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ABSTRACT
Mesoporous silica with a hexagonally ordered pore structure (SBA-15) has been
synthesized. Through variations in the synthesis conditions several
morphologies, such as fibers, sheets and separate rods, have been realized.
Furthermore, additions of heptane and NH4F make it possible to synthesize
SBA-15 with pores as large as 18 nm in the sheet morphology. Mechanisms for the
formation of different morphologies have been suggested. In the case of fibers and
sheets, the amount of heptane present during the synthesis determines the final
morphology. For low concentrations, the heptane enters the micelles and
increases the pore size while the particles (crystallites) attaches to each other
end to end. When the heptane concentration increases, the heptane droplets
increase in size, and above a critical droplet size the crystallites attach with one
short end towards the droplet, forming the sheet morphology. The crystallites
can also be separated. This is the case of the rod morphology. The separation is
performed by shortening the stirring time and increasing the HCl concentration.
The increased amount of HCl increases the hydration rate of the silica precursor,
which can be used to control the thickness and length of the rods. Furthermore,
the reaction time has been decreased from 20 h for all morphologies to less than 4
hours. The materials have been characterized with nitrogen sorption, electron
microscopy and x-ray diffraction. Also, thermogravimetric analysis and fourier
transformed infrared spectroscopy have been used for studying the removal of
surfactants.
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This Licentiate Thesis is a part of my Ph.D. studies carried out in the
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in the three appended papers. The research is financially supported by the
Swedish Research Council (VR).
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1 INTRODUCTION
“Mold clay to form a bowl. It is the empty space which makes the bowl useful.”
Lao Tzu
In my opinion, this old Chinese proverb expresses the essence in working with
porous materials. We can shape them, make pores in varying sizes and structures
and finally use all the surface and empty space in them for multiple applications.
Materials with large surface area have applications such as matrixes for catalysts,
chemical reactors and gas storage. To increase the surface area of a material, the
particle size of the material can be reduced or open pores can be introduced. In
this thesis highly porous silica will be studied.

1.1

Mold clay to form a bowl

Mesoporous materials have pores in the size range of 2 to 50 nm. It is common to
use two different paths for syntheses of materials on the nanoscale: top-down or
bottom-up. In the top-down approach one starts from the top, from a larger unit,
and shape this unit into a nanostructure by for example cutting or milling. The
top-down approach is used for manufacturing e.g. microchips and micropatterning. The bottom-up approach is based on properties of single molecules
which can self-assemble and form structures. This approach is common when
mesoporous materials are synthesized by self-assembly of surfactants to form
micelles and condensation of metal species onto these micelles. Variations in the
final material such as different pore sizes and morphologies can be gained by
changing the properties of the original molecule.

1.2 It is the empty space that makes the bowl useful
Materials with high open porosity have a large available surface area compared to
materials with no or closed porosity, see Figure 1. In mesoporous silica the
specific surface area is commonly 500-1000 m2/g which is approximately the area
of a handball court in the volume of a water glass. The high specific surface area
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of mesoporous silica makes it an excellent substrate for catalysts and
mesoreactors where chemical reactions take place in the pores.

Figure 1. Available surface in (a) solids and materials with (b) closed and (c)
open porosity.
The narrow pore size distribution of mesoporous silica also makes it suitable as
templates for other materials and as a constrainer when growing nanoparticles
inside the pores.

1.3 Aim of the thesis
In this thesis the synthesis, characterization and application of mesoporous silica
SBA-15 with unusually large pores (≤ 18 nm) is presented. The material consists
of ~400 nm crystallites with cylindrical, hexagonally ordered pores running
through them. The crystallites are either monodispersed or attached to each
other, forming different morphologies such as fibers or sheets. If instead the
crystallites are attached to a substrate, a porous film is formed in which the pores
can be oriented parallel or perpendicular to the substrate. The monodispersed
crystallites can be elongated and thereby the thickness of the mesoporous film is
controlled.
This thesis will be the foundation of my future research as a Ph.D.-student where
I will study applications for the material described in these papers.
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2 MESOPOROUS MATERIALS
Mesoporous materials are materials with pores in the range of 2–50 nm
according to the IUPAC classification in which
micropores have a diameter < 2 nm,
mesopores have a diameter between 2 and 50 nm and
macropores have a diameter > 50 nm [1].
The pores can have different shapes such as spherical or cylindrical and be
arranged in varying structures, see Figure 2. Some structures have pores that are
larger than 50 nm in one dimension, see e.g. the two first structures in Figure 2,
but there the width of the pore is in the mesorange and the material is still
considered to be mesoporous.

Figure 2. Different pore structures of mesoporous materials.
Mesoporous materials can have a wide range of compositions but mainly consists
of oxides such as SiO2, TiO2, ZnO2, Fe2O3 or combinations of metal oxides, but
also mesoporous carbon can be synthesized [2-6]. Most commonly is to use a
micellar solution and grow oxide walls around the micelles. Both organic metal
precursors such as alkoxides [7-9] as well as inorganic salts such as metal
chloride salts [3] can be used. Alternatively a mesoporous template can be used
to grow another type of mesoporous material inside it. This is often used for
synthesizing e.g. mesoporous carbon [6,10,11].
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2.1 Mesoporous silica
In 1992 a new family of ordered mesoporous materials was reported [2,7] and this
became the starting point of a new research field. These materials are named
MCM-X (Mobil Crystalline of Materials) and were synthesized by Mobile
Corporation laboratories. Mesoporous silica with different pore structures were
synthesized e.g. MCM-41 with hexagonally ordered cylindrical pores and MCM48 with a cubic pore structure. These materials are synthesized with cationic
surfactants under basic conditions.
This was though not the first attempt of synthesizing mesoporous silica. There is
a patent from 1971 regarding synthesis of low-density silica where cationic
surfactants were used [12]. In this patent there is no report concerning porosity,
only the low bulk density was of importance. Later this material has been
synthesized, characterized and compared to MCM-41[13]. It is clear that this
material is a predecessor to the mesoporous silica that is synthesized today, even
though the importance of this type of material was not recognized then.
The first mesoporous silicas synthesized with non-ionic triblock polymers were
reported in 1998 by Zhao et al. [8,14]. These materials are named SBA-X (Santa
Barbara Amorphous) where X is a number corresponding to a specific pore
structure and surfactant, e.g. SBA-15 has hexagonally ordered cylindrical pores
synthesized with P123 as surfactant while SBA-16 has spherical pores arranged in
a body centred cubic structure and is synthesized with F127. SBA-15 is the most
extensively studied mesoporous silica and also the subject of attention in this
thesis.
Other families of mesoporous silicas are e.g. MSU [15], KIT [16], FDU [17] and
AMS [18] where the materials are synthesized with variations in e.g. synthesis
conditions and surfactants.
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2.2 SBA-15
SBA-15 is a mesoporous silica (SiO2) which has cylindrical pores arranged in a
hexagonal order synthesized with the Pluronic triblock-copolymer P123. The
structure of SBA-15 is illustrated in Figure 3. For this material, the pore size
refers to the width of the cylindrical pores which can be tuned between 4-26 nm
[8,14,19,20] even though pore sizes above 12 nm are rare. The length of the pores
varies from ~200 nm [21,22] to several microns.
Around each mesopore is a microporous network called the corona [23,24]. This
network interconnects the mesopores with each other and is responsible for the
high surface area of SBA-15. The microporous network was first shown by
platinum replicas [24] where the nanorods from filled mesopores were
interconnected by the network which makes the nanorods remain in the
hexagonal structure even after removal of the silica, see Figure 3.
The corona is mainly supposed to originate from trapped hydrophilic chains of
the surfactants [25-27]. An additional explanation for the corona is stressinduced defects where the micropore fraction increases with the effective pore
wall thickness to average pore diameter ratio [28]. It is stable up to 1173 K, but
above this temperature the network disappears and the material has similar
structure to MCM-41 [24].

Figure 3. The structure of mesoporous silica SBA-15 (to the left) and its replica in
form of rods (top right) and straws (down right).
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The corona plays a crucial role when using SBA-15 as a template for other
materials. Replicas can be synthesized in two variants, one rod-like and one
straw-like see Figure 3. Due to that the micropores also will be filled with the
replica material the mesopore replicas will be fixed in the hexagonal structure
and the particle morphology will be retained. If instead MCM-41 is used as
template, the end result is more similar to spillikin.

