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The large-scale application of intermittent renewable energy has boosted the prosperous development
of secondary batteries for the past several decades. In comparison with batteries based on liquid elec-
trolytes, solid-state batteries are regarded as the goal for future energy storage due to their superior safety,
nonvolatilization, excellent mechanical strength, and high energy density. While conventional solid elec-
trolytes (SEs) struggle with their intrinsic limitations, zeolites are emerging as a promising choice for the
future SEs of solid-state batteries. Herein, first, we analyze the challenges faced by conventional SEs to
highlight the significance of leveraging zeolite-based SEs in secondary batteries. Then, we discuss the
application of zeolites in liquid and solid electrolytes and showcase the functions of zeolites contribut-
ing to the enhanced wettability, thermal stability, mechanical strength, electrochemical stability, and ionic
conductivity of separators and/or SEs. Finally, we provide a perspective on the development directions
for zeolite-based SEs toward the design of materials, extension of battery systems, investigation of the
conductive mechanism, and their practical applications.
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I. INTRODUCTION

Secondary batteries are regarded as key to the storage
and transportation of intermittent renewable energy [1-5].
Despite great progress in the past several decades, con-
ventional secondary batteries based on liquid electrolytes
still suffer from some problems, including the severe safety
issue of flammable organic liquid electrolytes [6,7], insuf-
ficient practical energy density of batteries considering
peripheral components [8—10], leakage and volatilization
of liquid electrolytes [11], and the inferior stability and
compatibility of liquid electrolytes against metal anodes
[12] [Figs. 1(a) and 1(b)]. Replacing liquid electrolytes
with solid electrolytes (SEs) has emerged as a promising
strategy to solve these problems.

In general, SEs can be divided into three classes: organic
SEs (or polymer SEs), inorganic SEs, and composite SEs.
Organic SEs—consisting of metal salts and solid poly-
mer hosts, such as polyethylene oxide (PEO), polyacry-
lonitrile (PAN), polymethyl methacrylate (PMMA), and
poly(vinylidene fluoride) (PVDF)—display high flexibility
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and are light weight [Fig. 1(c)] [13]. It is worth not-
ing that ignitable polymer hosts (e.g., PEO, PAN, and
PMMA) may challenge the safety of batteries, and thus,
initial research efforts were devoted to the development
of fireproof polymer composite electrolytes [14,15]. In
addition, the intrinsic softness of organic SEs is disadvan-
tageous for suppressing dendrite growth on metal anodes,
although it ensures good physical contact between elec-
trolytes and electrodes [16]. By contrast, nonflammable
inorganic SEs are widely accepted to prevent the ther-
mal runaway of batteries, and their superior mechanical
strength is conducive for alleviating the dendrite-growth
issue [Fig. 1(d)] [17]. Generally, inorganic SEs mainly
comprise the oxides represented by garnet-type [18-21],
perovskite-type [22—25], and sodium superionic conductor
(NASICON) type [26-32] materials; the sulfides typi-
fied by Li»S-P,Ss [33-36] and Li,S-GeS;,-P,Ss [37-39];
as well as other types of SEs including hydrides and
halides. As a hybrid material, the composite SE com-
bines the merits of both inorganic and polymer SEs,
achieving enhanced bulk and interfacial ionic conduction
compared with polymer and inorganic SEs, respectively.
Nonetheless, achieving a uniform composition of organic
and inorganic components is challenging, and the stabil-
ity of composite SEs is still unsatisfactory. In summary, all
types of conventional SEs present specific limitations for
practical applications, which leave room for the develop-
ment of new SEs.

Published by the American Physical Society
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Performance of liquid and solid electrolytes. Radar plots of the properties of organic liquid electrolytes (a), aqueous liquid

electrolytes (b), organic solid electrolytes (c), and inorganic solid electrolytes (d).

Zeolites are a class of inorganic crystalline material con-
structed from corner-sharing 70,4 tetrahedra (7= Si, Al, P,
etc.) with ordered microporous structures [40]. On account
of the superior (hydro)thermal stability, unique porous
framework, and tunable acid active sites, zeolites are
widely applied in many industrial fields, such as catalysis,
separation, adsorption, and ion exchange [41-43]. As for
application in secondary batteries, zeolites are employed
as functional layers on separators or electrodes and addi-
tives of composite SEs in the early stage [44—46], while
the application potential of zeolites in ion transport is not
adequately recognized. Recently, our group reported LiX
zeolite membrane as the solid electrolyte [47], address-
ing the bottleneck of conventional SEs for Li-air batteries.
With superior properties, zeolite-based electrolytes exhibit
great potential for various energy storage devices, although
they are still in their infancy. Here, we discuss the salient
features of zeolites as a new type of SE, evolution of the
application of zeolites in secondary batteries, and future
development directions for zeolite-based electrolytes.

