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The authors have synthesised a kind of low shrinkage alumina (Al2O3) aerogel using an inexpensive salt of aluminium (AlCl3·6H2O)
via tetraethoxysilane modification and an ambient pressure drying process. The morphology, pore structure, surface group, crystal phase
and thermal properties of the Al2O3 aerogel are analysed by X-ray diffractometer, scanning electron microscopy, Fourier transform
infrared spectra and nitrogen adsorption test. Further improvement in thermal stability and thermal shrinkage are obtained by incorporation
of silicon (Si) atoms during the aerogel preparation. The specific surface area of modified aerogel is 480 m2/g and the diameter shrinkage
is 8% after drying, and reach 304 m2/g and 16.5% after heating at 1000°C. The approach, which is straightforward, inexpensive and safe,
can be employed to prepare a monolithic mesoporous material with low shrinkage and high-temperature resistance. This will further
promote the potential application of packaging and thermal insulation materials.
1. Introduction: Aerogels are highly porous materials with a series
of unique physical properties [1–4]. Owing to these properties,
aerogels can be promising candidates for thermal insulations,
heat-storage systems, acoustic devices, luminescent solar systems,
catalysts and catalyst support etc. [5–8] Since 1930s, Kistler [9]
first produced silica aerogels, many types of aerogels have been
successfully synthesised such as carbon, Si dioxide (SiO2),
titanium dioxide (TiO2) and Al2O3 [10–13]. Among all of the
types of aerogels, alumina aerogels have attracted increasing
attention because of their relatively high strength, enhanced
thermal stability and chemical durability [14–16]. In particular,
the volume shrinkage after heat treatment is one of the key
issues for package materials to insulate extra strain caused by
shrinkage on the packaged objectives. The synthesis of the alumina
aerogel involves three major steps: (i) preparation of wet gel with
nanoporous structure; (ii) ageing the gel to enhance the skeleton
structure; and (iii) drying the wet gels to remove the trapped
solvent from the pores of the gels. Supercritical drying, as a conven-
tional method to prepare monolithic aerogel, requires high-pressure
equipment with high risk and cost [17–20]. It severely restricts the
industrial production of aerogel. In recent years, ambient pressure
drying (APD) has been used to produce aerogels with less risk and
cost. Baumann reported the monolithic alumina aerogels with low
density (60–130 kg/m3) and high surface area (600–700 m2/g) [21].
Poco synthesised high porosity (98% porous) monolithic alumina
aerogel and found that the compression modulus is only 0.55 MPa
[13]. Wu has reported the hydrophobic alumina aerogel monolithic,
using trimethylmethoxysilane (TMMOS)/hexanes solution as a
modifier and APD [22].

In this Letter, we synthesised the monolith alumina aerogels with
low shrinkage by APD method, by employing the cheap inorganic
salt (AlCl3·6H2O) as a precursor, tetraethoxysilane (TEOS) as a
modifier. The relatively low volume shrinkage and high thermal sta-
bility of monolith alumina aerogels were obtained. The surface
modification was carried out by using TEOS to introduce the Si
atoms on the surface of the alumina, which successfully suppressed
α-alumina phase transformation [23]. Thereby, the aerogels shrink-
age after heat treatment was suppressed and the moldability after
heat treatment was highly improved.
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2. Experimental results
2.1. Preparation: To synthesise the aerogels, aluminium chloride
hexahydrate (AlCl3·6H2O) was used as the alumina source, TEOS
as a modifier, ethanol as a solvent, propylene oxide (PO) as
a network forming agent, formamide (FA) as a chemical drying
control agent and N-hexane as exchange solvent from the wet
gels. All chemical reagents were analytical grade and supplied by
Sinopharm Group Chemical Reagent Co., Ltd.

AlCl3·6H2O, deionised water, ethanol and FA (molar ratios
AlCl3·6H2O:H2O:ethanol:FA= 1:14:10:0.8) were stirred at 50°C
for 70 min and then cooled to room temperature. After hydrolysis
for 40 min, PO (molar ratios AlCl3·6H2O:PO= 1:8) was poured
into the clear solution. After waiting for 2–5 min, the alcohol sol-
ution which has not been gelatinised was rapidly poured into an
injection vessel with a diameter of 30 mm. The alumina wet gels
were sealed in the vessel for drying process for the following
gelation.

