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Abstract
Solid-state batteries are considered the next big step towards the realization of intrinsically safer
high-energy lithium batteries for the steadily increasing implementation of this technology in
electronic devices and particularly, electric vehicles. However, so far only electrolytes based on
poly(ethylene oxide) have been successfully commercialized despite their limited stability
towards oxidation and low ionic conductivity at room temperature. Block copolymer (BCP)
electrolytes are believed to provide significant advantages thanks to their tailorable properties.
Thus, research activities in this field have been continuously expanding in recent years with great
progress to enhance their performance and deepen the understanding towards the interplay
between their chemistry, structure, electrochemical properties, and charge transport mechanism.

Herein, we review this progress with a specific focus on the block-copolymer nanostructure and
ionic conductivity, the latest works, as well as the early studies that are fr"equently overlooked
by researchers newly entering this field. Moreover, we discuss the impact of adding a lithium salt
in comparison to single-ion conducting BCP electrolytes along with the encouraging features of
these materials and the remaining challenges that are yet to be solved.
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Abbreviations

A, B, C, abbreviations for different blocks in block
copolymers

ATRP atom transfer radical polymerization

bcc body-centered cubic packing

BCP(E) block copolymer (electrolytes)

C cylinders

CFRP controlled free radical polymerization

CP copolymer

CV cyclic voltammetry

DIS disordered state

EC ethylene carbonate

EFTEM energy-filtered transmission electron
microscopy

EO ethylene oxide

G gyroidal or bicontinuous

hcp hexagonal close packing

HEX-C hexagonally packed cylinders

HOMO highest occupied molecular orbital

HPL hexagonally perforated lamellae∗ Authors to whom any correspondence should be addressed.



IL ionic liquid

ISO poly(isoprene)-b-poly(styrene)-b-poly(ethy-
lene oxide) triblock copolymer

L lamellae

LCO lithium cobalt oxide

LFP lithium iron phosphate

Li lithium

LiBOB lithium bis(oxalato)borate

LiMA lithiated methacrylic acid

LiOTf/LiTf lithium trifluoromethanesulfonate, lithium
triflate

LiTFSI lithium bis(trifluoromethanesulfonyl)imide

LUMO lowest unoccupied molecular orbital

MDS molecular dynamics simulation

NCM LiNixCoyMnzO2, lithium nickel cobalt man-
ganese oxide

NMP(T) nitroxide-mediated polymerization
(technique)

OCV open circuit voltage

ODT order–disorder transition

OOT order–order transition

P2VPy poly(2-vinylpyridine)

P3HT poly(3-hexylthiophene)

PBPA poly(bisphenol A carbonate)

PC propylene carbonate

PCL poly(ε-caprolactone)

PDMS poly(dimethyl siloxane)

PDTC poly(2,2-dimethyltrimethylene carbonate)

PE poly(ethylene)

PEGDME poly(ethylene glycol dimethyl ether)

PEI poly(iminoethylene)

PEO poly(ethylene oxide)

PFG-NMR pulsed field gradient nuclear magnetic reso-
nance spectroscopy

PFS poly(pentafluorostyrene)

PI poly(isoprene)

PIL poly(ionic liquid)

PLMA poly(lauryl methacrylate)

PMAN poly(methacrylonitrile)

PMAALi lithiated poly(methacrylic acid)

PMMA poly(methyl methacrylate)

PMTFSILi lithiated poly(3-sulfonyl(trifluoromethane-
sulfonyl)imide propyl methacrylate)

PnBMA poly(n-butyl methacrylate)

POEM/
POEGMA

poly[oligo(ethylene glycol)methacrylate]

POSS polyhedral oligomeric silsesquioxane

PO propylene oxide

PP poly(propylene)

PPO poly(propylene oxide)

PS poly(styrene)

PSTFSILi lithiated poly(styrene sulfonyl(trifluoro-
methanesulfonyl) imide)

PVdF-HFP poly(vinylidene difluoride-co-
hexafluoropropylene)

RAFT reversible addition-fragmentation chain-
transfer polymerization

ROMP ring-opening metathesis polymerization

RT room temperature

S spheres

SANS small angle neutron scattering

SAXS small angle x-ray scattering

SEC (GPC) size exclusion chromatography (gel permea-
tion chromatography)

SEI solid electrolyte interface

SEO poly(styrene)-b-poly(ethylene oxide)
diblock copolymer

SEM scanning electron microscopy

SIC single-ion conducting/conductor

SPE solid polymer electrolyte

(S)TEM (scanning) transmission electron microscopy

THF tetrahydrofuran

TMC trimethylene carbonate

VTF Vogel–Tammann–Fulcher

WAXS wide angle x-ray scattering

XRD x-ray diffraction

XPCS x-ray photon correlation spectroscopy

Symbols

B pseudo-activation energy, J

kB Boltzmann constant, J K−1

Mn /MPEO number average molar mass of a polymer/
the PEO block, g mol−1

Mw mass average molar mass of a polymer, g
mol−1

N degree of polymerization (number of poly-
mer units), dimensionless

r molar ratio of lithium ions with respect to
EO moieties, dimensionless

T temperature, K or °C

T0 equilibrium temperature, °C

Tg glass transition temperature, °C

tLi
+ lithium ion transference number,

dimensionless

Tm melting temperature, °C



Greek letters

α tortuosity factor, dimensionless

εij contact energy between the monomer seg-
ments i and j,

σ(T) ionic conductivity, S cm−1

χN segregation strength

χ0 Flory–Huggins interaction parameter,
dimensionless

χeff effective interaction parameter,
dimensionless

jA/jB or fA/fB volume fraction of polymer A or B,
dimensionless

1. Introduction

For our modern everyday lifestyle rechargeable batteries are
indispensable. Especially the Li-ion battery (LIB) technology
revealed to be the battery system of choice to meet the
increasing energy performance requirements of portable
electronic devices like laptops, smartphones, etc. In addition,
it is the most suitable technology to power hybrid and electric
vehicles (EVs) reducing the anthropogenic CO2 emissions
[1–4]. However, future increase in energy density (i.e. driving
range with respect to their application in EVs) is limited by
the weight and volume of the electrode active materials (plus
the required electrolyte and electrochemically inactive com-
ponents). Recently, this has triggered a renewed interest in the
investigation of metallic lithium for the negative electrode,
despite the initial safety issues related to the formation of
dendritic structures and the resulting accidental short circuits
[5, 6]. In this regard, the electrolyte, physically separating the
two electrodes, plays a pivotal role for the battery safety not
least with respect to its potential flammability and toxicity,
including also potential decomposition products [7–9]. Solid
electrolytes such as polymers are considered the standard for
inherently safer batteries in combination with lithium metal
anodes by preventing cell leakage upon mechanical abuse,
providing limited flammability and reducing, if not suppres-
sing, lithium dendrite formation [9, 10].

The idea of implementing polymers as battery electro-
lytes is not a new approach but was proposed in 1973 by
Fenton et al [11], who studied the structural properties of
alkali metal salts dissolved in poly(ethylene oxide) (PEO). In
1978, Armand first reported such ‘SPEs’ for lithium batteries
[12–14]. This work initiated substantial research activities
towards SPEs, including the search for an improved
mechanistic understanding of the ion transport phenomena
[15–18]. It was established that the ionic conductivity rose
with an increasing fraction of the amorphous domains in the
polymer electrolyte above the glass transition temperature Tg
[18–20]. As a result, the conventional model for describing
the occurring charge transport became the ‘free volume
model’, correlating the thermal movement of the polymer

chain segments (i.e. the segmental relaxation) with the ionic
motion [21, 22]. This correlation can be expressed by the
VTF equation (equation (1)):
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where kB is the Boltzmann constant, T the temperature in
Kelvin, B the pseudo-activation energy, which corresponds to
the Arrhenius-type activation energy Ea, and T0 the equili-
brium Tg of the polymer (controlled for kinetic effects)
[17, 18, 23]. This equation was originally developed to
describe the temperature dependence of glassy materials’
viscosity [24–26], but also emerged to be applicable for the
description of the temperature-dependent ionic conductivity
of SPEs above the Tg, since the viscosity is directly linked to
charge transport via the segmental relaxation [17].

In the case of PEO, the charge transport along the
amorphous domains benefits from the advantageous spatial
distance between the electron-pair donating oxygen atoms
and the low energy barrier for the bond rotation, facilitating
Li+ complexation and segmental relaxation [10, 27]. The
ionic conductivity remains limited to values of about 10 5 S
cm−1 at RT, which is far below the conductivity of common
liquid organic electrolytes ranging between 10 3 and 10−2 S
cm−1 [28] or gel polymer electrolytes, in which the polymer
(e.g. poly(vinylidene difluoride), PVdF) essentially serves as
a matrix (comparable to a classic separator) to host the liquid
organic electrolyte, usually ranging between 10 3 and 10 4 S
cm−1 [29]. While the latter type of electrolytes provides
advantages concerning safety, as the intimate interaction of
the polymer matrix and the liquid electrolyte hinders cell
leakage, the compatibility with metallic lithium electrodes
remains limited owing to the reactivity of the liquid electro-
lyte [9]. Thus, targeting improved ionic conductivities in
‘classic’ polymer-based electrolytes led to a plethora of
synthetic strategies and modifications in order to, e.g. lower
the Tg and suppress the crystallization of the polymer matrix.
This includes the incorporation of solid (ceramic) nano-
particles such as Al2O3, SiO2, and ZrO2, which increase ionic
conductivity by up to several orders of magnitude
[10, 28, 30], depending on their surface chemistry (i.e. acid-
ity) and the resulting interaction between the polymer and the
conducting salt [31, 32]. Another strategy is based on the
incorporation of liquid plasticizers such as organic solvents
[33, 34] or ionic liquids [35–37] to facilitate the segmental
motion and thus the charge transport within the polymer
matrix. In addition, the ionic conductivity could be improved
by up to several orders of magnitude. Although, any addi-
tional phase whether solid or liquid has a significant impact
on the mechanical properties, especially if large amounts are
added [28]. The mechanical properties are of great importance
with respect to the desired flexibility and processability as
polymer-based electrolytes and the resulting battery cells will
be ideally fabricated by a roll-to-roll assembly [10, 28].
Moreover, based on their computational studies Newman and
Monroe reported that there is an upper threshold in shear
modulus for polymer electrolytes, beyond which the dendrite-



causing progressive surface roughening can be suppressed
[38]. According to their study a polymer with a Poisson’s
ratio like PEO should exhibit a shear modulus of at least twice
the one of Li metal (i.e. >7 GPa) to effectively prevent the
undesired dendritic lithium growth upon cycling. The shear
modulus of common polymer electrolytes is about 3–4 orders
of magnitude lower than that. Besides, high shear moduli or
very stiff polymers are usually characterized by rather poor
adhesion, which leads to a disadvantageous contact with the
electrodes. This aspect has also been termed the ‘modulus-
versus-adhesion-dilemma’ [39].

An alternative means to overcome dendritic lithium
deposition is based on the work reported by Newman and co-
workers [40] as well as the studies by Brissot, Chazalviel and
co-workers [41–43], who showed that the reversed cell polar-
ization occurring for classic dual-ion conductors (i.e. electro-
lytes in which both anion and cation are mobile) has a
detrimental impact on the overall cell performance and the
potential formation of dendritic lithium deposits. When char-
ging the battery cell, the lithium cations are shuttling to the
negative electrode and depleted as a metallic layer, while the
electrolyte anions move to the positive electrode as a con-
sequence of the electric field, resulting in a reversed polariza-
tion effect. The application of a current beyond the diffusion
capability of the cations (i.e. beyond the limiting current den-
sity) leads to a depletion of their concentration at the interface
with the electrode down to eventually zero. This phenomenon
is considered to be one of the potential reasons for dendritic
lithium deposition, since the newly arriving cations are pre-
ferentially deposited at surface protrusions. The Sand’s time
describes the time needed to access this state under such
conditions and is therefore a potential measure for non-uniform
metal plating [44]. Consequently, increasing the Li+ transfer-
ence number (t+) to unity, e.g. by covalently tethering the
anionic function to the polymer backbone - therefore the use of
the term single-ion (Li+) conductor - has emerged as a viable
solution to circumvent these issues [45, 46].

Recently, the combination of chemically different
organic groups with tailored functional properties in block
copolymers (BCPs), that may permit for simultaneous yet
suitable mechanical and charge transport characteristics, has
received increased attention [44, 46–62]. In this approach,
soft ionophilic blocks for the charge transport are coupled
with more rigid ionophobic blocks for the mechanical stabi-
lity. Due to the different nature of the blocks, these BCPs
have the tendency to self-organize in phase-separated
domains of each block, resulting in a variety of possible
polymer structures.

Herein, we review the development of such self-orga-
nizing BCPs as electrolytes (BCPEs) for lithium batteries. A
brief overview on the characteristics and thermodynamics of
BCPs and BCPEs, including the impact of adding the con-
ducting lithium salt are discussed. Based on a selected, well-
investigated model compound we provide a comprehensive
description of the major developments and fundamental
insights into this system, representative of BCPEs in general.

We summarize additional BCPEs reported in the literature
with varying chemical compositions and functionalities,
concluding with a brief overview on the activities to develop
single-ion conducting BCPEs with or without the addition of
small molecules to enhance the Li+ transport. Finally, we
summarize the discussed findings and offer a short perspec-
tive towards advanced electrolyte systems.

2. General characteristics and thermodynamics of
BCPs and BCP electrolytes

BCPs consist of two or more blocks, which are covalently
linked together forming the copolymer (CP). In the case of
two chemically different blocks, the number of distinct blocks
per polymer molecule classifies them into:

( ) [ ]- -Diblock CPs di BCPs : A Bm n

( ) [ ]- - -Triblock CPs tri BCPs : A B Am n m

( ) [( ) ]- -Multiblock CPs multi BCPs : A Bm n p

with A and B being the different blocks, m and n being the
number of repeat units for the corresponding block, and p as
the number of repeat units for the diblock unit [63]. In
addition to (common) linear BCPs more complex molecular
architectures and block arrangements have been discovered,
including branched, star-like and cyclic structures. The
common synthesis methods to obtain such BCPs are living
polymerization techniques e.g. the anionic polymerization,
specifically for the preparation of diblock or triblock CPs with
a controlled block length [63, 64]. For the synthesis of multi-
BCPs, step-growth polymerization strategies have been
reported such as the polycondensation of prepolymers/tele-
chels with appropriate end-groups [63, 64]. Recently,
advanced CFRP techniques like ATRP, RAFT method and
NMP have been successfully utilized for the preparation of
BCPs permitting a greater variety for their design [65].

