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The developing cutting-edge technologies involving extreme mechanical

® Check for updates environments, such as high-frequency vibrations, mechanical shocks, or
repeated twisting, require ceramic components to integrate high strength,
large bending strain, and even plastic deformation, which is difficult in con-
ventional ceramic materials. The emergence of ceramic nanofibers (CNFs)
offers potential solutions; unfortunately, this desirable integration of
mechanical properties in CNFs remains unrealized to date, due to challenges in
precisely modulating microstructures, reducing cross-scale defects, and
overcoming inherent contradictions between mechanical attributes (particu-
larly, high strength and large deformation are often mutually exclusive). Here,
we report a nucleation regulation strategy for crystalline/amorphous dual-
phase CNFs, achieving an extraordinary integration of high strength, superior
flexibility, and room-temperature plasticity. This advancement stems from the
optimized dual-phase structure featuring reduced nanocrystal aggregation,
increased internal interfaces, and the elimination of fiber defects, thus fully
activating the synergistic advantages and multiple deformation mechanisms
of dual-phase configurations. Using TiO,, which is typically characterized by
brittleness and low strength, as the proof-of-concept model, in-situ single-
nanofiber mechanical tests demonstrate excellent flexibility, strength
(-1.06 GPa), strain limit (-8.44%), and room-temperature plastic deformation.
These findings would provide valuable insights into the mechanical design of
ceramic materials, paving the way for CNFs in extreme applications and their
widespread industrialization.

Ceramics have been indispensable in human society, yet their inherent  strength, large bending strain, and even plastic deformation, which is
brittleness and limited deformability severely constrain their applica-  difficult in conventional ceramic materials®*. The advent of one-
tions in cutting-edge technologies”. For instance, aerospace thermal  dimensional (1D) ceramic nanofibers (CNFs) has brought a paradigm
insulation should withstand mechanical shocks and high-frequency shift in the mechanical design of ceramic materials®¢. These bendable
vibrations, while wearable devices need to endure repeated twisting. 1D CNFs can be strategically assembled into two-dimensional (2D)
These scenarios require ceramic components to integrate high flexible membranes, three-dimensional (3D) compressible aerogels
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and stretchable sponges, enabling breakthroughs in various fields’™.

Targeting extreme applications and widespread industrialization,
improving the comprehensive mechanical properties of CNFs is urgent
and yet significantly challenging. Current studies primarily focus on
architectural optimizations of CNF aggregates for improving
mechanics, such as cellular geometry engineering, cross-linking rein-
forcements, and fiber-interlocked strategies” ™. Despite these pro-
gress, optimizing the mechanics of single CNFs remains inescapable, as
they fundamentally determine the macroscopic mechanical behavior
of monolithic materials*’. From an in-depth perspective, tensile
strength, axial strain limit, and flexibility are probably the most crucial
mechanical attributes for individual CNFs, since they collectively affect
the capabilities of these structural units to absorb energy and transfer
loads, thereby determining whether the macroscopic aggregates can
effectively prevent stress concentrations and maintain structural
stability'®". Similar to the “Buckets effect”, any “shortest plank” in
these mechanical attributes could trigger catastrophic structural col-
lapse in macroscopic materials under complicated stress
environments.

Efforts devoted to strengthen CNFs have achieved considerable
advances™. For example, the fine-grain strengthening effect, as
described by the Hall-Petch relation, suggests that increasing grain
boundaries would impede dislocation motions to enhance strength".
Alternatively, heterogeneous-atom doping strategies can reduce
grain size and induce lattice distortions for dislocation pinning®.
Another promising approach is amorphization, characterized by
tight and strong chemical bonding within the disordered atomic
arrangement’®. However, neither hindering dislocations nor enhan-
cing chemical bonding, can simultaneously enhance the strength and
deformability of CNFs, revealing a fundamental contradiction: high
strength and large strain limits are often mutually exclusive in cera-
mic materials’. Due to the high aspect ratio and sub-micron dimen-
sions, CNFs can exhibit flexibility by accumulating minor bending
deformations™. In comparison, facilitating tensile deformability in
CNFs is much more difficult, especially for the realization of plastic
behavior”. Recent studies indicate that room-temperature (RT)
plasticity in ceramics is closely associated to crystal defects, such as
high-density dislocations and stacking faults in Al,O5 and TiO,, which
activates slip systems at room temperature, enabling compressive
plastic deformation in micropillar models**?. Unfortunately, this
innovative concept is less suitable to CNFs that emphasize tensile and
flexural properties, as cross-scale defects (spanning morphological,
microporous, and crystalline levels) are prone to stress concentra-
tions under load, potentially weakening their tensile strength and
flexibility'>. These inherent mechanical contradictions in CNFs
severely hinder the simultaneous optimization of their comprehen-
sive mechanical properties.

