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Metal-organic frameworks and zeolite materials as active fillers
for lithium-ion battery solid polymer electrolytes

Jo3o C. Barbosa®®, Renato Gongalves®, Carlos M. Costa®¢, Verénica de Zea Bermudez®, Arkaitz
Fidalgo-Marijuan®, Qi Zhang®f, Senentxu Lanceros-Méndez®f

The efforts to decarbonize the economies, with particular focus on renewable energies, must be accompanied by the
development of more efficient and environmentally friendlier energy storage systems. In this context, all solid-state
batteries emerge as one of the most promising candidates for this purpose due to their potentially higher energy density
and improved safety with respect to conventional systems. With this objective, the development of solid electrolytes, with
high ionic conductivity and low interfacial resistance, is a critical step to achieve the needed performances of all solid-state
batteries. The three-component approach for composite solid polymer electrolytes (SPEs), which relies on the use of one
polymer and two complementary fillers, attracted a great interest in recent years, due to the possibility of incorporating
different fillers to impart simultaneously distinct properties to the SPEs, such as enhanced ionic conductivity and improved
mechanical stability. Microporous materials are an effective option for application in this technology, due to their thermal
and mechanical stability, as well as their tuneable structure, high porosity and surface area, which make them suitable
materials to adsorb and encapsulate other components. In this work, the main advantages and disadvantages of SPEs are
discussed, together with the critical issues to be addressed in the near future, namely the low room temperature ionic
conductivity and the interfacial compatibility issues. Some solutions are proposed, with special focus on microporous
materials, particularly metal-organic frameworks (MOFs) and zeolites. Their main properties and advantages for application
in this field are presented. A comprehensive state-of-the-art of this exciting topic of research is also provided, highlighting

the most recent advances in the area.

Introduction

Nowadays, the world is facing relevant issues associated with the
continuous growth of the population and the increasing in living
standards. These factors led to the use of more natural resources and
to an increased energy consumption, which in turn leads to an
increased pressure on natural resources due to over exploration and
environmental damage, particularly climate change, that s
essentially caused by the world’s reliance on fossil fuels to run the
economies . The transition to highly efficient and environmentally
friendlier systems for energy production is needed to constrain
climate change and to support sustainable population growth,
warranting reliable and affordable energy for everyone without
compromising the environment. The United Nations is one of the
main drivers of this transition, with two of their 17 goals for
sustainable development until 2030 directly related to this thematic
(7 — affordable and clean energy; 13 — climate action) 2. The
decarbonization of the economies, with reliance in renewable energy
sources is one of the main strategies adopted by the governments to
overcome the dependence on fossil fuels. However, renewable
energies, such as wind or sun, are intermittent, and are dependent
on time or weather conditions to be effective 3. This leads to the
necessity of developing efficient and environmentally friendlier
energy storage systems in the years to come, to store the energy that
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is not used during the high production hours, and that can be used
later, in the hours of higher demand 4. In this context, batteries
emerge as an effective solution for these issues.

A battery is a device that is able to convert chemical energy into
electrical energy, and vice-versa, in a closed system 5. The first
battery was developed by Alessandro Volta in 1800, using zinc and
silver electrodes, and brine-soaked cloth as separator 6. Lithium
technology only started to be developed in the 20t century 7. Early
in 1972, Michel Armand & mentioned the general properties needed
for an intercalation electrode and provided the first report on a solid-
state battery (SSB). The first commercial lithium ion (Li*) battery (LIB)
was developed in 1991, by Sony °. Nowadays, LIBs are the most
worldwide used devices for energy storage purposes due to their
high energy density and long cycle life, allowing the production of
light and small devices without jeopardizing battery capacity 0.A
common LIB is composed by three basic components: two electrodes
(cathode and anode) and a separator, usually soaked in an
electrolyte solution. The electrodes, that are deposited on aluminum
(cathode) and copper (anode) foils, are composed of an active
material, a conductive material, and a binder. The separator is placed
between the electrodes and is usually a polymeric porous membrane
11

The separator plays a key role in the battery, as it works as a physical
barrier between the electrodes, avoiding the occurrence of short
circuits during the operation. A good separator must possess
thermal, mechanical and thermal stability 2 and must show high
electronic resistance and high ionic conductivity to the Li* flow 13. The
most widely used materials for separators are polymers, such as
poly(ethylene) (PE), poly(propylene) (PP) or poly(vinylidene fluoride)
(PVDF). These polymers meet the requirement of high electronic
resistance but lack the necessary high ionic conductivity. This is the
reason why electrolyte solutions must be compulsory present in the
system.



The combination of liquid electrolytes with separators is the source
of several critical issues that need to be addressed. The most
common used electrolytes are composed of lithium salts dissolved in
organic carbonates 14, which are flammable, increasing the risk of
explosion or combustion of the battery. Moreover, they present
significant levels of toxicity and are dangerous to the environment.
Consequently, robust battery casing is mandatory to prevent
electrolyte leakages. Finally, the application of liquid components in
batteries reduces their lifetime, as the electrolytes easily degrade the
battery components 5. The aforementioned shortcomings led to the
idea of removing the liquid electrolyte and increasing the ionic
conductivity of separator membrane so that the later component
acts simultaneously as separator and electrolyte, a step forward in
the SSB approach 16,

SSBs have a constitution and working principle similar to the
common LIBs (Figure 1). The main difference lies on the constitution
of the separation between the electrodes, that instead of the typical
separator/electrolyte system, is based on a solid electrolyte. As
stated above, this electrolyte must be an electronic insulator and
ionic conductor 7. The conduction mechanism in this system is based
on chemical and electrochemical potential gradients 18,
Theoretically, SSBs present several advantages over common
batteries, as they are lighter, smaller, and can provide higher energy
outputs, with improved efficiency and low self-discharge 1°. The
development of the SSB technology accompanied that of common
batteries throughout history, with the first solid electrolyte materials
being developed in the 1950 decade 2°. However, since them several
limitations held back the expansion and extensive commercialization
of this technology due to their lower ionic conductivity, difficult
interfacial contact, uneven current density distribution and thermal
expansion of the components 2.
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Figure 1 — Schematic representation of the composition and
charge/discharge process of an archetypal LIB.

