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Abstract: A strategy to synthesize
amorphous, mesoporous alumina by
nanocasting has been developed, in-  the
volving carbon aerogel as a hard tem-
plate and aluminum nitrate solution as
an alumina precursor. The alumina
generated exhibits small, transparent
granules with a 3-6 mm diameter and
has inherited the three-dimensional
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Introduction

Porous aluminas are attractive materials with broad applica-
bility as adsorbents, catalyst supports, and as part of bifunc-
tional catalysts in large-scale processes in the chemical and
petrochemical industry, such as the cracking and hydro-
cracking of petroleum, the purification of gas—oil fractions,
or the steam reforming of hydrocarbon feedstocks to pro-
duce hydrogen. The wide range of applications of these alu-
minas can be traced back to their favorable textural proper-
ties, such as surface area, pore volume, and pore size distri-
bution (PSD), as well as to their high thermal and hydro-
thermal stabilities. Due to the importance of alumina in cat-
alysis, the ability to tailor its pore system is needed, and
thus, several attempts have been made to synthesize meso-
porous aluminas.'"™ The discovery of the silica-based M41S
family of mesoporous materials with a narrow pore size dis-
tribution has also promoted considerable activity in the de-
velopment of ordered, mesoporous aluminas. Generally, all
processes used in the surfactant-assisted synthesis of silicas
are also employed in attempts to synthesize mesoporous alu-
minas, such as the routes that use neutral, anionic, cationic,
or block-polymer surfactants. Pinnavaia et al. were the first

[a] Dr. W.-C. Li, Dr. A.-H. Lu, Dr. W. Schmidt, Prof. Dr. F. Schiith
Max-Planck-Institut fiir Kohlenforschung
Kaiser-Wilhelm-Platz 1, 45470 Miilheim (Germany)
Fax: (+49)208-306-2995
E-mail: schueth@mpi-muelheim.mpg.de

1658

network structure of the carbon tem-
plate. The mesopore surface area of
can be as
365 m’g~!, and the pore volume reach-
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es 1.55cm’g™ after calcination at
600°C in air for 8 h. The pore parame-
ters can be varied within a certain
range by variation of the carbon aero-
gel template and the loading amount of
the alumina precursor. At high load-
ings, the obtained glassy alumina clear-
ly has a bimodal pore size distribution
in the mesopore range.

high as

carbon

to report the preparation of mesostructured wormhole-like
alumina from aluminum tri-sec-butoxide in the presence of
electrically neutral, block-copolymer surfactants as struc-
ture-directing agents.’) Similar wormhole structures have
also been synthesized by the hydrolysis of aluminum alkox-
ides assisted by the anionic surfactant sodium dodecylbenze-
nesulfonatel® or the cationic surfactant cetyltrimethylammo-
nium bromide.”’ Using the hydrolysis of alkoxides under
basic conditions, Shanks and co-workers synthesized meso-
porous alumina with a hierarchical structure, composed of
mesopores 4 nm in diameter and macropores with a diame-
ter of about 300 nm.[*! Lee et al. succeeded in synthesizing
aluminas with unidirectional nanostructures, such as nano-
tubes, nanofibers, and nanorods, by the hydrolysis of alumi-
num alkoxides assisted by surfactants in the absence of a
solvent."’)

However, despite these successes, the synthesis of meso-
porous alumina by surfactant-assisted methods poses more
complex problems than the synthesis of analogous silica-
based materials, because attempts to remove the surfactant
often result in the structural collapse of the alumina meso-
pores. High degrees of structural order, which are common
for silicas, are rarely observed for aluminas. Furthermore,
the raw materials mostly used are expensive alkoxides, and
the hydrolysis rate of such alkoxides is not easy to control.
Yang et al. attempted to synthesize mesoporous alumina
from aluminum nitrate by means of a sol-gel process assist-
ed by ultrasound."” This reaction, however, is very sensitive
to reaction conditions, which needed to be strictly controlled
in order to form a gel precursor. The highest surface area
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and pore volume achieved were 266 m?’g~' and 0.2 cm’g™’,
respectively.