Recently, crystalline/amorphous dual-phase (DP) ceramic mate-
rials comprising a disordered matrix and embedded nanograins are
presented, revealing impressive mechanical mechanisms: nanocrystal
domains stabilize the disordered regions to prevent structural failures,
while the amorphous matrix acts as a soft boundary to dissipate
stress*****, This synergy endows CNFs with considerable strength and
high-order radial deformation modes*?*. However, due to random and
unconstrained nucleation, the spatial distribution of nanocrystals is
challenging to regulate, often resulting in grain aggregation and
interleaving****». This often-overlooked phenomenon could be the
key factor limiting DP CNFs from attaining higher strengths and even
RT plasticity””%. Under high load, intercrystalline stress concentra-
tions within nanocrystal clusters would initiate cracks that propagate
rapidly, leading to fracture before plastic yielding®*. Furthermore, the
lethal impact of cross-scale defects caused by conventional fabrication
methods on the comprehensive mechanical performance of CNFs is
also underestimated®. Here, we report a nucleation regulation strat-
egy for crystalline/amorphous DP CNFs to achieve high strength,

superior flexibility, and RT plasticity synchronously. The resulting
unique DP structure, possessing reduced nanocrystal aggregation,
increased internal interfaces, and the elimination of fiber defects, is
realized through the interface-induced nucleation together with a
newly designed template-free electrospinning method. TiO,, a widely
used ceramic known for its excellent physicochemical properties, but
brittle and weak nature, serves as the proof-of-concept model in this
study. Structural characterizations and single-nanofiber mechanical
tests highlight that these structural optimizations effectively mitigate
localized stress concentrations across scales, fully activating the
synergistic advantages and multiple deformation mechanisms of DP
configurations, thereby improving the comprehensive mechanical
properties of CNFs.

Results

Conceptual design

The amorphous/crystalline DP structure provides an optimal platform
for simultaneously enhancing the mechanical properties of CNFs.
Herein, we devised reconfiguration and optimization schemes of DP
CNFs for stress analysis and evaluation (Fig. 1a). The construction of
Model-1 is based on DP CNFs obtained by the typical electrospinning
process, characterized by fiber defects resulted from the thermal
decomposition of organic templates during fabrication. Model-2
improves upon Model-1 by eliminating fiber defects, but significant
localized aggregation persists due to the random and unconstrained
growth of nanograins. Model-3, in contrast, not only eradicates multi-
scale defects but also prevents nanograin aggregation. In engineering
applications, tensile strength (o), axial strain (¢), and flexibility are key
mechanical attributes of single CNFs. The o and € of CNFs are directly
related to the deformation mechanisms under tensile load (Fig. 1b).
Regarding bending deformations, these can be understood as a cou-
pling of compressive (inner side) and tensile (outer side) behaviors
along the fiber axis at the microscale”*. Due to the intrinsic nature of
ceramics, where compressive endurance generally exceeds tensile
endurance, the flexibility of CNFs is thus dominated by their localized
tensile behavior.

Owing to the high aspect ratio (>1000), CNFs exhibit an uneven
distribution of tensile o along the axial direction, which conforms to
the Weibull model. According to the Weakest Link theory®~’, the
mechanical properties of CNFs depend on their most fragile sections.
For Model-1, structural defects such as pores, cracks, and voids are the
limiting factors for mechanical performance. These defects are highly
prone to stress concentration under tensile load, leading to cata-
strophic fractures that largely negate the advantages of the DP struc-
ture. Consequently, eliminating structural defects in Model-2 is
expected to effectively improve mechanical properties, provided that
the limitations of current fabrication methods are addressed. How-
ever, upon reaching certain thresholds of o or ¢, the fragile grain
boundaries between aggregated nanograins may undergo stress con-
centration and crack initiation, hindering further mechanical optimi-
zations. Similarly, nanocrystal clusters located on the surface of CNFs
will also weaken the flexibility of Model-2. In contrast, Model-3 pos-
sesses no detrimental nanocrystal aggregation and increased internal
interfaces. This optimized spatial distribution allows Model-3 to fully
leverage the synergistic advantages of the DP structure, achieving
superior o and flexibility.

Regarding deformability, we constructed molecular dynamics
(MD) models and performed tensile simulations. We utilized LAMMPS
and the Matsui-Akaogi force field to successfully construct various
TiO, models, including amorphous and DP structures (Fig. 1c, d). The
Matsui-Akaogi force field has been validated as one of the most
appropriate for describing TiO,* . In the radial distribution function
(RDF) of DP TiO,, peaks located at ~1.99 A in the Ti-O curve, and at
-3.15A and -3.89 A in the Ti-Ti curve, highlight its hypocrystalline
features (Fig. 1le). For different DP configurations, Model-2 represents
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Fig. 1| Conceptual design of dual-phase (DP) ceramic nanofiber (CNF). a Three
distinct models of DP CNFs and their differences. Model-1 represents DP CNFs
fabricated by conventional methods, characterized by structural defects and
uncontrolled crystal distribution. Model-2 eliminates multiscale structural defects,
while Model-3 not only removes these defects but also prevents crystal aggrega-
tion. b Stress analysis and fracture mechanisms of DP CNFs under tensile and
bending loads. During tensile deformation, Model-1 fractures would originate from
structural defects, while Model-2 fails as a result of slip at the inner interfaces within
nanocrystal clusters. In contrast, Model-3 overcomes these limitations and
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undergoes deformation until shear bands develop in the amorphous region,
leading to fracture. During bending deformation, the fracture mechanism is
dominated by localized tensile behavior on the outer side. c-d Molecular dynamics
(MD) models for amorphous TiO, and DP TiO, with the color scale bar indicating
the centrosymmetry parameter for each atom in the system. e Radial distribution
functions for Ti-O, Ti-Ti, and O-O bonding in amorphous and DP TiO, models,
respectively. f Construction of MD models for the amorphous structure, Model-2,
and Model-3. g Snapshots at different strains (¢) during tensile simulations of
Model-2 and Model-3, with the color scale bar representing the volumetric stress.

