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Abstract

Lithium batteries are promising energy storage system for applications in electric vehicles.
However, conventional liquid eectrolytes inherit serious safety hazards including leak, 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 individuad SSE.
Hybrid electrolytes rationally combining two or more SSEs with complementary advantages are
promising for building feasible solid-state lithium batteries (SSLBs). Coupling desired soft
electrolyte and stiff inorganic SSEs can ensure good eectrode 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 of the intefaciad challenges for the electrolyte/eectrolyte and
electrolyte/electrode interfaces, and the strategies for building feasible SSLBs with different
hybrid el ectrol yte combinations
Key words: Solid-state electrolytes, Solid-state batteries, Hybrid electrolytes, Interface.
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1. Introduction

Lithium-ion batteries (LIBs) are playing a more amdre important role in our daily life. LIBs
not only power our portable devices (e.g. cellplspraptops and cameras), but also drive the
transportation (e.g. electric vehicles (EVs), hghbelectric vehicles (HEVS)), and even serve as
temporary storage system for excess peak energyeck by renewable energy sources, such as
solar, wind, nuclear and hydro power. Since Somyndhed the first commercial LIB with an
intercalating LiCoQ@ (LCO) cathode in 1990s [1], LIBs have attractett@asing research attentions
in recent 30 years. In order to meet the requirgsntn large-scale applications in EVs and grid
energy storage system, a variety of high-energitienathode candidates such as Ni-rich lithium
nickel manganese cobalt oxide cathode (NMC) [2,LBfich NMC [4, 5], lithium nickel cobalt
aluminum oxidéNCA) [6, 7], and alternative conversion-type batteystems of Li-sulfur (Li-S)
and Li-air [8-12] have been developed and attrastgastantial research attentions. However, the
usage of liquid electrolytes in the commercial LiBsses serious safety concerns such as fire and
explosion. Most of those liquid electrolyte sol&htave very low boiling point (below 30Q) and
flash point (below 150C) [13-15]. The thermal instability, volatility arfthmmability of organic
liquid electrolytes are key problems that cause shfety issues of LIBs [13-16]. Li dendrite
formation problem due to inhomogeneous charginthefanode is another safety concern that can
cause cell short circuit in liquid-based LIBs [1T}2

Replacing liquid electrolytes with solid-state atebytes (SSES) provide a promising solution to
tackle the safety issues. SSEs are thermally statnebasically nonflammable. The key functional
properties of a SSE applied in solid-state lithibatteries (SSLBs) should include (i) high total
(bulk and grain boundary) Liion conductivity over a wide temperature range) (ide
electrochemical window to couple with lithium metahode and high-voltage cathode, (iii)
chemically and mechanically compatible interfacéth wnode and cathode, (iv) chemically stable
in ambience environment, and (v) low interfaciaiseance toward electrodes.

Even though SSEs have many attractive propertiggeosally in safety, an individual SSE
having comprehensive functionalities has not yeinbdeveloped. Figure 1 summaries the main

drawbacks of each type of electrolytes includinguidl electrolyte, solid polymer electrolyte,
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oxide-based SSE, sulfide-based SSEs. The oxide-salfide-based SSEs are also classified as
inorganic SSEs. Different SSEs encounter varioadlefges that hinder their practical applications.
Firstly, most of SSEs including oxide-based SSEtaediry solid polymer electrolyte (SPE) have a
relatively low ionic conductivity compared to thuid-based counterpart at room temperature
(RT). For example, PEO-based SPE (e.g. polyethyberge complexing with lithium salt) have an
ionic conductivity around I1610° S/cm at RT. Most ceramic SSEs such as NASICON-8®Es
(e.9. LiwAlTio—(POy)s (LATP)) and Li+AlGe-(POy)s (LAGP) ) [22, 23]. garnet-type SSEs
(LioLagZr,015, (LLZO) ) [24] and perovskite-type SSEs (sdiBs3)«T103, (LLTO ) [25] have an
ionic conductivity around I810° S/cm. Secondly, besides the low ionic conductipityblem, the
high interfacial resistance between the SSEs agrirebes also restricts the practical applications
of SSEs. Mismatch between the rigid SSEs and the-state electrodes is a common cause for the
high interfacial resistance. Another reason forhigh interfacial resistance is due to the fornmatio
of space charge layer (SCL) between sulfide-basg#sSand LiCo® cathodes [26], or the
formation of interphase materials original from thiele reaction between SSEs and electrodes
materials.

To build a comprehensive SSE, a new concept ofithylectrolyte has been developed to
rationally combine two or more types of‘Lion conductors. A hybrid electrolyte intends to
compensate the advantage and disadvantage of eawdiiteent. The most common hybrid
electrolyte is composite electrolyte consistingao$oft polymer electrolyte and a rigid inorganic
SSE. While the rigid inorganic SSE maintains re&lti high ionic conductivity at RT, the soft and
flexible SPE solves the mismatch and wettabilitylgpems on the interface with electrodes [27, 28].
Meanwhile, the Li dendrite formation problem duehe mechanically poor SPE can be alleviated
by the stiff ceramic SSE fillers [29]. Another typef hybrid electrolytes are multilayer structured
hybrid electrolytes where a ceramic SSE layer seagethe major Liion conductor and separator
with SPE outer layers to tailor the interface agaglectrodes. Or, instead of SPE, trace amount of
liquid electrolyte is spread on the oxide SSE s@ftd ensure ionic conduction between the rigid
oxide SSEs and electrodes. We refer this kind ofigoration as liquid-oxide hybrid electrolyte.
The design concepts and the advantages of hylaidrelytes SSLBs are summaried in Figure 2.

As increasing research efforts have been dedictdedeveloping hybrid electrolytes for
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advanced SSLBs, the progresses of hybrid elecé®lfar lithium batteries have been reviewed
with particular focuses of classifications, ionionductivities, and applications in solid-state
batteries [30, 31]. Differently, this review aims provide comprehensive perspectives from the
broad context of the importance of hybrid electiedyto subtle design concepts. We not only cover
the introductory of classifications, synthesis noeiy and ionic conductivity mechanism of the
hybrid electrolyte, but also crystallize the stgas for enhancing the ionic conductivity, the
understandings of the interfacial challenges fer ¢lectrolyte/electrolyte and electrolyte/electrode
interfaces, and the strategies for building feasil®ISLBs with different hybrid electrolyte

combinations.

1.1 Solid-state electrolytes and challenges

Before introducing hybrid electrolytes, differeppés of SSEs including SPESs, oxide-based SSEs
and sulfide-based SSEs will be systematically shiceed and compared. In-depth details about ionic
conductivities, interface properties, electrochatahemical properties, design mechanism and
lithium ion transportation mechanism of SPEs, osbdsed SSEs and sulfide-based SSEs have been
extensively reviewed [16, 32-63], so the introdoictio each individual SSE here mainly focuses on

their distinct characteristics and important parrsethat are related to hybrid electrolyte designs



Figure 1. Common electrolytes for lithium batterdesl their main drawbacks.[29, 64-70]
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Figure 2. Design concepts and the advantages oithglectrolytes for SSLBs.[71-74]

1.1.1 Solid polymer electrolytes (SPES)

In 1973, the discovery of ionic conductive compkxetween polyethylene oxide (PEO) and
alkali metal salts by Wright et al. [75] openedeavrdirection for SSE research. Generally speaking,
a good SPE usually consists of a high dielectrit polymer complexed with a lithium salt with a
low lattice energy (Figure 3a shows the structurea &PE with PEO complexing with LiAgk
Polymers with polar functional groups are choserfatlitate the dissociation and transport of
alkali ions; salts with high ionization ability aselected. Among all SPEs, PEO-based SPEs are
most widely studied[76-84] due to their excellealt-solvating ability and interfacial compatibility

with electrodes. Moreover, SSLBs with a LiFeRfathode, a Li metal anode and a polyether-based



SPE show excellent cycling performance at°@[84]. They have been commercialized in an
electric car model, Bolloré Bluecar, to provide B@/h electricity with a driving range of 250 km.
Other host polymer candidates including polyacrigtda (PAN) [85-87], poly(methylmethacrylate)
(PMMA) [88, 89], poly(vinylidenefluoride-co-hexaftwopropylene) (PVDF-HFP) [90, 91] and
poly(propylene carbonate) (PPC) [92, 93], poly(é&thg carbonate) (PEC) [94] also receive
increasing research interest lately for potentlig@ation in SSLBs.

However, the ionic conductivity of PEO-based SP&snithe range of 18107 S/cm at RT
(Figure 3b) [76-78], which falls short to the regunent of SSLBs for operating at a wide
temperature range. Moreover, due to the poor mécdlastrength of the polymer matrix, SPEs
suffer from Li dendrite formation problem [29]. Hendrite growth at a LiI/SPE/Li symmetrical cell
had been observed using X-ray tomography techrigigeire 3d-h) [29, 95]. The results show that
the defect of Li anode surface plays a key roldhénucleation of Li dendrites. N.S. Schauser .et al
investigated the temperature influence on the hiddiée formation in SPE. At a higher temperature
(over 105°C), significant dendrite growth was observed angsed failure of the cell, while under a
lower temperature (lower than 9C), Li dendrite growth is prohibited [95]. Thesesutts were
probably due to the lower mechanical strength dt 8Rder higher temperature that led to serious
Li dendrite formation. Thus, to prevent growth itfium dendrite, a high shear modulus is required
for SPEs. As proposed by Monroe and J. Newmamegifshear modulus of SPE is higher than that
of lithium metal, the dendrite growth can be intekli[96-99].

Another challenge is the instability of SPEs athhigpltages, which seriously restrict their
applications in high-energy-density LIBs [69]. Thestability of SPE under high voltage makes
SPE/cathode interface a big challenge in high-gndensity LIBs system. PEO-based SPEs are
known to be electrochemically stable under 3.8 ¥. (M/Li*) (Figure 3c), so they are relatively
stable towards LiFePQOcathode that has a charging plateau at about 384y, However,
PEO-based SPEs fail to deliver good performanc®@3hBs with a high voltage (> 4 V) cathode
such as LiCo@[100]. To improve the stability of SPE at high \agle, engineering the SPE/cathode
interface with an artificial solid electrolyte imphase (SEI) , such as &3 LisPO, and
poly(ethylcyanoacrylate), has been reported witprowement in cycling performance [100-102].

Therefore, the study of SSLBs with SPEs should $amu enhancing the mechanical properties for
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preventing Li dendrite formation and increasing celechemical stability of SPEs for

high-energy-density LIBs.
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Figure 3. (a) Structure of a crystalline PEO-baS&d consisting of PEO and LiAsH.eft, PEO
chain axis is perpendicular to the page. Right, BE&n axis is parallel to the page. Purple spheres
Li; white spheres, As; pink spheres, F; light gresarbon in PEO chain 1; dark green, oxygen in
PEO chain 1. Light red, carbon in PEO chain 2; dark oxygen in PEO chain 2. Hydrogens are
not shown [103]. (b) Temperature dependent ionmdaactivity of PEO-based SPEs [104]. (c) The
electrochemical stable window of a PEO-based SRialg 3.8 V [69]. (d)-(g) X-ray tomography

slices show the evolution of Li dendrite formatian SPE and their 3-dimentional (3D)

reconstructions diagrams (h) [29].
1.1.2 Oxide-based SSEs

NASICON-type, perovskite-type, and garnet-type S8ksthe most popular oxide-based SSEs

and have demonstrated feasibilities in hybrid etdgtes for SSLBs. Their intrinsic advantages
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such high ionic conductivity and air stable promsrimake them attractable in the applications of
hybrid electrolyte. Categorized by different sturess, the oxide-based SSEs exhibit different ionic
conductivities and chemical properties and facéediht challenges in the application of SSLBs.
Representative examples will be discussed in goim.

NASICON-type SSEs, the name was first given to diwo superionic conductor NalilPOy)3
(M = Ge, Ti, Zr), having the crystalline NASICONamework consists of corner sharing ,°,O
tetrahedra and MgIM=Ge, Ti, Zr) octahedra forming a 3D network sture [105]. N4 ions are
located on interstitial sites and transported altimg ¢ axis.[106] By replacing Nawith Li",
NASICON-type SSEs become Lion conductors without the change of NASICON cayst
structure (Figure 4a). The currently most popul&SNCON-type SSEs are LAlxTio—(POy)3
(LATP) and Li+AlxGe-4(POy)s (LAGP), which are obtained by partial Al substibut of Ti or Ge
in LiTio(POy)3; and LiGe(PQy)s, respectively. The highest ionic conductivity oASICON-type
SSEs reported to date at RT is in the range 8ft@@.0° S/cm [106], which is almost comparable to
that of liquid-based electrolytes. However, thddrigature of NASICON-type SSEs makes them
challenging to achieve good interface with eleatsodAnother challenge is that the Ti-containing
LATP can react with reductants such as lithium métgure 4j) and polysulfides, seriously
restricting its application in high-energy-densst$LBs.

