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ABSTRACT: Li—S batteries are heavily researched as they are capable of
meeting the demands of electrification of transport systems, provided their
inherent polysulfide shuttling can be prevented to enhance the cycle life.
Although several approaches have been made to mitigate the shuttling
effect, success is limited due to the poor adsorption capability of
polysulfides on the cathode surface. Herein, we propose an efficient
approach of using two-dimensional materials with permanent dipoles in
the separator to inhibit mass transport of polysulfides from cathode and
subsequent parasitic reactions on the metallic lithium anode. Two-
compartment H-cell experiments coupled with spectroscopic studies, such
as ultraviolet—visible absorption, nuclear magnetic resonance spectrosco-
py, and Fourier transform infrared spectroscopy, are used to demonstrate
the interactions between the two-dimensional materials-modified separa-
tor and polysulfide species. Furthermore, electrochemical properties reveal
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the excellent specific capacity of 1210 mAh g' and self-discharge studies suggest the feasibility of modified separator for

commercial applications.

Bl INTRODUCTION

Li-ion batteries are the forefront power sources in portable
electronics and are now the central focus for meeting
applications from electric vehicles to space shuttles, to alleviate
global warming issues. However, the capability of energy
storage is still a major concern due to limited room for
developments in conventional lithium-intercalated electrode
materials."” Beyond the limitations of Li-ion batteries toward
efficient energy storage, the lithium—sulfur (Li—S) system
shows promise of unraveling the most pressing issues of high
energy density and low cost for electric-based transportation.””
This is mainly attributed to the high theoretical capacity, wide
range of operating temperature, low cost, and eco-friendliness
of sulfur-based cathodes. However, practical applications of Li—
S batteries are still hindered due to short cycle life, poor
Coulombic efficiency, poisoning of Li anode, and self-
discharge.” These performance limitations originate from the
insulating nature of sulfur, shuttling effect of dissolved lithium
polysulfide (LiPS) species, and their parasitic reactions with the
highly reactive negative electrode.’™® Furthermore, dissolved
LiPS diftuses into the separator as electrostatic attraction
dominates between charged polysulfide species and metallic
lithium.”” Loss of electroactive species then continues with
cycling owing to the chemical potential difference, and the
concentration gradient leads to mass transport in the
electrolyte.

Although remarkable achievements have been realized on the
cathode framework by constructing mesoporous carbon—sulfur
composites, cycle life and self-discharge on long run are still
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major concerns for practical applications.'”™"* Such deplorable
performance is mainly linked to the LiPS shuttling effect, which
is inevitable due to poor adsorption of polysulfides on the
sulfiphobic carbon surfaces."*™"” In this regard, various
electrode materials and additives with polarity that interact
strongly with dissolved polysulfides have been studied,
including polymers,"® metal oxides,"” and metal sulfides.'”*
Recently, an electrocatalysis approach to enhance the sluggish
kinetics of LiPS conversions has gained importance as it is
capable of providing both facile charge transfer and
adsorption.”’ 7*° Nevertheless, electrode structure with the
sophistication of pore volume and polarity improves battery
performance by minimizing polysulfide shuttling, but the
complete prevention is unlikely. On the other hand,
introducing “interlayers” between the cathode and separator
is an effective strategy to block the PS diffusion toward the
anode. Additionally, several materials have been subjected, from
simple carbon paper to modified graphene structures with
tuning of their conductivity, porosity, and functional
groups.”” >’ However, these structures involve a tedious
process to be fabricated as freestanding films, and parasitic
reactions with polysulfide species in the separator/interlayer
pores due to their conductive nature pose a serious challenge.
Moreover, the side reactions of highly active polysulfides and
their radical anions with functional groups of carbons and
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Figure 1. Exfoliation of hexagonal boron nitride and visualization of BN nanosheets-intervened separator for LiPS: (a) TEM image of exfoliated
boron nitride nanosheets and (b) cross-sectional SEM image of BN-modified separator. Schematic representations and experimental observation of
lithium polysulfides at complete discharged state: (c, d) diffusion through conventional separator and (e, f) stoppage at BN-modified separator via

Lewis acid—base interactions.

polymers may lead to performance degradation of the cell.
Hence, we hypothesize that the most appropriate solution is to
have a multifunctional separator with nonconductive materials
and at the same time with strong dipoles to inhibit polysulfide
travel toward the anode by adsorbing them strongly.