An alternative approach to structure alumina on the
mesoscale is to use hard templates in a nanocasting process.
There is one attempt reported in the literature to use a
porous, ordered carbon of the CMK-3 type as a hard tem-
plate to synthesize mesoporous alumina.!!! However, al-
though a high surface area alumina was synthesized, the ma-
terial was not highly ordered. The surface area and pore
volume, on the other hand, were rather high, reaching
360 m?g! and 0.36 cm®>g !, respectively. In general, porous
carbons are ideal exotemplate molds for the creation of high
surface area materials and can easily be removed by simple
combustion."” Wakayama and co-workers used activated
carbons as templates; a metal-oxide precursor in a supercrit-
ical solvent was introduced by an impregnation process to
synthesize nanoporous oxides.™®! A simpler approach is the
direct impregnation of activated carbons with concentrated
aqueous salt solution. After drying and removal of the
carbon templates by combustion, porous metal oxides and
even more complex oxides, such as spinels, with high surface
areas can be achieved.'*'”! However, it is difficult to create
porous metal oxides with controlled macroscopic morpholo-
gies and controllable pore size distributions by using activat-
ed carbons as templates. This is due to the limitations of ac-
tivated carbons, which often have broad pore size distribu-
tions and are typically available in powder form or as
formed bodies, which are generated from powders.

We therefore decided to investigate the use of carbon
aerogels as hard templates for the synthesis of mesoporous
alumina with a controllable pore size, high surface area, and
high pore volume, by using aluminum nitrate as a cheap alu-
minum source. Such carbon aerogels are usually investigated
for use as electrode materials of supercapacitors."®'”) How-
ever, initial applications as hard templates are also emerg-
ing: carbon aerogel was recently used as a template to syn-
thesize ZSM-5 monoliths with uniform mesoporous chan-
nels."™™ The templating function of carbon aerogels can be
attributed to their unique properties, such as the three-di-
mensional connectivity of their pore system, high pore
volume, and narrow pore size distribution. In addition, their
purity is much higher than that of activated carbon. Because
of their special nanostructure, carbon aerogels are ideal tem-
plates for exotemplate synthesis.”"! Herein we describe the
synthesis of glassy alumina with exceptionally high pore
volume by nanocasting from carbon aerogels, and the con-
trol of the alumina pore system by adjusting the properties
of the aerogels.

Results and Discussion

The carbon aerogel was synthesized by using a sol-gel pro-
cess, but drying could be carried out under ambient condi-
tions after solvent exchange. Thus, supercritical drying,
which is often used in the synthesis of high-porosity aero-
gels, could be avoided. Aluminum nitrate aqueous solution
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was infiltrated into the carbon aerogel by the incipient wet-
ness technique, followed by simple drying and calcination.
All of the experiments were carried out under ambient con-
ditions. Therefore, this process is relatively simple compared
to other synthesis routes for the preparation of high surface
area/high pore volume alumina with an adjustable mesopore
size.

Five carbon aerogels with different textural parameters
were synthesized by varying the reaction conditions. Based
on their increasing average pore size, the carbon aerogels
obtained are denoted as CA-1, CA-2... in the tables and fig-
ures. The as-synthesized aluminas obtained from these gels
are referred to as A-1, A-2, and so on, whereby the numbers
refer to the carbon aerogel templates from which the alumi-
na products were made. In addition, aluminas synthesized
from CA-4 and CA-5 templates with higher amounts of alu-
mina precursor are denoted as A-4-HA and A-5-HA, re-
spectively. For synthesis details refer to the Experimental
Section.

Morphology and structure: The aluminas obtained by using
different Al,O,/C ratios were glassy in appearance and gran-
ular in shape (Figure 1). The as-synthesized alumina samples

Figure 1. Optical photographs of as-synthesized glassy aluminas. a) Dig-
ital camera image of samples with low Al,O,/C ratio (left), high Al,O5/C
ratio (middle), and alumina obtained when powdered porous carbon
(CMK-3) was impregnated (right). b) Optical micrograph of a sample of
the alumina material shown in the middle of (a), taken with a Leitz Or-
thoplan microscope.

