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ARTICLE INFO ABSTRACT

Lithium metal batteries have gained significant attention due to their high energy density, making them a
promising candidate for various applications, including electric vehicles and grid-scale energy storage.
Nevertheless, the practical development of lithium metal batteries faces challenges related to dendrite forma-
tion, low cycling efficiency and poor safety due to the use of liquid electrolytes. Solid-state electrolytes (SSEs)
emerge as leading alternatives for next-generation energy storage, offering enhanced safety and superior energy
density. However, conventional SSEs fail to meet the simultaneous demands of high ionic conductivity and
mechanical resilience, due to their intrinsic solid-state chemical properties. Among the many strategies for
enhancing SSE chemistry, composite polymer electrolytes (CPEs) featuring sophisticated nanocomposite designs
offer advantageous processability, wettability, superior flexibility, reduced density and cost-effective production.
This review thoroughly explores the advantages and roles of advanced nanocomposite designs in CPEs. It de-
livers crucial insights into the latest advancements in nanocomposite designs for SSEs, guiding future exploration
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and development initiatives in this vital area.

1. Introduction

The ever-growing demand for electric vehicles and renewable energy
has driven the rapid advancement of battery technologies, featuring high
energy density and long cycle life [1-3]. Among various battery systems,
lithium-ion batteries (LIBs) stand out for their ability to provide energy
precisely at the point of demand [4,5]. Since their commercialization in the
1990s, LIBs have been extensively researched and utilized in our daily life
[6]. However, current commercial LIBs face challenges in meeting the re-
quirements of energy density, safety, lifespan and cost [7]. Moreover, LIBs
are approaching their energy-density limits despite the best available
technology today. The increasing demands for grid-scale storage systems
and the rapid adoption of electric vehicles have stimulated significant ad-
vancements in battery technologies [8]. Consequently, some promising al-
ternatives such as lithium-metal, lithium-sulfur and lithium-air batteries
with ultrahigh theoretical energy densities have garnered considerable at-
tention and have been extensively investigated in recent years [8-12].

Nevertheless, the use of metallic Li anodes with traditional liquid
electrolytes is often hindered by high safety risks associated with severe
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Li dendrite growth, which can lead to cell failure and potential fire
hazards [13-15]. Furthermore, the commonly used liquid electrolytes
in LIBs are not only flammable and prone to leakage, but also exhibit
poor thermal stability and have a narrow operating temperature range,
thereby posing significant safety hazards [16,17]. Thus, simultaneously
realizing high energy density and elevated safety in contemporary LIBs
poses a formidable challenge, driving vigorous research into advanced
battery systems for the future.

Solid-state electrolytes (SSEs) present a promising solution to fully
exploit the high energy density of Li metal, owing to their inherent
safety and superior resistance to Li dendrite formation compared to
liquid electrolytes [18-23]. SSEs, characterized by excellent mechanical
strength, low flammability and leak-proof characteristics, hold great
promise for next-generation, high-energy-density lithium metal bat-
teries capable of powering electric vehicles over long distances and
enabling smart/multifunctional electronic devices. State-of-the-art SSEs
typically fall into three categories, as illustrated in Fig. 1a—c: inorganic
solid electrolyte (ISE), solid polymer electrolyte (SPE) and composite
polymer electrolyte (CPE) [24]. SPEs, based on polymer-Li salt
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Fig. 1. Important performance comparisons of SPEs a) and d), ISEs b) and e), and CPEs c) and f).

combinations represent a favorable choice as SSEs for fabricating solid-
state lithium metal batteries (SSLMBs) because of their processability,
wettability, flexibility, low density and cost-effectiveness [20,25].
However, the practical application of SPEs is severely hindered by their
limited room temperature (RT) ionic conductivity (< 107°Scem™Y), as
shown in Fig. 1d. In contrast, ISEs, particularly sulfides and halides,
exhibit promising prospects due to their high RT ionic conductivities
(10731072 S ecm™!), which are comparable to or even surpassing
those of common liquid electrolytes [26-32]. Additionally, ISEs offer
advantages such as a high Li* transference number (=1) and non-
flammability. Nevertheless, the poor interfacial contact performance
and high fragility of ISEs significantly impede their practical applica-
tions in SSLMBs (see Fig. 1e). Accordingly, CPEs which consist of or-
ganic polymers, Li salts and inorganic fillers are currently considered
one of the most promising electrolytes meeting industry requirements
[22]. CPEs inherit the merits of solid inorganic and organic electrolytes:
adequate ionic conductivity, good interfacial contact, appreciable
Li* transference numbers and importantly, cost-effectiveness and facile
synthesis processes (see Fig. 1f).

In a typical CPE system, the commonly used polymer electrolyte
hosts include polyethylene oxide (PEO), polymethyl methacrylate
(PMMA), polyvinylidene fluoride (PVDF) and its derivatives, and
polyacrylonitrile (PAN) (see Fig. 2a) [33-35]. Similar to SPEs, the
polymer matrix in a CPE is blended with different lithium salts, such as
lithium perchlorate (LiClO,), lithium hexafluorophosphate (LiPFe), li-
thium bis(trifluoromethyl sulfonyl)imide (LiTFSI), lithium bis(fluor
sulfonyl)imide (LiFSI), lithium tetrafluoroborate (LiBF,) and lithium
difluoro(oxalate)borate (LiDFOB) [33]. The distinction lies in simulta-
neously integrating inorganic fillers into polymer-based electrolytes to
attain a CPE with high ionic conductivity and improved mechanical
properties. Extensive efforts have been devoted to achieving high-per-
formance CPEs, which have significantly contributed to the advance-
ment of battery technology [23,24]. In this regard, the integration of
inorganic fillers into the organic polymer matrices to form composite
polymer electrolytes has been proven as an effective combination
strategy to bridge the gap between SPEs and ISEs [22].

So far, a diverse range of inorganic fillers has been incorporated into
polymer-based electrolytes to enhance the performance of the resulting

CPEs [8,22]. These inorganic fillers are categorized into two main
groups: active and inert fillers, depending on whether they possess ionic
conductivity or not, respectively. Active fillers, acting as Li ionic con-
ductors, encompass garnet-type ISEs (Li;LasZr,O;5 series, LLZO), per-
ovskite-structured ISEs (LisxLas 3 4TiO3, LLTO), NASICON (sodium su-
perionic conductor)-type ISEs (Lij 4+xAlLTiox(PO4)3, LATP and
Li; 4+ xAl,Geox(PO4)3, LAGP), which have been extensively investigated
(see Fig. 2b) [29]. Meanwhile, inactive fillers include various kinds of
oxide ceramics (such as Al,Os, SiO,, ZrO,, TiO,), metal-organic-fra-
mework materials (MOFs) and boron nitride (BN), etc. [36,37]. A his-
torical timeline depicting the development of CPEs is presented
in Fig. 2c, which shows some representative or typical examples
[38-53]. Researchers have explored various hybridizations of host
components and fillers aiming to achieve high-performance CPEs, em-
phasizing high ionic conductivity and stable electrochemical perfor-
mance. However, not all of those strategies have achieved significant
effect[22]. Furthermore, numerous hurdles still impede their commer-
cialization [54]. Therefore, the rational design of composite polymer
electrolytes is critically important.

Recent studies have revealed the influence of filler structures and their
interface chemistry in a polymer/Li salt matrix on Li ionic conducting
behavior [36,54]. The size and composition of inorganic fillers in multi-
phase composites are primary parameters impacting lithium ionic con-
ductivities [55,56]. What’s more, the synergetic effect between the organic
polymer matrix and inorganic fillers could be “1 + 1 > 2”, particularly
when employing some advanced nanocomposite strategies to optimize
interface design [57-61]. Conclusively, deliberate nanoscale composite
design can yield superior comprehensive properties in CPEs, such as good
mechanical strength, excellent electrochemical performance and enhanced
safety features [62,63]. In this review, we focus on nanocomposite designs
within composite polymer electrolytes, with particular emphasis on
structural/interfacial design and their possible enhancement mechanisms
of electrochemical performances. The interaction between nanofillers and
other electrolyte components has been highlighted, in which the ion-
conduction mechanisms and interface compatibility are discussed. Then,
the nanocomposite strategies are comprehensively outlined and categor-
ized according to the structural and compositional characteristics of fillers
in CPEs. Finally, we present the importance and challenges of
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Fig. 2. a) The HOMO and LUMO levels of typical polymer matrices and lithium salts. b) Typical structural families of ISEs (lithium atoms are marked by green
spheres). c) A brief historical timeline for the development of the CPEs [38-53].(a) Reproduced with permission [33]. Copyright 2019, Wiley-VCH. (b) Reproduced

with permission [29]. Copyright 2022, American Chemical Society.

nanocomposite designs for the practical applications of solid-state lithium
metal batteries.

2. General mechanisms of nanocomposite design for high-
performance CPEs

Nanocomposite design could be as a highly effective strategy to
obtain advanced composite polymer electrolytes (CPEs), enabling sub-
stantial improvements in ionic conductivity, Li* transference number,
electrochemical stability window and mechanical properties.
Fundamentally, the elevated ionic conductivity in CPEs can be credited
to a synergy of mechanisms: including reducing the crystallinity of
polymer matrices, promoting the dissociation of lithium salts, ex-
pediting Li* transports and introducing ample Li* transport channels.
Furthermore, through immobilizing or attracting anions within the
CPE, enhanced Li™ transference numbers can be reached [64,65]. Ad-
ditionally, CPEs incorporate highly thermodynamically and kinetically
stable constituents alongside flexible components that exhibit high
tensile strength, high elastic modulus and large tensile strain. The na-
nocomposite design of the CPEs ensures the uniform distribution of
these components, bolstering the aforementioned enhancements at the
nanoscale.

