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Solid-state lithium metal batteries (LMBs) show promising prospects due to the high energy density and high
safety. Developing novel solid electrolytes with high performance is of great significance for practical application
of LMBs. Among all kinds of solid electrolytes, composite polymer electrolytes (CPEs) consisting of inorganic
fillers and polymer electrolytes have drawn increasing focus because of their improved ionic conductivity and
mechanical strength. However, the incompatibility between the inorganic fillers and organic polymer matrix
leads to randomly distributed fillers, inevitably causing discontinuous ion transport and insufficient mechanical
strength. Besides, the heavy fillers tend to aggregate and precipitate in the polymer matrix, leading to monolithic
blocks for continuous ion transport. Herein, introducing ion-conducting 3D frameworks into polymer electrolytes
is an effective strategy to provide continuous ion transport and mechanical support. The advances of 3D
frameworks for CPEs are summarized in this review. For example, the structural design and synthesis methods of
3D frameworks and the mechanisms of ionic conductivity improvement are discussed in detail. Furthermore,
some important works of the 3D frameworks in CPEs for solid-state LMBs are presented. Finally, the challenges
and directions of high-performance CPEs in future research are prospected.

1. Introduction separator and subsequently result in short circuit, which will quickly

heat up the cells and cause thermal runaway. The lithium dendrite issues

Considerable attention has focused on high-energy and high-
efficiency energy storage devices, due to ever-rising demands of tech-
nological products from portable devices to electric vehicles, and
diminishing renewable resources over the years. Lithium-ion batteries
have obtained unprecedented significance in many fields, owing to their
low self-discharge rate, high energy density and long cycle life [1].
However, the energy density of commercial lithium-ion batteries with
liquid electrolytes is restricted within 260 Wh kg™, which fails to meet
the high-energy requirements [2]. Therefore, exploiting novel lithium-
storage batteries with high energy density is a fundamental target. In
recent years, lithium metal has gained considerable attention as a
promising anode material due to its distinguishing superiority, including
ultrahigh theoretical specific capacity (3860 mAh g~!) and exceedingly
low potential (3.040 V vs standard hydrogen electrode) [3,4]. Unfor-
tunately, lithium dendrite growth on Li anode may penetrate the

severely limit the large-scale commercialization of lithium metal bat-
teries [5,6]. On the other hand, conventional liquid electrolytes usually
contain flammable organic component, which poses a threat to leakage
and fire hazard, and causes adverse impact on the application of lithium
metal batteries. Another drawback is that liquid electrolytes are not
compatible with high-voltage electrodes, thus limiting the enhancement
of energy density. Because of the electrolyte solvation structure and Li*
desolvation process in liquid electrolytes, highly reactive free solvents
are formed on the surface of electrodes. And these highly reactive free
solvents are easily oxidized and decomposed, which leads to the narrow
voltage window of conventional liquid electrolytes [7].

Accordingly, development of solid electrolytes to replace liquid
electrolytes is a promising strategy to address the above-mentioned is-
sues. An effective way to hinder Li dendrite penetration is to employ
mechanically robust solid electrolytes to suppress lithium dendrite
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growth and penetration. In addition, nonflammable solid electrolytes
can reduce the fire risk and avoid leakage. Moreover, solid electrolytes
with expanded electrochemical window are not only able to match high-
voltage cathode materials to achieve higher energy density, but also
have better compatibility with lithium metal anodes [8-10].

In general, solid electrolytes include inorganic ceramic electrolytes
(ICEs) and solid polymer electrolytes (SPEs). In terms of ICEs, they
commonly display high ionic conductivity (10~ ~ 1073 S cm™!) and
wide electrochemical window. Nonetheless, their preparation process is
usually time-consuming and needs high temperature, which limits the
practical application. Another issue is the poor interfacial contact with
electrodes, which can be attributed to their rigid and brittle nature,
leading to large interface impedance and degrades the battery perfor-
mance [11-13]. Conversely, SPEs are featured with close interface
contact with electrodes, satisfactory flexibility as well as processing
advantages. The close interface contact minimizes the interface imped-
ance between electrolytes and electrodes. Besides, the satisfactory
flexibility of SPEs holds great promise for wide applications like flexible
energy storage devices. And it is worth noting that the facile process-
ability makes it possible to control the thickness and realize large-scale
manufacture. In spite of above-mentioned advantages, SPEs commonly
suffer from inferior conductivity (<10° S em™) at room temperature,
hence extremely hampering their practical application. Apart from this,
their poor mechanical strength fails to effectively suppress Li dendrite
growth and further increases the possibility of safety problems [14-19].
To develop high-performance solid polymer electrolytes for practical
application, some key requirements are called for design and fabrication
of SPEs with excellently comprehensive properties as follows [20].

1. Dissolution ability. Solid polymer electrolytes can be obtained by
dissolving Li salts into the polymer matrix, and Li* can transport
along the coordination with some polar functional groups in polymer
chains, such as CH,—~CH»,—-O, C=0, CH>—CF5 and C=N.

2. Electrochemically stability. The voltage window should be over 4 V,
which is important for high energy-density energy storage devices.

3. Ionic conductivity and ion transference number. Acceptable ionic
conductivity (210’4 S ecm~! at room temperature) and ion trans-
ference number (>0.4) are required to reduce ohmic polarization
and guarantee efficient rate capability in charging and discharging
process.

4. Thermal stability. High thermal stability of SPEs for wide-range
temperatures is essential to enable safe operation of battery.

5. Mechanical strength. Two key parameters are tensile strength and
Young modulus. Tensile strength of SPEs needs to reach up to 30 MPa
in order to completely separate anode and cathode. At the same time,
necessary Young modulus (>6 GPa) can resist the dendrite growth
for safe batteries.

6. Electrical insulation. Electronically insulating demand for SPEs helps
to minimize self-discharge process and achieve long life-span.

Diverse strategies are explored to modify SPEs for practical re-
quirements. One is to form block copolymer or crosslinked polymers,
which can enhance room-temperature conductivity to 10° S cm™?, but
still far from practical implementation [21-23]. Besides, introducing
organic plasticizers into SPEs can considerably increase the ionic con-
ductivity, whereas compromises mechanical properties and increases
the safety risk due to the flammable plasticizers [24-25]. Another
method is to disperse ceramic fillers in the polymer matrix. In this way,
both of the ionic conductivity and mechanical properties of SPEs could
be improved to some degree. Generally, the ceramic fillers can be non-
Li-conducting fillers, including AlyO3 [26], SiOy [27], ZrO, [28], and
Li-conducting fillers, like LisxLas/3xTiOs (LLTO) [29], LiyLagZroO12
(LLZO) [30], Li; 1 xAlTisx(PO4)3 (LATP) and Lij  xAlyGeax(PO4)3 (LAGP)
[31], etc. However, these randomly distributed ceramic fillers in powder
form fail to supply long-range and continuous Li-ion conduction path-
ways, which in turn lead to limited enhancement of ionic conductivity.

Chemical Engineering Journal 451 (2023) 138787

Recently, Cui group [32] have reported that ceramic nanowires with
high aspect ratio could provide extended ion-conducting channels,
which contributes to the higher ionic conductivity compared to nano-
particle fillers. However, the enhancement of the ionic conductivity is
limited owing to the agglomerated ceramic nanowires in the polymer
matrix. To overcome the agglomeration issue, in situ preparation of
highly monodispersed nanoparticles as fillers for polymer-based elec-
trolytes has been reported. Because of the isolated SiO, nanoparticles in
the polymer matrix, the ionic conductivity of the composite electrolyte
was only 4.4 x 107> S/cm at 30 °C, which is far from the standard for
practical application [33].

Generally, there has been an ionic conductivity vs mechanical
strength dilemma in polymer electrolytes. Satisfying ionic conductivity
usually needs lower crystallization to promote the segmental motion of
the polymer for rapid ion conduction [34]. However, lower crystalli-
zation deteriorates the mechanical strength of the SPEs and compro-
mises the battery safety. To address this dilemma, design and
construction of versatile 3D frameworks applied in SPEs is an effective
strategy to obtain high-performance CPEs with both high mechanical
properties and high ionic conductivity. The versatile 3D frameworks can
not only provide continuous and long-range ion transport pathways, but
also avoid the filler agglomeration and precipitation in the polymer
matrix, which contributes to the highly improved ionic conductivity.
Furthermore, the 3D frameworks can considerably boost the mechanical
strength of the CPEs, which can suppress the dendrite formation and
growth [35].

More importantly, the synergetic effect of soft polymer matrix and
mechanically robust 3D frameworks could be 1 + 1 > 2, which opens a
new avenue for high-performance solid electrolytes with superior
comprehensive properties such as excellent electrochemical perfor-
mance, good mechanical strength, and high-safety nature. Up to now,
several types of 3D frameworks have been applied in CPEs, which can be
summarized and classified into four main categories: bi-continuous or-
dered 3D frameworks, vertically aligned 3D frameworks, interconnected
fiber 3D frameworks and porous hydrogel/aerogel 3D frameworks, as
shown in Fig. 1. Benefiting from the brilliant design of these 3D
frameworks, the composite polymer electrolytes with versatile 3D
frameworks show higher ionic conductivity, wider electrochemical
window, stronger mechanical strength and higher safety.

