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Abstract
The thermal-resistance  Al2O3 aerogels and  Al2O3 aerogel-SiO2 fiber composite by using inorganic aluminum salt as the 
precursor were synthesized by the sol–gel process. The method was straightforward, inexpensive, and safe. Furthermore, it 
was found that the as-prepared  Al2O3 aerogel had high crystal phase transition temperature. As the heat treatment temperature 
increased to 900 °C, the crystal phase transition from γ-AlOOH to γ-Al2O3 occurred within the  Al2O3 aerogel. Meanwhile, 
the  Al2O3 aerogel-SiO2 fiber composite exhibited high Young’s modulus of tensile strength up to 6.59 MPa and low thermal 
conductivity at 35 °C (0.028 W/(m K)) and high temperature of 600 °C (0.033 W/(m K)). In addition, the results indicated 
that the  Al2O3 aerogel-SiO2 fiber composite had the moderate hydrophobic property as well as mechanical property.
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1 Introduction

Nowadays, the energy saving and emissions reduction is an 
effective way to achieve social and economic sustainable 
development. Thermal-insulation materials can effectively 
reduce the heat loss in the process of generation, transmis-
sion, storage and using, and have been widely used in civil 
and military fields, such as industrial piping, construction, 

aerospace, thermal battery and fire-protecting suit [1–8]. 
Fibrous thermal-insulation materials, with the advantages 
of low density, low thermal conductivity, low specific heat 
capacity and low cost, are becoming the most promising 
materials used in thermal protection system. However, 
organic fibrous thermal-insulation materials have disad-
vantages at high temperature and flame retardance. To the 
contrary, inorganic fibrous thermal-resistance materials are 
good at high temperature and flame retardance. The common 
inorganic thermal-resistance fibers are mainly the glass fiber, 
aluminum silicate fiber,  Al2O3 fiber,  ZrO2 fiber, carbon fiber, 
and  SiO2 fiber [9–17]. The  SiO2 fiber has a good applica-
tion in thermal insulation due to its chemical stability, ther-
mal stability and thermal resistance. Thus, the  SiO2 fiber 
is expected to be a new thermal-resistance material, but its 
thermal resistance, thermal stability and humidity resistance 
are still not so good for satisfying with the practical applica-
tion, however, which can be further improved [18–23].

It has been reported that  Al2O3 aerogels exhibited an 
excellent high temperature performance that maintaining 
initial structure and thermal insulation at elevated tempera-
tures above 1300 °C [24–28]. Thus,  Al2O3 aerogels gradu-
ally become the prominent material used in high temperature 
field [29–31]. In general, the preparation of  Al2O3 aerogels 
was achieved by using the organic aluminum salt or inor-
ganic aluminum salt as the precursor [32–37]. Commonly, 
the aerogels prepared by using organic aluminum salts, 
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such as aluminum alkoxide, as precursors had good form-
ability and excellent performance [35]. However, organic 
aluminum salts usually had the high toxicity, easy hydrolysis 
and high requirement for experimental environment. Thus, 
using inorganic aluminum salts as raw materials not only 
reduced the cost of preparing  Al2O3 aerogels but also solved 
the experimental environment resistance caused by organic 
aluminum salts. Baumann pointed out that the inorganic alu-
minum salts, such as Al(NO3)3·9H2O and  AlCl3·6H2O, could 
be used as the precursors to synthesis pure  Al2O3 aerogels 
combined with supercritical drying process [33]. However, 
there were few reports about the mechanism of  Al2O3 gel 
preparation by using Al(NO3)3·9H2O as the precursor, but 
the mechanism would be meaningful for understanding the 
 Al2O3 sol–gel process. Moreover, Zhang et al. impregnated 
 Al2O3–SiO2 sols into porous zirconia ceramics to improve 
the stability at high temperature and obtain high compres-
sive strength (1.22 MPa) and low thermal conductivity 
(0.049 W/(m K)) via supercritical drying [38]. Nevertheless, 
the composite still had high thermal conductivity. Therefore, 
developing a new kind of inorganic  SiO2 fibrous compos-
ite material, which possesses low thermal resistance, high 
thermal stability and good humidity resistance, is of great 
significance.

