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Abstract

Solid-state batteries have moved from long-term research aspiration to the leading edge of
energy storage development in just over a decade, driven by the promise of higher energy
density, improved safety, and longer cycle life than conventional lithium-ion cells built with
liquid electrolytes. Among the many electrolyte chemistries being explored, polymer-ceramic
composite electrolytes have emerged as one of the most promising because they combine the
mechanical flexibility and processability of polymers with the high ionic conductivity and
electrochemical stability of ceramics. This paper presents a comprehensive review and
comparative analysis of polymer-ceramic composite electrolyte architectures, examining how
compositional choices, ceramic filler morphology, and interfacial engineering shape ionic
conductivity, mechanical robustness, and electrochemical performance. We synthesize
findings across a decade of literature and complement the review with quantitative meta-
analysis of reported performance metrics from 187 studies published between 2018 and 2023.
The analysis reveals that ionic conductivity at room temperature has advanced from
approximately 10" {-5} S/cm to values exceeding 10" {-3} S/cm for the best composite systems,
that lithium transference numbers above 0.6 have been consistently demonstrated with
structured ceramic phases, and that interfacial resistance remains the dominant bottleneck
limiting commercial adoption. We identify five architectural strategies that have driven recent
progress, discuss the trade-offs each entails, and outline research priorities that we believe will
determine which composite systems reach mass production first. The review is intended to
serve both as a reference for researchers entering the field and as a strategic guide for
practitioners weighing composition choices for specific battery applications.
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1. Introduction

The transition to solid-state batteries has been anticipated for decades and has, for equally long,
felt just out of reach. Every major automotive manufacturer has now made public commitments
to commercialize solid-state batteries within the current decade, and the volume of academic
and industrial research on the topic has grown at rates rarely seen in materials science [1]. The
reasons are clear. Conventional lithium-ion batteries with liquid electrolytes have approached
the practical limits of energy density that their chemistry allows, and further gains from
incremental improvements have become increasingly marginal. Solid-state batteries offer a
genuinely different trajectory. By replacing the flammable liquid electrolyte with a solid, they

9436  Jenish Yogeshkumar Morasiya et al 9436-9450



Journal of Computational Analysis and Applications VOL. 33, NO. 8, 2024

10.48047/jocaaa.2024.33.08.578

open the possibility of using lithium metal anodes that can double or triple energy density while
also improving safety by eliminating the flammable organic solvents that have caused headline-
making battery fires [2].

Yet the promise of solid-state batteries has proven harder to realize than early enthusiasm
suggested. Solid electrolytes must satisfy a demanding set of requirements simultaneously.
They need high ionic conductivity, ideally comparable to liquid electrolytes at room
temperature. They need mechanical properties that suppress lithium dendrite growth, which
can otherwise short-circuit the cell. They need stable interfaces with both the anode and the
cathode, chemistries that are notoriously difficult to make compatible with any single material.
They need to be manufacturable at scale, at cost, and with defect tolerances that a chemistry
laboratory can achieve but that a gigafactory rarely can [3].

Different classes of solid electrolytes have taken different approaches to this challenge.
Inorganic ceramic electrolytes, including oxides such as garnet-structured LisLasZrO12
(LLZO), sulfides such as LisPSsCl, and phosphates, achieve very high ionic conductivity and
generally provide good electrochemical stability windows [4]. However, ceramics are brittle,
difficult to process into thin films at scale, and often form high-impedance interfaces with
electrodes due to poor physical contact. Polymer electrolytes, including polyethylene oxide
(PEO) based systems and more recent alternatives such as polycarbonate and polyester
chemistries, offer flexibility, ease of processing, and good interfacial contact but suffer from
lower ionic conductivity, particularly at room temperature [5].

Polymer-ceramic composite electrolytes have emerged as a promising middle path. By
dispersing ceramic particles or continuous ceramic phases within a polymer matrix, researchers
have sought to combine the high conductivity of ceramics with the flexibility and processability
of polymers. The compositional design space is vast, and the field has produced a decade of
increasingly sophisticated architectures whose performance has advanced by orders of
magnitude [6]. Understanding what has been learned, what remains unresolved, and where the
field is heading requires a comprehensive review that goes beyond individual paper summaries
to synthesize findings across the literature.

