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ABSTRACT: Polymer-based  composite  solid  electrolytes
(CSEs),  incorporating  fast  Li+-conducting  ceramic  phases,
leverage the advantages of both components to become one of
the  most  promising  next-generation  solid  electrolyte
configurations.  However,  the  interfacial  incompatibility  between
the  organic  and  inorganic  components  inevitably  creates
significant barriers to the interfacial Li+ transport, representing a
key  challenge  in  further  enhancing  the  ionic  conductivity  of
CSEs.  Herein,  we  pioneered  a  confined  solvation  strategy  by
growing a metal-organic framework (MOF) layer impregnated with ionic liquid (IL) on the surface of Li0.33La0.557TiO3 (LLTO)
fibers, and subsequently incorporating the composite fibers into a polyethylene oxide (PEO) matrix to fabricate a novel CSE
(signed as LLTO/ZIF-8@IL/PEO).  Benefiting from the unique porous structure and attraction of  the metal  centers  toward
anions  of  MOF,  IL  is  tightly  confined  within  the  MOF framework,  while  retaining  its  liquid-like  high  ionic  conductivity  and
interfacial wetting ability at the nano scale. As a result, the Li+ transport efficiency is substantially improved across the PEO-
LLTO  fiber  interface  to  enable  a  high  ionic  conductivity  of  1.07  ×  10−3  S·cm−1  at  60  °C  for  LLTO/ZIF-8@IL/PEO.  The
corresponding pouch cell with a LiFePO4 (LFP) cathode (22 mg loading) and a lithium metal anode can successfully charge
a mobile phone and deliver a stable capacity of 135.02 mAh·g−1 at 0.2 C over 100 cycles. This confined solvation strategy
offers a universal and efficient approach for improving the Li+ transport across the polymer-ceramic interface in CSEs.
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1    Introduction
The composite solid electrolytes (CSEs), prepared by incorporating
ceramic  fillers  with  fast  Li+-conducting  ability  into  polymer
electrolytes,  can  theoretically  resolve  the  issue  of  low  ionic
conductivity in polymer electrolytes while retaining the advantages
of easy processing and good electrode contact, serves as a potential
breakthrough  for  achieving  performance  leaps  in  next-generation

solid-state lithium batteries [1−9]. However, compared to the CSEs
blended with non-conductive fillers, numerous studies have shown
that CSEs incorporating fast Li+-conducting fillers fail to achieve the
anticipated significant  improvement in ionic  conductivity  [10, 11].
In other words,  the potential  of  these fast  Li+-conducting ceramics
has  not  been  fully  exploited  [12, 13].  Instead,  they  primarily
perform functions similar to those of non-conductive fillers, such as
reducing the crystallinity of the polymer matrix [14] and promoting
the  dissociation  of  local  lithium  salts  through  Lewis  acid-base
interactions at the organic–inorganic interfaces [15].

Many  researchers  have  identified  that  a  key  factor  contributing
to  the  unsatisfactory  performance  of  CSEs  is  the  considerable
barrier  of  Li+ transport  across  the  organic–inorganic  interface
[16−19].  Typically,  during  the  preparation  of  CSEs,  some  fast  Li+-
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conducting  inorganic  fillers  are  exposed  to  air,  forming  an  inert
oxide layer [20]. Moreover, when the inorganic fillers contact with
the  polymer  electrolytes,  lithium  salts,  and  solvents,  they  tend  to
undergo  a  series  of  complex  side  reactions,  resulting  in  the
formation  of  an  inert  layer  composed  of  inorganic  decomposition
products  [21].  These  inert  layers  fail  to  efficiently  transport  Li+

between  the  two  phases,  consequently  reducing  the  overall  ionic
conductivity of CSEs. In addition, these side reactions often involve
structural changes in the polymer phase, which also weaken the Li+

transport  capability  across  the  interface.  For  example,  in  the
polyethylene  oxide  (PEO)  electrolyte  matrix,  an  oxygen-depleted
layer formed near the interface of the fast Li+-conducting fillers due
to the excessive consumption of oxygen atoms, could further hinder
the Li+ exchange between the organic and inorganic phases [22].

To overcome the Li+ transport obstacle at the organic–inorganic
interphase in CSEs, the most direct approach is to try to eliminate
the  inert  inorganic  layer.  Methods  such  as  high-temperature
treatment  and  chemical  etching  have  been  reported  to  effectively
remove the inert  layer  [18, 20].  To prevent  the  reformation of  the
layer,  surface  modifiers  like  polydopamine  were  also  employed  to
inhibit  the  occurrence  of  undesirable  reactions  [23].  Furthermore,
other  surface  modifiers  like  succinic  anhydride  have  been
developed  that  could  not  only  prevent  the  formation  of  inorganic
layers  but  also  enhance  the  Li+ transport  at  the  interface  [24].
Although these strategies have improved the Li+ transport efficiency
across  the  different  interface  to  a  large  extent,  the  underlying
mechanism of  the ion transfer  process  still  remains being across  a
solid–solid  interface,  which  presents  inherent  disadvantages  when
compared to the ion transport across a solid–liquid interface. Ionic
liquids  (ILs),  characterized  by  high  ionic  conductivity,  wide
electrochemical  window,  and  excellent  safety  of  non-flammability
and non-volatility, have been extensively utilized in battery research
and  regarded  as  ideal  liquids  to  wet  the  organic−inorganic
interfaces in CSEs [25−31]. However, a lot of studies merely involve
the simple addition of ILs into CSEs during the fabrication process,
leading to a widespread distribution of ILs throughout the polymer
matrix,  which  severely  reduced  their  effectiveness  as  interfacial
modifiers  [17, 32].  Although  some  researchers  have  successfully
utilized  the  incompatibility  between  specific  ILs  and  polymers  to
achieve the distribution of ILs on the surface of the ceramic phase
in CSEs [22], the conditions for achieving this selective distribution
of ILs are too strict and could hardly be applicable to all types of ILs
and polymers.