In this review, we present the structure design and synthesis methods
according to the categories of 3D frameworks. Then, the possible
mechanisms of ionic conductivity enhancement are discussed. Further-
more, based on the structural and compositional features of the 3D
frameworks, we introduce some significant advances applied in com-
posite solid electrolytes for solid-state lithium batteries. Finally, we
propose the significance and challenges of 3D frameworks for solid-state
lithium batteries.

2. Structure design and fabrication of 3D frameworks in CPEs

A composite polymer electrolyte with a unique 3D framework is a
promising strategy to obtain high-performance solid electrolytes with
fast ion conduction and high mechanical strength. When constructing
the unique 3D frameworks, the design and synthesis approach is of great
importance. For this reason, we are going to begin with the prominent
fabrication methods of the 3D frameworks prior to discussing their
mechanism and wide application in CPEs. As shown in Fig. 2, four
dominant approaches are schematically described, such as template
method, 3D printing method, electrospinning method and hydrogel-
derived method, and each one will be described in detail as follows.

2.1. Template method
Ice-template method is a simple but effective template method for

fabricating 3D frameworks, which uses ice as the sacrificing template. In
the process, a staring aqueous suspension containing uniformly



L. Du et al

Chemical Engineering Journal 451 (2023) 138787

Fig. 1. Versatile 3D frameworks applied in CPEs and the advantages of the CPEs with 3D frameworks.

dispersed nanoparticles needs to be placed on a cold finger with low
temperature. In this way, the bottom of the suspension is cooled at first
to form a vertical temperature gradient. Therefore, ice crystal grows
from the bottom and pushes nanoparticles to the side, after removing the
ice, 3D vertical frameworks can be obtained. Because ice is commonly
selected as the template, this method is an environmentally friendly and
low-cost approach, which has been applied to fabricate desirable 3D
vertical frameworks for CPEs. Using this ice template method, Yang
group [36] prepared a composite solid-state electrolyte with vertically
aligned LATP framework to provide fast and continuous ion transport
channels. The ionic conductivity of the electrolyte with vertically
aligned LAGP framework is 6.9 times higher than that of its counterpart
with randomly dispersed LAGP particles. In addition, they used the same
method to fabricate another vertical 3D framework with LATP ion
conductor as starting material. As expected, the similar findings are also
observed in this system [37]. Accordingly, ice-template method is a
facile and effective way to design 3D vertical frameworks for CPEs with
fast ion transport pathways and good mechanical strength. The final
structure can be tailored via adjusting the concentration of the nano-
particles, cooling rates and sintering parameters.

Other templates also have been applied to design and fabricate the
3D frameworks for CPEs such as bacteria cellulose and natural wood.
The common process of the template method has three steps: (1) pre-
treatment of templates; (2) impregnation of templates with precursor
solutions; (3) conversion of precursors into final products. The template
method is a simple and low-cost technology to obtain necessary archi-
tecture. For example, Hu group [38] proposed a facile method to
construct a connected LLZO framework by using bacteria cellulose as a
template. The well-organized LLZO framework was synthesized by sin-
tering the pre-treated bacteria cellulose with LLZO precursor solution to
remove the template and form the 3D structure, which inherits the

structural merit of the initial bacteria cellulose. Then, polymer electro-
lyte was introduced into the porous structure, serving as a protective
layer to enhance the mechanical resilience of this network. Due to the
continuous lithium-ion transport paths, the ionic conductivity of the
CPEs can be improved to 1.12 x 10™* S cm™L. Inspired by the unique
structure of natural wood, the wood was used as a sacrificial template to
prepare a garnet skeleton with vertically aligned structure. The original
wood was pre-treated by a compression process, followed by filling the
garnet precursor into vertical channels. Finally, the garnet precursor was
transferred into garnet framework with the assistance of calcination.
The as-fabricated garnet backbone with low tortuosity can provide un-
obstructed Li* conductive pathways [39]. These works provide a new
idea to construct 3D frameworks for composite polymer electrolytes via
a template method.

2.2. 3D printing method

3D printing, a disruptive manufacturing technology, is rising as an
innovative and facile method to design and fabricate unique structures
compared to traditional material preparation methods [40-42]. 3D
printing shows some main advantages:(1) It presents remarkable pro-
cessing flexibility and geometry controllability; (2) The material thick-
ness could be well controlled due to the layer-by-layer additive
processing nature; (3) It has been considered as a facile and effective
method because of its one-step process. Thereby, increasing attention
has been paid to the fabrication of solid-state electrolytes with fine 3D
frameworks by the 3D printing method. For instance, Hu group [43]
proposed “brick-and-mortar” strategy for a composite solid electrolyte
membrane by a 3D printing method, and the preparation process of the
“brick-and-mortar” composite solid electrolyte can be seen in Fig. 2b.
The LLZO membrane was diced into square chips and the was tightly
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Fig. 2. Fabrication methods of 3D frameworks for CPEs. (a) Template method. Reprinted with permission.[37] Copyright 2019, Elsevier. (b) 3D printing method.
Reprinted with permission.[43] Copyright 2019, American Chemical Society. (c) Electrospinning method. Reproduced with permission.[53] Copyright 2016, Na-
tional Academy of Sciences. (d) Hydrogel method. Reprinted with permission.[55] Copyright 2019, Wiley-VCH.

connected by the polymer binder extruded from a 3D printer nozzle. The
brick-like LLZO chips can provide fast ion-conducting paths, while the
polymer binder endows the resulting composite solid electrolyte with
great flexibility, which can release the strain caused in preparation
process, packaging process, transportation process and application. Be-
sides, Bruce group [44] prepared a composite solid electrolyte with 3D
bi-continuous ordered ceramic and polymer microchannels by a 3D
printing method which can precisely control the microstructures of the
LAGP skeleton. The obtained CPEs deliver a higher ionic conductivity
and higher mechanical strength compared with the conventional
ceramic solid electrolytes. Those works inspire us that 3D printing
method is promising to fabricate favorable 3D frameworks for CPEs
which can not only possess remarkable mechanical performance, but
also deliver desirable ionic conductivity.

2.3. Electrospinning method

Electrospinning method is commonly considered as an effective
technology to synthesize unique interconnected fiber networks. To
obtain desired 3D fiber networks, many research efforts have been
dedicated to modify the electrospinning method which usually includes
preparation of precursor solution process, electrospinning process and
sintering process [45-47]. In comparison with other synthesis ap-
proaches, each process in electrospinning method can be easily
controlled. When preparing the precursor solution, it is easy to adjust
the viscosity and concentration of the solution via altering the ratio of
polymer matrix and ceramics, which has an important impact on the
architecture of the final 3D frameworks. In the electrospinning process,
receiving length, voltage and the diameter of needles all can be
controlled to tailor the structure of the 3D frameworks. And in the sin-
tering process, polymers with different thermal properties may result in
different morphologies and structures of the resultant 3D frameworks
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[48-52]. Many successful CPEs with 3D fibrous frameworks have been
prepared by the electrospinning method. For instance, Hu group [53]
prepared a 3D Lig 4La3zZryAlg 2015 (LLZO) network by an electrospinning
method as an advanced filler for composite polymer electrolytes as
shown in Fig. 2c. In this structure, the 3D LLZO network can enable
continuous ion transport and simultaneously enhance the mechanical
strength of the CPE. Afterwards, using a sol-gel electrospinning method,
Yu group [54] designed a mesoporous LisSO4-modifed SiO» nanofiber
network to promote pure polymer electrolytes, in which Li;SO4 can be in
situ introduced into the SiO, nanofiber network. The introduction of
Li2SOy4 in the SiO, nanofiber network endows the inert SiO5 with ion-
conducting capacity. And the mesoporous surface of the Li»SO4-modi-
fed SiO, nanofiber network enhances the wettability between the
composite network and PEO matrix for intimate contact, which not only
enhances the mechanical properties of the final composite electrolyte,
but also contributes to the improved electrochemical stability. After
filling the PEO matrix into the hierarchical Li;SO4-modifed SiO5 nano-
fiber skeleton, the as-obtained composite solid electrolyte shows an
improved ionic conductivity. These intriguing results indicates that the
electrospinning method has great potential for fabrication of inter-
connected fiber 3D frameworks.

