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Mesoporous materials have many present and potential
future applications for catalysis, chemical and biological
separations, chromatography, photonic and electronic devi-
ces, drug delivery, and energy storage.[1] They are typically
synthesized with amphiphilic organic molecules as templates
through the cooperative assembly between these molecules
and inorganic species. Since their discovery, control of
ordered mesoporous structures and pore sizes has been
widely investigated by changing synthetic conditions and by
using different types of amphiphiles, including small charged
surfactant molecules and large block copolymers. Meanwhile,
progress has also been made in the assembly of surfactant
molecules and inorganic species into mesoporous materials
with a wealth of morphological shapes and internal pore
architectures, such as spheres,[2] gyroids,[3] fibers,[4–6] tubules,[7]

and thin films,[8] for a variety of applications. Furthermore,
cooperative assembly between inorganic and organic compo-
nents has recently become an exciting approach for the
development of novel multifunctional materials.[9]

Ribbon-shaped one-dimensional nanostructures made of
transition metals,[10] transition metal oxides,[11] and II–VI
semiconductor compounds[12] have been extensively investi-
gated owing to their distinctive geometries, novel physical and
chemical properties, and potential applications in magnetic,
electronic, and photonic devices. These inorganic ribbons are
prepared by using either a vapor–solid or a solution–solid
process. They exhibit the same crystallographic structures as
the corresponding bulk materials and are usually enclosed by
low-index facets with rectangular cross sections. Here, we
report the synthesis of single-crystal mesoporous silica
ribbons by using small cationic surfactant molecules. These
ribbons have tracklike pore channels that are oriented
perpendicular to the length of the ribbon and are hexagonally
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packed together. The internal pore architecture of these
ribbons is significantly different from the two-dimensional
hexagonal mesostructure. Previously, helically twisted silica
ribbons were prepared with a chiral phospholipid, but they
have a lamellar mesostructure that collapses upon calcina-
tion.[13] Furthermore, silica ribbons with hexagonal mesopo-
rous structures have been prepared with electrospinning, but
the organization of their pore channels is polycrystal-like with
the pore channels in different domains oriented randomly.[14]

To the best of our knowledge, there have been no reports on
the formation of single-crystal-like mesostructured silica
ribbons with highly organized pore channels remaining after
calcination.

In the past, a two-phase route has been used to synthesize
one-dimensional mesostructured silica materials with silica
precursor molecules dissolved in an oil phase and surfactant
molecules dissolved in a separate water phase.[4, 15] The
morphologies and internal pore architectures of the resulting
mesostructured products depend strongly on the supply of
silica precursor molecules that diffuse from the oil phase
through the interface to the water phase.

In contrast, we believe that a one-phase synthesis
procedure carried out in dilute aqueous solutions of surfac-
tant molecules and hydrolyzed silica species might be used to
reduce the nucleation and growth rates of mesostructured
products. By this procedure, their morphological shapes and
internal pore architectures would be largely determined by
the cooperative assembly between silica species and surfac-
tant molecules in a single aqueous growth solution. With this
in mind, we have developed a one-phase route to synthesize
one-dimensional mesostructured silica materials with cationic
hexadecyltrimethylammonium or hexadecylpyridinium sur-
factants as templates and tetraethyl orthosilicate (TEOS) as a
silica precursor under acidic conditions. This approach has
been used to selectively synthesize either mesostructured
silica nanofibers that have hexagonal fiber cross sections with
pore channels aligned parallel to the fiber axis or mesostruc-
tured silica fibers that have circular fiber cross sections with
pore channels wound circularly around the fiber axis with an
acid concentration of approximately 4.0m.[6] The one-phase
route can readily expand the kinetic control range of synthetic
parameters, including the concentration of the acid, temper-
ature, concentrations of the surfactant and the silica precur-
sor, and the type of surfactant, and it has the potential to allow
the synthesis of more complicated mesostructured configu-
rations. Indeed, we found that the one-phase synthesis with an
acid concentration in the range of 1.0–2.0m led to the
formation of one-dimensional mesostructured silica materials
that were all in the form of ribbons.

