One-pot synthesis of net-like silica materials with double mesoporous structure
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A novel net-like silica material with double mesoporous structure had been synthesised by one-pot hydrothermal synthesis method. In the
synthesis process, pluronic copolymer P123 (EO,yPO,(EO,() and non-ionic surfactant OP-10 were used as templates and potassium
fluoride (KF) was chosen as the additive. A study was carried out by small-angle X-ray scattering, scanning electron microscopy and
transmission electron microscopy for the physical properties of the resultant products. It was found that the net-like silica materials
exhibited a unique three-dimensional morphology with the addition of KF and preserved mesoporous structure. Moreover, the samples
had double mesopores of 3.6 and 6.5 nm by the result of the nitrogen adsorption isotherm.

1. Introduction: Mesoporous silica materials have been focused in
the past decades because of their potential applications in areas
ranging from medicine, pharmaceutics to materials science and
electronics [1-7], due to their extremely high surface areas
combined with large and uniform pore sizes. The pore size and
morphology of these materials can be tailored during synthesis by
variation of the reactant stoichiometry, the nature of the surfactant
molecule, the auxiliary chemicals, the reaction conditions or by
post-synthesis techniques to realise their functionalisation [8]. In
this regard, the controlled morphologies of the mesoporous
materials have attracted much significant research attention such
as sphere, tubes, belts [9-12] etc. Particularly, three-dimensional
(3D) morphology of mesoporous materials has been considered in
recent years as promising nanomaterials for a wide range of
applications. For example, Dennenwaldt e al. [13] have prepared
an amorphous silica-based nanotubes formed 3D hyperbranched
assemblies by template-free method and it shows a better
resistance to extreme pH conditions than pure amorphous silica
nanotubes. In addition, Zhao ef al. have synthesised a kind of
novel uniform monodispersed 3D dendritic mesoporous silica
nanospheres for the first time and it shows excellent
biocompatibility than inorganic mesoporous materials [14]. Chen
et al. have fabricated hollow carved single-crystal mesoporous
silica with mesomorphous polyelectrolyte-surfactant complexes as
dynamic template and it possesses both the functions of crystal
such as regularity and high diffusion efficiency of hierarchical
pores [15].

In this work, we have successfully prepared 3D net-like silica
materials with double mesoporous structure by a one-pot hydrother-
mal synthesis method, wusing pluronic copolymer P123
(EO20PO7oEO,0) and non-ionic surfactants OP-10 as the templates
and potassium fluoride (KF) as the additive. XRD, scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), nitrogen (N,) adsorption/desorption were performed to
characterise the textural properties of the net-like mesoporous silica.

2. Experimental
2.1. Material synthesis: Net-like molecular sieves with double
mesoporous were prepared using tetracthyl orthosilicate (TEOS)
as silica source, pluronic copolymer P123 (EO,yPO7(EO,() and
surfactant OP-10  (average M, =603, 98%) as the
mesostructure-directing agents and KF as the additive.

Net-like molecular sieves with double mesoporous were hydro-
thermally synthesised as follows. In a typical synthesis, 1.0 g of
P123 was dissolved in 30 ml of 2 mol/l HCI and the solution was
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marked as A. About 0.055 g of OP-10 was dissolved in 7.5 ml of
deionised water and the solution was marked as B. After that, A
and B were mixed at 37°C under vigorous stirring for 1.5 h.
About 2.43 ml of TEOS and 0.01 g of KF were then added to the
obtained mixture under stirring for 6 h. The resultant mixture
(OP-10:P123:KF:SiO,:HCl:  H,O0=0.0085:0.017:0.01:1:5.8:197)
was sealed in one teflon-lined autoclave and aged statically at
100°C for 24 h. The product was filtered, washed with water and
calcined at 550°C for 6 h. The obtained sample was denoted as
NDM.

To investigate the influence of KF, salt-free synthesis of the
sample was also performed by the same procedure as a comparison,
but in the absence of KF, and the obtained sample was denoted as
DM.