Herein, we developed a universal confined solvation strategy for
CSEs  that  transforms  the  challenging  ion  transport  across  the
solid–solid  interfaces  into  stable  and  efficient  ion  transport  across
the solid–liquid interfaces. Through growing a uniform layer of ZIF-
8  particles  on  the  surface  of  Li0.33La0.557TiO3 (LLTO)  fibers  and
impregnating ZIF-8 particles with an IL containing lithium salt (IL-
Li), followed by infusion of a PEO electrolyte, a novel CSE, denoted
as  LLTO/ZIF-8@IL/PEO,  can  be  obtained  in  this  work.  Owing  to
the  high  specific  surface  area  endowed  by  the  three-dimensional
porous structure and the abundant metal centers of ZIF-8 particles
exhibiting  Lewis  acid  characteristics,  LLTO/ZIF-8@IL/PEO  can
effectively  serve  as  a  reservoir  to  tightly  absorb  IL-Li  at  the  ZIF-8
decorated  PEO-LLTO interface  and  prevent  it  from diffusing  into
the PEO matrix. The confined solvation layer of ZIF-8@IL exerts a
nanoscale  interfacial  wetting  effect  on  both  the  PEO  and  LLTO
fibers,  acting  as  a  bridge  to  facilitate  the  efficient  ion  exchange
between  the  two  phases  as  confirmed  by 7Li-7Li  two-dimensional

exchange  spectroscopy  (2D-EXSY)  nuclear  magnetic  resonance
(NMR).  As  a  result,  LLTO/ZIF-8@IL/PEO  exhibits  a  high  ion
conductivity  of  1.07  ×  10−3 S·cm−1 at  60  °C.  Both  the  Li||Li
symmetric  cell  and  LiFePO4 (LFP)||Li  full  cell  assembled  with
LLTO/ZIF-8@IL/PEO  exhibit  excellent  cycling  stability,  further
demonstrating the effectiveness of the confined solvation strategy in
enhancing  Li+ transport  across  the  polymer-ceramic  interface  for
improved performance of the CSEs. 

2    Experimental
 

2.1    Materials and chemicals
All  battery-related  materials,  including  carbon-coated  aluminum
foil,  Super  P  LI  carbon  black,  CR2025  coin  cell  cases,  aluminum-
plastic  film  and  current  collector  for  pouch  cells,  LiFePO4 (LFP)
cathode material, LiCoO2 (LCO) cathode material, lithium disks for
coin cells  (diameter:  14  mm, thickness:  300 µm),  and lithium foils
for  pouch  cells  (58  mm  ×  45  mm,  thickness:  100  μm),  were
purchased  from  Shenzhen  Kejingstar  (MTI)  Technology  Co.,  Ltd.
The  commercial  liquid  electrolyte  (LE)  was  1  mol·L−1 lithium
bistrifluoromethane sulfonamide (LiTFSI) salt in 1,3-dioxolane/1,2-
dimethoxyethane  (1:1,  v/v)  with  2  wt.%  LiNO3,  which  was
purchased  from  Duoduo  chemical  company  in  Suzhou.  The
polyester non-woven fabric FPC3018 for batteries was supplied by
Mitsubishi  Paper  Mills  Ltd.  All  other  reagents  used  in  this  work
were  purchased  from  Aladdin  Biochemical  Technology  Co.,  Ltd.
(Shanghai,  China)  and  employed  as  received,  without  any
additional purification. 

2.2    Preparation of LLTO fibers
Briefly, Ti(OC4H9)4, La(NO3)3·6H2O, and LiNO3 (15 wt.% excess) of
various corresponding molar mass were successively dissolved in a
transparent solution by mechanical stirring in a 60 °C oil bath using
N,N-dimethylformamide  (DMF)  as  solvent  which  consisted  of
10 wt.% acetic acid and 14 wt.% polyvinyl pyrrolidone (PVP, MW =
1,300,000).  Then, the above spinning solution was transferred into
two 10  mL syringes  and electrospun for  10  h  to  obtain  the  LLTO
precursor  fibers.  The  detailed  parameters  were  set  as  follows:  The
distance  between  two  needle  tips  and  the  collector  was  fixed  at
15  cm,  the  injection  speed  was  0.01  mL·min−1 for  both  syringes
combined with a voltage of  15 kV, and the speed of  the collecting
roller  was  set  to  80  rpm.  Then,  the  LLTO  precursor  fibers  were
transferred to a tube furnace exposed to air for sintering to produce
the LLTO fibers. The sintering process was as follows: The sample
was heated from 30 to 100 °C after 40 min, and then to 600 °C after
370  min,  followed  by  an  increase  to  800  °C  after  70  min.  It  was
further held at 800 °C for 10 h, and finally allowed to cool naturally. 

