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Abstract: Lithium-sulfur (Li–S) batteries are expected to be very useful for next-generation
transportation and grid storage because of their high energy density and low cost. However, their
low active material utilization and poor cycle life limit their practical application. The use of a
carbon-coated separator in these batteries serves to inhibit the migration of the lithium polysulfide
intermediate and increases the recyclability. We report the extent to which the electrochemical
performance of Li–S battery systems depends on the characteristics of the carbon coating of the
separator. Carbon-coated separators containing different ratios of carbon black (Super-P) and
vapor-grown-carbon-fibers (VGCF) were prepared and evaluated in Li–S batteries. The results
showed that larger amounts of Super-P on the carbon-coated separator enhanced the
electrochemical performance of Li–S batteries; for instance, the pure Super-P coating exhibited the
highest discharge capacity (602.1 mAh g-1 at 150 cycles) with a Coulombic efficiency exceeding 95%.
Furthermore, the separators with the pure Super-P coating had a smaller pore structure, and hence
limited polysulfide migration, compared to separators containing Super-P/VGCF mixtures. These
results indicate that it is necessary to control the porosity of the porous membrane to control the
movement of the lithium polysulfide.
Keywords: Carbon-coated separator; polysulfide; shuttle effect; lithium-sulfur batteries

1. Introduction
The continuously increasing worldwide demand for energy has resulted in energy storage
systems becoming essential for the successful implementation of various electric devices such as
electric vehicles, portable electronic devices, and energy storage systems [1-6]. Li–S batteries have
been regarded as promising candidates due to the high theoretical capacity (1675 mA∙h∙g-1), lost cost,
and environmentally friendly characteristics of sulfur. Despite the many advantages of sulfur
cathodes, Li–S batteries have poor cycle performance due to following chronic drawbacks, failing
successful commercialization [7-11]; (1) sulfur has insulating properties that interfere uniform
electron throughout the active materials during operation. As a result, poor utilization of the activesulfur material occurs during electrochemical reactions. (2) Lithium polysulfide (Li2Sx, 4 ≤ x ≤ 8), the
intermediates of sulfur during charging/discharging processes, is a fatal component impeding cycle
performance of Li–S batteries. Lithium polysulfide dissolves easily in the electrolyte from the sulfur
cathode and consumes electrons directly from the both electrodes, cathodes and anodes, inside the
battery system, unlike conventional battery systems that consume electrons along the conductors.
This series of internal cyclic electron consumption is called the “shutting effect” [12-14].
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Various approaches have been proposed to overcome the drawbacks of the sulfur cathodes
described above to improve Li–S batteries: modification of sulfur cathodes and electrolyte systems.
In this regard, the advanced sulfur/carbon composites [3,15,16], functional polymeric binders [17,18],
sulfur/metal-organic frameworks [19,20], solid electrolytes [21-23], and functional additives [24] have
been studied.
Although the separators are one of the main components of the battery system (composed of
anodes, cathodes, electrolytes, and separators), the significance of the separators for cycle
performance of Li–S batteries has been underestimated until a functional separators containing a
carbon coating layers is proposed [25-28]. The carbon coating layer not only provides an electron path
to the sulfur cathodes but also effectively reduces the migration of lithium polysulfides through the
separators and leaves them on the sulfur cathode surface. As a result, the carbon-coated separators
improve the cycle performance of the Li–S batteries by helping the sulfur cathodes to reuse lithium
polysulfide during the repeated charging/discharging processes. Furthermore, from a practical point
of view, the use of functional separators is not only economical but is also advantageous over other
existing approaches associated with the sulfur cathode and electrolyte modification, since it can be
applied to a variety of existing technologies.
We were wondering about the selection guideline for carbon materials for Li−S batteries, and to
achieve this goal, we fabricated carbon-coated separators using two representative commercial
carbon materials, carbon black (Super-P) and vapor-grown-carbon-fibers (VGCF). We have seen that
when Super-P and VGCF are used as conductive additives for lithium cobalt oxide (LiCoO2) cathodes,
there is a synergy that leads to improved LiCoO2 performance in unexpected combinations. Taking
this into account, it is thought that the combination of Super-P and VGCF for carbon-coated separator
needs to be investigated for Li−S batteries because changing the ratio of Super-P and VGCF
significantly changes the electrical conductivity and porosity of the coating separators.
The design of carbon-coated separators for Li–S batteries has to carefully consider the porosity
of the coating layer. For instance, the use of carbon-coated separators that are not porous with a dense
surface structure would prevent the liquid electrolytes containing the polysulfide from flowing
through the layer fluently, thereby making it difficult for the polysulfide to migrate to the Li metal
surface. From a kinetic point of view, however, limited movement of the liquid electrolyte inside the
batteries may result in electrochemical performance degradation due to low reaction rates. On the
