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Recyclable cobalt-molybdenum bimetallic carbide
modified separator boosts the polysulfide adsorption-
catalysis of lithium sulfur battery

Ze Zhangl, Jia-Nan Wangz’a, A-Hu Shao', Dong-Gen Xiongl, Jian-Wei Liu’, Cheng-Yen Lao’,
Kai Xi*"", Shi-Yao Lu’, Qiu ]iang4, Ji Yu', Huang-Long Li", Zhen-Yu Yang1 and R. Vasant Kumar’

ABSTRACT The polysulfide shuttling and sluggish redox
kinetics, due to the notorious adsorption-catalysis under-
performance, are the ultimate obstacles of the practical ap-
plication of lithium-sulfur (Li-S) batteries. Conventional
carbon-based and transition metal compound-based material
solutions generally suffer from poor catalysis and adsorption,
respectively, despite the performance gain in terms of the
other. Herein, we have enhanced polysulfide adsorption-
catalytic capability and protected the Li anode using a com-
Co;Mo;C,
modified commercial separator. With this demonstration, the

plementary bimetallic carbide electrocatalyst,

potentials of bimetal compounds, which have been well re-
cognized in other environmental catalysis, are also extended to
Li-S batteries. Coupled with this modified separator, a simple
cathode (S/Super P composite) can deliver high sulfur utili-
zation, high rate performance, and excellent cycle stability
with a low capacity decay rate of ~0.034% per cycle at 1 C up to
1000 cycles. Even at a high S-loading of 8.0 mgcm ™ with
electrolyte/sulfur ratio=6 mL g™, the cathode still exhibits
high areal capacity of ~6.8 mA hcm . The experimental
analysis and the first-principles calculations proved that the
bimetallic carbide Co;Mo;C provides more binding sites for
adsorbing polysulfides and catalyzing the multiphase conver-
sion of sulfur/polysulfide/sulfide than monometallic carbide
Mo,C. Moreover, the modified separator can be reutilized
with comparable electrochemical performance. We also
showed other bimetallic carbides with similar catalytic effects
on Li-S batteries and this material family has great promise in

different energy electrocatalytic systems.

Keywords: lithium-sulfur batteries, bimetallic carbides, electro-
catalysts, polysulfide adsorption-catalysis, modified separators

INTRODUCTION

The continuous success in pursuing long-range electric
vehicles (EVs) impels the exploration of high-energy
battery chemistry beyond the traditional ion-insertion
type [1,2]. Rechargeable lithium-sulfur (Li-S) batteries
have emerged as a promising alternative to the state-of-
the-art Li-ion batteries with a much higher theoretical
specific energy at 2600 W h kg ' and much lower cathode
price (0.05$ kg7l for sulfur) [3-6]. The Li-S electro-
chemistry, however, is plagued by intrinsically high
electrical resistivity of elemental S (2x10” Q' m at 20°C)
and high soluble and diffusive lithium polysulfides [7-9].
Above all, the necessary incorporation of Li metallic an-
ode means further challenges in unstable surface and
severe safety concerns due to the dendrite formation and
the unwanted reactions between Li metal and polysulfides
during shuttling process [10-12].

Separators, as the indispensable part of the battery de-
sign, directly contact and interact with both the cathode
and the anode, thereby determining the battery perfor-
mance [13]. In particular, separators play a vital role in
Li-S batteries due to the complicated phase transforma-
tion of elemental S. In a common Li-S configuration, the
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soluble polysulfides diffuse freely through the commer-
cially available separators, leading to active material loss
and Li anode corrosion [14,15], as illustrated in Fig. la—c.
To this end, functionalizing the cathode-facing side of the
separators with various materials has been recognized as a
feasible and effective strategy to localize the polysulfide
shuttling only on the cathode side, and further enhance
the Li-S battery performance [16-22]. Once a modified
separator is employed in the Li-S configuration, the sig-
nificant enhancement in the electrochemical performance
including higher S utilization, prolonged cycle life and
better rate capability can be observed even with a simple
S/Super P cathode.

