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Inspired by the “tip effect”, we demonstrate that hollow cupric oxide
spheres (HCOS) built from abundant protrusive crystal strips can be
used as an effective host for Li—S batteries. The battery based on this
novel host retained an excellent cycle performance over 500 cycles
and delivered an improved rate capability.

Lithium-sulfur (Li-S) batteries as a newer battery system have
been regarded as one of the most promising energy storage
technologies as sulfur has a high theoretical specific capacity of
1675 mA h g " and energy density of 2600 W h kg™ ", based on
the reaction between Li and S to form Li,S."* In addition, sulfur
has other impressive advantages such as natural abundance,
environmental benignity, and low cost.®> However, the
commercialization of Li-S batteries has not yet been achieved
due to the insulating nature of both sulfur and the discharge
products (Li,S,/Li,S) and the shuttle of high-order polysulfides
(Li,Sy, 4 = x =< 8), as well as the large volume change (~80%) of
sulfur during cycling. These limitations will lead to low sulfur
utilization, anode corrosion, limited cycle life and low
coulombic efficiency.®®

Various strategies have thus far been used to address these
challenges. Infiltrating molten sulfur into porous conductive
carbon materials was the main approach in the early stages.”™*
This strategy can form interconnected conducting networks and
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enhance the physical entrapment of the lithium polysulfides
(LiPS).**** However, carbon hybrids are less effective in trap-
ping LiPS because the chemical interactions between the
nonpolar carbons and the polar polysulfides are rather weak.
The poor affinity of carbon for LiPS also impedes the interfacial
charge transfer and reaction kinetics.'®

Polar materials are supposed to form relatively strong
chemical bonds with LiPS, thus effectively keeping them within
the cathode. This approach has been reported for metal oxides
based on their polar interaction with polysulfides,'**® nitrogen
and sulfur dual-doped carbon via the functional groups,*® and
metal organic frameworks (MOF) owing to Lewis acid-base
interactions.?® Recently, MnO, nanosheets have been used as an
effective Li-S host, in which the soluble polysulfides are
chemically trapped by a different mechanism, namely, sulfur-
chain catenation.””* It was also proposed that sulfur-chain
catenation is selectively triggered by metal oxides with a redox
potential between 2.4 V < E° < 3.05 V.>* However, most of these
host materials are in the form of either two-dimensional (2D)
nanosheets or nanocrystals and have a low surface area, which
cannot effectively restrict the polysulfides within the cathode
framework. In this case, discharge product (Li,S) particles are
detached from the oxide matrix and may become electro-
chemically inactive (Fig. 1a). This results in the uncontrollable
precipitation of Li,S on the polar surface, which leads to the
further decay of capacity.”® Thus, it's important to design an
ideal sulfur host with controlled shapes and desired chemical
compositions to realize the uniform deposition of discharge/
charge products, improving the battery performance.

The “tip effect” has been intensively researched in many
aspects of modern science and technology in recent years,
which can also explain the formation mechanism of the
dendritic lithium growth.>** Based on the effect, it is suggested
that the more projecting the part of the surface, the more is the
surface field intensity distributed, which can easily absorb Li
ions.*® In this regard, a host with 3D structure built from
abundant protrusive building blocks should be beneficial to the
homogenous precipitation of discharge/charge products and
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Fig.1 Schematic illustrations of the first discharging process of polar
hosts. (a) The polar material with usual structure: Li,S far from the polar
surface is detached from the host. (b) The polar material with inspired
structure inspired by the "tip effect”: Li,S deposits uniformly on the
polar surface. (c) Mechanism illustrations of the HCOS host trapping
polysulfides by thiosulfate—polythionate conversion.

enable an intimate combination of Li,S with the conductive
matrix (Fig. 1b). Such a composite cathode must be favorable for
the reversible electrochemical reaction in the following
charging process.

