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Abstract: We have developed a new sol-gel route to synthesise Al,0;3-SiO, composite aerogel
with different alumina/silica (Al/Si) molar ratios using inexpensive inorganic salt. The approach is
straightforward, inexpensive, and it produces monolithic mesoporous material with high specific
surface area heat-treated at elevated temperatures. The effects of different Al/Si molar ratios and
calcination temperatures on the microstructures and properties of Al,03-Si0, composite aerogels
are investigated in this study. Results show that SiO, is essentially amorphous, while Al,O3;
predominately exists as polycrystalline boehmite for the as-dried composite aerogels. With the
increase of Al/Si molar ratios, the morphologies change from connected spheroidal particles to
nanometer-sized fibrous particles and web-like microstructures with varying diameters. As the
heat treatment temperature increases to 600 °C, structural transition from boehmite to y-Al,O;
occurs within all the composite aerogels, and mullitization firstly occurs with the Al/Si molar ratio
of 1 at around 1000 °C. The specific surface area undergoes an increase-decrease-increase process
at 600 °C and 1200 °C for the composite aerogels with different Al/Si molar ratios. The specific
surface area is as high as 166 m”/g at 1200 °C for the sample with Al/Si molar ratio of 8, which is
higher than ever reported. The thermal conductivities of mullite fiber mat reinforced aerogel
composite at room temperatures are 0.023 W-m'K?, 0.029 W-m” K and 0.025 W-m™ K" with
the Al/Si molar ratio of 2, 3 and 8, respectively, suitable for efficient thermal insulations uses.
Key words: Al,03-SiO, composite aerogel; Boehmite; Mullite; Heat treatment; Pore structures
1 Introduction

Alumina aerogels are nano-porous materials with low density, high porosity and high surface
area. Due to their unique nanostructure, they show relatively high strength, enhanced thermal

stability, high specific surface area and chemical stabilities [1, 2]. Thus, they have drawn great
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interests in a wide range of application prospects in advanced aircraft, spacecraft and catalyst
carriers at high temperatures [3]. However, practical applications of alumina aerogels have been
restricted due their limited heat resistance and the drastic decrease of specific surface area upon
heat treatment at temperatures over 1000 °C due to phase transitions of alumina nanoparticles.
Thus, significant efforts have been dedicated to thermal stability improvement of alumina aerogels
via maintaining the nanostructures and specific surface areas of alumina aerogels at elevated
temperatures [4-5]. One way to solve the problem is to synthesise alumina aerogel through
modification in the preparation process. Zu [1] et al. reported a method of preparing Al,O; aerogel
which can be used at temperatures as high as 1300 °C via a novel acetone-aniline in situ water
formation (ISWF) method combined with supercritical fluid modification (SCFM) and
hexamethyldisilazane gas phase medication. Wang [6] et al. developed a method of preparing
monolithic super heat-resistant trimethylethoxysilane-modified alumina aerogels based on the
ISWF and SCFM techniques. The resulting alumina aerogel shrank little and possessed a high
specific surface area of 147 m?/g after heat treatment of 1200 °C for 2h. The thermal stability of
alumina aerogels was much improved, however, the method was a little complex, expensive and
the thermal conductivity was a little higher than the conventional silica aerogels. Another two
methods were commonly reported for the suppression of alumina phase transition: one was the
addition of other elements, such as Si, La, Ba, or Zr [4, 7], and the other was to decrease the bulk
density of the alumina powders [8]. Thus many researchers have paid attention to Al,0;-SiO,
composite aerogel with much low bulk density and silica-doped effect in order to obtain
composite with higher heat resistance and larger specific surface area at elevated temperatures [9].
Lin [10] et al. proposed a method using aluminum sec-butoxide as alumina source and
tetraethoxysiane as silicon source to prepare SiC-coated mullite fiber reinforced Al,O03-SiO,
aerogel composite. The composite possessed heat resistance at temperatures over 1200 °C since
the pyrolysis was conducted at such a high temperature, and the thermal conductivity of the
composite was as low as 0.049 Ww-m” K" at 1000 °C. Feng [11] et al., for example, have shown
the effect of the silica content on the structures and properties of the Al,O3-Si0, aerogel. They had
showed that when the silica content is 6.1wt %-13.1wt%, Al,05-Si0, composite aerogel possessed
a larger specific surface area (339-445 mz/g) than the pure alumina aerogel (157 mz/g) at 1000 °C,

