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Lithium—sulfur batteries (LSB) offer a high energy density in energy storage systems in the long run, and
are of much lower cost than commercially available lithium-ion batteries. The electrochemistry
performance of LSB can be improved greatly through the electro-catalytic mechanism, especially when
it is applied on the separator, facing towards the cathode. However, due to the limitations of current
technology (vacuum filtration and the slurry coat on polypropylene), high performance LSB's
development is stunted. In this paper, an ultra-thin coating and quick methods were investigated to
improve the performance of LSB by a synergy between a reduced graphene oxide (RGO) loaded
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S-catalyst (O-vacancy-enriched —BaTiOs) and glass fiber separator, which has excellent fire retardant
and high temperature performance (cycled more than 100 times at 60 °C), and can greatly prolong the
service life of the LSB. The following theories and experiments show that the original separator modified
design produces the electrochemical and safety performance of the LSB, which is significant for both
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1. Introduction

With the development of various electric vehicles and electronic
products, the existing commercial lithium-ion battery (LIB) can no
longer answer the needs of people’s requirement for high energy
and low-cost batteries. Among battery systems, due to the low
price and wide range of resources, lithium-sulfur batteries (LSB)
have broad application prospects for energy storage. Also, because
of the low molecular weight of sulfur and the multi-electron redox
reaction, LSB have a very high energy density (2600 W h kg™ ') and
theoretical specific capacity (1,675 mA h g~ *)." LSB are considered
as the most promising next-generation battery systems that can
achieve both cost effectiveness and energy density. However, LSB
have some serious problems, such as the insulation of sulfur and
Li,S, a shuttle effect caused by polysulfide dissolution and shuttle,
and lithium dendrite growth.>* To address the existing problems
of LSB, researchers have expended a lot of effort and made some
progress. At present, the work is mainly focused on the composite
cathode and artificial three dimensions (3D) current collector.
However, the modification of the separator is also an important
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theoretical research and vast application prospects.

part of the battery, because it plays a great role in the electro-
chemical performance.

The main components of Celgard series separators are
polypropylene (PP) and polyethylene (PE), which hardly limit
the diffusion of polysulfide. The reason is that, because of its
large pore size, polysulfide can pass through easily by electric
field drive and concentration difference between the cathode
and anode areas."” At present, there are great challenges in the
interface structure design and surface modification of lithium
metal anodes. The separator modifications include special
mechanisms to inhibit lithium dendrite formation and
polysulfide diffusion, which is expected to promote the devel-
opment and practical application of LSB.*” In addition, most
research focuses on the modification of PP separators, which
can hinder the diffusion of polysulfide and improve the
performance of LSB (Scheme 1a).® Functional design of the
modified separator is one of the feasible and simple methods to
improve the performance of LSB. So far, many new functional
separators have shown great potential in practical battery
applications. By introducing functional materials coatings on
the separator, including polymer materials, carbon-based
materials,”® inorganic oxides,"*'* catalytic polar metal
compounds'® and metal/covalent organic frameworks,'®>°
the specific capacity, cycle stability, multiplier performance,
Coulomb efficiency and safety of LSB can be significantly
improved. There are two main preparation technologies: one
is to use the vacuum suction filtration and barrier layer which
were placed on the surface of the PP separator, but this method
takes a long time, especially for nanomaterials; the other one

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the different designs of separator for lithium-sulfur batteries.

would be make a paste of barrier with binder and coat on
the PP separator, yet the thickness of the layer cannot be
controlled. Therefore, developing a new type of preparation
technology which can integrate the advantages of composite
separators and get rid of their disadvantages is of critical
importance.

In addition, the thermal safety of LSB is particularly important
due to the use of lithium metal anodes and sulfur cathodes.”* At
present, thermal safety research in the field of LSB is in urgent
need of further research. Most of the existing modified coating
separators are based on PP separator modifications, so their
thermal stability is poor.>” Therefore, choosing glass fiber mem-
branes for sodium ion batteries presents a price advantage® and
their good heat resistance as separator has great advantages. In
addition, it is essential to hinder the diffusion of polysulfide so it
is trapped in cathode area and reactivate the deposition of
deactivated sulfur-containing substances, which enhance the
utilization active material. The modified coating separator applied
to LSB not only needs to have properties of electrostatic repulsion,
steric resistance, physical and chemical adsorption and other
ways to control the polysulfide, but also needs to combine with
the conductive medium to reduce the interface resistance between
the cathode and separator, so as to effectively improve the
utilization rate of active substances in the cathode area. Recently,
a novel composite cathode material (LiFePO,/graphite) for dual-
ion batteries has been proposed. The composite cathode com-
bines LFP, with high capacity and high stability, and graphite,
with high conductivity and high voltage, showing excellent

