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Additional details of MD simulation

Crystal/amorphous/hypocrystalline ceramic nanofibers

The double-near-zero metaproperty of ceramic nanofibrous aerogels is mainly attributed to the
high-order deformation mode of hypocrystalline ceramics and Zig-Zag architecture design. Three
kinds of phase ceramics (crystal, amorphous and hypocrystalline (Fig. 1a)), were first investigated
to discuss the impact of material structure. From the MD simulations, crystal ceramics show long-
range order with periodical arrangement of atoms, while amorphous ones only exhibit short-range
order at the atomic length scale and isotropic properties in larger scale. However, hypocrystalline
ceramics show the medium-range order comparing to crystal and amorphous ones. With
inhomogeneous distributed nanocrystals embedded in amorphous matrix, the hypocrystalline
ceramics show remarkable anisotropy within nanometer scale. The anisotropic properties caused
by asymmetry can trigger high-order deformation mode under thermal or mechanical excitations,
resulting in the double-near-zero metaproperty of hypocrystalline cells. We here illustrate the
physical properties of hypocrystalline fibers by MD simulations at different scales.

Firstly, the v of crystal/amorphous/hypocrystalline samples with 2304 atoms were calculated at
25 °C. The crystal and amorphous ceramic samples show v of 0.302 and 0.29, respectively, while
the hypocrystalline sample exhibits lower v of 0.277. The reduction of v in bulk hypocrystalline
system is basically attributed to compatible deformation of the components in the hypocrystalline
ceramics. Secondly, we performed thermal expansion simulations for short fibers of three different
phases. As demonstrated in Fig. 1a, the crystal ceramic shows little deformation, the amorphous
one shows 1st order deformation mode, while the hypocrystalline one shows tendency of high-
order deformation mode after thermal treatment. Thirdly, we validate the near-zero values of v and
a in crystal/amorphous/hypocrystalline cells based on square shape, which consisted of 4
crosslinked long fibers. As shown in Fig. 1a, amorphous fibers would show 1st order deformation
both under compression and thermal treatment, while crystal fibers would keep straight under
thermal treatment, leading to higher o. than a.. For the compression simulation, densification
process would occur before bending deformation in amorphous cell, resulting in lower v, than v.
under same compressive strain. Different from crystal and amorphous samples, the design of
hypocrystalline cell would increase degrees of freedom and promote the high-order deformation
mode under thermal and mechanical excitations, resulting in near-zero values of v and a.

To better understand the size effect in fibrous aerogel and the impact of volume ratio in
hypocrystalline ceramic, we generated five larger square samples (Supplementary Fig. 1a) with
crystal, amorphous, and three hypocrystalline samples with crystal/amorphous volume ratio of 2:1,
1:1, and 1:2. We performed the compression and thermal expansion simulations for these five cells.
As can be seen in Supplementary Fig. 1a, with the increase of slenderness ratio, all hypocrystalline
cells exhibit higher order deformation mode than that in Fig. 1a, while crystal and amorphous cells
would remain 1st order deformation. Among three types of hypocrystalline cells with different
crystal/amorphous volume ratio, the hypocrystalline cell with equal proportion of crystal and
amorphous part shows the strongest tendency in high-order deformation. To illustrate the double-

1



near-zero metaproperty of hypocrystalline cells occur in different geometrical patterns, we further
performed the compression and thermal expansion simulations with triangle, pentagon, and
hexagon cells, which constructed by hypocrystalline fibers with crystal/amorphous volume ratio
of 1:1. As shown in Supplementary Fig. 1b, the different geometrical hypocrystalline cells also
present a high-order deformation mode under thermal and mechanical excitations.

Mechanism of the formation of tetragonal zirconia

In accordance with the XRD patterns (Fig. 2c) of the nanofiber, we found that the as-spun
nanofibers crystallized into the tetragonal zirconia at above 1000 °C. Under a vacuum atmosphere,
3 mol% of Y203 would increase the formation of t-ZrO», and further prompt zircon synthesis'-.
The same reaction conducted under an air atmosphere would result in different reaction products.
Yttrium stabilized t-ZrO> has very high oxygen conductivity due to the oxygen vacancies caused
by doping. Under the oxygen-enriched environment of air atmosphere, oxygen would enter the
lattice of yttrium stabilized t-ZrO; easily under high temperature sintering. The absorbing of
oxygen would then increase the activation energy of silicon migration into the lattice of t-ZrO»,
and therefore significantly reduced the synthesis of zircon®. For zircon with Si/Zr molar ratio of 1
and stabilized with 3 mol% of Y203, only 5 wt.% of zircon in the crystalline phase will form under
an air atmosphere sintered in 1400 °C for 6 h®. In addition, for the case of unstabilized zircon (i.e.
without yttrium doping), the formation of zircon is strongly affected by the molar ratio of Si/Zr*.
Zircon phase would hardly synthesis* with the Si/Zr molar ratio lower than 0.25. With the increase
of the Si/Zr molar ratio, the formation efficiency of zircon phase would increase® and reach the top
at molar ratio of 1.2. Therefore, the absorbing of oxygen in the lattice of yttrium stabilized t-ZrO:
and the reduction of Si/Zr molar ratio to 0.5 would together lead to the synthesis and stabilize of
t-ZrOz in nanofibers of current work.

