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Lithium—sulfur (Li-S) batteries have a large theoretical energy density and high theoretical capacity.
However, practical applications of Li—-S batteries are limited by cycling instability and low rate
performance, which mainly originate from the intrinsic poor conductivity of sulfur and the dissolution
of polysulfides generated during discharge—charge cycles. In this work, we demonstrate a low-cost,
facile and effective strategy to modify separators with an active carbon layer. The carbon-coated
separator can significantly increase the specific discharge capacity and improve cycling stability of the
cathode prepared by the S powder and the active carbon. For example, the initial discharge capacity of
the S cathode reaches up to 1452 mAh g* at 0.2 C with a low fading rate of 0.15% per cycle within
400 cycles. Moreover, when the rate is increased to 1 C, the S cathode can still deliver a discharge
capacity of 1009 mAh g . The enhanced electrochemical performance can be attributed to the
excellent conductivity and strong adsorption capability of the active carbon coating, which effectively
suppresses the shuttle effect of polysulfides. The electrochemical analysis confirmed the long cycle
life, excellent rate performance, and high discharge capacity of the Li-S cells.
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1. INTRODUCTION

Lithium—sulfur (Li-S) batteries are highly attractive for their high theoretical specific capacity
of 1675 mAh g* and energy density of 2600 Wh kg, which are much higher than lithium-ion
battery[1-6] and can meet the ever-increasing demands for energy-storage applications, from electronic
devices to electric vehicles[7,8]. In addition, sulfur has advantages of low cost, environmental
benignity, and non-toxicity. However, the commercialization of Li-S batteries is still limited by
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several drawbacks, such as electrical and ionical insulation of sulfur[9-11], volume expansion during
conversion from sulfur to Li,S[12,13], and shuttle effect of the polysulfides during the charge-
discharge process[14]. As a result, Li-S batteries generally present a poor cycle life, low active
material utilization, and rapidly declining capacity.

Tremendous efforts have been devoted to solve these problems, focusing mainly on modifying
the S cathode. The strategies include immobilizing S in core—shell porous carbon spheres[15-20],
fabricating conductive fibrous structures[21-23], and preparing 3D hierarchical polyporous
composites[24,25]. Although these strategies can improve the loading of active mass due to the higher
specific surface area and larger pore volume, the manufacturing processes are rather complicated,
thereby limiting the commercialization of Li—S batteries. The modification of electrolytes[26,27] has
also been explored to improve the rate capability and cycle life of Li—S batteries with distinguished
achievements. Another promising solution is to insert an interlayer between the cathode and
separator[28-33]. This strategy leads to lengthening cycle life and can effectively increase the
electrochemical performance of Li-S batteries. However, the inter-layer cannot be made thin enough
to guarantee a high energy density of Li-S cells.

The separator, which is as an indispensable component of Li—S batteries is usually made from
polyethylene, polypropylene, or their composite. In Li-S cells, the separator is an electronic insulator
but not ionic, which means the polysulfides ions can pass though without any obstacle. Accordingly,
the inhibition of shuttle effect by modification the separator would be a convenient approach to
improve the electrochemical properties of Li-—S batteries. Lately, Super P[34-36], acetylene black[37],
graphene[38,39], multi-walled carbon nanotubes[40-42], ketjen black[40,43], element doped carbon
materials[44-47] and some metallic oxide[48-51] have been applied as an effective barrier layer
between the cathode and separator, suppressing the shuttle effect by the physical and chemical
absorption of the lithium(poly)sulfide intermediates. According to the previous findings of our
research group, we know that active carbon (AC) has a multiporous structure and a superior adsorption
capacity, which can effectively improve the electrochemical performance of Li-S cells when used as
carbon matrix for cathode[52].

In this study, we report a simple and effective approach for reducing the influence of shuttle
effect in lithium—sulfur batteries by employing a hybrid separator with a thin AC coating. With the
AC-decorated separator, Li—-S batteries exhibit a higher coulombic efficiency and an improved
electrochemical performance with a high initial discharge capacity of 1452 mAh g * and maintain 555
mAh g after 400 cycles at a discharge current of 0.2 C. These results demonstrate that the AC-coated
separator has a more potential in applications of Li-S batteries.

