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ABSTRACT: Using a three-dimensional (3D) Li-ion conducting ceramic network,
such as Li;La;Zr,0;, (LLZO) garnet-type oxide conductor, has proved to be a

Polymer matrix
LLZO/h-polymer nanofibers \

promising strategy to form continuous Li ion transfer paths in a polymer-based ¥
composite. However, the 3D network produced by brittle ceramic conductor
nanofibers fails to provide sufficient mechanical adaptability. In this manuscript, we
reported a new 3D ion-conducting network, which is synthesized from highly loaded
LLZO nanoparticles reinforced conducting polymer nanofibers, by creating a
lightweight continuous and interconnected LLZO-enhanced 3D network to

outperform conducting heavy and brittle ceramic nanofibers to offer a new design

3D ion-conducting membrane

principle of composite electrolyte membrane featuring all-round properties in

mechanical robustness, structural flexibility, high ionic conductivity, lightweight, and high surface area. This composite-nanofiber
design overcomes the issues of using ceramic-only nanoparticles, nanowires, or nanofibers in polymer composite electrolyte, and our
work can be considered as a new generation of composite electrolyte membrane in composite electrolyte development.
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B INTRODUCTION

Driven for high-energy density, research on lithium metal
batteries has attracted widespread attention because of the
highest specific capacity (3860 mA h g™') and the lowest
electrochemical potential (—3.040 V vs the standard hydrogen
electrode) of the lithium metal anode, which can maximize the
capacity density and voltage window for increased battery
energy density.' " However, lithium metal batteries with liquid
electrolytes exhibit serious dendrite growth problems.” " The
continuous growth of dendrites will consume the electrolyte
and even pierce the separator, causing the battery to short-
circuit, heat, and cause a risk of fire and explosion.g_ll
Although a lot of research has been done on these issues,
dendrite growth and unstable SEI are inevitable due to the
thermodynamic behavior of small molecules in organic
solvents. *~'* Replacing liquid organic electrolyte with solid
electrolytes can eliminate side reactions between organic
solvents and the Li-metal anode, and solid electrolytes have a
higher mechanical modulus, which can inhibit dendrite growth
and prevent puncture.'*~"” The use of lithium metal anodes in
conjunction with lithium metal anodes can significantly
improve battery safety.

Solid electrolytes mainly include organic polymers, inorganic
materials, and organic—inorganic composite electrolytes.
Composite electrolytes generally exhibit flexibility, high ionic

conductivity, and good contact with the electrode. Previous
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studies showed that dispersing inorganic fillers (such as SiO,,"®
Zr0,,"’ Ti0,,” and other non-Li*-conductive nanoparticles or
Li;LayZr,01,,>" Ligs;Lagss,TiO;,”> and other Li*-conductive
nanoparticles) in a polymer matrix can reinforce mechanical
properties compared to pristine polymer electrolytes.”* >
Moreover, the particles are incorporated into the polymer
matrix to affect the recrystallization kinetics of the polymer
chain, thereby promoting the local amorphous region and
improving the ionic conductivity of the lithium salt polymer
system.”””® Because of the increased area of the amorphous
region and the improvement of the interface between filler and
polymer, the development of nanostructured fillers has been
proven as an effective ongoing strategy to improve ion
conductivity of polymer composite electrolytes.”” ™' A
representative work by Cui and co-workers** has demonstrated
a one-dimensional nanowire fillers using Lij33La955,TiO3,
which is perovskite-type conductive lithium ion conductor, to
enhance the bulk ionic conductivity of its polymer composite
electrolyte. Such an improvement is contributed by the
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Figure 1. Schematic of inorganic/polymer composite solid electrolyte membrane evolution. Gen 1 is the composite electrolyte with discrete
conducting oxide nanoparticles in polymer electrolyte. Gen 2 is the composite electrolyte with semidiscrete conducting oxide nanowires in polymer
electrolyte. Gen 3 is the composite electrolyte with continuous but brittle conducting oxide 3D nanofiber network in polymer electrolyte. Gen 4 is
this work: composite electrolyte developed in this work that uses continuous and mechanically robust conducting oxide-enhanced 3D polymer

nanofiber network in polymer electrolyte.

