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A critical review on Li-ion transport, chemistry
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electrolytes for solid state batteriest
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In the transition to safer, more energy-dense solid state batteries, polymer—ceramic composite electrolytes
may offer a potential route to achieve simultaneously high Li-ion conductivity and enhanced mechanical
stability. Despite humerous studies on the polymer—ceramic composite electrolytes, disagreements persist on
whether the polymer or the ceramic is positively impacted in their constituent ionic conductivity for such
composite electrolytes, and even whether the interface is a blocking layer or a highly conductive lithium ion
path. This lack of understanding limits the design of effective composite solid electrolytes. By thorough and
critical analysis of the data collected in the field over the last three decades, we present arguments for lithium
conduction through the bulk of the polymer, ceramic, or their interface. From this analysis, we can conclude
that the unexpectedly high conductivity reported for some ceramic—polymer composites cannot be
accounted for by the ceramic phase alone. There is evidence to support the theory that the Li-ion
conductivity in the polymer phase increases along this interface in contact with the ceramic. The potential
mechanisms for this include increased free volume, decreased crystallinity, and modulated Lewis acid—base
effects in the polymer, with the former two to be the more likely mechanisms. Future work in this field
requires understanding these factors more quantitatively, and tuning of the ceramic surface chemistry and
morphology in order to obtain targeted structural modifications in the polymer phase.

salt matrices and ceramic electrolytes—which each have benefits
and drawbacks.

Solid state battery (SSB) electrolytes offer the possibility for high
density and safe energy storage as compared to traditional
liquid-electrolytes in Li-ion batteries (LIBs). By nature, solid
state Li-ion electrolytes are non-flammable but also are more
chemically stable and improve battery safety. They often reduce
shuttling of other “cross-over” ions in the electrolyte which
ultimately increases efficiency."”” Some solid state electrolyte
chemistries have shown lithium dendrite suppression, indicating
that they have the potential for stable operation with lithium
metal anodes, which could increase gravimetric energy density
by 35%.%* Current research on solid state electrolytes typically
investigates two primary classes of materials—polymer-lithium
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Ceramic electrolytes have the benefit of having relatively
high ionic conductivities, with sulfide materials such as Li;o-
GeP,S,, (LGPS) reaching about 107> S cm™ " at room temperature,
and oxide materials such as Li;LazZr,0,, [LLZO] and LLTO
(LiLaTiO,) reaching 107® and 10™* S cm ', respectively."*”
Additionally, ceramics are single-ion conductors, with several,
including LLZO and LLTO, having transference numbers very
close to unity.®® Several ceramic electrolytes, including Li-garnet-
type oxides [LLZO] and Li,POyN, [LiPON], have an electrochemical
stability window sufficient to operate with lithium metal and have
practically been shown to operate with high voltage cathodes.™**°
The relatively high shear modulus of ceramics compared to
polymers allows them to be more resistant against lithium
dendrite formation,'" although other factors such as imperfect
contact or electronic conductivity at grain boundaries must be
also addressed. Despite these benefits, ceramic electrolytes tend
to be brittle with Young’s moduli ranging up to 140-200 GPa in
oxide-based lithium-conducting solids, causing delamination of
the electrode from the electrolyte surface or even cracking as the
electrodes expand and contract during cycling.">'>'* Ceramics
tend to form interfacial chemistries that can either benefit
through stable sub-oxide formation,™* or that can lead to more
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resistive interfaces.’>™*”

Lastly, ceramics are typically more
difficult and expensive to fabricate, when compared with either
liquid or polymer electrolytes, with the exception of some
sulfide synthesis techniques.” Ceramics often require high
fabrication temperatures ranging from approximately 500 to
700 °C for crystalline thin films or over 1000 °C for pellets and
tapes to assure crystallization and densification.'®*** Despite
these challenges, the ionic conductivity approaching those of
liquid electrolytes, and their electrochemical stability with
lithium make ceramics of particular interest for SSBs.'®>*2*
Polymer-lithium salt matrices are another major class of
materials as solid electrolytes. Polyethylene oxide [PEO], poly-
acrylonitrile [PAN], and polyvinylidene fluoride [PVDF] are the
most prominently used polymers for these applications with
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the addition of lithium salts such as LiClO, or LiTFSL.»*>*¢ The
ionic conductivities of polymer electrolytes remain relatively low,
with values around 10°7-10"°> S ecm™* at room temperature.>”*
Unfortunately, polymer electrolytes are also generally not single
ion conductors with the anion of the lithium salt typically being
conducted at similar rates to that of the lithium ion, having
transference numbers close to 0.5."> In contrast to the ceramic
electrolytes, mechanical flexibility of the polymer electrolytes is
their key advantage and allow them to tolerate the expansion and
contraction of the electrodes without delamination or cracking.
Due to the viscoelastic nature of these polymer materials, a direct
numerical comparison of their moduli to that of ceramics is not
possible, but the Young’s storage modulus does not typically
exceed 1 GPa."* Understanding how the viscoelasticity of the
polymers impacts both the electrode contact and the dendrite
propagation during cycling is an open area of research.*® At the
same time, the low shear modulus, with the shear storage
modulus ranging between 0.1 and 1 GPa, presents a challenge,
as the polymer electrolytes appear to have less ability to deter Li-
dendrite formation.>?*? Electrochemical stability windows are
difficult to compare between the classes of electrolytes as they can
vary significantly particularly among ceramic materials. While
oxidation potentials are often improved for polymer electrolytes
over ceramics, with PEO:LiTFSi being 4.77 V as compared to LLZO
2.91 V or LATP 4.21 V, reduction potentials are less clear:
PEO:LIiTFSi being 1.2 V, LLZO being 0.05 V, and LATP being
2.17 V.>*** However, a clear advantage of polymer electrolytes is
that, they are nearly as simple to fabricate as liquid electrolytes,
because they can be produced through solution-based processing
with a low-temperature drying below 100 °C. We summarize
typical ionic conductivity values of polymer and ceramic electro-
Iytes in Table 1.

Polymer-ceramic composite solid electrolytes have been
explored as a material class to leverage the advantages of each
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Table 1 Conductivity values for typical ceramic electrolytes, Li;LasZr,O12
[LLZQ), LiLaTiO4 [LLTO], Liy 3Alg 3Tiy 7(PO4)s [LATP], LijgGeP,S;, [LGPS] and the
lithium-rich antipervoskitites [LRAP] including LizS(BF4)osClos; polymer elec-
trolytes, polyethylene oxide with Lithium bis(trifluoromethanesulfonyl)imide
[PEO:LITFSI], polyacrylonitrile with lithium perchlorate [PAN:LICIO,4], and
polyvinylidene fluoride with lithium perchlorate [PVDF:LIClO4]

Material class Material Conductivity at RT (S cm™")  Ref.

Ceramic LLZO 3x107°-3 x 107* 35-37
LLTO 4 x107°-9 x 107* 35,38,39
LATP 3x10°%7 x 107" 35,40,41
LGPS 2 x107%-2 x 1072 5,42
LRAP 1x10%1-10" 5,43

Polymer PEO:LiTFSI 6 x 107°-2 x 107° 44,45
PAN:LIClO, 3 x 10776 x 10™° 46,47
PVDF:LICIO, 6 x 10 °-4 x 10 * 27,48

phase - high ionic conductivity of the ceramic and the mechanical
flexibility of the polymer. However, composites have shown
unexpectedly high ionic conductivity in experiments, with con-
ductivity increasing by an order of magnitude with the ceramic
fraction being below the percolation threshold or with non-
lithium conducting ceramics. The reasons for such high con-
ductivity in polymer-ceramic composites are currently under
debate and benefit from further discussion.””**™"

Composite solid electrolytes have been fabricated using
inert—non-lithium conducting—and active—lithium conduc-
ting—ceramic fillers in structures ranging from nanoparticles
to wires and aerogels.*®*® Such composite Li-ion electrolytes
have been able to reach high ionic conductivities, often up to
10"*Scem ' and in one study up to 10 % S em™".*” The achieved
ionic conductivities were much higher than can be expected
based on volume fraction of each phase; typically with less than
20 vol% of the ceramic filler phase, which allows them to
maintain much of the good interfacial contact of polymer
electrolyte with cathode or anode.>” For example, Sivaraj et al.
combined 30 wt%, or approximately 20 vol% of LLTO with
PVDF polymer electrolyte.”” If each phase carries bulk-like
conductivity values in this composite (as we have calculated
by the values given in this paper), then the composite Li-ion
conductivity would be 1 x 107" S em™", calculated as a
weighted average of the conductivity of the two materials based
on volume fractions. However, the measured conductivity was
more than one order of magnitude greater, 2.7 x 10> S em™.*’
The non-linear dependence of Li-ion conductivity on ceramic
filler fraction in such composite electrolytes is intriguing.
Despite research on polymer-ceramic Li-composite electrolytes
for three decades, the primary conduction pathway or structural
interface characteristics in such composites is still not proven.

