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Abstract

The low ionic conductivities, poor high-voltage stabilities, and lithium dendrite formation of polymer solid electrolytes
preclude their use in all-solid-state lithium metal batteries (ASSLMBs). This work provides a simple and scalable tech-
nique for constructing fast ion conductor nanofibers (FICNFs) and poly-m-phenyleneisophthalamide (PMIA) nanofibers
synergistically enhanced polyethylene oxide (PEO)-based composite solid electrolytes (CSEs) for ASSLMBs. The FICNFs,
which were mainly composed of high loadings of ZrO, or Lig4 4JLa;Zr, ;Ta, ;O,, nanoparticles, had a percolated ceramic
phase inside the nanofibers, while the exposed nanoparticles formed continuous organic—inorganic interfaces with the PEO
matrix to enable Li* transport. The interfacial transport rate between ZrO, and PEO was calculated as 4.78 X 107> cm? s~
with ab initio molecular dynamics (AIMD) simulations. Besides, the PMIA nanofibers provided strong skeletal support for
the CSEs, ensuring excellent mechanical strength and safety for thin CSEs even at high temperatures. More importantly, the
amide groups in PMIA provided abundant hydrogen bonds with TFSI™, which lowered the lowest unoccupied molecular
orbital (LUMO) level of lithium salts, thus promoting the generation of lithium fluoride-rich solid electrolyte interphase.
Consequently, the modified CSEs exhibited satisfactory ionic conductivities (5.38x107* S cm™ at 50 °C) and notable Li
dendrite suppression (> 1500 h at 0.3 mAh cm~2). The assembled LiFePO,lILi full cells display ultra-long cycles (>2000
cycles) at 50 °C and 40 °C. More strikingly, the LiNi, ¢Mn,, ;Co,, ;O, (NMC811)IILi cell also can stably run for 500 cycles,
and the LiFePO,lILi flexible pouch cells also cycled normally, demonstrating tremendous potential for practical application.

Keywords Composite solid electrolytes - Multiple continuous Li* transmission channels - Rich hydrogen bond
interactions - Ultra-long stable cycle performance - Flexible pouch cells

Introduction Solid-state electrolytes (SSEs), as one of the key compo-
nents in ASSLMBs, usually have three categories: Inorganic
solid electrolytes (ISEs), solid polymer electrolytes (SPEs),
and composite solid electrolytes (CSEs) [4]. Qualified SSEs

for ASSLMBs generally meet the following requirements:

All-solid-state LMBs (ASSLMBs) with high security and
outstanding energy density are considered one of the next-
generation rechargeable energy storage devices [1-3].
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First, SSEs not only have excellent ion conductivity (> 107
S cm_l) at room temperature, wide electrochemical window,
and high Li-ion (Li*) migration number, but also should
be equipped with admirable mechanical strength to effec-
tively inhibit lithium dendrite growth. Second, the interface
between the cell electrode and electrolyte should have a low
and stable impedance. Third, the overall processing perfor-
mance should be outstanding, and mass production should
be easy [4, 5].

Understanding lithium-ion transport is crucial for
designing and optimizing highly ion-conductive SSEs, as
conductivity is a key indicator of the SSE performance of
ASSLMBs. In ISEs, lithium ions are usually transported in
crystals by vacancy migration or ion hopping [6]. ISEs usu-
ally have excellent conductivity at room temperature (RT)
[7]. For example, some sulfide-based ISEs, like the argyro-
dite family, demonstrate remarkably high ionic conductivi-
ties ranging from~ 107 to 10 S cm™' at RT [8, 9]. Never-
theless, most of them are sensitive to H,O and O, and have
large contact resistance with cell electrodes. SPEs facilitate
Li* conduction primarily in the amorphous phase of the
polymer. Li* undergoes a “complexation-decomplexation-
recomplexation” process, repeatedly jumping between dif-
ferent complexation sites as polymer chain segments move,
thereby enabling long and fast-range Li* conduction [10].
SPEs are typically flexible and processable, providing better
interfacial contact with electrodes compared to ISEs [11].
However, SPEs with poor strength cannot effectively prevent
the growth of lithium dendrites during the cell cycle, and
their ionic conductivity at RT generally is low due to slug-
gish polymer chain movement [12, 13].

As is known to all, the preparation of CSEs by dispersing
inorganic fillers into polymers is one of the most effective
ways to improve ionic conductivity, mechanical strength,
and/or electrochemical stability [14]. The CSEs integrate the
advantages of organic and inorganic materials while mitigat-
ing their disadvantages. The ion conduction mechanism of
the prepared CSEs follows the percolation model [15, 16].
Below a certain ceramic content, lithium ions can only be
conducted through the polymer matrix, resulting in low ion
conductivity. However, once the ceramic content exceeds
a certain point, lithium ions usually can also be conducted
through ceramic particles or interfaces between organic and
inorganic components, leading to significantly improved
ionic conductivity [16, 17]. In addition, some studies also
have found that the electrolyte conductivity was positively
correlated with the number of interfaces, but not with the
conductivity of the inorganic phase in high ceramic content
CSEs (HCC CSEs). Furthermore, the conduction pathway
primarily occurred at the interfaces between the ceramic and
polymer phases in CSEs [18]. In this scenario, the ion con-
ductivity of the ceramic phase became less important. As a
result, low-cost insulating ceramics can be utilized as fillers
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in SSEs, replacing expensive lithium-ion conductors. The
substitution significantly reduces the overall cost of the SSEs
without compromising their performance. However, in HCC
CSEs, surface impurities in the ceramic phase, agglomera-
tion of ceramic particles, and poor contact between ceramic
particles and ceramic-polymer may lead to the room tem-
perature conductivity of the CSEs being still low. Although
introducing 3D ceramic nanofiber networks has proven
to be a promising strategy to improve properties such as
mechanical properties, ionic conductivity, and structural sta-
bility of solid electrolyte membranes, many technical chal-
lenges remain in the production and final use of nanofibers.
Moreover, 3D ceramic nanofiber networks are usually can
be prepared in various ways and then calcined at high tem-
peratures, which are usually rather brittle and are difficult to
use as a strong mechanical carrier in battery manufacturing
and final application. Therefore, the development of CSEs
with excellent ionic conductivity and outstanding mechani-
cal strength still is the key to promoting the fast development
of CSEs for ASSLMBs.

