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Satisfactory ionic conductivity, excellent mechanical stability, and high-temperature resistance are the
prerequisites for the safe application of solid polymer electrolytes (SPEs) in all-solid-state lithium metal
batteries (ASSLMBs). In this study, a novel poly(m-phenylene isophthalamide) (PMIA)-core/poly(ethylene
oxide) (PEO)-shell nanofiber membrane and the functional Lig4LaszZr;4TagsO12 (LLZTO) ceramic nanopar-
ticle are simultaneously introduced into the PEO-based SPEs to prepare composite polymer electrolytes
(CPEs). The core PMIA layer of composite nanofibers can greatly improve the mechanical strength and
thermal stability of the CPEs, while the shell PEO layer can provide the 3D continuous transport channels
for lithium ions. In addition, the introduction of functional LLZTO nanoparticle not only reduces the crys-
tallinity of PEO, but also promotes the dissociation of lithium salts and releases more Li* ions through its
interaction with the Lewis acid-base of anions, thereby overall improving the transport of lithium ions.
Consequently, the optimized CPEs present high ionic conductivity of 1.38x10~% S/cm at 30°C, signifi-
cantly improved mechanical strength (8.5 MPa), remarkable thermal stability (without obvious shrinkage
at 150°C), and conspicuous Li dendrites blocking ability (>1800h). The CPEs also both have good com-
patibility and cyclic stability with LiFePO4 (>2000 cycles) and high-voltage LiNiypgMng;Cog;0, (NMC811)
(>500 cycles) cathodes. In addition, even at low temperature (40 °C), the assembled LiFePO4/CPEs/Li bat-
tery still can cycle stably. The novel design can provide an effective way to exploit high-performance

solid-state electrolytes.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

All-solid-state lithium metal batteries (ASSLMBs) using solid-
state electrolytes (SSEs) can fundamentally change lithium depo-
sition behavior and become one of the most effective solutions
to resolve the problem of lithium metal anode in liquid lithium
metal batteries [1-4]. Nowadays, SSEs, as one of the vital com-
ponents of ASSLMBs, usually are mainly divided into solid poly-
mer electrolytes (SPEs) and solid inorganic electrolytes (SIEs) [5,6].
SIEs usually have excellent ion conductivity and high Li* migra-
tion numbers [7]. However, due to the brittleness of SIEs [8], high
processing cost, and poor interface contact, the implementation
of practical applications still requires systematic research [9]. In
comparison, SPEs usually have good mechanical flexibility and rel-
atively tight adhesion with cell electrode, which can effectively
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adapt to the huge volume expansion of cell electrode during cycled
battery, and has good interface compatibility between electrolyte
and electrode [10-12]. Thus, it is expected to make a breakthrough
and achieve wide application in portable electronic devices and
electric vehicles [13].

In various SPEs, polyethylene oxide (PEO) has high permittivity,
strong solvation ability of Li*, and good flexibility of the molecu-
lar chain, which is one of the widely studied solid polymer elec-
trolytes [14]. However, PEO is a semi-crystalline polymer with
weak dynamic chain segments in the crystalline region, and pure
PEO SPEs usually show low ionic conductivity below 106 S/cm at
room temperature [15]. Besides its narrow electrochemical window
(about 3.8V), high interface impedance and unsatisfied mechanical
properties also will result in the decline of battery cycle stability,
bringing serious safety hazards and limiting its practical applica-
tion for the fast development of lithium metal batteries [16].

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) The schematic illustration for the preparation processes of the PMIA-core/PEO-shell nanofiber membrane, composite polymer electrolyte, and all-solid-state battery.
(b) SEM images of PMIA nanofibers. (c) SEM images and (d) TEM image of C-PEO&PMIA nanofibers. (e) Digital photos of the C-PEO&PMIA nanofiber membranes squeezed
into a cluster and before and after. (f) Digital photos of the PEO/LLZTO/C-PEO&PMIA CPEs. (g) The top-view SEM image of the PEO/6LLZTO/C-PEO&PMIA CPEs and EDS maps

of the sample; (h) The cross-section SEM image of PEO/6LLZTO/C-PEO&PMIA CPEs.

