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High-performance thermal insulation materials with broad application prospects have attracted great
attention. The introduction of new microstructures into thermal protection materials can significantly
improve the thermal insulation performance. The tubular microstructure has obvious advantages such as
thermal insulation, lightweight, mechanical, and other properties. Therefore, the microtubular structure
has become an important reference microstructure for the development of high-performance thermal
insulation materials. In this paper, the carbon/ZrO, aerogel composite microtube superfoams with
excellent thermal protection properties were prepared by a vacuum filtration and high-temperature
carbonization method. The ZrO, aerogel precursor solution can be quickly and uniformly adsorbed on
the inner and outer walls of cellulose microtubules. These adsorbed ZrO, aerogel precursor solution
films can be converted into ZrO, alcohol gel shells under the acceleration and promotion effect of citric
acid at 65 °C. The micromorphology of the ZrO, aerogel shell on the inner and outer walls of the
composite microtubes can be efficiently controlled by the concentration of the ZrO, aerogel precursor
solution and the carbonization temperature. The carbon/ZrO, aerogel composite microtube superfoam
exhibits a lower thermal conductivity, lower density, good mechanical properties, and high ablation
resistance. The thermal conductivity of the carbon/ZrO, aerogel composite microtube superfoam is as
low as 0.040 4+ 0.001 W m~* K™%, The residual rate of the carbon/ZrO, aerogel composite microtube
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1 Introduction

High-performance thermal insulation materials are refractory
materials with low thermal conductivity and low heat
capacity.’” Due to their significant energy saving and emis-
sion reduction effects and excellent thermal insulation
performance, the high-performance thermal insulation
materials have broad application prospects in construction,
transportation, aviation, aerospace, and other fields.*®
Therefore, high-performance thermal insulation materials
have attracted great attention both from academia and
industry.”® Inorganic materials have been widely studied for
high-performance thermal insulation materials.”*® Carbon
materials are a very promising high-temperature insulation
material due to their high thermal stability and very low
thermal conductivity in high-temperature environments
(derived from its high extinction coefficient). However, the
fragile and easily oxidized characteristics of carbon materials
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superfoam is still as high as 84.33% after butane flame ablation for up to 3600 seconds.

limit their wide application in the field of thermal
insulation."™** As a kind of inorganic material, Zirconium
dioxide (ZrO,) fiber is a widely used high-temperature insu-
lation material due to its the lowest thermal conductivity
(among all metal oxides), ultrahigh temperature resistance
and long service lifetime."*** However, the thermal insulation
properties of zirconia solid fiber have almost no room for
further improvement due to their microstructural limita-
tions.'®'” Therefore, it is necessary to find new microstruc-
tures to further improve the thermal insulation properties of
ZrO, materials. Aerogel material is a solid material which is
interconnected by nanoparticles to form a nanoscale pore
network structure and filled with gas. Aerogel material exhibit
many excellent properties including low density, high specific
surface area, high porosity, and excellent heat insulation
properties.”*>* The above-mentioned excellent properties of
the aerogel material make it an ideal thermal insulation
material and has good application prospects in aeronautics,
astronautics, and other fields.>**® Therefore, introducing an
aerogel structure into the new microstructure of ZrO, mate-
rials may further significantly improve the thermal insulation
performance of ZrO, materials.

In nature, the tubular microstructures are widely found in
living organisms.* This hollow tubular microstructure exhibits

© 2024 The Author(s). Published by the Royal Society of Chemistry
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many excellent properties, such as thermal insulation perfor-
mance, lightweight performance, impact resistance perfor-
mance, and mechanical elastic performance.**** These
properties of tubular microstructures make microtubular
structures is an important reference microstructure for the
development of high-performance thermal insulation mate-
rials. In fact, the recent research results have shown that ZrO,
microtubes exhibit more excellent thermal insulation proper-
ties because the tubular microstructure restricts the flow of air
and induces phonon scattering.*»** Therefore, in order to
significantly improve the thermal insulation properties of the
carbon/ZrO, composite thermal insulation materials, we
attempted to prepare carbon/ZrO, composite thermal insu-
lation materials with a microtube structure. The slender cellu-
lose microtubules are abundant in wood, which can be easily
separated from natural wood by using a simple chemical
delignification method.**** During the process of removing
lignin using chemical methods, a large number of microporous
structures are simultaneously introduced into the cellulose
microtubules. In addition, there are abundant hydroxyl groups
on the inner and outer walls of cellulose microtubules. There-
fore, cellulose microtubules exhibit excellent solution adsorp-
tion properties. The solution adsorption layers can even form
on the inner and outer surfaces of cellulose microtubules. This
makes it possible to use the sol-gel method to controllably
preparing inorganic aerogel shell materials (such as ZrO, aer-
ogel, SiO, aerogel and so on) onto the internal and external
surfaces of cellulose microtubules. Finally, the composite
material, which the cellulose microtubules is controllably
coated with the inorganic aerogel material shell, was prepared.