MD simulations of hypocrystalline zircon

a) Metadynamics for crystallization simulation

To better understand the crystallization process of single fiber under sintering, we performed
well-tempered metadynamics (WTMetaD)® simulation for 100 ns under the temperature from
1300 °C to 1700 °C with an interval of 100 °C. WTMetaD can help the system overcome energy
barriers by introducing a history dependent bias potential which depends on a set of well-chosen
collective variables (CVs). The CVs should be able to distinguish between different states of the
simulated system and be functions of the coordinates of the atoms. After a long enough simulation,
the probability distribution of CVs (s) becomes

P(s,t > )ds o e~ [F)/T+AT] g g (1)

where T is the system temperature, AT is a temperature which is calculated from a preselected
bias factor y = (T + AT)/T. The bias factor y is introduced to prevent the system falling into
regions with much higher energy which are not physically relevant. When WTMetaD simulation
reach convergence, a more frequent s indicates the representing state is of lower free energy,
while CV value that didn’t appear indicates the free energy of the representing state is out of
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consideration. We recommend the readers ref. ® for more theoretical information about WTMetaD
simulation.

To simplify the issues, we ignore the yttrium doping and focus on crystallization process from
amorphous zircon to that with crystal phase of tetragonal zirconia. The amorphous carbon atoms
were neglected in metadynamics simulation since they didn’t contribute to the crystallization
process. We considered the crystallization process is two steps, one is the zirconium and silicon
ions getting separated and forming zirconium-rich and silicon-rich regions, and the other is the
crystallization process of tetragonal zirconia. In order to distinguish the states of tetragonal zirconia
and amorphous zircon, we chose two different CVs, the number of bridging oxygen (BO) as sy,
and the dot product of local Steinhardt’s order parameter’ gqd°t of zirconium as s,. We were
inspired by ref.!° to use the number of BO to characterize the enrichment degree of silicon ions.
From our system with the Si/Zr molar ratio of 0.5, the more BO indicates that there are more
silicon-rich regions, while the lower BO indicates the zirconium and silicon ions are mixed more
uniformly. By using BO as a CV, we can perform the first step of the crystallization process (i.e.
the separation of zirconium and silicon ions).

The dot product of local Steinhardt’s order parameter g{° of zirconium can distinguish
between crystal and amorphous states. We first calculate the Steinhardt’s order parameter q; of
zirconium with oxygen ions:

41 1 A 2
) = |-—=Xh-, |N_i2jeﬂif1(rij) Ylm(rij)| (2)

2l+1

where 7j; = (7, — 7_‘}) / |Fi - 7_‘}| is the unit vector connects the atoms i and j, Y, is the spherical
harmonics, (; is the coordination sphere around atom i. A cubic cutoff function f; (rl- j) =

o 2 o
(M — 1) [1 +2 (M)] is introduced to smooth the boundary of €;, where 7, is setto 3 A

To—T1 To—T1
and 7y is set to 3.1 A, while for 7; j < 19 the cutoff function is equal to unity. The parameter g,
can characterize the degree of order of the neighbor atom j (oxygen) in the coordination sphere
around center atom i (zirconium). We can then give a vector form of q;(i):

a:() = (qu0 Q-1 - Q-141, Q-1 3)
and the dot product of q;, gf°t can be given as follow:
dotr _ Xife(rip)ai®-q*,(j)
q (l) - ijz (rij) (4)

where i and j are both zirconium atoms, f, (rl- j) is another cubic cutoff function, and the 7, is set

to 4.5 A and 7, is set to 4.6 A according to the first peak of pair distribution function gz,._z.(1).

The parameter gf°t can tell whether the ordered zirconium atoms are clustered together or not. It

can be seen in Supplementary Fig. 13 that qd°t can distinguish between crystal phase of tetragonal
zirconia and amorphous zircon very well. With the WTMetaD simulation, the two CVs we chose

can drive the system from amorphous zircon to the hypocrystalline systems of amorphous zircon



with tetragonal zirconia.

