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Abstract Nanoporous Al,O; with well-defined pore
structure, crystallized framework and spherical morphology
has been prepared by a facile template-free approach, which
involves the preparation via homogeneous precipitation and
subsequent decomposition of spherical basic aluminium
sulphate particles. The particle size of the spheres can be
tuned by controlling the holding time from the beginning of
precipitation, and a proper decomposition temperature is
important to get high surface area, high pore volume and
well-defined pore structures. By the similar way, nanoporous
ZrO, and TiO, spherical particles can also be prepared.
These nanoporous oxides all have moderately high surface
area (50-70 m%g) and well-defined nanopores of around
4-12 nm with very narrow pore size distribution. The
frameworks of these oxide spheres consist of many small
nanocrystallites, between which the nanopores exist.
Compared with the soft and hard template routes, this
decomposition strategy of sulphates for nanoporous oxides
has the advantages of simplicity and low cost.

Introduction

In the recent years, mesoporous materials with pore size
ranging from 2 to 50 nm have been of great interest
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because of their wide applications in many fields, such as
catalysts, sensors, separators and adsorbents [1]. Among
them, mesoporous silica materials are most widely studied
following the invention of a surfactant-assisted self-
assembly route. However, some of non-silica nanoporous
materials may have more potential applications in many
fields than nanoporous silica. For example, nanoporous
Al,O3, ZrO, and TiO, are excellent catalysts to produce
fine chemicals, [2-5] and TiO, is also very important in
environmental catalysis. [4, 5] Nowadays, most of these
mesoporous metal oxides are prepared by template strat-
egy, including by using soft templates (surfactants,
chelating agents, block copolymers, etc. [6—8]) and/or hard
templates (porous anionic alumina, mesoporous silica,
polystyrene spheres and carbon nanotubes, etc. [9-12]). In
most cases, these two template strategies can only yield
nanoporous oxides with pore size smaller than 10 nm or
larger than 50 nm, and in some cases, with amorphous
framework and poor stability. They are both high cost and
the latter one includes multistep synthesis, which would
greatly limit their wide applications. Facile synthesis of
this kind of nanoporous materials is still a challenge.

As above mentioned, Al,O3, TiO, and ZrO, powders are
widely applied to produce catalysts, [4, 5] ceramics, [13]
adsorbents and chromatographic columns, etc. On the other
hand, the effective control over their particle shapes,
crystallite sizes and pore structures is still a great task for
researchers. Commonly, decomposition of hydroxides or
salts in an air atmosphere could lead to the formation of
corresponding oxide powders. However, these powders are
usually randomly packed with irregular morphologies
composed of fine (nano- or micro-sized) particles without
significant pore structures. If the metal hydroxides/salts
could be synthesized with controlled morphologies, e.g.
spherical particles, a careful decomposition may retain the
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original morphologies of the hydroxides/salts and pores can
be generated during the decomposition process. Homoge-
neous precipitation has been used to prepare aluminium,
titanium, zirconium, ferric and gallium hydroxide nano-
particles using urea, which can slowly decompose and give
out OH’ in solution during heating and make the pH value
of solutions increase slowly and homogeneously [13-24].
No doubt, a route of decomposing these hydroxides into
nanoporous oxide particles, if possible, will be simple and
low cost in comparison with the template methods. In this
report, nanoporous Al,Os, ZrO, and TiO, materials with
well-defined pore size distribution (PSD) and spherical
morphology are prepared simply by thermal decomposition
of metal basic sulphate spheres, which were fabricated with
a homogeneous precipitation method. Physicochemical
properties, such as particle morphologies, pore structures,
surface area, pore volume and diameter of these metal
oxides calcined at different temperatures are characterized.

Experimental
Materials

The starting materials were analytical grade CO(H,N),
(>99.0%), NH4AI(SOy), - 12H,0(=>99.5%), Zr(SO4), -
4H,0(>98.0%) and chemical grade Ti(SO,),(>96.0%). All
reagents are purchased from Sinopharm Chemical Reagent
Co., LtdS (SCRC) of China and used without further
purification.