extended ion transport paths created from conducting
nanowire filler in polymer matrix, which is better than that
of composite made from traditional isolated distributed
nanoparticles.”> Agglomeration issue and precipitation of fillers
in polymer matrix may still challenge preparation of composite
electrolyte membrane, and mechanically mixing may damage
brittle ceramic nanowires as well. Another representative work
reported by Fu et al. marks an advancement in solid composite
electrolyte membrane.”> A 3D ceramic network based on
garnet Li;La;Zr,0;, (LLZO) ceramic fibers was synthesized
and developed by creating a continuous ion transport pathway
to overcome the issues that existed for isolated nanoparticles or
nanowires, to achieve both electrochemical and mechanical
reinforcement of conducting polymers. Since then, creating a
continuous nanosized network with interconnected ion
transport and controlling the minimum/nonfilled agglomer-
ation has become the main effort in solid composite electrolyte
membrane development.®*™*

Although creating a garnet LLZO nanofiber 3D network has
proved to be a promising strategy to transform solid-state
electrolyte membrane with claimed enhancement in mechan-
ical property, structural stability, and roll-to-roll manufacturing,
there are many technical challenges in garnet LLZO nanofiber
production and end-use.”> LLZO ceramic nanofibers have to
be performed in a well-controlled temperature and humidity
condition to avoid water uptake in LLZO and ensure
polyvinylpyrrolidone (PVP) nanofiber formation, and large
dimension shrinkage during the “green part” sintering in the
subsequent high-temperature LLZO crystallization process
weakens the mechanical property of the “brown part”, and the
resulting brittle ceramic nanofiber structure makes it difficult to
serve as a mechanical support during conducting polymer
impregnation, battery fabrication, and end use. Many practical
challenges as formerly mentioned have emerged but yet to be
addressed, which largely hindered composite electrolyte
membrane application in solid lithium battery. Therefore, in
order to move forward with composite electrolyte membrane,
the key is to develop a high mechanically robust 3D ion-
conducting network to ionically reinforce the membrane.

To overcome the challenges that are mainly brought by the
single use of ceramic nanomaterials, in this manuscript we
reported a new 3D ion-conducting network, which is
synthesized from highly loaded LLZO nanoparticles enhancing
conducting polymer nanofibers, by creating a lightweight
continuous and interconnected 3D network to outperform the
current state-of-the-art conducting heavy and brittle ceramic
nanofibers to offer a new design principle of composite
electrolyte membrane featuring all-round properties in
mechanical robustness, structural flexibility, high ionic
conductivity, lightweight and high surface area. This
conductive oxide-enhanced nanofiber design overcomes the
issues of using ceramic-only nanoparticles, nanowires, or
nanofibers in polymer composite electrolyte, and our work
can be considered as a new generation of composite electrolyte
membrane (Figure 1). A conductive binder containing
polyvinylidene fluoride (PVDF) and poly(ethylene oxide)
(PEO) hybrid with bis(trifluoromethane)sulfonimide lithium
salt (LiTFSI) is developed to electrospin together with LLZO
nanoparticles to form a LLZO-loaded 3D nanofiber network.
The addition of LLZO not only mechanically reinforces the
mechanical strength of nanofiber but also ionically reinforces
the ionic conductivity of a 3D network, forming a continuous
lithium ions pathway and promoting the transfer of lithium
ions. Earlier study has revealed that the complexation of LLZO
with N,N-dimethylformamide (DMF) can form an environ-
ment similar to Lewis bases and induce partial dehydro-
fluorination of the PVDF skeleton, thereby enhancing
interactions with the PVDF matrix, lithium salt, and LLZO
particles, which results in accelerating the salt decom?osition
of the lithium salt and improves the ion conductivity.”” Using
conducting PEO polymer electrolyte to impregnate into 3D
conducting network could improve the electrolyte/electrode
contact and structural stability. In addition, the 3D nanofiber
could increase the amorphous region of PEO polymer
electrolyte, and the synergistic effect of both polymers and
garnet LLZO could enhance mechanical and ionic property. In
this work, our composite electrolyte membrane has exhibited a
high lithium ion transference number, wider electrochemical
window, enhanced thermal conductivity, and interface stability
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Figure 2. Preparation of solid electrolyte membrane using LLZO loaded polymeric nanofiber network. (a) Schematic diagram of the preparation of
composite electrolyte with LLZO/h-polymer nanofibers. (b) Digital photo of LLZO/h-polymer nanofiber membrane. (c) Digital photos of LLZO/
h-polymer nanofiber membrane squeezed into a cluster and before and after. (d) Digital photos of composite electrolyte with LLZO/h-polymer
(PVDF—PEO with LiTFSI) nanofibers and its hanging mobile phone (inside the red circle). (e) Digital photos of composite electrolyte with
LLZO/h-polymer (PVDF—PEO with LiTFSI) nanofibers before and after heating at 150 °C for 30 min.