2.1. Ionic conductivity and transport paths

The properties of polymer chains and filler are the two main factors
that affect ion transmission in common CPEs. It is commonly observed
that the widely studied PEO-based electrolytes readily form crystalline
phases at RT, which leads to limited mobilities of polymer segments and
hinders lithium ion transport [35] This is because it is susceptible to
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crystallization when operating at temperatures close to its glass tran-
sition temperature [35]. The utilization of fillers aims primarily to
improve the ionic conductivity of polymer-based electrolytes at RT.
This hybridization strategy is anticipated to increase the amorphous
domains within the polymer matrices and/or facilitate the dissociation
of Li salts, which creates more effective ion transport [66]. To date, the
properties of various fillers and their effects on the electrochemical
properties of CPE have been studied [22]. The generally accepted en-
hancement mechanism is attributed to the Lewis acid-base effect arising
from interactions between the fillers and the polymer-Li salt system,
with particular emphasis on the filler-polymer matrix interface [67,68].
Thus, the structural optimization of the interface, involving the size,
concentration and dimension of the fillers, represents an effective hy-
bridization strategy for achieving high-performance CPEs.

Three primary types of ionic transmission paths in CPEs can be sum-
marized as follows (Fig. 3a): 1) polymer-chain phase, 2) interfacial phase
and 3) percolating active fillers. Increasing interface area has demonstrated
a greatly positive correlation with enhanced ion conductivity, attracting
considerable attention [45,69-73]. From previous studies, there have been
many theories to explain ion transport and its migration paths, including
percolation theory, space charge layer theory and effective medium
theory [53,74-76]. Due to the complex multiphase structure resulting from
polymer-Li salts-filler formations, it is important to understand the ionic
enhancement mechanism of CPEs. Despite the reinforcement mechanism is
still vague, the goal of fabricating continuous and abundant Li-ion channels
remains crucial for achieving fast ion transport. As a result, researchers
have explored serials of nanomaterials, including nanoparticles (zero-di-
mensional material, 0D), nanowires (1D), nanosheets (2D) and three-di-
mensional nano frameworks (3D), serving as nanofillers in CPEs (Fig. 3b-e)
[67,77-79]. Given the widespread and uniformly distrusted phase/phase



Y. Chen, L. Xu, X. Yang et al.

A 1 caoae | P
- -~ -
Q v/
”
”-
7
4

Polymer-chain phase

c o~
I
A\ $ o v

°

C('C
p w

Dissociated Li-salt o
e 4 ¢

7]
t , {

\ - T8 9 .
X Ygase o

Al D eat ‘$1§
Anode |

. d"
Interfacial phase

¢

/’

%

¢

T

Percolated active fillers

interface, the resulting CPEs have superior properties compared to their
parent electrolytes.

The Lewis acid-base model of interactions between inorganic fillers
and polymer/Li salts is a widely accepted theoretical mechanism for
fillers in CPEs [68]. To understand, it is necessary to revisit the ionic
transport mechanism in polymer matrices, where the ionic conductivity
is dictated by the concentration of mobile lithium ions and their ability
to move. As shown in Fig. 4a, polar groups within the organic polymer
matrices play a crucial role in facilitating the dissociation of Li salts,
resulting in the establishment of a solid-solution system and the con-
sequent generation of mobile lithium ions. However, it is essential to
note that the generation mechanism is constrained by the substantial
dissociation energy of Li salts within the polymer matrices [80,81].
Significantly, the mobility of Li ions primarily hinges upon the creep of
polymer chains and ultimately relies on the crystallinity of the polymer.
The inorganic fillers hamper the crystallization of polymer chains sur-
rounding the fillers, augmenting the proportion of amorphous domains.
Simultaneously, this enhances the dissociation of Li salts. The en-
hancement is ascribed to the strong interaction between the fillers and
the polar groups in the polymer segments, as well as solvated Li ions or
anions [82]. As shown in Fig. 4b, both interactions could contribute to
the enhancement of Li-ion transports [54].

Furthermore, the interface plays a vital role in enabling the creation
of more mobile Li ions, where a percolation effect was used to interpret
the underlying mechanisms [69,83]. Dieterich and co-workers initially
proposed the percolation concept for solid-state ionics in 1999 [74],
following Armand’s pioneering research on SPEs [84]. The interface
between a filler and a polymer matrix could establish highly conductive
pathways, and many studies have affirmed that interfaces facilitate
rapid migration pathways for Li ions [85,86]. Furthermore, space
charge layers can be also used to explain interfacial ion transport en-
hancement. Guo’s group identified a “space charge layer” measuring
3nm in the PEO/LLZO interface. This phenomenon resulted from the
redistribution of lithium vacancies and Li ions [76].

Fast ion transport channel
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Fig. 3. a) Schematic of different ion transport
pathways in CPEs. b) The procedure of in-situ
hydrolysis and interaction mechanisms among
PEO chains and OD SiO,. ¢) Li™-transport
friendly microenvironment induced by 1D na-
nomaterials. d) Illustration of the enhancement
mechanism of 2D nanomaterials. e€) 3D frame-
work.(b) Reproduced with permission [67].
Copyright 2015, American Chemical Society.
(c) Reproduced with permission [77]. Copy-
right 2023, Wiley-VCH. (d) Reproduced with
permission [78]. Copyright 2019, Wiley-VCH.
(e) Reproduced with permission [79]. Copy-
right 2018, Elsevier.

L )

2.2. Interfacial compatibility

Interfacial compatibility between SSEs and electrodes has been
widely discussed and analyzed. In SSLMBs, the polymer-based electro-
lytes commonly experience high interfacial resistance at RT, and exhibit
limited capacity to suppress lithium dendrites under operating tem-
peratures. They also display inadequate electrochemical stability,
especially when paired with high-voltage cathode materials [87-89].
Therefore, improving interfacial compatibility in CPEs focuses on
lowering interfacial resistance, enhancing interface stability and
boosting Li dendrite suppression.

At a cathode/electrolyte interface, the electrochemical decomposi-
tion of polymer/Li salts in SPE is inevitable [87,90-94]. It arises from
the inclination toward adopting high-voltage cathode materials to
achieve cells with high energy density, while common polymer-based
electrolytes are always unstable under high voltages. For example, it is
observed that the common PEO-based electrolytes will undergo de-
composition when matched with a high-voltage cathode, which is
contributed by their oxidation because the PEO chains tend to lose
electrons at a high potential [89]. Zhou’s group calculated the Highest
Occupied Molecular Orbital (HOMO) of the polymer by using the
Frontier Molecular Orbital theory to prove the interface instability [95].
It has been widely recognized that PEO-based electrolytes could present
an instability beyond the potential of 4.0 V. The terminal hydroxide
(-OH) groups in PEO-based electrolytes were also demonstrated to limit
their electrochemical stability window, which was compared with poly
(ethylene glycol) (PEG) and poly(ethylene glycol)dimethyl ether
(PEGDME) with different terminal groups (-OH vs. -OCHj, see Fig. 5a)
[91].

In addition, the poor solid-solid interfacial contact between SSEs
and electrodes would induce a high interfacial resistance, which hin-
ders rate performances and accelerates volume changes in cathode
materials during cycling. It is hypothesized that the interaction between
fillers and polymer/Li salts can improve the high-voltage compatibility
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Fig. 4. a) Schematic of ionic conductivity in polymer electrolytes. b) Illustration of ion transport in CPEs.(a) Reproduced with permission [81]. Copyright 2001,
Springer Nature. (b) Reproduced with permission [54]. Copyright 2021, Springer Nature.

of CPEs [33,87]. As shown in Fig. 5b, fillers have been proven to en-
hance the electrochemical stability of CPEs through effective Lewis
acid-base interactions, hydrogen-bond interactions, cationic vacancy-
salt interactions and ionic dipole-dipole interactions [33]. Recent ad-
vancements involved the use of fillers to construct a high-loading
composite cathode with 3 wt% carbon-coated LATP nanowires (see
Fig. 5¢). This innovation enabled an excellent rate performance and
cycle stability of SSLBMs with high-mass loadings of up to 15 mgcm ™2,
The assembled pouch cell demonstrated excellent cycle stability with a
high loading of 8.6 mgcm ™2 (see Fig. 5d) [96].

It should be mentioned that some challenges extend beyond elec-
trolytes to involve the electrode materials. For example, strategies are
needed to stabilize the structural stability of nickel-rich cathode and
lithium-rich cathode materials [97,98]. Despite utilizing LiFePO,
cathode materials that offer long cycle/calendar life and good safety,
various factors can still induce their degradation [99]. Additionally, the
oxidation stability of CPEs could also be enhanced effectively by in-
terface modification, including the introduction of stable interface
layers and the adjustment of polymer structures and lithium salts
[100-107].

