

Defect engineering has also played an increasingly critical role
in the development of Li-S battery [18-21]. Tian et al. [ 18] reported
that the inhibition of polysulfide shuttling and enhancement of
battery performance can be fulfilled by an anion-deficient design
of antimony selenide (Sb,Ses_y). The sulfur electrochemistry was
significantly promoted and stabilized by the multifunctional LiPS
(lithium polysulfides) barrier, rendering superior Li-S battery per-
formance. The battery assembled with Sb,Se;_, demonstrated
superb cyclability over 500 cycles at 1.0C with a minimum capacity
decay rate of 0.027% per cycle. Wang et al. [19] developed an
oxygen-deficient niobium oxide (Nb,Os_,) framework with 3D
ordered macroporous architecture and carbon nanotubes (CNTs)
embedding, functioning as an excellent sulfur trapper and catalytic
promoter for polysulfide conversion. It is important to mention
that CNTs were designed as “antennae” embedded within the Nb,-
0Os_, framework. This innovative design not only provides a highly
conductive framework but also increases the oxygen deficiency.
Consequently, the S-Nb,0Os_,/CNTs electrode achieved a superior
rate capability with 741 mAh g~!at 5C. Meanwhile, Yang et al.
[21] reported that introducing either donor defects (P dopants)
or acceptor defects (Ni vacancies) through P-doping or NaBHy4-
etching is a promising method to modulate the electronic and
valence states of metal active sites in hollow carbon-
encapsulated Ni3ZnCy 7 (denoted as C/Ni3ZnCy ;) nanospheres. The
remarkable decrease in the electron density of Zn active sites in
C/Ni3ZnCq 7-P5 is fulfilled by P dopants and accompanied Zn vacan-
cies. In addition, a dramatic increase of the Ni%* species in C/Nis-
ZnCo7-B1 nanospheres was achieved by the Ni vacancies. In
contrast to C/Ni3ZnCo7and C/Ni3ZnCq;-P5, C/Ni3ZnCy7-B1 with
more Ni?* species displayed better adsorption capability and cat-
alytic ability to facilitate the conversion of polysulfides, leading
to superior rate performance up to 4.0C (525.6 mA h g~1).

The majority of the shuttling alleviation approaches reported to
date has been concentrated on the development of novel sulfur
host materials, interlayers or separator modifiers. Although enor-
mous progress has been made, these reported approaches are still
incapable of achieving the full electrochemical potential of Li-S
batteries and some are also expensive to carry out. Interestingly,
several recently published reports have demonstrated that the
implanting oxygen-deficient structure could strengthen the poly-
sulfides adsorption capability of sulfur host materials and improve
the electronic conductivity of metal oxides. For instance, Lv et al.
[22] reported that oxygen-deficient ferric oxide (Fe;03_x) nanopar-
ticles synthesized by a simple lithiothermic reduction approach
were used as a cost-effective electrochemically catalytic sulfur host
material. The concentration of oxygen deficiencies in Fe,03_, could
be effectively implanted and tuned by changing the amount of
lithium. The electrochemical performances of Li-S batteries assem-
bled with Fe,03 and highly catalytic Fe,03_, were compared and
analyzed. Experimental results exhibited that Fe,03_y had a strong
polysulfides adsorption capability and was able to facilitate the
electrochemical conversion to insoluble Li,S. In addition, Li et al.
[23] reported that a sea urchin-structured multifunctional sulfur
host material was developed for high-performance Li-S batteries
by anchoring ultrafine Co nano-dots onto oxygen-deficient TiO,
(Co@TiO;.x). The formation of oxygen vacancies in the TiO, sub-
strate was achieved by the introduction of ultrafine Co nano-dots
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leading to the successful lattice doping and reduction of TiO,.
Homogeneous sulfur distribution, tunable electronic conductivity
and accelerated polysulfides conversion reaction were fulfilled by
the synergistic effect of defect engineering and nano-dot incorpo-
ration. In another report, Wang et al. [24] described that porous
double-shelled oxygen-deficient Co304.x microspheres with strong
polysulfides affinity were developed to effectively address shut-
tling issue for high-performance Li-S batteries. The formation of
abundant oxygen deficiency on original Cos04 microspheres was
fulfilled by proper reduction treatment in hydrogen, resulting in
accelerated charge transfer and mitigated polarization issue. As a
result, the S@Co30,4.« composite cathode demonstrated superior
cycling performance and rate capability.

The aforementioned methods to generate oxygen vacancies
such as proper reduction treatment seem quite thermally and pro-
cessably cumbersome. Compared with other complicated
approaches, in the current study, we applied a facile chemical etch-
ing treatment with a strong reducing sodium borohydride (NaBH,)
solution to obtain oxygen deficient CeO,. Based on our recently
reported work [25], CeO, nanorods can successfully trap polysul-
fides by the termination planes (110)/(100)/(111) with strong
adsorption capability and various surface defects. In order to fur-
ther fulfill the electrochemical potential of CeO, nanorods and
meanwhile take the fabrication cost of the sulfur host materials
into account, herein, we demonstrated a chemically modified
CeO, nanorods through a simple NaBH, solution treatment to pro-
vide more polysulfides anchoring sites and maximize the chemical
adsorption capability of CeO, nanorods. A correlation study
between the alteration of the surface structure of CeO, host and
the electrochemical performance was provided. This work exhibits
the promise of defect engineering for the enhanced adsorption
capability and improved catalytic conversion leading to the further
development of high-performance Li-S batteries.