2.3    Preparation of LLTO/ZIF-8@IL/PEO
The  obtained  LLTO  fibers  were  immersed  in  a  50  mL  methanol
solution containing 1.5 g of Zn(NO3)2·6H2O (signed as solution A).
Meanwhile,  a  50  mL  methanol  solution  containing  4  g  of  2-
methylimidazole  was  prepared  and  signed  as  solution  B.  The
solution  of  A  and  B  was  heated  at  55  °C  for  1  h,  respectively.
Afterward, the solution B was added into the solution A and mixed
thoroughly,  and  the  reaction  was  allowed  to  proceed  overnight  at
55 °C to obtain the LLTO fibers with ZIF-8 particles grown on their
surface  (denoted  as  LLTO/ZIF-8).  Then,  the  LLTO/ZIF-8  fibers
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were  washed  three  times  with  methanol,  and  transferred  to  a
vacuum oven at 120 °C overnight to remove excess solvent. During
this  process,  the  white  precipitate  of  ZIF-8  particles  was  also
collected  during  the  washes  for  subsequent  characterization.
Subsequently, the LLTO/ZIF-8 was transferred to a hot plate set at
140 °C and sprayed with an equal mass of a solution, denoted as IL-
Li,  containing  20  wt.%  LiTFSI  in  1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide  (EMIM-TFSI)  using  a  spray
device. The mixture was then left to stand overnight to ensure full
absorption,  yielding  LLTO/ZIF-8@IL.  This  approach  above  for
uniformly loading the IL-Li is referred to as the hot-spray method.
The  obtained  LLTO/ZIF-8@IL  was  then  incorporated  with  PEO
(MW =  600,000)  through  infusing  an  acetonitrile  solution
containing  PEO  and  LiTFSI  at  a  mass  ratio  of  9:1.  After  the
acetonitrile  completely  evaporated,  the  membrane  was  finally  cut
into  disks  with  a  diameter  of  16  mm  to  obtain  the  LLTO/ZIF-
8@IL/PEO  electrolyte.  For  comparison,  we  also  prepared  several
CSEs  of  LLTO/PEO,  LLTO/ZIF-8/PEO,  and  LLTO/PEO-IL,
formed by incorporating LLTO fibers with PEO, LLTO/ZIF-8 with
PEO, and LLTO with PEO and IL-Li, respectively. The contents of
LLTO, ZIF-8, and IL-Li in these samples were controlled to match
those in LLTO/ZIF-8@IL/PEO. Notably, during the preparation of
the  LLTO/PEO-IL  sample,  the  hot-spray  method  was  also
employed  to  achieve  the  uniform  deposition  of  IL-Li  onto  the
LLTO structure prior to its integration with PEO. 

2.4    Materials characterizations
Scanning  electron  microscope  (SEM)  images  of  all  samples  were
captured  by  JEOL  JSM  7500F.  The  X-ray  diffraction  (XRD)
patterns  were  characterized  by  Bruke  D8 Advance  using  a  Cu-Kα
source  (λ =  1.54  Å).  Thermogravimetric  analyses  (TGA)  curves
were  measured  through  NETZSCH  TG209F1  Libra  at  a  heating
rate  of  10  °C·min−1 in  an  air  atmosphere.  Differential  scanning
calorimetry  (DSC)  curves  were  investigated  via  PerkinElmer  DSC
4000  at  a  fixed  heating  or  cooling  rate  of  2  °C·min−1.  The
stress–strain  tests  were  conducted  on  an  electromechanical  test
system (SANS UTM2102) at a stretching speed of 10 mm·min−1. N2
sorption isotherms at 77 K for all samples were analyzed through a
Quantachrome  Autosorb-iQ-AG  porosimeter.  The  contact  angles
of  different  samples  with  IL-Li  were  measured  by  a  contact  angle
meter  (DatePhysics  OCA40).  Fourier  transform  infrared  (FTIR)
spectra were characterized through Perkin Elmer Spectrum BX Ⅱ
(equipped with ATR accessory). 

