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Composite solid-state electrolytes (CSEs) with multiple phases offer greater flexibility to customize and

combine the advantages of single-phase electrolytes,

making them promising candidates for

commercial all-solid-state batteries (ASSBs). Based on existing investigations, this review provides a

comprehensive overview of the recent progress in CSEs. First, we introduce the historical development
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of solid-state ionic conductors, and then summarize the fundamentals including key materials and
mechanisms of lithium-ion transport. Three main types of advanced structures for CSEs are classified
and highlighted according to the recent progress, namely composite solid electrolytes with passive

fillers, composite solid electrolytes with active fillers, and 3D framework composite solid electrolytes.
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1. Introduction

Energy is the constant driving force for the sustainable advance-
ment of society. Electrochemical batteries are among the most
crucial devices for efficiently storing and delivering energy
enabling higher degree of mobility, electrification of transporta-
tion, and renewable energy development. The commercialization
of rechargeable lithium-ion batteries (LIBs) in the early 1990s
marked a significant milestone in the evolution of electroche-
mical energy storage devices. This innovation has revolutionized
modern lifestyles with the widespread adoption of LIBs in
portable electronics and electric vehicles. As the demand for
energy storage continues to surge, the focus of future battery
development will be on enhancing energy density and ensuring
safety." One key approach to achieving a high energy density cell
is to explore advanced electrode materials with high capacity and
a broad voltage range. Li metal stands out as a promising
candidate due to its ultra-high theoretical specific capacity
(3860 mA h g~', 10x times greater than that of graphite anodes
in LIBs (Fig. 1a)) and most negative electrochemical potential
(3.040 V compared to SHE),> which enables larger capacity and
operating voltage, ultimately leading to greater energy density in
batteries. Consequently, Li-metal batteries (LMBs) have the
potential to power electronic devices for extended periods while
remaining lightweight.® In traditional LIBs, non-aqueous solu-
tions are commonly used to move Li ions between the positive
and negative electrodes. The flammable and prone-to-leak
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Finally, the challenges and perspectives of the composite solid-state electrolytes are discussed.

nature of non-aqueous solutions poses a significant safety risk.
Substituting the liquid organic solution with a robust solid-state
electrolyte (SSE) offers a viable approach to enhancing LIB safety
(Fig. 1b).> Also, SSE allows for reducing thickness, potentially
boosting volumetric energy density and enabling use in flexible
and wearable devices.® Thus, the combination of Li-metal anode
with SSE in solid-state LMBs (SSLMBs) holds promise for high
energy density and robust safety features.”® Despite the promising
aspects, the path to commercializing SSLMBs encounters sub-
stantial hurdles.” Li-metal anodes were initially suggested in the
1960s but have been largely disregarded in commercial products
due to dendrite growth, extensive volume fluctuations, and the
strong chemical and electrochemical reactivity of Li metal. These
challenges lead to significant side reactions, safety issues, and
short lifespan of LMBs as depicted in Fig. 1c.'*™"

SSEs offer an attractive opportunity to achieve high-energy-
density and safe battery systems. These materials are in general
non-flammable and some of them may prevent the growth of Li
dendrites.”®'* There are two main categories of SSEs proposed
for application in Li metal batteries: polymer solid-state elec-
trolytes (PSEs)" and inorganic solid-state electrolytes (ISEs).'®
While both types have been extensively researched, each has its own
strengths and weaknesses. ISEs exhibit relatively high Li-ion con-
ductivity, electrochemical and thermal stability, as well as dendrite
suppression capabilities. However, their brittleness and poor inter-
facial compatibility with electrodes pose significant challenges."”*°
On the other hand, PSEs offer good mechanical flexibility and
interfacial compatibility with electrodes. This makes them suitable
for flexible battery applications. Nevertheless, polymer electrolytes
have lower ionic conductivity at room temperature, which is a major
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Fig. 1 Schematics of (a) conventional Li-ion battery (LIB) and (b) solid-state Li metal battery (SSLMB);> and (c) safety issues with Li-metal anodes in

conventional LIB.*°

drawback for their application.’”*! Composite solid-state electro-
lytes (CSEs) comprised of a polymer SE and a ceramic SE can
combine the benefits of both materials while mitigating their
drawbacks.”*?® By carefully controlling the composition and
employing an appropriate manufacturing process, these polymer—
ceramic composites have the potential to exhibit the desired proper-
ties and performance characteristics. These may include adequate
Li-ion conductivity at room temperature, optimal mechanical
strength, an expanded electrochemical stability window, enhanced
Li-ion transference efficiency, good interface interaction with elec-
trodes, and the potential to suppress dendrite formation.*® This
article provides an overview of composite solid-state electrolytes
commonly currently considered for utilization in all-solid-state
batteries (ASSBs). The evolution of solid-state electrolytes is dis-
cussed initially, followed by an examination of the characteristics
and drawbacks of individual solid-state electrolytes. Their limita-
tions are then addressed by switching to composite solid-state
electrolytes. Subsequent sections focus on cutting-edge strategies
designed to enhance the properties of CSEs in order to attain high
ionic conductivity, low interfacial resistance, and enhanced stability
towards electrodes for future applications in ASSBs.

2. Historical progress

Solid-state ionics (SSI) is a research area that covers a wide
range of disciplines, focusing on the fast movement of mobile

12 | Energy Adv., 2025, 4,11-36

ions, and mixed ions within solid materials, and examining their
physical and chemical characteristics. The term SSI was coined by
Takahashi in the 1970s;*” however, this phenomenon has been
recognized since the early 1800s when Michael Faraday uncovered
mass movement in Ag,S and PbF,.?® In the investigation of ionic
conductors, the achievement of enhanced Na' ion mobility in a
glass by Warburg and the initial Na* ion transference number
assessments by Warburg®® and Tegetmeier®® are noteworthy con-
tributions. In 1897, Walther Nernst made impactful advances by
formulating the Nernst equation and identifying ionic conduction
in aliovalent-doped zirconia.*" Utilizing his discoveries, Nernst
created the Nernst lamp employing yttria-stabilized zirconia (YSZ)
as the filament.>'**> Subsequently, more effective tungsten fila-
ment lamps superseded these. While Nernst identified the mass
transport in zirconia, he could not have comprehended the
structural particulars of the material and the mode of transport
until Wagner elucidated the fundamental mechanism of oxygen
ion conduction in doped ZrO, through oxygen concentration EMF
measurements in 1943.>>** Another significant milestone in SSI
was the revelation of the extraordinary characteristics of o-Agl by
Tubandt and Lorenz at Halle in 1914.%° In the 1930s, Tubandt
conducted experiments to analyze the ionic conductivity of
various metal halides utilizing novel techniques to assess both
ionic and electronic contributions to conductivity. Tubandt
employed specialized electrodes that permitted the passage of
mobile ions in and out of the sample, determining the overall

© 2025 The Author(s). Published by the Royal Society of Chemistry
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current flow through the sample through basic DC measure-
ments, thereby approximating the electronic component of total
conductivity. The transfer of ions in Agl was quantified by
monitoring changes in electrode masses, thereby elucidating the
ionic element of conductivity. Frenkel proposed two distinct
diffusion mechanisms through interstitials and vacancies in
1925, postulating the existence of point defects.’® The concept
of point defects was solidified in the 1920s and 1930s by Frenkel,
Walter Schottky, and Carl Wagner,*” accompanied by the devel-
opment of point-defect thermodynamics by Schottky and Wagner,
aiding in the comprehension of ionic and electronic transport
mechanisms in solids. In the 1950s, Wagner made significant
contributions, including the Hebb-Wagner direct-current polariza-
tion method, which employed a blocking electrode to differentiate
between ionic and electronic current carriers in predominantly
ionically conducting solids.*®*° This technique continues to be
utilized for assessing the ionic and electronic conductivity of diverse
solid electrolytes.**** Kiukkola and Wagner employed solid
electrolyte-based electrochemical sensors in 1957, conducting exten-
sive potentiometric measurements.** In the 1960s, solid silver ion
conducting materials such as Ag;SI;; and RbAg,I5s were introduced
and demonstrated for use in electrochemical cells by Takahashi and
Yamamoto, and by Argue and Owens, respectively.**® Takahashi
et al. synthesized a Cu” ion superconductor, Rb,Cu,4I;Cly3, exhibit-
ing the highest room temperature ionic conductivity (0.34 S cm ™)
ever recorded among solid electrolytes.”” In 1967, Yao and Kummer
made a ground-breaking discovery regarding the high ion mobility
present in alkali metal substituted B-alumina.*® Following this,
Kummer and Weber successfully utilized Na-B-alumina in Na-S
batteries.*® This initial discovery of B-alumina paved the way for the
creation of newer superionic conductors, such as gallates (where
Al is replaced by Ga) and ferrites (where Al is replaced by Fe).>*>!
Then, in 1976, Goodenough and Hong introduced a sodium super-
ionic conductor, now commonly referred to as NASICON.>> They
produced a compound with the formula Nay,,Zr,P; ,Si,O;,, with
0 < x < 3. Among these compounds, NazZr,PSi,O,, displayed the
highest conductivity, reaching 0.2 S em™" at 300 °C, comparable to
Na-B-alumina. Hong’s research also exemplified how ionic substitu-
tions in NASICON, integrating elements like Li, Ag, and K, led to the
synthesis of a wide array of compounds.™

With a keen focus on lithium-ion conductors, significant
attention has been placed on their development since the 1970s
due to the low ionic radii and weight of the Li* ion. Break-
throughs in the ionic conductivity of both single and polycrys-
talline lithium nitride were achieved in the late 1970s.>*
Notable advancements included the conductivity improvement
observed by integrating Al,O; into Lil, resulting in a conductiv-
ity 50 times higher than that of pure Lil.>* In 1980, Alan et al.
showcased the application of LiI as an electrolyte in cardiac
pacemakers, setting a new standard in medical technology.>®
Following this, Hong®” introduced another variant of lithium
superionic conductor known as LISICON, characterized by the
general formula Li;_5,M,(TO,)4, where M represents a divalent
cation (such as Mg>", Zn**) and T signifies a tetravalent cation
(such as Si**, Ge**), with x ranging from 0 to 4. In 2000, Kanno
et al. introduced thio-LISICON as a new lithium-ion conductor,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with Li; »5Geg25P0.75S, displaying the highest conductivity
within this series.”® Thangadurai et al.> further expanded on
these findings in 2003, reporting the lithium-ion conductivity
of garnet-type LisLazM,0,, (where M stands for Ta or Nb).
Of note is the inherent advantage of garnet-type electrolytes, as
they can directly interface with Li metal without causing any
damage. A different category of solid electrolytes known as
Li-rich anti-perovskite was introduced by Zhao and colleagues
in 2012.°° Within this category, Li;OCl, sBr, s demonstrated a
room temperature conductivity of 1.94 x 107> S cm ™. Over the
past few decades, significant strides have been made in identi-
fying and developing innovative solid electrolytes, especially for
advanced solid-state battery systems, fuel cells, and sensors, as
detailed in Fig. 2.

3. Single inorganic solid electrolytes
and polymer solid electrolytes

3.1. Inorganic solid electrolytes

Inorganic solid electrolytes include oxide, sulfide, and halogen
types, specifically, oxide-type including garnet solid electro-
Iytes, Li; AL Ti, »(PO4); (0 < x < 0.5) (NASICON) solid elec-
trolytes, perovskite solid electrolytes, anti-perovskite solid
electrolytes, and sulfide-type including thio-LISICON solid elec-
trolytes, Li;(GeP,S;, (LGPS) solid electrolytes, Lig 5,SiP; 44S11.7-
Cly 3 solid electrolytes and argyrodite solid electrolytes. Owing
to their high ionic conductivity, excellent mechanical proper-
ties, non-flammability and non-explosive safety, inorganic solid
electrolytes have attracted wide attention from researchers.
This part will introduce their structures and electrochemical
properties, as well as the advantages and disadvantages of these
electrolytes.

