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Abstract

Mesoporous aluminas offer a wide variety of applications, including catalysis, gas sens-

ing, optics, photovoltaics, and ion exchange. However, the pores are commonly unordered

and show a wide pore size distribution, creating a need for porous aluminas with well defined,

tailored pore systems. Here we report the synthesis and detailed structural studies of meso-

porous alumina as thin films and as powders. The synthesis was based on evaporation-induced

self-assembly (EISA) of triblock copolymers Pluronic P-123 and Pluronic F-127 as structure
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directing agents. Structural studies of the thin films were done by grazing incidence small-

angle X-ray scattering (GISAXS) supported by numerical simulations, and X-ray reflectivity.

From the quantitative GISAXS studies of the as-cast films, the unit cell dimensions, space

groups and also certain details of the regular micellar shape could be retrieved, indicating that

the micelles were deformed by compression along the sample normal. As-cast thin films pre-

pared from F-127 were found to give 110-oriented body-centered cubic micellar structures,

while films prepared from P-123 had hexagonally packed tubular micelles. Mesoporous pow-

der materials with narrow pore size distribution and high surface area, as characterized by N2

physisorption, were synthesized using the same strategy. The atomic-scale phase transforma-

tion of the powder from amorphous to crystalline takes place above 800 ◦C, as shown by in

situ X-ray diffraction. Both the thin films and the powders were tailored to give mesoporous

alumina with a pore size of about 5 nm.

Introduction

The discovery of mesoporous silica in 19921 sparked a new research field devoted to understanding

and further developing these metal oxides and their applications in industry and academia. They

represent a group of nanomaterials with high surface area, often highly ordered pore geometries

and monodisperse, adjustable pore sizes and are thus of interest to solid-state chemists, physicists

and material scientists. In the past these metal oxides were mainly ordered silica or titania due to

their thermal, chemical and mechanical stability.2,3 Recently, the focus has been shifted towards

alumina Al2O3
4–6 which in particular enjoys broad applicability as a catalyst support in petroleum

refinement.7,8 However, the synthesis of ordered and thermally stable mesoporous alumina rep-

resents new challenges, with the synthesis being susceptible to hydrolysis and phase transitions,

easily affected by pH, water, temperature and other factors.9

Previous studies report alumina with ordered pores, fabricated using self-assembly methods.10,11

Jiang et al.12 demonstrated the framework crystallization of ordered mesoporous alumina thin

films to γ-alumina. However, the alumina in the framework was prepared with hydrochloric acid

2

Page 2 of 25Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



as hydrolysis catalyst, which renders it less attractive for catalytic applications. Lesaint et al.13

employed surfactants of the Pluronic family to synthesize alumina with exceptionally large pore

sizes but without long-range order. Kuemmel et al.14 reported the preparation of nanocrystalline

γ-alumina layers with ordered mesoporosity using specialty templates like copolymers KLE22,

which has a higher contrast between hydrophilic and hydrophobic blocks compared to the Pluron-

ics family. However, the stability of the ordered network is based on the stability of the KLE22

template above the dehydration temperature of the inorganic phase. Weidmann et al.15 used

block copolymers as structure-directing agents for aluminum-oxo-hydroxo building blocks for the

morphology-controlled synthesis of nanocrystalline η-alumina. The produced thin films and pow-

ders exhibited uniform pores ranging from 10 to 30 nm, but the procedure requires the synthesis

of the building blocks beforehand. Nevertheless, the step from the synthesis of ordered meso-

porous alumina thin films and to their powder equivalent is rarely discussed. Alumina thin films

are more prone to form ordered structure at the mesoscale owing to the directing influences of

both the supporting substrate and the interface to air. Powders, on the other hand form a class of

materials called “organized mesoporous aluminas” (OMA), which exhibit no long-range order of

the pores, but a narrow pore size distribution in the mesoporous region.16 In general the following

points are often desired for catalyst support materials: i) a narrow pore size distribution, which

indicates monodisperse pores; ii) a high surface area, showing that the pores are not collapsed; and

iii) a well-defined atomic-scale crystal structure. While the crystal structure is an important part of

any catalyst support material, the phase transitions of alumina are affected by hydrolysis, pH, and

temperature, thus interfering with the optimal conditions of the templating technique to produce

organized mesopores.