After the one-phase synthesis, fiberlike flocculates were
seen suspended in the growth solutions. Scanning electron
microscopy (SEM) images taken of the flocculates, which
were isolated, washed with distilled water, and dried, indicate
that they consist of a large quantity of fiberlike structures with
typical lengths of the order of several hundreds of micro-
meters (Figure 1a). SEM imaging at higher magnifications
reveals that the geometrical shape of the silica fiberlike
structures is a ribbon (Figure 1a, inset), which is clearly
distinct from the shape of the previously reported mesostruc-

tured fibers.[4–6] Each silica ribbon has a relatively uniform
width along its entire length, and the typical widths of the
ribbons are in the range of 0.4–1.5 mm. Some ribbons were
seen twisted along both their length and width axes, which
suggests that as-synthesized mesostructured silica ribbons
have a low bending stiffness. Low-angle X-ray diffraction
(XRD) measurements show that the as-synthesized ribbon
sample exhibits two diffraction peaks, which remain after
calcination (Figure 1b), indicating that these ribbons are
ordered mesostructures. The diffraction patterns can be
indexed according to a two-dimensional hexagonal lattice.
The determined lattice constant for the as-synthesized
ribbons is a = 4.7 nm, which reduces to a = 4.3 nm after
calcination.

Low-magnification transmission electron microscopy
(TEM) images confirm that the geometrical shape of the
fiberlike structures is a ribbon (Figure 2a) and that each
ribbon has a uniform width along its length (Figure 2b). From
the TEM images taken at high magnifications of the
individual ribbons that are flat and straight, hexagonally
packed pore channels are observed at the edge of each ribbon,
whereas parallel fringes oriented perpendicular to the length
of the ribbon are observed in the central region of the ribbon
(Figure 2c). In fact, the hexagonally packed pore channels are
visible at both the left and right edges of each ribbon.
Moreover, the hexagonally packed pore channels at the edges
and the parallel fringes in the central region can be seen over
the entire length of the individual ribbons that are straight
and untwisted, which demonstrates that these ribbons are
structurally uniform.

Figure 1. Mesoporous silica ribbons. a) SEM image of the mesostruc-
tured ribbons synthesized with hexadecylpyridinium bromide (C16PB)
surfactant. Inset: a magnified SEM image showing clearly the ribbon
shape of the synthesized products. b) Low-angle XRD patterns
recorded on the as-synthesized (lower; d(100) = 4.09 nm,
d(110)= 2.35 nm, a = 4.7 nm) and calcined (upper; d(100)= 3.65 nm,
d(110)= 2.15 nm, a = 4.3 nm) ribbons.
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The organization of the pore channels in
the mesoporous silica ribbons is also
revealed by the selected-area electron dif-
fraction patterns recorded at the edges and in
the central region of the individual ribbons.
Hexagonal diffraction patterns are observed
at the edges (Figure 2, d and f) and a string of
diffraction spots are obtained in the central
region (Figure 2e) which indicates that each
mesoporous ribbon is single-crystalline. The
diffraction patterns recorded at the edges
and in the central region can be indexed
separately according to a two-dimensional
hexagonal lattice, with zone axes [001] and
[120], respectively.

To further verify the morphological char-
acteristics and ascertain the internal pore
architecture of the mesoporous silica rib-
bons, we performed microtoming to cut thin
cross-sectional slices of the ribbons. Fig-
ure 3,a and c show the TEM images of the
cross sections that are perpendicular to the
length of the ribbon. These cross sections are

semicircular at the edges and rectangular in the central
region. The cross-sectional TEM images at higher magnifica-
tions reveal that the pore channels in the central region are
aligned parallel to the width of the ribbon (Figure 3b) and
those at the edges curve around semicircularly (Figure 3 d).
These pore channels appear to be tracklike, and the curva-
tures of the pore channels from outside to inside at the edges
become increasingly larger. The pore channels that are close
to the central region curve back to make sharp turns of 1808
and the innermost channel becomes a single straight pore
channel. Furthermore, we also observed cross sections that
are parallel to the length of the ribbon (Figure 3, e and f) as
judged on the basis of the cross-sectional size and the
organization of the pore channels. With this viewing config-
uration, hexagonally packed pore channels aligned parallel to
the width of the ribbon are observed.

Taking together all of the structural observations of the
mesoporous ribbons, including selected-area electron diffrac-
tion patterns and high-magnification TEM images recorded
from different viewing directions, we have constructed a
three-dimensional model of the internal pore architecture of
the mesoporous silica ribbons (Figure 4). Each ribbon is
composed of a large number of tracklike pore channels that
are oriented perpendicular to the length of the ribbon and are
hexagonally packed together. For a ribbon with a thickness of
120 nm, a width of 800 nm, and a length of 100 mm, which are
the typical dimensions of these mesoporous ribbons, it is
estimated that there are about 4 � 105 tracklike pore channels
with perimeters in the range of 1 to 2 mm. It is remarkable that
such a large number of the pore channels with a uniform pore
size and varying perimeters can assemble together with such
high order to form a mesoporous ribbon.

