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All-Solid-State Li-S Batteries Enhanced by Interface
Stabilization and Reaction Kinetics Promotion through 2D

Transition Metal Sulfides

Xiao Sun, Daxian Cao, Ying Wang, Tongtai i, Wentao Liang, and Hongli Zhu*

All-solid-state lithium-sulfur batteries (ASSLSBs) based on sulfide solid-state
electrolytes (SSEs) provide prospectively high energy density and safety.
However, the low conductivity and sluggish reaction kinetic of sulfur cathode
limit its commercialization. The use of carbon additives can improve the
electrical conductivity but accelerates the decomposition of SSEs. Herein, a
highly conductive carbon fiber decorated with hybrid 1T/2H MoS, nanosheets
is designed. The high chemical and electrochemical compatibility among
MoS, and sulfide SSE can greatly improve the stability of the cathode and
therefore maintain pristine interfaces. The uniform distribution of electrical-
conductive metallic 1T MoS, on carbon fiber benefits the electron transfer
between carbon and sulfur. Meanwhile, the layered structure of MoS, can

be intercalated by a large amount of Li ions facilitating ionic and electronic
conductivity. In consequence, the charge transfer and reaction kinetics are
greatly enhanced, and the decomposition of SSEs is successfully relieved.

As a result, the ASSLSB delivers an ultrahigh initial discharge and charge
capacity of 1456 and 1470 mAh g at 0.05 C individually with ultrahigh
coulombic efficiency and maintains high capacity retention of 78%

after 220 cycles. The batteries also obtain a remarkable rate performance

of 1069 mAh g'at1C.

1. Introduction

Lithium-ion batteries (LiBs) play an important role in daily life,
including portable electronics, electric vehicles, and large-scale
grid storage.! The U.S. government sets a goal that 50% of new
U.S. vehicles should be electrically powered by 2030.12] However,
commercial LiBs fabricated based on LiCoO, cathode, graphite
anode, and organic liquid electrolyte show limited energy den-
sities of 250 Wh kg™ and high safety risks.l’) It is urgent to
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develop safe and high-energy-density bat-
teries, and all-solid-state lithium-sulfur
batteries (ASSLSBs) are a highly prom-
ising candidate. Lithium-sulfur (Li-S) bat-
tery owns an ultrahigh theoretical energy
density of 2500 Wh kg L. However, Li-S
batteries are generally facing the low cou-
lombic efficiency and fast capacity decay
caused by the severe polysulfide shuttle
effects in liquid electrolyte. ASSLSBs thus
come to priority due to their merits of
1) eliminating polysulfide shuttle effects;
2) potentially higher energy density than
traditional LiBs using liquid electrolytes;
and 3) superior safety.

Among various solid-state electrolytes
(SSEs), sulfide-based electrolytes are the
top candidate for ASSLSBs due to their
superior room-temperature ionic conduc-
tivities (>1 mS cm™) and high processi-
bility. Furthermore, sulfide SSEs exhibit
good chemical and electrochemical stability
with the sulfur; thus, no need to fabricate
extra costly and complicated interface engi-
neering on the cathode surface. Unfortu-
nately, although great efforts have been
made, the performance of the ASSLSBs are still not comparable
with Li-S batteries using liquid electrolyte.” The challenges are:
1) low utilization of sulfur caused by low ion and electron con-
ductions in the cathode because sulfur is both electronic and
ionic insulating; 2) huge interfacial resistance due to the contact
loss caused by the large volume change of sulfur during cycling;
3) sluggish reaction kinetics and higher thermodynamic barriers
because of the one-step reaction from Sg to Li,S in all-solid-state
reactions; and 4) sulfide SSEs behave narrow electrochemical
stability window (ESW) of 1.7-2.3 V (vs Li/Li*), the addition
of carbon can accelerate the decomposition of sulfide SSEg
when the voltage exceeds the ESW, resulting in enlarged inter-
face impedance, low capacity, low coulombic efficiency, and
poor cycling stability. Porous carbon additives with high surface
area have been used to address the first two challenges through
enhanced electron conduction, increased reaction sites, and
accommodated volume expansion.l®”] However, the third and
fourth challenge is still a lack of attention and investigation in
ASSLSBs. It is important to use advanced additives to boost the
reaction kinetics of sulfur and relieve the decomposition of SSEs.

Transition metal sulfides have been reported that can sig-
nificantly boost the reaction kinetics of the Li-S batteries in

© 2022 Wiley-VCH GmbH
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liquid electrolytes, and MoS, is one of the most investigated
candidates.®% MoS, manifests in three different polymorphs
which are defined as trigonal 1T, hexagonal 2H, and rhombo-
hedral 3R. The unique chemical peculiarities of MoS, enable
its prospective application in ASSLSBs. First, owing to the high
ion conductivity obtained after lithiation, MoS, has been used
as the interface stabilizing layer between the liquid electrolyte
and Li metal anode.'>' Second, 1T MoS, owns 10°~10° times
higher electrical conductivity than 2H MoS,, which benefits
the charge transfer.’3) Third, MoS, can boost the conversion
reaction kinetics of sulfur through a catalyst effect in Li-S bat-
teries.®™ Fourth, MoS, as a metal sulfide has excellent chem-
ical and electrochemical stability with both sulfur and sulfide
SSEs. However, compared to the application in Li-S batteries
using liquid electrolytes,'">] MoS, has rarely been investigated
as advanced additives in ASSLSBs.