Nanoporous Al,O;

For the preparation of aluminium hydroxide, 50 g CO(H,N),
and 18 g NH;AI(SOy), - 12H,O were added to 200 mL
H,0, respectively. These two transparent solutions were then
mixed at 80 °C water bath under stirring. The occurrence of
precipitation can be clearly observed in the glass bottle. After
a hold time (#,) of 3, 8, 18, 25, 40, 60 min since the initiation
of precipitation, the precipitated solution was immediately
cooled down under flowing water to room temperature. Then
the powder was filtered out and washed repeatedly by H,O.
After drying at 100 °C for 2 days, the powder was calcined at
950, 1000, 1050, 1100, 1150 °C, respectively, for 2 h with a
heating rate of 3 °C/min.

Nanoporous TiO,

Ti(SOy4), (9.6 g) and CO(H,N), (100 g) were dissolved in
600 and 400 mL H,O, respectively. These two transparent
solutions were then mixed at 80 °C water bath under stir-
ring. The hold time since the mixture of these two solutions
was 5 h. The powder sample was directly filtered out and

washed repeatedly by H,O. Then it was dried at 100 °C for
2 days and calcined at 450, 500, 550, 600 °C, respectively,
for 2 h with a heating rate of 3 °C/min.

Nanoporous ZrO,

ZrSO,4 (7.11 g) and CO(H,N), (120 g) were dissolved in
250 and 120 mL H,O, respectively. These two transparent
solutions were then mixed at 80 °C water bath under stir-
ring and precipitation formed immediately. After 15 min,
the powder sample was directly filtered out and washed
repeatedly by H,O. Then it was dried at 100 °C for 2 days
and calcined at 600, 650, 700, 750, 800 °C, respectively,
for 2 h with a heating rate of 3 °C/min.

Characterization

XRD (X-ray diffraction) patterns were recorded on a Rigaku
D/Max 2200PC diffractometer using Cu Ka radiation at
40 kV and 40 mA. Nitrogen adsorption-desorption iso-
therms at 77 K were measured on a Micromeritics TriStar
3000 instrument. All samples were outgassed at 200 °C for
12 h under flowing helium before measurements. The spe-
cific surface areas were calculated with the BET (Brunauer—
Emmet-Teller) methods. Pore size and PSD plots were
obtained by BJH (Barrett-Joyner—Halenda) method using
the cylindrical pore model. FETEM (field emission trans-
mission electron microscopy) analysis was conducted with a
JEOL 200CX electron microscope operated at 200 KeV. FE-
SEM (field emission scanning electron microscopy) analysis
was performed on a JEOL JSM6700F electron microscope.
TG-DTA measurements were conducted using a NETZSCH
STA 449C apparatus with an air flow of 20 mL/min and a
heating rate of 10 °C/min.

Results and discussion
Nanoporous Al,O;

The as-synthesized aluminium hydroxide is amorphous, as
can be seen in Fig. 1 pattern a. Chemical analysis shows
that there is 27.79 wt% of SO,*” incorporated into the
aluminium hydroxide, which indicates that the precipitate
is basic aluminium sulphate [14, 15]. After calcination at
certain temperatures, aluminium hydroxide decomposes. In
Fig. 2, the endothermal peaks at 900 and 927 °C in the
DTA curve of the precipitate indicate the decomposition of
SO,". The transformation of y-Al,O3 to a-Al,O3 gives a
exothermal peak at 1,200 °C. Generally, aluminium
hydroxide does not exist in the form of spherical particles.
The incorporation of SO4>~ into the precipitate makes the
aluminium hydroxide particles have spherical morphology.