To solve these intractable problems, many researchers have pro-
posed various strategies such as blending [17], cross-linking [18],
and the application of inorganic-organic composites to improve
the performance of PEO-based polymer electrolytes [19]. Among
them, adding active inorganic nanofillers containing Li atoms into
the polymer matrix to prepare the organic/inorganic composite
polymer electrolytes (CPEs) has been studied extensively [20-23],
which can enhance electrical performances (e.g., ionic conductivity,
lithium-ion migration number) and provide the stable interfaces
of single polymer phase. In addition, the introduction of a three-
dimensional (3D) nanofiber membrane as a supporting framework
in PEO polymer also can significantly improve the overall mechan-
ical properties of solid electrolytes [24-26]. Electrospinning tech-
nology has been recognized as one of the simple methods for
preparing uniform 3D nanofiber membranes [27,28]. In particu-
lar, if the 3D nanofiber membrane has excellent thermal stabil-
ity, this also can ensure that the obtained PEO-SPEs still exhibit
good cycling stability even at high temperatures and rates, signifi-
cantly improving battery safety [29]. However, the introduction of
non-lithium-ion conductor nanofibers limited the further improve-
ment of ionic conductivity of the PEO-based polymer electrolytes
to some extent. Therefore, a novel structural design is urgently
needed to improve the mechanical properties, high-temperature
resistance, and low ionic conductivity at room temperature of PEO-
based CPEs.

In this work, coaxially spun PMIA-core/PEO-shell nano-
fiber membranes as the 3D supporting framework and Lig 4LazZr 4
Tags012 (LLZTO) nanoparticles as the functional nanofiller were
simultaneously added into PEO/LITFSI to obtain the optimized
CPEs. Due to bulk compatibility, the PEO shell layer can promote
the PEO-based polymer solution to be uniformly filled inside the
nanofiber membrane. Meanwhile, it can also provide additional 3D
lithium-ion transport channels for CPEs through the cooperation

of complexation and decomplexation. In addition, the core layer
PMIA, which is known for its exceptional mechanical strength, im-
pressive thermal resistance, and excellent chemical stability, also
can provide mechanical properties for the entire core-shell struc-
ture nanofiber, thereby improving the overall mechanical proper-
ties of the CPEs and ensuring the high-temperature resistance for
electrolytes. The LLZTO nanoparticles, as ion-conductive inorgan-
ics, retain the general functions of inert fillers, such as reducing
the crystallinity of PEO and promoting the dissociation of lithium
salts through Lewis acid-base interactions. Meanwhile, they can
also participate in the ion conduction process by forming addi-
tional lithium-ion transport pathways, thereby further improving
the ion conductivity. As a result, the assembled Li/Li symmetri-
cal cells with modified CPEs showed distinguished cyclic stability
over 1800h at 0.2mA/cm? with a capacity of 0.2 mAh/cm?2. The
LiFePO,4/CPEs/Li cells also displayed ultra-long cyclic stability over
2000 cycles at 1 C and 50°C. Furthermore, the LiFePO,/CPEs/Li
also can cycle stably at 40°C, and the Li/CPEs/LiNiggMngCoq0,
(NMC) batteries still have stable circulation and excellent Coulomb
efficiency. The formed PMIA-core/PEO-shell nanofiber and LLZTO
nanoparticles synergistically enhanced CPEs will undertake an
encouraging preponderance to exploit the all-solid-state lithium
metal batteries with excellent mechanical properties, outstanding
thermal stability, and predominant electrochemical performance.
Fig. 1a displayed the preparation processes of PMIA-core/PEO-
shell structure nanofiber membranes, flexible solid-state compos-
ite electrolytes, and all-solid-state lithium metal batteries. The de-
tails for the experimental section were fully introduced and pre-
sented in Supporting information. For simplicity, the prepared
PMIA-core/PEO-shell structure nanofibers membrane was denoted
as C-PEO&PMIA. The all-solid-state composite electrolyte was pre-
pared by using the pure PEO and LiTFSI mixture solution; PEO,
X wt% LLZTO nanoparticles and LiTFSI mixture solution; PMIA



H. Xiang, N. Deng, L. Gao et al.

Chinese Chemical Letters 35 (2024) 109182

2.6
a PEO/6LLZTO/C-PEO&PMIA b
e e SNE—— -2.84

PEO/GLLZTO

o= PEOSLLZTOC-PEO&PMIA
== PEO/CPEO&PMIA

{-o— PEOGLLZTO

f—o— PEOPMIA

IPEO/6LLZTO/C-PEO&PMIA

- he - . ~
=: PEQ/C-PRO&PMIA| E 3.2 E
< % “ -
- A PEOPMIA | =5 -3.4 2 |PEO/GLLZTO
= = £
‘n © -3.64 o
g E 2
38
£ = -
= 4.0
| I
Al rl[‘j“" J LI /.u”) |:lmdvr 42
P Y T P72 S LN
0 20 30 40 50 60 70 80 2.90 2.95 3.00 3.05 3.10 3.35 1_1.20 328330338 T e o 1600 o0
2 theta (degree) 1000/TK-1, Wavenumbercm-1
d PEO/6LLZTO/C-PEO&PMIA CPEs e 10 f — sonazrocmoaeil
— \ | —— PEOSLLZTO/C-PEO&P

