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The state-of-the-art lithium-ion batteries (LIB) use carbonate-based liquid electrolytes and polymeric separators
which pose safety issues including fire-hazard. The use of fire-retarding salt-concentrated electrolytes can address
the safety issues of LIBs, but these electrolytes have high viscosity and low wettability with polymeric separators
making it difficult to fabricate high performance LIBs with the electrolytes. Here we report development of
zeolite membrane separators with tailored pore structure and surface chemistry for preparation of fire-safe LIBs
using salt-concentrated electrolytes. The zeolite membrane separators are made of zeolite particles with a specific
zeolite structure, Si/Al ratio, and different particle shapes, coated on cathode by a scalable blade coating method.
Intermediate pore, pure silica MFI-type zeolite (silicalite) was selected as the fire-proof material for membrane
separators which also offer high wettability for the fire-retarding salt-concentrated electrolyte of lithium bis
(fluorosulfonyl)imide (LiFSI) in tri-methyl phosphate solvent (TMP) solvent. Two silicalite membrane separators
of similar pore size but different porosity and tortuosity were coated on cathode (LiNipsMng 3C0g.202 or NMC)
using plate-shaped silicalite particles of low aspect ratio (LAR) and high aspect ratio (HAR). Both zeolite sepa-
rators show significantly better wettability for the LiFSI/TMP electrolyte than the commercial polypropylene
(PP) separator allowing fabrication of high-performance NMC/LiFSI-TMP/graphite cells with the non-
combustible silicalite separator. The new fire-safe zeolite-membrane-based LIBs with the fire-retarding electro-
lyte exhibit excellent charge and discharge characteristics and cycle performance (similar to the state-of-the-art,
but fire-unsafe LIBs with LiPFg-carbonate electrolyte and polymer separator). The membrane separators made of
HAR plate-shaped zeolite showing low interparticle porosity and high tortuosity perform better than the
membrane made of LAR zeolite particles, due to a more uniform lithium-ion flux from both interparticle pores
and intraparticle zeolitic pores at the separator/anode interface.

1. Introduction

Lithium-ion batteries have become a preferred energy storage
method and are extensively used in electronics, electric vehicles, and
power storage devices [1-4]. The recent increase in the use of
lithium-ion batteries has also posed a problem on the safety issue as
there have been multiple reports of fire and explosion [5,6]. The ma-
jority of the safety risk associated with current LIB technology is asso-
ciated with the flammable liquid electrolyte and combustible polymeric
separator as the dendrites formed on the anode penetrate the low
strength modulus separator, leading to short-circuiting and a thermal
runaway which ignites the flammable electrolyte causes explosion/fire
hazard [7-9]. For example, conventional electrolytes are mainly
composed of lithium hexafluorophosphate (LiPF¢) dissolved in a mixture
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of cyclic carbonate (e.g., ethylene carbonate (EC)) and linear carbonates
(dimethyl carbonate (DMC)) [10-12]. These organic carbonates, espe-
cially the linear carbonates, such as diethyl carbonate (DEC), dimethyl
carbonate (DMC), and ethyl methyl carbonate (EMC), have high vola-
tility and flammability, and thus present the most significant safety
concern of lithium-ion batteries [13].

Solvents like trimethyl phosphate (TMP) or adiponitrile (ADN) are
considered safe solvents for electrolytes because they are chemically
stable and have a high boiling and flash point and low vapor pressure
[14]. TMP was used as a solvent because it is a good flame retardant, has
high oxidative stability and low viscosity, and can form a stable solid
electrolyte interface (SEI) [15,16]. Salts such as lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI), lithium bis(oxalate)borate
(LiBOB) and LiFSI are used to develop high salt-concentrated
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electrolytes (>3 M) with high lithium-ion conductivity [17]. In partic-
ular, using the salt-concentrated electrolytes consisting of LiFSI salt and
TMP, without any additives or binders, have shown great improvement
in the flame retardant nature as well as long cycle life. This is due to the
formation of stable SEI associated with the high concentration of lithium
fluoride (LiF), which also reduces the possibility of dendrite formation at
the anode [16,17]. Electrolytes made of LiFSI salt have shown better
thermal stability and improved performance for graphite anodes [18]. It
has also shown improved lithium deposition in lithium metal batteries
due to the formation of LiF rich SEI layer thus stabilizing the lithium
plating and providing a solution for high voltage batteries [19]. Polymer
electrolytes have also been explored for the feasibility of improving the
safety and performance of the batteries [20-22].