2.4. Hydrogel-derived method

Designing a 3D percolated hydrogel-derived framework has been
considered as a fascinating method to avoid filler agglomeration and
form continuous pathways for ion transport at high filler concentration
in polymer matrix. The percolated networks have tunable hierarchical
structures and interconnected channels for fast ion conduction. And the
preparation process of the 3D percolated frameworks by the hydrogel-
derived method is quite simple, which will be introduced in detail as
follows. Commonly, the preparation process of the 3D nanostructured
hydrogel-derived hydrogel has two steps. One is to prepare the 3D
ceramic hydrogel. To be specific, ceramic precursors are dispersed in
polymer solution, and then the mixture began to gelate with the assis-
tance of cross linker and initiator to form a hydrogel. The second step is
to sinter the as-obtained hydrogel to obtain 3D percolated frameworks.
Using the hydrogel-derived method, Yu group [55] transformed
randomly dispersed LLTO particles into a continuous 3D framework and
applied it in composite polymer electrolyte (Fig. 2d), which delivers a
high ionic conductivity of 8.8 x 10~*S ecm ™! at room temperature. And
the assembled full solid-state batteries exhibit excellent electrochemical
and mechanical properties. Afterwards, the same group developed
another hydrogel-derived framework by using LLZO as precursor, which
connects the scattered LLZO nanoparticles to form a porous 3D perco-
lated framework. The continuous garnet structure provides fast ion
transport pathways without barriers, and the introduction of PEO matrix
enables the composite solid electrolyte with good flexibility [56]. Thus,
the hydrogel-derived method provides an effective strategy to prepare
3D frameworks for high-performance solid-state electrolytes.

In conclusion, 3D frameworks with different structures need
different fabrication methods. For example, ice-template method is a
simple but effective template method for fabricating 3D frameworks
with vertically aligned structure by a vertical temperature gradient. 3D
printing method is commonly used to fabricate 3D bi-continuous or-
dered frameworks due to the highly controlled process of the 3D printing
technology. The electrospinning method has great potential for fabri-
cation of interconnected fiber 3D frameworks. And the hydrogel-derived
method is a quite simple and efficient strategy to form a porous 3D
percolated framework. Despite the above-mentioned 3D frameworks
can be obtained, precise control of 3D frameworks with well-ordered
structure still remains a challenge. Besides, novel strategies and
advanced technology should be developed for constructing favorable 3D
frameworks.
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3. Ion transport mechanisms of CPEs

It is highly significant to understand the Li-ion transport mechanisms
in CPEs for fabricating high-performance solid electrolytes with prac-
tical applied value. CPEs consist of polymer matrix and incorporated
fillers, thus the ion conduction capability of the polymer matrix and
incorporated fillers has a great impact on comprehensive properties of
the CPEs.

3.1. Ion transport mechanism in polymer matrix

Polymer solid electrolytes can be obtained by dissolving Li salts into
the polymer matrix. Particularly, Li salts dissolved in polymer electro-
lytes should possess low lattice energy in order to dissociate Li* ions. In
polymer-based electrolytes, Li* can transport along the coordination
with some polar functional groups in polymer chains, such as
[-CH2-CH2-0O-] in poly(ethylene oxide) (PEO), [C=O0] in poly(methyl
methacrylate) (PMMA), [-CHy-CFy-] in poly(vinylidene fluoride)
(PVDF) and [C=N] in polyacrylonitrile (PAN) as shown in Fig. 3a [57].
Continuous segmental motion in polymer chains produce free volume
which helps Li* transport from one coordination site to another or hop
from one chain to another. As shown in Fig. 3a, the polar sequential
[-O-] in PEO chains facilitates to dissociate lithium salts and generate
more free Lit ions [58]. In addition, another possible Li-conducting
pathway is its macromolecular structures due to the flexible chain in
PEO [59]. Nevertheless, pure PEO solid electrolytes display limited ionic
conductivity of 107 S em™! ~ 107® S em ™! because of their high degree
of crystallization [60]. The effective Li* ions transport mainly occurs in
amorphous phase in PEO. Besides, the [C=N] in PAN can interact with
Li salts, and Li" ions can transport in PAN by moving to electron rich
groups. The [C=N] in PAN makes this polymer possesses a strong
electron withdrawing ability, thus endowing PAN-based polymer elec-
trolytes with a low LUMO and great electrochemical stability, which
results in a wide voltage window for PAN-based polymer electrolytes
[61,62]. As we all known, Li* ions mainly diffuse in the amorphous
region. Thus, it is vital for polymer electrolytes with low crystallization
to achieve high ionic conductivity. PMMA is a kind of polymer whose
amorphous phase is a dominant composition at relatively low temper-
ature. Li ions transport can be achieved with assistance of break/for-
mation of coordination between [C=0] in PMMA and Li salts [63,64].
Another common polymer electrolyte is PVDF, a semicrystalline poly-
mer with electrical dipoles in the polymeric chain [-CHy-CF2-], which
endows PVDF with high dielectric constant [65,66]. The high dielectric
constant is important for polymer solid electrolytes to avoid conduction
of electrons, thereby helping separate Li salts for more free Li" ions.

3.2. Ion transport mechanism in Li-conducting fillers

The other important component in CPEs is incorporated fillers,
which can be divided into inert fillers and active fillers. Inert fillers
cannot intrinsically transport Li ions, whereas active fillers are intrinsic
ionic conductors. The commonly used active fillers are perovskite-type,
NASICON-type, garnet-type and sulfide-type ceramics [67]. For these
ionic conductors, ion transport relies on mobile vacancies or interstitial
ions, which contributes to the high ionic conductivity. In detail,
perovskite-type ICEs possess a typical structure of ABO3 (A=La, Sr, or
Ca; B=Al or Ti) as shown in Fig. 3b, where Li can be doped at A site to
form LigzLag/3xTiO3 (LLTO) with a high ionic conductivity at room
temperature [68]. However, the reduction of Ti** to Ti®* with lithium
metal anode can improve the electronic conductivity and decomposition
of the ICEs, which limit their further applications for solid lithium metal
batteries [69].

NASICON-type ICEs have a common structure of NaMy(PO4)3 (M=Ti,
Ge, or Zr), which were first developed as Na™ ion conductors [70]. After
replacement of Na™ with Li™, these types of ICEs possess Li-conducting
ability with similar crystal structure of NaMy(PO4)s. Unfortunately,



L. Du et al

Poly(ethylene oxide)
PEO

Chemical Engineering Journal 451 (2023) 138787

Ho§
e~ i
¢=0 —{¢-¢
(') H F N
CHs

Poly(acrylonitrile) Poly(methyl methacrylate) Poly(vinylidene fluoride)
PAN PMMA PVdF

®:0 O :Li O :5S0 :la

AI2O3 m Inorganic filler PEO matrix
/Channels Polymer+Li salt
m Filler's surface Space charge region
. @ Anion (CIO,)
Reglon 1 ® Li-ion
Nanowires

Li* .,.... ..’..O,.’.- B L

Region1I @

+ Oxygen vacancy

© Li-vacancy e Liion

~  PEO chain

(— Conduction pathway
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oxygen vacancies on the surface. Reprinted with permission.[32] Copyright 2015, American Chemical Society. (h) Schematic illustration of the fast ion conduction
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cal Society.

the ion replacement compromises the conductive ability of the
NASICON-type ICEs. In order to address this challenge, two main
NASICON-type ICEs of Lip;xAlTiz<(PO4)3(LATP) and Liy,AlGe,.
x(PO4)3(LAGP) are designed by partly substituting Al. After doping of Al,
the NASICON-type ICEs can display an ionic conductivity as high as
103Sem™! [71,72]. On the other hand, NASICON-type ICEs suffer from
the same challenge of the poor compatibility with lithium metal anodes
owing to the reduction of Ti*" to Ti** with Li metal.

Garnet-type ICEs can be expressed as A3By(X04)3 (A=Ca, Mg, Y, or
La; B=Al, Fe, Ga, Ge, Mn, Ni, or V, and X=Si, Ge, or Al). Currently, one of
the most popular garnet-type ICEs is Li;LazZro012 (LLZO) as shown in
Fig. 3d, which presents an ionic conductivity up to 10~ S cm™! at room
temperature and wide electrochemical window more than 4.5 V. Unlike
LATP and LLTO, LLZO possesses excellent chemical stability with
lithium metal anodes because of its intrinsic inert towards lithium metal.
Moreover, the ionic conductivity of garnet-type LLZO ICEs could be
enhanced after aliovalent replacement of La or Zr with some elements
like Ga, Nb, and Ge [73-76]. Although garnet-type LLZO ICEs can
display ideal ionic conductivity and superior compatibility with lithium
metal anode, Li dendrite growth and poor interface contact with

electrodes restrict their further development in solid battery fields.

Sulfide-type ICEs (Fig. 3e) show great potential in solid electrolytes
due to their higher ionic conductivity 1073 ~102Scm™ 1) and wider
electrochemical window. LijgGeP3S12 (LGPS), as one of the typical
sulfide-type ICEs, can present a room-temperature ionic conductivity as
high as 1.2 x 102Scem™! [77]. However, among the raw materials for
preparation of LGPS ICEs, GeS; is a kind of high-cost material [78].
Another drawback is that sulfide-type ICEs are unstable with moisture in
air, which induces hydrolyzation of sulfides and consequent generation
of HyS gas [79]. These disadvantages hence hamper the practical ap-
plications of sulfide-type ICEs for solid LIBs.

