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Abstract A solid polymer electrolyte is fabricated using
polyethylene oxide (PEO), lithium
bis(Trifluromethanesulfonyl)imide (LiTFSI), and montmoril-
lonite (MMT), with the aim of improving lithium ion conduc-
tivity, and the resulting solid polymer electrolyte is used for all
solid-state lithium/sulfur batteries. The effect of temperature
and nanoclay content on the conductivity of the resulting solid
polymer electrolyte is investigated. The optimized electrolyte
containing 10 wt% MMT exhibits ionic conductivity of 3.22 %
10* S cm ™! at 60 °C, a value that meets the operation
requirements of an all solid-state sulfur cell. At 60 °C, all
solid-state Li/S batteries using PEO/MMT solid polymer elec-
trolyte display a good cycling performance, delivering
998 mAh g ' initial discharge capacities and retaining a
reversible specific discharge capacity of 634 mAh g ' after
100 cycles at 0.1 C rate. At a higher rate of 0.5 C, the solid-
state batteries still could deliver an acceptable specific dis-
charge capacity of 643 mAh g™ at 60 °C.

Keywords Solid-state lithium/sulfur battery - Sulfur
composite cathode - Solid polymer electrolyte -
Poly(ethylene-oxide)/nanoclay composite

Introduction

Sulfur is a very attractive candidate as a cathode material for
rechargeable lithium battery, due to its high theoretical capac-
ity of 1,672 mAh g ' and high energy density of
2,600 Wh Kg ' [1-3]. In addition, sulfur has the advantages
of nature abundance, low cost, and low toxicity. Nevertheless,
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the insulating nature of sulfur and solubility of the
polysulfides intermediate products in liquid electrolytes
represent the biggest challenges for the full realization of
the Li/S battery [4, 5]. Various attempts have been made to
address these issues, including the optimization of electro-
lytes and the development of novel composite cathodes
[6-13]. Among the various strategies, the development of
an all solid Li/S battery is promising since the solid elec-
trolyte can act as a physical barrier to control the dissolu-
tion of the polysulfide anions from the cathode and to
prevent the attack of the anode by those same anions
[13]. Due to the advantages of no electrolyte leakage, high
energy density, flexible geometry, and safety solid polymer
electrolytes (SPE) have been widely investigated [14—19].
Up to date, several works have been developed in the field
of all solid-state Li/S battery using solid polymer electro-
lyte [20-23]. Polyethylene oxide (PEO) was mainly
adopted as the solid polymer electrolyte of Li/S battery.
However, the cell still exhibited a low reversible capacity
and poor cycle life, due to the low conductivity of solid
polymer electrolytes. Shin et al. reported the Li/S cells with
(PEO);oLiCF5S05-Ti,0,,; solid polymer electrolyte have
an initial discharge capacity of between 1,400 and
1,600 mAh g ' with current rate of 100 mA g~ at 90 °C
[20]. Zhu et al. reported that an all solid-state Li/S battery
operated at 75 °C with (PEO),(LiCF3S0,), N-yLiAlO, as
electrolyte exhibited an average capacity of 290 mAh g~
during 50 cycles [21].

Recently, a number of related investigations have described
the use of polymer/nanoclay composites in SPE [16-18]. As a
layered host, nanoclays can provide a large interfacial contact
area, which improves the solubility of lithium salts, due to
higher dielectric property. To the best of our knowledge, there
is no report on the introduction of PEO/nanoclay solid poly-
mer electrolyte in Li/S battery. Herein, we report on the simple
preparation of a solid polymer electrolyte based on
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poly(ethylene-oxide)/nanoclay composite for all solid-state
lithium/sulfur batteries.