We started the WTMetaD simulation with 576 atoms of zircon with a molar ratio of
Zr:S1:0=2:1:6, and atoms were randomly distributed in the simulation box. It can be found that at
the temperature of 1300 °C, the system remained disordered after 100 ns of WTMetaD simulation,
while the crystallization process occurred from the temperature of 1400 °C to 1700 °C. The system
would turn into a mixture of tetragonal zirconia and amorphous zircon in the WTMetaD simulation
from 1400 °C to 1700 °C. At the temperature of 1400 °C and 1500 °C, the system would crystallize
and retained crystalline during 100 ns simulation, indicating that at temperature below 1500 °C the
free energy of crystal state is lower than the amorphous one under the potential we used. For the
case of 1600 °C and 1700 °C, more phase transition process occurred between crystalline and non-
crystalline structure. The snapshots of crystalline system obtained at the temperature of 1400 °C
to 1700 °C, and the snapshot of amorphous structure at 1300 °C are listed in Supplementary Fig.
14. To characterize the crystallinity of the hypocrystalline zircon obtained at each temperature, we
calculated the local entropy based fingerprint S of the zirconium atoms according to ref.'"!2. A
higher s value indicates the zirconium atom is more liquid-like, while a lower s value refers to
more crystal-like zirconium atom. It can be found that with the increase of temperature, the
hypocrystalline zircon obtained by WTMetaD would show higher crystallinity. We further
calculated the XRD intensity of these crystalline structures (amorphous structure at 1300 °C as a
contrast) obtained with WTMetaD by Debye scattering function'? and the result shows good match
with the experimental result as shown in Supplementary Fig. 14.

The results show that the CVs we chose can characterize the difference between amorphous
zircon and that with tetragonal zirconia, and can achieve the crystallization process to be the same
as the reaction experimentally. We further constructed the model of complete hypocrystalline
zircon by adding the carbon atoms to the system with tetragonal zirconia and amorphous zircon
obtained from WTMetaD at 1700 °C, and performed the rest MD simulations with the complete
hypocrystalline zircon samples by using ReaxFF reactive force-field!*!5.

b) Bending simulation

To better show the deformability of single nanofiber, we performed bending simulation of
fibrous sample constructed by the system obtained from WTMetaD simulation. It should not be
ignored that the nanofiber has much larger slenderness ratio than bulk materials. The carbon atoms
inside the amorphous zircon may also influence mechanical and other properties. In order to be
closer to the real conditions in experiment, we generated a 74080 atoms fibrous sample with
slenderness ratio of ~30. The fiber was compressed to the maximum strain of 60% with
compression rate of 1 x 10° s™'. After the compression simulation, we performed tension simulation
to straighten the bended system to its initial length. It can be seen in Supplementary Fig. 24 that
the fibrous system recovered to its original state without significant breakage. The bending
deformability of single nanofiber can be well proved by the simulation results.

¢) Fracture simulation



To evaluate the mechanical properties of single nanofiber, we performed fracture simulation and
calculated the tensile strength of the fibrous system with 74080 atoms along the ¢ coordinate axis.
As shown in Fig. 3g, the nanofiber had tensile Young’s modulus of 173.5 GPa and fractured at 6.7%
strain with tensile strength of 7.9 GPa. It can be seen in Supplementary Fig. 25 that the fracture
occurred at the surface between tetragonal zirconia and amorphous zircon. It should be noted that
the model is defect-free and with slenderness ratio much lower than the nanofiber in experiments,
and thus it is only an ideal model. We need to say that compared with the simulation results, the
mechanical properties of nanofibers in experiments with defect and higher slenderness ratio will
be lower.

d) Thermal expansion simulation

In section above, we have discussed the near-zero a property of hypocrystalline cell. Here we
performed thermal expansion simulations for nanofibers with a higher slenderness ratio (30:1) and
calculated the a by MD simulations from 0 °C to 400 °C. We chose the fibrous sample with 74080
atoms to show the influence of longitudinal size on the a of nanofibers. The a result along a, b and
¢ direction and the snapshots of the longer fiber model at 0, 200 and 400 °C are shown in
Supplementary Fig. 30. The radial positive a along a and b direction maintained lower than 2 X
10 °C!, which is much lower than the negative o along ¢ direction of about 11.5 x 10 °C"!.

e) Reaction of carbon oxidation embedded in hypocrystalline zircon

We performed reactive molecular dynamics simulation to verify the effectiveness of
hypocrystalline zircon served as the oxygen diffusion barrier layer and prevent inner carbon from
oxidation. Firstly, we tested the oxygen diffusion barrier effect of amorphous zircon without
tetragonal zirconia nanocrystals. Considering that the vast majority of zirconium atoms are
concentrated in polycrystalline zirconia and carbon atoms mainly distributed in amorphous zircon,
we used a sample of amorphous zircon containing 288 atoms with Zr/Si molar ratio of 0.5. To
verify the thickness dependence of amorphous zircon served as the oxygen diffusion barrier layer,
we generated three different systems with protection layer thicknesses of 0.5 nm, 1nm, and 1.5 nm,
sheltering the internal carbon cylinder. As shown in Supplementary Fig. 16, all the systems show
insufficient protective effect preventing carbon from oxidation after 500 ps of sintering. To be
specific, about half of carbon atoms were oxidized in the system with zircon layer of 0.5 nm, and
a few carbon atoms were oxidized in the system with zircon layer of 1 nm. For the system with
zircon layer of 1.5 nm, there was still one carbon atom oxidized. The result indicated that the
increase of thickness of amorphous zircon layer could improve the protection by preventing carbon
from oxidation, but only to a limited extent. Thus, using amorphous zircon solely as oxygen
diffusion barrier layer was not able to completely prevent the migration and oxidation of carbon
atoms.

