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In this work, the monolithic ZrO2-Al2O3 aerogels with hollow sphere structure have been prepared by ambient pressure 
drying. In the preparation process of Al2O3 hollow spheres, different mole of ZrOCl2ꞏ8H2O was added. We explored the 
maximum addition of zirconium via ambient pressure drying. A series of ZrO2-Al2O3 aerogels with hollow sphere structure 
are successfully synthesized using AlCl3ꞏ6H2O and ZrOCl2ꞏ8H2O as aluminum and zirconium precursor, and propylene 
oxide (PO) as the gel initiator by the sol-gel method. It was found that the gelation time was prolonged with increasing 
zirconium content. When the zirconium content was more than 10%, the gel can't be obtained. It can only get precipitation. 
With the zirconium content increase from 0 to 10%, the core-shell structure can be formed, proved by SEM and TEM 
characterizations. The core-shell structure can be kept well under 1000°C. When the heat treatment temperature was at 
1200°C, the diffraction peaks were mainly ZrO2 and Al2O3, showed by XRD. With the content of zirconium increase from 0 
to 10%, the specific surface area of XZrO2-Al2O3-aerogel increased from 170 to 582 m2/g. 
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Introduction 
Al2O3 aerogels have some advantages, such as large 

specific surface area, low conductivity and high 
porosity1, 2. The heat resistant temperature of Al2O3 is 
up to 1200°C(Ref.3). It's a good candidate for high 
temperature insulation materials. Al2O3 aerogels were 
used in catalysis, support, thermal management and 
other fields4-6. 

Traditionally, the morphology of the prepared Al2O3 
aerogels was almost nanoparticles7-12. As we knew, the 
nanoparticles were apt to sinter, which can lead to the 
reduced temperature resistance. In order to improve the 
temperature resistance of Al2O3 aerogels, there were 
two routes which could be implemented. One route 
was to synthesize different morphologies of Al2O3 
aerogels. The different morphologies included 
nanosheets and nanowires, and so on3,8,13-15. For 
example, Shen et al. synthesized the rod like and leaf 
like particles of Al2O3-based aerogels3. Al2O3 aerogels 
with the mesoporous hollow microspheres were 
prepared by Fan et al. The hollow spheres were made 
of stacked nanosheets13. They all showed good heat 
resistance at high temperature of 1200°C. 

In view of the problem that the Al2O3 aerogels 
would undergo a phase change at a high temperature, it 

would result in the destruction of its porous structure16, 17 
and it would cause the failure of thermal insulation and 
mechanical performance. The other route was to 
synthesize composite aerogels, including Al2O3-ZrO2 
aerogels, Al2O3-SiO2 aerogels and so on11, 14, 18-20. The 
addition of a second component can be wrapped 
around the nanoparticles of Al2O3 aerogels, which  
can restrain the sintering of aerogels. These 
measurements both can improve the resistance of 
Al2O3 aerogels. 

In the second route, the other component of the 
composite aerogels was traditionally introduced by the 
aging process or the supercritical fluid drying (SCFD) 
process21-24. For example, the component SiO2 can be 
introduced by the aging process or the SCFD process21-24. 
The disadvantage of this introduction method was that 
the amount was not well controlled. So, some 
researchers came up with the introduction of ZrO2 in 
the synthesis step14. But most modification methods 
used SCFD methods. We knew the supercritical fluid 
drying technology was time and energy consumption 
and the high temperature and high pressure in the 
operation process were dangerous. Compared with 
SCFD, ambient pressure drying method was 
convenient, simple and energy saving. 
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Based on the advantages mentioned above, different 
content of ZrOCl2ꞏ8H2O were added into AlCl3ꞏ6H2O 
to synthesize series of core-shell structured ZrO2-Al2O3 

aerogels in this work. The gelation time, formation a 
gel or precipitate, its morphology and crystallization 
were researched. The largest proportion of zirconium 
to aluminum that can form gel under atmospheric 
drying conditions was obtained under the conditions 
we set for the experiments. The obtained ZrO2-Al2O3 
aerogels had core-shell structure characterized by SEM 
and TEM. The size of ZrO2 core got bigger with the 
content of zirconium increase characterized by SEM. 
The existence of ZrO2 would affect the phase 
transformation of Al2O3 and inhabit the appearance of 
new Al2O3 phase at 1200°C characterized by XRD.  
 
Experimental Section 
 

Materials 
All chemical reagents were analytically pure and 

were used as received without further purification. 
 
