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Abstract

The lithium—sulfur (Li-S) battery exhibits a high energy capacity that significantly substitutes that of current Li-ion batteries.
However, it suffers from severe soluble polysulfide shuttling. Here, we report a zeolite/carbon/Nafion-modifed PP (ZSM/C/
Nafion @PP) separator to inhibit soluble polysulfide shuttling and improve Li-ion transfer. We demonstrate that the ZSM/C/
Nafion @PP separator functions as an ion-selective barrier in Li—S batteries. It facilitates the rapid transport of Li-ions
while effectively preventing the migration of polysulfides to the Li metal anode, utilizing a size-exclusion mechanism. As
a result, the Li—S battery with the ZSM/C/Nafion @PP separator features a high initial discharge capacity, superior cycling
stability (with a low-capacity decay rate of 0.059% per cycle over 600 cycles at 1 C), and rate performance (954 mA g~

2 °C). Moreover, the Li-S battery with a high S loading cathode (5.6 mg cm~2) and low E/S ratio (6.3 uL mg™') displays a
high initial discharge capacity of 966 mA g~! and superior cycling stability over 200 cycles at 0.5 °C. This work shows the
potential for ZSM-based materials as functional coatings for highly stable Li—S batteries.
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1 Introduction

Lithium-ion batteries are widely used in portable elec-
tronic devices, mobile communications, electric vehi-
cles, and other fields [1-3]. However, with the escalating
demand for high energy-density storage devices, existing
lithium-ion batteries are no longer able to satisfy this
need. Lithium—sulfur (Li-S) batteries, as the most prom-
ising next-generation battery energy storage technology,
have the potential to break through the energy density bot-
tleneck of lithium-ion batteries and have attracted much
attention in recent years [4, 5]. However, the shuttling of
soluble polysulfide (Li,S,, 4 <x<8) in Li-S batteries will
lead to serious decreases in capacity, cycle stability, and
Coulombic efficiency [6, 7].

Recent studies have shown that polymer separators are
not only crucial to the safety of batteries [8, 9], but also
can effectively inhibit the shuttle of intermediate products,
regulate the growth of dendrites on the surface of metal
anodes, improve ion transfer, and improve the stability of
electrode interfaces in Li metal batteries [7, 10]. Polyole-
fin separators (PE, PP, etc.) have many excellent proper-
ties and are widely used in lithium-ion batteries [2, 11].
However, polyolefin separators have large and non-uni-
form pore sizes with hundreds of nanometers. Therefore,
polysulfides can freely pass through the polyolefin sepa-
rator and deposit on the Li metal anode surface (Fig. 1a)
[12]. This will not only lead to passivation of the lithium
metal anode and loss of active materials, but also seri-
ously reduce the cycle stability of Li—S batteries [13, 14].
Surface functionalization of polyolefin separators is one
of the effective ways to solve the problem of polysulfide
shuttle and improve the comprehensive performance of
Li-S batteries [15-17].

Various carbon materials have been used to modify
the polyolefin separators [18—-21]. However, non-polar

carbon materials have only weak physical adsorption on
polar polysulfides and cannot maintain the long-term cycle
stability of Li—S batteries [22]. Therefore, some polar
materials are used to modify the polyolefin separators to
inhibit polysulfide shuttle through chemical adsorption and
physical adsorption, such as functionalized carbon materi-
als [23-25], metal compounds [26-29], organic polymers
[30-32], clay minerals [33—35], and so on. These function-
alized separators can effectively inhibit polysulfide shut-
tles, thereby improving the electrochemical performance
of Li-S batteries [36, 37].

