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HIGHLIGHTS GRAPHICAL ABSTRACT

® CoS@rGO host has abundant polar
adsorption sites to suppress poly-
sulfides shuttle.

® CoS as catalyst could promotes the
kinetics of polysulfides conversion.

® rGO can enhance the conductivity of
electrode and prevent the aggregation
of CoS.

® Trifunctional host can lower the self-
discharge behavior of Li-S batteries.

ARTICLE INFO ABSTRACT

Keywords: Lithium-sulfur battery has drawn widely attention due to its high theoretical energy density, in addition to the
Catalytic abundant and affordable sulfur. However, the battery performances are still not satisfied due to the undesired
Polar ) shuttle effect of polysulfides, the sluggish reaction kinetics, together with the intrinsic non-conductivity of active
Conductive materials. Thus, the preparation of sulfur host materials with polar, catalytic and conductive properties can be an
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Self-discharge
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effective tactics. In this work, a cobalt sulfide@reduced graphene oxide composite has been designed and
synthesized by a facile method, in which the CoS nanoparticles can provide more polar and catalytic sites to
adsorb the polysulfides and accelerate the kinetics of polysulfides conversion. The rGO can serve as composite
skeleton that could not only enhance the conductivity of electrodes, but also provide a sheet structure, pre-
venting the aggregation of CoS nanoparticles. Moreover, the C-S bonds between CoS and carbon can further
promote charge transfer and stabilize the composite. Benefiting from the trifunctional sulfur-host, the as-pre-
pared cathode exhibits low self-discharge, good cycling stability and high rate performance for 602.0 mAh g~ !
at 2 C. This sulfur-host design can be considered an effective and simple strategy for advanced Li-S battery.
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1. Introduction

The practical applications of traditional Li-ion batteries are limited
by their energy density (400 Wh kg™'), as both the burgeoning large-
scale energy storage and electric vehicles technologies require high
energy density [1,2]. Benefiting from the high theoretical energy den-
sity (2600 Wh kg~ 1) and theoretical specific capacity (1675 mAh g~ 1),
Li-S batteries are considered as a promising candidate to meet growing
demands of these technologies [3,4]. However, the commercialization
of Li-S batteries is still impeded by the following three major chal-
lenges: 1) the soluble intermediate polysulfides (Li>Sx, 4 < x < 8) in the
organic electrolyte can migrate between cathode and anode due to the
concentration difference, leading to severe self-discharge behavior
[5,6]; 2) the active material S and the final discharge products of li-
thium sulfides (Li»S/Li»S») are non-conductive, leading to a low utili-
zation of active material and sluggish redox kinetics [7]; 3) the volu-
metric expansion from S (2.36 gcm_B) to LiyS (1.66 gcm_3) is severe
(about 80%), resulting in the pulverization of cathode and detachment
from the current collector [8,9]. These problems give rise to the irre-
versible loss of active material S, poor Coulombic efficiency and the fast
capacity decay.

Researchers have spent a great amount of time and efforts to address
the above-mentioned limitations from various aspects, including the
cathode modifications [10-12], the preparation of multi-functional
separators [13-16], the usage of multi-functional binders [17-20] and
new electrolyte systems [21-23]. Among these strategies, infiltrating
sulfur into conductive porous materials has been an effective strategy in
the past a few years, which can improve the electrochemical perfor-
mance of cathode directly.

Carbonaceous materials, such as porous carbon [24,25], hollow
carbon spheres [26,27], carbon nanotube [28] and graphene [29,30],
have been widely explored as sulfur host due to their high conductivity,
high porosity and adjustable surface properties, which could sig-
nificantly improve the electrochemical performances of Li-S batteries.
Nevertheless, the interaction between non-polar carbon material and
polar polysulfides are mostly provided by Van der Waals forces, which
is not strong enough to suppress the diffusion of polysulfides. A more
effective way is to introduce various materials with polarity as sulfur
host into Li-S batteries. Transition metal compounds with intrinsic
polar surfaces such as metal oxides [31,32], sulfides [31,33], carbides
[34,35] and nitrides [36] have been widely used as host materials to
adsorb polysulfides. It also should be noted that the catalytic phe-
nomenon could be found from these transition mental compounds in
Li-S battery, promoting reaction conversion kinetics of polysulfides
[37]. Among them, metal sulfides have drawn much attention due to
their strong sulfiphilic property [38] and catalytic activity for accel-
erating redox reaction kinetics of polysulfides and Li»S5/Li,S [39]. For
example, pyrite CoS,, TiS, and FeS, have been used as host materials to
suppress the shuttle effects by a strong polar-polar interaction [40-43].
However, most of the conductivity of these still need to be improved.
Although remarkable results have been achieved, designing multi-
function host material with abundant catalytic, polar sites and high
electrical conductivity is still imperative for Li-S battery.

