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HIGHLIGHTS

• The design, preparation and application of poly(ethylene oxide) (PEO)/ceramic composite solid electrolytes (CSEs) are summarized 
from “ceramic in polymer” and “polymer in ceramic”.

• The summary and outlook on existing challenges and future research directions of PEO/ceramic CSEs for lithium metal batteries are 
proposed.

ABSTRACT Composite solid electrolytes (CSEs) with poly(ethylene oxide) (PEO) 
have become fairly prevalent for fabricating high-performance solid-state lithium 
metal batteries due to their high  Li+ solvating capability, flexible processability 
and low cost. However, unsatisfactory room-temperature ionic conductivity, weak 
interfacial compatibility and uncontrollable Li dendrite growth seriously hinder their 
progress. Enormous efforts have been devoted to combining PEO with ceramics 
either as fillers or major matrix with the rational design of two-phase architecture, 
spatial distribution and content, which is anticipated to hold the key to increasing 
ionic conductivity and resolving interfacial compatibility within CSEs and between 
CSEs/electrodes. Unfortunately, a comprehensive review exclusively discussing the 
design, preparation and application of PEO/ceramic-based CSEs is largely lack-
ing, in spite of tremendous reviews dealing with a broad spectrum of polymers 
and ceramics. Consequently, this review targets recent advances in PEO/ceramic-
based CSEs, starting with a brief introduction, followed by their ionic conduction 
mechanism, preparation methods, and then an emphasis on resolving ionic conductivity and interfacial compatibility. Afterward, their 
applications in solid-state lithium metal batteries with transition metal oxides and sulfur cathodes are summarized. Finally, a summary 
and outlook on existing challenges and future research directions are proposed.
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1 Introduction

Currently, clean and sustainable energy is one of the most 
important issues for economic development worldwide [1]. 
Thus, energy storage and conversion are becoming more 
indispensable than ever before, especially with the fast 
increase in global population and worldwide development 
[2–5]. Rechargeable lithium-ion batteries (LIBs) have a high 
gravimetric and volumetric energy density compared with 
the other types of commercially available rechargeable bat-
tery technologies for electrochemical energy storage, and 
thus they have been extensively used in portable devices, 
electric vehicles, and grid energy storage since their first 
commercialization by Sony in 1991 [6–8]. However, state-
of-the-art commercial LIB devices gradually cannot meet 
the increasing demand for powering a range of electric vehi-
cles and large-scale grid energy storage [9, 10], due to the 
limited energy density (˂ 200 Wh  kg−1) with current elec-
trode materials like  LiFePO4 cathode and graphite anode. 
Compared to the theoretical capacity of 372 mAh  g−1 for the 
graphite anode in commercial LIBs, the lithium metal anode 
shows a much higher theoretical capacity (3860 mAh  g−1). 
Meanwhile, it shows the lowest reduction potential (− 3.04 V 
vs. standard hydrogen electrode), thus allowing a high volt-
age in full battery devices [11, 12]. Consequently, lithium 
metal batteries (LMBs) with Li metal anodes could achieve 
a much higher energy density originating from both large 
capacity and high full cell voltage windows. However, the 
practical use of LMBs is seriously hindered by uncontrol-
lable dendrite growth, unstable electrolyte/Li interface and 
thus poor cycle stability [10, 13]. Meanwhile, the flammable 
and volatile organic liquid electrolytes used in conventional 
LMBs give rise to safety concerns (e.g., fire or explosion), 
especially with the occurrence of short circuits induced 
by Li dendrite formation [14–16]. Furthermore, they also 
show unsatisfactory stability against high voltage cathodes 
(> 4.5 V) and suffer from side reactions, aggravating the 
capacity and lifespan degradation [17, 18]. Therefore, it is 
necessary to develop efficient electrolyte systems beyond 
the liquid ones, which could allow dendrite-free Li anodes 
and safe operation while delivering long-cycle stability and 
tolerance to high voltage cathodes.

In this context, solid-state electrolytes and gel electrolytes 
have recently drawn sufficient attention as a potential substi-
tute for organic liquid electrolytes in terms of safety and Li 

dendrite suppression [19–21]. Gel electrolytes have higher 
ionic conductivity due to the presence of liquid component, 
but poor mechanical strength and the possibility of uncon-
trolled thermal runaway. However, solid-state electrolytes 
have sufficient mechanical strength and higher security [22, 
23]. Therefore, solid-state electrolytes could revive the pos-
sibility of using a high-energy-density Li metal anode, which 
is mainly divided into three categories according to their 
composition: solid ceramic electrolytes [24, 25], solid poly-
mer electrolytes [26, 27] and composite solid electrolytes 
(CSEs) [28–30]. CSEs are unique in that they can merge 
the advantages of both solid ceramic electrolytes and solid 
polymer electrolytes, thus exhibiting better ionic conduc-
tivity, higher compatibility with electrodes and enhanced 
mechanical tolerance [31, 32]. A typical CSE is composed 
of polymers solvating lithium salts and inorganic ceramics in 
various architectures [33]. Inorganic ceramics can be either 
 Li+ insulative, such as  TiO2 [34, 35],  Al2O3 [36],  SiO2 [37] 
or  Li+ conductive, including  Li1.3Al0.3Ti1.7(PO4)3 (LATP) 
[38, 39],  Li10GeP2S12(LGPS) [40],  Li7La3Zr2O12(LLZO) 
[41, 42],  LiTa2PO8 (LTPO) [43], etc. Various ceramic 
matrix/fillers exhibit different effects on CSEs due to the 
nature of ceramics. Form the viewpoint of ionic conductiv-
ity, conductive ceramics work better than insulative ones. 
However,  Li+ insulative ceramic fillers generally show the 
advantages of low cost and adaptable processability. For 
those conductive ceramics sulfides exhibit ionic conductiv-
ity up to  10–3 S  cm−1 and low grain boundary resistance 
at room temperature due to the large size and polarization 
of sulfide ions. In contrast, oxides (LLZO, LIPON) have 
better oxidation resistance than sulfides due to kinetic sta-
bility, and garnet LLZO (cubic phase) shows the highest 
resistance to being reduced by lithium. The polymers used 
generally include poly(vinylidene fluoride) (PVDF) [44, 
45], poly(ethylene oxide) (PEO) [46, 47], polyacrylonitrile 
(PAN) [37], poly(vinylidene fluoride-hexafluoropropylene) 
(PVDF–HFP), etc. [48], and Li salts include  LiClO4 [49], 
LiTFSI [50], LiFSI [51], etc. PVDF has good dielectric 
constant and high interfacial stability with lithium metal, 
while possess lower ionic conductivity at room temperature 
[52]. PAN has good stability with high-voltage cathode, but 
poor stability with lithium metal [53]. Among various CSEs, 
polymers using PEO are unique in that they possess higher 
 Li+ solvating capability, flexibility, processability and low 
cost [27].
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Since the first discovery of the ionic conductivity of PEO 
by Wright et al. [54] in 1973, PEO-based solid-state electro-
lytes have been extensively studied [55, 56]. The transpor-
tation of  Li+ is mainly dominated by the segmental relaxa-
tion of PEO chains, and thus, the high crystallinity of PEO 
gives rise to the limited ionic conductivities (<  10–5 S  cm−1) 
and low  Li+ transference numbers (0.2–0.4) at room tem-
perature [57]. Meanwhile, the poor mechanical strength and 
the vulnerability against oxidation of PEO (no more than 
4.0 V) further impede their practical applications, especially 
for high-voltage solid-state LMBs [58, 59]. To overcome 
these shortcomings, the combination of ceramics and PEO is 
anticipated to achieve better electrolytes delivering simulta-
neously attractive ionic conductivity, high voltage tolerance 
and good mechanical strength. As early as 1998, Croce et al. 
[60] firstly demonstrated that the  Li+ conductivity can be 
improved to  10–4 S  cm−1 at 50 °C and  10–5 S  cm−1 at 30 °C 
by incorporating  TiO2 and  Al2O3 as filler into PEO with 
 LiClO4 salt, respectively. Encouraged by this pioneering 
work, much effort has been devoted to optimizing the ionic 
conductivity as well as the compatibility for practical CSEs 
in LMBs [61, 62].

Benefitting from these advantages of PEO, such as, low 
density and interface impedance, easy to thin layer and 
machining, PEO and its derived CSEs become one of the 
most commercial prospect electrolyte materials. The PEO 
electrolyte was the first to promote commercialization by 
Bollore [63] Company in 2011, achieving the electric vehicle 
with solid-state battery as the power system (110 Wh  kg−1 
at 70–80 °C). Unfortunately, low ionic conductivity at room 
temperature limits energy density and enables energy con-
sumption and cost after heating up. Therefore, a review 
focused on discussing the design, preparation and applica-
tion of PEO/ceramic CSEs is required, especially for iden-
tifying conduction mechanisms and realizing performance 
optimization, furtherly promoting cost-efficient production. 
Thus, we specifically reviewed PEO/ceramic CSEs, which 
is different from the recent large number of reviews focusing 
on various polymer/ceramic CSEs [29, 57, 62, 64–70]. In 
this review, beginning with a brief introduction to solid-state 
electrolytes and especially for PEO/ceramic CSEs, the  Li+ 
conduction mechanism is analyzed with architectures from 
“ceramic in polymer” to “polymer in ceramic”. Then, prepa-
ration methods are summarized, including mechanical mix-
ing, templating strategies, electrospinning and gel forma-
tion approaches, along with discussions of their respective 

cons and pros for developing high-quality PEO/ceramic 
CSEs. Subsequently, interface regulation and architecture 
design within PEO/ceramic CSEs and between CSEs/elec-
trodes are emphasized to optimize interfacial compatibility 
(Fig. 1). After that, the applications of PEO/ceramic CSEs 
paired with transition metal oxides and sulfur cathodes in 
solid-state lithium metal batteries are provided. Finally, a 
summary and outlook of PEO/ceramic CSEs are proposed. 
Hopefully, this review will engender interest in acquiring 
a basic understanding of PEO-based CSEs and stimulate 
further explorations even for beginners in the ion conduction 
mechanism, design strategies and Li metal full cells with 
high ion conductivity, superior compatible with cathode and 
anode, and ultrathin thickness yet mechanical stability.

2  Li+ Conduction Mechanism

The  Li+ conductivity is one of the most important param-
eters in CSEs. An insightful understanding of the  Li+ con-
duction mechanism or behavior is critical to realizing high 
ionic conductivity, which is closely associated with the 
relative ratio and architecture of PEO and ceramic [71–73]. 
Moreover, advanced characterization techniques are key to 
studying the local structural environments and dynamics of 
lithium ions.

