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Abstract

Lithium sulfur (Li-S) batteries are next general energy storage systems due to their high thereotical energy density, low
cost and environmental friendly. Herein, we develop a composite polysulfide mediator based on carbon nanotubes
enwrapped by zinc sulfide (CNTs@ZnS) nanoparticles as multifunctional host materials for sulfur cathode. The ZnS nano-
particles is uniformed coating on the outside layer of functionalized carbon nanotubes. The unique structure of CNTs@
ZnS ensure the chemical adsorption on ZnS and fast electron transfer from ZnS to carbonnanotubes. The presence of
ZnS efficiently alleviates the shuttle effect of soluble lithium polysulfide intermediates and hence offers a mean to further
enhancing the reaction activity via sulfophilic property of ZnS and catalytically accelerate the conversion of polysulfides
to insoluable Li,S. The high conductivity of carbon nanotubes results in rapid electron transfer. The CNTs@ZnS cathode
offers an excellent specific capacity of ~ 1003 mAh g™ after 100 cycles at 0.2C. Furthermore significant cycling perfor-
mance at 0.2C with 3.1 mg cm™2 sulfur loading for 500 cycles is observed with 0.05% capacitance decay per cycle. The
results provide insights to develop high-performance Li-S batteries based on multifunctional host materials.

Keywords Zinc sulfide - Carbon nanotubes - Lithium sulfur batteries - Chemical adsorption - Enhanced reaction
activities

1 Introduction

With the industrial and economic growth, energy plays
a critical role in present and future. The needs of energy
are evidently growing and there is an evident need
for reorganization of the economy around renewable
energy sources. This in turn implies the need for large
scale rechargeable energy storage devices [1-3]. In order
to improve the efficiency of electric power utilization,
stable and sustainable energy storage systems with low

cost and eco-friendly are essential [4, 5]. Lithium sulfur
(Li-S) batteries are emerging as a promising new gen-
eration of energy storage devices for electric vehicles
and portable energy devices [6-8]. It is known that the
Li-S batteries possess high theoretical specific capacity
of 1675 mAh g~' and energy density of 2600 Wh kg™',
which is five times higher than that of commercially
available lithium ion batteries [8-10]. Meanwhile, the
low cost and abundance of sulfur make it possible for
large scale energy storage [11, 12]. However, there are
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still significant obstacles for the practical application of
Li-S batteries [13-15].

The major concern revolves the low utilization of
sulfur and the slow kinetics of the associated electro-
chemical redox reactions because the electrically insula-
tion of sulfur and Li,S limits electrons and lithium ions
transportation in the electrode [16, 17]. Meanwhile, the
intermediate polysulfides (Li,S,, 2 <x < 8) are soluble in
the organic electrolytes and they shuttle between anode
and cathode. The dissolved polysulfides directly react
with lithium ions and electrons on the lithium anode
surface (shuttle effect); which results in low Coulombic
efficiency, fast capacity decay and poor cycle stability
[7, 18]. Finally, the large volume expansion of the sulfur
particles leads to the breakage of cathode’s structure
and rapid capacity fading [19].