nanocrystal aggregation, whereas Model-3 features uniformly dis-
tributed nanograins. Tensile simulations were then performed on
Model-2 and Model-3 to investigate differences in their mechanical
behaviors (Fig. 1f, g)*?”***. We observed that the fracture location in
Model-2 corresponds to areas of nanograin aggregation (Supplemen-
tary Fig. 1), supporting the hypothesis that fracture initiates at the grain
boundaries within nanocrystal clusters. In contrast, the fracture in
Model-3 occurs in amorphous regions, which is typically associated
with localized stress concentrations by shear bands, indicating that the

structural optimizations in Model-3 alter its fracture mechanism
(Supplementary Fig. 2)>**°, Firstly, the risk of crack initiation due to
tearing between nanograins is significantly reduced in Model-32
Secondly, the spatial independence of nanograins may allow them to
absorb energy through slip and rotation behaviors*. Moreover, the
amorphous matrix gains better structural continuity and would act as a
soft boundary to transfer and dissipate stress*?’. These multiple
deformation mechanisms benefit to delay the onset of fracture in CNFs
until plastic deformation occurs.
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CNF synthesis

To precisely achieve the respective structures of Model-1, Model-2, and
Model-3, we designed distinct synthesis approaches. Model-1 can be
readily produced using conventional fabrication processes. However,
fabricating Model-2 presents challenges, as CNF formation heavily
relies on polymer templates to assist electrospinning, whose decom-
position during sintering inevitably introduces multi-scale defects into
CNFs**., To address this issue, we developed an approach to synthe-
size spinnable linear particle sols based on a ligand-exchange mole-
cular design, allowing template-free electrospinning to eliminate
subsequent fiber defects. On this basis, we combined template-free
electrospinning with an interface-induced nucleation strategy to rea-
lize Model-3, by modulating the form and spatial distribution of
nanograins.

Specifically, we engineered a ligand-exchange route based on
coordinated modification to tailor the electronic structures and
steric hindrances of Ti alkoxides, thus controlling their activity and
polymerization to synthesize spinnable linear particle sol (LP-sol)
(Fig. 2a). Metal alkoxides, as reactive monomers, owing to their
polyfunctionality and expandable orbitals of central ions, tend to
polymerize rapidly and branch extensively, forming an irreversible
3D network (Supplementary Fig. 3)*>**, The resultant spherical par-
ticle sol (SP-sol) possesses no spinnability, as observed in the con-
ventional synthesis route. Hence, to curb the branching tendency
and high reactivity of Ti alkoxides (such as titanium butoxide), we
introduced multidentate ligands such as HOAc to modify the
monomer structure (Supplementary Fig. 4)**~*¢. By adjusting the
molar ratio (r,,) of ligand to monomer, we effectively manipulated
their coordinated structures (Supplementary Fig. 5), which involves
three different coordination protocols (Fig. 2b)**%. However,
excessive modification can terminate the hydrolysis-condensation
reactions of the monomers. To strike a balance, we conducted the
spinnability assessments (Supplementary Fig. 6) to identify the
optimal r,, range (1.0-2.0). Based on this, combined with a well-
designed process, the polycondensation of monomers proceeds in
an approximately linear mode, as confirmed by tracking sol rheology
during the reaction. We measured the apparent viscosity (1) as a
function of relative time (¢/t, t is the reaction time and ¢, is the time
for gel formation), where the relationship between In(n) and In[(¢/t5)/
(1-t/ty)] clearly divides the LP-sol synthesis process into two distinct
stages (Supplementary Fig. 7). After reducing pressure, the fitted
curve conforms to a linear relationship with a high slope, implying
rapid and chain-like condensation of the modified monomers***°. For
deeper insights, we extracted the reduced viscosity (175,/C) as a
function of concentration (C) during LP-sol polycondensation
(Fig. 2¢), which follows the Huggins equation:

Nsp/C =N+ kin*C 6

where k is a proportionality constant and [17] is the intrinsic viscosity®".
The monotonic increase in slopes underscores the linear growth of
particles in LP-sol’>. As a contrast, the C-independent 7;,/C in SP-sol
reflects the spherical shape of its particles, as described by the
following formula:

Nsp/C=0.025/p (03

where p is the particle density®. Notably, LP-sol exhibits optimal
spinnability and shear thinning at ¢/t; = 0.8, whereas the non-spinnable
SP-sol consistently behaves as a Newtonian fluid (Fig. 2d). These
findings highlight that the spinnability of LP-sol originates from the
linear polycondensation of modified monomers and their resulting
rheological properties. In brief, Model-2 was synthesized from LP-sol
(t/ty=0.8), while Model-1 was fabricated by combining SP-sol with a
polymer template.

