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The designed elaboration of alumina sub-micrometric spherical powder that combines 3D ordered
mesoporosity of high accessibility, nanocrystalline structure, and thermal stability up to 900°C is reported.
The strategy used to elaborate such new materials labeled “UPMC1” involves specific block-copolymer
templating, aluminum sol-gel chemistry, tuned aerosol generation (spray drying), and sequential thermal
treatments that allow designing of a whole set of mesoporous catalytic supports by adjusting ceramization
conditions between 700 and 900°C. When calcination temperature reaches 700°C, the network remains
amorphous and displays structural features of highly porous materials (i.e., porosity, 0.56 cm3‚g-1; surface
area, 403 m2‚g-1; well-calibrated pore diameter, 13 nm). After 30 min at 900°C, crystallization into
γ-Al 2O3 particles of around 6 nm has occurred, which has modified the network characteristics (i.e.,
porosity, 0.34 cm3‚g-1; surface area, 134 m2‚g-1; well-calibrated pore diameter, 12.5 nm) without destroying
the mesostructure. Both amorphous and crystalline final materials present the remarkable properties of
mesoporous materials with the unique amphoteric properties of theγ-alumina surface (40% of tetragonal
acid sites) that have great potential application in catalysis, in environment, and as an adsorbent. The
present work points out that ordered mesoporosity has the ability to stabilize materials with amorphous
or metastable crystalline structure at higher temperatures than what is observed for nonordered mesoporous
analogous systems. Such a phenomenon is discussed on the basis of extensive materials characterization
mainly based on TEM, XRD, and29Al high-resolution solid-state NMR.

Introduction

Porous ceramic materials are a wide family of compounds
that are usually developed around their unique physicochem-
ical properties associated with their high surface area and
their high mechanical and thermal stability. Among them,
the zeolite types exhibit the highest surface area and the best
thermal stability as a result of their well-calibrated micropores
created by the association of silicate or aluminosilicate
molecular cage building units into crystalline ordered
networks. With use of the similar synthesis concept of
organic templating, silica and non-silica materials with
ordered mesoporosity are nowadays commonly prepared
from self-assembly of sol-gel inorganic precursors with
surfactants.1,2 They have been widely studied since their first
report by Mobil & Co.1 and can now be prepared with
various porous structures (2D and 3D) and calibrated pore
sizes ranging from 2 to 40 nm.3,4 Ordered mesoporous oxide

materials with crystalline networks can be prepared by
nanocasting from the previous silica-based materials.5-8

However, this latter technique requires multistep synthesis
that involves impregnation and elimination of the formal
silica templates. On the other hand, the direct preparation,
from the hybrid mesophase, of ordered and well-defined
mesoporosity coexisting with a fully crystalline network, as
it is for zeolites, has only been reported for thin films of
transition metal oxides,9-11 perovskite,12 and alumina13 and
for hybrid silica/aromatic powders, where phenyl bridging
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groups stack into the walls throughπ interaction.14 Neverthe-
less, the stabilization of pure ceramic class nanocrystalline
ordered mesoporous materials under powder form would be
a breakthrough in the heterogeneous catalysis area. Many
efforts are for instance dedicated to the preparation of TiO2,
CeO2, or Al2O3, for their high catalytic and photocatalytic
activity where high surface area, controlled porosity, and
nanocrystallinity are simultaneously required.3

As a result of its hardness, its hydrolytic stability, its
amphoteric character, and its thermal stability, porous
alumina (Al2O3) is a highly attractive material since it finds
applications in ultrafiltration of salts,15 as an adsorbent in
environmental treatment,16 as a car exhaust catalyst,17 as a
heterogeneous catalysis support for hydrodechlorination,18,19

and in petroleum refinement.20 According to the state of the
art, ordered mesoporosity has been reported for boehmite,21

gibbsite,22,23and alumina through the template approach25-31

or without template,32-34 but also by porogen beads inclu-
sion,35 by nanocasting within mesoporous carbon networks
(CMK),36 or by anodizing.15 However, none of these materi-
als combine crystalline pureγ-Al 2O3, of high thermal
stability, with a well-ordered porosity narrowly distributed
and adjusted at the mesoscopic scale. The present article
describes the preparation of crystalline ordered mesoporous
pure Al2O3 powders. The latter is synthesized through

evaporation-induced self-assembly37 between [Al(OH)-
(H2O)5]2+‚2Cl- 22 and PB(co-E)-bPEO (hydrogenated poly-
butylene-coethylene-block-polyethyleneoxide) block copoly-
mers triggered during an aerosol particle generation process.38

This UPMC1 material presents the unique combination of
alumina properties (robustness, amphoteric, and hydrolytic
stability) with the accessibility and high surface area of
ordered mesoporous materials. These conclusions are sup-
ported through careful structural analyses performed by
transmission electron microscopy (TEM), small-angle X-ray
scattering (SAXS), N2-adsorption-desorption, X-ray dif-
fraction (XRD), and27Al nuclear magnetic resonance (NMR)
spectroscopy.