2.3 Applications
As mentioned earlier platinum replicas of SBA-15 has been synthesized, but the
most common material for replicas of SBA-15 is carbon. These replicas can be
formed either as rod-like or straw-like [5,6,29,30], see Figure 3. The replicas can
then be used as new templates for other mesoporous materials [31], as supports
for e.g. platinum particles [10] or as storage units for e.g. hydrogen or methane
[32,33]. Replicas of SBA-15 can also be synthesized of metal oxides such as CeO2,
Cr3O4, MnO2 or WO3, see [31] and references therein.
It is also possible to use SBA-15 as a template for growing nanoparticles or
nanowires of pure metals or metal oxides [34,35]. The particles can then be
removed from the silica matrix or the composite can be used in catalysis [36].
An alternative to nanoparticles in catalytic applications is anchoring of
functional groups into the silica walls [36]. Alternatively, more reactive materials
such as Ti can be incorporated in the silica walls during the synthesis to make
the surface more reactive, e.g. incorporation of Ti makes the SBA-15 suitable for
hydrogen storage and photovoltaic applications [37]. Functionalization of the
surface also gives the opportunity to use SBA-15 e.g. as a carrier in drug delivery
systems [38-41] or in storage of methanol [42].
Finally, the possibility to control the pore size of SBA-15, as well as the narrow
pore size distribution, makes SBA-15 a good candidate as a molecular sieve for
biomolecules [43] and it is useful in the separation of hydrocarbons [44].
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3 COLLOID AND SOL-GEL CHEMISTRY
The synthesis of SBA-15 is called sol-gel synthesis. The solution (sol) is the
colloidal system where micelles are formed by surfactants and are dispersed in an
aqueous solution. When the silica precursor is added to the sol it hydrolyses and
a silica network is formed in which the liquid is enclosed, a gel. The transition
between sol and gel is gradual and the sol becomes a gel when it can support a
stress elastically. Finally the gel is heated (calcinated) whereby the surfactants
decompose and evaporates. Left is now the porous silica network.

3.1 Surfactants
Surfactants (surface active agents) are amphiphilic molecules, i.e. they are
composed of a hydrophilic (water-loving), and a hydrophobic (water-hating),
part, see Figure 4. Surfactants are classified by their head group: anionic,
cationic, zwitterionic and non-ionic. The lipophilic part is often a hydrocarbon
chain. Due to their amphiphilicity, the surfactants form micelles in oil or aqueous
solutions to lower the free energy in the system. If the solvent have two
immiscible phases the surfactants are located in the oil/water interface with the
hydrophilic part towards the water and the lipophilic part in the oil.

Figure 4. Schematic picture of a surfactant.

3.1.1

Micelle formation and structures

When the concentration of surfactants is low in an aqueous solution, the
surfactants are located as separate molecules in the air/water interface. This
reduces the surface tension since it is larger for water than for the hydrocarbons.
Increasing the surfactant concentration in the solution further reduces the
7

surface energy until a critical value. At this point, the critical micelle
concentration (CMC) is reached and aggregates of surfactants (micelles) are
formed. The CMC is determined by two competing factors; bringing the
nonpolar chains out of the water phase into the oil phase (hydrophobic effect)
and repulsion between the polar head groups which opposes the formation of
micelles [45]. The CMC and shape of the micelles are determined by the nature
of the surfactant and conditions in the solution such as temperature or salt
additions.
The aggregate structure of the amphiphilic molecules is determined by the
critical packing parameter (CPP)

CPP =

v
l⋅a

(1)

where v is the volume of the hydrophobic chain [nm3], a is the area of the
hydrophilic part [nm2] and l [nm] the length of the hydrophobic chain. The
volume v and length l can be expressed by
v = 0.027 (n C + n Me )

(2)

l = 0.15 + 0.27 n C

(3)

where nC is the number of carbon atoms and nMe the number of methyl groups.
The relation between CPP and aggregate structure is illustrated in Figure 5. The
cylindrical hexagonal micelles needed to form SBA-15 has 1/3 < CPP < 1/2.

3.2 Non-ionic triblock copolymers, Pluronics
When mesoporous silica is synthesised, several types of surfactant can be used
e.g. cationic CTAB [2,7], non-ionic PEO surfactants [15] or Pluronics [8]. In this
work Pluronic P123, a non-ionic amphiphilic triblock copolymer, Figure 6, has
been used as surfactant.
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Figure 5. Critical packing parameters of surfactant molecules and preferred
aggregate structures for geometrical packing reasons [46]. Reprinted with
permission from John Wiley & Sons Ltd.
There are several non-ionic triblock copolymers under the trademark Pluronics.
These polymers were patented in 1973 and are also called Poloxamers [47]. They
all consist of hydrophilic polyethylene oxide chains (PEO) and hydrophobic
polypropylene oxide chains (PPO). There are several different Pluronics with
varying molecular weights and PEO/PPO ratios (EOxPOyEOx). The notation for a
9

Pluronic triblock copolymer starts with a letter followed by two or three
numbers. The letter describes the appearance of the polymer: F (flake), P (paste)
or L (liquid). The first one or two numbers multiplied with 300 indicates the
molecular weight of the PPO block and the last number gives the PEO weight
fraction [48]. Hence, P123 is a paste with ~3 600 g/mol PPO and 30 wt% PEO
while F127 is solid flakes with the same weight of PPO but 70 wt% PEO. These
differences give rise to the variation of pore structures observed in the
mesoporous materials, e.g. F127 is used for synthesizing spherical pores in a body
centred cubic structure while P123 is used for hexagonally ordered cylindrical
pores [8].

Figure 6. Chemical formula and properties of the surfactant P123.

3.3 Micelle formation with Pluronics
As mentioned earlier, the concentration of surfactants and temperature of the
solvent is crucial for the formation of micelles. These two parameters vary for the
PEO-PPO-PEO surfactants with respect to the structure and weight of the
polymers. For example, Pluronics with PEO segments of the same size have both
the CMC and critical micelle temperature (CMT) decreasing with increasing
PPO size. The size effect of the PEO chain is less pronounced than the effect of
the PPO size. It is clear that for Pluronics the micelle formation is driven by the
PPO chain [49-51]. The micelles consist of a hydrophobic PPO core surrounded
by hydrophilic PEO chains which form a corona around the core.

3.3.1 Temperature dependence
The properties of the PEO and PPO blocks are highly temperature dependant
since the hydration of methyl groups in both blocks depends on the temperature
[51,52].
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During the micelle formation process there are three temperature regions of
importance: the unimer region (where the surfactants are not aggregated), the
transition region and the micelle region [53,54]. At low temperatures, the unimer
region, the methyl groups of the PPO blocks becomes hydrated and can form
hydrogen bonds with the water. When the temperature is increased the methyl
groups rotate and the hydrogen bonds are broken [52,55]. At CMT and during
the transition region there is a mixture between micelles and unimers. In this
region the interaction between PPO and water is reduced and the PPO chains
instead interact with each other. Thereby the micelles with nonpolar,
hydrophobic cores are formed. This is happening gradually for a small
temperature interval of ~10 °C [52,55]. Finally the micelle region is reached and all
surfactants are aggregated to form micelles.

Figure 7. The relation between micelle concentration and solution temperature.
Data from ref. [49].
The CMT depends on the concentration of micelles in the solution, see Figure 7
(b). This is of great importance when synthesising mesoporous materials. The
CMT can be changed for a given surfactant concentration by adding salts. This
will be discussed further in section 3.3.3.
Above CMT, spherical micelles increase in size with increasing temperature until
the micellar core reaches the radius of a completely stretched PPO chain. At this
point the structure of the micelles changes from spheres to cylinders [54]. A
phase diagram is useful for finding CMC, CMT and micellar shapes, as seen in
Figure 8.
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Water becomes a worse solvent for the PPO and PEO chains when the
temperature is increased due to the increasing number of polar states. Above a
critical temperature, the cloud point (CP), the surfactants can no longer be
dissolved to form micelles and instead they precipitate from the solution [56,57].

Figure 8. Phase diagram of P123 in water. After ref. [51].

3.3.2 Sphere-to-rod transition
To form the cylindrical pores in SBA-15 the micelles must undergo a transition
from spherical to cylindrical shape. During the synthesis, the temperature and
surfactant concentrations are kept constant. Hence, other parameters during the
synthesis are responsible for this change in CPP leading to the sphere-to-rod
transition.
During the synthesis, this transition occurs upon addition of the silica precursor,
TEOS, which will be described in section 3.4. Ethanol is a decay product of
TEOS, and in a given temperature range PPO is soluble in ethanol. When the
ethanol goes into the hydrophobic core of the micelles, the core volume expands
and the CPP increases according to Eq. (1) [58].
The transition can also occur upon additions of salt [59], or increasing the
temperature [60] since these decrease the hydrophilic area of the surfactants due
to dehydration of the PEO chains.
12