2.5    Electrochemical characterizations
All  the  cells  were  assembled  in  a  glovebox  filled  with  Ar  (H2O  <
0.1  ppm,  O2 <  0.1  ppm)  and  sealed  in  CR2025  coin  cell  cases  or
aluminum-plastic  films.  Electrochemical  impedance  spectroscopy
(EIS),  chronoamperometry  (CA),  and  linear  sweep  voltammetry
(LSV)  tests  were  carried  out  using  a  DH7000  electrochemical
workstation  (Jiangsu  Donghua  Analytical  Instrument  Co.,  Ltd.).
For all EIS measurements, the frequency range was set from 1 Hz to
1  MHz,  with  an  applied  amplitude  of  10  mV.  The  ionic
conductivities  (σ)  of  different  electrolytes  were  characterized
through EIS measurements on a cell configuration of stainless steel
(SS)||electrolyte||SS and calculated by the following equation

σ = L
S×R

(1)

where L (cm) represents the thickness of the electrolyte (~ 200 μm),

R (Ω)  is  the  bulk  resistance,  and S (cm2)  denotes  the  contact  area
between  the  SS  and  the  electrolyte.  The  temperature-dependent
ionic  conductivity  was  fitted  with  the  Arrhenius  equation  to
calculate the activation energy (Ea) of the electrolyte

σ = A× exp
(

Ea

kb ×T

)
(2)

tLi+

where A stands  for  the  pre-exponential  factor, kb stands  for  the
Boltzmann constant, and T stands for the absolute temperature. CA
tests  were  conducted  by  applying  a  constant  voltage  of  10  mV  to
the  cell  and  recording  the  corresponding  current  as  it  gradually
stabilized.  The  Li+ transference  number  ( )  was  calculated  using
the following equation

tLi+ =
Is ×Rb0 × (∆V− I0 ×Ri0)

I0 ×Rbs × (∆V− Is ×Ris)
(3)

where I0 and Is represent  the  initial  and  steady  currents  during
polarization, Rb0 and Ri0 are the initial bulk resistance and interfacial
resistance,  and Rbs and Ris are  the  steady  bulk  resistance  and
interfacial  resistance.  LSV  curves  of  different  electrolytes  were
recorded  using  a  cell  configuration  of  Li||electrolyte||SS  over  a
voltage  range  of  2.5  to  6  V  with  a  scan  rate  of  0.5  mV·s−1.
Galvanostatic  charge/discharge  tests  for  all  Li||electrolyte||Li
symmetric coin cells, Li||electrolyte||LFP coin cells and pouch cells,
and  Li||electrolyte||LCO  full  cells  were  tested  at  60  °C  based  on  a
NEWARE battery testing system (MIHW-200-160CH-B, Shenzhen
Neware  Electronics  Co.,  Ltd.).  To  prevent  side  reactions  between
lithium metal and LLTO, a barrier composed of a non-woven fabric
FPC3018  membrane  and  PEO  was  placed  between  all  LLTO-
containing  electrolytes  and  lithium  metal  in  these  batteries.  In
addition,  during  the  assembly  of  Li||electrolyte||LFP  or  LCO  coin
cells  and Li||electrolyte||LFP pouch cells,  5  and 100 μL of  LE were
injected  at  the  interface  between  the  electrolyte  and  the  cathode,
respectively,  to  enhance  the  electrochemical  performance.  For  the
cathode preparation, LFP or LCO powder, super P LI carbon black,
and  PEO  were  mixed  in  a  weight  ratio  of  7:2:1  in  1-methyl-2-
pyrrolidone.  The resulting slurry was coated onto a carbon-coated
aluminum  foil,  followed  by  drying  at  80  °C  in  a  vacuum  oven
overnight. The coated foil was then punched into 12 mm disks with
a mass  loading of  0.5–1.0  mg·cm−2 for  coin cells  and 57 mm × 44
mm  rectangular  sheets  with  a  mass  loading  of  22  mg  for  pouch
cells. 

3    Results and discussion
As  depicted  in Fig.  1,  in  the  traditional  CSEs  without  any
optimizations,  the formation of  inorganic  decomposition products
easily  leads  to  a  poor  organic–inorganic  interface,  which  largely
hinders the Li+ transfer from the PEO matrix into the LLTO fibers
and leads to the slow ion transport. On the contrary, in LLTO/ZIF-
8@IL/PEO, the interface between LLTO and PEO is nanowetted by
the  confined  solvation  layer  of  ZIF-8@IL,  which  can  significantly
enhance  the  Li+ transport  across  the  organic–inorganic  interface.
Therefore, Li+ can efficiently migrate from the PEO into the LLTO
fiber  network,  taking  advantage  of  the  inherent  high  ionic
conductivity  of  LLTO  to  boost  the  overall  ionic  conductivity  of
CSEs.

Figure  2(a) illustrates  the  detailed  fabrication  process  of
LLTO/ZIF-8@IL/PEO  and  the  corresponding  SEM  images  can  be
seen  in Figs.  2(b)−2(g).  Compared  to  the  LLTO  fibers  (Fig.  2(b)),
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the LLTO/ZIF-8 exhibits a rougher morphology after the growth of
ZIF-8  particles  on  the  fiber  surface  (Fig.  2(c)).  At  higher
magnification,  it  is  observed  that  LLTO  fibers  are  primarily
composed of tightly stacked LLTO crystals (Fig. 2(e)). In contrast, a

layer  of  densely  packed  small  particles  is  clearly  visible  on  the
surface of LLTO fibers in the enlarged SEM image of LLTO/ZIF-8
(Fig.  2(f)).  Further  analysis  using  energy  dispersive  X-ray
spectroscopy  (EDS)  reveals  that  the  distribution  of  Zn  element  in

 

Figure 1    Schematic illustration of the nanowetted effect of the confined solvation strategy.
 

