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A B S T R A C T

Lithium batteries are promising energy storage systems for applications in electric vehicles. However, conven-
tional liquid electrolytes inherit serious safety hazards including leakage, ignition and even explosion upon
overheating. Solid-state electrolytes (SSEs) are considered as the ultimate solution to these safety concerns
because of their excellent thermal and electrochemical stabilities. Nevertheless, few individual SSE has reached
practical application standards due to incomprehensive performance. High ionic conductivity, low interfacial
resistance, and high stability towards electrodes are difficult to achieve simultaneously with an individual SSE.
Hybrid electrolytes rationally combining two or more types of SSEs with complementary advantages are prom-
ising for building feasible solid-state lithium batteries (SSLBs). Coupling desired soft electrolyte and stiff inorganic
SSEs can ensure good electrode wettability, high ionic conductivity, and high mechanical strength to prevent
lithium dendrite formation at the same time. In this review, comprehensive perspectives from the broad context of
the importance of hybrid electrolytes to subtle design concepts are summarized. This review not only covers the
introductory of classifications, synthesis methods, and ionic conductivity mechanism, but also crystallizes the
strategies for enhancing the ionic conductivity of hybrid electrolyte, the understandings on the interfacial chal-
lenges of the electrolyte/electrolyte and electrolyte/electrode interfaces, and the strategies for building feasible
SSLBs with different hybrid electrolyte combinations.
1. Introduction

Lithium-ion batteries (LIBs) are playing a more and more important
role in our daily life. LIBs not only power our portable devices (e.g.
cellphones, laptops and cameras), but also drive the transportation (e.g.
electric vehicles (EVs), hybrid electric vehicles (HEVs)), and even serve
as temporary storage systems for excess peak energy delivered by
renewable energy sources, such as solar, wind, nuclear and hydro power.
Since Sony launched the first commercial LIB with an intercalating
LiCoO2 (LCO) cathode in 1990s [1], LIBs have attracted increasing
research attentions in recent 30 years. In order to meet the requirements
for large-scale applications in EVs and grid energy storage system, a va-
riety of high-energy-density cathode candidates such as Ni-rich lithium
nickel manganese cobalt oxide cathode (NMC) [2,3], Li-rich NMC [4,5],
lithium nickel cobalt aluminum oxide (NCA) [6,7], and alternative
conversion-type battery systems of Li-sulfur (Li-S) and Li-air [8–12] have
been developed and attracted substantial research attentions. However,
the usage of liquid electrolytes in the commercial LIBs poses serious
safety concerns such as fire and explosion. Most of those liquid
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electrolyte solvents have very low boiling point (below 300 �C) and flash
point (below 150 �C) [13–15]. The thermal instability, volatility and
flammability of organic liquid electrolytes are key problems that cause
the safety issues of LIBs [13–16]. Li dendrite formation problem due to
inhomogeneous charging of the anode is another safety concern that can
cause cell short circuit in liquid-based LIBs [17–21].

Replacing liquid electrolytes with solid-state electrolytes (SSEs) pro-
vide a promising solution to tackle the safety issues. SSEs are thermally
stable and basically nonflammable. The key functional properties of a
SSE applied in solid-state lithium batteries (SSLBs) should include (i)
high total (bulk and grain boundary) Liþ ion conductivity over a wide
temperature range, (ii) wide electrochemical window to couple with
lithium metal anode and high-voltage cathode, (iii) chemically and me-
chanically compatible interfaces with anode and cathode, (iv) chemically
stable in ambience environment, and (v) low interfacial resistance to-
ward electrodes.

Even though SSEs have many attractive properties, especially in
safety, an individual SSE having comprehensive functionalities has not
yet been developed. Fig. 1 summaries the main drawbacks of each type of
2019
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Fig. 1. Common electrolytes for lithium batteries
and their main drawbacks [29,64–70]. Reproduced
with permission [29], Copyright 2014, Springer Na-
ture. Reproduced with permission [64,65], AAAS.
Reproduced with permission [66], Copyright 2017,
ECS. Reproduced with permission [67], Copyright
2016, Wiley. Reproduced with permission [68],
Copyright © 2016 Hayashi, Sakuda and Tatsumisago.
Reproduced with permission [69], Copyright 2001,
Elsevier. Reproduced with permission [70], Copy-
right 2015, ACS. Further permissions related to the
material excerpted should be directed to the original
publisher.
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electrolytes including liquid electrolyte, solid polymer electrolyte, oxide-
based SSE, sulfide-based SSEs. The oxide- and sulfide-based SSEs are also
classified as inorganic SSEs. Different SSEs encounter various challenges
that hinder their practical applications. Firstly, most of SSEs including
oxide-based SSE and the dry solid polymer electrolyte (SPE) have a
relatively low ionic conductivity compared to the liquid-based counter-
part at room temperature (RT). For example, PEO-based SPE (e.g. poly-
ethylene oxide complexing with lithium salt) have an ionic conductivity
around 10�7-10�5 S/cm at RT. Most ceramic SSEs such as NASICON-type
SSEs (e.g. Li1þxAlxTi2�x(PO4)3 (LATP)) and Li1þxAlxGe2�x(PO4)3 (LAGP))
[22,23]. garnet-type SSEs (Li7La3Zr2O12, (LLZO)) [24] and
perovskite-type SSEs (Li3xLa(2/3)�xTiO3, (LLTO) [25] have an ionic con-
ductivity around 10�5-10�3 S/cm. Secondly, besides the low ionic con-
ductivity problem, the high interfacial resistance between the SSEs and
electrodes also restricts the practical applications of SSEs. Mismatch
between the rigid SSEs and the solid-state electrodes is a common cause
for the high interfacial resistance. Another reason for the high interfacial
resistance is due to the formation of space charge layer (SCL) between
sulfide-based SSEs and LiCoO2 cathodes [26], or the formation of inter-
phase materials original from the side reaction between SSEs and elec-
trodes materials.

To build a comprehensive SSE, a new concept of hybrid electrolyte
has been developed to rationally combine two or more types of Liþ ion
conductors. A hybrid electrolyte intends to compensate the advantage
and disadvantage of each constituent. The most common hybrid elec-
trolyte is composite electrolyte consisting of a soft polymer electrolyte
and a rigid inorganic SSE. While the rigid inorganic SSE maintains
relatively high ionic conductivity at RT, the soft and flexible SPE solves
the mismatch and wettability problems on the interface with electrodes
[27,28]. Meanwhile, the Li dendrite formation problem due to the me-
chanically poor SPE can be alleviated by the stiff ceramic SSE fillers [29].
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Another types of hybrid electrolytes are multilayer structured hybrid
electrolytes where a ceramic SSE layer serves as the major Liþ ion
conductor and separator with SPE outer layers to tailor the interface
against electrodes. Or, instead of SPE, trace amount of liquid electrolyte
is spread on the oxide SSE surface to ensure ionic conduction between the
rigid oxide SSEs and electrodes. We refer this kind of configuration as
liquid-oxide hybrid electrolyte. The design concepts and the advantages
of hybrid electrolytes SSLBs are summaried in Fig. 2.

As increasing research efforts have been dedicated to developing
hybrid electrolytes for advanced SSLBs, the progresses of hybrid elec-
trolytes for lithium batteries have been reviewed with particular focuses
of classifications, ionic conductivities, and applications in solid-state
batteries [30,31]. Differently, this review aims to provide comprehen-
sive perspectives from the broad context of the importance of hybrid
electrolytes to subtle design concepts. We not only cover the introductory
of classifications, synthesis methods, and ionic conductivity mechanism
of the hybrid electrolyte, but also crystallize the strategies for enhancing
the ionic conductivity, the understandings of the interfacial challenges
for the electrolyte/electrolyte and electrolyte/electrode interfaces, and
the strategies for building feasible SSLBs with different hybrid electrolyte
combinations.

1.1. Solid-state electrolytes and challenges

Before introducing hybrid electrolytes, different types of SSEs
including SPEs, oxide-based SSEs and sulfide-based SSEs will be sys-
tematically introduced and compared. In-depth details about ionic con-
ductivities, interface properties, electrochemical/chemical properties,
design mechanism and lithium ion transportation mechanism of SPEs,
oxide-based SSEs and sulfide-based SSEs have been extensively reviewed
[16,32–63], so the introduction to each individual SSE here mainly



Fig. 2. Design concepts and the advantages of hybrid electrolytes for SSLBs [71–74]. Reproduced with permission [71], Copyright 2018, Elsevier. Reproduced with
permission [72], Copyright 2017, RSC. Reproduced with permission [73], Copyright 2016, ACS. Reproduced with permission [74], Copyright 2017, Springer Nature.
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focuses on their distinct characteristics and important parameters that
are related to hybrid electrolyte designs.

1.1.1. Solid polymer electrolytes (SPEs)
In 1973, the discovery of ionic conductive complexes between poly-

ethylene oxide (PEO) and alkali metal salts byWright et al. [75] opened a
new direction for SSE research. Generally speaking, a good SPE usually
consists of a high dielectric host polymer complexed with a lithium salt
with a low lattice energy (Fig. 3a shows the structure of a SPE with PEO
complexing with LiAsF6). Polymers with polar functional groups are
chosen to facilitate the dissociation and transport of alkali ions; salts with
high ionization ability are selected. Among all SPEs, PEO-based SPEs are
most widely studied [76–84] due to their excellent salt-solvating ability
and interfacial compatibility with electrodes. Moreover, SSLBs with a
LiFePO4 cathode, a Li metal anode and a polyether-based SPE show
excellent cycling performance at 70 �C [84]. They have been commer-
cialized in an electric car model, Bollor�e Bluecar, to provide 30 KWh
electricity with a driving range of 250 km. Other host polymer candidates
including polyacrylonitrile (PAN) [85–87], poly(methylmethacrylate)
(PMMA) [88,89], poly(vinylidenefluoride-co-hexafluoropropylene)
(PVDF-HFP) [90,91] and poly(propylene carbonate) (PPC) [92,93],
poly(ethylene carbonate) (PEC) [94] also receive increasing research
interest lately for potential application in SSLBs.

However, the ionic conductivity of PEO-based SPEs is in the range of
10�7-10�5 S/cm at RT (Fig. 3b) [76–78], which falls short to the
requirement of SSLBs for operating at a wide temperature range. More-
over, due to the poor mechanical strength of the polymer matrix, SPEs
suffer from Li dendrite formation problem [29]. Li dendrite growth at a
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Li/SPE/Li symmetrical cell had been observed using X-ray tomography
technique (Fig. 3d–h) [29,95]. The results show that the defect of Li
anode surface plays a key role in the nucleation of Li dendrites. N.S.
Schauser et al. investigated the temperature influence on the Li dendrite
formation in SPE. At a higher temperature (over 105 �C), significant
dendrite growth was observed and caused failure of the cell, while under
a lower temperature (lower than 90 �C), Li dendrite growth is prohibited
[95]. These results were probably due to the lower mechanical strength
of SPE under higher temperature that led to serious Li dendrite forma-
tion. Thus, to prevent growth of lithium dendrite, a high shear modulus is
required for SPEs. As proposed by Monroe and J. Newman, if the shear
modulus of SPE is higher than that of lithium metal, the dendrite growth
can be inhibited [96–99].

Another challenge is the instability of SPEs at high voltages, which
seriously restrict their applications in high-energy-density LIBs [69]. The
instability of SPE under high voltage makes SPE/cathode interface a big
challenge in high-energy-density LIBs system. PEO-based SPEs are known
to be electrochemically stable under 3.8 V (vs. Li/Liþ) (Fig. 3c), so they
are relatively stable towards LiFePO4 cathode that has a charging plateau
at about 3.4 V [84]. However, PEO-based SPEs fail to deliver good per-
formance in SSLBs with a high voltage (>4 V) cathode such as LiCoO2
[100]. To improve the stability of SPE at high voltage, engineering the
SPE/cathode interface with a coating layer, such as Al2O3, Li3PO4 and
poly(ethylcyanoacrylate), has been reported with improvement in
cycling performance [100–102]. Therefore, the study of SSLBs with SPEs
should focus on enhancing the mechanical properties for preventing Li
dendrite formation and increasing electrochemical stability of SPEs for
high-energy-density LIBs.



Fig. 3. (a) Structure of a crystalline PEO-based SPE consisting of PEO and LiAsF6. Left, PEO chain axis is perpendicular to the page. Right, PEO chain axis is parallel to
the page. Purple spheres, Li; white spheres, As; pink spheres, F; light green, carbon in PEO chain 1; dark green, oxygen in PEO chain 1. Light red, carbon in PEO chain
2; dark red, oxygen in PEO chain 2. Hydrogens are not shown [103]. Reproduced with permission [103], Copyright 2001, Springer Nature. (b) Temperature dependent
ionic conductivity of PEO-based SPEs [104]. Reproduced with permission [104], Copyright 2014, RSC. (c) The electrochemical stable window of a PEO-based SPE is
only 3.8 V [69]. Reproduced with permission [69], Copyright 2001, Elsevier. (d)–(g) X-ray tomography slices show the evolution of Li dendrite formation in SPE and
their 3-dimensional (3D) reconstructions diagrams (h) [29]. Reproduced with permission [29], Copyright 2014, Springer Nature. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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1.1.2. Oxide-based SSEs
NASICON-type, perovskite-type, and garnet-type SSEs are the most

popular oxide-based SSEs and have demonstrated feasibilities in hybrid
electrolytes for SSLBs. Their intrinsic advantages such high ionic con-
ductivity and air stable properties make them attractable in the appli-
cations of hybrid electrolytes. Categorized by different structures, the
oxide-based SSEs exhibit different ionic conductivities and chemical
properties and face different challenges in the application of SSLBs.
Representative examples will be discussed in this section.

