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Abstract: Using glucose as a structuring additive and aluminium nitrate as the Al precursor, a novel kind of mesoporous Al2O3 microspheres with
ﬂower-like structure were synthesized hydrothermally at 180°C for 20 h. When the synthesis temperature was lowered to 140°C, the
carambola-like Al2O3 can be synthesized. This approach is convenient and simple, and ﬂower-like Ce-Al2O3 and La-Al2O3 spheres have
also been prepared in this way. It may be applied to synthesize other metal oxides when suitable precursor salts are used. From an
analysis of the experimental results, a mechanism for the formation of the ﬂower-like Al2O3 spheres has been proposed and discussed.
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1. Introduction
Al2O3 is known to be an important chemical material,
and is extensively used in industrial catalysts, supports,
and other important applications, because of its thermal,
chemical, and mechanical stability and low cost [1,2].
Since the discoveries of ordered mesoporous silicas
[3,4], much effort has been directed to the synthesis of
mesoporous Al2O3 by using similar templating strategies,
in which surfactants [5,6], inorganic molecules [7,8],
ionic liquids [9], or even rigid mesoporous carbon and
molecular sieves [10,11] were used as the templating
agent or templating material. It is well known that
textural and structural properties of Al2O3, such as pore
size distribution, surface area, and pore volume, are
very important for its commercial application, because
of their direct relationship with catalytic performance, as
shown in quantities like the conversion of reactant and
the selectivity to product [12]. Besides, the morphology

is also a key factor affecting the properties and
applications of Al2O3. For example, nano-ﬁbrous Al2O3
with random stacking and low contact area exhibits
strong resistance to sintering [13]; Al2O3 as nano-tubes
containing lithium with high ion mobility is a promising
candidate as a solid ionic conductor [14]. In spite of the
importance of morphology control, there have been only
a few studies of the morphologically controlled synthesis
of mesoporous Al2O3. As far as we know, mesoporous
Al2O3 with ﬂower-like micro-spherical structures has
not previously been reported, although Al2O3 has been
studied and used for a very long time.
In the present work, we have developed a simple
approach to the hydrothermal synthesis of Al2O3
microspheres with ﬂower-like structure by using glucose
as a structuring additive. A mechanism for the formation
of ﬂower-like Al2O3 spheres has been proposed and
discussed.
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2. Experimental

3. Results and Discussion

2.1. Synthesis

3.1. The physicochemical properties of ﬂowerlike Al2O3 spheres

Flower-like structure Al2O3 was synthesized by a
hydrothermal method. 7.5 g Al(NO3)3•9H2O (AR,
Shanghai Hengxin Chemical Reagent Co., Ltd) was
dissolved in 40 mL de-ionized water under stirring,
followed by the addition of 5.0 g glucose (AR, Shanghai
Huixing Biochemistry Reagent Co., Ltd) at room
temperature to form a clear solution, in which the
molar ratio of glucose/Al(NO3)3•9H2O = 1.4/1. Then this
synthesis solution was transferred to a 100 mL Teﬂonsealed autoclave and kept at 180ºC for 20 h. The brown
solids formed were separated by centrifugation and
washed with de-ionized water and alcohol for three
cycles. After being dried at 80ºC for 3 h, the synthesized
sample was calcined at 550ºC in air for 5 h to obtain the
product with a ﬂower-like morphology. For the synthesis
of Ce or La doped Al2O3, an appropriate amount of
Ce(NO3)3•6H2O or La(NO3)3•6H2O was added into the
aqueous solution with Al(NO3)3•9H2O, and other steps
were the same as the synthesis of Al2O3.