3.3.3 Salt additions
The addition of salt to the synthesis of SBA-15 makes it possible to decrease the
synthesis temperature from 35 – 55 °C to as low as 10 °C [61-64], Smaller pore
sizes are achieved when a combination of salt additions and a low temperature
(and no swelling agents) are used.
The properties of non-ionic triblock copolymers, such as P123, are also strongly
affected by salt additions. By salt additions CMT, the sphere-to-rod transition
and CP can be shifted. The shifts are proportional to the concentration of salt.
For example, F–, Cl–, Br–, Na+, K+ and Li+ decreases the CMT, sphere-to-rod
transition and CP while SCN– increases the solubility of P123 that gives higher
temperatures for the transitions. Anions have a larger effect on the CMC and CP
than cations [50,65].
It has been shown that CMTno salt – CMTsalt = CPno salt – CPsalt when salt are added
to a solution except for I– which instead increases CP and decreases CMT. This
is very useful, since sometimes only one of these two parameters can be studied
[65].
Most, but not all, salts decrease the solubility of organic polymers (salting out
phenomena). Some salts act as structure makers for the water and increases the
self-hydration of water through hydrogen-bonding. Other salts act as structure
breakers and decrease the number of hydrogen-bonded OH groups [66]. Anions
give a stronger effect on solubility of polymers and their salting out strength at a
given molar concentration follows the Hofmeister series: SO42– ≈ HPO42– > F– > Cl–
> Br– > I– > SCN–. Ions preceding Cl– in the series are polar water-structure makers
and those after Cl– water-structure breakers. Cl– has little effect on water
structure [67].
It is commonly said that salts increase the solvophobicity of PEO and PPO chains
and therefore induce micelle formations [57] and it is known that PEO chains
form aggregates in water solutions with salt additions. It has been suggested that
this aggregation is driven by the structuring of water [68]. The PEO chains are
surrounded by a zone where water has increased structure [69]. When an ion
approaches a PEO segment the amount of water between these two decreases.
PEO is far less polarisable than water and the removal of the polarized water will
13

induce a repulsive force between the ion and PEO chains. On the other hand, the
removal of water leads to an attractive force between the PEO chains. The total
force from these two contributions depends on the ion. The larger the ion, the
more attractive the force will become. This is due to that for larger ions, a larger
amount of structured water will be expelled [65,70].
The effect of cations on the other hand, does not follow the Hofmeister series,
but instead the effect depends on the counter ion [59]. This can be due to that
there is not as large size difference between cations as for anions [70]. For Cl– as
anion the effectiveness of cations follow Cs+ ≈ K+ > Li+ [59].

3.4 Silica precursor
Several types of silica precursors can be used for mesoporous silica. The most
common are alkoxides, especially tetramethyl orthosilicate (TMOS) or tetraethyl
orthosilicate (TEOS), see Figure 9, but other alkoxides with longer alkyl chains
can be used [71]. An alternative, cheaper, silica precursor that can be used is
sodium silicate [72,73] or combinations of this and alkoxides [74]. In this work,
only TEOS has been used as the silica source.

Figure 9. Chemical formula of the silica precursor TEOS.
In aqueous solutions the alkoxides hydrolyses (i) and polymerises to form a silica
network (ii) and (iii). Both steps can be controlled by varying pH and adding
salts to the aqueous solutions as described in literature reviews [75,76] and
references therein.
(i)

Hydrolysis

≡ Si – OR + H2O ↔ ≡ Si – OH + ROH

(ii)

Alcohol condensation

≡ Si – OR + HO – Si ≡ ↔ ≡ Si – O – Si ≡ + ROH

(iii)

Water condensation

≡ Si – OH + HO – Si ≡ ↔ ≡ Si – O – Si ≡ + H2O
14

The hydrolysis of TEOS needs an acid or basic catalyst to occur, and the
hydrolysis rate is directly proportional to the concentration of acid or base. In
general, short alkyl chains hydrolyse faster than long chains. Hydrolysis and
gelatation occurs simultaneously. H3O+ increases the rate of hydrolysis while
OH– increases the gelatation rate, so at pH suitable for synthesis of SBA-15 (pH ≤
2) the hydrolysis is fast but the polymerization is slow.
In the presence of alcohols, the hydrolysis rate of TEOS is reduced [77]. This can
be used for controlling the morphologies of SBA-15.
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4 SBA-15 SYNTHESIS
The synthesis of SBA-15 is straight forward and uncomplicated. First the
surfactant, P123, is dissolved in hydrochloric acid and then the silica precursor,
e.g. TEOS, is added. This solution is stirred for a given time (2-20 h) at 40 ˚C and
then heated to 80-130 ˚C for 24-72 h (hydrothermal treatment). Finally the
product is collected by filtration and calcinated at 550 ˚C to remove the template.
There are several ways to control the pore size, microporosity and particle
morphology to obtain the optimal product, e.g. addition of salt, swelling agents
and/or temperature variations which will be discussed here.

4.1 Formation
The formation mechanism of SBA-15 is assumed to be similar to the formation of
MCM-41 which was suggested by Beck et al. to be a liquid crystal mechanism
[7]. This can be seen in Figure 10 and shows how the micelles starts as spherical
and when the silica precursor is added, the micelles becomes elongated and
arranges themselves in a hexagonal pattern while the silica walls are built. After
calcination, the surfactants are removed and only the mesoporous silica remains.

Figure 10. Illustration of the formation mechanism suggested by Beck et al. [7].
Experimental studies of the formation of SBA-15 with e.g. SAXS, NMR and TEM
[78-80] have shown that when the silica source is hydrolyzed it is adsorbed on
the PEO chains of the micelles. The polymerization of the silica introduces an
attractive interaction between the micelles which leads to the formation of flocs
of micelles. These domains grow larger and the final structure is reached. The
17

time for elongation of the micelles has been thoroughly discussed, if it occurs
prior to or during the formation of flocs. SAXS and cryo-TEM have though
shown the presence of separate threadlike (cylindrical) micelles prior to the floc
formation [80,81].
The mechanism of the elongation of the micelles has been studied with various
techniques [26,81,82]. Prior to the addition of silica precursors the micelles are
spherical but TEOS and TMOS are hydrophobic, so when they are added to the
synthesis they enter the hydrophobic core of the micelles. The hydrolyzed
precursors then diffuse into the corona region and adsorb onto the P123 and the
polymerization process begins in the core/corona interface and continues then
only in the corona. The polymerization in the core/corona region is simultaneous
to the elongation of the micelles while the polymerization in the pure corona is
associated with the precipitation of flocs. When the silica precursor is
polymerized on the PEO chains, the water content in this area is decreased. This
changes the polarity resulting in a reduced curvature of the micelle and hence,
the micelles become elongated.
Theoretical modelling of the formation of mesoporous materials has shown that
the silica preferably adsorbs onto low curvature sections of the micelles. During
the elongation of the micelles the surface energy of the spherical caps on the ends
increases and therefore no silica will attach there, leaving the pore ends open in
the calcinated material [83].

4.2 Hydrothermal treatment
When the formation of SBA-15 is finished, the temperature is increased and the
hydrothermal treatment begins. As mentioned in section 3.3.1 the properties of
P123 is temperature dependent and therefore this is a good way of tuning the
properties in term of pore size, micropore volume and surface area of the final
product. Several studies of the effect of the hydrothermal treatment have been
performed on standard syntheses [14,84-87], with varying silica precursors [73],
and syntheses with swelling agents [88].
The effect of the hydrothermal treatment is twofold. First, after the formation of
the hexagonal structure, the PEO chains are trapped into the silica network
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[26,86] and they are the source for the micropores in the final product. When the
temperature is elevated, the hydrophilicity of the PEO chains change and
becomes more hydrophobic. The chains then retract from the silica wall and go
into the more hydrophobic core of the micelles. The result of this is an increased
pore size and reduced microporosity and surface area. Secondly, the
hydrothermal treatment decreases the shrinkage of the silica walls upon
calcination. The effect of hydrothermal treatment is illustrated in Figure 11.

Figure 11. The effect of the hydrothermal treatment.
By increasing the hydrothermal treatment temperature from 35 to 130 ˚C it is
possible increase the mesopore size with several nanometers, with significant
changes noticed above 60 ˚C [86]. Above this temperature, the microporosity
and surface area are decreased and when the treatment is performed at 130 ˚C no
micropores remains and all surface originates from the mesopores. The unit cell
parameter is though nearly constant for calcinated samples with hydrothermal
treatment temperature exceeding 60 ˚C, so during the increase of mesopore size
the wall thickness decreases and the wall becomes denser and the microporosity
is lost [23,86]. Similar effect, but not as pronounced, is obtained by increasing the
hydrothermal treatment time.
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4.3 Removal of surfactants
The final step of the synthesis is the removal of the surfactants. This is most often
done by calcination, but there are alternatives such as chemical removal of the
template or decomposition by microwaves, see Figure 12. Regardless of which
method used, the aim is always to completely remove the surfactants in a way
that is as cheap and time effective as possible.

4.3.1 Calcination
Calcination is the most common way to remove the surfactants from SBA-15.
During the calcination, which is performed in air, the material is heated to 550 ˚C
and this temperature is held for 5 h before the material is cooled down to room
temperature.
Most of the surfactants decompose between 150-250 ˚C and at this stage the
hexagonal structure retains its size. Above 300 ˚C water is released and the rest
of the polymers are combusted and the hexagonal framework is decreased
probably due to condensation in the framework and closing of micropores [89].
During the shrinkage of the hexagonal structure, the mesopore volume is
decreased but the micropore volume is almost constant [90]. This indicates that
the micropores are still being emptied from surfactant residues simultaneously to
the framework shrinkage.

Figure 12. The surfactants can be removed using various techniques, e.g.
calcination of oxidation using H2O2.
20

4.3.2 Chemical removal
An alternative route to removal of the surfactants is to oxidize the P123. By using
this alternative route there is no shrinkage in the hexagonal structure as it is
upon calcination and it is possible to functionalize the material in multiple steps.
For this purpose, chemicals such as ethanol, hydrogen peroxide, sulphuric acid or
ammonium perchlorate can be used.

