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ABSTRACT: Safety concern of lithium-ion battery, attributed to using volatile and flammable liquid electrolytes, could be addressed by using
solid electrolytes. Solid electrolytes including inorganic solid electrolytes, polymer solid electrolytes and organic/inorganic composite electrolytes
have the common drawbacks in low ion-conductivity. Much efforts have been devoted to increase the specific ion conductivity, especially for
inorganic solid electrolyte whose intrinsic conductivity is close to liquid electrolyte. However, most solid-state electrolyte membranes in lithium-
ion batteries are thick, resulting in long ion-conduction pathway, low energy density and high cost. In this review, the advantages and
disadvantages of different kinds of solid electrolytes were analyzed, and the promising strategies of ultra-thin solid electrolyte preparation were
summarized and prospected. Applied organic-inorganic composite, continuous phase enhancement and in situ integration have been devoted to
reducing thickness of electrolyte membrane and improving battery performance. On the basis of the technical requirement of lithium-ion batteries,
this review aims to provide a guidance in terms of rational design and synthesis of ultra-thin solid electrolytes for the further research that addresses
the safety issues and improves cycling performance of batteries.
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1. Introduction

With the development of portable devices and electric vehicles, efficient, low-price and safe electric energy storage systems
are highly expected [1-3]. As a result, the demand for lithium-ion batteries (LIBs) is growing explosively [4]. Meanwhile,
Conventional cathode materials and anode materials based on insertion mechanism have approached their theoretical capacity limit.
Anode with high capacity (Li and Si) and cathode outputting high voltage are key to high-energy-density LIBs [5,6]. However,
organic liquid electrolytes in lithium-ion batteries are prone to arise irreversible side reactions with the anode. Battery performance
is deteriorated by continuous electrolyte consumption, and meanwhile these volatile, flammable and explosive liquid electrolytes
would cause a series of safety problems including combustion and explosion [7]. Using solid electrolyte instead of liquid electrolyte
is an effective strategy to solve this safety hazard (Figure 1) [8].

The electrochemical stability window of solid electrolyte is generally wider than that of liquid electrolyte, which can be
adapted to cathode materials with higher voltage and thus improve the energy density of batteries. Meanwhile, a variety of solid
electrolytes can be designed for different battery systems in a wide range of applications [9,10]. During the charging/discharging
process, the liquid electrolyte reacts with the cathode, resulting in irreversible electrolyte loss and reducing cycle life of the battery,
which do not exist in solid electrolytes. Solid electrolytes can eliminate safety problems caused by volatilization and leakage of
liquid electrolyte, showing broad application prospect [11,12].

https://doi.org/10.35534/spe.2023.10004
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Figure 1. Performance comparisons of liquid electrolyte and solid electrolyte. Reproduced with permission from Ref. [8]. Copyright 2020
WILEY-VCH.

2. Solid Electrolytes

Figure 2 shows there are three types of solid electrolytes: solid inorganic electrolyte (SIE), solid polymer electrolyte (SPE)
and solid inorganic-organic composite electrolyte. SIEs, such as Li;La3Zr,O12, have high lithium-ion conductivity (>1x107* S cm™)
at room temperature [13,14] and usually can be integrated with the cathode through high pressure to improve the interface
compatibility [15]. But the pores and cracks at the interfaces of inorganic ceramic conductor block the lithium-ion conduction and
lead to carrier depletion and battery polarization [16]. Out of expectation, inorganic ceramic conductors with high electron
conductivity (~1077 S cm™") can induce the formation and migration of lithium dendrites in the ceramic [17,18]. Technically, their
brittleness increases the difficulty of battery assembly.
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Figure 2. Graphical abstract of solid electrolyte.

In response, SPES have attracted intense attentions among researchers due to their structure variety and property controllability,
which can meet the different functional requirements of each component in battery [19,20]. In general, SPEs have high flexibility,
light weight, low cost, and superior membrane forming property, which can be used in all components of the battery. It is worth
noting that SPEs with low electron conductivity (<107** S cm™) do not induce the formation of lithium dendrites, which differs
from the cases of inorganic ceramic conductors [17,18,21]. However, lithium ions transport in SPEs is highly coupled with the
segmental motion of the polymer chains, which often suffers from the limited ionic conductivities (<107° S cm™ at room temperature)
and low transference numbers of lithium ions (~0.2-0.5) [22,23]. To improve the conductivity of lithium ions, SPEs are commonly
used at elevated temperatures in order to promote the segmental motion of the polymer for faster ion movement. However, increased
temperature deteriorates the mechanical strength of the SPE and compromises the safety of the battery. Therefore, more attentions
are captured on the organic-inorganic composite solid electrolyte [24,25]. In the composite electrolyte, the ionic conductivity and
the interface incompatibility between the electrode and the solid electrolyte are significantly improved compared with the other two
solid electrolytes due to the synergistic effect between the polymer matrix and the inorganic filler.
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2.1. Solid Inorganic Electrolyte

The transport of sodium ions in B-Al,O3 (Na2O 411Al,03) was first discovered in the 1960s and B-Al2O3 (Na2O 11Al,03) was
applied to sodium-sulfur batteries at high temperature, which was a monumental discovery in the field of solid electrolytes [26]. In
1990s, Yu et al. [27] prepared a solid electrolyte thin membrane of lithium phosphorus nitrogen oxygen (LiPON), and studied the
solid electrolyte in lithium-ion batteries for the first time. Subsequently, various inorganic solid electrolyte materials have been
studied, such as Li7LaszZr,01, (LLZO), LisxLazs «TiOs (LLTO), Li1oGeP2S12 (LGPS), etc., which are generally classified as oxides
and sulphides [28].