II. REASONS FOR CHOOSING ZEOLITES

Conventional SEs inevitably encounter some problems
in practical applications, including insufficient chemical
and electrochemical stability, unsatisfactory ion transport,
and interior dendrite formation, while zeolites present
salient advantages to solve these problems. To gain a

better understanding of the advantages of zeolites, Table
I provides a specific comparison between the representa-
tive LiX zeolite and typical conventional SEs for lithium
batteries.

A. Chemical and electrochemical stability

In general, decomposition occurs in some common SEs
under the attack of water vapor and carbon dioxide, result-
ing in degradation of the crystal structure and a decrease in
ionic conductivity. For example, sulfide SEs, with state-of-
the-art ion conductivity among SEs, tend to be hydrolyzed
in air accompanied by the release of H,S [55]. Although
the oxide SEs are generally more stable than sulfide SEs,
typical garnet-type LiyLa3Zr,O;, (LLZO) [50,51] and
perovskite-type Li, SrTa,O; [17] still react with H,O and
COs,. It is proven that the stability of SEs can be improved
via composition tuning, additive mixing, and element dop-
ing [56-58], but the instability problems cannot be solved
fundamentally, and the ionic conduction of SEs may be
affected to some extent. By contrast, zeolites possess high
intrinsic stability against ambient air [47,59], which is
advantageous, considering the cost of processing, trans-
portation, and storage or the requirement for open systems
as metal-air batteries.

In addition, (electro)chemical reactions involving the
generation of a new phase may occur at the interface
of conventional SEs and electrodes. For instance, typical
SEs with high-valence elements, including Ti-containing
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TABLE I. Specific comparison between zeolite-based SEs and several typical SEs.
Electronic
ITonic conductivity conductivity
Type and material (Sem™h) (Sem™h) Stability Refs.
NASICON-type 107—10~* 107° Sensitive to Li metal [26-29,48,49]
Li; 5AlpsGe5(PO4)3
NASICON-type 10741073 1077 Sensitive to Li metal [30-32,48]
Li; 4Alp4Ge2Tiy4(PO4)3
Garnet-type 10~* 10-8 Sensitive to H,O and CO, [18-21,50-52]
LisLa3Zr;01,:A1(0.9%)
Perovskite-type 1073-1073 10-11-107° Sensitive to Li metal [17,22,24,25,53]
Li3xLa2/3_xTiO3 (004 <x< 016)
Li,S-P,Ss LizPSy4 10~4—10"3 10~°—10-8 Sensitive to H,O [34-36,52]
Li,S-GeS,-P,Ss Lij¢GeP,S1» 10~3-1072 10~° Sensitive to H,O and Li metal [37-39,54]
Zeolite-based 104 10-10 Stable to H,O, CO,, and Li metal [47]

LiX zeolite membrane

perovskite and NASICON [48,53]; Ge-containing NASI-
CON; lithium superionic conductor; and sulfide SEs [49,
54,60], can be reduced when directly in contact with Li
metal anodes. Meanwhile, the intermediate and terminal
discharge products generated on the cathodes of metal-air
or metal-sulfur batteries may also give rise to the decompo-
sition of conventional SEs [61,62]. Thus, intensive studies
focus on the construction of a stable interlayer between
SEs and electrodes for protection [17,63,64]. Unfortu-
nately, it may bring new problems, such as impeded
interfacial ionic transport and a cumbersome preparation
process. It is found that zeolites also exhibit high chemical
and electrochemical stability to resist oxidation and reduc-
tion, which is beneficial for the stable operation of batteries
[44,47,65].

B. Ion transport

Ionic transport in SEs is universally slower compared
to liquid electrolytes, although inorganic SEs based on
ion hopping may possess a competitive ionic conductiv-
ity (up to 1.2 x 1072 Scm™!) [37,61]. Therefore, steps to
further improve the ionic conductivity of SEs have never
slowed down. The doping strategy is regarded as a widely
accepted approach to effectively improve the intrinsic ionic
conductivity of SEs [66—68]. It is worth noting that ele-
ment doping should be carefully conducted, because it may
simultaneously increase the electronic conductivity of SEs,
causing the formation of interior dendrites, the mechanism
of which is elaborated in Sec. II C. Zeolites deliver a high
intrinsic ionic conductivity of 2.4 x 1072 Scm™! for a sin-
gle crystal [47], showing a bright future as a new type of
SEs.

