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HIGHLIGHTS

e The presence of Ti—O-Co bonds of the multi-dimensional composite frame separator (MCCoS/PP) promotes kinetics and enables

bifunctional catalysis.
o The existence of MCCoS/PP cannot reduce the lithium-ion transference numbers.

e The Li-$ battery with MCCoS/PP achieves super-high rate (368.6 mAh g~! at 20C) and ultra-low capacity attenuation rate.

ABSTRACT The shuttle effect of soluble lithium polysulfides (LiPSs)
between electrodes and slow reaction kinetics lead to extreme ineffi-

ciency and poor high current cycling stability, which limits the com-

mercial application of Li—S batteries. Herein, the multi-dimensional
composite frame has been proposed as the modified separator (MCCoS/  Lipss © Cos, ©
PP) of Li-S battery, which is composed of CoS, nanoparticles on A X
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separator with good LiPSs adsorption capability arouses redistribution and fixing of active substances, which is also beneficial to the rate
performance and cycling stability. The Li-S batteries with the MCCoS/PP separator have a specific capacity of 368.6 mAh g=! at 20C,
and the capacity decay per cycle is only 0.033% in 1000 cycles at 7C. Also, high area capacity (6.34 mAh cm™2) with a high sulfur loading

(7.7 mg cm™2) and a low electrolyte/sulfur ratio (7.5 pL mg™") is achieved.
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1 Introduction

With the rapid development of portable electronic equip-
ment, electric vehicles and large-scale energy storage, peo-
ple need more diversified energy storage devices to replace
traditional lithium-ion battery. Lithium—sulfur battery (Li—S
battery) is considered as one of the best because of its high
specific capacity (1672 mAh g~!), high energy density
(2600 Wh kg‘l), environmental characteristics and low cost
[1]. However, Li-S battery is also facing severe problems,
including poor rate performance and short cycle life. The
root of these problems lies in the insulation of sulfur, the
huge potential barrier needed for Li,S dissolution and the
shuttle effect caused by soluble lithium polysulfides (LiPSs)
[2-5]. Serious shuttle effect makes soluble LiPSs diffuse to
lithium anode and deposit on lithium metal surface, which
leads to the loss of active material sulfur. In addition, the
slow sulfur redox reaction is also the key problem that limits
the performance of Li-S battery [6-9].

In order to solve the above problems and improve the
performance of Li—S battery, researchers have made great
efforts. For example, Wu et al. reported that nitrogen-doped
carbon was used as the substrate of sulfur cathode, and its
large specific surface area was used to adsorb sulfur and
LiPSs [10-13]. At the same time, the overall conductivity
of composite was improved and the kinetics of sulfur redox
reaction was accelerated to improve the utilization rate of
cathode materials. In addition to the optimization of sulfur
cathode, separator modification provides another simple
method to achieve the above goals [14]. The active substance
is filtered on the separator as a blocking layer to absorb the
diffused LiPSs into the electrolyte. The LiPSs will realize
the conversion of redox reaction on the separator material.
This process not only causes the redistribution of active sub-
stance sulfur, but also gives full play to the adsorption and
catalytic properties of separator modified material. Although
the redox reaction kinetics of sulfur and LiPSs is greatly
enhanced, the separator modification dramatically increases
the transference path of lithium ions, which has a negative
impact on the rate performance of Li-S battery. Therefore,
finding suitable separator modification material and building
a separator modification framework have become important
topics to improve the performance of Li-S battery [15-19].

Recently, transition metal sulfide as separator modifi-
cation material of Li—S battery has proved to have strong
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adsorption and catalytic ability for LiPSs [20-24], such as
TiS, [25], VS, [26], CoS, [27], and NiCo,S, [28]. Among
them, CoS, is widely concerned because of its high bind-
ing energy with LiPSs, environmental characteristics and
commercial feasibility. For example, Chen et al. reported
that modified separator (AB-CoS,) with acetylene black
and CoS, composite showed good adsorption and catalytic
activity when was applied to Li-S battery [29-32]. The
Li-S battery with AB-CoS, separator shows excellent rate
performance (475 mAh g~! at current density of 4C) and
good cycle stability. However, the aggregation and struc-
tural collapse of transition metal sulfide catalysts often occur
during charge and discharge, resulting in poor catalytic
performance. An effective strategy to solve this problem
is to assemble transition metal sulfides on conductive two-
dimensional network to form composite structure, which
can improve the stability of transition metal sulfides and
enhance their adsorption and catalytic capabilities. MXene
(MX) is a new two-dimensional transition metal carbon/
nitride with the advantage of good conductivity, abundant
surface functional groups and numerous active sites, which
makes it one of the ideal separator modification materials
for Li-S battery [18, 33—36]. Yang et al. proposed Ti;C,T,
composite GO as separator modification material and stud-
ied the ability of two different two-dimensional materials
composite to block, capture and catalyze LiPSs [37]. How-
ever, when the two-dimensional (2D) sheet material is used
as the modified material of Li—S battery separator, it is easy
to stack between layers, which makes the transference path
of lithium ion increase rapidly and the sluggish transfer of
lithium ion at high rate [38]. In this work, carbon nanotubes
(CNTs) were introduced during the preparation of the sepa-
rator, and CNTs will exist between MX nanosheets, effec-
tively keeping MX nanosheets from being re-stacked and
providing guarantee with the rapid passage of lithium ions.
To sum up, the growth of transition metal sulfides on the
surface of MX nanosheets and the suction filtration with
CNTs have been used to construct the multi-dimensional
composite frame as the modificated separator for Li—S bat-
tery. The multi-dimensional composite frame separator can
effectively inhibit the shuttle effect and accelerate the redox
kinetics process, which shows great significance to boost the
rate performance and cycle ability of Li-S battery [39-42].

In this paper, CoS, nanoparticles have been refluxed on
the alkali-treated 2D MX nanosheets to construct compos-
ite structure, and CNTs have been mixed for constructing a
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multi-dimensional composite frame as the modificated sepa-
rator for Li—S battery. MX nanosheets as the main modifi-
cation material of separator can not only effectively block
LiPSs diffusion, but also prevent CoS, nanoparticles from
gathering and collapsing in the process of LiPSs conver-
sion. The alkali-treated MX nanosheets have more oxygen-
containing groups, which effectively promotes the growth
of CoS, on MX surface. However, since CoS, nanoparticles
are small in size, they cannot be used as scaffold to prevent
MX nanosheets from stacking. CNTs have been introduced
to support these layers, thus retain the active region needed
for LiPSs catalysis and providing a channel for the rapid
transference of lithium ions. Therefore, the multi-dimen-
sional composite frame separator can not only promote the
rate-controlling step of LiPSs conversion in the reduction
process of Li—S battery, but also reduce the decomposition
barrier of Li,S in the oxidation process. With a bifunctional
catalytic activity, the multi-dimensional composite frame
separator (MCCoS/PP) consisting of CoS, nanoparticles on
alkali-treated MX nanosheets and CNTs, provides important
guidance on the next generation of Li—S battery with excel-
lent efficiency and long cycling life.

2 Experimental Section
2.1 Preparation of MX@CoS,
2.1.1 Preparation of Ti;C,T, Nanosheets

Ti;AlC, powders were bought from Beijing Forman Tech-
nology Co., Ltd. 0.8 g LiF powders (Aladdin Ar.) were
dissolved in 9 M HCI and stirred for 20 min. 1 g Ti;AIC,
powders were slowly added to the above solution and stirred
for 30 min. Heat the mixed solution to 35 °C and keep it for
48 h. Then centrifugally wash with deionized water at 3500
r until the pH value reached 6. The collection was ultrasoni-
cated for 75 min under argon bubbling and centrifuged at
3500 r for 1 h. Collect supernatant and freeze drying.

