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Hierarchically structured multimodal meso-macroporous carbon materials have been prepared by using
the nanoreplication of the mesoporous walls of a meso-macroporous zirconia exotemplate. Like the zirconia
exotemplate, the pure carbon material possesses funnel shaped straight macrochannels, parallel to each
other and perpendicular to the tangent of the particles’ dense mesoporous shell. As a result of the funnel-
like shape, each macrochannel has a pore size gradient with a large opening centered7@030f.

The walls of the macrochannels and the dense mesoporous shells are formed by a hierarchical
mesostructured porous system with uniform mesopore sizes centered atB7,1&nd 2550 nm.
Macrochannels are interconnected with hierarchically mesostructured walls and shells. A high surface
area of 950 rfig with a mesopore volume of 0.44 ély is obtained. The possibility of the nanoreplication

of other meso-macroporous oxides such as aluminosilicates, titania, and niobium oxide with different
macrochannel size, shape, and organization has also been studied to generate meso-macroporous carbon
materials with different organizations of the macrochannels.

1. Introduction MSU-H,'®* MSU-1'%). Another promising strategy was re-
centh’*® developed by Zhao et &B;22 which led to the
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result of their high surface areas, large pore volume, chemical, ‘s .o group oP6m similar to SBA-152° and FDU-162
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merizable polymer (carbon precursor) and the copolymer It has recently been reported that hierarchically structured
triblock (P123 and F127) as surfactant molecules leads meso-macroporous metal oxides (silicoalumindte¥,
directly to porous carbon materials after the carbonization Al;03,37 40 ZrO,,3" 43 Ti0,,3** Y 503,344 Nb,Os,3** and
in an inert atmosphere at 35C and followed by pyrolysis  mixed oxide$ ) possessing well ordered funnel-like
at 900°C. macrochannels with mesoporous walls can be targeted via a
Recently the carbon materials with a hierarchical pore “one-pot” self-formation process. Their synthesis is quite
system have attracted much interest owing to potential simple and is performed on the basis of the chemistry of
technological application®.A multi-scaled pore system has metal alkoxides. A comprehensive study following the
obvious advantages over the unimodal pore size of otherformation of the funnel-like macrochannels has recently been
carbon materials in terms of diffusion efficiency, accessibility completed. Optical microscopy was used in situ to follow
to the pores by guest species, and large porous voléines. the reaction and has revealed that these hierarchically
Meso-macroporous carbon materials have thus been synthestructured meso-macroporous metal oxides are produced by
sized using a meso-macroporous silica with a spong-like a self-formation mechanisi:* The key point of this novel
structures as an exotempl&®e3! Chai et af? have synthe-  synthesis process is the very high rate at which the metal
sized macroporous carbons with mesoporous walls by alkoxides hydrolyzed undergo condensation reactions in
template replication of small silica particle aggregates. The aqueous solution. Alcohol molecules can be generated
aggregates themselves had been templated by a self-assembisuddenly as soon as the metal alkoxide precursor is in contact
process that employed an ordered lattice of larger, mono-with the water molecules. The molecules of alcohol will
dispersed polystyrene spheres as a mold. Kim &traported increase in quantity as the reaction progresses because one
that an interconnected macroporeusesoporous carbon metal alkoxide molecule can produce at least two more