We further performed simulations to verify the contribution of crystalline tetragonal zirconia for
the stabilization of carbon atoms. To better match with experimental structure in nanofibers, each
corner of the cubic sample of amorphous zircon was replaced with a quarter of a cylinder tetragonal



zirconia as shown in Supplementary Fig. 16. Carbon atoms remained stable in the middle part of
the system within 500 ps of simulation. The inner amorphous zircon layer was restricted by
zirconia nanocrystals due to the pinning effect, and served better as oxygen diffusion barrier layer,
leading to more stable state of carbon atoms. Combining the amorphous and crystal part, the
hypocrystalline zircon can better protect internal carbon from oxidation under high temperature of
~1100 °C and therefore increase the carbon content in the aerogels.

f) Interface between amorphous carbon and hypocrystalline zircon

We further examined the impact of interface between amorphous carbon and hypocrystalline
zircon under thermal and mechanical excitations. To better show the contact between carbon atoms
with amorphous zircon, we chose the hypocrystalline sample as discussed in section e) which has
higher carbon proportion than that in experiment. Thermal expansion and tensile fracture
simulations were performed to show the impact of interface. As shown in Supplementary Fig. 17,
the region formed by carbon atoms would deform and the interface between carbon and
hypocrystalline zircon would blend together under thermal treatment. Some carbon atoms may
migrate into amorphous zircon at the temperature of 400 °C. Tensile fracture tends to occur in the
carbon region and crack would then grow along interface between amorphous zircon and
tetragonal zirconia. As a result, the thermal and mechanical properties of fibrous aerogel can be
affected by the embedded amorphous carbon at their interface.

g) Thermal conductivity simulation

We performed two sets of MD simulations and calculated the thermal conductivity by using
direct method to show the reduction of thermal conductivity in hypocrystalline zircon caused by
atomic arrangement and crosslinking pattern. The thermal conductivity is calculated in a non-
equilibrium molecular dynamics (NEMD) simulation using the Fourier law,

___a
ke = aT/0z )

where q 1is the heat flux, dz is the distance between the hot and cold regions, and 9T / 9z is the
temperature gradient between the hot and cold regions.

To better understand the changes of thermal conductivity between the single-crystal zircon and
the hypocrystalline zircon, we first calculated the thermal conductivity of these two configurations
in bulk system. To reduce the length dependences of thermal conductivity in direct method'®, we
used the crystal zircon and hypocrystalline zircon with nearly the same longitudinal length. For
single-crystal zircon, thermal conductivity along a and c¢ direction were calculated, while for
hypocrystalline zircon, thermal conductivity along a, b and ¢ direction were calculated
(Supplementary Fig. 37). The average thermal conductivity of crystal zircon shows to be 1.35 W
m™! K!, while the average thermal conductivity of hypocrystalline zircon shows to be 0.55 W m’!
K-! (Supplementary Fig. 39), indicating the reduction of thermal conductivity caused by the atomic
arrangement of the hypocrystalline system. Furthermore, we used direct method to calculate the
thermal conductivity of two nanofibrous samples overlapping vertically (point crosslinking),



comparing with two nanofibrous samples placed side-by-side (facial crosslinking). We used two
14088 atoms nanofibrous systems to show the changes in thermal conductivity of different
crosslinking patterns (Supplementary Fig. 38). As shown in Supplementary Fig. 39, the sample of
two nanofibers overlapping vertically shows a thermal conductivity of 0.22 W m™! K-!, which is
much lower than 0.42 W m" K of fibers placed side-by-side, showing that the thermal
conductivity of ceramic nanofibrous aerogel would be reduced significantly by changing the facial
crosslinking to point crosslinking.
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Supplementary Fig. 1 | MD simulations of crystal/amorphous/hypocrystalline nanofibers. a

