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a b s t r a c t 

Rechargeable batteries that use Li metal as anode are regarded as the most viable alternative to state-of- 

the-art lithium ion batteries (LIBs), since Li metal batteries (LMBs) are capable of higher-density energy 

storage. The Nobel Prize in Chemistry 2019 awarded to J. B. Goodenough, S. M. Whittingham, and A. 

Yoshino for their contributions to the development of LIBs, drew increasing attention to the design of 

LMBs. Due to the highly reactive nature of metallic lithium and the need to tweak the design of cathode, 

electrolyte and anode, the industrial success of LMBs has yet to be achieved. In a battery cell, polymeric 

materials were traditionally used only as separators, cathode binders and packaging materials. In con- 

trast, the enormous progress achieved in a century of polymer chemistry has enabled a large variety of 

application of polymers in numerous areas of material science. The design and implementation of func- 

tional polymers in LMBs is crucial to enhance their practical performance, safety and durability, paving 

the way to LMB commercialization. This review describes recent advances in the synthesis and tailoring 

of functional polymer materials to improve the stability of LMBs. The role and application of polymers 

in different parts of an LMB are presented, including anode, cathode, electrolyte and anode/electrolyte 

interphases. 

© 2021 Published by Elsevier B.V. 
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bbreviations 

AO Anodized aluminum oxide 

SEI artificial solid electrolyte interphase 

TRP atom transfer radical polymerization 

AMB bis(allylmalonato) borate 

ASP brush-arm star polymers 

CPE block copolymer electrolyte 

is- αCCs bis( α-alkylidene carbonate)s 

MITFSI butyl-3-methylimidazolium bis 

(trifluoromethanesulfonyl)imide 

-CDp β-cyclodextrin polymer 

B carbon black 

E Coulombic efficiency 

EI cathode electrolyte interphase 

MC carboxymethylcellulose 

NF cellulose nanofiber 

-NF carbon nanofiber 

NT carbon nanotube 

PE composite polymer electrolyte 
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PL composite protective layer 

ROP cationic ring opening polymerization 

TAB cethyltrimethyl ammonium bromide 

molecular weight dispersity 

AA N - (3 , 4 - dihydroxyphenethyl)acrylamide 

DQ 2 , 3 - dichloro - 5 , 6 - dicyano - 1 , 4 - benzoquinone 

eTAB decyltrimethyl ammonium bromide 

IB 1,3-diisopropenylbenzene 

MAc dimethylacetamide 

NW double network 

OL 1,3-dioxolane 

P degree of polymerization 

PCE disparete-polymers protected ceramic electrolyte 

PPG diaminopoly(propylene glycol) 

SN dynamic single Li-ion conducting network 

VIMBr 1-vinyl-3-al-lylimidazolium bromide 

DL electric double layer 

DOT 3,4-ethylenedioxythiophene 

O ethylene oxide 

EC fluoroethylene carbonate 

RP free radical polymerization 
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A gum Arabic 

a-LLZO Li 6.25 Ga 0.25 La 3 Zr 2 O 12 

MA glycidyl methacrylate 

O graphene oxide 

PE gel polymer electrolyte 

F hydrofluoric acid 

OMO highest occupied molecular orbital 

PMC hydroxypropylmethyl cellulose 

CE internal combustion engine 

L ionic liquid 

A132 polyacrylic rubber latex 

AGP Li 10 Al 10.5 Ge 1.5 (PO 4 ) 3 
ATP Li 1.3 Al 0.3 Ti 1.7 (PO 4 ) 3 
CO lithium cobalt oxide (LiCoO 2 ) 

FP lithium iron phosphate (LiFePO 4 ) 

IB lithium ion battery 

ICGC LiO 2 -Al 2 O 3 -SiO 2 -P 2 O 5 -TiO 2 -GeO 2 

iFSI lithium bis(fluorosulfonyl)imide 

iMTFSI lithium 1- [3-(methacryloyloxy)propyl 
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iPAA lithium polyacrylic acid 

iPSP lithium polysulfidophosphate 
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LAZO Li 6.28 La 3 Al 0.24 Zr 2 O 12 
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MB lithium metal battery 

NMO Li 1.2 Ni 0.2 Mn 0.6 O 2 

SPS Li 10 SnP 2 S 12 

TO lithium titanate (Li 4 Ti 5 O 12 ) 

UMO lowest unoccupied molecular orbital 

OF metal organic framework 

P microparticle 

W molecular weight 

/P negative to positive electrode capacity ratio 

CA LiNi 0.8 Co 0.15 Al 0.05 O 2 

CM111 LiNi 1/3 Co 1/3 Mn 1/3 O 2 

CM532 LiNi 0.5 Co 0.3 Mn 0.2 O 2 

CM622 LiNi 0.6 Co 0.2 Mn 0.2 O 2 

CM811 LiNi 0.8 Co 0.1 Mn 0.1 O 2 

MP nitroxide mediated polymerization 
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P nanoparticle 

CVD oxidative chemical vapor deposition 

EGDE poly(ethylene glycol)diglycidyl ether 

IPC organic ionic plastic crystal 
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AA polyacrylic acid 

AA-NH 4 ammonium polyacrylic acid 

AL polyacrylate latex 

AM polyacrylamide 

AN polyacrylonitrile 

ANI polyaniline 

BzMA polybenzylmethacrylate 

C polycarbonate 

CEA poly(2-chloroethyl acrylate) 

CL polycaprolactone 

DADMA polydiallyldimethylammonium 

DMS polydimethylsiloxane 
2 
E polymer electrolyte 

Et polyethylene 

EALiFSI poly(ethylene- co -acrylic lithium(fluoro sulfonyl)imide) 

EDOT poly(3,4-ethylenedioxythiophene) 

EDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sul- 
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EGDGE poly(ethylene glycol) diglycidyl ether 

EGMA poly(ethylene glycol)methacrylate 
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EO poly(ethylene oxide) 
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P polypropylene 

PC polypropylene carbonate 

PS polyphenylene sulfide 

Py polypyrrole 

PyPU polypyrrole-polyurethane 

S polystyrene 
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TFE polytetrafluoroethylene 
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AFT reversible addition-fragmentation chain-transfer 

GO reduced graphene oxide 

OMP ring opening metathesis polymerization 

OP ring opening polymerization 

PC reactive polymer composite 
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BR styrene butadiene rubber 

EI solid electrolyte interphase 

EM scanning electron microscope 

EO polystyrene- b -poly(ethylene oxide) 

HE standard hydrogen electrode 

IL solvate ionic liquid 
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LMA semiliquid lithium metal anode 

P silly putty 

PAN sulfur-polyacrylonitrile composite 

PE solid polymer electrolyte 
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MC trimethylene carbonate 

OM trimethoxyehtylene 

PyMA ureidopyrimidinone methacrylate 

C vinylene carbonate 

SZ yttria stabilized zirconia 

. Introduction 

For over a hundred years, our society has been powered by in- 

ernal combustion engines (ICEs), which are heat engines where 

hemical energy is directly transformed into mechanical energy 

ia the combustion of fuels and oxidizers [1] . Unfortunately, ICEs 

ave low energy efficiency ( < 40%) and are evidently causing a dra- 

atic level of environmental pollution [2] . Thus, sustainable energy 

eneration, conversion, and storage methods are urgently needed. 

echargeable batteries can reversibly convert chemical energy di- 

ectly into electricity at a much higher energy efficiency, generate 

uch less greenhouse gases than ICE and are key tools to fight 

gainst global warming [3] . In 2019, the Nobel Prize in Chemistry 

as awarded to Goodenough, Whittingham and Yoshino, honoring 

he development of rechargeable lithium ion batteries (LIBs) [4] . 

his prestigious recognition has drawn even more consensus on 

he role of rechargeable batteries as necessary and most promis- 

ng replacement for ICEs. 

The history of commercial rechargeable batteries dates back to 

he early 1900s when battery chemistries such as Lead-Acid bat- 

ery, Ni-Cd battery and Ni-metal hydride (Ni-MH) battery were 

ommercialized for mobile and stationary applications [5] . In the 

970s, Whittingham developed an intercalation cathode, TiS 2 , that 

ould operate in conjunction with lithium metal as anode [6] . In 

he 1980s, Goodenough developed another intercalating cathode 

aterial, lithium cobalt oxide (LiCoO 2 , more commonly referred to 

s LCO), which had higher energy density than TiS 2 [7] . In 1985, 

oshino paired LCO with an intercalating carbon anode made of 

etroleum coke [8] , which resulted in a device with more stable 

ycling performance and sufficiently high energy density. The pi- 

neering contributions from the three Nobel laureates and many 

ther scientists and engineers in both industry and academia led 

o the creation of LIBs, which have a profound impact on our daily 

ife. 

A state-of-the-art LIB uses graphite as the anode, a layered 

etal oxide as the cathode and liquid organic solvents, such as 

arbonate-based solvents, together with lithium salts as the elec- 

rolyte. Such configuration typically gives a cell-level energy den- 

ity of about 200-250 Wh/Kg, which is only slightly improved in 

omparison to the first-generation LIBs released by SONY in 1991. 

oreover, the energy density remains far from the one of gasoline, 

hich is around 13,0 0 0 Wh/Kg [9] . While recent advances in LIB

esign including Si-based anodes [ 10–12 ] and layered metal oxide 

athodes [ 13 , 14 ] show promising performance, the energy density 

f LIBs is approaching a bottleneck. Therefore, the question that 

eeds to be addressed is whether the energy density of recharge- 

ble batteries can keep up with the explosive technology expan- 

ion. Currently, the most credited solution relies on replacing the 

raphite anode (with a theoretical capacity of 375 mAh/g) with 

ithium metal. In fact, lithium metal has the lowest redox poten- 

ial (-3.04 V vs standard hydrogen electrode, SHE), high theoretical 

apacity (3860 mAh/g) and low market price [15] . 

Lithium metal was already used as anode material in the ear- 

iest prototypes of lithium secondary batteries, including the de- 

ice originally developed by Whittingham in the 1970s. In the late 

980s, Moli Energy released the first commercial lithium battery 

hat used lithium metal as anode. However, shortly after the re- 

ease, the company had to recall all sold cells because of contin- 

ous accidents including fires and explosions, marking a halt in 

he study of lithium metal anodes [16] . The development of ad- 
3 
anced characterization techniques and material preparation ap- 

roaches, along with better understanding of the mechanisms of 

ithium deposition acquired in the 21 st century, raised the possi- 

ility of obtaining safe and stable devices based on lithium metal 

nodes. Therefore, the revival of lithium metal anode has become 

 necessity. In pursuit of reliable rechargeable lithium metal bat- 

eries (LMBs), many governments across the World started their 

wn programs to accelerate related research. For example, the 

nited States established the Battery500 consortium in 2016, Japan 

tarted the Research and Development Initiative for Scientific Innova- 

ion of New Generation Battery (RISING) project in 2009, and China 

aunched the Made in China 2025 project in 2015 [17] . Many global 

attery manufacturers such as Tesla, Toyota, Samsung, CATL and 

G Chem, and several promising tech start-ups such as Quantum- 

cape, SolidEnergy Systems, and Ionic Materials have invested vast 

mounts of resources in developing LMBs. 

An LMB uses a thin layer of lithium foil as the anode, aprotic 

rganic lithium solution as the electrolyte, lithiated layered metal 

xides or sulfur or oxygen in the presence of binders, as the cath- 

de ( Fig. 1 ). It should be noted that an anode-free set-up is also

ossible [18] , albeit more challenging, whereby Li + ions are ini- 

ially stored in a lithiated cathode material and directly plated on 

he Cu current collector during the first charge. The stability of an- 

de, electrolyte and cathode affects the composition and proper- 

ies of the artificial solid electrolyte interphase (ASEI) that forms 

etween the anode and the electrolyte, as well as of the cath- 

de electrolyte interphase (CEI) that forms on the particle sur- 

ace of cathode active materials in contact with the electrolyte, 

olymer binders and conductive agent ( Fig. 1 ). The success of 

echargeable LMBs hinges on the integrated operation of all com- 

onents [19] , i.e. anode, electrolyte, cathode, SEI, CEI and binders. 

hus, problems associated with any of these parts need to be 

ddressed. 

Due to its intrinsic “hostless” nature, a lithium metal anode un- 

ergoes vast volume change during cycling. For example, the de- 

osition of Li at a current density of 1 mAh/cm 

2 corresponds to 

 thickness increase of 4.95 μm at the electrode. High volume 

hanges can lead to non-uniform deposition of lithium and break- 

ge of the naturally formed SEI. To minimize the volume variation 

f the lithium electrode, various anode engineering approaches 

ave been reported, including the fabrication of lithium/alloy hy- 

rid anodes and the infusion of molten lithium into a con- 

uctive scaffold [20] . Recently, polymer materials have emerged 

s soft hosts for making composite lithium anodes, exhibit- 

ng unique advantages over inorganic materials-based approaches 

21] . 

In addition to physical interfacial instability due to the varia- 

ion of volume change, the SEI that spontaneously forms via chem- 

cal and electrochemical reactions between lithium and the liquid 

lectrolyte is intrinsically unstable. The SEI brittleness and non- 

niform composition lead to “hotspots” that favor lithium deposi- 

ions, and “cold-spots” that block the lithium transport. Such inho- 

ogeneity can cause the growth of detrimental lithium dendrites 

22] . Polymer materials have highly tunable mechanical properties, 

ielectric permittivity and functionalities, therefore being ideal 

andidates for the ex situ fabrication of artificial SEIs, i.e. protec- 

ive coatings on the anode that compensate for the flaws of natural 

EIs [22] . 

Besides the occurrence of side reactions with lithium metal 

hat result in formation of unstable SEIs, conventional liquid elec- 

rolytes also suffer from i) low transference number ( t Li + , defined 

s the fraction of current carried by Li ions) that can induce the 

ormation of gradients in the concentration of lithium ions promot- 

ng the growth of dendrites; ii) poor mechanical strength, therefore 

eing unable to physically prevent the penetration of lithium den- 

rites; iii) high flammability that can lead to safety concerns in 
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Fig. 1. Illustration of a LMB including its critical components (anode, electrolyte, cathode, binders, SEI and CEI) and the roles that polymer materials could play for each 

component. 
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ase of short-circuits. Solid polymer electrolytes (SPEs) can over- 

ome the drawbacks of liquid electrolytes [23] . Compared to other 

lectrolyte compositions, such as liquid electrolytes with high salt 

oncentration [20] and solid ceramic electrolytes [24] , SPEs benefit 

rom relatively low costs and facile processability. Therefore, SPEs 

re regarded as key enablers for next-generation solid-state LMBs. 

n addition to dry SPEs, an alternate approach is by adding small 

mount of solvent or plasticizers to form gel polymer electrolytes 

GPEs), with enhanced conductivities. 

Two categories of cathode materials are used for high-energy- 

ensity LMBs: i) lithiated layered metal oxide (also adopted for 

urrent LIBs) and ii) non-lithiated high-energy-density materials, 

uch as sulfur and oxygen. Paring a lithium metal anode with high- 

nergy-density cathode materials, such as Li-rich and Ni-rich cath- 

des, eliminates the need for modifying the original production in- 

rastructure of LIBs. However, electrolyte decomposition in highly 

xidative environments and structural instability of cathode mate- 

ials in the delithiated stage (i.e. metal ions dissolution) can lead 

o rapid capacity loss [ 21 , 25 ]. A sulfur cathode has a very high

heoretical specific capacity of 1670 mAh/g. However, the imple- 

entation of a sulfur cathode is limited by the low active mate- 

ial loading and the polysulfide shuttle effect, i.e. the dissolution 

f intermediate active materials in the electrolytes [26] . Lithium- 

ir (O 2 ) batteries have an ultra-high theoretical energy density 

f 3500 Wh/Kg. However, the chemical instability of conventional 

rganic electrolytes against oxygen reduction products (e.g., su- 

eroxide or peroxide) and the slow kinetics of oxygen reduc- 

ion and peroxide oxidation have to be solved in order to de- 

loy these devices [27] . Polymer materials have long been used 

s cathode binders, providing mechanical stability, prompt adhe- 

ion and improved distribution of active materials and conduc- 

ive agents. Furthermore, novel polymers are being developed and 

sed as protective layers (CEI) or framework for cathode active 

aterials to further provide ionic/electronic conductivity, chemi- 

al/electrochemical stability, continuous surface coverage, and me- 

hanical integrity. 
4 
During the past 100 years since when Staudinger proposed the 

oncept of macromolecules in 1920 [28] , polymer science has wit- 

essed a rapid development, culminated in the invention of ad- 

anced controlled polymerization techniques. These revolutionary 

olymerization methods were developed around the same time 

f the commercialization of LIBs, and include nitroxide mediated 

olymerization (NMP) [29] , acyclic diene metathesis polyconden- 

ation [30] and ring opening metathesis polymerization (ROMP) 

31] in 1980s, atom transfer radical polymerization (ATRP) in 

995 [ 32 , 33 ], and reversible addition −fragmentation chain-transfer 

RAFT) polymerization in 1998 [34] . Together with advanced modi- 

cation chemistries, such as click chemistries [ 35–39 ], these syn- 

hetic tools enabled scientists to design polymer materials with 

redetermined molecular weight (MW) and low dispersity [ 40–44 ], 

recisely defined morphologies, compositions [ 45–52 ], and func- 

ionalities [ 47 , 53–58 ]. Therefore, it became possible to readily syn- 

hesize polymers that meet the property requirements of each part 

f an LMB [ 59–61 ]. In this review, recent advances in materials 

or LMBs are examined from the perspective of polymer chem- 

stry. Specifically, chemistries and applications of polymer materi- 

ls in the area of polymer electrolytes (Section 2), polymer artificial 

olid electrolyte interphases (ASEIs) (Section 3), polymer/lithium 

omposite anodes (Section 4), and polymer-based cathode elec- 

rolyte interphases (CEIs) and binders for cathode materials – lay- 

red metal oxide (Section 5) and sulfur (Section 6) – are presented. 

ithium-air batteries and Li-O 2 batteries have been previously dis- 

ussed in literature [ 62–67 ], and will not be covered in this re- 

iew. In addition to LMBs, there are other promising energy stor- 

ge techniques such as silicon-anode-based LIBs, sodium ion/metal 

atteries, zinc-air batteries, etc, which have been comprehensively 

iscussed in previous reviews and will not be covered herein [ 68–

4 ]. The aim of this review is to provide a comprehensive overview 

or polymer scientists who contribute or intend to contribute to 

he field of energy storage, as well as for battery scientists who 

re interested in tailoring polymer properties to develop safe and 

ong-term stable high-energy LMBs. 
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. Polymer electrolytes for LMBs 

.1. General characteristics of polymer electrolytes 

Commercial LIBs use liquid electrolytes, which are typically 

omposed of a lithium salt with bulky anion, such as LiPF 6 , and 

protic organic solvents with high dielectric constant. The most 

ommon electrolytes include ethylene carbonate and a dialkyl car- 

onate, e.g. dimethyl carbonate, diethyl carbonate. These solvents 

re highly flammable and their instability increases at high tem- 

eratures, potentially causing thermal runaway and hazardous fail- 

re of the battery [ 75 , 76 ]. Therefore, non-flammable electrolytes 

ith enhanced thermal and electrochemical stability are impera- 

ive for safer energy storage devices. 

Conventional liquid electrolytes are even more detrimental 

hen employed in LMBs [ 77 , 78 ]. The contact between the highly

eactive Li metal and aprotic organic electrolytes results in the for- 

ation of a conducting SEI on Li metal. The SEI typically has non- 

niform composition and poor mechanical strength, therefore be- 

ng prone to fracturing during battery cycling, exposing fresh Li 

o the electrolyte, and thus causing further electrolyte decomposi- 

ion [77] . Moreover, the SEI inhomogeneity induces the formation 

f preferential nucleating sites during Li deposition, which results 

n growth of Li dendrites. During prolonged plating/stripping cy- 

les, dendrite proliferation and electrolyte consumption ultimately 

ause battery failure. Dendrites can penetrate through the cell, 

ausing an internal shortage that can lead to fires and explosion 

ecause of the combustible nature of the electrolyte. In addition, 

iquid electrolytes generally have low t Li + , which indicates poor 

harge-transport efficiency [79] . 

Therefore, different strategies were explored to design safe elec- 

rolytes with improved compatibility with Li metal, including vary- 

ng the composition of liquid electrolytes to form better SEIs, and 

eveloping solid or quasi-solid electrolytes, with desirable electro- 

hemical and mechanical stability [77] . Polymer-based electrolytes 

nd ceramic lithium ion conductors are the most widely inves- 

igated alternatives to liquid electrolytes, and their encouraging 

erformances are attracting the interest of EV manufacturers and 

oosting their implementation in practical devices [ 76 , 78–80 ]. 

Typical ceramic electrolytes include garnet-type electrolytes, 

uch as Li 7 La 3 Zr 2 O 12 (LLZO) and NASICON-type electrolytes, such 

s Li 1.5 Al 0.5 Ge 1.5 (PO 4 ) 3 (LAGP). Ceramic electrolytes generally have 

igh Li transference number, high ionic conductivity ( σ ) that can 

e comparable or even higher than that of conventional liquid 

lectrolytes ( > 10 −3 S/cm at r.t.), and high shear modulus [78] . 

he latter was predicted to be key to uniform Li electrodeposition 

nd inhibition of dendrites in LMBs [81] . In particular, Monroe and 

ewman’s model indicated that optimal electrolytes have a shear 

odulus of > 6 GPa, or about twice the shear modulus of Li metal.

However, ceramic electrolytes are highly brittle and have poor 

nterfacial contact with electrodes that can result in large inter- 

acial resistance and poor cycling performance [78] . Furthermore, 

hey are not exempt from dendrite growth that can occur through 

rain boundaries or interconnected pores [82] . In contrast, polymer 

lectrolytes typically exhibit good mechanical integrity and flexi- 

ility, as well as sufficient surface stability and interfacial contact 

ith electrodes [ 12 , 76 ]. Moreover, polymer electrolytes are easily 

rocessed in thin films, manufactured from readily available pre- 

ursors and their structure can be largely tuned, which results in 

unable mechanical properties and electrochemical performance. 

Nevertheless, some challenges remain to be solved for practi- 

al use of polymer-based electrolytes and particularly for their im- 

lementation in high-voltage LMBs. i) The conductivity of polymer 

lectrolytes must be improved to reach practical targets (e.g. σ > 

 × 10 −4 S/cm at r.t. as established by the U.S. Department of En- 

rgy) [83] . ii) A lithium transference number close to unity should 
5 
e achieved to ensure efficient charge transport. iii) The polymer 

lectrolyte should have high shear modulus to suppress dendrite 

rowth, while maintaining desirable flexibility and electrode wet- 

ing. iv) The electrolyte should be amenable of large-scale roll-to- 

oll productions. Furthermore, wide electrochemical stability win- 

ow (from 0 to > 4.5 V vs Li + /Li – all potential values reported

n this review are referred to Li + /Li, unless otherwise specified) is 

ecessary to pair the electrolyte with high-voltage cathodes. Poly- 

er electrolytes for Li-S batteries should also slow down or block 

he shuttling of polysulfides that form on the cathode side [84] . 

In order to have good conductivity for Li ions, the polymer ma- 

rix should: i) possess sites able to coordinate to Li ions with suf- 

cient strength to promote the dissolution of the salt, but at the 

ame time enabling Li + to hop between the sites; ii) have high 

ielectric constant to favor charge separation in the salt; iii) have 

ow glass transition temperature ( T g ) and low crystallinity at room 

emperature, corresponding to high backbone flexibility and facile 

egmental motion [85] . 

While most polymers have shear moduli lower than the ideal 

alue of 6 GPa, recent studies suggest that “soft” electrolytes can 

till enable stable Li plating/stripping on Li metal anode [ 77 , 79 ].

hile electrolytes with high modulus can suppress dendrites by 

xerting pressure during deposition, electrolytes with high Li trans- 

erence number promote efficient and uniform Li + transport, pre- 

enting formation of charge concentration gradient and anions de- 

omposition [86] . Moreover, nanostructured electrolytes can con- 

ne the Li deposition to a length scale smaller than the length 

cale of the most stable nucleates [87] . Therefore, the ability of 

recisely engineering the composition and architecture of polymer 

aterials through advanced polymerization techniques is essential 

o reach a breakthrough in polymer electrolytes for high-energy, 

afe and stable Li metal batteries. 

This Section discusses some of the most relevant and most in- 

estigated types of polymer electrolytes, including recently devel- 

ped and promising materials, highlighting the synthetic strategies 

hat are enabling to overcome key challenges for high-performing 

lectrolytes. 

.2. Solid polymer electrolytes (SPEs) 

.2.1. PEO-based solid electrolytes 

In the late ‘70s, alkali metal salts dispersed in poly(ethylene ox- 

de) (PEO) were first used as solid electrolytes [88] . Since then, PEO 

as been the most investigated polymer for polymer-based elec- 

rolytes. The ability of PEO/salt mixtures to conduct Li + depends 

n the amorphous region of the polymer. PEO has relatively low T g 
 ∼ -60 °C) and the ethylene oxide (EO) units are capable of com- 

lexing to Li + , facilitating the dissolution of the salt. However, PEO 

as poor mechanical stability at T > 60 °C and relatively high de- 

ree of crystallinity at r.t., which results in low conductivity, 10 −8 - 

0 −7 S/cm. Moreover, the strong interactions between Li + and EO 

nits diminishes the Li transference number (0.1-0.2), and PEO- 

ased electrolytes tend to be unstable at high voltages ( > 3.8 V) 

89] . 

Therefore, several efforts were made to engineer the structure 

nd composition of PEO-based SPEs to meet the requirements for 

ong-term stable LMBs. At the same time, other polymers were ex- 

ensively investigated for their use as solid-state electrolytes. On 

he other hand, plasticizers and inorganic fillers were introduced in 

olymer electrolytes to enhance their conductivity and/or mechan- 

cal strength, forming gel polymer electrolytes (GPEs) and com- 

osite polymer electrolytes (CPEs), respectively (see Section 2.3 

nd 2.4). 

In the past decades, advancements in polymer chemistry en- 

bled to finely tune polymer morphology and architecture, open- 

ng new possibilities to explore structure-properties relationships 
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Fig. 2. Examples of PEO-based polymers with different architectures used as SPEs. 
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n polymer electrolytes [ 12 , 59 , 60 , 90 ]. The design of block copoly-

er electrolytes (BCPEs) has attracted great interest as it allows 

or decoupling the electrical and mechanical properties, due to 

he self-assembly of these materials into periodic structures with 

anosized domains [ 91–94 ]. In PEO-based BCPEs, the conductive 

athways are provided by an EO-containing block, while the other 

lock contributes to the mechanical strength. The nanostructure of 

CPEs depends on the Flory-Huggins interaction parameter, on the 

egree of polymerization and chain architecture, as well as on the 

elative block volume. However, doping with Li salt and the com- 

lexation of Li + with EO-units can modify the copolymer morphol- 

gy and the properties of the domains, affecting the conductivity 

nd mechanical strength of the electrolyte. Thus, the molar ratio of 

i ions to EO units ( r = [Li]/ [EO]) needs to be carefully optimized

n BCPEs, together with the copolymer composition. 