8.5MPa

—— PEO/C-PEO&PMIA

-
13
=

PEO
— PEO/6LLZTO
—— PEO/GLLZLTO/C-PEO&PMIA

Current(mA)

2.0 MPa 503

0.00 {=======

e PR y y y y -
0 10 20 30 40 50 60 70 80 90 100 25 30 35 40 45 50 55
Strain(%)

Voltage(V)

Fig. 2. (a) XRD patterns. (b) Arrhenius plots (temperature increased from 30°C to 70°C). FTIR spectra for PEO SPE and PEO/6LLZTO/C-PEO&PMIA CPE at (c) 4000-400 cm~!
and (d) 1160-1000 cm~" and 1400-1150 cm~'. (e) Stress-strain curves and (f) LSV curves of different electrolytes.

nanofiber membrane pouring PEO and LiTFSI mixture solution; C-
PEO&PMIA nanofiber membrane pouring PEO and LiTFSI mixture
solution; C-PEO&PMIA nanofiber membrane pouring PEO, 6 wt%
LLZTO nanoparticles, and LiTFSI mixture solution were denoted
as PEO, PEO/X LLZTO, PEO/PMIA, PEO/C-PEO&PMIA, PEO/6LLZTO/C-
PEO&PMIA composite electrolytes, respectively.

Figs. 1b and c displayed the SEM image of the prepared PMIA
and C-PEO&PMIA nanofibers. It can be clearly observed that the
nanofibers cross each other to form reasonable pores and a 3D net-
work structure. Besides, the TEM characterization technique was
also used to characterize the successful preparation of core-shell
nanofibers with PMIA as the core and PEO as a shell by the coax-
ial electrostatic spinning technology. As shown in Fig. 1d, the vivid
core-shell structure of the inner PMIA was well encapsulated on
the outer PEQ, resulting in a graphically core-shell structure of the
PEO&PMIA nanofibers. In addition, the diameter of PMIA as core-
shell was about 127.48 nm, and the diameter of the whole core-
shell nanofibers was about 357.74 nm. Fig. 1e showed the optical
photographs of the prepared C-PEO&PMIA membrane, which ex-
hibited a self-standing network-structured matrix. Besides, it can
be folded like a nonwoven and completely recovered after rolling
without any trace, indicating its superior mechanical and flexi-
ble properties at the same time. Subsequently, backfilling the C-
PEO&PMIA membrane with a PEO-based mixture solution to ob-
tain the PEO/LLZTO/C-PEO&PMIA CSEs for high-performance all-
solid-state lithium metal batteries (Fig. 1f). Fig. 1g displayed the
top-view SEM of the PEO/LLZTO/C-PEO&PMIA CPEs, which revealed
a flat and homogeneous surface without pores and the LLZTO
nanoparticle uniformly dispersed in the prepared CPEs. The corre-
sponding EDS mapping images of carbon (C), zirconium (Zr), oxy-
gen (0), lanthanum (La), and tantalum (Ta) manifested that the C-
PEO&PMIA membrane and LLZTO nanoparticles were evenly dis-
persed in the CPEs, which was conducive to promoting the electro-
chemical performance of PEO/LLZTO/C-PEO&PMIA CPEs. According
to the cross-section SEM image in Fig. 1h, the mechanically robust
backbone of the C-PEO&PMIA membrane and the easily controlled
application of the polymer precursor resulted in the thickness of
the CPEs being about 60 pm.

Some studies have shown that the ionic transport mechanics
of the amorphous region with activated chain segments is much
faster than that of the crystalline phase [30]. The lower crystallinity
of PEO meant that more polymer fragments can be involved in