Snapshots of the structural deformation under mechanical and thermal excitation in square cells,
which consisted of crystal, amorphous, and hypocrystalline ceramics with different
crystal/amorphous volume ratio. The colored scaled bar indicates the variation of crystalline
structures from amorphous to crystal by using local entropy based fingerprint to characterize the
crystallinity of each atom in the simulated system. b, Snapshots of the structural deformation under
mechanical and thermal excitation in triangle, pentagon, and hexagon cells, which consisted of
hypocrystalline ceramics with equal proportion of crystal and amorphous part.
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Supplementary Fig. 4 | Instantaneous turbulent structures and fibrous streamlines of the 3D
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Supplementary Fig. 5 | Large-scale 3D formation process of the as-spun ceramic nanofibers
by TFAE method.
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Supplementary Fig. 6 | Optical image of the TFAE fabrication system for large-scale and
low-cost preparation of ZAGs. The spinning system includes microsyringe pump, air compressor
(not shown in this image), TFAE coaxial spinneret (inner diameter ~0.10-0.30 mm and outer
diameter ~1.0-2.0 mm), aluminum collector (not shown in this image), reciprocating apparatus
controller, multi plastic syringes and high-voltage power supply.
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Supplementary Fig. 7 | Mechanical folding and sintering molding process of the Zig-Zag
units for diverse-shape ZAGs. a, Illustration of mechanical folding and assembling process into
different shapes with aerogel density regulation (15-55 mg cm™). By regulating the air flow speed
from 10 to 30 m s™!, the density of the as-fabricated aerogels can be easily controlled from 15 to
55 mg cm™ due to the different entanglement extents. Further mechanical folding and Zig-Zig
assembling will not affect the density. b, Density measurement for a lightweight ZAG (14.93 mg
cm™). ¢, Optical image of ZAGs with diverse shapes. Compared with freeze-drying and chemical
vapor deposition method, our TFAE system, by simply adding numbers of parallel coaxial
electrospinning spinnerets (Supplementary Fig. 6), simultaneously combined with the automatic
mechanical folding process and the two-step sintering procedure, we can efficiently achieve a low-
cost and large-scale fabrication in ceramic nanofibrous aerogels with diverse shapes.
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Supplementary Fig. 8 | Ceramic aerogels with different fabrications and the structural
evolution. From left to right, yttria-stabilized ZrO, aerogel assembled with randomly twined fibers
was fabricated by airflow-spinning'’; SiO,-Al,Os aerogel assembled with the layered fibrous
structure was fabricated by blow-spinning'®; SiO, aerogel assembled with the cellular fibrous
structure was fabricated by freeze-drying'’; hBN aerogel assembled with the double-pane structure
was fabricated by template-assisted method?’; ZAGs in this work.
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Supplementary Fig. 9 | SEM images of ZAGs. a-b, SEM images of the Zig-Zag corner joint and
hierarchical layers. ¢-d, SEM images of the laminated fibrous layers. e-f, SEM images of the
randomly twined nanofibers. g-h, SEM images of the point crosslinking area between ceramic

nanofibers.
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Supplementary Fig. 10 | SEM image of ZAGs and the fiber diameter distribution. According
to the electrospinning and air blow spinning method for preparation of ceramic fibers?!, we can
easily obtain the ceramic fibers with diameters range from hundreds of nanometers to several
microns after high-temperature sintering. From our previous research, the fiber diameter from
hundreds of nanometers to several microns doesn’t affect the mechanical property and thermal
insulation performance®!. However, if the fiber diameter is below 200 nm, which could easily lead
to crystallization-induced pulverization at high temperatures with fiber fracture, resulting in poor
thermal stability under extreme conditions. When the diameter increases from about 500 nm to
about 2 um, the fibers can sustain more crystallization, avoiding pulverization induced fracture.
Therefore, the optimal fiber diameter in our work is from 500 nm to 1 um for excellent
thermomechanical property and high-temperature thermal insulation performance.
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Supplementary Fig. 11 | TEM images of ZAGs. a, The morphology of a single ceramic nanofiber
after thermal treatment at 1100 °C and the corresponding SAED. b, The morphology of a single
ceramic nanofiber after thermal treatment at 1400 °C and the corresponding SAED.
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Supplementary Fig. 12 | C wrapped in the hypocrystalline Zircon. a, High-resolution-TEM
image of the hypocrystalline zircon after thermal treatment at 1100 °C. b, Energy dispersive
spectrum of the area marked by yellow dotted box in amorphous phase in (a). The amorphous
zircon was pinned by the tetragonal zirconia with average size of ~10 nm as revealed by the high-
resolution-TEM image in Fig. 2f. According to EDS of area outlined by yellow dotted box in the
amorphous phase, the main compositions of amorphous phase were C, O, Si, and Zr, corresponding
to the amorphous C, and zircon. Due to the good protection of hypocrystalline zircon, the
embedded amorphous carbon can keep stable even at high temperatures above 1000 °C in air. The
incorporation of carbon in ceramic matrix endows efficient infrared absorption under high
temperatures, resulting a low thermal conductivity of ZAGs under extreme conditions.
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Supplementary Fig. 13 | Distinguishment of the amorphous and hypocrystalline zircon based
on collective variables (CVs) we chose. a, Comparison of the number of bridging oxygen (BO)
in silica, amorphous zircon, and the hypocrystalline zircon obtained by WTMetaD. b, The
distribution of dot product of local Steinhardt’s order parameter g$°t calculated at 1500 °C for
amorphous zircon and tetragonal zirconia. The CVs we chose are able to distinguish amorphous