© 2022 The Author(s). Published by the Royal Society of Chemistry

electrochemical performance.** In addition, carbon nanotubes
are combined with transition metal selenides. Carbon nanotubes
have good conductivity, forming a network structure in the
composite electrode, and enhance the specific capacitance of
the charge path with good conductivity.”® By far the most success-
ful example of carbon-incorporation-enhanced battery perfor-
mance is graphene.”® The typical short-tubular antimony
trithiophosphate SbPS, composite with graphene oxide (SbPS,/
GO) exhibits a high theoretical specific capacity according to the
dual mechanism of transformation alloying. Inserting a unique
short tube into the composite can promote the transport of
Na ions, alleviate the huge volume change during charge and
discharge, and improve the chemical performance.”” If graphene
was applied in LSB, the charge transfer resistance would be
reduced, the utilization rate of the electrode active material would
be improved, and the energy density of battery would be
increased.”®

In this paper, a reduced graphene oxide supported oxygen
vacancy enriched BaTiO; (OV-BaTiO3;@RGO) was selected as
the separator coating because the pure carbon material is not
fully encapsulated in the separator and has cracking and
fracture sites, preventing conventional carbon materials from
capturing polysulfide (Scheme 1b). In this regard, the strategies
of ferroelectric barium titanate (BaTiO5) as an additive*® and PP
separator coating®® have been proved. However, it is difficult to
suppress the polysulfide filling within the structure of RGO and
each particle (Scheme 1c). In general, the long-term cycling
performance of LSB remains to be improved. The mixture of

Mater. Adv,, 2022, 3, 6628-6635 | 6629
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OV-BaTiO;@RGO with ethanol is uniformly loaded on the
surface of the glass fiber diaphragm by a suction filtration
method to improve the conductivity and utilization of S. The
oxygen vacancy of OV-BaTiO; with ferroelectricity and electro-
catalytic activity as a separator coating achieves a synergy with
fixed soluble polysulfide and a catalytic effect, which can be the
further adsorption of polysulfide dissolved in the electrolyte,
and provides the active material sulfur with electrochemical
reactivity to increase the specific capacity (Scheme 1d). Reduced
capacity decays by 0.09% during the cycle (1 A g™ "). An excellent
reversible capacity of 720 mA h g™ ' was obtained after
200 cycles, even with a high sulfur content (90%) and load
(10 mg em™?) and a high area capability of 7 mA h cm>was
maintained. In order to reveal the mechanism of the electro-
chemical reaction, a series of electrochemical experiments
were carried out. In situ XRD results show that there is a
strong interaction between the charge and discharge products
of S during cycles, and the CV results of the polysulfide
symmetric battery also confirmed the catalytic effect on Li,S.
Combined with theoretical calculations (DFT), we found
that the dynamic change process has a strong effect on poly-
sulfide with OV-BaTiO;. In addition, the modified glass fiber
separator can not only achieve the ideal flame retardant effect,
but also maintain the excellent electrochemical performance
of LSB.

2. Experimental section
2.1 Materials

All chemical materials are commercially available and were used
without further purification: barium titanate (BaTiOs;, 99.9%
metals basis, <100 nm), reduced graphene oxide (rGO), sodium
(99.7%, storage in kerosene), potassium (99%, storage in kero-
sene), 1-methyl-2-pyrrolidinone (NMP, 99.5%), poly(vinylidene
fluoride) (average Mw ~ 400 000), sublimed sulfur (99.95% metals
basis, powder), ethanol (99.5%, industrial-grade). The carbon-
coated aluminum foil, lithium plate, electrolyte (1.0 M LiTFSI in
DOL: DME = 1:1 Vol% with 2.0% LiNO;) and GF separator were
purchased from https://www.canrd.com.

