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Preface

This issue of the Boletin del Grupo
Espariol del Carbén (Spanish Carbon
Group Bulletin) is dedicated to carbon
gels. These are porous carbon
materials prepared by the
carbonization of organic gels obtained
by the sol-gel polymerization of certain
organic monomers, e.g., resorcinol
and formaldehyde, in the presence of

basic or acid catalysts. Sol-gel
processing is a versatile method for
synthesizing solid materials and is
carried out in a liquid solution and at
low temperatures, generally below
100 °C.

An important step in the preparation
of these materials is the technique
used to dry the wet gel or hydrogel,
because it affects the surface
properties of the final carbon. Three
main methods have been developed
for this purpose, i.e., subcritical drying,
supercritical drying and freeze-drying,
which give rise to xerogels, aerogels
and cryogels, respectively.

Research on carbon gels has grown
rapidly since resorcinol-formaldehyde
gels were first prepared by R.W.
Pekala in 1989 [1]. This is largely due
to their well-developed micro- and
mesoporosity, whose size and volume
can be controlled independently, and
to their large surface area. In addition,
they can be readily doped with other
heteroatoms and obtained in varying
forms such as powders, microspheres,
monoliths and thin films. Thanks to
these characteristics, they are used
in adsorption, heterogeneous catalysis
and electrochemical energy storage,
among other applications [2-4].

Various authors have contributed to
this special issue. Prof. A. Celzard
and coworkers from the Université de
Lorraine (France) show that carbon
gels can be prepared from phenolic
resources of natural origin such as
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tannin and lignin, significantly reducing
the costs of the preparation process.
Prof. S.R. Mukai from the Hokkaido
University (Japan) describes the
versatility of carbon gels to adopt
different morphologies, attributable to
their behavior as readily moldable
fluids before their gelation. Prof. J.L.
Figueiredo from the Universidade do
Porto (Portugal) shows how the
characteristics of carbon xerogels can
be modified to ensure their adequate
performance as metal-free catalysts
for a wide variety of reactions in either
liquid or gas phase. Finally, Prof. N.
Job from the University of Liége
(Belgium) addresses mass transport
in carbon gels with tuned porosity,
which is an important issue in many
of the applications of these materials.

| wish to express my gratitude to all
authors that have contributed with
their time and effort to this special
issue of the Bulletin.

Carlos Moreno-Castilla
Guest Editor
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Abstract

Most carbon gels investigated so far and reported
in the literature were prepared from resorcinol
crosslinked with formaldehyde in water, and were
generally dried with supercritical CO, before being
pyrolysed. In the present paper, through some
selected examples, we show how valuable carbon
gels can be derived from other phenolic resources
having a natural origin. Special emphasis is given
to tannin and lignin, both derived from wood, as
potential precursors of carbon aero- and cryogels.
However, natural compounds not obeying the usual
concepts of sol-gel chemistry may also be used for
preparing carbon gels, such as cellulose, and even
glucose. In the latter case, hydrothermal treatment
forces the phase separation to occur, and leads to
monoliths which can be advantageously converted
into carbon aerogels by supercritical drying and
subsequent pyrolysis.

Resumen

La mayoria de los geles de carbdn investigados
hasta ahora y citados en la literatura han sido
preparados a partir de resorcinol reticulado con
formaldehido en agua, y generalmente secados con
CO, supercritico antes de ser pirolizados. En este
manuscrito, hemos seleccionado algunos ejemplos
y mostramos como se pueden preparar excelentes
geles de carbdn a partir de compuestos fendlicos
que tienen un origen natural. Especial mencion
merecen los taninos y ligninas, extraidos de la
madera, como potenciales precursores de aero- y
criogeles de carbdn. Sin embargo, otros compuestos
naturales que no obedecen al concepto habitual de
la quimica de sol-gel también pueden ser usados
para preparar geles de carbdn, como la celulosa y
la glucosa. En este ultimo caso, el tratamiento
hidrotermal fuerza la separacién de fase, y conduce
a monolitos que pueden ser convertidos en aerogeles
de carbén por secado supercritico y posterior pirdlisis.

1. Introduction

Gels are, among other possible definitions that can
be used for describing them, semisolid systems
comprising two phases, solid and liquid, embedded
in each other in such a way that the pores of the
solid, filled with solvent, are of colloidal dimensions
[1]. Removal of the liquid phase leads to a highly
porous backbone, especially if supercritical of freeze
drying has been carried out. The latter processes
indeed prevent the shrinkage of the material (though
never completely) and, therefore, the collapse of the
pores induced by capillary forces can be minimized.
Getting carbon gels is thus possible, as it is already
the case for most carbonaceous solids, from the
controlled pyrolysis of organic precursors, here
organic gels, in non-oxidizing atmosphere.