Initially, the separators were modified with various
kinds of carbon materials [23-27] as the basis for func-
tional separators to limit the polysulfide migration. No-
tably, given the fact that the absorption ability of
polysulfides mainly depends on the pore structures of

carbon substrates [28]. Hierarchical pore distribution,
especially the mixed micropore/low-range mesopore
[29,30], is well accepted as the favorable carbon substrate.
Whilst porous carbon-modified separator could enable
fast ion transfer and good polysulfide shuttling control
via the physical restriction (Fig. 1b, d), not all confined
polysulfides can be reutilized because of the severe irre-
versible deposition of insoluble sulfides. Furthermore, in
terms of polysulfide anchoring and conversion, polar
metallic compounds with abundant active sites can more
effectively chemically interact with polysulfide species
than carbon materials [31-35]. Therefore, they are com-
bined with carbonaceous materials as the chemical-type
separators to retard the polysulfide shuttling. The issue is
that most of metallic oxides and sulfides are semi-
conductors or even insulators, which might impede the
Li" ion transfer between the S cathode and Li anode [20].
More importantly, the confined polysulfides are not ex-
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Figure 1 Schematic illustration of the working principle of Li-S battery. (a) Routine and (b) functional Li-S configurations with PP separator.
Polysulfide redox of different Li-S configurations: (c) bare separator, and functional separators modified with (d) carbon-based materials, and (e)

postulated desirable materials.
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pected to be favorably reduced or oxidized during sub-
sequent cycles, which were impeded on the non-
conductive substrate surface due to the sluggish interface
redox Kkinetics [36,37].

Recently, as a new mechanistic understanding of the
catalytic effect of polysulfide conversion emerged, re-
searchers realized the great potential of applying various
catalytic host materials [38-42] to boost the electro-
chemical kinetics of polysulfide redox reaction. There-
fore, we expect that a desirable modified separator
(Fig. le) should be able to catalyze the polysulfide redox
kinetics to reutilize the confined polysulfides, along with
its chemisorption toward polysulfides and fast ion con-
ductivity [43,44]. The ideal option is an integrated ma-
terial of a hybrid of metallic compound catalysts and
carbon substrate since the reaction kinetics are in-
trinsically limited by the heterogeneity of the materials
[20]. In addition, cations are considered as the real active
sites in metallic compound electrocatalysts, and multi-
metallic compounds are likely to exhibit extraordinary
electrocatalytic activity [45]. Recently, bimetallic nano-
materials have been well recognized as the efficient
electrocatalysts in oxygen reduction/evolution reaction
[46-48], while their extensive application and the me-
chanism in Li-S batteries are still unrevealed. In spite of
some reports on some bimetallic oxides [31,49] and hy-
droxides [37], being effective in Li-S batteries as additives
or S-host, there is little comprehensive understanding on
the catalytic behavior of bimetallic compounds, let alone
their superiority over monometallic compounds. Espe-
cially whilst incorporating with porous carbon-modified
separator, which may have advantages in terms of less
weight content and better electrochemical performance
for high-energy Li-S batteries over their roles as additives
or S-host.

Herein, we demonstrate cobalt-molybdenum bimetallic
carbide (Co;Mo;C) wrapped within mixed microporous/
low-range mesoporous carbon substrate as an efficient
electrocatalyst to propel the polysulfide chemistry for
highly efficient Li-S batteries via modifying the com-
mercially available separator. The as-prepared carbon-
supported Co;Mo;C nanocrystals have an average size of
3-5nm, and show much higher activity for promising
polysulfide adsorption and conversion compared with the
monometallic carbide Mo,C. By employing the bimetallic
carbide-based catalytic separator, denoted as Co;Mo;C/
PP, the Li-S cell shows high S utilization and long-lasting
cycle life with a low capacity fade of ~0.034% per cycle
averaged upon 1000 cycles at 1 C rate. The cell still de-
livers a maximum capacity of 851.4 mA h g when the S-
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loading is up to 8.0 mgcm -, corresponding to a pro-
nounced areal capacity of ~6.8 mA h cm . Impressively,
the modified separator exhibits outstanding structural
stability for reutilization, and the cycled Co;Mo,C/PP
separator enables the fresh S/Super P cathode to achieve
remarkable electrochemical performance. The computa-
tional simulation further proved the bimetallic Co;MosC,
as well as the congeneric compounds Ni;Mo,C and
Fe;Mo;C, provided more binding sites to adsorb and
catalyze the multiphase conversion of sulfur/polysulfide/
sulfide than that of the monometallic carbide Mo,C.

