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Abstract: To prevent global warming, ESS development is in progress along with the development
of electric vehicles and renewable energy. However, the state-of-the-art technology, i.e., lithium-ion
batteries, has reached its limitation, and thus the need for high-performance batteries with improved
energy and power density is increasing. Lithium-sulfur batteries (LSBs) are attracting enormous
attention because of their high theoretical energy density. However, there are technical barriers to
its commercialization such as the formation of dendrites on the anode and the shuttle effect of the
cathode. To resolve these issues, a boron nitride nanotube (BNNT)-based separator is developed.
The BNNT is physically purified so that the purified BNNT (p−BNNT) has a homogeneous pore
structure because of random stacking and partial charge on the surface due to the difference of
electronegativity between B and N. Compared to the conventional polypropylene (PP) separator, the
p−BNNT loaded PP separator prevents the dendrite formation on the Li metal anode, facilitates the
ion transfer through the separator, and alleviates the shuttle effect at the cathode. With these effects,
the p−BNNT loaded PP separators enable the LSB cells to achieve a specific capacity of 1429 mAh/g,
and long-term stability over 200 cycles.

Keywords: lithium-sulfur batteries; boron nitride nanotubes; functional separators; lithium-ion
transport; shuttle effect

1. Introduction

With recent developments in science and technology, energy demand has increased
rapidly, and the demand for secondary batteries has also increased rapidly [1]. Efforts are
underway to develop renewable energy generation systems and change internal combus-
tion engines to electric motors in vehicles to replace conventional fossil-based energy due to
emergent climate change induced by global warming [2,3]. Renewable energy sources such
as solar and wind energy generators require batteries for energy storage systems that can
hold excess energy when supply is high for later use [4,5]. Currently, lithium-ion batteries
(LIBs) are used for these applications. However, with energy densities of approximately
240–420 Wh/kg, LIBs are reaching their theoretical limits [6,7]. Next-generation batteries
must be developed to meet the desire for batteries with higher energy densities and longer
lifespans [8].

As an alternative to LIBs, lithium-sulfur batteries (LSBs) have attracted considerable
attention [9,10]. The theoretical energy density of lithium-sulfur batteries is approximately
2600 Wh/kg and sulfur, which is used as a cathode in LSBs, is inexpensive and widely
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abundant [11]. However, there are several problems that hinder the commercialization of
LSBs [12]. First, short circuits caused by the formation of lithium metal dendrite shorten
the cycle stability [13,14]. Second, the shuttle effect reduces the capacity of LSBs. The
shuttle effect occurs when lithium polysulfide (Li2Sn, 4 ≤ n ≤ 8) generated during charging
and discharging is dissolved in the electrolyte, passes through the separator, and reacts
on the surface of the anode. The lithium polysulfide reduces sulfur, lowering capacity
and cycle stability [15]. To mitigate these problems, many studies have reported the
development of separators in LSBs since it affects the anode and cathode simultaneously.
First, carbon-based materials are added to the separator [16]. Carbon-based materials,
including graphene, carbon nanotubes, and porous materials, were shown to adsorb the
lithium polysulfide to prevent the shuttle effect, and reactivate the eluted polysulfide.
However, the interaction with polysulfide was weak, additional functionalization needs
to reduce the shuttle effect. Various studies have reported the use of a functionalized
polymer separator to alleviate the shuttle effect through attraction or repulsion of lithium
polysulfide [17]. However, polymer separators have exhibited low thermal and chemical
stability, limiting their practical applications. Finally, metal-oxide-modified separators
have been reported to increase the absorption of the polysulfide and increase the thermal
and chemical stability of the battery [18,19]. However, these metal-oxide materials exhibit
low flexibility.

Boron nitride nanotubes (BNNTs) in which boron and nitrogen are bonded alternately
exist in the form of a tube connected by a hexagonal honeycomb structure, similar to carbon
nanotubes (CNTs) [20]. Owing to their structural composition, BNNTs have excellent
mechanical properties, thermal conductivity, and thermal expansion properties [21]. In
addition, since BNNTs possess the characteristics of ceramics, such as chemical and thermal
stability in addition to electrical insulation, they are suitable for use as a separator [22].
BNNT separators were reported to increase lithium-ion conductivity due to their wettability
for the organic electrolyte. It was reported that B atoms in BNNT interact with the anion
of lithium salt by Lewis acid–base interaction improve lithium-ion transfer [23,24]. In
addition, BN materials separator, such as hexagonal boron nitride (h−BN) separator, was
also reported to increase the stability of the lithium metal anode in lithium-metal batteries
owing to their high thermal conductivity [25]. The h−BN separator was reported to have a
partial charge on the surface caused by the electronegativity of B and N, which is expected
to effectively suppress the elution of lithium polysulfide, thereby reducing the shuttle
effect [26,27]. BNNTs, which have the same B–N bonding with h−BN, are expected to
alleviate the shuttle effect. However, it is important to note that BNNTs synthesized in
large quantities often contain many impurities, and hence, it is necessary to purify BNNTs
before using them in LSBs [28,29].