Beyond these conductivity results, there have been other
promising results with initial implementation into full batteries.
Several works have implemented these materials composite
electrolytes into full battery cells, most commonly using LiFePO,
and Li metal electrodes. While these have not been significantly
optimized with thickness of electrolyte or amount of active
material, promising capacity and cyclability have been demon-
strated. For example, Cheng et al. fabricated electrolytes of
PEO:LiClO, with dispersed Lig4LazZr; 4Tay 04, (LLZTO) and
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achieved a specific capacity of 140 mA h g~ " and retain 83% of
this capacity over 500 cycles at 60 °C.* Similarly, Li et al. found that
when LATP nanowires were added to a PEO:LIiTFSI electrolyte they
improved capacity retention from approximately 65% with the
polymer alone to 99.5% for the composite over 100 cycles.>® They
theorize that the nanofibers assisted in stabilizing the PEO but the
exact mechanism of this effect has not been established. More
cycling data is presented in Table S1 (ESIf).>**" The majority of
studies on composite electrolytes have thickness on approximate of
100 pm.*®%*% Recent approximation of solid-state battery with Li
metal anode could achieve an energy density of 350 W h kg ™"
(slightly higher than commercial energy density) with an solid
electrolyte of approximately 25 um.*® This thickness should be
achievable through standard cast methods of many of these studies,
but more work is necessary to determine capacity and cycling with
thicknesses optimization. Not only has the thickness of the electro-
Iyte not been optimized but the cells precented have large excess of
lithium. Therefore, beyond the conductivity questions on which this
review will focus, there remain several other questions as to the
optimization of the composite electrolytes for stability with the
electrodes, dendrite suppression, and energy density.

In spite of these promising cycling results, many questions
remain about composite electrolytes with electrode stability
and dendrite penetration. For example, we do not fully under-
stand how dispersed ceramic particles of a reduced electroche-
mical stability window compared to the polymer matrix impacts
the composite’s stability window. Additionally, the varying
mechanical properties of the polymer and ceramic raises many
questions: whether good contact can be maintained due to the
polymer, whether the high shear modulus of the ceramic can
reduce dendrite growth is helpful in a composite, and whether
the interface between the two phases can be a point for
dendrite propagation. More knowledge is required to know
the limits of these materials.

Identification of the primary conduction mechanism and the
modification of the materials at the interface will assist in
knowledgeable optimization of conductivity with consideration
of the other properties required. In general, three possible main
conduction pathways have been proposed in such composites as
seen in Fig. 1: (i) through the polymer phase, (ii) through the
ceramic phase, (iii) along the interface between the two consti-
tuent phases. Additionally, a combination of multiple pathways
may be significant, with polymers perhaps bridging conduction
between ceramic particles. We will consider both questions:
which is the primary ionic conduction pathway, and which
pathway is the primarily modified phase when put in the
composite? In our review, we focus on the potential mechanisms
that can give rise to changes in either phase or at the interface,
and their dependence on the material chemistry and structure.

2. Composite electrolyte microstructures
2.1. Scope of this review

Before beginning our discussion, we will first define its scope,
due to the many parameters to analyze in this field. For our

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00214h

Open Access Article. Published on 18 November 2024. Downloaded on 2/12/2026 2:10:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

Through Through Through
Ceramic Polymer Interface
Polymer Electrolyte
o.Li
cu olLi

Fig. 1 Three possible Li ion conduction pathways have been proposed in
polymer—ceramic composite electrolytes: through the polymer phase,
through the ceramic phase, or through an interfacial region between the
two phases. There is also the potential for ion conduction through a
combination of these pathways.>?

analysis of the field, particularly our statistical analysis as
shown in Fig. 2 and 3, we will limit the scope in four ways.
First, we have set a cutoff at a maximum of 60 vol% of ceramic
phase in the polymer-ceramic composite as composites with
higher ceramic phase fraction have a more clear conduction
pathway (i.e. defined primarily by the ceramic), and do not benefit
from the mechanical properties of the polymer. Second, we will
discuss “active” fillers as lithium conducting ceramics in contrast
to “inert” fillers that are non-lithium conducting. Because active
fillers can have a wide range of conductivities, we categorize all
lithium-containing ceramics of a composite to be so-called
“active” fillers, even if only minorly ion conducting.®” Third, we
do not consider composites, which include gel-type polymer
electrolytes with liquid electrolyte, or composites with polymers
that contain additional plasticizers, as these often make it more
difficult to understand the direct impact of the ceramic filler.*®
Such gel-type or plasticized polymer electrolytes may additionally
behave more as viscous liquids or still contain flammable liquid
electrolyte, limiting their benefits as compared to more rigid, solid
electrolytes.®® Lastly, layered structures of ceramic sandwiched
between polymer will be discussed in terms of their contribution
to understanding the interface, but they are not included in the
conductivity data of the field as shown in Fig. 2 and 3 because the
conductivity measured is highly dependent on thickness of each
layer and there is only one possible pathway through the material.

2.2. Categories of composite electrolytes

A wide range of composite polymer-ceramic electrolytes have
been fabricated over the past three decades. In Fig. 2A, we
illustrate four categories of polymer-ceramic composite elec-
trolytes: (i) inert fillers of any structure, (ii) active filler particles,
(iii) active filler wires, either random or aligned, and (iv) active

This journal is © The Royal Society of Chemistry 2025
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filler three-dimensional connected structures. Here the term
filler always refers to the ceramic phase in the composite.
Inert fillers are classified as any ceramic material that is not
Li-ion conducting, primarily Al,O3, SiO,, and TiO, dispersed in a
polymer salt matrix. These can provide an interesting reference
as they eliminate the possibility for ion conduction through the
ceramic phase. In contrast, active filler particles are randomly
dispersed Li-ion conducting ceramic particles within the poly-
mer ceramic matrix. These include a wide range of lithium
conductors but have been primarily the following: LiAl,O, LATP,
LAGP, LLZO, and LLTO. Depending on volume fraction and
percolation level, these active filler particles represent a potential
additional pathway for Li-ion conduction. The majority of stu-
dies discuss active filler particles randomly dispersed in the
polymer matrix.>”®® Several recent studies have explored the use
of active filler wires in the polymer matrix and even more
complex 3D-structures including nanowalls—vertically aligned,
roughly planar surfaces of ceramic materials—and aerogels.

2.3. Filler characteristic size can impact the Li ion
conductivity of the composite

In this field, so many properties—polymer chemistry, ceramic
chemistry, filler size and structure, ceramic fabrication meth-
od—vary between studies that comparison across the field is
difficult. We analyzed over 70 studies in order to understand
what parameters have the largest impact on ionic conductivity
(all of the found studies that meet the scope of our analysis are
listed in Table S2 with details, ESIt).”*°! In Fig. 2B, we plotted
all of the conductivity values of these studies against the size of
the nanoparticles, nanowires, or 3D structure.t The ovals shown
represent different types of fillers, and are centered at the
average values and have radii of the standard deviation values
for both the length scales and the conductivities. The averages
and standard deviations across all these studies are shown in
Table 2. We can quickly see that no one category shows statis-
tically significantly higher conductivity than the others.

The length scales of the ceramic particle or wires in these
four categories of polymer-ceramic composites can vary widely
throughout the field from 10 s of nanometers to several micro-
meter scale as seen in Fig. 2B. Within individual studies, when
looking at inert fillers, it has been shown that ionic conductivity
improves much more, when fillers have at least one dimension
below 100 nm due to two primary phenomena.’>®® First,
smaller dimensional fillers are more readily dispersed between
individual chains and disrupt the packing of the chains,
increasing the free volume and decreasing the crystallinity in
the polymer. Second, when volume fraction is held constant,
the increased interface area due to smaller particulate size can
increase interfacial effects, such as the Lewis acid-base effect
that can allow increased lithium salt dissociation. If there was a

+ Here, we utilize the term ionic conductivity rather than Li-ion conductivity
because in the case of polymer electrolytes, many conductivity measurements do
not exclude the conduction of anions in the material. While all of the materials
discussed are lithium-ion electrolytes, the conductivity measured is not purely
lithium ion conduction and in many cases.