Nanostructured films are often characterized by transmission electron microscopy (TEM), which

must be conducted in vacuum, typically on films lifted off the substrate. Powder X-ray diffraction

may be conducted on as-cast films under ambient conditions, but probes only the magnitude of the

scattering vector, making it impractical to study oriented phases by this method.17,18 An increas-

ingly used method for thin film structure studies is grazing-incidence small-angle X-ray scattering
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Figure 1: The geometry of a GISAXS experiment and examples of ordered mesoscale structures
and their GISAXS patterns. a) A view of the reciprocal space of a "2D powder" structure, with
rings of intensity (green) intersecting the Ewald sphere (purple). b) The image acquired by a
detector during GISAXS measurements of the reciprocal space structure shown in (a). Where the
rings of intensity in (a) intersect the Ewald sphere they are observed as spots on the detector. c,
d) Hexagonally packed micellar "tubes" running parallel to the substrate, and the corresponding
GISAXS pattern. e, f) Spherical micelles in a (110)-oriented body-centered cubic arrangment, and
the corresponding GISAXS pattern.

(GISAXS), which is performed in reflection geometry. GISAXS reveals a 2D cross section of re-

ciprocal space that facilitates identification of oriented nanostructures. Cf. Figure 1, which gives a

sketch of the experimental geometry and the scattering patterns from selected ordered mesostruc-

tures. Figure 1a shows the beam entering along the qy axis, with the semi-transparent sheet illus-

trating the Ewald sphere. Because of the cylindrical "2D powder" symmetry, the hkl reflections

are smeared into rings of radius qxy. For each ring that intersects the Ewald sphere, a diffraction

spot appears on the detector, as seen in Figure 1b. Figure 1 also displays two structures that will

be encountered in the following: Hexagonal packed micellar tubes (Figure 1c, d) and micelles in

body centred cubic arrangements (Figure 1e, f).
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In this study, we have prepared mesoporous alumina thin films and powders with pore sizes

around 5 nm using triblock copolymers Pluronic P123 and Pluronic F127 and studied their mesostruc-

ture. The as-cast micellar films were studied by GISAXS combined with state-of-the-art data-

analysis based on simulations. In addition to being of interest in their own right, organized alu-

minas might provide highly interesting support systems for studies of catalysts, as they provide a

more well-defined environment for the catalytically active nanoparticles frequently having alumina

as support. The tailored support materials may help to mask out pore-size effects encountered

in catalyst characterization, and might thus lead to a better understanding of catalysis. Equally

important, the monodisperse pore structure may lead to a new kind of thermally stable support

materials.7,8,19–21

Experimental Section

Materials

Triblock copolymers Pluronic P-123 (MW = 5800 Da) and Pluronic F-127 (MW = 12500 Da)

were purchased from BASF and used as surfactants in order to give pore sizes of approximately

3-5 nm in the final product.10,22 The main difference between the surfactants is the length of the

poly(ethylene glycol)-chain as shown in Figure 2.

Citric acid and nitric acid, ethanol, aluminium nitrate and aluminium sec-butoxide were pur-

chased from Sigma-Aldrich and used as reducing agent, organic solvent and alumina precursors,

respectively. In addition, catalyst precursor materials were purchased as metal acetyl acetonate,

Me(acac), for cobalt and nickel from Sigma-Aldrich.

Sample Preparation

The synthesis was based on evaporation-induced self-assembly with a templating surfactant as

introduced by J. Brinker et al.23 A schematic of the self-assembly process is given in Figure 2.
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Figure 2: Chemical structure of the surfactants Pluronic P-123 (upper left structure) and Pluronic
F-127 (upper right structure) and a schematic illustration of the preparation process. The surfactant,
the alumina precursor and possible metal precursors are dissolved in an organic solvent. After the
surfactant has self-assembled into ordered micelles and become immotile by the drying process,
the organic residue is removed by calcination, resulting in a framework of ordered mesoporous
alumina.