Herein, we investigated BNNT-based separators in LSBs for the first time. The electro-
chemical behavior of the lithium-sulfur batteries with BNNTs was compared with that of
the batteries without BNNTs, batteries using unpurified BNNTs, and batteries using puri-
fied BNNTs. Galvanostatic cycling with the potential limit and electrochemical impedance
spectroscopy (EIS) were used to analyze the electrochemical behavior of the batteries. The
battery cell components were analyzed by scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), and UV-visible spectroscopy (UV-vis) to understand the
mechanism of improved performance of the LSBs with BNNTs.

2. Materials and Methods
2.1. Materials

Boron nitride nanotubes (BNNTs) were synthesized and kindly provided by Jeonbuk
National University High-Enthalphy Plasma Research Center (high-temperature RF-plasma
equipment, Wanju, Korea). BNNTs were used after purification to remove impurities and
prepared as fluffy powders. Polypropylene separator (PP, Celgard 2400, Celgard Co.,
Charlotte, NC, USA), polyvinylidene fluoride (PVDF, MTI Co., Richmond, CA, USA),
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and N-methyl pyrrolidone (NMP, 99.0%, DAEJUNG Co., Siheung, Korea) were used
as purchased.

2.2. Purification of BNNTs

BNNTs were calcined at 650 ◦C for 6 h in a box furnace. After calcination, BNNTs
were added to deionized water (DI water) and mixed for 30 min at 2500 rpm using a
high shear mixer (L5M-A, Young-jin Co., Gunpo, Korea). After mixing, the liquid was left
undisturbed, settled down for 1 h to obtain BNNT sediments. The supernatant was then
carefully decanted. This process was repeated until the supernatant became transparent.
BNNTs were obtained via freeze-drying in tert-butyl alcohol and DI water (4:6; v/v) for
3 days.

2.3. Fabrication of BNNT (or p−BNNT) Loaded Separator

Separators were fabricated using raw BNNT (BNNT) and purified BNNT (p−BNNT),
respectively. BNNT (40 mg) and PVDF (10 mg) were dispersed in NMP (2 mL). The mixture
was sonicated for 1 h and stirred overnight to obtain a homogeneous slurry. The slurry
was cast on a PP separator and dried in a vacuum oven at 50 ◦C for 24 h. The loading
mass of BNNT on the PP separator (x in the BNNT−PP−x) was controlled according to the
amount of slurry for drop-casting. p−BNNT loaded separators were also fabricated in an
identical manner.

2.4. Cell Assembly

The electrolyte was prepared by dissolving 1 M lithium bis(trifluoromethane-sulfonyl)
imide (LiTFSI, Sigma-Aldrich Co., Darmstadt, Germany) and 1 wt% lithium nitrate (LiNO3,
99.99%, Sigma-Aldrich Co., Darmstadt, Germany) in 1,3-dioxolane (DOL, 99.8% of Sigma-
Aldrich Co. Darmstadt, Germany) and 1,2-dimethoxyethane (DME, 99.5%, Sigma-Aldrich
Co., Darmstadt, Germany) (1:1 volume ratio). Catholyte, which means cathode material
(Li2S6) with electrolyte, is prepared by mixing sulfur (more than 99.5% in Sigma-Aldrich,
Darmstadt, Germany) and Li2S (99.9%, Alfa-Aesar, Haverhill, MA, USA) in an electrolyte
and heating catholyte at 50 ◦C. In the diffusion test, catholyte is prepared without LiNO3.
All batteries were assembled in a glove box filled with high purity argon gas, controlling
O2 and H2O concentration to zero. A 2032-coin cell model was used, and catholyte was
prepared by casting 2 mg sulfur per area on carbon cloth (CH900-20, Kuraray Co., Tokyo,
Japan) used as a current collector. Anode was lithium metal (0.75 mm thickness, Sigma
Aldrich Co., Darmstadt, Germany). For cells containing separators with BNNT, the BNNT
faced the cathode.

