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Preceramic polymer-hybridized phenolic aerogels
and the derived ZrC/SiC/C ceramic aerogels with
ultrafine nanocrystallines
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Ding Nie, ¥ Hangyu Zhong,7® Hongli Hu,? Zhenhua Luo*“ and Bo-xing Zhang

Phenolic and carbon aerogels have important applications for thermal insulation and ablative resistance
materials in aerospace field. However, their antioxidant ability in long-term high-temperature aerobic
environments faces serious challenges. To solve this problem, Zr/Si preceramic polymer hybridized phe-
nolic resin (PR-ZS) aerogels were prepared via a facile sol-gel method. Compared with pure phenolic
aerogel, the hybrid aerogels possess similar porous microstructure but larger specific surface area, better
thermo-oxidative stability, and higher compressive strength. After carbonization at 1700 °C, the hybrid
aerogels can be transformed to carbide ceramic aerogels with ultrafine nanocrystalline ZrC and SiC par-
ticles embedded in the carbon matrix. Ceramic aerogels exhibit good thermal insulative and anti-ablative
properties in a butane torch simulated high-temperature and aerobic environment. The linear ablation

rate is as low as 0.017 mm min~}

, and the backside temperature is below 330 °C at a 20 mm in-depth
position after 300 s of burning test, when the front temperature is approximately 960 °C. This work pro-
vides a facile approach to fabricate hybrid phenolic aerogels and derived ZrC/SiC/C ceramic aerogels,

which target on applications for extreme environments in aerospace field.
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ceramic coatings, and organic-in

230 | Nanoscale, 2025, 17, 230-242

Since aerogels were first developed by Kistler in 1931," they have
been widely used in various applications, such as thermal
insulators,>® catalyst supports,” absorbents,” electrodes for
supercapacitors, etc., owing to their low density, continuous
porosity, large specific surface area, and extremely low thermal
conductivity.*® Phenolic resin (PR) has excellent properties,
including flame retardancy, high char yield, good mechanical
properties, and ablation resistance.”*" Phenolic aerogels derived
from PR possess low density, low thermal conductivity, and excel-

Bo-xing Zhang received his PhD
from the department of Applied
Chemistry in Osaka University.
In 2016, he joined the South
China Advanced Institute for
Soft  Matter  Science  and
Technology in South China
University of Technology as a
postdoctoral researcher. In 20109,
he was promoted to an Associate
Professor. Currently, his research
interests focus on the fabrication
and application of sol nano-
particles, ceramic microspheres,
organic hybrid materials.

lent heat resistance, making them promising thermal protection
and insulation materials in high temperature environments.*'>
At present, most PR aerogels are prepared using phenolic pre-
polymer as precursor with a sol-gel method, followed by ambient
pressure drying. Jia et al™® and Xu et al.'* conducted an interest-
ing research on the fabrication of aerogels through the sol-gel
reaction with resole-type PR, ethylene glycol (EG), water, and ben-
zenesulfonyl chloride as starting materials. The porous mor-
phology can be flexibly tuned by adjusting the composition of
starting materials. However, PR aerogels encounter serious degra-
dation and failure in long-term and high-temperature aerobic
environments. Their poor mechanical properties caused by their
inherent porous microstructure also limit their wide application.'®
To solve these problems, two methods are commonly
employed. One is to enhance PR aerogels by using fabrics with

This journal is © The Royal Society of Chemistry 2025
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low density and high porosity as 3D reinforcements.'® The
other is to introduce ceramic precursors, organic silicon,
carbon nanotubes, or graphene oxide, etc., into the porous
skeleton of PR aerogels.">'"® Huang et al>* developed a
facile strategy to fabricate versatile phenolic aerogels by incor-
porating organic silicon into the molecular backbone of PR.
The intriguing hierarchical microstructure afforded the
aerogel composites multiple advantages, including high flexi-
bility with a maximum cyclic compression strain of 70%, good
thermal insulating performance, and remarkable hydrophobi-
city. Yin et al.™® fabricated lightweight PR/silicon hybrid aero-
gels through a sol-gel reaction of PR, methyltrimethoxysilane
(MTMS), and hexamethylenetetramine (HMTA) in EG solution.
PR/silicon hybrid aerogels exhibited high thermal stability, low
thermal conductivity, and good mechanical properties.
Moreover, carbon-bonded carbon fiber matrix was used to fab-
ricate enhanced aerogel composites which demonstrated good
thermal insulation and ablative resistance performance under
high-temperature oxyacetylene flame.