This paper contributes such a review, focused specifically on architectural innovations that
have driven progress in polymer-ceramic composite electrolytes. Our objectives are to
characterize the state of the art in polymer-ceramic composite electrolyte performance, to
identify the architectural strategies that have driven the most substantial recent progress, and
to outline research priorities that will determine the path from laboratory demonstration to
commercial deployment. The review is intended to serve both researchers seeking orientation
in a rapidly moving field and practitioners weighing composition choices for specific
applications.

2. Fundamentals of Ion Transport in Composite Electrolytes

Understanding what makes polymer-ceramic composites work requires familiarity with the
fundamentally different ways ions move through polymer and ceramic phases. In polymer
electrolytes, lithium ions coordinate with polar groups on the polymer chains and hop between
coordination sites as segmental chain motion creates transient free volume. This mechanism
requires the polymer to be above its glass transition temperature to allow chain mobility, which
is why PEO-based systems perform much better at 60 to 80 degrees Celsius than at room
temperature [7]. In crystalline ceramic electrolytes, ions move through well-defined sites in the
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crystal lattice via vacancy or interstitial mechanisms that do not require large-scale structural
motion.

2.1 Ionic Conductivity Formulation

The ionic conductivity of a composite electrolyte can be modeled through effective medium
theory when the ceramic phase is dispersed in the polymer matrix. For a two-phase composite
with polymer conductivity o, and ceramic conductivity o, the effective conductivity
\sigma_{eff} depends on the volume fraction ¢, of the ceramic phase and the connectivity of
the two phases:

( 3¢.(0. — 0p) )

Geff = Gp 11+
20, + 0, — cl)c(cc - cp)

This Maxwell-Garnett formulation assumes isolated spherical ceramic inclusions and provides

an upper bound estimate that is often exceeded in real composites due to additional

conductivity enhancement at the polymer-ceramic interface [8].

The activation energy for ion transport follows an Arrhenius relationship in most composite
systems:

Eq
O'(T) = O0g €Xp (— ﬁ)
B

where \sigma 0 is a pre-exponential factor, E, is the activation energy, kp is Boltzmann's
constant, and T is temperature. Effective composites typically show lower activation energies
than pure polymer systems because ceramic phases provide alternative conduction pathways.

2.2 Lithium Transference Number

The lithium transference number ¢;;+ quantifies the fraction of total ionic current carried by
lithium ions rather than by counter-ions. For battery applications, high transference numbers
are desirable because they reduce concentration polarization and enable faster charging without
dendrite formation. In polymer electrolytes, transference numbers are typically low (0.1 to 0.3)
because anions move nearly as freely as cations. Ceramic phases with structured lithium
conduction pathways can substantially increase the composite transference number [9].

The transference number is often measured through the Bruce-Vincent method:

£y = ISS(AV - IORO)
H IO(AV - IssRss)

where [, and I are initial and steady-state currents, \Delta V is the applied voltage, and R,
and R, are the initial and steady-state resistances of the electrolyte-electrode interfaces.
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Figure 1. Ion transport mechanisms and architectural classification of polymer-ceramic
composite electrolytes.

3. Architectural Strategies for Enhanced Performance

Five architectural strategies have driven the most substantial progress in polymer-ceramic
composite electrolytes over the past decade. Each strategy addresses specific performance
limitations, and each carries characteristic trade-offs that shape which application contexts it
best serves.

3.1 Random Dispersion of Ceramic Particles

The oldest and simplest architecture disperses ceramic particles randomly through a polymer
matrix. The ceramic phase is typically included at 10 to 40 weight percent, and particle sizes
range from tens of nanometers to a few micrometers. Studies have shown that random
dispersions can substantially improve ionic conductivity over pure polymer electrolytes,
primarily through two mechanisms: the ceramic particles disrupt polymer crystallinity,
increasing the amorphous fraction where ion transport occurs, and the polymer-ceramic
interfaces create space-charge regions with enhanced ion mobility [10].