Currently, extensive research efforts have been devoted
to enhance the electrochemical performance of cathode
materials [10, 20]. Various carbon-based materials includ-
ing carbon nanofiber [21], carbon nanotube and graphene
have been designed as effective cathode hosts for sulfur
loading. These carbon based materials can restrain the
shuttle effect by physical confinement and improve the
conductivity of the cathodes [22]. Unfortunately, the non-
polar carbon-based materials used as cathodes, exhibit
weak interaction with polar lithium polysulfide interme-
diates (LiPSs). This in fact results in the degradation of
cycling stability and rate capability. On the other hand,
polar inorganic metal-based materials can efficiently pre-
vent the loss of active sulfur materials and hence chemi-
cally anchor LiPSs for advanced Li-S batteries. Recently,
metal oxides such as MoO, [23], TiO, [24, 25], SnO, [26]
and MnO, [27, 28] have been explored as chemical trap-
pers to bind LiPSs through polar chemical interaction in
the cathodes. However, due to the poor conductivity of
metal oxides, the fabricated Li-S batteries exhibit poor rate
performance and low sulfur utilization. Furthermore, the
sluggish reaction kinetics make the LiPSs assemble on the
host surface and cause the adsorption of LiPSs decreased.
For above reasons, an ideal sulfur host material should
have high conductivity to insure the sufficient utiliza-
tion of sulfur and should also have strong electrocatalytic
activity to promote the conversion of LiPSs. To achieve
this, metal sulfides (e.g. CosSg, M0S,, WS,, SnS,, etc.) have
been investigated as cathode materials for Li-S batteries.
This is because of the strong sulfiphilic property of metal
sulfides to sulfur-containing species [29, 30]. Furthermore,
the metal sulfides can act as an activation catalyst to pro-
mote the oxidation of Li,S, as indicated by Cui et al. [8].
As typical metal sulfides, zinc sulfide (ZnS) possesses the
strong sulfiphilic property to LiPSs. Moreover, the polar
feature of ZnS is also beneficial to adsorption and catalytic
conversion of polar LiPSs.
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Herein, zinc sulfide (ZnS) coated carbon nanotubes
(CNTs@ZnS) are synthesized as sulfur host with strong
chemical adsorption and electrocatalytic activity towards
LiPSs conversion for high performance Li-S batteries. The
CNTs@ZnS composite is prepared using simple self-assem-
bly of ZnS and CNTs. It is then thermally treated under
argon. The product is composed of zinc sulfide nanopar-
ticles, which assemble on carbon nanotubes. The core of
carbon nanotubes can enhance the conductivity for elec-
trons/ions transfer and provide physical entrapment of
LiPSs. The ZnS acts as a sulfiphilic host that promotes the
LiPSs redox process and improves the chemical adsorption
to effectively trap the polysulfides. With the advantage of
the synergetic effect between CNTs and ZnS, the sulfur
loaded CNTs@ZnS cathode has a large capacity of 1003
mAh g~ after 100 cycles at 0.2C. And the long cycle life
with low capacity fading of 0.05% per cycle over 500 cycles
at 0.2C with 3.1 mg cm™ sulfur loading is observed in the
Li-S batteries.

2 Experimental
2.1 Materials synthesis

Synthesis of carbon nanotubes (CNTs). A facile wet chemi-
cal method was employed to synthesize the carbon nano-
tubes (CNTs). In a typical experiment, 98 mg (0.3 mmol)
of methyl orange powders (98%, Tokoyo Chemical) were
dissolved in 60 mL deionized water under continuously
stirring. Then 0.49 g (3 mmol) of anhydrous FeCl; powder
was added into the above solution and a flocculent precip-
itate was formed immediately. 210 pL of pyrrole monomer
(99%, Admas Reagent) was mixed in the solution and kept
at 25 °C for 24 h. The black polypyrrole nanotubes were
collected and washed with deionized water and ethanol
several times until the filtrate turned colorless and neu-
tral. The produced PPy-NTs were finally freeze-dried for 24
h. Then, 100 mg of the as-prepared PPy-NTs was placed
in a quartz tube furnace and then heated under Ar envi-
ronment from room temperature to 800 °C at a rate of 10
°C min~" and kept for 3 h. After the furnace was cooled
down to room temperature, the black CNTs powder was
obtained.