2.1.2 Alkalization Treatment of Ti;C,T, Nanosheets
Dissolve a certain amount of Ti;C,T, nanosheets in deion-

ized water for ultrasonic treatment for 30 min, and add 1 M
sodium hydroxide solution with the same volume to stand
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for 10 min. Samples were centrifugally washed with deion-
ized water and freeze-dried.

2.1.3 Synthesis of Co Hydroxide Precursors

60 mg Ti;C,T, nanosheets were added to the mixed solution
of 4 mL deionized water and 12 mL ethylene glycol. Then,
150 mg Co(NO;),-6H,0 was added and ultrasonicated for
30 min. The solution was refluxed at 90 °C for 4 h in a flask
under flowing N, The product was washed with alcohol and
deionized water three times and freeze-dried.

2.1.4 Synthesis of Vulcanization

The precursor powder was added to 0.5 M Na,S-9H,0
(50 mL) and stirred for 30 min. The sample was transferred
to a hydrothermal kettle and hydrothermal at 120 °C for
8 h. The product was washed with deionized water and
freeze-dried.

2.2 Synthesis of Separator

10 mg Ti;C,T, was added with 20 mL isopropanol for
ultrasonic treatment for 30 min and then added with 0.2 mL
binder solution (PVDF is dissolved in NMP, mass fraction
2.5%) for ultrasonic treatment for 30 min. The mixed solu-
tion was filtered on Celgard 2400 by a vacuum filtration
device and dried in vacuum at 60 °C for 8 h. The dried
samples were cut into separator with a diameter of 19 mm.
M/PP, MC/PP, and MCCoS/PP are prepared by the same
method. (Samples with CNTs were prepared by the mass
fraction of active substances and CNTs of 7:3.)

2.3 Fabrication of the S Cathode

Typically, S powder and Ketjenblack (8:2 in weight) were
mixed and sealed in a Teflon container filled with argon,
followed by heating to 155 °C in an oven for 12 h. S/KB and
water-based binder (LA132) are mixed and pestle according
to the mass ratio of 9:1, coated on aluminum foil, and dried
in vacuum at 60 °C for 12 h. The electrode is cut into 12-mm
wafers, and the sulfur load of each wafer is 1.2-1.5 mg cm™2.
The electrode with large load is the 1x 1 cm? carbon fiber

cloth coated with active material. The calculation of the
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specific capacity is based on the mass of the active sub-
stance sulfur.

3 Results and Discussion
3.1 Synthesis of MX @ CoS, and Modified Separator

Scheme 1 shows the synthetic route of MX@CoS, and the
architecture of the multi-dimensional composite frame sepa-
rator. The accordion-shaped layered MX was prepared by the
aluminum layer that was selectively etching in Ti;AlC, precur-
sor (Fig. S1a), and the surface of MX nanosheets after peeling
was flat and smooth (Fig. S1b-c). The positively charged cobalt
ions are uniformly adsorbed on the surface of MX nanosheets
via electrostatic interaction, in which there are many oxygen-
containing functional groups with electronegativity after alkali
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induction. Then, Co(OH), nanoparticles are uniformly grown
on the surface of MX nanosheets under refluxing inert gas
(Fig. S1d—e). After hydrothermal vulcanization, MX@CoS,
composite was successfully prepared (Fig. S1f). The prepared
MX@CoS, composite keeps the original sheet structure of
MX nanosheets, and the composite structure with adjustable
electronic characteristics was formed between CoS, particles
and MX nanosheets. Then, MX@CoS, composite and CNTs
were mixed and filtered on polypropylene separator (PP) to
form a multi-dimensional composite self-supporting film as
the modified layer of Li—S battery separator.

3.2 Structure Characterization of MX @ CoS,

The TEM images of the morphology and microstructure
of MX and MX@CoS, composite are shown in Fig. la—c.

https://doi.org/10.1007/s40820-022-00941-2
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Compared with the pure MX nanosheets, CoS, nanoparticles
with an average size of 50-80 nm are uniformly distributed
on the surface of MX@CoS, (Fig. S2). Lattice spacing of
0.277, 0.247, 0.32, and 0.167 nm can be observed from
high-resolution TEM (HRTEM) (Fig. 1d—e), which corre-
sponds to the (200), (210), (111), and (311) crystal planes of
CoS, nanoparticles [43]. Selected area electron diffraction
(Fig. 1f) shows the concentric diffraction rings of CoS, and
MX, which can correspond to the crystal planes observed
by HRTEM. Besides, the (002) crystal plane belonging to
MX nanosheets is also found, which indicates the successful
recombination of CoS, and MX [44]. Elemental mapping
analysis of high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) (Fig. 1g-k)

shows that Ti, O, Co, and S are uniformly distributed on the
surface of MX@CoS, nanosheets, which further confirms
the coexistence of CoS, and MX.

Further characterizations have been carried out to reveal
the composite structure of MX @CoS,. The Raman spectrum
of the MX nanosheets (Fig. 2a) exhibits peaks at 180, 220,
400, and 635 cm™!, which are attributed to titanium car-
bide MX [45]. In contrast, peaks from CoS, (at 287 cm™)
were detected in the Raman spectrum of the MX@CoS,
[29]. The Fourier transform infrared (FTIR) spectra of MX
nanosheets and the alkali-induced MX are given in Fig. 2b.
It can be seen that after the alkali-induced treatment, the
intensity of C-F (1115 cm™!) groups decreases significantly
and the intensity of O-H (1397 cm™") and C=0 (1626 cm™)

Fig.1 a TEM image of MX. b, ¢ TEM image, d, e HRTEM image, f SAED patterns, and g~k HAADF-STEM image and the corresponding

EDS elemental mapping of MX@CoS,
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groups is enhanced significantly [44]. This shows that alkali
treatment of MX nanosheets can effectively increase oxygen-
containing functional groups on MX surface. In addition, the
peak value of each functional groups of MX@CoS, com-
posite decreases, which is caused by the growth of CoS, on
MX surface [44]. X-ray photoelectron spectroscopy (XPS)
has been applied to observe the chemical state and the bond-
ing of various elements in the MX@CoS, composite. All
the elements in MX and CoS, can be seen from the whole
spectrum (Fig. 2¢), indicating the two-phase composite. The
high-resolution spectrum of Ti 2p obtained from MX @CoS,
and MX is shown in Fig. 2d. The fitting peaks at 455.1 and
461.2 eV correspond to Ti**, and the fitting peaks at 456.3
and 462.7 eV correspond to Ti** [46]. After alkali treat-
ment, the fluorine functional groups on the surface of MX
nanosheets are replaced by oxygen-containing functional
groups. Ti—-O-Co bonds are formed after the growth of
CoS, on alkali-treated MX, which can be verified by the
fitting peak at 458.0 eV in Fig. 2d [47]. At the same time,
the peak area ratio of Ti*" and Ti*" increases obviously,
which is due to the electron transfer from CoS, to MX and

© The authors

the formation of Ti—O—Co bond, which is consistent with
the results of density functional theory (DFT) calculation
below (in Fig. 4d). In Fig. 2e—f, the fitting peaks at 781.4
and 797.7 eV of Co 2p spectra correspond to Co—O bonds
[48], which also confirms the formation of Co—O-Ti bonds.
The fitting peaks at 778.9 and 161.8 eV of Co 2p and S 2p
spectra can be attributed to Co-S and S-Co bonds in CoS,
[46, 49]. The above results indicate that MX and CoS, are
connected by oxygen-containing functional groups on MX
surface and Ti—~O—Co bonds are formed between the com-
posite interfaces. Therefore, MX @CoS, composite structure
and electrons transfer are achieved.