In this study, we are committed to preparing carbon/ZrO,
aerogel composite microtube superfoam with excellent thermal
protection properties. The carbon/ZrO, aerogel composite micro-
tube superfoam were prepared by vacuum filtration and high-
temperature carbonization method. The micromorphology of
the ZrO, aerogel shell on the inner and outer walls of the
composite microtubes can be efficiently controlled by the
concentration of the ZrO, aerogel precursor solution and the
carbonization temperature. The carbon/ZrO, aerogel composite
microtube superfoam exhibits a lower thermal conductivity, lower
density, good mechanical properties, and high ablation resis-
tance. The thermal conductivity of the carbon/ZrO, aerogel
composite microtube superfoam is as low as 0.040 4 0.001 Wm™*
K™ '. The residual rate of the carbon/ZrO, aerogel composite
microtube superfoam is still as high as 84.33% after butane flame
ablation for up to 3600 seconds.

2 Experimental section
2.1 Preparation of the cellulose microtube

About 10 g of poplar sawdust was added to 500 mL of sodium
chlorite solution with a mass fraction of 5% at pH 4-5.>**” Then
the reaction mixture was allowed to stir magnetically at 95 °C for
about 12 hours. After the reaction solution was cooled to room
temperature and washed several times with deionized water to
remove residual chemicals. Finally, the cellulose microtube will
be obtained after freeze-drying (Fig. S17).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2 Preparation of the carbon/ZrO, aerogel composite
microtube superfoam

A certain amount of zirconium oxychloride octahydrate (ZrOCy,-
-8H,0) and yttrium nitrate hexahydrate (Y(NOs);-6H,0) was added
to the solution of ethanol (the mass fractions of zirconium oxy-
chloride octahydrate are 2.5%, 5%, 7.5% and 10%, the molar ratios
of zirconium to yttrium is 10: 1). The above mixture was magneti-
cally stirred until a homogeneous transparent liquid was forms
(Fig. S27). A certain amount of citric acid ethanol solution (1 M) was
dropped into the above mixed solution and stirred quickly for about
30 seconds to obtain ZrO, aerogel precursor solution. 0.5 g of
cellulose microtubes were then added to the ZrO, aerogel precursor
solution and stirred rapidly for 1 min. The cellulose microtubes that
evenly adsorbed the ZrO, aerogel precursor solution were filtered
with Buchner funnel to remove excess ZrO, aerogel precursor
solution adsorbed by the cellulose microtubes. The obtained
cellulose microtubule composite material adsorbed with the ZrO,
aerogel precursor solution was placed in a closed space at 65 °C for
about 6 hours (the ZrO, aerogel precursor solution to form a Zr-
based alcohol gel shell). The cellulose/Zr-based alcohol gel
composite microtubules foam materials were replaced twice with
a n-hexane solution and dried at 65 °C for 12 hours. Then the
cellulose/ZrO, aerogel composite microtubules foam materials were
obtained after dried at 80 °C for about 6 hours. The dried cellulose/
ZrO, aerogel composite microtubules foams (Fig. S31) were
carbonized at Y °C for 2 hours in Ar atmosphere (room temperature
400 °C, the heating rate is 1 °C min™", 400-Y °C, the heating rate is
5 °C min~', temperature Y is 600, 800, 1000, and 1200 °C). The
obtained the carbon/ZrO, aerogel composite microtube superfoam
was recorded as CZF-X-Y (Y represents the temperature, and X
represents the mass fraction of zirconium oxychloride octahydrate).
The fabrication process of the CZF-X-Y aerogel composite micro-
tube superfoam material was illustrated in Fig. 1.