Garnet-type SSEs have a general chemical formula®#(XO.); (A= Ca, Mg, Y, Laetal. B =
Al, Fe, Ga, Ge, Mn, Ni or V; X = Si, Ge, Al) whefe B, and X have eight, six, and four oxygen
coordinated cation sites in a crystalline face-eenubic structure.[107] The crystalline structafe
cubic phase garnet-type SSE is showed in Figur@dd studies of garnet-type SSEs coverfthye
LisLnsTexOq2 (LN =Y, Pr, Nd, Sm-Lu) [108], lsitype LisLasM»O12 (M = Nb, Ta) [109], Li-type
LicALaM,0;, (A = Mg, Ca, Sr, Ba) [110], and ¥type Li;LagX,01, (X = Zr, Sn, Ta) [24]. The first
three garnet SSEs have relatively low RT ionic cmtigity (~10° S/cm), while LiLasZr,O1»
(LLZO) possesses relatively high ionic conductiityy*~10° S/cm). Therefore, research interests
are mostly dedicated in LLZO and its derivativegshwdifferent elemental doping [111-113].
Garnet-type SSEs are also attractive for their valdetrochemical window and stability towards
lithium metal anodes [67]. LLZO has two differertgses, a lower ionic conductive tetragonal

phase and a higher ionic conductive cubic phasbicChhase LLZO is more desirable for practical
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applications, but it usually requires very hightermg temperatures to obtain the cubic phase [24].
The Li'/H" exchange [114] upon exposure to moisture can chau€®; formation on the LLZO
surface leading to additional problems such as pttmum wettability and poor ionic conductivity.
Even though LLZO is known to be high ionic conduityi and stable towards lithium metal anodes,
Li dendrite problem [115, 116] and interfacial mestch issue due to the rigid properties remain
challenging for garnet-type SSEs.

Perovskite-type SSEs with a structure of AB® = Ca, Sr, La; B = Al, Ti) were first reported a
an oxygen ion conductor [117]. After aliovalent stilution of both metal ions in A-sites with a
formula of LisyLag3xTiO3, a Li ion conductor is obtained with a high bulk ionanductivity over
10° S/cm at RT [118]. Unfortunately, the high grairubdary resistance, high interfacial resistance,
and poor compatibility of Tf with lithium metal anode restrict their wide amgliions.

Overall, oxide-based SSEs have relatively highdotonductivity and chemical stability at
ambient environment. Oxide-based SSEs have thes$ti¢loung’s modulus among all types of SSEs.
The Young’s moduli for LATP, garnet-type SSE LLZ&hd perovskite-type SSE are 115 GPa [119],
150 GPa for [120], and 203 GPa [121], respectivEhis rigid property could be beneficial for
suppressing lithium dendrite if engineered propeény resulting in the mismatch problem towards
electrodes. Figure 4i shows the mismatch probletwdsn NASICON SSE and electrodes where a
big gap is present at the interface. More detdilsua mechanical properties of the SSEs will be
discussed and summarized in following content.

In terms of oxide-based SSE/electrode interfacegraé strategies have been reported to improve
the interfacial contact and lower the interfacedistance and they are summarized in Figure 5. For
example, melting lithium metal onto the oxide-baS&EE surface instead of simply pressing a lithium
metal foil to the SSE can achieve a matching iatef Molten lithium metal has high fluidity which
can fill the gaps of the uneven SSE surface andlenatimate interfacial contact. However,
garnet-type SSEs may have poor wettability to nmditium, namely “lithiophobic” (Figure 5a left).
Thus, coatings including ADs, ZnO, Ge, etc. on SSEs can enable good lithiuntalidity, namely
“lithiophilic” coatings (Figure 5a right) [122-124For example, L. Hu's group [123] dramatically
reduced the contact angle between molten lithiumh angarnet-type SSE and reduced the RT

interfacial resistance of from 171@/cn? to 1 Q/cn? via a thin layer of AlO; coating on the
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garnet-type SSE by atomic layer deposition (ALDIg(fe 5b). The lithium symmetric cell with
Al,O3; coated garnet SSE presented excellent platinggstg performance over 90 h with
negligible increase of overpotential at a curresntsity of 0.2 mA/crh

However, this melting strategy is not suitabledagineering the cathode interface because of the
high melting points of SSEs and cathode materMtsreover, cathode is heterogeneous structure
containing nano-size or micro-size active matepalticles, nano-size conductive carbon and
polymer binder. The stiff and rough morphology affmdes even make the mismatch problem more
prominent. Alternatively, a feasible method is aateying oxide-based SSE and cathode materials
together with a low-melting-point SSE as a singralditive to promote the sintering process at a
relatively low temperature (Figure 5c). Ohta etddveloped a solid-state LiCe®atteries with
LLZO as the SSE and LiB{s the sintering additive to lower the co-sintgtiemperature to 70C.

This LiCoQ, SSB delivered a discharge capacity of 85mAh/gualtage window of 3.0 - 4.05 V (vs.
Li/Li *) [125]. A similar study by C. Wang'’s group used 4Gy /Bo:03 as the sintering additive to
construct an all ceramic SSLB with excellent cyglperformance (Figure 5d) [126]. Creating porous
structure SSE to enlarge the contact area betwB8&naid electrode materials is another strategy to
realize SSLB with oxide-based SSE(Figure 5e-g) [127

Even though SSE/cathode interfacial mismatch probtan be partially addressed by the
co-sintering method [125, 128-130] or creating pgratructure SSE to enlarge the contact area
between SSE and electrode materials [127, 131]y¢hene change of electrode materials during
charge/discharge will still lead to loss of conthetween SSEs and electrode materials due to the
stiffness nature of SSEs [132-134].

The interphase problem due to side reactions emehtal diffusion at the interface between
oxide-based SSE and cathode have been reported 1339 At the LICoQ/LLZO interface, Co
undergoes mutual diffusion with Zr and La (Figum-h) forming an interphase with low ionic
conductivity (i.e. high interfacial resistance). dther common problem is the incompatibility
between Li anode and Ti-containing oxide-based SBE'sin LATP or LLTO can be easily reduced
by the lithium metal anode (Figure 4j) resultingaiphase change of the SSE which decreases ionic
conductivity but increases electronic conductivifjhis kind of highly electronic conductive

interphase is particularly prone to exacerbate éndfite growth [136, 137]. Our group has
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demonstrated a thin layer of #8; coating on the LATP surface to prevent Teduction in LATP,
significantly enhancing the stability of LATP tovaarlithium metal anode (Figure 5h, i)[138].

In summary, interfacial mismatch and side reactlmetsveen the oxide-based SSE and electrodes
are the key challenges to the application of oxideed SSEs and more research efforts are required.
The strategies for these interfacial problems idel() solidifying melting state lithium on SSE to
ensure intimate contact, (i) co-sintering activatenials and SSE with a sintering additive, (iii)
creating a porous structure SSE to increase th@ciarea between electrode materials and SSE, and
(iv) using coating layer to prevent side reactibis believed that engineering the interface vaitoft

and high ionic conductive layer between SSE andtreldes may be a good strategy to tackle the

challenges for SSLBs with oxide-based SSE.

(h) Co

() LATPcycled
Tid*/Ti*

Anode

Electrolyte

Cathode )

i 470 T 455 450
o, 1300 psi BE (V)

Figure 4. The crystalline structures of (a) NASICON) Garnet, and (c) Perovskite SSEs [139].
Time-of-flight secondary ion mass spectroscopy (F®MS) study of LICoQ/LLZO interface: (d)

SEM image of a LiCo@LLZO interface and elemental distributions of £&&), (f) Zr*, (g) L&, and
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(h) Co’; color scales show the concentrations of eachwibaere the upper color represent higher
concentrations [129]. (i) Scanning electron micopgc (SEM) image showing the poor contact
between NASICON SSE and,MnO,[140]. (j) X-ray photoelectron spectroscopy (XP&jdy on
the reduction of T in LATP by lithium metal anode [138].
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Figure 5. Summary of strategies for building SSuBt oxide-based SSEs. (a) SEM images of the
garnet SSE/lithium metal interface without ALD.@® coating (left) and with ALD AIO3 coating
(right). The insets are photos of melted lithiumtahen top of the garnet SSE surfaces. An intimate
contact between lithium metal and SSE was achie#dALD Al .03 coating. (b) Comparison of the
impedances of symmetrical lithium cells with gar88Es with/without ALD AJO; coating. The
inset is the enlarged EIS curve of ALD@k coating garnet SSE symmetrical cell where a verglls
impedance is presented [123]. (c) Schematic diagtamvs the process of co-sintering to make a
SSLB with oxide-based SSE. Left, mixture of LLZQOtpdes, LCO particle, Li3Co /Bo 303 sintering
additive on the top of LLZO SSE pellet. Right, dotsring this pellet at 708C to obtain an intimate
SSE/cathode interface. (d) Cycling performanceTabRhe SSLB obtained from (c), lithium metal
was used as anode [126]. (e) Schematic diagrams thigostructure of SSLBs with dense SSE (left)
and porous structure SSE (right). (f) Surface SHivage of porous structure SSE pellet. (Q)
Comparison of SSLBs performances with dense SSEparals structure SSE [127]. (h) Cycling
performance of bare LATP/lithium symmetric cellaturrent density of 0.01 mA/érA significant
increase of overpotential is observed. (i) Cycloggformance of ALD AIO; coating LATP/lithium
symmetric cell at a current density of 0.01 mAcifhe potential profile is quite stable with ALD

coating [138].

1.1.3 Sulfide-based SSEs

Sulfide-based SSEs can be categorized by amorplwoystalline, and glass-ceramic sulfide
SSEs. The representative amorphous sulfide-based 8@ xLiS-(1-x)BSs and xLbS- (1-x)SiS
systems. Both systems present a RT ionic condugctiwer 10° S/cm [141, 142]. Crystalline
sulfide-based SSE RS, was first reported by Tachez et al [143]. LateanKo’s group reported a
thio-LISICON type SSE produced by replacing ©f LISICON [Li1Zn(GeQ),] family with S
[144]. The replacement leads to a higher ionic cetidity at RT because®Shas larger ionic radius,
higher polarizability, and lower electronegativibhan G". The replacement of‘Oby § lowers the
binding of Li" in the crystal framework and enlarges the iongpant channel thus enhance the
ionic conductivity [145]. Most of the reported ctgiine sulfide-based SSEs have an ionic

conductivity over 18 S/cm at RT (Figure 6f) [145-148]. Glass-ceramicESSire prepared by
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crystallization of glass-state SSEs. Glass-cera®8& based on x4$-(1-x)BSs have received
tremendous research attentions especially aftedigovery of LigGeRS,, (LGPS) (Figure 6a-c)
families and their derivations such as 4450 74714451 Clos (Figure 6d,e) [146, 149, 150], which
both exhibit ionic conductivities over £®/cm at RT.

The high RT ionic conductivity and relatively sofiechanical properties of sulfide-based SSEs
make them promising candidates for the applicationSSLBs. SSLBs with a sulfide-based SSE
can be fabricated by simply cold pressing withoighhtemperature co-sintering. However,
sulfide-based SSEs suffer from serious instabibgues towards lithium metal anodes and the
conventional cathode materials, which significarttlgder their practical applications in SSLBs.
The side reaction behaviors between electrodes satfiiie-based SSEs have received many
research attentions [67, 70, 151-154]. The elebtotcal stability window of different types of
sulfide-based SSEs were evaluated by theoreticlduletions (Figure 6g for LGPS) and
experimental results [67, 70, 154, 155], where tslegwed the sulfide-based SSEs have a narrow
electrochemical stable window. In-situ XPS was @enied to clarify the interfacial chemistry
between sulfide-based SSE and lithium metal, wbhartfirmed the decomposition products ofR.i
Li,S, and Li-Ge alloy at the interface [153]. The deposed products have low ionic
conductivities and thus introduce high interfagiesistance. To address this problem, alternative
anodes like indium are commonly used in SSLBs [126] alternative strategy is interfacial
engineering the lithium/SSE interface to stabilize interface and lower the interfacial resistance
[151, 157-159]. C. Wang’s Group applied LiF, Lil agprotecting layer on lithium metal anode in to
stabilize lithium/sulfide-based SSE interface [1589]. Our group first reported a molecule layer
deposition (MLD) engineered lithium metal anode ftable contact with a sulfide-based SSE
[151].

Considering the interface between sulfide-based sS&8&d cathodes, the electrochemical
instability problem and the formation of space-gealayer (SCL) seriously hinder the application
of sulfide-based SSEs. The instability betweenidedbased SSEs and cathode materials such as
LiCoO, were studied by the theoretical calculation amshgmission electron microscopy (TEM)
confirming the side-reaction products ot%j Cog and Co(PG@), at the interface that cause high

interfacial resistance [152, 160]. SCL is typicaltymed at the interface between sulfide-based
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SSEs and LiCo®due to the chemical potential difference betwdent (Figure 6h-j) [26]. The
high resistance of SCL significantly lowers the aaty and rate performance of SSLBs. Interfacial
engineering by an oxide material coating layer sashAbOs, LisTisO12, and LINbQ, has been
demonstrated as an effective way to inhibit thesehctions and SCL formation [26, 161, 162].
Even though sulfide-based SSEs are relativelysmfipared to oxide-based SSEs, sulfide-based
SSEs still experience the mismatch problem. Thear dlexibility makes it difficult to buffer the
volume change of the electrode materials duringgehand discharge; the loss of intimate contact
between SSE and cathode particles eventually detgss the performance of the SSLBs (Figure 6k)
[163]. Therefore, understanding the mechanical gmiogs of SSEs and controlling the mechanical
properties of SSEs to ensure good contact betw&&s &nd active materials are as important as

preventing the SSE/electrode interfacial side-ieador building a high performance SSLB.
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Figure 6. (a) Crystal structure of LGPS sulfidedth$SSE; (b) one dimensional view of LGPS
framework; (c) LT ion conduction pathways in LGPS; zigzag conducgiathways along the c-axis
are indicated [146]. (d) Crystal structure of 4480 74144551 Clos; (€) nuclear distributions of Li
atoms in Lb 54Siy.74P1.44511. 1Clo 3 at 25°C [149]. (f) Comparison on ionic conductivitiestbe LGPS
family, Lig dP3S12 and Lb 54511 74P1.44511 Clo 3 [149]. (g) The first principles calculation foretiphase
equilibria of LGPS during lithiation and delithiati process, where it shows the stable window of
LGPSis 1.71 — 2.14 V [67]. The equilibrium Li cemtrations predicted by the conventional model
(h) and the calculation model (i). (j) The equiiin Li concentrations predicted by calculation

model at the initial stage of charging for the LCP® interface [26]. (k) Capacity lose at the initia
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charge/discharge cycle and the lose of interfac@atact between cathode particles and a

sulfide-based SSE [163].