2.1.1. lons Transport in Solid Inorganic Electrolyte

The relation of ionic conductivity with temperature in SIE can be expressed by Arrhenius equation, as shown below [29]

E
0 = 0y exp[— 3] @

where, a; is the ionic conductivity at different temperatures, o, is the pre-exponential factor, E, is the activation energy, R is
the ideal gas constant, and T is the absolute temperature.

In liquid electrolyte, the transport of lithium ions is achieved by the movement of solvated ions under the action of an electric
field. The mechanism of ion transport in inorganic solid electrolyte is different, which is realized through the movement of lithium
ions in the lattice. Thus, ion migration energy En (the energy barrier at which ions diffuse from their initial position to their final
position) has a big effect on ion conductivity. Meanwhile, the activation energy is also affected by the defect formation energy (Ex)
(which depends on the number of Schottky and Frenkel defects per unit quantity of ionic conductor) and trap energy (E:) (the energy
required by ion substitution defects) [30].

2.1.2. Oxide Solid Electrolyte

Oxide is a kind of classical inorganic ceramic electrolyte with high ion conductivity, electrochemical stability, and thermal
stability, such as perovskite, NaSICON and garnet.

The perovskite crystal structure (Figure 3a) belongs to the face-centered cubic packing and can be represented by ABO3, where
A'is Ca, La, Mg, etc., and B is Al, Ti, etc. The ion conductivity of electrolyte can be adjusted by replacing A or B with different
atoms. In general, rare-earth metal ions with large ionic radius can promote ion migration at site A, because lithium ions are located
in a spatial grid composed of four adjacent oxygen ions and migrate along adjacent vacancies at site A. Although the perovskite
solid electrolyte has a high ion conductivity, lithium metal can reduce Ti** ions to Ti®* ions when it is embedded in the lattice [31],
so perovskite needs to be modified to address this issue. For the most typical perovskite LisxLazsxTiOs (LLTO), the ion
conductivity of a single grain can reach up to 102 S cm™ at room temperature [32,33], but the bulk conductivity is poor due to its
large grain boundary impedance.
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Figure 3. Crystal structures of inorganic solid electrolyte (a) Perovskite-type, (b) NASICON-type and (¢) Garnet-type. Reproduced with
permission from Ref. [29]. Copyright 2020 Springer Nature.

Kwon et al. [34] studied the ionic conductivity of LLTO at different sintering temperatures, and the results showed that larger
grains could be formed by sintering at higher temperatures, which could reduce grain boundary impedance and improve the total
ionic conductivity. In addition, the LLTO with higher grain conductivity can be obtained by adding excessive lithium, which also
helps to improve the bulk conductivity of perovskite.

The structural formula of NaSICON can be expressed as AM2(POs)3, as shown in Figure 3b, where A is Li, Na, etc., and M is
Ge, Ti, Zr, etc. lons are transported in a skeleton constructed of two MO octahedra and three PO, tetrahedra [35]. NASICON solid
electrolyte has high ion conductivity, good electrochemical stability and high air stability, but it also has the problem of low total
ion conductivity due to high grain boundary resistance. LiTi2(PO4); has the most suitable lattice size for lithium-ion transport, with
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relatively high ion conductivity. When AI** is used to replace part of Ti*" ions (LATP), the E,, of ions can be reduced and the ion
conductivity can be improved [36]; when Ge*" is used to replace Ti*', the Ti-free electrolyte (LAGP) has a good compatibility with
lithium metal [37].

Figure 3c shows the structural formula of garnet-type solid electrolyte LisLasM,01,, where M is Ta, Nb, Zr, etc. [29]. This
kind of electrolyte has a good compatibility with lithium metal, excellent ion conductivity, high electrochemical and thermal stability,
but it suffers from poor air stability and the interface impedance between electrolyte and electrode is relatively large [38]. LLZO is
the most studied garnet solid electrolyte, which can be divided into cubic phase and tetragonal phase according to the crystal
structure. The cubic phase has high ionic conductivity, while the LLZO of tetragonal phase has relatively low ion conductivity due
to the complete regular arrangement of lithium ions. The lattice size can be adjusted by doping with other ions to improve the ionic
conductivity of LLZO. Buannic et al. [39] replaced part of Li* and Zr*" with Ga*" and Sc*" by the double-doping strategy. The
substituted Ga®" at the Li" site can stabilize the cubic crystal structure, while the partially filled Sc** at the Zr*" site not only increases
the number of carriers, but also enhances the disorder of Li", resulting in the increase of local mobility of lithium ion. With this
optimization, the ionic conductivity increases from 1.1x1073 S cm™ to 1.8x1073 S cm™! at room temperature.