Due to its high permittivity, strong solvation ability of
Lit*, and good molecular chain flexibility, polyethylene oxide
(PEO) is widely used as the matrix of the CSEs [19]. Nev-
ertheless, ionic conductivities (o) of PEO-based electrolytes
at RT typically range from 10~ to 10 S cm™!, which falls
below the requirement for ASSLMBs. Besides, pure PEO
SPEs also have a narrow electrochemical window (about
3.8 V) and weak mechanical properties, leading to difficulty
with high voltage cathodes such as LiNi, ;Mn, ;Co, ;O,
(NMCS811), causing serious safety hazards, and blocking its
practical application [20]. Given the intractable problems of
PEO SPEs, the introduction of a three-dimensional organic
high-strength nanofiber membrane is one of the effective
methods to improve its mechanical properties. When com-
pared with nanofibers prepared by other processes, electro-
spun nanofibers usually have attracted widespread attention
because of their remarkable mechanical properties, high
porosities, and large surface area-to-volume ratios [21].
The SPEs with some electrospun nanofibers as supporting
skeletons still have a thin thickness with excellent mechani-
cal strength conditions, which can significantly improve the
overall energy density of the battery [22]. At the same time,
it has also been reported that different hydrogen bond inter-
actions in electrolytes can not only increase the oxidation
potential of SPEs [23], but also promote the dissociation of
lithium salts and the generation of lithium fluoride (LiF)-rich
solid electrolyte interphase (SEI) [24, 25]. Lastly, the utili-
zation of cost-effective electrolytes is of utmost importance
for advanced ASSLMBs to fulfill the demands of large-scale
energy storage applications. Therefore, scalable electrospin-
ning membranes also can provide strong technical support
for the integration of large-scale nanofiber membranes into
polymer electrolytes.
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Based on the above basic research and discussions, we
have innovatively designed and prepared the functional
composite nanofiber membranes (CNMs) by scalable elec-
trospinning, which was composed of high-content ceramic
nanoparticle reinforced nanofiber called fast ion conductor
nanofibers (FICNFs) and poly-m-phenyleneisophthalamide
(PMIA) nanofiber as the supporting skeleton of PEO-based
electrolyte with thin thickness (Fig. la). A percolated
ceramic phase was formed inside the prepared FICNFs,
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exposed ceramic nanoparticles outside the nanofibers formed
continuous organic—inorganic interfaces for Li* transport
in the CSEs. The result allows Li* to be transported not
only rapidly within the nanofibers but also along the inter-
faces, providing multiple Li* transport channels in the CSEs
(Fig. 1b), which has been confirmed by ab initio molecular
dynamics (AIMD) simulation. Besides, the PMIA nanofibers
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Fig.1 a The schematic illustration for the preparation processes of the CSEs and assembled ASSLMBs using the CSEs. b Mechanism for
enhanced Li* transport by FICNFs. ¢ Various interactions of the electrolyte. d PMIA&Z60 nanofiber membrane
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furnished strong skeleton support to ensure the thin CSEs
with outstanding mechanical strength and high-temperature
resistance. The characterization tests and density functional
theory (DFT) calculations also have verified that enough
hydrogen bonding interactions between the amide groups
in the PMIA and PEO can reduce the crystallinity and
enhance the oxidation resistance of PEO. These hydrogen
bond interactions with TFSI™ not only promoted the disso-
ciation of lithium salts but also facilitated the generation of
LiF-rich SEI (Fig. 1c¢). The CSEs prepared simultaneously
solve the problem of unsatisfactory ion conductivity, poor
thermal stability, weak suppression of lithium dendrites and
low oxidation potential of PEO-based electrolytes. There-
fore, the optimized CSEs, when used in LillLi symmetric
cells, exhibited remarkable cycle stability (> 1500 h at 0.3
mAh cm_z). Furthermore, the LiFePO,ICSEsILi batteries
displayed ultra-long cycles (> 2000 cycles). Additionally,
when employed in LilINMC811 batteries, the prepared
CSEs enable stable operation at a high cut-off voltage of
4.3V for 500 cycles at 0.3 C. Notably, the pouch cells also
demonstrated stable operation, exceptional flexibility, and
outstanding safety, making them highly suitable for potential
practical applications.

Experimental Section

For simplicity, the prepared PMIA nanofibers membrane
was denoted as PMIA, and the FICNFs prepared with a
ratio of 15 wt%, 30 wt%, 45 wt%, 60 wt%, and 75 wt% of
Zr0O, nanoparticle in whole solutes (ZrO,, PEO, and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)) were labeled
as 215,730, Z45, 760, and Z75, respectively. The FICNFs
prepared with a ratio of 60 wt% LLZTO nanoparticle in
whole solutes (LLZTO, PEO, and LiTFSI) were labeled
as L.60. The composite fiber membranes consist of PMIA
nanofibers and different ZrO, content of FICNFs were
labeled as PMIA&ZX (X was the proportion of ZrO, to
the total solute). The composite fiber membrane consists
of PMIA nanofibers and L60 nanofibers were labeled as
PMIA&LG60. Besides, the all-solid-state CSEs prepared
using pure PEO and LiTFSI solution, PEO, x wt% ZrO,
nanoparticles (x was the mass percentage of the solute), and
LiTFSI mixture solution, PMIA nanofiber membrane pour-
ing PEO solution, PMIA&ZX nanofiber membrane pour-
ing PEO solution, PMIA &Z60 membrane pouring PEO and
10 wt% ZrO, nanoparticles mixture solution, PMIA&L60
membrane pouring PEO were denoted as PEO, PEO/xZ,
PEO/PMIA, PMIA&ZX, PEO/10Z/PMIA&Z60, and PEO/
PMIA&LG60 electrolytes, respectively. The other details for
the experimental section were fully introduced and presented
in the Supporting Information.
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Results and Discussion

The preparation processes of CSEs and the assembly pro-
cesses of ASSLMBs are illustrated in Fig. la. Firstly, a
composite membrane containing the FICNFs and PMIA
nanofibers rich in amide bonds was prepared in the scal-
able electrospinning way. Then the PEO base CSEs were
prepared by the solution pouring method. As shown in
Fig. 1d, the size of the electrospinning PMIA&Z60 com-
posite membrane can reach 33 cm X 25 cm, which meets
the requirements of large-scale energy storage applications
and flexible electrolytes.