other hand, highly porous carbon-coated separators would be beneficial to the kinetic behavior of the
Li–S battery system but would be vulnerable to polysulfide migration. In this study, the porosity of
the carbon-coated separator was adjusted by using mixtures of different types of carbon materials,
VGCF and Super-P. Simply changing the VGCF to Super-P ratio in the carbon-coated separator
enabled us to optimize the porosity of the separator as an effective approach to obtain a stable highperformance Li–S battery with exceptional rate capability.
2. Materials and Methods
2.1. Materials
Sulfur (100 mesh, Sigma Aldrich), Ketjenblack (Ketjenblack ®EC-600JD, AkzoNobel,
Netherlands), poly(vinylidene fluoride) (PVdF, KF-1300, Kureha, Japan, Mw = 350000), Vapor Grown
Carbon Fibers (VGCF, Showa Denko K.K Japan), Super-P (Li-conductive) (IMERYS, Switzerland),
poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP, Kynar Flex® 2801, Arkema Inc.), Nmethyl-2-pyrrolidone (NMP, Sigma-Aldrich), 1,3-dioxolane (DOL, Sigma-Aldrich), 1,2dimethoxyethane (DME, Sigma-Aldrich), LiTFSI (Enchem, Korea), Li metal foil (thickness = 200 µm,
Honjo Metal Co., Japan), polypropylene (PP) separators (thickness = 25 μm, Celgard 2400, Celgard ®,
USA) were used as separators.
2.2. Preparation of the VGCF and Super-P Carbon Composite
The VGCF and Super-P powder, both of which were purchased from commercial corporations,
were first mixed together in a specific weight ratio and then dispersed in a poly(vinylidene fluoride-
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co-hexafluoropropylene) (PVdF-HFP, Kynar Flex® 2801, Arkema Inc.) solution (2 wt.% of PVdF-HFP
dissolved in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich)) to form a uniform slurry.
2.3. Preparation of the Modified Separators
In this work, the separators were modified by fabricating them with three different coatings by
using slurries with different compositions. The first (VGCF-coated separator) consisted of 70 wt.%
VGCF and 30 wt.% PVdF-HFP; The second (VGCF and Super-P composite-coated separator)
consisted of 35 wt.% VGCF, 35 wt.% Super-P and 30 wt% PVdF-HFP; The third (Super-P-coated
separator) consisted of 70 wt.% Super-P and 30 wt.% PVdF-HFP. These three kinds of separators were
prepared by modifying the conventional separator (PP separator, Celgard 2400) by directly applying
a coating of the three slurries mentioned above on the PP separator using a gap-controlled doctor
blade. After they were dried at 50 °C for 12 h in the oven, the three kinds of modified separators were
punched into circular disks with a diameter of 18 mm. The fabricated layers of carbon coating had an
average thickness of ~10 µm, which is the minimum value to ensure reasonable polysulfide inhibition
behavior. The coating thickness issue will be further discussed in polysulfide diffusion experiments
corresponding to Figure 2. The carbon loadings of VGCF-coated separator, VGCF and Super-P
composite-coated separator, and Super-P-coated separator are 0.18, 0.20, and 0.33 mg cm−2,
respectively.
2.4. Preparation of the Sulfur Cathode and Cell Assembly
A sulfur/carbon (Ketjen black) composite (S/C=80/20 in weight) was prepared with the melt
diffusion method. A slurry consisting of the S/C composite (70 wt.%), vapor grown carbon fiber (20
wt.%), and PVdF (10 wt.%) as a binder, was poured onto aluminum foil. Then the coated foil was
dried at 50 °C for 12 h. Finally, the sulfur cathode was roll-pressed and punched into circular disks
with a diameter of 12 mm. The areal loading of sulfur for the as-prepared electrodes ranged from
1.3 mg∙cm-2 to 1.5 mg∙cm-2. The electrochemical properties were tested by assembling 2032 coin-type
half-cells using the sulfur electrodes, VGCF/Super-P coated separators and Li metal as the counter
electrode. The electrolyte was 1 M LiTFSI (lithium bis (trifluoromethanesulfonyl) imide) in DOL and
DME (1:1 by volume) with 0.2 M LiNO3 as an additive. To standardize the measurement protocol, the
amount of electrolyte added to each cell was controlled to 200 µL. Cell assembly was carried out in
an argon-filled glove box, and all capacity values were calculated based on the sulfur mass.
2.5. Electrochemical Testing
After assembly, the coin cells (sulfur/Li metal) were stored for 12 h before the electrochemical
measurements. Cycle performance was evaluated by cycling the unit cells over different potential
ranges (1.9–2.8 V vs. Li/Li+) in constant current (CC) mode during both the charging and discharging
processes at a constant current density C/2 (resp. 0.76 mA∙cm-2 for sulfur) using a charge/discharge
cycler (PNE Solution, Korea) at 25 °C. The cycle performance was evaluated at 1C (CC during the
charge and discharge processes within the same potential ranges.) The rate capability was evaluated
by increasing the discharge current densities from C/5 to 3C (C/5, C/2, 1C, 2C, and 3C). The cells were
discharged in CC mode while maintaining a charging current density of C/2 in CC mode.
2.6. Characterization and Electrochemical Measurements
After the electrochemical investigations had been performed, the fully charged cells up to 2.8 V
vs. Li/Li+ were carefully disassembled in a dry Ar-filled glove box. The samples were washed several
times with dimethyl carbonate (DMC, anhydrous, >99%, Sigma-Aldrich, USA), and then dried
overnight under vacuum before observation. The samples were analyzed by performing fieldemission scanning-electron microscopy with energy-dispersive X-ray analysis (FE-SEM/EDX, S-4800,
Hitachi, Japan).
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The Gurley number was evaluated using a densometer (4110N, Thwing-Albert, USA) by
measuring the time required for passing 100 mL of air through separators under 6.52 psi pressure
[29].