However, these salt-concentrated electrolytes have high viscosity
which greatly affects their ability to wet commercial polymeric sepa-
rators as they have low surface energy and porosity. This results in slow
wettability and non-uniform distribution of the electrolyte which
negatively affects the battery cycle life. This also increases the battery
production time [23]. Furthermore, the polymeric separators experience
a large thermal shrinkage at temperatures above 90 °C. This increases
the chance of an internal short circuit and thermal runaway at elevated
temperatures [24]. Combining the low porosity and poor robustness of
the material makes it impractical for the manufacture of fire-safe salt--
concentrated electrolyte-based lithium-ion batteries. To address the
issue of the thermal stability and electrolyte wettability of the polymeric
separators, inorganic materials such as alumina, silica and zeolites have
been studied, to improve the limitations of the commercially available
polymeric separators [25].

Inorganic materials have high surface energy and exceptional me-
chanical stability over a wide range of temperatures. This makes them a
good substitute for polymeric separators [26]. A popular approach to
increase the wettability and the thermal stability of the polymeric
separator is to mix the inorganic materials with a binder and coat them
on the polymeric separator. Silica and alumina are a few of the popular
ceramic powders used for the coating due to their low cost [27]. A novel
membrane based on silicon dioxide (SiO2) and hydroxypropyl guar gum
(HPG) as binder is used to coat the polymeric separator giving higher
electrolyte wettability and thermal stability to the separator [28].
Another case study of using a high melting-point poly (vinyl alcohol)
(PVA) binder for ceramic coating (AloO3) of polyolefin separators has
been performed to improve the thermal stability of the separator [29]. A
comparative study on coating a commercial polypropylene separator
with four inorganic materials, i.e., Al03, SiO9, ZrO5 and zeolite shows
that all inorganic coatings have improved thermal stability with differ-
ences in the electrical resistance but have similar cell performance as the
pure polymer separator [30]. Nevertheless, the bulk of the
ceramic-coated polymer separator is still organic so there is a high
chance of combustion in case of thermal runaway.

Polymer free inorganic separators provide a solution to this problem.
Free-standing inorganic separators have been successfully synthesized
using sintered Al,O3 and SiO5 powders [31,32]. However, these sepa-
rators are brittle resulting in the need to make thick separators (~200
pm) which increases the cell’s internal resistance and decreases the
energy density. There were further studies on decreasing the thickness of
the free-standing inorganic separator. However, they require large
amounts of binder with complex and chemically intensive synthesis
procedure [33,34]. To address these issues, Lin and co-workers reported
coating a thin (30-40 pm) alumina [35] or silica (quartz) [36] separator
directly on the electrode using the blade coating technique. These
ceramic separators have shown excellent electrolyte wettability and
better thermal stability and electrochemical performance of the cell, and
are easily scalable providing a better choice for the commercial
manufacturing process [37,38].

Recently Rafiz and Lin [39] reported using microporous zeolite (pure
silica MFI type zeolite silicalite) coated on the cathode as a separator for
lithium ion batteries with salt-concentrated electrolyte (such as
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LiFSI/TMP). The microporous pure silica zeolite is highly wettable to the
salt-concentrated electrolyte. It is much lighter than dense silica due to
the presence of micropores within the particles, resulting in less
reduction in energy density for lithium-ion batteries due to the use of an
inorganic separator. Furthermore, the microporous zeolite separator
contains both interparticle and intraparticle pores, offering more uni-
form Li ion flux important for maintaining uniform SEI formation.
Combining the fire-retarding salt-concentrated electrolyte with a
non-combustible zeolite separator leads to the construction of a fire-safe
lithium-ion battery with significantly improved electrochemical per-
formance as compared to similar batteries with separators made of dense
silica particles or polypropylene [39].