Zeolites are a type of aluminosilicate with uniform
micropores, mainly composed of silicon, aluminum, oxygen
and other metal cations [38]. With ion exchange, adsorption,
catalysis, stability, chemical reactivity, and zeolites have
been widely used in the petrochemical industry, environmen-
tal protection, bioengineering, food industry, pharmaceuti-
cal chemical industry, energy storage, and other fields [38].
Recently, a few studies demonstrated that zeolites are very
potential materials in energy storage applications, including
multifunctional additives for cathode [39] and active fill-
ers for solid electrolytes [40, 41]. And then, Wu et al. [42]
prepared a composite polymer electrolyte based on lithiated
X type zeolite for advanced Li batteries. The composite
polymer electrolyte displays a high ionic conductivity of
1.98x107* S/cm, high Li* transference number of 0.55, a
wide electrochemical window of 4.7 V, and excellent stabil-
ity toward Li metal anode [42]. In Yu and Xu group, [43]
reported a lithium-ion-exchanged zeolite inorganic solid
electrolyte membrane for high-performance Li-air battery.
The Li-air battery shows a high capacity of 12,020 mAh g
and a good cycle life of 149 cycles at a current density of
500 mA g~!. Zeolites have uniform pore sizes, which may be
used for efficiently inhibiting polysulfides in Li—S batteries.
To the best of our knowledge, there has been no report about
zeolites modifying polyolefin separators to date in highly
stable Li—S batteries.

Fig. 1 Schematic illustrations a b
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In this work, we report a ZSM/C/Nafion @PP separa-
tor designed specifically for the highly stable Li-S bat-
tery, functioning as an ion-selective separator to selectively
pass through Li-ions while inhibiting polysulfide shuttling
(Fig. 1b). We chose zeolite socony mobil-35 (ZSM-35) as a
coating material for the preparation of the ZSM/C/Nafion @
PP separator because of its two-dimensional channel struc-
ture with a size range of approximately 5.4 x4.2 A, which
is significantly smaller than the size of polysulfides (Li,S,,
4 <x <8). Therefore, it may be effectively utilized to inhibit
polysulfides and improve Li -ion transport in Li—S batteries
through the size effect. The ZSM/C/Nafion@PP separator
displayed high efficiency in inhibiting polysulfide shuttle
and superior cycling stability in a Li—S battery. The battery
possesses low capacity-fading rates of 0.059% per cycle over
600 cycles at 1 °C and good rate performance. Moreover, the
Li-S battery with a high S loading cathode (5.6 mg cm™2)
and low E/S ratio (6.3 pL mg~!) displays a high initial
discharge capacity and superior cycling stability over 200
cycles at 0.5 °C.

2 Experimental section
2.1 Materials and characteristics

ZSM-35 was acquired from Zhuoyue Environmental Protec-
tion New Materials (Shanghai) Co., Ltd. Super P, PVDF,
CNTs, PP separator, electrolyte, S powder, 1-methyl-2-pyr-
rolidinone (NMP), isopropanol, and Li,S were purchased
from Guangdong Canrd New Energy Technology Co., Ltd.,
China. All chemical reagents were utilized as received with-
out necessitating further purification.

Transmission electron microscopy (TEM) images were
captured using a TECNAI G2F20. Scanning electron micros-
copy (SEM) was conducted with a JSM6700F field-emission
scan electron microscope. Raman spectra were obtained
through confocal microprobe Raman spectroscopy, utiliz-
ing the LabRAM HR Evolution from HORIBA Jobin Yvon.

2.2 Preparation of ZSM/C/Nafion@PP separator

ZSM-35 and carbon material (Super P) are dispersed into iso-
propanol, stirred for 2 h, followed by sonication for 1 h to
obtain a uniform suspension as A. Subsequently, a solution
containing 2% Nafion is added to suspension A, and it is then
stirred for 6 h to obtain suspension B. Then, the suspension
B is deposited on one side of the PP surface via vacuum fil-
tration. The ion-selective membrane (ZSM/C/Nafion @PP) is
obtained after being placed under vacuum conditions at 60 °C
for 12 h. The carbon material-coated PP (C@PP) is prepared
by the same method. The coating load is 0.78 mg cm?.