3. Results and Discussion
3.1. Morphology and Physical Characterization of the Carbon-Coated Separator

Figure 1. Scanning electron microscopy (SEM) images of the separator surface containing (a) SuperP, (b) Super-P/VGCF (5:5 by wt.%), and (c) VGCF.

For simplicity, the carbon-coated separator containing pure Super-P, the Super-P/VGCF
combination, and pure VGCF are denoted as the Super-P, Super-P/VGCF, and VGCF separators,
respectively.
Figure 1 shows the surface morphologies of each of these carbon-coated separators. The SuperP separator has a dense surface structure in powder form with an average particle size of ~40 nm.
The larger size columnar VGCF particles (average particle diameter = ~150 nm, average length = 15
µm) resulted in the VGCF separator showing the most porous surface structure. Thus, the different
dimensions and shapes of the Super-P and VGCF particles strongly influence the surface morphology
of the Super-P/VGCF separator, which is strongly dependent on the Super-P/VGCF ratio. The
physical properties of each separator such as the Gurley number and surface resistance are listed in
Table 1. All of the carbon-coated separators (the Super-P, Super-P/VGCF, and VGCF separators) had
higher Gurley numbers than the bare uncoated separator (Celgard 2400). The additional carbon
coating layer of ~9 μm with high tortuosity played the role of a gas barrier.
On the other hand, VGCF exhibited the lowest surface resistance, which is in good agreement
with our previous study [30]. Similar to the present study, the previous study investigated the effect
of various types of conductive additives (pure Super-P, pure VGCF, and a mixture of Super-P and
VGCF) on lithium cobalt oxide (LiCoO2) cathodes. The LiCoO2 cathodes containing pure VGCF
revealed the lowest surface resistance because VGCF builds an “expressway” for electron transfer,
which facilitates electron transfer across the cathode.

Table 1. Physical properties of bare PP and different conductive additives (Super-P, Super-P/VGCF,
VGCF).

