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Polysulfide binding and trapping to prevent dissolution into the
electrolyte by a variety of materials has been well studied in Li—S
batteries. Here we discover that some of those materials can play
an important role as an activation catalyst to facilitate oxidation of
the discharge product, Li,S, back to the charge product, sulfur.
Combining theoretical calculations and experimental design, we
select a series of metal sulfides as a model system to identify
the key parameters in determining the energy barrier for Li,S ox-
idation and polysulfide adsorption. We demonstrate that the Li,S
decomposition energy barrier is associated with the binding be-
tween isolated Li ions and the sulfur in sulfides; this is the main
reason that sulfide materials can induce lower overpotential com-
pared with commonly used carbon materials. Fundamental under-
standing of this reaction process is a crucial step toward rational
design and screening of materials to achieve high reversible capac-
ity and long cycle life in Li—S batteries.
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he ever-increasing demand for energy storage devices with

high energy density, low material cost, and long cycle life has
driven the development of new battery systems beyond the cur-
rently dominant lithium ion batteries (LIBs) (1). Among alter-
native battery chemistries, lithium—sulfur (Li—S) batteries have
attracted remarkable attention due to their high theoretical en-
ergy density of 2,600 watt hours per kilogram, 5 times higher
than those of state-of-the-art LIBs (2-4). In addition, sulfur, as a
byproduct of the petroleum refining process, is naturally abun-
dant, inexpensive, and environmentally friendly (5). However,
the practical application of Li—S batteries is still plagued with
numerous challenges. For example, the insulating nature of sulfur
and discharge products Li,S/Li,S, leads to low active material
utilization. In addition, the easy dissolution of lithium polysulfides
(LiPSs) into the electrolyte causes LiPSs shuttling between cath-
ode and anode and uncontrollable deposition of sulfide spe-
cies on the lithium metal anode, inducing fast capacity fading
and low coulombic efficiency (2, 6).

Tremendous efforts have been taken to circumvent these
concerns, with the nanostructuring of electrodes as one of the
most effective approaches to overcoming the issues facing high-
capacity electrode materials (2, 7). For example, the integration
of nanostructured carbon materials with sulfur is one of the
primary strategies for improving the electrical conductivity of the
composites and suppression of polysulfide shuttling through
physical confinement (8-14). However, it was first recognized by
Zheng et al. (11) that the weak interaction between nonpolar
carbon-based materials and polar LiPSs/Li,S species leads to
weak confinement and easy detachment of LiPSs from the car-
bon surface, with further diffusion into the electrolyte causing
capacity decay and poor rate performance. Therefore, the in-
troduction of heteroatoms into carbonaceous materials (such as
nitrogen, oxygen, boron, phosphorous, sulfur, or codoping) for
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the generation of polar functional groups was adopted to en-
hance the interaction and immobilization of LiPS species in the
electrode (15). For instance, nitrogen- or sulfur-doped mesoporous
carbons (16, 17), boron-doped carbons (18), oxygen- or nitrogen-
functionalized carbon nanotubes and graphenes (19, 20), amino-
functionalized reduced graphene oxides (21), and nitrogen/
sulfur-codoped graphene sponges (22) have shown great promise in
trapping LiPSs due to the strong anchoring sites induced by het-
eroatom doping. In addition to carbon, a wide variety of anchoring
materials (AM) have been introduced with polysulfide binding and
trapping abilities (23-25). Patterning of carbon- and tin-doped in-
dium oxide for sulfur species deposition, as an example, offers a
clear demonstration of the polysulfide binding effect (26). Various
metal oxides (27, 28), metal sulfides (29-31), metal nitrides (32),
metal carbides (33), and metal organic frameworks (34) have been
proposed to overcome the above-mentioned problems and improve
cycling stability based on their similar polar interaction with LiPSs
or Lewis acid—base interaction.

Study in the past several years has indicated that polysulfide
binding and trapping is one of the most important strategies for
improving Li—S battery performance. Here we discover a cata-
Iytic effect: that electrode materials previously designed for
polysulfide binding and trapping can play a critical role in cata-
lyzing the oxidation of Li,S back to sulfur during battery charg-
ing. The recent mechanism study has clarified that there are both
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Fig. 1. Schematic illustration of the sulfur conversion process and the Li,S
catalytic oxidation on the surface of the substrate. (A) Sulfur adsorbs on the
surface of carbon and polar host and transforms to Li,S,, which is strongly
bonded with the polar host while weakly adsorbed by nonpolar carbon (step 1).
Li,S transforms to Li,S and is mainly captured by the polar host while isolated
islands are deposited on the carbon surface (step 2). (B) The substrate catalyzes
Li,S decomposition and favors the oxidization of Li,S to Li,S, near the substrate
surface, and finally to sulfur (steps 3 and 4 in A).

electrochemical and chemical pathways during battery cycling
(35). That is, polysulfides can be electrochemically deposited to
form Li,S, or chemically disproportionated to form Li,S, sug-
gesting that the catalytic oxidation of Li,S is of crucial impor-
tance in achieving high reversible capacity and long cycling life.
Typically, the conversion reaction process in Li—S batteries can
be divided into four main steps, as illustrated in Fig. 1. Most of
the research work has emphasized the physical/chemical ad-
sorption of sulfur species on the surface of carbon and polar
hosts (strong affinity to LiPSs/Li,S, step 1, Fig. 14). For in-
sulating materials with poor electronic conductivity, the poly-
sulfide redox mechanism is hampered. Our group has recently
demonstrated the importance of balancing sulfide species ad-
sorption and diffusion on nonconductive metal oxides (27) with
better surface diffusion, leading to higher Li,S deposition effi-
ciency (step 2, Fig. 14). In the reverse reaction process, catalysis
of the decomposition of Li,S and oxidization of Li,S to Li,Sy and
finally to sulfur (Fig. 1B and steps 3 and 4 in Fig. 14) near the
surface of the substrate are crucial steps to realizing high capacity
and Columbic efficiency, yet have been relatively neglected in
the Li—S chemistry. In this respect, a systematic consideration of
the substrates that are capable of catalyzing Li,S decomposition is
critical to the development of advanced Li—S batteries.

