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It is evident that the polysulfide will take place the shuttle effect between the cathode and anode in the
Li-S battery. This is proved by many experiment studies in the past decades. Therefore, the most
efficient method for improving the electrochemical performance of Li-S battery is inhibiting this
shuttle effect. Based on this idea, we design a free-standing carpet-like TiO. nanofiber skeleton
interlayer in the Li-S battery. This advanced interlayer could stem the transfer of soluble polysulfide,
which shuttle between cathode and anode. Besides, the nanofiber structure in the carpet-like TiO:
nanofiber skeleton interlayer provides channels for the rapid transport of lithium-ions. Considering all
these advantages, the as-prepared TiO:> interlayer shows perfect electrochemical performance for the
Li-S batteries.

Keywords: Shuttle Effect, Electric Vehicles, New Energy, Li-S Battery, Electrochemical
Performance.

1. INTRODUCTION

Lithium-sulfur batteries (Li-S) have become the new energy storage in the recent years due to
their various advantages, such as high specific capacity, high energy density and power density [1, 2,
3]. Clearly, the most promising candidate for the automobile is the Li-S battery [4, 5]. The electronic
automobile needs the energy storage systems which have high energy density. Therefore, many
researchers and companies are devoted into the studies for the high-performance Li-S batteries [6, 7].
So far, the main works about Li-S battery focused on the cathode materials, anode modification and
electrolyte [8-11]. There are few reports about the employment of functional interlayers in the Li-S
battery system [12, 13].

As we all know, the cycle performance and high capacity value are the most important index
for judging the performance of Li-S batteries, which is used for the electronic automobiles [14, 15].
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Unfortunately, these two indexes for Li-S batteries are so bad that they cannot satisfy the requirements
for new electronic automobile. The main reason for the bad performance is the shuttle effect of
polysulfide, which is produced during the electrochemical processes [16, 17]. Consequently, the most
efficient method for improving the electrochemical performance of Li-S battery is inhibiting this
shuttle effect [18]. Many studies develop perfect cathode materials, while they ignore the design of
advanced functional interlayer between the cathode side and separator side [19]. Only by this strategy,
the radical problem in the Li-S batteries could be solved absolutely.

Based on this idea, in this study, we design a free-standing carpet-like TiO2 nanofiber skeleton
interlayer in the Li-S battery. This advanced interlayer could stem the transfer of soluble polysulfide,
which shuttle between cathode and anode. Besides, the nanofiber structure in the carpet-like TiO»
nanofiber skeleton interlayer provides channels for the rapid transport of lithium-ions. Considering all
these advantages, the as-prepared TiO; interlayer shows perfect electrochemical performance for the
Li-S batteries.

2. EXPERIMENTAL

2.1. Materials Synthesis

1.2 ml Titanium isopropoxide (TIP) and 150 ml ethanol were mixed while stirring for 4 hours.
Then, 1.6 ml NH3H>O was added step by step into the above solution. Until the reaction was
completed, the precipitate was collected by centrifugation and washed three times using water and
ethanol, and dried in a vacuum oven at 120 ° C for 12 h. Finally, the carpet-like TiO> powder was
obtained. Then, the carpet-like TiO2 (CP-TO) powder was added into the PTFE emulsion with a mass
ratio of 2:1. The mixture was added into ethanol to form solution and dried at 80°C to volatilize the
ethanol. The as-prepared solid was pressed into a film by a twin roller and dried at 70 °C. Finally, it
was punched into a carpet-like TiO2 (CP-TOQ) interlayer with a diameter of 16 mm.

2.2. Materials Characterization

The structure and morphology of the samples were characterized by X-ray diffraction (Bruker
D8 advance diffractometer with Cu-Ka radiation, 40kV and 200mA), scanning electron microscopy
(SEM) (SU-70) and X-ray photoelectron spectroscopy (XPS) (ESCALAB 250Xi).