Garnet-type solid electrolyte Li;LazZr,O;, (LLZO) and its
derivatives is considered as the most promising oxide solid
electrolyte®™®* due to its high lithium-ion conductivity (10>~
10"* S em™ ') at room temperature, wide electrochemical stability
window, and good chemical stability with lithium metal. LLZO has
two crystalline structures, the cubic and tetragonal phases
(Fig. 32),%* of which the desired one is the cubic structure as its
ionic conductivity is about two orders of magnitude higher than
that of the tetragonal phase. To obtain the cubic phase, extreme
high sintering temperature is required in order to transition from
tetragonal phase to cubic phase.**® The sintering temperature of
cubic LLZO prepared by the traditional solid-state reaction method
needs to reach 1150-1230 °C.*® Although the sintering temperature
can be reduced by using spark plasma sintering,”” hot pressing
sintering,®® and other methods, it still needs a high temperature
above 1000 °C. Recently though a breakthrough low-temperature
crystallization approach was reported by the authors enabling
the synthesis of nanoscale cubic LLZO at only 600 °C via a
hydrothermal enabled method exhibiting good ionic conductivity,
electrochemical stability as well as improved relative density.®
In general, to obtain a stable LLZO cubic phase structure, elemental
doping (Ta, Al, Ga, Nb, and Mg, etc.) is recommended.”””" Element
doping can also improve the relative density of electrolyte.”

Energy Adv,, 2025, 4, 11-36 | 13
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Fig. 2 Historical development of solid electrolytes.

There are though some disadvantages of LLZO that cannot be
ignored, such as its chemical stability in water. At room
temperature, LLZO reacts with water to form LiOH, which
eventually reacts with CO, to form Li,COj;. Other than causing
contamination, this reaction process may also cause the trans-
formation of cubic phase to tetragonal phase, reducing the total
ionic conductivity.”>”* In addition, there are some interfacial side
reactions between LLZO and electrode materials. For example,
researchers seeking to obtain a tight interfacing between LLZO
and cathode applied high temperature co-sintering and pulsed
laser deposition giving rise to the formation of an interfacial
phase.”””® Thus, when LiCoO, thin films were deposited on LLZO
pellet by pulse deposition, a La,CoO, intermediate phase of about
50 nm thick was formed at the interface between LLZO and
LiCoO, resulting in high interfacial resistance, hindering inter-
facial Li-ion transport.

The general formula of NASICON structure can be written
as LiM,(PO,)3, where M can be Ti, Ge, Zr, and other elements.
The NASICON skeleton includes PO, tetrahedra and MOg (M =
Ti, Ge, Zr) octahedra, forming a three-dimensional (3D) net-
work structure (Fig. 3b).*%° Li;,, Al Ti(Ge),_(PO4); prepared
by partial substitution of Ti*" or Ge*" with AI’** exhibits an
enhanced conductivity of 10 >-107% S em ™' at room tempera-
ture, which approaches that of liquid electrolyte.*® However,
the tetravalent (Ti*", Hf*") metal elements in the NASICON-type
solid electrolyte is reduced by lithium metal leading to the
distortion of the crystal structure, thus limiting its use in high
energy density lithium metal batteries.?”"*®

The perovskite solid electrolyte with formula Liz,La,/;; ,TiO3,
(0 < x < 0.16), it has the ABO; structure, where position A
represents Li and La with a total atomic occupancy less than 1
resulting in the existence of vacancies. In perovskite solid

14 | Energy Adv, 2025, 4, 11-36
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electrolytes, the Li-ion transport mechanism is the ion-vacancy
transition type, based on which the bulk ionic conductivity at
room temperature could reach as high as 107> S cm™".%° However,
the resistance of grain boundaries is much higher than the bulk
(grain), leading to very low total conductivity. There are two-types
of perovskite crystal structures, cubic phase and tetragonal phase
(Fig. 3c), among which the ionic conductivity of the cubic phase is
the higher one.””®" Moreover, due to Ti*" undergoing reduction
reaction with lithium metal, resulting in Ti*", their application in
advanced lithium metal batteries is severely limited.”*
Sulfide-type solid electrolytes exhibit higher ionic conductivity
compared to oxide-type solid electrolytes comparable to that
of liquid electrolytes, or even higher because of the larger ionic
radius and lower electronegativity of S~ compared to O*~, which
means less binding force for Li-ions and higher concentration of
free-moving Li-ions.”® Moreover, sulfide-type solid electrolytes
exhibit other advantages of good flexibility, processability, and
interfacial contact-ability with electrodes.”® Generally, the crystal
structures of sulfide-type solid electrolytes can be classified into
glassy, glass-ceramic, and crystalline-ceramic. Specifically, there is
no grain boundary impedance in glassy-type, and the structure is
isotropic, thereby Li-ion transport is easier exhibiting higher ionic
conductivity.”> Glass-ceramic type is obtained from glassy type via
high-temperature partial-crystallization, and it is fundamentally a
mixture of crystalline and amorphous phases. The glass-ceramic
type exhibits a higher ionic conductivity compared to glassy type
due to the Li-ion transport channels of ceramic crystalline phase.
There are three main types of crystalline-ceramic sulfide solid
electrolytes, namely Thio-LISICON type,”® sulfur-silver-germa-
nium ore type,”” and Li;oGeP,S;, type.”® Although sulfide-type
solid electrolytes exhibit high room temperature Li-ion conductivity,
they are highly hygroscopic and sensitive to air components making

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Cubic and tetragonal crystal structure of garnet solid electrolyte.®® (Reproduced with permission from The Royal Society of Chemistry, UK.) (b)
Schematic diagram of the crystal structure of NASICON-type solid electrolyte.”® (Reproduced with permission from the American Chemical Society.) (c)
LixLag.ss;TiOs (0.303 < x < 0.370) cubic phase and tetragonal phase crystal structure.8° (Reproduced with permission from Elsevier.) (d) Crystal

structures of B-LizPS4.8! (Reproduced with permission from Elsevier.) (e) Crystal structure of LGPS, one-dimensional view of LGPS and Lit transport
pathway.®? (Reproduced with permission from Nature Publishing Group.) (f) Structures and lithium-ion migration pathways of LisMClg (where M = Er, Y,
Ho, Yb) based on hexagonal close packed (hcp) anion framework.2® (Reproduced with permission from Nature Publishing Group.)

the synthesis process and preservation conditions challenging.
Notably, solid-state batteries enabled by sulfide-type solid electro-
lytes produce H,S gas during the cycle process, causing their
expansion, although additives could be used to inhibit the produc-
tion of H,S gas without solving the fundamental problem.”®'®
Moreover, sulfide solid electrolytes are not stable with lithium metal
and traditional oxide cathode materials. Thus, the sulfide electrolyte
Li3PS, (Fig. 3d) may be reduced by lithium metal into low lithium-
ion conductivity products, such as LizP or Li,S, that increase the
interface resistance, until a stable solid electrolyte interface (SEI)
layer forms.'”'° The SEI layer formed by the reaction of
Li;0GeP,S;, (crystal structure shown in Fig. 3e) with lithium metal,
contains not only LizP and Li,S but also Li-Ge alloy, which can act
as electron conductor. As a consequence, the interface characterized
by ion and electron conductivities is unstable, leading to SEI

© 2025 The Author(s). Published by the Royal Society of Chemistry

thickening and interface impedance increase with increased of
cycling.'® When a sulfide electrolyte and an oxide cathode (LiCoO,)
are assembled into a battery, compared with sulfide, oxide has
stronger binding ability to lithium ions, and lithium ions in sulfide
electrolyte are more likely to enter oxide cathode materials, which
leads to the decrease of lithium-ion concentration in electrolyte, and
ultimately leads to the decrease of battery capacity.'® Theoretical
calculations and experiments evaluated the electrochemical stability
windows of different types of sulfide electrolytes, and the results
showed that sulfide electrolytes have a narrow electrochemical
stability window.">'%

Recently, a novel inorganic solid electrolyte material called
lithium-rich anti-perovskite electrolyte has gained attention in
the scientific community. This material was initially identified
by Zhao et al.,'®” who noted that its conductivity can be as high

Energy Adv., 2025, 4, 11-36 | 15
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as 107> S cm ™! at room temperature. Comparatively, lithium-
rich anti-perovskite shares a similar crystal structure to the
traditional perovskite material ABOj3, except for the reversal of
cation and anion positions. The crystal structure of the anti-
perovskite form is denoted as Li;AB, where the A site is
occupied by an oxygen atom, and the B site is filled by a
halogen atom such as chlorine or bromine.'®® Specifically,
the anti-perovskite compound LizOCl features a cubic system
arrangement, with oxygen atoms situated centrally within
octahedral assemblies and lithium ions positioned at the
reserved vertices of these octahedra, culminating in a lithium-
rich configuration. This unique structure, characterized by a
significant number of vacancies, not only facilitates the trans-
portation of lithium ions but also lowers the activation energy
required for such processes (see Fig. 3f).'*°

Deng et al.'*° found that the use of Br to partially substitute
Cl in LizOCl for the synthesis of Li;OCj;_,Br, demonstrated
that the resulting anti-perovskite was easier to create and led to
an increase in ionic conductivity. In a similar study, Hood
et al.'* discovered that the substitution of Li,OHX (X = Cl, Br)
also resulted in an anti-perovskite structure. This compound
could be easily obtained by heating a mixture of LiOH and LiX
below 400 °C. The produced Li,OHX exhibited noticeable lattice
imperfections, along with high ionic conductivity and a low
activation energy. Additionally, Li,OHX exhibited stability
towards lithium metal, even at temperatures surpassing the
melting point of lithium metal.'** Despite previous research on
Li;OX and Li,OHX, Song et al."** demonstrated through experi-
mental and theoretical investigations, such as Bonn-Oppen-
heimer molecular dynamics simulations, that most of the
previously reported Li;OCl and Li;OBr compounds may actually
be Li,OHCI and Li,OHBr. It was revealed that the short OH™
groups in this anti-perovskite electrolyte rapidly formed Fren-
kel defects, creating additional space for the swift movement of
lithium ions. The presence of H was shown to enhance lithium-
ion conductivity.

The production process of inorganic solid electrolytes is
intricate, requiring high sintering temperatures and substan-
tial energy consumption. Furthermore, these electrolytes face
challenges such as difficult powder compression, high quality
standards, and the brittleness of the sintered electrolyte sheet.
During cycling, the battery volume expands due to the repeated
plating/stripping of lithium metal. The rigid structure of the
electrolyte sheet fails to alleviate this stress adequately, leading
to electrolyte ruptures and battery malfunctions. However, a
drawback of inorganic solid electrolytes is the considerable
interface impedance between the electrode and electrolyte,
hindering their widespread utilization.

3.2. Mechanism of Li-ion transport in inorganic solid
electrolytes

Ionic conductivity in crystalline solid materials is heavily influ-
enced by the defects present in the crystal structure, including
point defects, line defects, planar defects, volume defects, and
electron defects."'* Among these, point defects are particularly
important in the context of lithium-ion diffusion mechanisms.

16 | Energy Adv, 2025, 4, 11-36
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A diagram illustrating some common point defects is provided
in Fig. 4a.""® The two most notable point defects are the Frenkel
defect, which consists of an anion vacancy accompanied by a
cation interstitial, and the Schottky defect, which involves a
cation vacancy accompanied by an anion vacancy. Point defect-
based mechanisms can be categorized into vacancy (defect)
mechanisms and non-vacancy (non-defect) mechanisms. The
former includes simple vacancy mechanisms, while the latter
encompasses interstitial mechanisms, collective mechanisms,
and interstitial-substitutional exchange mechanisms."*® The
vacancy mechanism, illustrated in Fig. 4b, allows lithium ions
to move from their original position to an adjacent vacancy for
diffusion, involving minimal lattice strain and lower activation
energy barriers.'’” The concentration of vacancies within
the lattice plays a crucial role in transport kinetics, impacting
the pathways and energy barriers for lithium migration.''
Additionally, several other elements, such as the type of ions
close to the diffusion pathway and the arrangement and proxi-
mity of the nearby vacancies or doped cations—can influence the
energy barrier for lithium ion diffusion.'” For non-vacancy
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Fig. 4 Schematic diagram for mechanisms of Li ionic transport in active
inorganic region. (a) Some typical point defects in the inorganic solid
electrolyte.™ (Reproduced with permission from Elsevier.) (b) Vacancy
diffusion mechanism, (c) direct interstitial mechanism, (d) interstitial
knock-off mechanism, and (e) direct exchange and ring mechanism.*?*
(Reproduced with permission from IOP Publishing Ltd.)

