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Abstract   Liquid electrolytes used in lithium-ion batteries suffer from leakage, flammability, and lithium dendrites, making polymer electrolyte a

potential alternative. Herein, a series of ABA triblock copolymers (ABA-x) containing a mesogen-jacketed liquid crystalline polymer (MJLCP) with a

polynorbornene backbone as segment A and a second polynorbornene-based polymer having poly(ethylene oxide) (PEO) side chains as segment

B  were  synthesized  through  tandem  ring-opening  metathesis  polymerizations.  The  block  copolymers  can  self-assemble  into  ordered

morphologies at 200 °C. After doping of lithium salts and ionic liquid (IL), ABA-x self-assembles into cylindrical structures. The MJLCP segments

with a high glass transition temperature and a stable liquid crystalline phase serve as physical crosslinking points, which significantly improve the

mechanical  performance  of  the  polymer  electrolytes.  The  ionic  conductivity  of  ABA-x/lithium  salt/IL  is  as  high  as  10−3 S·cm−1 at  ambient

temperature owing to the high IL uptake and the continuous phase of conducting PEO domains. The relationship between ionic conductivity and

temperature fits the Vogel-Tamman-Fulcher (VTF) equation. In addition, the electrolyte films are flame retardant owing to the addition of IL. The

polymer electrolytes with good safety and high ambient-temperature ionic conductivity developed in this work are potentially useful  in solid

lithium-ion batteries.
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INTRODUCTION

Lithium-ion battery (LIB), with high capacity and energy density,
is the most used energy storage device nowadays.[1,2] However,
the  nature  of  liquid  electrolytes  employed  in  LIB  often  causes
plenty  of  problems  such  as  leakage,  flammability,  and  the
formation  of  lithium  dendrites.[3−5] Solid  polymer  electrolytes
(SPEs)  are  considered  as  an  ideal  substitution  for  liquid
electrolytes  because  of  their  outstanding  safety.[6−11] As  the
most  common  SPE,  poly(ethylene  oxide)  (PEO)  suffers  from
crystallization  and  low  ionic  conductivity  at  ambient
temperature.[12−14] Many efforts have been devoted to allowing
the  suppression  of  PEO  crystallinity  and  hence  increasing  the
content  of  the  amorphous  phase,  which  is  beneficial  for  ion
transport.[15−18] Among the various strategies,  the employment
of  PEO-based  block  copolymers  (BCPs)  is  a  promising

solution.[2,7,19−25] The  net  repulsion  between  the  two  or  more
segments  of  a  BCP  often  induces  microphase-separated
structures  with  ordered  morphologies  and  periodically  spaced
domains.[26,27] The domain of PEO called as conducting domain
plays a role in transporting lithium ions.[28] On the contrary, the
other  component  is  always  a  hard  polymer  segment  having  a
high  glass  transition  temperature  (Tg),  which  is  supposed  to
provide  high  mechanical  strength.  Our  group  employed
mesogen-jacketed  liquid  crystalline  polymers  (MJLCPs)  in
PEO-based  BCPs  to  afford  several  high-temperature  SPEs
successfully.[7,29] Balsara et  al. have  systematically  studied  the
relationship  between  microphase  separation  and  ionic
conductivity of BCPs composed of polystyrene (PS) and PEO.[20]

They  found  that  the  ionic  conductivities  of  SPEs  with  different
self-assembled  structures  were  distinct,  and  they  used  a
morphology  factor  to  describe  the  difference.  For  a  spherical
morphology with PEO as the dispersed phase, the morphology
factor  is  0  because  no  conducting  pathways  exist.  For  a
cylindrical  morphology  with  PEO  as  the  dispersed  phase,  the
morphology factor is 1/3 because ion transport only takes place
in  one-third  of  the  directions.  And  the  morphology  factors
are  2/3  and  1  for  lamellar  and  bicontinous  morphologies,
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respectively.  The  morphology  factor  should  always  be  1  when
the  PEO  domain  is  a  continuous  phase  because  the  ions  can
transport  in  all  directions.  However,  in  most  cases,  the
mechanical  performances  of  these  BCPs  are  unsatisfactory
owing  to  their  low  molecular  weights  and  weak  chain
entanglements.[16] Chemical crosslinking is a natural thought to
enhance the mechanical strength.[30−32] However, the restriction
on  chain  mobility  by  crosslinking  will  decrease  the  ionic
conductivity  severely.[33] In  addition,  crosslinked  polymers  are
usually insoluble and infusible,  which increases the difficulty in
processing.  Therefore,  polymer  electrolytes  based  on  physical
crosslinking are attractive.

ABA triblock copolymers are widely used in traditional ther-
moplastic  elastomers.  Polymer  components  A  are  hard  seg-
ments  such as  PS,  and B  segments  are  usually  soft  polymers
such as polyisoprene. PS segments tend to aggregate togeth-
er  as  physical  crosslinking  points  owing  to  the  immiscibility
between  the  two  segments,  which  simultaneously  enhances
the mechanical strength and maintains the processibility. Our
group fabricated ion gels with high storage modulus with the
incorporation of ABA triblock copolymers.[34,35] Dobrynin and
coworkers  found  that  BCPs  with  linear-bottlebrush-linear
structures  were  featured  with  tissue-relevant  softness  and
enhanced  firmness.[36−38] On  the  microscopic  scale,  A  seg-
ment with linear chains aggregates into one domain, while B
segment with brush strands decreases the crosslinking dens-
ity.[39] Thus, ABA triblock copolymers showed rigid-while-flex-
ible as well as soft-while-stiff properties.

In  this  work,  a  series  of  safety-enhanced  polymer  electro-
lytes  with  high  ambient-temperature  lithium-ion  conductiv-
ity  based  on  ABA  triblock  copolymers  were  prepared.  The
ABA  triblock  copolymers  were  synthesized  through  tandem
ring-opening  metathesis  polymerization  (ROMP).  The  seg-
ment  A  is  PNbFp,[29] a  kind  of  well-studied  polynorbornene-
based MJLCP with a high Tg and a stable liquid crystalline (LC)
phase,  and  the  segment  B  is  comb-like  PEO  with  a  polynor-
bornene  main  chain.  The  ionic  liquid  (IL)  doped  in  the  poly-
mer electrolytes is used to improve the ionic conductivity be-
cause  IL  usually  has  high  ionic  conductivity,  low  vapor  pres-
sure,  fire-retardant property,  and excellent high-temperature
stability  and  is  often  used  in  gel  electrolytes  for  LIBs.[40−46]

Due  to  the  structural  design  of  the  ABA  triblock  copolymer
which makes the conducting PEO domain be the continuous
phase and the introduction of IL, the polymer electrolytes ob-
tained have high safety and high ionic conductivity.

