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An in situ hyperconnective network strategy to
prepare lanthanum zirconate nanofiber
membranes with superior flexibility and toughness+

Nana Xu,i Xiaoshan Zhang,i Haiyan Liu, Hui Xu, Shuang Wu, Bing Wang*
and Yingde Wang © *

Oxide ceramic fibers with softness and toughness are key materials in emerging fields like wearable devices
and membrane technologies. However, the brittle failure of oxide ceramic fibers after thermal cycling leads
to the loss of membrane architectures, which limits their long-term applications at high temperature. Here,
we report a scalable approach of sol-gel electrospinning to synthesize a flexible and tough pyrochlore
La; gsAlg 15Zr,0; (L5AZO) nanofiber membrane (NFM) involving self-assembled 3D networks. The
interactions between the nanoscale constituents lead to the assembled networks with high nodal
connectivity and strong crosslinking between nanofibers, which may promote an enhancement of
macroscopic mechanical properties by orders of magnitude. Ultrasonic dispersion and an amorphous
secondary phase drive the formation of numerous L5AZO nuclei and soft grain boundaries, thus
effectively refining grains and inhibiting crystallite growth. Indeed, the L5SAZO NFM achieves both a high
specific tensile modulus of ~11.4 MPa cm® g™t and fracture toughness of ~1032 J m~2, as well as high-
temperature resistance above 1100 °C, which are advantageous for diverse structural applications.
Furthermore, the simple processing technique of the NFM allows it to be fabricated into various
functional devices, such as aerogels, thermal camouflage, and filtration membranes at high temperature.
The mechanistic insights and manufacturability provided by this flexible and tough oxide NFM may
create further opportunities for materials design and technological innovation.

Congratulations on the tenth anniversary of Journal of Materials Chemistry A. In the past 10 years, JMCA has shared a lot of interesting innovative and
enlightening scientific research among researchers and readers. JMCA also has made remarkable contributions as an excellent platform for the sharing of
scientific research and communication of creative ideas. We would like to hereby express our sincere thanks for editors and reviewers' great efforts in bringing

this impressive achievement. Polymer-derived ceramic fibers are the main interest of my team over the past 40 years. Our studies have earned worldwide
reputation with more than 150 articles and reviews published in high-level scientific journals over the past decade. Among them, nine articles have been
published in JMCA, one of which (/. Mater. Chem. A, 2018, 6, 516-526) has been recognized as top 1%, ESI. My team and I have always been willing to cite and
study the work published in JMCA owing to the high quality of studies and sound academic influence. We would like to thank JMCA again for providing an
excellent platform for publication and communication, and wish JMCA greater success in the future.

1. Introduction

nuclear waste, because of their high melting point, good
oxidation resistance, excellent insulating performance and low

As a kind of advanced functional ceramic materials, multi-
element oxide ceramics of A,B,0, with pyrochlore or defective
fluorite structures are widely used in thermal barrier coatings,
refractories, high-temperature solid electrolytes and radioactive
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thermal expansion coefficient."* Particularly, lanthanum zirco-
nate (La,Zr,0,) shows a low thermal conductivity of 1.2 W m ™"
K ' and excellent thermal stability with no phase transition
occurring below the melting temperature of 2300 °C, and is an
ideal material for oxide ceramic fibers in multiple fields, such as
in flexible sensors, high energy-density solid-state batteries,
heat insulators or carriers of catalysts.>® Compared with the
commonly used oxide ceramic fibers, such as SiO,, ZrO, and
mullite fibers, La,Zr,0; fibers with low sintering ability will not
be limited by their poor thermal stability or high thermal
conductivity at high temperatures.”?
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Electrospinning generally produces a nonwoven fibrous
mesh with a typical pore size of about 2-5 um, which has wide
application in filtration, separation or heat insulation.® Usually,
oxide ceramic nanofiber membranes (NFMs) depend on the
electrospinning technique to realize the ultrafine diameter and
favorable size-related properties.'™ Nevertheless, lower
mechanical resistance and larger specific surface area of
nanofibers (NFs) cause rapid grain growth at much lower
temperatures than that in bulk materials. Then, the rapid grain
growth will lead to the disappearance of any favorable size-
related properties and easy fracture of fibers."»"* Numerous
efforts for the enhancement of oxide NFs have been devoted to
suppressing the grain growth thermodynamically via reducing
grain boundary energy as the driving force or kinetically via the
secondary phase interface and the solute drag effect.**** Addi-
tionally, achieving a high mechanical strength with currently
available chemistries remains difficult due to the weak inter-
actions among NFs.'** Currently, there are several research
studies about La,Zr,0, nanofibers (LZO NFs) by electro-
spinning. In order to obtain LZO NFs with high performance,
achieving relatively lower sintering ability and fracture tough-
ness (around 0.9-1.3 MPa mY 2) of La,Zr,0, ceramics deserves
more attention.*® Under the dual blessing of difficult sintering
and rapid grain growth, it is difficult for LZO NFs to maintain
their mechanical strength at high temperatures. Among the
previous studies, the adjustment of compositions or micro-
structures for the LZO NF material cannot significantly enhance
the performance.