1.1.4 The mechanical properties of SSEs

Different from the liquid electrolytes which haveetfluidity to fill in pores and gaps to ensure
intimate contacts with electrodes, the solid natdfr8SEs could be a drawback in terms of physical
compatibility with electrode materials under opergt conditions. Especially, the volumetric
evolutions of most active materials during chargemyd discharging cast extra difficulties in
maintaining intimate contacts between the SSEs thedactive materials. Commercial active
materials such as LICgQLiFePQ, LiMn,O4 and graphite usually experience big volumetric
changes during charging and discharging, while-gexieration active materials such as sulfur and
silicon have even more significant volumetric ches\@f 80% and 400% respectively. Therefore,
practical SSEs must be able to accommodate thdtingsstrain/stress without the mechanical
degradation such as cracking or pulverizing. Undeding and Improvements in SSE mechanical
properties are progressing for SSLB applicatior&{168]. Table 1 and 2 summarize the general
mechanical properties of inorganic SSEs (oxide- smifide-based SSEs) and polymer involved
hybrid electrolytes, respectively. Interestingliie tmechanical properties of inorganic SSEs are
highly related to their phase structures. Partitylahe relative Young’s moduli are in an
descending order from perovskite, garnet, NASIC@Nosphaste, to thiophosphate structured
inorganic SSEs, with the magnitude from 200 GP20@sPa [164]. However, the Young’s moduli
of polymer-based electrolytes are lower by aboubr@rs of magnitude compared to that of
inorganic SSEs. Young’'s moduli is a parameter tecdbe the stiffness of a solid material. It
defines the relation between the stress (forcaupirarea) and strain (proportional deformation) of
the solid material which undergo a uniaxial defdiorain the linear elasticity region. The higher
the Young’s moduli, the stiffer the material, thardter to be deformed.

Mechanical related interfacial properties are apdrtant topic in SSLBs. C. Monroe and J.
Newman suggested that the shear modulus of SSEddshe at least twice higher than that of
lithium metal to prevent lithium dendrite formatif®9]. The shear modulus of lithium metal is 4.25

GPa, which means that SSEs with a shear modulus &%eGPa can suppress lithium dendrite
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formation. Regarding mechanical suppression omuhthdendrites, most inorganic SSEs (oxide-
and sulfide-based SSEs) are strong enough, bupdhener-based electrolytes and composite
electrolytes cannot satisfy this parameter (Tablanil 2). Even though the shear modulus of
polymer electrolytes are not given directly in Tald, we can estimate them from the Young’s

modulus according to the following relationship(]2

1

G=F Eq. (1)

2(1+v)

where E is Young’s modulus; G is shear’s moduluasiais Poisson’s ratio. For most homogeneous
materials,v is between 0 and 0.5, giving a smaller value dh& E. Thus, the shear modulus of
polymer electrolytes is at the MPa level or belaujch is 1000 times smaller than that of lithium

metal.

However, in practice, the high-shear-modulus inoig&SEs such as LLZO and3BS, still
suffer from lithium dendrite formation problem [12B36, 137]. Possibly, the reason is that lithium
dendrite grows around the grain boundary of inol&SBEs where shear modulus is lower than
that of the bulk materials (0.2 — 0.6 times of gisashear modulus). If it is true, C. Monroe and J.
Newman’s proposal is still valid. However, lithiuchendrite penetrating single crystal LLZO
reported by T. Swamy et al. may overthrow this thd@69]. On the other hand, SPEs and hybrid
electrolytes have low shear moduli actually demmestl better compatibility with lithium anodes
than the stiff inorganic SSEs because of the irtentantact with lithium anodes and uniforn Li
ion flux across the interface. Therefore, not aflg mechanical properties but also the interfacial
Li* ion distributions are critical for inhibiting thighium dendrite formation [73, 123].

Maintaining good solid-solid contacts can becomenemnore challenging when incorporating
particle shaped active materials in SSLBs. Activatanal particles such as graphite, silicon,
LiCo0O,, LiFePQ, and sulfur experience volume changes of 13%, 40D%%0, 7%, and 80%
respectively. If the SSEs were to accommodate vettinchanges of active materials without
mechanical degradation, SSEs should have low Yamoeglulus and low fracture toughness values.
A detailed study between the battery performanceMoung’s modulus of sulfide-based SSEs was
reported by M. Tatsumisago’s group [170]. They fuhat lowering the Young’'s modulus of

sulfide-based SSEs can enhance the performancattribs. G. Bucci et al. suggested that a
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volumetric change over 7.5 % (corresponding to%.crease in the radius) for active particles

will trigger the delamination between SSEs andvacthaterials. If the elastic modulus of the SSE

is lower than 25 GPa, the onset of delaminationbzaimcrease to 25 % volumetric change of active

particles, which is sufficient for accommodatin@biO,, LiFePQ, and graphite [166, 167]. In other

words, sulfide-based SSEs and SPEs with Young'suinbeglow 25 GPa are suitable for SSLBs

using commercial electrode materials such as LiCa@ePQ, and graphite etc. For the active

materials with larger volumetric expansion sucls@aéur and silicon, SPEs and hybrid electrolytes

with an even lower Young’s modulus are favorable.

Table 1 The mechanical parameters of inorganic SSEs

Relative Young's Shear Fracture
Grain size Hardness
Inorganic SSEs Phase density modulus modulus toughness Refs.
(um) (GPa) )
(%) (GPa) (GPa) (MPa m*?)

LisTio(PQy)s (calculated) NASICON 143.7 57.6 [164]
Li13AloaTiiAPOy)s NASICON 1.7+£07 96 115 1.1+0.30 [119]
LisPQy (calculated) phosphate 103.4 40.9 [164]

LizLasZr,01, (calculated) garnet 175.1 68.9 [164]

LisLagNb,0;, (calculated) garnet 1411 54.8 [164]

LisLasTayOs2 (calculated) garnet 144.2 56.1 [164]

Lig2d-@sZr2Alp 201108 garnet 45-5 97 149.8+0.4 6.3+0.3 [171]
Lig2d-@sZr2Alp 2011 .08 garnet 45-5 94 132.6+0.2 52+04 [171]
Lie.1d-asZrAl 27012 garnet 3.7+18 98 140 9.1 0.97+0.1 [172]
Lig.1d-asZr Al 27012 garnet 27+17 85 135 9.1 237+0.1 [172]
Lig.11asZrAl g 26012 garnet 5-50 99 150.3+2.2 59.8+0.9 [120]
Lie_zd_aezrzAlo_zzgolz garnet 2-30 0.86 —1.63 [173]
LieslLasTao.sZr-012 garnet 1-10 99 153.8+2.7 61.2+1.1 [120]
Li 0,5T30,5Ti03
perovskite 262.5 104.0 [164]
(calculated)
Lio.13Te0.63TiO3 .
perovskite 233.9 91.2 [164]
(calculated)
Lio.sda0s7TiO3 perovskite 0.8+0.3 97 200+3 9.2+0.2 ~1 an7
LigsdaossT1O3 perovskite 2.42 99 222.6 7.18 [175]
Lio.sd 05677103 perovskite 13.0+4.39 99 203 8.4+0.48 1.24120 [121]

Lio.sd-a0s67Ti03- 2.5 %La perovskite 4.08+1.16 99 198 9.3+1.1 1.08 0.2 [121]

Lio.sd-aoserTiOs + 2.5 %La perovskite 141+4.76 99 191 8.1+0.75 1.22260. [121]
XLi»S*(100-x)BSs

18-25 [176]
(hotpress)
XLi,S+(100-x)RSs
14 - 17 [176]

(cold press)
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70Li,S30RSs 185+0.9 19x02 0.23+£0.04 [177]
(100-y)(75LbS+25P,Ss)=yLil 19-23 71-87 [170]
70(50LpS*50R;S5)=30Lil 17 6.3 [170]
Li10GeRSyz(calculated)  thiophosphate 37.19 14.35 [178]
Li10GeRSyz(calculated)  thiophosphate 21.7 7.9

Li10SiP.S;z(calculated)  thiophosphate 24.8 9.2
Li1oSnRS;; (calculated)  thiophosphate 29.1 11.2
Li-P;S11 thiophosphate 21.9 8.1 [164]
LisPSCI thiophosphate 22.1 8.1
LisPSBr thiophosphate 25.3 9.3
LigPSI thiophosphate 30 11.3
LIPON thiophosphate 77 39-41 [179]
Li 5 4.25 1G 1120, 177]
Table 2 Mechanical properties of polymer and hybkte&ttrolytes
Inorganic fillers Shear Tensile
Polymer Plasticizer and Temperature Young'’s
size and modulus strength Refs.
electrolyte percentage (°C) modulus (GPa)
percentage (GPa) (GPa)
PEO RT 84.5 +10.3x16 [180]
PEO-LICIO RT 14.5 + 6.4x18 [180]
PEO/(PEO-b-PE)
RT 114.2 +9.3x1® [180]
-LiClO4
PEO-LITFSI RT 1.7x18 [181]
PEO-LITFSI 85 ~16 [182]
PMMA-PVC-LiC
dibutyl phthalate 1.18x10 [183]
FsSOy
1M LIPF6 in EC/DMC
PVDF-HFP 9.2x10° 6.5x10° [184]
(425%)
Al203 30-50 nm 1M LIPF6 in EC/DMC
PVDF-HFP 18.5x10° 9.2x10° [184]
(6%) (459%)
SiO2 30-50 nm 1M LIPF6 in EC/DMC
PVDF-HFP 16.9x10° 10.3x10°  [184]
(6%) (459%)
BaTiO3 30-50 nm 1M LIPF6 in EC/DMC
PVDF-HFP 17.3x10° 12.5x10°  [184]
(6%) (462%)
PVDF(80)-PEO(2
LTAP (6%) 14.8x18 9.3x10° [185]
0)
75Li,S25RSs
PFPE-LITFSI 2.6x10° [186]
(7%)

Table 3 Summaries of the challenges and solutionS$E/electrode interfaces

SSEs

Interface issues

Solutions for SSE/Li interfac

Interface issues toward

Solutions for SSE/cathode

20



toward Li anode

cathode

interface

PEO SPE 1. Li dendrite formation 1. inorganic fillers for enhancing 1. electrochemical oxidation 1. interface modification with
[29]; mechanical strength and of PEO at low voltage metal oxide and polymer
interface stability [187]; (<3.8V) [69]; materials [100, 101];
2. rigid support for enhancing 2. SPE modification with a high
the mechanical strength [188, voltage stable polymer
189]; electrolyte [191];
3. cross-linked polymer for
enhancing the mechanical
strength [190];
LLZO 1. poor wettability 1. interface engineering to 1. poor interface contact 1. co-sintering with low melting
[123]; achieve a lithiophilic LLZO/Li [66]; point SSE [129];
2. high interfacial interface [123]; 2. high interfacial resistance; 2. interface coating to avoid side
resistance; 2. Li,COsfree LLZO surface for 3. side reaction [135]; reaction [126];
good lithium wettability [192]; 4. volumatic expansion 3. enlarging the SSE/electrode
induced mechanical materials contact by porous SSE
degradation [193]; [127];
LATP 1. reduction of T 1. interface engineering 1. poor interface contact

[138]; LATP/Li to prevent the directly  [140];

contact [138];

Sulfide-based 1. side reaction [153]; 1. indium anode;[156] 1. poor contact [68]; 1. metal oxide coating to prevent

SSEs 2. Li dendrite formation 2. interface modification to 2. space charge layer (SCL) SCL and side reaction [26, 160];

[136]; avoid side reaction [158]; [26]; 3. cycling battery at high

2. side reaction [160]; pressure [132];
3. volumatic expansion
induced mechanical

degradation [163];

Other SSEs such as nitride-based SSEN,LLIPON and LiBH,[194] are also received some
research interests in SSLBs due to their intrirslwantages. For example,sMi has an ionic
conductivity over 10 S/cm at RT [195]. LiPON is widely used in thinnfilbattery even though its
ionic conductivity is only around 10S/cm [196]. However, a detail discussion abous¢h8SEs
will not be covered in here because few of theseEsS&e reported as a component of hybrid
electrolytes.