2.1.3. Solid Sulfide Electrolyte

There are more freely mobile Li* in the sulfide crystal because S is less electronegative than O?” and has less binding affinity
with Li*. In the crystal lattice of solid sulfide electrolyte, S*>~ with a larger radius can form a larger ion transport channel, showing
a higher ionic conductivity than oxide, and ionic conductivity of some sulfides even exceeds that of commercial liquid electrolytes.
Sulfide has excellent thermal and electrochemical stability. However, during their preparation, sulfides react with water produce
highly toxic H»S gas, resulting in environmental challenges that remain to be addressed. Moreover, an additional difficulty may
occur in sulfides electrolyte: most sulfide tend to decompose rapidly upon contacting with lithium metal.

Li;S-P,Ss (LPS) is the most studied sulfide solid electrolyte system, whose ionic conductivity is related to the preparation
method and the Li>S/P,Ss ratio. Hayashi et al. [40] used mechanical grinding to obtain 75Li,S-25P,Ss (mol%) amorphous sulfide
electrolyte with ionic conductivity of 2.0 x 10™* S cm™ at room temperature. Based on the principle that grain boundaries are
eliminated by heat treatment, Seino et al. [41] successfully prepared 70Li,S-30P,Ss (mol%) ceramic sulfide electrolyte with ionic
conductivity as high as 1.7 x 102 S cm™!, which exceeded the ionic conductivity of some liquid electrolytes.

To solve the problem of air instability of sulfide electrolyte, there are mainly the following methods: (1) adding metal oxide,
metal sulfide, lithium halide or zeolite as additive to sulfide in order to absorb or inhibit H,S and reducing the reaction between
electrolyte and air [42,43]; (2) replacing P with elements that bond more stably with S (such as As, Sn, etc.) [44] because the
instability of sulfide in humid air is caused by the instable P-S bond; (3) Partially replacing S*~ in sulfide with O?>~ , which can
improve the stability of S*” in natural environment because O? can form a closer bond with P> [45,46]; (4) as shown in Figure 4,
the electrolyte particles coated with a barrier layer can avoid direct contact between air and electrolyte to improve the stability of
electrolyte [47,48].
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Figure 4. Illustration of air stability between pristine and core-shell SE particles. Reproduced with permission from Ref. [47]. Copyright 2020
American Chemical Society.

2.2. Solid Polymer Electrolyte

The origin of polymer electrolytes dated back to a report on complexes of alkali metal ions with polyethylene oxide (PEO) in
1973 [49]. Then, in 1979, Farrington et al. [50] reported the good membrane-forming properties of PEO-alkali metal salt complexes
and their use as electrolytes in lithium-ion battery at higher temperatures, which started the era of solid-state battery research. In
general, polymer matrix and lithium salts are combined to form SPE, in which lithium salts such as lithium hexafluorophosphates
(LiPFg) [51], lithium perchlorate (LiClIO4) [52], lithium difluoromethyl sulfonimide (LiTFSI) [53], lithium difluoromethyl
sulfonimide (LiFSI) [54], etc., provide mobile lithium ion. Polymer matrix such as PEO [55-57], polyvinylidene fluoride (PVDF)
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[58,59], polycaprolactone (PCL) [60], polymethyl methacrylate (PMMA) [61,62], polydioxentyl ring (PDOL) [63-65], etc. is used
as a medium to facilitate lithium-ion migration. Compared with inorganic solid electrolyte, SPE has the advantages of small
electrode-electrolyte interface, good mechanical properties, high flexibility, etc., but the ionic conductivity is generally low at room
temperature, which can be improved under higher temperature. Therefore, the battery using solid polymer electrolyte can work at
high temperature. An appropriate amount of small molecule plasticizer can also be added to the polymer matrix to improve the ion
conductivity, so that the battery can work at room temperature, which is called gel polymer electrolyte or quasi-solid polymer
electrolyte, and it is recognized that the ionic conductivity of this kind of electrolyte should be higher than 1<10* S cm™ [29,66,67].

2.2.1. lon Transport in Solid Polymer Electrolyte

The relationship between ionic conductivity and temperature of amorphous polymers can be expressed by the Vogel-Tamman-
Fulcher (VTF) equation, as shown below [68]

0 = oy exp| - ﬁ] @

where, a; is the ionic conductivity at different temperatures; As a pre-exponential factor, a, itself is a weak function of
temperature, usually expressed as (g, = AT Y2). At present, the dependence between o, and temperature is still debated [69]. T
is the absolute temperature; To is a temperature parameter related to the glass transition temperature Tg, which is 50 K smaller than
Ty numerically. E, is the activation energy. For crystalline polymers, the relationship between ion conductivity and temperature
follows the Arrhenius equation, as shown in Equation (1).

The main chain or side chain of the amorphous polymer matrix contains some electron-rich groups, such as -O-, -N-, -C=0,
etc., which can be incorporated with the electron-deficient lithium ion. And these lithium ions can be transferred in the polymer
matrix with the swing of the polymer chain. Figure 5a shows the schematic diagram of lithium ions transport in PEO-based polymer.
For crystalline polymers, lithium ions conduction occurs in the ordered region formed by the polymer folded chain, as shown in
Figure 5b.
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(b) Crystalline SPE

O R R R ®

o O© o =
S AR R AR D
AR R s

[0 oM™ @Xx™ |

Figure 5. Ionic transport mechanism of solid polymer electrolyte. Reproduced with permission from Ref. [29]. Copyright 2020 Springer Nature.

