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Cobalt-Doped SnS2 with Dual Active Centers of Synergistic 
Absorption-Catalysis Effect for High-S Loading Li-S Batteries
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The application of Li-S batteries is hindered by low sulfur utilization and rapid 
capacity decay originating from slow electrochemical kinetics of polysulfide 
transformation to Li2S at the second discharge plateau around 2.1 V and 
harsh shuttling effects for high-S-loading cathodes. Herein, a cobalt-doped 
SnS2 anchored on N-doped carbon nanotube (NCNT@Co-SnS2) substrate 
is rationally designed as both a polysulfide shield to mitigate the shuttling 
effects and an electrocatalyst to improve the interconversion kinetics from 
polysulfides to Li2S. As a result, high-S-loading cathodes are demonstrated 
to achieve good cycling stability with high sulfur utilization. It is shown that 
Co-doping plays an important role in realizing high initial capacity and good 
capacity retention for Li-S batteries. The S/NCNT@Co-SnS2 cell (3 mg cm−2 
sulfur loading) delivers a high initial specific capacity of 1337.1 mA h g−1 
(excluding the Co-SnS2 capacity contribution) and 1004.3 mA h g−1 
after 100 cycles at a current density of 1.3 mA cm−2, while the counterpart cell 
(S/NCNT@SnS2) only shows an initial capacity of 1074.7 and 843 mA h g−1 
at the 100th cycle. The synergy effect of polysulfide confinement and cata-
lyzed polysulfide conversion provides an effective strategy in improving the 
electrochemical performance for high-sulfur-loading Li-S batteries.
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promising candidates for the next-genera-
tion rechargeable batteries.[1] Nevertheless, 
the practical application of Li-S batteries 
is hindered by several critical challenges. 
The soluble polysulfides (Li2Sn, 4 ≤ n ≤ 8)  
shuttling between anode and cathode, 
namely, shuttle effects, can cause low 
coulombic efficiency and rapid capacity 
decay. The low electronic conductivity of 
the starting active material (S8) and the 
discharge product (Li2S) can not only be 
detrimental to the rate performance but 
also limit the sulfur loading and sulfur uti-
lization. To achieve a high areal capacity of 
4  mA h cm−2 as comparable to the state-
of-the-art lithium-ion batteries, a high 
sulfur loading of more than 3 mg cm−2 is 
crucial.[2] However, the sulfur loadings in 
most previous reported Li-S batteries with 
high discharge capacities and long cycling 
lives are usually below 2 mg cm−2, which 
fail to meet the requirements for practical 
energy density.[3] Furthermore, the electro-
chemical conversion from polysulfides to 

Li2S at the second discharge plateau can be significantly lim-
ited by the sluggish kinetics of the solid–liquid reaction from 
polysulfides to Li2S2 and solid–solid reaction from Li2S2 to Li2S, 
leading to an early end of discharge and low sulfur utilization. 
The resulting problem of low specific discharge capacity is even 
exacerbated in high-sulfur-loading batteries combining with the 
challenges of poor ionic and electronic conductivities.[4]

To overcome the aforementioned challenges, most of the 
efforts have been devoted to designing multi-functional and 
multi-architecture cathode materials/cathodes to alleviate the 
shuttle effect and improve the electrochemical kinetics of sulfur 
species.[5] Highly conductive carbon materials with tunable 
porosity and architectures are most widely used as hosts for 
sulfur to prepare S/C composites. However, the nonpolar carbon 
materials show weak interactions with the polysulfide species, 
leading to inevitable discharge attenuation and poor cycling sta-
bility. Recently, polar metal compounds such as metal oxides,[6] 
metal nitrides,[7] and metal polysulfides[1c,8] were demonstrated 
as effective polysulfide absorbents to further improve the cycling 
stability of Li-S batteries. These metal compounds are either in 
situ grown on the carbon hosts or mixed with carbon mate-
rials. Among the possible candidates, SnS2 exhibits a favorable 
bonding strength with polysulfides, which allows SnS2 to effi-
ciently anchor and release polysulfides during charge/discharge 