2. EXPERIMENTAL SECTION

2.1. Preparation of AC-coated separator

First, commercial AC and polyvinylidene fluoride (PVDF) powder were mixed with mass ratio
of 9:1, and then ground for 2 h. Subsequently the AC/PVDF mixture was placed in N-methyl-2-
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pyrrolidinone solution (NMP) and went on grinding for half an hour to form homogeneous slurry.
Finally, the slurry was coated on the cathode side of a pristine separator (Polypropylene, Celgard
2400), then dried in a vacuum oven at 60 °C for 12 h. Furthermore, the prepared sample was marked as
AC-9, according to the mass ratios of AC/PVDF. In addition, the AC-X (X = 7, 8) composites were
prepared similarly for comparison. A schematic illustration of the fabrication of the AC-X separator is
shown in Fig. 1a.

2.2. Preparation of AC/S active material

S and AC were placed in an agate mortar with a mass ratio of 7: 3 and ground for 1 h before
transferring into a polytetrafluoroethylene reaction vessel. Then this reaction vessel was kept still and
open in argon-filled glove box for 0.5 h to exclude the residual air so that S would not be oxidized at
high temperature. Next, the reaction vessel was heated at 155 °C for 12 h. At this temperature, the melt
sulfur can easily penetrate the pores of AC. After cooling down to room temperature, the AC/S
composite was obtained.
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Figure 1. (a) Schematic of the AC-X separator preparation. (b) Configuration of a Li-S cell with an
AC-X separator. (c) Polysulfide diffusion in Li-S cells with routine separator and (d) inhibition
of polysulfide-diffusion in Li-S cells with an AC-X separator.

2.3. Materials characterization

The morphology of the AC-coated separators was characterized using a field-emission scanning
electron microscopy (FESEM, SEM HITACHIS-4800) with an energy dispersive spectrometer (EDS).
Specific surface areas were calculated by the multipoint Brunauer—Emmett-Teller (BET) method at a
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relative pressure p-po - = 0.05-0.2 with Micomeritrics ASAP 2020, whereas the total pore was
determined at a relative pressure at p-po - = 0.97. The pore size distribution of mesopores and
micropores were measured by Barrett-Joyner—-Halenda model and Horvath-Kawazoe model,
respectively.

2.4. Battery preparation

The sulfur cathode was prepared by casting a slurry containing 70 wt.% active material, 20
wt.% acetylene black, and 10 wt.% PVDF binder in NMP on the aluminum foil, followed by drying in
a vacuum oven at 60 °C for 12 h before cut. All the electrochemical tests for the sulfur cathode were
carried out by using CR-2025-type button cells, which were assembled in an argon-filled glove box
using AC-X separators/pristine separators and Li metal as the counter electrode. The electrolyte used in
this study was 1 M Li TFSI/DME+DOL (1:1, v/v) containing LINO3 (1 wt.%). The battery
configuration of a Li-S cell with the AC-X separator is displayed in Fig. 1b. Furthermore, the AC-X
coating side faces the sulfur cathode.

2.5. Electrochemical measurement

The cells were charged and discharged at different current densities in the voltage range 1.5—
2.8 V using the LAND test instrument at a 25 °C constant temperature. The cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) measurements were conducted on a CHI750E
electrochemical workstation with a 1.5-3.0 V scanning window and a 0.01 mV s scanning rate. In
EIS tests, the frequency range varied from 0.01 Hz to 100 kHz with an AC signal amplitude of 5 mV.

3. RESULTS AND DISCUSSION

3.1. Characterization of routine/AC-coated separator

Figure 1c illustrates the polysulfide diffusion in Li-S cells with routine separator, but in Fig.
1d, the AC-X coating facing the sulfur cathode can function as a physical barrier to block the lithium
polysulfides during cycling. In addition, this AC-X with good electrical conductivity offers affluent
electron pathways for the insulating sulfur to accelerate fast electron transport[36].