2.3 Material characterization

The surface morphologies and the tubular microstructure of the
sample were characterized by the field emission scanning
electron microscopy (SEM, JSM-6490LV, Japan). The crystal
structure of the sample was evaluated using the X-ray diffraction
(XRD, D8 ADVANCE, Germany). Raman spectra of the samples
were obtained on a HORIBA Scientific LabRAM HR Evolution
Raman spectrometer at 532 nm. The surface chemical envi-
ronment of the sample was studied by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, USA). The mechanical
properties of the samples were performed on the electronic
universal tensile machine at room temperature (UTM2501,
1000 N load cell, China). Interactions between substances in the
sample were characterized using the Fourier transform infrared
spectra (FTIR, BRUKER TENSOR 27 FT-IR Spectrometer, Ger-
many). Thermal conductivities of the carbon/ZrO, aerogel
composite microtube superfoam were evaluated on a DRE-III
thermal conductivity meter (Xiangtan Instrument Co., Ltd
Xiangtan, China). The adsorption of the zirconium oxychloride
octahydrate by the cellulose microtubules was observed using
an optical microscope.
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3 Results and discussion

The ZrO, aerogel precursor solution (mainly containing [Zr,(-
OH);-16H,0]%", the various complex zirconyl complex species
and ethanol) exhibits good wetting properties with cellulose
microtubules, which can be quickly adsorbed by cellulose
microtubules (Fig. 2a-d). The bubbles trapped in the cellulose
microtubules gradually disappeared during the process of
adsorbing the ZrO, aerogel precursor solution by cellulose
microtubules (Fig. S4t). This indicates that ZrO, aerogel
precursor solution can also be efficiently filled into cellulose
microtubules due to the rich pore structure in the wall of the
cellulose microtubule and the excellent wettability. Thanks to
the pore structure in the wall of the cellulose microtubule, the
ZrO, aerogel precursor solution filled in the cellulose micro-
tubes will be removed after vacuum filtration using a Buchner
funnel. The ZrO, aerogel precursor solution was only adsorbed
on the wall of cellulose microtubules. The adsorption capacities
of the ZrO, aerogel precursor solution by the cellulose micro-
tubes filtered through the Buchner funnel were 2.45 + 0.14
(CZF-2.5), 2.33 = 0.65(CZF-5.0), 1.76 = 0.20 (CZF-7.5) and 1.78 +
0.36 g (CZF-10.0), respectively (Fig. S51). The ability of cellulose
microtubules to adsorb the ZrO, aerogel precursor solution
gradually decreases as the concentration of the ZrO, aerogel
precursor solution increases. The amount of citric acid can
effectively control the gelation time of the ZrO, aerogel
precursor solution (1200 to 1 minutes) due to the citric acid
altered the gel formation reaction kinetics and promoted the
condensation of the zirconyl complex species.*® Therefore, the
amount of citric acid must be precisely controlled to allow the
ZrO, aerogel precursor solution uniformly adsorbed on the
cellulose microtubule wall to form a zirconium-based hydrogel
shell before being dried. Fig. 2e-h and S61 shows the SEM
images of the CZF-X foam. It is obvious that there are no
zirconium-based aerogel bulk in the cavities of the cellulose
microtubules and the between cellulose microtubules. The
tubular microstructure was well preserved. This indicates that
the ZrO, aerogel precursor solution in the cavity of cellulose
microtubules and the between cellulose microtubules can be
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CZF-X superfoam

[llustration of fabrication process for the CZF-X-Y aerogel composite microtube superfoam.