The single blocks are frequently designed to be suffi-
ciently different in their chemical nature, making them
immiscible and enabling facile phase separation. A classic
example is the group of Am—Bn—Am-type triblock thermo-
plastic elastomers, with A being a rather hard and brittle poly
(styrene) (PS) block and B a relatively flexible and soft poly
(butadiene) or poly(isoprene) block characterized by a low Tg.
Due to their immiscibility, the different blocks (of several
polymer chains) phase-separate into A-type and B-type
domains with a characteristic nanostructure. In fact, the
interaction between different polymer chains and their ‘joint’
phase separation acts as a physical ‘crosslinker’. Such BCPs
are very impact-resistant, as any mechanical stress is dis-
sipated over the (rubbery) soft part, while the robustness is
maintained by the hard PS domains [65, 66].

The phase separation phenomenon and self-assembly of
different nanostructures can be understood by studying the
underlying thermodynamics as described by the Flory–Hug-
gins solution theory, which has been independently



developed by Flory [67] and Huggins [68, 69] in 1942 (see
also [65] for more details). Derived from their theoretical
considerations, the Flory–Huggins parameter χ has been
introduced as a versatile method to describe the thermo-
dynamics of the phase separation occurring in polymers
[70, 71]. This parameter delineates the interaction energy
between the two polymers or, more precisely, between a
monomer segment of polymer A and a monomer segment of
polymer B (analogous to the interaction between a polymer
segment and a solvent molecule with regard to the theoretical
considerations for polymers in solution) and can be expressed
by equation (2):
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with εij representing the contact energy between the
corresponding monomer segments of polymers A and B
(negative values indicate a gain in energy) and kB the
Boltzmann constant. Negative values for χ indicate a rela-
tively stronger interaction between A and B (εAB dominates),
while positive values are related to stronger interactions
between segments of the same polymer, i.e. between A and A
as well as B and B (the term (εAA + εBB) dominates) [71]. If
the enthalpic contribution to the Gibb’s free energy of mixing
dominates over the entropic contribution, phase separation
occurs at the macroscale for a mixture of homopolymers and
at the microscale for BCPs, since the different blocks are
covalently bonded [71]. To precisely describe such a phase
separation, it has been meaningful to introduce the product of
the Flory–Huggins parameter and N, the overall degree of
polymerization, i.e. χN, as an indicator [71, 72]. If χ and/or
N increases, the enthalpic contribution increasingly dominates
until a certain threshold is reached to initiate microphase
segregation, which is commonly referred to as the ODT. In
the case of symmetric di-BCPs with jA jB 0.5, ODT
occurs for χN ≈ 10.5 as predicted by Leibler [73] as well as
Fredrickson and Helfand [74]. It should be noted at this point
that χ is temperature-dependent and correlates with T−1

(equation (2)), which is related to the increase in entropy with
an increase in temperature. A ‘constant’ temperature, the
impact of the design of the BCPs and the volume fraction of
the different blocks are factors that must be considered (dis-
cussed in section 3). Typically, for asymmetric BCPs, the
blocks with the relatively lower volume fraction form sphe-
rical or cylindrical domains within a matrix composed of the
other block with the higher volume fraction. If the volume
fraction of the two blocks is similar, the lamellar nanos-
tructure is formed. In the case that the driving force for the
phase separation is low, reflected by a low χN value, bicon-
tinuous (for two different blocks) nanostructures are obtained
also referred to as gyroid phase [65, 75]. This evolution is
commonly depicted as a phase diagram by plotting χN as a
function of the volume fraction of A, jA sometimes also
denoted by f, which describes the ratio of the two blocks
[75, 76]. In figure 1, the (theoretical) phase diagram for
Am—Bn di-BCPs is exemplarily presented, as reported by

Matsen [77]. For a certain fraction jA, bcc spheres (S) or hcp
spheres (Scp) of A are formed in a continuous matrix of B.
When jA further increases, cylindrical (C) domains are
formed. For jA ≈ 0.5, a lamellar (L) or gyroid (G) nanos-
tructure is observed; for certain architectures the newly dis-
covered Fddd (O70) phase. If jA exceeds 0.5, the organization
is inverted [65, 71, 75, 78]. The general (potential) evolution
of the different phases as a function of jA is schematically
illustrated in figure 2(a) [78]. Nevertheless, the degree of
segregation depends on χN, i.e. the higher χN, the stronger
the segregation and the smaller the contact area between the
different domains. The evolution and appearance of the dif-
ferent phases is also highly dependent on the polymer
architecture [77, 79] and becomes extremely difficult to pre-
dict for more complex BCPs such as linear Am—Bn—Co

systems [80]. In contrast, the microphase segregation beha-
vior of multi-BCPs (Am—Bn)p follows essentially the beha-
vior of di-BCPs [81, 82]. What’s more, relatively larger χN
values are required for the phase separation, since the number
of ‘diblock units’ Am—Bn within the same polymer chain
increases (as indicated by the subscript p), which promotes
the entropic contribution to the overall free energy [83]. In
comparison to di-BCPs, multi-BCPs provide superior
mechanical properties thanks to the covalent bonding between
the alternating different blocks [81], as reflected by an
increase of the tensile modulus E [84].

Regarding the potential application of BCPs for lithium
battery electrolytes, another important factor that affects the
previous considerations is the introduction of a conducting
lithium salt. For instance, it has been observed that the ODT
temperature increases when incorporating LiCF3SO3 into a
lamellar PS-PEO-based di-BCP, accompanied by an increased
domain spacing d [86]. The introduction of a conducting salt
leads to an effective increase of the Flory–Huggins parameter,

Figure 1. Exemplary phase diagram for melts of Am Bn di-BCPs,
correlating χN and f to depict the thermodynamic stability regions of
the ordered bcc spherical (S), hcp spherical (Scp), cylindrical (C),
lamellar (L), gyroid (G), and Fddd (O70) phases. The diamonds
indicate a triple point which is difficult to resolve and the dot a
critical point (see the original publication by Matsen [77] for further
details). Reprinted with permission from [77]. Copyright 2012
American Chemical Society.



Figure 2. (a) Schematic illustration of the (potential) phase evolution of a di-BCP as a function of jA. Reprinted with permission from [78].
Copyright 2007 Elsevier Ltd. All rights reserved. (b) Schematic overview of the ideal morphology factor fideal for the Li+ conductivity
depending on the phase separated BCP nanostructure. The blue and red regions represent conducting and non-conducting microphases,
respectively. Reprinted with permission from [85]. Copyright 2015 American Chemical Society.



often referred to as χeff, which can be determined by the pro-
portional correlation of d with χeff (d ∼ χeff

1/6) for a varying salt
content within the strong segregation regime [72, 87]. Investi-
gating a series of different lithium salts (i.e. LiClO4, LiCF3SO3,
and LiAsF6), Young et al [87] found a linear relationship
between χeff and the salt concentration for the PS-PEO-based di-
BCP. Additionally, they observed that the slope of this linear
behaviour tends to increase with an increasing Lewis acidity of
the anion. The investigation of the impact of the conducting salt
is important, since the charge transport is eventually dependent
on the nanostructure of the BCP when forming an ionic/iono-
philic and a non-ionic/ionophobic phase upon the ODT, speci-
fically the structure of the ionophilic phase within which the
charge transport occurs [22, 88]. Consequently, the ionic con-
ductivity of the BCP (σBCP) can vary substantially depending on
the phases formed and their spatial orientation hence this differs
from the corresponding homopolymer. This can be described by
equation (3):

· · ( )s a f s= , 3BCP c c

where jc is the volume fraction of the conducting phase, σc
represents the intrinsic conductivity of the conducting phase (in a
first approximation corresponding to the conductivity of the
homopolymer) and α is a tortuosity factor, which takes into
account the morphology of the BCP and is related to the volume
ratio of the different blocks, as discussed above. α also considers
the fraction of the ion conducting phase, which is capable of
contributing to the effective conductivity. For instance, in the
case of a BCP for which the conducting phase forms randomly
oriented cylinders, approximately only one third of these cylin-
ders are contributing to the charge transport between two oppo-
site electrodes. In this case, α would be 1/3. For a lamellar
system, it increases to 2/3 according to the 2D morphology and
potential (effective) charge transport, while it increases to 1 for
3D gyroid structures and to 0 for spherical ion-conducting
domains. As a result, α is frequently referred to as an ideal
morphology factor fideal (see figure 2(b) for the schematic over-
view [85]).

The practical use of these rather simplistic considerations
has to be accounted for since they are based on the assump-
tion that σBCP σc, which might not be the case given
potentially different conductivities in the bulk phase and at
the interface with the non-conductive phase [56, 85].

3. Lithium salt-doped BCP electrolytes

3.1. Brief overview and initial development

Following the seminal work of Wright and co-workers in
1973 [11] and Armand and co-workers starting from 1978
[12–14], research on polymer-based electrolytes has attracted
the curiosity of scientists and engineers around the world,
reflected by the evolution of scientific publications as well as
patents in this field (depicted in figure 3). The number of
related publications and patents increased initially until the
late 1980s, before declining around 1990/1991 presumably
related to the commercialization of LIBs [89, 90], which have

been and are still using liquid organic electrolytes. With the
rising interest in battery research, the attention for polymer-
based electrolytes steadily began to increase again until the
mid-2000s. Subsequently, there was a slight decrease in
published research output, which is potentially linked to the
rapidly growing study of inorganic solid-state electrolytes,
causing a slight shift in the main focus of battery research
[91]. Nonetheless, since then the number of publications and
patents has experienced a roughly exponential rise.

Initially, several polymers, BCPE systems and archi-
tectures were introduced although only a few played a pivotal
role in ongoing research. For example, in 1987, Vincent and
co-workers introduced an ABA tri-BCP with a comb-shaped
structure [92]. The mid-block B was composed of PEO side
chains covalently tethered to a poly(butadiene) backbone via a
urethane linkage, and the two side blocks of A were made of
PS. This conventional concept is repeatedly found in every
BCPE, independent of its architecture or composition. While a
hard segment in the BCPE provides mechanical rigidity due to
its high Tg, the transport of ions is ensured in a soft ionophilic
block with a low Tg, which can easily dissolve the conducting
salt. A comb-shaped architecture effectively prevents the short
PEO chains from crystallization favoring ion transport. More-
over, the chemical incompatibility of the different blocks, while
still being covalently connected, commonly results in a
microphase separation instead of a macrophase separation, as
would be observed for polymer blends. The incorporation of
lithium trifluoromethanesulfonate (Li triflate, LiOTf, LiTf or
LiCF3SO3) into this early-generation BCPE led to ionic con-
ductivity values of approximately 10 5 S cm−1 at ambient
temperature and about 10−3 S cm−1 at elevated temperatures of
up to 90 °C with the choice of the casting solvent influencing
the membrane preparation [92]. In a related study, the effect of

Figure 3. Publication trend from 1975 until today based on a
bibliographic analysis using the key words ‘polymer electrolyte
battery (concept)’ in SciFinder® (last update: February 24, 2021).
Please, note that the data for the year 2021 cover only the first two
months and that the count results provided by SciFinder® also
include duplications, hence, the data is not directly equivalent to the
number of publications and patents.



varying the conducting salt concentration as well as blending
the BCP with either a PS or a PEO homopolymer was inves-
tigated [93]. The addition of homo-PS resulted in an increase of
mechanical strength without any dramatic effect on the ionic
conductivity. In contrast, the introduction of homo-PEO led to
an increased ionic conductivity while simultaneously lowering
the mechanical strength. In both cases, no macrophase
separation was observed due to the solubility of the homo-
polymers in the respective blocks. A similar architecture was
used by Smid and co-workers in 1989 [94], reporting an ABA
tri-BCP with a PS mid-block and side-blocks composed of a
poly(methacrylate) backbone with covalently tethered oligo-
meric ethylene oxide (EO; eight repeating units of EO in
average). This comb-shaped BCPE was doped with different
concentrations of LiClO4. The authors found that an increasing
salt concentration initially led to an increase in ionic con-
ductivity due to the increasing charge carrier density. At higher
concentrations, a maximum was reached because of ion clus-
tering and chain stiffening caused by the interaction of the
lithium ions with the ether oxygen in the oligomeric PEO
chains; both aspects being reflected by an increasing Tg.
Moreover, an increase in polarity between the two blocks upon
salt addition further facilitated the phase segregation and led to
a higher Tg also for the PS phase due to the decreasing inter-
penetration by PEO chains in the vicinity of the interface.
Further studies on ABA tri-BCPs were reported by Melchiors
et al [95], investigating poly(2,2-dimethyltrimethylene carbo-
nate)-b-poly(ethylene oxide)-b-poly(2,2-dimethyltrimethylene
carbonate), abbreviated as PDTC-b-PEO-b-PDTC. Doping
with various alkali metal salts resulted in a suppression of
crystallinity up to a certain amount, while a further increase in
salt concentration triggered the formation of crystalline com-
plexes of clustered salt molecules with a negative impact on the
ionic conductivity, since the charge carriers became less
mobile. XRD analysis revealed that the salt preferentially
resided in the PEO domains and did not affect the crystal-
lization behavior of the rigid PDTC phase. LiCF3SO3-doped
samples (9.1 mol%) showed conductivities around 10 4 S
cm−1 at 60 °C and VTF behavior. In addition to the findings
reported by Smid and co-workers [94], Melchiors et al [95]
observed a second increase in conductivity when adding very
high salt concentrations exceeding 25 mol% and reaching up to
50 mol%. This was attributed to lithium ions not being
attracted to the already saturated ether oxygen in the PEO
chains, thus enhancing their mobility and providing an addi-
tional contribution to the charge transport. Saunier et al [96]
presented a similar ABA triblock architecture with a PEO soft
segment surrounded by two poly(methacrylonitrile) blocks
(PMAN-b-PEO-b-PMAN), providing high Tg and enhanced
electrochemical stability versus lithium metal in comparison to
poly(acrylonitrile) due to the additional methyl group. The
incorporation of high concentrations like (O + CN)/Li 1 of
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI,
Li[N(SO2CF3)2]) resulted in a maximum ionic conductivity of
3·10 5 S cm−1 at 60 °C. Interestingly, the authors detected a
certain solubility of the salt also in the PMAN block. Another
early-stage ABA tri-BCP was reported by Jannasch [97], who
synthesized a PE-b-PEOPO-b-PE BCPE, in which the hard

segment was formed by poly(ethylene) (PE), while the con-
ducting phase consisted of a poly(ethylene oxide-co-propylene
oxide) copolymer. Doping with LiTFSI yielded conductivities
of around 10 5 S cm−1 at 20 °C, accompanied by a thermo-
plastic behavior of the resulting membrane. Hvilsted and co-
workers [98] used poly(pentafluorostyrene) (PFS) as the rigid
block in combination with either pure PEO or the aforemen-
tioned PEOPO copolymer as the conductive matrix for the
ATRP-type synthesis of PFS-b-PEOPO-b-PFS and PFS-b-
PEO-b-PFS, respectively. After doping with LiTFSI they also
observed ionic conductivities of around 10 5 S cm−1 at 20 °C,
indicating that the variation of the different blocks did not have
a significant effect on the charge transport. However, at 25 °C
inferior conductivities in the range of 10 6 S cm−1 and below
were reported by Spiegel et al [99] for an AB-type poly
(dimethylsiloxane)-b-poly(bisphenol A carbonate) (PDMS-b-
PBPA) di-BCP doped with LiCF3SO3 despite the addition of a
plasticizer (triacetoxy(methyl)silane), which the authors
assigned to the very rigid nature of the aromatic PBPA block.
Another interesting finding was reported by Armand and co-
workers [100], who studied a poly(iminoethylene)-b-poly
(ethylene oxide)-b-poly(iminoethylene) (PEI-b-PEO-b-PEI)
ABA tri-BCP in order to investigate the behavior of the
nitrogen analogue (i.e. PEI) of PEO. The authors showed that
hard cations such as Li+ (from LiTFSI) were preferentially
located in the PEO domains, coordinating to the hard ether
oxygen atom, while soft cations such as Cu2+ (from
Cu(TFSI)2) were coordinated by the soft nitrogen atoms within
the PEI chains. With LiTFSI as conducting salt, ionic con-
ductivities in the range of 10 4 S cm−1 at 90 °C and ca. 10−6 S
cm−1 at RT were observed. It was concluded that both the high
crystallinity of the PEI domains and an insufficient percolation
of the PEO domains hindered the Li+ ion conduction.

