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assembly of 1D molecular brushes and 0D hairy ceramic nanoparticles,
followed  by in  situ polymerization.  The  resulting  ultrathin  QSCE-
BPL/LPE/PDL  (19  μm)  delivers  a  high  ionic  conductivity  of  5.44  ×
10−4 S  cm−1 and  a  Li+ transference  number  of  0.67,  and  enables
Li/LiFePO4 cells to operate for 200 cycles with 94% capacity retention
at 0.5 C.
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ABSTRACT
The practical application of lithium metal batteries is severely hindered by flammable liquid electrolytes and uncontrollable
lithium dendrite growth. In this study, we propose a novel asymmetric quasi-solid-state composite electrolyte (denoted as
QSCE-BPL/LPE/PDL) designed to overcome these challenges. QSCE-BPL/LPE/PDL is fabricated by evaporation-induced
self-assembly of  one-dimensional  molecular  brush BC-g-PLiSTFSI [BC = bacterial  cellulose,  PLiSTFSI = poly(lithium 4-
styrenesulfonyl-(trifluoromethylsulfonyl)  imide)]  and  zero-dimensional  hairy  nanoparticle  LL-g-PEGMA  [LL  =
Li6.4La3Zr1.4Ta0.6O12,  PEGMA  =  poly(oligo(ethylene  glycol)  methyl  ether  methacrylate)],  followed  by in  situ cationic  ring-
opening polymerization of 1,3-dioxolane. The resulting ultrathin QSCE-BPL/LPE/PDL (19 μm) possesses a unique asym-
metric architecture comprising a rigid layer of hairy nanoparticles to suppress dendrite penetration and a composite layer
to  ensure  good  interfacial  contact  with  the  cathode.  The  grafted  PLiSTFSI  side  chains  enable  single  Li+ conduction  to
reduce concentration polarization,  and the PEGMA side chains promote lithium salt  dissociation to accelerate Li+ trans-
port. This design yields a three-dimensional porous network that provides continuous and fast Li+ transport pathways. The
optimized  electrolyte  achieves  a  high  ionic  conductivity  of  5.44  ×  10−4 S  cm−1 and  a  Li+ transference  number  of  0.67  at
room temperature. Consequently, Li/LiFePO4 cells with QSCE-BPL/LPE/PDL can operate stably for 200 cycles with a high-
capacity  retention  of  94% at  0.5  C.  This  study  provides  a  feasible  molecular  engineering  strategy  for  developing  high-
performance and safe lithium metal batteries.
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 1    Introduction
With the development of electric vehicles and smart grids,
there  is  a  growing  demand  for  battery  safety  and  energy
density  that  cannot  be  satisfied  by  traditional  lithium-ion
batteries[1,2].  The  replacement  of  the  common  graphite
anode  with  lithium  metal,  which  possesses  an  extremely
high theoretical specific capacity (3860 mAh g−1) and a low
electrochemical potential (−3.04 V vs. the standard hydro-
gen  electrode),  has  attracted  extensive  attention[3,4].  The
development  of  next-generation  and  high-energy-density
lithium  metal  batteries  (LMBs)  is  considered  critical;
however,  LMBs  are  prone  to  serious  safety  issues  due  to
flammable  organic  solvents  and  harmful  lithium
dendrites[5−9].

Compared with existing liquid electrolytes (LEs),  solid-
state electrolytes (SEs) with high mechanical strength and
lithium-ion  (Li+)  conductivity  are  promising  materials  to
address  the  safety  hazards  and  energy  density  issues  of

LMBs[10,11].  In  general,  SEs  can  be  categorized  into  solid-
state  polymer  electrolytes  (SPEs),  inorganic  ceramic  elec-
trolytes  (ICEs),  and  solid-state  composite  electrolytes
(SCEs)[12]. By adding inorganic ceramic components into a
polymer/lithium  salt  matrix,  SCEs  combine  the  advan-
tages  of  ICEs and SPEs and have become promising elec-
trolyte systems for solid-state LMBs[13−16]. However, because
the  preparation  method  of  traditional  SCEs  is  based  on
simple  mechanical  mixing,  SCEs  still  face  various  chal-
lenges,  such  as  the  poor  interfacial  compatibility  between
different functional components, low ionic conductivity at
room temperature,  and difficulty  in completely  inhibiting
the growth of lithium dendrites, which severely restrict the
application of SCEs in LMBs (Fig. 1a).

Recently,  as  an  important  type  of  SCEs,  asymmetric
quasi-solid-state  composite  electrolytes  (QSCEs)  have
attracted  extensive  attention  because  of  their  distinctive
multilayer architectures, which enable function customiza-
tion  based  on  the  cathode  and  anode  requirements[17,18].