2.2. Characterization
The SEM images were obtained on a JSM-6360LV
operated at 15 kV. The TEM images were obtained on
a Philips CM200 FEG/ST Lorentz electron microscope
with a ﬁeld emission gun at an acceleration voltage of
200 kV. The N2 adsorption/desorption isotherms were
collected on a Micromeritics ASAP 2020 surface area
and porosity analyzer, and the sample to be tested was
evacuated at 200ºC and 10-6 Torr for 10 h. The surface
area of the sample was calculated by the BET method
and the pore size distribution curve was obtained by the
BJH method from the desorption data. The XRD patterns
were recorded on a D/MAX 2550 VB/PC with graphite
monochromated CuKα radiation. The TG-DTA analysis
was performed on a PerkinElmer Pyris Diamond at a
heating rate of 10 ºC min-1 in an air ﬂow of 50 mL min-1.
The FT-IR spectra were recorded on a Nicolet NEXUS
670 FT-IR spectrometer, and the sample to be
measured was ground with KBr and pressed into a thin
wafer. The contents of La and Ce in the solid samples
were determined by inductively coupled plasma atomic
emission spectrometry (ICP-AES) on a TJA IRIS-1000,
and they also were determined by the Falcon EDS
incorporated in the JSM-6360LV SEM. The surface
acidity of the sample was measured by temperature
programmed desorption of ammonia (NH3-TPD) on a
conventional ﬂow apparatus equipped with a thermal
conductivity detector (TCD).

Fig. 1 shows the SEM images of synthesized Al2O3. The
synthesized Al2O3 exhibits the micro-spherical structure
(Fig. 1a), and its surface is composed of many crosslinked sheets, which makes the micro-sphere like a
ﬂower (Fig. 1b).
The N2 adsorption/desorption isotherm of the ﬂowerlike Al2O3 in Fig. 2 displays a sharp inﬂection when p/p0 is
close to zero, indicating the presence of a few micro-pores
in the sample. The appearance of a hysteresis loop at
p/p0 = 0.5-0.9 means that the ﬂower-like Al2O3 possesses
abundant meso-pores, and the small hysteresis loop at
p/p0 = 0.9-1.0 implies the existence of some macro-pores
in the sample. The pore size distributions (inset in Fig. 2)
calculated by the BJH method from the desorption data,
show that most of the pores in the ﬂower-like Al2O3
spheres form a distribution centred at about 6 nm, but
there are smaller groups of pores at about 4 nm and
30 nm. The meso-pores in the sample originate from
the removal of uniform carbonized glucose materials
in the inorganic-organic hybrid sheets and the stacking
of the basic spherical units constituting the ﬂower-like
Al2O3. The existence of some macro-pores centred at
about 30 nm possibly originates from the stacking of
Al2O3 platelets in the spherical arrangements. The BET
surface area of the synthesized ﬂower-like mesoporous
Al2O3 is 239 m2 g-1.
Fig. 3 shows the XRD spectra of the ﬂower-like
Al2O3 calcined at different temperatures. The results
indicate that ﬂower-like Al2O3 calcined at 550°C has an
amorphous structure with irregular pores (Figs. 3a, 3b).
The Al2O3 sample calcined at 800°C exhibits the crystal
structure of γ-Al2O3, and structures of both γ-Al2O3
and α-Al2O3 are observed after calcination at 1000°C
(Fig. 3b). However, the overall morphology remains
unchanged (Fig. 1c, 1d), and the BET surface area falls
to 118 m2 g-1 (calcined at 800°C) and 49 m2 g-1 (1000°C),
respectively.
The TEM images of the synthesized ﬂower-like Al2O3
in Fig. 4 show that the basic units of the sample are small
Al2O3 sphere-like structures (Fig. 4a), which can connect
with or stack with each other to form Al2O3 sheets, and
then form the ﬂower-like Al2O3 by self-assembly. Fig. 4b
indicates that there are many “worm-like” pores in the
surface of the basic spherical units.
The TG curve (Fig. 5) of the as-synthesized Al2O3
spheres shows a total weight loss from the sample
of 60.9% at 40-550°C, which is due to the removal of
molecular water, dehydration of hydroxyl groups, and
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Figure 1. SEM images of the synthesized ﬂower-like Al2O3 spheres calcined at (a, b) 550°C, (c) 800°C and (d) 1000°C.