While all these studies revealed very interesting findings
for the variety of different BCPEs synthesized, also high-
lighting the richness of polymer chemistry, most of them
remained restricted to thermal characterization techniques and
the determination of the ionic conductivity.

An exception is the BCPE system reported by Mayes,
Sadoway and co-workers [101–106], who reported a com-
prehensive set of BCPs including poly(lauryl methacrylate)-b-
poly[oligo(oxyethylene) methacrylate] (PLMA-b-POEM,
sometimes also abbreviated as poly(oligo(ethylene glycol)
methacrylate), POEGMA) and for comparison PnBMA-b-
POEM (poly(n-butyl methacrylate)) and PMMA-b-POEM
(poly(methyl methacrylate)), all synthesized by anionic
polymerization techniques. The chemical formulas are pre-
sented in figure 4(a). The premise was to investigate the
impact of varying the length of the aliphatic side chain of the
ionophobic block with the intention to create a fully rubber-
like polymer with a Tg of the two blocks well below RT
[101]. The initial variation of the content of the ionophilic
POEM block resulted in quite low ionic conductivities, which
the authors assigned to the formation of non-percolating (e.g.
spherical) ionophilic domains, thus hindering the Li+ ion
transport [101]. The importance of the block architecture, was
evidenced by a comparison with a random P(MMA-r-OEM)
copolymer, which showed a relatively low conductivity in the



absence of microphase separation [101]. For the reference
system, i.e. PLMA-b-POEM doped with LiCF3SO3, an ionic
conductivity below 10 5 S cm−1 at ambient temperatures and
approaching 10 4 S cm−1 at 90 °C was achieved, which was
further enhanced to 2·10−4 S cm−1 at 90 °C by adding poly
(ethylene glycol dimethyl ether) (PEGDME, i.e. low molecular
weight PEO). An electrochemical stability window of more
than 4 V was reported, which allowed a fairly stable short term
cycling of Li|BCPE|LiAl0.25Mn0.75O2 full-cells when setting
the cut-off potentials to 2 and 4.4 V [101]. Reasonable cycling
performance was also reported for thin-film Li|BCPE|VOx full-
cells, employing PMMA-b-POEM doped with LiCF3SO3 and
PEGDME [102], synthesized by the less demanding ATRP-
controlled radical polymerization technique [105]. While neat
PMMA-b-POEM did not exhibit a distinct phase separation,
the incorporation of LiCF3SO3 triggered the segregation of the
two blocks, accompanied by an increase of the ODT temper-
ature. Accordingly, the doped PMMA-b-POEM was melt-
processable at temperatures between 100 °C and 200 °C
(depending on the salt concentration) thanks to its disordered
state and provided the beneficial phase separation for the

charge transport at RT [103]. Based on their work, the authors
identified four important parameters for the realization of
potentially relevant BCPEs with respect to their application in
batteries: (i) the molecular architecture, (ii) the composition of
the different blocks, (iii), the block and overall chain length, as
well as (iv) the concentration of the conducting salt.

Following a similar tactic for the polymer structure,
Kanamura and co-workers [107–109] synthesized the ABA
tri-BCP via radical polymerization, also based on POEM as
the conducting block, but surrounded by two PS blocks (see
figure 4(b)). Focusing on the impact of the PEO side chain
length, the authors found that these formed a continuous PEO
phase when having 13 or 23 repeating units. The resulting
ionic conductivity of up to 2·10 4 S cm−1 at ambient temp-
erature with LiClO4 as conducting salt allowed for the reali-
zation of Li|BCPE|LiCoO2 full-cells, providing stable cycling
when limiting the anodic cut-off potential to 4.3 V. Superior
cycling performance was reported for the AB-type PS-b-
POEM di-BCP doped with LiClO4 by Rolland et al [110] in
Li|BCPE|LiFePO4 full-cells thanks to the lower de-/lithiation
potential of LiFePO4 (LFP) compared to LiCoO2 (LCO).

Figure 4. (a) Chemical structures of the different blocks for realizing BCPs by Mayes, Sadoway and co-workers [104]. Reprinted with
permission. Copyright 2002 American Chemical Society. (b) Synthesis route for the BCPE reported by Kanamura and co-workers. Reprinted
from [107], © 2005 Elsevier B.V. All rights reserved.



3.2. Impact of lithium salt doping on the BCP nanostructure

As (briefly) mentioned in the previous section, the incor-
poration of the conducting lithium salt and its eventual con-
centration tend to influence the BCP nanostructure due to its
(diverse) interaction with the different blocks. A well inves-
tigated BCP is the AB di-BCP poly(isoprene)-b-poly(styrene)
(PI-b-PS), for which all relevant nanostructures, i.e. spheres
(S), cylinders (C), lamellae (L), HPL, and gyroidal (G; or
bicontinuous) networks have been reported [111]. For the
related ABA tri-BCP PS-b-PI-b-PS it was also proposed that
the PS blocks form two interpenetrating 3D gyroidal networks
embedded in a PI matrix [112]. Based on this fundamental
work, e.g. Bates and co-workers investigated the impact of
the block arrangement [113] and the effect of introducing
LiClO4 [114] for ABC tri-BCPs PI-b-PS-b-PEO (ISO) and
PS-b-PI-b-PEO (SIO). The authors observed a frustration in
microphase separation for SIO due to the very unfavorable
interface between PI and PEO (i.e. I and O) [113]. Moreover,
they found that the addition of the conducting salt led to a
dramatic increase of the ODT temperature, triggered by a
stronger phase segregation due to an intensified polarity
between the salt-containing PEO domain and the other blocks
[114]. This finding was confirmed by Epps and co-workers
[115], using a PS-b-PEO model component. Doping with
LiClO4 or LiCF3SO3 at high salt concentrations ([EO]:[Li]
ratio of 3:1) resulted in an increased ODT temperature. In
addition, the authors detected an OOT between two L phases
with differing domain spacing. The extension to a broad
concentration range ([EO]:[Li] ratio from 48:1 to 3:1) for a
variety of lithium salts such as LiClO4, LiCF3SO3, and
LiAsF6 also provided evidence of an increasing domain
spacing with an increasing salt content for the L nanos-
tructures, which was assigned to the (additional) volume of
the dissolved salt and the increasing segregation strength [87].
Moreover, a transition from hexagonally packed cylinders
(HEX-C) to L with an increasing salt content confirmed the
preferential residence of the lithium salt in the PEO domain
thus the role of the anion on the morphology was elucidated.
This proves that the effective interaction with the polymer
blocks, i.e. χeff, follows a linear relationship with the salt
concentration for all three salts, but with a different slope. The
AsF6

− anion caused the greatest increase in segregation
strength, which the authors ascribed to the weaker Lewis
basicity and hence a weaker interaction/stronger dissociation
between AsF6

− and Li+, resulting in enhanced stretching of
the PEO chains due to the stronger association between Li+

and the PEO units [87]. Generally, a combination of two
different salts, e.g. LiClO4 and LiTFSI appeared beneficial for
the ionic conductivity due to the suppression of crystalline
phases in the PEO block. In fact, the conductivity was
increased by one order of magnitude at RT compared to the
single-salt BCPEs [116].

Of equal importance to the ionic conductivity is the BCP
nanostructure, with 3D HPL or HEX-C phases providing
superior conductivity compared to 2D L phases [117]. In a
new study, this was shown for PS-b-POEM doped with
LiCF3SO3 and including a POEM homopolymer, providing

additional conducting pathways within the system [118].
Gunkel and Thurn-Albrecht presented similar results for PS-
b-PEO and PS-b-poly(2-vinylpyridine) (PS-b-P2VPy), both
doped with LiCF3SO3 [86]. They found a strong increase in
both ODT temperature and domain spacing upon salt addi-
tion. Resolving the latter observation indicated that small
amounts of salt only contribute to the increasing domain
spacing because of the natural volume uptake. However, the
incorporation of higher salt concentrations introduced addi-
tional effects such as an increased segregation strength due to
the uptake of the highly polar salt and chain stretching effects
related to the interaction between the salt molecules and the
polymer chains. Overall salt addition had a greater effect on
PEO than P2VPy.

Another important feature of introducing a lithium salt
was reported by Russell and co-workers, studying LiCl-doped
PS-b-PMMA [119, 120]. The application of an electric field
led to a lamellar alignment due to the lithium ion com-
plexation by the carbonyl groups in the PMMA block,
enhancing the dielectric constant therefore facilitating the
alignment. Similarly, the complexation of lithium cations by
ether oxygen in PEO blocks allowed for a modification of the
orientation of the cylindrical domains formed in PS-b-PEO
BCPs, indicating that the BCPE nanostructure can be tailored
to a certain extent by adjusting the lithium salt concentra-
tion [121].

Although great progress had been achieved in the 1990s
until the mid-2000s, regarding both the design of new BCPEs
and new insights concerning the factors which influence the
nanostructure of these systems; a thorough understanding
remains hampered, since the reported systems were hardly
comparable due to the absence of a model system that was
studied comprehensively.

3.3. PS-b-PEO (SEO) + LiTFSI as a model system for BCPEs

For the field of BCPEs, this model system is represented by
PS-b-PEO (or SEO), which has been briefly mentioned in
section 3.2. This section is dedicated to this essential model
system, elucidating its evolution over almost fifteen years.
Great efforts have been undertaken by Balsara and co-work-
ers to present an in-depth and step-by-step analysis of the
SEO system, usually doped with LiTFSI as the conducting
salt, by a stepwise variation of a series of parameters and
exploiting the limits of the current existing analytical meth-
ods. From the first publication in 2007 until today, the SEO
system is synthesized by sequential living anionic poly-
merization, as introduced by Quirk and co-workers [122] as
well as Hadjichristidis and co-workers [123], enabling a well-
defined block length and molecular weight of the polymer and
narrow molecular weight distributions accompanied by
polydispersity indices close to unity.

Before describing the findings for this model system in
detail, a few fundamental aspects must be mentioned. Firstly,
almost all of the subsequently mentioned studies focused on
temperatures between 90 °C and 120 °C, i.e. well above the
melting point of PEO (Tm 65 °C). Secondly, the lithium
salt concentration in such BCPEs is commonly referred to as



the molar ratio between the lithium ions and the EO moieties
[Li+]:[EO] (or, more precisely, the strongly lithium coordi-
nating ether oxygen). The latter is determined by SEC/GPC.
For simplicity and brevity, we will refer to this as [ ]

[ ]
=

+
r .Li

EO
Typical values for r are in the range from 0.02 to 0.1,
translating into one lithium ion for every fifty up to every ten
EO moieties, respectively. However, higher lithium con-
centrations have also been reported and will be mentioned.

3.3.1. Nanostructure, interfaces, and ionic conductivity. In
their first study on SEO, Balsara and co-workers detected L
and HPL nanostructures via SAXS and TEM in the neat
BCPE, depending on the volume fraction of PEO and PS
[124]. The maximum ionic conductivity was obtained for a
salt concentration of r 0.067 (3.6·10 4 S cm−1 at 90 °C). At
higher salt concentrations, the conductivity decreased again,
which the authors attributed to the transient crosslinking of
the polymer chains by coordinating lithium ions, limiting
their segmental motion, and the formation of (neutral) ion
pairs/clusters. Interestingly, the authors observed an increase
in conductivity with an increase in molecular weight,
contrasting previous results reported for PEO homopolymer
systems. In line with theoretical studies on the charge
transport in such systems [125, 126], it was proposed that
the interface between the two chemically incompatible
domains, later denominated as the so-called ‘dead zone’ by
Bouchet et al [127] (see figure 5), might play a role, i.e. a
larger interface area results in lower conductivity. It was
proposed that at such interfaces, the PEO chains have a
reduced dielectric constant leading to a decreased salt
dissociation [124], and/or that the chain mobility in the
vicinity of the PS domains is restricted [127]. With an
increasing molecular weight, the influence of these ‘dead

zones’ diminishes since the volume fraction of such zones
decreases. EFTEM revealed that the lithium cations are
exclusively found in the PEO lamellae and more precisely in
the bulk of these lamellae, being in good agreement with the
aforementioned excluded zones in the vicinity of the PS-PEO
interface [128]. The PEO chains in these zones cannot
provide the preferential setup of six ether oxygen atoms for
coordinating one lithium cation due to chain stretching
effects. Hence, they do not provide the ability to dissolve the
lithium salt which leads to the accumulation in the unaffected
bulk of the PEO lamellae. Shortly after this study evidence
was found via principal component analysis of low-loss
EFTEM data that small amounts of NaPF6 segregated towards
the PS-PEO interface, creating a third phase in addition to the
two polymer domains [129]. This finding suggests that the
overall evidence is far more complex than initially predicted
or that there are simply differences between lithium and
sodium.