Thickness (µm)
Gurley number
(s∙100 mL−1)
Surface resistance
(mΩ∙cm)

Celgard 2400
25

Super-P
34

Super-P/VGCF
35

VGCF
34

546.4

633.2

583.2

570.6

N.A

286.1

165.2

84.3
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3.2. Polysulfide Suppression Behaviors of Carbon-Coated Separators

Figure 2. Digital camera images of polysulfide diffusion experiments after (a) 2 h and (b) 6 h. The
inner glass tube filled with a mixture of polysulfide (Li 2S6) and control electrolyte (DME/DOL, 1:1 by
vol.) was wrapped with various types of separators, while the outer glass tube was filled with control
electrolyte. S:V indicates the weight ratio of Super-P to VGCF.

In general, separators for batteries are placed between the cathode and anode and are designed
to have a highly porous structure to allow ion migration through the pores. Separators with high
porosity containing more massive amounts of liquid electrolyte result in improved ion mobility
[31,32]. However, a Li–S battery with highly porous separators can increase the mobility of
polysulfides, resulting in more severe polysulfide shuttle behavior that can critically affect the cycle
performance [33]. Taking this into account, the polysulfide inhibition behavior of carbon-coated
separators prepared with various Super-P and VGCF ratios was investigated.
As shown in Figure 2, the polysulfide permeability of the separator was examined. The inner
glass tube was filled with a mixture consisting of 15 mL of a solution of 0.43 M Li2S6 and 15 mL of
DME/DOL (1:1, by vol.). The outer glass tube was filled with 30 mL of DME/DOL (1:1, by vol.).
Because of the difference in polysulfide concentration in the two tubes, the polysulfide spreads to the
outer glass tube over time. The bare separator (Celgard 2400) showed the fastest polysulfide diffusion,
whereas the Super-P separator exhibited the best protection against polysulfide diffusion. After 6 h,
the solution in the outer glass tube wrapped with the bare separator turned brown, but the Super-P
separator ensured that the solution in the outer glass tube remained transparent even after 12 h. On
the other hand, when the carbon coating layer was less than 10 μm, the diffusion of the polysulfide
could not be adequately suppressed even by the Super-P separator. Thus, an increase in the Super-P
ratio more effectively inhibited the diffusion of polysulfide. These results indicate that Super-P
effectively immobilizes polysulfide inside nano-sized porous structures.
3.3. Electrochemical performance
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Figure 3. Charge/discharge potential profiles during (a) precycling (current density = C/5) and (b) the
first cycling for rate capability test (associated with Figure 3d), (c) cycle performance for the Li–S
batteries containing various carbon-coated separators, respectively (current density = 1C), and (d) rate
cyclability (charging current density was varied from C/5 to 3C, while the discharging current density
was fixed at C/5). Super-P/VGCF consists of Super-P:VGCF = 5:5 by wt.%.