Herein, separator modification with two-dimensional materi-
als that effectively bind ionic species involved in the system via
Lewis acid—base interactions, attracts attention for long-cycling
and high-energy-density Li—S batteries. Among various
available two-dimensional materials, boron nitride (BN)
nanosheets exhibit favorable properties as a separator because
it is an insulator, chemically and electrochemically more
stable.’>*' More importantly, it has a unique character
composed of mixed sp*hybridized Lewis acid (boron atoms)
and Lewis base (nitrogen atoms), leading to facile bonding with
polysulfide species. Boron atoms in BN have high tendency to
accept electron pairs from the anion molecules, and a lone pair
of electron on nitrogen is capable of attracting the positive end
of the polysulfide species (lithium). Together, this leads to an
efficient complex formation under an electric field, which
mitigates soluble polysulfide diffusion across the separator
membrane. Herein, we investigate the interactions between the
BN nanosheet-modified separator and polysulfide species in the
Li-polysulfide configuration using spectroscopic studies to
thereby enhance the electrochemical performance.

B EXPERIMENTAL METHODS

Fabrication of BN Nanosheets-Modified Separator. To
construct a modified separator, boron nitride nanosheets were
prepared by a previously reported method with slight
modification.”> Here, ultrasonication-assisted liquid-phase
exfoliation of hexagonal boron nitride (h-BN, Sigma-Aldrich,
2 um) was carried out with a sonic probe instrument. Using
sodium cholate hydrate (C,4H;NaOgxH,0, Sigma-Aldrich,
99%) as a surfactant material in an aqueous medium with a
ratio of 1:5, we sonicated for about 24 h with a time interval of
10 min every 2 h. The homogeneous dispersion obtained was
centrifuged at 2000 rpm for about 90 min to segregate the
exfoliated BN nanosheets from the residual bulk. Then,

supernatant liquid, which contains BN nanosheets, was drawn
off from the solution in a centrifuged tube and used for further
experiments. That solution was filtered through a conventional
polymer separator (Celgard) and dried for 12 h at 120 °C
under vacuum. The amount of uniformly deposited BN
nanosheets were calculated per area of the polymer film by
adjusting the concentration of BN in solution. Such modified
films with different amounts of BN nanosheets were used as a
separator in comparison to a bare polymer film.

Preparation of Lithium Polysulfides (Li,S, and Li,Sg).
In the present study, an active material of sulfur was used in the
form of catholyte solutions with the general lithium polysulfides
formula of Li,Sg or Li,S, in tetraethylene glycol dimethyl ether
(TEGDME) solvent. This solution was prepared from
stoichiometric amounts of Li,S and S to form the desired
molar ratio of LiPS in TEGDME with effective stirring at 90 °C
for 12 h. The catholyte solution (Li,Sg) used for the
electrochemical studies was 10 uL of 600 mM per cell, which
corresponds to 1.52 mg g, per cm > of the electrode.

Cell Fabrication. The standard 2032-coin cells were
assembled to examine the electrochemical performance of BN
nanosheets-modified separator in conventional Li-polysulfides
battery configuration. Gas diffusion layer paper was used as the
positive electrode with circular cut disks of diameter 12.7 mm.
An active material containing catholyte (Li,Sg) with a molar
concentration of 600 mM was used along with an electrolyte
composition of 1 M lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) and 0.5 M lithium nitrate (LiNO;) in TEGDME.

Materials Characterization. The morphologies of the BN
nanosheets and modified separator were characterized by field
emission scanning electron microscopy (FE-SEM, JEOL JSM-
7600) and transmission electron microscopy (JEOL 2010
TEM, LaB, Filament Gun). Chemical interactions between BN
nanosheets and dissolved polysulfides were revealed by Fourier
transform infrared (FTIR, Varian/Digilab Excalibur 3100) and
nuclear magnetic resonance (NMR) spectroscopies (Varian
Mercury-400 MHz magnetic field). Electrochemical character-
izations were carried out in the potential range of 3.0—-1.5 V
using ARBIN cycle life tester.