Li-S Batteries

1. Introduction

To meet the increasing demand for electric vehicles and port-
able electronic devices for high energy density, environmentally 
friendly and low-cost lithium-sulfur (Li-S) batteries with a high 
theoretical energy density of 2600 Wh kg−1 have received great 
attention and have been widely regarded as one of the most 
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cycles.[8a] Qian and co-workers investigated the electrochemical 
performance of S/C-SnS2 composites with different mass con-
tents of ultrathin SnS2. Benefiting from the synergistic effects 
of physical confinement by porous carbon and chemical interac-
tions with SnS2, S/C-SnS2 composite with 10 wt% of ultrathin 
SnS2 nanosheets exhibits excellent cycling stability. However, 
limited by the slow electrochemical kinetics of conversion from 
polysulfides to Li2S at the second discharge plateau (≈2.1  V), 
even a low-sulfur-loading cathode (1–1.5  mg cm−2) delivered a 
sulfur utilization of 65%.[8a] Therefore, further developing SnS2-
based polar polysulfide absorbents with high sulfur loadings 
and high sulfur utilization is important. Moreover, accelerating 
the sluggish electrochemical conversion of polysulfides to Li2S 
is of utmost importance to improve polysulfide redox kinetics, 
promise low polarization, and reduce the overall overpotential, 
and then further improve sulfur utilization as well as increase 
specific discharge capacity. In any case, cobalt compounds 
deliver a promising catalyst for Li-S batteries because of the 
mechanism in which the polar surface accelerates polysulfides 
redox has been clearly revealed. For example, Qian's group 
studies the Co-based compounds, exhibiting that CoP has a 
low overpotential for polysulfide transformation.[9] In addition, 
CoP and CoS2 showed strong interactions with polysulfide and 
dynamic enhancement in polysulfide redox reactions.[10] The 
polysulfide redox reactions including the solid−liquid step and 
the liquid−solid step are thus facilitated. The voltage polariza-
tion during the electrochemical process is also reduced.

This work rationally combines the merits between the 
polysulfide-confining SnS2 and the catalytic cobalt compounds 
by growing cobalt-doped SnS2 on N-doped carbon nano-
tubes (hereafter referred to as NCNT@Co-SnS2) as the host  
for sulfur cathode (S/NCNT@Co-SnS2). Alleviated polysulfide 
shuttling effect, improved cycling stability, and enhanced 
sulfur utilization are achieved comparing to S/NCNT and 
undoped S/NCNT@SnS2 electrodes. The S/NCNT@Co-SnS2 
electrode delivers a high capacity of 1337.1  mA h g−1 and 
remains 1004.3 mA h g−1 after 100 cycles at a current density 
of 1.3  mA cm−2, which is superior to the control electrode of 
undoped S/NCNT@SnS2 electrode (with an initial capacity 
of 1074.7 and 843  mA h g−1 at the 100th cycle). Additionally, 
the S/NCNT@Co-SnS2 cathode with a high sulfur loading of 
3 mg cm−2 also shows a low capacity attenuation of 0.16% per 
cycle over 300 cycles at 3.2 mA cm−2.

2. Results and Discussion

The detailed synthetic procedure of NCNT@Co-SnS2 can be 
seen from schematic as shown in Figure  1a. First, N-doped 
carbon nanotubes on carbon paper (CP) (named as CP@NCNT) 
were synthesized by a spray pyrolysis chemical vapor deposi-
tion (SPCVD) method based on previous reports.[1d] This was 
followed by a solvothermal reaction by mixing SnCl4·5 H2O, 
CoCl2·6 H2O, and thioacetamide (TAA) in ethanol at 80 °C to 
obtain uniform growth of Co-SnS2 nanoflakes on the NCNTs 
(NCNT@Co-SnS2). Further details of the synthetic procedure 
can be found in the Experimental Section. The synthesis of 
counterpart without Co-doping named as NCNT@SnS2 is 
shown in Figure S1 (Supporting Information), demonstrating 

