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Since the so-called ‘shuttle effect’ is the key obstacle for the practical development of lithium-sulfur
batteries, the present attempt is to make the separator less permeable for polysulfides. For this pur-
pose, we synthesized Ni-based metal-organic framework (Ni-MOF) particles and coated them with
multi-walled carbon nanotubes (MWCNTs) onto the polyethylene (PE) separator. The Ni-MOF particles
on separator effectively blocked the migration of lithium polysulfides toward the anode side owing to the
strong interaction between Ni-MOFs and lithium polysulfides. The highly conductive MWCNTs in the
coating layer allowed reutilization of the trapped reaction intermediates during the subsequent cycles.
Due to these beneficial effects of coating materials, the lithium-sulfur cell assembled with Ni-MOF/
MWCNT-coated PE separator initially delivered a high discharge capacity of 1358 mAh g~! with good
cycling stability and high-rate performance.

Lithium polysulfide
Functionalized separator

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Rechargeable lithium batteries as the prime choices in a variety
of applications, such as mobile electronic devices, electric vehicles
and large-scale energy storage systems, have been actively studied
over several decades [1—3]. Among the emerging types of lithium
batteries, lithium-sulfur battery has been attracted considerable
attention due to its high energy density, low price and environ-
mentally friendliness [4—8]. However, several critical problems,
such as the low utilization of sulfur, poor cycle life and low rate
capability have hindered its practical applications. These hurdles
are mainly ascribed to the low conductivity of sulfur and poly-
sulfide intermediates, and shuttle effect arising from the lithium
polysulfides dissolved in the electrolyte solution, which result in
the gradual loss of the active materials, the rapid decline of
reversible capacity and poor rate capability [9—11]. To solve these
problems, sulfur was confined in porous and conductive framework
materials, such as conductive porous carbons [8,12—16], carbon
nanotubes [17—20], electronically conductive polymers [21-23],
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graphene-derived materials [24—27], metal oxides [28—30], mag-
netic nanoparticles [31,32] and metal-organic framework (MOF)-
based materials [33—38]. These approaches improved the cycling
performance of lithium-sulfur batteries to some extent. However,
the electrode fabrication processes are cumbersome and time-
consuming, particularly at large scale, and the lithium polysulfide
migration from the sulfur cathode to the lithium anode side still
occurs. Recently, utilizing the modified functional separators with
various porous and conductive materials has drawn attention for
restraining the lithium polysulfide migration [39—43]. Among the
functional materials for modifying the conventional separators,
MOF is regarded as a promising candidate because of its high
porosity and large surface area. In addition, open metal sites of MOF
can interact with lithium polysulfides to hinder the transport of
lithium polysulfides toward the anode side. Although MOF has
been exploited as a sulfur host in lithium-sulfur batteries owing to
the ability to confine polysulfides [33—38,44,45], its electronic
conductivity is so low that a significant amount of conductive ad-
ditive is required to achieve acceptable electrochemical perfor-
mance. The weight of these additives obviously reduces the energy
density of the cell. Therefore, it is more advantageous to use MOF as
a coating material for modifying the separator used in the lithium-
sulfur cell.
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In this work, we synthesized nano-sized Ni-MOF-74 (Ni-MOF)
with high surface area and pore volume. Ni-MOF has one-
dimensional pores which serve as the diffusion channels for the
Li-ions. Moreover, Ni®* sites in Ni-MOF exhibit Lewis acidic
characteristics, which induce strong interaction with polysulfide
anions due to their soft Lewis basic property by lone electron
pairs in sulfur [33,46,47]. The obtained Ni-MOF particles were
coated onto a polyethylene (PE) separator with multi-walled
carbon nanotubes (MWCNTs) by a simple vacuum-filtration
method. MWNCT was used to enhance the electronic conductiv-
ity and prevent the migration of polysulfides as a physical barrier.
The lithium-sulfur cell assembled with Ni-MOF/MWCNT-coated
PE separator exhibited a high initial discharge capacity of
1358 mAh g~! with good capacity retention and enhanced rate
capability. Such a superior cycling performance is attributed to
not only the effective suppression of the migration of polysulfides
to the anode side due to the strong interaction between open
nickel?* sites of Ni-MOF and polysulfides but also the enhanced
sulfur utilization.

