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anism between a functionalized
protective layer and dissolved polysulfide for
extended cycle life of lithium sulfur batteries

Wook Ahn,*a Sung Nam Lim,b Dong Un Lee,a Kwang-Bum Kim,c Zhongwei Chena

and Sun-Hwa Yeon*d

To improve the cycle life of Li–S rechargeable batteries, chemically dispersed nanocarbon materials are

usually employed as adsorbents and conductive matrices for cathodic nano-sized sulfur materials.

Herein, a new assembly for Li–S cells is developed by introducing a montmorillonite (MMT) ceramic

protective film to form an ion selective separator. The effect of the MMT-coated separator and the

reaction mechanism between MMT and polysulfides are characterized via Raman and zeta potential

analyses. The utilization of the MMT coated separator enables the minimization of the shuttle effect by

preventing the diffusion of polysulfide. The best discharge capacity and cycle life are obtained with the

MMT coated separator in a sulfur–MWCNT composite cathode, resulting in a discharge capacity of

1382 mA h g�1 at a current density of 100 mA g�1 and 924 mA h g�1 after 200 cycles. The Li–S cell

using the nano-sized sulfur–MWCNT composite and the MMT-coated separator shows significantly

excellent electrochemical performance.
Introduction

In recent years, there has been a great demand for lithium
rechargeable batteries with high theoretical power outputs
and energy densities due to the development of high perfor-
mance electric vehicles (EVs) and portable electric devices.1–3

At present, among the commercially available rechargeable
lithium-based batteries, lithium-ion batteries (LIBs) normally
generate specic energies in the range of 100 to 200 W h kg�1.4

Even though the cathode materials used in LIBs produce
relatively low specic capacities, they are still in demand for
high power and high energy density applications. To meet the
requirements of both high power and high energy applica-
tions, a breakthrough in lithium based rechargeable batteries
is much needed. In this regard, lithium–sulfur batteries have
gained particular interest due to their high theoretical capacity
(1675 mA h g�1) and energy density (2600 W h kg�1). Addi-
tionally, lithium–sulfur batteries properly operate even at very
low temperatures, again ideal for EV and portable electronic
applications.5 Furthermore, sulfur is a relatively much cheaper
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material than intercalation materials, which makes lithium–

sulfur batteries extremely cost effective. However, lithium–

sulfur batteries still suffer from capacity diminution with
advancing cycles and a low electronic conductivity of sulfur
itself.6,7 The capacity fading with advancing cycles results from
the formation of highly soluble lithium polysulde interme-
diates in non-aqueous electrolytes during the cycling process.
For this battery system, the most signicant solution is pre-
venting the diffusion of lithium polysuldes.8–10 Almost all
published studies on lithium–sulfur batteries have focused on
solving these problems in respect of the electrode material,
membrane, and electrolyte. In order to improve the capacity
and prevent the dissolution of lithium polysuldes, carbon-
based sulfur composites obtained through various fabrication
routes have previously been utilized as cathode materials,
such as, the sulfur-impregnated carbon nanotubes or sulfur
nanoller composites constrained in a porous carbon frame-
work.6,7,11–14 Also, in our previous work, a chemically dispersed
sulfur–MWCNT composite as a cathode material was synthe-
sized via a simple direct precipitation route.15,16 In another
respect, various membrane treatments using some coating
processes on a separator have been utilized to enhance the
cyclability. The use of a coating prepared by phase inversion
using montmorillonite (MMT) has been well known as a good
method for improving the physical and electrochemical
stability of LIBs, and its high thermal and mechanical prop-
erties help to eliminate short-circuit issues caused by dendritic
growth of lithium on the electrode surface.17–21 In general,
well-dispersed clay particles in a polymeric matrix can improve
J. Mater. Chem. A, 2015, 3, 9461–9467 | 9461
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Fig. 1 Schematic configuration of the preparation procedure of the MMT coated separator (a), theoretical mechanism of the Li–S cell using the
MMT coated separator (b) and the electrochemical cell for Raman analysis (c).
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the thermal and mechanical properties of lms,22 and hydro-
philic MMT can provide enhanced wettability in liquid elec-
trolytes.23 However, to the best of our knowledge, the MMT
coating has never been implemented in a Li–S battery system
as a protective layer for preventing the diffusion of lithium
polysuldes. In this work, we have demonstrated excellent
electrochemical properties, for the rst time, by using a MMT
coated protective PP layer as an effective separator for pre-
venting the dissolution of lithium polysuldes in a Li–S battery
system. Simultaneously, the sulfur–MWCNT composite has
been used as the cathode15,16 and investigated by Raman
spectroscopy to examine the behavior of lithium polysulde
within the lithium sulfur cell during the charge–discharge
processes. The manufacturing process of the MMT coated
separator and electrochemical cell for Raman study is pre-
sented in Fig. 1.
Experimental section
Preparation of the sulfur–MWCNT composite and MMT
coated separator