the same structure after the same preparation of NCNT@
Co-SnS2. As shown in the scanning electron microscopy (SEM) 
images in Figure S2a,b (Supporting Information), pristine 
CP@NCNT showed a bamboo-like structure with diameters 
around 20–50  nm and intermittent joints. The SnS2 nano-
flakes were grown and distributed uniformly on the surface of  
NCNTs for both high-SnS2-loading NCNTs (NCNT@SnS2-H, with 
adding 1.6  × 10−3 m SnCl4·5 H2O) in Figure S2c,d (Supporting 
Information) and low-SnS2-loading NCNTs (NCNT@SnS2, with 
adding 0.8  × 10−3 m SnCl4·5 H2O) in Figure S3a–c (Supporting 
Information). Transmission electron microscopy (TEM) images 
of NCNT@SnS2 indicated the continuous coverage of SnS2 on 
top of the NCNT surface (Figure S3d–f, Supporting Informa-
tion). The average thickness of the SnS2 layer on NCNT@SnS2 
was ≈50 nm. The fringe interval of the SnS2 was 0.59 nm, con-
sistent with the interplanar spacing of the (001) crystal planes 
of hexagonal phase SnS2.[8a] The corresponding elemental 
mapping confirmed the uniform distribution of C, Sn, and S 
at NCNT@SnS2 (Figure S3g–j, Supporting Information). After 
Co-doping on NCNT@SnS2, the morphology and crystalline 
structure of SnS2 remained unchanged (Figure 1b–f). However, 
the corresponding energy dispersive X-ray spectroscopy (EDX) 
analysis (Figure  1g) and elemental mappings (Figure  1h–l) 
together with the color change of powder from grey to reddish 
(Figure S4, Supporting Information) suggested the successful 
doping of Co element, achieving the designed NCNT@Co-SnS2 
sample. The retention of SnS2 crystalline structure could be 
mainly attributed to the similar radii of Co (+2) and Sn (+4). In 
addition, ex situ X-ray absorption near edge structure (XANES) 
is an element and chemical specific local probe that tracks 
the oxidation state and bonding with neighboring atom via 
the modulation of its absorption coefficients above an absorp-
tion edge. XANES spectra of Sn L3-edge and Co K-edge with 
total electron yield (TEY) for both NCNT@SnS2 and NCNT@
Co-SnS2 before sulfur impregnation are shown in Figure S5a 
(Supporting Information). The similar Sn L3-edge profiles and 
peak positions again confirmed the successful loading of SnS2 
on NCNTs and the unchanged local valence structure of SnS2 
with Co-doping. Moreover, according to the reference spectra 
of Co K-edge of LiCoO2 and CoS2, we can deduce that the Co 
element doped on the NCNT@Co-SnS2 was in the form of Co2+ 
(Figure S5b, Supporting Information).

The effects of SnS2 on improving the electrochemical per-
formance was investigated by cycling test at a current density 
of 1.3 mA cm−2. As shown in Figure S6a (Supporting Informa-
tion), the S/NCNT exhibited a typical two-plateau discharge 
profile in an ether-based electrolyte in the voltage window of 
1.7–2.8  V. The plateaus located at around 2.3 and 2.1  V were 
related to the two-step reduction from S8 to Li2S.[11] The pres-
ence of SnS2 introduced an additional plateau at ≈2.2  V for 
electrodes with low or high SnS2 loadings (S/NCNT@SnS2 and 
S/NCNT@SnS2-H), attributable to the reduction of SnS2 to 
SnS in the designated voltage window. As shown in Figure S6b 
(Supporting Information), the S/NCNT, S/NCNT@SnS2-H, 
and S/NCNT@SnS2 electrodes delivered an initial discharge 
capacity of 1078.9, 1016.9, and 1328.7  mA h g−1, respectively. 
However, excluding the discharge capacity contributed from 
the reduction of SnS2 (≈50 mA h g−1; Figure S7a, Supporting 
Information) and LiNO3 decomposition below ≈1.7  V, the 
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S/NCNT@SnS2 and S/NCNT@SnS2-H electrodes showed a 
similar discharge capacity (the capacity delivered by reduction 
of sulfur) around 1070 mA h g−1 in the initial cycle. After stable 
cycling for 100 cycles, the S/NCNT, S/NCNT@SnS2-H, and  
S/NCNT@SnS2 cells retained a discharge capacity of 630.8, 
663.4, and 843.1 mA h g−1, corresponding to a capacity reten-
tion of 59%, 62%, and 78%, respectively. The improved cycling 
performance within SnS2 loading was mainly attributed to the 
strong chemical interactions between SnS2 and polysulfides 
that reduced the loss of sulfur active material from the shuttling 
effects.[8b] Further increasing the concentration of SnS2 leads to 
a lower conductivity of the electrode, which limited the electron 
transport and the transformation reactions between the sulfur, 
polysulfides, and Li2S, resulting in a low cycling stability. With 
this in mind, the low concentration of SnS2 is chosen as the 
substrate to investigate the influence of Co-doping.

To further investigate the effects of Co-doping, the electro-
chemical performance of S/NCNT@SnS2 and S/NCNT@
Co-SnS2 has been examined and is shown in Figure 2. Figure 2a 
shows the cyclic voltammetry (CV) profiles for the S/NCNT@
SnS2 and S/NCNT@Co-SnS2 electrodes. Three cathodic peaks 
and one anodic peak were observed in the selected voltage 
window, corresponding to the reduction of sulfur to long-order 

