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The use of polymer electrolytes instead of liquid organic systems is considered key for enhancing the safety of

lithium batteries and may, in addition, enable the transition to high-energy lithium metal anodes. An intrinsic

limitation, however, is their rather low ionic conductivity at ambient temperature. Nonetheless, it has been

suggested that this might be overcome by decoupling the ion transport and the segmental relaxation of the

coordinating polymer. Here, we provide an overview of the different approaches to achieve such decoupling,

including a brief recapitulation of the segmental-relaxation dependent ion conduction mechanism, exemplarily

focusing on the archetype of polymer electrolytes – polyethylene oxide (PEO). In fact, while the understanding

of the underlying mechanisms has greatly improved within recent years, it remains rather challenging to

outperform PEO-based electrolyte systems. Nonetheless, it is not impossible, as highlighted by several exam-

ples mentioned herein, especially in consideration of the extremely rich polymer chemistry and with respect to

the substantial progress already achieved in designing tailored molecules with well-defined nanostructures.

1. Introduction

Electrochemical energy storage in batteries and, in particular,

lithium-ion batteries is considered key for satisfying the mo-

bility needs of our society, thus, contributing to the success-

ful transition to renewable energy sources only.1–5 To fully

satisfy the corresponding requirements, however, further im-

provement concerning the energy and power density as well

as safety is required. In this regard, polymer-based electro-

lytes may help to address at least two of these aspects, i.e.,

energy density and safety, allowing for the use of metallic

lithium as anode and replacing easily flammable and chemi-

cally unstable liquid organic electrolytes, respectively.6–10

Polyethylene oxide (PEO) is the most investigated and com-

mercially employed polymer electrolyte due to its high stabil-

ity towards reduction, including the contact with metallic
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Design, System, Application

Polymer electrolytes are considered key for enabling the transition to high-energy lithium metal batteries. However, decoupling the Li+-ion transport from

the segmental relaxation of the coordinating polymer is a must to achieve high conductivities at room and sub-ambient temperatures. Here, we provide an

overview of the different approaches to achieve such a decoupling taking advantage of the extremely rich polymer chemistry and the substantial progress al-

ready achieved in designing tailored molecules with well-defined nanostructures.
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lithium, low cost, and relatively facile handling and

processing.11–13 Nevertheless, it is affected by a rather low

electrochemical stability towards oxidation limiting its appli-

cation to LiFePO4-type cathodes.14,15 Additionally, its ionic

conductivity at ambient temperature is rather limited. In fact,

for PEO-based systems, it commonly remains well below 10−4

S cm−1 and, thus, significantly below the minimum of 10−3 S

cm−1 required for practical applications.8,9,13 This is essen-

tially related to its dependency on the segmental relaxation

of the cation-coordinating polymer chains, i.e., the lack of

substantial segmental motion at temperatures substantially

lower than the melting point of the polymer.12,13,16–19 Many
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efforts have focused on lowering the glass transition tempera-

ture (Tg), however, resulting in poorer mechanical

stability.20–26 Recently, it has been proposed that this intrin-

sic conductivity limitation might be overcome by decoupling

charge transport and segmental relaxation, for instance, by

designing well-ordered ion conduction channels within the

polymer substrate.

Herein, we review the progress in this field, starting from

a brief recapitulation of the “PEO-type” ion conduction mech-

anism, followed by an overview of the main approaches to re-

alize (partially) decoupled ionic conductivities within the past

years. The manuscript is concluded by a short outlook on the

approaches and fundamental parameters to be considered

for realizing further progress to finally achieve suitable ionic

conductivities at (near-)room temperature.

2. Dependency of segmental
relaxation and ionic conductivity in
PEO-based electrolytes

It has been commonly agreed that the ion conduction in

“dry” polymer electrolytes, in particular polyethers like PEO,

occurs essentially in the amorphous state via the segmental

motion of the Li+ coordinating polymer chains,13,17,18,27 (see

Fig. 1). On the contrary, the crystalline phase was considered

to be only poorly conducting due to the high energy barrier

for the required cooperative motion of Li+ between the pre-

ferred sites.28 As a result, the temperature-dependent ionic

conductivity follows the non-linear Vogel–Fulcher–Tammann

(VFT) equation,17,27,29 i.e., a modified Arrhenius equation

proposed for describing the temperature-dependence of vis-

cosity in amorphous glasses.30–32 Additionally, the

conducting lithium salt generally slows down the segmental

dynamics leading to an increase of the Tg.
27,33 This renders

the achievement of suitable ionic conductivities at ambient

temperature (i.e., ≥10−3 S cm−1) even further challenging

since the segmental motion is sufficiently pronounced only

for temperatures significantly exceeding the Tg of the poly-

mer electrolyte (see Fig. 1, right panel).