effectively removed after vacuum filtration using a Buchner
funnel, while only the ZrO, aerogel precursor solution film on
the cellulose microtubule wall was retained. The zirconium-
based aerogel shell uniformly covers the inner and outer walls
of cellulose microtubules. The zirconium-based aerogel shell
presents a complete monolithic structure. The surface
morphology of the zirconium-based aerogel shell did not
change significantly with the change of the ZrO, aerogel
precursor solution. The zirconium-based aerogel shell on the
inner and outer surfaces of cellulose microtubules exhibits
a relatively dense microtubule morphology (Fig. S7t). Fig. 2i
displays the FT-IR spectra of the CZF-X foam. The bands at
around 671, 558, and 518 cm™' is the Zr-O and Zr-O-Zr
stretching vibration peak. The band at about 1061 cm ™" in the
infrared spectrum of the CZF-X foam is the bending vibrations
of O-H mixed with Zr-OH bending.** The above bands indicate
that the polycondensation reaction occurs between the zirconyl
complex species in the ZrO, aerogel precursor solution film on
the cellulose microtubule wall to generate Zr-O-Zr bonds. In
addition, it also indicates that the main form of Zr** ions in
ethanol solution is [Zr4(OH)g- 16H,0]*" complex.®® The C-O-Zr
vibrations band at about 1037 cm ™" indicate that there was an
interaction between the zirconium-based aerogel and cellulose
microtubules. The chemical bonding state of the O and Zr at the
zirconium-based complex aerogel shell was further investigated
by X-ray photoelectron spectroscopy (Fig. 2j and S8t). The high
resolution O 1s spectrum of the CZF-5.0 foam can be fitted into
two component peaks.*® The peak at about 530.5 eV is attributed
to lattice oxygen (Zr-O). The peak at about 532.3 eV is attributed
to the chemisorbed hydroxyl groups (Zr-OH). The high resolu-
tion Zr 3d spectrum of the CZF-5.0 foam shows two peaks at the
binding energy of 182.8 and 185.2 eV, which are typical for the
Zr*" species in O-Zr-O. The XPS results further prove that the
polycondensation reaction occurs between the zirconyl complex
species in the ZrO, aerogel precursor solution film on the
cellulose microtubule wall to generate the zirconium-based
aerogel shell. The compressive stress-strain curves of the CZF-
X foams are shown in Fig. 2k. It is obvious that the mechanical
strength of the CZF-X foams gradually increases as the
concentration of the ZrO, aerogel precursor solution increases.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In the low strain range, the stress-strain behaviour of the CZF-X
foams was linear elasticity originating from the elastic bending
of the composite microtubules. After the yield stress, the stress—
strain curves entered a plateau region with a slowly increasing
stress, which was caused by the plastic yielding of the composite
microtubules. At 60% strain, the stress value of the CZF-X foams
was increased from 32.8 kPa for the CZF-2.5 foam to 148.6 kPa
for the CZF-10 foam. Subsequently, the stress of the CZF-X
foams rises sharply with strain duo to the densification of the
CZF-X foams at higher strain. The CZF-X foams have a smaller
density due to the hollow microtube structure (Fig. 21). The
density of the CZF-2.5 foam is only 42.8 + 14.7 kg m>.