2.2.2. All Solid Polymer Electrolyte

Among all the polymer electrolytes, PEO is an excellent transporting medium for lithium ion due to its chemical structure of
H-(O-CH,-CH,)s-OH [49,50,70,71]. Molecular weight above 20,000 g mol™ is called polyethylene oxide (PEO), while molecular
weight below 20000 g mol™ is called polyethylene glycol (PEG) [67]. PEO is a semi-crystalline polymer, and the ionic conductivity
of PEO-lithium based polymer electrolyte is on the order of 10° S cm™ at room temperature. As mentioned in the previous section,
lithium-ion conduction mechanism of PEO is different in crystal region and amorphous region, and it is generally believed that
amorphous region can conduct lithium ion more quickly [68]. Numerous strategies have been developed to mitigate this
disadvantage, such as raising the battery working temperature (>50 <C), and adding plasticizers, inorganic ion conductors or other
high strength polymers.[72—74] However, these proposed solutions resolve the problem of lithium-ion conductivity at the expense
of the mechanical strength (for adding platicizers) or increasing interface quantity (for adding inorganic ion conductors or other
high-strength polymers), and increasing the thickness of electrolyte membrane to compensate the reduced mechanical strength will
increase the internal resistance of the battery, and thus the PEO-based SPEs are still plagued by a incongruity of the ionic conduction
and mechanical strength triggered. In addition, since the ion conduction in the amorphous region of the polymer is realized through
the swing of the chain segment, it is also necessary to reduce the glass transition (Tg) of the polymer to improve the kinematic ability
of the chain segment.
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Copolymerization [75-77], cross-linking [78,79], blending [80,81], organic-inorganic composite [82,83] and other methods
can reduce the crystallinity and T4 of polymer, and improve the mobility of the chain segments, among which copolymerization is
a more effective method. The introduction of other monomer units into the polymer system can destroy the ordered structure of the
polymer matrix and increase the proportion of amorphous regions. Copolymers can be classified into alternating copolymers,
random copolymers, graft copolymers, and block copolymers according to the way the copolymer units are arranged along the
polymer chain. Block copolymers can be designed with one block responsible for ion conduction and another block providing
mechanical strength. Lv et al. [84] prepared a high-voltage cyanide-SPE with a good oxidation stability and a strong polarity by in-
situ copolymerization of 2-cyanoethyl acrylate (CA) and polyethylene glycol methyl ether acrylate (PEGMEA). The CA not only
improves the mechanical strength of the SPE, but also increases oxidation resistance due to its strong polarity and high-pressure
stability, while PEG is responsible for providing ion conduction. The LiCoO; battery with the cyanide-SPE can stably
charge/discharge more than 1000 cycles at 0.5 C.

The copolymer SPE with microphase separation structure can be obtained by controlling the ratio of reactants and other
conditions. The two phases play the functions of ion conduction and structural support respectively. Schulze et al. [85] dissolved
the macromolecule chain transfer agent of PEO in the mixture of ionic liquid, styrene and divinylbenzene, and then obtained a
bicontinuous polymer electrolyte membrane with highly crosslinked polystyrene and PEO/ionic liquid interpenetrating
nanostructures by heat. As shown in Figure 6, this SPE exhibits the elastic modulus of close to 1 GPa and the ionic conductivity
higher than 1 mS cm™ at room temperature.

lon-conducting
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High Modulus
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Figure 6. Schematic diagram of microphase separation structure. Reproduced with permission from Ref. [85]. Copyright 2014 American Chemical
Society.

2.2.3. Gel Polymer Electrolyte

Gel-polymer electrolyte has relatively high ionic conductivity due to the presence of small molecule plasticizers, which can
exceed 10™#~107 S cm™! at room temperature, and has a good compatibility with electrodes, but suffers from low thermal stability,
poor mechanical properties, and low safety compared with SPE [86]. In gel polymer electrolytes, the ions transport usually occurs
in the liquid phase, and the polymer matrix mainly provides mechanical strength and maintains the three-dimensional stability of
the electrolyte [87]. Based on this, the polymer matrix is expected to have good membrane formation, high strength, creep resistance
and other properties. Wu et al. [88] synthesized a double-network gel polymer electrolyte by using the two-step method shown in
Figure 7. An interpenetrating network polymer membrane with high mechanical strength was first synthesized and then immersed
into the electrolyte to form a gel electrolyte. At room temperature, the ionic conductivity is 8.1x107* S cm™, and the tensile strength
can reach 10 MPa. The gel electrolyte used in batteries can be stably charged and discharged for more than 250 cycles.

Traditional gel polymer electrolytes still have safety problems, so it is very important to develop gel polymer electrolytes with
flame retardant function. It is a simple method to prepare flame-retardant gel electrolyte by directly adding some flame-retardant
substances into plasticizer. Xiang et al. [63] used the initiator tri (pentaphenyl) borane (TB) with flame retardancy for synthesizing
polydioxentyl electrolyte, and the as-prepared electrolyte could not be ignited as shown in Figure 8a,b. In addition, in situ synthesis
method greatly reduced the interface impedance between electrode and electrolyte. The gel electrolyte used in LiNCMeoz,
Li|LiFePO4 and Li|S batteries (Figure 8c—e) [63], all showed the excellent performances.