Li* transport, thus allowing SPE to achieve higher ionic conduc-
tivity. In order to further investigate the effect of the addition
of LLZTO nanoparticles and the prepared PMIA and C-PEO&PMIA
nanofiber membrane on the crystallinity of PEO, X-ray diffraction
(XRD) was used to characterize the crystallinity. It can be observed
clearly from Fig. 2a that after the introduction of PMIA and C-
PEO&PMIA nanofibers, the related XRD diffraction peak of PEO was
weakened significantly, stating that the crystallinity of PEO was
greatly reduced. Moreover, in order to explore the optimal dop-
ing amount of LLZTO nanoparticles, the crystallization properties
of electrolytes with packing mass fractions of 0 2, 4, 6, and 8 wt%
were characterized (Fig. S1 in Supporting information). The results
showed that the PEO-related XRD diffraction peak presented non-
linear changes with the increase of packing mass fraction in the
range of 0-8 wt%. When the filler mass fraction was 6 wt%, the
diffraction peak intensity of the electrolyte was the lowest among
these samples. The introduction of LLZTO nanoparticles can reduce
the crystallinity of PEO mainly due to its ability to destroy the ag-
gregation structure of the polymer matrix, resulting in lower crys-
tallinity [31]. However, excessive LLZTO nanoparticles also would
lead to serious aggregation and reduce the free volume of polymer
chain segments, which was not conducive to the fast transport of
lithium ions [32]. When PEO-based electrolyte containing 6 wt%
LLZTO nanoparticle was poured into the prepared C-PEO&PMIA
nanofibers, the characteristic peak of PEO was also significantly
weakened and the characteristic peak of LLZTO appeared, demon-
strating that the LLZTO nanoparticle and C-PEO&PMIA nanofibers
effectively promoted chain segment movement in the polymer
electrolyte, thereby increasing the ionic conductivities of the com-
posite electrolyte.

Fig. 2b and Fig. S2 (Supporting information) presented the ionic
conductivity of the SPEs at different temperatures. Firstly, the in-
fluence of different LLZTO contents on the conductivity of elec-
trolyte ions was investigated. As shown in Fig. S2, with the in-
creased content of LLZTO nanoparticles, the ionic conductivities of
CPEs initially increased and then decreased due to the agglomera-
tion of excess LLZTO nanoparticles. The ionic conductivity arrived
at a maximum when the addition of LLZTO nanoparticles was 8
wt%. Subsequently, the effects of PMIA and C-PEO&PMIA nanofibers
membrane addition on the ionic conductivity for SPEs were also
tested (Fig. 2b). The results showed that the ionic conductivities
of SPEs containing PMIA or C-PEO&PMIA nanofibers membrane
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were much higher than that of the prepared PEO SPE. Particu-
larly, the PEO/C-PEO&PMIA CPEs exhibited superior ionic conduc-
tivities than PEO/PMIA CPEs. This is mainly because the shell PEO
on the C-PEO&PMIA with core-shell structure can transport lithium
ions along the nanofiber surface, which added the additional Li+
transport channels for the composite electrolyte. Therefore, when
6 wt% LLZTO and C-PEO&PMIA nanofiber membrane were intro-
duced simultaneously, the ionic conductivity of the electrolyte can
be enhanced to 1.38x10~* S/cm, which was much higher than that
of pure PEO electrolyte (4.97x10~> S/cm) at 30°C. The contrast-
ing results indicated that the simultaneous introduction of LLZTO
nanoparticles and C-PEO&PMIA nanofibers membrane can signif-
icantly improve the Li* transport performance of the composite
electrolyte.

The FTIR spectra of PEO SPE, PEO/6LLZTO CPEs, and
PEO/6LLZTO/C-PEO&PMIA CPEs in the range of 4000-400 cm~!
were displayed in Fig. 2c. For better observing the small differences
caused by the addition of LLZTO nanoparticle and C-PEO&PMIA
nanofiber membrane to the PEO/LiTFSI matrix, the deconvoluted
FTIR spectra in Fig. 2d presented the stretching vibrational modes
of the C-0-C, -SO, and -CF; group in the frequency ranges
1160-1000 and 1400-1150 cm~!, respectively. When compared
to the C-O-C characteristic peaks of PEO electrolyte (1036.56,
1073.25, 1097.69, 1120.98, and 1141.26 cm~!) [33], the prepared
PEO/6LLZTO/C-PEO&PMIA CPEs 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 the
PEO can be obtained, further proving the interactions between
C-0-C and LLZTO nanofillers and C-PEO&PMIA nanofiber [27].
Moreover, in the 1400-1150 cm~! range, after introducing LLZTO
nanoparticle and C-PEO&PMIA nanofiber membrane to the PEO
SPE, the -SO, stretching corresponding to the peaks at 1331.37 and
1302.56 cm~! shifted to 1331.37 and 1303.38 cm!, respectively.
And the -CF3 symmetric stretching corresponding to the peaks at
1253.57 and 122759 cm~!, and the -CF; asymmetric stretching
corresponding to the peaks at 1194.18 and 1178.59 cm~! all shifted
to varying degrees, respectively. These shifts -SO, and -CF5; groups
indicated that the LLZTO nanofillers and C-PEO&PMIA nanofiber
membrane all had strong interactions with bis(trifluoromethane
sulfonimide) (TFSI~) anions, which effectively promoted the
dissociation of LiTFSI and released more lithium ions [26].