From the simple aforementioned assertions, it can
be concluded that using biopolymers or natural
resources in general for preparing carbon gels

involves several requirements. First, if the porous
structure has to be maintained, the precursors should
not melt when heated. Therefore, all chemical (i.e.
crosslinked) gels might be used for that purpose,
since chemical gels are insoluble, infusible, three-
dimensional polymer networks. In contrast, jellies
based on fruits and aspic based on gelatine, for
example, are physical (i.e. coagulated) gels, and
melt when heated. Then, the boiling and the pyrolysis
of the resultant liquid lead to an ill-defined brittle
residue, which is porous due to the evolution of
gases, but which is certainly not a carbon gel.
Nevertheless, infusible biopolymers which can be
dissolved and next coagulated may also become
precursors of carbon gels, provided that the porous
structure made up by their entanglement can be
maintained all along the drying and heat-treatment
processes. This is the case of cellulose, whose
carbon yield, however, is rather low.

Possible natural precursors for preparing carbon
gels should thus be prone to gelation or at least to
rigid entanglement, be infusible before or after being
crosslinked, have a high carbon yield and be cheap.
One advantage of using them is indeed, on top of
their “greener” character, the correspondingly reduced
cost of the resultant material. In the following,
emphasis will be given to phenolic biopolymers such
as tannin and lignin, especially well matching these
requirements. They are described in section 2, and
their use for preparing gels is developed in section
3 and partly in section 4. However, natural molecules
not obeying the aforementioned requirements may,
in some cases, also lead to carbon gels using special
preparation processes such as hydrothermal
treatment. Some examples are given in section 4.

2. Tannin and lignin as precursors of carbon gels

Tannin and lignin are both derived from plants, and
especially from wood. There are fundamental
differences between them, as explained below, but
both share valuable characteristics such as very
aromatic character, hence leading to a high carbon
yield, around 45%, and ability of being easily
crosslinked thanks to their number of reactive
hydroxyl groups. Figure 1 shows the typical chemical
structure of tannin and lignin, though that of lignin
can just be a model, strongly depending on its
vegetable origin and on the severity of its extraction
process.

Tannins are extractible molecules, industrially
exploited from wattle, pine and quebracho trees, for
example. They are oligomers based on the repetition
of the unit shown in Figure 1a, whose exact structure
depends on the origin. For instance, wattle tannin
has OH groups in positions 7, 3’, 4 and 5’, and the
corresponding flavonoid units are mainly 4,6-linked,
leading to water-soluble phenolic compounds with
typical molecular weights ranging from 0.5 to 3.5
kDa [2]. Lignin is also a phenolic molecule, but is a
three-dimensional, crosslinked, polymer. It is the




most common natural polymer after cellulose, and
its role in plant tissues is cementing cellulose fibres.
It is based on three phenylpropanoid monomers, as
shown in Figure 1b-d, connected with each others
through various inter-unit linkages, thus resulting in
a complex macromolecular structure [3,4]. Lignin is
generally considered as a waste material from the
pulp and paper industry, and is most often used as
fuel for the energy balance of pulping process.

Figure 1. Chemical structure of: (a) the flavonoid unit of condensed
tannins; (b)-(d) the structural units of lignin: (b) p-coumaryl alcohol;
(c) coniferyl alcohol (guaiacyl); (d) sinapyl alcohol (syringyl).
Figura 1. Estructura quimica de: (a) la unidad flavonoide de
taninos condensados; (b)-(d) las unidades estructurales de la
lignina: (b) alcohol p-cumarilico; (c) alcohol coniferilico (guaiacilo);
(d) alcohol sinapinilico (siringilo).

Tannin and lignin can be suitably crosslinked by
aldehydes, such as formaldehyde, and are thus
natural counterparts of resorcinol, from which most
carbon gels have been prepared and investigated.
However, tannin can be used either alone with
formaldehyde for preparing organic gels and derived
carbon gels [5], or in combination with other synthetic
phenolic molecules such as phenol or resorcinol [6],
whereas lignin can never be used alone. Whatever
the way it is crosslinked, and as far as the authors
know, lignin alone could never lead to homogeneous,
stable, organic gels from which carbon gels might
be prepared. Instead, hard precipitates are obtained.
Nice, reproducible, gels could only be obtained by
combining lignin with smaller phenolic molecules
such as phenol [7], resorcinol [8] and tannin [9].

3. Carbon gels from tannin and lignin: selected
examples

As explained above, tannin easily gels in the presence
of formaldehyde. Unlike what is known for resorcinol,
a broad range of pH can be successfully used with
tannin, leading to materials having different porous
structures, as demonstrated below. The typical pH
of a tannin solution is close to 4.5, at which the
reactivity with formaldehyde is the lowest, the highest
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reactivity being found at pH lower than 3 and higher
than 7. The pH can thus be advantageously increased
or decreased through the use of any base or acid,
respectively, abusively but very frequently referred
to as “catalysts”. As a consequence, the gelation
time is strongly modified, and the highest BET surface
areas of the resulting carbon aerogels, above 700
m2/g, are found at pH 4 — 5, whereas the mesopore
volumes increase with pH, up to 0.9 cm3/g [5].