Synthesis of CNTs@ZnS. The resultant CNTs@ZnS was
obtained by hydrothermal method. 20 mg of CNTs was
dispersed in 60 mL of ethylene glycol under stirring.
Then, 0.46 g (1.3 mmol) of cetyltrimethylammonium
bromide (CTAB, Aladdin) powder, 0.37 g (1.2 mmol) of
Zn(N03)2 -6H,0 and 0.1 g (1.3 mmol) of thioaceta-
mide were dissolved in the above solution. The solution
was then transferred to a 100 mL Teflon-lined autoclave
and heated to 160 °C for 12 h. After cooling to room
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temperature, the gray product was collected using cen-
trifugation and further washed several times using etha-
nol and deionized water, and then dried at 60 °C for 18 h.
Finally, the CNTs@ZnS was obtained by annealing the gray
precursor under Ar atmosphere at 500 °C for 2 h.
Synthesis of S/CNTs@ZnS. A mixture of CNTs@ZnS and
sulfur (70%, weigh ratio) was sealed in a glass bottle, and
heated at 155 °C for 24 h in an oven. The S/CNTs was pre-
pared using the same method without Zn$S coating.

2.2 Structural characterizations

The phases and chemical compositions of all the products
were analyzed by X-ray diffraction (XRD, D/max-RB, Rigaku
with Cu ka radiation). The morphology of the samples was
performed using a scanning electron microscopy (SEM,
JSM-7800F), transmission electron microscopy (F200X-G2)
and field emission scanning transmission electron micro-
scope (STEM). The sulfur content was measured under a
nitrogen atmosphere through thermal gravimetric analy-
sis (TGA). N, adsorption/desorption isothermals were
characterized by a gas adsorption analyzer (ASAP-2020).
The Brunauer-Emmett-Teller (BET) method was used to
calculate the specific surface areas and the Quenched
Solid Density Function Theory (QSDFT) was used to cal-
culate the pore-size distribution. UV-visible spectra were
obtained using a Microsolar 300 UV-Vis absorption spec-
troscopy. The chemical composition were measured by
XPS measurements (ESCALAB250 X-ray photoelectron
spectrometer).

2.3 Polysulfide adsorption test

A polysulfide electrolyte was prepared using excess sulfur
chemically reacting with lithium metal in electrolyte to
form saturated solution of polysulfides. Subsequently, 10
mg of CNTs@Zn$S and CNTs were respectively immersed
into 1 mL of polysulfides saturated solution and electrolyte
(v/v=9:1). After resting for 12 h, the digital photos were
taken to display the discoloration of the above samples
and the adsorption precipitated product of CNTs@Zn5s-
LiPSs was studied using X-ray photoelectron spectroscopy.

2.4 Electrochemical measurements

The working cathodes were prepared by mixing 10% car-
bon black (Super P), 10% poly(vinylidenefluoride) binder
(PVDF) and 80% active materials in N-methyl-pyrrolidone
(NMP), followed by casting the slurry onto carbon paper
and drying at 60 °C for 12 h in a vacuum oven. Finally, the
slurry cathode was cut into discs with a diameter of 12
mm. The electrolyte/sulfur ratio was about 20 uL mg™" for
cathodes. The 2032-type coin cells were assembled using

lithium foil as the anode and Celgard 2325 as membranes.
The electrolyte used was a freshly prepared solution of lith-
ium bis(trifluoromethanesulfonyl) imide. Electrochemical
impedance spectroscopy (EIS) measurements and cyclic
voltammetry (CV) were performed on an electrochemical
workstation (CHI660E, Shanghai, China). CV curves were
performed with a scan rate of 0.1 mV s™' between 1.8 and
3.0V. Electrochemical Impedance Spectroscopy was tested
in the frequency range between 0.01 Hz and 1000 kHz at
an open circuit voltage of each cell. And galvanostatic
cycling was carried out from 1.8 to 2.8 V using a battery
measurement system (Neware, China).

