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Hollow multishelled structural NiO as a “shelter”
for high-performance Li—-S batteriesy

*< and

The physical multiple confinement and chemical adsorption of polysulfides are realized with an interlayer
composed of non-polar materials (acetylene black) and polar materials (NiO hollow multishelled structures,

NiO HoMSs). The 4S-NiO HoMSs/CC-S electrodes show the highest sulfur utilizations, which are 71.64% at
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Li-S batteries with unique multi-electron, multi-phase, multi-
stage reaction characteristics possess an ultra-high theoretical
energy density." However, the practical application of Li-S
batteries is limited by several challenges including the volume
expansion of sulfur, the intrinsic insulating lithium sulfide,”
and the shuttle effect of soluble lithium polysulfides (Li,S,, 4 <
n < 8, LiPSs),3 which result in a low utilization of active
materials and Coulombic efficiency, rapid capacity decay
and poor practically-achievable energy density.® To address
these problems, tremendous efforts have been devoted to
constructing sulfur hosts and battery configurations, for
instance from the initial non-polar mesoporous carbon
materials® to the heteroatom-doped carbon materials,*” and
metal compounds,®™® as well as the functionalization of
separators'™'> and interlayers."”>™**> Polar compounds possess
a stronger ability to entrap LiPSs in the cathode.'® As important
as the material components is the geometry. Hollow nanos-
tructured sulfur hosts have been reported to physicochemically
control LiPS diffusion, as well as to increase the sulfur loading
and accommodate the volume expansion.'”?® Wang’s group
synthesized a TiO,_, hollow multishelled structure (HoMS) as
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0.2C and 65.86% at 1.0C. The discharge capacity is 860.4 mA h g~* after 200 cycles, with a 73.94% capacity

the sulfur host.>® The unique multishelled structures achieved
multi-stage confinement of soluble LiPSs, thus obtaining a long
cycle life. Hollow multishelled structural materials have abun-
dant advantages: (1) the large specific surface area of HoMSs
provides more active sites to catalyze the conversion of poly-
sulfides and anchor polysulfides by chemisorption; (2) besides
sulfur hosts, the interlayer structure also has become an effective
strategy to immobilize polysulfides. Manthiram A.’s group intro-
duced a new strategy on cell configuration instead of sulfur hosts
for improving the performance of Li-S batteries."> By adding
carbon paper as a bifunctional interlayer between the cathode
and separator, the active material utilization and polysulfide
reutilization have been greatly facilitated. Afterwards, interlayer
materials such as carbon (carbon nanotube (CNT),*” graphene®®),
metal oxides (V,05,"* Mn0,°), Ti;C,,*° and metal sulfides
(MoS,,”" WS,*?) have received extensive attention.

In recent years, the rapid development of flexible and
wearable electronic devices has motivated people to develop
flexible Li-S batteries.>*® The flexibility of sulfur hosts plays a
decisive role in flexible Li-S batteries. During the mechanical
deformation such as bending, folding and stretching, each
component of the flexible electrode should be stably connected
in its original position to ensure continuous electron and ion
transport. Compared with intrinsically flexible low-dimensional
carbon nanomaterials (CNT, carbon nanofiber (CNF)), the
commercial carbon cloth (CC) costs less and has a wide avail-
ability and stable quality, and thus has been considered as a
promising flexible host with a good electrical conductivity and
mechanical strength. CC modified with heteroatom-doping?®=>”
and in situ growth of polar materials®***® has been introduced
to prepare binder-free cathodes with the enlargement of
the surface area and strong chemical adsorption of LiPSs.
However, these approaches depended on complex processes.
Liu’s group developed a non-encapsulation method to load
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sulfur on carbon fiber with a low-surface-area and realized a
high energy density (1835W h kg™").**