Figure 2. N2 adsorption/desorption isotherm and pore size distribution curve (inset) of the ﬂower-like Al2O3 spheres.

Figure 3. (a) Small-angle and (b) wide-angle XRD spectra of the ﬂower-like Al2O3 calcined at different temperatures.
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Figure 4. TEM images of the synthesized ﬂower-like Al2O3 spheres, (a) basic spherical units of the sample, (b) surface of the basic spherical
units.

Figure 5.

TG-DTA curves of as-synthesized Al2O3 spheres and the EDS spectrum (inset) of synthesized ﬂower-like Al2O3 calcined at 550°C
for 5 h.

loss of organic species. Above 550°C, weight loss from
the sample is almost indiscernible, indicating that the
organic materials in the sample have been removed
completely. The EDS spectrum (inset in Fig. 5) shows
that in the sample calcined at 550°C, Al and O are
the only elements present at signiﬁcant levels: that is
to say, the sample calcined is Al2O3. The DTA curve is
consistent with these interpretations.
It is well known that various chemical reactions of
glucose can take place under hydrothermal conditions
to form a complex mixture of organic compounds. This
makes it difﬁcult to determine the exact chemical reaction
occurring in the sealed vessel [15,16]. The amount and
types of functional groups usually change a lot under
hydrothermal treatment because of dehydration and
carbonization [17]. In the FT-IR spectrum of glucose
(Fig. 6a), the absorption band at 3500-3200 cm-1 may be
attributed to a vibration of associated hydroxyl groups
(OH1), the bands at 3000-2850 cm-1 and 1450 cm-1
correspond to stretching vibrations and bending
vibrations of the C-H bonds, respectively. The absence
of characteristic absorption bands of aldehyde groups
implies that glucose exists as ring hemiacetal. In the

FT-IR spectrum (Fig. 6b) of as-synthesized Al2O3
spheres consisting of inorganic-organic hybrids, the
absorption band of associated hydroxyl groups (OH1)
decreases remarkably and the sharp absorption peaks
of free hydroxyl groups (OH2) at 3669 cm-1 and of
carbonyl groups at 1712 cm-1 emerge, indicating that
dehydration and carbonization reactions have occurred
in the initial formation synthesis of the Al2O3 spheres.
The FT-IR spectrum of as-synthesized Al2O3 spheres
is noticeably different from that of carbon spheres
obtained by the dehydration and carbonization of pure
glucose under hydrothermal condition [17]. The FT-IR
spectrum in Fig. 6b may be peculiar to the inorganicorganic hybrid made from Al(NO3)3 and glucose under
hydrothermal conditions. Fig. 6c is the typical FT-IR
spectrum of Al2O3.

3.2. Effect of the molar ratio of glucose/
Al(NO3)3•9H2O on the morphology of
Al2O3
The effects of the molar ratio of glucose/Al(NO3)3•9H2O
on the morphology of synthesized Al2O3 are shown in
Fig. 7. It can clearly be seen that this molar ratio has a
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(Fig. 7e), and when glucose/Al(NO3)3•9H2O reaches
5.2/1, the catenulate Al2O3 consisting of series-wound
micro-spheres can be obtained (Fig. 7f), but its yield is
very low. The above results show that the molar ratio
of glucose/Al(NO3)3•9H2O is a key factor affecting the
morphology of prepared Al2O3. The suitable ratio of
glucose/Al(NO3)3•9H2O for preparation of the regular
ﬂower-like Al2O3 spheres is 1.2-1.6/1.