In the previous work, the separator was made of particles with a low
aspect ratio (close to spherical particles). It is known that the pore
structure of ceramic membranes depends on the particle shape and size.
Membranes made of particles with high aspec ratio have high tortuosity
and are more resilient to stress. The objective of the work is to examine
the effects of zeolite membrane separators consisting of zeolite particles
of different aspect ratios on the performance of fire-safe lithium-ion
batteries. MFI zeolite powders of low-aspect-ratio (LAR) and high-
aspect-ratio (HAR) plate-shaped particles were synthesized by the hy-
drothermal process under different conditions. The obtained zeolite
powders were characterized and used to form membranes separator on
the cathode by the blade-coating method. Fire-safe lithium-ion batteries
were constructed with the two zeolite separators of different pore
structures, and their charge-discharge curves were measured to under-
stand the rule of the shape of zeolite particles in the electrochemical
performance of the fire-safe lithium-ion batteries.

2. Experiment
2.1. Synthesis of zeolite powders and electrolyte

The pure silica MFI type zeolite (silicalite) was prepared using the
hydrothermal synthesis method. The silicalite crystals have a pore vol-
ume of 0.19 cc/g, density of 1.76 g/cc and micropore porosity of about
33% [40,41]. Silicalite with LAR plate-shaped silicalite particles was
prepared using 10 g of tetraethyl orthosilicate (Millipore Sigma), 12 g of
tetra-propyl ammonium hydroxide (Millipore Sigma) and 202 g of
de-ionized water were stirred in a beaker for ~20 h at room temperature
till a clear solution was obtained. The solution was then heated at 130 °C
for 8 h in an autoclave to obtain silicalite particles with LAR. Silicalite
with HAR plate-shaped silicalite particles by a modified method from
the literature [42]. To prepare HAR silicalite particles, 10 g of tetraethyl
orthosilicate (Millipore Sigma), 4 g of tetra-propyl ammonium hydrox-
ide (Millipore Sigma), and 170 g of de-ionized water were stirred in a
beaker for ~20 h at room temperature till a clear solution was obtained.
The solution was then heated at 155 °C for 10 h in an autoclave to obtain
HAR plate-shaped particles.

Next, the mother liquor was decanted from the autoclave after the
completion of the reaction and cooled down to the room temperature.
The obtained silicalite powders were washed with de-ionized water and
centrifuged at 5000 rpm (16.8 relative centrifugal force — meters) for 20
min separately. This step was repeated three to four times for silicalite
powders to completely remove the organic components present in the
powders post reaction. Both washed silicalite powders were then dried
at 100 °C in a vacuum oven for 24 h to remove the moisture from the
powders. This was followed by calcination of the powders at 600 °C in a
furnace for 10 h.

The cathode used was LiNigsMng 3C09 202 (NMC) (94.2% active
material) of thickness 45 pm coated on aluminium foil and the anode
used was graphite of thickness 50 pm coated on copper foil (both from
MTI Corporation). The lithium bis(fluorosulfonyl)imide (LiFSI) (battery
grade) salt was procured from Kishida Chemical Co, Japan, and the tri-
methyl phosphate solvent (TMP) (reagent grade; 99.999% purity) was
procured from Millipore Sigma. The required weight of LiFSI salt, and
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TMP were mixed to obtain a salt-concentrated clear liquid solution of
5.3 M inside an atmosphere-controlled glovebox (H20 < 0.1 ppm, Oz <
0.1 ppm) and the obtained solution was allowed to rest for 24 h.

2.2. Coating and characterization of zeolite separators

Water based zeolite (silicalite) slurry was prepared for separator
coating on the NMC cathode. For LAR or HAR plate-shaped silicalite a
slurry was prepared by mixing 2 g of silicalite powder with 2 g of 5 wt%
polyvinyl alcohol (PVA) aqueous solution (molecular weight:
77,000-79,000) (ICN Biomedical Inc., USA) and 1 g de-ionized water.
The mixture was stirred for ~10 min to obtain a homogeneous slurry.
The coating of the slurry on the NMC electrode was done by using a
caliper-adjustable doctor blade (Gardco LLC, USA). For the coating of
the silicalite separator of desired thickness, the blade gap was adjusted
to 40 pm. The prepared slurry was then dropped across one end of the
electrode and then spread down the length of the electrode using the
doctor blade to obtain a uniform coating. The coated separator was dried
in a humidity-controlled chamber at 40 °C and 60% relative humidity
for 10 h. These blade coating steps were followed to coat both LAR and
HAR plate-shaped silicalite separators.