2. Experimental
2.1. Synthesis of nanoscaled Ni-MOF

Nanosized Ni-MOF was synthesized according to previous re-
ports [48,49]. In a typical synthesis procedure, 0.2g of 2,5-
dihydroxyterephthalic acid was dissolved in 5.0g of N,N-dime-
thylformamide (DMF) under stirring for 10 min to form a homo-
geneous yellow solution. Then, 0.65g of nickel acetate
tetrahydrate dissolved in DMF was added to the solution resulting
in an immediate formation of blue-green precipitates. The
mixture was kept at room temperature for 20 h. The solid product
was collected by centrifuge and washed with DMF and methanol
several times. Finally, the obtained Ni-MOF was vacuum dried at
40°C for 12 h.

2.2. Coating of Ni-MOF and MWCNT onto PE separator

Both Ni-MOF and MWCNT were coated onto PE separator by
vacuum-filtration method. To prepare the coating solution, an
equal amount (2.0 mg) of Ni-MOF and MWCNT was added to
500 mL of ethanol, and the mixture was homogeneously dispersed
using sonication for 3h. The obtained solution was vacuum
filtered through a PE separator (Asahi ND420, thickness: 20 um) to
coat the mixture of Ni-MOF and MWCNT onto one side of the PE
separator. The Ni-MOF/MWCNT-coated separator was dried in a
vacuum oven at 60 °C for 12 h. The total mass of the coating ma-
terials (Ni-MOF and MWCNT) on the PE separator was about
0.36mgcm 2 and the final mass of Ni-MOF/MWCNT-coated
separator was about 1.58 mg cm?, corresponding to 29.5% in-
crease in weight as compared to pristine PE separator. An
MWCNT-coated separator was also prepared as a reference sample
with the same procedure.

2.3. Assembly of lithium-sulfur cells

The sulfur cathode was prepared by coating N-methyl pyrroli-
dinone (NMP)-based slurry containing 60 wt% sulfur powder
(Sigma-Aldrich), 30 wt% Super-P carbon (MMM co.) and 10 wt%
poly(vinylidene fluoride) (PVDF, Solvay) onto an aluminum foil. The
mass loading of active sulfur in the cathode was about 2.0 mg cm 2.
The anode was prepared by pressing 200 um-thick lithium foil
(Honjo Metal Co. Ltd.) onto a copper current collector. The lithium-
sulfur cell was assembled by sandwiching Ni-MOF/MWCNT-coated

separator between the lithium anode and the sulfur cathode in a

CR2032-type coin cell. The cell was then injected with liquid
electrolyte consisting of 1.0M lithium bis(tri-
fluoromethanesulfonyl)imide (LiN(SO2CF3), LiTESI) dissolved in a
mixed solvent of 1,3-dioxalane (DOL) and 1,2-dimethoxyethane
(DME) (50:50 by volume) containing 0.4 M LiNO3 (battery grade,
PANAX ETEC Co. Ltd.). LINO3 was added to liquid electrolyte as an
additive to obtain good cycling performance in all the cells inves-
tigated. The amount of liquid electrolyte was controlled to be 60 pl
per 1.0 mg of sulfur in the cathode. All cells were assembled in a dry
box filled with argon gas.