The commonly used inorganic ceramic fillers for composite polymer
electrolytes are in powder form, which are prone to aggregate because of
the poor compatibility between the inorganic ceramic fillers and organic
polymer matrix. In addition, these incorporated inorganic ceramic fillers
are readily precipitated owing to the larger weight during the film-
forming process. The aggregation and precipitation issue are long-
standing challenges for continuous Li™ transport. Another drawback is
that the incorporated inorganic ceramic fillers are randomly distributed
in the polymer matrix, which fails to supply long-range and continuous
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Li-ion conduction pathways. In contrast, ceramic 3D frameworks can not
only provide continuous and long-range ion transport pathways, but
also avoid the filler agglomeration and precipitation in the polymer
matrix, which contributes to the highly improved ionic conductivity.

3.3. Ion transport mechanism in polymer/filler interface

In addition to aforementioned Li-conducting mechanisms in CPEs,
fast ion transport can be achieved in the polymer/filler interface. The
incorporated fillers (both active and inactive filters) serve as solid
plasticizers to enhance the ionic conductivity for polymer electrolytes.
The nanosized fillers with large surface area can reduce the crystallinity
of polymer matrix near the filler/polymer interface and form more
amorphous regions, which facilitates the motion of polymer chains and
further promotes the ion conduction [80,81]. Besides, the Lewis acid-
base interactions between surface groups of fillers and anionic ions
mainly contribute to the fast Li* conduction interface. Some acidic
groups on the filler surface behave as Lewis acid center, and can absorb
the anionic ions in polymer matrix, which facilitates the Li salts disso-
ciation and hence releases more free Li ions [82,83]. This mechanism
has been proven through experiment by Cui group (Fig. 3f). They
fabricated a novel composite electrolyte using AlF3-modified AAO as the
non-conductive framework and poly(ethylene oxide) as polymer matrix.
Al,03 is a kind of inert filler which fails to transport Li ions by itself. And
the ionic conductivity improvement in this composite electrolyte can be
attributed to the interfacial interaction derived from the PEO and AlFs-
modified Al;O3. The hybrid electrolyte with pure Al,O3 with vertical
nanopores can deliver an ionic conductivity of 1.79 x 1074 S em™! at
room temperature. In order to further promote the Li ions transport, the
Al,03 was modified by a layer of AlFs which is a typical Lewis acid and
can have strong Lewis acid-base interactions with Li salts to set free Li
ions. After the modification of the AlF; layer, the ionic conductivity can
reach up to 3.50 x 10~* S em ™!, which is twice as high as that without
AlF3 coating [84]. All the results demonstrate that the Lewis acid-base
interaction at the polymer/filler interface can facilitate the Li ions
transport.

Moreover, the fast Li ions conduction at the polymer/filler interface
may come from the oxygen vacancies on the surface of the incorporated
fillers (Fig. 3g). In general, oxygen vacancies are beneficial for ionic
conductivity enhancement [85]. The existence of the oxygen vacancies
can facilitate Li ions to hop from one vacancy to another, which can form
a continuous and high-speed pathway for Li ions conduction [86]. Apart
from this, the oxygen vacancies on the surface of active/inert fillers
result in the positive-charged surfaces, which can form a strong bond
between positive-charged surfaces of inorganic fillers and the anion of
the Li-salt in the polymer matrix. This promotes the Li ions mobility and
enables the fast ion transport at the filler/polymer interface [32].

Another mechanism of the fast Li* conduction at the interface is the
space-charge effect. Space-charge regions form when two materials with
different chemical potentials being in contact, and the defects are
redistributed under the driving force of potential differences [87]. To be
specific, Li vacancies and Li ions are uniformly distributed in the ceramic
fillers. When a second phase is introduced, like the polymer matrix, the
Li ions inside the ceramic lattice sites transfer to surface sites because of
the interfacial chemical potential. This migration leads to the high
content of Li* and the low content of vacancies on the surface of the
ceramic fillers, which facilitates the rapid ion conduction. Generally
speaking, space charge regions have two common effects on solid elec-
trolytes. One is that the defect concentration change has a great influ-
ence on ionic conduction [88]. Besides, this region offers a new kinetic
path for ions transport. Recently, a surface layer of 3 nm space charge
region has been observed by TEM characterization in a PEO/Ga-LLZO
composite solid electrolyte (Fig. 3h). In this work, the continuous
space charge region at the PEO/Ga-LLZO interface results in an
improved ionic conductivity [89].

Based on above discussions, for CPEs with inactive 3D frameworks,
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Li* can conduct in the polymer matrix and the interfaces between the 3D
frameworks and polymer matrix. Whereas in CPEs with active 3D
frameworks, Li"™ can transfer along the conductive 3D frameworks and
polymer matrix, or their interfacial regions, which indicates that the
active 3D frameworks are promising for higher ionic conductivity. There
are many reports about the ionic conduction in polymer matrix and
inorganic ceramic phase. However, thorough investigation on interfa-
cial conduction mechanisms for CPEs is highly inadequate. Deeper un-
derstanding and more experimental investigation should be made on the
oxygen vacancy effect and space charge effect and so on.

4. Applications of 3D frameworks in CPEs

High-energy and high-safety demands have stimulated the rapid
development of all-solid-state LIBs with high-performance solid elec-
trolytes. As discussed above, introduction of 3D frameworks for CPEs is
an effective strategy to fabricate high-performance solid electrolytes
with superior comprehensive properties such as high ionic conductivity,
good mechanical strength, and excellent thermal stability, which will
promote the development of solid LMBs with high energy and high
safety. In this section, some selected research advances of 3D frame-
works in solid lithium batteries are presented according to different
types of 3D frameworks in succession.

4.1. Interconnected fiber 3D frameworks

4.1.1. Ceramic fiber 3D frameworks

According to the shapes of the incorporated fillers in CPEs, they can
be classified into OD nanoparticles [90], 1D nanowires/nanotubes [91],
2D nanosheets and 3D frameworks [92-94]. Fabrication of 3D frame-
works has been considered as an effective method to enable continuous
ion transport and high mechanical strength. Among numerous 3D
frameworks, interconnected fiber networks with high surface area/vol-
ume ratio are promising candidates to promote ion transport and elec-
trochemical stability. Some important works of designing
interconnected fiber 3D frameworks are introduced in this section. For
example, Hu group [53] fabricated a new 3D LLZO nanofiber network
for CPEs (Fig. 4a). Notably, it is the first time to design and construct a
3D ceramic network derived from garnet-type nanofibers to form
continuous Li-ion transport in PEO electrolytes. The 3D LLZO network
was prepared by an electrospinning method, and the composite elec-
trolyte could be obtained by infiltration of PEO electrolyte into the
porous network to completely cover the 3D LLZO nanofiber network. As
a result, the ionic conductivity of the CPE is improved with the assis-
tance of the 3D LLZO nanofiber network (Fig. 4b). In addition, the LLZO-
network-reinforced solid electrolyte shows highly improved mechanical
strength compared with the pure PEO electrolyte, which facilitates long-
time cycling stability by effectively inhibiting lithium dendrite growth
(Fig. 4c). Meanwhile, because of the flexible PEO matrix, the LLZO-
network-reinforced solid electrolyte possesses excellent flexibility as
well, which indicates the great promise for flexible energy storage de-
vices. Afterwards, the same group developed a simple template method
to construct the 3D LLZO network by using bacteria cellulose (BC) as a
template (Fig. 4d). The well-organized LLZO network was obtained by
high-temperature calcination of the pre-treated bacteria cellulose which
had absorbed the LLZO precursor solution. Then, the PEO-based elec-
trolyte was incorporated into the as-prepared porous and interconnected
3D LLZO network (Fig. 4e), which could act as a protection layer to
enhance the mechanical resilience of this ceramic network. This rational
design can not only address the brittleness problem of ceramic solid
electrolytes, but also improve the ionic conductivity by providing
continuous and long-range Li" transfer pathways (Fig. 4f) [38]. In
another work, they tried to use cellulose textile as template to construct
flexible Li-conducting ceramic textile. This garnet textile is composed of
LLZO ion conductor, which can provide continuous Li transfer channels
and present light weight, desired flexibility and porous structure
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Reproduced with permission.[53] Copyright 2016, National Academy of Sciences. (d) Fabrication process of the LLZO network by using bacteria cellulose as a
template and the resulting CPE. (e) SEM image of the LLZO network. Inset is the TEM image of single LLZO fiber. (f) Comparation of ionic conductivities of elec-
trolytes with and without the LLZO network. Reprinted with permission.[38] Copyright 2018, Wiley-VCH. (g) Schematic illustration of the conducting garnet textile
and the corresponding optical photograph. (h) Electrochemical performance of the garnet-textile-reinforced CPE in symmetric Li cells at different current densities.
Reprinted with permission.[95] Copyright 2018, Elsevier. (i) Adsorption mechanism of metal ions on the silk fabric template. (j) SEM image of the LLZO ceramic
fabric from the silk fabric template. Reprinted with permission.[96] Copyright 2022, Elsevier.