polysulfides at ≈2.3 V, reduction of SnS2 to SnS at ≈2.2 V, fur-
ther reduction of polysulfides to Li2S2/Li2S at ≈2.0 V, and revers-
ible oxidization of Li2S/Li2S to sulfur at 2.5 V, respectively.[11b,12] 
It should be noted that the peak corresponding to SnS2 reduc-
tion became weaker after Co-doping, which is attributed 
to the partial substitution of Sn sites by Co in the SnS2. The 
S/NCNT@Co-SnS2 electrode exhibited sharper cathodic and 
anodic peaks as well as reduced polarization compared with 
the S/NCNT@SnS2 electrode, indicating improved electro-
chemical reaction kinetics by Co-doping. The electrochemical 
impedance spectroscopy (EIS) analysis gave similar hints. As 
shown in Figure S8 (Supporting Information), while the two 
electrodes exhibited similar ohmic resistance (Rs) around 5 Ω, 
the S/NCNT@Co-SnS2 electrode showed significantly smaller 
charge transfer resistance (Rct) of 43.5 Ω than that of the 
S/NCNT@SnS2 electrode (58.0 Ω). Rct is closely related to the 
chemical reaction activation energy, and the 25% reduction can 
be an evidence for the positive role of Co-doping in enhancing 
electrochemical kinetics. Consistent with the CV results, cobalt-
doped SnS2 possessed a catalytic effect for the electrochemical 
transformation reactions among the sulfur species.

The charge/discharge profiles of S/NCNT@Co-SnS2 and 
S/NCNT@SnS2 electrodes at the first cycle are shown in 
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Figure 1.  a) Schematic illustrations of the synthesis process of NCNT@Co-SnS2. Characterizations of NCNT@Co-SnS2: b–d) SEM images and e,f) TEM 
images at different magnifications; g) EDX spectrum; and h) TEM image and i–l) corresponding elemental mappings for C, S, Sn, and Co elements.



www.afm-journal.dewww.advancedsciencenews.com

1806724  (4 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2b. Both electrodes showed three discharge plateaus in 
the selected voltage window, correspondent to the CV results. 
Notably, the third plateau at 2.03 V of the S/NCNT@Co-SnS2 
electrode was much longer than that of the S/NCNT@SnS2 
electrode, suggesting an improved sulfur utilization during 
the interconversion from Li2S4 to Li2S. The detail catalytic 
mechanism will be further clarified in the following discus-
sion. Due to the prolonged discharge plateau at 2.03  V, the 
S/NCNT@Co-SnS2 delivered a high initial capacity of about 
1337.1 mA h g−1 excluding a capacity of ≈410 mA h g−1 from 
Co-SnS2 (Figure S7b, Supporting Information). The much 
higher capacity than that of the S/NCNT@SnS2 electrode 
(1074.7 mA h g−1) indicated an improved sulfur utilization with 
Co-doping. The improved sulfur utilization is further demon-
strated by comparing the SEM images of two electrodes after 
the first discharge and washed with 1,2-dimethoxymethane 
(DME) solvent. As shown in Figure S9a,b (Supporting Infor-
mation), the S/NCNT@SnS2 electrode was almost covered 
by a dense film of reaction side products. The discharge reac-
tion would terminate as the surface of SnS2 has been blocked, 
thus leading to low sulfur utilization. In contrast, porous 

morphology of the S/NCNT@Co-SnS2 electrode was main-
tained, with Li2S2 and Li2S selectively deposited along the 
NCNT@Co-SnS2 (Figure S9c,d, Supporting Information). The 
Co-doping was evidently playing an important role in facili-
tating thorough electrochemical reactions. Moreover, since the 
discharge products grew along the NCNT@Co-SnS2 leaving 
clear Li+ channels for Li+ transport, it is beneficial for rate 
performance. Importantly, the S/NCNT@Co-SnS2 was able to 
remain catalytically active during repeated charge/discharge 
process. Even after 20 cycles, the S/NCNT@Co-SnS2 electrode 
still maintained a longer discharge plateau for Li2S conver-
sion at ≈2.03  V (giving overall capacity of 1128.7  mA h g−1 
vs 846.7  mA h g−1 for S/NCNT@SnS2), which was desirable 
to maintain high discharge capacity output during long-term 
cycling as shown in Figure S10 (Supporting Information). 
More importantly, the cycling performance of Li-S batteries 
assembled with S/NCNT@Co-SnS2 and S/NCNT@SnS2 elec-
trode was investigated at a current density of 1.3  mA cm−2, 
and the S/NCNT@Co-SnS2 electrode could still maintain 
1004.3  mA h g−1 after 100 cycles, ≈20% higher than that of 
the S/NCNT@ SnS2 electrode (843 mA h g−1 after 100 cycles) 
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Figure 2.  Comparison on the electrochemical performances of the S/NCNT@SnS2 and S/NCNT@Co-SnS2 electrodes with an S loading of 3 mg cm−2: 
a) CV profiles (second cycle); b) discharge/charge profiles; c) cycling performance at 1.3 mA cm−2 and (d) rate performance at various current densi-
ties ranging from 1.3 to 5.1 mA cm−2; e) corresponding discharge/charge profiles at the different current densities;f) evolution of the overpotential at 
various current densities from 1.3 to 5.1 mA cm−2; g) CV curves of symmetric cells using Li2S6 electrolyte; and h) long-term cycling performance at 
3.2 mA cm−2 for 300 cycles.
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with a sulfur loading of 3 mg cm−2 at 1.3 mA cm−2, as shown 
in Figure 2c.