Carbon aerogels derived from tannin present a typical
nodular structure, see Figure 2, and the average
diameter of such nodules decreases when the pH
increases. Such features are very usual for all other
gels derived from phenolic precursors. The materials
shown in Figure 2 were obtained by supercritical
drying in acetone, which is as efficient as CO» for
that purpose [10] but much cheaper. Combined with
the fact that a very inexpensive precursor was used,
tannin, these resultant carbon aerogels are 5 times
cheaper than their resorcinol-based counterparts
(3].

Instead of drying supercritically the monoliths before
pyrolysis, freeze-drying can be carried out. The
process is a bit longer, since it requires several steps
of solvent exchange, but is cheaper. Carbon cryogels
derived from mixtures of tannin and resorcinol were
successfully prepared, in which both proportions of
reactants and pH were changed. As a result, a much
broader range of porous structures than those of
typical resorcinol — formaldehyde gels could be
obtained. Interestingly, pore size distributions (PSD)
could be tuned through the pH for both tannin —
formaldehyde (TF) carbon aerogels and tannin —
resorcinol — formaldehyde (TRF) carbon cryogels,
either shifting the PSD at rather constant mesopore
volume (for TRF), or keeping the PSD centred on
the same pore width but changing the mesopore
volumes (for TF), see Figure 3 [5,6].

The porous structure of cryogels is different from
that of aerogels of identical composition for two
possible reasons. One is related to shrinkage during
drying, which may be very different depending on
the process. Thus, diluted gels can be freeze-dried
with a much lower shrinkage than what can be
observed when using supercritical solvents. As a
consequence, extremely high porosities, but
correspondingly low mechanical properties, are
obtained. Such weak materials may then suffer a

Figure 2. SEM pictures of tannin-based carbon aerogels prepared at two different pH. The effect of the pH on the porous structure
is clearly seen even at low magnification (after [5]).
Figura 2. Fotografias MEB de aerogeles de carbon preparados a partir de tanino y a dos pH diferentes. El efecto del pH sobre la
estructura porosa se ve claramente incluso al menor aumento (de [5]).
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Figure 3. Pore size distributions of tannin — resorcinol —
formaldehyde carbon cryogels (top) and tannin — formaldehyde
carbon aerogels (bottom), showing the significant impact of the
initial pH of the solution before gelation (after [5,6]).
Figura 3. Distribuciones de tamafio de poro en criogeles de
carbon preparados a partir de tanino - resorcinol - formaldehido
(arriba) y en aerogeles de carbon preparados a partir de tanino
- formaldehido (abajo), mostrando el impacto significativo del pH
inicial de la solucién antes de la gelificaciéon (de [5,6]).

serious pore collapse during pyrolysis, leading to
materials that are finally less porous than their
aerogel counterparts, whose mechanical properties
were higher due to lower amount of very wide pores.
This phenomenon was observed for diluted tannin
— formaldehyde cryogels, presenting a minimum of
BET surface area (400 m2/g) at pH 4 — 5 [11], i.e.
at the pH at which a maximum was observed for
tannin — formaldehyde aerogels (see above). Surface
areas and micropore volumes as high as 1400 m2/g
and 0.55 cm3/g, respectively, were measured at pH
7.5. The fact that NaOH used for adjusting the pH
at this value, remaining inside the porosity and acting
as an activating agent during the pyrolysis, thus
leading to somewhat activated carbon gels, can not
be discarded. The second reason for differences of
porosity between aero- and cryogels is related to
the nature of the solvent that has been used for
freeze-drying. Tert-butanol is most frequently used,
but is able to crystallise inside the porosity of the
gels, leading to acicular crystallites and deeply
modifying the resultant porosity. Figure 4 shows the
example of carbon cryogels particles prepared from
tannin and formaldehyde using the emulsion
polymerization process formerly described by
Yamamoto et al. [12], and in which needle-like pores
are easily seen. Materials freeze-dried in water,
whose ice volume is much bigger than that of the
liquid phase, comprise even bigger pores. As a
conclusion, foreseeing the kind of porosity that a
carbon gel will have after drying and pyrolysis is
totally impossible.

Preparing a chemical gel from any phenolic precursor
assumes that the conditions of gelation are known
and have been optimized. As explained above, high
initial dilution of the precursor resin leads to high

Figure 4. Needle-like macroporosity exhibited by carbon cryogel
particles made by inverse emulsion polymerization of a tannin-
formaldehyde solution, followed by freeze-drying in t-butanol and
pyrolysis at 900°C.

Figura 4. Macroporosidad acicular que muestran las particulas
de criogel de carbodn sintetizadas por polimerizacion en emulsion
inversa de una solucion de tanino - formaldehido, seguida de
liofilizacion en ter-butanol y pirdlisis a 900°C.

pore volumes, but the solid backbone is so weak

that a significant part of the porosity is lost during
drying and/or subsequent pyrolysis. Less diluted
gels should thus be preferred, having a lower initial
porosity, but whose major part will be maintained
because they are stiffer, so they can finally present
much more developed porous structure. Mechanical
strength is indeed a very important parameter, directly
related to porosity which can be controlled by initial
dilution, pH and amount of crosslinker. There exists
an optimum for each of these experimental
parameters. Additionally, some values that these
parameters may take can be in favour, or in contrast
hinder and even prevent, gelation.