NASICON-type SSEs, the name was first given to a sodium superionic
conductor NaM2(PO4)3 (M¼Ge, Ti, Zr), having the crystalline NASICON
framework consists of corner sharing PO4 tetrahedra and MO6 (M¼Ge,
Ti, Zr) octahedra forming a 3D network structure [105]. Naþ ions are
located on interstitial sites and transported along the c axis [106]. By
replacing Naþ with Liþ, NASICON-type SSEs become Liþ ion conductors
without the change of NASICON crystal structure (Fig. 4a). The currently
most popular NASICON-type SSEs are Li1þxAlxTi2�x(PO4)3 (LATP) and
Li1þxAlxGe2�x(PO4)3 (LAGP), which are obtained by partial Al substitu-
tion of Ti or Ge in LiTi2(PO4)3 and LiGe2(PO4)3, respectively. The highest
ionic conductivity of NASICON-type SSEs reported to date at RT is in the
range of 10�3 to 10�2 S/cm [106], which is almost comparable to that of
liquid-based electrolytes. However, the rigid nature of NASICON-type
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SSEs makes them challenging to achieve good interface with elec-
trodes. Another challenge is that the Ti-containing LATP can react with
reductants such as lithium metal (Fig. 4j) and polysulfides, seriously
restricting its application in high-energy-density SSLBs.

Garnet-type SSEs have a general chemical formula of A3B2(XO4)3
(A¼ Ca, Mg, Y, La et al. B ¼ Al, Fe, Ga, Ge, Mn, Ni or V; X¼ Si, Ge, Al)
where A, B, and X have eight, six, and four oxygen coordinated cation
sites in a crystalline face-center-cubic structure [107]. The crystalline
structure of cubic phase garnet-type SSE is showed in Fig. 4b. The studies
of garnet-type SSEs cover Li3-tpye Li3Ln3Te2O12 (Ln¼ Y, Pr, Nd, Sm-Lu)
[108], Li5-type Li5La3M2O12 (M¼Nb, Ta) [109], Li6-type Li6ALa2M2O12
(A¼Mg, Ca, Sr, Ba) [110], and Li7-type Li7La3X2O12 (X¼ Zr, Sn, Ta)
[24]. The first three garnet SSEs have relatively low RT ionic conduc-
tivity (~10�5 S/cm), while Li7La3Zr2O12 (LLZO) possesses relatively high
ionic conductivity (10�4

–10�3 S/cm). Therefore, research interests are
mostly dedicated in LLZO and its derivatives with different elemental
doping [111–113]. Garnet-type SSEs are also attractive for their wide
electrochemical window and superior stability towards lithium metal
anodes [67]. LLZO has two different phases, a lower ionic conductive
tetragonal phase and a higher ionic conductive cubic phase. Cubic phase
LLZO is more desirable for practical applications, but it usually requires
very high sintering temperatures to obtain the cubic phase [24]. The



Fig. 4. The crystalline structures of (a)
NASICON, (b) Garnet, and (c) Perovskite
SSEs [139]. Reproduced with permission
[139], Copyright 2018, Wiley. Time-of-flight
secondary ion mass spectroscopy (TOF-SIMS)
study of LiCoO2/LLZO interface: (d) SEM
image of a LiCoO2/LLZO interface and
elemental distributions of (e) Alþ, (f) Zrþ, (g)
Laþ, and (h) Coþ; color scales show the
concentrations of each ion where the upper
color represent higher concentrations [129].
Reproduced with permission [129], Copy-
right 2016, ACS. (i) Scanning electron mi-
croscopy (SEM) image showing the poor
contact between NASICON SSE and Li2MnO4

[140]. Reproduced with permission [140],
Copyright 2014, Elsevier. (j) X-ray photo-
electron spectroscopy (XPS) study on the
reduction of Ti4þ in LATP by lithium metal
anode [138]. Reproduced with permission
[138], Copyright 2018, ACS. (For interpre-
tation of the references to color in this figure
legend, the reader is referred to the Web
version of this article.)
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Liþ/Hþ exchange [114] upon exposure to moisture can cause Li2CO3
formation on the LLZO surface leading to additional problems such as
poor lithium wettability and poor ionic conductivity. Even though LLZO
is known to be high ionic conductivity and stable towards lithium metal
anodes, Li dendrite problem [115,116] and interfacial mismatch issue
due to the rigid properties remain challenging for garnet-type SSEs.

Perovskite-type SSEs with a structure of ABO3 (A¼ Ca, Sr, La; B ¼ Al,
Ti) were first reported as an oxygen ion conductor [117]. After aliovalent
substitution of both metal ions in A-sites with a formula of Li3xLa2/3-x-
TiO3, a Liþ ion conductor is obtained with a high bulk ionic conductivity
over 10�3 S/cm at RT [118]. Unfortunately, the high grain boundary
resistance, high interfacial resistance, and poor compatibility of Ti4þ

with lithium metal anode restrict their wide applications.
Overall, oxide-based SSEs have relatively high ionic conductivity and

chemical stability at ambient environment. Oxide-based SSEs have the
highest Young's modulus among all types of SSEs. The Young's moduli for
LATP, garnet-type SSE LLZO, and perovskite-type SSE are 115 GPa [119],
150 GPa for [120], and 203 GPa [121], respectively. This rigid property
could be beneficial for suppressing lithium dendrite if engineered prop-
erly but resulting in the mismatch problem towards electrodes. Fig. 4i
shows the mismatch problem between NASICON SSE and electrodes
where a big gap is present at the interface. More details about mechanical
properties of the SSEs will be discussed and summarized in following
content.

In terms of oxide-based SSE/electrode interface, several strategies
have been reported to improve the interfacial contact and lower the
interfacial resistance and they are summarized in Fig. 5. For example,
melting lithium metal onto the oxide-based SSE surface instead of simply
pressing a lithium metal foil to the SSE can achieve a matching interface.
Molten lithium metal has high fluidity which can fill the gaps of the
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uneven SSE surface and enable intimate interfacial contact. However,
garnet-type SSEs may have poor wettability to molten lithium, namely
“lithiophobic” (Fig. 5a left). Thus, coatings including Al2O3, ZnO, Ge, etc.
on SSEs can enable good lithium wettability, namely “lithiophilic”
coatings (Fig. 5a right) [122–124]. For example, L. Hu's group [123]
dramatically reduced the contact angle between molten lithium and a
garnet-type SSE and reduced the RT interfacial resistance of from
1710Ω/cm2 to 1Ω/cm2 via a thin layer of Al2O3 coating on the
garnet-type SSE by atomic layer deposition (ALD) (Fig. 5b). The lithium
symmetric cell with Al2O3 coated garnet SSE presented excellent plati-
ng/stripping performance over 90 h with negligible increase of over-
potential at a current density of 0.2 mA/cm2.

However, this melting strategy is not suitable for engineering the
cathode interface because of the high melting points of SSEs and cathode
materials. Moreover, cathode is heterogeneous structure containing
nano-size or micro-size active material particles, nano-size conductive
carbon and polymer binder. The stiff and rough morphology of cathodes
even make the mismatch problem more prominent. Alternatively, a
feasible method is co-sintering oxide-based SSE and cathode materials
together with a low-melting-point SSE as a sintering additive to promote
the sintering process at a relatively low temperature (Fig. 5c). Ohta et al.
developed a solid-state LiCoO2 batteries with LLZO as the SSE and LiBO3

as the sintering additive to lower the co-sintering temperature to 700 �C.
This LiCoO2 SSB delivered a discharge capacity of 85mAh/g in a voltage
window of 3.0–4.05 V (vs. Li/Liþ) [125]. A similar study by C. Wang's
group used Li2.3C0.7B0.3O3 as the sintering additive to construct an all
ceramic SSLB with excellent cycling performance (Fig. 5d) [126].
Creating porous structure SSE to enlarge the contact area between SSE
and electrode materials is another strategy to realize SSLB with
oxide-based SSE(Fig. 5e–g) [127].
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Fig. 5. Summary of strategies for building SSLBs with oxide-based SSEs. (a) SEM images of the garnet SSE/lithium metal interface without ALD Al2O3 coating (left)
and with ALD Al2O3 coating (right). The insets are photos of melted lithium metal on top of the garnet SSE surfaces. An intimate contact between lithium metal and
SSE was achieved with ALD Al2O3 coating. (b) Comparison of the impedances of symmetrical lithium cells with garnet SSEs with/without ALD Al2O3 coating. The inset
is the enlarged EIS curve of ALD Al2O3 coating garnet SSE symmetrical cell where a very small impedance is presented [123]. Reproduced with permission [123],
Copyright 2017, Springer Nature. (c) Schematic diagram shows the process of co-sintering to make a SSLB with oxide-based SSE. Left, mixture of LLZO particles, LCO
particle, Li2.3C0.7B0.3O3 sintering additive on the top of LLZO SSE pellet. Right, co-sintering this pellet at 700 �C to obtain an intimate SSE/cathode interface. (d)
Cycling performance at RT of the SSLB obtained from (c), lithium metal was used as anode [126]. Reproduced with permission [126], Copyright 2018, Elsevier. (e)
Schematic diagrams show the structure of SSLBs with dense SSE (left) and porous structure SSE (right). (f) Surface SEM image of porous structure SSE pellet. (g)
Comparison of SSLBs performances with dense SSE and porous structure SSE [127]. Reproduced with permission [127], Copyright 2016, Wiley. (h) Cycling per-
formance of bare LATP/lithium symmetric cell at a current density of 0.01mA/cm2. A significant increase of overpotential is observed. (i) Cycling performance of ALD
Al2O3 coating LATP/lithium symmetric cell at a current density of 0.01mA/cm2; The potential profile is quite stable with ALD coating [138]. Reproduced with
permission [138], Copyright 2018, ACS.
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Even though SSE/cathode interfacial mismatch problem can be
partially addressed by the co-sintering method [125,128–130] or
creating porous structure SSE to enlarge the contact area between SSE
and electrode materials [127,131], the volume change of electrode ma-
terials during charge/discharge will still lead to loss of contact between
SSEs and electrode materials due to the stiffness nature of SSEs
[132–134].

The interphase problem due to side reactions or elemental diffusion at
the interface between oxide-based SSE and cathode have been reported
[129,135]. At the LiCoO2/LLZO interface, Co undergoes mutual diffusion
with Zr and La (Fig. 4d–h) forming an interphase with low ionic con-
ductivity (i.e. high interfacial resistance). Another common problem is
the incompatibility between Li anode and Ti-containing oxide-based
SSEs. Ti4þ in LATP or LLTO can be easily reduced by the lithium metal
anode (Fig. 4j) resulting in a phase change of the SSE which decreases
ionic conductivity but increases electronic conductivity. This kind of
highly electronic conductive interphase is particularly prone to exacer-
bate Li dendrite growth [136,137]. Our group has demonstrated a thin
layer of Al2O3 coating on the LATP surface to prevent Ti4þ reduction in
LATP, significantly enhancing the stability of LATP towards lithium
metal anode (Fig. 5h and i) [138].

In summary, interfacial mismatch and side reactions between the
oxide-based SSE and electrodes are the key challenges to the application
of oxide-based SSEs and more research efforts are required. The strate-
gies for these interfacial problems include (i) solidifying melting state
lithium on SSE to ensure intimate contact, (ii) co-sintering active mate-
rials and SSE with a sintering additive, (iii) creating a porous structure
SSE to increase the contact area between electrode materials and SSE,
and (iv) using coating layer to prevent side reaction. It is believed that
engineering the interface with a soft and high ionic conductive layer
between SSE and electrodes may be a good strategy to tackle the chal-
lenges for SSLBs with oxide-based SSE.

1.1.3. Sulfide-based SSEs
Sulfide-based SSEs can be categorized by amorphous, crystalline, and

glass-ceramic sulfide SSEs. The representative amorphous sulfide-based
SSEs are xLi2S⋅(1-x)P2S5 and xLi2S⋅(1-x)SiS2 systems. Both systems pre-
sent a RT ionic conductivity over 10�4 S/cm [141,142]. Crystalline
sulfide-based SSE Li3PS4 was first reported by Tachez et al. [143]. Later,
Kanno's group reported a thio-LISICON type SSE produced by replacing
O2� of LISICON [Li14Zn(GeO4)4] family with S2� [144]. The replacement
leads to a higher ionic conductivity at RT because S2� has larger ionic
radius, higher polarizability, and lower electronegativity than O2�. The
replacement of O2� by S2� lowers the binding of Liþ in the crystal
framework and enlarges the ion transport channel thus enhance the ionic
conductivity [145]. Most of the reported crystalline sulfide-based SSEs
have an ionic conductivity over 10�4 S/cm at RT (Fig. 6f) [145–148].
Glass-ceramic SSEs are prepared by crystallization of glass-state SSEs.
Glass-ceramic SSE based on xLi2S-(1-x)P2S5 have received tremendous
research attentions especially after the discovery of Li10GeP2S12 (LGPS)
(Fig. 6a–c) families and their derivations such as Li9.54Si1.74P1.44S11.7Cl0.3
(Fig. 6d and e) [146,149,150], which both exhibit ionic conductivities
over 10�2 S/cm at RT.
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The high RT ionic conductivity and relatively soft mechanical prop-
erties of sulfide-based SSEs make them promising candidates for the
applications in SSLBs. SSLBs with a sulfide-based SSE can be fabricated
by simply cold pressing without high temperature co-sintering. However,
sulfide-based SSEs suffer from serious instability issues towards lithium
metal anode and the conventional cathode materials, which significantly
hinder their practical applications in SSLBs. The side reaction behaviors
between electrodes and sulfide-based SSEs have received many research
attentions [67,70,151–154]. The electrochemical stability window of
different types of sulfide-based SSEs were evaluated by theoretical cal-
culations (Fig. 6g for LGPS) and experimental characterizations [67,70,
154,155], where they showed the sulfide-based SSEs have a narrow
electrochemical stable window. In-situ XPS was performed to clarify the
interfacial chemistry between sulfide-based SSE and lithium metal,
which confirmed the decomposition products of Li3P, Li2S, and Li-Ge
alloy at the interface [153]. The decomposed products have low ionic
conductivities and thus introduce high interfacial resistance. To address
this problem, alternative anodes like indium are commonly used in SSLBs
[156]. An alternative strategy is interfacial engineering the lithium/SSE
interface to stabilize the interface and lower the interfacial resistance
[151,157–159]. C. Wang's Group applied LiF, LiI as a protecting layer on
lithium metal anode in to stabilize lithium/sulfide-based SSE interface
[158,159]. Our group first reported a molecule layer deposition (MLD)
engineered lithium metal anode for stable contact with a sulfide-based
SSE [151].