For measuring the porosity, pore size distribution and electrolyte
contact angle of the zeolite membrane separators, the zeolite slurry was
coated on an aluminium foil by the same blade-coating method. To
measure the interparticle porosity of the coated zeolite layer, it was
peeled off carefully from the aluminium foil without causing any
physical damage to the separator. The interparticle porosity (¢) of the
separator was obtained from the measured bulk density (using the
weight and dimensional volume of the zeolite separator) and zeolite
particle density as [43]:

g—1 — Pounc o)
Pparticle

The zeolite layer on the aluminium foil was cut into small pieces and
used to measure interparticle pore size using a mercury porosimeter
(Micrometrics Auto Pore V, USA) performed at both the high-pressure
mode and low-pressure mode to detect pore sizes ranging from nano-
meter to micrometer dimensions.

The morphology and phase structure of prepared silicalite powders
and separators coated on the NMC cathode were respectively observed
using scanning electron microscopy (Philips, USA, FEI XL-30, with
sample sputter-coated with gold) and X-ray diffraction patterns were
obtained (Bruker AXS-D8, Cu Ka radiation, USA). The electrolyte con-
tact angle measurement was done to both silicalite particles coated on
the aluminium foil and PP separator by dropping the 5.3 M LiFSI/TMP
electrolyte on a DSA-25 Drop Shape Analyzer (Kruss, USA) and the
images were recorded at intervals of 1 s.

2.3. Cell assembly and electrochemical characterization

The NMC electrodes coated with silicalite separators were cut into
16 mm diameter discs using the disc cutter (MTI Corporation) and the
cut discs were kept in a vacuum oven at 70 °C for 12 h. The obtained
discs were then immediately placed inside an argon-filled glovebox
(Innovative Technology Inc., USA) and kept in it for a period of 24 h to
remove any traces of atmospheric gases or moisture in the electrode-
supported separator disks. The coin cells of CR2032 type (X2 Lab-
wares, Singapore) were assembled inside the glovebox. The silicalite
coated NMC discs of 16 mm in diameter were first placed inside the
bottom case of the coin cell and the prepared 5.3 M LiFSI/TMP elec-
trolyte of 150 pl was pipetted out onto the surface of the silicalite coated
NMC cathode. Graphite anode of 16 mm was then placed on top of the
separator surface and followed by two spacers and one spring. Finally,
the top case of the coin cell was placed to enclose the coin cell. The coin
cell was sealed by crimping at 400 psi. This procedure was used to
construct coin cells for both electrodes coated with LAR and HAR plate-
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shaped silicalite separators.

The constructed coin cells were then removed from the glovebox and
the charge-discharge characteristics of the cells were tested using a
battery testing system (BTS3000) (Neware Co, Shenzen, China). The
cells were cycled using the standard CC-CV (constant current— constant
voltage) method where the minimum and maximum potential for testing
were respectively 2.0 V and 4.2 V. The cells prepared using both LAR
and HAR plate-shaped silicalite separators were first tested at 0.2C-rate
(0.708 mA) for 100 cycles to examine the cycle life performance of the
cells. Subsequently, the cells were cycled at higher C-rates of 0.5C, 1C
and 2C to test the rate capability of the cells using LAR and HAR plate-
shaped silicalite separators.

Electrochemical impedance spectroscopy (EIS) measurements of the
assembled cells were conducted using a PARSTAT 2263 EIS station
(Princeton Applied Research, USA) in the AC mode to analyse the in-
ternal resistance of the cells. The Nyquist plots were obtained for the
assembled cells (at 100% SOC) by electrochemical impedance spec-
troscopy (EIS) (PARSTAT 2263 EIS station, Princeton Applied Research,
USA) in a frequency range of 100 kHz to 10 mHz and an AC amplitude of
10 mV rms.