The interaction between the hosts and polysulfides was 
studied by a static adsorption experiment, where the yel-
lowish Li2S6 was used to represent the soluble polysulfides. As 
shown in Figure S11 (Supporting Information), for this test, 
5 × 10−3 m Li2S6 solution (1 mL) was used as a reference. Then 
pure NCNT powder, NCNT@SnS2, and NCNT@Co-SnS2 were 
immersed into a Li2S6 solution separately for 10 h to monitor 
the color changes. It is obvious that both NCNT@SnS2 and 
NCNT@Co-SnS2 decolored the Li2S6 solution, while the NCNT 
showed no obvious effect. Notably, the resulting solution with 
NCNT@Co-SnS2 became almost colorless, while trace amount 
of yellow color was still observed for the solution with NCNT@
SnS2. This indicated the enhanced effect on polysulfide 
adsorption by Co-doping. The outstanding polysulfide trap-
ping capability can be a direct reason for the superior cycling 
performance of the S/NCNT@Co-SnS2 electrode. To further 
understand the reasons for the different cycling stabilities, 
the S/NCNT@SnS2 and S/NCNT@Co-SnS2 cells were disas-
sembled after cycling for morphological analysis by SEM. As 
shown in Figure S12 (Supporting Information), similar to the 
morphology of S/NCNT@SnS2 and S/NCNT@Co-SnS2 elec-
trodes after the first cycle, the discharge products selectively 
grow along the S/NCNT@Co-SnS2 electrode (Figure S12e,f, 
Supporting Information), which maintain Li+ channels for Li+ 
transport. In contrary, the growth of discharge products shows 
no selectivity on S/NCNT@ SnS2 electrode as exhibited in 
Figure S12a,b (Supporting Information), which blocked the Li+ 
transport channels, hence restricted Li+ transport. Moreover, 
due to the improved chemical interaction between NCNT@
Co-SnS2 and polysulfides, the free diffusion of polysulfides 
to the anode side is limited, resulting in less reaction with Li 
anode and fewer side-products deposited on the anode surface. 
As shown in Figure S12g,h (Supporting Information), the thick-
ness of the side-products deposited on the Li anode coupled 
with S/NCNT@Co-SnS2 electrode was 20 µm, which was much 
thinner than its counterpart (60 µm; Figure S12c,d, Supporting 
Information). In summary, the selective deposition of discharge 
products, stronger interaction between NCNT@Co-SnS2 and 
polysulfides, as well as fewer side-products formed on the 
anode side can well explain the reason for the improvements of 
the cycling stability for S/NCNT@Co-SnS2 electrode.

The C-rate performance of S/NCNT@SnS2 and S/NCNT@
Co-SnS2 electrodes is further shown in Figure  2d. The 
S/NCNT@Co-SnS2 electrode delivered average discharge 
capacities of 1076, 896, 822, and 722 mA h g−1 at current den-
sities of 1.3, 2.6, 3.8, and 5.1  mA cm−2, respectively. A high 
capacity of 1054  mA h g−1 was recovered when the current 
density returned to 1.3  mA cm−2. However, for S/NCNT@
SnS2 electrode, the corresponding values were only 882, 771, 
641, and 496  mA h g−1 at current densities of 1.3, 2.6, 3.8, 
and 5.1 mA cm−2, respectively, and a capacity of 823 mA h g−1  
recovered to 1.3  mA cm−2. The improved performance of 
NCNT@Co-SnS2 was mainly due to the reduced polarization 
upon increasing current density. As shown in Figure  2e and 
Figure S13 (Supporting Information), the overpotential of 
S/NCNT@Co-SnS2 electrode and S/ NCNT@SnS2 is deter-
mined by the voltage difference based on the median of second 