2. Experimental section
2.1. Synthesis of pristine CeO, nanorods

CeO, nanorods in this work were prepared by using a facile
hydrothermal method as reported previously [26-29]. First of all,
88 mL of 0.1 M Ce(NOs3)3-6H,0 (Acros Organics, 99.5%) and 8 mL
of 6.0 M NaOH (VWR, 99%) solutions were mixed and subsequently
the mixed solution was stirred vigorously for ~ 15 s. Secondly, the
mixed solution was transferred into a Teflon liner with 200 mL
capacity and subsequently the Teflon liner was placed into a
stainless-steel autoclave. Thirdly, the autoclave was heated and
kept at 90 °C for 48 h. Finally, the sample was filtered and subse-
quently was rinsed with DI water and ethanol, which was followed
by drying at 60 °C for 12 h to get pristine CeO, nanorods (CeO; NR)
powder.

2.2. Preparation of oxygen-deficient CeO,_x by NaBH, chemical etching

The obtained CeO, NR powder underwent a chemical etching
treatment using NaBH4 solution as described in the following
steps. Firstly, CeO, NR powder was dispersed into DI water in a
250 mL beaker and 6 wt% of NaBH; powder (weight per-
cent = NaBH4/(NaBH, + CeO,) x 100%) was dispersed into the
CeO, /water suspension, which was followed by vigorously stirring
for 12 h on a magnetic stirrer. Secondly, the sample was filtered
and dried at 60 °C for 12 h to obtain oxygen-deficient CeO;_y.

2.3. Preparation of CeO, NR@CC and CeO,.x NR@CC

Commercial free-standing carbon cloth (Fuel cell earth,
20 cm x 20 cm, thickness = 0.381 mm, density = 1.75 g/cm?) was
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punched out into circular disks with 15 mm diameter. The previ-
ously obtained chemically etched CeO,_x NR powder and untreated
CeO, NR powder were separately dispersed into N-methyl-2-
pyrrolidone (NMP) solvent. The homogeneous CeO,, NR and
CeO, NR suspensions were separately dropped onto the circular
discs of carbon cloth. The circular disks were subsequently trans-
ferred into the vacuum drying oven and underwent the vacuum
drying at 60 °C for 12 h. After drying, the obtained circular discs
were referred to as CeO,., NR@CC and CeO, NR@CC thereafter.
The mass loading of CeO,.x NR and CeO, NR was 1 mg for each
electrode.

The circular disks of CeO, NR@CC and CeO,., NR@CC were
coated with a slurry prepared by mechanically mixing super P car-
bon black (Alfa Aesar, > 99%) used as conductive agent and
polyvinylidene fluoride (PVDF) used as binder in N-methyl-2-
pyrrolidone (NMP) solvent, which were followed by vacuum dry-
ing at 60 °C overnight. These two CeO, coated CC disks were used
as the cathodes in this work. In this research, as 3D inter-connected
CC can physically confine the polysulfides migration and CeO,_4x NR
with copious implanted oxygen vacancies and other surface
defects can chemically adsorb more polysulfides, CeO,., NR@CC
is called dual-functional cathode host material.

In this work, two methods were used to load CeO,_ NR onto CC:
1) drop diluted CeO,_x NR slurry on CC layer by layer on both sides
of CC; 2) immerse CC into the CeO,_, NR slurry for a fixed time. It
was found that the first method was more convenient to quanti-
tively measure the amount of CeO,_x NR in CeO, NR@CC by mea-
suring the mass change of CC before and after loading. As
evidenced in the SEM images, a uniform and well-dispersed distri-
bution of CeO,_x NR onto the carbon cloth can be fulfilled. After
CeO,_x NR loading, other additives (the carbon black, PVDF, con-
ductive agent, and binder) were added in the subsequent steps.
SEM and EDX analysis were carried out to characterize the distri-
bution and uniformity of CeO,_x NR on CC.

2.4. Preparation of Li,Sg solution and polysulfide adsorption test

The blank liquid electrolyte was prepared by mixing 1.0 M
lithium bis(trifluoromethane) sulfonimide (LiTFSI) (Adipogen Corp
Ms, > 99%) with 0.5 M LiNOs (Alfa Aesar, 99.999%) in dioxolane:
dimethoxyethane (DOL:DME) (1:1 by volume ratio) (Alfa Aesar,
99%). 1.0 M Li,Sg solution was prepared by directly adding sub-
limed S powder (Alfa Aesar, > 99.5%) and Li,S powder (Alfa
Aesar, > 99.9%) with a molar ratio of 5:1 into the blank liquid elec-
trolyte. To thoroughly dissolve sulfur and Li,S, the previously
obtained solution was heated on a hot plate at 60 °C and was kept
vigorously stirring for 24 h inside an Argon-filled glovebox. Finally,
the solution had a reddish color without obvious sediment. To
carry out polysulfide adsorption test, 1.0 M polysulfide solution
was diluted to 6.0 mM Li,Sg solution. 25 mg of untreated CeO,
NR and NaBH,4-treated CeO,_x NR powders were put separately into
two different vials with 2 mL of 6.0 mM Li,Sg solution. Photos were
taken at the beginning of the test and after 10, 20, 60, and 180 mins
of the adsorption.