Chem. Soc. Rev,, 2025, 54,178-200 | 181
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Fig. 2

(A) Categories of composite electrolytes as used in 2b and Fig. 3: inert fillers, active filler particles, active filler wires, and active filler 3D networks

(B) the ionic conductivity observed in various studies as compared to the scale of the dimensions of the nanoparticle, nanowire, or other structures used.

The positions and sizes of the shaded circles are based on average values
respectively. These values are presented in Table 2. This is not displayed for

and standard deviation for that category of the scale and conductivities,
active filler 3D networks as there are only four studies to consider in this

category. These structures are split into four categories as illustrated in Fig. 2A. References for this figure are in Table S2 (ESIY).

strong correlation with filler size and conductivity, we would
have expected to see a positive trend line, but none is observed
in our analysis of Fig. 2B. Therefore, from this study, we cannot
confirm a correlation between a filler size and Li-conductivity
within any category of filler type. As we will present later in
more detail, this data also shows that the composite conductiv-
ities obtained by either active or inert ceramic fillers are not
discernibly different on average in the field.

2.4. Composite electrolytes throughout the decades

In Fig. 3, we present the record Li ion conductivity obtained in
the past 30 years for the four, previously designated categories
in Section 2.2. The dashed lines in this figure present ionic
conductivity of the polymer electrolyte used in this composite
(if no such data point is shown, the data for the polymer alone
was not presented in the study). In each of the four structure
categories, the composites show improved ionic conductivity
compared to reference samples of polymer electrolyte alone,
except in one inert study in which the polymer had 2 percent
higher conductivity than the composite.

182 | Chem. Soc. Rev., 2025, 54, 178-200

It is important to assess whether the increased conductivity
of the composite arises through the improvement of an indivi-
dual phase. To address this, two key observations can be made
from Fig. 3. First, the Li-ion conductivity of the composites and
of the polymer reference have been increasing over time, and
the improvement in ionic conductivity of the composites largely
tracks with the improvement in the conductivity of the polymer
electrolyte utilized (though there are exceptions). The trend
indicates that while some improvements have been made in the
composite structure, many of the benefits may simply originate
from an individual phase, the polymer. This correlation con-
cludes that the polymer phase properties are critical for
the primary conduction pathway in the composite. Second is
that, all the composite conductivities seem to have approached
the same order of magnitude in the last five years, regardless of
whether the filler ceramic phase is inert or active. This is
consistent with the fact that, the ionic conductivities obtained
in composites with inert or with active fillers do not differ
statistically significantly on average, as noted on Fig. 2B and
Table 2. These key observations indicate that, the polymer

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Tracking of record composite electrolyte conductivities in each
category and presenting the corresponding conductivity of the polymer
electrolyte alone which was used in that study. The solid lines represent
the record conductivity values over the years for each of the four
composite categories, while the dashed lines show the polymer electrolyte

conductivity alone that was shown in that study (if presented in the
study) 2728:48-50,64.69-77

Table 2 Average values of size and conductivity of all composite
studies analyzed in this study as shown in Fig. 2. All of the studies are
listed in Table S2 (ESI)

Type of ceramic filler
in the composite

Average particle or wire
diameter (log;o(nm))

Average conductivity
(log10(S em ™)

Inert 1.0 £ 0.6 —4.7 £ 0.7
Active particles 3.2+ 1.0 —4.7 £1.0
Active wires 2.9+ 1.2 —4.1 £ 0.5

phase is the component that is being affected and improved in
the composite.

2.5. Inert ceramic fillers in polymer improve Li ion
conductivity

Research in composite polymer-ceramic electrolytes began in the
80s by utilizing inert alumina particles to improve the mechanical
stability and reduce viscoelastic creep in polymer-salt matrices.**
Initially, these studies focused on PEO-Nal electrolytes with Al,O;
particles and PEO-LiClO, electrolytes containing LiAlO, particles
to show improved cyclability but additionally observed increased
ionic conductivity.”>® In 1998, Scrosati et al. utilized both Al,O,
and TiO, to optimize ionic conductivity in Li-ion conducting
polymers. Subsequent studies in the area of inert fillers continued
to study AlLOj, SiO,, TiO, and even clay, primarily to alter
mechanical properties for the composites, but additionally
showed improvement in conductivity over the polymer electrolyte
alone.”*”*%%%7 This trend is well reflected in Fig. 3 and it is widely
observed that inert ceramic fillers improve ionic conductivity of
ceramic-polymer composites. That is an intriguing conclusion,
since the inert ceramic phase itself cannot contribute to Li-ion
conduction. Additionally, connected networks of inert fillers as

This journal is © The Royal Society of Chemistry 2025
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seen in Fig. 4A show some of the highest ionic conductivities,
around 5 x 10~* S em™ ", indicating the importance of a contin-
uous near-interface region.’”°® This has led to the inquiry of
potential mechanisms that arise from a change in the polymer
structure or chemistry near the interface with the ceramic
ﬁllers.75,99,100

2.6. Active Li conducting ceramic filler particles improve Li
ion conductivity

Studies of active ceramic filler also began in the early 1990s,
although polymers had been used as binders for ceramic ion
conductors previously. In 1991, Capuano et al. created one of
the first composite materials with lithium conducting fillers for
the ceramic phase.>”®” This electrolyte was fabricated through
the simple dispersion of y-LiAlO, powder (exhibiting a low ionic
conductivity of 10™° S em™"), with particles on the scale of
hundreds of nanometers, in the polymer solution before casting,
which resulted in a 3 orders or magnitude increased ionic
conductivity around 107® S em™ ' at room temperature.’® Due
to the low bulk ionic conductivity of y-LiAlO, and evidence of
suppressed glass transition temperature of the polymer in the
composite, the increased ionic conductivity was hypothesized to
be due to a modified structure in the polymer. In 1994, Kumar
et al. found that with less than 50 vol% Li;N, ionic conductivity
of the ceramic-polymer composite could be improved by an
order of magnitude over the polymer alone while improving
interfacial resistances with electrodes."®'%* In reviewing the
field in this study, Kumar et al. stated that the choice between
active and passive filler was often quite arbitrary but argued
that evidence was starting to support that active fillers were
likely preferential for both ionic conductivity and transference
number."®> What we are deducing from the data shown in Fig. 2
and 3 is in contrast to this argument. In the last decade, highly
Li-conductive fillers such as LATP, LLTO, or LLZO have been studied
extensively at concentrations below 60 vol%.>”?%16491037107 Thege
represent most of the data points as seen in Fig. 2B and similarly,
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Fig. 4 (A) Structures of three dimensional networks of non-lithium con-
ducting inert fillers which can create continuous conduction pathways of
modified polymers, reproduced with permission from ref. 98 and 69. B)
Three dimensional structures of an active filler aerogel and ice-templated
active filler nanowalls which either create fast conduction through the
ceramic directly or through direct pathways of modified polymer struc-
ture, reproduced with permission from ref. 28 and 64.
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Fig. 3 indicates no significant improvement in conductivity intro-
duced by active fillers over inert fillers in the polymer. This lack of
difference in the effect of inert or active fillers on average across the
field leads us to conclude that the polymer phase is being altered
structurally or chemically to provide an improved and dominant
conduction pathway in the composite.

2.7. Active Li ceramic filler wires create continuous interfacial
pathways

In 2005, Wang et al. produced the first composites using
ceramic wires and woven matts to reach increased ionic
conductivity at around 5 x 10~* S em™" with 20 wt% LLTO in
PEO-LiN(SO,CF,CF;),.”” Unfortunately, this study did not pub-
lish the ionic conductivity of polymer electrolyte alone as a
reference, making the clarification on the role of constituent
phases difficult. A decade later, a major shift occurred in 2015
when the Cui group published a work utilizing active ceramic
wires, namely 15 wt% LLTO in a PAN:LiClO, polymer matrix,
and was able to reach a room temperature ionic conductivity of
10* S em ™ .* While this conductivity was not as high as
record conductivities for nanoparticle systems (as seen in
Fig. 3), the resulting Li-conductivity of the composite in this
study is about two orders of magnitude higher than that of
nanoparticle dispersions in a polymer keeping ceramic volume
fraction and polymer and ceramic chemistries constant.*’
Therefore, this was the first clear evidence of the benefits of
wires over particles and prompted much more research in a wide
range of structures. This benefit is likely because wire type fillers
create a continuous pathway of higher conducting polymer along
the wire’s surface. The wires used in this process were made
through electrospinning. This technique was subsequently uti-
lized by several studies including a study by the same research
group, which fabricated aligned nanowire composites in 2017,
observing improvement in conductivity with more direct path-
ways along aligned wires,*®10%108