discharge plateau at different current densities, according to 
the previous report.[13] The overpotential can reflect the elec-
trochemical kinetics of sulfur species on different substrates. 
The evolution of the overpotential at various current densities 
from 1.3 to 5.1  mA cm−2 is thereby shown in Figure  2f. It is 
obvious that the overpotential of S/NCNT@Co-SnS2 electrode 
is smaller than that of S/NCNT@SnS2 at all current densi-
ties. Particularly, when the current density further increased 
to 5.1  mA cm−2, the overpotential of S/NCNT@Co-SnS2 elec-
trode is about 382 mV, which is almost half of its counterpart 
(≈782 mV), suggesting faster electrochemical kinetics of sulfur 
species on the S/NCNT@Co-SnS2 electrode. The smaller over-
potential induced by Co-doping is mainly attributed to the 
improved electrochemical kinetics and well-maintained Li+ 
transport channels via the selective deposition of discharge 
products. This plays an important role in meeting the demand 
of electrochemical reactions at high current densities.

Moreover, the dynamic effect on the redox conversion of 
polysulfides was examined by CV with symmetrical Li2S6−Li2S6 
cells. As shown in Figure 2g, it can be clearly seen that the cur-
rent density of the cell assembled with NCNT@Co-SnS2 elec-
trode is two times higher than that of NCNT@SnS2 electrodes, 
demonstrating that doping Co not only improves the chemical 
interaction with polysulfides but also dynamically accelerates 
the electrochemical reactions of lithium polysulfides.[10b,14] In 
addition, the long-term cycling performance of the Li-S bat-
teries assembled with S/NCNT@Co-SnS2 and S/NCNT@SnS2 
electrodes is further investigated at a higher current density of 
3.2 mA cm−2. As shown in Figure 2h, the S/NCNT@Co-SnS2 
electrodes deliver a high initial capacity of 1342  mA h g−1 at 
3.2  mA cm−2. And a reversible capacity of 1062.3  mA h g−1 
is achieved at the fifth cycle after fast capacity decay in the 
first few cycles. Even after 300 cycles, still a high capacity of 
562  mA h g−1 is maintained, corresponding to a low capacity 
attenuation rate of 0.16% per cycle (calculated based on the 
fifth cycle), demonstrating the excellent cycling stability. The 
high sulfur utilization and cycling performance is much better 
than most previously reported high sulfur loading cathodes.[15] 
In contrast, the S/NCNT@SnS2 electrodes remaining capacity 
and capacity retention are only 346  mA h g−1 and 32.7%  
(calculated based on the fifth cycle), respectively.[16] Figure S14 
(Supporting Information) demonstrates that the energy effi-
ciency of S/NCNT@Co-SnS2 electrodes is higher than that of 
S/NCNT@SnS2 electrodes. These results further highlight 
the merits of cobalt-doped SnS2 in improving the sulfur utiliz
ation and cycling stability via catalyzing the electrochemical  
kinetics and improving the chemical interaction between 
polysulfides and host.

To understand the detailed catalytic mechanism and interac-
tions between the polysulfides and Co-SnS2, XANES analyses 
for samples at different charge/discharge states were con-
ducted. The results for the S K-edge (1s) of S/NCNT@SnS2 
and S/NCNT@Co-SnS2 with TEY are shown in Figure  3. 
Before sulfur impregnation, S K-edge of both NCNT@SnS2 
and NCNT@Co-SnS2 showed similar profiles and peak posi-
tions to the SnS2 reference, indicating successful loading 
of SnS2 on NCNTs and unchanged valence of SnS2 by Co-
doping. After sulfur impregnation, a new peak at 2471.6  eV 
appeared on the S K-edge spectra for both S/NCNT@SnS2 
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and S/NCNT@Co-SnS2, attributing to the S 1s to S-S π* state 
transition (Figure 3a,b).[17] At higher discharge state, a pre-edge 
feature at 2470.0  eV appeared and gradually became stronger, 
which can be assigned to the S 1s to π* state transition associ-
ated with linear polysulfides.[17a,18] Subsequently, an emerging 
peak at 2475.4  eV for Li2S co-existed with the peaks at 2471.6 
and 2471.6 eV, indicating the mixture of Li2S and polysulfides 
when discharged to 2.0  V (Figure  3a,b, highlighted by yellow 
shadings).[19] Interestingly, the difference between the two elec-
trodes appeared particularly in the voltage range of the second 
discharge plateau. Without Co-doping (Figure  3a), the polari-
zation for the S/NCNT@SnS2 electrodes increased instantly 
at this point and the discharge process terminated in few sec-
onds, leading to a negligible change in S K-edge from 2.0 to 
1.7 V. However, the behavior was quite different for S/NCNT@
Co-SnS2 electrode. When discharged from 2.0 to 1.7 V, the fea-
ture located at 2471.6 eV for S-S disappeared, while a new fea-
ture appeared at 2472.9 eV. This is an indication of the complete 
conversion of polysulfides to the final discharge product Li2S 
(Figure  3b, highlighted by yellow shadings).[18a,20] This result 
indicates that the improved sulfur utilization for NCNT@
Co-SnS2 electrode is mainly resulted from the catalytic effect 
of NCNT/Co-SnS2 on facilitating the electrochemical kinetics 
of the interconversion from polysulfides to Li2S. Additionally, 
the sulfur feature at 2471.6 eV re-appeared and the features at 
2472.9 and 2475.4  eV disappeared in the S K-edge XANES of 
S/CP@NCNT@Co-SnS2 at the end of the charging process, 
demonstrating that Li2S can be oxidized back to elemental 
sulfur during the following charge process, which is critical in 
maintaining the high capacity output during cycling.