Li et al.* prepared LZO NFs with a low sintering ability by
calcination of the electrospun fibers of the PVP-precursor,
which may have potential application as a catalyst-support at
high temperatures. Wang et al.** studied the effects of firing
temperature (800-900 °C) on the phase and microstructure
evolution of the LZO NFM. Ou et al.** tuned the ratio of defect
fluorite and pyrochlore phases and further demonstrated that
a LZO NFM with a mixed phase structure has higher conduc-
tivity due to an interface lattice mismatch between the two
phases, which makes them a promising material for high-
performance SOFCs and oxygen sensors. Jing et al.>® fabri-
cated the LZO NFM which can significantly increase the room-
temperature electrochemical performance of the ultra-thin
composite solid electrolyte, and is expected to be widely
applied in high energy-density solid-state batteries. Yu et al.**
used the harmonious activity of the mixed phase of
pyrochlore/defect fluorite-structured LZO NFs to generate an
interface that aids in increased electrocatalytic activity by
enriching oxygen vacancies in the system, improving the
photoelectrochemical ammonia production performance by
coupling oxygen-vacant sites to the 2D-semiconductor based
electrocatalysts. Moreover, other efforts***** have been made
to study the effects of the La/Zr source, electrospinning
parameters and heat treatment conditions on the crystal
growth of LZO NFs. Besides, high-entropy composites are also
one of the frontier research directions of LZO NFs, striving to
strengthen their function or couple them with other functional
materials. Yang et al.>® studied the crystal structure of pyro-
chlore in the La sites, which is doped to produce
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a (Lag,Smg,Eug,Gdy,Tmg,),Zr,0;, NFM, and the solid
thermal conductivity of the fibers is as low as 0.23 Wm ™' K"
after heat treatment at 1000 °C. Zhao et al.*’ used the elec-
trospinning technique to prepare a Lig 4JLazZr,Al, ,01, NFM for
solid-state batteries due to its high ionic conductivity and
chemical/thermal stability. Sharma et al.”® fabricated elastic,
well-aligned ceramic LLZO NFM based electrolytes toward
high safety and high energy density solid-state Li-batteries.
The above studies investigate the preparation and applica-
tion of the LZO NFM in multiple directions and verified effi-
cient properties in the areas of sensors, high energy-density
solid-state batteries, heat insulators or carriers of catalysts,
but its reusability, mechanical properties and high-
temperature resistance cannot be achieved from these
research studies.

Inspired by biomacromolecules such as cellulose and
chitin, their mechanical properties can be affected by the
network formed from distinct chemical crosslinking between
NFs, even with similar levels of solid content.>*?° It is
conceivable that distinct crosslinking between NFs may affect
the mechanical properties of the network.** However, the
design of rigid nodes between ceramic NFs can also have
a negative impact on the mechanical flexibility of a ceramic
NFM. Here, we report a LZO NFM from lanthanum zirconate
nanofibers (LZO NFs) with outstanding mechanical properties
and excellent high-temperature resistance (above 1100 °C),
through the co-design of a fibrous network and microstruc-
tures of NFs. Through the regulation of precursor sol con-
taining aluminum, a hyperconnective network and crystal
growth control can be realized. Oxide aluminum sol with
chemical stability will not react with La/Zr precursors, and has
low solubility in oxides (YSZ, ZrO,, and La,Zr,0,).">*
Furthermore, alumina can stay in the amorphous phase at
relatively high temperatures. The unique interactions between
nanoscale constituents lead to assembled 3D networks with
high nodal connectivity and strong welded connection
between NFs. These features lead to unusually high stiffness
and strength of the NFM, which is confirmed by theoretical
simulation of 3D fibrillar networks. Moreover, successive
breakage of crosslinks at high connectivity nodes affords
energy dissipation while maintaining the overall structural
integrity. As a result, the fracture toughness of the NFM (~167
J m~?) could be orders of magnitude higher than many exist-
ing NFMs. Hence, the NFMs do not break during bending and
could recover automatically after releasing stress, showing
significant softness and toughness compared to traditional
ceramics, indicating their potential applications in wearable
devices and membrane technologies.