In this work, pure  Al2O3 aerogels by using inorganic 
aluminum salt as the precursor were first prepared via the 
sol–gel method by supercritical drying. The as-prepared 
 Al2O3 aerogels had the high thermal resistance. Inspired by 
the high thermal resistant  Al2O3 aerogels, in order to reduce 
thermal conductivity and improve heat resistance of  SiO2 
fiber mat, the  Al2O3 sol was immersed into  SiO2 fiber mat 
to obtain  SiO2 fiber mat reinforced by high thermal resistant 

 Al2O3 aerogels. The  Al2O3 aerogel-SiO2 fiber composite had 
low thermal conductivity, high heat resistance, high mechan-
ical property and good humidity resistance. Furthermore, 
the mechanism of  Al2O3 gel preparation by using inorganic 
aluminum salt as the precursor was also discussed in detail.

2  Experiment

2.1  Reagents and chemicals

Ethanol (EtOH, AR), propylene oxide (PO, AR), 
Al(NO3)3·9H2O (AR) were purchased ChengDu Kelong 
Chemical Reagent Company. All these reagents were used 
as received and all solutions were prepared with deionized 
water (< 18 M Ω, produced by UP instruments).

2.2  Fabrication of pure  Al2O3 aerogels and  Al2O3 
aerogel‑SiO2 fiber composite

As seen from Scheme 1, the synthesis processes of pure 
 Al2O3 aerogels and  Al2O3 aerogel-SiO2 fiber composite 
were as follow. First, the precursor solution was prepared 
by mixing with Al(NO3)3·9H2O, EtOH and deionized water 
as the molar ration of 2:30:11.1 in a beaker under magnetic 
stirring at room temperature for 50 min. Then, the desired 
amount of PO was poured into the above solution, quickly 
stirred for 3 min, and transferred into the plastic molds to 
form wet gel. After aging at room temperature for 24 h, the 
wet gel was soaked in a absolute ethanol bath in 60 °C for 
3 days to exchange the water and residual reagent from the 
pores of the matrixes. Then, the pure  Al2O3 aerogels were 

Scheme 1  Schematic illustra-
tion of the synthesis processes 
of pure  Al2O3 aerogel and 
 Al2O3–SiO2 fiber composite
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obtained after supercritical EtOH drying. For the prepara-
tion of  Al2O3 aerogel-SiO2 fiber composite, after the same 
precursor preparation, the  Al2O3 sol was immersed into  SiO2 
fiber mat, and the  Al2O3 aerogel-SiO2 fiber composite were 
synthesized after aging, solvent exchange, and EtOH super-
critical drying.

2.3  Characterization

The microstructure of pure  Al2O3 aerogels and  Al2O3 aero-
gel-SiO2 fiber composite was characterized by scanning 
electron microscopy (SEM, Ultra 55) and transmission 
electron microscopy (TEM, Libra200). Fourier transform 
infrared (FTIR, Nicolet 6700 Thermo Fisher) spectroscopy 
was used to identify the chemical compositions of the aero-
gels. Nitrogen adsorption–desorption analysis (Quadrasorb 
SI) at 77 K was used to indicate the specific surface area and 
pore size distribution of the composite aerogel. The phase of 
the aerogels was characterized by an X-ray Diffractometer 
(XRD, X Pert pro). The gas chromatography (GC, Saturn 
2100) was used to verify the presence of 1,2-propanediol. 
Thermal stability analysis was conducted by using thermo-
gravimetry analyzer coupled differential scanning calorim-
eter (TG-DSC, SDT-600) under a heating rate of 10 °C/min 
under an air flow. The universal testing machine tested the 
tensile mechanical properties. The tensile strain rate was 
set at 3 mm/min for the tests at 25 °C. Thermal conductiv-
ity of the composite was measured by using PTF transient 
automatic measurement at room temperature. Water contact 
angles (WCAs) on the surface of the composites were meas-
ured at an ambient temperature on a contact angle/interface 
system.

3  Results and discussion

3.1  The characterization and parameters of pure 
 Al2O3 aerogels

Scheme S1 exhibited the mechanism of  Al2O3 gel prepa-
ration by using Al(NO3)3·9H2O as the precursor. During 
the preparation process, the  H2O and EtOH were mixed 
with the inorganic aluminum salt for the full hydrolysis of 
Al(NO3)3·9H2O. The PO was employed as a coagulant, and it 
could slowly consume the  H2O in an acidic condition in fact 
and facilitate the condensation mildly. For Al(NO3)3·9H2O 
as the aluminum precursor, the aluminum salt was com-
pletely hydrolyzed and then PO was added. Thus, the  H2O, 
Al(NO3)3,  HNO3, and PO existed in the mixture. PO pro-
tonated in an acidic environment firstly then the reaction 
between water and PO to produce 1,2-propanediol mainly 
dominate. In order to identify the mechanism of  Al2O3 gel 
preparation by using Al(NO3)3·9H2O as the precursor, the 