Fig. 1  The organization of this review scheme
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2.1  Effects of Architecture on  Li+‑Conducting 
Pathways

The conduction mechanism of PEO–Li can be general-
ized by the combination and dissociation of EO–Li bonds, 
together with the main chain movement of PEO.  Li+ can be 
transported on a single chain or between different chains. 
The  Li+ migration depends on the movement of polymer 
chains and mainly occurs in the amorphous region. However, 
PEO is easy to form crystalline phase at room temperature, 
which hinders chain movement and thus  Li+ migration. 
Therefore, the operating temperature of solid-state batter-
ies is usually higher than the melting temperature of PEO 
(˃ 65 °C) [66]. However, PEO homopolymer is a viscous 
liquid, and its mechanical properties are too weak to slow 
down the growth of lithium dendrites during cycling. Many 
methods have been explored to improve ionic conductiv-
ity and mechanical properties of PEO-based solid polymer 
electrolytes. It is found that the adding of inorganic fillers 
can promote the formation of local amorphous regions, thus 
promoting  Li+ transfer [74].

According to the report of Goodenough, CSEs can be 
divided into two categories, “ceramic in polymer” and 
“polymer in ceramic” [75]. In the former system, ceramic 
serves as a filler (minor phase) in the PEO–Li salt complex 
matrix to increase the  Li+ conductivity, whereas in the latter 
system, the addition of PEO–Li salt in the ceramic matrix 
can improve interface compatibility [38, 76]. The possible 
 Li+ conduction pathways and conduction properties are sum-
marized in Fig. 2, as discussed below [77, 78]. Generally, 
there are three possible  Li+ conduction pathways, includ-
ing in the PEO phase, at PEO/ceramic interface and in the 
ceramic phase [79].

In the “ceramic in polymer” system, ceramic fillers help 
to suppress the crystallization of PEO chains [77, 80]. The 
lower the crystallinity is, the higher the  Li+ transportation 
ability because better crystallinity could decrease the free 
volume with more compact packing of parallel polymer 
chains against  Li+ transportation [33, 61]. Therefore, the 
incorporation of fillers in PEO could enhance the ionic 
conductivity by the generation of more amorphous regions 
for facile segment movement. Fillers such as nanoparticles 

Fig. 2  Schematic illustration of the  Li+ conduction pathways a in the PEO phase, b in the PEO phase and at PEO/ceramic interface, and c in the 
PEO phase and ceramic phase and at PEO/ceramic interface
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are generally discontinuously dispersed in the PEO matrix 
(Fig.  2a). In this context,  Li+ conduction pathways are 
mainly governed by the motion within the PEO phase, no 
matter whether the fillers are inert or conductive for lith-
ium ions [28, 57]. This was confirmed experimentally by 
increasing the fraction of ceramics in CSEs, in which  Li+ 
conduction pathways transfer from PEO to the PEO/ceramic 
interface, which plays a vital role in regulating  Li+ conduc-
tion in PEO-based CSEs (Fig. 2b) [77]. In addition to the 
typical nanoparticle fillers, different morphologies, such as 
nanowire and nanosheet fillers, have also been used [81]. It 
was reported that nanowire fillers not only favor the genera-
tion of amorphous regions but also offer continuous active 
pathways along the interfaces for fast  Li+ transportation 
and superior ionic conductivity compared to nanoparticles 
[82, 83]. Moreover, well-aligned inorganic  Li+ conductive 
nanowires were reported to show favorable for  Li+ conduc-
tion than randomly aligned nanowires [84]. Nanosheet fillers 
such as  C3N4 [85], BN [86], MXene [81, 87] or vermiculite 
[88] have been used, which are expected to offer a higher 
surface area and provide continuous 2D interfaces between 
the fillers and the polymer matrix, thus ensuring rapid dif-
fusion of lithium ions [89–91]. Exploration of a broader 
range of nanosheet fillers is still needed with both electron 
insulation and chemical and thermal stability. The  Li+ con-
duction pathways in the “ceramic in polymer” configuration 
will influence the  Li+ conductivity. Generally, with increas-
ing ceramic content, the ionic conductivity increases. The 
ionic conductivity reaches the maximum at the percolation 
threshold, such as 10 wt% LLZTO [75], 25 wt% LATP [92], 
20 wt% LAGP [93], 5 wt%  MnO2 [90] and 7.5 wt%  TiO2 
[94]. However, further increasing the ceramic content will 
block ion transmission and cause a decrease in ionic con-
ductivity. Bouchet et al. [95] also verified the conclusion 
via using CSEs model system. The size of ceramic fillers 
also influences the percolation threshold [96]. Compared 
with corresponding bulk fillers, nanofillers could provide a 
higher surface area, sufficient interfacial contact sites with 
PEO, and thus a low percolation effect and smooth ion con-
duction pathways. For example, Liu et al. [97] developed 
200 nm LLZTO and found that the percolation threshold 
is 20 wt% showing the best ionic conductivity. Likewise, 
a 100 nm LLZTO nanoparticle as filler shows a value of 
11.53 wt% [98]. Recently, we prepared 8.3 nm LLZTO 
nanoparticles by laser manufacturing in liquid, and the per-
colation threshold is down to 2 wt%, which is one of the 

record values among PEO-based electrolytes, to the best of 
our knowledge [80]. Apart from the above ceramic content 
and size, Li-salt content and ceramic species also impact 
the  Li+ conduction mechanisms. For example, the impact 
of LiTFSI content (EO/Li = 18:1, 9:1 and 6:1) on LGPS/
PEO interface formation showed that low LiTFSI content 
has little effect on interface formation. The high LiTFSI con-
tent also has limited LGPS/PEO interface formation. This 
is because excess LiTFSI partially aggregates and the inter-
action between PEO and LiTFSI alters mechanical prop-
erties of PEO, showing poor interface compatibility with 
LGPS [72]. As compared with the  Li+ insulating ceram-
ics,  Li+-conducting ones improve  Li+ conductivity due to 
their ability to conduct  Li+ through the ceramic as well as 
across the interface [99]. Meanwhile, the  Li+ conductive 
filler  LiZr2(PO4)3 (LZP) allows more  Li+ reallocation in the 
disordered local environment of PEO, facilitating better  Li+ 
mobility and enhancing the ionic conductivity, superior to 
 Li+ insulative  Al2O3 filler CSEs [78].

In contrast, in the “polymer in ceramic” system, PEO–Li 
salt complexes are embedded or confined into the continu-
ous, tightly packed ceramic matrix (Fig. 2c). In most cases, 
ceramic matrix is  Li+ conductive, which not only helps sup-
press the crystallization of the PEO phase but also affords 
continuous  Li+ conduction pathways within the ceramic 
matrix and along the interfaces [43, 80]. Only in some few 
cases, the ceramics (e.g.,  SiO2) is  Li+-insulative, and thus 
the  Li+ is mainly transported along the continuous inter-
face [100]. In these “polymer in ceramic” architectures, 
the continuous 3D garnet skeleton avoids agglomeration of 
ceramic particles and provides continuous conductive inter-
faces, thus improving the conductivity as compared with 
the isolated particles in polymer matrix, at their respective 
percolation threshold. For example, Guo et al. [101] reported 
that CSEs with 3D garnet skeleton showed an ionic conduc-
tivity of 1.2 ×  10–4 S  cm−1 at 30 °C, which was about two 
times that of garnet particle-reinforced polymer-based CSEs 
(6.4 ×  10–5 S  cm−1).

2.2  Characterization Techniques

Various characterization tools are used to clarify  Li+ con-
duction pathways. Solid-state Li nuclear magnetic reso-
nance (NMR) is one of the most powerful tools for studying 
local structural environments and the dynamic process of 
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 Li+ within CSEs using isotope exchange [102, 103]. This is 
realized by using a 6Li labeled foil electrode to trace the 6Li 
distribution in the original 7Li-based CSEs via Li NMR due 
to the partial replacement of 7Li with 6Li during each cycle, 
thus enabling the clarification of  Li+ conduction pathways. 
As early as 2016, Hu et al. [104] reported the first experi-
mental evidence of  Li+ conduction pathways using selective 
isotope labeling of solid-state Li NMR, and the result shows 
that  Li+ transportation prefers to go through the LLZO 
ceramic phase rather than the PEO/LLZO interface or PEO 
phase with 50 wt% LLZO (Fig. 3a–c). The LLZO content is 
critical to determine the  Li+ conduction pathways. As shown 
in Fig. 3d,  Li+ conduction pathways gradually transfer from 
the PEO phase to the percolated network made of loosely 
connected LLZO particles, by increasing the LLZO content 
(from 5 to 50 wt%) in CSEs [77]. Intriguingly, under 50 wt% 
LLZO in CSEs, the  Li+ conduction pathways can switch 
from the LLZO to the PEO phase by adding tetraethylene 
glycol dimethyl ether as a liquid plasticizer, which helps to 
increase the ion mobility in the PEO phase (Fig. 3d). When 

the amount of the ceramic LGPS further increases to 70 wt% 
reaching the percolated network value, the  Li+ conduction 
pathways are in both LGPS and interfaces, different from 
50% of LGPS with Li-ion transport mainly in LGPS. How-
ever, further increasing the LGPS content to 90%, the  Li+ 
transport mainly switches back to LGPS [105].

Furthermore, some in situ and ex situ characterization 
methods have been engaged to assist in the research of solid-
state batteries, mainly including energy dispersive X-ray 
[106], scanning electron microscopy (SEM) [107], trans-
mission electron microscopy (TEM) [108], Raman spectros-
copy [109] and neutron depth profiling [103, 110]. Among 
those, in situ TEM is frequently employed with a high spatial 
resolution for studying the characteristics of the morphologi-
cal evolution, phase transformations, chemical composite 
changes, interfacial behavior and solid electrolyte interphase 
and cathode electrolyte interphase formation in solid-state 
batteries, which has been documented in previous reviews 
for reference [111, 112].

Fig. 3  a Illustration of the symmetric 6Li battery and possible  Li+ conduction pathways. b Comparison of the 6Li spectra of the LLZO/
PEO(LiClO4) electrolytes before and after cycling. c Quantitative analysis of the 6Li amount in  LiClO4, the interface, and LLZO of LLZO/
PEO(LiClO4) before and after cycling. a–c Reproduced with permission [104]. Copyright 2016, Wiley–VCH. d Schematic of  Li+ pathways 
within CSEs. Reproduced with permission [77]. Copyright 2018, American Chemical Society
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3  Preparation Methods of CSEs

The preparation methods are important to determine the 
architecture of CSEs and impact the ionic conductivity and 
electrochemical stability, which generally include mechani-
cal mixing, templating strategies, electrospinning and gel 
formation approaches. Mechanical mixing is mainly applied 
for designing “ceramic in polymer” architectures, and com-
posite films with thicknesses down to 30 µm can be obtained 
coupled with solution casting and hot pressing [113]. 
The templating strategy is propitious to the “polymers in 
ceramic” system, and the electrospinning approach is capa-
ble of fabricating nanowire membranes for both “ceramic in 
polymers” and “polymers in ceramic” systems. The gel for-
mation approach can be used to design polymer-based gels 
for “ceramic in polymer” or ceramic-based gels for “polymer 
in ceramic” CSEs, which generally exhibit higher thickness 
(˃ 120 µm).