obtained from composites (aluminum nitrate/dried carbon
aerogel) with an AL, O,/C ratio below 0.2 were composed of
small transparent granules 2-3 mm in diameter. A typical
image of such an alumina (sample A-3) is given in Figure la
(left). Such syntheses were repeated several times, confirm-
ing the reproducibility of the process. When the AlLO,/C
ratio of the composite was higher than 0.3, the granules
were larger with a diameter of 4-6 mm, as shown for sample
A-5-HA in Figure la (middle). These bigger granules
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appear white due to scattering losses. On a smaller scale,
these samples are also glassy and transparent, as the micro-
graph in Figure 1b clearly shows. As a comparison, alumina
was prepared by the same procedure, but with mesoporous
carbon powder (CMK-3) as the template. The resulting alu-
mina was a white powder (Figure 1a, right), quite different
in appearance to the glassy samples obtained from the
carbon aerogel template. This is due to the small particle
size of the parent CMK-3, which leads to small-particle-
sized alumina, in contrast to the millimeter-sized replicas
from the aerogel, in which the absence of grain boundaries
results in low light-scattering. The glassy, granular form of
alumina is convenient for practical application in industrial
processes unlike the powder form, which may possess draw-
backs, such as dusting and high pressure-drops; such draw-
backs cannot be fully prevented by shaping procedures.

The structures of these samples were characterized by X-
ray diffraction (XRD) analysis. In all cases there were no
discernable reflections observed, indicating that these alumi-
nas are still amorphous, in spite of the 600°C calcination
temperature. For most precursors, various types of crystal-
line or partially crystalline transition aluminas are obtained
at these temperatures."”) Elemental analysis showed that the
residue of carbon in the alumina was far below 0.5 wt% in
all cases, indicating nearly complete removal of the carbon
template at the calcination temperature used here. In the
low-angle range, no Bragg peaks were detected, only a con-
tinuous decay of scattered intensity typical for high-surface-
area materials. This indicates that a regular mesopore struc-
ture was not formed, the expected result for hard templating
from a disordered carbon aerogel.

TEM analysis: The nanostructures of the carbon aerogel
templates and the corresponding aluminas were character-
ized by TEM to ascertain the relationship between the tex-
tures of the templates and the products. Representative
TEM images of carbon aerogels and the resulting aluminas
are shown in Figure 2. The images of the carbon aerogels
(CA-3 and CA-5) reveal their uniform structure, consisting
of a well-defined three-dimensional network of spherical
carbon particles. The estimated diameter of the spherical
particles is around 10-15nm. These primary particles are
cross-linked with each other to form the abundant textural
mesopores in the carbon aerogels” Aluminas, with both
low and high loading, formed by using such aerogels inherit-
ed the well-developed three-dimensional network structure
of the parent carbon template, as shown in Figure 2 (A-3
and A-5-HA). This is evidence of the replication of the net-
work structure of the carbon aerogel; that is, the resulting
alumina preserves the nanostructure of the carbon template
well. Also, the fact that millimeter-sized granules (Figure 1)
were obtained demonstrates the preservation of the 3D pore
connectivity in the resulting alumina. In particular, the
higher alumina loading (Al,O;/C ratio >0.3) resulted in
larger sized granules of alumina, as seen in Figure 1, which
can be attributed to improved pore filling resulting in the
formation of a more fully connected, rigid framework. After
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Figure 2. TEM images of carbon aerogel templates (CA-3 and CA-5) and
the corresponding mesoporous aluminas (A-3 and A-5-HA).

removal of the carbon template, this rigid framework is best
at copying the nanostructure of the carbon aerogel. Howev-
er, differing from the spherically shaped, primary carbon
particles of the aerogel, the primary alumina particles exhib-
ited a more sausage-like morphology. This is understandable
because the alumina should reflect the morphology of the
pore structure. The diameter of the alumina particles was es-
timated to be 5-7nm. An increased amount of alumina pre-
cursor did not seem to change the overall morphology of
the resulting alumina particles, but instead increased the
particle diameters (Figure 2).