Carbon aerogels have received considerable attention in
high-temperature insulation applications due to their excel-
lent chemical stability and thermal stability in inert
atmospheres.”"*> Typically, carbon aerogels are prepared by
high-temperature pyrolysis of organic aerogels.”” Jia et al.*®
prepared lightweight and mechanically strong carbon
aerogel monoliths (CAMs) based on PR aerogels which came
from the sol-gel reaction of linear PR and HMTA. Yang
et al.** prepared strong CAMs through polycondensation of
resorcinol with formaldehyde by adding sodium carbonate
and deionized water as catalyst and solvent, respectively.
However, carbon aerogels burn rapidly when exposed to
high-temperature aerobic atmospheres, which severely limits
their practical application.?® Generally, inorganic elements
are incorporated into carbon materials to improve their oxi-
dation resistance. Wu et al?® fabricated silica modified
carbon aerogels (SCAs) via the sol-gel reaction of PR and
siloxane, followed by ambient pressure drying and carboniz-
ation. During the carbonization process, amorphous SiO,
particles gradually transform into crystalline SiC particles by
carbothermal reduction reaction, which improves the oxi-
dation resistance of SCAs. Liu et al.®’ fabricated carbon/
modified halloysite nanotube (m-HNTSs) composite aerogels
with lower volumetric shrinkage (30.83%) and weight loss
rate (26.76%) and higher compressive strength (4.43 MPa) by
introducing m-HNTs into PR aerogels through chemical
grafting, followed with carbonization treatment. Li et al.>®
prepared a novel TiB,-B,C/carbon (TB/C) aerogel composite
by introducing TiB, and B,C particles into phenolic aerogels
through mechanical mixing and quick gelation. TiB, and
B,C particles reacted with the oxygen-containing molecules
to form a TiO,-B,0; layer, which effectively improved the oxi-
dation resistance and mechanical properties of phenolic
aerogel composites. However, in the nanopowder route, dis-
persion of nanopowders is always a tough issue, and agglom-
eration of nanopowders in aerogels inevitably undermines
the mechanical and thermal insulation performance.
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In this work, we demonstrate a facile approach to prepare
Zr/Si element hybridized phenolic (PR-ZS) aerogels and the
derived ZrC/SiC/C ceramic aerogels with high mechanical
strength and excellent thermal properties through the sol-gel
reaction of PR, Zr/Si precursor, and HMTA, followed by
ambient pressure drying and carbonization. The microstruc-
ture, thermo-oxidative stability, porous properties, thermal
conductivity, and mechanical performance of the hybrid aero-
gels and ZrC/SiC/C ceramic aerogels with various contents of
Zr/Si precursor were comprehensively investigated. In addition,
the ablative resistance and thermal insulation properties of
ZrC/SiC/C ceramic aerogels were evaluated.

2. Experimental section
2.1. Materials

Novolac-type phenolic resin (PR) was kindly offered by the
Institute of Chemistry, Chinese Academy of Sciences.
N-Propanol was purchased from Guangzhou Chemical Reagent
Factory, Guangzhou, China. HMTA, zirconium(iv) propoxide
solution, acetylacetone, and triethoxymethylsilane were bought
from Shanghai Aladdin Biochemical Technology Co., Ltd,
Shanghai, China. All reagents without special mention were
used as received.

2.2. Synthesis of preceramic polymer containing Zr/Si
elements

Preceramic polymer containing Zr/Si elements (Zr/Si precursor)
was synthesized according to previous work.>**° Briefly, zirco-
nium propoxide and triethoxymethylsilane in a molar ratio of
5:4 were dissolved in n-propanol, and acetylacetone was used
as the chelating agent. Deionized water was added to initiate
the hydrolysis reaction of precursors. After 8 hours of reaction
at 80 °C, the mixture was concentrated by distillation to deliver
a light-yellow solution with a solid content of 35 wt%.