  

Open Access
https://doi.org/10.26599/EMD.2026.9370095 Research Article
 

 

Received: April 11, 2026 / Revised: April 23, 2026 / Accepted: April 24, 2026
✉Address correspondence to Yin Cui, cuiyin1@sztu.edu.cn; Dingcai Wu, wudc@mail.sysu.edu.cn
 

http://orcid.org/0009-0001-9145-0984
http://orcid.org/0009-0005-3031-6326
http://orcid.org/0000-0002-7617-0618
http://orcid.org/0000-0003-1396-0097
http://orcid.org/0009-0001-9145-0984
http://orcid.org/0009-0005-3031-6326
http://orcid.org/0000-0002-7617-0618
http://orcid.org/0000-0003-1396-0097
https://doi.org/10.26599/EMD.2026.9370095
mailto:cuiyin1@sztu.edu.cn
mailto:wudc@mail.sysu.edu.cn


The anode-facing side typically incorporates rigid ceramic
components  that  suppress  lithium  dendrite  growth  and
promote uniform lithium deposition, whereas the cathode-
facing  side  contains  flexible  polymer  components  that
improve  interfacial  stability.  However,  current  asymmet-
ric  QSCEs  generally  lack  lithiophilic  functional  groups,
which  is  unfavorable  for  regulating  and  optimizing  Li+

transport  behavior.  Moreover,  a  single  asymmetric  struc-
ture  is  insufficient  to  achieve  multifunctional  integration,
resulting  in  limited  battery  performance  under  low-
temperature  conditions.  Therefore,  it  is  still  a  significant
challenge to develop asymmetric QSCEs with hierarchical
designs that can facilitate efficient Li+ transport.

In  this  study,  we  design  a  novel  organic–inorganic
composite  membrane  (denoted  as  CM-BPL/LPE)  with
high interfacial compatibility and its corresponding QSCE
(denoted  as  QSCE-BPL/LPE/PDL)  (Fig.  1b).  The
poly(lithium  4-styrenesulfonyl-(trifluoromethylsulfonyl)
imide) (PLiSTFSI) side chain on the one-dimensional (1D)
molecular brush BC-g-PLiSTFSI (BC = bacterial cellulose)
surface  can  achieve  a  single  Li+ conduction  behavior,
reducing  the  concentration  polarization  and  improving
the Li+ transport  efficiency at  the organic/inorganic inter-

face[19].  The  ethoxy  groups  of  the  flexible  poly(oligo(ethy-
lene  glycol)  methyl  ether  methacrylate)  (PEGMA)  side
chain on the zero-dimensional (0D) hairy nanoparticle LL-
g-PEGMA  (LL  =  Li6.4La3Zr1.4Ta0.6O12)  surface  provide  a
synergistic  coordination  interaction  with  Li+,  promote
lithium  salt  dissociation,  and  improve  ionic  conductivity,
which  is  conducive  to  rapid  charging/discharging  at  high
rates[20]. The hard layer comprising LL-g-PEGMA contains
a  large  number  of  LL  ceramic  substrates  with  high
mechanical  strength,  which can effectively  inhibit  lithium
dendrite growth. Even if some lithium dendrites penetrate
the  surface,  they  can  be  blocked  by  tightly  stacked  LL-g-
PEGMA  hairy  nanoparticles  in  the  hard  layer,  consider-
ably  enhancing  LMB  safety.  Moreover,  the  functional
polymer side chains enhance LL dispersion in BC and the
interfacial  compatibility  between  CM-BPL/LPE  and
poly(1,3-dioxolane).  In  addition, in  situ polymerization
helps  reduce  the  electrolyte/electrode  interfacial
impedance.  Finally,  BC-g-PLiSTFSI  and  LL-g-PEGMA
enable  the  formation  of  an  asymmetric  porous  three-
dimensional  (3D)  nanonetwork  structure  through  evapo-
ration-induced  self-assembly,  providing  continuous  and
fast  Li+ transport  pathways.  As  a  result,  QSCE-
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Figure 1    Schematic of lithium plating/stripping behaviors for LMBs with traditional SCE (a) and QSCE-BPL/LPE/PDL (b). Compared
with  traditional  single-layer  SCE,  QSCE-BPL/LPE/PDL  comprises  zero-dimensional  (0D)  hairy  nanoparticle  (LL-g-PEGMA)  and  1D
molecular  brush  (BC-g-PLiSTFSI),  which  can  enhance  interfacial  compatibility  on  the  cathode  side  and  suppress  lithium  dendrite
growth  on  the  anode  side.  The  ethoxy  group  of  hairy  PEGMA  side  chain  provides  a  synergistic  coordination  interaction  with  Li+ to
accelerate LiPF6 dissociation. The grafted PLiSTFSI side chain could homogenize Li+ flux, thereby improving interfacial  compatibility.
Moreover, the 3D porous nanonetwork structure exhibits robust mechanical performance and enables rapid Li+ transport.
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BPL/LPE/PDL exhibits a high ionic conductivity of 5.44 ×
10−4 S  cm−1 at  room  temperature,  and  the  corresponding
Li|QSCE-BPL/LPE/PDL|LFP  (LFP  =  LiFePO4)  cell  can
operate stably for 200 cycles with a high capacity retention
of  94%  at  0.5  C.  These  results  indicate  that  the  organic
modification  of  polymer/inorganic  fillers  by  molecular
engineering  strategy  and  the  synergistic  assembly  using
noncovalent interactions between different hybrid compo-
nents  can  substantially  improve  the  electrochemical
performance  of  SCEs  and  facilitate  the  practical  applica-
tion of high-energy-density LMBs.