as a result of the suppression of the phase transition. Osaki [12, 13] et al. proposed a method using
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aluminum isopropoxide as alumina source and tetracthyl orthosilicate as silicon source to prepare
Al,03-S10; aerogel. The addition of silica particles surrounding the y-Al,O; inhibited the contacts
of Al,O3 particles, thus decreasing the probability of crystal nucleation, and a-Al,O3; phase
transition was largely inhibited. It possessed a large specific surface area of 47 m?/g at 1200 °C.
Although preparation of alumina aerogel monoliths from aluminum alkoxide has been used to
prepare a variety of alumina aerogels with large specific surface area [8,14,15], this method was
typically difficult due to complex chemical pathways leading to gelation, the susceptibility to
cracking during drying and especially the high reactivity of the aluminum alkoxide, which easily
causes precipitation [16]. Hurwitz [17] et al. directly used boehmite powder as alumina source to
prepare ALO;-SiO, composite aerogel, the specific surface area was as high as 266 m’/g at
1100 °C, whereas the phase transition of y-Al,0s/m-Al,O3 happened as early as 600 °C. On the
other hand, the boehmite powder required to be dispersed in 0.09 M nitric acid solution or in water
and sonicated using ultrasonic processor, which was also a complex procedure. Thus, an attempt
to develop a sol-gel method that utilizes simple aluminum salts in the preparation of
high-surface-area Al,05-SiO, composite aerogel, avoiding the use of highly reactive alkoxide
precursors, is worthwhile.

The objective of this work is to develop a new convenient sol-gel method that facilitates the
fabrication of Al,03-SiO, composite aerogel, which possesses high specific surface area at
elevated temperatures and low thermal conductivity at room temperature. Conventionally, the
silicon sol and the aluminum sol has to be prepared separately followed by mixing in one pot,
since the hydrolysis rate of them is much different. Herein in our work, the monolithic Al,0;-SiO,
composite aerogels with different Al/Si molar ratios were prepared by simply mixing the
reactants in one pot, followed by gel, aging, solvent exchange and C,HsOH supercritical drying.
Al,03-S10; sols were synthesized by using cheap inexpensive inorganic salt (AlCl;.6H,0) and
tetracthoxysilane (TEOS) as precursors, ethanol (EtOH) as solvent, deionized water (H,O) as
hydrolyzing agent, propylene oxide (PO) as network forming agent, and no catalyst was used in
the total procedure. Details of synthesis and discussions of the effects of Al/Si molar ratios and
calcination temperatures on the microstructures and properties of Al,03-SiO, composite aerogels
are given below.

2 Experimental procedures
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2.1 Synthesis

AlCI3.6H,0, TEOS, EtOH, H,O and PO were used as raw materials. All of the reagents and
solvents were analytical grade and used as received without further purification. Al,O3-SiO, sols
were prepared according to the following steps. AlCl;-6H,0, C,HsOH, H,O, TEOS were directly
mixed in a pot with a molar ratio of 1: 15: 50: (0.125, 0.25, 0.33, 0.5, 1), stirring for about 90 min
at 50 °C for complete hydrolysis and then cooled to room temperature. Subsequently, desired
amounts of PO (molar ratio PO/Al=8) was slowly dropped into the clear solution. (Propylene
oxide was transferred by syringe through a septum, so as to reduce laboratory exposure and ensure
safety. It is listed by the US Environmental Protection Agency as a group B2 possible human
carcinogen, EPA Bulletin 75-96-9, crated April 1992, revised January 2000.) The reaction mixture
was further stirred for 10 min at room temperature, transferred to plastic molds, and the solutions
were allowed to gel at room temperature within 3 h. The wet gels were aged at room temperature
for 2 d and subsequently the gel parts were soaked in a bath of absolute ethanol for 5 d to
exchange the water and reaction byproducts from the pores of the materials. After aging and
solvent exchange, the wet gels were placed in an autoclave with volume of 0.5 L, after which the
temperature was ramped up to 270 °C with the heating rate of 1 °C/min while maintaining a
pressure of 100 bar for 2 h. The autoclave was then depressed at a rate of approximately 20 bar/h.
The autoclave vessel was evacuated after decompression for about 200 min, thus affording the
Al,03-S10, composite aerogels with different Al/Si molar ratios. In order to identify the
microstructures and properties of the Al,0;-SiO, composite aerogels at elevated temperatures,
they were all heat-treated with the same heating rate of 3 °C/min to the peak temperatures and
maintained at that level for 2 h in a muffle furnace. It was noted here that the sample heat-treated
at 600 °C with Al/Si molar ratio of 8 was denoted as AS=8-600 in this article.
2.2 Characterizations