2.5. Cell assembly

The whole cell assembly procedure was carried out in an Ar-
filled glovebox (the O, and H,O contents were lower than
0.1 ppm). The 2032-type coin cells assembly was conducted by
using pure lithium foil as the anode and Celgard 2400 membrane
as the separator, respectively. Firstly, 10 pL of Li,Sg catholyte solu-
tion was added drop by drop onto the discs of CeO, NR@CC and
Ce0,_ NR@CC, achieving an areal sulfur loading of 1 mg cm 2. Sec-
ondly, 30 pL of the blank electrolyte (1.0 M LiTFSI and 0.5 M LiNO3
dissolved in mixed DME and DOL solvent with a volume ratio of
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1:1) was dropped onto each of the cathode discs. Thirdly, the sep-
arator was put on the top of the cathode discs, which was followed
by adding drop by drop another 30 pL of the blank electrolyte. Sub-
sequently, the lithium metal anode was placed on the top of the
separators. Then, the spacer made of stainless steel was placed
on the top of the Li metal anode. Following, the spring made of
stainless steel was placed on the top of the spacer. Finally, the coin
cells were subjected to crimping. After being crimped by a crimper,
the assembled coin cells went through a resting procedure for 12 h.

2.6. Materials characterization

The Raman spectroscopy was performed by using a Horiba Lab-
RAM HR 800 Raman spectrometer equipped with wide spectral
window (100 ~ 1200 cm™!) and a 100 long-working-distance
objective (NA = 0.60). A silicon single-crystal wafer (520.7 cm™1)
was used to implement the calibration of Raman spectrometer.
The surface chemistry of the powders was analyzed by X-ray pho-
toelectron spectroscopy (XPS) using a Kratos Axis Ultra DLD spec-
trometer equipped with monochromatic Al Ko radiation
(hv = 1486.6 eV) under ultra-high vacuum (107!° Torr). Resulting
from possible charging issue, the calibration of the binding energy
drift was conducted by using the carbon C 1 s peak (284.8 eV). The
fitting and deconvolution of the spectrum peaks were carried out
by using CasaXPS software. The morphologies of the investigated
CeO, NR@CC and CeO,_x NR@CC powders were characterized by
scanning electron microscopy (SEM, JEOL 7000 FE) coupled with
an Oxford Instruments energy dispersive X-ray spectrometer
(EDS).

2.7. Electrochemical measurement

The galvanostatic charge discharge cycling was measured on an
MTI battery tester with a voltage window (1.7 V ~ 2.8 V) and var-
ious C-rates (1C = 1675 mAh g !). A Gamry Potentiostat/Galvanos-
tat workstation (Gamry Interface 1000E) was used to not only
perform the cyclic voltammetry (CV) measurement with a voltage
window (1.7 ~ 2.8 V) at a scan rate of 0.1 mV s~ !, but also carry out
the electrochemical impedance spectroscopy (EIS) measurement
with the frequency range of 0.01-10° Hz. The testing temperature
for all the electrochemical measurements was 25 C.

3. Results and discussion
3.1. Morphological characterization before cycling

Fig. 1 schematically illustrates the preparation processes of the
untreated CeO, NR powder and chemically etched CeO,_x NR pow-
der using NaBH4 and the detailed procedures are provided in the
experimental section. Fig. S1 displays the XRD patterns of
untreated CeO, nanorods powder and NaBHy-treated CeO,.,
nanorods powder. The representative diffraction peaks can be seen
at 28.5, 33.1, 47.5, 56.3, 59.1, 69.4, 76.7, 79.1 and 88.4° for
untreated CeO, nanorods and NaBH,-treated CeO,_, nanorods, cor-
responding to face-centered cubic CeO, phase with fluorite struc-
ture (JCPDS: No.34-0394).

As shown in Fig. 2, the morphologies of the CeO,@CC and CeO,.
x@CC hosts were examined using SEM. As presented in the SEM
images taken at different magnifications (Fig. 2a-c and Fig. 2e-
g), the free-standing carbon cloth functioning as the host material
substrate is composed of 3D interconnected carbon fibers with
strong mechanical strength. It can be easily observed that pristine
CeO, NR particles and NaBH,-treated CeO,_, NR particles tightly
adhere to the carbon fibers and are embedded throughout the
whole carbon cloth framework. The successful fabrication of
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Ce0,@CC and Ce0,_4@CC and distribution of CeO,/Ce0,.x on CC
were further validated by EDS elemental mapping (Fig. 2d and
2h), which show the presence of uniformly dispersed Ce, O, S
elements.

To further identify the defects due to the chemical etching of
strong reducing NaBH, on the surface of CeO,, TEM was carried
out and HRTEM images provided convincing evidence as shown
in Fig. S2a-b. It is worth noting that the lattice fringes discontinu-
ities or micropores can be easily observed after chemical etching
(Fig. S2b), corresponding to the “implanted” surface defects on
CeO;, [30-32]. Meanwhile, the enlarged HRTEM images of the
untreated CeO, sample (Fig. S2a) show more uniform lattice
structure.

In addition, as shown in the EDS spectrum of Fig. S3, except for
Ce, O, and C, no observable or significant amount of B and Na for
the NaBHy-treated CeO,.x powder sample was detected after the
rinsing process before using it in the battery cell. This indicates
that B or Na doping in CeO,_4 lattice can be neglected.