The challenges and solutions for SSE/electrodefate is summarized in Table 3. There is no
simple solution to address all the aforementionezlieés in an individual SSE. Thus, hybrid

electrolytes are proposed to combine the meritsvofor more types of SSEs and show promising
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applications in SSLBs. According to the componeatsd structure difference, the hybrid
electrolytes can be classified into four typesypwr-oxide composite, polymer-sulfide composite,
liquid-oxide, and polymer-oxide multilayer hybridleetrolytes (Figure 2b). These hybrid

electrolytes will be systematically discussed ia thilowing sections.

2. Composite electrolytes

2.1 Synthesis of composite electrolytes

A hybrid electrolyte with inorganic fillers in SPeramic in polymer) or SPE filled inorganic
SSE (polymer in ceramic) is named composite elgtegoWhen designing a composite electrolyte,
the execution and fabrication method is very imgairt Before introducing the properties of the
hybrid electrolytes and their application in SSLB& will start with their common synthesis
methods. Figure 7 schematically describes four commethods including solution casting,
mechanochemical (hot press), infusion methods &ngriiting. Each method will be discussed in

detail in the following sections.

2.1.1 Solution casting method

Among of the preparation methods, solution casttgne of the most popular method and
scalable for practical application. Solution cagtis a solidification process by evaporating the
solvent of a SPE slurry in an inert mold of a dasishape or by doctor blade casting as thin film.
This method is commonly used for preparing SPE, pgdymer electrolyte, and inorganic SSE
fillers-containing composite electrolytes. The gagiprocedures of a composite electrolyte include
three steps: (i) disperse designated polymerasaltfillers in a solvent; (ii) cast the mixtureard
mold or doctor blade on a substrate followed bypevation of the solvent to solidify the electrolyte
(i) detach the solidified electrolyte film fronmé mold or substrate. The solution casting metkod i
facile, easily tunable for film thickness, low coshd scalable.

Solvents used in the casting process must be dgrefaosen. Desired solvents should be
volatile and chemically inert to materials beingmtirsed. For casting a composite electrolyte with a
PEO matrix, acetonitrile is the most common solysttause of its good solubility with PEO and
low boiling point. More importantly, most cerami&Bs are stable against acetonitrile solvent. Thus,
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acetonitrile is most commonly used to cast PEOganic SSE composite electrolytes with good
electrochemical performand&/ater can be another good solvent in some case®gan essential
role in the in-situ hydrolysis of titanium ethoxidetetraethyl orthosilicate in PEO solution to rak

a composite electrolyte with in-situ formation olra-tiny TiO, or SiQ particles fillers to
effectively enhance the ionic conductivity [197 81.9However, oxide-based SSEs such as LLZO
can undergo LiH" exchange in an moisture environment [199] andda#based SSE is not stable
against water, either [200]. Thus, the instabibfyoxide-based and sulfide-based SSEs in water

limits its usage as a universal solvent.

a. Solution casting b. Hot press
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Figure 7. Fabrication methods of composite hybletteolytes. (a) solution casting method, (b) hot
press method (mechanochemical method), (c) infusi@thod and (d) 3D printing method [28,
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201-203].

2.1.2 Mechanochemical method

Composites of polymers and inorganic SSEs powdars e prepared mechanochemically,
coupling mechanical and chemical processes. Bdlingiis a typical example, in which locally
high pressure and high temperature is created diitdée the complex between polymers and
inorganic fillers. Mechanochemical methods can klate the use of solvents and corresponding
drawbacks such as possible side reactions causesblognts. Such a preparation method is
particularly favorable to hybrid electrolytes invimlg solvent-sensitive components, such as
sulfide-based SSEs. Ball milling in Ar atmospheoe preparation of PFPE(hydroxy-terminated
perfluoropolyether polymer, with molecule structusé HO-CH-CFR,0—(CRCFR0),—(CR0),~
CFR—CH—OH)-75LpS*25PSs-lithium bis(trifluoromethanesulfonyl)imide (LITFRI
PEG(polyethylene glycol)-70£$*30R.Ss and PEO-LLZO-LITFSI hybrid electrolytes have been
studied [186, 202, 204]. Also, mechanochemical wetis a powerful way to prepare hybrid
electrolytes with components that are insolubleany solvents. C. Liang’s group reported a
LLZO-BLizPS(LPS) hybrid electrolyte by ball milling LPS and ED followed by a pressing
process to reduce grain boundary resistance ahdpeshe hybrid electrolyte. The highest ionic
conductivity of the LLZO-LPS hybrid electrolyte camach over 10 S/cm at RT [205]. After ball
milling, hot pressing is common subsequent ste@farechanochemical process to ensure uniform
thickness of a composite electrolyte film. The Ipogssing process is involved in most of the
preparation processes in the SPE-oxide composgetrelyte [202] and the fabrication of
cathode-polymer composites electrode to reducefaaial resistance between SSE and cathode

electrode [206].

2.1.3 Infusion method

Hybrid electrolytes prepared by solution casting anechanochemical method often consist of a
continuous SPE matrix with low ionic conductivitncadispersed inorganic SSEs particles with
high ionic conductivity. The high ionic conductiyibf inorganic SSEs cannot be fully utilized at a
discrete condition. The preferential®Llibn conduction through the SPE rather than thegic

SSEs significantly limits the RT ionic conductivitgnd feasibility of hybrid electrolyte.
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Alternatively, taking the advantage of the fluiddla polymer solution, a composite electrolyte can
be prepared by infusing a polymer solution intameops inorganic SSEs framework and subsequent
evaporation of solvent. In this case, the inorg&®%E component is continuous and accessible for
fast Li" ion transport.

L. Hu's group fabricated a PEO-LLZO-LITFSI hybrideetrolyte by repeated drop-casting
(infusing) PEO/LITESI solution into an electrospath 3D LLZO nanofiber membrane [28].
Similarly, Y. Yang's group synthesized a PEO-LATRZIO, membrane by employing a vertically
aligned interconnected template of LATP SSE filldth a PEO-LiIClQ-acetontrinile solution [207].

G. Yu and his co-workers developed a 3D nanostredtinydrogederived LLTO framework,
which was used as a scaffold for fabricating PEQQLLITFSI hybrid electrolyte [208]. Beneficial
for the high ionic conductivity of continuous inargc SSEs phase, these composite electrolytes

delivered a high ionic conductivity of close aneewver 1¢ S/cm at RT.

2.1.4 3D printing

Additive manufacturing (AM) alias 3D printing is enging as a versatile technology for
designing and fabricating complex electronic devi¢er lithium batteries, many research efforts are
dedicated to realize the 3D printing techniquecfeating electrodes of unique shapes [209-211], and
preparing electrolytes to couple with unique shagedectrodes [203, 212-216]. Different from the
casting method and hot press method where theralges are produced as flat thin films, 3D
printing derived electrolytes could be easily dasigjwith novel structures such as porous, discrete
lines, grid-like, vertical columns and others [2@33]. For example, using 3D printing method, D.
W. McOwen et al. synthesized a novel structure IZQ garnet type SSE. They created a stacked
array LLZO SSE for implanting lithium anode. Thepepared lithium symmetric cell with 3D
printed LLZO SSE showed small LLZO/Li interface istkance and it can be cycled at a current
density of 0.33 mA/cfwith the potential of 7.2 mV [203]. The high perfeance LLZO/Li
symmetrical cell is possibly originated from the Bibium metal anode created by infusing melting
Li into the 3D printed LLZO SSE flameworks, whicarcminimize the local current densities for
stable lithium plating and stripping. Moreover, tl¥® printed ceramic-polymer composite

electrolyte reported by Aaron J. Blake et al. desti@ted better thermal stability compared to
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commercial Celgard separator and excellent LIBgrarance [212]. It is expected that 3D printing
would perform important role in SSEs and SSLBsitaions.

Although significant achievements have been obthineD printing lithium batteries materials,
there are still many challenges and difficultieattheed to be overcome. Firstly, the most common
used 3D printing method in electrode/electrolyteri@ation is the extrusion method. The extrusion
type 3D printing is yet hard to achieved high resoh due to the limitation of extrusion head [214]
The large extrusion diameters make it hard to pedgicontrol the microstructure of electrodes.
Secondly, the ink/paste/slurry for the 3D printimyist meet unique viscoelastic properties (high
viscosity and shear-thinning behavior) to facigt&D printing [209], posting difficulty to prepare
3D printing ink/paste/slurry with SSEs and/or aetimaterials. Thirdly, even though hybrid
electrolyte combining SPE and inorganic SSE comeasin be printable by 3D printing technique,
the composite has low ionic conductivity at RT witlh plasticizer. To enhance its ionic conductivity,
the elevated temperature over the glass transt@orperature or plasticizer have to be applied.
However, in these ways, the polymer will becomeggate and the 3D printed hybrid electrolyte is
hard to maintain its 3D structure. Therefore, apgyhigh resolution and advanced 3D printing
techniques in hybrid electrolyte fabrication andseleping high ionic conductivity 3D printed

hybrid electrolytes will be expected for 3D printe8LBs.

2.2 Configurations of composite electrolytes

2.2.1 Insulating fillers in SPEs

Before wide development of the hybrid electrolytencept, composite electrolytes with
insulating fillers and a SPE matrix had receivethyngesearch attentions. The insulating fillers in
the composite electrolytes can improve the ioniodtetivity to some extent. In early 1980s,
a-Al,O3was introduced to a SPE for the first time. Theaulasng fillers are shown to be able to
improve the ionic conductivity by almost two ordefsmagnitude to 1® S/cm level at RT [217,
218]. Thereafter, other different metal oxides sashTiQ [218-220], ZrQ [221, 222], and Si®
[221, 223, 224] have been widely studied in the posite electrolytes. Besides metal oxides fillers,
metal organic framework (MOF) with a coordinatiogtwork composed of central metal ions and

organic ligands, exhibiting properties of both mamic and organic materials, are proposed as unique
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fillers. In comparison with the traditional inorgarfillers, MOFs not only possess some similar
properties to metal oxide fillers such as high rtiedr stability, large surface area, and abundant
Lewis-acid sites, but also have easily modifiedaorg functional groups for improving the ionic
conductivity and interfacial compatibility as wél§7, 225]. Based on the above advantages, C. Yuan
et al, dispersed the MOF-5 nanopatrticles into a EOtrolyte. As a result, improved interfacial
stability and a ionic conductivity of 3.16 x 1@ cm" at 25 °C were obtained [226]. Following up,
several different kinds of MOFs such as Al(BTC) anid-53(Al) with similar roles were proposed
to improve ionic conductivity [227, 228]. In ordgr compensate the decreased ionic conductivity
resulted from the aggregation of high surface gnefdiOFs fillers,Z. Wang et al, linked the MOF
nanoparticles to the flexible polymer chains by-poé UV photopolymerization method. Beneficial
for the uniformly dispersed MOF fillers via chemit®nding, a ionic conductivity of 4.31 x $®
cm™ at 30 °C was achieved[225]. Despite the improweiticonductivity, mechanical properties and
interfacial compatibility by adding these insulatiiilers, the relative low ionic conductivity o0F S

cm* level at RT still cannot meet the practical densafodl SSLBs.

2.2.2 Polymer-oxide SSE composite electrolyte

Considering aforementioned inorganic fillers am@eansulator, which significantly limits further
improvements of the ionic conductivity. A composatectrolyte with oxide-based SSEs mixing with
SPE is discussed in this part. Combination of a 8R4 an oxide-based SSE can possibly ensure
mechanical flexibility, high ionic conductivity, gd wettability to electrodes, good mechanical
properties, dendrite free, and enhanced electroiclaérstable window at the same time. The
composite electrolyte can be classified as ‘cerammolymer’ and ‘polymer in ceramic’ according
to the contents of the ceramic fillers (Figure I8a,

Many recent studies focus on enhancing the ionmduaotivity of SPEs by adding oxide-based
SSE fillers. NASICON SSEs, including LATP and LAGRve been widely studied as fillers [207,
229-232]. The inorganic SSE fillers can not onlgiuee the crystalline of polymer matrix but also
possibly provide extra ion transporting pathwayWang et al. systematically studied the effect of
the incorporation of LATP fillers in a PEO-LATP hyth electrolyte. They found that increasing the
LATP content camlecrease the melting temperaturg,)(6f the PEO complex. Scanning electron

microscopy (SEM) analysis showed decreased sizeeoPEO spherulites after addition of LATP
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fillers. An ionic conductivity of 1.167xI0S/cm at 60C was achieved with 15 wt.% LATP fillers
at a EQ/LT ratio of 8 [230].

Since LATP suffers from T reduction problem in contact with lithium metaloale, LAGP of
the same structure but without"Talso received many research attentions in conmekittrolytes.
Y. Zhao et al. had studied the influence of size @eoncentration of LAGP on the ionic conductivity
of the PEO-LAGP-LITFSI hybrid electrolyte. With thfent sizes of LAGP fillers, the hybrid
electrolyte achieved optimal ionic conductivitiegghwl5 - 20 wt.% of LAGP. For example, the
ionic conductivity of PEO-LAGP-LITFSI was optimized 6.76x10*S/cm at 6(°C with 20 wt.%
nano-sized LAGP [233].

Enhanced ionic conductivity with perovskite-typeESfilers in SPE matrix was also observed
[234]. Y. Cui’s group synthesized a nanowire shap&LTO and incorporate it into PAN-LICI©
SPE and they found that with 15 wt.% nanowire LLTiers, the hybrid electrolyte
PAN-LLTO-LIClO,4 exhibited a RT ionic conductivity of 2.4xt®/cm.