A subsequent study [130] provided further insights into
the impact of the salt concentration and molecular weight on
the ionic conductivity, identifying a combination of
r 0.085 and MPEO > 60 000 g mol−1 as ideal for the
application in lithium batteries. Consequently, this r value
served as the benchmark for many succeeding studies.
Recently, the investigation of varying salt concentrations
was extended to a wider range of 0 � r � 0.55 in combina-
tion with considerably high molecular weight SEO [131]. The
resulting conductivity curve showed three maxima at
r 0.075, 0.275, and 0.350 (figure 6, right panel). The
authors attributed this behavior to the partially stepwise
increasing Tg when increasing the salt concentration (figure 6,
middle panel) in combination with morphological changes, as
detected by SAXS/WAXS and STEM (figure 6, left and

Figure 5. Schematic illustration of the ‘dead zone’ in the vicinity of the PEO-PS interface. Reprinted with permission from [127]. Copyright
2014 American Chemical Society.



middle panel). Vanishing and newly evolving peaks in the
SAXS/WAXS patterns support the theory of the formation of
different PEO-LiTFSI complexes, such as C6 (i.e. one Li+

associated with six EO units), C3, and C2 while increasing the
salt concentration of the BCPE. Samples in the high salt
concentration regime showed similar conductivities as
reported for the PEO homopolymer despite the presence of
the insulating PS block, which was assigned to the higher
segmental mobility of the PEO chains in such BCPEs. For an
improved understanding of the effect of the nature of the
cation, Wanakule et al [132] compared SEO-based BCPEs
comprising of either LiTFSI or (liquid) imidazolium TFSI
(ImTFSI). The authors found negligible differences between
the two systems, concluding that the thermodynamics of
SEO-salt mixtures are predominantly influenced by the nature
of the anion. Following the investigation of potential maxima
for the molecular weight in the SEO-LiTFSI system [130],
also potential minima were studied for BCPEs with an
essentially equivalent chain length of the PS and PEO blocks,
ranging from 2700 to 13 700 g mol−1 [133]. One would
usually expect an increasing ionic conductivity with a
decreasing chain length, as known from PEO homopolymers
(until the crystallization threshold; in the case of PEO ca.
Mw 7000 g mol−1 [134, 135]), due to the facilitated
segmental mobility [51] and the potential diffusion of the
PEO molecules as a whole. Given the unique architecture, the
latter effect is suppressed in SEO-based BCPEs, thus limiting
it to the facilitated segmental motion. The results obtained for
low molecular weights, i.e. from 2700 up to about 10 000 g
mol−1 depict the same trend: the conductivity is decreasing
with an increasing molecular weight (figure 7), which was
assigned to the decreasing mobility of the PEO segments and
the increasing Tg of PS with an increase in molecular weight
[133]. Nevertheless, at even higher molecular weights, the
conductivity was found to increase, which was explained by
the broadening of the PEO conducting channels and the
diminishing effect of the interfacial ‘dead zones’ with a
thickness of around 5 nm. Further studies on the low

molecular weight BCPEs and the influence of different salt
concentrations led to comprehensive insights into the
thermodynamics of the SEO system in this region [136].
While the interaction parameter of the neat BCP, χ0, was
found to be a strong function of the chain length, N, the
effective interaction parameter of the salt-containing BCPE,
χeff, appeared to be a nonlinear function of r (remember that
χeff describes the interaction between the salt-containing and
the structural block of the BCPE, since the interaction
parameter usually changes substantially upon salt addition;

Figure 6. Right: Plot of the ionic conductivity, σ, versus the salt concentration, r, showing three distinct maxima. Middle: the corresponding
DSC data (top) and STEM images (bottom) for an r value of 0.15 (different regions of the sample are showing lamellar and weakly ordered
ellipsoidal morphologies). Left: The WAXS data for an r value of 0.15 showing distinct reflections related to a lamellar morphology.
Reprinted with permission from [131]. Copyright 2018 American Chemical Society.

Figure 7. Plot of the normalized conductivity, σn, versus the total
molecular weight MSEO at 90 °C, displaying the data points reported
in [133] (black circles) and the results reported in [130] (red
triangles). The normalized conductivity is neglecting the influence of
the segmental motion on the ionic conductivity by equalizing the
correlation between temperature and segmental motion in homo-
polymers and block copolymers. Reprinted with permission from
[133]. Copyright 2013 American Chemical Society.



see also figure 8). These results challenge the previous
assumption that χ0 and N were independent and that there
was a linear relationship between χeff and r, which Teran and
Balsara [136] assigned to the limited range of samples
investigated in those studies.

Among the first to study the impact of the nanostructure
(including potential phase transitions) was Wanakule et al
[137], focusing on the ODT and the OOT occurring in SEO-
based BCPEs. As the names imply, ODTs refer to the
transition from an ordered microphase-separated state to a
disordered/homogeneously mixed state (DIS), as it is usually
found at elevated temperatures when entropic factors over-
compensate the repulsive forces between the two blocks.
OOTs refer to the transition between two ordered states, such
as LAM-to-HEX, triggered by either a change in temperature
or salt concentration. Depending on the polymer composition
and the salt concentration, three different transitions were
found, i.e. HEX-C-to-DIS, L-to-DIS, and L-to-G [137].
Surprisingly, no differences in ionic conductivity were found
upon these transitions, contrasting the results of other studies.
However, further elaboration of this anomalous finding via
in situ SAXS on a low molecular weight SEO revealed a
coexistence region for the L and DIS phase at around
114 ± 4 °C and a discontinuous change in ionic conductivity

over the L-to-DIS ODT, with a sudden discontinuous increase
in conductivity by a factor of 1.8 when entering the DIS
region (see also figure 9) [138]. Additional studies on the
L-to-DIS ODT provided similar results concerning the
coexistence window of about 11 °C in such BCPEs, which
is different from the neat BCP exhibiting a sharp ODT
[139, 140]. This coexistence is accompanied by a swelling of
the L domains due to the partitioning of the lithium salt into
the remaining lamellae instead of the DIS phase [139, 140]. It
is important to recall at this point that the coherent order in
BCPEs (e.g. in terms of lamellae) is commonly restricted to
small, usually micro-sized regions (hereinafter referred to as
grains) [141]; and depending on the spatial orientation of such
grains towards each other, conducting and non-conducting
grain boundaries are obtained (figure 10). Importantly, the
grain size depends on the thermal history of the polymer.
Annealing the BCPE at high temperatures beyond the Tg of
the PS block results in a drastic increase in grain size and the
cooling leads only to a small decrease in grain size. This
behavior has been attributed to the healing of defects that had
been introduced during the manufacturing process. Curiously,
a decreasing conductivity was obtained for an increasing
grain size most likely due to the formation of non-conducting
grain boundaries, thus rendering BCPEs with poor long-range
order more desirable (at least in the absence of almost only
conducting grain boundaries). These results provide a
potential explanation for earlier studies reporting an increas-
ing conductivity for an increasing chain length/molecular
weight, since the annihilation of defects and the formation of
larger grains is reduced in such cases.

To obtain additional insights into the behavior of the
grains, Wang et al [142] further investigated the ODT
reported in [139] via depolarized light scattering and analyzed
a series of samples which has been heated above the ODT
followed by different quenching depths, i.e. 6 °C, 12 °C, and
24 °C. While the shallow quenching step ended up in the
(earlier discussed) coexistence area, deeper quenching steps
resulted in the formation of highly anisotropic prolate
ellipsoid grains, followed by a reduction in aspect ratio
converging to an almost isotropic shape with aspect ratios
close to unity. In contrast, neat BCPEs with a sharp ODT
exhibit a weak anisotropy regarding the grain formation.
Considering the increasing complexity of potential phase
transitions when moving from symmetric to highly asym-
metric SEO BCPEs (see also figure 11) [143, 144], further
studies are essential to comprehend the underlying
phenomena.

3.3.2. Insights into the charge transport mechanism. For
application in batteries, it is imperative to understand the
diffusion processes in BCPEs beyond the commonly
determined ‘simple’ ionic conductivity as the sum of all
charge transport processes. A general and comprehensive
overview on this topic can be found in the recent literature
[51]. Specifically, for SEO it was found that the segmental
relaxation processes as well as concentration effects play a
detrimental role for charge transport and diffusion. A first

Figure 8. Plot of the effective interaction parameter, χeff, versus the
salt concentration, r, of symmetric diblock SEO copolymers at (a) 60
°C and (b) 140 °C, revealing the nonlinear relationship between
these two parameters. Reprinted with permission from [136].
Copyright 2014 American Chemical Society.



attempt to measure the so-called mutual diffusion coefficient
by analyzing the OCV with a Laplace inversion algorithm
being directly applicable to cell modelling (also referred to as
restricted diffusion method), in contrast to the self-diffusion
coefficient measured by PFG-NMR, spectroscopy and other
techniques was made in 2011 [145]. In line with the ionic
conductivity measurements, the diffusion coefficient showed
a plateau when exceeding a molecular weight of the PEO
block of 50 000 g mol−1. Timachova et al [146] reported a

complete continuum characterization of a SEO/LiTFSI
mixture exhibiting lamellar morphology, including the
determination of the ionic conductivity, the mutual salt
diffusion coefficient, and the Li+ transference number tLi

+ via
PFG-NMR spectroscopy. The authors found that the presence
of defects influences the charge transport (in line with the
previous findings). An additional important factor for the
charge transport, though frequently overlooked, is the need
for the polymer chains to fill the free volume remaining from

Figure 9. (a) SAXS patterns for a BCPE based on SEO (1.7 1.4; with ‘xx yy’ being the molecular weight of the PS (xx) and PEO (yy) block
in kg mol 1) and LiTFSI with r = 0.085 at selected temperatures, revealing the L-to-DIS ODT. (b) Plot of the full width at half maximum
(FWHM) of the primary scattering peak (empty squares) and ionic conductivity (filled squares) versus the inverse temperature: the grey bar
indicates the temperature region of the ODT and the solid black line represents the VTF fit of the conductivity data below the ODT
temperature. Reprinted with permission from [138]. Copyright 2012 American Chemical Society.

Figure 10. (a) Schematic illustration of grains of different size and orientation in a BCPE with lamellar morphology, conducting domains as
well as non-conducting domains are highlighted in blue and red, respectively. Depending on the orientation of these domains in the vicinity
to other grains, (b) conducting or (c) non-conducting grain boundaries are obtained; enabling, or blocking ion transport along a certain
direction. Reprinted with permission from [141]. Copyright 2014 American Chemical Society.



the diffusion of the salt ions, i.e. their diffusion in the opposite
direction of the charge flow, which has been highlighted by a
fundamental investigation by Loo et al [147] using neutron
spin echo spectroscopy and high current flows. In summary,
charge transport in BCPEs is complex and while standard
ionic conductivity measurements are certainly a necessity,
they only provide a ‘global’ insight of the overall dynamics.

3.3.3. PS-b-PEO (SEO) + LiTFSI BCPEs and lithium-metal
electrodes. One of the main motives to study and develop
polymer electrolytes is their common compatibility with
lithium-metal electrodes. The suppression of dendritic lithium
growth (and deposition) is essential. According to Monroe
and Newman in 2005 [38], dendrite formation can be
suppressed if the polymer electrolyte has a shear modulus
twice as high as the one of lithium metal. This would mean
that the shear modulus has to be at least as high as 6 GPa,
considering a shear modulus of 3.4 GPa for lithium metal at
RT [148] (note that other publications have reported different
values of 1.9–7.9 GPa [149] or 5–8 GPa [150], most likely
due to a different sample preparation). Common SEO BCPEs
provide shear moduli of about 0.02 GPa at 90 °C [148] and
PEO homopolymers are characterized by even lower shear
moduli of well below 1 MPa [151], rendering both of them
theoretically incapable of effectively suppressing dendritic
lithium growth. Moreover, a further increase in shear modulus

of SEO-type BCPEs by increasing the PS fraction appears
unsuitable in relation to the resulting decrease in ionic
conductivity, as discussed above, and negatively affects the
realization of a smooth interface with the electrode surface
due to the higher rigidity. The latter aspect is of particular
importance in the case of lithium-metal electrodes, which
are varying by several micrometers in thickness upon
cycling. Additionally, it has been reported that lithium
dendrites may have a substantially higher shear modulus
than bulk lithium, which makes the approach to suppress
dendrite growth by sufficiently strong polymer electrolytes
very challenging [149].

In the following years, Balsara and co-workers system-
atically investigated different (potential) effects on the growth
and structure of lithium dendrites, including the ambient
temperature, the applied current density, the polymer
composition, and the salt concentration. A comparative
analysis of SEO/LiTFSI systems and PEO/LiTFSI revealed
that the former allows for the application of higher currents
prior to the occurrence of a short circuit [39]. No delamination
at the electrode/electrolyte interface could be detected, which
was attributed to the stabilizing effect of the lamellar
nanostructure. The bulk electrolyte appears to behave like a
solid, consisting of randomly oriented grains according to
modulus measurements, therefore being capable of dendrite
suppression, while the lamellae in the vicinity of the interface
exhibit perpendicular orientation and thus, liquid-like beha-
vior, which guarantees good adhesion properties. Further-
more, it was found that thicker electrolyte membranes provide
superior dendrite suppression than thinner ones and that the
investigation of symmetric Li|BCPE|Li cells is more efficient
for such studies than the characterization of Li|BCPE|LFP
cells, as dendrite formation (or cell fading) is delayed in the
latter case [152]. Figure 12 displays a typical behavior of a

Figure 11. Overview of potential phases of SEO/LiTFSI BCPEs at
100 °C plotted as a function of χeff·N versus the volume fraction of
the salt containing phase fEO/salt (LAM: lamellar; HEX: hexagonal;
BCC: body-centered cubic; GYR: gyroidal; DIS: disordered). Phase
boundaries were drawn to bisect known morphologies where no
window of coexistence was observed. Non-vertical phase boundaries
are due to the addition of the lithium salt, and vertical phase
boundaries refer to the neat BCPs. Coexistence regions are indicated
by hatched regions. While the polymer composition is accounted for
in the x axis, the molecular weight/chain length N as well as the salt
concentration (via χeff = χ0 + m · r; m = proportionality constant)
is integrated by the product χeff·N on the y axis. Reprinted with
permission from [144]. Copyright 2018 American Chemical Society.