3.3 Ion Transference Characteristics and Catalytic
Effects of MCCoS/PP

MX@CoS, composite as separator modification material is
used to construct the separator for Li—S battery. Obstruc-
tion of lithium-ion transference and lengthy transference
path are common problems in traditional Li—S battery

https://doi.org/10.1007/s40820-022-00941-2
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separator modification materials [2]. Therefore, CNTs have
been mixed with MX@CoS, composite for constructing
a multi-dimensional composite frame as the modificated
separator for Li—S battery. CNTs exist between MX@CoS,
nanosheets, which plays a role in preventing nanosheets
from stacking and reserving channels for the rapid passage
of lithium ions. In addition, pure MX separator (M/PP) and
MX mixed CNTs separator (MC/PP) have been also pre-
pared as comparative samples. Then, the lithium-ion trans-
ference number test was carried out [2]. It can be seen from
Fig. 3a that the transference number of PP separator is 0.89.
Due to the stack of MX nanosheets (Fig. S3), MX separa-
tor has a value of 0.69. After CNTs have been introduced,
the existence of CNTs between MX nanosheets provides a
channel for the rapid passage of lithium ions (Fig. S4), so
lithium-ion transference number of MC/PP is restored to
0.89. This scheme is also applied to MX @CoS, composite,
and its lithium-ion transference numbers is kept at 0.87. The
rapid transference of lithium ions has laid a foundation for
ultra-fast rechargeable Li—S battery.

The strong adsorption ability of LiPSs by separator modi-
fied material is the basic guarantee to suppress shuttle effect
[29]. In order to evaluate the LiPSs adsorption capacity of
MCCoS/PP separator, here, the H-type electrolyzer was
designed and used to perform visual adsorption experiments
of Li,S, for different separator samples (Fig. S5). It can be
seen that the common PP separator has no adsorption effect
of Li,S¢. After four hours, Li,S4 completely diffused from
the left side to the right side of the electrolyzer, and the
electrolyte changed color obviously. The MX nanosheets in
the M/PP separator and MC/PP separator can promote the
transformation of LiPSs into thiosulfates due to the existence
of oxygen-containing functional groups on their surfaces,
which has weak blocking ability for LiPSs. Therefore, the
color of LiPSs on the right side become lighter at the same
time. Since the CoS, nanoparticles on the MCCoS/PP sepa-
rator enhance the adsorption and catalysis of LiPSs on the
separator, LiPSs do not diffuse to the right side of the elec-
trolyzer even after 12 h. After 12 h, the liquid in the right
of electrolyzer is sucked and tested by ultraviolet absorp-
tion spectrum (Fig. 3b). It can be seen that the absorption
peak corresponding to LiPSs do not appear for the solution
adsorbed by MCCoS/PP separator, which proves the strong
adsorption capacity of MX@CoS, for LiPSs [50]. The XPS
(Fig. S6) of the adsorbed separator sample has been carried
out, and it can be seen that the peak intensity ratio of Co>*

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

to Co®* increases obviously, which indicates the electron
transfer and strong adsorption capacity of MCCoS/PP sepa-
rator for LiPSs [51].

After verifying the lithium-ion transference and LiPSs
adsorption properties of the separator, the catalytic per-
formance of the main material of the separator has been
tested. Different separator samples were coated on carbon
paper (CP) and assembled into symmetrical battery for
testing (Fig. 3c). It can be seen that MX@CoS,/CP elec-
trode shows higher current density and smaller polariza-
tion voltage than that of CP and MX/CP electrode, which
indicates that MX@CoS, composite structure can obvi-
ously promote the LiPSs conversion reaction [52]. The
electrochemical impedance spectroscopy (EIS) of sym-
metrical battery (Fig. S7) shows that the charge transfer
resistance of MX@CoS,/CP symmetrical battery is the
smallest. It means that the kinetics of LiPSs conversion
on the surface of MX@CoS,/CP has been effectively
improved. The above tests show that MX@CoS, com-
posite can effectively adsorb LiPSs and further catalyze
the transformation of LiPSs. In order to verify the influ-
ence of composite structure on the rate-controlling step
of electrochemical reaction, the deposition experiment of
Li,S has been further carried out (Fig. 3d—e). Compared
with MX/CP electrode, the peak current of the Li,S depo-
sition curve of MX@CoS,/CP electrode appears earlier,
and the peak current is enhanced (0.21 mA at 6310 s
for MX@CoS, and 0.157 mA at 9074 s for MX), which
indicates that the deposition speed of Li,S on the surface
of MX@CoS,/CP electrode is faster. According to Fara-
day’s law, the deposition capacity of Li,S on MX/CP and
MX@CoS,/CP is 253.2 and 326.4 mAh g™, respectively,
which shows that MX @CoS, can promote the deposition
of Li,S. Therefore, Li,S deposition experiment proves
that the conversion from Li,S, to Li,S can be obviously
enhanced, which is due to the catalytic effect of MX @
CoS,. It is also important to evaluate the rate of Li,S dis-
solution on the catalytic matrix, which is another kinetic
indicator for LiPSs conversion. As shown in Fig. 3f-g,
the results show that MX @ CoS,/CP exhibits earlier dis-
solution of Li,S and higher current density than MX/CP
during the potentiostatic charge measurement (0.35 mA
at 6634 s for MX@CoS, and 0.246 mA at 8550 s for
MX). In addition, the dissolving capacity of Li,S on
MX@CoS,/CP (315.5 mAh g~!) is higher than that of
MX/CP (245.6 mAh g~!). The above results show that

@ Springer
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the different separators

MX@CoS, can not only accelerate the rate-controlling
step from Li,S, to Li,S (reduction process), but also pro-
mote the dissolution of insoluble Li,S (oxidation pro-
cess). This shows that the multi-dimensional composite
frame separator has bifunctional catalytic effect on LiPSs

© The authors

conversion, which plays an important role in ultra-fast
charge Li-S battery.

Electrochemical tests of Li—S battery have been further
executed to evaluate the bifunctional catalytic effect of
multi-dimensional composite frame separator (MCCoS/

https://doi.org/10.1007/s40820-022-00941-2
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PP) on oxidation and reduction processes. In Fig. 3h, CV
curves of Li—S battery modified by different separators are
compared. Peak 1 and Peak 2 are attributed to the reduc-
tion of Sg to Li,S, and the conversion of Li,S, to solid
Li,S, while Peak 3 represents the conversion of insolu-
ble Li,S to Sg. The peak intensities of the battery with
MCCoS/PP separator are improved, and the potential dif-
ference between the oxidation peak and the reduction peak
is reduced (Figs. 3h and S8), which indicates the reaction
kinetics and reversibility of sulfur redox are facilitated.
Tafel diagram based on CV curves (Fig. 3i) shows that
the Li-—S battery with MCCoS/PP separator has the small-
est Tafel slope in both oxidation and reduction process,
which also indicates the rapid transformation between
LiPSs [53]. EIS (Fig. S9) further confirms this conclu-
sion. The Li-S battery with MCCoS/PP separator has the
smallest equivalent series resistance and charge transfer
resistance. In addition, the activation energy from Li,S,
to Li,S (Fig. 3j) is calculated according to the Arrhenius
formula:

jox A x e Ed/RT (1)

where j refers to the peak current density, A refers to the
pre-factor, E, refers to the activation energy, R refers to the
universal gas constant, and T refers to the Degree Kelvin
[51]. By fitting the slope of the line at different tempera-
tures, the calculated activation energy of the Li—S battery
with MCCoS/PP separator is 1.71 kJ mol~! lower than that
of M/PP separator (Fig. S10). This reflects that the com-
posite structure between CoS, and MX promotes sulfur
reaction kinetics in the reduction process. Figure 3k shows
the influence of different separator samples on the decom-
position energy barrier of Li,S from the charging curve. It
can be seen that the charging curve "inverted V" of Li—S
battery with MCCoS/PP separator is not obvious. This
shows that MCCoS/PP separator plays a positive role in
the decomposition of Li,S, which can greatly promote the
oxidation process. Thus, the bifunctional catalytic effect of
multi-dimensional composite frame separator on the redox
process of Li—S battery is verified, and this shows great
significance for ultra-fast charging Li—S battery.