Figure 2    (a) The fabrication process of LLTO/ZIF-8@IL/PEO. SEM images of (b) LLTO and (e) an enlarged view, (c) LLTO@ZIF-8 and (f) an enlarged view, and (d)
LLTO/ZIF-8@IL/PEO  and  (g)  a  cross-sectional  view.  (h)  EDS  elemental  mapping  images  of  LLTO/ZIF-8.  Digital  photographs  showing  the  (i)  appearance  and  (j)
flexibility and mechanical stability of LLTO/ZIF-8@IL/PEO.
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LLTO/ZIF-8 closely overlaps with the representative elements of Ti
and  O  elements  in  LLTO  (Fig.  2(h) and  Fig.  S1  in  the  Electronic
Supplementary  Material  (ESM)),  confirming  the  successful
fabrication  of  LLTO/ZIF-8. Figure  2(d) shows  the  surface
morphology  of  LLTO/ZIF-8@IL/PEO,  where  IL-Li-absorbed
LLTO/ZIF-8  is  firmly  embedded  within  the  PEO  matrix.  The
compact structure of LLTO/ZIF-8@IL/PEO is further confirmed by
the  cross-sectional  SEM  image  in Fig.  2(g),  which  reveals  a
thickness  of  approximately  200 μm being in good agreement  with
the  measurement  obtained using  a  thickness  gauge  (Fig.  S2  in  the
ESM). Finally, the digital photograph taken from the top view (Fig.
2(i))  shows  that  LLTO/ZIF-8@IL/PEO  has  a  white  appearance.
Moreover,  as  illustrated  in Fig.  2(j),  LLTO/ZIF-8@IL/PEO
demonstrates excellent flexibility and mechanical stability, retaining
its structural integrity even after 10 repeated folding cycles.

The XRD patterns are acquired in Fig. 3(a). The diffraction peaks
of  ZIF-8  align  perfectly  with  the  simulated  results,  while  the
diffraction peaks of LLTO at 2θ = 32.6°, 40.3°, 46.9°, 58.3°, and 68.5°
also  match  well  with  those  in  the  JCPDS  card.  Besides,  the
diffraction  pattern  of  LLTO/ZIF-8@IL/PEO  clearly  exhibits  the
corresponding  signals  from  LLTO,  ZIF-8,  and  PEO,  providing
strong evidence for its successful preparation. The magnified XRD
patterns can be seen in Fig. S3 in the ESM, which show the typical

diffraction  peaks  at  2θ =  7.4°,  12.8°,  and  18.1°,  further  confirming
the successful integration of ZIF-8 with LLTO. The TGA of various
materials  are  exhibited  in Fig.  3(b).  Obviously,  LLTO/ZIF-
8@IL/PEO  exhibits  good  thermal  stability,  with  no  mass  loss
occurring before 180 °C. Additionally, considering that PEO and IL-
Li would completely decompose at 900 °C (Fig. S4 in the ESM), and
based  on  the  residual  masses  of  different  materials  at  this
temperature,  it  can  be  calculated  that  LLTO/ZIF-8@IL/PEO
consists  of  approximately  50.7  wt.% PEO matrix,  24.8  wt.% IL-Li,
22.6  wt.%  LLTO,  and 1.9  wt.%  ZIF-8.  For  comparison,  we  also
prepared  the  CSEs  of  LLTO/PEO,  LLTO/ZIF-8/PEO,  and
LLTO/PEO-IL,  formed  by  only  incorporating  LLTO  with  PEO,
LLTO/ZIF-8  with  PEO,  and  LLTO  with  PEO  and  IL-Li,
respectively.  The  contents  of  LLTO,  ZIF-8,  and  IL-Li  in  these
samples  are  controlled  to  match  those  in  LLTO/ZIF-8@IL/PEO.
Figure 3(c) reveals the effect of incorporating different components
on the melting point (Tm) of PEO through DSC. The incorporation
of LLTO and ZIF-8 disrupts the ordering of PEO chains, resulting
in the decrease  in the melting point  of  PEO from 62.0  to  61.6  °C,
and eventually to 60.5 °C. A sharp decrease to 46.3 °C is  observed
for  LLTO/ZIF-8@IL/PEO,  which  can  be  attributed  to  the
plasticizing effect of IL-Li. Besides, the differences in the mechanical
properties  of  these  electrolytes  are  reflected  in  the  stress–strain

 