(Fig. 4g). The garnet textile was prepared by filling the LLZO precursor
into the cellulose textile template coupled with calcination process to
remove the template and form LLZO phase, which can inherit the
structural features of pristine cellulose textile template. Then, the PEO-
based electrolyte was repeatedly immersed into this ceramic textile until
a dense electrolyte can be obtained. As a result, the garnet-textile-
reinforced CPE displays a high ionic conductivity. During the long-
term cycling tests, the assembled Li-Li cell can be stable without short
circuit, exhibiting the high safety and stability (Fig. 4h) [95].

The above two 3D ceramic frameworks can be obtained by using
cellulose-based templates, which eliminates the agglomeration issue and

realizes the continuous ion transport. However, these cellulose-derived
ceramic frameworks show incomplete structure because of the limited
metal ion adsorption sites in cellulose-based templates. According to
this, Fu and coworker [96] used silk textile as the template to fabricate a
3D LLZO framework for CPEs. Silk textile is a kind of material rich in
multiple functional groups which can adsorb a large number of metal
ions (Fig. 4i). The resultant 3D garnet framework well inherits the
morphology and structure of the silk template (Fig. 4j), thereby forming
the continuous ion transport channels. After penetration of PEO-based
electrolyte, the as-obtained CPE has a high filler content of 70 wt%,
which contributes the high ionic conductivity, superior thermal and
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electrochemical stability. In a word, the template method is a promising
approach to fabricate 3D frameworks with favorable structures. In
addition, the template method is promising for large-scale manufacture
because of the facile and simple preparation process.

The abovementioned works demonstrate that ceramic fiber 3D
frameworks can not only provide continuous and long-range ion trans-
port pathways, but also avoid the filler agglomeration in the polymer
matrix, which contributes to the highly improved ionic conductivity.
However, the brittleness of the ceramic fiber 3D frameworks makes
them mechanically too fragile to maintain structure stability during
polymer impregnation process and battery fabrication process. There-
fore, it is significant to develop new design principles for ceramic fiber
3D frameworks with all-round properties in high ionic conductivity,
superior mechanical strength and excellent structure flexibility.
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4.1.2. Composite fiber 3D frameworks

Recently, some composite 3D frameworks have been successfully
designed and constructed for CSEs to realize both high ionic conduc-
tivity and mechanical strength, which will be discussed in detail as
follows. Self-assembly strategy has been proved a facile and effective
approach to construct the composite 3D frameworks featuring with
continuous ion transport channels and desired mechanical robustness.
For example, Mai group [97] designed and constructed a hierarchically
self-assembled MOF network to provide continuous ion transport and
mechanical support for CPEs (Fig. 5a). Through the surface-etching
strategy, oriented self-assembly of MOF nanocrystals along the poly-
imide fibers can be realized. After absorbing the Li-conducting ionic
liquid, rapid Li" transport is achieved within the 3D hierarchically self-
assembled MOF network. The continuous linear Li* channels are formed
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along one-dimensional polyimide fiber direction at the micrometer
scale, and the continuous Li" transport in the bulk of resultant solid
electrolytes can be obtained based on the 3D structure with inter-
connected one-dimensional MOF fibers. At the same time, the
nanometer-level pores of MOF enable the selective confinement of larger
anions for rapid Li* transport. In addition to the high ionic conductivity,
the 3D hierarchically self-assembled MOF network also shows high
mechanical strength and great flexibility (Fig. 5b), because of the strong
banding between MOF and the robust polyimide skeleton. After intro-
duction of the PVDF-based polymer electrolyte, the resulting CPE shows
a high ionic conductivity at room temperature and a high mechanical
strength (Fig. 5¢). Besides, the assembled solid-state LiFePO4//Li bat-
teries display a great cycling stability. Additionally, another 3D hierar-
chical MOF network based on two-dimensional Cu(BDC) MOF has been
developed for high-performance solid electrolytes through the same self-
assembly method. The layered MOF can provide one dimensional Li*
transport pathways by anchoring anions for free Li*. Furthermore, the
3D hierarchical MOF network enables the 3D continuous Li" transport
along the polymer/MOF interface. The nonwoven fabric substrate pro-
vides the mechanical support of the 3D hierarchical MOF network and
thus endows the 3D framework with great flexibility, which overcome
the brittleness issue of MOF materials. As a result, the resulting MOF-
network-reinforced composite polymer electrolyte can deliver a
desired ionic conductivity and a high Li" transference number, as well as
high battery performance with high-voltage Li(NipgCog.1Mng 1)O2
(NCM811) cathode [98]. Above works confirm the great potential of
MOF-based materials for solid-state batteries, which is in accordance
with previous reports [99].

In addition to the in-situ growth of MOF materials, the self-assembly
strategy can also be used to fabricate 3D ceramic network with both high
ionic conductivity and sufficient mechanical strength. For example, a 3D
cellulose/ceramic network has been prepared based on natural cellulose
fibers and ceramic fillers for CPEs (Fig. 5d). The natural cellulose fibers
are characteristic of excellent chemical and thermal stability coupled
with desired mechanical strength, which is an ideal candidate as rein-
forcing skeleton for the 3D ceramic network. With the assistance of
vacuum filtration, the ceramic fillers can be self-assembled along the
cellulose fibers to form the 3D ceramic network, which can provide 3D
continuous Li™ transport pathways for high ionic conductivity. Because
of the cellulose fiber skeleton, the 3D ceramic network can maintain
structure stability during polymer impregnation and battery fabrication
process, which contributes to the high mechanical strength of the final
CPE and superior battery performance (Fig. 5e,f) [100].

Although the hierarchical MOF networks and the 3D cellulose/
ceramic network are fabricated by the self-assembly method, there are
some differences between the two works. Specifically, the hierarchical
MOF network are constructed by in situ growth of MOF nanocrystals on
the surface of supporting substrates, in which the MOF nanocrystals are
tightly immobilized on the surface of supporting substrate by chemical
bands. While in the fabrication process of the 3D cellulose/ceramic
network, the ceramic nanoparticles are directly introduced into the
cellulose skeleton with the assistance of vacuum filtration, in which the
cellulose skeleton provides spatial guidance for ceramic fillers to be self-
assembled along the cellulose fibers and to form the 3D ceramic
network.

Besides, a modified electrospinning approach has been developed to
fabricate 3D ceramic network for continuous and fast ion conduction
and strong robustness. Fu and coworkers [101] constructed a novel 3D
ion-conducting nanofiber network composed of LLZO nanoparticles and
ion-conducting polymer as binder by a modified electrospinning method
(Fig. 5g). In order to realize great flexibility and high ionic conductivity,
the ion-conducting binder consisting of PVDF, PEO and lithium salt is
explored to spin together with ceramic nanoparticles to form the 3D
LLZO nanofiber network. The introduction of PEO reduces the crystal-
linity of PVDF and promotes Li" transport. In the electrospinning pro-
cess, the precursor solution has to be stirred constantly to prevent the
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LLZO nanoparticles from sedimentating, which is critical to form the
highly loaded LLZO nanofibers (Fig. 5i). The resultant 3D LLZO nano-
fiber network membrane is light and thin while featuring excellent
flexibility and mechanical robustness (Fig. 5h). As a result, the assem-
bled solid-state battery using the CPE with the 3D LLZO nanofiber
network can display great rate performance and cycling stability
(Fig. 5j).

In sum, design and construction of composite 3D frameworks is a
promising strategy to obtain desired 3D frameworks with integrated
properties in high ionic conductivity, superior mechanical strength and
excellent structure flexibility. In order to overcome the brittle issue of
the ceramic 3D networks, some effective methods are developed. One is
to introduce mechanically robust materials as skeletons for composite
3D frameworks featuring with continuous ion transport channels and
desired mechanical robustness. For example, the mechanically robust
cellulose network has been used to construct a 3D cellulose/ceramic
network for high mechanical strength. In addition, introducing ion-
conducting organic polymer as binder into the 3D ceramic frameworks
is another effective method. For instance, a novel 3D ion-conducting
nanofiber network composed of LLZO nanoparticles and the ion-
conducting binder consisting of PVDF, PEO and lithium salt has been
designed and fabricated. Accordingly, exploitation of composite 3D
frameworks can combine the advantages of different materials, which
holds great promise for high-performance CPEs with high ionic con-
ductivity and mechanical strength.