SSBs can comprise two types of separators: inorganic electrolytes

and solid polymer electrolytes (SPEs) 22. Inorganic electrolytes are
usually composed of ceramic crystalline materials, such as lithium
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super ionic conductor (LISICON) 2, sodium (Na) super ionic
conductor (NASICON) 24, perovskites 2> or garnets 26, and possess
high ionic conductivity, high electrochemical window, and good
thermal stability. However, there are significant issues in the
interfacial contact with the electrodes and a higher risk of lithium
dendrite growth, as well as difficulties when it comes to production
at large scale 8 In this context new approaches as the use of three
component SPEs are being applied in this field. Particularly, the
application of microporous materials, such as metal-organic
frameworks (MOFs) and zeolites, has been the subject of interesting
studies, taking advantage of the high surface area and tunable pore
size of those materials, demonstrating their suitability for SPE
development. SPEs are discussed in detail in the next section.

Solid Polymer Electrolytes

Solid polymer electrolytes (SPEs) can be defined as “solvent-free salt
solutions in a polymer host material that shows sufficient mechanical
stability to be considered solid in a macroscopic sense” 27. These
materials are essential in the operation of SSBs.

The main advances in the development of SPEs and SSBs on the last
50 years are summarized in Figure 2. The first SSBs were developed
in the 1950s and were based in silver (Ag) and lead (Pb) 2. Their first
application in LIBs appeared later in 1979 28, Several materials such
as NASICON 23, lithium phosphorus oxynitride (LIPON) 3° or lithium
lanthanum titanate (LLTO) 3! were developed in this period. In
particular, the development of SPEs started in 1973 with the
discovery of the complexation of alkali metal salts, dissolved in
Poly(ethylene oxide) (PEO), that formed high conductive complexes
32, A similar approach was taken later, in 1978, using PPO as polymer
matrix 33. Other polymer matrixes, such as poly(acrylonitrile) (PAN)
34 or PVDF 35, were applied in the following years, particularly for use
in lithium metal batteries. The efforts to increase the ionic
conductivity of SPEs extended to the 1980 and 1990 decades, mainly
with the introduction of different kinds of nanoparticles and
superionic conductors within the polymer matrix 3.

The interest in the functionalization of SPEs has increased in recent
years, due to the quick expansion of the electric mobility concept and
the widespread use of LIBs, which raised concerns with respect to
security and environmental issues 37.

The performance of a SPE in a LIB is affected by different parameters,
which must be tuned in order to produce a functional device. The
most critical parameters are those directly related with the ion
conduction, in particular ionic conductivity, interfacial compatibility,
and lithium-ion transference number. Then, stability parameters,
such as thermal or mechanical, also play a major role, as they allow
the operation in a wider range of conditions. Finally, there are other
parameters that are not essential for the operation of the SPE, but
are recommendable for environment, health and safety reasons
(Figure 3). Specifically, the requirements to be fulfilled by a SPE are
high ionic conductivity (above 10# S.cm) at room temperature,
lithium transference number close to unit, wide electrochemical
stability window (up to 5 V), high thermal and mechanical stability,
compatibility with the electrode materials, non-volatility, low
toxicity, and low environmental impacts, either in the synthesis, use,
and end of life stages. To find the perfect balance between all these
properties is a challenge that must be overcome in the next years 38,
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Figure 3 - Main parameters that affect the performance of a SPE:
critical (red), important (yellow) and recommendable (green).
Advantages and Disadvantages

SPEs present several advantages over the most commonly used
liquid electrolytes. The most important one is safety, mainly due to
the low flammability of the solid material when compared to liquid
components, as illustrated in Figure 4. By avoiding the use of liquid
components, the need to apply strong encapsulating materials to the
batteries is suppressed, as liquid electrolyte leakage no longer exists
40, The high mechanical and thermal stability of SPEs allows the
battery accommodating more charge/discharge cycles in a wide
range of temperatures #1. The use of polymers is beneficial, as they
improve the resistance to the variation of volume in the electrodes
42, The immobility of the SPE anionic framework allows higher power
capabilities, leading to faster charging of the batteries without
compromising their structural integrity 43. Altogether, the use of SPEs
instead of common liquid electrolytes is advantageous in terms of
safety, stability and durability of LIBs.

