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A series of ZrO,-SiO, composite aerogels have been synthesized by adjusting the volume of tetraethoxysilane (TEOS)
during supercritical fluid drying process. ZrO, aerogels have been prepared via the sol-gel reaction using ZrOCl,-8H,0 and
the gel initiator malic acid as raw materials. Then the ZrO,-SiO, composite aerogels have been obtained by supercritical
fluid deposition (SCFD). The samples have been characterized applying XRD, FTIR, SEM, TEM, TGA and Nitrogen
adsorption-desorption. The introduction of SiO, can effectively restrain the growth of the nanoparticles and the
transformation of crystalline phase, and reduce the linear shrinkage of the aerogels. It indicates the improvement of the

thermostability of the ZrO,-SiO, composite aerogels.
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ZrO, aerogel with low density and high porosity have
enormous application prospects as the next generation
of high temperature resistant material '. And the high
melting point of zirconia materials is ~2700°C. ZrO,
aerogels became irreplaceable materials in space
exploration®. Therefore, more and more attention has
been paid to zirconia aerogel. But the resistance to
high temperature of ZrO, in practical application is
still insufficient, such as the tolerance of thermal
stability under 1200 °C>°,

Seeking for better performance of ZrO, in the
practical engineering application, researchers have
done lots of modified work with respect to this
problem. Composite aerogels were prepared,
including Zr0O,-Al,03, ZrO,-Si0,, Zr0,-Ti0,, and so
on*’. Zr0,-Si0, aerogels were mainly synthesized by
three methods. One was ZrO, modified with TEOS 8
. One was using sodium silicate (Na,SiO;) as a
gelation agent in zirconia sol-gel reactions'’. Another
was by “click” reaction to form new organic acid to
in-situ hydrolysis of silicon source''. After modified,
the grain growth and linear shrinkage problem of
ZrO, aerogel have been restricted. For example,
Shen’s group developed the sol-gel method to
effectively control the hydrolysis rate of zirconium
butoxide by acetone-aniline in situ water formation.
Then the liquid phase deposition technology was
applied in the process of aging. The obtained

composite aerogel ZrO,-Si0; had good heat resistance
and mechanical strength. The specific surface area of
the composite aerogel was 186 m?g and line
shrinkage rate of 10%'2. Furthermore, the ZrO,
nanoparticles were also modified by coating with
silica during the aging process. The wet gel was aged
in TEOS and Fe (III) solution by repetition to obtain
the Fe (III) modified ZrO,/SiO, composite aerogel.
Further research was developed to modify ZrO, with
Si0, during supercritical drying process’. The
particle size and specific surface area of organic-
inorganic modified ZrO,/Si0, composite aerogel after
1000°C heat treatment were 3~4 nm and 203.5 m?/g,
respectively. This method needed to replace aging
solution by repetition, and needed the toxic
hexamethyldisiloxane as silicon source.

It was reported that the side group and -COOH in
organic acids can bind Zr*" to form wet gels'*".
Based on these results, the green organic acid---L-
malic acid (LMA) was chosen as a gelator to facilitate
ZrOCl, to form gel. Then different amounts of TEOS
were adopted in the process of supercritical drying to
obtain Zr0,-SiO, composite aerogel. When the
composite aerogels were treated at 1000°C, the linear
shrinkage decreased significantly from 52% to 20%.
It should be attributed to the introduction of SiO,,
inhibited the grain growth and transformation of the
aerogel after heat treatment.
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Experimental Section

Materials and Reagents

All chemical reagents were analytically pure and
were used as received without further purification,
including zirconium oxychloride (ZrOCl, 8H,0, 99.9%,
Aladdin, China), L-malic acid (LMA, C4H¢Os, 98%,
Aladdin, China), tetracthoxysilane (TEOS, Sinopharm
Chemical Reagent Co, Ltd (SCRC)) and absolute
ethanol (EtOH, Sinopharm Chemical Reagent Co, Ltd
(SCROQ)).