4.2. Vertically aligned 3D frameworks

Vertically aligned 3D frameworks with low tortuosity for CPEs have
attracted increasing attention in recent years. Compared with randomly
distributed nanoparticles, vertically aligned 3D frameworks can provide
shorter ion transport pathways and mechanical support due to their
vertically oriented channels and highly ordered structure (Fig. 6a). In
2017, Yang group [36] used a facile ice template method to prepare
CPEs with a 3D vertically aligned and interconnected LATP skeleton and
PEO-based polymer matrix. They first casted the LATP particle suspen-
sion onto the substrate, then applied freeze at the bottom of the sub-
strate, using the temperature gradient to make the particles form
vertically aligned structure (Fig. 6b). The flexible CPEs can be obtained
by filling the PEO-based polymer matrix into the porous and vertical
LATP skeleton which can not only provide short and continuous Li™
transfer channels, but also improve the comprehensive performance
such as mechanical strength. As shown in Fig. 6¢, the as-obtained CPE
with the 3D vertically aligned LATP skeleton displays a higher ionic
conductivity compared with that with randomly distributed LATP fillers
and pure polymer electrolyte. In addition, polyethylene glycol (PEG)
was applied in this work to improve the interface contact with electrodes
and ionic conductivity. The thermal stability of the composite solid-state
electrolyte was also tested, and the results show the increased decom-
position temperature with the assistance of the vertical LATP skeleton.
After the heating test, the electrolyte with vertically aligned LATP
skeleton does not appear obvious curl and other changes compared with
pure PEO-PEG electrolyte, which paves the way for the battery opera-
tion at high temperature. At the same time, tensile test results indicate
that the Young’s modulus of the CPEs can be highly increased by
incorporating the 3D vertically aligned LATP skeleton. After that, the
same group developed another 3D vertically aligned LAGP framework
applied in PEO-based electrolyte. The ice-templated LATP skeleton
shows a porous and vertical structure with pore sizes between 10 and 20
pm (Fig. 6d). The rational vertically aligned LATP skeleton enables the
activation energy of the as-obtained CPE closed to that of the pure LAGP
solid electrolyte, which implies that lithium ions mainly transport by
LAGP phase, thus delivering a high ionic conductivity (Fig. 6e). More-
over, the resultant composite electrolyte possesses good flexibility with
a high ionic conductivity retention after 200 bends. For lithium/lithium
cycling test, cells with the LATP-skeleton-reinforced electrolyte work
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stably with small polarization voltage at different current densities. In
addition, the LiFePOy-based full battery presents an excellent cycling
stability (Fig. 6f) [37]. The ice template method has also been developed
by other research groups, for example, Luo group [102] fabricated the
3D vertically aligned framework using 2D vermiculite sheets (VAVS) as
starting material for PEO-based solid electrolyte with enhanced ionic
conductivity and Li" transference number (Fig. 6g). There are abundant
and continuous channels in the 2D VAVS, which provides unobstructed
and shorter pathways for Li" transport. Besides, benefiting from the
surface characteristics of the 2D VAVS, Li salts dissociation can be
enhanced. Consequently, the as-obtained CPEs can present a high ionic
conductivity and a high Li" transference number. Another advantage is
the remarkable mechanical properties of the as-obtained CPE derived
from the 3D vertically aligned VAVS skeleton, which plays an important
role to suppress dendrite growth. As a result, the symmetrical metal
lithium battery runs over 1300 cycles stably (Fig. 6h). These results
indicate that the ice template method is an effective strategy to fabricate
3D vertically aligned structures for high-performance solid electrolytes.

Ice-template method is a simple and effective method for vertically
aligned 3D frameworks using ice as the template, which is an environ-
mentally friendly and low-cost approach. And vertically aligned 3D
frameworks with low tortuosity can provide shorter and fast ion trans-
port pathways because of the vertically oriented channels and highly
ordered structure. But the wide application of the ice-template method
for constructing 3D frameworks with vertically aligned structure has
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been largely limited. This is because many commonly used inorganic
ceramic conductors are unstable in water. In addition, accurate control
of the structures is significant and remains challenging due to the fast
crystallization process of water. Thus, some modifications and im-
provements for the ice-template method are required.

Apart from the ice template method, the vertically aligned 3D
frameworks can be also obtained from other templates with vertical
structure. For instance, Hu group [39] developed a vertically aligned
garnet skeleton by using wood as a template. Inspired by the vertical
porous structure of the wood, they compressed the original wood with
pore size between 10 and 50 pm into the one whose major channels
present crack-shaped gaps and some are connected (Fig. 7a). After that
they poured the LLZO precursor into the microchannels of the com-
pressed wood, and then annealed the LLZO precursor to form a vertically
aligned garnet structure. The well-aligned structure of the natural wood
can be well inherited in the final LLZO network (Fig. 7b,c). The 3D
garnet skeleton with low tortuosity can provide vertical and continuous
Li* conduction pathways, which considerably enhances the ionic con-
ductivity of the resultant CPE (Fig. 7d,e). Moreover, the Li/Li cells were
assembled, and could work stably without obvious polarization voltage
(Fig. 7f,g).

In addition to template method, materials with vertically aligned
microchannels can be directly used as 3D frameworks to fabricate high-
performance CPEs. Recently, Cui group [103] successfully fabricated a
safe, ultrathin and lightweight polymer-polymer electrolyte by
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CPE. Reprinted with permission.[39] Copyright 2019, American Chemical Society. (h) Design of the polymer-polymer CPE using the ultrathin porous polyimide host.
(i) Cross-sectional SEM images of the ultrathin porous polyimide host. (j) Comparison of ionic conductivities of the polyimide-reinforced and PEO-based polymer
electrolytes. (k) Stress-strain curve of the ultrathin porous polyimide film and PEO-based polymer electrolytes. Reprinted with permission.[103] Copyright 2019,
Springer Nature. (1) Schematics of ceramic-polymer interface in AAO-reinforced CPE. (m) Calculated ionic conductivities of region I and region II in AAO-reinforced
CPE and measured ionic conductivities of AAO-reinforced CPE. Reprinted with permission.[84] Copyright 2018, American Chemical Society.

embedding polymer electrolyte into the vertical nanochannels of the
polyimide (PI) host (Fig. 7h). The ultrathin and porous PI matrix pos-
sesses vertically aligned nanochannels and a thickness of 8.6 pm, which
can be seen in Fig. 7i. Because of the vertically aligned nanochannels,
this polymer-polymer composite electrolyte delivers a highly enhanced
ionic conductivity, and the simulation results reveal that Li" tend to
transport along the vertical alignment direction, which may explain the
improved ionic conductivity of PEO-based polymer electrolyte in the
aligned channels. Besides, the nanoconfinement effect of PEO-based
polymer electrolyte in the nanochannels may facilitate the fast Li ions
diffusion (Fig. 7j). In addition, the PI skeleton is nonflammable and
mechanically robust (Fig. 7k), and the Li-Li cells are stable over 1000 h
without short circuit. In the abuse test, the as-assembled pouch cell can
withstand harsh conditions such as bending, twisting, cutting and nail
perforation, which indicates the high safety and flexibility of the
polymer-polymer composite electrolyte. Meanwhile, the same group
explored AlFs-modified AAO with vertically aligned structure as a 3D
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framework for polymer electrolytes. The porous AAO can provide
vertically aligned channels with an average diameter of 200 nm, which
can provide fast and continuous ionic conduction pathways along the
interface between the vertically aligned channels of AAO and PEO
electrolyte (Fig. 71). The Lewis acid-base interaction between the AlFs-
modified AAO and PEO chains results in the superior conductivity
(Fig. 7m). Experimental results show that Li* can transport rapidly
along the vertically aligned interface, which is likely to release super ion
conduction. Moreover, the smart design of this composite electrolyte
enables the Li-Li battery with superior cycle stability without Li dendrite
penetration [84]. Based on aforementioned great works, the application
of vertically aligned 3D frameworks provides a new idea for the devel-
opment of high-performance solid electrolytes.

In summary, using materials with vertically aligned microchannels
as 3D frameworks is a simple and direct method to modify the polymer
electrolytes. The polymer electrolytes in the vertically aligned channels
deliver a higher ionic conductivity, suggesting that Li* tend to transport
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along the vertical alignment direction. But the used 3D frameworks with
vertically aligned channels are inert materials, which fail to conduct Li
ions themselves. Besides, the vertically aligned pores inside the 3D
frameworks are limited. So, the fast ion conduction interfaces are defi-
cient, which leads to the limited ionic conductivity improvement.
Therefore, development of highly conductive materials with vertically
aligned microchannels as 3D frameworks or increase of the fast ion
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conduction interfaces are future direction.
4.3. Porous aerogel/hydrogel-derived 3D frameworks
4.3.1. Porous aerogel-derived 3D frameworks

To promote the Lit transport, solid polymer electrolytes are gener-
ally applied at increased temperature for facilitating the segmental
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Fig. 8. Design of porous aerogel-derived 3D frameworks and their application in CPEs for LMBs. (a) Schematic illustration of the CPE based on the 3D SiO, aerogel
skeleton. (b) Comparison of ionic conductivities of the electrolytes with and without 3D SiO, aerogel skeleton. (c) Hardness of the SiO, aerogel, SiO, aerogel/PEO
composite, and SiO, aerogel/PEO/LiTFSI CPE. Reprinted with permission.[104] Copyright 2018, Wiley-VCH. (d) Design principle of the fireproof and ultrathin CPE
based on the porous robust 3D polyimide skeleton. (e) SEM image of the surface of the porous polyimide skeleton. (f) Cross-section SEM image of the porous
polyimide skeleton. Reprinted with permission.[105] Copyright 2020, American Chemical Society (g) Preparation process of the porous BC/LLTO aerogel. Schematic
illustration of the Li deposition of (h) Commercial separators and (i) The BC/LLTO composite gel electrolyte. Reprinted with permission.[106] Copyright 2019,