Sorption analysis: To further substantiate the templating
effect and to obtain more information on the pore structure
of the carbon aerogel and the alumina, the materials were
investigated by nitrogen sorption measurements. The nitro-
gen sorption isotherms for the carbon aerogel templates and
the corresponding aluminas synthesized at low loadings are
displayed in Figure 3. The template textural parameters,
such as the surface area, total pore volume, and pore size,
are compiled in Table 1. The carbon aerogel templates have
a type IV isotherm with well-pronounced H1 type hysteresis
loops in the relative pressure range of 0.7-0.9 (Figure 3a).
At relative pressures below 0.1, the high uptake of nitrogen
indicates the presence of micropores in the carbon aerogels,
in agreement with the micropore volume determined by
means of the ¢-plot method. The nitrogen sorption isotherms
for the aluminas (Figure 3b) are also of type IV with a sig-
nificant amount of nitrogen adsorbed at relative pressures
close to unity. More surprisingly, a very high pore volume of
1.55cm®g™! was achieved for alumina A-5 (Table?2). As
seen from Figure 3b, the amount of nitrogen adsorbed at
low pressure is negligible, and the micropore volumes calcu-
lated from the f-plot method (Table 2) are extremely low
relative to those of the carbon templates. In addition, the
mesopore surface area of the alumina estimated by the r-
plot method (Table 2) is essentially equal to the total Brun-
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Figure 3. Nitrogen sorption isotherms of a) carbon aerogels and b) the
corresponding mesoporous aluminas synthesized at low Al O,/C ratios.
The isotherms of CA-2, CA-3, CA-4, and CA-5 were offset vertically by
300, 700, 1100, and 1400 cm®g ' STP, respectively. The isotherms of A-2,
A-3, A-4, and A-5 were offset vertically by 200, 600, 1100, and
1600 cm®g ' STP, respectively. The inset isotherms in a) are those of dried
carbon aerogel/aluminum nitrate composite-1 and composite-2 (see foot-
notes of Table 2), with Al,O5/C ratios of 0.16 and 0.34, respectively.

auer-Emmet-Teller (BET) surface area. This indicates that
the porosity of the alumina can mainly be attributed to the
mesopores. The adsorption branches of the isotherms of alu-
mina A-4 and A-5, synthesized at-low-precursor-loading
levels, do not clearly reach a plateau at high relative pres-
sure, indicating the existence of larger macropores, which
cannot be detected by the nitrogen adsorption technique.
The pore size distributions (PSDs) for the carbon aerogel
templates calculated from the desorption branch, by means
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of the Barrett-Joyner-Halenda (BJH) model, are quite
narrow and centered around 10-14 nm (Figure 4a). In con-
trast, the aluminas display relatively broad PSDs in the
range of 5-30 nm (Figure 4b). The ratio of alumina to
carbon (Al,04/C) was below 0.2 for these samples. Such low
impregnated amounts are not sufficient to sustain the skele-
ton architecture of the carbon aerogel templates after re-
moval of the carbon. Partial collapse of the pore structures
would result in an aggregation of alumina particles, finally
leading to the formation of large pores and a broad pore
size distribution due to the statistical nature of the process.
However, it should be mentioned that with an increasing
average pore size of the carbon templates from 8.1 to
13.6 nm (CA-1 to CA-5, Table 1), the average pore size of
the corresponding aluminas (A-1 to A-5) increased as well
from 10.4 to 16.6 nm (Table 2). A clear one-to-one corre-
spondence between the pore sizes of the carbon aerogel and
the alumina cannot be expected, as the pores in the alumina
should correspond to the particles of the aerogel. However,
coarsening of the pore structure in a gel such as the carbon
aerogel generally corresponds to a coarsening of the particu-
late structure of the gel.?!! Therefore, one would expect the
textural trends to be identical for “mold” and “cast”, as is in
fact observed experimentally. Hence, we can deduce that
the alumina mesopore structure, at least to some extent, re-
flects the network structure of the carbon aerogel template.