The carbon/ZrO, aerogel composite microtube superfoams
were prepared by carbonizing CZF-X foams at different
temperatures in an argon atmosphere (Fig. S9 and S10%).
Fig. 3a-h and S111 are the SEM images of the CZF-5.0-Y aerogel
composite microtube superfoams. The tubular microstructure
of cellulose microtubules is preserved in the CZF-5.0-Y aerogel
composite microtube superfoams. The ZrO, aerogel shells on
the inner and outer walls of the carbon/ZrO, composite
microtube exhibit a uniform and complete monolithic struc-
ture. The obviously wrinkled morphology does not appear in the
ZrO, aerogel shell of the carbon/ZrO, composite microtube. In
addition, there is no obvious separation between the carbon
shell and the ZrO, aerogel shell in the carbon/ZrO, composite
microtubules. At carbonization temperatures of 600, 800, and
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1000 °C. The ZrO, aerogel shell is assembled from ZrO, nano-
particles. However, the nanoparticle microstructure of ZrO, on
the ZrO, aerogel shell was not obvious at the carbonization
temperature of 1200 °C. The crystal structure and phase of the
CZF-5.0-Y aerogel composite microtube superfoams at different
carbonization temperatures were characterized by X-ray
diffraction (XRD). The XRD patterns of the CZF-5.0-Y aerogel
composite microtube superfoams were shown in Fig. 3i. The
characteristic peaks at around 29.8°, 34.5°, 34.9°, 49.9°, 59.2°,
59.8°, 62.4°, 73.1° and 74.1° can be assigned to the (011), (002),
(110), (112), (013), (121), (202), (004) and (220) crystal planes of
the tetragonal ZrO, (t-ZrO,, JCPDS card no. 50-1089). The
tetragonal crystal phase of ZrO, can be stable at room temper-
ature duo to the addition of Y*>" ions. The addition of larger Y**
ions increase the r'/r™ ratio, thereby making the tetragonal ZrO,
phase more stable at room temperature. When Y* ions are
introduced into the ZrO, lattice, the oxygen vacancies are also
introduced into the ZrO, lattice to ensure electrical neutrality,
which can reduce the electrostatic repulsion between the adja-
cent O~ ions, cause greater lattice distortion and releases some
of the interlaminar stress, thus making the tetragonal ZrO,
phase more stable at room temperature.** It can be observed
that the crystal structure of the ZrO, in the CZF-5.0-Y aerogel
composite microtube superfoams materials at different
carbonization temperatures is t-ZrO,, meaning that the
carbonization temperature did not affect phase composition of
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Fig. 2 Optical images of the cellulose microtubes after saturated adsorption of the ZrO, aerogel precursor solution with different concen-
trations (a) CZF-2.5 foam, (b) CZF-5.0 foam, (c) CZF-7.5 foam, and (d) CZF-10.0 foam, SEM images of the (e) CZF-2.5 foam, (f) CZF-5.0 foam, (g)
CZF-7.5 foam, and (h) CZF-10.0 foam, the FT-IR spectra of the CZF-X foam (i), the high resolution O 1s spectrum of the CZF-5.0 foam (j), the
mechanical strength of the CZF-X foam (k), the density of the CZF-X foam (l).
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the CZF-5.0-Y aerogel composite microtube superfoams. The X-
ray photoelectron spectroscopy (XPS) was applied to further get
surface information of the CZF-5.0-1000 aerogel composite
microtube superfoams. The high-resolution O 1s, Zr 3d and C 1s
peaks are shown in Fig. 3j and S12,7 respectively. The decon-
voluted O 1s spectrum shows the presence of three different
oxygen groups: the lattice oxygen under completely oxidized
stoichiometric conditions (O-Zr-O) at 530.4 eV, the adsorbed
oxygen species in the oxygen deficient regions (Vo) at 531.0 eV,
and the chemisorbed hydroxyl groups (Zr-OH) at 532.7 eV. The
oxygen vacancies in the the carbon/ZrO, composite microtu-
bules originate from the introduction of the Y** ions and the
inert carbonization atmosphere. The high resolution Zr 3d
spectrum of the CZF-5.0-1000 aerogel composite microtube
superfoams can be deconvoluted into two peaks centered at
182.7 and 185.1 eV, which are typical for the Zr** species in O-
Zr-0O. The high-resolution C 1s spectrum of the CZF-5.0-1000
aerogel composite microtube superfoams shows four peaks:
C-C/C=C (centered at 284.8 eV), C-O (centered at 285.7 eV),
C=0 (centered at 286.7 eV), and O-C=0 (centered at 289.2 eV).
The Raman spectra of the CZF-5.0-Y aerogel composite micro-
tube superfoams show two peaks around at 1349 and 1615 cm ™"
(Fig. S13t), which are related to D-band (disordered carbon) and
G-band (graphitized carbon), respectively.”* The Ip/I; ratio of
the CZF-5.0-X aerogel composite microtube superfoams is 0.798
(CZF-5.0-600), 0.995 (CZF-5.0-800), 1.002 (CZF-5.0-1000), and
1.008 (CZF-5.0-1200), respectively. The Iy/Ig ratio gradually
increases with increasing temperature. It shows that the degree
of disorder in the CZF-5.0-Y aerogel composite microtube
superfoams becomes larger with the carbonization temperature
increases within the carbonization temperature studied.
Fig. S147 show the nitrogen adsorption/desorption isotherm
and pore size distribution curve of CZF-5.0-Y superfoam and the
relevant pore structure parameters of CZF-5.0-Y superfoam are
summarized in Table S1.f According to the IUPAC classifica-
tion, the nitrogen adsorption/desorption isotherm of CZF-5.0-Y
superfoam belongs to the type I nitrogen adsorption/desorption
isotherm with H4 type hysteresis loop. This shows that there are
many micropores in CZF-5.0-Y superfoam, and the pore diam-
eter is mainly distributed around 3.5 nm. When the carbon-
ization temperature gradually increases from 600 °C to 1000 °C,
the specific surface area rapidly increases from 20 m> g™ of
CZF-5.0-600 superfoam to 494 m> g~ * of CZF-5.0-1000 super-
foam. When the carbonization temperature further increased to
1200 °C, the specific surface area of CZF-5.0-1200 superfoam
decreased to 353 m> g~'. CZF-5.0-600 superfoam has the
smallest total pore volume (only 0.0234 cm® g~ ') and the largest
average pore diameter (about 4.5 nm). However, CZF-5.0-1000
superfoam has a total pore volume as high as 0.2717 cm® g™ .
The average pore diameter of the CZF-5.0-1000 superfoam is
approximately 2.2 nm. The compressive stress-strain curves of
the CZF-5.0-Y aerogel composite microtube superfoams are
shown in Fig. 3k. Obviously, the CZF-5.0-600 aerogel composite
microtube superfoams exhibit better mechanical properties
among the CZF-5.0-Y aerogel composite microtube superfoams.
The possible reason is that the CZF-based aerogel composite
microtube superfoams cannot be completely carbonized at
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600 °C. In the temperature range of 800-1200 °C, the mechan-
ical properties of the CZF-based aerogel composite microtube
superfoams gradually increase with the carbonization temper-
ature increases. The density of the CZF-5.0-Y aerogel composite
microtube superfoams increases slightly with the temperature
decreases from 1200 to 800 °C (Fig. S157). The density of the
CZF-based aerogel composite microtube superfoams is as low
as 28.4 + 1.7 kg m > (CZF-5.0-1200), which is even an order of
magnitude lower than the reported density of foam mate-
rials.**** When the carbonization temperature is 600 °C, the
density of the CZF-5.0-600 aerogel composite microtube super-
foams increases significantly to 52.4 & 6.9 kg m . This further
indicates that the CZF-Y foam cannot be completely carbonized
at 600 °C. The thermal conductivity of the CZF-5.0-Y aerogel
composite microtube superfoams is 0.038 + 0.002, 0.040 +
0.001, 0.039 =+ 0.002, and 0.044 =+ 0.002 W m ' K™ ', which is
superior to the reported thermal conductivity of the ZrO,/
carbon composites.**® The slightly difference in thermal
conductivity of the CZF-5.0-Y aerogel composite microtube
superfoams indicates that the carbonization temperature has
little effect on the thermal insulation performance of the CZF-
5.0-Y aerogel composite microtube superfoams.

