
Electrochimica Acta 468 (2023) 143129

Available online 2 September 2023
0013-4686/© 2023 Elsevier Ltd. All rights reserved.

Electrode-supported high-tortuosity zeolite separator enabling 
fast-charging and dendrite-free lithium-ion/metal batteries 
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A B S T R A C T

Lithium-metal batteries (LMBs) are poised to be the next-generation high-energy density storage media of choice 
for various applications; however, they are currently plagued by failure due to dendrite propagation at high 
charge/discharge rates. One of the most sought-after technologies for dendrite propagation prevention in LMBs is 
solid state batteries, but they face commercialization challenges due to low room temperature ionic conductivity 
and high manufacturing cost. Here, we report the use of plate-shaped zeolite particles with intraparticle crys
talline micropores to form an electrode-coated separator by a scalable blade-coating methodology. These sep
arators with minimal polymer content are non-flammable and highly wettable to organic-based liquid 
electrolytes. They have high pore tortuosity and shear modulus resulting from the unique physical properties and 
morphology of the plate-shaped zeolite particles. LMB cells made of a LiNi0.5Co0.2Mn0.3O2 (NMC) cathode, 
coated with the plate-shaped zeolite separator, LiPF6-carbonate electrolyte, and lithium metal anode, show good 
charge-discharge characteristics and effectiveness in preventing dendrites from propagating through the sepa
rator even at high (3 C-rate) rates. When compared to LMB cells with a tortuously porous separator of similar 
pore size and porosity made of dense plate-shaped γ-alumina particles without intraparticle pores, cells with the 
zeolite separator show better charge/discharge characteristics, lower solid electrolyte interface (SEI) and charge- 
transfer resistances, and more effective dendrite propagation prevention. Results suggest that the intraparticle 
pores of the zeolite separator particles homogenize the Li-ion flux at the separator-anode interface in a much 
better manner than γ-alumina particles. There is promising commercial potential for the electrode-coated zeolite 
separator with highly tortuous pores for lithium batteries with a lithium-metal anode.   

1. Introduction

Lithium-ion batteries (LIB) are presently the most widely used en
ergy storage devices [1,2]. Lithium-metal batteries (LMB) with lithium 
as an anode are deemed the next-generation successor of the lithium-ion 
battery system due to their high theoretical specific capacity, potentially 
doubling that of LIB [3]. In LMBs, the lithium on the anode reacts 
vigorously with conventional organic electrolytes and salts to form a 
solid electrolyte interface (SEI). This SEI is not mechanically robust and 
breaks down on continuous cycling, thus again exposing the bare 
lithium metal, which further reacts with the electrolyte. This leads to a 
loss in capacity on continuous cycling of the cell [4]. Moreover, these 
areas where the SEI breaks down become points of high charge con
centration, and lithium ions preferentially migrate to these defects to 
form dendrites. Thus, there is a non-uniform plating of lithium metal 
during further charging cycles [5]. On application of higher current 

densities and subsequent charging/discharging, these dendrites pierce 
through the separator, causing an internal short circuit [6]. This can 
potentially lead to a thermal runaway reaction and a major fire/
explosion hazard [7]. 

Commercial polymer separators currently being used are character
ized by a low shear modulus and hardness, which makes them easily 
penetrable in case a lithium dendrite tries to propagate through them 
[8]. LMBs made with these polymer separators are particularly suscep
tible to penetration by the dendrites, especially at higher C-rates [9]. 
There have been several efforts to increase the shear modulus of the 
separator by embedding inorganic materials, such as silica and alumina, 
within the matrix of the polymer [10,11]. Also, inorganic materials have 
been coated on polymeric separators to increase their dendrite propa
gation prevention capability [12,13]. However, the properties of these 
inorganic modified polymer separators are still dominated by polymer. 
The effectiveness of the dendrite propagation prevention is achieved 
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only at low rates of charge/discharge. 
Another potent method of preventing dendrite propagation is the 

removal of the liquid phase electrolyte and polymeric separator, and 
replacement with a solid state electrolyte that has a high shear modulus 
[14]. The solid state electrolytes have been shown to work well in 
limiting dendrite propagation due to their rigid structure [15,16]. 
However, these electrolytes have lithium ionic conductivity an order of 
magnitude lower than the traditional liquid electrolytes at room tem
perature [17,18]. Also, they have an unstable interface with electrodes 
(especially Li anode), which leads to a loss in battery capacity upon 
continuous cycling [19,20]. 