2.2 Synthesis of OV-BaTiO;

The 50 mL beaker was stirred gently together with the nano-
particles of BaTiO; and Na-K alloy until there was no visible
white and the excess of Na-K alloy was removed with DMC and
pure water. Then the sample (OV-BaTiO;) was put in a vacuum
drying oven to be dried (Fig. S7a, ESI{). XRD patterns show that
the OV-BaTiO; is well-crystallized (Fig. S7b, ESIT). Meanwhile
the oxygen vacancy was tested by Electron Paramagnetic Reso-
nance (EPR, Fig. S7c, ESIt) spectroscopy and an obvious peak is
shown. An amorphous interface shows in HR-TEM, which
further explains the appearance of the BaTiOj;’s surface (Fig.
S7d, ESIt). The particle size of OV-BaTiOj; is about 60 nm. It
should be noted, it is hard to tell the difference between the two
materials of BaTiO; and OV-BaTiO; by high-resolution X-ray
photoelectron spectroscopy (XPS) spectroscopy (Fig. S8, ESIt).
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It was found using EPR that the OV-BaTiO; from alkali metal
reducing agent assisted fabrication keeps high amounts of
oxygen vacancies, which increases ion transport in Li-S battery
systems. The introduction of oxygen vacancies can change the
electron band structure of the polysulfide catalyst, enhance the
binding with polysulfide, and accelerate the surface electron
exchange for a rapid electrochemical reaction rate.*' In addi-
tion, the surface of oxygen vacancies provides highly active
adsorption sites for diverse polysulfides and can increase the
utilization rate of the S cathode.

2.3 Visible adsorption observation

The sulfur and Li,S with a ratio at 3 : 1 were added to DOL/DME
solvent followed by stirring at 25 °C for 48 h in an Argon-filled
glove box, and the Li,Ss (polysulfides) solution could be
obtained. 50 mg OV-BaTiO;@RGO, BaTiO;@RGO and RGO
were dispersed individually in 15 mL polysulfides solutions,
respectively. The changes were recorded after standing for
one day.

2.4 Battery separator preparation

The preparation of the OV-BaTiO;@RGO®@GF separator was as
follows: the OV-BaTiO; (10 mg) and RGO (10 mg) were put in a
small beaker with alcohol (300 mL) under ultrasonic dispersion
of 20 min. Then the process of vacuum filtration with 50 mL per
GF separator was done and dried in vacuum (60 °C) and the
layer was ultrathin with a thickness of 10 pm (Fig. 1d and e).
The preparation of the BaTiO;@RGO®@GF separator and
RGO@GF separator was done by same steps.

2.5 Materials characterization

The microstructure was characterized using Scanning Electron
Microscopy (SEM, ZEISS Gemini 300, gold-sprayed), SEM-EDS
(OXFORD Xplore), Transmission Electron Microscopy (TEM,
Tecnai TF20), X-ray diffraction (XRD, BRUKER D8 ADVANCE,
Cu Ka radiation), and electron paramagnetic resonance (EPR,
BRUKER), respectively.

2.6 Electrochemical performance test

Firstly, the S-slurry (S:super P:PVDF = 8:1:1 with NMP) was
applied to the carbon-coated aluminum foil surface, and then
was dried under vacuum (60 °C). After that, the pasted alumi-
nium foil was cut into tiny wafers (sulfur loadings of Li-S
batteries are 1-2 mg cm™?). The assembled battery was based
on previous work®* and the model was Li/modified separator/s.
The LSB battery performance was tested in a LAND CT3002A Li-
Ion battery testing system and Ivium-N-stat electrochemical
workstation.

2.7 Calculation method

The Vienna Ab initio simulation package (VASP) was used for all
density functional theory (DFT) calculations within the general-
ized gradient approximation (GGA) using the Perdew-Burke-
Ernzerhof (PBE). The projected augmented wave (PAW)
potential was chosen to describe the ion nucleus and a plane
wave basis was used with a kinetic cutoff of 400 eV to consider

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic illustration of the preparation process of the OV-
BaTiOs@RGO@GF separator for lithium—sulfur batteries. The micro-
structure of OV-BaTiOz@RGO@GF separator. (b and c) Top-view SEM
images of different scales of OV-BaTiOs@RGO@GF separator. (d and e)
Side-view SEM images of OV-BaTiOs@RGO@GF separator. (f—j) EDS
elemental mapping of Ba (h), Ti (i) and C (j), and color overlay of Ba,
Tiand C (g).

the valence electrons. The geometric optimization was carried
out when the force convergence is less than 0.05 eVA™'. 2 x 2 x
1. The Monkhorst-Pack K-points were used for all calculations.
Two layers of atoms (45 atoms) are fixed in all calculations.
Lattice parameters: a = 12.01337 A, b = 12.60191 A, c =27 A, 0. =
90°, § = 90°, y = 90°.