Thermal gravimetric analysis (TGA) and differential scanning calorimetry analysis (DSC) were
performed by NETZSCH STA449C Thermogravimetric analyzer under a constant nitrogen flow
of 30 mL/min at a heating rate of 10 °C/min to 1200 °C. X-ray diffraction (XRD) patterns were
recorded using a Rigaku Smart Lab 3000, a diffractometer with CuKa, radiation (A=0.15406 nm).
The X-ray tube was operated at 35 kV and 30 mA. Scanning electron microscopy (SEM) was

conducted using a LEO-1530VP field emission scanning electron microscope. Photographs of the
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aerogels were taken with a transmission electron microscope (TEM) using JEOL JEM-2100 (UHR)
operating at the acceleration voltage of 200 kV. Surface areas, pore volume and pore distribution
were measured by nitrogen adsorption/desorption porosimetry by using a Micromeritics
ASAP2020 surface area and pore distribution analyzer after the samples were degassed in a
vacuum at 300 °C for 5 hours. The thermal conductivities of the mullite fiber mat reinforced
A1,0;-Si0; composite aerogels (40 mmX40 mm X 10 mm) were investigated by the measuring
apparatus (TPS2500, Hot Disk, Sweden) using a transient plane heat source method at room
temperature of 25 °C.
3 Results and discussion

Fig. 1 exhibits the photos of wet gels and aerogels with different appearances, and some
experimental values including the masses, volumes and bulk densities of the composite aerogels
with different molar ratios are presented in Table S1. Fig. 2 shows the schematic representation of
growth mechanism of Al,03-SiO, composite aerogel via C,HsOH supercritical drying [18]. The
theoretical density can be calculated as the following equation:

_ MAIOOH +MSiOZ MAIOOH +MS102

p= = (D
V, Veon TVreos TVino + Veo

total

where M0, Mg, are the masses of boehmite and SiO, aerogel part and Vi, Vigogs

Vio» Vpoare the volumes of EtOH, TEOS, H,0 and PO added to the solution in the total

procedure. The as-prepared Al,O3-SiO, composite aerogels exhibit crack-free and translucent
monolith in appearance. The bulk densities of the five samples (AS=8, 4, 3, 2, 1) are 0.053 g/em’,
0.064 g/cms, 0.076 g/cms, 0.085 g/cm3 and 0.096 g/cms, respectively, which are below 0.1 g/cms,

comparable to aluminosilicate aerogel, as reported by Hurwitz et al. [17]. It is reasonable that the

bulk densities increase with a decrease in Al/Si molar ratios s due to the increase of Mg, in

Eq. 1. During the preparation, the PO is employed as the proton scavenger and gel promoter. It can
slowly consume the protons in an acidic condition and mildly facilitate the condensation mildly,
which results in the more interconnected network [19]. The sol-gel mechanism can be described as
Eq. 2-4 [20-23]:

(1) Hydrolysis:
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A +6H,0 —[Al(H,0),]”
[Al(H,0),]" —[Al(OH), (H,0),, ] +nH"* )
Si(OC,H;),+nH,0 — Si(OH)n(OC,H,), . +nC,H,OH

Ar=fe~p

(2) Condensation:
_Si-OH+Si(OH), (OC,H,),. —>-Si-O-Si(OH),_,(OC,H,),, +H,0
-Si-OH+[(OH),Al(H,0),, |“*" — [8i-0-Al(0H), , (H,0), . | ™"
2[AI(OH), (H,0),,, ™" > [H,0),., (OH), ,AKO-AIOH), , (,0) Y ™ + H,0