Despite this, the template-free electrospinning strategy is insuf-
ficient for realizing Model-3, as it fails to regulate crystal nucleation
and growth. Inspired by recent in-situ observations of crystallization,
we combined SP-sol with LP-sol in electrospinning, thereby embed-
ding nanoclusters within the precursor fibers (Fig. 2e)**°. This pre-
configuration offers an intriguing binary amorphous structure: a
matrix composed of loosely stacked Ti-O chains, and dense
nanoclusters formed by a cross-linked Ti—O network. In the electro-
static field, double-layer repulsion and charged jet whipping could
facilitate the dispersed migration of nanoclusters®. In the thermal field,
the binary amorphous interfaces within the precursor would induce
the nucleation and growth of nanograins. Admittedly, incorporating
SP-sol into LP-sol will negatively affect the sol spinnability and the
morphology of precursor fibers (Supplementary Table 1). To address
this, we optimized the binary sol composition to 5 wt% SP-sol and 95 wt
% LP-sol which demonstrates superior entanglement-relaxation beha-
vior, precursor morphology, and abundant nanoclusters (Supple-
mentary Fig. 8)*’. Besides, we compared the key rheological properties
of SP-sol, LP-sol, and the binary sol, including non-Newtonian index
(n), yield stress (1), and [7], based on the Power-law model, Huggins
equation, and Casson plots, respectively. The structural and rheolo-
gical properties of the binary sol (n~ 0.87, 7-13.7 mPa, [7] - 0.23dL g™)
are almost completely inherited from LP-sol. Similarly, in terms of
storage modulus (G) and loss modulus (G”), the viscoelastic properties
of the binary sol are akin to LP-sol rather than SP-sol (Supplementary
Fig. 9). We then investigated the effect of implanted nanoclusters on
the crystallization of DP CNFs. By analyzing gradient non-isothermal
differential scanning calorimetry (DSC) curves (Supplementary
Fig. 10), we calculated the activation energy (AG,) for the amorphous-
to-anatase transition based on the modified Avrami equation:

1n(rp2 /h) =AG, /(Rrp) +In(AG,/R) — Inv 3)

where R is the gas constant, T, is the peak temperature, & is the heating
rate, and v is the frequency factor®. Apparently, the internal interfaces
formed between the implanted nanoclusters and the matrix facilitate
crystallization (Fig. 2f), as evidenced by a -69.58 k) mol™ reduction in
AG, (Fig. 2g). It can be inferred that the embedded nanoclusters pro-
mote skipping early phase-separation and fusion stages (Supplemen-
tary Fig. 11), inducing nucleation at the internal interfaces (Fig. 2h),
which is important to avoid the gathered growth of nanocrystals®**>*°,
X-ray diffraction (XRD) patterns display the phase structure evolution of
the binary pre-configuration (Fig. 2i) compared to its counterparts
without embedded nanoclusters (Supplementary Fig. 12). Eventually,
Model-3 was synthesized by combining SP-sol and LP-sol.

Structural analysis

Through a series of structural characterizations and comparisons, we
confirmed the successful construction of DP structures corresponding
to Model-1, Model-2, and Model-3 (Fig. 3a). Morphological observa-
tions reveal a rough surface and a loosened interior in Model-1, in stark
contrast to the dense structures of Model-2 and Model-3 (Fig. 3b and
Supplementary Fig. 13). Porosity analysis using the Brunauer-Emmett-
Teller (BET) theory shows that Model-2 and Model-3 display type Il
adsorption-desorption isotherms, indicating the non-porous nature
(Fig. 3c)®". Conversely, a type IV isotherm with hysteresis loop and
capillary condensation is found in Model-1, along with a higher BET
surface area ~42.62 m? g (Supplementary Fig. 14). The specific surface
area calculated from BET theory is based on the multilayer gas
adsorption model. For verification, Langmuir theory, which assumes
monolayer gas adsorption®>, was also applied. The Langmuir surface
area results show the same trend, with Model-1 exhibiting a notably
larger surface area than Model-2 and Model-3, consistent with the BET
findings. Compared to the non-porous structures of Model-2 and
Model-3, the mesopores and micropores in Model-1would serve as the
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weakest link (Fig. 3d), rendering it more prone to fracture under load.
These porosities predominantly form during the sintering stage of the
CNFs, driven by the evolution of constituents and structural defects.
Thus, we further examined the sintering process through thermo-
analytical methods. Thermogravimetric analysis (TGA) and derivative
curves disclose complex weight-loss behaviors in Model-1, including
solvent volatilization, thermal condensation, polymer decomposition,

and nucleation-crystallization stages (Supplementary Fig. 15).
Between 438.84 °C and 509.11 °C, a rising-plunging trend is observed in
the TG curve of Model-1, which could be attributed to the oxidation of
residual carbon and subsequent gas release. As the gases diffuse and
escape, they would leave behind pathways to behave as structural
defects. Furthermore, Model-1 exhibits weight loss termination at
~538.44 °C, markedly later than Model-2 (-344.15 °C) and Model-3
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Fig. 3 | Structural comparison. a Schematic illustration highlighting the differ-
ences among Model-1, Model-2, and Model-3. Here, Model-2 was obtained by
eliminating the multiscale defects of Model-1 via the template-free method. Model-
3 was then achieved by preventing the nanocrystal aggregation through the
nucleation-regulation strategy. b Field emission scanning electron microscopy
images showing cross-sectional morphologies (scale bar = 200 nm) of Model-1,
Model-2, and Model-3 (top). Small-angle X-ray scattering patterns of Model-1,
Model-2, and Model-3 (bottom). ¢ N, adsorption-desorption isotherms. d Pore size

distribution curves. e High-resolution transmission electron microscopy observa-
tions (inset: selected area electron diffraction patterns) of Model-2 and Model-3,
and the fast-Fourier-transform images of amorphous and crystalline regions,
respectively. f X-ray diffraction patterns of Model-2 and Model-3, all showing the
sharp peak at ~25.5°, corresponding to the (101) plane of anatase. g Size distribu-
tions of nanograins in Model-2 and Model-3, based on statistical analysis, exhibiting
similar average sizes but differing levels of uniformity.

