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Effectively entrapping polysulfides from dissolution during discharging/charging process to improve the performance for a
lithium-sulfur battery is one of an essential unit for commercialization process. NiO sheet with network structure is
developed via simple two-step method and used as mediation for lithium-sulfur battery coupled with a carbon layer on the
cathode side. Specifically, by introducing a thin carbon layer on the cathode side of the separator, the dissolution of
polysulfides is effectively hindered, meanwhile, the rate capability and long-term stability is effectively enhanced by
further addition of network NiO nanosheets due to the mesoporous channel and the NiO-S interaction. Besides, compared
with the cell performance of different S loading, the cathode with 80 wt% of S in the total electrode exhibited a high
specific capacity and excellent rate performance up to 5 C. In addition, although the redox potential range of NiO is not
involved in the rechargeable potential window, NiO exhibit obvious interaction with polysulfides and restricted its
dissolution tendency. The present study demonstrates that the joint action of network NiO and carbon layer present great
potential to be used in low-cost and high-energy lithium sulfur batteries and provides important guidance to the design of

a multi-functional sulfur host for the battery cathodes.

also facing several obstacles which significantly influence the
electrochemical performance of all aspects. (i) The insulating
nature of sulfur and lithium sulfides, lead to low utilization of
sulfur, poor electrochemical activity and even lowers the
Coulombic efficiency, which require addition of conductive or
interactive mediates.? (ii) The formation of lithium polysulfides
during the discharge/charge process would dissolve in organic
electrolytes and are suspected to “shuttle” between the
electrodes, resulting in a rapid fading of capacity and high self-
discharge.? Therefore, developing active materials to entrap
polysulfides from dissolution and enhance the utility of sulfur
are facing great challenge.

Introduction

Rechargeable lithium-sulfur (Li-S) batteries, delivering a high
theoretical capacity of 1675 mA h g1 and energy density of
2500 kW kg1 (~ six fold of commercial LiCoO,/C cell), have
attracted increasingly attention,3 which are recognized as one
of the most promising candidates to satisfy emerging market.
Sulfur, serve as the indispensable cathode material, possesses
low competitive cost, natural abundance in resource and
environmental friendly merits.3> In Addition, when coupled
with Li metal anode, the battery operates at a safer voltage of
~2.15 V (vs Li*/Li) compared with conventional Li-insertion

compounds (~3-4.5 V versus Li*/Li), and offers a higher energy
density than thionic counterparts.6 According to the facts of
advantages, Li-S battery should be capable of energy storage
times longer than lithium ion batteries as well as other energy
conversion and storage devices.” However, Li-S batteries are
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Over decades, numerous efforts have been devoted to
address these issues by trapping the polysulfides within the
cathode side. Among these strategies, encapsulate sulfur in
the pores of carbon materials or conductive polymer matrix
has been used as an efficient common approach. Carbon
materials with meso/microporous structure,%-24 hollow carbon
spheres,’>17 carbon nanotubes/fibres’®22 and conductive
polymers sulfur-host cathodes?32> have exhibited positive
effects on stabilize the cycling performance of Li-S cell.
However, the above mentioned carbon based materials can
only partially retain polysulfides physically and would gradually
lose the effects over time due to the structural changes that
arise from the over 80% volume change of the sulfur cathode
on discharge.?6: 27 Thus, it is of vital importance to design an
electrode could not only enhance the electrochemical
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processes of S but also effectively entrap the intermediate
polysulfide during high-rate discharge/charge process.
Recently, chemical mediator28-30 and carbon coating method31-
34 have been proposed to prevent the polysulfides from
dissolution which effectively maintained the high-capacity
retention. In the above mentioned mediator, such as MnO,,
have shown characteristic redox peaks between the
discharge/charge potential window which would interact with
polysulfides to form insoluble large thiosulfate clusters and be
isolated at cathodic side.3% 35 In addition, the polysulfides
would be held back on the cathode via a carbon coating on the
separator membrane which effectively restricted the “shuttle”
of dissolved polysulfides. Therefore, combination of the two
new strategies to further stable the Li—S battery system would
not only expect to enhance the utility od sulfur, but also
extend the battery cycling life.