The generic synthesis procedure, adapted from Li et al.,11 was to dissolve 1.0 g of surfactant in

20 mL of ethanol at room temperature (RT), adding 1.04 g of citric acid as reducing agent, 2.04 g

(10 mmol) of aluminum nitrate, and metal acetyl acetonate (Me(acac), Me = Co, Ni). The amount

of Me(acac) was varied, with the target value being 5 wt% of nickel and 11 wt% of cobalt with

respect to the formed alumina. The mixture was stirred at room temperature (RT) for about 5 h and

after two days of aging, the alumina sols were spin-coated (4000 rpm) on (100)-oriented Si wafers

to obtain as-cast thin films for structural studies by X-ray scattering (GISAXS). The removal of

the surfactant templates was done by calcination in air to form the final pore structure. Calcination

was carried out by slowly increasing temperature from RT to 400 ◦C (1 ◦C/min ramping rate) and

heating at 400 ◦C for 4 h in air.

Mesoporous alumina powders were prepared similarly to the thin films, meaning that all sam-

ples were prepared from F-127, ethanol, citric acid and aluminum nitrate in the same ratios as

above, and without metal loadings. The main differences from the thin film preparation were the

drying and calcination procedures. The temperature treatments for three chosen powder materials

6
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Table 1: Overview of the organized mesoporous alumina (OMA) powder samples with variations
in temperature treatment, all prepared using F-127 as templating agent.

Sample Conditions
Drying Calcination

OMA-fast 60 ◦C / 2 d 800 ◦C / 24 h
OMA-slow 30 ◦C / 6 d 500 ◦C / 24 h
OMA-medium 30 ◦C / 3 d 500 ◦C / 24 h
OMA-xrd 30 ◦C / 3 d 1000 ◦C / 24 h

are listed in Table 1. The samples are classified according to their drying procedure: the longest

drying time was 6 days at 30 ◦C (OMA-slow), a medium drying time was 3 days at 30 ◦C (OMA-

medium) and the shortest drying time was 2 days at 60 ◦C (OMA-fast). While standard alumina

calcination was done at 500 ◦C, OMA-fast was treated at higher temperatures during drying and

calcination (800 ◦C). The sample for the in situ powder X-ray diffraction (XRD) experiment was

heated from RT to 1000 ◦C.

Grazing Incidence Small Angle X-ray Scattering (GISAXS)

GISAXS is utilized to study thin films and particles deposited on substrates. For incidence an-

gles αi less than a critical angle αc, being about 0.2 ◦ for CuKα, only the exponentially damped

evanescent wave penetrates into the sample, thus giving a surface-sensitive technique for hard X-

rays. GISAXS was performed at the Institute of Molecules and Materials of Le Mans (IMMM)

on a Rigaku rotating copper anode working at 45 kV and 55 mA equipped with a confocal mirror

producing an intense beam of X-rays collimated to 200 µm × 200 µm with a wavelength of 1.54 Å.

The exposure time was 1000 seconds per frame and the incident angle was fixed to 0.20◦. This

angle is below the critical angle of the substrate so that the beam was penetrating the film without

entering the silicon substrate, thus maximizing the scattering signal coming from the film itself.

The distance from the sample to the 2D wire detector ("Gabriel" type24) was fixed to 83 cm and

the detector pixel size was 150 µm. The scattering vector q is defined as the difference between the

in- and outgoing wave vectors, q ≡ kf − ki, and has magnitude q = 4π sinθ/λ where θ is half the

7
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total scattering angle 2θ. With the described setup, it was possible to access q up to 0.3Å−1. We

define qx and qy as the in-plane, and qz as the out-of-plane, components of the scattering vector q.