2.5 Symmetrical cell assembly and electrochemical
test

The symmetrical cells are designed by sandwiching lith-
ium bis(trifluoromethanesulfony)imide (LiTFSI) electro-
lyte containing 0.5 M LiPSs between two identical CNTs@
ZnS or CNTs electrodes as both the working and counter
electrodes. The active materials and polyvinylidene dif-
luoride (PVDF) binder (4:1, ratio by weight) were mixed
in N-Methyl prrolidone (NMP). The electrode foil was
punched to disks with a diameter of 12.0 mm and areal
sulfur loading of 1-1.5 mg cm™2. The coin cells were assem-
bled with two same disks as the cathode and anode, Cel-
gard 2400 separator, and 40 pL catholyte containing 0.5 M
LiTFSI and 0.5 M LiPSs in DME/DOL (v/v=1/1). CV measure-
ments were obtained from a symmetric cell using a scan-
ning rate of 3 mV s™' with potential window between — 1.5
and 1.5V.

3 Results and discussion

Figure 1a shows a schematic illustration of the preparation
procedures of the S/CNTs@ZnS composite. As observed
in scanning electron microscope (SEM) image in Fig. 1b,
the carbon nanotubes (CNTs) obtained by the direct car-
bonization of polypyrrole-NTs shows a length of 3-5 pm
and a diameter of 100-150 nm with smooth surface. These
CNTs are mixed with zinc nitrate and thioacetamide solu-
tion, followed hydrothermal treatment at 160 °C for 12 h.
Subsequently calcining is carried out at 500 °C for 2 h in
argon gas to obtain ZnS nanoparticles coated on CNTs
(CNTs@ZnS). As shown in Fig. 1¢, the as-formed CNTs@Zn$
maintains the nanotube morphology of CNTs with small
ZnS nanoparticles coated on CNTs. The thickness of outer
layer is ~50-80 nm thickness, which can be clearly seen
in TEM image (Fig. 2a). Meanwhile a certain mass of sulfur
is homogeneously loaded on the CNTs@ZnS via physi-
cal deposition at 155 °C for 12 h to fabricate the aimed
S/CNTs@ZnS. After sulfur loading, the morphology of S/
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Fig. 1 a Schematic illustration
of the fabrication processes of

ZnS Sulfur
S/CNTs@ZnS. b-d SEM images S ’
Coating Loading

I
I
I
of b carbon nanotubes, ¢ I
CNTs@ZnS and d S/CNTs@ZnS :

1

CNTs@ZnS

Fig.2 a TEM image of CNTs@ZnS (inset: HRTEM image). b TEM image of S/CNTs@ZnS. ¢ STEM image of S/CNTs@ZnS and corresponding ele-

ment maps of C, N, S and Zn. Scale bars, 500 nm

CNTs@ZnS is shown in Fig. 1d. The sulfur is distributed
homogenous within CNTs@ZnS. And the sulfur content of
S/CNTs@ZnS is measured to be 70 wt % (Figure S3). As con-
firmed by X-ray diffraction (XRD) pattern in Figure S1, only
peaks attributable to ZnS (JCPDS 89-2173) are founded
at 28.5° 47.5° and 56.4°. For comparison, the ZnS nano-
spheres (Figure S2) obtained without CNTs get agglomer-
ated. Correspondingly, in the XRD curve of S/CNTs@Zn$
(Figure S1), orthorhombic sulfur (JCPDS 08-0247) related
peaks are observed.

The N, adsorption/desorption profiles of CNTs@ZnS and
CNTs are presented in Figure S4. Compared with CNTs (64.0
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m? g™, the low specific surface area of CNTs@Zn$ (41.4 m?
g") is ascribed to the existence of ZnS on the surface. To
furxther investigate the structure and the elemental distri-
bution of synthesized samples, the transmission electron
microscope (TEM) images are further analyzed. As shown
in Fig. 2a, a tubular structure with a diameter of 150-200
nm is clearly observed. This is in consistent with the SEM
analysis. ZnS nanoparticles are founded to be intercon-
nected along with 1D porous carbon nanotubes. In the
high resolution transmission electron microscope (HRTEM)
image (Fig. 2a, inset), a lattice fringe with space of 0.31
nm can be clearly observed, and is indexed to the (0 0 60)
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plane of trigonal phase ZnS. The corresponding element
mappings of CNTs@ZnS is shown in Figure S5. After load-
ing sulfur, the TEM image of S/CNTs@ZnS in Fig. 2b reveals
that the overall morphology is still retained. The HAADF
image and the corresponding energy-dispersive X-ray
spectroscopy (EDS) mappings of S/CNTs@ZnS is depicted
in Fig. 2c. It suggests that the sulfur is either in ZnS or in
the form of the sulfur deposited in the post loading step.
Furthermore it is clear that the sulfur content is uniform
on the CNTs.