Herein, network NiO nanosheets was successfully prepared
and served as a mediator, which coupled with a carbon layer
at the cathode side of the separator and operate in high-rate
rechargeable Li-S battery. During the operation of a battery,
the carbon layer prevented the polysulfides from shuttling,
which effectively enhanced the cycling stability. Meanwhile,
the mesoporous pores and the ultra-thin sheet layer not only
provided enough channels for the intimate contact between
electrolyte and sulfur, but also adequate surface area to
accommodate sulfur, which largely improved the utility of
sulfur and reflected in the excellent capacity at high
discharging/charging rates. The network NiO nanosheets
sample with 80% mass S accommodation exhibited the highest
capacity and excellent capacity retention at 0.2 C, compared
with the network NiO nanosheets sample with S loading of
60%, 40%, 20% and pure S. In addition, it maintained a stable
cycling performance at 2 C and 5 C over 300 cycles with nearly
100% Coulombic efficiency.

Experimental Section
Synthesis of network NiO Nanosheets (NNN).

The synthetic procedure of network NiO nanosheets was via
a simple two-step method.3¢ Firstly, sheet-like Ni-based
precursor was prepared by hydrothermal process. 1 mmol
nickel acetate and 2 mmol hexamethylenetetramine (HMT)
were dissolved in 40 mL of distilled water under magnetic
stirring for 1 h to form a homogenous solution. Then the
mixture was transferred into a 50 mL Teflon-lined autoclave,
sealed and heated at 110 °C for 12 h. After cooled down to
room temperature, the hydrothermal product was collected by
centrifuging with a mixture of ultra-pure water and ethanol for
several times, and then dried under freeze drying to ensure
adequate drying. Secondly, the NNN sample were obtained via
simple calcination in air from room temperature to 500 °C at a
heating rate of 10 °C min! and maintained for 3 h.

Preparation of network NiO nanosheets sample with different S
loading
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Typical for network NiO nanosheets sample with 80 wt% S
loading, the composite was prepared following a melt-
diffusion strategy as follows: 100 mg Sg powders and 25 mg
NNN sample was grinded in agate mortal and then transferred
into a 50 mL sealed Teflon-lined autoclave and held at a 155 °C
oven for 12 h. The as-obtained composite was denoted as
NNN-S80, while the NNN-S60, NNN-S40 and NNN-S20 were
prepared by using the same method.

Physical characterization

Field emission scanning electron microscopy images were
obtained via Nova NanoSEM 450. Transmission electron
microscopy (TEM), high-resolution TEM (HRTEM), scanning
transmission electron microscopy (STEM) and high-angle
annular dark field STEM (HAADF-STEM) images were recorded
via JEOL JEM-2100F. Energy dispersive spectra mapping images
were obtained by using JEOL JEM-2100F equipped with INCA
Energy spectrometer. Powder X-ray diffraction (XRD) analysis
was performed by using an X'Pert PRO diffractometer using Cu
Ka (A = 1.5406 A) radiation, and diffraction patterns were
collected at scanning rate of 4 °C min-l. Thermal gravimetric
analysis (TGA) was conducted on TA-Q500 TGA instrument at a
heating rate of 10 °C min-1. X-ray photoelectron spectroscopy
(XPS) was conducted by using an AXIS-ULTRA DLD-600W
Instrument.

Electrochemical measurements

The NNN-S80 composite was combined with conductive
carbon (super-p) and polymer binder (polyvinylidene fluoride;
PVDF) in a mass ratio of 80:10:10 and milled into a slurry with
N-methylpyrrolidone. The slurry was then blade cast onto an
Al foil and dried at 55 °C for 12 h in a vacuum oven. The
specific loading density of sulfur was ca. 2.18 mg cm2. CR2032
coin cells were assembled in an argon-filled glove box
employing the NNN-S80-coated Al foil as the cathode, a
carbon-coated porous membrane (Celgard 3320) as the
separator, and lithium foil as the reference/counter electrode.
The electrolyte was used by comprising 1M LiTFSI in a 1:1
volume of DME : DOL with 2 wt% LiNOs. Specific capacity
values were calculated with respect to the mass of sulfur.
Cyclic voltammetry curves (CV) were collected using a CHI
1040C electrochemical workstation at a scan rate of 0.05 mV s
1 from 3.0 to 1.5 V. Cycling tests of the batteries were
galvanostatically performed at various discharge/charge rates
within a potential window between 1.5 and 3.0 V versus Li*/Li.
Electrochemical impedance spectroscopy (EIS) measured on
the coin cell was performed with an Autolab PG302N
electrochemical workstation in the frequency range from 100
kHz to 0.01 Hz at open circuit potential.