In order to further explain the electrocatalytic perfor-
mance of MX@CoS, composite at atomic level, DFT cal-
culation has been carried out. Figure 4a shows the Gibbs
free energy diagram of the reaction from Sg to Li,S.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

According to the calculation results of Gibbs free energy,
it can be seen that the reaction from Sy to Li,Sg is sponta-
neous, and the transformation from Li,Sg to Li,S; is close
to thermodynamic equilibrium. Therefore, the slow redox
reaction kinetics between sulfur and LiPSs in Li-S bat-
tery is mainly attributed to the transformation of Li,S¢
to Li,S, and Li,S. Under the catalysis of MX@CoS,, the
reaction free energy of the rate-controlling step is only
0.46, 0.69, and 0.45 eV, which is far lower than that of the
common MX (0.54, 0.84, and 0.56 eV) and the reported
graphene (1.21 eV) [54]. This indicates that the presence
of CoS, on MX can effectively reduce the reaction barrier
from Li,S¢ to Li,S, and Li,S [55]. In addition, the binding
energy between MX@CoS, and LiPSs is higher than that
of MX (Fig. 4b), which means that the composite struc-
ture between CoS, and MX can significantly enhance its
adsorption of LiPSs [56]. This is consistent with previous
electrochemical test results and visual adsorption experi-
ment results.

Then, the density of states (DOS) of MX, CoS,, and
MX@CoS, has been calculated (Fig. 4c). It can be seen
that the introduction of CoS, increases the density of states
at Fermi level and improves the overall conductivity of the
composite, which is beneficial to charge transfer in the cata-
Iytic process [57, 58]. This can also be proved from the cal-
culation results of differential charge density of MX@CoS,
composite (Fig. 4d). The calculation results show that CoS,
transfers electrons to MX, which reduces the valence state of
Ti, resulting in the change of charge distribution center and
the DOS. The increase in DOS at fermi surface can enhance
the charge transfer between the composite and LiPSs, thus
affecting the catalytic performance [50]. Figure 4e shows
that the energy barrier of Li,S decomposition on MX@CoS,
(0.3 eV) is much lower than that on MX (0.46 eV), which
is consistent with the experimental results of charge curve
[52]. It shows that charge transfer at MX@CoS, composite
interface can effectively promote the decomposition of Li,S
and accelerate the oxidation process of Li—S battery. To sum
up, the introduction of CoS, nanoparticles on common MX
can not only enhance the interaction between MX@CoS,
and LiPSs, but also effectively promote the kinetics of LiPSs
conversion reaction. This dynamic transition is bifunctional,
which not only accelerates the rate-controlling step in the
reduction process but also promotes the dissociation of Li,S
in the oxidation process [59]. It shows that the MX@CoS,
composite structure is all-round to improve the performance
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of Li-S battery, especially for construction of ultra-fast
charging Li-S battery.

3.4 Electrochemical Performance of Li-S Batteries
with MCCoS/PP

Due to the bifunctional catalytic activity of MCCoS/
PP separator, the redox transformation of LiPSs is pro-
moted, and the ion diffusion in active materials (Figs.
S11 and S12) is enhanced [60]. The Li-S battery with

© The authors

multi-dimensional composite frame separator exhibits
super-high rate capability and ultra-fast charging. The rate
performance of Li—S battery with various separators at dif-
ferent current densities from 0.1 to 20 C (1C=1672 mAh
g~ 1) has been tested (Fig. 5a). The battery with MCCoS/
PP separator provides high specific capacity of 1340.7,
1117.2, 866.5,715.3, 661.2, and 368.6 mAh g_1 at current
densities of 0.1, 0.5, 2, 5, 10, and 20C, and when current
densities return to 0.1C, it has a specific capacity of 1241.3
mAh g!. In contrast, the rate performance of Li—S battery
with other separators is not satisfactory. It can be seen that

https://doi.org/10.1007/s40820-022-00941-2
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the battery with MCCoS/PP separator can maintain a good
charge—discharge platform even at the ultra-high current
density of 20C (Fig. 5b). Due to the capacity contribu-
tion of the separator material itself, the first few cycles of
the battery equipped with the MCCoS/PP separator at a
current density of 0.1C exceeded the theoretical specific
capacity. To quantify the impact of the separator material
on the test, lithium-ion batteries (LIBs) were assembled
and operated within the same voltage window as Li-S
batteries. The detailed information is described in Sup-
porting information, and the result is shown in Figs. S13
and S14. After removing the extra capacity, the Li—S bat-
tery equipped with the MCCoS/PP separator still shows

SHANGHAI JIAO TONG UNIVERSITY PRESS

an ultrafast charging capability superior to the batteries
equipped with other separators. Compared to the previ-
ously reported Li—S battery with other MX-based materi-
als (Fig. 5c and Table S1), the Li—S battery with MCCoS/
PP separator (this work) has higher specific capacity than
other types of battery either at low current density or at
high current density [27, 38, 53, 61-66]. Especially when
the current density is greater than 10C, similar Li—S bat-
tery cannot bear it due to the slow kinetics and ion trans-
ference, but the battery with MCCoS/PP separator can
still continue to work and provide a specific capacity of
368.6 mAh g~! even at 20C. It is impossible to achieve
excellent rate performance only by accelerating kinetics or
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realizing rapid ion transmission (Fig. S15). All these are
attributed to the combined action of bifunctional catalysis
and rapid ion transmission of multi-dimensional composite
frame separator, thus achieving a great breakthrough in
rate performance.

In addition to excellent rate performance, the multi-dimen-
sional composite frame separator also promotes the reversibility
and the cycling performance of Li-S battery. During the cycling
processes, MCCoS/PP separator makes sulfur redistribute on
the composite structure. Sulfur is dispersed and fixed on the
composite structure separator, which inhibits the shuttle effect
of LiPSs, improves the utilization of active materials and slows
down the growth rate of lithium dendrites (Figs. S16 and S17),
so that the cycle stability and coulombic efficiency (CE) (Fig.
S18) of the battery with MCCoS/PP separator are also very
prominent compared with similar Li—S battery. Figure 5d shows
the cycling performance at 0.1C. It can be seen that the bat-
tery with MCCoS/PP separator has higher capacity than other
separator samples, even after removing the capacity contribu-
tion of the separator material (Fig. S19). The cycling perfor-
mance of the MCCoS/PP modified battery with high sulfur
loading and low electrolyte/sulfur (E/S) has been also evalu-
ated (Fig. 5e). The MCCoS/PP modified battery shows high
specific capacity of 826.1 mAh g™, high areal capacity of 6.34
mAh cm~2 at 0.1C and high stability even under high sulfur
load (7.7 mg cm™2) and low electrolyte/sulfur ratio of 7.5 pL
mg !, Its area capacity is 1.5 times that of commercial lithium-
ion battery (4 mAh cm™2), which shows great significance to
the commercialization of Li-S battery. Finally, the long-cycle
performance of Li—S battery with MCCoS/PP separator was
tested at a high current density of 7C (Fig. 5f). It is found that
the battery with MCCoS/PP separator shows a high initial dis-
charge capacity of 698.1 mAh g~!, and after 1000 cycles, the
capacity decay per cycle is only 0.033%. Moreover, the CE of
the battery remains at 99%-100% for 1000 cycles. The excellent
cycling performance not only comes from the excellent adsorp-
tion and catalysis of LiPSs by MX@CoS, composites, but also
benefits from the existence of CNTs. The existence of CNTs
avoids the stacking of sheet-like structures and provides more
LiPSs adsorption and catalytic sites, which are also important
for the improvement of the energy density and cycle retention
of Li-S battery. Compared with the similar work (Fig. 5g and
Table S1), this work can achieve the lower capacity attenuation
and long-cycle performance at higher current density.