 2    Experimental methods
The  experimental  section  is  available  in  the  Electronic
Supplementary  Material  (ESM),  which  is  available  in  the
online version of this article.

 3    Results and discussion
Figure S1 in the ESM shows the preparation procedures of
CM-BPL/LPE and QSCE-BPL/LPE/PDL. Specifically, LL-g-
PEGMA was obtained by grafting the PEGMA side chain
on  the  LL  ceramic  nanoparticle  surface.  BC-g-PLiSTFSI
was synthesized by grafting the PLiSTFSI side chain from
BC. Subsequently, LL-g-PEGMA and BC-g-PLiSTFSI were
uniformly  dispersed  in N,N-dimethylformamide  (DMF),
and  CM-BPL/LPE  was  prepared  through  self-assembly
induced by natural sedimentation and interaction between
building  units  during  DMF  evaporation.  Finally,  a  novel
flexible  self-supporting  QSCE  (i.e.,  QSCE-BPL/LPE/PDL)
with  high  conductivity  and  high  thermal/mechanical
stability was obtained by the in situ ring-opening polymer-
ization  of  1,3-dioxolane  (DOL)  induced  by  lithium

hexafluorophosphate  (LiPF6)  in  the  aforementioned
porous  CM-BPL/LPE.  Figure  S2  in  the  ESM  shows  the
Fourier  transform  infrared  spectroscopy  (FTIR)  results.
Compared  with  commercial  LL,  new  characteristic  peaks
appear  at  1724,  1107,  and  945  cm−1 for  LL-g-PEGMA,
attributable to the C=O, C–O, and C–O–C bonds, respec-
tively[20]. After grafting PLiSTFSI from BC, BC-g-PLiSTFSI
exhibits  three  new characteristic  peaks  at  1649,  1315,  and
1196  cm−1,  ascribed  to  the  stretching  vibrations  of  C=C,
S=O, and S–N, respectively[21]. FTIR results show that LL-g-
PEGMA  and  BC-g-PLiSTFSI  were  successfully  synthe-
sized.  According  to  the  gel  permeation  chromatography
traces in Fig. S3 in the ESM, the number-averaged molecu-
lar weights (Mn) of the grafted PEGMA and PLiSTFSI side
chains  were  determined  to  be  2.9  ×  104 and  3.2  ×  104,
respectively. Based on the X-ray diffraction results (Fig. S4
in  the  ESM),  the  crystal  structure  of  the  original  LL
ceramic  nanoparticle  and  BC  nanofiber  did  not  change
after  grafting  the  functional  side  chains.  As  shown  in  the
scanning  electron  microscopy  (SEM)  images  of  Figs.  S5
and  S6  in  the  ESM,  LL-g-PEGMA  exhibits  the  same
nanomorphology  as  LL,  and  BC-g-PLiSTFSI  inherits  the
original  BC  nanofiber  structure.  SEM  elemental  mapping
images  demonstrate  that  the  grafted  PEGMA  and
PLiSTFSI side chains are homogeneously dispersed, which
would be conducive to regulating the uniform Li+ transfer
(Figs. S7 and S8 in the ESM).