After the container was covered by a plastic cover and the gel was
aged at room temperature for 12 h, the wet gel samples were
immersed in a bath of ethanol at 40°C for 12 h to exchange the
water and reaction by-products from the pores of the materials.
The surface modification was carried out by immersing the gels in
40 and 80% V TEOS/ethanol solution at 40°C for 12 h. Then, the
gels were soaked in ethanol and hexane at 40°C for 12 h in order
to remove the unreacted TEOS. After drying at room temperature
for 24 h under ambient pressure, the gels were dried in a dry box
at 40°C (2 h)− 60°C (2 h)− 80°C (2 h)− 105°C (2 h) to obtain
white monolith alumina aerogels. Three samples were investigated
mainly in this Letter. Sample A1 was used as a blank sample
without TEOSmodification. Sample A2 was obtained after modifica-
tion of 40% V TEOS/ethanol solution. Moreover, sample A3 was the
one with modification of 80% V TEOS/ethanol solution. The 40% V
TEOS/ethanol solution and 80% V TEOS/ethanol solution are
denoted as 40 and 80% T/E, respectively.

2.2. Characterisations: Scanning electron microscopy (SEM) was
conducted using a JEM2100F field emission scanning electron
microscope by operating at 3 kV to measure the microstructure of
the samples. Fourier transform infrared spectra (FTIR) were carried
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out by using a NicoletNexus 670 FTIR spectrometer to analyse
the organic groups in aerogel. Surface area and pore volume
were measured by using a Micromeritics ASAP2020 surface area
and pore distribution analyser after the samples were degassed in
vacuum at 90°C for 6 h. The specific surface area was calculated
using the Brunauer-Emmett-Teller (BET) equation. The pore
size distribution was calculated from the data of the adsorption
branch of the isotherm using Barrett–Joyner–Halenda method.
The crystal phase of the sample was measured with an X-ray diff-
ractometer (XRD, D8 Advance, Germany) with a rated output
power of 3 kW, a 2θ rotation range of− 10° to 168°, a goniometer
radius of ≥200 mm, and an angle reproducibility of 0.001°. The
apparent density of the sample was calculated using the formula
ρ=m/V (ρ is the aerogel density, m is its mass and V is its volume).

3. Results and discussion
3.1. Morphology analysis of sample in heat-treatment process:
The volume shrinkages are investigated by measuring the diameter
variations of the samples A1, A2 and A3 obtained at ambient pres-
sure after heat treatment at different temperatures. The trend of the
diameter shrinkage is calculated by the equation ΔD/D0. Fig. 1
shows that macroscopic morphology and diameter variation of
sample A1 (unmodified alumina aerogels), sample A2 (modified
by 40% T/E) and sample A3 (modified by 80% T/E) before and
after heat treatments at 600°C and subsequently at 1000°C, respect-
ively. As shown in Fig. 1a, the diameter of sample A1 (unmodified
alumina aerogels) varies from 21.84 (no heating) to 17.63 mm
(600°C) and 14.81 mm (1000°C), with diameter shrinkage ratios of
19.3 and 32.2%, respectively, compared with the initial diameter.
Fig. 1 Photograph of aerogel before and after heat treatments
a Sample A1
b Sample A2
c Sample A3
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Fig. 1b shows that the diameter of sample A2 varies from 22.05
to 18.59 and 17.58 mm, with shrinkage ratios of 15.7 and 20.3%,
respectively. Fig. 1c shows that the diameter of sample A3 varies
from 27.4 to 24.08 and 22.8 mm, with shrinkage ratios of 12.1 and
16.5%, respectively. It can be found that the diameter shrinkage
after heat treatments at 600 and 1000°C of TEOS modified
samples A2 and A3 is smaller than that of unmodified sample
A1. It is noted that the shrinkage ratio was significantly reduced
for sample A3, compared with the unmodified sample A1. This is
due to the introduction of Si, which can effectively improve
the structural strength and heat resistance of aerogels. To clarify
the trend of shrinkage, the diameter variation is summarised in
Fig. 2a and the diameter shrinkage ratio in Fig. 2b.

To clarify the influence of TEOS modification, following charac-
terisation methods are complemented on samples A1 and A3.

