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A facile method was developed for the preparation of bi-
modal mesoporous siliceous materials with nanostructured
pores in which a cationic organic template, n-hexadecyltri-
methylammonium hydroxide, was employed as a base cata-
lyst as well as a mesopore structure-directing agent during
the slow condensation of tetraethoxysilane. It was possible to
alter the pore orientations of smaller pores by adding neutral
auxiliary templates such as Brij76 and P123. A series of bio-

modal mesoporous carbons was also obtained from the bi-
modal mesoporous silica materials through a nanocasting pro-
cess. The resulting bimodal mesoporous carbons exhibited de-
cent hydrogen uptake values at 77 K. The maximum hydrogen
uptake was 1.33 wt.-% for the sample having the narrowest
pores, while keeping a relatively large pore volume.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Nanoporous materials with multilength-scale pores is an
important class of nanomaterials in the applications of cat-
alyst supports and adsorbents.['! Since the first report of the
mesoporous silica MCM-41 family, an enormous number
of publications has described the preparation of these novel
materials.”) Meanwhile, a few attempts to prepare
multilength-scale nanoporous structures by using multiple
templates have been reported.’! In these cases, however,
strict preparation conditions and judicious choice of tem-
plates are prerequisites to obtain the desired materials. In
addition, most of the current synthetic methods to prepare
bimodal or trimodal mesoporous materials depend on the
hard templating approach, which is also called either nano-
casting or exotemplating. Therefore, we have been inter-
ested in finding more efficient methods to prepare these im-
portant classes of materials. Herein, we report a facile
method to prepare bimodal mesoporous silica and related
carbon materials. The motif of our approach is the use of
cetyltrimethylammonium hydroxide (CTAOH) as a hydrol-
ysis catalyst of tetracthoxysilane (TEOS) as well as a cat-
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ionic template under very low concentration of CTAOH
template. It was observed that the low concentration of the
cationic template induced small micron-sized particles in
the base-catalyzed mesoporous silica preparations.[*>]
Therefore, we attempted to use CTAOH instead of the con-
ventional cetyltrimethylammonium bromide (CTABr) tem-
plate. Extra base catalysts were not required during the ma-
terial preparation. As a result of the low concentration of
CTAOH and the absence of additional hydrolysis catalysts,
the hydrolysis and condensation rates of silica precursors
such as TEOS must be very slow. More importantly, the
majority of the hydroxide ions are believed to reside in the
Stern layer because of the strong electrostatic interaction
with the CTA* head groups of the micelles.’] Hence, the
TEOS hydrolysis by the hydroxide ions might occur near
the surface of the micelles. This kinetic control of hydrolysis
and condensation of TEOS at the surface of positively
charged micelles would produce small-sized silicate nano-
particles. Their aggregates further generate extra voids be-
cause of their loose interconnections as shown in Figure 1.

Figure 1. A drawing of the proposed bimodal pore structure.
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Results and Discussion