Additionally, since conventional inorganic SEs are
mostly prepared via pressing a powder into a pellet,
inevitable grain boundaries and voids also increase the
resistance for ion migration [69,70]. Sintering the SE pel-
lets at high temperature with the assistance of sintering aids

or filling the voids using fillers with high ionic conductivity
(e.g., lithium nitride) can improved the ionic conductivity
of SE pellets [71,72], while the hardly eliminated voids
and instable fillers would be responsible for the limited
effect. In comparison, compact zeolite membranes with
thicknesses of only several micrometers can be prepared
via a seed-assisted method [73,74], ensuring continuous
ionic transport pathways, to achieve high conductivity.

C. Electron conduction

In a solid-state battery, SEs should also act as an
electronically insulating separator to separate the cathode
and the anode, avoiding the short circuiting of batter-
ies. However, the relatively high electronic conductivity
(107°~10"7 Scm™") of SEs would cause the formation
of interior dendrites [52], and thus, increase the risk of
the battery short circuiting, in spite of the high mechan-
ical strength of these SEs to suppress dendrite growth
on the surface of metal anodes. Specifically, lithium ions
tend to be reduced by electrons and deposit inside the
SEs with relatively facile electron mobility. Such a phe-
nomenon is observed in solid-state batteries with LLZO
[75], sulfide [76,77], and hydride SEs [78]. Furthermore,
the nucleation of lithium inside SEs can be even worse
because the electronic conductivity of SEs may ultimately
increase during Li plating [79,80]. Introducing intersti-
tial fillers or additives with low electronic conductivity is
shown to be an effective countermeasure [72,81], while a
short slab is also obvious as the compatibility of fillers or
additives remains questionable. The low electronic con-
ductivity (1.5 x 107!° Sem™") of zeolite membranes with
a tightly packed structure [47] fundamentally guarantees
the safe operation of the battery by eliminating dendrite
formation.

Overall, zeolites with superior chemical and electro-
chemical stability, high intrinsic and practical ionic con-
ductivity, as well as low electronic conductivity can be
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considered as a promising choice for solid-state batteries.
In addition, the excellent adaptability in various battery
systems, enormous potential for large-scale production,
as well as the low cost of raw materials and processing
can further increase the competitiveness of zeolites in the
future solid-state battery market.

III. EVOLUTION OF THE ROLE OF ZEOLITES IN
SECONDARY BATTERIES

To gain a profound understanding of the advantages of
zeolites in terms of stability, ionic transport, and side reac-
tion suppression when applied in secondary batteries, we
introduce the application of zeolites as functional layers,
additives of composite SEs, and eventually inorganic SEs
in this section.

A. Applications in constructing functional separators
and layers

As common separators for lithium-ion batteries based on
liquid electrolytes, polyethylene (PE) and polypropylene
(PP) membranes unfortunately suffer from poor thermal
stability, mechanical strength, and wettability, which affect
the safety and performance of batteries. Inorganic mate-
rials, such as SiO, [82,83], Al,O3 [84-86], TiO, [87,88],
etc. [89], are commonly employed for the optimization of
separators. In comparison, zeolites, with a unique porous

(c)

structure and tunable surface properties, are more favor-
able for improving the wettability of separators, in addition
to having thermal and mechanical stability [90]. As a
result, a zeolite-modified separator with superior wetta-
bility can achieve a high uptake of liquid electrolytes,
which plays a key role in facile ionic transport [65]. It is
worth mentioning that the wettability of zeolite-modified
separators is closely related to the Si : Al ratio of the zeo-
lites [91] and their surface roughness [65]. Meanwhile, the
strong affinity toward polar solvent molecules, the trapping
effect towards large-sized anions, and the unique path-
ways for lithium-ion transport also endow zeolite-modified
separators with high ionic conductivity and lithium-ion
transference number [92,93], which follows an analogous
mechanism to that of the composite SEs and is dis-
cussed in Sec. III B. Owing to the high effective
lithium-ion transport, batteries with zeolite-modified sep-
arators present an improved rate performance [Figs. 2(a)
and 2(b)]. For comparison, the properties of separators
modified by different inorganic materials and the cor-
responding performance of batteries are summarized in
Table II.