2. Experimental
2.1. Preparation of LZO and LAZO NFMs

In order to fabricate the LZO and LAZO NFM, lanthanum nitrate
(AP, Sinopharm Co., Ltd., China.) is used as the La source.
Zirconium acetylacetonate (Zr(acac),) is chosen as the Zr source.
Aluminum isopropoxide (AIP) is chosen as the Al source. Pol-
y(vinylpyrrolidone) (PVP, M,, = 1 300 000) is used as a spinning

This journal is © The Royal Society of Chemistry 2023
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agent to ensure electrospinning. Distilled water is chosen as the
solvent due to its high dielectric constant and low boiling point.
Zr(acac),, AIP, and PVP are purchased from Aladdin Chemical
Co., Shanghai, China. All chemicals are used as received
without further purification. In a typical process, the precursor
solution is prepared by dissolving La(NO3);, PVP, and Zr(acac),
in distilled water, and then stirring at room temperature for 6 h.
To investigate the effects of the materials on the properties of
LZO and LAZO NFMs, various precursor solutions with AIP
contents from 0, 0.5, 1.0 to 1.5 mol are prepared, respectively.
The detailed compositions of the various precursor solutions
are shown in Table S1. Then precursor fibers are electrospun
on an aluminum foil collector from the precursor solution. The
distance between the syringe and the collector is fixed at 16 cm,
and a voltage of 18 kV is applied with a flow rate of 0.8 ml h™".
LZO and LAZO NFMs are obtained by calcining the as-prepared
precursor fibers in air at 900 °C for 1 h with a heating rate of 10 ©
C min~".

2.2. Characterization

2.2.1. Morphology and composition characterization.
Scanning electron microscopy (SEM, Hitachi S4800, Japan) is
used to investigate the morphology of the prepared LZO and
LAZO NFMs. The composition and chemical structure of the
prepared NFM is investigated via X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific Escalab 250Xi machine). X-ray
diffraction (XRD) patterns of the NFs are collected using
a Bruker AXS D8 Advance diffractometer (Germany) with Cu Ka
radiation.

2.2.2. Microstructure characterization. Fourier transforms
infrared (FTIR) spectra are obtained with FTIR equipment
(Frontier, PerkinElmer, USA). The microstructure is examined
using transmission electron microscopy (TEM, Titan G2 60-300,
USA). Thermal gravimetric analysis is performed by using
a thermogravimetry-differential scanning calorimetry analyzer
(TG-DSC, TG209F1, NETZSCH, Germany), at a heating rate of 10
°C min~" under an air atmosphere.

2.2.3. Mechanical property test. LZO and L5AZO NFMs are
reheated at various temperatures (i.e. 1000 °C and 1100 °C) for
1 h with a heating rate of 5 °C min~ " under an air atmosphere.
The bending rigidity of the specimens is measured on a flexi-
bility tester (FlexTest-F-C, Hunan Nanoup Printed Electronics
Technology Co., Ltd, Hunan, China). The tensile strength of the
membranes is tested by using a Testometric Micro 350 tensile
tester (KES-G1, Kawabata, Japan) with a loading rate of 1 mm
min~". The specimen is prepared in a size of 20 mm x 3 mm.
Five specimens are cut from each membrane and tested for
tensile behavior. The tensile strength (o) is calculated by using

eqn (1):
g =Fl(w x d) 6))]

where F, w, and d are the load, width, and thickness of the
specimens. The thickness of the specimens is measured by
using a thickness gauge (CHY-CA, Saichen Instrucment Co.,
Ltd, Jinan, China).

This journal is © The Royal Society of Chemistry 2023
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3. Results and discussion
3.1. Processing and structures of LZO and LAZO NFMs

Fig. 1a shows the synthesis of a NFM with a hyperconnective
network, including (1) the preparation of sols, (2) the formation
of a hybrid NFM during electrospinning, (3) and the nucleation
and growth of crystals during calcination. The physicochemical
properties of the precursor sols are critical to the subsequent
preparation of the nanofibrous membranes. In heterogeneous
sols, zirconium acetate undergoes spontaneous self-hydrolysis
and condensation reactions to form cross-linked colloids.** At
the same time, the negatively charged oxygen groups on the
surface of PVP predispose it to random complexation with metal
ions (Zr**, La*", and AI’"). For enhancing the homogeneity of the
sol, we use ultrasonic dispersion to assist in the homogeneous
dispersion of PVP in the sol to further homogenize the distri-
bution of the inorganic complexing ions. The metal ions form
a uniformly distributed adsorption layer on the PVP surface,
which is assembled into nanofibers during the electrospinning
process. Dynamic light scattering contributes to promoting the
formation of crystal nuclei, but both the nuclei and colloidal
particles will grow large with a long ball-milling time that can
lead to the formation of large grains in the final LZO and LAZO
NFs. To determine the best time and suitable addition of
aluminum sol, dynamic light scattering is applied to measure the
sizes of colloidal particles. As shown in Fig. S1,f when treated
with ultrasonic vibration for 45 min, the colloidal particles of
LAZO show a wide diameter ranging from 0.1 to 7.2 pm.