This journal is © The Royal Society of Chemistry 20xx

The main drawback regarding the application of SPEs is their low
room temperature ionic conductivity, which is caused by the poor
diffusion of ions in the solid matrix when compared to conventional
liquid electrolytes. This issue limits SPE operation to higher
temperatures, in which the mobility is increased 44 Another
disadvantage of SPEs is that the interface between the electrodes
and the SPE is often modified due to interfacial reactions between
both components, leading to higher ionic resistance in the battery
and therefore lower performances are achieved. In addition SPEs are
subjected to mechanical stresses during electrochemical cycling,
which can affect their structural integrity, due to the development of
cracks in their structure 43. Another trouble that derives from the
absence of liquid components is that the contact between the SPE
and the electrodes is difficult due to the volume changes, increasing
the resistance of the battery . Finally, the lithium dendrite growth
phenomenon is considered a major concern, particularly at high
discharge rates, which can cause loss of battery performance, or
even short circuits 47. Despite the above limitations, it is expected
that in future years the advances in research will bring valuable
solutions, turning the SPEs in a more effective option to application
in LIBs instead of the conventional liquid electrolytes.
Electrode/electrolyte interface

One of the most critical issues regarding SPEs is the interface
between the electrolyte and the electrodes. In common LIBs this
interface is facilitated because of, not only the presence of a liquid
component that allows wetting of the electrodes, but also the
formation of a passivation layer (usually known as solid electrolyte
interphase (SEI)) on the electrodes’ surface (Figure 5a). This layer
results from the decomposition of the electrolyte during battery
operation and prevents further degradation of other battery
components %8, However, the SEl increases the internal resistance of
the battery, which limits the charge/discharge process, particularly
at high rates. 4950,
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Figure 4 — Advantages (green color) and disadvantages (red color) of SPEs compared with conventional liquid electrolytes for LIB applications.

In the anode/SPE interface, the main problem is lithium dendrite
growth (Figure 5b), particularly when the anode is composed of
metallic lithium. The lithium dendrites are rigid tree-like structures
that are produced due to the incorrect deposition of lithium ions on
the electrode’s structure (Figure 5c). The dendrites grow throughout
the solid electrolyte, particularly when metallic lithium is used as
anode, leading to loss of battery performance as the number of
available lithium ions decreases. In extreme cases lithium dendrites
can pierce the solid electrolyte and cause short circuit in the battery
51, This phenomenon induced the creation of SPEs with uniform
lithium-ion transportation pathways enabling uniform deposition of
the charges 5% 53, Another situation that may occur in the anode is
related to the volume changes during the charge/discharge process

which cause contact loss between this electrode and the SPE,
increasing the impedance 46,

'T
L,

Figure 5 — Scanning electron microscopy (SEM) image of the SEl layer
in a LIB anode >4 a) SEM image of a lithium dendrite 55 (b); schematic
representation of the lithium dendrite formation process (c).

In the case of the cathode, the interfacial issues are similar to those
occurring in the anode, although they are more complex, due to the
composition of cathode, which gives rise to various solid-solid

4| J. Name., 2012, 00, 1-3

interfaces between different particles. To address the latter
problem, the formation of stable ion-conducting networks in the
cathode is advisable .

Conduction and diffusion mechanisms

The study of the conduction and diffusion mechanisms in a SPE plays
a key role in the development of the field, as it allows getting a better
insight into the behavior of the charges in the SPE structure and
helping to decide what can be done to increase the ionic conductivity
of the material.
The ionic conductivity is an important property of SPEs, as it
represents the ability of the material to allow the ion flux through it,
which is the basis of battery operation. However, the ionic
conductivity of SPEs is lower than that of liquid electrolytes #¢. For a
battery to work properly, the minimum room temperature ionic
conductivity of the SPE must be higher than 103 S/cm 57,
The ionic conductivity (o) of a SPE can be described by equation 1 38:
o=FYnqu (1)
where F is the Faraday constant, and n;, g;, and y; are the number,
charge and mobility of the free ions, respectively. This means that, in
order to increase the ionic conductivity of the SPE, one or more of
these parameters must be increased.
The ionic conductivity of a material is also strongly dependent of
temperature. The Arrhenius model describes this behavior, as

described by equation (2):
= 0p exp -

(2)
where 0y is a pre-exponential factor, Ea is the activation energy, R is
the gas constant, and T is the temperature. This model explains why
the ionic conductivity of a material increases with increasing
temperature, due to the improved mobility of the charges, which is
related to the rise in the total energy of the system.

This journal is © The Royal Society of Chemistry 20xx
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Another alternative to describe the conduction mechanisms in SPE
is the Vogel-Tamman-Fulcher (VTF) theory. This model is based on
the effect of the ion jump motion and polymer chain relaxation
and/or segmental motion in the conductivity, which means that
there is nonlinearity in the 1/T curve 3°. This model can be
described by the equation 3:

o= O'OT_% exp (— TfTo) (3)

where B is an action factor, related to the activation energy
distribution and Ty is the reference temperature, usually 10-50 K
below the glass transition temperature. At room temperature, the
conductivity can be improved with low glass transition temperature
polymers, as just the effect of the polymer segment is considered ©°,
The migration of ions in a polymer matrix under the application of an
electric field relies mainly on the formation and dissociation of
coordination bonds during the motion of polymer chains (Figure 6a)
61, This motion occurs mainly in the amorphous phase of the polymer
matrix, meaning that a high crystallinity degree will affect negatively
the ionic conductivity of the SPE, due to the higher energy barrier for
the movement of the Li* between the preferred sites. Typically, the
addition of conductive salts contributes to increase the glass
transition temperature (Tg) value of the polymer due to the slowing
down of the segmental dynamics 2. The mechanism of the lithium
motion on the polymer matrix can be described by the free volume
model. Above Tg, a state of local segmental motion on the polymer
chains occur, which increases the free volume near the moving chain
segments 3. This volume allows for the intermolecular coordination
of the lithium ions, leading to the possibility of changing between
coordination sites, in the presence of an electric field. This
interchanging between polymer chains is possible due to the reduced
energy barrier . However, Bruce and co-workers introduced a
different conduction mechanism based on the movement of lithium
ions on the spiral-shaped channels found within the ordered
structure of the polymer matrix (Figure 6b) ©5.
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Figure 6 — Schematic illustration of conduction mechanisms in
amorphous (a) and crystalline (b) SPEs ©6,

Several additives allow to decrease the degree of crystallinity of the
polymer, leading to an increase on the mobility of the polymer chains
and consequently on the mobility of the charges: ceramic fillers ¢7,
MOFs 8, jonic liquids (ILs) , and lithium salts 7°. The addition of the
later compounds represents the most efficient way to increase the

This journal is © The Royal Society of Chemistry 20xx

ionic conductivity of a SPE, by also introducing more places to
dissolve lithium ions by complexing them in its structure. Also, the
lattice energy of the salt must be low, and the dielectric constant of
the polymer must be high to allow the dissociation of the salt in the
polymer host 7L, Finally, for a significant effect on the increase of the
ionic conductivity, large amounts of salts are needed, which could
also affect other properties of the SPE, namely the mechanical
stability, potentially leading to negative effects on the overall
performance 72.

