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contemporary materials. The materials’ preparation and characterization techniques are given in the light
of necessity for deeper understanding of the structure—property relationship in such composites.

1. Introduction

Electrolyte materials are critical components in all battery
systems because they enable fast and reversible ion transport
between the anode and the cathode. Their chemical composi-
tion and energy landscape also regulates the electrode interface
stabilization via solid electrolyte interphase (SEI) formation.®
Following the seminal work of Armand in the early 1980s,
polymer-based electrolytes have been extensively investigated
and commercially applied due to their high shear modulus
providing mechanical rigidity, and low elastic modulus allow-
ing flexibility. Moreover, they are generally lightweight, low-
cost, inherently non-flammable, possess wide electrochemical
windows, and are compatible with large-scale manufacturing
processes.”™ In comparison to the inorganic electrolytes,
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polymer-based electrolytes typically demonstrate better wetting
with nanostructured and alkali metal electrodes, which results
in lower interfacial resistances. Additionally, polymer
electrolytes are versatile and can be synthesized directly on an
electrode in situ from a liquid monomer or oligomer
precursor. Compliant and conformal coating of an electrode
is critical for achieving uniform ionic flux.

The conventional salt-in-polymer electrolytes, e.g. polymer
host (including poly(ethylene oxide), PEO, polyvinylidene fluo-
ride, PVDF, and polyacrylonitrile, PAN) containing dissolved
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lithium salts, LiX, exhibits applicable ionic conductivities only
at elevated temperatures, whereas a number of recently estab-
lished Li inorganic electrolytes possess high ionic conductivi-
ties, which are even comparable to the conventional salt-in-
solvent  battery electrolytes at room  temperature
(>mS em™").***5 Thus, a combination of these two solid elec-
trolyte materials' classes could potentially solve the intrinsic
problems of high energy density solid state batteries — polymers
should give suitable mechanical properties while the inorganics
can provide a rigid framework for fast ionic conduction.** On
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the nanoscale, hybrid concepts in SEI formation have also
addressed the issues of instability of solid-state electrolytes with
alkali metal anodes and assisted the preparation of stable high
energy density lithium metal batteries.®

There is a wide body of work that has elucidated the role non-
conductive (e.g. inert) ceramic additives have in composite solid
electrolytes. Typically, inert additives can affect local polymer
structure (crystallinity) and/or can influence ion transport
mechanisms. Historically, the first widely used polymer-based
hybrid battery electrolytes was PEO mixed with oxide particles
(e.g. Al,O3, SiO,), prepared by Weston and Steele, and further
developed and popularized by the groups of Scrosati and
Wieczorek in the 1990s."* The inorganic particles plasticized
the polymer, increased the volume fraction of amorphous
domains on behalf of the non-conductive crystalline counter-
part, and thereby increased the ionic conductivity by an order of
magnitude. The group of Archer further advanced the bottom-
up approach to composite synthesis by grafting oligomers on
the surface of the SiO, nanoparticles.”* Acid-base surface
properties of oxide nanoparticles were put to the fore by the
group of Maier to attain liquid-solid “soggy sand” electrolytes.*
In parallel, the group of Cui worked on the optimization of the
3D conductive network morphology.***® More recently,
a considerable number of ionically conductive inorganic
materials such as thiophosphates (e.g. Li;oSnP,S;, (ref. 26 and
27)), garnet-type oxides (e.g., Li;LasZr,0q, (ref. 2, 28-30)),
NASICON-type phosphates (e.g., Li;., AL Ti, (PO,); (ref. 12 and
31)), perovskite-type titanates (e.g., Liz,Lay;;_,TiO; (ref. 32-34))
and some of their sodium counterparts® have been investigated
as potential inorganic constituents of polymer-based hybrid
battery electrolytes for solid-state batteries, in particular in
combination with alkali metal anodes.

This review provides a theoretical background on the ionic
conduction mechanism and pathways in polymer-based hybrid
electrolytes, most recent materials examples, and related
synthesis procedures. The term hybrid is used to stress the
inorganic-organic nature as well as the nano-/molecular level
binding of these two classes of materials. We focus in detail on
the properties of the above-mentioned materials, and present
an overview of the most valuable experimental techniques,
stressing their limitations.

2. lonic conduction mechanisms:
inorganic materials, polymers and
interfaces

2.1 Inorganic ionic conductors

Ion transport in inorganic solids can be described by a classical
diffusion model derived from statistical thermodynamic which
describes ion transport in interconnected channels as a ther-
mally activated process involving ion hopping from one lattice
site to an adjacent vacant site (Fig. 1a). At the macroscopic scale,
ionic conductivity is dependent on the charge (g) and density (c)
of the mobile species, and their mobility (x) and typically
exhibits an Arrhenius behaviour:

6052 | J Mater. Chem. A, 2021, 9, 6050-6069

View Article Online

Review

() _ £
=qgcu= —¢e k 1
0 =qeu= e bl (1)

where o, is the Arrhenius prefactor, T is the absolute tempera-
ture, E, is the activation energy, and kg is the Boltzmann
constant. The prefactor is dependent on the charge of the ions,
hopping distance, activation entropy, dimensionality of the
conducting channels, the charge of the mobile carrier, and ion
vibrational attempt frequency. E, contains the energy barriers
for defect formation and their mobility. Thus, studying defect
chemistry of specific materials is a prerogative, although it is
sometimes overlooked.*®

To bridge the macroscopic and microscopic ion transport,
ionic conductivity can be related to the diffusion coefficient, D,
through the Nernst-Einstein equation:

(zF)*¢D
NAkB ’

7= (2)
where z is the ionic charge, F is the Faraday constant, and N, is
the Avogadro constant. However, it must be emphasized that
two common issues arise when eqn (2) is applied: (i) self-
diffusion is erroneously intermixed with non-equilibrium
chemical diffusion that happens in the chemical potential
gradient and includes the correlation effects, and (ii) it is very
challenging to determine the actual density of charge carriers
participating in the ionic transport. Furthermore, eqn (2) can
fail when ions move in concerted manner.*”

Within the classic hoping conduction formalism, ways of
improving ionic conductivity in inorganic solids involve:

(i) increasing ¢ through aliovalent doping®”**

(ii) Employment of the crystal structures with intrinsically
low E, (e.g. body-centered cubic anion packing®), E, reduction
by increasing lattice polarizability, by widening of the ion
diffusion pathway, and through the introduction of frustration
on the energy landscape.’”*

(iii) Increasing the dimensionality of the ion-conducting
pathways to increase o.

When it comes to the device scale, the interfacial resistances
typically arise from any solid/solid contact.

Recent studies propose a critical role of concerted migration
of mobile ions and the lattice dynamics.*** In many cases, the
inorganic ion conductors can be partially or completely amor-
phous (e.g. ionic glasses) highlighting the importance of
understanding of the frustrated energy-landscape, in describing
complex transport mechanisms.****

2.2 Polymeric ionic conductors

When dissolving a salt in a polymer, the formed material can
consist of a multitude of phases: pure salt and pure polymer
(both amorphous and crystalline), crystalline salt-polymer
complexes of different ratios, and amorphous salt-polymer
phases with varying concentrations. It is common that several
of these phases co-exist, and that the material is often outside
its thermodynamic equilibrium. Thus, transport properties are
complex and likely demonstrate mixed behaviours depending
on the specific composition, structure, and morphology.
Traditionally, the crystalline regions have been considered

This journal is © The Royal Society of Chemistry 2021
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Fig.1 Mechanisms of cation conduction (green lines) in: (a) ionic crystal of defective inorganic electrolyte. Schottky defect and interstitial doping
are shown as typically occurring defects. Dotted squares represent charged vacancies. (b) Polymer materials wetted with solvent and displaying
conductivity through vehicular diffusion. Blue lines and blue spheres represent polymer chains and solvent molecules, respectively. (c) Dry
polymer materials through inter- and intramolecular chain transport. (d) Inorganic materials with blocking grain-boundaries (orange), where the
ionic conductivity mechanism is through the bulk. The material is treated using a brick layer model. () The two-phase mixture on a square lattice
for different concentration p of the insulating material, represented by the shaded regions. Bold lines mark the highly conducting bonds. (i) p <
pc. (i) p = p onset of interface percolation, (iii) p = p.” threshold for disruption of the conducting paths, and (iv) p > p.”". Reprinted with
permission from ref. 6. (f) Hybrid materials consisting of conductive nanoparticles dispersed in electrolyte. The transport happens on the surface
of insulating particles through formation of overlapping space charge zones (orange), and in the bulk of polymer and inorganic. The inset shows

potentially occurring beneficial space charge zone formation.

insulating while the amorphous dominate ion transport.*® This
picture, however, has changed in the recent years and crystal-
line or highly ordered salt-polymer ionic conductors have been
widely reported in the literature.