The underlying mechanism can be illustrated by the free

volume model, depicted in Fig. 2.35,36 Above the Tg, the poly-

mer chains are in a state of local segmental motion, resulting

in the availability of free volume in direct vicinity of the mov-

ing chain segment. This free volume provides the opportunity

for an intermolecular coordination of lithium cations, eventu-

ally resulting in Li+ ions “hopping” from one coordination

site to another in presence of an electric field, i.e., the trans-

fer of the cation from one polymer chain to another due to

the sufficiently reduced energy barrier (see left panel of

Fig. 2).37

In an attempt to overcome this limitation, numerous stud-

ies have investigated the conduction mechanism in more de-

tail, targeting the in-depth understanding of the effective pa-

rameters and their interplay. Insightful findings have been

obtained by means of molecular dynamics simulations.

Brooks et al.,38 for instance, studied electrolyte systems based

on LiTFSI (lithium bisĲtrifluoromethanesulfonyl)imide) and

PEO. Using atomistic simulations, they focused the investiga-

tions on the interplay between the Li+ cation and TFSI− anion

Fig. 1 Chemical formula of PEO and schematic illustration of the Li+ conduction via segmental motion of the cation coordinating PEO chains (left

panel). Also shown is the ionic conductivity as a function of temperature, exemplarily for PEO35:LiCF3SO3 (ref. 34) (reproduced by permission of

The Royal Society of Chemistry).

MSDE Perspective

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

9
 A

p
ri

l 
2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 1

0
/2

1
/2

0
1
9
 9

:5
3
:4

4
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9me00038k


782 | Mol. Syst. Des. Eng., 2019, 4, 779–792 This journal is © The Royal Society of Chemistry 2019

motion along the PEO chain and the hopping between differ-

ent chains, the polymer motion, as well the intra- and inter-

chain diffusion as a function of the LiTFSI concentration and

the PEO molecular weight. Based on this thorough investiga-

tion they found that the inter-chain hopping is, in fact, the

most effective Li+ transport mechanism, while the oscillation

and/or shift of less-mobile ions between several chains has a

potentially negative impact on the segmental polymer dynam-

ics. Moreover, the authors highlighted that very flexible PEO

chains might coordinate the lithium cations “too strongly”,

thus, hindering the effective Li+ ion conduction. They

suggested that the incorporation of more rigid backbones (in

the polymer itself or as blend) might allow for a faster diffu-

sion relative to the polymer matrix. Complementary studies

were conducted by Wheatle et al.39,40 regarding the influence

of the polymer's dielectric constant and polarity. They used

all-atom39 and coarse-grained40 molecular dynamics simula-

tions to understand the competition between ion aggregation

and polymer segmental dynamics in LiTFSI-doped polyethers.

According to their findings, the ionic conductivity in such

systems is very sensitive towards the polymer polarity, as the

ions tend to cluster into large aggregates in case of low dipole

moments, leading to highly correlated ionic motion and de-

creased ionic mobility. Similarly, a too high dipole moment

slows down the segmental dynamics of the polymer – also

resulting in a reduced ionic conductivity. Accordingly, the

polymer is ideally characterized by a sufficiently high dipole

moment to avoid ion aggregation, but sufficiently low to al-

low for fast segmental motion. Interestingly, they found that

PEO is one of the most suitable polymers out of those stud-

ied in this regard, further supporting its advantageous prop-

erties. Hence, it is not surprising that most studies focused

on improving the ionic conductivity of PEO-based electrolyte

systems by decreasing the Tg and preventing the crystalliza-

tion of the electrolyte. Approaches to enhance the ionic con-

ductivity of PEO at lower temperatures include the addition

of liquid or solid plasticizers41–50 or the modification of the

polymer matrix via copolymerization or crosslinking.51–56

Bruce and co-workers,57–60 however, challenged this gen-

eral trend and showed that lithium ions can move in short-

chain crystalline PEO/lithium salt complexes along well-

defined nanochannels. These are constituted by the PEO heli-

ces coordinating the Li+ cations, in which the latter can move

by hopping akin to the Arrhenius-type ion conduction mecha-

nism in ceramic electrolytes.17,61 Precisely, the ionic motion

is coupled to the local modes of the PEO molecule, serving as

Fig. 2 Energy profile and schematic illustration of the ion transport mechanism within (PEO-type) polymer electrolytes based on the free volume

model.
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gatekeeper for the cation transport within and the anion