@ Springer
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Fig. 1 XRD patterns of a the as-synthesized aluminium hydroxide
precipitate and the samples calcined at b 950 °C, ¢ 1,000 °C,
d 1,050 °C, e 1,100 °C, f 1,150 °C (A: a-Al,O3. *: y-Al,03)
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Fig. 2 Thermal behaviour of aluminium hydroxide precipitate

Fig. 3 SEM images of the
aluminium hydroxide
precipitates at different #,: a

3 min, b 8 min, ¢ 18 min, d
25 min, e 40 min and f 60 min

@ Springer

Figure 3 shows the precipitate particles at various hold
times (#,). It can be seen that the particles are spherical and
grow from 400 to 600 nm when #, increases from 3 to
25 min. These spherical particles become more agglom-
erate with longer precipitation time. After 25 min, many
smaller particles were obtained because of the second burst
of nucleation and the size of particles becomes widely
distributed [14, 15]. Therefore, when #, is within 25 min,
the size of the precipitate particles can be slightly tuned by
controlling #, and spherical particles with rather uniform
size can be obtained.

As an example, the precipitate at #, = 3 min has been
calcined. Figure 1 shows the XRD patterns of Al,O;
obtained at different calcination temperatures. As commonly
known, when the calcination is conducted below 1000°C,
aluminium hydroxide decomposes to y-Al,O3, which shows
three wide peaks at about 20 = 67°,46° and 37°. These three
peaks almost disappear after calcination at 1,100 °C, and
meanwhile, ¢-Al,O5 forms at above 1,050 °C, as indicated
by the peak at about 20 = 43°. With the increase of calci-
nation temperature, many diffraction peaks with high
intensity, corresponding to pure «-Al,Os, can be observed.

N, adsorption-desorption isotherms and BJH desorption
PSD plots of Al,O; calcined at different temperatures are
shown in Fig. 4, and their corresponding pore structural
parameters are summarized in Table 1. A rather high BET
specific surface area of about 58 m%/g can be obtained
when the precipitates were calcined at 1,050 °C. The typ-
ical irreversible type IV adsorption—desorption isotherms
with a H1 hysteresis loop indicate its well-defined worm-
like mesoporous structure and narrow PSD. The adsorption
inflection at the relative pressure from 0.8 to 1.0 is asso-
ciated with capillary condensation taking place in the
mesopores and its steepness reveals the uniformity of
mesopore size. As shown in BJH desorption pore diameter
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Table 1 Pore structural parameters of Al,O; calcined at different
temperatures

Calcined temperature SBET Vein Dgju
() mg™h  (m’g™) ()
950 4.5 0.03 -
1,000 55 0.38 19
1,050 58 0.23 11.5
1,100 28 0.14 15
1,150 10 0.07 -

Sger BET surface area, Vgjy, Dpyy BJH desorption average pore
volume and diameter

distribution patterns in Fig. 4b, the pore size of the sample
calcined at 1,050 °C is centred at 11.5 nm. The pore vol-
ume and the surface area decrease when the precipitates
were calcined above this temperature. No obvious peaks in
the PSD patterns and no inflection in BET isotherms can be
found when the calcination was conducted at temperature
<950 °C, or >1,150 °C, which indicates that almost no
pores have been produced under these calcination condi-
tions. At 950 °C and lower temperature, the aluminium
hydroxide cannot decompose completely, pore channels
have not opened and thus the pore volume and the surface
area of Al,O5 are very low. As for the sample calcined at
above 1100°C, the formation and afterwards crystallite

Fig. 5 a SEM and b TEM
images of the Al,O3 particles
calcined at 1,000 °C

>
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Pore Diameter (nm)

growth of a-Al,O5 phase, together with the interparticle
sintering and closing of the mesopores, result in the dra-
matically decrease of their pore volume and surface area.
Existence of y-Al,O5 phase is important to get high surface
area. Lanthanum has been used to modify y-Al,O3 prepared
by homogeneous precipitation. Thus, the y-Al,O5; can be
stable up to 1,300 °C [18]. Further studies on how to
increase the surface area of these nanoporous Al,O5 are in
progress.