(-339.35 °C). These discrepancies point to the overlapping tempera-
ture regions for polymer decomposition and DP structure incubation
in Model-1. Further insights from small-angle X-ray scattering (SAXS)
corroborate these findings, with the highest scattering intensity
exhibited in Model-1 (Supplementary Fig. 16). As shown in Fig. 3b, the
SAXS 2D pattern of Model-1 demonstrates extra scatterers, potentially
attributed to the internal pores®. Hence, the template-free electro-
spinning method is effective for decoupling DP structure incubation
from the removal of organic components, which is vital for eliminating
fiber defects.

On the other hand, we delved into the effects of implanted
nanoclusters on the eventual crystal structure of the CNFs. Although
both Model-2 and Model-3 display the crystalline/amorphous DP
structure, their spatial arrangements of nanograins and amorphous
matrices differ significantly. Model-2 predominantly exhibits surface-
focused crystallization and aggregated nanograins, whereas these
phenomena are rarely detected in Model-3 (Fig. 3e). The nanocrystal
clusters in Model-2 contain numerous fragile inner grain boundaries,
which are prone to sliding and tearing under loads. In contrast, the
modulated nanograins in Model-3 show optimized spatial
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independence, which not only facilitates the full exploitation of the
synergistic advantages of the DP structure but also encourages mul-
tiple deformation mechanisms. The composition and phase constitu-
tion of Model-2 and Model-3 are identical, as evidenced by
nanocrystals exposing the (101) plane, surrounded by a disordered
atomic arrangement. Their electron diffraction patterns both exhibit
coupling of amorphous halos and crystalline spots, consistent with the
hypocrystalline features identified in their XRD patterns (Fig. 3f and
Supplementary Fig.17). Thus, the distinctions between the synthesized
DP CNFs primarily lie in the form and spatial distribution of nano-
crystals, aligning with the theoretical models. Due to thermal gradients
along the radial direction of the precursor fiber, the nucleation of the
disordered matrix is spatially uneven, which is then altered by the
construction of binary interfaces. Typically, nanograin formation
would undergo stages of phase separation, fusion, nucleation, and
growth, as mentioned in Supplementary Fig. 11, then readily develop-
ing into nanocrystal clusters. However, the binary interfaces in the
Model-3 precursor may encourage skipping the early phase-separation
and fusion stages, inducing nucleation at the binary interface with a
reduced AG, as mentioned in Fig. 2g, thus dominating the growth and
spatial distribution of nanocrystals’°>**®°, Such interface-induced
nucleation effect also optimizes the size distribution of nanograins
(Fig. 3g), as the uniformity of Model-3 (standard deviation ~ 4.55)
outperforms that of Model-2 (standard deviation ~ 5.30). This opti-
mized DP configuration increases internal interfaces, endowing the
amorphous matrix better structural continuity and reducing the risk of
crack initiation caused by intercrystalline stress concentration. These
structural analyses underscore the successful experimental synthesis
of Model-1, Model-2, and Model-3.

Single-nanofiber mechanics

Focusing on the initial goal of synchronously enhancing the compre-
hensive mechanical attributes of CNFs, we conducted a series of in-situ
mechanical tests to evaluate the performances of Model-1, Model-2,
and Model-3. Given the difficulty of manipulating a single CNF, tensile
tests were performed using a specialized push-to-pull (PTP) device
(Fig. 4a), which converted the indentation load into uniaxial stress
along the fiber axis*****'. By employing focused ion beam (FIB) tech-
niques, individual CNFs were precisely cut and fixed within the speci-
men area (tensile gap ~ 2.5 um). The force-displacement relation and
corresponding real-time movies were dynamically recorded (Supple-
mentary Movies 1-3), and stress-strain curves were extracted (Fig. 4b),
exhibiting an increase until yielding or fracture occurred (Fig. 4c). For
Model-1, the ultimate o (0,) is ~0.16 GPa, and the total € (&5,m) reaches
~2.61%. These unsatisfactory performances are unsurprising, since the
fiber defects and the intrinsic TiO, brittleness counterbalance the
benefits of DP structure. On the other hand, much superior mechanical
properties are observed in Model-2 (o, ~ 0.82 GPa, &5y, ~ 7.43%) and
Model-3 (o, -~ 1.06 GPa, &, ~ 8.44%), among which the latter is notable
for exceeding the highest values reported so far in TiO, nanofiber
(0,~0.80GPa, &gym-5.00%)°. Thus, the elimination of multi-scale
defects significantly improves the mechanics of crystalline/amorphous
DP CNFs, underscoring the severe underestimation of the lethal
impact of conventional CNF fabrication methods.