2.3 Preparation of CNT/S cathodes

The S cathode was prepared using a simple doctor-blade coat-
ing technique. Typically, the mixture of 80% CNT/S, 15 wt%
super P, and 5 wt% PVDF was combined with NMP to create
a slurry. This slurry was subsequently cast onto carbon-coated
Al foil and allowed to dry at a temperature of 60 °C for a dura-
tion of 12 h. The CNT/S was prepared by the traditional heat
treatment method. Typically, S powder and CNTs were ground
together in an appropriate mass ratio. The resultant mixture
was then heated at a temperature of 155 °C for a period of
12 h.

2.4 Battery assembly and testing

The CR2032 coin-type cells were used to evaluate the effect
of the separator on the performance of Li—S batteries. The bat-
teries were assembled in an argon-filled glovebox, utilizing Li
metal as the anode, CNT/S cathodes, and separators (PP, C@
PP, or ZSM/C/Nafion@PP). 1 M lithium bis(trifluoromethane)
sulfonimide with 2% LiNO; dissolved in a mixture of 1,3-diox-
olane and dimethoxymethane (DOL/DME, 1:1 by volume)
was used as an electrolyte. The S loadings of the CNT/S cath-
odes are 1.3 mg cm~2 and 5.6 mg cm ™2, respectively. The elec-
trolyte/sulfur (E/S) ratio was 11 pL mg~! for 1.3 mg cm~2 and
6.3 pL mg~! for 5.6 mg cm~2. Electrochemical performances
were examined within a voltage range of 1.6 to 2.8 V using a
Neware battery test system provided by Neware Technology
Co. Cyclic voltammetry (CV) curves were generated at a rate
of 0.2 mV s~! on a CHI604E electrochemical workstation.

2.5 Permeation test of polysulfides

Polysulfide (Li,S¢) was synthesized through a chemical reac-
tion between sulfur (S) and Li,S in a DOL/DME (v:iv=1:1)
solution, maintaining a molar ratio of 5:1. The mixed solution
was stirred in an argon-filled glovebox at 60 °C for 48 h to
produce a brownish-red polysulfide solution. A permeation test
was subsequently conducted using an H-type cell, which was
separated by separators. In this setup, the left tube contained
20 mL of the polysulfide solution (0.2 M, primarily composed
of Li,S,), while the right tube held 20 mL of DOL/DEM.

3 Results and discussion

ZSM-35 molecular sieve (Mg?*Na* (H,0), 4l [Al¢Si3,05,]),
also known as ferrierite, belongs to the orthorhombic crys-
tal system with FER-type topology. It possesses a typical
2D pore channel structure (Fig. 2a), which is formed by
the vertical intersection of eight-membered and ten-mem-
bered rings. The ZSM-35 shows a nanosheet structure and
highly ordered nanopores (Fig. 2b), with a size range of
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approximately 5.4 x4.2 A, which is significantly smaller
than the size of polysulfides (> 13 A) [44, 45]. Therefore, the
ZSM-35 may be effectively utilized to inhibit polysulfides
and improve Li-ion transport in Li—S batteries through the
size effect.

To verify the inhibition ability of ZSM-35 on polysulfide,
a ZSM-35 composite-modified PP separator was prepared
through vacuum filtration. The preparation procedure is
shown in Fig. 2c. The ZSM/C/Nafion @PP separators were
prepared by deposition of a suspension containing ZSM-
35, carbon material, and Nafion onto one side of the PP
separator surface. The ZSM/C/Nafion coating layer on the
PP separator is 0.78 mg cm?. The PP separator shows a
highly porous matrix with a pore size of several hundreds
of nanometers, which allows the free shuttle of polysulfide.
After coating, it is covered by the ZSM/C/Nafion coating
layer (Fig. 2d). Based on the cross-sectional SEM image of
the ZSM/C/Nafion @PP separator (Fig. 2e), the thickness
of the ZSM/C/Nafion coating layer on the PP separator sur-
face is about 9.7 pm. It can be seen from Fig. 2f that the
homogeneous distribution of the ZSM-35 nanorods in the
ZSM/C/Nafion coating layer is confirmed by the strong and
uniform Si map that originated from ZSM-35. The strong
and uniform S and C maps also demonstrate a homogene-
ous distribution of carbon material and Nafion on the whole
surface of the ZSM/C/Nafion coating layer.