3.3. Effect of the synthesis temperature on the
morphology of Al2O3

Figure 6. FT-IR spectra of (a) glucose, (b) as-synthesized ﬂower-like
Al2O3 spheres, and (c) ﬂower-like Al2O3 spheres calcined
at 550°C.

great inﬂuence on the morphology of Al2O3. When the
molar ratio is 0.6/1, only sheets of Al2O3 are produced,
with irregular size (Fig. 7a). With molar ratio 1.0/1,
irregular particles consisting of Al2O3 sheets (Fig. 7b)
are formed.
The ﬂower-likeAl2O3 spheres can be obtained (Figs. 7c,
1 and 7d) in the molar ratio range from 1.2-1.6/1.
Al2O3 prepared at molar ratio 1.9/1, again consisted
of irregular particles composed of many large sheets

Fig. 8a shows the SEM image of Al2O3 synthesized at
140°C for 20 h. The morphology is clearly different from
that of material synthesized at 180°C. The former is
carambola-like Al2O3 consisting of many sheets made
up of many small sheets (Fig. 8b), while the latter is the
ﬂower-like Al2O3 spheres consisting of many leaves.
This indicates that the hydrothermal temperature is an
important factor affecting the morphologies and shapes
of synthesized Al2O3.

3.4. Effect of the synthesis time on the
morphology of Al2O3
In order to ascertain the formation evolution of ﬂowerlike Al2O3, the effect of hydrothermal synthesis time on
the shape of synthesized Al2O3 was investigated. The
results in Fig. 8 show that, when the synthesis solution

Figure 7. SEM images of Al2O3 synthesized with different molar ratios of glucose/Al(NO3)3•9H2O at 180°C for 20 h: (a) 0.6/1, (b) 1.0/1, (c) 1.2/1,
(d) 1.6/1, (e) 1.9/1, and (c) 5.2/1 (40 mL water was used in each case).
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Figure 8. (a) SEM and (b) TEM images of Al2O3 synthesized at 140°C for 20 h. (The molar ratio of glucose/Al(NO3)3•9H2O was 1.4/1, 40 mL water
was used).

was hydrothermally treated at 180°C for 30 min, some
sheet product has been formed (Fig. 9a) and particles
are suspended in the synthesis gel, but the solid particles
seen in the micrograph are not visible to the naked eye.
At a synthesis time of 50 min, the sheet materials have
aggregated to small spheres by self-assembly (SA),
and a solid precipitate has been produced (Fig. 9b).
Large broken ﬂower-like spheres are formed when the
synthesis time is increased to 1 h (Fig. 9c). With further
increase in the synthesis time, the ﬂower-like Al2O3
spheres can form completely, and become more regular
and uniform (Figs. 9d, e, f, and Fig. 1). If the synthesis
time is prolonged to 30 h, the ﬂower-like Al2O3 spheres
obtained are solid, and have been destroyed to some
extent (not shown here).

3.5. Formation processes of the ﬂower-like
Al2O3 spheres
Fig. 10 shows the SEM and TEM images of the surface
and the leaves of the synthesized ﬂower-like Al2O3
spheres. It is apparent that the surface of ﬂower-like
Al2O3 spheres is composed of a mass of disordered
sheets (Fig. 10a) that are composed of cyclic surfaces
with many disorder pores (Fig. 10b). The image inside
the circle in Fig. 10b displays thin sheets curving to
form the hollow cyclic surfaces making up the leaves of
ﬂower-like Al2O3 micro-spheres.
The hydrolysis of Al(NO3)3 occurs readily in
aqueous media to form aluminium polycations at room
temperature [18]. We have observed that the pH value
of the Al(NO3)3 aqueous solution was 1-2 and does not
change with addition of glucose at room temperature.
It is known that the equipotentiality (EP) of Al(OH)3 is
4.8-5.2. When the pH value of the Al(NO3)3 aqueous

solution is lower than this EP, the hydrolysis of Al(NO3)3
will take place as follows: (I) Al(NO3)3 is hydrolyzed to
Al(OH)(NO3)2, Al(OH)2(NO3) and HNO3; (II) at the same
time, the aluminium polycationic species, (i.e., the multinuclear hydrated aluminium hydroxides) will be formed
immediately, even at room temperature, from the Al(OH)
(NO3)2 and Al(OH)2(NO3) produced:
Al(NO3)3