Herein, a series of metal sulfides have been systematically in-
vestigated as model systems to identify the key parameters in
determining the energy barrier for Li,S oxidation and polysulfide
adsorption capability in Li—S batteries. The experimental results
show that VS,-, TiS,-, and CoS,-based cathodes exhibit higher
binding energy and lower diffusion and activation energy bar-
riers, resulting in improved capacity and cycling stability. By
combining first-principles calculations, we demonstrate that the
strongly coupled interactions between LiPS species and metal
sulfides and the energy barrier of Li,S decomposition is cor-
related with the binding between isolated Li ions and the sulfur
in sulfides. This strong interaction is favorable for lowering the
overpotential and improving energy efficiency compared with
weakly bonded carbon materials. These findings provide insight
into a fundamental understanding of sulfur conversion chemis-
try and guidance for the future design and screening of new
materials with Li,S catalytic activity toward achieving high-
performance Li—S batteries.

Results and Discussion

Initial Activation Energy Barrier on Various Metal Sulfides. To un-
derstand the role of metal sulfides in catalytic decomposition of
Li,S, we systematically investigated the effect of six kinds of
metal sulfides, including VS,, CoS,, TiS,, FeS, SnS,, and Ni,S;,
on tuning the decomposition energy barrier. According to our
simulation of electronic band structures (SI Appendix, Fig. S1),
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Ni5S,, FeS, and CoS, are metallic materials and VS, and TiS,
are semimetallic, which means that they are all materials with
good electrical conductivities, whereas SnS; is a semiconductor
with a band gap of 2.2 eV. Carbon materials [a graphene/carbon
nanotube hybrid (G/CNT) (36) was used in this work] were
chosen for comparison due to their common use as conductive
coating materials in sulfur- or Li,S-based cathodes. The cathode
consists of a commercial Li,S cathode material mixed uniformly
with various metal sulfides, carbon black, and polyvinylidene
fluoride binder. The detailed synthesis procedures are described
in SI Appendix, Materials and Methods. Coin cells were assembled
with lithium metal as anode and reference electrode. Li,S suf-
fers from a low electrical conductivity, high charge transfer
resistance, and low lithium ion diffusivity, which leads to a high
overpotential at the initial charging to overcome the energy
barrier. The initial charge voltage profiles from open-circuit
voltage to 4.0 V to delithiate Li,S is shown in SI Appendix, Fig.
S2. The red rectangular area was magnified in Fig. 24 to clearly
show the activation barrier. The G/CNT-Li,S cathode without
the addition of metal sulfide exhibits a high potential barrier at
about 3.41 V in the initial charging process, indicating a slug-
gish activation process with high charge transfer resistance. The
SnS,-Li,S cathode shows a clear voltage jump with a potential
barrier of 3.53 V during the activation process due to the semi-
conducting nature of SnS,. The charge voltage plateaus after the
short voltage jump represent the phase conversion reaction from
Li,S to low-order LiPSs, high-order LiPSs, and sulfur. A similar
charging phenomenon is observed for NisS,—Li,S and FeS—Li,S
electrodes with high potential barriers of 3.47 and 3.25 V even
though both are metallic. However, the addition of CoS,, VS,, and
TiS, significantly reduces the height of the potential barrier to
3.01, 2.91, and 2.88 V, respectively (Fig. 24). These results are
consistent with the cyclic voltammetry (CV) measurements
(SI Appendix, Fig. S3). The lower potential barrier and longer
voltage plateau of the CoS,-, VS,-, and TiS,-based electrodes
compared with other metal sulfides indicate improved conduc-
tivity and reduced charge transfer resistance.

To attain an in-depth understanding of the function of these
metal sulfides, we use the climbing-image nudged elastic band
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Fig. 2. Electrochemical activation and Li,S decomposition mechanism on

the surface of various metal sulfides and graphene. (A) First cycle charge
voltage profiles of Ni3S,—LiS, SnS,—Li,S, FeS—Li,S, CoS,—Li,S, VS,—LisS, TiS,—
Li,S, and G/CNT-Li,S electrodes. (B) Energy profiles for the decomposition of
Li>S cluster on NisS,, SnS,, FeS, CoS,, VS, TiS, and graphene. Top view
schematic representations of the corresponding decomposition pathways
for (C) NisS,, (D) SnS,, (E) FeS, (F) CoS,, (G) VS,, (H) TiS,, and (/) graphene.
Here, green, yellow, gray, purple, brown, blue, red, cyan, and beige balls
symbolize lithium, sulfur, nickel, tin, iron, cobalt, vanadium, titanium, and
carbon atoms, respectively. S, represents the sulfur atom in the Li,S cluster.
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(CI-NEB) method (37) to calculate the barrier for Li,S de-
composition to evaluate the delithiation reaction kinetics on the
surface of different metal sulfides. Here, we consider the de-
composition process from an intact Li,S molecule into an LiS
cluster and a single Li ion (Li;S—LiS + Li* + ¢7). The main
evolution is composed of the Li ion moving far away from the S
atom in the Li,S molecule, which is accompanied by breaking of
the Li—S bond. The energy profiles for the decomposition
processes on different sulfides are shown in Fig. 2B, and the
barrier heights are listed in SI Appendix, Table S1. The NizS,
decomposition barrier is as high as 1.03 eV, much larger than
the other five cases, and is consistent with the large initial
voltage barrier for Nis;S;-added Li,S cathode. The barriers for
FeS, CoS,, VS,, and TiS, are 0.63, 0.56, 0.31, and 0.30 eV, re-
spectively, and qualitatively agree with the voltage magnitudes
measured experimentally. For SnS,, the calculated barrier for
decomposition is as low as 0.32 eV, but experimentally exhibits a
very large initial charge potential. This can be probably attrib-
uted to the insulating nature of SnS, and the electron—ion re-
combination process, which is the rate-determining step for the
delithiation process, but not the Li decomposition process. Fig.
2 C-H illustrates the decomposition pathway for one Li ion
departing from the LiS cluster on the surface of six kinds of
sulfides. It can be clearly seen that the decomposition process is
associated with the binding between the isolated Li ion and the
sulfur in sulfides. This is the dominant reason that the sulfide
anchor can induce a lower decomposition barrier compared with
carbon materials. For graphene, the chemical interaction be-
tween the Li ion and carbon is much weaker, and, therefore, the
decomposition process should have a very large activation en-
ergy barrier (Fig. 27, 1.81 eV according to our simulation).