+H,0

(4)

Fig. 3 provides the XRD patterns of Al,03-SiO, composite aerogel with different Al/Si molar
ratios, which are heat-treated at different temperatures. For the as-dried samples, with an increase
of Al/Si molar ratios, the broad diffraction peaks at 15°, 28°, 38°, 49°, 56°, 65° and 72°, which
corresponds to pseudoboehmite (AIO(OH), PDF No. 83-2384), become more evident. It exists as
polycrystalline boehmite instead of an amorphous morphology [20]. After heat treatment at
600 °C for 2 h, the y-Al,O3 (PDF No. 1-1308) pattern begins to emerge in the composite aerogel.
The difference is that the peaks of y-Al,O; become stronger with the increase in Al/Si molar
ratios, and boehmite still exists in the composite for AS=1, 2 and 3. Changes are not observed
after additional heat treatment at 800 °C for 2 h. With a higher heat treatment temperature at
1000 °C, the mullite phase (PDF No. 79-1451) begins to appear in the composite with AS=I,
whereas there are only the y-Al,O; phase and SiO, phase for the other samples. Conventionally,

the mullite phase is formed as described by the chemical Eq. 5 as follows [24, 25]:
3Al1,0,+2810, — 3AL,0, - 2Si0, (mullite) %)
The stoichiometric Al/Si molar ratio should be 3:1, which seems inconsistent with the

experimental result. However, since the reactant are mixed in one pot, there exits three

different kinds of Al-Si net sketches as Fig. S1. When the Al/Si molar ratio is larger than 1,
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rich-SiO; net and rich-Al,O; net part will exist in the composite at the same time, and they
will form SiO, phase and Al,O; phase, separately. In other words, when the Al/Si molar ratio is 1,
it forms a monophasic gel, whereas diphasic gel forms when the molar ratio is larger than 1. It is
demonstrated by the XRD patterns which contains SiO, and the y-Al,O; phase. Thus, the
mullitization process is inhibited with a larger Al/Si molar ratio. As is shown in Fig. 4, the mullite
phase becomes more apparent at 1100 °C for AS=1, and it begins to appear in the other samples
with larger Al/Si molar ratios. However, y-Al,O; exists in the composite as the main phase since
the peaks of y-ALLO; are so strong with large Al/Si molar ratios, especially for the AS=8 at
temperature as high as 1100 °C. After heat treatment at 1200 °C, all the samples give more narrow
and intense peaks of the mullite except the sample of AS=8. The peaks corresponding to y-Al,O4
still evidently remains in the composite. After further heat treatment at 1300 °C for 2 h, all the
samples exhibit intense peaks of the mullite, whereas the sample of AS=8 still possesses small
amount of y-AlL,O;. For comparison, Fig. 4(d) shows the XRD patterns of pure Al,O; aerogel
heat-treated at different temperatures, which is also derived from the PO method using
AICl;5.6H,0O as the alumina source. It is worth noting that with the increase of heat treatment
temperature, the Al,O; aerogel follows the sequence boehmite—vy-Al,0;—>0-Al,05;—~>0-Al,O3. The
results infer that a-Al,O; phase transition is inhibited during heat treatment because y-Al,O; stably
exists at temperature as high as 1300 °C for the sample of AS=8. This phenomenon is favorable to
homogeneous nanostructures and low thermal conductivity, since o-Al,O; phase transition
(hexagonal close-packed structure) causes volume shrinkage and sintering, compared with other
Al O; crystal forms (spinel structure), which decreases the heat insulation performance of
Al,03-S10, composite aerogel.

Fig. 5 presents the FTIR analysis of the as-dried samples with different Al/Si molar ratios. The
characteristic peaks of the composite aerogels draw close to pure Al,O; aerogel with the increase
of Al/Si molar ratios. The presence of some water molecules is evidenced by the bands at 3445
cm” and 1637 cm™. These two bands do not show significant changes with the decrease of Al/Si
molar ratios. The presence of a small amount of organic residues is evidenced by the typical IR
bands at 2981 cm'l, 2930 cm'l, 2853 cm'l, 1465 cm™ and 1402 cm'l, which is caused by C-H
vibration of hydrocarbon groups [26]. It is well known that the lamellar structure of AIOOH (Fig.