Similar to other oxide-based SSEs, the garnet-88E LLZO has high ionic conductivity at RT,
good electrochemical chemical and thermal stabilitylike the LATP containing an unstable*'Ti
constituent, LLZO possesses superior electrochémtadility towards lithium metal anode [154,
235]. Consequently, LLZO fillers are expected td ooly improve the ionic conductivity but also
further improve the stability of hybrid electrolys the interface with lithium metal anode [236].
The reported data shows that SPE-LLZO hybrid ed¢dis with different polymer-to-filler ratio
had a wide range of ionic conductivities froni®t6 10* S/cm at RT. While a RT ionic conductivity
of 10° S/cm order of PEO-LITFSI SPE filled in LLZO (70.%) was reported by M. Keller et al.
[202], a RT ionic conductivity of IHS/cm of PEO-LLZO hybrid electrolyte had been prefaby
L. Hu group [28] and J. Zhang et al.[237]. In ta¢ter two cases, the reasons for the higher ionic
conductivities are probably because of the usagaeoBD LLZO flamework and ultra-small (~40
nm) size LLZO as the fillers.

In addition to the wide application of PEO-basedESHn composite electrolytes, polymer
electrolytes based on other polymers such as poljiene fluoride (PVDF), PVDF-HFP, and
polyethylene carbonate (PEC) also received mangarel attentions for constructing composite

electrolytes due to their unique properties suchhighh mechanical strength and high lithium
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transference number [93, 238-242]. However, adaticolvent, liquid electrolyte, or combination
with other SSEs are required to achieve feasibligetya performance in these systems. The
PVDF-LLZO hybrid electrolyte reported by X. Zhangas. exhibited a high ionic conductivity of
5x10* S/cm at 25C, but residual DMF solvent remaining from the @negion process was found
in the hybrid electrolyte according to their thegreovimetric analysis (TGA) results. The DMF
content could have played an important role infigda ionic conductivity and battery performance.
LiCoO, batteries with this PVDF-LLZO hybrid electrolyt&habited excellent cycling performance
and rate performance, delivering a discharge cgpaufi 130 mAh/g at 4C rate, which is
comparable to that of liquid electrolyte system9RX. Sun’s group reported a PVDF-HFP-LLZO
hybrid electrolyte with RT ionic conductivity of 23x10° S/cm, which was increased to 1.1%10
S/cm with the addition of 2QuL liquid electrolyte [242]. The LiFePQO battery with the
PVDF-HFP-LLZO-liquid hybrid electrolyte presentexktellent electrochemical performance at RT.
L. Fan’s group reported a PEC-LLZO hybrid electtelyprepared by solution casting method,
which had an ionic conductivity of 5.24x1(®/cm at 55°C. This PEC-LLZO hybrid electrolyte
presented much better thermal stability comparecbtomercial Celgard separator, and rendered a
stable flexible SSLB at elevated temperature [238].

‘Polymer in ceramic’ composite electrolyte has higiechanical strength which is good at
dendrite suppression. However, poor interfacialt@cinwith electrode results in high interfacial
resistance. ‘Ceramic in polymer’ composite elegthas better interfacial contact with electrodes,
but its strength is not enough for dendrite sumpoes The design using ‘polymer in ceramic’
composite electrolyte as the main ionic conductat separator, ‘ceramic in polymer’ composite
electrolyte as the interface to ensure intimatetairwith lithium anode can render a long cycling

performance, dendrite free SSLB (Figure 8c-e) [243]
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Figure 8. The composite electrolytes of (a) ceramjoolymer and (b) polymer in ceramic. Lithium
dendrite growth mechanism of (c) ‘polymer in ceremwith SPE filled in 5um size of LLZTO

garnet SSE, (d) ‘ceramic in polymer’ with 200 nreesof LLZTO garnet SSE filled in SPE and (e)
sandwich type composite electrolyte with ‘ceramic polymer’ composite electrolyte at the

Li/‘polymer in ceramic’ composite electrolyte intace [243].

2.2.3 Polymer-sulfide composite electrolytes
Sulfide-based SSEs have much higher ionic condtiegvat RT than oxide-based SSEs, some of

which are even comparable to liquid electrolyted6]l Therefore, it is attractive to combine
sulfide-based SSEs with SPEs to achieve a deceitt @@nductivity and mechanical property. X.
Xu’'s group reported an improved ionic conductivignlarged electrochemical window, and
stabilized electrolyte/Li interface hybrid elecyt@ consisting of LGPS and PEO-LITFSI SPE
[244]. In addition, the succinonitrile doping fuethincreased the RT ionic conductivity of this
hybrid electrolyte [244]. Another type of sulfideaded SSE containing43, BSs and BOs, LisPS,
have also been reported to complex with PEO-baB&l[$2, 245]. Similar to the insulating fillers

and oxide-based SSE filler, the enhancement inidh& conductivity and interfacial stability
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toward lithium metal anode was also achieved aftieling sulfide-based SSEs into SPE.

To address the instability of sulfide-based SSEaiirand to enhance its flexibility, integrating
SPEs into a sulfide-based SSE matrix is a strategyymer in ceramic’). Sulfide-based SSEs have
a Young’s modulus in the range of 14-37 GPa (Tabl&lthough the values are lower than that of
oxide-based SSEs (~150 GPa) [176, 246], the stitfedd SSEs are still rigid and brittle resulting
in high grain boundary resistance and high intésfaesistance towards electrodes. The rigid
property cannot accommodate the volume changeesofrebles during charge/discharge process. To
address these problems, a SPE, whose elastic nsogumound 20 MPa, i®rder lower than that
of sulfide-based SSE [247], is introduced to imgréexibility and enhance the ambient stability of
the sulfide-based SSE. However, the incorporatibnaolow ionic conductive SPE into a
sulfide-based SSE matrix will sacrifice the highioconductivity. For example, incorporation of 1
wt.% - 5 wt.% comb shaped SPE (poly(oxyethylene)th wri(oxyethylene)s as side chains
complexing with LIClQ. This polymer has the molecule structure of 4CH,O)—(CH,CHO—
(CHO(CH,CH0):CHg))m)p—, | = 81, m =19.) into 95(0.6$-0.4Si9)-5LisSiOs (mMoI%)
sulfide-based SSE resulted in an ionic conductiefty10°> S/cm at 66C, which is almost 10 times
lower than that of the bulk sulfide-based SSE despnhancing the flexibility of the SSE [248].
Thus, SPEs with a higher ionic conductivity arefemed. PFPE random copolymers-based SPE
with an ionic conductivity over 1bS/cm at RT is favorable [249]. 1. Villaluenga et iakegrated 23
wt.% of PFPE-LITFSI SPE into a sulfide-based SSE X 25RSs, matrix to fill up the gaps in the
sulfide-based SSE pellets obtained from the coéspiprocess. Significantly faster ion transport
was achieved in this hybrid electrolyte by the cantgpacking and low grain boundary resistance.
They also developed a method to calculate the iomductivityo, . of the hybrid electrolyte by

the following equation (Eq.2) (ignoring any tortugs

Ocalc=Pgfie. Osulfide™ Ppppe OPFPE EQ. (2)
where @quriqe @and @prpp are the volume fractions of the sulfide-based @8& PFPE-LITFSI
SPE; osyiriqe @nd opppp are the corresponding ionic conductivities. Thiewlated values were in
good consistence with the experimental values. d&prepared hybrid electrolyte achieved an

ionic conductivity over 10S/cm at 30 °C [186].
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In a short summary of the as-mentioned SSEs, SRie-@and SPE-sulfide composite hybrid
electrolytes, the ionic conductivities of each indual SSE and composite hybrid electrolytes are
compared in Figure 9 below. From the chart, itleacthat the reported hybrid electrolytes have

comparable ionic conductivities to the individuabE%, not to mention other comprehensive

advantages.
t _ P Hybrid
' NASICON  Garnet  Perovskite Sulfide electrolyte
107
70Li2S - 30P2S5

—~ 102 |Li1.5AI0.5Ge1.5(PO4)3 —_— <

= LinoGeP2s12

v Li1.3A10.3TL7(PO4)3 L10.36L.20.55Ti0.995A10.00503 RS "E0-5102:LICIO|(60°C) PEO-1S%LATP(60°0)
2 10° LI1-4A|0-}TI1-6(P04)3 Lis.7La3Zr1.75Ta0.25012 HaRIe0ZoR 0 2e58 PED-Z0%LAGP(50°C)
> Li1.5A10.5Ge1.5(P04)3 ; .~ PEO-19%LGPS (60°C
= — 7 Lijla3znoz  LiosSposTiosTaos0s  B-1i3PS4 FEQ-AI203,LICI04(60°C) pEQ-3D LLZO (R
> 104 Li1.5Al0.5Ti1.5(P04)3 | — = N N
= LisLassnTa01y  Lio1TiTaos0s 80Li2S - 20p2ss [ EO-LICIO4(60°C)  pAN-15%LLTO(RT)
g — PAN-LICI04(60°C)

LisLa3Bi2012 . - %
'g 105 " Lio.3SrosTio.sNbo.sO3 —_ PEO-15%LATP (RT)
S Li3Nb3Te2012 PEGr;/:Z‘;:‘ﬂTFS:L(;g PEQ-70%LLZ0 (RT)
m -LISa

Y 106 Lin.8Al0.8T11.8(PO4)3 Lio3[@023TiO3 L

IS v LEES PEO-Li salt (RT)

° 107 | ULz C—

108

Figure 9. Comparison on ionic conductivities offeliént types of SSEs including NASICON-type
[106, 230, 250-256], garnet-type [24, 108, 257-2@@fovskite-type [261-266], sulfide-based SSEs
[36, 143, 145, 146, 267-271], SPE [75, 83, 234, 273], and hybrid electrolytes with composite
structure [28, 202, 206, 207, 230, 232, 233, 238, 275]. Hybrid electrolytes show comparable

ionic conductivities to other individual SSEs.

2.3 Strategies to improve ionic conductivity of hyld electrolytes

In the past two decades, many efforts have beelcated to study the mechanism of insulating
fillers (e.g. AbOs, TiO,, SiQy) in improving the ionic conductivity of the compasiélectrolytes.
The improvements due to insulating ceramic fillwese proposed by following mechanisms: (i) the
fillers physically interrupt and suppress the ailste of polymer; (ii) Lewis acid-base type sudac

interactions between the filler surface and polymiesins kinetically inhibit the crystallization of
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polymer chains; (iii) Lewis acid-base interactiaatsthe interface between fillers surface and SPE
provide preferential pathways for'Lion conduction; (iv) Lewis acid-base type surfageractions
with the lithium salt facilitate the dissociatiohtbe salt [147, 276-280].

In addition to the above mentioned filler effedtse inorganic SSE filler bulk can also serve as
extra Li" ion conduction channels, showing advantages overinsulating fillers [202, 281].
Therefore, SSEs fillers are preferred when desgaiigh ionic conductive hybrid electrolyte. In
this chapter, focusing on the ionic conductivithancement for hybrid electrolytes, effects of size,

concentration, and shape of the SSE fillers as agefllasticizer effects will be discussed.

2.3.1 Size and concentration of fillers

For insulating fillers such as TiDAI,O; and SiQ, smaller size is preferred. Especially,
nano-sized fillers have a high specific surfaceaaee able to provide strong interaction with the
polymer chains and lithium salts. Ceramic fillenserrupt the long-range order of polymer chains
and thus increase the percentage of amorphous.phaseffect is more significant when the size
of fillers is close to the chain length of the puolr [282]. M. Dissanayake et al. had systematically
studied the effects of AD; filler size and concentration on conductivitieiPEO-LICBSO; (LiTf)
SPE [276]. They found that the smaller size of fihers led to a higher ionic conductivity. The
optimal ionic conductivity achieved with 5.8-nm &iAl,O3 fillers was one order of magnitude
higher than that with 10-um size fillers. They be&d that the smaller sized 8% fillers have
higher surface area which is beneficial to the falste surface interactions.

The effects of size and concentration of LLZO S3$r§ in a PEO polymer matrix was
systematically studied by J. Zhang et al [237]tHa study, PEO-LLZO hybrid electrolytes were
prepared without any lithium salts. They believidttLi’ near the LLZO particle surface can be
influenced by the PEO polymer. In consequenceiulithvacancies on LLZO grain surface are
created. The surface Li vacancies of LLZO providessfor Li" transfer. As a result, both high ionic
conductivity of LLZO particle and the surface vacias contributed to the overall conductivity
enhancement of the hybrid electrolyte. The pertwmiag¢ffect was considered to play an important
role in improving ionic conductivity. Figure 10aasis the ionic conductivities of PEO-LLZO
hybrid electrolytes with different sizes of LLZOIdéirs and different concentrations. With the size o

40 nm, 400 nm and 10 pm LLZO fillers, the conduttg were optimized at 12.7, 15.1, and 21.1
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vol.%, respectively. The highest ionic conductivity PEO-LLZO composite electrolyte at 3G
can be over 16S/cm with 12.7 vol.% 40 nm LLZO fillers. Y. Zhao @it also studied the effects of
LAGP fillers size and concentration effect on ionanductivity for PEO-LAGP-LITFSI composite
electrolyte [233]. With different sizes of LAGPIérs, the conductivities were optimized with 15 -
20 wt.% LAGP fillers. For example, with 20 wt.% masize LAGP fillers, the hybrid electrolytes

exhibited the highest ionic conductivity of 6.765%1%/cm at 60C.