EXPERIMENTAL

Materials and Characterization
Dichloromethane  (CH2Cl2)  was  purified  with  the  solvent
processing  system  (M.  Braun,  Inc.).  4,4'-Biphenol,  1-bromo-2-
hexyldecane, cis-5-norbornene-exo-2,3-dicarboxylic  anhydride,
acetic  acid,  2-aminoterephthalic  acid,  polyethylene  glycol
monomethyl  ether  (PEGME, Mn=400  g·mol−1),  1-ethyl-3-(3-
(dimethylamino)-propyl) carbodiimide hydrochloride (EDC·HCl),
4-(dimethylamino)  pyridine  (DMAP),  and  other  reagents  were
purchased  from  commercial  sources  and  used  as  received
without  purification. 1H-NMR  and 13C-NMR  spectra  were  per-
formed  on  a  Bruker  400  MHz  spectrometer.  Number-averaged
molecular  weight  (Mn)  was  obtained  from  size-exclusion  chro-

matography  (SEC)  in  THF  by  using  a  Waters  2410  instrument
equipped  with  a  Waters  2410  refractive  index  (RI)  detector.
Thermogravimetric  analysis  (TGA)  examinations  were  recorded
on  a  TA  SDT  2960  instrument  at  a  heating  rate  of  10  °C/min
under  nitrogen.  Differential  scanning  calorimetry  (DSC)  was
performed  on  a  TA  DSC  Q100  instrument  on  the  first  cooling
and  a  subsequent  heating  process  at  a  rate  of  5  °C/min  in  a
nitrogen  atmosphere.  Polarized  light  microscopy  (PLM)  was
conducted on a  Leitz  Laborlux  12  microscope with  a  Leitz  350
hot stage. Small-angle X-ray scattering (SAXS) experiments were
carried out on a Bruker Nanostar SAXS instrument using Cu Kα
radiation (λ=0.154 nm at 40 kV and 40 mA). The d-spacing (d) is
obtained by 2π/q, where the scattering vector q is defined as q
=  4π/λsinθ (2θ is  the  scattering  angle).  Synchrotron-radiation
SAXS  experiments  were  conducted  at  Synchrotron X-ray
Beamline  1W2A  in  the  Beijing  Synchrotron  Radiation  Facility
(BSRF)[47] and  Synchrotron  X-ray  Beamline  BL16B1  in the
Shanghai  Synchrotron  Radiation  Facility  (SSRF).  The  tests of
ionic  conductivity  were  performed  in  an  Autolab
electrochemistry  workstation  with  a  voltage  of  20  mV  and  a
frequency from 1 Hz to 1000 kHz. Rheological experiments were
conducted  by  using  a  MCR  301  rheometer  with  the  frequency
ranging from 0.1 rad·s−1 to 100 rad·s−1.

Synthesis of ABA Triblock Copolymers ABA-x
The  synthetic  route  is  shown  in Scheme  1.  The  monomers
NbPEO-400  and  NbFp  were  synthesized  according  to  our
previous  work,[29] and  the  detailed  process  is  described  in  the
electronic  supplementary  information  (ESI).  The  ABA  triblock
copolymers were synthesized with tandem ROMP. The synthesis
of ABA-3 is described below as an example. NbFp (20 equiv., 126
mg, 0.113 mmol) in 0.5 mL of CH2Cl2 was added into a Schleck
tube.  The  tube  was  degassed  with  three  freeze-pump-purge-
thaw cycles using high-purity nitrogen. The Grubbs catalyst (the
third generation, 1 equiv., 5.0 mg, 5.7 μmol) was added quickly,
followed by another three pump-purge cycles. The solution was
stirred at ambient temperature for 15 min, then NbPEO-400 (50
equiv.,  300  mg,  0.283  mmol)  in  1.0  mL  of  CH2Cl2 was  injected
and  stirred  for  another  15  min.  Trace  samples  were  taken  out
from the mixture to perform SEC examination. NbFp (20 equiv.,
126  mg,  0.113  mmol)  in  0.5  mL  of  CH2Cl2 was  injected  to  the
solution again. After 2 h, 0.1 mL of ethyl vinyl ether was added
to  quench  the  reaction.  The  mixture  was  passed  through  a
neutral  alumina  column  to  remove  the  Grubbs  catalyst,  and
then it was precipitated in 200 mL of petroleum ether to obtain
a white solid.

Doping of Lithium Salt and IL
The  ABA  triblock  copolymer  (20.0  mg)  and  an  appropriate
amount  of  lithium  bistrifluoromethanesulfonimide  (LiTFSI)  and
1-ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide
(EMIMTFSI)  were  dissolved  in  2  mL  of  chloroform  (CHCl3),  and
the mixture was stirred at  ambient  temperature for  24 h.  After
the  solvent  evaporated,  the  residue  was  dried  at  80  °C  in
vacuum for 12 h to remove the residual solvent.

RESULTS AND DISCUSSION

Synthesis of ABA-x
A series of ABA triblock copolymers with different compositions
were synthesized with tandem ROMP. ROMP were often used in
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the polymerization of monomers with large volumes like NbFp
and NbPEO-400 in this work.[48] In the chemical structure of the
ABA  triblock  copolymer,  A  segment  is  composed  of  a  MJLCP
with  a  polynorbornene  backbone  and  B  segment  is  a
polynorbornene-based  polymer  having  PEO  side  chains.  The
microphase  separation  between  the  A  and  B  segments  leads
the aggregated A segments to behave like physical crosslinking
points. Owing to the physical crosslinking of A segments, which
is beneficial to improve the mechanical strength of the SPE, the
content  of  PEO  could  be  further  increased  without  losing  the
self-supporting  capability  of  the  SPE  films  compared  with  the
diblock  copolymer  we  used  in  our  previous  work,[29] and  the
high  content  of  PEO  in  SPE  is  very  important  for  obtaining
excellent electrochemical properties.

The target  ABA-3 BCP sample is  pure without any residual
monomers, diblock copolymers, or homopolymers, as proven
by the SEC trace (Fig.  1). Fig.  1(a) shows SEC curves at  differ-
ent reaction time. The curve at right is the SEC trace of the ho-
mopolymer PNbFp13.  The middle curve shows the SEC curve
of  the  diblock  copolymer  PNbFp13-b-PNbPEO44,  and  the  left
one shows that of the ABA triblock copolymer ABA-3. There is
only  one  symmetric  peak  in  the  curves  of  PNbFp13-b-
PNbPEO44 and ABA-3, demonstrating that the polymerization
reaction  is  complete.  The  detailed  information  of  ABA-x
samples  is  shown  in Table  1.  The  mass  fractions  of  PEO  in
ABA-x,  denoted as wEO,  are determined by the ratios of  peak
areas of hydrogens in 1H-NMR spectra (Fig. S1 in ESI).