Preparation of zirconia wet gel

In a typical preparation procedure, 0.46 mol/L of
ZrOCl,-8H,O (A solution) and 1.0 mol/L of LMA
(B solution) ethanol colourless and transparent
solution were prepared. A given volume (2-6 mL) of
B solution was then quickly added into A solution
under continuous stirring. The solution was then
transferred to sealed glass culture dishes at 60°C to
form the wet gels. The detailed experimental data
were listed in Table 1.

* LMA-2-aerogel means the volume of the LMA
was 2 mL.

PLMA-2-V5-aerogel means the volume of the
LMA was 2 mL, the volume of TEOS was 5 mL.

Preparation of ZrO, and Zr0O,-SiO, composite aerogel

The wet gels were aged in EtOH for 3 days, then
transferred into an autoclave. The supercritical fluid
was EtOH or a mixture of EtOH and TEOS (V/V
=300 mL: 5/10/30 mL). The final temperature and

Table 1— The preparation parameters of the modified ZrO,

aerogels
Samples LMA (mL) TEOS (mL)
LMA-2-aerogel” 2 0
LMA-3-aerogel 3 0
LMA-4-aerogel 4 0
LMA-5-aerogel 5 0
LMA-6-aerogel 6 0
LMA-2-V5-aerogel ° 2 5
LMA-3-V5-aerogel 3 5
LMA-4-V5-aerogel 4 5
LMA-5-V5-aerogel 5 5
LMA-6-V5-aerogel 6 5
LMA-2-V10-aerogel 2 10
LMA-3-V10-aerogel 3 10
LMA-4-V10-aerogel 4 10
LMA-5-V10-aerogel 5 10
LMA-6-V10-aerogel 6 10
LMA-2-V30-aerogel 2 30
LMA-3-V30-aerogel 3 30
LMA-4-V30-aerogel 4 30
LMA-5-V30-aerogel 5 30
LMA-6-V30-aerogel 6 30

pressure of the system were 260°C and 7 MPa.
The supercritical state was maintained for 65 min, and
the autoclave was decompressed to atmospheric
pressure and cooled to room temperature, then the
composite aerogels were obtained, which were named
LMA-X-VY-aerogel (X: the volume of LMA, Y: the
volume of TEOS).

Characterization

The morphology of the aerogels was observed by
HITACHIS-4800 scanning electron microscope
(SEM) and transmission electron microscopy
(TEM, Tecnai G*F20 S-TWINFEI) equipped with
Energy-dispersive X-ray spectroscopy (EDX). X-ray
diffraction (XRD) measurement was performed in an
X-ray diffractometer (X’Pert PRO, PANalytical B.V.)
with Cu K, radiation (A = 1.5418 A) at 4°min
scanning speed in the 26 range from 10° to 90°.
Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) are performed on a TA-Q 500
TGA instrument. Samples are pre-treated at 100 °C
for 30 minutes before being heated to 1000 °C (10 °C
/min). Fourier Transform Infrared Spectroscopy (FT-
IR) was recorded on Nicolet 5700 spectrophotometer
using KBr pellets containing 1 wt% of samples.
Nitrogen adsorption-desorption measurements
(Quantachrome Instrument Corp) were performed at
77 K. Surface area is evaluated using the Brunauer-
Emmett-Teller (BET) method from the adsorption
branch of the isotherm curve. The pore-size distributions
were calculated according to the Barrett-Joyner-
Halenda (BJH) model. The average pore diameters
and cumulative pore volumes were calculated using
the desorption branch of the isotherm.

Results and Discussion

FT-IR analysis

The FT-IR spectra of LMA-6-aerogel, LMA-6-
V10-aerogelandLMA-6-V30-aerogel were shown in
Fig. 1. The band located at 3434 cm’ in both
spectra was attributed to the -OH vibration of the
samples and the adsorbed water on their surfaces'™"”.
The absorbance of v,s (C=0) vibration was located at
1632 and 1634 cm™ 2*?%, 1t is known that SiO, should
exist in LMA-6-V10-aerogel and LMA-6-V30-
aerogel. Specifically, the characteristic band at 1067
cm” was assigned to Si-O in LMA-6-V10-aerogel and
LMA-6-V30-aerogel'®”, indicating that SiO, has
successfully incorporated into ZrO, during SCFD
process.
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SEM analysis