The molar ratio of the starting materials CTAOH/H,O/
TEOS was 1.0:8030:11.6. TEOS was added into the pre-
heated aqueous CTAOH solution at 353 K with constant
stirring. The reaction mixture was further heated for 24 h.
Unlike the CTAB template, the CTAOH template required
a longer reaction time to get solid product because of the
much slower condensation rate. The as-prepared product
was retrieved by filtration and washed with a copious
amount of water. The as-prepared gel was dried in an oven
at 353 K overnight. The template-free material, denoted as
BMS-1 (BMS = bimodal mesoporous silica), was obtained
after calcination in air at 823 K. The calcined sample was
fully characterized by N, sorption analysis at 77 K, field
emission transmission electron microscopy (FETEM), high-
resolution scanning electron microscopy (HRSEM), and
powder X-ray diffraction (XRD). It is noteworthy to men-
tion that the measured pH value of the CTAOH solution
before the addition of TEOS under our synthetic conditions
was 11.3, which indicated that the solution was sufficiently
basic. Nevertheless, we did observe very slow hydrolysis and
condensation of TEOS. An addition of neutral auxiliary
templates such as 1.0 g of Brij76 [1.41 mmol, HO(CH,-
CH,0),0CgH3s5], 1.0g of Pluronic P123 {0.182 mmol,
HO(CH,CH,0),¢[CH,CH(CH;)0O],o(CH,CH,0),,H}, and
0.5 g of P123 (0.09 mmol) gave BMS-2, BMS-3, and BMS-
4, respectively. In order to evaluate the role of the auxiliary
template during the mesophase formation, the amount of
CTAOH was fixed at 1.66 mmol. The materials were inves-
tigated by using HRSEM with thin metallic coating. The
BMS-1 prepared solely from CTAOH exhibited a complex
pore structure as represented in Figure 2a. Three-dimen-
sionally interconnected larger mesoscale pores were clearly
discerned from the HRSEM image. BMS-2 and BMS-3 also
exhibited similar structures as shown in Figure 2. BMS-1
showed a weak, broad diffraction peak at 20 = 1.82° (d =
4.85 nm) from the XRD diffraction pattern shown in Fig-
ure 3. This may indicate a lower degree of ordering of
smaller mesopores. However, this weak and broad peak
may also reflect the small domain size of the mesostruc-
tures. This is supported by TEM images in Figure 6 (do-
main size ca. 30 nm). Both BMS-2 and BMS-3 did not
show any diffraction peaks in the measured 20 range. BMS-
4 prepared by using half the amount of P123 relative to that
used for BMS-3 also showed a weak broad peak at 26 =
1.64° (d = 5.39 nm).

The detailed pore structure was revealed from the Bru-
nauer—-Emmett-Teller (BET) isotherm and Barrett-Joyner—
Hallenda (BJH) pore-size distribution as depicted in Fig-
ures 4 and 5, respectively. Bimodal porosity was unequivo-
cally confirmed from the BJH pore-size distribution curves
obtained from N, sorption analysis at 77 K. Most of the
calcined samples possess smaller mesopores (ca. 3.0 to
3.7 nm) as well as additional larger mesopores ranging from
16 to 35 nm depending on the presence or the amount of
neutral auxiliary template. For example, BMS-2 prepared
by using a mixture of CTAOH and Brij76 has two distinct
2812
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Figure 2. SEM images of the BMS-1 (a), BMS-2 (b), and BMS-3
().
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Figure 3. Powder XRD patterns of the BMS samples.

mesopores centered at 3.3 and 16.1 nm, respectively. For
BMS-2, the larger mesopore has a narrow pore-size distri-
bution curve, which is indicative of uniformity among the
pore-size population. As we reduced the amount of P123
(BMS-4), the second larger mesopore almost disappeared.
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Therefore, the cooperative effect of CTAOH and the neutral
template is essential to generate well-defined bimodal me-
SOpOTosity.
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Figure 4. N, adsorption/desorption isotherms of the BMS samples
at 77 K. Adsorption (@) and desorption (O) branches are indi-
cated.
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Figure 5. BJH pore-size distribution curves. The pore-size distribu-
tion curve for BMS-4 is omitted for clarity.

The BET isotherms display a sharp increase in the ad-
sorbed amount of N, between 0.8 and 1.0 P/P,. The sudden
increase in adsorption volume is also indicative of the pres-
ence of second larger mesopores.® Furthermore, the
pattern of the BET isotherm is closely related to those of
the typical bimodal nanoporous materials.[”l There is no sig-
nificant hysteresis between the adsorption and desorption
branches. The BMS materials showed high surface areas
and pore volumes. For instance, BMS-1 showed BET sur-
face area and pore volume of 688 m?/g and 2.01 cm¥/g,
respectively. The detailed surface area and pore volume
data are summarized in Table 1.