Considering the interface between sulfide-based SSEs and cathodes,
the electrochemical instability problem and the formation of space-
charge layer (SCL) seriously hinder the application of sulfide-based
SSEs. The instability between sulfide-based SSEs and cathode materials
such as LiCoO2 were studied by the theoretical calculation and trans-
mission electron microscopy (TEM) confirming the side-reaction prod-
ucts of Li2S, CoS3 and Co(PO3)2 at the interface that cause high interfacial
resistance [152,160]. SCL is typically formed at the interface between
sulfide-based SSEs and LiCoO2 due to the chemical potential difference
between them (Fig. 6h–j) [26]. The high resistance of SCL significantly
lowers the capacity and rate performance of SSLBs. Interfacial engi-
neering by an oxide material coating layer such as Al2O3, Li4Ti5O12, and
LiNbO3, has been demonstrated as an effective way to inhibit the
side-reactions and SCL formation [26,161,162].

Even though sulfide-based SSEs are relatively soft compared to oxide-
based SSEs, sulfide-based SSEs still experience the mismatch problem.
Their poor flexibility makes it difficult to buffer the volume change of the
electrode materials during charge and discharge; the loss of intimate
contact between SSE and cathode particles eventually deteriorates the
performance of the SSLBs (Fig. 6k) [163]. Therefore, understanding the
mechanical properties of SSEs and controlling the mechanical properties
of SSEs to ensure good contact between SSEs and active materials are as
important as preventing the SSE/electrode interfacial side-reaction for
building a high performance SSLB.

1.1.4. The mechanical properties of SSEs
Different from the liquid electrolytes which have the fluidity to fill in

pores and gaps to ensure intimate contacts with electrodes, the solid



Fig. 6. (a) Crystal structure of LGPS sulfide-based SSE; (b) one dimensional view of LGPS framework; (c) Liþ ion conduction pathways in LGPS; zigzag conduction
pathways along the c-axis are indicated [146]. Reproduced with permission [146], Copyright 2011, Springer Nature. (d) Crystal structure of Li9.54Si1.74P1.44S11.7Cl0.3;
(e) nuclear distributions of Li atoms in Li9.54Si1.74P1.44S11.7Cl0.3 at 25 �C [149]. (f) Comparison on ionic conductivities of the LGPS family, Li9.6P3S12 and
Li9.54Si1.74P1.44S11.7Cl0.3 [149]. Reproduced with permission [149], Copyright 2016, Springer Nature. (g) The first principles calculation for the phase equilibria of
LGPS during lithiation and delithiation process, where it shows the stable window of LGPS is 1.71–2.14 V [67]. Reproduced with permission [67], Copyright 2016,
Wiley. The equilibrium Li concentrations predicted by the conventional model (h) and the calculation model (i). (j) The equilibrium Li concentrations predicted by
calculation model at the initial stage of charging for the LCO/LPS interface [26]. Reproduced with permission [26], Copyright 2014, ACS. (k) Capacity lose at the
initial charge/discharge cycle and the lose of interfacial contact between cathode particles and a sulfide-based SSE [163]. Reproduced with permission [163],
Copyright 2017, ACS.

J. Liang et al. Energy Storage Materials 21 (2019) 308–334
nature of SSEs could be a drawback in terms of physical compatibility
with electrode materials under operating conditions. Especially, the
volumetric evolutions of most active materials during charging and dis-
charging cast extra difficulties in maintaining intimate contacts between
the SSEs and the active materials. Commercial active materials such as
LiCoO2, LiFePO4, LiMn2O4, and graphite usually experience big volu-
metric changes during charging and discharging, while next-generation
active materials such as sulfur and silicon have even more significant
volumetric changes of 80% and 400% respectively. Therefore, practical
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SSEs must be able to accommodate the resulting strain/stress without the
mechanical degradation such as cracking or pulverizing. Understanding
and improvements in SSE mechanical properties are progressing for SSLB
applications [164–168]. Tables 1 and 2 summarize the general me-
chanical properties of inorganic SSEs (oxide- and sulfide-based SSEs) and
polymer involved hybrid electrolytes, respectively. Interestingly, the
mechanical properties of inorganic SSEs are highly related to their phase
structures. Particularly, the relative Young's moduli are in an descending
order from perovskite, garnet, NASICON, phosphaste, to thiophosphate



Table 1
The mechanical parameters of inorganic SSEs.

Inorganic SSEs Phase Grain size
(μm)

Relative
density (%)

Young's modulus
(GPa)

Shear modulus
(GPa)

Hardness
(GPa)

Fracture toughness
(MPa m1/2)

Refs.

Li3Ti2(PO4)3 (calculated) NASICON 143.7 57.6 [164]
Li1.3Al0.3Ti1.7(PO4)3 NASICON 1.7� 0.7 96 115 1.1� 0.30 [119]
Li3PO4 (calculated) phosphate 103.4 40.9 [164]
Li7La3Zr2O12 (calculated) garnet 175.1 68.9 [164]
Li5La3Nb2O12 (calculated) garnet 141.1 54.8 [164]
Li5La3Ta2O12 (calculated) garnet 144.2 56.1 [164]
Li6.24La3Zr2Al0.24O11.98 garnet 4.5–5 97 149.8� 0.4 6.3� 0.3 [171]
Li6.24La3Zr2Al0.24O11.98 garnet 4.5–5 94 132.6� 0.2 5.2� 0.4 [171]
Li6.19La3Zr2Al0.27O12 garnet 3.7� 1.8 98 140 9.1 0.97� 0.1 [172]
Li6.19La3Zr2Al0.27O12 garnet 2.7� 1.7 85 135 9.1 2.37� 0.1 [172]
Li6.17La3Zr2Al0.28O12 garnet 5–50 99 150.3� 2.2 59.8� 0.9 [120]
Li6.28La3Zr2Al0.24O12 garnet 2–30 0.86–1.63 [173]
Li6.5La3Ta0.5Zr2O12 garnet 1–10 99 153.8� 2.7 61.2� 1.1 [120]
Li0.5Ta0.5TiO3 (calculated) perovskite 262.5 104.0 [164]
Li0.13Ta0.63TiO3

(calculated)
perovskite 233.9 91.2 [164]

Li0.33La0.57TiO3 perovskite 0.8� 0.3 97 200� 3 9.2� 0.2 ~1 [174]
Li0.33La0.55TiO3 perovskite 2.42 99 222.6 7.18 [175]
Li0.33La0.567TiO3 perovskite 13.0� 4.39 99 203 8.4� 0.48 1.24� 0.12 [121]
Li0.33La0.567TiO3 - 2.5 %La perovskite 4.08� 1.16 99 198 9.3� 1.1 1.08� 0.20 [121]
Li0.33La0.567TiO3 þ 2.5 %
La

perovskite 1.41� 4.76 99 191 8.1� 0.75 1.22� 0.25 [121]

xLi2S▪(100-x)P2S5
(hot press)

18–25 [176]

xLi2S▪(100-x)P2S5
(cold press)

14–17 [176]

70Li2S▪30P2S5 18.5� 0.9 1.9� 0.2 0.23� 0.04 [177]
(100-
y)(75Li2S▪25P2S5)▪yLiI

19–23 7.1–8.7 [170]

70(50Li2S▪50P2S5)▪30LiI 17 6.3 [170]
Li10GeP2S12 (calculated) thiophosphate 37.19 14.35 [178]
Li10GeP2S12 (calculated) thiophosphate 21.7 7.9 [164]
Li10SiP2S12 (calculated) thiophosphate 24.8 9.2
Li10SnP2S12 (calculated) thiophosphate 29.1 11.2
Li7P3S11 thiophosphate 21.9 8.1
Li6PS5Cl thiophosphate 22.1 8.1
Li6PS5Br thiophosphate 25.3 9.3
Li6PS5I thiophosphate 30 11.3
LIPON thiophosphate 77 3.9–4.1 [179]
Li 5 4.25 10–3 [120,

177]

Table 2
Mechanical properties of polymer and hybrid electrolytes.

Polymer electrolyte Inorganic fillers size and
percentage

Plasticizer and
percentage

Temperature
(oC)

Young's modulus
(GPa)

Shear modulus
(GPa)

Tensile strength
(GPa)

Refs.

PEO RT 84.5� 10.3� 10�3 [180]
PEO-LiClO4 RT 14.5� 6.4� 10�3 [180]
PEO/(PEO-b-PE)-
LiClO4

RT 114.2� 9.3� 10�3 [180]

PEO-LITFSI RT 1.7� 10�3 [181]
PEO-LITFSI 85 ~10–6 [182]
PMMA-PVC-
LiCF3SO3

dibutyl phthalate 1.18� 10�6 [183]

PVDF-HFP 1M LIPF6 in EC/DMC
(425%)

9.2� 10�3 6.5� 10�3 [184]

PVDF-HFP Al2O3 30–50 nm (6%) 1M LIPF6 in EC/DMC
(459%)

18.5� 10�3 9.2� 10�3 [184]

PVDF-HFP SiO2 30–50 nm (6%) 1M LIPF6 in EC/DMC
(459%)

16.9� 10�3 10.3� 10�3 [184]

PVDF-HFP BaTiO3 30–50 nm (6%) 1M LIPF6 in EC/DMC
(462%)

17.3� 10�3 12.5� 10�3 [184]

PVDF(80)-PEO(20) LTAP (6%) 14.8� 10�3 9.3� 10�3 [185]
PFPE-LITFSI 75Li2S▪25P2S5 (7%) 2.6� 10�3 [186]
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structured inorganic SSEs, with the magnitude from 200 GPa to 20 GPa
[164]. However, the Young's moduli of polymer-based electrolytes are
lower by about 3 orders of magnitude compared to those of inorganic
SSEs. Young's moduli is a parameter to describe the stiffness of a solid
material. It defines the relation between the stress (force per unit area)
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and strain (proportional deformation) of the solid material which un-
dergo a uniaxial deformation in the linear elasticity region. The higher
the Young's moduli, the stiffer the material, the harder to be deformed.

Mechanical related interfacial properties are an important topic in
SSLBs. C. Monroe and J. Newman suggested that the shear modulus of
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SSEs should be at least twice higher than that of lithium metal to prevent
lithium dendrite formation [99]. The shear modulus of lithium metal is
4.25 GPa, which means that SSEs with a shear modulus over 8.5 GPa can
suppress lithium dendrite formation. Regarding mechanical suppression
on lithium dendrites, most inorganic SSEs (oxide- and sulfide-based SSEs)
are strong enough, but the polymer-based electrolytes and composite
electrolytes cannot satisfy this parameter (Tables 1 and 2). Even though
the shear modulus of polymer electrolytes are not given directly in
Table 2, we can estimate them from the Young's modulus according to the
following relationship [120].

G ¼ E
1

2ð1þ vÞ (1)

where E is Young's modulus; G is shear's modulus; and ν is Poisson's ratio.
For most homogeneous materials, ν is between 0 and 0.5, giving a smaller
value of G than E. Thus, the shear modulus of polymer electrolytes is at
the MPa level or below, which is 1000 times smaller than that of lithium
metal.

However, in practice, the high-shear-modulus inorganic SSEs such as
LLZO and Li3PS4 still suffer from lithium dendrite formation problem
[123,136,137]. Possibly, the reason is that lithium dendrite grows
around the grain boundary of inorganic SSEs where shear modulus is
lower than that of the bulk materials (0.2–0.6 times of grain's shear
modulus). If it is true, C. Monroe and J. Newman's proposal is still valid.
However, lithium dendrite penetrating single crystal LLZO reported by T.
Swamy et al. may overthrow this theory [169]. On the other hand, SPEs
and hybrid electrolytes have low shear moduli actually demonstrated
better compatibility with lithium anodes than the stiff inorganic SSEs
because of the intimate contact with lithium anodes and uniform Liþ ion
flux across the interface. Therefore, not only the mechanical properties
but also the interfacial Liþ ion distributions are critical for inhibiting the
lithium dendrite formation [73,123].

Maintaining good solid-solid contacts can become even more chal-
lenging when incorporating particle shaped active materials in SSLBs.
Active material particles such as graphite, silicon, LiCoO2, LiFePO4, and
sulfur experience volume changes of 13%, 400%, 2.6%, 7%, and 80%
respectively. If the SSEs were to accommodate volumetric changes of
active materials without mechanical degradation, SSEs should have low
Young’ modulus and low fracture toughness values. A detailed study
between the battery performance and Young's modulus of sulfide-based
SSEs was reported by M. Tatsumisago's group [170]. They found that
lowering the Young's modulus of sulfide-based SSEs can enhance the
performance of batteries. G. Bucci et al. suggested that a volumetric
Table 3
Summaries of the challenges and solutions for SSE/electrode interfaces.

SSEs Interface issues
toward Li anode

Solutions for SSE/Li interface

PEO SPE 1 Li dendrite
formation [29];

1 inorganic fillers for enhancing mechanical
strength and interface stability [187];

2 rigid support for enhancing the mechanical
strength [188,189];

3 cross-linked polymer for enhancing the
mechanical strength [190];

LLZO 1 poor wettability
[123];

2 high interfacial
resistance;

1 interface engineering to achieve a
lithiophilic LLZO/Li interface [123];

2 Li2CO3 free LLZO surface for good lithium
wettability [192];

LATP 1 reduction of Ti4þ

[138];
1 interface engineering LATP/Li to prevent

the directly contact [138];
Sulfide-
based
SSEs

1 side reaction [153];
2 Li dendrite

formation [136];

1 indium anode [156];
2 interface modification to avoid side reaction

[158];
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change over 7.5% (corresponding to 2.5% increase in the radius) for
active particles will trigger the delamination between SSEs and active
materials. If the elastic modulus of the SSE is lower than 25 GPa, the
onset of delamination can be increase to 25% volumetric change of active
particles, which is sufficient for accommodating LiCoO2, LiFePO4, and
graphite [166,167]. In other words, sulfide-based SSEs and SPEs with
Young's moduli below 25 GPa are suitable for SSLBs using commercial
electrode materials such as LiCoO2, LiFePO4, and graphite etc. For the
active materials with larger volumetric expansion such as sulfur and
silicon, SPEs and hybrid electrolytes with an even lower Young's modulus
are favorable.