2.5. Characterization

The transmittance of the supernatant in each purification cycle was measured by
turbiscan (Linon Tech Co., Hanam, Korea). Morphologies of top views were obtained
using scanning electron microscopy (SEM, FEI Nova nano SEM 450) in Korea Institute of
Science and Technology (Wanju, Korea). Because BNNTs are non-conductor, the charging
phenomenon was very severe during SEM analysis. So, the Pt was coated thicker than
the general case, and kV was changed according to the situation. Impurities removal
was confirmed using X-ray photoelectron spectroscopy (XPS, Thermo scientific K-Alpha)
spectra and X-ray diffraction (XRD, X’pert PRO MRD) measurement in Korea Institute of
Science and Technology (Wanju, Korea). In the case of XPS analysis, BNNTs are a non-
conductor and have a large peak shift. Therefore, a flood gun was used to reduce the peak
shift as much as possible. Diffusion test was quantified using UV-visible spectroscopy
(UV-vis, Jasco V-670) in Korea Institute of Science and Technology (Wanju, Korea)

The cycle stability is measured in the potential range between 1.8 and 2.6 V vs.
Li/Li+ using WBCS 3000 multichannel cycler (WonATech, Seoul, Korea). Electrochemical
impedance spectroscopy (EIS) is performed by VSP potentiostat (Bio-Logic, Seyssinet-
Pariset, France).
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3. Results and Discussion

Provided boron nitride nanotubes (BNNTs) contain impurities such as amorphous
boron, hexagonal boron nitride (h−BN), and amorphous boron nitride (BN) particles [29].
The purification method of BNNT was referred to in previously published papers [30]. The
detailed purification process is described in the supplementary information. The scanning
electron microscopy (SEM) images of the sediments show that the particles are removed,
and the purified BNNTs were obtained (Figure 1a–c). X-ray photoelectron spectroscopy
(XPS) spectra and X-ray diffraction (XRD) patterns were analyzed to confirm that the
BNNTs were purified. In the XPS spectra, the ratio of boron to nitrogen is about 3 at B 1s
peak in XPS spectra. However, after purification, the ratio of boron to nitrogen became
1.2:1, and the high-resolution B 1s XPS of p−BNNT shows only the peak of B–N binding at
191 eV (Figure 1d,e). In the XRD graph, all the amorphous boron peaks have disappeared
(Figure 1f). In the XRD graph, all the amorphous boron peaks disappeared after purification.
It is important to compare the XRD patterns of BNNT after calcination and purification.
One crystalline impurity in BNNT is h−BN, which has a sharp peak at 26.7◦. BNNT, which
is not crystalline, has a broad peak at 25.8◦. The BNNTs after calcination contain a large
amount of h−BN, as seen in the strong h−BN peak at 26.7◦. After calcination, the broad
peak at 25.8◦ is not evident because of the intensity of the h−BN peak. However, after
purification, the h−BN peak is significantly reduced such that the BNNT peak is clearly
observed. This indicates the purification method effectively removes particle impurities
such as h−BN.
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To confirm the morphology of the BNNT separators, top-views of the polypropylene
(PP) PP separator, the BNNT separator, and the p−BNNT separator are observed through
SEM. The PP separator is observed to have uniform pores (Figure 2a). It is observed that
BNNTs covered the PP separator (Figure 2b,c). 1−dimensional (1D) structure materials are
usually stacked randomly to form a 3−dimension spidernet-like structure [31].
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Additional materials such as h−BN and boric acid were also coated on the separator,
which may interfere with the lithium-ion transport. To evaluate this, lithium-ion conductiv-
ity was evaluated using electrochemical impedance spectroscopy (EIS), which measures
the resistance to the flow of current. The resistance of each part of the cell was calculated
through Nyquist modeling. The bulk resistance measured at the highest frequency mea-
sures the resistance of the electrodes, electrolyte, and separator (Figure 2d). To minimize
the effects of electrodes and electrolytes, the cathode and anode are composed with Al foil
except for sulfur. Impedance was measured according to the mass of BNNT cast on the
separator, and the ionic conductivity (σ) was obtained through the following equation:

σ =
d

Rb A
(1)

where d denotes the thickness, Rb is the bulk resistance, and A is the area of the sep-
arator. The PP separator showed the lowest value 0.43 mS/cm. In BNNT separators,
BNNT−PP−0.3 showed the highest ionic conductivity value 0.71 mS/cm, and it gradually
decreased as more mass cast. In p−BNNT separators, BNNT−PP−0.5 showed the highest
value 0.84 mS/cm and is still higher than that of PP at p−BNNT−PP−1.0 (Figure 2e). It is
confirmed that both BNNTs and p−BNNTs increase ionic conductivity despite pore exclusion
through the coating on PP. However, the ionic conductivity of p−BNNT−PPs is lowered
when the separator becomes thicker, which indicates that the effect of pore exclusion.