Interaction Between Polysulfides and Various Metal Sulfides. The
discovery that Li,S decomposition is related to Li ion binding
with the host material propels us to understand the binding be-
tween metal sulfides and LiPSs. Therefore, polysulfide adsorp-
tion tests and X-ray photoelectron spectroscopy (XPS) studies
were carried out to provide detailed information on the in-
teraction between polysulfides and various metal sulfides. To
probe the polysulfide adsorptivity, 0.005 M Li,Ss was prepared
by chemically reacting sulfur with Li,S in 1,3-dioxolane/1,2-
dimethoxyethane solution (DOL/DME, 1:1 by volume). Differ-
ent masses of metal sulfides and G/CNT with equivalent total
surface area were added into the above solution for comparison.
Unsurprisingly, after prolonged contact with Li,Ss, nonpolar
G/CNT has no observable effect on adsorbing polysulfides as the
color of the solution remains the same as the control sample
shown in Fig. 34, indicating weak physical adsorption. FeS and
SnS, demonstrate higher adsorption capability of Li,Sq com-
pared with G/CNT, whereas Ni;S, exhibits lower adsorption
capability as demonstrated by the lack of any significant color
change. In contrast, the originally yellow-colored polysulfide
solution becomes colorless after the addition of TiS, or VS,, and
becomes much lighter in color for CoS,, suggesting a strong in-
teraction between Li,Ss and these sulfide hosts.

XPS analysis of the samples retrieved after the adsorption test
provides additional evidence for the interaction between LiPSs
and metal sulfides or G/CNT. Here we take VS,, CoS,, and
G/CNT as examples. The V 2p spectra of VS, and VS,—Li,S¢ are
shown in SI Appendix, Fig. S44, in which two peaks located at
517.3 and 524.8 eV with an energy separation of 7.5 eV are at-
tributed to the V 2ps;, and V 2py,, spin-orbit levels of VS, (38).
Upon contact with Li,Se, both peaks shift about 0.8 eV to 1.0 eV
toward lower binding energy. The Li 1s spectrum of pristine
Li,Se exhibits an Li—S peak at around 56.3 eV (SI Appendix, Fig.
S4B), which shifts to 56.1 eV after contact with VS,. Both of the
peak shifts in V 2p and Li 1s suggest the formation of chemical
bonds between VS, and Li,S4. A similar shift trend was observed
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Fig. 3. Lithium polysulfide (Li,Se¢) adsorption by carbon and metal sulfides
and corresponding simulation of Li,S¢ adsorbed on the surface of metal
sulfides. (A) Digital image of the Li,S¢ (0.005 M) captured by carbon and
metal sulfides in DOL/DME solution. Atomic conformations and binding
energy for Li,Se species adsorption on (B) NisS;, (C) SnSy, (D) FeS, (E) CoS, (F)
VS,, and (G) TiS,. Here, green, yellow, gray, purple, brown, blue, red, and
cyan balls represent lithium, sulfur, nickel, tin, iron, cobalt, vanadium, and
titanium atoms, respectively.

in the CoS,-Li,S¢ system (SI Appendix, Fig. S4 C and D). In
contrast, almost no signal can be detected in the Li 1s spectrum
of the G/CNT-Li,Ss sample, confirming the poor adsorption
capability of nonpolar G/CNT with the polar Li,S¢ molecule (S
Appendix, Fig. S5).

To study the interaction between Li,S¢ and sulfide materials,
first-principle simulations are applied. Fig. 3 B—G shows the
adsorption conformations for Li,S¢ on various sulfides. It can be
clearly seen that the chemical interaction is dominated by the
bond formed between the Li ion in Li,Se and the sulfur ion in the
sulfide, congruent with the previous discussion and the adsorp-
tion mechanism described in our previous work (39). The bind-
ing energy, Ep, is computed to measure the binding strength
between the Li,S¢ species and the AM; it is defined as the energy
difference between the Li,Sc—AM adsorbed system (Epizse+am)
and the summation of pure Li,Se (Erizse) and pure AM (Eam),
which can be expressed as E, = Epipss + Eam — ELizssram
(positive binding energy indicates the binding interaction is fa-
vored and the larger the value, the stronger the anchoring ef-
fect). According to the simulation, the binding strengths between
LirS¢ and NisS,, SnS,, FeS, CoS,, VS,, and TiS, are 0.72, 0.80,
0.87, 1.01, 1.04, and 1.02 eV, respectively. The calculated mag-
nitudes of E,, are in good agreement with our experimentally
measured Li,S¢ adsorption capability and also indicate that
stronger interactions can induce a better anchoring effect. Fur-
thermore, all of the sulfide anchors in our study can induce
greater binding strength than graphene (0.67 V), which exhibits
weak chemical binding to Li,Se as adsorption is dominated by
physical van der Waals interaction (SI Appendix, Fig. S6); this
explains why these sulfides can mitigate polysulfide dissolution
and suppress shuttle effect leading to better performance than
commonly adopted sp? carbon materials in Li—S batteries.