Based on the above considerations, we designed and synthesized a
composite of CoS nano-particles attaching on rGO surface (CoS@rGO)
as a trifunctional surface host through facile hydrothermal method. As
shown in Fig. 1, first, the CoS nano-particles provide more polar sites
that can statically adsorb polysulfides by strong polar—polar interaction,
which was confirmed by first-principles calculations and experiments.
Second, the CoS nano-particles as catalysts were well distributed on
rGO substrate and accelerated the kinetics of polysulfides conversion,
reducing the loss of active sulfur. In addition, the C-S chemical bonds
between rGO and CoS can serve as fast and continuous electronic
channel toward the interface between CoS and polysulfides, leading to
high utilization of active sulfur. Benefiting from this trifunctional
sulfur-host, the as-prepared cathode exhibited low self-discharge, good
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Fig. 1. Schematic illustration of roles played by the proposed CoS@rGO/S
cathode during the discharge processes: adsorption of polysulfides, enhance-
ment of the kinetics of polysulfides conversion by CoS catalyst and improved
conductivity.

cycling stability, and high rate performance for 602.0 mAh g~ ! at 2 C.
This sulfur-host design could be considered an effective and simple
strategy for advanced Li-S battery.

2. Experimental section
2.1. Synthesis of CoS@rGO, CoS and rGO

CoS@rGO composite was prepared by a facile hydrothermal method
[44,45]. Briefly, 0.3425 g thiourea and 0.3736 g cobalt acetate tetra-
hydrate were added to 35 mL graphene oxide solution with a density of
3.43mgmL~' (GO, Tianjin Plannano Technology Co., Ltd) and dis-
persed by ultrasonic for 1h. Then, the mixed solution was transferred
into a Teflon autoclave (50 mL) and heated under 180 °C for 12 h. After
it cooling down to room temperature, the black product was washed
with deionized water and ethanol several times, and dried at 60°C
overnight.

The CoS sample was fabricated by the same process as CoS@rGO
without adding GO.

The RGO sample was obtained by the heat treatment of GO at 180 °C
for 12 h.

2.2. Preparation of CoS@rGO/S and other contrast samples

The CoS@rGO (or CoS, rGO) and sulfur powder with a mass ratio of
3:7 were ground in an agate mortar for 30 min. Then, these mixtures
were transferred into Teflon autoclaves under an inert gas atmosphere
and heated at 155 °C for 12 h to get the CoS@rGO/S (or CoS/S, rGO/S)
composite.

2.3. Material characterization

The structure and morphology of the obtained samples was identi-
fied by a field-emission scanning electron microscopy (FESEM, JEOL,
JSM-7800F) and a transmission electron microscopy (TEM, JEOL, JEM-
2100F), installed with an Energy Dispersive Spectrometer (EDS,
OXFORD). The HAADF-STEM image was collected by JEM-2100F field-
emission TEM at 200 kV. The crystal structure of samples were identi-
fied by a X-ray diffractometer (XRD, SmartLab3Kw, Cu Ka radiation,
A = 1.5418 }o\) at a scan rate of 20° min~!. TGA was operated with
METTLERTGA2 thermo analyzer under N, or O, atmosphere at a
heating rate of 10 K min~'. XPS analysis was tested by thermo scientific
escalate 250XI and dealt with a CasaXPS software.