could be targeted by using a removable template composedalcohol molecules. These alcohol molecules can be consid-
of monodispersed silica particles and a silica network that ered as the “porogene” in the generation of the funnel-like
had been polymerized in situ. Stein ef&tleveloped anew  macrochannels with hierarchically mesostructured porous
methodology of assembling integrated multifunctional porous walls. This new process could be of great interest and is a
materials: titania coated three-dimensionally ordered macro-significant advance toward the understanding of the forma-
porous (3DOM) carbons. 3DOM carbon was synthesized tion mechanism of these hierarchically structured porous
from a resorcinol-formaldehyde (RF) sajel carbon precur-  materials. This process could be adopted for the large scale
sor, using poly(methyl methacrylate) (PMMA) colloidal preparation of the mesoporous membranes with well-
crystals as templates followed by the decomposition of oriented, funnel-like, straight macrochannels which intercon-
PMMA and the pyrolysis of the carbon precursor. Linds nect with the mesoporous shell and pore walls. The process
al2*31 demonstrated another facile preparation of nanocastedcould be used to targeted new functional materials with very
carbon monoliths exhibiting a multimodal hierarchical pore sophisticated architectures. Instead of alcohol molecules as
network. However, to improve the performance of these the self-generated “porogene”, it is possible to imagine other
macro-mesoporous materials when used in selective mem-recursors which can generate and release “porogene mol-
branes, catalyst supports, molecular separators, and biologi€cules” in liquid and even in gas form. The formation
cal-cell sensors, an ordered network of macrochannels ismechanism of these meso-macroporous structures has been
required rather than the large pore cells or sponge-like discussed in depth in recent pap&rs® These metal oxides
macroporous structures or macrovoids formed betweenwith a hierarchical meso-macroporous network have ad-
carbon cyclinders. Despite many effotfsthe fabrication ditional benefits as a result of the enhanced access to the
of bimodal porous carbon membranes, composed of straight,mesopores by the regular macrochannel array.
well-aligned channels with mesoporous walls, still remains  Owing to the excellent performance of carbon materials
a great technical challenge. To date, the preparation strategieh applications involving both hydrogen and energy storage,
developed on the basis of a template replication process doone must ask whether this simple process for the preparation
not yield such sophisticated structures because of the lackof meso-macroporous metal oxides can be employed to
of a suitable template coupled with the fact that the product produce carbon materials with similar porous networks.
obtained by template replication is always the exact replica Currently, there is no known direct method that can produce
of the template. The direct synthesis strategy which was these sophisticated hierarchical structures with pure carbon.
recently developed yields only the unimodal mesoporous Nanoreplication could be the unique strategy, and thus the
carbon material$-2?
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resulting metal oxides with meso-macroporous architectureswill be demonstrated in the following section. The optimum
and straight macrochannels could promise ideal templatesnanocasting procedure for the meso-macroporous carbon replica
for the fabrication of meso-macroporous carbon materials. CMI-9 (this nomenclature is given for the sake of clarity and
However, the great challenge here is how to preserve thesimplicity (.Jf'the de§cr|pt|0n) was to dissolve 0.69 g of sucrose in
macrochannels in the replica of such a macrochanneled? > ML acidic solution (pH= 0.5; HSQy), and subsequently 1 g