3. Results and discussion
3.1. Characteristics of zeolite membrane separators

Pure silica MFI-type zeolite (silicalite) powders of LAR and HAR
plate-shaped particles were synthesized by the hydrothermal method
from tetraethyl orthosilicate with tetra-propyl ammonium hydroxide as
an organic template. Fig. 1 shows SEM micrographs and XRD patterns of
the two silicalite powders. Both powders exhibit facet morphology with
similar thickness, but the HAR particles have much larger width and
length as compared to the LAR particles, as summarized in Table 1. The
aspect ratio is defined as ratio of the length to the thickness which is
about 10-40 for the HAR particles and about 2—4 for the LAR particles.
The XRD patterns for these two samples are typical of MFI zeolite [44],
showing no preferential orientation, due to the random packing of these
particles in the samples for XRD analysis.

The silicalite powders were mixed into an aqueous solution using
polyvinyl alcohol (PVA) as the binder and the slurry was coated on the
NMC cathode to obtain a coating of the wet silicalite separator of 40 pm
thickness. The PVA added to the slurry mixture was reduced to a min-
imum level (2 wt%) so to avoid it affecting the electrochemical perfor-
mance of the cell.

Fig. 2 shows the SEM images of the surface and cross-sectional views
of the LAR and HAR plate-shaped silicalite separator layers coated on
the NMC cathode. The surface image shows the morphology of silicalite
particles of LAR and HAR plate-shaped particles, similar to the corre-
sponding powder shown in Fig. 1. The cross-sectional SEM images show
three layers of metal backing, NMC and silicalite separator. The thick-
ness of the LAR and HAR plate-shaped silicalite separator layers is about
35 and 30 pm, respectively, shrunk from 40 pm in thickness for the as-
coated wet separators due to drying process in the humid chamber fol-
lowed by drying in a vacuum oven. The HAR plate-shaped particles
shrunk more than LAR particles.

Fig. 3 shows XRD patterns of the silicalite separator coated on the
NMC cathode before and after compression at 400 psi, and SEM
micrograph of the surface of the silicalite separator after compression at
400 psi, made from the LAR and HAR plate-shaped silicalite powders.
Similar XRD patterns and micrograph for silicalite separator on the NMC
cathode made from HAR plate-shaped silicalite powder are given in
Fig. 4. Comparison of the SEM micrographs of the surface of the silicalite
separators before (Fig. 2) and after (Fig. 3b and 4b) compression shows
no observable difference in surface morphology. For separator made
from LAR particles, the XRD patterns show no difference indicating
compression does not change the orientation of the particles. However,
for HAR plate-shaped silicalite separator the XRD patterns show that
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Fig. 1. SEM micrographs of the LAR(a) and HAR (b) plate-shaped MFI zeolite (silicalite) synthesized in this work and corresponding XRD patterns of powders of the

zeolite (c).

Table 1

Characteristic lengths of the zeolite (silicalite) particles and pore structure of the corresponding zeolite membrane separators.

Plate-shaped Zeolite Typical particle dimension

Separator

Thickness (pm) Width (pm) Length (pm) Average pore diameter (pm) Interparticle Porosity (%)
LAR silicalite 0.2-0.5 1-1.5 0.4 72
HAR silicalite 0.2-0.5 2-3 0.4 59

compression results in an enhancement in (020) plane (b-axis) peak
intensity. For HAR particles, the large surface is normal to b-axis straight
channels for MFI zeolite [45]. This suggests that compression enhances
the orientation of the HAR plate-shaped particles along the flat plane of
the silicalite crystals. Since the compression force acts in the direction
normal to the cathode surface, the compression reorients the HAR
plate-shaped silicalite particles with large planes aligned parallel to the
surface of the NMC electrode. Thus, the b-axis straight intracrystalline
pores are better aligned with the lithium-ion flux direction.

Silicalite powders were coated from the same slurries by the blade
coating method on aluminium foil for the analysis of porosity and pore
size distribution of the silicalite separators. Fig. 5(a) and (b) shows pore
size distributions of the LAR and HAR plate-shaped silicalite separator
respectively. Both membrane separators have essentially the same
interparticle pore size distribution. The average pore size and porosity
for the LAR and HAR plate-shaped particle silicalite separator are listed
in Table 1. The HAR plate-shaped particle separator has lower porosity
and essentially the same pore size as compared to the LAR particle
separator. These results can be explained by the structure of the pores
illustrated in Fig. 5(c) and (d). The LAR and HAR plate-shaped silicalite
particles have the same thickness, which determines the interparticle
pore size. The HAR plate-shaped silicalite separator layer shows more
compact packing and tortuous interparticle pathway than the LAR

silicalite separator. Since Li ion may transport through intracrystalline
(intraparticle) pores in the direction indicated in Fig. 5 and HAR plate-
shaped silicalite has straight intraparticle crystalline pores aligned with
Li ion flux direction, the contribution of the Li ion flux through intra-
particle pores of the HAR silicalite separator will be larger than that of
the LAR silicalite separator. Such differences in pore structure and
particle orientation of the separator will impact the performance of the
batteries made with these separators.