Building on our previous works, the PMIA nanofiber
membrane was successfully prepared as shown in Fig. 2a,
which was composed of uniform nanofibers. Subsequently,
we intend to introduce continuous FICNFs into these pre-
pared nanofiber membranes. Figures 2b and S1la—d dis-
play the morphologies of electrospun CNMs with differ-
ent contents of ZrO, nanoparticles. When the contents of
solvent, PEO, and lithium salt are fixed, the PEO-based
spinning solution tends to be fibrous with the increase of
ZrO, nanoparticles. However, no continuous percolated
ceramic phase can be formed. When the proportion of
Z10O, accounted for 60 wt% of the solute, the nanofibers
were continuous and there was no bulk aggregation. The
detailed morphology of ZrO,-based nanofiber with an
average diameter of about 600 nm was characterized by
a TEM test. As shown in Fig. 2¢, PEO served as a binder
to interconnect the ZrO, nanoparticles, and the well-dis-
tributed Zr and O elements (Fig. 2d) also demonstrated
that ZrO, was evenly dispersed in the nanofibers to form
an obvious percolated ceramic phase and continuous ion
transport paths at the organic/ceramic interfaces. However,
as the proportion of ZrO, was increased, the nanofibers
appeared ZrO, aggregation, which was not conducive to
the rapid transport of the lithium ions. The above phenom-
enon may be explained that when the ZrO, nanoparticles
content was less than 60 wt%, the solute PEO in the spin-
ning solution accounts for the majority. While the exces-
sive solvent made PEO directly sprayed onto the PMIA
nanofiber membrane in the form of the solution instead
of nanofiber. When the ZrO, content was increased to 60
wt%, the ZrO, in this spinning solution accounted for the
majority, and the most appropriate ratio between solvent
and solute in the solution was reached. Under the action
of the electrostatic field, PEO can act as a binder to make
ZrO, orderly and arrange into continuous nanofibers.
Interestingly, with the same preparation method, we also
prepared continuous nanofibers containing high loads and
evenly distributed LLZTO nanoparticles (60 wt% LLZTO)
with an average diameter of approximately 800 nm
(Fig. 2e—g), which effectively proved that this method



Advanced Fiber Materials (2024) 6:883-899

887

e i

Fig.2 SEM images of a PMIA nanofiber membrane; b PMIA&Z60
nanofiber membrane; ¢ TEM image of Z60 nanofiber; d EDX map-
ping images of Z60 nanofiber; e SEM images of PMIA&L60; f TEM
image of L60 nanofiber; g EDX mapping images of L60 nanofiber:

was useful for the preparation of continuous nanofibers
with high loads of ceramic nanoparticles. The top-view
SEM images of CSEs in Fig. 2h and j represent a flat and
smooth surface morphology, revealing the pores in the
PMIA&Z60 and PMIA&L60 composite membranes have
been evenly filled by the PEO-based electrolyte. In addi-
tion, it can be seen from the EDS test in Fig. S2 that Zr and
O were evenly dispersed in the electrolyte, indicating the
successful addition of PMIA&Z60 composite membranes
and ZrO, nanoparticles. According to the cross-sectional
SEM images of CSEs in Fig. 2i-k and compared with the
cross-sectional SEM images of PEO electrolyte (Fig. S3),
the thickness of CSEs was lower than 43 pm and 65 pm,
respectively, due to the excellent mechanical properties
of the CNMs.

Adding nano-fillers to the PEO polymer can significantly
inhibit the crystallization of the PEO chain dynamically due
to the strong Lewis acid-base type interaction between the
surface of the nanoparticles and the PEO chain [26, 27].
Based on this, we have added ZrO, nanoparticles to the
PEO-based electrolyte and found that reducing the crystal-
linity of PEO reached the optimal level when the addition
amount was 10 wt% (Fig. S4). Furthermore, with the addi-
tion of multi-level PMIA to the pure PEO electrolyte, the two
characteristic peaks of PEO (19.3° and 23.6°) also became

g, Zr elements, g, La elements, g; O elements, g, Ta elements;
h The top-view SEM image and i the cross-section SEM image of
PEO/10Z/PMIA&Z60 CSEs; j The top-view SEM image and k the
cross-section SEM image of PEO/PMIA&L60 CSEs

significantly smaller. The nanofillers with high specific sur-
face area can produce more interfacial layers and form ion
transport networks. However, the aggregation of nanofillers
can destroy the percolation path along the interface layer. To
fully utilize the interface layer, a continuous nanofiber con-
taining high-content inorganic ceramic nanoparticles can be
introduced to form a continuous interface layer [28]. There-
fore, as can be seen from Fig. 3a, we have introduced the
PMIA&Z60 nanofibers into the PEO/10Z electrolyte, result-
ing in the formation of a continuous percolative network in
the composite electrolyte without agglomeration. Moreover,
the introduction of PMIA&L60 nanofibers membrane into
the PEO electrolyte also formed a continuous percolative
network without agglomeration.

Some studies have shown that reducing the crystalliza-
tion of polymer chains can enhance the movement of chain
segments and effectively promote the transport of lithium
ions. In addition, the Lewis acid-base interaction also pro-
moted the dissociation of Li salts, increased the concentra-
tion of free Li* near the interfaces, and further improved the
transportation of lithium ions. Figures 3b and S5 present the
Arrhenius plots for various electrolytes at different tempera-
tures from 30 to 70 °C. Figure S5 shows that when ZrO,
was added to the PEO, the ionic conductivity of the CSE
initially increased and then decreased due to agglomeration

@ Springer
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Fig. 3 a XRD patterns. b Arrhenius plots (temperature increased from 30 to 70 °C). ¢ Stress—strain profiles. d LSV images of different electro-
lytes. e Optical images of various films treated at different temperatures for 60 min. f TGA measurements of various samples

of the excess ZrO, nanoparticles. The ionic conductivity
reached a maximum when 10 wt% of the ZrO, nanoparti-
cles was added. Furthermore, Fig. 3b also shows that the
introduction of the PMIA nanofiber membrane increased
the ionic conductivity of the electrolyte. The main reason
was that excess hydrogen bonding interactions between the
meta-type benzene-amide bonds on the PMIA skeleton chain
and PEO and LiTFSI may hinder polymer crystallization and
cause the decomposition of LiTFSI. Moreover, the PEO/
PMIA&L60 and PEO/10Z/PMIA&Z60 CSEs also presented
admirable ionic conductivity. Those results displayed that
the ionic conductivity of all CSEs was higher than that of
the PEO SPE at the temperature range of 30-70 °C. The
corresponding ionic conductivities of the PEO/10Z, PEO/
PMIA, PEO/PMIA&L60, and PEO/10Z/PMIA&Z60 CSEs
are 9.56x107 S cm™,1.06x10™* S cm™', 1.37x 107 S
cm~'and 1.5x 107 S cm™! at 30 °C, respectively, which
was significantly higher than 5.63x 107> S cm™' of the PEO
electrolyte. Meanwhile, the ion conductivity data at different
temperatures were fitted and the results showed that the rela-
tionship between ion conductivity and temperature follows
the classical Arrhenius equation (Eq. 1):