Ethanol
Ethanol was used as an alternative to calcination to remove P123 in the first
reports of SBA-15 [8,14]. By refluxing the silica in ethanol at 78 °C for 24 h the
P123 can be removed. An advantage with this method is that the surfactants are
not decomposed but can be recovered and reused for syntheses. Also, there is a
larger amount of silanol groups in the silica walls which is preferable when
functionalizing the surface. Drawbacks are that there can be residues of P123 in
the micropores [91,92] and that large amounts of ethanol are needed during the
treatment [93]. The method is suitable for materials where the surfaces have been
functionalized during the synthesis process or to functionalize the surface during
the ethanol extraction process [94-96].
Hydrogen peroxide
Hydrogen peroxide (H2O2) is another oxidation agent that can be used for
removal of the surfactants. By treating the SBA-15 with H2O2 at 100 ˚C for 24 h
completely removes the polymer template [97]. This method gives a product
with slightly larger mesopores, a higher micropore volume and thereby a larger
specific surface area. Figure 12 shows that the H2O2 treatment is equivalent
compared to calcination with respect to surfactant removability. Another
difference in the final product is the increased amount of silanol groups in the
silica walls when this method is used compared to calcination. Silanol groups
can be used as reaction and anchor sites when functionalizing the final product
[98]. The H2O2 method has been used in Paper I and Paper II.
Sulphuric acid
If instead sulphuric acid (H2SO4) is used to remove the surfactants it is possible
to control the removal in different parts of the material. H2SO4 is selective in the
oxidation of the polymer and decomposes only the PPO chains of the surfactant
[99,100]. This makes it possible to functionalize the mesopores prior to removing
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the PEO chains. The PEO chains are removed by low temperature calcination at
200 ˚C. Similar to the H2O2 treatment, the mesopore size and micropore volume
are larger for these samples compared to ordinary calcinated samples. The
advantage of this method is that triple functionalized samples can be synthesized
with an outer functionalization prior to the first step of the template removal
followed by a second and third functionalization in the meso- and micropores
respectively.

Ammonium perchlorate
Ammonium perchlorate (AP) mixed with HNO3 can also be used to selectively
remove the surfactants [101]. In this case ethane groups are left on the silica
framework. Compared to the H2O2 removal of the template, this method is faster
since all surfactants are completely removed after 12 h treatment in 80 °C.

4.3.3 Microwave digestion
The fastest method to remove the template from mesoporous silica is to use
microwave digestion. When SBA-15 is mixed with HNO3 and H2O2 [91] or
alternatively ethanol and hexane [102] and exposed to microwave radiation for 2
min the surfactants are completely removed. These samples also contain higher
silanol concentration compared to calcinated samples. Moreover, there is no
shrinkage of the framework using this method which yield higher surface area,
larger pore size and pore volume compared to calcination [91].
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5 TUNING THE PROPERTIES OF SBA-15
SBA-15 can be varied in many ways. Different morphologies can be synthesized,
the pore size can be tuned from 5-26 nm and the microporosity, surface area and
wall thickness can be varied. It can also from films, either freestanding or on
substrates.

5.1 Pore size
As mentioned earlier, the hydrothermal treatment is one way to change the pore
size of SBA-15. But with this method, the wall thickness and microporosity are
also affected. Other ways to tune the mesopore size are additions of salt, cosurfactants, oils or changing the reaction temperature. All these methods will be
discussed in this section.

5.1.1 Swelling agents
A swelling agent is a non-polar reagent that goes into the hydrophobic core of
the micelles and expands them, thereby increasing the pore size of the final
product. In the first report of SBA-15 1,3,5-trimethylbenzene (TMB) was used as
a swelling and it was believed that the pore size could be tuned between 5 and 30
nm [14]. But it was later shown that for oil/P123 mass ratios exceeding 0.2 the
micelles transform from cylinders to a mesocellular foam (MCF) where spherical
pores are attached to each other by smaller windows [58,103]. This is illustrated
in Figure 13.

Figure 13. Transition from hexagonal cylinders to MCF by increasing oil content.
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When small amounts of oil is added to the synthesis it swells the PPO chains and
increase the micelle size. But when the PPO chains are fully saturated the excess
oil form pure oil cores in the micelles. The limited amount of P123 must
completely cover the oil droplets and therefore the micelle becomes more
spherical and the intermediate structure shown in Figure 13 is formed. By further
increasing the amount of oil the nodes on the intermediate shape becomes
sharper and finally the spheres are separated. The process is driven by the need to
decrease the surface-to-volume ratio when the amount of oil to P123 ratio is
increased. The maximum pore size for the cylindrical pores when just oil, such as
TMB, is added to the synthesis is 12 nm [58]. TMB addition is still the most
common way to increase the pore size of SBA-15, e.g. [104-107].
An alternative, but not as efficient, swelling agent is polypropylene oxide (PPO),
identical to the hydrophobic block in P123 [108,109]. Additions of this polymer
increase the pore size from 4 nm to ~5-6 nm depending in the molecular weight of
the polymer.
Other hydrocarbons used as swelling agents are alkanes (8-20 carbons) and
methyl- or isopropyl-substituted benzene. These can be used as swelling agents
following a route similar to the original synthesis and adding the hydrocarbon to
the micellar solution prior to the addition of silica precursor [110]. By using the
substituted benzene the pore size could be tuned between 7-43 nm, but only
MCF were obtained. For alkanes, MCFs were obtained with octane and nonane
but with alkanes with 10 or more carbons ordered hexagonal structures were
obtained and the pore size could be increased to 10 nm (for decane). The pore
size was decreasing with increasing number of carbons in the alkanes.
Shorter alkanes with 6-12 carbons can also be used as swelling agent in a low
temperature synthesis in combination with additions of NH4F. Here many
parameters affect the pore size and morphology of the material. This will be
discussed in section 5.4.

5.1.2 Co-surfactants
Additions of other surfactants can help tuning the pore size. By adding the
cationic surfactant CTAB, the pore size can be decreased from 8.5 to 4.8 nm [111].
The order is though lost but can be regained by additions of NH4F and KCl. It
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was suggested that CTAB causes hydration of the PPO chain in P123 and thereby
decreases the hydrophobic volume of the micellar core.
If instead CTAB is added to the synthesis together with TMB, the pore size can
be increased up to 12.7 nm [112]. CTAB and ethanol additions are also important
for synthesizing spherical SBA-15 particles. This will be discussed in section 5.3.3

5.1.3 Temperature
The pore size is approximately equal to the core radius of the micelles. The core
radius is depending on the solution temperature and the CMT. Therefore the
pore size can easily be tuned by varying the synthesis temperature. The “normal”
synthesis temperature range (30 – 60 °C) the pore size is proportional to the
expression

R P ~ (T − TC )0.2

(4)

where T is the temperature of the aqueous solution and TC the CMT [113].
Lowering the temperature decreases the solubility of P123 in water since the
hydrophobic PPO chain becomes more hydrated at lower temperatures. This
increases CMC and finally only separate surfactants are present in the solution
and no micelles are formed. The effect of temperature is seen in the synthesis of
SBA-15, for which the pore size can be increased with more than 1 nm when the
synthesis temperature is raised with 10 °C [87,114,115].

5.1.4 Silica precursor
Substituting TEOS with sodium metasilicate, a small decrease in pore size can be
noticed [73,84]. The reason for this is not discussed, but one explanation can be
that there is no ethanol rest product from sodium methasilicate that can expand
the hydrophobic core of the micelles. The effect of hydrothermal treatment is
though the same regardless of silica source used.
By mixing TEOS with sodium metasilicate in a 4.4 buffer solution the pore size
could be tuned from 10 to 16 nm with increasing TEOS/sodium metasilicate
molar ratio [74]. Also here there is a transition from ordered hexagonal
structures to MCF for larger pores; the maximum d-spacing is 12 nm.
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5.1.5 Salt additions
Salts affect the pore size, pore ordering and micropore volume of SBA-15. As
mentioned earlier, additions of CTAB as a co-surfactant can be used to tune the
pore size but the pore ordering was lost. In this case, additions of NH4F and KCl
made it possible to synthesize highly ordered structures [111]. It is also possible
to perform syntheses at lower temperatures when salts are added [61].
Addition of salts also increases the pore size with rising amounts of salt [115-117].
As discussed in section 3.3.3, addition of salts cause dehydration of ethylene
oxide units from hydrated PEO from the side of the PPO core. This leads to an
increase in the core radius [44,118], and the increase of the hydrophobic part of
the micelles induces the formation of micelles and the sphere-to-rod transition
which enhances the order of the material and a slight increase in the pore size.

5.2 Wall thickness and microporosity
The thick walls of SBA-15 are one of the things that make this material superior
to other mesoporous silicas with the same pore structure. The control of these
walls and the microporosity within them are essential for optimizing the
material, e.g. walls with low microporosity have higher thermal stability than
high porosity walls [119] and adsorption selectivity of hydrocarbons is affected
by the microporosity [44,116].
As mentioned earlier, the microporosity is caused by entrapments of PEO chains
in the silica walls prior to calcination of the material. Hence, by varying the
entrapment of the chains, the microporosity can be tuned.