Types of polymer matrix and fillers

A composite solid electrolyte is typically composed of a host polymer
matrix that warrants the structural integrity of the electrolyte, and
different kinds of fillers. Each filler affects the properties of the
electrolyte in different ways, and it is the combination of the polymer
matrix with one or more fillers that leads to the electrolyte distinct
final characteristics, performance and stability. As stated above, in a
SPE the polymer is the constituent that warrants the structural
integrity. Thus, it is important that the selected polymer exhibits high
mechanical, thermal and electrochemical stability. Traditionally the
most widely used polymers belong to the class of thermoplastics,
that meet the requirements referred previously 73. The main
limitation of these polymers is their ionic conductivity, which is
generally low (<105 S/cm) at room temperature, making them a less
attractive option for battery applications. The most studied polymer
for application in SPEs is PEO, because of its high lithium ion
conductivity, especially at high temperatures, when lithium salts are
introduced in a composite form 74. Other polymers, such as PVDF 75
and its co-polymers 7¢, (PAN) 77, poly(ethylene carbonate) (PEC) 78
and poly(ethylene glycol) (PEG) 7%, have been also studied and tested.
Some works have focused on blends with two or more polymers, in
order to combine the best properties of the individual ones. Blends
of poly(vinyl chloride) (PVC)/PVDF 8, PEO/PMMA 8! and PVDF-
hexafluoropropylene (HFP)/poly(aniline) (PANI) 82,
examples of successfully prepared SPEs. A green approach has

are some
gained increasing attention in recent years, in the search for more
sustainable alternatives to conventional polymers. In this field,
natural polymers are valid options due to their biodegradability and
low environmental impact. Studies with polysaccharides, such as
cellulose 8, pectin 8, chitosan & and carrageenan 86, have been
successfully carried out.

As mentioned above, the incorporation of fillers is essential in the
functionalization of a SPE, because these components enhance the
properties of the electrolyte, particularly its ionic conductivity and
mechanical stability. Fillers can be divided into two categories. The
active fillers are able to directly increase the ionic conductivity of the
SPE, while the passive fillers exert their influence on other
parameters of the SPE, inducing the increase of the thermal or
mechanical stability, or reducing the degree of crystallinity, which
indirectly facilitates the ion transport 8. These fillers include
ceramics (barium titanate (BaTiOs) 8, alumina (Al,03) &, silica (SiO3)
%, titania (TiO,) °1), carbonaceous (graphene oxide 92, carbon
nanotubes %3), lithium salts (lithium tetrafluoroborate (LiBF4) %4,
lithium hexafluorophosphate (LiPFg) %5, lithium perchlorate (LiClO4)
%, lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) %7), ILs (1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide

([EMIMI[TFSI]) %, and 1-butyl-3-methylimidazolium chloride
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([BMIM][CI]) ) or microporous materials (zeolites 1%, nanoclays 101,
and MOFs 102),

In particular, microporous materials are attracting increasing interest
in recent years for this application, as their properties, such as their
tunable micropore structure, high surface area and capacity to
encapsulate other components, show potential to overcome several
limitations of the actual SPEs. Nonetheless, they have not been
intensively studied yet.

Why microporous materials?

Due to their characteristics and properties, composite solid
electrolytes aim to replace the conventional separators and liquid
electrolytes employed nowadays in the field of energy storage
systems. However, critical issues, such as low ionic conductivity and
high interfacial resistance must be addressed in order to make them
fully functional and achieve performances similar to the conventional
materials. To solve these drawbacks, different approaches have been
adopted in recent years, particularly with respect to the used
materials and processing techniques.

Microporous materials, such as MOFs and zeolites, are interesting
candidates for application in composite solid electrolytes owing to.
their unique properties. Their crystalline structure with controllable
parameters, such as pore size and shape, allows building a network
of ion pathways with high ionic conductivity 103,

Some hollow microporous structures are able to store several lithium
ions in their structure, further enhancing ionic conductivity 104 and
lithium transference number 19, Other materials can be combined
with different metal salts, with the same purpose 1%, The
improvement of the ion conduction properties of the SPE is
frequently accompanied by a loss of mechanical properties of the
SPE, particularly with the use of ceramic conductive materials. This
effect can be overcome by the implementation of microporous
materials, that are able to retain those mechanical properties 197,
Further, the high surface area of microporous materials offer a
higher number of contact points, which facilitates the interfacial
compatibility between the SPE and the electrodes 1%, Figure 7
presents the main modification strategies used to improve different
properties of microporous materials, in order to make them suitable
for applications in SPEs. These strategies include microstructure
tunning 199, modification of ligands!19, addition of functional

Journal Name

groups!?, surface modification and hybridization of the microporous
species with other materials 108,