One strategy to instill a high shear modulus to the separator without 
losing ionic conductivity at room temperature is to construct a separator 
matrix of ceramic particles which can take up the liquid electrolyte. This 
has been done by using anodic alumina [21], ZrO2 [22], alumina [23], 
and silica [24]. However, these separators increase the weight-based 
density of the battery due to their high particle densities and do not 
provide a uniform distribution of lithium-ion flux at the separator-anode 
interface due to the dense nature of these particles. This absence of a 
uniform lithium-ion flux results in non-uniform plating of lithium on the 
anode [25], leading to excessive dendrite formation. Moreover, it was 
found that dendrites can still easily propagate through the pores of these 
porous ceramic separators at high C-rates of charge and discharge [26]. 

A promising strategy to prevent and inhibit high C-rate dendrite 
propagation is to use an inorganic separator with tortuous pores, such as 
one using modified silica particles [26] or silicon nanowires [27]. These 
separators are effective in inhibiting dendrite propagation only below a 

2C-rate of charge and discharge. Hydroxyapatite (HAP) nano-wire sep
arators with a high pore tortuosity have also been functional in reducing 
dendrite propagation at high current densities, but they are not stable at 
higher operating temperatures, above 55 ◦C, for more than 70 cycles 
[28]. Solid state electrolytes with enhanced solid-phase tortuosity (with 
pores in the electrolyte) offer improved dendrite propagation prevention 
at both low and high C-rates but are unable to function stably even at 
room temperature conditions [29]. Tortuously porous poly
benzimidazole (PBI) membranes synthesized by a non-solvent method 
showed potential to reduce dendrite propagation due to a higher tor
tuosity, but they were limited to preventing this only at a low current 
density of 1 mAh cm−2 [30]. 

The effectiveness of using separators with tortuous pores filled with a 
liquid electrolyte in inhibiting dendrite propagation was more clearly 
demonstrated in our recent work [31]. We compared the performance of 
LiNi0.5Co0.2Mn0.3O2 (NMC)/LiPF6-carbonate/Li cells with 
electrode-coated separators made of (1) plate-shaped γ-alumina parti
cles with pore tortuosity of about 7.0 and (2) spherical α-alumina par
ticles with pore tortuosity of 2.9. Both separators have similar pore sizes. 
The same cell using a conventional PP-2500 separator with a tortuosity 
of 2.3 was also studied for bench-mark purpose. Cells with the tortuously 
porous γ-alumina separator exhibited a marked improvement in terms of 
inhibiting dendrite propagation due to the greater tortuosity and hard
ness of the separator, as compared to the conventional PP-2500 and 
α-alumina separators. However, the separators made of the dense 
γ-alumina particles without intraparticle pores do not provide a uniform 
distribution of lithium-ion flux at the separator anode interface, which 

Fig. 1. (a) SEM image and (b) particle size distribution of synthesized plate-shape zeolite (silicalite) powder; and (c) SEM image and (d) particle size distribution of 
plate-shaped γ-alumina particles prepared in our lab and reported previously [31]. 
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results in non-uniform plating of lithium on the anode and higher SEI 
and charge-transfer resistance [31]. γ-alumina particles also have high 
particle density, lowering the weight-based energy density of the 
battery. 

Recently, we discovered that LIBs of LiNi0.5Co0.2Mn0.3O2 (NMC)/ 
graphite with a separator made of microporous zeolite (pure silica MFI 
zeolite) particles with intraparticle crystalline pores and fire-safe, salt- 
concentrated electrolyte of lithium bis-fluoro sulphonyl imide (LiFSi) in 
tri-methyl phosphate solvent (TMP) 99.999% purity performed much 
better than the same batteries but with separator made of dense silica 
particles with the same geometries [32]. Compared to the dense silica 

particles, the zeolite particles with intraparticle crystalline pores offer 
lower density and higher hydrophobicity, making it highly wettable for 
a LiFSi/TMP electrolyte. Furthermore, the intraparticle pores of micro
porous zeolite allow possible transport of lithium ions, which may 
contribute to the higher performance of the lithium-ion batteries with 
the salt-concentrated electrolyte. More recently, we found that 
lithium-ion batteries with zeolite separator of higher pore tortuosity 
(about 7) filled with LiFSi/TMP electrolyte performed better than the 
same lithium-ion batteries with the same zeolite having a low tortuosity 
(<3) [33]. The positive effect of high pore tortuosity demonstrated in 
the separator made with plate-shaped γ-alumina [31] and obvious ad
vantages of low density, hydrophobicity, and availability of intraparticle 
pores of zeolite discovered in our recent work on lithium-ion batteries 
[32,33] prompted us to study the effectiveness of a separator made of 
plate-shaped zeolite particles with high interparticle pore tortuosity on 
the inhibition of dendrite formation and propagation in 
lithium-ion/metal batteries with a conventional liquid electrolyte. We 
report the results of this study here. 

Fig. 2. XRD patterns of (a) synthesized silicalite powder; (b) silicalite mem
brane separator of 40 µm thickness coated on the NMC electrode before 
compression; and (c) silicalite membrane separator of 40 µm thick on the NMC 
electrode and compressed to 400 psi. 