Polystyrene- b -PEO (PS- b -PEO, or SEO) diblock copolymers and 

S- b -PEO -b -PS triblock copolymers ( Fig. 2 ) have been widely

tudied as BCPEs. SEO is synthesized by anionic polymerization, 

hereas the triblock copolymer is usually prepared by transform- 

ng the terminal hydroxyl group of PEO into initiating sites for 

ubsequent controlled radical polymerization, e.g NMP or ATRP 

 93 , 95 , 96 ]. In contrast to PEO homopolymers where the ionic con-

uctivity decreased with increasing the molecular weight M n , the 

onductivity of SEO (with r = 0.02-0.1) increased with M n (PEO) 

for M n > 10k) until reaching a plateau, and a similar behav- 

or was reported for the triblock copolymer [ 91 , 95 ]. This was

ttributed to the existence of a dead zone excluded from the 

i + transport at the PEO/PS interface, which was reduced in size 

ith increasing M n (PEO) [95] . Recent analysis of Li electrode- 

osition through SEO/lithium bis(trifluoromethanesulfonyl)imide 

LiTFSI) electrolytes showed that the formation of globular protru- 

ions and mossy lithium was more significant at high current den- 

ities and relatively high r , and it was strongly favored by the pres-

nce of impurities on the Li surface [ 97 , 98 ]. PS- b -PEO -b -PS/LiTFSI

an reach ionic conductivity of ∼10 −3 S/cm at 70 °C ( r = 0.05),

ith good oxidative stability up to 4.5 V, enabling to achieve 

1% Coulombic efficiency during charge/discharge cycles of a high- 

oltage Li/NCM532(LiNi 0.5 Co 0.3 Mn 0.2 O 2 ) cell at 0.1C and 70 °C [96] . 
6 
Comb polymers with short PEO side chains have been used in 

PEs, in order to locate the Li + coordinating units into dynamic 

ide chains, thus suppressing the crystallization of the PEO-based 

nits and enhancing the conductivity [92] . BCPEs with a central 

lock of poly(ethylene glycol) methacrylate (PEGMA) between PS 

locks ( Fig. 2 ) were prepared by NMP and Ru-catalyzed ATRP using 

ifunctional initiators [ 99 , 100 ]. PS- b -PEGMA- b -PS/LiClO 4 ( r = 0.05)

ad high conductivity σ = 2 × 10 −4 S/cm at room temperature 

99] . However, the electrochemical stability of this type of comb 

CPEs was generally lower than the corresponding PS- b -PEO- b - 

S electrolytes [100] . Methacrylate monomers, such as benzyl and 

ethyl methacrylate, have been used to build triblock copolymer 

lectrolytes with a central PEGMA block by ATRP [ 101 , 102 ]. These

CPEs with pre-determined MW of each block and low dispersity, 

< 1.2, exhibited room temperature conductivity of ∼10 −5 S/cm 

nd wide electrochemical stability window. 

Different architectures have been explored to further enhance 

he segmental motion of polymer chains and increase the elec- 

rolyte conductivity. Hyperbranched star PEs ( Fig. 2 ) were built 

y a two-step RAFT polymerization, to first generate an hyper- 

ranched PEGMA-based core, subsequently extended with styrene. 

he star polymers showed 5-16 times higher conductivity than 

EGMA-PS linear BCPEs with similar compositions due to the sup- 

ressed crystallization, and Young’s modulus ranging from 0.5 to 

.4 MPa at 60 °C [103] . Li/LiFePO 4 (LFP) batteries with the hyper- 

ranched star PE delivered stable capacity for over 100 cycles at 

.2C and 60 °C. Fluorinated star-branched PEs were synthesized by 

TRP from a hyperbranched polystyrene core extended with tri- 

uoroethyl methacrylate and PEGMA, and exhibited high oxidative 

tability, up to 4.9 V [104] . 

Methacrylate and norbornene monomers with PEO side chains 

ere used to prepare polymer brushes ( Fig. 2 ) with different 

ackbone and side chain length by free radical polymerizations 

FRP), ATRP and ROMP, respectively [ 105 , 106 ]. The polymer brushes 

ixed with LiTFSI exhibited 10-time higher conductivities than 

inear PEO-based PEs with similar MW. Indeed, the brush struc- 

ure has the advantage of enabling the synthesis of high MW 

olymers, while maintaining short and dynamic PEO side chains. 
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rush-first ROMP was used for the synthesis of PEO-based brush- 

rm star polymers (BASPs) with different degree of polymeriza- 

ion of PEO [107] . The method comprised the polymerization of 

inear norbornene-terminated macromonomers to produce bot- 

lebrush polymers that were subsequently cross-linked by addi- 

ion of a bis-norbornene to yield BASPs. Systematic analysis of 

he effect of polymer architecture on the conductivity revealed 

hat the macromonomer and BASPs with equivalent Li salt load- 

ng had comparable ability of dissociating Li salts. Recently, a Ya- 

amoto homocoupling reaction has been exploited to polymer- 

ze 2,5-dichlorophenolic monomers functionalized with short PEO 

hains [108] . The self-assembly of p -phenylene backbones resulted 

n stacked structures with phase separated soft EO domains, and 

heir morphology was preserved upon addition of Li salt. 

Cross-linked polymers have shown promising performance 

s electrolytes for LMB, because of their increased mechanical 

trength and the capability of nanostructured networks of con- 

ning and homogenizing the Li electrodeposition. As proposed by 

ikekar et al., limiting the deposition of active metals to uni- 

orm nanoscale structures can prevent the growth of dendrites 

ecause interfacial forces, such as surface tension, are strongest 

n small length scales [77] . Thus, uniform Li plating/stripping can 

e achieved at lower material modulus than the value predicted 

y Monroe and Newman. Crosslinked PEO-based SPEs were syn- 

hesized via thermally induced cationic ring opening polymeriza- 

ion (CROP) of the epoxide monomer poly(ethylene glycol) digly- 

idyl ether, using LiBF 4 as initiator in the presence of mois- 

ure [109] . The solvent-free polymerization could be performed 

n situ on the cathode surface, reaching quantitative conversion 

n 1 h at 80 °C. Upon mixing with LiTFSI ( r = 0.045), the SPE

ad T g ∼-55 °C, σ ∼10 −4 S/cm at r.t. and electrochemical stabil- 

ty up to 5.5 V, which enabled to measure a Coulombic efficiency 

CE) of 99.4% in a Li/NCM111(LiNi 1/3 Mn 1/3 Co 1/3 O 2 ) battery cycled 

t 0.2C. Cross-linked PEO based SPEs with highly uniform mesh 

ize could be prepared by thiol-ene click chemistry under mild 

onditions, by reacting poly(ethylene glycol) diallyl ether with a 

etrathiol crosslinker, in the presence of a photoinitiator and LiTFSI 

110] . The SPE networks showed conductivity of 5 × 10 −5 S/cm 

t r.t. and ∼10 −3 S/cm at 90 °C, with moduli of ∼0.9 MPa. PEO- 

ased networks were also prepared by electron beam irradiation 

f poly(ethylene glycol) dimethyl ether in the presence of an hy- 

erbranched polymer with acryloyl groups, and LiTFSI [111] . The 

PE with optimized composition showed σ ∼2 × 10 −4 S/cm at r.t. 

nd Young’s modulus of 0.22 MPa and resulted in high capacity 

i/LTO(Li 4 Ti 5 O 12 ) cells. 

Among PEO based PEs, polyetheramines that follow under the 

rademark Jeffamine® have attracted great interest as they com- 

rise EO and propylene oxide (PO) units, the latter contribut- 

ng to reduce the crystallinity and thus enhancing the conduc- 

ivity upon suitable balance of EO and PO groups [112] . The 

se of Jeffamines as electrolytes dates back to the ‘90s, however 

heir room temperature conductivity was relatively low ( < 10 −5 

/cm). More recently, comb SPEs based on a rigid polyimide back- 

one with Jeffamine side chains ( Fig. 2 ) and LiTFSI or lithium 

is(fluorosulfonyl)imide (LiFSI) were prepared by thermal ring- 

pening and closure reactions [113] . The electrolyte with the high- 

st conductivity ( σ = 7.9 × 10 −5 S/cm at 30 °C) showed promis- 

ng performance in Li/LFP cell. The synthetic procedure was further 

ptimized to obtain a flowable Jeffamine-based PE, as evidenced 

y the loss modulus prevailing over the storage modulus at differ- 

nt temperatures [114] . The flowable electrolytes showed slightly 

igher conductivity and oxidative stability than the corresponding 

PEs, and more durable performance in LMB due to the improved 

nterfacial contact between electrodes and electrolyte. 

Finally, layered electrolytes were constructed in order to over- 

ome the poor stability of PEO-based systems at high voltages. 
7 
imethylacetamide (DMAc) was studied as an additive for liquid 

lectrolytes capable of improving their oxidative stability [115] . 

hus, poly(N-methyl-malonic amide) (PNMA), which contains re- 

eating DMAc units, was used together with PEO to form double- 

ayer SPEs, with PNMA in contact with the cathode material and 

EO for the anodic side. The SPEs showed good stability up to 4.75 

 and 91% capacity retention was measured after 100 cycles of a 

i/LCO cell at 0.2C and 65 °C. 

.2.2. Polycarbonate-based solid electrolytes 

In order to overcome the typical drawbacks of PEO, such as 

ow oxidative stability, several polymer materials based on non- 

ther backbones have been explored, including polyacrylonitrile, 

oly(vinyl alcohol), polysiloxanes, as well as their copolymers with 

ther polymer classes. [ 85 , 116–118 ] Polycarbonate (PC)-based elec- 

rolytes are among the most studied PEO alternatives [85] . PCs 

oordinate to Li ions primarily through the carbonyl group oxy- 

en, and this interaction is weaker than the complexation between 

i + and EO units. Thus, polycarbonates generally display enhanced 

onductivity compared to polyethers. Aliphatic PCs have relatively 

ow crystallinity, which additionally contributes to achieving good 

onductivity. They exhibit high Li transference number and good 

tability at high voltages ( > 4 V) [119] . On the other hand, PCs

ave poor stability against Li metal, analogously to their small 

olecule liquid counterparts. The degradation of PC-based SPEs, 

ncluding polypropylene carbonate (PPC, Fig. 3 ), when in contact 

ith Li metal at high temperatures can result in decreased interfa- 

ial and bulk resistance, due to a decrease in polymer crystallinity 

nd formation of small molecule products with high conductivity 

 120 , 121 ]. However, the electrolyte degradation abates its mechan- 

cal integrity and favors dendrites proliferation. Furthermore, PPC 

n contact with an LFP cathode can cause the reduction of Fe 3 + 

o Fe 2 + , hampering the battery capacity, unless the cathode elec- 

rolyte interphase is engineered to minimize side reactions [122] . 

Polycarbonates can be synthesized by ring opening polymer- 

zation (ROP) of cyclic carbonates or by copolymerizations using 

O 2 as renewable feedstock, thus with the additional benefit of 

erving for CO 2 utilization [ 85 , 123 ]. The copolymerization strat- 

gy enables to introduce selected functionalities into the poly- 

er structure and tune the electrolyte properties. Poly( β-oxo- 

arbonate)s ( Fig. 3 ) have been synthesized by room tempera- 

ure organocatalyzed polyaddition of CO 2 -sourced bis( α-alkylidene 

arbonate)s (bis- αCCs, Fig. 3 ) with PEO-diols of different molar 

asses [ 123 , 124 ]. Longer PEO chains resulted in SPEs with higher

onductivity. By introducing a dihydroxy methacrylate into the 

ynthetic procedure, a semi-interpenetrated network SPE was pre- 

ared by UV-induced crosslinking. The network had Young’s mod- 

lus of 13 MPa, σ ∼10 −5 S/cm at r.t. and electrochemical stability 

p to 5 V. Alternatively, combinations of a dithiol with bis- αCCs 

nd PEO were used to prepare SPEs with tunable content of lin- 

ar and cyclic carbonate segments ( Fig. 3 ) [125] . The presence of 

s low as 18 mol% of cyclic groups enhanced the conductivity and 

he oxidative stability (5.6 V) of the electrolyte, although a small 

mount of plasticizer (10 wt%) was needed to enable r.t. operation 

n Li/LFP batteries. 

Aiming to combine the advantages of PEO and PC-based elec- 

rolytes, poly(ethylene oxide carbonates) (PEO X -PC, Fig. 3 ) were 

ynthesized by polycondensation between ethylene oxide diols 

f various length and dimethyl carbonate [126] . PEO X -PC with 

 n = 25k and 30 wt% LiTFSI showed σ ≈ 4 × 10 −5 S/cm at r.t. By 

dding a methacrylate based diol into the polycondensation mix- 

ure, a crosslinkable PEO X -PC derivative ( Fig. 3 ) was prepared to 

ubsequently obtain a free-standing SPE upon UV curing [127] . The 

rosslinked SPE showed similar conductivity to the corresponding 

inear material, electrochemical stability up to 4.9 V and improved 

echanical strength. 
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Fig. 3. Structures of some polycarbonates and polyesters and their copolymers employed as solid polymer electrolytes. 
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.2.3. Polyester based solid electrolytes 

Polyester-based electrolytes share similarities with both PEO 

nd polycarbonates. Polyesters can coordinate to Li + ions through 

he oxygen atoms in the C = O groups. They have low T g and a

emi-crystalline structure at moderate temperature, which ham- 

ers the ionic conduction [85] . Among numerous explored strate- 

ies to increase the conductivity of polyester-based electrolytes, 

he variation of polymer architecture by copolymerization or cross- 

inking resulted in SPEs with good electrochemical and mechanical 

roperties. 

Polycaprolactone (PCL, Fig. 3 ) is one of the most studied 

olyesters for SPEs, benefiting from a facile synthesis by ROP 

f ε-caprolactone and eventual biodegradability. While the semi- 

rystallinity of PCL at room temperature limits its use, statistical 

opolymerization of PCL with trimethylene carbonate (TMC) led to 

argely amorphous copolymers with high MWs ( ∼300k) [128] . PCL- 

o -PTMC with 20 wt% TMC units and 36 wt% LiTFSI displayed r.t. 

onductivity of 4 × 10 −5 S/cm and Li transference number of 0.62 

t 40 °C, indicative of improved conduction ability compared to 

ommon PEO-based electrolytes. However, these copolymers have 

oor structural integrity and can be prone to dendrite penetra- 

ion in LMBs. Thus, crosslinked SPEs were prepared by UV curing 

f PCL- co -PTMC in the presence of di- and tri-acrylate crosslink- 

rs and a photoinitiator [129] . Improved mechanical stability, with 

o substantial effect on conductivity and good cycling performance 

n Li/LFP cells were obtained. In an alternative approach, a block 

opolymer electrolyte with a hard block of poly(benzyl methacry- 
8 
ate) (PBzMA) that reinforced the PCL- co -PTMC ( Fig. 3 ) was syn-

hesized by sequential ATRP and ROP [130] . The BCPE with 20 

t% PBzMA and 16.7 wt% LiTFSI showed σ = 10 −5 S/cm at r.t., 

 Li + = 0.64 and a high Young’s modulus of 0.2 GPa below 40 °C. 

.2.4. Poly(ionic liquids)-based solid electrolytes 

Poly(ionic liquid)s (PILs) have emerged as attractive materials 

or rechargeable battery electrolytes, as they combine the low- 

ammability and high electrochemical stability window of ionic 

iquids to the mechanical strength, flexibility and tunable design 

f polymers [131] . In PIL electrolytes, cations or anions are immo- 

ilized onto the polymer backbone and this affects the mobility of 

i + and counterions. While PILs are often used upon addition of 

n IL as plasticizer to form GPEs, solid PIL electrolytes were also 

tudied. Comb-like structures bearing cationic side chains were 

enerally preferred, particularly piperidinium ions that gave better 

lectrochemical stability. Block copolymers and other architectures 

ere explored to achieve better mechanical properties in PIL-based 

PEs. 

Recently, a solid PIL-in-salt electrolyte system was developed, 

ased on poly(diallyldimethylammonium bis(fluorosulfonyl)imide) 

PDADMA FSI) [132] . Increasing the salt concentration in elec- 

rolyte systems can increase the ionic conductivity and Li trans- 

erence number. FSI-based salts have high solubility, enhanced al- 

ali ion transport, and tend to form SEIs with good uniformity and 

onductivity. In the PDADMA FSI system, the molar ratio of PIL to 

iFSI could be varied from 2/1 to 1/6. Ratios as high as 1/4 and 1/6



S. Li, F. Lorandi, H. Wang et al. Progress in Polymer Science 122 (2021) 101453 

r

i

S

i

s

L

2

t

m

s

g

f

a

T

s

s

n

f

t

fi

w

m

s

p  

>

1

t

s

r

i

t

t

t

t

t

t

t

S

2

d

p

a

d

i

a

f

E

c

b

o

o

s

u

w

p

t

p

p

g

a

c

c

L

2

2

w

t

h

(

G

c

i

m

w

t

t

c

i

e

r

c

r

p

t

c

p

m

l

p

e

t

p

p

(

U

P

b

t

m

H

(

T

t

t

t

r

G

a

s

p

i

s

t

c

t

m

a

c

3

m

esulted in the formation of microphases and decreased conductiv- 

ty, likely due to the presence of non-conductive phases. However, 

PEs with 2/1, 1/1 and 1/1.5 PIL/LiFSI ratios showed conductivity 

ncreasing with LiFSI content and stability up to 5 V. The PIL-in- 

alt with 1/1.5 ratio enabled good cycling stability of Li/LFP and 

i/NCM cells with practical high loading of active material. 

.2.5. Charge-transfer-complex-based solid polymer electrolytes 

When lithium salts are dissociated in a polymer matrix, the 

ransport of charges occurs via a translational method, whereby 

oving ions are always coupled with the segmental motion of 

olvating polymer chains. Therefore, polymers with relatively low 

lass transition temperatures, such as PEO, are generally employed 

or SPEs. Consequently, the mechanical strength of the SPE usu- 

lly needs to be sacrificed in order to enhance its conductivity. 

herefore, it is critical to develop a strategy toward SPEs with 

imultaneously high conductivity and strength to fabricate solid- 

tate batteries. In a patent filed by Zimmerman et al. [133] a 

ovel type of polymer electrolytes was reported, based on the 

ormation of charge-transfer complexes. The electrolyte comprised 

he electron-donating semicrystalline polymer poly(phenylene sul- 

de) (PPS), a p-type dopant, and lithium salt. Upon doping PPS 

ith 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), the poly- 

er and dopant formed a charge-transfer complex in a regularly 

tacked lamella phase, with lithium ions moving within the highly 

olarized matrix. PPS has a T g of over 80 °C and a melting point

 250 °C, yet the electrolyte achieved a superionic conductivity of 

0 −4 ∼10 −3 S/cm at room temperature. Hatakeyama-Sato et al. fur- 

her showed that when either PPS or a more soluble dimethyl sub- 

tituted PPS were mixed with tetrachloro-1,4-benzoquinone (chlo- 

anil), in the presence of as little as 10 wt% LiTFSI, the result- 

ng SPEs had conductivities of ∼10 −3 S/cm at r.t. [134] . To explain 

his phenomenon, it was proposed that when the HOMO level of 

he donor approaches the LUMO level of the acceptor, the charge- 

ransfer complex becomes electrically ionic and helps to dissociate 

he lithium ions [135] . An interface conduction model suggested 

hat the charge transport occurs at the interface of crystals where 

he binding energy is weaker than in bulk [136] . Polymer charge- 

ransfer complex electrolytes opened new avenues for designing 

PEs with robustness and high conductivities. 

.2.6. Toward more sustainable polymer electrolytes 

The need for sustainable alternative to conventional polymers 

erived from fossil feedstocks is relevant to the application of 

olymers in energy storage devices, where the use of naturally 

bundant resources and the potential for biodegradation can re- 

uce costs and improve the device recycling [ 137–139 ]. Cellulose 

s among the most abundant and studied natural polymers, with 

 large number of functionalities that can be exploited for trans- 

ormations. Polymer brushes with a cellulose-based backbone and 

O units in the side chains were prepared by partial oxidation of 

ellulose, followed by reaction with PEO mono-methyl ether, or 

y esterification of cellulose with 2-bromopropionyl bromide in 

rder to introduce ATRP initiating sites for the subsequent ATRP 

f PEGMA [ 140 , 141 ]. The cellulose-PEGMA bottlebrush electrolyte 

howed high r.t. conductivity (8 × 10 −5 S/cm), oxidative stability 

p to 4.9 V and high stretchability [141] . The high conductivity 

as attributed to the ordered nanolayered structure of the brushes, 

romoted by the rigid and rod-like cellulose backbones, which 

end to form ordered nanochannels that enhance the Li + trans- 

ort. A similar strategy was used to functionalize lignin and grow 

olymers with multi-arm star architecture, via ATRP of PEGMA and 

lycidyl methacrylate (GMA). The GMA units were introduced to 

llow for subsequent crosslinking with poly(ethylene glycol) digly- 

idyl ether (PEGDGE), under photoacid catalyzed conditions. The 
9 
rosslinked polymers could be used as either SPE or binder in 

MBs [142] . 

.3. Gel polymer electrolytes (GPEs) 

.3.1. Characteristics and manufacturing of gel polymer electrolytes 

Gel polymer electrolytes typically comprises a polymer frame- 

ork as host material, a Li salt and a solvent as plasticizer. The lat- 

er should present good chemical and electrochemical stability and 

igh dielectric constant, thus carbonate molecules and ionic liquids 

ionogels) are the most commonly employed plasticizers [ 76 , 143 ]. 

PEs generally present greater conductivity and improved interfa- 

ial properties compared to SPEs. Moreover, GPEs have high flex- 

bility and elasticity, which allow for better containment of volu- 

etric changes occurring at the electrode and are well-suited for 

earable devices. However, the presence of relatively high frac- 

ions of liquid plasticizers decreases the membrane strength and 

hermal stability. Therefore, inorganic fillers are often used to form 

omposite GPEs with improved mechanical properties. In addition, 

n GPEs the melting point of the solvent can be significantly low- 

red when the solvated electrolyte is trapped in a confined envi- 

onment. As a consequence, the GPE can exhibit sufficiently high 

onductivity at sub-zero temperatures, widening the application 

ange of the electrolyte [144] . 

GPEs are prepared via physical or chemical procedures. Dry 

olymers can be soaked in the liquid of choice to form the GPE, or 

he polymerization mixture can contain the plasticizer that is in- 

orporated in the electrolyte during the gelation or polymerization 

rocess. The second method ensures better contact with the poly- 

er (and eventual fillers) and do not require excessive amount of 

iquid solvent [143] . 

Plasticizers are commonly added to polymer networks to im- 

rove their flexibility, conductivity, and interfacial contact with 

lectrodes. Crosslinked PEO-based electrolytes are typically plas- 

icized with liquid carbonates or with glymes, in order to im- 

rove the room temperature conductivity [ 110 , 145 ]. Cross-linked 

oly(tetrahydrofuran) (PTHF) plasticized with dimethylformamide 

18 wt%) had σ ∼10 −4 S/cm at r.t. [146] . THF was crosslinked by 

V irradiation in the presence of 2-isocyanatoethyl methacrylate. 

THF is less coordinating to Li + than PEO due to the smaller num- 

er of oxygen in the chain, and this resulted in increased conduc- 

ivity. 

Double network (DNW) GPEs were synthesized by using com- 

ercial poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF- 

FP) as long-chain network and poly(ethylene glycol) diacrylate 

PEGDA) to form the short-chain network by UV crosslinking [147] . 

he DNW was soaked in a carbonate-based liquid electrolyte and 

he DNW-GPE exhibited σ = 8.1 × 10 −4 S/cm at r.t. Moreover, 

he double network showed higher modulus and fracture energy 

han PVDF-HFP-based GPEs. While PVDF-HFP is a common mate- 

ial for rechargeable batteries, a PVDF-perfluoroether (PFE) based 

PE showed a remarkably high conductivity of 3 × 10 −3 S/cm 

t r.t. [148] . PVDF-PFE copolymer had a PVDF backbone with PFE 

ide chains and was synthesized by thermally initiated free radical 

olymerization. Then, the copolymer ( M n = 49,0 0 0) was dissolved 

n acetone and an IL-based electrolyte (PFE/LiTFSI = 2) followed by 

olvent evaporation to form the highly conductive GPE. 

The combination of ionic liquids and block copolymer can led 

o materials with controlled nanostructures and exceptional me- 

hanical properties [149] . The nature of the IL and monomers and 

he composition of the block copolymers and their miscibility pri- 

arily determine the material properties. RAFT polymerization of 

 styrene/divinylbenzene mixture from PEO functionalized with a 

hain transfer agent was conducted in the presence of the IL butyl- 

-methylimidazolium TSFSI (BMITFSI) and LiTFSI [150] . The poly- 

erization induced self-assembly approach resulted into nanoscale 
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omains, with continuous morphology ensured by the crosslink- 

ng between PS and divinylbenzene. BMITFSI was immiscible with 

S and therefore partitioned into the PEO domains, together with 

iTFSI. This one-step process gave bicontinuous and nanostructured 

embranes with conductivity > 10 −3 S/cm at r.t. and shear mod- 

lus approaching 1 GPa. 

.3.2. Electrolytes from in-situ polymerizations 

Inducing the polymerization of liquid electrolyte mixtures into 

he assembled battery during initial charge/discharge cycles is an 

merging strategy toward high-performing LMBs [151] . The main 

dvantage of this in situ polymerization approach is that polymers 

rown into assembled cells can better wet the electrodes, thus 

onsiderably reducing the interfacial resistance. In addition, the 

imple manufacturing and relatively low cost facilitate the scale up 

f this method. In situ polymerization of some liquid electrolytes 

ommonly used in battery research was recently investigated. Key 

omponents of the initial electrolyte mixture are the polymeriza- 

ion initiator and/or catalyst, as their amount and nature affect the 

egree and rate of polymerization, as well as the composition and 

roperties of the resulting quasi-solid or solid system. 

1,3-Dioxolane (DOL) has been studied as precursor for in situ 

olymerization in LMBs. Ether-based liquid electrolytes, typically 

omposed of DOL, dimethoxy ethane and LiTFSI, in contact with 

i metal forms a solid electrolyte interphase with more favorable 

roperties and composition than the SEI formed by carbonate elec- 

rolytes [152] . The outer layer of this spontaneous SEI largely con- 

ains short oligomers with elastomeric character and C-O-C link- 

ges, thus displaying favorable conductivity and flexibility. DOL can 

e polymerized by ROP in the presence of Al salts, and this re- 

ction was exploited by Archer et al. to transform a liquid elec- 

rolyte into a solid one in situ during the battery cycling [151] . Dur-

ng charge/discharge cycles, Al(OTf) 3 initiated the ROP of DOL, and 

he polyDOL content and MW depended on the loading of Al salt. 

he in situ generated polyDOL electrolyte enabled good interfacial 

ontact and long-term stable cycling. Furthermore, by combining 

l(OTf) 3 and AlF 3 it was possible to improve the anodic stability of 

he electrolyte [153] . Indeed, AlF 3 helped preventing the oxidation 

f Al current collectors, by creating an Al 3 + saturated environment 

ith immobilized TFSI −. Additionally, AlF 3 contributed to a more 

table cathode electrolyte interphase, thus extending the cycle life 

f high-voltage Li/NCM622(LiNi 0.6 Co 0.2 Mn 0.2 O 2 ) cells. 

The properties of polyDOL-based electrolytes could be improved 

y tuning the composition of the initial liquid mixture to form 

andom copolymers. In the presence of LiPF 6 , mixtures of DOL 

 > 30 wt%) and ethylene carbonate could be polymerized, form- 

ng viscous gels with inhibited crystallinity, and high oxidative sta- 

ility up to 4.7 V, which increased with the DOL content. Simi- 

arly, by using LiBF 4 as a source of BF 3 initiator, DOL was ran- 

omly copolymerized with trimethoxyethylene (TOM) [154] . Ad- 

usting the monomer ratio and the temperature, the crystalliza- 

ion in the copolymers was suppressed, thus increasing the diffu- 

ion coefficient of Li + and the conductivity ( ∼10 −5 S/cm at r.t. for 

OL/TOM 8/2 solid copolymer). The electrolyte was electrochem- 

cally stable up to 4.4 V, and a Li/LFP cell with in-situ polymer- 

zed electrolyte showed > 91% capacity retention after 400 cycles 

t 0.5C and 40 °C. 

PTHF could also be formed in situ in Li/LFP cells, by starting 

rom THF/LiClO 4 and BF 3 as initiator, while poly(vinylene carbon- 

te) (PVC) was formed inside a Li/LCO operating at high tempera- 

ure, by adding a thermal radical initiator to the VC/LiClO 4 liquid 

lectrolyte [ 155 , 156 ]. Therefore, the in situ polymerization strategy 

s emerging as a versatile tool to achieve quasi-solid or solid-state 

olymer electrolytes with optimal interfacial contact with Li metal 

node. 
10 
.3.3. Solvate ionic liquids (SILs) 

Mixtures of lithium salt and oligomeric ethylene glycol under 

pecific compositions results in strong chelation of lithium cations 

y the ethylene glycol repeating units to form solvate, with very 

ittle amount of free oligomers. Such unique formulations exhibit 

imilar characteristics to ionic liquids, thus being termed solvate 

onic liquids (SILs) [ 157 , 158 ]. Typically, SILs are formed between 

ithium salt bearing anions with weak Lewis basicity and glymes 

ith 3 or 4 repeating unit. The greater the ionic association of the 

alt, the less likely the chelation between Li + and glymes. Thus, 

he tendency to form SILs decrease in the order LiTFSI > LiOTf 

lithium triflate) > LiNO 3 . The most prominent SILs are combina- 

ions of LiTFSI with either tri(ethylene glycol) dimethyl ether (G3) 

r tetra(ethylene glycol) dimethyl ether (G4), i.e. [Li(G3)]TFSI and 

Li(G4)]TFSI. Due to the absence of free glymes, SILs have several 

dvantages compared to glymes: i) negligible vapor pressure; ii) 

educed flammability; iii) enhanced oxidative stability; iv) reduced 

orrosion of aluminum current collector [159] ; v) reduced dissolu- 

ion of electroactive materials, such as lithium polysulfide in Li-S 

atteries [160] . 