The physical property of AC was characterized by nitrogen physisorption measurements. As
shown in Fig. 2, the nitrogen adsorbed at very low pressure ( p-po > << 0.1) and the well-pronounced
hysteresis loop at a high-pressure region ( p-po * > 0.6) expresses the presence of micropores and
mesopores, respectively. The specific surface areas determined by the BET method and the total pore
volumes are calculated to be 1386 m? g * and 0.21 cm*®g ™, respectively. The pore size distribution is
shown in Fig. 2b, which reveals the presence of micropores and mesopores with diameters of 0.5 and
12.8 nm, respectively. In line with the results, we concluded that the AC-X possesses high specific
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surface area and dual porosity structure, which are beneficial for inhibiting shuttle effect of
polysulfides intermediates and cushioning the volume expansion of the confined sulfur species.
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Figure 2 (a) Nitrogen physisorption isotherms and (b) pore size distributions of AC.

Figure 3. SEM images of (a) routine Celgard separator (surface); (b) AC-9 Celgard separator
(surface); (c) AC-9 Celgard separator (cross-section). (d) Photographs of the electrolyte on a
routine separator and a AC-9 separator.

The morphologies of the routine separator and the AC-9 separator are presented in Fig. 3 (a, b,
c). From the images, we can see that the original separator (Fig. 3a) has a smooth surface and highly
regular nanoporous structure with abundant slit pores of around 100 nm. Whereas the AC-9 separator
(Fig. 3b) consisting of AC particles with different sizes, interconnected by PVDF binder. Meanwhile,
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as shown in the picture, AC-9 possesses numerous interconnected voids, which can be filled with
liquid electrolyte and provide attachment points for polysulfide species, thus inhibiting the shuttle
effect. The cross-section image of the AC-coated separator is presented in Fig. 3c, as one can see that
the AC-9 layer adheres well to the surface of original separator and is nearly 10 um thick.

Figure 3d depicts that the wetted area of AC-9 separator is much larger than the original
separator; this result means that the surface hydrophilicity of the separator increased after coating with
thin AC layer. The enhanced diffusion ability is affinitive with the restriction of polysulfides and
promotes better utilization of active material that consequently improves the performance of Li-S
cells.

Figure 4. High-magnification SEM images of the AC-9 separator (a) before cycling and (b) after 200
cycles at 0.2C. Low-magnification SEM images and elemental mapping of the AC-9 separator
(c) before and (d) after 200 cycles at 0.2C.

The comparison charts of the AC-9 separator before and after 200 cycles at 0.2 C are shown in
Fig. 4. We can clearly observe the relatively smooth surface of AC particles before cycling (Fig. 4a),
whereas the surface becomes rough with innumerable scaly lumps after cycling (Fig. 4b), which means
abundant polysulfides were caught and uniformly attached on the surface of AC particles. The SEM
image and the corresponding EDS elemental mapping further supported these conclusions. As shown
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in Fig. 4c, a small amount of unevenly distributed sulfur was detected, which may be due to the
impurities in active carbon. But the elemental S signal is uniformly distributed in the carbon matrix
(Fig. 4d) after cycling. Also, elemental oxygen and fluorine are recognizable in AC coating attributing
to the outstanding interception ability and excellent electrolyte infiltration of the AC-9 separator.

3.2. Electrochemical performance of batteries with AC-X separator

To confirm what mass ratio of AC/PVDF-decorated separator can make Li—S cells to possess
the best electrochemical performance, cycle performance of the Li—S cells with original separator and
AC-X separator at different discharge current densities were measured. As demonstrated in Fig. 5a, the
initial discharge capacity of AC-X (X = 7, 8, 9) at 0.2 C reach 1267, 1339, and 1452 mAh g}
respectively. After 200 cycles, the reversible discharge capacities of the cells maintain 461, 511, and
643 mAh g, respectively. In contrast, the cells with pristine separators exhibit poor cycle
performance, which implies that the cycle capability of Li-S cells is significantly improved with the
increase of AC content. In particular, the AC-9 separator possesses the best cyclic stability, because
the AC:PVDF = 9:1 can not only bring out a stable structure for long-term cycling but also keep a high
surface area to adsorb a great deal of reaction intermediates, thus largely improves the utilization of
active substance. Therefore, the cell with AC-9 separator displays a high initial capacity of 1075 mAh
g ' at 0.5 C and excellent capacity retention of 586 mAh g* after 100 cycles as shown in Fig. 5b.
Furthermore as Fig. 5¢ depicts, even at a higher rate of 1 C, AC-9 separator battery still shows the best
cycle stability.