Fig. 3. Schematic illustration of (a) plate-shaped MFI zeolite crystal showing 
crystallographic planes and (b) structure of membrane separator made of plate- 
shaped zeolite on NMC cathode after compression. 

Fig. 4. (a) Cross-sectional SEM image of the plate-shaped zeolite separator 
coated on the NMC electrode; (b) Pore size distribution of zeolite (silicalite) 
membrane when coated as a 40 µm thick separator on aluminum foil and the 
pore size distribution of γ-alumina membrane separator reported previ
ously [31]. 
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2. Experimental 

2.1. Synthesis of plate-shaped zeolite and preparation of the coating 
slurry 

Plate-shaped pure silica MFI type zeolite (silicalite) particles were 
synthesized hydrothermally by modifying the method of Lu et al. [34]. A 
synthesis solution was prepared by mixing 10 g of tetraethyl orthosili
cate (reagent grade, 98% by wt.; Aldrich), 4 g of tetrapropyl-ammonium 
hydroxide (1 M in H2O; Sigma Aldrich), and 170 g of de-ionized water, 
stirred for 24 hrs. The obtained clear solution was transferred to an 
autoclave and heated in an oven at 155 ◦C for 10 h to obtain the required 
plate-shape zeolite particles. The autoclave was then cooled to room 
temperature, and zeolite powders were collected and dried at 120 ◦C in a 
vacuum chamber to remove any traces of moisture and calcined at 600 
◦C for 18 h in air to remove the organic template. For a coating sepa
rator, a zeolite slurry was prepared by mixing 3 g of powder with 1 g of 5 
wt.% polyvinyl alcohol (PVA) aqueous solution (molecular weight: 77, 
000–79,000 Da) (ICN Biomedical Inc., USA) and 1 g of de-ionized water. 
The slurry was stirred to the desired consistency and homogeneity with 
no air bubbles. This slurry was further ground using a mortar and pestle 
for ~ 10 mins by hand to smoothen it further. 

2.2. Formation of the electrode-coated separator and its characterization 

Lithium-metal chips (0.1 mm in thickness and 15.6 mm in diameter), 
a LiNi0.5Co0.2Mn0.3O2 (NMC) cathode (45 μm in thickness, with active 
mass loading of 121 g/m2), 1 M LiPF6 salt in equal volume of ethyl 
carbonate (EC), diethyl carbonate (DEC) and dimethyl carbonate (DMC) 
(with EC:DEC:DMC= 1:1:1, v/v/v) in a sealed container, were all pro
cured from MTI, USA. To establish control-cell performance, a 

commercial PP-2500 separator of 25 µm thickness was procured from 
Celgard LLC, USA, and used to make cells similar to those with the 
zeolite separator. The components for constructing the CR-2032 cells 
were procured from X2 Labwares, Singapore. 

The slurry of plate-shaped zeolite powder described above was 
dropped across one of the edges of the substrate (NMC cathode and 
aluminum foil) and then spread down along the length of the substrate 
using a caliper-adjustable doctor blade (Gardco LLC, USA). The coating 
of the zeolite separator on the NMC cathode was for making coin NMC-Li 
cells and on aluminum foil for testing the conductivity of the zeolite 
separator filled with electrolyte or pore structure of the separator. To 
produce the electrode-supported zeolite separators, the initial blade gap 
was kept at 50 μm. The coated zeolite separators were dried for 8 h in a 
humidity-controlled chamber at 40 ◦C and 60% relative humidity. The 
separators were then dried at 70 ◦C for 12 h using a temperature- 
controlled vacuum oven to completely remove all traces of moisture. 
The thickness of the coated separator was measured by a micrometer 
(Mitutoyo, Japan) with an accuracy of 1 μm. The final thickness was 
found to be 40 μm. About 10 μm compression was observed due to 
drying of the separator. 

For measuring the pore structure of the zeolite separators, the coated 
separator on the aluminum foil peeled off carefully without causing any 
physical damage to the separator. This free-standing zeolite separator 
was obtained to match the physical free-standing nature of the PP-2500 
separator. The porosity (∅) of the separator was obtained from the 
measured bulk density (using the weight and dimensional volume of the 
coated zeolite separator) using Eq. (1) [35]: 

∅ = 1 −
ρbulk

ρparticle
(1) 

To measure the tortuosity of the PP-2500 and zeolite separators, a 

Table 1 
Pore structure of zeolite and γ-alumina (both 40 um thick) and propylene (25 um thick) separators and resistances of lithium-ion battery cells with these separators.  