+H2O
(1)

Al(OH)(NO3)2
+
HNO3

[Al(OH)(NO3)2]m+ [Al(OH)2(NO3)]n

+H2O
(2)

Al(OH)2(NO3)
+
HNO3
Alx(OH)y(NO3)3x-y

(I)

( II )

Glucose is a chemically active compound under
hydrothermal conditions. After glucose is added into the
Al(NO3)3 aqueous solution, the hydrolysis of Al(NO3)3 in
the aqueous solution of aluminium nitrate and glucose
under hydrothermal condition will become more complex.
It can be deduced from the results obtained in this study
that the hydrated multi-nuclear aluminium hydroxides
can react with glucose to form lamellar inorganic-organic
hybrid structures under hydrothermal conditions, and
the formation evolution of ﬂower-like Al2O3 is proposed
as Scheme 1.

Scheme 1. Schematic illustration of formation evolution of ﬂowerlike Al2O3 spheres at 180°C and carambola-like Al2O3
at 140°C.
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Figure 9. SEM images of the samples synthesized at 180°C for (a) 30 min, (b) 50 min, (c) 1 h, (d) 3 h, (e) 5 h, (f) 10 h. (As the obvious solid can
not be obtained in the synthesis solution treated at 180°C for 30 min, the SEM image of (a) sample was performed after the solution
treated at 180°C for 30 min was dropped on the sampling plate and dried at room temperature. Other samples were calcined at 550°C
for 5 h).

Figure 10. (a) SEM and (b) TEM images of the surface of the synthesized ﬂower-like Al2O3 spheres.
The micrographs of Fig. 9 show that when the
synthesis solution was hydrothermally aged at 180°C
for 30 min, sheet product had been formed, which was
further identiﬁed by the TEM image in Fig. 11. However,
these initially formed sheet materials are very small
and are more water-soluble because of their abundant
hydroxyl (Scheme 1-I). When the synthesis time reaches
50 min, the sheet materials aggregate to small spheres;
as the synthesis time reaches 1 h, broken large ﬂowerlike spheres are formed. We believe that the synthesis
800

processes above relate to the loss of a large amount (L)
of water, including the dehydration of inorganic-organic
hybrid and the carbonization of glucose, resulting in the
formation of small hollow particles (Scheme 1-II). Then
these particles aggregate by self-assembly to form
large sheets (Scheme 1-III). With further increase in
the synthesis time, ﬂower-like spherical structures can
ﬁnally be formed (Scheme 1-IV), and these spherical
products become more regular and uniform.

H. Liu et al.

Figure 11. TEM image of the synthesis solution aged at 180°C for
30 min.

associated with free hydroxyl groups, and the distinct
emergence of an absorption peak associated with C=C.
These variations can be correlated with the SEM images
of the samples in Fig. 8.
These results show that the initial 3 h of hydrothermal
treatment is the key stage for the formation of ﬂowerlike Al2O3 sample (Figs. 9a-c). As the synthesis time is
extended to 20 h, the samples formed become more
regular and uniform (Figs. 9d-f, and Fig. 1), but a further
increase in the synthesis time to 30 h results in some
destruction of the ﬂower-like spheres formed earlier,
because of excessive dehydration and carbonization of
the inorganic-organic hybrids.
When the synthesis temperature is lower, such as
140°C, the lamellar inorganic-organic hybrid initially
formed can only dehydrate to a limited extent. Only a
small amount (S) of water is lost, and in particular the
carbonization of glucose is restricted, so the sample
loses the drive to curve it into the spherical structure
(Scheme 1-II). The small size sheets which initially
form grow instead to large size platelets (Scheme 1-III),
and then carambola-like Al2O3 particles are formed by
the self-assembly of these platelets under hydrothermal
treatment at 140°C (Scheme 1-IV and Fig. 8).