exchanged solvent was distilled to gain a mixture of water 
and alcohols firstly, the water in mixture was removed with 
anhydrous sodium sulfate, and finally the alcohols were ana-
lyzed by gas chromatography. The gas chromatogram (Fig-
ure S1) showed that both the standard and sample showed 
peaks at 12.631 min, which was the characteristic peak of 
1,2-propanediol. Thus, the mechanism of  Al2O3 gel prepa-
ration by using Al(NO3)3·9H2O as the precursor was con-
firmed by gas chromatography. The mechanism of  Al2O3 
gel preparation by using Al(NO3)3·9H2O as the precursor 
was vertified firstly, which would be meaningful for clear 
understanding for  Al2O3 gel preparation and the design of 
 Al2O3 aerogel structure–property.

Figure 1 showed XRD patterns of  Al2O3 aerogels heat-
treated at different temperatures. For the as-prepared one, 
the broad diffraction peak around 2θ = 25° was corresponded 
to the (110) crystal plane of pseudoboehmite (γ-AlOOH), 
indicating its amorphous structure [20, 35]. It was seen 
that the crystal structure of  Al2O3 aerogels maintained the 
amorphous structure under the heat-treatment at the tem-
perature below 900 °C. Even after heated at 900 °C for 2 h, 
the (400) and (440) crystal planes of γ-Al2O3 just began to 
emerge. Compared with other reports (the crystal transfer 
temperature ~ 700 °C), the crystal transfer temperature from 
γ-AlOOH to γ-Al2O3 was increased as high as 900 °C, which 
could be attributed that the addition of water made the pore 
size distribution of the  Al2O3 aerogels more uniform to form 
nanocrystals. It was seen that the γ-Al2O3 phase still retained 
after heated at 1100 °C for 2 h [33, 39] and the (311) crys-
tal phase of θ-Al2O3 began to appear. It is known that the 
reducing of thermal resistance for  Al2O3 aerogels at high 
temperature was caused by the crystal phase transformation. 
The higher crystal transfer temperature from the amorphous 

Fig. 1  XRD patterns of  Al2O3 aerogels heat-treated at different tem-
peratures
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to the crystal type meaned the better temperature resistance 
for  Al2O3 aerogels. Thus, it could be demonstrated that the 
 Al2O3 aerogel prepared in the present work exhibited good 
temperature resistance with the crystal transfer temperature 
as high as 900 °C.

Figure 2 showed the FTIR analysis of  Al2O3 aerogels 
heated at different temperatures. The absorption bands 
located at 3433.96 cm− 1 and 1632.67 cm− 1 are commonly 
assigned to the O–H stretching vibration and bending vibra-
tion of water molecule, respectively. The absorption bands 
located at 612.7 cm− 1 is corresponded to the AlO–H vibra-
tion within pseudoboehmite, which is similar to the alumina 
aerogels reported by Zu et al. [39]. The absorption bands 
located at 1384.33 cm− 1 was consistent with the –OH vibra-
tion of AlO–H, which proved the maintaining of the amor-
phous γ-AlOOH. After heated at 900 °C, it disappeared, 
which was consistent with the XRD pattern [35].

As seen from Fig. 3, it showed SEM and TEM images 
of the as-prepare  Al2O3 aerogel and the one after heated 
at 900 °C. Figure 3a displayed that the microstructure of 
as-prepared  Al2O3 aerogel was interpenetrating and it had 
homogeneous structure with many nanopores. Figure 3b 
showed that the as-prepared  Al2O3 aerogel was indeed 
amorphous structure, which was well consistent with the 
XRD and FTIR results. Figure 3c showed that after heated 
at 900 °C, there came particle agglomeration to form large 
particles in the  Al2O3 aerogel and the amorphous struc-
ture transferred to crystal type. The particle agglomeration 
caused the reduction of temperature resistance for  Al2O3 
aerogels. According to the analysis of the previous mecha-
nism, Fig. 3a showed that the as-prepared  Al2O3 aerogel 
was a material with a three-dimensional network struc-
ture formed by fine particles, which was attributed to the 
water and PO. Since the addition of water allows sufficient 
hydrolysis and uniform dispersion of the aluminum salt in 
the mixture, the gelation time is lengthened to increase the 
size of the particles. But the addition of PO accelerated the 
gel rate, and the particle size of the obtained particles mait-
ains small. Therefore, the combination of water quantity and 
PO quantity is an important factor in controlling particle 
size. Thus, the as-prepared  Al2O3 aerogel achieved the three-
dimensional network structure with small particles, which 
improved the temperature resistance. Therefore, the thermal 
insulation and heat resistance of the  Al2O3 aerogel would 
endow the  Al2O3 aerogel-SiO2 fiber composite excellent 
performance.