Figure 12. Exemplary illustration of a short circuit-induced failure of
a symmetric Li|BCPE|Li cell cycled with lithium stripping/plating
steps of 4 h at ±0.175 mA cm 2. Reproduced from [152]. © IOP
Publishing Ltd. All rights reserved.



short-circuited Li|BCPE|Li cell. For the investigation of
delamination effects it was found that Li|BCPE|LFP cells are
more suitable, since there is (theoretically) no volume change
in symmetric Li|BCPE|Li cells when lithium is shuttled
between the two electrodes [153] or an increase in volume
when the deposited lithium is less dense than the original foil.
In any case, the importance of the mechanical properties
became particularly apparent again when cycling the cells at
temperatures between 90 °C and 120 °C, i.e. temperatures
which are approaching or exceeding the Tg of the PS block, as
rapid failure was observed when the ambient temperature was
beyond the Tg of PS [154]. Dendritic lithium growth (more
precisely referred to as ‘multiglobular structures’ by the
authors) was observed inside the electrolyte layer, as depicted

in figure 13. Differently, at lower temperatures, it was found
by x-ray microtomography that short circuiting of symmetric
Li|BCPE|Li cells originated from subsurface globular struc-
tures in the bulk of the lithium electrode [151, 155].
Accordingly, prior to the occurrence of a short circuit most
of the dendritic volume was located beneath the surface of the
lithium-metal electrode, before eventually protruding into the
BCPE. Interestingly, these dendritic subsurface structures
appeared to arise from impurities in the bulk lithium such as
(crystalline) Li2O, LiOH, or Li3N [156], which could be
avoided by electrochemically plating lithium on a suitable
substrate, resulting in a substantially extended cycle life,
providing a potential method for intrinsically safer lithium-
metal electrodes [157]. Nonetheless, the application of high
current densities [148] and high salt concentrations [158] still
led to a decreased cycle life. A modeling study by Ganser
et al [159] indicates that the overall ‘picture’ may be more
complicated than earlier proposed by Monroe and Newman
[38]. Following an extension of a mechanical model by
electrochemistry, they found that the required mechanical
stiffness is decreasing with an increasing ionic conductivity,
Li+ transference number, and interface conductivity as well as
a decreased charging rate. Hence, any specific value for the
shear modulus needed to suppress any kind of dendritic
lithium growth must be carefully reconsidered in light of all
(physicochemical, mechanical, and electrochemical) proper-
ties of the polymer electrolyte system.

3.4. Other PS-b-PEO-based BCPEs and triblock PS-b-PEO-
b-PS

Park and co-workers investigated the SEO system doped with
LiClO4 and PEO as dry polymer doped with either dimethyl
phthalate or 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMImBF4) and a non-ionic and ionic additive, respectively
[160]. In the latter case, a good ionic conductivity of almost
10 3 S cm−1 was obtained at 80 °C. The same group also
showed that the modification of the end group of the polymer
chains is a powerful tool for tailoring the morphology of such
microphase-separated BCPEs [161] and modifying the seg-
regation strength [162].

Bouchet and co-workers focused on the triblock analog
PS-b-PEO-b-PS and studied the impact of different BCPE
compositions, using LiTFSI as conducting salt [163]. In
accordance with the findings of the Balsara group, the
appearance of a ‘dead zone’ (see figure 5) at the PEO-PS
interface was proposed, but the negative impact on the ionic
conductivity turned negligible when the PEO content was
increased to an extent that the 4–5 PEO units in the confining
layer became less relevant. After, Bouchet and co-workers
synthesized a wide variety of diblock, triblock, and comb-
shaped BCPEs, always using PEO (doped with LiTFSI) as the
conductive block/side chain and PS as the structural block
[164]. No substantial differences were detected between the
diblock and triblock architectures. The comb-shaped BCPE
manifested inferior electrochemical behavior, particularly the
electrochemical stability and cycling behavior. The linear
architectures revealed high conductivities of 2.55·10 4 S cm−1

Figure 13. Top: Representative digital cross-section of an x-ray
microtomography image of a multiglobular lithium structure that is
short-circuiting a symmetric Li|BCPE|Li cell (the BCPE is in the
middle between the two lithium electrodes). Middle: The corresp-
onding volume rendering. Bottom: A slice through the volume
rendering of the multiglobular structure, revealing the internal
network of globular lithium surrounded by the BCPE electrolyte.
Reprinted with permission from [157]. Copyright 2019 American
Chemical Society.



at 60 °C, accompanied by a tLi
+ of about 0.15 and a reasonable

stability towards oxidation of 3.8 V versus Li+/Li. As a result,
Li||LFP cells comprising such linear BCPEs provided a good
cycling stability for more than 600 cycles at 50 °C and mod-
erate dis-/charge rate without any evidence of lithium dendrite
formation. A significant increase in ionic conductivity to 10 4 S
cm−1 at 40 °C could be obtained by introducing methallyl
dichloride (3-chloro-2-chloromethyl-1-propene) as a ‘chemical
defect’ between the EO repeating units (see figure 14), leading
to a drop in melting temperature Tm by suppressing crystal-
lization of the PEO chains due to a disturbed stereoregularity
[165]. Remarkably, the electrochemical stability and tLi

+

remained unaffected.
Zhang et al [166] followed the triblock PS-b-PEO-b-PS

(incl. LiTFSI) BCPE method and reported a comprehensive
electrochemical, thermal, and morphological characterization.
With short PS blocks, conductivities beyond 10 4 S cm−1 at
30 °C and 10 3 S cm−1 at 70 °C were achieved at the expense

of mechanical stability. In fact, with such short PS blocks the
authors did not obtain self-standing membranes due to the
waxy behavior. When increasing the PS fraction, this issue
could be fixed, but the conductivity dropped by an order of
magnitude. In addition, the authors reported an average tLi

+ of
0.17 and a stability towards oxidation of 4.5 V versus Li+/Li.
Nonetheless, stable cycling was only acquired for Li||LFP
cells, while the Li||NCM532 (LiNixCoyMnzO2, lithium nickel
cobalt manganese oxide) cells cycled at 70 °C showed a
significant fading, accompanied by a low Coulombic effi-
ciency of well below 100% over the 20 cycles presented.

Another way to enhance the mechanical properties of
BCPEs (just as for common polymer electrolytes) is the
incorporation of nanoparticles such as TiO2 or SiO2 or even
hydrogen-bond donating materials like Au-OH-type species
[167, 168]. The addition of these nanoparticles can trigger a
phase separation into structures which are otherwise difficult
or even impossible to achieve, while also enabling the control

Figure 14. Synthesis scheme of the PS-b-PEO-b-PS BCPE modified by the introduction of methallyl dichloride as a ‘chemical defect’ into the
PEO block (highlighted by a red frame) to disturb the high stereoregularity of PEO therefore preventing crystallization. Reprinted with
permission from [165]. Copyright 2017 Elsevier Ltd. All rights reserved.



of the domain size of the segregated regimes [168]. However,
a quite large fraction of nanoparticles (?10 wt%) is usually
required to apply enough force on the polymer system.

One example is the incorporation of specifically surface-
modified TiO2 nanoparticles into SEO + LiTFSI as reported
by Gurevitch et al [169]. The ionic conductivity decreased by
a factor of three, i.e. from ∼5·10−4 S cm−1 without any TiO2

to ∼2·10−5 S cm−1 with about 28 wt% TiO2 at 90 °C, while
the shear modulus and tensile strength increased. Simulta-
neously, the nanostructure changed from a lamellar phase to a
homogeneous mixture at high TiO2 loadings, indicating that
the presence of the latter limited the nanophase separation.
Even so, at an optimum TiO2 content of 24 wt% substantially
higher currents could be passed through the cell (by a factor
of 4.7), highlighting the suitability for hindering dendrite
formation. Similarly, though with a different outcome, Vil-
laluenga et al [85] introduced POSS (polyhedral oligomeric
silsesquioxane) nanoparticles, which had been surface-func-
tionalized with short PEO chains, into SEO/LiTFSI BCPEs.
When adding 2 wt% of such nanoparticles, the ionic con-
ductivity increased to almost 10 3 S cm−1 at temperatures
beyond 100 °C due to the introduction of a phase transition
from L to G with 3D conducting pathways. The direct inte-
gration of POSS together with short poly(ethylene glycol)
(PEG) chains into the polymer, in this case poly(methacry-
late), was reported by Kim et al [170] (figure 15(a)). This
organic–inorganic hybrid comb-shaped BCPE revealed an
ionic conductivity of around 2·10 5 S cm−1 at 30 °C. The
introduction of POSS did not significantly affect the ionic
conductivity compared to a reference system but enhanced the
dimensional stability of the polymer membrane. Sethi et al
[171] extended this concept using a linear PEO chain cova-
lently joined with the poly(acryloisobutyl polyhedral oligo-
meric silsesquioxane) block (see figure 15(b)). In the salt-free
state a regular L-to-DIS ODT was observed, but after adding
LiTFSI an unconventional DIS-to-L disorder-to-order trans-
ition was found. This was attributed to the solubility of
LiTFSI in both domains due to interactions of the Li salt with

PEO and POSS domains (not just with the PEO segments as
usually observed), leading to the mixing of otherwise
incompatible phases. Nevertheless, at elevated temperatures,
the entropic contribution surpasses these interactions, result-
ing in a phase separation, as stated by the authors. Besides,
the resulting BCPE showed superior ionic conductivity
(∼5·10 4 S cm−1 at 90 °C) compared to regular SEO/LiTFSI
BCPEs. To further investigate this DIS-to-L transition,
Timachova et al [172] performed a comprehensive study via
PFG-NMR spectroscopy (7Li and 19F). Their findings
revealed isotropic diffusion of Li+ and TFSI− in the dis-
ordered state and anisotropic diffusion when transitioning to
the lamellar phase due to the increasing segregation strength
of the two blocks, favoring ion transport parallel to the PEO
lamellae, whereas the transport perpendicular to the lamellae
was blocked by non-conducting POSS lamellae. In a sub-
sequent study, Gao et al [173] evaluated the impact of the
alkyl substituents at the silica cage, adding either ethyl, iso-
butyl, or isooctyl alkyl chains. A decrease in ionic con-
ductivity was observed for an increasing alkyl chain length,
which the authors assigned to a certain solubility of LiTFSI in
the non-conducting block. Balsara and co-workers reported a
reversible change in grain size therefore also in ionic con-
ductivity for a lamellar POSS-PEO-POSS/LiTFSI BCPE
upon annealing, which is in strong contrast to the commonly
irreversible grain size changes under such conditions [174].
This effect was attributed to the crystallization of the non-
conducting POSS-rich microphase and clearly highlights the
importance of understanding the grain structure of BCPEs to
further enhance their charge transport properties.

3.5. Recent BCPE systems beyond SEO

As a potential alternative for the PS block in SEO, Young
et al [175] investigated an ABA triblock copolymer PP-b-
PEO-b-PP (PEOP), using azide-alkyne click chemistry for the
incorporation of a semi-crystalline syndiotactic poly(propy-
lene) (PP) block with superior mechanical and chemical

Figure 15. (a) Chemical structure and schematic illustration of the comb-shaped organic inorganic hybrid BCPEs reported by Kim et al
(R = isobutyl). Reprinted with permission from [170]. Copyright 2012 American Chemical Society. (b) Chemical structure of the linear
PEO-b-POSS BCPE reported by Balsara et al Reprinted with permission from [173] John Wiley & Sons. © 2020 Wiley Periodicals, Inc.



stability (figure 16(a)). While LiTFSI was still preferentially
dissolved in the PEO domains, the conductivity appeared to be
influenced by the molecular weight of the structural PP block
in contrast to the SEO system. When normalizing the con-
ductivity, a maximum was found for PEOP with a molecular
weight of 20 000 g mol−1 along with a strong phase separation,
the authors recorded an ionic conductivity close to 10 3 S cm−1

at 120 °C. A superior method of yielding a new (LiTFSI-
containing) BCPE was presented by Sun et al [176], yielding
monodisperse diblock copolypeptoids synthesized via solid-
phase sub-monomer synthesis (figure 16(b)). Depending on the
branching of the side chain located in the structural block,
amorphous or crystalline lamellae were obtained. Surprisingly,
both materials showed similar ionic conductivities (reaching
10 5 S cm−1 at around 80 °C), indicating that crystalline
structures might not be completely discarded when searching
for advanced polymer electrolytes.

Targeting the replacement of the PEO block, Bergfelt et al
[177] reported the synthesis of poly(styrene)-b-poly(ε-capro-
lactone) and poly(styrene)-b-poly(ε-caprolactone-r-trimethylene
carbonate) (PS-b-PCL and PS-b-[PCL-r-TMC] respectively; see
figure 17(a) for the latter one). The PCL homopolymer, studied
as a reference system, showed a pronounced tendency to

crystallize at temperatures below 60 °C. Also, it decomposed
when getting in contact with lithium metal, which was assigned
to the presence of the ester groups. When incorporated into PS-b-
PCL, the interfacial stability increased and the resulting Li|BCPE|
LFP cells revealed stable cycling for several hundred cycles. The
additional introduction of TMC led to further improved perfor-
mance as well as a slightly increased ionic conductivity due to
the reduced crystallization. Bergfelt et al [178] replaced the PS
block by poly(benzyl methacrylate), yielding poly(benzyl
methacrylate)-b-poly(ε-caprolactone-r-trimethylene carbonate)
(figure 17(b)), which is characterized by a comparable mechan-
ical stability. Adding LiTFSI resulted in a fully amorphous BCPE
already at ambient temperature. With an ionic conductivity of
about 10 5 S cm−1 and a high Li+ transference number of ca.
0.64, this electrolyte permitted the stable cycling of Li|BCPE|
LFP cells. A completely amorphous BCPE was also reported by
Armand and co-workers [179], with a different structural motif,
employing PS and PPO/PEO (Jeffamine®-type) moieties cova-
lently tethered as side chains to a poly(ethylene-alt-maleic
anhydride) backbone (see figure 17(c)). The amorphicity of the
BCPE originates from the PS side chains preventing the crys-
tallization of the PPO and PEO side chains, resulting in an ionic
conductivity of 5·10−4 S cm−1 at 70 °C for an optimized salt

Figure 16. (a) Synthesis route of syndiotactic poly(propylene)-b-poly(ethylene oxide)-b-syndiotactic poly(propylene) (PEOP) ABA triblock
copolymers. Reprinted from [175], © 2014 Elsevier Ltd. All rights reserved. (b) Chemical structures of amorphous (left) and crystalline
(right) AB diblock copolypeptoids. Reprinted with permission from [176]. Copyright 2014 American Chemical Society.



concentration and stable cycling of the corresponding Li|BCPE|
LFP cells.