3.1  Mechanical Mixing

Mechanical mixing is one of the most prevalent methods to 
prepare CSEs, owing to its convenience and low cost. In this 
strategy, the PEO, Li salt or their predissolved solution was 
mixed with ceramic fillers via ball milling, sonification or 
stirring to make a well-dispersed suspension, followed by 
slurry casting and drying [92, 114–118]. Control over the 
PEO concentration is very important. The lower concentra-
tion will lead to difficulty in forming a film during cast-
ing, while the higher concentration will result in enhanced 
viscosity, thus impeding the uniform dispersion of ceramic 
fillers in the resulting composite electrolyte film. Compared 
with stirring and ultrasonic mixing, ball milling is advan-
tageous for preparing a high-concentration mixture due to 
its high ball milling energy. For those solid ones without 
any organic solvent, hot pressing of the premixed mixture 
is adaptable [52, 119–122]. Nevertheless, the process of 
solid–solid mixing makes it difficult to mix inorganic ceram-
ics and polymers well for forming a uniform CSE film [75]. 
The thickness of composite films can be regulated by the 
viscosity of the slurry or the pressure and temperature dur-
ing hot pressing, which is currently as low as 30 µm [113].

Despite the convenience and low cost, mechanical mix-
ing suffers from the aggregation of ceramic fillers, espe-
cially for those with nanosized and high concentrations. In 

this regard, the ionic conductivity of CSEs cannot be effi-
ciently enhanced due to the lack of sufficient interfaces for 
decreasing the PEO crystallinity. Meanwhile, filler aggrega-
tion also causes local differences in conductivity, leading 
to inhomogeneous Li-ion reflux in the bulk PEO substrate 
and thus the generation of Li dendrites [35, 123]. With the 
further increase in ceramic filler content (e.g., > 30 wt%), 
no continuous ceramic phase is generated, in contrast to the 
polymer in the ceramic architecture showing continuous  Li+ 
conduction channels. Consequently,  Li+ transport is blocked, 
causing a decrease in  Li+ conductivity in this case [120, 
124]. Therefore, there exists a percolation threshold for the 
ceramic filler content to realize a maximum  Li+ conductiv-
ity, such as 2 wt% for Nano-LLZTO [80], 20 wt% for sheet-
like  Li6.25La3Zr2Al0.25O12 (LLZAO) [89], 5 wt% for  SiO2 
[125] and 25 wt% for LATP [92] and  LiZr2(PO4)3 [78]. To 
pursue facilitated conductivity under heavy ceramic content, 
the design of polymer in ceramic architecture is necessary, 
as discussed below by templating strategy and others.

3.2  Templating Strategy

As mentioned above, constructing polymer in ceramic archi-
tectures is promising to solve the issue of ceramic particle 
agglomeration but in isolated forms in PEO, especially at 
high concentrations [101]. The templating strategy is an 
effective way to fabricate CSEs with continuous ceramic 
skeleton, which involves two major steps: (1) the formation 
of a porous ceramic framework assisted with a template and 
(2) infiltration of PEO–Li salt solution, as shown in Fig. 4a 
with silk fabrics as templates [126]. The frequently used 
templates include silk [127], cotton [128], wood [129], tex-
tile cellulose [130], polystyrene microspheres [131], clean-
room wiper [132], etc., which were infiltrated with ceramic 
precursors, followed by high-temperature calcination for 
template removal and final the formation of the ceramic 
framework. Subsequently, the preprepared PEO–Li salt 
solution is impregnated into the porous ceramic framework 
to obtain the CSEs by drying in a vacuum to remove the 
solvent.

There are several characteristics of the successful prepara-
tion of polymer in ceramic architecture CSEs via a templat-
ing strategy. First, the continuous porous structure of the 
template is required for forming a 3D consecutive inorganic 
ceramic skeleton, which is anticipated to provide better ion 
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conduction pathways than the isolated ceramic phase in 
CSEs. For example, 3D continuous garnet/PEO CSEs tem-
plated by polymeric sponges exhibited higher ionic conduc-
tivity (1.2 ×  10–4 S  cm−1) than isolated garnet particle/PEO 

CSEs by the direct mixing of garnet particles and PEO–Li 
salt (6.4 ×  10–5 S  cm−1) at 30 °C (Fig. 4b, c). Meanwhile, 
the ion transference number (from 0.24 to 0.33), symmet-
rical cells (from 142 to 360 h), and mechanical strength 

Fig. 4  a Schematic of the preparation of CSEs by the templating method. Reproduced with permission [127]. Copyright 2022, Elsevier. b SEM 
image of the garnet framework. c Arrhenius plots of the garnet/PEO CSEs. d Tensile test of the CSEs. b–d Reproduced with permission [101]. 
Copyright 2019, American Chemical Society. e Schematic of the Li symmetric cell with garnet-wood, showing the low tortuosity and fast lith-
ium conduction pathways. SEM images of f pristine wood and g compressed wood. e–g Reproduced with permission [129]. Copyright 2019, 
American Chemical Society. h Schematic representation of possible  Li+ conduction pathway inside the PLLF electrolyte. i Ionic conductivity of 
PLLF electrolytes at different temperatures as a function of LLTO framework content. j The relationship between the volume ratio of inorganic 
components in the electrolyte and ionic conductivity at room temperature. h–j Reproduced with permission [133]. Copyright 2021, Elsevier
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(elongation from 5% to 22%) were also improved (Fig. 4d) 
[101]. Second, the pore size of the template is also impor-
tant for ionic conductivity. The structural regulation of the 
template can tailor the porous structure of ceramics to affect 
their performance. For example, different pore sizes of two 
nylon templates (0.2 and 0.4 μm) were used to prepare LLTO 
skeletons, and small pore size of 0.2 μm nylon template pro-
vides a higher porosity in the reversed LLTO replica than 
that using 0.4 μm nylon template [133]. It was found that 
high porosity effectively promotes the penetration of PEO 
matrix into the LLTO skeleton, which is conducive to CSE 
fabrication. Moreover, aligned pores of ceramics provide 
shortened ion conduction pathways (Fig. 4e). Thus, the ionic 
conductivity and electrochemical performance of the cell 
are greatly increased [84]. At present, aligned LLZO-based 
CSEs were prepared by a cylindrical shape microchannel 
wood template (Fig. 4f, g), which exhibited the highest  Li+ 
conductivity (1.8 ×  10–4 S  cm−1 at 25 °C) and broadened 
voltage window of 6.0 V [129]. However, there is currently 
no direct evidence comparing the advantages of aligned 
ceramic skeletons over twisted ones. Third, compared with 
ceramic in polymer CSEs (e.g., ˂  30 wt% ceramic fillers), 3D 
ceramic CSEs exhibit a higher percolation threshold, such 
as 70 wt% LLZTO [127], 63.3 wt% LAGP [126], 63 wt% 

LLTO [133] and 50 wt% LLZO [128]. This is because the 
lower content of 3D ceramic will give rise to structural col-
lapse upon removing the template, and sufficient 3D ceramic 
content could realize bicontinuous permeation networks for 
ion conduction. However, an excessively high content of 
ceramic framework with a reduced PEO phase will not be 
beneficial to the interfacial compatibility with the electrode, 
and there are also chances for the incomplete filling of PEO 
within 3D ceramic, failing to form continuous polymer ion 
channels. For example, Wang et al. [133] exhibited LLTO 
framework based CSEs (PLLF, Fig. 4h), which show the 
conductivity being the determination of mass ratios. As 
the mass ratio increased from 54 wt% (PLLF-1) to 63 wt% 
(PLLF-3), ionic conductivity increased from 6.45 ×  10–5 to 
2.04 ×  10–4 S  cm−1 (25 °C). However, when the LLTO skel-
eton mass ratio achieved 67 wt% (PLLF-4), the ionic con-
ductivity reduced slightly (Fig. 4i). The relationship between 
ionic conductivity and the volume ratio of the LLTO skel-
eton in the CSEs follows a similar trend at room temperature 
(Fig. 4j).

Currently, the majority of templates are naturally avail-
able and cost-effective. However, the precise tailoring of 
the template structure is restricted, which is not beneficial 
for performance. Therefore, it is necessary to design and 

Fig. 5  SEM images of the 3D printed templates, the structured LAGP scaffolds and the structured LAGP-epoxy electrolytes with cube, gyroid, 
diamond and bijel-derived (left to right) microarchitectures. Reproduced with permission [134]. Copyright 2018, Royal Society of Chemistry
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synthesize some special templates. In this case, 3D printed 
templates allow precise control over the ratio of ceramic-
to-polymer and the microarchitecture. For example, Bruce 
et al. [134] prepared cube, gyroid, diamond and bijel-derived 
LAGP microarchitectures by 3D printing technology, which 
were filled with epoxy, delivering the best combination of 
mechanical strength and ionic conductivity (Fig. 5). The 
gyroid LAGP CSEs demonstrated an ionic conductivity of 
1.6 ×  10–4 S  cm−1 at room temperature owing to decreased 
resistance at the grain boundaries of dense ceramic, and the 

mechanical properties are as high as 28% of high compres-
sive failure strain.

Various templating strategies are used to construct contin-
uous ceramic skeletons to provide ion conduction channels, 
as summarized in Table 1. However, the thickness of CSEs 
is relatively high, which is unfavorable due to the transport 
distance [53, 135], such as 120 µm (polyurethane foam tem-
plate) [101], 180 µm (cleanroom wiper template) [132] and 
200 µm (cellulose textile template) [130]. Based upon the 
above, constructing a thin film with continuous, aligned and 

Table 1  Performance comparison of electrolytes with different templates

Template Composition Thickness (µm) LSV (V) Ionic conduc-
tivity (S  cm−1) 
(°C)

Ion trans-
ference 
numbers

Li symmetrical bat-
teries

References

Silk PEO–LiTFSI–70 wt% 
LLZO

127 5.1 8.89 ×  10–5 (30) 0.49 Cycling with a current 
density of 100 µA 
 cm−2 for 700 h at 
50 °C

[127]

Nylon PEO–LiTFSI–63 wt% 
LLTO

120 4.7 2.04 ×  10–4 (25) 0.59 Cycling from 0.1 to 
0.4 mA  cm−2 for 
750 h at 60 °C

[133]

Polyurethane foam PEO–LiTFSI–40 wt% 
Ga–LLZO

200 5.6 1.2 ×  10–4 (30) 0.33 Cycling with a 
current density of 
0.4 mA  cm−2 for 
360 h at 60 °C

[101]

Cotton PEO–LiTFSI–50 wt% 
LLZO

200 5.5 0.89 ×  10–4 (25) 0.27 Cycling with a 
current density of 
0.5 mA  cm−2 for 
500 h at 25 °C

[128]

Wood PEO–LiTFSI–SCN-
68 vol% LLZO

150 6 1.8 ×  10–4 (25) – Cycling with a 
current density of 
0.1 mA  cm−2 for 
180 h at room tem-
perature

[129]

Cleanroom wiper PEO–LiClO4–20.7 
wt% LLZAO

180 5.5 2.25 ×  10–5 (30) 0.263 Cycling with a 
current density of 
0.3 mA  cm−2 for 
100 h at 60 °C

[132]

Ice PEO–PEGDME–
LiTFSI–63.3 wt% 
LAGP

100–200 – 1.67 ×  10–4 (25) 0.56 Cycling from 0.1 to 
0.3 mA  cm−2 for 
400 h at 60 °C

[126]

Cellulose textile PEO–LiTFSI–15 vol% 
LLZAO

200 – 6 ×  10–5 (25) – Cycling from 0.05 to 
0.2 mA  cm−2 for 
550 h at 60 °C

[130]

3D print Polypropylene–15 
vol% LAGP

20 1.6 ×  10–4 (25) – – [134]

Bacterial cellulose PEO–LiTFSI–40 wt% 
LLZO

70–100 6 1.12 ×  10–4 (25) – – [136]

Ice PEO–LiClO4–40 vol% 
LATP

100 – 5.2 ×  10–5 (25) – – [137]

Polystyrene micro-
spheres

PEO–LiTFSI–65.7 
wt% LLZO

200 5.1 9.2 ×  10–5 (25) – – [131]
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precisely controlled 3D ceramic CSEs is the goal of using 
the template strategy.