CM-BPL/LPE  is  prepared  by  the  evaporation-induced
self-assembly of  BC-g-PLiSTFSI and LL-g-PEGMA with a
mass ratio of 1:2 (Fig. 2a). CM-BPL/LPE has an asymmet-
ric  and  porous  structure,  where  the  top  of  CM-BPL/LPE
(CM-BPL/LPE-t) mainly comprises LL-g-PEGMA and BC-
g-PLiSTFSI,  whereas  the  bottom  of  CM-BPL/LPE  (CM-
BPL/LPE-b)  is  primarily  formed  by  LL-g-PEGMA  stack-
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Figure 2    (a) Digital photo of a large piece of CM-BPL/LPE. Top-view (b, c) and bottom-view (d, e) SEM images of CM-BPL/LPE at
different  magnifications.  Digital  photos  of  QSCE-BPL/LPE/PDL  (f),  and  its  bending  (g)  and  folding  (h).  (i)  Digital  photo  of  QSCE-
BPL/LPE/PDL  after  bending  and  folding  100  times.  AFM  Young’s  modulus  mappings  of  QSCE-BPL/LPE/PDL-t  (j)  and  QSCE-
BPL/LPE/PDL-b (k).
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ing (Figs. 2b–2e). Control samples are prepared by adjust-
ing the ratio of different hybrid components, including the
composite membranes (CM-2BPL/1LPE, CM-1BPL/1LPE,
CM-1BPL/2LL,  CM-1BC/2LPE,  and  CM-1BC/2LL).  As
shown  in  Fig.  S9  in  the  ESM,  CM-1BPL/1LPE  and  CM-
2BPL/1LPE exhibit asymmetric network structures. When
the mass ratio is 1:1, a small amount of BC-g-PLiSTFSI can
be observed on the CM-BPL/LPE-b surface, indicating that
the lower content of LL-g-PEGMA is insufficient to effec-
tively  cover  the  underside  of  the  composite  membrane.
Meanwhile, when the mass ratio is increased to 2:1, only a
small  amount  of  LL-g-PEGMA  is  observed  on  the  CM-
BPL/LPE-t surface, whereas the content of BC-g-PLiSTFSI
on the CM-BPL/LPE-b surface is further increased.

Notably, CM-BPL/LPE-V, which is obtained by vacuum
filtration, exhibits an asymmetric structure with severe LL
nanoparticle agglomeration, suggesting that the membrane
formation method considerably affects the microstructure
of CM-BPL/LPE (Fig. S10 in the ESM). CM-1BC/2LL also
displays  severe  LL  nanoparticle  agglomeration,  which  is
not  conducive  to  Li+ conduction  and  interfacial  contact
(Fig.  S11 in  the  ESM).  Furthermore,  compared with  CM-
1BC/2LL,  CM-1BPL/2LL  (BC-g-PLiSTFSI  with  unmodi-
fied  LL)  and  CM-1BC/2LPE  (unmodified  BC  with  LL-g-
PEGMA) show marginally  improved nanoparticle  disper-
sion  (Fig.  S12  in  the  ESM).  Nevertheless,  nanoparticle
agglomerates  remain  evident  in  both  composite  mem-
branes. These results indicate that the interaction between
BC-g-PLiSTFSI  and  LL-g-PEGMA  functional  side  chains
could considerably alleviate nanoparticle agglomeration.

To  investigate  the  wettability  of  precursor  solutions
containing  ester-based  electrolytes  and  DOL,  the  contact
angle  was  tested  for  pure  BC  membrane,  commercial
polypropylene  (PP)  separator,  and  CM-BPL/LPE.  As
shown in Fig.  S13 in  the  ESM, the  contact  angles  of  CM-
BPL/LPE-t and CM-BPL/LPE-b are 9° and 7°, respectively,
which  are  much  smaller  than  those  of  the  BC  membrane
(27°)  and  PP  separator  (42°).  Owing  to  its  nonpolar
substrate and low surface energy, the PP separator appar-
ently  exhibits  the  largest  contact  angle.  Meanwhile,  the
precursor solution wettability of the PP separator is worse
than  that  of  the  BC  membrane,  which  contains  hydroxyl
functional  groups.  CM-BPL/LPE  demonstrates  the  best
affinity  with  the  precursor  solution  because  abundant
stacked pore structures can be formed on CM-BPL/LPE-t
and  CM-BPL/LPE-b  during  the  solvent  evaporation-
induced  self-assembly  process.  The  well-developed  pores
play a pivotal role in providing fast Li+ pathways. In addi-
tion,  the  introduction  of  abundant  hairy  PLiSTFSI  and
PEGMA side chains can facilitate precursor solution infil-
tration  and  reduce  interfacial  impedance,  and  further
improve  Li+ transport  efficiency.  The  Young’s  moduli  of
CM-BPL/LPE-t and CM-BPL/LPE-b are 1.28 and 3.17 GPa,
respectively, exhibiting a noticeable difference (Fig. S14 in
the  ESM).  This  is  because  CM-BPL/LPE-b  primarily
comprises LL-g-PEGMA network units, whose rigid struc-
ture  enhances  its  mechanical  strength.  As  shown  in  Fig.
S15  in  the  ESM,  the  force–depth  curves  suggest  that  the
elastic  moduli  of  CM-BPL/LPE-t  and CM-BPL/LPE-b are
up  to  0.61  and  1.58  GPa,  respectively,  which  are  both
much higher than that of the BC membrane (0.18 GPa).