2.8. Active Li ceramic filler with a 3D network structure in
polymer matrices

The fabrication of 3D networks has greatly expanded in recent
years. In the category of inert ceramic fillers, Lin et al. created a
silica aerogel that reinforced a PEO electrolyte and Cui et al.
fabricated Al,O; pellets with vertical nanochannels, ranging
from 40 to 200 nm in diameter (with concentrations between 34
and 56 vol% of ceramic), into which PEO/LiTFSI was
infiltrated.®*?® Xie et al. utilized cellulose as a template to create
an LLZO interconnected nanofiber network with diameters under
100 nm,'” while Wang et al. used ice as a template to fabricate
vertical, 10 pm-thick, Li;sAlysGe;5(PO,); [LAGP], wall-like
structures,®® as shown in Fig. 4B. Bae et al. made LLTO hydrogel,
which was subsequently dried and heat treated before being
infiltrated with PEO, resulting in a ceramic interconnected frame-
work, also shown in Fig. 4B.® Though the precise fabrication
procedures of these structures vary, they are typically heat treated
to create a sintered 3D structure before infiltrating the
polymer.®*"*'"" Such sintering is not possible with dispersed
ceramic particles in the polymer. We can see that as compared to
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active filler particles and wires, 3D networks do not show parti-
cularly large improvements over the ionic conductivity of their
respective polymer reference samples and they do not show the
highest overall conductivities in the field. This is inconsistent with
our understanding, as seen in inert fillers, that the 3D network
can create continuous pathways on conductive, modified polymer
material. However, with low volume fraction that are less dis-
persed, these systems generally have lower ceramic surface area,
perhaps decreasing the total, modified polymer volume.

3. Discussion of each possible ion
conduction pathway and their
chemical and structural changes

Within this section, we present the various possible conduction
pathways and the arguments for each. Within the first two
subsections, we discuss the ceramic and polymer phases in
turn and how their structure may be altered by proximity to the
polymer-ceramic interface. We will finish this discussion by
analyzing the contradictions in the field which argue for either
a highly conductive or highly resistive interface.

3.1. Why the ceramic phase is unlikely to dominate ion
conduction in the composite

As seen in Table 1, the Li-conductivity of ceramic electrolytes
are often two orders of magnitude higher than that of polymer
electrolytes.®*”" Many studies have not considered, however,
the lack of connectivity between the ceramic particles within
the composite. We will begin by presenting the arguments for
the ceramic being the primary conduction pathway, and con-
tinue by presenting evidence to the contrary.

3.1.1. Arguments for ion conduction through the ceramic.
The first argument for ceramic materials being the primary
conduction mechanism is that the degree of percolation for Li-
transport by the ceramic phase is sufficient to account for the
higher ionic conductivity in the polymer-ceramic composites
with polymers perhaps acting as a bridging mechanism
between ceramic. Wang et al. fabricated LAGP into vertical
nanowalls through the use of ice templates and subsequent
infiltration with a PEO-LiTFSI mixture, producing samples
with 40 vol% LATP, as seen in Fig. 4. They illustrated that this
connected network leads to a high ionic conductivity of 1.67 x
10~* S em™ " in the composite at room temperature (which was
calculated based on the dimensions of the entire composite).**
To determine how much would be conducted through the
ceramic nanowalls alone, the LAGP nanowalls were soaked in
a dilute, minimally conducting liquid electrolytes (2.45 X
107% S em™ ") to mechanically reinforce them, and measured.
The resulting conductivity of 1.22 x 10™* § cm™' was very
similar to that of the composite (calculated based on the
dimensions of the entire system and therefore the same dimen-
sions as the composite).

Many studies have looked to utilize the percolation
pathway of ceramic particles that allow to optimize ionic con-
ductivity of the composite with a fraction of active ceramic filler.

This journal is © The Royal Society of Chemistry 2025
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The majority of such studies have revealed a non-monotonic,
volcano type dependence of conductivity or activation energy
on the filler concentration, with the peak of conductivity at
4-20 vol% of ceramic nanoparticles in polymer matrix, as seen
in Fig. 5A.27°6%70112:113 Often this is interpreted as a percolation
threshold with additional effects due to increased agglomeration
at increased concentration.””™'* Though percolation threshold
varies with the dimensions of the system, the percolation thresh-
old for spheres in a 3D network is 15 vol% and 30 vol% in two
different studies."**"'"® Several studies show a volcano type trend
of the conductivity relative to concentrations of phase constitu-
ents with values of maximum conductivity at either 2, 6, 10 or
20 vol% of ceramic.>”%>!">11311% Thege values at or below the
percolation threshold might be explained by agglomeration of
the particles as they reach the percolation threshold. However,
two studies show a continuous decrease in conductivity with the
addition of ceramic particles throughout the whole concen-
tration range, as shown in Fig. 5B.>"'%

Additionally, the arguments considered for more connected
and sintered networks cannot so simply be applied to dispersed
particle systems. Generally, bulk ceramic electrolytes must be
sintered in order to gain grain-connectivity in densification and
minimize surface energy to form successful neck growth at the
grains interfaces. Because the active filler particles have
not been sintered to have enough connection, a percolation
pathway through modified polymer structure affecting the
conductivity is more likely to dominate rather than through
the ceramic pathway with connection bottle-necks. The poly-
mer must act at least as a conducting bridge between ceramic
nanoparticles. Two recent papers have provided evidence to
this point. Waidha et al. utilized non-sintered ceramic particles
as their comparison to their composite electrolytes, as seen in
Fig. 5A.°" They found that when a small amount of polymer
electrolyte was added to a green pellet (non sintered pellet,
creating 90 wt% LLZO), the conductivity increased by two
orders of magnitude and reduced the activation energy by
approximately 0.5 eV, as shown in Fig. 5B. Chen et al. showed
the same effect in Li ion conductivity by coating ceramic
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particles in a conjugated polymer layer, which reduced grain
boundary resistance between ceramic particles and increased
ionic conductivity.'*® The authors provide NMR data and DFT
calculations to support the conclusion that lithium ions are
transferring between the ceramic and the polymer phases.
These studies argue for a conduction pathway through ceramic
particles with polymer bridges between these non-sintered
particles, as we have illustrated in Fig. 6.

Our analysis of the field has determined that there is no
appreciable difference in the Li ion conductivity between compo-
sites with inert and with active fillers. However, some individual
studies have shown a more increased conductivity with active
fillers, but these studies were not well-controlled keeping all other
factors the same. For example, Choi et al. showed that while
dispersed Al,O; particles improved ionic conductivity of a PEO-
LiClO, matrix by roughly one order of magnitude, LLZO increased
the over-all ionic conductivity of the composite by two orders of
magnitude."”® However, this study did not keep particle size
consistent between the Al,O; (approximately 100 nm diameter)
and LLZO (between 500 and 1000 nm diameter). Even though the
weight fraction was held constant, this results in a higher volume
fraction of Al,0; as compared to LLZO, making comparison
difficult. Wang et al. similarly showed that a one order of
magnitude increase between composites with LATP fillers and
with inert SiO, or TiO, particles with the same weight percent and
different particle sizes.®® Based on the limitations of these studies,
and the lack of a field-wide variation between inert and active
particles as presented in Fig. 2B and 3, this is not a compelling
argument for predominant conduction through the ceramic.

3.1.2. Arguments against significant ion conduction
through the ceramic. The arguments against ion conduction
through the ceramic are generally that, (i) the ceramic material
is not sufficiently densified (sintered) to allow highly conduc-
tive percolation as previously mentioned, or (ii) the interface
between the ceramic and the polymer is too resistive to allow
for sufficient hopping from particle to particle via the polymer.