Ea
a:Aexp(—ﬁ> (1

where A, E,, R, and T represent the pre-exponential factor,
activation energy, gas constant (8.314 J mol~! K™!), and
absolute temperature, respectively [29, 30]. The calculated
activation energies of PEO/PMIA&L60 and PEO/10Z/
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PMIA&Z60 CSEs were 0.489 eV and 0.454 eV, respec-
tively, which were significantly lower than PEO SPE
(E,=0.605 eV), as well as PEO/10Z (E,=0.503 eV) and
PEO/PMIA (E,=0.505 eV), indicating that the synergis-
tic effect between FICNFs and PMIA nanofibers promotes
faster ion migration in the electrolyte. The specific reasons
for these improvements in the ionic conductivity were: (1)
introduction of the -NH group in PMIA led to Li...N-H
interactions in the system, which had a binding energy
equivalent to that of Li...O-C, thus promoting the destruc-
tion and formation of coordination bonds between the poly-
mer and lithium ions [31]; (2) the hydrogen bond interac-
tions between PMIA and PEO and TFSI™ greatly reduced
the crystallinity of PEO and promoted the dissociation of
lithium salt; (3) The interfaces exist within FICNFs with
percolated networks, or between the inorganic ceramic
nanoparticles exposed on the surface of FICNFs and the
filled PEO also can provide rich transport pathways, thereby
improving Li* transport.

The tensile strengths of PEO/10Z/PMIA&Z60 and PEO/
PMIA&L60 CSEs were investigated and presented by the
stress—strain profiles (Fig. 3c). When compared to PEO
electrolytes (= 0.30 MPa), the mechanical properties of
PEO/10Z/PMIA&Z60 (8.76 MPa) and PEO/PMIA&L60
(7.75 MPa) CSEs have been significantly improved. The
satisfactory results mainly involved the strong interaction
between nanofibers in these PMIA nanofiber membranes
through binding points and entanglement, thereby improv-
ing the overall mechanical strengths of CSEs. In addition,
enough hydrogen bonding interactions between PMIA
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and PEO molecules were also beneficial for the excellent
mechanical properties of the prepared composite electro-
lytes [32].

The electrochemical stability window (ESW) of diverse
electrolytes, as an essential criterion for their application in
high-voltage batteries, was evaluated at 50 °C by the lin-
ear sweep voltammetry (LSV) from 2.5 to 6.0 V. As shown
in Fig. 3d, the ESW of the PEO/10Z/PMIA&Z60 (4.96 V
vs. Li*/Li) and PEO/PMIA&L60 (5.15 V vs. Li*/Li) CSEs
were all much wider than that of PEO (3.90 V vs. Lit/Li),
which indicated that the introduction of the PMIA&Z60 and
PMIA&L60 nanofiber network can effectively enhance the
ESW of CSEs. The increase in ESW may be due to the addi-
tion of PMIA, ZrO,, and LLZTO with good oxidation stabil-
ity [33]. The irreversible oxidation of bis (trifluoromethane
sulfonimide) (TFSI™) would seriously reduce the antioxidant
stability of PEO. The strong Lewis acid—base interaction
between the acid sites on the surface of ceramic particles
(ZrO, and LLZTO) and salt anions can effectively inhibit
the migration of TFSI™, thus improving the electrochemi-
cal stability of the composite electrolyte [34]. In addition,
the highly interconnected PMIA&Z60, and PMIA&L60
nanofiber network also can provide continuous ion transport
pathways, which greatly reduces the migration of charges
(i.e. Li*) in the PEO polymer matrix, thereby delaying the
oxidation of PEO [35].

In safety evaluation, the thermal stability of the SPE
structure is a very important indicator for high-safety lithium
batteries [36]. Figure 3e shows the photos of different SPEs
tested at various temperatures for 60 min. With the increase
in temperature, the PP membrane, PEO, and PEO/10Z elec-
trolyte membrane gradually shrink, especially at high tem-
peratures. However, thanks to the outstanding heat resist-
ance of PMIA itself [37], the PMIA nanofiber membrane
introduced electrolytes all remained a regular and complete
morphology, which just has negligible shrinkage after being
treated for 60 min at 150 °C.

Thermogravimetric analysis (TGA) results for the sam-
ples were obtained in air, as shown in Fig. 3f. It can be
seen that the thermal decomposition trend of several com-
posite electrolytes was similar to PEO electrolytes. The
thermal decomposition process of PEO-based electrolytes
can be divided into two stages. The first stage occurred
at 60-160 °C, which was the thermal decomposition pro-
cess of a small amount of water and residual solvent in the
electrolyte. The other stage occurred at 380-500 °C, which
was mainly due to the decomposition of PEO [38]. In addi-
tion, when the temperature reached 800 °C, it was obvi-
ous that the participation amount of PEO, PEO/10Z, PEO/
PMIA&L60 CSEs, and PEO/10Z/PMIA&Z60 was nearly
3.56 wt%, 13.30 wt%, 13.64 wt%, and 25.95 wt%.

Finally, visual experiments were carried out on the sam-
ples with different electrolyte strip sizes, which verified

the improved flame retardancies of the samples containing
the PMIA&Z60 and PMIA&L60 nanofiber membranes.
Figure S6 shows a number of screenshots of electrolyte
combustion at different time points. When the high-tem-
perature flame approached, the PEO and PEO/10Z solid
electrolyte samples burned continuously and produced
droplets, which is typical of polymer combustion, and they
were almost completely burned within 8 s. Nevertheless,
the PEO/10Z/PMIA&Z60 and PEO/PMIA&L60 CSEs
introduced into the PMIA nanofiber membrane exhibited
shrinkage without burning when the flame was closed.
The evident fire-extinguishing behavior constituted an
improvement in the battery performance even at high tem-
peratures and was also an important guarantee for future
applications.

Finally, some visual experiments were carried out on the
samples with different electrolyte strip samples, which veri-
fied the improvement of the flame retardancy of the sam-
ples by introducing PMIA&Z60 and PMIA &L 60 nanofiber
membranes. Figure S6 presents a combination of screen-
shots of the electrolyte’s combustion state at different time
points. It can be seen that when the high-temperature flame
approached, the PEO and PEO/10Z solid electrolyte samples
burned continuously, accompanied by droplet drop, which
was typical of polymer combustion, and finally almost
completely burned within 8 s. Nevertheless, the PEO/10Z/
PMIA&Z60 and PEO/PMIA&L60 CSEs introduced into
the PMIA nanofiber membrane just had a certain shrink-
age without burning when the high-temperature flame was
close to it. The evident fire-extinguishing behavior was an
effective way to improve the performance of batteries even
at high temperatures, and also an important guarantee for
future applications.