When the ALO,/C ratio was higher than 0.3, the aluminas
obtained unexpectedly showed a double hysteresis loop in
the relative pressure ranges of 0.7-09 and 0.9-1.0
(Figure 5). This demonstrates the existence of a bimodal
pore system in samples A-4-HA and A-5-HA, as further
verified by the PSDs of these aluminas (Figure 5, inset).
These PSDs clearly show two maxima at 8 nm and around
20-30 nm. We suggest that the small mesopores are generat-
ed from the spaces in which the carbon aerogel primary par-
ticles were positioned, and the larger mesopores result from
the aggregation of the alumina primary particles.

As stated above, the alumina precursor was introduced in
the form of an aqueous solution of aluminum nitrate. Evi-
dently, it was impossible to completely fill the pore system
of the carbon aerogel with alumina by single-step impregna-
tion, because part of the pore space of the carbon aerogel
was still accessible after water removal. To achieve higher
loadings of alumina the impregnation procedure needs to be
repeated. However, if one analyses the isotherms (Figure 3a,
inset) and textural parameters (Table 2) of Al,O5/C compo-
sites-1 and -2 before carbon removal, the shape of both the
isotherms is similar for high and low alumina loadings, if
one disregards the decreases in surface area and pore
volume. This seems to suggest that there are parts of the
pore system completely filled, and that other parts are still
more or less empty. After repeated impregnation, the sur-
face area and pore volume were strongly reduced: the
values for composite-2, with a high alumina loading, were
0.22 cm’g™" and 87 m’g”!, respectively. Thus, nearly com-
plete filling of the carbon aerogel pore space (i.e., 70%)
could be achieved. It is reasonable to infer that at higher
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Table 1. Synthesis conditions and textural parameters of carbon aerogels.

the pore space of the carbon

Sample Cypl® Catalyst Sper™ Sinesol”! Vo™ Vi D™ aerogel was filled by the alumi-

[m’g™"] [m’g"] [em’g] [em®g] [nm] na precursor even at high load-
CA-1 30/200 Ca(OH), 740 367 1.0 0.16 8.1 ing levels. This means that
CA-2 40/200 Ca(OH), 747 344 1.12 0.17 9.6 some additional void space is
Gl mmooNo @m0 G e e poes
CA-5 40/500 Na,CO; 752 329 1.44 0.17 13.6 This  could occur homoge-

[a] Cy,: synthesis conditions of carbon aerogels. For example, 30/200 means the percentage of resorcinol and
formaldehyde was 30 wt %, and the molar ratio of resorcinol/catalyst was 200, and so on. [b] Sggr: specific sur-
face area calculated based on the BET theory; S, and V,;.: mesopore surface area and micropore volume
calculated with the #-plot method; V,,,: single-point total pore volume; Dyg;y: average pore diameter calculat-
ed with the BJH method (desorption branch). [c] For the CA-5 catalyst specifically, Na,CO; was dissolved in a
saturated aqueous solution of magnesium hydroxide, in which the Mg?* ion concentration was determined to

be 0.0018 m.

Table 2. Textural parameters of composites and mesoporous aluminas."!

neously over the whole sample,
by which a monomodal pore
system would be formed. Al-
ternatively, alumina may ag-
gregate in domains of the
sample, truly replicating the
carbon, while, in between
these domains larger pores
would form. This would result

Sample Sper Sineso Viou Viic Dy ALOYC  in a bimodal pore size distribu-
[m’s '] [m’s '] [em’g '] [em’g '] [nm] tion, as observed in our sam-
composite-1!*! 224 133 - 0.03 10.5 0.16 ples (for instance, inset in
composite-2!! 87 19 022 0.01 12.1 0.34 . ;
A-1 335 339 1.07 0.02 10.4 0.09 Figure 5). We thus suggest that
A2 332 365 130 0.01 122 0.14 the second mechanism is valid
A-3 311 309 1.41 0.01 14.0 0.16 for our materials. Such a hier-
A-4 305 267 1.55 0.01 17.9 0.19 achical combination of smaller
AS 300 281 1.48 0.01 166 | 0.18 and larger mesopores would
A-4-HA 278 261 1.03 0.01 7.7,22.94 0.34 v be f ble f
A-S-HA 275 256 0.80 0.01 77,2121 0.34 actually be favorable from an