2.4. Electrochemical measurement

Homogeneous slurries were prepared by grinding 70 wt% active
material, 20 wt% Super P and 10 wt% polyvinylidene fluoride (PVDF)
in an agate mortar for 30 min. Then, the sulfur cathodes were fabricated
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by putting slurry on the carbon-coated Al foils and vacuum drying
under 60 °C for overnight. The electrodes were cut into circle with a
diameter of 12.7 mm and mass loading was about 1-2mg for per
electrode. Half cells (CR2025) were assembled in an argon-filled glo-
vebox under the content of O, and H,O < 0.5ppm, using poly-
propylene separator and Li anode. The electrolyte was brought from
DoDochem, including 1 mol/L lithium bistri-
fluoromethanesulphonylimide (LiTFSI) and 0.2 mol/L lithium nitrate
(LiNO3) in a mixed solvent of 1,2-dimethoxyethane (DME) and 1,3-di-
oxolane (DOL) (v:v = 1:1). The electrochemical performances of Li-S
batteries were tested on a LAND CT2001A battery systems. The CV
curves and EIS curves were recorded by BioLogic Science Instruments.
The cycle voltage window was from 1.8V to 3.0 V.

The symmetric cells also were assembled by the process mentioned
above, which with two same CoS@rGO (rGO) electrodes without active
sulfur. Binder and every host material (CoS@rGO and rGO) with a mass
ratio of 1:2 were mixed with NMP under stirring overnight. Then slurry
was coated on carbon-coating Al foils as symmetric electrodes. These
electrodes served as counter and working electrodes with 30 uL elec-
trolyte including 0.8 M Li,Se solution and the electrolyte of Li-S bat-
tery. The electrolyte of Li-S battery without Li,Se served as a reference
sample. CV profiles of symmetrical cells were recorded at a scan rate of
50mVs~'. EIS curves were tested at open circuit potential with a
scanning frequency range from 10 mHz to 200 kHz.

2.5. Visualized adsorption experiment

Li»Se solution was prepared by sulfur reaction with lithium sulfide
(n:n = 5:1) in DME under 80 °C overnight. An appropriate amount of
CoS@rGO powder was added to 2 mL Li»Se solution (2 mM). By com-
parison, a blank experiment without CoS@rGO powder was carried out.
All processes are carried out in an argon-filled glove box.

2.6. Density functional theory calculation

We studied the adsorption properties of the Li»Sg on CoS by the first-
principles calculations within the density functional theory (DFT) [46].
The projector augmented wave (PAW) method [47-49] was employed,
as implemented in the Vienna ab initio simulation package (VASP)
[47]. The generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE) parameterization for the exchange and correlation
functional was used [50]. The vacuum distance between CoS panels and
their image is larger than 24 A. The cell parameter is 12.32 x 13.47 A
for CoS (101) surface with 136 atom layers. A 5 x 5 x 1 grid for k-
point sampling was employed and the value of the plane-wave energy
cutoff was 400 eV. Good convergence was obtained with these para-
meters and the total energy was converged to 1.0 X 10~ > eV/atom.

3. Results and discussion

The morphology and structure of CoS and CoS@rGO are collected
by scanning electron microscope (SEM) and transmission electron mi-
croscope (TEM). As shown in the images in Figs. Sla and S1b, the CoS
sample without rGO is aggregated as sheets clusters, which has a size of
about 5 pum. The SEM and TEM images of CoS@rGO composite (Fig. 2a
and b) display the uniform attachment of CoS nano-particles on the rGO
surface with a size of mainly ranging from 10 nm to 70 nm, which could
also be evidenced in Fig. S2. The well distribution of the nano-particles
could provide a relatively large surface area. Moreover, the high-re-
solution TEM image of CoS@rGO composite demonstrates a distinct
lattice spacing of 0.25nm (Fig. 2c and d) corresponding to the (101)
plane of CoS. The high-angle annular dark-field scanning TEM (HAADF-
STEM) is further performed to study the elemental composition and
distribution of CoS@rGO composite (Fig. 2e). The related Energy-dis-
persive X-ray (EDX) spectroscopy furtherly confirm the uniform dis-
tributions of CoS nano-particles on rGO sheet (Fig. 2f-g). In addition,
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Fig. 2. a) SEM image of CoS@rGO. b) TEM image and c-d) high-resolution TEM
(HRTEM) images of CoS@rGO. e-g) HAADF-STEM image and the corresponding
EDS elemental mapping of S and Co.