There is a number of distinct ion transport mechanisms in
salt-polymer materials. Vehicular diffusion can be observed, but
since macromolecules above the entanglement limit do not
display such mobility in reasonable time-scales, this requires
either the molecular weight, M,,, of the polymer to be low (i.e.,
the polymer chain is short) or a presence of additional low-M,,
mobile solvent, where the ion is transported with a fixed or to
some degree interchanging solvation shell (Fig. 1b). The later
are the so-called ‘quasi-solid state electrolytes’ and can be found
in many commercial devices. For high-energy density battery
applications, the low-M,, counterpart is generally an organic
carbonate, an ether or an ionic liquid, but many types of
cationic-coordinating solvents have been considered.

Segmental-related mobility is the classical form of ionic
mobility in polymers, related to the mobility of the coordinating
polymer above its glass transition temperature (7y) in its
amorphous phase. Ion transport proceeds by coupled Brownian
motion of the polymer chain segments in their rubbery state.
This apparent worm-like motion is a consequence of solvation-
desolvation of ions along the chains, where the coordination
sphere of the cation contains anion and donor moieties from

This journal is © The Royal Society of Chemistry 2021

the polymer (Fig. 1c). This means that while the polymer elec-
trolyte macroscopically behaves as a solid, at the molecular level
the motion is more liquid-like. The transition from the liquid
(vehicular) to polymer ionic conduction appears at the onset of
chain entanglement at higher M, values. Ionic conductivity
commonly follows the empirical Vogel-Fulcher-Tammann
equation above the Tg:

E,
0 = goe RT-To) (3)

where R is the gas constant, and T, is the Vogel temperature
equal to T, in ideal glasses. In eqn (3), E, is not related to any
simple activation process and ¢, and E, can be correlated.*® In
contrast to the typical inorganic conductors, which display
a straight line in the Arrhenius diagram (log o vs. 1/T), ion
transport which is correlated to polymer segmental motion
thereby displays an exponential shape in a similar plot.
Several different transport modes can be described by
segmental-related mobility. Ions can be coordinated to one or
several polymer chains, and to anions. Changes in the coordi-
nation environments can promote new sites for cationic trans-
port. This constitutes the basis for the dynamic bond percolation
theory, a statistical thermodynamic model formulated by Rat-
ner.” Thus, the chemical structure of the polymer is its most
important property that facilitates such site formation.** In
more recent work, it has been highlighted that interchain

J. Mater. Chem. A, 2021, 9, 6050-6069 | 6053
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transfer of cations, rather than intrachain transport, impacts
ionic conductivity in solvent-free polymer -electrolytes.*>*®
Nevertheless, if the ion mobility is controlled solely by the
flexibility of the polymer, an extremely low T, is necessary to
achieve reasonable ionic conductivity (ca. 1 mS cm™') at
ambient temperatures. Low T, will decrease the mechanical
properties of the electrolyte and thus there is a delicate balance
in terms of electrolyte design when considering both physical
and transport properties.®* Strategies to overcome this problem
include generating advanced polymer architectures comprised
of mechanically rigid components (e.g., in the form of block-
copolymers®***) or by incorporating inorganic nano-particles
into the polymer matrix. The later will be discussed
throughout this review article.

Another type of ion mobility in polymer electrolytes is caused
by ion hopping. In this case, the ion jumps between fixed sites.
Unlike segmental-related mobility where changes in polymer/
anion mobility impact ion transport, ion hopping mecha-
nisms are governed by site specific properties. Such mecha-
nisms are very similar to transport mechanisms exhibited in
inorganic ion conductors and is often referred to as structural
diffusion.®* Generally, this is an ionic movement which can
occur below T, and should follow Arrhenius behavior.

It should be noted that there are no true fixed boundaries
between different modes of ionic transport. For example, ion
hopping can also be dependent on polymer mobility. Moreover,
it can be difficult to distinguish these different modes of
transport at short time-scales, as exemplified for many molec-
ular dynamics (MD) studies of polymer-salt systems which are
dominated by sub-diffusive mobility.>

Currently, polymer electrolytes demonstrate low room
temperature conductivity (10> to 10~* mS cm ') which makes
it challenging to integrate into real applications. A number of
strategies have been explored to increase ion transport within
these systems at ambient and sub-ambient environments.
Generally, researchers look toward improving intrinsic material
properties and/or tailoring transport mechanisms. Approaches
to improve ionic conductivity in polymer electrolytes include:

(i) Addition of solvent, thus introducing an additional highly
conductive liquid phase or plasticizing the polymer to increase
its mobility.

(ii) Suppressing the polymer crystallinity through structural
modification or heterogeneous doping leading to higher
volume percentage of the conductive phase.

(iii) Decoupling ion-polymer motion through formation of
ordered structures (e.g. nanochannels).>*®

(iv) Increasing the salt concentration until a percolating
network is formed, which renders a conduction mechanism
similar to a plasticized salt, and where ionic hopping is the
dominating mechanism.*

Even dry salt-in-polymer electrolytes suffer from substantial
anion conductivity which decreases the efficiency of cation
transport and contributes to concentration polarization. A
number of ionic species other than simple solvated ions may
also exist, including neutral ion pairs [MX] or charged triple
ions [M,X]", [MX,] . Depending on the specific chemistries, the
cationic conductivity may be negatively affected by formation of

6054 | J Mater. Chem. A, 2021, 9, 6050-6069
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neutral ionic species, large charged species with low ionic
mobility, or mobile large charged species with negative charge.
Additionally, the polymer chain length may affect the residence
time of polymer in the vicinity of the cation, and thus directly
govern ion-ion correlation and cationic transference number.*
Thus, it is important to define transference number for all
species as the fraction of total current carried by particular ionic
species:

I
t = : 4
21 @
where current density I; is:
Ii = ztiiuiX, (5)

and X is the unit field. This definition requires the sum of all
transference numbers to be unity. If the transport of lithium is
relevant, transference numbers of all positively charged species
containing lithium atoms should be added up together.
Confusion is sometimes induced when transference numbers
are not defined for specific species, but are rather effective (or
apparent) values that, depending on the measurement tech-
nique, are related to all or some species containing one
atom.** These indeed can have negative values.

2.3 Ionic conductivity at the interfaces and in composite
materials

In the field of solid-states physics, particularly in the context of
inorganic semiconductors, the concept of the space charge layer
at the interfaces, where the defect concentration is altered from
the bulk, is well known. When it comes to the inorganic ion
conductors, the impact from the regions where the mobile
carriers are depleted can be substantial when the volume frac-
tion of such interfaces are high (e.g. if the inorganic particles are
of nm size).®**°

For polymer-based hybrid electrolytes, space charge layers/
zones are to be expected at the following interfaces:

(i) Grain boundaries (GBs) of the polycrystalline inorganic
electrolytes.

(ii) Ionic insulator/conductor interface.

(iii) Polymer/inorganic electrolyte interface.