The adsorption energy can be calculated as follows: E =
E(slab + Li,S,) — E (slab) — E (Li,S,)-

3. Results and discussion

Fig. 1a shows the OV-BaTiO;@RGO@GF separator preparation
process and LSB assembly process. Using OV-BaTiO; and RGO
as a coating layer is a universal method for preparing a
conducting medium with high adsorption and catalysis of the
surface for polysulfide anchoring. Using ethanol, vacuum

© 2022 The Author(s). Published by the Royal Society of Chemistry
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filtering helps to improve the quality and efficiency of the
stable coating (the process should only take 2 minutes.). Other
elements and the OV-BaTiO;@RGO@GF separator were subse-
quently joined to the LSB. Through this design we hope that
our vision could become a reality, with excellent performance,
and strong suppression of polysulfide in the cathode area. The
process of the coating of the OV-BaTiO;@RGO@GF separator
was analysed using a Scanning Electron Microscope (SEM).
From the top-view (Fig. 1b and c), the GF separator is coated
with a uniform OV-BaTiO;@RGO layer by the vacuum filter
method. In addition, Fig. 1b shows that the surface of RGO has
an obvious grain structure, which demonstrates that OV-BaTiO;
is distributed evenly on the surface of the RGO (the corres-
ponding regions of OV-BaTiO; nanoparticles are marked in red)
without agglomeration. The OV-BaTiO; evenly dispersed on
RGO is conducive to trapping soluble polysulfide which can be
chemisorbed or physically absorbed on solid OV-BaTiO;@RGO.
Meanwhile, RGO as a secondary current collector with high
conductivity and transmission and low resistance will accelerate
the electrochemical reaction for the insulated S cathode. Side
view of the SEM images (Fig. 1d and e) showed that the OV-
BaTiO;@RGO@GF separators are made predominantly of GF
separator and contain an ultra-thin coating on the top of the GF
separator. These are even more proof that through this design
we can obtain thin-modified-separators faster. X-ray patterns of
Ba, Ti and C elements in the OV-BaTiO;@RGO@GF separator
were detected and Ba and Ti were evenly distributed in the
structure of modified separator (Fig. 1fj). In addition, the C is at
opposite ends of the separator, which suggests that the RGO in
ethanol is blocked on the surface of the GF separator, and then
OV-BaTiO; and ethanol can be shuttled via the holes of three
dimensional of GF separator.

In situ XRD technology is an important method in current
energy storage research analysis.*® It cannot only eliminate the
impact of external factors on the electrode material (compare
with the ex situ XRD), but also improve the authenticity and
reliability of the data when monitoring of the process of the
electrochemical reaction in real-time for characterizing the
structure and composition change. Thus, the whole reaction
of the system can be analysed and processed more clearly, and
its intrinsic reaction mechanism can be revealed. Therefore,
the introduction of in situ XRD characterization technology can
improve the understanding of the reaction features of the
catalytic conversion of liquid polysulfide (shuttle factor) to
solid polysulfide, which characterizes the charge-discharge
process of OV-BaTiO; as the electrocatalyst layer of LSB and
to explore its reaction mechanism, as shown in Fig. 2a.
Through the characterization, the formation of Li,S is con-
firmed. However, with the standard pure cellgard separator as a
reference it can be seen that S8 peaks exist over the whole cycle
of the battery test, indicating that the shuttling of polysulfides
is serious.>® Strengthening the chemical adsorption of the
oxygen vacancies and permanent electric polarization of OV-
BaTiO; and polysulfide is the key to improving the cyclic
stability of LSB. Through ‘“chemical adsorption” between nano-
particles of OV-BaTiO; and soluble polysulfide during the