Wiley-VCH.
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motion of the polymer, which will contribute to fast ion conduction.
However, the elevated temperatures deteriorate the mechanical strength
of polymer electrolytes and compromise the safety of batteries. In order
to solve this issue, 3D aerogel frameworks have been designed and
constructed for solid polymer electrolytes. The 3D aerogel frameworks
commonly exhibit high elastic modulus, high porosity and large internal
surface area. Incorporation of the 3D aerogel frameworks can improve
the mechanical strength, thus helps to effectively inhibit the Li dendrite
growth. The high porosity further facilitates to accommodate high-
content polymer electrolytes, which enables sufficient Li ion conduc-
tion. Meanwhile, the well-distributed fillers within the 3D aerogel
frameworks promote Lewis acid-base interactions, thereby enabling
high dissociation of lithium salts and boosting the ionic conductivity.
For example, a mechanically strong CPE was developed by compositing
a 3D SiO, aerogel skeleton and conductive PEO matrix as shown in
Fig. 8a. The 3D SiO; aerogel framework exhibits a well-organized and
highly porous structure with a large internal surface area, which can
provide large and continuous interfaces for Li ions to transport within a
long distance based on Lewis acid-base effect, hence contributing to the
highly improved ionic conductivity (Fig. 8b). Another benefit of the 3D
SiO4 aerogel framework is that it can act as a robust backbone to rein-
force the PEO electrolytes, resulting in a higher elastic modulus and a
considerably improved hardness (Fig. 8c). Owing to this, the resultant
composite electrolyte can effectively suppress lithium dendrite growth,
facilitating a stable long-term cycling life. As a result of the 3D SiO,
aerogel skeleton, LiFePO4//Li full cells function well with high rate
capability and excellent cyclic stability [104]. Afterwards, the same
research group developed a porous and robust polyimide (PI) skeleton
for ultrathin and non-flammable CPE. The flame retardant (deca-
bromodiphenyl ethane, DBDPE) was introduced into the polyimide
skeleton, which can not only provide strong mechanical strength to
inhibit lithium dendrite growth, but also avoid fire risks (Fig. 8d). The
PI/DBDPE skeleton presents a porous structure with a pore size about
500 nm, in which the DBDPE particles are uniformly distributed within
PI matrix (Fig. 8e,f). Notably, pouch cells assembled with the fireproof
electrolyte can function well after being exposed to flame for 24 s,
demonstrating the suitability for solid-state LMBs with high safety
[105]. To further enhance the ionic conductivity, Zhong and co-workers
[106] combine advantages of mechanical strength of bacterial cellulose
(BC) and fast ion conduction of LLTO nanowires to design a 3D inter-
connected porous aerogel skeleton as presented in Fig. 8g. The 3D BC/
LLTO aerogel framework displays a hierarchical structure with multi-
scale pores for remarkable liquid electrolyte uptake. Because of the 3D
BC/LLTO skeleton, the resultant gel electrolyte shows high mechanical
strength and high Li-ion transference number. Most intriguingly, the
brilliant composite framework can facilitate uniform ion deposition and
thus suppress dendrite formation (Fig. 8i), which enables the stable
long-term Li-Li cycling more than 1200 h without failure. According to
the above-mentioned results, the stiff 3D aerogel frameworks really play
a vital role in design and fabrication of CPEs with improved compre-
hensive properties.

These three representative works indicate the possibility of the 3D
aerogel frameworks, which can improve the mechanical strength of
CPEs to effectively inhibit the Li dendrite growth. Furthermore, the
porous 3D aerogel frameworks with Lewis acid sites can enable high
dissociation of lithium salts and boost the ionic conductivity. However,
the construction of 3D aerogel frameworks still faces some challenges.
For example, the 3D SiO, aerogel framework suffers from the brittleness
issue. And the porous polyimide skeleton shows great flexibility, but the
polyimide framework fails to conduct Li ions itself and provide Lewis
acid sites or oxygen vacancies to promote ion transport. The composite
3D BC/LLTO aerogel framework can combine the mechanical advantage
of BC and high ionic conductivity of the LLTO nanowires, which holds
great promise for CPEs.
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4.3.2. Porous hydrogel-derived 3D frameworks

Introducing inorganic fillers in CPEs can enhance their mechanical
property and electrochemical performance. However, the content of the
ceramic fillers is severely restricted owing to the agglomeration effect,
resulting in limited enhancement of ionic conductivity. 3D porous
hydrogel is a kind of material featuring with porous and tunable struc-
tures, simple preparation process and easy large-scale manufacture.
Recently, there are some successful applications of the ceramic
hydrogel-derived 3D frameworks in CPEs, which can achieve higher
ionic conductivity and desired electrochemical stability. For instance, a
3D hydrogel-derived LLTO structure was developed by Yu group [55] for
continuous ion transport. The hydrogel-derived LLTO framework ex-
hibits a well-percolated and porous structure (Fig. 9a), and the structure
can be well preserved after introduction of PEO-based electrolyte into
the LLTO framework (Fig. 9b), which could provide continuous Li™
transport pathways for high ionic conductivity (Fig. 9c). After that, they
designed another 3D hydrogel-derived framework by using LLZO ion
conductor, which could be obtained by gelation and heat treatment of
the LLZO precursor. The final 3D hydrogel-derived LLZO skeleton pre-
sents an interconnected and highly porous structure (Fig. 9d). Mean-
while, the as-prepared CPE can maintain excellent flexibility regardless
of bending or winding, showing desired mechanical properties (Fig. 9e).
Even after heat treatment, this electrolyte can still maintain a high
integrality (Fig. 9f), and effectively avoid the risk of thermal runaway,
which can be attributed to the introduction of the 3D hydrogel-derived
LLZO skeleton. And the TG test indicates the lower crystallinity of PEO
chains and high content of LLZO ion conductor due to the 3D hydrogel-
derived LLZO skeleton (Fig. 9g), which results in improved Li* con-
ductivity [56].

Besides, Guo’s group [107] have reported a well-organized porous
3D garnet skeleton with a continuous channel structure (~20 pm) by
exploiting polyurethane foam as a template, which can provide
continuous Li ion conduction paths and heighten the mechanical
strength of the composite electrolyte. Due to this, the 3D garnet skeleton
reinforced electrolyte displays an ionic conductivity of 1.2 x 107% §
cm™! at room temperature, much higher than that of one with randomly
dispersed LLZO particles. Similarly, a 3D porous LLZTO backbone was
fabricated by using cellulose and polyester (CP) textile as a template.
After calcination process, the obtained LLZTO backbone shows a porous
morphology with average-grain size of ~5 pm, offering interconnected
Li-conducting channels and resulting in an improved conductivity of
2.61 x 107* S em™! at room temperature. Consequently, the resultant
CPE exhibits a high transference number of 0.71 and desirable thermal
stability. Furthermore, the low-cost gel-casting method employed in this
work can have a wide application in other composite electrolytes to
design and fabricate rational ceramic frameworks with unique struc-
tures [108].

In sum, the 3D interconnected hydrogel-derived frameworks have
shown great potential in solid-state LMBs owing to their fast ion-
conducting ability and easy preparation process. Unfortunately, the
3D hydrogel-derived frameworks still face the same challenge in flexi-
bility due to the brittle feature of inorganic ceramic materials. Besides,
how to accurately control the porous structures remains difficult. And
the extension of more materials for 3D hydrogel-derived frameworks is
worth exploring.