In the first case, if cubic grains separated by GBs with
homogeneous thickness and no parallel conduction pathways
are assumed, a brick layer model (Fig. 1d) can be used to define
the specific GB conductivity normal to the GB as:

L 6GB

_ & e 6
762 = Ropd d, (©)

where L and A are the total material thickness and cross section
area, respectively, Rgp is the grain boundary resistance, dggp is
the effective grain boundary thickness, and d, is the average
grain size.®” g may include the grain boundary core (which is
most possibly charged), thickness of a boundary film, and
adjacent space charge layers. In many inorganic lithium
conductors, GBs are expected to be lithium enriched leading to
charge carrier depletion/inversion, finally yielding detrimen-
tally high values of Rgg.***

This journal is © The Royal Society of Chemistry 2021
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In insulator/ionic conductor dispersions without interfacial
effects, effective conductivity can be expressed as:

Im=(1 — @)0u, 7)

where o denotes the bulk phase and ¢ is the volume fraction of
the insulating phase. If a space charge zone is formed at the
insulator/ionic conductor interface material (e.g., through
preferential adsorption of one ionic species on the surface of an
insulating phase), the total conductivity will be a complex sum
of bulk and space charge phase, 4. Since the conductivity of
the space charge zone should be proportional to the Debye
length, the enhancement of total conductivity is larger at low
temperatures.”

Less is known on the formation of space charge zones at
polymer/inorganic interface. Several models, including a multi-
core model, has been developed in the field of flexible nanodi-
electric materials where such an interface is described for
spherical inorganic particles dispersed in polymers and covered
by several layers including:

(i) Chemically bonded layer closest to the inorganic material
(ca. 1 nm thick).

(ii) Mechanically bound layer (up to 10 nm thick).

(iii) Loose layer with potentially different chain conforma-
tion, polymer mobility and free volume.

(iv) Electrochemical double layer (approximated by Gouy-
Chapman or Debye-Hiickel) overlapping the three layers (10 s
of nm thick).”

The volume fraction of the interfacial region for such
a model can be expressed by

(pim:(p|:<l+2dt)31:|7 (8)

where t is the interfacial thickness, and d is the diameter of the
nanoparticle.”> Another recent way of treating polymer/
inorganic interface is by developing a mathematical electric
double layer model where the polymer is treated similar to
a liquid electrolyte.”

Interfaces between polymer and inorganic material can also
be reactive, and solid-polymer electrolyte interphase (SPEI) may
form, as termed by Janek, causing time-dependent changes in
total conductivity.” The SPEI is expected to be an organic-
inorganic heterogenous multiphase material somewhat similar
to the SEI, potentially possessing inherently higher ionic
conductivity than the solid inorganic or the polymer itself.

In composite materials, ionic transport is typically composed
of coupled mechanisms at different length scales (from A to
pm). Percolation theories are used to estimate the effective
transport properties of randomly connected inhomogeneous
composites, including ionic conductivity. The percolation
threshold is a critical value of the occupation probability p
above which a long-range infinite connectivity or percolation of
one phase exists. The bond percolation models of composite
ionic conductors consider a matrix of conducting, non-
conducting and highly conducting bonds representing
conductance of MX-crystals, A-A contacts and MX-A interfaces
for dispersion of insulator phase in a conductive phase (Fig. 1e).

This journal is © The Royal Society of Chemistry 2021
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In such a matrix, two critical percolation threshold probabilities
exist, p.’ and p.” (below which probability is always 0 and above
which probability is always 1) with values being 0 < p. < 0.5 and
0.5 < p.” < 1. Around p., conductivity behaviour is similar to
a conductor-superconductor mixture, while close to p.” it is
more similar to a conductor-insulator mixture. For such
a three-phase system, the maximum of total conductivity vari-
ation with concentration of the second phase is found to be
somewhere between p. and p.”. Most of the percolation models
are in praxis a combination of macroscopic statistical percola-
tion model and the microscopic space-charge model.

In the 2D random-resistor-model, effective conductivity of
the composite is derived to be

4 5 23
Om = (1 —(pz/?’)a'w -l-g(pZ/} (1 —(p“)dsc, (9)
where the conductivity of every single space-charge zone is

Ogc = zenu2é, (10)
and n is the density of charged defects, ¥ mobility of charged
defects (approximated to be constant in the space-charge zone
and bulk), 2£ is the width of the space-charge zone.” The optimum
volume fraction of a random dispersion is found to be at ¢ = 0.35
and maximum conductivity at o¢./d where d is the particle size. The
consequences of this model are that the enhancement of ionic
conductivity can be observed only if the concentration of charge-
carrying defect is about two orders of magnitude higher than of
the matrix phase. Also, the smaller the particle size, the higher the
conductivity enhancement can be.

An extension to eqn (7) in terms of parallel switching and 3D
percolation is:

Tm =Bl = 9)0o + Buputex. (11)
where 6. and g, are dimensionless parameters giving the
proportion of bulk and surface conduction pathways (0 < 8 < 1),
¢y, is the volume fraction of the space charge zone, and o is the
mean space charge zone conductivity. Such a model has been
used to describe the ionic conductivity in inorganic composites
(e.g. Li,X-Al,03) as well as in dispersions of insulating oxide
particles in liquid or polymeric and organic liquid electrolytes
(“soggy sand” electrolytes).® This equation can be extended to
a 3-phase situation (inorganic, polymer, space charge zone):

Om = A‘Ppgp + Boigi + Coy0y (12)
where A4, B, C are similar to previously defined 8, p denotes
polymer, i inorganic material and sc the space-charge zone
(Fig. 1f). More complex models suitable for low-particle
concentration situation combines eqn (8) and (12).”° Space
charge conductivity can be expressed as:

0

<aex> = 2000 W7 (13)

with 6 being the measure of the adsorption strength. The
inconsistencies regarding expected total conductivities from
percolation theories vs. experiments in the solid-state
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composites have so far been explained by stabilization and
prevention of sintering of GBs, beneficial formation of the
metastable phases and relevance of synthesis method for
achieving uniform distribution of phases.

3. Materials components

Recently suggested materials with relevant room temperature
ionic conductivities and good electrochemical stability vs. Li
metal electrode are listed in Table 1.

Generally, nanosized ceramic fillers agglomerate easily
inside the polymer matrix due to inherent high surface energy,
high van der Waals forces, high electrostatic forces, and/or due
to entropic reasons. Compatibility between polymeric and
inorganic phase can be enhanced via physical coating of
nanoparticles, covalent bonding of organic modifiers by
“grafting to” and “grafting on” approaches, and poly-
condensation reactions.””

3.1 Non-conductive inorganic component: crystallization of
the polymer and acid-base effects on the inorganic particle
surface

3.1.1 Solid polymer electrolytes (SPE). Theoretical studies
have effectively predicted the impact of inorganic particles in
SPEs on increasing conductivity. Early on in the field, Wieczorek
and co-workers used effective medium theory to estimate the
formation of highly conductive matrix-filler phases in polyether
systems.”® More recently, Kieffer and co-workers developed
a similar model, where the interfacial region outside of the
particles was approximated to be 2-3 times the particle radius,
which led to a percolation threshold to be around 4 vol%
particle loading, in good agreement with experiment.** Thereby,
it could be deduced that the inherent conductivity in this
interphase region is 3-4 times higher than in the bulk.