Thermal Properties of ABA-x/LiTFSI/IL
The  thermal  stability  of  ABA-x was  examined  by  TGA.  The  5%
weight  loss  temperatures  of  all  polymer  samples  are  over
300  °C,  proving  their  excellent  thermal  stabilities.  The  DSC
thermograms of ABA-3 and the complexes of ABA-3 with LiTFSI
and  IL  (ABA-3/LiTFSI/IL,  the  mass  fraction  of  IL  is  100%)  are
shown in Fig. 2. The crystallization and melting peaks of PEO are
almost invisible in the cooling and heating curves,  and a sharp
peak  at  216  °C  appears  during  heating,  which  should  be
attributed  to  the  phase  transition  from  the  LC  phase  to  the

isotropic  state  (Tiso).  However,  the  intensities  of  the  peaks  are
much weaker after doping of LiTFSI and IL, and the reason was
explained  in  our  previous  work.[29] Owing  to  the  polar  groups
like  ether  bonds in  MJLCP segments,  parts  of  Li+ and IL  would
enter  the  MJLCP  domains  and  weaken  the  ordering  of  the  LC
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Scheme 1    Synthetic route and chemical structure of the ABA triblock copolymer.
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Fig.  1    SEC  traces  of  ABA  triblock  copolymer  ABA-3,  diblock
copolymer PNbFp13-b-PNbPEO44,  and homopolymer PNbFp13 (a) and
those of ABA triblock copolymers ABA-1, ABA-2, and ABA-3 (b).
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phase. The DSC results of ABA-1 and ABA-2 are similar to those
of ABA-3.

LC Properties of ABA-x/LiTFSI/IL
The  LC  properties  of  ABA-3/LiTFSI/IL  were  studied  by  one-
dimensional  (1D)  WAXS.  The  WAXS  profiles  of  PNbFp31-b-
PNbPEO37,  ABA-3,  and  ABA-3/LiTFSI/IL  (100  wt%)  at  ambient
temperature  are  shown  in Fig.  3(a).  The  sharp  peaks  at q=
1.60  nm−1 (and  the  corresponding d-spacing  is  3.93  nm)  are
attributed to the LC structures. The q value and intensity of the
peak does not change with the doping of LiTFSI or IL probably
because  LiTFSI  and  IL  are  more  compatible  with  polar  ether
groups  so  that  they  tend  to  stay  in  the  PEO  domain.  Variable-
temperature  WAXS  profiles  in Fig.  3(b) illustrate  that  the  LC
structure  of  ABA-3/LiTFSI/IL  (100  wt%)  is  stable  even  at  a  high
temperature of 200 °C.

Microphase Separation Induced by Doping of LiTFSI
and IL
The  self-assembling  behaviors  of  ABA-x/LiTFSI/IL  were  also
investigated by SAXS. According to our previous studies,[29] the
introduction  of  lithium  salts  and  their  contents  affect  the  self-
assembling  structures  of  the  BCPs.  The  hexagonally  packed
cylindrical  (HEX)  structure  was  obtained  by  controlling  the
volume fraction of the PEO segment and the content of lithium
salt.  The  amount  of  IL  doped  was  as  high  as  175%  (W/W)
without  severe  decrease  in  mechanical  strength,  attributed  to
the  physically  crosslinked  structure.  The  SAXS  profiles  of  ABA-
3/LiTFSI/IL  with  different  contents  of  IL  are  shown  in Fig.  4(a).
There are several diffraction peaks in the low-angle region, and
the  ratio  of  their  scattering  vectors  is  1:31/2:2:71/2,  indicating  a
HEX structure. With the amount of IL doped increasing from 75
wt%  to  175  wt%,  the  position  of  the  primary  diffraction  peak
shifts  from  0.213  nm−1 to  0.206  nm−1 (with  the d-spacing

changing from 29.5  nm to  30.5  nm),  which is  mainly  owing to
the larger volume of the PEO/LiTFSI/IL phase with more IL. High-
temperature stability of the HEX structure was investigated with
variable-temperature  SAXS  (Fig.  4b).  The  intensities  of  the
diffraction  peaks  and  the  scattering  vector  ratio  at  200  °C  are
almost identical to the ones at ambient temperature, indicating
the  outstanding  high-temperature  stability  of  ABA-3/LiTFSI/IL.
Such a high stability may be attributed to the stable LC structure
of the MJLCP segment at high temperatures because the Tiso of
most MJLCP is very high. The microphase separation behaviors
of  ABA-1/LiTFSI/IL  and  ABA-2/LiTFSI/IL  are  similar  to  those  of
ABA-3/LiTFSI/IL, and the details are shown in Figs. S2 and S3 in
ESI. The self-assembling behavior of ABA-x/LiTFSI/IL is illustrated
in Fig.  5.  Although the HEX structures in this work are not well
oriented and many grain boundaries are likely to exist to hinder
the  ionic  conduction,  the  high  content  of  PEO  in  the  ABA-x
sample  makes  it  the  continuous  phase,  and  thus  lithium  ions
can migrate in all three dimensions.[20]

Ionic Conductivity of ABA-x/LiTFSI/IL
Electrical  impedance  spectrum  measurements  were  used  to
investigate  the  ionic  conductivities  (σ’s)  of  ABA-x/LiTFSI/IL
samples with different contents of lithium salt and IL at ambient
temperature.  Fig.  S4  (in  ESI)  shows  the σ values  of  ABA-
3/LiTFSI/IL (the content of IL is 150 wt%) with [Li+]/[EO] of 1/20,
1/10, and 1/5. A maximum σ value is obtained when [Li+]/[EO] is

Table 1    Molecular characteristics of ABA-1, ABA-2, and ABA-3.

Sample Mn a ×10−3 (g·mol−1) ĐM a wEO b (%) Td c (°C)

ABA-1 65 1.27 38 332
ABA-2 68 1.33 40 335
ABA-3 76 1.30 43 330

a Determined  from  SEC  results; b Determined  from 1H-NMR  results; c 5%
Weight  loss  temperature  (Td),  determined  by  TGA  at  a  heating  rate  of
10 °C·min−1 under nitrogen.
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Fig.  2    The first-cooling and the second-heating DSC thermograms
of ABA-3 and ABA-3/LiTFSI/IL (100 wt%) at a rate of 10 °C·min−1.
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Fig.  3    1D WAXS profiles  of  PNbFp31-b-PNbPEO37,  ABA-3,  and ABA-
3/LiTFSI/IL  (100  wt%)  at  ambient  temperature  (a)  and  those  of  ABA-
3/LiTFSI/IL at different temperatures (b).
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1/10. Thus, the doping amount of lithium salt in the subsequent
research was fixed as [Li+]/[EO]=1/10. The IL dependency of ion
conductivities of ABA-x/LiTFSI/IL (x=1, 2, 3) is shown in Fig. 6(a).
The σ value  is  linearly  enhanced  with  the  increase  of  the  IL
content  when  it  is  below  150  wt%  whereas  the  enhancement
is limited when the IL content is further increased. Considering
the high IL content may reduce the mechanical stability,  the IL
content of 150 wt% is chosen as be the best value. Even though
the IL content is only 150 wt%, the ionic conductivity reaches up
to  10−3 S·cm−1,  which  is  higher  than  the  values  of  most  other
polymer electrolytes.

The  ionic  conductivity  of  ABA-3/LiTFSI/IL  (150  wt%)  at  dif-
ferent  temperatures  is  shown  in Fig.  6(b).  The σ value  in-
creases with increasing temperature between −25 and 200 °C,
which is in agreement with the higher lithium ion mobility at
higher  temperatures.  In  addition,  the σ values  at  different
temperatures  can  be  fitted  with  the  Vogel-Tamman-Fulcher
(VTF) equation, demonstrating the high-temperature stability

of  ABA-3/LiTFSI/IL.  Furthermore,  the  ionic  conductivity  is
above  10−4 S·cm−1 even  when  the  temperature  is  −25  °C,
which  is  uncommon  because  many  polymer  electrolytes
crystallize at such a low temperature and their ionic conduct-
ivities would severely decrease.