A single sessile drop wettability test was performed to show the
wettability of the prepared silicalite separators towards salt-
concentrated electrolyte and compare them with the commercially ob-
tained polypropylene separator (PP-2500, Celgard). The prepared liquid
salt-concentrated 5.3 M LiFSI/TMP electrolyte was dropped against the
separators to measure the contact angle. Fig. 6 shows the contact angle
measurements of the silicalite and PP separators as a function of time.
Both silicalite separators have much lower contact angle than the PP
separator due to the hydrophobic nature of the pure silica MFI-type
zeolite and the presence of intracrystalline micropores in the zeolite
particles [46]. The HAR plate-shaped silicalite separator has a lower
contact angle than the LAR silicalite separator suggesting that the HAR
plate-shaped silicalite is more wettable for the salt-concentrated elec-
trolyte. This translates to fast loading and more uniform filling of the
high salt-concentrated electrolyte in the pores of the zeolite separator, in
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particular of the HAR plate-shaped zeolite, enabling the good electro-
chemical performance of the LIBs made with the high salt-concentrated
electrolyte [36].

3.2. Electrochemical performance of the NMC/graphite cells with zeolite
separators

Full NMC/graphite cells were constructed using NMC coated with
LAR and HAR plate-shaped silicalite powders prepared in this work as
separators filled with 5.3 M LiFSI/TMP electrolyte and cycled using the
CC-CV charge-discharge method. Fig. 7(a) shows the charge and
discharge curves of the 1st cycle and the 100th cycle for both separators
made of LAR and HAR plate-shaped silicalite particles at 0.2C-rate. Both
cells show typical charge-discharge curves for NMC/graphite full cells
with a discharge capacity of about 160 mAh/g. In our previous study,
full cells constructed using NMC/graphite as electrodes with LAR sili-
calite, dense (quartz) silica and PP-2500 separators filled with 5.3 M
LiFSI/TMP electrolyte were tested for their electrochemical perfor-
mance and the LAR silicalite separator has shown significantly better
electrical performance in terms of capacity retention and rate capability
than cells with dense silica and PP separators [39]. The cell with the LAR
silicalite separator prepared in the present work exhibits the same
charge and discharge characteristics as the same cell with the LAR sili-
calite separator prepared by the previous researcher [39], verifying the
reproducibility of the zeolite separator technology. In the present study,
both cells showed essentially 100% coulombic efficiency for 100 cycles
as shown in Fig. 7(b). However, the cell with the HAR silicalite separator
has a higher capacity, better capacity retention and slightly larger
coulombic efficiency compared to the cell with the LAR silicalite sepa-
rator. This suggests a more uniform and thin SEI layer formation for the
cell with the HAR silicalite separator as compared to the LAR silicalite
separator resulting in fewer loss of active lithium ions and better
coulombic efficiency.

To further understand the cell performance, these cells with the same
configurations were again tested using the electrochemical impedance
spectrometer (EIS) and the Nyquist plots for the full cells were obtained
as shown in Fig. 8. The Nyquist plots for the fully charged cells give the
impedance parameters of the ohmic resistance, SEI resistance and
charge transfer resistance after the data is fitted to the equivalent circuit
using EC-Lab software, which are listed in Table 2 along with the
thickness and geometric factor of the silicalite separators. The ohmic
resistance of the cell represents the resistance of the separator filled with

400
350 9 '.,’1.'.*.;‘

300 -

—a— HAR silicalite
—e— LAR silicalite

250 -

200 -

-Im(Z)(Ohm)

150 -
100 A
50 4

0" T
0 50

100 150 200 250 300 350
Re(Z)(Ohm)

Fig. 8. Fitted Nyquist impedance plots for full cells of LAR and HAR plate-
shaped silicalite separators.
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Table 2
Values of fitted impedance parameters for full cells of the LAR and HAR plate-
shaped silicalite membrane separators.