transport between these helices (see Fig. 3).58

These findings were supported theoretically by using

single-point ab initio electronic structure calculations62 and

experimentally by combined stretching/conductivity

experiments63–65 as well as an investigation of the anisotropy

of ion conduction in single-crystalline PEO.66 The latter two

studies revealed that the ion conduction mechanism in crys-

talline PEO is highly dependent on the molecular alignment

of the PEO chains – at least below the melting point. Simi-

larly, an in-depth investigation of Fullerton-Shirey and

Maranas67 employing different complementary scattering

techniques (incl. quasi-elastic neutron scattering, QENS) on

semi-crystalline PEO comprising different lithium salts (e.g.,

LiClO4 or LiTFSI) evidenced two types of dynamics. The fast

PEO segmental mobility and slow restricted rotations of pro-

tons around the Li+ cations indicated that one or two PEO

chains are embedding the lithium ions in self-assembling he-

lical or cylindrical objects. Moreover, they found that the

maximum conductivity recorded could not be attributed to

the fast PEO segmental mobility only. Instead, they proposed

that also the directed lithium transport within the crystalline

domains contributes to the overall ionic conductivity,

supporting the partial decoupling of conductivity and seg-

mental dynamics. Nevertheless, the corresponding anion ap-

pears also to play a decisive role for the charge transport dy-

namics, as unveiled by further QENS studies by Saboungi

and co-workers,68 indicating the dual-ion transport in

PEO/lithium salt complexes as essential. Although the mecha-

nism is rather different from ceramic electrolytes, in which

only one ionic species is mobile, the conductivity of the poly-

mer electrolyte could be improved by following similar ap-

proaches. The isovalent doping, i.e., the introduction of small

quantities of LiTFSI into the LiAsF6/PEO complex, resembling

the effect of defects in crystalline ceramic ion conductors,

was found to enhance the ionic conductivity.58

3. Decoupling segmental relaxation
and charge transport
a) The ‘polymer-in-salt’ approach

Angell and co-workers have been the first to propose an alter-

native to the ‘salt-in-polymer’ approach by reversing the ratio

of the conducting salt and the dissolving polymer, i.e., the

so-called ‘polymer-in-salt’ systems.25 Accordingly, they

dissolved large amounts of the conducting salt in relatively

small amounts of PEO or polypropylene oxide (PPO). In par-

ticular, around 0.1–0.2 units of the polyether per mole of salt

were used to ensure sufficient elastomeric properties. Such

composites revealed ionic conductivities of up to 10−4 S cm−1

at ambient temperature. These are accompanied by high

transport numbers (around 0.9) as such systems allow the

rather small lithium cations to move independently of their

surroundings, i.e., be decoupled from the segmental motion

of the polymer. Similarly, Wei and Shriver22 reported electro-

lyte systems based on rigid polymers (i.e., polyĲ1,3-dioxolan-2-

one-4,5-diyl oxalate)) with a high concentration of lithium

salt (LiCF3SO3; 1 : 1 molar ratio). Forsyth, MacFarlane and co-

workers further extended this approach to other rigid poly-

mers, for instance, polyĲacrylonitrile) (comprising more than

60 wt% of LiCF3SO3).
69,70 They observed substantially in-

creased conductivities with respect to the “diluted” systems –

especially for temperatures approaching the Tg. Accordingly,

it has been generally proposed that the rather irregular poly-

mer structure of such rigid polymers results in a frustrated

close packing of the polymer chains. This induces a relatively

large free volume within the crystalline electrolyte systems,

providing a high density of polar groups to enable a reduced

activation energy for the cation hopping from one polar

group to another. It may be noted that later studies on high

concentrations of the conducting salt dissolved in ionic liq-

uids also revealed a decoupled lithium transport (in this case

from viscosity),71 indicating that this approach is not limited

to polymer-based systems only.

b) Frustrated polymers and polymerized ionic liquids

The great importance of frustrated polymer packing for

decoupling segmental relaxation and ion conductivity has

been investigated also for ‘salt-in-polymer’ systems. Among

others, Sokolov and co-workers highlighted that the

decoupling correlates with the fragility of the polymer

system.72–74 Precisely, their studies demonstrated that fragile

polymer systems – i.e., rather rigid polymer structures like

Fig. 3 Upper panel: Illustration of the structure of PEO6:LiAsF6 (left)

along the rows of lithium cations coordinated by the PEO helices with

the anions in-between and (right) in the side view. Lower panel: Sche-

matic presentation of the diffusion of lithium cations within the PEO

helices from one coordination site to another (light blue spheres: Li+;

white spheres: As5+; magenta spheres: F−; green: carbon: red: oxygen)

(reprinted with permission from Stoeva et al.
60 Copyright 2003 Ameri-

can Chemical Society).
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polyĲvinyl chloride), polycarbonate, polystyrene, or

polyĲmethyl methacrylate) and their derivatives – reveal a (par-

tial) decoupling of diffusion-controlled motions, including

ion conduction, from segmental dynamics. Such a

decoupling increases for an increasing fragility of the poly-

mer and temperatures approaching the Tg – which is analo-

gous to non-polymeric materials.72–75 For such systems, ionic

motion occurs in the relatively large free volume of the rather

loose polymer structure, resulting from the frustrated, thus

inefficient, chain packing.73,74

In subsequent studies, Sokolov and co-workers correlated

this decoupling to the superionic behavior using a modified

Walden plot analysis, suggesting that strongly coupled ion

conduction, as observed for amorphous PEO, faces intrinsic

limitations for achieving suitable ionic conductivities at am-

bient temperatures.76,77 The classic Walden rule is based on

the assumption that the ionic conductivity is directly related

to the viscosity of the electrolyte – i.e., the structural relaxa-

tion in case of polymers. Accordingly, PEO-type electrolytes

show, as expected, the ideal Walden-type behavior. However,

the Walden plot analysis also reveals that the targeted molar

conductivity can be achieved only for very short relaxation

times of less than 10−8 s, i.e., at around 80 °C (see Fig. 4a).76

Differently, rather rigid polymers, like polystyrene derivatives,

reveal superionic behavior at low temperatures (see Fig. 4b).