EXPERIMENTAL SECTION

Synthesis of bimetallic carbide samples

In a typical procedure, cobalt(II) nitrate (0.14 mmol) and
ammonium molybdate (0.02 mmol) were mixed with
dicyandiamide (0.2 g), and the mixture was then heated
to 900°C for 3 h under Ar atmosphere at a heating rate of
3°Cmin . The obtained black powder is carbon-
supported Co;Mo;C bimetallic carbide. In addition,
Ni;Mo;C and Fe;Mo;C samples were synthesized via the
same procedure by replacing the Co-source with Ni-
source and Fe-source, respectively. As a control, the
monometallic carbide Mo,C sample was also prepared
from the mixture of only ammonium molybdate and
dicyandiamide in the same process.

Fabrication of the carbide-modified separator

The as-prepared carbides were ground with Super P and
polyvinylidene fluoride (PVDF) at the mass ratio of 7:2:1,
and then the mixture was dispersed in N-methly pyrro-
lidone (NMP) to obtain a homogeneous slurry. The slurry
was coated on a commercial polypropylene (PP, Celgard
2400) separator via a typical doctor-blade casting method.
The modified separator was dried in a vacuum oven at
80°C. The average mass loading of the carbide in a se-
parator (18 mm in diameter) was ~0.5 mg cm .

Material characterizations

X-ray diffraction (XRD, Bruker D8) analysis was per-
formed to identify the phase of the samples in the 26
range of 10°-80°. X-ray photoelectron spectra (XPS,
ThermalFisher Sci., Escalab250 Xi) were measured to
confirm the surface chemical composition. Scanning
electron microscopy (SEM, JSM 6700F) and transmission
electron microscopy (TEM, JEM 2100) were used to
manifest the microstructure and morphology of the as-
synthesized samples. Ultraviolet-visible (UV-Vis) spectra
were measured by spectrophotometry (Cary 100).
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Electrochemical measurements

The cathode was fabricated by casting a slurry of com-
mercial S powder, Super P and PVDF (6:3:1, w/w/w) onto
Al foil. After being dried, the cathode film was punched
into disks (12 mm in diameter) with a typical sulfur
loading of 1.6 mg cm . Coin cells were assembled with
metallic Li anode (16 mm in diameter) and the various
as-obtained separators. The involved electrolyte was a
mixture of 1 molL ™" lithium bis(trifluoromethan-esul-
phonyl)imide (LiTFSI) and 2 wt% LiNO; in a solvent of
1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL)
(1:1, v/v). The electrolyte/sulfur ratio was controlled as
10puLmg . In terms of high sulfur loading of
8.0 mg cm °, the electrolyte/sulfur ratio was 6 uL mg .
The discharge/charge tests were performed at various C-
rates (1 C=1675mA g ') in the potential range of
1.7-2.8 V (vs. Li/Li"). Cyclic voltammetry (CV) was car-

ried out at a scan rate of 0.1 mV's .

Polysulfide adsorption and electrochemical kinetics tests
Li,S; solution (2mmol L") was obtained by adding
stoichiometric S and Li,S into the DME/DOL mixed
solvent after sufficient reaction at 60°C. For the poly-
sulfide adsorption test, the completely dried sorbents
were separately immersed into the Li,Sg solution. More-
over, the powders were recovered from the Li,Sg solution
after full adsorption for XPS analysis.

To investigate the influence of the carbides on the
electrochemical kinetics, symmetric polysulfide cells were
assembled. Typically, various carbides were loaded onto
graphite felt (12mm) with the mass loading of
~0.5 mg cm . Then, 20 uL of 1 mol L' Li,Ss-DME/DOL
solution was dropped in each electrode before the coin-
cell assembling. The symmetric cell was assembled with
bare PP separator sandwiched by two identical carbide
electrodes, and the above electrolyte (20 pL) was used for
Li-S cell test. CV curves were recorded in the voltage
range between —0.8 and 0.8 V at a scan rate of 5mV s .
Electrochemical impedance measurements were carried
out in the frequency ranging from 0.1 Hz to 100 kHz with
the amplitude of 10 mV using a PARSTAT 2273 work-
station.

First-principles calculations

One hundred and thirty two atoms’ supercell models of
Mo,C surface and 188 atoms’ supercell models of the
three bimetallic carbide surfaces were constructed. Each
model contains about 5-A-thick surface layer and 15-A-
thick vacuum layer to minimize the spurious interactions
between the supercells and their images. The calculations
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were performed by using the Cambridge Serial Total
Energy Package (CASTEP), based on the density func-
tional theory (DFT) within the generalized gradient ap-
proximation (GGA). Ultrasoft pseudopotentials were
used. Tkatchenko and Scheffler (TS) dispersion correc-
tions were applied. The cutoff energy was 330 eV. The
supercell is large enough that it is reasonable to use only
gamma k point. The atomic structures were relaxed until
the forces on each atom were less than 0.01 eV A" and
the energy variation between two iterations was less than
2x10 " eV.