In parallel, these materials can be used to encapsulate/adsorb other
materials, such as lithium salts or ionic liquids (ILs), to further
facilitate the conduction mechanism in the composite solid
electrolytes. This three-component approach (one polymer and two
complementary fillers) enables the synthesis of more stable and
improved solid electrolytes, in which one filler leads to the
enhancement of the mechanical or thermal properties, whereas the
other promotes the enhancement of ionic conductivity, leading to a
reduction of the needed quantity of each one for the electrolyte to
perform properly 112. The use of microporous fillers for this strategy
is advantageous when compared with the more common ones based
on ceramic conductors which are not able to be combined with other
fillers in the same way as microporous materials, due to the lack of a
suitable structure to combine with a complementary filler. Further,
the high surface area of the microporous materials allows for a
higher number of interaction sites which stabilizes the interfacial
contact with the electrodes 113,

The main difference between zeolites and MOFs is the nature of their
structures. While zeolites are entirely inorganic, MOFs present an
inorganic-organic hybrid structure with large pore sizes and volumes.
Moreover, zeolites can be found in nature and synthetic structures
are mostly mimicked from the natural structures. In contrast, MOFs
are exclusively synthetic, allowing the production of a significantly
higher number of possible structures, meaning that they are more
versatile and adaptable 114. However, zeolites exhibit higher thermal
and chemical stabilities, longer lifetimes, and cheaper production
costs, being also an environmentally friendlier option (Figure 8) 115,
The most extensively used techniques for the production of
composite solid electrolytes are solvent casting and hot pressing. Hot
pressing is considered the simplest and cheapest process and has the
advantage of being completely solvent-free 116, However, printing
techniques attracted considerable interest in recent years, due to the
possibility of tackling the interfacial resistance problems, among
others 117, Printing techniques allow the deposition of the different
battery components layer by layer, leading to the manufacturing of
hybrid interfaces that are, neither electrode, nor electrolyte, but a
mix of both 118, These interfaces can suppress the issue of high
resistance, because the battery is built as a single device, and not by
the assembly of different components.

Modification strategies of microporous materials

Microstructure Ligands

solid electrolytes.
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State of art on microporous materials for polymer
based composite solid electrolytes

According to the International Union of Pure and Applied Chemistry
(IUPAC), porous materials can be classified in three different
categories. Microporous materials are characterized by pore sizes
smaller than 2 nm; mesoporous materials show pore sizes between
2 and 50 nm; and macroporous materials show pore sizes larger than
50 nm 11,

Microporous materials are particularly appealing for energy storage
applications due to their good thermal stability 12° and high surface
areas, that offer a higher number of sites for interfacial reactions.
Further, the adjustable pore sizes and shapes provide the ideal space
to encapsulate other components in their structure. Finally these
materials are known to possess nanoscale effects, both in their
channel structure and in their pore walls, resulting in enhanced
mechanical, electrical, and optical properties 111, There are different
kinds of microporous materials, such as aluminosilicates, metal
oxides, nanoclays, molecular sieves, zeolites, and MOFs 111, As
previously mentioned, microporous materials have particular
interest in the SPE field, as they are able to encapsulate other
materials in their structure. In the light of this three-component
approach, the microporous material works as a host for the other
filler, improving the mechanical and thermal properties of the SPE,
while the second filler enhances the ionic conductivity 2. This
approach allows an increase in the quantity of filler that is possible
to use without compromising the overall performance of the
composite solid electrolytes in terms of mechanical or thermal
properties 121,

Metal-organic frameworks

Metal-organic frameworks, MOFs, can be defined as crystalline
porous solids composed of a three-dimensional (3D) network of
metal ions held in place by multidentate organic molecules 122, The
first MOF, inspired in the characteristics of zeolites, was reported in
1995, using 1,3,5-benzenetricarboxylate as building block 1. This
field grew strongly since then, with successive studies and synthesis

ARTICLE

of new structures. There are almost 70,000 different MOFs reported
nowadays 124,

Figure 9 — Typical structure of representative MOFs: MIL-101 (a),
UIO-67 (b) MOF-5 (c), HKUST-1 (d) 2> and MOF-101 (e) 126:127,

MOFs present a variety of interesting properties, combining high
porosity with large pore size and volume, outstanding surface area
(up to the record of 7000 m?2/g for the NU-110E MOF 128), possibility
to encapsulate or adsorb other materials in their structure, and fast
electrochemical kinetics. MOFs have been used in a wide range of
applications, including gas storage and separation 129 130 drug
delivery 131, catalysis 132, and chemical sensing 133. The possibility to
control the pore size, shape and surface physical-chemical
characteristics, leads to the synthesis of structures with tailored
properties for specific applications, increasing the interest of these
materials in the energy area in recent years 125,134,

The main advantages of the application of MOFs in SPEs are: (1) their
3D and easily tunable pore structures (Figure 9) that offer many
contact points between the electrolyte and the electrode active
material at an atomic level; (2) their adequate electrochemical
window; and (3) their good thermal and mechanical properties 135,
Furthermore, the ability to control the surface polarity of the MOFs
allows the optimization of their electrochemical properties through
the modulation of the interfacial interactions 108,

These characteristics led to a growing interest in the application of
MOFs in composite solid electrolytes, due to the possibility of a more
efficient transport of the lithium ions through the ordered channels
in the MOFs structure 198, Table 1 presents the work developed in
recent years regarding the application of different MOFs as fillers in
composite solid electrolytes.
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Table 1 - State of the art of the use of MOFs in the formulation of composite solid electrolytes and the corresponding LIB performance.