At a Li anode/electrolyte interface, pure polymer-based electrolytes
cannot suppress Li dendrite formation, which has become a common
issue [25]. The incorporation of fillers directly enhances the mechanical
strength of CPEs (Fig. 6a) [108]. Furthermore, a large number of studies
have shown that fillers could also contribute to increased
Li* transference numbers, promoting more uniform lithium deposition
[54]. For example, Mai’s research group introduced spherical core-shell
MOFs as nanofillers into the CPE. These spherical nanoparticles are
specially designed to improve both ionic conductivity (9.2 x 10™*§
cm™Y) and lithium transference number (0.74). As a result, the as-
sembled lithium symmetrical cells displayed outstanding cycle stability
against lithium electrodes over 6500 h at RT [109].

In addition, several investigations indicated the formation of fa-
vorable artificial interlayers or alloy interfaces prompted by the CPEs
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[110,111]. For instance, an improved long-term cycling performance in
SSLMBs was achieved by the introduction of a single ionic conductor,
poly(lithium 4-styrene sulfonate) (PLSS), containing a substantial
number of lithium sulfonate groups (-SOsLi), into Ta-doping garnet
(Lig 4LasZry 4Tag 012, denoted LLZTO) electrolytes, surpassing the
performance of pure LLZTO electrolytes. In a symmetrical lithium
battery, this modification exhibited improved cycling performance for
1700h at 0.2mAcm ™2 and 400h at 0.5mA cm ™2 at RT. Li dendrite
inhibition was observed by SEM, as shown in Fig. 6b and ¢ [112]. Thus,
nanocomposites are beneficial to the uniform distribution of compo-
nents within the CPEs, inhibiting the formation and growth of lithium
dendrites. Moreover, beyond CPEs, inhibiting Li dendrites has involved
additional functional modifications, including self-healing materials,
dual ion/electron conductive interface layers, dendrite stoppers and the
preparation of ultra-high modulus membranes [113-122].

Besides, the advantages of nanocomposites in a CPE can be opti-
mized by some rational membrane preparation technologies. For ex-
ample, in-situ preparation technology has proven effective in achieving
favorable interfacial contacts in SSLMBs [88,123,124]. Recently, He’s
research group introduced yttria-stabilized zirconia (YSZ) nanoparticles
into a poly(1,3-dioxolane) electrolyte prepared using an in-situ tech-
nique [125]. It was confirmed that YSZ nanoparticles were acting as
Lewis acid fillers due to their propensity to form oxygen vacancies in
the YSZ lattice. This kind of oxygen vacancies exhibited an electron-
deficiency state, similar to the Zr*t (or Y3T) exposed on the surface of
YSZ nanoparticles. This feature made the nanoparticles proficient in
adsorbing anion ions and exhibiting Lewis’ acidity. Thus, the YSZ na-
noparticles functioned not only as catalysts but also as anion adsorbers
in the CPEs, resulting in well-dispersed YSZ nanoparticles in the CPE by
in-situ preparation. The as-prepared CPE showed a high ionic con-
ductivity of 2.75 x 10™* S em™! at RT with an expanded electro-
chemical window to 4.9V. Taking advantage of the CPE, those as-
sembled LiNij¢CogoMng 20,/Li batteries exhibited a long cycle life
exceeding 800 cycles.
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3. Categories of nanocomposite materials for high-performance
CPEs

In contrast to the fillers with a bulk structure, nanocomposite materials
feature a high nanoparticle surface area and highly active nanoparticle
surface sites. Thus, combining inert or active nanofillers in the composite
polymer electrolytes (CPEs) is increasingly recognized as an effective and

promising strategy for improving the ionic conductivity, mechanical
strength and Li* transport number. On the one hand, active nanofillers are
anticipated to establish effective pathways for ion transports at the interface
between the polymer and the fillers, indicating that the efficiency of ion
transport channels varies depending on the dimensions of the nanomaterials
used to construct them. On the other hand, surface modification of inert
fillers can similarly boost the electrochemical performance of CPEs,
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achieving effects comparable to those of active fillers. Therefore, the di-
mension is a crucial factor for nanocomposite materials in the design of
CPEs, whether they are inert or active fillers. In the subsequent discussion,
we will discuss nanofillers based on their respective characteristics. Briefly,
the inert and active fillers will be introduced from OD to 3D respectively,
highlighting the importance of nanocomposites.

3.1. Inert fillers

Typical inert fillers mainly include inorganic oxides, such as Al,O3,
TiO5 and SiO, [54,126-129]. Even though they cannot independently
conduct lithium ions, these fillers play a crucial role by providing active
sites or regions through physical and/or chemical interactions on their
surface. This process hinders the crystallization of polymer chains and
promotes the formation of localized amorphous regions associated with
the motion capability of polymer segments. Nanocomposite design for
CPEs presents superior comprehensive properties compared with the
original bulk fillers, so inert fillers with nanocomposite design have
become widely studied (Fig. 7) [71,110,130,131]. In terms of dimen-
sion, the nanocomposite materials possess a large specific surface area
and highly active sites, enabling high performance for CPEs.

3.1.1. OD inert fillers

Dating back to 1998, Croce et al. first investigated the effect of TiO,
and Al,O3 nanoparticles on PEO electrolytes [40]. The ionic conductivities
of as-prepared CPE systems were improved by over three orders of mag-
nitude (to 107> S em ™! at 30 °C), accompanied by a high Li* transference
number of 0.6. Further works demonstrated that the surface chemistry of
inert fillers produced useful Lewis acid-base interaction [68]. Particulate
fillers can readily agglomerate, which could clog ion transporting channels
in the CPEs. As a kind of OD material, quantum dot materials have well-
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of cross-sectional SEM image of b) LLZTO-PLSS and c)
LLZTO after cycling, as well as schematic illustrations of
interface contact of LLZTO-PLSS/Li and LLZTO/Li, re-
spectively.(a) Reproduced with permission [108]. Copy-
right 2019, Elsevier. (b, ¢) Reproduced with permission
[112]. Copyright 2023, Wiley-VCH.
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defined sizes generally under 10 nm. It is very suitable to integrate them
into the CPEs due to their small size. Recently, Ji et al. proposed graphene
quantum dots (GQDs) materials that could be applied to PEO electrolytes
[132]. In general, GQDs are composed of single or multi-layer graphene
fragments with a diameter of below 10nm and a thickness of 1-5nm.
There are obvious differences in appearance between PEO/GQD nano-
composite membranes and pure PEO-based electrolyte membranes. Ten-
sile and bending tests have demonstrated that the nanocomposite mem-
branes have shown better mechanical properties than pure PEO-based
SPEs. Scanning electron microscope (SEM) studies indicate that the
spherulite size is significantly reduced after GQDs are added to polymer
electrolytes, indicating that the addition of GQDs affects the crystallinity of
PEO and promotes ion dissociation.

In addition to quantum dots, metal/covalent organic framework (MOFs/
COFs) materials have garnered significant attention owing to their unique
spatial effects that enhance ionic conductivity [133-137]. It is essential to
modify the surface of MOF or COF nanomaterials, to obtain lasting and
uniform dispersion of 0D nanomaterials. Chen et al. used pentaerythritol
tetraacrylate (PETEA) with the dendritic structure to separate Vinyl-ZIF-8
with active functional groups from polyethylene glycol (ethylene glycol)
diacrylate (PEGDA). The resulting RT ionic conductivity reaches
6.52 x 107* S ecm ™! [138]. The formation of a three-dimensional cross-
linked network tones the mechanical properties of the polymer electrolytes,
balancing the mechanical properties (tensile strength 1.85 MPa, elongation
at break 45.4%) and the ionic conductivity (see Fig. 8a). The resulting
three-dimensional cross-linked polymer electrolyte not only promotes the
rapid movement of Li* but also inhibits the growth of lithium dendrites.
Certain symmetric Li cells assembled with a CPE derived from MOFs were
cycled for 2000 h at a current density of 0.1 mA cm ™2

Besides, researchers are focusing on advancing the functional design
of OD nanomaterials. For instance, Zhu et al. employed PEO as a
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polymer matrix and incorporated nano indium oxide (nano-In,O3) as
multifunctional nanofillers to effectively mitigate the undesirable
shuttle effect induced by the dissolution of lithium polysulfide (LiPSs)
in Li-S batteries [139]. This approach not only significantly enhances
the ionic conductivity and mechanical strength of PEO-based electro-
lytes, but also establishes a compact Li-In alloy layer at the lithium
metal anode interface. This Li-In alloy layer further promotes the uni-
form deposition of Li* and suppresses the growth of lithium dendrites.
Therefore, the symmetric lithium cell using PEO/LiTFSI/In,O3 SPE
showed excellent interface stability at a current density of 0.1 mA cm ~ 2
with a capacity of 0.1 mAh cm ™2 (see Fig. 8b). The initial overpotential
was only 0.027 V and the cyclic charging and discharging remained
stable for over 1200 h in the resulting symmetric Li batteries. The Li-S
full cells integrating with PEO/LiTFSI/In,O3; CPE exhibited an initial
capacity of 695 mAh g™, and the capacity decay rate after 100 cycles
was 0.027 % with a high Coulombic efficiency of nearly 100 %, in-
dicating its highly stable cycling performance. In contrast, the initial
capacity of the corresponding PEO/LIiTFSI SPE batteries delivered only
394 mAh g~ ! (see Fig. 8c).