In this work, we rationally designed a functionalized con-
ductive additive with high surface area, high conductivity,
and core—shell carbon fibers decorated with hybrid 1T/2H
MoS, nanosheets and successfully applied it in ASSLSBs.
The high surface area polyacrylonitrile (PAN)-derived porous
carbon fibers (PPCF) has been investigated in our previous
work.[®l Hybrid 1T/2H MoS, nanosheets were vertically grown
on PPCF to fabricate MoS,@PPCF through a hydrothermal
method with water as the solvent. The MoS,@PPCF was
then used as the conductive additives in the sulfur cathode
in ASSLSBs. The sulfide SSE, Lis4PS,4Cl; ¢, was used due to
its ultrahigh ionic conductivity of 78 mS cm™. We systemati-
cally investigated its stabilization effect on sulfide SSE and the
catalyst effect on the conversion reaction kinetics of sulfur.
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As a result, the ASSLSBs employed MoS,@PPCF delivered
high performance.

2. Results and Discussion

Figure 1 illustrates the overview of this work. As displayed in
Figure 1a, the performance of bare PPCF was investigated in an
ASSLSB using the mixture of sulfur, PPCF, and SSE (S-PPCF-SSE)
as the cathode. Indium-lithium alloy was utilized as anode
due to its excellent stability with sulfide SSE, Lis,PS,4Cl;.
Generally, sulfide SSE experiences a degradation if the working
potential beyond its ESW. In the cathode, the sufficient contact
of SSE with highly electronic conductive PPCF accelerates the
SSE degradation, as illustrated in Figure 1b. The degradation
products own limited ionic conductivity resulting in gradually
increased impedance and dramatically reduced capacity at high
current rate. Meanwhile, as shown in Figure 1c, the sulfur expe-
riences an one-step conversion to Li,S in ASSLSBs. The slug-
gish reaction kinetic negatively affects the rate performance
and electrochemical reaction efficiency.

To solve the abovementioned challenges, we synthesized
the MoS,@PPCF, in which a hybrid 1T/2H MoS, nanosheets
vertically grown on PPCF, and mixed it with sulfur and SSE
(S-MoS,@PPCF-SSE) to work as cathode in the ASSLSB,
as shown in Figure 1d. MoS,, as a metal sulfide, has excel-
lent chemical and electrochemical stability with both sulfur
and sulfide SSEs. The MoS, nanosheets cover on the surface
of PPCF effectively reduce the direct contact area between
SSE and PPCF, which can reduce the degradation of sulfide

Sluggish charge transfer  Li,S

(c) S

Better charge transfer

Li,S

Figure 1. Schematic illustration of the advantages of MoS, nanosheets cover on PPCF in the cathode. The configuration of the ASSLSBs using
a) S-PPCF-SSE cathode and d) S-MoS,@PPCF-SSE cathode. The comparison of compatibility and stability with SSE in the cathodes using b) PPCF and
e) MoS,@PPCF as carbon additives in ASSLSBs, individually. The charge transfer comparison in the cathodes using c) PPCF and f) MoS,@PPCF as

carbon additives in ASSLSBs, individually.
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SSE (Figure le). The stabilized carbon interface benefits the
building of high ionic and considerable electronic conduction
in the cathode and therefore improves the electrochemical
performance. Moreover, MoS, is known as a good Li ion con-
ductor whose 2D structure facilitates faster Li-ion diffusion.”!
At the same time, due to the presence of conductive 1T phase
MoS, and its uniform distribution on PPCF, the considerable
electronic conductivity facilitates electron transfer. Meanwhile,
the 2H phase MoS, can be transformed into the 1T phase after
lithiation.'®! With the intercalation of Li ions into the layer dis-
tance, both the ionic and electric conductivity of MoS, further
increase. Therefore, as illustrated in Figure 1f, the MoS, on the

()

' Thermo-treatment

[
PPCF

INTERFACES

www.advmatinterfaces.de

PPCF is proposed to boost the conversion reaction kinetics of
Sg to Li,S due to enhanced charge transfer. All these merits
enable MoS,@PPCF a highly promising conductive additive in
the sulfur cathode to deliver better performance in ASSLSBs.
Figure 2a shows the synthesis process of MoS,@PPCF. The
PPCF was fabricated with electrospinning followed by stabi-
lization, carbonization, and activation processes, which was
reported in our previous work.['®l This PPCF possesses an ultra-
high Brunauer-Emmett-Teller (BET) specific surface area of
1519 m? g In addition, PPCF owns a unique core-shell
structure where a layer of micropores is located at the fiber
surface, which renders remarkable ion accessibility to sulfur,