The SEM images of LMA-6-aerogel and LMA-6-
V30-aerogel were showed in Fig. 2 (a and b). After
the heat treatment at 1000°C, the particle size of
LMA-6-aerogel-1000 was about 40-65 nm, which was
increased obviously. While there was no obvious
change in LMA-6-V30-aerogel-1000, the particle size
was about 10-15 nm, which was seen in Fig. 2 (c and
d). This should be attributed to the SiO, phase
introduced in SCFD process. The introduced SiO, was
an effective inhibitor to restrain the growth of
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Fig. 1 — FT-IR spectra of (a) LMA-6-aerogel; (b) LMA-6-V10-
aerogel and (c) LMA-6-V30-aerogel

nanoparticles of the aerogel'”******. The particle size
measured by SEM characterization differed from the
numerical values calculated by XRD data using
Scherer equation and the TEM results. The SEM
results were too large. It can be attributed to the
agglomerative tendency of the prepared aerogels, and
its poor electrical conductivity, led to the SEM graphs
not very clear to distinguish each nanoparticle. The
photographs of LMA-6-aerogel and LMA-6-V30-
aerogel show that the diameter of LMA-6-aerogel and
LMA-6-V30-aerogel were about 4 cm and 5 cm,
respectively. When they were treated at 1000°C for 1
hour, the diameter of LMA-6-aerogel shrank to 2 cm,
while LMA-6-V30-aerogel 4 cm. The linear shrinkage
of the two aerogels was about 50 and 20% by
calculation.

TEM analysis

TEM characterization was applied to further
investigate the morphology and the thermal stability
of the prepared aerogels. The microstructure of the
LMA-6-aerogel and LMA-6-VX-aerogel (X =5, 10,
30) samples before and after heat-treatment at 1000
°C were showed in Fig. 3. The morphology of the as-
prepared aerogels before heat-treatment was similar
with each other. From the images in Fig. 3 (a, c, e, g),
it can be seen that all of them showed randomly
interconnected networks with irregular sphere
nanoparticles. However, when the four samples were
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Fig. 2 — SEM images of aerogel (a)LMA-6-aerogel; (b) LMA-6-V30-aerogel; (c) LMA-6-aerogel-1000 and (d) LMA-6-V30-aerogel-1000
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Fig. 3 — TEM images of aerogel (a) LMA-6-acrogel; (b) LMA-6-aerogel-1000; (c) LMA-6-V5-aerogel; (d) LMA-6-V5-aerogel-1000;
(e) LMA-6-V10-aerogel; (f) LMA-6-V10-aerogel-1000; (g) LMA-6-V30-aerogel and (h) LMA-6-V30-aerogel-1000

treated at 1000°C for 1 h, there was dramatic
difference to LMA-6-aerogel-1000 and LMA-6-VX-
aerogel-1000 (X = 5, 10, 30) samples.

From the images in Fig. 3 (b, d, f, h), it can be seen
that the particle size in LMA-6-aerogel-1000 was
obvious larger than that in LMA-6-VX-aerogel-1000
(X =5, 10, 30). The particle growth in LMA-6 after
heating treatment was evident, which was attributed
to the nanoparticles sintering during the heat-
treatment process. And the particle size was estimated
to be ~60 nm. While the particle size in LMA-6-VX-
aerogel-1000 (X = 5, 10, 30) was about 5-8 nm, much
smaller, which was almost no obvious variation in
comparison with LMA-6-VX-aerogel (X =5, 10, 30).
Obviously, it was accounted to the SiO, phase
introduced the aerogels in the SCFD process. The
composite aerogels formed core-shell structure. The
successful introduction of SiO, as shell inhibited the
growth of micro crystals under thermal treatment.
There are some literatures reported SiO, improved the
thermal stability of ZrO,. SiO, was introduced in
aging process to improve the compressive strength of
71r0,-S10, aerogellg. Zr0,-Si0, aerogel was obtained
via SCFD process, and the particle size of the ZrO,-
Si0,-1000 aerogel was restricted to 10-30 nm **.
Therefore, the introduction of SiO, can improve the
thermal stability of ZrO, aerogel.