Figure 3a shows the galvanostatic discharge/charge potential profiles during precycling for the
Li–S battery containing the three types of carbon-coated separators (Super-P, Super-P/VGCF (5:5 by
wt.%), and VGCF) measured at C/5. During the discharging process (lithiation), the upper discharge
plateau near 2.4 V represents the conversion of sulfur (S 8) to soluble polysulfide (Li2Sx, 4 ≤ x ≤ 8), and
the lower discharge plateau near 2.1 V represents the conversion of soluble polysulfide (Li 2Sx, 4 ≤ x ≤
8) to solid polysulfide (Li2S2/Li2S) [34]. During the charging process, the first long and flat plateau
near 2.2 V corresponds to the conversion of solid polysulfide (Li 2S2/Li2S) to soluble polysulfide (Li2Sx,
4 ≤ x ≤ 8), and the plateau near 2.35 V corresponds to the conversion of soluble polysulfide (Li 2Sx, 4 ≤
x ≤ 8) to sulfur (S8) [34]. Although the theoretical potentials of each plateau are 2.18 and 2.33 V vs.
Li/Li+, the plateaus generally differ during charging and discharging because of the IR drop ascribed
to the high internal resistance of Li–S batteries [35]. The Li–S batteries containing Super-P exhibited
the highest initial discharge capacity (1219.5 mA∙h∙g−1) with the highest Coulombic efficiency (100 %).
The first discharge capacity of each cell containing the carbon-coated separator exceeded that of the
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bare separator (Super-P = 1213.0 mA∙h∙g−1, Super-P/VGCF = 1158.4 mA∙h∙g−1, VGCF = 1120.7 mA∙h∙g−1,
bare PP = 1017.4 mA∙h∙g−1). The hysteresis shown in Figure 3a usually can be observed from the initial
discharge of other conversion electrode materials because this is attributed to the poor electrical
contact of the initial grain boundaries between active materials and conducting carbon materials [36].
As can be seen in Figure 3b, the hysteresis observed under 2.0 V vs. Li/Li + during precycling
(associated with Figure 3a) was disappeared. Considering this, we can infer that the Li−S batteries
are stabilized during precycling.
As shown in Figure 3c, the cycle performance of the Li–S batteries containing the carbon-coated
separators was evaluated at a discharging rate of 1C. The unit cells containing larger amounts of
Super-P showed higher initial discharge capacity (after the first cycle, Super-P = 984.3 mA∙h∙g−1,
Super-P/VGCF = 903.0 mA∙h∙g−1, VGCF = 795.9 mA∙h∙g−1, bare PP = 690.4 mA∙h∙g−1). The cycle
performance of Li–S batteries was greatly improved when larger amounts of Super-P were used (after
150 cycles, Super-P = 602.1 mA∙h∙g−1, Super-P/VGCF = 501.5 mA∙h∙g−1, VGCF = 301.0 mA∙h∙g−1, bare
PP = 0 mA∙h∙g−1). Because the Gurley number is defined by passing a specific amount of air through
the medium, the exact correlation between the polysulfide and the separators cannot be clearly
explained. Nonetheless, it is plausible that separators with a high Gurley number are beneficial in
inhibiting polysulfide migration since Gurley number reflects the tortuosity of the separators [32,37].
With this in mind, the improved cycle performance of the Li–S unit cells containing Super-P
separators is reasonable.
The rate capabilities of the Li–S batteries containing the various carbon-coated separators were
also evaluated by increasing the discharging current density step-wise from C/5 (0.27 mA∙cm−2) to 3C
(4.02 mA∙cm−2) every seven cycles. As shown in Figure 3d, the rate capabilities of the Li–S unit cells
were significantly improved when more substantial amounts of Super-P were used (at the 35th cycle
for the 3C rate: Super-P = 659.8 mA∙h∙g−1, Super-P/VGCF = 582.1 mA∙h∙g−1, VGCF = 509.5 mA∙h∙g−1,
bare PP = 3.4 mA∙h∙g−1). These results were unusual because the Super-P separators with the highest
Gurley number, and with the highest tortuosity, exhibited the highest rate capabilities. Given the
results, we can infer that, of the two main factors, the tortuosity of the separators and migration of
polysulfide, the latter is more decisive in determining the cycle performance as well as the rate
capabilities of Li–S batteries.
3.4. Post-mortem Analysis of Li–S Batteries after Cycling

Figure 4. SEM images of the surfaces of (a-d) sulfur cathodes after 20 cycles (corresponding to Figure
3c).

After 20 cycles (corresponding to Figure 3c), th
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e sulfur cathodes were retrieved from fully charged Li–S unit cells and the surface structures of
the sulfur cathodes were observed using SEM. As shown in Figure 4, the morphological structure of
the sulfur cathodes varied depending on the type of coating that was used on the separator. Deep
holes were observed across the entire surface of the sulfur cathode in the Li–S unit cells containing
bare separators (Figure 4a) and VGCF (Figure 4d). On the other hand, the sulfur cathodes of the Li–
S unit cells containing larger amounts of Super-P showed a dense structure with fewer pores. Because
polysulfide intermediates are highly soluble in electrolytes, these results are plausible because SuperP-rich separators more efficiently hinder the movement of polysulfides [28,38].

Figure 5. (a, c, e) SEM images and (b, d, f) EDX elemental analysis of the surfaces of the separators on
the cathode side after 20 cycles (corresponding to Figure 3c).
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Figure 6. (a, c, e) SEM images and (b, d, f) EDX elemental analysis of the Li metal after 20 cycles
(corresponding to Figure 3c). (g) SEM images of the Li metal after 50 cycles (corresponding to Figure
3c).