The lithium-ion diffusion coefficient is also measured. It is obtained by assembling
lithium-sulfur batteries (LSBs) with BNNT−PP−1.0 and p−BNNT−PP−1.0 that maintain
higher ionic conductivity than PP. To obtain the Li-ion diffusion coefficient (DLi+), the
results of the EIS spectroscopy analysis were substituted into the following equation:

Z′ = κ + σω−0.5 (2)

DLi+ =
R2T2

2A2N4F4C2σ2 (3)

Z′ is the real part of the resistance, ω is the angular frequency, R is the gas constant,
T is the absolute temperature, A is the area of the electrode, N is the number of electrons
transferred in the redox reaction, F is the Faraday constant, and C is the concentration of
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lithium-ions in moles. The σ can be obtained from the slope of a linear plot of the Warburg
resistance versus the angular frequency. The BNNT separator showed the lowest diffusion
coefficient of 16.3 × 10−19 cm2/s and the p−BNNT separator showed the highest diffusion
coefficient of 25.7 × 10−19 cm2/s, which implied that the lithium-ion diffusion coefficient is
enhanced when using the p−BNNT separator in the LSBs (Figure S3).

Lithium stripping and plating analysis were conducted to evaluate the stability of
lithium metal by measuring the overpotential that occurred when repeatedly stripping and
plating lithium under constant current. To isolate the effect of the separator, a symmetric cell
was composed of lithium metal and without sulfur. When stripping/plating was performed
at 0.35 mA/cm2, a similar overpotential was measured in all separators. However, when
stripping/plating was conducted at 1 mA/cm2, the overpotentials of the PP separator and
the BNNT separator rapidly increased before decreasing and stabilizing (Figure 3a,b). This
occurs when dendrites form and detach due to non-uniform lithium stripping/plating.
The PP separator had a higher overpotential than that of the p−BNNT separator, and
the higher ionic conductivity of the p−BNNT separator increased the stability of the
lithium-metal anode (Figure 3c–e). Lithium stripping and plating analysis were also
conducted with BNNT−PP−1.0 and p−BNNT−PP−1.0 at 1 mA/cm2. The overpotential
of p−BNNT−PP−1.0 is slightly lower than that of BNNT−PP−1.0 (Figure S4).
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Adsorption tests were conducted to analyze the polysulfide adsorption capacity of
BNNTs. First, to check the adsorption capacity of the powder itself, each of BNNT or
p−BNNT (20 mg) was added to 4 mL of catholyte diluted with 5 mM and stirred overnight.
However, no visible color change was observed even after stirring (Figure S5a,b). That
is, BNNT and p−BNNT do not interact strongly with polysulfide. Ex-situ XPS analysis
was performed to confirm that the interaction. Porous carbon cloth (CC), which is the
current collector, has no affinity with polysulfide. BNNTs on CC and p−BNNTs on CC
were analyzed. At the S 2p peak of XPS spectra from porous carbon cloth, the only peak of
polysulfide is observed. On the other hand, at the S 2p peak of XPS spectra from BNNT
and p−BNNT, a secondary peak appeared, which means interaction with polysulfide and
BNNT or p−BNNT. (Figure S5c). To visualize the blocking ability of p−BNNT separator,
a diffusion test of lithium polysulfide was conducted. A separator is placed in an open
cap vial, and catholyte is added there. A blank electrolyte was added to the outer vial
to form a concentration gradient. At this time, PP separator and p−BNNT separator are
prepared at 0.3, 2, and 3 mg/cm2, and the degree of diffusion is observed after 6 h. It is
observed that as the amount of p−BNNT increased, the amount of polysulfide diffusion
decreased (Figure 4a–d). To measure diffusion quantitatively, absorbance is measured
using UV-visible spectroscopy (UV-vis). At 400 nm peak, it is confirmed that the amount
of p−BNNT was reduced by 85% compared to the PP separator when the amount was
3 mg/cm2 (Figure 4d,e). It is confirmed that the p−BNNT separators could alleviate the
shuttle effect.
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Figure 4. Diffusion test during 6 h with (a) PP, (b) p−BNNT−PP−0.3, (c) p−BNNT−PP−2.0, and
(d) p−BNNT−PP−3.0 for 6 h from left to right; (e) UV-vis spectra of diffused solution; (f) quantifica-
tion graph of UV-vis spectra at 400 nm.