Separator Thickness (L) Normalized Rohm Rsgr Ret
(um) thickness (L/e) (pm) () () ()]
LAR 35 48.0 4.41 71.3 131
silicalite
HAR 30 50.8 7.83 45.0 66.6

silicalite

the electrolyte, which is related to the effective lithium ion conductivity
of the electrolyte in the pores of the separator (¢) and pore structure of
the separator (separator area A, thickness L, porosity &, pore tortuosity t)
as [47]:

Lt
“Ao @

The ohmic resistance of the HAR plate-shaped silicalite separator
(7.83 Q) is about 1.8 times that of the LAR silicalite separator (4.41 Q).
For both separators (L/¢) is similar (see Table 2) and A is the same. This
means that the ratio of (t/c) for the HAR plate-shaped silicalite sepa-
rator is larger than that for the LAR silicalite separator. Since the HAR
plate-shaped silicalite separator is more wettable to the electrolyte than
the LAR silicalite as shown in Fig. 6, the effective conductivity for the
former is expected to be larger than the latter. Thus, this result suggests
that the tortuosity factor for the HAR plate-shape silicalite separator will
be at least 1.8 times larger than that for the LAR silicalite separator,
consistent with a recent study showing tortuosity increases with
decreasing sphericity of the particles [48]. The cell with the HAR sili-
calite separator also has lower SEI and charger transfer resistance than
that with the LAR silicalite separator, as shown in Table 2, indicating the
positive impact of the HAR plate-shape of zeolite particles on improving
cell performance.

Fig. 9(a) shows the discharge curve for the 1st cycle of the cells with
the LAR and HAR plate silicalite separators at 0.2C, 0.5C, 1C and 2C. We
can see that as the C-rate increases there is a significant difference in the
discharge curves between LAR and HAR plate-shaped silicalite separa-
tors. HAR plate-shaped silicalite separator shows much better discharge
characteristics at a high C-rate than the LAR silicalite.

Different from the separator made of dense silica particles containing
only interparticle pores, the zeolite (silicalite) separator includes both
interparticle pores with characteristics shown in Table 1, and intra-
particle crystalline zeolite pores. MFI zeolites have straight zeolitic pores
in b-axis and zig-zag pores in a-axis, with a pore diameter of around
0.55 nm. Cells with the LAR microporous pure silica zeolite (silicalite)
separator perform better than the cells with dense silica because in the
former Li-ions can transport through both interparticle pores and
intraparticle crystalline zeolitic pores filled with electrolyte [49,50],
resulting in a more uniform Li flux and distribution at the separator/-
anode interface. To confirm qualitatively Li-ion flux through intra-
particle pores of silicalile, Li-ion conductivity (cy,) for electrolyte filled
free-standing separator films made of (a) plate-shaped HAR silicalite
(average aspect ratio ~ 25) and (b) plate-shaped y-AlyOs particle
without intraparticle pores with a significantly lower aspect ratio (~6)
[51] were measured. The tortuosity of the separator was calculated from
the measured conductivity data and the intrinsic Li-ion conductivity of
liquid electrolyte (o) and interparticle porosity of separator (¢) by

=2t 3

Om

The determined tortuosity for the HAR zeolite separator (6.31) is
slightly smaller than that for y-Al,O3 membrane separator (6.95). From
the huge difference in the aspect ratio of particle between the zeolite and
v-Aly03 (~25 vs ~6), one should expect much higher tortuosity for the
zeolite separator than the alumina one as discussed above. The results
indicate that the measured Li-ion conductivity (cy,) for the electrolyte
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Fig. 9. CC-CV discharge curves of 1st cycle for the cells with HAR and LAR silicalite separator (a) at 0.2C, 0.5C, 1C and (b) at 2C-rate.

filled zeolite separator is much higher than that contributed by inter-
particle Li-ion flux, suggesting a significant contribution of Li-ion flux
through zeolite intraparticle pores.

