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Ordered mesoporous FDU-12 silica particles with different morphologies were synthesized by varying
the stirring rate. The mesoporous structure and textural properties of the FDU-12 samples were char-
acterized by N2 adsorption and desorption, scanning electron microscopy, transmission electron mi-
croscopy and small angle X-ray scattering. The influence of the stirring conditions on the morphology
was demonstrated, as the FDU-12 particle morphology changes from a regular, hexagonal platelet to a
poorly defined shape when the stirring rate is changed from slow to fast. At very fast stirring rate, shear
influences the mesophase structure, although the pore diameter and wall thickness remain unchanged.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Ordered mesoporous silica materials are applied in catalysis
[1,2], molecular adsorption [3,4] and separation [5]. In addition to
their internal textural properties (ordered and adjustable pore size,
large surface area and pore volume), the external morphology of
these materials also affects their applicability. Over the years, many
different ordered mesoporous silica materials have been reported,
including MCM-41, MCM-48, SBA-15, SBA-16 and FDU-12 [6e10],
with different morphological and topological characteristics, which
allow for an extensive range of potential applications. For instance,
mesoporous silica fibres and nanotubes with aligned one-
dimensional (1D) pores, such as MCM-41, can be used in nano-
fluidic applications or to template nanorods. However, mesoporous
materials with a three-dimensional (3D) pore network system,
such as MCM-48, SBA-16, KIT-5, FDU-1 and FDU-12, are advanta-
geous for processes limited by diffusion or prone to pore blockage,
for example in catalysis or separation processes, compared to ma-
terials with 1D channels [11]. 3D mesoporous materials, with pore
networks templated bymicellar cubic phases, contain large cavities
or cages connected by multidirectional pore entrances of smaller
sizes (so-called windows). The pore system is templated by
ens).
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micelles formed by a block copolymer. The cavity and window size
can be controlled by adjusting the synthesis and hydrothermal
treatment conditions, such as the temperature, or by adding the
right amount of swelling agent [12].

Different acidic synthesis procedures lead to the formation of
fibres, spheres, and mesoporous silica films [8,13e15]. The optimal
morphology depends on the application. For example, films are
useful for gas sensing [16], while mesoporous spheres are desirable
for catalytic and adsorption processes, as this shape facilitates their
packing in fixed bed reactors or in liquid chromatography, as the
stationary phase [17]. Tailoring particle morphology is therefore
critical to the envisioned application of a mesoporous silica
material.

Mesoporous silica with a uniform cubic array of spherical
mesopores was first reported in 1998 by Zhao et al. [6,14,15] A cubic
(Im3m) cage-like mesostructured silica, SBA-16, with pore size of
ca. 5 nm, was synthesized using triblock copolymer Pluronic F127
[EO106PO70EO106 e where EO ¼ poly(ethylene oxide) and
PO ¼ poly(propylene oxide)] and star diblock copolymers [6]. The
same triblock copolymerwas used tomakemesoporous silica fibres
with a 3D cage structure, in a hexagonal arrangement, and a pore
size ranging from 4 to 6 nm [14]. Subsequent studies focused on
expanding the size of these mesopores. Fan et al. synthesized large-
pore (up to 13 nm) mesoporous silica with face-centred cubic
(Fm3m) structure, denoted as FDU-12 [11]. Mesoporous FDU-12 is
synthesized in an acidic solution using the same non-ionic triblock
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Sample nomenclature, corresponding to different stirring conditions.

Sample Stirring rate (rpm)

FDU-12-800 Shaking, ~80 (no pellet)
FDU-12-0 Static, 0 (after 10 min of stirring)
FDU-12-100 100
FDU-12-200 200
FDU-12-300 300
FDU-12-400 400
FDU-12-500 500
FDU-12-600 600
FDU-12-700 700
FDU-12-800 800
FDU-12-900 900
FDU-12-1000 1000
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copolymer Pluronic F127 as the template, together with 1,3,5-
trimethylbenzene (TMB) and potassium chloride (KCl) as addi-
tives, and tetraethylorthosilicate (TEOS) as the silica source. The
organic TMB acts as a swelling agent to increase the cavity and
window sizes. It was suggested that TMB enters the hydrophobic
part of the micelles and increases the volumetric ratio of the hy-
drophobic core to the hydrophilic corona, which leads to a phase
transformation from a body-centred cubic structure (Im3m) to a
face-centred cubic structure (Fm3m) [11]. A novel low-temperature
synthetic pathway was then developed to synthesize ordered
mesoporous FDU-12 with very large pore sizes, up to 27 nm [18].
Fan et al. decreased their synthesis temperature to as low as 15 �C,
which allowed them to make highly ordered cubic (Fm3m) silica
structures with a pore diameter in the range of 22e27 nm. Kruk and
Hui [19] improved on this low-temperature procedure for FDU-12
silica, so that materials with good structural ordering and narrow
pore size distribution could be obtained from a wider range of low
temperatures than originally proposed by Fan et al. The selection of
their synthesis conditions made it possible to tailor both the cavity
andwindow sizes. The size of the pore entrance is also important to
applications in which diffusion rates matter, and can be adjusted in
the range of 4e9 nm by tailoring the hydrothermal treatment
temperature [11,12,19].