XRD analysis

The thermal stability of LMA-6-V30-aerogel
was much higher than the sample LMA-6-aerogel
(X =2, 3, 4, 5) via the above analysis. The XRD
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Fig. 4 — XRD patterns of (a) LMA-6-aerogel; (b) LMA-6-V30-
aerogel (for the as prepared sample and samples after calcination
at different temperature for 1 hour)

characterization was further applied to evaluate the
thermal stability of the samples, which was shown in
Fig. 4 and Fig. S2. From the images in Fig. 4a, it can
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Fig. 5 — (a, c, e) Nitrogen adsorption-desorption isotherms of LMA-6-VX-aerogel (X = 5, 10, 30) as-prepared and that were heated at
600, 800 and 1000 °C; (b, d, f) Pore size distributions isotherms of LMA-6-VX-aerogel (X =5, 10, 30) as-prepared and that were heated
at 600, 800 and 1000 °C; (g) Specific surface area of LMA-6-VX-aerogel (X =5, 10, 30) calcined at different temperature and (h) TG-

DTG curve of aerogel of LMA-6-V30-aerogel

be seen that the as-prepared LMA-6-aerogel was
amorphous. It was tetragonal phase under 600 °C, and
the diffraction peaks were at around 30.27°, 34.81°,
50.38° and 59.61°(JCPDS card no. 50-1089).
Monoclinic phase was detected at 800 and 1000 °C,
and its main peaks were at about 24°, 28.2°, 31.5°
and 54° (JCPDS card no. 37-1484)** ¥. In stark
contrast to LMA-6-aerogel, the XRD patterns of
LMA-6-VX-aerogel (X = 5, 10, 30) were amorphous
phase below 800 °C, which showed broad diffraction
peaks (Fig. 4b). From the images, it can be seen that
phase transformation of LMA-6-VX-aerogel (X = 5,
10, 30) took place only at 1000 °C. The X-ray
crystallinity and crystallite size were calculated
by Scherer equation. All the samples were calculated
by tetragonal phase. The detailed results were
listed in Table 2. From Table 2, it can be seen that
the X-ray crystallinity and crystallite size gradually
decreased, demonstrating the introduction of SiO,
can inhibit the growth of the particles. Meanwhile, the

X-ray crystallinity of sample LMA-6-V30-aerogel-
1000 was 24.9%, and it was smallest. It illustrated
the better retention of amorphous state with the
increase of SiO,. By comparison with the XRD
results, it was discovered that the thermal stability
of the aerogel improved tremendously when SiO,
was introduced into ZrO,, which was closed to the
TEM results.

N, adsorption-desorption analysis

N, adsorption-desorption characterizations were
applied to detect the surface area and pore volume of
LMA-6-aerogel and LMA-6-VX-aerogel (X = 5, 10,
30) as-prepared and that were treated at 1000 °C, and
the results were listed in Fig. 5 (a-f) and Table 2. All
the as-prepared four samples showed similar Type 11
isothermal curves, shown in Fig. 5 (a, c and e). The
specific surface areas of LM A-6-aerogel and LMA-6-
VX-aerogel (X = 5, 10, 30) as-prepared were 339,
386, 437 and 551 m?/g, respectively. The specific
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Table 2 — Surface area, pore volume and linear shrinkage of LMA-6 and LMA-6-VX-aerogel (X =5, 10, 30) as-prepared and that
treated at 1000 °C

Surface area  Pore volume

samples

linear shrinkage

1lite si Icul
X-ray crystallinity crystallite size calculated by

(m?¥/g) (ecm’/g) (AL/L) Scherer equation (nm)
LMA-6-aerogel 339 0.92 / / /
LMA-6-aerogel-1000 12 0.06 52% 78.6% 30.8
LMA-6-V5-aerogel 386 0.88 / / /
LMA-6-V5-aerogel-1000 56 0.23 41% 43.0% 5.6
LMA-6-V10-aerogel 437 1.00 / / /
LMA-6-V10-aerogel-1000 53 0.30 37% 39.9% 5.2
LMA-6-V30-aerogel 551 0.85 / / /
LMA-6-V30-aerogel-1000 50 0.27 20% 24.9% 4.2

surface areas of LMA-6-VX-aerogel series were
larger than that of LMA-6-aerogel, which were
assigned to the introduction of SiO,. Fig. 5 (b, d and f)
gave the analysis of the mesopore size distribution
accomplished by BJH method. The pore volumes of
the as-prepared four samples had little difference,
from 0.85 to 1.00 cm’/g. According to the pore
distribution cures, most of the pores were in the range
of 2-40 nm. However, the surface area of the aerogels
dropped significantly when treated at 1000°C, which
was shown in Fig. 5g.