3.1.2. 1D inert fillers

Changing target morphology from OD to 1D can not only further in-
crease the surface area of the nanofillers, but also help to establish effi-
cient ion transfer pathways. In brief, 1D nanofillers with a high aspect
ratio can be beneficial for creating extended and continuous ion chan-
nels, in contrast to 0D nanoparticles that offer short and isolated ion
transport pathways. Typical 1D materials consist of nanorods, nanotubes,
nanowires, small widths of nanosheets, etc. Similar to 0D nanomaterials,
the surface charge adjustment can further strengthen the interaction
between the nanofillers and the polymer-based electrolytes. Recently, Lv
et al. proposed surface-charged halloysite nanotubes (p-HNTs) as dopants
for PVDF-based electrolytes to form a nano-dipole-doped composite
polymer electrolyte (NDCPE). The resulting NDCPE with only 5 wt% b-
HNTs exhibited a high Li* transference numbers (0.75 + 0.04) and a

robust dynamic Li* interface for achieving high mechanical strength and
separator-like toughness, benefiting from the electrostatic interaction
between ions and p-HNTs (see Fig. 8d) [77]. The NDCPE battery deliv-
ered an initial capacity of 148 mAh g~ ' and a capacity retention rate of
80 % after 300 cycles, much higher than original PVDF-based SPE bat-
teries (142 mAh g~ %, 35 %).

It is feasible to construct a heterostructure in 1D nanomaterials,
realizing the functionalization of nanomaterials in space. Deng et al.
introduced a novel one-dimensional ferroelectric ceramic-based
BisTi3012-BiOBr heterojunction nanofiber (BIT-BOB HNFs) into the
PEO matrix to construct a lithium-ion conduction highway with “dis-
sociator” and “acceleration zones” [140]. As a 1D ceramic filler, BIT-
BOB HNFs could not only construct long-distance organic/inorganic
interfaces as ion transport channels but also supply "dissociator" and
"accelerating zones" in these channels by adding an electric dipole layer
employing its built-in electric field, promoting the dissociation of li-
thium salts and the transfer of lithium ions. The mechanical properties
of CPEs were greatly improved by the introduction of BIT-BOB HNFs.
The lithium-ion conductivity and transfer number were both improved
by the usage of BIT-BOB HNFs (6.67 x 10~ %S cm ™! and 0.54 at 50 °C,
respectively). The assembled lithium-lithium symmetric batteries with
the optimized CPEs demonstrated cycle stability of over 4500 h at 50 °C.
After the assembly of the LiFePO,/Li full cell, the initial discharge of the
resulting cells at 0.2 mA cm ™2 was as high as 155.5 mAh g~ ?, and the
capacity remained at 135.4 mAh g~ ! after 2200 cycles at 50 °C. Fur-
thermore, assembling LiNiygCog1Mng10,/Li batteries with the CPE
was found to demonstrate stability over 300 cycles at a high cut-off
voltage of 4.3 V with a current density of 0.1 mA cm ~2. Thus, spatially
functionalizing 1D nanomaterials in the composite phase is a produc-
tive approach to enhance functionality.

Moreover, the action sites on the surface of 1D nanomaterials are
continuously compared with OD nanomaterials. Wang et al. obtained
optimal ionic conductivity and interfacial stability by embedding 1D-
TiO, fillers rich in oxygen vacancies controlled by morphology and
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defects [141]. 1D-structured TiO, micro-rods not only effectively re-
duced the crystallinity of PEO-based polymers and enhanced the mo-
bility of lithium ions, but also provided a long-range, continuous in-
teraction surface due to their length-to-diameter ratio. Furthermore, the
oxygen vacancies on the surface of 1D-TiO, fillers could interact with
the —CF; groups in the TFSI™ anion. They can alleviate ion aggregation
and erratic potential gradients, make the environment uniform, and
ensure the uniform deposition of lithium ions and interfacial stability.
Symmetrical Li/Li batteries demonstrated a stable cycling performance
of over 1000 h at 0.2mA cm 2. In addition, the 1D-TiO, fillers have
endowed certain assembled solid lithium metal batteries, using LiFePO,
as the cathode, with outstanding cycle performance (162.4 mAh g~!
after 200 cycles at 0.33 C) and rate performance (132 mAh g’1 at 2C).
Consequently, it is vindicated as a good choice to choose 1D materials
with abundant surface-active sites as nanofillers. Additionally, it has
been widely proven that the directional arrangement of 1D nanowires is
an effective method for preparing fast ion transport paths [142-144].

3.1.3. 2D inert fillers

2D nanomaterials display features such as a high specific surface area
and an ultrathin layered structure with a large aspect ratio, potentially
leading to an expanded active interface area [145-147]. Moreover, these
advantages would also contribute to the mechanical strength of CPEs. For
example, because of its distinctive chemical and physical attributes, holey
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graphene oxide (HGO) was employed as a target 2D material to be in-
corporated into PEO-based electrolytes in Lu’s research [148]. The in-
corporation resulted in a substantial enhancement of ionic conductivity,
comparable to that of other reported ceramic and liquid electrolytes.
Moreover, there was a significant improvement in the mechanical
strength. Fig. 9a shows the test results of the obtained CPEs under different
states such as bending, rolling, wear and torsion. Furthermore, Lu’s work
also demonstrated low activation energy, high Li* transference numbers
and good stripping performance of lithium-ion coating in Li metal bat-
teries, indicating that this CPE enhanced lithium-ion diffusion ability and
electrochemical performance.

Although improvement was obtained in various performance para-
meters, the instability and high electrical conductivity of HGO na-
nosheets limited applications. Xie presented a functional nanosheet
achieved through structural design and surface functionalization. This
nanosheet, composed of CeO, and g-C3N, with oxygen and nitrogen
defects, established a positive charge field capable of modulating ion
transport in the resulting CPE [149]. The layered structure reduced
polymer crystallinity, and the surface nitrogen atoms could induce the
uniform distribution of Li*. At the same time, oxygen defects generated
by rapid heating on the surface of the nanofiller were found to limit the
movement of TFSI~ anions and increase the migration rate of Li* ca-
tions in the electrolyte. The ionic conductivity of the as-prepared CPE
with PEO reached 1.08 x 107> S em ™! at room temperature, which
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was almost 5 times that of the pure PEO electrolyte. The assembled
symmetric lithium metal battery exhibited stable plating/stripping
performance at a current density of 0.8 mA cm ™ 2. In addition, the final
capacity of the all-solid-state LiNiy gCog1Mng 10./Li battery based on
the CPE was 135 mAh g~ after 200 cycles at 0.2 C, whilst the final
capacity of the PEO/LiTFSI electrolyte system was only 42 mAh g~ !. By
using density functional theory (DFT), Zou et al. showed that Cu-BTC
with rich unsaturated metal coordination could bind with O atoms in
PEO through metal-oxygen bonds, anchoring TFSI™ anions and re-
leasing Li*, as well as introducing Li* into PEO as a filler material.
Fig. 9b shows the migration mechanism of DFT-based Li ™ on the PEO &
Cu-BTC interface and the migration mechanism of DFT-based Li*
Cu-BTC [150]. On this basis, 2D MOFs (Cu-BTC) with large specific
surface areas and abundant active sites were synthesized, and a CPE
with excellent Li* migration ability and ultra-stable long-period per-
formance was constructed. The assembled symmetrical Li battery could
run for 1300 h at 60 °C and 0.1 mA cm ~ 2. The assembled lithium metal
solid-state battery maintained a high capacity of 162.8 mAh g~ after
500 cycles at 60 °C and 0.5 C.

In terms of 2D materials, reducing the thickness of nanomaterials is
an cost-effective method to achieve significant improvement with a
small number of additions. Huang et al. proposed a two-dimensional,
cobalt-based and ultrathin metal-organic skeleton (CMS) as a novel
layered nanosheet into the PVDF/LiTFSI [151]. CMS with a high aspect
ratio can effectively reduce the crystallinity of PVDF by inhibiting the
regular folding arrangement between polymer chains. Moreover, a
large amount of unsaturated cobalt acting as a Lewis acid can be pro-
duced in CMS, which inhibits the diffusion of TFSI™ anions and pro-
motes the transfer of Li*. At the same time, CMS with highly
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symmetrical porous topology can be used as a crosslinking center in
PVDF chains, forming a stable electrolyte structure. It promotes uni-
form deposition of lithium ions and inhibits the growth of Li dendrites.
Fig. 9c shows an SEM image of a lithium metal electrode surface after
100 cycles of Li/CMS-PVDF-LiTFSI (CPL)/Li and Li/PVDF-LiTFSI (PL)/
Li batteries [151]. Compared with the PL case, the lithium metal in CPL
maintains a smooth surface. When the CMS load was 8 wt%, the ionic
conductivity of CPL reached 6.26 x 107* S ecm ™! (28°C). As a result,
the assembled symmetric Li battery exhibited a long life and stable
cycling for over 750 h at 28 °C and 0.1 mA cm ™~ 2. The resultant all-solid-
state Li/CPL/LiFePO, battery had an ultrahigh-capacity retention rate
of 99.92 % after 650 cycles at a 0.5 C rate. Besides, researchers have
introduced a variety of 2D nanomaterials into the CPEs [55,152]. For
instance, Zhang et al. prepared lithium montmorillonite as nanofillers
to fabricate a CPE, by a simple ion-exchange method [78]. LiFePO,4/Li
full batteries with the resulting CPE delivered a high initial discharge
capacity of 145.9 mAh g~ ! and satisfactory cycling stability with an
outstanding capacity retention of 91.9 % after 200 cycles at 0.5 C and
25°C.