and hypocrystalline zircon.
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Supplementary Fig. 14 | Metadynamics for crystallization simulation. a, Snapshots of the
structures obtained by WTMetaD simulation from 1300 °C to 1700 °C. The colored scaled bar
indicates the variation of crystalline structures from amorphous to crystal by using local entropy
based fingerprint to characterize the crystallinity of each atom in the simulated system. No
crystallization process occurred at the temperature of 1300 °C, while at the temperature above
1400 °C, the system would turn into a hypocrystalline system with amorphous zircon and
tetragonal zirconia. Crystallinity of the hypocrystalline zircon obtained by WTMetaD would
increase with the simulation temperature. b, A larger version of the hypocrystalline zircon obtained
at 1700 °C, with amorphous zircon at the left side and tetragonal zirconia at the opposite side.
Bottom inset was the snapshot of a crystal tetragonal zirconia unit cell. ¢, The simulated XRD
pattern for the samples obtained from 1300 °C to 1700 °C.
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Supplementary Fig. 15 | Characterizations of ZAGs with different C contents. a, The Cls
XPS characterization of ZAGs under different sintering temperatures (800-1200 °C). b, C contents
of ZAGs under different sintering temperatures (800-1200 °C). Error bars indicate standard
deviations of C contents. ¢, Optical images of the sample color.
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Supplementary Fig. 16 | Reactive simulation of amorphous carbon embedded in
hypocrystalline zircon. Snapshots of the initial and final structures of carbon sheltered by
amorphous zircon layer with the thickness of a, 0.5 nm, b,1 nm, and ¢, 1.5 nm in oxygen
atmosphere. d, Snapshots of the initial and final structures of hypocrystalline zircon to protect the
internal carbon atoms. All four systems were sintered at the temperature of 1100 °C for 500 ps.
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Initial States 5 % tensile strain

Supplementary Fig. 17 | Thermal and mechanical properties affected by interface between
amorphous carbon and hypocrystalline zircon. a, under thermal treatment and b, tension. We
further examined the interface between amorphous carbon and hypocrystalline zircon on the
thermal and mechanical properties of fibrous aerogel. To better show the contact between carbon
atoms with amorphous zircon, we chose the hypocrystalline sample as discussed in the section e)
of MD simulations of hypocrystalline zircon, which has higher carbon proportion than that in
experiment. Thermal expansion and fracture simulations were performed with the same
configuration as that in section c¢) and d). As shown in Supplementary Fig. 17, the region formed
by carbon atoms deforms, and the interface between carbon and hypocrystalline zircon blends
together under thermal treatment. Some carbon atoms may migrate into amorphous zircon at the
temperature of 400 °C. When under tensile stress, the fracture tends to occur in the carbon region,
and crack then grows along the interface between amorphous zircon and tetragonal zirconia. In
general, this interface doesn’t affect aerogel thermal stability but may reduce the tensile property.
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Supplementary Fig. 18 | Compression resilience of ZAGs as a function of density. Standard
deviations of compression properties are shown as error bars.

25



0.06

- D

——Cycle1 ——Cycle 6
0.02{ —Cycle2 —Cycle 8
——Cycle 4 — Cycle 10

Compressive Stress (MPa)

0.00

0 20 40 60 80 100
Strain (%)

Supplementary Fig. 19 | Stress-strain curves of ZAGs at 90% strain for 10 cycles.
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Supplementary Fig. 20 | Compressive properties of ZAGs. a, The Young’s modulus and
ultimate stress at 50% strain for 1000 compression cycles. b, The Young’s modulus and ultimate
stress at 90% strain for 10 compression cycles.
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Supplementary Fig. 21 | Energy loss coefficient at 50% compressive strain for 1000
compression cycles and at 90% compressive strain for 10 cycles.
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Supplementary Fig. 22 | Comparison of resilience in hypocrystalline zircon, AL,SiOs, ZrO.,
SiOz and asbestos with (red stripes) or without (black stripes) Zig-Zag architecture. Error
bars indicate standard deviations of mechanical resilience in different samples with Zig-Zag
architecture.
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Supplementary Fig. 23 | SEM images of the entangled hypocrystalline zircon, Al>SiOs, ZrO;
and SiO; in Zig-Zag architecture to show the universality of our TFAE fabrication method.
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Supplementary Fig. 24 | Snapshots of the bending process by MD simulation (The bendability
of single nanofiber with gradient strain).
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Supplementary Fig. 25 | Snapshots of the fracture process by MD simulation. a, Initial
configuration. b, Fibrous structure at 6.6% tensile strain. ¢, Final fracture state of the global fibrous
structure.
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Supplementary Fig. 26 | The maximum tensile strain and ultimate stress of ZAGs compared
with other ceramic nanofibrous aerogels. Red pentagram, ductile fracture with strain from 18.5%
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pentagon, SiO, fiber with binder'®; hexagon, SiO, fiber with binder®; square, SiO» fiber with
graphene?; top triangle, SiC-SiOx nanowire®.
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Supplementary Fig. 27 | Three-point bending test of ZAGs. a, Experimental snapshots of the