Mechanical properties are one of the key properties of solid
electrolytes in terms of alleviating the volume change of elec-
trodes and inhibiting the penetration of lithium dendrites. The
tensile stress-strain curves of various electrolytes were shown in
Fig. 2e, and the test results revealed that the tensile strength
of PEQ/6LLZTO/C-PEO&PMIA CPEs can reach as high as 8.5MPa,
which was significantly higher than PEO/6LLZTO (2.0 MPa) CPEs
and PEO (1.4MPa) SPE. The satisfactory mechanical strength of
the PEO/6LLZTO/C-PEO&PMIA CPEs was mainly due to the high-
strength PMIA core layer nanofibers providing strong mechanical
support for the CPEs, which can give the CPEs sufficient inhibition
of lithium dendrite growth [34].

As one of the most intuitive parameters to measure the elec-
trochemical stability of electrolytes, the electrochemical window,
which is investigated by the linear sweep voltammetry (LSV)
method, determines the voltage range of electrolytes and affects
the upper limit of the energy density of the assembled lithium
cells [35,36]. Fig. 2f displayed the LSV curves of various elec-
trolytes. It can be seen that when the voltage of the PEO electrolyte
was lower than 3.8V, the oxidation current of the electrolyte was
close to zero. But as the voltage continues to rise, the current in-
creased significantly, indicating that the PEO electrolyte began to
decompose around 3.8V. In contrast, the decomposition voltage
of PEO/C-PEO&PMIA CPEs and PEQ/6wt% LLZTO CPEs can be sig-
nificantly increased, which could reach 4.14V and 4.75V, respec-
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tively. It is worth mentioning that the decomposition voltage of
PEO/6LLZTO/C-PEO&PMIA CPEs can reach as high as 5.03V. These
results indicate that the existence of core-shell C-PEO&PMIA com-
posite nanofibers and LLZTO nanoparticles can effectively improve
the electrochemical stability window of batteries, thus enhancing
the safety performance of batteries. The main reasons for this phe-
nomenon can be explained as follows: (1) The irreversible oxida-
tion of TFSI~ can significantly decrease the antioxidant stability of
PEO. However, the strong Lewis acid-base interaction between the
acid sites on the surface of LLZTO ceramic particles and salt an-
ions also can effectively hinder the migration of TFSI~, thereby sig-
nificantly enhancing the electrochemical stability of the composite
electrolyte [37]. (2) Higher ionic conductivity results in a decreased
accumulation of Lit at the interfaces between the electrode and
electrolyte, which effectively reduces the interfacial overpotential
and greatly improves the compatibility between the electrode and
electrolyte [18]. (3) The -NH in PMIA can form hydrogen bond-
ing interactions with ether oxygen of PEO chains, which effectively
improves the overall electrolyte’s electrochemical stability window
[38].

The EIS measurements were applied to test the SPEs/Li interface
properties at 50°C, and the result showed that the impedance of
PEO/6LLZTO/C-PEO&PMIA CPEs had a smaller interfacial impedance
than other SPEs (Fig. S3 in Supporting information), which was
explained by the better interfacial contact between the cell elec-
trodes and prepared electrolytes. To furth analyze the stabil-
ity of the solid electrolytes to lithium metal, the constant dis-
charge/charging voltage curves of different symmetric Li/SPEs/Li
batteries were tested to examine the plating/stripping behavior
and cycle stability of lithium. Firstly, the cyclic performance of vari-
ous electrolytes at different current densities with an area capacity
of 0.1 mAh/cm? at 50°C was tested (Fig. 3a and Fig. S4 in Sup-
porting information). The Li/PEO/Li symmetric battery appeared a
short circuit at the current densities of 0.4mA/cm? after about
25h of cycling (Fig. S4a). In stark contrast, the Li/PEO/6LLZTO/C-
PEO&PMIA/Li battery still retained lower polarization voltages and
revealed a stable plating/peeling process even at high current
densities of 0.8 mA/cm?. And the Li/PEO/C-PEO&PMIA/Li battery
started to fluctuate at a current density of 0.7mA/cm? (Fig. S4b).
The phenomenon indicated that lithium dendrites grow more eas-
ily with other electrolytes than that with PEO/6LLZTO/C-PEO&PMIA
CPEs even at a low area capacity of 0.1 mAh/cm?2. Subsequently,
the area capacity was increased to 0.2 mAh/cm? to further test
the lithium plating/stripping performance of the assembled Li||Li
cell using the prepared PEO/6LLZTO/C-PEO&PMIA CPEs under large
area capacity. When compared with the Li/PEO/Li cell with short-
circuited after only cycling for 87 h at 0.2 mAh/cm? (Fig. S5 in Sup-
porting information), the prepared Li/PEO/6LLZTO/C-PEO&PMIA/Li
cell can maintain a stable cycle as long as 1800h (Fig. 3b). Fur-
thermore, when the area density increased to 0.3 mAh/cm?, the
Li||Li cell assembled by PEO/6LLZTO/C-PEO&PMIA CPEs appeared
no short-circuit even after 400h with a small and smooth polar-
ization, displaying an extraordinarily stable cycling performance
(Fig. 3c). Specifically, if the prepared electrolyte lacks mechan-
ical properties and ionic conductivity is poor, the lithium den-
drites can simply form through the polymer matrixes. However,
the inhibitory effect of prepared PEO/6LLZTO/C-PEO&PMIA CPEs on
lithium dendrites mainly has two aspects: Firstly, the prepared
core-shell nanofibers with high strength PMIA cores provided a
strong supporting skeleton for the composite electrolytes to in-
hibit the growth of lithium dendrites. Secondly, the acidic sites on
the surface of LLZTO nanoparticles can interact with TFSI~ anions,
leading to the weakening of the binding force of Li* and TFSI-,
thus significantly promoting the dissociation of LiTFSI, generating
more Lit and improving the ionic conductivity, finally effectively
inhibiting the formation of lithium dendrites.
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Fig. 3. The cycling performance of the Li/Li symmetric battery with PEO/6LLZTO/C-PEO&PMIA CPEs under 50°C and different current densities at (a) 0.1 mAh/cm?, (b) 0.2
mAh/cm? and (c) 0.3 mAh/cm?. In situ, in operando observation of dendrite suppression at the cross-sectional interface between electrolyte and lithium metal of (d) Li|PEO|Li
and (e) Li|PEO/6LLZTO/C-PEO&PMIA|Li symmetric cells. The cells continuously plated lithium at one interface testing at the current density of 0.2mA/cm? at 50°C.