5.2.1 Hydrothermal treatment and surfactant removal
As described in section 4.2, the wall thickness and microporosity is affected by
the hydrothermal treatment. At elevated temperatures, the PEO chains retract
into the hydrophobic core of the micelles due to reduced hydration of the chains.
This leads to less PEO chains trapped in the silica walls which yield thinner
walls with decreased microporosity.
The microporosity and wall thickness is also affected by the surfactant removal
technique used, see section 4.3.
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5.2.2 Salt additions
Unsurprisingly, addition of salts decreases the wall thickness and micropore
volume of SBA-15 [117,120]. The effect of salts is similar to increasing the
temperature, as mentioned in section 3.3.3. When sufficient amounts of salts are
used in combination with high hydrothermal treatment temperatures, the
microporosity is almost completely lost [120].

5.2.3 The SiO2 to P123 molar ratio
By changing the molar ratio of silica precursor to P123 it is also possible to
control the wall thickness, pore size and microporosity. In syntheses performed
at lower HCl concentrations (0.1 M) the d-spacing increases with the amount of
TEOS. At the same time the pore size and total porosity decreases and at
TEOS/P123 molar ratio of 75 the replica of the SBA-15 structure is similar to the
ones from MCM-41. The increase of wall thickness is pronounced and is more
than doubled when the molar ratio increases from 45 to 75. The lower reaction
rate due to the low acidity in the synthesis gives the silica species time to
condense on the PEO chains, which if the amount of silica is increased, leads to a
decreased PEO-PEO interaction between different micelles [121].
There can though be problems using this technique since plugs of silica can be
left inside the mesopores and form constrictions [122-124]. At HCl
concentrations common in the synthesis of SBA-15 (~1.4-2 M), only parts of the
silica species can react with the PEO chains. The excess silica will penetrate the
micellar structure and condense there, forming plugs and constrictions [124]. It
should though be noted that the amount of TEOS used in these studies
sometimes exceeds the one performed at lower HCl concentration.

5.2.4 Reaction temperature
The microporosity of SBA-15 can be controlled by varying the temperature in the
first 10 minutes of the synthesis. Both the hydrophilicity of the PEO chain and
the rate of polymerization of TEOS are temperature dependent (see section 3.3.1
and 3.4). When the initial temperature of the synthesis is varied between 28 °C
and 55 °C followed by further reaction at 35 °C and hydrothermal treatment at
100 °C, the microporosity in the material decreases with increasing initial
temperature [125]. For a fixed hydrothermal treatment time and temperature,
variations in microporosity depend on the amount of PEO chains trapped in the
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silica network. If the temperature is high when the chains are fixated, they will
not penetrate the silica network and the microporosity is reduced. If instead the
initial temperature is low, only parts of the silica species will attach to the PEO
chains in this stage and after the first 10 minutes of the synthesis the main
reaction will occur.

5.3 Morphology
The morphology of SBA-15 can be tuned in many ways, see Figure 14. The most
common morphology is the fiber- or rodlike structure where the particles have
attached end-to-end. Other structures such as doughnuts, gyroids, rods, platelets
and hollow spheres can be synthesized by changing some of the synthesis
parameters, e.g. [126,127]. For many applications such as adsorption of
biomolecules, short well separated particles are preferable [117].

Figure 14. SBA-15 in the form of (a) fiber, (b) hollow sphere and (c) rods.

5.3.1 Rods
A rod is a straight monodispersed particle in which the pores are running
through the particle, most often through the long dimension. Most rods are
synthesized by decreasing the stirring time from 20 hours to a few minutes and
careful control of the synthesis composition.
By decreasing the stirring time from 20 h to 5 min followed by 20 h static
condensation of the silica monodispersed silica rods, 1 – 1.5 µm long and ~0.5 µm
in diameter, can be synthesized [128]. The morphology was explained by absence
of shear flow and a lower rate of precipitation during the static conditions. The
same effect has been seen when sodium metasilicate has been used as the silica
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precursor. By stirring for times as short as 30 s yields monodispersed rods while
stirring through the synthesis results in fiber like morphologies in which the
rods act as building blocks [114]. In this study it is also shown that the
composition in the synthesis is of great importance for the morphology of the
final product. The HCl concentration in both studies was 1.6 mol/l and the
amount of silica precursor is also similar. The sizes of the resulting rods are also
similar in size and it seems like 1-2 µm monodispersed rods can be synthesized
using both TEOS and sodium metasilicate as silica precursor. The pore sizes in
these studies have been tuned by varying the hydrothermal treatment time and a
range of sizes between 5.5-12.5 nm was obtained. Sodium metasilicate reacts
faster than TEOS [129] which can be the reason for the short stirring time
required.
Alternatively, addition of inorganic salts such as KCl in combination with
stirring for 8 min followed by static condensation for 20 h yield 1-2µm long
straight rods [120]. In this case the HCl to P123 ratio is slightly lower (~316
compared to ~348 in the above syntheses). These rods are although not
completely separated which can be due to the slightly longer stirring time.
The length of these monodispersed rods can be controlled by varying the amount
of HCl and additions of glycerol to the synthesis [130]. A HCl concentration of
2.0 mol/l yields 0.8 µm long and 0.4 µm wide rods while 1.0 mol/l HCl gives 2.5
µm long rods. Further decreasing the HCl concentration increases the length of
the rods even more but they start to bend and attach to each other. A similar
effect of the HCl concentration with respect to the length of particles forming a
rodlike morphology was found when TEOS and BTMSE were used as silica
precursors [122].
The decreased length is attributed to the catalytic effect of HCl on the silica
precursor [130,131], but it should be noted that a similar effect is not seen when
only TEOS is used as the silica precursor. Instead, the additives such as glycerol
or BTMSE are necessary for the particle growth.

5.3.2 Platelets
A platelet is a particle in which the base is wider than the height of the particles.
These are often hexagonal and have pores going through the short axis of the
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particle. This morphology is rare but can be found when P104 is used as
surfactant [117,132] or other variations such as salt additions or reduced synthesis
temperature are used.
By adding K2SO4 to the synthesis and using P104 instead of P123 it is possible to
synthesize 300 nm thick hexagonal platelets [117] Increasing K2SO4
concentration yield thinner walls, larger pores, and the thickness to width ratio
decreases. Even though it is not mentioned in the paper, it seems like these
platelets consist of separate particles attached side by side. The same
morphology has been synthesized without K2SO4 [132-134].
Additions of ZrOCl2 in varying concentrations also yield 150 – 300 nm thick and
800-1000 wide platelets [135]. It was suggested that the Zr(IV) ions increase
condensation rate of TEOS and rods are formed faster compared to syntheses
without Zr ions present. Hence, the formation of platelets was preferred to the
formation of fibers.

5.3.3 Spherical particles
Spherical particles with ordered pores are commonly hollow, formed around
droplets of gas or oils in aqueous solution. Alternatively, solid spherical particles
can be synthesized with additions of co-surfactants and co-solvents. This
morphology is of interest for applications such as drug delivery systems or
storage of gas.
Additions of the co-surfactant CTAB and ethanol yield solid, spherical SBA-15
particles [112,136,137]. Ethanol both decreases the hydrolysis rate of TEOS and
reduces the polarity of the aqueous solution which makes it possible to
synthesize this morphology [138]. It should though be noted that despite the fact
that the PSD is narrow, the pore order is lost in these materials.
The hollow spheres formed around droplets have ordered pores, perpendicular to
the particle surface. By controlling the droplet size with e.g. CO2 [139] or oil
concentration [140,141], hollow spheres can be formed. The method of
controlling the heptane concentration to form spheres is described in Paper I and
II.
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5.3.4 Driving forces
SBA-15 particles most commonly attach end to end with each other. But, as
previously discussed other particle shapes and morphologies can be synthesized,
e.g. particles can be separated, shortened or attached side-by-side.
The particle shape is determined by the relative growth rate of the different
planes of the particle [142]. The SBA-15 particles are most often hexagonal with
varying lengths and each particle has two (001) and six (100) surfaces, see Figure
15. By varying the synthesis conditions as mentioned previously, the growth rate
of the edges can be varied. The height to with ratio is determined by the surface
tension of the particle in the relation

γ
h
= 3 001 .
w
γ 100

(5)

The ratio can be varied by e.g. changing the synthesis temperature [134].

Figure 15. Schematic illustration of a SBA-15 particle with its defined (001) and
(100) surfaces.
The mechanism for aggregation between particles to form different morphologies
is also related to the surface energies. The basal plane is more hydrophobic than
the other planes due to its higher negative surface energy, which is related to the
curvature of the micellar caps. Increased temperature or salt additions will lead
to a higher energy, yielding longer particles. To reduce the energy, there is an
end-to-end attachment between particles [143].
The end-to-end attachment is also favoured by the active hydroxyl groups on the
(001) surface. During the silica precursor polymerization, the number of
hydroxyl groups responsible for attaching particles to each other is diminished.
This passivation is more severe for the mantle surface since the hydroxyl groups
at the ends are relatively shielded from the acid by the micelles. A higher acid
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concentration gives a stronger passivation and thereby particles can be separated
and form rods [130].