B

bending experiment. b, Three-point bending stress—strain curve of ZAGs. The sample showed a
large recoverable bending angle up to 90°, presenting a remarkable bendability of our aerogels.
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Supplementary Fig. 28 | Torsion test of ZAGs. a, Experimental snapshots of the torsion

experiment. b, Torsional curve of torsion angle versus torsion cycles.
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Supplementary Fig. 29 | High-resolution TEM images of ZAGs with hypocrystalline zircon
after thermal treatment at 1100, 1200, 1300, and 1400 °C. The TEM characterizations show the
size of the tetragonal zirconia nanograins gradually grow up with the increase of sintering
temperature. When the sintering temperature is below 1300 °C, the grain size of t-ZrO; is less than
10 nm, indicating a good thermomechanical stability. However, when the sintering temperature
reaches 1400 °C, the grainsize is increased, which slightly weakens the thermal stability of ZAGs.

36



o o
a e 2o bws o
L ” y w
= —=— adirection = —e— c direction
c —&— b direction c
o o -1
3 15 3
% b
3 8%
g 1.0 g
- 2 -3
z """"\.\.\./. =
3 L N < 4l
w Slenderness Ratio ~ 30 : 1 akl.’ w
- ; 3 : o -
g 0.0 T T T T g '5 T T T T
- 100 200 300 400 - 100 200 300 400
- Temperature (°C) =

Temperature (°C )

Supplementary Fig. 30 | MD simulations of thermal expansion with the increase of
temperature. a, Positive o along a and b direction (radial). b, Negative o along ¢ direction (axial).
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Supplementary Fig. 31 | A special designed thermal shock testing system for ceramic aerogel
materials. Two pistons were fixed at both ends of the quartz tube. The left piston was cooled by
high-speed flowing N> at the ambient temperature as cold source, and the right one was heated by
furnace at 1000 °C as hot source. The ceramic aerogel was moved between the cold and hot sources
by N2 gas of the pneumatics devices. One IR transmission window was opened at the middle of
the tube for IR measurement. By controlling the gas flow of the pneumatics devices, the ceramic
aerogels can be heated or cooled easily with different frequencies to realize the thermal shock test
for thousands of cycles. We swiftly drove the ZAGs back and forth between the hot and cold
sources by switching the pneumatic devices at the tube ends, rapidly heated the sample to 1000 °C
and then cooled to ambient temperature with a frequency of 0.07 Hz and temperature variation
speed up to 200 °C s
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Supplementary Fig. 32 | Infrared images of ZAGs in one thermal shock cycle by using the
home-made pneumatic thermal shock testing system.
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Supplementary Fig. 33 | Infrared images of ZAGs in one cycle of compression and recovery
process at 50% compressive strain under the bilateral flame of butane blowtorch.
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Supplementary Fig. 34 | Strength and volume variation of ZAGs in long-term high
temperature exposure.
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Supplementary Fig. 35 | Strength degradation of ZAGs after thermal shocks compared with

other ceramic aerogels.
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Supplementary Fig. 36 | Influence of C contents to high-temperature thermal radiation
absorption. a, IR absorption spectrum of ZAGs. b, The IR absorption of samples with different C
contents at the wavelength of 2000 nm.
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Supplementary Fig. 37 | Time dependence of thermal conductivity along different direction
obtained by direct method. a, The @ and ¢ direction for the single-crystal zircon. b, The a, b and
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Supplementary Fig. 38 | Time dependence of thermal conductivity of two different
crosslinking form of hypocrystalline nanofibers by direct method. a, Facial crosslinking
pattern. b, Point crosslinking pattern.
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Supplementary Fig. 39 | MD simulations of the reduction of thermal conductivity with
different phase structures and assemble patterns. To further understand the low x at room
temperatures, we performed MD simulations to explain the reduction of the x in different phase
structures and crosslinking patterns. According to our simulations (Supplementary Fig. 37-38), we
found this low x at room temperature can be attributed to the enhanced phonon scattering in the
hypocrystalline zircon, which has efficiently decreased the x from 1.35 W m™ K! of single crystal
structure to only 0.55 W m™ K. Moreover, the randomly twined fibrous structure with point
crosslinking pattern suppressed the phonon transmission of solid conduction, decreasing the x from
0.42 W m™ K! of facial crosslinking pattern to only 0.22 W m™ K'.
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Supplementary Fig. 40 | Room temperature thermal conductivity in air versus working
temperature for ceramic nanofibrous aerogels. Red pentagram, ZAGs in this work; circle, SiO»-