RESULTS AND DISCUSSION

As illustrated in Fig. 2a, we fabricated a series of carbide
samples including the bimetallic carbides M;Mo,;C
(M=Co, Ni, Fe) and the monometallic carbide Mo,C via
the simple pyrolysis of metallic precursors and di-
cyandiamide mixture. These bimetallic carbides
(M3;Mo;C, M=Fe, Co, Ni) show similar crystal lattice
belonging to the same space group (Fd-3m) with only
little 20 shifts [50,51] (Fig. S1), which is different from the
Fm-3m group of the Mo,C control sample (Fig. S2). The
refined microstructure of Co;Mo;C sample is identified
by TEM. Fig. 2b, ¢ demonstrate that uniform mono-
disperse Co;Mo;C nanocrystals with the average diameter
of 3-5nm appear as black dots. The Co;Mo;C nano-
crystals were wrapped uniformly by carbon layer, instead
of being exposed on the carbon surface. The similar mi-
crostructure can also be observed in other samples
(Fig. S3).

The carbon substrate exhibits atypical porous structure
with abundant micropores of <1 nm and low-range me-
sopores of 3.3 and 5.8 nm (Fig. S4), which benefits not
only for physically confining the dissolution of the
polysulfides, but also for smooth electrolyte penetration
and fast ion transfer [29]. These carbon scaffolds also
prevent the agglomeration of Co;Mo;C nanocrystals. The
contents of carbon scaffolds and Co;Mo;C are 52 wt%
and 48 wt%, respectively, as identified by thermogravi-
metric analyzer (TGA, Fig. S5). High-resolution TEM
(HRTEM) images (Fig. 2d, e) demonstrate the clear
fringes with an interplanar spacing (d) of ~0.21 nm,
which matchs well with the (511) lattice plane of cubic
Co;Mo;C [52]. Fig. 2f shows the scanning tunneling
electron microscopy (STEM) image and energy dispersive
spectroscopy (EDS) elemental mapping, suggesting the
coexistence and the uniform distribution of elements C,
N, Co and Mo.

The chemical interaction mechanism between the car-
bides and polysulfide species was analyzed by XPS for the

December 2020 | Vol.63 No.12
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Figure 2 Schematic illustration of synthesis and morphological characterization. (a) Schematic illustration of the synthesis of Co;Mo;C sample. (b, )
TEM images, and (d, ) HRTEM images of Co;Mo,C sample. (f) STEM image and EDS elemental mapping.

carbides before and after contacting with Li,S,. The Co 2p
spectrum (Fig. 3a) of original Co;Mo;C shows the pre-
sence of both Co”* and Co* due to the inevitable surface
oxidation. After interacting with polysulfides, blueshifts
of both Co’* 2p;, peak (from 781.1 to 781.5eV) and
Co’* 2p,;, peak (from 783.6 to 784.0 eV) are observed
[53,54]. It can be further confirmed by the reduction of
high-valence Co (Co™) after interacting with Li,S,.
Consistent with the Co 2p analysis, both the blueshifts of
peaks and the reduction of high-valence Mo are also
observed in the refined Mo 3d spectrum (Fig. 3b) due to
the chemical interaction with polysulfides [55,56]. In
addition, apart from the original peaks of bridging S (Sg",
161.6 eV) and terminal S (S; ', 163.4 V) in Li,S; species,
extra peaks assigned to thiosulfate (167.2 eV) and poly-
thionate (168.2 eV) appear in the S 2p spectrum of
Co3Mo;C-Li,Sg in Fig. 3c. The thiosulfate and poly-
thionate components show electrochemical activity to be
favorably reduced to Li,S and regenerated upon charging
[57]. The oxidation of S species is in accord with the
reduction of high-valence of both Co and Mo, indicating
the strong chemical metal-S bonds. Notably, the $; '
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peak in the Co;Mo,C-Li,Sg sample is higher than the Sg’
peak, which is totally different from that of pure Li,Sg
(Fig. S6), suggesting the transformation of long-chain
Li,Sg to short chain polysulfide or sulfide on Co;Mo;C
surface. As a control experiment, the shape of S;” and S; '
peaks in Mo,C-Li,Sg sample (Fig. 3c) is very similar to
pure Li,S,, indicating no obvious polysulfide conversion
on Mo,C surface. These findings demonstrate more va-
lence states and more binding sites with polysulfides in
bimetallic carbides than monometallic carbide. Further-
more, the refined N 1s spectrum (Fig. S7) confirms the
presence of doped N elements (~2.8 wt%) with typical
pyridinic, pyrrolic and graphitic structures in the carbon-
supported CosMo;C sample, consistent with the EDS
results in Fig. 2f. The doped N elements induced by the
dicyandiamide precursor can further enhance the poly-
sulfide confinement of the sample [58,59]. Hence, the
effective chemical adsorption and conversion of poly-
sulfides on Co;Mo;C surface benefit the surface reaction
redox. Furthermore, visual adsorption test (inset of
Fig. 3d and Fig. S8) confirms the excellent polysulfide-
adsorption ability of bimetallic carbide samples by the
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Figure 3 Chemical interaction and adsorption for lithium polysulfide. XPS spectra for (a) Co 2ps,, (b) Mo 3d, and (c) S 2p of the carbide adsorbed
with long-chain Li,Sg. (d) UV-Vis spectra of polysulfide solution upon adsorption by different sorbents. (e) H-type cells for the polysulfide diffusion