Experimental Section

γ-Alumina mesoporous spheres were prepared by aerosol
generation of an initial solution using an ITS (model 3076) atomizer.
After being pulverized within dry carrying air, the solution droplets
are allowed to dry in a short tube before being fired for a few
seconds within an on-line furnace at 400°C. The resulting powder
is then collected on a 0.45µm mesh filter. The initial solution is
prepared by dissolving 3 g of AlCl3‚6H2O and 0.6 g of [E(B)]75-
[EO]86 block copolymer (hydrogenated polyethylene-cobutylene-
polyethyleneoxide, synthesized at the Max Plank Institute of
Colloids and Interfaces, Golm, Germany) into 50 mL of absolute
EtOH and 5 mL of H2O. Then 0.2 mL of 1 M NH3 is added to the
solution, which remains at least 15 days under vigorous stirring
before pulverization. The powder is progressively heated under air
up to 900°C with the following steps: 24 h at 100°C + 12 h at
300°C + 1 h at 500°C + 30 min at 700°C + 10-30 min at 900
°C (ramps: 50°C‚min-1 below 500°C and 5°C‚min-1 above 500
°C). Each sample was independently thermally treated before being
characterized.27Al MAS NMR spectra were recorded on a Bruker
Avance 400 spectrometer operating at 104.26 MHz with a Bruker
high-speed MAS probe head. Samples were spun at 30 kHz using
2.5 mm ZrO2 rotors. Small pulse flip angles (<π/12) were applied,
thus enabling a linear regime excitation for the spin system.39

Chemical shifts were referenced to an acidic aqueous solution of
Al(NO3)3 (1 M). The structure of powders was additionally assessed
by XRD (Bruker D8: 15 s acquisition every 0.05° in Bragg-
Brentano geometry), SAXS (Austrian beam line of Elettra syn-
chrotron, Italy: 10 s exposition), TEM (Jeol 100 CX II), and N2-
adsorption-desorption (asap 2010 Micromeritics).

Results and Discussion

Figure 1 represents TEM images of typical entire particles
of γ-Al 2O3 calcined for 30 min at 700°C (a) and 30 min at
900°C (b), representative of all the samples. Particles have
spherical shapes and are polydispersed in size (ranging from
several tens to several hundreds of nanometers) with an
average dimension of 150 nm, which is typical of aerosol-
generated particles obtained by evaporation of droplets in
these conditions.40 Both materials reveal well-ordered orga-
nization of homogeneous spherical pores, exhibiting an
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average diameter of 13 nm. Layers of spherical pores are
lying along the particle/air curved interface and stack one
to the other into a compact 3D structure (see hexagon inset
Figure 1a). The organization becomes difficult to assess at
the particle center as a result of a higher quantity of matter
that electrons have to cross before reaching the microscope
screen. However, smaller particles reveal a similar structure
within their body as seen in Figure 1 (bottom left). Arrange-
ment of pores is similar in both cases except that some
particles seem to have collapsed after 30 min at 900°C. The
long-range well-ordered mesostructure is confirmed by the
SAXS diagrams in Figure 2, where an intense Bragg peak
is present at low angle for each case. The second-order peak,
confirming the high degree of ordering, is also clearly
discernible but decreases in intensity after 900°C, suggesting

that the overall mesostructure is just slightly deteriorated
upon thermal treatment. The correspondingd-spacing is 15
nm at 300°C and is reduced to 14 nm at 900°C, which is
attributed to a slight lattice contraction induced by the
dehydration and condensation of the alumina network. The
intensity of the peaks increases between 300 and 700°C as
a result of the increase in electron density contrast due to
the decomposition and elimination of the copolymer hydro-
phobic parts located inside the pores and the progressive
densification of the network. These peaks cannot be attributed
to a specific phase as a result of the high curvature imposed
by the particles surface with respect to the lattice parameter.
Indeed, extension of the ordered domains applies at the
curved spherical interface, which prevents construction of
all Bragg signals for such structure. On the other hand, TEM
images (Figure 1) give a good idea of the high degree of
pore local ordering into a tridimensional network.