For investigating the time required for lithium dendrites to
pierce the electrolyte, the galvanostatic charging performance of
the PEO electrolyte and PEO/6LLZTO/C-PEO&PMIA CPEs of the sym-
metric cell continuously plated lithium at one interface testing
a current density of 0.2mA/cm? at 50°C were measured. It can
be visualized from Fig. S6 (Supporting information) that the Li||Li
cell using the PEO/6LLZTO/C-PEO&PMIA CPEs can retain as high
as 29h. In addition, by using an optical microscope in-situ de-
vice to track and observe the changes in the cross-section inter-
face of Li|PEO/6LLZTO/C-PEO&PMIA|Li cells during the lithium de-
position, it was found that the obtained PEO/6LLZTO/C-PEO&PMIA
CSEs can effectively maintain a good interface, and dense and uni-
form lithium deposition (Fig. 3e). By contrast, the assembled Li||Li
cell using the pure PEO electrolyte failed because of a short cir-
cuit after plating for just over 3h, which was mainly due to the
obvious lithium dendrite growth that began to appear after 0.5h
as shown in Fig. 3d. Those results once again highlighted the im-
portance of the introduction of C-PEO&PMIA nanofiber membrane
and LLZTO nanoparticle for significantly restraining the growth of
Li dendrites.

Fig. S7 (Supporting information) presented surface morphol-
ogy images of the symmetric Li/PEO/Li and Li/PEO/6LLZTO/C-
PEO&PMIA/Li batteries were decomposed after the lithium plat-
ing/stripping at the current density of 0.2 mA/cm? for the area ca-
pacity of 0.2 mAh/cm? after 80h. It was evident that the lithium
surface of the Li/PEO/Li battery appeared massive loose and porous
“dead Li” (Fig. S7a), which was mainly due to unstable and un-
even Li* deposition. Marvelously, the Li surface from the pre-
pared Li/PEO/6LLZTO/C-PEO&PMIA/Li battery was smooth and al-
most crack-free (Fig. S7b). The contrasted results proved that the
obtained PEO/6LLZTO/C-PEO&PMIA CPEs had an obvious inhibitory
effect on lithium dendrites and excellent cycling performance.