3.2  The characterization and properties of  Al2O3 
aerogel‑SiO2 fiber composite

Figure S2 showed SEM images of the  Al2O3 aerogel-
SiO2 fiber composite. It could been seen that there was a 
lot of aerogel particles attached to the fiber. The thermal 
conductivities of the  Al2O3 aerogel-SiO2 fiber composite 
heated at different temperatures were measured. As seen 

Fig. 2  FTIR spectra of  Al2O3 aerogels heat-treated at different tem-
peratures

Fig. 3  a SEM and b TEM images of the as-prepared  Al2O3 aerogel. c TEM image of the  Al2O3 aerogel heat-treated at 900 °C
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from Fig. 4, it was seen that the thermal conductivity of 
 Al2O3 aerogel-SiO2 fiber composite was 0.028 W/(m K) at 
35 °C, compared with that of pure  SiO2 fiber mat at 30 °C 
(~ 0.034 W/(m K)), and the thermal conductivity of the 
 Al2O3 aerogel-SiO2 fiber composite decreased by 18%. 
Moreover, its thermal conductivities were still maintained 
at 0.030 and 0.033 W/(m K) after heated at 300 and 600 °C 
for 2 h, respectively, compared with those of  SiO2 fiber mat 
(~ 0.0349 and 0.035 W/(m K)). This clearly demonstrated 
good temperature resistance of the  Al2O3 aerogel-SiO2 fiber 
composite.  N2 adsorption–desorption isotherms measure-
ment of the  Al2O3 aerogel-SiO2 fiber composite was used to 
characterize the specific surface area and pore structure of 
the  Al2O3 aerogel-SiO2 fiber composite. The specific surface 
area and pore size distribution of the sample were calculated 
by using the Brunauer–Emmett–Teller (BET) (Fig. 5). The 
 Al2O3 aerogel-SiO2 fiber composite had the specific surface 
area of 239.2 m2/g, pore volume of 0.9 cm3/g and the main 
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Fig. 4  The thermal conductivities of a  Al2O3 aerogel-SiO2 fiber com-
posite and b  SiO2 fiber mat heat-treated for 2 h at different tempera-
tures

Fig. 5  The  N2 adsorption–desorption isotherms (a) and the pore size distribution (b) of  Al2O3 aerogel-SiO2 fiber composite, c is the inserted 
graph (red circle) of Fig. 5b
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pore diameter of 12.7 nm. The composite sample showed the 
typical IV isotherms according to the IUPAC classification, 
which is characteristic of the mesoporous structure. Mean-
while, it was seen that there was a broad distribution for the 
composite sample and the  Al2O3 aerogel mainly contributed 
the small grain size, which resulting in good temperature 
resistance and thermal insulation properties. Besides, Figure 
S3 showed the TG and DSC curves of the  Al2O3 aerogel-
fiber composite and it was seen that the remaining amount 
of the  Al2O3 aerogel-fiber composite was more than 92% 
at 1200 °C. The TG curve was a detailed description of the 
process of converting γ-AlOOH to γ-Al2O3. The mass of the 
 Al2O3 aerogel-SiO2 fiber composite decreased with increas-
ing temperature in the range of 0 to 300 °C which was due 
to the loss of surface-adsorbed water and the combined one. 
The continuous decrease in the mass of the composite from 
300 to 1000 °C was caused by the loss of water in the lattice 
when γ-AlOOH slowly changed to γ-Al2O3 with increas-
ing temperature [40–42]. When the temperature raised to 
1000 °C, the mass of the composite was no longer reduced, 
and γ-AlOOH was completely converted into γ-Al2O3. 
Besides, there was an endothermic peak around 1000 °C, 
which was corresponded to the crystal transformation from 
γ-AlOOH to γ-Al2O3. Figure 1 XRD showed that as the tem-
perature increased, the crystal phase transition temperature 
of the sample from γ-AlOOH to γ-Al2O3 was at 900 °C. 
However, Figure S3 TGA showed that the phase transition 
temperature according to the endothermic peak occurred 
at 1000 °C. The difference between the two temperature 
could be attributed that the TG analysis has a short-term 
rapid temperature rise. However, the crystal transition of 
the sample does not change instantaneously but gradually 
occurs, and so the crystal transition temperature shows ther-
mal hysteresis and this is a common phenomenon in the TG 
analysis [43–46]. This indicated that the  Al2O3 aerogel-fiber 
composite also had high thermal resistance as well as good 
thermal insulation. The pore structure of silica fiber mat 
belongs to the micron level. Due to thermal convection, its 
thermal conductivity is high. Therefore, the nanostructured 
 Al2O3 aerogel was filled in the silica fiber mat to decline the 
thermal conductivity of the composite. The results showed 
that  Al2O3 aerogels had the function of thermal insulation 
to improve thermal insulating performance of  Al2O3 aero-
gel-SiO2 fiber composite. In a word, it showed that  Al2O3 
aerogel-SiO2 fiber composite had good thermal insulation 
and thermal resistance properties [47–49].