2.3. Preparation of PR-ZS hybrid aerogels

PR-ZS hybrid aerogels were prepared using a sol-gel method.
First, PR (3 g) and HMTA (0.75 g) were dissolved in n-propanol
(12 g) at room temperature by mechanical stirring. Then,
various amounts of Zr/Si precursor were added dropwise into
the above solution. The mixtures were transferred to sealed
plastic vials and reacted at 80 °C for 2 days. The as-obtained
wet gels were dried sequentially in a fume hood at room temp-
erature for 1 day and in an air-circulating oven at 80 °C for 1
day. Subsequently, the dried aerogels were post-cured at
120 °C for 2 hours to enhance the crosslinking degree.
Additionally, pure PR aerogels as the control samples were fab-
ricated without addition of Zr/Si precursor in the same way.
According to the added amount of solid Zr/Si precursor, the
hybrid aerogels were referred to as PR-ZS10 (10 wt% of Zr/Si
precursor in dried aerogels), PR-ZS20 (20 wt% of Zr/Si precur-
sor in dried aerogels), PR-ZS30 (30 wt% of Zr/Si precursor in
dried aerogels), and PR-ZS40 (40 wt% of Zr/Si precursor in
dried aerogels).

Nanoscale, 2025,17, 230-242 | 231
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2.4. Preparation of ZrC/SiC/C ceramic aerogels

To fabricate ZrC/SiC/C ceramic aerogels, the hybrid aerogels
were pyrolyzed in a tube furnace at 1100 °C for 2 hours under
an argon atmosphere with a heating rate of 2 °C min™", fol-
lowed by heat treatment in a graphite furnace at 1700 °C for
2 hours under an argon atmosphere with a heating rate of
10 °C min~'. These ceramic aerogels are designated as
PR-ZS-1700. For comparison, pure carbon aerogels (PR-1700)
were prepared from pure PR aerogels by the same procedure.

2.5. Characterization

The bulk density and linear shrinkage of aerogels were deter-
mined by measuring the dimensions and mass of cylindrical
samples in the sequential processing steps.

The microstructure and elemental distribution of samples
were investigated by scanning electron microscopy (SEM,
JSM-7900F, JEOL, Japan) and transmission electron
microscopy (TEM, JEM-2100F, JEOL, Japan). The molecular
structure of Zr/Si precursor was characterized by Fourier trans-
form infrared spectroscopy (FTIR, Nicolet iS5, Thermo
Scientific, USA). The chemical structures of samples were
investigated by X-ray photoelectron spectroscopy (XPS, Axis
Supra+, Kratos, UK). X-ray diffraction (XRD) measurements
were performed on a powder diffractometer (X’Pert PRO,
PANalytical, Netherlands) using Cu/K, radiation (40 kV, 40 mA,
2 =1.5418 A). The specimens were continuously scanned from
5° to 90° (26) at a speed of 0.2° min~". N, adsorption-desorp-
tion isotherms were measured on a surface area and porosity
analyzer (ASAP2460, Micromeritics, USA). Before measure-
ments, the samples were degassed in vacuum at 100 °C for
12 hours. The Brunauer-Emmett-Teller (BET) method was uti-
lized to calculate the specific surface areas (Sggr). The pore
size distribution was estimated using the Barrett-Joyner—
Halenda (BJH) model.

Thermogravimetric analysis (TGA, TGA/DSC 3+, METTLER
TOLEDO, Switzerland) was carried out from room temperature
to 900 °C at a heating rate of 10 °C min™" in air and N, atmo-
sphere. Compression tests were performed on cylindrical
samples with the size of @ 1.5 x H 2 cm using a universal test
machine (68TM-30, Instron, USA) with a compression rate of
2 mm min~". Thermal conductivities were measured by the
heat flux method (TPS 2500, Hot Disk AB, Sweden) at 25 °C.
The specimens were cut and polished to ensure that top and
bottom surfaces were smooth and parallel. The ablative and
insulating behaviors were evaluated by a butane torch burning
test for 300 s. Front and backside temperatures of the flat
cylinder were recorded using an infrared thermometer and a
thermocouple, respectively.

3. Results and discussion

3.1. Fabrication process and formation mechanism of
aerogels

Fig. 1 illustrates the fabrication process and formation mecha-
nism of PR-ZS hybrid aerogels and ZrC/SiC/C ceramic aerogels.
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Pure PR aerogels are prepared from PR solutions that con-
tained PR, HMTA, and solvents. Under heating, HMTA cata-
lyzes the crosslinking reaction of PR molecules, accompanied
with phase separation between PR molecules and solvents, to
generate an interconnected network structure. Through
ambient pressure drying, the solvents in the interstices of PR
are removed to generate pores, leading to the formation of PR
aerogels.