After  CM-BPL/LPE  absorbs  the  precursor  solution

comprising DOL and commercial ester-based LE (2 mol/L
LiPF6 in  ethylene  carbonate/dimethyl  carbonate/diethyl
carbonate with a volume ratio of 1:1:1) with a volume ratio
of  9:1,  the  corresponding  QSCE  (QSCE-BPL/LPE/
PDL)  is  obtained  by in  situ ring-opening  polymerization.
We  investigated  the  effect  of  different  LiPF6 concentra-
tions and the DOL volume fractions of the precursor solu-
tions on the in situ gelation process (Fig. S16a in the ESM).
It is difficult to form gels with a low concentration of LiPF6
(0.1  mol/L)  and  a  high  volume  fraction  of  DOL  (90%)
within  12  h  at  room  temperature.  Meanwhile,  under  the
conditions  of  LiPF6 (0.5  mol/L)  and  DOL  (50%),  LiPF6
(1  mol/L)  and  DOL  (50%),  and  LiPF6 (0.2  mol/L)  and
DOL  (90%),  DOL  monomers  can  polymerize  to  yield  an
SE  within  12  h.  However,  only  the  precursor  solution
containing  LiPF6 (0.2  mol/L)  and DOL (90%)  can form a
gel that shows no obvious fluidity after being inverted for
1  h;  thus,  this  precursor  solution  proportion  is  used  in
subsequent  SE  preparation.  As  shown  in  Fig.  S16b  in  the
ESM,  the  corresponding  mechanism  can  be  summarized
as  the  cationic  ring-opening  polymerization  of  DOL  by
LiPF6

[22].
QSCE-BPL/LPE/PDL  demonstrates  flexible  self-

supporting  characteristics,  which  can  retain  structural
integrity  even  after  repeated  bending  and  folding  100
times  (Figs.  2f–2i).  Other  control  QSCEs  (QSCE-
2BPL/1LPE/PDL,  QSCE-1BPL/1LPE/PDL,  and  QSCE-
1BC/2LL/PDL)  and  quasi-solid-state  polymer  electrolytes
(QSPE-BC/PDL  and  QSPE-PP/PDL)  are  also  prepared.
Atomic  force  microscopy  (AFM)  measurements  reveal
that  QSCE-BPL/LPE/PDL  possesses  mechanical  asymme-
try,  with Young’s moduli  of  0.42 and 1.33 GPa for its  top
surface  (QSCE-BPL/LPE/PDL-t)  and  bottom  surface
(QSCE-BPL/LPE/PDL-b),  respectively  (Figs.  2j and 2k).
For  comparison,  the  Young’s  modulus  of  QSPE-BC/PDL
was  measured  to  be  1.10  GPa  under  identical  conditions
(Fig.  S17 in the ESM).  In addition,  the elastic  modulus of
QSCE-BPL/LPE/PDL  remains  at  0.16  GPa  (QSCE-
BPL/LPE/PDL-t)  and  0.2  GPa  (QSCE-BPL/LPE/PDL-b),
which  are  higher  than  that  of  QSPE-BC/PDL  (0.11  GPa;
Fig.  S18  in  the  ESM).  Because  of  its  unique  asymmetric
structure,  QSCE-BPL/LPE/PDL  not  only  ensures  flexible
interfacial  contact  with  the  cathode  but  also  effectively
inhibits  the  penetration of  lithium dendrites  at  the  anode
side.  To  evaluate  thermal  stability,  thermal  shrinkage
test  of  QSCE-BPL/LPE/PDL  and  QSPE-PP/PDL  was
conducted by placing both samples in an oven at different
temperatures  for  0.5  h.  As shown in Fig.  S19 in the ESM,
QSPE-PP/PDL begins to undergo notable size self-shrink-
age  at  100  °C  and  is  completely  curled  at  150  °C.  Mean-
while,  QSCE-BPL/LPE/PDL  exhibits  almost  no  visible
shrinkage during the heating process (25–150 °C), demon-
strating that QSCE-BPL/LPE/PDL can greatly keep macro-
scopic  morphological  integrity  and  reduce  the  short-
circuit risk of LMBs at high temperatures.

QSCE-BPL/LPE/PDL is as thin as 19 µm (Fig. S20 in the
ESM).  Such  an  ultrathin  QSCE  can  considerably  shorten
Li+ transport  pathways  and increase  the  energy density  of
LMBs. The ionic conductivity of QSCE-BPL/LPE/PDL and
the  control  samples  was  measured  using  electrochemical
impedance  spectroscopy  (EIS)  tests  at  room  temperature
(Fig.  3a).  QSCE-BPL/LPE/PDL  exhibits  a  higher  ionic
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conductivity  (5.44  ×  10−4 S  cm−1)  than  QSCE-
1BPL/1LPE/PDL  (1.04  ×  10−4 S  cm−1),  QSCE-
2BPL/1LPE/PDL  (1.61  ×  10−4 S  cm−1),  QSPE-BC/PDL
(0.25  ×  10−4 S  cm−1),  and  QSCE-1BC/2LL/PDL  (0.77  ×
10−4 S  cm−1).  These  results  suggest  that  the  PLiSTFSI  and
PEGMA  side  chains  enhance  the  ionic  conductivity.  To
gain deeper insight into the Li+ transport kinetics, the acti-
vation  energy  (Ea)  for  ionic  conduction  was  calculated
based  on  the  temperature-dependent  conductivity  data
(Fig.  3b and  Fig.  S21  in  the  ESM).  The  resulting Ea for
QSCE-BPL/LPE/PDL  is  as  low  as  5.7  kJ/mol,  which
is  substantially  lower  than  that  of  QSPE-BC/PDL
(24.9  kJ/mol).  This  result  demonstrates  that  efficient  Li+