2.3.2 Shape of fillers

Depending on the Lion conduction mechanism, the shape of SSE filbars be an important
factor effecting the ionic conductivity of compasilectrolytes. For insulating ceramic fillers, the
conductivity improvement mainly relies on the iateions of their surface groups with the
surrounding polymer chains and lithium salts. Asgias the insulating fillers have high surface
area allowing effective surface interactions, atipalar shape of insulating fillers is not of
importance. Particle shape of insulting fillers amest commonly used in this case due to the
variety of metal oxides such as nano-sizeQ4l Si0O,, and TiQ particles with different surface
groups are commercially available [76, 197, 273, 284]. Differently, besides surface interactions
between fillers and polymer and lithium salts, @oonducting SSE fillers can provide additional
Li* ion pathways within the fillers, hence particuliaterconnecting structures can be designed to
maximize ionic conductivity and minimize the gramoundary. In addition to commercial and
home-made nano-size SSEs particles [233], novgdeshaf nanowire (random or vertical aligned)
and 3D network structures have been rationallyghesl and synthesized for hybrid electrolyte [28,
207, 234].

One dimensional LLTO nanowire fillers can be arga by electrospinning polyvinylpyrrolidone
polymer fiber that contains Li, La, and Ti saltslaaubsequent calcination at 600 ~ 900°C in air for
2 h [234]. This nanowire fillers were applied inlRAICIO, based hybrid electrolyte in comparison
with LLTO nanopatrticle fillers. As schematically ashn in Figure 10b, the interconnecting
nanowires provide a network for express lidn conduction, while the Liion pathway is
intermittent through the discrete particles. Thaavare LLTO fillers enabled significantly higher
ionic conductivity than nanopatrticle LLTO fillerd the same concentration. With 15 wt.% LLTO

nanowire fillers, an ionic conductivity over 18/cm was achieved at 2G.
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Simply mixing the inorganic SSE particles and SREere the SPE is a continuous phase and
the inorganic SSE is a dispersed phase, is the mmsimon method to prepare composite
electrolyte. However, the Liion can only transfer within SPE rather than frbigh conductive
inorganic SSE particle to another, which signifityadecreased the capability of SSE fillers. Irsthi
consideration, 3D continues inorganic conductiamieworks were developed for shortening the
Li* ion transport pathway and further enhance thecioonductivity. A vertically aligned LATP
fabricated via an ice-template method filling wREO-based SPE had been reported by Y. Yang’s
group (Figure 10c). The vertical structure of LAIBPexpected to provide a fast-ionic conductive
channel in the composite electrolyte, thus, thellteshowed that a high ionic conductivity of
5.2x10° S/cm at RT was achieved [207]. L. Hu's group dewed a 3D Li ion conducting
network with garnet-type SSE LLZO to provide contins channels for Liion conduction in a
PEO matrix (Figure 10d) [28, 285]. The RT ionic dantivity of this composite electrolyte was up
to 2.5x10" S/cm, which was among the highest reported iopiedactivity for polymer-oxide
hybrid electrolyte [28]. As a proof of concept, antinuous LT ion conducting network can

effectively improve the RT ionic conductivity of lymer-oxide hybrid electrolytes.

2.3.3 Adding plasticizers

Besides tuning the design and properties of fille@mposite electrolytes can be tailored for
higher ionic conductivity by adding plasticizerslaflicizers can be low-molar-mass organics,
organic solvents or ionic liquids (ILs). The worgirprinciple of plasticizers is to increase the
content of amorphous phase of the SPE and impregemmental motion; at the same time,
plasticizers promote the dissociation of lithiurlt sad thus increase the number of effective charge
carries [286-288]. Succinonitrile (SN) is a goodaewle of a plasticizer which remains a plastic
crystal under RT. Importantly, composites of SN ditdium salts have very high RT ionic
conductivity (in the order of 18S/cm) [289]. Study shows that incorporating jusnaall amount
of SN (9 wt.%) into a PEO-LAGP-LIiClohybrid electrolyte can significantly improve th& Rnic
conductivity from 3.0x10 to 1.1x10" S/cm. Using this hybrid electrolyte, SSLB with &#&PQ,
cathode delivered satisfying discharge capacit/aC and 0.5 C under 26 [232].

Using liquid electrolytes as plasticizers is alsoweay popular method to enhance the ionic

conductivity and ensure complete wetting of eledofor RT SSLBs functionality [231]. Hybrid
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electrolytes of P(VdF-co-HFP)-LAGP-carbonate liquetectrolyte and P(VdF-co-HFP)-LLTO-
carbonate liquid electrolyte had been reported byl-8i Kim et al. and Hang T. T. Le et al.

respectively. Both hybrid electrolytes presenteddyelectrochemical performance in RT SSLBs

[231, 290].
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Figure 10. Strategies for designing a high ioniodrectivity hybrid electrolyte. (a) Size and
concentration effects on the ionic conductivity BEO-LLZO hybrid electrolytes [237]. (b)
Comparison of the Liion transport pathways in hybrid electrolytes witmowire or particle LLTO
fillers [234]. (c) Vertically aligned Liion transporting channels to enhance the ionicgotivity
[207]. (d) Creating a 3D ionic conducting ceramatwork for enhancing the ionic conductivity of a
hybrid electrolyte [28]. (e) Plasticizer additives increase the RT ionic conductivity of a hybrid
electrolyte [291].

In summary, the influences of the size, concemtnatand the shape of the SSEs fillers in
composite hybrid electrolyte are critical for thehancement of the ionic conductivity of hybrid
electrolytes. Small size and interconnected shdp8Sks fillers are favorable. The present of

plasticizers in composite electrolytes can alscaenh the ionic conductivity because it can lower
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the crystalline of SPE and promote the dissociabidithium salt.

2.4 Li" ion conduction in hybrid electrolytes
Understanding the Liion transporting pathways or conduction mechanisvitein hybrid

electrolytes is very important for the developmeihybrid electrolytes. In the past several decades
many efforts have been dedicated to study tfiedr conduction mechanism in SPE, oxide-based
SSEs and sulfide-based SSEs [76, 103, 113, 278224 Understanding the Lion conduction
mechanism can provide researchers the guidelimetefigning a high ionic conductivity SSE.

While liquid electrolytes dissolve lithium salts solvents and the diffusion of solvated ions
provide the ionic conductivity, SPE complex destgdasalts in a polymer matrix and the diffusion
of ions does not play the key role in the ionic awctivity of SPE. To facilitate the dissociation of
Li*ions, the lithium salts used in SPEs usually hawe lattice energy. The dielectric constant of
the host polymer should be relatively high to avoadduction of electrons [32]. The'Lions from
salts are coordinated with the function groups loe polymer chains (e.g. -O- in PEO, -CN in
polyacrylonitrilde, -NR in polyamide, etc.). The lpmer chains undergo continuous local
segmental motions and create free volumeSidris migrate from one coordination site to another
or hop from one chain to another via the free vasrhy the segmental motions [32]. Under such
Li* ion transfer mechanism, the segmental motion®lyiper chains and the number of mobilé Li
ions in the polymer matrix are the critical factdetermining the ionic conductivity of a SPE. The
polymer segmental motions significantly depend emgerature, so does the ionic conductivity.
The temperature dependent ionic conductivity candescribed by the Vogel-Tamman-Fulcher
(VTF) relation and the Arrhenius-type relation.

VTF-type relation is expressed as:
1 B
o=ool2exp(-7) EQ.(3)
where o, is the pre-exponential factds; is the pseudo-activation energy for the condutgtiend
T, is the equilibrium glass transition temperatufg) (To = Ty - 50K). For SPEs, a nonlinear
relationship between ionic conductivisyand1/T typically means that the Lion hopping motion

is coupled with relaxation/breathing and/or segmlemiotion of polymer chains [32, 295].

Arrhenius-type relation is expressed as:
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o= ogep(-2)  Ed.(4)
wherekE, is the activation energy which can be extractethfthe gradient of log versusl/T plot.
Arrhenius-type behavior descripts the ion hoppiagalipled from long-range motions of the matrix
(e.g. amorphous phase and glass phases polymer bedoglass transition temperature, inorganic
ceramic SSEs, etc) [295].

Oxide-based or sulfide-based SSEs as fillera aomposite electrolyte is expected to deliver
higher ionic conductivity than insulating fillersecause not only the polymer matrix but also the
fillers have the ability to conduct Liions. Even though many composite electrolytes sagh
PEO-LLZO, PEO-LATP, PAN-LLTO etc [28, 71, 207, 2386]. had been reported with improved
ionic conductivity compared to that of bare SPE, tinderlining Li ion conduction mechanism in
hybrid electrolytes was less discussed. Lack oéddircharacterization techniques on' lion
behaviors makes it particularly challenging for mmasm studies. Characterization techniques,
such as Infrared (IR) and Raman spectroscopie baen used to measure the change of salt
anions to obtain hints of Liions dissociation. For example, the lithium saiC10,4, exhibits
multiple IR characteristic peaks (624, 635 and 66%) depending on the status of the salt. IR
spectra of PAN-AIO;-LICIO4 composite electrolytes with difference concentratf AlO; fillers
was studied by Z. Wang et al. They found thatQalfillers interacted with the Cl©anions and
correspondingly increased the effective number mfe fLi" ions, thus enhanced the ionic
conductivity of the SPE [278]. However, IR and Rameharacterization cannot give direct
information about L ions within the SSE.

Development of direct probing techniques to charam Li* ions pathway in SSEs is particular
important for understanding the “Lion conduction mechanism. Recently, nuclear magnet
resonance spectroscopy (NMR) was proposed as arfubvieol to study the Li ion transfer
mechanism in SSEs [113, 281, 291]. Y. Hu's groupt freported the combination of selective
isotope labeling and solid-state Li NMR to pregjsdentify the lithium sites and probe the' lion
pathway within a PEO-LLZO-LiCI@hybrid electrolyte [281]. Figure 11a schematicahows the
possible Li environments within a PEO-LLZO-LiC{Ohybrid electrolyte, including the Li in
PEO-LICIO, polymer matrix, the LLZO grain, and the PEO/LLZ@tdrface. Corresponding
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high-resolution °Li NMR spectrum of PEO-LICIQ SPE, pure phase LLZO, and
PEO-LLZO-LICIO, hybrid electrolyte are presented in Figure 11b.tknspectrum of the hybrid
electrolyte, the shoulder at 1.4 ppm indicates Ilthet the PEO/LLZO interface. The Liion
pathways were probed in a lithium symmetric cethdiLi metal as electrodes (Figure 11c). Upon
cycling, °Li from one electrode moved across the hybrid ebéyte to the other electrode, replacing
“Li in the hybrid electrolyte, depicting a diffusigrathway of théLi* ions. By comparing th&li
amount in the different parts of the hybrid elelsti® before and after cycling, the'lions pathway
can be disclosed. The results showed that thereavgagnificantly increase in the peak of LLZO
grains (increased by 39%), slight increase in #ekpf PEO/LLZO interface (6%), and unchanged
peak of PEO-LICIQ SPE (Figure 11d), which suggested a preferréddrs pathway through the
LLZO phase rather than the SPE. Furthermore, theidms conduction mechanism in the
PEO-LLZO-LICIO4 hybrid system with addition of a plasticizer, éstthylene glycol dimethyl ether
(TEGDME) was also studied (Figure 11e). Li envir@mts in the PEO-TEGDME-LLZO-LICI®
hybrid are similar to those in PEO-LLZO-LiCJOybrid electrolyte. However, with the TEGDME
additive, LLZO is partially decomposed and dissdlveto TEGDME. Then, a completely different
Li* ion pathway was found. Lion transport favored the liquid TEGDME-associapdses over
the LLZO or the PEO/LLZO interface (Figure 11g) 129

In PEO-LLZO-LiCIO4 hybrid electrolyte without TEGDME, Liions prefer the path through the
LLZO phase which has a RT ionic conductivity of1®/cm, 3 orders higher than PEO-LiGISPE
(~10" S/cm). However, in the presence of TEGDME' lans prefer pathways via the liquid
TEGDME-associated phase which possesses an evaerhignic conductivity than the LLZO
phase and PEO-LICIOSPE. From these two studies, a conclusion isltifaibns would choose a
low resistant pathway within a hybrid electrolyiderefore, a composite electrolyte with high ionic

conductive components are critical for improvinglad total ionic conductivity.
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Li* ions transportation mechanism in PEO-LLZO-LiCIO,
composite hybrid electrolyte
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Figure 11. (a) Schematic diagram of Li environmenthin the PEO-LLZO-LICIQ composite
electrolyte including PEO-LICIQ SPE matrix, LLZO, and PEO/LLZO interface; (b)
high-resolutior’Li NMR spectra of PEO-LICI@ LLZO and PEO-LLZO-LiCIQhybrid electrolyte;
(c) schematic diagram ofLi pathways in a symmetric cell with PEO-LLZO-LiCIChybrid
electrolyte; (d) quantitative analysis 8fi amount in PEO-LICIQ, PEO/LLZO interface, and
LLZO in the PEO-LLZO-LICIQ composite electrolyte before and after cycling 128(e)
Schematic diagram of Li environment within the PEBDSDME-LLZO-LICIO, composite
electrolyte. (f) High-resolution®Li NMR spectra of PEO-TEGDME-LLZO-LICI® and the
concentration of Li in each component; (g) propodsdl ion transport pathway within the
composite electrolyte; (h) quantitative analysis®of amount in LLZO, interface, decomposed
LLZO and PEO-TEGDME-LICIQ in the PEO-TEGDME-LLZO-LICIQ composite electrolyte
before and after cycling [291].