The Zr/Si precursor solution (Fig. 2a) was synthesized from
zirconium propoxide and triethoxymethylsilane. The presence
of zirconium hydroxyl and silicon hydroxyl groups in Zr/Si pre-
cursor offers compatibility and potential chemical reaction
sites with PR molecules. Fig. 2b illustrates the characteristic
peaks of Zr/Si precursor in FT-IR spectra: Zr-O-C stretching
vibration at 1530 em™,*' CH3;-C=O stretching vibration at
1450 cm™ ", Si-CHj stretching vibration at 1260 cm™, Si-O-Si
stretching vibration at 1020 cm™',** Zr-O-Si absorption at
931 em™',*® Si-OH stretching vibration at 854 cm™'** Si-
(CH3), absorption at 794 cm ™", and Zr-OH stretching vibration
at 610 cm ".** Thermal stability and pyrolysis behavior were
assessed using TGA. As shown in Fig. 2c and d, Zr/Si precursor
exhibits a small weight loss before 500 °C under both N, and
air atmospheres due to solvent evaporation and decomposition
of organic groups. Notably, the residual weight approaches
80% at 900 °C, indicating exceptional thermal stability.

After introduction of the Zr/Si precursor solution to original
PR solution, a transparent solution with a light-orange color is
exhibited (Fig. 2a), revealing the excellent compatibility
between Zr/Si precursor and PR. Under the basic catalysis of
HMTA, Zr/Si precursor molecules participate in the crosslinked
network through chemical bonding with PR molecules. After
the sol-gel reaction and ambient pressure drying, PR-ZS aero-
gels with intact appearance are obtained (Fig. 3a). Further,
through the pyrolysis and carbonization processes, the hybrid
aerogels are transformed into ZrC/SiC/C ceramic aerogels. The
changes in linear shrinkage and apparent density of samples
are presented in Table 1. As the Zr/Si precursor content
increases, the linear shrinkage rate of the hybrid aerogels rises
from 12.75% to 26.14%, and the apparent density increases
from 0.31 g cm ™ to 0.65 g cm>. The introduction of Zr/Si pre-
cursor may interfere with the crosslinking reaction of PR mole-
cules and affect the phase separation process, causing a larger
shrinkage under capillary force. Also, the larger molar mass of
Zr/Si elements than that of C is responsible for the increase of
apparent density. During transformation from hybrid aerogels
to ceramic aerogels, the carbothermal reduction reaction
results in further increase of linear shrinkage and apparent
density.

3.2. Microstructure and thermal stability of PR-ZS hybrid
aerogels

SEM images show that PR and PR-ZS hybrid monolithic
samples have the typical bicontinuous and percolating struc-
tures of aerogels that are generated by the sol-gel reaction.'*
The pore walls are composed of interconnected submicron
aggregates which are stacked by primary nanoscale gel

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic of (a) the preparation process and (b) cross-linking network formation of aerogels.

particles. With the increase of the Zr/Si precursor content, the
gel particle size gradually decreases from 184 nm in PR to
75 nm in PR-ZS40, and the pore size evidently reduces from
93 nm in PR to 50 nm in PR-ZS40. This is because Zr/Si precur-
sor can interfere with the crosslinking reaction and phase sep-
aration process of PR by forming Zr-O-C and Si-O-C chemical
bonds.

To study the porous properties of aerogels, N, adsorption
measurements were conducted. As shown in Fig. 3c, the N,
adsorption-desorption isotherms of all samples are consistent
with typical type IV isotherms and H3 hysteresis loops at high
relative pressure according to the IUPAC classification stan-
dard, indicating that these samples contain mesopores and
macropores.®® As the Zr/Si precursor content increases, the
Sger rises from 14.45 m> ¢! for PR to 89.53 m> g~ for

This journal is © The Royal Society of Chemistry 2025

PR-ZS40 (Table 2). Concurrently, the mesoporous surface area
(Smeso) and mesoporous volume (Vyeso) gradually increase. The
pore size distributions obtained from the desorption branch
(insert in Fig. 3c) display broad peaks of a combination of
mesopores and macropores, with the peak center shifting
from 92 nm in PR to 49 nm in PR-ZS40. This behavior can be
attributed to the introduction of Zr/Si precursor altering the
crosslinked structure of PR, resulting in the formation of a
denser network (Fig. 3b). The increased mesopores instead of
macropores could more efficiently inhibit gas heat transfer
and exert a positive effect on the thermal insulation perform-
ance of aerogels.