The synthesis of the sulfur–MWCNT composite and the
manufacturing procedure of the MMT coated separator are
presented in Fig. 1. The detailed preparation of the sulfur–
MWCNT composite using the direct precipitation method has
been described previously in the “Direct precipitation
method”.16 In order to synthesize the sulfur–MWCNT
9462 | J. Mater. Chem. A, 2015, 3, 9461–9467
composite, MWCNTs were dispersed in a 0.1 mol Na2S2O3

solution with vigorous mixing. Then the solution was sonicated
for 2 h, aer which a 0.1 mol H2SO4 solution was added drop-
wise into this solution at a rate of 10 mL min�1. In order to
adjust the amount of precipitated sulfur (3.88 g) in the
composite, the amount of MWCNTs added to the solution was
0.97 g producing a weight ratio (sulfur : MWCNTs) of approxi-
mately 80 : 20 in the nal composite.

The preparation of the MMT (montmorillonite: Sigma-
Aldrich, K 10) coated separator was conducted using a simple
casting process and phase inversion of the MMT clay using
distilled water. The procedure is as follows: 1.5 g PVdF-HFP
co-polymer (Kynar 2801) was used as a binder in a mixed
solution of 7 g N-methyl propylene and 5 g of acetone, using a
paste mixer. Then 1.5 g of MMT powder was gradually added
into the solution, and stirred using a planetary mixer for 4
hours at room temperature. Aer vigorous mixing, the
mixture was coated on a separator (Celgard 3501) to 25 mm
thickness using a bar-coater. The coated separator was then
dried at room temperature for 1 hour. In order to conduct the
phase inversion of the MMT clay, it was exposed to steam
from boiling distilled water for 10 minutes. Aer the
phase inversion, the MMT-coated separator was dried in an
oven at 60 �C for 24 hours under vacuum. The nal loading
of the MMT-copolymer protective layer on the PP separator
was 1.65 mg cm�2 (MMT: 0.825 mg cm�2, PVdF-co-HFP:
0.825 mg cm�2).
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 XRD pattern (a) and TGA results (b) of the sulfur–MWCNT
composite.
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Characterization: physical and electrochemical properties

To conrm the amount of sulfur content in the sulfur–MWCNT
composite, thermogravimetric analysis (TGA/SDTA851e-MET-
TLER) was performed across a temperature range of 25–600 �C
at a 5 �Cmin�1 heating rate in air. For the structural analysis, X-
ray diffraction of the phases was carried out using a HPC-2500
XRD (Gogaku) with Cu Ka radiation (l ¼ 1.5405 Å) in the 2q
range of 10–80� with 0.02� intervals, at a 2� min�1 scanning rate.
The morphology of the synthesized sulfur–MWCNT composite
and the MMT-coated separator was analyzed using a scanning
electron microscope (SEM; S4700, Hitachi). In order to quantify
the lithium polysulde in the electrolyte and on the side of the
cathode, Raman spectrometry (DXR Raman Microscope,
Thermo Fisher Scientic) with a frequency diode laser at 532
nm was used. The electrochemical cell for Raman analysis was
evaluated and the schematic diagram is presented in Fig. 1.
Aer manufacturing an electrolyte test cell, the charge–
discharge across 5 cycles was examined. In order to verify the
driving force between MMT and polysulde, the zeta potential
(ELS-8000, Otasuka Electronics Co.) of MMT was measured.