© The authors

4 Conclusions

The multi-dimensional composite frame, composed of
CoS, nanoparticles on alkali-treated MX nanosheets and
CNTs, has been proposed as the bifunctional catalytic
modified separator of Li—S battery. Ti-O—Co bonds and
electron transfers from CoS, to MX are observed in the
MX@CoS, composite structure, which are also verified
by the differential charge density calculation. The MX @
CoS, composite structure improves the adsorption and
catalytic abilities of the separator to LiPSs and then effec-
tively inhibits the LiPSs shuttle effect and accelerates the
oxidation—reduction reaction kinetics of sulfur and LiPSs.
CNTs in the multi-dimensional composite frame separa-
tor guarantee channels for the rapid passage of lithium
ions by preventing nanosheets from stacking. Based on the
experiments and theoretical calculations, it is found that
the multi-dimensional composite frame separator can not
only promote conversion from Li,S, to Li,S in the reduc-
tion process, but also effectively reduce the decomposition
barrier of Li,S in the oxidation process. This is attributed
to the effect of the composite structure between MX and
CoS, on the overall density of states of the system. Due
to the bifunctional catalysis and rapid ion transmission of
multi-dimensional composite frame separator, the Li—S
battery with MCCoS/PP separator achieves super-high rate
performance with a specific capacity of 368.6 mAh g~ at
20C. During the cycling processes, MCCoS/PP separator
makes sulfur redistribute on the composite structure, and
sulfur is dispersed and fixed on the composite structure
separator. The Li-—S battery also shows ultra-low capacity
attenuation rate of 0.033% in 1000 cycles at 7C. This work
may provide important guidance for the next generation of
Li-S battery with high power density and long cycling life.

Acknowledgements This work was financially supported by the
Gansu Provincial Natural Science Foundation of China (Nos.
21JR7RA493, 17JR5RA198, 2020HZ-2, 21JR7RA470), the
Cooperation project of Gansu Academy of Sciences (2020HZ-
2), the Fundamental Research Funds for the Central Universities
(Nos. 1zujbky-2018-119, 1zujbky-2018-ct08, 1zujbky-2019-it23),
and Key Areas Scientific and Technological Research Projects in
Xinjiang Production and Construction Corps (No. 2018AB004),
Hubei University of Arts and Science (No. 2020kypytd002) and
Xiangyang Science and Technology Research and Development
(No. 2020YL09).

https://doi.org/10.1007/s40820-022-00941-2



Nano-Micro Lett. (2022) 14:196

Page 13 0f 15 196

Funding Open access funding provided by Shanghai Jiao Tong
University.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-022-00941-2.

References

1. J. Kim, DJ. Lee, H.G. Jung, Y.K. Sun, J. Hassoun et al., An
advanced lithium-sulfur battery. Adv. Funct. Mater. 23(8),
1076-1080 (2013). https://doi.org/10.1002/adfm.201200689

2. J. Wang, S. Yi, J. Liu, S. Sun, Y. Liu et al., Suppressing the
shuttle effect and dendrite growth in lithium—sulfur batteries.
ACS Nano 14(8), 9819-9831 (2020). https://doi.org/10.1021/
acsnano.0c02241

3. B. Jiang, D. Tian, Y. Qiu, X. Song, Y. Zhang et al., High
index faceted nanocrystals as highly efficient bifunctional
electrocatalysts for high-performance lithium—sulfur batter-
ies. Nano-Micro Lett. 14, 40 (2022). https://doi.org/10.1007/
$40820-021-00769-2

4. Z. Ye, Y. Jiang, L. Li, F. Wu, R. Chen, Rational design of
MOF-based materials for next-generation rechargeable batter-
ies. Nano-Micro Lett. 13, 203 (2021). https://doi.org/10.1007/
$40820-021-00726-z

5. R.Wu, S. Chen, J. Deng, X. Huang, Y. Song et al., Hierarchi-
cally porous nitrogen-doped carbon as cathode for lithium—
sulfur batteries. J. Energy Chem. 27(6), 1661-1667 (2018).
https://doi.org/10.1016/j.jechem.2018.02.010

6. T.Li, X. Bai, U. Gulzar, Y.J. Bai, C. Capiglia et al., A compre-
hensive understanding of lithium—sulfur battery technology.
Adv. Funct. Mater. 29(32), 1901730 (2019). https://doi.org/
10.1002/adfm.201901730

7. M. Zhang, W. Chen, L. Xue, Y. Jiao, T. Lei et al., Adsorption-
catalysis design in the lithium-sulfur battery. Adv. Energy
Mater. 10(2), 1903008 (2020). https://doi.org/10.1002/aenm.
201903008

8. X.Huang, J. Tang, B. Luo, R. Knibbe, T. Lin et al., Sandwich-
like ultrathin TiS, nanosheets confined within N, S codoped

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

porous carbon as an effective polysulfide promoter in lithium-
sulfur batteries. Adv. Energy Mater. 9(32), 1901872 (2019).
https://doi.org/10.1002/aenm.201901872

Z. Cheng, Z. Xiao, H. Pan, S. Wang, R. Wang, Elastic sand-
wich-Type rGO-VS,/S composites with high tap density:
structural and chemical cooperativity enabling lithium—sulfur
batteries with high energy density. Adv. Energy Mater. 8(10),
1702337 (2018). https://doi.org/10.1002/aenm.201702337
S.D. Seo, D. Park, S. Park, D.W. Kim, “Brain-coral-like”
mesoporous hollow CoS,@N-doped graphitic carbon
nanoshells as efficient sulfur reservoirs for lithium—sulfur bat-
teries. Adv. Funct. Mater. 29(38), 1903712 (2019). https://doi.
org/10.1002/adfm.201903712

S. Li, P. Xu, M.K. Aslam, C. Chen, A. Rashid et al., Propelling
polysulfide conversion for high-loading lithium—sulfur batter-
ies through highly sulfiphilic NiCo,S, nanotubes. Energy Stor-
age Mater. 27, 51-60 (2020). https://doi.org/10.1016/j.ensm.
2020.01.017

Y. Wei, P. Zhang, R.A. Soomro, Q. Zhu, B. Xu, Advances in
the Synthesis of 2D MXenes. Adv. Mater. 33(39), 2103148
(2021). https://doi.org/10.1002/adma.202103148

Q. Zhao, Q. Zhu, Y. Liu, B. Xu, Status and prospects of
MXene-based lithium—sulfur batteries. Adv. Funct. Mater.
31(21), 2100457 (2021). https://doi.org/10.1002/adfm.
202100457

J.Q. Huang, Q. Zhang, F. Wei, Multi-functional separator/
interlayer system for high-stable lithium-sulfur batteries:
progress and prospects. Energy Storage Mater. 1, 127-145
(2015). https://doi.org/10.1016/j.ensm.2015.09.008