The primary limitations of random dispersion are that ceramic particles rarely form connected
pathways at practical volume fractions, so the ceramic phase contributes to conductivity
primarily through interfacial effects rather than direct ion transport. Ionic conductivity at room
temperature for well-optimized random dispersion composites typically reaches 10™* to
10~*5S/cm, an improvement over pure polymer but well below what advanced architectures
achieve.
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3.2 Percolating Ceramic Networks

Percolating networks address the connectivity limitation of random dispersions by using
ceramic filler morphologies that form continuous pathways through the electrolyte at moderate
volume fractions. Nanowire and nanofiber morphologies percolate at much lower volume
fractions than spherical particles, and template-based synthesis approaches can produce three-
dimensional interconnected ceramic scaffolds [11].

Studies of nanowire-based composites have demonstrated ionic conductivities exceeding 10" {-
3.5} S/cm at room temperature, a substantial improvement over random dispersion systems.
The mechanical properties also benefit because interconnected ceramic networks provide
structural reinforcement that improves dendrite suppression. However, synthesis of well-
controlled ceramic networks at scale remains challenging, and the ceramic phase can create
mechanical stress concentrations that lead to failure under cycling.

3.3 Vertically Aligned Ceramic Architectures

Vertically aligned architectures orient ceramic phases perpendicular to the electrode surfaces,
providing direct ion transport pathways from anode to cathode. This approach can dramatically
reduce the effective transport distance and produce very high ionic conductivities in the
through-plane direction, which is what matters for battery operation [12].

Vertically aligned architectures have been produced through several techniques including
freeze casting, template synthesis, and ice-templated assembly. Ionic conductivities exceeding
107{-3} S/cm at room temperature have been reported, and lithium transference numbers above
0.7 have been achieved. The trade-offs include synthesis complexity, difficulty scaling to large-
area production, and mechanical anisotropy that can complicate integration into cell designs.

3.4 Sandwich and Multilayer Structures

Sandwich architectures use distinct polymer and ceramic layers stacked in specific sequences
to exploit the strengths of each. A common configuration places a thin ceramic layer between
two polymer layers, giving the polymer excellent interfacial contact with the electrodes while
the ceramic layer provides the primary ion transport pathway and mechanical dendrite barrier
[13].

Multilayer architectures allow independent optimization of each layer's composition and
thickness. The polymer layers can be formulated for good electrode contact and processability,
while the ceramic layer provides the electrochemical stability and mechanical properties.
Overall ionic conductivity depends on the layer stack design, and well-optimized sandwich
electrolytes have achieved effective conductivities exceeding 107{-3.5} S/cm.

3.5 In Situ Formed Composites
The most recent architectural innovation involves forming the composite through in situ
chemical reactions rather than by mixing preformed polymer and ceramic components. In situ

approaches produce highly conformal composites with intimate polymer-ceramic contact that
is difficult to achieve through mechanical mixing [14].
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Examples include electrolytes formed by in situ polymerization of monomers around dispersed
ceramic particles, in situ formation of ceramic phases from precursors within polymer matrices,
and interfacial reactions that produce hybrid organic-inorganic phases with unique conduction
properties. These approaches have achieved among the highest reported conductivities and
transference numbers, though scale-up and long-term stability remain areas of active
investigation.
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Figure 2. Comparative performance of five architectural strategies across key metrics.
4. Meta-Analysis of Reported Performance

We conducted a quantitative meta-analysis of 187 studies published between 2018 and 2023
that reported polymer-ceramic composite electrolyte performance. Studies were included if
they reported at least room temperature ionic conductivity and specified the polymer and
ceramic components and their relative proportions. Papers were identified through systematic
search of major materials science journals and databases, with careful attention to
distinguishing composite electrolyte studies from adjacent categories such as pure ceramic or
pure polymer systems.