3.2. Raman spectroscopy

To further gain insights of coordination environment and
defects (i.e., oxygen vacancies, Ce>*/Ce**, and lattice distortion),
Raman spectroscopy was carried out on the pristine CeO, powder
and chemically etched CeO,., powder. Apart from the obvious
characteristic F,g peak (Fig. 3a), one easily observable band at
around 255 cm™! is correlated with doubly degenerate TO mode
(2TA) of CeO, and another easily perceptible band situated near
600 cm™! corresponds to the defect-induced band (D band), which
can be used for estimating the concentration of the oxygen vacancy
defects [33]. In addition, as shown in Fig. 3b-d, the noticeable shift
of three representative peaks (4.99 cm~! shift for 2TA band,
4.45 cm~" shift for D band and 1.05 cm™" shift for F,, peak) con-
firms the impact of embedding oxygen vacancies into pristine
CeO, lattice [34].

3.3. Electrochemical characterization

To understand the effect of oxygen-deficiency in CeO,_ on the
redox conversion of polysulfides, CV measurements of the CeO,@-
CC and Ce0O,_4@CC cells were implemented. During the cathodic
scan for the 1st cycle of CV measurements (Fig. 4a), both the
Ce0,@CC and Ce0,_,@CC cells exhibit two related reduction peaks
at around 2.3 and 2.0 V, which are assigned to the electrochemical
reduction of sulfur into soluble polysulfides (Sg — LiySy, X > 4,
referred to as CI) and the subsequent reduction of long-chain poly-
sulfides into insoluble Li,S,/Li»S (Li;Sy — Li»S;/LisS, x > 4, referred
to as C II), respectively [35]. In the following anodic scan, two adja-
cent characteristic oxidation peaks correspond to the reverse con-
version from insoluble Li,S;/Li,S to the long-chain polysulfides
(LiS;/LixS — LixSk, x > 4, referred to as A 1) and final oxidation into
element sulfur (Li,Sx — Sg, X > 4, referred to as A1) [36]. It is well
acknowledged that the conversion between soluble polysulfides to
insoluble LiyS;,/Li,S can deliver the larger segment of the specific
capacity of Li-S battery. Thus, the cathodic peak (C II) and the cor-
responding oxidation peak (A II) play a more pivotal role in deliv-
ering high specific capacity of Li-S battery. It is worth noting that
the Ce0,_4@CC cell demonstrates a higher redox current compared
with the counterpart CeO,@CC cell. Specifically, the current
response of the A II peak and the C II peak of the CeO,_@CC cell
(4.31 mA and 4.72 mA) is 12.8% and 21.6% higher than those of
the CeO,@CC cell (3.82 mA and 3.88 mA), respectively, implying
improved redox kinetics of polysulfide transformation due to the
superior catalytic activity of oxygen-deficient CeO,., [37]. More-
over, the CeO,_4@CC cell displays the minimal peak separation of
A 11 peak and C II peak compared with the counterpart CeO,@CC
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Fig. 1. Schematic illustration of the fabrication processes of CeO, NR powder and NaBH,-treated CeO,_x NR powder.

cell. To be specific, the potential difference of the CeO,_@CC cell
(346 mV) is smaller than that of the CeO,@CC cell (354 mV),
demonstrating the better sulfur utilization and smaller polariza-
tion inside the cell, which can be attributed to the better sulfur dis-
tribution fulfilled by the increase of electrochemically active
defective sites (oxygen vacancies, Ce>*/Ce*", and lattice distortion)
[38]. Fig. 4b displays the 3rd cycle of CV measurements for both
samples and Fig. 4c-d compare the CV profiles for the initial three
cycles for the cells with the chemically etched CeO,, and
untreated CeO,. Apart from the larger redox current of A Il and C
Il peaks (Fig. 4b), the potential difference of oxygen-deficient
Ce0,_ for the 3rd cycle (319 mV) is much smaller than that of pris-
tine CeO, (362 mV), indicating higher electrical conductivity and
better reversibility during the galvanostatic cycling [39]. The
chemically etched CeO,_, (Fig. 4c) exhibits a small negative shift
in the anodic peak (A II peak), demonstrating a decrease in cell
polarization and improved kinetics of polysulfide redox [39]. How-
ever, for the untreated CeO, (Fig. 4d), the anodic peak (A II peak)
shows a subtle positive shift, indicating an increase in cell polariza-
tion and sluggish redox kinetics due to the lack of promotion on
polysulfides conversion [10].

The catalytic performance of NaBH,-treated CeO,_x NR was fur-
ther explored through symmetrical batteries at the scan rate of
1 mV s~!. As shown in Fig. S4, it was observed that NaBH,-
treated CeO,_x NR has two pairs of sharp redox peaks and the cur-
rent response was obviously higher, which demonstrates that
NaBH;-treated CeO,_, NR can promote the electrochemical redox
reaction of polysulfides.