Mechanical Properties of ABA-x/LiTFSI/IL
Shear  rheological  experiments  were  conducted  to  investigate
the  rheological  properties  of  ABA-x/LiTFSI/IL.  The  result  at
ambient temperature is shown in Fig. 7(a). The values of storage
modulus (G′) and loss modulus (G″) are comparable to those of
the  BCP  with  an  analogous  structure  in  our  previous  work.[29]

With the consideration that the higher IL content in the triblock
copolymer electrolyte should reduce the modulus, the physical
crosslinking  of  the  ABA  structure  plays  an  important  role  in
maintaining  the  mechanical  strength.  In  addition,  the  value
of G′ is  always  higher  than  G″ from  −25  °C  to  200  °C  in  the
variable-temperature rheological experiments with a shear rate
of  1  rad·s−1 (Fig.  7b),  demonstrating  the  excellent  mechanical
stability  compared  with  many  gel  electrolytes  having  high σ
values.  Tensile  tests  were  performed  to  study  the  mechanical
properties of ABA-x/LiTFSI/IL. The stress-strain curves in Fig. S5
(in  ESI)  shows the Young’s  modulus  and elongation at  break
of  ABA-3/LiTFSI/IL  (100  wt%)  are  about  2.8  MPa  and  20%,
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Fig. 4    SAXS profiles of ABA-3/LiTFSI/IL with different IL contents (a)
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Fig.  5    Schematic  illustration  of  the  LiTFSI  and  IL-induced
microphase separation of the ABA triblock copolymer.
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respectively, and a slight change occurs when the amount of
IL doped is increased to 150 wt%.

Inflammability of ABA-x/LiTFSI/IL
Flammability  of  liquid  electrolytes  is  thought  to  be  one  of  the
biggest  safety  issues  for  commercial  lithium-ion  batteries.
Herein,  the  inflammability  of  ABA-3/LiTFSI/IL  (150  wt%)
electrolyte  was  evaluated  by  ignition  upon  flame. Figs.  8(a)
and 8(b) show  the  polymer  film  before  and  after  contact  with
flame.  The  polymer  film is  still  stable  even after  8  s  of  burning
(Fig. 8c). Furthermore, the fire dies out quickly after the flame is
removed,  as  shown  in Fig.  8(d) and  Movie  S1  (in  ESI).  Low
flammability  of  several  other  SPEs  have  been  reported  in  the
literature.[49−51] Tu  and  his  coworkers  reported  a  porous
polyamide  skeleton-reinforced  SPE  which  was  flame-retardant
with low flammability. However, the SPE film was only in contact
with fire instead of being burned. So the ABA SPEs in this work
were more flame-retardant and safer.

The ABA-x/LiTFSI/IL  triblock copolymer electrolytes exhibit
impressive improvements compared with the diblock copoly-
mer electrolytes in our previous study. The improvements can
be  attributed  to  the  following  reasons.  On  the  one  hand,  by
introducing physical crosslinking points of A segments, the IL
content can be increased to 150 wt%, with the ionic conduct-
ivity  improved to be 10−3 S·cm−1.  And the physical  crosslink-
ing  provides  the  polymer  electrolytes  with  stretchability
which  was  not  observed  in  the  diblock  copolymer  electro-

lytes.  On  the  other  hand,  the  high  content  of  IL  in  the  elec-
trolytes  makes  the  electrolyte  films  flame  retardant.  It  has
been  reported  that  batteries  based  on  polymer  electrolyte
with  ionic  liquid  showed  excellent  cycling  performance.[52]

Therefore, solid-state lithium-ion batteries based on ABA SPE
were also believed to have outstanding electrochemical  per-
formance.

CONCLUSIONS

A  series  of  ABA  triblock  copolymers  were  synthesized  through
tandem ROMP. Their complexes with LiTFSI and IL self-assemble
into  HEX  nanostructures  that  are  stable  from  ambient
temperature  to  200  °C.  The  MJLCP  segment  A  in  the  triblock
copolymers  improves  the  mechanical  performance  of  the
polymer  electrolytes  because  the  MJLCP  segments  aggregate
to  serve  as  physical  crosslinking  points.  The  PEO-containing
domain  is  the  continuous  phase,  which  allows  ion  conduction
in  all  directions.  The  IL  doped  in  the  triblock  copolymers
significantly  increases  the  ionic  conductivity  at  ambient
temperature, and the highest σ value reaches 10−3 S·cm−1 which
is  higher  than  those  of  most  other  polymer  electrolytes.  The
mechanical strength of the ABA-x/LiTFSI/IL polymer electrolytes
is  enhanced  because  of  the  ABA  structure.  Compared  with  AB
diblock  copolymers  having  similar  chemical  compositions
investigated  in  our  previous  study,[29] the  ionic  conductivity
and  mechanical  performance  of  SPE  based  on  ABA  triblock
copolymers  were  highly  improved.  The  enhancement  of  the
performance  is  a  result  of  the  unique  design  of  the  chemical
structure  of  ABA  triblock  copolymer.  In  addition,  the  polymer
electrolytes are flame retardant and can self-extinguish after the
flame  is  removed.  These  polymer  electrolytes  based  on  ABA
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Fig. 8    Inflammability tests of a ABA-3/LiTFSI/IL (150 wt%) film.
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triblock copolymers with high safety and ionic conductivity are
potentially useful in solid-state lithium ion batteries and flexible
lithium ion batteries.

NOTES

The authors declare no competing financial interest.

 Electronic Supplementary Information
The  following  files  are  available  free  of  charge  in  the  online
version  of  this  article  at https://doi.org/10.1007/s10118-021-
2648-2. Synthesis of NbPEO-400 and NbFp, 1H-NMR spectrum of
ABA-3, ambient and variable-temperature SAXS profiles of ABA-
1/LiTFSI/IL  and  ABA-2/LiTFSI/IL,  ionic  conductivity  of  ABA-
3/LiTFSI/IL  with  different  amounts  of  lithium  salt,  and  tensile
curves of ABA-3/LiTFSI/IL (PDF). Video of inflammability tests of
the polymer electrolyte film (MP4).

ACKNOWLEDGMENTS

This  work  was  financially  supported  by  the  National  Key  R&D
Program  of  China  (No.  2018YFB0703702)  and  the  National
Natural Science Foundation of China (Nos. 21774001, 51725301
and  51921002).  The  authors  gratefully  acknowledge
Synchrotron  X-ray  Beamline  1W2A  in  Beijing  Synchrotron
Radiation  Facility  (BSRF)  and  Synchrotron  X-ray  Beamline
BL16B1 in Shanghai Synchrotron Radiation Facility (SSRF) for the
assistance with the SAXS experiments.

REFERENCES

Larcher,  D.;  Tarascon,  J.  M. Towards  greener  and  more
sustainable  batteries  for  electrical  energy  storage. Nat.  Chem.
2014, 7, 19.