3.3  Electrospinning Approach

Different from mechanical mixing for ceramic in polymer 
and templating strategies for polymer in ceramic architec-
tures, the electrospinning approach is suitable for preparing 
both ones. For the ceramic fillers in PEO CSEs, a polymer 
solution (e.g., PAN [53] and Polyimide [138]) was used as a 
precursor to form a freestanding porous substrate, and then 
PEO–Li salt was cast onto/into the above fibrous films. In 
this process, the ceramic fillers can be either incorporated 
into the electrospun polymer solution (e.g., PVDF [139]) or 
the PEO–Li salt solution. For the polymer in ceramic archi-
tecture, the preparation process is similar to the templating 
strategy with the electrospun polymer (e.g., polyvinyl pyrro-
lidone (PVP) [140] and polyvinyl alcohol (PVA) [141]) as a 
template for the formation of a freestanding porous ceramic 
framework via calcination, followed by the infiltration of 
PEO–Li salt solution.

The use of electrospun PAN film of the ceramic in pol-
ymer CSEs is beneficial to the stability with the cathode 
due to oxidation-resistant nitrile groups in PAN but is unfa-
vorable for the ionic conductivity compared with PEO. For 
example, PAN films with PEO/LLZTO CSEs showed a 
higher electrochemical window of 4.7 V, superior to bare 
PEO/LLZTO CSEs (4.5 V). However, the ionic conductiv-
ity decreased from 8.18 ×  10–4 S  cm−1 (PEO/LLZTO CSEs) 
to 2.57 ×  10–4 S  cm−1 (PAN/PEO/LLZTO CSEs) [142]. The 
ionic conductivity can be tuned by the ceramic content in 
polymers with a percolation threshold [142–145]. For exam-
ple, CSE with 20 wt% LLZO nanoparticles in electrospun 
PVDF films (denoted as 20-LLZO/h-polymer compos-
ite electrolyte) showed a maximum ionic conductivity of 
1.05 ×  10–4 S  cm−1 at 50 °C (Fig. 6a–c) [139]. The polymer 
in ceramic CSEs was first reported by Hu et al. [146] in 
which a 3D LLZO ceramic network was prepared by elec-
trospinning, followed by PEO–Li salt solution infiltration. 
Compared with the conventional templating strategy, it is 
found that the content of ceramic for forming 3D continu-
ous networks is generally lower (10–40 wt% of total mass), 
such as 15 wt% LLZO [146] and 20 wt% LLTO [147]. We 
speculated that this might be due to the 1D fibrous networks 
formed by electrospinning.

The thickness of the above CSEs is related to the electro-
spun film thickness and the subsequent infiltration of PEO. 
For 3D ceramic CSEs, the thickness is reported in the range 
of 40–190 µm [140, 146, 148]. For example, a nanofiber 
network of PVP/LLTO film with a thickness of ∼ 60 μm 
was peeled off after spinning, and a final CSE thickness of 
80–120 μm was obtained after calcination and PEO infil-
tration [147]. Designing much thinner CSEs is essential to 
achieve higher gravimetric and volumetric energy densities 
of full cells, which has become a current research hotspot. 
Interestingly, an ultrathin bilayer CSE of 4.2 µm (UFF/PEO/
PAN/LiTFSI) was accomplished by filling the UFF porous 
scaffold (Fig. 6d) with a 1 µm PAN layer and a 3.2 µm PEO 
layer (Fig. 6e, f). In this design, a UFF film of 4.2 µm was 
prepared through the electrospinning of exfoliated vermicu-
lite in the presence of PVA solution followed by heat treat-
ment (Fig. 6d). The thickness of the UFF film was controlled 
by the electrospinning time. To fill the PEO layer, the UFF 
was placed on top of a viscous PEO film, which can auto-
matically wet the UFF. After drying, the PAN solution was 
cast directly on the other side of the UFF film to obtain the 
resulting bilayer CSE. Benefiting from the bilayer polymer 
structure, the electrolyte achieved high compatibility with Li 
metal due to the PEO layer and an enlarged electrochemical 
window of 4.9 V due to PAN (Fig. 6g, h). Meanwhile, the 
stiff ceramic scaffold improves mechanical strength (Fig. 6i), 
delivering elastic moduli of 298 and 1072 MPa at the PEO 
and PAN sides, respectively, as measured by nanoindenta-
tion [141].

The macroscopic mechanical properties of ultrathin 
CSE films need to be cautiously considered for practical 
applications. There are also some thin porous polymer 
films in addition to electrospun polymers, such as polyim-
ide [149, 150] and polyethylene films [135, 151], through 
which thin polymer solid electrolytes of ~ 10 µm can be 
prepared by infiltration of PEO solution. However, CSEs 
also function as a separator. The thinner CSEs will inevi-
tably reduce mechanical strength, and increase the risk of 
membrane fracture or Li dendrite penetration, resulting in 
internal short circuit, battery failure, and even potential 
safety hazards. Currently, most CSEs are ~ 100 µm thick 
or more, and it remains a challenge to greatly reduce the 
thickness of CSEs without compromising their mechanical 
properties. Therefore, the relationship between the thick-
ness and mechanical properties of CSEs needs to be sys-
tematically studied in the future.
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3.4  Gel Formation Approach

According to the process of gelatinization, the gel forma-
tion approach is divided into ceramic gels and polymer 
gels to obtain polymer in ceramic and ceramic in polymer 
architectures, respectively. For the ceramic gel-derived 
electrolytes, the hydrogel of the ceramic precursor is first 
prepared, followed by calcination to form a freestanding 
porous ceramic framework and finally PEO–Li salt solu-
tion infiltration. Polymer gel-based electrolytes can be 
readily prepared by one-pot polymerization of the mono-
mer in the presence of ceramic fillers.

The concentrations of ceramic precursor salts, cross-
linker and binder have an effect on the morphology of the 
ceramic gels and then the ionic conductivity. For example, 
by controlling the content of LLTO ceramic precursor salts 
and the crosslinker glutaraldehyde (Fig. 7a–d), the LLTO 
frameworks can exhibit nanoplate and dense particle mor-
phology. More importantly, the binder amount can regulate 
the continuity of 3D ceramics with percolated structure both 
at the surface and inside of skeletons. When the content of 
binder PVA varied from 0.75 to 3.0 g (Fig. 7e–g), it was 
shown that 3.0 g PVA derived ceramic skeleton revealed 
a well-percolated structure (Fig. 7g). Correspondingly, the 
ionic conductivity increased to 8.8 ×  10–5 S  cm−1. However, 

Fig. 6  a Schematic diagram of CSEs with LLZO/h-polymer nanofibers. b SEM image of 3D ion-conducting nanofiber networks. c Arrhenius 
curves of CSEs with polymer nanofibers and CSEs with LLZO-polymer nanofibers with different LLZO contents. a–c Reproduced with permis-
sion [139]. Copyright 2021, American Chemical Society. d Cross-sectional SEM image of the as-spun UFF. e Cross-sectional SEM image of the 
double-layer UFF/PEO/PAN/LiTFSI CSEs. f Cross-sectional SEM enlarged image of the UFF/PEO/PAN/LiTFSI CSEs. g The electrochemical 
window of the UFF/PEO/PAN/LiTFSI electrolyte. The inset is a magnified image of the onset of the oxidation process. OCV, open circuit volt-
age. h CE measurement of Li metal (known as Aurbach CE measurement) proposed by Aurbach in Li–Cu half cells using different electrolytes 
in Li–Cu half cells using different electrolytes. i Nanoindentation test on the PEO side of the UFF/PEO/PAN/LiTFSI and PEO/PAN/LiTFSI 
electrolytes. d–i Reproduced with permission [141]. Copyright 2021, Wiley–VCH
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when further increasing the PVA to 4 g, the ionic conduc-
tivity decreased slightly (Fig.  7h) [152]. Moreover, the 
morphology of the ceramic is also influenced by the heat 
treatment temperature. For example, the 3D garnet frame-
work was thick branches porous, thicker branch porous and 
loosely connected microparticle structure when heating at 
700, 800, and 900 °C, respectively (Fig. 7i–k). The results 
showed that the CSEs with optimized morphology and 3D 
interconnected structure (800 °C) exhibited the highest con-
ductivity of 8.5 ×  10–5 S  cm−1 at room temperature (Fig. 7l) 
[153].

Polymer gel CSEs are essentially quasi-solid-state 
electrolytes, which are usually prepared by curing PEO 
monomer, Li-salt and ceramic fillers in the presence of 
photo/thermal initiator (e.g., benzophenone), as shown in 
Fig. 8a with ultraviolet irradiation (UV) polymerization. 
Firstly, cross-linked CSEs enable thermal stability even 
at relatively high temperatures due to polymer networks. 
For example, cross-linked CSEs exhibit well mechanical 
integrity after impedance test at 80 °C, avoiding short 
circuits of battery, while non-cross-linked CSEs lost 

mechanical integrity (Fig. 8b) [154]. Secondly, ceramic 
fillers are used in CSEs to improve mechanical properties. 
All polymer gel CSE membranes with different content 
LATP (5, 10, 15 and 20 wt%) demonstrated the enhance-
ment of tensile strength, compared with pure polymer gel 
electrolyte (Fig. 8c). Moreover, the type of ceramic con-
ductor affects the ionic conductivity and electrochemical 
properties of gel electrolytes. For example, polymer gel-
based CSEs with 10 wt% LATP showed a conductivity of 
2.54 ×  10−4 S  cm−1 higher than that of polymer gel-based 
CSEs with 10 wt% LLTO (2.81 ×  10−5 S  cm−1) at 25 °C. 
Interestingly, dual ceramic polymer gel-based CSEs with 
10 wt% LATP and 15 wt% LLTO exhibited higher ionic 
conductivity of 9.87 ×  10−3 S  cm−1 at 25 °C, faster  Li+ 
transference number of 0.82 and wider electrochemical 
stability window of 5.43 V (Fig. 8d, e) as compared with 
a single ceramic gel based CSEs. This is because of UV 
cross-linked and well-dispersion of ceramic [155].