Therefore, for better understanding phenolic systems,
building a phase diagram may be of great interest.
This has been recently done by our group in the
case of tannin — formaldehyde aqueous solutions,
see below. The situation is more complicated when
more than one phenolic molecule is present, such
as in lignin — tannin or lignin — phenol systems. In
the latter cases, some parameters must be fixed for
avoiding multi-dimensional diagrams that would be
impossible to represent. Figure 5 illustrates tannin
— formaldehyde and tannin — lignin — formaldehyde
diagrams as a function of a limited number of
parameters. The existence of areas within which no
gelation occurs, or within which reversible (physical)
gels are obtained, is evidenced.

The organic gels presented in Figure 5, especially
the aerogels, have been investigated recently [7,9]
but still deserve additional studies. All stable chemical
gels present the expected nodular structure, whatever
the composition, and so do their carbonaceous
derivatives. Both packing and average diameter of
their nodules depend on the amount of crosslinker,
pH and dilution of the resin. Pyrolysis leads to nice
carbon aerogels, whose porous texture is still under
investigation and will be published in the near future.
The first results confirm the relevance of lignin as
precursor of carbon gels, leading to surface areas
higher than 500 mZ2/g, just like for many other carbon
gels derived from synthetic resources.

4. Carbon gels prepared from alternative methods
or derived from other resources

The usual sol-gel chemistry used above is not
necessarily involved for preparing organic monoliths
from which carbon gels can be finally obtained. In
other words, the classical scheme consisting in
dissolving a precursor into a solvent, and whose
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Figure 5. Phase diagrams of tannin — formaldehyde (TF, top) and tannin — lignin — formaldehyde (TLF, bottom, reprinted from [9] with
permission) solutions, showing the kinds of materials obtained, depending on a limited number of experimental parameters (for TF:
pH and dilution at constant T/F ratio = 1.35; for TLF: T/L proportions and amount of formaldehyde at fixed dilution = 26% and constant
pH = 10). Supercritical, freeze-, or subcritical drying and pyrolysis of such gels leads to a very broad range of carbon gels, whose

complete investigation is far from being accomplished.

Figura 5. Diagramas de fase de las disoluciones tanino - formaldehido (TF, arriba) y tanino - lignina - formaldehido (TLF, abajo,
reproducido de [9] con permiso), mostrando las clases de materiales obtenidos, segin un nimero limitado de parametros experimentales
(para TF: pH y proporcién de la dilucion a T/F constante = 1.35; para TLF: Proporcién de T/L y cantidad de formaldehido a dilucion
fijla = 26 % y pH constante = 10). El secado supercritico, por liofilizacién, o subcritico de esos geles y su posterior pirdlisis conduce
a una muy amplia gama de geles de carbdn, cuya investigacion completa esta lejos de haberse finalizado.

crosslinking will lead first to a sol, i.e. to a very fine
suspension of solid, and next to a gel through the
gradual clustering of the suspended particles, can
be more or less modified, depending on both the
synthesis protocols and on the precursors.

For example, the phase separation leading to the
occurrence of polymer particles and hence to a gel
can be forced when hydrothermal conditions are
used. In this case, separation between gelation and
precipitation is not always easy, and some
experimental conditions lead to an overlapping of
these two regimes. In a general way, it can be
assumed that a gel is formed when the size of the
constitutive nodules is both “small” (say, a few nm
to a few tens of nm) and homogeneous, unlike
precipitates whose particles have all possible
dimensions, and can be much bigger. Figure 6 thus
shows the materials which could be derived from
wattle tannin dissolved in aqueous solutions of
different pH and submitted to 180°C under 1MPa.

Gels obtained this way are, just like their counterparts
prepared by conventional sol-gel chemistry, based
on rather spherical nodules. However, using
hydrothermal conditions, neither crosslinker nor
supercritical drying was required. The porosity was
indeed fully maintained after normal (i.e. subcritical)
drying in air and subsequent pyrolysis at 900°C.
Thus, the sample shown at the left of Figure 6 had
a BET surface area of 495 m2/g [13]. Additionally,
and interestingly, if not pure water but concentrated
ammonia solution is used instead, direct
functionalization of the precursor can be achieved,
leading to hydrothermal carbons having nitrogen
contents as high as around 15 wt.%. However, even
if the term “hydrothermal carbon” has been widely
used in the literature, the materials obtained directly
from the autoclave should never be considered as
authentic carbons, since their elemental carbon
content is around 60 wt.% only. Therefore, an
additional pyrolysis step is required for increasing
the carbon content above 80%. Doing so, the
materials functionalized with nitrogen loose part of
the latter, which is decreased to a value (a few %)

which depends on the final temperature.