The excellent electrochemical performance of the Li-S bat-
teries assembled with S/NCNT@Co-SnS2 can be attributed to 
the synergistic effects between (i) effective confinement of the 
soluble polysulfides in the cathode and (ii) the catalytic conver-
sion from polysulfides to Li2S, as schematically illustrated in 
Figure  4. The polar Co-SnS2 in the S/NCNT@Co-SnS2 elec-
trode exhibits strong chemical interaction with the soluble 
polysulfides, which prevents polysulfide diffusion outside of 

cathode. Consequently, loss of active materials during cycling 
is reduced; Li metal corrosion by polysulfide is minimized; and 
cycling stability is ultimately enhanced. Moreover, benefiting 
from the catalytic effect of Co-SnS2 on the electrochemical 
conversion from polysulfides to Li2S, more active materials are 
able to undergo complete redox reactions to increase sulfur 
utilization. The insoluble discharge productions, namely, Li2S2 
and Li2S, selectively deposit along the NCNTs and maintain 
the clear Li+ transport channels, so that C-rate performance 
is enhanced. This work is expected to open a new option for 
designing Li-S batteries with high active materials utilization 
and long-term cycling performance, and may shed light on the 
research and development of other energy storage devices.

3. Conclusion

In summary, the S/NCNT@Co-SnS2 material acted as not 
only an effective shuttle-suppressing shield for polysulfide 
but also an electrocatalyst in improving sulfur utilization and  
cycling stability for high-sulfur-loading Li-S batteries. The results  
have demonstrated that the Co-doping can improve the 
chemical interaction between the SnS2 and polysulfides, thereby 
confining polysulfide in the cathode and suppressing the  
shuttling effects. Furthermore, the cobalt-doped SnS2 can serve 
as an effective catalyst by facilitating the conversion reaction 
between polysulfides and Li2S, thereby promoting higher sulfur 
utilization and higher specific capacity. The Li-S batteries of 
S/NCNT@Co-SnS2 electrode with 3  mg cm−2 sulfur loading 
deliver a high initial discharge capacity of 1337.1  mA h g−1 
(excluding the capacity contribution from Co-SnS2) and main-
tain 1004.3  mA h g−1 after 100 cycles at a current density of 
1.3  mA cm−2. This is much higher than that of the Co-free 
S/NCNT@SnS2 (initially 1074.7  mA h g−1 and 843  mA h g−1 
at the 100th cycle) and S/NCNT (1000  mA h g−1 initially and 
663  mA h g−1 at the 100th cycle) electrodes. Moreover, the 
S/NCNT@Co-SnS2 cathode demonstrates a capacity decay 
of 0.16% per cycle over 300 cycles at 3.2  mA cm−2. Even at a 
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Figure 3.  Catalytic mechanisms study on NCNT@Co-SnS2: S K-edge XANES of a) S/NCNT@SnS2 and b) S/CP@NCNT@Co-SnS2 electrodes at dif-
ferent discharge/charge states.
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high current density of 5.1 mA cm−2, a high discharge capacity 
of 722  mA h g−1 is delivered. This work presents an effective 
strategy to improve the electrochemical performance of high-
areal-capacity Li-S batteries with high active materials utiliza-
tion and excellent cycling stability.