S2) has been previously reported by Yarbrought and Roy [27]. The OH groups within the structure
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could form zigzag chains between the planes of oxygen ions, which could lead to the above two
distinct OH stretching modes due to their crystallographically inequivalent coupling effect [28].
The band at 1069 cm is attributed to the v Al-O-H modes of boehmite, whereas the band at 3092
em’ is assigned to the v,; AI-O-H stretching vibration of boehmite [28]. The bands at 778 cm'l,
632 cm™, 887 em™ and 486 cm™ are attributed to the Al-O mode of boehmite, which is similar to
the alumina aerogel reported by Zu [3] et al. It is worth noting that the bands at 1069 cm and 632
cm’' corresponding to bochmite shift towards lower wavenumbers with the decrease of Al/Si
molar ratios, which is caused by the presence of Si in its environment. This phenomenon has
been observed and confirmed more than once [29]. The peaks appeared at near 1169 cm™ and
738 cm’ are important signs to declare the existence of hetero-linkage Si-O-Al band in the
sample, which is favorable to mullite formation in the further reaction. The above FTIR
analysis is consistent with the XRD results.

Fig. 6 presents the TG and DSC curves of the as-dried Al,03-Si0, composite aerogels with
different Al/Si molar ratios heat-treated to 1200 °C in flowing argon. The thermogram profile
can be divided into three main regions: (1) 20-200 °C, (2) 200-500 °C, and (3) 500-1200 °C.
The first region is caused by the evolution of physically adsorbed ethanol and water, whereas
the second region is attributed to the continuous structural transition from boehmite to

v-AL,O;5 as follows [28, 30, 31]:
2Al0(OH) — y-Al,0,+H,0 (6)

The theoretical weight loss of 15 % can be calculated with this the equation, which is a little
larger than the practical weight loss (for AS=8, the value is 13.9 %) in this region because
there is little amount of amorphous SiO,, which doesn’t lose weight in the heat treatment
process. When the SiO, content of the composite aerogel increase, weight loss decreases
during the second region. It is found that a broad endothermic peak appears in the second
region, which is caused by the removal of hydroxyl in the skeleton of Si-OH and Al-OH,
followed by the structural transition as Eq. 6. There is almost no weight loss in the third
region, whereas there is a sharp but small exothermic peak in the DSC curve, which is
attributed to the mullitization as Eq. 5 at elevated temperatures. It is worth noted that with the

increase of Al/Si molar ratios, the mullitization temperature increases as well. This is
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consistent with the XRD patterns because it also indicates that the mullite phase begins to
appear at a temperature of 1000 °C for the sample of AS=1, and mullitization temperature is as
high as 1100 °C for the sample of AS=8. The production of mullite phase is beneficial for
improving the properties of the composite aerogel due to its various attractive properties
which include high thermal stability, a high melting point and chemical stability [32, 33]. The
formation temperature in this experiment is lower than the temperature required in the solid
state (such as powder mixture) method, in which the temperature ranges from 1240 °C to
1350 °C [34]. This finding is primarily attributed to the adequate mixing that is needed to
promote uniformity of the starting materials, which in turn influences the mullitization
temperature and improves the properties of the composite aerogels.

Fig. 7 shows the microstructures of the Al,05-SiO, composite aerogels with different Al/Si
molar ratios, which are heat-treated at 600 °C. The composite aerogels undergo a continuous
structural transition from boehmite to y-Al,O; as revealed by XRD and TG/DSC analysis. It is
found that with the increase of Al/Si molar ratios, the morphologies gradually change from
spherical particles to needle-like reticulated networks. This is consistent with the fact that silica
particles are usually mono-dispersed and spherical shape [35], and the alumina aerogels always
consist of fibrous particles with varying lengths, interconnected to form a web-like microstructure
[36, 37]. The composite acrogels present homogenous porous structures of a typical colloidal gel,
which is consisted of SiO,, y-Al,O; nanoparticles and nanopores [38]. It is found that the
nanoparticles adjoin closely to each other and thus possesses the smallest nanopores with diameter
at around 20-30 nm for the sample with AS=2, when compared with the other samples. There are
some large pores in the sample with AS=3, and some agglomeration particles appear in the sample
with AS=4, which is not beneficial for large specific surface areas at elevated temperatures. On the
other hand, the sample with AS=8 exhibits a significant homogeneous pore structure with
diameters in the range of approximately 30-40 nm.