In LiClO4-PEO, serving as a model system, a room temper-
ature conductivity enhancement of more than an order of
magnitude was observed with the addition of inert TiO, and
Al,O; powders around 5-10 nm in size, especially prevalent at
low-temperature conditions.>®”® This discovery naturally
sparked an immediate interest in the mechanistic background
of the increase in global conductivity. The exact mechanism is
still not completely understood. While salt-polymer-filler

View Article Online
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system appear simple in nature, complexity arises due to the
wide range in constituent interactions that can manifest.
Among these components, the salt displays a range of different
cation-anion dissociation energies and corresponding differ-
ences in ion-polymer and ion-particle interactions. The ceramic
particles, in turn, can display a range of Lewis acidity, neutrality
and basicity (e.g. point of zero charge), large differences in
dielectric properties and different sizes and shapes correlated to
their effective surface area. Finally, the polymers can be either
amorphous or semi-crystalline, depending on salt and particle
concentration and the nature of the polymer itself, and also
have different binding strengths to both the ionic components
and to the particle surfaces. Moreover, there is considerable
debate in the literature of the existence, size and nature of the
interfacial layer formed between the dispersed nano-particles
and the polymer matrix, as it is difficult to tackle experimen-
tally. The most common approach to treat the addition of non-
conductive inorganic components as additives, which are then
benchmarked versus the corresponding salt-in-polymer system.
In LiClO,~PEO, the conductivity increase was largely ascribed to
the plasticizing effect of the particles, which after heating
hindered the recrystallization of PEO. PEO-based electrolytes
are otherwise known to form non-conductive crystalline phases
below the melting temperature (ca. 70 °C). In this context, Best
et al. studied a purely amorphous polymer (trifunctional poly-
ether or poly(methylene ethylene oxide)), and saw no increase in
conductivity with inorganic particles and only minor changes to
transport properties when salt concentrations were varied.***
These observations suggest that the inorganic particles’ primary
role is in altering the polymer physics. However, when investi-
gating electrolytes based on the semi-crystalline and low-T,
poly(caprolactone) polymer host, it was recently discovered that
addition of neither nanosized TiO, or Al,O; resulted in any
significant increase in ionic conductivity, despite a clear
decrease in crystallinity.®® This highlights that the polymer
plasticising cannot completely explain the conductivity
increase. Instead, this work suggests that the interactions
between the ceramic particle and polymer and subsequent
interfacial region may have significant impact on transport.
Similar ideas have been frequently addressed in the last
decades. Croce et al. stressed that the increase in conductivity
was observed for LiClO,-PEO with Al,O; and TiO, not only at
low-temperature, but also well above the T}, of PEO, where also

Table 1 Relevant hybrid electrolyte materials, the electrochemical properties of their individual inorganic and polymeric phases and of the
composite at room temperature. The details on materials preparation and characterization can be found in the original publications

Hybrid polymer-based electrolyte Stability

material Opolymer/S cm ™ Tinorganic/S cm ™" Tcomposite/S cm ™" (vs. Li) Reference
PEO-LiClO,-10 wt% SiO, ~10"° — 4.0x107° 43V 80
PVDF-PEO-LiTFSI-10 wt% Li,LasZr,O1, 1.4 x107° 2 %1073 9.5 x 107* 5.2V 81
PEO-LIiTFSI- x wt% Lig 4La;Zr,Aly ,015 =10 3-10"° =103 2.5 x 107 6.0V 17
PEO-LiCl0,~78 wt% Liy 5Aly 5Ge; 5(PO,); 1.5 x 10°° 2.5 x 107 2.0 x 10°° 52V 82
PAN-LiClO,-15 Wt% Lig 33La0.55,TiO3 1x1077 2.5 x10°* 2.4 x 107 N/A 34
PVDF-LiTFSI-80 wt% Li,La;Zr,0;, N/A 2x107° Ca. 107° 40V 83
PEO-NaFSI-40 wt% 3.7 x 10°° 1.6 x 10° 4.4 x107° 44V 35

Naj 4Zr; gMgo 2Si,PO;»
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the particle-free systems are completely amorphous.®” Instead,
they hypothesized that the polar groups at the surface of the
inorganic particles act as cross-linking centers for PEO and for
the salt anion, which in turn lower the PEO reorganization
tendency and promotes structures where the Li-ions can be
transported through conducting pathways in the vicinity of the
particle surface. Moreover, acid-base interactions
between the ceramic surface and the ionic species could also
increase the ion dissociation, and thereby increase the number
of free charge carriers (see eqn (1)). By adjusting the Lewis
acidity of the Al,O; particles, a trend could be observed where
the interaction between particles and both polymer and anions
through hydrogen bonding was increased for the more acidic
system, leading to higher conductivity.*” Similar observations
were made for LiClO,~PAN system, where addition of Al,O;
helps separate ion pairs and Li'-nitrile interactions.®® Here it is
important to note that in PAN-based composite the presence of
dimethyformamide residue cannot be avoided.*> The basic
particles, in contrast, displayed very little advantages as
compared to the particle-free system, despite the obvious plas-
ticizing effect.

Ton dissociation is impactful in describing transport prop-
erties in composite ion conductors. Sun et al. studied ferro-
electric particles with high dielectric constants (BaTiO;, LiNbO3
and PbTiO;) as additives. These particles demonstrated an ion-
ion screening interaction.?>*® To treat this case, electrostatic
interactions between the polymer-salt complex and the ceramic
are taken into account. If the polymer-salt complex is treated as
a point charge (Q) in a dielectric medium dielectric constant ¢,
at a distance D from the plane surface of ceramic medium with
a dielectric constant ¢,, the interaction energy can be expressed
as:

Lewis

_ —Q2 & — &
"~ 4D(4mege;) (82 + 51>’
where ¢ is the permittivity of the vacuum.® Considering that &,
of TiO, is 170, while ¢, for Al,O; is merely 11 and similar to that
of PEO-salt systems (¢, = 15), this can explain the higher
conductivities obtained for the former category of materials.”* It
also explains why materials with highly &, do not display
fundamentally higher conductivities. The resulting binding
energy for a Li ion becomes very similar between TiO, and PEO,
up to ca. 3 A out from the surface. This can result in more
organized polymer structures, which may promote ionic trans-
port, and have been observed by Raman spectroscopy, in
molecular dynamics (MD) simulations by Borodin et al., and
more recently by dielectric spectroscopy.®®

Interestingly, in a series of MD simulations of Al,O; particles
in different PEO-based electrolytes, Kasemégi et al. generally
did not see any increased ionic mobility in the interface
layer.”**” Instead, an increased ionic clustering occurred, while
the polymer and ionic mobility increased somewhat in the bulk
region. These MD simulations were, however, performed for
short simulation times, employing non-scaled charges and
using monoatomic anions as well as low-¢, Al,O; nanoparticle
in its non-acidic form, which could well influence the result.
Resolving the actual transport mechanism, using contemporary

w(D)

(14)

This journal is © The Royal Society of Chemistry 2021
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computational techniques correlated with sophisticated exper-
iments, could likely provide novel insights on ion transport in
these electrolyte systems.

Nevertheless, it is believed that the interfacial region
between polymer and inert filler is the key for an understanding
of overall ionic transport. Studies that are more recent aimed at
increasing the volume of this region and improving its
connectivity through the electrolyte matrix - e.g. particles
alignment, synthesis strategies preventing particle agglomera-
tion, and specific preparation methods targeting chemical
bonding rather than simple mechanical wrapping.*>**'°° Some
of the investigated materials include LiTFSI-PEGDA with SiO,
aerogel, LiTFSI-PEO with vermiculite sheets or g-C;N,.*****

Finally, since both spectroscopic and computational studies
show that the polymers are more strongly coordinated at the
very interface of the particles, the question arises if the mech-
anism is instead dominated by ion hopping at the surface. Most
investigated systems, however, still display the VFT behaviour
(corresponding to eqn (3)), which signals that the ionic mobility
is rather correlated to the segmental motion of the polymer
component. Second, however, the “interface region” can
perhaps be more broadly defined and stretched out a consider-
able bit into the polymer bulk, where the free volume of the
polymer de facto increases. The resulting general plasticisation
of the polymeric system, the dielectric effects of the ceramic
particles affecting the ion separation, and the surface interac-
tions with the polymer and anions, could be incorporated into
a unifying model, which can make sense of the data measured.