Calculating the scattering patterns is complicated because one generally cannot rely on the kine-

matic approximation, as refraction and multiple scattering effects become pronounced when both

the incoming and scattered beams are near the critical angle. Further complications arise because

the scattering objects generally are anisotropic and exhibit preferred orientation. We have previ-

ously published a framework for GIWAXS simulations,25,26 which has recently been augmented

to allow simulation of GISAXS patterns from substrate-supported film structures that are periodic

in three dimensions.27 The peak positions are calculated by the Laue conditions, taking into ac-

count material and geometric correction factors including the shift of the diffraction peaks due to

refraction. The relative intensities of the reflections are obtained from the unit cell structure factor,

accounting for the anisotropic form factor of the scattering objects. The film sample is assumed

to consist of crystalline regions randomly oriented about the sample surface normal while having

a well-defined crystallographic direction parallel to the surface normal, effectively constituting a

’2D powder’, as is consistent with the symmetry of all the experimental scattering patterns. Scat-

tered intensity from the direct incoming beam and from the substrate-reflected incoming beam are

summed - a procedure found to work well for relatively thick films. Static disorder was accounted

for using a Debye-Waller factor. The patterns are on a logarithmic intensity scale, individually

adjusted for readability.

In Situ X-ray Reflectivity

In situ X-ray reflectivity was carried out with a wavelength of 1.54 Å (Cu Kα) on a Panalytical

Empyrean reflectometer at the IMMM working at 40 kV and 30 mA. The polychromatic beam

coming from the copper anode was monochromatized and collimated by reflection on a multilayer

mirror to obtain a parallel and monochromatic beam. The full width at half maximum (FWHM)

of the direct beam was typically 0.06◦ with a peak intensity of the order of 5 × 107 counts/s. The

size of the incident beam was about 15 mm × 100 µm. The detector was a Pixcel detector that was

8
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used in the receiving slit mode using 3 channels in the vertical direction and 256 channels in the

horizontal direction.

In Situ X-Ray Powder Diffraction

In situ X-ray powder diffraction was carried out on a Bruker D8 Advance instrument using Cu Kα

radiation (λ = 1.54 Å) at 40 mA and 40 kV. A furnace was used to heat the sample from room

temperature to 1000 ◦ C with a heating rate of 1.5 ◦ C per minute.

Focused Ion Beam - Scanning Electron Microscopy (FIB-SEM)

For the imaging experiments a Helios dual-beam FIB-SEM at NTNU Nanolab was used to cut and

image a cross-section of the thin films. Before the SEM imaging, the samples were covered with a

30 nm thick gold layer and a carbon layer of dimensions 3 × 15 × 1 µm. During the measurement

a vacuum of 10−5 Pa was applied, the detector was at an angle of 52 ◦ and the SEM acceleration

voltage was 50 keV.

N2 Physisorption

Nitrogen physisorption was carried out with a Micromeritics TriStar II instrument at 77 K. After

the samples were evacuated at 200 ◦ C for 12 h, the surface area was estimated with the Brunauer,

Emmet and Teller (BET)28 method in the relative pressure range 0.06–0.20. The average pore

volume and pore size were estimated using the Barret, Joyner and Halenda (BJH) method, based

on the nitrogen adsorption and desorption curves. The software used for the analysis was TriStar

II 3020, version 1.03.

9

Page 9 of 25 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



(a)

0

0.05

0.1

0.15

0.2

q
z
/
Å
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Figure 3: Experimental GISAXS patterns obtained from films prepared from P-123. a) As-cast
film with alumina only, b) the same film after calcination to 400 ◦C, leading to a collapsed and
essentially isotropic structure. c) As-cast film containing 11 wt% cobalt and 5 wt% nickel, d) the
same film after calcination to 400 ◦C.

Results and Discussion

Films prepared from P-123

The prepared alumina sols readily self-assembled into highly ordered mesoscale structures, as

judged from the numerous Bragg reflections seen in the GISAXS patterns. A thin film prepared

from surfactant P-123, citric acid and aluminum nitrate gave reflections as shown in Figure 3a. The

structure is consistent with a 2D hexagonal arrangement of the micelles. The missing reflections

give important clues to the size of the micelles, as discussed later. Figure 3b shows that the structure

becomes isotropic when calcined to 400 ◦C. During heat treatment the residues of solvent and

surfactant are removed, which seems to destabilize the overall structural arrangement.