In addition, polymer gel electrolytes keep the merits of 
liquid electrolyte with high room temperature ionic con-
ductivity (~  10−3 S  cm−1) and  Li+ transport number (~ 0.8) 

Fig. 7  SEM images of the LLTO framework with different LLTO amounts of a, b 1 mmol and c, d 3 mmol. The surface morphologies of LLTO 
frameworks after heat treatment at 800 °C with different amounts of PVA: e 0.75 g, f 1.5 g, and g 3.0 g. h The conductivity of LLTO CSEs 
with different PVA amounts from 0 (pure PEO) to 4 g. a–h Reproduced with permission [152]. Copyright 2018, Wiley–VCH. SEM images of 
3D garnet frameworks heat treated at i 700 °C, j 800 °C, and k 900 °C for 2 h. The insets show high-magnification SEM images of 3D garnet 
frameworks. l Conductivity of 3D-CSEs with garnet frameworks heat treated at 700 °C (heat 700), 800 °C (heat 800) and 900 °C (heat 900). i–l 
Reproduced with permission [153]. Copyright 2018, Elsevier
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as well as endowing with improved safety and flexibility. 
Unfortunately, polymer gel CSEs absorb a large number of 
organic solvents easily leading to thermal runaway [156, 
157]. More importantly, polymer gel CSEs have a higher 
thickness (˃ 120 µm), thus increasing the ion conduction 
distance, which is not conducive to the high energy density 
of solid-state batteries [151].

3.5  Other Approaches

In addition to the above well-established strategies, there 
are other useful and interesting strategies for the prepara-
tion of PEO/ceramic CSEs, which will be briefly covered 
in this section. For example, 3D porous ceramic skeletons 
were prepared by using pore-forming agents, e.g.,  SeS2 [158] 
and graphite [38]. Moreover, high-temperature rapid reac-
tive sintering can promote the surface diffusion of grains 
for neck growth and limit coarsening, accurately control-
ling the densification and the desired porous structure. 3D 
LLZTO porous scaffolds by rapid reactive sintering dem-
onstrated good ionic conductivity (~ 1.9 ×  10–4 S  cm−1 at 

room temperature) [159]. Furthermore, ultrathin CSE films 
were also fabricated by in situ polymerization with ceramic 
fillers on Li anodes. For example, a thin PEGMA/LAGP 
CSE of 8.5 µm was prepared by in situ copolymerization 
of PEGMEMA monomer in the presence of LAGP on a 
lithium anode, and the thickness of CSEs was controlled 
by scraping the mixed slurry, giving a prospective synergy 
of flexible-rigid property and interface compatible CSEs/
lithium integration [160]. Likewise, other polymers can be 
also in situ polymerized in the presence of filler such as the 
ring-opening reaction of 1,3-dioxolane [161–163], polym-
erization of ethylene carbonate (EC) [164], and PEGMEA 
polymerization [38].

To summarize, the above preparation methods enable the 
design of a variety of polymer/ceramic CSE architectures 
with rapid progress. However, each of these methods has its 
strengths and limitations. One can combine concepts and 
tools from different strategies to develop CSEs with simul-
taneous high ionic conductivity and Li-ion transfer num-
ber, superior mechanical strength, flexibility and interfacial 
compatibility with the cathode/anode. In particular, the 

Fig. 8  a Schematic illustrations of the preparation process for CSE membranes via UV irradiation. b The difference in terms of mechanical 
integrity between non-cross-linked and cross-linked CSEs after impedance test at thermal stress. a, b Reproduced with permission [154]. Copy-
right 2019, American Chemical Society. c Stress–strain curves for PEO-Bp and PEO-Bp-LATP membranes. Reproduced with permission [156]. 
d Impedance-spectra and e linear sweep voltammetry (LSV) curves of polymer gel CSEs. d‑e Reproduced with permission [155]. Copyright 
2019, Elsevier
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interface compatibility both inside the CSEs (e.g., ceramic/
polymer interfaces) and between CSEs/electrodes is critical 
to determine the performance, and thus, control over the 
interface compatibility is insightfully discussed in the fol-
lowing [165–168].

4  Interfacial Engineering

Surface modification of ceramic and constructing chemi-
cal bonds between ceramic/polymer are used for promoting 
smooth  Li+ transportation at ceramic/polymer interfaces to the 
same goal of solving the issue of ceramic/polymer interface 
compatibility. Meanwhile, the interface of CSEs/electrodes can 
also be specially designed according to the properties (such as 
reactivity under different potentials) of the cathode or anode.

4.1  Surface Modification of Ceramic

Introducing a coating layer on the surface of ceramic fillers 
is a promising strategy for increasing the interfacial compat-
ibility of CSEs with ceramic in polymer architectures. The 
coating layer used includes polyethylene glycol (PEG) [35], 
polydopamine (PDA) [123] and ionic liquid [169], lithium 
polyacrylate [122], which can interact with ceramic via elec-
trostatic adsorption or chemical bonding.

There are some criteria for the coating layer. First, the 
coating layer should have a similar surface energy to PEO 
for increasing the surface affinity between ceramic and poly-
mer, greatly providing good compatibility and promoting  Li+ 
transportation at ceramic/polymer interfaces [94, 170]. For 
example, PDA-coated LLZTO showed a lower contact angle 
of 76°, whereas pristine LLZTO showed a higher contact 
angle of 116° with PEO solution (Fig. 9a). Thus, the CSEs 
with PDA@LLZTO fillers demonstrated a higher ionic con-
ductivity of 1.15 ×  10–4 S  cm−1 than CSEs with bare LLZTO 
(6.34 ×  10–5 S  cm−1) at 30 °C (Fig. 9b) [123]. Similarly, 
ionic liquid  ([BMIM]TF2N) and PEG have also been used 
for coating ceramics, showing enhanced ionic conductivity 
[171]. Second, a suitable coating layer is necessary because 
an excess content of layers such as PEG or ionic liquid is 
detrimental to the mechanical properties [171]. For exam-
ple, the CSEs with PEG showed a notable increase in ionic 
conductivity when elevating the PEG content. However, 
excessive PEG oligomer had a negative effect on the tensile 
strength of the membrane (Fig. 9c) [80]. Last but not least, 

for some ceramic fillers with high electrical conductivity like 
MXene, the selection of a coating layer (generally electri-
cal insulation) not only helps for dispersion but also could 
reduce the electrical conductivity of CSEs. This is because 
the high electrical conductivity of CSEs could give rise to 
dendrite formation [172]. For example, coating mesoporous 
silica nanosheets on MXene fillers can reduce the electrical 
conductivity from 1.4 ×  103 to 2.3 ×  10–5 S  cm−1 [87].

The surface modification of ceramic can also alter the ion 
diffusion pathway from PEO to ceramic surfaces (Fig. 9d). 
A changed peak in the 6Li NMR spectrum of molecular 
brush (MB)–LLZTO demonstrated that MB altered the  Li+ 
environment in the garnet (Fig. 9e). The quantified result 
of 6Li spectrum of MB–LLZTO CSEs suggested more Li 
on the surface than in PEO and LLZTO lattices (Fig. 9f) 
[98]. Moreover, the modified ceramic can also reduce PEO 
crystallization and weaken the interaction between PEO and 
 Li+ as well as the interaction among various ions [35]. The 
introduced MB MB–LLZTO LLZTO reduced the crystalline 
area of the polymer, and further enhanced the ionic conduc-
tivity of CSEs (3.11 ×  10–4 S  cm−1), which is higher than 
that of pristine LLZTO CSEs (9.16 ×  10–5 S  cm−1) at 45 °C 
(Fig. 9g) [98]. Furthermore, surface-functionalized ceramic 
particles can enlarge the  Li+ pathway in PEO chains, and 
the introduced anion can reduce the interaction between 
the polymer and  Li+, thereby accelerating ion migration 
(Fig. 9h) [169]. For instance, grafting 1-methyl-3-trimeth-
oxysilane imidazolium chloride (ILCl) to  ZrO2,  TiO2 and 
 SiO2 were applied to CSEs. Compared with IL@TiO2 CSEs 
(1.3 ×  10–4 S  cm−1) and IL@SiO2 CSEs (7.15 ×  10–5 S  cm−1), 
the electrolyte with IL@ZrO2 displayed a higher ionic 
conductivity of 2.32 ×  10–4 S  cm−1 at 37 °C owing to the 
stronger coordination of  ZrO2 nanoparticles and oxygen 
atoms in PEO chains (Fig. 9i) [169].

In addition, surface modification of the ceramic can also 
enhance the interface compatibility of the electrolyte/elec-
trode, giving firmer binding and better contact. For instance, 
Li symmetric cells with PDA@LLZTO/PEO CSEs exhib-
ited a lower interfacial resistance of 667 Ω  cm2 than that of 
LLZTO/PEO CSEs (1367 Ω  cm2) at 20 °C due to the surface 
transforming to super-lithiophilic after PDA coating [123]. 
Similarly, the CSEs composed of PEO and LLZTO modi-
fied with Si–R (3-glycidyloxypropyl)trimethoxysilane) lay-
ers also have decreased interfacial resistance by more than 
four magnitudes [173]. Various modified ceramics were used 
for CSEs that not only exhibit higher ionic conductivity and 
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lower interfacial resistance but also possess a wider elec-
trochemical stability window and better tensile strength, as 
illustrated in Table 2. However, systematic investigation on 
the type and thickness of the modified layer is still lack-
ing, and future endeavors are suggested to optimize the 
performance.

4.2  Constructing Chemical Bonds

In addition to the above-mentioned surface coating, theo-
retically speaking, constructing chemical bonds can not 

only ensure the uniform dispersion of ceramic in CSEs for 
improving ionic conductivity but also increase the mechani-
cal strength of CSEs by using ceramic as a crosslinker [174]. 
The in situ chemical grafting is frequently used to construct 
chemical bonding between ceramic fillers and polymer matrix, 
including in situ hydrolysis [175–178], ring-opening reactions 
[97], silane coupling [179] and vapor phase infiltration (VPI) 
chemical incorporation [180], for forming an interpenetrat-
ing polymer-ceramic network, providing dense and uniform 
interface  Li+ transport channels, as seen in Fig. 10a with the 
intermolecular interaction of EC and LLZTO in PEO [97].