5.4 Alkanes and NH4F in a low temperature synthesis
By combining the effects of low temperature, salt additions and swelling agents,
SBA-15 with pores larger than 12 nm can be synthesized in varying morphologies
[21,22,62,140,141]. This synthesis route, or variations of it, is used in Papers I – III.

5.4.1 Pore sizes
The large pore size is a result of the combination of low temperature, oil
additions and salt. The amount of alkanes in these studies greatly exceeds the
amount of TMB that induces the phase transformation from ordered hexagonal
structures to MCFs. This is due to the effect of low temperature and additions of
NH4F.
The alkanes can be varied from pentane to hexadecane and the pore size depends
on the alkane used. The large pore size is dependant on the alkane used and
varies from 12 nm (dodecane) to 15.7 nm (hexane) [63]. By varying the
hydrothermal treatment time and temperature it has been possible to tune the
pore size between 9-18 nm when hexane was used as swelling agent [88].
Recently, low temperature studies, similar to the alkane studies, was performed
in which the alkanes were exchanged for 1,3,5-triisopropylbenzene (TIPB)
[19,20]. This resulted in 26 nm large pores which is the largest pore size for SBA15 until now.

5.4.2 Morphologies
The pore length, and thereby particle size, depends on the alkane used. Shortest
pores with ~150 nm are obtained with nonane in comparison with 800–1 000 nm
for dodecane or without alkanes [63]. This variation is due to the different
solubility of the alkanes in the micelles. At a fixed temperature, larger amounts of
short alkanes can be dissolved in the core of the micelles [144]. The quantity of
alkane in the core affects the length of the rods in the sphere-to-rod transitions.
Hence, a larger amount of alkane (shorter alkane chain) yields shorter pores.
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Even though the particle length varies, the fiberlike structure is still the most
common morphology [63].
By increasing the amount of decane in the synthesis, the particles forming the
fiber morphology can be separated. Further additions of decane yield cuboid
particles [63]. In the cuboids, the pores are not running through the long axis of
the particle, but through the short axis. This is due to the high amount of oil in
the solution. In all alkane syntheses, excess oil than needed to swell the micelles
is used. The extra oil is forming discrete spaces between the cuboids and hinder
the end to end attachment between the particles [21]. The similar effect is seen in
Paper I and II, where excess of heptane forms droplets in the aqueous solution
and acts as a structure directing agent during the formation of SBA-15 sheets.
Increasing the amount of TEOS at a fixed concentration of decane will change
the morphology from fiberlike to platelets and further to freestanding films [63].
In the platelets, the pores are accessible from the basal surface of the particle
whereas in the films, the pores are running along the film surface. If instead the
concentration of TEOS is decreased and octane is used as swelling agent, small
separate particles, 50–80 nm wide and 100–200 nm long can be synthesized [22].
The mechanisms for these morphology transitions are still unclear.

5.5 Films
Mesoporous films are of great interest when it comes to applications such as
catalysts, solar cells and batteries. One of the biggest challenges regarding SBA15 film synthesis is the pore orientation. The cylindrical pores of SBA-15 are most
often aligned parallel to the film surface [145]. There are several ways to
synthesize these films, e.g. Evaporation-Induced Self-Assembly (EISA) by dip- or
spin-coating, self-formed films in the solvent/air or solvent/oil interfaces [146].

5.5.1 Evaporation-Induced Self-Assembly
Evaporation-Induced Self-Assembly (EISA) is the most common method for
synthesizing mesoporous silica films, and it is used for e.g. spin or dip coating. In
EISA, the start solvent consists of a silica precursor and surfactants dissolved in a
water/ethanol solution. The surfactant concentration is here below CMC. By
varying the initial composition of the surfactant containing solution, it is
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possible to vary the structure of the final film. A substrate is alternatively dipped
and withdrawn from the solution or the solution is spin coated onto the
substrate, commonly silicon wafers or glass substrates. After deposition of the
solution onto the substrate, the ethanol evaporates and the concentration of
water and surfactants increase. Hence, the surfactant concentration increases
above CMC and micelles start to form on the substrate [147-149]. The process is
illustrated in Figure 16.

Figure 16. The formation of ordered structures in mesoporous films using EISA.
With EISA and standard substrates, the pores are always oriented with the long
axis parallel to the substrate. The thickness of the films can be controlled by
varying the deposition rate of the films and the amount of solvent in the solution
[150]. For thin films (thickness < 200 nm) it is possible to control the horizontal
orientation of the cylinders by controlling the flow direction of the solution [151].
Alternatively, the pores can be oriented by laser induced patterns on the
substrate [152]. But it is still not possible to create a film with cylindrical pores
perpendicular to the substrate using this method.
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5.5.2 Substrate manipulation
One way to control the orientation of the cylindrical pores is to manipulate the
substrate surface.
By using alumina substrates with conical holes the orientation of the mesopores
can be changed from parallel to perpendicular to the substrate by changing the
depth and width of the conical holes [153]. Holes with small aspect ratio are
filled with sponge-like mesostructures which yields films with perpendicular
and tilted cylinders. These cylinders start to grow from the mesostructures in the
holes. When the aspect ratio is increased, the conical holes are filled with
cylindrical mesopores in a doughnut like stacking which acts as the start for
mesoporous films with pores running parallel to the substrate.
It has been shown that surface modifications can tune the pore orientation of
mesoporous films [154]. By using octadecyltrichlorosilane (OTD) to make the
surface of silicon wafers more hydrophobic it has been possible to synthesize
thin mesoporous films in which the pores are like craters ~40 nm wide but only ~1
nm deep. The width of these craters corresponds well with the length of the
extended P123 molecule.
In Paper III we have used silicon wafers treated to be hydrophilic or
hydrophobic. This hopefully results in good control of the pore orientation in the
synthesized mesoporous film.

5.5.3 Freestanding films at interfaces
When an SBA-15 film is formed at an oil/water or water/air interface it is possible
to align the pores perpendicular to the film surface.
Exchanging HCl for H3PO4 gives the possibility to form films in the air/water
interface under static conditions. In the solution, cakelike structures consisting
of agglomerated particles are formed. If instead stirring is used, the common
fiberlike structure is formed [155,156].
By creating a bilayer of C16MTAB and SDS micrometer large platelets < 200 nm
thick with pores perpendicular to the surface has been synthesized. By drying
some of the synthesis solution on a silicon wafer, a mesoporous film with
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preferable pore orientation was synthesized [157]. However, by random drying of
solution onto the substrate, there is very low control of how the particles attach
to the substrate and overlapping of particles is common.
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6 ANALYSIS TECHNIQUES
There is not one universal analysis technique that provides all information
necessary to characterize a porous material. The surface area, pore size, pore
volume, and, to some extent, pore shape of the materials are measured using
physisorption with N2 gas but this technique does not reveal the pore order. This
information is instead given by X-ray diffraction (XRD) and transmission
electron microscopy (TEM). The particle morphology is imaged using scanning
electron microscopy (SEM) and in some cases even the mesopores can be
resolved and seen here. The functional groups attached to the material walls have
been studied with Fourier transformed infrared spectroscopy (FT-IR).

6.1 Physisorption
Gas sorption is a technique used for characterizing porous materials. With this
method a materials specific surface area, pore volume and pore size distribution
can be determined.