2.4. Characterizations and measurements

The crystalline phase of Ni-MOF was examined by X-ray
diffraction (XRD) (miniFlex600, Rigaku) using Cu K (A =0.15nm)
radiation. The morphologies of Ni-MOF and Ni-MOF/MWCNT-
coated PE separator were investigated using scanning electron
microscope (JEOL JSM 6701F) and transmission electron micro-
scope (JEOL 2100F). Surface elemental characterization of the Ni-
MOF/MWCNT-coated PE separator was conducted using energy
dispersive spectrometer (EDS). To measure Brunauer-Emmett-
Teller (BET) surface area and pore size distribution of Ni-MOF, ni-
trogen adsorption/desorption isotherms were obtained at —196 °C
using Micromeritics 3 Flex. In order to investigate the interaction
between of Ni-MOF with Li»S4, 4 mg of Li»S4 was dissolved in 5 mL
of tetrahydrofuran (THF) and 20 mg of Ni-MOF was added into the
solution. The solution was further stirred for 1 h and the precipi-
tated product was collected after 12 h. The product was then
completely dried under vacuum at 60 °C for 12 h to remove residual
THF, and X-ray photoelectron spectroscopy (XPS, VG ESCALAB 220i)
analysis was carried out. Electrochemical impedance spectroscopy
was performed using a Zahner Electrik IM6 impedance analyzer.
The frequency range was from 100 kHz to 0.1 Hz with AC voltage
amplitude of 10 mV. Charge and discharge cycling tests of the cells
were carried out at a current rate of 0.2 C and 25 °C over a voltage
range of 1.8—2.6 V using battery testing equipment (WBCS 3000,
WonA Tech Co., Ltd.).

3. Results and discussion

Ni-MOF is a one-dimensional porous crystalline material that
has open nickel?>" sites and organic aromatic linkers, as shown in
Fig. 1(a). The crystalline peaks observed in XRD pattern of Ni-MOF
powder (Fig. 1(b)) correspond to the Miller index (110) and (300).
The peaks have broad shapes, indicating that the synthesized Ni-
MOF material has small crystal size [48]. Fig. 1(c) and (d) show
the TEM images of nano-sized Ni-MOF material with two different
magnifications, which illustrate that Ni-MOFs are nano-sized
particles with uniform porous structure. EDS mapping images of
Ni-MOF sample are depicted Fig. 2, showing the presence and
uniform distribution of nickel, oxygen and carbon elements in Ni-
MOF.

To measure the surface area and pore size distribution of Ni-
MOF sample, N, adsorption/desorption isotherms were obtained,
as given in Fig. 3(a). It exhibits type I isotherms curve according to
the IUPAC classification with a sharp adsorption shape at a relative
pressure below 0.1 [50], indicating that the pores in Ni-MOF are
mainly micropores. This result is consistent with pore size distri-
bution of Ni-MOF in Fig. 3(b), which shows the existence of many
micropores below pore size of 2nm. The total and micropore
volumes in Ni-MOF sample were measured to be 0.35 and
0.30cm® g~ !, respectively. BET surface area of Ni-MOF was deter-
mined to be 868m?g ' with a microporous surface area of
793 m? gL Note that the BET surface area of MWCNT was about
177m?g~!. Large surface area of Ni-MOF can provide an
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Fig. 2. (a) TEM image and EDS mapping images of (b) O, (c) Ni and (d) C of the Ni-MOF particles.
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Fig. 3. (a) N, adsorption/desorption isotherms and (b) pore size distribution of Ni-

MOF.

Ni-NOF/MWCNT-
coated PE separator

opportunity for the interaction between lithium polysulfides and
open metal sites of Ni-MOF. Raman spectrum of MWCNT is shown
in Fig. S1(a). The obtained peaks at 1571 and 1342 cm™! corre-
spond to G band of sp® hybridized graphitic structure and D band
of sp> disordered carbon, respectively [51]. The intensity ratio of
the D to G band (Ip/Ig) was calculated to be 0.708, indicating
relatively less defects in MWCNT. Fig. S1(b) presents the XRD
patterns of MWCNT and Ni-MOF/MWCNT composite. The crystal-
line peaks at 25.9° and 44.7° in 26 are attributed to the (002) and
(100) planes of MWCNT, respectively [52]. In the Ni-MOF/MWCNT
composite, the crystalline peaks of Ni-MOF could be also observed
in the 260 range of 7 to 14°.