After confirming the effect of the BNNT and p−BNNT separators on each component
of the cell, the electrochemical performances of the LSBs were measured. First, galvanostatic
cycling was performed. Most separators showed no significant difference from the PP
separator, but the p−BNNT−PP−1.0 showed a considerably higher capacity. The PP
separator showed a discharge capacity of 1197 mAh/g, and the p−BNNT−PP−1.0 showed
a discharge capacity of 1429 mAh/g after activation. Considering that the theoretical
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capacity of sulfur was 1675 mAh/g, the sulfur utilization in the PP separator was 72.6%,
and the sulfur utilization in the p−BNNT−PP−1.0 was 85.3%. For the PP separator, the
cell no longer worked after 155 cycles, but the p−BNNT−PP−1.0 worked for more than
200 cycles (Figure 5a,b). This capacity and stability improvement was due to the higher
lithium ionic conductivity, diffusivity, and stabilization of lithium metal when using the
p−BNNT separator. In the discharge profile of the p−BNNT separator, the capacity from
2nd plateau, which means the conversion of the low polysulfide (Li2Sn; 1 ≤ n ≤ 4) became
more dominant because the blocked polysulfide contributed to the capacity (Figure 5c,d).
A comparison of the energy density at 100th cycle with those of other separators utilized in
LSBs is presented in Figure 5e. Such a high energy density is due to the high retention of
specific capacity at 100th cycle when using p−BNNT−PP−1.0 as a separator [32–38].
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4. Conclusions

In conclusion, it is confirmed that the effect of boron nitride nanotube-based separator
in lithium-sulfur batteries at the first time. p−BNNT, 1−dimensional structure materials,
are stacked randomly to form a 3−dimensional spidernet-like structure on PP separator.
Despite of pore-excluding morphology, the ionic conductivity of p−BNNT separator is
0.50 mS/cm, which is higher than that of PP. The diffusion coefficient of p−BNNT sep-
arator shows the highest value 25.7 × 10−19 cm2/s. In addition, lithium metal anode is
stabilized by using p−BNNT separator. Via adsorption test and diffusion test, it is con-
firmed that BNNT separators alleviate shuttle effect by pore exclusion and interaction with
polysulfide. Through these advantages, boron nitride nanotube-based separator, especially
p−BNNT−PP−1.0, shows higher energy density (1429 mAh/g) and cycle stability (over
200 cycles) than conventional PP separator. The LSB cells with p−BNNT−PP−1.0 show su-
perior performance in terms of gravimetric energy density and power density as compared
to those of other LSBs with separators based on carbons, polymers, and metal oxides.
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1 mA/cm2; Figure S5: Photo images of BNNT powder in catholyte and XPS S 2p spectra.

Author Contributions: Conceptualization, Y.-S.J., S.G.J. and S.Y.C.; formal analysis, H.-S.K., H.-
J.K., H.J.H., J.-W.P. and T.-G.L.; investigation, H.-S.K., H.J.H., H.-J.K., H.L., S.G.J. and Y.-S.J.; data
curation, H.-S.K., H.-J.K., H.L., H.J.H. and J.-W.P.; writing—original draft preparation, H.-S.K., H.J.H.,
J.-W.P. and T.-G.L.; writing—review and editing, H.-J.K., H.J.H., J.-W.P., T.-G.L., S.G.J. and Y.-S.J.;
visualization, H.-S.K., H.J.H., J.-W.P.; supervision, S.Y.C., S.G.J. and Y.-S.J.; funding acquisition, S.Y.C.,
S.G.J. and Y.-S.J. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the R&D Convergence Program of NST (National
Research Council of Science and Technology) of the Republic of Korea (CAP-15-02-KBSI), the Na-
tional Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) (No.
2019R1C1C1007745), the National Research Foundation of Korea (NRF) grant funded by the Korean
government (Ministry of Science, ICT and Future Planning) (No. 2019R1A4A2001527), and the
National Research Foundation of Korea (NRF) grant funded by the Korean government(MSIT) (No.
1711124251), from the Korea Institute of Science and Technology Open Research Program (KIST ORP),
and the Technology Innovation Program (2000479) funded by the Ministry of Trade, Industry and
Energy (MOTIE, Korea).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the plots within this paper and other findings of
this study are available from the corresponding authors on reasonable request.

Acknowledgments: The authors also express sincere thanks to the RFB project by the Ministry of
Trade, Industry and Energy.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jeong, G.; Kim, Y.-U.; Kim, H.; Kim, Y.-J.; Sohn, H.-J. Prospective materials and applications for Li secondary batteries. Energy

Environ. Sci. 2011, 4, 1986–2002. [CrossRef]
2. Zhao, Y.; Pohl, O.; Bhatt, A.I.; Collis, G.E.; Mahon, P.J.; Rüther, T.; Hollenkamp, A.F. A Review on Battery Market Trends,