Fig. 9  a Schematic of dopamine polymerized on the surface of LLZTO particles to form a polydopamine coating layer and contact angle 
between the PEO solution (dissolved in acetonitrile) and pristine LLZTO or LLZTO@PDA. b Arrhenius plots of PEO/LLZTO@PDA and PEO/
LLZTO CSEs. a, b Reproduced with permission [123]. Copyright 2019, Royal Society of Chemistry. c Ionic conductivity of electrolyte mem-
branes with different PEG contents. Reproduced with permission [80]. Copyright 2022, Elsevier. d Diagrams of the  Li+ diffusion pathway in the 
MB-LLZTO CSEs and LLZTO CSEs. e 6Li NMR of LLZTO and MB-LLZTO materials. f 6Li direct polarization NMR spectra and assignment 
results for the LLZTO and MB-LLZTO CSEs. The blue area represents Li in PEO, the orange area represents the interfacial Li, and the gray and 
green areas correspond to the LLZTO lattice in e, g DSC thermograms of electrolytes with different coating layers. d–g Reproduced with per-
mission [98]. Copyright 2019, Royal Society of Chemistry. h Schematic illustration of ionic liquid grafted oxide nanoparticles (IL@NPs). i The 
ionic conductivity of CSEs with different IL@NP fillers at different temperatures. h‑i Reproduced with permission [169]. Copyright 2017, Royal 
Society of Chemistry. (Color figure online)
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Ceramic particles uniformly disperse in CSEs by in situ 
hydrolysis of ceramic precursors, further lowering the crys-
tallinity of PEO. For example, the crystallinity of in situ 
 SiO2 based CSE is 19.1%, while the crystallinity of ex situ 
 SiO2 CSE prepared by mechanical mixing is 20%. Cor-
respondingly, the endothermic peak of ex situ  SiO2 CSE 
appears at 49.9 °C, higher than that of in situ  SiO2 CSE 
(43.8 °C). The in situ  SiO2-based CSE had improved ionic 
conductivity of 1.8 ×  10–4 S  cm−1 as compared with ex situ 
 SiO2 CSE (7.9 ×  10–5 S  cm−1) at room temperature [76]. 
Benefiting from lower crystallinity of VPI–ZnO CSE at rela-
tively low temperatures (< 50 °C), VPI–ZnO CSE possessed 
higher ionic conductivity of 1.5 ×  10–5 S  cm−1 at 25 °C, com-
pared with physical mixing (PM)–ZnO CSEs (Fig. 10b). 
Nevertheless, the ionic conductivity of VPI–ZnO CSEs 
was only marginally improved (Fig. 10b) due to the similar 
crystallinities of two samples at a temperature of nearing 
or higher than the melting points of PEO (Fig. 10c) [180]. 
Moreover, the modified PEO/ceramic interface ensures a 
fast  Li+ conduction channel and reduces  Li+ accumulation 
on the interface of the electrode/electrolyte, thus regulating 
 Li+ deposition at the lithium anode [97]. For example, Li 
symmetry batteries with VPI–ZnO CSEs exhibited a low 

voltage polarization of approximately 40 mV, and the cycle 
life of the battery was prolonged to 450 h. While the sym-
metry batteries with PM–ZnO CSEs showed an increased 
overpotential to ~ 70 mV, only extending the cycle life to 
284 h (Fig. 10d) [180]. Not only that, but electrochemical 
stability also greatly improved. For example, the coupled-
LGPS CSEs start to decompose at about 5.1 V, while the 
mixed-LGPS CSE is approximately 4.8 V (Fig. 10e) [179].

More importantly, the mechanical strength of CSEs 
greatly improved due to form an interconnected network, 
which could effectively inhibit the growth of lithium den-
drites (Fig. 10f). For example, the CSEs composed of 2D 
boron nitride nanosheets (BNNs) and poly(ethylene gly-
col)diacrylate (PEGDA) by coupled using a silane cou-
pling agent and exhibited an ultrahigh mechanical strength 
(> 26.2 MPa), higher than that of uncoupled BNN CSEs 
(4.70  MPa, Fig.  10g). The Li symmetrical cells with 
coupled-BNNs also presented more uniform lithium plat-
ing/stripping, and lower overpotentials (Fig. 10h) [86]. 
Moreover, organic crosslinkers affect mechanical prop-
erties of CSEs. For example, the elongation and tensile 
strength of PEO/LiTFSI/EC CSEs decreased with adding 
EC, but greatly increased with adding LLZTO particles. 

Table 2  Performance comparison of electrolytes with different surface modifiers

Modifier Composition Ionic conduc-
tivity (S  cm−1) 
(°C)

LSV (V) Li symmetrical batteries References

Mesoporous PPO–LiTFSI–2 wt%  Ti3C2 7 ×  10–10 (25) – – [87]
SiO2 PPO–LiTFSI–2 wt%  Ti3C2@mSiO2 4.6 ×  10–4 (25) 4.3 Cycling with a current density of 

0.2 mA  cm−2 for 500 h at room temperature
PDA PPO–LiTFSI–80 wt% LLZTO 6.34 ×  10–5 (30) 4.5 Cycling with a current density of 

0.2 mA  cm−2 for 78 h at 50 °C
[123]

PPO–LiTFSI–80 wt% LLZTO@PDA 1.15 ×  10–4 (30) 4.8 Cycling with a current density of 
0.2 mA  cm−2 for 400 h at 50 °C

IL PEO–LiTFSI–20 wt%  ZrO2 1 ×  10–4 (70) – – [169]
PEO–LiTFSI–20 wt%  ZrO2@IL 2.32 ×  10–4 (37) 4.9 –

HBPAE PEO–7.5 wt%  TiO2 – – – [94]
PEO–15 wt%  TiO2@HBPAE 3.2 ×  10–3 (35) – –

Si–R PEO-LiTFSI–30 wt% LZTO 1 ×  10–3 (–) – – [173]
PEO–LiTFSI–30 wt% LLZTO@P 5 ×  10–3 (–) – –
PEO–LiTFSI–30 wt% LLZTO@P + Si–R 9 ×  10–3 (–) – –

IL PEO–LiTFSI–15 vol% LLZTO 1.7 ×  10–5 (20) 4.6 – [171]
PEO–LiTFSI–15 vol% LLZTO@IL 2.2 ×  10–4 (20) 4.85 Cycling with a current density of 

0.5 mA  cm−2 for 7500 h at 30 °C
MB PEO–LiTFSI–LLZTO – – – [98]

PEO–LiTFSI–15 wt% LLZTO@MB 3.11 ×  10–4 (45) 4.5 –
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Interestingly, the CSEs composed of PEO and LLZTO via 
ring-opening reaction of EC exhibited the best ionic conduc-
tivity of 1.43 ×  10–3 S  cm−1 at 25 °C, which is approximately 
equal to the ionic conductivity of a commercial liquid elec-
trolyte  (10–3 ~  10–2 S  cm−1 at room temperature). However, 
the thickness of the electrolyte is not mentioned [97].

The CSEs improved interface compatibility between 
polymer and ceramic by constructing chemical bonds, thus 
increasing ionic conductivity and mechanical properties, 
extending the long-cycle performance of Li symmetrical 
cells.

4.3  Interface Optimization of Electrode/CSEs

Surface modification and constructing chemical bonds are 
utilized to resolve the issue of interface incompatibility of 
polymer/ceramic, and the ionic conductivity has been greatly 
improved, which is no longer the main bottleneck for the 
development of CSEs. Currently, the greatest challenge 
comes from the incomplete contact interface of the elec-
trode/electrolyte that will prevent  Li+ transport through the 
interface and only from the point-to-point intimate contact 
sites, resulting in high interface resistance [181, 182]. The 

Fig. 10  a Schematic figures of the synergistic effect of the components in CSEs. Reproduced with permission [97]. Copyright 2021, Wiley–
VCH. b The relationship between ionic conductivity and temperature for each electrolyte. c DSC profiles of each electrolyte. d Long-term gal-
vanostatic cycling of Li–Li symmetric cells. b‑d Reproduced with permission [180]. Copyright 2021, Elsevier. e LSV curves of each electrolyte 
at room temperature. Reproduced with permission [179]. Copyright 2020, Wiley–VCH. f Schematic diagram of the structure of PEGDA/BNNs 
and BNP. g Stress–strain curves of different polymer electrolytes. h Long-cycle performance of Li symmetrical cells. f–h Reproduced with per-
mission [86]. Copyright 2021, Elsevier
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large interfacial resistance leads to a slow  Li+ transmission 
rate and uneven current distribution during battery opera-
tion. Moreover, volumetric changes of active materials and 
side reactions caused by the incompatibility of the electro-
lyte/electrode during battery operation also severely limit 
their performance [183].

The superb interface can enable low interfacial resist-
ance and efficient  Li+ transport, thus significantly improv-
ing battery performance. Thus, the rational design of high 
stability CSEs is significantly important. Changing the 
structure of CSEs significantly reduces interface impedance 
and provides more  Li+ transport contact sites [184, 185]. 
For example, changing structure of PEO/garnet electrolyte 
forms a sandwich structure of PEO/LLZO/PEO [181]. For 
ceramic embedded CSEs, some hard-to-hard contact still 
exists originating from the exposed ceramic surface in CSEs. 
Incorporating a PEO layer on either side of PEO/LLTO 
CSEs prevented direct contact between LLTO and elec-
trodes (Fig. 11a). From SEM images of PEO/LLTO CSEs 
with two PEO layers, PEO–LiTFSI was partially immersed 
into  LiFePO4 cathode and achieved a tight interface contact 
(Fig. 11b). In contrast, the poor interface of the CSEs with-
out being covered by the PEO layer and  LiFePO4 cathode 
led to worse performance and an obvious gap between the 
 LiFePO4 cathode and CSEs is clear (Fig. 11c) [183].

Moreover, to further improve interface contact between 
electrolyte and electrode, introducing an extra surface modi-
fication layer on the surface of CSEs or electrode (e.g., adap-
tive buffer layer (ABL) [186] and Li phosphorous oxynitride 
(LIPON) [187]) is adopted to form CSEs for better electro-
chemical performance in usage for application. For example, 
introducing an ABL on the surface of CSE (Fig. 11d) and 
the battery had a small change in total resistance (increase of 
6%–14%, Fig. 11e). In contrast, the total resistance increased 
from 43% to 63% (Fig. 11f) after cycling without ABL. This 
shows that the ABL can effectively prevent the decrease 
of the overall ionic conductivity during cycling [186]. In 
addition, the modification can also be on the Li anode such 
as LIPON-modified Li anode, to improve the compatibil-
ity between PEO/LAGP CSEs and Li anode in solid-state 
batteries, which offered an evenly  Li+ flux and effectively 
inhibited Li dendrite formation in solid-state batteries [187].

To improve the chemical compatibility of CSEs with 
high-voltage cathodes, an antioxidant polymer (e.g., PAN) 
is introduced to enlarge the electrochemical window of 
CSEs (Fig. 11g) [188, 189]. For example, a bilayer CSE 

with PAN/PEO/UFF showed improved electrochemical sta-
bility (4.9 V), compared with PEO/UFF electrolyte without a 
PAN layer (4.1 V) [141]. In addition, the PAN fiber networks 
endow PEO/LLZTO CSEs with high oxidation resistivity, 
accordingly an electrochemical stability window as high as 
4.7 V (Fig. 11h), higher than that of the CSEs without PAN 
(4.5 V, Fig. 11i) [142].

The design of CSEs improved solid–solid interface com-
patibility, thus maintaining better interfacial contact during 
battery cycling, promoting the practical application of solid-
state batteries. Meanwhile, the failure process of CSEs and 
lithium metal deposition can be visualized by multiphysics 
simulation [190, 191]. Therefore, the interface optimization 
approach combined with multiphysics simulation has prom-
ising prospects for the rational design and development of 
safe solid-state batteries.

5  Applications of PEO/Ceramic CSEs

Based on the advantage of PEO/ceramic CSEs, such as 
enhanced ionic conductivity, optimized interfacial contact, 
high mechanical tolerance, and excellent chemical and elec-
trochemical stability, the PEO/ceramic CSEs coupled with 
anode and cathode are expected to achieve high energy den-
sity and safety solid-state batteries. This section will mainly 
discuss the application of PEO/ceramic CSEs in solid-state 
lithium metal batteries (SSLMB) with transition metal 
oxides and sulfur cathodes.