The above gel polymer electrolyte is a two-ion conductor in which both lithium ion and anions can move in the matrix. Lithium
ion moves relatively slower in the polymer than the anion due to the complexation of lithium ion with the polymer, resulting in low
lithium-ion transference numbers [89,90]. During the charge and discharge processes, both lithium ion and anions move towards
the electrode, but the anions accumulate near the electrode rather than depositing onto the electrode, resulting in the concentration
polarization, which will lead to the increase of battery internal resistance and the decrease of discharge platform [91,92]. The anions
of the single-ion conducting polymer electrolyte (SCPE) are fixed on the polymer chain in the form of covalent bonds, and only
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lithium ion can move back and forth in the electrolyte under the action of electric field, which makes the t;;+ close to 1 [93].
However, SCPE cannot act independently as solid electrolyte (¢ < 10 S cm ™), due to its relatively low molar amount of lithium
ion, but it can be used as a part of the composite SPEs to transfer lithium ions in coordination with other SPEs with high molar
amount of lithium ion. Simply adding a large amount of plasticizer to improve the ionic conductivity of SCPE will increase the
safety risk of the battery. It is feasible to improve the intrinsic ion conductivity of SCPE through the rational design of the polymer
structure and reduce the amount of plasticizer for enhanced safety of the battery.
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Figure 7. Preparation procedure and utilization of a double network gel. Reproduced with permission from Ref. [88]. Copyright 2018 WILEY-
VCH.
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Figure 8. (a) Schematic diagram of SPE performance. (b) Schematic diagram of the polymerization mechanism of SPE. (c—e) Cycling
performance of LilNCMe22, Li|LiFePO4 and Li|S batteries, respectively. Reproduced with permission from Ref. [63]. Copyright 2021 Royal
Society of Chemistry.

Zhou et al. [94] grafted polymers onto the side chains of nanobacterial cellulose and synthesized a brush-like single-ion
conductor polymer electrolyte membrane with a thickness of 10 um, as shown in Figure 9. The SCPE membrane with 25% of
DOL/DME shows an ionic conductivity of 3.1x107™* S cm™" and Young's modulus of 1.9 GPa. And the Li|SCPE|LFP battery exhibits
a good cyclic stability of 84% retention after 350 cycles at 0.5 C.
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Figure 9. Preparation of BC-g-PLiSTFSI-b-PEGM/P polymer electrolyte. Reproduced with permission from Ref. [94]. Copyright 2021 WILEY-
VCH.

2.3. Organic-Inorganic Composite Solid Electrolyte

The optimization of polymer chain structure can improve the ionic conductivity of SPE, but it is still not as good as that of
inorganic solid electrolyte. Although the ionic conductivity of gel polymer electrolyte has been greatly improved, its mechanical
strength is poor. The combination of polymer and inorganic filler can combine the advantages of multi-component materials, so
that the mechanical strength and ionic conductivity of solid electrolyte can be well improved. Based on the capability of inorganic
fillers for conducting ions, they can be divided into inert fillers (such as Al,O3;, MgO, etc.) and active fillers (such as LLZO, LiAlO»,
etc.) [95]. Inert fillers do not participate in ion transport in solid electrolyte and only play a role in reducing crystallinity. The active
fillers can not only reduce the crystallinity of the polymer, but also participate in the ion transport of the solid electrolyte [20]. The
three structures of “ceramic in-polymer”,
adjusting different proportions of the active filler [96]. Figure 10 shows the structure of three formed compound solid electrolytes
with different proportions of LLZTO and PEO.

polymer in-ceramic” and “intermediate” (double continuous phase) can be formed by

AN \,) @@
Ceramic—in—-polymer Intermediate Polymer-in—ceramic
O LLZTO o LiTSFI _-~==~__ Li* pathway

Figure 10. Schematic illustration for PEO-LLZTO composite solid electrolytes. Reproduced with permission from Ref. [96]. Copyright 2018
Elsevier.

3. Ultra-Thin Solid Electrolyte

The ionic conductivity of solid electrolyte over 107 S em™! is a basic requirement for the normal operation of batteries, but
most of the reported solid electrolytes do not meet this requirement [8]. The ionic conductivity of the electrolyte is related to the
temperature, and at a given temperature, the ionic conductivity is determined. According to the calculation formula of the ionic
conductivity (Equation (3)), the smaller the membrane thickness is, the smaller the ohmic impedance of the electrolyte membrane
will be, so thin membrane is more conducive to improving the battery performance.

l

=35 (3)

where o is the ionic conductivity of the electrolyte, [ is the membrane thickness, R stands for the bulk resistance, and S represents
effective area of the membrane.



Sustainable Polymer & Energy 2023, 1, 10004 9 of 17

This property can be defined by surface conductivity (oy) as the following Equation (4).
o
Os = N 4
where g, 0 and [ represent the surface conductivity per unit area, ion conductivity and thickness of the electrolyte membrane,
respectively.