The surface structure of the cathode side of each separator was also observed using SEM and
EDX. As shown in Figure 5, the morphological structures of the separators are almost similar to those
shown in Figure 1. In contrast, the elemental composition determined by EDX showed that the SuperP-rich separator contained larger amounts of the element sulfur (Super-P = 6.54 wt.%, Super-P/VGCF
= 2.00 wt.%, and VGCF = 1.08 wt.%). On the other hand, as shown in Figure 6, after exposure to the
same experimental conditions, the Li metal surface was observed using SEM and EDX. Again,
although the morphological structure was almost the same, the Li metal recovered from the
disassembled Li–S unit cells containing Super-P-rich separators contained a smaller amount of the
element sulfur on the surface (Super-P = 6.36 wt.%, Super-P/VGCF = 13.28 wt.% and VGCF = 16.14
wt.%). The sulfur element is originated from the sulfur-containing species, namely polysulfide and
LiTFSI. The relationship between polysulfide and LiTFSI for electrochemical decomposition during
discharge has not yet been clearly understood. Nonetheless, it can be easily deduced that the
elemental change of the Li metal surface depends mainly on the amount of polysulfide. This is
because the amount of LiTFSI is the same in all cases because the same amount of liquid electrolyte
is used, but the amount of polysulfide changes during operation.
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Figure 7. Schematic representation of polysulfide immobilization by Super-P-rich separators in Li–S
cells. The black and yellow spheres represent lithium and sulfur particles, respectively.

4. Conclusions
In this study, the effect of the Super-P/VGCF ratio of the carbon-coated separators on the
electrochemical performance of Li–S batteries was investigated. Although the Super-P-rich separator
exhibited the highest tortuosity with the highest Gurley number, Li–S unit cells containing the SuperP-rich separator showed superior cycle performance and rate capabilities compared to the other types
of separators. This implies that polysulfide shuttling is the main factor determining the performance
of Li–S batteries rather than the dynamic behavior of separators. Furthermore, we demonstrated that
the migration of the soluble polysulfide was efficiently inhibited by the Super-P-rich separators,
which prevented the polysulfide from reaching the Li metal surface (Figure 7). Consequently,
manipulating the porosity of the porous membrane to control the migration of soluble lithium
polysulfide is of key importance for the development of Li–S batteries.
Author Contributions: H.J. and J.O. both conducted and equally contributed to the experiments and writing the
manuscript. M.-H.R. and Y.M.L. both equally supervised and guided the experiments and refined the
manuscript.
Funding: This work was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2016R1D1A3B03933293). This research
was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF)
funded by the Ministry of Education (No.2018M3A7B4071066).
Conflicts of Interest: The authors declare no conflicts of interest.

References
1.

Elazari, R.; Salitra, G.; Garsuch, A.; Panchenko, A.; Aurbach, D. Sulfur‐impregnated activated carbon
fiber cloth as a binder‐free cathode for rechargeable Li‐S batteries. Adv. Mater. 2011, 23, 5641-5644.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 March 2019

doi:10.20944/preprints201903.0134.v1

Peer-reviewed version available at Nanomaterials 2019, 9, 436; doi:10.3390/nano9030436

2.

Guo, B.; Li, Y.; Yao, Y.; Lin, Z.; Ji, L.; Xu, G.; Liang, Y.; Shi, Q.; Zhang, X. Electrospun Li 4Ti5O12/C
composites for lithium-ion batteries with high rate performance. Solid State Ionics 2011, 204, 61-65.

3.

Ji, X.; Lee, K.T.; Nazar, L.F. A highly ordered nanostructured carbon–sulphur cathode for lithium–
sulphur batteries. Nat. Mater. 2009, 8, 500.

4.

Ji, X.; Nazar, L.F. Advances in Li–S batteries. J. Mater. Chem. 2010, 20, 9821-9826.

5.

Lu, S.; Cheng, Y.; Wu, X.; Liu, J. Significantly improved long-cycle stability in high-rate Li–S batteries
enabled by coaxial graphene wrapping over sulfur-coated carbon nanofibers. Nano Lett. 2013, 13, 24852489.

6.

Yang, Z.; Zhang, J.; Kintner-Meyer, M.C.; Lu, X.; Choi, D.; Lemmon, J.P.; Liu, J. Electrochemical energy
storage for green grid. Chem. Rev. 2011, 111, 3577-3613.

7.

Chen, C.; Fu, K.; Lu, Y.; Zhu, J.; Xue, L.; Hu, Y.; Zhang, X. Use of a tin antimony alloy-filled porous
carbon nanofiber composite as an anode in sodium-ion batteries. RSC Adv. 2015, 5, 30793-30800.