Several investigations on the effect of the synthesis conditions
of FDU-12, such as synthesis temperature, hydrothermal temper-
ature and duration, silica concentration, acid concentration, and
salt concentration have been carried out. The concentration of HCl
and the type of salt used can influence the formation of the silica
particles [20e22]. As discussed, much effort has been devoted to
controlling the characteristics of the mesostructure, such as the
pore cavity and window sizes of mesoporous silica with cage-like
structures, but very little has been reported on controlling the
external morphology or macrostructure of FDU-12 silica particles.
Better understanding of methods to tune the morphology would
allow more precise control over properties that are relevant to
specific applications. Several studies have linked the interaction
between hydrolysed silicic species and the micelles formed during
the gel phase and hydrothermal treatment, to the growth of a
mesoporous silica particle [23,24]. Chan et al. first proposed a
realistic phase separationmodel for the mechanism of formation of
silica mesostructured precipitates [25], which was further devel-
oped by Yu et al. for a non-ionic block copolymer templating sys-
tem [26]; it suggests that mesoporousmaterials are formed in three
stages: cooperative self-assembly of inorganic/organic composites,
formation of a liquid crystal-like phase of block copolymer/silica
aggregates, and phase separation of the liquid crystal-like phase
from the solution with condensation of silica species driving the
growth of the solid mesostructures. According to this mechanism,
the particle shape ultimately results from competition between the
free energy of mesostructural self-assembly, the colloidal surface
free energy, and energy imparted by other interactions, such as
shear.

A few reports have explored the effect of not stirring (static
conditions) [9,26] or stirring for different times [22,27]. Huang et al.
studied the effect of different swelling agents (xylene, toluene, and
TMB), time and temperature of synthesis, different silica sources
(TEOS versus TMOS), effect of salt (KCl) and the silica/surfactant
ratio, but kept the stirring rate constant at 350 rpm or varied within
a narrow range between 370 and 450 rpm [28,29]. Therefore, no
reports have mentioned the effect of the stirring rate during syn-
thesis on the formation and morphology of FDU-12 mesoporous
silica. As will be shown, the stirring rate is not a trivial factor. It is
one that can govern the structure of these silica materials and in-
fluence the uniformity of the macroscopic shape. The aim of this
study is to demonstrate the effect of the stirring rate on the
resultant particle morphology and porous parameters of F127-
templated porous silica material.

2. Experimental section

2.1. Chemicals

Tetraethylorthosilicate (TEOS, reagent grade 98% purity), Plur-
onic F127 [poly(ethylene oxide)-poly(propylene oxide)-poly(-
ethylene oxide) tri-block copolymer EO106PO70EO106], hydrochloric
acid (HCl, analytical grade 37 wt%), trimethylbenzene (TMB,
analytical reagent 98% purity), and potassium chloride (KCl, 99 wt
%) were purchased from Sigma Aldrich Company Ltd. (Dorset, UK).

2.2. Synthesis

The synthesis procedure was performed based on the report in
Ref. [11]. First, 2.0 g of Pluronic F127 was dissolved in a mixture
with 2.0 g of TMB, 5.0 g of KCl and 120 ml of 2 M HCl and stirred for
24 h at 40 �C. Then, 8.3 g of TEOSwas added to the reactionmixture,
and stirred at different rates or left under static conditions for
24 h at 40 �C. The different stirring conditions are listed in Table 1.
Stirring was conducted using an oval magnetic stir bar. The mixture
was then transferred to a convection oven for hydrothermal
treatment at 100 �C for 72 h. Thereafter, the solid product was
filtered, washed three times with deionized water, and dried at
room temperature overnight. The material was calcined at 550 �C
for 6 h to obtain the mesoporous silica. The resulting mesoporous
silica samples were designated FDU-12-X, where X indicates the
stirring rate, e.g., FDU-12-100 for X ¼ 100 rpm.