MoO;, thioacetamide, urea

Hydrothermal

MoS,@PPCF

1um | Mo

Figure 2. The morphology comparison between PPCF and MoS,@PPCF. a) The preparation of MoS,@PPCF through electrospinning, thermo-treat-
ment, and hydrothermal processes. b-d) SEM images of PPCF under different magnifications. e-g) SEM image of vertical MoS,@PPCF under different
magnification. h—j) TEM images of vertical MoS,@PPCF under different magnification. k) High-resolution TEM image of MoS,@PPCF. |) TEM image
of MoS,@PPCF and corresponding EDX mapping of m) C, n) S, and o) Mo elements.
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contributing to high sulfur utilization. Figure 2b—d displays the
scanning electron microscopy (SEM) images of the PPCF at var-
ious magnifications. PPCF shows a 1D fibrous morphology, and
the average diameter is around 1 um. When further magnified
in Figure 2d, the PPCF shows cross-section morphology that
a thin, porous layer covered on the dense fiber core. In com-
parison, Figure 2e—g displays the SEM images of MoS,@PPCF
with various magnifications. Flower-shaped MoS, nanosheets
vertically grown and uniformly distributed on the surface of
PPCF without aggregation. The MoS, owns nanosheets mor-
phology with an average lateral size of =300 nm. In Figure 2g,
the MoS, nanosheets are anchored on the PPCF surface evenly
with intimate contact benefiting the fast charge transfer. In
contrast, MoS, without substrate easily aggregates and leads to
poor contact between SSEs and sulfur."”]

To further validate that the MoS, nanosheets are well dis-
tributed on PPCF without agglomeration, transmission elec-
tron microscopy (TEM) was performed. In Figure 2h, the MoS,
nanosheets are evenly located on the PPCF, which is consistent
with the SEM results. Figure 2i,j displays the multilayer struc-
ture of MoS,. MoS,, as a typical layered transition metal sulfide,
owns sandwiched structure which benefits the fast Li-ion diffu-
sion.[?% Figure 2k shows the high-magnification TEM image of
the multilayered MoS, The lamellar structure is well defined
and the interlayer distance is 0.62 nm which corresponds to
the (002) lattice plane of MoS,.2!l The large interlayer distance
of MoS,, twice as much as the distance in graphite (0.34 nm
in graphitel'), which can promote the Li-ion movement and
therefore facilitate a fast Li-ion diffusion. Figure 2i-o displays
the TEM image of MoS,@PPCF and corresponding energy dis-
persive X-ray (EDX) element mappings of C, S, and Mo. The
EDX spectrum of MoS,@PPCF and atomic fraction table of
corresponding elements are shown in Figure S1 (Supporting
Information). The ratio of S/Mo is around 2:1, which confirmed
the successful synthesis of MoS, nanosheets on the carbon
fiber.

Figure 3a—c compares the crystal structures of 2H phase and
1T phase MoS,. 2H MoS, and 1T MoS, own the hexagonal and
trigonal symmetry of the crystal structure, respectively.??l For
1T phase, the Mo atom is octahedrally coordinated to six neigh-
boring sulfur atoms.?’l In contrast, the Mo atom in 2H phase
is prismatically coordinated by six S atoms.?3] Due to different
Mo and S atom coordination of octahedral structure with dense
active sites, the 1T MoS, has 10° higher electrical conductivity
than the 2H MoS,.* High-resolution TEM was used to analyze
the phases of MoS, in MoS,@PPCF. As shown in Figure 3d,
the MoS, shows a hybrid structure of metallic 1T-MoS, phase
with trigonal lattice geometry and 2H MoS, with common hon-
eycomb lattice geometry. The 1T MoS, phase is not as stable
as 2H MoS, explaining the hybrid phases in MoS,@PPCF.
In addition, a major part of basal planes still exhibits the peri-
odic high-quality crystalline structure of 1T (Figure 3e) and 2H
(Figure 3f) hybrid phases, while the partial or complete struc-
tural disorder appears at the grain boundaries due to their high
surface energy.

Raman spectroscopy was used to study the chemical structure
of MoS,@PPCF, as shown in Figure 3g. Two characteristics
peaks located at 378 and 404 cm™ represent E',, (due to oppo-
site vibration of two S atoms which respect to the Mo atom) and
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Ay, (due to the vibration of only S atoms in opposite directions)
models of 2H MoS,, respectively.”®! The signal of the 1T MoS,
may be covered by the strong peak intensity of 2H MoS,. Note
that the ratio of 1T to 2H MoS, is difficult to control because
the 1T phase is less stable than 2H phase and many condi-
tions affect the content of 1T MoS, including the solvent, tem-
perature, pressure, nucleation sites, and purity of the system.
Moreover, there are two prominent peaks at 1378 and 1591 cm™
corresponding to the D and G bands of PPCF, respectively. The
D and G bands are related to the disordered sp* carbon struc-
tures and the sp? carbon stretching mode. The intensity ratio,
Ip/Ig, of MoS,@PPCF was 0.78 demonstrating the formation
of a high proportion of graphitic carbon. Figure 3h displays the
X-ray diffraction (XRD) pattern of the MoS,@PPCF. Compared
with the pure PPCF, the MoS,@PPCF owns obvious peaks at
14.4°, 32.2°, and 58.5° ascribed to the (002), (100), and (110) dif-
fraction peaks of MoS,, respectively.?%l The sharp peaks further
evidence the existence of highly crystalline MoS,.