The ZSM/C/Nafion@PP separator exhibits commend-
able flexibility, capable of being repeatedly folded numer-
ous times without exfoliation (Fig. 3a). Furthermore, the
ZSM/C/Nafion @PP separator demonstrates a significantly
lower contact angle for the electrolyte (approximately 0°)
due to its hydrophilicity, which is markedly superior to
those observed on PP (45°) (Fig. 3b). This suggests that the
ZSM/C/Nafion @PP separator possesses enhanced wettabil-
ity and affinity toward the electrolyte.

Fast Li-ion transfer is critical to obtain excellent elec-
trochemical performance. However, traditional coated
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separators usually show a low ionic conductivity, mainly
because the coating layer not only increases the interfacial
resistance of the battery but also blocks the transfer chan-
nel of Li-ions [6, 46]. According to EIS measurements
(Fig. 3c), the ZSM/C/Nafion @PP separator displays a high
ionic conductivity of 1.43x 107 S cm™!, which is signifi-
cantly superior to that of PP (0.63x 10 S cm™!) and C@PP
(0.67x 1072 S cm™!) separators. Interestingly, Li-ion transfer
number of the ZSM/C/Nafion@PP separator (0.62) is also
higher than those of the PP (0.35) C@PP (0.37) separators
(Figs. 3d—g and S1). This is due to the ZSM-35 nanosheets
that facilitate Li-ion diffusion. In addition, the superior elec-
trolyte wettability of the ZSM/C/Nafion @PP separator also
contributes to the fast Li-ion transfer.

As a superior separator, the inhibition capability to poly-
sulfide shuttle in a Li—S battery is an important factor, which
is often evaluated using a polysulfide permeation testing in
H-shaped glass bottles. Typically, the polysulfide (mainly
Li,S¢) solution was slowly added into the left-side glass bot-
tles. Then, a blank DOL/DEM solution was slowly added
into the right-side glass bottle. The polysulfide permeation
with the PP separator was tested under similar conditions.

In the H-shaped glass bottle with the PP separator
(Fig. 4a), almost 1/2th of the right-side glass bottle was
filled with a yellow polysulfide solution within a span of
12 h. However, polysulfides underwent an accelerated pass
through the PP separator and entered the right-side glass
bottle until polysulfide completely occupied the blank elec-
trolytes within 24 h. Meanwhile, in the H-shaped glass bottle
with the C@PP separator (Fig. 4b), 1/3th of the right-side
glass bottle was filled with a yellow polysulfide solution
within a span of 12 h. After 24 h, the almost 1/2th of the
right-side glass bottle was filled with a yellow polysulfide
solution. In contrast, no obvious change could be observed
after 24 h for the H-shaped glass bottle with the ZSM/C/
Nafion@PP separator (Fig. 4b), demonstrating its strong
capability to inhibit the polysulfide shuttling.
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Fig.3 a Photographs of the ZSM/C/Nafion@PP separator. b Contact
angles of the electrolyte on the surface of the separator. ¢ Nyquist
plots of ionic conductivity. Current variations with time during polar-