1

Young,  W.  S.;  Kuan,  W.  F.;  Epps,  I.,  Thomas  H. Block  copolymer
electrolytes for rechargeable lithium batteries. J.  Polym. Sci.,  Part
B: Polym. Phys. 2014, 52, 1−16.

2

Watanabe,  T.;  Inafune,  Y.;  Tanaka,  M.;  Mochizuki,  Y.;  Matsumoto,
F.; Kawakami, H. Development of all-solid-state battery based on
lithium  ion  conductive  polymer  nanofiber  framework. J.  Power
Sources 2019, 423, 255−262.

3

Mong Anh, L.; Kim, D. Solid electrolyte membrane prepared from
poly(arylene  ether  sulfone)-g-poly(ethylene  glycol)  for  lithium
secondary battery. ACS Appl. Energy Mater. 2019, 2, 2585−2595.

4

Zhang, X.;  Li,  L.;  Fan, E.;  Xue, Q.;  Bian, Y.;  Wu, F.;  Chen, R. Toward
sustainable  and  systematic  recycling  of  spent  rechargeable
batteries. Chem. Soc. Rev. 2018, 47, 7239−7302.

5

Sun,  B.;  Asfaw,  H.  D.;  Rehnlund,  D.;  Mindemark,  J.;  Nyholm,  L.;
Edström,  K.;  Brandell,  D. Toward  solid-state  3D-microbatteries
using  functionalized  polycarbonate-based  polymer  electrolytes.
ACS Appl. Mater. Interfaces 2018, 10, 2407−2413.

6

Ping, J.; Pan, H.; Hou, P. P.; Zhang, M. Y.; Wang, X.; Wang, C.; Chen,
J.;  Wu,  D.;  Shen,  Z.;  Fan,  X.  H. Solid  polymer  electrolytes  with
excellent  high-temperature  properties  based  on  brush  block
copolymers  having  rigid  side  chains. ACS  Appl.  Mater.  Interfaces
2017, 9, 6130−6137.

7

Long,  L.;  Wang,  S.;  Xiao,  M.;  Meng,  Y. Polymer  electrolytes  for
lithium  polymer  batteries. J.  Mater.  Chem.  A 2016, 4,
10038−10069.

8

Xue, Z.; He, D.; Xie, X. Poly(ethylene oxide)-based electrolytes for
lithium-ion batteries. J. Mater. Chem. A 2015, 3, 19218−19253.

9

Wang,  Y.;  Zhong,  W.  H. Development  of  electrolytes  towards
achieving  safe  and  high-performance  energy-storage  devices:  a
review. ChemElectroChem 2015, 2, 22−36.

10

Kim,  S.;  Seo,  M. Control  of  porosity  in  hierarchically  porous
polymers  derived  from  hyper-crosslinked  block  polymer
precursors. J. Polym. Sci., Part A: Polym. Chem. 2018, 56, 900−913.

11

Fenton, D. E.; Parker, J. M.; Wright, P. V. Complexes of alkali metal
ions with poly(ethylene oxide). Polymer 1973, 14, 589.

12

Meyer,  W.  H. Polymer  electrolytes  for  lithium-ion  batteries. Adv.
Mater. 1998, 10, 439−448.

13

Gadjourova,  Z.;  Andreev,  Y.  G.;  Tunstall,  D.  P.;  Bruce,  P.  G. Ionic
conductivity in crystalline polymer electrolytes. Nature 2001, 412,
520−523.

14

Kishimoto, K.; Yoshio, M.; Mukai, T.; Yoshizawa, M.; Ohno, H.; Kato,
T. Nanostructured anisotropic ion-conductive films. J.  Am. Chem.
Soc. 2003, 125, 3196−3197.

15

Guo, M.; Zhang, M.; He, D.; Hu, J.; Wang, X.; Gong, C.; Xie, X.; Xue,
Z. Comb-like  solid  polymer  electrolyte  based  on  polyethylene
glycol-grafted  sulfonated  polyether  ether  ketone. Electrochim.
Acta 2017, 255, 396−404.

16

Chakraborty,  S.;  Jiang,  X.;  Hoffman,  Z.  J.;  Sethi,  G.  K.;  Zhu,  C.;
Balsara,  N.  P.;  Villaluenga,  I. Reversible  changes  in  the  grain
structure  and  conductivity  in  a  block  copolymer  electrolyte.
Macromolecules 2020, 53, 5455−5464.

17

Ji,  X.;  Cao,  M.;  Fu,  X.;  Liang,  R.;  Le,  A.  N.;  Zhang,  Q.;  Zhong,  M.
Efficient  room-temperature  solid-state  lithium  ion  conductors
enabled  by  mixed-graft  block  copolymer  architectures. Giant
2020, 3, 100027.

18

Phan,  T.  N.  T.;  Issa,  S.;  Gigmes,  D. Poly(ethylene  oxide)-based
block  copolymer  electrolytes  for  lithium  metal  batteries. Polym.
Int. 2019, 68, 7−13.

19

Villaluenga, I.; Chen, X. C.; Devaux, D.; Hallinan, D. T.; Balsara, N. P.
Nanoparticle-driven assembly of highly conducting hybrid block
copolymer electrolytes. Macromolecules 2015, 48, 358−364.

20

Jo, G.; Jeon, H.; Park, M. J. Synthesis of polymer electrolytes based
on  poly(ethylene  oxide)  and  an  anion-stabilizing  hard  polymer
for enhancing conductivity and cation transport. ACS Macro Lett.
2015, 4, 225−230.

21

Young, W.-S.; Albert, J. N. L.;  Schantz, A. B.; Epps, T. H. Mixed-salt
effects  on  the  ionic  conductivity  of  lithium-doped  peo-
containing  block  copolymers. Macromolecules 2011, 44,
8116−8123.

22

Chopade,  S.  A.;  Au,  J.  G.;  Li,  Z.;  Schmidt,  P.  W.;  Hillmyer,  M.  A.;
Lodge,  T.  P. Robust  polymer  electrolyte  membranes  with  high
ambient-temperature  lithium-ion  conductivity via
polymerization-induced microphase separation. ACS Appl. Mater.
Interfaces 2017, 9, 14561−14565.

23

Yan,  Y.;  Kong,  Q.  R.;  Sun,  C.  C.;  Yuan,  J.  J.;  Huang,  Z.;  Fang,  L.  F.;
Zhu,  B.  K.;  Song,  Y.  Z. Copolymer-assisted  polypropylene
separator for fast and uniform lithium ion transport in lithium-ion
batteries. Chinese J. Polym. Sci. 2020, 38, 1313−1324.

24

Liu, D.; Tang, Z.; Luo, L.; Yang, W.; Liu, Y.; Shen, Z.; Fan, X. H. Self-
healing solid polymer electrolyte with high ion conductivity and
super  stretchability  for  all-solid  zinc-ion  batteries. ACS  Appl.
Mater. Interfaces 2021, 13, 36320−36329.

25

Wanakule,  N.  S.;  Panday,  A.;  Mullin,  S.  A.;  Gann,  E.;  Hexemer,  A.;
Balsara, N. P. Ionic conductivity of block copolymer electrolytes in
the  vicinity  of  order-disorder  and  order-order  transitions.
Macromolecules 2009, 42, 5642−5651.