Results and discussion

The synthetic procedure of NNN sample was described into a
simple two-step method. Firstly, sheet-like Ni-based precursor was
prepared by hydrothermal process. As can be seen from the SEM
image in Fig. 1(a), the Ni-based precursor exhibits micro-size scale
sheet, ultrathin vertical thickness (~ 10 nm) and smooth surface
structure. After calcined in air at 500 °C, the Ni-based precursor was
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oxidized and transformed into NiO which can be verified by XRD

characterization (Fig. S1) and the electron energy loss spectrum (Fig.

S2b). The diffraction peaks at 37.4°, 43.4°, 63.2°, 75.4° and 79.9° are
corresponding to the (111), (200), (220), (311) and (222) plane,
consistent with the standard cubic NiO (Reference code: 00-001-
1239). Moreover, as can be seen from the SEM image (Fig. 1b and
Fig. S2a), the NiO still maintained the sheet-shape structure, but the
smooth surface converted to rough. Furtherly, the HAADF-STEM
image (inset of Fig. 1c) shows an enlarged magnification of a
selected area which showed ultra-thin sheets with porous pores on
it. By measuring the pore size (white dashed outline) from the
enlarged TEM (Fig. 1c) image, the NNN were verified to possess

mesoporous structure. The mesopores would facilitate the
electrolyte penetration and immersion,3” while the network
structure could enhance the polysulfide electrolyte impregnation
and then effectively stores the active material in the through its
strong absorption.1% 38 The HRTEM image and corresponding fast
Fourier transform (FFT) pattern in Fig. 1d clearly reveal that the
nanosheet is a hexagonal single crystal with c-axis crystalline
orientation, where the inter-planar spacing between adjacent
fringes are measured to be 0.15 nm from two orientations,
corresponding to the (220) plane. The excellent crystal structure
would ensure its stability during discharge/charge process for a Li-S
battery.

Fig. 1 (a) SEM image of sheet-like Ni-based precursor; (b) SEM image of NNN sample; (c) TEM image and HAADF-STEM image (inset) of NNN
sample; (d) HRTEM image of NNN sample and the corresponding FFT of the selected area; (e) STEM image of NNN-S80 and the

corresponding EDS mapping images.

To maximum the contact, the NNN and S samples were first grinded
in agate mortar and then transferred into a sealed Teflon-lined
autoclave at a proper temperature to ensure a homogenous
distribution of S on NNN (see Experimental Section). After that, the
NNN-S80 composite was characterized via XRD analysis (Fig. S1),
where the NiO was maintained the cubic structure and the other
diffraction peaks was verified to be orthorhombic of S (Reference
code: 01-085-0799). The specific weight percentage of S in the
NNN-S composites were analyzed via TGA measurement. As can be
seen from Fig. S3, the sharp decrease of the weight percentage
from 150 °C to 300 °C is corresponding to the sublimation of S, and
after this process, the specific weight percentage of S contents
were measured to be 85%, 65%, 43% and 22%, which are close to
the nominal ratio. The TEM images (Fig. S4a and b) showed the
morphology of NNN-S80 and NNN-S40 samples, respectively, which
revealed that the S is not existed alone but distributed on the NNN
sample compared with the TEM image in Fig. 1c. In order to confirm
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the distribution of elemental S in the NNN-S80 composite, STEM
image and the corresponding EDS elemental mapping of Ni, O and S
are displayed in Fig. 1e. The elemental distribution maps on an
integrate NNN-S80 sheet revealed the uniform distribution of S, Ni
and O elements. Compared with the STEM image and EDS maps of
NNN-S20 in Fig. S4c, the relative contents of the S for NNN-S80 is
higher than NNN-S20, which can be distinguished via the strength
of S signal. The HRTEM in Fig. S5 showed the multi-group of lattice
fringes, in which the inter-planar spacing between adjacent fringes
(red line box) are measured to be 0.39 nm and 0.24 nm from two
orientations, corresponding to the characteristic (222) plane and
(422) plane, respectively. Meanwhile, the inter-planar spacing
between adjacent fringes (green line box) are measured to be 0.58
nm and 0.24 nm from two orientations, corresponding to the (113)
and (422) planes, respectively. The excellent crystal structure of S
after sealed Teflon-lined autoclave approach from the HRTEM
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image and XRD pattern indicate that the S was maintained its origin
structure when experienced pre-processing.
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Fig. 2 (a) The first three cycles CV curves of NNN-520, NNN-S40,
NNN-S60, NNN-S80, S, and their corresponding discharging
/charging curves (b), the cycle numbers are 1st, 2nd, 5t 10th, 20th,
30th and 50t from right to left, respectively.