The morphology and microstructure of the CZF-X-1000 aer-
ogel composite microtube superfoams were shown in Fig. 4a-
d and S16.7 It is obvious that the micromorphology of the ZrO,
aerogel shell on the inner and outer walls of the carbon/ZrO,
composite microtube changes significantly with the concen-
tration of the ZrO, aerogel precursor solution increases. When
the concentration of the ZrO, aerogel precursor is about 2.5%,
the ZrO, aerogel shell is composed of randomly stacked smaller
ZrO, nanoparticles. In addition, there are a large number of
nanopore structures in the ZrO, aerogel shell. When the
concentration of the ZrO, aerogel precursor increases to 5.0%,
the size of the ZrO, nanoparticles used to construct the ZrO,
aerogel shell has become larger. At the same time, the pore
structure in the ZrO, aerogel shell has become smaller. When
the concentration of the ZrO, aerogel precursor is further
increased to 7.5%, the size of ZrO, nanoparticles becomes
significantly larger. These large-sized ZrO, nanoparticles are
closely packed together to form a ZrO, aerogel shell. When the
concentration of the ZrO, aerogel precursor is about 10.0%, the
size of ZrO, nanoparticles becomes small instead. These small-
sized ZrO, nanoparticles accumulate into a denser ZrO, aerogel
shell. The tubular microstructure of cellulose microtubules in
the CZF-X-1000 aerogel composite microtube superfoams can
be effectively retained when the concentration of the ZrO, aer-
ogel precursor increases from 2.5% to 10.0%. The ZrO, aerogel
within or between microtubules of the CZF-X-1000 aerogel
composite microtube superfoams was not found. The ZrO,
aerogel shell and carbon microtubules interact closely with each
other without obvious separation. The ZrO, aerogel shell pres-
ents a uniform and complete structure on the inner and outer
walls of the carbon/ZrO, composite microtube. The concentra-
tion of the ZrO, aerogel precursor has a significant impact on
the mechanical properties of the CZF-X-1000 aerogel composite
microtube superfoams. Fig. S171 show the nitrogen adsorption/
desorption isotherm and pore size distribution curve of CZF-X-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 SEMimage of the CZF-5.0-Y superfoam (a) and (e) CZF-5.0-600, (b) and (f) CZF-5.0-800, (c) and (g) CZF-5.0-1000, (d) and (h) CZF-5.0-
1200; XRD pattern (i) of the CZF-5.0-Y superfoam, the high-resolution O 1s spectrum of the CZF-5.0-1000 superfoam (j), the mechanical
strength (k) and the thermal conductivity (1) of the CZF-5.0-Y superfoam.