During the electrospinning process, the sol moved along
a straight line in the initial stage and then entered an unstable
whip stage when the sol moved for a certain distance, in which
the trajectory is a series of spiral rings with the increase in the
diameter (Fig. 1c and e). With the volatilization of the solvent,
the sol is continuously stretched and refined, and finally
solidified into hybrid NFs (Fig. 1b and d). In LAZO sol, the more
widespread presence of hydrogen bonds further increases the
viscosity and conductivity of the solution (Table S17), allowing it
to merge during the process of whipping and collecting. The
formation of numerous connection points affects the topology
of the assembled network, which gives the NFM unique
microstructural characteristics (Fig. 1d). This process may
generate nodes connected to more than four adjacent nodes.
Compared with aerogels, the network junctions of fibrous
membranes are all in situ formed. This type of node does not
have an interface between different materials and therefore
provides high mechanical strength welded node strength.
Through controlling the stacking method, it can be realized that
the fibrous membrane is anisotropic in the XY and Z directions
(Fig. S27).

Secondary phase amorphous alumina can effectivity inhibit
the merging of crystals, which is beneficial for forming stable
NF structures during the following high-temperature calcina-
tion (Fig. 1f). In LAZO NFs, although LZO crystals nucleated and
grew, they were difficult to fuse due to the blocking effect of
amorphous Al,0;. Here, the specimens are denoted as a flexible
L5AZO NFM. The high mechanical strength and thermal

J. Mater. Chem. A, 2023, 11, 12735-12745 | 12737
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Fig. 1 Materials synthesis and characterization studies. (a) Procedures of using electrospinning followed by calcination to fabricate LZO and
LAZO NFMs. (b and c) Surface morphology of the electrospun hybrid LZO NFM. (d and e) Surface morphology of the electrospun hybrid LSAZO
NFM. (f) Microstructure design for LZO and L5AZO NFMs. (g) Demonstration of the flexibility of the synthesized L5AZO NFM calcined at 900 °C for
60 min. (h) Digital images of the folded and unfolded L5AZO NFM before and after calcining at 1100 °C.

stability of the L5AZO NFM allow it to be repeatedly folded
under the flame of a butane torch without structural damage,
demonstrating excellent flexibility and high-temperature resis-
tance (Fig. 1h).

3.2. Influence of chemical properties on the characteristics
of LZO and LAZO NFMs

During the process of precursor sol transfer into the hybrid LZO
and LAZO NFMs and ceramic NFM, the growth kinetics of LZO
and L5AZO NFMs is affected by crystal nucleation, grain
boundary diffusion and migration. Here, alumina can enhance
the conductivity and viscosity of the precursor sol so that it
could be in situ collected into the hyperconnective NFM.
Secondly, the growth and diffusion of grains can be controlled
in the calcination process. Both of them can reduce defects in
the precursor NFs.

12738 | J Mater. Chem. A, 2023, 11, 12735-12745

To verify that the precursor sol has been modified by the
aluminum sol, a series of measurements have been carried out
to investigate the changes in chemical structure and composi-
tion, and the morphology of the fiber surface (Fig. 2a and S47).
Fig. 2a depicts the comparison of the FTIR spectra of pristine
precursor sol and aluminum sol mixed precursor sol. The
pristine precursor sol shows obvious ester absorption peaks at
3430 cm ™', 2500 cm ™' and 1100 cm ™, respectively. Moreover,
a small peak at 1340 cm " is also found relative to the wagging
mode of propylene.* The absorption peak at 3430 cm ™" corre-
sponds to the stretching vibration of -OH. Additionally, after
being mixed with aluminum sol, the -OH peak intensity of
L5AZO is stronger than that of LZO due to the variety of
oxidation. The formed -C(=0)-O-Zr- bonds show absorption
peaks at 1720 cm™(C=0), 1240 cm ™' (C-0), 1016 cm ™" (La-0)
and 950 cm ™" (Zr-0), which overlap with the peaks generated by

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2ta09347b

Published on 01 March 2023. Downloaded on 1/24/2026 6:33:57 AM.

Paper

View Article Online

Journal of Materials Chemistry A

(]

—120
1100 ——L5AZO

Intensity (a.u.)

r—1.70)

—12z0
La,Zr,0,
¢l ——15AZ0

L5SAZO

900°C X 1h

Relative Intensity (a.u.)