If, moreover, the conductivity is “normalized” by referring to

the concentration of free ions only (i.e., excluding ion pairs;

indicated as “true” molar conductivity in Fig. 4b), these rigid

polymer electrolytes show a superionic behavior across the

whole temperature range comparable to superionic inorganic

ion conductors like (AgI)0.5ĲAgPO3)0.5. However, it should be

noted that the concentration of free ions is rather low (about

0.01%) and the actual ionic conductivity still remains inferior

to PEO-based systems.76,77 Accordingly, an increased number

of free ions, e.g., by increasing the solvating properties of

such rigid polymers accompanied by a rather low Tg, is re-

quired to achieve suitable ionic conductivities at ambient

temperature.77,78

One approach to reach a higher charge concentration re-

lies on the polymerization of ionic liquids (polyĲIL)s),79–82

resulting in an intrinsically higher number of (free) ions con-

tributing to the charge transfer. Most of the studies in this

field focus on polymerized cations, i.e., the anion is the only

mobile species if no lithium salt is added, the following con-

siderations may provide some fundamental guidelines for

lithium battery electrolytes. Among the first to realize that

the temperature-dependent ion conduction in poly(IL)s is not

exactly following the trend for the Tg have been Colby and co-

workers83,84 as well as Winey and co-workers.85 These latter

systematically studied the effect of a varying alkyl chain

length (n = 2, 4, 8; see Fig. 5) on the polymer structure and

ionic conductivity. A closer investigation of the correlation

between the backbone-to-backbone distance and the ionic

conductivity in these systems revealed that the Tg is, indeed,

not the only factor determining the ionic conductivity,

though playing a dominant role.86 In addition, the inter-

molecular anion hopping was found to significantly contrib-

ute to the overall conductivity, especially at temperatures

approaching the Tg, in agreement with the earlier reported

findings of Sokolov and co-workers. For such a reason, the

intermolecular distance between the cationic groups as “hop-

ping sites” plays a decisive role, i.e., the larger the distance,

the higher the energy barrier for the hopping process and the

lower the contribution to the overall charge transport.

While Winey and co-workers86 suggested that this energy

barrier increases with an increasing alkyl chain length,

Fig. 4 Modified Walden plots, correlating the molar conductivity (Λ) to the rate of structural (segmental) relaxation (1/τ) for (a) polyethylene glycol

(PEG) based electrolytes with varying molecular weight and comprising LiClO4 as conducting salt in the given weight percentage and (b) a

comparison of polyĳ4-(2-methoxyethoxy)methyl styrene] (PMOEOMSt) comprising 0.3 wt% LiClO4 (semi-filled symbols in red) and

(AgI)0.5ĲAgPO3)0.5 (in blue) as well as PEG (100000 g mol−1) containing 19.4 wt% of LiClO4 (in green) as reference system for a fully decoupled

(inorganic) and fully coupled lithium-ion conductor, respectively. The filled red circles represent the true molar conductivity (ΛTrue) for PMOEOMSt

taking into consideration the free-ion concentration. The ideal Walden line represents a diluted aqueous solution of LiCl and the dashed horizontal

line indicates the target molar conductivity needed for achieving an ionic conductivity of 10−3 S cm−1 (reprinted from Wang et al.,76 Copyright

2014, with permission from Elsevier).
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Delhorbe et al.87 investigated an extended set of CnVImTFSI

poly(IL)s with n = 2, 4, 6, 8, and 10, showing that such “lin-

ear” conclusions have to be taken with care. According to

their results, the ion conduction in such systems is governed

by a rather complex interplay of physicochemical properties

(including the Tg), the charge carrier concentration, and the

eventual formation of nanostructures. As a matter of fact, the

modified Walden plot analysis proposed by Sokolov and co-

workers76,77 reveals that the greatest degree of decoupling is

achieved for n = 2 and 8, although all systems investigated

are characterized by superionic behavior across the whole

temperature range (Fig. 6). Following the earlier work on

rigid polymers73–77 as well as rather recent studies,88,89

Delhorbe et al.87 assigned this finding to the frustration in

polymer packing related to the bulky imidazolium cation be-

ing is closely bonded to the polymer backbone, which result

in sufficient free volume for the anions to move. Moreover,

they reported additional studies for such poly(IL)s including

LiTFSI, showing that the addition of the lithium salt may not

lead to substantial changes in the ion conduction

mechanism.