Also in the case of adding metal precursor to the sol, the GISAXS Bragg reflections show

a hexagonal structure, as seen in Figure 3c. When the sample with 11 wt% cobalt and 5 wt%

nickel was calcined to 400 ◦C features of the structure change qualitatively, but are still consistent

with an anisotropic ordered structure (Figure 3d). The hexagonal ’tube’ structure is evidently not

stable enough to withstand the calcination. Albeit not maintaining the 3D micellar mesostructure,

addition of the metal precursor seems to improve the stability, as judged from the more pronounced
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Figure 4: Experimental GISAXS patterns of samples prepared from F-127: (a) shows the as-cast
film with alumina only and (b) with shows the film after calcination to 400 ◦C, leading to a strained
structure. In (c) an as-cast sample is shown with addition 11 wt% cobalt and 5 wt% nickel, which
in (d) was calcined to 400 ◦C.

GISAXS features for this film. A possible explanation could be that as the hydrophobic metal

precursor is transfered into the the hydrophobic core of the surfactant micelles and consequently

embedded into the pore-wall during calcination, thus stabilizing the pore structure.11

Films prepared from F-127

Even though the two surfactants P-123 and F-127 differ only in the chain length of their polymer

blocks , the GISAXS patterns show that whereas P-123 gives hexagonal phases, using F-127 gives

an essentially cubic structure with approximately spherical micelles. The GISAXS pattern in Fig-

ure 4a was measured from an uncalcined as-cast sample prepared from F-127 and is close to a

body-centered cubic (Im3̄m) structure with (110) orientation (the structure will be discussed in the

following). This change in mesostructure is interesting also in terms of stability when removing

the surfactant. While 2D hexagonal structures have long essentially tube-shaped pores which can

easily collapse, 3D cubic structures tend to be more robust, as they have more stabilizing walls

per column. This increased stability can be deduced from comparing the GISAXS patterns in Fig-

ure 3b and Figure 4b, in both cases showing calcined films without addition of metal precursors.

The addition of metal loadings seems to improve the stability of the mesoporous structure upon
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calcination for films prepared from F127. As shown in Figures 4c and 4d samples with 11 wt%

cobalt and 5 wt% nickel were measured as-cast and after calcination with both samples exhibiting

a perpendicular ordering. Compared to the calcined sample without addition of metal the reflec-

tions are more distinguishable, suggesting that more of the 3D structure induced by the micelles

is maintained. Influences from an atomic-scale crystal structure were excluded as alumina from

amorphous precursors is not becoming crystalline below 500 ◦C.29

Quantitative GISAXS Analysis

For the well-defined micellar (as-cast) films, our simulated GISAXS patterns are in excellent agree-

ment with the experimental data, and allow extracting non-trivial information about the micelle size

and shape from the experimental data. A series of fitted patterns is shown in Figure 5. Note that

despite all the P-123 patterns shown being (close to) 2D hexagonal, there are significant differ-

ences in the relative intensities. The reflections therefore serve as "‘fingerprints"’ that can be used

to assess the shape and size of the micelles.27 It is particularly noteworthy that the subtle relative

intensity variations for the P-123 samples are faithfully reproduced by the simulations. While the

P-123 patterns are consistent with a pseudo-hexagonal 2D unit cell with long tubular micelles, the

F-127 pattern can be understood as a (110)-oriented, vertically compressed, pseudo-bcc unit cell.