with PP (up) and modified Co;Mo;C/PP separator (down).

colorless Li,S; solution containing bimetallic carbides
after full adsorption, which is also validated by the neg-
ligible absorbance in UV-Vis spectra [60] (Fig. 3d). To
visually demonstrate the role of the carbide-modified
separator in restraining the polysulfide shuttle, H-type
glass-cells were assembled as shown in Fig. 3e with dif-
ferent solutions filled in two chambers. The polysulfides
can diffuse towards to the other side through the bare PP
separator. By contrast, the cell separated by Co;Mo,C/PP
separator can maintain the colorless right chamber even
after 48 h, vividly suggesting the significantly restrained
polysulfide shuttle.

As shown in Fig. 4a, the modified separator with a large
area can be easily obtained via a convenient slurry-coat-
ing method. SEM images of the Co;Mo,C/PP separator
surface (Fig. S9) show the coating layer combing the
Co3;Mo;C sample and Super P particles on PP separator
surface, covering its typical porous structure (Fig. S10).
The cross-section SEM image in Fig. 4b shows a coating
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layer with a thickness of ~8 um with uniform distribution
of C, Co, Mo elements. Notably, the carbide sample ex-
hibits a favorable adhesion to PP separator, leading to
excellent mechanical properties of the modified separator,
as illustrated by the folding/unfolding test (Fig. 4c and
Fig. S11). The puncture test results (Fig. 4d) clearly de-
monstrate the higher puncture strength of the Co;Mo,C/
PP separator, which makes the modified separator with
great potential in enduring the spiculate Li dendrites.
Fig. 4e, f show the contact angle of the electrolyte drop on
the separator surface, and the Co;Mo;C/PP separator
exhibits a much lower contact angle than that of PP se-
parator, indicating better electrolyte wettability. There-
fore, the coated side facing the S cathode in a Li-S battery
could restrain the polysulfide shuttle, catalyze the poly-
sulfide conversion, and stabilize the Li anode.

The electrode/polysulfide interfacial electrocatalytic
activity was further probed by symmetric Li,Sg cells with
polysulfide electrolyte using different electrodes. As

December 2020 | Vol.63 No.12
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Figure 4 Property measurements of the modified Co;Mo;C/PP separator. (a) Photo of Co;Mo,C/PP separator. (b) Cross-sectional SEM image and
EDS elemental mapping. (c) Folding test. (d) Photo and results of puncture test. Contact angle of the electrolyte drop on (e) Co;Mo;C/PP, and (f) bare

PP surface.