26

Cheng,  S.;  Smith,  D.  M.;  Li,  C.  Y. How  does  nanoscale  crystalline
structure  affect  ion  transport  in  solid  polymer  electrolytes?
Macromolecules 2014, 47, 3978−3986.

27

Sethi,  G.  K.;  Chakraborty,  S.;  Zhu,  C.;  Schaible,  E.;  Villaluenga,  I.;28

  Liu, D. et al. / Chinese J. Polym. Sci. 2022, 40, 21–28 27

 
https://doi.org/10.1007/s10118-021-2648-2

 

https://doi.org/10.1007/s10118-021-2648-2
https://doi.org/10.1007/s10118-021-2648-2
http://dx.doi.org/10.1038/nchem.2085
http://dx.doi.org/10.1002/polb.23404
http://dx.doi.org/10.1002/polb.23404
http://dx.doi.org/10.1016/j.jpowsour.2019.03.066
http://dx.doi.org/10.1016/j.jpowsour.2019.03.066
http://dx.doi.org/10.1021/acsaem.8b02212
http://dx.doi.org/10.1039/C8CS00297E
http://dx.doi.org/10.1021/acsami.7b13788
http://dx.doi.org/10.1021/acsami.6b15893
http://dx.doi.org/10.1039/C6TA02621D
http://dx.doi.org/10.1039/C5TA03471J
http://dx.doi.org/10.1002/celc.201402277
http://dx.doi.org/10.1002/pola.28966
http://dx.doi.org/10.1016/0032-3861(73)90146-8
http://dx.doi.org/10.1002/(sici)1521-4095(199804)10:6&amp;lt;439::aid-adma439&amp;gt;3.0.co;2-i
http://dx.doi.org/10.1002/(sici)1521-4095(199804)10:6&amp;lt;439::aid-adma439&amp;gt;3.0.co;2-i
http://dx.doi.org/10.1038/35087538
http://dx.doi.org/10.1021/ja029750u
http://dx.doi.org/10.1021/ja029750u
http://dx.doi.org/10.1016/j.electacta.2017.10.033
http://dx.doi.org/10.1016/j.electacta.2017.10.033
http://dx.doi.org/10.1021/acs.macromol.0c00466
http://dx.doi.org/10.1016/j.giant.2020.100027
http://dx.doi.org/10.1002/pi.5677
http://dx.doi.org/10.1002/pi.5677
http://dx.doi.org/10.1021/ma502234y
http://dx.doi.org/10.1021/mz500717j
http://dx.doi.org/10.1021/ma2013157
http://dx.doi.org/10.1021/acsami.7b02514
http://dx.doi.org/10.1021/acsami.7b02514
http://dx.doi.org/10.1007/s10118-020-2455-1
http://dx.doi.org/10.1021/acsami.1c09200
http://dx.doi.org/10.1021/acsami.1c09200
http://dx.doi.org/10.1021/ma900401a
http://dx.doi.org/10.1021/ma500734q
https://doi.org/10.1007/s10118-021-2648-2
https://doi.org/10.1007/s10118-021-2648-2
http://dx.doi.org/10.1038/nchem.2085
http://dx.doi.org/10.1002/polb.23404
http://dx.doi.org/10.1002/polb.23404
http://dx.doi.org/10.1016/j.jpowsour.2019.03.066
http://dx.doi.org/10.1016/j.jpowsour.2019.03.066
http://dx.doi.org/10.1021/acsaem.8b02212
http://dx.doi.org/10.1039/C8CS00297E
http://dx.doi.org/10.1021/acsami.7b13788
http://dx.doi.org/10.1021/acsami.6b15893
http://dx.doi.org/10.1039/C6TA02621D
http://dx.doi.org/10.1039/C5TA03471J
http://dx.doi.org/10.1002/celc.201402277
http://dx.doi.org/10.1002/pola.28966
http://dx.doi.org/10.1016/0032-3861(73)90146-8
http://dx.doi.org/10.1002/(sici)1521-4095(199804)10:6&amp;lt;439::aid-adma439&amp;gt;3.0.co;2-i
http://dx.doi.org/10.1002/(sici)1521-4095(199804)10:6&amp;lt;439::aid-adma439&amp;gt;3.0.co;2-i
http://dx.doi.org/10.1038/35087538
http://dx.doi.org/10.1021/ja029750u
http://dx.doi.org/10.1021/ja029750u
http://dx.doi.org/10.1016/j.electacta.2017.10.033
http://dx.doi.org/10.1016/j.electacta.2017.10.033
http://dx.doi.org/10.1021/acs.macromol.0c00466
http://dx.doi.org/10.1016/j.giant.2020.100027
http://dx.doi.org/10.1002/pi.5677
http://dx.doi.org/10.1002/pi.5677
http://dx.doi.org/10.1021/ma502234y
http://dx.doi.org/10.1021/mz500717j
http://dx.doi.org/10.1021/ma2013157
http://dx.doi.org/10.1021/acsami.7b02514
http://dx.doi.org/10.1021/acsami.7b02514
http://dx.doi.org/10.1007/s10118-020-2455-1
http://dx.doi.org/10.1021/acsami.1c09200
http://dx.doi.org/10.1021/acsami.1c09200
http://dx.doi.org/10.1021/ma900401a
http://dx.doi.org/10.1021/ma500734q
https://doi.org/10.1007/s10118-021-2648-2


Balsara, N. P. Effect of crystallization of the polyhedral oligomeric
silsesquioxane  block  on  self-assembly  in  hybrid  organic-
inorganic block copolymers with salt. Giant 2021, 6, 100055.
Wu,  F.;  Luo,  L.;  Tang,  Z.;  Liu,  D.;  Shen,  Z.;  Fan,  X.  H. Block
copolymer  electrolytes  with  excellent  properties  in  a  wide
temperature range. ACS Appl. Energy Mater. 2020, 3, 6536−6543.

29

Lopez, J.; Sun, Y.; Mackanic, D. G.; Lee, M.; Foudeh, A. M.; Song, M.
S.;  Cui, Y.;  Bao, Z. A dual-crosslinking design for resilient lithium-
ion conductors. Adv. Mater. 2018, 30, 1804142.

30

Mackanic,  D.  G.;  Michaels,  W.;  Lee,  M.;  Feng,  D.;  Lopez,  J.;  Qin,  J.;
Cui,  Y.;  Bao,  Z. Crosslinked  poly(tetrahydrofuran)  as  a  loosely
coordinating  polymer  electrolyte. Adv.  Energy  Mater. 2018, 8,
1800703.

31

Kim, G. T.; Appetecchi, G. B.; Carewska, M.; Joost, M.; Balducci, A.;
Winter,  M.;  Passerini,  S. UV  cross-linked,  lithium-conducting
ternary  polymer  electrolytes  containing  ionic  liquids. J.  Power
Sources 2010, 195, 6130−6137.

32

Choudhury,  S.;  Mangal,  R.;  Agrawal,  A.;  Archer,  L.  A. A  highly
reversible  room-temperature  lithium  metal  battery  based  on
crosslinked hairy nanoparticles. Nat. Commun. 2015, 6, 10101.