Separator Pore Radius (nm) Interparticle Porosity (%) Tortuosity (EIS Method) Resistance in Circuit (Ohm/cm2) 

Rohmic RSEI Rcharge-transfer 

Dense γ-alumina ~ 430 54 6.95 6.85 239 395 
MFI zeolite ~450 50 6.31 6.99 221 363 
PP2500 ~65 39 2.32 3.14 179 301  

Fig. 5. Contact angle measurement results of LiPF6-salt/carbonate-solvent electrolyte on separator surface: At t = 0 s, the electrolyte drop from the syringe against 
(a) PP separator (b) alumina separator (c) zeolite (silicalite) separator; At t = 1 s, the structure and contact angle of the drop on (d) PP separator (e) γ-alumina 
separator (f) zeolite (silicalite) separator. 
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free-standing zeolite separator was soaked in electrolyte for 24 h inside 
the glovebox. After this step, the soaked separator was inserted between 
two stainless steel electrode plates, which had the same shape and cross- 
section as the free-standing separator. The ohmic resistance of the 
separator was then obtained by using electrochemical impedance 
spectroscopy (PARSTAT 2263 EIS station, Princeton Applied Research, 
USA) at 25 ◦C. EIS instrument scanning parameters were set to a starting 
frequency of 100 kHz and ending frequency of 100 mHz, with an AC 
amplitude of 10 mV rms. The tortuosity (τ) of the electrolyte-filled 
separator is related to its measured ohmic resistance (R) and the 
intrinsic conductivity of the electrolyte (σ) by the following equation 
[36]: 

τ =
σ × ∅

σsep
(2)  

with 

σsep =
d

A.R
(3)  

where σsep is conductivity for the electrolyte-filled separator, ∅ is the 
porosity of the separator, d is the thickness of the separator, and A is the 
cross-sectional area of the separator. 

The crystal structure of the zeolite powders and coated separators 
was examined by X-ray diffraction (Bruker AXS-D8, Cu Kα radiation, 
USA). The surface and cross-sectional morphology of the coated zeolite 
separators, after being sputter-coated with gold, was examined by 
scanning electronic microscopy (SEM) (Philips, USA, FEI XL-30). Top- 
view SEM images of the zeolite separators on aluminum foil were 
quantified for particle size distribution using GATAN GMS software with 
the particle size interval being 0.25 μm. The zeolite-coated aluminum 
foils were cut into 16 mm disks and tested for their pore size distribution 
using a mercury porosimeter (Micrometrics Auto Pore V, USA). Contact 
angle of the 1 M LiPF6 in 1:1:1 (v/v/v) ethyl carbonate/dimethyl car
bonate/diethyl carbonate electrolyte on the zeolite and alumina sepa
rator films on aluminum foil and PP separator was measured by a Kruss 
Easy drop goniometer. For TGA/DSC analysis, the zeolite and alumina 
separator films peeled off from the aluminum foil and PP separator were 
broken into small pieces to fit them into the crucible on a TGA/DSC 
equipment (Labsys Evo from Setaram). The samples were heated from 
20 ◦C to 400 ◦C at the ramping rate of 10 ◦C/min in the atmosphere of 

Fig. 6. TGA/DSC curves of (a) PP separator (b) γ-alumina separator (c) zeolite 
(silicalite) separator. 

Fig. 7. (a) Voltage versus capacity density curves for the 1st and 100th cycle 
for γ-alumina and plate-shaped zeolite (silicalite) separators when cycled at a 
0.2 C-rate; and (b) XRD pattern for the extracted cycled electrode coated with 
plate-shaped zeolite separator post 100 cycles at a 3C-rate. 
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ultra-pure air. 

2.3. Coin-cell construction and analysis of post-cycling cell internals 

Zeolite separator-coated NMC electrode disks of 16 mm diameter 
were cut from the corresponding coated electrode sheets and then kept 
in a vacuum oven at 70 ◦C for 12 h. They were then immediately placed 
in an argon-filled glovebox (Innovative Technology Inc., USA) for a 
period of 24 h to remove any traces of atmospheric gasses or moisture in 

the electrode-supported separator disks. The other components of the 
cell were already kept for assembly in the glovebox. The 16 mm 
electrode-supported separator disk was placed inside the bottom case of 
the CR-2032 cell, with the separator facing up, and 150 μl of electrolyte 
(1 M LiPF6 salt in equal volumes of EC:DEC:DMC) was pipetted onto the 
surface of the zeolite coated NMC electrode. A lithium metal chip was 
then very carefully placed on top of the separator surface. Two spacers 
and one spring (X2 Labwares, Singapore) were then placed on the 
lithium anode, followed by the placement of the top case of the CR-2032 
cell to closely envelop the full cell. The coin cell was then crimped to a 
pressure of 400 psi. The zeolite separator coated on NMC post 400 psi 
compression was also examined by XRD to see if there was any change in 
the crystal orientation. 