The main structural parameters varied to obtain the fits are listed in Table 2. In addition, an

isotropic Debye-Waller factor of ∼ 6 Å accounting for static disorder was employed. Peak broad-

ening was introduced by assuming both an in-plane correlation length of ∼ 700 Å and a crystal

thickness limited to 8 unit cell repetitions along the sample normal. Uniaxial texture was included

with a Gaussian of width 2◦ (FWHM). An important insight from the simulations is that the porous

structures are substantially compressed (tens of percent) along the sample normal. For this rea-

son, the 2D-pseudo-hexagonal structure (p6mm) of the P-123 films is more properly described by

a two-micelle rectangular (planar group c2mm) unit cell, in the idealized hexagonal case having

a = ahex and c = ahex
√

3/2. Similarly, it can be shown that the (110)-oriented 3D-pseudo-cubic

(Im3̄m) structure can be described by a four-micelle face-centered orthorhombic (Fmmm) unit cell,

12
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Figure 5: Comparisons of experimental and simulated GISAXS patterns: a) P-123 film, b) P-123
film after heat treatment to 80 ◦C, c) P-123 film with 9 wt% Co-loading, d) F-127 film. The
arrows indicate Bragg reflections with strongly suppressed intensity because there are nearby deep
minima of the scattering form factor of the micelles. The scale bar indicating the dimensions in
reciprocal space is the same in all patterns shown. e) When the 2D hexagonal (p6mm) structure
is vertically compressed, the structure becomes centered rectangular, c2mm, as indicated with the
red frame. Note the elongated tubules, running parallel to the substrate. f) When the 3D body-
centered cubic (Im3̄m) structure is vertically compressed, the structure assumes a four-micelle
Fmmm orthorhombic unit cell as indicated by the red cell.

13

Page 13 of 25 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Table 2: Structural parameters obtained from the scattering simulations. The incidence angle αi
was determined experimentally, and is thus not fitted. The radii denote the micelle dimensions
along the (a), (b) and (c) directions.

P-123 P-123 heated P-123 w/Co F-127
αi / deg. 0.15 0.20 0.20 0.14

a / nm 16.9 ± 0.1 17.0 ± 0.1 16.4 ± 0.1 30.0 ± 0.3
b / nm - - - 21.0 ± 0.3
c / nm 21.0 ± 0.1 20.0 ± 0.1 21.0 ± 0.1 22.5 ± 0.3

Elliptical Ra = 5.0 ± 0.4 Ra = 5.0 ± 0.2 Ra = 5.0 ± 0.4 -
cylinder / nm Rc = 3.5 ± 0.2 Rc = 3.4 ± 0.1 Rc = 3.5 ± 0.1 -

Spheroid / nm - - - Rab = 5.0 ± 0.3
- - - Rc = 3.5 ± 0.1

Space group c2mm (no. 9) c2mm (no. 9) c2mm (no. 9) Fmmm (no. 69)

corresponding to the idealized cubic case when a = c = acub
√

2, and b = acub. Note that in both

cases, we thus define the unit cell to have the a-b plane parallel to the substrate. After correct-

ing for the non-negligible refraction, the small, yet non-negligible, corrections for refraction, the

unit cell dimensions are directly given by the Bragg peak positions, yielding an accuracy of a few

percent. The GISAXS pattern can be seen as the product of the anisotropic micelle form factors

and structure factors, where the latter are given by the long range ordered lattice of micelles. Ulti-

mately being a result of the high mono-dispersity of the micelles, the form factor of the micelles

exhibit deep and sharp minima. If a minimum of the form factor thus happens to coincide with

the position of a Bragg peak, the intensity of the Bragg peak will be strongly suppressed. For this

reason, the uncertainty in some of the radii obtained through simulations is exceptionally low.30

For the calcined mesoporous films, data analysis by GISAXS simulations was not carried out in

the absence of a realistic mesostructure model.

In Situ Calcination

In order to follow the calcination process, during which the solvent, the surfactant and any other

organic residue was removed, in situ X-ray reflectivity (XRR) experiments were performed. While
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Figure 6: In situ X-ray reflectivity measurements with a F-127 sample heated up to 500 ◦C. With
increasing temperature the Bragg peak moves from qz ≈ 0.07 Å−1 at 40 ◦C to qz ≈ 0.17 Å−1 at
500 ◦C, indicating a closer packing of the pores.