with the lithium anode, representing an advancement in
composite electrolyte development.

B RESULTS AND DISCUSSION

A schematic illustration of the preparation of composite
electrolyte with LLZO/h-polymer nanofibers is shown in
Figure 2a. First, LLZO nanoparticles (SI Figure 1), PVDF
polymer, PEO polymer, and LiTFSI salt were added to the
DME solvent and fully mixed to obtain the LLZO/h-polymer
electrospinning solution, where h-polymer is termed as hybrid
polymer containing PEO, PVDF, and LiTFSIL. The small
amount of PEO (S wt %) acts as a plasticizer to reduce the
crystallinity of PVDF and promote ion conduction.”®™*’ Then
the LLZO particles were spun together with h-polymer to form
the 3D network. In this process, a stir bar continues to rotate
under the action of magnetic force to prevent the
sedimentation of LLZO nanoparticles, so that the nano-
particles can be completely spun into the nanofibers. This is a
critical step to successfully make LLZO-loaded nanofibers.
Figure 2b,c shows that the LLZO/h-polymer nanofiber
membrane is light and thin while featuring excellent flexibility
and mechanical robustness. After being squeezed into a cluster
by external force, there is good shape retention in paving
without damage. Finally, a mixed solution of PEO and LiTFSI
was impregnated into LLZO/h-polymer nanofiber membrane
and dried to obtain the composite electrolyte. As shown in
Figure 2d, the electrolyte membrane with excellent mechanical
property can lift up a phone (132.82 g) without tearing. In
addition, the composite electrolyte with LLZO/h-polymer
nanofibers will not deform after being heated at 150 °C for 30
min and only slightly shrink compared to the original shape
(Figure 2e).

In Figure 3a, the schematic shows that LLZO/h-polymer
nanofibers are interwoven into a three-dimensional network
structure, and the cross-contact points between the fibers
ensure the continuity of the lithium ions path and promote the
efficient transmission of lithium ions. In a single fiber, h-
polymers (PVDF—PEO with LiTFSI) act as a binder to
interconnect LLZO particles together instead of fully covering
or embedding LLZO particles to ensure a continuous ion
transport path formed by LLZO particle contours. The
morphology of LLZO/h-polymer nanofibers with 20 wt %
LLZO loading (20-LLZO/h-polymer nanofibers) are shown in
Figure 3b,c. Continuous fibers with evenly loaded LLZO
particles are noticeable. The nanofiber has an average diameter
of 700 nm. In the TEM image, we can see LLZO particles are
interconnected, and a large fraction of particle are uncovered
and not fully embedded in polymers. Such morphology is
closed to an ideal design of LLZO-enhanced nanofiber
structure, where large areas of LLZO could play a role of
ionic-enhancement in solid electrolyte membrane after
conductive polymer impregnation. In comparison, LLZO/h-
polymer nanofibers with 10 and 30 wt % LLZO nanoparticles
were prepared, and morphology with uneven fiber formation
and particle agglomerates are observed (SI Figure 2).