template because the conventional template replication® € exotemplate CMI-7-Zr was added to this solution. After 3 h
of stirring, the resultant mixture was dried in a muffle oven at

strategy generates only the exact replica of the template. Thel00°c for 6 h and then at 168C for a further 6 h. The CMI-7-Zr,
macrochannels present in the template can thus be lost and.ntaining the partially carbonized mass, was added to an agueous
would not be transmitted to the final materials. Therefore, a acidic (pH= 0.5; H,SOs) solution containing 0.41 g of sucrose.
suitable strategy of nanoreplication must be used. The resultant mixture was dried again as described above. The color
This present work describes the preparation of hierarchi- of the sample turned dark brown. This powder sample was heated
cally structured meso-macroporous carbon possessing alignedo 950 °C under N for 6 h. The carborzirconia composite
and unlformly Slzed macrochannels with |nterconnected, obtained was washed in 40% HF solution for 56 h to Completely
well-organized, wormhole-like hierarchically porous walls dissolve the zirconia exotemplate.
with mesoporosities centered at 3,-107, and 25-50 nm. 2.2. Textural, Structural, and Hydrophobicity Characteriza-
Here, the template replication of micro-meso-macroporous 0N The transmission electron microscopy (TEM) micrographs
zirconia as a host scaffold is illustrated as an example. ResuItsOfié?ssccirb;nSraeﬂ'clg Wg\:\? dg;e\?v:rselngmabiggekc;/irfglrl:p; ZiChr';i'in
using other metal o>.<|des as exotemplates are also dISCUSSG(g]nd secti%ned wiFh aFr)l ultramicrotome. The morphologF;/ o); the
The present quk glve§ aconcrete example for. 'Fhe Prepara-gptained solid phases was studied using a Philips XL-20 and a Jeol
tion of hierarchical multimodal porous nitrides, silicates, and scanning electron microscope. Nitrogen adsorptidesorption
even SiC. The reason why we did not use the hierarchically isotherms were obtained at196 °C over a wide relative pressure
meso-macroporous siliceous materials is due to the lack ofrange from 0.01 to 0.995 with a volumetric adsorption analyzer
such hierarchically porous silicas. In fact, as a result of the TRISTAR 3000 manufactured by Micrometrics. The mesopore
low reactivity (thus the slow rates of hydrolysis and diameter and the mesopore size distribution were determined by
polycondensation) of alkoxysilanes, it proved impossible to Using the BarretJoyner-Halenda (BJH) method. Although it is
synthesize suitable meso-macroporous silica materials for usgVell-known that these methods give an underestimated pore size,
as exotemplate possessed mesoporous walls around thl{lese methods were used in comparison with other studies that used
funnel-like straight macrochannels employing the self- the same methqu. T.he. 'ar:qe mesopore .and macropore d'.amEterS
formation process described without any hard external and their pore size distribution were obtained by Hg porosimetry

. . ) . (Carlo-Erba 2000) using the Washburn relation. Thermogravimetry
template in spite of our important efforts. Thus an alternative measurements were performed with a TG/DSC-111 from Setaram.

exotemplate based on Zs®@ad to be employed. The final carbon material was heated progressiveRG/2nin) until
650 °C under oxidizing conditions to verify that the structure was
2. Experimental Section pure carbon. Fourier transform infrared (FT-IR) spectroscopy

) ) ) (Perkin-Elmer Spectrum 2000) measurements were also carried out
2.1. Synthe3|s.2.1.1.. ExptemplatesThe starting multimodal _to confirm the purity of the final meso-macropoprous carbon
meso-macroporous zirconia exotemplate CMI-7-Zr was easily yaterial.

prepared by a self-generation process previously reported else-
where37-39 Zirconium n-propoxide ([Zr(OGH7)4], 70 wt % in
1-propanol) was added dropwise to an aqueous solution with a
controlled pH value. The self-formation procedure took place 31, properties and Further Characterization of Ex-
immediately. The pH value was adjusted, which is dependent on otemplates. The synthesis and characterization by N
the chain length of alkoxide to ensure a high hydrolysis and adsorption, TEM, and Hg porosimetry of the starting

polycondensation rate in aqueous solution. The obtained mixture ultimodal porous Zr@exotemplate have been described
was then transferred into a Teflon lined autoclave and heated under.m P P

. 29 .
static conditions at 60C for 48 h. The product was filtered, washed, in detail elsewheré; arlwd.thus what follows is only a
and dried. This very simple procedure can be applied to any metal SUMmary of the characteristics of the exotemplate. However,

alkoxides and with the above information; the process can easily for @ better understanding of the synthesis strategy used, new,
be reproduced, and no more information can be given. previously unpublished scanning electron microscopy (SEM)