Furthermore, the interfacial compatibility between sep-
arators and electrodes can be improved due to the superior
adsorption and capture capability of zeolites towards impu-
rities and byproducts dissolved in the electrolyte through
intermolecular forces. Specifically, the zeolite can act as
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FIG. 2. Zeolite-based functional separators or layers. (a) Schematic illustration of the PE separator modified by ZSM-5, in which
the proper pore size and unique channel structure of ZSM-5 contribute to facile lithium-ion conduction. (b) Rate capability of batteries
with different separators. Specifically, the separator modified by Al-doped ZSM-5 with a Si : Al ratio of 40 exhibits the best rate
performance. [93] Copyright 2017, Elsevier. (c) Construction path of Na batteries with a 3A zeolite molecular sieve film, in which
the solvation structure of electrolytes can be regulated to avoid free solvent decomposition. (d) Cyclic stability of Na batteries using
NaPF¢-diglyme (G2) with and without 3A zeolite film. Battery with 3A zeolite film shows a prolong lifespan of 600 cycles. [94]

Copyright 2022, Wiley-VCH.
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a trace water adsorbent and hydrofluoric acid (byproducts
from the side reaction between LiPF4-based electrolyte
and trace water) scavenger to suppress the dissolution of
transition metal ions in cathode materials, resulting in an
enhanced Coulombic efficiency (CE) of the full cell [95].
The electrochemical stability of batteries can be further
improved due to the construction of functional zeolite
layers on electrodes. Recently, Zhou’s group proposed a
novel electrolyte sieving strategy to suppress the decom-
position of liquid electrolyte [94,96,97]. The solvation
structure of the electrolyte can be effectively regulated
owing to the pore structure of the zeolite, resulting in a
prolonged cycle life of batteries with a high CE [Figs. 2(c)
and 2(d)].

B. Application as the additives of composite SEs

As mentioned above, polymer SEs are easily penetrated
by the dendrite due to their intrinsic softness and usu-
ally deliver a lower ionic conductivity in comparison with
inorganic SEs [61]. To solve these problems, inorganic

additives, including inert fillers (SiO,, Al,O3, TiO,, etc.)
[98—100] and active fillers with ionic conductive capability
(perovskite-, NASICON-, and garnet-type ceramics) [101—
104], are introduced to prepare composite SEs. In general,
the introduction of inorganic fillers inhibits the crystal-
lization of polymer chains, which unlocks their segmental
motion to facilitate ion transport [104]. Additionally, the
Lewis acid-base interaction between inert fillers and ions
of salts is beneficial for the dissociation of the salt, leading
to the improved ionic conductivity [105].

According to the above mechanism for improving the
ionic conductivity of polymer SEs, zeolites emerge as a
more promising candidate owing to their tunable porous
structure and abundant Lewis acid sites. Xi et al. inves-
tigated the role of zeolites in a composite SE composed
of PEO as the polymer matrix, LiClO4 as the Li salt, and
ZSM-5 as the filler for the first time [106]. The addition
of zeolites increases the ratio of amorphous PEO that is
favorable for facile Li* transport. Meanwhile, the stronger
Lewis acid sites, compared with SiO, and Al,O3, on the
surface and inside the channels of ZSM-5 lead to a higher
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FIG. 3.

Zeolite-based additives in composite SEs. (a) Ionic conductivities of polymer SEs and composite SEs with 10% LiZSM-5;

inset shows the corresponding differential scanning calorimetry curves. lonic conductivities of composite SEs with 10% LiZSM-5 are
much higher than those of polymer SE. [106] Copyright 2004, Springer Nature. (b) Schematic representation of selective passage of
Li* by ZSM-5 in composite SEs. Pore sizes of ZSM-5 prefer the direct passage of relatively small Li* rather than C1O, due to the
size effect and electrostatic interactions. [107] Copyright 2004, American Chemical Society. Cycling performance of lithium symmet-
ric cell with polymer SEs (c) and zeolite-modified SEs (d). Battery with zeolite-modified SEs exhibits superior cycling stability due
to the stability and compatibility of composite SEs against Li metal anodes. [108] Copyright 2021, Royal Society of Chemistry.
(e) Cycling performance of LiFePO,4/Li batteries using polymer SEs and zeolite-modified composite SEs. Battery with zeolite-
modified SEs presents a superior cycling performance due to fast ionic transport and excellent interfacial compatibility of
zeolite-modified SEs. [109] Copyright 2018, American Chemical Society.
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TABLE III.  Properties of composite SEs with various additives, including zeolites.
Ionic conductivity
Fillers Polymer® Salt® (Sem™h) it Refs.
PEO LiClO4 1.5x 1077 at 25°C 0.196 at 40 °C [106]
ZSM-5 (MFI) PEO LiClO4 1.4 x 1075 at 25°C 0.36 at40°C [106,107,110,111]
NaY (FAU) PEO LiClOy4 10~ at 60 °C 0.27 [110]
1075 at 25°C
Beta (BEA) PEO LiClO, 10~* at 60 °C 0.28 [110]
1075 at 25°C
SSZ-13 (CHA) PEO LiTFSI 1.91 x 1073 at 60 °C; 0.5 at 60 °C [109]
4.43 x 1073 at 20°C
NaY (FAU) PEO LiTFSI 1.66 x 1072 at 60 °C [112]
SSZ-13 (CHA) PEO LiTFSI 534 x 1072 at 70°C 0.85 at 60°C [108]
SiO, PEO LiClOq4 7.2 x 107¢ at 25°C 0.24 at 40°C [106]
SiO, PEO LiClOy4 1.5 x 10™* at 25°C 0.54 at 25°C [98]
Al, 04 PEO LiClO4 9.7 x 107% at 25°C 0.251 at40°C [106]
TiO, PEO LiClOy4 10=* at 60 °C 0.47 at 80°C [99]
107 at 25°C
TiO, PEGMEM-SMA LiTFSI 1.1 x 10™* at 30°C 0.37 at room [100]
temperature
SOﬁ‘—ZrOz PEO LiClOq4 0.29 at 70°C [107]
Li; 5Aly5Ge; 5(POy4)3 PEO LiTFSI 6.76 x 10~ at 60 °C 0.378 at 60 °C [101]
Li; 5Alo5Ti; 5(PO4)3 PEO LiTFSI 1x10~*at30°C 0.37 at 60°C [102]
Li;La3Zr,0; PVDF LiClO4 2.6 x 10™* at 25°C 0.682 [103]