When SILs are mixed with long-chain polymers, the interaction 

etween Li + and the polymer backbone is due to the preservation 

f chelated [Li(glyme)] + . Therefore, the ion transport is decoupled 

rom the polymer segmental motion, resulting in enhanced ionic 

onductivity. For example, Kitazawa et al, prepared a gel polymer 

lectrolyte comprising [Li(G4)TFSI] and PS-poly(methyl methacry- 

ate) (PMMA)-PS triblock copolymer. The electrolyte properties de- 

ended on the self-assembly of the PS-PMMA-PS triblock copoly- 

er in the presence of the SIL, whereby the SIL-phobic PS seg- 

ents served as physical crosslinkers, and the SIL-philic PMMA 

egments as conductive phase. The ionogel showed similar me- 

hanical properties to an elastomer, and room temperature con- 

uctivity of 10 −4 ∼ 10 −3 S/cm [161] . 

.4. Composite polymer electrolytes (CPEs) 

Composite polymer electrolytes are solid or quasi-solid PEs with 

dded inorganic fillers. The presence of fillers can improve the 

echanical, thermal and electrochemical stability of PEs, as well 

s their Li transference number, and wetting ability toward metal 

lectrodes [162] . Importantly, fillers increase the conductivity of 

Es, since they act as crosslinking centers that disrupt the polymer 

rystallinity, increasing the segmental motion, as well as increas- 

ng local ionic concentration by confining lithium ions at nanoin- 

erfaces [ 163 , 164 ]. Moreover, Lewis acid-base interactions between 

i + , anions and chemical groups on the filler surface can promote 

alt dissociation and offer new Li + conduction pathways [165] . 

Typical fillers can be divided into non-conductive or conductive 

llers, where the latter have intrinsic Li ion conductivity. While ce- 

amic fillers are most commonly used, other materials have been 

ecently introduced in polymer electrolytes, including metal or- 

anic frameworks (MOFs) and organic fillers such as organic ionic 

lastic crystals (OIPCs) [ 74 , 166 ]. Besides the nature of the filler, its

lignment and orientation are crucial to create channels for fast 

i + conduction [162] . Moreover, blends of polymers and ceramic 

articles can be non-uniform because of particle aggregations and 

his can limit the relative amount of filler and the enhancement 

f mechanical and electrochemical properties. Conversely, by co- 

alently linking polymer chains to the surface of fillers, the filler 

oading can be largely increased without observing aggregation, 

herefore allowing for better tunability of the electrolyte proper- 

ies [ 60 , 167 , 168 ]. 

.4.1. Non-conductive fillers 

Several metal oxide nanoparticles, such as SiO 2 , ZrO 2 or Al 2 O 3 

ave been widely used as reinforcing fillers for PEO and other 
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Fig. 4. Examples of composite polymer electrolytes prepared by (a,b) grafting polymers onto SiO 2 nanoparticles. [171] , Copyright 2019. Reprinted with permission from 

Royal Society of Chemistry; [87] , Copyright 2018. Reprinted with permission from the National Academy of Sciences. (c) infiltration of polymer melt in anodized aluminum 

oxide with vertically aligned nanochannels. [173] , Copyright 2018. Reprinted with permission from American Chemical Society. (d) forming PEO- b -oligomeric silsesquioxanes 

(POSS) block copolymer; [174] , Copyright 2019. Reprinted with permission from American Chemical Society; (e) crosslinking of a vinyl-functionalized metal organic framework 

(MOF). [175] , Copyright 2018. Reprinted with permission from Royal Society of Chemistry. 
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batteries. 
olymer electrolytes. One of the main advantages of SiO 2 is rep- 

esented by the possibility of synthesizing the inorganic particles 

n situ into the polymer matrix [ 169 , 170 ]. By in situ hydrolysis of

etraethyl orthosilicate in PEO/LiClO 4 , a PEO-monodisperse ultra- 

ne SiO 2 CPE was prepared, with chemical bonds between the 

H-terminated PEO chains and the OH- groups on the surface 

f SiO 2 NPs. The CPE showed wide electrochemical stability win- 

ow (up to 5.5 V) and high σ = 4 × 10 −5 S/cm at r.t., due to

he strong covalent interaction between PEO and NPs that dra- 

atically suppressed the polymer crystallinity. Alternatively, poly- 

ers were grafted onto SiO 2 NPs by first functionalizing the 

Ps with 3-glycidoxypropyltrimethoxy silane through a hydrolysis/ 

ondensation process ( Fig. 4 a) [171] . The functionalized NPs were 

rosslinked by ring-opening reactions with PEGDGE, and α, ω- 

iamino poly(propylene glycol) (DPPG). The grafting strategy pre- 

ented the agglomeration of the nanofillers and enabled to obtain 

 membrane with storage modulus of ∼9 MPa and good extensi- 

ility. 

In another strategy, alkoxy silane terminated oligomeric PEO- 

H were used to graft PEO oligomers onto SiO 2 nanoparticles 

n water [87] . The resulting densely grafted SiO 2 -PEO-OH was 

sed as crosslinker for PPO chains ( M n ∼ 30 0 0) functional- 

zed with isocyanate end groups, forming cross-linked hairy 

Ps with high degree of crosslinking ( Fig. 4 b). The pore size 

f the crosslinked membrane could be tuned by changing the 

olume fraction of nanoparticles and it was correlated to the 

lectrochemical performance of the electrolytes. In particular, 

he membranes with pore sizes of 20 and 100 nm (soaked into 

 carbonate liquid electrolyte) were able to promote smooth 

i electrodeposition on Li metal, and prevent dendrite growth, 

s observed by optical microscopy under application of high 

urrent density. In contrast, dendrite growth was observed for 

ore sizes of 500 and 1000 nm. These observations are in agree- 

ent with the ability of crosslinked PEO-based GPEs made by 

hiol-ene chemistry to suppress Li dendrites, supporting that 

rosslinked electrolytes with a smaller mesh size than the size of 
11 
i nucleate can effectively promote uniform Li electrodeposition 

110] . 

3D continuous inorganic nanostructures allow for achieving 

igh content of the inorganic component in CPEs. Highly inter- 

onnected SiO 2 -aerogel has been used as porous host structure for 

rosslinked PEO formed by UV-curing of a mixture of PEGDA, suc- 

inonitrile and LiTFSI, infused into the aerogel pores [172] . The CPE 

with 22 wt% SiO 2 ) exhibited high r.t. conductivity (6 × 10 −4 S/cm) 

nd elastic modulus of 0.43 GPa. The high conductivity was mainly 

ttributed to the ultrafine and well-distributed SiO 2 domains with 

arge internal surface area that promoted Lewis acid–base inter- 

ction with the anions, enhancing the dissociation of Li salt. The 

resence of aligned channels in the continuous inorganic structure 

an further promote rapid transport of Li + . Thus, the nanochannels 

f anodized aluminum oxide (AAO) were filled with PEO/LiTFSI by 

elt infiltration, to form a CPE with vertically aligned pathways for 

i ions ( Fig. 4 c) [173] . The CPEs exhibited conductivity as high as

 × 10 −4 S/cm, much higher than PEO/Al 2 O 3 blends with similar 

omposition. Moreover, the conductivity could be tuned by mod- 

fying the surface chemistry of AAO or by changing the polymer 

omposition. 

Polyhedral oligomeric silsesquioxanes (POSS) are silica NPs with 

mpirical formula RSiO 1.5 (R = H, or an organic functional group), 

hich have been employed to form polymer electrolytes with dif- 

erent architectures [ 176–180 ]. PEO- b -POSS BCPEs ( Fig. 4 d) were

ynthesized by NMP of acryloisobutyl POSS monomer, from the 

unctionalized PEO macroinitiator [181] . The BCPEs showed mainly 

amellar morphology, independently on the composition. Impor- 

antly, PEO- b -POSS/LiTFSI ( r = 0.1) showed 50 times higher con- 

uctivity and 5 orders of magnitude higher Young’s modulus than 

EO/LiTFSI with similar compositions. The bulkiness of POSS bear- 

ng a silica-like core surrounded by a shell of organic groups gives 

ise to unusual physical properties due to the high degree of con- 

ormational asymmetry and relative stiffness [174] . Thus, POSS- 

ased hybrid BCPEs emerge as promising materials for solid-state 
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Additionally, nanoparticles such as SiO 2 or Al 2 O 3 can possess 

egative surface charges, attracting Li cations to form a positively 

harged outer layer of the electric double layer (EDL). When the 

anoparticles are close enough to each other in a mesoporous 

nvironment, the EDLs overlap, drastically enhancing the concen- 

ration and transference number of lithium ions, which results 

n enhanced conductivity [ 163 , 164 ]. The filler surface can also 

e positively charged, as in yttria stabilized zirconia (YSZ) nano- 

bjects that possess oxygen vacancies acting as Lewis acid sites, 

hich strongly interact with the salt anions, enhancing the mo- 

ility of Li + [165] . YSZ nanowires (15 wt%) dispersed in a poly- 

crylonitrile (PAN)/LiClO 4 matrix, resulted in a CPE with high con- 

uctivity and double Li transference number compared to pure 

AN. 

Metal organic frameworks are increasingly explored as addi- 

ives for polymer electrolytes, favored by the large variety of re- 

orted MOF structures and their microporous and ordered nature 

hat can promote fast and uniform Li migration [166] . For simi- 

ar reasons, covalent organic frameworks has also found applica- 

ion in energy storage devices [182] . MOFs have been used as host 

or polymer electrolytes, Li salt and eventual plasticizers, as well 

s to covalently link polymer chains [ 175 , 183 ]. The latter strategy 

as realized by synthesizing vinyl-functionalized MOF nanoparti- 

les and crosslink them under UV irradiation in the presence of 

EGDA and a photoinitiator ( Fig. 4 e). The polymer-linked MOF elec- 

rolyte showed higher conductivity and improved interfacial sta- 

ility with Li metal electrodes, compared to similar MOF/polymer 

lends. 

.4.2. Conductive fillers 

Conductive fillers employed in CPEs are mainly represented 

y garnet- and perovskite-type ceramics with high Li + conductiv- 

ty. Embedding conductive ceramics into polymer matrix can not 

nly improve mechanical and electrochemical stability, but also of- 

er additional ionic conductive pathways for fast and uniform Li + 

ransport [162] . 

Ceramic particles of garnet-type LLZO are frequently used as 

llers, due to their Li transference number close to unity, high 

.t. conductivity and facile doping with different elements. Micro- 

ized cubic LLZO pellets embedded in a UV crosslinked PEO/LiTFSI 

atrix in the presence of tetraglyme as plasticizer, formed a 

on-flammable, self-standing, homogeneous membrane with high 

> 10 −4 S/cm at r.t (LLZO 20 wt%) [184] . The size of ceramic

llers and their homogeneous distribution affects the conductivity 

nd the performance of CPEs. Nanosized Li 6.25 Ga 0.25 La 3 Zr 2 O 12 (Ga- 

LZO, 40-50 nm) homogeneously dispersed in a PEO matrix (Ga- 

LZO 16 vol%) above a percolation threshold value formed a con- 

inuous space charge region [185] . Thus, fast channels for Li + ion 

ransport were obtained and the CPE exhibited wide electrochem- 

cal window and good stability against Li metal. Ga-LLZO nanopar- 

icles have been used to prepare self-healable CPEs, by homoge- 

eously dispersing the NPs into a self-healing polymer electrolyte 

atrix, composed of fatty acids and urea linkages [186] . The CPE 

ith 30 wt% Ga-LLZO formed a viscoelastic, flexible and confor- 

al membrane with uniform pathways for Li + flux and σ ∼10 −3 

/cm at r.t. In a Li/LTO cell the CPE enabled stable cycling with 

9% capacity retention for 120 cycles at 0.2C. The filler loading 

s crucial to determine the properties of the electrolyte, particu- 

arly membrane flexibility and handling. PEO-Li 6.4 La 3 Zr 1.4 Ta 0.6 O 12 

LLZTO) CPEs with largely different compositions were prepared 

y hot pressing [187] . The polymer-in-ceramic (10 wt% LLZTO) and 

eramic-in-polymer (80 wt% LLZTO) showed high conductivity and 

xidative stability. The ceramic-in-polymer was more flexible and 

uitable for small-scale flexible energy storage devices, while the 

olymer-in-ceramic with high mechanical strength and safety was 

ore appropriate for use in electric vehicles. 
12 
Conductive ceramics based on sulfides generally have lower 

ensity and higher conductivity than oxides. Li 10 SnP 2 S 12 (LSPS) 

as dispersed in a PEO matrix via a solvent casting method [188] . 

he CPE with only 1 wt% LSPS improved the conductivity, Li trans- 

erence number, tensile strength, and elongation at break of PEO. 

norganic sulfide glasses (Li 2 S–P 2 S 5 ) have been also used to form 

omposite electrolytes. These materials have high shear moduli 

 ∼20 GPa) and ionic conductivity [189] . Sulfide glasses were cova- 

ently linked to diol-terminated perfluoropolyether (PFPE) to form 

ybrid electrolytes in the presence of LiTFSI. The materials had 

odulus of > 2 MPa, stability up to 5 V, and Li transference num- 

er of 0.99, due to the single Li ion conducting character of sulfide 

lasses (see Section 2.5). 

Besides nanoparticles, other filler conformation ranging from 

ono- to tridimensional structures were observed to greatly in- 

uence electrolyte performance. 1D nanofibers have large surface 

rea and provide continuous pathway for Li ion conduction. LLZO 

anofibers formed by electrospinning and dispersed in a PVDF-HFP 

atrix formed a CPE (10 wt% LLZO) with σ ∼10 −3 S/cm at r.t., high 

oltage stability (up to 5.2 V) and high mechanical strength [190] . 

n addition, the orientation of fillers is crucial for the electrochem- 

cal and mechanical properties. PAN-based electrolytes with well- 

ligned Li 0.33 La 0.557 TiO 3 (LLTO) nanowires prepared by electrospin- 

ing exhibited one order of magnitude higher r.t. conductivity than 

hen disordered nanowires where introduced in the PAN matrix 

191] . An alternative approach to form continuous and highly con- 

uctive pathways in CPEs consists of forming 3D interconnected 

nd porous ceramic networks [192] . Li 6.28 La 3 Al 0.24 Zr 2 O 12 (LLAZO) 

anofibers were functionalized with silane-acrylates via a hydroly- 

is process, in order to subsequently create a crosslinked matrix of 

olymer grafted nanofibers, using PEGDA as crosslinker [193] . The 

rosslinked structure and the covalently linked polymers and ce- 

amics resulted in homogenous, well-percolated networks for fast 

i + transport. Moreover, this strategy enabled to achieve a filler 

ontent of 50 wt% and the CPE exhibited Young’s modulus of 30 

Pa and conductivity of 5 × 10 −4 S/cm at r.t. 

An emerging class of solid electrolytes are organic ionic plas- 

ic crystal-based electrolytes (OIPC) [ 74 , 76 ]. They are long-range or- 

ered crystalline lattices with plastic-like mechanical behavior that 

an be considered solid analog of ILs, possessing good conductiv- 

ty, low-flammability and wide electrochemical stability window. 

n order to display sufficient mechanical integrity and flexibility for 

pplication in Li metal batteries, OIPCs are mixed with polymers 

nd/or inorganic fillers. PVDF nanoparticles were coated through a 

owder pressing method with LiFSI and [C 2 mpyr] [FSI] ((N-ethyl- 

-methyl-pyrrolidinium bis(fluorosulfonyl)imide) OIPC [194] . The 

mount of OIPC was increased up to 50 wt%, resulting in high Li 

ransference number, electrochemical stability up to 5.3 V and no 

vidence of dendrite growth in Li/NCM devices cycled up to 4.6 V. 

.5. Single Li-ion conducting polymer electrolytes 

One of the most recent examples of a crossover between poly- 

er science and battery technology is the development of sin- 

le Li-ion conducting (SLIC) polymer electrolytes [195] . PEs have 

i transference number generally lower than 0.5 because of their 

ual-ion conducting character. In PEs, the motion of cations is cou- 

led to the segmental motion of polymers, and therefore the an- 

ons are more mobile than Li + and t Li + is lower than 0.5. The low 

alue of t Li + generates concentration gradients over the electrodes 

uring charge/discharge cycles, harnessing the dendrite growth 

nd leading to battery failure. Therefore, SLIC-PEs have been devel- 

ped in which anions are immobilized on the polymer backbone, 

hus achieving high t Li + values. The anions immobilization prevent 

he anions depletion near the anode and thus alleviate the Li + con- 

entration gradient, extending the cycle life of the battery. It was 
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onsidered that even modestly high t Li + (e.g., ∼0.7) would result 

n higher attainable state of charge at high charge rate, which will 

ramatically benefit cell performance for high rate applications, 

uch as electric vehicles (EV) [196] . 

.5.1. SLIC with covalently immobilized anions 

The immobilization of anions onto polymer backbones is at- 

ained by either post-polymerization modification or by synthe- 

izing monomers bearing an anionic group for their subsequent 

co)polymerization. The post-polymerization approach generally 

elies on highly efficient coupling reactions, such as amidation or 

lkyne-azide cycloadditions, however its use is limited by the dif- 

culty of achieving complete functionalization of high MW poly- 

ers [197] . Therefore, the (co)polymerization of a functionalized 

onomer is typically preferred. 

Strong ion pairs have been chemically linked onto polymer 

ackbones, including sulfonate-based, acrylate-based, and borate- 

ased ion pairs. However, the strong ionic association between 

i + and the electron-rich counter ions resulted in SLIC-PEs with 

ow conductivity. In contrast, bulky TFSI anions are capable of in- 

ucing high delocalization of Li + , because of the strong electron- 

ithdrawing fluorine atoms and the resonance structures of the 

ulfonyl groups. Therefore, since the seminal report of Bouchet 

t al. of a SLIC polystyrene, formed by attaching TFSI −Li + ion 

airs onto the p -position of a phenyl group (PLiSTFSI), a vari- 

ty of SLIC-PEs based on the TFSI −Li + ion pair have been devel- 

ped [198] . Rigid polystyrene backbones have poor ionic conduc- 

ivity, therefore a synthetic procedure was defined to prepare a 

EO-based SLIC polymer ( Fig. 5 ). OH-terminated PEGMA was re- 
Fig. 5. Examples of single Li-ion con

13 
cted with pentynoic acid to form an alkyne-functionalized PEGMA 

hat underwent a Cu-catalyzed alkyne-azide cycloaddition reaction 

ith an azide molecule bearing a TFSI − group [199] . The result- 

ng PEGMA-TFSI −Li + macromonomer was polymerized by metal- 

ree ATRP, targeting degree of polymerization (DP) ranging from 7 

o 30. The SLIC-PE with DP = 7 ( M n = 7500) showed very high Li

ransference number (0.99) and conductivity of 10 −4 S/cm at 90 °C, 

hile its shear modulus was 1 MPa at r.t. Kinetic modeling and 

ycling performance suggested that the electrolyte could suppress 

he growth of dendrite, thus supporting that electrolytes with rel- 

tively low shear moduli can suppress dendrites if able of promot- 

ng uniform and efficient Li + transport [86] . 

Since block copolymer electrolytes provide tunable mechani- 

al and electrochemical properties, an interest was devoted to the 

ynthesis of SLIC BCPEs. Triblock copolymers of PLiSTFSI- b -PEO- b - 

LiSTFSI, generally prepared by NMP, exhibited high Li transference 

umber ( ∼0.9), and higher conductivity and mechanical strength 

han their PS- b -PEO- b -PS analog, and better cycling performance 

198] . Analysis of ion transport and morphology of the triblock 

Es and PLiSTFSI- b -PEO diblock copolymers showed a complex in- 

erplay between the volume fraction of PEO block capable of ion 

ransport and the fraction of PLiSTFSI block where the ions were 

tored [200] . Similar block copolymers with a methacrylic an- 

onic block (LiMTFSI) were prepared by RAFT polymerization and 

howed high transference number and conductivity [201] . 

The introduction of single Li-ion conducting units improved the 

i transport in polymer electrolytes with a large variety of struc- 

ures. SLIC poly(ethylene oxide carbonates) ( Fig. 5 ) were synthe- 

ized by a 2-step melt polycondensation process between PEO, 
ducting polymer electrolytes. 
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imethyl carbonate and a functional diol bearing a sulfonimide 

roup [202] . The SLIC PEO x -PC showed Li transference number of 

.89, while the corresponding PEO X -PC with dual ion conductiv- 

ty showed t Li + = 0.23. The SLIC electrolyte exhibited promising 

erformance in a Li/NCM cell. SLIC polyurethanes (PU) were pre- 

ared by combining isophoronediisocyanate, PEO blocks and an es- 

er functionalized anionic diol having a pendant TFSI group ( Fig. 5 ) 

203] . Upon addition of propylene carbonate as plasticizer, the 

LIC-PU showed t Li + = 0.93 and conductivity of 6.5 × 10 −5 S/cm 

t r.t. Stretchable SLIC electrolytes were made by exploiting the 

lasticity of poly(dimethylsiloxane) (PDMS) [204] . Thus, a grafted 

opolymer was prepared by using PDMS with pendant reactive 

mine units as backbone to form a macro(chain transfer agent) for 

he subsequent RAFT copolymerization of PEGMA and PLiSTFI or 

LiMTFSI, followed by addition of a PDMS crosslinker ( Fig. 5 ). The 

esulting network showed good extensibility and tunable proper- 

ies by changing the molar ratio of the elastic PDMS crosslinker 

nd grafted block copolymers. 

While sulfonyl imide anions are the most common among SLIC- 

Es because of their highly delocalized negative charge, other an- 

onic units were used as well. A copolymer of poly(ethylene- co - 

crylic lithium (fluoro sulfonyl)imide) (PEALiFSI, Fig. 5 ) exhibited 

igh t Li + (0.81), thermal stability, heat and flame retardancy and 

elf-healing properties [205] . Its high conductivity (5.84 × 10 −4 

/cm) at room temperature was attributed to the weak interac- 

ion of Li + with the acrylic (fluoro sulfonyl)imide counterion. SLIC 

etworks based on the bis(allylmalonato) borate (BAMB) anion 

ere prepared via one-step photoinitiated thiol–ene click reaction 

f LiBAMB, pentaerythritol tetrakis(2-mercaptoacetate), and 3,6- 

ioxa-1,8-octanedithiol, in the presence of gamma-butyrolactone 

nd electrospun PVDF to enhance the mechanical strength ( Fig. 5 ) 

206] . The resulting network had t Li + = 0.92 and high ionic con- 

uctivity, > 10 −3 S/cm at r.t. 

Similarly to traditional PEs with double-ion conductivity, SLIC- 

Es can be reinforced by adding fillers. This offers the oppor- 

unity of using or designing fillers that possess single-ion con- 

ucting units. SLIC mesoporous silica was synthesized through 

 sol-gel process and subsequent functionalization with PEO- 

rimethoxysilane and TFSI-terminated trimethoxysilane [207] . The 

LIC composite was immersed in a PEO matrix (30 wt% silica) 

o form an electrolyte with good conductivity and mechanical 

trength and t Li + of 0.9. 

SLIC-PEs can be mixed with glymes to form single Li-ion 

oly(solvate ionic liquids) with enhanced oxidative stability. ROMP 

as used to design a library of SLIC-SILs based on a polymeric 

uorinated aryl sulfonimide tagged (polyFAST) anions ( Fig. 5 ). 

 208 , 209 ] The polymers were highly electron-deficient due to the 

lectron-pulling fluoride groups. The electron density and conduc- 

ivities of the polymer were modularly tuned by introducing O-, N- 

nd S-based nucleophiles on the aromatic rings, via nucleophilic 

romatic substitution. By mixing with G4 at a stoichiometry ratio 

f 1/1 (Li/G4), the resulting SLIC-SIL showed ionic conductivity of 

10 −4 S/cm at 80 °C with oxidative electrochemical stability of up 

o 5.0 V and exceptional low-temperature performance [210] . 

.5.2. Anion-trapping polymer electrolytes 

The design of SLIC polymer electrolytes is one of several pro- 

osed strategies to regulate the anions in PEs to improve the Li + 

onduction and transfer number. Another strategy consists of par- 

ial trapping anions through Lewis acid units introduced into the 

lectrolyte. [ 79 , 211 ] The preferential interaction of anions with the 

ewis acidic sites results in enhanced Li + conductivity and trans- 

erence number. 

The strong Lewis acid character of boron (B) has been exploited 

o design anion-trapping PEs, whereby B-containing oligomers 

m

14 
cted as plasticizers in polymer matrices, or boron species were 

mbedded into polymer structures. PEO-borate ester (B-PEO, Fig. 6 ) 

as extensively employed as plasticizer for PEs, improving their 

onductivity by increasing the segmental mobility. However, only 

imited enhancement of t Li + was generally reported. Conversely, 

hen B-PEO was covalently grafted to a Si-doped PEO-based net- 

ork, t Li + was observed to increase (up to 0.8) with increasing the 

raction of covalently bound B-PEO in the PE [212] . It was proposed 

hat in non-covalent systems, B atoms were partially shielded by 

he surrounding polymer chains, decreasing their anion-trapping 

bility. Covalently linking B-PEO to a polymer network suppressed 

he shielding and improved the electrolyte transference number. 

Several synthetic approaches were developed to design 

rganoboron polymers, including alkylborane and boric ester 

ype polymers, boric acid ester polymers and boroxine ring 

ontaining polymers [213] . Hydroboration polymerization of 

ligo(ethylene oxide) diallyl ether and dehydrocoupling poly- 

erization of oligo(ethylene oxide) using mesitylborane were 

mployed to prepare alkly borane and boric ester type polymers 

 Fig. 6 ), respectively [214] . Upon doping with different lithium 

alts, conductivities up to 3 × 10 5 S/cm and t Li + ranging from 0.35 

o 0.82 were measured. Alkylborane type polymer exhibited higher 

 Li + values due to the stronger Lewis acidity of the alkylborane 

nit. An acrylate monomer containing a boric acid ester unit in 

he side chain was synthesized by reacting catechol, trimethoxyb- 

rane and tetra(ethylene glycol) acrylate [215] . The monomer was 

sed to form polymer networks under UV light irradiation in the 

resence of an ether based monomer and crosslinker, a Li salt and 

hotoinitiator. The presence of Lewis acid boric acid ester sites 

nhanced the t Li + for different Li salts. Moreover, B-containing PILs 

ere prepared by hydroboration polymerization of a bifunctional 

olten salt (1,3-diallylimidazolium bromide) followed by anion 

xchange reaction with LiTFSI [216] . An equimolar amount of 

iTFSI and organoboron units resulted in σ = 2-3 × 10 −5 S/cm 

t 50 °C and t Li + as high as 0.87. Of note, boronic esters and

oroxine can exhibit dynamic behavior and therefore are ideal 

uilding block for PEs bearing dynamic covalent bonds (Section 

.6 and 3.2), thus being self-healable and degradable, [217] while 

isplaying high t Li + due to their Lewis acidic nature. 

GPEs and CPEs containing B-based species were also designed 

o enhance the transport of Li ions. Linear and branched B- 

ontaining crosslinkers ( Fig. 6 ) were synthesized through trans- 

sterification reactions and used to form cross-linked GPEs by 

hermal polymerization in the presence of carbonate solvents 

nd LiTFSI [218] . By optimizing the composition, a GPE with 

= 8.4 × 10 −4 S/cm at r.t. and t Li + = 0.76 was obtained, which 

as electrochemically stable up to 4.52 V and enabled to achieve 

 capacity retention of 89.7% after 400 cycle of a Li/LFP cell. In ad- 

ition, B-based nanocomposite electrolytes were prepared by mix- 

ng oligomeric borate ester electrolytes with 10 nm-diameter SiO 2 

Ps and fumed silica with 7 nm diameter [219] . A small fraction of 

iO 2 (1 vol%) was sufficient to increase both the conductivity and 

ransference number, due to the adsorption of anions on the oxide 

urface, enhancing the Li + mobility. 