For electrochemical testing, the cathode electrodes were
prepared by mixing 20 wt% PVdF-HFP co-polymer (Kynar 2801)
as a binder and 80 wt% of the sulfur–MWCNT composite in N-
methyl-2-pyrrolidone (NMP), then this slurry was mixed using a
planetary mixer with a zirconia ball for 3 h to achieve a uniform
mix. This slurry was then coated on Al foil (20 mm) to 60 mm
thickness using a doctor blade to form the cathode. The elec-
trode was pressed using a twin roller and dried at 70 �C under a
vacuum. The nal thickness of the cathode material on the Al
foil was 50 mm, and the sulfur loading was 0.7 mg cm�2. CR2032
coin-type cells were assembled using 1.0 M LiCF3SO3 and 0.2 M
LiNO3 in a mixture of tetra(ethylene glycol)dimethyl ether
(TEGDME)–1,3-dioxolane (DOL) (50 : 50 vol%) as an electrolyte.
Lithium foil was used as the counter electrode. The electrode
had a size of 14Ø and 80 mL of the electrolyte was injected. Both
an uncoated and a MMT-coated separator were used as sepa-
rators in the test cells. In order to verify the inuence of the
MMT-coated separator, the side coated with MMT was placed
facing the cathode. The entire procedure for the coin cell
assembly was performed in an argon (Ar) lled glove box.
Fabricated coin cells were aged for 2 h at room temperature in
an oven. Then the charge and discharge cycles were carried out
(MACCOR 4000 SERIES) at a current density of 100 mA g�1

(based on sulfur) within a voltage range between 1.6 and 2.8 V at
room temperature.
Results and discussion

Fig. 2(a) presents the XRD pattern of the sulfur–MWCNT
composite, and all the measured peak positions correspond to
the sulfur octatomic molecules with S8 which is highly poly-
morphic and forms an orthorhombic phase (a-S8) with the
space group Fddd (JCPDS 83-2283). Also, there are no peaks
related to impurities except for the slightly broadened XRD peak
around ca. 26� due to the well-dispersed MWCNTs, indicative of
homogeneity of the composite obtained by the direct
This journal is © The Royal Society of Chemistry 2015
precipitation method. Fig. 2(b) shows the TGA-DTA results of
the mixed precursor powder from 25 �C to 600 �C under a
nitrogen atmosphere. There is only one weight loss stage
apparent in the TGA curve. The abrupt weight loss in the 25 �C–
350 �C temperature range reects the sulfur decomposition and
the weight loss is approximately 75 wt%, in accordance with our
previous work.16

Fig. 3(a) shows the SEM image of synthesized sulfur–
MWCNTs. It is apparent in Fig. 3(a) that the MWCNTs and the
precipitated sulfur are intertwined, implying that the precipi-
tated sulfur is dispersed uniformly. The MWCNT uniformity in
the composite is shown by EDS maps presented in Fig. 3(b) and
(c), with the bright spots indicating the presence of carbon and
sulfur elements, respectively. The EDS mapping results
demonstrate that sulfur is well distributed throughout the
entire surface of MWCNTs through the direct precipitation
method.

Fig. 4(a) and (d) show the SEM images of the as-received PP
separator and MMT-coated separator before the electro-
chemical test, respectively. From Fig. 4(d), it is clear that the
MMT particles are well dispersed on the separator surface with
excellent uniformity. The used cathode-side and anode-side of
the as-received separator aer electrochemical tests are
J. Mater. Chem. A, 2015, 3, 9461–9467 | 9463
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Fig. 3 SEM image (a) and EDS mapping results ((b) carbon, (c) sulfur)
obtained from the sulfur–MWCNT composite.

Fig. 4 SEM images of the as-received separator: before the electro-
chemical test (a), front side (b) and back side (c) after the test; MMT-
coated separator: before the electrochemical test (d), front side (e) and
back side (f) after the cell test.

Fig. 5 The colour change comparison of the catholyte and the ano-
lyte employing the as-received separator and MMT-coated separator.
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presented in Fig. 4(b) and (c) and those of the MMT coated
separator are shown in Fig. 4(e) and (f), respectively. It could be
veried that the dissolved polysulde is covered on the surface
of the cathode-side of the two separators (Fig. 4(b) and (e)).
9464 | J. Mater. Chem. A, 2015, 3, 9461–9467
However very interestingly, the anode-side (Fig. 4(c)) of the as-
received separator is also covered with the diffused polysulde,
whereas that of the MMT-coated separator (Fig. 4(f)) is still
pristine and the pores for lithium ion transportation are sus-
tained. Therefore, SEM observation strongly suggests that a
simple MMT coating is extremely effective in preventing the
diffusion of polysulde through the separator. When sulfur
molecules react with lithium ions, they become soluble lithium
polysuldes (when using organic electrolytes) which cause the
problem of rapid capacity decay in lithium sulfur batteries.24–26