The powder porosity was investigated by N2-adsorption/
desorption at 77 K (see Figure 3). After 30 min at 700°C in
air, alumina powders present an isotherm (a) characteristic
of mesoporous materials with a hysteresis loop of type IV.
The BET surface area was 403 m2‚g-1, while the pore
volume, estimated from the total volume of N2 uptake just
above capillary condensation, was 0.56 cm3‚g-1. The sharp
uptake in the nitrogen adsorption branch confirms the
presence of pores with diameter centered at 13 nm, as
determined according to the Broekhoff-Deboer algorithm (see
pore size distribution (b)). This value is in agreement with
TEM and SAXS data. The desorption branch shows a
progressive evaporation of liquid nitrogen and terminates at
around P/P0 ) 0.42, which is the critical pressure of
instability of the liquid nitrogen meniscus. Precise determi-
nation of pore window dimension is thus impossible, but
one can safely state that pores are highly accessible through
interconnections of various dimensions. After 30 min at 900
°C, the network reveals adsorption-desorption behavior
similar to the preceding network (similar isotherm shape)
except that the pore volume and surface area were reduced
to 0.34 cm3‚g-1 and 134 m2‚g-1, respectively, as a result
of the network modification also observed by TEM and

Figure 1. TEM images showing the mesoporous structure of a particle calcined 30 min at 700°C (a) and 30 min (b) at 900°C under air. Insert (a): compact
arrangement of spherical pores at the particle interface.

Figure 2. SAXS diagrams of powder calcined in air at various temperatures
with a ramp of 5°C‚min-1 after 500°C. Two orders of diffraction are
visible on each diagram, suggesting a high degree of ordering and high
stability upon thermal treatment.

5240 Chem. Mater., Vol. 18, No. 22, 2006 Boissie`re et al.



SAXS. The structure remains well-ordered and mesoporous
with a pore size distribution centered at 12.5 nm (adsorption
Figure 1c) and a large distribution of interconnection
windows. In both cases, the uptake recorded at higher
pressures is attributed to interparticle porosity and has a high
contribution as a result of the small size of the spherical
primary particles (see TEM image Figure 1b). T-plot analyses
(where the adsorbed volume of N2 is plotted versus the layer
thickness of N2 adsorbed on a flat surface atP/P0) shows
that, at 700°C, 30% of the mesoporous volume is attributed
to small mesopores with average pore diameter of 3 nm,
while the 70% remaining is due to the larger mesopores with
average diameter of 12.5 nm. These smaller mesopores
correspond to the porosity existing between Al2O3 particles
(≈6 nm in diameter, see XRD data) composing the frame-
work. At 900 °C, the contribution of the small mesopores
decreases to approximately 10% of the mesoporous volume
as a result of densification of the framework. Insignificant
contribution of micropores was deduced for both tempera-
tures of treatment. The high porous volume and surface area
are thus attributed to the combination of aerosol particles of
small dimensions with an internal well-calibrated mesopo-
rosity and residual nanobuilding blocks interparticle porosity.

Figure 4 represents wide angle XRD diagrams of meso-
porous alumina powder samples treated 10 and 30 min at
900 °C, and at 950°C for 2 h. One observes that crystal-
lization of the network takes place between 10 and 30 min
at 900°C since no diffraction peaks were recorded before
this period at 900°C. The peak indexation is characteristic
of the γ-alumina phase (Fd3m lacunar spinel), even if
fluctuations are often encountered in the indexation of the
latter phase.41-43 Applying the Scherer equation to the (400)
and the (440) peaks, we calculated a maximal particle size
of 6 nm. This particle size is in agreement with the dimension
of the pore (13 nm) and the mesostructured-spacing

(14 nm). Assuming a hexagonal arrangement of pores (see
Figure 1), the distance between two adjacent pores isd*x2
≈ 20.5 nm and since pores are 13 nm in diameter, they are
separated by around 7.5 nm of alumina walls. Since the
γ-Al 2O3 phase is reported to be full of defects (oxygen and
Al3+ vacancies randomly distributed within the spinel lattice),
we performed a27Al NMR spectroscopic study to follow
the evolution of the Al3+ local atomic environments with
the thermal treatment. The27Al MAS NMR spectra (Figure
5a) of the samples treated at various temperatures show three
asymmetric lines having maxima at 63, 32, and 5 ppm.
According to the literature,44 these bands are assigned to the
central<-1/2,1/2> transition of the Al3+ ion in 4-fold (AlO4),
5-fold (AlO5), and 6-fold (AlO6) coordination, respectively.
The spectra were deconvoluted (Figure 5C) using the Dmfit
program45 for quantitative analysis (Figure 5b): the observed
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Figure 3. N2-BET isotherm (a) and corresponding pore size distribution (b) and (c) of powders calcined 30 min at 700°C and 30 min at 900°C.