Other SSEs such as nitride-based SSEs Li3N, LiPON and LiBH4 [194]
are also received some research interests in SSLBs due to their intrinsic
advantages. For example, Li3N has an ionic conductivity over 10�4 S/cm
at RT [195]. LiPON is widely used in thin film battery even though its
ionic conductivity is only around 10�6 S/cm [196]. However, a detail
discussion about these SSEs will not be covered in here because few of
these SSEs are reported as a component of hybrid electrolytes.

The challenges and solutions for SSE/electrode interface is summa-
rized in Table 3. There is no simple solution to address all the afore-
mentioned issues in an individual SSE. Thus, hybrid electrolytes are
proposed to combine the merits of two or more types of SSEs and show
promising applications in SSLBs. According to the components and
structure difference, the hybrid electrolytes can be classified into four
types: polymer-oxide composite, polymer-sulfide composite, liquid-
oxide, and polymer-oxide multilayer hybrid electrolytes (Fig. 2b).
These hybrid electrolytes will be systematically discussed in the
following sections.

2. Composite electrolytes

2.1. Synthesis of composite electrolytes

A hybrid electrolyte with inorganic fillers in SPE (ceramic in polymer)
or SPE filled inorganic SSE (polymer in ceramic) is named composite
electrolyte. When designing a composite electrolyte, the execution and
fabrication method is very important. Before introducing the properties
of the hybrid electrolytes and their application in SSLBs, we will start
with their common synthesis methods. Fig. 7 schematically describes
four commonmethods including solution casting, mechanochemical (hot
press), infusion methods and 3D printing. Each method will be discussed
in detail in the following sections.
Interface issues toward cathode Solutions for SSE/cathode interface

1 electrochemical oxidation of PEO at
low voltage (<3.8 V) [69];

1 interface modification with metal oxide
and polymer materials [100,101];

2 SPE modification with a high voltage
stable polymer electrolyte [191];

1 poor interface contact [66];
2 high interfacial resistance;
3 side reaction [135];
4 volumatic expansion induced

mechanical degradation [193];

1 co-sintering with low melting point SSE
[129];

2 interface coating to avoid side reaction
[126];

3 enlarging the SSE/electrode materials
contact by porous SSE [127];

1 poor interface contact [140];

1 poor contact [68];
2 space charge layer (SCL) [26];
2 side reaction [160];
3 volumatic expansion induced

mechanical degradation [163];

1 metal oxide coating to prevent SCL and
side reaction [26,160];

3 cycling battery at high pressure [132];



Fig. 7. Fabrication methods of composite hybrid electrolytes. (a) solution casting method, (b) hot press method (mechanochemical method), (c) infusion method and
(d) 3D printing method [28,201–203]. Reproduced with permission [28]. Reproduced with permission [201], Copyright 2014, Springer Nature. Reproduced with
permission [202], Copyright 2017, Elsevier. Reproduced with permission [203], Copyright 2018, Wiley.
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2.1.1. Solution casting method
Among of the preparation methods, solution casting is one of the most

popular method and scalable for practical application. Solution casting is
a solidification process by evaporating the solvent of a SPE slurry in an
inert mold of a desired shape or by doctor blade casting as thin film. This
method is commonly used for preparing SPE, gel polymer electrolyte, and
inorganic SSE fillers-containing composite electrolytes. The casting pro-
cedures of a composite electrolyte include three steps: (i) disperse
designated polymer, salt and fillers in a solvent; (ii) cast the mixture into
a mold or doctor blade on a substrate followed by evaporation of the
solvent to solidify the electrolyte; (iii) detach the solidified electrolyte
film from the mold or substrate. The solution casting method is facile,
easily tunable for film thickness, low cost, and scalable.

Solvents used in the casting process must be carefully chosen. Desired
solvents should be volatile and chemically inert to materials being
dispersed. For casting a composite electrolyte with a PEO matrix,
acetonitrile is the most common solvent because of its good solubility
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with PEO and low boiling point. More importantly, most ceramic SSEs
are stable against acetonitrile solvent. Thus, acetonitrile is most
commonly used to cast PEO-inorganic SSE composite electrolytes with
good electrochemical performance. Water can be another good solvent in
some cases, serving an essential role in the in-situ hydrolysis of titanium
ethoxide or tetraethyl orthosilicate in PEO solution to make a composite
electrolyte with in-situ formation of ultra-tiny TiO2 or SiO2 particles
fillers to effectively enhance the ionic conductivity [197,198]. However,
oxide-based SSEs such as LLZO can undergo Liþ/Hþ exchange in an
moisture environment [199] and sulfide-based SSE is not stable against
water, either [200]. Thus, the instability of oxide-based and sulfide-based
SSEs in water limits its usage as a universal solvent.

2.1.2. Mechanochemical method
Composites of polymers and inorganic SSEs powders can be prepared

mechanochemically, coupling mechanical and chemical processes. Ball
milling is a typical example, in which locally high pressure and high
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temperature is created to facilitate the complex between polymers and
inorganic fillers. Mechanochemical methods can eliminate the use of
solvents and corresponding drawbacks such as possible side reactions
caused by solvents. Such a preparation method is particularly favorable
to hybrid electrolytes involving solvent-sensitive components, such as
sulfide-based SSEs. Ball milling in Ar atmosphere for preparation of
PFPE(hydroxy-terminated perfluoropolyether polymer, with molecule
structure of HO–CH2–CF2O–(CF2CF2O)x–(CF2O)y–CF2–CH2–OH)-
75Li2S▪25P2S5-lithium bis(trifluoromethanesulfonyl)imide (LITFSI),
PEG(polyethylene glycol)-70Li2S▪30P2S5 and PEO-LLZO-LITFSI hybrid
electrolytes have been studied [186,202,204]. Also, mechanochemical
method is a powerful way to prepare hybrid electrolytes with compo-
nents that are insoluble in any solvents. C. Liang's group reported a
LLZO-βLi3PS4(LPS) hybrid electrolyte by ball milling LPS and LLZO fol-
lowed by a pressing process to reduce grain boundary resistance and
reshape the hybrid electrolyte. The highest ionic conductivity of the
LLZO-LPS hybrid electrolyte can reach over 10�4 S/cm at RT [205]. After
ball milling, hot pressing is common subsequent step for a mechano-
chemical process to ensure uniform thickness of a composite electrolyte
film. The hot pressing process is involved in most of the preparation
processes in the SPE-oxide composite electrolyte [202] and the fabrica-
tion of cathode-polymer composites electrode to reduce interfacial
resistance between SSE and cathode electrode [206].

2.1.3. Infusion method
Hybrid electrolytes prepared by solution casting or a mechano-

chemical method often consist of a continuous SPE matrix with low ionic
conductivity and dispersed inorganic SSEs particles with high ionic
conductivity. The high ionic conductivity of inorganic SSEs cannot be
fully utilized at a discrete condition. The preferential Liþ ion conduction
through the SPE rather than the inorganic SSEs significantly limits the RT
ionic conductivity and feasibility of hybrid electrolyte. Alternatively,
taking the advantage of the fluidity of a polymer solution, a composite
electrolyte can be prepared by infusing a polymer solution into a porous
inorganic SSEs framework and subsequent evaporation of solvent. In this
case, the inorganic SSE component is continuous and accessible for fast
Liþ ion transport.

L. Hu's group fabricated a PEO-LLZO-LiTFSI hybrid electrolyte by
repeated drop-casting (infusing) PEO/LITFSI solution into an electro-
spinned 3D LLZO nanofiber membrane [28]. Similarly, Y. Yang's group
synthesized a PEO-LATP-LiClO4 membrane by employing a vertically
aligned interconnected template of LATP SSE filled with a PEO-Li-
ClO4-acetontrinile solution [207]. G. Yu and his co-workers developed a
3D nanostructured hydrogel-derived LLTO framework, which was used
as a scaffold for fabricating PEO-LLTO-LiTFSI hybrid electrolyte [208].
Beneficial for the high ionic conductivity of continuous inorganic SSEs
phase, these composite electrolytes delivered high ionic conductivities of
close and even over 10�4 S/cm at RT.

2.1.4. 3D printing
Additive manufacturing (AM) alias 3D printing is emerging as a

versatile technology for designing and fabricating complex electronic
devices. For lithium batteries, many research efforts are dedicated to
realize the 3D printing technique for creating electrodes with unique
shapes [209–211], and preparing electrolytes to couple with unique
shapes of electrodes [203,212–216]. Different from the casting method
and hot press method where the electrolytes are produced as flat thin
films, 3D printing derived electrolytes could be easily designed with
novel structures such as porous, discrete lines, grid-like, vertical columns
and others [203,213]. For example, using 3D printing method, D. W.
McOwen et al. synthesized a novel structure of LLZO garnet type SSE.
They created a stacked array LLZO SSE for implanting lithium anode. The
as-prepared lithium symmetric cell with 3D printed LLZO SSE showed
small LLZO/Li interface resistance and it can be cycled at a current
density of 0.33mA/cm2 with the potential of 7.2mV [203]. The high
performance LLZO/Li symmetrical cell is possibly originated from the 3D
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lithium metal anode created by infusing melting Li into the 3D printed
LLZO SSE flameworks, which can minimize the local current densities for
stable lithium plating and stripping. Moreover, the 3D printed
ceramic-polymer composite electrolyte reported by Aaron J. Blake et al.
demonstrated better thermal stability compared to commercial
Celgard separator and excellent LIB performance [212]. It is expected
that 3D printing would perform important role in SSEs and SSLBs
fabrications.

Although significant achievements have been obtained in 3D printing
lithium batteries materials, there are still many challenges and diffi-
culties that need to be overcome. Firstly, the most common used 3D
printing method in electrode/electrolyte fabrication is the extrusion
method. The extrusion type 3D printing is yet hard to achieve high res-
olution due to the limitation of extrusion head [214]. The large extrusion
diameters make it hard to precisely control the microstructure of elec-
trodes. Secondly, the ink/paste/slurry for the 3D printing must meet
unique viscoelastic properties (high viscosity and shear-thinning
behavior) to facilitate 3D printing [209], posting difficulty to prepare
3D printing ink/paste/slurry with SSEs and/or active materials. Thirdly,
even though hybrid electrolyte combining SPE and inorganic SSE com-
posite can be printable by 3D printing technique, the composite has low
ionic conductivity at RT without plasticizer. To enhance its ionic con-
ductivity, the elevated temperature over the glass transition temperature
or plasticizer have to be applied. However, in these ways, the polymer
will become gel state and the 3D printed hybrid electrolyte is hard to
maintain its 3D structure. Therefore, applying high resolution and
advanced 3D printing techniques in hybrid electrolyte fabrication and
developing high ionic conductivity 3D printed hybrid electrolytes will be
expected for 3D printed SSLBs.
2.2. Configurations of composite electrolytes

2.2.1. Insulating fillers in SPEs
Before wide development of the hybrid electrolyte concept, com-

posite electrolytes with insulating fillers and a SPE matrix had received
many research attentions. The insulating fillers in the composite elec-
trolytes can improve the ionic conductivity to some extent. In early
1980s, α-Al2O3 was introduced to a SPE for the first time. The insulating
fillers are shown to be able to improve the ionic conductivity by almost
two orders of magnitude to 10�5 S/cm level at RT [217,218]. Thereafter,
other different metal oxides such as TiO2 [218–220], ZrO2 [221,222],
and SiO2 [221,223,224] have been widely studied in the composite
electrolytes. Besides metal oxides fillers, metal organic framework (MOF)
with a coordination network composed of central metal ions and organic
ligands, exhibiting properties of both inorganic and organic materials,
are proposed as unique fillers. In comparison with the traditional inor-
ganic fillers, MOFs not only possess some similar properties to metal
oxide fillers such as high thermal stability, large surface area, and
abundant Lewis-acid sites, but also have easily modified organic func-
tional groups for improving the ionic conductivity and interfacial
compatibility as well [187,225]. Based on the above advantages, C. Yuan
et al., dispersed the MOF-5 nanoparticles into a PEO electrolyte. As a
result, improved interfacial stability and a ionic conductivity of
3.16� 10�5 S cm�1 at 25 �C were obtained [226]. Following up, several
different kinds of MOFs such as Al(BTC) and MIL-53(Al) with similar
roles were proposed to improve ionic conductivity [227,228]. In order to
compensate the decreased ionic conductivity resulted from the aggre-
gation of high surface energy of MOFs fillers, Z. Wang et al., linked the
MOF nanoparticles to the flexible polymer chains by one-pot UV photo-
polymerization method. Benefitting from the uniformly dispersed MOF
fillers via chemical bonding, a ionic conductivity of 4.31� 10�5 S cm�1

at 30 �C was achieved [225]. Despite the improved ionic conductivity,
mechanical properties and interfacial compatibility by adding these
insulating fillers, the relative low ionic conductivity of 10�5 S cm�1 level
at RT still cannot meet the practical demands for SSLBs.
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2.2.2. Polymer-oxide SSE composite electrolyte
Considering aforementioned inorganic fillers are ionic insulator,

which significantly limits further improvements of the ionic conductiv-
ity. A composite electrolyte with oxide-based SSEs mixing with SPE is
discussed in this part. Combination of a SPE and an oxide-based SSE can
possibly ensure mechanical flexibility, high ionic conductivity, good
wettability to electrodes, good mechanical properties, dendrite free, and
enhanced electrochemical stable window at the same time. The com-
posite electrolyte can be classified as ‘ceramic in polymer’ and ‘polymer
in ceramic’ according to the contents of the ceramic fillers (Fig. 8a and b).

Many recent studies focus on enhancing the ionic conductivity of
SPEs by adding oxide-based SSE fillers. NASICON SSEs, including LATP
and LAGP, have been widely studied as fillers [207,229–232]. The
inorganic SSE fillers can not only reduce the crystalline of polymer matrix
but also possibly provide extra ion transporting pathway. Y. Wang et al.
systematically studied the effect of the incorporation of LATP fillers in a
PEO-LATP hybrid electrolyte. They found that increasing the LATP
content can decrease the melting temperature (Tm) of the PEO complex.
Scanning electron microscopy (SEM) analysis showed decreased size of
the PEO spherulites after addition of LATP fillers. An ionic conductivity
of 1.167� 10�3 S/cm at 60 �C was achieved with 15 wt.% LATP fillers at
a EO/Liþ ratio of 8 [230].