When this occurs, the color of the organic electrolyte changes
from white to brown or dark brown. It is known that the dis-
solved lithium polysuldes in the electrolyte lead to the shuttle
mechanism.6–8 Once the lithium polysulde is dissolved, it can
easily diffuse to the anode side, suppressing the reduction of
lithium ions to lithiummetal. This irregular reaction leads to an
innite charge and decreases the capacity.26,27 The MMT coated
layer on the separator prevents the diffusion of polysulde
anions through the separator, restricting the shuttle mecha-
nism. In order to evaluate the protecting function, both the
MMT-coated and the as-received separators (Celgard 3501) are
compared aer electrochemical testing. Fig. 5 shows the color
comparison for the catholyte and the anolyte aer using the two
separators. The tested cell for the separation of the electrolyte
aer testing has been prepared as shown in Fig. 1(c). In the case
of the as-received separator, the catholyte and anolyte on both
sides of the electrode changed to a thin dark brown color.
However, while the anolyte of the MMT-coated separator
remained unchanged, the catholyte of that was changed to
heavy dark brown. This is clear visual evidence that the MMT-
coating layer prevents lithium polysulde diffusion to the
anode.

Fig. 6(a)–(c) show the optical microscopy images of the MMT
coated separator prior to testing (a) and the cathode side (b) and
anode side (c) aer testing. The surface of the cathode side (b)
aer cycling shows the accumulated lithium polysulde. Also, it
appears that the surface colour of the anode side has changed to
silver, resulting from the lithium suldes accumulated on the
surface and/or in the separator pores. The optical microscopy
images of the as-received separator before (d) and aer testing
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Optical images of the MMT coated separator ((a) prior to
testing, (b) cathode side after testing, (c) anode side after testing); and
the as-received separator ((d) prior to testing, (e) cathode side after
testing, (f) anode side after testing).

Fig. 7 Raman study results for the electrolyte using (a) the PP sepa-
rator before the electrochemical test and after the test; (b) MMT-
coated separator before the electrochemical test and after the test.
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(e) and (f) are presented in Fig. 6, respectively. The surfaces of
both sides of the PP separator have changed to a partially
stained color, indicating that the dissolved lithium polysulde
has diffused to the anode side. From these microscopy images
and the color changes observed in Fig. 5, it is evident that the
dissolved lithium polysulde is accumulated only on the MMT-
coated cathode side during the electrochemical reduction and
oxidation cycles, preventing polysulde diffusion to the anode
side thereby suppressing the shuttle mechanism caused by
lithium polysulde formation.

To further investigate the effectiveness of the MMT coated
separator, Raman spectroscopy has been utilized to study
various battery components. Fig. 7(a) and (b) show comparative
Raman analyses of the catholyte and the anolyte before and
aer testing of the electrochemical cell (Fig. 1(c)) containing the
as-received separator (Fig. 7(a)) and MMT-coated separator
(Fig. 7(b)), respectively. The electrolyte prior to testing shows
pronounced peaks at 314, 348, 759, 942, 1043, 1231, 1477, 2765,
2891 and 2955 cm�1. The intensity of these peaks decreased for
both sides of the as-received separator aer testing. Aer
testing, broad peaks, representative of lithium polysulde,
appeared at approximately 2200 and 2800 cm�1. The strong
peaks at 2765, 2891 and 2955 cm�1 observed in the electrolyte
before the testing disappeared aer that. For the MMT-coated
separator sample (in Fig. 7(b)), while the strong peaks at 2765,
2891 and 2955 cm�1 in the catholyte have also disappeared, the
broad weak peaks of lithium polysulde (2436 and 2552 cm�1)
are revealed. However, the electrolyte on the anode side of the
MMT-coated separator aer the cell test remains unchanged,
further making the MMT coated layer suppress the lithium
polysulde diffusion to the anode side.