3.6. Preparation of doped ﬂower-like Al2O3

Figure 12. FT-IR spectra of the as-synthesized samples prepared
at 180°C for different synthesis times.

The FT-IR spectra (Fig. 12) of the as-synthesized
samples show that for hydrothermal reaction times up
to 3 h there are clear changes in the functional groups
on the sample surfaces. Polymerization of inorganicorganic hybrids and the dehydration and carbonization
of glucose mainly take place before 3 h of hydrothermal
reaction. With longer synthesis time, up to 20 h, there
are only minor changes in the FT-IR spectra of the
as-synthesized samples. When the synthesis time
is extended to 30 h, however, the FT-IR spectrum of
the as-synthesized sample shows further changes, in
particular a remarkable decrease in the absorption peak

In order to ascertain whether this novel approach can be
used to synthesize metal doped Al2O3, Ce(NO3)3•6H2O or
La(NO3)3•6H2O was used as an additive in the synthesis
of doped ﬂower-like Al2O3. The results in Fig. 13
show that cerium (Ce) and lanthanum (La) doped
ﬂower-like Al2O3 spheres, which are marked as Ce-Al2O3
and La-Al2O3, can also be successfully synthesized.
The contents of Ce and La in the samples are 5.2 wt%
and 5.4 wt% respectively, as measured by ICP-AES.
However the analytical results of EDS indicate content
of Ce or La in the samples of 11.0 wt%. This discrepancy
indicates that Ce or La in the sample has distributed
heterogeneously, and aggregated on the surface of the
samples to some extent. In the XRD spectra of Ce-Al2O3
and La-Al2O3, the diffraction peaks of CeO2 (or La2O3)
are not observed, indicating that the CeO2 (or La2O3)
has poor crystallinity. The NH3-TPD technique has been
used to characterize the surface acidic properties of
these ﬂower-like samples. The results show that the
presence of Ce (or La) in Al2O3 can increase the density
of medium-strong acidic sites on the surface of Ce-Al2O3
(or La-Al2O3), indicated, for example, by the increase
in the desorption peak of NH3 at about 400ºC. These
doped ﬂower-like samples are now being investigated
as a support for a Pd catalyst for the combustion of
methane. The results will be specially reported in a future
article. Brieﬂy, the successful synthesis of ﬂower-like
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Figure 13. SEM images of the ﬂower-like (a) Ce-Al2O3 and (b) La-Al2O3.
Ce-Al2O3 and La-Al2O3 implies that this novel approach
can be used to prepare Al2O3 doped with other metals,
or even to synthesize other metal oxides with particular
morphologies and properties.

4. Conclusions
In summary, we have developed a novel approach to
synthesize mesoporous ﬂower-like Al2O3 microspheres;
Ce-Al2O3 and La-Al2O3 ﬂower-like spheres can be
also prepared by this method. In the preparation of
mesoporous ﬂower-like Al2O3 microspheres, the reaction
conditions (such as the temperature, reaction time and
so on) and the molar ratio of glucose/Al(NO3)3•9H2O,
have a great inﬂuence on the morphology and properties
of the product. For example, the sample prepared
thermally at 180°C consists of ﬂower-like spheres, while

that prepared at 140°C is of carambola-like spheres. It
is very important that this approach is convenient and
simple, and that it can be applied to synthesize ﬂowerlike spheres of Al2O3 doped with other metals or other
metal oxides with novel morphologies when suitable
precursor salts are used. Thus, this strategy opens an
avenue to synthesize oxides or complex oxides with
novel morphology. Al2O3 with ﬂower-like structure has
potential applications as a catalyst, as catalyst support,
or is a candidate for other new usages.
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