Hydrothermal treatment is also a very interesting
process for getting carbons from precursors whose
carbon yield is intrinsically low when directly pyrolysed
in standard conditions, and/or whose gelation does
not occur according to the classical sol-gel chemistry.
Hydrothermal process indeed partly prevents the
evolution of gases based on light elements such as
C and N, and forces the phase separation to occur.
When a highly dispersed monolith, based on very
fine particles, is obtained, i.e. a true gel, its drying
and subsequent pyrolysis may lead to a carbon gel
derived from a priori unexpected precursors. The
best examples have been reported by the group of
Antonietti, using glucose as the main starting
compound. A rather fibrous carbon aerogel could
indeed be prepared from the hydrothermal treatment
of a mixture of glucose and ovalbumin, see Figure
7. BET surface area and mesopore volume higher
than 300 m2/g and 0.5 cm3/g, respectively, were
measured after pyrolysis at 900°C. Due to the
presence of protein among the precursors, this
carbon aerogel was naturally doped with around 6
wt.% of nitrogen [14].

Such materials could also be easily doped by sulphur
by simply incorporating a S source in the form of
low amounts of either S-(2-thienyl)-L cysteine or 2-
thiophene carboxaldehyde, leading to similar carbon
aerogels as above, after supercritical drying and
pyrolysis, but presenting special catalytic properties
related to their surface composition [15]. Finally,
borax has been recently suggested as both catalyst
and structure-directing agent, allowing the preparation
of monoliths from glucose treated in hydrothermal
conditions. After supercritical drying and pyrolysis,
carbon aerogels having different porous textures
could be obtained, depending on the amount of
borax. The highest BET surface area and mesopore
volume were around 360 m2/g and 0.4 cm3/g,
respectively [16]. As found in many other works
before, the size of the constitutive nodules changed
with the pH, hence with the amount of borax in this
special case.
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Figure 6. Various materials obtained by hydrothermal treatment of wattle tannin followed by pyrolysis at 900°C, using various pHs
and conditions of dissolution. Those at the left are true carbon gels (after [13]). Even wider range of materials can be obtained by

changing temperature, time and initial dilution.

Figura 6. Varios materiales obtenidos por tratamiento hidrotermal de tanino de acacia seguido de pirdlisis a 900°C, usando varios
pH y diluciones. A la izquierda, verdaderos geles de carbdn (de [13]). Cambiando la temperatura, el tiempo y la diluciéon inicial se

puede obtener una gama de materiales mas amplia incluso.

Figure 7. Fibrous carbon aerogels derived from the hydrothermal
treatment of a mixture of glucose and ovalbumin (after [14],
reproduced by permission of the Royal Society of Chemistry).
Figura 7. Aerogeles de carbon fibrosos preparados por tratamiento
hidrotermal de una mezcla de glucosa y albumina de clara de
huevo (de [14], reproducido con el permiso de Royal Society of
Chemistry).

Cellulose gels, aero- and cryogels, have been
successfully prepared according to a number of
techniques [17-21]. Cellulose could be used as such
or as an ester: cellulose acetate. The former leads
to physical (coagulated) gels, whereas the latter,
through the use of isocyanate as crosslinker, leads
to chemical gels. Both kinds of materials could be
converted into carbon gels. Due to the fibrous nature
of the precursor, the morphology of the resultant
carbons was found to be fibrillar, thus was different
from the traditional nodular structure most frequently
reported so far. However, the characteristics of such
gels are fully comparable with those based on
phenolic precursors. For example, carbon aerogels
derived from cellulose acetate (dried with supercritical
CO») presented BET surface areas higher than 400
m2/g [22] and mesopore volumes around 0.2 cm3/g
[23]. Because of such valuable characteristics, these
materials could be successfully doped with noble
metals and suggested as catalyst for PEM fuel cells
[24]. From physical cellulose gels, fibrillar carbon
cryogels have been obtained. These cryogels
presented surface areas and mesopore volumes
higher than 500 m2/g and 0.6 cm3/g, respectively
[20]. Due to the low carbon yield of cellulose, these
materials were advantageously pyrolysed in HCI,
making the carbon yield increase from 15 to 30%,
see Figure 8.

5. Conclusion

Producing carbon gels from natural resources,
whether they are aerogels, cryogels or xerogels,
was reported to be perfectly feasible, provided that
the precursors are suitably chosen. Given that melting
and extensive thermal decomposition should be

f o J “I \
o ﬂ 1 % 400 nm

Figure 8. Fibrillar carbon cryogels derived from cellulose and
pyrolysed at 600°C in nitrogen (left) and HCI (right). Reproduced
from [20] with permission.

Figura 8. Criogeles de carbon fibrilares preparados a partir de
celulosa y pirolizados a 600°C en nitrégeno (izquierda) y HCI
(derecha). Reproducido de [20] con permiso.

absolutely avoided, most of the porous, organic,
precursors are chemical gels of phenolic nature.
However, other systems have been reported, whose
main drawbacks, especially low carbon yield, could
be got round through a preliminary hydrothermal
treatment or through a pyrolysis in unusual
atmospheres. Nevertheless, such methods are not
enough when the precursor can not resist the
pyrolysis step, such as materials mainly based on
proteins. For example, soy-tannin aerogels recently
reported could never be converted into their
carbonaceous counterparts [25].