Fig. 8 shows the TEM and HRTEM images of the Al,0;-SiO, composite acrogel (AS=8) that is
heat-treated at different temperatures. The as-dried Al,O;-SiO, composite aerogel via supercritical
C,HsOH fluid drying shows a sparse structure that consists of needle-like boehmite and
amorphous silica. As shown in Fig. 8 (b), y-Al,O; appears in the Al,0;-SiO, composite aerogel

when it is heat-treated at 600 °C. It possesses microstructures that contain highly reticulated
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networks of leaflets or sheets, with varying widths of several nanometers and varying lengths,
whereas amorphous SiO, consists of connected spheroidal particles that surround the fibrous
v-Al,05;. With a further heat treatment at 1000 °C, the quantity and size of fibrous y-Al,Os
increases, indicating the structural transition and normal phenomenon of grain growth occur after
treatment at higher temperatures. Electron diffraction spots are not evidently observed in
diffraction patterns (shown as inlet in Fig 8. (a), (b) and (c)), which indicates that the composite
remains amorphous after heat treatment at maximum temperatures of 1000 °C, which is consistent
with the results of XRD patterns. With a higher heat treatment at 1200 °C for 2 h, the composite
aerogel is composed of significantly thicker rod-like particles corresponding to y-Al,Os, and there
appears the mullite phase with thicknesses in the range from 20-30 nm and lengths that range from
of 40-80 nm. The diffraction patterns show an intense electron diffraction spot, which also
confirms the generation of mullite particles and this is consistent with XRD analysis. Note that the
composite heat-treated at 1200 °C is primarily composed of the mullite and y-Al,O3 phase. This
phenomenon verifies that alumina particle growth after heat treatment is restricted after doping
with silica. Because y-Al,O; usually transforms to 3-Al,O; or 0-Al,O; at temperatures greater than
1000 °C [20, 39]. With an increase in heat treatment temperatures at 1300 °C, there are almost no
other forms except the mullite phase and the diameter of the majority of the mullite particles range
from 20-50 nm. The crystallite size of the mullite phase derived from the heat treatment at
1300 °C is 23.7 nm by analyzing the profile of the diffraction peaks using Scherrer relation
equation, which is consistent with the TEM results. Some agglomerates exist in the powders,
which is attributed to uncontrolled coagulation during synthesis and sintering. Selected area
electron diffraction (SAED) patterns are shown as an inlet in Fig. 8 (e), which exhibits a large
degree of crystallinity compared with the former samples because the normal phenomenon of
mullite grain growth occurs after heat treatment at higher temperatures. In combination with the
XRD patterns and the SAED rings, the lattice fringe in Fig. 8 (f) also reveals the resulting product
is mullite. The lattice fringe is so evident, which is caused by the normal growth of mullite
particles, and the distinct lattice fringe with an interplane distance of 0.381 nm can be clearly
indexed to the (200) plane of mullite. However, no other forms of lattice fringes have been
detected because the mullite phase is the main phase of the mixture after heat treatment at 1300 °C,

which obscures the other crystal forms.
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Fig. 9 and Fig. 10 show the nitrogen sorption isotherms of Al,05-SiO, composite acrogels with
different Al/Si molar ratios, which are heat-treated at 600 °C and 1200 °C, respectively. They are
type IV curves with type H1 hysteresis loop in the [UPAC classification, which is characteristic
of a mesoporous structure with cylindrical pores [38]. The desorption cycles of the isotherms
show a hysteresis loop for the five samples, which is generally attributed to the capillary
condensation that occurs in the mesopores [40]. As is well known, the specific surface area is

calculated by Eq. 7 as follows:

\Y,
S... = A xN, x —2—x 10" m%g = 4352 x V. m?/ 7
BET m A% 50414 g m g ™

where Am is the cross-sectional area of hexagonal close-packed liquid nitrogen (0.162 nm?), N is
the Avogadro constant (6.02X10**/mol), and Vm is the saturated adsorption capacity of the
absorbent. Thus, the specific surface area is positively correlated with the saturated adsorption
capacity. As is shown in Table 1 and Table 2, the specific surface areas undergo an
increase-decrease-increase trend with the increase of Al/Si molar ratios. This is because the fact
that with the increase of Al/Si molar ratios, the pore structures of the composite become more
homogenous and some small mesorporous with diameters at around 10 nm appear in the
composite (as reveals by Fig. S3), which is favorable to increasing the specific surface areas
of the composites. However, when the AIl/Si molar ratio is 4, there appears some
agglomeration particles in the composite, which results in the decrease of specific surface
area, as indicated by the SEM images in Fig. 7. The average diameters are below 20 nm
except the sample with AS=1, whereas the composite possesses the minimum average pore
diameter of the sample with AS=2, which is also consistent with the SEM analysis. All the
samples heat-treated at 600 °C have pore volumes more than 2 g/cm3, which are larger than the
Al,05-Si0, composite aerogel, as reported by Li [41] et al. With a further heat treatment at
1200 °C, the specific surface areas decrease with an increase in heat treatment temperatures, due
to the structural adjustment, damage to the porous network and shrinkage of the pore structure.
However, they still exhibit the characteristic of an increase-decrease-increase trend with the
increase of Al/Si molar ratios. Note that the sample with AS=3 possesses a significantly larger
volume adsorbed (vertical coordinate) than other samples; however, it doesn’t mean that the

sample possesses the largest specific surface area since the specific surface area is correlated with
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the saturated adsorption capacity rather than volume adsorbed (as indicated by Eq. 7). It is found
that the sample has the largest specific surface area (166 mz/g) with AS=8, compared with other
samples. The pore volume of the sample with AS=3 is as large as 1.4822 g/cm3, which is much
larger than the other samples. This is due to the appearance of some large pores in the composite,
because the average pore diameter is 55.681 nm, which exceeds the extent of mesoporous (2-50
nm). The sample with AS=8 has a rather small average pore diameter (14.380 nm) and possesses a
relatively large pore volume (0.5979 g/em’). The specific surface area of the sample with AS=8 is
largest among the five samples and it is larger than pure Al,O; aerogel, as reported by Poco [16]
(376 mz/g for the as-dried, alkoxide method using less than the stoichiometric amount of water
instead of a large water excess) et al. and Li [41] (328 mz/g for the as-dried, aluminum
sec-Butoxide as the alumina source and tetraethoxysilane as the silicon source) et al., and the
specific surface area of Al,0;-SiO, composite aerogels, as reported by Osaka [12] (47 mz/g at
1200 °C, aluminum isopropoxide as the alumina source and tetraethoxysilane as the silicon source)
et al. and Feng [11] (116 mz/g at 1200 °C, aluminum sec-Butoxide as the alumina source and
tetraethoxysilane as the silicon source) et al.. As is well known, the chemical potentials of the

convex and concave surfaces (|, and ,, respectively) could be calculated as follows [7]:
=py +2Qy / p ®)

=ty =2Qy [ p ©)
where Q is the atom volume, vy is the surface free energy, p is the surface curvature and pis the
chemical potential of the flat surface. The chemical potential of the convex surface is larger than
the concave’s, thus the atom migration occurs from the convex to the concave spontaneously to
reach steady state. Alumina particles are connected by “necks”, thus it is favorable for
rearrangement of atoms and a-phase nucleation is easy to occur at the neck [1]. According to
molecular dynamics, when the cation vacancy of y-Al,Os is substituted by silicon atom, a
protective layer would form in the surface. It is well known that the y-Al,O; belongs to spinel
structure with deficient which possesses eight tetrahedral cation positions, combined with sixteen
octahedral cation positions and thirty-two octahedral anion positions per structural unit [11]. Thus,
there are as many as eight-thirds vacancies per structural unit within the structure of y-Al,Os, and

the vacancy ratio is one-ninth, in comparison with the normal structure. Thus the silicon atoms can
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easily act as the interstitial atom in the structure. This phenomenon inhibits the diffusivity of
alumina atoms and hinders the formation of the contacts and necks between alumna particles,
which is favorable to decreasing the probability of crystal nucleation and a-Al,O; phase transition.
When the composite aerogels are used as thermal insulations, they are enhanced by the mullite
fiber mat to improve the poor mechanical properties. As is shown in Table S2, the thermal
conductivities of the three samples are 0.023 W-m’! K’l, 0.029 W-m" K and 0.025 W-m K'l,