To better study the electrochemical performance of the cells with AC-X separator, rate
performance is demonstrated in Fig. 5d. The rate capability of the Li-S cells with pristine separator
and AC-X separator is evaluated by increasing the discharge—charge current density stepwise from 0.2
C to 1 C every five cycles. In Fig. 5d, the initial discharge capacity of the cell with AC-9 separator is
as high as 1448 mAh g* (corresponding to 86% utilization of sulfur), and after the original decay
stage, the capacity becomes stable when the C-rate increases. The capacity of cell with AC-9 separator
decreases slowly from the reversible capacity of 1178 mAh g *at 0.2 C to 1060, 941, and 763 mAh g *
at 0.3, 0.5, and 1 C, respectively. Importantly, a satisfactory capacity of 1052 mAh g* (73% of the
initial reversible capacity) can be obtained when the current rate was reduced back to 0.2 C, which is
obviously larger than the cells with AC-X (X = 7, 8) separator and pristine separator, especially at high
C-rate; this result demonstrates the effective limitation of polysulfides between the cathode and the
AC-9 separator. As listed in Table 1, the initial discharge capacity of separators with single carbon
material or metallic oxide is generally low, and after compounding with other materials or doping N/S
element, the cycling performance of Li-S cells can be effectively improved. However, these
modifications will increase the complexity and cost of the preparation process. Compared the cycling
performance of AC-9 separator with the others, we finds that AC-9 coating possess the highest initial
discharge capacity and good cycling ability, which demonstrates the excellent electrochemical
performance.
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Table 1. Cycling performance of separators with different coating materials

Coating material

Reference Current density

Cycling performance/ mAh=g™

AB [37] 0.05C
CNT [40] 0.2C
KB [50] 0.2C
Super P/ IPA [36] 0.2C
CNT/IPA [42] 0.2C
KB / Super P [43] 0.1C
N-mesoporous carbon [44] 0.2C
N. S-mesoporous carbon [46] 0.2C
Al,03 [48] 0.2C
Al,O3+Graphene [49] 0.2C
M,0+KB [50] 0.2C
RuO,-MPC [51] 0.2C
AC-9 This work 0.2C
AC-8 This work 0.2C
AC-7 This work 0.2C

1140(before cycling)

1100(before cycling) 760(150 cycles)

1120(before cycling)

1389(before cycling) 828(200 cycles)
1324(before cycling) 881(150 cycles)

1318(before cycling)

1364 (before cycling) 1040(100 cycles)
1267 (before cycling) 889(100 cycles)
967(before cycling) 593(50 cycles)

1067 (before cycling) 804 (100 cycles)
1200 (before cycling)

859(90 cycles)

1452(before cycling)  643(200 cycles)
1339(before cycling) 511(200 cycles)
1267(before cycling) 461(200 cycles)
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Figure 5. Cycle performance of Li-S cells with pristine separator and AC-X (X=7, 8, 9) separator at (a)
0.2C, (b) 0.5C, (c) 1C. (d) Rate performance of Li-S cells with pristine separator and AC-X
(X=7, 8, 9) separator. (e) Long-term cycling performance and Coulombic efficiency of the cell
with an AC-9 separator at 0.2C.

The long-term cycling performance and coulombic efficiency of the cell with AC-9 separator
was tested at a rate of 0.2 C for 400 cycles as revealed in Fig. 5e. The Li-S cell exhibits good cycle
stability, achieving 555 mAh g, good coulombic efficiency of 98%, and low degradation rate of
0.15% after 400 cycles; these results indicate a superior cycling performance of the Li—S cell that can
attribute to the AC-9 coating act as an upper current collector ensures fast electron conduction and ion
transport and restrict the diffusion of polysulfides with its dual porosity structure.
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Figure 6. (a) Initial discharge profiles of Li-S cells with a pristine separator and an AC-X (X=7, 8, 9)
separator at 0.2C. (b) Cyclic voltammogram curves of Li-S cells with a pristine separator and
an AC-X (X=7, 8, 9) separator at a scanning rate of 0.1 mV s™.