600 800 20 40 60 80

1000 2000 3000 4000 0 200
Wavenumber (cm™) Temperature /°C 2 Theta /°
d e f
LZO O1s LZO
-y > Al 2p
X 531.5eV SR
—_ o - ~—~————a——a—a—
3 E _,f >? e E
xS £  — .S
'3 L5SAZO | La3d5 = LSAZO z LSAZO
£ t 2 | 529.5eV. = £
= @ - 2
= E b E PN
7 \ £ S
e L T4.5eV ™,
1 2’00 9[”0 6[”0 360 0 5%8 530 5.';2 5:’54 7‘0 7’2 7‘4 7’6

Binding Energy /eV

Binding Energy /eV

Binding Energy /eV

i 4
Ot I |

Fig. 2 Influence of the amorphous secondary phase on the morphology and flexibility of the LAZO NFM. (

(a) FTIR spectra of precursor sol with/

without the addition of aluminum sol prepared by ultrasonic dispersion for 45 min. (b) TG curves of LZO and L5AZO precursor NFMs. (c) XRD
patterns of LZO and L5AZO NFMs calcined at 900 °C. (d) XPS survey spectra of LZO and L5SAZO NFMs calcined at 900 °C and peak fittings of (e) O
1s and (f) Al 2p. (g and h) Morphology of LZO and L5AZO NFMs calcined at 900 °C. (i and k) TEM of the LZO NFM after being sintered at 900 °C. (j, |

and n) TEM-EDS of the L5AZO NFM after being sintered at 900 °C.

mixture precursor sol.** Next, thermogravimetric analysis of
LZO and L5AZO precursor NFMs is illustrated in Fig. 2b, which
proves the denser microstructures with a slower speed for losing
weight. Furthermore, the XRD patterns of LZO and L5AZO
NFMs after being sintered at 900 °C reveal the difference in
phase transformation of these two kinds of NFMs. It can be
inferred that amorphous Al,O; surrounded La,Zr,O, crystals
like fences, inhibiting fusing of LZO crystals and maintaining
relatively lower crystal sizes (Fig. S51).

To further demonstrate that the amorphous Al,0; nano-
particles have been generated into NFs, the XPS measurements
have been carried out and the results are displayed in Fig. 2d-f.
Fig. 2d compares the wide scan spectra of pristine and modified
NFMs. The pristine LZO NFM shows two strong peaks, corre-
sponding to Zr 3d and O 1s, which come from La,Zr,0,. In

This journal is © The Royal Society of Chemistry 2023

addition, Zr 3d and O 1s high-resolution scanning of pristine
and modified TSP-PET fabrics are also tested to further compare
the chemical structure before and after modification. Fig. 2e
and f show the O 1s spectra of pristine and modified NFMs,
respectively. The detailed O 1s spectra of the pristine NFM are
fitted by two peaks, which are located at 529.5 and 531.5 eV,
corresponding to O-H/O=C and the surface adsorbed H,O,
respectively.** When the NFM is modified by aluminum sol,
another peak can be fitted at 74.5 eV, which is assigned to the
Al-O-H bonds.*” The above XPS results confirm that the L5AZO
NFM has been synthesized and modified successfully.
Precursor sol with different contents of aluminum sol can be
electrospun into gel NFs with smooth surfaces and similar
diameters of =900 nm (Fig. S3T). However, after heat treat-
ment, the NFs show different morphologies. After heat

J. Mater. Chem. A, 2023, 1, 12735-12745 | 12739
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treatment at 900 °C for 1 h, the LZO NFM showed island-shaped
surfaces (Fig. 2g) because of the flow of PVP. With this template,
the LZO NFM after being calcined presented discrete island-
shaped surfaces with large pores. Interestingly, there are crystal
grains in the LZO NFM that should be formed at higher
temperatures (Fig. 2h and i). In addition, the flow of PVP on
these grains left large voids in the NFs. After being calcined at
900 °C, these grains continued to grow but could not fuse well,
which created a lot of pores in the LZO NFM. In contrast, the
L5AZO NFM after being calcined at 900 °C for 1 h (Fig. 2k-n) is
smooth and the crystals fused well without forming pores; the
L5AZO NFM demonstrated superior flexibility (Fig. 1g). It has
a relatively lower degree of crystallinity and homogeneous
distribution of elements.