Ni-MOF and MWCNT were coated onto one side of a PE sepa-
rator. Fig. 4 is a schematic illustration showing the prohibiting role
of the Ni-MOF/MWCNT-coated PE separator against the shuttle
effect in the lithium-sulfur cell. The coating layer consisting of Ni-
MOF and MWCNT faced to the sulfur cathode is expected to
effectively block the migration of lithium polysulfides during the
repeated cycling in the lithium-sulfur cell. During the discharge
cycle, the soluble lithium polysulfides can be immobilized by
interaction between the coordinately unsaturated sites of Ni-MOF
and lithium polysulfides. In the coating layer, MWCNTs not only
act as a physical barrier that retards the diffusion of lithium pol-
ysulfides toward anode side but also enhance the electronic con-
ductivity of trapped lithium polysulfides for the subsequent
electrochemical reaction [53—55]. On the other hand, Ni-MOF can
effectively trap lithium polysulfides by Lewis acid-base interaction.
As previously reported [33,46,47], the Ni%* sites in Ni-MOF exhibit
Lewis acidic characteristics, which promotes strong interaction
with polysulfide anions due to their soft Lewis basic character
induced by lone-paired electron in sulfur. Low electronic con-
ductivity of Ni-MOF can be compensated by adding highly
conductive MWCNTs into the coating layer, facilitating charge
transfer reaction of trapped lithium polysulfides for subsequent
cycling.

Fig. 5 shows the SEM and EDS elemental mapping images of the

Sulfur cathode

. ® Lithiumion
! 0 Lithium polysulfide
" F poly
° g. 9 MWCNT
.
so ¢
L & ninor
® L
PE separator

Fig. 4. Schematic illustration of Ni-MOF/MWCNT-coated PE separator for blocking lithium polysulfide migration to the lithium anode in the lithium-sulfur cell.
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Fig. 5. (a) SEM image of Ni-MOF/MWCNT-coated separator and EDS mapping images of (b) Ni, (c) C and (d) O on the Ni-MOF/MWCNT-coated separator.

surface of Ni-MOF/MWCNT-coated PE separator. After immobiliz-
ing Ni-MOF and MWCNT onto the PE separator, the separator still
maintained the porous structure allowing the transport of lithium
ions through the separator. As shown in Fig. 5(b)-(d), the Ni-MOF/
MWCNT-coated PE separator shows a uniform distribution of
nickel, carbon and oxygen elements in the SEM-EDS elemental
mapping of the surface, which confirms that the PE separator is

Li2Sa

Gasket —
Separator —

THF

MWCNT-coated PE

NOF/MWCNT-coated PE

uniformly coated with Ni-MOF and MWCNT. These results
demonstrate that the vacuum filtration is a favorable method to
uniformly spread the nano-sized Ni-MOF particles and MWCNTs
onto the PE separator. The total mass of Ni-MOF and MWCNT coated
on the PE separator was about 0.36 mg cm 2. The cross-sectional
SEM image of the Ni-MOF/MWCNT-coated PE separator is pre-
sented in Fig. S2. Upper part on PE separator corresponds to the

Fig. 6. Schematic illustration showing migration test of Li,S4 (left). In the photographs of right vial solutions, the migration of Li,S4 through different separators was monitored.
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Fig. 7. (a) Charge and discharge curves of the lithium sulfur-cell with Ni-MOF/MWCNT-coated separator at 0.2 C rate. Cycling performance of the lithium-sulfur cells assembled with
different separators at (b) 0.2 C rate and (c) 0.5 C rate. (d) Rate capability of the lithium-sulfur cells with the C rate increasing from 0.2 to 2.0 C every five cycles.

coating layer composed of Ni-MOF and MWCNT, and the thickness
of the Ni-MOF/MWCNT coating layer is measured to be 8.25 um
based on the image.

To investigate the migration behavior of lithium polysulfides
through the Ni-MOF/MWCNT-coated PE separator, the migration
test of Li»S4 was carried out, as illustrated in the left side of Fig. 6.
In this test, a vial containing a solution of Li»S4 (8 mg) dissolved in
a mixed solvent of DME and DOL (10 ml) was prepared. The so-
lution in vial was allowed to migrate through the separator to
another vial containing a solvent mixture without the dissolved
polysulfide, and the color change was monitored with time [43]. In
the case of the pristine PE separator, the color of the solvent
turned from colorless to yellow, indicating the migration of dis-
solved lithium polysulfide through the PE separator. When using
the MWCNT-coated separator, the color of the solvent remained
intact after 1 h. However, it became light yellow after 12 h due to
the diffusion of a small amount of lithium polysulfides. In contrast,
there was no color change in a vial with Ni-MOF/MWCNT-coated
separator, indicating that most of the lithium polysulfides were
trapped by the coating layer composed of Ni-MOF and MWCNT
due to the strong interaction between Ni-MOF and lithium
polysulfides.