In analysis of composite electrolyte conduction, it is often
presumed that the conductivity of the ceramic is equivalent to

20 40 60 80 100
Al-LLZO Weight %

Fig. 5 These figures illustrate the variation in conductivity with varying concentrations of conductive ceramic fillers. (A) Lu et al. provides evidence of a
volcano like behavior with the addition of LLZTO and compares with the conductivity of a sintered pellet (100%), reproduced with permission from
ref. 117. (B) Waidha et al. did a similar study but found a continuous decrease in conductivity with the addition, with 100% being a non-sintered pellet,
illustrating that with a small addition of polymer in the ceramic pellet, the polymer could bridge conduction between particles, reproduced with

permission from ref. 51.
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Illustration of possible conduction between ceramic particles. (A) Illustrating that unsintered particles have high resistance between particles, as

neck growth has not been activated in sintering to reduce surface energies. (B) Illustrating that if there is a highly resistive layer on the surface of the
particles, the resistance be even higher. (C) However, if the polymers have a bridging effect between particles, the resistance between particles would be

greatly reduced.

that of the highly optimized and high temperature sintered
pellets. However, one should consider the crucial role of
processing techniques in developing highly conductive ceramic
electrolytes. In general, sintering increases the density of a
ceramic and reduces the resistance caused by pores or by
imperfect contacts and in some of the phases also assures the
high ionic conductive phases. Within wires and connected 3D
networks, some high temperature treatments are possible, for
example Liu et al. calcined their LLTO nanowires at 800 °C for
2 hours and Wang et al. sintered their LAGP nano walls at 800 °C
for 5 hours.*®** However, this high temperature processing does
not guarantee that the conductivity is as high as optimized bulk
conductivity. Generally, it should not be presumed that low
temperature synthesized or nanowire/nanowall structures have
comparable Li conductivity to a microcrystalline and high tem-
perature sintered ceramic pellet. In dispersed ceramic particles
within polymer matrices, even when a percolation threshold is
reached remain loose as such. Hence, the ionic conductivity
within each particle may be similar to that of single grain
contributions in a bulk sample, but the overall composite likely
has appreciably lower conductivity in the assembly due to
unsintered boundaries between particles and missing neck
growth. With these considerations, evidence indicates that cera-
mic particles without neck growth are insufficient to account for
the high conductivity in the composite even when they are
percolated in the composite electrolytes.

Additionally, given the fact that the percolation is not reached
and that particles are typically not sintered, it must be considered
that polymers must play a role in bridging ceramic particles if
the ceramic were to be an important path for ion conduction.
However, several papers have argued that the polymer—ceramic
interface is too resistive to allow for such behavior. This conclusion
was primarily based on trilayer studies,>"'® which found resistive
interfaces between the phases when measuring electrochemical
impedance spectroscopy, or based on a continuous decline in
conductivity with increasing ceramic content.'® Such a resistive
interface would block any possible bridging effects as shown

186 | Chem. Soc. Rev., 2025, 54,178-200

schematically in Fig. 6B. Whether such bridging effects are
possible may highly depend on the particular chemistries utilized.
Therefore, we will present the theories for such an interface which
may block a polymer-bridged ceramic pathway. Namely, Gupta
et al. identified two possible chemical variations occurring at or
near the surface of the ceramic, when studying layered structures
of PEO-LiTFSI and Ta-doped LLZO.*> These layered structures
were fabricated by depositing PEO electrolyte on each side of an
LLZO pellet, such that the impedance was measured through both
phases and their connecting interfaces. The first chemical varia-
tion is the formation of a lithium carbonate layer on the surface of
the LLZO due to air exposure before deposition of the polymer
layers.>” They showed that heat treatment of the LLZO to remove
lithium carbonates reduces the interfacial resistance between the
LLZO and PEO surface by two orders of magnitude, as illustrated
in Fig. 7. The phase change on the surface was confirmed by X-ray
diffraction analysis. Although this may be a significant factor when
utilizing LLZO fillers, it should be noted that not all ceramic fillers
are prone to formation of such secondary phases at their surface
when exposed to air."*°

Second, Gupta et al.’* also pointed out that, in their system
and in many composite systems, there is significant difference
between the lithium concentration between the two phases; i.e.,
higher in the ceramic phase and low in the polymer phase. The
authors proposed that this variation in concentration (and the
corresponding lithium chemical potential) could kinetically
limit lithium ion diffusion from the ceramic to the polymer.
Gupta et al. found that increasing the lithium concentration of
the polymer phase could decrease interface resistance by one
order of magnitude. For instance, with an ethylene oxide to
lithium ion ratio [EO:Li'] of 27:1 interfacial resistance was
1.48 kQ cm™? and with a ratio of 15:1 it was 0.44 kQ cm ™. By
making the lithium activity in the polymer phase closer to that in
ceramic phase, they were able to limit the effects of ions having
to move against a concentration gradient. Both of these effects
create more resistive layers and reduce ion conduction across the
ceramic-polymer interface. With these considerations, evidence

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (A) lllustration of interface between LLZTO (1) and PEO-LITFSI (3)
and the reduction of the lithium carbonate impurity layer (2) through heat
treatment (B) Nyquist plot of Au|[PEO-LITFSI|LLZTO|PEO-LITFSI|Au sym-
metric cell untreated and with a 700 °C heat treatment for removal of
lithium carbonate layer and reduction of interfacial resistance, reproduced
with permission from ref. 52.

indicates that ceramic particles alone are insufficient to account
for the high conductivity in composite electrolytes.

3.1.3. Space charge layers do not account for high con-
ductivity in composites. The only argument provided that could
actively improve ionic conductivity in the ceramic near the
interface is the effect of space charge regions in which charged
defects are redistributed in proximity to an interface that has a
built-in potential. The resulting charge redistribution contribute
in either depletion or augmentation of minority and majority
charge carriers at the space charge interface, and as a conse-
quence in either a blocking effect or increased conduction in the
region near the interface. There are two possible scenarios for
such a space charge formation. The first is caused when two
materials with different chemical potentials of a charged species
are put in contact, as illustrated in Fig. 8A."*"'** Ions move
toward the material with the lower chemical potential x and
equilibrate in a layer at the surface of the phase when the electric
potential ¢ created by the buildup of charged species equili-
brates with the chemical potential. In other words, the electro-
chemical potential i is constant throughout the material."*!

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Illustration of space charge regions. (A) Illustrates how the variation
in chemical potential variation between two fields and showing the curve
of the built in potential ¢. (B) Illustration of how this varies with trapped
positive charges at the interface showing the potential created by the
trapped charges ¢ and the total built in potential ¢.

When considering this mechanism for a polymer-ceramic interface
in a composite, this can create a delithiated layer in the cera-
mic—the initially higher lithium concentration phase—and conse-
quently an increased lithiation layer in the polymer. Second, the
interface can trap a net charge due to preferential accumulation or
depletion of charged species at the interface plane. We have
provided the example of positive charges trapped at the interface
plane, which create a lithium depletion region on both sides of the
interface as illustrated in Fig. 8B. The thickness and concentration
variance in these two layers depend on the dielectric constant, the
material and phase specific Debye length defining the width of
space charge, the concentration of charged species, and the
difference in chemical potential within the two materials.'*" Debye
length in ion conductors depends inversely on the concentration of
charge carriers due to screening effects, and it is typically very small
(order of nm)'**'** given the high concentration of charge carriers
in good ion conductors. It is to be noted that in both examples,
Fig. 8A and B, we consider solely the majority lithium ionic carriers,
however, those are balanced also by minority electronic carriers (Ze.
in the ceramic phase) accordingly. This is rather relevant as it is
often the minority electronic carriers in any pure ceramic Li-ionic
system that define important properties such as reduction towards
lithium and ultimately critical current density.
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In attempting to explain highly conductive space charge
regions near the ceramic-polymer interface, Li et al. investi-
gated these regions experimentally and computationally with
Monte Carlo simulations, but with an inert polymer that did
not contain lithium salts as seen in Fig. 9A."*® Therefore, the
space charge region was only modeled in the lithium-
containing ceramic, LLZO. They found that the ion concen-
tration only varied by a maximum of 70% and only within 5 nm
of the interface, as seen in Fig. 9B."*® They argue that the space
charge layer model, when combined with a random resistor
model, shows good agreement with their experimental
results.*®**®> However, this 70% increase of Li-ion concen-
tration within a few nanometers is unlikely to account for the
orders of magnitude increase in Li ion conductivity seen in
other studies.””*°

Alternatively, Brogioli et al. attempted to understand why the
interface is highly resistive and investigated the variation in
concentration of Li-ion that may be created in both phases with
the consideration of a stern, or core, layer between the two
materials."*® They calculated that the PEO phase could have
nearly two orders of magnitude decrease in concentration of Li-
ion while the LLZO only changed by approximately two fold
increase or decrease, though both varied with the applied
potential. Additionally, based on the values provided in this
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work, we calculated that the width of the effected region as
approximated by the Debye length, would be 2 nm or less for
each phase.’”® While these two studies had very different
assumptions, the space charge regions associated with their
samples had similar orders of magnitude in length scales and
charge carrier concentration. Ultimately, Brogioli et al. deter-
mined that the resistivity originates from the activation energy
required to move across the core of the interface directly
between the two phases, as the interfacial resistance cannot
be accounted for by the space charge layers created. This is
shown in Fig. 9D through comparison of their experimental
data and computational data which includes consideration of
space charge regions and computational data that does not
consider space charge regions. Both of these studies show fairly
minimal effects of the space charge regions as they are thin and
the maximum variation shown is twofold in the LLZO. In either
case, the minimal effects seen indicate that space charge
regions do not explain the high Li ion conductivities seen in
composite electrolytes.