3.3. Investigation of the strengthening and toughening
mechanism of the L5AZO NFM

3.3.1. Theoretical modeling. A unique feature of the L5AZO
NFM is that nanofibers are connected and welded at their
common joints (Fig. 3a and b), leading to high nodal connec-
tivity in contrast to networks with a random placement of the
LZO NFM. We continue to investigate how the connectivity and
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nodal mechanics of stochastic two-dimensional networks affect
the macroscopic properties of materials. To illustrate the
physical picture, it is necessary to review some established
structural mechanical models of the network. In Maxwell's
stiffness theory, a pin-jointed truss network exhibits finite
stiffness only when its connectivity reaches a threshold of 2d,
and d is the dimension of the problem. Once connectivity
exceeds the critical value, the network behavior changes from
fluid to solid-like. Recent studies have shown that threshold
connectivity decreases if the flexural rigidity of individual fibrils
is considered.***® Based on these models, the random nature of
fibrils and nodes in the 3D network can be considered.
Secondly, the breakage of fibrillar joints plays a major role in
the mechanical responses under high deformation. However,
they cannot replicate the observed response of the NFM with an
in situ hyperconnective network. Because the properties of
joints and networks are parallel stacks, self-rotation also cannot
be considered.

We developed a computational model to address these
issues with COMSOL software. In this model, the boundary of
the fibrous network stretch direction is defined by the
Dirichlet boundary condition (the so-called first type of
boundary condition). Then, the index strain softening

B
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Fig. 3 Theoretical stimulation. (a) Examples of pin-jointed truss networks illustrating the distinct rigidity levels originating from different nodal
connectivities. (b) SEM images and (c) the theoretical model of the NFM showing a random 2D network with various connectivity nodes. (d) A
schematic model with upper parabola connecting each pair of crosslinked fibrils. (e and f) A 2D network representing strain and stress of the NFM
with various connectivities. (g) Fracture characteristics of LZO and L5AZO NFMs. (h and i) Effects of the average nodal connectivity on the tensile

responses of the simulated random 2D networks.
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behavior is introduced to the tensile damage process of the
fibrous network. During the stretching process of the fibrous
network, it means that the mechanical properties of the fiber
are stable when D = 0. If D > 0, it indicates that the material
begins to be damaged.** Specifically, random placement of
fibrillar segments is implemented to change the connectivity
of the network to desired levels (Fig. 3c). Stochastic displace-
ments are imposed on each node to increase the randomness
of the connective network. The pull force is set parallel to the
network plane, to restrain their relative separation and rota-
tion (Fig. 3d). Young's modulus and the diameter of NFs are
set to be E = 18.2 GPa and d = 500 nm, respectively, emulating
the mechanics of NFs in the L5AZO NFM. In addition,
breakage of the cross joints is assumed to take place once the
stored elastic energy exceeds a critical value (Fig. S61), defined
as the binding energy of the cross joints.*°The finite element
method is used to simulate the response of the network under
imposed strain with periodic boundary conditions. Individual
NFs are modeled as 2D nonlinear Reissner beams that can
undergo large stretching and bending. The lengths of NFs in
each network are adjusted by a scaling factor to ensure
a constant solid fraction of ~5%, corresponding to that of the
L5AZO NFM (Table S2t). The elongation of the L5SAZO NFM is
mostly governed by the bending, enforced deformation and
breakage of cross joints at nodal points, rather than the
stretching and fracture of individual NFs (Fig. S61). The
mechanical energy of the network can be expressed in terms of
the stretching and bending contributions of the constituent
fibres. The mechanical response of such a fibre is determined
by its stretching (that is, Young's) modulus, u (units of energy/
length), and bending rigidity, « (energy x length). Broedersz*
et al. found a crossover between stretching- and ending-
dominated regimes characterized by an inflection in G and
a strong dependence on the bond occupation probability p, or
network connectivity. This suggests that the L5AZO NFM
isostatic point controls a crossover between the various elastic
regimes of fibril networks.

In this model, tensile moduli of the networks exhibit a strong
dependence on their average nodal connectivity (Fig. 3e). After
an initial linear stage, the networks experience significant strain
softening, which is similar to the experimental test (Fig. 3g).
More simulation results indicate that such a softening behavior
is caused by the successive breakage of cross joints (Fig. 3h),
which indicates that networks with high connectivity allow
energy dissipation while maintaining structural integrity. From
point 1 to point 4, the stress-strain curves are quite different
due to the variety of connectivity and included angles. There-
fore, the binding energy of cross joints plays a critical role in
determining the macroscopic strength and toughness of the
network. Indeed, increasing the binding energy leads to an
elevated fracture strength of the material (Fig. 3i). In contrast,
a lower binding energy of the cross joints will trigger an earlier
softening of the material and a reduced fracture strength. These
simulation results highlight the significance of welded various-
connectivity joints in the L5AZO NFM for their high toughness
and mechanism of energy dissipation.

