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Morphology Evolution in Hydrothermal Synthesis of Mesoporous Alumina 
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Abstract: Boehmite with varied morphologies was successfully synthesized from aluminum ammonium sulfate hy-

drate and urea, as well as poly-glycol-2000 by hydrothermal method. The experimental results show that boehmite mi-

crospheres, microfibers and 3D hierarchical structured AlOOH can be fabricated only by adjusting hydrothermal tem-

perature. SEM images indicate that boehmite decomposes into γ-Al2O3 phase after heat-treatment through a topotacti-

cal process. TEM studies present that the mesopores are formed in γ-Al2O3 particles. Based on these investigations, a 

temperature-dependent morphology formation mechanism is proposed. Besides, the as-synthesized alumina excited at 

325 nm shows emission in the range of 380 nm to 500 nm, centered at 409 nm and 467 nm.  
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Recently, researches on morphology and structure- 
dependent properties of inorganic oxides have attracted 
much attention. As a fascinating kind of functional materi-
als, mesoporous materials have been widely studied due to 
their applications including catalysts[1-3], sensors[4-5], and 
magnetic storage of media data[6-7]. Many mesoporous 
structured oxides such as α-MoO3

[8], SiO2
[9], TiO2

[10] and 
Al2O3 have been fabricated successfully in the past years. 
Especially, Al2O3 has been extensively investigated owing 
to its distinct physical and chemical properties, such as 
thermal stability and acid-base amphoteric character. 
However, researches on the formation mechanism alumina 
with mesoporous structure are still limited.  

Conventionally, mesoporous alumina can be prepared 
by template method, including soft template of surfac-
tants[11-12], amphiphilic polymer[13-14], and hard template of 
mesoporous silica[15-16], carbon[17-18]. Recently, some other 
methods have been employed to synthesis mesoporous 
alumina, such as evaporation-induced method[19], Sol-Gel 
method[20] and multi-component method[21]. However, a 
general strategy for the synthesis of alumina with con-
trolled morphology and porous structure is still beyond the 
scope of current implementation. 

In this work, we introduced a simple hydrothermal 
method to fabricate boehmite (AlOOH) with three differ-
ent morphologies in the presence of surfactant poly-glycol 
(PEG)-2000. Mesoporous structured γ-Al2O3 was prepared 
by decomposition of the as-produced AlOOH. Besides, the 
growth mechanism of AlOOH and the mesoporous struc-
ture of γ-Al2O3 were studied, and photoluminescence (PL) 

of the as-synthesized alumina was also investigated. 

1  Experiments 

All chemicals were used without further purification. 
γ-Al2O3 with various morphologies was prepared as fol-
lows. First, 9.07 g NH4Al(SO4)2·12H2O, 0.2 g (PEG)-2000 
and 15 g urea were dissolved into 100 mL deionized water 
under vigorously stirring till a transparent solution was 
formed. And then, the resulting solution was sealed in the 
250 mL Teflon-lined stainless steel autoclave, and was 
placed in oven at different hydrothermal temperatures for 
12 h. Finally, the precipitation was collected by centrifu-
gation, washed with deionized water and ethanol for 4 

times, and dried at 80℃. γ-Al2O3 was obtained by calcina-

tion of the collected precursors at 800℃ for 2 h with a 

heating rate of 10 ℃/min. The hydrothermal products 

synthesized at 90℃, 120℃ and 150 ℃ were named as 

Pre90, Pre120 and Pre150, respectively. Correspondingly, 
their calcined products were denoted as Alu90, Alu120 
and Alu150. 

X-ray diffraction (XRD, PANalytical X'Pert PRO, Al-
melo, Holland) and scanning electron microscope (SEM, 
ZEISS EVO 18, Oberkochen, Germany) were used to 
study the crystallinity and morphology of prepared pow-
ders, respectively. The mesoporous microscopic features 
of the as-obtained γ-Al2O3 were characterized using a 
transmission electron microscope (TEM, JEM-2100, To-
kyo, Japan). Average mesopore size distribution was 
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measured by Barrett-Joyner-Halenda (BJH, Micromeritics 
ASAP2020, Atlanta, America) method from the desorption 
branch of isotherm. Photoluminescence analyses were 
performed with Jobin-Yvon Triax 320 spectrometer (PL, 
Jobin-Yvon Triax 320, Paris, France). 

2  Results and discussion 

Figure 1(A) shows the typical XRD patterns of AlOOH 

prepared at 90℃, 120℃ and 150℃ for 12 h. XRD pat-

tern of Pre90 in Fig. 1(A) presents that the as-obtained 
powder is amorphous, while the patterns of Pre120 and 
Pre150 can be readily indexed to the crystalline phase of 
AlOOH (JCPDS 01-072-0359). XRD patterns of Fig. 1(A) 
indicate that the hydrothermal temperature favors the par-
ticle’s crystallization. Generally, the crystal growth is de-
termined by the rate of crystal formation and migration, 
which are influenced by the temperature. The lower 
temperature leads to the lower growth rate of crystals[22]. 
Figure 1(B) presents the XRD patterns of the samples ob-

tained by calcinations of AlOOH at 800℃ for 2 h. All the 

diffraction peaks can be identified as cubic γ-Al2O3 
(JCPDS 00-001-1303). Figure 1(C) shows the small-angle 
XRD patterns of γ-Al2O3. The products show a strong dif-
fraction peak at around 0.3º, indicating that the mesopor-
ous structure exists in these samples. 