5.1  SSLMB with Transition Metal Oxides Cathode

Solid-state electrolytes are a pivotal part of solid-state bat-
tery, which determines the energy and power density, cycle 
stability, safety performance and service life to a large 
extent. Some PEO/ceramic CSEs have been reported with 
high ionic conductivity  (10–4 ~  10–3 S  cm−1 at room tempera-
ture), especially for polymer gel-based CSEs, which is no 
longer the most main problem for the practical application 
of solid-state batteries [99, 114, 192]. However, solid–solid 
interface contacts between electrodes and electrolytes, 
unlike the wettable liquid electrolyte, will seriously affect 
 Li+ transport, increasing internal resistance, and thus dete-
riorating the cycle and rate performance of battery. Besides, 
coupled cathode materials currently used are  LiFePO4 
(LFP, ˂  4 V),  LiCoO2 (LCO, ~ 4.3 V) and  LiNixMnyCozO2 
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(NMC, ~ 4.3 V). Among those, LFP is extensively matched 
with PEO/ceramic CSEs due to lower potential (˂ 4 V), as 
illustrated in Table 3. However, used CSEs were limited 
in their potential for high-voltage applications due to the 
narrow electrochemical window of PEO (~ 3.9 V) [193]. In 
addition, some factors, such as, the thickness of CSEs, the 
mass of lithium metal anode, the areal capacity in cathode, 
negative/positive capacity (N/P) ratio, are highly regarded 
for realizing high-energy–density solid-state lithium metal 
batteries.

First, better interface compatibility between electrodes 
and electrolytes is conductive to interface  Li+ transport, 
improving cycle and rate performance of battery, which 

includes the interface of electrolytes/lithium anode and elec-
trolytes/cathode. As shown in Sect. 4.3, changing the struc-
ture of hard-to-hard contact to soft-to-hard contact or intro-
ducing an extra surface modification layer can mitigate the 
incomplete contact interface, providing more  Li+ transport 
contact sites. Meanwhile, increasing the contact area can 
enhance interface compatibility by constructing composite 
cathodes composed of the electrolyte and cathode materials 
[46, 53, 139]. Second, the greater the potential difference 
between the positive and negative electrodes, the higher the 
working voltage, and the higher the energy density of bat-
tery. Thus, enlarging the electrochemical stability window of 
CSEs to or more than 4.3 V is essential for assembling with 

Fig. 11  a Schematic of the PEO/PEO–LLTO/PEO CSEs. b Cross-sectional SEM images of the PEO–LiTFSI–LLTO//LiFePO4 and c PEO–
LiTFSI–LLTO–O//LiFePO4 interfaces. a–c Reproduced with permission [183]. Copyright 2019, American Chemical Society. d Schematic of 
the interface contact between the Li metal anode and electrolyte with the ABL. Arrhenius plots of the conductivities of full batteries. e Li//ABL/
electrolyte//LiFePO4 and f Li//electrolyte//LiFePO4 before and after 150 cycles. d–f Reproduced with permission [186]. Copyright 2019, Ameri-
can Chemical Society. g Structural characterization of the bilayer UFF/PEO/PAN/LiTFSI. Reproduced with permission [141]. Copyright 2021, 
Wiley–VCH. h LSV profile of CSEs with PAN. i LSV profiles of CSEs with different contents of LLZTO (without PAN). h, i Reproduced with 
permission [142]. Copyright 2021, Wiley–VCH
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a high voltage cathode. Introducing high oxidation-resistant 
ceramics  (Li+-insulate and  Li+  Li+-conduct) or organic addi-
tives (e.g., PAN, SN) is feasible. For example, casting PEO/
LiTFSI/LLZTO/SN onto PAN fiber network CSEs exhib-
ited an increased electrochemical stability window from 3.6 
(PEO/LiTFSI) to 4.72 V due to the participation of SN, PAN 
and LLZTO [142]. As mentioned above, surface modifica-
tion of ceramics and constructing chemical bonds can also 
further improve the electrochemical stability of CSEs. For 
example, graft-coupled BNNs with PEGDA CSEs exhibited 
a stable electrochemical window of 5.5 V, which is higher 
than that of the uncoupled BNNs CSE (5.0 V) [86].

In addition, benefiting from increasing active materials 
loading in cathode, the higher areal capacity furtherly ena-
bles energy density of batteries [151]. However, the excess 
high load will lead to failure in operating of the battery at a 
higher current density. For example, LFP//Li full cells with 
PEO/PEGDA/LiTFSI/BNNs CSEs exhibited a capacity of 
0.25 mAh  cm−2 at 0.5 C under load of 2 mg  cm−2, when the 
load increased to 8 mg  cm−2, the cell can’t operate at 0.5 C, 
but showed an enhanced capacity of 1.05 mAh  cm−2 at 0.2 C 
[86]. Meanwhile, the full cells demonstrate better capacity 
at a higher test temperature (˃ melt temperature) due to the 
lower crystallinity of PEO. For example, under a current 

Table 3  Performance comparison of various lithium metal batteries with PEO/ceramic CSEs

Cell composition Active materi-
als (mg  cm−2)

Current 
density (mA 
 g−1)

Tem-
perature 
(°C)

Specific 
capacity (mAh 
 g−1)

Areal capac-
ity (mAh 
 cm−2)

Cycle number References

LFP/PEGMA–LiTFSI–LAGP/Li 1 85 30 123 0.123 300 [160]
LCO/PEGMA–LiTFSI–LAGP/Li 1 274 60 140.4 0.140 120
LFP/PEO–LITFSI–LLZTO/Li 0.8 100 60 136.4 0.109 850 [80]
LFP/PEO–LITFSI–LLZO/Li 1.5 34 50 149.3 0.224 100 [127]
LFP/PEO–LITFSI–LATP–PE/Li 1.5 170 20 93 0.140 1000 [39]
LFP/PEO–LITFSI–LLZTO/Li 1.2 34 40 116.9 0.140 500 [194]
LFP/PEO–LITFSI–LLZAO/Li 1.1 17 60 160 0.176 200 [89]
NCM/PEO–LITFSI–LLZAO/Li 1.1 17 60 150 0.165 50
LFP/PEO–LiTFSI–Mg(ClO4)2/Li 5 20 55 157 0.785 – [46]
NCM811/PEO–LiTFSI–Mg(ClO4)2/Li 3 33 55 145 0.435 –
LFP/PEO–LiTFSI–LLZO/Li 3.1 34 60 151.7 0.470 500 [28]
NCM622/PEO–LiTFSI–LLZO/Li 3.1 56.2 60 145.3 0.450 200
LFP/PEO–PVDF–LiTFSI–LLZO /Li 1.5 34 50 148.8 0.223 180 [139]
LFP/PEO–LiTFSI–LLTO/Li 1 17 60 154.7 0.155 150 [133]
NCM523/PEO–LiTFSI–LLTO/Li 2 141 60 137.2 0.274 100
NCM622/PEO–PAN–LiTFSI–UFF/Li 23 13 50 163 3.749 100 [141]
f-Al2O3@NCM523/PEO–PVDF–

LiTFSI–LLZTO–OX/Li
2 27.2 55 150.6 0.301 80 [124]

NCM811/PEO–LITFSI–VPI–ZnO/Li 1.75 140 50 164.7 0.288 200 [180]
LFP/PEO–PEGDA–LITFSI–BNNs/Li 6.4 34 25 140 0.896 150 [86]
LFP/PEO–LiCF3SO3–LATP/Li 5 85 60 118.2 0.591 1000 [92]
LFP/PEO–LiClO4–SiO2/Li 1 34 55 123.5 0.124 100 [178]
LFP/MXene–mSiO2/ePPO/Li 2 85 25 141.8 0.284 250 [87]
LFP/PEO–LiTFSI–SN–SiO2/Li 2.52 85 60 159.5 0.402 70 [195]
LFP/PEO–LiTFSI–MnO/Li 1.3 85 60 143.5 0.187 300 [90]
LCO/PEO–LiTFSI–MnO/Li 4.3 27.4 25 122.4 0.526 1000 [196]
NCM622/PEO–LiTFSI–LLZTO–SN/Li 4.8 140.5 25 153.4 0.736 300
LFP/PEO–LITFSI–LLZTO/Li 1 17 60 153.7 0.154 200 [120]
LFP/PEO–LiTFSI–LLZO/Li 1.68 85 60 158.8 0.267 70 [117]



 Nano-Micro Lett. (2023) 15:8282 Page 22 of 35

https://doi.org/10.1007/s40820-023-01055-z© The authors

density of 0.5 C, LFP//Li full cells with PEGMA/LiTFSI/
LAGP CSEs displayed capacities of 0.123 and 0.151 mAh 
 cm−2 at 30 and 60 °C, respectively [160]. At present, the 
vast majority of full cells with PEO/ceramic CSEs exhibit 
an areal capacity of ˂  1.1 mAh  cm−2 (Fig. 12a, b) and oper-
ate long cycles at only higher temperatures (Fig. 12c, d). 
Especially, the NCM811//Li full cell with a bilayer CSE 
composed of PAN/UFF/PEO delivered a high capacity of 
3.6 mAh  cm−2 at 0.1 C and 50 °C due to superior active 
material load (17–20 mg  cm−2), which reaches a level of 
commercialization (3.5 mAh  cm−2). However, the full cell 

showed an uneventful cycle number of 150 and a lower 
capacity retention of 67% [141]. At present, the great major-
ity of SSLMB with PEO/ceramic CSEs display a higher 
N/P ratio (˃ 100) due to the difficulty in achieving ultrathin 
lithium anode lower than 50 µm. Fortunately, an ultrathin 
lithium foil of 35 µm was coupled with NCM811 cathode 
(10.3 mg  cm−2) in the presence of plastic-crystal-embedded 
elastomer CSEs (25 µm), and the cell displayed a lower N/P 
ratio of 3.4, a higher energy density of 410 Wh  kg−1, which 
is one of the record values among SSLMB based on PEO-
based CSEs, to the best of our knowledge (Table 3) [50]. 

Fig. 12  The comparison of a, b areal capacity and c, d long cycles of lithium metal batteries at different current densities and temperatures
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To further reduce the N/P ratio, a plating 4.1 mAh  cm−2 of 
Li on the Cu was assembled with superior active material 
load (17–20 mg  cm−2) cathode and ultrathin PAN/UFF/PEO 
CSE (4.2 µm), achieving a low N/P ratio of 1.1 and a good 
energy density of 506 Wh  kg−1 and 1514 Wh  L−1 [141]. 
Consequently, the cycling performance of a flexible pouch 
cell with PEO/ceramic CSEs was tested after cutting, fold-
ing, twisting, punching and burning (Fig. 13a–d) [83, 96, 
197]. For example, at different degrees of bending, the pouch 
cell showed continuous and stable 30 cycles (Fig. 13b) and 
continues to light up the LED lamp after cutting, illustrating 
the safety and flexibility of the pouch cell [135]. However, 
the pouch cells with PEO/ceramic CSEs exhibit only dozens 
of times continuous charge and discharge. Therefore, a supe-
rior energy density of solid-state battery is closely related to 
CSEs, cathode and lithium anode, and crucially, is appropri-
ate to a pouch cell for practical application.

