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Mesoporous silica has been extensively studied for a wide variety of applications such as transport and

storage vehicles of guest materials, where it is critical but remains challenging to control the pore

structure at a macroscopic scale. Herein, aligned carbon nanotube (CNT) arrays with thicknesses of up to

millimeters have been used as templates to produce macroscopically oriented mesopores in the

resulting silica material. The pore size, length, and number density were tuned by varying the diameter,

length, and number density of CNTs. When surfactants were co-assembled with the silica precursor, the

produced ordered mesopores from the surfactant could further interconnect the macroscopically

oriented mesopores. The sizes, densities, and structures of the ordered mesopores have been controlled

by varying the surfactants. This interconnected porous structure provided the material with unique

advantages, and the use for adsorption of a guest chemical was studied as a demonstration.
Introduction

Mesoporous materials have been widely studied for various
promising applications such as separation, catalysis, medicine,
and energy storage.1,2 Among them, mesoporous silica repre-
sents one of the most explored systems. Generally, mesoporous
silica materials have been synthesized by co-assembling silica
precursors and surfactants, followed by the removal of
surfactants.3 The pore sizes were controlled by varying the sizes
of the surfactant molecules, which also determined the
pore structures, e.g., cetyltrimethylammonium bromide
(C16H33N(CH3)3Br, CTAB) produced hexagonal pores, while
both polyoxyethylene (10) cetyl ether (C16EO10, Brij56) and
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide) (PEO106PPO70PEO106, F127) produced cubic pores.4

Although the pore sizes were dependent on the sizes of
surfactant molecules, it was challenging to accurately tune
them. For instance, CTAB, Brij56, and F127 were shown to
produce mesopores with sizes of �2 nm, �3 nm, and �6 nm,
respectively, but pore size ranges of 2–3, 3–6, and larger than 6
nm could not be achieved from them without the assistance of
other methods such as the addition of swelling agents.3 In the
case of polymers as surfactants, the mesopore sizes may be
tuned by varying the molecular weights of the polymers;5

however, it was difficult to control the molecular weights of the
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polymer surfactants in syntheses. In addition, although the
mesoporous structures could be highly ordered in local regions
by using surfactants as templates, it remained challenging to
effectively extend the ordered structure to macroscopic scale.
For instance, the hexagonal mesopores derived from CTAB did
not penetrate from one side to the other in bulk material,
although they appeared to be highly oriented and penetrating in
the observed area under microscopy.

To further control the structure, many nanomaterials have
been also extensively investigated as templates to produce
mesopores. To this end, one-dimensional inorganic nanotubes
and nanowires which could be removed by chemical reactions
in solutions or under heating have been generally used.6 Carbon
nanotubes (CNTs) represent one of the promising candidates
due to the following advantages. CNTs have been easily
synthesized on a large scale by a chemical vapor deposition
process.7 The diameters of CNTs could be gradually increased
from less than one nanometer for single-walled CNTs to tens of
nanometers for multi-walled CNTs by varying the catalyst and
other growth conditions, while the lengths of the CNTs could be
widely varied from nanometers to millimeters by increasing the
growth time.8 It was easy to further modify the outer surfaces of
CNTs with various inorganic and organic molecules, which
favored solution fabrication and may incorporate new func-
tionalities.9 CNTs could be fully removed at relatively low
temperatures under heating to produce mesopores, and no
complex operations were required. For instance, mesoporous
silica was synthesized by hydrolyzing TEOS in the presence of
CNTs.10 However, long CNTs could not be well dispersed in a
solution fabrication method, so the resulting mesopores based
J. Mater. Chem. A, 2013, 1, 4693–4698 | 4693

http://dx.doi.org/10.1039/c3ta00170a
http://pubs.rsc.org/en/journals/journal/TA
http://pubs.rsc.org/en/journals/journal/TA?issueid=TA001015


Fig. 2 (a)–(c) Scanning electron microscopy (SEM) images of a bare MWCNT
array in side view at different magnifications, and top view, respectively. (d)
Transmission electron microscopy (TEM) image of an MWCNT.
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on short CNTs may not be continuous inside. In particular,
CNTs were randomly dispersed in composite materials, and it
was impossible to obtain oriented or ordered porous structures.
Indeed, the resulting mesopores did not penetrate from one
side to the other due to the use of short CNTs and the random
dispersion of CNTs (Fig. 1a).