Second-Life Reuse, and Recycling. Sustain. Chem. 2021, 2, 167–205. [CrossRef]
3. Schmidt, J.; Gruber, K.; Klingler, M.; Klöckl, C.; Ramirez Camargo, L.; Regner, P.; Turkovska, O.; Wehrle, S.; Wetterlund, E. A new

perspective on global renewable energy systems: Why trade in energy carriers matters. Energy Environ. Sci. 2019, 12, 2022–2029.
[CrossRef]

4. Suberu, M.Y.; Mustafa, M.W.; Bashir, N. Energy storage systems for renewable energy power sector integration and mitigation of
intermittency. Renew. Sustain. Energy Rev. 2014, 35, 499–514. [CrossRef]

https://www.mdpi.com/article/10.3390/nano12010011/s1
https://www.mdpi.com/article/10.3390/nano12010011/s1
http://doi.org/10.1039/c0ee00831a
http://doi.org/10.3390/suschem2010011
http://doi.org/10.1039/C9EE00223E
http://doi.org/10.1016/j.rser.2014.04.009


Nanomaterials 2022, 12, 11 10 of 11

5. Kaldellis, J.K.; Zafirakis, D.; Kavadias, K. Techno-economic comparison of energy storage systems for island autonomous electrical
networks. Renew. Sustain. Energy Rev. 2009, 13, 378–392. [CrossRef]

6. Hagen, M.; Hanselmann, D.; Ahlbrecht, K.; Maca, R.; Gerber, D.; Tubke, J. Lithium-Sulfur Cells: The Gap between the State-of-the-
Art and the Requirements for High Energy Battery Cells. Adv. Energy Mater. 2015, 5, 11. [CrossRef]

7. Karabelli, D.; Birke, K.P. Feasible Energy Density Pushes of Li-Metal vs. Li-Ion Cells. Appl. Sci. 2021, 11, 7592. [CrossRef]
8. Lou, S.; Zhang, F.; Fu, C.; Chen, M.; Ma, Y.; Yin, G.; Wang, J. Interface Issues and Challenges in All-Solid-State Batteries: Lithium,

Sodium, and Beyond. Adv. Mater. 2021, 33, 2000721. [CrossRef]
9. Kang, H.-J.; Lee, T.-G.; Kim, H.; Park, J.-W.; Hwang, H.J.; Hwang, H.; Jang, K.-S.; Kim, H.J.; Huh, Y.S.; Im, W.B.; et al. Thick

free-standing electrode based on carbon–carbon nitride microspheres with large mesopores for high-energy-density lithium-sulfur
batteries. Carbon Energy 2021, 3, 410–423. [CrossRef]

10. Kang, H.-J.; Park, J.-W.; Hwang, H.J.; Kim, H.; Jang, K.-S.; Ji, X.; Kim, H.J.; Im, W.B.; Jun, Y.-S. Electrocatalytic and stoichiometric
reactivity of 2D layered siloxene for high-energy-dense lithium-sulfur batteries. Carbon Energy 2021, 3, 976–990. [CrossRef]

11. Zhao, H.; Deng, N.; Yan, J.; Kang, W.; Ju, J.; Ruan, Y.; Wang, X.; Zhuang, X.; Li, Q.; Cheng, B. A review on anode for lithium-sulfur
batteries: Progress and prospects. Chem. Eng. J. 2018, 347, 343–365. [CrossRef]

12. Fan, F.Y.; Pan, M.S.; Lau, K.C.; Assary, R.S.; Woodford, W.H.; Curtiss, L.A.; Carter, W.C.; Chiang, Y.-M. Solvent Effects on
Polysulfide Redox Kinetics and Ionic Conductivity in Lithium-Sulfur Batteries. J. Electrochem. Soc. 2016, 163, A3111–A3116.
[CrossRef]

13. Cheng, X.-B.; Huang, J.-Q.; Zhang, Q. Review—Li Metal Anode in Working Lithium-Sulfur Batteries. J. Electrochem. Soc. 2017, 165,
A6058–A6072. [CrossRef]

14. Camacho-Forero, L.E.; Smith, T.W.; Bertolini, S.; Balbuena, P.B. Reactivity at the Lithium–Metal Anode Surface of Lithium-sulfur
Batteries. J. Phys. Chem. C 2015, 119, 26828–26839. [CrossRef]

15. Wang, Q.S.; Jin, J.; Wu, X.W.; Ma, G.Q.; Yang, J.H.; Wen, Z.Y. A shuttle effect free lithium sulfur battery based on a hybrid
electrolyte. Phys. Chem. Chem. Phys. 2014, 16, 21225–21229. [CrossRef]

16. Wang, T.; Kretschmer, K.; Choi, S.; Pang, H.; Xue, H.; Wang, G. Fabrication Methods of Porous Carbon Materials and Separator
Membranes for Lithium-sulfur Batteries: Development and Future Perspectives. Small Methods 2017, 1, 1700089. [CrossRef]