Fabrication of Sulfur-Infiltrated Metal Sulfides@G/CNT Electrodes. To
better disperse the metal sulfides (M,S,) in the sulfur cathode
and reduce the weight of the whole cathode, a G/CNT hybrid
was prepared and served as the substrate to support M,S, par-
ticles (S Appendix, Fig. S7). The G/CNT and various commercial
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M,S, particles were mixed, ground, and ball-milled for 1 h to
disperse M,S, on the surface of the G/CNT and obtain M,S,@G/
CNT hybrids (SI Appendix, Fig. S8). Sulfur was then infused
through a melt diffusion method into the M,S,@G/CNT hybrids
by heating at 155 °C for 12 h to form the S—M,S,@G/CNT
composites. Here sulfur-infiltrated M,S,@G/CNT instead of
Li,S-based composites were used as cathodes because the cost of
sulfur is much lower than that of Li,S, and sulfur is easier to
handle compared with Li,S, as Li,S is sensitive to water and
oxygen. The intrinsically conductive M,S, in the electrode is
intended to serve several important functions, including as a
polar feature that can bind strongly to LiPSs, spatially localize
the deposition of the sulfide species, and promote surface redox
chemistry (SI Appendix, Fig. S8). The as-prepared M,S,@G/
CNT composites were characterized by scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM),
as shown in SI Appendix, Fig. S9. These composites exhibit a
cloud-like, rough surface with various M,S, particles well deco-
rated inside or on the surface of the G/CNT (SI Appendix, Fig. S9
A-F). The microstructure was further investigated by TEM.
The M,S, particles, with particle size in the range of 200 nm to
400 nm, are homogeneously distributed in the G/CNT hybrid
without obvious agglomeration (S Appendix, Fig. S9 G—L). It can
be noted that the M,S, particles are firmly adhered to the G/CNT
even after ultrasonic dispersion for TEM characterization, in-
dicating good contact between them. The high-resolution TEM
images show lattice spacings of 0.573, 0.568, 0.248, 0.298, 0.278,
and 0.408 nm, which are ascribed to the (001), (001), (210), (110),
(101), and (101) planes of VS,, TiS,, CoS,, FeS, SnS,, and NisS,,
respectively (SI Appendix, Fig. SO M—-R). After the infusion
of sulfur, the typical structure of the corresponding S—M,S,@
G/CNT composites was characterized by SEM (energy-disper-
sive X-ray spectroscopy elemental analysis and mapping) and
X-ray diffraction, as shown in SI Appendix, Figs. S10 and S11.
The microstructure of the S—M,S,@G/CNT composite is
similar to the M,S,@G/CNT composite in which the graphene
and CNTs can still be sparsely observed. The surface of the
S—M,S,@G/CNT composite is smoother after sulfur impregna-
tion, suggesting a homogeneous sulfur coating on the surface of
the M,S;@G/CNT hybrids.

Lithium lon Diffusion Mechanism. The lithium ion diffusion co-
efficient can serve as a good descriptor to verify whether M,S,
can propel the polysulfide redox reaction process, as fast lithium
ion diffusion facilitates the sulfur transformation chemistry at the
M,S, interface. CV was used to investigate electrode kinetics
with respect to the lithium ion diffusion coefficient (27). Taking
the S—VS,@G/CNT electrode as a representative example, Fig.
4A4 shows the CV curves of the electrode measured under dif-
ferent scanning rates ranging from 0.2 mV-s~! to 0.5 mV-s~
between 1.5 V and 2.8 V (vs. Li/Li*). At all scan rates, there are
two cathodic peaks at around 2.30 V (I¢;) and 1.95 V (I),
corresponding to the reduction of elemental sulfur (Sg) to long-
chain lithium polysulfides and the subsequent formation of
short-chain Li,S,/Li,S (12). The anodic peak at around 2.50 V in
the anodic sweep results from the transition of Li,S,/Li,S to
polysulfides and elemental sulfur (I5). The cathodic and anodic
current peaks (Icy, Iz, 14) of all of the M,S,-containing elec-
trodes have a linear relationship with the square root of scanning
rates (Fig. 4 B—D), indicative of the diffusion-limited process.
Therefore, the classical Randles—Sevcik equation can be applied
to descrlbe the lithium diffusion process (27): I, = (2.69 x 10°)

158 D00 € %3, where Ip is the peak current n is the charge
transfer number, S is the geometric area of the active electrode,
Dy, is the lithium ion diffusion coefficient, Cy; is the concen-
tration of lithium ions in the cathode and v is the potential scan
rate. The slope of the curve (Ip/u 5) represents the lithium ion
diffusion rate as n, S, and Cy; are unchanged. It can be clearly
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Fig. 4. Lithium ion diffusion properties on the surface of graphene and
various metal sulfides with mechanism analysis. (A) CV curves of the
S—VS,@G/CNT electrode at various scan rates. Plots of CV peak current for
the (B) first cathodic reduction process (Icq: Sg—Li»S,), (C) second cathodic
reduction process (Ic>: LizSx—Li;S,/LizS), and (D) anodic oxidation process
(Ia: LiSy/Li,S—Sg) versus the square root of the scan rates. (E) Energy
profiles for diffusion processes of Li ion on NisS,, SnS,, FeS, CoS,, VS,, TiS,,
and graphene. Top view schematic representations of corresponding dif-
fusion pathways for (F) graphene, (G) NisS,, (H) SnS,, () FeS, (J) CoS,, (K) VS,,
and (L) TiS,. Here, green, yellow, gray, purple, brown, blue, red, cyan, and
beige balls represent lithium, sulfur, nickel, tin, iron, cobalt, vanadium, tita-
nium, and carbon atoms, respectively.

seen that the S@G/CNT electrode exhibits the lowest lithium ion
diffusivity, which mainly arises from the weak LiPSs adsorption
and Li,S catalyzing conversion capability, induced high LiPSs
viscosity in the electrolyte, or deposition of a thick insulating
layer on the electrode, as discussed previously. In contrast, the
S—VS,@G/CNT, S—CoS,@G/CNT, and S-TiS,@G/CNT elec-
trodes demonstrate much faster diffusion compared with the
S@G/CNT electrode and better reaction kinetics than the S—NizS,@
G/CNT, S—SnS,@G/CNT, and S—FeS@G/CNT electrodes, indi-
cating that the introduction of polar M,S, hosts enables highly
efficient catalyzing conversion of sulfur redox.