Figure 3i displays the thermogravimetric analysis (TGA) pro-
files of MoS,@PPCF and PPCF to determine the amount of
MoS, in MoS,@PPCF. TGA was conducted from room temper-
ature to 800 °C at the rate of 10 °C min! in the air atmosphere.
The PPCF was totally burnt out, demonstrating high purity. In
contrast, there are 15.58 wt% remained in MoS,@PPCF. The
huge weight loss for MoS,@PPCF, which was due to the oxi-
dation of MoS, to MoOj3, occurred at =300 °C and the loss of
PPCF. According to the calculation, the amount of MoS, con-
tent in the MoS,@PPCF composite is 1733 wt% [Equation (S1),
Supporting Information].

The sulfur was then mixed with the SSE and carbon addi-
tives, including MoS,@PPCF and PPCF, to make the S-MoS, @
PPCF-SSE and S-PPCF-SSE cathodes through a ball milling and
followed melting infiltration process. The SSE was Lis sPS, 4Cl; ¢
which shows a high room temperature ionic conductivity of
78 mS cm! (Figure S2, Supporting Information). Figure S3
(Supporting Information) displays TGA profiles of S-MoS,@
PPCF-SSE, MoS,@PPCF, sulfur, and SSE to measure the exact
ratio of sulfur in the cathode. TGA shows that the element of
sulfur content of S-MoS,@PPCF-SSE composites is 35.7%.
Figure 4a compares the galvanostatic charge/discharge profiles
of ASSLSBs using the S-MoS,@PPCF-SSE and S-PPCF-SSE
as cathodes in the first three cycles at the current rate of C/20.
All batteries were cycled at room temperature in the potential
range of 0.4-2.4 V (vs In-Li), which corresponds to the voltage
range of 1.0-3.0 V (vs Li/Li*). Obviously, S-MoS,@PPCF-SSE
delivers higher specific capacities and lower polarization than
S-PPCF-SSE. The S-MoS,@PPCF-SSE cathode delivered an
ultrahigh discharge (lithiation) capacity of 1456 mAh g ini-
tially and a high charge (delithiation) capacity of 1470 mAh g
with an ultrahigh initial coulombic efficiency. The extremely
high initial coulombic efficiency is attributed to the stable mate-
rials and eliminated shuttle effects. Then the discharge capacity
increased to 1531 mAh g in the following two cycles, which
is due to the better utilization of sulfur. High coulombic effi-
ciencies of =99.8% were obtained at second and third cycles,
and the charge/discharge profiles were almost overlapping,
which suggests the redox reaction owns highly reversibility and
superior stability. Moreover, S-MoS,@PPCF-SSE showed only
one pair of charge/discharge plateaus related to the conversion

© 2022 Wiley-VCH GmbH
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Figure 3. Material characterizations of MoS,@PPCF. a) The schematic of hybrid 1T/2H MoS,. The crystal structures of b) metallic 1T-MoS, phase
with trigonal lattice geometry and c) 2H-MoS, phase with common honeycomb lattice geometry. The yellow and blue balls represent S and Mo atoms,
respectively. d) TEM images of the hybrid MoS; 1T and 2H structures. HRTEM images of the MoS; in e) 1T and f) 2H phases. The blue and yellow
dots illustrate the atom arrangement of Mo and S, respectively. g) Raman spectra of the MoS,@PPCF. h) XRD patterns of MoS,@PPCF and PPCF.

i) TGA of MoS,@PPCF and PPCF.

between Sg and Li,S, which proved the direct one-step reaction
(excluding the formation of lithium polysulfides) in ASSLSBs.
In contrast, S-PPCF-SSE only delivered a charge (delithiation)
capacity of 1190 mAh g and discharge (lithiation) capacity
of 1086 mAh g7!, which is much lower than that of S-MoS,@
PPCF-SSE. The initial coulombic efficiency is 109.6%, indi-
cating an extra capacity contribution during charge. The decom-
position of sulfide SSE contributes to the extra capacity during
charge while accompanied by newborn impedance at the cath-
odes resulting a sluggish reaction kinetics. Besides the sim-
ilar plateaus as S-MoS,@PPCF-SSE, there is an extra plateau
observed at 2.8 V (vs Li/Li*) which coordinates with the SSE
decomposition. Considering the narrow ESW of SSE, the SSE
experienced a decomposition at high voltage.[*’] At the second
and third cycles, the extra plateau disappears demonstrating
the decomposition of SSE mainly occurs at the first cycle. The
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differences in these two cathodes demonstrate the MoS, layer
on PPCF can relieve the decomposition of SSE and boost the
utilization of sulfur. At the same time, a cell using MoS, as
active material was tested to evaluate the capacity contribution
of the MoS, in the S-MoS,@PPCF-SSE cell. Figure S4 (Sup-
porting Information) compares the galvanostatic charge/
discharge profiles of cells using the MoS,@PPCF-SSE and
S-MoS,@PPCF-SSE as cathodes at the same current density of
0.27 mA cm™2. The MoS,@PPCF-SSE delivered a low discharge
and charge capacities of 0.18 and 0.03 mAh cm™2. The capacity
contribution of MoS,@PPCF-SSE is only 4.3% during dis-
charge and negligible during charge. This result indicates that
the MoS, contributes very low to the total electrode capacity.
Figure 4b shows cyclic voltammogram (CV) curves of
S-MoS,@PPCF-SSE in ASSLSBs in the potential range of
1.0-3.0 V (vs Li/Li*) at various scan rates of 0.10, 0.15, and