In addition to organoboron polymers, perfluorinated analogs of 

EO, i.e. perfluoropolyethers (PFPEs), have attracted great interest 

s electrolytes for LMBs. Hydroxyl terminated PFPE oligomers of 

ifferent MW are commercially available and susceptible of chem- 

cal modification, for example by reaction with methyl chloro- 

ormate to obtain methyl carbonate-terminated PFPEs (PFPE-DMC, 

ig. 6 ) [75] . In the presence of LiTFSI, the electrolytes showed non- 

ammability and very high lithium transference number (0.91- 

). The latter was attributed i) to the ability of F-atoms in the 

ligomers to strongly interact with fluorinated TFSI anions reduc- 

ng their mobility, and ii) to the delocalization effect of fluorine 

oieties that decreased the nucleophilicity of O-atoms, resulting 
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Fig. 6. Structures of anion-trapping organoboron polymers and oligomers, and perfluoropolyether-based polymers. 
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n both increased Lewis acidity of the polymer backbone and en- 

anced Li + mobility. In LMBs, PFPE-DMCs prevented the corro- 

ive effect of LiTFSI on Al current collectors at high potential, thus 

voiding eventual cracks and detachment of the active material 

220] . This beneficial effect is due to the interactions between 

olymers and TFSI − and enabled stable long-term cycling of Li/Li 

ymmetric cells. Crosslinked PFPEs were synthesized by UV curing 

f a PFPE-urethane dimethacrylate in the presence of a photoini- 

iator and LiTFSI, to obtain solid electrolytes with the preserved 

enefits of PFPE oligomers [221] . The crosslinked SPEs enabled to 

olubilize higher amount of Li salt. 

Recently, short triblock copolymers of PEO-PFPE-PEO were syn- 

hesized ( Fig. 6 ), whereby the presence of PEO increased the 

onic conductivity while decreasing the Li transference number, 

ue to preferential partitioning of LiTFSI into PEO segments [222] . 

oreover, short oligoether-PFPE-oligoether structures, with differ- 

nt lengths of the PFPE block or the ether blocks showed very high 

xidative stability, up to 5.6 V [223] . This enabled stable cycling 

f a LMB with high-voltage LiNi 0.8 Co 0.1 Mn 0.1 (NCM811) cathode, for 

 100 cycles at 0.1C and 0.2C. 

.6. Polymer electrolytes based on dynamic networks 

The design of polymer electrolytes with dynamic bonds has 

reat potential for application in LMBs. Dynamic polymers based 

n either covalent or non-covalent reversible chemistries can ex- 

ibit different properties, including self-healing ability, stimuli re- 

ponsiveness and adhesive properties [ 66 , 224 ]. Great progress has 

een made in the last decade in the development of these smart 

aterials, particularly by exploring a large variety of reversible 

ovalent chemistries to redesign thermosets from permanently 

ross-linked polymers into reprocessable and recyclable materials 

 225 , 226 ]. 

Self-healing cross-linked PEs are attractive materials for LMBs, 

ecause their ability to self-recover upon damages can confer 

reater safety and durability to the device [227] . In contact with 

i metal, self-healing PEs can mitigate the dendrite formation by 

orming adaptable interfaces with improved electrode adhesion. To 

e effective, the electrolyte should be able of rapid self-healing 

t the operative temperature of the device, without the need for 

xternal stimuli, while also displaying sufficient conductivity, me- 

hanical strength and electrochemical stability. Self-healing poly- 
15 
ers based on H-bonding interactions typically exhibit fast recov- 

ry upon damages, therefore being suitable for applications as bat- 

ery electrolytes. Supramolecular networks based on H-bonds were 

repared by RAFT copolymerization of an ureidopyrimidinone con- 

aining methacrylate monomer (UPyMA) and PEGMA ( Fig. 7 a). The 

torage modulus of the polymers increased with increasing the 

PyMA content due to the improved interaction among polymer 

hains via quadruple H-bonding [228] . Upon mixing with LiTFSI 

 r = 0.05), the SPE exhibited Young’s modulus of 0.12 MPa at r.t. 

nd σ ∼10 −4 S/cm at 60 °C, and upon cut was able of complete 

elf-healing in 2 h at r.t. without stimuli. A Li/LFP cell cycled at 

.1C and 60 °C retained 91% capacity after 100 cycles. 

Different strategies were adopted to improve the properties 

f ureidopyrimidinone-based electrolytes. Composite self-healing 

Es were designed by mixing UPy-functionalized SiO 2 nanopar- 

icles with the UPyMA-PEGMA copolymer ( Fig. 7 b) [229] . UPy- 

iO 2 NPs were formed by reacting amino-terminated SiO 2 NPs 

ith isocyanate-functionalized UPy. The CPE with 10 wt% UPy-SiO 2 

howed slightly improved conductivity and mechanical properties 

ompared to the pure copolymer, and a blend of copolymer and 

on-functionalized SiO 2 NPs. Alternatively, dual network PEs com- 

rising both covalent cross-linking and H-bonds were prepared by 

AFT copolymerization of UPyMA-PEGMA, and polyethylene glycol- 

is-carbamate dimethacrylate cross-linker [230] . The optimized PE 

ad a modulus of 0.4 MPa, oxidative stability up to 5.2 V, and the 

rethane groups contributed to increasing the conductivity. More- 

ver, an ionic liquid monomer bearing an UPy-group in the side 

hain was used to synthesize pIL copolymers ( Fig. 7 c) [231] . The

onogels had high ionic conductivity (10 −3 S/cm at r.t.) and were 

ble of self-heal in 1 h at 55 °C, however its mechanical strength 

as relatively poor. In contrast, block copolymer micellar ionogels 

howed a Young’s modulus of 0.12 MPa, σ ∼2 × 10 −3 S/cm at r.t. 

nd self-repaired in 3 h at r.t. [232] . The copolymers were made by 

AFT polymerization and contained a polystyrene block and a sta- 

istical block with N,N-dimethylacrylamide and acrylic acid units, 

esponsible for the formation of H-bonding interactions. 

Amino-terminated PEO and a thermoplastic polyurethane 

ormed self-healing PEs, thanks to the intramolecular H-bonds 

etween urea and ester groups [235] . The optimized electrolyte 

chieved complete self-healing in 60 s upon cut, high flexibility, 

= 2 × 10 −4 S/cm, and oxidative stability up to 5 V, enabling 

igh capacity in a Li/NCM battery. The incorporation of covalent 
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Fig. 7. Self-healing polymer electrolytes based on H-bonding through ureidopyrimidinone units, including (a) UPyMA-PEGMA copolymers. [228] , Copyright 2018. Reprinted 

with permission from Royal Society of Chemistry; (b) UPy-SiO 2 NPs in UPyMA-PEGMA copolymer matrix. [229] , Copyright 2018. Reprinted with permission from Royal Society 

of Chemistry; (c) ionogels based on UPy-functionalized IL monomer. [231] , Copyright 2019. Reprinted with permission from American Chemical Society; (d) H-bonding via 

urea groups and covalent disulfide bonds. [233] , Copyright 2020. Reprinted with permission from American Chemical Society; and (e) vitrimer-like materials with boronic 

ester linkages. [234] , Copyright 2019. Reprinted with permission from American Chemical Society. 
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ynamic bonds in supramolecular networks leads to improved me- 

hanical strength and self-healing behavior. PEs with both disulfide 

nd H-bonds were made by RAFT polymerization of poly(ethylene 

lycol) methyl ether acrylate (PMEA) and a crosslinker containing 

rea and S-S groups ( Fig. 7 d) [233] . The PEs were able to self-heal

rom cut damage in 30 min at r.t. 

PEO-based networks with dynamic disulfide bonds were syn- 

hesized by thiol oxidation of a bisthiol monomer and tetrathiol 

ross-linker, in the presence of H 2 O 2 and NaI [236] . Upon addi- 

ion of LiTFSI, the electrolytes exhibited conductivities of ∼10 −6 

/cm and storage modulus of about 0.5-1 MPa at r.t. ( r = 0.1).

he stimuli-responsiveness of these materials was demonstrated 

y measuring stable conductivity and adhesive shear strength 

pon intermittent UV-irradiation. On the other hand, dynamic 

hemistries that do not require catalysts or (photo)thermal ac- 

ivation are preferable for application in LMBs. Evans et al. de- 

eloped PEO-based network electrolytes with boronic-ester link- 

ges by condensation of triethylene glycol and boric acid, in 

he presence of LiTFSI ( Fig. 7 e) [234] . The polymer network in

he absence of salt exhibited a solid-liquid transition and asso- 

iative exchange mechanism, indicative of a vitrimer-like behav- 

or. The B atom showed Lewis acidic character, thus interacting 

ith TFSI −, increasing the Li transference number. The self-healing 

ehavior was proven under application of an alternating volt- 

ge, and the network could be completely dissolved in water in 

0 min, to recover the initial components. Therefore, this elec- 
P

16 
rolyte set the premise for degradable and recyclable PEs for Li 

atteries. 

.7. Summary 

The replacement of conventional liquid electrolytes in LMBs 

ith polymer electrolytes can improve safety, while increasing the 

ycling life by contributing to regulate the morphology of Li de- 

osits. Moreover, PEs benefit from high tunability, facile manufac- 

uring and improved interfacial contact in comparison to inorganic 

olid electrolytes. 

PEO is the most employed polymer for Li-based batteries, and 

arious strategies were proposed to overcome its typical draw- 

acks, including high crystallinity and low stability at high po- 

entials. On the one hand, comb polymers carrying ethylene oxide 

nits in the side chains have decreased crystallinity and enhanced 

onductivity. On the other hand, block copolymers allow for de- 

oupling transport and mechanical properties by exploiting phase 

eparation to obtain more robust membranes with sufficient ionic 

onductivity. Additionally, cross-linked PEs exhibit improved me- 

hanical strength to resist the penetration of dendrites, while the 

resence of nanosized meshes enable to confine and homogenize 

he electrodeposition of Li. 

Polycarbonate-based electrolytes typically have superior con- 

uctivity, transference number and oxidative stability to PEO- 

ased polymers, however they are poorly stable against Li metal. 

oly(ionic liquid)s have larger electrochemical window and tun- 
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ble charged units that can affect the Li + transport. ILs are also 

ften used as plasticizers, as well as glymes and liquid carbonates, 

o enhance the conductivity of polymers, forming GPEs. In particu- 

ar, the combination of ILs and block copolymers can form nanos- 

ructured materials with exceptional conductivities and mechanical 

trength, depending on the miscibility and ratios of the compo- 

ents. Additionally, solvate ionic liquids are formed by combining 

lymes and Li salts to obtain strongly chelated structures with im- 

roved electrochemical and thermal stability. Mixtures of SILs and 

olymers result in ionogel with high ionic conductivities. 

To achieve Li transference number approaching units, polymer 

lectrolytes can be design to possess Lewis acid sites that par- 

ially trap anions, such as in the case of organoboron polymers. 

imilarly, F atoms in perfluoropolyether-based electrolytes strongly 

nteract with TFSI anions, enhancing the mobility of Li + . Alterna- 

ively, anions can be immobilized onto polymer chains, to form 

ingle Li-ion conducting polymer electrolytes with transference 

umber approaching unity. Poly(styrene-TFSI) was the first devel- 

ped SLIC polymer, however SLIC (meth)acrylate units can over- 

ome the rigidity of styrene. In alternative, the introduction of var- 

ous functionalities on the aromatic rings allowed for tuning the 

onductivity of resulting SLIC-PEs. 

Composite membranes based on polymer matrices, inorganic 

llers and Li salt exhibit improved mechanical strength and path- 

ays for rapid and uniform Li + transport, created by the homo- 

eneous and/or ordered distribution of fillers. Charged and con- 

uctive fillers highly enhance the Li + conductivity and transfer- 

nce number. An alternative strategy to simultaneously achieve 

igh conductivity and mechanical strength consists of forming 

harge-transfer complexes, by mixing suitable polymers and p-type 

opants. In the presence of Li salt, the resulting solid electrolytes 

an exhibit superionic conductivity. 

Recent trends in the design of PEs include the use of bio- 

erived polymers, such as cellulose, as well as reprocessable and 

egradable polymers, toward more sustainable electrolytes. More- 

ver, polymer networks presenting dynamic bonds result in self- 

ealing electrolytes that ensure durability and stability to the de- 

ice. Finally, in situ polymerizations that occur inside the assem- 

led battery from liquid precursors offer the advantage of facile 

anufacturing, although it remains challenging to achieve high 

onversions and controlled properties of the resulting gels. 

. Polymer-based artificial solid electrolyte interphase (ASEI) 

.1. General characteristics of solid electrolyte interphase (SEI) in 

MBs 

The concept of an electronically insulating and ionically con- 

ucting passivation layer or solid electrolyte interphase on the 

raphite anode of LIBs was first introduced by Peled in 1979 [237] . 

xtensive studies of the SEI were carried out by Peled et al. and 

urbach et al. in the ‘90s [ 238 , 239 ]. The SEI is regarded as the most

mportant but less understood component in a rechargeable Li bat- 

ery, as great effort s were devoted to measuring and optimizing the 

EI properties [240] − [241] . 

In LMBs, the lithium metal anode reacts with most organic elec- 

rolytes (such as carbonate-based electrolyte or ether-based elec- 

rolyte) and a passivation layer (i.e. SEI) forms on the lithium sur- 

ace. Similar to the case of LIBs, a dense and intact SEI is necessary 

n an LMB to restrict the electron tunneling and protect additional 

ithium from reacting with the electrolyte. However, the sponta- 

eously formed SEI is unstable, brittle and easy to crack. Fractures 

n the SEI causes re-exposure of fresh lithium to the electrolyte 

s the cycling continues, ultimately leading to depletion of both 

ithium metal and electrolyte, resulting in low Coulombic efficiency 

242] . In order to overcome the weaknesses of spontaneous SEIs, a 
17 
romising strategy consists of constructing an artificial SEI (ASEI) 

embrane that can be purposely added onto the lithium surface. 

he key features of an effective ASEI include: i) pressure-driven 

r density-driven mechanical suppression of dendrites and resis- 

ance to volume changes during lithium plating/stripping; ii) fast 

nd uniform lithium ion transport to ensure low interfacial resis- 

ance and uniform Li electrodeposition; iii) chemical and physical 

tability against both lithium metal and electrolytes [ 22 , 243 , 244 ]. 

Some liquid electrolyte additives such as VC or fluoro ethylene 

arbonate (FEC) were found to increase the stability of the an- 

de/electrolyte interface due to the tendency of forming oligomers 

pon attack of radical anions. The thin layers of oligomers were 

ess prone to side reactions with the electrolyte, suggesting that 

olymers could be good building blocks for ASEIs [245] . Taking ad- 

antage of their tunable functionalities, physical and mechanical 

roperties, facile fabrication/processing and good thin film forma- 

ility, several polymers were exploited as ASEIs ( Fig. 8 ). Moreover, 

ybrid system composed of polymers and inorganics were em- 

loyed to further enhance the properties of polymer-based artifi- 

ial SEIs, in particular their mechanical properties and conductivi- 

ies. 

According to their structure and physicochemical properties, 

olymer-based ASEIs could be divided in three categories: i) poly- 

ers with high mechanical strength or viscoelastic behavior; ii) 

olymers with high conductivity, transference numbers or dielec- 

ric constant; iii) reactive polymers that generate stable interfaces 

pon contact with lithium metal. In this section, polymer and poly- 

er/inorganic composite materials pertaining to these three cate- 

ories are discussed, together with their application with both liq- 

id and solid electrolytes. Macromolecular approaches to engineer 

he surface of separators will also be discussed in this section. 

.2. Polymer-based ASEIs for liquid electrolyte 

.2.1. Mechanically robust polymer ASEIs 

Two approaches were adopted to harness the mechanical prop- 

rties of polymers toward effective ASEIs: i) a pressure-driven ap- 

roach based on “hard” ASEIs with high shear modulus; ii) a 

ensity-driven approach based on polymers with viscoelastic na- 

ure. 

“Hard” polymer ASEI with high shear modulus. The kinetic 

odel proposed by Monroe and Newman suggested that polymer 

aterials with a Poisson’s ratio similar to PEO could suppress the 

oughening of Li surfaces when their shear modulus is at least 1.8 

imes higher than that of lithium [81] . Tikekar et al. later showed 

hat lower shear modulus could stabilize the interface when pos- 

essing high transference number, high ionic conductivity and high 

nterfacial surface tension [77] . Ionically conductive polymers typ- 

cally have low shear modulus ( < 1 GPa). Therefore, composite 

olymer/organic ASEIs are generally preferred. A Kevlar-fiber/PEO 

omposite with a shear modulus of 1.8 GPa successfully suppressed 

he growth of lithium dendrite [246] . Similarly, a composite pro- 

ective layer composed of Al 2 O 3 particles and PVdF-HFP copoly- 

er formed an effective ASEI, with inorganic Al 2 O 3 providing suffi- 

ient mechanical strength while PVDF-HFP imparted fast Li + trans- 

ort by forming a gel polymer electrolyte with liquid electrolytes. 

he shear modulus of such protective layer was ∼1.8 times higher 

han that of the Li metal, effectively suppressing the dendrites 

rowth. The Li/LCO cell incorporating CPL exhibited excellent cy- 

ling stability up to 400 cycles at 1 mA/cm 

2 (1 C) [247] . In con-

rast to non-covalent blends of polymers and inorganics, design- 

ng hybrid layers with polymers covalently anchored onto the inor- 

anic surface is a promising strategy to tune the inorganic content 

hile limiting the aggregation of inorganics, so that hybrid ASEIs 

ith high uniformity can be obtained. Polymer/nanoparticle hy- 

rid core-shell structures with high electrochemical stability were 
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Fig. 8. Key features and examples of polymers for polymer ASEI. 
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repared by copolymerizing MMA in presence of SiO 2 NPs, which 

ere surface-modified with vinyl bond, via seeded emulsion poly- 

erization ( Fig. 9 a). The high modulus of the SiO 2 NPs (68 GPa) 

mparted sufficient strength to suppress the dendrite growth while 

ano-sized pores were able to block the nucleation and penetra- 

ion of lithium dendrites [ 87 , 248 ]. The PMMA shell enhanced the

oughness and flexibility of the membrane, and favored the uni- 

ormity of the preparation slurry, to obtain a homogeneous dis- 

ribution of NPs after solvent removal. Compared to an uncoated 

lectrode, the electrode coated with such hybrid ASEI maintained 

oulombic efficiency of ∼85% after 40 cycles of at current density 

f 1 mA/cm 

2 and practical areal capacity of 4 mAh/cm 

2 with con- 

entional LiPF6-based carbonate electrolyte (BASF Selectilyte LP40) 

249] . 

“Soft” polymer ASEI with viscoelasticity. On the other hand, 

soft elastic or viscoelastic polymers could also greatly im- 

prove lithium deposition and interface stability. By using a 

coarse-grained molecular model to study the effect of poly- 

mer bond on the morphology of lithium deposits, it was 

found that only when the bond strength falls in the range 

of elastic/viscoelastic polymers the ASEI can prevent the 

penetration of lithium protuberances while adapting to the 

large volume change of the electrode [250] . In line with this 

discovery, many soft polymers were employed as effective 

ASEIs. 

PDMS-based materials exhibit intriguing properties thanks to 

he chemical inertness and mechanical flexibility of PDMS (Young’s 

odulus 360-870 KPa), which therefore is a suitable building block 

or an ASEI. PDMS was treated with hydrofluoric acid (HF) to cre- 

te nanoporosity that could serve as pathways for Li + transport. 

he nanopore size was tuned by varying the HF etching time. 

anopores of 40-100 nm gave optimal ASEIs, while larger pores 
18 
esulted in direct contact between lithium metal and electrolyte, 

osing the protective effect. The nanoporous PDMS ASEI enabled a 

oulombic efficiency of 95% in a LMB for over 200 cycles at 0.5 

A/cm 

2 current density. By depositing the PDMS ASEI on Cu cur- 

ent collector an average Coulombic efficiency of 98.2% was mea- 

ured in 100 cycles at 0.5 mA/cm 

2 [251] . Pang et al. created a 

DMS/Li 3 PS 4 hybrid membrane that took advantage of the PDMS 

atrix to improve the electrochemical stability of the ceramic elec- 

rolyte Li 3 PS 4 . ( Fig. 9 b) The compact packing of the ceramic phase

ormed percolative Li + -conducting channels. The PDMS phase pro- 

ided sufficient adaptability to accommodate the surface rough- 

ess/volume change during lithium plating/stripping, while pre- 

enting direct contact between lithium metal and Li 3 PS 4 , and the 

eduction of liquid electrolytes. Such hybrid ASEI enabled Li plat- 

ng with 95.8% efficiency over 200 cycles and stable operation of a 

i/LTO cell for 2,0 0 0 cycles [252] . 

Silly putty (SP), a popular kids’ toy, is made of PDMS 

rosslinked by transient boron-mediated bonds. The dynamics of 

ond breaking and reforming in polymer chains makes it a smart 

aterial, with “solid-liquid”-like properties: SP responds as an 

lastic solid to fast deformations while displaying flowable charac- 

er when gently touched, as typical of viscoelastic materials. When 

n contact with a lithium electrode, SP could withstand sudden 

endrite tip rupture while accommodating to the volume fluctu- 

tion. By using SP as ASEI, the resulting conformal interface im- 

roved the lithium morphology and cycling stability, and inhibited 

on-uniform Li deposition and dendrite growth. In the presence of 

P-coating, a LMB maintained an average CE of 97.6% for over 120 

ycles at 0.5 mA/cm 

2 , whereas in the absence of coating the CE 

ropped below 90% after 75 cycles [253] . Another viscoelastic ASEI 

as prepared by exploiting the condensation reaction between 

ranched oleic acids and diethylene triamine, followed by treat- 

ng with urea to generate a supramolecular self-healing polyamides 
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Fig. 9. (a) Preparation of silica/PMMA core-shell hybrids via surface radical polymerizations, followed by vacuum drying to make an ASEI; and TEM image and digital picture 

the hybrids ASEI. [249] , Copyright 2017. Reprinted with permission from American Chemical Society. (b) Illustration of preparation of PDMS/Li 3 PS 4 hybrids ASEI. [252] , 

Copyright 2018. Reprinted with permission from the National Academy of Sciences. 
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ith a high density of hydrogen bonds [ 254 , 255 ]. The viscoelas-

icity, healing speed and mechanical strength were tuned by ad- 

usting the crosslinking densities. Uniform Li electrodeposition and 

igh CE (97%) was obtained on Li metal coated with a 4 μm thick 

elf-healing ASEI and cycled at 5 mA/cm 

2 with Coulombic effi- 

iency of 97% [254] . 

.2.2. Polymer ASEI with improved ion transport properties 

The electrochemical properties of polymer ASEIs are critical, 

s the coating should create channels for lithium ions migration 

hile blocking the electron-tunneling that can reduce the elec- 

rolyte. The spontaneous SEI on the lithium metal anode is hetero- 

eneous, leading to uneven distribution of ionic conductivity across 

he SEI. Hotspots with faster conductivity promote faster lithium 

eposition and formation of dendrites [22] . If the ionic conductiv- 

ty of the ASEI is much lower than that of the liquid electrolyte, 

ithium still preferentially deposits at defects or hotspots, inten- 

ifying the inhomogeneity of the layer [256] . Therefore, polymer- 
19 
ased ASEIs with uniform distribution of fast ion transport paths 

nd high transference number are crucial for suppressing dendrites 

77] . These properties can be affected by the structure, composi- 

ion, functionality, and porosity of the polymer being used, and 

ill be discussed in this section. 

Polymer ASEIs with high dielectric constant. Polymers with 

igher dielectric constant promote stronger dissociation of lithium 

ons. By comparing different polymer coatings including PEO, 

VDF-HFP, PVDF, PU, PDMS and polyamides, it was found that 

olymer coatings with higher dielectric constant, such as PVDF- 

FP and PVDF, increased the exchange current (i.e. the equilib- 

ium current where the rate of the forward reaction is equal to the 

ate of the backward reaction at the metal electrode) and inter- 

acial energy, leading to larger deposits of lithium [257] . β-phase 

VDF is the most polar form of PVDF, with full trans conformation 

ith H and F atoms located on the opposite sides of the polymer 

ackbone. The highly polar β-phase PVDF has high dielectric con- 

tant (8 ∼13) compared to other fluoropolymers. The alignment of 
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Fig. 10. (a). Schematic illustration of layer-by-layer deposition and preferential diffusion pathways for Li ions. [258] , Copyright 2017. Reproduced with permission from Wiley- 

VCH. (b). Schematic of YSZ- g -PAN hybrids particle uniformly dispersed in organic solvent. [168] , Copyright 2020. Reprinted with permission from Elsevier. (c). Lithium anode 

coated with PIM-1. [265] , Copyright 2019. Reproduced with permission from American Chemical Society. (d) Snapshots of the lithium deposition in a custom-made optical 

visualization cell that uses pristine lithium and 200-nm-thick ionomer-coated lithium during the deposition of 1 mAh/cm 

2 of lithium at a current density of 4 mA/cm 

2 . 

[268] , Copyright 2017. Reprinted with permission from Cell Press. (e). Structure comparison of different types of crosslinked network as ASEIs containing or not bonds and 

single-ion conducting units. [269] , Copyright 2019. Reprinted with permission from Cell Press. 
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 atoms in β-PVDF used as ASEI guided the transport of Li + and 

acilitated the interaction between electronegative C-F functional 

roups and Li, favoring a layer-by-layer Li deposition ( Fig. 10 a). A 

hin layer of β-phase PVDF ( ∼4 μm) coated onto the surface of Cu 

urrent collectors resulted in stable Li deposition/stripping at high 

urrent density (5 mA/cm 

2 ). In a Li/LFP cell, the β-phase PVDF 

SEI on lithium anode enabled 94.3% capacity retention and sta- 

le CE of 99.85% at 0.5 C after 200 cycles [258] . 

Polymer ASEIs with high ionic conductivity. Highly conduc- 

ive ASEIs diminish the interfacial resistance and spatial inhomo- 

eneity, reducing the possibility of dendrite formation. Therefore, 

ybrid polymer/inorganic ASEIs are often used to enhance the ionic 

onductivites, as well as the transference number and mechanical 

obustness. Poly(vinyl alcohol) (PVA) was used as a soft glue com- 

ined with a Zn-MOF to fabricate a hybrid ASEI with high ionic 

onductivity and good flexibility to adjust to volume changes. PVA 
20 
as spin coated and cemented into the surface of Zn-MOF, pro- 

oting the film formability and softness of the material. The Zn- 

OF contained a large number of polar bonds (e.g. O-H and Zn- 

), which could bind Li + and lead to fast Li + diffusion. Moreover, 

ts porous structure hindered the migration of anions, increasing 

he uniformity of lithium flux, and its rigidity provided high me- 

hanical strength to inhibit the dendrites growth. The ASEI had 

ood electrolyte wettability, reducing the concentration gradients 

f ions at the surface. The ASEI-protected lithium metal anode 

chieved high Coulombic efficiency ( > 97.7%) over 250 cycles at 

 high current density of 3 mA/cm 

2 [259] . Recently, a new class 

f polymer/inorganic hybrids ASEIs was made, which consisted of 

SZ nanoparticles and PAN chains grafted from the YSZ surface 

168] . The synthesis of YSZ- g -PAN exploited a universal approach 

o covalently anchor ATRP initiators onto the surface of metal ox- 

des [ 260 , 261 ]. The grafted systems showed several advantages 
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ver previously reported polymer-based ASEIs: i) improved disper- 

ity of inorganics in the polymer matrix, enabling to obtain arti- 

cial SEI with uniform spatial composition by simple drop-casting 

 Fig. 10 b); ii) the surface initiated (SI)-ATRP approach allowed pre- 

ise control of PAN chain length and grafting density; iii) improved 

onic conductivity ( > 1 × 10 −4 S/cm at r.t., two order of magni- 

udes higher than non-covalent blends with similar composition) 

nd mechanical strength (7.56 GPa) due to the increased unifor- 

ity, reduced crystallinity and higher free volume; iv) the oxygen 

acancy on the surface of YSZ acted as Lewis acid, partially trap- 

ing the anions, thus improving the lithium transference number. 

s a result, the lithium anode with the YSZ- g -PAN coating achieved 

ong cycle life both in a symmetric cell ( > 2500 h at 3 mA/cm 

2 and

 mAh/cm 

2 ) and in a full cell with a LiNi 0.8 Co 0.15 Al 0.05 O 2 (NCA)

athode extracted from a commercial 18650 cell having high mass 

oadings ( ∼28 mg/cm 

2 ) [168] . 