Figure 5 gives the SEM and TEM images of Al,O3
calcined at 1,000 °C. It can be seen that the Al,O3; nano-
particles are still spherical. However, the particles are
frangible and a part of them have been broken to chippings
at high temperature. The sphere surface is no longer as
smooth as can be found in Fig. 3 for powders before
decomposition and these spheres are loosely packed with
many ultrafine nanocrystallites of 7-Al,O3;. Wormlike
mesopores between these nanocrystallites can be observed
in TEM images. With the increase of calcination temper-
ature, these y-Al,O3 nanocrystallites transform to o-Al,O3
with a very quick crystallite growth. This phase transfor-
mation results in the decrease of surface area and pore
volume, as can be concluded from their above N, sorption
and XRD analysis. As a comparison, commercial alumin-
ium sulphate has been calcined directly at 1,100 °C and
irregularly shaped Al,Oj; particles of larger than 10 um in

@ Springer
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size were obtained, which are composed of many small
gathered nanoparticles. Thus, this homogeneous precipita-
tion process is helpful to synthesize uniform and fine
nanoporous Al,Oj particles.

Intensity (a.u.)

40 50
2 Theta (Degrees)

Fig. 6 XRD spectra of a the as-synthesized titanium hydroxide
precipitate and TiO, calcined at b 450 °C, ¢ 500 °C, d 550 °C, e
600 °C

Fig. 7 a SEM and b TEM
images of TiO, particles
calcined at 550 °C

MNONE

Nanoporous TiO,

Homogeneous precipitation is the most effective method to
produce TiO, powders as photocatalysts [19-21]. Basic
titanium sulphate precipitate has also been prepared by
homogeneous precipitation using urea. The as-synthesized
precipitate is also amorphous (Fig. 6 pattern a). Figure 6
also shows the XRD patterns of TiO, calcined at different
temperatures. After calcination at 450-600 °C, the pre-
cipitate decomposes to TiO,. All the diffraction peaks are
in good agreement with anatase TiO,, which have shown
much better photocatalytical properties than rutile TiO, [4,
5]. The obvious broadening of the diffraction peaks is
ascribed to the small size of the TiO, nanocrystallites. The
diffraction peaks of anatase TiO, became intensive as the
calcination temperature was raised to 600 °C, which indi-
cated the formation of large crystallites.

The particle morphology and the porous structure of
TiO, calcined at 500 °C were investigated by SEM and
TEM, as shown in Fig. 7. Spherical particles, which
slightly agglomerate with each other, can be observed.
SEM image of the particles shows that the particle surface
has many small protuberances, which are small TiO, cre-
ated during the second nucleation. Further details can be
found in the TEM image. The spherical particles of TiO,

Fig. 8 a N, adsorption— 70 4
desorption isotherms and b BJH
adsorption PSD plots of TiO,
calcined at (H) 450 °C, (@)
500 °C, (A) 550 °C, (V)

600 °C
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are the aggregates of numerous nanocrystallites and
wormlike nanopores between these nanocrystallites can be
observed, which are similar to the case of Al,Os3.

Figure 8 gives the N, adsorption-desorption isotherms
and BJH adsorption PSD plots of TiO, calcined at different

Table 2 Pore structural parameters of TiO, calcined at different
temperatures

Calcined temperature SBET Ve Dgjy
°0) m’g™)  (em’g™h ()
450 35 0.017 -
500 14 0.023 5.8
550 64 0.087 4.9
600 42 0.10 8.7

Sger BET surface area, Vpyy, Dpyy BJH adsorption average pore
volume and diameter
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Fig. 9 XRD spectra of (a) the as-synthesized zirconium hydroxide
precipitate and ZrO, calcined at (b) 600 °C, (c) 650 °C, (d) 700 °C
(e) 750 °C and (f) 800 °C