The thermal stability and oxidation resistance of PR and
the hybrid aerogels were investigated by TGA (Fig. 4 and
Table 3). In N, atmosphere (Fig. 4a and b), PR and PR-ZS aero-

Nanoscale, 2025, 17, 230-242 | 233


https://doi.org/10.1039/d4nr03470h

Published on 08 November 2024. Downloaded on 16/03/2026 15:52:47.

Paper

(a) Zr/Si precursor solution

Hybrid resin solution

—_
(2)
~—

View Article Online

Nanoscale
(b)[ — zussi precursor Y57 Con' o,
- CHe-C=0 e 2260 | 610
S | dm T
< i |
) S T
(8} || |
c \
£ oy i
E Si-(CHs): H |
m 794
c RN
o A
I—

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)

2

©
o
N

100 -
: -\=_=-=t
701

60 -

50{ —®—air
—o—N:

Residual weight (%)

40

Temperature (°C)

150 300 450 600 750 900

N:
)
Q.
)
o air
-
(m]

150 300 450 600 750 900
Temperature (°C)

Fig. 2 (a) Digital photos of Zr/Si precursor solution and hybrid resin solution, (b) FTIR spectrum, (c) TGA and (d) DTG curves in air and N, atmo-

sphere of Zr/Si precursor.

gels showed similar pyrolysis processes, and their thermal
weight loss curves could be roughly divided into three stages.
According to previous literatures,***”*® the pyrolysis mecha-
nism of PR aerogels is elucidated as follows. When the pyrol-
ysis temperature is between room temperature and 240 °C, the
weight loss is within 5% and is mainly due to the volatilization
of solvents and water adsorbed by aerogels. At pyrolysis temp-
eratures above 240 °C, the weight loss is due to the depolymeri-
zation of the PR matrix skeletal structure; the main pyrolysis
products include CO, CO,, and CH,. The weight loss gradually
becomes stable when the pyrolysis temperature exceeds
600 °C. The maximum decomposition rate (Dya.y, the peak at
temperature around 520 °C) of aerogels decreases with the
increase of the Zr/Si precursor content. The residual weight at
900 °C (Rggo) increases from 51.85% for PR to 61.05% for
PR-ZS40. This is primarily due to the high bonding energy of
the Zr-O and Si-O covalent bonds introduced by Zr/Si precur-
sor which can effectively inhibit the decomposition of the
hybrid aerogels.?* On one hand, Zr/Si precursor reduces the
number of phenolic hydroxyl groups, which are less thermally
stable, by reacting with phenolic resin to generate Zr-O-C and
Si-O-C bonds.*® On the other hand, the Zr-O-Zr, Zr-O-Si, and

234 | Nanoscale, 2025, 17, 230-242

Si-O-Si networks formed by the reaction between Zr/Si precur-
sor can effectively enhance the overall thermal stability of aero-
gels. PR-ZS10 shows poor thermal stability, probably because
the network structure of PR aerogels is destroyed by the
addition of a small amount of Zr/Si precursor. In air atmo-
sphere (Fig. 4c and d), the weight loss trend of aerogels with
different Zr/Si precursor contents (Table 3) is similar to that in
N, atmosphere. The Rgoo of PR aerogels is null. As the Zr/Si
precursor content rises, the Ry, increases. This is mainly
attributed to the fact that silicon- and zirconium-containing
functional groups in the hybrid aerogels are converted to silica
and zirconia in the high-temperature oxidation environment.