This journal is © The Royal Society of Chemistry 2023
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3.4. Investigation of high-temperature stability and
resistance of the L5AZO NFM

To further assess the thermomechanical stability of the L5AZO
NFM, LZO and L5AZO NFMs are reheated to 1000 °C and 1100 °
C, so as to assess their structure and performance changes after
calcination. The XRD patterns of the LZO NFM and L5AZO NFM
at 1000 °C and 1100 °C, present different phase evolutions,
respectively, indicating the excellent thermomechanical
stability of the LSAZO NFM in extreme environments (Fig. 4a
and b). We calculated the average crystallite size of the L5AZO
NFM and LZO NFM using the Scherer equation from X-ray
diffraction and further verified these XRD crystallite sizes by
direct TEM observation (Fig. 4c and e). This can be further
verified by the evolution of microstructures, as shown in Fig. 4d.
The growth of grain sizes and amplification of defects for the
L5AZO NFM are almost constant in a wide temperature range of
900 to 1100 °C. The defects on the surface of the LZO NFM
expand as the heat temperature increases, along with the
increase in defect sizes and numbers.

Part of y-alumina has been detected by XRD and TEM, which
indicates the evolution of amorphous alumina to be alumina
crystal. Notably, the L5AZO NFM could withstand long-term
calcination at 1100 °C, showing a stable crystallite size of
~14 nm (Fig. 4j). This proves that amorphous alumina can
effectively control the growth and diffusion of grains in the
calcination process, and also contribute to reducing defects
formed by rapid sintering. In summary, the L5AZO NFMs
calcined at 900, 1000, and 1100 °C all exhibited thermo-
mechanical stability and heat resistance with nearly zero plastic
deformation after thermal recycling. By contrast, the crystallite
size of the LZO NFM increased rapidly with the raising calci-
nation temperature. When the LZO NFM was calcined at 1100 °©
C, La,Zr,0, crystallization growth cracks appeared (Fig. 4g),
which usually causes matrix densification, structural collapse,
and volume shrinkage of the ceramic NFM, resulting in large
plastic deformation and poor elasticity of the LZO NFM.
Furthermore, the mechanism of amorphous alumina on grain
growth in the nanofibers is determined (Fig. 4f). Unlike the LZO
NFM, rapid grain growth is not observed in the LZO NFM,
neither at the surface nor in the inner part (Fig. 4d and j),
thereby implying that the amorphous alumina inhibited rapid
grain growth. Second, uniformly distributed amorphous
alumina provides a greater barrier effect for surface grains to
fuse, providing a mechanism for amorphous alumina to
suppress grain growth kinetically.

For comparing the heat resistance of LZO and L5AZO NFMs,
the dynamic tensile strength and bending stiffness of the NFM
are tested. Here, the mechanical properties of the LZO NFM and
L5AZO NFM are compared (Fig. 5a). With the increase in heat
cycling temperature, the strength of the LZO NFM decreases off
a cliff until it is brittle fracture at 1100 °C. On the other hand, the
L5AZO NFM exhibits excellent mechanical properties, and the
strength not only does not decrease after thermal assessment,
but also shows a slight increase at 1000 °C. Compare with other
functional oxide fibers, the L5AZO NFM has advantages in
mechanical properties and high-temperature resistance
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Fig. 4 Influence of the amorphous secondary phase on the high-temperature stability of LZO and L5AZO NFMs. Phase evolutions of (a) LZO and
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of the LZO NFM calcined at 1100 °C. (i and j) TEM of the L5AZO NFM calcined at 1100 °C.

(Fig. 5b)** In addition, the stiffness of the L5AZO NFM is
measured and quantified with a paper softness tester, while
a lower bending stiffness means better flexibility. After heat
recycling twice at 1000 and 1100 °C, the L5AZO NFM shows
significant softness and toughness that the traditional LZO NFM
did not have. From the aspect of the membrane, when subjected
to an external force, the nonconnective individual LZO NFs will
slip relatively, which could improve the flexibility of the film.
Interestingly, the hyperconnective LAZO NFM shows better
ability during the bending and stretching process. But the rigidity

12742 | J. Mater. Chem. A, 2023, 1, 12735-12745

of the LZO NFM cannot be obtained under a tensile force,
because the NFM is brittle and cannot be bucked and deformed.
The rigidity of he NFM is determined by the rigidity of ceramic
NFs themselves. In contrast, the LAZO NFM treated at various
temperatures has larger flexibility and bucking deformation
under the condition of a small tensile force of 28.5 mN. There-
fore, the rigidity of the NFM is affected by the deformation of the
fiber itself and the fibril network deformation. Comparing the
softness, the small softness (54.9 mN) of the LAZO NFM calcined
at 1100 °C can be found, showing excellent flexibility (Fig. 5¢c).