Since LATP suffers from Ti4þ reduction problem in contact with
lithium metal anode, LAGP of the same structure but without Ti4þ also
received many research attentions in composite electrolytes. Y. Zhao
et al. had studied the influence of size and concentration of LAGP on the
ionic conductivity of the PEO-LAGP-LiTFSI hybrid electrolyte. With
different sizes of LAGP fillers, the hybrid electrolyte achieved optimal
ionic conductivities with 15–20wt.% of LAGP. For example, the ionic
conductivity of PEO-LAGP-LITFSI was optimized to 6.76� 10�4 S/cm at
60 �C with 20wt.% nano-sized LAGP [233].

Enhanced ionic conductivity with perovskite-type SSE fillers in SPE
matrix was also observed [234]. Y. Cui's group synthesized a nanowire
shape of LLTO and incorporate it into PAN-LiClO4 SPE and they found
that with 15 wt.% nanowire LLTO fillers, the hybrid electrolyte PAN--
LLTO-LiClO4 exhibited a RT ionic conductivity of 2.4� 10�4 S/cm.

Similar to other oxide-based SSEs, the garnet-type SSE LLZO has high
ionic conductivity at RT, good electrochemical chemical and thermal
stability. Unlike the LATP containing an unstable Ti4þ constituent, LLZO
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possesses superior electrochemical stability towards lithium metal anode
[154,235]. Consequently, LLZO fillers are expected to not only improve
the ionic conductivity but also further improve the stability of hybrid
electrolyte at the interface with lithium metal anode [236]. The reported
data shows that SPE-LLZO hybrid electrolytes with different
polymer-to-filler ratio had a wide range of ionic conductivities from 10�6

to 10�4 S/cm at RT. While a RT ionic conductivity of 10�6 S/cm order of
PEO-LITFSI SPE filled in LLZO (70wt.%) was reported by M. Keller et al.
[202], a RT ionic conductivity of 10�4 S/cm of PEO-LLZO hybrid elec-
trolyte was reported by L. Hu’ group [28] and J. Zhang et al. [237]. In the
latter two cases, the reasons for the higher ionic conductivities are
probably because of the usage of the 3D LLZO flamework and ultra-small
(~40 nm) size LLZO as the fillers.

In addition to the wide application of PEO-based SPEs in composite
electrolytes, polymer electrolytes based on other polymers such as pol-
yvinylidene fluoride (PVDF), PVDF-HFP, and polyethylene carbonate
(PEC) also received many research attentions for constructing composite
electrolytes due to their unique properties such as high mechanical
strength and high lithium transference number [93,238–242]. However,
additional solvent, liquid electrolyte, or combination with other SSEs are
required to achieve feasible battery performance in these systems. The
PVDF-LLZO hybrid electrolyte reported by X. Zhang et al. exhibited a
high ionic conductivity of 5� 10�4 S/cm at 25 �C, but residual DMF
solvent remaining from the preparation process was found in the hybrid
electrolyte according to their thermogravimetric analysis (TGA) results.
The DMF content could have played an important role in the high ionic
conductivity and battery performance. LiCoO2 batteries with this
PVDF-LLZO hybrid electrolyte exhibited excellent cycling performance
and rate performance, delivering a discharge capacity of 130 mAh/g at
4C rate, which is comparable to that of liquid electrolyte system [239]. C.
Sun's group reported a PVDF-HFP-LLZO hybrid electrolyte with RT ionic
conductivity of 1.23� 10�6 S/cm, which was increased to
1.1� 10�4 S/cm with the addition of 20 μL liquid electrolyte [242]. The
LiFePO4 battery with the PVDF-HFP-LLZO-liquid hybrid electrolyte pre-
sented excellent electrochemical performance at RT. L. Fan's group re-
ported a PEC-LLZO hybrid electrolyte prepared by solution casting
method, which had an ionic conductivity of 5.24� 10�5 S/cm at 55 �C.
This PEC-LLZO hybrid electrolyte presented much better thermal sta-
bility compared to commercial Celgard separator, and rendered a stable
Fig. 8. The composite electrolytes of (a)
ceramic in polymer and (b) polymer in
ceramic. Lithium dendrite growth mecha-
nism of (c) ‘polymer in ceramic’ with SPE
filled in 5 μm size of LLZTO garnet SSE, (d)
‘ceramic in polymer’ with 200 nm size of
LLZTO garnet SSE filled in SPE and (e)
sandwich type composite electrolyte with
‘ceramic in polymer’ composite electrolyte at
the Li/‘polymer in ceramic’ composite elec-
trolyte interface [243]. Reproduced with
permission [243], Copyright 2019, Wiley.
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flexible SSLB at elevated temperature [238].
‘Polymer in ceramic’ composite electrolyte has high mechanical

strength which is good at dendrite suppression. However, poor interfacial
contact with electrode results in high interfacial resistance. ‘Ceramic in
polymer’ composite electrolyte has better interfacial contact with elec-
trodes, but its strength is not enough for dendrite suppression. The design
using ‘polymer in ceramic’ composite electrolyte as the main ionic
conductor and separator, ‘ceramic in polymer’ composite electrolyte as
the interface to ensure intimate contact with lithium anode can render a
long cycling performance, dendrite free SSLB (Fig. 8c–e) [243].

2.2.3. Polymer-sulfide composite electrolytes
Sulfide-based SSEs have much higher ionic conductivities at RT than

oxide-based SSEs, some of which are even comparable to liquid elec-
trolytes [146]. Therefore, it is attractive to combine sulfide-based SSEs
with SPEs to achieve a decent ionic conductivity and mechanical prop-
erty. X. Xu's group reported an improved ionic conductivity, enlarged
electrochemical window, and stabilized electrolyte/Li interface hybrid
electrolyte consisting of LGPS and PEO-LITFSI SPE [244]. In addition, the
succinonitrile doping further increased the RT ionic conductivity of this
hybrid electrolyte [244]. Another type of sulfide-based SSE containing
Li2S, P2S5 and P2O5, Li3PS4 have also been reported to complex with
PEO-based SPE [72,245]. Similar to the insulating fillers and oxide-based
SSE filler, the enhancement in the ionic conductivity and interfacial
stability toward lithium metal anode was also achieved after adding
sulfide-based SSEs into SPE.

To address the instability of sulfide-based SSEs in air and to enhance
its flexibility, integrating SPEs into a sulfide-based SSE matrix is a
strategy (‘polymer in ceramic’). Sulfide-based SSEs have a Young's
modulus in the range of 14–37 GPa (Table 1). Although the values are
lower than that of oxide-based SSEs (~150 GPa) [176,246], the
sulfide-based SSEs are still rigid and brittle resulting in high grain
boundary resistance and high interfacial resistance towards
electrodes. The rigid property cannot accommodate the volume change
of electrodes during charge/discharge process. To address these prob-
lems, a SPE, whose elastic modulus is around 20MPa, three orders
magnitudes lower than that of sulfide-based SSE [247], is introduced
to improve flexibility and enhance the ambient stability of the
sulfide-based SSE. However, the incorporation of a low ionic conductive
SPE into a sulfide-based SSE matrix will sacrifice the high ionic con-
ductivity. For example, incorporation of 1 wt.% - 5 wt.% comb shaped
SPE (poly(oxyethylene)s with tri(oxyethylene)s as side chains complex-
ing with LiClO4. This polymer has the molecule structure of
–(CH2CH2O)l–(CH2CHO–(CH2O(CH2CH2O)3CH3))m)p–, l¼ 81, m¼ 19.)
into 95(0.6Li2S⋅0.4SiS2)⋅5Li4SiO4 (mol%) sulfide-based SSE resulted in
an ionic conductivity of ~10�5 S/cm at 60 �C, which is almost 10 times
lower than that of the bulk sulfide-based SSE despite enhancing the
flexibility of the SSE [248]. Thus, SPEs with high ionic conductivities are
preferred. PFPE random copolymers-based SPE with an ionic conduc-
tivity over 10�4 S/cm at RT is favorable [249]. I. Villaluenga et al. in-
tegrated 23wt.% of PFPE-LITFSI SPE into a sulfide-based SSE,
75Li2S⋅25P2S5, matrix to fill up the gaps in the sulfide-based SSE pellets
obtained from the cold press process. Significantly faster ion transport
and lower grain boundary resistance were achieved in this hybrid elec-
trolyte by the compact packing. They also developed a method to
calculate the ionic conductivity σcalc of the hybrid electrolyte by the
following equation (Eq. (2)) (ignoring any tortuosity):

σcalc ¼φsulfide*σsulfide þ φPFPE*σPFPE (2)

where φsulfide and φPFPE are the volume fractions of the sulfide-based SSE
and PFPE-LITFSI SPE; σsulfide and σPFPE are the corresponding ionic con-
ductivities. The calculated values were in good consistence with the
experimental values. The as-prepared hybrid electrolyte achieved an
ionic conductivity over 10�4 S/cm at 30 �C [186].

In a short summary of the as-mentioned SSEs, SPE-oxide and SPE-
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sulfide composite hybrid electrolytes, the ionic conductivities of each
individual SSE and composite hybrid electrolytes are compared in Fig. 9
below. From the chart, it is clear that the reported hybrid electrolytes
have comparable ionic conductivities to the individual SSEs, not to
mention other comprehensive advantages.

2.3. Strategies to improve ionic conductivity of hybrid electrolytes

In the past two decades, many efforts have been dedicated to study
the mechanism of insulating fillers (e.g. Al2O3, TiO2, SiO2) in improving
the ionic conductivity of the composite electrolytes. The improvements
due to insulating ceramic fillers were proposed by following mechanisms:
(i) the fillers physically interrupt and suppress the crystalline of polymer;
(ii) Lewis acid-base type surface interactions between the filler surface
and polymer chains kinetically inhibit the crystallization of polymer
chains; (iii) Lewis acid-base interactions at the interface between fillers
surface and SPE provide preferential pathways for Liþ ion conduction;
(iv) Lewis acid-base type surface interactions with the lithium salt
facilitate the dissociation of the salt [147,276–280].

In addition to the above mentioned filler effects, the inorganic SSE
filler bulk can also serve as extra Liþ ion conduction channels, showing
advantages over the insulating fillers [202,281]. Therefore, SSEs fillers
are preferred when designing a high ionic conductive hybrid electrolyte.
In this chapter, focusing on the ionic conductivity enhancement for
hybrid electrolytes, effects of size, concentration, and shape of the SSE
fillers as well as plasticizer effects will be discussed.

2.3.1. Size and concentration of fillers
For insulating fillers such as TiO2, Al2O3 and SiO2, smaller size is

preferred. Especially, nano-sized fillers with high specific surface areas
are able to provide strong interaction with the polymer chains and
lithium salts. Ceramic fillers interrupt the long-range order of polymer
chains and thus increase the percentage of amorphous phase. The effect is
more significant when the size of fillers is close to the chain length of the
polymer [282]. M. Dissanayake et al. had systematically studied the ef-
fects of Al2O3 filler size and concentration on conductivities in a PEO--
LiCF3SO3 (LiTf) SPE [276]. They found that the smaller size of the fillers
led to a higher ionic conductivity. The optimal ionic conductivity ach-
ieved with 5.8-nm size Al2O3 fillers was one order of magnitude higher
than that with 10-μm size fillers. They believed that the smaller sized
Al2O3 fillers have higher surface areas which are beneficial to the
favorable surface interactions.

The effects of size and concentration of LLZO SSE fillers in a PEO
polymer matrix was systematically studied by J. Zhang et al. [237]. In the
study, PEO-LLZO hybrid electrolytes were prepared without any lithium
salts. They believed that Liþ near the LLZO particle surface can be
influenced by the PEO polymer. In consequence, lithium vacancies on
LLZO grain surface are created. The surface Li vacancies of LLZO provide
sites for Liþ transfer. As a result, both high ionic conductivity of LLZO
particle and the surface vacancies contributed to the overall conductivity
enhancement of the hybrid electrolyte. The percolation effect was
considered to play an important role in improving ionic conductivity.
Fig. 10a shows the ionic conductivities of PEO-LLZO hybrid electrolytes
with different sizes of LLZO fillers and different concentrations. With the
size of 40 nm, 400 nm and 10 μm LLZO fillers, the conductivities were
optimized at 12.7, 15.1, and 21.1 vol.%, respectively. The highest ionic
conductivity of PEO-LLZO composite electrolyte at 30 �C can be over
10�4 S/cm with 12.7 vol.% 40 nm LLZO fillers. Y. Zhao et al. also studied
the effects of LAGP fillers size and concentration effect on ionic con-
ductivity for PEO-LAGP-LITFSI composite electrolyte [233]. With
different sizes of LAGP fillers, the conductivities were optimized with
15–20wt.% LAGP fillers. For example, with 20wt.% nano-size LAGP
fillers, the hybrid electrolytes exhibited the highest ionic conductivity of
6.76� 10�4 S/cm at 60 �C.



Fig. 9. Comparison on ionic conductivities of different types of SSEs including NASICON-type [106,230,250–256], garnet-type [24,108,257–260], perovskite-type
[261–266], sulfide-based SSEs [36,143,145,146,267–271], SPE [75,83,234,272,273], and hybrid electrolytes with composite structure [28,202,206,207,230,232,
233,236,274,275]. Hybrid electrolytes show comparable ionic conductivities to other individual SSEs.