To reveal the mechanisms of the interaction between S and
NiO, optimize the loading of S in the NNN-S composites for a
Li-S cell, CV measurements and discharging/charging reaction
were investigated. The first three cycles of CV curves for the
NNN-S samples and S (with carbon layer at the cathode side)
were obtained at a scan rate of 0.05 mV s! from 3.0 to 1.5 V
which can be seen in Fig. 2a. Typical for S sample, the
reduction peaks around 2.20 - 2.40 V are corresponding to the
reduction of Sg to soluble high order Li,S, (4 < n £ 8), while the
peaks around 2.05 V are corresponds to the further reduction
of the high-order Li,S, to Li,S; and eventually, to Li>S19. The
two overlapped oxidation peaks between 2.2 and 2.5 V, are
corresponding to the transformation of short-chain
polysulfides to Sg/Li»Sg3% 40, Compared with the CV curves of S,
NNN-S80, NNN-S60, NNN-S40 and NNN-S20 exhibited only two
reduction peaks at around 2.30 V and 2.05 V, which indicated
the simplified reduction steps from Sgto Li,S; and eventually,
to Li,S. The gradually decrease of reduction and oxidation peak
current intensity from NNN-S80 to NNN-S20 may be attributed
to the lowering of S content and high interaction between NiO
and polysulfides. The discharging/charging curves of S, NNN-
S80, NNN-S60, NNN-S40 and NNN-S20 at 0.2 C rate (the 1 C-
rate is defined as the current density of 1675 mA g1) are
shown in Fig. 2b, where the seven pairs of
discharging/charging curves from right to left are
corresponding to the 1st, 2nd, 5th 10th 20th 30th and 50t cycles,
respectively. Among the five samples, the S-cell with carbon
layer at the cathode side of the separator exhibited much
higher discharging/charging stability than the pure S-cell (S NL,
Fig. S6), indicating that the existence of carbon layer can
effectively prevent the polysulfides from “shuttling” to the
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anode. Meanwhile, the cycling stability of the NNN-S80 cell
without a carbon layer at the cathode side (NNN-S80 NL) of
the separator also showed relative better cycling performance
and Coulombic efficiency than S NL at 0.2 C rate (Fig. S6), but
relative poor than NNN-S80 cell coordinated with a carbon
layer (Fig. 2b), and suffered from obvious capacity decrease
after 50t cycle. Besides, NNN-S80, NNN-S60 and NNN-S40
exhibited the highest initial discharge capacity (~ 1100 mAh g
1), while NNN-S60, NNN-S40 and NNN-S20 showed significant
capacity loss with the increasing of cycle numbers. It should be
noted that the cycling stability of the NNN-S80 cell is further
enhanced compared with S-cell after adding carbon layer at
the cathode side of the separator. Thus, 80 wt% S loading on
NNN sample can be ascribed to deliver excellent Li-S storage
performance. As can be seen from the XRD pattern in Fig. S7,
the NiO still maintained its original crystal structure after 50t
cycling, indicating that NiO can be stabilized in a Li-S cell.
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Fig. 3 (a) Full-range XPS spectrum and high-resolution Ni 2p
spectrum (b) of NNN, NNN-S80 and NNN-S80 after 50" cycles at a
discharge/charge rate of 0.2 C; (c) high resolution S 2p spectrum of
NNN-S80 sample before and after 50t cycles at 0.2 C.