5.2  SSLMB with Sulfur Cathode

Lithium-sulfur batteries are a kind of lithium metal batteries 
with elemental sulfur as cathode and lithium metal as anode. 
The working principle of lithium-sulfur batteries is as fol-
lows: lithium metal is oxidized to form  Li+ and electrons in 
the discharge process. The  Li+ moves to the sulfur cathode 
through electrolyte, and the electrons reach cathode through 
external circuit wire. Sulfur reacts with  Li+ and electrons to 
form  Li2S at the cathode with the formation of several solu-
ble lithium polysulfide intermediates. The charging process 
is opposite. Lithium-sulfur batteries have a high theoretical 
specific capacity of 1671 mAh  g−1 based on sulfur cathode, 
which is also naturally abundant, low cost, and environmen-
tally friendly [198]. However, in addition to the problems 
mentioned similar with typical lithium metal batteries, they 
also face many notorious problems: low utilization of sulfur 
active material, the polysulfide shuttle effect, side reaction, 

Fig. 13  a Test of LCO//Li pouch cell by lighting a LED under cutting and burning. Reproduced with permission [196]. Copyright 2020, Wiley–
VCH. b Cyclic performance of LFP//Li pouch cell under different states at 0.1C, the insets are the voltage variation images of the pouch cell 
before and after curling and folding. c Optical photographs of the flexible LFP//Li pouch cell under different states, lighting up an LED in series. 
d Safety evaluation of LFP//Li pouch cell under extreme conditions. b–d Reproduced with permission [135]. Copyright 2021, Wiley–VCH
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safety, poor electronic/ionic conductivity of sulfur and lith-
ium sulfide  (Li2S), etc.

In recent years, PEO/ceramic CSEs have been widely 
applied in solid-state lithium-sulfur batteries (SSLSB) due 
to their high safety and capability to tackle the issue of sul-
fur cathode and Li anode [169, 199, 200]. For example, the 
incorporation of  TiO2 nanoparticles into PEO can suppress 
the undesired shuttle effect owing to dissolved lithium poly-
sulfides (Fig. 14a–c) [201]. The cells with  TiO2/PEO CSEs 
exhibited an improved capacity retention of ~ 87% after 100 
cycles, higher than that of PEO electrolytes without  TiO2 
nanoparticles (~ 38%). This is because polysulfide species 
are effectively withheld or trapped by the embedded  TiO2 
nanoparticles to retard the polysulfide shuttling. Benefiting 
from the high specific capacity of sulfur, the SSLSB with 
MB-LLZTO CSEs exhibited a specific capacity of ~ 1280 
mAh  g−1 and capacity retention of 60% after 220 cycles 
(Fig. 14d). However, the battery with  LiFePO4 cathode 
exhibited a discharge capacity of only 140 mAh  g−1 after 
170 cycles (Fig. 14e) [98].

Similarly, the composite cathode with the electrolyte 
can enhance interface compatibility by increasing the con-
tact area [130]. For example, Cui et al. [202] prepared a 
composite cathode (S@LLZO@C) by a thermal diffusion 
method and the dispersed LLZO nanoparticles acting as 
the interfacial stabilizer, which delivered a specific capac-
ity of 1210 mAh  g−1, higher than that of the S@C cathode 
of 768 mAh  g−1 (Fig. 15a, b). Moreover, larger potential 
hysteresis is observed in the voltage curves of the S@C 
cathode (Fig. 15c), indicating that the S@LLZO@C nano-
structure can reduce the interface resistance to ensure high 
electronic and ionic conductivity simultaneously. In addi-
tion, the cells with thinner electrolytes that have a higher 
ionic conductance result in better cycle performance. For 
example, CSEs of 80 and 20 mg correspond to thicknesses 
of 520 ± 10 and 120 ± 5 μm, respectively. The cell with 
20 mg CSE possessed a lower initial discharge capacity of 
778.1 mAh  g−1, but a higher capacity retention of 93.2% 
after 100th cycle, as compared with the cell with 80 mg 
CSE (818.6 mAh  g−1, 77.9% (Fig. 15d). Meanwhile, the 
cell with 20 mg CSE exhibited lower interfacial imped-
ances (Fig. 15e) and superior cycle performance (Fig. 15f) 
[203].

In addition, some challenges similar to typical lith-
ium metal batteries, such as the high excess of lithium 
metal anode, the low areal capacity in sulfur cathode, 

high N/P ratio, high operating temperature, should be 
cautiously considered for realizing high-energy-density 
SSLSB. At present, the majority of SSLSB with PEO/
ceramic CSEs did not provide N/P ratio probably due to 
the use of excess of lithium anode (commercial lithium 
disc around of 400–500 µm). Fortunately, a pressed Li 
foil with a thickness of 80 µm were coupled with sul-
fur cathode with 10.0 mg   cm−2 of sulfur delivering a 
low N/P ratio of 1/1, and the cell exhibited a high areal 
capacity of 11.8 mAh  cm−2 at 1 mA  cm−2 [35], which 
is one of the record values among PEO/ceramic CSEs 
in SSLSB, to the best of our knowledge. Besides, vast 
majority of sulfur cathode showed a low sulfur loading 
(0.5–3 mg  cm−2), and the cell delivered unsatisfactory 
the areal capacity (˂ 2.0 mAh  cm−2), and the cells oper-
ated at a higher temperature (˃ 36  °C). More impor-
tantly, the pouch cells with PEO/ceramic CSEs are lack-
ing. To our knowledge, only two cases were reported 
that can power LED lamps and operate for 90 cycles at 
1 mA  cm−2 [35, 98]. Therefore, optimizing CSEs, cath-
ode and lithium anode is required for achieving an excel-
lent energy density of SSLSB, especially for pouch cells 
of practical application.

6  Summary and Outlook

LMBs are considered to be a strong competitor over tradi-
tional lithium-ion batteries. However, the unsafety of using 
volatile and flammable organic liquid electrolytes prevents 
their practical applications. PEO/ceramic CSEs are prom-
ising substitutes for liquid electrolytes and have attracted 
wide attention in the research of energy storage systems. 
In this review, the critical issues of PEO/ceramic CSEs are 
specifically introduced. We emphasize fabricating strate-
gies of PEO/ceramic CSEs, controlling interfacial com-
patibility and improving solid-state battery performance. 
Benefiting from the versatile preparation methods, PEO/
ceramic CSEs can tackle the trade-off of ionic conductiv-
ity and mechanical properties. In addition, much effort 
has been made to increase interfacial compatibility, such 
as surface modification of ceramic particles, constructing 
chemical bonds and interface optimization of electrodes/
CSEs. Regarding the application of full cells, we sum-
marize solid-state lithium metal batteries with transition 
metal oxides and sulfur cathodes. To achieve high energy 



Nano-Micro Lett. (2023) 15:82 Page 25 of 35 82

1 3

Fig. 14  a Schematic illustration of the inhibition of soluble  Li2Sn diffusion. Upon charging, Raman spectra of b Li anode and PEO and c PEO/
TiO2 electrolytes before and after cycling. a–c Reproduced with permission [201]. Copyright 2017, Royal Society of Chemistry. d Discharge 
capacity and Coulombic efficiency of the Li–S battery based on MB-LLZTO CSE at 45 °C. e Discharge capacity and Coulombic efficiency of 
the MB–LLZTO CSE-based LFP–Li battery at 45 °C. d, e Reproduced with permission [98]. Copyright 2019, Royal Society of Chemistry

Fig. 15  a Schematic illustration of an SSLSB based on LLZO nanostructures. b Cycling performance and Coulombic efficiency of the S@
LLZO@C cathode with a current density of 0.05 mA  cm−2 at 37 °C. c Typical charge/discharge curves of the S@LLZO@C and S@C cathodes 
with 0.1 mA   cm−2 at 50  °C. a–c Reproduced with permission [202]. Copyright 2017, American Chemical Society. d Cycle performance of 
S-CNT//7822-peo-LiTFSI-9505//Li-In all-solid-state cells. e Nyquist plots for the cells using 80 or 20 mg composite electrolytes before and after 
the 100th cycle. f The charge–discharge voltage profiles at the 2nd, 50th, and 100th cycles of the cells using 20 mg 7822-peo-LiTFSI-9505 as 
the electrolyte layers. d–f Reproduced with permission [203]. Copyright 2020, Elsevier
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density and safety of SSLMB, the research directions are 
proposed in the future (Fig. 16).

For PEO/ceramic CSEs: (a) Insightfully investigate 
 Li+ conduction mechanism or behavior. Theoretical cal-
culations and advanced characterization techniques espe-
cially in situ tests are key to studying the local structural 
environments and dynamics of lithium ions to confirm 
the experimental results; (b) Improve ionic conductiv-
ity and reduce electronic conductivity at low operating 
temperatures. The vast majority of CSEs have an ionic 
conductivity of ~  10–4 S  cm−1 at room temperature, which 
still exhibits a gap compared with liquid electrolytes 
(~  10–2 S  cm−1). At the same time,  Li+ transference number 
is enhanced to further clarify the ion mobility behavior; 
(c) Optimize interfacial contact. The described interface 
of CSEs mainly includes the interface of polymer/ceramic 
and CSEs/electrodes. The solid–solid interface seriously 
affects  Li+ transport, increasing internal resistance, thus 
deteriorating the cycle and rate performance of battery; (d) 
Reduce the thickness of CSEs and shorten ion conduction 
distance, while ensuring mechanical strength and flexibil-
ity. Reduced mass and volume can improve energy density 
of solid-state batteries.

From the viewpoint of SSLMB: (a) Reduce the thickness 
of lithium metal anode such as down to 20 μm (5 mAh  cm−2), 
which can greatly reduce N/P ratio and improve Li utiliza-
tion to achieve high energy density; (b) Increase mass load-
ing of active materials in cathode to achieve areal capacity 
close to or even beyond to current commercial Li-ion batteries 
(4 mAh  cm−2). Reducing the N/P ratio and enhancing areal 
capacity are significant for achieving an energy density of 
SSLMB; (c) Assemble pouch cells is necessary to evaluate 
their potential for commercialization. A superior energy den-
sity of solid-state batteries is closely related to CSEs, cathode 
and lithium anode. Not only that, suitable pressures are neces-
sary to the pouch cells when designing the structure of pouch 
cells.

Upcoming efforts can focus on the design of multifunctional 
CSEs to match ultrathin lithium metal anodes and high-load 
cathodes for achieving a high energy density of SSLMB 
(500 Wh  kg−1). In addition, there is a strong demand for real-
izing large-scale production and increasing energy density 
and cycle stability. However, when the battery is magnified 
to a pouch cell, the problems mentioned above will be further 
magnified, which means that the cycle life of lithium metal 
anode with high capacity will be further shortened. Thus, pre-
cise control of the structure-performance relationship of CSEs 

Fig. 16  Schematic illustration of significant challenges and strategies to achieve excellent SSLMB
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together with lithium metal anodes and cathodes beyond the 
laboratory level is necessary.
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