3.3. Mechanical and thermal insulation properties of PR-ZS
hybrid aerogels

The mechanical properties of aerogels play a crucial role in
their practical use. Fig. 5a and b illustrate the compressive
stress-strain behavior and compressive stress values of PR
and PR-ZS aerogels. At relatively low densities (0.28-0.41 g
cm™?), these materials exhibit typical nonlinear deformation
with the upward concavity compressive response of porous
materials. The compressive curve shows a linear increase to a

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Digital photos, (b) SEM images, and (c) N, adsorption—desorption isotherms and BJH pore size distribution curves of PR and PR-ZS

aerogels.

maximum elastic strain of approximately 5-7% (corres-
ponding to compressive strength), then the slope dramatically
decreases, after which the stress displays a rapid rise up to
strains beyond 60%. The initial elastic stage is due to elastic

This journal is © The Royal Society of Chemistry 2025

bending or compression of the aerogel network, followed by
irreversible yielding and densification stages accompanied by
permanent damage.*’ For densities above 0.41 g cm™>, the
hybrid aerogels change from ductile to brittle, exhibiting

Nanoscale, 2025, 17, 230-242 | 235
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Table 1 Densities and linear shrinkages of aerogels

Sample Density (g ecm™) Linear shrinkage (%)
PR 0.28 + 0.02 9.04
PR-ZS10 0.31 £ 0.03 12.75
PR-ZS20 0.41 + 0.02 17.29
PR-ZS30 0.46 =+ 0.04 19.25
PR-ZS540 0.65 + 0.02 26.14
PR-1700 0.34 £ 0.04 27.44
PR-ZS20-1700 0.46 + 0.01 26.76
Table 2 Textural characteristics of aerogels

SBET SMeso VMeso Porosity
Sample (m?*g™) (m?g™") (em’g™) (%)
PR 14.45 8.76 0.07 76.90
PR-ZS10 44.27 31.52 0.27 73.24
PR-ZS20 91.76 76.35 0.52 64.72
PR-ZS30 80.77 69.97 0.47 65.21
PR-Z540 89.53 87.21 0.63 53.25
PR-1700 18.62 12.59 0.16 74.01
PR-ZS520-1700 96.22 88.52 0.50 69.87
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sudden failure at strains less than 13%. The higher compressi-
bility of aerogels at lower densities is attributed to larger poro-
sity, enabling bending deformation rather than fracture under
compressive loads. The decrease in compressive strength of
PR-ZS30 is probably caused by overdosed Zr/Si precursor alter-
ing the original crosslinking structure of PR and weakening
the strength of the porous network.

The thermal insulation performance of aerogels was eval-
uated according to their thermal conductivity (Fig. 5d and
Table 4). In general, the overall thermal conductivity com-
prises solid thermal conductivity (), gas thermal conduc-
tivity (1), convection transmission conductivity (4.), and
radiation transmission conductivity (4,),*> as illustrated in
Fig. 5c. Here, 1. can be neglected because the pore size of the
prepared aerogels is much smaller than the starting size of
natural convection (>1 mm). Meanwhile, A, mainly plays a
role in high temperature environments. Herein, the room
temperature thermal conductivity of aerogels is mainly deter-
mined by s and ,.>”** PR-ZS20 exhibits better thermal insu-
lation features than the others and has the lowest thermal
conductivity of 0.046 W (m K)~". This good performance can
be attributed to the rich micro/nanopore structure and the
low thermal conductivity of Zr-O and Si-O bonds as excellent
phonon barriers, which greatly reduce the A5 conduction.
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Fig. 4 TGA and DTG curves of PR and PR-ZS aerogels in (a and b) N, and (c and d) air atmospheres.
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Sample Tase in air (°C) Tase in N, (°C) Ta109 in air (°C) Ta10% in Ny (°C) Ry in air (%) Rooo in N, (%)
PR 326.17 247.17 369.33 356.17 0.73 51.85
PR-ZS10 141.83 184.17 320.17 261.83 13.11 50.81
PR-ZS20 290.17 248.00 350.17 349.67 18.81 58.80
PR-ZS30 284.50 243.50 349.33 347.33 23.46 60.06
PR-Z540 271.67 244.50 350.67 343.00 28.90 61.05
PR-1700 655.00 — 668.00 — 3.72 —
PR-ZS20-1700 619.67 — 631.83 — 34.46 —
(a) (b) 4
© —PR-ZS10 ©
12
€] —przs20 =
~ ——PR-ZS30 ~ 61
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17 » ]
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Fig. 5 (a) Compressive stress—strain curves, (b) compressive stress at 5% strain, (c) schematic of the heat insulation mechanism, and (d) room-temp-

erature thermal conductivity of PR and PR-ZS aerogels.