Cycling performance of the lithium-sulfur cells with different
separators was evaluated at 0.2 C rate, and the charge-discharge
curves of the cell using Ni-MOF/MWCNT-coated separator are
shown in Fig. 7(a). The voltage profiles exhibit two discharge
plateaus and a long charge plateau. The discharge plateaus at
about 2.3 and 2.0V can be ascribed to the reduction of elemental

sulfur (Sg) to the long-chain polysulfide (Li>Sy, 4 < n < 8), and the
reduction of long-chain polysulfide to insoluble lithium sulfides
(LizSp/LiyS), respectively. The long charge plateau corresponds to
the oxidation of Li»S; and LiS; to cyclic sulfur. The voltage profiles
of the cell employing the Ni-MOF/MWCNT-coated separator are
very stable with cycling, and the cell shows low overpotential
during cycling. For comparison, the charge and discharge curves of
the lithium-sulfur cells assembled with pristine PE separator and
MWCNT-coated separator are also shown in Fig. S3. All cells
exhibit the similar voltage profiles showing two discharge pla-
teaus and a long charge plateau. It should be noted that the spe-
cific capacities corresponding to the lower discharge plateau in
these cells are small when comparing to the cell with Ni-MOF/
MWCNT-coated separator, and the capacity during the lower
discharge plateau is least for the cell with the pristine PE sepa-
rator. These results imply that the formed soluble lithium poly-
sulfides are not effectively utilized during subsequent reactions in
the cell with the pristine separator due to the migration of soluble
polysulfides to the anode side, thereby resulting in reduced ca-
pacity during the lower discharge plateau. Cycling performance of
the lithium-sulfur cells with different types of separators is
compared in Fig. 7(b). The cell with pristine PE separator suffered
from large capacity fading during cycling, which results from the
continuous loss of active sulfur due to the dissolution of lithium
polysulfides into the electrolyte solution and their migration to the
anode side, as mentioned earlier. Although the cell with MWCNT-
coated separator exhibited better capacity retention as compared
to the cell using pristine PE separator, its cycling stability was
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inferior to the cell employing the Ni-MOF/MWCNT-coated sepa-
rator. In contrast, the cell with Ni-MOF/MWCNT-coated separator
delivered a high discharge capacity of 1183 mAh g~ ! after 300
cycles, which corresponded to 87.1% of its initial capacity. When
comparing Coulombic efficiencies of three cells, the cell with Ni-
MOF/MWCNT-coated separator showed the highest and the most
stable values during the repeated cycling among the cells. As
explained in Fig. 6, most of the lithium polysulfides are trapped in
the coating layer composed of Ni-MOF and MWCNT, and they can
be reutilized in the subsequent cycles, which results in the stabi-
lization and improvement of Coulombic efficiency. Cycling per-
formance of the lithium-sulfur cells at higher current rate (0.5 C) is
also compared in Fig. 7(c). Clearly, the cell with Ni-MOF/MWCNT-
coated separator showed the best cycling characteristics in terms
of discharge capacity and capacity retention. Fig. 7(d) presents the
discharge capacities of the lithium-sulfur cells with different
separators, during experiments in which the C rate was increased
from 0.2 to 2.0 C every five cycles. As expected, the discharge ca-
pacities gradually decreased with increasing C rate due to the
polarization. Among the cells, the cell with Ni-MOF/MWCNT-
coated separator exhibited the highest discharge capacities at all
C rates investigated. The cell with Ni-MOF/MWCNT-coated sepa-
rator delivered a high discharge capacity of 968 mAh g~ at 2.0C,
while the cells with PE separator and MWCNT-coated separator
exhibited lower discharge capacities of 197 and 451 mAh g,
respectively. The enhanced high rate performance can be mostly
attributed to the improved electronic conductivity due to the
presence of conductive MWCNT and suppression of polysulfide
migration due to its effective trap in Ni-MOF.