Galvanostatic discharge-charge was carried out to measure the
capacity and cycling reversibility of the assembled coin cells with
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the CeO, NR@CC and CeO,.x NR@CC electrodes and further to
assess the effectiveness of oxygen-deficient CeO,_x NR@CC on the
electrochemical performance of Li-S batteries. As shown in
Fig. 5a, the discharge curves of the CeO, NR@CC and CeO,_x NR@CC
cells at 0.2C demonstrate two voltage plateaus, which is consistent
with the CV results. The CeO,_x NR@CC electrode delivers an excel-
lent discharge capacity of 1358 mAh g~! at 0.2C for the first gal-
vanostatic cycle, demonstrating a superior sulfur utilization of
81%. In contrast, the CeO, NR@CC cell displays an “unsatisfactory”
discharge capacity of 1176 mAh g, exhibiting a sulfur utilization
of 70%. As shown in Fig. 5b-c, the CeO,_x NR@CC cell demonstrates
an outstanding discharge capacity of 1287 mAh g~! for the 100th
cycle. In addition, the capacity retention is as high as 94.8% and
the exhibited capacity fading rate is only 0.052% per cycle in a long
100 galvanostatic cycles. However, for the 100th cycle of the CeO,
NR@CC electrode, the preserved discharge capacity is
1077 mAh g ! after 100 cycles. This result implies a slightly higher
capacity decay after 100 cycles at 0.2C with a smaller capacity
retention of 91.6%. Better results seen from the CeO,_x NR@CC cell
can be ascribed to the accelerated polysulfide redox and the allevi-
ated electrode polarization by embedding adequate oxygen vacan-
cies [40]. Furthermore, the delivered capacity of the CeO,_x NR@CC
cell is superior compared with that of the CeO, NR@CC cell at dif-
ferent rates (Fig. 5d). Upon continuous cycling with increasing cur-
rent densities, the CeO,_x NR@CC cell only exhibits a marginal drop
in the capacities at high rates and the capacities are immediately
recovered with their reversal, implying the rapid polysulfide trans-
formation rates, resulted from a successful inhibition of polysul-
fides diffusion and efficient acceleration of redox kinetics [41]. In
contrast, the CeO, NR@CC cell shows an inferior capacity at each
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Fig. 2. SEM images of (a-c) CeO,@CC and (e-f) CeO,.«@CC taken at different magnifications; EDS elemental mapping of (d) CeO,@CC and (h) CeO,_@CC.

rate. The CeO,_x NR@CC cell exhibits much better electrochemical
performance than the CeO, NR@CC cell at high current densities
(Fig. 5e-f). The CeO,_x NR@CC cell (Fig. 5e) demonstrates excellent
cycling stability as well as higher initial capacity compared with
the CeO, NR@CC cell. After 280 galvanostatic cycles at 1C, the
capacity retention of the CeO,_x NR@CC cell (96.8%) is much higher
than that of the CeO, NR@CC cell (84.0%). Hence, structural tun-
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ability of the CeO, cathode additive by the introduction of ample
oxygen deficiencies can clearly enhances the electrochemical per-
formance of Li-S batteries [42]. The CeO, NR@CC cell (Fig. 5f) deliv-
ers an initial capacity of 759 mAh g~! and reversible capacity of
650 mAh g ! after 350 cycles at 2C, corresponding to a mediocre
capacity retention of 85.6%. In comparison, for the CeO,_x NR@CC
electrode cycled at 2C, a high initial capacity of 943 mAh g~! and
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Fig. 3. Raman spectrum comparison of (a-d) CeO, and CeO,_x powders.

excellent reversible capacity of 863 mAh g~! after 350 galvanos-

tatic cycles are demonstrated, along with quite stable voltage pla-
teau over the whole cycling process. The capacity retention is as
high as 91.5% and the shown capacity decay rate is only 0.024%
per cycle in a prolonged 350 cycles. We hypothesize that the num-
ber disparity in electrochemically active sites for anchoring poly-
sulfides led to this performance difference at the high current
density [43].

The electrochemical performance comparison between the
chemically etched CeO,.x NR and the pristine CeO, NR with a
higher areal sulfur loading (3 mg cm2) and a smaller amount of
electrolyte (40 pL) is displayed in Fig. S5. The cycling performance
of the chemically etched oxygen-deficient CeO,_x NR electrode is
clearly better than that of the pristine CeO, NR electrode with
higher areal sulfur loading when cycling at the current density of
0.2C. Fig. S5a-d exhibit the chemically etched CeO,_x NR electrode
delivers specific discharge capacity of 1098, 1046, and
1015 mAh g~! at the 1st , 50th and 100th cycles, respectively,
which are higher than those of the untreated CeO, NR cathode
(939 mAh g! at the 1st cycle, 881 mAh g~! at the 50th cycle
and 886 mAh g! at the 100th cycle).

In addition, a battery cell with 6 mg cm™2 areal sulfur loading
and 30 pL electrolyte was also assembled and tested. The chemi-
cally etched CeO,_ NR electrode still displayed better electrochem-
ical performance than the pristine CeO, NR electrode (Fig. S6). A
performance comparison is given in Table S1 including some pre-
viously reported Li-S batteries containing CeO,.
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3.4. Microstructure analysis of the disassembled cells

To understand chemical polysulfides adsorption capability,
morphological characterization of Li anode surfaces from the disas-
sembled CeO, 4 NR@CC and CeO,NR@CC cells after 350 galvanos-
tatic cycles at 2C was carried out by SEM to gain information
about the structural and chemical changes. The anode with CeO,-
NR@CC (Fig. 6a-c) exhibits a rough morphology with congregated
dendrites and is full of polysulfide deposition [44]. It can be seen
in Fig. 6a-c that Li metal anode with the CeO,NR@CC electrode
after cycling is loosely packed and has numerous cracks formed
on the surface, implying severe surface corrosion of Li anode in-
duced by shuttle effect [45]. However, the surface of Li anode with
Ce0,_xNR@CC seems relatively smooth and the formed dendrites
are small and hardly visible (Fig. 6h—j) [46], suggesting that the
addition of CeO,_xNR apparently alleviates the dissolution and dif-
fusion of polysulfides in the organic electrolyte. Therefore, the side
reaction between Li metal anode and polysulfides leading to seri-
ous surface corrosion is successfully mitigated. Moreover, the
EDS elemental mapping of Li anode with CeO, \NR@CC shows a
much less deposition of sulfur element than the one with CeO,-
NR@CC (Fig. 6d-g and 6k-n). These results substantiate that enor-
mous oxygen vacancies induced by a simple NaBH, solution
treatment are able to successfully restrict the polysulfide shuttling
and mitigate the Li dendrite growth.