' Matrix atom

. Interstitial atom

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00542b

Open Access Article. Published on 17 2024. Downloaded on 31/10/25 07:08:46.

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

(cc)

Energy Advances

mechanisms, an important example is the interstitial mecha-
nism, which encompasses both direct interstitial diffusion and
interstitial knock-off diffusion, illustrated in Fig. 4c and d,
respectively. In the direct interstitial mechanism, the interstitial
ion moves directly to a neighboring interstitial site. Typically,
interstitial atoms are much smaller than the matrix atoms,
leading to significant lattice strain during their migration. Con-
versely, indirect interstitial diffusion, often observed in lithium-
ion batteries, especially at high lithium ion concentrations,
involves the interstitial atom striking a matrix atom. The dis-
placed matrix atom then migrates to another nearby interstitial
site, as depicted in Fig. 4d. Here, the interstitial atom may be the
same size or similar to the matrix atom. This indirect interstitial
mechanism, also known as the knock-off mechanism or collective
mechanism, involves the simultaneous movement of at least two
atoms.''® Another interstitial mechanism is the interstitial sub-
stitutional exchange, also classified as a collective mechanism,
which can be further divided into direct exchange and ring
diffusion, as shown in Fig. 4e. In the former case, two atoms
simultaneously shift and exchange positions on the lattice, while
in the latter scenario, a cluster of atoms (consisting of three or
more) move collectively in a circular motion, shifting by one
atom’s length to new locations. Contrary to the vacancy mecha-
nism, the non-vacancy mechanism, also known as non-defect
diffusion, poses a greater challenge due to the elevated energy
barrier for migration. Like the diffusion processes observed in
inorganic crystalline electrolytes, the movement of lithium ions in
inorganic amorphous materials (commonly found in glasses)
involves transitioning from one local site to adjacent sites.'*>"*°
In addition to the framework and arrangement of ions, the
interaction between the structural framework and charge carriers
plays a significant role in facilitating the diffusion process. None-
theless, some inorganic solid electrolyte materials lack clear
classification as ceramics or glasses, necessitating further inves-
tigation into their lithium-ion diffusion mechanisms.

3.3. Polymer solid electrolytes

In the 1980s, Wright and colleagues made a pivotal discovery by
demonstrating that Li" ions could be transported through poly-
ethylene oxide (PEO)-based electrolytes combined with lithium
salts."** This transport involves a continual process of complexa-
tion and uncomplexation with the oxygen bonds in the PEO
chains, leading to the material becoming ion-conductive. This
breakthrough brought the concept of polymer electrolytes into
focus, offering a novel direction for developing solid electrolytes.
The mechanism through which lithium ions move in polymer
electrolytes involves the lithium ions hopping between coordina-
tion sites and the segmented movements of the polymer chains.
Consequently, the ion conductivity in these systems largely
depends on the quantity of free lithium ions and the mobility
of the polymer chains. To achieve polymer electrolytes with high
ionic conductivity, selecting appropriate polymers and lithium
salts is crucial. Polymers that possess high dielectric constants
and polar functional groups (such as C=0, -O-, -N-, -P-, and
-C=N) are particularly favorable because they facilitate the
dissociation of lithium salts, promoting their interaction with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polar groups, forming complexes that repeatedly complex and de-
complex along the polymer chains. Consequently, low lattice
energy lithium salts, which ionize readily, are chosen to maximize
the concentration of free lithium ions within the polymer
matrix."*® The capability of polymer chains to accommodate
lithium ion migration remarkably influences the ion transport
within the electrolyte, thereby impacting its overall electrochemical
performance. Factors such as the glass transition temperature and
the crystallinity of the polymer are critical in determining
the migratory ability of the polymer chains.”** These factors
fundamentally shape the efficiency of lithium-ion movement
and, thus, the performance of the polymer electrolyte. Li* is unable
to move freely below the T, threshold in the polymer system
(T, refers to the temperature at which chain segments become
mobile while the molecular chain remains static). In recent years,
various polymers have been explored as electrolytes alongside PEO,
such as polyacrylonitrile (PAN),"*® poly(vinylidene fluoride)
(PVDF),"*® polymethylmethacrylate,”> polyvinylchloride,’*® and
polycaprolactone.’* PEO electrolytes have been extensively studied
and are currently the most popular choice. PEO offers benefits of
eco-friendliness, affordability, flexible chain segments, and
enhanced lithium-ion transport capability. However, PEO’s draw-
backs include high room temperature crystallinity, low ionic
conductivity, and high viscosity impairing film formation, result-
ing in weak mechanical strength and restrictions on its usage. PAN
contains the cyano (-CN) group, an electron-withdrawing compo-
nent that readily interacts with lithium ions, facilitating their
movement by continually replacing active sites. This property
contributes to PAN’s high electrochemical stability, enhancing
lithium-ion conductivity, thermal resilience, and electrochemical
stability.*® PAN-based electrolytes exhibit exceptional high-voltage
stability, making them particularly well-suited for pairing with
high-voltage cathodes. Nevertheless, the compatibility of PAN with
lithium metal is limited due to instability issues. PVDF boasts
superior mechanical strength, dielectric properties, film-forming
characteristics, and resistance to high pressures, rendering it a
valuable polymer electrolyte option. The typical structures include
a, B, and y.**!

Compared to inorganic solid electrolytes, polymer electrolytes
offer greater flexibility and lighter weight, leading to decreased
interface impedance between the electrode and electrolyte. This
enhances battery energy density and commercial viability. None-
theless, polymer electrolytes suffer from drawbacks such as low
lithium-ion conductivity (10°-10"% S cm™") at room temperature,
subpar mechanical properties, inability to curb lithium dendrite
formation and expansion, inadequate thermal stability, narrow
electrochemical stability range, and incapacity to accommodate
high-voltage cathode materials, constraining their usability."**

In essence, inorganic solid and polymer electrolytes present
distinct advantages but face limitations that impede their real-
world application. Proposing a novel approach to create com-
posite electrolytes through a mix of different electrolyte types
offers potential solutions. Composite electrolytes leverage the
strengths of diverse electrolyte components and compensate
for individual shortcomings. Incorporating fillers in the com-
posite electrolyte can enhance mechanical properties, ionic

127

Energy Adv., 2025, 4, 1-36 | 17


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00542b

Open Access Article. Published on 17 2024. Downloaded on 31/10/25 07:08:46.

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

(cc)

Review

conductivity, and lithium-ion mobility; increase the electro-
chemical stability range; and fortify electrolyte thermal stability.
Furthermore, composite electrolytes address interface challenges
of inorganic solid electrolytes, boosting electrolyte-to-electrode
interaction. Additionally, the presence of inorganic solid electro-
lyte components in composite electrolytes as quick ion conductors
can aid ion migration and facilitate even ion dispersion at the
electrode-electrolyte interface, deterring lithium dendrite growth,
and ultimately boosting overall solid electrolyte performance.
Composite electrolytes with low weight have the potential to
create batteries with increased energy density, opening exciting
opportunities for the advancement of portable electronic devices,
electric cars, and off-grid renewable energy autonomy.

3.4. Mechanism of Li-ion transport in polymer solid
electrolytes

Organic (polymer) electrolytes are typically the matrix utilized in
CSSEs in most instances. Within the realm of polymer electrolyte
materials for lithium batteries, there are two primary categories:
gel polymer and dry polymer. The latter is specifically suitable
for ASSLBs and will be the primary focus of this discussion.
Generally, lithium salts (inclusive of Li* cations and anions) are
added into solid polymers containing sequential polar func-
tional groups (such as -O-, =0, -S-, -N-, -P-, -C—0, and
-C=N) to enhance the lithium ionic conductivities."*®* The
subsequent section will delve into the mechanisms of Li ion
transport within solid polymer electrolytes that are impregnated
with lithium salts, with a particular emphasis on the free-volume
model and ion conduction model."**

The primary locations for ion transport within solid polymer
electrolytes are the amorphous regions that lie above their
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respective glass transition temperatures (T,).">>'*® The free-
volume model and its associated theoretical extensions are
widely acknowledged means of elucidating the ion transport
mechanisms within these amorphous regions. Specifically, the
lithium ions find suitable coordination sites (such as -O- in
polyethylene oxide, -CN in polyacrylonitrile, and -NR in poly-
amide) along the polymer’s segmental chains. Additionally, the
polymer chains exhibit localized segmental movements akin to
a quasi-liquid state due to the presence of free volume around
them. This molecular framework allows for the Li" ion to
transition from one coordination site to another via the avail-
able free volume within a single chain or among disparate
chains under the influence of an electric field."**"*”

In addition to the ion transport mechanism predominantly
observed in amorphous regions, the model of ionic conduction
is applied in solid polymer crystalline phases. The Li* ion
transport in these phases is characterized by a lower depen-
dence on segmental motion and can be primarily described
using the Arrhenius equation. While it was previously believed
widely that ion transport kinetics in amorphous regions with
activated chain segments were significantly faster compared to
the crystalline phase,'*®"*° it has been proven that ion trans-
port in crystalline phases can be significant and is sometimes
even faster than in amorphous regions in an increasing num-
ber of instances. Z. Gadjourova and colleagues suggested that
the ionic conductivity of the crystalline phase in a static,
ordered environment might exceed that of the equivalent
amorphous phase above the T,.'*° As illustrated in Fig. 5, in
the crystalline phase of PEOg:LiXF, (X = P, As, and Sb), polymer
(PEO) chains pair up to create cylindrical tunnels where lithium
ions occupy coordination sites (-O- in PEO), while XFs~ anions

Fig. 5 Structure of a typical solid polymer electrolyte material (poly(ethylene oxide)s:LiAsFe). (a) View along the chain axis for the Li* transport pathway
and (b) view of the relative position of the chains and their conformation. (Blue, Li; white, As; pink, F; light and dark green are for C and O in chain 1; and

light and dark red are for C and O in chain 2, respectively.)36144 (
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are located externally and are not coordinated. Within this
arrangement, Li" ions can traverse along the tunnels through
neighboring coordination sites without relying on the segmental
motion of the polymer chains.'**'*° Building on this, Z. Stoeva
and co-workers, among others in the same research group,
theorized that the ionic conductivity could witness a boost by
1.5 to 2 orders of magnitude through further modifying these
stoichiometric crystalline complexes by replacing the XFg¢
ions.’*®™** In summary, the mechanisms of ion transport in
polymer electrolyte materials are influenced by various factors
like temperature, polymer type, molecular weight, polymer
structure, dissociation capability, and concentration of Li salt
in the polymers."**

The assessed properties of individual single SPEs and ISEs
reveal that they cannot independently provide adequate ionic
conductivity, mechanical strength, suitable electrode compat-
ibility, and efficient production (Fig. 6). Therefore, to reach the
performance requirements of ideal SSEs for use in ASSBs, the
most apparent solution is to combine two or more types
of electrolyte materials with complementary advantages to
construct composite solid-state electrolytes. Coupled electro-
lytes with appropriate rigid and flexible components can ensure
good electrode wettability for low interfacial impedance, ade-
quate Li-ion conductivity, and good mechanical strength to
enable robust ASSLB fabrication.

4. Composite solid-state electrolytes

Generally, in an ASSLB with a composite solid-state solid
electrolyte (CSE), the CSE is sandwiched between the cathode
and anode, playing a crucial role in the electrochemical
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performance and stability of the battery during long-term
operation. The performance requirements include high ionic
conductivity, appreciable Li" transference number, good elec-
trochemical stability, excellent chemical and thermal stability,
and desirable mechanical strength and flexibility. Three main
types of CSEs and their performance are discussed below.