diffusion  with  a  low  ion  migration  barrier  is  achieved  in
QSCE-BPL/LPE/PDL.  Remarkably,  QSCE-BPL/LPE/PDL
maintains a high ionic conductivity of 3.75 × 10−4 S cm−1 at
−10 °C, indicating that the ultrathin electrolyte has poten-

tial application in low-temperature environments (Fig. S22
in  the  ESM).  Benefiting  from  the  synergistic  effect  of  the
unique  asymmetric  structure,  interaction  between  differ-
ent-dimensional  functional  components,  and in  situ
cationic  ring-opening  polymerization,  QSCE-BPL/LPE/
PDL  exhibits  excellent  superiority  in  terms  of  thickness
and ionic conductivity over most reported SEs (e.g., 4.45 ×
10−4 S cm−1 at 30 °C with 19 μm for BPMF-QSPE[23], 3.51 ×
10−4 S  cm−1 at  30  °C  with  26  μm  for  R-ANF-MOF[24],  and
1.0  ×  10−4 S  cm−1 at  30  °C  with  35  μm  for  PL-LSLOH[25])
(Fig.  3c and  Table  S1  in  the  ESM).  The  linear  sweep
voltammetry  (LSV)  curves  reveal  that  QSCE-BPL/LPE/
PDL  possesses  superior  electrochemical  stability,  with-
standing up to ~4.9 V vs. Li+/Li, which is higher than that
of QSPE-BC/PDL (~4.7 V; Fig. 3d).

tLi+The Li+ transference number ( ) is tested to quantita-
tively  evaluate  the  Li+ migration  characteristics  of  various
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Figure 3    (a)  Nyquist  plots  of  QSPE-BC/PDL,  QSCE-1BC/2LL/PDL,  QSCE-1BPL/1LPE/PDL,  QSCE-2BPL/1LPE/PDL,  and  QSCE-
BPL/LPE/PDL at room temperature. (b) Nyquist plots of QSCE-BPL/LPE/PDL at various temperatures from 30 to 70 °C. (c) Compari-
son of thickness and ionic conductivity between QSCE-BPL/LPE/PDL and reported SEs. (d) LSV curves of QSPE-BC/PDL and QSCE-
BPL/LPE/PDL at a scan rate of 5 mV s−1. (e) Chronoamperometry profile of Li|QSCE-BPL/LPE/PDL|Li cell at 10 mV polarization (inset:
Nyquist plots before and after polarization).
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tLi+

tLi+

tLi+

tLi+

quasi-solid-state electrolytes. Benefiting from the single Li+

conducting ability  of  the PLiSTFSI side chain and fast  Li+

conduction  of  the  LL  ceramic  nanoparticle,  QSCE-
BPL/LPE/PDL has a high  of 0.67, which is much higher
than  those  of  QSCE-1BC/2LL/PDL  (0.41)  and  QSPE-
BC/PDL (0.35) (Fig. 3e and Fig. S23 in the ESM). In addi-
tion,  the  of  QSCE-BPL/LPE/PDL is  higher  than those
of reported single-layer SEs (e.g., 0.56 for fluorinated poly-
mer[26] and  0.65  for  PDOL-TFEP[27])  and  multi-layer  SEs
(0.23  for  m-PPL[28] and  0.60  for  PLM[29])  (Fig.  S24  in  the
ESM).  The high  of  QSCE-BPL/LPE/PDL helps  reduce
the  Li+ concentration  gradient  at  the  QSCE/electrode
interface.  Such  excellent  ionic  conductivity  and  high 
could  be  ascribed  to in  situ ring-opening  polymerization
and  the  unique  asymmetric  structure  comprising  BC-g-
PLiSTFSI  and  LL-g-PEGMA.  On  the  one  hand,  the  3D
interconnected porous structure formed by the stacking of
different  hybrid  components  can  reduce  Li+ transport
pathways,  facilitating  rapid  Li+ transport.  On  the  other
hand,  similar  to  the  reported  single  Li+ conducting  elec-
trolytes,  the  grafted  PLiSTFSI  side  chain  with  a  single  Li+

migration characteristic can improve the Li+ transport effi-
ciency and homogenize Li+ flux.  In addition,  the PEGMA
side chain can effectively enhance the interfacial compati-
bility  between  hybrid  components  and  considerably
promote LiPF6 dissociation.