To validate the above-mentioned points, we simulate the dif-
fusion barriers for Li ion on graphene and six kinds of sulfides
using CI-NEB calculations (37). The energy profiles along the
diffusion coordinate for these AM are shown in Fig. 4E. The
magnitudes of the barriers lie in the region of 0.12 eV to 0.26 eV
(listed in SI Appendix, Table S2), all of which are smaller than
the diffusion barrier on graphene, which is 0.30 eV according to
our simulations and is consistent with the experimental results
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showing that Li ions diffuse faster on sulfide materials. The dif-
fusion barriers for NizS,, SnS,, and FeS are ~0.1 eV larger than
those for CoS,, VS,, and TiS, which is also in qualitative agree-
ment with our experimental observations. This finding likely ex-
plains why CoS,, VS,, and TiS, added electrodes have better
reaction kinetics compared with the other three; a lower barrier
can lead to an increase in the diffusion rate according to the ex-
ponential rule, and faster diffusion on the surface of the AM can
promote the reaction between lithium and sulfur. In Fig. 4 F—L,
the diffusion pathways on the surface of graphene and sulfides are
illustrated. For Ni3S,, FeS, CoS,, and graphene, the diffusion fol-
lows the arc curves from one stable point to the other, with the
saddle point located in the middle of the pathway. In contrast, for
hexagonal SnS,, VS,, and TiS,, the diffusion follows a polyline,
from one stable hollow site to the metastable hollow site and then
to another stable hollow site. Therefore, the diffusions in these
three kinds of sulfides have double-peak profiles.

Electrochemical Performance of the S—M,S,@G/CNT Electrodes. Fig.
5A4 and SI Appendix, Fig. S12 show the galvanostatic discharge/
charge voltage profiles of S—M,S,@G/CNT and S@G/CNT
electrodes at various current rates from 0.2 C (1 C = 1675 mA-g™)
to 4 Cin the potential range of 1.5 V to 2.8 V. The S—VS,@G/CNT
cathode exhibits excellent rate performance consisting of two dis-
charge plateaus even at a very high current rate of 4 C (Fig. 54),
which can be ascribed to the reduction of Sg to high-order lithium
polysulfides at 2.3 V to 2.4 V and the transformation to low-order
LirS,/Li,S at 1.9 V to 2.1 V (2). In the reverse reaction, two plateaus
in the charge curve represent the backward reaction from lithium
sulfides to polysulfides and finally to sulfur (12). These results are in
good agreement with the reduction and oxidation processes estab-
lished in the CV curves (Fig. 44). Based on the discharge curves at
0.2 C, the sulfur electrodes containing G/CNT, SnS,, NisS,, FeS,
TiS,, CoS,, and VS, exhibit average discharge capacities of 685,
836, 845, 900, 1,008, 1,033, and 1,093 mA-h-g_l, respectively (Fig.
5B). The higher discharge capacities of TiS,-, CoS,-, and VS,-
containing cathodes indicate the high utilization of sulfur due to the
strong interaction between LiPSs and these sulfides. There are
distinct differences in the voltage hysteresis and length of the volt-
age plateaus, which are related to the redox reaction kinetics and
the reversibility of the system (Fig. 5B and SI Appendix, Fig. S12).
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Fig. 5. Electrochemical performance of the S—M,5,@G/CNT composite elec-
trodes. (A) Galvanostatic charge/discharge voltage profiles of the S-VS,@G/
CNT composite electrodes at different current densities within a potential
window of 1.5 V to ~2.8 V vs. Li*/Li°. (B) Comparison of the specific capacity
and polarization voltage between the charge and discharge plateaus at 0.2 C
for different composite electrodes. (C) Cycling performance and coulombic
efficiency of the different composite electrodes at 0.5 C for 300 cycles.
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The TiS,-, CoS,-, and VS,-containing cathodes display flat and stable
plateaus with relatively small polarizations of 177, 177, and 172 mV at
0.2 C, much lower than G/CNT-, SnS,-, Ni5S,-, and FeS-containing
cathodes with values of 272, 244, 259, and 217 mV. This finding
suggests a kinetically efficient reaction process with a smaller energy
barrier promoted by the M,S, (TiS,, CoS,, and VS,) catalyzing pro-
cess discussed previously. A similar trend was confirmed when the cells
were subjected to higher rates of 0.5 C and 1 C (SI Appendix, Figs. S12
and S13). The charge/discharge plateaus obviously shift or even dis-
appear for G/CNT-, SnS,-, and Ni3S,-containing electrodes at high
current rates, indicating high polarization and slow redox reaction
kinetics with inferior reversibility, which is consistent with the de-
composition energy barrier analysis (Fig. 2).

Long-term cycling stability with high capacity retention is
crucial for the practical application of Li—S batteries. Fig. 5C
shows the cycling performance of the S@G/CNT and S—M,S,@G/
CNT electrodes at 0.5 C for 300 cycles after the rate capability test.
The S—VS,@G/CNT electrode delivers a high initial reversible
capacity of 830 mA-h-g™", and the capacity remains at 701 mA-h-g~!
after 300 cycles with stabilized coulombic efficiency above 99.5%,
corresponding to a capacity retention of 84.5% and slow capacity
decay rate of 0.052% per cycle. The high LiPSs adsorbing ca-
pability and good catalytic conversion of sulfur species allevi-
ate the shuttle effect and improve the coulombic efficiency. The
S—CoS,@G/CNT and S-TiS,@G/CNT electrodes also retain
reversible capacities of 581 and 546 mA-h-g~!, respectively, ac-
counting for 85.3% and 78.2% of their initial capacities, with low
capacity fading rates of 0.049% and 0.073% per cycle. Even at a
high charge/discharge rate of 2 C, the VS,-, CoS,-, and TiS,-
based electrodes still demonstrate excellent cycling stability, with
capacity retentions of 79.1%, 74.7%, and 73.7%, and low ca-
pacity decay rates of 0.070%, 0.084%, and 0.088% per cycle,
respectively (SI Appendix, Fig. S14). The remarkable improve-
ments in cycling stability and coulombic efficiency can be as-
cribed to the immobilization of soluble polysulfide species through
a strong chemical binding and facile redox reaction propelled by
these metal sulfides. As for the S@G/CNT electrode, it only de-
livers an initial reversible capacity of 386 mA-h-g™" at 0.5 C rate
and the capacity rapidly decreases to 218 mA-h-g~! after 300 cy-
cles, with a capacity retention of 56.5% and fast capacity decay
rate of 0.145% per cycle. This finding suggests a weak affinity with
LiPSs that cannot retard their diffusion into the electrolyte and
prevent active material loss. Compared with TiS,-, CoS,-, and
VS,-containing electrodes, the sulfur cathodes containing FeS
(334 mAh-g™!, 47.4% capacity retention), SnS, (191 mA-h-g™,
31.3% capacity retention), and NisS, (153 mA-h-g™!, 29.1% ca-
pacity retention) demonstrate inferior cycling stability at 0.5 C,
with quick capacity degradation and unstable coulombic efficiency
around 96%. The capacity fading rates reach 0.175%, 0.229%, and
0.236% per cycle for FeS-, SnS,-, and Ni3S,-containing electrodes,
respectively, much higher than the other three metal sulfides.
These results imply that the selection of suitable polar hosts in the
cathode that can (i) strongly interact with LiPSs, (i) rationally
control Li,S deposition, (iii) enable fast lithium ion diffusion,
(iv) effectively transform sulfur to LiPSs/Li,S, and (v) catalytically
reverse the reaction process is crucial and could significantly de-
crease polarization, improve sulfur utilization, and enhance rate
performance and long-term cycling stability.