4.1. Composite solid electrolytes with passive fillers

Extensive exploration into polymer electrolytes has revealed
drawbacks such as limited practicality due to low lithium-ion
conductivity, subpar mechanical properties, and a narrow
electrochemical stability window. The addition of a specified
quantity of inert inorganic filler to a polymer matrix has shown
to enhance the amorphous phase ratio of the polymer, reduce
the melting point (T1,) and glass transition temperature (T,) of
the polymer matrix, facilitate lithium-ion migration, improve
lithium-ion conductivity, and bolster the mechanical properties
and heat resistance of the electrolyte. In the 1980s, Weston
et al.'*® introduced ao-Al,O; filler into the polymer matrix
to produce composite solid electrolytes. The incorporation of
a-Al,O; particles into the PEO/LiClO, electrolyte matrix has
proven to significantly enhance the mechanical strength and
lithium-ion conductivity (107> S ecm™") of the solid composite
electrolyte. This enhancement can be attributed to the Lewis
acid-base interaction between the embedded inorganic filler
and the polymer, which diminishes the polymer’s crystallinity
and augments the lithium ion migration within the polymer
chain. While the introduction of inorganic fillers notably
elevates ionic conductivity, it important to note that both
anions and cations are present in the composite electrolyte.
The migration of cations and anions between the positive and
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negative electrodes under the influence of an electric field is
crucial for conductivity, with the lithium-ion transference number
serving as a key metric for evaluating lithium-ion transport in the
electrolyte. A higher lithium-ion transference number correlates
with a reduced concentration polarization on the electrode sur-
face, thus promoting interface stability between the electrode and
electrolyte. Moreover, a higher lithium-ion transference number
enables rapid charging. Xia et al.'*® utilized single-layered nano-
sheet of layered double hydroxide (SLN) in conjunction with a
composite of poly(vinylidene fluoride)-hexafluoropropylene and
lithium bis(trifluoromethanesulfonyl)imide (PVDF-HFP/LiTFSI).
The SLN, bearing a positive charge is a Lewis acid that shows
strong interaction with TFSI™ anions, thereby enhancing the
release of Li". Calculations based on density functional theory
demonstrate that the addition of SLN can effectively boost the
binding energy of Li and TFSI ions, facilitating the break-up of
LiTFSL In comparison to LiTFSI, SLN and TFSI exhibit lower
binding energy, which aids in the sequestration of TFSI", result-
ing in an improved lithium-ion migration within the polymer.
Incorporating 1 wt% SLN was found to yield the highest ionic
conductivity of 2.2 x 107* S em ™" at 25 °C, along with a lithium-
ion transference number of 0.78 and a wide electrochemical
stability window of approximately 4.9 V.

In a separate study, Chen et al.**” employed calcium-doped
cerium oxide (Ca-CeO,) to fabricate hollow nanotubes featuring
a high specific surface area. The composite of PEO/LITFSI was
found to enhance the contact area between the polymer and
Ca-CeO,, diminish the crystallinity of PEO, and bolster the
mechanical properties of the electrolyte. Ca-CeO, was revealed
to elevate the concentration of oxygen vacancies, establish a
positive potential region, and exhibit strong attraction towards
the anions in LiTFSI. The hollow structure and expansive specific
surface area provided ample reaction sites between the inorganic
components and lithium salts, thereby augmenting the lithium-
ion concentration. An ionic conductivity of 1.3 x 10™*S ecm™* and
a lithium-ion transference number of 0.453 were achieved at
60 °C. Notably, the size of the inert filler significantly impacts
the conductivity of solid composite electrolytes. Smaller particle
sizes translate to larger specific surface areas, facilitating
enhanced contact with the polymer and lithium salt, ultimately
leading to improved ionic conductivity and lithium-ion transfer-
ence number. Croce et al'*® incorporated nanoscale TiO, and
AL O; inert fillers (ranging from 5.8 to 13 nm) into the PEO/LiClO,
matrix electrolyte, leading to an improvement in lithium-ion
conductivity of the solid composite electrolyte by three orders of
magnitude and achieving a high average lithium-ion transference
number of 0.6 across various temperatures. However, due to the
thinness (and softness of the polymer matrix) of the composite
solid electrolyte membrane, it is prone to being punctured by
lithium dendrites, which presents a risk of short circuiting within
the battery. Additionally, uncontrolled growth of lithium den-
drites will continue consuming active electrode materials, which
results in irreversible capacity loss. The uniform dispersion of
fillers can evenly distribute stress, thus hampering the growth of
dendrites. Moreover, the fillers form a stable interface layer with
the electrode, enhancing the interface contact between the
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electrode and electrolyte, inhibiting dendrite formation, and
ensuring stable battery operation.

To achieve a more uniform filler distribution within solid
composite electrolytes, advanced preparation technologies have
also been employed in the manufacturing of these composite
electrolytes. Bao et al.'*® utilized vapor deposition technology to
fabricate a ZnO/PEO/LIiTFSI composite electrolyte with ZnO uni-
formly dispersed throughout by depositing ZnO quantum dots of
an average size of 4 nm within the PEO/LiTFSI matrix. The
chemical interaction between ZnO and PEO in the prepared
electrolyte results in ZnO binding with -CH,CH,O- to create a
Zn-O-C bond (refer to Fig. 7a), leading to a more effective
reduction in the T, and Ty, of the polymer, ultimately enhancing
the ionic conductivity of the composite electrolyte. The presence
of ZnO and lithium metal on the surface of the composite
electrolyte leads to the formation of a Li-Zn alloy, which signifi-
cantly enhances the stability of the interface between the electro-
Iyte and the electrode while decreasing the impedance at the
interface. In comparison to electrolytes prepared using physical
mixing and vapor deposition, the NCMS811/SPEs/Li battery
assembled with this electrolyte demonstrates greater initial dis-
charge capacity and cycle stability (Fig. 7b). The in situ formation
of the Li-Zn alloy at the interface also helps in suppressing the
formation of lithium dendrites. Wang et al.**° further elucidated
the mechanism by which lithium-rich alloys inhibit lithium
dendrites, employing both theoretical calculations and experi-
mental methods. The creation of a flexible protective lithium-
rich alloy layer on the lithium metal surface decreases the
diffusion barrier for lithium atoms, facilitating rapid movement
of lithium atoms across the alloy surface and subsequent diffu-
sion through the alloy layer. This process, in turn, reduces the
occurrence of detrimental interface side reactions. It is important
to highlight that not all lithium-rich alloys exhibit beneficial
effects, as alloys that simultaneously transport ions and electrons
can impede battery performance.

The introduction of an inorganic filler into the interfacial
reaction promotes the formation of an SEI film in situ between
the electrolyte and electrode interface. This SEI film plays a
crucial role in inhibiting the formation of lithium dendrites
and enhancing interfacial stability, contributing significantly to
the overall performance of the battery system. Sun et al'’
published a study focusing on enhancing the ionic conductivity
and manipulating interface properties of electrolytes through
the incorporation of inorganic fillers for conversion reactions. A
composite solid electrolyte, MoS,/PVDF-HFP/LiFSI (MPE), was
developed by integrating petal-shaped nano sheets of MoS, into
PVDF-HFP (Fig. 7c). The unique morphology of the MoS, nano
sheets, with a substantial specific surface area, significantly
enhances the interaction between the filler and polymer elec-
trolyte. By reducing the crystallinity of the polymer, the migra-
tion of lithium ions within the chain is facilitated. Additionally,
the Sulfur atoms in MoS, facilitate the dissociation of lithium
ions, ultimately leading to an enhanced ionic conductivity
of the composite electrolyte (achieving a conductivity of 2.8 x
107* S em™' at ambient temperature). Through a two-step
in situ reaction between MoS, and lithium metal during the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the vapor phase infiltration (VPI) process and (b) cycle performance of the batteries with different electrolytes (PM-

ZnO/PEO/LITFSI and VPl ZnO/PEO/LITFSI).**® (Reproduced with permission from Elsevier.) (c) Schematic of the SEI layer formed on the Li anode by the
in situ conversion reaction of MoS,, (d) schematic illustration of the assembly of the battery with MoS, nanosheets into PVDF-HFP electrolyte (MPE) after

cycling, (e) and charge-discharge profiles of the solid batteries *>* (

Reproduced with permission from the American Chemical Society.) (f) Schematic

illustration of the fabrication process of the poly(vinyl ethylene carbonate)-silica-nanoresin (PVEC-NR) hybrid solid electrolyte and (g) cycling stability of
NCM523/PVEC-NR20/Li and NCM523/PVEC/Li batteries.*> (Reproduced with permission from The Royal Society of Chemistry, UK.) (h) Schematic of the
relationship between the mechanical strength of carbon nanotubes and (i) interfacial compatibility with the host polymer matrix and representative

strength—strain curves of pure chitosan SPEs.*>* (

cyclic process, a gradient solid electrolyte interface (SEI) film
was observed to form, effectively suppressing the growth of
lithium dendrites and ensuring a stable electrode-electrolyte
interface (refer to Fig. 7d and e). Furthermore, the interaction
between the filler and polymer matrix improves the electrolyte’s
ability to inhibit lithium dendrite formation. An et al.'>* suc-
cessfully synthesized polymer network electrolytes through the
chemical grafting of 2D boron nitride nano sheets with
poly(ethylene glycol)diacrylate (PEGDA) utilizing a silane coupling
agent. The grafting process significantly improved the mechanical
properties of the electrolytes on a molecular level, resulting in an
impressive tensile strength of 26.2 MPa, effectively suppressing
lithium dendrites. Furthermore, the composite electrolyte exhibited
enhanced ionic conductivity and lithium-ion transference number,
along with an expanded electrochemical stability window, facilitating
the compatibility with high voltage cathode materials and ultimately
increasing the energy density of the battery. In a study by Kuai
et al.,'* Si0, nano-resin (NR) was utilized as both an inert filler
and cross-linking agent in the production of composite poly-
mer electrolyte (PVEC-NR CPE) based on PVEC crosslinking
(Fig. 7f). Notably, the composite electrolyte demonstrated
optimal performance when the NR content was 20 wt%. A
one-step heat treatment of the entire assembled battery
resulted in complete contact between the electrode and electro-
lyte through in situ free radical polymerization, leading to a
further reduction in internal resistance (Fig. 7g).