Characterization 

HITACHIS-4800 scanning electron microscope 
(SEM), the EDX data were characterized by SEM 
instrument JSM-6510LV made by Japan Electronics 
Co., LTD, and transmission electron microscope 
(TEM: JEM-1200EX, JEOL, Japan) were used to 
characterize the microstructure of the prepared 
aerogels. Crystallization condition of the aerogels was 
characterized in a X-ray diffractometer (X'Pert PRO, 
PANalytical B.V.) with the use of Cu Kα radiation  
(λ = 1.5418Å) at 4° min-1 scanning speed in the  
2θ range from 10-80° by X-ray diffraction (XRD) 
measurements. Surface area and the pore size 
distributions were evaluated by the Brunauer-Emmett-
Teller (BET) method and the Barrett-Joyner-Halenda 
(BJH) model, respectively. The average pore diameters 
and cumulative pore volumes were calculated using the 
adsorption branch of the isotherm. The data of nitrogen 
adsorption-desorption isotherms were measured  
by instruments manufactured by Quantachrome 

Instrument Corp were obtained at 77 K. 
Thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA) were performed on a SDT-Q 
600TGA instrument. The samples were heated from 
room temperature to 1000°C at 10°C/min. 
 
Synthesis of ZrO2-Al2O3 aerogels 

We referred the preparation parameters as per  
the available literature13. Take the sample for example. 
In the preparation of 0.02ZrO2-Al2O3 sample, the 
precursor ZrOCl2ꞏ8H2O (0.08 g) and AlCl3ꞏ6H2O  
(2.83 g) were mixed with ethanol (3.60 mL) and 
deionized water solution (2.60 mL) and the mixed 
solution was kept stirring until it became clear. Then  
5 mL of PO was added into the precursor solution, and 
kept stirring for 1 min. The magnet was taken out and 
sealed at 60°C to form the wet gel. The gelation time of 
the samples was recorded. After the wet gels formed, 
Oswald was matured for 2 h. Then aged the wet gels 
with isopropyl alcohol for 3 days, and changed every 
six hours. At last the wet gels were dried under 
atmospheric pressure in a blast drying oven at 50°C. 
The remaining XZrO2-Al2O3-aerogel (X = 0, 0.04, 
0.06, 0.08, 0.1) samples were synthesized in the same 
way. Table 1 showed the preparation parameters  
of all samples.  
 

Results and Discussion 
To obtain monolithic ZrO2-Al2O3 composite 

aerogels under atmospheric drying, different ratios of 
AlCl3ꞏ6H2O and ZrOCl2ꞏ8H2O were regulated.  
From Table 1, it can be seen that the gelation time of 
pure Al2O3 was 7 min, while 0.1ZrO2-Al2O3 was 99 
min. Compared with the data in Table 1, it can be 
easily obtained that the gelation time was  
prolonged with increased zirconium content. When 
the molar ratio of Zr4+ was up to 12%, the gel cannot 
be formed. It may be attributed to the special structure 
of Zr, that it cannot be formed three dimensional 
structure alone. 

The photographs of the aerogels prepared were 
given in Fig. S1 (Supplementary Information). From 

Table 1 — Synthesis parameters of the ZrO2-Al2O3 aerogels 

Samples n(Al3+): n(Zr4+) m(AlCl3ꞏ6H2O)/g m(ZrOCl2ꞏ8H2O)/g VH2O/mL VEtOH/mL VPO/mL gelation time/min 

Al2O3 100:0 3.00 0 2.80 3.80 5 7 
0.02ZrO2-Al2O3 98:2 2.83 0.08 2.60 3.60 5 21 
0.04ZrO2-Al2O3 96:4 2.78 0.15 2.50 3.50 5 22 
0.06ZrO2-Al2O3 94:6 2.72 0.23 2.46 3.40 5 69 
0.08ZrO2-Al2O3 92:8 2.66 0.31 2.40 3.36 5 72 
0.1ZrO2-Al2O3 90:10 2.60 0.39 2.30 3.20 5 99 
0.12ZrO2-Al2O3 88:12 2.54 0.46 2.26 3.16 5 / 
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the photographs, we saw the integrity of the 
synthesized samples, and the diameter of the 
monolithic aerogels was about 4 cm.  

The SEM images of the prepared aerogels are 
shown in Fig. 1 (a and b) and Fig. 2. In order to 
demonstrate the light weight of the prepared aerogels, 
the Al2O3 sample was put in a leaf of Chinese ilex, 
seen in Fig. 1c. The morphology of XZrO2-Al2O3-
aerogel (X = 0, 0.02, 0.04, 0.06, 0.08, 0.1) as-prepared 
was hollow sphere and the size of the hollow sphere 
was about 2-4 μm. The hollow spheres were made of 
nanosheets. Compared with the images (a) to (e) in 
Fig. 2, it can be concluded that with the increase of 
zirconium content, zirconium spheres would appear 
inside alumina hollow spheres and the zirconium 
spheres were getting bigger and bigger. When the 
zirconium content was more than 10%, the gel cannot 
be formed. The micromorphology of aerogels was a 
mixture of broken nanosheets and nanospheres, seen 
in Fig. 2f. The EDX data were shown in Fig. S3, and 
the atom ratio of Al/Zr was seen in Table S1. On 
account of the added zirconium content being too low, 
and the selected area being relatively small (seen in 
Fig. S3), the atom ratio of Al/Zr was not accurate. 
Therefore, it was not in agreement with the feed ratio. 