Herein, we have discovered a general synthetic strategy for
macroscopically oriented mesopores by using aligned CNT
arrays as templates. In addition, hierarchical porous materials
with macroscopically oriented mesopores interconnected by
ordered branched mesopores are realized by the addition of
surfactants as a second type of template. The oriented meso-
pores with lengths up to millimeters penetrated from one side
to the other in the silica membrane, while the ordered branched
mesopores were located among the macroscopically oriented
mesopores. The size and density of oriented mesopores could
be accurately controlled by varying the diameter and number
density of CNTs, while the size and structure of the ordered
branched mesopores may be varied relatively by selecting
different surfactants. These novel mesoporous materials have
been mainly investigated to adsorb guest chemicals as an
application demonstration in this work.
Experimental section

Multi-walled carbon nanotube (MWCNT) arrays were mainly
used. The detailed synthesis of the aligned MWCNT arrays has
been previously reported,11,12 and it is further summarized in
the ESI.† The mesoporous silica with only macroscopically
oriented and penetrating cylindrical mesopores was synthe-
sized by two main steps. Firstly, MWCNT arrays were immersed
in a solution mixture of 2.08 g TEOS, 5.5 g EtOH, 0.5 g deionized
water and 0.4 g (0.1 M) HCl for 12 h at 70 �C and then dried at
room temperature. To obtain high quality composite arrays, the
solution mixture was previously stirred for 1 h to produce the
pre-polymeric silica sol. Secondly, aligned MWCNTs were
removed to produce the mesoporous silica aer calcination in
Fig. 1 Schematic illustration of the synthesis of mesoporous silica materials. (a)
randomly dispersed CNTs as templates. (b) The preparation of macroscopically o
macroscopically oriented mesopores which are interconnected by branched mesop

4694 | J. Mater. Chem. A, 2013, 1, 4693–4698
air at 750 �C for 2 h (heating rate of 5 �C min�1). To introduce
the second interconnected mesopores, surfactants such as
CTAB (C16H33N(CH3)3Br), Brij56 (C16EO10) and F127
(EO106PO70EO106) were added to the mixed solution with molar
ratios between surfactant and TEOS of 0.10 : 1, 0.08 : 1 and
0.005 : 1, respectively. The surfactant phase was also removed
during the calcination in the second step. The silica–MWCNT
composite arrays appeared black due to the MWCNTs. Aer
removal of the MWCNTs, the resulting mesoporous silica was
colorless.

For the adsorption measurements, about 40 mg of different
mesoporous materials were immersed in 4 mL of rhodamine 6G
(R6G)/H2O solution (concentration of 10 mg mL�1) for 12 h. The
adsorbed amount of R6G in the mesoporous material was
calculated by comparing the R6G solution before and aer
adsorption based on the difference in R6G absorption intensi-
ties in the UV-vis spectra. A standard curve of concentration and
absorption intensity was used for the calculation.
The conversional synthesis of mesopores with a disordered structure based on
riented mesopores from the aligned CNT array template. (c) The formation of
ores using the aligned CNT array and surfactant as templates.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 (a) Photograph of an MWCNT–silica composite array. (b) Photograph of a
mesoporous silica array after removal of MWCNTs in (a). (c) and (d) SEM images of
the resulting mesoporous silica in side and top views, respectively.

Fig. 4 (a) and (b) TEM images of the resulting mesoporous silica with different
magnifications. (c) Pore size distribution and nitrogen sorption isotherms (inset)
for (a). (d) Pore size distributions of a series of mesoporous silica arrays with
increasing pore sizes.
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Structures were characterized by scanning electron micros-
copy (SEM, Hitachi FE-SEM S-4800, operated at 1 kV) and
transmission electron microscopy (TEM, JEOL JEM -2100F,
operated at 200 kV). For TEM measurements, the samples were
prepared by grinding the materials into powder and dispersing
them in ethanol, followed by dropping the mixture onto copper
grids and evaporating off ethanol at room temperature.
Nitrogen sorption isotherms were performed on a Micro-
meritics ASAP 2020 analyzer at 77 K. The samples were degassed
at 500 �C for 6 h prior to the measurements. The pore size
distribution was derived from the adsorption branch using
the Barrett–Joyner–Halenda (BJH) model. Small-angle X-ray
scattering (SAXS) patterns were produced from a Nanostar U
SAXS system (Bruker, Cu Ka radiation). The porous silica
materials were attached to the sample holder with oriented
This journal is ª The Royal Society of Chemistry 2013
mesopores perpendicular to the path of the incident X-rays.
Two-dimensional SAXS patterns were directly obtained, while
linear patterns were generated by a full integration of diffrac-
tion dots. The UV-vis spectra were obtained from a SHIMADZU
UV-3150.
Results and discussion

Although a wide variety of mesoporous materials could be
synthesized by using the aligned CNT array and surfactant as
hard and so templates, respectively, here, mesoporous silica
was mainly studied as a demonstration of such a novel struc-
ture. The synthetic details were schematically shown in Fig. 1b
and c. Briey, aligned CNT arrays were rstly grown from an
iron catalyst by chemical vapor deposition (Fig. S1†), followed
by incorporation of a silica precursor without or with surfac-
tants. The surfactant would be co-assembled among the aligned
CNTs in the latter case. The CNTs maintained their highly
aligned structure during the inltration process. The precursors
underwent hydrolysis and condensation reactions to produce
silica. Both CNTs and surfactant were nally removed to
generate mesopores aer calcination.