Experimental

The PEO/MMT polymer electrolyte preparation is schemati-
cally presented in Fig. 1. LiTFSI (Lithium
Bis(Trifluromethanesulfonyl)Imide, Sigma-Aldrich) and
polyethylene oxide (PEO MW=1x10° g mol ', Sigma-
Aldrich) were firstly dissolved in acetonitrile (99.8 %, Fisher
Scientific) at the EO/Li molar ratio of 20:1 at 60 °C for 12 h,
followed by addition of octadecylamine modified montmoril-
lonite nanoclay (MMT, Sigma-Aldrich) particles at the ratio of
5 wt% of the total PEO,oLiTFSI. After ultrasonication and
stirring, the homogeneous solution was cast on a Teflon™
dish and dried in a vacuum oven at 60 °C until all solvent had
evaporated. The thin PEO/MMT film was vacuum dried at
120 °C for 2 h to ensure total removal of moisture.

The crystalline phases of the sample were determined by
X-ray diffraction (XRD, D8 Discover, Bruker) equipped with
Cu Ko (A\=1.54 A) radiation.

The ionic conductivity was determined by electrochemical
impedance spectroscopy (EIS) over the frequency range from
0.1 Hz to 1 MHz (VMP3 Potentiostat/Galvanostat, Biologic
Instruments). Solid polymer electrolyte membranes were cut
into 8 mm diameter disks and sandwiched between two stain-
less steel blocking electrodes. Li" transference number (T") of
PEO/MMT solid polymer electrolyte is measured based on the
following symmetric cell with the solid polymer electrolyte
membrane between planar lithium foils: Li|PEO-LiTFSI-
MMT|Li, using the combined ac impedence/dc polarization

method at 60 °C [14, 15]. The equation is 7" = % ,

where [ is the dc current, and R, and R, are the resistance of the
passivation film formed onto the metallic lithium electrodes
during the measurement [16]. The electrochemical stability of
PEO/MMT solid polymer electrolyte was investigated by
linear sweep voltammetry of the cell with solid polymer
electrolyte sandwiched between lithium metal and stainless
steel electrodes. The voltage is swept from 1 V vs. Li'/Li
towards the anodic values with a scan rate of 0.1 mV s '
(VMP3, Biologic).

The active material was synthesized by heating a mixture
of polyacrylonitrile (PAN), sulfur, and Mg, ¢Nip 4O as de-
scribed previously [11]. The composite cathode comprised
of active material S/PAN/Mg, ¢Nij 40, acetylene black con-
ductive agent (AB), PEO binder, and LiTFSI at a mass ratio of
55:25:15:5, dispersed in 1-methyl-2-pyrrolidinone (NMP,
Sigma-Aldrich, >99.5 % purity). The resultant slurry was
spread onto a circular piece of nickel foam (MTI, >99 %
purity) with 1 cm in diameter. After drying in a vacuum oven
for 12 h at 60 °C, the cathode was pressed at 8§ MPa in order to
achieve good contact between the active material and nickel
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Fig. 1 Schematic of preparation of the PEO/MMT polymer electrolyte

foam. The thickness of electrode film is about 120 um, and
sulfur loading in each electrode is about 1.2 mg cm 2

The electrochemical performance of Li/S batteries was
investigated using coin-type cells (CR2032) composed of
lithium metal anode and sulfur composite cathode separated
by prepared PEO/MMT composite polymer electrolyte. The
coin cells were assembled in a MBraun glove box filled with
argon (99.9995 % purity). Cyclic voltammetry (CV) was
performed by means of a potentiostat/galvanostat (VMP3,
Biologic) at 60 °C between 1 and 3 V vs. Li'/Li at a scanning
rate of 0.1 mV s~ ', The cells were tested at 60 °C in terms of
charge/discharge galvanostatic cycling on multi-channel bat-
tery testers (BT-2000, Arbin Instruments), setting the cut off
voltages between 1 and 3 V vs. Li'/Li. Applied currents and
specific capacities were calculated on the basis of the weight
of S in the cathode.

Results and discussion

XRD is a powerful tool to identify intercalated structures
through Bragg’s relation: A= 2dsinf), where \ corresponds to
the wave length of the X-ray radiation used in the diffraction
experiment, d corresponds to the interlayer spacing between
diffraction lattice planes, and 6 is the measured diffraction
Angle [16].