For the HAR plate-shaped silicalite separator, the particles are ar-
ranged such that the straight zeolitic pores are aligned with the Li-ion
flux direction, and thus may offer more uniform Li-ion flux at the
separator-anode interface than the LAR silicalite separator. It is known
that a more uniform Li-ion flux at the separate-anode interface provides
a more uniform and robust solid-electrolyte interface (SEI) and better
availability of the Li-ions at the lithium metal anode, resulting in a
significantly enhanced performance of lithium-metal battery cells [52,
53]. For lithium-ion batteries, Li-ion transport through the intraparticle
micropores of MFI zeolite crystals may also result in a more uniform and
thin SEI layer and fewer loss of active lithium ions, and hence better
capacity retention and columbic efficiency for the cells with the HAR
plate-shaped separator than the cells with the LAR silicalite separator.
Similarly, as the C-rate increases the Li-ions in the separator tend to
transport more through intraparticle micropores of the HAR
plate-shaped silicalite particles rather than the inter-particle porous
pathway which is more tortuous. This in turn provides uniform Li-ion
flux along the anode resulting in a uniform and thin SEI layer. Li-ions
tend to diffuse along the interparticle pathway for the LAR silicalite
separator as they as less tortuous which results in less-uniform Li-ion
flux and SEI layer. This is even more apparent at a high C-rate (2C) as
shown in Fig. 9(b).

For LIB cells with polymer separators thermal runaway is usually
accompanied with a rise in temperature resulting in shrinkage of the
separator and eventually short circuit of the cell [54,55]. In the case of
silicalite separators they are structurally stable even at high tempera-
tures. To study the stability of the separators and their electrochemical
performance, two full cells were assembled using the LAR and HAR
plate-shaped silicalite separators and the high salt-concentrated LiF-
SI/TMP electrolyte and cycled at 0.2C at different temperatures. The
cells were first cycled at 25 °C while recording the cell performance and
the temperature was decreased to 0 °C in a stepwise manner and the cells
were allowed to cycle for cycles at each temperature. The temperature
was then increased from 0 °C to 70 °C, and the capacity retention was
plotted against the cycle number as shown in Fig. 10.

As the temperature decreases from 25 °C to 0 °C, the electrolyte
conductivity and diffusivity decrease due to the increase in the viscosity
of the electrolyte as shown in the studies by different research groups
[56-59]. This leads to increase in the ohmic polarization and in turn a
reduction in the capacity with decreasing temperature as seen in both
separators [60]. However, the LAR silicalite separator shows better
performance as compared to the HAR silicalite separator due to its
higher porosity and lower tortuosity which facilitate electrolyte diffu-
sion. As the temperature increases from 0 °C to 70 °C the HAR
plate-shaped silicalite separator shows better performance due to its
lower SEI and charge transfer resistances. It should be noted that MFI
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Fig. 10. Performance of full cells at 0.2C using LAR and HAR plate-shaped
silicalite separators at different temperatures.

zeolite has a small, but negative thermal expansion coefficient
(—0.0003%/°C, with negative sign meaning that it shrinks with
increasing temperature) [61]. Thus, zeolite separator essentially does
not change in the temperature range studied in the work.

4. Conclusions

Pure silica MFI type zeolite (silicalite) separators of the same inter-
particle pore size but different porosity and tortuosity can be blade-
coated on LiNigsMng 3C0p202 (NMC) cathode using silicalite powders
of low-aspect-ratio (LAR) or high-aspect-ratio (HAR). The zeolite sepa-
rators exhibit significantly higher wettability towards the salt-
concentrated LiFSI/TMP electrolyte than the commercial poly-
propylene separator, enabling the fabrication of fire-safe NMC/graphite
cells with non-combustible zeolite separator and fire-retarding LiFSI/
TMP electrolyte. The fire-safe cells show good charge and discharge
characteristics and cycle performance. The HAR plate-shaped silicalite
separator has better capacity retention and rate capability with lower
SEI and charge transfer resistances than the LAR silicalite separator due
possibly to more uniform Li-ion flux from both interparticle pores and
intrazeolitic pores at the separator/anode interface. The HAR plate-
shaped silicalite separator also shows better performance at higher
temperatures as compared to the LAR silicalite separator, offering po-
tential to develop fire-safe lithium-ion batteries with better cycle life,
rate capability and non-flammablility.
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