Aside from traditional inorganic inert materials, the incor-
poration of novel fillers has gained considerable attention in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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recent research. Materials like covalent organic frameworks
(COFs) or metal organic frameworks (MOFs) possess a high
specific surface area, a uniformly distributed micro-pore struc-
ture, and easily modifiable organic functional groups. They can
be physically mixed with a polymer matrix or chemically grafted
to prepare composite solid electrolytes. Within the electrolyte,
unsaturated coordination metal ions have the ability to coordi-
nate with anions, restricting their movement and potentially
increasing lithium-ion concentration. Alternatively, they can
directly construct a negatively charged framework to enhance
lithium-ion conduction.’®® Furthermore, the derivative of
organic ligand has the potential to enhance the bond at the
interface of filler and polymer matrix, resulting in a reduction
of impedance at the interface."*®**® It is important to highlight
that the composite electrolyte, containing polymer with crystal-
line properties, tends to exhibit suboptimal performance at low
temperatures, necessitating pre-testing heating for enhanced
results. Nevertheless, the heat treatment of the electrolyte poses
limitations in practical usage. Utilization of MOF as a filler
in composite electrolytes offers a broader temperature range
for operation and serves as a valuable reference for investigating
the low-temperature behavior of electrolytes.”*® In a study by He
et al.,'®® a composite electrolyte membrane was developed using
halogen (Cl™, F ) modified Ce-MOF material and PVDF-HFP/
LiTFSI composite. The presence of halogens (Cl ™, F~) within the
pores of the composite electrolyte helps to control the distribu-
tion of electrons and enhance the movement of lithium ions.
Additionally, the inclusion of halogens assists in the creation of
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a uniform SEI layer, enhancing ionic conductivity and stabilizing
the interface between the electrode and electrolyte, thus reducing
lithium dendrite formation. The Li|SE-4CI-Li*|LFP battery demon-
strated outstanding discharge capacity and rate performance,
with specific capacities at various rates, including 163, 160, 156,
148, and 124 mA h g~ ", Even at —20 °C after a 0.1C rate cycle, a
discharge capacity of 107 mA h g~ " was achieved, highlighting the
potential for improved low-temperature battery performance.
Carbon materials have been extensively explored in various
fields including optics, mechanics, and electricity. They are
increasingly being integrated as fillers in composite solid electro-
lytes, such as zero-dimensional fullerenes (C60),'*" one-
dimensional carbon nanotubes (CNT),'*> and two-dimensional
graphene and its derivatives. CNTs and graphene offer numerous
advantages, such as high aspect ratio, large specific surface area,
and lightweight properties. Utilizing them as fillers can help to
transfer stress within the polymer to the carbon material, thereby
enhancing the mechanical strength of the electrolyte.'®* To effec-
tively distribute stress within the polymer into the carbon material,
Kim et al'™ modified the multi-walled carbon nanotubes
(MWNTs) by treating them with varying concentrations of acid
acyl chloride, resulting in a multifunctional filler that exhibits
excellent mechanical properties and good interface compatibility
with the polymer. The functional filler’s surface is enriched with
acyl chloride groups, which can form amide bonds with the
chitosan polymer matrix and facilitate stress transfer to the func-
tional MWNTs (Fig. 7h). The study indicates that the electrolyte
produced using MWNT-COCI for 0.5 hours shows the most
promising mechanical properties (refer to Fig. 7i). Jia et al'®*
utilized graphene oxide (GO) as the filler in PAN/LiClO,. The
presence of Lewis acid-base interactions between GO and the
numerous oxygen-containing functional groups on the surface
facilitate lithium-ion migration within the electrolytes, enhancing
lithium-ion conductivity. Moreover, the incorporation of GO leads
to an improvement in the electrolyte’s tensile modulus, and the
Lewis acid-base interplay between GO and PAN reduces the
polarity of ‘~CN’, resulting in a softer electrolyte. The highest ionic
conductivity (4 x 10”* S cm™ ') was achieved when the GO content
was 1.0 wt%. The solid-state battery comprising a GO composite
electrolyte demonstrates increased capacity (165 mA h g™ * after 50
cycles) and Coulombic efficiency (99.4%). Interestingly, the com-
bined use of CNTs and GO as fillers proves to have a synergistic
effect, enhancing mechanical properties.'® Wu et al. **® introduced
both carboxylated one-dimensional carbon nanotubes (CNTs) and
two-dimensional graphene oxide (GO) into a polyelectrolyte
complex (PEC) simultaneously. Through n-n interactions, these
components formed a multifunctional 3D structure, where the
strong interaction between their electrostatic attraction and the
PEC matrix played a synergistic role. A PEC film incorporating
3 wt% GO-CNT (in a 1: 1 weight ratio) exhibited superior mechan-
ical properties (tensile strength of 155.4 MPa and elongation at
break of 9.0%) compared to films with either GO or CNT alone.
Addressing the need for large-scale production, there is
growing concern over the environmental impact and costs
associated with manufacturing electrolytes. The abundant natural
clay within the earth’s crust offers plentiful mineral resources

22 | Energy Adv, 2025, 4,11-36

View Article Online

Energy Advances

suitable for use as inert fillers in composite solid electrolytes.
Halloy-site nanotubes (HNTs) are distinctive one-dimensional nat-
ural nano-fillers, characterized by their hollow tubular structure,
high aspect ratio, excellent mechanical strength, and outstanding
thermal stability. HNTs can consolidate naturally under pressure
and heat flow, making them an affordable and widely available clay
material.'®” Lin and collaborators'®® directly combined natural
HNTs with PEO/LIiTFSI to fabricate composite electrolytes. Due to
the different chemical structures present on the inner and outer
surfaces of HNTSs, the internal surface holds positive charges to
restrict anion movement, whereas the external surface carries
negative charges to adsorb lithium ions. This unique configuration
boosts lithium salt dissociation and significantly enhances lithium-
ion conductivity. Montmorillonite (MMT) also displays a high
aspect ratio and specific surface area. In summary, the dimensions,
morphology, and concentration of inorganic inert fillers signifi-
cantly affect the ionic conductivity and electrochemical perfor-
mance of composite electrolytes. Incorporating inert fillers can
impede the formation of lithium dendrites and ensure the stabili-
zation of the electrode-electrolyte interface."®® However, one nota-
ble drawback of inert fillers is their incapacity to facilitate the
transfer of lithium ions within the electrolyte.

4.2. Composite solid electrolytes filled with active fillers

In recent years, research has advanced, and the utilization of
novel solid-state composite electrolytes integrating inorganic
solid electrolytes as active fillers in solid polymer electrolyte
matrix has garnered significant interest. Differing from inactive
inorganic fillers, active components can supply extra lithium-
ion transmission routes, exhibiting elevated lithium-ion con-
ductivity and enhanced electrochemical efficacy. The active
filler can also notably increase the electrochemical stability
span, lithium-ion transference count, interface connection,
and the capacity to suppress lithium dendrite formation by
engaging with the polymer matrix via ionic dipole interactions,
hydrogen bonding, p-p bonding, Lewis acid-base forces, and
other mechanisms. In the case of ceramics in polymer, it is
generally believed that the optimal proportion of ceramic filler
ranges from 10% to 30% by weight. Excessive filler content can
result in filler clustering, detrimentally impacting stress dis-
tribution and electrolyte performance. Conversely, ceramic
nanoparticles with low loading levels are unable to establish
a continuous network for lithium-ion transmission within the
polymer matrix, as there exists an obstructive energy barrier
between particles that impedes ion mobility.'®® Employing 1D
nanofibers in place of ceramic particles for constructing a
continuous lithium-ion transmission path can alleviate the
energy barrier hindering ion transport.

The fabrication of ceramic nanofibers via electrospinning
presents a fresh approach for fabricating composite electrolytes.
While the initial studies and patents related to electrospinning
date back to the 1900s, only in the late 1990s, in concomitance
with the spread of novel nanotechnologies, this technique started
drawing attention. More recently, electrospinning has been
employed to fabricate highly ion-conductive materials in the form
of nanofibers and nanowires'’® The first works experimenting
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with this approach have been published in 2015."”**”* Among
them, Liu et al'’" successfully synthesized Lij33La.55,TiO3
(LLTO) nanowires and used them to enhance the performance
of a PAN:LiClO, electrolyte. Subsequently, they also explored the
effect of well-aligned LLTO nanowires on the performance of
the same composite electrolyte,'”* reporting a ten-time higher
conductivity when compared to randomly dispersed ones. Wan
et al.’” designed and tested an integrated all-solid-state battery
featuring a PEO:LIiTFSI electrolyte with LLZO nanowires, which
delivered a specific capacity of 158.7 mA h g~ after 80 cycles at
0.1C and 45 °C. The composite electrolyte can reportedly suppress
the lithium dendrite growth as it sustained a 1000 h cycling test
in a Li symmetric cell. Similar studies have been conducted
on NASICON materials, such as Li;3Al,3Ti;,(PO,); (LATP)
and Li; 5Aly5Ge; 5(PO,4); (LAGP), which have been fabricated
in the form of ceramic nanowires by coupling sol-gel and
electrospinning, and successfully used to enhance PEO-based
electrolytes.””®™”° Guo et al."®® developed a novel superfine spin-
ning fiber composite SEI with an interwoven shell/core structure
using coaxial co-spinning (Fig. 8a—c). The resulting film structure
exhibits outstanding mechanical properties. Within the compo-
site electrolyte, the spun fibers demonstrate anisotropic lithium-
ion conduction vertically and horizontally. Additionally, the
lithium-ion transmission rate is significantly higher along the
superfine fiber compared to through it. This feature contributes to
a more uniform electric field distribution within the electrolyte
during circulation, reducing the occurrence of tip electric fields
(Fig. 8d).

View Article Online

Review

The combination of enhanced mechanical properties and
uniform electric field distribution assists in partially preventing
the formation of lithium dendrites. Furthermore, the compo-
site electrolyte displays high lithium-ion conductivity levels
(1.5 x 107* Sem ™" at 35 °C and 1.5 x 107° S em ™' at 55 °C)
and impressive cycling stability. To optimize the utilization of
the active filler in creating a continuous lithium-ion transmis-
sion pathway perpendicular to the electrode direction, Zhai
et al."® prepared a continuous nanoparticle transport channel
of Li;.,ALTi, ,(PO,); using the ice template method (Fig. 8e).
By utilizing polyethylene glycol (PEG) as a plasticizer, the elec-
trolyte achieved an ionic conductivity of 0.52 x 10~* S cm ™" at
room temperature, surpassing that of inorganic ceramic parti-
cles with equivalent composition by 3.6 times. It is important to
highlight that the vertically aligned connection structure distin-
guishes itself from both the widely dispersed ceramic particle
arrangement and the nearly parallel spun fiber structure,
enabling enhanced ionic conductivity, minimized unnecessary
filler incorporation, reduced electrolyte mass, and increased
battery energy density (Fig. 8f and g). The inorganic constituent
within the vertical structure promotes ionic conductivity and
employing fillers with high intrinsic ionic conductivity (e.g.,
sulfide and halide electrolytes) can yield even better electroche-
mical performance. Conversely, in polymer-ceramic electrolytes,
the polymer matrix acts as the principal component and exhibits
high crystallinity at ambient temperature.

In the polymer electrolyte, lithium-ion transportation pre-
dominantly occurs in the amorphous phase, thus excessive
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(a) Schematic illustration of the design principle of electrospun-composite solid electrolyte (ES-CSE), (b) top-view SEM image of ES-CSE, (c)

TEM image of ES-CSE, and (d) Li-ion transfer pathway in ES-CSE.*®° (Reproduced with permission from Wiley-VCH.) (e) Schematic of vertically aligned
and connected ceramic channels (randomly dispersed ceramic particles and vertically aligned ceramic structure) and (f) and (g) SEM images of the ice-

template LATP channels.*8! (

Reproduced with permission from American Chemical Society.) (h) Complex structure in the PVDF/LLZTO CPE, (i) Raman

spectra and (j) photographs of PVDF PSE and PVDF/LLZTO CPE.*®2 (Reproduced with permission from the American Chemical Society.) (k) Illustration
of the Li salt state in the PVDF and PVBL electrolyte, () SEM image of the coupled BTO-LLTO nanowires, (m) high-resolution TEM image of the

coupled BTO-LLTO nanowires and (n) SEM images of the cross-section & surface of the PVBL electrolyte.
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crystallization of the polymer must be avoided as it would impact
negatively the electrochemical performance of the electrolyte.
Therefore, various techniques have been devised to decrease
crystallinity alongside active filler incorporation. Similar to inert
fillers, active fillers can partake in Lewis acid-base reactions with
the polymer matrix to lower crystallinity and enhance perfor-
mance. Zhang et al.'® utilized Lig ;5La3Z1; 75Tag 2501, (LLZTO) to
blend with a PVDF/LiClO, polymer matrix (Fig. 8h). The intro-
duction of LLZTO particles into PVDF enabled the La atoms in
LLZTO to interact with the N atoms and C—O groups in the
solvent, as illustrated in Fig. 8i. This interaction resulted in the
partial defluoridation of PVDF, leading to a decrease in polymer
crystallinity (Fig. 8j). This crystallinity reduction promoted
the complexation between LLZTO particles and lithium salt,
facilitating the effective dissociation of lithium salt and ulti-
mately achieving a solid composite electrolyte with lithium-ion
conductivity of up to 5 x 10~* S em™". In addition to the reaction
between the inorganic filler and polymer matrix, various external
techniques (e.g., hot pressing, UV curing, liquid nitrogen
quenching, etc.) were applied to decrease the crystallinity of
composite solid electrolytes. Li et al.'®! optimized the polymer
matrix by incorporating Lis ,Gay 1La3Zr sBig 501, (LLZO) ceramic
filler. When the weight ratio of PEO/PVDF was adjusted to 7:3,
the PEO/PVDF blend matrix exhibited a lower melting point and
increased thermal stability. With a LLZO content of 10 wt%, the
highest ionic conductivity reached was 4.2 x 107> S cm ' at
30 °C. Meanwhile, Siyal et al.'® demonstrated that composite
electrolyte membranes consisting of Li; 3Al, 3Ti; ,(PO,); (LATP)
with double-filled PVDF filled with Lij33Lag55,TiO3 (LLTO)
achieved even higher ionic conductivity, 107> S cm™" at room
temperature.