Multi-walled carbon nanotube (MWCNT) arrays were mainly
used in this work due to their easy synthesis and structural
control. Fig. 2a shows a scanning electron microscopy (SEM)
image of a typical array with a thickness of�1mm. Fig. 2b and c
further show the side and top views, respectively, at higher
magnications. The MWCNTs are highly aligned and perpen-
dicular to the substrate. Fig. 2d further shows a transmission
electron microscopy (TEM) image of a typical MWCNT with a
diameter of�10 nm. No obvious impurities have been found on
the surface of the MWCNTs. The diameters of the MWCNTs
were controlled to be from 7 to 30 nm mainly by varying the
catalyst thickness.13,14 The array thicknesses could be easily
controlled typically from hundreds of micrometers to several
millimeters by increasing the growth time.13 For instance, arrays
with thicknesses of 400 mm and 1 mm were synthesized aer 12
and 30min, respectively. TheMWCNT arrays with a thickness of
�1 mm were mainly used.

Fig. 2b and c also showed that there were a lot of voids
among neighboring MWCNTs, and the void sizes were tuned by
varying the number density of MWCNTs with the same diam-
eter. For an average diameter of 10 nm, the number density of
MWCNTs was changed from 1010 to 1012 cm�2, which produced
a void size of tens to hundreds of nanometers.15,16 Therefore, the
second phase can be effectively inltrated into the array
through a solution process.12,16,17 Tetraethyl orthosilicate
(TEOS), a widely used precursor for silica materials,18 was
incorporated to produce CNT–silica composite arrays. Both the
array sizes and morphologies were not obviously changed aer
the solution incorporation. In other words, the MWCNT struc-
ture should be well maintained in the resulting composite
arrays. Fig. S2† further showed typical SEM images of such a
composite array in side and top views. As expected, the voids
among the MWCNTs were fully lled by the silica precursor. In
addition, the MWCNTsmaintained a highly aligned structure in
the composite array.
J. Mater. Chem. A, 2013, 1, 4693–4698 | 4695
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Fig. 5 The resulting mesoporous silica derived from aligned MWCNTs and F127 as templates to produce trunk and branched mesopores, respectively. (a) TEM image.
(b) Size distributions of the two mesopores. (c) SAXS pattern. (d) Comparison of the adsorption capacity by using R6G as a model. Samples #1, #2, and #3 correspond to
mesoporous silica materials derived only from aligned MWCNTs, only from F127, and from both aligned MWCNTs and F127, respectively.
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The MWCNTs were then removed to produce silica materials
with macroscopically penetrating mesopores by calcination at a
temperature higher than 700 �C in air (Fig. 1b). The MWCNT–
silica composite arrays appeared black which arose from the
MWCNTs, while the resulting silica was colorless aer removal
of the MWCNTs (Fig. 3a and b). Therefore, this allowed us to
conveniently monitor the calcination process with the naked
eye. It should be noted that the array sizes and morphologies
remained almost unchanged aer the removal of MWCNTs. In
other words, these materials were mechanically stable with high
structural integrity. Fig. 3c and d showed SEM images of the
mesoporous silica in side and top views, respectively. The
number density of�1011 cm�2 of cylindrical mesopores was the
same as that of the original MWCNTs. In addition, oriented
long mesopores and open ends with a diameter of about 11 nm,
similar to the MWCNT diameter, can be clearly observed. The
oriented structure of the cylindrical mesopores was also
conrmed by two-dimensional small angle X-ray scattering
(SAXS). Two intense diffraction spots in bilateral symmetry
clearly indicated the alignment of mesopores.19 In strong
contrast, no symmetric spots were observed in the pattern for
the mesoporous silica which was synthesized by using a
randomly dispersed MWCNT material as a template under the
same conditions (Fig. S3†).

The cylindrical mesopores in the silica were further veried
by TEM (Fig. 4a and b). Nitrogen sorption isotherms showed
typical hysteresis loops which were close to H1 type (inset image
4696 | J. Mater. Chem. A, 2013, 1, 4693–4698
in Fig. 4c)20 and a capillary condensation step in a relative
pressure (P/P0) range of 0.7–0.9, suggesting the formation of
cylindrical mesopores with high uniformity.20,21 The mesopore
sizes were calculated to be 8–12 nm from the adsorption data
based on the BJHmodel (Fig. 4c). This size range was consistent
with the MWCNTs used. As previously mentioned, the meso-
pore diameter could be accurately controlled by varying the
MWCNT diameter. Fig. 4d showed a series of silica materials
with increasing mesopore sizes from 8 to 20 nm.