1000 superfoam and the relevant pore structure parameters of
CZF-X-1000 superfoam are summarized in Table S2.f The
nitrogen adsorption/desorption isotherm of CZF-X-1000 super-
foam belongs to the type I nitrogen adsorption/desorption
isotherm with H4 type hysteresis loop (according to IUPAC
classification). The pore structure of CZF-X-1000 superfoam is
mainly composed of micropores, and its pore diameter is
mainly distributed around 3.7 nm. The specific surface area of
CZF-2.5-1000 superfoam is as high as 796 m* g~*. When the
concentration of ZrO, aerogel precursor solution gradually
increased to 7.5%, the specific surface area of CZF-7.5-1000
superfoam decreased to 188 m” g '. However, when the
concentration of the ZrO, aerogel precursor solution further
increased to 10.0%, the specific surface area of CZF-10.0-1000
superfoam increased slightly to 198 m> g~ '. The total pore
volume of CZF-X-1000 superfoam gradually decreases as the
ZrO, aerogel precursor solution concentration increases. The
total pore volume of CZF-2.5-1000 superfoam is as high as
0.4541 cm® g~ ', while the total pore volume of CZF-10.0-1000
superfoam is only 0.1412 cm® g~ . The average pore diameters
of CZF-2.5-1000, CZF-5.0-1000, CZF-7.5-1000 and CZF-10.0-1000
superfoams are 2.3, 2.2, 3.1 and 2.8 nm respectively. Fig. 4e
shows the compressive stress-strain curves of the CZF-X-1000
aerogel composite microtube superfoams. The compressive
strength of the CZF-X-1000 aerogel composite microtube
superfoams gradually increases with the increase of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

concentration of the ZrO, aerogel precursor. The compressive
strength increased from 6.48 kPa for the CZF-2.5-1000 aerogel
composite microtube superfoams to 23.36 kPa for the CZF-10.0-
1000 aerogel composite microtube superfoams under the strain
of 60%. The mechanical properties of the CZF-Y-1000 aerogel
composite microtube superfoams indicate that ZrO, aerogel
shell can effectively improve the mechanical properties of the
CZF-X-1000 aerogel composite microtube superfoams, and the
microstructure of ZrO, aerogel shell significantly affects the
mechanical properties of foam materials. The CZF-X-1000 aer-
ogel composite microtube superfoams exhibit good thermal
insulation properties (Fig. 4f). The thermal conductivity of the
CZF-X-1000 aerogel composite microtube superfoams is 0.042 £
0.001 (CZF-2.5-1000), 0.040 + 0.003 (CZF-5.0-1000), 0.040 +
0.001 (CZF-7.5-1000), and 0.046 + 0.003 W m 'K (CZF-10.0-
1000), respectively.

The color of the ablated surface changed from black to white
after the CZF-X-Y aerogel composite microtube superfoams was
ablated by butane flame for 3600 s (Fig. 5). This indicates that
the structural unit of the CZF-X-Y aerogel composite microtube
superfoams is transformed from carbon/ZrO, composite
microtubules into ZrO, microtubules along with the ablation
process (Fig. S187). Although the structural units of the CZF-X-Y
aerogel composite microtube superfoams change during the
butane flame ablation process, the butane flame gas flow
cannot cause materials (such as ZrO, microtubes or carbon/

RSC Adv, 2024, 14, 7350-7358 | 7355
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Fig. 4 SEM image of the CZF-X-1000 aerogel composite microtube superfoams (a) CZF-2.5-1000, (b) CZF-5.0-1000, (c) CZF-7.5-1000, (d)
CZF-10.0-1000; the mechanical strength (e) and the thermal conductivity (f) of the CZF-Y-1000 aerogel composite microtube superfoams.