Porous membranes can effectively manipulate the Li ion flux. 

olyimides (PIs) have good high temperature performance and 

hemical resistance. Reactive-ion etching was used to develop a 

olymer ASEI based on a 3.5 μm PI coating possessing vertical 

anochannels (pore size ∼350 nm) with high aspect ratio. Due to 

he presence of nanochannels, the Li deposit is confined and even- 

ual surface roughness could not be amplified because of the Li + 

ux confinement. Therefore, homogenous Li nuclei distribution and 

rowth was achieved. At a current density of 3 mA/cm 

2 , the ASEI 

rotected electrode showed CE of 88.6% over 140 cycles, while the 

E of the unprotected electrode rapidly decayed in 50 cycles [262] . 

Polymer ASEI with enhanced t Li + . Furthermore, the efficiency of 

i + transport can be enhanced by nanoconfinment of the ion flux. 

t was calculated that when the pore radius is similar to the Debye 

creening length, the transport of cations is assisted by the electro- 

smosis-driven hydrodynamic flow, caused by the interaction in 

apillaries between the diffuse double layer and the external field 

263] . When the pore size and the Debye screening length is about 

he same order, the cation transference number approaches unity, 

herefore reducing losses caused by ion polarization. However, for 

he practical concentration of electrolyte used in a battery, the De- 

ye screening length is < 1 nm. Therefore, polymers of intrinsic 

icroporosity (PIMs) are good candidates for use in batteries, since 

hey are microporous materials containing a continuous network 

f interconnected intermolecular voids with less than 2 nm width 

264] . PIM-1, a typical PIM, was employed as ASEI for lithium 

etal anode ( Fig. 10 c). When 1 μm-thick layer of PIM-1 with a

orosity of 0.5 ∼2 nm was coated onto a lithium metal anode, the 

ransference number of the liquid electrolyte was increased from 

.2 to > 0.7. Low interfacial resistance and dendrite suppression 

ere obtained in a Li/Li symmetric cell that reached a cycle life of 

ver 750 h with a capacity of 0.75 Ah. When paired with a high

nergy density sulfur cathode (4.9 mg/cm 

2 ; 8.2 mAh/cm 

2 ), ∼24 

m of lithium was reversibly electrodeposited in each cycle at a 

-rate of 0.2 [265] . The small pores of PIM-1 exhibited size-sieving 

bility, separating solvated Li ions and single Li ions, and allow- 

ng Li ions to pass the interphase layer while avoiding the con- 

act between solvent molecules and lithium metal. This decreased 

he consumption of both lithium metal and electrolyte during cy- 

ling [266] . Recently, a diversity-oriented synthesis approach was 

mployed to build a library of PIMs with shape-persistent free vol- 

me elements that served as solvation cages for Li ions. The syn- 

hetic strategy was based on the functionalization of bis(cathecol) 

onomers through multi-component Mannich reactions, followed 

y base-mediated step-growth polymerization. Structural and elec- 

rochemical characterization of the PIM library revealed that the 

i + conductivity was enhanced by both the placement of specific 

lasses of N- and O-based ion-coordinating functionality within the 

ore network, and in some cases by an ultramicroporous archi- 

ecture capable of limiting the number of solvent molecules that 
21 
an bound to Li + . As a consequence, the concentration of Li + in 

ertain PIMs increased via partitioning from the bulk electrolyte. 

he PIM with highest room temperature conductivity (2.06 × 10 −4 

/cm) was employed as protective layer on Li metal in LMBs with 

CM622 as cathode (1.44 mAh/cm 

2 ). High capacity retention for 

ver 400 cycles was observed even under a high current density of 

 mA/cm 

2 , showing largely improved performance in comparison 

o bare Li as well as Li coated with conventional PIM-1 [267] . 

An alternate approach to improve the transference number of 

SEIs is by using single Li-ion conducting polymer coatings, with 

nions immobilized on the polymer backbone, similar to the case 

f SLIC polymer electrolytes (Section 2.5) [ 60 , 167 ] . Based on a

inear stability analysis of lithium electrodeposition, [86] a lithi- 

ted perfluorinated ionomer was used as a coating layer with high 

ransference number and high ionic conductivity, which synergisti- 

ally contributed to suppressing dendrites [268] . The ionomer was 

eposited on Li metal by simple solution casting to form a confor- 

al interface with conveniently controlled thickness by repeated 

asting or varying the solution concentration. When the thick- 

ess was decreased below 200 nm, the coating reached high ionic 

onductivity ( > 10 −3 S/cm). The coating was then co-deposited 

ith a nanoporous layer of Al 2 O 3 , to enhance the mechanical 

trength without decreasing the conductivity. At a current density 

f 4 mA/cm 

2 , the Li anode protected with a 200 nm-thick coating 

howed no evident dendrite growth, whereas a pristine lithium foil 

ould not inhibit the dendrite growth ( Fig. 10 d). When paired with 

CA cathode and tested at a high current density of 3 mA cm 

−2 

nd 3 mAh cm 

−2 capacity per cycle, the protected Li anode exhib- 

ted stable plating/stripping behavior for over 400 cycle with ∼90% 

apacity retention. 

Finally, a dynamic single-ion conductive network (DSN) was 

roposed as a multifunctional ASEI. The DSN consisted of 

etrahedral Al(OR) 4 − aluminate anions as dynamic crosslinking 

enters, soft fluorinated chains (1H,1H,11H,11H-perfluoro-3,6,9- 

rioxaundecane-1,11-diol) (FTEG) as inert ligands and lithium ion 

s free counter ions. The DSN network exhibited viscoelastic- 

ty, single-ion transport and chemical inertness. The solution- 

rocessed DSN ASEI maintained low interfacial impedance and fa- 

ilitated homogeneous Li electrodeposition. Integrated with a thin 

i foil (42 μm thickness, ∼8 mAh/cm 

2 ) and a commercial NCM532 

lectrode ( ∼95% active material, 2 mAh/cm 

2 loading), the full cell 

lso showed high capacity retention of ∼85% and high average 

E ( > 99.6%) after 160 cycles at a charge-discharge rate of C/2 

269] . Noticeably, the author demonstrated that the DSN networks 

howed better dendrite suppression performance than networks 

ased on the same polymer backbone but without either single- 

on feature or dynamic mechanical properties ( Fig. 10 e), highlight- 

ng the enhanced efficiency of multifunctional coatings. 

.2.3. Reactive polymer ASEIs 

In addition to the conventional ex situ coating of a lithium 

etal surface, in situ formation of dense multifunctional protec- 

ion layers using reactive precursors has become an effective ap- 

roach for stabilizing lithium anodes. This strategy takes advan- 

age of the highly reducing environment and the electrochemical 

rocess to generate compounds in the SEI that improves the anode 

tability. Such in situ formation process ensures homogeneity and 

an generate an ASEI with unique mechanical and electrochem- 

cal properties, by rational selection of the reactive components. 

he simplified manufacturing of the coating facilitates the cell pro- 

essing. Therefore, reactive polymer ASEIs are discussed separately 

n this section. Largely, two categories of reactive polymeric ASEI 

ould be identified: i) ASEI that forms from the reaction between a 

re-polymer coating and lithium metal, which generates polymers 

r composites with improved mechanical and transport properties; 
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Fig. 11. (a) Schematic illustration of reactive Polymer ASEIs based on highly stretchable LiPAAs. [272] , Copyright 2017. Reprinted with permission from Wiley-VCH; (b) 

Schematic illustration of the fabrication of the Cu 3 N + SBR composite ASEI. [276] , Copyright 2017. Reprinted with permission from Wiley-VCH; (c) Schematic illustration 

of formation of polycyclic ether/GO based reactive ASEI. [103] , Copyright 2019. Reprinted with permission from Springer Nature; (d) Mechanism of forming polymer-alloy 

hybrids ASEI through in situ polymerization. [282] , Copyright 2019. Reprinted with permission from Wiley-VCH. 
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i) ASEI generated from a self-triggered in situ polymerization with 

nhanced conformability. 

ASEI by reactive polymer coating with lithium metal. Reac- 

ive polymers can generate ASEI with robustness and flexibility. 

ithium poly(acrylic acid) (LiPAA) is commonly employed as binder 

or electrode materials due to its great adhesiveness, mechani- 

al stability and flexibility and single Li-ion conductivity. [ 270 , 271 ]

hen swollen by a liquid electrolyte, the LiPAA gel showed high 

tretchability (582 % strain), making LiPAA an ideal building block 

or an ASEI. By coating a layer of PAA onto the lithium surface, 

he polymer was directly lithiated to from LiPAA on site, obtaining 

 conformal ASEI with a thickness of 20 nm [272] ( Fig. 11 a). The

iPAA ASEI exhibited high stretchability and superior binding abil- 

ty due to its high lithiophilicity. The stretchability helped with- 

tand the volume change during lithium plating/stripping, while 

he compact and uniform structure prevented the exposure of 

ithium metal to the electrolyte. The cycle life of a symmetrical 

ell with LiPAA coated Li metal electrode was increased of more 

han 700 h compared to bare Li metal, under 0.5 mA/cm 

2 cur- 

ent density. Similar to PAA, PVA is a low-cost and widely used 

ynthetic polymer, with high thermal, mechanical, and chemical 

tabilities, and good film-forming properties. The hydroxyl reac- 

ive groups in PVA react with lithium salts and can participate 

n the SEI formation process, to form a robust Li-ion conductive 

ayer. In both carbonate and ether-based electrolytes, a PVA pro- 

ective layer (0.33 μm thickness) enabled a dendrite-free morphol- 

gy for Li deposition and significantly stabilized the cycling perfor- 

ances in Li/Cu cells, which showed an average CE of 98.3% for 

ver 630 cycles. The PVA ASEI on Li metal was tested in Li-sulfur, 

i/LFP and Li/NCM622 full cells. Enhanced electrochemical perfor- 

ances in comparison to bare Li metal were achieved, even under 

ean electrolyte (7.5 μL/mAh) condition [273] . 

Reactive polymers were also used to generate ASEIs with both 

nhanced ionic conductivity and flexibility. Sulfur-rich reactive or- 

anic/inorganic hybrid SEIs were formed by exploiting the reaction 

etween Li polysulfidophosphate (LiPSP) and poly(2-chloroethyl 

crylate) (PCEA) prepared by free radical polymerization. LiPSP and 
22 
 PCEA solution were mixed and drop casted together on the sur- 

ace of lithium. LiPSP and PCEA underwent a nucleophilic substi- 

ution reaction that generated a crosslinked layer, along with in- 

rganic lithium sulfides, obtaining a robust ASEI that can with- 

tand electrode volume fluctuations. The crosslinking reaction gen- 

rated LiCl, which enhanced the charge transfer kinetics of the SEI 

274] , together with the highly conductive Li 3 PS x formed during 

he reaction. The symmetric cycling performance showed average 

E above 98.2% for over 130 cycles at a high current density of 

 mA/cm 

2 and areal capacity of 4 mAh/cm 

2 . The full cell assem- 

led with protected Li anode and LFP cathode ( ∼2.4 mAh/cm 

2 ) ex- 

ibited > 89% capacity retention after 500 cycles, with high aver- 

ge CE of 99.9% [275] . An ASEI layer with high Li-ion conductivity, 

echanical strength and flexibility was designed by mixing Cu 3 N 

anoparticles (sub-100 nm) in a styrene butadiene rubber (SBR). 

he Cu 3 N NPs reacted with lithium metal to form Li 3 N, one of the

astest Li-ion conductors with ionic conductivity of 10 −3 -10 −4 S/cm 

t r.t.. The protected electrode achieved a CE of 97.4% on over 100 

ycles at an areal capacity of 1 mAh/cm 

2 ( Fig. 11 b) [276] . Moreover,

 stiff polymer with cyclic ether side chains, poly(( N -2,2-dimethyl- 

,3-dioxolane-4-methyl)-5-norbornene- exo -2,3-dicarboximide) was 

esigned to prevent the reaction of carbonate electrolytes with 

i metal, thanks to the strong affinity of the side chains for 

i + , while the polycyclic backbone ensured mechanical strength 

Young’s modulus of 0.37 GPa). The polymer was synthesized via 

OMP and it formed a grafted skin layer (2 μm) on Li metal, due 

o the reaction of polycyclic ether units with lithium metal af- 

er electrochemical activation. The polycyclic ether components can 

lso compete with and impair the reaction between Li metal and 

arbonate electrolyte, preventing electrolyte depletion during cy- 

ling. The ASEI regulated Li deposition and smoothed the surface 

orphology. In a Li/NCM532 full cell with grafted skin polymer 

SEI, a capacity of 1.2 mAh/cm 

2 was achieved and a cycle life of 

00 cycles with 90% capacity retention [277] . 

LiF is regarded as one of the key components of a sponta- 

eous SEI in a typical LIB with graphite anode. LiF is able to 

educe the activation energy of Li + diffusion, promoting lithium 
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lectrodeposition in the form of 2D planar structures instead of 

D dendrites [278] . On the other hand, reduced graphene oxide 

rGO) has recently been identified as an effective building block for 

SEIs, due to its i) increased lithiophilicity compared to GO thanks 

o its organic functional groups, ii) excellent mechanical strength 

o prevent dendrite growth, iii) dense packing that prevents side 

eactions between electrons and electrolytes [ 173 , 279 , 280 ]. Gao 

t al. recently demonstrated a molecular-level ASEI design us- 

ng a reactive polymer composite (RPC), which effectively sup- 

ressed electrolyte consumption. The RPC consisted of a re- 

ctive poly(vinylsulfonyl fluoride- ran -2-vinyl-1,3-dioxolane) (P(SF- 

OL)) and rGO nanosheets. The RPC-derived ASEI was formed 

n a two-step process, consisting of i) the anchoring of RPC to 

he lithium surface by reaction between lithium, sulfonyl fluo- 

ide groups and carboxylic acid groups from rGO nanosheets, to 

orm LiF, –SO 2 –Li salts and –CO 2 –Li salts; ii) the reduction of 

OL groups to form -O-Li salts during cycling. ( Fig. 11 c) The 

PC-derived ASEI contained polymeric Li salts embedded with LiF 

anoparticles and rGO nanosheets and was sufficiently dense to 

lock electrolyte access to the lithium surface. The RPC-derived 

SEI enabled highly efficient Li deposition and stable cycling of 4 

 Li/NCM532 cells under lean electrolyte (7 μL/mAh), limited Li 

xcess (1.9-fold) and high areal capacity (3.4 mAh/cm 

2 ) [103] . 

ASEIs by in situ polymerizations. Polymer ASEIs could also be 

ormed through in situ polymerizations triggered by electrolyte ad- 

itives. An alloy-hybrid layer was constructed on Li metal through 

 facile process, whereby Li metal was immersed into a solution of 

nCl 4 in THF. SnCl 4 was reduced by Li metal and formed Li/Sn al- 

oys and LiCl. The LiCl in the ASEI provided fast Li ion transport 

t the interface and exhibited high exchange currents [ 168 , 281 ].

oth LiCl and SnCl 4 triggered the ring-opening polymerization of 

HF, and propylene oxide was introduced to facilitate the polymer- 

zation process. ( Fig. 11 d) The as fabricated poly(tetramethylene 

lycol)–Li/Sn alloy hybrid layer had strong affinity for Li ions, sim- 

larly to PEO, and improved moisture stability and hydrophobicity 

ue to the higher content of alkyl chains. The hybrid layer exhib- 

ted remarkable performance in Li/Li, Li/S and Li/LFP cells, partic- 

larly under practical testing conditions with high cathode mass 

oading (17.4 mg/cm 

2 ) and areal capacity (3 mAh/cm 

2 ) [282] . 

.3. Polymer-engineering of separators 

Another strategy to achieve stable LMBs that employ traditional 

iquid electrolytes consists of engineering the structure of poly- 

er separators. In current LIBs, the electrodes are electronically 

solated by porous polymer separators infiltrated with liquid elec- 

rolyte. Typical separators are made of polyolefins, generally semi- 

rystalline polyethylene (PEt) and/or polypropylene (PP), with a 

embrane thickness of less than 25 μm and a porosity of around 

0% [283] . The separator function is to enable the transport of 

ithium ions between the electrodes while preventing short cir- 

uits. The pore structures of the separator strongly affects both 

he electrolyte resistance and the current distributions at the elec- 

rodes [188] . 

To design separators with good electrolyte wettability and low 

lectrolyte resistance, high thermal stability, and homogeneous 

ore structure, different strategies were explored, including i) coat- 

ng the surface of traditional separators on both sides or exclu- 

ively on the anodic side to build an ASEI; ii) combining multiple 

eparators, and iii) fabricating novel separators. Both organic and 

norganic materials, as well as hybrid organic/inorganic materials 

ere used to modify traditional separators [ 284 , 285 ]. 

Biobased cellulose nanofibers (CNF) were used to fabricate 

NF/PE/CNF sandwiched separators by a facile lamination proce- 

ure [284] . The CNF layers had homogeneous pore distribution 

size ∼20 nm) and good thermal stability, therefore the sand- 
23 
iched separator was stable up to over 200 °C. Moreover, the small 

nd uniform pore size enabled even Li deposition at relatively high 

urrent densities and longer stable cycling of LMBs compared to a 

E separator. Chitin is another abundant natural polymer that was 

sed to fabricate a nonwoven mat-type separator enabling greatly 

mproved performances than polyolefin separators [286] . By using 

 centrifugal jet-spinning technique, the separator exhibited a hi- 

rarchical structure comprising microfibers and nanofibers, and a 

arge number of functional groups with high Li-affinity. 

Graphene and rGO can enhance the mechanical strength and 

onductivity of separators. Coating a PP separator with a poly- 

opamine layer, followed by graphene nanosheets in a car- 

oxymethylcellulose binder resulted in improved electrolyte wet- 

ability, conductivity and capacity for Li storage [287] . As a con- 

equence, the cycling stability and Coulombic efficiency of LMBs 

ere greatly enhanced. The high polarity of modified separa- 

ors was crucial to ensure a rapid Li + flux. Similar properties 

ere achieved by blade-coating GO nanosheets with grafted poly- 

crylamide (PAM) brushes on top of a PP separator. The dense 

AM brushes were synthesized by first introducing ATRP initiating 

ites on GO sheets and then growing polymer chains by SI ATRP 

 Fig. 12 a) [ 190 , 288 ]. The large quantity of C = O groups and N–H

onds improved adhesion and favored homogeneous distribution 

f Li ions, while the robust GO backbones increased the mechanical 

trength. Moreover, the stacking of functionalized GO nanosheets 

ormed channels for rapid electrolyte diffusion, and dendrite-free 

orphology of Li electrodeposition was observed even under very 

igh current densities [190] . 

Polymer/inorganic composite layers coated on PE or PP sepa- 

ators combine high flexibility and mechanical strength. The inor- 

anic component can be either non-conductive or conductive. PP 

eparators were decorated with a layer of PAA and nanosilicon that 

ormed lithiated species, enhancing the conductivity [289] . The ro- 

ust and flexible separator was able to suppress dendrites. On the 

ther hand, coating PP with PVDF and LLZTO provided a three- 

imensional highly conductive network for fast Li + transport [290] . 

oreover, the material was able to partially trap anions, enhancing 

 Li + and enabling even electrodeposition on the Li anode. Recently, 

onventional polyolefin separators were coated with a homogenous 

nk comprising a microporous polymer host, PIM-1, and tetralky- 

ammonium fluoride [291] . The latter served as soluble precursor 

or the generation of LiF, which has low lithium volume ratio, via in 

itu cation metathesis during cycling of a cell assembled with the 

oated separator ( Fig. 12 b). The resulting nanostructured LiF@PIM- 

 possessed minimally reconfigurable ion-conducting domains em- 

edded in a soft polymer matrix, thus behaving as a “soft ceramic”

ith high transference number that originate from nanoconfine- 

ent. This material was capable of suppressing dendrites and en- 

bling long-term stable cycling of LMBs under practical conditions 

sing thin Li anodes ( ∼30 μm) and high-voltage NMC622 cathodes 

1.44 mAh cm 

−2 ) at high current density (1 mA/cm 

2 ). 

.4. Artificial SEI toward solid electrolyte 

Solid electrolytes are prompt to overcome safety and ageing 

ssues associated with conventional liquid electrolytes. Moreover, 

ll-solid-state Li metal batteries can achieve much greater energy 

ensity than LIBs [79] . However, large interfacial resistance is typ- 

cally established between the solid electrolyte and the electrodes, 

ue to the insufficient solid-solid contact [292] . Interfacial insta- 

ilities lead to the formation of ionically insulating or electroni- 

ally conducting decomposition products and eventual growth and 

enetration of dendrites through the solid electrolyte [293] . Hence, 

ifferent strategies were proposed to improve the interfacial sta- 

ility and contact between solid electrolytes and Li metal anodes. 

o enhance the cycle life of all-solid-state LMBs, several polymers 
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Fig. 12. (a) Schematic illustration of making GO- g -PAM molecular brushes by grafting PAM from GO surface via SI-ATRP. [190] , Copyright 2019. Reprinted with permission 

from Springer Nature; (b) Schematic illustration of making PIM-1/LiF based solid-state coating on polyolefin separators. [291] , Copyright 2020. Reprinted with permission 

from Springer Nature. 

Fig. 13. Different strategies to improve the interfacial contact between ceramic solid electrolyte and electrodes: (a) sandwich-type electrolyte with LATP layer between two 

PEO/LiTFSI layers. [294] , Copyright 2020. Reproduced with permission from Elsevier. (b) Illustrations of an all-solid-state LMB with the solid electrolyte LATP protected by 

DPCE. [297] , Copyright 2019. Reproduced with permission from American Chemical Society. 
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ere used as coatings applied either to the Li metal electrode or 

o the solid electrolyte. This latter approach was typically used to 

odify both the anode interface and cathode interface, to realize 

andwiched electrolytes, multilayer structures, or Janus-type elec- 

rolytes. 

Due to its high Li-ion conductivity and relative stability ver- 

us Li metal, PEO was often exploited to construct artificial in- 

erphases for all-solid–state LMBs, upon mixing with Li salts. 

EO/LiTFSI (PEO ( M n = 60 0,0 0 0, EO/Li = 8/1) was deposited on the

urface of the NASICON-type solid electrolyte Li 1.3 Al 0.3 Ti 1.7 (PO 4 ) 3 
LATP) [294] . The as-fabricated sandwiched electrolyte SPE-LATP- 

PE showed stable cycling performance in a Li/Li symmetric cell 

or over 200 h at 75 °C. When employed in a full-cell with a 

ulfur-polyacrylonitrile (SPAN) composite cathode ( Fig. 13 a), high 

oulombic efficiency and long-term cyclic stability were obtained, 
24 
emonstrating that the PEO layer reduced the interfacial resistance 

ith the electrodes and improved the stability. PEO/LiTFSI was also 

sed to stabilize the interface between LLZO and Li metal [295] . 

he PEO/LiTFSI film (with thickness of 10 μm) was transfer-coated 

nto Li metal disks that were subsequently used for symmetric cy- 

ling tests with LLZO as solid-electrolyte. At 55 °C and areal capaci- 

ies of 0.025 mAh cm 

−2 and 0.1 mAh cm 

−2 the cycle life of the de-

ice was > 500 cycles. Room temperature areas specific resistance 

ASR) measurements showed a significant decrease in the interfa- 

ial resistance from 765.0 k � cm 

2 of the bare electrode to 13.05 

 � cm 

2 of the PEO/LiTFSI-caoted Li metal. Furthermore, a Li metal 

lectrode with PEO/LiTFSI artificial SEI layer was used with the 

omposite solid electrolyte PVDF-HFP-LLZTO [296] .The Li/Li sym- 

etric cell was stably cycled for 600 h at a current density of 0.5 

A/cm 

2 and a relatively low temperature of 40 °C. All-solid-state 
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MBs with PEO/LiTFSI-coated Li metal anode, the composite elec- 

rolyte and LCO or NCM111 cathodes retained CEs of 97% for 60 

nd 80 cycles, respectively, at 0.1 C and 40 °C. 

However, PEO-based polymers are generally poorly stable at 

igh voltages, thus the use of solid-electrolytes sandwiched be- 

ween PEO layers is limited to low-voltage cathode materials. To 

nable the use of solid-electrolytes with high-voltage cathodes, dif- 

erent polymer coatings were applied on the two sides of a ceramic 

lectrolyte, forming a disparate-polymers protected ceramic elec- 

rolyte (DPCE), with PEO facing the anode side and PAN the cath- 

de side ( Fig. 13 b) [297] . Both polymers ensured sufficient contact 

t the interfaces. Moreover, the stability of PEO under reductive po- 

entials and the oxidative stability of PAN protected LATP from un- 

esired redox processes. When the solid electrolyte with Janus in- 

erfaces was utilized in a full cell with Li metal anode and NCM622 

athode, 89% capacity retention was achieved after 120 cycles with 

igh CE ( > 99.5%) at 60 °C. 

In order to improve the ability of polymer interphases to me- 

hanically suppress the growth of dendrites, a cross-linked poly- 

er was employed to modify a LATP ceramic electrolyte [298] . The 

olymer network was constructed by using PMEA, which contained 

 polyacrylate backbone that provided electrochemical stability and 

tructural integrity, while the PEO side segments facilitated the 

ransport of Li ions. In Li|LFP all-solid-state batteries, the PMEA–

ATP electrolyte enable to measure high CE of 99.8–100% over 640 

ycles. 

Hybrid inorganic/polymer artificial SEIs were also applied in 

ll-solid-state LMBs, motivated by the improvement of mechan- 

cal properties offered by the inorganic nanoparticles, while si- 

ultaneously creating a smoother transition layer with increased 

ompatibility with inorganic electrolytes [299] . SiO 2 particles were 

reated with CH 3 O–(CH 2 CH 2 O) x –(CH 2 ) 3 Si(OCH 2 CH 3 ) 3 (PEG-silane) 

ia a silanization reaction to form a hybrid coating for LICGC 

Li 2 O–Al 2 O 3 –SiO 2 –P 2 O 5 –TiO 2 –GeO 2 ) solid electrolyte. The PEO- 

ased polymer chains grafted onto the nanoparticles thanks to the 

bundance of silanol groups on SiO 2 . The 200 nm hybrid layer 

howed good adhesion and wettability, and decreased the inter- 

acial resistance. By using excess amount of PEG-silane, the free 

olymer contributed to inhibiting the corrosion of LICGC by Li 

etal. 

PVDF-based ASEIs showed good capability of stabilizing the per- 

ormance of all-solid-state LMBs. A sandwiched composite elec- 

rolyte PVDF/LLTO-PEO/PVDF was reported, in which the PVDF 

ayer prevented the reaction between LLTO and Li metal, and ef- 

ectively suppressed the dendrite growth [300] . LiClO 4 was mixed 

ith PVDF to exploit the strong interaction between PVDF and 

lO 4 
−, which resulted in high Li transference number ( t Li + = 0.74). 

he sandwiched electrolyte enabled high cycling stability of a 

i/LCO full cell for over 100 cycles at 2C. Aiming to improve the 

onductivity of the coating, a plasticized polymer ASEI was pre- 

ared by adding small amount of carbonate-based liquid elec- 

rolyte in a PVDF-HFP polymer matrix [301] . The plasticized poly- 

er layer showed good ionic conductivity (5 × 10 –4 S/cm) and 

ide electrochemical stability window of 0–4.5 V vs Li + /Li. Such 

lasticized polymer layer was employed as ASEI between Li metal 

nd the ceramic electrolyte Li 7 La 2.75 Ca 0.25 Zr 1.75 Nb 0.25 O 12 (LLCZNO) 

nd paired with an LFP cathode. The full cell showed high capac- 

ty (140 mAh/g at 1C) and stable cycling performance for over 70 

ycles at room temperature. 

.5. Summary 

Section 3 discussed macromolecular approaches to stabilize the 

nterface between lithium anode and electrolyte for both liquid 

lectrolyte-based and solid electrolyte-based LMBs. Crucial aspects 

P

25 
f an ASEI paired with conventional liquid electrolytes are its me- 

hanical properties and lithium ion transport properties. These fea- 

ures could be tuned by either directly employing polymers with 

arget properties as ASEIs, or by employing reactive polymers that 

enerate an ASEI with desired characteristic in situ , by reacting 

ith lithium metal before or during cycling. Both mechanically 

trong polymer ASEIs with relatively high shear modulus and soft 

olymer ASEIs with elasticity or viscoelasticity were effective in 

uppressing lithium dendrites. To enhance the shear modulus of 

olymer-based ASEIs, mechanically strong additives were intro- 

uced, including organic fillers (e.g. Kevlar fiber), and inorganic 

llers (e.g. SiO 2 , Al 2 O 3 , YSZ, rGO, etc). RDRP has been used to

raft polymer chains from the fillers, leading to further enhanced 

echanical strength owing to the improved membrane unifor- 

ity. Soft polymer ASEI stabilized the anode/electrolyte interface 

y adapting to the sharp protrusions of lithium dendrites. Among 

he soft polymers utilized as ASEIs are PDMS, LiPAA, SBR, and net- 

orks with dynamic linkages, such as urea bonds with high den- 

ity of hydrogen bonds, and borate or aluminate anionic centers 

ith self-healing properties. Noticeably, the elastic LiPAA ASEI was 

ormed by reacting PAA with lithium metal in situ , thus achieving 

etter surface coverage and contact. 