The assembled lithium-metal coin cell filled with the electrolyte was 
then taken out, and its charge and discharge characteristics were tested 
by a battery testing system (Neware Co., China). The cells with zeolite 
separator were tested at various C-rates (from 0.2 C to 3 C-rate) between 
2.0 to 4.2 Vs for 100 cycles, with the standard CC–CV (constant cur
rent–constant voltage) method. PARSTAT 2263 EIS station (Princeton 
Applied Research, USA) was used in the AC mode to perform electro
chemical impedance spectroscopy (EIS) measurements of the assembled 
cells. Nyquist plots for the assembled half cells were generated by uti
lizing a frequency range of 100 kHz to 100 mHz. 

To examine the stability and propagation of dendrites through the 
separator, the zeolite separators were extracted from NMC/zeolite- 
separator/Li coin-cells post-cycling at a 3 C-rate for 100 cycles. The 
cycled coin cells with the zeolite separator were disassembled inside the 
glovebox. The lithium metal anode was removed from the cell, and the 
zeolite separator-coated NMC cathode was placed on an SEM sample 
holder stage. This sample holder was then taken for gold sputtering 
inside a vacuum-sealed container, and the surface of the separator in 
contact with the lithium metal anode was then examined for the pres
ence of Li dendrites. The use of this SEM technique for the investigation 
of battery materials has been established in the literature [37]. 

Fig. 8. Nyquist plot obtained from electrochemical impedance spectroscopy (fitted with EC-lab) for the NCM/Li cells with the separator of plate-shaped zeolite 
(silicalite), γ-alumina and polypropylene (PP). 

Fig. 9. (a) Schematic illustration of two pathways for lithium-ion flux through 
electrolyte-filled separator made of plate-shaped MFI zeolite with (b) top view 
of b-axis crystalline pore structure of MFI zeolite and (c) schematic illustration 
of one pathway for lithium-ion flux through electrolyte-filled separator made of 
dense plate-shaped γ-alumina particles. 
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3. Results and discussion 

3.1. Characteristics of zeolite powder and coated separators 

Fig. 1(a) shows the SEM micrograph of the synthesized plate-shaped 
zeolite particles when they were formed as a coated separator on the 
NMC electrode. These particles have also been described as coffin- 
shaped particles [38], and have an edge thickness of 0.1–0.2 nm, a 
width of 2–4 μm, and a length of 2–6 µm. The aspect ratio is defined as 
the ratio of the length to the thickness, which is about 20–60 for the 
plate-shaped zeolite. We can also observe that some of the larger par
ticles have broken down due to the wet grinding process, which results 
in several rectangular plate-shaped particles. Fig. 1(b) shows the 
average particle size distribution of the SEM image from Fig. 1(a), 
plotted as a function of particle number density. The number-based size 
distribution skews toward the smaller particles. The majority of the 
particles are in the 2.0 to 2.5 µm range, which is similar to the range in 
which the NMC electrode pore sizes are observed as well [32]. The 
particle size range of the plate-shaped zeolite particles was designed to 
match the pore size of the NMC electrode to achieve a high-quality 
coating of separator in a single coat, as has been seen reported in our 
previous work [32,39]. The morphology and particle size distribution of 
γ-alumina particles prepared in our lab [31] are presented in Fig. 1(c) 
and (d) for comparison. These γ-alumina particles are also of plate shape 
with average particle size similar to the plate-shaped zeolite. However, 
γ-alumina particles are dense without intraparticle pores. 

Fig. 2 shows the XRD pattern of the synthesized zeolite powder, the 
zeolite membrane coated on the NMC cathode before compression, and 
the zeolite membrane on the NMC cathode after compression. Major 
peaks marked with the miller indices are representative of those for MFI 
type zeolite noted in the literature [40,41]. Diffraction peaks for the 

powder sample (Fig. 2(a)) are characteristic of the powder XRD pattern 
of MFI zeolite. The XRD patterns for the zeolite membrane separator 
coated on the cathode before compression (Fig. 2(b)) and after 
compression at 400 psi (Fig. 2(b)) show the same diffraction peaks as the 
powder sample. No peaks from the NMC and aluminum foil are seen in 
the two diffraction patterns of zeolite separators coated on the NMC 
cathode because of the large thickness of the coated zeolite layer. 
Compared to the powder sample, the two membrane samples show 
enhancement in the XRD peak intensity for the (020) plane. The ratio of 
the peak intensity for the (020) plane to that of the (101) plane increases 
from 0.8 for the powder sample (Fig. 2(a)), to 0.9 for coated zeolite 
membrane before compression (Fig. 2(b)), and 2.5 for the coated zeolite 
membrane after compression at 400 psi (Fig. 2(c)). It is known that 
plate-shaped MFI zeolite crystals have large flat surface (0l0) normal to 
b-axis straight channels for MFI zeolite, as shown in Fig. 3(a) [42,43]. 
This suggests that coating or coating followed by compression has 
caused the orientation of the plate-shaped zeolite particles along the flat 
plane of the zeolite crystals. The compression, with force acting in a 
direction normal to the cathode surface, helped orient the plate-shaped 
silicalite particles with large planes to align parallel to the surface of the 
NMC electrode, as shown in Fig. 3(b). Thus, the b-axis straight intra
crystalline pores are better aligned with the lithium-ion flux direction 
during the operation of lithium-metal battery cells. 