Fig. 10. Strategies for designing a high ionic conductivity hybrid electrolyte. (a) Size and concentration effects on the ionic conductivity of PEO-LLZO hybrid
electrolytes [237]. Reproduced with permission [237], Copyright 2016, Elsevier. (b) Comparison of the Liþ ion transport pathways in hybrid electrolytes with
nanowire or particle LLTO fillers [234]. Reproduced with permission [234], Copyright 2015, ACS. (c) Vertically aligned Liþ ion transporting channels to enhance the
ionic conductivity [207]. Reproduced with permission [207], Copyright 2017, ACS. (d) Creating a 3D ionic conducting ceramic network for enhancing the ionic
conductivity of a hybrid electrolyte [28]. Reproduced with permission [28]. (e) Plasticizer additives to increase the RT ionic conductivity of a hybrid electrolyte [291].
Reproduced with permission [291], Copyright 2017, RSC.
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2.3.2. Shape of fillers
Depending on the Liþ ion conduction mechanism, the shape of SSE

fillers can be an important factor effecting the ionic conductivity of
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composite electrolytes. For insulating ceramic fillers, the conductivity
improvement mainly relies on the interactions of their surface groups
with the surrounding polymer chains and lithium salts. As long as the
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insulating fillers have high surface area allowing effective surface in-
teractions, a particular shape of insulating fillers is not of importance.
Particle shape of insulting fillers are most commonly used in this case due
to the variety of metal oxides such as nano-size Al2O3, SiO2, and TiO2
particles with different surface groups are commercially available [76,
197,273,283,284]. Differently, besides surface interactions between
fillers and polymer and lithium salts, ionic conducting SSE fillers can
provide additional Liþ ion pathways within the fillers, hence particular
interconnecting structures can be designed to maximize ionic conduc-
tivity and minimize the grain boundary. In addition to commercial and
home-made nano-size SSEs particles [233], novel shapes of nanowire
(random or vertical aligned) and 3D network structures have been
rationally designed and synthesized for hybrid electrolytes [28,207,234].

One dimensional LLTO nanowire fillers can be prepared by electro-
spinning polyvinylpyrrolidone polymer fiber that contain Li, La, and Ti
salts and subsequent calcination at 600–900 �C in air for 2 h [234]. The
nanowire fillers were applied in PAN-LiClO4 based hybrid electrolyte in
comparison with LLTO nanoparticle fillers. As schematically shown in
Fig. 10b, the interconnecting nanowires provide a network for fast Liþ

ion conduction, while the Liþ ion pathway is intermittent through the
discrete particles. The nanowire LLTO fillers enabled significantly higher
ionic conductivity than nanoparticle LLTO fillers with the same con-
centration. With 15 wt.% LLTO nanowire fillers, an ionic conductivity
over 10�4 S/cm was achieved at 20 �C.

Simply mixing the inorganic SSE particles and SPE, where the SPE is a
continuous phase and the inorganic SSE is a dispersed phase, is the most
common method to prepare composite electrolyte. However, the Liþ ion
can only transfer within SPE rather than from high conductive inorganic
SSE particle to another, which significantly decreased the capability of
SSE fillers. In this consideration, 3D continues inorganic conductive
frameworks were developed for shortening the Liþ ion transport pathway
and further enhance the ionic conductivity. A vertically aligned LATP
fabricated via an ice-template method filling with PEO-based SPE had
been reported by Y. Yang's group (Fig. 10c). The vertical structure of
LATP is expected to provide a fast-ionic conductive channel in the
composite electrolyte, thus, the result showed that a high ionic conduc-
tivity of 5.2� 10�5 S/cm at RT was achieved [207]. L. Hu's group
developed a 3D Liþ ion conducting networkwith garnet-type SSE LLZO to
provide continuous channels for Liþ ion conduction in a PEO matrix
(Fig. 10d) [28,285]. The RT ionic conductivity of this composite elec-
trolyte was up to 2.5� 10�4 S/cm, which was among the highest re-
ported ionic conductivity for polymer-oxide hybrid electrolyte [28]. As a
proof of concept, a continuous Liþ ion conducting network can effectively
improve the RT ionic conductivity of polymer-oxide hybrid electrolytes.

2.3.3. Adding plasticizers
Besides tuning the design and properties of fillers, composite elec-

trolytes can be tailored for higher ionic conductivity by adding plasti-
cizers. Plasticizers can be low-molar-mass organics, organic solvents or
ionic liquids (ILs). The working principle of plasticizers is to increase the
content of amorphous phase of the SPE and improve segmental motion;
at the same time, plasticizers promote the dissociation of lithium salt and
thus increase the number of effective charge carries [286–288]. Succi-
nonitrile (SN) is a good example of a plasticizer which remains a plastic
crystal under RT. Importantly, composites of SN and lithium salts have
very high RT ionic conductivity (in the order of 10�4 S/cm) [289]. Study
shows that incorporating just a small amount of SN (9wt.%) into a
PEO-LAGP-LiClO4 hybrid electrolyte can significantly improve the RT
ionic conductivity from 3.0� 10�5 to 1.1� 10�4 S/cm. Using this hybrid
electrolyte, SSLB with a LiFePO4 cathode delivered satisfying discharge
capacity at 0.2 C and 0.5 C under 25 �C [232].

Using liquid electrolytes as plasticizers is also a very popular
method to enhance the ionic conductivity and ensure complete wetting
of electrodes for RT SSLBs functionality [231]. Hybrid electrolytes
of P(VdF-co-HFP)-LAGP-carbonate liquid electrolyte and
P(VdF-co-HFP)-LLTO- carbonate liquid electrolyte had been reported by
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Seul-Ki Kim et al. and Hang T. T. Le et al. respectively. Both hybrid
electrolytes presented good electrochemical performance in RT SSLBs
[231,290].

In summary, the influences of the size, concentration, and the shape
of the SSEs fillers in composite hybrid electrolyte are critical for the
enhancement of the ionic conductivity of hybrid electrolytes. Small size
and interconnected shape of SSEs fillers are favorable. The present of
plasticizers in composite electrolytes can also enhance the ionic con-
ductivity because it can lower the crystalline of SPE and promote the
dissociation of lithium salt.

2.4. Liþ ion conduction in hybrid electrolytes

Understanding the Liþ ion transporting pathways or conduction
mechanisms within hybrid electrolytes is very important for the devel-
opment of hybrid electrolytes. In the past several decades, many efforts
have been dedicated to study the Liþ ion conduction mechanism in SPE,
oxide-based SSEs and sulfide-based SSEs [76,103,113,278,292–294].
Understanding the Liþ ion conduction mechanism can provide re-
searchers the guidelines for designing a high ionic conductivity SSE.

While liquid electrolytes dissolve lithium salts in solvents and the
diffusion of solvated ions provide the ionic conductivity, SPE complex
designated salts in a polymer matrix and the diffusion of ions does not
play the key role in the ionic conductivity of SPE. To facilitate the
dissociation of Liþ ions, the lithium salts used in SPEs usually have low
lattice energy. The dielectric constant of the host polymer should be
relatively high to avoid conduction of electrons [32]. The Liþ ions from
salts are coordinatedwith the function groups on the polymer chains (e.g.
-O- in PEO, -CN in polyacrylonitrilde, -NR in polyamide, etc.). The
polymer chains undergo continuous local segmental motions and create
free volumes. Liþ ions migrate from one coordination site to another or
hop from one chain to another via the free volumes by the segmental
motions [32]. Under such Liþ ion transfer mechanism, the segmental
motions of polymer chains and the number of mobile Liþ ions in the
polymer matrix are the critical factors determining the ionic conductivity
of a SPE. The polymer segmental motions significantly depend on tem-
perature, so does the ionic conductivity. The temperature dependent
ionic conductivity can be described by the Vogel-Tamman-Fulcher (VTF)
relation and the Arrhenius-type relation.

VTF-type relation is expressed as:

σ ¼ σ0T�1
2expð� B

T � To
Þ (3)

where σ0 is the pre-exponential factor; B is the pseudo-activation energy
for the conductivity; and To is the equilibrium glass transition tempera-
ture (Tg) (To� Tg - 50K). For SPEs, a nonlinear relationship between ionic
conductivity σ and 1/T typically means that the Liþ ion hoppingmotion is
coupled with relaxation/breathing and/or segmental motion of polymer
chains [32,295].

Arrhenius-type relation is expressed as:

σ ¼ σoexpð� Ea

KT
Þ (4)

where Ea is the activation energy which can be extracted from the
gradient of log σ versus 1/T plot. Arrhenius-type behavior descripts the
ion hopping decoupled from long-range motions of the matrix (e.g.
amorphous phase and glass phases polymer below the glass transition
temperature, inorganic ceramic SSEs, etc) [295].

Oxide-based or sulfide-based SSEs as fillers in a composite electrolyte
are expected to deliver higher ionic conductivities than insulating fillers,
because not only the polymer matrix but also the fillers have the ability to
conduct Liþ ions. Even though many composite electrolytes such as PEO-
LLZO, PEO-LATP, PAN-LLTO etc [28,71,207,234,296]. have been re-
ported with improved ionic conductivity compared to that of bare SPE,
the underlining Liþ ion conduction mechanism in hybrid electrolytes was
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less discussed. Lack of direct characterization techniques on Liþ ion be-
haviors makes it particularly challenging for mechanism studies. Char-
acterization techniques, such as Infrared (IR) and Raman spectroscopies,
have been used to measure the change of salt anions to obtain hints of Liþ

ions dissociation. For example, the lithium salt, LiClO4, exhibits multiple
IR characteristic peaks (624, 635 and 664 cm�1) depending on the status
of the salt. IR spectra of PAN-Al2O3-LiClO4 composite electrolytes with
difference concentration of Al2O3 fillers was studied by Z. Wang et al.
They found that Al2O3 fillers interacted with the ClO4

� anions and
correspondingly increased the effective number of free Liþ ions, thus
enhanced the ionic conductivity of the SPE [278]. However, IR and
Raman characterization cannot give direct information about Liþ ions
within the SSE.

Development of direct probing techniques to characterize Liþ ions
pathway in SSEs is particular important for understanding the Liþ ion
conduction mechanism. Recently, nuclear magnetic resonance spectros-
copy (NMR) was proposed as a powerful tool to study the Liþ ion transfer
mechanism in SSEs [113,281,291]. Y. Hu's group first reported the
combination of selective isotope labeling and solid-state Li NMR to pre-
cisely identify the lithium sites and probe the Liþ ion pathway within a
PEO-LLZO-LiClO4 hybrid electrolyte [281]. Fig. 11a schematically shows
the possible Li environments within a PEO-LLZO-LiClO4 hybrid electro-
lyte, including the Li in PEO-LiClO4 polymer matrix, the LLZO grain, and
the PEO/LLZO interface. Corresponding high-resolution 6Li NMR spec-
trum of PEO-LiClO4 SPE, pure phase LLZO, and PEO-LLZO-LiClO4 hybrid
electrolyte are presented in Fig. 11b. On the spectrum of the hybrid
electrolyte, the shoulder at 1.4 ppm indicates the Li at the PEO/LLZO
interface. The Liþ ion pathways were probed in a lithium symmetric cell
with 6Li metal as electrodes (Fig. 11c). Upon cycling, 6Li from one elec-
trode moved across the hybrid electrolyte to the other electrode,
replacing 7Li in the hybrid electrolyte, depicting a diffusion pathway of
Fig. 11. (a) Schematic diagram of Li environment within the PEO-LLZO-LiClO4 c
interface; (b) high-resolution 6Li NMR spectra of PEO-LiClO4, LLZO and PEO-LLZO-LiC
with PEO-LLZO-LiClO4 hybrid electrolyte; (d) quantitative analysis of 6Li amount in
electrolyte before and after cycling [281]. Reproduced with permission [281], Cop
TEGDME-LLZO-LiClO4 composite electrolyte. (f) High-resolution 6Li NMR spectra of
proposed Liþ ion transport pathway within the composite electrolyte; (h) quantita
TEGDME-LiClO4 in the PEO-TEGDME-LLZO-LiClO4 composite electrolyte before and
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the 6Liþ ions. By comparing the 6Li amount in the different parts of the
hybrid electrolyte before and after cycling, the Liþ ions pathway can be
disclosed. The results showed that there was a significantly increase in
the peak of LLZO grains (increased by 39%), slight increase in the peak of
PEO/LLZO interface (6%), and unchanged peak of PEO-LiClO4 SPE
(Fig. 11d), which suggested a preferred Liþ ions pathway through the
LLZO phase rather than the SPE. Furthermore, the Liþ ions conduction
mechanism in the PEO-LLZO-LiClO4 hybrid system with addition of a
plasticizer, tetraethylene glycol dimethyl ether (TEGDME) was also
studied (Fig. 11e). Li environments in the PEO-TEGDME-LLZO-LiClO4
hybrid are similar to those in PEO-LLZO-LiClO4 hybrid electrolyte.
However, with the TEGDME additive, LLZO is partially decomposed and
dissolved into TEGDME. Then, a completely different Liþ ion pathway
was found. Liþ ion transport favored the liquid TEGDME-associated
phases over the LLZO or the PEO/LLZO interface (Fig. 11g) [291].

In PEO-LLZO-LiClO4 hybrid electrolyte without TEGDME, Liþ ions
prefer the path through the LLZO phase which has a RT ionic conduc-
tivity of 10�4 S/cm, 3 orders higher than PEO-LiClO4 SPE (~10�7 S/cm).
However, in the presence of TEGDME, Liþ ions prefer pathways via the
liquid TEGDME-associated phase which possesses an even higher ionic
conductivity than the LLZO phase and PEO-LiClO4 SPE. From these two
studies, a conclusion is that Liþ ions would choose a low resistant
pathway within a hybrid electrolyte. Therefore, a composite electrolyte
with high ionic conductive components are critical for improving of the
total ionic conductivity.

In summary, NMR is a powerful tool to study the Liþ ion transport
mechanism in hybrid electrolytes. A preferential pathway of Liþ ion
through the component of highest ionic conductivity (e.g. the oxide-
based SSE phase in SPE-oxide composite electrolyte and the liquid-
associated phases in the presence of a plasticizer) is revealed. This
should be the reason why SPE-oxide composite electrolytes using SSE
omposite electrolyte including PEO-LiClO4 SPE matrix, LLZO, and PEO/LLZO
lO4 hybrid electrolyte; (c) schematic diagram of 6Li pathways in a symmetric cell
PEO-LiClO4, PEO/LLZO interface, and LLZO in the PEO-LLZO-LiClO4 composite
yright 2016, Wiley. (e) Schematic diagram of Li environment within the PEO--
PEO-TEGDME-LLZO-LiClO4 and the concentration of Li in each component; (g)
tive analysis of 6Li amount in LLZO, interface, decomposed LLZO and PEO--
after cycling [291]. Reproduced with permission [291], Copyright 2017, RSC.
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nanowire fillers or 3D SSE network fillers showed higher ionic conduc-
tivities than that of discrete nano-particles fillers. With continue Liþ ion
pathway in the SSE nanowires or 3D SSE network fillers, the Liþ ion can
transport across fewer boundaries than that with discrete nano-particles
fillers. Since Liþ ion transportation is favorable in the high ionic con-
ductivity phase, creating a 3D ionic network by a very high ionic con-
ductivity SSE such as sulfide-based SSE as the framework to make SPE-
inorganic hybrid electrolyte is expected to have an even higher ionic
conductivity at RT.