ALO; fibrous sponges'®; pentagon, SiO, fibrous aerogels with binder'?;
fibrous aerogels®®; triangle, a-SizN4 nanobelt aerogels®’. Comparing with state-of-the-art ceramic
fibrous aerogels, our ZAGs exhibit ¥ among the lowest value at room temperature with robust
thermomechanical stability up to 1300 °C. We note our comparison here is limited to nanofibrous
aerogel, and lower RT x of 22 mW m™! K! have been achieved in specifically designed hBN

aerogel?’.
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Supplementary Fig. 41 | High temperature thermal conductivities of samples with different
C contents (sintering temperature from 800 °C to 1200 °C). Error bars indicate standard
deviations of «.
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Supplementary Fig. 42 | Comparison of thermal conductivity between the Zig-Zag ZAGs and
randomly twined ZAGs (25 °C and 1000 °C in air). Error bars indicate standard deviations of .
According to our experimental test, our ZAGs exhibit a comparable « in two different structural

Thermal Conductivity (m

forms. Moreover, from our previous studies®', ceramic aerogels can remarkably increase their
thermal resistance by reducing the mean free path of phonons through enhancing phonon scattering
and propagation redirection, and suppressing phonon transmission among units by introducing
more van der Waals contacts and interface gaps. As a result, the solid conduction in ceramic
aerogels can be effectively reduced to endow an outstanding thermal insulating performance
beyond the reach of conventional insulating materials. For example, our ZAGs with a density of
15 mg cm™ exhibit a low thermal conductivity (x) of 26 mW m™ K™! at ambient condition, which
slightly increase to only 27.3 mW m™ K-! with density up to 55 mg cm™ (Fig. 4d, Supplementary
Table 1), presenting an excellent density-insensitive property.
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Supplementary Fig. 43 | Thermal insulation performance of conventional silica fibrous
barrier for aero engine (CFMS56) fuel tube under the flame of butane blowtorch.

50



400

300
1;hermél h:ater 200

100

25

Supplementary Fig. 44 | Thermal insulation performance of ZAGs at 400 °C under vibrations.
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Supplementary Fig. 45 | Permittivity of the ZAGs at 100 kHz to that of air as a function of
the density, and comparison with other ceramic aerogels. The high porosity and electric
insulation of the Zig-Zag zircon nanofibrous building blocks, making our ZAGs a good material
with low permittivity. We investigated the dielectric constant of ZAGs relative to air at 100 kHz
with different densities (from 15 to 55 mg cm™). As shown in Supplementary Fig. 45, the
permittivity relative to air increases slightly from 1.405 under 15 mg cm™ to 1.831 at 55 mg cm™.
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Capacitive strain-sensor

Supplementary Fig. 46 | Schematic illustration of the capacitive strain-sensor and its
operation mechanism.
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Supplementary Fig. 47 | Sensing property of ZAGs. a, The capacitance curve of the observed
capacitance versus compressive cycles. b, The capacitance variation of strain-sensor with
compressive strain.
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Density Calibration of Kair Kmeasured
Sample 3 1 el 1 e-1
(mg cm™) (mW m™ K™) (mWm™ K™)
1 15 25.95
2 15 25.76
3 15 26.05
4 15 26.14
25.99 ---26.26
5 55 27.32
6 55 27.36
7 55 27.48
8 55 27.45

Supplementary Table 1 | Thermal conductivity of ZAGs with different densities.
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Supplementary Video 1 | Compression test of ceramic aerogels. The compression properties
were studied using samples with a height of 10 mm by an Instron 3365 at a loading rate of 2 mm

min™',

Supplementary Video 2 | Fatigue test of ceramic aerogels. The fatigue properties were studied

using samples with a height of 10 mm by an Instron 3365 at a loading rate of 2 mm min’'.

Supplementary Video 3 | Tensile test of ceramic aerogels. The tensile properties were studied

using samples with a length of 50 mm by an Instron 3365 at a loading rate of 2 mm min™.

Supplementary Video 4 | Bending test of ceramic aerogels. The bending properties were studied

using samples with a length of 50 mm by an Instron 3365 at a loading rate of 2 mm min’'.

Supplementary Video 5 | Thermal shock test of ceramic aerogels. The thermal shock tests were
studied using a home-made pneumatic system in Supplementary Fig. 31 at a frequency of 0.07 Hz
and temperature variation speed up to 200 °C s’

Supplementary Video 6 | High-temperature thermal stability test of ceramic aerogels. The
high-temperature thermal stability was tested using bilateral butane blowtorch flames (over
1,300 °C) under compression of 50% strain by an Instron 3365.

Supplementary Video 7 | Thermal insulation test of the aero engine (CFMS56) fuel tube with
ceramic aerogel barriers. The thermal insulating performances were tested on a typical CFM56
fuel tube with barrier thickness of 10 mm under a butane blowtorch flame (over 1,300 °C).

Supplementary Video 8 | Thermal insulation test under vibrating conditions of ceramic
aerogels. The thermal insulating performance was tested with vibration amplitude to 30% of
sample thickness at 0.25 Hz. The thermal profiles of the ZAGs were recorded by a Flir A615 when
the sample was heated from the bottom at 400 °C under 100 times of vibration.
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