© 2022 Wiley-VCH GmbH
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Figure 4. Electrochemical profiles of solid-state Li-In | SE | S-MoS,@ PPCF-SSE and Li-In | SSE | S-PPCF-SSE batteries. a) Galvanostatic charge/discharge
profiles of ASLSBs using S-MoS,@PPCF-SSE and S-PPCF-SSE as cathodes with sulfur loading of 2.9 mg cm=2 and the current rate 0.27 mA cm~
(C/20). (b) CV profile of S-MoS,@PPCF-SSE at a different scan rate of 0.1, 0.15, and 0.2 mV s™' during the first three cycles in ASSLSB. c) GITT profiles
of S-MoS,@PPCF-SSE and S-PPCF-SSE at the rate of C/20. d) Performances at rates ranging from C/20 to 1 C. e) Long-term cycling performance
comparison of two solid-state cells at the rate of C/20 for the first three cycles and then adjusted to the rate of C/10 from the fourth cycle. All the cells

are tested at room temperature.

0.20 mV s7! individually. In the first cathodic scan at 0.10 mV s7%,
one broad reduction peak at 1.7 V (vs Li/Li*) was detected, con-
tributing to the gradual reduction of sulfur: S + 2Li* + 2e” — Li,S.
Meanwhile, there was only one oxidation peak at 2.6 V (vs Li/Li"),
corresponding to the oxidation of Li,S: Li,S — 2 Li* + S + 2e".
In the following cycles, as the scan rates increase, both reduction
and oxidation peaks shift a little due to higher polarization. In
comparison, Figure S5 (Supporting Information) presents the CV
curves of S-PPCE-SSE cell at the same conditions. At 0.1 mV s,
there were two pairs of obvious oxidation and reduction peaks
evidencing the SSE decomposition. As shown in Figure 4C,
the galvanostatic intermittent titration technique (GITT)
was conducted to evaluate the diffusion and thermodynamic
potential of electrochemical reactions.?®! Both S-PPCF-SSE
and S-MoS,@PPCF-SSE cells exhibited a one-step reac-
tion mechanism which coincided well with CV curves. The
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corresponding polarization values of GITT charge/discharge
profile is shown in Figure S6 (Supporting Information). In
both the oxidation/reduction processes, when the state of
charge (SoC) is smaller than 46.6% (corresponding to specific
capacity of 780 mAh g), the difference of polarization of these
two samples with and without MoS, coating is insignificant.
However, the polarization difference becomes more obvious
when the SoC is larger than 46.6%. The polarization difference
between these two cells can further prove the charge transfer
and reaction kinetics were greatly enhanced by growing the
MoS, nanosheets.

Figure 4d compares the rate performances of S-MoS,@
PPCF-SSE and S-PPCF-SSE. The batteries were tested at cur-
rent rates from 0.05 to 1 C with five cycles at each rate. The
S-MoS,@PPCF-SSE  shows significantly higher capaci-
ties than the S-PPCF-SSE, especially at high current rates.
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The S-MoS,@PPCF-SSE delivers reversible discharge capacities
of 1462, 1401, 1363, 1202, and 1059 mAh gt at 0.05, 0.1, 0.2, 0.5,
and 1 C, respectively. The capacity recovers to 1439 mAh g
when the cell is recharged at 0.05 C, demonstrating the remark-
able rate performance and stability. In comparison, the cell using
S-PPCF-SSE cathode exhibits a lower capacity of 1232 mAh g!
at 0.05 C, and the capacity decreased to 220 mAh g~'at 1 C. The
boosted rate performance in S-MoS,@PPCF-SSE was highly
attributed to the considerable ion and electron conductivity of
MoS, during cycling and the excellent compatibility among
sulfur, MoS,, and SSE.

The long cycling performances of S-MoS,@PPCF-SSE and
S-PPCF-SSE at 0.1 C are compared in Figure 4e. Before cycling,
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all cells were activated at 0.05 C for three cycles. After that,
the S-MoS,@PPCF-SSE achieved high discharge and capaci-
ties of 1550 and 1540 mAh g7, and the capacity maintained
stable for 220 cycles with capacity retention of 78%. In contrast,
S-PPCF-SE delivers discharge and charge capacities of
1185 and 1153 mAh g7}, respectively. Meanwhile, the capacity of
S-PPCF-SSE quickly decreased to 966 mAh g™ in 50 cycles
and then keep stable for 110 cycles. The capacity loss may be
attributed to the gradually increased impedance caused by
the decomposition of SSE. After a stable interface is formed,
the capacity is maintained stable.