Fig. 8 presents the Raman spectra obtained from pure sulfur,
the sulfur–MWCNT composite and Li2S (theoretically the
material le aer full discharge). The pristine sulfur shows
strong Raman modes of sulfur at 151, 217 and 471 cm�1. The
Raman spectra of the synthesized sulfur–MWCNT composite
show the same Raman modes of sulfur as well as the G, D and
This journal is © The Royal Society of Chemistry 2015
2D peaks of MWCNTs. The fully discharged electrode sample
shows strong main peaks of 372 and 481 cm�1 and weak peaks
at 2436 and 2552 cm�1, which correspond to lithium suldes
(strong Raman mode) and lithium polysulde (weak Raman
mode) produced during the Li–S reaction, respectively.28 To
identify the interaction mechanism between MMT and poly-
sulde anions during the charge–discharge process, the zeta
potential is measured using a reference solvent. The zeta potential
results of MMT dispersed in deionized water (DI) and in 2-prop-
anol gave respective values of �96.18 mV and �63.34 mV (Fig. 9),
conrming the driving force between MMT and polysulde
anions, since polysulde exists as an anion in the organic
electrolyte and the MMT is also negatively charged. These
intrinsic characteristics indicate that the repulsive forces
between MMT and polysulde anions interact with each other,
leading to a stable performance. If MMT has a positive charge in
the electrolyte, the dissolved polysulde is adsorbed onto MMT.
J. Mater. Chem. A, 2015, 3, 9461–9467 | 9465
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Fig. 8 Raman study results of materials (sulfur, sulfur–MWCNT
composite and Li2S).

Fig. 9 Zeta potential results of theMMT powder ((a) dispersed in DI, (b)
dispersed in 2-propanol).

Fig. 10 Discharge curves of LiS cells using the MMT-coated separator
(a) and as-received separator (b); comparison of cycle performance
using the as-received separator and MMT-coated separator (c).
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Then, the concentration of polysulde would become lower in
the electrolyte, leading to the additional dissolution of the
active material to adjust the intrinsic solubility of polysulde in
the organic electrolyte. Therefore, the dissolved polysulde is
blocked from diffusing through the separator due to the
repulsive ionic forces, proving the reaction mechanism of the
MMT-coated separator when used as a protective layer. Based
on this result, it is assumed that the bond of highly ordered
lithium polysulde is broken by the repulsive interaction
between the MMT anion and polysulde anion during the
charge process, leading to the reduction of metallic lithium on
9466 | J. Mater. Chem. A, 2015, 3, 9461–9467
the anode. Fig. 10 displays the discharge proles (Fig. 10(a) and
(b)) and cyclability (Fig. 10(c)) determined from the lithium
sulfur cells containing the MMT-coated separator and as-
received separator. The initial discharge capacity was approxi-
mately 1380 mA h g�1 for both cells. However, only aer 10
cycles, the capacity is signicantly diminished for the cell using
the as-received separator. The discharge capacities obtained
from the as-received or MMT-coated separator aer 200 cycles are
476 mA h g�1 and 924 mA h g�1 respectively. During the initial
cycles, the decrease rate for the as-received separator cell is rela-
tively small. However, aer 5 cycles, the test cell with the MMT
coated separator maintains the capacity of about 1000 mA h g�1.
The Coulombic efficiency of the cell using the MMT-coated
separator shows ca. 97% aer 200 cycles. The discharge proles
of all cells show commonly observed two plateaus, at approxi-
mately 2.4 and 2.1 VLi/Li

+. These two plateaus indicate lithium
polysulde formation while the discharge process is advanced.
It is accepted29 that the rst plateau represents the trans-
formation of elemental sulfur to lithium polysulde. From this
result, it is clearly shown that the MMT-coated separator
enhances the electrochemical performance of the cell. The
MMT-coating layer enhances the cyclability by suppressing the
diffusion of lithium polysulde to the anode side. These results
are in agreement with the Raman study.
Conclusion

In summary, a montmorillonite (MMT) coated separator was
successfully manufactured using the phase inversion method
for lithium sulfur batteries. As a cathode material, a sulfur–
MWCNT composite was prepared through a simple method,
consisting of 75 wt% sulfur and 25 wt% MWCNTs. The SEM
This journal is © The Royal Society of Chemistry 2015
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results conrmed that the MMT was homogeneously coated on
the bare PP separator and that the sulfur was well dispersed on
the surface of the MWCNTs. From the Raman study and zeta
potential analysis, it is conrmed that the MMT layer coated on
a bare PP separator can suppress the diffusion of dissolved
sulfur to the anode side by repulsive electrostatic force between
polysulde and MMT. The electrochemical analysis showed
that the MMT-coated separator makes it possible to maintain
the discharge capacity of 924 mA h g�1 at 200 cycles from the
initial capacity of 1380 mA h g�1. Therefore, the MMT coating
on a bare separator is a promising protective layer to improve
the electrochemical capacity and cyclability by suppressing the
diffusion of lithium polysulde to the anode side in Li–S
batteries.
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