Further evidence of the well-defined bimodal porosity
was directly obtained from TEM investigation. TEM
images are depicted in Figure 6. They show very interesting
nanostructures resulting from the unique pore orientation
and geometry of the smaller mesopores. BMS-1 and BMS-
2 exhibited a fascinating dissimilarity of the pore orienta-
tions. The smaller mesopores in BMS-1 are disordered
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Table 1. Textural properties of the BMS and BMC materials.
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Sample  Sppr (m¥g)  V, (em¥g)  Pore sizel (nm) Pore size®™ (nm)
BMS-1 688 2.01 - 374
BMS-2 627 1.62 33 16.1
BMS-3 634 242 33 323
BMS-4 790 2.10 - -
BMC-1 961 0.92 3.8 -
BMC-2 1328 2.08 55,94 18.5
BMC-3 1069 1.39 33 21.3
BMC+4 970 0.85 - 28.1

[a] For the smaller pore. [b] For the larger mesopore.

along the thin silica wall (Figure 6a), whereas the pores in
BMS-2 run parallel with respect to the longitudinal axis of
the silica wall (Figure 6b). Moreover, BMS-3 showed spher-
ical cage-type mesopores as shown in Figure 6¢. These dis-
crepancies of the pore structures are attributed to the dif-
ferent interfacial interactions between CTAOH and the
neutral auxiliary templates. Therefore, the auxiliary tem-
plates play a significant role in determining the nanostruc-
ture of the mesopores. The mesoporous carbonaceous ma-
terials were also successfully prepared through a nanocast-
ing process by using the BMS materials as hard templates
and furfuryl alcohol as a carbon source followed by carbon-
ization at 1073 K under an atmosphere of N,. We used
50 vol.-% of furfuryl alcohol relative to the measured pore
volumes of the BMS materials to prevent complete infil-
tration of available pores by the carbon precursors. Pure
carbonaceous materials were obtained by HF etching. The
oxygen contents of the samples were determined from ele-
mental analysis: BMC-1, 2.6%; BMC-2, 1.9%; BMC-3,
3.2%; and BMC-4, 2.7% (BMC-n was obtained from BMS-

Figure 6. TEM images of BMS-1 (a), BMS-2 (b), and BMS-3 (c).
Scale bars: 50 nm for (a) and (b), 20 nm for (c).
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n). The SEM and TEM images of the bimodal mesoporous
carbon (BMC) materials are shown in Figures 7 and 8,
respectively. Although the BMC materials did not show any
diffraction peaks between 1 and 10° (data not shown), they

Figure 7. SEM images of BMC-1 (a), BMC-2 (b), BMC-3 (c), and
BMS-4 (d). Scale bars = 500 nm.

Figure 8. TEM images of BMC-1 (a), BMC-2 (b), BMC-3 (c), and
BMC-4 (d). Scale bars = 100 nm. Bimodal nature of the samples

is clearly visible.
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showed good mesoporosity (Figure 8). As shown in Fig-
ure 7, BMC-2 and BMC-3 possess much thinner carbon
walls than those of BMC-1 and BMC-4 owing to the differ-
ences in the secondary mesopore dimensions of the silica
templates. The three-dimensional pore structures were well
preserved during the carbonization and HF etching pro-
cesses. BMC-2 obtained from siliceous BMS-2 exhibited the
highest surface area of 1328 m?/g with a pore volume of
2.08 cm?/g (Table 1). The BET isotherms of the all BMC
materials showed a typical type IV shape without a signifi-
cant hysteresis (Figure 9). The BMC materials also exhib-
ited bimodal porosity as shown in Figure 10.
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Figure 9. N, adsorption/desorption isotherms of the BMC samples
at 77 K. Adsorption (@) and desorption (O) branches are indi-
cated.
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Figure 10. BJH pore-size distribution curves of the BMC materials:
BMC-1 (a), BMC-2 (b), BMC-3 (c), and BMC-4 (d).
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Hydrogen storage capacities of the BMC materials were
studied at 77 K. The hydrogen uptake capacities ranged
from 1.11-1.33 wt.-% as shown in Figure 11. The uptake
values of the BMC materials are quite comparable to those
of other carbon-based adsorbents reported so far.[® Despite
the lower surface area and pore volume of BMC-3 relative
to those of BMC-2, BMC-3 exhibited the highest hydrogen
uptake of 1.33 wt.-%. In fact, BMC-3 has the narrowest
pores (Table 1), while keeping a relatively large pore vol-
ume. There are several accounts in the literature linking
small pore size of carbons with enhanced hydrogen up-
take.[”)
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Figure 11. Low-pressure hydrogen adsorption measured at 77 K.