This journal is © The Royal Society of Chemistry 2023
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Fig. 5d shows the tensile test fractures of the LAZO NFM at
different temperatures. It can be seen that a small number of
ultrafine holes appeared in the center area of the LAZO NFM
after heat treatment at 1100 °C. The defects may result from the
volume shrinkage caused by the transformation from the
amorphous alumina phase into the crystalline phase, or the
voids formed by grain rearrangement during sintering. The
shape of holes is relatively regular, which does not have much
negative impact on the mechanical strength of the NFM.

Most of the energy consumed in the bending process is used
for the LAZO NFM deformation. With the increase in heat
temperature, the adjustment of the LAZO NFM in a direction
perpendicular to the load can be observed. The stiffness and
stress of the hyperconnective LAZO NFM determined the stress
of the whole membrane. Different from the nonconnective
NFM, it is easier for individual nanofiber hinges with a narrower
size distribution to disperse the complex stress in the hinge,
and thus, they could improve the flexibility of the NFM as
awhole. The initial stage of the LAZO NFM is an upper parabola
compression curve with the slope constantly increasing, indi-
cating that the membrane has a uniform force and a slight
crease. With increasing testing cycles, the force on the

This journal is © The Royal Society of Chemistry 2023

membrane during deformation gradually decreased and tends
to stabilize, which means that the membrane has super struc-
tural stability and mechanical properties. Correspondingly, the
LAZO NFM showed strong plastic deformation ability and could
produce 40-50% bending deformation under a 0.005 MPa
pressure. After 100 cycles of compression, the plastic deforma-
tion ability remained stable. In addition, the typical tensile
stress—strain curves of the LZO NFM are also tested, as shown in
Fig. S9.1 The LZO NFM could only produce a maximum
compression deformation of 14%; otherwise, it will have
a brittle fracture and could not be tested. The LAZO NFM
showed a high mechanical strength of 1.97 MPa and a large
strain of 1.42%. During a continuous 100 cyclic bending test
(Fig. 4f), the membrane remained intact after bending 100
times (inset figure), indicating that the LAZO NFM has good
flexibility and bending resistance.

Oxide ceramic fibers have been widely used in high-tech
fields such as the environment, medical treatment, energy,
and national defense. However, these oxide fibers are generally
brittle and easy to fracture during bending deformation, which
limits the service life and the expansion of subsequent appli-
cation fields. How to enhance their flexibility, toughness and
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high-temperature resistance at the same time is an urgent
problem to be solved. Here, we proposed a strategy of refining
grain sizes and forming a hyperconnective fibrillar network,
and synthesized a new flexible L5AZO ceramic NF material with
pyrochlore structures, which solved the bottleneck problem of
large brittleness of multicomponent oxide ceramics at high
temperatures. Here, flexibility refers to the ability to produce
plastic deformation without fracture when the membrane is
bent.

In summary, we have developed a kind of pyrochlore ceramic
NFM with outstanding mechanical properties and high-
temperature resistance originating from their hyperconnective
fibrillar network with amorphous alumina. The theoretical
models developed in this work accurately depicted the observed
mechanical behaviors of the LAZO NFM, revealing quantitative
relationships between configurations of fibrillar joints and
macroscopic material properties. The mechanistic insights ob-
tained from these models should be applicable to the engi-
neering of a range of porous materials involving fibrillar
networks. Further analysis will benefit from advanced charac-
terization techniques revealing 3D topological details of
microfibrillar networks, as well as sophisticated models
including additional microstructural factors. From technolog-
ical perspectives, the excellent mechanics, porosity, and man-
ufacturability of these ceramic NFMs may create diverse
opportunities for flexible electronics, energy systems, biomed-
ical devices, and other applications.

4. Conclusion

We have reported a new kind of flexible and tough pyrochlore
lanthanum zirconate nanofiber membranes with a hyper-
connective network by combining ball-milling and in situ
welding strategies with traditional electrospinning. The unique
interactions between nanoscale constituents lead to assembled
3D networks with high nodal connectivity and strong welded
connection between fibrils. These features lead to unusually
high strength of the NFM, which is confirmed by our theoretical
simulation of 3D fibrillar networks. The oxide nanofibers
showed exceptional high-temperature stability and flexibility
even after annealing at high temperatures. As numerous
promising properties of oxide nanofibers rely on their nano-
scale dimensions and nanocrystallinity, the mechanistic
understanding and innovative bonding strategy developed in
this work will pave the way for widespread applications of these
important nanomaterials.
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