In order to further probe the strong polysulfide capture
capability of CNTs@ZnS, the visual test and ultraviolet/vis-
ible absorption spectra are carried out in Fig. 3a. This is
done by dispersing 10 mg of CNTs@ZnS or CNTs powder
in the polysulfide-saturated solution. Without the chemical
capture capability between LiPSs and the polar cathode
material, a large amount of intermediate polysulfide can
easily diffuse away from the carbon cathode, resulting in
serious shuttle effect and deposition of insoluable Li,S,
(x<2).The adsorption ability of CNTs@ZnS composite can
be shown by the color change of the typical polysulfides
solution. As shown in Fig. 3a (inset), after 12 h aging, the
polysulfides are effectively adsorbed by the immersing
CNTs@ZnS; this correlates with change in color of cor-
responding solution (becomes nearly transparent). In
contrast, the color of the polysulfides solution with CNTs

shows no obvious color fading. And it can be observed
that there are two obvious absorption peaks of pristine
LiPSs solution in the range at around 450 nm and 330 nm.
The two peaks can be attributed to the absorbance peak of
Li,Se/Li,S, and Li,Sg/Li,Se [31]. The UV-Vis spectrum shows
the absorbance for the solution of CNTs@ZnS after adsorp-
tion is nearly absents at 420 nm, confirming that the Li,S,/
Li,S, species are absorbed by the CNTs@ZnS composite.
The result indicates the strong chemical adsorption ability
of CNTs@ZnS.

The X-ray photoelectron spectrum of CNTs@ZnS and
CNTs@ZnS-LiPSs are further performed to provide proof
for the strong chemical adsorption of LiPSs. The fine Li 1
s spectrum of CNTs@ZnS (Fig. 3b) corresponds to a peak
at 55.9 eV in addition to Li-S bond after adsorption of
LiPSs. This in fact results in a 0.6 eV slightly shift to lower
binding energy compared to the pristine Li,S4 (56.3 eV) as
literature reported [8]. The shift in the peak indicates the
fast electron transfer from ZnS to lithium ion in the poly-
sulfide solution. Also as shown in Fig. 3¢, Zn 2p;,, peak of
the CNTs@ZnS after loading of LiPSs is located at 1021.6
eV; which shifts to lower binding energy compared to
that of CNTs@ZnS (1022.2 eV). It means that there exists a
chemical reaction occurring between ZnS and LiPSs, which
results in strong chemical bonds for LiPSs confinement.
The Li 1 s and Zn 2p;,, peaks indicate electron transfer

a —LiPSs b Li1s C Zn 2p3/2
—— LiPSs+CNTs@ZnS before adsorption 1022.2 &V
el e — LiPSs+CNTs —_ —_ i <8
= 570 =] S :
8 s s |
= lank ©NTs CNTs@ | > 2 <
17 ¥ 7nS @ D . AT
= : c c | after adsorption
O
= & &
c = c , 1021.7 eV
400 600 800 52 54 56 58 1018 1020 1022 1024 1026
Wavelength (nm) Binding Energy (eV) Binding Energy (eV)
ds € s f 100
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< < =
£ 14 £ _g
o0 o = 50 y
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Fig.3 a UV-Vis spectra of LiPSs solution and upper solution after
adsorption of the CNTs@ZnS and CNTs. The inset is photo of LiPSs
adsorption performance after addition of CNTS and CNTs@ZnS. b
XPS spectrum of Li 1 s for CNTs@ZnS after adsorbing LiPSs. ¢ XPS
spectrum of Zn 2p3/2 for CNTs@Zn$S before and after adsorption