The Li* transference number (t;;*) is a significant factor
in valuing the Li* migration ability in SPEs. Higher t;; + has
a positive role in diminishing polarization and restrain-
ing side reactions [39]. The t;;* of PEO SPE, PEO/10Z/
PMIA&Z60, and PEO/PMIA&L60 CSEs can be calculated
based on the AC impedance and chronoamperometry pro-
files polarization. As shown in Fig. 4a, b, the tLi+ of the
PEO/10Z/PMIA&Z60 and PEO/PMIA&L60 CSEs were
calculated to be 0.45 and 0.42, respectively, which were
both higher than that of the PEO SPE (0.13) as presented
in Fig. S7. The notable improvements in Li* transport by
the PEO/10Z/PMIA&Z60 and PEO/PMIA&L60 CSEs were
attributed to the: (1) the hydrogen bonding interactions
between the PMIA nanofibers and TFSI™ led to adsorption
of the TFSI™ and dissociation of the salts; (2) the ceramic
nanoparticles acted as Lewis acids and the TFSI™ Lewis
bases were absorbed on the surfaces of the ceramic nano-
particles; and (3) the applied FICNFs provided multiple
continuous Li* transport pathways and contributed to rapid
Li* migration.
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Figure 4c displays the FTIR spectra for PEO SPE, PEO/
PMIA, PEO/10Z/PMIA&Z60, and PEO/PMIA&L60 CSEs
in the range of 4000—400 cm™". To better observe the small
differences caused by the addition of PMIA, PMIA&Z60,
and PMIA&L60 nanofiber membrane to the PEO/LiTFSI
matrix, the deconvoluted FTIR spectra in Fig. S8 present
stretching vibrational modes of the C-O-C, —SO,, and —CF;
group in the frequency ranges 1160 to 1000 cm™" and 1400
to 1150 cm™!, respectively. When compared to the C—-O—-C
characteristic peaks of PEO electrolyte [40] (1041.70,
1077.11, 1098.49, 1119.40, and 1144.78 cm™", respectively),
the prepared PEO/PMIA, PEO/10Z/PMIA&Z60, and PEO/
PMIA&L60 CSEs all have undergone a certain degree of
deviation. The evolution of this C—O-C characteristic peak
indicated a change in the chemical environment of the -EO
group in PEO, further proving the interactions between
C-0-C and PMIA as well as ZrO, and LLZTO nanofillers
[41]. Furthermore, in the 1400 to 1150 cm™! range, after
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introducing PMIA, PMIA&Z60, or PMIA &L60 membrane
to the PEO SPE, the -SO, stretching corresponding to the
peaks at 1333.90 and 1302.47 cm™! shifted to varying
degrees, respectively. The —CF; symmetric stretching cor-
responding to the peaks at 1254.07 and 1227.65 cm™!, and
the —CF; asymmetric stretching corresponding to the peaks
at 1194.48 and 1178.88 cm™! all shifted to varying degrees,
respectively. These shifts —-SO, and —CF; groups indicated
that the prepared PMIA, PMIA&Z60, and PMIA&L60 all
have strong interactions with TFSI™ anions, which effec-
tively promoted the dissociation of LiTFSI and release more
lithium ions [42].

The above basic characterization demonstrated that the
prepared PEO/10Z/PMIA&Z60 and PEO/PMIA&L60
CSEs had high ion transport efficiency. To further inves-
tigate the reasons, the atomic scale DFT calculation was
used to explain their relationship with Li* rapid motion.
Here, we performed relevant calculations on PEO/10Z/
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PMIA&Z60 CSEs as an example. The molecular structure
of PMIA, ZrO,, and LiTFSI was established in Fig. 4d. As
shown in Fig. 4e, the local intermolecular interactions of
hydrogen bonds with spacing 3.443 A can be formed by
the H atoms on the N-H group in the PMIA and N atoms
in the TFSI™. The adsorption energy (E,4,) of the PMIA
molecule for TFSI™ was — 1.748 eV, indicating satisfying
adsorption capacity. Besides, the TFSI™ was adsorbed on
the (— 111) surface in the applied ZrO, (Fig. 4f). The results
revealed that the E 4 of ZrO, for TFSI™ was — 5.684 eV,
which can effectively promote the dissociation of LiTFSI
and facilitate the release of free Li™ concentrated near the
applied ZrO,, thereby fully utilizing the rapid transfer of
lithium ions at the polymer/ZrO, and polymer/LLZTO inter-
faces. Some studies also have shown that amorphous-rich
zones occurred around inorganic fillers which allowed for
rapid transfer of Li*, which was mainly caused by polymer
chains being fixed to the surface of ceramic fillers by physi-
cal and/or chemical action [43, 44]. Therefore, to further
understand the motion of these free Lit in these CSEs, the
transport velocities of Li* at the interfaces of PEO/PMIA
and PEO/10Z/PMIA&Z60 CSEs were calculated adopting
the AIMD simulations. Models of lithium ions between PEO
and PMIA, and PEO and ZrO, were established (Fig. 4g,
h), respectively. The (— 111) crystal plane of ZrO, was still
used as the calculation object, and the temperature was set
at 50 °C. Lithium ions ran for 6500 fs in the two interfaces.
As shown in Fig. 4i, in the whole interfaces of PEO/PMIA
and PEO/ZrO,, the Li* diffusion rate can reach the highest
5.28x 107 cm? s7! and 8.62x 107 cm? s7!, respectively.
After the threshold, the rate of Li™ at the PEO/PMIA and
PEO/ZrO, interface remained stable, maintaining around
3.08x 107 cm?s~!, and 4.78 x 107 cm? s7L respectively.
The above calculation results directly emphasized the role
of various interfaces existing in the PEO/10Z/PMIA&Z60
CSEs in facilitating the fast transport for Li*. Therefore,
based on the above characterization and corresponding theo-
retical calculations, it can be concluded that the remark-
able improvement in ion transport efficiency of PEO/10Z/
PMIA&Z60 and PEO/PMIA&L60 CSEs depended on the
use of ion-regulated ZrO, nanoparticle, PMIA nanofiber, and
FICNFs, which can also be extended to other types of solid
electrolytes for their universalities.