33

Zhang, Y. D.; Fan, X. H.; Shen, Z.; Zhou, Q. F. Thermoreversible ion
gel  with  tunable  modulus  self-assembled  by  a  liquid  crystalline
triblock  copolymer  in  ionic  liquid. Macromolecules 2015, 48,
4927−4935.

34

Tang, Z.;  Lyu,  X.;  Luo,  L.;  Shen, Z.;  Fan,  X.  H. White-light-emitting
AIE/Eu3+-doped  ion  gel  with  multistimuli-responsive  properties.
ACS Appl. Mater. Interfaces 2020, 45420−45428.

35

Vatankhah-Varnosfaderani,  M.;  Keith,  A.  N.;  Cong,  Y.;  Liang,  H.;
Rosenthal,  M.;  Sztucki,  M.;  Clair,  C.;  Magonov,  S.;  Ivanov,  D.  A.;
Dobrynin,  A.  V.;  Sheiko,  S.  S. Chameleon-like  elastomers  with
molecularly  encoded  strain-adaptive  stiffening  and  coloration.
Science 2018, 359, 1509−1513.

36

Keith,  A.  N.;  Vatankhah-Varnosfaderani,  M.;  Clair,  C.;  Fahimipour,
F.;  Dashtimoghadam,  E.;  Lallam,  A.;  Sztucki,  M.;  Ivanov,  D.  A.;
Liang,  H.;  Dobrynin,  A.  V.;  Sheiko,  S.  S. Bottlebrush  bridge
between  soft  gels  and  firm  tissues. ACS  Central  Sci. 2020, 6,
413−419.

37

Liang,  H.;  Wang,  Z.;  Dobrynin,  A.  V. Strain-adaptive  self-
assembled  networks  of  linear-bottlebrush-linear  copolymers.
Macromolecules 2019, 52, 8617−8624.

38

Cong,  Y.;  Vatankhah-Varnosfaderani,  M.;  Karimkhani,  V.;  Keith,  A.
N.; Leibfarth, F. A.; Martinez, M. R.; Matyjaszewski, K.; Sheiko, S. S.
Understanding  the  synthesis  of  linear-bottlebrush-linear  block
copolymers:  toward  plastomers  with  well-defined  mechanical
properties. Macromolecules 2020, 53, 8324−8332.

39

Tang,  Z.;  Lyu,  X.;  Xiao,  A.;  Shen,  Z.;  Fan,  X. High-performance
double-network ion gels with fast thermal healing capability via
dynamic covalent bonds. Chem. Mater. 2018, 30, 7752−7759.

40

Feng, L.; Wang, K.; Zhang, X.; Sun, X.; Li, C.; Ge, X.; Ma, Y. Flexible
solid-state  supercapacitors  with  enhanced  performance  from
hierarchically  graphene  nanocomposite  electrodes  and  ionic
liquid  incorporated  gel  polymer  electrolyte. Adv.  Funct.  Mater.
2018, 28, 1704463.

41

Gwee,  L.;  Choi,  J.  H.;  Winey,  K.  I.;  Elabd,  Y.  A. Block
copolymer/ionic  liquid  films:  the  effect  of  ionic  liquid
composition on morphology and ion conduction. Polymer 2010,
51, 5516−5524.

42

Shin,  J.  H.;  Henderson,  W.  A.;  Passerini,  S. Ionic  liquids  to  the
rescue?  Overcoming  the  ionic  conductivity  limitations  of
polymer electrolytes. Electrochem. Commun. 2003, 5, 1016−1020.

43

Tafur,  J.  P.;  Fernández Romero,  A.  J.  Electrical  and spectroscopic
characterization  of  PVDF-HFP  and  TFSI—ionic  liquids-based  gel
polymer electrolyte membranes. Influence of ZnTf2 salt. J. Membr.
Sci. 2014, 469, 499−506.

44

Tsao, C. H.; Su, H. M.; Huang, H. T.; Kuo, P. L.; Teng, H. Immobilized
cation  functional  gel  polymer  electrolytes  with  high  lithium
transference  number  for  lithium  ion  batteries. J.  Membr.  Sci.
2018, 572, 382−389.

45

Zhang, D. Z.; Ren, Y. Y.; Hu, Y.; Li, L.; Yan, F. Ionic liquid/poly(ionic
liquid)-based  semi-solid  state  electrolytes  for  lithium-ion
batteries. Chinese J. Polym. Sci. 2020, 38, 506−513.

46

Li, Z.; Wu, Z.; Mo, G.; Xing, X.; Liu, P. A small-angle X-ray scattering
station  at  beijing  synchrotron  radiation  facility. Instrum.  Sci.
Technol. 2014, 42, 128−141.

47

Varlas, S.; Lawrenson, S. B.; Arkinstall, L. A.; O’Reilly, R. K.; Foster, J.
C. Self-assembled  nanostructures  from  amphiphilic  block
copolymers  prepared via ring-opening  metathesis
polymerization (ROMP). Prog. Polym. Sci. 2020, 107, 101278.

48

Xu, Y.;  Zhang, S.;  Liang,  T.;  Yao,  Z.;  Wang, X.;  Gu,  C.;  Xia,  X.;  Tu,  J.
Porous  polyamide  skeleton-reinforced  solid-state  electrolyte:
enhanced  flexibility,  safety,  and  electrochemical  performance.
ACS Appl. Mater. Interfaces 2021.

49

Jia,  H.;  Onishi,  H.;  Wagner,  R.;  Winter,  M.;  Cekic-Laskovic,  I. An
intrinsically  safe  gel  polymer  electrolyte  comprising  flame
retarding polymer matrix for lithium ion battery application. ACS
Appl. Mater. Interfaces 2018, 10, 42348−42355.

50

Olmedo-Martínez,  J.  L.;  Meabe, L.;  Riva,  R.;  Guzmán-González,  G.;
Porcarelli,  L.;  Forsyth,  M.;  Mugica,  A.;  Calafel,  I.;  Müller,  A.  J.;
Lecomte,  P.;  Jérôme,  C.;  Mecerreyes,  D. Flame  retardant
polyphosphoester  copolymers  as  solid  polymer  electrolyte  for
lithium batteries. Polym. Chem. 2021, 12, 3441−3450.

51

Simone, P. M.; Lodge, T. P. Phase behavior and ionic conductivity
of  concentrated  solutions  of  polystyrene-poly(ethylene  oxide)
diblock copolymers in an ionic liquid. ACS Appl.  Mater.  Interfaces
2009, 1, 2812−2820.