In addition to o, and &g,m, distinct deformation modes are dis-
played in Model-1, Model-2, and Model-3 under external loads. Con-
ventional ceramics lack plastic deformation upon tensile loading at
room temperature, as shown in the stress-strain curve of Model-1, with
~2.61% of elastic £ (g.) and -0% of plastic & (gp). Surprisingly, we
observed extraordinary plastic behaviors in Model-3 (e, ~ 5.34% and
&p~3.10%). Owing to the accumulation of recoverable interatomic
bonding elongation, Model-3 initially reaches its elastic € limit. After
the ¢ threshold (-5.34%), yielding and strain hardening occur. Notably,
the fracture o (0¢) of Model-3 is ~1.04 GPa, lower than its g,,, indicating a

stage of non-uniform plastic deformation, and implying a potential
multiple deformation mechanism, which distinguishes it from Model-2
(ou=0¢). Such a finding is particularly noteworthy because the
ductility-related behaviors observed in Model-3 are a typical char-
acteristic of metals, yet are rarely associated with ceramics®. Besides
the remarkable plastic deformation, the elimination of defects and
modulation of internal interfaces dramatically enhances the toughness
of Model-3 (-58.45 M) m™), which is ~-32.11 times and ~1.79 times greater
than that of Model-1 and Model-2, respectively (Supplementary
Fig. 18). Additionally, the dense nature and optimized DP configuration
render a higher Young’s modulus in Model-3 (-20.66 GPa), surpassing
that of Model-1 and Model-2 as well (Supplementary Fig. 19).

We further assessed the flexibility of single CNFs by determining
the radius of curvature (R.) at their critical bending limits (Supple-
mentary Movies 4-6). Specifically, one end of each CNF was fixed to a
substrate and the other was attached to a movable probe, which bent
the fiber until fracture to calculate R. (Fig. 4d and Supplementary
Fig. 20). It shows the R. for Model-1and Model-2 are -7.65 um and ~2.37
pm, respectively, much higher than that of Model-3 (R.<0.47 pm)
(Fig. 4e). Alower R indicates greater flexibility due to a higher rotation
rate of the tangent direction relative to the arc®*. In particular, com-
paring Model-2 and Model-3 reveals the importance of nanograins
distribution in CNF flexibility, as the grain aggregation around the fiber
surface would serve as the stress concentration zone and weaken the
bending limits. These in-situ mechanical tests confirm the compre-
hensive mechanical optimization in Model-3, including enhanced o,,, &,
and R, primarily due to the elimination of multi-scale defects and the
modulation of the DP structure. Also, these mechanical characteristics
were further validated through additional in-situ tests (Supplementary
Fig. 21 and Fig. 22).

Building on the mechanical tests, structural characterizations, and
theoretical simulations, we discussed the origin of the exceptional
comprehensive mechanical performance of Model-3. Due to the
elimination of multi-scale defects and the regulation of internal inter-
faces, the synergistic advantages of the DP structure are fully exploi-
ted, as demonstrated by the stress analysis showing a stable
configuration (Fig. 4f)>**?¢, Moreover, unlike Model-2, which has many
fragile inner grain boundaries within its nanograin clusters (Fig. 4g),
Model-3 reduces the risk of boundary tearing and crack propagation,
achieving further enhancements in o, &, and R. (Fig. 4h). Upon
reaching the tensile threshold, Model-3 may proceed to multiple
deformation mechanisms. The spatial independence of nanograins
could allow absorbing energy through slip/rotation behaviors, invol-
ving bond-switching events at the phase interfaces**>*°. The XPS O 1s
spectrareveal the presence of oxygen vacancies in Model-3, implying a
number of dangling bonds within the structure (Fig. 4i and Supple-
mentary Fig. 23)%". It is reported that the bond-switching events can be
initiated by these vacancy defects and dangling bonds, which are
beneficial in improving the deformation potential of oxide
ceramics®®®’, On the other hand, the enhanced structural continuity of
the disordered matrix, combined with the stabilizing effect of the
nanocrystals, allows for improved stress transfer and dissipation, likely
delaying the onset of shear band formation. These multiple deforma-
tion modes encourage the plasticity before the CNFs fracture. Even-
tually, as mentioned in Fig. 1g, Model-3 may fracture due to localized
stress concentration within shear bands in the amorphous regions,
rather than initiating in the nanocrystal domains®***"*°, Altogether,
Model-3 integrates high strength, RT plasticity, and superior flexibility,
breaking through the intrinsic contradiction between different
mechanical properties. This comprehensive optimization of key
mechanical attributes enables CNFs to effectively absorb energy and
transfer loads, thus facilitating their aggregate materials (Fig. 4j) to
demonstrate remarkable macroscopic performance by avoiding stress
concentration and maintaining structural stability (Fig. 4k-n).
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Fig. 4 | Mechanical tests. a Details of the in-situ tensile test, including the archi-
tecture of the PTP devices (left, scale bar = 50 pm) and a high-magnification view of
the specimen area (right, scale bar = 5 um). b Snapshots from real-time movies
capturing the entire tensile process (Model-1, scale bar = 1 pm). ¢ Extracted stress-
strain curves for Model-1, Model-2, and Model-3. d Details of the in-situ bending
test, showing top view (top) and front view (bottom) during manipulation, where
one end of the ceramic nanofiber (CNF) was fixed to a substrate and the other to a
movable probe, then bent to determine the lowest radius of curvature (Model-3,
scale bar = 10 pm). e Extracted radius of curvature (R.) for Model-1, Model-2, and
Model-3. Inset: schematic diagram of a single CNF showing different rotation rates
of the tangent direction relative to the arc. f Stress field distribution in the
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nanocrystal region and its surrounding of the dual-phase structure (Model-3). The
color scale represents the volumetric stress of each atom in the simulated system.
g-h High-resolution transmission electron microscopy observations of Model-2
and Model-3 (scale bar = 10 nm). Inset: nanocrystals in the anatase form, with blue
spheres representing Ti atoms and red spheres representing O atoms. i X-ray
photoelectron spectroscopy analysis of the O 1s and Ti 2p spectra of Model-3.