Owing to its notable physicochemical advantages, QSCE-

BPL/LPE/PDL  is  expected  to  regulate  lithium  deposition
and inhibit  lithium dendrite growth. As shown in Fig.  4a,
the  Li/Li  symmetric  cell  with  QSCE-BPL/LPE/PDL
exhibits  steady  and  low  lithium  plating/stripping  overpo-
tentials  of  16,  29,  43,  70,  and 148 mV at current densities
of  0.1,  0.2,  0.3,  0.5,  and  1  mA  cm−2,  respectively,  demon-
strating fast Li+ transport kinetics and excellent interfacial
properties. Meanwhile, the Li/Li symmetric cell with QSPE-
BC/PDL delivers much larger overpotentials with severely
fluctuating  plating/stripping  voltage  profiles,  and  this  cell
fails  at  0.5  mA  cm−2.  Li|QSCE-BPL/LPE/PDL|Li  exhibits
superior  cycling  stability  with  stable  voltage  plateaus  for
700 h at certain current densities (e.g., 0.2 and 0.5 mA cm−2)
compared  with  Li|QSPE-BC/PDL|Li,  Li|QSCE-1BC/2LL/
PDL|Li,  Li|QSCE-2BPL/1LPE/PDL|Li,  and  Li|QSCE-
1BPL/1LPE/PDL|Li (Figs. 4b, 4c, and Fig. S25 in the ESM).
The  nanomorphologies  of  lithium  metals  from  Li/Li  cells
after  50  cycles  with  different  electrolytes  are  observed  by
SEM (Figs.  4d–4i).  Compared with the  smooth surface  of
the original lithium foil, the lithium metal from the cycled
Li/Li  cell  with  QSPE-BC/PDL  demonstrates  obvious
roughness and porosity, attributable to the formation of a
large amount of mossy lithium by inhomogeneous lithium
plating/stripping.  Meanwhile,  the  lithium  metal  from
Li|QSCE-BPL/LPE/PDL|Li  cell  remains  compact  and
smooth  without  distinct  lithium  dendrites.  To  further
evaluate  the  interfacial  stability,  EIS  was  conducted  on
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Figure 4    (a)  Voltage–time  profiles  of  Li/Li  cells  with  QSPE-BC/PDL  and  QSCE-BPL/LPE/PDL  at  various  current  densities.
Voltage–time profiles of symmetric Li/Li cells with QSPE-BC/PDL and QSCE-BPL/LPE/PDL at 0.2 mA cm−2 and 0.2 mAh cm−2 (b); and
at 0.5 mA cm−2 and 0.1 mAh cm−2 (c). Top-view and cross-sectional SEM images of fresh lithium metal (d, e) and lithium metals from
cycled Li/Li cells with QSPE-BC/PDL (f, g) and QSCE-BPL/LPE/PDL (h, i).
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Li/Li symmetric cells assembled with different electrolytes.
As shown in Fig.  S26 in the ESM, the Nyquist  plot  of  the
Li/Li  cell  with  QSCE-BPL/LPE/PDL  exhibits  a  substan-
tially  smaller  semicircle  than  those  of  the  Li/Li  cells  with
QSPE-BC/PDL and QSPE-PP/PDL, indicating much lower
interfacial  resistance.  This  result  confirms  that  the  asym-
metric  QSCE-BPL/LPE/PDL facilitates  the  formation  of  a
stable solid-electrolyte interphase layer, consistent with its
excellent  cycling  performance  and  dendrite-free  lithium
deposition.

To  demonstrate  the  potential  of  QSCE-BPL/LPE/PDL
in  practical  LMBs,  the  electrochemical  performance  of
Li/LFP  cells  with  different  quasi-solid-state  electrolytes  is
also  evaluated.  As  shown  in Fig.  5a,  the  Li|QSCE-