Comparing LMA-6-aerogel-1000 and LMA-6-VX-
aerogel-1000 (X = 5, 10, 30), the surface area of the
former was only 12 m?/g, while the series of the latter
were about 50-56 m®/g. And for LMA-6-aerogel-
1000, the pore volume reduced to 0.06 cm’/g, while
for LMA-6-VX-aerogel-1000, the pore volume
reduced to 0.23-0.30 cm®/g as shown in Fig. 5 (b, d
and f). The results demonstrated the thermal stability
of the series of LMA-6-VX-aerogel much improved.
This result and the reported data in literatures were
comparable. The surface area of the sulfated ZrO,
aerogel was approximately 74 m?/g after heat
treatment at 700 °C *®. The surface area of the
7Zr0,/Y,0; aerogel were 159 m’/g and 26 m’/g
afterheat treatment at 550 and 1000 °C, respectively™.
Comparing the data in Table 2, it can be discovered
that LMA-6-V30-aerogel had the largest specific
surface area of 551 m’/g and the smallest linear
shrinkage of 30%, indicating the good thermal
stability of this sample. Therefore, LMA-6-V30-
aerogel was chosen as the main research object. Such
data evidenced the thermal stability was improved via
the role of SiO,.

TGA/DTA analysis
Figure 5h showed the TGA/DTA result of LMA-6-

V30-aerogel. The sample was lost about 7 wt%
weight loss at 50-250°C, corresponding to the surface

adsorbed water and part of organics on the particle
surface. There was about 10 wt% weight loss from
250 to 600 °C, which was mainly attributed to the
decomposition of residual organics. And there was
almost no weight loss from 600 to 900 °C, which was
match with the FT-IR results.

Conclusion

7Zr0,-Si0, composite aerogels were successfully
prepared by sol-gel method applying ZrOCl,-8H,0,
LMA and TEOS as raw materials followed by
supercritical ~ fluid deposition. The structural,
morphological and specific surface area were
investigated. The investigations made on the present
study were:

IR spectra of LMA-6-VX-aerogel (X = 10, 30)
showed absorption peak at 1067 cm’ belonging to
Si0,, while LMA-6-aerogel did not present
absorption peak at 1067 cm”, indicating the
successful incorporation of Si0, into ZrO,.

SEM analysis showed aerogels were made up of
agglomerated nanoparticles. Compared with LMA-6-
aerogel-1000,t e particle size of LMA-6-VX-aerogel-
1000 were about 10-15 nm, having a little change
before and after heating, which indicated the
incorporation of SiO, can inhibit the nanoparticles’
growth.

TEM analysis showed the core-shell structure in
LMA-6-VX-aerogel. The shell SiO, can prevent the
growth of the nanoparticles.

In XRD analysis, LMA-6-acrogel sample showed
tetragonal phase at 400 °C. While the LMA-6-VX-
aerogel samples(X = 5, 10, 30) kept amorphous phase
under 800 °C, and it showed tetragonal phase until
1000 °C, demonstrating the latter had better heat
stability.

N, adsorption-desorption characterizations showed
the specific surface area of LMA-6-VX-aerogel-1000
samples were about 50 m?%g, while LMA-6-acrogel-
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1000 was 12 m*/g, which was also responsible for the
incorporation of SiO,.

TGA/DTA results showed there was 20% other
components including absorption water and the
remaining organic acids above 600 °C in accordance
with the FT-IR results.

In summary, comparing to LMA-6-aerogel, the
heat stability of LMA-6-VX-aerogel has improved
greatly. The size growth, linear shrinkage and the
phase transformation of the aerogels were effectively
restricted by incorporation of SiO, into ZrO,. This
preparation method was simple, and it supplied a way
to improve the thermal stability of ZrO, aerogel.
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