Fig. 10 a SEM and b TEM
images of ZrO, particles
calcined at 700 °C

MNONE

temperatures. Their corresponding pore structural param-
eters are summarized in Table 2. The highest BET surface
area of about 64 m*/g can be obtained when the precipitate
was calcined at 550 °C. The irreversible type IV adsorp-
tion-desorption isotherms with a H1 hysteresis loop also
indicate their well-defined wormlike mesoporous feature.
The PSD is extremely narrow and centres at about 5.0 nm.
The decrease of surface area of TiO,, which arises from the
incomplete decomposition of the precipitate at low tem-
peratures (<500 °C) and the growth of crystals at high
temperatures (>600 °C), can also be observed. No pores or
lower pore volume have been obtained at 450 °C because
of the non-decomposition of the precipitate, as can be
concluded from the N, isotherms and PSD plots.

Nanoporous ZrO,

Basic titanium sulphate precipitate has also been synthe-
sized using the same method. The XRD patterns of ZrO,
calcined at different temperatures are shown in Fig. 9. The
as-synthesized precipitate is also amorphous (Fig. 9 pattern
a). The decomposition of SO~ does not take place below
600 °C and the powder is still amorphous (Fig. 9 pattern
b). With the increase of calcination temperature, intensive
diffraction peaks, which are in good agreement with
tetragonal ZrO,, can be observed. SEM and TEM images
of ZrO, particles after calcination at 700 °C are shown in
Fig. 10. These ZrO, particles also have spherical mor-
phology and the same porous structure as Al,O3 and TiO,.

N, adsorption—desorption isotherms and the BJH
desorption PSD plots of ZrO, calcined at different tem-
peratures are shown in Fig. 11. Their mesoporous nature is
proved by the irreversible type IV adsorption-desorption
isotherms with a H1 hysteresis loop. When the precipitate
was calcined at 700 °C, their BET surface area reached a
maximum value of about 69 m*/g and their average pore
diameter is 5.3 nm (Table 3). At the same time, it also has
very narrow PSD. The same decrease of surface area at

@ Springer
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Fig. 11 a N, adsorption—
desorption isotherms and b BJH
desorption PSD plots of ZrO,
calcined at (H) 600 °C, (@)
650 °C, (A) 700 °C, (V)

750 °C and (<) 800 °C
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Table 3 Pore structural parameters of ZrO, calcined at different
temperatures

Calcined temperature SBET Ve Dgjn
(°0) mg™)  (m’g™h ()
600 44 0.01 -
650 36 0.04 7.4
700 69 0.13 5.3
750 40 0.10 7.0
800 20 0.06 7.6

Sger BET surface area, Vgjy, Dpyy BJH desorption average pore
volume and diameter

temperatures lower than 600 °C and higher than 800 °C
has also been observed and can be attributed to the same
reasons as those for TiO,.

Conclusion

A facile template-free approach has been developed for the
preparation of mesoporous metal oxides. In this approach,
spherical basic aluminium sulphate particles, for example,
were prepared by a homogeneous precipitation method
using urea. These particles grow from 400 to 600 nm when
precipitation time increased from 3 to 25 min. The size of
particles becomes more widely distributed after 25 min
because of the second burst of nucleation and particle
agglomeration. Decomposition of these basic sulphates at a
moderate temperature in air results in mesoporous Al,O3
spherical particles with very narrow PSD at around
11.5 nm and moderately high surface area (58 m?/g).
Effects of different calcination temperatures on their sur-
face areas and pore sizes have been studied. Their surface
areas and pore volumes show decreases at either overlow
or overhigh calcination temperatures, which could be
attributed to the incomplete decomposition of the basic
sulphates at overlow temperatures and the extensive crys-
tallite growth of the oxides at overhigh temperatures,
respectively. With the similar approach, Mesoporous
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tetragonal zirconia and anatase titania were also obtained.
They also have spherical particles, crystallized framework
and show well-defined pore structure, narrow PSD at
around 5 nm and moderately high surface area (>60 m?/g).
This strategy, which is based on a simple decomposition of
basic metal sulphate powders prepared by homogeneous
precipitation, presents a facile, low-cost and effective
process to synthesize nanoporous metal oxides.
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