It is noteworthy that the distinctive formation of 2D nanomaterials
is poised to facilitate the preparation of ultrathin films, characterized by
exceptional mechanical strength and flexibility. For example, Luo’s
group integrated few-layer vermiculite sheets into PEO-based electro-
lytes, yielding a thin electrolyte film characterized by a notable Young's
modulus and tensile strain of ~450 % [153].

3.1.4. 3D inert fillers
To mitigate inconsistencies arising from the random distribution of
inorganic fillers within an organic polymer matrix, the incorporation of
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3D frameworks into polymer electrolytes emerges as an effective
strategy. This approach aims to establish a continuous interface and
offer mechanical support [51,154,155]. Furthermore, 3D nanos-
tructured frameworks can promote the uniform dispersion of fillers and
provide plentiful ion transmission. Up to now, versatile 3D frameworks
have been applied in CPEs, i.e. bi-continuous ordered 3D structures,
vertically aligned 3D frameworks, interconnected fibers with 3D ar-
chitectures and porous aerogel 3D frameworks.

For example, Huang et al. introduced regenerated cellulose (RC)
into PEO-based electrolytes, pioneering the development of a novel
hybrid electrolyte with enhanced mechanical properties and out-
standing ionic conductivity [156]. A new type of gel polymer electro-
lyte (PEO-RC GPEs) prepared by using RC as the coordination agent can
form stable CPEs with excellent ionic conductivity, high operating
voltage and enhanced safety. Thermal stability analysis has revealed
that PEO-RC membrane can maintain size stability at 25-150 °C, while
the original PEO-based membrane begins to shrink at 150 °C. SEM
images have exhibited that the original PEO membranes have a dense
structure with low porosity, negatively impacting the electrolyte pe-
netration and absorption. In contrast, cellulose aerogels has a 3D net-
work structure rich in micro/nanopores. The layered porous structure
can provide a larger specific surface area and abundant channels, which
is conducive to the absorption of electrolytes and ion migration. A large
number of micro/nanopores on the surface and cross-section of the
composite membrane provide pathways for lithium-ion migration,
thereby enhancing battery charging/discharging retention rates.

Electrospinning is often used to prepare 3D thin frameworks. Liu
et al. employed electrospinning technology to fabricate 3D y-Al,O3
nanofibers, which were then incorporated into poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP)-based electrolytes to
prepare Al,O3-(PVDF-HFP) CPEs [157]. As a traditional Lewis acid, y-
Al,0O3 nanofibers can effectively anchor LiPS through Lewis acid-base
interaction, inhibiting the shuttling of LiPS, and thus enhancing the
cyclic stability of sulfur cathode. In addition, Lewis’s acid-base inter-
action between TFSI™ anion and y-Al,O3 nanofibers can improve the
dissociation of lithium salts and promote ion conductivity and lithium-
ion migration number. Furthermore, y-Al,O3 can react irreversibly with
any LiF produced during battery reaction processes to generate LiAlO,
and Li3AlFg lithium-ion conductors, further improving the ionic con-
ductivity. Due to the increase in ionic conductivity and Li* transference
numbers, the lithium-ion concentration gradient is greatly reduced,
facilitating the uniform deposition of lithium on the anode.

The rigid 3D frameworks allow the utilization of plasticizers to
improve electrochemical performance without significantly reducing
mechanical properties. For instance, Xiao et al. synthesized a 3D
polyimide (PI) skeleton material through electrospinning [155]. The 3D
PI frameworks not only had an extremely elastic modulus enhancing
their mechanical properties but also had Li dendrite blocking ability,
thus improving operational safety and greatly enhancing the mechan-
ical strength and interface stability of PEO-based electrolytes. Ad-
ditionally, succinonitrile (SN) plasticizer can increase the solubility of
lithium salts and inhibit the crystallization of PEO, thus significantly
improving the ionic conductivity of CPE. Under the synergistic action of
3D PI frameworks and functional SN plasticizer, the ionic conductivity
of PEO/LIiTFSI/SN CPE reached 1.03 X 10™* S cm ™", the useful elec-
trochemical window reached 5.14V, and the tensile strength reached
4.52 MPa at 30 °C, which was far superior to other similar materials.
Another example is provided by Du and his colleagues. An ionic liquid-
confined MOF (ZIF-8)/polymer 3D layered porous membrane was
prepared by electrospinning and chemical impregnation processes
[158]. Due to their unique layered nano/micro-Janus structure with
good surface affinity, fast Li* migration kinetics were obtained. The
ionic conductivity was 8.17 x 10™*S em ™! at 25 °C. After 500 cycles of
those assembled Li/LiFePO, cells operated at a 1 C rate, the capacity
retention rate was as high as 95.3 %. The capacity only attenuated from
130 mAh g7' to 124 mAh g~ 1.
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Due to the self-supporting property of 3D frameworks, several ul-
trathin films have been successfully developed. For example, Fan et al.
used a scalable polyimide film as a reinforced 3D framework to fabri-
cate an asymmetric CPE with an ultrathin thickness of ~20 pm. The
asymmetric CPE was incorporated with a ceramic-rich layer and
polymer-rich layer, enabling outstanding lithium dendrite inhibition
and antioxidative stability [159]. Additionally, a bilayer CPE of 4.2 ym
in thickness was constructed by introducing a porous ceramic scaffold
and a double-layer Li*-conducting polymer [160]. Therefore, Li-
Nig.gC00.1Mng 10,/Li full cells delivered a high energy density of
506 Wh kg ™! and 1514 Wh L™ . Cui’s group also used an 8.6-um-thick
nanoporous polyimide film as a framework to contain PEO-based
electrolytes, which exhibited an excellent dendrite inhibition ability
[47]. The symmetrical lithium cells with the obtained PEO/LiTFSI thin
film could prevent batteries from short-circuiting even after over
1000 h of cycling.

3.2. Active fillers

Inorganic solid electrolytes (ISEs) as active fillers can be introduced
into the CPEs, inheriting the inert filler advantages while forming new
Li-ion transport pathways. The additional pathways are attributed to
the percolation effect involving the continuous active-filler phase and
an interface phase. Therefore, using ISEs as fillers exhibits significant
advantages, such as ion transport, mechanical strength, electrochemical
stability and Li* transference numbers. So far, most inorganic elec-
trolytes have been attempted to be introduced into CPEs, especially
perovskite-type LLTO, NASICON-type LATP and LAGP, and garnet-type
LLZO [54].

Compared to solid sulfide electrolytes, oxide ceramic electrolytes
demonstrate enhanced stability in various solvents, thus garnering
significant attention in research. Importantly, the incorporation of
fillers increases residual solvent content, thereby contributing sig-
nificantly to the enhancement of ionic conductivity. Notably, recent
work from Zhang's group emphasized the variability in solvent ad-
sorption capacities among different ceramic fillers, consequently
influencing ionic conductivity and other electrochemical character-
istics [161]. Fig. 10 provides some active fillers from 0D to 3D
[70,162-164]. Different to inert fillers, these designs prefer to de-
velop a percolation network of active fillers. From a dimensional
perspective, the nanofillers with high-latitude structures exhibit
more effective ion transport pathways. Additionally, the nanos-
tructures with low-latitude structures, such as OD or 1D materials,
can also form continuous phases, thereby facilitating high ionic
conductivity.

3.2.1. 0D active fillers

Most ISEs are in powder form, starting as bulk materials and
reaching the desired nanoscale by mechanical ball milling. Based on the
percolation effect, CPEs with nanofillers can display a higher ionic
conductivity, compared with the CPEs using the micron-size active
fillers. Lu et al. used LLZTO ceramic powders to mix with PVDF-HFP
and LiTFSI [66]. As shown in Fig. 11a, the influence of ISE nano-
particles on the polymer crystallinity was investigated through a PVDF-
HFP/LiTFSI/LLZTO CPE [66]. The CPE exhibited a high ionic con-
ductivity of 8.80 x 107> S:cm ™! at RT, due to the reduced crystallinity
of PVDF-HFP polymer matrices. Meanwhile, LiFePO,/Li cells with the
CPE showed excellent cycling performance with a high Coulombic ef-
ficiency of 99.6 %.