*PEGMEM is the abbreviation for poly(ethylene glycol) methyl ether methacrylate and SMA is the abbreviation for stearyl methacry-

late.

PLiTFSI is the abbreviation for lithium bis(trifluoromethane)sulfonimide.

improvement of ionic conductivity [Fig. 3(a)]. Notably,
an excess amount of zeolites can conversely reduce the
ionic conductivity of composite SEs due to the block-
ing effect [110]. In addition to the ionic conductivity,
the lithium-ion transference number (#;*) of composite
SEs increases simultaneously for multiple reasons [107].
(1) The Lewis acid-base interactions between ZSM-5 and
the oxygen of PEO and/or CIO, give rise to the release
of more mobile Li*. (2) The specific pore size of ZSM-
5 and the electrostatic force lead to the facile passage
of Li* rather than ClOj, as shown in Fig. 3(b). (3) The
ion-exchange capability of ZSM-5 provides an extra pos-
sibility for Li* conduction. The validity of the strategy
that introduces zeolites as the filler of composite SEs is
demonstrated by using zeolites with different topological
structures, such as MFI, FAU, BEA, and CHA [109,110],
and a detailed comparison is summarized in Table III. It
seems that SSZ-13 (CHA) presents the best capability to
enhance the ionic conductivity and #; ;+ of composite SEs
owing to an adsorption effect towards Li*. However, the
morphology, dispersity, channel structure, pore size, and
Si : Al ratio of zeolite fillers, which essentially impact on
ionic transport in composite SEs, were not precisely con-
trolled in previous works. Thus, a judgment cannot be
made arbitrarily, and further discussion is provided in the
next section.

In addition to ionic conductivity and #;*, thermal sta-
bility and the mechanical strength of polymer SEs can be
further improved by the addition of zeolites [109,111,112].
The robust cross-link interaction between zeolites and
polymers will broaden the voltage window of SEs [109].
Moreover, the stability and compatibility of SEs against
Li metal anodes can be enhanced [Figs. 3(c) and 3(d)];
this is attributed to the adsorption of residual solvents or
trace water in a polymer matrix [108] and the regulation
of lithium deposition behavior [112] by zeolites. Benefit-
ing from the comprehensive properties of zeolites, batter-
ies with zeolite-modified composite SEs display superior
cycling performance [Fig. 3(e)].

C. Application as inorganic SEs

Actually, research on the ionic conduction of zeolites
began in the last century [113—115], despite the lack of
studies focusing on zeolites as inorganic SEs. In general,
framework-associated cations (e.g., alkali ions) for charge
balancing are perceived as the mobile charge carriers in
aluminosilicate zeolites, and their content depends on the
content of Al atoms in zeolite frameworks [116]. There-
fore, zeolites with a lower Si : Al ratio will serve as good
ionic conductors in light of the high content of framework-
associated cations. However, the ionic conductivity of
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FIG. 4. Zeolite-based inorganic SE. (a) Schematic of the solid-state Li-air battery (SSLAB) with a cathode-integrated LiXZM,
and the conduction mechanism of Li ions in LiX zeolite. (b) Photograph of a SSLAB with a cathode-integrated LiXZM. (c¢) Scanning
electron microscopy and transmission electron microscopy images of the cathode-integrated LiXZM. (d) Specific capacities of SSLABs
with a cathode-integrated LiXZM (C-LiXZM), a nonintegrated LiXZM (C|LiXZM), and LAGP (C|LAGP). (e) Corresponding cycling
performance of solid-state Li-air batteries upon cycling. (f) Safety property of SSLAB with a cathode-integrated LiXZM. (g) Flexible
shape tailoring of the SSLAB with a cathode-integrated LiXZM. (h) Unmanned aerial vehicle powered by a SSLAB with a cathode-