Postmortem Analysis of the Electrodes After Cycling. Postcycling
SEM characterization provides additional evidence to demon-
strate the strong chemisorption between M,S, and polysulfides in
restricting LiPSs dissolution (SI Appendix, Figs. S15-S17). After
100 cycles, the morphologies of the S—M,S,@G/CNT electrodes
display a relatively uniform and smooth surface with few aggregates
observed on the surface (SI Appendix, Fig. S15). In contrast, large
numbers of agglomerates covered the surfaces of the S@G/CNT
electrode (SI Appendix, Fig. S16 A and B), indicating uncontrolled
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diffusion of polysulfide intermediates that cause fast capacity
decay during cycling. Some small cracks can be observed on the
S—Ni;S,@G/CNT, S—SnS,@G/CNT, and S—-FeS@G/CNT elec-
trodes (SI Appendix, Fig. S15 A—-C), whereas the microstructures
of the S-VS,@G/CNT, S—CoS,@G/CNT, and S—TiS,@G/CNT
electrodes (SI Appendix, Fig. S15 D—F) remained relatively un-
changed, indicating their effective suppression of polysulfide
shuttling. The microstructure evolution of lithium metal anode
after cycling further supports the inhibition of the LiPSs shuttle
effect and effective conversion of sulfur redox promoted by M,S,.
A rough passivation layer with many cracks is observed on the Li
anode surface of the S@G/CNT electrode due to the reaction of
migrated sulfur species with the metallic lithium anode (S Ap-
pendix, Fig. S16C), whereas the Li anode surface of S—M,S,@G/
CNT electrodes is much smoother (SI Appendix, Fig. S17). Due to
the strong chemical binding of CoS,, VS, and TiS, to polysulfides
(which significantly alleviates polysulfide shuttling) as well as the
catalytic conversion of Li,S/Li,S, deposition, the passivation layers
in the SI Appendix, Fig. S17 D—F are more intact and compact,
elucidating the more stable cycling exhibited by S—CoS,@G/CNT,
S—-VS,@G/CNT, and S-TiS;@G/CNT electrodes.

Conclusions

We have systematically investigated a series of metal sulfides as
polar hosts to reveal the key parameters correlated to the energy
barriers and polysulfide adsorption capability in Li—S batteries.
Our results indicate that VS,-, TiS,-, and CoS,-based cathodes
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exhibit higher capacity, lower overpotential, and better cycling
stability compared with pure carbon materials and NizS,-, SnS,-,
and FeS-added electrodes. It is demonstrated that the inherent
metallic conductivity, strong interaction with LiPSs, facilitated Li
ion transport, controlled Li,S precipitation, accelerated surface-
mediated redox reaction, and catalyzing reduction/oxidation capabil-
ity of M,S, are critical in reducing the energy barrier and contributing
to the remarkably improved battery performance. More importantly,
our density functional theory simulation results are in good agree-
ment with our experiments measuring the activation barrier,
polysulfide adsorption, lithium diffusion rate, and electrochemical
behavior, which allows us to identify the mechanism for how
binding energy and LiPSs trapping dominate the Li,S decompo-
sition process and overall battery performance. This understand-
ing can serve as a general guiding principle for the rational design
and screening of advanced materials for practical Li—S batteries
with high energy density and long cycle life.

Materials and Methods

Materials and methods can be found in S/ Appendix.
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Materials and Methods

Synthesis of M,S;@G/CNT hybrids. The graphene/carbon nanotube (G/CNT)
hybrid was prepared as previously reported (1). G/CNT and various commercial metal
sulphides (MxSy) particles were mixed with a mass ratio of 1:1, and then the mixture
was ball-milled for 1 h using a SPEX 5100 Mixer/Mill to obtain the M,S;@G/CNT
hybrids.

Synthesis of S-M,S,@G/CNT composites. Sulphur was impregnated into the
M,S;@G/CNT hybrids by a melt-diffusion method. The as-prepared M,S;@G/CNT
hybrids and sulphur were ground together with a mass ratio of 3:7, and then the
mixture was heated at 155 °C for 12 h in a sealed vial to facilitate sulphur diffusion

and obtain the S-M,S,@G/CNT composites.



Adsorption of lithium polysulphide. All samples were dried under vacuum at 80 °C
overnight before the adsorption test. Li,S¢ was prepared by chemically reacting
sublimed sulphur and an appropriate amount of Li,S in DOL/DME solution (1:1 by
volume). The solution was then stirred at 70 °C in an Ar-filled glove box overnight to
produce a brownish-red Li,S¢ catholyte solution (1.0 M). The Li,Ss solution was then

diluted to 0.005 M for the polysulphide adsorption test.