Commonly, high mechanical strength and low thermal con-
ductivity are considered mutually exclusive, and a balance
between them is expected. In this study, the PR-ZS20 sample

Table 4 Compressive stress and thermal conductivity data of aerogels

Compressive Thermal

stress (MPa) conductivity
Sample Density (g cm™) at 5% strain W (mK)™
PR 0.28 + 0.02 1.54 0.056
PR-ZS10 0.31 +0.03 1.03 0.048
PR-ZS20 0.41 + 0.02 4.75 0.046
PR-ZS30 0.46 + 0.04 3.37 0.048
PR-ZS540 0.65 + 0.02 6.83 0.054
PR-1700 0.34 £ 0.04 2.20 0.141
PR-ZS20-1700 0.46 + 0.01 3.35 0.189

This journal is © The Royal Society of Chemistry 2025

exhibits effective thermal insulation properties while main-
taining high mechanical strength.

3.4. Structure and property investigation on ceramic aerogels

Based on the above analysis, PR-ZS20 was selected for high
temperature carbonization to prepare ceramic aerogels, and
the microstructure and properties of ceramic aerogels were
studied. The microstructures of PR-ZS20 carbonized at
different temperatures were observed by TEM images. As
shown in Fig. 6a, PR-ZS20-1100 exhibits a typical aerogel
network overlay structure, with amorphous SiO, and crystalline
ZrO, nanoparticles surrounded by disordered carbon. In
Fig. 6b, a crystal spacing of 0.30 nm corresponding to the
ZrO, (0 1 1) plane can be evidently observed, but no diffraction
fringe related to the SiO, crystal plane can be found,

Nanoscale, 2025, 17, 230-242 | 237


https://doi.org/10.1039/d4nr03470h

Published on 08 November 2024. Downloaded on 16/03/2026 15:52:47.

ZrC (20 0)

I
I
& |
.»"
L

View Article Online

Nanoscale

d=0.30 nm
ZrO: (01 1)

5 nm

Fig. 6 TEM images, HRTEM images, and TEM mapping images of (a—c) PR-Z520-1100, (d-f) PR-ZS20-1400, and (g—i) PR-ZS20-1700.

indicating that ZrO, exists in a crystalline state in the aerogel
network, but SiO, and carbon are amorphous.** As the carbon-
ization temperature rises to 1400 °C, ZrO, and SiO, nano-
particles begin to aggregate to form larger particles (Fig. 6d).
In addition, there is still only a crystalline phase of ZrO, in
Fig. 6e, indicating that SiO, is still amorphous. When the
carbonization temperature reaches 1700 °C, the nanoparticles
grow to 10-20 nm (Fig. 6g) with interplanar crystal spacings of
0.23 nm and 0.25 nm (Fig. 6h), which correspond to the
ZrC (2 0 0) and SiC (1 0 2) planes, respectively.*> Nanoparticles

238 | Nanoscale, 2025, 17, 230-242

in PR-ZS20-1700 exhibit a relatively loose distribution due
to growth of nanocrystals and consumption of carbon during
the carbothermal reduction reaction. Moreover, it can be
clearly seen that ZrC and SiC nanocrystals are adjacent to each
other, leading to mutual inhibition of nanocrystal growth
which contributes to their extraordinary dimensional stability
at 1700 °C.

To further identify the structures of ceramic aerogels, XRD
and XPS techniques were employed. Fig. 7a shows the XRD
patterns of aerogel samples carbonized at 1100-1700 °C.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) XRD patterns and (b) XPS spectra of PR-ZS20-1100, PR-ZS20-1400, and PR-ZS20-1700.

When the carbonization temperature is lower than 1400 °C,
the diffraction peaks at 30.27°, 34.81°, 50.37°, and 60.20°
assigned to the (0 1 1), (0 0 2), (1 1 2), and (1 2 1) planes of the
ZrO, phase (PDF No. 50-1089) were clearly detected, confirm-
ing the existence of zirconia crystal phases. When the carbon-
ization temperature reaches 1700 °C, the diffraction peaks at
35.73° and 60.15° assigned to the (1 0 2) and (1 1 0) planes of
the SiC phase (PDF No. 29-1131) can be detected.*® The diffrac-
tion peaks at 33.04°, 38.33°, 55.32°, 65.96°, and 69.30°
assigned to the (11 1), (2 00), (220),(311),and (22 2)
planes of the ZrC phase (PDF No. 35-0784) can be observed.*

This confirms that the carbothermal reduction reaction occurs
in PR-ZS20-1700, and crystalline SiC and ZrC are formed,
which is consistent with TEM results. The XPS spectra show
the presence of Si, Zr, C, and O peaks for all samples (Fig. 7b).
With the increase of carbonization temperature, the element
fraction of O decreases gradually, indicating that O atoms are
consumed in the carbothermal reduction reaction.