Active fillers can act as the main phase in CPEs. Wang et al. in-
vestigated the effects of PEO-based electrolytes with different molecular
weights. The LAGP-PEO-500000(LiTFSI) electrolyte was proved sa-
tisfactory with a PEO content of as low as 1 wt% [165]. The resultant Li-
PEO-500000(LiTFSI)/LAGP-PEO1/LiMFP full cells exhibited good cy-
cling and rate performance. Furthermore, CPEs with LAGP as the main
content were proposed, as shown in Fig. 11b [165].
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Besides, there are multiple interactions between active fillers and
polymer-based electrolytes. For example, Zhang’s group also confirmed
that the addition of LLZTO particles could form a flexible anion-im-
mobilized composite electrolyte membrane (see Fig. 11c) [64]. As a
result, a LiFePO,4/Li cell with a specific CPE delivered a specific capa-
city of around 155 mAh g~ ! with a Coulombic efficiency of 99 % and a
limited polarization of 0.05V at 0.1 C and 60 °C (see Fig. 11d and e).
The assembled Li symmetrical cell also exhibited excellent stability at a
current density of 0.10 mA cm ™2 (see Fig. 11f). The interaction between
polymer matrices and active fillers has also been investigated, using
LLZTO ceramic particles to mix with PVDF electrolytes. The study re-
vealed that LLZTO fillers could induce chemical dehydrofluorination in
the PVDF skeleton, fostering enhanced interactions among the PVDF
matrix, lithium salt and LLZTO fillers [163]. Thus, the high perfor-
mance derived from the CPE was notable, exhibiting a substantial in-
crease in ionic conductivity (approximately 5 x 10~ S ecm™ at 25 °C).
The resulting CPE showed high mechanical strength and favorable
thermal stability.

3.2.2. 1D active fillers

Fast ionic transmission channels are desirable to form continuous
ionic pathways, so research teams were motivated to develop CPEs
using 1D inert fillers. Moreover, 1D active fillers are considered more
likely to form a percolative network than OD fillers. As a typical ex-
ample, Cui’s group used LLTO nanowires prepared by electrospinning
to fabricate PAN/LiClO,4 electrolytes. Through incorporating 15 wt%
LLTO nanowires, the composite electrolyte exhibited an unprecedented
ionic conductivity of 2.4 x 10™* S ecm™ at RT (Fig. 12a) [45]. In addi-
tion, the electrochemical stability window of the CPE was also enlarged
by introducing the LLTO nanowires into the PAN electrolytes.

Similar to 1D inert fillers, aligned active nanowires could improve
ionic conductivity compared to randomly dispersed ones. As shown
in Fig. 12b, vertically aligned and interconnected LATP nanowires were
engineered through an ice-templating approach [166]. This strategy
resulted in an impressive ionic conductivity of 0.52 x 10 S em™,
showcasing a 3.6-fold improvement compared to the CPE with ran-
domly dispersed LATP nanowires. The CPE with 1D LATP nanowires
also showed high geometric stability at 180°C and better electro-
chemical stability than pure SPE. Another example is provided by Cui’s

research group. By constructing precisely aligned inorganic Li*-con-
ductive nanowires, they validated the substantial enhancement in ionic
conductivity in the CPE. The obtained CPE presented fast ionic con-
ducting pathways devoid of crossings or junctions on the surfaces of the
aligned LLTO nanowires in the CPEs (Fig. 12¢) [164].

3.2.3. 2D active fillers

There are relatively few research reports on 2D ceramic nanosheets in
CPEs [70,167-169]. Even though ISEs with 2D nanosheet structures have
been synthesized less frequently, 2D active fillers still deliver some ad-
vantages. For example, graphene oxide nanosheets were used as a 2D
template to successfully synthesize solid Lig sLazZr; sNbg 5012 nanosheets
[168]. Similar to the inert nanosheet synthesis process, garnet precursors
form co-precipitates on graphene nanosheets. The GO template was re-
moved by subsequent air co-calcination, eventually resulting in the garnet
electrolyte in the form of nanosheets. The X-ray diffraction patterns of
garnet nanosheets showed the distinct crystallinity of cubic garnet. This
nanosheet structure has been confirmed via transmission electron micro-
scopy (TEM) images (Fig. 13a) [168]. 15 wt% of garnet nanosheets were
composited with PEO-based electrolytes, aiming to obtain continuous Li-
ions transport pathways in the CPEs. The resultant material displays a high
ionic conductivity of 3.6 x 10™*S cm ™! at RT. Garnet nanosheets provide
a stable backbone for CPEs, which enables them to robustly inhibit Li
dendrites. Thereafter, symmetric Li test batteries delivered stable re-
versible cycling at a current density of 0.1 mA cm™2 for over 200h (at
40 °C). Those assembled LiFePO,/Li full cells displayed a stable capacity at
a current of 0.05 C (at 40 °C).

Recently, Wang’s group reported a thin 2D laminar electrolyte with
highly ordered LLTO crystals in the 2D interlayer channels of a laminar
vermiculite framework, as shown in Fig. 13b and ¢ [170]. Owing to the
confinement effect of the laminar vermiculite framework, the growth of
LLTO crystal was controlled into an ordered and continuous 2D ar-
rangement with no crystal defects. More importantly, it was confirmed
that the LLTO crystals grew preferentially along the c-axis in the in-
terlayer channel, which is the fastest Li* transfer direction (Fig. 13d)
[170]. As a result, a high ionic conductivity of 8.22 x 107°Scem ™! at
30°C was obtained, which was higher than that of LLTO pellets,
1.77 x 107°Scm ™. The 2D arrangement permitted the assembly of
an ultrathin membrane (a thickness of 15um) with a compressive
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the National Academy of Sciences.

modulus of 1.24 GPa. The resultant CPE presented a certain degree of
flexibility and could be bent, while the pure garnet ceramic pieces were
prone to break easily (Fig. 13e). Thus, the resultant Li/LiFePO, full
battery exhibited excellent cycling performance of 149 mAh g™ after
150 cycles (0.5 C, 60 °C), as shown in Fig. 13f [170].

3.2.4. 3D active fillers

As mentioned above, active fillers with 3D frameworks have been
proposed not only as an effective strategy to realize continuous ion
transport and high mechanical strength but also as additional inter-
connected ion transport networks through their ionic conductivity.
Similar to inert fillers, researchers pursued 3D active fillers with a high
surface area/volume ratio, to promote ion transport and electro-
chemical stability. Numerous works and methods have been reported to
construct 3D frameworks, such as polymer templating, salt templating,
spraying and electrospinning methods [171-175].

3D active networks can also be obtained by electrospinning. For
example, Guo’s group prepared a 3D garnet framework via the poly-
meric sponge method [176]. As shown in Fig. 14a, the advantages of
the 3D garnet framework were proposed, including the prevention of
the filler agglomeration by the 3D framework and providing continuous
Li-ion transport pathways along the 3D framework. Symmetric Li metal
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cells based on the 3D garnet CPE demonstrated a good ability to sup-
press Li dendritic growth and could be cycled for over 360 h without a
short circuit. The resulting CPE membrane exhibited a high ionic con-
ductivity of 1.2 x 10* S em™ at 30 °C, about two times higher than
that of the particle-reinforced CPEs. The assembled Li/3D garnet CPE/
LiFePO, battery delivered stable cycling performance at a 0.5 C rate.
Wang et al. used NaCl as a template to fabricate a 3D interconnected
porous LATP framework (see Fig. 14b) [177]. Benefiting from the for-
mation of a long-range and continuous percolation network in the 3D
LATP, the ionic conductivity of the resulting CPE membrane reached
7.47 x 10~*S em ™! at 60 °C, which was higher than that of pure PEO-
based electrolytes (1.0 x 10™* S cm™1Y). Furthermore, the mechanical
properties were also enhanced by the 3D LATP frameworks. Thus,
symmetric Li metal cells based on the prepared CPE showed stable
cycling performance for over 1000h at 0.2mA cm™2 and 0.2mAh
cm ™2 and for over 2000h at 0.1 mA cm ™2 and 0.1 mAh cm ™2 The
assembled LFP/Li exhibited long-term stable cycling at a 1 C rate.
Moreover, Ding’s group successfully constructed elastic
LLZO nanofiber films with excellent alignment, as shown in Fig. 14c
[178]. The resulting CPE displayed a high ionic conductivity of
1.16 x 10~ *Scm ™! at 30 °C with a low activation energy of 0.308 eV.
The interface between the electrodes and the CPE showed good contact
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Fig. 12. a) Schematic illustration of the
synthesis of 1D nanowire-filled CPE and the
comparison of possible lithium-ion conduction
pathways. b) Illustration of the formation
process of aligned active filler nanowires. c)
Comparison of possible Li-ion conduction
pathways with OD and 1D components.(a)
Reproduced with permission [45]. Copyright
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produced with permission [164]. Copyright
2017, Springer Nature.
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continuity during repeated cycles due to the elastic surfaces of the CPEs.
The resulting symmetric Li metal cells delivered stable Li plating/
stripping cycling for over 700 h. A small internal resistance of 87 Q2 was
presented in the assembled LiNijgCog 15Alg.0502/Li cells, delivering
large discharge capacities with high Coulombic efficiencies that are
comparable with liquid-state batteries.

4. Rational strategies of nanocomposite design

Nanocomposite materials enable the strategic integration of fillers
and polymer/Li salts, considering both dimension and size [179].
However, it is well known that nanofillers tend to aggregate/ pre-
cipitate in polymer matrices, and there are abundant grain boundaries
between filler particles, especially in the 1D-3D nanocomposite active
fillers. These effects contribute to the formation of monolithic blocks for
continuous ion transport. Additionally, the interface compatibility be-
tween the fillers and the polymer matrices contains the concentration
and the surface functional groups of fillers [180,181], the type of
polymer matrices [182] and the type and the concentration of lithium
salts [181,183]. All these factors affect the performance and stability of
composite polymer electrolytes (CPEs) which is worth investigating.