X-ray photoelectron spectra (XPS) were used to analyze the chem-
ical structure and stability of cathodes in ASSLSBs. Figure 5a—

(@) [s-mos,@PPcF-ssE cs| (b) [s- MoSz@PPCF-S§E p2r| (C) [s-Mos,@PPCF- SfE cl2pP
Pristine Pristine Pristine /
/ \ SSE
=: =: et —"/,; R ; iy %
i : 8 g e
_§~ S-MoS,@PPCF-SSE c1s ..3' $-MoS,@PPCF- SSE P2P ; Cl2P
7 7} . =
c |1cycle c |1cyele -
2 i 2 = SSE
€ ] = =
- C-N, C-0-C/ - E /I
c=0 ‘ , Vi
/dl%\ ,.; s y/ |
292 290 288 286 284 282 136 134 130 202 200 198 196
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(d) |s-PPcF-ssE . C1S| (e) |s-PPCF-SSE p2p | (f) |[s-PPcFssE cl2p
Pristine i Pristine Pristine
{ B
il‘ “YV ' / ..
e C-N, C-0-C/ \ i : ik :
S LB 5 : 5 ;
o [C0 g A0 \ © , £\ «© i
—’ =il o ce] S e 1 e S’ X
2 - 2 . B ! -
‘@ |S-PPCF-SSE gig | @ ?‘PP ‘I’F'SSE ! p2p| '@ |S-PPCF-SSE ! Cl2P
S |1cycle A oo e - B8, ll S |1cyce
-t w‘ -t a—
= ] [ = (=~ o
= C-N, C-0C/ o — %
/ [ [
c=0 /[ :
ﬁwﬂ*\ [
R 5 B B |
292 280 288 286 284 282 136 134 132 130 202 200 198 196
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 5. Deconvoluted high-resolution XPS spectra of S-MoS,@PPCF-SSE and S-PPCF-SSE electrode. a) C 1s XPS spectra of MoS,@PPCF, b) P 2P
XPS spectra of MoS,@PPCF, c) cl 2P XPS spectra of MoS,@PPCF, d) C 1s XPS spectra of PPCF, €) p 2p XPS spectra of PPCF, and f) Cl 2p XPS spectra

of PPCF.
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compares the high-resolution XPS spectra of C, P, and Cl ele-
ments in S-MoS,@PPCF-SSE in pristine and after one cycle in
ASSLSB. In Figure 5a, the main component peak is located at
284.5 eV, corresponding to the C=C bond (sp?). The component
peak at 285.9 eV is assigned to the C—N/C—0O—C bond peak.
The peak at higher bonding energy around 288.8 eV is indexed
to the C=0 bond peak.?? No obvious change for the C 1s peak
was observed before and after one cycle. evidencing no chem-
ical change. The evolution of high-resolution XPS P 2p spectra
is depicted in Figure 5b. The P 2p signals are split into two
components due to spin—orbit coupling, which shows a unique
2p3/,-2py), doublet. The P 2p spectrum shows the main dou-
blet with the P 2p;;, component located at 132 eV. Investigation
of P 2p spectra scan indicates that signature of argyrodite, and
it does not show the obvious difference between the pristine
cathode and that after one cycle.*®! Figure 5c displays the Cl 2p
spectra and main component peak located at 198.4 eV (Cl 2p; ),
which presents the Cl™ ions. No obvious change occurs for the
Cl 2p peak before and after one cycle.?! Therefore, no chemical
change of phosphorus and chlorine chemical is detected, which
indicates the stability of SE.

In comparison, XPS was also conducted for S-PPCF-SSE
in pristine and after one cycle. The component peaks located
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at 284.5, 285.9, and 288.9 eV of C 1s spectrum can be indexed
to C—C, C—N/C—0—C, and C=O, respectively, which are
depicted in Figure 5d.?°) No additional component formed at
the pristine state during the investigation of the P 2p spectra
scan (Figure 5e). However, upon the full charge of the In-
Li|SSE|S-PPCF-SSE cell to 3 V (vs Li/Li"), an additional com-
ponent appeared at 132.8 eV in agreement with the P,Ss
peak from SSE decomposition. These findings agree with the
existing literature studies on the oxidation of sulfide SSE.3"32
Different from the P 2p spectrum, the decomposition product
LiCl of argyrodite cannot be detected in the Cl 2p spectrum
because its Cl 2p bonding energy is almost the same as SSE.13!