Comparable results have been obtained by Sokolov and

co-workers for ammonium-based poly(IL)s, also revealing

superionic behavior independent of the pendant group, par-

ticularly when approaching the Tg and for increasing molecu-

lar weights.90,91 While the actual ionic conductivity decreased

for the latter, a normalization with the Tg revealed that the

segmental-relaxation independent conductivity increased up

to a polymerization degree of ten before stabilizing.91 Corre-

lating the degree of decoupling with the flexibility (i.e., the

fragility) of the poly(IL) electrolyte by comparing the relatively

rigid vinyl-based poly(IL)s and the rather flexible siloxane-

type poly(IL)s, confirmed that there is a direct relationship

between the chain packing frustration (due to the polymer

fragility) and the decoupled ionic motion within the resulting

free volume.92 As a matter of fact, the authors observed a de-

creased decoupling under elevated pressure, especially for

rather flexible poly(IL)s. For rigid poly(IL) electrolyte, how-

ever, this effect was less pronounced, highlighting the impor-

tance of the free volume.

In conclusion, the governing factor for such decoupling is

essentially the same for poly(IL)s as for the formerly studied

neutral polymers. Mogurampelly et al.93 confirmed this very

recently by means of atomistic molecular dynamics simula-

tions employing quantum-mechanically parametrized force

fields. In addition to the experimental findings, these authors

stressed the importance of the average lifetime of ion-

association as the underlying timescale. Studying exemplarily

imidazolium-based poly(IL)s, they reported that the

decoupled anion transport occurs via intra- and inter-

molecular ion hopping, involving the formation and breaking

of ion-association with four cationic monomeric units of two

different polymer chains. If such ion-ion correlations are too

strong, however, the decoupled ion conduction remains lim-

ited.94 In fact, despite the great progress in understanding

the relationship between polymer fragility and charge trans-

fer, the ionic conductivity of these electrolytes remains signif-

icantly lower than that of PEO-based electrolytes.

c) Realization of anisotropic conduction pathways

The realization of static and anisotropic pathways for the effi-

cient ionic motion17 via supramolecular ordering, similar to

highly efficient organic electron conductors,95 has been ear-

lier suggested as the key to fully decouple ion conduction

and polymer relaxation. Significant contribution to this field

was provided by Wright and co-workers, who have been also

the first to propose the use of PEO as ion conductor.96 The

focus of their studies has been on polyether-type polymers,

comprising aromatic mesogenic moieties to introduce liquid-

crystalline behavior in order to realize the targeted structural

ordering (Fig. 7a, left panel).97–102 These well-organized

electrolytes showed enhanced ionic (cationic and anionic)

conductivities along the 2D ionic layers, which could be fur-

ther improved by mechanical shearing as a result of the in-

creased ordering.101,102 Further improvement of the conduc-

tivity was realized by introducing a second polymer

Fig. 5 Chemical structure of 1-alkyl-3-vinylimidazolium bis-

(trifluoromethanesulfonyl)imide-derived (CnVIm-TFSI) homopolymers.

Fig. 6 Walden plot (molar conductivity vs. fluidity) for different

CnVIm-TFSI-derived poly(IL)s with n = 2, 4, 6, 8, and 10; the “ideal”

Walden line with a slope of 1, obtained for 10 mM aqueous solution of

LiCl serves as reference (reprinted with permission from Delhorbe

et al.
87 Copyright 2017 American Chemical Society).
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(Fig. 7b, right panel), which essentially led to an increase of

the internal space of the ionophilic polyether layer by

expanding the ionophobic layer.103–105 Remarkably, the au-

thors reported an ionic conductivity of 10−4 S cm−1 at 40 °C

within the plane, which appeared to have an Arrhenius-type

temperature dependency, and only 10−12 to 10−13 S cm−1 per-

pendicular to the plane. This confirms the highly anisotropic,

potentially decoupled charge transport.103,105

Following the same approach, Imrie, Ingram, and their co-

workers targeted the decoupling of ion conduction from seg-

mental relaxation by realizing supramolecular ordering in

liquid-crystalline complexes. In their studies, they focused on

lithium salt complexed molecules comprising a biphenyl-type

mesogenic moiety attached via a flexible alkyl-based spacer

to a PEO backbone (see Fig. 8a).106–108

The comparison with amorphous polymers revealed a

great degree of decoupled charge transfer, if not full

decoupling, in the liquid-crystalline material. As a matter of

the fact, this electrolyte did not show a substantial decrease

in conductivity when approaching the Tg. Additionally, the

temperature dependency of the ionic conductivity essentially

followed the Arrhenius equation,108,109 which is characteristic

for segmental-relaxation independent ionic motion.17,61 Inter-

estingly, they observed a change in slope for the conductivity

as a function of temperature for the first-order phase transi-

tion rather than for the Tg. Accordingly, they proposed that

the molecules self-organize in a smectic phase, bilayer struc-

ture (Fig. 8b) supported by several complementary techniques

like polarized optical microscopy and X-ray scattering. The

pendant liquid-crystalline side groups jacket the polyether

side chains, preventing their collapse upon cooling. This

eventually enables the ionic mobility also in the solid state

(i.e., below the Tg).
108,109 These findings and the conceived

interpretation are remarkable. They indicate that lithium cat-

ions might be conducted in polyethers independent of the

segmental relaxation also above the Tg. This is a rather inter-

esting subject for further studies to clarify the precise lithium

transport mechanism in such systems.