the nitrogen adsorption/desorption behaviors of CoS@rGO
(28.7 m? g~ 1) in Fig. S3 present a much higher Brunauer-Emmett-Teller
(BET) surface area than CoS (8.7 m?2 g’l), proving that CoS@rGO
composite could offer a large contact area between the active S material
and the host, providing more catalytic and polar adsorption sites for
polysulfides during electrochemical reactions.

X-ray diffraction (XRD) is employed to investigate the crystal
structure of CoS@rGO and CoS@rGO/S composite (cathode composite
after S incorporation). Fig. 3a demonstrates that the main characteristic
peaks of as-prepared CoS and CoS@rGO are in good accordance with
those of the simulated CoS (PDF 65-3418). It also reveals that the
characteristic peaks of the obtained CoS/S and CoS@rGO/S composites
are the combination of those of the S and CoS, indicating no side re-
action during sample preparation (Fig. 3b).

Thermogravimetric analysis (TGA) is carried out to figure out the
proportions of different components in the composite. After testing
CoS@rGO composite in O, atmosphere at a rate of 10 °C min~' from
30°C to 600 °C, the CoS content in the composite is shown to lose
within two temperature regions: 30-400 °C and 400-600 °C (Fig. 3c).
The weight loss between 30 and 400 °C should be ascribed to the eva-
poration of moisture and partial oxidation reaction of rGO, while the
weight loss in the other region relates to further oxidation reaction of
rGO with O, and the conversion of CoS into Co304 [51]. According to
the oxidation reaction of 3CoS (s) + 20, (g) = Co304 (s) + 3S (g), the
CoS and rGO contents in the CoS@rGO composite are calculated to be
68.9% and 31.1%, respectively. Moreover, in N, atmosphere, with a
heating rate of 10°C min~’, the active sulfur content in CoS/S and
CoS@rGO/S is confirmed as high as 70% (Fig. 3d).

The chemical state of CoS@rGO composite was then studied by X-
ray photoelectron spectroscopy (XPS). Fig. 4a shows the survey XPS of
CoS@rGO composite, demonstrating the co-existence of Co, O, C and S.
Four peaks at 284.8, 286.2, 286.8 and 288.2 eV are evidently shown in
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Fig. 4. (a) Survey XPS spectra of CoS@ rGO composite. High resolution XPS
spectra of C 1s (b), Co 2p (c) and S 2p (d) for CoS@rGO composite.

the C 1s spectrum of the CoS@rGO composite (Fig. 4b), corresponding
to C-C/C=C, C-0/C-S, C=0 and O-C=0 bonds, respectively [52-54].
The Co 2p spectrum (Fig. 4c) displays two doublets, corresponding to
Co 2p;,» and Co 2ps,,, respectively, which are in accordance with re-
ported literature [54-56]. As shown in the S 2p spectrum in Fig. 4d, two
peaks at 161.9 and 163.0 eV are ascribed to the S 2p3,5 and S 2p; /, of
CoS@rGO, respectively [56]. It is worth noting that the peak at
164.0 eV corresponds to C-S bond [54], indicating the in-situ growth
and tight bonding of CoS nano-particles on the rGO surface. This
bonding state of the CoS would provide strong polar adsorption be-
tween polysulfides and the host materials.