Figure 3    (a) XRD patterns and (b) TGA curves of different samples. (c) DSC curves and (d) Stress–strain curves of different electrolytes. N2 sorption isotherms at 77 K
for (e) ZIF-8 particles and (f) LLTO/ZIF-8 (inset: the corresponding pore size distributions). (g) Contact angle measurements with IL-Li for LLTO/ZIF-8 and LLTO at 0 s.
(h)  FTIR  spectra  of  different  samples  ranging  from  1080  to  980  cm−1 (dashed  lines  show  absorption  centers).  (i)  Digital  photographs  of  LLTO/ZIF-8@IL/PEO  and
LLTO/PEO during the combustion test.
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curves  in Fig.  3(d).  Obviously,  the  incorporation  of  inorganic
components notably enhances the tensile strength of PEO, whereas
IL-Li,  acting  as  a  plasticizer,  reduces  the  tensile  strength  of
LLTO/ZIF-8@IL/PEO.  The  specific  surface  areas  of  ZIF-8,  LLTO,
and  LLTO/ZIF-8  are  calculated  to  be  1430.85  m2·g−1 (Fig.  3(e)),
51.57  m2·g−1 (Fig.  S5  in  the  ESM),  and  207.27  m2·g−1 (Fig.  3(f)),
respectively,  further  validating  the  successful  integration  of  ZIF-8
particles onto the LLTO surface in LLTO/ZIF-8. Due to the strong
affinity of ZIF-8 for IL-Li, LLTO/ZIF-8 exhibits a significantly lower
initial contact angle with IL-Li compared to LLTO (Fig. 3(g)),  and
this  trend  remains  consistent  even  after  5  s  (Fig.  S6  in  the  ESM).
Furthermore,  the  FTIR  spectra  of  LLTO,  LLTO/ZIF-8,  IL-Li,
LLTO/IL  (which  represents  the  LLTO  fiber  absorbing  IL-Li),  and
LLTO/ZIF-8@IL in the range of 1080 to 980 cm−1 are displayed in
Fig.  3(h).  A distinct  blue shift  from the peak at  1051 cm−1 in IL-Li
and  LLTO/IL  to 1053  cm−1 in  LLTO/ZIF-8@IL  can  be  detected,
which  is  induced  by  the  mesoporous  structure  within  ZIF-8
nanosizing  the  aggregated  IL-Li  clusters  into  ion  pairs  [33].  This
phenomenon  provides  compelling  evidence  that  IL-Li  can  be
effectively infiltrated and trapped within the porous structure of ZIF-
8. To further assess the practicality of the electrolytes under extreme
conditions,  combustion tests  were conducted.  The PEO electrolyte
exhibits  high  flammability,  with  burning  droplets  dripping  during
combustion  (Fig.  S7  in  the  ESM).  In  contrast,  LLTO/PEO
maintains  the  structural  integrity,  while  LLTO/ZIF-8@IL/PEO
demonstrates  the  smallest  flame  and  highest  integrity  (Fig.  3(i)),
which  can  be  attributed  to  the  introduction  of  the  IL  with  non-
flammability feature.

tLi+

tLi+

Figure  4(a) shows  the  LSV  curves  of  different  electrolytes.
Compared to PEO SE, LLTO/ZIF-8@IL/PEO exhibits an expanded
electrochemical  window of  4.7  V,  owing  to  the  inhibition  of  PEO
end-group  decomposition  by  LLTO  and  ZIF-8,  along  with  the
intrinsic  high  electrochemical  stability  of  IL.  The  ionic
conductivities of different CSEs at 60 °C can be calculated from the
EIS  results  in Fig.  4(b).  Compared  to  other  CSEs,  LLTO/ZIF-
8@IL/PEO  exhibits  the  highest  ionic  conductivity  (1.07  ×  10−3

S·cm−1),  and  its  superior  ion  transport  capability  consistently
outperforms  other  CSEs  across  the  entire  temperature  range
(Fig. 4(c) and Fig. S8 in the ESM). The activation energy (Ea) for ion
transport  of  LLTO/ZIF-8@IL/PEO  is  calculated  to  be  0.45  eV,
notably lower than those of LLTO/PEO (1.07 eV) and LLTO/ZIF-
8/PEO  (0.89  eV),  indicating  a  reduced  interfacial  ion  transport
barrier  across  the  organic–inorganic  interface.  The  low Ea of
LLTO/PEO-IL (0.38 eV) can be explained by the strong plasticizing
effect of IL on the PEO electrolyte, which leads to the quasi-liquid-
state  ion  transport  within  the  PEO-IL  matrix.  In  addition,  the  Li+

transference number ( ) of LLTO/ZIF-8@IL/PEO is calculated to
be 0.46 based on the chronoamperometry (CA) results  (Fig.  4(d)),
which is much higher than those of other CSEs (Fig. 4(e) and Fig.
S9  in  the  ESM).  This  suggests  that  a  greater  proportion  of  Li+

transport  occurs  through  the  LLTO phase,  further  confirming  the
reduction  of  the  ion  transport  barrier  across  the  PEO-LLTO
interface.  Compared to recent studies on enhancing interfacial  ion
transport  in  CSEs  [34−38],  LLTO/ZIF-8@IL/PEO  achieves  a
relatively high ionic conductivity and  (Fig. 4(f) and Table S1 in
the ESM),  underscoring the effectiveness  of  the confined solvation
strategy.  Notably,  the  performance  comparison  between
LLTO/PEO-IL  and  LLTO/ZIF-8@IL/PEO  reveals  that  the
confinement  effect  of  ZIF-8  can  significantly  reduce  the  adverse
impact  of  IL-Li  on  the  electrolyte.  This  effect  ensures  that  IL-Li