Here, we deposit the active material on the surface of CC
through electrochemical deposition to prepare the non-
encapsulated sulfur cathode, and used the interlayer structure
with acetylene black (AB) and NiO HoMSs to control the LiPS
diffusion and improve the sulfur utilization. The effects of non-
polar and polar materials as interlayers on electrochemical
properties were studied. CC was used as the flexible current
collector and sulfur host simultaneously. Single-, double-,
triple- and quadruple-shelled NiO hollow sphere (denoted as
NiO hollow spheres, 2S-NiO HoMSs, 3S-NiO HoMSs, 4S-NiO
HoMSs) materials were synthesized by a sequential templating
approach,?®™* and its multishelled structure serves as a tem-
porary ‘“shelter” for LiPSs, providing abundant active sites and
preventing LiPSs from diffusing to the anode electrode, thus
achieving a high sulfur utilization. The first discharge capacity
of the 4S-NiO/CC-S electrode was 1169.9 mA h g™ at 0.2C
and the discharge capacity maintained at 960.6 mA h g~ * after
100 cycles at 1.0C (1.0C = 1675.0 mA g~ ).

Fig. 1 shows the structure of the Li-S battery. The cathode
electrode is CC, with an interlayer between the separator and
the cathode electrode. The CC performs multiple functions of
electrode flexibility, cathode current collector, and reaction
sites for active materials and polysulfides. Fig. S1 and S2 (ESIf)
show the TEM and XRD of the prepared NiO HoMSs. Li,Sg
could be dispersed evenly on the surface of CC by dropping
(Fig. S4, ESIt). The morphological images of the active material
on the surface of the carbon fiber after the first discharge
process at 0.1C are observed in Fig. 2a-c. After the discharge
process, the gap between the carbon fibers was filled with active
materials, and Li,S nanosheets were observed on the surface of
carbon fibers. The open nanosheet structure is considered to be
beneficial to electron and ion transport, increasing the specific
capacity of the active material and reducing the overpotential.>
The filling of interstitial spaces between the fibers also con-
tributes to the increase in volumetric energy density. However,
after repeating charge/discharge processes several times,
nanosheets disappeared to irregularly shaped Li,S nano-
particles (Fig. 2d-f), which can be attributed to the following
two reasons. Firstly, sulfur species are prone to grow where
sulfur is present, rather than growing evenly along the surface
of the carbon fiber.*® Secondly, the dissolution of intermediate
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Fig. 1 The structure of the Li-S battery.
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Fig. 2 SEM images of active materials on the surface of the carbon fiber.
(a)—(c) After the first discharge process, and (d and e) after repeated
charge/discharge processes for 5 cycles.
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Fig. 3 Cyclic voltammetry (CV) curves of different electrodes: (a) CC-S
electrodes; (b) AB/CC-S electrode; and (c) the NiO HoMSs/CC-S electrode
at02mvs™t

polysulfides gives rise to the random precipitation of Li,S all
over the electrode upon discharge.**

CV curves of three different electrodes (bare CC-S electrode,
CC-S electrodes covered by AB interlayer defined as AB/CC-S
electrode, CC-S electrodes covered by the mixture of NiO
HoMSs with AB interlayer defined as NiO HoMSs/CC-S elec-
trode) are evaluated before the electrochemical measurement
in the voltage window of 1.7-2.8 V in Fig. 3. Two reduction
peaks appeared, wherein the one at high potential corresponds
to the reduction of sulfur to soluble long-chain LiPSs, while the
one at low potential corresponds to the reduction of long-chain
LiPSs to short-chain lithium sulfide and insoluble solid Li,S,
and Li,S. The oxidation peak corresponds to the transforma-
tion of solid Li,S, and Li,S to sulfur. Besides the first cycle, the
curves of the second and third cycles coincided well, which
indicates the good reversibility of the redox reaction. In the CV
curves of the CC-S electrode (Fig. 3a), the intensity of the
reduction peak at high potential was significantly greater than
that at low potential, which manifests that the capacity con-
tribution from the reduction of sulfur to soluble long-chain
LiPSs accounts for a larger proportion in the discharge process,
while the shuttle effect of soluble polysulfides will lead to a
decrease in the sulfur utilization, resulting in a much smaller
capacity of the CC-S electrode. The reduction peak intensity of
the AB/CC-S and NiO HoMSs/CC-S electrodes (Fig. 3b and c), at
low potential was higher than that at high potential, which
makes it clear that the energy contributed by long-chain LiPS
reduction to short-chain lithium sulfide and active materials
accounts for the major part.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 4 (a) The first cycle charge/discharge profiles of the CC-S electrode,
AB/CC-S electrode and 4S-NiO HoMSs/CC-S electrode at 0.1C. (b) The
charge—discharge curves of the 4S-NiO HoMSs/CC-S electrode at 0.2C.
(c) Long-cycle stability of different electrodes at 1.0C. (d) Long-cycle
stability of the 4S-NiO HoMSs/CC-S electrode at 0.2C.