Figure 4. XRD analysis of powders calcined at various temperatures
showing that crystallization intoγ-Al2O3 phase is achieved between 10 and
30 min at 900°C following the thermal treatment history described in the
Experimental Section.
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asymmetric line shape reflects a distribution of isotropic
chemical shifts, asymmetry parameter, and quadrupolar
couplings, which was simulated with an already published
simple model.18,46 One notices that the as-prepared (uncal-
cined) powder is mainly composed of hexacoordinated Al3+,
which is likely to correspond to the AlOOH boehmite
intermediate phase. This latter sample did not show the
typical XRD signature of the lamellar phase expected for
boehmite (Figure 4), as a result of the combination of the
confinement of the domains within the nanometric walls and
the perturbation created by the presence of the PEO chains
encrusted into them. This latter interpenetration was reported
for Pluronic-templated SiO2 materials47 and is likely to occur
in the present case as a result of the high hydrophilicity of
the hydrated alumina interacting with the PEO chains of the
copolymer template. Along the thermal treatment and up to
900 °C-10 min, Al3+ ions are distributed between the three
sites of coordination with a higher proportion of AlO5 (44-
50%), which is attributed to the high quantity of defects
created by the large surface area of the network. Before
crystallization, proportions of AlO4 and AlO5 have a global
tendency to increase with temperature, which is consistent
with the dehydration. Crystallization occurs between 10 and
30 min at 900°C and is clearly accompanied by the sudden
drop of AlO5 population on account of an increase of AlO6

sites. The number of AlO4 sites does not vary significantly
and remains between 35 and 40%. After crystallization,

mainly AlO6 and AlO4 sites are thus observed, which is
characteristic of theγ-alumina phase. The expected maximal
value of≈40% (AlO4) and≈60% of (AlO6) of theγ-phase
is also verified. Therefore, a similar proportion of AlO4 is
likely to stand at the material surface before and after
crystallization. The presence of a few percent of AlO5 species
can be attributed to surface cationic centers. Samples were
treated for 12 h at 1000°C to extend the crystallization by
sintering. Such samples exhibit the same NMR spectra than
that recorded after 30 min at 900°C, which suggests that,
after 30 min at 900°C, the network contains at worst an
undetectable proportion of amorphous domains and is mainly
composed ofγ-Al2O3 nanocrystalline particles. Powders that
have been treated longer than 30 min at 900°C or at higher
temperature than 900°C present less defined long-range
ordered peaks by SAXS (Figure 2), better defined XRD
peaks (Figure 4), and larger than 50 nm in size crystalline
particles by TEM (see Supporting Information SI1), while
the structure is still characteristic of theγ-alumina phase.
One can safely state that the mesostructured network started
to collapse above 30 min at 900°C, leading to the formation
of larger sintered crystals. However, it is of utmost impor-
tance to underline that, after 700°C and before crystallization
at 900°C (longer than 10 min), the network is mainly formed
of AlO4 and AlO5 sites which are the acidic centers making
alumina-based mesoporous networks interesting for high-
temperature heterogeneous catalysis processes. Designing a
whole set of mesoporous catalytic supports is thus possible
by adjusting ceramization conditions between 700 and
900 °C.

(46) Neuville, D. R.; Cormier, L.; Massiot, D.Geochim. Cosmochim. Acta
2004, 68, 5071.

(47) Melosh, N. A.; Lipic, P.; Bates, F. S.; Wudl, F.; Stucky, G. D.;
Fredrickson, G. H.; Chmalka, B. F.Macromolecules1999, 32, 4332.

