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Abstract

A modified polyacrylamide gel route is used to synthesize porous monolithic ¢-alumina. X-ray powder diffraction analysis indicates
that the as-prepared samples are rhombohedral a-alumina phase, suggesting that high-purity o-alumina can be prepared by using
different chelating agents and sintering at about 1150 °C. The scanning electron microscopic images show that the macropore size of the
a-alumina samples is related to the chelating agent. The photoluminescence spectra show that a major emission band around 365 nm
and a weaker side band located at 330 nm are observed when the excitation wavelength is 228 nm. Interestingly, the intensity of emission
peak at 365 nm decreases with the decreasing pore size. The pore-forming and luminescence mechanisms of porous alumina have been

discussed based on the experimental results.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Alumina is an important functional ceramic material
with several different metastable phases (boehmite—y—
0—0-Al,05) which are eventually converted to stable
rhombohedral «-Al,O; phase after calcination at high
temperature [1,2]. «-Al,O53 is often used as optical fiber
and infrared window for extensive applications [3]. It has
recently attracted a great deal of interest due to its applica-
tions in highly efficient phosphors and dosimeters [3,4]. In
addition, the porous anodic alumina is often used as template
to prepare photoelectric material and devices such as nano-
particles and nanowires, etc [5,6]. It is well known that the
properties of materials strongly depend on their morpholo-
gies, dimensions, sizes and defects. Especially, nanostructured
AlL,O; usually includes nonequilibrium phases, so oxygen
nonstoichiometry is possible [3].Therefore, nanoporous o-
Al,O; are expected to exhibit enhanced properties or

*Corresponding authors. Tel./Fax: 486 28 83202130.
E-mail addresses: xiaxiang@uestc.edu.cn (X. Xiang),
xtzu@uestc.edu.cn (X.-T. Zu).

completely new properties which are usually absent in their
bulk. From this point of view, it is interesting to prepare and
study luminescence properties of the macroporous «-Al,O3
powder.

The color centers (F and P centers) often exist in the
inner part of the porous Al,O; powder. However, the
surface defect levels usually exist on the surface of powder.
Generally, the intensity of the emission peaks of nan-
ometer oxide powder decreases with the increasing particle
size [7,8]. The number of dangling and unsaturated bonds
on the particle surface is heavily dependent on the particle
size. The larger particle having a smaller specific surface
area, has less dangling and unsaturated bonds on the
surface, which will affect the defect levels and luminescence
properties of powder [§].

Various methods have been applied to prepare porous
Al,O3, such as sol-gel method, [9-13] precipitation method,
[14] extrusion method, [15-18] centrifugal molding, [19] and
replication method [20]. Among them, sol-gel method is
very interesting because it is easy to control the topography
by using template or organic additives [21-24]. However,
the template preparation requires several steps: (1) prepare
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macroporous template with a certain shape, (2) prepare
precursor sol, (3) fill the template with precursor sol, (4)
remove the template by calcination or etching [25,26]. To
date, there has been little work on synthesis of a-Al,O3 by
using organic additives.

In this work, we present a new route to synthesize
monolithic «-Al,O; with citric acid, ethylenediamine-
tetraacetic acid (EDTA), tartaric acid or oxalic acid as
the chelating agent. To obtain monolithic ¢-alumina, N,N'-
methylene-bisacrylamide is used as the cross-linking agent.
This fabrication method is easy to obtain porous a-Al,O;
with adjustable pore size by using different chelating
agents. The luminescence properties of the prepared
monolithic «-Al,O3 have been investigated.

2. Experimental
2.1. Synthesis

Aluminum nitrate, AI(NOj3); - 9H,O was dissolved in the
deionized water to obtain solution of 0.015 mol/l. After the
solution was transparent, a stoichiometric amount of
chelating agent (citric acid, EDTA, tartaric acid or oxalic
acid) was added to the solution in the molar ratio 1.5:1
with respect to the cations (Al) to complex the cations.
After that, 20 g glucose was dissolved in the solution.
Finally, the acrylamide and N,N’-methylene—bisacrylamide
monomers were added to the solution and the pH value
was adjusted to ~7 with aqueous ammonia. The resultant
solution was heated to 90 °C on a hot plate to initiate the
polymerization reaction, and a few minutes later a poly-
acrylamide gel was formed. The gel was dried at 120 °C for
24 h in a thermostat drier. The obtained xerogel precursor
was ground into powder and some powder was sintered at
700, 1000, 1100 and 1150 °C for 2 h to prepare macro-
porous Al,O3 samples.