ZrO, composite microtubules) to fall off from the ablated
surface of the CZF-X-Y aerogel composite microtube super-
foams. This indicates that the three-dimensional microtubule
structure of the CZF-X-Y superfoam with good mechanical
strength can be completely maintained during and after the
conversion process of the CZF-X-Y aerogel composite microtube
superfoams structural units. In addition, another reason is that
the ZrO, aerogel shell of the carbon/ZrO, composite microtu-
bules in the tetragonal crystal phase at room temperature.
Obviously, although the ablated surface of the CZF-X-Y super-
foam was ablated by the butane flame for up to 3600 s, the white
only appeared near the ablated surface. The possible reason is
that the low thermal conductivity of the CZF-X-Y aerogel
composite microtube superfoams provides excellent thermal

“} (@)
53.46%

51.62%

78.89%

=A

insulation properties, and the composite tubular microstruc-
ture can significantly improve the stability of the middle carbon
layer in an aerobic high-temperature environment. When the
carbonization temperature is 1200 °C or the concentration of
the ZrO, aerogel precursor is 10%, the ablated surface (the CZF-
5.0-1200 and CZF-10.0-1000 aerogel composite microtube
superfoam) that has been ablated by butane flame for 3600
seconds still has a certain black. This indicates that the carbon
materials are tightly wrapped in the microtube structural units
of the CZF-5.0-1200 and CZF-10.0-1000 aerogel composite
microtube superfoam has excellent stability in high-
temperature aerobic environments. The possible reason is
that increasing the carbonization temperature or increasing the
concentration of the ZrO, aerogel precursor can lead to denser

(b)

CZF-5.0-1000

CZF-7.5-1000

CZF-10.0-1000

Fig.5 The ablation resistance of the CZF-5.0-Y (a) and the CZF-X-1000 aerogel composite microtube superfoams (b) under the flame of butane
blowtorch (photos of the ablated surface of the superfoam before being ablated by butane flame, photos of the ablated surface and side of the
superfoam after being ablated by butane flame for 3600 s, and the residual rate of the foam after being ablated by butane flame for 3600 s).
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ZrO, aerogel shell, and enhance the barrier to oxygen penetra-
tion. Therefore, the stability of the carbon material wrapped in
the microtube structural units of the CZF-X-Y aerogel composite
microtube superfoam becomes better in a high-temperature
aerobic environment. When the concentration of the ZrO, aer-
ogel precursor solution is 5.0%, the residual rate of the CZF-X-Y
aerogel composite microtube superfoam after ablation
increases from 53.46% (the CZF-5.0-600 aerogel composite
microtube superfoam) to 82.03% (the CZF-5.0-1200 aerogel
composite microtube superfoam) with the carbonization
temperature increases from 600 to 1200 °C. In addition, the
residual rate of the CZF-X-Y aerogel composite microtube
superfoam after ablation increases from 44.89% (the CZF-2.5-
1000) to 84.33% (the CZF-10.0-1000) with the concentration of
the ZrO, aerogel precursor solution increases from 2.5% to
10.0% when the carbonization temperature is 1000 °C.

4 Conclusions

In conclusion, the carbon/ZrO, aerogel composite microtube
superfoams with excellent thermal protection properties were
prepared by vacuum filtration and high-temperature carbon-
ization method. The ZrO, aerogel precursor solution can be
quickly and uniformly adsorbed on the inner and outer walls of
cellulose microtubules. These adsorbed ZrO, aerogel precursor
solution film can be converted into ZrO, alcohol gel shells
under the acceleration and promotion effect of citric acid at 65 °
C. The micromorphology of the ZrO, aerogel shell on the inner
and outer walls of the composite microtubes can be efficiently
controlled by the concentration of the ZrO, aerogel precursor
solution and the carbonization temperature. The carbon/ZrO,
aerogel composite microtube superfoam exhibits a lower
thermal conductivity, lower density, good mechanical proper-
ties, and high ablation resistance. The thermal conductivity of
the carbon/ZrO, aerogel composite microtube superfoam is as
low as 0.040 4 0.001 W m ™' K. The residual rate of the carbon/
ZrO, aerogel composite microtube superfoam is still as high as
84.33% after butane flame ablation for up to 3600 seconds.
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