Lastly, Bonilla et al. studied ion redistribution computation-
ally using molecular dynamics and Monte Carlo simulations.
They found that the lithium cations and oxygen anions form an
amorphous layer on the surface of the garnet.'*” On either side
of this interface layer with trapped charges, there is a depletion
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(A) Illustration of the possible conduction pathway through the space charge region in dispersed LLZO particles, as reproduced with permission

from ref. 125. (B) Plot of computationally determined this vacancy concentrations as a function of distance from the interface at three different time
scales, also reproduced with permission from ref. 125. (C) Illustration of charge carrier concentration at the interface of LLZO as illustrated by Brogioli
et al. (D) Experimental data (shown in blue) as compared to computational data of the interfacial resistance between LLZO and PEO/LIClO4 with and
without consideration of space charge regions.??® Both (C) and (D) are reproduced with permission from ref. 126.
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of lithium ions, similar to that shown in Fig. 8B. Surprisingly,
they additionally concluded that lithium in the polymer trans-
fers into the garnet while no lithium transfers from the garnet
into the polymer. This is contrary to the chemical concentration
of Li in both phases. The authors state that this indicates a large
energy barrier for diffusion from the ceramic to the polymer and
requires further study. Because no explanation is given for this
asymmetry and the authors state that it requires further study,
this evidence for lithium diffusion into ceramic should be con-
sidered preliminary. They did not provide diffusion constant in
this amorphous layer on the surface of the garnet, but still
concluded that there was reduced diffusion along the interface
largely due to the rigidity of the polymer in this layer.

Based on these three studies summarized above, we find no
evidence that the presence of space charge layers increases the
ionic conductivity along the surface of ceramic or the polymer
sufficiently to account for the ionic conductivity of composites.
Alternatively, we will present the potential for charge redistri-
bution effects in the polymer more thoroughly in the next
section.

3.2. Li-ion conductivity of the polymer-salt matrices increases
with proximity to the ceramic fillers

Despite the fact that polymers have significantly lower ionic
conductivity, several groups have hypothesized that the poly-
mer is the primary phase being affected in the composite,
becoming the primary conduction pathway when put into the
composite.***13>9219 Therefore, whether the polymer is the
predominant conduction path hinges on how it is impacted by
the presence of the ceramic phase, and whether it increases
conductivity sufficiently to become the most significant
conduction path.

3.2.1. Arguments for the polymer being the primary con-
duction pathway. In order for the polymer to be the primary
conduction pathway, the polymer must have an altered local
structure or chemistry to allow for an order of magnitude or
more increase in its Li-ion conductivity. Therefore, most argu-
ments for the polymer being the primary conduction mechanism
are through evidence of the polymer’s modified structure or
chemistry. However, a few nuclear magnetic resonance (NMR)
studies by the group of Hu and coworkers have shown direct
evidence of primary conduction through the polymer.'%18129
These NMR studies utilized the °Li and "Li isotopes and detected
their exchange between the Li metal and the composite solid
electrolyte.’*® They fabricated composite electrolytes which con-
tained primarily “Li and utilized a symmetric cell with electrodes
which primarily contained °Li. They can identify relatively weak
°Li NMR peaks for the polymer, ceramic, and interface before
cycling (as the electrolyte predominantly contains “Li). During
cycling, °Li moves into the electrolyte, replacing the ’Li, pre-
dominantly in the phase that is the primary conduction pathway.
Whichever portion of the composite electrolyte showed the
largest increase in °Li signal was the primary conduction path,
as seen in Fig. 8A. They performed an investigation of 5-20 um
dispersed LLZO nanoparticles in PEO/LiTFSI and investigated 5,
20, and 50 wt% LLZO."*® They concluded that with 20 wt% LLZO

This journal is © The Royal Society of Chemistry 2025
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conduction through the polymer dominated, but at 50 wt% LLZO,
the conduction through the ceramic dominated (Fig. 10B).
However, the conductivity for the 20 wt% LLZO samples was
roughly 50% higher than the 50 wt% LLZO samples. Hu et al.
explained this decrease by saying that this ceramic blocked
conduction through the polymer, which is ultimately the more
critical conduction pathway. Therefore at some medium concen-
tration of the ceramic phase in polymer, the percolating ceramic
conduction pathway may be less effective, while blocking the
polymer conduction pathways that existed at lower concentrations
of ceramic. In another study performed by the same research
group, the same NMR experimental procedure was performed on
a PAN-LiClO, matrix with only 5 wt% dispersed LLZO nanowires.
The LLZO created a modified interfacial polymer structure, as
seen by a new °Li NMR peak appearing in the composite—com-
pared with the polymer and ceramic alone—in close proximity to
the existing polymer peak. The authors concluded based on these
NMR studies that the Li-ions were primarily conducted through
this modified polymer structure.'”® The LLZO wire-polymer com-
posites were compared to composites with ~25 nm LLZO parti-
cles and with Al,O; nanowires, and exhibited higher conductivity
than either reference. The improvement by nanowires of LLZO
over the LLZO particles in the composite was explained by a more
connected network of the modified polymer layer. The improve-
ment over inert Al,O; wires was thought to be due to increased
Lewis acid-base effects from LLZO as compared to Al,Os
although the acid-base effects of LLZO had not been thoroughly
investigated and quantified in the field. These compelling NMR
studies indicate that modified polymer structure is the crucial
pathway for Li ion conduction in composite electrolytes.

3.2.2. Increase of free charge carriers in polymer electro-
Iytes. Lewis acid-base effects at the ceramic-polymer interface
are a mechanism which may induce a higher Li-ion conductivity
in the polymer phase.”® It should be noted that while the
polymer field uses very different terminology for this phenom-
enon, this principle is similar to the space charge effects
discussed earlier: the Lewis acidic or basic groups on a surface
are trapped charges at the surface, that form an electric potential
and affect the concentration of charged species in the neighbor-
ing phases near the interface plane. In polymer electrolytes
which use lithium salts, the acidic or basic groups at the surface
of the ceramic can affect the dissolution of Li-ions from the
lithium salt in the polymer near the interface, and ultimately
affect the free Li ion concentration and conductivity. Generally,
in polymer salt matrices, the polymer chain is designed to have
atoms with varied electronegativity to help dissolve the lithium
salt so that the Li-ions are free to migrate along the polymer
chain. However, this is imperfect, and many of the ion pairs
remain associated. The theory of Lewis acid-base effects pro-
poses that charged surface groups can assist in the dissolution of
the lithium salt. As seen in Fig. 12A, acidic, or positively charged,
surface groups can attract the anion to the interface plane,
leaving the Li-cation to be a free charge carrier. Similarly, basic
surface groups can attract the Li-ion leaving the anion as a free
charge carrier which may increase conductivity, though reducing
the Li-ion transference number.'*
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Croce et al. described these effects for Al,O; in PEO:LiTFSI and
measured that by utilizing more acidic alumina they were able to
increase both ionic conductivity and Li transference number, as
shown in Fig. 11A and B respectively.”® Similarly, Wang et al.
illustrated this mechanism for Al,O; in a PAN/LiClO, matrix.'3>
Surface acid groups, such as protons on the Al,O; particles’
surface have great affinity for the anions, releasing the lithium
cations to be free ions, as we illustrated in Fig. 12A. On the other
hand surface basic groups, or the oxygen anions, have electro-
static attraction to the lithium cations, as illustrated in Fig. 12B.
Wang et al. theorized that during Li-ion conduction, these weak
bonds allow for Li to migrate along the surface of the filler
particles,"** but there is no quantification of the O-Li bonds
being weak at the interface. While these basic effects were
theorized to increase ionic conductivity, it is unlikely that such
a thin affected layer, just the very interface plane, would have a
substantial impact on the composite electrolyte ionic conductivity
unless this was many orders of magnitude more conducting than
the surrounding phases. Additionally, there is no reasoning or
quantification provided as to why the lithium ions on the surface
would be more mobile than those within the polymer. In contrast,
Croce et al. showed that composite electrolyte with basic Al,O3
particle surfaces had lower conductivity than neutral Al,O; parti-
cle surfaces, as seen in Fig. 12B, illustrating that basic surface
groups attracting lithium ions was not an effective transport
mechanism.”’