Mater. Adv., 2022, 3, 6628-6635 | 6631
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Fig. 2 (a) In situ XRD contour plot of the OV-BaTiOs/S cathodes with the

corresponding discharge—charge curves and the diffraction intensity chart on
the left, the model is on the right. (b) Cycling performance of OV-
BaTiOs@RGO@GF separator, BaTiOs@RGO@GF separator, RGO@GF separa-
tor and GF separator at a rate of 1 A g~* for 200 cycles. (c) Typical discharge
curves of batteries with OV-BaTiOz@RGO@GF separator, BaTiOs@RGO@GF
separator, RGO@GF separator, and GF separator at a rate of 0.2 A g% (d)
Visualized adsorption of Li,S¢ by pristine OV-BaTiOz (CV curves of the
symmetric cells with cathode of OV-BaTiOs in an electrolyte with Li,Se at
10 mV st is on the top). (e) The rate capability of LSB from 0.5 to 10 A g%

charging and discharging process, insoluble products that
cannot be dissolved in the electrolyte are formed, to effectively
inhibit the loss of active substances.

The cathode using the pure S electrode (without C/S compo-
site material) combined with the OV-BaTiO;@RGO®@GF separa-
tor has highest performance at the same current density.
The initial capacities of LSB with OV-BaTiO;@RGO®@GF separa-
tor, BaTiO;@RGO@GF separator, RGO@GF separator and GF
separator at 1 A g ' current density are 897, 849, 720 and
273 mA h g~ (Fig. 2b), respectively. Moreover, it can be seen
that the LSB with the OV-BaTiO;@RGO®@GF separator cycled
200 cycles retains a capacity of 720 mA h g™, with a low-capacity
decay of 0.08% per cycle. These results indicate that OV-BaTiO;
is able to effectively inhibit the shuttle effect and reduce the
polysulfide shuttle. Its unique properties of oxygen vacancy
provide a driving force for polysulfide conversion and accelerate
the electrochemical kinetics process. Then the mechanism of
OV-BaTiO;’s specific contribution to battery capacity is explored.
It can be further seen from the variation of the voltage-capacity
curve that the LSB with a OV-BaTiO;@RGO®@GF separator has a
significantly higher discharge capacity from Fig. 2c.
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At the end of the charge-discharge cycles test, the battery is
tested using an electrochemical impedance spectrum (EIS) and
the result shows that OV-BaTiO;@RGO®@GF separators have a
low-impedance (Fig. S1, ESIT). These tests are a further demon-
stration that oxygen vacancy has outstanding abilities. In addi-
tion, the infiltration experiment further proved the adsorption
effect of OV-BaTiO; with polysulfide (Fig. 2d). The CV curve of
the Li,S¢ symmetric battery shows that OV-BaTiOj; electrode has
good reversibility and fast redox kinetics, indicating that the
inherent electrochemical activity of OV-BaTiO; can effectively
accelerate the redox kinetics of active substances. In addition,
from the adsorption experiment (Fig. S2, ESIt), the color
change of OV-BaTiO;@RGO after adsorbing Li,S¢ was the most
obvious (compared with BaTiO;@RGO and RGO), which
further indicated that OV-BaTiO;@RGO had strong adsorption
performance for Li,S¢. The above results showed that O-
vacancy-enriched BaTiO; could effectively adsorb polysulfides
under the synergistic effect of O-vacancy and ferroelectricity,
and effectively inhibit the shuttle effect. The influence of
catalytic conversion is more significant in the presence of OV-
BaTiO; compared with RGO (Fig. S3, ESIT). In the study of rate
performance (Fig. 2e), the discharge capacities of LSB with OV-
BaTiO;@RGO@GF separators at 0.5-10 A gf1 are 1184, 1048,
986, 882 and 693 mA h g~ ', respectively. The physisorption and
chemisorption without catalytic conversion of the BaTiO;@R-
GO@GF separator is only 388 mA h g~' at 10 A g~ '. These
results indicate that the LSB with OV-BaTiO;@RGO®@GF
separator has some distinct advantages for improving the
capacity attenuation caused by the shuttle effect, but it can
guarantee the polysulfide does not shuttle to the anode and
effectively improves the utilization rate of sulfur at ultra-high
current density. Under the condition of 2 A g~ ' (Fig. S4, ESIY),
the LSB with the OV-BaTiO;@RGO®@GF separator maintains a
reversible capacity of 410.6 mA h g~ " at 400th cycle. The decay
rate is as low as 0.06% per cycle (382 mA h g~ " after 600 cycles).
Finally, when the surface load of S was further increased to
about 10 mg cm™> (Fig. S5, ESIt), the LSB had a considerable
initial capacity (1358 mAh g™',13.58 mAh ecm ?)at 0.05A g™ .
In addition, after 18 cycles at 0.2 A g ', it can still maintain a
reversible capacity of approximately 724 mAh g~ (7.24 mA h cm™?),
which is higher than the recommend ideal LSB area capacity.*