Other than boosting conductivity, the utilization of double-filled
composite electrolytes of LATP and LLTO nanoparticles effectively
hindered the formation of lithium dendrites. Furthermore,
research indicated that the inclusion of plasticizers could effectively
diminish the crystallinity of the polymer matrix and increase the
amorphous region. Depending on their physical state, plasticizers
can be categorized as either solid or liquid. Solid plasticizers, in
contrast to traditional liquid ones, are more beneficial in main-
taining the mechanical strength of electrolytes. Rakumar et al.'®®
incorporated solid succinonitrile (SN) as a plasticizer within the
LLZO-PEO-LIiTFSI system. Notably, with an SN content of 30 wt%,
the system’s conductivity surged to 4.23 x 10~* S em ™" at 25 °C,
yielding an impressive cycle rate performance when deployed in
NCMS811/Li battery systems.

The inclusion of a liquid plasticizer can markedly enhance
conductivity, albeit at the expense of the electrolyte’s mechanical
integrity. Introducing an organic solvent as a plasticizer not only
improves interface contact but also raises the electrolytes’ flamm-
ability. Importantly, it is widely acknowledged that ionic liquids,
consisting entirely of cations and anions, exhibit non-
flammability. Consequently, the integration of ionic liquids into
the electrolyte serves a similar function to flame retardants.'®”
Furthermore, ionic liquids possess a certain viscosity, which
facilitates the creation of a viscoelastic interface between the
electrode and electrolyte. This interface can interact with the
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electrode to form a solid electrolyte interface film, thereby exhibit-
ing some capability to suppress lithium dendrite formation.
Nevertheless, it should be recognized that the viscosity of ionic
liquids can adversely impact conductivity. Therefore, attention
must be paid to the types, structures, and temperatures of ionic
liquids used in studies such as those by Yang et al,'®® Yang
et al.,*®* and Guo et al.**°

Additionally, unlike the stability observed with LLZO and
lithium metal, the Ti*" ions in LATP and LLTO can undergo
redox reactions with lithium metal, leading to its instability.
Replacing Ti** with other tetravalent elements does not fully
rectify this instability, which can promote electron transport
and the formation of lithium dendrites within the electrolyte,
ultimately causing a battery short circuit.'®*™* By incorporating
LATP and LLTO as fillers within polymer electrolytes, the poly-
mer matrix can effectively encapsulate LATP and LLTO particles.
This reduces their direct interaction with lithium metal signifi-
cantly, thereby enhancing the stability of the interface between
the electrode and electrolyte. Jia et al.*** developed a composite
electrolyte (PVDF:LLTO@PDA) using LLTO particles coated with
biodegradable polydopamine (PDA) and PVDF. This composite
solid electrolyte significantly minimizes direct contact between
LLTO and lithium metal, demonstrating outstanding stability
with lithium metal. A Li/Li symmetrical cell assembled with
PVDF:LLTO@PDA exhibited stable cycling for 800 hours at a
current density of 0.1 mA cm ™ at 60 °C, whereas the PVDF:LLTO
membrane experienced failure after cycling for just 25 hours
under identical conditions. Shi et al'® developed a robust
method aimed at creating high-throughput pathways for Li-ion
transport by coupling ceramic dielectrics with electrolytes
to address the low ionic conductivity of hybrid solid-state
electrolytes. A highly conductive and dielectric hybrid solid-
state electrolyte was achieved by combining a poly(vinylidene
difluoride) (PVDF) matrix with BaTiO;-Lig 33La0.56Ti03_, nano-
wires in a side-by-side heterojunction configuration (PVBL)
(Fig. 8k). The polarized BaTiO; dielectric significantly enhances
the dissociation of lithium salt, thereby producing more mobile
Li-ions which spontaneously and locally transfer to the coupled
Liy 33La0.56Ti03_y, facilitating highly efficient transport (Fig. 8l-n).
These synergistic effects lead to an impressive ionic conductivity
of 8.2 x 107" S em ™" and a lithjum transference number of 0.57 at
25 °C in the PVBL. The composite solid electrolyte was also
prepared using a perovskite electrolyte filler following the same
method. Shin et al.*®® utilized Li,,oLa, 5, TiO; and PEO to fabri-
cate a flexible, biphasic solid electrolyte (SBE) with a thickness of
30 um, exhibiting an ionic conductivity of 1.2 x 10™* S em .
To enhance the battery’s volumetric energy density and minimize
unnecessary components, the SBE was assembled into a three-
unit cell configuration. The resulting battery pack operated effec-
tively within a voltage range of 9.2-12.0 V and demonstrated a
reversible capacity of 125 mA h g~ '. To summarize, active fillers
have the capacity to create uninterrupted lithium-ion transmis-
sion channels and significantly diminish the crystallinity within
the polymer matrix. Nevertheless, an overloading of active fillers
causes agglomeration, which severely impacts the mechanical and
electrochemical properties of composite solid electrolytes.
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4.3.

As the amount of filler increases, the composite electrolyte
transitions from a ceramic-in-polymer structure to a polymer-
in-ceramic structure, imparting certain ceramic characteristics
to the electrolyte. This transition effectively enhances the
mechanical properties of the electrolyte and increases its cap-
ability to resist lithium dendrite formation. However, increased
filler content still encounters the issue of agglomeration. By
casting the inorganic filler into a 3D framework with a porous
structure and subsequently infusing it with a polymer matrix, it
is possible to prevent agglomeration while also enhancing
continuous ion transport channels. Concurrently, incorporat-
ing a specified amount of polymer electrolyte as a filler within
the ceramic framework grants the composite electrolyte a
degree of flexibility, facilitating close contact with the electrode
interface and reducing interface impedance.

Leveraging the advantage that inorganic fillers can create a
3D interconnected network within the polymer matrix has
become a popular area of research, focusing on developing
3D inorganic frameworks with uniform porosity through
straightforward methods. Lin et al'®® developed a three-
dimensional porous silica aerogel structure and integrated it
with PEO-LIiTFSI PSE. This newly synthesized composite solid
electrolyte possesses a significant elastic modulus of 0.43 GPa
and a hardness close to 170 MPa, which is effective in

3D framework composite solid electrolytes
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suppressing dendrite formation (Fig. 9a). Due to the high
specific surface area of the porous structure, it can engage
thoroughly with the polymer matrix, leading to a Lewis acid-
base reaction that enhances the dissociation of lithium
salt. Additionally, the interaction between the incorporated
plasticizer and SiO, enhances movable Li-ion concentration,
endowing the electrolyte with exceptional ionic conductivity of
6 x 107" S em " at 30 °C. The 3D porous framework signifi-
cantly diminishes the crystallinity of the polymer while also
boosting the mechanical strength of the composite electrolyte.
However, such an inert filler-based 3D framework does
not facilitate lithium-ion transport. In contrast, when the 3D
framework incorporates an active filler, it establishes contin-
uous channels for lithium-ion transmission, thereby not only
improving Li-ion conductivity but also promoting even deposi-
tion of lithium ions at the electrode-electrolyte interface, which
is essential in mitigating lithium dendrite formation. Bae
et al.' incorporated LLTO precursor with PVA and utilized
glutaraldehyde (GA) crosslinking agent for gelation to create
LLTO hydrogel. Subsequently, the 3D structured LLTO frame-
work was generated through calcination, followed by the injec-
tion of PEO/LIiTFSI polymer matrix into the LLTO 3D framework
to produce a composite solid electrolyte. The interconnected 3D
structure maintains the integrity of the LLTO phase within the
composite solid electrolyte, preventing particle aggregation and
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(a) Schematic showing the synthetic procedures of the SiO,—aerogel-reinforced composite solid electrolyte.

196 (Reproduced with permission

from Wiley-VCH.) (b) Schematic procedure to fabricate the fiber-reinforced polymer composite solid electrolyte, (c) SEM image of the garnet nanofiber

network, and (d) digital image to show the flexible and bendable membrane.

198 (Reproduced with permission from Proceedings of the National Academy

of Science of the USA.) (e) Schematic diagram of the fabrication of LATP-PEO composite solid electrolyte and (f) structure schematic of LFP/PEO/Li&LFP/
LATP-PEO/Li cells.**® (Reproduced with permission from Elsevier.) (g) Schematic of the preparation of the LLZO ceramic fiber composite solid electrolyte

and (h) SEM images of LLZO ceramic fibers.
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establishing a rapid conduction pathway within the polymer
matrix, resulting in a Li-ion conductivity of 8.8 x 107> S cm ™.

The electrospinning technique was also employed to fabricate a
3D framework, wherein continuous spinning, fiber deposition, film
formation, and layer-by-layer stacking were employed. Fu et al.'*®
innovatively transformed one-dimensional nanofiber filler into a
3D interconnected fiber network, leading to the formation of a
LLZO framework via a combination of electrospinning and calcina-
tion. Subsequently, the 3D framework was immersed in a lithium
salt-polymer matrix to develop a composite solid electrolyte
(Fig. 9b). The SEM image of the LLZO 3D framework is presented
in Fig. 9c and the digital image of the composite solid electrolyte
is shown in Fig. 9d. The solid electrolyte membrane exhibited
exceptional flexibility and a high lithium-ion conductivity of 2.5 x
107* S em ' at 25 °C. Zhang et al.**' used a method in which
PVDF-PEO/LIiTFSI and LLZO nanoparticles were co-spun to create a
continuous interconnected 3D network structure. This structure
was then placed in a mixed solution of PEO and LiTFSI to produce
a composite electrolyte. The resulting electrolyte membrane was
incorporated into a Li/Li symmetrical battery, which exhibited
excellent cycle stability with no short circuit occurrence over a
period of 1000 hours. Additionally, the LiFePO,/Li battery that was
created displayed outstanding rate performance, maintaining
99.2% of its initial capacity after 180 cycles. A flexible battery
utilizing the composite electrolyte was able to power an LED to
emit light normally even when bent or folded, showcasing the
impressive flexibility of the electrolyte membrane. Yang et al.>*>
developed a three-dimensional network made of aluminum-doped
Lip 33La055;Ti05; (LLATO) nanofibers which has been then
embedded in a PVDF-HFP matrix. They unveiled a strong chemical
interaction upon introduction of LLATO nanofibers into the poly-
mer electrolyte, which caused dehydrofluorination of PVDF chains,
deprotonation of -CH, groups and amorphization of the polymer
matrix. This led to an improved ionic conductivity as high as 5.1 x
107* S em ™! at 25 °C as well as a better cycling stability compared
to the monolithic polymer electrolyte. Electrospinning has consis-
tently proved to be a facile and low-cost technique for lab scale
explorative studies, considering both the initial setup and the long-
term use. Researchers have used it widely to fabricate ceramic
nanowires and 3D frameworks for solid state electrolytes. Despite
this, scaling up the process for potential industrial applications will
be challenging, especially because of the low production rate and
the high applied voltages. Moreover, since the electrospinning is
based on the deposition of randomly distributed fibers on a
grounded collector, it could yield inhomogeneous products when
scaled up. It is also often reported to be very sensitive towards
environmental parameters, such as temperature and relative
humidity which can largely affect the reproducibility of the process.

To address these challenges and expedite the production of
the 3D framework while minimizing the impact of environ-
mental factors, the template method has gained attention. This
method is favored for its simplicity, scalability, high content of
inorganic fillers, and uniform pore distribution, making it a
suitable approach for creating 3D frameworks of composite
solid electrolytes. Wang et al.'®® developed a 3D connected
porous framework of LATP using NaCl as a template through a
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simple technique. They then incorporated a blend of polymer
PEO and LiTFSI into the conductive frame to create a composite
solid electrolyte (Fig. 9e). By adjusting the NaCl template
content, it is possible to manage the amount of inorganic
ceramics and the porosity of the 3D framework, which can be
eliminated with water. The LATP content in the fabricated 3D
structure reaches approximately 70 wt%, which imparts signif-
icant mechanical strength to prevent the formation of lithium
dendrites and ensure the structural stability of the 3D frame-
work at high temperatures (Fig. 9f). When subjected to a
current density of 0.2 mA cm™>, a Li/Li symmetrical battery
assembled with this composite electrolyte demonstrated stable
operation for 1000 hours without experiencing any short cir-
cuits, which is double the performance of similar electrolytes
containing LATP particles.