2.2. Characterisation: Small-angle X-ray scattering (SAXS) data
were collected on an SAXS pace small-angle SAXS system using
copper target Ka-ray at 40 kV and 50 mA. SEM images were
performed on a scanning electron microscopy (S-4300; Hitachi)
with an acceleration voltage of 20 kV. The TEM images were
characterised by a Tecnai G2 F30 TWIN instrument with an
accelerating voltage of 200kV. The TEM samples were
suspended in ethanol under ultrasonic treatment for 100 min at
room temperature and supported on a carbon-coated copper grid.
N, adsorption—desorption isotherms were collected in a
Quantachrome NOVA2000e gas adsorption analyser at 77 K after
degassing the samples at 573 K for 180 min. Pore size
distributions were determined using the Barrett—Joyner—Halenda
method from the adsorption branch. The surface area was
calculated using the Brunauer—-Emmett-Teller (BET) method. The
mesopore surface area and pore volume were calculated by #-plot
method.

3. Results and discussion: SAXS patterns of DM and NDM are
shown in Fig. 1. The DM exhibits three well-defined peaks in the
range of 0.5°-5° (Fig. la) that can be indexed as (100), (110)
and (200) Bragg reflections, and the pattern can be assigned to an
ordered structure of 2D hexagonal p6mm symmetry [16]. The
NDM sample synthesised with the addition of KF shows only
one weak diffraction peak (1 0 0) around 260=0.88° (Fig. 1b). It
indicates that ordered mesostructure is preserved.

The SEM and TEM images of the DM and NDM samples are
shown in Fig. 2. The as-synthesised DM sample consists of
rod-like morphology with a diameter of 2-5 um (Fig. 2a). Further
TEM characterisation (Fig. 2¢) evidences ordered pore structures,
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Fig. 1 SAXS patterns of the samples
a DM
b NDM

which is in good accordance with the SAXS observation. However,
with the addition of KF the morphology of NDM sample is com-
pletely different as shown in Fig. 2b. They consist of 3D non-woven
networks of b-oriented bundles. The bundles grow on and connect
with each other to form net-like macroscopic structure with length
of about 150250 nm and diameter of around 45 nm. The intercon-
nections between bundles give rise to irregular meshes under
tension and the diameters of meshes span are 200400 nm. TEM
examination (Fig. 2d) indicates that the mesopores of the NDM
could be observed and exhibit same alignment, but arrangement
order is lower. Moreover, it further confirms the net-like morph-
ology with the mesh. This result indicates that the addition of KF
does not significantly disturb the interior texture and pore structure
of NDM is remained, but the morphology of NDM has been
changed. The possible formation process for the NDM samples
under hydrothermal condition can be expressed as follows. In the
present synthesis system, when KF is dissolved in water, it can
be hydrolysed to the K cation, OH™ anion and HF molecule.

5 pm 1 um

Fig. 2 SEM and TEM images of the samples and their high-resolution TEM
image in the upper-right inset

a, b SEM

¢, d TEM

a, c DM

b, d NDM
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Fig. 3 N, adsorption/desorption isotherms and corresponding pore size
distributions

a DM

b NDM (the isotherms b for sample were vertically shifted by 130 cm®g™"
STP for clarity)

This process raises the concentrations of the structure-breaking
cation and OH™ anion, thus markedly reducing the particle sizes
of SiO, [17]. The particles connect with each other to form
bundles and further expand meshes.

Fig. 3 shows the N, adsorption/desorption isotherms of the DM
and NDM. All the isotherms of the samples are of type IV with a
clear hysteresis loop, indicating mesoporous character according
to the International Union of Pure and Applied Chemistry classifi-
cation. This can also be confirmed by the TEM images. For DM, the
measured BET surface area and pore volume are 574.3 m%/g and
0.41 cm®/g, while the mean pore size is 3.80 and 5.46 nm, respect-
ively. The NDM displays a surface area of 467.6 m*/g and a pore
volume of 0.65 cm®/g and the pore size distribution is narrow
with an average pore diameter of 3.6 and 6.50 nm. The above
results indicate that the addition of OP-10 affects the nanostructure
of mesoporous silica. It should be mentioned that typical SBA-15
will be formed without the addition of OP-10 and KF [16].

4. Conclusion: In summary, a new net-like silica material with
double mesoporous structure was successfully synthesised by
one-pot hydrothermal synthesis method. The characterisation
results of XRD, SEM, TEM and N, adsorption indicated the
presence of double mesoporous system in the silica materials.
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The net-like silica material showed 3D morphology with the
addition of KF.
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