In the DFT examination of battery materials, ion/molecule
adsorption energy is often calculated. By comparing the adsorp-
tion energy with that of the active material, the performance of
electrode materials can be estimated, and then the final theo-
retical results and the experimental data can be compared and
analyzed.*® Many LSB systems have been researched to solve
the problems of the dissolution and shuttling of polysulfide
with DFT calculations and to analyse the adsorption capacity of
polysulfide on the substrate. Therefore, the adsorption energies
between polysulfide and OV-BaTiO; and BaTiO; were simulated
by the DFT method (Fig. 3a). The adsorption energies of
OV-BaTiO; on Sg, Li,Sg, Li,Se, and Li,S, were —4.083, —5.782,
—5.481 and —3.973 eV, respectively, indicating that the adsorption
of OV-BaTiO; on LiPSs was achieved by the OV-S bond, which was
consistent with the expected results. Although the adsorption

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00576j

Open Access Article. Published on 02 July 2022. Downloaded on 11/8/2025 2:28:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

WASEHSES L
\wx‘m‘a

T
\‘ /NN
SN
XLARLZIN

DD
A .
mnnn

Oxygen vachn,

DL |
\‘VA\VA\‘

BaTiO,

i/\i A

S¢-BaTiO,
AE(eV)=-0.143

OV-BaTio,

$,-OV-BaTiO,

AE(eV)=-4.083

;&.&.&

Li,S,-BaTiO, LiS,-BaTio, Li;S,-BaTiO, Li;S,-BaTiO, Li;S-BaTiO,
AE(eV)=-1.509 AE(eV)=-2.799 AE(eV)=-2.848

ity i

AE(eV)=-1.622  AE(eV)=-1.473

—

LipSg-OV-BaTiO;  Li;S,-OV-BaTiO;  Li,S,-OV-BaTiO, Li,$,-OV-BaTiO, Li,S-OV-BaTiO,
AE(eV)=-5.782  AE(eV)=-5.481 AE(eV)=-3.973 DE(eV)=-2.264 AE(eV)=-2.414
00000
Ummimimm e e s SR S e S e T 1
b —-BaTi03  ——OV-BaTiOy Tear

- -5.109 -4.884
"-“3\_ -6.151 6140 >
Sy LSy Li;Sy LisSe LizS, Li;S:
| BaTiO, .-zl oLiSy  AE=-4.080ev!  |OV-BaTiO, §-i7li—liSy  AE=4.483eV |
E L S—LizSs"+S;" AE=0.830eV | E 11,8, —Li85 48" AE=-1.668 oV i
! LSer oLiS+S, AE=1.1166V| ! LSl +S;" aE=00teV |
! LS pmlisS, 48, pE=0681eV/| : LS, —Liz$:1 48 AE=1.0310V |
1 ]

1
L;S;# oLiS™+S* AE=3.108eV | LigS—Li,S™+8* AE=0.225eV

Fig. 3 (a) Density function theory (DFT) is employed to simulate the
absorption energy of OV-BaTiOz and BaTiO3z with different polysulfides.
(b) The rate-limiting step of the whole conversion process on the OV-
BaTiOs and BaTiOs based on DFT results.

energy of Li,S,, and Li,S for OV-BaTiO; is lower than that of
BaTiO;; adsorption energies of BaTiO; for Li,S, and Li,S are
—2.799 and —2.848 eV, respectively, which are much higher than
that of OV-BaTiO;. There was a widely held belief that shuttle
effect involves soluble polysulfide (Li,S,.), in which solid poly-
sulfide (Li,S;.4) can be ignored.