Fig. 4(a) shows the cross-sectional SEM image of the plate-shaped 
zeolite separator coated on the NMC electrode on aluminum foil. We 
can see that the separator is evenly coated over the NMC electrode with a 
thickness of ~ 40 µm. It should be noted that the minimum thickness for 
the zeolite separator coated on a cathode depends on a number of fac
tors, including the smoothness and pore structure of the cathode surface. 
With the NCM from MTI used in this work, it was difficult to obtain a 
good performing zeolite separator with a thickness below 30–40 µm. The 

Fig. 10. Charge and discharge profiles for the lithium metal cell with plate-shaped zeolite (silicalite) separator at a 1 C-rate (a) current vs. time and (b) voltage vs. 
time; and at 2 C-rate (c) current vs. time and (d) voltage vs. time. 
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EIS study shows ohmic resistance for a 40 um zeolite separator, similar 
to a 25 um PP separator, is significantly smaller than the charge transfer 
resistance, suggesting that a 40 um thick zeolite separator has a limited 
effort on cell performance. Fig. 4(b) shows the pore size distribution of 
the plate-shaped zeolite and the γ-alumina separators when coated on 
aluminum foil, as obtained via mercury porosimetry. The intraparticle 
micropores (pore diameter about 0.6 nm) in the plate-shaped zeolite 
particles cannot be observed as the mercury porosimeter is unable to 
detect them due to instrument limitation. Table 1 lists the pore structure 
and tortuosity of the zeolite separator measured in this work and for the 
γ-alumina separator reported previously [31]. We can see that the pore 
size of the plate-shaped zeolite separator (~ 450 nm) is remarkably 
similar to the γ-alumina separator (~430 nm). As discussed in the 
introduction, the γ-alumina separator was examined in our previous 
study [31] to determine the effect of separator pore tortuosity on 
dendrite propagation. In the present study, we designed the separator 
particles to have a pore size similar to the γ-alumina separator, so that 
the effect of the zeolite intra-particle pores on Li-ion transport could be 
evaluated. 

Fig. 5 shows the results of contact angle tests for the 1 M LiPF6 in 
1:1:1 (v/v/v) ethyl carbonate/dimethyl carbonate/diethyl carbonate 
electrolyte on zeolite, alumina, and PP separators. The contact angle for 
the liquid electrolyte at 1 s on the PP separator is 51.06◦, while that for 
the zeolite and alumina separators is zero. From the above results, it can 
be inferred that the alumina and zeolite separators are highly wettable 
for the liquid electrolyte as compared to the organic PP separator. Fig. 6 
gives the results of the TGA/DSC analysis of the three separators in the 
air. The TGA data show approximately 52% , 7%, and 5% loss of mass 
observed with the PP separator, alumina separator, and zeolite sepa
rator, respectively from room temperature to 400 ◦C. The PP separator 

incurred much greater mass loss compared to the other separators. Two 
endotherm peaks are observed with the PP separator. The first peak 
between 160 ◦C and 180 ◦C corresponds to the melting temperature, and 
the second peak between 340 ◦C and 360 ◦C is related to the degradation 
of the material (combustion). The endothermic peak and mass loss 
observed with the γ-alumina separator at 100 ◦C are due to the loss of the 
trace amount of water present in the sample. The exothermic peak seen 
at 310 ◦C corresponds to the oxidative decomposition of the PVA present 
in the separator. It decomposes rapidly above 200 ◦C. Similarly, the mass 
loss and the exothermic peak observed with the zeolite (silicalite) 
separator infers the loss of traces of water and decomposition of PVA. 
The zeolite and alumina separators are thermally very stable, as ex
pected from their composition of pure SiO2 and Al2O3. 

3.2. Electrochemical characterization, coin-cell performance, and 
separator evaluation 

Fig. 7(a) shows the 1st and 100th V-C curves for the NMC/Li-metal 
cells with plate-shaped zeolite and γ-alumina separators cycled at a 
0.2 C-rate. The cell with a zeolite separator has a flatter discharge profile 
compared to the γ-alumina separator in the lithium metal cell. Also, the 
cell with the zeolite separator lost about 4% less capacity at the end of 
100 cycles compared to the γ-alumina separator. Overall, the cell with 
the zeolite separator performed better than the cell with the γ-alumina 
separator. Fig. 7(b) shows the XRD pattern of the cycled zeolite sepa
rator post 100 cycles at a 3 C-rate. The peaks are similar to those ob
tained post compression, as seen in Fig. 2(c). Thus, the separator is stable 
during and post cycling. The peak intensities vary slightly between the 
two figures; however, the peak locations remain the same, confirming 
that there is no structural change in the separator. 