The powder X-ray diffraction (XRD) patterns show that the
characteristic peak of LLZO and PVDF appeared in the
LLZO/h-polymer nanofibers at the same time after the
introduction of LLZO (Figure 3e), demonstrating that they
are fully mixed. To prove the good thermal stability of the
electrolyte, thermogravimetric analysis (TGA) was carried out
under airflow with a rapid heating rate of 20 °C min™". Figure
3f shows the TGA profile of h-polymer nanofibers and LLZO/
h-polymer nanofibers. For the h-polymer nanofibers, the
weight began to drop sharply when the temperature was
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Figure 3. Morphology and structure characterization of 3D ion-conducting nanofiber networks. (a) Schematic diagram of the distribution of LLZO
particles on hybrid polymer nanofibers. SEM images of LLZO/h-polymer nanofibers in the (b) low and (c) high magnification. (d) TEM images of
LLZO/h-polymer nanofibers. (e) XRD pattern of LLZO powders, pure PVDF nanofibers, and LLZO/h-polymer nanofibers. (f) TGA of hybrid
polymer (PVDF—PEO with LiTFSI) nanofibers and LLZO/h-polymer (PVDF—PEO with LiTFSI) nanofibers. (g) Stress—strain profiles of PEO-
based composite electrolyte membrane with hybrid polymer (PVDF—PEO with LiTFSI) nanofibers and LLZO/h-polymer nanofibers as 3D

network reinforcement, respectively.

approximately 352 °C, indicating that the nanofibers began to
undergo thermal degradation. However, the weight of the
LLZO/h-polymer nanofibers decreased significantly at 397 °C.
The above results show that LLZO can impart thermal stability
to the composite electrolyte, thereby improving the safety of
the battery. The tensile strengths of composite electrolyte with
h-polymer nanofibers and composite electrolyte with LLZO/h-
polymer nanofibers were characterized by stress—strain curves.
The composite electrolyte with LLZO/h-polymer nanofibers
exhibit a high tensile strength of 1.03 MPa and modulus of
23.24 MPa with a maximum strain of 30.2%. (Figure 3g). In
comparison, without LLZO enhancement the tensile strength
is 0.88 MPa and modulus is 11.43 MPa.

The ionic conductivity () curve of composite electrolyte
with h-polymer nanofibers and composite electrolyte with

LLZO/h-polymer nanofibers with different LLZO contents as
a function of temperature was calculated using SI eq 1, leading
to the following conclusions: as the content of LLZO in the
composite electrolyte increases, the ¢ reaches a maximum
when the LLZO content increases to 20% (Figure 4a). The o
of composite electrolyte with 20-LLZO/h-polymer nanofibers
reach 1.05 X 107* S cm™" at 50 °C (SI Figure 4), which is an
order of magnitude higher than composite electrolyte with h-
polymer nanofibers (2.53 X 107> S cm™') at the same
temperature (SI Figure S). This further proves that the optimal
addition of LLZO is 20 wt %. The lithium ion transference
number (t;;7) is a necessary factor for evaluating the ion
transport capability of an electrolyte. The polarization current
of the composite electrolyte with h-polymer nanofibers starts
to decrease from 15.8 A and remains stable at 6.85 uA (SI
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Figure 4. Electrochemical characterization of composite electrolyte with LLZO/h-polymer nanofibers. (a) Arrhenius curve of composite electrolyte
with h-polymer nanofibers and composite electrolyte with LLZO/h-polymer nanofibers with different LLZO content. (b) Chronoamperometry
profile of Li | LLZO/h-polymerl|Li symmetric batteries; (inset) the Nyquist impedance spectra of batteries before and after polarization. (c) LSV
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11, and III in (e).

Figure 6). The t;;+ is 0.16. In contrast, the polarization current
of the composite electrolyte with LLZO/h-polymer nanofibers
start to drop from 3.63 yA and stabilizes at 1.76 uA (Figure
4b). The t;;+ reaches 0.45 at S0 °C. On the one hand, the
LLZO/h-polymer nanofibers form a 3D network structure with
continuous lithium ions channels, optimizing the transmission
of lithium ions. On the other hand, the interaction between the
LLZO particles and DMF can cause the partial dehydro-
fluorination of PVDE.*”**** In this process, PVDF molecular
chain has more active areas that can further promote the
interaction between PVDF, LLZO, and LiTFSI and accelerate
the dissociation of lithium salt, thus providing more free
lithium ions. In the Raman spectra, compared with the
composite electrolyte with h-polymer nanofibers, the compo-
site electrolyte with LLZO/h-polymer nanofibers have two
new peaks at 1514 and 1121 cm™" (SI Figure 7). These two
peaks correspond to the stretching vibration of C=C in the
PVDF mode, which demonstrates that dehydrofluorination
occurred in the composite electrolyte with LLZO/h-polymer
nanofibers.”"** LSV curves show the current value of
composite electrolyte with h-polymer nanofibers suddenly
rising at 4.68 V, indicating that the electrolyte has begun to
decompose, while the composite electrolyte with LLZO/h-