The initial discharge profiles of Li—S cells with pristine separator and AC-X separator at 0.2 C
are shown in Fig. 6a, this result exhibits two discharge plateaus at around 2.3 and 2.0 V. The upper
discharge plateau represents the transformation of sulfur into long-chain polysulfides Li,Sy (4 <x < 8),
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and the lower discharge plateau represents the conversion of the semi-solid phase Li,S,4 to solid phase
low-order Li,S,/Li,S[53]. In comparison with the Li-S cell with pristine separator, the discharge
plateau of AC-X cells is obviously higher, probably due to the improved conductivity and reduced
impedance. The length of discharge plateau of AC-9 cell is the longest, which indicates that sulfur can
be fully react to form Li,S,/Li,S, thus enhances the utilization of active material.

Fig. 6b shows the CV of the cells with pristine separator and AC-X separator for the first cycle
within a cutoff voltage window of 1.5-2.8 V at a scan rate of 0.1 mV s *. Two pairs of reduction peaks
at around 2.3 and 2.0 V, which are consistent with the discharge profiles, and one oxidation peak at
around 2.5V are features of Li-S cells. Importantly, with the increase content of AC, the voltage
corresponding to the reduction peaks increases and oxidation peak reduces, respectively, owing to the
poor conductivity of PVDF, which leads to the polarization in batteries. Therefore, the AC-9 coated
separator can effectively improve the electrochemical performance of Li—S batteries.

To demonstrate the improved conductivity of AC-X-coated separator, EIS of the four samples
were tested with frequency from 0.01 Hz to 100 KHz. Moreover, Z-view Software was used to fit an
equivalent circuit (Fig. 7, inset). In the equivalent circuit, R; denotes the resistance of the electrolyte,
R, is the charge transfer resistance, CPE; represents the constant-phase elements, and W; is the
Warburg diffusion impedance[54]. For the cells before the first cycle, as shown in Fig. 7a, the
impedance plots are composed of a semicircle at high frequency and medium frequency,
corresponding to the charge transfer resistance, and an inclined line at low frequency, which is in
accordance with Warburg impedance. Moreover, the intercept at high frequency represents the ohmic
resistance[34]. According to the equivalent circuit fitting, the charge transfer resistance of all cells
decrease after cycling, which is due to a chemical activation process of the dissolution and
redistribution of the active materials[55]. In addition, the resistance of the AC-9 cell is the lowest
either before or after 100 cycles at 0.3 C. Due to the superior electrical conductivity and the physical
adsorption capacity of the coating material, active substance can be fully used, thus, the performance
of Li-S cells is greatly improved.
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Figure 7. Electrochemical impedance spectra of the cells with a pristine separator and an AC-X (X=7,
8, 9) separator (a) before and (b) after the 100th cycle at 0.3C.
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4. CONCLUSIONS

In summary, AC-X (X =7, 8, 9) were prepared and used as separator coating of Li—S cells for
the first time. This coating is facile, low-cost and significantly improved the performance of the Li-S
batteries. With the AC-9 separator, the Li-S cells possess a high initial discharge capacity of 1452
mAh g and can maintain a discharge capacity of 555 mAh g after 400 cycles at 0.2C, which is the
best among the three composites. Moreover, the cells exhibit the longest discharge platform and the
lowest impedance. The excellent results prove that the AC-9 coating possesses the most stable
structure when it is guaranteed to contain as much AC as possible. In addition, the good conductivity
and superior physical adsorption ability of AC-9 can remarkably improve the electron ion conductivity
of Li-S cells and the utilization of sulfur. Compared with other coating materials, the preparation
process of AC-X (X = 7, 8, 9) coating is simpler and the raw materials are easier to obtain, thus
increasing the possibility of the practical application and offers a promising strategy to improve Li-S
batteries.
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