The critical current density (CCD) is defined as the cur-
rent density that causes the Li dendrites to grow through
SEI and SSE and short-circuit the battery [45, 46]. The
symmetrical LillLi batteries with different electrolytes by
galvanostatic cycling with stepping the current density
from 0.05 to 0.60 mA cm™~ at 50 °C were tested to evaluate
their CCD. As shown in Figs. Sa—c and S9a-b, the CCD
of the PEO electrolyte (Fig. S9a) and PEO/10Z (Fig. S9b)
was 0.2 mA cm~2 and 0.4 mA cm™2, respectively, where a
short circuit occurred. Surprisingly, the CCD of all CSEs

containing the prepared PMIA nanofiber membranes had
been significantly improved to 0.6 mA cm™? (Fig. Sa—c).
Especially, the CCD of the PEO/10Z/PMIA&Z60 and PEO/
PMIA&L60 CSEs displayed a smoother voltage profile than
that of the PEO/PMIA, demonstrating the effectiveness of
FICNFs in the uniform deposition of lithium ions.

The constant discharge/charge voltage profiles of dif-
ferent symmetric LilSPEsILi batteries were also tested to
examine the plating/stripping behavior and cycle stability
of lithium as present in Figs. 5d and S10a—d. At first, all the
LilSPEs|Li batteries were charged and discharged for 10 h
at current densities of 0.1, 0.2, 0.3, 0.4, and 0.5 mA cm™>
with the areal capacity of 0.1 mAh cm™2 at 50 °C. Notice-
ably, even at a high rate of 0.5 mA cm™, the assembled
LilPEO/10ZILi, LilPMIAILi, Lil PEO/10Z/PMIA&Z60ILA,
and LiIPEO/PMIA&LG60ILi symmetric batteries all dis-
played low polarization voltages and revealed the forma-
tion of a stable plating/peeling process. Contrastively, the
assembled LilPEOILi battery caused a short circuit when
the current density increased to 0.5 mA cm™2 (Fig. S10d).
Subsequently, the current density returned to 0.2 mA cm™>
with the areal capacity of 0.1 mAh cm™ again. As shown in
Fig. S10c, LilPEO/10ZILi battery occurred hard short after
300 h because of overgrowth of the lithium dendrites. As for
the LilPMIAILi battery, a short circuit just occurred when
the stable cycle reached about as long as 1200 h (Fig. S10b).
Moreover, the LIIPEO/PMIA&LG60ILi battery had a stable
cycle reached 1400 h without short-circuit (Fig. S10a).
Amazingly, the LiIPEO/10Z/PMIA&Z60ILi can represent
excellent stability and a smooth voltage platform for as long
as 3700 h. Besides, even at a higher areal capacity of 0.3
mAh cm™2, they can still cycle stable for 1500 h (Fig. Se).

To fully demonstrate the resistance of the SPEs to lith-
ium dendrites, the LillLi cells assembled with PEO and
PEO/10Z/PMIA&Z60 SPEs continuously plated lithium at
one interface testing a current density of 0.2 mA cm™ at
50 °C were established (Fig. 6a). The test results showed
that the LiIPEO/10Z/PMIA&Z60ILi cells can sustain 100 h.
In addition, an in situ optical microscope was used to track
and observe the changes in the cross-section interface of
LilPEO/10Z/PMIA&Z60ILi cells during lithium deposition,
it was found that PEO/10Z/PMIA&Z60 CSEs can effectively
maintain a good interface, and dense and uniform lithium
deposition (Fig. 6d). However, LilPEOILi cell was short-
circuited only after plating for 6 h, which was mainly due
to the obvious dendrite growth that began to appear after
half an hour as shown in Fig. 6¢. The above dramatic con-
trast results demonstrated that the prepared PMIA&Z60
nanofiber membranes played an important role in improv-
ing the resistance of electrolytes to lithium dendrites. Stress
on the electrolyte caused by some severe lithium dendrites
can cause damage and cracks within the electrolyte [47,
48]. Therefore, CSEs containing PMIA&Z60 nanofibers
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Fig.5 a—c The critical current density of different CSEs at 50 °C.
d The cycling performance of the LillLi symmetric battery with
PEO/10Z/PMIA&Z60 CSEs at different current densities with a con-

membrane can resist to some extent the damage caused by
anisotropic stress and separation displacement fields caused
by lithium dendrites due to their high mechanical strength.
The LilPEO/10Z/PMIA&Z60ILi and LilPEOILi symmetric
cells were also tested by the galvanostatic intermittent titra-
tion technique (GITT) at 0.2 mA cm™2 and 50 °C to high-
light the better Li* mobility through PEO/10Z/PMIA&Z60
CSEs when compared with other samples (Fig. 6b). A lim-
ited Li plating (charge/discharge for 20 s) was applied to
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stant capacity of 0.1 mAh cm™2 at 50 °C. e The cycling performance
of the LilLi symmetric battery with PEO/10Z/PMIA&Z60 CSE under
50 °C at the current density of 0.3 mA cm~2 for 0.3 mAh cm™2

the electrode, and then the battery was stationary for 180 s
to achieve a balanced state, which was a periodical GITT
process. Through the GITT test, the Li* concentration
effect was minimized, while the electrode kinetic effect was
maximized [41]. It can be seen from the GITT results that
the LilPEOILi battery short-circuited during the test, and
its overpotential (about 330 mV) was much larger than that
of the LilPEO/10Z/PMIA&Z60ILi cell (about 99 mV). The
simultaneous introduction of FICNFs and PMIA nanofibers
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effectively increased the ionic conductivity and Li* transfer
number of CSEs, which significantly inhibited the growth
of lithium dendrites and homogeneous lithium deposition.

Figure S11 illustrates the surface conditions of the lith-
ium anode after LilSPEsILi cycling. The SEM image of the
lithium metal sheets of LilPEO/10Z/PMIA&Z60ILi and
LilPEO/PMIA&LG60ILI batteries both displayed smooth
surfaces, indicating that effective inhibition of Li dendrite
growth can be realized. However, the lithium anode of the
LilPEOILIi battery exhibited obvious mossy-like lithium den-
drites, manifesting that uneven lithium deposition in the SPE
and unstable interfaces can be formed between the SPE and
the lithium anode.