In this work, dandelion-like hollow cupric oxide spheres
(HCOS) were fabricated as a new and effective host for the sulfur
cathode. A monoclinic cupric oxide (CuO), as an important
p-type transition metal oxide semiconductor material,
possesses a redox potential of 2.53 V, thus promoting poly-
thionate formation (Fig. 1c).>® Accordingly, CuO can be an effi-
cient material in restricting sulfur and polysulfides in the
cathode of Li-S batteries. In addition, the unique architecture of
the 3D HCOS is beneficial to its electrochemical performance.
With the above merits, the fabricated sulfur cathode is expected
to display significant improvements in both the cycling stability
and rate capability. Further, this design presents a new strategy
to enhance electrochemical kinetics by structural and chemical
dual-optimization, and can also be applied to other metallic
hosts.

A novel yet facile solution synthesis was developed to fabri-
cate the HCOS host, promising them real-world applications
(Fig. S1t). The 3D unique structure of the HCOS was generated
in the following organizing steps: (1) nanoribbons of CuO
spontaneously attached into rhombic crystal strips and (2) the
in situ formed crystal strips then self-assembled into dandelion-
like architectures with hollow interiors. This one-pot hierar-
chical organization design relies primarily on geometric
constraints of building units.**

Fig. 2a and b show the meso and micro-morphologies of the
as-prepared HCOS samples. Interestingly, the CuO crystallites
self-organized into dandelion-like hollow spheres (Fig. 2c), with
diameters of about 2 um. The thickness of the shell wall is about
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Fig. 2 (a, b and d) SEM of the HCOS. (c) Image of a dandelion to
compare with HCOS. (e) TEM and (f) HRTEM images of the HCOS.

one half of the sphere radius (Fig. 2d). TEM images reveal that
the HCOS are in fact built from small crystal strips that contain
even smaller one-dimensional nanoribbons with the breadth of
about 10-20 nm (Fig. 2e and S2at). These outmost crystal strips
can easily absorb Li ions due to the “tip effect”, which promotes
uniform and rapid electrochemical reactions during cycling.
Moreover, the flexibility of the protrusive crystal strips accom-
modates the volume expansion of the active sulfur, thus
preserving the structural integrity of the electrode. Crystal
lattice fringes of d5, (0.268 nm) and do,o (0.292 nm) along the
CuO nanoribbons were easily detected from HRTEM investiga-
tion (Fig. 2f), which are consistent with the diffraction direction
of as-synthesized HCOS (Fig. 3a). Afterwards, sulfur was infil-
trated into the HCOS host by a conventional melt-impregnation
method.”” The HCOS-S composites maintained the morphology
of the HCOS host (Fig. S2bt), and the elemental mapping
revealed that S is uniformly distributed on the surface of the
HCOS host (Fig. S31), which are necessary for our above design.
According to the TGA result (Fig. S47), the S content in the
HCOS-S composite is ~70 wt%.

The XRD pattern (Fig. 3a) indicates that the as-synthesized
HCOS can be indexed as a monoclinic phase of tenorite-type
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Fig. 3 (a) XRD pattern and (b) XPS spectrum of the HCOS. High-

resolution spectra of (c) Cu 2p and (d) O 1s for the HCOS.
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CuO (JCPDS No. 05-0661; space group: C2/c; a, = 4.684 A,
bo=3.425 A, ¢, = 5.129 A, § = 99.47°). XPS was used to further
investigate the chemical composition. The peaks corresponding
to Cu 2p (934.9 eV), Auger LMM (725.9, 648.9 and 569.9 eV) and
O 1s (531.9 eV) are clearly observed (Fig. 3b).*> The main peaks
of Cu 2p3,, lie at 934.0 and 935.7 eV, respectively, which can be
assigned to Cu®" ions (Fig. 3c). The O 1s core-level spectrum is
shown in Fig. 3d. The peak at 530.4 eV is in agreement with the
lattice oxygen in CuO, and the peak at 531.5 eV can be assigned
to the chemisorbed oxygen caused by surface hydroxyl, which
corresponds to O-H bonds.**

The specific surface area (SSA) and the pore size of the HCOS
host were determined by the nitrogen adsorption-desorption
isotherms and the pore size distribution curves, as derived from
BET measurements, are shown in Fig. S5.7 The curves suggest
that HCOS have a large BET specific surface area of 85 m* g .
The high surface area and pore volume, as well as the hierar-
chical porosity, are reasons for the high intrinsic polysulfide
adsorptivity and enhanced electrolyte penetration into the thick
electrodes.?