Furthermore, as seen from Fig. 6, it could be seen that 
the mechanical strength, such as the Young’s modulus, 
increased in the case of  SiO2 fiber mat reinforced by  Al2O3 
aerogels. The  Al2O3 aerogel-SiO2 fiber composite achieved 
a higher Young’s modulus of tensile strength up to 6.59 MPa 
than that of the  SiO2 fiber mat (5.79 MPa). The addition of 
 Al2O3 aerogels into the fiber mat resulted in the thickened 

skeleton and so improved the tensile strength. Besides, 
Figure S4 showed that the composite had the hydrophobic 
property after supercritical EtOH drying and the hydro-
phobic angle was 136°, which was higher than that of  SiO2 
fiber mat (121°). This was because the reaction between 
hydroxyl group (–OH) on the surface of  Al2O3 gel and alco-
hol resulted in the substitution of hydroxyl group by the 
hydrophobic –C2H5 group on the surface of  Al2O3 aerogels. 
Therefore, the  Al2O3 aerogel-SiO2 fiber composite had a 
hydrophobicity, suggesting its humidity resistance property.

As seen from Table S1, the  Al2O3 aerogels were intro-
duced into the  SiO2 fiber mat to improve the thermal insula-
tion performance and the  Al2O3 aerogel-SiO2 fiber compos-
ite had low thermal conductivity (0.028 W/(m K)) at 35 °C, 
which was lower than that of  Al2O3–SiO2 aerogel/zirconia 
ceramics composite (0.049 W/(m K)) at 35 °C [38]. Besides, 
the  Al2O3 aerogel-SiO2 fiber composite had low thermal 
conductivity (0.029 W/(m K)) at 300 °C, which was lower 
than that of  Al2O3–SiO2 aerogel/Mullite fiber mat compos-
ite (0.032 W/(m K)) at 300 °C [50]. Meanwhile, the  Al2O3 
aerogel-SiO2 fiber composite showed the higher mechanical 
property than  Al2O3–SiO2 aerogel/Mullite fiber [37]. As a 
result, the enhanced thermal insulation and high heat resist-
ance would endow  Al2O3 aerogel-SiO2 fiber composites with 
well actual application in future.

4  Conclusion

In this work, the thermal-resistance  Al2O3 aerogels were 
prepared by the sol–gel method, followed by aging, sol-
vent exchange and supercritical drying. This work was the 
first proved the mechanism of  Al2O3 gel preparation by 
using Al(NO3)3·9H2O as the precursor, which would be 

Fig. 6  The strain–stress curves of a  Al2O3 aerogel-SiO2 fiber com-
posite and b  SiO2 fiber mat
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meaningful for clear understanding for  Al2O3 gel preparation 
and the design of  Al2O3 aerogel structure–property. Moreo-
ver, due to the addition of water for making the uniform pore 
structure and nanocrystals of the  Al2O3 aerogels, the crystal 
phase transition from γ-AlOOH to γ-Al2O3 occurred within 
the  Al2O3 aerogels as high as 900 °C. The result showed that 
the  Al2O3 aerogels had a high crystalline phase transition 
temperature. Inspired by this, the  Al2O3 aerogels were intro-
duced into the  SiO2 fiber mat to improve the thermal insula-
tion performance. As a result, the  Al2O3 aerogel-SiO2 fiber 
composite had low thermal conductivity (0.028 W/(m K) 
at 35 °C and 0.033 W/(m K) after heated at 600 °C), high 
thermal stability, mechanical property (the Young’s modu-
lus of tensile strength up to 6.59 MPa) and the hydrophobic 
property (~ 136°). Thus, due to low thermal resistance, high 
thermal stability and good humidity resistance, the  Al2O3 
aerogel-SiO2 fiber composite would have good thermal insu-
lation performance in future.
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