2.1.2. Multimodal Meso-Macroporous Carbdmpregnationand ~ images of the CMI-7-Zr exotemplate, obtained with a higher
carbonization experiments were performed with a defined amount resolution microscope, are included in Figure 1. The
of sucrose per zirconia exotemplate; subsequently, this amount wassynthesized meso-macroporous zirconia particles exhibit
optimized to improve the efficiency of our replication method. As  macroscopic network structures with relatively homogeneous
described in the introduction, the conventional template replication gnd funnel shaped macropores of +@D0 nm in dimension
strategy generates only_ the exact replica of the _template, and the Figure 1). The macrochannels are arranged parallel to each
macrochannels present.lnthe templgte can thys disappear and.woul ther and perpendicular to the tangent of the smooth and
therefore not be transmitted to the final materials. The conventional - -

dense patrticle shell (Figure +a&). The mesoporous walls

nanoduplication strategy has to be modified such that only the d th h | d of h
mesopores are filled while the macrochannels of exotemplate remain&'oun the macrochannels are composed of very homoge-

empty. Hence, the quantity of sucrose introduced was carefully "€0Us nanoparticles of about-500 nm (Figure 1etf),

controlled on the basis of the mesoporous volumes of exotemplates€sulting in an interparticular porosity with 230 nm sized
and other results found in the literatdfeThe calculation of the ~ Vvoids. These nanoparticles, which for the sake of clarity are

exact amount of sucrose and its introduction into an exotemplate herein called secondary particles, themselves possess acces-

3. Results and Discussion
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Figure 1. SEM images of meso-macroporous zirconium oxide. Images a, b, and c are side views showing straight parallel macrochannels with a funnel-like
shape which are perpendicular to the tangent of the particles’ dense mesostructured layer. Images d, e, and f are top views at different magnification
showing the assembly of secondary nanoparticles around the macrochannels (d and e) which are themselves composed of smaller primary fignoparticles (

sible mesochannels with a wormhole-like array formed by nanoparticles (Figure 1f). At relative pressures higher than
smaller nanoparticles of several nanometers namely called0.85, a strong increase in adsorbed nitrogen volume is
primary particles (Figure 1f). The synthesized Ze&Xotem- observed, revealing an appreciable amount of secondary
plate exhibits nitrogen adsorptiemesorption isotherms of  porosity, owing to the large mesopores or the interparticle
type IV with a high surface area of 6642ng~! and a porosity. This secondary porosity can be attributed to the
mesopore (below 7 nm) volume of 0.42 ¥y The analysis ~ mesovoids observed in the walls formed by secondary
of the pore size distribution by the Barretoyner-Halenda nanoparticles of 5670 nm. The pore size distribution,

method from the adsorption branch of the isotherm reveals determined from mercury intrusion and extrusion curves
a narrow pore size distribution centered at 2.1 nm, which is obtained by the mercury porosimetry, showed that the
attributed therefore to the voids formed by the primary zirconia particles have macropore diameters in the range of
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Figure 2. Schematic representation of the new nanocasting method used to synthesize pure meso-macroporous carbons: the replica of mesoporous walls
and the transmission of macrochannels from exotemplate to carbon material.