BPL/LPE/PDL|LFP  cell  delivers  discharge  capacities  of
143, 136, 129, 118, 107, and 89 mAh g−1 at 0.2, 0.5, 1, 2, 3,
and  5  C,  respectively,  and  recovers  to  139  mAh  g−1 when
the  current  density  returns  to  0.2  C,  indicating  superior
rate  performance  compared  with  the  Li|QSPE-
PP/PDL|LFP  and  Li|QSPE-BC/PDL|LFP  cells.  The
charge/discharge  profiles  of  Li|QSCE-BPL/LPE/PDL|LFP
cell  at  various  rates  show stable  voltage  plateaus,  suggest-
ing  that  no  side  reaction  occurs  during  cycling (Fig.  5b).
Benefiting  from  the  excellent  Li+ transport  kinetics  of
QSCE-BPL/LPE/PDL,  the  Li|QSCE-BPL/LPE/PDL|LFP
cell  exhibits  decreased  interfacial  charge  transfer
impedance compared with the Li|QSPE-BC/PDL|LFP and
Li|QSPE-PP/PDL|LFP cells (Fig. 5c). Compared with other
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Figure 5    (a)  Rate  performance  of  Li/LFP  cells  with  QSPE-BC/PDL,  QSPE-PP/PDL,  and  QSCE-BPL/LPE/PDL.  (b)  Initial
charge/discharge profiles of Li/LFP cell with QSCE-BPL/LPE/PDL at various rates. (c) Nyquist plots of Li/LFP cells with QSPE-BC/PDL,
QSPE-PP/PDL,  and  QSCE-BPL/LPE/PDL.  (d)  Cycling  performance  of  Li/LFP  cells  with  QSPE-BC/PDL,  QSPE-PP/PDL,  and  QSCE-
BPL/LPE/PDL at 0.5 C.
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control  samples,  Li/LFP  cells  with  QSCE-BPL/LPE/PDL
also  exhibit  much  better  cycling  performance.  The
Li|QSCE-BPL/LPE/PDL|LFP  cell  sustains  94%  of  the
initial discharge capacity after 200 cycles at 0.5 C, which is
superior  to  those  of  Li/LFP  cells  with  QSPE-BC/PDL
(16%) and QSPE-PP/PDL (8%) (Fig. 5d).

To further demonstrate the critical role of the asymmet-
ric  architecture,  we  fabricated  a  reversed  configuration
(QSCE-BPL/LPE/PDL-R) in which the rigid LL-g-PEGMA-
rich  hard  layer  faced  the  cathode  and  the  soft  composite
layer faced the lithium anode. The cycling performance of
Li/LFP cell with QSCE-BPL/LPE/PDL-R at 0.5 C is shown
in  Fig.  S27  in  the  ESM.  The  initial  discharge  capacity  is
141 mAh g−1, but the capacity declines to 100 mAh g−1 after
200  cycles,  corresponding  to  a  capacity  retention  of  only
71%.  The  poor  stability  of  the  reversed  cell  indicates  that
the  mechanically  weaker  composite  layer  on  the  anode
side fails  to  suppress  lithium dendrite  penetration,  result-
ing  in  dead  lithium  formation  and  rapid  capacity  decay.
Therefore,  the  original  design  is  essential  for  simultane-
ously  suppressing  dendrites  and  maintaining  intimate
cathode interfacial contact.

By replacing LFP with other commercial materials [e.g.,
Li4Ti5O12 (LTO)],  the  resulting  Li|QSCE-BPL/LPE/
PDL|LTO cell still delivers a high initial discharge capacity
of 159 mAh g−1 with an excellent capacity retention of 92%
over 500 cycles at 1 C, whereas Li|QSPE-PP/PDL|LTO and
Li|QSPE-BC/PDL|LTO  cells  display  a  much  lower
discharge  capacity  (Fig.  S28  in  the  ESM).  Notably,  the
Li/LTO  cell  with  QSCE-BPL/LPE/PDL  also  maintains
good  cycling  stability  even  at −10  °C  (146  mAh  g−1 after
500 cycles; Fig. S29 in the ESM). These results suggest that
the  ultrathin  QSCE-BPL/LPE/PDL  exhibits  high  Li+

transfer  efficiency  and  fast  Li+ transport  dynamics,  and
considerably  enhances  the  rate  and  cycling  performances
of LMBs.

 4    Conclusion
In summary, we developed an effective strategy for prepar-
ing  a  novel  class  of  asymmetric  QSCEs  (QSCE-
BPL/LPE/PDL)  via  an  evaporation-induced  self-assembly
of  low-dimensional  functional  hybrid  components
combined  with in  situ cationic  ring-opening  polymeriza-
tion.  Benefiting  from  PLiSTFSI  side-chain-homogenized
Li+ flux,  PEGMA  side-chain-improved  Li+ transport
efficiency,  and  3D  porous  structure-shortened  Li+ trans-
port  pathways,  QSCE-BPL/LPE/PDL  exhibits  satisfactory
electrochemical  properties  for  LMBs,  including  excellent
ionic  conductivity  at  an  ultrathin  thickness,  a  high  Li+

transference number, robust mechanical performance, and
excellent  cycling  stability  toward  the  lithium  anode.  This
study  demonstrates  that  designing  unique  asymmetric
QSCEs via  molecular  engineering is  a  promising research
direction  to  fundamentally  promote  Li+ conduction  and
stabilize the lithium anode, providing a viable strategy for
the  practical  application  of  high-performance  solid-state
LMBs.
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