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High-Surface-Area Silica Nanospheres (KCC-1) with a Fibrous

Morphology**

Vivek Polshettiwar,* Dongkyu Cha, Xixiang Zhang, and Jean Marie Basset*

The past decade has seen significant advances in the ability to
fabricate new porous solids with ordered structures from a
wide range of different materials, with silica being the most
common. Porous materials and their nanoscopic version now
seem set to contribute to the developments in areas ranging
from microelectronics to medical diagnosis or targeting of
drugs.'¥ The realm of mesoporous materials was extended
after the emergence of Kresge’s innovative method for the
preparation of mesoporous silica materials (MCM-41)
through the use of surfactants as organizing agents.”! After
the inception of template-directed synthesis of silica, exten-
sive research was conducted to control their morphologies,
pore sizes, and structures./*” These templated techniques led
to the synthesis of a variety of mesoporous and nanoscale
silica materials with a wide range of morphologies!'"?? that
have been successfully used as supports in heterogeneous
catalysis.>>" The effectiveness of these materials as catalyst
supports is mainly due to their microstructures, which allow
active catalytic sites to disperse on the large internal surfaces
and pores, which in turn improve the activity of the catalyst
system. However, poor accessibility to these active sites inside
the pores sometimes limits their applications for which
significant mass transport is essential. Silica supports with
easily accessible high surface areas (that is, not in the pores)
are therefore needed. In quest of nanocatalysis®" by surface
organometallic chemistry (SOMC),?>* herein we present the
synthesis of fibrous silica nanospheres (KCC-1) with high
surface areas.’¥ To the best of our knowledge, silica nano-
spheres with this type of fibrous morphology (Figures 1 and 2)
is unprecedented. The high surface area is due to the presence
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Figure 2. HRTEM images of silica nanospheres KCC-1.

of dendrimeric silica fibers and their respective channels,
making KCC-1 a first-of-its-kind material.

KCC-1 can be readily prepared using the microwave-
assisted hydrothermal technique in a short period of time. In a
typical synthesis, tetraethyl orthosilicate (TEOS, 2.5g,
0.012 mol) was dissolved in a solution of cyclohexane
(30 mL) and pentanol (1.5 mL). A stirred solution of cetyl-
pyridinium bromide (CPB; 1 g, 0.0026 mol) and urea (0.6 g,
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0.01 mol) in water (30 mL) was then added. This mixture was
stirred for 30 min at room temperature, and the resulting
solution was placed in a Teflon-sealed microwave (MW)
reactor. The reaction mixture was exposed to MW irradiation
(400 W maximum power) at 120°C for 4 h. After completion
of the reaction, the mixture was allowed to cool to room
temperature and the silica formed was isolated by centrifu-
gation, washed with distilled water and acetone, and air-dried
for 24 h. The as-synthesized material was then calcined at
550°C for six hours in air.

Scanning electron microscopy (SEM) images (Figure 1)
indicate that the material consists of colloidal spheres of
uniform size with diameters that range from 250 nm to
450 nm. Close inspection of these images reveals that the
material possesses dendrimeric fibers (angled with thick-
nesses of 8-10nm) arranged in three dimensions to form
spheres, which can allow easy access to the available high
surface area. Further structural characterization of synthe-
sized silica nanospheres performed by high-resolution trans-
mission electron microscopy (HRTEM; Figure 2) reveals
well-defined and ordered fibers coming out from the center of
the particles and distributed uniformly in all directions.

Although SEM and HRTEM imaging of silica nano-
spheres indicates the presence of fibers, it was not clear
whether these fibers grow from the center of the spheres or
they are only on the surface of the silica spheres with solid
cores inside. The three-dimensional (3D) tomography study
of KCC-1 indicates that the fibers grow uniformly from the
centers of the spheres along the free radial directions and the
restricted tangential direction to form fibrous spherical silica
particles (a video clip showing the results from the 3D
tomography study is included in the Supporting Information).

Energy-dispersive X-ray spectroscopy (EDXS) analysis
was utilized to determine the chemical composition of KCC-1
(Supporting Information, Figure S1). These results revealed
that the material was composed of silicon and oxygen, thus
confirming the formation of a silica material. Nearly similar
percentages of silicon and oxygen were observed in the EDXS
analysis of the edges and the central parts of the nanospheres.
To verify the thermal stability, thermogravimetric analysis
(TGA; Figure 3a) of the silica spheres was conducted in a
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nitrogen atmosphere. From room temperature to 1500°C,
only negligible weight loss up to about 3.8 % was observed.
This weight loss could be attributed to the loss of chemically
adsorbed water and hydroxy groups, as confirmed by TGA/
Fourier-transform infrared (FTIR) analysis (Supporting
Information, Figure S2). The material was also characterized
by solid-state *Si cross-polarization magic-angle-spinning
(CP-MAS) NMR spectroscopy. The resulting spectrum
showed two characteristic signals at J0=-106 and
—112 ppm, which were assigned to the Q’ and Q* sites
corresponding to the SiO, substructures with different con-
densation degrees (Figure 3b). Absence of signals in the
region around —60 indicated that no Si—C bonds are formed
in the material. The nitrogen adsorption—desorption iso-
therms of the silica nanospheres made after the removal of
the template by calcination exhibited the type IV pattern

(Supporting Information, Figure S3). The Brunauer—
Emmett-Teller (BET) surface area was found to be
641 m*g~".