of LiPSs. CV curves of LiPSs and LiPSs-free symmetrical cell with d
CNTs@ZnS and e CNTs working electrode with 1.2 mg cm™2 sulfur
loading each disk at a scan rate of 3 mV s™'. f EIS of the LiPSs sym-
metrical cell with CNTs@ZnS and CNTs cathodes
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from LiPSs to the Zn atoms; which in turn. results in strong
chemical adsorption.

To further probe the catalytic activity of CNTs@Zn$S
to LiPSs conversion in Li-S battery, symmetrical cells are
designed for cyclic voltametric test in the voltage range
—1.5to 1.5 V. The tests are done using an 3 mV s~ scan-
ning rate for LiPSs and LiPSs-free symmetrical cells [32]. As
shown in Fig. 3d-e, the CV curve of the LiPSs-free one (red
dotted lines) shows a minor contribution to the current.
With the addition of LiPSs into the counter electrodes, the
symmetrical cells show a much higher current intensity,
which means that the chemical reactions of lithiation with
CNTs@ZnS devote the current response. And four peaks
are observed at —0.78, — 0.36, 0.36 and 0.78 V respectively.
The LiPSs symmetrical cell with the CNTs@ZnS electrode
shows facile polysulfide conversion and high reversibil-
ity in the first three cycles, which is much better than the
LiPSs symmetrical cell with the CNTs (Fig. 3e). This clearly
demonstrates the key role of ZnS in accelerating the elec-
trochemical reactions with LiPSs. Meanwhile, the current
density of CNTs@ZnS symmetrical cell is also higher than
that of LiPSs symmetrical cell with ZnS electrode (Figure
S6); this is a robust indicator of the role of carbon nano-
tubes in enhancing the conductivity. The electrochemi-
cal impedance spectroscopy (EIS) spectrum of the CNTs@
ZnS and CNTs electrodes symmetrical cell are presented in
Fig. 3f. The charge transfer resistance (Rct) on the CNTs@
ZnS polysulfide interface is faster than that on the CNTs-
polysulfide interface. Considering that the symmetric cells
are free of lithium foil, the faster charge transfer can be

ascribed to the interfacial affinity between CNTs@Zn$S and
LiPSs and rapid charge transfer in the redox reaction of
polysulfide conversion. This is also consistent with the CV
results.

The electrochemical performance of S/CNTs@ZnS cath-
ode is measured using the CR2032 cells with a lithium foil
as the anode and DOL/DME (1:1, v/v) with 1 M LiTFSI and
2% LiNOj; as the electrolyte. The S/CNTs and S/ZnS elec-
trodes with same sulfur loading (1.2-1.3 mg cm™2) as S/
CNTs@ZnS is used as the experimental control. Figure 4a
presents the CV curves of the S/CNTs@ZnS electrode for
the first five cycles in the 1.8-3.0V at a scan rate of 0.1 mV
s~".The CV curves show two well-defined cathodic peaks
at 2.3 and 2.03 V; this is ascribed to the redox reaction of
sulfur to long-chain lithium polysulfide Li,S, (4 <x<8) and
consecutive conversion of Li,S, to short-chain sulfides
(Li,S,/Li,S), respectively [33]. In the anodic sweep, the
oxidation peaks at 2.34 and 2.41 V correspond to the
oxidation of Li,S/Li,S, to long-chain polysulfides and
ultimately to sulfur. For the initial five cycles, the peaks
have no obvious shifts, indicating good electrochemical
stability. Meanwhile compared with S/CNTs and S/Zn$S
(Figure S7), the S/CNTs@ZnS exhibits higher cathodic
peaks potential, smaller anodic peaks and larger peaks
currents. It suggests that the composite of CNTs@ZnS
kinetically accelerates polysulfides redox conversion in
some degree and is good for the fast transfer of electrons.
Figure 4b compares the discharge curves of the S/CNTs@
ZnS and S/CNTs electrodes at 0.5C (1C=1673 mAh g™).
The S/CNTs@ZnS composite exhibits much higher initial
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discharge capacities of 897 mAh g~' in comparison with
S/CNTs composite (751 mAh g"), with initial Coulombic
efficiency of 98.6%. C1 and C2 are the discharge capacities
of two typical plateaus corresponding to the conversion
of sulfur to soluble polysulfides and further reduction to
insoluble Li,S. Moreover, the capacity ratio (C2/C1) of S/
CNTs@ZnS indicates improved polysulfide redox kinetics
and higher sulfur utilization when compared with S/CNTs
[34], which agrees with the results of CV curves of the sym-
metrical cells and lithium sulfur cell. The enhanced redox
kinetics of S/CNTs@ZnS can be attributed to the synergetic
effects of ZnS and CNTs. It provide higher electric conduc-
tivity for fast charge transfer of Li*/e™ and also offers effec-
tive chemical adsorption of polysulfides for the conversion
to li,S,/Li,S [35].