4. Experimental Section
Synthesis of CP@NCNT: N-doped carbon nanotubes on carbon 

paper (named as CP@NCNT) were synthesized by an SPCVD method 
based on the previous reports.[1d] Briefly, atomic layer deposition 
(ALD) coatings were first conducted on CP in a Gemstar-8 ALD system 
(Arradiance, USA). Al2O3 was deposited on the CP at 120 °C by using 
trimethylaluminium and water (H2O) as precursors for 200 cycles. 
Then, the Al2O3 coated CP (2 × 8 cm−2) was loaded into a vertical 
tube furnace that was ramped from room temperature to 856 °C 
under 200  mL min−1 Ar flow. A catalytic ferrocene solution (solvent: 
acetonitrile, concentration: 0.02  g mL−1) was subsequently introduced 
into the quartz tube at a flow rate of 0.1 mL min−1 for 5 min under Ar 
atmosphere. Subsequently, imidazole solution was injected into the 
quartz tube (solvent: acetonitrile, concentration: 0.2  g mL−1, flow rate: 
0.1  mL min−1) to grow CP@NCNT bundles for 30  min followed by 
cooling to room temperature. Typically, 30 min of growth yielded NCNT 
bundles with a length of ≈20–40 µm.

Synthesis of NCNT@SnS2: Typically, 280  mg of SnCl4 · 5 H2O 
(0.8  × 10−3 m) and 210  mg thioacetamide (TAA) (2.8  × 10−3 m) were 
added into 50  mL ethanol and then magnetic stirred for 10  min. The 
mixture was submerged into an oil bath at 80 °C and vigorously stirred 
until the solution boiling. A piece of CP@NCNT was subsequently 
submerged into the boiling solution for 40  min under 80  °C. The 
resulting NCNT@SnS2 was washed with deionized water and ethanol 
several times and dried in a vacuum oven at 60 °C for 24 h.

Synthesis of NCNT@SnS2-H: The procedures were the same as the 
preparation of NCNT@SnS2. The mass of SnCl4·5 H2O and TAA were 
changed to 560 mg (1.6 × 10−3 m) and 420 mg (5.6 × 10−3 m) respectively.

Synthesis of NCNT@Co-SnS2: Typically, 216  mg of SnCl4 · 5 H2O 
(0.62 × 10−3 m), 42 mg of CoCl2 · 6H2O (0.18 × 10−3 m), and 210 mg of TAA 
(2.8 × 10−3 m) were added into 50 mL of ethanol for 40 min magnetic stirring. 
The subsequent procedures were similar to the preparation of NCNT@SnS2.

Sulfur Impregnation: Firstly, the 100 mg sulfur was dissolve in  
5 mL CS2 solvent and obtained a uniform solution. Then, 120 µL above 
solution was absorbed by the as prepared electrodes (surface area: 
0.785 cm2). After solvent removal, electrodes with a sulfur loading of  
3 mg cm-2 were obtained.

Characterizations: The morphologies of the samples were 
characterized by a Hitachi S-4800 field emission scanning electron 
microscope. Sulfur K-edge, tin L3-edge, and Co K-edge spectra were 
conducted on the Soft X-ray Microcharacterization Beamline with 
different values of photo energy at the Canadian Light Source at the 
University of Saskatchewan in Saskatoon. Before synchrotron radiation 
experiments, original electrodes before and after battery test one cycles 
were prepared under protected environment in order to avoid oxidation 
of samples, the electrodes after discharge–charge processes were 
obtained from disassembled CR2032 coin cells and sealed in glovebox 
under Argon, and then transferred to the corresponding beamlines for 
further measurements.

Electrochemical Measurements: The electrochemical performance 
of the S/NCNT@Co-SnS2, S/NCNT@SnS2, S/NCNT@SnS2-H, and 
S/NCNT cathodes was tested with CR2032 coin cells, fabricated in 
an Ar-filled glovebox. The cathode and Li anode were separated by 
a polypropylene membrane (Celgard 2400). The electrolyte used in 
this study was 1 m bis (trifluoromethylsulfonyl) imide in DME/1,3-
dioxolane (1:1 v/v) with 1  wt% LiNO3 additive, and the electrolyte/
sulfur ratio was controlled as around 15.3  µL mg−1 for S/NCNT@
Co-SnS2, S/NCNT@SnS2, S/NCNT@SnS2-H, and S/NCNT electrodes. 
EIS was tested at open-circuit with a frequency range of 5.0 × 105 Hz to 
1.0 × 10−2 Hz on a versatile multichannel potentiostation 3/Z (VMP3). 
CV of S/NCNT@Co-SnS2 and S/NCNT@SnS2 was performed on the 
same instrument and the data were collected under a scanning rate of  
0.1  mV s−1 between 1.7 and 2.8  V. The charge–discharge tests were 
carried out using a LAND CT-2001A system with voltages between 1.7 
and 2.8 V at room temperature. Unless otherwise specified, the specific 
capacities reported in this work were calculated based on sulfur and the 
voltages versus Li+/Li.
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