When the sample 0.1ZrO2-Al2O3-aerogel was 
treated at 1000℃, the morphology of the hollow 
spheres can be basically maintained, seen in Fig. 3a. 
While it was heat treated at 1200℃, most of the 
hollow spheres would sinter and stick together, seen 

in Fig. 3b. It indicated that the composite hollow 
spheres prepared at 1000℃ had relatively good 
thermal stability, while it had poor thermal stability at 
1200℃. The shrinkage of the sample after heat 
treatment can also explain this phenomenon. The 
detailed data were listed in Fig. S2 and Table 2. After 

 
 
Fig. 1 — SEM images of Al2O3 aerogel sample: (a) Al2O3-RT,
(b) Al2O3-600 ℃, (c) photograph of Al2O3 

 
 

Fig. 2 — (a)-(f) SEM images of different composite aerogels samples
XZrO2-Al2O3-aerogel (X = 0.02, 0.04, 0.06, 0.08, 0.1, 0.12) 
 

 

 
 

Fig. 3 — SEM images of (a) aerogel sample 0.1ZrO2-Al2O3-
aerogel-1000 and (b) 0.1ZrO2-Al2O3-aerogel-1200 
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treatment at 1200℃, the size of the aerogels was 
about 3 cm. It was smaller than that before the 
treatment. The shrinkage rate was about 35%. The 
shrinkage of 0.1ZrO2-Al2O3-aerogel at 1200℃ was 
33.45%, and it was the smallest among all the 
samples. It indicated the addition of zirconium played 
an important role in inhibiting the shrinkage of 
composite aerogels. It can also be explained in the 
following XRD characterization. 

N2 adsorption-desorption characterizations were 
applied to study the specific surface area and pore 
volume of XZrO2-Al2O3-aerogel (X = 0, 0.02, 0.04, 
0.06, 0.08, 0.1).The detailed data were listed in Table 
2. From Table 2, it can be seen that with the amount 

of ZrO2 increase, the specific surface area of aerogels 
augmented. Fig. 4a showed the isotherm curves of 
aerogel with different amount of ZrO2, which can be 
seen as type II curves, indicating the existence of 
large pores in the samples. The pore diameter of the 
most samples was less than 10 nm, shown in Fig. 4b. 
The specific surface area of 0.1ZrO2-Al2O3-aerogel 
was 582 m2/g and its pore volume was 1.43 cm3/g. 
0.1ZrO2-Al2O3-aerogel was the best sample among 
our prepared samples.  

The TEM images of the aerogel samples Al2O3-
aerogel and 0.1ZrO2-Al2O3-aerogel were shown in 
Fig. 5. From the images it can be seen that ZrO2 and 
Al2O3 can form the core-shell structure. The shell was 

Table 2 — Surface area, pore volume and linear shrinkage of XZrO2-Al2O3-aerogel as-prepared and that treated at 1200°C 

Samples Surface area (m2/g) Pore volume (cm3/g) Linear shrinkage (ΔL/L) Density(g/m3) 

Al2O3 170 1.05 / 0.1051 
Al2O3-1200 / / 36.17% 0.1679 
0.02ZrO2-Al2O3 226 0.92 / 0.0922 
0.02ZrO2-Al2O3-1200 / / / 0.1821 
0.04ZrO2-Al2O3 252 1.06 / 0.09595 
0.04ZrO2-Al2O31200 / / 34.68% 0.2190 
0.06ZrO2-Al2O3 482 1.37 / 0.09716 
0.06ZrO2-Al2O3-1200 / / 34.53% 0.1954 
0.08ZrO2-Al2O3 482 1.15 / 0.09945 
0.08ZrO2-Al2O3-1200 / / / 0.1952 
0.1ZrO2-Al2O3 582 1.43 / 0.1329 

 

 
 

Fig. 4 — (a) N2 adsorption-desorption isotherms of XZrO2-Al2O3-aerogel and (b) their pore size distribution curves at room temperature 
 

 
 

Fig. 5 — The TEM image of the aerogel samples (a) Al2O3-aerogeland (b) 0.1ZrO2-Al2O3-aeroge 
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Al2O3 hollow sphere, which was made of nanosheets, 
shown in Fig. 5a. This structure was the same with the 
reported literature13, 14. The size of the hollow sphere 
was about 2-4 μm, corresponding with the results 
characterized by SEM. The core was ZrO2 solid 
spheres, and its size was about 1-2 μm, the dark solid 
ball shown in Fig. 5b. With the zirconium salt adding, 

a core appeared inside the hollow Al2O3 spheres. It 
was consistent with the SEM results.  