respectively. They are comparable to Al,O; aerogel prepared with aluminum tri-sec-butoxide
reported by Poco [16] et al. (0.029 W-m™ K™ at 30 °C) and Zu [3] et al. (0.028 W-m™ K™ at 30 °C),

which appears suitable for efficient thermal insulation uses.
4 Conclusions

A new, inexpensive, and straightforward sol-gel route to synthesise Al,0;3-SiO, composite
aerogel with different Al/Si molar ratios using inexpensive inorganic salt of aluminum is
investigated. Results show that SiO, is essentially amorphous, whereas Al,O; predominately exists
as polycrystalline boehmite. With the increase of Al/Si molar ratios, the morphologies change
from connected spheroidal particles to nanometer-sized fibrous particles and weblike
microstructures. With a higher heat treatment temperature at 600 °C, the structural transition from
boehmite to y-Al,O; occurs within the composite aerogels, and mullitization firstly occurs with
AS=1 at ca. 1000 °C. The specific surface area undergoes an increase-decrease-increase process at
600 °C and 1200 °C for the composite aerogels with different Al/Si molar ratios. Note that the
specific surface area is as high as 166 mz/g at 1200 °C for the sample with AS=8, which indicates
that proper doped silica can effectively inhibit the a-Al,O3 phase transition. The thermal
conductivities of the mullite fiber mat reinforced aerogel composites are 0.023 W-m' K", 0.029
W-m" K and 0.025 W-m™ K™, suitable for efficient thermal insulations uses.
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(d)

Fig. 1 Photographs of Al,0;-SiO, composite wet gel (a and b) and aerogel (c and d)
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Fig. 2 Schematic representation of growth mechanism of Al,05-SiO, composite aerogel (AS=1)
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Fig. 4 XRD patterns of Al,05-SiO, composite aerogel with different Al/Si molar ratios
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heat-treated at different temperatures (a)
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Fig. 5 FTIR spectra of the as-dried Al,O3-SiO, composite aerogels with different Al/Si molar
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Fig. 6 TG and DSC curves of as-dried Al,O;-SiO, composite aerogel with different Al/Si molar
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ratios under flowing argon
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Fig. 7 SEM images of AL,O3-SiO, composite aerogel heat-treated at 600 °C with different Al/Si

molar ratios

Fig. 8 TEM images, SAED patterns and HRTEM image of Al,03-SiO, composite aerogel (AS=8)
heat-treated at different temperatures: (a) as-dried, (b) 600 °C, (c) 1000 °C, (d) 1200 °C and (e, f)

1300 °C.
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Fig. 9 Nitrogen sorption isotherms of Al,03-SiO, composite aerogel with different Al/Si molar
ratios heat-treated at 600 °C
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Fig. 10 Nitrogen sorption isotherms of Al,O3-SiO, composite aerogel with different Al/Si molar
ratios heat-treated at 1200 °C
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Table 1 pore structures of Al,05-SiO, composite aerogels with different Al/Si molar ratios

heat-treated at 600 °C
Al/Simolar  Specific surface Average pore Pore volume saturated adsorption
ratios area (mz/g) diameter (nm) (cm3/ 2) capacity (cm3/g)
1 412.76 26.521 2.7367 94.834
2 536.94 15.502 2.0943 123.36
3 583.09 15.562 2.2685 133.97
4 440.14 19.405 2.1352 101.12
8 511.86 18.499 2.3672 117.60

Table 2 pore structures of Al,05-SiO, composite aerogels with different Al/Si molar ratios

heat-treated at 1200 °C

Al/Si molar Specific surface Average pore Pore volume saturated
ratios area (mz/ g) diameter (nm) (cm3/ 2) adsorption
capacity (cm’/g)

1 49.75 18.924 0.2354 11.430

2 98.514 16.196 0.3989 22.634

3 106.48 55.681 1.4822 24.500

4 60.539 34.596 0.5236 13.909

8 166.30 14.380 0.5979 38.208