Desirable electrical properties of an ASEI include high dielec- 

ric constants, high and uniform ionic conductivity, and high trans- 

erence number. Thus, ionically conductive polymers were used as 

SEIs such as PEO, PAN, or in situ formed polyalkylethers. To fur- 

her enhance their ionic conductivity, highly conductive lithium 

alts (e.g. Li 3 PS 4 ), Lewis acid type metal oxides (e.g. YSZ), or 

on-conductive fillers with abundant polar functional groups (e.g. 

OFs) were introduced in the polymer matrices. Fillers forming 

niformly distributed nanochannels or polymers with high dielec- 

ric constant, such as PVDF, allowed for homogeneizing the ion flux 

n Li metal. ASEIs with high t Li + were achieved by either using 

LIC polymers (e.g. sulfonate-based or TFSI-based polyanions) or 

anoporous polymers with an overlapped Debye screening length 

e.g. PIM-1). 

Some polymers simultaneously possess desirable mechani- 

al and electrical properties. For examples, elastic LiPAA and 

luminate-based dynamic networks are SLICs with high t Li + , and 

olymer films with YSZ NPs result in high t Li + due to the posi- 

ive charges on the YSZ surface. Finally, ASEIs with high chemi- 

al and electrochemical stability were designed by using polymers 

ith high chemical stability (e.g. PI), hydrophobic polyalkylethers 

ith long alkyl segments that were formed during cycling from 

dditives in the electrolyte, and reactive polymers bearing pendant 

yclic ether groups that competed with the consumption of liquid 

lectrolyte during cycling. 

An alternate approach to stabilize the interface between lithium 

etal anode and liquid electrolyte consists of coating a commer- 

ial separator with a layer of functional polymers. The pore sizes 

nd distributions, electrolyte wettability, and thermal stabilities 

f separators strongly affect the interface resistance and current 

istributions within the electrodes. Coatings for separator include 

iobased polymers (e.g. chitin), graphene or GO with high me- 

hanical strength, covalently grafted PAM with high affinity for 

i + , polymer/inorganic composite layers with enhanced mechani- 

al properties and ionic conductivity, and “soft ceramics” with high 

ransference number comprising a microporous layer (e.g. PIM-1) 

nd LiF. 

Polymer ASEIs for solid-state batteries serve for improving the 

hysical interfacial contact between solid electrolyte and metallic 

ithium, while reducing side reactions during cycling. This is es- 

ecially important for ceramic electrolytes that have rough surface 

nd poor stability against lithium metal, albeit high conductivity 

nd transference number. Widely adopted polymers include PEO, 

AN, PVDF, etc, due to their high flexibility, high conductivity and 



S. Li, F. Lorandi, H. Wang et al. Progress in Polymer Science 122 (2021) 101453 

h

m

4

o

t

t

L

e

h

i

s

w

t

t

s

c

a

o  

i  

r  

m

h

m

f

c

a

a

a

t

c

p

i

i

e

4

-

a

g

p

c

P

w

P

t

i

t

r

(  

p

t

f

o

o  

[

a

c

s

t

w

L

p

t

f

i

p

[

p

t

l

c

o  

c

r

w

i

o

l

t

3

c

s

a

d

e

o

h

4

f

r

t

a

g

c

t

c

w

t

l

(

l

t

l

t

i

i

L

p

S

a  

m

[

t

e

u

a

l

d

b  

o

igh resistance to electrochemical reduction in the anode environ- 

ent. 

. Polymer/lithium composite anode 

The cycling stability of LIBs is partly due to the 3D porous an- 

de structure that allows the lithium intercalation to reversibly 

ake place within the entire electrode. In comparison, the elec- 

rolyte and interface engineering strategies developed to stabilize 

MBs and described in previous sections only improve the lithium 

lectrodeposition at the anode surface. Therefore, an approach that 

as the potential to improve the stability of LMBs, eventually mak- 

ng LMBs more stable than LIBs, consists of transforming the 2D 

tructure of a typical lithium foil into a 3D composite structure 

ith extra functionalities. The 3D anode consists of a 3D host ma- 

erial and lithium metal and could provide the following advan- 

ages: i) translocating the charge-transfer process to the entire 3D 

tructure, reducing the local current density; ii) mitigating volume 

hanges during Li plating/stripping, adding dimensional stability 

nd eventually reducing the cell overpotential. Therefore, a 3D an- 

de can improve both stability and safety of LMBs [ 302 , 303 ]. Typ-

cal 3D host materials include porous carbons [ 175 , 304 , 305 ], ce-

amics and metal oxides [ 185 , 306 , 307 ], and metal alloys including

etal-coated scaffolds. [ 308–310 ] The use of polymer materials as 

osts for 3D polymer/lithium anode is relatively new, despite poly- 

er materials are commonly used in functional nanocomposites 

or numerous applications, including application as host for sili- 

on anodes [311] . Polymer materials as 3D host for composite Li 

nodes are highly promising as i) polymers can be designed with 

bundance of functional groups to guide lithium transport; ii) they 

re lightweight, which is beneficial to the LMB energy density; iii) 

hermoplastics can be processed in a molten state at a temperature 

lose or below the melting point of lithium; iv) flexible/flowable 

olymers improve the surface contact when pairing the compos- 

te anode with solid electrolytes. A few polymer/lithium compos- 

te anodes were reported in recent years for both liquid and solid 

lectrolytes, showing impressive performances. 

.1. Polymer/lithium composite anode with liquid anode 

Due to the abundance of lithiophilic functional groups, such as 

OH, -COO-, -C 

≡N groups, porous polymer membranes can serve 

s host to form composite anodes whereby polymer functionalities 

uide the Li deposition. This strategy has the potential to be ap- 

lied to “anode-free” LMBs, where lithium comes from a lithiated 

athode, maximizing the cell energy density. A porous 3D oxidized 

AN network was deposited on a Cu current collector. The network 

as created by electrospinning of a PAN/(polyvinylpyrrolidone) 

VP mixture solution, followed by a thermal stabilization process 

o oxidize PAN and remove PVP. The latter contributed to modulat- 

ng the fiber morphology to preserve the fiber uniformity during 

he thermal stabilization step, where PAN underwent a cyclization 

eaction to form a ladder structure with polar functional groups 

C = N, C-N, C = O, O-H) [265] . These groups served as anchoring

oints to prevent Li ions from moving towards hot-spots, retarding 

he accelerated lithium plating, and thus reducing the dendrites 

ormation ( Fig. 14 a). The composite anode enabled a CE of 97.4% 

ver 120 cycles in an ether-based electrolyte at a current density 

f 3 mA/cm 

2 , for a total of 1 mAh/cm 

2 of plated lithium per cycle

312] . 

A 3D crosslinked polyethylenimine (PEI) sponge with Li + - 
ffinity was developed and used as a lithium metal host by a 

ombination of self-concentrating and Li + -pumping features. The 

trong Li + -affinity of the sponge concentrated Li ions in the in- 

ernal electrode structure rather than in the bulk solution. Mean- 

hile, the electric double layer promoted electro-osmosis during 
26 
i plating/stripping, enhancing the ion-transport within the micro- 

orous structure ( Fig. 14 b). Such design reduced the concentra- 

ion polarization, therefore uniform Li + distribution and dendrite- 

ree Li plating/stripping at high current and deposition capac- 

ty (3.8 mAh/cm 

2 ) was achieved, with 99.78% average CE and a 

ractical negative to positive electrode capacity ratio (N/P) of 2 

313] . 

Liang et al, developed a simple rolling-cutting method to pre- 

are nanoporous polyethylene (PEt)/lithium composite anode. A 

hin layer of polymer separator was placed tightly on top of 

ithium foil, which was then manually rolled into a cylinder and 

ut into round disks using a sharp blade, similar to the preparation 

f the food sushi ( Fig. 14 c). With such design, the porous separator

ould be embedded into the lithium matrix, forming alternating 

ings of lithium and ionically conducting polymer separator once 

etted by the electrolyte. The cross-sectional area of the compos- 

te disk could be tuned by the rolling length and the block length 

f the lithium could be tuned by varying the thickness of initial 

ithium foil. Such composite anode could achieve a balance be- 

ween reduced mossy lithium and increased side reactions – i) the 

D structure could reduce the actual areal current density and the 

hance of developing mossy lithium; ii) due to the use of micron- 

cale polymer separators and lithium foils, the enhanced surface 

rea is lower than in the case of nanoscale porous host, thus re- 

ucing the extent of side reactions and formation of SEI between 

lectrolyte and lithium. As a result, the mesoscale composite an- 

de could be cycled for 200 cycles with low polarization under a 

igh current density up to 5 mA/cm 

2 [314] . 

.2. Polymer/lithium composite anode with solid electrolyte 

Polymer/lithium composite anodes can also improve the per- 

ormance of LMBs with solid-state electrolytes. The high surface 

oughness of both conventional Li metal anodes and solid elec- 

rolytes can lead to high interfacial resistance, low areal capacity, 

nd poor power output. Although coating Li metal with an inor- 

anic layer, e.g. silicone, aluminum oxide, or zinc oxide, can in- 

rease the surface wettability to a certain extent, the rigidity of 

he layer can result in mechanical failures upon repeated volume 

hanges at the anode. Therefore, the use of polymer materials as 

etting agents to improve the surface contact is critical to improve 

he compatibility of Li metal anodes with solid electrolytes. 

Liu et al. created a tri-layer architecture composed of molten 

ithium metal, layered rGO flakes and a flowable PEG interlayer 

 Fig. 14 d). By contacting a densely packed GO film with molten 

ithium, a “spark reaction” happened that stretched the gaps be- 

ween GO layers. The molten lithium was sucked into the inter- 

ayers via enhanced capillary forces. The remaining surface func- 

ionalities of rGO conferred lithiophilicity to the obtained compos- 

te anode. A flowable PEG/LiTFSI electrolyte was then thermally 

nfused into the gaps of the Li/rGO composite. An all-solid-state 

MB was constructed with the tri-layer anode, PEG/silica com- 

osite electrolyte, and LFP as cathode with high–mass loading. 

atisfactory specific capacity (110 mAh/g) was obtained even at 

 rate of 5 C at 80 °C, and a capacity retention of 93.6% was

easured after 300 cycles at a current density of 3 mA/cm 

2 

315] . 

Garnet-type electrolytes based on LLZO have high ionic conduc- 

ivity and very high electrochemical stability against Li metal, how- 

ver the insufficient interfacial contact with Li metal prevents their 

se under practical current densities [316] . Our group employed 

n in-situ emulsification approach to create uniformly dispersed 

ithium microparticles (Li MPs) in an electrically and ionically con- 

uctive polymeric media made of PEG, LiTFSI and conductive car- 

on ( Fig. 14 e) [ 21 , 317 ]. The resulting semiliquid lithium metal an-

de (SLMA) had a lithium content up to 40 vol%, with a theoretical 
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Fig. 14. (a) SEM images (scale bars of 20 μm) of the morphology of deposited lithium on a bare Cu current collector vs an oxidized PAN fiber network on Cu. The 

Li deposition was performed at a current density of 3 mA/cm 

2 for a total deposited Li of 3 mAh/cm 

2 . [312] , Copyright 2015. Reprinted with permission from American 

Chemical Society. (b) Up: illustration of electrokinetic phenomena in a 3D PEI sponge under an electric field. Cyan arrows represent electrokinetic surface conduction, yellow 

dashed arrows represent electro-osmosis and orange arrows represent the cations movement. Bottom: SEM images of surface morphology of the composite anode after Li 

deposition at a deposition capacity of 2 mAh/cm 

2 and current density of 2 mA/cm 

2 . [313] , Copyright 2018. Reprinted with permission from Springer Nature. (c) Illustration 

of fabrication of the PEt/Li composite anode through a rolling-cutting method. [314] , Copyright 2019. Reprinted with permission from Springer Nature. (d) Picture of flowable 

semi-liquid lithium metal anode. [315] , Copyright 2019. Reproduced with permission from AAAS. (e) Schematics illustrating the fabrication process of a semi-liquid lithium 

metal anode. [21] , Copyright 2019. Reprinted with permission from Cell Press. 
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olumetric energy density of 800 mAh/cm 

3 , and exhibited liquid- 

ike mechanical response even at room temperature. The SLMA en- 

bled to cycle a symmetric cell with LLZO electrolyte for ∼400 

ours at a current density of 1 mA/cm 

2 (1 h at each step) without

bserving polarization. Such phase–reverse design, i.e. from solid 

lectrode and liquid electrolyte to liquid-like electrode and solid 

lectrolyte, and the role of polymer materials in composite elec- 

rode preparation represent key steps in the development of safe 

MBs [21] . Moreover, the Li MPs employed for SLMA could be ex- 

racted via a solvent-processed approach. The extracted Li pow- 

er was easily processed in a composite anode by blending with 

 conductive filler and polymer binders, thus through a manufac- 

uring approach that resembles the traditional anode preparation 

pproach in the LIB industry [317] . 

.3. Summary 

Section 4 discussed functional polymers that were employed 

s host materials for making polymer/lithium composite anodes 

aired with either liquid electrolytes or solid electrolytes. Porous 

olymer frameworks (e.g. PAN, PEI) with lithiophilic polar func- 

ionalities were used as guiding hosts, leading to homogeneous 

ithium deposition in an anode-free set up. Polymers with high 

lectrolyte wettability, such as porous PEt membranes, were em- 

loyed to fabricate a 3D structure with lithium metal, improving 

he surface contact between lithium metal and electrolyte, and 

owering the local current density. Soft ionically conductive poly- 

ers, such as PEO, were used to create semi-liquid lithium metal 
27 
nodes with enhanced ionic conductivity, that showed excellent 

erformance in solid-state batteries. 

. Polymers for metal oxide cathodes 

When considering LMBs at the cell-level, two categories of 

athode materials are available: i) lithiated layered metal oxides, 

hich are also adopted for LIBs, or ii) non-lithiated high-energy- 

ensity cathode materials such as sulfur or oxygen. Adopting lay- 

red metal oxides-based cathodes for LMBs has the advantage that 

he original production infrastructure inherited from the LIB indus- 

ry can be preserved for LMBs production. Meanwhile, a LMB us- 

ng similar electrolyte and cathode materials as a LIB can greatly 

ncrease pack-level energy density [318] . 

LCO was used in the first generation of LIBs commercialized by 

ONY, and still holds an edge over other cathode materials that 

ave more rigid requirements for the voltage platform. However, 

he high amount of cobalt in LCO has urged to seek for a re- 

lacement of higher-capacity cathode with lower cobalt content. 

romising lower-cost candidates are the nickel-rich NCM811 or a 

ithium-rich cathode such as Li 1.2 Ni 0.2 Mn 0.6 O 2 (LNMO). 

Polymers are widely used to improve the performance of metal 

xide cathodes. The most common use of polymer materials is as 

athode binders, responsible for integrating the active materials 

nd conductive filler onto the current collector. Thus, the binder 

reatly affects the mechanic integrity of the electrode, its resis- 

ance and long-term stability. In addition, polymer coatings are of- 

en introduced in the cathode to minimize side reactions at the 
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athode electrolyte interphase (CEI) and reduce the interfacial re- 

istance. The following subsections present several applications of 

olymers as binders and artificial CEIs in LMB cathodes. 

.1. Polymer binders for metal oxide cathodes 

Polymer binders are mixed with active materials and conduc- 

ive fillers, such as carbon black (CB), and serve to integrate these 

omponents together, providing mechanical stability and promot- 

ng the adhesion of the electrode materials to the current col- 

ector. The binder affects various properties of the cathode, in- 

luding dispersion and distribution of active materials and CB, 

lectronic and ionic conductivity, porosity, and mechanical prop- 

rties. Tremendous efforts were put into the development of ef- 

ective binders, and the most reported materials include PVDF, 

oly(tetrafluoroethylene) (PTFE), carboxymethyl cellulose (CMC) 

 319–322 ], PEO [ 322 , 323 ], SBR [324] , PAA [ 325 , 326 ], and poly-

crylic rubber latex (LA132) and its derivatives [327] . Moreover, 

lends of two or more binders were employed to further increase 

he overall performance. 

PVDF is the most widely used binder for metal-oxide cathodes 

n commercial LIBs, originally employed in the first lithium-ion 

ells commercialized by SONY. PVDF offers several advantages as 

inder for cathodes: i) electrochemical and chemical stability; ii) 

ood bonding strength; iii) good mechanical strength. These advan- 

ages enable overall good electrode performance. However, there 

re several drawbacks associated with PVDF: i) in the cell man- 

facturing processes, N-methyl-2-pyrrolidone (NMPy) is generally 

sed as a solvent to dissolve PVDF. This entails high cost, safety 

nd environmental issues, and the critical need to control the rela- 

ive humidity during the process ( < 2%); ii) PVDF has low flexibil- 

ty, which causes mechanical failure in the active materials upon 

olume changes during cycling, therefore deteriorating the cycle 

ife of the battery; iii) PVDF degradation products contain unsatu- 

ated fluorinated compound (C = CF–) that can be hazardous to the 

ealth and environment [319] . 

In order to find a replacement for PVDF, other binders were 

nvestigated. CMC showed good performance as both a dispersing 

gent and thickener, capable of stabilizing the slurry and increas- 

ng the viscosity without substantially changing other properties. 

y applying CMC to an LFP cathode, CMC was able to improve the 

ispersion properties, while maintaining the long-term dispersing 

fficiency of LFP, due to the enhanced interaction with active ma- 

erial particles and adsorption onto these particles [328] . When ap- 

lying CMC to LFP, the LMB displayed good performance for 10 0 0 

ycles, with an overall capacity fading of only 0.025% per cycle, a 

erformance very close to PVDF-based electrodes [319] . CMC could 

lso be used for a high voltage cathode (Li 2 MnO 3 –LiMO 2 ), up to at

east 4.8 V [321] . The CMC-based electrodes showed superior cy- 

ling stability with less than 0.1% capacity fading per cycle, while a 

imilar PVDF-based electrode showed 0.2% capacity fading per cy- 

le. On the other hand, CMC also showed good thickening effect. In 

 comparison with hydroxypropylmethyl celluse (HPMC), an elec- 

rode slurry with HPMC displayed liquid-like behavior with poor 

lectronic wiring, while the CMC-based electrode slurry displayed 

 solid-like behavior due to the buildup of a network bridged by 

MC chains [ 322 , 329 ]. Finally, the use of CMC allows to prepare

ore compact cathodes, compared to PVDF. 

In addition to the mechanical properties, binders also affect the 

lectronic and ionic conductivity of the electrode. Guys et al. sys- 

ematically investigated electronic transport properties of compos- 

te electrodes based on Li 1.2 V 3 O 8 , CB, and PEO [330] . The measured

onductivity followed a unique relationship, independent on the 

inder combination and the active materials presence, according to 

he relation: log σ = log σc − b ∗ φbinder 
φc 

, where σc is the measured 

lectronic conductivity of active materials, φc is the critical volume 
28 
raction for percolation of active materials and φbinder is the binder 

olume fraction. The result suggested that the electronic transport 

appened via a tunneling mechanism through the insulating poly- 

er layers in between conducting particles. Choi et al. [331] pro- 

osed that the binder helps increasing the amount of liquid elec- 

rolyte uptake into the electrode and the electrode ionic conduc- 

ivity. 

Combining different polymers together is an efficient way to 

aximize the functionality of binder materials. For example, am- 

onium polyacrylic acid (PAA-NH 4 ) and LA132 were combined as 

 binder system, in which PAA-NH 4 acted as dispersant in aqueous 

olution to help increasing the absorption of LA132 binder onto 

he cathode materials surface [332] . Scanning electron microscope 

nalysis suggested that a LCO sheet prepared with LA132, in the 

bsence of PAA-NH 4 , had significant powder agglomeration and 

inder accumulation around the powder. These undesired coagu- 

ations were diminished by increasing the PAA-NH 4 content. Thus, 

he addition of PAA-NH 4 in the range of 0.01–0.02 wt% improved 

he LCO electrode capacity, rate capability and stability after cy- 

ling. Higher loadings of PAA–NH 4 could decrease the adhesion 

trength, electronic conduction, and overall electrochemical prop- 

rties of LCO. 

.2. Polymer CEI for metal oxide cathodes 

Layered metal oxides cathode materials include LCO, NCM 

LiNi x Co y Mn z O 2 with x + y + z = 1), and NCA. These materials have

een widely used in commercial LIBs. Other promising metal-oxide 

ased cathode materials such as Li-rich, cation-disordered rock- 

alt cathodes (e.g. LiNi 0.5 Mn 1.5 O 4 spinel cathode) [333] , are able 

o deliver high energy density. For all these cathodes, one com- 

on issue is the occurrence of side reactions at the interface be- 

ween cathode and electrolyte and the dissolution of active mate- 

ials into electrolytes, which degrade the performance of the cath- 

de in term of cycling stability and resistance. One effective strat- 

gy to tackle this problem is to apply a polymer coating as arti- 

cial CEIs on the particle surface of cathode active materials. It 

hould be noticed that such polymer coatings on the cathode cover 

he surface of each secondary particle of active materials, while 

olymer-based coatings on Li metal anode (polymer ASEI, Section 

) typically cover the whole electrode surface. 

Inorganic materials, such as Al 2 O 3 and TiO 2 , were used as coat- 

ng for cathode active materials. However, polymer coatings of- 

er several advantages compared to inorganics, such as facile con- 

rol of coating thickness and homogeneity, and improvement of 

he electronic conductivity of the cathode. These benefits add to 

he general advantages of cathode active material coating, which 

nclude: i) mitigating side reactions between electrolyte and ac- 

ive materials; ii) improving the long-term stability of the ac- 

ive materials; iii) increasing the overall electrode conductivity. To 

e effective, polymer coatings should exhibit high ionic/electronic 

onductivity, chemical/electrochemical stability, continuous sur- 

ace coverage, and mechanical flexibility. Common polymers em- 

loyed as CEI coatings include poly(3,4-ethylenedioxythiophene) 

PEDOT) [ 334–336 , 338 , 345 ], polyaniline (PANI) [337] , carbonized 

AN [343] , polypyrrole (PPy) [344] , poly(ethylene glycol diacrylate) 

PEGDA) [342] , polyimide (PI) [ 340 , 341 ], poly(N-vinylpyrrolidone) 

PVP) [337] ( Table 1 ). These polymers were selected primarily 

or their intrinsic electronic/ionic conductive properties that en- 

ance the electrode conductivity. Additionally, these materials can 

e synthesized at low temperatures with simple procedures. One 

ommon approach to overcome the insufficient performance im- 

rovement achieved by using a single polymer coating consists of 

mplementing a dual-phase coating that combines two polymers 

ith complementary characteristics, thus meeting all requirements 

or effective coatings. However, some issues remain largely un- 
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Table 1 

Polymers used as artificial CEIs for various layered metal oxide cathodes in LMBs. 

Coating polymer Active materials Coating method Thickness (nm) Cycling voltage 

Capacity retention/cycles/rate 

(Capacity retention without 

polymer CEI) Ref. 

PEDOT LiNi 0.85 Co 0.1 Mn 0.05 O 2 Solvent-free oCVD 20 2.7-4.3V 91%/100/0.1 C/ (54%) [334] 

PEDOT LiMn 2 O 4 Solvent-free oCVD 20 3.5-4.3V 84%/100/1 C (73%) [335] 

PEDOT- co -PEO LiNi 0.6 Co 0.2 Mn 0.2 O 2 Surfactant-free wet 

coating 

11-18 2.8-4.3V 93.9%/100/0.5 C (89.3%) [336] 

PVP + PANI LiNi 0.8 Co 0.1 Mn 0.1 O 2 Surfactant-induced wet 

coating 

5-7 2.7-4.3V 88.7%/100/0.4 C (66.3%) [337] 

PEDOT:PSS Li 1.2 Ni 0.2 Mn 0.6 O 2 Surfactant-free wet 

coating 

10-14 2.0-4.8V 51.6%/100/0.3 C (30%) [338] 

PEDOT LiNi 0.5 Mn 1.5 O 4 in situ polymerization < 10 3.5-4.9 V 90%/100/1 C (60%) [339] 

PI/PVP interpenetrating 

network 

LiCoO 2 Wet coating followed by 

in situ polymerization 

∼5 3.0-4.4V 87%/80/0.5 C (38%) [340] 

PI LiCoO 2 in situ polymerization ∼10 3.0-4.4V 85%/50/0.5 C (75%) [341] 

PEGDA LiCoO 2 in situ polymerization ∼20 3.0-4.4V 88%/30/0.5 C (80%) [342] 

PAN LiCoO 2 Wet coating followed by 

in situ crosslinking 

∼40 3.0-4.5V 95%//60/0.7 C (87%) [343] 

PPy LiCoO 2 in situ polymerization ∼20 3.0-4.5V 94.3%/170/0.2 C (83.5%) [344] 
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olved: i) most coating methods do not offer delicate control over 

he coating thickness for both primary and secondary particles, 

esulting in coating inhomogeneity; ii) at high voltages ( > 4.8 V) 

any polymers exhibit poor oxidative stability. 

Early works on polymer coating stemmed from the need of im- 

roving the conductivity of LFP cathodes. In 2007, a PPy/ferrocene 

olymer coating was first applied to LFP, obtaining greatly im- 

roved discharge capacity and rate capability in comparison to the 

ontrol group using CB [346] . In the past 20 years, coating ma- 

erials were greatly extended to other conductive polymers, and 

he purpose shifted from simply enhancing the conductivity of 

athodes, to simultaneously mitigating side reactions at the cath- 

de electrolyte interphase to improve the device long-term sta- 

ility. PPy-coated LCO was prepared in the presence of sodium 

-toluenesulfonate as dopant [344] . The capacity retention of the 

athode increased from 52.4% without coating to 80.1% with coat- 

ng. The long-term stability of the PPy-coated LCO was attributed 

o the continuous and thin PPy film that protected the cathode 

rom the attack of HF, which originated from the decomposition 

f LiPF 6 , especially under high temperature. Moreover, the coat- 

ng suppressed the dissolution of Co into the electrolyte. PEDOT: 

oly(styrenesulfonate) (PSS) was applied to NCM111, and the mor- 

hology and performance were thoroughly investigated [347] . Sev- 

ral factors played a relevant role in the performance enhance- 

ent: i) the conducting polymer protected the transition metals 

rom HF attack and/or undesired redox reactions with the elec- 

rolyte, suppressing the formation of LiF and Li 2 CO 3 , thereby of- 

ering better Li + diffusion pathways; ii) the coating helped the 

ayer structured cathode maintaining the initial local atomic envi- 

onment within the bulk electrode, which resulted in a lower volt- 

ge decay in the galvanostatic profile; iii) the coating suppressed 

he transformation of the cathode from a layered structure into a 

pinel/rocksalt structure, which typically creates a series of phase 

ismatches on charge–discharge cycles and is an inherent problem 

f layered oxide electrodes. 

The ability of polymer coatings to mitigate side reactions at the 

nterface is particularly important for cathodes that are operated 

nder relatively high voltages, causing more side reactions to oc- 

ur at the interface. PPy was applied onto LiNi 0.5 Mn 1.5 O 4 and the 

athode was cycled in the voltage range between 3.5 V and 4.9 

 [348] . When comparing with the cathode without coating, the 

oated cathode showed drastically improved long-term cycling sta- 

ility (91% vs. 76.7% capacity retention after 300 cycles). 

The difficulty in developing a polymer that satisfies all re- 

uirements of a good cathode coating prompt the use of multi- 
29 
le polymers as coating layers. PEDOT is known to have high elec- 

ronic conductivity and good electrochemical stability (up to 4.6 V), 

ut relatively low ionic conductivity. Therefore, PEDOT was com- 

ined with PEG that has high ionic conductivity [336] . The dual- 

onductive polymer coating showed superior performance than the 

ole PEDOT. The surface-modified NCM622 cathode using PEDOT- 

o-PEG showed higher discharge capacity (166.0 mAh/g) at 5C rate 

han the pristine cathode (145.8 mAh/g) and a PEDOT-coated cath- 

de (159.3 mAh/g). The enhanced high-rate performance was at- 

ribute to the good mix of ionic and electronic conduction. Com- 

osites of lithium-rich Li 1.2 Ni 0.2 Mn 0.6 O 2 and PEDOT:PSS were pre- 

ared via coprecipitation followed by a wet coating method [338] . 

he thicknesses of the polymer coating ranged between 5 and 20 

m. A composite with an optimal 3 wt% coating exhibited good 

ate capability and cycling properties, with excellent initial dis- 

harge capacity of 286.5 mAh/g at 0.1C and stable discharge ca- 

acity of 146.9 mAh/g at 1C for 100 cycles. 