When compared to carbon gels made from synthetic
molecules, biopolymer-derived carbon gels generally
have very similar micropore volumes but possess
higher macropore volumes and much broader
mesopore size distributions. This finding is certainly
related to the much higher molecular weight of
structural units of bio-oligomers and biopolymers.
Crosslinked phenolic biopolymers are indeed
characterized by long polymer chains leading to
steric hindrance, hence preventing the formation of
very narrow pores related to high surface areas.
This is well known for tannin oligomers, which are
essentially branched and rigid, preventing the
complete reactivity of all possible sites with
formaldehyde. Additionally, the reaction with the
crosslinker further provides a 3D-character to the
polymer network, e.g. in the case of lignin, thus
preventing the formation of very narrow pores. In
contrast, organic and carbon gels based on smaller
synthetic molecules, such as resorcinol, may present
higher surface areas, higher mesopore volumes and
narrower mesopore size distributions, but are
significantly more expensive.




Anyway, and provided that their purity is high enough,
carbon gels derived from natural resources are
expected to have, and in some cases were already
found to have, the same applications as those
suggested for their synthetic counterparts, i.e.,
adsorbents, porous electrodes for electric double
layer supercapacitors or secondary batteries, filling
material for HPLC columns, catalyst supports, and
heat insulators at high temperature.
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Abstract

Carbon gels are unique porous carbons, which are
typically obtained through the carbonization of
resorcinol-formaldehyde gels. This material is
practically an aggregate of nanometer-sized carbon
particles. Nanopores, mostly in the size range of
mesopores, exist between the particles. Smaller
pores, micropores being the majority, also exist within
the particles. Therefore, this material has a
hierarchical pore system in which short micropores
are directly connected to mesopores.

The precursor of carbon gels can be obtained through
sol-gel transition. Therefore there is a high possibility
that the morphology of the resulting carbon can be
easily controlled using various molding methods.
We have actually challenged the controlling of the
morphology of carbon gels, and have succeeded in
obtaining them in the form of disks, microspheres
and microhoneycombs. Details of such carbon gels
will be reported.

Resumen

Los geles de carbon son materiales porosos unicos
que se obtienen normalmente mediante la
carbonizacion de geles de resorcinol-formaldehido.
Este material es practicamente un agregado de
pariculas de carbono nanométricas. Los nanoporos,
mayoritariamente en el intervalo de tamafo de los
mesoporos, existen entre las particulas. Los poros
mas pequefios, mayoritariamente microporos existen
también dentro de las particulas. Por tanto, este
material tiene un sitema jerarquico de poros en el
que los cortos microporos estan directamente
conectados a los mesoporos.

El precursor de los geles de carbon se puede obtener
a través de una transicion soil-gel. Por tanto hay
alta posibilidad de que la morfologia del carbén
resultante se pueda controlar facilmente usando
diferentes métodos de moldeo. De hecho, hemos
afrontado el reto de controlar la morfologia de los
geles de carbdn y hemos tenido éxito al obtenerlos
en forma de discos, microesferas y micro panales
de abejas. Los detalles de estos geles de carbén
se presentaran en este trabajo.

1. Introduction

Carbon gels are unique porous carbons which were
introduced in the late 1980s by Dr. Pekala and his
coworkers[1-3]. Carbon gels are practically an
aggregate of carbon nanoparticles. The voids formed
between the nanoparticles are in the mesopore size-
range, so this material is widely renowned as a
mesoporous carbon. Moreover, micropores exist
within the nanoparticles. Therefore it can be said
that this material has a hierarchical pore system of
micropores and mesopores[4-6].

Carbon gels are usually synthesized through the
following method [1-3]: First resorcinol is mixed with
formaldehyde, and with the aid of a base catalyst
such as sodium carbonate, substituted resorcinols
are formed. Through polycondensation, colloidal
particles are formed, and these particles coagulate
and form a 3 dimensional network of particles which

is called a resorcinol-formaldehyde (RF) hydrogel.

Carbon gels can be obtained by drying and
carbonizing this material. In the drying process,
special drying methods such as supercritical drying
are typically used in order to suppress shrinkage
and maintain the unique structure of RF hydrogels.
We showed that a more economical drying method,
freeze drying, can be used in place of supercritical
drying [7, 8]. Microwave drying can also be used in
limited cases [9, 10].

It is also well known that carbon gels have a high
nanostructure controllability [5, 6]. For example, the
size of the mesopores of carbon gels depends on
the size of the nanoparticles which consist it, and
the size of such nanoparticles can be controlled by
the catalyst concentration of the starting solution,
which means that the size of the mesopores can
also be controlled indirectly by adjusting this
concentration. Moreover, the volume of micropores
can be easily increased using conventional activation
methods without hardly affecting the size and volume
of mesopores. Therefore if a method to give carbon
gels a desired morphology without affecting its porous
properties can be established, unique porous
carbons, the micro-, meso- and macro-scale
structures of which can be independently controlled
to best match their usages will be obtained. In this
report, the attempts our group has made to obtain
such carbons will be introduced.