3.1.2 Solid/liquid electrolytes. In “soggy sand” electrolytes,
the enhanced ionic conductivity and cationic transference number
are a consequences of coupled effects of anionic adsorption on the
surface of oxide particles and the association-dissociation equilib-
rium in the liquid.* Thus, cation transport occurs on at the inter-
face between the filler particle and liquid electrolyte, where the
space charge zone is formed and in the bulk of the electrolyte
through vehicular mechanism. In order to achieve the beneficial
long-range transport from one to the other electrode by the inter-
facial mechanism, formation of overlapping space charge zones is
necessary. When mesoporous SiO, particles are used in combina-
tion with glyme-based solvent, percolation is observed around ¢ =
0.02.'” However, the major issue with such electrolytes is their non-
stationarity involving potential particle sedimentation and network
coarsening.'” Solid mesoporous monoliths of SiO, and anodic
Al,O; proved to be better materials choice as they offer rigid porosity
and can be used instead of a separator in a battery cell.'***”'* In
particular SiO,: (1 LiTf/triglyme) hybrid electrolytes show very high
room temperature lithium transference number, ¢; = 0.9, together
with high ionic conductivity, ¢ = 0.5 mS cm™".** The development
of such solid/liquid electrolytes goes in line with the development of
particle-decorated separators, which increase wettability, and
potentially raise cationic transference number and conductivity.”

Hybrid electrolytes based on salt-in-solvent ionic liquids and
non-conductive oxides fillers are often termed ‘ionogels’."**'"*
Here, improved lithium transference numbers are possible
through breaking of higher order aggregates, but room
temperature ionic conductivity remains poor due to viscosity
effects (ca. 10 °S cm™ ') unless additional solvent is added.*>*1*
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Therefore, ionogels are typically used for applications above
60 °C since they also show enhanced thermal properties.*****”
As fillers, SiO,, Al,0;, metal organic frameworks, and boron
nitride particles have been employed.""***° Interestingly, ion-
ogels can be prepared as thin films (ca. 600 nm) by spin
coating.”*

Solid/liquid electrolytes are believed to be beneficial for
lithium metal batteries as they may increase Sand's time (e.g.
time after which electroplating becomes unstable) for dendritic
growth of lithium deposits or homogenise the current flow.'*
Indeed, an anodic Al,O; separator plays a crucial role in stable
deposition of lithium metal from a 30 mol% LiF + LiTFSI/
EC:DEC electrolyte.”” The ionic rectification is a more prob-
able stabilization mechanism since the beneficial effect on
lithium metal electrodes has been also observed in SiO,/salt-in-
ionic liquid composites in which lithium transference is ex-
pected to be considerably lower compared to the “soggy sand”
electrolytes (t; < 0.2).12**%”

3.2 Conductive inorganic component: importance of the 3D
network formation and interfacial chemistry

Recent developments of inorganic solids possessing a high ionic
conductivity at ambient temperature enables the use of conductive
solids as fillers for hybrid electrolytes. While non-conductive fillers
enhance ionic conductivity of the composite owing to the various
interfacial (see Sections 2.3 and 3.1.2) and plasticizing effects,* the
achievable conductivity of dry systems remains low due to the low
room temperature conductivity of polymers. The conductive fillers
may open up another potentially dominant conduction pathway
for ions when they percolate."* Continuous conductive interfaces
percolating through the composites can also further enhance the
ion transport.

There are two significant groups of conductive inorganic
components: ion-conducting oxides and sulfides. The oxides
tend to be chemically and electrochemically more stable,
whereas sulfides typically exhibit higher ionic conductivities
owing to their higher polarizability of the anion framework.***?*
Nevertheless, as both of ion-conducting inorganic solids are
mechanically rigid and brittle, a so-called chemo-mechanical
failure, caused by contact losses among the components due
to the volume changes of active materials upon cycling, is one of
the crucial failure mechanisms when solely inorganic solids are
employed. Hence, the hybrid electrolytes composed of flexible
polymers with highly conductive inorganic conductors can pave
the way for complemental mechanical property and ionic
transport for battery applications.

Improving key physical properties, e.g. ionic conductivity,
adhesion, and strength, are paramount for further enhancement of
hybrid electrolytes. In addition, structure (meso, micro, and nano)
has also been shown to impact device performance. Therefore,
a rational electrolyte design and optimization is necessary. The
recent synthetic approaches for structuring the hybrid electrolytes
with conductive oxides are summarized in Fig. 2.

Fu et al. constructed the first 3D Li-ion-conducting ceramic
network based on Lig4LazZr,Al;,05, (LLZO) in PEO through
fabricating the 3D network by electrospinning LLZO-PVP
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nanofibers (Fig. 1d)."” Considering the ionic conductivities of
LLZO (~1 x 107* S em™ ") and salt-in-polymer PEO (~ 10™° to
107° S em ™), a reasonably high resulting ionic conductivity of
the composite (2.5 x 107* S cm™ ") is achieved with the mass
ratio of polymer and filler of 4 : 1. The critical role of continuous
filler network is further highlighted in work by Bae et al.** They
successfully constructed a continuous Lij 35Lag 55TiO3 (LLTO)
network by preparing porous LLTO framework through heat
treatment of the LLTO hydrogel, followed by immersing it in the
PEO matrix (Fig. 1c). The ionic conductivity of the resulting
hybrid electrolyte is compared to that of the composite prepared
with discontinuous LLTO nanoparticles, revealing almost an
order of magnitude higher ionic conductivity with a continuous
LLTO network (8.8 x 10™> S cm ™' with 44 wt% of LLTO), despite
the similar volume fractions of LLTO. The percolation model as
a function of volume fraction of LLTO could fit the trend with
continuous LLTO, further indicating the importance of the
design of the component architecture.

Zekoll et al. further examine the impact of the component
architecture through a precisely controlled microstructure of
Li;.4Alp.4Ge, 6(PO,); (LAGP) with a 3D-printing technique.*> The
LAGP scaffold was first constructed by filling the 3D template
prepared by stereolithography. The polymers were filled in the
channels of LAGP, followed by template removal. Four different
microarchitectures of LAGP (cube, gyroid, diamond, and bijel-
derived) with two different types of polymers were successfully
constructed with almost identical volume fractions (Fig. 1b).
Notably, there are significant variations in both the resulting
polarization overpotential and susceptibility to fracture, high-
lighting the need for an optimally designed hybrid structure for
ideal material and transport properties. A multitude of other
research with conductive oxides as fillers have also been con-
ducted with garnets,>>**3081129-131  NASICONS,**3>3%  LISI-
CONs,**® and perovskites. 37713

In comparison to the oxide-polymer hybrid electrolytes,
there is only a limited amount of work on sulfide-polymer
composites available. This is partly because highly conductive
sulfides have been developed only recently, but also due to their
low chemical and electrochemical stability, which makes the
sample handling very demanding.'***** For example, the highly
conductive Li-thiophosphates, e.g. LizPS,, LigPSsCl, and Li;o-
GeP,S;, (LGPS), release H,S gas upon moisture exposure;
therefore, any exposure to ambient air and residual moisture
needs to be avoided.**® Phosphorous reduction and sulfur
oxidation restrict the electrochemical stability window, often
requiring a carefully tuned potential window for mitigating the
evolution of interfacial resistances.** ¢ Indeed, Li;,SnP,S;,
has recently shown to be unstable with PEO-LiTFSI electro-
Iyte.*”” It has been speculated that degradation reactions starts
with polymerization of PS,*” units, followed by reaction of
released sulphur to form polysulfides and further on P-[S],-P
bridges. The oxidation of Li;,SnP,S;, is enabled by the solu-
bility of Li" and polysulfides in PEO. Impurities in Li;oSnP,S;,
such as LiOH could act as PEO deprotonation agents. Also, PEO
is highly hygroscopic, allowing for H,O residuals to react with
sulphides.™® Nevertheless, some positive aspects and mecha-
nistic understandings have been reported for ion-conducting

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Synthetic procedures for preparation of hybrid electrolytes with conductive inorganic component resulting in different 3D network

structures via: (a) hard templating using cellulose nanofiber to obtain

Wiley and Sons. (b) 3D printed hard template to obtain PEO-LAGP,

PEO-LITFSI-LLZO. Reproduced from ref. 1 with permission from John
Reproduced from ref. 12 with permission from The Royal Society of

Chemistry. (c) Sol—gel chemistry to obtain PVA-LITFSI-LLTO. Reprinted with permission from ref. 16 (d) electrospinning technique to obtain

PEO-LITFSI-LLZO. Reprinted with permission from ref. 17.