The morphology evolution of the S-MoS,@PPCF-SSE before
and after cycling was investigated in Figure 6. The dispersion of
the MoS,@PPCF, sulfur, and Lis4PS,4Cl; ¢ is very uniform in
the pristine state before cycling, as shown in Figure 6a—c. The
MoS,@PPCF was covered by the SE and sulfur, therefore MoS,
nanosheets cannot be observed clearly, which further proved
the intimate contact. Upon the further fully charge of the cell
to 3V (vs Li/Li*), the electrode looks looser than the fully dis-
charge state due to the delithiation of Li,S. (Figure 6d-f).
However, upon fully discharge of the cell to 1 V (vs Li/Li"),
the volume increases significantly due to the lithiation and

Figure 6. SEM images of S-MoS,@PPCF-SSE cathode a—c) before cycling, d—f) fully charged to 3 V (vs Li/Li*), and g—i) fully discharge to 1V (vs Li/Li*).
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Figure 7. Comparison of specific capacity, sulfur content, and cycle number in different ASSLSBs.

conversion of sulfur to Li,S, as shown in Figure 6g—i. There-
fore, the electrode looks denser compared with the pristine
one. Although the volume change exists in the cathode during
the lithiation and delithiation, there are no cracks generated
and no structural corruption demonstrating the excellent struc-
tural stability. Figure S7 (Supporting Information) shows the
SEM images of the S-MoS,@PPCEF-SSE electrode after the rate
test. The dense electrode maintains good integrity evidencing
the excellent stability.

The Nyquist plots of S-MoS,@PPCF-SSE full cell that was
tested before and after cycling are compared in Figure S8 (Sup-
porting Information). No huge difference is observed which
can further prove the excellent stability. In contrast, there is
an obvious impedance increase of 45 Q in S-PPCF-SSE full
cell after cycling due to the decomposition of SSE, as shown in
Figure S9 (Supporting Information).

S-MoS,@PPCF-SSE delivered an outstanding performance
in ASSLSBs. Figure 7 compares the sulfur content, cycling
life, and capacity of S-MoS,@PPCF-SSE with other reported
ASSLSBs.”33 Detailed information is provided in Table S1
(Supporting Information). Obviously, our cell delivered the
highest specific capacity of 1456 mAh g!, high sulfur loading
of 36%, and the long cycling life of 220 cycles. The outstanding
performance was mainly attributed to the utilization of the sur-
face modified carbon additives, MoS,@PPCF. First, the PPCF
owns a high conductivity and high surface area which provides
rich reaction sites for sulfur, therefore, resulting in the high
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mass loading of sulfur. Second, the highly ionic and electronic
conductive MoS, layer benefits the charge transfer and boosts
the conversion reaction kinetics of the sulfur, accompanied by
enhanced sulfur utilization and high specific capacity. From the
TGA result, the obtained MoS, weight fraction is =17.33%. With
this amount of dosage, if the MoS, is electrically and ionically
insulating, the electrochemical performance will be extremely
low due to the isolation of electrons and ions. The much-
improved electrochemical performance after MoS, coating in
this work proved that MoS, has considerable electrical and ionic
conductivity after lithiation. Third, the surface MoS, exhibits
excellent chemical and electrochemical compatibility with
sulfur and sulfide SSE as all of them belong to sulfide-based
materials. The surface MoS, nanosheets reduced the contact
area between PPCF and SSE which relieves the decomposition
of sulfide SSE and contributes to a stable cycling behavior. All
these merits contribute to the outstanding performance of this
work presented in Figure 7.

3. Conclusion

In summary, we rationally designed an advanced carbon fiber
decorated with vertically grown 1T/2H MoS, nanosheets to
address the faced challenges in ASSLSBs, including the inter-
face instability in sulfide SSE, the poor electronic and ionic
conductivity, and the sluggish reaction kinetics. MoS, as metal

© 2022 Wiley-VCH GmbH
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sulfide, owns excellent chemical and electrochemical sta-
bility with both sulfur and sulfide SSEs. Therefore, the MoS,
nanosheets grown on carbon fiber effectively prevent the severe
decomposition of sulfide SSE under high voltage beyond SSE
electrochemical stability window. The presence of electrically
conductive 1T phase MoS, and its uniform distribution on
carbon fiber without aggregation improve electron transfer effi-
ciency. The unique layered structure of MoS, can be interca-
lated by a large amount of Li ions and therefore facilitate ionic
conductivity. As a result, the cell which owns high ion and
electron transport network delivered a high initial discharge
capacity of 1456 mAh g7, ultrahigh coulombic efficiency of
=100%, high cycling stability with capacity retention of 78%
over 220 cycles at 0.1 C, and outstanding rate performance of
discharge capacity 1096 mAh g! at 1 C. The stable interface
without side reactions and eliminated shuttle effects contribute
to the extremely high initial coulombic efficiency. In contrast,
the carbon fibers without MoS, obtained the lower initial dis-
charge of 1185 mAh g! and the much poorer rate capacity
of 220 mAh g at 1 C due to more inferior interface stability
and limited ionic conductivity at interface from degradation
products. This study revealed the significance of the interface
stabilization and functionalization of carbon additives for high-
performance all-solid-state lithium-sulfur batteries.

4. Experimental Section

Lis 4PS44Ch ¢ Preparation: The preparation of Lis4PS,4Clig included a
ball milling process and a subsequent annealing treatment. Briefly, Li,S
(Sigma-Aldrich, 99.98%), P,Ss (Sigma-Aldrich, 99%), and LiCl (Sigma-
Aldrich, 99%) were mixed through ball milling for 10 h at 500 rpm in a
vacuum atmosphere. Then the mixture electrolyte precursor was sealed
in a glass tube and annealed at 510 °C for 2 h in the tube furnace.