lonic conductivity Battery capacity
MOF Polymer Matrix = Other components Technique (mS.cm™) /Temperature for LFP cathode = Ref.
(2C) (mAh.g?)
HKUST-1 PEO LiTFSI Solvent casting 3.5x10%/50 160 (0.1C) 136
ZIF-90 PEO Si-IL Solvent casting 1.17x10%/30 159 (0.1C) 137
MOF-5 TFEMA-PEGMA LiTFSI Solvent casting 1.44x105/30 116 (0.1C) 138
UiO-66-NH; PVDF LiTFSI Solvent casting 2.07x101/ 25 136 (1C) 102
MOF-525(Cu) - [EMIM][TESI]; LITFSI  Impregnation 3.0x101/ 25 145 (0.1C) 135
D-UiO-66-NH, PEO LiTFS! Hot pressing 3.9x103/ 25 63.2 (1C) 139
AI(OH)(1,4-NDC) = PEO LiTFS Solvent casting 2.09x102/ 30 80.6 (1C) 140
Li-IL@UiO-67 PVDF-HFP - Solvent casting 4.3x101/ 25 118.1 (1C) 141
Mg-BTC PEO LiTFSI Hot pressing ~103/20 110 (1C) 142
M-UiO-66-NH; PEGDA LiTFSI UV polymerization 4.31x102/ 30 80 (1C) 143
MOF-5 PEO LiTFSI Solvent casting 3.16x102/ 25 132 (1C) 144
Mg-TPA; Mg-TMA | PEO LiTFSI Hot pressing 7.02x101 - 145
Al-BTC PEO LiTFS! Hot pressing ~103/20 45 (1C) 146
Al-TPA PEO LiTFSI Hot pressing 1x101/60 ~50 (1C) 147
Ui0-66 PEO - Solvent casting 1.47x101/ 30 100.1 (1C) 148
Li-IL@UiO-66 PEO LiTFSI Solvent casting 1.3x101/30 151 (0.5C) 149
Cu-BDC PEO LiTFSI Hot pressing ~103/25 120 (1C) 150
Nis-(BTC)» PEO LiTFS! Hot pressing 1.4x101/ 30 ~75 (1C) 151
MIL-53(Al) PEO LiTFS! Solvent casting 1.62x102/ 30 127.1(5C) 152
HKUST-1(Cu) PEO [EMIM][TFSI]; LITFSI  Solvent casting 1.20x101/30 136.2 (1C) 153
M-UiO-66-NH; PEO SiOy; LiTFSI Hot pressing 8.1x10°%/ 60 64 (1C) 154
Ui0-66 PEO LiClO4 Solvent casting 4.8x105/ 25 160 (1C) 155

The most extensively used approach in the production of composite
solid electrolytes with MOFs is the addition of the MOF to a polymer
matrix (e.g., PEO) including a lithium salt (e.g., LiTFSI). Studies with
the PEO host matrix have been carried out using different MOFs, with
promising results. The addition of aluminum (Al)-MOF nanorods
altered the properties of the matrix due to the strong interfacial
interactions with the polymer chains, increasing the ionic
conductivity and lithium transference number of the SPE when
compared with pure PEO, and enlarging in parallel the
electrochemical window up to 4.7 V 10 The use of Zn,0(1,4-
benzenedicarboxylate) (MOF-5) proved to stabilize the resistance in
the interfaces of the tested cells and increased the cycling stability of
the batteries up to 100 cycles 144, This MOF is also able to significantly
increase the lithium transference number and ionic conductivity of a
TFEMA/PEGMA blend, due to the increase in the amorphous phase
content and the microphase separation morphology caused by the
addition of the MOF 138, A comparison between magnesium (Mg)-
TPA and Mg-TMA MOFs fillers in a PEO/LITFSI matrix was performed.
The addition of the MOFs promoted a reduction of the degree of
crystallinity, further improving the conduction mechanism and
increasing the ionic conductivity (Figure 10a) 145. Copper (Cu)-BDC
MOFs promoted the thermal stability of the composite solid
electrolyte, allowing the battery operation at high temperatures with
reduced risks 130, The characteristics of the Nis-(BTC), MOF proved to
enhance the interfacial properties of the SPE, leading to better
cycling performances, and to the suppression of lithium dendrites,
without compromising the internal resistance of the cell (Figure 10b)
151, The MIL-35(Al) showed exceptional battery performance at high

discharge rates, due to its ability to dissolve lithium salts, increasing
the ionic conductivity 1>2.

MOFs as UiO-66 have the ability to encapsulate liquid electrolytes in
These
compounds increase the compatibility between the electrode and
the separator, leading to higher performance batteries 148, lon
exchange techniques have been used in UiO-66-NH; MOFs to insert
lithium salts in their structure, creating a single-ion superionic
conductor. Then, the prepared MOFs were applied as fillers in a PVDF
matrix by solution casting methods. The membranes presented high

their nanostructure to form efficient ion conductors.

ionic conductivity at room temperature and an excellent battery
capacity retention of 97% after 500 cycles 102, UiO-66-NH, were
functionalized with vinyl groups and applied in a poly(ethylene
glycol) diacrylate (PEGDA) using (uv)
photopolymerization. The ionic conductivity of the prepared
electrolyte was enhanced by about 5 times upon addition of the
MOF. The latter demonstrated an excellent interfacial contact with
the electrodes. The assembled battery showed a good performance,
particularly at high temperatures 143, UiO-66 was also successfully
used combined with LiCIO4, to form a stable composite solid
electrolyte with strong intermolecular interactions, which resulted in
a significant increase in the ionic conductivity and excellent battery
performance, particularly at high temperatures 155, ZIF-90 can be
combined with imidazole ionic liquid containing trimethoxysilane
groups (Si-IL), leading to strong interaction between the
components, which results in good battery performances,
particularly at high temperatures 137,