[a] See Table 1 for parameter definitions. [b] Composite-1 is dried CA-3 carbon aerogel/aluminum nitrate,
which resulted in the formation of A-3. [c] Composite-2 is dried CA-4 carbon aerogel/aluminum nitrate, which
resulted in the formation of A-4-HA. [d] Maxima of the two peaks in the pore size distribution.
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Figure 4. PSDs of a) carbon aerogels and b) the corresponding meso-
porous aluminas synthesized at low Al,O5/C ratios.

filling levels the alumina primary particles are bigger and
better connected, forming a strong, three-dimensional net-
work. Removal of the carbon primary particles generates
the voids in the alumina. From TEM observations
(Figure 2), the primary particles of the carbon aerogel were
around 10-15 nm in diameter. The pore size of the resulting
alumina was smaller, at about 8 nm (Table 2 and PSDs in
Figure 5, inset). This can be attributed to the thermal shrink-
age of the structure during carbon removal. Only 70% of
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application point of view, as
this would, for example, reduce
transport limitations in hetero-
geneous catalysis.[>24

As mentioned earlier and
shown in Figure la, alumina synthesized by using powdered
mesoporous carbon (CMK-3), with a 3.5 nm pore size, as
the template, but otherwise by means of the same synthesis
strategy, was obtained as a white powder with a surface area
of only 177 m*g ™' and a pore volume of 0.35cm’®g~!; these
values were much lower than that of the carbon-aerogel-
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Figure 5. Nitrogen sorption isotherms and PSDs (inset) of aluminas syn-
thesized with a high Al,O,/C ratio. The isotherms of A-4-HA are offset
vertically by 300 cm®g ™' STP.
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templated alumina. From this observation we can conclude
that carbon aerogel is the essential factor in forming the
glassy alumina with a high pore volume.

Thermal behavior: As discussed above, the as-prepared alu-
minas with large pore volumes and high surface areas were
amorphous after heat treatment at 600°C in air for 8 h. In
many cases the thermal stability of mesoporous alumina is
particularly important due to the existence of many phases.
Therefore, we also studied the thermal behavior of the alu-
minas discussed here at higher temperatures, by using
sample A-4-HA as an example. Four derivatives were ob-
tained through calcination of A-4-HA at either 700, 800,
900, or 1000°C in air for 1h. The obtained products still
possessed the glassy, granular appearance. XRD analysis
(Figure 6) of the sample calcined at 700°C showed no clear

1000 °C

L
Ae00ec

) 800 °C

. 700°C

% 500 °C

i,

Intensity

20 30 40 50 60 70 80
208/°

Figure 6. XRD patterns of mesoporous aluminas calcined in air at differ-
ent temperatures.

reflections, confirming that the sample was still amorphous.
After calcination at 800°C and above, the samples showed
broad, but clearly discernible, XRD reflections, indicating
formation of a crystalline phase, which was identified as y-
alumina (JCPDS card 10-425). Nitrogen adsorption iso-
therms of the annealed samples have similar shapes to that
of the parent alumina A-4-HA, that is, with two distinct ca-
pillary condensation steps, as shown in Figure 7. The calcu-
lated textural parameters (Table 3), however, indicate that
both the surface area and pore volume gradually decrease at
higher calcination temperature. Nevertheless, even at
1000°C, the samples retained a high pore volume of around
0.4m’g™" and a surface area of around 110 m*g'. Due to
sintering, the pore diameters increased from 14.5 to 19.6 nm
upon increasing the calcination temperature from 600 to
1000°C.

Conclusion

In conclusion, a glassy, amorphous, mesoporous alumina
with very high pore volume, high surface area, and control-
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Figure 7. Nitrogen sorption isotherms of the A-4-HA aluminas calcined
at 600, 700, 800, 900, and 1000°C. The isotherms of the samples at calci-
nation temperatures 900, 800, 700, and 600°C were offset vertically by
200, 400, 600, and 800 cm3g ISTP, respectively.

Table 3. Textural parameters of mesoporous aluminas calcined at differ-
ent temperatures.!