polymer nanofibers maintains a stable value between 2.6 and
5.02 V, which characterizes its electrochemical stability (Figure
4c). To further explore the stability of composite electrolyte
with LLZO/h-polymer nanofibers with the lithium metal
interface, EIS of Lilh-polymerlLi, LilLLZO/h-polymerlLi
batteries were tested before and after the cycle. The interface
resistance of Lilh-polymerlLi battery decreased from 1327.6 to
648.5 Q after cycling, while LilLLZO/h-polymer|Li battery
decreased from 282.4 to 199.2 Q and stayed stable after 300 h
of cycling (Figure 4d and SI Figure 8). The impedance of the
composite electrolyte with LLZO/h-polymer nanofibers did
not change significantly, suggesting that a stable electrolyte—
lithium metal anode interface formed on account of the
uniformly dispersed LLZO imparts excellent mechanical
strength to the electrolyte, which renders the current density
uniform while suppressing the growth of lithium dendrites.
The LilLLZO/h-polymer|Li symmetrical battery remained
stable within 1000 h of cycling. No short circuit occurred
after 1000 h and the polarization voltage remained stable at
approximately 80 mV. This indicates good interface stability
between the electrolyte and lithium metal. However, the Lilh-
polymer|Li symmetrical battery had a large polarization voltage
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Figure 5. Characterization of cycle performance of the LiFePO,/Li battery with composite electrolyte with LLZO/h-polymer nanofibers and
flexibility characterization of composite electrolyte with LLZO/h-polymer nano)fibers. (a) Schematic of integrated LiFePO,/Li battery with
composite electrolyte with LLZO/h-polymer nanofibers. (b) Rate capacity (0.2—2 C) of LiFePO,/Li batteries with composite electrolyte with
LLZO/h-polymer nanofibers. (c) Charge and discharge curves of LiFePO,ILLZO/h-polymer|Li battery at different number of cycles under 0.2 C at
50 °C. (d) Long-term cycling performances of LiFePO,/Li batteries with composite electrolyte with h-polymer nanofibers and composite
electrolyte with LLZO/h-polymer nanofibers under 0.2 C at 50 °C. (e) Optical images of original, bending, folding, and recovery tests of pouch-
type LiFePO,/Li cell with composite electrolyte with LLZO/h-polymer nanofibers. LED strips are marked with red circle.

in the initial stage, and a short circuit occurred after 273 h of
cycling (Figure 4e,f).

LiFePO,/Li batteries with composite electrolyte with
LLZO/h-polymer nanofibers were assembled to characterize
their applicability (Figure Sa). The PEO in the cathode and
the composite electrolyte with LLZO/h-polymer nanofibers
melt at high temperatures to form an integrated all-solid-state
battery structure, which effectively enhances the compatibility
and stability of the interface between the cathode and the
composite electrolyte with LLZO/h-polymer nanofibers and
ensures efficient ion transmission during long cycling. The
schematic of the assembled all-solid-state battery is shown in SI
Figure 9. Because of the continuous lithium ion transmission
channel provided by the composite electrolyte with LLZO/h-
polymer nanofibers, lithium ions can be quickly transferred in
the all-solid-state battery system. The corresponding rate
capacity of LiFePO,/Li battery with the composite electrolyte
with LLZO/h-polymer nanofibers at various current densities
at 50 °C. It exhibits discharge capacities of 141.4, 141.5, 143.3,
139.7, and 130.8 mAh g™' at different rates of 0.2, 0.3, 0.5, 1,
and 2 C, respectively (Figure Sb). When the rate returns to 0.2
C, the specific capacity returns to 149 mAh g~', suggesting the
excellent stability of the integrated all-solid-state LiFePO,l
LLZO/h-polymerlLi battery. The charge and discharge curves