6.1.1 Physisorption isotherms
The physisorption data is presented in sorption isotherms with the amount of
gas adsorbed on the solid plotted versus the relative pressure. The isotherms can
be grouped into six types [1] which are shown in Figure 17.
Type I isotherms: This type is characteristic for microporous materials. In
micropores there is an increased adsorbent-adsorbate interaction. The nearly
horizontal plateau is reached at low relative pressures which indicate a small
external surface area.
Type II isotherms: These isotherms are typical for non-porous, microporous and
macroporous materials. Here there is a monolayer-multilayer adsorption on an
open and stable surface. The knee-point at B indicates where the monolayer
adsorption is complete and multilayer adsorption begins. B indicates the
material’s monolayer capacity as it is measured how much adsorbate is required
to cover the unit mass of solid surface with a monolayer of adsorbate molecules.
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Figure 17. The six main types of adsorption isotherms according to IUPAC
classification [1].
Type III isotherms: These isotherms are very uncommon and are characteristic for
materials with very weak adsorbate-adsorbent interactions.
Type IV isotherms: This type of isotherm is typical for porous materials. At the
beginning the isotherm is similar to the type II isotherms. The knee-point at B
indicates here, as well as for type II isotherms, the monolayer capacity of the
material. At higher pressures, there is a hysteresis loop, for different types of
hysteresis loops see Figure 18, which is characteristic for type IV isotherms.
Type V isotherms: The type V isotherms are characteristic for porous materials with
weak adsorbate-adsorbent interactions. Initially they are similar to the type III
isotherms but at higher pressures there is a hysteresis loop.
Type VI isotherms: These isotherms are due to layer-by-layer adsorption on a highly
uniform surface. The steps are formed by separate layers adsorbing onto each
other.
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Figure 18. The four main types of hysteresis loops according to IUPAC
classification [1].
The four types of hysteresis loops, seen in Figure 18, indicate how the pores are
shaped and if there are any inclusions or plugs in them.
H1: This type of hysteresis loop has steep parallel adsorption and desorption
isotherms. At these steps all pores are filled (adsorption) and emptied
(desorption). It is typical for mesoporous materials with uniform pores.
H2: The H2 hysteresis loop has a smoother adsorption step and a sharp
desorption step. It is typical for materials with nonuniform pore shapes and/or
sizes, e.g. silica gel or other metal oxides.
H3: This type of hysteresis loop is associated with slit-shaped pores. These often
rise from agglomerates of plate-like particles.
H4: The H4 hysteresis loop is similar to H3 but has a more horizontal plateau
which indicates microporosity in the material.
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6.1.2 Specific surface area determination, the BET method
The most frequently used procedure to determine the surface area of a porous
material is the Brunauer-Emmet-Teller (BET) method [158]. The method has
evolved from the Langmuir theory [159] with multilayer corrections. It is
assumed that
1. the adsorbent surface is uniform and all adsorption sites are equivalent
2. adsorbed molecules do not interact
3. all adsorption occurs through the same mechanism
4. at the maximum adsorption, only a monolayer is formed: molecules of
adsorbate do not deposit on other adsorbed molecules of adsorbate, only
the free surface of the adsorbent.
To calculate the BET surface area the monolayer capacity, nm, of the material is
determined from the BET-plot. This is the best linear fit of the adsorption
isotherm that includes the B point, see Figure 17, and is derived by the linear BET
equation

P / P0
1
C−1 P
=
+
⋅
n (1 − P / P0 ) n m C n m C P0

(6)

where P/P0 is the relative pressure, n the amount adsorbed and nm the maximum
amount adsorbed i.e. the monolayer capacity and C a system dependent constant.
A sharp point B is indicative of a high value of C and thereby of a high adsorbentadsorbate interaction.
The BET specific surface area is then calculated by

aS =

AS n m N A σ
=
m
m

(7)

where aS is the specific surface area, AS the total surface area, m the mass of the
sample, NA Avogadro’s number and σ the molecular cross-sectional area occupied
by the adsorbate molecule in the complete monolayer [1,160].
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6.1.3 Micropore volume and external surface area
Each adsorbate-adsorbent system yields a unique isotherm due to variations in
the interaction between the species. Therefore each system needs a standard
isotherm to estimate the micropore volume, internal and external surface area.
The standard isotherm can also be used as a reference for adsorbed layer
thickness. This isotherm is measured for a nonporous sample of the same
material as the specimen analyzed. For silica, standard nitrogen adsorption data
for LiChrospher Si-4000 silica is available for the P/P0 5.55·10-7-0.988 [161] as a
standard isotherm.
In this work, the micropore volume was estimated by using a t-plot [162], see
Figure 19. The thickness of the adsorbed layer is determined by
t = tm

n
nm

(8)

where tm is the thickness of a monolayer, for nitrogen tm =3.54 Å. In order to relate
the layer thickness to the relative pressure, several methods can be used, e.g. the
Halsey [163], Harkins and Jura [164] or Broekhoff-de Boer methods, or the
reference isotherm.
When using the KJS method, the Harkins-Jura equation





P
60.65

t  = 0.1 
 0.03071 − log P 
 P0 

P0 

0.3968

(9)

is used to determine the thickness.
To determine the micropore volume and external surface area, the volume
adsorbed is plotted against the t. The micropore volume is found as the intercept
of the extrapolated first linear region of the t-plot and the y-axis and the external
surface area (the surface area from meso- and macropores and the true external
surface) is determined as the slope of the second linear region, see Figure 19.
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Figure 19. t-plot for SBA-15.

6.1.4 Mesopore size analysis
There are several methods, such as the BJH [165], BdB [166-169] or KJS [170,171]
methods, alternatively NLDFT [172-174], used to determine the pore size
distribution (PSD) from nitrogen sorption isotherms. Different methods are
suitable for different pore shapes and sizes. In this work, only the KJS-method
has been used.
The main principles for calculating pore sizes are based on the concept of
capillary condensation and the Kelvin equation

ln

P
2 γVL  cos θ 


=−
P0
RT  rK 

(10)

where γ is the surface tension of the adsorptive liquid, VL the molar volume of the
liquid, θ the contact angle between the solid and the condensed phase and rK the
mean radius of the liquid meniscus. When a critical pressure is reached, the
adsorptive will condensate in the pores. Hence, the pore radius will determine if
condensation can occur at a given pressure as illustrated in Figure 20. This is
seen as the hysteresis loop from the physisorption data.
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Figure 20. Capillary condensation at a given pressure is determined by the pore
radius. The pore size is given by 2·(rK+t).

The BJH method
Most calculation methods are based on the Barrett-Joyner.Halenda (BJH)
method. Here, it is assumed that all pores have a cylindrical shape, that the
simple Kelvin equation (eqn. (10)) is applicable, the meniscus is hemispherical
with θ=0 and that the correction for multilayers is valid.
For capillary condensation in cylindrical pores, the Kelvin radius as a function of
relative pressure can be written as

P
2γVL
rK   =
P
 0  RT ln P
P0

(11)

The pore size, rP, is then obtained by adding adsorbed layer thickness, t, to rK
[160], so the pore width is
rP = 2 ⋅ (rK + t ).

(12)

For each step in the isotherm, the difference in amount of adsorptive represents
the core volume filled or emptied in that step. The thickness of the adsorbed
layer remaining on the pore walls is calculated with some method, this will be
discussed in following paragraph. Using eqns.
(11) and (12) the pore size can now be calculated.
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To decide the amount of pores with this size, the shape of the pores is assumed
to be homogenous for all pores, e.g. cylindrical. Using the difference in core
volume and the volume of a cylinder with the radius rP, the total length of pores
with this radius can be calculated. From this, the area of these pores can be
calculated. By performing these calculations for all steps in the isotherms, the
total PSD can be obtained.

The KJS method
This method was developed in the late 90’s to improve the PSD from the BJH
method. It is based on the BJH method and uses the Kelvin equation and
Harkins-Jura thickness equation. Furthermore, the sum in eqn. (12) underestimates the pore size with ~0.3 nm. Hence, the final expression for the pore size
[nm] is according to the KJS-method





P
2γVL
60.65

rP   =
+ 0.1 
 0.03071 − log P 
 P0  RT ln P

P0
P0 

0.3968

+ 0.3.

(13)

The method was first developed and calibrated for MCM-41 with maximum 6.5
nm pores. This led to an overestimation of 1-2 nm in pore size when measuring
on SBA-15 [175] and therefore a correction for larger pore sizes was made to the
method [171]. The pore size is now calculated as



 60.65 
P
1.15

rP   = −
+ 0.2

P
 0.03 − log P 
 P0 
log 0.875 

P0 
P0 


0.397

+ 0.27. (14)

6.1.5 Porosity
The porosity of a material is determined by the total pore volume divided with
the volume of the material. The total pore volume, vp, is taken as the liquid
volume adsorbed at a given pressure e.g. P/P0 = 0.99. Since the amount adsorbed
by the material when P/P0 → 1 depends on the magnitude of the external area and
the upper limit of the pore size distribution this method is not always satisfying.
[160]. In the case of a type IV isotherm there is often a horizontal plateau after
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the filling of the mesopores. It is generally assumed that the amount adsorbed at
this plateau is a measure of the adsorption capacity.

6.2 X-Ray Diffraction
X-ray diffraction (XRD) is a technique used to study periodically ordered
structures at atomic scales. The wavelengths of X-rays are in the same order of
magnitude as the distance between lattice planes in crystalline materials. When
the X-rays enter the material they will be scattered by the electron clouds around
the atoms. The periodicity of the lattice planes gives rise to constructive
interference of the X-rays, see Figure 21, and the intensity of the scattered X-rays
is plotted against the angle 2θ. From the plotted peaks the lattice distance can be
calculated using Bragg’s law
nλ = 2dhkl sin θ

(15)

where n is the order of diffraction, λ the wavelength, dhkl the distance between
lattice planes and θ the angle of the incoming light.

Figure 21. Schematic illustration of diffraction according to Bragg’s law.
SBA-15 has a hexagonally ordered pore structure. As illustrated in Figure 22, the
unit cell size, a, can be calculated from the first Bragg peak position

a=

2
d100 .
3

(16)

For crystalline materials the lattice planes are often in the order of a couple of Å
which gives a scattering angle of ~20˚ if CuKα radiation (λ = 1.54 Å) is used and
scans between 20-80˚ are common for characterization of the atomic structure of
the material. For amorphous materials, such as mesoporous silica, there are no
periodic atomic planes but the technique is still useful for characterization of the
ordered pore structure.
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Figure 22. Schematic illustration of a hexagonal structure with the d100 spacing
and unit cell parameter a.
Mesoporous materials with periodically ordered pores give reflections for low
angles, 2θ < 3°, see Figure 23. These low angles makes detection by reflection
difficult since some of the X-ray beam can go straight into the detector and cause
high background radiation which makes it difficult to see and identify the peaks.
Therefore a transmission detector is preferable when measuring on mesoporous
materials.