In order to prove the polar adsorption feature of CoS@rGO com-
posite to polysulfides, a certain amount of CoS@rGO powder was added
to 2mM Li,S¢ solution. Fig. 5a clearly shows that the color of Li>Sg
solution with CoS@rGO changes from dark yellow to transparent clear
after 5h, while that of the blank Li,S¢ solution remains dark yellow.
Then, XPS analysis was performed on the CoS@rGO after the
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absorption (Fig. S4). Compared with the Co 2p spectrum of pure CoS@
rGO, the peaks of CoS@rGO + Li,S¢ had obviously shift which is in
accordance with reported literature [54,57]. DFT calculations have also
been employed to understand the interaction between CoS and lithium
polysulfides (e.g. Li»Se) in Fig. 5b. The (101) surface of CoS was taken
as an example to study the Li>S¢ adsorption capability (Fig. 5b), which
can be described by the binding energy (Eb): Eb = Ecos.1izse - Ecos -
ELiose, Where Ecos1iass represents the energy of the CoS (101) surface
with LiSe, Ecos is the energy of the (101) surface of CoS and Ej;ase
stands for the energy of Li,Se. As calculated, the binding energy be-
tween the (101) surface of CoS and Li»S¢ is —4.23 eV, indicating the
strong adsorption capability of CoS [57-59]. The self-discharge beha-
vior tests were further carried out. Fig. 5c shows that the voltage
change of S and CoS@rGO/S electrodes before and after 1st cycle. The
open circuit voltage of CoS@rGO/S electrode was almost not changed
before and after one cycle, indicating it can limit the battery self-dis-
charge. By comparison, the S electrode showed severe self-discharge
behavior. Therefore, CoS@rGO as sulfur host can effectively suppress
the polysulfides shuttle for Li-S batteries. Then electrochemical cycling
performance was then tested with CoS@rGO/S electrodes to prove the
polar adsorption effect of the host. As shown in Fig. 5d, the long-term
cycling performance and its Coulombic efficiency of the sample were
recorded. After running the first ten cycles at 0.1C, the discharge
specific capacity of CoS@rGO/S could achieve 806.2 mAh g~ ! (based
on sulfur weight) at a high current density of 1 C. After 200 cycles, a
reversible discharge specific capacity of 570.0 mAh g~ is still re-
mained and a Coulombic efficiency of 99.5% is maintained. All of these
results indicate that the introduction of CoS plays a key role in sup-
pressing the shuttle effect leading to the electrochemical performance
improvement of Li-S batteries. It should be explained that the reason of
capacity decay is complex. It is related to the overall electrochemical of
battery, not only the polysulfides shuttle effect, but also the Li anode
and electrolyte. The side reaction between polysulfides and Li metal
and the high reactivity of Li dendrite could facilitate the electrolyte
decomposition, resulting in the capacity degradation.

The cyclic voltammetry (CV) is performed to evaluate the catalytic
effect of CoS [60]. CoS@rGO and rGO electrodes without active sulfur
served as symmetric electrodes are assembled with Li»Ss electrolyte,
respectively. To eliminate the factor of capacity current, the Li,Se-free
symmetric cells are also tested. As shown in Fig. 6a, the CoS@rGO
composite displays a much higher current density than that of pure
rGO, indicating dynamically improved kinetics of redox conversion of
polysulfides. Meanwhile, electrochemical impedance spectroscopy
(EIS) after CV test is also performed to explore the catalytic capability
of CoS by symmetric cells under the frequency range from 200 kHz to
10 mHz at 10.0 mV of sinus amplitude. The semicircular diameter in the
Nyquist plots is related with the charge transfer resistance at the elec-
trode/electrolyte with polysulfide interfaces. Fig. 6b shows that the
symmetric cell with CoS@rGO electrodes has much lower charge
transfer resistance than that with rGO, confirming significantly im-
proved the redox kinetics of polysulfides due to the catalytic effect of
CoS on the redox reaction of S/Li,S. Furthermore, Li-S batteries with
rGO/S and CoS/S electrodes are operated by CV at 0.1 mV s~ . The CV
curves of the electrodes all exhibit two pairs of redox peaks, i.e. the
cathodic peaks at 2.29V and 2.04V correspond to rGO/S electrode
while those at 2.31V and 2.06 V to CoS/S, and the anodic peaks at
2.34V and 2.38 V belong to rGO/S electrode while those at 2.31 V and
2.37 V to CoS (Fig. 6¢ and Fig. S5). In comparison with the redox peaks
voltage of rGO/S electrode, CoS/S electrode exhibits higher reducing
potential and lower oxidizing potential, indicating that CoS is a key role
in enhancing the kinetics of polysulfides conversion.