2. Disks

As the precursor of carbon gels, RF gels, are usually
obtained through sol-gel transition, we expected that
it would be quite easy to mold them into a simple
disk form without using any binders. To verify this
possibility, first starting solutions with typical
compositions were prepared, and then they were
poured into teflon molds of different thicknesses.
After sol-gel transition occurred, the resulting RF
hydrogels were released from the molds, and were
subsequently freeze-dried and carbonized yielding
carbon gel disks [11].

]
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Figure 1. Typical disks obtained in this work.
Figura 1. Discos tipicos obtenidos en este trabajo.

Fig. 1 shows a photograph of typical disks obtained
through this method. The disk on the left side is an
RF hydrogel, the one in the middle an RF cryogel,
and the one on the right, a carbon cryogel. Significant
shrinkage occurred during drying and carbonization,
but distorted disks or disks with cracks were hardly
obtained, which indicates that shrinkage occurred
fairly isotropically. Fig. 2 shows how the shrinkage
ratio depends on the catalyst concentration. Isotropic




shrinkage can also be confirmed from this graph.
Therefore it can be concluded that monolithic carbon
gel disks can easily be obtained through this method.
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Figure 2. Shrinkage ratio of the obtained disks.
Figura 2. Relacion de encogimiento de los discos obtenidos.
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3. Microspheres

The next morphology to be explained about is
microspheres. As the initial source of carbon gels is
an aqueous solution, we assumed that they could
be molded into microspheres through inverse
emulsion polymerization. In order to verify this
possibility, first a typical starting solution was prepared
and was kept at a constant temperature Tgel, and
just before the solution was about to transform to a
gel, it was dispersed into a mixture of cyclohexane
and SPANBSO, a surfactant which was maintained at
the same temperature Tgel. After agitating the resulting
emulsion for 5 to 10 h, RF hydrogel microspheres
were formed. Carbon gel microspheres were obtained
by freeze drying and carbonizing these microspheres
[12, 13].

Fig.3 shows SEM micrographs of typical
microspheres obtained through this method. It can
be seen that microspheres with diameters in the
range of 5 to about 30 micrometers were obtained.
The inner parts of the microspheres were found to
be formed by nanoparticles, like typical carbon gels,
but interestingly, macropores or large mesopores
could not be found at the surface of the microspheres.

So next we analyzed the surface structure of the
microspheres through the so-called molecular probe
method. Fig. 4 shows the results where the micropore
volume accessible to the probe molecule is plotted
as a function of the minimum dimension of the probe
molecule. It was confirmed that when Tgel was low
and the carbonization temperature (prro% was high,
the surfaces of the microspheres tended to become

a) Microspheres

Figure 3. SEM micrograph of typical microsphere samples.

Figura 3. Microfotografia SEM de muestras de microesferas tipicas.

b) Cross-Section
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microporous, and in certain cases, microspheres in
which even carbon dioxide cannot penetrate into
could be obtained. This indicates that microspheres
having mesoporous inner parts and surfaces with
unique properties can be obtained through this
method. Therefore, this method not only enables the
synthesis of carbon gel microspheres, but also allows
the controlling of the nanostructure of the surface of
the resulting microspheres.
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Figure 4. Estimation of inlet size of the surface pores of typical
carbon gel microspheres.

Figura 4. Estimacion del tamafio de entrada de los poros
superficiales de microesferas tipicas de geles de carboén.

4. Microhoneycombs

Porous carbons are usually synthesized in the form
of particles, therefore the size of the particle
determines the length of the diffusion paths within
it. This means that the particle size must be small
enough to ensure a high accessibilty to their inner
parts. However as the voids formed between the
particles provide paths or macropores to the material,
the size of the particles also determines the resistance
they cause when fluids are passed through them.
So the particle size must be large to avoid significant
resistance to flows. This means that a high
accessibility to their inner part is a complete trade-
off with a low resistance to flows. Indeed, there are
many cases in which large particles are used just to
avoid severe pressure drops. This dilemma can be
avoided by changing the morphology of the material.

A microhoneycomb, which is a monolith having
straight and aligned channels which sizes are in the
micrometer range, and which channels are formed
by nanoporous walls which thicknesses are also in
the micrometer range is thought to be one example

c) Surface
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of an ideal morphology. As the thickness of the walls
is in the micrometer range, the diffusion paths within
them are extremely short, and as the channels are
straight and aligned, the resistance when fluids are
passed through this monolith can be minimized. It
was difficult, if not impossible to synthesize such
microhoneycombs using conventional methods, but
we found that such microhoneycombs can be
synthesized through the sol-gel method using ice
crystals as the template [14-16].

In the developed method, first a hydrogel precursor
is prepared, and then this hydrogel is dipped at a
constant rate into a cold bath which temperature
was maintained below the freezing temperature of
the gel. This freezing process is called unidirectional
freezing. During this freezing process, an array of
needle shaped ice crystals appears within the
hydrogel and elongates in the freezing direction.
This causes the hydrogel to be condensed between
the growing ice crystals. So, a monolithic
microhoneycomb as shown here could be obtained
by thawing and drying the completely frozen material.
As ice crystals act as the template in this method,
we named it the ice templating method [14-16]. This
method was originally developed using a silica
hydrogel, but considering the similarity of hydrogels,
we thought that this method will also be applicable
to resorcinol-formaldehyde hydrogels.