Conclusions

In summary, we successfully prepared a series of siliceous
and carbonaceous materials with complex nanostructures
through a very simple route. Our approach involving the
employment of CTAOH not only as a mesoscale template
but also as a hydrolysis/condensation catalyst led us to de-
velop an efficient preparation method of a series of
multilength-scale porous materials. By adding a suitable
amount of neutral auxiliary templates such as Brij76 or
P123, it was possible to finetune the average pore diameter
of the larger secondary pores. In addition, the unique role
of Brij76 and P123 to alter mesopore nanostructures turned
out to be very effective. Bimodal mesoporous carbons with
a decent hydrogen sorption ability were also prepared
through the nanocasting process by using the bimodal silica
mesoporous silicas as hard templates. These nanoporous
materials with multilength-scale pores can be used as cata-
lyst supports, adsorbents, biomolecule sequestering agents,
and hydrogen storage media.

Experimental Section

Synthesis of the BMS Materials: A homogeneous mixture of
CTAOH (10 wt.-% aqueous solution, 5.0 g, 1.66 mmol, TCI) and
deionized water (240 g, 13.3 mol) was heated at 353 K under con-
stant stirring for about 1 h (500 rpm). TEOS (4.0 g, 19.2 mmol, Al-
drich) was injected rapidly into the mixture. The reaction mixture
was stirred at 353 K for 24 h. As-prepared BMS-1 was recovered

Eur. J. Inorg. Chem. 2009, 2811-2816
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by hot filtration and washed with a copious amount of water. The
isolated solid was dried in air overnight. Template-free BMS-1 was
obtained by calcination in air at 823 K for 6 h. BMS-2 was pre-
pared by adding Brij76 (1.0 g, 1.41 mmol, TCI) into the aforemen-
tioned reaction mixture. P123 (1.0 g, 0.182 mmol, Aldrich) was
added to the reaction mixture for the preparation of BMS-3. Other
preparation conditions were identical unless otherwise noted.

Synthesis of the BMIC Materials: The preparation of BMC-1 from
BMS-1 is described. BMS-1 (0.5 g) was suspended in a solution of
p-toluenesulfonic acid (pTSA; 0.5 M in ethanol, 50 mL). The sus-
pension was gently stirred at room temperature for 5h. The solid
material was retrieved by filtration and dried at 353 K for 2 h. Fur-
furyl alcohol (1.0 mL) was mixed with pTSA-loaded BMS-1. The
solids were carbonized at 1073 K under an N, flow for 2 h (ramp-
ing rate = 2 °C/min). The resulting solids were immersed into an
aqueous solution of HF (48 wt.-%, 30 mL) and maintained at room
temperature for 12 h. Silica-free BMC-1 was obtained by filtration
and washed with a copious amount of water. BMC-1 was further
dried at 353 K overnight.

Physical Measurements: TEM images were obtained with a JEOL
JEM-2100F operating at 200 kV. The sample suspension in acetone
was dropped on the carbon-coated Cu TEM grid and air dried
before measurement. FESEM images were obtained with a Jeol
JSM-7500F or FEI Nova 200 NanoSEM. Powder XRD spectra
were obtained with a Bruker D8 Focus diffractometer (40 kV,
30 mA). The oxygen contents of the carbonaceous samples were
analyzed by using a EA1112 (CE Instruments, Italy). The N, sorp-
tion analysis was performed with a Belsorp-minill at 77 K (BEL
Japan). The samples were dried at 423 K under high vacuum for
2 h. Low-pressure hydrogen adsorption measurements were per-
formed at 77 K with a Belsorp-minill. The equipment was cal-
ibrated by using Cu-BTC (HKUST-1) as a reference material. As-
prepared HKUST-1 activated at 393 K under high vacuum for 2 h
showed a hydrogen uptake value of 2.23 wt.-% at 77 K and 1 bar.
This value agrees well with the reported value (2.27 wt.-%) under
the same conditions.['% All other samples were dried at 423 K for
2 h under high vacuum prior to the measurements.
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