To evaluate the performance of the ZSM/C/Nafion @PP
separator in Li—S batteries, it was assembled with the CNT/S
cathode into CR2032 coin cells within an argon-filled glove
box. The ZSM/C/Nafion coating layer faced the CNT/S cath-
ode (Fig. 1b). Figure 5a shows the CV curves of the Li-S
batteries with different separators. All of the batteries show
three peaks. On the anodic scan, one strong oxidation peak
at 2.5 V is observed, which is due to the oxidization of Li,S/
Li,S, to S8 [47, 48]. On the cathodic scan, the two reduc-
tion peaks were observed at 2.01 and 2.28 V, respectively,
which correspond to the reduction of Sg to soluble S,>~ and
the reduction of S >~ to Li,S/Li,S,.[49, 50] Obviously, the
Li-S battery with the ZSM/C/Nafion @PP separator dis-
plays a higher oxidation peak and reduction peak, which
is higher than that of the C@PP and PP separators. These

ization and Nyquist plots of the cells assembled using the d, e PP and
f, g ZSM/C/Nafion @PP separators

results demonstrate that the ZSM/C/Nafion@PP separator
can effectively improve the electrochemical performance of
Li-S batteries.

The Li-S battery with the ZSM/C/Nafion @PP separator
was tested at 1 °C (1 °C =1670 mA g~') over 600 cycles
(Fig. 5b). The high initial discharge capacity of 909 mAh
g~ ! was obtained, followed by a drop up to the 40th cycle.
The decay of capacity is due to the activation cycles leading
to a highly reversible and stable electrochemical status [44,
46]. The discharge capacity still approached 634 mA g,
646 mA g~', 620 mA g7, 597 mA g7!, 579 mA g7, and
588 mA g~! at the end of the 100th, 200th, 300th, 400th,
500th, and 600th cycles, respectively. These results suggest
that the Li-S battery with the ZSM/C/Nafion @PP separator
shows good reversibility and cycling stability, with a low
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fade rate of 0.059% per cycle and a high Coulombic effi-
ciency of 98.7%, superior to those with the C@PP separator
(0.13% and 95.78%) and PP separator (0.17% and 91.6%).
Notably, the discharge—charge curve of the Li—S battery with
the ZSM/C/Nafion @PP separator shows one long oxidation
plateau and two reduction plateaus after 600 cycles (Fig. 5¢),
which is consistent with the CV curves. Moreover, the Li—S
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Cycle number

battery with the ZSM/C/Nafion @PP separator has the lowest
voltage hysteresis, showing low resistance and rapid elec-
trochemical redox reactions. However, no obvious discharge
plateau can be seen in the Li—S battery with the PP separa-
tor. This is because the ZSM/C/Nafion @PP separator can
effectively inhibit polysulfide shuttling and then maintain
cycling stability.
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To better understand the redox behavior, Li—S batter-
ies with different separators were tested at different rates
(Fig. 5d). The Li-S battery with the ZSM/C/Nafion @PP
separator features a good rate capacity that can be main-
tained at different rates. When cycling at 0.1, 0.2, 0.5,
1, and 2 °C, the discharge capacities were maintained at
1236 mA g~!, 1196 mA g~!, 1095 mA g~!, 1015 mA g7,
and 954 mA g~!, respectively. Significantly, rate capacities
recover to 1218 mAh g~! when the rate switches back to
0.2 °C, indicating that the ZSM/C/Nafion @PP separator has
good stability and reversibility in Li—S battery. However, the
Li-S batteries with the PP and C@PP separator show a dra-
matic discharge capacity decay from 0.5 to 1 °C. The initial
discharge capacity at 0.1 °C can reach up to 1121 mA g~!
and 1067 mA g~!, respectively, decreasing to final value of
567 mA g~! and 409 mA g~!, respectively. Obviously, the
Li-S battery with the ZSM/C/Nafion @PP separator has the
highest capacity retention rate of 77.18% from 0.1 to 2 °C
compared to the PP separator (38.33%) and C@PP separa-
tor (50.58%).