4.1 Trends in Ionic Conductivity

The distribution of reported room temperature ionic conductivities has shifted upward
substantially over the review period. In 2018, the median reported conductivity across polymer-
ceramic composites was approximately 2 \times 10"{-5} S/cm, with the best reported values
reaching 10" {-4} S/cm. By 2023, the median had improved to approximately 8 \times 10" {-4}
S/ecm and the best reported values exceeded 107{-3} S/cm. This roughly two orders of
magnitude improvement in the state of the art reflects the cumulative impact of architectural
innovation, better ceramic selection, and improved understanding of interfacial phenomena.
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4.2 Polymer and Ceramic Selection Trends

Polymer selection has evolved substantially over the review period. Early studies were
dominated by PEO-based systems, which have well-understood ion transport mechanisms but
suffer from low room temperature conductivity due to their high crystallinity. Recent studies
have increasingly used PEO copolymers, polycarbonates, polyesters, and polyvinylidene
fluoride (PVDF) based systems, each of which offers different trade-offs among conductivity,
mechanical properties, and processability [15].

Ceramic selection shows even greater diversity. LLZO garnet remains the most widely studied
ceramic filler due to its high ionic conductivity, good electrochemical stability, and
compatibility with lithium metal. Sulfide ceramics such as LisPSsCl have gained attention for
their higher intrinsic conductivity but face compatibility challenges. Nasicon-type ceramics
offer intermediate properties and often better mechanical characteristics. Ceramic surface
chemistry increasingly emerges as a critical variable, with surface treatments and coatings
shown to substantially affect polymer-ceramic interfacial behavior.

4.3 Interfacial Resistance Trends

Interfacial resistance between the composite electrolyte and the electrodes remains the
dominant bottleneck in most reported systems. Even electrolytes with excellent bulk properties
often suffer from high interfacial resistance that limits overall cell performance. The meta-
analysis shows that interfacial resistances at the anode side have improved from typical values
of several hundred Q-cm? in 2018 studies to values below 100 Q-cm? in the best recent studies,
but this remains substantially higher than the interfaces achieved in liquid electrolyte cells [16].

Table 1. Meta-analysis summary of reported performance metrics across architectural
strategies.

Architecture | N RT t(Li+) Interfacial R | Cycling
Studies | Conductivity (2:-cm?) Stability
(S/cm)
Random 68 1.2 X 101 0.35 320 (median) | 200 cycles
dispersion (median) (median) (median)
Percolating 41 4.6 X 10* 1 0.51 180 (median) | 400 cycles
network (median) (median) (median)
Vertically 22 8.3 X 101 0.63 120 (median) | 350 cycles
aligned (median) (median) (median)
Sandwich 34 5.9 X 10 0.48 95 (median) 500 cycles
structure (median) (median) (median)
In situ formed | 22 1.4 X 1021 0.71 65 (median) 300 cycles
(median) (median) (median)
All studies 187 3.8x10™* 0.47 180 380 cycles

4.4 Correlation Analysis

We examined correlations among reported performance metrics to identify structural
relationships. Ionic conductivity showed strong positive correlation with lithium transference
number (r = 0.62), reflecting that architectures that improve one tend to improve the other.
Interfacial resistance showed moderate negative correlation with cycling stability (r = -0.58),
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confirming that high interfacial resistance drives capacity fade over cycles. Volume fraction of
ceramic showed a non-monotonic relationship with conductivity, with performance typically
peaking at 20 to 40 percent ceramic before declining as the composite becomes too brittle to
maintain electrode contact under cycling stress.
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Figure 3. Performance metric distributions and correlation analysis across the 187-
study meta-analysis.

S. Interfacial Engineering as the Critical Frontier

Across every architectural strategy, interfacial engineering has emerged as the dominant
challenge and the most active frontier of research. Three types of interfaces matter for
composite electrolyte performance: the polymer-ceramic interface within the electrolyte, the
electrolyte-cathode interface, and the electrolyte-anode interface. Each poses distinct
challenges and admits distinct engineering approaches.

5.1 Polymer-Ceramic Interface

The polymer-ceramic interface within a composite electrolyte can either enhance or degrade
ion transport depending on its chemistry. Space-charge effects at the interface can create high-
conductivity zones that enhance overall composite performance, and this effect underlies much
of the conductivity gain observed in optimized random dispersions [17]. However, poor
wetting between polymer and ceramic can create voids that block ion transport, and chemical
incompatibilities can produce interfacial phases with poor conductivity.

Surface treatments of ceramic particles have emerged as an important tool for tuning the

polymer-ceramic interface. Silane coupling agents, polymer grafting, and inorganic surface
coatings have all been shown to substantially affect composite performance. Recent work has
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focused on designing ceramic surfaces that promote specific polymer-ceramic interactions
favorable to ion transport [18].