X-ray reflectivity is usually used to retrieve the electron density profile ρe(z) from thin films, the

high surface roughness of the films studied here precludes this kind of analysis, thus mainly giving

information about the critical angle and the small-angle diffraction (Bragg) signal from periodici-

ties in the film. Figure 6 shows specular scattering data from the calcination of a sol prepared from

F-127, without metal loading. The changes in the reflectivity curves indicate the evaporation of

the solvent (starting at ∼ 60 ◦C) and of the surfactants (above 150 ◦C). The Bragg peak is the (002)

reflection of the Fmmm structure, i.e., c = 4π/qz, where c is twice the distance between close-

packed micelles or pores. The Bragg peak moves towards higher qz with increasing temperature.

This peak is due to the periodic repetition along the film normal, and indicates a closer packing

of the pores in the direction parallel to the sample normal with increasing temperature. Kiessig

fringes are not observed in these measurements, presumably owing to the high surface roughness

of ∼ 16 nm also observed with atomic force microscopy (AFM; results not shown).

With FIB-SEM it is possible to sputter away material and cut a cross section into the film. An

image of a calcined sample prepared from F-127 acquired using this technique is shown in Figure 7.

The sample chosen for this technique is the calcined thin film prepared from F-127, with GISAXS

pattern shown in Figure 4d. The image in Figure 7 shows a gold layer on top of the film to avoid

charging problems during SEM imaging and a layer consisting of less structured alumina with the
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Figure 7: FIB-SEM images of the sample prepared from F-127 with addition of 11 wt% cobalt and
5 wt% nickel, after calcination. Arrays of pores oriented orthogonally with respect to the silicon
wafer are clearly seen. The film thickness can be estimated around 100 nm.

aligned mesopores between the substrate and the top layer. The cross section reveals the rough

surface of the film, with the overall film thickness estimated to be around 100 nm. The array of

pores are oriented orthogonal with respect to the silicon wafer.

Powder Material

So far mesoporous alumina prepared as thin films and their characterization with GISAXS has

been described. GISAXS is not applicable to powders and the studies of the mesoporous alumina

powders were done by standard catalyst characterization techniques such as nitrogen physisorption

and powder X-ray diffraction (XRD).

In order to follow the formation of an atomic-scale crystal structure in situ X-ray powder diffrac-

tion was performed. By calcining the sample from room temperature to 1000 ◦C while measuring

XRD, it was determined at which temperature the amorphous organized alumina becomes crys-

talline. The results from the in situ experiment is presented in Figure 8. The phase transition from

amorphous to crystalline alumina was found to occur at approximately 800 ◦C, as can be seen in

the inset of Figure 8. A further increase of Bragg intensities at temperatures above 800 ◦C suggests

that the crystallinity improves further with higher temperatures. This late formation of a crystal

phase might be owing to amorphous alumina undergoing phase transitions in a rather acidic en-
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Figure 8: In situ diffractograms for monitoring the calcination process on OMA-xrd sample aquired
using Cu Kα radiation. A diffractogram at every 50 ◦ C is shown from room temperature to 1000 ◦ C.
The inset shows diffractograms from 800 ◦ C in steps of 10 ◦ C to show the phase transition from
amorphous to crystalline alumina in detail. The diffractograms are displayed with a cumulative
offset for clarity.

vironment (pH around 3 - 4).29,31 The resulting crystal structure resembles the γ-alumina phase,

commonly used as catalyst support material.

Nitrogen physisorption experiments using the Brunauer, Emmet and Teller (BET) method have

been conducted to obtain information about the pore layout and surface area. The physisorption

isotherms and hysteresis curves are shown in Figure 9a. Three versions of the organized meso-

porous alumina (OMA) support are compared to each other and to commercial alumina purchased

from Sasol (Puralox). All the materials display non-reversible adsorption-desorption isotherms

with the desorption branches giving information about the pore entrance sizes. From the hysteresis

loops for samples OMA-medium and OMA-slow it seems that the mesopore volume is constricted

and depending on the size of the constriction desorption can occur via entrance size controlled

pore blocking or by forced desorption due to cavitation. The isotherms of the standard alumina

sample and OMA-fast display hysteresis loops expected for capillary condensation in mesopores.