The EIS analysis and the corresponding equivalent cir-
cuit of the S/CNTs@ZnS,S/CNTs and S/ZnS electrodes after
10 cycles are displayed in Fig. 4c and Figure S8. As we all
know, the start point of EIS spectra is the electrolyte resist-
ance (R,) and the semicircle represents the charge transfer
resistance (R,) and relative capacitance (CPE). The sloped
line in low frequency range is corresponds to the Warburg
impedance (Wo), related to the diffusion of lithium ion in
the electrode [36, 37]. A smaller charge transfer resistance
(49.8 Q) on the S/CNTs@ZnS electrode when compared
to S/CNTs (97.0 Q) and S/ZnS (144.8 Q) indicates that the
internal resistance of the Li-S battery system is reduced by
the interaction of ZnS and CNTs. The results is consistent
with CV results.

The lower resistance of charge transfer implies faster
charge transfer rate due to the enhanced interfacial affinity
and faster redox kinetics on the S/CNTs@ZnS electrode [23,
38]. Figure 4d shows the rate capability of the S/CNTs@ZnS
and S/CNTs cathode electrodes at various rates from 0.1 to
2C. With the current increase, the capacity decreases, and
the S/CNTs@ZnS cathode has larger capacities and rate
capability than that of S/CNTs cathode at all rate. Espe-
cially, when the current restore to 0.1 C after 54 cycles,
the capacity (1181 mA h g”) of S/CNTs@ZnS cathode
shows no abrupt degradation; this is much better than
S/CNTs (838 mA h g'), indicating high electrochemical
reversibility.

The long term cycling performance of S/CNTs@ZnS is
shown in Fig. 5. Figure 5a and Figure S9 show the cycling
performance and Coulombic efficiency of the S/CNTs@
ZnS and S/CNTs cathodes at 0.2Cand 1C (1 C=1672 mAh
g"). It can be observed that the existence of ZnS nano-
particles alleviates the polysulfide shuttle effect with
1.51 mg cm™2 areal sulfur loading. As shown in Fig. 5a, S/
CNTs@ZnS cathode yields an initial capacity of 1069 mA
h g~'. Furthermore it retains a high reversible capacity of
1003 mA h g™ after 100 cycles at 0.2 C with Coulombic
efficiency close to 100%. In contrast, the initial capacity