4.4. Brick-like 3D frameworks

Inorganic solid electrolytes commonly display desirable ionic con-
ductivity (107 ~ 1072 S ecm™!), and good electrochemical stability.
Unfortunately, the brittleness of these ceramic electrolytes makes them
mechanically fragile, which limits their practical application. As we all
know, natural nacre is one of the most promising biomaterials with a
special “brick-and-mortar” structure composed of brittle CaCOs platelets
and soft protein polymer layers, which combines both ultrahigh me-
chanical strength and excellent toughness (Fig. 10a) [109]. Inspired by
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this “brick-and-mortar” structure, ceramic electrolytes as the “bricks”
glued by elastic polymer matrix as the “grout” are promising to realize
the coexistence between flexibility and mechanical robustness of the
CPEs. For this reason, a facile bottom-up method was developed to
design a composite solid electrolyte with a “brick-and-mortar” layout
design, in which LAGP platelets function as the “brick” and polymer
matrix as the “mortar”, aiming to address the mechanical strength issue
in solid electrolytes (Fig. 10b,c). As a result, the nacre-like ceramic/
polymer electrolyte realizes a much higher fracture strain than pure
ceramic electrolyte. Besides, a much larger ultimate flexural modulus
can be obtained for the nacre-like solid electrolyte compare to pure
polymer electrolytes. The improved mechanical strength of the nacre-
like electrolyte is also proved by the ball impact tests (Fig. 10d). Most
intriguingly, full cells with the nacre-like ceramic/polymer electrolyte
can work stably even under a heavy load. In contrast, batteries using
pure ceramic electrolytes or pure polymer electrolytes fail to function
well in the same condition. Besides, Hu group [43] proposed a similar
design strategy for a composite solid electrolyte membrane with the
“brick-and-mortar” pattern. Using the 3D printing manufacturing
method (Fig. 10e), brick-like LLZO chips are connected well without
gaps by using styrene-butadiene copolymer (SBC) as the mortar
(Fig. 10f-j). The brick-like LLZO chips can provide fast ion-conducting
paths, while the SBC releases the strain caused in preparation process,
packaging process, transportation process and application. It is worth
noting that fracture mechanics analysis was conducted to design the
optimum size of the LLZO chips with diverse membrane thicknesses to
form strong bonding between the brick-like LLZO chips and mortar-like
polymer. As a result, the resultant composite electrolyte displays an
excellent extensibility of 220 % with a final tensile strength of 5.12 MP,
which enables the superior flexibility and cycling stability under
bending. Using the same 3D printing method, a new type “brick-and-
mortar” CPE with 3D bi-continuous ordered ceramic electrolyte and
polymer matrix has been constructed as shown in Fig. 10k. This method
can precisely control the ratio of polymer to ceramic and realize the 3D
bi-continuous ordered ceramic. The CPE used LAGP as the “brick”, and
filled empty channels with polymers as “mortar”. To be specific, as
shown in Fig. 10k, the first stage is to fabricate the 3D printed polymer-
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based template, followed by introduction of LAGP powder into empty
channels. After removing the polymer template through sintering pro-
cess, the 3D bi-continuous ordered LAGP skeleton can be formed. At last,
flexible polymers fill the empty channels to obtain the final composite
electrolyte with 3D bi-continuous ordered structures. After being tested,
the gyroidal composite electrolyte delivers optimal electrochemical
properties, like acceptable ionic conductivity of 1.6 x 10~ S cm™! and
better cycling stability. It is also worth noting that this electrolyte dis-
plays higher mechanical strength in comparison with the pure ceramic
electrolyte, which is important for batteries to meet the high safe
requirement [44].

Indeed, these works inspire us that composite electrolytes with
“brick-and-mortar” structures can not only possess remarkable me-
chanical performance, but also deliver improved ionic conductivity,
which provides a new design principle for future composite solid elec-
trolytes with mechanical robustness. But the polymer materials using as
the “mortar” in above works are ionically insulating, which limits the
further ionic conductivity enhancement. Therefore, using ionically
conductive polymer materials as “mortar” can realize the coexistence
between flexibility and mechanical robustness without compromising
the ionic conduction of the inorganic ceramic electrolytes. In addition,
further optimizing the “brick-and-mortar” structures to effectively uti-
lize the advantages of highly conductive inorganic ceramic electrolytes
and elastic polymer deserves more efforts.

In addition to all above discussions, construction of 3D crosslinked
networks for polymer electrolytes is also an effective strategy to enable
high ionic conductivity and high mechanical strength. Lu et al. devel-
oped a ring-opening polymerization method without initiator to fabri-
cate a rigid 3D cross-linked network in gel polymer electrolyte, in which
rigid polymer component serves as reinforcing skeleton for mechanical
support, and soft polymer component is used to enable rapid Li* con-
duction [110]. Then, a 3D crosslinked network PEO@nano-SiO, com-
posite polymer electrolyte was designed to enhance ion conduction and
mechanical properties. In this work, nano-sized SiO3 is used as cross-
linking agent to form the cross-linked structure, and simultaneously
improves the ion transport and reinforces the whole composite polymer
electrolyte [111]. Recently, Liang et al. constructed a novel gel polymer
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Fig. 10. Design of brick-like 3D frameworks and their application in CPEs for LMBs. (a) Schematic illustration of the “brick-and-mortar” structure in nacre. (b) Cross-
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the CPE with tile-and-grout structure. (h, i) SEM images of the connecting region of the LLZO and the polymer. (j) Cross-section SEM image of the connecting region
of the LLZO and the polymer. Reprinted with permission.[43] Copyright 2019, American Chemical Society. (k) Preparation process of the CPE with 3D bi-continuous
ordered LAGP skeleton derived from a 3D printed template. Reprinted with permission.[44] Copyright 2018, The Royal Society of Chemistry.

electrolyte with a 3D compact and crosslinked structure via in-situ
copolymerization of polymer matrix in liquid electrolytes. Benefiting
from the 3D crosslinked network, uniform Li* flux can be achieved,
which enables the stable Li* deposition on the lithium anode surface
[112]. Besides, Zuo et al. designed a solid polymer electrolyte with a
multifunctional 3D crosslinked network with the assistance of thioctic
acid, which can make flexible PEGDA polymerize in rigid PVDF-HFP
matrix to form the multifunctional 3D crosslinked network. This func-
tional 3D crosslinked network can not only provide continuous Li*
transport pathways, but also highly enhance the mechanical strength
[113].

5. Conclusion and outlook

This review discusses the development of 3D frameworks in com-
posite solid electrolytes for solid-state LMBs. 3D frameworks can be
categorized based on structural characteristic and chemical composi-
tion, including vertically aligned 3D frameworks, 3D fiber frameworks,
porous aerogel-derived 3D frameworks, porous hydrogel-derived 3D
frameworks and ordered brick-like 3D frameworks. We discuss, in detail,
structure design and synthesis of these 3D frameworks and the ion-
conducting mechanisms in the CPEs. Furthermore, according to
different types of 3D frameworks, we introduce their applications in
CPE:s for high-performance solid-state batteries.

Based on our discussion, 3D frameworks in CPEs have remarkably
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promoted the comprehensive properties, which makes rapid develop-
ment of solid lithium-ion batteries. Nonetheless, there are some chal-
lenges and future directions from fundamental mechanisms to practical
applications as follows.

1. Revelation of the in-depth mechanisms. Multifunctional 3D frame-
works have considerably improved the comprehensive properties of
CPEs, and a deep understanding of the enhanced properties deserves
special focus. For example, ion transport mechanisms and ion
diffusion dynamics of the 3D frameworks and the polymer phase
should be investigated. In addition, the buried interfaces and the
physical/chemical interactions between the 3D frameworks and the
polymer matrix should be explored and analyzed. To address above
questions, state-of-the-art technologies like in-situ observation ap-
proaches or other advanced methods are required. Besides, artificial
intelligence and machine learning should be developed for investi-
gating the ion transport mechanisms and ion diffusion dynamics of
the CPEs with 3D frameworks. By doing this, it is highly helpful to
design and construct advanced CPEs for high-performance solid-state
LMBs.

2. Further improvement of the ionic conductivity. Although diverse
types of 3D frameworks applied in CPEs have been developed to
promote Li ions transport, the ionic conductivity are commonly
below 103 S ecm™!, which need to be further enhanced to the
necessary value of 1073 ~ 1072 S ecm ™. In order to address this issue,
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the 3D frameworks should meet some requirements: one is that the
3D frameworks display superionic conduction, whose ionic conduc-
tivity is on the order of mS cm™!. Besides, 3D frameworks with large
surface area are benefit of enabling high-content interfacial regions
for fast ionic conduction, which is significant for highly improved
ionic conductivity of the composite solid electrolytes. In general,
material selection will be a hard work, artificial intelligence and
machine learning can avoid many time-consuming experiments.

3. A higher Li* transference number. A high Li* transference number
plays a critical role in stable battery operation. Insufficient Li"
transference number can cause concentration gradient of ions and
lead to polarization, which induces the formation of lithium den-
drites. To this end, some approaches should be developed for
enhancing the Li" transference number of composite polymer elec-
trolytes. One way is to anchor anions to polymer matrix by grafting
some functional groups into the polymer chains, which can reduce
the mobility of anions and result in a high Li* transference number.
Another method is to design and construct 3D frameworks with rich
oxygen vacancies or Lewis acid sites to immobilize the anionic ions,
which facilitates the Li salts dissociation and hence releases more
free Li ions.

4. Mass production of CPEs with 3D frameworks. Solid-state CPEs with
3D frameworks can effectively increase the energy density and
achieve high safety by replacing flammable liquid electrolytes.
Nevertheless, it is challenging to realize low-cost manufacture of
CPEs with 3D frameworks because of the immature technology. In
order to realize mass production, it is necessary to modify the
preparation process of composite polymer electrolytes with 3D
frameworks. For example, new manufacture techniques for thin and
flexible composite solid electrolytes with 3D frameworks are desired.
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