Furthermore, various natural porous materials like silk,
cotton, hemp, and other fibers have been explored as templates
for constructing 3D frameworks.?** These templates, derived
from natural porous materials, maintain the original shape and
dimensions, allowing polymer electrolytes to efficiently fill the
voids through permeation and capillary action. This process
facilitates intimate physical contact between polymers and 3D
frameworks.>** Silk, a natural animal protein fiber with a high
molecular weight, comprises predominantly of silk fibroin (70-
80%) and sericin (20-30%). Proteins are composed of multiple
peptide chains containing various amino acid residues (car-
boxyl, amino, hydroxyl, etc.) that can interact with metal ions.
Pan et al.>® utilized silk and a LLZO precursor solution to
create a complex via a coordination reaction, subsequently
calcining it to obtain a LLZO template. This template was then
combined with PEO/LIiTFSI to form a sandwich composite solid
electrolyte (Fig. 9¢) and the SEM images of LLZO fibers are
presented in Fig. 9h. When the LLZO content in the resultant
electrolyte reached 70 wt%, it maintained good flexibility and
exhibited good ionic conductivity (8.89 x 10> S cm " at 30 °C
and 5.1 x 10°* S em ' at 50 °C). The electrochemical stability
window extended to 5.1 V, making it compatible with high-voltage
cathode materials. In cathode material preparation, PEO/LIiTFSI
was utilized instead of a binder, achieving close interface
contact between electrolyte and electrode through a melting
treatment. The composite electrolyte’s fusion-connected structure
and various rapid lithium-ion transmission channels facilitated
the electrolyte-assembled LiFePO,/Li full battery’s stable cycling
performance, even under high rates of 1C, with a reversible
capacity of 107.2 mA h g~ ' after 500 cycles. The natural fibers’
surface functional groups enhance compatibility between fillers
and the polymer matrix, and the nano/micro pores in the frame-
work fully fill the polymer matrix.

Whether through electrospinning fibers or the template
method, maintaining porosity uniformity in 3D frameworks is
crucial. To ensure uniform pore distribution in the 3D frame-
work, new fabrication technologies have proven effective. 3D
printing technology, a novel manufacturing technique based on
layer-by-layer stacking, can produce precise framework struc-
tures that traditional methods cannot achieve, accurately con-
trol the template’s shape and pore structure, and enhance raw
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material utilization. Zekoll et al.*°° utilized 3D printing tem- epoxy resin to form a 3D framework characterized by a uniform
plate technology to create various Li; 4Al, 4Geq 6(PO,); (LAGP) pore distribution and continuous ceramic channels (Fig. 10a).
3D frame structures. These structures were then integrated with  Results indicated that the electrolyte exhibited optimal
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Fig. 10 (a) Schematic of the templating procedure used for the synthesis of structured composite solid electrolyte (CSE) and (b) the Arrhenius plot of the as-
prepared CSE.2%° (Reproduced with permission from The Royal Society of Chemistry.) (c) Schematic illustration of the synthesis of asymmetric LLTO framework
(ALF) and PEO-LITFSI/ALF CSE, (d) SEM images of ALF, and (e and f) lithium-ion conduction properties.?°® (Reproduced with permission from Elsevier.) (g)
Schematic synthesis illustration of the ceramic-based CSE, (surface & cross-section) SEM images of the 3D porous LLZO framework, and (h) SEM images of the
ceramic-based CSE.?%” (Reproduced with permission from Elsevier.) (i) Schematic synthesis illustration, (j) SEM images, and (k) Li-ion transport capability of the

thin ceramic-based CSE, (1) schematic of the ASSB and (m) ASSB performance from 3 to 4.8 V.2°8 (Reproduced with permission from Cell Reports.)
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conductivity (Fig. 10b) and mechanical properties when the 3D
framework microstructure was configured as a rotator. Furthermore,
3D printing technology introduces innovative approaches for
developing electrode materials with consistent voids. However,
the compressive strength of the composite electrolyte was
compromised due to the presence of polymer within the
ceramic framework. Therefore, enhancing the mechanical
properties of electrolytes remains a crucial aspect of electrolyte
design. Kou et al.>°° crafted an asymmetric LLTO framework
featuring both a porous layer and a dense layer, which was then
impregnated with a PEO/LiTFSI polymer solution (Fig. 10c) and
the SEM images of asymmetric LLTO framework are presented
in Fig. 10d. This process imparted good flexibility and proces-
sability to the composite electrolyte. The resultant composite
electrolyte contained approximately 72.5 wt% LLTO ceramic
and retained sufficient flexibility to bend without damage. At
30 °C, the ionic conductivity reached was 1.49 x 10~* S ecm ™,
which is 40 times higher than that of PEO (Fig. 10e and f). The
key advantage of this structure design lies in the asymmetric
dense layer’s ability to enhance the compressive strength of
electrolytes and inhibit lithium dendrite formation. The
assembled all-solid-state Li-S battery demonstrated stable cycle
capacity and excellent rate performance. Additionally, 3D por-
ous ceramic framework fabricated via an integrated sintering
method could maximize the concentration of the active ionic
conductor (over 90 wt%) leading to enhanced Li-ion conductivity,
mechanical strength, and electrochemical stability of the ceramic-
based composite solid electrolyte.

Wang et al®” reported a unique 3D porous design of
Lie 1Alp 3La3Zr,04, (LLZO) scaffold via simple integrated sinter-
ing process demonstrated high ionic conductivity, porosity
(30.56%), and mechanical strength. By introducing PEO-LiTFSI
PSE into the as-designed 3D porous framework (the weight
percentage of LLZO is over 97%), the mechanical properties are
significantly enhanced (Fig. 10g and h). This enhancement
allows the ceramic-based composite solid electrolyte to effec-
tively inhibit the growth of Li dendrites. Moreover, the high
porosity promotes widespread occupancy of PSE throughout
the composite, forming metal-nitrogen bonding between the
TFSI™ groups in PSE and the La atoms in c-LLZO. The molecular
bond of the polymer to the garnet scaffold surface establishes a
strong interfacial connection between PSE/garnet, resulting in
low interfacial impedance and mitigating the impact of grain
boundaries on ionic conductivity. The ceramic-based composite
solid electrolyte exhibits favorable electrochemical characteris-
tics, including a room-temperature ionic conductivity of
0.547 mS cm ' and 2 mS em ™' at 80 °C. The Li/Li symmetric
cells demonstrate exceptional long cycling stability against Li
metal (over 500 h), and the assembled ASSB Li|ceramic-based
composite solid electrolyte|LiFePO, also display stable cycling
and rate performance. From the same group, Wang et al.>’®
modified the synthesis method to design a 3D porous LLZO
ultra-thin framework (Lig Al 3La3Zr,04,) (Fig. 10i) exhibiting
high Li" conductivity, high porosity (45.74%) (Fig. 10j), and a
wide electrochemical window (5.08 V) suitable for pairing with
high-voltage cathode materials. The ceramic-based composite
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solid electrolyte (CSE) enabled by this thin 3D framework has a
high ceramic-mass content (~93%), which helps prevent the
growth of Li dendrites. The porous structure of the LLZO frame-
work allows for a high-volume occupancy of PVDF-LIiTFSI, with
metal-atom bonding between La from LLZO and N from TFSI™
groups, as well as F from the PVDF polymer chains. The LLZO-
TFSI™ coupling promotes the dissociation of Li salts, enhances
Li" transport, and reduces interfacial impedance, leading to high
ionic conductivity and Li transfer number of the ceramic-based
CSE at 25 °C (0.437 mS cm ™" and 0.72) (Fig. 10k). The ceramic-
based CSE interfaces well with TiO,-coated LiNi, ¢C0,,Mng,0,
(TiO,@NCM622) and Li metal, enabling uniform Li" transport
electric field for dendrite-free Li stripping and plating. The ASSB
Li/ceramic-based CSE/TiO,@NCM622 (Fig. 101) cycled stably
from 3 to 4.8 V over demonstrates the excellent potential of this
porous ceramic scaffold-based CSE architecture for practical
applications (Fig. 10m).

Overall, the composite solid-state electrolytes with 3D frame-
work structure allow to create a connected pathway for lithium-
ion movement. This helps to evenly disperse lithium ions at the
electrode and electrolyte interfacial region, preventing the
formation of lithium dendrites. Additionally, the 3D framework
enhances the mechanical properties and adds flexibility due to
the polymer component. Despite these benefits, the weight
increases with the inclusion of the 3D framework structure,
negatively impacting its energy density. In this regard, how to
achieve a composite solid-state electrolyte with both light-
weight and excellent performance requires to further
investigation.

4.4. Composite solid electrolytes with sulfide-type ceramic
fillers

Research on polymer-ceramic electrolytes that incorporate
sulfide-type fillers remains limited. The information available
from several studies suggests that polymer-sulfide composites
can achieve ionic conductivity levels comparable to other
composite types, including polymer-NASICON, polymer-gar-
net, and polymer-perovskite systems. Zhao et al. documented
a PEO/Li;(GeP,S;,/LiTFSI composite electrolyte capable of deli-
vering an ionic conductivity of 1.21 x 107> S cm™" at 80 °C.>*°
In addition, Villaluenga et al. created a non-flammable compo-
site electrolyte composed of 77 wt% sulfide ceramic (25P,Ss-
75Li,S) and 23 wt% PFPE (perfluoropolyether), which demon-
strated a conductivity of 10™* S ecm ™" at room temperature.”*°
The limited exploration of composites with sulfide fillers may
be attributed to the susceptibility of sulfide materials to degra-
dation when exposed to ambient air. Thus, this review is
focusing on the oxide-based composite solid electrolytes.

4.5. Interfacial issues

The polymeric phase present in ceramic composite electrolytes
can enhance the contact surfaces between the electrodes and
the electrolyte (both at the anode and the cathode). However,
the interfacial challenges associated with polymer-ceramic
composite electrolytes remain intricate and problematic. These
challenges manifest at the junctions between the electrolyte

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and the lithium anode, as well as between the electrolyte and
the cathode, in addition to the boundaries between the polymer
matrices and the ceramic fillers. It is crucial to develop strate-
gies that facilitate the establishment of low-resistance, stable
interfaces, particularly on the anode side. The introduction of a
super-thin layer of ionic liquid or ionic gel may aid the poly-
meric phase of the composite electrolyte in preserving a con-
tinuous ionic pathway at the interface between the lithium
metal and the electrolyte. Within the polymer-ceramic compo-
site, unanticipated voids within the structure of ceramic fillers
may lead to inadequate contact between the matrix and the
filler or potentially result in an incompatible interface. Thus,
effective surface treatment techniques for ceramic fillers are
vital. The interfacial issues encountered at the cathode
side—whether with insertion or conversion cathodes—are even
more complex. High-resistance and unstable solid interfaces
may develop between cathode particles and the composite
electrolyte. Such interphases could be unstable during pro-
longed cycling of batteries due to the volume fluctuations of
the cathode particles. Therefore, exploring the construction of a
stable and highly efficient ion conduction network at the
interface between the cathode and the composite electrolyte
is of significant importance.

5. Manufacturability potential of ASSBs
with various types of solid electrolytes

Among the different types of composite solid electrolytes, the
manufacturing of polymer matrix based ASSBs is expected to be
the most straightforward as it is building on the already
commercial production of lithium metal-polymer batteries by
Blue Solutions in France featuring PEO solid electrolyte.*'" The
production process differs from that for conventional liquid
electrolyte LIBs as the wettability of PEO-based electrolytes on
electrodes does not match that of polymer gels and liquid
organic media. To achieve a closer interfacial contact between
the PEO-based electrolyte and the electrode, it is essential to
apply suitable hot-pressing techniques (such as calendaring,
rolling, or hot isostatic pressing) or to create electrode compo-
sites (where the electrode layer and electrolyte layer are com-
bined). This necessitates an upgrade and transformation of the
existing production lines. By following this approach, it should
become possible to fabricate winding cells and stacking cells
using polymer electrolyte materials. Two examples of manufac-
turing process chains that have been developed,”*? are illu-
strated in Fig. 11. In Fig. 11a, the creation of a cathode-
supported half-cell is demonstrated, where the application of
the solid electrolyte layer follows the processes of slurry mixing,
tape casting, low-temperature sintering, and the shaping of the
cathode composite layer. An aerosol deposition method is
utilized to fabricate the solid-state electrolyte (SSE) layer, as
this approach allows for the achievement of high quality and
density without requiring a high-temperature co-sintering
phase, thus minimizing undesirable side reactions. A thermal
curing process at approximately 600 °C is subsequently
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implemented.”™® The lithium metal anode and the current
collector(s) are integrated prior to the assembly and packaging
of the cell. This processing method is claimed to be advanta-
geous because it eliminates high-temperature sintering phases
and enables the integration of various solid electrolyte materials,
such as LATP for the cathode composite and LLZO for the solid
electrolyte layer.>'® The overall readiness level of this technology
chain is primarily influenced by the relatively immature state of
the aerosol deposition process.