Table 1 lists the reported thin electrolyte membranes and the corresponding cell performance. At present, the thickness of SPE
membrane is generally more than 100 pm, and the thickness of solid inorganic electrolytes (SIEs)membrane exceeds 200 pum. If the
thickness is reduced to about 10 um, the ohmic impedance can be decreased by more than 10 times, and the surface conductivity
can be improved by 10 times. In this case, even if the ionic conductivity does not reach the standard of 10* S cm ™!, the battery can
still operate normally due to a small internal resistance. In addition, reducing the thickness of the electrolyte membrane leads to less
weight of the battery, which can reduce the battery cost, and improve the mass energy density and volume energy density of the
battery, so the ultra-thin solid electrolyte (thickness < 20 um) is an important avenue for future battery development [28,97,98].
Preparation of ultra-thin solid electrolytes is difficult: inorganic electrolytes are brittle, and thin electrolytes are easy to break during
battery assembly; and the strength of polymer electrolyte is poor, and the thin electrolyte membrane is prone to be damaged,
resulting in short circuit in the battery. There are several strategies to reduce the thickness of electrolyte membrane.

Table 1. Recent literatures about ultra-thin solid electrolytes.

Solid Electrolyte Thickness (pm) Areal ((S:T:I?};)c tance Cathode (?n?::cgl?) l?ét)e Cycle Performance  Ref.
PEO-LiTFSI/PE 7.5 0.205 (60 °C) LFP 146 1 66%, 500th [99]
PEGMEA-LITFSI/PE 10 0.045 (60 °C) LFP 149 1 76%, 1000th [100]
PVDF-HEC/PE 16 0.489 (25 °C) LNMO 133 0.2 88%, 200th [101]
PEO-LiTFSI/PI 8.6 0.128 (60 °C) LFP 138 0.5 300th [102]
DBDPE-PEO-LIiTFSI/PI 10 0.063 (60 °C) LFP 143 0.5 300th [103]
IFR-FEC/PI 45 0.062 (25 °C) LFP 151 0.2 94.8%, 200th [104]
LPSCIBr/PI 40 0.5 (30 °C) NCM 146 0.1 86%, 100th [105]
PDOL/PP 27 0.431 (30 °C) LFP 122 2 1200th [63]
LLZO/PP 36 0.028 (55 °C) LFP 151 0.2 94.2%, 120th [106]
Poly(mPEGAA) 16 0.094 (25 °C) LFP 165 0.1 91.1%, 30th [107]
BC-g-PLiSTFSI-b-PEGM 10 0.31 (25 °C) LFP 99 1 77.3%, 300th [94]
COF/Kevlar 7.1 0.648 (60 °C) LFP 129 0.2 84.4%, 300th [83]
LLZTO-PAN/LiClO4 25 0.464 (25 °C) LNMO 137 0.25 93%, 180th [108]
LLZTO-PVDEF/PI 20 0.062 (25 °C) NCM 161 0.1 94.9%, 80th [109]

3.1. Organic-Inorganic Composite

Adding appropriate amount of organic material to form organic-inorganic composite electrolyte can overcome the brittleness
of inorganic material to enhance the flexibility and reduce the thickness of the electrolyte membrane. In the composite electrolyte,
the inorganic material dominates the conduction of lithium ions, and the polymer plays the role in stabilizing the structure. Some
reports directly use polymers as binders in SIEs to endow the composite with certain solubility.

Riphaus et al. [110] prepared a series of sulfide and polymer solid composite electrolytes by solvent method. The thickness of
the electrolyte membrane was 50—100 um with 5 wt% binder, and the thickness could be reduced to 2040 pm with 10 wt% binder.
This method can improve the mechanical properties of inorganic materials to a certain extent, but the continuous phase structure
cannot be formed with the addition of small amount of polymer, which makes it difficult to obtain a thinner composite electrolyte
membrane. If the thickness of such composite electrolyte membrane is thinner, the flexibility of the membrane will become worse
and ruptured, which will affect the battery performance. Organic-inorganic dual continuous phase structure is conducive to obtaining
a thin electrolyte membrane and shows a good battery performance. Fu et al. [111] prepared a solid electrolyte membrane with a
thickness of 40 um using LLZO-PVP membrane as the support and PEO-LiTFSI as the filler (Figure 11).

Because of the continuous ceramic phase structure, the surface conductivity of the electrolyte membrane was 0.063 S cm ™2 at
room temperature. The assembled Li|Li symmetrical battery exhibited a stable cycling for more than 1000 h at 0.5 mA cm™2 at room
temperature.

The mechanical strength of the solid composite electrolyte membrane prepared by the polymer as framework material is better
than that of inorganic counterpart. Hu et al. [108] prepared a composite electrolyte membrane with a thickness of 25 pum by
combining electrostatic spray and electrospinning technology, and then attached the lithium salt to the surface of the fibers and
particles by solution method. As shown in Figure 12, the surface conductivity of the electrolyte membrane is 0.464 S cm2, the Li|Li
symmetrical cell demonstrates a stable cycling performance during Li plating/stripping, lasting more than 5000 h at 1 mA ¢cm 2,
and the whole battery also shows a good cycling performance. LigPSsCly.sBro.s solution was dropped onto PI non-woven fabric by
Kim et al. [105], and then heat treated at 400 °C to improve the crystallization. In this way, the surface conductivity of the organic-
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inorganic composite solid electrolyte membrane (thickness of 40 um) was 0.5 S cm 2, which was close to the intrinsic conductivity
of LisPSsClo sBro s, while showing higher energy density with lower cost.

lon-conducting polymer matrix
(a) a

(‘\4 ." ”

3D ion-conducting ceramic network =

(Reinforcement)
+
LiTFSI/PEO
(Matrix)

: Fiber-reinforced
Flexible solid ion-conducting membrane polymer composite (FRPC)
Li-ion conducting membrane

Figure 11. (a) Structure schematic of the FRPC electrolyte. (b) Preparing procedure of the FRPC electrolyte. Reproduced with permission from
Ref. [111]. Copyright 2016 National Academy of Sciences.