L. Fan, M. Li, X. Li, W. Xiao, Z. Chen et al., Interlayer
material selection for lithium-sulfur batteries. Joule 3(2),
361-386 (2019). https://doi.org/10.1016/j.joule.2019.01.003

J. Luo, E. Matios, H. Wang, X. Tao, W. Li, Interfacial struc-
ture design of MXene-based nanomaterials for electrochemi-
cal energy storage and conversion. Infomat 2(6), 1057-1076
(2020). https://doi.org/10.1002/inf2.12118

K. Liang, A. Tabassum, A. Majed, C. Dun, F. Yang et al.,
Synthesis of new two-dimensional titanium carbonitride
Ti,Cy 5Ny sT, MXene and its performance as an electrode
material for sodium-ion battery. Infomat 3(12), 1422-1430
(2021). https://doi.org/10.1002/inf2.12269

. S. Zhang, N. Zhong, X. Zhou, M. Zhang, X. Huang et al.,

Comprehensive design of the high-sulfur-loading Li—S bat-
tery based on MXene nanosheets. Nano-Micro Lett. 12, 112
(2020). https://doi.org/10.1007/s40820-020-00449-7

L. Jiao, C. Zhang, C. Geng, S. Wu, H. Li et al., Capture
and catalytic conversion of polysulfides by in situ built
TiO,-MXene heterostructures for lithium—sulfur batteries.
Adv. Energy Mater. 9(19), 1900219 (2019). https://doi.org/
10.1002/aenm.201900219

D. Xiong, S. Huang, D. Fang, D. Yan, G. Li et al., Porosity
engineering of MXene membrane towards polysulfide inhi-
bition and fast lithium ion transportation for lithium—sulfur
batteries. Small 17(34), 2007442 (2021). https://doi.org/10.
1002/sml11.202007442

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-022-00941-2
https://doi.org/10.1007/s40820-022-00941-2
https://doi.org/10.1002/adfm.201200689
https://doi.org/10.1021/acsnano.0c02241
https://doi.org/10.1021/acsnano.0c02241
https://doi.org/10.1007/s40820-021-00769-2
https://doi.org/10.1007/s40820-021-00769-2
https://doi.org/10.1007/s40820-021-00726-z
https://doi.org/10.1007/s40820-021-00726-z
https://doi.org/10.1016/j.jechem.2018.02.010
https://doi.org/10.1002/adfm.201901730
https://doi.org/10.1002/adfm.201901730
https://doi.org/10.1002/aenm.201903008
https://doi.org/10.1002/aenm.201903008
https://doi.org/10.1002/aenm.201901872
https://doi.org/10.1002/aenm.201702337
https://doi.org/10.1002/adfm.201903712
https://doi.org/10.1002/adfm.201903712
https://doi.org/10.1016/j.ensm.2020.01.017
https://doi.org/10.1016/j.ensm.2020.01.017
https://doi.org/10.1002/adma.202103148
https://doi.org/10.1002/adfm.202100457
https://doi.org/10.1002/adfm.202100457
https://doi.org/10.1016/j.ensm.2015.09.008
https://doi.org/10.1016/j.joule.2019.01.003
https://doi.org/10.1002/inf2.12118
https://doi.org/10.1002/inf2.12269
https://doi.org/10.1007/s40820-020-00449-7
https://doi.org/10.1002/aenm.201900219
https://doi.org/10.1002/aenm.201900219
https://doi.org/10.1002/smll.202007442
https://doi.org/10.1002/smll.202007442

196

Page 14 of 15

Nano-Micro Lett. (2022) 14:196

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

P. Li, H. Lv, Z. Li, X. Meng, Z. Lin et al., The electrostatic
attraction and catalytic effect enabled by ionic—covalent
organic nanosheets on MXene for separator modification
of lithium—sulfur batteries. Adv. Mater. 33(17), 2007803
(2021). https://doi.org/10.1002/adma.202007803

J. Xia, W. Chen, Y. Yang, X. Guan, T. Yang et al., In-situ
growth of ultrathin sulfur microcrystal on MXene-based 3D
matrice for flexible lithium—sulfur batteries. EcoMat 4(3),
e12183 (2022). https://doi.org/10.1002/eom2.12183

M. Xu, L. Liang, J. Qi, T. Wu, D. Zhou et al., Intralayered
Ostwald ripening-induced self-catalyzed growth of CNTs
on MXene for robust lithium—sulfur batteries. Small 17(17),
2007446 (2021). https://doi.org/10.1002/sml1.202007446

S. Nam, J. Kim, V.H. Nguyen, M. Mahato, S. Oh et al., Col-
lectively exhaustive MXene and graphene oxide multilayer
for suppressing shuttling effect in flexible lithium sulfur bat-
tery. Adv. Mater. Technol. 7(5), 2101025 (2022). https://doi.
org/10.1002/admt.202101025

J. Nan, X. Guo, J. Xiao, X. Li, W. Chen et al., Nanoengineer-
ing of 2D MXene-based materials for energy storage applica-
tions. Small 17(9), 1902085 (2019). https://doi.org/10.1002/
smll.201902085

X. Tang, X. Guo, W. Wu, G. Wang, 2d metal carbides and
nitrides (mxenes) as high-performance electrode materials for
lithium-based batteries. Adv. Energy Mater. 8(33), 1801897
(2018). https://doi.org/10.1002/aenm.201801897

M. Zhao, X. Xie, C.E. Ren, T. Makaryan, B. Anasori et al.,
Hollow MXene spheres and 3D macroporous MXene frame-
works for Na-ion storage. Adv. Mater. 29(37), 1702410 (2017).
https://doi.org/10.1002/adma.201702410

C.F. Du, X. Sun, H. Yu, W. Fang, Y. Jing et al., V,C;T,
MXene: a promising active substrate for reactive surface
modification and the enhanced electrocatalytic oxygen evolu-
tion activity. Infomat 2(5), 950-959 (2020). https://doi.org/10.
1002/inf2.12078

P. Zeng, L. Huang, X. Zhang, Y. Han, Y. Chen, Inhibiting
polysulfides diffusion of lithium-sulfur batteries using an
acetylene Black-CoS, modified separator: mechanism research
and performance improvement. Appl. Surf. Sci. 427, 242-252
(2018). https://doi.org/10.1016/j.apsusc.2017.08.062

Y. Boyjoo, H. Shi, Q. Tian, S. Liu, J. Liang et al., Engineering
nanoreactors for metal-chalcogen batteries. Energy Environ.
Sci. 14(2), 540-575 (2021). https://doi.org/10.1039/DOEEO
3316B

H. Shi, J. Qin, P. Lu, C. Dong, J. He et al., Interfacial engi-
neering of bifunctional niobium (V)-based heterostructure
nanosheet toward high efficiency lean-electrolyte lithium—sul-
fur full batteries. Adv. Funct. Mater. 31(28), 2102314 (2021).
https://doi.org/10.1002/adfm.202102314

H. Shi, X. Zhao, Z. Wu, Y. Dong, P. Lu et al., Free-standing
integrated cathode derived from 3D graphene/carbon nanotube
aerogels serving as binder-free sulfur host and interlayer for
ultrahigh volumetric-energy-density lithium sulfur batteries.
Nano Energy 60, 743-751 (2019). https://doi.org/10.1016/j.
nanoen.2019.04.006

© The authors

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

C. Zhang, L. Cui, S. Abdolhosseinzadeh, J. Heier, Two-
dimensional MXenes for lithium—sulfur batteries. Infomat
2(4), 613-638 (2020). https://doi.org/10.1002/inf2.12080