Fig. 4a have exhibited the specific discharge capacity changes of
LiFePO4/SPEs/Li at different rate. In order to more clearly compare
the difference of various electrolytes at different rate, the specific
picture was shown in Fig. S8 (Supporting information). The dis-
charge capacity of the battery with PEO/6LLZTO/C-PEO&PMIA CPEs
was 160.9, 159.6, 155.2, 155.2, and 140.3 mAh/g at rates of 0.2,
0.5, 1, and 2 C, respectively, which was higher than other elec-
trolytes at all rate, and the difference was more pronounced at
2 C. When the current returns to 0.2 C, the discharge capacity
of the battery can be restored to 160.8 mAh/g, exhibiting excel-

lent rate performance. Moreover, when the rate returns to 0.5 C,
the PEO/6LLZTO/C-PEO&PMIA CPEs assembled battery still can cy-
cle stably for 500 cycles with 146.01 mAh/g discharge specific ca-
pacities and 99.9% average Coulombic efficiency (CE), showing just
slight attenuation of discharge capacity. And the prepared PEO/C-
PEO&PMIA CPEs assembled battery also kept the batteries sta-
ble cycle for 500 cycles with the 139.64 mAh/g discharge spe-
cific capacities of and 99.9% average CE. However, when com-
pared with the Coulomb efficiency exaggerated fluctuation just ap-
peared after 300 stable cycles of PEO/6LLZTO CPEs, the Coulom-
bic efficiency of PEO SPEs dropped sharply after 150 cycles, dis-
playing poor cycling stability. The long-term cycling performance
of the LiFePO4/PEO/6LLZTO/C-PEO&PMIA/Li battery at 1 C was fur-
ther investigated and displayed in Fig. 4b. It can be seen that
the LiFePOy4/Li batteries armed with the prepared PEO/6LLZTO/C-
PEO&PMIA CPEs underwent a brief phase of rising capacity due
to the improved surface contact between the CPEs and the elec-
trodes [39,40]. After the ascent stage, the specific discharge capac-
ity reached 142.8 mAh/g and can be maintained at 114.6 mAh/g
after 2000 cycles with 99.9% average CE. Furthermore, Fig. S9 (Sup-
porting information) showed the charging and discharging curves
of the LiFePO4/PEO/6LLZTO/C-PEO&PMIA/Li battery in different cy-
cles, and the relatively stable curves indicated that the assembled
battery had cycle stability. In contrast, the Coulomb efficiency of
the LiFePO4/PEO/Li battery decreased significantly just after 193
cycles (Fig. S10 in Supporting information). These contrasting re-
sults were mainly due to the continuous lithium-ion transport
channels formed by the PEO shell layer wrapped in the outer layer
of PMIA, which greatly promoted the transport of lithium ions.
The inner shell PMIA fiber provided excellent mechanical strength
for the composite electrolyte, making it effectively resistant to
lithium dendrites and ensuring stable cycling of the battery. In
addition, the PEO electrolytes can be uniformly filled within the
nanofiber membrane due to the bulk compatibility, which facili-
tated the transport of lithium ions within the CPEs. And the ap-
plied LLZTO nanoparticles also can effectively promote the dissoci-
ation of lithium salts, resulting in excellent ion conductivity of the
composite electrolyte.

The cycling performance of PEO/6LLZTO/C-PEO&PMIA CPEs at
lower temperatures (40°C) was also tested (Fig. 4c), which main-
tained a stable discharge capacity of 128.7 mAh/g after 200 cy-
cles. To demonstrate the practical feasibility of the CPEs, the
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Fig. 4. (a) Cycling performance of different cells at various rates. Cycling performance of LiFePO4/PEO/6LLZTO/C-PEO&PMIA/Li at (b) 1 C and 50°C and (c) 0.5 C and 40°C.
(d) Cycling performance of NMC811/PEO/6LLZTO/C-PEO&PMIA/Li at 0.5 C and 50°C. (e) The reliability and safety of the LiFePO4/PEO/6LLZTO/C-PEO&PMIA/Li pouch cell under

normal, folding, punching, and cutting conditions.

PEO/6LLZTO/C-PEO&PMIA pouch cells were also assembled. Be-
sides, the ability of the pouch cell to function properly in ex-
treme conditions is key to putting it to practical use [41]. Fig.
4e shows the successful operation of the ultra-thin PEO/6LLZTO/C-
PEO&PMIA pouch cell, measuring 4 cmx5cm, in powering a light
bulb at room temperature. Remarkably, the bulb remained illumi-
nated even when the cell was subjected to folding, piercing, and
cutting. The remarkable safety performance can be attributed to
the presence of PMIA-core/PEO-shell nanofiber, which can signifi-
cantly contribute to the overall safety of ASSLMBs.

To evaluate the compatibility between the composite electrolyte
and the high-voltage cathode, the applied LiNiggMngqCog0,
(NMC)/PEOQ/6LLZTO/C-PEO&PMIA/Li all-solid-state battery was also
assembled. As shown in Fig. 4d, the NMC/Li battery assembled
by PEO/6LLZTO/C-PEO&PMIA CPEs still had a discharge capacity
of 78.2 mAh/g even after 500 cycles at 0.5 C and 50°C, which
proved that it has good high-voltage cycle stability. Fig. S11 (Sup-
porting information) displayed the charge/discharge curves of the
NMC/PEO/6LLZTO/C-PEO&PMIA/Li battery under 0.5 C and 50°C af-
ter different cycles, from which it can be seen that the battery al-
ways had a smooth charging and discharging platform, indicating
the long-term effectiveness of the battery interfaces. The excellent
cycle stability can be attributed to the good interfaces between the
composite electrolyte and the high-voltage cathode, its high elec-
trochemical stability window, and excellent ionic conductivity.