Figure 23. XRD pattern for SBA-15.

6.3 Electron Microscopy
For studies of the pore structure and particle morphology of the materials
electron microscopy is used to visualize the structures. Optical microscopes do
not have sufficient resolution to picture the particle morphology. Furthermore,
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physisorption and XRD is not enough to characterize the pore structure since
there can be mixtures of pore orderings or regions with unordered pores.
The smallest distance between two objects that can be resolved is described by
the Rayleigh criterion

d = 0.62

λ
n sin θ

(17)

where d is the resolution, λ the wavelength, n the refractive index of the medium
and θ the angle of the collected light. Using an acceleration voltage of 200 keV
gives the electrons a wavelength of ~1 pm which gives a much higher resolution
compared to optical microscopes where the wavelength is ~100 nm. Both
scanning and transmission electron microscopes can be used for both structural
and elemental analysis but only the techniques used in this work will be
mentioned here.

6.3.1 Scanning Electron Microscopy
Scanning electron microscope (SEM) is used to study the topography of
materials, see Figure 24 (a), and has a resolution of ~2 nm. An electron probe is
scanning over the surface of the material and these electrons interact with the
material. Secondary electrons are emitted from the surface of the specimen and
recorded. The height differences in the sample give contrast in the image. In this
work, SEM has been used to study morphology of the particles and the pore
direction in the mesoporous films.

Figure 24. Micrographs and Fourier transform of SBA-15 sheets imaged using (a)
SEM and (b) TEM.
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6.3.2 Transmission Electron Microscopy
With transmission electron microscopy (TEM) it is possible to resolve features
in the range of 1 Å. In a TEM a beam of electrons is transmitted through a thin
sample and the electrons are scattered in the specimen. The transmitted
electrons are focused on a fluorescent screen or CCD camera by electromagnetic
coils and the image is formed. The image contrast originates from mass-thickness
differences where thicker regions of the specimen (in this case the silica walls)
absorb or scatter more of the electrons compared to thinner regions.
Furthermore, it is possible to increase the contrast by blocking out some of the
diffracted beams which will result in an image where areas that strongly diffract
the electrons (here again, the silica walls) will appear darker in the micrograph.
Fast fourier transforms (FFT) of the TEM micrographs gives the diffraction
pattern of the specimen. This is similar to the information given by XRD but it is
calculated from the micrograph and not measured from the whole sample. It can
be used to study, e.g. grain orientations in poly-crystalline materials or pore
structures in the mesoporous silica. In this work TEM and FFT has been used to
study the pore structure of the materials, an example is shown in Figure 24 (b).

6.4 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is used to study mass changes in a material
due to changes in temperature. It is used to study e.g. oxidation of materials or,
as in this case, decomposition of polymers.
The sample is placed on a high-precision balance and subsequently heated
following a given temperature program. Varying atmospheres such as air, argon
or helium can be used depending on the purpose of the measurement. During the
heating, the sample weight is plotted against temperature.
An example of TGA results is shown in Figure 12 where different techniques for
removal of surfactants in SBA-15 are studied. In this study TGA and FT-IR were
used to study if the surfactants were completely removed by H2O2 and the
results were compared to results from calcinated and uncalcinated samples. The
heating program was similar to the calcination program with a temperature ramp
of 10 ˚C/min up to 550 ˚C and then held there for 1 h.
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6.5 Fourier Transformed Infrared Spectroscopy
Fourier transformed infrared spectroscopy (FT-IR) is used to study functional
groups on the surface of materials using the discrete energy levels for vibrations
of atoms in these groups. In this work FT-IR has been used to compare different
techniques to remove P123.
When light with a specific energy is transmitted through the sample it can be
absorbed by groups of atoms in the material. This occurs when the frequency of
the incoming light corresponds to the frequency of vibrations in bonds between
atoms. The vibration energy depends on the masses and chemical environment of
the atoms, the type of vibration.
By scanning over a range of wavelengths (in this case 400-4 000 cm-1) and
recording the amount of transmitted light for each wavelength it is possible to
determine which functional groups that are present on the surface of the
material.
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7 SUMMARY OF RESULTS
7.1 Paper I
In this letter the synthesis of SBA-15 with 18 nm large pores in a sheet
morphology is reported. When heptane is added to a low temperature synthesis
of SBA-15 the oil goes into the hydrophobic core of the micelles and expands
them. The oil also acts as a structure directing agent for the SBA-15 crystallites
which attach to each other mantle surface to mantle surface, forming the sheet
morphology.

7.2 Paper II
In this paper it is reported how heptane additions in a low temperature synthesis
of SBA-15 affect the pore size and morphology of the material. The pore size was
further increased by removing the surfactants using H2O2 instead of calcination.
It was shown that heptane is acting as a pore swelling agent, resulting in 13-18
nm large pores ordered in a hexagonal structure. Also, the material consists of
crystallites with ordered pores running through them. Heptane is acting as a
structure directing agent for the crystallites, as can be seen in Figure 25, which
results in two morphologies: fibers and sheets.

Figure 25. Schematic illustration of the role of heptane during the formation of
different morphologies of SBA-15 [141].
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For both morphologies the pore size increases with increasing heptane to P123
molar ratio. At the morphological transition there is a drop in pore size due to
that the crystallites rearrange around and stabilize heptane droplets in addition
to swelling the micelles. Furthermore, we showed that H2O2 can be used to
completely remove P123 and thereby avoid shrinkage of the framework upon
calcination. This allows for an even larger pore size to be obtained.
It was also shown that the pore order can be controlled by tuning the water to
P123 molar ratio. Small changes of the water amount in the range of 33.5 – 37.5 ml
drastically change the pore structure from disorder to hexagonally order and
back to disorder.

7.3 Paper III
This paper shows that it is possible to synthesize large pore, well dispersed SBA15 rods in a rapid synthesis. Also in this paper, a low temperature synthesis and
additions of heptane and NH4F were used to increase the pore size.
The separation of particles is performed by decreasing the stirring from the
normal 20 h to 4 min. This stirring is followed by keeping the synthesis solution
at 20 °C under static conditions prior to the hydrothermal treatment. The static
time was varied between 0 and 180 min, and it was shown that only 60 min is
needed to gain a well ordered material with similar pore size and surface area as
the 180 min sample. Hence, this method makes it possible to synthesize well
dispersed, ordered rods in less than 1 h compared to the previous 20 h.
Furthermore, the length and width of the particles can be controlled by
variations in the HCl concentration. This is due to the effect of HCl on the
hydrolysis rate of TEOS. A higher HCl concentration increases the hydrolysis
rate which leads to an earlier passivation of the hydroxyl groups on the mantel
surface of the particles. Due to this early passivation, less micelles can attach to
each other and the final particle shape is thinner. Simultaneously, the rapid
hydrolysis rate increases the formation rate of cylindrical micelles. Hence, at
higher HCl concentrations, the micelles are more elongated, narrow and more
homogenous in length compared to those synthesized with lower HCl
concentrations.
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Finally, the pore size was controlled by changes in the hydrothermal treatment
time and/or temperature. As previous reports have shown, the pore size increases
with increasing hydrothermal treatment time and/or temperature. Hence, for a
given HCl concentration, the pore size could be varied between 11 and 17 nm.
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8 CONCLUSIONS
Mesoporous silica with cylindrical, hexagonally ordered pores can be
synthesized using non-ionic triblock copolymers in a sol-gel synthesis. The pore
size and morphology of this material can be controlled by variations in the
synthesis conditions. By using a reaction temperature of 20 °C and additions of
heptane and NH4F, it is possible to increase the pore size from the normal 6-12
nm to 18 nm. The material is formed by crystallites, which can be attached end to
end to from fibers, side by side to form sheets, and as separated rods.
The pore size can mainly be controlled by variations in heptane concentration
and hydrothermal treatment time and/or temperature. Increasing one or more of
these parameters yield a larger pore size. A smaller variation in pore size is also
observed by increasing the HCl concentration.
Heptane acts as both swelling agent for the micelles and structure directing
agent for the crystallites. When the heptane droplets in the synthesis solution
have reached a critical size, the crystallites turn their hydrophobic ends towards
them and the sheet morphology is formed. For lower amounts of heptane, the
crystallites instead attach end to end, and a fiber-like morphology is formed.
Separate rods are formed when the stirring time is decreased from 4 h to less
than 5 min, in combination with an increased HCl concentration. The increased
HCl concentration is crucial for the formation of ordered structures since it
affects the hydrolysis rate of the silica precursor. The time for static conditions
prior to the hydrothermal treatment for the rods can be decreased to less than 1
h, and the material shows an ordered pore structure after a static time of 5 min.
Additionally, it was shown that the surfactants can be completely removed by
H2O2 as an alternative to calcination and that the water concentration is crucial
when synthesizing materials with an ordered pore structure at high heptane
concentrations.
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