D. Xiong, X. Li, Z. Bai, S. Lu, Recent advances in layered
Ti;C,T, MXene for electrochemical energy storage. Small
14(17), 1703419 (2018). https://doi.org/10.1002/sm11.20170
3419

J. Liu, A. Wei, G. Pan, Q. Xiong, F. Chen et al., Atomic layer
deposition-assisted construction of binder-free Ni@N-doped
carbon nanospheres films as advanced host for sulfur cath-
ode. Nano-Micro Lett. 11, 64 (2019). https://doi.org/10.1007/
540820-019-0295-8

Q. Zhao, Q. Zhu, J. Miao, P. Zhang, P. Wan et al., Flexible 3D
porous MXene foam for high-performance lithium-ion batter-
ies. Small 15(51), 1904293 (2019). https://doi.org/10.1002/
smll.201904293

P. Liu, L. Qu, X. Tian, Y. Yi, J. Xia et al., Ti;C,T,/graphene
oxide free-standing membranes as modified separators for
lithium—sulfur batteries with enhanced rate performance. ACS
Appl. Energy Mater. 3, 2708-2718 (2020). https://doi.org/10.
1021/acsaem.9b02385

Y. Dong, S. Zheng, J. Qin, X. Zhao, H. Shi et al., All-MXene-
based integrated electrode constructed by Ti;C, nanoribbon
framework host and nanosheet interlayer for high-energy-
density Li-S batteries. ACS Nano 12(3), 2381-2388 (2018).
https://doi.org/10.1021/acsnano.7b07672

H. Tang, W. Li, L. Pan, C.P. Cullen, Y. Liu et al., In situ
formed protective barrier enabled by sulfur@titanium carbide
(MXene) ink for achieving high-capacity, long lifetime Li—S
batteries. Adv. Sci. 5(9), 1800502 (2018). https://doi.org/10.
1002/advs.201800502

Y. Boyjoo, H. Shi, E. Olsson, Q. Cai, Z. Wu et al., Molecular-
level design of pyrrhotite electrocatalyst decorated hierarchi-
cal porous carbon spheres as nanoreactors for lithium—sulfur
batteries. Adv. Energy Mater. 10(20), 2000651 (2020). https://
doi.org/10.1002/aenm.202000651

S. Zhang, H. Shi, J. Tang, W. Shi, Z. Wu et al., Super-aligned
films of sub-1 nm Bi,0;-polyoxometalate nanowires as inter-
layers in lithium-sulfur batteries. Sci. China Mater. 64, 2949—
2957 (2021). https://doi.org/10.1007/s40843-021-1688-7

H. Shi, Y. Dong, F. Zhou, J. Chen, Z. Wu, 2D hybrid inter-
layer of electrochemically exfoliated graphene and Co(OH),
nanosheet as a bi-functionalized polysulfide barrier for high-
performance lithium—sulfur batteries. J. Phys. Energy 1(1),
015002 (2018). https://doi.org/10.1088/2515-7655/aadef6

7. Zhao, H. Su, S. Li, C. Li, Z. Liu et al., Ball-in-ball struc-
tured SnO, @FeOOH @C nanospheres toward advanced anode
material for sodium ion batteries. J. Alloys Comput. 838,
155394 (2020). https://doi.org/10.1016/j.jallcom.2020.155394
D. Zhao, R. Zhao, S. Dong, X. Miao, Z. Zhang et al., Alkali-
induced 3D crinkled porous Ti;C, MXene architectures cou-
pled with NiCoP bimetallic phosphide nanoparticles as anodes
for high-performance sodium-ion batteries. Energy Environ.
Sci. 12(8), 24222432 (2019). https://doi.org/10.1039/COEEQ
0308H

https://doi.org/10.1007/s40820-022-00941-2


https://doi.org/10.1002/adma.202007803
https://doi.org/10.1002/eom2.12183
https://doi.org/10.1002/smll.202007446
https://doi.org/10.1002/admt.202101025
https://doi.org/10.1002/admt.202101025
https://doi.org/10.1002/smll.201902085
https://doi.org/10.1002/smll.201902085
https://doi.org/10.1002/aenm.201801897
https://doi.org/10.1002/adma.201702410
https://doi.org/10.1002/inf2.12078
https://doi.org/10.1002/inf2.12078
https://doi.org/10.1016/j.apsusc.2017.08.062
https://doi.org/10.1039/D0EE03316B
https://doi.org/10.1039/D0EE03316B
https://doi.org/10.1002/adfm.202102314
https://doi.org/10.1016/j.nanoen.2019.04.006
https://doi.org/10.1016/j.nanoen.2019.04.006
https://doi.org/10.1002/inf2.12080
https://doi.org/10.1002/smll.201703419
https://doi.org/10.1002/smll.201703419
https://doi.org/10.1007/s40820-019-0295-8
https://doi.org/10.1007/s40820-019-0295-8
https://doi.org/10.1002/smll.201904293
https://doi.org/10.1002/smll.201904293
https://doi.org/10.1021/acsaem.9b02385
https://doi.org/10.1021/acsaem.9b02385
https://doi.org/10.1021/acsnano.7b07672
https://doi.org/10.1002/advs.201800502
https://doi.org/10.1002/advs.201800502
https://doi.org/10.1002/aenm.202000651
https://doi.org/10.1002/aenm.202000651
https://doi.org/10.1007/s40843-021-1688-7
https://doi.org/10.1088/2515-7655/aadef6
https://doi.org/10.1016/j.jallcom.2020.155394
https://doi.org/10.1039/C9EE00308H
https://doi.org/10.1039/C9EE00308H

Nano-Micro Lett.

(2022) 14:196

Page 150f 15 196

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

W. Bao, X. Xie, J. Xu, X. Guo, J. Song et al., Confined sulfur
in 3 D MXene/reduced graphene oxide hybrid nanosheets for
lithium—sulfur battery. Chem. A Eur. J. 23(51), 12613-12619
(2017). https://doi.org/10.1002/chem.201702387

G. Ai, Q. Hu, L. Zhang, K. Dai, J. Wang et al., Investigation
of the nanocrystal CoS, embedded in 3D honeycomb-like gra-
phitic carbon with a synergistic effect for high-performance
lithium sulfur batteries. ACS Appl. Mater. Interfaces 11(37),
33987-33999 (2019). https://doi.org/10.1021/acsami.9b11561

L. Hong, S. Ju, Y. Yang, J. Zheng, G. Xia et al., Hollow-
shell structured porous CoSe, microspheres encapsulated
by MXene nanosheets for advanced lithium storage. Sustain.
Energy Fuels 4(5), 2352-2362 (2020). https://doi.org/10.1039/
CI9SEO01271K

M. Jing, M. Zhou, G. Li, Z. Chen, W. Xu et al., Graphene-
embedded Co;0, rose-spheres for enhanced performance
in lithium ion batteries. ACS Appl. Mater. Interfaces 9(11),
9662-9668 (2017). https://doi.org/10.1021/acsami.6b16396

Y. Li, R. Guo, Y. Sun, Y. Wang, W. Liu et al., Synthesis of
CoS, nanoparticles/nitrogen-doped graphitic carbon/carbon
nanotubes composite as an advanced anode for sodium-ion
batteries. ChemElectroChem 7(13), 2752-2761 (2020).
https://doi.org/10.1002/celc.201902053

C.Ma, Y. Zhang, Y. Feng, N. Wang, L. Zhou et al., Engineer-
ing Fe—N coordination structures for fast redox conversion
in lithium—sulfur batteries. Adv. Mater. 33, 2100171 (2021).
https://doi.org/10.1002/adma.202100171