sulfides in hybrid polymer electrolytes. For example, influences
of B-Li;PS,;,'* LigPSsCl,> LGPS,”® and Li;oSnP,S;, (LSnPS)*
fillers have been demonstrated to be beneficial for the effective
ionic transport of the resulting composites. The major transport
pathway in the LGPS-PEO composite has been identified to be
at the solid/polymer interfaces, again highlighting the impor-
tance of the rationally designed composite structure.’* The
interfacial instability of LisPS5Cl in contact with PEO/LIiTFSI has
been confirmed by the combined spectroscopic measurements,
corroborating the dominant products at the interface to be
polysulfides and LiF.” This work also reports the diffusion of
the polysulfides from the LigPSsCl/polymer interface to the
surface of Li metal, possibly enabling the use of Li-metal
through formation of Li.S,-rich artificial SEI. Very recently,
Meirong Li et al.** and Xue Li et al.*® demonstrated functioning
Li-S batteries with Li-metal anode, enabled by the use of
a hybrid electrolyte composed of PEO and LGPS or LSnPS. The
enhanced cyclability of the resulting Li-S cells are attributed to
the improved mechanical stability, as well as a mitigated
detrimental effect from the anode interfaces. The here-
mentioned work generally indicates the positive impact at the
interface between electrolytes and Li-metal in terms of both
chemical and chemo-mechanical stability.

While the employment of solid-polymer hybrid electrolytes
with conductive solids is a promising strategy for boosting the
performance of solid state batteries, there is still a vast room for
further exploration and improvements including:

(i) Optimizing micro- and nano-structure design of the
hybrids.

This journal is © The Royal Society of Chemistry 2021

(ii) An in-depth assessment of the impact of surface of filler
components.

(iii) Extension of the list of the candidate for conductive
inorganic fillers.

Importantly, LLZO is prone to surface contamination via the
formation of carbonate and oxide layers that hinder ionic
transport between the inorganic and organic phases.'>™**
When the designed filler structure becomes complex, the
removal of the insulating Li,CO; layer may require significant
effort. The proton inclusion and conduction in the solids, e.g.
NASICON, can also play a significant role in determining the
conduction mechanisms.”® The nature of the interface surely
changes when a new class of inorganic filler components is
employed. Recently re-developed halide-based ion conductors
are revealed to possess better electrochemical stability than
sulfides, with comparably high ionic conductivity."”*** The ion-
conducting closo-borate and its relatives are also recently
developed to be very promising class of materials with a larger
electrochemical stability window than sulfides.'®*"*> Not to
mention that Na-ion conducting solid-polymer hybrid electro-
Iytes should be further explored with the hope of opening up
another vast amount of candidate materials."*”** Although
further development and improvement are still required at the
current stage, it is evident that there are numerous ways and
vast amount of room to explore the hybrid electrolytes.
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4. Overview of valuable
characterization techniques and tools

4.1 JIonic transport experiments

4.1.1 Electrochemical impedance spectroscopy (EIS).
Arguably EIS is the most easily accessible technique for
measuring transport properties in solid electrolytes. A sample
with a known geometry is sandwiched between blocking elec-
trodes (e.g. Au or stainless steel) and the conductivity is calcu-
lated from the measured bulk resistance, Ry, (01, = I/(RpA), where
ay, is the bulk conductivity, / is the sample thickness and 4 is the
electrolyte/electrode contact area). Porosity should be taken into
account as a prefactor or in the geometry consideration.
Temperature-dependent measurements allow for determina-
tion of dominant conduction mechanism by observing the
shape of In(¢7)-1000/T curve, as well of E, from eqn (1) or (3)
(Fig. 3a). Specific ways of calculating gy, and ogg for inorganic
materials from frequency-dependent Nyquist plots can be
found in literature.’® In the case of blocking fillers, space
charge zone conductivity can be estimated from eqn (11) or (12).
Low frequency EIS in symmetric Li/electrolyte/Li cells (Li acts as
anion blocking electrode) can be used to measure the lithium
transference number from:**
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Ry

where Z4(0) is the diameter of the low frequency arc in the EIS
Nyquist plot. In real systems where positively charged ion triples
and neutral ion pairs exist, often #; > t., ¢, as defined from eqn
(4). In this case, an additional interfacial resistance corre-
sponding to solid electrolyte interphase (SEI) appears
(Fig. 3Db).

t1i can also be measured by combining the medium
frequency EIS with dc polarization popularized by Bruce in the
polymer electrolyte community:**®

Iy(AV — Iy Rsgr)

= 7 16
Io(AV — I, Rgg1 ) (16)

Li
with I, being the initial current, AV the applied voltage, I... the
steady state current and Rggyo and Rggr, the SEI resistances at
the beginning and at the end of polarization experiment. Here it
is important to take into account that initial current/voltage
response should follow the Ohmic law, I, = Uy/Ri: and that
a steady state should be reached to estimated final current/
voltage. This makes the galvanostatic measurement more
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Fig. 3 Electrochemical methods for characterization of hybrid electrolyte materials. (a) Temperature-dependent ionic conductivities measured
by EIS in symmetric stainless steel cells. In composite electrolyte, two temperature regimes are fitted with Arrhenius equation to obtain £,. (b) EIS
from symmetric Li/electrolyte/Li cells showing the contributions of bulk composite electrolyte resistance (Ry), SEI resistance (Rsg)) and charge
transfer resistance (Rct). SPE corresponds to solid polymer electrolyte, CPE to composite polymer electrolyte with varied content of LigPSsClL (1-
40 wt%). (a, b) Reprinted with permission from ref. 3. Copyright 2020 American Chemical Society. (c) Lithium transference number determination
using galvanostatic polarization (left) in combination with EIS (right) in symmetric Li/triglyme-LiCFzSOs-AAO/Li cells. The observed semicircle
corresponds to Rsg before and after polarization experiment. The colors represent different time regimes. Reproduced from ref. 13 with
permission from The Royal Society of Chemistry.
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convenient (Fig. 3c). From polarization experiments, the
apparent salt diffusion coefficient, Dg,(, can be extracted.

Symmetric Li/electrolyte/Li cells are also used to perform
stripping-plating experiments which unlike dc polarization are
designed to induce defects on lithium electrodes leading to
dendrite formation and propagation through the electrolyte.
Complex change of voltage in time in such experiments,
however, also takes into account breaking and reformation of
SEI, as well as appearance of “dead” lithium zones.

Although EIS has become a commonplace to address the
ionic conductivity in solid ion conductors, the measured values
of the same sample in some cases may vary depending on
measurement condition and environment, e.g. sample and
electrode geometry, pelletizing pressure, the pressure applied
during the measurement, temperature ranges, applied
frequency, the way the electrodes have been attached to the
pellet, cell configuration, and even the sample history.'*” A
recent inter-laboratory reproducibility study via round robin
test of thiophosphate-based electrolytes suggests a significant
variation in the measured conductivity and E,.'*® Thus, it is
worth noting that there may be a convoluted effect leading to
considerable uncertainty in the results. Since the origin of the
deviation is not straightforward to pinpoint, we highlight the
importance of reproducibility of the observed trends. Even if an
absolute value shows discrepancy, the trend seen in a series of
samples measured in the same environment is more reliable.
Overall, as long as one is aware of the potential reproducibility
challenges, EIS is a useful routine for many researchers.

4.1.2 Solid state nuclear magnetic resonance (SSNMR).
SSNMR has been used to study local chemical environments,
ion dynamics, and ion transport pathways of composite elec-
trolytes during recent decades. SSNMR is sensitive for light
elements, such as 'H, *C, ®’Li, etc., which are often difficult to
be characterized with X-ray or electron-based techniques. Li
ions can exist in a variety of chemical environments in
composite electrolytes, i.e., inorganic fillers, polymer matrix,
and inorganic-polymer interface (Fig. 4a). LLZO-PEO is
a representative oxide-polymer composite electrolyte, which has
been extensively studied.””***'*® Some of us distinguished and
quantified Li ions in LLZO, Li salt (in PEO), and LLZO-PEO
interface for LLZO-PEO composite electrolytes with high-
resolution °Li SSNMR (Fig. 4c).> The NMR assignment of the
interface component is validated with °Li{"H}cross-polarization
NMR based on spatial proximity between "H (only in polymer
phase) and °Li in each component. "Li 2D exchange NMR
spectroscopy is also employed to further determine the spatial
arrangement of Li ions in LLZO, interface, and polymer. In
another example, Villaluenga et al synthesized a sulfide-
polymer composite electrolyte, 75Li,S-25P,Ss-perfluoroether
(PFPE).”” Through *'P and '°F NMR, bonding between 75Li,-
S-25P,Ss and PFPE is observed.