shown in Fig. 5a, the redox current in the CV curve of the
Co;Mo;C electrode, as well as the other bimetallic carbide
electrodes (Fig. S12), is much higher than that of the
Mo,C electrode. At the same time, the charge-transfer
resistances in electrochemical impedance spectroscopy
(EIS) plots (Fig. S13) show an opposite tendency, which
means the fast interfacial reaction kinetics on Co;Mo;C
electrode surface. The in-depth insight of interfacial re-
action kinetics in practical Li-S batteries was further
understood by assembling coin cells with the carbide-
modified separator as a catalytic membrane. The typical
S-loading is controlled as ~1.6 mg cm ~ in the S/Super P
cathode. CV curve (Fig. 5b) of the as-assembled cell with
the Co;Mo;C/PP separator displays two cathodic peaks at
2.06 and 2.33 V, ascribed to the formation of long-chain
polysulfides and insoluble Li,S,/Li,S, respectively, and
two partially overlapped anodic peaks related to the fol-
lowing oxidation process [61,62]. In comparison with
bare PP separator, the cell with Co;Mo;C/PP separator
exhibits much higher redox currents and lower polar-
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ization, indicating the accelerated redox kinetics of
polysulfide redox reactions by the Co;Mo;C.

Fig. 5c illustrates the rate capabilities of the cells with
different separators. The Co;Mo;C catalytic layer enables
the S cathode to realize superior rate capability with high
specific capacities of 1284, 1036, 909, 840, 759,
633mAhg ' at 0.1, 0.2, 0.5, 1, 2, and 5 C, while the
capacities of the cells with Mo,C/PP or bare PP separator
suffer from inferior capabilities at high C-rates. The ca-
pacities drop, especially for the one with bare PP, should
result from the severe shrinkage or even loss of low dis-
charge plateaus (Fig. S14) due to the sluggish redox ki-
netics. As expected, the Co;Mo;C catalytic layer enables
high S utilization and moderate shrinkage of discharge
plateaus (Fig. S15) due to the multiple binding sites of
polysulfides to promote redox reaction kinetics. The
long-term discharge/charge test shows that the Co;Mo;C/
PP separator enables better cycle stability with a low ca-
pacity fade ratio of ~0.16% per cycle averaged over 200
cycles at 0.1 C (Fig. 5d), compared with that of the cell
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Figure 5 Electrochemical performance of Li-S cells. CV curves of (a) symmetric Li,Sg cells and (b) Li-S cells with different separators. (c) Rate
capability at different rates. (d) Cycle stability at 0.1 C of the cathodes (sulfur loading of ~1.6 mg cm ) with different separators. (e) Cycle stability at
1 C of the cathode with Co;Mo;C/PP separator. Cycle performance of the cathodes with Co;Mo;C/PP separator under high sulfur loadings at (f) 0.1 C,

and (g) 0.2 C.

employing Mo,C/PP or bare PP separator. It is because
that Co;Mo;C/PP separator can effectively restrain the
polysulfide shuttle by strong chemical adsorption and
physical barrier, and show higher activity to catalyze the
polysulfide conversion than Mo,C/PP. Moreover, such an
improvement is further verified by the long-term
discharge/charge tests at a high rate of 1 C in Fig. 5e. The
Co3;Mo,;C/PP separator enables S cathode to achieve high
coulombic efficiency and superior cycle stability up to
1000 cycles with low capacity decay rate of only 0.034%
per cycle, while the cell with bare PP separator suffers
rapid capacity decay from 639 to 237 mA h g ' and lower
coulombic efficiency (Fig. S16).

To further verify the high activity of the carbide elec-
trocatalyst for enhanced kinetics, the cathodes with high
S-loadings were tested. The cells employing Co;Mo,C/PP
separator  exhibit =~ maximum  areal  capacity
~48mAhcm > (959 mAhg') with the S-loading of
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~5.0 mg cm ~ at 0.1 C (Fig. 5f). Excellent cycle stabilities
can be realized with high capacity retention even after 200
cycles for the S cathodes with different S-loadings.
Meanwhile, when accumulating the S-loading up to
80mgcm >, a maximum specific capacity of
8514 mAhg ', corresponding to a 6.8 mA hcm ~ areal
capacity, can be achieved at 0.2 C with a electrolyte/sulfur
ratio of 6 uL g '. Moreover, such enhanced performances
including high capacity and excellent cycle stability are
comparable to the reported Li-S systems with modified
separators so far (Table S1). The results suggest the po-
tential of the catalytic-modified separator for high-
energy-density Li-S batteries. In fact, the significant en-
hancement on the electrochemical performance is related
to the multiple chemical binding sites toward polysulfides
on bimetallic carbides; and the strong chemical interac-
tion can significantly control the shuttle effect and en-
hance the redox kinetics of polysulfide chemistry, the
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benefits are reflected by high capacity and stable S cath-
odes even with high S-loadings.