Another group that has largely contributed to the develop-

ment of liquid-crystalline lithium-ion conductors providing

anisotropic conduction pathways, is the group of Kato, Ohno,

and co-workers.110,111 For instance, they reported the synthe-

sis of biphenyl-based liquid-crystalline complexes of a lith-

ium salt and twin oligomers or mesogenic dimeric molecules

comprising oxyethylene spacers, both providing smectic

mesophases in a certain temperature range.112,113 Compara-

ble to the “common” approach for block copolymer electro-

lytes,114,115 they introduced a non-conducting phase to en-

sure a certain mechanical stability and an ion-conducting

phase based on polyether moieties to dissolve the lithium

salt (herein, LiCF3SO3).
112,113 These electrolytes achieved

rather high ionic conductivities following this approach (e.g.,

>10−4 S cm−1 at 50 °C (ref. 113)). The realization of free-

standing membranes, to facilitate handling and processing,

was successfully obtained by employing liquid-crystalline, in

situ polymerizable materials as well PEO-containing moieties

for the lithium-ion conduction.116 The general strategy

Fig. 7 (a) General formula of the (I) amphiphilic liquid-crystalline poly-

mers investigated (polyĳ2,5,8,11,14-pentaoxapentadecamethyleneĲ5-

alkyloxy-1,3-phenylene)]); with m commonly being 16 and (II) the

blending polymer (poly(tetramethylene oxide)); with A being either

–CH2– or –CH2C(NCH2)CH2–. (b) A schematic illustration of 2D order-

ing. The solid lines refer to the alkyl chain covalently bonded to the

liquid-crystalline polymer I, while the dashed lines refer to additionally

introduced polymer II. The alkyl side chains of I interdigitate in a hex-

agonal lattice layer between the helices formed by the polyethers, en-

capsulating the lithium cations. The anions are located in the inter-

helical space (reproduced from ref. 104 with permission from The

Royal Society of Chemistry).

Fig. 8 (a) Molecular structure of the liquid-crystalline polymer investigated (from Imrie108 Copyright © 1999 by John Wiley Sons, Inc. reprinted by

permission of John Wiley & Sons, Inc.). (b) Proposed smectic bilayer nanostructure for the lithium salt complexed liquid-crystalline molecule de-

scribed in panel (a) (reprinted from Imrie and Ingram,109 Copyright 2001, with permission from Elsevier).
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involved three essential steps: (i) the complexation of the

monomer with the lithium salt, (ii) the macroscopic align-

ment (e.g., by applying an electric field117 or mechanical

shearing118), and (iii) the in situ polymerization (e.g., by

means of UV irradiation).116,118–120 However, the ionic con-

ductivity decreased as a result of the polymerization, like for

poly(IL)s.116,120 To overcome this limitation, new molecules

were designed based on trisĲalkoxy)phenyl groups and

imidazolium salts with acrylate groups at the periphery (see

Fig. 9a).118 These resulted resulting in 1D ion-conductive

polymer films with ion nanochannels perpendicular (or, for

comparison, parallel) to the film surface. While the direct

comparison with the horizontally aligned sample revealed a

clearly enhanced ionic conductivity, confirming the highly

anisotropic charge transport, suitable ionic conductivities

were essentially achieved for rather high temperatures (>10−3

S cm−1 at 150 °C). Nevertheless, using instead polymerizable

ammonium moieties complexed with LiBF4 in a molar ratio

of 4 : 1 (monomer : LiBF4) led to the realization of 3D

bicontinuous, cubic liquid-crystalline networks (see Fig. 9b).

Thanks to this extended network of ion conduction pathways,

such electrolyte systems provided higher ionic conductivities

(3.1 × 10−4 S cm−1 at 90 °C) than the hexagonal columnar

phase investigated for comparison purposes.119

Despite the outstanding achievements in designing ad-

vanced liquid-crystalline electrolyte systems, one aspect

remained commonly overlooked in recent years. This was the

potential decoupling of ionic motion and segmental relaxa-

tion as well as the contribution of the commonly more mo-

bile anion.101,102 Only a few studies have continued focusing

on this aspect for liquid-crystalline electrolyte systems.

Among these are Stoeva et al.,121 who investigated discotic

liquid crystal triblock copolymers based on a central main

chain triphenylene-based liquid-crystalline block capped at

both ends by PEO blocks (MW = 2000 g mol−1) and doped

with LiClO4 in the 6 : 1 EO : Li ratio. Such material provides a

phase-separated morphology consisting of a columnar hexag-

onal liquid-crystalline phase and PEO-rich domains. Interest-

ingly, these self-standing polymer films revealed an ion con-

duction mechanism, which appeared to be closely related to

that of conventional PEO-type electrolytes. Similarly, a VFT-

type conduction mechanism was demonstrated by Wang

et al.122 for flexible, discotic liquid crystal-based crosslinked

polymer electrolytes. Polymer electrolytes with different com-

positions were obtained by one pot photopolymerization of

triphenylene-based discotic liquid crystals grafted with vinyl

functions to polyethylene glycol diacrylate with a molecular

weight varying from 200 to 1000 g mol−1 and LiTFSI. More ef-

ficient ion transport was reported in polymer electrolytes with

ordered structures obtained by annealing and macroscopic

aligned self-assembled columns as well as higher flexibility,

i.e., longer polyethylene glycol chains. Differently, Majewski

et al.123 observed a rather Arrhenius-type temperature depen-

dence of the ionic conductivity for hexagonally-packed, cylin-

drical liquid-crystalline polymers based on the mesogenic bi-

phenyl moiety and (cylindrical) PEO chains dissolving LiClO4.