In Fig. 11b, the process sequence for a tri-layer SSE matrix is
illustrated, featuring three consecutive tape casting operations
designed to create the scaffolding, as noted in a recent study by
Hitz et al.>"* These layers can be made as separate green sheets,
which are then laminated consecutively.>'* Alternatively, it is
possible to layer the casts directly on one another following
each solvent evaporation step. The porosities of the outer layers
can be adjusted through suitable slurry mixtures, including the
addition of pore formers. This adjustment is critical for the
subsequent infiltration of active materials®*>?*¢ and for enhan-
cing surface area, thus allowing larger current densities.*** The
green tapes are then trimmed to the appropriate dimensions
before undergoing the high-temperature sintering process,
during which the pore formers in the outer layers are elimi-
nated. By precisely controlling the particle size and sintering
conditions,””*'® a dense (over 99%) SSE layer can be formed
between the two porous layers, effectively suppressing lithium
dendrite formation during battery operation.”** To prevent the
degradation of LLZO caused by humidity and Li,CO; for-
mation, it is advisable to conduct further processing following
sintering in a dry or inert environment.*"®

The cathode slurry is introduced into the upper porous
structure via a screen-printing technique. It is important to
note that this technique might need to be executed multiple
times to adequately fill the voids that persist after the evapora-
tion of the solvent.>'® Smaller cathode particles appear to
promote a denser arrangement of particles and serve to miti-
gate volume fluctuations of the active materials throughout the
battery’s operation.”*® Adjusting the viscosity of the slurry and
the content of solids will be necessary to ensure proper filling of
all the pores. Following the infiltration of the cathode, a
sintering process is conducted at a reduced temperature to
guarantee mechanical and ionic connectivity between the solid-
state electrolyte (SSE) matrix and the cathode particles. Incor-
porating a low temperature melting glass, such as Liz;BO;, into
the cathode slurry can help to lower the temperatures required
for sintering.?*>*** Subsequently, the anode is infiltrated into
the alternate porous layer of the scaffolding, potentially
through melt processing.>'® Given the high reactivity of molten
lithium, it is crucial to implement safety measures and main-
tain an inert atmosphere during processing. A surface treat-
ment may be employed to improve the wettability of lithium?>*®
and create a mixed conducting network.>** During the infiltra-
tion process, it is essential to exercise caution to avoid creating
an external short circuit. Ultimately, the current collector(s) are
connected, and the cell is assembled. While the tri-layer
configuration®'* offers greater mechanical strength compared
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to free-standing layers, managing the delicate ceramic layers
during large-scale production with fully automated machinery
presents a significant challenge. For both design approaches
illustrated (cathode-supported or tri-layer), precise adjustments
to the process parameters during the fabrication and sintering
of layers are essential for the successful functioning of all-solid-
state batteries (ASSBs).

In contrast to the flexibility and adaptability of polymer
materials, inorganic solid electrolytes, like garnet oxides, are

30 | Energy Adv, 2025, 4, 11-36

considerably more rigid and fragile. Consequently, the only
feasible method for producing garnet-based cells is through
sheet stacking. A research study has systematically explored the
possible production technologies and associated manufacturing
costs for a specific type of garnet-based all-solid-state battery
(ASSB). They selected a battery that uses LLZO as the electrolyte
material and LiNiy sMn; 50, (LNMO) as the cathode material for
detailed discussion and analysis.>"" Theoretically, this battery
type could achieve an energy density of 530 Wh kg " if optimally

© 2025 The Author(s). Published by the Royal Society of Chemistry
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designed. As noted earlier, creating composite electrodes and
electrolytes is the most practical approach for hard oxide cera-
mics; thus, co-sintering is a crucial process in the fabrication of
all-solid-state cells. However, numerous studies indicate that
high-performance LLZO electrolytes need to be sintered at
temperatures exceeding 1000 °C to develop a dense structure,
while LNMO cannot be sintered at temperatures above approxi-
mately 600 °C to avoid the formation of undesired by-products,
which predominantly adversely affect ASSBs.>***2

The tri-layer cell technology chain comprising three distinct
electrolyte layers is relatively advanced.”'®> The sandwich structure
of the electrolyte consists of an intermediate dense layer flanked by
two identical layers that include pore formers created through tape
casting and evaporation techniques. This is followed by alternating
processes like application of cathode slurry through screen print-
ing and high-temperature sintering. However, the high-
temperature processes entail significant energy usage; thus, an
alternative approach is suggested—producing cathode-supported
cells. This method involves tape casting a composite slurry for the
cathode, followed by laser cutting, low-temperature sintering, laser
shaping, aerosol deposition of the solid electrolyte, and a final low-
temperature sintering phase. Regarding both strategies, the
authors®"? implicitly support the use of metallic lithium foil as
the anode. Furthermore, the authors estimate that the cost of
garnet-based ASSBs could drop below $150 per kwWh, allowing
them to compete effectively with traditional lithium-ion batteries.
On the other hand, they argue that utilizing carbon materials, such
as modified graphite or silicon-carbon composites, in place of
lithium metal could significantly lower manufacturing cost and
enhance safety. A critical requirement in sulfide-based ASSB
manufacturing is the production environment; sulfides require
processing in an inert atmosphere to prevent exposure to moisture
and oxygen. This poses a production challenge and necessitates
additional investment in manufacturing. Moreover, sulfide mate-
rials lack sufficient stability when in contact with metallic lithium
as anode or high-voltage cathodes, which can lead to shorter cycle
life and the emission of toxic gases. Thus pursuing composite
electrolyte development that takes into account the manufactur-
ability aspects from an industrial scale perspective is a critical
consideration in moving forward.

6. Summary, challenges and perspectives

6.1. Summary of this review paper

To promote the advancement of composite solid-state electro-
lytes (CSEs) for all-solid-state lithium batteries (ASSBs), this
paper provides a detailed overview of recent developments in
advanced materials and structures. Initially, a brief history of
solid-state ionic conductors is reviewed, followed by a summary of
the fundamental aspects such as the key materials, mechanisms
of Li ionic transport, and performance requirements for CSEs.
The key materials and advanced structures of CSEs are then
classified and summarized, including inorganic (inert & active)
fillers in the polymer matrix, and 3D inorganic continuous frame-
works with filled polymers composite electrolytes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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6.2. Challenges and perspectives

Despite the rapid advances and increasing research efforts, this
field is still in its infancy. It appears that the technical maturity of
CSEs utilized in ASSBs for energy conversion and utilization has
yet to meet the necessary requirements for practical implementa-
tion and commercialization. This is due to several significant
challenges, such as the not fully understood mechanisms for ionic
transport in CSEs, the sluggish ionic conductivities, stability
issues (chemical, electrochemical, mechanical, and thermal) of
ASSBs with CSEs, and insufficient economic and technological
feasibility. Further details on these challenges and perspectives
are presented below.

(1) Further fundamental understanding of ion conduction
mechanisms and material behaviors in CSEs. The physical models
of intrinsic ionic transport for each type of pure solid-state electro-
lyte (SSE) have been developed since the initial proposal of solid
ionic conductors. However, most of these models concentrate on
the intrinsic ion conduction mechanisms within pure SSEs, and
some contentious theories still require clarification. When it comes
to various composite solid-state electrolytes (CSE) systems, the
mechanisms of ionic conduction among different material compo-
sitions and phases are pivotal for lithium-ion transport, especially
in the complex interfacial regions between inorganic fillers and
polymers, different polymers, inorganic ceramics, and CSEs and
electrodes. Therefore, deepening our understanding of these
complex ion conduction mechanisms is essential. To attain this
objective, both experimental and theoretical methods should be
utilized to examine Li ion behaviors in CSEs, including their
thermodynamic and kinetic properties during migration.

(2) Further enhancing the ionic conductivities of CSEs by
developing novel materials or/and optimizing structures.
Recent advancements have been made in enhancing the con-
ductivities of CSEs, but most reported conductivities still lie
within the 10™* to 10> S cm ™' range at room temperature.
Only a few studies have achieved conductivities as high as
107* S em™" or beyond. To maximize the performance of solid-
state batteries and achieve their practical application, it is
essential to meet the 10> to 10 > S em ™' conductivity require-
ment at ambient temperatures, comparable to that of liquid
electrolytes. Beyond the current structural systems discussed
here, a deeper understanding of the fundamentals suggests
that other innovative structures or electrolyte materials should
be developed in interdisciplinary fields. Strengthening the
interactions between various components in CSEs is also
necessary to enhance continuous ionic migration.

(3) Optimizing the stabilities between CSEs and electrodes
even at higher current density, high-voltage and wider tem-
perature range. Stability considerations, incorporating aspects
like chemical, electrochemical, thermal, and mechanical stabi-
lity between solid-state electrolytes (SSEs) and electrodes, are
crucial for the sustained operation of all-solid-state lithium
batteries (ASSBs). Composite solid-state electrolytes (CSEs),
particularly those that involve inorganic fillers within a polymer
matrix, double or sandwiched layered architectures, and 3D
inorganic continuous frameworks with polymer infiltration,
can significantly alleviate stability issues. These issues include
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reducing the interfacial resistance between ceramics and electro-
des and improving the mechanical robustness of polymer-based
systems. Despite these advancements, most of the existing
research remains in its preliminary stages. Future studies should
focus on operating batteries under more extreme conditions such
as higher current densities, elevated voltages, and broader tem-
perature ranges to enhance their performance. Consequently,
additional in-depth investigations into the stabilities of ASSBs
with CSEs are imperative and urgent. Areas for future research
should emphasize interfacial characterization for better under-
standing of chemical reaction kinetics at interfaces, the develop-
ment of interfacial protection layers that can resist oxidation and/
or inhibit reduction to extend the stability window (e.g., up to 0-5
V) for high-voltage ASSBs, the degradation mechanisms under
high current densities, and the behavior of materials, including
lithium dendrite formation, at the interface under extreme tem-
peratures (below 0 °C and above 40 °C). Additionally, mechanical
properties within a suitable range, such as maintaining a thick-
ness of less than 100 um to further decrease interfacial resistance,
or achieving a Young’s modulus greater than 5 MPa to prevent
dendrite growth and handle stress during battery assembly and
cycling, should be investigated.

(4) Improvement of economic and technological feasibilities
for the practical implementation of ASSBs with CSEs. In compar-
ison to the conventional liquid electrolyte currently used in
lithium batteries, most available solid-state electrolytes (SSEs),
especially complex-structured CSEs, require significantly higher
production costs. To enhance the economic viability of CSEs, it is
crucial to consider their design and production process in
advance. This may involve selecting components that do not
contain rare or expensive elements, simplifying synthetic path-
ways to conserve raw materials and energy, and designing CSEs
with optimized composite structures. Additionally, the challenge
of realizing large-scale production for CSEs must be addressed,
ensuring compatibility between CSEs and electrodes or other
internal components during synthesis and operation. Maintaining
a balance between mechanical flexibility (strength, thickness,
elasticity) and practical energy density is essential. Apart from
CSEs, mitigation of risks associated with the storage and trans-
portation of lithium metal through protective measures is vital.
Establishing unified evaluation criteria for the performance, safety,
and recyclability of CSEs, as well as solid-state batteries, is another
important aspect to promote their practical implementation in
both research and practical applications.
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