Figure 2 exhibits the different magnification SEM im-
ages of the as-obtained AlOOH. It shows that the 
sphere-like particle with non-uniform size is synthesized 

at 90℃ for 12 h in Fig. 2(A-B). The diameter of the 

sphere ranges from 1–5 μm and its surface is apparently 
smooth. Figure 2(C) and (D) show the SEM images of-
Pre120 which is composed of uniform and straight fibers 
with the length of 10–20 μm and the diameter of 200–500 

nm. As the hydrothermal temperature increases to 150℃, 

a large number of flower-like particles with hierarchical 
structure are formed(Fig. 2(E-F)). The diameter of the 
flowers is 3–5 μm. Every flowers comprises numerous 

microfibers with length of 1–3 μm and a diameter of 
20–30 nm, as shown in Fig. 2(E) and (F). The SEM results 
reveal that the hydrothermal temperature has an obvious effect 
on the morphology of the as-prepared precursor. 

Figure 3 shows the SEM images of γ-Al2O3 obtained 
by calcinations of the precursors. These samples show 
similar morphology to that of precursors. These results in-
dicate that the transformation from AlOOH to cubic γ-Al2O3 
without obvious morphology change and volume shrinkage, 
is known as a topotactical process[23-24]. The crystal tructure 
of AlOOH is orthorhombic, space group Amam (NO. 63) 
with a=0.369 nm, b=1.224 nm, c=0.286 nm, α=β =γ=90°, 
Z=4. The crystal structure of γ-Al2O3 is cubic, space group 
Fd-3m (NO. 227) with a=b=c= 0.79 nm, α=β=γ= 90°, Z=10. 
Comparing both above crystal structure, the transforma-
tion from AlOOH to γ-Al2O3 is involves only the vibra-
tion of corresponding axes other than change of the angle 
shift, which provides a basis for topotactical transforma-
tion[25]. 

In order to observe the details of morphological struc-
ture of γ-Al2O3, the high-resolution transmission electron 
microscopy (TEM) is employed. Figure 4(A-B) present 
the TEM images and SAED patterns (inset) of Alu90. 
γ-Al2O3 solid sphere with non-uniform diameter can be 
observed from Fig. 4(A), and Fig. 4(B) presents the mi-
crosphere is assembled by small particles. The TEM im-
ages and SAED patterns (inset) of Alu120 (Fig. 4(C-D)) 
clearly display that γ-Al2O3 microfibers are prepared and 
the mesopores are formed homogenously in the fibers. 
Figure 4(E-F) show the TEM images and SAED patterns 
(inset) of Alu150. It is observed that the fiber-like blocks 
are composed of small crystals with mesopores of pore 
size less than 20 nm. The SAED patterns in Fig. 4 show 
that all the crystal phases of the products are polycrystal-
line. The TEM results present that γ-Al2O3 is consisted of 
small crystals and the mesopores structure is formed by 
decomposition of AlOOH and PEG 2000, which is con-
sistent with SEM results.  

 

 

Fig. 1  XRD patterns of AlOOH (A), together with their respective (B) wide- and (C) small-angle XRD patterns  

of γ-Al2O3 powder calcined at 800℃ for 2 h 
(a) Pre90; (b) Pre120; (c) Pre150
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Fig. 2  SEM images of AlOOH 
(A-B)Pre90;(C-D)Pre120;(E-F)Pre150 

 

Fig. 3  SEM images of γ-Al2O3 obtained from different hydro-

thermal products calcined at 800℃ for 2 h 
(A-B) Alu90; (C-D) Alu120; (E-F) Alu150 

 

 

Fig. 4  TEM image and a typical SAED pattern (inset) of γ-Al2O3 

(A-B) Alu90; (C-D) Alu120; (E-F) Alu150 
 

Figure 5 presents the BJH pore-size distribution and 
N2adsorption-desorption isotherm of γ-Al2O3 obtained by 

calcination of the precursors at 800℃. The pore size distribu-

tion curves of γ-Al2O3 in Fig. 5(A-B) exhibit that they have 
the same sized mesopores, while the pore size distribution 
of Alu150 (Fig. 5(C)) centers at 13 nm and 250 nm. The 
corresponding N2 absorption-desorption isotherm curves 
in Fig. 5(D-F) are IV type with the pressure range of 
P/P0 at 0.4–0.9, 0.4–1.0 and 0.7–1.0, respectively. The 
curves of Fig. 5(D-E) with a hysteresis of H1 present that 
there exists mesopores, while the curve of Fig. 5(F) with 
an H4 hysteresis loop indicates that there exists silted 
pores due to the center cores in 3D structure. Meanwhile, 

the BET surface areas of the as-obtained powders are 125, 
105 and 101 m2/g, and Langmuir surface areas are 173, 
148 and 140 m2/g, respectively. The mesoporous structure 
of these products is beneficial to the potential applications 
in catalyst material. 