2.2. Characterization

The phase purity of the samples was measured by means
of X-ray powder diffraction (XRD) with Cu Ka radiation.
The particle morphology was investigated by an
INSPECT-F field-emission scanning electron microscope
(SEM). The luminescence properties were investigated at
room temperature with a SHIMADZU RF-5301PC fluor-
escence spectrophotometer in the range of 200-800 nm by
using a 150 W xenon lamp as excitation source.

3. Results and discussion

In the polyacrylamide gel route, citric acid is utilized as a
chelating agent to complex with the cations to stabilize the
solution against hydrolysis or condensation. This chelating
agent is suitable for most cations. Generally the appro-
priate choice of a chelating agent can significantly improve
the quality of the prepared samples. On the one hand,
AP ions form more than one complex with citrate in the

solution. Two AI*T ions are bridged by two hydroxyl
groups; three of the coordination sites on one of A’ are
occupied by citrate; the last is occupied by water [27]. In this
way, the colloidal aluminum forms [28]. On the other hand,
some AI** ions form molecular state of aluminum [29,30].

The gelation of the solution is achieved by the formation
of a polymer network, i.e., polyacrylamide, which provides a
structural framework to restrain the volume of precursor
solution [31]. If the solution only contains acrylamide
monomers, which terminate with aminocarbonyl (-CONH,)
groups, acrylamide monomers are polymerized in a head-to-
tail mode into long polymeric chains [31]. However, when a
small amount of bisacrylamide is introduced into the solu-
tion, the growing polyacrylamide chains will be cross-linked
through the bisacrylamide to grow into a complex web of
interconnected loops and branches [32]. By adjusting the pH
value to ~7 with aqueous ammonia, hydrolysis and con-
densation took place in the solution and the complex
compounds were encapsulated by a gel network as shown
schematically in Fig. 1. This gel network usually has smaller
volume and it is structurally stronger than a chain-like gel
due to more cross-linkings. Owing to the formation of the
three-dimensional (3D) polymer network, the molecular state
of aluminum in aqueous solution is trapped within the
polymer network, so the mobility of AI*" ions is limited.
However, the colloidal state of aluminum in aqueous solu-
tion is agglomerated or adhesived on the branches of
polymer network and subsequently wraps up the branches
to form a wall.

The polymerization reaction is initiated by heating the
solution up to 80 °C. The gelation is fast, usually less than
20 min. Finally, the polymer is removed during calcina-
tion, the encapsulated aluminum citrate is decomposed
during calcinations, resulting in the formation of particles.
At the same time, the agglomerated aluminum citrate
decomposes and the monolithic structure forms. The pore
size and morphology of the samples strongly depend on
the chelating agent which is probably because that the
different chelating agent will occupy different volume in
the gel network after complexing with the cations. Besides,
an appropriate amount of glucose is added to the pre-
cursor solution to prevent the gel from drastically shrink-
ing during drying [31].

Fig. 2 shows the XRD patterns of Al,O; samples
prepared by using citric acid as the chelating agent and
calcined at different temperatures. It is clear that the
xerogel calcined at 700 °C is cubic y-Al,O3 phase (JCPDS
file no. 10-0425). As the calcination temperature is
1000 °C, 6-Al,05 phase is observed. 6-Al,Os5 is a transition
phase, which probably contains major y-Al,O3 phase and
minor «-Al,O3 phase. The rhombohedral structure of
o-Al,O3 (JCPDS file no. 35-0121) phase forms completely
at 1150 °C and no trace of impurity phases like y-Al,O;
and 0-Al,Oj is visible in the XRD pattern.

Fig. 3 shows the XRD patterns of «-Al,O; samples
prepared with different chelating agents (EDTA, oxalic
acid, tartaric acid and citric acid labeled as S1, S2, S3 and
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Fig. 1. Scheme for the preparation procedure of monolithic alumina by polyacrylamide gel technique.

V:0-ARO3
0: 6-Al203
Ay-Alb O3

\Y v I o
l 1150°C
W0 X
L

Intensity(arb.unts)

M )-l ALLO0G
0 DEEED oU

o
al
o o
‘ Ao O D A N 1000°C
e g oo T o il O X

20 40 60 80
20(deg)

Fig. 2. XRD patterns of Al,O3 samples prepared by using citric acid as
the chelating agent and sintered at 700, 1000, 1100 and 1150 °C for I h.

S4, respectively). The samples are sintered at 1150 °C for 2 h.
For the different patterns, all the diffraction peaks can be
ascribed to the rhombohedral «-Al,Os. It should be noted
that all samples are synthesized at the same calcination
temperature and time, so the effects of calcination tempera-
ture and time on the particle size could be neglected.