A mesoporous structure which is limited to local regions has
largely hindered applications, e.g., it took a long time for guest
molecules to be transported along mesopores in different
regions.22 To this end, the above cylindrical mesopores derived
from macroscopically penetrating and aligned MWCNTs show
unique advantages for many applications, such as separation
membranes, drug-delivery carriers, and chemical catalysts.
However, the relatively low surface area may limit their appli-
cations. Therefore, surfactants as second templates were further
introduced to produce another kind of mesopores which
interconnect the macroscopically penetrated and cylindrical
mesopores.

A block copolymer of F127 was rstly investigated as a
surfactant model to generate the branched mesopores. It was
added to the MWCNT array with TEOS during the synthesis.
Fig. 5a showed a typical TEM image of the resulting silica
materials with two different types of mesopores. The relatively
larger trunkmesopores with a size of�18 nmwere derived from
This journal is ª The Royal Society of Chemistry 2013
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aligned MWCNTs, while the smaller mesopores with a size of
�7 nm as branched mesopores were produced by F127. The
sizes of the two mesopores were further shown in Fig. 5b, which
was consistent with TEM observations. They were calculated
from the adsorption of the nitrogen sorption isotherms with
two capillary condensation steps (inset image of Fig. 5b) based
on a BJH model. The branched mesopores could be more
uniform than the trunk mesopores. The SAXS pattern exhibited
three diffraction peaks at 0.57, 1.01, and 1.15 nm�1, which
corresponded to d-spacing values of 11.04, 6.24, and 5.45 nm,
respectively (Fig. 5c).23,24 They were consistent with mesoporous
silica which was synthesized from TEOS and F127 by a tradi-
tional method without using MWCNTs (Fig. S4†).25

The interconnected mesoporous structure provided a mate-
rial with unique advantages for various applications. Here, the
use for adsorption of a guest chemical, rhodamine 6G (R6G,
Fig. S5†), was studied as a demonstration. Fig. 5d compared the
adsorption capacities of three different porous materials, i.e.,
mesoporous silica only derived from aligned MWCNTs (Sample
#1), mesoporous silica only derived from F127 (Sample #2), and
mesoporous silica derived from both aligned MWCNTs and
F127 (Sample #3), under the same conditions (i.e., adsorption
time of 12 h). The low adsorption capacity of Sample #1 can be
explained by a low pore volume. Obviously, Sample #3 was
�30% higher than Sample #2 due to the fact that the branched
mesopores derived from F127 were connected by the trunk
mesopores derived from the MWCNTs with more efficient
adsorption. As expected, the adsorption rate of Sample #3 was
also faster than Sample #2 (Fig. S6†). In addition, according to
the measured surface area, although Sample #2 had a larger
surface area than both Samples #1 and #3, the adsorbed
amounts for Samples #1, #2, and #3 were 3.76 mg m�2, 1.16 mg
m�2 and 2.81 mg m�2, respectively. In other words, some
branched mesopores in Sample #3 had not been effectively
interconnected by the trunk mesopores, so the guest molecules
could not be rapidly transported to them. More efforts are
required to further vary the structures of CNT arrays to optimize
these mesoporous materials.
Conclusions

In summary, this work reported a general synthesis of novel
porous silica materials with macroscopically oriented trunk
mesopores interconnected by highly ordered branched meso-
pores. The number densities of trunk mesopores were
controlled by varying those of the MWCNTs, while their sizes
were controlled by varying the diameters of the MWCNTs used.
The sizes could be further decreased through the use of single-
walled CNTs. The pore sizes of the branched mesopores were
controlled by selecting different surfactants. Although F127 was
mainly discussed above, other surfactants such as CTAB and
Brij56 were also introduced to produce branched mesopores
with smaller diameters of �2.0 and �2.5 nm, respectively
(Fig. S7†). More efforts are also underway to tune the structures
of the branched mesopores by the surfactant. The novel meso-
pore structure was demonstrated to be more efficient for mass
transport than the other mesoporous structures, which is
This journal is ª The Royal Society of Chemistry 2013
critically important for many applications, including catalysis,
drug delivery, and energy storage. It should be also noted that,
although silica has been mainly shown by this method, other
materials such as titanium dioxide and tin dioxide can also be
synthesized by this method. Therefore, this work also repre-
sents a general route to develop a family of functional porous
materials with high performances.
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