DOI: 10.1021/acs.jpcc.8b02633
J. Phys. Chem. C 2018, 122, 1076510772


http://dx.doi.org/10.1021/acs.jpcc.8b02633
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.8b02633&iName=master.img-001.jpg&w=425&h=202

The Journal of Physical Chemistry C

1.2 4
1.0+
; Commercial Separator
. 0.8
-]
£
= 0.6
£
0.4 4
8 BN coated separator
=]
«

] AML.%
0.0

v T v T v T T
200 400 600 800 1000

Wavelength, nm

BN-LijSg

(B-N) BN

n

Transmittance, a.u

TEGDME

T 1 T " T v T o T 3 T g T b T .
450 600 750 900 1050 1200 1350 1500

Wavenumber (cm” 1 )

Figure 2. Spectroscopic analysis of lithium polysulfides interactions with BN nanosheets-intervened separator: (a) UV absorption spectra of lithium
polysulfides with and without BN modification on separator and (b) FTIR spectra of BN nanosheets and their interactions with lithium polysulfides.

B RESULTS AND DISCUSSION

Lithium Polysulfide Interactions with BN Nanosheets-
Intervened Separator. Borrowed from the successful
exfoliation process for graphene, boron nitride nanosheets
were obtained by liquid-phase exfoliation using sonication,
which is widely accepted as a feasible method to produce large-
scale nanosheets of two-dimensional materials.”> > In a
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Figure 3. Li’ NMR studies of various lithium polysulfide species with
and without polar-natured BN nanosheets.
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controlled experiment, the energy from the sound waves is
effective to overcome the weak forces of attraction between the
interlayers of h-BN to produce nanosheets. Using sodium
cholate hydrate as the surfactant-disintegrated and stabilized
exfoliated nanosheets in a liquid medium, the ratio of BN to
surfactant was carefully selected as it predominantly defines the
quality of nanosheets. The exfoliated BN nanosheets were
collected through repeated centrifugation, which separates out
the nanosheets of h-BN from the unexfoliated counterpart.
These nanosheets containing solution were washed thoroughly
to remove surfactant and vacuum-dried overnight and then
subsequently subjected for scanning and transmission electron
microscopy (SEM and TEM) studies as shown in the
Supporting Information (Figures S1 and S2). Further, TEM
images (Figure la) revealed a significant disintegration and
presence of BN nanosheets, which indicated a successful
exfoliation in aqueous solution. The exfoliated nanoflakes were
observed to have extensive wrinkling of the edges, as expected
from sonication energy generated by sound waves. Like
graphene exfoliation by sonication, BN exfoliation resulted in
planar objects with small lateral size well below 100 nm, which
is suitable to decorate polymer membranes. Hence, modified
separator was prepared using a filtration process, wherein
Celgard acts as a filter membrane for the solution-BN-
contained nanosheets. Prior to use as a separator for the
construction of Li—S cells, modified separator was dried under
vacuum at 120 °C and were recorded cross-sectional images, as
displayed in Figure 1b. The polymer membrane was covered
uniformly with a loading of 1 mg cm™ and a thickness of 30
pm.
The interactions of lithium polysulfides and BN nanosheets-
modified separator in comparison to pristine separator are
schematically shown in Figure lce. A transparent two-
compartment H-cell was used to visualize the effect of the
BN-modified separator on the stoppage of polysulfides reaching
the anode compartment, as shown in Figure 1d,f. The H-cell
was constructed using sulfur-impregnated carbon paper, which
acts as the working electrode, and metallic lithium, which acts
as the counter and reference electrode. During discharge, the
liberated Li ions at the anode traveled through the separator to
react with sulfur (cathode) to form and simultaneously detach
soluble forms of LiPS out of the cathode matrix. In the case of
the conventional separator, these intermediate polysulfides tend
to pass through to reach the metallic lithium anode, in which
parasitic reactions occur and eventually poison the surface for
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Figure 4. Optimization of BN nanosheets concentration on separator for Li-polysulfide cells. Voltage vs specific capacity profiles at 0.1C rate: (a)
2nd cycle and (b) 70th cycle. (c) Galvanostatic performance of different BN concentrations on separator in Li-polysulfide cells.

subsequent electrochemical reactions (Figure S3, Supporting
Information).

Spectroscopic Analysis of Lithium Polysulfides Inter-
actions with BN Nanosheets. The polysulfide species that
cross over the separator were detected by UV absorption study
as it exhibited a strong absorption peak at 380 nm, shown in
Figure 2a. On the other hand, BN nanosheets-modified
separator effectively blocked polysulfides by adsorbing them,
as evident from the color-free anode compartment, even at
deep discharge (Figure 1f). Hence, the lithium anode surface
was free from polysulfide poisoning and expected to lead for
long cycling with modified separator.