integrated LiXZM. [47] Copyright 2021, Springer Nature.

zeolite pellets, which are prepared by a common pressing
method for the preparation of SEs [69], is too low, even
at a high temperature [113,114]. This is possibly related
to insufficient physical contact between zeolite particles
in ceramic pellets, and thus, the zeolite pellets reported in
previous studies are unsatisfactory for application as SEs.

As a breakthrough, our group developed a LiX zeolite
membrane (LiXZM) as a solid electrolyte for Li-air bat-
teries [Fig. 4(a)] [47]. Taking advantage of the continuous
pathways for lithium-ion migration, a homogeneous ultra-
thin LiXZM shows a sufficiently high ionic conductivity
of 2.7 x 107 Scm™!, which is far beyond that of the LiX
zeolite pellet (3.3 x 10 Scm™!). Furthermore, the low
electronic conductivity of LiXZM (1.5 x 1071 Sem™)
fundamentally inhibits the nucleation of lithium inside
the LiXZM, preventing the formation of interior lithium
dendrites based on the mechanism mentioned in the pre-
vious section. Furthermore, the intrinsic high chemical
and electrochemical stability of LiXZM effectively pre-
vents electrolyte degeneration under the attack of air,

reactive oxygen species, and hyperactive Li anode, which
consequently eliminates the negative effect derived from
byproducts and achieves a broad voltage window of 0—7 V.
Combined with the desirable design of an integrated bat-
tery structure [Figs. 4(b) and 4(c)], the Li-air battery
with the LiXZM delivers a high discharge specific capac-
ity [12020 mAh g™, Fig. 4(d)] and a prolonged cycling
life [149 cycles, Fig. 4(e)] in ambient air. This cycling
life is much higher than those of commercial lithium
aluminum germanium phosphate (LAGP) based batteries
(max. 27 cycles) and even superior to those of batteries
containing organic liquid electrolytes (max. 102 cycles)
under the same conditions. In addition, superior flexibility,
shape-tailoring capability, and environmentally friendly
production also endow the zeolite-based solid-state Li-air
batteries with practical applicability [Figs. 4(f)—4(h)].
Inspired by the confinement effect of zeolites towards
guest species [40], our group further introduces ionic
species into the channel of zeolites to regulate the ionic
transport behavior via the interaction between guest ionic
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species and the zeolite host. This host-guest assembly strat-
egy provides a new insight into the development of SEs
with fast ionic conduction and will be detailed in our future

work.

IV. FUTURE PERSPECTIVE OF ZEOLITE-BASED
SES

Although zeolites display great potential, research on
zeolite-based SEs is still in its infancy, and comprehensive

A

Polysulfides

w'\\{
.

Metal anoge

Spulfdr cathode
PN

5

,

"1 Electrolyte

Metal-sulfur

I
@n

|

= =
| \Electmly?

Metal-ion

+ Electrode

Interfacial ion transport

Electrolyte
Metal-air

investigations should be carried out from multiple perspec-
tives (Fig. 5).

A. Design and regulation of materials

The topological structure, chemical composition, and
host-guest interaction should be carefully considered for
the development of zeolite-based SEs. First of all, the
channel structure and pore size of zeolites, which vary
with topological structures, might significantly impact
on ion transport in zeolite frameworks. According to
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FIG. 5.

Future perspective of zeolite-based SEs. Schematic illustration of the development directions for zeolite-based electrolytes.