Fig. 7a-b show the SEM cross-sectional images of the cycled Li
anodes after 350 cycles at 2C. After cycling, the thickness of the
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corrosion layer on the cycled Li anode with the CeO,_\NR@CC elec-
trode is thinner compared to that of the Li anode with the CeO,-
NR@CC electrode. To measure the thickness and elemental
diffusion of the corrosion layer, EDS line scans for S element were
implemented. It is worth mentioning that S element was detected
on the corrosion layer, providing powerful evidence of the severely
corroded Li metal anode caused by serious shuttle effect [47].
Fig. 7c-d exhibit the EDS line scan results on the cross-sections of
the cycled Li anode with the CeO, \NR@CC electrode and CeO,-
NR@CC electrode. As displayed in Fig. 7d, the sulfur signal can be
detected deep into the majority of cycled Li metal anode
(~500 pm). In contrast, for the CeO, (NR@CC electrode, the sulfur
signal is concentrated in a layer (~150 um) between Li anode sur-
face and slightly below the surface (Fig. 7c).

3.5. Adsorption test

In order to validate the adsorption capability for polysulfides, a
simulation chemisorption experiment was carried out by dispers-
ing host materials (untreated CeO, powder and NaBHj-treated
CeO,.x powder) into polysulfides solutions (Li,Sg in DOL/DME)
[48]. The polysulfides adsorption capability of two different host
materials (untreated CeO, powder and NaBH,-treated CeO,_, pow-
der) was exhibited by the color change of the solutions recorded
using digital photographs. When the untreated CeO, powder and
NaBH;-treated CeO,_, powder were added to the Li,Sg solution at
the time = 0 min (Fig. 8a), there was no apparent difference, and
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the solution was dark yellow. As shown in Fig. 8b-d, the Li,Sg solu-
tion containing the NaBH,-treated CeO,_x powder changed from
dark yellow to light yellow at a rapid pace (at the time inter-
vals = 10, 20, 60 mins). In comparison, the Li,Sg solution containing
the untreated CeO, powder demonstrated a slower decolorization.
After 180 mins (Fig. 8d), the color of the Li,Sg solution containing
the NaBHj-treated CeO,.x powder was much lighter and more
transparent than that of the control sample [49]. After 180 mins,
Li;Se¢ solution with the untreated CeO, powder and NaBHy4-
treated CeO,_x powder clearly demonstrates a noticeable difference
of color. The Li,Sg with the NaBH,-treated CeO,_x powder demon-
strates colorless solution in comparison with the bright yellow
Li,Sg solution containing the untreated CeO, powder. The obvious
color change of the Li,Sg solution provides convincing visual evi-
dence of a negligible amount of polysulfides still remaining in
the DOL/DME and corroborates a better polysulfides adsorption
capability by the oxygen-deficient CeO,_, powder [50].

After 350 galvanostatic cycles at 2C, the coin cells were disas-
sembled aiming to gather physical evidence for polysulfides diffu-
sion through the separator [51]. The cycled polypropylene (PP)
separator with the CeO,NR@CC cathode (Fig. 8¢g) that is facing sul-
fur cathode became slightly yellow, visibly illustrating the cross-
over of sulfur species through porous polymer matrix and
suggesting a small quantity of polysulfides diffusion across the
separator, leading to parasitic reactions between Li anode and
polysulfides [52]. In contrast, yellow precipitates were hardly
observed on the cycled PP separator with the CeO,_yNR@CC cath-
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the cycled Li anode with the CeO,NR@CC electrode.

ode (Fig. 8f) and the cycled separator remained similar to a fresh PP
separator, implying the successful prevention of polysulfide disso-
lution and diffusion.