60—700 nm. An interparticular porosity of B0 nm is also and exclusively fill the mesoporous walls that separate the
seen in the zirconia exotemplate. All these techniques revealmacrochannels which themselves remain empty during the
that the current material exhibits the trimodal pore structure impregnation process. The porous volume of the mesoporous
of a meso-macroporous system. This hierarchy of the zirconiawalls is around 0.55 cify, whereby 0.42 cifg is attributed
makes it a suitable exotemplate for the preparation of carbonto the mesopores as determined byadsorption-desorp-
materials possessing a hierarchical meso-macroporous struction,*® and the remaining 0.13 dify arises from the
ture with well organized and parallel macrochannels. interparticular porosity as determined by Hg porosimétry.
3.2. Synthesis: Strategy and ResultsAs discussed  Thus, 0.69 g followed by 0.41 g of sucrose solution have to
above, there is a great difficulty in synthesizing porous be impregnated inside the zirconia exotemplate to give a
carbon materials with the same architecture as CMI-7-Zr hassucrose solution contenf @ g per 1 cni pore volume. The
when using the nanocasting method. One must preserve thesucrose located in the mesoporous walls is converted into
macrochannels of the template within the replica. During the carbon under pat 950°C, and the zirconia framework is
replication, all the macrochannels would be filled in by a then removed by dissolution in hydrofluoric acid.
carbon source. After the removal of the Zréxotemplate, The synthesized carbon particles with a macroscopic
the macrochannels present in the template remain filled by morphology identical to the starting zirconia exotemplate are
carbon so would not be transmitted to the final materials. mainly tens of micrometers in size with a regular array of
On the basis of this analysis and some recently developedmacrochannels, as shown in the SEM images in Figure 3.
methods?® 3134 a new strategy of replication relies on the The tubular macropores, 16800 nm in diameter, are
determination of an appropriate quantity of carbon precursor uniformly distributed within the particles. They are funnel
(sucrose). An amount of sucrose, sufficient only to fill the shaped (Figure 3bd) and perpendicular to the smooth
mesoporous walls separating the macrochannels, will be usedsurface of the particle (Figure 3b,d), similar to the macropores
and all the macrochannels thus remain empty. In this way, of the zirconia exotemplate (Figure-te). The SEM images
one can obtain a carbon replica of the mesoporous inorganicin parts b, ¢, and d of Figure 3 show the upper part and
walls and always transmit the macrochannels from the lower part of a meso-macroporous carbon particle, highlight-
exotemplate to the carbon material. Thus, the mesoporousing parallel funnel shaped macrochannels open at the top
carbon material with the aligned macrochannels identical to and closed at the dense mesoporous bottom. These are the
those present in the template can be designed as illustrateetxact same shape as those observed in the zirconia exo-
in the schematic representation (Figure 2). The main aim is template with an identical pore gradient (Figure—t. It
to avoid complete filling of the macropores of the exo- can be clearly seen in Figure 3c,e that the macrochannel walls
template by limiting the amount of carbon precursor. The are formed by nanoparticle assemblies despite the low quality
macrochannels are coated with carbon to retain them afterof the picture.
template removal. This is exactly what was performed in  The SEM results were corroborated by mercury porosim-
the present study. etry measurements. As shown in Figure 4a, the pore size
Theoretically, about 1.6 g of solid sucrose can be distribution, calculated from the mercury intrusion and
incorporated within a pore volume of 1 éA¥ However, for extrusion curves obtained by the mercury porosimetry of the
a successful impregnation, the sucrose must be dissolved ircarbon replica, yields the macropore sizes centered at 100
an aqueous solution containing sulfuric acid (ca. 80 wt % in 600 nm while the zirconia particles have macropore diam-
sucrose); therefore, the appropriate quantity of sucroseeters in the range of 66700 nm38 The slight difference in
decreased to 1.25 g. The subsequent heat treatment, carriethe macropore sizes is due to a slight shrinkage during the
out at 160°C, allowing sucrose to decompose, could make pyrolysis step. The interparticular porosity of ca—13D nm,
the exotemplate take up an additional quantity of sucrose seen in the zirconia exotemplafegenerates two different
(0.75 g/cnd), which was experimentally determined on mesoporosities in the carbon replica with narrower pore size
mesoporous silica structur&sln other words, a solid with  distributions at 1517 and 25-50 nm. The interparticular
a pore volume of 1 cfcan store around 2.0 g of sucrose mesoporous volume is around 0.13%ugn
solution within the pores. In the present cageg of the Figure 4b shows the nitrogen adsorptiedesorption
hierarchically structured meso-macroporous zirconia was isotherms and the corresponding pore-size distribution of the
used as an exotemplate. Attempts were made to completelysynthesized carbon material. The isotherms are of type 1V,
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Figure 4. Pore size distribution curves obtained by mercury porosimetry
(a) and nitrogen adsorptierdesorption isotherms (b) of the synthesized
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Figure 3. Representative SEM images of the hierarchically structured ordered meso-macrostructured carbon replica.

is slightly broader than that of the zirconia exotempféte,
and another at 1517 nm, confirming the Hg porosimetry
measurements. As a result of the technical limitation f N
adsorption and the low amount of pores around28 nm
detected by Hg porosimetry, a pore size distribution in this
range cannot easily be determined. While at relative pressures
higher than 0.90, the adsorbed volume of nitrogen increased
significantly, which suggests that the carbon material contains
an appreciable amount of large pores in the macropore range.
A very high surface area of 9502%g with a mesopore
volume of 0.44 crflg was obtained.