Materials Characterization. The morphology and microstructure of the samples was
investigated by an FEI XL30 Sirion SEM operated at an accelerating voltage of 5 kV
and an FEI Tecnai G2 F20 X-TWIN TEM operated at 200 kV. XPS analysis was
performed with an SSI SProbe XPS spectrometer with monochromatic Al Ka (1486.6
eV) radiation. The specific surface area was tested by nitrogen adsorption-desorption

measurement at 77 K (Micromeritics, ASAP 2020).

Electrochemical Measurements. To test the decomposition energy barrier of Li,S,
commercial Li,S cathode was prepared by mixing 56 wt % of the micro-sized Li,S
active material, 24 wt % of the ball-milled M,Sy, 10 wt % carbon black conductive
additives, and 10 wt % polyvinylidene difluoride (PVDF) in N-methyl-2-pyrrolidone
to form a slurry that was pasted onto a carbon-coated aluminum foil. The Li,S
electrode was punched into circular discs with a diameter of 12 mm and used as a
cathode. The Li,S mass loading is 0.9 ~ 1.1 mg cm °. The S-MSy@G/CNT cathodes
were ground and mixed with conductive carbon black and PVDF binder in
N-methyl-2-pyrrolidinone (80:10:10 by weight) to form a slurry that was coated onto
a carbon-coated aluminum foil. The electrode was dried at 60 °C under vacuum for 12
h. The sulphur content was about 56 wt% and the mass loading of the electrodes
ranged from 0.9 to 1.3 mg cm >. The corresponding specific capacities were
calculated based on the weight of sulphur in the cathodes. Electrochemical
experiments were performed using CR2032 coin cells assembled in an argon-filled
glovebox with lithium metal as the counter and reference electrodes. The electrolyte
was prepared by dissolving an  appropriate amount of lithium

bis(tri-fluoromethanesulfonyl)imide (LiTFSI) (1 M) in 1:1 v/v DME and DOL



containing LiNO;3 (0.1 M). 20 uL of the electrolyte was added to wet the Li,S or
sulphur cathode. The Celgard 2400 separator was then placed over the electrode and
an additional 20 puL of the blank electrolyte was added to the cell. The lithium-metal
foil anode was placed on top of the separator. Galvanostatic cycling measurements
were performed on an Arbin battery cycler. The Li,S cathode based cells were
charged from open-circuit voltage to 4.0 V (vs. Li/Li") at 0.1C based on the mass of
Li,S in the cathode. The sulphur cathode based cells were measured with the potential
range of 1.5-2.8 V (vs. Li/Li"). The current density for tests was referred to the mass
of sulphur in the cathode and was varied from 0.2C to 4C rate. For the polarization
measurement, the potential difference at capacities of 500, 400 and 300 mA h g was
used, respectively, to calculate the polarization for M,Sy at 0.2C, 0.5C and 1C. As for
the S-G/CNT electrode tested at 0.2C, 0.5C and 1C, the potential difference at
capacities of 400, 300 and 250 mA h g' was used to calculate the polarization. Cyclic
voltammetry measurements were performed on a VMP3 potentiostat (Bio-logic) from
1.5 to 2.8 V with a scan rate from 0.2 to 0.5 mV s . For the cycled samples, the cells
were disassembled inside an Ar-filled glove box, and the electrodes were washed with
DME solvent to remove the lithium salt and dried inside the glove box at room
temperature before analysis.

Theoretical Computation. Ab-initio simulations were carried out using the Vienna
Ab-initio Simulation Package (VASP) in the framework of density functional theory
(2, 3). The projector augmented-wave pseudopotential is used while the generalized
gradient approximation (4) exchange-correlation function described by
Perdew-Burke-Ernzerhof is adopted. 550 eV was chosen as the cutoff energy of the
plane-wave basis to ensure the precision of calculations. The vacuum between
sulphide slabs and its image exceeds 20 A, while the distance between Li,S species
and its image is no less than 15A along the periodic direction. These systems were
large enough to avoid artificial interaction caused by periodicity. The CI-NEB (5) is
applied for computing diffusion and decomposition barriers, which is an improved
algorithm of the traditional NEB method and is more efficient in obtaining the

minimum energy path between the given initial and final positions with linear



interpolation of the diffusion coordinates (the x-axis in Fig. 2B and Fig. 4E). The
diffusion coordinate represents the coordination involving cooperative motion of all
atoms simultaneously along the reaction pathway. For the binding energy and
adsorption conformation simulations, we used the vdW-DF2 functional to include the
physical van der Waals interaction (6, 7), which was demonstrated to be very
important in the simulation of LiPSs’ adsorption in our previous work (8). For
electronic band structure calculations, the hybrid functional of Heyd, Scuseria and
Ernzerhof (HSE06) (9) is applied, which is shown to be particularly successful in
describing not only the band gap but also the ground-state properties of a whole range

of materials. The 3D visualization models were constructed using VESTA-3.0 (10)

software.
oo ffead fjeo > %
0 eV ot g 2.2 eV |
A Ni,s 07 B9 %o SnSe e
‘ "/V\/\/\_‘_/

Energy (eV)

B 0%
0eV * qg.*— 0eV
C 3 3

|
PN

N
;J//\/(D

Emergy (eV
-

- v S~
],

:}%vé
N

jratl

r

=
=

Fig. S1. Crystal structures and calculated band structures for bulk phases of (A) Ni3S,,

(B) SnS,, (C) FeS, (D) CoS,, (E) VS, and (F) TiS,. The red dashed lines mark the

Fermi energy level.



»
o

i
=)

«»
3

Voltage(V vs.Li"/Li)

3.0 ——VS,-Li,S
—— TiS,-Li,S

2.5 CoS,-Li,S
FeS-Li,S

2.0 —— NisS,-Li,S
SnS,-Li,S

1.54----- —— GICNT-Li,S

0 200 400 600 800 1000 1200 1400

Capacity(mAh g™

Fig. S2. First cycle charge voltage profiles of the Ni;S,-Li,S, SnS,-Li,S, FeS-Li,S,

CoS,-LisS, VS,-LisS, TiS,-Li,S and G/CNT-Li,S electrodes from open-circuit voltage

to 4 V vs. Li"/Li’. The dotted rectangular area is magnified in Fig. 2A.