Preparation of PPCF—Electrospinning: The synthesis of PPCF was
based on a previous work.®l Generally, PAN powder (Sigma-Aldrich,
USA) possessing a molecular weight of 150 000 (Mw) was dissolved in
N, N-dimethylformamide (DMF) (Fisher Scientific, 99.9%) to obtain the
15 wt% solution. The mixture was stirred for 24 h at room temperature
to become a homogeneous solution. High voltage of 15 kV was applied.

Thermotreatment of PAN Precursor Nanofibers and Activation: The
electrospun PAN precursor nanofibers were stabilized, carbonized,
and activated to obtain the high-quality PPCF. The stabilization of
as-electrospun nanofibers was carried out in a muffle furnace (GSL
1200X, MTI Corporation, Richmond, CA). The heating was in the air
from room temperature to 250 °C with a heating rate of 1 °C min~" and
held at 250 °C for 1 h. The carbonization was conducted in a tubular
furnace (GSL 1600X, MTI Corporation, Richmond, CA) in nitrogen
(N;) atmosphere. Then the stabilized PAN nanofibers were carbonized
from room temperature to 1000 °C with a heating rate of 5 °C min".
The samples were held at 1000 °C for 1 h in flowing N,, followed
by automatically cooling down to room temperature. To obtain the
activated carbon nanofibers, solid potassium hydroxide (KOH) was used
to fabricate a porous structure. Carbon nanofibers were manually mixed
with KOH fine powders with a weight ratio of 1:3. Then the mixture
powders were activated to 1000 °C for 1 h in flowing N,. After cooling
to room temperature, the samples were purified against deionized water
by multiple washing steps until the pH value of the water was stable.
The dialyzed activated carbon nanofibers were then lyophilized and the
evaporated PPCF was kept in a dry oven for future use.

Preparation of Hybrid 1T/2H MoS,@ PPCF: Hybrid 1T/2H MoS,@PPCF
was prepared by a hydrothermal method. In a typical synthesis process,
60 mg PPCF was dispersed in 15 mL deionized water using sonicated

Adv. Mater. Interfaces 2022, 2200539

2200539 (10 of 11)

INTERFACES

www.advmatinterfaces.de

bath for 2 h. MoO; (18 mg, Fisher Scientific, USA), thioacetamide
(21 mg, Sigma-Aldrich, USA), and urea (150 mg, Sigma-Aldrich, USA)
were added in the as-prepared PPCF dispersion and stirring continued
for 1 h. Then the sample was transferred to a 25 mL Teflon-sealed
autoclave. The autoclave was kept in a furnace for 16 h at 200 °C. After
cooling to room temperature, the hybrid 1T/2H MoS,@PPCF were
taken out and washed with ethanol three times. Then the samples were
dialyzed against deionized water multiple times. The dialyzed MoS,@
PPCF was then lyophilized and evaporated at 60 °C.

Electrochemical Characterization of ASSLBs—Fabrication of All-Solid-
State Li Sulfur Battery: ASSLSBs were fabricated by cold pressing method
in the glovebox. For the cathode preparation, PPCF with/without MoS,,
sulfur, and Lis4PS,4Clig were manually mixed in the weight ratio of
10/40/50 in a stainless-steel jar by mechanically milling for 10 h at a
rotating speed of 400 rpm. Then the mixture was sealed in a glass tube
and annealed from room temperature to 155 °C at the heating rate of
1°C min~" in the tube furnace. Then the mixture was held at 155 °C for
12 h and cooled down to room temperature with the ramp of 1 °C min~.
Then mix the preprepared mixture with 3 wt% CNT and ball milling at
400 rpm speed for 2 h.

Rate and Cycling Performance: The rate and cycling measurements were
performed with a protocol that cell first discharged to 1.0 V (vs Li/Li")
at constant current, and then charged to 3.0 V (vs Li/Li*) at constant
current. The current was based on the capacity and mass of cathode
active material. The rate performance was conducted C/20, C/10,
C/5, C/2, and 1 C for five cycles, respectively. For the long cycling
performance, all cells were activated for the first three cycles at C/20,
then kept cycling at C/10.

GITT Measurement: All the cells were first discharged with a constant
current rate of C/20 applied for 1 h and rested for 4 h until the voltage
reached 1.0 V (vs Li/Li*). And then the cells were charged with same
current rate applied for 1 h and rested for 4 h until the voltage reached
3.0V (vs Li/Li%).

Materials Characterization: XRD was conducted on PANalytical/
Philips X'Pert Pro with Cu Ko radiation. Raman spectra were measured
on a Thermo Scientific DXR with 532 nm laser excitation. The SEM
and energy-dispersive X-ray spectroscopy (EDS) mapping were
characterized by SEM (JEPL JSM 7000F). Sulfur loading in the
composites cathode was determined from TGA measurement (TA Q50,
Inc.) in N, atmosphere at a heating rate of 10 °C min~'. TEM and EDS
mapping images were tested on the Cs-corrected TEM/STEM-FEI Titan
Themis 300. The chemical structure comparisons of the samples were
analyzed by XPS (Thermo Scientific K-Alpha).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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