Fig. 9 (a) Chemical formula of the liquid-crystalline molecule providing 1D ion conduction pathways and the general strategy of fixing the macro-

scopic alignment by photopolymerization to realize 1D nanochannels either perpendicularly or horizontally oriented to the film substrate (reprinted

with permission from Yoshio et al.
118 Copyright 2006 American Chemical Society). (b) Photograph of the self-standing polymer electrolyte mem-

branes and schematic illustration of the 3D bicontinuous cubic liquid-crystalline structure at different magnifications (reprinted with permission

from Ichikawa et al.
119 Copyright 2011 American Chemical Society).
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While the ionic motion was confined to the interior of the

PEO domains, according to the authors a remarkable im-

provement in conductivity was obtained by macroscopically

aligning the liquid-crystalline orientation up to the millime-

ter range. Such an improvement stood up to the clearing

point, i.e., the transition to the isotropic phase.

Some insights into this rather different behavior, despite

the common ion conduction in the polyether domains, might

be gained from a rather different system – PEO-based single-

ion conductors with the anionic function covalently tethered

to the polymer backbone. Molecular dynamics simulations

showed that relatively large ion clusters may form chain-like

structures, serving as charge conduction pathways, in single-

ion conductors with an anionic sulfonate function covalently

bonded to the PEO backbone by isophthalate groups.121 In

such a case, the conduction process might be decoupled

from the polymer motion, occurring via structural diffusion,

including the transfer of charges without cation moving –

comparable to the proton transfer in polyĲperfluorosulfonic

acid) or phosphoric acid. Accordingly, the realization of

highly ordered ion-aggregate networks might improve the to-

tal conductivity by enhancing correlated ion transport, as

suggested by coarse-grained molecular dynamics simula-

tions.124 Furthermore, LaFemina et al.125 showed for essen-

tially the same polymer that the lithium dynamics are domi-

nated by either VFT or Arrhenius behavior. This depends on

the length of the polyether spacer, the total ion content, and

the degree of ionic aggregation. Beside the lithium-ion/poly-

mer interaction in general, the potential ion pairing and ag-

gregation impact the number of lithium ions available for

diffusive motion. The formation of ionic aggregates initially

slows down the lithium diffusion until, eventually, these ag-

gregates start to overlap. This enables the lithium diffusion

between these clusters, as reflected by an increase of the dif-

fusion coefficient. As a consequence, the rate-determining

step for low and high ion contents is the separation of ion

pairs and the transfer of lithium cations between the aggre-

gates, respectively.

d) The utilization of solvent molecules as ‘single-ion

transporters’

Following another approach to (partially) decouple the ion

transport from the segmental relaxation of the polymer, a few

groups have recently started to develop ionic polymers (also

referred to as ‘ionomers’) with the anionic function cova-

lently tethered to the (block co-)polymer backbone. In this

systems the lithium cations are essentially “transported” by

the incorporated highly dielectric solvent molecules (e.g., eth-

ylene carbonate (EC) or propylene carbonate (PC) – poten-

tially in a mixture with linear organic carbonates like di-

methyl carbonate (DMC)). One of the great advantages of this

concept is the (near) single-ion conductivity avoiding detri-

mental charge polarization thus potentially leading to homo-

geneous lithium deposition, i.e., preventing dendritic metal

deposition.126–130 Following this approach Rohan et al. stud-

ied EC/PC-swollen ionic polymers based on polystyrene131 or

polysiloxane,132 providing conductivities around 10−3 S cm−1

at ambient temperature. Similarly, Qin et al.133 synthesized

and investigated polyborate-based electrolytes offering high

ionic conductivity (1.8 × 10−4 S cm−1 at 30 °C) upon incorpo-

ration of a mixture of EC and DMC. Comparable results were

obtained by Li et al.134 for the electrospun

polyĲdiaminodiphenylsulfone)-type electrolyte. Noteworthy,

however, all these systems provide Li+ transference numbers

(t+) below 0.9 and require the incorporation of additional

polymers like highly dielectric polyĲvinylidene difluoride)

(PVdF) or its hexafluoropropylene-copolymer to realize suit-

able mechanical properties. Differently, Oh et al.135 recently

reported a porous polyĲarylene ether)-based single-ion electro-

lyte drenched with a mixture of diethyl carbonate (DEC), EC,

and PC (1 : 1 : 1 by volume). The polymer swollen with 92 wt%

of the organic carbonates mixture, does not require the pres-

ence of PVdF and offers an excellent ionic conductivity (more

than 10−3 S cm−1 at 25 °C) with t+ approaching unity (0.98).