XPS characterization was also conducted in order to investigate
the surface composition and valence change by adding S before and
after cycling. The full-range XPS spectrum (Fig.3a) of NNN, NNN-S80
and NNN-S80 after 50t cycles at 0.2 C showed obvious
characteristic peaks of C 1s, O 1s, S2p (except NNN sample) and Ni
2p, indicating the existence of the C, O, S and Ni elements on the
surface of NiO sheets. In order to precisely understand the valence
change for Ni and S, the high resolution Ni 2p and S 2p peaks were
fitted which can be seen in Fig. 2b-c. As for NNN sample, peaks
located at 854.7 eV and 872.5 eV are corresponding to the Ni2* for
NiO,% 856.2 eV and 873.8 eV are represent the NiZ* for Ni(OH),,*2
while peaks located at 861.6 eV and 880.4 eV are characteristic
satellite peaks of NiO.%3 After loading S on the NNN sample, the O-S
interaction result in peak shifting to higher binding energy
orientation, where the relative peak intensity of NiO (855.8 eV and
874.1 eV) was increased compared with NNN sample due to the
decomposition of Ni(OH), on the surface. Meanwhile, the peaks
located at 855.8 eV and 875.3 eV are corresponding to the NiO/S
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species which elevated the valence of Ni in some extent.** 4> In
comparison, the Li-S cell by using NNN-S80 as cathode after 50th
cycles at discharge/charge rate of 0.2 C showed relative higher
satellite peaks (861.1 eV and 881.6 eV) when compared with other
fitted peaks, which may be ascribed to the coverage of polythionate
complex on the surface. Meanwhile, the XRD pattern in Fig. S7
showed that after discharging/charging performance, the NNN
sample still maintained the cubic structure with ignored S signals
detected which revealed that the crystal S has decomposed and
transferred to other forms of S-based states. Apart from the Ni 2p
spectrum, the high-resolution XPS spectrum of S 2p for NNN-S80
sample before and after cycling process have been fitted, which can
be seen in Fig. 4c. Before cycling, the S was deconvoluted into four
peaks, where peaks located at 162.9 eV, 164.0 eV and 165.0 eV are
corresponding to the S/Ni interaction, S8 and SO,/Ni interaction.*®:
47 The existing interaction of Ni with S and SOx would help to
prevent the S based species from “shuttle” to the anode during Li-S
battery operation. The S 2p peak at 167.4 eV is corresponding to
the binding energy of sulfate, which may arise from a surface
oxidation exposed in air. After cycling, the fitted XPS peak at 168.3
eV was assigned to polythionate complex, which was formed during
redox process due to the strong interaction at the surface.2848

. . g 50 —
6ol @ ] (b)
NNN-$80 ° <
o O E‘:\o 40+
60 Fresh cell 1) ) 'Y
P =
t » © e 330l
o After cycling o © s
& a0t o® 8@ k] °
;\‘ w
oo nn ép @ 20} <
20t %8
10+
0 4 1 1 1 1 1 1 1
0 20 40 60 80 Ro Ry Rz

Z'/Qcm?
Figure 4. (a) Nyquist plots S and NNN-S80 electrodes before and
after 50t cycles, (b) the corresponding resistance parameters and
equivalent circuit diagram (inset).

To gain better understanding of the effectiveness by using
network NiO sheets and carbon coating on the cathode side of
separator in improving the performance of the Li-S battery, EIS of
the NNN-S80 and S electrodes were measured and shown in Fig. 4.
The Nyquist plots (Fig. 4a) for S electrode consist of two semicircles
in the high-medium frequency region and a sloped line in the low
frequency which are impedance of
passivation film (R;), charge transfer resistance (Ri), and semi-in
finite Warburg diffusion process, respectively.9-51 It is difficult to
distinct a semicircle related to passivation film impedance for NNN-
S80 electrode, indicating better electrolyte infiltration, and thereby
mitigating the formation of the passivation layer (Li»S,/Li>S) on the
lithium anodes. The EIS plots were fitted via two kinds of equivalent
circuit diagram (inset of Fig. 4b), where the upper one represents
the S-cell and bottom one is the NNN-S80 cell, and the relative
resistance parameters were plotted in Fig. 4b. In detail, the R1 value
of NNN-S80 is near equal to S electrode for a fresh cell, and after
50t cycles, the increasing of R1 value of NNN-S80 electrode his

region, related to the
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much smaller than S electrode. Besides, the formation of
passivation film for a S-cell contained a relative large resistance
which, in some extent, increased the interface transmission
impedance of Li*, and then reduced the overall system dynamics.
The improved polysulfides-entrapment capacity verifies that NNN-
S80 electrode configuration is more promising to solve the

persistent problem of capacity fade.