In Summary, NMR is a powerful tool to study the lion transport mechanism in hybrid
electrolytes. A preferential pathway of'lion through the component of highest ionic conihtyt
(e.g. the oxide-based SSE phase in SPE-oxide comapelectrolyte and the liquid-associated
phases in the presence of a plasticizer) is regedlbis should be the reason why SPE-oxide

composite electrolytes using SSE nanowire fillar8D SSE network fillers showed higher ionic
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conductivities than that of discrete nano-partidibsrs. With continue Li ion pathway in the SSE
nanowires or 3D SSE network fillers, the libn can transport across fewer boundaries than tha
with discrete nano-particles fillers. Since®libn transportation is favorable in the high ionic
conductivity phase, creating a 3D ionic network dyery high ionic conductivity SSE such as
sulfide-based SSE as the framework to make SPanar hybrid electrolyte is expected to have

an even higher ionic conductivity at RT.

3. Addressing the interfacial issues by hybrid eleémlytes

The biggest challenge in building a high-perfornet&SLB is the high interfacial resistance
between SSEs and electrodes. The stiff naturerahiie SSEs causes poor contact with electrodes
and hence high interfacial resistance. Efforts &mluce interfacial resistance by interface
engineering have received increasing attention®aent years. The SSE/anode and SSE/cathode
interfaces emphasize different interfacial probleheg require differently tailored solutions, which
have been discussed in previous chapter. Herebrjchglectrolyte, as another solution to address
the interfacial issues, configured with a stiff iganic SSE and a rationally engineered interfacial

with SPE or liquid electrolyte, will be discussaddetail.

3.1 Solid-state batteries with composite cathode drcomposite electrolyte

SSLBs created by all composite method have beeelyvgtudied and reported to be able to
avoid the mismatch problem. All composite methotliza a certain amount of SPE to fabricate
composite electrodes and composite electrolytefidiypressing method to achieve an intimate
SSE/electrode interface. R. Chen et al. demonsitthie kind of all composite SSLB consisting of
a composite electrolyte with 40 wt.% PEO-LITFSI SREed in 60 wt.% LLZO, a composite
LiFePQ, cathode with different contents of SPE (10 - 304yt and a lithium metal as the anode.
Prepared by hot press method, the hybrid elecetgthode interface was seamless and free of
pores. The cell with 15 wt.% SPE composite cathdelesered the highest discharge capacity of
152 mAh/g with an overall resistance of 130t 60°C (Figure 12b, c) [206]. Similar work by Y.
He’s group used a LLZO nanowire fillers filled SREEconstruct a composite electrolyte that has an

ionic conductivity of 2.39 x1 S/cm at RT and 1.53 x $0S/cm at 60°C (Figure 12d). By
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integrating SPE with LiFePQ the composite cathode shows an intimate contatché hybrid
electrolyte. the SSLB can deliver a discharge d@paé 158.8 mAh/g at 0.5 C at 6T and 158.7
mAh/g at 0.1C at 45C (Figure 12e) [297]. Another work done by H. Wangjroup who
demonstrated a tape casting method to infuse PEOII8P the porous cathode to ensure intimate
contact with the SSE. The resulting LiFePESLB showed improved electrochemical performance
compared to the conventional LiFePE5LB (Figure 12a) [298].

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

Another challenge of SPE is the low oxidation wiwdd@he inorganic SSEs fillers in the SPE
matrix shows an obviously enlarged electrochemistble window. The higher the filler
concentration, the wider the electrochemical windasg been observed [236, 237, 274]. This can
be explained why the NMC622 SSLB with a PEO-LLZ@I0, composite electrolyte can deliver
a higher capacity than that with a pure PEO-LIC8PE [236].
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Figure 12. (a) Comparison of the liquid electrolptesed LIB, solid-state LIB with conventional
cathode and solid-state LIB with composite cath¢2@8]. (b) Cross-section SEM composite
cathode/composite electrolyte interface; (c) EI$hef all composite SSLBs with different contents
of SPE in the composite cathode [206]. (d) A schentiagram of the all composite solid-state LIB
with nano-wire LLZO fillers in the SPE and SPE-LH®, composite cathode. The nano-wire
LLZO filled SPE can help to prevent dendrite forrmat while the SPE in cathode address the
mismatch problem and Lion conduction in cathode; (e) the cycling perfanoe of SSLBs with
different composite electrolytes; (f) voltage-tipefiles of lithium symmetric cells with bare-SPE
(PL), composite electrolyte with LLZO nanoparticfékers (PLLM) and composite electrolyte with
LLZO nano-wire fillers (PLLN) [297].
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3.2 Liquid-oxide multilayer hybrid electrolyte

To address the high interfacial resistance prohlemxide-based SSE, different strategies have
been developed to tailor the interface between esk@msed SSEs and electrodes. Significant
progresses have been achieved in reducing thefaaitr resistance between lithium anode and
oxide-based SSE by solidifying molten lithium onidiexbased SSE surface. A negligible Li/SSE
interface resistance can be achieved by this mdtiti124].

However, unlike lithium metal with a low melti@int of 180°C, cathodes with a high melting
point above 10006C are difficult to adopt the melting method for leade/SSE interface building.
Moreover, cathodes are usually in forms of miraredior nano-sized particles with pores and gaps
[299, 300]. The complicated surface morphology adtrces extra challenges for a matching
interface. Thus, using liquid electrolytes to comgete the gaps between the oxide-based SSE and
the cathode as well as the gaps between the caffestieles is still a common practice to enable
SSLBs work effectively [2, 301, 302].

Our group comprehensively studied the amount afidicelectrolyte in addressing the cathode
and LATP SSE interface (Figure 13a-c) [303]. Theuls showed that adding as little agl2of
liquid electrolyte at the LiFePQOcathode/LATP interface can enable the battery aijmer at RT
with a discharge capacity of 125 mAh/g at 1 C aBdr®Ah/g at 4 C. Interestingly, excess liquid
electrolyte showed no further contribution to thectochemical performance enhancement. Such
small amount of liquid electrolyte will be complstebsorbed by the electrode and free of leakage
concerns.

Liquid-oxide hybrid electrolytes are also widelydied in Li-S batteries. Oxide-based SSEs in
this kind of Li-S battery not only can inhibit tip@lysulfide shuttle due to the dense structure but
are also able to suppress the lithium dendrite growven though many previous works focus on
achieving all-solid-state Li-S battery (ASSLSB) aadoid using liquid solvent, the reported
performance ASSLSBs are far away from satisfadiB}#-308]. The reasons behind are probably
due to the poor ionic and electronic conductivitysolfur cathode, the high interfacial resistance,
and slow solid-solid reactions. Employing a smafioant of liquid electrolyte (i.e. liquid-oxide
hybrid electrolyte) to modify the SSE/cathode ifdee could be critical for Li-S batteries. The

presence of desirable solvents can enable the fammaf polysulfides, significantly improving the
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electrochemical kinetics via solid-liquid transteactions. Y. Xia’s group applied a liquid-LATP
hybrid electrolyte in a Li-S battery and showedatise enhanced cycle life without sacrificing
capacity or inducing polysulfide shuttling (Figut8d-f) [301]. Similar studies using liquid-oxide
hybrid electrolytes in Li-S batteries are also mgd by other groups [302, 309-312]. In Li-S
batteries with a liquid-oxide hybrid electrolytbgetinorganic oxide-based SSE not only functions as
a separator to prevent the short-circuit of thadnatbut also services as a shield to inhibit the
migration of polysulfide, so the self-discharge ljeon is eliminated. Excellent cycling
performance and a Coulombic efficiency of aroun@%Q@ould be achieved. The liquid electrolyte
in the cathode can not only provide a medium fa salfur-polysulfide-sulfide redox reactions
within the cathode, but also reduce the SSE/eldetiaterfacial Li ion transport resistance.

Solid-state Li-air batteries are also benefiteanfrihe usage of liquid-oxide hybrid electrolytes.
Due to the existence of oxide ceramic SSE in thevéen, the liquid electrolyte in anode side
(anolyte) and cathode side (catholyte) can be reiffiein one single cell, which means a hybrid
electrolyte with three different electrolytes camnealized in a single cell. Organic electrolytes a
not favorable as catholyte in Li-air battery be@atley are neither stable to air nor soluble fer th
discharge products. Blockage of the cathode weitluo once the insoluble discharge products are
produced. Nevertheless, these problems can bess#drdy using aqueous-based catholyte. On the
other hand, aqueous-based electrolyte is not deitad anolyte due to the aggressive reaction
between lithium metal and water, while organic etdgte is a good candidate for anolyte. The
application of liquid-oxide hybrid electrolyte maké possible to fabricate a Li-air battery with
organic-based anolyte and aqueous-based catholyte avseparator of oxide-based SSEs in
between. H. Zhou et al. demonstrated this coneept-air battery by using 1M LiCIQin ethylene
carbonate/dimethyl carbonate as anolyte and 1M KOHM LINO;3; alkaline solution as the
catholyte and NASICON based SSE as the ceramiaaepaStable charge/discharge voltage for
10 cycles is demonstrated (Figure 13g-i) [313].

The liquid electrolyte and oxide-based SSE interfamperties have been studied by J. Janek et

al.[314]. Liquid electrolyte and LAGP interfaciatgperties were studied by impedance analysis
and XPS. In the lithium battery with a liquid-oxitigbrid electrolyte, Liions need to cross 3 types

of boundaries including electrode/liquid electrely@oundary, liquid electrolyte/SSE boundary)(R
45



grain boundary within SSE (Figure 14a). The stuggveed that the Rplays a determining role in
the energy density loss of the lithium battery when SSE thickness down to 10 (Figure 14b).
The formation of liquid electrolyte/SSE interfacedergoes 3 stages, wetting, formation, and
stabilization. At the wetting stage, the magnitofl® decreases because the liquid electrolyte fills
the surface cavities of the SSE, which impliesremdase in contact area and thus a reduction of the
cell resistance. Subsequently, the liquid elected§SE interface was formed and stabilized.
Notably, they found that the water contaminatiorthia liquid electrolyte significantly influenced
the value of R. Higher water concentration in the liquid elecjtel led to a higher interfacial
resistance (Figure 14c). XPS studies revealed titdecomposition of lithium salt or SSE
contributed to the formation of LAGP-liquid eledyte interphase (Figure 14d-k). Similar XPS

results were reported in LATP-liquid electrolytéariace by our group [303].
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Figure 13. (a) Configurations showing the poor aohtbetween oxide-based SSE and cathode,
anode electrodes. (b) After adding small amourltquid electrolyte, the interface is well wetted,
and an unformal lithium flux is realized. (c) Comipans of the LiFeP©QLIBs performances with
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different amount of liquid-based electrolyte in LAElectrode between [303]. (d) Schematic
illustration of the activation process of the3.icathode over initial charge and the configuratibn
Li-S battery with liquid-LATP hybrid electrolyte;gbysulfide shuttle effects are prevented by the
LATP. Corresponding charge/discharge profiles ofSLbattery after resting at different time are
showed in (e). (f) The cycling performance of Lie&ttery with liquid-LATP hybrid electrolyte
[301]. (g) Configuration of a Li-air battery withrganic anolyte, aqueous catholyte, and an
oxide-based SSE interlayer. (h) The anodic andodathreactions in Li-air battery with the
liquid-oxide hybrid electrolyte, as well as the oparcuit voltages (OCVs) of the cell [74]. (i) The

performance of a Li-air battery with the liquid-deihybrid electrolyte [313].
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Figure 14. (a), (b) Schematic diagram showing theerfaces within a lithium battery with

liquid-oxide hybrid electrolyte. (c) Energy densibgs of a lithium battery with liquid-oxide hybrid

electrolyte due to the overpotentials from oxidedzh SSE resistance and liquid/SSE interfacial

resistance. (d) Evolutions of interfacial resis&ann lithium battery with liquid-oxide hybrid

electrolyte. (e-l) XPS studies of liquid/SSE inteage after time-dependent EIS experiments with

water contents of 5 ppm (upper row) and of 1,000 plower row) [314].
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In summary, liquid-oxide hybrid electrolytes cant mmly address the interface challenge in
SSLBs with oxide-based SSEs, but also work as aebdo prevent shuttles of unfavorable redox
species between electrodes. Therefore, liquid-olydeid electrolytes are highly desirable for Li-S
and Li-air battery systems. However, the stabliggween oxide-based SSEs and liquid electrolytes

should still be taken into consideration during 8Sldesigns.