Variations in Li local environments often result in different
ion dynamics. NMR relaxometry can be used to gauge ion
mobility. For instance, "Li spin-lattice relaxation time (T3) is
measured to examine the Li-ion mobility in composite electro-
lytes.*13>171173 Wu et al. find that the addition of Gdy 1Ce.901.95
(GCO), an oxygen-vacancy rich oxide, reduces "Li T; value of the
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LiTFSI in PEO from 0.55 to 0.25 s."”> For solid polymers with
ionic conductivities <1 mS em™", empirically, Li* ion motion
lies in the slow motion region, i.e. rZw>>1 is where 7. is the
motion correlation time and w is the Larmor frequency of Li
NMR, according to the Bloembergen, Purcell, and Pound
relaxation model.””*'”* In the slow motion region, shorter T;
indicates faster ion motions. The results correlate with the
enhanced ionic conductivity of GCO (5 wt%)-PEO composite
(1.9 x 10* S cm™ ') compared with PEO electrolyte
(~107° S em™ ') measured by EIS. However, high loading of
ceramic particles limits the motion of Li ions.'»'”® In LLZO
(50 wt%)-PEO (LiTFSI), LLZO and LiTFSI exhibit longer "Li T1,
1.33 and 0.73 s, respectively, than that of pure LLZO (0.45 s) and
PEO (LiTFSI) (0.28 s), which is one of the reasons for the poor
ionic conductivity." In composite electrolytes, Li ions can pass
through inorganics, polymers, inorganic-polymer interface, or
the combination of the two or three (Fig. 4a). To address this
issue, some of us applied a new technique, tracer-exchange
NMR, which tracks Li-ion transport pathways in solid electro-
lytes (Fig. 4a-d).»1135:151:17176 Tracer-exchange NMR is a combi-
nation of °Li — ’Li isotope replacement and high-resolution °Li
NMR. In the experimental setup, a solid electrolyte with Li in its
natural abundance (7.6% °Li and 92.4% ’Li) is assembled
between two °Li-enriched metal electrodes (Fig. 4a). The
symmetric cell is imposed with a biased electric potential to
drive °Li ions to move from one °Li-electrode to the other,
passing through the electrolyte (Fig. 4b). Along their way, °Li
ions from the electrodes will partially replace “Li ions in the
electrolyte. In other words, the amount of °Li on the ion
transport path will increase due to tracer exchange, thus
allowing the pathways to be revealed based on quantitative
high-resolution °Li NMR (Fig. 4c and d). Indeed, with tracer-
exchange NMR, Li-ion transport pathways in LLZO-PEO
composite electrolytes with various compositions have been
determined (Fig. 4e)."* At low weight percentages of LLZO (e.g., 5
and 20 wt%), Li ions transport through PEO polymer matrix,
especially in those regions where the presence of ceramic LLZO
particles have prevented polymer crystallization. When more
LLZO (e.g., 50 wt%) is incorporated into the composites, LLZO
particles can form a percolated network and the majority of Li
ions prefer going through the LLZO phase. It is worth noting
that plasticizers, for instance, tetraethylene glycol dimethyl
ether (TEGDME), can alter ion transport pathways. In LLZO-
PEO-TEGDME electrolyte, most Li ions pass through the
mixture of PEO-TEGDME instead of LLZO because of the
improved ion mobility in PEO by TEGDME. In LLZO-PEO
composites, LLZO-PEO interfaces barely contribute to Li-ion
transport. It is likely due to the hardness of oxide electrolytes,
which are difficult to form a coherent interface. On the other
hand, sulfides are much softer in nature and more mechanically
compatible with polymers. Tracer-exchange NMR results of
LGPS-PEO composite electrolyte shows that °Li is greatly
enriched in LGPS-PEO interface after tracer-exchange (Fig. 4f),
suggesting that Li-ion transport mainly takes place at LGPS-
PEO interface.'”

Other valuable NMR techniques also available for measure-
ments of ion migration include pulse field gradient NMR (PFG-
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NMR spectra of LLZO-PEO before (pristine) and after (cycled) tracer-exchange. (d) Quantitative analysis of the °Li amount in different

components before and after tracer-exchange. (a)—(d) are reprinted with

permission from ref. 2. (e) 6Li NMR comparison of pristine and tracer-

exchanged LLZO-PEO composite electrolytes with different compositions (top) and the corresponding schematic illustrations of Li-ion

transport pathways (bottom). Reprinted with permission from ref. 11. (f)

5Li NMR spectra and deconvolution results of LGPS—PEO composite

electrolytes before (left) and after (right) tracer-exchange. Reprinted with permission from ref. 142.

NMR) for studying lithium (or anion) self-diffusion, and elec-
trophoretic NMR for studying self-diffusion under electric
field.'”**77-%° However, most of the conventional PFG-NMR
techniques face difficulties when linked with highly inhomo-
geneous materials with variety of structural parameters, leading
to microscopic diffusion anisotropy.'®® Diffusion NMR with
high spatial resolution will help to address these challenges.
In brief, NMR characterization offers insightful information
to understand how composite electrolytes work, which facilitate

6062 | J Mater. Chem. A, 2021, 9, 6050-6069

the design and synthesis of new composite electrolytes with
superior performance.

4.2 Visualization tools

4.2.1 X-ray characterization. Polymer-ceramic solid elec-
trolytes are challenging to image using electron microscopy
techniques because the soft polymer phase is susceptible to
electron beam damage and requires very thin samples

This journal is © The Royal Society of Chemistry 2021
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(<100 nm). Micro- and nano-X-ray computed tomography (CT)
are non-invasive techniques that can characterize morpholog-
ical and structural properties.***> Imaging with X-rays at high
energies (keV) and low exposure times causes less polymer
degradation and enables larger field-of-views (~100 pm for
Nano CT and several mm for Micro CT).*** Micro-CT techniques
can achieve sub-micron resolutions while nano-CT techniques
can achieve resolutions <50 nm. Polymer-ceramic solid elec-
trolytes can only be imaged with micro-CT if the structural
features (e.g. inorganic particles) are greater than a micrometer
in size or form networked structures with geometries greater
than a micron. Recently, micro X-ray computed tomography
effectively imaged a three-dimensional interconnected polymer-
ceramic solid electrolyte.'®* A spray-coated multi-layer structure
of doped-lithium aluminum titanium phosphate (LICGC™,
Ohara Corporation) was observed by 3D micro-CT. The inor-
ganic phase absorbs X-rays more strongly that the polymer
phase and thus the two phases can be imaged. X-ray imaging
revealed a bicontinous structure, which had ionic conductivity 2
orders of magnitude higher than the disordered structure. The
results suggest that percolated structures can more effectively
transport ions in the inorganic phase than disordered struc-
tures. When the synthesized inorganic glass or ceramic material
has a particle size distribution that falls below a micron, nano-
CT is necessary for imaging the 3D nano-structure (Fig. 5(a)).*"*>
Fig. 5b demonstrates the organization and morphology of
garnet Al-doped LLZO particles (20 vol%) within a tape casted
PEO-LLZO solid electrolyte. Nano-CT enables both qualitative
and quantitative investigations of electrolyte micro- and nano-
structure and property estimation. Reconstruction of 2D images
into 3D tomograms requires segmentation of raw images
(Fig. sb)'1ss,1ss