Subsequently, the NNN-S80 and S cells were evaluated by
galvanostatic discharge/charge at various current rates. As shown in
Fig. 5a, the NNN-S80 exhibited excellent rate performance. At the
rate of 0.2 C, it delivered a high specific discharge capacity of 1231
mAh g with a coulombic efficiency of 99.5%, which is higher than S
(1025 mAh g1, 91.4%). The capacity faded slowly in the subsequent
cycles, the rate was increased to 0.5 C, a specific capacity of 1050
mAh g1 was retained, which then slowly reduced to 890 mAh g1 at
1 C, 801 mAh gt at 2 C, and 696 mAh g1 at 5C, before it finally
recovered to 996 mAh g at 0.2 C after 10 cycles. In comparison,
the capacity changing of S cell suffered a huge gap with NNN-S80,
where the capacity at discharging rate of 0.5 C, 1 C,2 Cand 5 C is
875 mAh g1, 746 mAh g, 687 mAh gl and 436 mAh gl
respectively, especially, the value difference of discharging capacity
between NNN-S80 and S at 5 C is 260 mAh g1, indicating the
excellent rating performance of NNN-S80. Furthermore, both the
discharge and charge capacities were stable at different current
densities and the coulombic efficiency was almost 100%, suggesting
a perfect control of the so-called shuttle effect, which is regarded as
the biggest disadvantage of a Li-S battery.
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Fig. 5 (a) Rate performance of NNN-S80 and S cells ranging from
discharge/charge rate of 0.2 to 5 C; (b) Long-term discharge stability
tests of NNN-S80 and Scellsat 2 Cand 5 C.

To evaluate the efficiency of the mediator, long-term cycling
capability was performed at discharging/charging rates of 2 C and 5
C for NNN-S80 and S samples. As can be seen from Fig. 5b, the as-
prepared cell with a rechargeable rate of 2 C showed excellent first
discharge capacity of 992 mAh g1, and retained at 756 mAh g1after
50 cycles. At the 100t cycle, the capacity value gap between NNN-
S80 and S cell was ca. 110 mAh g, indicating that the addition of
NNN effectively not only enhanced the durability, but also
effectively hindered the dissolution of polysulfides during
discharging/charging process. After 300 cycles, there are still 682
mAh g1 maintained and a very low decay rate of 0.104% per cycle.
Besides, the NNN-S80 cell also exhibited superior durability at high
discharging/charging rate of 5 C (Fig. 5b). At the 200t cycle, the
capacity value gap between NNN-S80 and S cell was ca. 100 mAh g1,
and after 300 cycles, there are still 432 mAh g maintained,
coordinated with the cycling performance at 2 C, the addition of
NNN was recommended to effectively improved the battery
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performance at high discharging/charging rates. In addition, the
difference in capacity gap between the rate performance and long-
term cycling performance may be ascribed by the initial activation
of at low discharging/charging rates in the rate performance.

Conclusions

In summary, NiO with network structure was very effective to
entrap polysulfides in a Li-S battery when coupled with a thin
carbon film on the cathode side of the separator. On the basis
of porous network structure and interaction with S, the
battery performance was further enhanced. Specifically, by
introducing a thin carbon layer on the cathode side of the
separator, the dissolution of polysulfides was effectively
hindered and the rate capability and long-term stability was
effectively enhanced by further addition of network NiO
nanosheets. Compared with the Li-S cell performance with
different S loading, the cathode with 80 wt% of S in the total
electrode exhibited a high specific capacity and excellent rate
performance up to 5 C. In addition, although the redox
potential range of NiO is not involved in the rechargeable
potential window, NiO exhibit obvious interaction with
polysulfides and its dissolution tendency. The
present study thus demonstrates that the joint action of
network NiO and carbon layer shows great potential to be
used in low-cost and high-energy Li—S batteries and provides
important guidance to the design of a multi-functional sulfur
host for Li—S batteries.
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