of the LiFePO,ILLZO/h-polymerl|Li battery after cycling at 0.2
C are shown in Figure Sc. The charge and discharge curves of
the battery at different cycles are relatively flat. After the first,
second, third, 10th, and 100th cycles, the discharge capacities
of the battery are 148.8, 151.9, 154.3, 157.7, and 156.7 mA h
g~!, respectively. The excellent capacity retention rate (99.2%)
and minimal polarization throughout the cycle indicate that the
composite electrolyte with LLZO/h-polymer nanofibers apply
to improve the overall electrochemical performance of the
battery. Instead, the charge and discharge curves of the
LiFePO,lh-polymerlLi battery is relatively stable at the
beginning, but the capacity decreases faster in the long cycle.
After the 100th cycle, the discharge capacity of the battery
decreases from 143.2 to 121.5 mA h g™ (SI Figure 10).
Furthermore, the long-term cycling performance of LiFePO,/
Li battery assembled with composite electrolyte with h-
polymer nanofibers and composite electrolyte with LLZO/h-
polymer nanofibers at 0.2 C was investigated (Figure 5d). It
displayed an initial discharge specific capacity of 148.8 mA h
g~' with a high-capacity retention rate of 99.2% after 180
cycles, revealing the excellent interface stability between the
composite electrolyte with LLZO/h-polymer nanofibers and
the lithium anode during cycling. Moreover, the Coulombic
efficiency of the battery reached 99.3% after cycling, indicating
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that the battery had excellent long-time cycle stability. In
comparison, the composite electrolyte with h-polymer nano-
fibers exhibits poor cycle stability performance. After about
142 cycles, the discharge capacity of LiFePO,lh-polymerlLi
decreases to 66.2 mA h g™" and the coulomb efficiency begins
to decrease rapidly. In addition, electrochemical impedance
plots of LiFePO,/Li cell before and after a cycle of composite
electrolyte with LLZO/h-polymer nanofibers are shown in SI
Figure 11. The interface resistance decreased from 748.52 to
535.7 Q after S cycles under 0.2 C at 50 °C and decreased to
490.56 Q after 10 cycles, which further demonstrated the good
contact and stability between the composite electrolyte with
LLZO/h-polymer nanofibers and the electrode. The pouch-
type LiFePO,/Li cell was fabricated to exhibit the flexibility of
the composite electrolyte with LLZO/h-polymer nanofibers
and its functionality when applied to lithium metal batteries.
The pouch cell could light on the LED strip under bending,
folding, and after recovery (Figure Se), demonstrating that the
LiFePO,ILLZO/h-polymer|Li pouch cell exhibits good flexi-
bility and functionality.

B CONCLUSION

In conclusion, a new conducting oxide-enhanced 3D ion-
conducting network was developed featuring high mechan-
ically robust, flexible, and ion-conducting properties, as well as
higher specific surface area, consisting of interconnected
conducting oxide nanoparticles (e.g, LLZO) and conducting
polymer, as a mechanically robust alternative to many brittle
conducting ceramic materials for solid Li battery. LLZO
nanoparticles were synthesized and densely packed in polymer
nanofibers by coelectrospinning with a hybrid polymer
electrolyte (PVDF—PEO with LiTFSI) to form the 3D
network. This structure not only enhances mechanical strength
of the composite electrolyte but also further optimizes the
transmission path of lithium ions. The electrochemical stable
window is 5.02 V at 50 °C and ionic conductivity is 1.05 X
107 S cm™! at S0 °C. Furthermore, the voltage of the Li/Li
symmetric battery remained a stable cycling within 1000 h at
0.1 mA cm™% The all-solid-state batteries deliver a discharge
specific capacity at 147.6 mAh g~' and a capacity retention rate
of 99.2% under 0.2 C after 180 cycles. This work provides a
new advancement for polymer/inorganic solid electrolyte
membrane and solid Li battery.
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