PMIA&Z60ILi symmetric cells. (The cells continuously plated lith-
ium at one interface testing at the current density of 0.2 mA cm™
at 50 °C). High-resolution XPS spectra of F 1 s of e PEO and f
PEO/10Z/PMIA&Z60 SPEs on the Li anode side. g LUMO levels of
TFSI™ and LUMO levels under hydrogen bonding

The superior performance of LillLi cells with PEO/10Z/
PMIA&Z60 and PEO/PMIA&L60 CSEs was mainly due
to the outstanding ionic conductivity and the homogene-
ous Li* fluxes provided by the FICNFs networks. In addi-
tion, the nanoscale porosity of the PMIA nanofibers with
excellent mechanical properties eliminated the “weak link”
for micron-scale lithium dendrites to penetrate the applied
membrane. More importantly, the hydrogen bond between
the -NH groups in PMIA and TFSI™ may cause the decom-
position of CF; to produce CF, and LiF. That is, the LiF-rich
SEI is formed, thereby promoting the uniform deposition/
detachment of lithium [49, 50]. To further demonstrate this
conclusion, the composition of SEI formed in electrolytes
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was studied using an X-ray photoelectron spectroscopy
(XPS) test. After the LiISPEILi half cells for 50 cycles,
the LiF-rich SEI can be formed on Li metal. As shown in
Fig. 6e, f, the observed binding energies of the Fl1s spectra
at 684.5 and 688.7 eV can be attributed to LiF and C-F,
respectively. The binding energy of LiF can be formed in
the prepared Li/PEO/10Z/PMIA&Z60 is higher than that
of Li/PEO, which may result from the decompositions of
LiTFSI during repeated charging and discharging processes.
This was mainly explained by the hydrogen bonds between
the —-NH groups in PMIA and the TFSI™ reduced the LUMO
(lowest unoccupied molecular orbital) level of TFESI™ from
—1.82eVto-3.01 eV as shown in Fig. 6g, which can effec-
tively enhance the formation of robust LiF-rich SEI [51].
In conclusion, the synergistic effect between FICNFs and
PMIA nanofibers enabled the LilCSEsILi batteries to have
excellent cycling stability.

For the sake of investigating the performance of
different electrolytes in full battery configuration,
the LilSPEsILiFePO, (LFP) cells using the prepared

electrolytes were fabricated and tested (Fig. 7). Figure 7a
displays the specific discharge capacities of LillLFP cells
from 0.1 C to 1 C. It was obvious that the assembled bat-
tery with PEO/10Z, PEO/PMIA, PEO/10Z/PMIA&Z60,
and PEO/PMIA&L60 CSEs all exhibited a higher capac-
ity at various current densities when compared with pure
PEO SPEs, especially at a larger rate. Among them, the
PEO/10Z/PMIA&Z60 and PEO/PMIA&L60 CSEs also
displayed outstanding rate recovery performance. The
discharge-specific capacities of PEO/10Z/PMIA&Z60
CSEs were 161.43 mAh g=',154.85 mAh g~!' 150.82
mAh g~! and 147.21 mAh g='at 0.1 C, 0.2 C, 0.5 C, and
1 C, respectively. Figures 7b and S12 display the smooth
charge/discharge profiles of the Lil CSEs ILFP cell at dif-
ferent current densities, revealing the intimate contact of
the two CSEs and electrodes. To fully evaluate the lim-
its of PEO/10Z/PMIA&Z60 CSEs’ rate capability, the
LilPEO/10Z/PMIA&Z60ILFP cells were tested at higher
rates (3 C), which also presented outstanding rate recovery
performance (Fig. S13).
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Cycling tests of the LillLFP cells were also performed
at 0.5 C and 1 C (50 °C) to examine their long-term sta-
bilities. As shown in Fig. 7c, the LillLFP cell with the
PEO/10Z/PMIA&Z60 CSE exhibited very stable cycling at
0.5 C. Notably, the discharge capacity of the LillLFP cells
assembled with PEO/10Z/PMIA&Z60 CSEs was gradually
increased at an early stage, which may be explained by the
uniform distribution of lithium-ions and the gradual con-
struction of lithium-ions transport channels in CSEs, as well
as the improved surface contact between the CSEs and the
electrodes [52, 53]. After the rising stage, the LilPEO/10Z/
PMIA&Z60ILFP cell reached a high discharge capacity of
157.6 mAh g~! and remained at 132.5 mAh g=! with an
average Coulombic efficiency (CE) of 99.8% even after
1500 cycles. The charge/discharge profiles of the PEO/10Z/
PMIA&Z60 CSEs battery under 0.5 C and 50 °C after differ-
ent cycles are shown in Fig. S14, which displayed a smooth
charging and discharging platform, illustrating that the long-
term effectiveness of the battery interface can be obtained.
The assembled LillLFP cell using PEO/PMIA&L60 CSEs
also revealed a stable cycling performance, which displayed
the discharge specific capacities of 129.2 mAh g~! with aver-
age Coulombic efficiency (CE) of 99.8% and presented a
smooth charging/discharging platform after 1500 cycles at
0.5 C (Figs. S15 and S16). Furthermore, the PEO/PMIA
CSEs showed relatively satisfactory cycle performance,
which had a 70.66% capacity retention rate after 980 cycles.
Nonetheless, compared with the Coulomb efficiency exag-
gerated fluctuation just appeared after 400 stable cycles of
PEO/10Z CSEs, the Coulombic efficiency of PEO SPEs
fluctuated significantly and was very low only after 70
cycles. The remarkable cycling performance of LillLFP cells
assembled with PEO/10Z/PMIA&Z60 and PEO/PMIA&L60
CSEs can be summarized for the following four reasons:
(1) the FICNFs can provide multiple continuous transmis-
sion channels for Li*, thus effectively improving the ionic
conductivity of the composite electrolyte; (2) the applied
TFSI™ anion transport was limited by strong cationic sites
on the surfaces of ZrO, and LLZTO, resulting in uniform
Li* fluxes and high Li* transfer numbers; (3) the multiple
hydrogen bond interactions in the electrolyte can effectively
promote the dissociation of lithium salts and the formation
of LiF-rich SEI; and (4) the PMIA nanofiber membrane
made the electrolyte strongly resistant to the penetration
of lithium dendrites, so the assembled lithium battery had
excellent cycling stability.

Figure 7d further shows the cycling performance of
LillLFP cells assembled with PEO/10Z/PMIA&Z60 CSEs
at a higher rate of 1 C. Obviously, the PEO/10Z/PMIA&Z60
CSEs can sustain a specific capacity of 120.2 mAh g~!
even after 2000 cycles, and the battery also displayed high
Coulomb efficiency and smooth charging and discharging
platform (Fig. 7e). To demonstrate the multiple lithium-ion

transport channels in the PEO/10Z/PMIA&Z60 CSEs, as
well as its usability at low temperatures. The cycling per-
formance of LilPEO/10Z/PMIA &Z60ILFP was also tested at
lower temperatures (40 °C) as shown in Fig. 7f and g, which
maintained a stable discharge capacity of 118.4 mAh g~!
even after 2000 cycles with average CE of 99.8%.