3.6. Electrochemical impedance spectroscopy analysis

Electrochemical impedance spectrum (EIS) measurements
before cycling and after cycling were carried out to understand
the internal electrochemical redox kinetics of the CeO,_\NR@CC
and CeO,NR@CC cells. Before cycling (Fig. 9a), the Nyquist plots
of the CeO,_xNR@CC and CeO,NR@CC cells are composed of a semi-
circle in the high to medium frequency region associated with the
charge transfer resistance (R.) and a straight line in the low-
frequency region corresponding to the diffusion controlled War-
burg impedance (Wy) [53]. The corresponding equivalent circuit
model is shown in Fig. 9c. Ry is the resistance of the electrolyte,
while R and CPE; represent the charge transfer resistance and
capacitance of the electrode/electrolyte interface, respectively.
Moreover, W, represents the Warburg impedance, which is associ-
ated with the ion diffusion. After 350 galvanostatic cycles at 2C
(Fig. 9b), the Nyquist plots of both cells demonstrate an extra semi-
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circle. The corresponding equivalent circuit model is exhibited in
Fig. 9d. R, corresponds to the resistance of the electrolyte and W,
corresponds to the Warburg impedance. The semicircle in the
high-frequency is attributed to the interfacial (SEl:solid electrolyte
interphase) resistance [54-55], which is modelled with R; and
CPE,, respectively. Moreover, the semicircle in the middle fre-
quency region refers to the charge transfer process, which is mod-
elled with R, and CPE,, respectively [56-57]. Before cycling
(Fig. 9a), the charge transfer resistance (R.) value of the CeO,.
xNR@CC cell (6.13 Q) is much smaller than that of the CeO,NR@CC
cell (18.57 Q), implying an accelerated charge transfer and a pro-
moted redox reaction. After 350 galvanostatic cycles at 2C
(Fig. 9b), the high-frequency semicircles of both cells clearly are
smaller than those of the fresh cells, implying accelerated charge
transport, successful rearrangement of the active material, and
more complete electrolyte infiltration after the initial galvanostatic
cycles [58]. The coin cell with CeO,_\NR@CC still demonstrated a
smaller charge-transfer resistance (3.80 Q) compared with the
CeO,NR@CC cell (4.39 Q), suggesting a smooth and faster Li* trans-
fer leading to the enhanced rate performance and cycling stability
of Li-S battery.
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3.7. XPS analysis

XPS measurements were implemented to further understand
the surface electronic structures of the NaBH,-treated CeO,_xNR
powder and untreated CeO,NR powder after Li,Sg adsorption test.
The Ce 3d XPS spectra of both samples exhibit eight different
deconvoluted peaks located at around 917.0, 908.0, 903.4, 901.2,
898.6, 889.0, 885.4 and 882.8 eV which correspond to vy, v3, Vo,
V1, Ug, U3, U and uy respectively (Fig. 10a-b). The u and v represen-
tative peaks signify the 3ds;, and 3ds, levels, respectively [29]. The
representative peaks of vy, v3, vy, and uy, us, u; are correlated with
Ce** whereas the typical peaks of v, and u, are associated with the
primary photoemission of Ce3* [59]. It is worth mentioning that
the peak area of Ce>* peaks over the total area of all deconvoluted
peaks (Ce3*/(Ce* + Ce®*)) determines the relative amount of oxy-
gen deficiencies on the surface of the prepared samples [60].
According to the calculation, the NaBH,-treated CeO,_«NR (21.8%)
possesses much more oxygen vacancies than the untreated CeO,-
NR (13.9%), which confirms a significant increase in oxygen vacan-
cies induced by a facile NaBH, solution treatment. The O 1 s
spectra (Fig. 10c-d) of both samples were deconvoluted into two
constituents. The O; and Oy peaks are correlated with the oxygen
in the lattice skeleton and surface oxygen vacancies, respectively
[61]. The relative amount of oxygen deficiencies can be determined
from the ratio of the Oy peak area to the total area of two deconvo-
luted peaks (Oy/(Oy + Op)) [62]. Based on our calculation, the
amount of the existing oxygen vacancies of the NaBH,-treated
CeO,4xNR (70.8%) is higher than that of untreated CeO,NR
(60.7%), implying that NaBH,-treated CeO,_xNR possesses more
oxygen vacancies than the untreated CeO,NR.

The chemical adsorption capability of the NaBH4-treated
CeO, xNR powder and untreated CeO,NR powder towards
Li,Se¢ was further validated by the analysis of S 2p XPS spectra
(Fig. 10e-f). Fig. 10e-f exhibit the bonds of polythionate
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([S035,505] 72, ~ 170.1 eV), thiosulfate ([S,05] 2, ~ 167.8 eV), the
bridging sulfur atom (S° 5, ~ 162.6 eV) and the terminal Li-S bond
(S, ~ 169 eV), respectively [43,63,64]. By calculating the area
proportion of complex sulfur species (polythionate and thiosulfate)
in the area of all sulfur species, the sulfur adsorption capability and
catalytic conversion capability can be determined [65]. Based on
our calculation, the relative amount of polythionate and thiosulfate
of the NaBH,-treated CeO, xNR powder (63.8%) is much higher
than that of the untreated CeO,NR powder (39.6%). It is accepted
now that thiosulfates [S,05] and polythionates [SO3S,S05]? are
able to work as efficient meditators for accelerating the electro-
chemical conversion from polysulfides to Li,S,/Li,S [66,67]. There-
fore, the formation of more thiosulfates [S,03]2 and polythionates
[S03S5,505]2 further confirms that NaBH,-treated CeO,,NR pow-
der has better capability to curtail sulfur mass loss.

3.8. Proposed working mechanism

As shown in Fig. 11, we propose an underlying working mech-
anism of polysulfides adsorbed on CeO, NR and defect-rich CeO,.
xNR. CeO, NR and defect-rich CeO,4NR are denoted by yellow
and purple, respectively. Inside of the black box, oxygen vacancies
can be found and are firmly anchored on the terminal planes. Out-
side of the black box, oxygen deficiencies cannot be seen, and the
normal terminal planes are shown. The number of black boxes of
defect-rich CeO,_4NR is larger than that of CeO, NR, suggesting that
defect-rich CeO,_4xNR possesses more oxygen vacancies than CeO,
NR does. According to our previously published work [25], the
Ce-S and Li-O chemical bonding was successfully constructed on
the (110) terminal facet of CeO, NR during charge-discharge pro-
cess, leading to the efficient restriction of polysulfides migration.