2.3. Electrochemical Tests

Electrochemical performances were tested by using coin-type cells (CR2032). The cathodes
were consisted of the active material, acetylene black and polyvinylidene fluoride (pvdf) with ratio of
80:10:10 onto Al foil and dried at 60°C for 12 hours. Coin-type cells were assembled with structure of
counter-electrode, separator and electrolyte by using lithium anode, Ceglard 2300 separator, and 1M
lithium bis(trifluoromethane sulfone)imide (LiTFSI) in 1, 3-dioxolane (DOL): dimethoxy ethane
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(DME) (volume ratio 1:1) in a glove-box filled with argon. The charge/discharge tests were applied on
landian (LADCT 2001A) instruments with a voltage domain of 1.5 V~3.0 V. Electrochemical
impedance spectroscopy (EIS) was measured on workstation (CHI660E) with a testing condition that
alternating current voltage of 10 mV in the frequency range from 100 kHz to 0.01 Hz.

3. RESULTS AND DISCUSSION

Figure 1 shows the preparation of Li-S battery used CP-TO interlayer. As shown in Figure lc,
the as-prepared CP-TO plasticine was rolled into flake and finally punched into circle-like interlayer.
Then, this circle-like CP-TO interlayer was placed between the cathode and separator in the coin Li-S
battery. Figure la and b compare the effect of the CP-TO interlayer in the Li-S battery. It can be
concluded that the Li-S battery by using CP-TO interlayer could inhibit the shuttle effect of
polysulfide. It can make the polysulfide stay at the cathode side. While the Li-S battery without
interlayer, the severe shuttle effect of polysulfide exist in the whole system. This figure can explain the
significant effect of CP-TO interlayer theoretically.

Figure 1. The comparison of Li—S batteries by using (a) CP-TO interlayer and (b) without CP-TO
interlayer.

Figure 2. (a) SEM image of Carpet-like TiO2 Nanofiber Skeleton. (b) The Cross-SEM image of the
CP-TO interlayer.

Figure 2 exhibits the SEM image of the CP-TO interlayer. As shown in Figure 2a, the as-
prepared TIO2 has a hierarchical carpet-like structure. This structure can fast absorb the soluble
polysulfide in the electrolyte. It can be seen that the CP-TO is consisted of TiO; fibers with diameters
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of 2 um. And the surface is smooth. The cross SEM image of the CP-TO interlayer (Figure 2b)
indicates that the CP-TO interlayer is loose, which is good for the rapid transport of lithium-ions [20].
Besides, the loose structure could store the soluble polysulfide which is generated during the
discharging charging process at various current densities.

The XRD pattern of the CP-TO is displayed in Figure 3a. The diffraction peaks of the CP-TO
can be well matched with the anatase structure (JCPDS card No. 21-1272) [21]. This demonstrates that
the CP-TO have been prepared successfully. XPS is also conducted for judging the synthesis of the
sample. As shown in Figure 3b, from the Ti 2p spectra, the main peak at 459.1 eV could be clearly
observed [22]. This main peak can be ascribed to the Ti-O bond. These results indicate that the
chemical bond exists in the CP-TO interlayer, which is beneficial for the improvement of the Li-S
battery.

(3) (b) Ti2p

T ]

——CP-TO

Nttt

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T
0 10 20 30 40 50 60 70 80
2 Theta (Degree)

456 457 458 459 460 461 462
Binding energy (ev)

Figure 3. (a) XRD pattern of CP-TO, (b) XPS of Ti 2p for the CP-TO.

The electrochemical performances are shown in Figure 4. Figure 4a is the discharge/charge
curves of the Li-S battery by using CP-TO interlayer at the current densities 0f 0.1 C,0.2C,05C,1C
and 2 C, respectively. It can be observed the specific capacity of CP-TO interlayer is 1106 mAh g* at
0.1 C. With the development of the current density, the capacity value varies slowly. This result
demonstrates that the CP-TO interlayer could release sufficient capacity at the high current density. On
the other hand, two voltage platforms are seen in the discharge profiles at 2.3 V and 2.1 V,
respectively. This is the typical character of the discharge charge curves for the Li-S batteries [23].