To comprehensively reveal the superiority of the car-
bide catalytic material for actual Li-S batteries, some ne-
cessary post-cycling tests were carried out. As shown in
Fig. 6a, the bare PP separator shows a brown-yellow ap-
pearance due to the trapped “dead” polysulfides with no
electrochemical activity, which is also confirmed by the
yellow solution after soaking the cycled PP in DME sol-
vent. On the other hand, the confined polysulfides by
CosMo;C sample catalyze redox reaction during cycling
as evidenced by the clear DME solvent soaked with
Co3;Mo;C/PP separator. Furthermore, the Co;Mo;C/PP
separator exhibits intact surface after repeated cycles,
indicating the promising adhesion of Co;Mo;C sample to
PP separator surface. Furthermore, XRD patterns of

P
\__‘____, ‘»--‘f

—-

@ . Soaked in DME

PP CoMo,C/PP

a

S cathode

Intensity (a.u.)

Li anode

5nm

b

Co;Mo;C after cycling in Fig. 6b clearly confirm the
unaltered crystal structure with characteristic diffraction
peaks. And the TEM image (Fig. 6¢) also demonstrates
that the carbide nanocrystals are still wrapped in the
carbon substrate. HRTEM image in Fig. 6d further con-
firms the clear lattice fringes with a d value of ~0.21 nm,
which matches well with the (511) lattice plane of
Cos;Mo;C. Notably, the lattice fringe with d=0.34 nm can
be assigned to the (002) plane of graphitic carbon in the
carbide sample, which can also be referred to Fig. 6e.
These results vividly indicate the desirable structure sta-
bility of both Co;Mo;C material and Co;Mo;C/PP se-
parator during long-term electrochemical cycles.

The polysulfide shuttling not only leads to the rapid
capacity loss of S cathode, but also causes the severe da-
mage to the surface morphology of Li anode, which goes
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Figure 6 Post-cycle characterization. (a) Photos of disassembled Li-S cells with different separators. (b) XRD patterns of the Co;Mo,C/PP separator
before and after cycling. (c—e) TEM and HRTEM images of cycled Co;Mo;C sample; SEM images and EDS elemental S mapping of cycled Li anode for
the cells with (f) bare PP separator, and (g) Co;Mo;C/PP separator. Electrochemical performance of the fresh sulfur cathode (~1.6 mg cm ) with the
cycled Co;Mo;C/PP separator at 0.1 C: (h) initial discharge/charge curve, (i) cycle stability.
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against to the cycle stability of the cell in turn [63,64]. The
polysulfide shuttle in the cell with a bare PP separator
leads to a damaged surface with cracks and severe de-
position of insoluble Li,S,/Li,S (Fig. 6f and Fig. S17). On
the contrary, as seen in Fig. 6g, the Co;Mo;C/PP se-
parator acts as an effective polysulfide barrier to protect
well the Li anode from polysulfide corrosion and reduce
the Li,S,/Li,S deposition.

Further, the reutilization of the robust Co;Mo;C/PP
separator was demonstrated. Li-S cells were assembled
using the recycled Co;Mo;C/PP separator, fresh S cathode
with the S-loading of 1.6 mg cm 7, and fresh Li anode. As
shown in Fig. 6h, the fresh Li-S cell shows representative
discharge/charge curves with two potential platforms and
delivers a high initial specific capacity of 1251 mA h g ' at
0.1 C. More impressively, excellent cycle stability can be
realized with high capacity of 905mAhg ' after 100
cycles (Fig. 6i). We believe that the satisfying reutilization
of the modified separators is of great significance for
high-performance and low-cost Li-S batteries. In addi-
tion, these results evidently demonstrate the superiority
of bimetallic carbide in controlling polysulfide shuttling
and catalyzing the redox kinetics, thus realizing the im-
proved electrochemical performance of S cathodes.