Further analysis of the rate-limiting step and the calculation
of adsorption energy involved is below (Fig. 3b):

AE = E(total) — E(slab) — E (¥)

Wherein, the adsorption of Li,S, is compared to the mole-
cular energy of Li,S, in vacuum:

AE (LizSg) =F (List + Slab) —E (Slab) —F (LizSg)

The S,/S of each desorption step is compared to the energy
of the two Li,S, and the desorption of S,:

LizS4 g LizSz, then S, = LizS4 — LizSZ

AE(S,) =E(S, + slab) — E(slab) — E(Li,S,; — Li,S,)

Li,S, — Li,S,, then S, = Li,Sg — Li,S,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Cycling stability of OV-BaTiOs@RGO@GF separator, BaTiOz@R-
GOQ@GF separator, RGO@GF separator and GF separator at a current
density of 1 A g~ under a temperature of 60 °C. (b) Cycling stability of
the OV-BaTiOz:@RGO@GF separator cycled at a current density of 2 A g%
after heat treatment. The vertical firing test of the OV-BaTiOz@RGO@GF
separator (c) and OV-BaTiOs@RGO@PP separator (d).

AE(S,) = E(S, + slab) — E(slab) — E(Li,Se — Li»S4)

LizSZ i LiZS, then S= LizSz—Lizs

AE(S) = E(S + slab) — E(slab) — E (Li,S, — Li,S)

From here we can draw the conclusion that the rate-limiting
step of a perfect surface of BaTiO; is Li,S, desorption and S is
3.108 eV. Instead, the rate-limiting step of oxygen vacancies of
OV-BaTiO; surface is 1.031 eV. Compared with the perfect
surface, the reaction rate-limiting step is greatly reduced, so
the formation of oxygen vacancies is conducive to the occur-
rence of reaction.

Although such design can be performed at a higher level at
room temperature, we also need to think about the point of
batteries’ thermal safety characteristics.®” For this reason, as we
mentioned earlier, it is a good idea to use a higher temperature
of the LSB. The oxygen vacancy of OV-BaTiO; conductive
graphene, glass fiber skeleton of ternary composite structure,
and the multicomponent integrated design can not only guar-
antee the coating fully maintaining its electrical conductivity,
but also could effectively suppress the shuttle effect of poly-
sulfide and ensure that the cycle stability of the battery can be
maintained at 60 °C (Fig. 4a). The OV-BaTiO;@RGO®@GF
separator maintained good charge and discharge stability
under a current density of 1 A g ' with a high capacity of
490 mA h g~ . Further, the performance of battery using the GF
separator is lower than that of any other modified separators
because more polysulfides shuttle in the first few cycles. Next,
the heat treatment with ultra-high temperature (280 °C) for OV-
BaTiO;@RGO@GF separator was tested and achieved good
specific capacity (620 mA h g " at 2 A ¢ !). Even more surpris-
ing, the battery remained safe after 200 cycles (Fig. 4b).
From the images in Fig. 4b, there were no apparent changes
of the OV-BaTiO;@RGO®@GF separator observed after the heat

Mater. Adv, 2022, 3, 6628-6635 | 6633


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00576j

Open Access Article. Published on 02 July 2022. Downloaded on 11/8/2025 2:28:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

treatment. On the contrary, the heat changes the OV-
BaTiO;@RGO®@PP separator into carbon (Fig. S6, ESI{), which
proves how reliable and good the OV-BaTiO;@RGO®@GF
separator is. Further vertical firing tests are used to investigate
the flame retardancy of the intumescent flame retardant on OV-
BaTiO;@RGO@GF separator and OV-BaTiO;@RGO@PP
separator (Fig. 4c and d), and the OV-BaTiO;@RGO@GF
separator shows good fire retardancy. These experimental
results indicate that those properties of the coatings with OV-
BaTiO; can reach the requirements of the weathering perfor-
mance and fire retardancy of high performance LSB.

4. Conclusions

In this work, OV-BaTiO3, an oxygen vacancy and ferroelectricity
material, was applied as the coating of a separator for LSB,
which effectively improved the discharge stability of LSB at high
rate (10 A g ') and load (10 mg em™?). In addition, using this
special material as a model, by first principles calculations an
electrocatalyst related to the oxygen vacancy component
adsorption of polysulfide is revealed and the performance is
enhanced, and by using electrochemical experiments and
in situ XRD, its advantages in the process of the reaction
kinetics are proved. More importantly, the upper operating
temperature limit of conventional LIB (60 °C) is overcome,
which has the potential to reduce the risk of thermal runaway
and simplify the thermal management of LSB. The work
provides a technical choice for the design of a mixed glass
fiber separator system for rechargeable LSB.
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