The difference in hysteresis loops indicates that OMA-medium and OMA-slow have more bottle-

neck shaped pores. Desorption from open mesopores leads to parallel isotherm branches as seen in

OMA-fast and the standard alumina sample.32–34 The adsorption-desorption isotherms for OMA-

medium and OMA-slow can be classified as type H4, according to IUPAC,35 and indicate a meso-
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Figure 9: Nitrogen adsorption-desorption experiments on commercial alumina (gray lines) and
samples of mesoporous alumina powder. a) Isotherms, offset for clarity by 50, 150 and 250
cm3 STP/g. BJH pore size distribution estimated from adsorption isotherms (b) and desorption
isotherms (c) by nitrogen physisorption.

porous material with good pore connectivity with a narrow distribution of complex, bottle-shaped

pores present.36,37 The hysteresis loops in the standard alumina sample and OMA-fast are of type

H235 and suggests nearly tubular mesopores.

The corresponding pore size distributions, given in Figure 9b and Figure 9c, show that the pore

structure withstands the calcination process as the average pore diameter of the support materials

corresponds to pore diameters in the as-cast thin films. Compared to the wide size distribution in

commercial alumina (5-30 nm), the samples exhibit an average pore size of 3 to 5 nm and show a

maximal pore size distribution ranging from 3 to 10 nm. Sample OMA-slow gives the narrowest

pore size distribution and the highest average pore size of the three samples. This can be seen

more clearly in the pore size distribution calculated from the desorption branch of the isotherms

(Figure 9c). The mean pore size values are smaller and around 4 nm, because of the difference in

pore entrances and shape as seen from the hysteresis loops of the isotherms.

In addition, the BET measurements yield estimates for the surface area for all samples, which

were high enough to show that the pores are stable throughout the synthesis and accessible from

the gas phase. The highest surface area is exhibited by OMA-slow, 250 [m2 / g], which also had

the longest aging time. Accordingly, OMA-fast with the shortest aging time exhibits the smallest

surface area, 90 [m2 / g], and OMA-medium has an intermediate surface area of 120 [m2 / g]. The
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aging and calcination times seem to have an effect on the formed powder materials. The pores seem

to be more organized and monodisperse with long aging times, based on pore size distribution and

surface area calculated from the BET results. The powder becomes increasingly crystalline when

calcined to temperatures above 800 ◦C, yet with higher temperatures the loss in monodispersity and

surface area increases as well. The narrow pore size distribution between 3 and 5 nm suggests that

organization of the pores, induced by close packing of the micelles, is present also in the powders.

Conclusions

Synthesis of highly ordered thin mesostructured alumina films was achieved via evaporation-induced

self-assembly. It proved possible to synthesize alumina thin films with different ordered micelle

structures, yet with varying degree of thermal stability. Structural studies of the thin films were

focused on the mesoscale ordering inside the films using GISAXS, XRR and FIB-SEM, revealing

that several packing motifs were present in the films, depending on the surfactants and processing

conditions. Films prepared from P-123 show a (pseudo-)hexagonal structure with long tubular

micelles, however with low thermal stability. Films prepared from F-127 gave a (pseudo-)cubic

arrangement of spheroidal micelles, and the films calcined to 400 ◦C still exhibited indications

of regular internal structures. State-of-the-art simulations of GISAXS patterns demonstrate that

the micelles in all the as-cast films were vertically compressed, and with size of 3 to 5 nm. The

calcined films gave GISAXS patterns consistent with internal mesoscale order, presumably in the

form of a mesoporous network. Mesoporous alumina powder was synthesized as an important step

towards the application as catalyst support material. The powder material exhibits a nearly uniform

pore size between 3 and 5 nm, and a relatively high surface area of 250 [m2 / g], thus paving the

way to more well-defined support materials.
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