(A)  APS 32-ID Beamline Specifications:
Monochromatic Beam: 7-15 keV

Resolution: 50 nm

X-Ray Source

View Article Online
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The segmentation process is a critical step in data processing
which labels or assigns individual voxels to a specific material
or phase (e.g. polymer or inorganic material). The segmentation
process can introduce considerable uncertainty in the recon-
structed images making quantitative analysis challenging. Deep
learning techniques, such as convolutional neural networks
have emerged as a pathway to dampen uncertainty in the
segmentation process prior to simulation.”® Once images are
reconstructed into 3D tomograms, physical properties (Young's
moduli, stress distribution) and structural properties (vol% of
the phase, pore size distribution, polymer size distribution, etc.)
can be extracted. Fig. 5b demonstrates binarized data from
different slices in a polymer ceramic electrolyte where the dark
region represents the polymer phase and white represents the
inorganic particles. Volumetric mapping of polymer or inor-
ganic ceramic density can be averaged over the entire sample to
visualize regions that are polymer rich and ceramic rich
(Fig. 5b). Statistical analyses of multiple sub-volumes is typically
necessary to account for uncertainty in segmentation and
reconstruction (Fig. 5c). Some of us recently used nano-
tomography to quantify the inorganic particle surface area
within a hybrid solid electrolyte and found that the ionic
conductivity of the composite was proportional to the accessible
surface area,' which suggests that transport between the
inorganic and organic phases is ineffective.

X-ray techniques are powerful techniques for in situ, ex situ,
and operando micro and nano-scale characterization of
polymer-ceramic electrolyte. However, polymer degradation
requires high energies and short exposure times. The latter can
be achieved through controlled experimental design.

4.2.2 Neutron techniques. Quasi-elastic neutron scattering
(QENS) is a technique that has been long utilized by polymer
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Fig.5 Visualization of ceramic distribution in hybrid polymer-based battery electrolyte based on nano-X-ray computed tomography: (A) sketch
of the synchrotron setup used, (B) 3D tomograms showing ceramic distribution obtained by reconstruction of 2D images of different slices show
on the right. In the right part, dark region corresponds to the polymer phase and white represents the inorganic particles. (C) Statistical analysis of
multiple polymeric sub-volumes. Reproduced with permission from ref. 4.
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physicists to understand the relationships between segmental
dynamics and ion conduction."® Early studies on solid polymer
solid electrolytes revealed that the segmental motion of PEO
decreased when combining with lithium containing salts.*®***°
Recently, Chen et al. demonstrated that the addition of an
inorganic solid electrolyte (LICGC™, Ohara corp.) to PEO led to
a decrease in the segmental mobility by 60% and the intrinsic
ionic conductivity of the polymer phase decreased by 30%.'**
The addition of an inorganic material can cause confinement
effects and change the crystallinity of the polymer. Further-
more, it is hypothesized that the polymer chains near the
inorganic surface becomes less mobile because the surface of
inorganic electrolyte has an affinity for Li ions.

4.2.3 Scanning probe microscopy. Polymer-ceramic solid
electrolytes are composed of both hard and soft materials.
While bulk material properties (yield strength) obey laws of
superposition,*®* recently it was recently observed that the local
materials properties are highly heterogeneous.’®'*> Atomic
force microscopy (AFM) techniques have been utilized to
quantify the varying materials properties with nanoscale spatial
resolutions.” Statistical quantification of mechanical properties
demonstrated that hybrid solid electrolyte containing inorganic
LLZO and PEO had a bi-modal distribution of Young's moduli
(2-7 GPa and 13-15 GPa) depending on where the AFM
measurement was taken. The sensitivity to location is largely
hypothesized to be a result of the sub-surface organization of
inorganic particles. The same trend was observed for adhesive
properties. The spatial heterogeneity in materials properties
may lead to non-uniform contact and potentially non-uniform
ionic flux at electrode interface.'®® In situ AFM recently per-
formed on a LPS/polyimine hybrid solid electrolyte found that
ionic transport through the electrolyte could vary by an order of
magnitude depending on where a measurement was taken. The
non-uniform ionic flux was attributed to the highly compli-
cated, tortuous pathway.'®*'** Regions with greater polymer
content demonstrate less ionic and electronic current, which
suggests that the dominant transport pathway was through the
sulfide solid electrolyte. This observation contradicts findings
on oxides,* and suggests that transport in these hybrid systems
is highly complex and depends on the variety of factors: the
polymer, the filler, the salt and the interplay between these
components.

5. Conclusions and outlook

Hybrid polymer-based battery electrolytes are an emerging class
of materials which promise to unify the beneficial electro-
chemical of inorganic nanoparticles with mechanical and/or
surface properties of ionically conductive polymers. Despite
an accelerated research effort in this area in recent years,
however, there are still large uncertainties existing in the
conduction mechanisms of this materials, and how they
depend on the interplay between particle type, polymer host
and the different concentrations and loadings. In this review,
we show that when the inorganic particles are non-conductive,
the synergy of these two materials' classes is mirrored by
improvement of ionic conductivity in the polymer phase by
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inducing amorphicity, or in the formation of highly cationically
conductive interfaces when adsorption properties of the parti-
cles are substantial. We also explain how different methodo-
logical approaches - both computational and experimental -
can help to bring clarity into the mechanistic issues of ionic
conductivity. Considering the effect of increased conductivity
achieved also for melted and/or amorphous polymer hosts, or
the lack of such an effect for certain semi-crystalline polymers,
it can be concluded that it is not only a plasticizing effect that
give rise to conductivity enhancement. Instead, the differences
highlight that the ceramic-polymer interactions are of high
importance for the electrochemical performances of these
materials.

In the case of conductive alkali-metal containing nano-
particles linked with polymers, the potential cation transport
pathways are even more complex since the above-mentioned
effects still may occur, but also grain boundaries and changes
in the local chemical potentials in the particle vicinity may be
substantial. While a number of systems have been suggested,
the specific ionic pathways are highly dependent on the specific
materials' chemistries and can hardly be generalized. In-depth
understanding of both theoretical transport properties of indi-
vidual materials as well as clever experimental design for
composite materials’ characterization on micro- and nanoscale
is needed to be able to unveil them. In this review, we have
highlighted the combined use of modelling, spectroscopy (e.g.
EIS and NMR) and visualization tools, which has brought some
clarity into these issues, and where percolation at micro-scale
seem to be key for ionic transport - at least for some systems
such as the well-studied LLZO-PEO,LIiTFSI. With a broader
portfolio of conductive composite materials, and more
systematically investigated in terms of particle loading,
temperature, etc., novel key findings can be expected in the near
future.

Insights in surface and interface chemistry, chemical
termination and chemical stability of both conductive and non-
conductive inorganic particles is crucial for interpretation and
prediction of their agglomeration and interaction with the
polymer in the composite. However, it can be stated that
controlled formation of percolating 3D networks of inorganic
nanoparticles (or other nanostructures such as nanowires) by
targeted synthesis is highly beneficial for the transport and
mechanical properties of this class of materials. Specific
chemical synthesis methods from the polymer chemistry spec-
trum, such as grafting on or to, can provide materials in which
the inorganic-organic contact is chemically beneficial. On the
other hand, physical deposition methods and nano-
technological techniques (e.g. nanolithography) could enable
preparation of beneficial 3D structures. At the same time,
development of in situ or operando non-destructive techniques
to track the mass and charge transport, interfacial and changes
in the materials’ bulk structure (phases in the polymer part)
upon cycling in cells is also of utmost importance.

Finally, in terms of potential application of hybrid polymer-
based materials in commercial cells, further increase of room
temperature ionic conductivity, cationic transference number,
and electrochemical stability (in particular for coupling with

This journal is © The Royal Society of Chemistry 2021
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high voltage cathodes and alkali metal anodes), is a clear goal
for the next decades. Much of the research conducted on this
category of electrolyte materials has been made under very
controlled and electrochemically mild conditions. Elucidating
their performance in realistic electrochemical cell will both
provide novel insights into their physical chemistry, while also
point out their potential usefulness in true solid-state energy
storage systems.
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