Fig. 8 shows the Nyquist plots obtained from EIS measurements for 
the coin cells with zeolite, γ-alumina and PP separators. The quantified 
values of the ohmic, SEI, and charge-transfer resistances obtained from 
the EIS data using EC-lab software are listed in Table 1. We observe that 
the ohmic, SEI and charge-transfer resistances for the cell with PP 
separator are smaller than those for the cells with zeolite and γ-alumina 
separators due in part to the smaller  thickness and low tortunity for the 
PP separator. The ohmic resistance of the zeolite separator is about 2% 
larger than that of γ-alumina, but the SEI layer and charge transfer re
sistances for the cell with zeolite separator is about 10% smaller than the 
cell with γ-alumina separator. The better charge/discharge performance 
of the cell with the zeolite separator is clearly due to its lower SEI and 
charge transfer resistance as compared to the cell with the γ-alumina 
separator. 

The difference in electrochemical characteristics and charge/ 
discharge performance between the cells with the zeolite and γ-alumina 
separator can be discussed qualitatively in terms of differences in their 
morphology and microstructure shown in Fig. 1. As mentioned before, 
the zeolite plates have a thickness of 0.1–0.2 μm, a width of 2–4μm, and 
a length of 2–6 µm with an average aspect ratio of about 40. The 
γ-alumina particles are also plate-shaped. However, from Fig. 1, the 
γ-alumina plates are slightly thicker and smaller than zeolite plates. The 
average sizes of γ-alumina plates are ~0.5×3×3μm, giving an aspect 
ratio of ~6, smaller than that for the plate-shaped zeolite. The pore 
tortuosity of the plate-packed membranes increases with the aspect ratio 
of the plates. Thus, one should expect larger tortuosity for the zeolite 
separator than the γ-alumina separator. However, our measured tortu
osity for the zeolite separator is even slightly smaller than the γ-alumina 
separator (Table 1). It is important to note that zeolite plates contain 
crystalline intraparticle pores (zeolitic pores), while γ-alumina plates are 
dense particles without intraparticle pores. 

For a separator with a given pore structure, Eq. (2) shows that 
smaller tortuosity measured for the zeolite separator means a larger 
ionic conductivity for the electrolyte-filled zeolite separator. Since both 
zeolite and γ-alumina separators have the same interparticle porosity, 
the larger conductivity for the electrolyte-filled zeolite separator 

Fig. 11. Charge and discharge profiles for the lithium metal cell with plate- 
shaped zeolite (silicalite) separator at 3 C-rate (a) current vs. time; and (b) 
voltage vs. time for 100 cycles. 
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indicates considerable Li-ion flux through the interparticle pores of 
zeolite plates. The oriented packing of MFI zeolite with straight b- 
channels normal to the cathode surface, as shown in Figs. 3(b) and 9(a), 
could further facilitate the transport of Li-ion within intraparticle pores 
(Fig. 9(b)). Thus, for the cell with the zeolite separator, Li-ions transport 
through both interparticle (pathway I) and intraparticle (pathway II) 
pathways, as illustrated in Fig. 9(a). Though Li-ions transport primarily 
through the intercrystalline pores due to their large pore size and high 
porosity shown in Table 1, the transport of Li-ions through intra
crystalline pores results in a more uniform Li-ion flux at the separator- 
anode interface, which is known to result in a more uniform and 
robust solid-electrolyte interface (SEI) and better availability of the Li- 
ions at the lithium metal anode, leading to significantly enhanced per
formance of lithium-metal battery cells [44,45]. The Li-ion transference 
number for LiPF6 in carbonate solvent is in 0.3–0.4 [46]. For the zeolite 
separator, the bulkier PF6

− anion can be difficult to enter the MFI zeolite 
intracrystalline pores (0.55 nm). Furthermore, at the steady state, 
diffusion flux and migration flux for PF6− are the same, so there is no net 
transport of PF6

−. Thus, in discussing ion transport through intra
crystalline pores, one only needs to consider the transport of Li-ions. For 
a separator made of dense plate-shaped γ-alumina particles, Li-ions can 
transport through an interparticle pathway, as shown in Fig. 9(c), 
providing less uniform Li-ion flux at the separator-anode interface. This 
explains the better performance of the cell with the zeolite separator 
than that with the γ-alumina separator. 