Compared with the traditional liquid electrolyte, solid elec-
trolyte has higher safety, stability, and power density, which can
significantly improve the cycle life and energy density of the bat-
tery. However, solid electrolytes also have some problems, the
most serious of which may be the problem of thermal stability. The
thermal stability of solid electrolyte refers to its changing degree
of physical and chemical properties and thermal decomposition
threshold at high temperatures. In the battery charging and dis-
charging processes, the electrolyte will be affected by high temper-
ature. If its thermal stability is not good, this will be easy to lead to
the reaction inside the battery being out of control, and even ex-
plosion, fire, and other accidents. Therefore, for solid electrolytes,
it also is very important to ensure that they have good thermal

stability. Fig. 5a presented the dimensional stability comparison
test of pure PEO, PEO/6LLZTO, and PEO/6LLZTO/C-PEO&PMIA solid
electrolyte after heating at 30, 60, 90, 120 and 150°C for 1h,
respectively. It can be seen that the PEO and PEO/6LLZTO solid
electrolytes shrank significantly as the temperature gradually in-
creased. The solid electrolytes containing the prepared core-shell
nanofiber membrane did not have major morphological changes
even at 150°C. The phenomenon illustrated that the PMIA intro-
duced into the core layer provided excellent thermal stability for
the composite solid electrolyte, which can meet the needs of high-
temperature conditions, greatly improving the safety performance
of all-solid lithium metal batteries. Fig. 5b exhibited the TG curve
tested in the air atmosphere to analyze the thermal decomposition
process of different SPEs. It can be seen that the first weight loss
below 200°C was mainly due to the volatilization of residual sol-
vents. While the second weight loss above 400 °C can be attributed
to the decomposition of PEO [42]. The results emphasized that the
prepared composite electrolyte had good thermal stability and was
conducive to its practical application.

Finally, visualization experiments were conducted on four ex-
perimental samples of combustion. Fig. 5c presented a combina-
tion of screenshots of various electrolytes at different time points.
It can be seen that when a high-temperature flame approached,
the PEO solid electrolyte ignited rapidly within 1s and continued
to burn, accompanied by a drop in liquid droplets. This was a typi-
cal phenomenon of polymer combustion, which ultimately burned
completely within 6 s. However, the composite electrolytes con-
taining PMIA nanofibers exhibited self-extinguishing behavior, with
only a small amount of carbonized areas retained at their edges,
indicating that the introduction of PMIA with excellent thermal
stability results in better flame retardancy of the obtained com-
posite electrolyte. The conclusion indicated that PEO/6LLZTO/C-
PEO&PMIA was a flame retardant and environmentally friendly
composite electrolyte. The prepared CPEs also had good mechan-
ical strength and well thermal stability, which can effectively pre-
vent short-circuit problems caused by electrolyte deformation. At
the same time, a wider electrochemical window also meant that
there would be opportunities to adapt to more cathode materials
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in the future. Based on the premise that PEO/6LLZTO/C-PEO&PMIA
CPEs have flame retardancy, this is an effective way to improve the
performance of batteries at high temperatures and also an impor-
tant guarantee for its future applications.

In summary, the novel PMIA-core/PEO-shell nanofiber mem-
branes were successfully prepared by the facile coaxial electrospin-
ning technology and then backfilled with PEO/LIiTFSI/LLZTO by so-
lution casting way. The evenly dispersed LLZTO nanoparticles with
fast lithium-ion conductors in the composite electrolyte not only
effectively inhibited the crystallization of PEO polymer, but also
stimulated the dissociation of lithium salts through Lewis acid-
base interaction, enhancing the rapid migration of lithium ions.
Furthermore, the prepared PMIA-core/PEO-shell nanofiber not only
established 3D Li* transport channels, but also can serve as strong
framework support to improve the mechanical properties of op-
timized CPEs, thereby effectively inhibiting the growth of lithium
dendrites. Therefore, the PEO/6LLZTO/C-PEO&PMIA CPEs demon-
strated outstanding rate performance and cycling stability at 50 °C,
which can also cycle steadily at 40 °C. This study provides an effec-
tive technique for the preparation of CPEs with good electrochem-
ical stability, high-temperature resistance, and excellent safety.
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