3. Addressing the interfacial issues by hybrid electrolytes

The biggest challenge in building a high-performance SSLB is the high
interfacial resistance between SSEs and electrodes. The stiff nature of
ceramic SSEs causes poor contact with electrodes and hence high inter-
facial resistance. Efforts to reduce interfacial resistance by interfacial
engineering have received increasing attentions in recent years. The SSE/
anode and SSE/cathode interfaces emphasize different interfacial prob-
lems that require differently tailored solutions, which have been dis-
cussed in previous chapters. As another solution to address the interfacial
issues, hybrid electrolytes, configured with a stiff inorganic SSE and a
rationally engineered interfacial with SPE or liquid electrolyte, will be
discussed in chapter.

3.1. Solid-state batteries with composite cathodes and composite
electrolytes

SSLBs created by all-composite method have been widely studied and
reported to be able to alleviate the mismatch problem. All-composite
method utilizes a certain amount of SPE to fabricate composite elec-
trodes and composite electrolytes by hot pressing to achieve an intimate
SSE/electrode interface. R. Chen et al. demonstrated this kind of all-
composite SSLBs consisting of a composite electrolyte with 40 wt.%
PEO-LITFSI SPE filled in 60 wt.% LLZO, composite LiFePO4 cathodes
with different contents of SPE (10–30wt.%), and a lithium metal as the
anode. After hot pressing, the hybrid electrolyte/cathode interface was
seamless and free of pores. The cell with 15wt.% SPE composite cathode
delivered the highest discharge capacity of 152 mAh/g with an overall
resistance of 1300Ω at 60 �C (Fig. 12b and c) [206]. A similar work by Y.
He's group used a LLZO nanowire fillers filled SPE to construct a com-
posite electrolyte that has an ionic conductivity of 2.39� 10�4 S/cm at
RT and 1.53� 10�3 S/cm at 60 �C (Fig. 12d). By integrating SPE with
LiFePO4, the composite cathode shows an intimate contact to the hybrid
electrolyte. The SSLB can deliver a discharge capacity of 158.8 mAh/g at
0.5 C at 60 �C and 158.7 mAh/g at 0.1C at 45 �C (Fig. 12e) [297].
Another work done by H. Wang's group who demonstrated a tape casting
method to infuse PEO SPE into the porous cathode to ensure intimate
contact with the SSE. The resulting LiFePO4 SSLB showed improved
electrochemical performance compared to the conventional LiFePO4
SSLB (Fig. 12a) [298].

The lithium dendrite formation problem is detrimental to SPE. It is
proposed that a SPE with the higher shear modulus than that of lithium
metal can suppress dendrite growth [96,190]. Thus, the lithium dendrite
formation problem can be reasonably addressed by integrating a rigid
oxide-based SSE into the SPE matrix, forming composite electrolyte with
enhanced mechanical strength. Therefore, lithium symmetrical cells with
composite electrolyte present excellent lithium plating/stripping cycling
performance without lithium dendrite formation compared to the bare
SPE (Fig. 12f) [28,73,237,297].

Another challenge of SPE is the low oxidation window. Composite
electrolytes with inorganic SSE fillers in SPE matrix show an obviously
enlarged electrochemical stability window. The higher the filler con-
centration, the wider the electrochemical window has been observed
[236,237,274]. This can explain why the NMC622 SSLB with a
PEO-LLZO-LiClO4 composite electrolyte can deliver a higher capacity
than that with a pure PEO-LiClO4 SPE [236].
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3.2. Liquid-oxide multilayer hybrid electrolytes

To address the high interfacial resistance problem in oxide-based
SSEs, different strategies have been developed to tailor the interface
between oxide-based SSEs and electrodes. Significant progresses have
been achieved in reducing the interfacial resistance between lithium
anode and oxide-based SSE by solidifying molten lithium on oxide-based
SSE surface. A negligible Li/SSE interface resistance can be achieved by
this method [122–124].

However, unlike lithium metal with a low melting point of 180 �C,
cathodes with a high melting point above 1000 �C are difficult to adopt
the melting method for cathode/SSE interface building. Moreover,
cathodes are usually in forms of miron-sized or nano-sized particles with
pores and gaps [299,300]. The complicated surface morphology in-
troduces extra challenges for a matching interface. Thus, using liquid
electrolytes to compensate the gaps between the oxide-based SSE and the
cathode as well as the gaps between the cathode particles is still a
common practice to enable SSLBs working effectively [2,301,302].

Our group comprehensively studied the amount of liquid electrolyte
in addressing the cathode and LATP SSE interface (Fig. 13a–c) [303]. The
results showed that adding as little as 2 μL of liquid electrolyte at the
LiFePO4 cathode/LATP interface can enable the battery operation at RT
with a discharge capacity of 125 mAh/g at 1 C and 98 mAh/g at 4 C.
Interestingly, excess liquid electrolyte showed no further contribution to
the electrochemical performance enhancement. Such small amount of
liquid electrolyte will be completely absorbed by the electrode and free of
leakage concerns.

Liquid-oxide hybrid electrolytes are also widely studied in Li-S bat-
teries. Oxide-based SSEs in this kind of Li-S batteries not only can inhibit
the polysulfide from shuttling due to the dense structure but also capable
of suppressing lithium dendrite growth. Even though many previous
works focus on achieving an all-solid-state Li-S battery (ASSLSB) and
avoid using liquid solvent, the reported performance ASSLSBs are far
away from satisfaction [304–308]. The reasons behind are probably due
to the poor ionic and electronic conductivities of sulfur cathode, the high
interfacial resistance, and slow solid-solid reactions. Employing a small
amount of liquid electrolyte (i.e. liquid-oxide hybrid electrolyte) to
modify the SSE/cathode interface could be critical for Li-S batteries. The
presence of desirable solvents can enable the formation of polysulfides,
significantly improving the electrochemical kinetics via solid-liquid
transfer reactions. Y. Xia's group applied a liquid-LATP hybrid electro-
lyte in a Li-S battery and showed greatly enhanced cycle life without
sacrificing capacity or inducing polysulfide shuttling (Fig. 13d–f) [301].
Similar studies using liquid-oxide hybrid electrolytes in Li-S batteries are
also reported by other groups [302,309–312]. In Li-S batteries with a
liquid-oxide hybrid electrolyte, the inorganic oxide-based SSE not only
functions as a separator to prevent the short-circuit of the battery but also
services as a shield to inhibit the migration of polysulfides, so the
self-discharge problem is eliminated. Excellent cycling performance and
a Coulombic efficiency of almost 100% could be achieved. The liquid
electrolyte in the cathode can not only provide a medium for the
sulfur-polysulfide-sulfide redox reactions within the cathode but also
reduce the SSE/electrode interfacial Liþ ion transport resistance.

Solid-state Li-air batteries are also benefited from the usage of liquid-
oxide hybrid electrolytes. Due to the existence of oxide ceramic SSE, the
liquid electrolyte in anode side (anolyte) and cathode side (catholyte)
can be different in one single cell, which means a hybrid electrolyte with
three different electrolytes can be realized in a single cell. Organic
electrolytes are not favorable as catholyte in Li-air battery because they
are neither stable in air nor compatible to the discharge products.
Blockage of the cathode will occur once the insoluble discharge products
are produced. Nevertheless, these problems can be addressed by using an
aqueous-based catholyte. On the other hand, aqueous-based electrolyte is
not suitable as anolyte due to the aggressive reaction between lithium
metal and water, while organic electrolyte is a good anolyte candidate.
The application of liquid-oxide hybrid electrolyte makes it possible to



Fig. 12. (a) Comparison of the liquid electrolyte-based LIB, SSLB with conventional cathode and SSLB with composite cathode [298]. Reproduced with permission
[298], Copyright 2019, RSC. (b) Cross-sectional SEM image of composite cathode/composite electrolyte interface; (c) EIS of the all-composite SSLBs with different
contents of SPE in the composite cathode [206]. Reproduced with permission [206], Copyright 2017, ACS. (d) A schematic diagram of the all-composite SSLB with
nano-wire LLZO fillers in the SPE and a SPE-LiFePO4 composite cathode. The nano-wire LLZO filled SPE can help to prevent dendrite formation, while the SPE in
cathode address the mismatch problem and Liþ ion conduction in cathode; (e) the cycling performance of SSLBs with different composite electrolytes; (f) voltage-time
profiles of lithium symmetric cells with bare-SPE (PL), composite electrolyte with LLZO nanoparticles fillers (PLLM), and composite electrolyte with LLZO nano-wire
fillers (PLLN) [297]. Reproduced with permission [297], Copyright 2019, Wiley.
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fabricate a Li-air battery with organic-based anolyte and aqueous-based
catholyte with a separator of oxide-based SSE. H. Zhou et al. demon-
strated this concept in Li-air battery by using 1M LiClO4 in ethylene
carbonate/dimethyl carbonate as anolyte and 1M KOH þ 1M LiNO3
alkaline solution as the catholyte and a NASICON based SSE as the
ceramic separator. Stable charge/discharge voltage for 10 cycles is
demonstrated (Fig. 13g–i) [313].

The liquid electrolyte and oxide-based SSE interfacial properties have
been studied by J. Janek et al. [314]. Liquid electrolyte and LAGP
interfacial properties were studied by impedance analysis and XPS. In the
lithium battery with a liquid-oxide hybrid electrolyte, Liþ ions need to
cross 3 types of boundaries including electrode/liquid electrolyte
boundary, liquid electrolyte/SSE boundary (Rls), grain boundary within
SSE (Fig. 14a). The study showed that the Rls plays a determining role in
the energy density loss of the lithium battery when the SSE thickness
below 100 μm (Fig. 14b). The formation of liquid electrolyte/SSE inter-
face undergoes 3 stages, wetting, formation, and stabilization. At the
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wetting stage, the magnitude of Rls decreases because the liquid elec-
trolyte fills the surface cavities of the SSE, which implies an increase in
contact area and thus a reduction of the cell resistance. Subsequently, the
liquid electrolyte/SSE interface was formed and stabilized. Notably, they
found that the water contamination in the liquid electrolyte significantly
influenced the value of Rls. Higher water concentration in the liquid
electrolyte led to a higher interfacial resistance (Fig. 14c). XPS studies
revealed that the decomposition of lithium salt or SSE contributed to the
formation of LAGP-liquid electrolyte interphase (Fig. 14d–k). Similar XPS
results were reported in LATP-liquid electrolyte interface by our group
[303].

In summary, liquid-oxide hybrid electrolytes can not only address the
interface challenge in SSLBs with oxide-based SSEs, but also work as a
barrier to prevent shuttles of unfavorable redox species between elec-
trodes. Therefore, liquid-oxide hybrid electrolytes are highly desirable
for Li-S and Li-air battery systems. However, the stability between oxide-
based SSEs and liquid electrolytes should still be taken into consideration



Fig. 13. (a) Configurations showing the poor contact between oxide-based SSE and cathode, anode electrodes. (b) After adding small amount of liquid electrolyte, the
interface is well wetted, realizing a unformal Liþ flux. (c) Comparison on the performance of the LiFePO4 LIBs with different amounts of liquid-based electrolyte in the
LATP/electrode [303]. Reproduced with permission [303], Copyright 2018, Elsevier. (d) Schematic illustration of the activation process of the Li2S cathode over initial
charge and the configuration of Li-S battery with liquid-LATP hybrid electrolyte; polysulfide shuttling effects are prevented by the LATP. Corresponding charge/-
discharge profiles of Li-S battery after resting at different resting times are showed in (e). (f) The cycling performance of Li-S battery with liquid-LATP hybrid
electrolyte [301]. Reproduced with permission [301], Copyright 2015, RSC. (g) Configuration of a Li-air battery with organic anolyte, aqueous catholyte, and an
oxide-based SSE interlayer. (h) The anodic and cathodic reactions in Li-air battery with the liquid-oxide hybrid electrolyte, as well as the open-circuit voltages (OCVs)
of the cell [74]. Reproduced with permission [74], Copyright 2017, Springer Nature. (i) The performance of a Li-air battery with the liquid-oxide hybrid electrolyte
[313]. Reproduced with permission [313], Copyright 2010, Wiley.
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during SSLBs designs.

3.3. SPE-oxide multilayer hybrid electrolytes

The existent of liquid electrolyte still poses potential of safety issues
such leakage and fire. To totally avoid the usage of liquid electrolytes,
flexible SPEs can be another solution to tailor the ceramic SSE/electrode
interface. The general configuration of a SPE-oxide multilayer hybrid
electrolyte is laminated as SPE/oxide or SPE/oxide/SPE sandwich
structures (Fig. 15a) [73,315–319]. Considering the total cell resistance
and volumetric energy density, the thickness of multilayer electrolyte
should be as thin as possible.