Current density (A/g)

A 104 E
0.0 0.04
.o.s-ﬁ/_\ﬁ ] - -o.5-W
) GICNT-Li,S 5 0] FeS-Li,S
1:0_ B j j j j 3 104 F ! ! ! !
0.0 £ 00
0.5 T -o.s-ﬁ/\r
10] snS,-Li,S T 0] Ni;S,-Li,S
157¢ T T O 15- T T
1.0 5 10] G
351 A O o5] M
0.0 0.0
=y
15] CoS,-Li,S 1.0 TiS,-Li,S
T T T -1.5 T T T T
151D 15 2.0 25 3.0 35 4.0

0.0]
-o.s-ﬁ'\ﬁt
.01

,

/L

VS,-Li,S

30 35 40

: 25
Potential (V) vs Li*/Li

Potential (V) vs Li*/Li

Fig. S3. CV profiles of the (A) G/CNT-LiS, (B) SnS»-Li»S, (C) CoS»-LiS, (D)

VS,-Li,S, (E) FeS-Li,S, (F) Ni3S;,-Li,S, and (G) TiS,-Li,S electrodes.



>

Intensity(a.u.)

(@)

Intensity(a.u.)

_VSZ
—VS,-Li,S¢

524.8

524.0

517.3

516.3!

w

V 2p

Intensity(a.u.)

T T T T T T T T T T T T T T T
526 524 522 520 518_.516 514 512

Li1s

Binding Energy(eV)

60 _58

_54 52

Binding Energy(eV)

Binding Energy(eV)

— CoS, Co2p D — LiSg Li1s
COSZ'Lisz COSZ'lesS
- 1
3
784.2 ©
>
799.8 =
(72}
c
[}
wd
£
798. 782.5
T T T T i 1 i 1 i 1 i 1
810 - 800 - 790 780 770 60 ~ 58 - 56 - 54 - 52

Binding Energy(eV)

Fig. S4. (A) High-resolution XPS spectra of V 2p for VS, and VS,-Li;S¢. (B)

High-resolution XPS spectra of Li 1s for Li,S¢ and VS;-Li,Ss. (C) High-resolution

XPS spectra of Co 2p for CoS, and CoS;-Li,S¢. (D) High-resolution XPS spectra of

Li 1s for Li,S¢ and CoS,-Li,Ss.

Li,Sg Li1s
— G/CNT-Li,S¢

-
=

(1)

'
>
=

[72)

c

Q

o

E

60 58 56 54 52

Binding Energy(eV)

Fig. S5. High-resolution XPS spectra of Li 1s for Li,S¢ and G/CNT-Li,Se.



E,=0.67 eV
Fig. S6. Atomic conformation and binding energy for Li,S¢ species adsorption on
graphene. Here, green, yellow and beige balls represent lithium, sulphur and carbon

atoms, respectively.

Fig. S7. (A) SEM and (B, C) TEM images of the G/CNT hybrid.
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Fig. S9. (A-F) SEM images of the VS;@G/CNT, TiS;@G/CNT, CoS,@G/CNT,
FeS@G/CNT, SnS,@G/CNT, and Ni3;S;@G/CNT composites. (G-L) TEM images of
the VS;@G/CNT, TiS;@G/CNT, CoS@G/CNT, FeS@G/CNT, SnS,@G/CNT, and
Ni3S,@G/CNT  composites. (M-R) HRTEM images of the VS,@G/CNT,
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S-Ni3S,@G/CNT composites. (B) Vanadium, (E) titanium, (H) cobalt, (K) iron, (N) tin,
and (Q) nickel elemental maps in the S-VS;@G/CNT, S-TiS,@G/CNT,
S-CoS;@G/CNT,  S-FeS@G/CNT,  S-SnS;@G/CNT, and S-NisS,@G/CNT
composites. EDS of the (C) S-VS,@G/CNT, (F) S-TiS;@G/CNT, (I)
S-CoS;@G/CNT, (L) S-FeS@G/CNT, (O) S-SnS;@G/CNT, and (R)
S-Ni3S,@G/CNT composites.
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Fig. S11. XRD patterns of the (A) S-VS,@G/CNT, (B) S-CoS,@G/CNT, (C)
S-TiS,@G/CNT, (D) S-FeS@G/CNT, (E) S-SnS,@G/CNT, and (F) S-NizS,@G/CNT

composites.
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Fig. S12. Galvanostatic charge/discharge voltage profiles of the (A) S-CoS,@G/CNT,
(B) S-TiS,@G/CNT, (C) S-FeS@G/CNT, (D) S-SnS,@G/CNT, (E) S-NizS,@G/CNT
and (F) S@G/CNT composite electrodes at different current densities within a

potential window of 1.5 to 2.8 V vs. Li*/Li’.
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Fig. S15. SEM images of the (A) S-Ni;S;@G/CNT, (B) S-SnS;@G/CNT, (C)
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composite electrodes after 100 cycles.
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Fig. S16. SEM images of the (A, B) S@G/CNT electrode after 100 cycles. (C) SEM

image of the lithium-metal surface after 100 cycles in the S@G/CNT electrode.
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Fig. S17. SEM images of the lithium-metal surface after 100 cycles in the (A)
S-Ni3S,@G/CNT, (B) S-SnS,@G/CNT, (C) S-FeS@G/CNT, (D) S-CoS,@G/CNT, (E)
S-VS,@G/CNT, and (F) S-TiS;@G/CNT electrodes.

Table S1. The magnitudes of calculated decomposition barriers for graphene (G) and

six kinds of metal sulphides.

Materials VS, CoS; TiS, FeS SnS, | NisS, | G

Li,S
decomposition | 0.31 0.56 0.30 [ 0.63 | 032 | 1.03 | 1.81
barrier (eV)




Table S2. The magnitudes of calculated diffusion barriers for graphene (G) and six

kinds of metal sulphides.

Materials VS, CoS, TiS, FeS SnS, | NisS, G

Li* diffusion

. 0.12 0.12 0.18 0.26 0.26 | 0.24 | 0.30
barrier (eV)
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