The superior intrinsic adsorption of Li,S, for HCOS can be
seen in the optical picture in Fig. S6.F Untreated Li,S, solution
was used as a comparison. The solution of HCOS and Li,S, was
colorless after stirring for 1 h, indicating strong adsorption.
However, the graphene solution with Li,S, remained intense
yellow-gold. XPS analysis was further conducted on the ob-
tained precipitate to investigate the chemical interaction of
HCOS with LiPS (Fig. S71). The S 2p spectra show two S 2ps),
contributions at 161.7 and 162.9 eV, as expected for the terminal
(St ") and bridging sulfur (S3). Peaks between 166 and 170 eV
correspond to two sulfur environments, one at 167.2 eV (thio-
sulfate) and another at 168.2 eV which is assigned to a poly-
thionate complex.”® In addition, the Cu 2p spectrum shows that
the surface of HCOS is partially reduced to Cu'’. The overall
redox process is summarized in Fig. 1c. We propose that the
HCOS host reacts with initially formed LiPS to form surface-
bound intermediates, thiosulfate species. As reduction
proceeds, these thiosulfate groups function as a transfer
mediator to catenate higher polysulfides to form polythionates
and insoluble lithium sulfides. The LiPS intermediates are thus
anchored, resulting in high-performance cathodes.

To evaluate the electrochemical performance of the HCOS-S
composites, half cells were fabricated with a sulfur mass
loading of ~3.5 mg cm™ 2. For comparison, the GP-S composite
was also prepared and made into half cells. The charge and
discharge curves of the battery at various rates are depicted in
Fig. 4a. It can be seen that every discharge profile presents two
typical plateaus around 2.3 and 2.1 V, which are attributed to
a reduction of cyclic Sg to long chain LiPS (Li,S,, 4 = x < 8), and
further reduction to Li,S, and Li,S, respectively.>* As expected,
the CV curves are consistent with the discharge/charge profiles
of the HCOS-S composites and show a good stability during
scanning (Fig. S81). The discharge capacities were around 1246,
1018, 900 and 830 mA h g~ ' when the batteries were cycled at
0.2, 0.5, 1 and 2C, respectively, as shown in Fig. 4b. When the
current density was abruptly switched back to 0.5C, a discharge
capacity of 939 mA h g~ ' was recovered. The excellent rate
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Fig. 4 (a) Voltage profiles of HCOS-S electrodes at various rates. (b)

Rate performances of the HCOS-S and GP-S electrodes at various
current densities. (c) Cyclic performance and coulombic efficiency of
the HCOS-S and GP-S electrodes at the current rate of 1C over 500
cycles. (d) Nyquist plots and an equivalent circuit of the Li-S cell with
the HCOS-S cathode before and after cycling.

performance of the HCOS-S cathode is attributed to the large
surface area and electrochemical activity of the electrode during
cycling, thus leading to faster kinetics.