52

28 Liu, D. et al. / Chinese J. Polym. Sci. 2022, 40, 21–28  

 
https://doi.org/10.1007/s10118-021-2648-2

 

http://dx.doi.org/10.1016/j.giant.2021.100055
http://dx.doi.org/10.1021/acsaem.0c00737
http://dx.doi.org/10.1002/adma.201804142
http://dx.doi.org/10.1002/aenm.201800703
http://dx.doi.org/10.1016/j.jpowsour.2009.10.079
http://dx.doi.org/10.1016/j.jpowsour.2009.10.079
http://dx.doi.org/10.1038/ncomms10101
http://dx.doi.org/10.1021/acs.macromol.5b01103
http://dx.doi.org/10.1021/acsami.0c15656
http://dx.doi.org/10.1126/science.aar5308
http://dx.doi.org/10.1021/acscentsci.9b01216
http://dx.doi.org/10.1021/acs.macromol.9b01859
http://dx.doi.org/10.1021/acs.macromol.0c01083
http://dx.doi.org/10.1021/acs.chemmater.8b03104
http://dx.doi.org/10.1002/adfm.201704463
http://dx.doi.org/10.1016/j.polymer.2010.09.026
http://dx.doi.org/10.1016/j.elecom.2003.09.017
http://dx.doi.org/10.1016/j.memsci.2014.07.007
http://dx.doi.org/10.1016/j.memsci.2014.07.007
http://dx.doi.org/10.1016/j.memsci.2018.11.033
http://dx.doi.org/10.1007/s10118-020-2390-1
http://dx.doi.org/10.1080/10739149.2013.845845
http://dx.doi.org/10.1080/10739149.2013.845845
http://dx.doi.org/10.1016/j.progpolymsci.2020.101278
http://dx.doi.org/10.1021/acsami.1c00084
http://dx.doi.org/10.1021/acsami.8b15505
http://dx.doi.org/10.1021/acsami.8b15505
http://dx.doi.org/10.1039/D1PY00344E
http://dx.doi.org/10.1021/am900555f
http://dx.doi.org/10.1016/j.giant.2021.100055
http://dx.doi.org/10.1021/acsaem.0c00737
http://dx.doi.org/10.1002/adma.201804142
http://dx.doi.org/10.1002/aenm.201800703
http://dx.doi.org/10.1016/j.jpowsour.2009.10.079
http://dx.doi.org/10.1016/j.jpowsour.2009.10.079
http://dx.doi.org/10.1038/ncomms10101
http://dx.doi.org/10.1021/acs.macromol.5b01103
http://dx.doi.org/10.1021/acsami.0c15656
http://dx.doi.org/10.1126/science.aar5308
http://dx.doi.org/10.1021/acscentsci.9b01216
http://dx.doi.org/10.1021/acs.macromol.9b01859
http://dx.doi.org/10.1021/acs.macromol.0c01083
http://dx.doi.org/10.1021/acs.chemmater.8b03104
http://dx.doi.org/10.1002/adfm.201704463
http://dx.doi.org/10.1016/j.polymer.2010.09.026
http://dx.doi.org/10.1016/j.elecom.2003.09.017
http://dx.doi.org/10.1016/j.memsci.2014.07.007
http://dx.doi.org/10.1016/j.memsci.2014.07.007
http://dx.doi.org/10.1016/j.memsci.2018.11.033
http://dx.doi.org/10.1007/s10118-020-2390-1
http://dx.doi.org/10.1080/10739149.2013.845845
http://dx.doi.org/10.1080/10739149.2013.845845
http://dx.doi.org/10.1016/j.progpolymsci.2020.101278
http://dx.doi.org/10.1021/acsami.1c00084
http://dx.doi.org/10.1021/acsami.8b15505
http://dx.doi.org/10.1021/acsami.8b15505
http://dx.doi.org/10.1039/D1PY00344E
http://dx.doi.org/10.1021/am900555f
http://dx.doi.org/10.1016/j.giant.2021.100055
http://dx.doi.org/10.1021/acsaem.0c00737
http://dx.doi.org/10.1002/adma.201804142
http://dx.doi.org/10.1002/aenm.201800703
http://dx.doi.org/10.1016/j.jpowsour.2009.10.079
http://dx.doi.org/10.1016/j.jpowsour.2009.10.079
http://dx.doi.org/10.1038/ncomms10101
http://dx.doi.org/10.1021/acs.macromol.5b01103
http://dx.doi.org/10.1021/acsami.0c15656
http://dx.doi.org/10.1126/science.aar5308
http://dx.doi.org/10.1021/acscentsci.9b01216
http://dx.doi.org/10.1021/acs.macromol.9b01859
http://dx.doi.org/10.1021/acs.macromol.0c01083
http://dx.doi.org/10.1021/acs.chemmater.8b03104
http://dx.doi.org/10.1016/j.giant.2021.100055
http://dx.doi.org/10.1021/acsaem.0c00737
http://dx.doi.org/10.1002/adma.201804142
http://dx.doi.org/10.1002/aenm.201800703
http://dx.doi.org/10.1016/j.jpowsour.2009.10.079
http://dx.doi.org/10.1016/j.jpowsour.2009.10.079
http://dx.doi.org/10.1038/ncomms10101
http://dx.doi.org/10.1021/acs.macromol.5b01103
http://dx.doi.org/10.1021/acsami.0c15656
http://dx.doi.org/10.1126/science.aar5308
http://dx.doi.org/10.1021/acscentsci.9b01216
http://dx.doi.org/10.1021/acs.macromol.9b01859
http://dx.doi.org/10.1021/acs.macromol.0c01083
http://dx.doi.org/10.1021/acs.chemmater.8b03104
http://dx.doi.org/10.1002/adfm.201704463
http://dx.doi.org/10.1016/j.polymer.2010.09.026
http://dx.doi.org/10.1016/j.elecom.2003.09.017
http://dx.doi.org/10.1016/j.memsci.2014.07.007
http://dx.doi.org/10.1016/j.memsci.2014.07.007
http://dx.doi.org/10.1016/j.memsci.2018.11.033
http://dx.doi.org/10.1007/s10118-020-2390-1
http://dx.doi.org/10.1080/10739149.2013.845845
http://dx.doi.org/10.1080/10739149.2013.845845
http://dx.doi.org/10.1016/j.progpolymsci.2020.101278
http://dx.doi.org/10.1021/acsami.1c00084
http://dx.doi.org/10.1021/acsami.8b15505
http://dx.doi.org/10.1021/acsami.8b15505
http://dx.doi.org/10.1039/D1PY00344E
http://dx.doi.org/10.1021/am900555f
http://dx.doi.org/10.1002/adfm.201704463
http://dx.doi.org/10.1016/j.polymer.2010.09.026
http://dx.doi.org/10.1016/j.elecom.2003.09.017
http://dx.doi.org/10.1016/j.memsci.2014.07.007
http://dx.doi.org/10.1016/j.memsci.2014.07.007
http://dx.doi.org/10.1016/j.memsci.2018.11.033
http://dx.doi.org/10.1007/s10118-020-2390-1
http://dx.doi.org/10.1080/10739149.2013.845845
http://dx.doi.org/10.1080/10739149.2013.845845
http://dx.doi.org/10.1016/j.progpolymsci.2020.101278
http://dx.doi.org/10.1021/acsami.1c00084
http://dx.doi.org/10.1021/acsami.8b15505
http://dx.doi.org/10.1021/acsami.8b15505
http://dx.doi.org/10.1039/D1PY00344E
http://dx.doi.org/10.1021/am900555f
https://doi.org/10.1007/s10118-021-2648-2