tLi+

remains predominantly anchored on the LLTO surface rather than
diffusing  into  the  PEO  matrix,  thereby  enhancing  the  mechanical
properties  and  increasing  the  at  the  same  time.  To  further
evaluate  the  Li+ exchange  between  LLTO  and  PEO,  the 7Li  solid-
state  NMR  and 7Li-7Li  2D  EXSY  NMR  tests  were  performed  on
LLTO/PEO  and  LLTO/ZIF-8@IL/PEO.  For  LLTO/PEO,  the  PEO
and  LLTO  electrolytes  show  two  distinct  peaks  at −1.71  and
1.08 ppm (Fig. 4(g)), respectively. In contrast, the chemical shift of
PEO remains unchanged in LLTO/ZIF-8@IL/PEO, while the peak
of  LLTO shifts  to  0.92  ppm (Fig.  4(j)),  which can be  attributed to
the increased electron cloud density induced by the introduction of
the ZIF-8@IL layer.  Further analysis  of  the 7Li-7Li 2D EXSY NMR
spectra  of  the  two  electrolytes  reveals  that  no  off-diagonal  cross-
peaks  are  observed  at  the  dashed  box  positions  in  LLTO/PEO
(Fig.  4(h)),  indicating  that  the  ion  exchange  between  LLTO  and
PEO  is  extremely  slow,  almost  like  being  separated  by  a “canyon”
(as illustrated in Fig. 4(i)). In contrast, the spectrum of LLTO/ZIF-
8@IL/PEO  shows  clear  cross-peaks  at  the  dashed  box  positions
(Fig. 4(k)), suggesting a significant enhancement in the Li+ exchange
rate between LLTO and PEO. A more vivid explanation is that Li+

can “swim” through  the “canyon” in  a  solvated  form  (Fig.  4(l)),
facilitating  their  smooth  transport  from  the  PEO  matrix  to  LLTO
phase [39−45].

The stability of Li plating and stripping is a critical parameter for
electrolytes.  As  shown  in Fig.  5(a),  the  symmetric  coin  cells
assembled  with  LLTO/PEO  and  LLTO/ZIF-8/PEO  exhibit  a
gradually  increasing  overpotential  during  the  Li  plating/stripping
cycles  and  eventually  short-circuit.  Thanks  to  the  high  ionic
conductivity, the symmetric cell with LLTO/PEO-IL shows a stable
cycling  with  low  overpotential  in  the  initial  stage.  However,  it
suddenly  short-circuits  after  362  h  due  to  the  degradation  of
mechanical  properties  caused  by  the  plasticizing  effect  of  IL
(Fig.  3(d)).  In  sharp  contrast,  the  symmetric  cell  with  LLTO/ZIF-
8@IL/PEO displays exceptional stability for over 1000 h. Besides, as
shown  in  Fig.  S10  in  the  ESM,  compared  to  LLTO/PEO,  the
lithium foils disassembled from the symmetric cell with LLTO/ZIF-
8@IL/PEO after 100 cycles exhibit a more uniform morphology. In
addition, the symmetric cell  with LLTO/ZIF-8@IL/PEO achieves a
critical  current  density  (CCD) of  0.5  mA·cm−2 (Fig.  5(b)),  whereas
the  CCD  values  of  LLTO/PEO-IL,  LLTO/ZIF-8/PEO,  and
LLTO/PEO are only 0.4, 0.3, and 0.2 mA·cm−2, respectively (Fig. S11
in  the  ESM).  To  evaluate  the  practical  application  capability  of
different CSEs, they were assembled into Li||LFP coin cells for long-
cycle  and  rate  tests.  As  depicted  in Figs.  5(c) and 5(e),  the  cell
assembled  with  LLTO/ZIF-8@IL/PEO  demonstrates  outstanding
long-cycle stability and rate performance compared to other CSEs.
After  200  cycles  at  1  C,  the  cell  maintains  a  discharge  capacity  of
90.54 mAh·g−1 with a capacity retention of 69.35%. Notably, even at
a  high  rate  of  2  C,  it  still  achieves  a  discharge  capacity  of
120  mAh·g−1.  The  corresponding  charge–discharge  curves  are
displayed  in Figs.  5(d) and 5(f),  exhibiting  higher  capacity  and
lower overpotential at the same cycle number and rate compared to
LLTO/ZIF-8/PEO and LLTO/PEO (Figs. S12(b)–12(f) in the ESM).
Notably,  the  charge–discharge  curves  of  the  Li||LFP  coin  cell
assembled with LLTO/PEO-IL under 1 C (Fig. S12(a) in the ESM)
show  a  slightly  higher  capacity  and  lower  overpotential  compared
to  LLTO/ZIF-8@IL/PEO  at  the  initial  cycle.  Moreover,  the
charge–discharge curves of LLTO/PEO-IL at different C-rates (Fig.
S12(b)  in  the  ESM)  exhibit  similar  capacity  and  overpotential  to
those  of  LLTO/ZIF-8@IL/PEO.  This  suggests  that  the  plasticizing
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effect  of  IL  on  PEO  enhances  the  ionic  conductivity  and
significantly improves the interfacial contact between the electrolyte
and electrodes. However, this improvement comes at the expense of
the reduced mechanical properties as evidenced in Fig. 3(d), which
results  in  the  inferior  long-cycle  performance  in  both  Li||Li
symmetric coin cells  and Li||LFP coin cells.  To further explore the
potential  applications  of  LLTO/ZIF-8@IL/PEO,  the  corresponding
Li||LFP  pouch  cell  with  a  LFP  loading  of  22  mg  and  Li||LiCoO2
(LCO)  coin  cell  with  a  higher  charge–discharge  plateau  were
assembled  and  evaluated.  Encouragingly,  the  assembled  Li||LFP
pouch cell  can deliver a discharge capacity of  135.02 mAh·g−1 over
100  cycles  under  0.2  C  (Fig.  5(g))  and  successfully  power  the
charging  of  a  smartphone  (Fig.  5(i)).  Furthermore,  as  shown  in