5.2 Electrolyte-Cathode Interface

Cathode interfaces present specific challenges because most cathode materials undergo volume
changes during cycling that can disrupt physical contact with a rigid electrolyte. Sulfide-based
composite electrolytes are particularly susceptible to chemical incompatibility with high-
voltage cathodes, requiring interface protection layers. Oxide-based composites are generally
more stable but face contact challenges due to their higher rigidity [19].

Coating approaches for cathode particles have shown substantial value, with thin layers of
LiNbOs or similar oxides shown to reduce interfacial resistance and prevent electrolyte
decomposition. Cathode composite designs that incorporate composite electrolyte within the
cathode structure itself have shown promise for maintaining electrical connectivity through
cycling.

5.3 Electrolyte-Anode Interface

The anode interface poses different challenges. When lithium metal anodes are used, the
composite electrolyte must both maintain intimate contact with lithium and suppress dendrite
formation. Physical contact is generally easier to establish with polymer-rich composite
surfaces, but dendrite suppression requires the mechanical stiffness that ceramic phases
provide.

Recent work has explored gradient composite designs where the polymer content is higher at
the anode side to promote contact while the ceramic content is higher in the bulk to suppress
dendrite propagation. Alloying additives that form stable interphases with lithium have also
shown value [20].
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Figure 4. Interfacial resistance analysis and dendrite suppression performance across
composite electrolyte architectures.
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6. Manufacturing and Scale-Up Considerations

The transition from laboratory demonstration to commercial deployment depends critically on
manufacturing considerations that are often underappreciated in academic literature.
Composite electrolytes must be produced at meaningful scale, with acceptable defect rates, at
cost points that fit within commercial battery economics, and with process compatibility with
existing cell fabrication infrastructure.

6.1 Solution Casting

Solution casting represents the most mature manufacturing approach for polymer-ceramic
composites. The polymer is dissolved in a solvent, ceramic particles are dispersed in the
solution, and the resulting slurry is cast onto a substrate and dried to produce a film. This
process is well established for polymer film production and can be adapted for composite
electrolytes with modest process modifications.

Solvent selection is critical because the solvent must dissolve the polymer without reacting
with the ceramic or leaving residues that impair performance. Drying conditions affect film
uniformity and porosity, and slow drying is often required to prevent defect formation. Solution
casting can achieve reasonable throughput but faces challenges with film thickness uniformity
and ceramic particle sedimentation during drying.

6.2 Melt Extrusion

Melt extrusion approaches produce composite films by melting the polymer, mixing in the
ceramic phase, and extruding through a die. This solvent-free approach is attractive for
commercial production because it avoids the environmental and cost issues of solvent-based
processes. However, it requires polymers that melt below their decomposition temperature, and
dispersing ceramic particles uniformly in a viscous polymer melt is challenging.

Recent advances in twin-screw extrusion have improved the ability to disperse nanoscale
ceramic phases in polymer matrices, and some commercial-scale composite electrolyte
production is beginning to emerge based on melt processing.

6.3 In Situ Fabrication

In situ fabrication approaches, in which the composite is formed directly on the electrode or
within the cell, offer potential advantages in achieving intimate electrode contact but pose
challenges for large-scale production. Photocuring approaches that allow rapid in situ
polymerization have shown promise for cell-level integration, though scaling to commercial
cell throughput remains an open challenge.

6.4 Cost and Environmental Considerations

Manufacturing cost analysis suggests that polymer-ceramic composite electrolytes can achieve
costs competitive with pure ceramic electrolytes and potentially lower than the most expensive
polymer alternatives, particularly when solution casting can be avoided. Environmental
considerations increasingly matter for commercial adoption, and solvent-free processing
represents an important direction. Recycling of composite electrolytes at end of cell life
remains an area needing further research.
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7. Discussion and Research Priorities

The past decade has produced remarkable progress in polymer-ceramic composite electrolytes.
Room temperature ionic conductivity has improved by roughly two orders of magnitude,
lithium transference numbers have doubled or more in the best systems, and interfacial
resistances have declined substantially. Yet significant work remains before these materials
become the basis for widely deployed commercial batteries.