3.3 SPE-oxide multilayer hybrid electrolyte

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

J. B. Goodenough et al. have studied the electroad properties of SPE-oxide sandwich
hybrid electrolytes. Figure 15b, ¢ proposes thetetepotential profiles across a sandwich hybrid
electrolyte and a single SPE in a LiFgRIl. Due to redistribution of charge carrierdifferent
conductors (including anode, SPE, oxide-based $8#,cathode), an electric double layer was
created at the interface between two conductorssieg an electric field (i.e. potential difference)
at the interface. In a single SPE cell, a stroegtek field generated at the anode/SPE interface c
reduce the lowest unoccupied molecular orbital ggnef the SPE related to the Fermi energy of
lithium, and thus facilitates the decompositiortted SPE [73]. In contrast, the overall electriddfie
across the sandwich electrolyte is interruptedheydxide-based SSE interlayer (Figure 15b). The
oxide-based SSE can block the passage of the rsaltsaand increased the*lion transference
number, t+. Reduced electric field at the anode/SPE interfaekps to stabilize the SPE. The
intimate contact between lithium anode and SPE alswides an unformal Liion flux that
mitigates lithium dendrite formation. As a resudill solid-state LiFePQ batteries with a
SPE/LATP/SPE hybrid electrolyte showed significamhproved cycling performance compared to
the single layer SPE-based LiFefHsatteries (Figure 15d) [73].

Sandwich hybrid electrolyte can be also used fokliiag the interface incompatibility between
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electrodes and SSEs by avoiding the directly conBacplacing a layer of plastic crystal electrelyt
(PCE) between lithium metal anode and LGPS suliideed SSE, the capacity of LiFePaattery

is significantly enhanced (Figure 15e, f). P K-edgel S K-edge X-ray absorption spectroscopy
(XAS) results indicate that the reduction of phaspis by lithium was happened in unprotected
Li/LGPS interface while the reduction is preventedCE protected LiI/LGPS interface (Figure 15g,
h) [320].

Additionally, blocking ions or molecules by a aetic SSE interlayer can tackle the crossover
problem in various lithium battery systems. In ddtate Li-S battery with SPE, SPE have the
ability to complex with lithium polysulfide so thgolysulfide crossover problem still exist [82].
This problem is absent in the Li-S battery with SB&de sandwich hybrid electrolyte due to the
blocking effect of the oxide-based SSE interlaygandwich hybrid electrolytes with a LATP or
LAGP interlayer have been widely studied for preirenthe polysulfide shuttling effects in all
solid-state Li-S batteries (ASSLSBs) [317, 318,]3Ribwever, LATP is actually not stable towards
polysulfide species. Our group applied the atomaiet deposition (ALD) technique to protect
LATP SSE from being reduced by the polysulfide e tASSLSBs with SPE-LATP sandwich
hybrid electrolyte. Results showed that as thinasr10 cycles of ALD Al; coating can
significantly enhance the performance of ASSLSBsahee the reduction of LATP was inhibited
(Figure 15i, ) [318].

However, in SPE-oxide sandwich-type hybrid elegtwl system, although unfavorable
interphase formation between SPEs and oxide-baS&s Save not yet been reported, theian
transport still need to cross a SPE/oxide intetf&tadies show that different types of oxide-based
SSE showed different interfacial properties towa8RE. Takeshi Abe et al. first studied the
PEO/LLTO interface and reported a significant largesistance of the PEO/LLTO interface than
that of the bulk LLTO or PEO-based SPE. The PEOMliMterfacial resistance was at the’ 1
level, almost 10 times higher than that of bulk OL&nd 100 times higher than that of bulk PEO
SPE [322]. However, in terms of a NASICON-type SS¥, E. Tenhaeff et al. demonstrated a
relatively small resistance between PEO-based SEN&SICON-type glass ceramic electrolyte
interface compared to the overall resistance of thulti-layer hybrid electrolyte. The resistance

value was stable upon temperature variations [F28yarding the interface between a gel polymer
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electrolyte (GPE) and a garnet-type SSE, the eéuin L. Hu' group showed that the GPE/garnet
interface resistance was?Q/cn?, which was higher than that of garnet SSE bulkstasce and

thus it cannot be negligible in SSLBs [316]. Sq there are still few reports about the chemistry a
the SPE/oxide SSE interface. Nevertheless, the &RIe/ SSE interfacial resistance is still too

significant to be neglected in SSLBs.
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Figure 15. (a) The configuration of a SSLB with RESoxide sandwich hybrid electrolyte and the
molecule structure of the SPE. Electric potentrafife across (b) a SPE-oxide sandwich electrolyte
and (c) a single SPE; (d) Comparison of the perémres of the SSLBs with single layer SPE and
SPE-oxide sandwich electrolyte at 0.2 C, 0.5 C @8dC [73]. (e) Configuration of a Li-LiFeRO
battery with LGPS SSE and plastic crystal electeol(PCE) in the Li/LGPS interface and its
corresponding long cycling performance at 0.5 C@9mparison of P K-edge (g) S K-edge (h) of
pristine LGPS (wine), LGPS after cycling (greenfll&GPS with PCE protecting after cycling (red)

[320]. (i) Configuration of ASSLSBs with SPE-oxidandwich hybrid electrolyte with or without
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ALD protection; (j) Corresponding long cycling pemnhance of ASSLSBs with different
thicknesses of ALD protection [318].

In conclusion, many efforts have been dedicatedeteeloping SSLBs with oxide-based SSEs,
especially interfacial engineering for the SSE/etete interface using a small amount of liquid
electrolyte or SPE interfacial layers. Achievemeat® promising. However, the multilayer
structured hybrid electrolytes still require’lion transport across different electrolyte phabes
involve different Li ion transport mechanisms and cause extra intersistance. The interfacial
resistance may pose drawbacks to the overall SStBpnance in terms of rate performance and
energy density. Research efforts on interphasedtom mechanism and reducing the thickness of

the hybrid electrolytes are urgent in this field.

4. Conclusions and perspectives

SSEs are essential to the development of SSlaBging as both separator and ionic conductor.
SPEs, oxide-based SSEs, and sulfide-based SSBgma categories of common SSEs for SSLBs,
inheriting different pros and cons. SPEs usuallyehgood flexibility and softness that enable low
interfacial resistance towards electrodes, butdheionic conductivity at RT and relatively narrow
electrochemical stability window limit their pracal applications. Oxide-based and sulfide-based
SSEs exhibit relatively high ionic conductivitiesRI compared to SPEs, but the rigid and brickle
property cause difficulties in maintaining suffictecontact with electrodes. Rational combinations
of liquid electrolyte, SPE, and inorganic SSEs mamising strategy to maximize the advantages
and compensate the disadvantages of each constitbiemlies have shown that inorganic SSE
fillers in SPEs can increase the ionic conductivipyto 10* S/cm at RT, which is higher than that of
regular SPEs by several orders of magnitude. Aatthlly, the size, concentration, and shape of
SSE fillers have great influences on the perforreamichybrid electrolytes. Nano-size fillers and
interconnected Liion conducting networks can significantly increase ibic conductivity of
hybrid electrolytes.

Studies on Li ion conduction mechanism in hybrid electrolytes @nportant for hybrid
electrolyte designs. IR and Raman spectroscopefien used to study the effects of ceramic

fillers in composite electrolytes by characterizithgg evolution of salt anions. NMR is another
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powerful tool to track Liion pathways in SSEs. Using NMR, the higher iaunductivity phase in
hybrid electrolytes is identified as a preferential ion conduction pathway over the lower ionic
conductivity phase. However, 'Liion transportation across two electrolyte integfaand
electrolyte/electrode interface are remained umclea

In addition to the bulk ionic conductivity, intedial problems between SSEs and electrodes are
not yet fully addressed by an individual SSE. Misrha instability, SCL, and lithium dendrite
formation are common problems. Composite electeslydre promising solutions for addressing
mismatch in SSLBs. A soft electrolyte component easure good electrode wettability, while rigid
SSE components enhance the mechanical strengtilestcochemical window. In liquid-oxide and
SPE-oxide multilayer hybrid electrolytes, the lidi8PE layers serve as flexible interfaces towards
electrodes, enabling low interfacial resistance dewldrite-free lithium anodes; the inorganic SSE
interlayer can block anions and redox matters froigrating across the electrolyte. However, one
challenge for multilayer electrolytes is the extmaterfacial resistance caused by extra
electrolyte/electrolyte interfaces. More importgnthe introduction of SPEs often lowers the RT
ionic conductivity of hybrid electrolytes, whichrits the working temperature range of the SSLBs.

Although significant progress has been achiev@dguhybrid electrolytes in SSLBs, there are
still challenges to be overcome for the developnoémiractical SSLBs. Deeper understandings of
different SSEs in terms of ionic conduction mechkars, origin of chemical and electrochemical
instabilities, and possible interface modificatiamsed to be obtained in the future. For practical
SSLBs applied in EVs, the energy density and warkiemperature are the major concerns.
Potential research efforts and solutions are preghas follows:

(1) Understanding thie* ion transport mechanisms in hybrid electrolyted S88Es is important
for the development of advanced SSEs. Advancedctaization techniques such as NMR, STXM
(synchrotron scanning transmission X-ray microsgo®24] and neutron diffraction [325] are
powerful tools for théi™ ion transport mechanisms studies. In particulanhsitu analyses on Li
ion transport across inorganic SSEs and SPE icterfae vital for understanding the ionic
conduction mechanisms in hybrid electrolytes, nsbuelies are expected to be done in this field.

(2) In order to achieve high-energy-density forgbial SSLBs, it is necessary to minimize the

weight percentage of SSEs and maximize the actiggemals content. Theoretical calculations
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pointed out that the thickness of SPEs must beldw to achieve a comparable energy density to
liquid-based lithium battery [326]. The inorgani&Es, for example LLZO, need to be 4 times
thinner for a comparable energy density due tor thigther mass density [30]. Therefore, more
research efforts should focus on advanced faboicaichniques such as sputtering [327], tape
casting [328] and 3D printing [203, 211] to premhmhin-film SSEs. Meanwhile, high active
materials loading for high-energy-density coulddle@® poor electronic and ionic conduction
problems, which are more serious in solid-statedebas. Novel electrode designs with high
electronic and ionic conductivity are crucial faaptical SSLBs.

(3) In order to boost the energy density of SSLBs EVs applications, implementation of
high-voltage and high-capacity cathodes are nepesstowever, most of the SSEs such as
PEO-based SPEs and sulfide-based SSEs are na atdbgh voltage (> 3.8 V). There is an urgent
need for developing high-voltage stable SSEs foght@nergy-density SSLBs. Composite
electrolytes with an enhanced electrochemical stabhdow compared to bare SPEs can be a
superior SSE candidate for high-energy-density SSL8n the other hand, engineering the
SSE/active materials interface with an artificialid electrolyte interphase can enhance the
interfacial stability, which have been extensivetydied in SPE and sulfide-based SSLBs [100-102,
161, 329]. However, the performance is still far agwfrom practical applications. More
investigations on interfacial engineering usingatbed coating techniques are desired for further
enhancing the performance of SSLBs. Atomic layepodéion (ALD) and molecule layer
deposition (MLD), the powerful techniques for faiating conformal coatings with controlled
thickness, are perfect tools [318, 330, 331]. Aapthitimate approach for high-voltage SSLBs is
the pursuit of high voltage stable SSEs. PEO-b&fH and sulfide-based SSEs are reported to
have low electrochemical oxidation window, while SKKON-type SSEs (LATP, LAGP) possess a
high electrochemical oxidation voltage limit (up4@ V). Implementing NASICON-type SSEs or
searching for other high voltage stable SSEs areingmortant direction for practical and
high-energy-density SSLBs.

(4) Implementing sulfur cathodes is another apgrdac obtaining high-energy-density SSLBs,
based on the high theoretical specific capacity6f2 mAh/g for sulfur. However, there still many

challenges need to be overcame, including the ipetimlity between sulfur cathode and SSEs,
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polysulfide shuttling effects, the volumetric expeom, and the poor ionic/electronic conductivities
of sulfur and discharge products. Mechanism stuaiesthe innovative sulfur cathode designs are
urgent for developing high-performance solid-stat8 batteries.

(5) The mechanical properties of the SSEs havet gndaence on the SSLB performance. To
achieve a practical SSLB, a SSE with suitable m@ichh properties to accommodate the
volumetric expansion of active materials and mamniatimate SSE/active materials contact is
critical. Up to date, most of the research worksrevdedicated to understanding the basic
mechanical properties of available SSEs. In theur@yt inspiring studies on controlling the
mechanical properties of the SSEs or developing 88ks with suitable mechanical properties
should receive more attentions. Hybrid electrolyté polymer-inorganic composite is a favorable
strategy to tune the mechanical properties of SHEBrid electrolytes shall play an important role
in practical SSLBs

(6) The working temperature range of SSEs is ingmrfor SSLBs. Although the thermal
properties of SSEs are much better than conventlapad electrolytes, most SSEs have not yet
achieved practical performance for SSLBs at lowperature. The development of SSEs with a
high ionic conductivity and a low activation enei@y well as designs of novel electrode structures
for good electronic/ionic conductivities are higjtited directions.

(7) SSE/active materials interface is the most irtgra topic in SSLBs. The understanding of
the interfacial ion transport would be helpful fi@veloping high-performance SSLBs. Advanced
characterization techniques such as NMR, synchrotealiation-based X-ray techniques (XAS,
STXM, X-ray computed tomography), HR-TEM, Rutheddyackscattering spectroscopy, etc., are
very powerful tools for studying the interfacial ggmeering mechanism and interfacial ions
transport. Especially, in-situ study at the integfashall give fundamental understandings and

guidance for interfacial engineering designs [40Q,3B2-335].
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Graphical abstract:
Hybrid electrolytes combining soft polymer and gidfbased solid-state electrolyte, or oxide-based
solid-state electrolyte enable high ionic conduttjvintimate interface contact and flexible

mechanical properties, which are promising candsldor solid-state lithium batteries with high

safety.
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