Figs. 5(i) and 5(j), the Li||LCO coin cell assembled with LLTO/ZIF-
8@IL/PEO exhibits stable cycling for 50 cycles at 0.2 C, retaining a
capacity of 100 mAh·g−1,  highlighting the excellent compatibility of
the  electrolyte  with  high-voltage  cathode  materials.  The  relatively
low  Coulombic  efficiency  may  be  attributed  to  the  inferior  high-
voltage tolerance of the PEO binder within the LCO cathode. 

4    Conclusions
In  summary,  we  successfully  fabricated  a  novel  CSE,  denoted  as
LLTO/ZIF-8@IL/PEO,  by  introducing  a  confined  solvation  layer
composed  of  ZIF-8  and  IL-Li  between  the  LLTO  fibers  and  PEO
electrolytes. This confined solvation layer can effectively convert the

 

tLi+ tLi+

Figure 4    (a) LSV curves and (b) EIS results to calculate ionic conductivities of different electrolytes at 60 °C. (c) Ionic conductivities of different electrolytes as function of
temperature ranging from 10 to 70 °C. (d) The CA curve for Li||LLTO/ZIF-8@IL/PEO||Li symmetrical cell (inset: EIS results of the cell before and after polarization). (e)
Comparison of  for different electrolytes. (f) Comparison of the ionic conductivity and  of LLTO/ZIF-8@IL/PEO with values reported in recent literature. The 7Li
solid-state NMR spectra,7Li-7Li 2D EXSY NMR spectra, and the corresponding schematic of Li+ transport across the interface of (g)–(i) LLTO/PEO and (j)–(l) LLTO/ZIF-
8@IL/PEO.
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tLi+

initially slow solid−solid interfacial Li+ transport between LLTO and
PEO into rapid solid−liquid interfacial Li+ transport. Therefore, the
advantage of  LLTO has  been fully  exploited as  fast  Li+ conducting
fillers  to  significantly  enhance  the  overall  ionic  conductivity  of  the
LLTO/ZIF-8@IL/PEO electrolyte,  which reaches 1.07 × 10−3 S·cm−1

60  °C  and  exhibits  a  of  0.46.  Encouragingly,  the  assembled
Li||LFP pouch cell with a LFP loading of 22 mg can deliver a stable
capacity of 135.02 mAh·g−1 under 0.2 C over 100 cycles at 60 °C and
even power the charging of a smartphone. This confined solvation
strategy provides a  universal  and convenient  approach to improve
the  Li+ transport  across  the  organic−inorganic  interface  in  CSEs,
offering valuable insights for future research.
 

Electronic Supplementary Material: Supplementary material (EDS
elemental  mapping  images,  digital  photographs,  TGA  curves,  N2
sorption isotherms, contact angle measurements, and EIS results of
different  samples,  detailed  charge–discharge  curves  of  different
cells)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907388. 

Data availability
All  data  needed  to  support  the  conclusions  in  the  paper  are
presented  in  the  manuscript  and  the  Electronic  Supplementary
Material.  Additional  data  related  to  this  paper  may  be  requested
from the corresponding author upon request. 

 

Figure 5    (a)  Cycling  performance  of  Li||Li  symmetric  coin  cells  assembled  with  different  CSEs.  (b)  CCD  tests  of  LLTO/ZIF-@IL/PEO.  (c)  Cycling  and  (e)  rate
performance of Li||LFP coin cells assembled with different CSEs. Charge–discharge curves for the Li||LFP coin cell assembled with LLTO/ZIF-@IL/PEO at (d) different
cycle  numbers  and (f)  C-rates.  Cycling performance of  (g)  the  Li||LFP pouch cell  and (i)  Li||LCO coin cell  assembled with LLTO/ZIF-@IL/PEO.  (h)  The photograph
showing the Li||LLTO/ZIF-@IL/PEO||LFP pouch cell charging a smartphone. (j) Charge–discharge curves for the Li||LCO coin cell assembled with LLTO/ZIF-@IL/PEO
at different cycle numbers.
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