One important issue of polymer coatings is eventual thickness 

nhomogeneity, due to poor control over the synthetic conditions. 

his issue was typically addressed by using better surfactants or 

dvanced synthetic routes. Uniform coatings of conductive PANI 

n the surface of NCM811 were obtained by pretreating NCM811 

articles with PVP. Owing to the bonding tendency between the 

yrrolidone rings of PVP and −NH − groups of PANI ( Fig. 15 a), 

he PANI layer could be uniformly anchored onto the surface of 

CM811, with a thickness of 5-7 nm [337] . The hydrophobic sur- 

actant cetyltrimethyl ammonium bromide (CTAB) was mixed with 

EDOT in aqueous solution to provide a driving force to guaran- 

ee a uniform and conductive layer during the surface coating pro- 

ess [339] . While the use of a surfactant can provide good control 

ver the homogeneity of the coating on secondary particles, it is 

arder to finely control the coating thickness over both primary 

nd secondary particles. A protective and conductive PEDOT skin 

as built on a layered oxide cathode via oxidative chemical va- 

or deposition (oCVD), rather than by using a more conventional 

et chemistry process. In the solvent-free process, VOCl 3 oxidizing 

apors and the EDOT monomer were simultaneously introduced 

nto a rotary reactor, and then adsorbed onto the NCM111 particles 

urface ( Fig. 15 b). Then, the film polymerized via oxidative step- 

rowth polymerization. This method enabled to successfully cre- 

te a PEDOT skin with uniform thickness on both secondary and 

rimary particles of the layered oxide cathode materials ( Fig. 15 c). 

t 0.1 C rate, the capacity retention over 50 cycles was improved 

rom 67.6% for bare NCM to 76.7%, 85.2%, 96.6% and 95.8% for the 

aterials prepared with 20, 40, 60 and 80 minutes of oCVD, re- 
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Fig. 15. (a) Schematic illustration of the preparation of NCM811@PANI −PVP, and possible reaction among NCM811, PVP, and PANI. [337] . Copyright 2019, Reproduced with 

permission from American Chemical Society. (b) A schematic diagram of the experimental oCVD setup for the in situ solvent-free polymerization on NCM secondary/primary 

particles surface, and illustration of the structural stability of both secondary/primary particles coating and secondary particles coating after long-term cycling [334] . Copy- 

right 2019, Reproduced with permission from Springer Nature. 
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pectively. At the higher rate of 1 C, a more remarkable cycling 

tability enhancement was observed, from 47.7% for bare NCM af- 

er 200 cycles, to 79.1, 83.0, 91.1 and 89.5% for the coated cathodes 

ith increasing preparation time. It is noteworthy that the capacity 

nhancement was achieved in a carbonate-based electrolyte with- 

ut additives and with a high cut-off voltage (4.6 V). This excep- 

ional cycling stability resulted from the ability of PEDOT skin to: 

) suppress the undesired layered-to-spinel/rock-salt phase trans- 

ormation; ii) mitigate intergranular and intragranular mechani- 

al cracking; iii) stabilize the cathode electrolyte interface [334] . 

CVD was also used to apply coatings on cathodes with higher 

nergy density, such as layered Ni-rich LiNi 0.85 Mn 0.05 Co 0.1 O 2 and 

i-rich Li 1.2 Mn 0.54 Ni 0.13 Co 0.13 O 2 , and demonstrated good perfor- 

ances [334] . 

.3. Summary 

Section 5 presented functional polymers applied as binders or 

rtificial CEI coatings in LMBs with layered metal oxide cathodes. 

n effective binder increases the dispersion and distribution of ac- 

ive materials and conductive agents in the cathode, thus affect- 

ng its electronic and ionic conductivity and mechanical integrity. 

VDF and PTFE are two of the most widely applied binder ma- 

erials, due to their excellent electrochemical and chemical stabil- 

ty and bonding strength. However, the mechanical stiffness, fluo- 

inated degradation products, and the use of organic solvents for 

rocessing entails for the development of new binder materials 

ith optimal thickening and dispersing ability, good ionic conduc- 

ivity, high electrolyte uptake and amenable of being processed in 

queous solutions. Such binder materials include CMC, PEO, PAA, 

nd polyacrylic rubber latex. In addition, combinations of multi- 

le binders can enhance the overall performances. Polymer CEIs 

elp reduce interfacial resistance and side reactions, therefore im- 

roving the long-term stability of the active materials in the cath- 

de. To be effective artificial CEIs, polymers should have good 

onic/electronic conductivity, high chemical/electrochemical stabil- 

ty, and excellent surface coating ability and mechanical proper- 

ies. Among the reported polymer CEIs are highly durable polymers 

e.g. PI), ionically conductive polymers (e.g. PEO-based polymers) 

nd electronically conductive polymers (e.g. PEDOT, PANI, PPy, car- 

onized PAN). In addition, physical blend of multiple polymers (e.g. 

VP + PANI, PI + PVP) and block copolymers (PEDOT- co -PEO) were 

sed to exploit their multiple functionality. Typical coating meth- 
30 
ds include surfactant-free wet coating, in situ solution polymer- 

zation/crosslinking, and solvent-free oxidative polymerization. 

. Polymers for sulfur cathode in Li-S batteries 

Commercial cathode materials for LIBs are expected to soon 

each their maximum capacity due to the limited number of crys- 

allographic sites naturally available in these materials for the in- 

ertion and extraction of lithium ions. Li-sulfur is one of the most 

romising next-generation battery chemistries, providing a theo- 

etical capacity of 1672 mAh/g. Key problems with Li-S batter- 

es include: i) the formation of intermediate products (i.e. lithium 

olysulfides Li 2 S x ) during cycling along with their formidable 

tructural and morphological changes, which can lead to unsta- 

le electrochemical contact within the sulfur electrode; ii) Li 2 S x 
ntermediates tend to dissolve in the electrolyte and shuttle be- 

ween the anode and cathode during cycling, reacting with both 

he lithium metal anode and the sulfur cathode (i.e. the shuttle 

ffect); iii) the high resistance of sulfur ( σ ∼10 −30 S/cm) and 

f polysulfide intermediates, due to their insulating nature that 

an cause large polarization, reducing the energy efficiency of the 

attery and the utilization efficiency of active materials. Polymers 

ere applied in the cathode of Li-S batteries as protective polymer 

oatings on sulfur particles, composite frameworks or binders. This 

ection summarizes the opportunities provided by polymer mate- 

ials in addressing the challenges of Li-S batteries. Three main ap- 

roaches adopted in the implementation of polymer materials into 

 cathodes are presented: i) conductive polymer/sulfur composite, 

i) organosulfide polymer composites, and iii) polymer binders. 

.1. Conductive polymer/sulfur composite cathodes 

For the cathode in a Li-S battery, compositing conductive poly- 

er provides the following advantages: i) it confines the sulfur 

ctive material, suppresses the shuttle effect and buffers the vol- 

me expansion of the cathode, increasing the utilization of active 

aterial and the stability; ii) it improves the electronic conduc- 

ivity of the electrode and the sluggish kinetics caused by the in- 

ulating nature of S. The materials used as coatings range from 

norganic ceramic oxides, to organic polymer materials and hy- 

rid polymer/inorganic materials. The choice of conductive poly- 

ers include PPy, PANI, PEDOT [371] , and poly(N-vinylcarbazole) 

PVK) [372] , etc. Factors affecting the performance of such com- 

osite cathode include electronic conductivity, electrochemical sta- 



S. Li, F. Lorandi, H. Wang et al. Progress in Polymer Science 122 (2021) 101453 

Table 2 

Examples of conductive polymer/sulfur composite cathodes. 

Materials 

Composite 

Structure 

Sulfur content 

(wt%) a 
Sulfur mass loading 

(mg/cm 

2 ) 

Cycling performance (mAh 

g −1 /cycles/rate/voltage window) Ref. 

PPy/S/CB/PVDF Layered 50 N/A 700/20/50mAg −1 /1.5-3.0 V [349] 

PPy/S/CB/PTFE Tubular 37.3 4 525/2001 C/1.7-2.8 V [350] 

PPy/S/CB/PVDF Core-shell 49 1.2-1.5 690/200/0.2 C/1.5-3.0 V [351] 

PPy/S/CB/PVDF Tubular ∼48 4 428/50/1 C/1.5-3.0 V [352] 

PPy/S/CB/PVDF Core-shell ∼46.2 N/A 400/50/1 C/1.5-2.8 V [353] 

PPy/MnO 2 /S/CB Core-shell 66 3 900/150/1 C/1.7-3.0 V [354] 

PPy/MnO 2 /S/CB/PVDF Tubular 52.5 2 550/500/1 C/1.5-3.0 V [355] 

PPy/S/graphene/CB/PVDF Layered 52 1-3 698/500/0.5 C/1.7-2.8 V [356] 

PPy/S/PCN-224/CB/PVDF Core-shell 60 0.8 ∼1.4 670/200/10 C/1.8-2.7 V [357] 

PANI/S/C/CB/PTFE Core-shell 30.59 0.9-1.2 405/200/10 C/1.0-3.0 V [358] 

PANI/S/CB/Sodium 

Alginate 

Yolk-shell 46.4 N/A 628/200/0.5 C/1.5-3.0 V [359] 

PANI/S/Curved 

Graphene/CB/PVDF 

Tubular 44 0.6-1.2 851/200/0.2 C/1.5-2.8 V [360] 

PANI/S/N-doped 

graphene/CB/PVDF 

layered 42 N/A 693/100/0.5 C/1.4-3.0 V [361] 

PANI/S/CNT/PSS Layered 67.5 1.85 818/600/0.3 C/1.0-3.0 V [362] 

PANI/S/C-NF Tubular 67.1 2 711/300/0.2 C/1.7-2.8 V [363] 

PANI/S/CB/PVDF Nanoporous 52 3.01 750/200/0.3 C/1.0-3 V [364] 

PEDOT:PSS/S/CB/PVDF Layered 72 N/A 672/200/1 C/1.5-3.0 V [365] 

PEDOT/S/MnO 2 /CB/PVDF Core-shell 65.25 N/A 545/200/0.5 C/1.5-2.8 V [366] 

PEDOT/S/C-NT Core-shell 49 1.1 ∼1.47 532/200.0.5 C/1.5-3.0 V [367] 

PEDOT:PSS/S/rGO Layered 56.4 2 ∼3 ∼750/500/1 C/1.5-2.8 V [368] 

PEDOT/S/bacteria-derived 

carbon/graphene 

Core-shell 63.3 N/A 482.1/1000/5 C/1.6-2.8 V [369] 

PEDOT/S/Prussian blue 

nanocube 

Core-shell 66 N/A 544/200/5 C/1.8-2.8 [370] 

PEDOT/S/CB/PVDF Core-shell hollow 

sphere 

54.6 1.5 860/300/0.2 C/1.7-2.6 V [371] 

PVK/S/CB/PVDF Core-shell hollow 

sphere 

49.56 1 687.7/200/0.5 C/1.0-3.0 V [372] 

a Including weight of conductive fillers and binders 
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ility windows, easiness and cost of synthesis, etc. Moreover, these 

olymers can form composite of different structures, such as pla- 

ar [373] , core-shell [353] , yolk-shell [359] , tubular [350] , thus af-

ecting the efficiency of coated cathode ( Table 2 ). 

PPy-based composite cathode. PPy is one of the most com- 

only used electronically conductive polymers for Li-S batteries. 

Py can be polymerized by chemical oxidation [374] , electrochem- 

cal polymerization [375] , and emulsion polymerization [376] . Its 

ood electronic conductivity provides the active material with ad- 

itional conductive paths and the hydrogen bonds in PPy con- 

ribute to the interaction between sulfur molecules and polymer 

hains, thereby enhancing the cathode stability. A simple blend of 

Py and sulfur (50 wt%) could deliver an initial discharge capacity 

f 1280 mAh/g and ∼700mAh/g after 20 cycles at a current density 

f 50 mA/g [349] . More advanced structures could further improve 

he cycling performance. Core-shell structured PPy/S composite 

athodes were prepared by adding sulfur to an aqueous solution 

ontaining decyltrimethylammonium bromide (DeTAB), a cationic 

urfactant that promoted the formation of nanosized spherical PPy. 

ith this approach, PPy nanoparticles nucleated onto S particles 

nd formed PPy shells. The core-shell structure of conductive PPy 

oating enabled fast and efficient transport of lithium ions and 

harge transfer within the electrodes. The composite delivered a 

apacity of ∼700 mAh/g at the first cycle and 400 mAh/g after 

0 cycle, under 1 C rate [353] . With PPy coated sulfur particles, 

n in situ reaction with potassium permanganate (KMnO 4 ) causes 

he formation of an interior thin layer of MnO 2 between the sulfur 

articles and the PPy outer layer, which can also generate thio- 

ulfate groups by reacting with lithium polysulfide. The thiosul- 

ate groups formed on the surface of MnO 2 were able to anchor 

ong-chain polysulfides, significantly minimizing the shuttle effect. 

he multilayer core-shell composite enabled to use a binder-free 

athode with a Coulombic efficiency as high as 98% and the self- 
31 
ischarge after 168 hours could be reduced from 34% to less than 

% [354] . The PPy/sulfur core-shell structure could also be cre- 

ted by a melting-diffusion strategy. Ultrathin wrinkled PPy hollow 

anospheres were prepared via in situ polymerization of pyrrole, 

ith Fe 3 O 4 nanospheres as hard template. Composite PPy/sulfur 

athode was made by infiltrating sulfur into the PPy nanosphere at 

55 °C. Due to the synergistic effect of the ability of PPy to chem- 

cally bind to intermediate products and the high elasticity of the 

Py sphere-shell structure that efficiently accommodated volume 

xpansions, the composite cathode delivered an initial discharge 

apacity as high as 1500.5 mAh/g at 0.1C, and 690 mAh/g after 

00 cycles [351] . Well-defined coaxial tubular sulfur/PPy compos- 

tes were fabricated via a one-pot in situ disproportionation reac- 

ion method, resulting in thin layers of sulfur wrapping around PPy 

anotubes. In these composites, the PPy nanotubes acted as a hol- 

ow conductive backbone that effectively facilitated the diffusion 

f electrolyte, and the ion and electron transport. The composite 

athode with 53.3 wt% sulfur loading exhibited high initial dis- 

harge specific capacity of 1117 mAh/g with a remarkable cycling 

tability, retaining 692 mAh/g and 525 mAh/g capacity, after 200 

ycles at a current density of 0.2C and 1C, respectively [350] . In a

everse tubular design, PPy was constructed outside tubular sulfur 

ith MnO 2 as the intermediate layer. MnO 2 suppressed the shut- 

ling effect while the PPy served as conducting framework. A stable 

E of ∼98.6% and a capacity decay rate of 0.07% per cycle within 

00 cycles at 1C were achieved for S/PPy-MnO2 ternary electrodes 

ith 70 wt%S and 5wt % MnO 2 [355] . 

Introducing a second porous host in addition to the conductive 

Py is another viable option to achieve high-performance Li-S bat- 

eries. For example, PPy was coated around the surface of a sul- 

ur/graphene aerogel composite via a vapor-phase deposition ap- 

roach. The micropores and mesopores of the graphene aerogel 

rovided high surface area, allowing to host high amount of sul- 
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ur and polysulfides, while preserving high internal conductivity. 

he use of vapor-phase deposition allowed for the monomer va- 

or to diffuse into otherwise inaccessible small pores, thus max- 

mizing the effect of PPy polymer coating. Such PPy@S/graphene 

erogel composite cathode delivered a specific capacity of 1167 and 

09.1 mAh/g at 0.2 and 5 C, respectively, while maintaining a ca- 

acity of 698 mAh/g at 0.5 C after 500 cycles [356] . In addition,

OFs were employed as sulfur hosts. MOFs have high surface area 

nd tunable polarity, allowing for fast ion diffusions and suppres- 

ion of the shuttling effect. However, the limited electron trans- 

er with MOFs limit their uses as electrode frameworks. By coating 

Py around sulfur-hosted MOF frameworks, high ion and electron 

iffusion could be achieved. PCN-224 was chosen as a MOF frame- 

ork, and the S/PCN-224 composite was prepared by a melt dif- 

usion method. A PPy-coated S/PCN-224 composite cathode deliv- 

red an ultrahigh capacity of 670 and 440 mAh/g at 10C after 200 

nd10 0 0 cycles, respectively [357] . 

PANI-based composite cathode. PANI was also extensively 

sed as coating material for cathodes in Li-S battery due to its 

xcellent electrochemical stability and conductivity. PANI can be 

ynthesized by oxidation polymerization [377] , interfacial polymer- 

zation [378] , electrochemical polymerization [379] , etc. A study 

nto the effect of PANI coating on the sulfur cathode showed that 

he PANI-S composite containing 15 wt% of PANI delivered a ca- 

acity of 1134.01 mAh/g at the first discharge during cycling at 

.2 mA/cm 

2 . The capacity was much higher than that of bare sul- 

ur, due to the enhanced conductivity of the cathode [380] . Sim- 

lar to PPy, different design structures of PANI further improved 

he electrode performance. PANI-coated sulfur/CB (S/C) compos- 

tes with core-shell structure were made via either ball-milling 

r thermal treatment of CB and sublimed sulfur, followed by in- 

itu oxidative polymerization of aniline in the presence of the S/C 

omposite and ammonium persulfate. The cathode composite with 

3.7 wt% sulfur showed excellent rate-capability with a maximum 

ischarge capacity of 635.5 mAh/g under 10C rate. The improved 

erformance was ascribed to the synergistic effect on the electri- 

al conductivity from both the conductive CB in the matrix and 

he PANI on the surface [358] . While the core-shell structure can 

reatly enhance the rate capability of a S cathode, its ability to al- 

eviate the volume expansion and enhance long-term cycling sta- 

ility is limited. To solve this, S −PANI yolk −shell nanoarchitectures 

ere synthesized via heating treatment of the core −shell compos- 

te. The capacity of Li-S batteries using yolk −shell S −PANI could 

e stabilized at 765 mAh/g at 0.2 C, while 635 mAh/g capacity was 

eached when using a core-shell structure. The advantage of the 

olk −shell structure lies in the presence of internal void space to 

ccommodate the volumetric expansion of sulfur during cycling, 

hus preserving the structural integrity of the shell while mini- 

izing polysulfide dissolution [359] . PANI was also employed to 

orm composites with conductive carbons of high surface areas, 

uch as graphene [ 360 , 361 ], carbon nanotubes (CNTs) [362] , and

arbon nanofibers (C-NFs) [363] , to form tertiary-phase composite 

athodes with improved cycling performances ( Table 2 ). 

Another strategy to combine the advantages of different con- 

uctive polymers consists of designing and using copolymers. Qiu 

t al. copolymerized pyrrole with aniline to obtain P(Py- co -ANI) 

opolymer nanofibers, which were then used as coating materi- 

ls for S cathodes. The copolymer coated cathode delivered a high 

nitial discharge capacity of 1285 mAh/g, which remained at 866 

Ah/g after 40 cycles. The enhanced performance if compared to 

Py or PANI homopolymers suggested that combining the advan- 

ages of different polymers is a promising coating strategy [381] . 

PEDOT-based composite cathode. PEDOT possesses many ad- 

antages over other conductive polymers, such as high stability, 

oderate bandgap, and optical transparency. However, PEDOT has 

imited solubility in most solvents, and therefore it is often used 
32 
ogether with polystyrene sulfonate to improve the solubility by 

orming PEDOT:PSS. PEDOT can be synthesized by oxidative poly- 

erization or electrochemical polymerization [ 382 , 383 ]. An hy- 

rothermal approach was adopted to uniformly mix PEDOT:PSS 

ith sulfur microparticles, forming a simple PEDOT:PSS/sulfur 

anocomposite with 90 wt% sulfur. Mixed with CB and PVDF, the 

omposite cathode exhibited a initial discharge capacity of 897 

Ah/g at 1 C and a capacity retention of 75% after 200 cycles 

365] . S@PEDOT/MnO 2 dual-shell structure was made by coating 

ulfur nanoparticles with PEDOT through in situ polymerization, 

ollowed by in situ reduction of KMnO 4 on the PEDOT surface. The 

nO 2 nanoshell functionalized on PEDOT provided a high active 

ontact area to enhance the wettability of the electrode materi- 

ls with electrolytes, and further interlink the polymer chains to 

mprove the conductivity and stability of the composite. A com- 

osite cathode based on S@PEDOT/MnO 2 dual-shell structure ex- 

ibited an improved capacity of 545 mAh/g after 200 cycles at 

.5 C [366] . Similar to PPy and PANI, PEDOT was also used to 

oat sulfur composites with conductive hosts, such as C-NT [367] , 

GO [368] , bacteria-derived N,P-doped carbon [369] , or Prussian 

lue analogues [370] , and demonstrated improved cycling perfor- 

ances. 

Comparison of PPy, PANI and PEDOT . In order to understand 

he role and difference of PPy, PANI and PEDOT in a composite sul- 

ur cathode, Li et al. investigated the performance of hollow sulfur 

pheres coated with the three conductive polymers. It was found 

hat the conductivity greatly affected the rate performance of the 

lectrode. The conductivity of the three polymers decreased in the 

rder PEDOT > PPy > PANI. Ab initio simulations indicated that 

he binding energy between heteroatoms in the polymer and Li x S 

ecreased in the order PEDOT (1.22 eV) > PANI (0.67 eV) > PPY 

0.64 eV), suggesting that PEDOT is the most efficient at reduc- 

ng the diffusion of polysulfide, in addition to providing physical 

onfinement. Long-term cycling test results showed that after 100 

ycles of charge/discharge, a reversible capacity of 740, 885, and 

004 mAh/g was obtained for PANI-S, PPy-S, and PEDOT-S (capac- 

ty retention of 65%, 74%, and 86%), respectively [371] . 

.2. Organosulfide polymer cathodes for Li-S batteries 

The non-covalent composite/coating strategy discussed in the 

revious section implied physical incorporation of polymers di- 

ectly into the sulfur cathode. While this strategy ensures good 

ontact between coating and active materials during synthesis, the 

ontact typically worsen during cycling due to the volume change 

f the materials. Therefore, a different strategy was explored con- 

isting of the copolymerization of linear polysulfur with polymer- 

zable linkers to form organosulfide polymers that resulted in im- 

roved electrochemical performances of Li-S batteries. Typically, 

unctional polymers were anchored to sulfur with strong chemi- 

al bonds by heating at ∼200 °C, where radical insertion of ring 

pened sulfur diradical sulfur within polymers takes place to form 

table heteroatom/S bonds [384] . During the discharge process, 

i 2 S and short insoluble lithium polysulfide were generated and 

ormed carbon conjugated bonds, rather than longer lithium poly- 

ulfides upon continuous breakdown of C–S bonds. The final dis- 

harge product was a mixture of the conjugated polymer backbone 

nd Li 2 S. In the charging step, the conjugated polymer backbone 

rapped Li 2 S with delocalized radical cations and led to the growth 

f cyclic sulfur. The absence of long chain lithium polysulfides dur- 

ng cycling contributed to long-term stability of the sulfur cath- 

des, minimizing the shuttle effect. 

When compared to non-covalent cathode composites, 

rganosulfide frameworks have the following benefits: i) lower 

ynthetic temperature and simpler synthetic methods; ii) providing 

 confining effect for S and intermediate products during cycling 
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Fig. 16. (a) Synthetic scheme of copolymerization of S8 with DIB to form organosulfide polymer composite [386] . Copyright 2013, Reproduced with permission from Springer 

Nature. (b) Proposed structure of SPAN, containing all relevant functional groups (0 < x < 6; y = 1,2) [387] . Copyright 2011, Reproduced with permission from American 

Chemical Society. (c) Proposed structure of three-dimensionally interconnected sulfur-rich polymers [388] . Copyright 2015, Reproduced with permission from Springer Na- 

ture.(d) Schematic of the electrochemical active sites of P 4 S 16 , and P 4 S 4 + 6m (m > 3) [389] and their corresponding electrochemical reaction. Copyright 2017, Reproduced with 

permission from Wiley-VCH. 
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y interchain or intrachain bonding; iii) alleviating the volume 

hange of the cathode during cycling due to the soft nature of the 

olymer with good resilience. In general, organosulfide polymer 

omposites include unsaturated hydrocarbon-derived organosul- 

de, nitrile-derived organosulfide, thiol-derived organosulfide, and 

hosphorous-derived organosulfide [385] . 

In 2013, Cheng, et al. reported the direct copolymerization of 

olten liquid sulfur with 1,3-diisopropenylbenzene (DIB) through 

adical polymerization (inverse vulcanization) to form poly(S- co - 

IB) ( Fig. 16 a) [ 386 , 390 ]. Such polymer exhibited an initial spe-

ific discharge capacity of 1100 mAh/g and a long-term cycling 

erformance of 823 mAh/g at 100 cycles at a rate of C/10, which 

s superior to pure S 8 and represented the highest value for 

olymer-based sulfur cathodes reported to date. A similar ap- 

roach was used to copolymerize S 8 with an ionic liquid based 

rosslinker,1-vinyl-3-al-lylimidazolium bromide (DVIMBr), to form 

oly(S- co -DVIMBr) [391] . The introduction of imidazolium-based 

on pairs served to further anchor intermediate polysulfide while 

mproving the ionic conductivity within the electrode. The Li–S cell 

ith poly(S-co-DVIMBr) cathode showed high capacity retention of 

0.22 % over 900 cycles. 

PAN is the most commonly used nitrile source to form nitrile- 

erived organosulfur polymers. These materials were generally 

repared by heating a mixture of sulfur and PAN powders at el- 

vated temperatures of around 280-450 °C under inert gas for 6 h, 

o form unsaturated chains with conjugated electrons. During the 

rocess, sulfur triggers the dehydrogenation of PAN, in which the 

N group is cyclized and generates a thermally stable heterocyclic 

ompound with embedded sulfur. Although both sulfur and PAN 

re non-conductive materials, the as-formed S/PAN material exhib- 
33 
ted a high electrical conductivity of 10 4 S/cm, which increased 

he utilization efficiency of sulfur active materials. Moreover, the 

ormation of the framework structure contributed to achieving 

igher sulfur loading. Noticeably, polymerization of PAN could be 

ell controlled by RDRP [ 392–394 ], resulting in porous polymer 

nd nanocarbons with promising electrochemical properties when 

oped with hetero atoms [ 265 , 395 , 396 ]. 

Sulfur −polyacrylonitrile composite (SPAN) was first applied as 

 cathode in a Li-S battery by Wang et al. in 2003 and delivered

 specific capacity of 10 0 0 mAh/g, using a 65 wt% sulfur content 

397] . The author proposed that at 300 °C the highly-polarized - 

N groups cyclized and formed a compound with intercalated sul- 

ur. Subsequent structural analysis of SPAN suggested that in all 

omposites sulfur was covalently bound exclusively to carbon, and 

he short -S x - chains were covalently linked to the dehydrogenated 

nd cyclized PAN backbone [ 387 , 398 ]. Moreover, N −C −S fragments

rom 2-pyridylthiolates were identified, as well as S x (x ≥ 2) and 

hioamide fragments ( Fig. 16 b). Wei et al. [399] reported a facile 

pproach to create a family of SPAN nanocomposites in which sul- 

ur was maintained as S 3 /S 2 during all stages of the redox pro- 

ess. The composite preparation exploited specific interactions be- 

ween the nitrile groups on the polymer backbone and sulfur to 

romote ring formation and dehydrogenation. By entrapping rel- 

tively small molecular sulfur species in the cathode through co- 

alent bonding and physical confinement in a polymer host, the 

athode materials exhibited excellent long-term stability, due to 

he elimination of polysulfide dissolution and shuttling between 

ithium anode and sulfur cathode. The Li-S battery delivered ∼10 0 0 

Ah/g capacity even after cycling for over 10 0 0 cycles at 0.4 C 

1 C = 1675 mA/g). The capacity degradation/fade upon repeated 
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ycles of charge/discharge was only 0.027% per cycle. Heteroatom 

oped sulfur-rich copolymers can improve the electron conductiv- 

ty of sulfur, enhance the adsorption of sulfur to the carbon host 

nd facilitate the formation of low-order lithium polysulfides. Dif- 

erent heteroatom doping brings different effects on the compos- 

te properties through different mechanisms. Selenium (Se)-doped 

PAN cathode showed excellent electrochemical performance, such 

s high reversible capacity of 1300 mAh/g at 0.2 A/g rate, and less 

han 15% capacity fading after 800 cycles [400] . The good perfor- 

ance was explained by the high lithium ion diffusion coefficient 

nd relatively low polarization due to the chemical similarity of Se 

ith sulfur, but higher electronic conductivity. This further resulted 

n rapid conversion of polysulfide intermediates and fast reaction 

inetics, which in turn prevented the dissolution of polysulfide in- 

ermediates in the electrolyte. 