2.3. Characterization methods

Scanning electron microscopy was performed with a JEOL JSM-
6480LV high-performance SEM (JEOL, Tokyo, Japan). The samples
for SEM were sputter-coated with gold for 90 s before imaging, to
reduce charging. Transmission electron microscopy (TEM) was
performed with a JEOL 2100 200 kV TEM (Tokyo, Japan) with a
Gatan camera (Pennsylvania, USA). The samples for TEM were
prepared as a suspension in methanol and dropped on a 300-mesh
copper grid with a carbon film. Powder X-ray diffraction (XRD)
patterns were measured with a Stoe Stadi-P copper anode capillary
transmission powder X-ray diffractometer in the range of 0.5e3�.
Nitrogen adsorption and desorption isotherms were obtained with
an Autosorb-iQ-MP-XR (Quantachrome, Florida, USA) at�196.15 �C
with samples outgassed at 300 �C for 8 h with a pre-treatment at
100 �C for 2 h. Argon adsorption and desorption isotherms for
micropore analysis were obtained at �186.15 �C using the same
Quantachrome instrument. The pore size distribution was
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calculated from the adsorption branch of an isotherm by the
nonlocal density functional theory (NLDFT) analysismethod using a
spherical model for the pore cavities and the BET surface area was
calculated based on relative pressures P/P0 ¼ 0.05e0.3. The
micropore analysis was obtained from the argon adsorption data.

3. Results and discussion

SEM images of the samples synthesized using different stirring
rates are shown in Fig. 1. Mainly agglomerates are observed in these
images. Particles synthesized in the absence of stirring (FDU-12-
0 in Fig. 1(a)), under mild shaking (FDU-12-800 in Fig. S1(a)) or
under mild stirring (FDU-12-100 in Fig. 1(b), FDU-12-200 in
Fig. S1(b)) have the best defined polyhedral shapes. These silica
particles consistently have a hexagonally edged platelet structure,
which is 1.6e2.6 mm in size. In contrast, when the stirring rate is
increased beyond 200 rpm, more and more irregularly shaped
particles are formed. Samples FDU-12-500 and FDU-12-800 are
aggregates composed of poorly defined particles with some
composed of the smaller platelets (Fig. 1(c)) or large spheroidal
particles (see Fig. S1(e), Supplementary Information). It is difficult
to attribute a particle size to these samples, because of the
agglomeration of the primary particles. Monodisperse spheres
were not obtained at any stirring rate. Literature reports show that
SBA-16, which is also templated with F127, can form particles of a
uniform spherical shape [27,30e32]. This spherical shape was
transformed to a polyhedral shape by increasing reaction time
beyond 60 min (decaoctahedral) and 120 min (rhombdodecahe-
dral) after stirring for 30min [27] or by varying the surfactant/silica
(F127/TEOS) molar ratio, acid concentration and temperature [30].
Fan et al. [11] also reported FDU-12 silica with a spherical
morphology. However, this spherical morphology was achieved for
particles synthesized at a higher temperature (100 �C). Yuan et al.
[33] succeeded in forming an FDU-12material with facets similar to
those seen in FDU-12-0 and FDU-12-100 with a surfactant/silica
Fig. 1. SEM images of FDU-12 samples synthesized at different stirring rates and co
molar ratio of 0.004. Although their choice of surfactant was
different (F108), the result achieved was similar to that obtained
with the F127/TEOS molar ratio of 0.004 for this synthesis.

Previous work have shown that the morphology of mesoporous
silica particles is derived from the shape of the block copolymer
micelles, which is influenced by the synthesis recipe and prepara-
tion procedure. Sayari et al. [9] showed that, to produce short,
monodisperse SBA-15 rods, it is essential not to stir the synthesis
mixture. Zu et al. [34] showed that platelet-like SBA-15 particles are
generated when the time of the micelle formation process is short
and the stirring rate is high (>800 rpm), while a rod-like
morphology is obtained when the micelle formation time is long
(several hours), regardless of stirring rate. Hwang et al. [27]
determined an optimal stirring time of 30 min in order to yield
well-defined, microwave-synthesized, cubic SBA-16 particles. In
our synthesis procedure, samples are stirred for 24 h. A long stirring
time at high stirring rates may cause the silica particles to over-
grow, leading to the undefined shapes observed at higher stirring
rates (>200 rpm). Mesa et al. [30] explained that, for F127/TEOS
systems, a gel-like phase is obtained for the silica particles at
temperatures of 40 �C or lower, regardless of the F127/TEOS molar
ratio. The well-defined shapes seen under static or low stirring rate
conditions bears similarities towhat is observedwhen synthesizing
rod-shaped SBA-15 particles, which are obtained only under static
conditions [9].