The SEM images of the ¢-Al,O3 samples fabricated by
different chelating agents are shown in Fig. 4. The «-Al,0;
powders exhibit continuously macroporous and mono-
lithic structures, indicating that polyacrylamide can be
employed to generate a continuous morphology in the
micrometer range. Fig. 5 depicts the corresponding pore
size distribution statistically calculated from over 100
pores. The average pore size of S1, S2, S3 and S4 is about
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Fig. 3. XRD patterns of a«-Al,O; samples prepared by using different
chelating agents: EDTA (S1), oxalic acid (S2), tartaric acid (S3) and citric
acid (S4).

500, 200, 80 and 250 nm, respectively. Interestingly, the
pore size of the samples is found to be related to the choice
of chelating agent. The prepared «-Al,O3; sample has larger
pore size when EDTA is used as the chelating agent than
others, as shown in Fig. 4. However, the «-Al,O3 sample
shows isotropic macroporous network when citric acid
used as the chelating agent. A typical SEM image of the
a-Al,O3 network is shown in Fig. 6. This structure makes
a-Al,O; a promising candidate as the enhanced mass
transportation of chemicals in liquid or biological pro-
cesses macroporous materials [22].

Fig. 7 shows the photoluminescence spectra of the Al,O3
xerogels prepared by using citric acid as chelating agent



2946 S.-F. Wang et al. | Ceramics International 39 (2013) 2943-2948

Fig. 4. SEM images of a-Al,0O3 samples, showing continuous macroporous network.
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Fig. 5. Pore size distribution of a-Al,O3 samples.

and sintered at 700 °C, 1000 °C, 1100 °C and 1150 °C for 7-Al,O5 sintered at 700 °C, a major emission band around
2 h, respectively. These spectra were measured with the 330 nm is observed, which is probably due to the interac-
excitation wavelength of 228 nm. As shown in Fig. 7, for tion between the lattice vacancy-type defects (F-, F- and
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Fig. 6. Typical scanning electron micrograph of the samples prepared by
using citric acid as the chelating agent, showing the hierarchical monoliths
form in the Al,O; walls. The arrow indicates the direction of the
preferential orientation of the macropores.
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Fig. 7. (a) Photoluminescence spectra (excitation wavelength 228 nm) of
Al,O5 xerogels prepared by using citric acid as the chelating agent and
sintered at different temperatures. (b) Experimental emission spectrum
and two Gaussian peaks at 330 nm and 368 nm, respectively.

F>-type centers) and surface defects of the y-alumina
powder. When the calcination temperature is above
1000 °C, a wide emission band is observed with maximum
at 365-368 nm. The PL spectrum of the «-Al,O3 is wide
and can be resolved by two Gaussian peaks at 330 nm
(corresponding to 3.8 eV luminescence is assigned to the
IB—1A transation) [33,34] and 368 nm (Fig. 7b). The
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Fig. 8. Excitation (a) and emission (b) spectra of a-Al,O; prepared by
using different types of chelating agents and sintered at 1150 °C.

emission peak at 368 nm could be ascribed to luminescence
centers induced by the defects of nonequilibrium phases in
the porous materials. It is also possible related to the
surface Fs-centers (surface defect level) distributed on the
macroporous boundaries [3].

Fig. 8 shows the excitation (a) and emission (b) spectra
of a-Al,O5; samples prepared by using different chelating
agents and sintered at 1150 °C. The excitation peaks at
about 228 and 320 nm always occur in the macropores
a-Al,O3 powder prepared by different chelating agents.
The luminescence bands at 330 and 365 nm in the macro-
porous a-Al,O; powder are present under 228 nm excita-
tion. It is noted that there exists a slight decrease of the
luminescence intensity of the peak located at 365 nm when
the pore size decreases. Generally, the amount of dangling
bonds and unsaturated bonds in the powder surface is
heavily dependent on the specific surface area [8]. For the
macroporous o-Al,O3 powder, the wall size of a-Al,O3
increases with the decreasing pore size. The specific surface
area of smaller pore is less than that of the larger one so
that the number of dangling and unsaturated bonds on the
smaller pore surface also decreases. Therefore, the photo-
luminescence intensity changes with the pore size of
a-Al,O3 powder.

4. Conclusion

The monolithic a-Al,O5 samples with average pore size
ranging from 80 to 500 nm have been synthesized by a
polyacrylamide gel route. The pore size and morphology of
the samples depend on the chelating agent. The lumines-
cence peaks at 330 and 365nm of the macroporous
a-Al,O3 powder are observed when the excitation wave-
length is 228 nm. The luminescence intensity at 365 nm
decreases with the decreasing pore size.
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