j Strategic assembly of Model-3 into two-dimensional (2D) membranes and three-
dimensional (3D) aerogels, demonstrating macroscopic properties (scale bar =
1cm): k high strength, I flexibility, and m compressibility. n Integration of high
strength, superior flexibility and plasticity in CNFs enables the membrane to be
folded into the shape of an aircraft (scale bar = 1cm).

Discussion

For applications with extreme mechanical environments, ceramic
components are required to exhibit high strength, flexibility, and
even plastic deformation. We have proved that the template-free
synthesis method, combined with an interface-induced nucleation
strategy, offers a promising solution to meet these demands. From a
macroscopic perspective, we investigated how the mechanical

integrations of single CNFs, including tensile strength, axial strain
limit, and flexibility, affect the performances of the aggregates
derived from them. For instance, the strategic assembly of CNFs into
3D aerogels revealed that those composed of synthesized Model-3
exhibit superior elasticity and structural stability compared to those
of Model-1 and Model-2 (Supplementary Fig. 24). Notably, single-
fiber defects are also fatal to the macroscopic mechanics, as
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evidenced by the collapse of the aerogel with Model-1 as the struc-
tural unit after only compressive ¢ ~20%, compared to the £~80%
that Model-3 can robustly withstand. Observations of the macro-
scopic behavior of aggregates underscore the importance of
improving the comprehensive mechanics of single CNFs, since which
collectively determine their ability to absorb energy and transfer
loads as structural units. In the future, further efforts toward opti-
mizing the mechanical properties of single CNFs are anticipated. One
potential avenue is utilizing Model-3 as a platform to systematically
modulate the size and quantity of nanograins (Supplementary
Fig. 25), thereby gaining insights into how the volume fraction of the
nanocrystal domain affects the evolution of the DP structure under
loading. Accelerating this process could benefit from the incor-
poration of effective medium theories’®. With appropriate mod-
ifications, these classical theories are expected to simplify structure-
mechanics relationships and offer predictive and guiding informa-
tion. Another promising direction lies in the patterned design or
orderly arrangement of nanocrystal regions within amorphous
matrices. A more ordered and uniform distribution is predicted to
suppress shear-band activation, and meanwhile constrain the
migration and bypassing of disordered atomic clusters, thereby
further promoting the mechanical strength and strain limits®.

In summary, we have demonstrated the extraordinary integration
of high strength, superior flexibility, and RT plasticity in single CNFs.
This achievement originates from the optimized crystalline/amor-
phous DP structure, characterized by reduced nanograin aggregation,
increased internal interfaces, and the elimination of fiber defects.
These structural reconfigurations effectively mitigate multi-scale
stress concentrations in single CNFs, fully activating the synergistic
advantages and multiple deformation mechanisms of the DP structure.
Such a remarkable integration of mechanical attributes is unprece-
dented in conventional ceramic materials, and opens up opportunities
for CNFs in various extreme scenarios, including mechanical shocks,
high-frequency vibrations, and repeated twisting. Furthermore, this
comprehensive and “no-weak-links” mode to mechanical enhance-
ment may also serve as a guide for the widespread industrialization of
CNFs in the future.

Methods

Synthesis of sols

The preparation of SP-sol involved the following steps. Initially, etha-
nol (EtOH), deionized water (H,0), acetic acid (HOAc), and hydro-
chloric acid (HCI) were mixed adequately in a r;, of 10:4:0.5:0.5. This
mixture was stirred continuously at room temperature with a stirring
rate of 200 rad min™ to obtain solution (I). Subsequently, titanium
butoxide (TBT), in a molar quantity equal to one-quarter of the total
H,0 in the reaction system, was carefully and slowly added to the
solution (I). Finally, the mixture was stirred continuously for 2h at
room temperature to yield SP-sol. Regarding the LP-sol synthesis,
HOAc and TBT were mixed in an example of r,;, =1.5:1, and the mixture
was diluted with an equal volume of butanol (BuOH), forming solution
(I). These were then stirred at room temperature with a stirring rate of
200 rad min™ for 8 h. It was crucial to strictly avoid any H,O con-
tamination throughout the reaction. Further, a mixture of H,O and 10
times its volume of BUOH was vigorously shaken to form solution (IlI),
with a r,, of TBT to H,O of 1:1. Afterwards, solution (Ill) was carefully
added dropwise to solution (II), and the mixture was stirred con-
tinuously at 60 °C with a stirring rate of 200 rad min™ for 2 h. The
reaction mixture was subsequently heated to 80 °C and concentrated
under reduced pressure (vacuum of -0.1MPa), while stirring at
200 rad min™ until a spinnable LP-sol was obtained. Ultimately, the
binary sol was engineered by mixing SP-sol and LP-sol at a specific mass
ratio. For instance, SP-sol and LP-sol were thoroughly mixed at a mass
ratio of 1:19, and the mixture was continuously stirred at room

temperature with a stirring rate of 200 rad min™ for over 1 h to achieve
binary sol (5wt% SP-sol).