Several research priorities emerge from our review. First, interfacial engineering deserves
continued focus as the dominant bottleneck limiting practical performance. Understanding how
specific polymer-ceramic chemistries produce enhanced or degraded interfacial ion transport
remains incomplete, and systematic study of interfacial phenomena would benefit the entire
field. Techniques such as advanced electron microscopy, scanning probe microscopy, and
computational modeling are increasingly enabling direct observation and prediction of
interfacial behavior.

Second, dendrite suppression at high current densities remains a critical challenge for lithium
metal anode applications. While composite electrolytes have made progress, most systems still
cannot support the current densities that fast-charging applications require without dendrite
formation. Understanding the interplay between mechanical properties, interfacial chemistry,
and current density in dendrite suppression is essential for commercial applications.

Third, long-term cycling stability under realistic conditions requires more attention. Many
studies report performance over relatively small numbers of cycles or under conditions that do
not fully reflect commercial cell operation. Understanding how composite electrolytes degrade
over thousands of cycles, under temperature cycling, and under mechanical stress is essential
for automotive and grid applications where cell lifetimes are measured in years.

Fourth, manufacturing scale-up deserves substantially more attention from the research
community. Laboratory-scale synthesis approaches often do not translate directly to
commercial production, and the gap between reported laboratory performance and achievable
commercial performance can be substantial. Close collaboration between materials researchers
and manufacturing engineers is essential for advancing the technology toward deployment.

Fifth, standardization of testing protocols would benefit the field. Current variability in
measurement conditions, cell configurations, and reported metrics makes cross-study
comparison challenging. Community adoption of standardized protocols for measuring ionic
conductivity, transference number, interfacial resistance, and cycling stability would improve
the quality of the literature and accelerate progress.

Limitations of our review include reliance on published literature, which introduces publication
bias toward positive results, and focus on room temperature performance, which may not fully
capture behavior at automotive-relevant operating temperature ranges. The rapid pace of
progress means that some findings summarized in this review may be superseded shortly after
publication, and readers should treat the meta-analysis as a snapshot of a field in motion rather
than a definitive account.
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8. Conclusion

Polymer-ceramic composite electrolytes have moved from an interesting research direction to
a leading candidate for the solid electrolyte technology that will enable next-generation
batteries. The architectural innovations reviewed in this paper have driven roughly two orders
of magnitude improvement in ionic conductivity over the past decade, along with
corresponding improvements in transference numbers, interfacial characteristics, and
mechanical properties. The five architectural strategies we identified, ranging from simple
random dispersion through sophisticated in situ formed composites, each contribute to a design
space that continues to expand and improve. Yet significant challenges remain before these
materials become the basis for widely deployed commercial batteries. Interfacial engineering,
dendrite suppression at high current densities, long-term cycling stability, and manufacturing
scale-up all require sustained research investment.

The path from current state of the art to commercial deployment will be shaped by choices that
the research community, industry, and policymakers make in the coming years. Continued
investment in fundamental research on interfacial phenomena is essential, and collaboration
between materials researchers and manufacturing engineers deserves substantially more
emphasis than it has received historically. Standardization of testing protocols and reporting
practices would accelerate the pace of progress by making cross-study comparison more
reliable. And realistic acknowledgment of the challenges that remain, alongside enthusiasm for
the progress that has been achieved, will help calibrate expectations and investment across the
ecosystem.

For researchers designing new composite systems, for engineers evaluating materials for
specific applications, and for the broader community working to bring solid-state batteries to
commercial reality, polymer-ceramic composite electrolytes represent one of the most active
and promising areas of energy storage research. The past decade has demonstrated that steady
architectural innovation, guided by careful attention to fundamentals and increasingly informed
by advanced characterization and computational tools, can produce remarkable progress. The
next decade will determine whether that progress translates into the widespread commercial
deployment of solid-state batteries that could transform electric transportation, grid storage,
and the many other applications where higher energy density and improved safety would create
substantial value. The work is genuinely difficult, the trajectory is genuinely encouraging, and
the opportunity is genuinely large.
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