Surface chemistry of the ceramic can also affect the structure
of the surrounding polymer. As mentioned previously, polymer
chains used in polymer electrolytes, typically have a more
highly electronegative atom in the polymer chain in order to
assist in lithium salt dissolution. This electronegative atom,
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oxygen in the case of PEO in Fig. 12C, can be attracted to acidic
surface groups, creating anchor points of the polymer on the
surface of the ceramic and limiting the polymer’s ability to
rearrange. Croce et al. describes how these anchor points can
prevent polymer chains from rearranging, and but also creating
a more disordered polymer structure with more free volume
near the interface.”® While this could result in a more rigid
polymer chain at the interface, the increased disorder and free
volume could still result in higher Li ion conductivity.

Unfortunately, the Lewis acid-base theory for conducting
ceramic fillers has been less thoroughly described for other
metal oxide ceramics than for alumina specifically. However,
Sivaraj et al. hypothesizes that these effects are the mechanism
through which their PVDF-LiClO, matrix with dispersed LLTO
particles reached an ionic conductivity of 2 x 10°* § em >’
This study utilized density functional theory calculations to track
the changes in bonding in the polymer matrix with and without
LLTO, and to analyze infrared spectra. These calculations showed
that without the LLTO filler, the lithium ion remained bound to
the anions with a long Li-O bond within the lithium salt, meaning
lithium could not conduct freely. In contrast, with the addition
of LLTO to the electrolyte, a PVDF, LLTO, and ClO, cluster is
formed around a central La and created free lithium cations, which
consequently improved lithium mobility.”” Yang et al briefly
speculates as to the Lewis acid-base effects of LLZO. LLZO is
typically doped with Al or Ta in order to have high lithium vacancy
concentrations and to phase stabilize the high ionic conducting
polymorphs. As pointed out by Yang et al., these negatively charged
vacancy sites could act as strong Lewis base centers."*

With consideration of these two studies, we speculate about
several possible mechanisms for Lewis acid-base effects to

This journal is © The Royal Society of Chemistry 2025
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impact polymer conductivity. We have utilized LLZO ceramics
as an example for this structure but the general theory can
translate to many active fillers. Possible acidic groups in this
structure are Li', La®", Zr**, and O vacancies (with positive
charge), which could affect both the polymer structure through
anchoring and could bind to anions and dissociate Li ions in
the polymer. On the other hand, possible basic groups would
include O*> ions and Li" vacancies (with negative charge).
Generally, we can theorize that the charged defects would have
higher partial charges and therefore more appreciable effects in
the polymer’s conductivity.

However, we know that these ions with varied binding
strengths within the LLZO structure would likely have varied
effects on the surface, which are yet to be quantified.”** Based
on this understanding, the high defect concentration in
lithium ion conductors would produce either highly acidic or
basic surfaces which would more significantly impact the ionic
conductivity, perhaps explaining higher conductivity with
active fillers rather than inert fillers seen in a few individual
studies. However, these speculations require quantification for
any conclusions to be made. We must also note that this
remains a simplified picture as LLZO readily forms carbonates
on its surface, so these possible charged defects in LLZO may
not truly be in contact with the polymer.

Several studies have provided data to approximate the
thickness and the ionic conductivity of the modified polymer
layer as a result of Lewis effects. Zhang et al. fabricated an Al,O;
pellet with 500 nm columnar holes which were filled with
polymer electrolyte.®®**"%> They assumed a region of modified
polymer near the edges of each column with a thickness that
decreases with increasing temperature, following the Vogel-
Tammann-Fulcher model, which is used to describe a viscous
liquid’s behavior with temperature and is similarly used to
characterize a polymer’s Li ionic conductivity above the glass
transition temperature. Non-linear fitting of conductivity’s
dependence on temperature was applied and no statistics were
provided on the accuracy of this fit. The extracted thickness of
the modified layer thickness is approximately 5 nm with little
dependence on temperature, and the ionic conductivity of this
layer is 5 x 107 S em ™", two orders of magnitude higher than
the bulk polymer electrolyte alone. In addition to this estimate,
we have done calculations of the Debye length for PEO:LiClO,
polymer electrolytes with the relative dielectric constant of
20 and charge carrier concentration of 0.001 mol cm >, resulting
in a Debye length on the order of 0.2 nm.”"'** Therefore, we
conclude that Lewis acid-base effects likely occur on nanometer
or smaller scales, which means they are likely not the dominant
reason in altering the polymer matrix conductivity in the
composites.

3.2.3. Structural changes in polymer electrolyte. Most poly-
mer electrolytes contain both amorphous and crystalline regions,
with the amorphous region typically dominating ion conduction.
As the polymer chains move within the free volume, the coordina-
tion around a dissolved ion changes as it migrates in the presence
of an electric field."*® Therefore, a change in the polymer structure
or chemistry that allows for increased polymer chain mobility or
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increased number of free charge carriers can increase the Li-ion
conductivity substantially.

Two types of changes can take place in the polymer structure
when in composite or contact with a ceramic, and increase
the conductivity in the polymer. These are the decrease of the
overall crystallinity of the polymer, and increase of its free
volume.’>'%° Here, three possible mechanisms have been dis-
cussed for such changes in structure of the polymer: (i) parti-
cles may disrupt the packing of the polymers, thus increasing
the free volume and decreasing crystallinity, (ii) the presence of
particles may block polymer chain rearrangement and there-
fore decrease the possibility for crystallization kinetically, and
(iii) the particles can form cross-linking centers which reduce
the packing of the chains, increasing free volume.’>"*” Perhaps
the largest piece of evidence to confirm the increase in ionic
conductivity of the polymer phase is that even when non-
conducting filler particles are added to the polymer matrix (as
discussed previously in Fig. 2B when comparing inert and
active filler), ionic conductivity increases as shown by Croce
et al. in 1998, who suggested that fillers kinetically inhibit
crystallization.”” The authors showed that activation energy did
not increase below the glass transition temperature when inert
fillers were added. Capuano et al. confirmed a similar
effect with conducting fillers as shown in Fig. 11C.>*> Lastly,
Mohapatra et al. also provided evidence of the reduction of
crystallization through differential scanning calorimetry.®® As
previously mentioned, Yang et al. performed an NMR study on
LLZO wire and PAN-LiClO, matrix composites in which they
observed a shifted PAN peak associated with a modified poly-
mer structure. They approximated the fraction of the modified
polymer volume to be 37% of the overall polymer.'°® From this
value and the overall ionic conductivity, we calculated the
thickness of this modified layer to be on the order of 70 nm
and have a Li-ion conductivity on the order of 10™* S cm ™", or 3
orders of magnitude higher than the bulk PAN electrolyte.
Because PAN is amorphous regardless of ceramic fillers, this
could not be associated with a shift from crystalline to amor-
phous. This length scale is comparable to the length scales of
polymer confinement studied through thin films or through
nano gratings. For example, Zhang et al. showed a complete
suppression of crystallinity in PEO:LiTFSI matrices in nano-
gratings of 110 nm,’* and Massa et al. showed non-linear
increases in crystal growth rate from in thin films increasing
from 10 to 1000 nm.”*'* Both of these studies represent
strong evidence that increased free volume and higher amor-
phous phase fractions in the polymers could be induced in the
composites and could substantially impact the ionic conduc-
tivity of a polymer-ceramic composite.

Polymer confinement effects have been seen in features on
the order of 10-100 nm, several orders of magnitude larger
than the relevant length scales for Lewis acid-base effects (0.2-
5 nm)."**"*®> Wang et al. attempts to fit data to calculate a
thickness and ionic conductivity.®® However, this study speci-
fied the thickness of the modified layer relative the radius of
the particle, although various particle sizes were not measured.
The thickness of the interfacial layer is calculated to be 1 to
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2 times the radius of the particle, meaning a thickness of
approximately 100 nm. This corresponds to an ionic conduc-
tivity of 2 x 107 S em ™", or two orders of magnitude higher
than the bulk nominal polymer. These length scales of struc-
tural effects seem reasonable as the radius of gyration of the
polymer, or the distance between the two ends of the polymer
chain, is typically on the order of 100 nm, if assuming an ideal
polymer, and crystallites in PEO are on the order of 100 um."*®
The thickness of both chemical and structural affects are likely
dependent on many particular factors—polymer crystallinity,
temperature, surface chemistry of fillers, and binding energies.
However, we can reasonably conclude that the structural effects
occur at much larger length scales compared to the Lewis
effects on the polymer, and therefore are more likely to have
appreciable effects on Li ion conductivity.