Fabrication of CNFs

Model-1 synthesis required polyvinylpyrrolidone (PVP, molecular
weight = 1,300,000) as a polymer template to assist with electrospin-
ning. PVP (3.2 wt% of sol solution) was added to the vigorously stirring
SP-sol (200 rad min™) until fully homogenized, then allowed to rest for
1h before use. Electrospinning was performed under controlled con-
ditions (25+2 °C and 40 + 2% RH) employing an electrostatic voltage
of 15-30 kV and maintaining a distance of 15 cm between the needle tip
and the collector. The spinning solution was fed at a rate of 0.5-
3.0 mL h™* to form precursor fibers. These fibers were then sintered at
380-420 °C for 1h with a heating rate of 2 °C min™ to obtain Model-1.
The preparation of Model-2 (#/t;=0.8) and Model-3 involved no
polymer templates. Their electrospinning parameters could refer to
those used for Model-1. Finally, their corresponding precursor fibers
were sintered at 380-420 °C (2 °C min™) to obtain Model-2 and Model-
3, respectively.

Characterizations

The rheological properties of the samples were characterized using a
Thermo Scientific HAAKE Viscotester iQ Air Rheometer. FT-IR spectra
were obtained using a Nicolet 6700 spectrometer from Thermo Fisher
Scientific to identify functional groups and chemical bonding. XRD
patterns were acquired using a Bruker D8 Advance diffractometer with
Cu Ka radiation (A=1.5405A). The surface area and pore size dis-
tribution were determined using an ASAP 2020 surface area analyzer
from Micromeritics Co., USA. Structural dimensions at the nanoscale
from SAXS were analyzed using a Bruker Nanostar. Surface morphol-
ogy was examined via FESEM using a Hitachi SU 5000 microscope at an
accelerating voltage of 20 kV. HRTEM was conducted using aJEOL JEM-
F200, equipped with a JED-2300T energy dispersive spectrometer. XPS
spectra was analyzed using a Thermo Scientific K-Alpha instrument
with an Al Ka X-ray source (hv = 1486.6 eV).

In-situ mechanical tests

In-situ tensile tests were conducted using a Picoindenter 85
nanoindenter (Pi-85) integrated within a Quanta 250 FEG SEM,
coupled with a PTP device. Individual CNFs were fixed onto the PTP
sample area via FIB techniques’?**. Their average diameters and
initial lengths were measured based on SEM observations. The
cross-sectional area of each cylindrical CNF was calculated with its
diameter, while the initial length was defined as the distance
between two fixed points. These measurements were essential for
the quantitative analysis of mechanical properties. Prior to testing, a
conductive diamond flat punch with a diameter of 20 um was cali-
brated. The flat probe was then positioned to contact the semi-
circular end of the CNF mounted on the PTP device. Tensile testing
was performed in displacement control mode at a rate of 5nms™
until fracture occurred. Force and displacement data were dyna-
mically recorded and and concurrently captured via real-time
movie. The resulting force-displacement curve contained con-
tributions from both the PTP device and the CNF sample. Thus, the
inherent contribution of the PTP device was subtracted to deter-
mine the force applied to the CNF sample. Bending tests were car-
ried out using a Thermo Scientific Helios 5 UX FIB-SEM.

MD simulations

The MD simulations were performed using LAMMPS”, with the Matsui-
Akaogi force field employed (LAMMPS, version 23 Jun 2022)**~*, This
force field accounts for two key contributions: (i) electrostatic inter-
actions and (ii) van der Waals interactions, expressed in the Bucking-
ham potential form®, The interaction energy Ubetween atomsiand j is
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given by:

ry C. -
U=A4; exp(p“) _ Sy 9idi @)

i) S T

Here, r;; denotes the interatomic distance, and g;; represents the
critical shielding length, while 4;; and Cj; are the strength parameters
for repulsive and attractive dipole-dipole interactions, respectively*.
For electrostatic interactions, this force field assigns partial charges of
+2.196 for Ti and -1.098 for O. The Buckingham potential incorporates
contributions from the Born-Mayer repulsion potential and dipole-
dipole interactions. The DP TiO, models were constructed with
dimensions of 12.32nm x 12.32nm x 11.84 nm, embedding eight
nanocrystals, each with a radius of 1.75 nm. Distinct configurations of
DP models were created based on the nanograin distribution: uniform
and aggregated arrangements. Following energy minimization, the
structures were optimized using two NVT ensembles at 300 K and
3300K, regulated by a Nose-Hoover thermostat. To ensure accuracy
and reproducibility, timesteps of 1.0fs and 0.5 fs were both tested
during the simulations. The NVT optimization process was conducted
for 100 ps to achieve stable structures. Subsequently, uniaxial tensile
simulations were performed by extending the simulation box along
the x-axis at a strain rate of 1x10°s™ to examine the mechanical
behavior®¥***, Atomic motions were calculated using the Velocity-
Verlet algorithm.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study are provided in the Source Data
file. Source data are provided with this paper.
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