Based on the above results, we propose a formation 
mechanism of different shaped γ-Al2O3, as presented in 
Fig. 6. The growth of AlOOH is composed of the process 
of precipitation from supersaturated solution and ostwald 
ripening. Urea hydrolyzes under hydrothermal conditions 
and boehmite precursor can be formed by the following 
reactions[26]:  

CO(NH2)2 + H2O → CO2↑ + 2NH3          (1) 
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Fig. 5  Barrett-Joyner-Halenda (BJH) pore-size distribution (A-C) and N2 adsorption and desorption isotherm (D-F)  
of γ-Al2O3 from different hydrothermal products 

(A, D) Alu90; (B, E) Alu120; (C, F) Alu150 

 

Fig. 6  Schematic diagram of the formation of AlOOH precursor with various morphologies 
 

 NH3 + H2O → NH4
+ + OH-            (2) 

Al3++ 3OH- → AlOOH + H2O           (3) 
At the initial of the hydrothermal process, AlOOH is 

formed due to the hydrolysis of urea, which is based on the 
mechanism of precipitation from supersaturated solution[27]. 
When the hydrothermal temperature is kept at 90℃, the 
energy is not enough for crystal orientation, leading to the 
low growth rate of every crystal plane, and microsphere[28]. 
As the temperature increases to 120℃, the crystal plane 
with grows preferentially, driven in part by relatively high 
surface energy and in part by a kinetic effect involving a 
cyclic generation of highly reactive adsorption sites[29]. 
Eventually, AlOOH microfibers are fabricated. At 150℃, 
initially, the PEG micelle is formed due to the higher 

temperature resulting in the lower critical micelle con-
centration[30-31]. Then the AlOOH microfibers attach onto 
the PEG micelle, and the flower-like hierarchical struc-

tured AlOOH is formed[32]. After calcination at 800℃, 

γ-Al2O3 is obtained with the morphology and volume of 
AlOOH remained according to Eq. (4), known as topo-
tactical process. 

2AlOOH → Al2O3 + H2O            (4) 
Figure 7 shows the PL spectrum of micrometer-sized 

γ-Al2O3 with mesoporous structure. The PL spectra pre-
sent that absorption and emission bands show almostno 
change with the crystal size and morphology, illustrating 
that the emission bands are attributed only to color centers. 
The spectrum is composed of a broad band, a strong peak 
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Fig. 7  Room temperature PL spectra of the as-prepared γ-Al2O3 

(a) Alu90; (b) Alu120; (c) Alu150 

 
located at 467 nm from emission of Xenon lamp and several 
weak peaks with excitation 325 nm. The broad band is con-
sisted of three peaks at 398, 409 and 418 nm, ascribed to F 
centers, and the strong peak is at 467 nm with several 
shoulders at around 450, 481 and 490 nm, which are as-
cribed to the P centers[12, 33]. 

3  Conclusions  

AlOOH microspheres, microfibers and 3D hierarchical 
structure can be synthesized at hydrothermal temperature of 

90℃, 120℃ and 150℃, respectively. After calcination, 

γ-Al2O3 with similar morphologies with AlOOH precur-
sors is formed through a topotactical thermal decomposi-
tion process. Owing to this formation process, the pre-
pared γ-Al2O3 shows mesoporous properties and has large 
surface area, which might be useful for their potential ap-
plication in catalyst. Besides, the PL results present that 
the as-synthesized γ-Al2O3 exhibits strong emission at 
room temperature. 
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水热法制备介孔氧化铝的形貌演化研究 

李艳辉, 彭 诚, 赵 威, 白明敏, 饶平根 

(华南理工大学 材料科学与工程学院, 广州 510640) 

摘 要: 以硫酸铝铵、尿素为原料,  PEG2000 作为分散剂, 通过水热法合成了三种形貌的勃姆石(AlOOH)。实验结果

显示, 调节水热温度可以制备出 AlOOH 微球、微纤维和 3D 分级结构的 AlOOH。经 SEM 分析可知, 在煅烧过程中, 

AlOOH 分解转化为-Al2O3, 该过程为拓扑过程, 即形貌未发生变化。TEM 结果显示, 介孔均匀地分布在 AlOOH 内。

基于此, 我们提出了温度-形貌生长机制。此外, 还研究了-Al2O3的光致发光性能, 以 325 nm 为激发光谱时, 其发生

光谱的波长在 380~500 nm, 光谱中心在 409 和 467 nm 处。 

关  键  词: 勃姆石; γ-Al2O3; 拓扑; 介孔; 光致发光 
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