The XRD images of the aerogel samples XZrO2-
Al2O3-aerogel (X = 0, 0.02, 0.04, 0.06, 0.08, 0.1) 
treated at 600°C, 800°C, 1000°C and 1200°C were 
displayed in Fig. 6. From the images it can be easily 
seen that the diffraction peak intensity increased with 

 
 

Fig. 6 — (a-f) The XRD images of the aerogel samples XZrO2-Al2O3-aerogel (X = 0, 0.02, 0.04, 0.06, 0.08, 0.1) treated at 600 °C,
800 °C, 1000 °C and 1200 °C 
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the increase of temperature. When the heat treatment 
temperature was under 1000°C, there was only Al2O3 

(PDF card: 35-0121), and the diffraction peaks were 
weak. When the heat treatment temperature was at 
1000°C, there was only Al2O3 (PDF card: 35-0121) in 
samples Al2O3-aerogel, 0.02ZrO2-Al2O3-aerogel and 
0.04ZrO2-Al2O3-aerogel, seen in Fig. 6 (a, b and c). 
While ZrO2 phase (PDF card: 50-1089) appeared  
at 1000°C in samples 0.06ZrO2-Al2O3-aerogel, 
0.08ZrO2-Al2O3-aerogel and 0.1ZrO2-Al2O3-aerogel, 
seen in Fig. 6 (d, e and f). When the heat treatment 
temperature was at 1200°C, the phase transition 
occurred, and a new diffraction peak of Al2O3 
appeared (PDF card: 10-0173) in samples  
Al2O3-aerogel and 0.02ZrO2-Al2O3-aerogel, seen in 
Fig. 6 (a and b). While there was no new Al2O3 

phase in other samples, seen in Fig. 6 (c, d, e and f).  
It can be explained that the phase transition of Al2O3 
can be inhibited by adding appropriate zirconia25. 
When the temperature was at 1200°C, the hollow 
Al2O3 spheres were reduced in size and sintered 
together. It can be proved by SEM (Fig. 3b). 
Therefore, it can be concluded that the phase 
transition of Al2O3 can be inhibited at 1200°C when 
n(Al3+): n(Zr4+) was 96:4, 94:6, 92:8 and 90:10. 

Fig. 7 showed the TGA result of the synthesized 
samples XZrO2-Al2O3 (X = 0, 0.02, 0.06, 0.1). The 
samples were lost about 15-25 wt% weight loss at the 
temperature lower than 200°C, corresponding to the 
surface adsorbed water and part of organics on the 
particles surface. There was about 20-30 wt% weight 
loss from 200 to 600 °C, which was mainly attributed 
to the decomposition of residual organics. And there 

was almost no weight loss from 600 to 1000°C, 
indicating that the remaining materials were ZrO2 and 
Al2O3. According to the added materials of 
m(AlCl3ꞏ6H2O) and m(ZrOCl2ꞏ8H2O), the total  
mass of the converted Al2O3 and ZrO2 were 1.267 g, 
1.226 g, 1.237 g, 1.247 g, respectively. It was 
basically in agreement with the results of TGA curves 
in Fig. 7 except for the sample 0.1ZrO2-Al2O3. This 
may be related to the fact that close to the critical 
value, the added zirconium salts did not all form 
hollow spherical structures with aluminum salts. 
 
Conclusion 

In summary, a series of core-shell structured ZrO2-
Al2O3 aerogels were synthesized by one-step sol-gel 
method under constant pressure drying. It was found 
that with the zirconium salt added, zirconium core 
appeared inside the hollow Al2O3 sphere. When 
n(Al3+): n(Zr4+) was higher than 90:10, there was no 
gel formation under the conditions we set for the 
experiments. With the increase of zirconium content, 
the core-shell structure was gradually obvious, 
characterized by SEM and TEM; and the specific 
surface area of XZrO2-Al2O3-aerogel increased from 
170 to 582 m2/g, represented by N2 adsorption-
desorption characterization. The core-shell structure 
can keep well under 1000°C. When the temperature 
was 1200°C, the outside shell Al2O3 would reduce in 
size and sinter together, characterized by SEM. There 
was no new diffraction peak of Al2O3 at 1200°C when 
n(Al3+): n(Zr4+) was 96:4, 94:6, 92:8 and 90:10. It 
demonstrated that the phase transformation was 
inhabited with appropriate zirconium salt addition, 
characterized by XRD. 
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Fig. 7 — TGA curves of aerogels of the samples XZrO2-Al2O3 

(X = 0, 0.02, 0.06, 0.1) 
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