Dörr et al [180] suppressed crystallization in poly(iso-
prene)-b-poly(styrene)-b-poly(ethylene oxide) (ISO), which
had been reported earlier by Epps et al [114], by incorporating
a short PEO block. When introducing a very large amount of
LiTFSI, i.e. up to r 5, which corresponds to 5 Li+ per EO
moiety, the authors observed an exceptionally high ionic
conductivity of 1.4·10 3 S cm−1 at 20 °C; notably, without
losing suitable mechanical properties. The possibility of adding
such a high amount of the lithium salt was attributed to the fact

that some tetrahydrofuran (THF), which had been used as
casting solvent, remained in the polymer membrane, since it
could not be completely removed (neither by applying elevated
temperatures nor by subjecting the membranes to a vacuum
treatment). The additional coordination sites for the lithium
cations in combination with the high mobility of the THF
molecules also contributed to the high ionic conductivity [181],
while the high Li+ transference number of 0.7 [180] indicated
that the very high salt concentration also led to modified
lithium transport mechanism, similarly to the polymer-in-salt
method [51]. Additional insights into this BCPE system were
reported by Sutton et al [182], who observed that the interface
between the electrode and the electrolyte plays a crucial role for
the determination of the ionic conductivity; potentially an even
more important one than the bulk conductivity, (including the
types of electrodes used and the temperature history of the
polymer membrane). The authors demonstrated that the use of
PEO-functionalized electrode surfaces, allowing for a good
contact with the BCPE and an accumulation of the PEO block
at the interface, led to much higher conductivities than the use
of polar (untreated) stainless steel electrodes, which favored the
segregation of the PS block towards the interface, acting as an
insulating layer. Coote et al [183] also showed for a PS-b-PIL-
based BCPE poly(ionic liquid) (PIL) that the orientation of
nanostructured BCPEs impacts the determination of the ionic
conductivity. Highly oriented lamellae were observed at the
electrode||electrolyte interface due to preferential surface wet-
ting, while the bulk material consisted of randomly oriented
lamellae. This resulted in a 20 times higher in-plane con-
ductivity compared to the values obtained by through-plane
measurements.

Using ROMP as a novel synthetic technique to realize
BCPs, Bullock and Kofinas [184, 185], prepared a new set of
diblock and triblock copolymers (see figure 18(a)). For the
diblock copolymer-based electrolyte comprising LiTFSI, they
obtained ionic conductivities of 2·10 6 S cm−1 at RT and
around 10 4 S cm−1 at 60 °C. The ABC triblock copolymer
was designed in an even more sophisticated manner to achieve
a self-contained nanoscale battery, with one block providing
the ‘negative electrode’ and another one the ‘positive elec-
trode’, both being separated by a PEO-type electrolyte block.
Of late, an AB diblock architecture with an imidazolium-
functionalized norbornene block and a benzene-functionalized
norbornene block was reported by He and co-workers
(figure 18(b)) [186]. The benzene functionalization ensured a
strong phase separation in combination with the norbornene
backbone, and high mechanical stability; the latter could be
further increased by adding silica nanoparticles. After doping
with LiTFSI conductivity values of around 7.5·10−5 S cm−1 at
25 °C and 1.3·10 3 S cm−1 at 100 °C were attained, along with
an electrochemical stability of up to 4.2 V at 30 °C. An ele-
vated ionic conductivity of 1.58·10 3 S cm−1 at an even higher
temperature of 200 °C was reported by Ping et al [187] for a
(LiTFSI-doped) poly(norbornene) derivative backbone mod-
ified with PEO and poly {2, 5-bis [(4-methoxyphenyl)-oxy-
carbonyl]styrene} (PMPCS) side chains (figure 18(c)). PMPCS

Figure 17. (a) Chemical structure of poly(styrene)-b-poly(ε-capro-
lactone-r-trimethylene carbonate), also abbreviated as PS-b-[PCL-r-
TMC]. Reproduced from [177]. CC BY 3.0. (b) Replacement of the
PS block in (a) by poly(benzyl methacrylate) yields poly(benzyl
methacrylate)-b-poly(ε-caprolactone-r-trimethylene carbonate).
Reprinted with permission from [178]. Copyright 2020 American
Chemical Society. (c) Chemical structure of the poly(ethylene-alt-
maleic anhydride) backbone with covalently attached PS and PPO/
PEO (Jeffamine®-type) side chains (including the functionality of
each part of the BCP). Reprinted with permission from [179].
Copyright 2018 Wiley-VCH GmbH.



is a so-called mesogen-jacketed liquid crystalline polymer that
provides, together with the rigid norbornene backbone, excel-
lent temperature stability. Therefore, the lamellar nanostructure
was maintained beyond 200 °C, producing a system suitable
for high-temperature applications. A more common BCP
architecture was developed by Grubbs and co-workers [188]
grafting PEO and PS moieties to a poly(norbornene) derivative
backbone, yielding a ABA triblock copolymer with the PEO
side chains located in the mid-block surrounded by two blocks

with PS-based side chains (figure 18(d)). The PS component
formed hexagonally packed cylinders and the incorporation of
LiTFSI led to ionic conductivities as high as 10 3 S cm−1 at
105 °C though, at the expense of a very low mechanical sta-
bility. Longstaff et al [189] used the same oxanorbornene
dicarboximide backbone for the synthesis of another BCPE via
ROMP. Sidechains of oligomeric PEO (doped with LiTFSI)
served as the ionophilic part and phenyl groups directly
attached to the backbone guaranteed the mechanical rigidity of

Figure 18. Examples for ROMP-derived BCPs: (a) chemical structure of a representative ABC triblock copolymer serving as nanoscale
battery and consisting of a ‘negative electrode’ block with an organo-cobalt species attached to the polymer backbone, a PEO-type electrolyte
block in the center, and a ‘positive electrode’ block with binding abilities for metal salts. Reprinted with permission from [185]. Copyright
2004 American Chemical Society. (b) Chemical structure of a norbornene-based AB diblock BCP with one of the blocks containing an ionic
imidazolium function and the other block a phase separation inducing benzene function. Reprinted with permission from [186] John Wiley &
Sons. © 2017 Wiley Periodicals, Inc. (c) Structural motif of a poly(norbornene) backbone derivative modified with PEO and liquid-
crystalline poly{2,5-bis[(4-methoxyphenyl)-oxycarbonyl]styrene} (PMPCS) side chains. Reprinted with permission from [187]. Copyright
2017 American Chemical Society. (d) Chemical structure of the ABA triblock copolymer based on a poly(norbornene) derivative backbone
with PEO side chains located in the mid-block surrounded by two blocks with PS-based side chains. Reprinted with permission from [188].
Copyright 2015 American Chemical Society. (e) BCP based on the same oxanorbornene dicarboximide backbone with alternating PEO-type
and phenyl-type side chains. Reprinted with permission from [189], © 2018 Elsevier Ltd. All rights reserved.



Table 1. Summary of the main characteristics of selected BCPEs discussed in section 3.5 and the findings reported, including the polymerization technique used for the synthesis, the ionic
conductivity, the conducting lithium salt added, and the cell setup used for cycling tests (if provided).

Name Figure
Polymerization

technique Ionic conductivity σ/S cm 1 Conducting salt Cell setup Reference

PP-b-PEO-b-PP (PEOP) 16(a) Azide-alkyne
click chemistry

∼10–5 (30 °C) ∼ 10–3

(120 °C)
LiTFSI [175]

Monodisperse diblock copolypeptoids 16(b) Solid-phase sub-
monomer
synthesis

<10–6 (40 °C) ∼ 10–5

(80 °C)
LiTFSI [176]

Poly(styrene)-b-poly(ε-caprolactone-r-trimethylene carbonate) (PS-b-
[PCL-r-TMC])

17(a) Anionic ring-
opening

polymerization

<10–5 (30 °C) ∼ 10–4

(90 °C)
LiTFSI Li|BCPE|LFP [177]

Poly(benzyl methacrylate)-b-poly(ε-caprolactone-r-trimethylene
carbonate)

17(b) Anionic ring-
opening

polymerization

∼10–5 (30 °C) ∼ 10–4

(90 °C)
LiTFSI Li|BCPE|LFP [178]

Poly(ethylene-alt-maleic anhydride) backbone, PS and Jeffamine®-type
side chains

17(c) Addition of
sidechains

∼10–5 (30 °C) ∼ 10–3

(100 °C)
LiTFSI Li|BCPE|LFP [179]

Poly(isoprene)-b-poly(styrene)-b-poly(ethylene oxide) Living anionic
polymerization

1.4·10–3 (20 °C), THF
remaining

LiTFSI [180, 181]

[NORCo]80/[TOCD]150/[NORCOOTMS]150 18(a) ROMP 2.22·10–6 (20 °C) 1.05·10–4

(60 °C)
LiTFSI Li|BCPE|LiMn2O4 [184, 185]

[P(NPh-b-NIm-TFSI)] 18(b) ROMP 7.5·10–5 (25 °C) 1.3·10–3

(100 °C)
LiTFSI [186]

gPEO-b-gPMPCS 18(c) ROMP ∼10–5 (25 °C) 1.6·10–3

(200 °C)
LiTFSI [187]

gPS-gPEO-gPS (PS and PEO side chains grafted to poly(norbornene)
backbone)

18(d) ROMP ∼10–3 (105 °C) LiTFSI [188]

Oxanorbornene dicarboximide backbone with PEO and phenyl side chains 18(e) ROMP ∼10–6 (20 °C) ∼10–4 (80 °C) LiTFSI [189]



the system via their high Tg (figure 18(e)). Despite the inter-
esting finding of lamellar and cylindrical nanostructures, the
ionic conductivity remained low at 25 °C (in the range of 10 6

S cm−1).
Table 1 presents an overview including the most

important characteristics of several BCPEs discussed in this
section.

3.6. Star-shaped BCPEs

Reports on star-shaped BCPEs are less frequent than linear
and comb-type BCPEs. However, they possess unique fea-
tures making them (potentially) interesting alternatives. Most
strikingly the outer parts of such star-shaped structures can
move more freely due to the greater accessible space, while
the segments close to the core (as well as the core itself) are
usually less mobile as a result of the dense packing. This can
be exploited, e.g. by using a very rigid core, providing
mechanical stability owing to the dense packing, supple-
mented by a flexible polymer chain in the outer area to pro-
mote charge transport. Already in 1989, Xie et al [190]
reported the synthesis of a four-armed, star-shaped BCP with

two arms consisting of PS and another two of PEO, accom-
panied by various graft copolymers. Lately, Niitani et al [191]
transferred the widely investigated PS-b-POEM motif into a
star-shaped system (figure 19). The essentially amorphous
morphology for the BCPE comprising, e.g. LiTFSI led to
ionic conductivities in the range from 10 5 to 10 4 S cm−1 at
ambient temperature. The Li|BCPE|LCO full-cells cycled at
30 °C with an upper cut-off voltage of 4.3 V showed no
significant fading over (the rather limited number of) 10
cycles. In a successive study, Tong et al [192] reported a four-
armed ABC triblock copolymer consisting of a PS block as
the core, surrounded by a POEM-like, comb-shaped block
and finally completed by a cyanobiphenyl end-cap. The latter
function acts as a mesogen, leading to a liquid-like state,
which promotes the arrangement of a micro-phase separated
morphology that favors ionic conductivity. Nonetheless, the
conductive domains remained amorphous in itself as
indicated by the VTF-type conductivity behavior with a
maximum at around 10 4 S cm−1 at RT. Guan et al [193]
synthesized and investigated a two-armed star brush BCP
consisting of PEO side chains grafted to a poly(methacrylate)

Figure 19. Chemical structure of a star-shaped BCP, synthesized via a combination of living anionic polymerization and metal-catalyzed
living radical polymerization for the attachment of the PS and POEM segments. Reproduced from [191]. © IOP Publishing Ltd. All rights
reserved.



backbone, followed by a PS block. While the conductivity
was high with about 2.1 · 10−4 S cm−1 at 28 °C, the incor-
poration of a large amount of short-chained PEG-based
plasticizer (in addition to fumed SiO2) means a direct com-
parison with the previous systems is difficult.

3.7. BCPEs incorporating ionic liquids

Doping BCPEs with ionic liquids (ILs) provides a promising
route to maintain the advantageous properties of BCPEs such
as low flammability and separation of the ionophilic and
ionophobic domains, while simultaneously allowing for
increased ionic conductivities. These advantages are com-
monly related to the preferential swelling of the ionic
domains, as shown, for instance, by Elabd and co-workers
[88] for a PS-b-PMMA-based BCPE and 1-ethyl-3-methyli-
midazolium TFSI (EMIm-TFSI), in which the rigid PS block
was capable of compensating the plasticizing effect of the IL.
The group then reported the synthesis of a BCPE comprising
a PMMA block and a PIL block using the RAFT poly-
merization technique and doped this with EMIm-TFSI and
LiTFSI [194]. The resulting high ionic conductivity of 10 3 S
cm−1 at ambient temperature up to 10 2 S cm−1 at 105 °C,
were accompanied by a low electrochemical stability. Zar-
dalidis et al [195] investigated poly(isoprene-b-ethylene
oxide) AB diblock copolymers doped with either LiTf or
EMIm-Tf. Higher conductivities were observed for the IL-
doped BCPE due to the plasticizing effect and the higher
mobility of the IL compared to the salt. Similarly, Metwalli
et al [196] reported a high ionic conductivity of 10−3 S cm−1

at RT for the SEO system doped with LiTf and EMIm-Tf.
It should be recalled that any ‘simple’ ionic conductivity

value always considers the contribution of the highly mobile
IL. As a result, care must be taken when comparing these
conductivity values with IL-free BCPE systems, especially
when evaluating their potential application in lithium bat-
teries, for which the mobility of the Li+ cation is of
importance.