Further, the modified separator at the discharged state was
subjected to Fourier transform infrared (FTIR) and Li’ nuclear
magnetic resonance (NMR) spectroscopy studies to under-
stand the interactions between the BN nanosheets and lithium
polysulfide species. In FTIR spectra, LiPS showed its
characteristic S—S bending vibration at the fingerprint region
at 530 cm™". Similarly, BN exhibited distinctive peaks at 1349
and 845 cm™!, attributing to the in-plane and out-of-plane
bending vibrations of sp’-bonded B—N and B—N-B,
respectively. On the other hand, BN—Li,Sg samples exhibited
a blueshift in polysulfide S—S bending vibrational wavenumbers
(538 cm™") along with BN peaks (Figure 2b). This feature was
ascribed to the interaction between the electron-rich LiPS
anions and available vacant p-orbital present in boron. The
empty orbital in boron made its strong Lewis acid accept the
electron pair from the polysulfide species, which acted as a soft
Lewis base to donate the electron pair. Such Lewis acid—base
interactions substantially prevented the polysulfides to cross
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over the separator and thereby have a potential to enhance the
stability of the Li—S system.

Moreover, Li’ NMR studies revealed the nature of
interactions between the lithium of various polysulfides and
boron nitride nanosheets of separator (Figure 3). The as-
prepared LiPS, viz., Li,Sg, Li,S¢, or Li,S,, exhibits narrow-line
signals of Li” NMR with a very close chemical shift value (ca.
—0.14 ppm), indicating that all of the polysulfides had similar
nuclei environments, which was consistent with previous
reports.36 Conversely, LiPS in conjunction with BN nanosheets
showed downfield chemical shift (increased parts per million)
and significant increment of line width value. In particular, BN-
induced Li,S, showed major changes in NMR parameters
among other LiPS. According to an ab initio computational
study,37 binding energies are —0.52 eV for Li,S,, —0.82 eV for
Li)Ss, and —1.00 eV for Li,Sg with respect to a particular
material. Similarly, Li,S, may lead to strong adsorption on
boron nitride nanosheets and thus reflect in chemical shift in
NMR study. As these short-chain polysulfides were responsible
for crossing over the separator, trapping such species on BN
nanosheets is expected to improve the stability of Li-
polysulfides battery. In general, downfield shift was ascribed
to the weakness of nucleus electron density with neighboring
atoms, and line width denoted the interaction between the
surrounding molecules. It is important to note that Lewis acid
characteristics of BN effectively accept the electrons from LiPS
molecules, which lead to the adsorbing/capturing of soluble
polysulfides resulting in a downfield shift. Hence, spectroscopy
data clearly revealed that the BN nanosheets effectively
captured the dissolved LiPS via Lewis acid—base interactions.
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Electrochemical Properties. Electrochemical compatibil-
ities of BN nanosheets-modified separator and its unmodified
counterpart were evaluated by assembling standard 2032-coin
cells. The cells consisted of the gas diffusion layer on carbon
paper as working electrode vs metallic lithium foil as counter/
reference electrode and Celgard membrane or modified
Celgard with BN nanosheets as separator. The electroactive
species of sulfur was in the form of LiPS (0.6 M of Li,S;) in
TEGDME solution containing 1 M lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) and 0.5 M lithium
nitrate (LiNOj;). Electrochemical properties with and without
BN nanosheets on separator were measured using 10 uL of
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Li,Sg (1.52 mg cm™?) at different current rates in a potential
window of 3.0—1.5 V.

Prior to testing the modified separator for extended cycling,
the quantity of BN nanosheets in a given footprint area (per
cm?) of conventional separator was optimized for effective
adsorption of LiPS by conducting systematic electrochemical
experiments in Li-polysulfides cell configuration. Figure 4
shows the electrochemical performance of Li-polysulfide cells
containing modified separator with different concentrations of
BN nanosheets. For all of the studied concentrations, typical
voltage vs capacity plateaus corresponding to LiPS redox
reactions were observed, and their reversibility with cycling was
the first indication of separator behavior without short circuit of
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the cell (Figure 4ab). It is important to note that ultralow
concentration of BN nanosheets on polymer membrane may
not be effective to adsorb all of the dissolution polysulfide
species. On the other hand, excess concentration of BN with
their insulated nature may result in increased internal resistance
of the cell. Therefore, optimized concentration and thickness of
BN nanosheets are crucial to obtain desirable features of
polysulfides adsorption and hence avoid polysulfides reaching
the metallic lithium anode. On careful observation of
polarization (the difference between discharge and charge
plateau potentials), it was concluded that the BN concentration
of 1 mg cm™® was optimum with minimal polarization even
after 70 charge—discharge cycles. Such behavior was an
indication of the suitability of newly modified separator for
long cycling of Li—S battery (Figure 4c). On the basis of stable
results, subsequent studies revealed the nature of interactions
and extended cycling tests were carried out with 1 mg of BN
nanosheets-contained separator.