We obtained the AC impedance spectra of the cells with three
different types of separator after the 1st and 300th cycles, and the
results are given in Fig. 8. All the cells exhibited two overlapping
semicircles due to different combinations of interfacial resistances
and capacitances, with the real axis intercept corresponding to the
electrolyte resistance (Re). The first semicircle observed in the
higher frequency range arises from resistance due to Li* ion
migration through the surface film on the electrode (R¢), and the
second semicircle in the middle to low-frequency range was
attributed to charge transfer reaction at the electrode-electrolyte
interface (Rct). After the first cycle, the cells showed almost same
resistances. However, the cells gave quite different results after 300
cycles. In the cell with pristine PE separator, both electrolyte
resistance and interfacial resistance remarkably increased after 300
cycles. A large increase in the electrolyte resistance in this cell is
mainly attributed to the increase in viscosity of electrolyte solution
due to the dissolution of lithium polysulfides into the solution
during cycling. At the same time, the interfacial resistances were
also rapidly increased due to the retardation of the charge transfer
reaction at the electrolyte-electrode interface. Interestingly, the cell
with Ni-MOF/MWCNT-coated separator showed little increase in
electrolyte resistance and interfacial resistances even after the
repeated cycling, resulted in the lowest resistances among the cells.
These results demonstrate that the combination of Ni-MOF and
MWCNT effectively trapped and reutilized soluble lithium poly-
sulfides within the cathode side resulting in reduced Re, Rf and Rt
during cycling. Due to the suppression of lithium polysulfide
migration and the enhanced reutilization of lithium polysulfide
trapped in the coating layer, the cell with Ni-MOF/MWCNT-coated
separator exhibited a superior cycling performance than other two
cells.

The interaction between of Ni-MOF with Li»S4 was investigated
by S 2p and Ni 2p XPS spectra shown in Fig. 9. In the S 2p XPS
spectrum of Li»S4, two peaks are observed at 161.1 and 162.8 eV,
which correspond to the terminal sulfur (St!) and bridging sulfur
(S8) atoms, respectively [29,56]. In the Ni 2p XPS spectra of Ni-MOF,

25
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Fig. 8. AC impedance spectra of the lithium-sulfur cells assembled with different
separators, which were obtained (a) after the 1st and (b) 300th cycles.

there are two peaks at 855.7 and 874.0 eV, which can be assigned to
Ni 2pyp and Ni 2psp, respectively [57]. In the Li;S4-Ni-MOF
mixture, the S 2p peaks were shifted to 161.8 and 163.8 eV, while
the Ni 2p peaks were shifted to 854.8 and 873.1 eV. The S 2p peak
observed at 168 eV corresponds to the binding energy of sulfate
species, which arises from the oxidation between Li;S4 and oxygen
of Ni-MOF. Since the Ni-based coordinatively unsaturated sites of
Ni-MOF react with fluid molecules such as lithium polysulfides
[33,34], they could form a coordinate bond with Li»S4. As a result,
the chemical interaction between Ni and negatively charged LiyS4
lowered the binding energy of Ni [58]. From these results, a strong
interaction between lithium polysulfides and Ni in Ni-MOF could be
confirmed.

4. Conclusions

A functional separator was prepared by coating Ni-MOF and
MWCNT onto PE separator using simple vacuum filtration
method. The Ni-MOF/MWCNT-coated PE separator effectively
suppressed the migration of lithium polysulfides toward anode
side by trapping polysulfides in the coating layer. The presence of
MWCNT in the coating layer not only enhanced the electronic
conductivity for reutilization of lithium polysulfides but also
played a role as a physical barrier blocking the diffusion of lithium
polysulfide. As a result, the lithium-sulfur cell with Ni-MOF/
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Fig. 9. (a) XPS S 2p spectrum of Li»S4 and (b) Ni2p spectrum of Ni-MOF. (c) XPS S 2p and (d) Ni2p spectra of Li»S4-Ni-MOF mixture.

MW(CNT-coated PE separator delivered a high discharge capacity
of 1358 mAh g~! with good capacity retention and exhibited an
improved rate capability. Consequently, the separator coated with
Ni-MOF and MWCNT in this study can be a promising one for the
high energy-density lithium-sulfur batteries with good cycling
stability.
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