3.8. BCPEs with mixed ionic and electronic conductivity

Targeting a mixed ionic and electronic conductivity, Balsara
and co-workers investigated diblock poly (3-hexylthiophene)-
b-poly (ethylene oxide) (P3HT-b-PEO), which was synthe-
sized via a Grignard metathesis polymerization [197–199].
While they found that the ionic conductivity was lower when
adding LiTFSI than the PEO homopolymer reference system,
the electronic conductivity of the BCPE, arising from the
conjugated P3HT block, was surprisingly higher compared to
the P3HT homopolymer. Such a simultaneous ionic and
electronic conductivity makes this BCPE suitable for incor-
poration into the electrode composite, potentially replacing
the polymer binder and the conductive carbon (while an
electronically insulating polymer electrolyte layer with a
separator function would also be required). It should be noted
that the use of such P3HT-b-PEO-based BCPE is essentially
limited to the positive electrode, since the semiconducting
P3HT block must be electrochemically oxidized to achieve a

suitable electronic conductivity. The successful cycling of Li||
LFP cells, comprising the P3HT-b-PEO-based BCPE in the
positive electrode, with cut-off voltages of 3.8 and 2.5 V was
enabled by the fact that the electrochemical oxidation of the
P3HT block has its onset at 3.1 V during charge. Upon dis-
charge, the electronic conductivity severely drops below 3.3
V due to the loss of electronic conductivity of the P3HT block
under such conditions, which may effectively prevent an
accidental over-discharge.

4. Single-ion conducting BCPEs

4.1. General considerations

An important parameter for the evaluation of BCPEs (and
electrolytes in general) is the Li+ transference number, tLi

+ , i.e.
the contribution of Li+ cations to the overall conductivity.
Most BCPEs are characterized by a tLi

+ in the range from 0.1
to 0.3, comparable with common liquid organic electrolytes
[52]. However, such low transference numbers are potentially
causing strong concentration gradients and reversed cell
polarization, particularly when applying elevated current
densities. These detrimental effects have a negative impact on
the overall performance and safety of the cell, as they limit the
lifetime and favor dendritic lithium deposition [41, 43]. A
potential strategy to overcome such issues is the realization of
single-ion conductors (SICs) [45]. Kim and Srinivasan [200]
reported that the ionic conductivity that is required for EV
applications is substantially lower for SICs (ca. 4 · 10 4 S
cm−1) compared to electrolyte systems with a low transfer-
ence number of about 0.2 (ca. 5 · 10 3 S cm−1). Such SICs
are commonly obtained by covalently tethering the anionic
function to the polymer backbone, making the Li+ cation the
only mobile species in the polymer electrolyte.

4.2. ‘Dry’ SIC-BCPEs

An early study on SIC-BCPEs was presented by Sadoway et al in
2001 [201], who randomly copolymerized tert-butyl methacrylate
monomers with lauryl methacrylate to form the non-conducting
block, followed by the attachment of a regular POEM block as the
conductive part. In the next step, tert-butyl methacrylate repeating
units were quantitatively converted into methacrylic acid by
hydrolysis, and further lithiated using an organic lithium base in
order to eventually obtain poly(lauryl methacrylate-r-lithium
methacrylate)-b-poly(oligooxyethylene methacrylate), abbreviated
as P(LMA-r-LiMA)-b-POEM with a virtual salt concentration of
r ≈ 0.1. The authors compared this system with a SIC-BCPE in
which they introduced the lithiated repeating units into the POEM
block and found inferior ionic conductivity for the latter inde-
pendent of the addition of PEGDME as plasticizer. The better
performing system bearing the LiMA group in the non-conduct-
ing block provided an ionic conductivity of about 3·10 7 S cm−1

at ambient temperature in the dry state and around 6·10 6 S cm−1

in the PEGDME-doped state. Besides low ionic conductivity, the
authors reported a Li+ transference number of 0.9 in combination
with high electrochemical stability beyond 4 V determined from



CV measurements. In a follow-up study, Ryu et al [202] com-
pared these two systems using anionic copolymerization techni-
ques, i.e. P(LMA-r-LiMA)-b-POEM and PLMA-b-P(LiMA-r-
OEM), with a triblock copolymer architecture: PLMA-b-PLiMA-
b-POEM. The comparative determination of the ionic con-
ductivity confirmed the detrimental impact of introducing the
lithiated segment into the ion conductive block. The authors
concluded that this inferior conductivity originates from the
impeded dissociation of the R-COO− Li+ ion pairs in the POEM
block, while the phase separation occurring in the other two SIC-
BCPE systems permits the spatial separation of the anionic
functions due to the migration of the Li+ ions into the POEM
conductive block. The incorporation of the Lewis acid BF3
(introduced as a BF3-THF complex using methanol as a solvent)
led to a decreased charge density at the anion due to the strong
association with the carboxylate function, resulting in increased
conductivities. Rolland et al [203] focused on the synthesis of a
related ABC triblock copolymer architecture, comprising a PS
block, a lithiated poly(methacrylic acid) block, and a conventional
POEM block (see figure 20(a)). Due to the strongly coordinating
nature of the carboxylic moiety low ionic conductivities were
obtained, but the addition of BF3 led to an increase in con-
ductivity, eventually achieving around 10 5 S cm−1 at 20 °C.
Kofinas and co-workers [204] extended their work on PEO-b-
PMMA BCPs comprising lithium bis(oxalato)borate (LiBOB) by
partially hydrolyzing PMMA and the lithiation of the resulting
poly(acrylic acid) functionalities producing PEO-b-(PMMA-r-
PMAALi), as depicted in figure 20(b). With surplus lithium (in
addition to LiBOB) ionic conductivities of around 10 5 S cm−1

were obtained at ambient temperature. The Li+ transference
number was reported to be about 0.9 for such a ‘hybrid’ system
[205]. When completely hydrolyzing and lithiating the PMMA
block (i.e. PEO-b-PMAALi), the ionic conductivity was further
enhanced to 10 4 S cm−1 at RT and almost 10 3 S cm−1 at 65
°C [206].

Based on the earlier findings regarding the advantageous
separation of the ionic and the conducting phase, Bouchet
et al [207] developed a BAB triblock copolymer with a
conventional PEO mid-block (dissolving and conducting the
Li+ cations [217, 218]) surrounded by two lithiated poly
(styrene sulfonyl(trifluoromethanesulfonyl)imide) (P
(STFSILi)) blocks, as shown in figure 20(c). A NMPT using
the end-group modified PEO block as a macro-initiator was
applied to yield the desired polymer structure. Thanks to the
rigid PS-type blocks, a sufficient mechanical stability was
obtained, along with an electrochemical stability exceeding 4
V, a tLi

+ beyond 0.85, and an ionic conductivity of more than
10 5 S cm−1 at 60 °C. This high ionic conductivity in the
absence of a plasticizer was achieved due to the high dis-
sociation of the TFSI-type anionic function, characterized by
a highly delocalized negative charge. The authors also
reported stable cycling of Li|SIC-BCPE|LFP cells at 60 °C,
applying C rates up to 0.5C. For a similar system with an AB
diblock architecture, Balsara and co-workers [218] observed
an excellent morphology-conductivity relationship due to an
ODT between 50 °C and 55 °C, related to the energetically

favorable interaction between the Li+ cations and the EO
moieties. In the lamellar state, the SIC-BCPE exhibits an
inferior ionic conductivity due to the formation of ion clusters
trapped in the glassy PS block. However, a rapid increase in
conductivity was detected as soon as the polymer turned into
the mixed/disordered state, facilitating an increased mobility
of the Li+ ions, as depicted in figures 21(a), (b). Therefore,
the superior ionic conductivity was assigned to the homo-
geneous mixing of the different blocks, facilitating the
migration of the Li+ cations into the PEO-rich domains. In a
related study, Balsara and co-workers [219] varied the volume
fraction of the P(STFSILi) block and the lithium concentra-
tion, while the PEO volume fraction was kept constant. In line
with the previous findings, the presence of the disordered
morphology was revealed to be crucial for obtaining suitable
ionic conductivities. The samples with a higher lithium con-
centration exhibited a fully disordered nanostructure already
at RT resulting in a high VTF-type ionic conductivity along
the investigated temperature range, while the SIC-BCPEs
with a lower lithium concentration displayed a sudden drop in
conductivity below the ODT. A slightly modified ABCA-type
BCPE architecture was reported by Long and co-workers
[208], who combined the STFSILi monomer with PS and
POEM blocks by using a RAFT polymerization technique;
the latter one containing a short, i.e. dimeric, side chain
(figure 20(d)). Comparable ionic conductivities were reported.
Müller-Buschbaum and co-workers [209] further modified the
BCPE architecture by attaching a PEO-type unit to the PS
function applying the NMPT method (figure 20(e)). While
this SIC-BCPE showed suitable performance at 0.7 °C and 90
°C in Li|SIC-BCPE|LFP cells, the focus had been on the
investigation via operando SANS (for which part of the
BCPE was deuterated to increase the contrast), revealing no
dendritic lithium deposition and a noticeable increase in size
of the conductive pathways attributed to a high ionic current
creating enough ‘pressure’ to deform the polymer nanos-
tructure. In a slightly different approach, Aissou et al [220]
blended PS-b-PSTFSILi with a PEO homopolymer and a
comparison with the PSTFSILi homopolymer revealed
superior performance for the micro/nanostructured SIC-
BCPEs. Using the same ionic group, Villaluenga et al [210]
attached short chains of P(STFSILi) to silsesquioxane cores
via NMPT (figure 20(f)) and utilized these nanoparticles for
doping conventional (salt-free) SEO. The nanoparticles were
preferentially located in the PEO domains due to the mis-
cibility of the surface-modified nanoparticles with this phase.
The ionic conductivity remained around 10 5 S cm−1 at 90
°C, well below the conductivities reported for regular SEO/
LiTFSI BCPEs and SIC-BCPEs with the ion containing block
directly integrated in the chain. This inferior conductivity was
attributed to the need for Li+ cations to hop from one fixed
anionic site to another and from one POSS nanoparticle to
another. Though the Li+ transference number was almost
unity (0.98) and the nanostructure changed from lamellar to
cylindrical when adding the nanoparticles, this suggests that
the charge transport was affected in several ways.



Figure 20a. Overview of SIC-BCPEs reported in literature: (a) ABC-type SIC-BCPE based on a PS block, a lithiated poly(methacrylic acid)
block, and a POEM block. Reprinted with permission from [203], Copyright © 2015 Elsevier Ltd. All rights reserved. (b) Partially
hydrolyzed and subsequently lithiated PEO-b-PMMA, i.e. PEO-b-(PMMA-r-PMAALi), as reported by Kofinas and co-workers [204]. (c)
BAB-type SIC-BCPE architecture based on a conventional PEO-block surrounded by ionic P(STFSILi) blocks, as developed by Bouchet
et al [207]. (d) ABCA-type BCPE obtained by RAFT polymerization, containing a P(STFSILi) block surrounded by PS and PEO blocks.
Reprinted with permission from [208]. Copyright 2015 American Chemical Society. (e) Randomly copolymerized BCPE system consisting
of P(STFSILi) and PEO-modified PS units as well as deuterated PS. Reprinted with permission from [209]. Copyright 2018 American
Chemical Society. (f) Silsesquioxane cage with attached short chains of P(STFSILi), which had been used as ‘lithium salt’ in SEO-type
BCPs, enabling a very high Li+ transference number of 0.98. Reprinted with permission from [210]. Copyright 2017 American Chemical
Society. (g) ABA triblock copolymer with a polyether mid-block flanked by two blocks of perfluorinated PS modified with a lithium
sulfonate function. Reproduced from [211] with permission of The Royal Society of Chemistry. (h) SIC-BCPE architecture based on a
POEM block and a block containing LiTFSI moieties covalently connected to a poly(methacrylate) backbone P(MTFSILi), i.e. POEM-b-P
(MTFSILi). Reprinted with permission from [212]. Copyright 2016 American Chemical Society. (i) Copolymerization of a lithiated poly
(arylene ether) monomer with PEO chains, yielding a linear SIC-BCPE with the ionic function integrated in the polymer chain. Reprinted
with permission from [213], © 2018 Elsevier B.V. All rights reserved. (j) Chemical structure of poly(ethylene)-b-poly(acrylic lithium (fluoro
sulfonyl) imide) as SIC-BCPE with self-healing properties. (k) SIC-BCPE based on PEO blocks and lithium disulfonyl imide moieties as
ionic function. Reproduced from [214] with permission of The Royal Society of Chemistry. (l) Ionic BCPE based on two partially lithiated
blocks of poly(acrylic acid) flanking a PMMA mid-block to which an IL was added. Reprinted from [215], © 2017 Elsevier B.V. All rights
reserved. (m) Multiblock copolymer consisting of poly(arylene ether) blocks with TFSI-like side chains attached to the polymer backbone
and partially perfluorinated structural blocks. Reproduced from [216] with permission of The Royal Society of Chemistry.



Shao and Jannasch [211] reported a sulfonate-type ionic
moiety for the synthesis of a BAB-type triblock copolymer
employing the ATRP method, which was composed of a PEO or
PEO-co-PPO mid-block surrounded by two blocks of poly
(lithium 2, 3, 5, 6,-tetrafluorostyrene-4-sulfonate) (PPFSLi) (see
figure 20(g)). Their investigation displayed a similar morph-
ology-conductivity relationship, as proposed earlier by Balsara
and co-workers [219] and the recorded ionic conductivity values
were in good agreement with earlier reports on SIC-BCPEs
employing a TFSI-type ionic function. This finding is noteworthy
given the commonly lower dissociation of the sulfonate group
but might be related to the electron withdrawing effect of the
fluorine substituents at the attached phenyl ring. Additionally, the
authors observed that the PEO mid-block was advantageous for

the ionic conductivity at elevated temperatures (i.e. at 50 °C and
beyond), while the PEO-co-PPO mid-block was beneficial at
lower temperatures due to the suppressed crystallization.

In 2016, Porcarelli et al [212] introduced a new SIC-BCPE
architecture using a controlled radical polymerization technique
(RAFT) and comprising the well-established POEM block and a
block containing LiTFSI moieties covalently connected to a poly
(methacrylate) backbone (P(MTFSILi), i.e. lithiated poly(3-sul-
fonyl (trifluoromethanesulfonyl)imide propyl methacrylate)), also
abbreviated as POEM-b-P(MTFSILi) (figure 20(h)). Following
the correlation of ionic conductivity and Tg, the authors observed
a maximum conductivity of 2.3·10 6 S cm−1 at ambient tem-
peratures (and ∼10 5 S cm−1 at 55 °C) for the sample with the
lowest volume fraction of P(MTFSILi) in relation to the constant

Figure 20b. (Continued.)