Interestingly, however, the external morphologies do not reflect
the internal structure of the samples. The porous structure was
studied by measuring nitrogen adsorption and desorption iso-
therms. The results are shown in Fig. 2, Figs. S2 and S3. The textural
properties of all samples are listed in Table 2 and Table S1.

All samples showa type IV isotherm, characteristic of an ordered
mesoporous material. The delay in desorption and steepness of the
desorption isotherm around the relative pressure P/P0 ¼ 0.45
suggests that the material has a cage-like pore structure. The hys-
teresis loops of all samples occur over the relative pressure range of
nditions: (a) FDU-12-0, (b) FDU-12-100, (c) FDU-12-500 and (d) FDU-12-800.



Fig. 2. Nitrogen adsorption/desorption isotherms of FDU-12 samples. The isotherms
for FDU-12-100, -500, and -800 samples are shifted upwards by 331, 670, and
1022 cm3 STP/g respectively.
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0.4e0.75 and are of H2 type, where the steep desorption branch and
smooth adsorption branch of this hysteresis loop can be associated
to pore-blocking due to pore entrances or windows that are much
narrower than the cages to which they lead. The results show that
the stirring rate has a negligible effect on the textural parameters.
Themajority of the samples have a pore (cavity or cage) diameter of
approximately 10.2 ± 0.3 nm. The pore size distribution is given in
Fig. 3. Within statistical errors, Fig. 3 shows a nearly identical,
narrow bimodal pore size distribution for all samples with two
Table 2
Textural properties of the samples determined from N2 adsorption/desorption measurem

Sample BET surface area (m2/g) Pore volume (cm

FDU-12-0 716 0.68
FDU-12-100 680 0.64
FDU-12-500 716 0.67
FDU-12-800 654 0.60

a Calculated from the N2 adsorption isotherm, based on the NLDFT model, assuming a
b Determined from the pore size distribution calculated from the adsorption branch o

Fig. 3. NLDFT pore size distribution of FDU-12 samples, showing the cavity diameter
and window size. Curves for FDU-12-100, -500, and -800 samples are shifted upwards
by 0.15, 0.3, and 0.45 cm3 STP/nm/g, respectively.
peaks corresponding to, respectively, the cavities andwindows. The
window size is determined by NLDFT to be ~2.5 nm. The BET surface
area of the materials ranges from 542 to 716 m2/g, and the total
pore volume from 0.52 to 0.68 cm3/g. The micropore volume was
determined with argon adsorption to be ~0.25 cm3/g. This dem-
onstrates that the pore structure is uniform and reproducible.

SAXS patterns of selected calcined samples are shown in Fig. 4.
The SAXS patterns were collected in the q range from 0.009 to
0.7 Å�1. The patterns of the samples show well-resolved peaks,
which are assigned to be (111), (311), (222), (331), (420), (440) and
(531) Miller indices. These peaks correspond to diffraction from a
face-centred cubic (fcc) structure, with a space group of Fm3m.
Alongwith the N2 adsorption/desorptionmeasurement results, this
confirms the material as FDU-12.

The unit cell size, a0, was calculated from the (111) peak position
for these samples (Table 3), using the expression:

q ¼ 2p
a0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
(1)

with (hkl) ¼ (111).
The results show that there is only a very slight change in the

unit cell dimension, indicating that the unit cell remains un-
changed, whether stirring or not, and at any stirring rate.

The lower-indexed, intense Bragg peaks are somewhat broad-
ened due to polydispersity and disorder. Crystal defects in a crys-
talline material could also contribute to peak broadening.
Assuming that the broadening arises solely from the ordered
structure, a domain size is estimated from Scherrer's equation us-
ing the full width at half-maximum (FWHM) power of the most
intense peak (111) to be 39, 35, 36, and 38 nm for FDU-12-0, -100,
ents.

3/g) Cavity diameter (nm)a Window size (nm)b

10.1 2.45
10.1 2.49
10.1 2.45
10.1 2.45

spherical shape for the pore cavities (corresponds to the second maximum in Fig. 3).
f the isotherms based on NLDFT mode (correspond to the first maximum in Fig. 3).