Figure 5. 27Al MAS NMR studies of the evolution of aluminum center chemical environment versus temperature of treatment: (A) spectra, (B) distribution
of Al3+ sites, and (C) example of spectrum simulation.
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It is well-known that crystalline transition alumina phases
are formed through a complicated sequence of phase transi-
tion from hydrated hydroxide (gibbsite) and oxyhydroxide
(boehmite) to the thermodynamically stableR-Al 2O3. At
moderate temperature, several metastable “transition” oxide
phases can be formed and theγ-Al 2O3 one is usually
encountered as the first crystalline phase formed by dehydra-
tion of AlOOH around 500°C.48 This dehydration step is
usually accompanied by the collapsing of the meso-order.22

Such a deterioration is avoided here as a result of the thermal
stability of the hydrophobic part of the template that remains
confined within the nanocavity (mesopores) during dehydra-
tion and up to its thermal degradation above 350°C. Such
stabilization is well-described for thin film systems.9 Actual
mesoporosity is thus achieved above 400°C. In the presence
of a porous mesostructure, no crystalline phase was observed
by XRD below 10 min at 900°C. The stabilization of such
an amorphous state up to 900°C has to be related to the
high surface area of the amorphous intermediate49 but seems
to be enhanced by the ordered mesostructure. Indeed, the
inorganic walls of the as-prepared materials (below 300°C)
are formed of amorphous small clusters of hexacoordinated
Al3+ that are stabilized by hydrogen bonding with the highly
hydrophilic interpenetrating PEO chains. Upon PEO thermal
decomposition and inorganic dehydration, part of the initial
population of hexacoordinated Al3+ adopts either penta- or
tetracoordination. The highest proportion of pentacoordinated
Al3+ is reached at 700°C, and no change is noticed (see
27Al NMR spectra) before crystallization intoγ-Al 2O3. This
outstanding proportion of pentacoordinated Al3+ cations,
associated with the confinement of the matter within the
nanoscopic wall edifices, is likely to be responsible for the
stabilization of the amorphous oxide phase at such high
temperatures. In addition, since theγ-Al 2O3 phase results
of the dehydration-driven collapsing of the boehmite oxy-
hydroxide layers (topotactic transformation), having no
boehmite structure at moderate temperatures (see XRD)
prevents easy crystallization before 900°C-10 min. Once
nucleation took place, one observes thatγ-Al 2O3 domains
have grown to a metastable limited size of 6 nm. These
nanoparticles can be stabilized within such an edifice as the
results of confinement imposed by the pore interface because
of the homogeneous small wall dimension related to the
ordered mesostructure, because of the consequent high
surface energy contribution versus bulk energy, and finally
because of the intrinsic high vacancy content of the spinel
γ-Al 2O3 structure, already limiting the kinetics of particle
growth. However,27Al NMR studies showed that most of

the Al3+ is located in AlO4 and AlO6 sites, suggesting that
most of the matter is under crystalline form and that these
nanodomains are homogeneous. Forcing the domains to sinter
at 950 °C for 2 h or at1000 °C for 12 h led to larger
crystallites and collapsing of the mesoporosity, but no
significant aluminum atomic local variation is noticed by
NMR when compared to the previous 900°C-30 min treated
nanocrystalline sample. In summary, the sequential events
occurring during thermal treatment is dehydration, organic
decomposition, nucleation, and limited growth ofγ-Al 2O3

particles up to the interface, to finish by extended sintering.
Stabilization of a pure nanocrystalline mesoporous network
at high temperature is thus attributed to the controlled use
of stable polymers allowing dehydration in the presence of
polymer nanodomains, the control of the treatment condi-
tions, the intrinsic lacunar state of the microstructure, and
the high order and high surface area characteristic of a
surfactant-templated mesoporous network.

Conclusion

In summary, we reported the first crystalline (γ-Al 2O3)
ordered mesoporous UPMC1 powder stable at a temperature
as high as 900°C. This was elaborated by evaporation-
induced self-assembly, associated with aerosol generation,
followed by careful thermal treatment. Such controlled
thermal treatments allow designing of an entire set of
mesoporous catalytic supports by adjusting ceramization
conditions between 700 and 900°C. In addition to the
potential interest of such crystalline and/or amorphous
materials in catalysis and separation due to its highest content
in acidic AlO4 and AlO5 sites, the present work highlights
the stabilization of ordered amorphous and/or metastable
nanocrystalline frameworks at very high temperatures,
induced by the high porosity and surface area and by the
ordered mesoporosity imposed by the network they com-
posed. The intrinsic physicochemical properties of highly
stable alumina combined with high surface area makes these
UPMC1 materials ideal candidates for heterogeneous ca-
talysis. It also opens novel perspectives of a way toward the
elaboration of other types of interesting mesoporous crystal-
line powders such as intrinsic semiconducting TiO2 or SnO2.
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