In CPEs, the enhanced ionic conductivity largely stems from ex-
panded interfaces between fillers and polymer matrices, coupled with
intensified mutual interactions. However, these interactions may form a
poor interphase layer, increasing the interfacial resistance and hin-
dering ion transports due to the blocking effect. Multi-phase in-
compatibility was first observed in solid-liquid hybrid electrolyte sys-
tems, incurring some adverse chemical reactions. Jung et al. found
excellent stability of Li;(GeP5S;, with the solvated ionic liquids, as-
cribed to the significantly reduced reactivity of the oxygen in the sol-
vents toward nucleophilic attack on the sulfides [184]. Recently, the
chemical degradation of LigPSsCl (LPSCl) induced by poly(ethylene

13

w

Aligned NWs

glycol) (PEG) was revealed. As shown in Fig. 15a, the high polarity of
PEG presented a continuous formation of an interface passivation layer,
causing hindered Li* transport at the PEG/LPSCI interface [185]. The
substitution of the terminal OH group in the PEG with OCH; terminal
groups was demonstrated to not only stabilize the inner interfaces but
also extend the electrochemical window of the CPEs.

In addition, grain boundaries between the fillers and the main
polymer matrix can also hinder ion transport. Furthermore, nanofillers
tend to agglomerate together, resulting in disconnecting the percolating
network in CPEs. Recent research also demonstrated that dense nano-
particles can form ionic transport routes superior to those of porous
nanoparticles (Fig. 15b) [75]. Xie et al. proposed trimethylaluminum-
functionalized polyethylene oxide (PEO) electrolytes, which in-
corporated a high concentration of plasticizers [186]. A high ionic
conductivity of 1.41 mS ecm ™! at 30 °C was obtained. Thus, the multi-
phase compatibility not only influences the ion transport properties of
the solid electrolyte but also impacts the stability of the composite it-
self, thereby affecting the cycle stability of full cells [187].

Effective and advanced nanocomposite design should form con-
tinuous conductive lithium transport channels in CPEs at the nanoscale.
Besides, some advanced nanocomposite designs have been reported to
not only enhance the ionic conductivity of CPEs but also may make a
significant impact on other crucial properties of CPEs, including me-
chanical and electrochemical properties [47,178,179,183]. Thus, the
surface and morphology control of nanofillers is very important, as well
as the functionalization of nanofillers, which will be reviewed in the
sections following.

4.1. Size effect of fillers

To investigate the size effect of fillers, Li’s group first studied Li-salt-
free PEO-based composite polymer electrolytes (CPEs) mixed with different
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LLZTO (Li6_4Langl_4Tao.6012) palﬁcles (10 pm, 400 nm and 40 nm) [188].
The results revealed that CPE with 40-nm LLZTO nanoparticles had a high
ionic conductivity of 2.1 x 10~ *Sem ™! at 30 °C, which was nearly two
orders of magnitude larger than those with the micrometer-sized particles.
This case gives significant evidence for the importance of specific surface
area for the dispersed active fillers, affecting the percolation effect. Those
assembled LiFePO,/Li and LiFey15MnggsPO,4/Li full batteries delivered
good rate capability and cycling performance. Furthermore, Sun et al.
studied the effect of mixed-sized fillers on CPEs [189]. Bimodal-sized LLZO
(Li;LasZr,01,) particles were introduced into PVDF-LiClO, electrolytes.
The resulting CPE delivered a high ionic conductivity of 2.6 X 10™* S
cm ™!, which was 1 order of magnitude higher than that with nano- or
micrometer-sized LLZO fillers alone.

134

4.2. Effect of filler concentration

The concentration of nanofillers within the CPEs plays a critical role
in determining the formation of a continuous percolation network.
Some previous works have investigated the difference between
“ceramic-in-polymer” and “polymer-in-ceramic” concentration ranges
[190,191]. As shown in Fig. 16a, PEO-LLZTO electrolytes were used to
study the influence of the filler concentration [190]. The results showed
that both CPEs containing 10 wt% LLZTO and 50 wt% LLZTO displayed
great flexibility, while cracks were found after increasing the con-
centration of nanofillers up to 80 wt%. The highest ionic conductivity
was found in the CPE in the ceramic-in-polymer configuration, which
was greater than that of the pure PEO-LiTFSI electrolyte and those
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reported for the PEO-LiTFSI-SiO5/ZrO, system. Furthermore, a
“polymer-in-ceramic” membrane was easily obtained with the presence
of PEG. The ionic conductivity reached 6.24 x 107> S cm ™! at 25°C
when the weight ratio of PEO:LLZTO:PEG was 10:85:5. Assembled
LiFePO,/Li full batteries incorporated with both “ceramic-in-polymer”
and “polymer-in-ceramic” CPE types have displayed outstanding cy-
cling stability.

Besides, the concentration of nanofillers also affects the interface
compatibility between SSEs and electrodes. Guo’s group utilized the na-
noparticle sedimentation in polymer to prepare a heterogeneous multi-
layered solid electrolyte (HMSE), which could effectively broaden the
electrochemical stability window of the CPEs to 0-5V. Additionally,
flexible PAN@LAGP (80 wt%) CPEs of a Janus construction type have also
been obtained (see Fig. 16b) [192]. The resulting LiNip ¢Cop 2Mng »Oo/Li
and LiNipgCop1Mng102/Li batteries delivered high capacity and long
cycle life. To investigate the mechanism of the improved ionic

conductivity from the concentration of nanofillers, Zheng et al. used solid-
state Li NMR with a °Li-"Li isotope-replacement strategy to investigate
lithium-ion transport pathways within LLZO-PEO/LIiTFSI electrolytes
(Fig. 16¢) [183]. From the NMR results, they confirmed that Li ions mainly
passed through the PEO polymer matrix (along the interface), and no
percolated network was formed in LLZO (5 and 20 wt%)-PEO (LiTFSI)
CPE. In contrast, the formation of a connected LLZO percolation network
was detected in LLZO (50 wt%)-PEO (LiTFSI) CPE, which could support
additional Li* diffusion. Therefore, the concentration of nanofillers in the
CPEs influences the formation of a percolation network, interface com-
patibility, mechanical properties and electrochemical compatibility.

4.3. Functional design for multiphase interface compatibility

As mentioned above, the interface compatibility between polymer/
Li salt electrolytes and fillers is critical for the cycling stability of CPEs
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Nature.

in solid-state lithium metal batteries (SSLMBs). At present, this aspect is
receiving extensive attention and research [194-198]. Previous studies
have focused on the functional design of the nanofiller, which was
helpful for the stability of the nanofiller phase in the CPEs [199-208].

As an illustration, Huang et al. introduced a nanometer-scale, self-
assembled monolayer protection system designed to suppress inter-
facial side reactions on LLZO (Li;LasZr,0;5) materials within common
liquid-state electrolyte systems [209]. Typically, a minimal quantity of
organic liquid electrolyte was injected into the interface of SSE/elec-
trodes, leading to a reduction of interfacial resistances. However, un-
desirable Li*/H" ion exchange and the formation of LiOH on LLZO
particles were observed in the hybrid LLZO/liquid electrolyte system,
representing the initial steps of the decomposition process. To address
this, treatment with a solution of 4-chlorobenzoic acid (CBA) in iso-
propanol solvents resulted in the formation of a self-assembled mono-
layer that effectively prevented the side reaction between LLZO and
liquid-state electrolytes. The LLZO-CBA presented an ultrathin solid-
liquid electrolyte interphase, contrasting with the thick interphase layer
exceeding 15nm on the pristine LLZO surface. Those assembled Li/
LiFePOy, full cells delivered a remarkable improvement of over 39 % in
specific energy after 600 cycles. Additionally, the resulting critical
current density of symmetric lithium metal cells doubled to 4.6 mA
em ™2,

In another study, Shim et al. utilized perfluoropolyether-functiona-
lized BN nanofibers (FBN) to increase the surface area and compat-
ibility with PVDF-HFP polymers [210]. The FBN, prepared by sonica-
tion-assisted exfoliation and noncovalent functionalization of nano-
sized BN powders maintained the 2D morphology of BN with a

136

thickness of 3-4nm. The resultant membrane exhibited a porous
structure due to the presence of FBN. The obtained membrane showed
greatly enhanced overall electrochemical and physical properties, in-
cluding ionic conductivity, Li* transference numbers and mechanical
modulus. Thus, the assembled symmetric Li metal cells showed an
unprecedentedly long charging/discharging cycling time of 1940 h at a
high current density of 1 mA cm ™2

With further development, researchers have begun to pay more at-
tention to the stability and effectiveness of multiphase interfaces in the
CPEs [211-217]. Zhang’s group reported a flexible PEO/PEG-
3Li; oGeP,S; 5 electrolyte via an in-situ coupling reaction [218]. To en-
hance the compatibility of PEO-based electrolytes and Li;¢GeP5S;, fil-
lers, a chemical bonding interaction was established by utilizing (3-
chloropropyl) trimethoxy silane (CTMS) as a bridge builder. The CTMS
facilitated chemical bonding interaction between inorganic Li;gGeP2S; 2
and organic PEO polymers. The introduction of PEG provided addi-
tional —-OH groups for chemical bonding with CTMS. The as-prepared
CPE membrane exhibited a notable ionic conductivity of 9.83 x 10™*§
cm ™! at RT and a high Li* transference number of 0.68. This mem-
brane demonstrated stable cycling of symmetric lithium cells over
6700 h at RT. Those assembled LiFePO,/Li full cells also delivered good
electrochemical performance, high-capacity retention and stable Cou-
lombic efficiency. Recently, Kondori et al. used PEO-Li;oGeP»S;, elec-
trolytes in a lithium-air battery investigation [219]. The as-prepared
CPE facilitated a four-electron redox reaction involving lithium oxide
(Li»O) formation and decomposition, enabling stable cycling for 1000
cycles with a low polarization gap at a high rate (at RT) that operated in
the air. Benefited by the CPEs, those assembled solid-state lithium-air
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batteries achieved a capacity of up to ~10.4 mAh cm 2, resulting in a
specific energy of ~685 Wh kg~ for each cell.