matrix ultraviolet



MOF-525(Cu) was impregnated with a mixture of [EMIM][TFSI] and
LiTFSI to form a solid-like electrolyte with high room temperature
ionic conductivity and good compatibility with both LiFePO,4 and the
Li-metal anode, showing low interfacial resistance. The assembled
battery was characterized by a good retention capacity in a wide
temperature range (-20 to 150 °C) as shown in Figure 10c-d 135, A
similar strategy was applied with the UiO-67 MOF. The prepared
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Figure 10 — Schematic representation of the lithium ion migration in
the Mg-TPA MOF based composite solid electrolyte (a) 45> and
impedance measurements of Ni3-BTC MOF based composite solid
electrolytes before and after cycling, with the corresponding
equivalent circuit (b) 1. c¢) Cycling performance and coulombic
efficiency of the Li|Li-IL@MOF|LFP SSB at 0.1 C charge/discharge
rate at room temperature. d) Temperature-dependent cyclability of
the Li|Li-IL@MOF|LFP SSB with corresponding charge/discharge
curves 135,

MOF was dispersed in a PVDF-HFP matrix, leading to a quasi-solid-
state electrolyte, with high ionic conductivity and good cycling
stability up to 300 cycles 141, The encapsulation of [EMIM][TFSI] and
lithium salts within the structure of UiO-66 also led to promising
results, with ionic conductivities in the order of 104 S/cm at 30 °C
and excellent discharge capacities at high rates 4%, This method has
been also successfully applied with the HKUST-1(Cu) MOF with
outstanding room temperature ionic conductivity, due to the
formation of a strong ion-conductive network in the polymer matrix
153

A cationic MOF was developed from UI0-66 and used as filler in an
anion-immobilized polymer electrolyte for lithium dendrite-free
batteries. The polymer electrolyte was synthesized by hot pressing.
The addition of the cationic MOF increased the ionic conductivity of
the polymer matrix and inhibited the formation of lithium dendrites
139, The addition of SiO; to the UIO-66 structure promoted a more

This journal is © The Royal Society of Chemistry 20xx

uniform diffusion of the lithium through the composite solid
electrolyte, and a better interface between the composite solid
electrolyte and the electrodes 1°%. Hot pressing was also successfully
applied in the synthesis of PEO SPEs using Mg-BTC (Figure 11a) 142
and AI-BTC MOFs 146, |eading to an increase of the ionic conductivity
by two orders of magnitude even at low temperatures. Hot pressed
PEO/AI-TPA was applied in both lithium-metal and lithium-sulfur
batteries, presenting stable performances up to 100 cycles in both
studies 147. The application of HKUST-1 in a PEO matrix contributed
to a better control of the heat release of the SPE, simultaneously
enhancing the ionic conductivity and the cycling performance,
particularly for a MOF content of 10% (Figure 11b) 3.
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Figure 11 — Rate performance of a Li/Mg-BTC/LiFePO,4 hot pressed
cell at 70°C and corresponding cycling profile 142 (a); Rate
performance of the PEO/HKUST-1 SPE at 50°C when compared with
a PEO SPE 136,

Covalent-organic frameworks (COFs) are structures similar to MOFs,
that instead of the metal-based nodes, possess light elements, such
as hydrogen carbon, boron, nitrogen, and oxygen, in their structure,
linked by covalent bonds 156, COFs share most of their properties with
MOFs, namely high surface area, tunable porosity and
homogeneously distributed channels. However, due to the absence
of metal ions in the COF structure, they tend to be lighter than MOFs
157 There are some applications of COFs in the energy storage field,
particularly as fillers for battery separators 193, but their application
in the SPE field is not yet studied in detail, with just a couple of works
reported 158159, Thus, there is still a large potential in the application
of those materials in SPEs 112,

Zeolites

Zeolites are micro or mesoporous structures composed of
aluminosilicate minerals linked by oxygen atoms, resulting in a 3D
network with pores of molecular size 160, Generally, zeolites have
the following chemical formula 161

M, Dy(Aly 2y Sin-(x+2y)02n M. H,0
where M is a monovalent cation, such as K*, Ca* or Na*, and D is a
divalent cation, such as Mg?*, Ca2*, Sr2* or BaZ*.
The first reported zeolite, stilbite, was discovered by the Swedish
mineralogist Cronstedt in 1756 162, The characteristic properties of
zeolites were described in a couple of works at the end of the XVIII
century. The first synthetic zeolites were developed in 1948 by
Richard M. Barrer 163,164 The field has grown through the years until
now, with more than 250 different identified structures.
Zeolites can occur naturally and can be synthesized in laboratory.
According to the Zeolite Association Structure Commission, there are
252 different zeolite frameworks reported nowadays, with 47 known
to occur in nature. The natural zeolites are divided into 7 families
(Analcime, Chabazite, Gismondine, Harmotome, Heulandite,
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Natrolite and Stilbite) depending on their structure (Figure 12) 165,
They are mainly applied as catalysts and sorbents 166, The most
important properties of zeolites are their well-defined pore structure
that allows for the selective encapsulation of other materials, their
large surface area, which offers more sites for the occurrence of
interfacial reactions, their cation exchange capacity that allows the
introduction of specific species of interest in the zeolite’s structure,
and their high thermal stability which allows their operation at high
temperatures?6l,
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Figure 12 - Typical structure of the natural zeolites Analcime (a),
Chabazite (b), Gismondine (c), Harmotome (d), Heulandite (e),
Natrolite (f) and Stilbite (g). Source: International Zeolite Association.
Some interesting applications of zeolites are the production of dyes
for microfluidics 67, biomass conversion processes 168, carbon
pollution
remediation 71172 and water purification 173. Zeolites are commonly
used in energy applications, such as thermal energy storage 174 and
fuel cell technology, both in the fuel production and in the cell
operation fields 175 176,