17. Huang, J.-Q.; Zhang, Q.; Wei, F. Multi-functional separator/interlayer system for high-stable lithium-sulfur batteries: Progress
and prospects. Energy Storage Mater. 2015, 1, 127–145. [CrossRef]

18. Liu, X.; Huang, J.-Q.; Zhang, Q.; Mai, L. Nanostructured Metal Oxides and Sulfides for Lithium-sulfur Batteries. Adv. Mater. 2017,
29, 1601759. [CrossRef]

19. Tao, X.; Wang, J.; Liu, C.; Wang, H.; Yao, H.; Zheng, G.; Seh, Z.W.; Cai, Q.; Li, W.; Zhou, G.; et al. Balancing surface adsorption
and diffusion of lithium-polysulfides on nonconductive oxides for lithium-sulfur battery design. Nat. Commun. 2016, 7, 11203.
[CrossRef]

20. Golberg, D.; Bando, Y.; Tang, C.C.; Zhi, C.Y. Boron Nitride Nanotubes. Adv. Mater. 2007, 19, 2413–2432. [CrossRef]
21. Wang, J.; Lee, C.H.; Yap, Y.K. Recent advancements in boron nitride nanotubes. Nanoscale 2010, 2, 2028–2034. [CrossRef] [PubMed]
22. Tanur, A.E.; Wang, J.; Reddy, A.L.M.; Lamont, D.N.; Yap, Y.K.; Walker, G.C. Diameter-Dependent Bending Modulus of Individual

Multiwall Boron Nitride Nanotubes. J. Phys. Chem. B 2013, 117, 4618–4625. [CrossRef] [PubMed]
23. Rahman, M.M.; Mateti, S.; Cai, Q.; Sultana, I.; Fan, Y.; Wang, X.; Hou, C.; Chen, Y. High temperature and high rate lithium-ion

batteries with boron nitride nanotubes coated polypropylene separators. Energy Storage Mater. 2019, 19, 352–359. [CrossRef]
24. Chen, Y.; Kang, Q.; Jiang, P.; Huang, X. Rapid, high-efficient and scalable exfoliation of high-quality boron nitride nanosheets and

their application in lithium-sulfur batteries. Nano Res. 2021, 14, 2424–2431. [CrossRef]
25. Luo, W.; Zhou, L.; Fu, K.; Yang, Z.; Wan, J.; Manno, M.; Yao, Y.; Zhu, H.; Yang, B.; Hu, L. A Thermally Conductive Separator for

Stable Li Metal Anodes. Nano Lett. 2015, 15, 6149–6154. [CrossRef]
26. Zhang, K.; Lee, T.H.; Cha, J.H.; Varma, R.S.; Choi, J.-W.; Jang, H.W.; Shokouhimehr, M. Two-dimensional boron nitride as a sulfur

fixer for high performance rechargeable aluminum-sulfur batteries. Sci. Rep. 2019, 9, 13573. [CrossRef]
27. Babu, G.; Sawas, A.; Thangavel, N.K.; Arava, L.M.R. Two-Dimensional Material-Reinforced Separator for Li–Sulfur Battery. J.

Phys. Chem. C 2018, 122, 10765–10772. [CrossRef]
28. Marincel, D.M.; Adnan, M.; Ma, J.; Bengio, E.A.; Trafford, M.A.; Kleinerman, O.; Kosynkin, D.V.; Chu, S.-H.; Park, C.; Hocker,

S.J.A.; et al. Scalable Purification of Boron Nitride Nanotubes via Wet Thermal Etching. Chem. Mater. 2019, 31, 1520–1527.
[CrossRef]

29. Lee, S.-H.; Kang, M.; Lim, H.; Moon, S.Y.; Kim, M.J.; Jang, S.G.; Lee, H.J.; Cho, H.; Ahn, S. Purification of boron nitride nanotubes
by functionalization and removal of poly(4-vinylpyridine). Appl. Surf. Sci. 2021, 555, 149722. [CrossRef]

30. Lee, S.-H.; Kim, M.J.; Ahn, S.; Koh, B. Purification of Boron Nitride Nanotubes Enhances Biological Application Properties. Int. J.
Mol. Sci. 2020, 21, 1529. [CrossRef]

31. Lim, H.; Suh, B.L.; Kim, M.J.; Yun, H.; Kim, J.; Kim, B.J.; Jang, S.G. High-performance, recyclable ultrafiltration membranes from
P4VP-assisted dispersion of flame-resistive boron nitride nanotubes. J. Membr. Sci. 2018, 551, 172–179. [CrossRef]