First, the design of zeolite-based SEs can be carried out through the selection of different topological structures, regulation of frame-
works, and the introduction of functional guest species in pores. Second, zeolite-based SEs present a promising application in various
battery systems because of their capabilities in ion exchange, adsorption, and separation. Third, the investigation of both intrinsic
and interfacial ion transport mechanisms is essential for the development of zeolite-based SEs and the fabrication of high-efficiency
solid-state batteries. Finally, the adaptability of zeolite-based SEs for various practical applications should be improved via technology

optimization.
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previous reports, analcime (ANA), which possesses a
uniform one-dimensional channel structure without pro-
nounced potential wells, provides a more facile migration
pathway for Li™ and Na* than sodalite (SOD), with three-
dimensional channels. However, NaA zeolite (LTA) with
a three-dimensional channel structure delivers a higher
ionic conductivity than that of analcime, indicating that
there are other factors affecting the ionic conduction of
zeolites than the channel structure. The pore size of the
zeolite is another key factor for ionic conduction, as the
size of cages and corresponding windows should be large
enough to allow the facile migration of mobile cations.
Specifically, open frameworks with larger cages (e.g., Y
zeolite with FAU structure) provide a facile pathway for
cation migration, while ion migration in zeolites like ZSM-
5 (MFI) may be hindered due to the repulsion effect
between cations [115]. On the other hand, the overlarge
pore size of zeolites compared to mobile cations will
lead to a higher electrostatic interaction between mobile
cations and the framework, resulting in the immobiliza-
tion of framework-associated cations [113,117]. There-
fore, appropriate channels and pore sizes for ion migration
are the prerequisites for high-performance zeolite-based
SEs.

In addition, the chemical composition of zeolites is
another important factor for the design of zeolite-based
SEs. As mentioned above, the content of mobile cations
is highly related to the Si: Al ratio of zeolites. Reduc-
ing the Si: Al ratio is an effective approach to increase
the density of mobile cations in zeolites, which is favor-
able for improving the ionic conductivity, according to the
Arrhenius relationship:

o = qnu,

where o is the ionic conductivity of materials, and g¢,
n, and u represent the charge, concentration, and mobil-
ity of charge carriers, respectively [69]. Meanwhile, the
sites with low activation energy are more likely to be
occupied in zeolites with a lower Si : Al ratio [118], and
the mobility of mobile cations is consequently increased.
A typical case is the LiX zeolite with the lowest Si : Al
ratio of 1.0 [119], which also possesses an open frame-
work with appropriate channels for ion conduction. It is
worth mentioning that superior ionic conductivity is not
always achieved in the zeolite with a lower Si : Al ratio
due to steric effects and electrostatic repulsion originating
from mobile cations with a large ionic radius. For instance,
the best ionic conductivity of offretite (OFF) is obtained
from the sample with a Si : A1 ratio of 3.0 when the charge
carriers are KT or Rb*. Also, the cation-cation interac-
tion should be considered to reduce the repulsive force
towards mobile cations when regulating the framework
composition [118,120].

Furthermore, introducing guest species into zeolite hosts
may also be an effective approach to fabricate multi-
functional SEs for solid-state batteries. Our recent work
demonstrates that ionic species confined in the zeo-
lite channels will interact with the framework-associated
cations, and thus, boost the effective ionic conduction of
electrolytes.

B. Extension of solid-state battery systems

Alkali metal ions, and even other multivalent ions, can
occupy the mobile framework-associated sites of zeolites
via ion exchange [114,121—123]. Thus, the application of
zeolite-based SEs is highly anticipated in various energy
storage devices, especially post-lithium-ion batteries, such
as sodium-ion batteries and potassium-ion batteries. Our
group preliminarily demonstrated the validity of zeolite-
based SEs for sodium-ion batteries in follow-up work, and
further efforts should be devoted to other battery systems.
It is worth noting that the type of mobile cations also affects
the ionic conductivity of zeolites with the same topologi-
cal structure, which is acceptable due to the different ionic
radii of charge carriers and different electrostatic interac-
tions. For example, Li cancrinite, Na cancrinite, and K
cancrinite show distinct ionic conductivities of 3.9 x 1073,
1.5x 1073, and 1.0 x 10~* Scm™! at 400 °C, respectively
[114].

In addition to metal-ion batteries, zeolite-based SEs are
also compatible with batteries using metal anodes, such as
metal-sulfur batteries and metal-air batteries. The adsorp-
tion and separation capabilities of zeolites provide unique
superiority to scavenge trace water, as mentioned in Sec.
IIT [108,109], preventing the metal anode from corrod-
ing. Also, the porous structure of zeolites is favorable for
homogenizing lithium-ion flux by lowering the interfacial
ionic transport resistance and slowing down the consump-
tion of lithium ions [124], and thus, regulating the metal
deposition behavior to suppress dendrite formation. In par-
ticular, the stability of zeolites against air, lithium metal,
and intermediate and terminal discharge products (detailed
in Sec. II) provides great advantages for the stable oper-
ation of lithium metal batteries with high energy density
compared with conventional SEs.