In the field of the LIBs, zeolites are employed in the anodes, to
prevent the volume changes during the charge and discharge
processes, and to increase the specific energy of the batteries 177,178,
Zeolites are also used in the development of nanocomposite
separators, with the goal of increasing the wettability and electrolyte
uptake of the membranes, as well as to improve their stability at high
temperatures 179 180, Zeolites, such as 13X 179, ZSM-5 180,181 gnd 4A
182 have been used with this purpose, due to their interstitial cavities
that increased the overall porosity of the separator. lon exchange
techniques were applied in zeolite H 83, and MFI 184 to improve the
conduction characteristics of the separator. However, the use of
zeolites in SPEs has not been object of an extensive study yet. The
only reported work in this field included the use of a modified high
silica SSZ-13 zeolite and LiTFSI fillers in an PEO matrix. The
synthesized SPE presented an outstanding ionic conductivity of
5.34x102 S/cm at 70°C, and high battery performance using both

dioxide (CO;) capture and conversion 169 170 g3jr
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LiFePO4 and LiNiCoAlO; cathodes, with good capacity retention after
80 cycles 185, Despite the fact that wettability and electrolyte uptake
are not useful properties in the performance of a composite solid
electrolyte due to the absence of liquid components, the thermal
stability is important to improve the operation of solid-state
batteries that usually work at high temperatures. Also, the ion
exchange properties and the interstitial cavities can represent
advantages both for the introduction of other materials in the zeolite
structure and for the development of high ionic conductivity
channels in the composite solid electrolyte.

Conclusions

The development of fully functional SPEs represents a critical step
towards the next generation of energy storage systems. This
technology will allow, not only producing more durable and efficient
devices, but also overcoming the safety problems associated with the
liqguid components used nowadays. However, there is still a long way
to go, until SPEs become a valid option at an industrial scale. This is
mainly because of the lack of systematic knowledge and control of
the conduction mechanisms and interfacial problems, that severely
limit the operation of SPEs to low charge rates and high
temperatures. Thus, it is necessary to get a better understanding
about these mechanisms and find solutions to overcome the actual
limitations.

Microporous materials have the potential to represent a possible
solution, as they allow the development of high conductivity
channels in the composite solid electrolyte structure without
compromising their mechanical and thermal properties. The
application of MOFs, and particularly zeolites, in this field is not yet
studied in much detail, but has gained interest in the last decade,
demonstrating that this technology has the potential to become a
reality in years to come. The lack of extensive and more systematic
work in the use of these materials for battery applications, despite
their interesting properties and tunability, leaves plenty of room for
improvements and developments in the area.

Thus, there is still much work to do, as it is necessary to find the
adequate materials to be used and the perfect balance between
them in the composite solid electrolyte structure in order to get the
specific properties required to optimize the composite solid
electrolyte operation. The application of MOFs and zeolites in SPE
can be an effective way to achieve this balance, as they can act as a
thermal and mechanical stabilizer, which allows the application of
other fillers exclusively for the improvement of the
conductivity. The possibility to design the desired structures is one of
the biggest advantages of those materials, as it can be easily used to
address specific issues associated with the lithium dendrite growth
and the SEI formation, or even to create structures with intrinsic high
ionic conductivity, or with a specific network of channels that
facilitates the ion conduction. However, one of the challenges
regarding the application of MOFs is the complexity in the synthesis
of a structure with the desired properties due to the interplay
between organic and inorganic elements. The systematic evaluation
of the conduction and interfacial mechanisms will play a key role to
better understand which materials and designs are more suited to
solve the aforementioned issues. COFs are another promising
material that is barely studied for SPEs, that can overcome some of

ionic
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the issues of the MOF technology, being a promising approach for
future works

Further, based on the increasing need for sustainable solutions, it is
also important to be aware of the environmental concerns and seek
natural materials (both polymers and fillers), enabling the operation
of composite solid electrolyte with efficiency and low environmental
impacts in the scope of the circular economy paradigms. The three-
component approach can play a key role in this area when compared
with the use of a single filler, which needs to be applied in large
amounts, meaning that it needs to be produced in more quantities.
The used of two specific fillers, each one with one specific function
allows material response optimization and the reduction of the
global amount of fillers used. On the other hand, in can lead to more
complex recycling procedures. As many zeolites occur naturally, they
can be considered an environmentally friendly option for the
application in SPEs, when proper extraction and refinement
procedures are used. If they are successfully combined with natural
polymers, it is possible to fabricate a sustainable SPE, with low
environmental impact. In the case of MOFs, despite the fact that they
can provide improved performances, their environmental impact,
particularly related to the materials and energy used in the
production phase, when large amounts of material are to be
synthesized have to be addressed. Thus, strategies to efficiently
recycle and regenerate their structure, allowing for their reuse also
have to be addressed in order to prove their technical and financial
feasibility, together with a reduced environmental footprint.

The development of advanced processing techniques represents
another field in which important improvements are expected in the
next years, particularly with respect to additive manufacturing
techniques. With additive manufacturing, it will be possible to
develop batteries in a layer-by-layer approach and in any desired
shapes and formats, resulting in the reduction of the interfacial
problems and in the overall costs, due to the reduction of the wasted
materials. The technologies mentioned above could surpass the LIB
field, and be used in other energy storage technologies, such as
lithium-sulfur, lithium-air, or even sodium batteries, that work with
the same principles than those of LIBs, and that could allow a
diversification of the energy storage options, which is an efficient
way to reduce the excessive utilization of just one resource.
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