[ AEEAEE |
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To investigate the performance difference between
Mo,C and M;MosC, first-principles calculations were
performed on the adsorptions of short-chain lithium
sulfides LiS as well as single Li and S atoms on these
carbide surfaces. (111) and (511) surfaces of Mo,C and
M;Mo;C (Fig. S18), respectively, were used, according to
the XRD measurements. The adsorption sites for Li and S
atoms were chosen to be near C and metallic atoms, re-
spectively, to maximize the tendencies of adsorptions.
The adsorption energy of X on surface A, Ey", was cal-
culated according to
E"=E—E"—E,,
where Ey is the total energy of the surface with adsorbate
X, E s the total energy of the bare surface and Ey is the
total energy of isolated X. More negative (or less positive)
Ex" value indicates a stronger adsorption tendency. We
also defined AE, as the difference between the adsorption
energy of LiS and the sum of those of single Li and S
atoms on surface A, i.e.,

A A A
AE, = Es"—E; —EgT,
where AE, reflects the tendency of the decomposition of

LiS molecule to Li and S atoms upon its adsorption to the
surface and a more positive (or less negative) value in-

(=]
=

Capacity (mA

8,01C
12001 oiley 0o
1000} ":'ln. 056 40 Jos5¢C
L] e
800} Seeotttiisste, 2g | dill
600 *Mo,C/PP SR+ 11 LTI
a0l  °FeMoCIPP b
* Ni,Mo,C/PP

200F e Co,Mo,C/IPP

050 45 20 25 30

Cycle number

Figure 7 First-principles calculation results. Adsorption of (a) short-chain LiS, S and Li (yellow, S; pink, Li; grey, C; green, Mo; blue, M=Co, Ni, Fe),
and (b) long-chain Li,Sg on Mo,C and M;Mo;C surfaces (yellow, S; pink, Li; grey, C; green, Mo; blue, Coj; silver, Ni/Fe). (c) Cycle stability at 0.1 C, and
(d) rate capability at different rates of the S/Super P cathodes (sulfur loading of ~1.6 mg cm *) with Mo,C/PP and M;Mo;C/PP separators.
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dicates stronger decomposition tendency. Accordingly, all
the calculated AEy; \j, (- values are larger than AEy, - by
1.1-1.4 eV, as concluded in Fig. 7a, indicating that bi-
metallic carbide surfaces can further enhance the catalytic
decomposition of the lithium sulfides compared with
Mo,C surface.

We also simulated the adsorption of long-chain lithium
polysulfide Li,Sg on these surfaces. The calculated ad-
sorption energies show that the adsorptions on bimetallic
carbide surfaces are also more preferred than that on
Mo,C surface. In addition, as shown in Fig. 7b, we note
that Li,Sg; adsorbate is decomposed to short-chain LiS,
LiS, and single S atoms on all three bimetallic carbide
surfaces, whereas longer-chain LiS; still remains on Mo,C
surface, in consistence with the enhanced catalytic de-
composition effects of the bimetallic carbide surfaces as
previously discussed. The better performance of
Co3;Mo;C compared with Fe;Mo;C and Ni;Mo;C can also
be rationalized by our calculations: among the three bi-
metallic carbide surfaces, Co;Mo;C surface has the
strongest capability of the catalytic decomposition of li-
thium sulfides (Fig. 7a) and the adsorption of Li,Sg on
CosMo;C surface has medium strength (Fig. 7b and
Fig. S19), neither over-binding as Fe;Mo,C nor under-
binding as Ni;Mo;C. Such a tendency can be further well
reflected in the electrochemical performance of the Li-S
batteries with the different modified separators. The
M;Mo;C/PP separators enable better performance in-
cluding cycle stability (Fig. 7c) and rate capability
(Fig. 7d) of the S cathode than Mo,C/PP separator, while
the Co;Mo,C/PP separator realizes the best performance
among the M;Mo;C/PP separators.

CONCLUSIONS

In summary, we proposed a catalytic modification of
commercial separator with bimetallic carbide catalyst for
high-rate and stable Li-S batteries. Compared with
monometallic carbide Mo,C, the catalytic activity of
bimetallic carbide M;Mo;C for the polysulfide redox
kinetics is significantly enhanced due to the multiple
binding sites toward polysulfide species. First-principles
calculations reveal the stronger capability of the catalytic
decomposition of sulfides on the M;Mo;C surface
compared with Mo,C and suggest that moderate ad-
sorption of long-chain polysulfide is quite necessary for
the better electrochemical performance of Co;Mo;C
compared with Fe;Mo;C and Ni;Mo;C. Moreover, the
catalytically modified separator exhibits excellent me-
chanical strength and can be reutilized with comparable

December 2020 | Vol.63 No. 12
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electrochemical performance. Apart from that, the mod-
ified separator fabrication strategy is simple, but sig-
nificantly effective for high-performance and high S-
loading Li-S batteries.
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