C. Comprehensive investigation of ion transport
mechanism

Ionic conduction in zeolites is achieved via a hopping
process, which is similar to other inorganic crystalline
materials. Taking NaA zeolite (LTA) as an example, the
framework-associated cations at site II (near the eight-ring
windows) and site III (near the four-ring windows) are the
predominant contributors to ionic diffusion via a concerted
transposition process between site II and site III [125]. As
for the zeolites with FAU structure (e.g., X and Y zeolite),
local charge transport and long-range order ionic diffusion
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occur simultaneously; these originate from the migration
of framework-associated cations at site II (near the six-ring
windows inside supercages) and site III (near the four-
ring windows inside supercages) [118]. Although the ion
transport behavior in the specific type of zeolites is pre-
liminarily studied, it is essential to provide an in-depth
illustration of the ionic pathways in zeolites to optimize the
properties of zeolite-based SEs, and thus, improve the per-
formance of batteries. Similar studies are achieved for the
design of conventional SEs. Wang et al. [126] investigated
the impact of anion sublattices on the ionic conductiv-
ity of sulfide SEs, and thus, developed specific criteria to
look for better conductors. Culver et al. [127] summarized
the structural requirements for achieving high ionic con-
ductivities and emphasized the importance of optimizing
the electrode-SE interface. Additionally, the revelation of
an interfacial ionic transport mechanism triggered inten-
sive studies on interfacial modification to reduce interfacial
impedance [51,128—134]. Thus, further clarification of ion
transport behavior in zeolites at the atomic level is neces-
sary to provide the basis for the selection and regulation
of zeolite-based SEs, and the interfacial ion conduction
mechanism is another key area of concern to achieve the
practical operation of zeolite-based SEs at the device level.

To investigate the ion conduction mechanism of zeo-
lites, advanced in situ and ex situ characterization
techniques are highly necessary, accompanied by the
employment of traditional characterization methods [69,
119,135-139], such as nuclear magnetic resonance,
electrochemical impedance spectroscopy, and electron
microscopy. In parallel, computer simulation is another
powerful tool to depict the dynamic procedure for ion
transport. The energy barriers and pathway for ion diffu-
sion in SEs can be investigated via first-principles calcu-
lations based on quantum mechanics combined with the
nudged elastic band method, while the initial and final
states of mobile ions must be input [140,141]. In addition,
molecular dynamics simulation is another computational
method to study the ion diffusion behavior based on clas-
sical mechanics [142—144], which is used to reveal the
ionic diffusion mechanism in zeolites. To access more
complex systems, ab initio molecular dynamics simula-
tion emerges to quantify detailed diffusion behavior [144—
146] and shows great potential to aid in the design and
optimization of zeolite-based SEs.

D. Optimization of processing technologies for
practical application

Although the industrial production of zeolites is
achieved, the large-scale production of zeolite-based SEs
with low cost, high quality, and energy conservation
remains a challenge. As mentioned in Sec. II, the inevitable
voids between the rigid solid particles of inorganic SEs,
which are commonly prepared via a pressing method,

is one of the main culprits for impeding ion conduc-
tion and inducing interior dendrite formation. Beyond the
unsatisfactory conventional preparation strategies, the fab-
rication of zeolite membranes with dense features via a
seed-assisted method seems like a judicious choice. The
preparation of zeolite membranes with different topolog-
ical structures, including MFI, LTA, CHA, and FAU, is
reported [147—152], laying the foundation for the develop-
ment of zeolite-based SEs. However, the selection of sub-
strates for zeolite membranes should be made cautiously to
ensure the integrity of membranes, achieve the high energy
density of batteries, and even adapt flexible solid-state
devices. For example, polymer- or carbon-based substrates
might be promising choices owing to their light weight and
flexibility. Physical contact between SEs and electrodes
should also be improved to achieve a high electrochemical
performance. To this end, composite cathodes consisting
of active materials and SE particles are generally prepared
for conventional solid-state batteries [153—155], while
the in situ fabrication strategy for the zeolite-based SE-
electrode integrated structure provides the possibility to
construct an interface with lower contact impedance. Fur-
thermore, the compatibility of zeolite-based electrolytes
with battery assembly strategies for traditional battery
packs (such as cylinder cells and pouch cells), wearable
devices, and microbatteries remains to be verified before
commercialization.

In view of their impressive stability, ionic conductiv-
ity, and electronic insulation, zeolites are full of promise
to take up the baton from traditional SEs in solid-state
batteries and open up enormous possibilities in the fields
of material design, battery system expansion, mechanism
investigations, and industrialization for zeolite-based SEs.
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