Nonetheless, one severe constraint remained: the electro-

chemical (in-)stability towards oxidation, limiting the applica-

tion of such polymer electrolytes to LiFePO4 as the cathode

active material.131–135

This limitation has been overcome only very recently by

Nguyen et al.,136 who synthesized multi-block co-polyĲarylene

ether sulfone) single-ion conductors based on alternating

ionophobic and ionophilic blocks. The resulting films are

self-standing and nanophase-separated. The incorporated EC

selectively swells the ionophilic domains, allowing the effec-

tive Li+ coordination (see Fig. 10). In addition to high ionic

conductivities (>10−3 S cm−1 at 30 °C, depending on the EC

content) and t+ = 1, these membranes allowed for the stable

cycling of LiĳNi1/3Co1/3Mn1/3]O2 for more than 200 cycles.

Fig. 10 Schematic illustration of a nanophase-separated ionomer-

based electrolyte according to Nguyen et al.,136 for which the com-

prised EC molecules selectively swell the ionophilic domains, thus ef-

fectively coordinating the Li+ cations (reproduced by permission of

The Royal Society of Chemistry).
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Interestingly, the authors observed a correlation between the

polymer nanostructure and the overpotential upon lithium

deposition, which, however, is a rather unexplored field of re-

search so far.

4. Remaining challenges and
perspective

As reviewed herein, there are different promising approaches

to decouple ion conduction in polymer-based electrolyte sys-

tems – each of them with its own advantages and remaining

challenges. Nevertheless, the realization of defined conduc-

tion pathways and/or the use of very mobile small molecules

acting as “transporter” appear presently as the most promis-

ing approaches. In spite of “solvent-in-salt” electrolytes, these

systems operate with lithium concentrations similar to those

used in the state-of-the-art lithium-ion batteries. Thus, no

great additional costs are expected, however, two great chal-

lenges are still to be addressed. Overcoming the conductivity

limitations originating from the charge transfer across grain

boundaries between rather randomly oriented domains char-

acterized by anisotropic conduction pathways is certainly the

first. A potential solution could be the achievement of high,

ideally full, degree of alignment,112 i.e., “single-crystalline”

electrolytes with perfectly anisotropic ion conduction path-

ways (as achieved already for liquid-crystalline systems). Al-

ternatively, very small coherent domains with an isotropic

orientation and high interconnecting defect densities may

address the challenge.137 Especially for the latter, the realiza-

tion of 3D (e.g., bicontinuous cubic or gyroid) conduction

pathways rather than (smectic) layered 2D or columnar 1D

ion transport channels appear advantageous.

The second challenge regards designing new “transporter”

molecules with advanced electrochemical and thermal prop-

erties compared to the standard organic carbonates. Here,

one may consider the design of small molecules mimicking

the important polymer characteristics – comparable to the ex-

ample of ionic liquids and poly(IL)s. Also, the incorporation

of small molecules tailored in a highly complementary fash-

ion, could “complete” the set of requirements for practical

electrolyte applications. In any case, it is anticipated that the

richness of organic and polymer chemistry will allow for

great and rapid progress in this highly attractive and rapidly

evolving research field. A key aspect, however, that certainly

deserves further investigation is the development of an in-

depth understanding of the interplay between the polymer

nanostructure and the ion conduction mechanism. This is es-

pecially true for the (liquid-)crystalline electrolyte systems, in-

cluding the contribution of the anion in case of lithium salt

complexes. In an attempt to overcome any potentially detri-

mental impact of the anion, we have recently developed a

new (proof-of-concept) electrolyte system, mimicking the

single-ion conductivity in ceramic electrolytes, thus, allowing

for a fully decoupled charge transport in organic electrolyte

systems.138 In such liquid-crystalline electrolytes, the Li+

transport occurs solely via hopping from one anionic func-

tion to the other as confirmed by the Arrhenius-type tempera-

ture dependence of the ionic conductivity up to the transition

to the isotropic phase.

Another very promising alternative consists in using oxi-

dized conjugated polymers like polyphenylene sulfide. The

introduction of several delocalized carbocations on the poly-

mer backbone by in situ oxidation results in anchoring the

anions of the lithium salt on the polymer, thus “freeing” the

Li+ cations. Additionally, the rigidity of the conjugated poly-

mer limits its coil conformation, helping creating direct path-

ways for the Li+ cations into the polymer. Accordingly, these

electrolytes can achieve ionic conductivities exceeding 10−4 S

cm−1 at 40 °C, i.e., below the Tg of these polymers.139

In fact, it appears that the smart design of suitably

engineered polymer-based electrolyte systems with advanced

electrochemical properties has been rapidly developing re-

cently – certainly driven also by the great promise of all-solid-

state batteries – indicating that the “golden age” of polymer

electrolytes might be yet to come.
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