3.2. Analysis of surface microscopic morphology: The micro-
structure and particle morphology of samples A1 (unmodified) and
A3 (80% T/E modified) were examined by using SEM. Fig. 3
depicts the SEM images of samples A1 and A3 after calcined
at 900°C for 2 h. Before heat treatment, the unmodified alumina
aerogels, sample A1, exhibit a loose and porous structure with less
connectivity. The network structure is formed by homogeneous
spherical particles with small pores, which have diameters of
∼150 nm (as shown in Fig. 3a). After heating at 900°C for 2 h,
and the aerogel particles became more compact, and the agglomer-
ation occurred between the particles. The porosity was decreased
and a small amount of large pore with diameters >500 nm emerge
in the aerogel (as shown in Fig. 3b). This is due to the fact that
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Fig. 2 Diameter change and shrinkage change of the aerogels
a Before heat treatment at different temperatures
b After heat treatment at different temperatures

Fig. 3 SEM images of the aerogels before and after heat treatments at
900°C
a Sample A1 (without modification)
b Sample A3 (80% T/E modified)

Fig. 4 FTIR spectra of aerogel sample A1 (without modification) and A3
(80% T/E modified)
after heating, the nanoporous structure collapses and the microstruc-
ture becomes denser, resulting in a shrunken volume. Compared to
the unmodified aerogels, the pore size of microstructure for sample
A3 was larger, with diameters of 200–400 nm. After heating at
900°C for 2 h, some of the pores are clogged, another forms large
pores. However, serious collapse did not occur, and the porous skel-
eton was maintained. As a result, the diameter shrinkage of sample
A3 is relatively small after high-temperature treatment.
Fig. 5 XRD patterns of the aerogels before and after heat treatments
a Sample A1
b Sample A3
3.3. Fourier TIR spectroscopy: The influence of TEOS on the
surface functional groups of samples A1 and A3 was verified by
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FTIR, as shown in Fig. 4. The most distinct peaks are located at
3439 and 1641 cm−1, which are commonly related to the stretching
vibrations of O–H bond and H–O–H bond. These two bonds do
not change significantly before and after surface modifications,
indicating that both aerogel samples contain hydroxyl and physical
water adsorption. It can be seen from Fig. 4 that the absorption
peaks at 1060, 619 and 450 cm−1, which represent the boehmite
structure, exist in both spectra. The presence of boehmite in both
samples can be revealed. With TEOS modification, the intensity of
the absorption peak related to boehmite phase is enhanced. At the
position of 1060 cm−1, the absorption peak intensity increases
obviously, indicating the Al–O–Al stretching vibration is more
obvious. This is due to the formation of Al–O–Si bond.
3.4. XRD analysis: The evolution of different phases by varying
heating temperature was found from the XRD analysis. Fig. 5a
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provides the XRD patterns of unmodified alumina aerogels
(sample A1), which is heat treated at different temperatures (as
prepared, 600, 900 and 1200°C). The as-prepared sample shows
diffraction weak peaks at 27°, 39° and 65°, which corresponds to
boehmite. After heat treatment at 600°C for 2 h, the γ-Al2O3

pattern begins to emerge. When the temperature was increased
to 900°C, the pattern shows clear diffraction peaks at 19°, 32°,
37°, 39°, 46°, 60° and 67°, representing a significant δ-Al2O3

phase morphology in the alumina aerogel. When the temperature
reaches 1200°C, the alumina aerogels exhibit a very significant
α-Al2O3 crystalline structure. Compared to other Al2O3 crystal
forms (spinel structure), the transition to α-Al2O3 phase
(hexagonal close packed structure) causes volume shrinkage and
sintering, which decreases the thermal insulation performance of
alumina aerogel. Fig. 5b provides the XRD patterns of sample
A3. It can be seen from the figure that the XRD curve of the
aerogel is a diffused diffraction peak, showing an amorphous
boehmite structure. After heat treatment at 600 and 900°C, the
aerogel is still amorphous and pseudo-boehmite. The addition of
Si, as a result of TEOS modification, is effective in inhibiting the
phase transition of aerogel. Therefore, the thermal stability of
aerogel is improved and the volume shrinkage caused by phase
transition is suppressed. After heat treatment at 1200°C for 2 h,
the aerogel shows mullite phase (3Al2O3·2SiO2) which prevents
Fig. 6 Nitrogen adsorption
a N2 adsorption–desorption curve
b Pore size distribution of the aerogel samples