LiClO, /Ethanol _

Ceramic
Suspension

Polymer
Solution

Roll Press

Figure 12. Schematic illustration for the preparation of PAN/LiClO4:LLZTO thin membranes. Reproduced with permission from Ref. [108].
Copyright 2020 American Chemical Society.

3.2. Continuous Phase Reinforced Solid Electrolyte Membrane

Continuous phase is introduced to increase the mechanical strength of solid electrolyte, especially for SPEs. In the SPE, the
ion conduction mainly occurs in the amorphous region, and the strength is provided by the crystal region. Therefore, increasing the
ionic conductivity of the SPE will inevitably reduce its mechanical strength. If the thickness of the electrolyte membrane continues
to decrease with insufficient mechanical strength, the defects of the membrane will increase, resulting in the damage and eventually
the short circuit in the battery.

Polyethylene (PE) is a commonly used industrial plastic, first applied in lithium-ion battery separator. PE separator has an
excellent mechanical strength, low temperature resistance, insolubility, corrosion resistance, insulation, low cost, and more
importantly, ultra-thin (5§ um) PE membrane can be obtained through the optimization of membrane preparation process. In recent
years, progress has been made in utilizing PE separator as continuous phase for the mechanical strength enhancement in SPE.

In 2018, Ma et al. [101] reported a PE supported polyvinylidene fluoride/hydroxyethyl cellulose gel polymer electrolyte with
a thickness of only 16 pm, which can be used in a high voltage (5 V) cathode material (lithium nickel-manganate), and such a
battery can be stable for 200 cycles. Wu et al. [99] introduced an ultra-thin polymer solid electrolyte (with thickness of only 7.5 um)
based on a 5 um-thick PE separator with surface conductivity up to 0.205 S cm™2 at 60 °C. Figure 13a and c display the SEM images
of the PE separator before PEO filling, and Figure 13b and d show the SEM images of the electrolyte membrane after PEO filling.
It can operate normally at 10 C, assembled by Li|LFP battery. The above work is based on the fact that the PEO solution can well
infiltrate PE separator, and if the support membrane has low infiltration, surface modification of the support membrane is necessary.
Yao et al. [100] modified the surface and pore structure of PE separator with PMMA-PS coating to improve the wettability by the
phase conversion method, and using the modified separator as support, they obtained the polymer electrolyte with a thickness of 10
um and surface conductivity of 0.045 S cm ™2 at 60 °C (Figure 13¢). Such Li|LFP cells with the SPE membrane achieved over 1000-
cycle stability at 1 C. In summary, ultra-thin SPEs have low ohmic impedance, and better rate performance due to the short
transmission distance of lithium ion from cathode to anode. However, since the melting point of PE is 130 °C, and the thermal
deformation temperature is low, there is a risk in the complex external environment conditions. The safety performance of the
composite membrane is expected to be improved after the incorporation with other polymer electrolyte materials for good heat
resistance.
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Polyimide (PI) has high temperature resistance (>400 °C), without obvious melting point, showing good insulation, high
mechanical strength and flame retardant, which is regarded as one of the best polymer materials due to its comprehensive
performance. A variety of porous-PI can be prepared by means of electrospinning, track etching, phase conversion, etc. Compared
with PE separator, porous-PI has better thermal stability and mechanical strength, as well as the flame retardancy. Cui et al. [102]
prepared a porous PI membrane got a vertical pore structure through track etching technique, and it was used as a support membrane,
while PEO-LiTFSI was acted as an ionic conductor to prepare an ultra-thin solid electrolyte with a thickness of 8.6 um. As shown
in Figure 14a, due to the vertical orientation structure, the ionic conductivity of the SPE was up to 2.3x10™* S cm™! at room
temperature. However, the porosity of as-prepared PI membrane was only 11%, resulting in insufficient number of ion channels in
the vertical direction. Therefore, there is still space for improving the porosity of porous PI membranes. Afterwards, Cui et al. [103]
reported a porous PI membrane with a higher porosity (50%) through solution method, which was filled with PEO-LiTFSI as an
ionic conductor to obtain an ultra-thin solid electrolyte with a thickness of 10 pm (Figure 14b). The lithium-ion battery assembled
with this electrolyte membrane can be stably cycled for 300 cycles at 0.5 C under 60 °C. It should be pointed out that the above
solid electrolytes with PI membrane as the support membrane have the excellent flame retardancy performance and can self-
extinguish under the ignition condition, so the PI-based electrolyte membrane has higher safety. In addition, electrospinning can
also be used to prepare support membranes with high porosity. Cui et al. [112] prepared a solid composite electrolyte membrane
supported by electrospun PAN membrane and PEO-LiTFSI. The composite membrane can be as thin as 5 pm thanks to the PAN's
excellent mechanical properties, and the assembled cell with the composite membrane exhibits an excellent cycling stability (rate
after 500 cycles without short-circuiting).