8.

Ge, Y.; Jiang, H.; Zhu, J.; Lu, Y.; Chen, C.; Hu, Y.; Qiu, Y.; Zhang, X. High cyclability of carbon-coated
TiO2 nanoparticles as anode for sodium-ion batteries. Electrochim. Acta 2015, 157, 142-148.

9.

Peng, H.-J.; Liang, J.; Zhu, L.; Huang, J.-Q.; Cheng, X.-B.; Guo, X.; Ding, W.; Zhu, W.; Zhang, Q. Catalytic
self-limited assembly at hard templates: a mesoscale approach to graphene nanoshells for lithium–
sulfur batteries. ACS Nano 2014, 8, 11280-11289.

10.

Qiu, Y.; Li, W.; Zhao, W.; Li, G.; Hou, Y.; Liu, M.; Zhou, L.; Ye, F.; Li, H.; Wei, Z. High-rate, ultralong
cycle-life lithium/sulfur batteries enabled by nitrogen-doped graphene. Nano Lett. 2014, 14, 4821-4827.

11.

Xu, G.-L.; Xu, Y.-F.; Fang, J.-C.; Peng, X.-X.; Fu, F.; Huang, L.; Li, J.-T.; Sun, S.-G. Porous graphitic carbon
loading ultra high sulfur as high-performance cathode of rechargeable lithium–sulfur batteries. ACS
Appl. Mater. Interf. 2013, 5, 10782-10793.

12.

Lim, J.; Pyun, J.; Char, K. Recent approaches for the direct use of elemental sulfur in the synthesis and
processing of advanced materials. Angew. Chem. Inter. Ed. 2015, 54, 3249-3258.

13.

Qie, L.; Manthiram, A. A facile layer‐by‐layer approach for high‐areal‐capacity sulfur cathodes. Adv.
Mater. 2015, 27, 1694-1700.

14.

Wu, F.; Shi, L.; Mu, D.; Xu, H.; Wu, B. A hierarchical carbon fiber/sulfur composite as cathode material
for Li–S batteries. Carbon 2015, 86, 146-155.

15.

Liang, C.; Dudney, N.J.; Howe, J.Y. Hierarchically structured sulfur/carbon nanocomposite material for
high-energy lithium battery. Chem. Mater. 2009, 21, 4724-4730.

16.

Ma, G.; Wen, Z.; Jin, J.; Lu, Y.; Rui, K.; Wu, X.; Wu, M.; Zhang, J. Enhanced performance of lithium
sulfur battery with polypyrrole warped mesoporous carbon/sulfur composite. J. Power Sources 2014,
254, 353-359.

17.

Li, G.; Cai, W.; Liu, B.; Li, Z. A multi functional binder with lithium ion conductive polymer and
polysulfide absorbents to improve cycleability of lithium–sulfur batteries. J. Power Sources 2015, 294,
187-192.

18.

Wang, J.; Yao, Z.; Monroe, C.W.; Yang, J.; Nuli, Y. Carbonyl‐β‐cyclodextrin as a novel binder for sulfur
composite cathodes in rechargeable lithium batteries. Adv. Funct. Mater. 2013, 23, 1194-1201.

19.

Li, M.-T.; Sun, Y.; Zhao, K.-S.; Wang, Z.; Wang, X.-L.; Su, Z.-M.; Xie, H.-M. Metal–organic framework
with aromatic rings tentacles: high sulfur storage in Li–S batteries and efficient benzene homologues
distinction. ACS Appl. Mater. Interf. 2016, 8, 33183-33188.

20.

Zheng, J.; Tian, J.; Wu, D.; Gu, M.; Xu, W.; Wang, C.; Gao, F.; Engelhard, M.H.; Zhang, J.-G.; Liu, J. Lewis
acid–base interactions between polysulfides and metal organic framework in lithium sulfur batteries.
Nano Lett. 2014, 14, 2345-2352.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 March 2019

doi:10.20944/preprints201903.0134.v1

Peer-reviewed version available at Nanomaterials 2019, 9, 436; doi:10.3390/nano9030436

21.

Hayashi, A.; Ohtomo, T.; Mizuno, F.; Tadanaga, K.; Tatsumisago, M. All-solid-state Li/S batteries with
highly conductive glass–ceramic electrolytes. Electrochem. Commun. 2003, 5, 701-705.