The wide use of PEO-based solid-state electrolytes is
limited in applications with lower voltage cathodes, such as
LFP [54], due to their gradual oxidation at voltages above
3.9 V. The design of multiple Li* transport channels and
hydrogen bonding enhanced solid-state electrolytes can
effectively improve the electrochemical stability window
of CSEs, resulting in excellent interfacial stability with
the cell cathode. For further confirming the functionality
of the PEO/10Z/PMIA&Z60 and PEO/PMIA&L60 CSEs
described above, the LilINMC811 cells with both CSEs
were also assembled to explore their compatibilities with the
high-voltage cathodes. The EIS in Fig. 8a displays that when
compared to pure PEO, the prepared PEO/10Z/PMIA&Z60
and PEO/PMIA&L60 CSEs have more prominent compat-
ibility with high-voltage cathodes and lithium metals, which
mainly contributes to the efficient operation of solid-state
batteries. To verify the oxidation stability of two optimized
CSEs in high-voltage cathode NMC811 batteries, we also
have conducted electrochemical flotation experiments on dif-
ferent electrolytes. Among them, continue for 10 h within
each incremental voltage to observe the current response. As
shown in Fig. 8b, when the PEO/LiTFSI SPE was charged
at a constant voltage of 4.2 V, the current seriously fluctu-
ated. However, the current of the PEO/10Z/PMIA&Z60 and
PEO/PMIA&L60 CSEs can remain stable in the range of
4.2-4.6 V, demonstrating excellent electrochemical stabil-
ity. Figures 8c and S17-18 also present the rate capability
of LilINMC811 cells with the two modified CSEs at various
rates (0.1 C, 0.3 C, and 0.5 C). The test results show that
the PEO/10Z/PMIA&Z60 and PEO/PMIA&L60 CSEs both
have excellent discharge capacity, high average coulomb effi-
ciency, and outstanding rate recovery performance at differ-
ent rates. The smooth charging and discharging platform also
demonstrated the intimate contact between the CSEs and
the cathode. Besides, the electrochemical performance of
LilPEO/10Z/PMIA&Z60INMCS811 cell at 0.3 C is illustrated
in Fig. 8d, e, which had a discharge capacity of 108.7 mAh
g~ ! even after 500 cycles at 0.3 C. In particular, the average
CE of LiIPEO/10Z/PMIA&Z60INMC811 cells can main-
tain around 99.6% during the whole cycle. The LilPEO/
PMIA&L60INMCS11 cell also can cycle stably after 100
cycles with an excellent average CE (Fig. S19). The good
interfacial compatibility between the CSEs and high-voltage
cathodes can be attributed to their wide electrochemical
stability window and uniform lithium-ion transport, which
enabled them to well match high-voltage electrode materials
and further improve the mass-energy density.
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Fig.8 a Electrochemical impedance spectra and b Electro-
chemical floating analysis of NMCS8I11IILi batteries with differ-
ent electrolytes at 50 °C. ¢ Rate performance of LilPEO/10Z/
PMIA&Z60INMCS811 cell from 0.1 C to 0.5 C at 50 °C. d Cycling
performance and e charge—discharge voltage profiles of LilPEO/10Z/

To investigate the practical application of PEO/10Z/
PMIA&Z60 CSE in flexible electronic devices, we also
designed a LilPEO/10Z/PMIA&Z60ILFP pouch cell to
demonstrate its functionality. Figure 8f illustrates the
internal schematic diagram of the soft-pack ASSLMB. The
cycle performance of the LilPEO/10Z/PMIA&Z60ILFP
pouch cell at 60 °C is depicted in Fig. 8g. The pouch cell
exhibited stable cycling performance even after 80 cycles
at 0.3 C and 60 °C, indicating a promising outlook for
commercial utilization. Figure S20 illustrates the voltage
profiles of the soft-pack ASSLMBs after various cycles
at a rate of 0.3 C. It was noteworthy that no polarization
effect was observed even after 80 cycles. Furthermore,
the flexibility of the pouch-type ASSLMB was evaluated
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PMIA&Z60INMC811 at 0.3 C and 50 °C. f Schematic diagram of
the pouch-type ASSLMBs. g Cycling performance of LilPEO/10Z/
PMIA&Z60ILFP pouch cell at 0.3 C and 60 °C. h The reliability and
safety of the LilPEO/10Z/PMIA&Z60ILFP pouch cell under normal,
folding, punching, and cutting conditions

under various conditions. As shown in Fig. 8h, the ultra-
thin LilPEO/10Z/PMIA&Z60ILFP pouch cell, measuring
4 cm X 5 cm, was able to light 41 LED bulbs with a total
rated power of 2.46 W at room temperature. Notably, those
bulbs remained lit even under folding, piercing, and cut-
ting. The remarkable safety performance can be attrib-
uted to the PEO/10Z/PMIA&Z60 CSE, known for their
mechanical stability and flame resistance, which can sig-
nificantly contribute to the overall safety of ASSLMBs.
All in all, through using the prepared composite elec-
trolyte, the electrochemical performance of LillLFP and
Li symmetrical cells all can obtain great improvement,
illustrating that the ASSLMBs have entered the ranks of
high-performance lithium batteries (Table S1).
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Conclusions

In summary, novel multiple Li* transport channels and
hydrogen bonding-enhanced CSEs were prepared for
ASSLMBs by constructing FICNFs (with PEO as a
binder to bind ZrO, or Lig ,La;Zr, ;Ta; 4O, nanoparti-
cles) and PMIA nanofibers via scalable electrospinning
and then backfilling with PEO/LiTFSI via solution cast-
ing. Basic characterization, electrochemical measure-
ments, and related theoretical calculations, including DFT
and AIMD simulations, demonstrated that the FICNFs
and the PMIA nanofibers established many continuous,
rapid Li* conduction pathways inside CSEs and adsorbed
TFSI™ to cause LiTFSI dissociation. In addition, the PMIA
nanofibers improved the mechanical properties and ther-
mal stabilities of the CSEs and caused the formation of
a LiF-rich SEI. Therefore, the PEO/10Z/PMIA&Z60 and
PEO/PMIA&L60 CSEs exhibited excellent abilities to
inhibit the growth of lithium dendrites and good inter-
facial compatibilities with the LiFePO, cathode and the
NMCB811 high-voltage cathode at 50 °C. In particular, the
LilPEO/10Z/PMIA&Z60ILFP CSEs underwent ultralong
stable cycling (>2000 cycles) at 0.5 C and 40 °C. Moreo-
ver, the prepared CSEs displayed potential for use in flex-
ible pouch batteries. This work mainly solves the problems
of low ion conductivity, poor mechanical and thermal sta-
bility, weak ability to suppress lithium dendrites, narrow
electrochemical window, and poor long-term stability of
PEO-based electrolytes simultaneously, which provides an
effective technical means for preparing SPEs with good
electrochemical stability, high-temperature resistance, and
safety.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42765-024-00402-y.
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