Charge and discharge current and voltage profiles versus time when 
the LMB cell with the zeolite separator was cycled at 1 C-rate and 2 C- 
rate are shown in Fig. 10. As we can clearly see from Fig. 10(a) and (c), 
the cell reaches its full rated charge and discharge current while cycling 
at a 1 C-rate and 2 C-rate. This implies that there is no substantial active 

lithium metal lost during the cycling from the anode, which otherwise 
would reduce the overall capacity of the battery. If substantial active 
material was being lost into the separator in the form of dendrites or lost 
as non-reactive lithium metal defects, the battery would not have been 
able to reach this charge/discharge rate [47,48]. From Fig. 10(b) and 
(d), we can observe that the voltage profiles for these batteries are stable 
during the entire 100 cycles. This indicates that no dendrites have 
propagated through the separator, Otherwise, the cell would have 
shown a sudden drop in voltage even at a maximum rate of charging. 
These voltage and current profiles suggest that this separator with 
higher pore tortuosity, similar to the γ-alumina separator, prevents the 
formation and propagation of dendrites at these charge/discharge rates. 

Fig. 11 presents the voltage and current trends versus time for the 
LMB cell with the zeolite separator while charging and discharging at a 3 
C-rate. The current during charge and discharge for the plate-shaped 
zeolite separator reaches its full range for the complete 100 cycles, 
whereas the cell with the γ-alumina separator starts losing its capacity at 
around the 75th cycle [31]. Thus, we can see that the presence of the 
intraparticle pores of the zeolite particles facilitates better Li-ion dis
tribution across the separator and anode interface. This enables more 
uniform plating of lithium on the metal anode at high C-rates, reducing 
the amount of inactive lithium which would have dislodged from the 
lithium metal anode and deposited into the separator. Furthermore, the 
voltage profile is also stable for the entire range of 100 cycles, con
firming that no dendrites have propagated through the separator. Also, 
the cell voltage remains constant at around 3.8 Vs post- cycling, which is 
an indication of a stable cell. 

Fig. 12 (a–d) show the top-view SEM images of the surface of the 
zeolite separator on the NMC cathode extracted from an LMB cell post- 
cycling at a 3 C-rate for 100 cycles. There are no visible foreign materials 

Fig. 12. The top-view SEM micrographs at various magnifications (a-d) of the extracted plate-shaped zeolite (silicalite) separator surface post 100 cycles at 3 C-rate.  
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on the zeolite particles or within the visible pores of the zeolite sepa
rator. This confirms that the separator has no dislodged lithium metal or 
lithium metal dendrite remnants within the separator matrix. This result 
is consistent with the stable voltage and current versus time profiles, as 
observed in Fig. 10(a) and (b). 

Fig. 13 compares the Columbic efficiency for the LMB cells with 
separators made of plate-shaped zeolite and γ-alumina. As shown, both 
cells have essentially 100% Columbic efficiency, at least for up to 100 
cycles. The enlarged view in Fig. 13(b) shows that the cell with the 
zeolite separator at a 3 C-rate performs better than that with the 
γ-alumina separator at a 2 C-rate. For comparison, the Columbic effi
ciency for the LMB cell with a conventional polypropylene (PP, Celgard 
2500) separator stops functioning after about 15 cycles, even at a much 
lower C-rate, as shown in Fig. 13(a). These results further confirm the 
advantages of using plate-shaped zeolite with intraparticle micropores 
as a separator for stable lithium-metal batteries. 

4. Conclusions 

Plate-shaped zeolite particles can be synthesized in-house using a 
modified hydrothermal method to produce particles of a specific 
particle-size range. These zeolite particles were formed into a slurry, 
which can be coated on cathode by a blade-coating method to form 
tortuous electrode-coated separators of required thickness. The zeolite 
separators have lower SEI and charge transfer resistance as compared to 
a similar tortuously porous separator made of dense plate-shaped 
γ-alumina particles. While cycling at a 3 C-rate, the lithium-metal 

battery (LMB) cell with the γ-alumina separator started to lose capacity 
by the 75th cycle, while the cell with the zeolite separator did not lose 
any capacity for the entire 100 cycles. Thus, LMB cells with a plate- 
shaped zeolite separator having intraparticle pores perform better 
than the cells with a separator without these pores (γ-alumina). For 
lithium-metal batteries with plate-shaped zeolite separators, the highly 
tortuous pores of the zeolite separator inhibit dendrite growth/propa
gation, and the intraparticle pores of the zeolite assist in homogenizing 
the Li-ion flux at the separator-anode interface. This leads to stable 
cycling of the lithium-metal battery with zeolite separator even at high 
C-rates without any dendrite propagation. This electrode-coated plate- 
shaped zeolite separator provides a commercially viable route for the 
development of safe and long-lasting lithium-metal batteries. 
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