Figure 2. TEM images of mesoporous silica ribbons showing their geo-
metrical shape and internal pore architecture. The ribbons were syn-
thesized with C16PB surfactant and calcined. a) TEM image of a twisted
ribbon that shows the characteristic ribbon shape. b) TEM image of a
straight ribbon that shows a uniform width along its length.
c) Zoomed-in TEM image of the boxed area in Figure 2b that shows
hexagonally packed pore channels at the edge and parallel fringes ori-
ented perpendicular to the length of the ribbon in the central region of
the ribbon. d)–f) Selected-area electron diffraction patterns taken at
the left edge, in the central region, and at the right edge, respectively,
of the ribbon shown in Figure 2b. The diffraction patterns are indexed
according to a two-dimensional hexagonal lattice.
The zone axes for Figure 2,d–f, are [001], [120], and
[001], respectively.

Figure 3. Cross-sectional TEM images of mesoporous silica ribbons showing their geo-
metrical shape and internal pore architecture. The ribbons were synthesized with C16PB
surfactant and calcined. a) TEM image of a cross section that is perpendicular to the
length of the ribbon. The ribbon has a width-to-thickness ratio of approximately 4.3.
b) Zoomed-in TEM image of the boxed area in Figure 3a that shows parallel pore chan-
nels in the central region of the ribbon. c) TEM image of a cross section that is perpendic-
ular to the length of the ribbon. The ribbon has a width-to-thickness ratio of about 7.0.
d) Zoomed-in TEM image of the boxed area in Figure 3c that shows pore channels curv-
ing back at the edge of the ribbon. e) TEM image of a cross section that is parallel to the
length of the ribbon. Only a short segment is shown here: the actual length of the ribbon
is more than 10 mm. f) Zoomed-in TEM image of the boxed area in Figure 3e that shows
hexagonally packed pore channels. The occurrence of blurred lattice structures in some
regions of the ribbons is probably due to the nonuniform distribution of strain induced by
microtoming.
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According to the three-dimensional model, hexagonally
packed pore channels at the edges and parallel fringes in the
central region are visible under TEM imaging when a
mesoporous ribbon that stays flat and straight is viewed
normal to its flat portion. The top and bottom surfaces of the
flat portion of the ribbon are enclosed by � (010) facets. On
the basis of the organization of the pore channels as shown in
Figure 4, the spacing between the neighboring parallel fringes
in the central region should be half of the hexagonal lattice
constant at the edges, which is in excellent agreement with the
measurements made by using the TEM images as shown in
Figure 2c. Furthermore, it can be seen from the model that
tracklike pore channels are visible on the cross sections that
are perpendicular to the length of the ribbon, and hexagonally
packed pore channels are visible on the cross sections that are
parallel to the length of the ribbon, which is also in agreement
with our observations from TEM.

The internal pore architecture of the mesoporous silica
ribbons is not a simple truncation of the two-dimensional
hexagonal mesostructure. As described above, the pore
channels in the mesoporous ribbons are curved at the edges
with a tracklike conformation. Unlike the transition metal
oxide ribbons, which are enclosed by low-index facets and
have rectangular cross sections,[11] the mesoporous silica
ribbons have smooth external surfaces without sharp edges.
There have been no reported materials that exhibit such
structures. The closest structural analogy are ribbons obtained
from the spontaneous hierarchical self-assembly of highly
charged cytoskeletal filamentous actin and cationic lipid
membranes.[16] These ribbons also exhibit tracklike cross
sections, but are composed of folded two-dimensional lipid
bilayers sandwiched between two layers of actin.

The size distributions of the mesoporous silica ribbons
were measured from the cross-sectional TEM images taken
on microtomed samples (Figure 5). The ribbons have an
average thickness of (120� 30) nm, an average width of (0.8�
0.3) mm, and an average width-to-thickness ratio of (6� 2).

The nitrogen adsorption–desorption isotherms measured
at �196 8C for the calcined mesoporous silica ribbons are
shown in Figure 6a. The isotherms can be classified as type IV

isotherms without hysteresis. The ribbons exhibit a nitrogen
Brunauer–Emmett–Teller (BET) surface area of 1200 m2 g�1,
and the single-point total desorption pore volume at a relative
pressure of 0.98 is 0.71 cm3 g�1. The Barrett–Joyner–Halenda
(BJH) pore size distribution plot (Figure 6b) determined
from the adsorption branch shows a sharp peak at 2.6 nm with
a full width at half maximum (FWHM) of 0.8 nm.