of S/CNTs is 905 mA h g~" and after 100 cycles the capac-
ity (813 mAh g~"), which is lower than S/CNTs@ZnS. S/
ZnS cathode were also prepared to assess the structure
advantage of CNTs@ZnS. As shown in Figure S10, the S/
ZnS electrodes exhibit a low initial specific capacity of
1055 mAh g~ at 0.2C and the capacity quickly drops to
717 mAh g~ 'after 100cycles, suggesting the low sulfur
utilization than S/CNTs@ZnS. Meanwhile, the S/CNTs@
ZnS cathode exhibits slower capacity decay (0.06% per
cycle) than S/CNTs (0.1% per cycle) and S/ZnS (0.3% per
cycle), which shows an obvious improvement in the
cycling performance due to the synergistic effect of CNTs
and ZnS. The cycling performances of S/CNTs@ZnS with
1.27 mg cm™2 sulfur loading and S/CNTs with 1.3 mg
cm™2 sulfur loading at 1C are also shown in Fig. 5a and
S9 respectively. The revisable discharge capacity for S/
CNTs@Zn$S is 719 mAh g~' after 100 cycles, higher than
the S/CNTs electrode. To understand the stabilities of
S/CNTs@ZnS electrode, the prolonged cycling perfor-
mance is evaluated at 0.5C. As shown in Fig. 5b, S/CNTs@
ZnS electrode delivers an initial capacity of 843 mAh
g! after activation at 0.1C. After 500 cycles at 0.5C, S/
CNTs@ZnS electrode still retains a relative high discharge
capacity of 655 mAh g~'. The capacity retention is calcu-
lated to be 77.6% corresponding to a capacity decay of
0.04% per cycles. Meanwhile the prolonged cycling sta-
bility of S/CNTs@ZnS at 0.5C for 1000 cycles is presented
in Figure S11. During the whole cycling, the Coulombic
efficiency is higher than 95%. We further measured the
S/CNTs@ZnS with high sulfur loading of 3.1 mg cm™; the
cathode shows a high discharge capacity of 670 mAh
g 'at 0.2C and the capacity retention is 0.05% per cycle
after 500 cycles (Fig. 5¢). These results confirm that S/
CNTs@ZnS delivers outstanding electrochemical perfor-
mance because of the chemical adsorption and catalytic
capability of the polar ZnS to LiPSs and the improved
conductivity of the CNTs@ZnS.

Finally, according to the above results and analyses,
the polysulfide adsorption and conversion process on
the surface of the CNTs@ZnS during discharge-charge
can be illustrated schematically in Fig. 6. The polar host
material of ZnS can restrain the shuttle effect of poly-
sulfides by effective chemical adsorption. Also the short
chain sulfur species can rapidly result in redox on the
CNTs@ZnS surface during the reaction processes due
to the high electrical conductivity of CNTs and excel-
lent chemical reaction activity of ZnS. Meanwhile, the
enhanced electrochemical performance of S/CNTs@Zn$S
can be attributed to the synergetic effect associated
with both ZnS and CNTs. It provides higher electric con-
ductivity for fast charge transfer of Li*/e™ and effective
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4 Conclusions

In summary, CNTs@ZnS composites are designed and
synthesized as a host cathode material for lithium sul-
fur batteries using a facile wet chemical method. The
host suppresses the polysulfide’s shuttle effect and fur-
ther enhances the observed activity. The host materials
unique structure provides high conductivity for charge
transfer. It also offers sufficient chemical adsorption sites
to anchor the LiPSs on to the reactive interfaces of ZnS.
This in fact is responsible for the observed alleviation of
the shuttle effect.

XPS reveals that the CNTs@ZnS interacts with LiPSs
through the formation Li-S bonds and ZnS-S bonds.
These bonds catalytically accelerate the conversion of
soluble polysulfides into insoluble Li,S. The CNTs@Zn$S
cathode delivers an stable specific capacity with 3.1 mg
cm™! sulfur loading after 500 cycles at 0.2C and ultra-
long cycling performance at 0.5C with 0.04% capaci-
tance decay per cycle. The strategy described in this
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work provides a novel route for improving the electro-
chemical performance of lithium sulfur batteries.
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