32. Zeng, L.; Zhang, Z.; Qiu, W.; Wei, J.; Fang, Z.; Deng, Q.; Guo, W.; Liu, D.; Xie, Z.; Qu, D.; et al. Multifunctional Polypropylene
Separator via Cooperative Modification and Its Application in the Lithium-sulfur Battery. Langmuir 2020, 36, 11147–11153.
[CrossRef]

http://doi.org/10.1016/j.rser.2007.11.002
http://doi.org/10.1002/aenm.201401986
http://doi.org/10.3390/app11167592
http://doi.org/10.1002/adma.202000721
http://doi.org/10.1002/cey2.116
http://doi.org/10.1002/cey2.152
http://doi.org/10.1016/j.cej.2018.04.112
http://doi.org/10.1149/2.1181614jes
http://doi.org/10.1149/2.0111801jes
http://doi.org/10.1021/acs.jpcc.5b08254
http://doi.org/10.1039/C4CP03694H
http://doi.org/10.1002/smtd.201700089
http://doi.org/10.1016/j.ensm.2015.09.008
http://doi.org/10.1002/adma.201601759
http://doi.org/10.1038/ncomms11203
http://doi.org/10.1002/adma.200700179
http://doi.org/10.1039/c0nr00335b
http://www.ncbi.nlm.nih.gov/pubmed/20842308
http://doi.org/10.1021/jp308893s
http://www.ncbi.nlm.nih.gov/pubmed/23350827
http://doi.org/10.1016/j.ensm.2019.03.027
http://doi.org/10.1007/s12274-020-3245-3
http://doi.org/10.1021/acs.nanolett.5b02432
http://doi.org/10.1038/s41598-019-50080-9
http://doi.org/10.1021/acs.jpcc.8b02633
http://doi.org/10.1021/acs.chemmater.8b03785
http://doi.org/10.1016/j.apsusc.2021.149722
http://doi.org/10.3390/ijms21041529
http://doi.org/10.1016/j.memsci.2018.01.030
http://doi.org/10.1021/acs.langmuir.0c02216


Nanomaterials 2022, 12, 11 11 of 11

33. Li, Z.; Zhou, C.; Hua, J.; Hong, X.; Sun, C.; Li, H.-W.; Xu, X.; Mai, L. Engineering Oxygen Vacancies in a Polysulfide-Blocking
Layer with Enhanced Catalytic Ability. Adv. Mater. 2020, 32, 1907444. [CrossRef]

34. Kong, L.; Fu, X.; Fan, X.; Wang, Y.; Qi, S.; Wu, D.; Tian, G.; Zhong, W.-H. A Janus nanofiber-based separator for trapping
polysulfides and facilitating ion-transport in lithium-sulfur batteries. Nanoscale 2019, 11, 18090–18098. [CrossRef]

35. Wang, Y.; He, J.; Zhang, Z.; Liu, Z.; Huang, C.; Jin, Y. Graphdiyne-Modified Polyimide Separator: A Polysulfide-Immobilizing Net
Hinders the Shuttling of Polysulfides in Lithium-sulfur Battery. ACS Appl. Mater. Interfaces 2019, 11, 35738–35745. [CrossRef]

36. He, Y.; Qiao, Y.; Chang, Z.; Cao, X.; Jia, M.; He, P.; Zhou, H. Developing A “Polysulfide-Phobic” Strategy to Restrain Shuttle Effect
in Lithium-sulfur Batteries. Angew. Chem. Int. Ed. 2019, 58, 11774–11778. [CrossRef]

37. Pavlin, N.; Hribernik, S.; Kapun, G.; Talian, S.D.; Njel, C.; Dedryvère, R.; Dominko, R. The Role of Cellulose Based Separator in
Lithium Sulfur Batteries. J. Electrochem. Soc. 2018, 166, A5237–A5243. [CrossRef]

38. Yu, X.; Wu, H.; Koo, J.H.; Manthiram, A. Tailoring the Pore Size of a Polypropylene Separator with a Polymer Having Intrinsic
Nanoporosity for Suppressing the Polysulfide Shuttle in Lithium-sulfur Batteries. Adv. Energy Mater. 2020, 10, 1902872. [CrossRef]

http://doi.org/10.1002/adma.201907444
http://doi.org/10.1039/C9NR04854E
http://doi.org/10.1021/acsami.9b11989
http://doi.org/10.1002/anie.201906055
http://doi.org/10.1149/2.0401903jes
http://doi.org/10.1002/aenm.201902872

	Introduction 
	Materials and Methods 
	Materials 
	Purification of BNNTs 
	Fabrication of BNNT (or p-BNNT) Loaded Separator 
	Cell Assembly 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