J. B. Goodenough et al. have studied the electrochemical properties of
SPE-oxide sandwich hybrid electrolytes. Fig. 15b and c propose the
electric potential profiles across a sandwich hybrid electrolyte and a
single SPE in a LiFePO4 cell. Due to redistribution of charge carriers in
different conductors (including anode, SPE, oxide-based SSE, and cath-
ode), an electric double layer was created at the interface between two
conductors, causing an electric field (i.e. potential difference) at the
interface. In a single SPE cell, a strong electric field generated at the
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anode/SPE interface can reduce the lowest unoccupied molecular orbital
energy of the SPE related to the Fermi energy of lithium, and thus fa-
cilitates the decomposition of the SPE [73]. In contrast, the overall
electric field across the sandwich electrolyte is interrupted by the
oxide-based SSE interlayer (Fig. 15b). The oxide-based SSE can block the
passage of the salt anions and increased the Liþ ion transference number,
tLiþ . Reduced electric field at the anode/SPE interface helps to stabilize
the SPE. The intimate contact between lithium anode and SPE also pro-
vides an unformal Liþ ion flux that mitigates lithium dendrite formation.
As a result, all solid-state LiFePO4 batteries with a SPE/LATP/SPE hybrid
electrolyte showed significantly improved cycling performance
compared to the single layer SPE-based LiFePO4 batteries (Fig. 15d) [73].

Sandwich hybrid electrolytes can be also used for tackling the inter-
face incompatibility between electrodes and SSEs by avoiding the
directly contact. By placing a layer of plastic crystal electrolyte (PCE)
between lithiummetal anode and LGPS sulfide-based SSE, the capacity of
LiFePO4 battery is significantly enhanced (Fig. 15e and f). P K-edge and S
K-edge X-ray absorption spectroscopy (XAS) results indicate that the
reduction of phosphorus by lithium was happened in unprotected Li/
LGPS interface while the reduction is prevented in PCE protected Li/



Fig. 14. (a), (b) Schematic diagram showing the interfaces within a lithium battery with liquid-oxide hybrid electrolyte. (c) Energy density loss of a lithium battery
with liquid-oxide hybrid electrolyte due to the overpotentials from oxide-based SSE resistance and liquid/SSE interfacial resistance. (d) Evolutions of interfacial
resistance in lithium battery with liquid-oxide hybrid electrolyte. (e–l) XPS studies of liquid/SSE interphase after time-dependent EIS experiments with water contents
of 5 ppm (upper row) and of 1,000 ppm (lower row) [314]. Reproduced with permission [314], Copyright 2016, Springer Nature.
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LGPS interface (Fig. 15g and h) [320].
Additionally, blocking ions or molecules by a ceramic SSE interlayer

can tackle the crossover problem in various lithium battery systems. In
solid-state Li-S battery with SPE, SPE have the ability to complex with
lithium polysulfide so the polysulfide crossover problem still exist [82].
This problem is absent in the Li-S battery with SPE-oxide sandwich
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hybrid electrolyte due to the blocking effect of the oxide-based SSE
interlayer. Sandwich hybrid electrolytes with a LATP or LAGP interlayer
have been widely studied for preventing the polysulfide shuttling effects
in ASSLSBs [317,318,321]. However, LATP is actually not stable towards
polysulfide species. Our group applied the atomic layer deposition (ALD)
technique to protect LATP SSE from being reduced by the polysulfide in



Fig. 15. (a) The configuration of a SSLB with a SPE-oxide sandwich hybrid electrolyte and the molecule structure of the SPE. Electric potential profile across (b) a SPE-
oxide sandwich electrolyte and (c) a single SPE; (d) Comparison of the performances of the SSLBs with single layer SPE and SPE-oxide sandwich electrolyte at 0.2 C,
0.5 C and 0.6 C [73]. Reproduced with permission [73], Copyright 2016, ACS. (e) Configuration of a Li-LiFePO4 battery with LGPS SSE and plastic crystal electrolyte
(PCE) in the Li/LGPS interface and its corresponding long cycling performance at 0.5 C (f). Comparison of P K-edge (g) S K-edge (h) of pristine LGPS (wine), LGPS after
cycling (green) and LGPS with PCE protecting after cycling (red) [320]. Reproduced with permission [320], Copyright 2019, Wiley. (i) Configuration of ASSLSBs with
SPE-oxide sandwich hybrid electrolyte with or without ALD protection; (j) Corresponding long cycling performance of ASSLSBs with different thicknesses of ALD
protection [318]. Reproduced with permission [318], Copyright 2018, RSC. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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the ASSLSBs with SPE-LATP sandwich hybrid electrolyte. Results showed
that as thinner as 10 cycles of ALD Al2O3 coating can significantly
enhance the performance of ASSLSBs because the reduction of LATP was
inhibited (Fig. 15i and j) [318].

However, in SPE-oxide sandwich-type hybrid electrolyte system,
although unfavorable interphase formation between SPEs and oxide-
based SSEs have not yet been reported, the Liþ ion transport still need
to cross a SPE/oxide interface. Studies show that different types of oxide-
based SSE showed different interfacial properties towards SPE. Takeshi
Abe et al. first studied the PEO/LLTO interface and reported a significant
larger resistance of the PEO/LLTO interface than that of the bulk LLTO or
PEO-based SPE. The PEO/LLTO interfacial resistance was at the 103Ω
level, almost 10 times higher than that of bulk LLTO and 100 times
higher than that of bulk PEO SPE [322]. However, in terms of a
NASICON-type SSE, W. E. Tenhaeff et al. demonstrated a relatively small
resistance between PEO-based SPE and NISICON-type glass ceramic
electrolyte interface compared to the overall resistance of this multi-layer
hybrid electrolyte. The resistance value was stable upon temperature
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variations [323]. Regarding the interface between a gel polymer elec-
trolyte (GPE) and a garnet-type SSE, the results from L. Hu’ group showed
that the GPE/garnet interface resistance was 102Ω/cm2, which was
higher than that of garnet SSE bulk resistance and thus it cannot be
negligible in SSLBs [316]. So far, there are a few reports about the
chemistry at the SPE/oxide SSE interface. Nevertheless, the SPE/oxide
SSE interfacial resistance is still too significant to be neglected in SSLBs.

In conclusion, many efforts have been dedicated to developing SSLBs
with oxide-based SSEs, especially interfacial engineering for the SSE/
electrode interface using a small amount of liquid electrolyte or SPE
interfacial layers. Achievements are promising. However, the multilayer
structured hybrid electrolytes still require Liþ ion transport across
different electrolyte phases that involve different Liþ ion transport
mechanisms and cause extra interface resistance. The interfacial resis-
tance may pose drawbacks to the overall SSLB performance in terms of
rate performance and energy density. Research efforts on interphase
formation mechanism and reducing the thickness of the hybrid electro-
lytes are urgent in this field.
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4. Conclusions and perspectives

SSEs are essential to the development of SSLBs, serving as both
separator and ionic conductor. SPEs, oxide-based SSEs, and sulfide-based
SSEs are typical categories of common SSEs for SSLBs, inheriting
different pros and cons. SPEs usually have good flexibility and softness
that enable low interfacial resistance towards electrodes, but the low
ionic conductivity at RT and relatively narrow electrochemical stability
window limit their practical applications. Oxide-based and sulfide-based
SSEs exhibit relatively high ionic conductivities at RT compared to SPEs,
but the rigid and brickle properties cause difficulties in maintaining
sufficient contact with electrodes. Rational combinations of liquid elec-
trolyte, SPE, and inorganic SSEs is a promising strategy to maximize the
advantages and compensate the disadvantages of each constituent.
Studies have shown that inorganic SSE fillers in SPEs can increase the
ionic conductivity up to 10�4 S/cm at RT, which is higher than that of
regular SPEs by several orders of magnitude. Additionally, the size,
concentration, and shape of SSE fillers have great influences on the
performance of hybrid electrolytes. Nano-size fillers and interconnected
Liþ ion conducting networks can significantly increase the ionic con-
ductivity of hybrid electrolytes.

Studies on Liþ ion conduction mechanism in hybrid electrolytes are
important for hybrid electrolyte designs. IR and Raman spectroscopies
are often used to study the effects of ceramic fillers in composite elec-
trolytes by characterizing the evolution of salt anions. NMR is another
powerful tool to track Liþ ion pathways in SSEs. Using NMR, the higher
ionic conductivity phase in hybrid electrolytes is identified as a prefer-
ential Liþ ion conduction pathway over the lower ionic conductivity
phase. However, Liþ ion transportation across two electrolytes interface
and electrolyte/electrode interface are remained unclear.

In addition to the bulk ionic conductivity, interfacial problems be-
tween SSEs and electrodes are not yet fully addressed by an individual
SSE. Mismatch, instability, SCL, and lithium dendrite formation are
common problems. Composite electrolytes are promising solutions for
addressing mismatch in SSLBs. A soft electrolyte component can ensure
good electrode wettability, while rigid SSE components can enhance the
mechanical strength and electrochemical window. In liquid-oxide and
SPE-oxide multilayer hybrid electrolytes, the liquid/SPE layers serve as
flexible interfaces towards electrodes, enabling low interfacial resistance
and dendrite-free lithium anodes; the inorganic SSE interlayer can block
anions and redox matters from migrating across the electrolyte. How-
ever, one challenge for multilayer electrolytes is the extra interfacial
resistance caused by extra electrolyte/electrolyte interfaces. More
importantly, the introduction of SPEs often lowers the RT ionic con-
ductivity of hybrid electrolytes, which limits the working temperature
range of the SSLBs.

Although significant progresses have been achieved on hybrid elec-
trolytes in SSLBs, there are still challenges to be overcome for the
development of practical SSLBs. Deeper understandings on different SSEs
in terms of ionic conduction mechanisms, origin of chemical and elec-
trochemical instabilities, and possible interface modifications need to be
obtained in the future. For practical SSLBs to be applied in EVs, the en-
ergy density and working temperature are the major concerns. Potential
research efforts and solutions are proposed as follows:

(1) Understanding the Liþ ion transport mechanisms in hybrid elec-
trolytes and SSEs is important for the development of advanced
SSEs. Advanced characterization techniques such as NMR, STXM
(synchrotron scanning transmission X-ray microscopy) [324] and
neutron diffraction [325] are powerful tools for the Liþ ion
transport mechanisms studies. In particularly, in-situ analyses on
Liþ ion transport across inorganic SSEs and SPE interface are vital
for understanding the ionic conduction mechanisms in hybrid
electrolytes, more studies are expected to be done in this field.

(2) In order to achieve high-energy-density for practical SSLBs, it is
necessary to minimize the weight percentage of SSEs and
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maximize the active materials content. Theoretical calculations
pointed out that the thickness of SPEs should be below 90 μm to
achieve a comparable energy density to liquid-based lithium
battery [326]. The inorganic SSEs, for example LLZO, need to be 4
times thinner for a comparable energy density due to their higher
mass density [30]. Therefore, more research efforts should focus
on advanced fabrication techniques such as sputtering [327], tape
casting [328] and 3D printing [203,211] to prepared thin SSEs.
Meanwhile, high active materials loading for high-energy-density
could lead to poor electronic and ionic conduction problems,
which are more serious in solid-state batteries. Novel electrode
designs with high electronic and ionic conductivity are crucial for
practical SSLBs.

(3) In order to boost the energy density of SSLBs for EVs applications,
implementation of high-voltage and high-capacity cathodes are
necessary. However, most of the SSEs such as PEO-based SPEs and
sulfide-based SSEs are not stable at high voltage (e.g. > 4.0 V).
There is an urgent need for developing high-voltage stable SSEs
for high-energy-density SSLBs. Composite electrolytes with an
enhanced electrochemical stable window compared to bare SPEs
can be a superior SSE candidate for high-energy-density SSLBs. On
the other hand, engineering the SSE/active materials interface
with an artificial solid electrolyte interphase can enhance the
interfacial stability, which have been extensively studied in SPE
and sulfide-based SSLBs [100–102,161,329]. However, the per-
formance is still far away from practical applications. More in-
vestigations on interfacial engineering using advanced coating
techniques are desired for further enhancing the performance of
SSLBs. Atomic layer deposition (ALD) and molecule layer depo-
sition (MLD), the powerful techniques for fabricating conformal
coatings with controlled thickness, are perfect tools [318,330,
331]. Another ultimate approach for high-voltage SSLBs is the
pursuit of high voltage stable SSEs. PEO-based SPE and
sulfide-based SSEs are reported to have low electrochemical
oxidation window, while NASICON-type SSEs (LATP, LAGP)
possess a high electrochemical oxidation voltage limit. Imple-
menting NASICON-type SSEs or searching for other high voltage
stable SSEs are an important direction for practical and
high-energy-density SSLBs.

(4) Implementing sulfur cathodes is another approach for obtaining
high-energy-density SSLBs, based on the high theoretical specific
capacity of 1672 mAh/g for sulfur. However, there are still many
challenges need to be overcome, including the incompatibility
between sulfur cathode and SSEs, polysulfide shuttling effects, the
volumetric expansion, and the poor ionic/electronic conductiv-
ities of sulfur and discharge products. Mechanism studies and the
innovative sulfur cathode designs are urgent for developing high-
performance solid-state Li-S batteries.

(5) The mechanical properties of the SSEs have great influence on the
SSLB performance. To achieve a practical SSLB, a SSE with suit-
able mechanical properties to accommodate the volumetric
expansion of active materials and maintain intimate SSE/active
materials contact is critical. Up to date, tremendous research work
were dedicated to understanding the basic mechanical properties
of available SSEs. In the future, inspiring studies on controlling the
mechanical properties of the SSEs or developing new SSEs with
suitable mechanical properties should receive more attentions.
Hybrid electrolytes with polymer-inorganic composite is a favor-
able strategy to tune the mechanical properties of SSEs. Hybrid
electrolytes shall play an important role in practical SSLBs

(6) The working temperature range of SSEs is important for SSLBs.
Although the thermal properties of SSEs are much better than
conventional liquid electrolytes, most SSEs have not yet achieved
practical performance for SSLBs at low temperature. The devel-
opment of SSEs with a high ionic conductivity and a low activation
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energy as well as designs of novel electrode structures for good
electronic/ionic conductivities are highlighted directions.

(7) SSE/active materials interface is the most important topic in
SSLBs. The understanding of the interfacial ion transport would be
helpful for developing high-performance SSLBs. Advanced char-
acterization techniques such as NMR, synchrotron radiation-based
X-ray techniques (XAS, STXM, X-ray computed tomography), HR-
TEM, Rutherford backscattering spectroscopy, etc., are very
powerful tools for studying the interfacial engineering mechanism
and interfacial ions transport. Especially, in-situ study at the
interface shall give fundamental understandings and guidance for
interfacial engineering designs [40,47,332–335].
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