In addition, the sulfur-host with high conductivity is also very im-
portant for the electrochemical performance improvement of Li-S bat-
teries. The resistance of fresh CoS/S, rGO/S and CoS@rGO/S electrodes
under the same open circuit voltage (2.4 V) were also tested by EIS with
the frequency range from 100kHz to 10mHzat 10.0mV of sinus
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a) Fig. 5. a) Optical photos of blank and CoS@rGO powders
soaked in Li,S¢-DME solution. b) Relaxed Li,Sg-adsorbed
structures on (101) surface of CoS calculated with density
functional theory (DFT). Blue atoms stand for Co, yellow for
S, and green for Li. ¢) The open-circuit voltage of batteries

CoS@rGO with S and CoS@rGO/S befor.e and after .lst C).f(:.le. d) Cycling
performance and corresponding Columbic efficiency of the S
b and CoS@rGO/S electrodes at the current density of 1C. (For
interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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amplitude. The Nyquist plots are composed of a semicircle related to
the charge transfer resistance and a straight line representing the mass
transfer process, as demonstrated in Fig. 6d. The charge transfer re-
sistance of CoS@rGO/S electrode is between that of CoS/S and rGO/S
electrodes, indicating its higher conductivity than CoS/S. Then, the rate
performances of the CoS@rGO/S, CoS/S and rGO/S electrodes were
tested from 0.1 C to 2 C under the voltage window between 1.8V and
3V. Indeed, the CoS@rGO/S electrode showed a much better rate
performance than CoS/S and rGO/S electrodes due to synergistic effect
of high conductivity and catalysis effect. Initially, the CoS@rGO/S

electrode displays a high discharge specific capacity about 1161.6 mAh
g~ ' at 0.1 C. When the current density increased to 0.2 C, 0.5C, 1 C and
2C, the discharge specific capacities still remained at 897.4, 777.4,
691.5 and 602.0 mAh g~ !, respectively. When the cycling rate is re-
duced back to 0.2C, the discharge specific capacity is recovered to
786.6 mAh g~ !, suggesting the good stability of CoS@rGO/S compo-
site. Moreover, Fig. 6f and Fig. S6 show the charge and discharge vol-
tage curves of the samples at different current rates. The lower voltage
gap of CoS@rGO/S (130 mV) than that of rGO/S (151 mV) and CoS/S
(140 mV) could also be attributed to the catalytic effect, the better
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Fig. 6. a) CV curves of symmetric cells. b) EIS data of symmetric Li»Se-Li>Se cells. ¢) CV curves of rGO/S and CoS/S electrodes at a scan rate of 0.1 mV s~1. d) EIS
spectra of rGO/S, CoS/S and CoS@rGO/S cathodes. e) Rate performance and f) charge and discharge curves of CoS@rGO/S at different current densities.
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conductivity, the small size of nano particles and the high surface area.
This contributes to higher energy density and improved rate perfor-
mance of Li-S batteries. In a word, the introduction of CoS can not only
suppress the shuttle effect but also accelerate the kinetics of redox
conversion of polysulfides to enhance the electrochemical performances
of Li-S batteries.

4. Conclusion

In this work, a trifunctional CoS@rGO composite as sulfur host
material was designed and synthesized by a one-step hydrothermal
method for performance enhanced Li-S battery. Both the experimental
results and theoretical calculations show that there are strong po-
lar—polar interaction between CoS and polysulfides. It also could serve
as a catalyst to accelerate the kinetics of redox conversion for poly-
sulfides. In addition, benefiting from the high conductivity of rGO, the
composite could improve the utilization of active sulfur and thus sig-
nificantly improve both the cycling stability and rate performance of Li-
S batteries with CoS@rGO electrode. Therefore, the CoS@rGO/S
cathode exhibited low self-discharge, good cycling stability, and high
rate performance for 602.0 mAh g~! at 2C. All results manifest the
sulfur host materials with abundant polar, catalytic site and high con-
ductivity are key to the design and fabrication of the high-performance
of Li-S batteries.
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