Figure Sa shows galvanostatic cycling performance of
exfoliated BN-modified separator in comparison to a bare
separator for 70 cycles at 0.1C rate. This study reveals a specific
capacity as high as 1210 mAh g™ with the excellent Coulombic
efficiency of ~99.1%. Although capacity values are similar for
initial cycles, drastic changes were observed as cycling process
progresses, for instance, from 10 to 70 cycles, capacity fade was
minimal with modified separator, whereas gradual fade was
observed with a bare separator. At the end of the 70th cycle, the
cell with the modified separator delivered a capacity of 1121
mAh g™ and the cell with the conventional separator displayed
a low capacity of 778 mAh g™ due to irreversible mass
transport from the cathode. At 0.2C rate, distinct voltage vs
capacity plateaus were observed due to well-defined LiPS redox
reactions upon a number of cycles (Figure Sb). Such plateaus
were attributed to the conversion of long-chain LiPS to
medium (Li,S,, 6 < x > 8) at 2.4 V and subsequent conversion
to short-chain LiPS at 2.0 V. Noteworthy to mention that there
was stability in polarization even after several cycles, confirming
the suitability of newly identified BN nanosheets-modified
separator for long cycling of Li-polysulfide battery. Further-
more, owing to large surface area and polarity, exfoliated BN
nanosheets were effective in controlling the polysulfide
shuttling, enhancing the cycle life as demonstrated in Figure
Sc. As expected, Li-polysulfide cell with modified separator
exhibited a stable specific capacity of about 810 mAh g™
(Figure Sc) with 83% of capacity retention for 300 cycles.
Fluctuation in cell capacity values was observed, which can be
originated from the changes in carbon surface area and
variations in electrode resistance during cycling . These effects
induce the changes in the reactivity of polysulfides with lithium
ion, which leads to the variation in sulfur utilization during
cycling. In addition, surface area changes lead to irregular
plating of discharge (Li,S/Li,S,)—charge (Sg) products in each
cycle, thus resulting in variations in the cathode surface
resistance and fluctuation in capacity values.

Self-Discharge Studies. Self-discharge deteriorates the
battery with age, and cycling and Li—S chemistry are likely to
exhibit high self-discharge as their negatively charged
intermediate species tend to move away from cathode due to
electrostatic attraction forces from metallic lithium.**~* To
understand the effect of modified separator, especially with
cycling, self-discharge studies were performed in between cycles
at Sth, 20th, and 40th cycles, as shown in Figure 6a. It was
observed that the capacity drastically faded with intermediate

self-discharges for the conventional separator, whereas stable
specific capacity over the cycling was observed with modified
separator. Figure 6b evidences the poor self-discharge in bare
separator as voltage decays drastically after 12 h. On the other
hand, modified separator-contained cell exhibits stability with
negligible loss from an open-circuit voltage of 2.49 V; such
retention behavior for 24 h was attributed to controlled
polysulfide shuttle using polar-natured BN nanosheets.

B CONCLUSIONS

In summary, we demonstrated significant improvement in
electrochemical performance using BN nanosheets-modified
separator. It was anticipated that the high surface area with
polar-natured separator induced strong adsorption of poly-
sulfides without crossing over to reach metallic lithium. Visual
observations with two-compartment H-cell and spectroscopic
studies reveal the interactions between BN nanosheets and
polysulfide species under electrochemical cycling. From the
detailed electrochemical studies, a high specific capacity of 1210
mAh g™' at 0.1C rate with excellent capacity retention over the
number of cycles was realized. More importantly, the rate of
self-discharge was almost negligible (<1%) for a fully charged
cell with modified separator in 24 h, whereas bare separator-
based cell exhibited a high self-discharge of >4%. On the basis
of intriguing results, we conclude that ultimate commercializa-
tion of Li—S cells lies in stabilizing polysulfide shuttles and
protecting metallic lithium from polysulfide poisoning. Hence,
designing a compatible and robust separator to achieve
stoppage of polysulfides and keeping them intact with cathode
matrix could lead to long cycling with minimal self-discharge.
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