The first charge and discharge profiles are demonstrated in
Fig. 4a. The voltage platform of the charge/discharge curves was
consistent with the CV peaks. In the discharge curve, the
capacity contribution of the CC-S electrode at low potential
platform (i.e., reduction from soluble Li,S, to insoluble Li,S)
was less than 75% of the theoretical value. This is mainly due to
the incomplete reduction of LiPSs. The surface of CC is
composed of a uniform microporous structure. Polysulfide is
reduced to solid insoluble Li,S, which causes pore blockage
and forms a passivation layer on the surface of carbon fiber,
thus not only limiting the diffusion of Li*, but also delaying the
reduction of PS in the pore structure which may cause poly-
sulfides to shuttle to the negative electrode.” In the AB/CC-S
electrode, the acetylene black interlayer could physically limit
the shuttle effect of LiPSs, leading to improved sulfur utiliza-
tion. In the NiO HoMSs/CC-S electrode, in addition to the
physical-confinement of LiPSs by the acetylene black, the NiO
HoMSs could not only chemically anchor polysulfides but also
physically confine LiPS diffusion with favorable multishelled
structures, thus significantly improving sulfur utilization and
specific capacity.

Fig. 4c shows the cycle stability at a current density of 1.0C.
Among all the electrodes, the 4S NiO HoMSs/CC-S electrode
exhibits the best performance, achieving the largest sulfur utiliza-
tion ratio of 65.86%, and the highest initial discharge capacity
of 1103.2 mA h g ' which maintained 960.6 mA h g™ after

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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100 cycles. The first discharge capacities of 3S-NiO HoMSs/CC-S,
2S-NiO HoMSs/CC-S and NiO hollow spheres/CC-S electrodes were
1045.3, 923.5 and 886.4 mA h g%, respectively. And the discharge
capacities after 100 cycles were 851.6, 803.7 and 806.0 mA h g™ %,
respectively. The change trend could be more clearly understood
from the histogram (Fig. S5, ESI{): the capacity of the electrode
increased as the number of NiO shells increased. This is mainly
because with the increase of shell number, the active sites for
chemical adsorption and catalysis of the polysulfides also
increases. The pore structure on the shell allows the polysul-
fides to enter the interior of the hollow spheres, and the
physical confinement effect was also enhanced. The first dis-
charge capacities of the AB/CC-S electrodes and CC-S electrodes
were 858.1 and 309.2 mA h g™, respectively, corresponding to a
sulfur utilization of 51.23% and 18.46%, respectively. The dis-
charge capacities slightly increased to 898.1 and 404.3 mA h g™/,
respectively, after 100 cycles.

Fig. 4d shows the charge/discharge curves and long-cycling
stability of the 4S-NiO HoMSs/CC-S electrode at 0.2C. The 4S
electrode maintained a long and stable voltage platform even
after 200 cycles. The first discharge capacity and sulfur utiliza-
tion were 1169.9 mA h g~' and 71.64%, respectively. After
200 cycles, the discharge capacity was 860.4 mA h g~ ', and
the capacity retention rate was 73.94%, demonstrating a good
cycling stability.

Conclusions

In summary, a fabric-based interlayer with NiO HoMSs for Li-S
batteries was constructed. The multifunctional interlayer archi-
tecture effectively improves the utilization efficiency of sulfur,
the specific capacity and cycling stability, by realizing both the
physiochemical adsorption and the multi-stage physical con-
finement of soluble polysulfides. The 4S-NiO HoMSs/CC-S
electrode achieved the highest discharge capacity, showing a
sulfur utilization efficiency nearly four times that of the CC-S
electrode. In addition, it was found that as the shell number
increased, the active sites for chemical adsorption and catalysis
of the polysulfide also increased, and the physical confinement
effect also improved. This demonstrates that polar NiO hollow
multishelled structural materials are very powerful in improv-
ing the utilization efficiency of sulfur and limiting the shuttling
of polysulfides.
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