Figure 4b shows the rate capability of the Li-S battery by using CP-TO interlayer and without
CP-TO interlayer. The Li-S battery by using CP-TO interlayer could display capacity value of 701
mAh g? at the current density of 2 C. Moreover, the capacity value changes little when the current
density is improved from 0.1 C to 2C. However, for the Li-S battery without CP-TO interlayer, the
capacity fades rapidly with the enhancement of the current densities. This result demonstrates that the
Li-S battery by using CP-TO interlayer could endure various current densities even at the very high
current density. Therefore, the CP-TO interlayer could provide sufficient rate performance for the
Lithium-sulfur battery [24, 25].

Figure 4c is the long cycle performance of the Li-S battery by using CP-TO interlayer and
without CP-TO interlayer at the current density of 0.5 C. For the CP-TO interlayer, the initial capacity
is 1052 mAh g*. After 200 cycles, the capacity value is 906 mAh g with a capacity retention of 86%.
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However, the capacity of Li-S battery without CP-TO interlayer fades rapidly with the discharge
charge cycles. All of this improvement for the electrochemical performances can be ascribed to the
carpet-like structure of the CP-TO interlayer, which could stem the transfer of soluble polysulfide and
provide channels for the rapid transport of lithium-ions at the same time [26].
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Figure 4. (a) Discharge-charge curves of Li-S battery by using CP-TO interlayer. (b) Rate capability,
(c) Cycle stability of Li-S battery by using CP-TO interlayer and without CP-TO interlayer.

EIS measurement is applied for investigating the electronic conductivity of the Li-S battery. As
shown in Figure 5, the EIS of the Li-S battery by using CP-TO interlayer and without CP-TO
interlayer is similar. They are all consisted of semicircle in the high frequency and slant in the low
frequency. The semicircle represents the electronic conductivity on the surface of the cathode
electrode. The slant represents the transport of Li* in the electrolyte [27]. Clearly, the smaller
semicircle of the Li-S battery by using CP-TO interlayer indicates that more strong electronic
conductivity than the battery without CP-TO interlayer. Besides, the Li-S battery by using CP-TO
interlayer has much higher transmission coefficient of Li*, which could be observed from the slant in
the low frequency. This result is accorded with the CP-TO structure. The fibers in the CP-TO structure
could provide channels for the rapid transport of lithium-ions.

To further confirm the effect of CP-TO interlayer in the Li-S battery, a comparison between the
CP-TO and other interlayers in the reported literatures is made, As shown in Table 1, the as-prepared
CP-TO interlayer shows the initial specific capacity of 1052 mAh g. Even after 200 cycles at 0.5 C,
the capacity value could stay at about 906 mAh g™. This improved cycle stability is ascribed to the
carpet-like structure of the CP-TO interlayer, which could provide channels for the rapid transport of
lithium-ions. Moreover, this free-standing structure could stem the transfer of soluble polysulfide,
which shuttle between cathode and anode.
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Figure 5. EIS of Li-S battery by using CP-TO interlayer and without CP-TO interlayer.

Table 1. Performance of CP-TO interlayer comparing with the reported interlayers for Li-S batteries.

Interlayers Initial Capacity | Current | Cycle Stability ref
MWCNTs-OH | 1100 (mAh/g) 0.5C | 601 (100 cycles) 28
MS-G 840 (mAh/g) 0.5C 620 (200 cycles) 29
P0.4/NG-1000 920 (mAh/qg) 0.5C | 591 (200 cycles) 30
CP-TO 1052 (mAh/g) 0.5C | 906 (200 cycles) | This work

4. CONCLUSIONS

In summary, we design a free-standing carpet-like TiO nanofiber skeleton interlayer in the Li-
S battery. This advanced interlayer could stem the transfer of soluble polysulfide, which shuttle
between cathode and anode. Besides, the nanofiber structure in the carpet-like TiO2 nanofiber skeleton
interlayer provides channels for the rapid transport of lithtum-ions. The as-prepared CP-TO interlayer
shows the initial specific capacity of 1052 mAh g™'. Even after 200 cycles at 0.5 C, the capacity value
could stay at about 906 mAh g,
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