Fig. 4. SAXS patterns of FDU-12 samples. Inset: region between 0.085 and 0.2 A�1,
where the curves for FDU-12-100, -500, -800 samples are shifted upwards by 12, 20
and 25 a.u., respectively.



Table 3
Textural properties determined from SAXS.

Sample d111 (nm) a0 (nm) Pore wall thickness (nm)

FDU-12-0 11.9 20.7 4.5
FDU-12-100 11.6 20.1 4.1
FDU-12-500 11.6 20.1 4.1
FDU-12-800 11.6 20.1 4.1

d111 was calculated from the peak maximum. a0 was calculated from Eqn. (1).
Minimum pore wall thickness (see Supplementary Information).
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-500, -800 samples respectively. Here, the domain size represents
the lower limit for which stirring affects the macroscopic
morphology.

TEM micrographs were obtained to observe the internal struc-
ture and mesophase of all the samples. The images generally reveal
large domains of well-aligned, ordered pores, which is in agree-
ment with the SAXS results. The cubic phase of these structures is
clearly seen (Fig. 5), corresponding to the fcc structure resolved
using SAXS. The FDU-12-800 sample (Fig. 5(D)) shows regions with
a more disordered arrangement of pores. This is seen in FDU-12-
1000 as well (Fig. S6 in the Supplementary Information), indi-
cating that a very high stirring rate (>800 rpm) is detrimental to the
formation of a long-distance periodically ordered mesostructure,
even though neither the pore diameter nor the local organisation,
as illustrated by SAXS, are affected.

Stirring induces shear, which plays a role in the formation of the
particles, and affects, in particular, their shape. The results show
that the pore diameter of the samples remains essentially
Fig. 5. TEM images of samples (A) FDU-12-0, (B) FDU
unchanged, and the unit cell size a0 for all samples is similar.
However, there are differences in the particle morphology and also
in the mesophase organisation, especially at very high stirring rate.
This means that fast stirring may influence the surfactant/silica
species interactions, albeit only slightly. The platelet shape is
different from cubic mesoporous silica materials, where the
spherical micelles nucleate, grow and aggregate into spheroidal or
cubic structures. The materials formed under slow stirring condi-
tions have a unique morphology. The following hypothesis is pro-
posed to explain the disparity observed in the particle morphology.
When shaking, stirring slowly, or under static conditions, micelles
can nucleate and grow in amore stable environment.When stirring
rapidly, however, shear on the micelles is pronounced, so that
micellar growth is hindered, as well as the assembly with silica
precursors to grow large, well defined particles with long-range
order of the mesopores. Poorly defined morphologies result from
rapid reorganisation or reassembly of growing particles.

With no change in mesostructure observed, it would seem that
this material, FDU-12, is more robust under shear than other pre-
viously studied materials, such as SBA-15. Literature shows that the
P123 block copolymer gives a variety of mesostructures, depending
on concentration and other synthesis parameters. In particular, the
cylindrical, elongated P123 micelles of the SBA-15 system are more
sensitive to shear during SBA-15 synthesis. The F127 block copol-
ymer, on the other hand, primarily yields less extended, spherical
micelles. This could be the cause for the robustness of the ulti-
mately formedmaterial structures seen in this study and highlights
an essential difference with SBA-15 synthesis.
-12-100, (C) FDU-12-500 and (D) FDU-12-800.
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4. Conclusion

It was shown that the stirring rate can be employed to tailor the
particle morphology of mesoporous silica particles with 3D cubic
mesoscopic order. Different stirring rates lead to different shear
rates that, in turn, influence the aggregation of primary particles, as
well as the growth of the silica mesophase. Shear, influenced by the
stirring rate, can affect the growth of the silica particles and,
consequently, the evolution of the structures formed, inside a
confined space. Well-defined shapes are observed at lower stirring
rates, including static conditions, while higher stirring rates lead to
indistinct shapes. It appears that, for the synthesis of ordered
mesoporous silica in the granular state, reaction conditions such as
temperature and composition determine the internal structure
while the stirring rate has much less effect on the textural pa-
rameters, but will affect the final particle morphology. This matters,
since three-dimensionally connected pore networks, such as those
in FDU-12, are beneficial to applications in separations and catal-
ysis, because they ensure accessibility of the internal volume and
are less affected by pore blockage.
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