3.2.4. Limited arguments for reduced Li ion conductivity
in polymer. Some studies argue that the polymer near the
ceramic has in fact an even lower ionic conductivity compared
to the bulk polymer. A few studies using dispersed active fillers
have shown reduced conductivity in contrast to improved
conductivity.'®>"'*® These results are most prominent above
the melting temperature of 60 °C for PEO. First, Chen et al.
found that the addition of a lithium conducting ceramic
particles at 30 vol% in PEO:LiTFSI reduced conductivity
approximately three fold only measured above 60 °C and used
quasi-elastic neutron scattering to show a 60% decrease in
segmental motion."*® However, they also show reduced motion
with addition of lithium salts which contradicts other studies."*
Second, Zagorski et al. showed monotomically decreasing con-
ductivity when LLZO was added to PEO:LiTFSI 0 to 70 wt%."%
They claim that other studies simply do not have a high, state of
the art conductivity to begin with, and therefore a poor reference
artificially shows increased conductivity.

The argument of reduced polymer conductivities in compo-
sites have been supported by trilayer studies. Chen et al. and
Langer et al. both performed impedance on trilayer samples as
shown in Fig. 13.""%'*! They showed that the interfacial resis-
tance originated in the polymer near the interface by seeing the
dependence of conductivity on the plasticizer addition and
temperature. Dougnac et al. and Buvana et al., among others,
have theorized that fillers improve ionic conductivity by redu-
cing segmental motion and kinetically reducing packing, and
thus allowing more free volume in the final polymer. This
theory could rectify the reduced segmental motion seen in
neutron scattering, but does not clarify the large interfacial
resistance seen in the trilayer study.®**374>

3.3. Resolving the contradictions of a blocking or conductive
interface by considering interface layers

As presented in the preceding sections, there is contradiction
within literature over whether the polymer-ceramic interfaces
represent a highly resistive or highly conductive portion of
composite. The contradiction between these two arguments
may be resolved through an understanding of the various
effects—increased free-volume in the polymer, space charge
regions or Lewis acid base effects, core of the interface, and
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carbonates on some ceramics. Each of these effects impacts
different spatial regions at or near the interface as illustrated in
Fig. 14. Therefore, when measuring across the interface, the
most blocking layer has the dominant effect, as the various
layers act as resistors in series. Contrastingly, the most con-
ductive layer has the largest effect when measured along, or in

| Modified Polymer /aCore
Carbonate

Along Interface
Measured to be Highly Conductive

Across Interface
Measured to be Highly Resistive

R

carb Rcore RMP R

carb
is approximately equal R, ... is approximately equal
to the most conductive layer.

R

interface

to the most resistive layer.

Fig. 14 Illustration of various layers formed at the interfaces of polymer
and ceramic electrolytes and how the impact of these layers may vary with
conduction along or across such interface. We have assigned resistances
to three layers at the interface: carbonates on the ceramic surface Rearp.
the interface core R.ore, and the modified polymer Rup. When considering
conduction across this interface, these resistance are in series, while when
considering conduction along the interface, they are in parallel according
to the equivalent circuit model.
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parallel to, the interface. This way the interface could simulta-
neously have a blocking and a conductive effect in directions
both across and parallel to the interface, respectively.

Two effects could contribute directly between the two phases
that would exemplify this contrast in across versus along con-
figurations: an interfacial core and interfacial contact voids.
The interfacial core is a thin layer—approximated on the order of
0.5 to 2 nm depending on the materials—between two phases
which, due to these length scales, would require extremely high
conductivity to appreciably impact the overall conductivity of a
composite.'**'*® However, as concluded by Brogioli et al., this
layer can be a source of high resistance across the interface
(rather than due to space charge layers)."*® Similarly, interfacial
voids or gaps at the interface can decrease the interfacial contact
region and therefore increase interfacial resistance, but may
have little impact on the efficiency of the ion conduction path-
ways parallel to the interface."*?

While limited computational studies have been done to
model these dispersed particle systems—to our knowledge only
two have modeled these systems of dispersed particles with a
single interfacial layer, one of which is shown in Fig. 15.'** We
have illustrated in Fig. 14 that considering this complex interface
as a single layer is inaccurate. The “interface” has several distinct
regions either in the ceramic or polymer portion, or directly in
between, and considering these distinct regions complementarily
in a combined model can resolve contradictions in the field.

4. Conclusions

With increasing needs for high energy and power density
batteries in transportation, the grid, and portable devices, there
is a growing need for scalable and high performance solid Li-
ion conductors. Composite electrolytes made of ceramic and
polymer materials offer the possibility for leveraging both good
mechanical properties and high ionic conductivity, but the
interactions of the two phases and the resulting effects on Li-
ion conductivity are not well understood. In this article, we
have critically reviewed how the ceramic and polymer phases
could be impacted in such composites as a function of the type
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of ceramic filler phase, including whether they are inactive (not
lithium containing) or active (lithium containing), their struc-
ture and characteristic size scale.

On a field wide scale, the conductivities obtained in compo-
sites that have active ceramic fillers or inert fillers have a wide
distribution, and do not differ statistically significantly from
each other. There has also been no chemical or structural
variation identified in the ceramic phase of a composite that
would increase its ionic conductivity. These two observations
point to the importance of the polymer phase in conduction
rather than the ceramic filler. We also observe that the space
charge regions and interfacial cores are unlikely to significantly
increase ionic conductivity of the composite. As a result, we
analyze that the most likely mechanisms at play for the
improved Li-ion conductivity in ceramic-polymer composite
electrolytes arise from structural confinement effects that
reduce crystallinity and increase free volume in the polymer.

In addition to the challenges required to understand ion
conduction, extensive work is still required to effectively imple-
ment these materials into full battery setups. A primary concern
in the field of solid state batteries is the suppression of lithium
dendrite growth. While the high shear modulus of the ceramic
have been shown to allow some suppression of dendrites,
polymers flexibility can assist in maintaining good contact.
Several studies have shown improved cyclability of composites
over polymer alone, leading to theories that the ceramic pro-
vides support to the polymer electrolyte.”® Several studies have
therefore considered layered systems to provide this support
with good electrode contact and placing stable materials
against each electrode.”® However, such a layered system often
introduces more resistive layers and interfaces. Therefore, more
optimization is needed to consider how thin these materials
can effectively be and how contact of a particular phase against
the electrode—whether in a full layer or some nanoparticles in
contact with the electrode—impacts the final performance of
the battery. Electrode material amount will also require opti-
mization for maximal energy density.

While both polymer and ceramic electrolytes are thriving
fields individually, composites of these two phases present an
even more fertile ground for exploration, however require more
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work to understand the governing mechanisms of ion conduc-
tion. The areas of research to consider in the future of this field
include the following:

(1) Studies of composite materials should provide ionic
conductivity and transference number measurements of each
phase individually, as consistently-made reference samples in
the same investigation.

(2) Controlling the polymer structure (crystallinity, density,
free volume) in simplified geometries can help to reveal the role
of the interface more clearly. The current composite electrolytes
present a microstructure that makes it difficult to deconvolute
the effect on structure and the effect on chemistry unequivo-
cally. This may include advanced neutron scattering and X-ray
scattering techniques to reveal more about the amorphous
structure.

(3) More analysis of the very surface chemistry of ceramic
fillers is needed to understand how they may impact polymer
chemistry and structure differently than inert fillers. Control-
ling and understanding the role of surface chemistry, such as
surface acidity, carbonate formation and degree of lithiation, as
well as surface microstructure, without affecting the bulk ion
conductivity, is crucial for determining the nature of these
interfaces and how they impact the polymer phase.

(4) Multi-scale simulations, hand-in-hand with interface and
near-interface sensitive analytical tools, are needed to help
resolve the governing mechanisms arising from charge redis-
tribution or structural changes, in both the polymer and the
ceramic side of the interface. We have additionally discussed
works by Bonilla et al. and Li et al. to simulate lithium ion
movement at nanoscales using molecular dynamics and Monte
Carlo simulations but more work is needed in this area.">>"'*”

(5) In addition to conductivity studies, more study is needed
to understand how these electrolytes would function in a
battery. Particularly in how the structure—nanoparticles, nano-
wires, or more complex structures—impact the electrochemical
stability window in terms of interfacial reactions with electro-
des or dendrite growth through the electrolyte. By implement-
ing more composites into full battery systems and working to
optimize these systems, we can understand other limitations of
these systems.

Once the governing mechanisms are quantitatively under-
stood, the field can leverage those physical principles to optimize
the composite electrolyte’s Li-ion conductivity, electrochemical
stability, and mechanical properties, and advance the develop-
ment of solid state electrolytes for batteries in wide-ranging
technologies.
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