POEM fraction with the lowest Tg. The tLi
+ at 0.83, suggesting

that there was still a significant mobility of anionic groups. In a
subsequent work, Porcarelli et al [221] refined the previously
developed SIC-BCPE by replacing the POEM block with a PEO
block, yielding ABA-type P(MTFSILi)-b-PEO-b-P(MTFSILi).
The ionic conductivity was substantially increased to around 10 4

S cm−1 at 70 °C, and so was tLi
+ with 0.91. Additionally, the SIC-

BCPE allowed for the stable cycling of Li||LFP cells with C rates
up to 0.5 °C.

In 2018, Devaux et al [222] published a direct compar-
ison of the two ionic blocks, i.e. P(STFSILi) and the
P(MTFSILi), in combination with a PEO block polymerized
via NMPT. Using water as an environmentally friendly pro-
cessing solvent, both P(STFSILi)-b-PEO-b-P(STFSILi) and

Figure 21. (a) Plot of the SAXS intensity at q = 0.228 nm 1 (in red) and ionic conductivity (in blue) of the PEO-b-P(STFSILi) electrolyte
versus temperature (r = 0.088). The intensity at each temperature was normalized by the measured value at 25 °C. (b) Schematic illustration
of the PEO-b-P(STFSILi) SIC-BCPE at low (left) and high (right) temperatures. At low temperatures, the PEO (red) and P(STFSILi) (blue)
blocks are microphase-separated and the ions are clustering (green circles) in the P(STFSILi) domain. At high temperatures, the PEO and
P(STFSILi) blocks are mixed (purple). Consequently, the clusters are essentially dissolved (indicated by grey circles with the dashed
surrounding) and the lithium cations are more mobile. Reprinted with permission from [218]. Copyright 2014 American Chemical Society.



Table 2. Summary of the main characteristics of selected BCPEs discussed in section 4 and the findings reported, including the polymerization technique used for the synthesis, the ionic
conductivity, additives such as salts or solvents, and the cell setup used for cycling tests (if provided).

Name Figure
Polymerization

technique Ionic conductivity σ/S cm 1 Additive(s) Cell setup Reference

P(OEGMA-co-tBMA)-b-PS 20(a) ATRP ∼10–5 (20 °C) BF3 [203]
PEO-b-(PMMA-r-PMAALi) 20(b) Partial or full hydrolysis ∼10–4 (20 °C) ∼ 10–3 (60 °C) LiBOB [204 206]
Lithiated poly(styrene sulfonyl(trifluoro
methanesulfonyl)imide) (P(STFSILi))

20(c) NMP >10–5 (60 °C) Li|BCPE|LFP [207, 217, 218]

PS-b-P(STFSILi)-b-POEM-b-PS 20(d) RAFT ∼10–5 (20 °C) [208]
PS(d)-b-P(SPEG-co-STFSILi) 20(e) NMP Li|BCPE|LFP [209]
PPFSLi-b-(PEO-co-PPO)-PPFSLi 20(g) ATRP ∼10–6 (20 °C) ∼ 10–5 (90 °C) [211]
POEM-b-P(MTFSILi) 20(h) RAFT ∼10–6 (25 °C) > 10–5 (80 °C) Li|BCPE|LFP [212]
P(MTFSILi)-b-PEO-b-P(MTFSILi) RAFT «10–7 (25 °C) > 10–4 (80 °C) Li|BCPE|LFP [221]
Lithium-4, 4′-difluoro bis(benzene sulfonyl)
imide-b-PEO

20(i) polycondensation «10–5 (30 °C)

>10–4 (100 °C) Glass fiber
reinforcement

Li|BCPE|LFP [213]

Poly(ethylene)-b-poly(acrylic lithium
(fluoro sulfonyl) imide)

20(j) Only side chain
modification

5.84·10–4 (20 °C) 2.20·10–3 (80 °C) Li|BCPE|LFP [223]

Polyamide backbone functionalized with
lithium disulfonyl imide moieties

20(k) polycondensation 3.39·10–4 (25 °C) 1.16·10–3 (80 °C) PVdF-HFP
EC/PC

Li|BCPE|LFP [214]

(PAA-r-PAALi)-b-PMMA-b-(PAA-r-
PAAALi)

20(l) ATRP >10–3 (20 °C) (20% polymer
content)

ionic liquid [215]

Poly(arylene ether sulfone) backbone with
covalently attached TFSI-like side chains

20(m) polycondensation ∼10–3 (20 °C) (65 wt% EC) EC Li|BCPE|NCM811 [216]



P(MTFSILi)-b-PEO-b-P(MTFSILi) revealed a lamellar
morphology and the expected ODT when exceeding the
melting point of the PEO domain, Tm,PEO, between 50 °C and
65 °C (depending on the polymer composition). Based on this
observation, the authors suggested that the crystallization of
the PEO block plays a decisive role in the evolution of the
SIC-BCPE nanostructure. Both SIC-BCPEs showed a similar
tLi
+ of 0.88 ± 0.03 for P(STFSILi) and 0.84 ± 0.03 for
P(MTFSILi) with conductivity behavior due to the presence
of the ODT, yet the conductivity of the copolymer comprising
P(MTFSILi) was higher by at least a factor of two. Interest-
ingly, the electrochemical stability of the P(STFSILi) con-
taining polymer was about 0.5 V higher than the stability of
the P(MTFSILi)-based SIC-BCPE due to a lower fraction of
PEO at the electrode||electrolyte interface.

Chen et al [213] reported a poly(arylene ether) based
AB-type alternating diblock copolymer with the ionic func-
tion (lithium 4,4′-difluoro bis(benzene sulfonyl)imide) being
integrated in the PEO chain (figure 20(i)). The alternating
polymer architecture was intended to suppress the aggrega-
tion of the ionic groups and the EO moieties by spatially
separating them, hindering the crystallization of the latter. The
eventually amorphous SIC-BCPE provided an ionic con-
ductivity of 6.6·10 6 S cm−1 at 30 °C and 2.2·10 4 S cm−1 at
100 °C. Nevertheless, the authors had to reinforce the poly-
mer by including glass fibers to achieve suitable mechanical
properties for the preparation of self-standing membranes;
and while the electrochemical stability decreased with an
increasing chain length of the PEO segment from 5.2 to 4.4
V, Li||LFP cells displayed stable cycling for 200 cycles at 0.1
°C and 40 °C with about 100 mAh g−1.

A substantial increase in conductivity was reported by
Ahmed et al [223] for a polyolefin-backbone SIC-BCPE with
an FSI-like ionic function, i.e. poly(ethylene)-b-poly(acrylic
lithium (fluoro sulfonyl) imide), as depicted in figure 20(j).
After pressing the electrolyte at 90 °C, they obtained an ionic
conductivity of 5.8·10 4 S cm−1 at 25 °C. Additionally, they
observed self-healing properties of their SIC-BCPE and the
Li+ transference number was 0.91. Usually, such an ‘ether-
free’ polymer backbone is considered advantageous for the
electrochemical stability towards oxidation, although the
authors used LFP as cathode material.

4.3. SIC-BCPEs containing small molecules

Given the improved ionic conductivities of ‘dry’ SIC-BCPEs
at ambient temperatures (and pressure), which are in part also
related to the relatively low charge carrier concentration in
order to maintain suitable mechanical properties, several
groups introduced small (liquid) molecules into such elec-
trolyte systems. This additional phase potentially provides
different effects, such as serving as a plasticizer and/or a
molecular transporter by facilitating the hopping from one
anionic coordination site to another [51]. Zhang et al [214],
for instance, achieved an ionic conductivity of 3.4·10 4 S
cm−1 at ambient temperature with a sophisticated poly
(amide)-type SIC-BCPE based on the polycondensation of
end-group modified PEO blocks and lithium disulfonyl imide

moieties (figure 20(k)), comprising 141 wt% of a 1:1 mixture
of ethylene carbonate (EC) or propylene carbonate (PC).
While a high tLi

+ of 0.9 was maintained in this case, the
mechanical properties had to be reinforced by introducing a
significant amount of poly(vinylidene difluoride-co-hexa-
fluoropropylene) (PVdF-HFP). Following a different
approach, Watanabe and co-workers [215] incorporated a
hydrophobic IL into an ABA-type triblock BCPE (up to 30
wt% in the ion gel) based on a conventional PMMA mid-
block flanked by two ion-containing blocks of partially
lithiated poly(acrylic acid) (figure 20(l)) synthesized by the
ATRP technique. The authors reported an excellent ionic
conductivity of more than 10−3 S cm−1 at RT (in the case of a
polymer content of 20 wt%). Notwithstanding, this con-
ductivity value also includes a (presumably significant)
contribution of the IL with an assumed transference number
of 0.5 transferred from another electrolyte system with similar
properties [224].

On the other hand, Ngyuen et al [216] presented a multi-
block SIC-BCPE based on a poly(arylene ether sulfone)
backbone synthesized by a one-pot polycondensation reaction
with covalently attached TFSI-like side chains (figure 20(m))
comprising of a low amount of EC (45–65 wt% of the total
membrane weight), which enabled the realization of self-
standing membranes without the addition of a second
(lithium-free) polymer; not least, since the EC molecules
remain highly confined to the ionic domains up to a threshold
of about 50 wt%. Remarkably, the increase in ionic con-
ductivity also reflected this threshold. Up to about 50 wt% the
increase is steep, then it is reduced, suggesting that the highly
confined EC molecules facilitate charge transport by serving
as a kind of molecular transporter or additional coordination
site, while the additional ‘free’ EC has a more plasticizing
effect. Whereas, for the highest amount of EC, an ionic
conductivity of more than 10 3 S cm−1 was reported at 30 °C
and the casting solvent (as a result the degree of nanophase
separation) turns out to have a vital contribution to the con-
ductivity and overpotential when cycling symmetric Li||Li
cells: the more pronounced the nanostructuration, the higher
the conductivity and the lower the overpotential. Due to the
careful chemical design of the SIC-BCPE, the authors
attained very stable cycling for Li||NCM111 cells. In later
studies, the possibility to cycle Li||NCM622 cells [225] and
Li||NCM811 cells [226] with a stable capacity for several
hundred cycles at different anodic cut-off voltages and tem-
peratures even at 0 °C was shown.

An overview including the most important properties of
the single-ion conducting polymer electrolytes reviewed in
section 4 is provided in table 2.

5. Conclusions and perspective

Great progress has been achieved towards the fundamental
understanding of the characteristics and thermodynamics of
BCPs and BCPEs, including the incorporation of the con-
ducting lithium salt having a key effect on the nanostructure
and the phase transitions. These advancements stem from the



promising properties of this class of materials due to the
potential combination of highly functional BCP components,
with advantageous mechanical, chemical, and electrochemical
properties. The in-depth investigation of suitable model
compounds like SEO has led to insights to acquire a thorough
understanding of such systems such as that (i) the Li salt is
preferably dissolved in the PEO domains, (ii) the influence of
the salt concentration, block composition, and molecular
weight of the BCPE on phase transitions, ionic conductivity
and morphology, (iii) the behavior and stability of lithium
metal in contact with the BCPEs, (iv) the diffusion processes
in BCPEs, and (v) the potential advantages of hybrid BCPEs.
This may also be extended to single-ion conducting electro-
lyte systems, including suitable small molecules to enhance
the Li+ transport along with an improved comprehension of
these systems particularly the charge transport mechanisms.

For further exploration it is of utmost importance to
choose suitable model compounds, investigating these in
detail physicochemically, electrochemically, and in battery
cells, while the approach for the new developments is
essentially the opposite, i.e. the design of new structural,
conducting and/or ionic blocks, providing enhanced
mechanical and electrochemical properties—especially an
improved charge transport and stability towards state-of-the-
art active materials. In fact, several studies have already
shown that the richness of organic and polymer chemistry still
provides avenues for further improvements to develop poly-
mer-based electrolytes that satisfy all the requirements for
their successful exploitation in next-generation lithium bat-
teries. An important component lies in the design of mixed
electronic and ionic conductors, which may serve as a binding
and conducting matrix, e.g. in positive electrodes, while a
pure ion conductor serves as the separator and protection
layer for the lithium-metal electrode. Such ‘on-the-spot
design’ of specific components may offer a successful strat-
egy to address the demanding requirements of the battery
industry.

Below we detail a few research guidelines that should be
considered in the future study of (SIC-)BCPEs:

• The effective Li+ conductivity is the sum of the local
scale mobility and the long-range transport across the
whole thickness of the electrolyte membrane. The target
should adhere to the following criteria (i) to enhance the
dissociation from the anionic function, e.g. by delocaliz-
ing the negative charge as much as possible, weakening
the bonding strength, introducing ‘transporting vehicles’,
and/or providing additional coordination sites for the Li+

cations to move forward and (ii) to facilitate the long-
range transport by, e.g. limiting/suppressing the presence
of grain boundaries (especially the blocking ones) within
the bulk electrolyte and/or by realizing advantageous
nanostructures, such as gyroid-type 3D ionic domains
(see also the work from Lin and co-workers [227] and
Shen et al [228]). One may also keep in mind which ionic
species might contribute to the overall conductivity.

• The electrochemical stability of the polymer is a critical
factor. Considering the potential combination of two
polymers (which will have to provide a very low or
ideally negligible charge transfer resistance between each
other), the polymer may not have to be stable across the
entire voltage range but should be sufficiently stable
towards reduction or oxidation. This might be attained by
considering the polymer as a whole or by ensuring a
specific orientation of one of the blocks at the given
interface. We also state that the determination of the
electrochemical stability with blocking electrodes such as
platinum is important to ascertain the degree of maximum
stability. However, claiming stabilities of up to 5 V, while
observing electrolyte decomposition in, e.g. Li||NCM
cells and/or achieving stable cycling solely for Li||LFP
cells should be reevaluated.

• The experimental setup should be carefully considered
when studying specific properties of the electrolyte:
While symmetric Li||Li cells appear to be suitable for the
investigation of dendritic lithium morphologies (keeping
in mind also the amount of lithium being cycled), Li||LFP
cells, for instance, turned out to be more effective for
analyzing potential contact losses at the electrode||
electrolyte interface.

• Finally, in addition to the development, exploration, and
optimization of new and existing BCPEs, researchers may
critically evaluate the potential scale-up and commercial
use of their electrolyte systems once a certain technology
readiness level has been reached. This includes also the
potential recycling of the electrolyte itself and its impact
on the recycling of the battery cell as a whole. In fact,
such information is of utmost importance for the industry
and will help to bring these systems to the market.

This is not an exhaustive list of aspects that may be
acknowledged for future research studies, but we hope that
they may serve as a reference point to accompany researchers
and scientists on their search for enhanced (SIC-)BCPEs.
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