22.

Tao, X.; Liu, Y.; Liu, W.; Zhou, G.; Zhao, J.; Lin, D.; Zu, C.; Sheng, O.; Zhang, W.; Lee, H.-W. Solid-state
lithium–sulfur batteries operated at 37C with composites of nanostructured Li7La3Zr2O12/carbon foam
and polymer. Nano Lett. 2017, 17, 2967-2972.

23.

Wu, X.-l.; Zong, J.; Xu, H.; Wang, W.; Liu, X.-j. Effects of LAGP electrolyte on suppressing polysulfide
shuttling in Li–S cells. RSC Adv. 2016, 6, 57346-57356.

24.

Lin, Z.; Liu, Z.; Fu, W.; Dudney, N.J.; Liang, C. Phosphorous pentasulfide as a novel additive for high‐
performance lithium‐sulfur batteries. Adv. Funct. Mater. 2013, 23, 1064-1069.

25.

Balach, J.; Jaumann, T.; Klose, M.; Oswald, S.; Eckert, J.r.; Giebeler, L. Mesoporous carbon interlayers
with tailored pore volume as polysulfide reservoir for high-energy lithium–sulfur batteries. J. Phys.
Chem. C 2015, 119, 4580-4587.

26.

Chung, S.-H.; Manthiram, A. A hierarchical carbonized paper with controllable thickness as a
modulable interlayer system for high performance Li–S batteries. Chem. Commun. 2014, 50, 4184-4187.

27.

Chung, S.H.; Manthiram, A. Bifunctional separator with a light‐weight carbon‐coating for dynamically
and statically stable lithium‐sulfur batteries. Adv. Funct. Mater. 2014, 24, 5299-5306.

28.

Yao, H.; Yan, K.; Li, W.; Zheng, G.; Kong, D.; Seh, Z.W.; Narasimhan, V.K.; Liang, Z.; Cui, Y. Improved
lithium–sulfur batteries with a conductive coating on the separator to prevent the accumulation of
inactive S-related species at the cathode–separator interface. Energy Environ. Sci. 2014, 7, 3381-3390.

29.

Yeon, D.; Lee, Y.; Ryou, M.-H.; Lee, Y.M. New flame-retardant composite separators based on metal
hydroxides for lithium-ion batteries. Electrochim. Acta 2015, 157, 282-289.

30.

Cho, I.; Choi, J.; Kim, K.; Ryou, M.-H.; Lee, Y.M. A comparative investigation of carbon black (Super-P)
and vapor-grown carbon fibers (VGCFs) as conductive additives for lithium-ion battery cathodes. RSC
Adv. 2015, 5, 95073-95078.

31.

Yang, M.; Hou, J. Membranes in lithium ion batteries. Membranes 2012, 2, 367-383.

32.

Zhang, S.S. A review on the separators of liquid electrolyte Li-ion batteries. J. Power Sources 2007, 164,
351-364.

33.

Freitag, A.; Stamm, M.; Ionov, L. Separator for lithium-sulfur battery based on polymer blend
membrane. J. Power Sources 2017, 363, 384-391.

34.

Jayaprakash, N.; Shen, J.; Moganty, S.S.; Corona, A.; Archer, L.A. Porous hollow carbon@sulfur
composites for high‐power lithium–sulfur batteries. Angew. Chem. Inter. Ed. 2011, 50, 5904-5908.

35.

He, M.; Yuan, L.-X.; Zhang, W.-X.; Hu, X.-L.; Huang, Y.-H. Enhanced cyclability for sulfur cathode
achieved by a water-soluble binder. J. Phys. Chem. C 2011, 115, 15703-15709.

36.

Zhang, S. Understanding of sulfurized polyacrylonitrile for superior performance lithium/sulfur
battery. Energies 2014, 7, 4588-4600.

37.

Arora, P.; Zhang, Z. Battery separators. Chem. Rev. 2004, 104, 4419-4462.

38.

Seh, Z.W.; Li, W.; Cha, J.J.; Zheng, G.; Yang, Y.; McDowell, M.T.; Hsu, P.-C.; Cui, Y. Sulphur–TiO2 yolk–
shell nanoarchitecture with internal void space for long-cycle lithium–sulphur batteries. Nat. Commun.
2013, 4, 1331.