In another work, Yi et al. focused on the dehydrofluorination phe-
nomenon of PVDF-HFP electrolytes incorporating LLZO [220]. The
LLZO surfaces were precisely phosphatized by a surface
Li,CO3; mediated chemical reaction, resulting in a neutral chemical
environment on the LLZO surfaces. This design not only realized the
uniform distribution of ceramic and polymer phases but also provided
high-throughput ion percolation pathways, enhancing ionic con-
ductivity and Li* transference numbers. Besides these effects, the
conformal LisPO, layer created on the LLZTO surface was helpful for
the distribution of the LLZTO fillers, which endowed excellent elasticity
(250 %). A sufficient ionic conductivity of 1.9 x 10°* S cm ™! was
achieved in the as-prepared CPE with a wide electrochemical stability
window of up to 5V vs Li*/Li. The phosphatized layer on the LLZO
surface also formed robust LizP-containing SEI, which significantly in-
hibited lithium penetration in the CPE. Thus, symmetric Li metal cells
demonstrated stable cycling performance for approximately 1000 h.
Those assembled Li/LiFePO,4 and Li/LiNig gCo0.1Mng 10, full cells de-
livered outstanding cycling performance at RT.

The functional design has also been shown to optimize electrode loading
and rate performance. Kang’s group constructed BaTiOs—-LLTO nanowires
with a side-by-side heterojunction structure (PVBL) to overcome the low
ionic conductivity challenge of CPEs [53]. In this case, the polarized di-
electric BaTiO; greatly promoted the dissociation of Li salts to produce more
movable lithium ions, which could locally and spontaneously transfer across
the interface of the PVBL nanowires to couple LLTO for highly efficient ion

transport. The heterojunction structure of BaTiOs- LLTO nanowires effec-
tively restrained the formation of space charge layers with PVDF. The CPEs
with PVBL fillers showed a quite high ionic conductivity
(8.2 x 10"*Sem ™) and a high Li+ transference number of 0.57 at 25 °C.
Moreover, the interfacial electric field with electrodes was homogenized by
the PVBL nanowires. The as-prepared LiNig gCog1Mng10-/Li full batteries
displayed a stable cycling performance of 1500 times at a current density of
180mAg~'. The test batteries in pouch formation exhibited excellent
electrochemical and safety performance.

In addition to enhancing ionic conductivity and interface compat-
ibility of resultant CPEs, researchers have also pursued strategies to
enhance the thermal stability of composite electrolytes through func-
tionalized nanocomposite materials. Considerable attention has been
paid to exploring nanocomposite materials with porous structures for
loading ionic liquids as fillers in the CPEs [221]. The immobilized ionic
liquids within nanoporous materials exhibit exceptional thermal stabi-
lity, thereby ensuring that the resulting CPE maintains high ionic
conductivity and interface compatibility while preserving its excellent
mechanical properties [222]. Additionally, the development of polymer
substrates with inherent flame-retardant properties holds promise as an
effective improvement strategy [223].

Recently, Huang’s group incorporated a reactive flame-retardant
unit (Br) into the polyurethane framework via covalent bonding, re-
sulting in outstanding nonflammability properties [224]. Uniform dis-
persion of flame-retardant functional groups within the electrolyte can
also be achieved through nanocomposite design, further contributing to
enhanced thermal stability [225,226]. For instance, Guo et al.
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introduced Al-MOF nanomaterials with high-temperature stable mi-
croporous structures and abundant AI** coordination sites as fillers to
construct a nonflammable electrolyte. The LiFePO,4/Li full cells with
this nonflammable electrolyte showed significant cycling stability for
200 cycles with a capacity retention of 90 % and an average Coulombic
efficiency of 99% at 120°C [227]. Thus, the incorporated flame-re-
tardant reagents or functional groups can be uniformly distributed
within the CPEs through nanocomposite design, indicating the versa-
tility of nanocomposite functionalization.

5. Concluding remarks and future prospects

In comparison with traditional inorganic solid electrolytes (ISEs) and
solid polymer electrolytes (SPEs), composite polymer electrolytes (CPEs)
offer a multitude of benefits, especially when it comes to the practical
application in solid-state lithium metal batteries (SSLMBs). Researchers
have dedicated significant efforts to understanding the impact of filler
characteristics, such as size, dimension, concentration and interfacial
compatibility, for creating interfaces that enable rapid ion transport. The
benefits of nanocomposite design for CPEs at the nanoscale have promi-
nently emerged in these systems. The fundamental mechanisms for en-
hancing the performance of CPEs have been widely investigated, and we
have summarized two aspects in detail. Firstly, this review has covered
common composite electrolyte designs and elucidated the mechanisms of
beneficial effects of composite polymer electrolytes on ionic conductivity
and transport pathways. We have emphasized the necessity and progress
of nanocomposite designs for fabricating high-performance CPEs.
Secondly, the fundamental mechanism of interface compatibility was
summarized, which includes not only the compatibility of the electrolyte-
electrode interface but also the interfacial compatibility between THE
nanofillers and the polymer-Li salts. It should be noted that, due to the
complexity and diversity of components integrated through various design
strategies, there is currently no unanimous consensus on some of the
theoretical mechanisms proposed.

Nevertheless, it is widely acknowledged that the introduction of
fillers can improve the properties of CPEs, and this has been proven by
most reported studies. The above-mentioned mechanisms aid in clas-
sifying composite materials and designing strategies. Scientists are
pursuing the construction of abundant and uniform fast ion transport
paths at continuous interfaces by advanced nanocomposite strategies,
which could promote the ion conductivity of CPEs to reach the required
level. Well-designed CPEs can not only attain high ion conductivity
comparable to that of common liquid electrolytes at temperatures of
interest, but also attain high safety and high energy density levels that
their counterparts cannot reach.

However, despite significant advancements, the large-scale practical
application of CPEs still has some remaining challenges at present. On
the one hand, improved ionic conductivity and interfacial stability of
CPEs relative to the SPEs both need to be further improved, although it
seems very close to practical application. The ionic conductivity of the
CPEs is expected to match with the fast ionic conductors. On the other
hand, further in-depth research should be conducted to improve the
long-term stability of the interfacial contacts for CPEs. Furthermore,
some CPE performances in full batteries need further improvements,
such as high loading of electrode materials, high safety, ultrathin
electrolyte design and long cycling stability. Moving forward, the en-
visioned prospects are outlined as follows:

1) Strategically designing nanocomposite electrolytes presents a promising
approach to attain room-temperature ion conductivity levels comparable
to those of liquid electrolytes and inorganic solid-state ion conductors.
This necessitates novel and systematical manipulation of the dimensions,
size, concentration and composite forms of nanomaterials.

2) Achieving long-term stable interface compatibility is crucial for ensuring
the cycle stability of full batteries. While certain advanced nano-
composite designs have successfully achieved stable integration of
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multiple phases, challenges persist at the interfaces within CPEs, ne-
cessitating further refinement. The performance of CPEs is subject to
variation due to dynamic changes in the complex internal interfacial
environments, which are influenced by chemical, electrochemical and
mechanochemical effects. Addressing these challenges calls for in-
novative functional design strategies aimed at achieving desirable
properties, such as self-healing capabilities and high lithium-ion trans-
ference numbers.
In contrast to commercial lithium-ion batteries (LIBs), special at-
tention must be given to the loading of active electrode materials in
solid-state lithium metal batteries (SSLMBs). Composite electrodes,
typically used in SSLMBs, can lead to either increased electrode
thickness or decreased loading of active materials. Additionally,
employing liquid electrolytes to enhance interfacial wetting inad-
vertently reintroduces issues characteristic of liquid electrolytes,
such as safety concerns and reduced energy density.

4) The safety risk associated with lithium dendrite growth remains a
challenge in CPEs. The capacity of CPEs to prevent dendrite formation
and growth reduces over successive lithium plating and stripping cy-
cles. Additionally, the effectiveness of CPEs in hindering lithium den-
drite proliferation is limited. The behavior of lithium deposition and
electroplating under high current densities and substantial capacities
may fall short of practical application standards.

5) The thickness of most SSEs currently stands at approximately 100

um. There is an urgent need to advance the development of pre-

paration technologies for ultrathin electrolyte layers to enhance the
energy density of full cells.

In the end, the long-term cycling performance of full batteries is the

main criterion for evaluating whether the battery can be practically

used. It is worth noting that the pursuit of long-cycle performance,
especially with batteries featuring high-capacity cathode materials,
remains a paramount goal within the industry. Presently, most
studies have focused on using LiFePO, as the cathode material,
which stands as the predominant choice for solid-state electrolytes.
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