-

® C=0- ® ® s

Figure 13. SEM image of PE separator (a) (¢) before and (b) (d) after PEO infiltration. Reproduced with permission from Ref. [99]. Copyright
2019 WILEY-VCH. (e) Schematic diagram of preparation process for the m-PPL. Reproduced with permission from Ref. [100]. Copyright 2021
WILEY-VCH.
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PEO/LIiTFSI

A
(b) A

Figure 14. Design principles of (a) PEO-LiTFSI/PI. Reproduced with permission from Ref. [86]. Copyright 2019 Elsevier. and (b) DBDPE-PEO-
LiTFSI/PI. Reproduced with permission from Ref. [87]. Copyright 2018 WILEY-VCH.
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3.3. In-Situ Integrated Solid-State Battery

Wen et al. [107] prepared an electrolyte membrane with a thickness of 16 um in situ at the cathode, which had a lower interface
impedance than the solid electrolyte synthesized ex situ. Wang et al. [113] synthesized the solid electrolyte by in situ light reaction
at the cathode and anode respectively, then paired the anode and cathode and removed the solvent by heating. The assembled battery
has a very low interface impedance and can cycle for more than 500 cycles at 0.5 C. Although these in situ synthesis of electrolyte
membranes greatly reduce the internal resistance of batteries, the contradiction between the thickness and the strength of electrolyte
membranes has not been fundamentally solved.

Therefore, the assembly method of liquid battery system can be used for reference. The precursor solution is injected during
the assembly process, and then the precursor solution polymerization is initiated under appropriate external conditions. The
thickness of electrolyte membrane obtained by this method largely depends on the gap between the cathode and the anode
[63,65,106]. This method has the following advantages: (1) simple operation, no need to prepare the membrane before assembling
the battery; (2) by this method, the electrolyte can penetrate into the electrode, which is conducive to reducing the interfacial
impedance between the electrode and the electrolyte; (3) its manufacturing method is similar to that of traditional lithium-ion
batteries, which makes it more promising for commercial production. Zhao et al. [65] prepared an in situ integrated solid-state
battery using Celgard3501 separator as support and AI(OTY); as initiator to initiate DOL polymerization (Figure 15), which has an
excellent performance in lithium metal batteries. The thickness of electrolyte membrane prepared in this way depends on the
thickness of separator.

a Ex situ SPE In situ SPE
Anode Interphase Anode m Anode Interphase
e e R e e R = . — ~ = = ' = ~ =

B e S s e S e e T Sl - e e e

Cathode Cathode Cathode
b 0
OoTf =F,C—-S—-0 o/‘\o
1 .
8 |\/ O/\O
O/\o- + O/Qé”\ ¥ o/\<5@ l\/ o o
Lo g0t —> Lo —>_, " = NN

x 5 PolyDOL

\
Al(OTH).
3 )s

Figure 15. (a) Schematic illustrating ex situ and in situ synthesis of SPEs. (b) Reaction mechanism of DOL. Reproduced with permission from
Ref. [65]. Copyright 2019 Springer Nature.

4. Summary and Outlook

Solid electrolytes that improve the safety of lithium-ion batteries, have been extensively studied over the past decades. The
thickness, ionic conductivity and mechanical strength are the key parameters to evaluate the quality of solid electrolyte membranes,
and also the key factors to achieve high performance and high safety of lithium-ion batteries. The electrolyte membrane with high
ionic conductivity is the premise of achieving high performance lithium-ion battery. Reducing the thickness of the electrolyte
membrane can lower the impedance, accelerate the ion-transport and improve the battery performance, but also weaken the strength
of the membrane and increase the risk of short circuit, which are not conducive to the safety performance of the battery. Therefore,
it is necessary to balance the relationship between the thickness and the strength of the electrolyte membrane, that is to prepare the
electrolyte membrane as thin as possible and ensure the strength. The thickness of electrolyte membrane is reported to be over 100
um in the early period, but the thickness of electrolyte membrane less than 25 pm can be prepared by means of using organic-
inorganic composite, continuous phase reinforcement and in situ integrated batteries, and these lithium-ion batteries have shown an
excellent performance with such ultra-thin solid electrolyte membranes.

Beside the above progresses, ultra-thin solid electrolytes are still plagued by a mismatch between ionic conductivity and
mechanical strength because the ionic conduction mechanism is based on the movement of polymer chain segments. Brush polymer
electrolytes with slightly cross-linked polymer structures, where the main chain has good mechanical strength and the side chain of
soft segment transports lithium ions, are promising to improve this deficiency. Obviously, the future development of solid-state
batteries lies in tuning the polymer structure and exploring the new mechanism of the rapid transport of lithium ions to meet the
higher demand for energy storage. Undoubtedly, solid-state batteries with high energy density require ultra-thin solid electrolyte
membranes. For either type of solid electrolyte, it is possible to achieve ultra-thin membrane with better interface compatibility,
flexibility, mechanical strength, and ionic conductivity as shown in Figure 16.
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