Z. Ye, Y. Jiang, L. Li, F. Wu, R. Chen, Self-assembly of
0D-2D heterostructure electrocatalyst from MOF and MXene
for boosted lithium polysulfide conversion reaction. Adv.
Mater. 33, 2101204 (2021). https://doi.org/10.1002/adma.
202101204

X. Huang, J. Tang, T. Qiu, R. Knibbe, Y. Hu et al., Nano-
confined topochemical conversion from MXene to ultrathin
non-layered tin nanomesh toward superior electrocatalysts
for lithium-sulfur batteries. Small 17(32), 2101360 (2021).
https://doi.org/10.1002/smll.202101360

J. Xu, L. Yang, S. Cao, J. Wang, Y. Ma et al., Sandwiched
cathodes assembled from CoS,-modified carbon clothes for
high-performance lithium-sulfur batteries. Adv. Sci. 8(16),
2101019 (2021). https://doi.org/10.1002/advs.202101019

Z. Du, X. Chen, W. Hu, C. Chuang, S. Xie et al., Cobalt in
nitrogen-doped graphene as single-atom catalyst for high-sul-
fur content lithium—sulfur batteries. J. Am. Chem. Soc. 141(9),
3977-3985 (2019). https://doi.org/10.1021/jacs.8b12973

D. Yang, Z. Liang, C. Zhang, J.J. Biendicho, M. Botifoll et al.,
NbSe, meets C,N: a 2D-2D heterostructure catalysts as mul-
tifunctional polysulfide mediator in ultra-long-life lithium—
sulfur batteries. Adv. Energy Mater. 11(36), 2101250 (2021).
https://doi.org/10.1002/aenm.202101250

W. Wang, L. Huai, S. Wu, J. Shan, J. Zhu et al., Ultrahigh-
volumetric-energy-density lithium—sulfur batteries with lean

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

electrolyte enabled by cobalt-doped MoSe,/Ti;C,T, MXene
bifunctional catalyst. ACS Nano 15(7), 11619-11633 (2021).
https://doi.org/10.1021/acsnano.1c02047

Z. Xiao, Z. Li, P. Li, X. Meng, Z. Lin et al., Ultrafine Ti;C,
MXene nanodots-interspersed nanosheet for high-energy-
density lithium—sulfur batteries. ACS Nano 13(3), 3608-3617
(2019). https://doi.org/10.1021/acsnano.9b00177

D. Zhang, S. Wang, R. Hu, J. Gu, Y. Cui et al., Catalytic con-
version of polysulfides on single atom zinc implanted MXene
toward high-rate lithium—sulfur batteries. Adv. Funct. Mater.
30(30), 2002471 (2020). https://doi.org/10.1002/adfm.20200
2471

Y. Li, P. Zhou, H. Li, T. Gao, L. Zhou et al., A freestanding
flexible single-atom cobalt-based multifunctional interlayer
toward reversible and durable lithium-sulfur batteries. Small
Methods 4(3), 1900701 (2020). https://doi.org/10.1002/smtd.
201900701

Z. Cao, J. Guo, S. Chen, Z. Zhang, Z. Shi et al., In situ syn-
thesis of an ultrafine heterostructural Nb,Os—NbC polysulfide
promotor for high-performance Li-S batteries. J. Mater. Chem.
A 9(38),21867-21876 (2021). https://doi.org/10.1039/D1TAO
5657C

W. Bao, L. Liu, C. Wang, S. Choi, D. Wang et al., Facile
synthesis of crumpled Nitrogen-doped MXene nanosheets as
a new sulfur host for lithium—sulfur batteries. Adv. Energy
Mater. 8(13), 1702485 (2018). https://doi.org/10.1002/aenm.
201702485

L.P. Lv, C.F. Guo, W. Sun, Y. Wang, Strong surface-bound
sulfur in carbon nanotube bridged hierarchical Mo,C-based
MXene nanosheets for lithium—sulfur batteries. Small 15(3),
1804338 (2019). https://doi.org/10.1002/smll.201804338

W. Bao, D. Su, W. Zhang, X. Guo, G. Wang, 3D metal Car-
bide @Mesoporous carbon hybrid architecture as a new poly-
sulfide reservoir for lithium-sulfur batteries. Adv. Funct.
Mater. 26(47), 8746-8756 (2016). https://doi.org/10.1002/
adfm.201603704

Y. Zhang, Z. Mu, C. Yang, Z. Xu, S. Zhang et al., Rational
design of MXene/1T-2H MoS,-C nanohybrids for high-per-
formance lithium—sulfur batteries. Adv. Funct. Mater. 28(38),
1707578 (2018). https://doi.org/10.1002/adfm.201707578

B. Zhang, C. Luo, G. Zhou, Z.Z. Pan, J. Ma et al., Lamellar
MXene composite aerogels with sandwiched carbon nanotubes
enable stable lithium—sulfur batteries with a high sulfur load-
ing. Adv. Funct. Mater. 31(26), 2100793 (2021). https://doi.
org/10.1002/adfm.202100793

H. Zhang, L. Yang, P. Zhang, C. Lu, D. Sha et al., MXene-
derived Ti,O,,_; quantum dots distributed on porous carbon
nanosheets for stable and long-life Li—S batteries: enhanced
polysulfide mediation via defect engineering. Adv. Mater.
33(21), 2008447 (2021). https://doi.org/10.1002/adma.20200
8447

@ Springer


https://doi.org/10.1002/chem.201702387
https://doi.org/10.1021/acsami.9b11561
https://doi.org/10.1039/C9SE01271K
https://doi.org/10.1039/C9SE01271K
https://doi.org/10.1021/acsami.6b16396
https://doi.org/10.1002/celc.201902053
https://doi.org/10.1002/adma.202100171
https://doi.org/10.1002/adma.202101204
https://doi.org/10.1002/adma.202101204
https://doi.org/10.1002/smll.202101360
https://doi.org/10.1002/advs.202101019
https://doi.org/10.1021/jacs.8b12973
https://doi.org/10.1002/aenm.202101250
https://doi.org/10.1021/acsnano.1c02047
https://doi.org/10.1021/acsnano.9b00177
https://doi.org/10.1002/adfm.202002471
https://doi.org/10.1002/adfm.202002471
https://doi.org/10.1002/smtd.201900701
https://doi.org/10.1002/smtd.201900701
https://doi.org/10.1039/D1TA05657C
https://doi.org/10.1039/D1TA05657C
https://doi.org/10.1002/aenm.201702485
https://doi.org/10.1002/aenm.201702485
https://doi.org/10.1002/smll.201804338
https://doi.org/10.1002/adfm.201603704
https://doi.org/10.1002/adfm.201603704
https://doi.org/10.1002/adfm.201707578
https://doi.org/10.1002/adfm.202100793
https://doi.org/10.1002/adfm.202100793
https://doi.org/10.1002/adma.202008447
https://doi.org/10.1002/adma.202008447

	Multi-Dimensional Composite Frame as Bifunctional Catalytic Medium for Ultra-Fast Charging Lithium–Sulfur Battery
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Preparation of MX@CoS2
	2.1.1 Preparation of Ti3C2Tx Nanosheets
	2.1.2 Alkalization Treatment of Ti3C2Tx Nanosheets
	2.1.3 Synthesis of Co Hydroxide Precursors
	2.1.4 Synthesis of Vulcanization

	2.2 Synthesis of Separator
	2.3 Fabrication of the S Cathode

	3 Results and Discussion
	3.1 Synthesis of MX@CoS2 and Modified Separator
	3.2 Structure Characterization of MX@CoS2
	3.3 Ion Transference Characteristics and Catalytic Effects of MCCoSPP
	3.4 Electrochemical Performance of Li–S Batteries with MCCoSPP

	4 Conclusions
	Acknowledgements 
	References