In summary, single-crystal mesoporous silica ribbons that
are 50–250 nm thick, 0.4–1.5 mm wide, and hundreds of
micrometers long have been synthesized by using a one-
phase route in dilute aqueous solutions of surfactants and
silica species under acidic conditions. The mesoporous
ribbons have excellent long-range order with tracklike pore
channels oriented perpendicular to the length of the ribbon
and hexagonally organized. Our one-phase route to the
selective synthesis of one-dimensional mesostructured silica
ribbons, together with our previously reported mesostruc-
tured silica nanofibers with controlled cross-sectional shapes
and internal pore architectures,[6] provides a relatively simple
reaction system for further developing theoretical models for
the cooperative assembly between inorganic and organic
components. Understanding the thermodynamics and growth
kinetics involved in the formation of the mesostructured
materials of particular morphological shapes and internal
pore architectures can further help in creating novel inor-
ganic–organic hybrid functional materials with desired hier-
archical structures through the cooperative assembly between
inorganic and organic building components.[9]

Figure 4. Three-dimensional model of the pore structure of individual
mesoporous silica ribbons. a) Overview with overlapping planes show-
ing the relationship between recorded TEM images and different view-
ing directions relative to the ribbon. b) A portion is cut away to show
the internal pore architecture.

Figure 5. Size distributions of the calcined mesoporous silica ribbons
synthesized with C16PB surfactant: a) thickness (t), b) width (w), and
c) width-to-thickness ratio (r). The number of counted ribbons is 68.

Figure 6. Nitrogen adsorption–desorption measurements of mesopo-
rous silica ribbons obtained with C16PB surfactant. a) Sorption iso-
therms (+= adsorption, *= desorption). b) BJH pore size distribution
obtained from the adsorption branch (d = diameter).
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Experimental Section
Mesostructured silica ribbons were prepared with cationic hexade-
cyltrimethylammonium or hexadecylpyridinium surfactants and
TEOS (tetraethyl orthosilicate) silica precursor. In a typical synthesis
batch with C16PB (hexadecylpyridinium bromide) surfactant, a
37 wt % solution of HCl (6.51 g) was mixed with distilled water
(43.49 g), and C16PB (0.21 g) was dissolved into this mixture. The
resulting solution was stirred until the surfactant molecules were
dissolved completely. TEOS (177 mL) was then added. After the
solution was stirred at room temperature for 10 min, it was trans-
ferred to a 60 mL glass vessel. The vessel was closed and kept in an
isothermal oven at approximately 65 8C for 2 days. Within this period
of time, fiberlike flocculates suspended in the solution were observed.
The flocculates were removed after growth, washed with distilled
water, and dried at 100 8C in air. The yield of mesostructured ribbons
from each synthesis was estimated to be about 25 wt %. To remove
cationic surfactants, dried ribbon samples were calcined in a box
furnace in air at 500 8C for 5 h, with a ramp rate of 1 8Cmin�1.
We found that mesostructured silica ribbons can only be synthesized
within a certain range of concentration of HCl. The reaction
composition with which ribbons can be obtained for C16PB is
100H2O:2.0–3.5HCl:0.02C16PB:0.03TEOS (in molar ratio). Further-
more, mesostructured ribbons can also be obtained from the
syntheses with hexadecyltrimethylammonium chloride (C16TMAC),
hexadecyltrimethylammonium bromide (C16TMAB), and hexadecyl-
pyridinium chloride (C16PC) surfactants. The reaction compositions
using C16TMAC, C16TMAB, and C16PC for producing mesostructured
ribbons are 100H2O:1.5–2.5HCl:0.02C16TMAC:0.03TEOS,
100H2O:1.5–2.5HCl:0.02C16TMAB:0.03TEOS, and 100H2O:2.0–
3.5HCl:0.02C16PC:0.03TEOS, respectively. In contrast, ribbons
were not obtained from syntheses that involved trimethylammonium
surfactants with dodecyl, tetradecyl, or octadecyl hydrophobic tails.
Low-angle XRD patterns with a step of 0.028 and time-per-step of 2 s
were obtained on a Scintag PADX diffractometer by using Cu Ka

radiation. SEM studies were performed on a JEOL 6340F microscope
operating at 2–5 keV. TEM studies were carried out on a JEOL 2010
microscope operating at 200 keV. Silica ribbon samples were dis-
persed into ethanol and then deposited onto either silicon wafers or
copper grids coated with carbon-stabilized lacey formvar for SEM or
TEM imaging, respectively. To obtain cross-sectional TEM images,
ribbon samples were embedded into a thermocurable resin (Eponate
12 kit, Ted Pella) and kept at 60 8C overnight. The embedded ribbon
samples were then microtomed into thin slices of around 70 nm
thickness, which were transferred onto bare copper grids for TEM
observations. Nitrogen adsorption and desorption isotherms were
measured using a Micromeritics TriStar 3000 system at liquid nitrogen
temperature (�196 8C) after the samples were degassed with flowing
nitrogen at 200 8C overnight.
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