Thiol-derived organosulfide polymers are a favorable alternative 

or synthesizing sulfur-enriched copolymers. The typical synthe- 

is involved the ring-opening polymerization of sulfur and thiol- 

ontaining polymers at elevated temperatures ( > 180 °C). Trithiocya- 

uric acid crystals were employed as soft template for the ROP 

long the thiol surfaces to create 3D interconnected sulfur-rich 

hases, as shown in Fig. 16 c [388] . This unique strategy offered 

etter control over the shape and morphology when compared 

ith other reported vulcanized polymers. The cathode had rela- 

ively high sulfur mass loading ( > 60%), and displayed a discharge 

apacity of 945 mAh/g after 100 cycles at 0.2C with high-capacity 

etention of 92%. The materials showed excellent rate capability: 

72 mAh/g at 1C, 803 mAh/g at 3C and 730 mAh/g at 5 C. The

uperior rate capability was ascribed to the ordered Li-ion coordi- 

ation sites of organic crystals, allowing the seamless transport of 

i-ion into the active materials. 

For organosulfide polymers, increasing the sulfur loading can 

ave risks: i) it can decrease the electronic conductivity and ef- 

ciency in active material utilization; ii) it can decrease the long- 

erm stability as some free sulfur can be present, instead of being 

hemically bound to or physically confined into the framework. To 

ackle the issues associated with increased sulfur loading, an or- 

hogonal synthetic approach was employed for the preparation of 

ulfur-impregnated benzoxazine polymers [401] . The polymeriza- 

ion of benzoxazine was performed via ROP, while sulfur was in- 

orporated independently via a vulcanization reaction, utilizing the 

hiol functionality of benzoxazine. Thus, sulfuric chains were co- 

alently linked to the polymer matrix through the thiol groups. 

his approach enabled to achieve a sulfur loading of ∼72 wt% 

long with a homogeneous distribution of sulfur within the poly- 

er composite. The electrode showed superior long-term cycling 

erformance, with 92.7% capacity retention after 10 0 0 cycles. This 

ork indicated that appropriate monomer and composite design 

an provide increased and practical sulfur loading while maintain- 

ng high performance. 

Sulfur-rich phosphorus sulfide molecules (P 4 S 10 + n ) were syn- 

hesized through the reaction between sulfur and P 4 S 10 ( Fig. 16 d) 

t elevated temperature, whereby small polysulfide diradicals react 

o form of P 2 S 5 [389] . When used as cathode materials, initial dis-

harge capacity of 1223 mAh/g was achieved at 100 mA/g, which 

tabilized at approximately 720 mAh/g after 100 cycles. This new 

lass of P-S molecules pave the way to novel S composite cathodes 

ith high energy density and high stability at room temperature. 

Despite the good reported performances, organosulfide polymer 

omposites leave room for further improvement. The sulfur load- 

ng required for practical application, > 4 mg/cm 

2 , remains to be 

chieved without penalizing other properties, such as conductiv- 

ty. Another challenge is improving the long-term cycling stability 

ampered by interactions between polysulfides and the polymer 

atrix. More effort s are necessary to: i) improve the synthesis of 

rganosulfur copolymers by proper selection of monomers with 
34 
unctional groups and better design of the structure/framework; 

i) introduce heteroatoms into copolymers in order to improve the 

onductivity and number of sulfur anchor sites for higher loading. 

.3. Polymer binders for Li-S batteries 

Polymers are commonly used as binders for Li-S battery. In this 

ype of battery chemistry, the binder should buffer the volume ex- 

ansion of electrode materials and limit the shuttle effect of in- 

ermediate products during cycling, in addition to the typical roles 

f binders in LIBs. Hence, polymer binders play a crucial role in 

egulating the Li-S cell performance, especially the cycle life. Addi- 

ionally, binders should be i) insoluble in the electrolyte to main- 

ain the structural integrity of the cathode, but they should swell 

n the electrolyte solution to promote the transport of Li ions to 

he electroactive material during charge/discharge; ii) both chemi- 

ally and electrochemically stable during cell operation, within the 

otential window. Examples of polymer binders employed for im- 

roving the performance of Li-S batteries are reported in Table 3 . 

he use of polymer binders in sulfur cathodes generally follows 

wo approaches: i) using crosslinked networks as binders able to 

ntegrate the electrode materials, in order to increase the sulfur 

oading to meet the requirement for practical application ( > 4 

g/cm 

2 ); ii) using multi-functional binders. High S loading nor- 

ally results in thicker electrodes, which can raise kinetics issues 

n mass transport and rate capability. In contrast, multi-functional 

inders serve as ionic/electronic conductors to improve the kinet- 

cs. Finally, effort s are devoted to developing eco-friendly and cost- 

fficient binders, in particular water-based binders. 

On the basis of the solvent used, there are three types 

f binders: organic-solvent-based [ 402–408 , 413 , 414 ], water-based 

 409 –411 , 415–418 ], and ionic-liquid-based [412] binders. Within 

rganic-solvent-based binders, PVDF is the most widely used poly- 

ers for traditional metal oxide cathodes. However, applying PVDF 

o sulfur cathodes have a detrimental effect on device perfor- 

ance for two main reasons: i) when PVDF is dissolved in NMPy 

t can infiltrate the pores and dramatically reduce the surface 

rea and pore volume available to the electrolyte during opera- 

ion, therefore decreasing the utilization of active materials [404] ; 

i) PVDF lacks functional groups capable of binding to polysul- 

des. In contrast, water-based binders are advantageous in terms 

f cost, safety and environmental-friendliness. Moreover, water- 

ased binders generally contain a large number of polar groups 

hat increase the affinity for polysulfides. Commercially available 

ater-based binders were investigated in Li-S batteries, includ- 

ng PEO, CMC, LA132, PAA, cyclodextrin, alginate, gum, and their 

erivatives [ 409 –411 , 415 –418 ]. 

Employing electron-rich functional groups is critical for sup- 

ressing the polysulfide shuttle-effect. PSS containing sulfonic acid 

roups helped confining the active materials during cycling, thanks 

o the strong electronegativity of the functional groups [413] . 

he capacity retention for the cell with PSS binder was 74.4% 

t 200 mA/g after 100 cycles, while 46.9% capacity was retained 

sing a PVDF binder. An amino functional group-based binder 

as synthesized by reacting hexamethylene diisocyanate with PEI 

419] . The composite materials possessed abundant amine groups 

nd exhibited a hyperbranched network structure, which provided 

trong affinity to polysulfide intermediates. This unique feature 

ontributed to the remarkably improved cycling performance with 

 capacity retention of 91.3% over 600 cycles at 2 C. A binder 

ith strong hydrophilic character was obtained by crosslinking of 

oly(ethylene glycol) diglycidyl ether (PEGDGE) with PEI [407] . The 

i-S battery using this binder showed superior long-term cycling 

erformance with a discharge capacity of 430 mAh/g after 400 cy- 

les under 1.5C. In situ micro-Raman characterizations suggested 

hat the material effectively suppressed the dissolution of polysul- 



S. Li, F. Lorandi, H. Wang et al. Progress in Polymer Science 122 (2021) 101453 

Table 3 

Examples of polymer binders employed in sulfur cathodes. 

Processing solvent Polymers Binder (wt%) 

Sulfur content 

(wt%) a 
Sulfur mass loading 

(mg/cm 

2 ) 

Cycling performance (mAh 

g −1 /cycles/rate/voltage window) Ref. 

organic Maleate-PEO 10 80 12 488/100/0.2 C/1.7-2.8 V [402] 

organic Polyacrylate latex (PAL) 10 58.32 1.5 800/100/0.1 C/1.8 V-2.8 V [403] 

organic PVDF 15 70.6 1 800/80/0.1 C/1.8 V- 2.6 V [404] 

organic PAA + rGO 10 ∼60 0.8 635/100/0.5 C/1.7 V-3.0 V [405] 

organic Crosslinked CMC 10 77 5.2-14.9 ∼1100/100/0.5 C/1.9-2.8 V [406] 

organic Glycidol-modified PEI 10 48 1.2 ∼1.5 430/400/1.5 C/1.5-3.0 V [407] 

Aqueous Polysaccharide + glyco- 

proteins 

20 44 4.8 841/500/0.2 C/1.8-2.6 V [408] 

Aqueous DAA + SBMA + 

PEGMA 

8 56 9.7 674.2/350/0.5 C/1.7-2.8 V [409] 

Aqueous PEO + PVP 10 ∼50 0.5-0.8 800/200/1 C/1.8-2.6 V [410] 

Aqueous CMC + SBR 10 ∼60 N/A 580/60/0.3 C/1.0-3.0 V [411] 

Ionic liquid PAA + PVDF 10 ∼80 2.7 590/100/0.3 C/1.7-2.7 V [412] 

a including weight of conductive fillers and binders 

Fig. 17. (a) Schematics of the binder with abundant amino and amide groups and its reducible molecular structure [407] . Copyright 2018, Reproduced with permission from 

Wiley-VCH . (b) Proposed chemical structure of Gum Arabic [408] and long-term test when used in Li-S battery. Copyright 2015, Reproduced with permission from Wiley-VCH 

(c) Illustration of the interactions inside the 3D network binder. [409] . Copyright 2019, Reproduced with permission from Wiley-VCH 
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des because only a weak mid-chain Li 2 S 4 Raman signal was de- 

ected. Moreover, the binder exhibited abundant Li-N, Li-O, and S- 

 bonds ( Fig. 17 a), leading to significant improvements in capacity 

etention. 

Other works focused on improving the binder electronic/ionic 

onductivity. Binders with high conductivity can: i) integrate 

he electrode together, ii) confine the shuttle effect of in- 

ermediate products, and iii) provide electronic/ionic conduc- 

ive path/matrix. Polypyrrole-polyurethane (PPyPU) nanocompos- 

tes were synthesized by in situ emulsion polymerization of Py 

ithin a polyurethane continuous phase [414] . PPy suffers from a 

rittle nature, therefore the addition of elastomeric polyurethane 

ontributed to creating a flexible electrode formulation. The ben- 

fits of this nanocomposite for flexible energy storage were two 

olds. First, the highly conjugated PPy nanoparticles formed an 
35 
lectrically percolating network within the PU matrix. Second, the 

lastomeric PU matrix accommodated the severe volume expan- 

ion of sulfur that can compromise the structural integrity of elec- 

rodes during cycling and negatively impact the long-term cycling 

erformance. The sulfur cathode with PPyPU binder showed no ev- 

dent capacity fade for 100 cycle. Moreover, the robust cathode re- 

ained operational after 50 bend/rolling cycles, indicating possible 

sage in wearable devices. 

To meet practical application requirements, cathodes must have 

igh sulfur loading. However, this causes high polarization, poly- 

ulfide redistribution and insufficient electronic conductivity inside 

he thick electrode. These challenges can be alleviated by appro- 

riate binder design. Cross-linked CMC binders facilitated the for- 

ation of a hierarchical structure in the form of micro-particles 

nd assisted the interparticle physical binding and electrical con- 
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ection [406] . By employing this binder, a sulfur mass loading up 

o 14.9 mg/cm 

2 was obtained and the cathode showed very sta- 

le cycling over 80 cycles. A bifunctional binder with a linear PEI 

hain and maleate-capped ends provided flexibility within a high- 

oading cathode (sulfur loading of 12 mg/cm 

2 and high sulfur con- 

ent of 80 wt%) [402] . The maleate ends improved the polysulfide 

rapping ability by forming carbon −sulfur bonds. After cycling at 

.2 C for 200 cycles, the cathode showed 200 mAh/g higher capac- 

ty than the cathode made with PVDF binder. 

The use of a blend binder system that combines two or more 

olymer generally enabled superior performance than the individ- 

al components, by combining the advantages of each polymer. For 

xample, a mixture of SBR and CMC was used, aiming at exploit- 

ng the high flexibility and strong binding force of SBR, and the 

ffective dispersion and thickening ability of CMC in aqueous sus- 

ensions, due to its two functional groups, i.e. carboxylate and hy- 

roxyl groups [411] . The mixture binder resulted in high specific 

apacity of 580 mAh/g after 60 cycles, surpassing the performance 

f a PVDF binder (370 mAh/g). In blend binders, the optimization 

f the weight ratio of different com ponents is necessary, as the 

omposition affects the sulfur loading, mixing, rate capability, and 

ycling limits. For example, Lacey et al. [410] investigated the effect 

f various ratios (1:1, 7:3, 9:1) of PEO to PVP when applying their 

ixture as binder in sulfur cathodes. This binder system combined 

he complementary benefits of faster reactions of polysulfides and 

nhanced capacity attributed to PEO and improved capacity reten- 

ion due to PVP. The mixtures with higher PEO content showed 

etter rate capacity and long-term cycling stability, while the mix- 

ures with higher PVP content generally showed higher capacity. 

herefore, the composition of blend binder system should be care- 

ully tuned depending on the properties of individual components 

nd the desired performance. 

In addition to conventionally used polymers, novel synthetic 

olymers with complex functionalities and architectures offer the 

ossibility of achieving both high interaction with active materi- 

ls and high sulfur loading. Gum Arabic (GA) was employed as 

ow cost, nontoxic, and sustainable natural polymer derived from 

cacia Senegal [408] . GA is a complex mixture of polysaccharides 

nd glycoproteins, which provide abundant hydroxyl groups and 

ong polymer chains ( Fig. 17 b). These structural features offered i) 

igh binding strength enhancing the mechanical stability, ii) suit- 

ble ductility to buffer the volume change of sulfur and iii) abil- 

ty to mitigate the shuttling effect of the polysulfides due to the 

onfinement effect of functional groups. Therefore, the sulfur cath- 

de using GA as binder showed: i) high sulfur loading, (75 wt%); 

i) high capacity (initial capacity of 1386 mA/h); iii) high stability, 

41 mAh/g capacity after 500 cycles. Bioinspired water-soluble 3D 

etwork binders were synthesized by one-step free radical poly- 

erization of N-(3, 4-dihydroxyphenethyl) acrylamide (DAA), 2- 

ethacryloyloxy ethyl dimethyl-3-sulfopropyl ammonium hydrox- 

de (SBMA), and PEGMA ( Fig. 17 c) [409] . The presence of O atoms

nd N 

+ sites provided anchoring sites for lithium polysulfides dur- 

ng cycling by forming Li-O and N 

+ - S x 
2 − bonds, alleviating the 

huttle effect. In addition, the abundant negatively charged sul- 

onate sites contributed to high electronic and ionic conductivities. 

s a result, a Li-S battery with 6 wt% binder in the cathode ex- 

ibited outstanding cycling performance for over 350 cycles at 1 C, 

ith ultralow capacity fade rate of 0.005% per cycle. By introduc- 

ng a quaternary ammonium cation into a β-cyclodextrin polymer, 

 new multifunctional aqueous polycation binder ( β-CDp-N 

+ ) for 

he sulfur cathode was prepared [415] . The unique hyperbranched 

etwork structure of the β-CDp-N 

+ helped enduring the mechan- 

cal stress from large volume changes of sulfur particles during 

harge/discharge. The numerous hydroxyl and ether groups and 

uaternary ammonium cations contributed to enhancing the inter- 

ctions between active materials, conductive additives and immo- 
36 
ilizing polysulfides. Even with high sulfur loading of 5.5 mg/cm 

2 , 

he cathode with the hyperbranched binder delivered an areal ca- 

acity of 4.4 mAh/cm 

2 at 50 mA/g after 45 cycles, which was much 

igher than that achieved using the cathode with a conventional 

VDF binder (0.9 mAh/cm 

2 ). 

.4. Summary 

Section 6 discussed the applications of functional polymers in 

 cathodes, which include: i) conductive polymer/sulfur compos- 

te cathodes, ii) organosulfide composite cathodes, and iii) polymer 

inders. Compositing electronically conductive polymers with sul- 

ur has the benefits of reducing the interface resistance while con- 

ning polysulfide intermediates. Electronic conductivity, mechan- 

cal properties, electrochemical stability and bonding energy be- 

ween the polymer and polysulfides are critical in the selection 

f conductive polymers. Commonly adopted conductive polymers 

nclude PPy, PANI, PEDOT, and PVK. Composite cathodes can be 

ade by in situ polymerization of monomers on the surface of sul- 

ur particles or by melt-infusing sulfur into existing porous poly- 

er hosts. MnO 2 was employed as extra functional layer, to anchor 

ong-chain polysulfides by reacting with sulfur to generate thiosul- 

ates. Conductive porous carbons (e.g. graphene, CNT, C-NF) and 

orous MOFs were employed as a second host to improve sulfur 

ptake and bulk conductivity. The composites can be constructed 

ith different structures, including layered, tubular, and core-shell 

tructures. 

Sulfur can also be copolymerized with functional polymers 

o form organosulfide polymer cathodes. Compared to non- 

ovalent composites of sulfur and polymers, organosulfide cath- 

des have the advantage of confining intermediates through in- 

erchain and intrachain interactions. Organosulfide polymer cath- 

des can be formed with various functional polymers to obtain 

nsaturated hydrocarbon-derived organosulfide polymers, nitrile- 

erived organosulfide polymers, thiol-derived organosulfide poly- 

ers, phosphorous-derived organosulfide, etc. 

In Li-S batteries, polymer binders buffer the volume expansion 

f the cathode and limit the shuttle effect of intermediate prod- 

cts, in addition to performing the typical tasks of binders in LIBs. 

olymers with electron-rich functionalities containing heteroatoms 

s O, N, halogen (e.g. PSS, PEI, PEO, etc) were generally employed 

o suppress the shuttle effect. Conductive polymers functionalized 

ith mechanically strong polymer segments (e.g. PPy- co -PU) were 

sed to improve the electronic conductivity without decreasing the 

echanical integrity. Polymer binders with complex architectures 

e.g. crosslinked, hyperbranched) and functionalities having high 

lectronegativity were employed to improve the sulfur loading. In 

rder to simultaneously achieve suppression of shuttle effect and 

igh sulfur loading, binders based on polymer blends, complex ar- 

hitecture and multifunctionalities were employed. 

. Conclusions and perspectives 

.1. Conclusions 

Polymer materials have different roles in rechargeable LMBs, 

panning from (quasi)solid-state electrolytes and electrode coat- 

ngs (i.e. artificial SEI), to binders, coatings and frameworks for ac- 

ive materials in the electrodes. Therefore, the ability to engineer 

olymer structures and functionalities is key to the fabrication of 

afe and high-energy-density LMBs. 

While liquid organic carbonates or ethers are the electrolytes 

f choice for LIBs, they are not ideal for lithium metal anodes. In 

he past decades, many effort s were put into the design of non- 

ammable polymer electrolytes that can prevent dendrite growth 

nd eliminate the hazards associated with the commercial volatile 
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nd flammable liquid electrolytes. PEO remains the most com- 

on polymer for SPEs, however its crystallinity, low t Li + , and 

oor stability at high voltages promoted the use of other poly- 

ers, including polycarbonates, poly(ionic liquids), and polymeric 

harge-transfer complexes. Morphology, composition, architecture, 

nd functional groups of these polymer electrolytes could be 

argely tuned, thanks to the progress in various polymerization and 

ost-polymerization chemistries, including controlled polymeriza- 

ion methods. As a consequence, SPEs can exhibit room tempera- 

ure conductivity of ∼10 −4 S/cm, with oxidative stability approach- 

ng 5V. Conductivity values exceeding 10 −3 S/cm were achieved by 

ntroducing plasticizers or functional fillers, to form gel or com- 

osite polymer electrolytes, respectively. In addition, the Li trans- 

erence number and mechanical properties of polymer electrolyte 

re widely tunable. Single-ion conducting PEs have t Li + close to 

nity, while crosslinked PEs have high shear modulus, and they 

an further display self-healing ability thanks to the introduc- 

ion of dynamic bonds. Recent developments include the design 

f sustainable PEs that can be degraded and/or employs bio-based 

onomers, and the use of in situ polymerizations to lower man- 

facturing costs and improve electrode/electrolyte interfacial con- 

act. 

When a conventional organic carbonate electrolyte is used in an 

MB, a passivating layer forms between the anode and the elec- 

rolyte during cycling. Its poor flexibility and homogeneity make it 

ulnerable to volume changes at the electrode and promote den- 

rite growth. In the past decade, polymer artificial solid electrolyte 

nterphases were developed to improve the interfacial stability. 

echanical and electrochemical properties are crucial for effective 

SEIs. High shear modulus polymer ASEIs can physically resist the 

mplification of surface roughness, and viscoelastic polymers can 

dapt to surface changes. Polymer ASEIs should have not only high 

onic conductivity, but also high transference number and promote 

niform transport of Li + . Inorganic functional fillers were added 

o polymer ASEIs to improve their performance. Reactive polymers 

ere used to ensure on-site formation of highly homogeneous and 

obust ASEIs, competing with detrimental side-reactions during cy- 

ling. Polymer interlayers were also applied on the surface separa- 

ors or solid electrolytes to enhance interfacial stability and con- 

act. 

The “hostless” nature of conventional lithium foil leads to se- 

ere volume changes during cycling. Therefore, hosting lithium 

etal within a polymer matrix dramatically reduced volume fluc- 

uations. At the same time, 3D polymer networks with lithiophilic 

unctional groups improved the homogeneity of the Li + flux during 

tripping/plating, decreasing concentration polarization, and there- 

ore minimizing the formation of dendrites. On the other hand, 

he commercialization of all-solid-state LMBs is severely limited 

y the poor interfacial contact between lithium metal and solid- 

tate electrolytes. A recently proposed paradigm shift in battery re- 

earch employed soft polymers to form semi-liquid Li anodes that 

chieved good interfacial contact with solid electrolytes, relieving 

olume changes and increasing active material utilization. 

In addition, polymers are crucial components of cathode ma- 

erials, particularly for high-energy layered metal oxide cathodes, 

nd sulfur cathodes in Li-S batteries. Polymer binders improved 

he homogeneity of active material distribution, enhancing the ad- 

esion between active material, eventual additives, and current 

ollector, while increasing electronic and ionic conductivity. Poly- 

er coatings on cathode active materials could enhance the con- 

uctivity and cycling stability by minimizing side reactions with 

he electrolyte. In Li-S batteries, polymer binders and coatings 

urther prevented the shuttling of polysulfides. This detrimen- 

al phenomenon was also contained by designing sulfur/polymer 

omposite cathodes. Recent effort s were directed to the develop- 

ent of eco-friendly and low-cost procedures to prepare cathodes 
37 
voiding toxic solvents that are typically employed for commercial 

IBs. 

.2. Perspectives 

In order to power electric vehicles and electronics with LMBs, it 

emains necessary to enhance the cycle life and reliability of these 

evices, under practical operating conditions, including high cur- 

ent densities, significant stresses and broad temperature ranges. 

o achieve a cell-level specific capacity of > 500 Wh/Kg for a LMB 

hat employs a NCM622 cathode and a liquid electrolyte, several 

equirements should be met, such as an electrolyte to capacity ra- 

io under 2.4 g/Ah, a cathode porosity of < 25% with a capacity of 

 250 mAh/g, and N/P ∼1 [19] . Therefore, the synergistic optimiza- 

ion of all cell components is crucial. Polymer materials can have 

eneficial impact on all cell components and on a high-energy LMB 

s a whole. Although valuable progress was achieved in the de- 

ign of polymers for electrolytes, interlayers and electrodes, further 

hallenges associated with materials preparation and practical ap- 

lications remain to be addressed. 

1. Compared to convention liquid electrolyte, most SPEs have 1- 

2 order of magnitudes lower conductivities. In order to achieve 

conductivities of > 1 mS/cm 

2 at room temperature, one promis- 

ing strategy is to decouple the ionic conduction from polymers 

segmental motion. The ionic conductivity of SPEs is inversely 

proportional to their thickness, therefore it is important to con- 

trol the thickness during manufacturing and achieve sufficiently 

low thickness for high-energy-density devices. While introduc- 

ing challenges in the SPE preparation method, the design of 

thin polymer membranes must not sacrifice their mechanical 

strength. Furthermore, it remains challenging to develop SPEs 

with sufficient anodic and cathodic stability for highly oxida- 

tive and reducing electrode environments. Finally, simple syn- 

thetic approaches are needed for large-scale production with 

minimized batch-to-batch variations and reduced costs. 

2. Several functionalities were demonstrated to improve the prop- 

erties of polymer-based ASEIs, therefore multifunctional poly- 

mer materials should be designed to simultaneously increase 

the uniformity of ion transport, and the chemical and mechan- 

ical stability. Similar to the case of SPEs, facile manufacturing 

and reduced batch-to-batch variations in polymer synthesis and 

coating techniques are essential for commercialization. More- 

over, the thickness of the ASEI and thus its weight should be 

considered and minimized, to avoid that the introduction of 

a protective coating results in a decrease of the cell-level en- 

ergy density. Moreover, advanced characterization tools must 

be used to observe the evolution of ASEIs during cycling to 

guide the design of better coatings. In addition, more effort s 

are needed toward the development of ASEIs paired with solid 

electrolytes, toward the commercialization of high-energy all- 

solid-state LMBs. 

3. The use of polymers as framework for anode active materi- 

als is nascent and promising. The poor (electro)chemical sta- 

bility of several polymers in contact with Li anodes requires to 

develop innovative strategies toward stable polymer networks 

and to analyze the composition and nature of polymer degrada- 

tion products. When employed with liquid electrolyte, polymer 

frameworks could be swelled by the electrolyte, resulting in a 

deterioration of their mechanical properties. Crosslinked poly- 

mers have the potential to form stable and robust composite 

anodes. 

4. Current research on binders for cathode is largely focused on 

commercially available polymers. Altering the nature, composi- 

tion, and morphologies of cathode binders can provide materi- 

als that exhibit sufficient mechanical strength, (electro)chemical 



S. Li, F. Lorandi, H. Wang et al. Progress in Polymer Science 122 (2021) 101453 

i

i

m

a

p

t

f

t

a

D

c

i

A

t

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

stability, and ionic/electronic conductivity. Importantly, high- 

performing water-soluble binders are urgently needed to elimi- 

nate the use of toxic NMP in the cathode slurry preparation. 

5. The development of polymer coatings for cathode active mate- 

rials with sufficiently high ionic and electronic conductivity re- 

mains a challenge. In addition, it is necessary to finely control 

the coating thickness and homogeneity. The covalent grafting 

of polymers chains on inorganic nanoparticles has emerged as 

a promising strategy to design superior hybrid materials with 

high homogeneity and tunable properties. Therefore, the mod- 

ification of cathode active particles by grafting polymer chains 

onto their surface could effectively improve cathode stabilities 

and performance, and prevent cracking of secondary particles 

during cycling. Moreover, coating primary particles should be 

targeted to further enhance battery performance. 

6. Another important application of polymers in cathode materials 

concern the use of redox active polymers/monomers as high- 

energy cathodes for direct energy storage, which have emerged 

as a promising area that require expertise from both polymer 

science and electrochemistry [ 420–422 ]. 

7. The integration of battery research and manufacturing with 

robotic automation could greatly improve the speed of exper- 

imental work and innovation. Moreover, experimental efforts 

to discover new materials for LMBs should be complemented 

by computational screening, using density functional theory 

and molecular dynamics, and developing predictive algorithms 

through machine learning to accelerate the design and deploy- 

ment of safe LMBs. 

Finally, as the market shares of secondary batteries continue to 

ncrease, the recycling of battery components becomes increasingly 

mportant. Therefore, bio-based and degradable or recyclable poly- 

ers needs to be employed or designed to improve the sustain- 

bility of the battery industry. Advanced polymerization and post- 

olymerization processes and characterization techniques have led 

o considerable progress in the development of polymer materials 

or high-energy-density Li metal batteries, which have the poten- 

ial to soon enable urgently needed breakthroughs in energy stor- 

ge. 
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