The macroporosity of the carbon replica was further
confirmed by TEM observations of the microtomed carbon
specimen (Figure 5). The well-defined macroporous structure
can clearly be seen with the macropore sizes being in
accordance with SEM and Hg porosimetry results. The wall
thickness between the circular openings of macropores is
about 106-500 nm. High-magnification TEM images reveal
a disordered wormhole-like mesoporous structure within the
walls (Figure 5d). The presence of a significant amount of
mesopores in the range of 287 and 2550 nm can be
clearly visualized in the TEM picture (Figure 5b). These

meso-macroporous carbon replica. The inset of b is the corresponding poreresults demonstrated that although the Zeotemplate was

size distribution curve calculated from the adsorption branch of the isotherm. impregnated by sucrose solution acidified withSa,, a
characteristic of mesoporous materials according to thestrong acid, no structural damage to the Zr@orous
IUPAC classification system. The hysteresis loop appearsexotemplate occurred. The carbon materials represent a
to be of type H2, indicating that the material has good pore positive replica of the starting Ze@orous exotemplate with
connectivity, with channel-like or ink-bottle pores. Two pore- similar sized macrochannels while the volume templated
size distributions are obtained, one centered at 3.0 nm, whichmesopores within the dense shell of the particles and the
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macropores viewed perpendicular (a) and side-on (b) to the pores, respectively. Image c is a higher magnification micrograph of image a. Image d is a
high-resolution TEM image showing the disordered mesoporous walls of macropores.

100 exotemplate remains at this temperature (82]) indicating
a an almost pure carbon framework. The minimal loss in
80 weight at temperatures below 10Q indicates that practi-
] cally no water molecules are present in the pores of the
604 porous carbon material. The FT-IR spectrum of the carbon
replica (Figure 6b) confirms the purity highlighted by
thermogravimetry. It is interesting to note that, in the IR
spectrum of the zirconia exotemplate (Figure 6b), a very
intense and broad band in the range of 278000 cnt?
and another intense band in the range of 34D6800 cn1?!
are found. These arise because of the physisorbed water
00 200 300 400 00 600 molecules within the pores, revgahng the_ hydrophilicity of
Temperature (°C) the exotemplate material. The first band is greatly reduced
in intensity such that only a very weak band is slightly visible
b in the IR spectrum of the carbon materials. However, the
second band is not found which suggests that, in stark
contrast to the exotemplate, the carbon materials are es-
sentially hydrophobic. The strong band in the range of-800
1300 cm'l, observed in the spectrum of the Zréxotem-
plate, is due to the vibration of the framework Zr€pecies.
This too completely disappears in the spectrum of the carbon
replica, indicating the complete removal of the Zréx-
M«_\ otemplate and thus pure the carbon composition of the final
carbon replica. Both the strong hydrophobicity and the high
purity of the obtained meso-macroporous carbon material
were evidenced by these two techniques.

. . The effect of the amount of sucrose impregnated inside
Figure 6. Thermogravimetry curve (a) of the CMI-9 meso-macroporous . .
carbon and FT-IR spectra (b) of the meso-macroporous zirconia exotemplatethe _me_so-macroporous Z_'rcoma exotemplatt_a on the nano-
and CMI-9 carbon replica. replication was also studied. The investigations about the

_ _ exact amount of sucrose to use were based on the global

walls of the macrochannels are a negative replica of the ZrO textural properties of the zirconia exotemplate, which
exotemplate. were obtained by nitrogen adsorptiedesorption and Hg