It is well known that the polysulfide shuttle will lead
to the deposition of Li,S/Li,S, on surface of the Li metal
anode, causing Li anode degradation [51, 52]. Therefore,
the morphology and chemical composition of the cycled Li
metal anode were analyzed to evaluate the separator's capa-
bility to inhibit polysulfides. Figure 6a shows SEM images
of the cycled Li metal anodes in Li-S battery with the PP

Fig. 6 SEM images of the
cycled Li metal anode in Li-S
batteries with a PP and b
ZSM/C/Nafion @PP separator.
Raman spectra of the cycled
Li metal anode surface in Li-S
batteries with the ¢ PP and d
ZSM/C/Nafion @PP separators

separator. Enriched irregular holes and cracks on the sur-
face of cycled Li metal anode show that the Li metal anode
is severely corroded by polysulfides with the PP separator
after cycles. However, the cycled Li metal anode surface in
Li-S battery with the ZSM/C/Nafion @PP separator shows
a relatively ideal morphology with fewer holes and no flaky
dendrites (Fig. 6b). This shows that the ZSM/C/Nafion @
PP separator can effectively prevent the deterioration of
the Li metal anode structure. Raman spectroscopy is per-
formed to analyze the chemical composition of the cycled
Li metal anode surface. As shown in Fig. 6¢, polysulfide
species shuttle pass through the PP separator and form Li,S,
Li,S,, Li,S,, Li,Se, and Li,Sg, which shows that the PP sepa-
rator cannot inhibit the shuttle of polysulfide. In contrast,
weaker polysulfide signals are observed on the cycled Li
metal anode surface with the ZSM/C/Nafion @PP separator
(Fig. 6d), showing the effectively eliminated shuttling of
polysulfides due to the strong size effect.

To demonstrate the advantages of the ZSM/C/Nafion @PP
separator in practical Li—S battery, the cycling performance
of the Li—S batteries with high S loading (5.6 mg cm~2) and
low E/S ratio (6.3 pL mg~!) was also evaluated at 0.5 °C.
Although both batteries exhibit one charge plateau and two
discharge plateaus (Fig. 7a), the Li-S battery with ZSM/C/
Nafion@PP separator shows a lower voltage hysteresis
(0.16 V) and a higher initial discharge capacity (966 mA g™
than that of the PP (0.22 V and 591 mA g'l) and C@PP
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Fig. 7 a Discharge/charge
curves at Ist and b cycling
performance of the Li-S battery
with high S loading and low E/S
ratio at 0.5 °C

)

Voltage/V

400

(0.29 V and 791 mA g~') separators. Notably, the Li-S bat-
tery with the ZSM/C/Nafion @PP separator exhibits long-
term cycling stability at 0.5 °C (Fig. 7b). The initial specific
capacity of 966 mA h g~ is only decreased to 693 mA h g
after 200 cycles, the average capacity decay per cycle is
only 0.14%. However, the Li-S battery with the PP separator
exhibits fast capacity decay with a high-capacity decay rate
of 0.38% and a low Coulombic efficiency of 95.2%. These
results further indicate that high sulfur utilization and excel-
lent cycling stability under a high S loading and a low E/S
ratio can be enhanced by the ZSM/C/Nafion @PP separator.

4 Conclusion

In summary, we have successfully designed and prepared
a ZSM/C/Nafion @PP separator for advanced Li—S bat-
teries. In Li—S batteries, the ZSM/C/Nafion@PP separa-
tor can effectively inhibit polysulfide shuttle and improve
Li-ion transfer simultaneously. Moreover, the ZSM/C/
Nafion@PP separator shows high ionic conductivity and
Li-ion transfer number, excellent mechanical stability,
and good electrolyte wettability. The Li—S battery with
the ZSM/C/Nafion@PP separator displayed sustainably
enhanced cycling stability and rate performance. The sta-
ble performance is mainly attributed to size effects, which
are derived from the homogeneous porous frameworks of
the ZSM-35. The strategy demonstrated here sheds a new
light on the design and preparation of functional separators
based on ZSM for advanced Li-S batteries.
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tary material available at https://doi.org/10.1007/s10800-024-02165-1.
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