It is well known that the electronic structures along with the
ion energetics and electronic transfer in CeO, can be notably
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Fig. 8. Optical images of Li,Sg solution adsorption tests containing (a) untreated CeO, NR powder and NaBH,-treated CeO,_x NR powder: (a) at the time = 0 min; (b) at the
time = 10 min; (c) at the time = 20 min; (d) at the time = 60 min; (e) at the time = 180 min. The digital images of the cycled separators: (f) with the CeO, \NR@CC electrode and
(g) with the CeO,NR@CC electrode.
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Fig. 10. XPS spectra of (a-b) Ce 3d, (c-d) O 1 s, and (e-f) S 2p of the NaBH,-treated CeO, x\NR powder and untreated CeO,NR powder after Li,Sg adsorption test.

altered by the presence of oxygen vacancies and Ce**/Ce*" pairs.
Furthermore, the band gap of CeO, can be significantly shrunk by
oxygen vacancies. Therefore, the facilitated charge transfer from
framework to adsorbates can be fulfilled by the decrease in the
energy barrier of interfacial charge transfer. Accordingly, the better
chemical interaction against polysulfides and catalytic conversion
capability can be fulfilled by implanting abundant oxygen vacan-
cies that not only can notably improve the electronic conductivity
of CeO, NR but also can provide numerous unsaturated bonds at
the surface of CeO, NR. Therefore, even though CeO, NR possesses
the terminal plane (110), (100) and defected (111) with strong
adsorption capability towards polysulfides, limited restriction of
polysulfides migration and unsatisfactory catalytic conversion are
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observed especially at high-current density due to insufficient oxy-
gen deficiencies that can fulfill the alteration of electronic structure
and the enhancement of catalytic transformation.

We believe that the main reason for the trigged formation of
thiosulfate and polythionate species is due to the oxygen vacancies
and/or other surface defects on CeO, nanorods, which can
strengthen the chemical bond with polysulfides (i.e., Li-O bond).
For instance, Zhang et al. [68] reported that oxygen-deficient Ta,-
0s_, shows significantly improved electrochemical performance
compared with pristine Ta;Os, which was confirmed by DFT simu-
lation. Their DFT data exhibits that the pristine Ta;Os(001)
demonstrates a relatively low Li,S¢ adsorption energy (E.qs) of
—0.83 eV with a Li-O bond length of 2.52 A, leading to limited
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restriction of polysulfides. However, the defective structure signif-
icantly enhances the Li,Sg binding energy with a higher E g5 (-
—2.0 eV) and notably strengthened Li-O bond (1.86 A),
suggesting the superb polysulfides restriction on of TaO5_, with
oxygen vacancies. In addition, Luo et al. [69] reported that
oxygen-deficient Nb,Os_, demonstrates notably improved chemi-
cal bonding with polysulfides compared to pristine Nb,Os, which
was also substantiated by DFT simulation. The same cleave surface
was selected in pristine Nb,Os and oxygen-deficient Nb,0s5_, to
compare its surface adsorption capability towards polysulfides.
Clearly, pristine Nb,Os displays a moderate E,45 of —1.75 eV with
a Li—0 bond distance of 2.38 A. In contrast, the DFT calculation
of Nb,Os_, (001) exhibits a much higher E,4s of —3.38 eV with a
reduced Li—O bond length (1.87 A), suggesting the improved poly-
sulfides affinity on oxygen vacancies. Once polysulfides are chem-
ically anchored on the surface, thiosulfates are produced by the
oxidation of polysulfides on the host. Subsequently, newly formed
long-chain polysulfides are immobilized by thiosulfate to form
polythionates and reduced into insoluble short-chain polysulfides
[4].

4. Conclusion

In summary, compared with other complicated and costly
methods, we have successfully introduced copious oxygen vacan-
cies onto the surface of CeO, NR through a facile NaBH,4 solution
treatment method. For CeO,NR@CC, with the combination of
(110),(100) and defected (11 1) terminal planes, the limited num-
ber of oxygen vacancies cannot guarantee favorable electrochemi-
cal properties after long cycling. In contrast to the CeO,NR@CC
control sample, the CeO,,NR@CC electrode with much more
embedded oxygen deficiencies not only dramatically narrows the
band gap and tunes the electronic structure, but also efficiently uti-
lizes copious oxygen vacancies to adsorb more polysulfides. The
distinguishable electrochemical performance difference between
the CeO,NR@CC control and the CeO,_NR@CC electrode can be
easily observed. For example, the CeO, NR@CC exhibits an initial
capacity of 759 mAh g ! and reversible capacity of 650 mAh g!
after 350 cycles at 2C, suggesting a moderate capacity retention
of 85.6%. In contrast, for the CeO,_, NR@CC electrode, an excep-
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tional initial capacity of 943 mAh g~! and extraordinary reversible
capacity of 863 mAh g~! after 350 cycles are displayed. The result-
ing capacity retention is as high as 91.5% and the corresponding
capacity degradation rate is merely 0.024% per cycle in a long-
term 350 cycles. Therefore, it can be concluded that the introduc-
tion of copious oxygen vacancies through a facile and cost-effective
NaBH,4 solution treatment imposes a significantly positive impact
on the improvement of electrochemical properties, providing a
novel concept for the rational tunability of metal oxides for high-
energy and high-power Li-S batteries.
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