The fabrication of KCC-1 fibrous nanosilica spheres
involved microemulsion formation using cetylpyridinium
bromide (CPB) or cetyltrimethylammonium bromide (CTB)
as a template and urea in a mixture of cylcohexane, pentanol,
and water. The silica precursor (TEOS) was hydrolyzed by
urea, followed by assembly of hydrolyzed, negatively charged
silicate molecules in the space available between the self-
assembled template molecules (Figure 4) to aggregate along
the free radial directions and the restricted tangential
direction. Finally, condensation of self-assembled silicate led
to the crystallization of the silica material within the isolated
micelles (dispersed in the solvent), yielding fibrous silica
nanospheres. However, the exact prediction of the shape and
morphology of the silica remains a complex and yet unsolved
problem.™!

We observed that the fibrous morphology was lost when
the template was changed to benzyldimethylhexadecyl am-
monium chloride. This influence by the template molecules
on the morphology is well-known and has been linked to the
surfactant packing parameter, which depends upon the
volume and length of the non-polar template chain (in this
case cetyl) and also the effective area of the polar head (in this
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Figure 3. a) Thermal gravimetric analysis of KCC-1. x Mass change Aw of 3.8%. b) *Si CP-MAS NMR spectrum of KCC-1.
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Figure 4. Schematic of silica nanosphere formation. CPB = cetylpyridi-
nium bromide, TEOS =tetraethyl orthosilicate.

case pyridinium or trimethylammonium groups).’® The
morphology of the silica can also be affected by the
organization of the surfactant molecules into a micellar
liquid, which often precisely depends upon the delicate
hydrophobic-hydrophilic equilibrium among the template,
the precursor materials, the hydrolyzing reagent (in this case
urea) and the solvents. To study the effect of the reaction
solvent, several solvent combinations of cyclohexane and
hexane with pentanol, butanol, or isopropanol were exam-
ined. Although silica spheres with fibrous morphologies were
observed in all cases, the polydispersity varied strongly,
leading to a particle size distribution between 50 nm and
200 nm. Thus, it appears that the mixture of cyclohexane and
pentanol is a good combination of a solvent-yielding material
with a narrow particle size distribution.

To study the effect of the urea concentration on the silica
morphology, we conducted a series of experiments in which
urea-to-TEOS molar ratios were varied. When no urea was
used, only a small amount of silica was isolated, and the silica
nanospheres were monodispersed with thin fibers as well as
smaller sizes (90-120 nm; Figure 5a). These results indicate
that the key to the fibrous morphology as well as particle size
is the control on the speed of the TEOS hydrolysis by urea.
This was also evident when silica synthesis with different
amounts of urea was conducted. The SEM images shows that
silica starts growing from none (Figure 5b) to poorly fibrous
(Figure 5c¢) to highly fibrous (Figure 5d) nanospheres, when
the concentration of the urea was increased from 0.18 gm
(0.003 mol) up to 0.6 gm (0.01 mol). With a further increase in
the amount of urea, no change in the fibrous morphology was
observed except for an increase in the particle size distribu-
tion, which may be due to rapid (uncontrolled) hydrolysis of
TEOS molecules by excess urea.

The SEM analysis (Figure 6) of KCC-1 at different
temperatures (from 400 to 950°C) indicated that silica
nanospheres are thermally stable with no visible changes in
the morphology and size of the particles. We did not observe
any coalescence of particles even after severe thermal treat-
ment. This is an interesting observation, as thermal stability is
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Figure 5. SEM images of silica nanospheres with a) 0.0, b) 0.003,
c) 0.006, and d) 0.01 mol of urea per 0.012 mol of TEOS.

Figure 6. SEM images after calcination at a) 400°C/6 h, b) 550°C/6 h,
c) 800°C/6 h, and d) up to 950°C. e,f) Fiber thickness e) before and
f) after calcination.
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the important condition for catalysts operating in highly
exothermic media. Notably, the thickness of the fibers
reduced from 8-10 nm before calcination (Figure 6¢) to 4—
5 nm after calcination at 550°C (Figure 6 f), which may have
been due to the loss of the template coating around the fibers.
This was also evident as no further reduction in the thickness
or the distance between two fibers was observed, even with an
increase in the calcination temperature up to 950°C, while the
microstructure of the silica remained intact. This may make it
possible to prepare easily accessible catalysts in the fibrous
channels of these silica nanospheres (Supporting Information,
Figure S4).

The mechanical stability of the silica spheres was also
examined using HRTEM. The fibrous morphology of KCC-1
remains unaffected even after mechanical compression up
to 216 MPa pressure (Figure 7a-c), which is comparable to

Figure 7. HRTEM images of KCC-1 after mechanical compression at
pressures of a) 43 MPa, b) 130 MPa, c) 216 MPa, and d) after heating
in boiling water for 24 h.

MCM-41, which is affected at pressure 86 MPa.’”! Thus,
KCC-1 possesses good mechanical stability, which means that
breaking of the nanospheres leading to plugging of the
catalytic bed can be avoided. KCC-1 also possesses high
hydrothermal stability, and even after heating in boiling water
for 24 h, the fibrous morphology remained unchanged (Fig-
ure 7d). Thus, as-synthesized high-surface-area silica nano-
spheres have significant thermal, mechanical, and hydro-
thermal stabilities, which are essential attributes for good
catalytic support.

In summary, we discovered a new family of high-surface-
area silica nanospheres with unprecedented fibrous morphol-
ogies. The material exhibits excellent physical properties,
including a high surface area, a fibrous surface morphology,
good thermal and hydrothermal stabilities, and high mechan-
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ical stability. KCC-1 will be very useful for silica-supported
catalysts, wherein accessibility of active sites can be increased
significantly. It can also be valuable in drug delivery, hydrogen
storage, as a chromatography support, and in nanocomposite
materials.
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