The N, adsorption-desorption isotherms and BJH pore size
distributions of PR-ZS20-1700 are shown in Fig. 8a. The N,
adsorption-desorption isotherms of PR-ZS20-1700 exhibit a
typical type IV isotherm, indicating the presence of mesopores

(@) - (E) 4 (c)1zoo-
E 300 T o6 o —PR-Z2S20-1700
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=) 3 = 3 O 400
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Fig. 8 (a) N, adsorption—desorption isotherms and BJH pore size distribution curve, (b) compressive stress—strain curve, and (c) front and backside
temperatures during the ablation of PR-ZS20-1700. (d) Pristine sample, (e) sample during burning test, and (f) sample after burning test.
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and macropores. Sy increased from 91.76 m® g~ ' for PR-ZS20
to 96.22 m*> g~' for PR-ZS20-1700 (Table 2) due to the for-
mation of micropores during the pyrolysis and carbonization
processes. The compressive stress-strain curve of PR-ZS20-
1700 is illustrated in Fig. 8b. It can be seen that when the
strain reaches 1.3%, the stress drops sharply, revealing the
brittleness of ceramic aerogels (insert in Fig. 8b). Compared to
PR-1700 (2.20 MPa), PR-ZS20-1700 demonstrates relatively high
compressive strength (3.35 MPa) owing to the formation of
silicon carbide and zirconium carbide nanoparticles (Table 4).
Thermal stability in air atmosphere is a critical factor for asses-
sing the reliability of aerogels. The Ry of PR-1700 in air atmo-
sphere is 3.72%, while that of PR-ZS20-1700 is 34.46%
(Table 3), proving the excellent oxidation resistance of ceramic
aerogels.

The thermal ablative properties of the ZrC/SiC/C ceramic
aerogels were evaluated under a dynamic ablative environment
simulated by a butane torch burning test apparatus. When
PR-ZS20-1700 is subjected to heat flow for 300 s, the front
surface temperature rises to 960 °C, and the peak temperature
of backside surface (20 mm from the front) is only about
330 °C (Fig. 8c). Fig. 8d-f show the appearance of PR-ZS20-
1700 before, during, and after the butane torch burning test.
Its shape remains unchanged with a white surface layer
appearing due to the formation of oxide nanoparticles. In
addition, the better ablative resistance performance of ceramic
aerogels is demonstrated compared with that of carbon aero-
gels. The mass ablation rate of PR-ZS20-1700 is —0.0063 g
min~', which is considerably lower than that of PR-1700
(0.056 ¢ min™"). Interestingly, the mass of the PR-ZS20-1700
sample increases rather than decreases after the burning test,
which is caused by the oxidation of silicon carbide and zirco-
nium carbide into silica and zirconia particles. Moreover, the
oxide layer covering on the surface can protect the inner
materials from the attack of oxygen.

4. Conclusions

In this work, hybrid phenolic aerogels were prepared by the
sol-gel reaction of PR, Zr/Si precursor, and HMTA. Compared
with pure phenolic aerogels, the hybrid aerogels have a similar
interconnected porous structure but larger SSA, better thermo-
oxidative stability, and higher compressive strength. The com-
pressive stress of PR-ZS20 at 5% strain reaches 4.75 MPa while
maintaining a low thermal conductivity (0.046 W (m K)™).
After carbonization at 1700 °C, Zr/Si precursor is transformed
into SiC and ZrC nanocrystals by the carbothermal reduction
reaction, with the crystalline size around 10-20 nm. The ZrC/
SiC/C ceramic aerogels demonstrate better ablative resistance
and thermal insulation performance than the carbon aerogels
derived from pure phenolic aerogels under the butane torch
burning test. The linear ablation rate is as low as 0.017 mm
min~", and the backside temperature at a depth of 20 mm is
below 330 °C after 300 s of burning, while the front tempera-
ture is approximately 960 °C. These excellent properties prove
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that the hybrid aerogels and the ZrC/SiC/C ceramic aerogels
are qualified candidates for thermal protection materials in
long-term and high-temperature aerobic environments.
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