Figure 2 shows the XRD patterns of pure MMT and PEO/
MMT composites with 10 wt% MMT. The MMT exhibited a
strong (001) reflection at 20=5.0°, and the interlayer spacing
is about 1.76 nm. For the PEO/MMT composite, based on the
reflection at 20=4.5°, the interlayer spacing is calculated as
1.96 nm. The 0.2 nm increase in thickness of interlayer
spacing results from the PEO intercalation inside the nanoclay
galleries [17].

XRD patterns of pure PEO and PEO/MMT composites
with 10 wt% MMT are presented in Fig. 3. The characteristic
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Fig. 2 The XRD patterns of pure MMT and PEO/MMT composite with
10 wt% MMT

diffraction peaks of the PEO crystalline are apparent between
20=15 and 30°. The characteristic bands of the PEO/MMT
composite are consistent with that of the pure PEO but with
reduced intensity, which indicate the decreased crystallinity.
Therefore, the incorporation of nanoclay into polymeric mate-
rials increases the amorphous content in the composite, favor-
ing to the conductivity of PEO/MMT polymer electrolyte.

The dependence of the PEO/MMT solid electrolyte ionic
conductivity on the content of nanoclay is depicted in Fig. 4a.
The ionic conductivity was enhanced at low amounts of
MMT, reaching the maximum value of 2.75x107> S cm ' at
25 °C for the composite containing 10 wt% MMT. A decrease
in conductivity was observed when the amount of MMT was
increased to 15 wt%, consistent with the behavior previously
reported for the PEO/LiClO,/MMT system [18]. The incor-
poration of nanoclays into polymeric materials increases the
amorphous content of the polymer in the composite, as con-
firmed by XRD measurement (Fig. 3), facilitating the move-
ment of Li" ion due to enhanced chain segmental motion [18].
However, beyond 10 wt%, the insulating nature of MMT
overcomes the favorable effects it imparts on the Li" ion
motion and reduces the overall ionic conductivity of the
composite.

Figure 4b shows the logarithmic temperature dependence
of'the ionic conductivity for the PEO/MMT system. The linear
behavior of the curves suggests that the conductivity obeys the
Arrhenius equation o=0, exp(—E,/RT), where R is the gas
constant, ¢ is the conductivity of polymer electrolyte, o, is the
pre-exponential factor, and 7 is the testing temperature in
absolute scale [24]. The temperature dependence displays
two linear regions with different activation energies, 42 and
12 kJ mol " for the lower and the higher temperature regions,
respectively. Nevertheless, the conductivity of PEO/MMT
polymer electrolyte reaches 3.22x10* S cm™" at 60 °C, a
value that meets the operation requirements of an all solid-
state sulfur cell [20-23].

The fraction of the current carried by Li" ions through the
polymer electrolyte is fundamental for the performance of
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Fig. 3 The XRD patterns of pure PEO and PEO/MMT composite with
10 wt% MMT

lithium batteries [19]. To understand the Li* transport mech-
anism in PEO/LiTFSI/MMT polymer electrolyte, Li" trans-
ference number studies were carried out at 60 °C. As shown in
Fig. 4a, PEO/LiTFSI/MMT composite containing 10 wt%
MMT is found to be optimal from a conductivity point of
view for practical applications. Therefore, we tested the Li"
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b The influence of temperature on ionic conductivity
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Fig. 5 The linear sweep voltammetry of the PEO/MMT solid polymer
electrolyte

transference numbers of PEO/LiTFSI/10%MMT and a control
sample (PEO/LiTFSI), which are 0.45 and 0.17, respectively.
This increase in transference number may be attributed to the
Lewis acid-base interactions: the Lewis acid sites on the
anionic surface of MMT can interact with oxygen elements
in PEO (Lewis base), and hence weaken the interactions
between oxygen elements and Li ion [19]. As a result, more
free Li ions are released, and the Li" transference number is
increased [16].