Temperature SgeT Shneso Viotal V mic Dy
[°C] [m’¢™]  [m’g']  [em’g] [em’g']  [nm]
600 278 261 1.03 0.01 14.5
700 209 200 0.84 - 14.2
800 180 176 0.71 - 15.8
900 151 140 0.50 - 15.8
1000 112 100 0.38 - 19.6

[a] See Table 1 for parameter definitions.

lable pore size has been synthesized by a simple impregna-
tion and calcination method, with a carbon aerogel template
and an aluminum nitrate solution as the alumina precursor.
The alumina generated exhibits high mesopore surface area
of up to 365m?’g~! and high pore volumes of up to
1.55 cm®g ™!, The pore parameters can be tuned within a cer-
tain range through variation of the pore size of the carbon
aerogel template and the loading of the pore system with
the alumina precursor. The glassy, granular aluminas may be
useful for various applications, such as for supports in het-
erogeneous catalysis, as they can be handled easily and
cleanly, and have very interesting textural, thermal, and
structural properties. The synthesis strategy described might
open a new route to fabricate mesoporous aluminas with a
strongly interconnected pore system. Moreover, one can
probably use porous carbon aerogels as the template for
many different oxide products, as long as their precursors
can be introduced into a porous carbon and retain the
framework during carbon combustion.

Experimental Section

Synthesis of carbon aerogel templates: Carbon aerogels were based on
resorcinol-formaldehyde polymers. The typical procedure to synthesize a
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carbon aerogel was as follows: resorcinol (4 g; Fluka 99 %) and formalde-
hyde (5.9 g; Fluka 36.5% in water, methanol-stabilized) were dissolved
in deionized water (5.6 mL), and then sodium carbonate (0.0077 g; Fluka
99.5%) was added to the solution as polymerization catalyst, unless oth-
erwise stated (Table 1). A homogeneous solution was prepared under
magnetic stirring. The solutions obtained were cast into glass ampoules
and were all cured by using the same procedure: one day at room tem-
perature, one day at 50°C, and three days at 90°C. After the curing steps,
the wet gels were introduced into acetone to exchange the water inside
the pores and then dried under ambient pressure and room temperature
to obtain the corresponding aerogels. The resulting aerogels were pyro-
lyzed at temperatures of up to 800°C in an argon atmosphere and thus
transformed into monolithic carbon aerogels. During this study the R/F
(resorcinol/formaldehyde) molar ratio was fixed at 0.5. The percentage of
resorcinol and formaldehyde and the R/C (resorcinol/catalyst) molar
ratio were varied in the range of 3040 wt% and 200-500 (see Table 1),
respectively, to obtain carbon aerogels with different pore sizes. The de-
tailed synthesis conditions for each sample are listed in Table 1.

Synthesis of mesoporous aluminas: Aluminum nitrate (Fluka 98 %) dis-
solved in deionized water at a concentration of 2.43M was used as the
alumina precursor. The solution was introduced into the carbon aerogels
by incipient wetness impregnation at room temperature followed by a
drying step at 50°C for several hours. Subsequently, a second impregna-
tion could be carried out, and generally the impregnation and drying pro-
cedure was repeated two to three times to reach a high loading. Glassy
alumina with a granular size of several millimeters was achieved by calci-
nation of the dried aluminum nitrate/carbon composite at 600°C for 8 h
in a muffle oven.

Characterization: Optical photographs were recorded either with a stan-
dard digital camera or a Leitz Orthoplan microscope. High-resolution
TEM characterization was performed with a Hitachi HF2000 microscope
equipped with a cold field emission gun. The acceleration voltage was
200 kV. Samples for TEM analysis were prepared dry on a fine carbon
grid. X-ray diffraction patterns of the samples were recorded with a Stoe
STADI P diffractometer in the Bragg-Brentano (reflection) geometry.
Nitrogen adsorption isotherms were measured with an ASAP2010 ad-
sorption analyzer (Micromeritics) at 77 K. Before the sorption measure-
ments, all the samples were degassed at a temperature of 250°C for at
least 6 h. Pore sizes and pore size distributions were calculated by the
BJH method from the desorption branch. Total pore volume was estimat-
ed from the amount adsorbed at p/p,=0.99. Specific surface areas were
determined by the BET method and mesopore surface areas were calcu-
lated by the #-plot method.
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