Table 1 Texture properties of the alumina aerogels

Specimens Compositions Density, kg/m3 S

A1 without modification 113
A3 (as prepared) 80% T/E modified 133
A3 (900°C) 80% T/E modified 203
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the formation of α-Al2O3 crystal structure and improved the
thermal stability of aerogels.
3.5. Nitrogen adsorption: The nitrogen adsorption–desorption
isotherms and pore size distributions of three specimens are
measured. One is from sample A1 (as prepared) and two are from
sample A3 (as prepared and heat treatment at 900°C), as shown
in Fig. 6. It can be seen from Fig. 6a that there are hysteresis
loops in the adsorption and desorption curves of the three
specimens, and the nitrogen physisorption isotherms obtained for
all specimens exhibited Type IV hysteresis loops. Comparing the
curves of sample A3 without heating and with heat treatment, the
lagging ring is only slightly narrowed and the change is not
obvious, which shows that the doping of Si makes the aerogel
thermal stability enhanced. When the pressure is relatively
divided into the high-pressure zone, it can be found that the curve
of sample A3 has a slow platform, which shows that the pore size
distribution of the aerogel with TEOS modification is more
uniform.

Fig. 6b shows the pore size distributions of sample A1 and
sample A3 (as prepared and heat treatment at 900°C). It can be
found that the main pore diameters of the three specimens are
below 50 nm and the main pore size is centred approximately at
5 nm. The pore size distribution of aerogel sample with TEOS
modification is narrower and the pore size distribution is more
uniform around 5 nm. The negative effects of aerogel in the capil-
lary pressure difference can be reduced to a certain extent. The para-
meters of pore structures for three specimens are summarised in
Table 1. The specific surface areas of samples A1 and A3
without heating and A3 with heating at 900°C are 631, 480 and
308 m2/g, respectively. The porosity of alumina aerogels with
TEOS modification is reduced due to the infiltration of Si, by
blocking the gap and the introduction of nitrogen, resulting in
less nitrogen adsorption. After heat treated at 900°C for 2 h, the
surface area of sample A3 is 308 m2/g, the specific surface area
of the alumina aerogels prepared in [23] after heating at 1000°C
was near 100 m2/g. The specific surface area of the alumina
aerogels in [24] after heat treatment at 1200°C was 147 m2/g.
Compared to the above literature, the alumina aerogels in this
Letter after TEOS modification and heated at 900°C can still
maintain a relatively high specific surface area, indicating that the
incorporation of Si increases the high-temperature resistance and
thermal stability of the aerogel.
3.6. Mechanism of surface modification: The surface modification
of alumina gel by TEOS/ethanol solution is manifested in
the hydroxyl reaction of TEOS and gel skeleton, gel skeleton
grafted with Si bond. The modification mechanism is shown
in Fig. 7. It can be seen that TEOS and gel surface produce
–Al–O–Si– bond. The modification of TEOS, by interlinking into
a chain structure, plays a supporting role on the connection of
the gel pores, thereby reduces the shrinkage during the drying
process caused by the capillary. At the same time, the
incorporation of Si can effectively resist the change of the gas
phase transition of the aerogels during the heat treatment.
Moreover, it can further improve the temperature resistance of
pecific area, m2/g Main pore size, nm Pore volume, cm3/g

631 4.50 1.1516
480 4.56 0.7379
308 5.15 0.9270
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Fig. 7 Schematic illustration for TEOS modification mechanism
the alumina aerogels, which results in the shrinkage reduction
during the heat treatment.

4. Conclusions: Monolithic alumina aerogel with low shrinkage
is synthesised via TEOS modification and an ambient pressure
dry process. The modification contributes to the production of
–Al–O–Si– bond by the incorporation of Si, which enhanced
the gel framework and suppresses the phase transition of Al2O3

at elevated temperature. Compared to the unmodified sample,
the diameter shrinkage of 80% V TEOS/alcohol solution
modified simply reduced by 50% at 1000°C (16.5%), and a loose
and porous microstructure is maintained. As a result of the
suppression of the phase transition, the modified sample
maintains large specific surface area (308 m2/g) after heating at
1000°C. The results contribute to the large-scale industrial
production of low shrinkage alumina aerogel. Moreover, the
relatively low shrinkage of the aerogel during heat treatment will
be beneficial potentially for strain insulation from the package
material to the protected objectives.
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