HCOS-S also exhibited good cycling stability (Fig. 4c and
S91). The initial capacity of HCOS-S was 1015 mA h g™ %, cor-
responding to a desirable areal capacity of 3.6 mA h cm™>. After
500 cycles, a capacity of 883 mA h ¢~ ' was maintained with an
average coulombic efficiency of over 98%. Moreover, the
discharge/charge profiles present a stable voltage plateau and
small capacity loss during cycling, which further demonstrates
the improved electrochemical properties (Fig. S97). In contrast,
GP-S had a similar initial capacity but displayed faster capacity
fading, and only a capacity of 349 mA h g and coulombic
efficiency of 90% were obtained. The decay probably resulted
from the low conversion rate of S-containing species on gra-
phene and uncontrollable Li,S growth, which led to surface
poisoning by unreacted polysulfides and electrochemical inac-
tivity of the electrode, weakening its suppression of polysulfide
shuttle. Whereas, the 3D HCOS with crystal strips allows the full
utilization of polysulfides within the cathode and is favorable
for the controllable precipitation of Li,S. Further cyclic stability
of the cells built with only HCOS as the cathode reveals
a negligible capacity contribution of ~14 mA h g~ to the overall
capacity (Fig. S101), demonstrating that the HCOS host itself is
not electrochemically active in the applied potential window
(1.8-2.8 V).

To analyze the conductivity of the electrode in Li-S batteries,
the EIS measurements were performed. The Nyquist plots of the
HCOS-S electrodes before and after cycling are shown in Fig. 4d
with a simplified equivalent circuit model. The semicircle
located in the lower-frequency region corresponds to the charge
transfer resistance (R.) of the cell. There is also a semicircle in
the higher-frequency region, corresponding to the deposit
diffusion resistance of the SEI film (R,).** R, decreased after
50 cycles for the HCOS-S cell, indicating that the HCOS-S
composite exhibits the high sulfur utilization and little shuttle
phenomenon. This phenomenon results from the good
combination between the active S-containing species and the

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 SEM image and corresponding elemental map. The scale bar
equals 500 nm.

HCOS host during cycling and the enhanced conductivity,
which is beneficial to the electrochemical reaction activity. In
addition, R, remained unchanged, indicating that the reloca-
tion of sulfur active materials on the surface of the HCOS
reduced the formation of the passivation layer on the electrodes
upon cycling.*” This also promotes the high rate capability of
the sulfur cathode.

The structure after the electrochemical test was examined
through high magnification SEM and TEM (Fig. 5 and S117).
The result showed that the structure of the HCOS host was
preserved after long cycling, and elemental S was still well
dispersed on the surface of the HCOS after 500 cycles. This is
further evidence of the uniform deposition of Li,S during
cycling, which allows for a high degree of S utilization to realize
high specific capacity and fast electrochemical kinetics.*® In
addition, the void space between the crystal strips can also
accommodate the volume expansion of sulfur during lithiation,
thus preserving the structural integrity of the host.

To the best of our knowledge, it can be noted that the
HCOS-S electrode of this work exhibits much enhanced areal
capacities and higher cycling stability at high sulfur loading
(Table S1t). The significant improvement in electrochemical
performance can be possibly attributed to the following
advantages of the HCOS host: (1) HCOS can react with poly-
sulfides to form surface-bound polythionate species, which can
dynamically promote the kinetics of the polysulfide redox
reaction and also prevent the polysulfide shuttling in the elec-
trolyte. (2) The 3D hollow porous structure affords a large
surface area for high sulfur loading and adequate space for
alleviating the considerable volume change upon cycling, thus
giving rise to the structural stability of the host. (3) The engi-
neered dandelion-like HCOS with many extended crystal strips
provides plenty of active positions for rapid and controllable
deposition of discharge/charge products and also allows effi-
cient transport of electrons.

Conclusions

In summary, inspired by the well-known “tip effect”, 3D HCOS
with an appropriate structure were designed and synthesized by
a facile method and used as a sulfur host material with high
performance in Li-S batteries. When used as the polar host,
they demonstrated the capability of promoting stable redox
activity by using a transfer mediator, preserving the structural
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integrity of the host and providing abundant active sites for
rapid and homogeneous deposition of discharge/charge prod-
ucts. With these multiple advantages, a high capacity of
1015 mA h g™, good capacity retention, and stable cycling over
500 cycles were obtained with a high sulfur loading of 3.5 mg
cm 2. This work opens a path for employing the chemical
interactions to bond polysulfides with rationally designed
structures for the sulfur cathode in Li-S batteries.
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