It is pertinent that the electrolyte has a wide electrochemical
stability window, which determines the voltage range of its
applicability [25]. Linear sweep voltammetry experiments
(Fig. 5) showed that the PEO/MMT solid polymer electrolyte
prepared in this work is electrochemically stable up to 4.0 V.
As the potential is swept towards the anodic values, an abrupt
current rise was observed at about 4.0 V, which could be
attributed the electrolyte decomposition at the inert electrode

Fig. 6 a Initial CV profiles of all

interface. This value of the stability window appears to be
high enough to ensure safe application of the solid polymer
electrolyte in Li/S batteries, where the working voltage upper
cut off is limited within 3 V vs. Li"/Li.

Figure 6a shows the cyclic voltammograms (CV) of the all
solid-state Li/S cell at 60 °C. No electrochemical processes are
observed in addition to those related to the Li-S reactions,
implying that the PEO/MMT solid polymer electrolyte is
electrochemically inactive within the studied potential region.
This confirms the electrochemical stability of as prepared
solid polymer electrolyte in the voltage range of its applica-
bility. Furthermore, a pronounced reduction process is ob-
served in the first cycle, possibly due to side reactions of
formation of the solid electrolyte interface (SEI). After the
initial cycle, the heights of the main peaks remain at a similar
level, indicating good reversibility of the system.

In order to investigate the electrochemical performance of
the all solid-state Li/S cells, galvanostatic charge/discharge
cycling tests were carried out at 60 °C. The system delivers
a specific capacity of 998 mAh g ' in the first discharge at
0.1 C, and a reversible capacity of 591 mAh g is obtained in
the second cycle (Fig. 6b). The voltage profiles for the second
and third cycles show similar behavior, namely, the discharge
curves do not present the typical two plateaus related to the
step-wise reactions between lithium and polysulfides. This is
consistent with the CV results discussed above. The cycling
performance of the cells with PEO/MMT solid polymer elec-
trolyte was also carried out at 60 °C as shown in Fig. 6¢c. An
initial increase of capacity is observed for the first 20 cycles at
0.1 C, suggesting a gradual activation of the solid polymer

solid-state Li/S cell at 60 °C; the
measurement is conducted at a
scan rate of 0.1 mV s™! in the

voltage range of 1.0 to 3.0 V vs.
Li"/Li; b Charge/discharge
profiles (at 0.1 C) of all solid-state
Li/S cell at 60 °C; ¢ Cycle
performance (at 0.1 C) of all
solid-state Li/S cell at 60 °C; d
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electrolyte electrochemical properties during the charge/
discharge processes. We speculate that this is due to the slow
penetration and transport of the lithium ion through the cath-
ode and solid polymer electrolyte. After 100 cycles, the sys-
tem still maintains a reversible specific discharge capacity of
634mAh g, equivalent to 63.5 % capacity retention from the
initial discharge capacity.

The kinetic behavior of the solid-state Li/S cell was further
evaluated, and the rate capability of the cells was examined at
60 °C. The results for different C rates, namely 0.1, 0.2, and
0.5 C are shown in Fig. 6d. The capacity decreases gradually
with the increase in the discharge charge current. Initial ca-
pacities of 905 and 643 mAh g~ are obtained at rates of 0.2 C
and 0.5 C, respectively, showing the acceptable rate capability
of the cells with PEO/MMT solid polymer electrolyte.

Conclusions

A poly(ethylene-oxide)/montmorilonite composite was pre-
pared and evaluated as solid electrolyte for the lithium/sulfur
batteries. A five-fold increase in ionic conductivity is ob-
served by addition of 10 wt% MMT. All solid-state Li/S
batteries containing PEO/MMT solid polymer electrolyte dis-
plays good cycling performance, retaining a reversible specif-
ic discharge capacity of 634 mAh g ' after 100 cycles at 0.1 C
rate. In the rate capability test, initial capacities of 905 and
643 mAh g ' are obtained at rates of 0.2 and 0.5 C, respec-
tively, showing the acceptable rate capability of the cells with
PEO/MMT solid polymer electrolyte.
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