The purity of the carbon material was studied by thermo- porosimetry techniques. When less rtha g of sucrose
gravimetric and FT-IR measurements (Figure 6). The ther- solution (ca. 80 wt %) per 1 chpore volume was added,
mogravimetric measurements (Figure 6a) under air show thatno macropores were obtained. The synthesized carbon
the carbon material begins to combust around Z0Gnd particles were smaller than/Am and only mesostructured
disappears completely around 670. Less than 1% of the  (Figure 7a). This indicates that the amount of sucrose was
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Figure 7. SEM picture (a) of carbon material obtained from a material with an amount of sucrose less than 2 gérerolume. The amount of sucrose
impregnated is insufficient to fill the mesoporous system. TEM picture (b) of carbon material obtained after a very high sucrose loading whiefycomple
filled the mesoporous walls (mesopores and interparticular pores) and macrochannels of the exotemplate.

Figure 8. SEM images of (a) the meso-macroporous aluminosilicates and (b) the corresponding carbon replica.

notsufficient to completely fill in the mesoporous walls to the particle, labeled mesoporous carbon in the image, is a
yield a continuous carbon structure, which in turn leads to lighter shade as this region is less dense owing to the high
the collapse of the meso-macroporous structure after removalporosity after the removal of the exotemplate. The infiltration
of the ZrG, exotemplate. When more th& g of sucrose was made only in the large interparticular voids. After the
solution (ca. 80 wt %) per 1 chpore volume was removal of ZrQ exotemplate, this part is quite porous with
impregnated inside the exotemplate, the mesopores in thelow density and, thus, less dark.

primary nanoparticles and the interparticular pores as well  This study shows that to keep the macrochannel system,
as the macrochannels were all completely filled by sucrose. only the mesopores must be filled by the sucrose while the
The carbon particles obtained were approximately: & macrochannels must remain empty during the nanoreplica-
These particles were composed of dense carbon rods withtion. This is the key point to the success in the preparation
diameters of around 166600 nm, surrounded by a meso-  of hierarchical multimodal meso-macroporous carbon materi-
porous envelope, leading to the formation of dense carbonals with straight and parallel funnel-like macrochannels.
material. However, the rods contain micropores generated pyrhermore, the nanoreplication of other meso-macroporous
by the removal of oxygen and hydrogen from the sucrose oyjdes, such as aluminosilicates, titania, and niobia, used as
(Figure 7b). The macrochannel system was lost. This figure examples for host scaffolds, have also been investigated by
also shows three zones with different contrasts. First, outer g gimilar process described herein. Well aligned macrochan-

layer of the particle has a thickness of approximately-1.0  pels jdentical to the exotemplate can be clearly visualized
1.5 um. It can be distinguished from the mesoporous py SEM image in Figure 8.

envelope as it is distinctly darker owing to the relatively high
density of carbon in this zone. This density arises from the
infiltration of sucrose within a dense layer of the 2rO
exotemplate containing small mesopores. The darkest part A new kind of mesoporous carbon with funnel shaped
in the form of rods is due to the complete and dense macrochannels has been synthesized by the exotemplating
infiltration and carbonization of the carbon precursor in the process. This method is successful owing to the fine-tuning
macrochannels. These carbon rods can be identified in theof the amount of sucrose impregnated within a meso-
TEM image as the darkest regions of the picture. During macroporous metal oxide exotemplate. This allows the
the preparation of the TEM sample by the microtoming replication of only the mesoporous walls, with the macro-
technique, it was observed that there was a significant channels left empty. The macrochannels in the exotemplate
resistance when cutting the samples. This suggests theare therefore preserved and transmitted to the carbon material.
existence of denser regions within the particle. The rest of The synthesized meso-macroporous carbons are suitable

4. Conclusion
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candidates for applications in areas where a hierarchicalother hierarchically structured meso-macroporous metal
porosity, producing a combination of efficient transport and oxide exotemplates.

high surface area, is of great importance. Examples include
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