We actually tested this possibility [17, 18]. First a
typical starting solution was prepared, and through
sol-gel polycondensation, rod type RF hydrogels
were formed. As the catalyst was thought to disturb
the growth of ice crystals, the hydrogels were
thoroughly washed with distilled water. Then the
samples were dipped at a constant rate into a cold
bath. The obtained samples were aged, freeze-dried
and carbonized yielding monolithic carbon gels.
: —_—

Figure 5. Cross sectional SEM image of a typical monolithic RF
gel microhoneycomb.

Figura 5. Imagen SEM de la seccién transversal de un tipico gel
RF monolitico en panal de abeja.

Figure 5 shows a SEM micrograph of the cross
section of a typical sample obtained in this work. It
can be noticed that the RF gel was successfully
molded into the form of a microhoneycomb.
Nanoparticles which are the origin of mesoporosity
can be clearly distinguished in the enlarged
micrograph of the honeycomb wall which indicates
that the nanostructure of the gels is not altered by
freezing. This was also confirmed through adsorption
experiments. Therefore a mesoporous RF gel was

successfully obtained.

Figure 6. Cross sectional SEM image of a typical monolithic
carbon gel microhoneycomb microhoneycomb.

Figura 6. Imagen SEM de la seccion transversal de un tipico
gel monolitico de carbén en panal de abeja.

Next, we attempted to carbonize the RF gel
microhoneycommb. Figure 6 shows a cross sectional
SEM micrograph of a typical sample after
carbonization. It can be noticed that although slight
shrinkage occurs, the sample maintains its unique
morphology. Therefore, it can be concluded that
carbon gels having a unique microhoneycomb
morphology can be obtained through ice templating.

5. Concluding Remarks

As was introduced in this article, we found that it is
very easy to control the morphology of carbon gels.
Therefore, not only the micro- and meso-structures,
but also the macro-structure of this unique material
can be tuned to best match its application. We are
now investigating applications which can make full
use of such carbon gels with controlled morphologies,
and hope to report the results in the near future.
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Abstract

The synthesis and properties of carbon xerogels are
briefly described, emphasizing the methods used
for tuning of their surface chemistry and textural
properties, in order to design catalysts suitable for
specific applications.

Resumen

La sintesis y las propiedades de los xerogeles de
carbon han sido descritas brevemente, incidiendo
en los métodos de preparaciéon usados para la
modificacion de las propiedades texturales y la
quimica superficial, con el objetivo de disefar
catalizadores adecuados para aplicaciones
especificas.

1. Introduction

The versatility of carbon materials in catalysis is well
documented in the literature, and has been the
subject of a recent review [1]. Activated carbons and
carbon blacks are the carbon materials which have
traditionally been used in catalysis, either as catalyst
carriers or as catalysts on their own. One of the
drawbacks of activated carbons is that they are
essentially microporous materials, while mesoporous
materials would be advantageous for catalysis in
order to minimize diffusion limitations and catalyst
deactivation. However, various types of
nanostructured carbon materials have been
developed in recent years which offer quite interesting
properties for catalytic applications. In particular,
carbon gels can be produced by carbonization of
organic gels obtained by the sol—gel polycondensation
of organic monomers such as resorcinol and
formaldehyde [2]; they are designated as aerogels,
xerogels or cryogels according to the method used
for drying the aqueous organic gels (supercritical
drying, conventional drying and freeze drying,
respectively). Carbon gels are materials of high
porosity and surface area, controllable pore size,
and can be shaped in various forms for practical
applications (such as monoliths, thin films and pellets).
By adequate tuning of their surface chemistry and
textural properties, it is possible to design catalysts
suitable for specific applications. Previous reviews
focused mainly on metal-doped carbon gels [3,4],
while here we will concentrate on the development
of carbon xerogels as catalysts on their own,
highlighting some of the most recent results reported.

2. Synthesis and properties

Similarly to any other solid catalyst, the catalytic
performance of a carbon xerogel is determined by
the nature, concentration and accessibility of its
active sites, and these factors depend both on the
physical and the chemical properties of the material.

Figure 1 represents schematically the different steps
in the synthesis of a carbon xerogel. The textural
properties of the materials obtained are largely
determined by the synthesis conditions, and various
parameters can be modified in order to optimize the
process, including the formaldehyde/resorcinol ratio,
type and amount of catalyst, curing temperature,
addition of other monomers (for instance, cresol),

and drying procedure.

Resorcinol
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X X Sol
(sodium hydroxide)
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Figure 1. Steps in the synthesis of a carbon xerogel catalyst.
Figura 1. Etapas de sintesis de un catalizador de xerogel de
carbon.

The method of drying the aqueous organic gel is
one of the key factors for the synthesis of a
mesoporous carbon. Indeed, it is necessary to
prevent the collapse of the 3D network which may
occur as result of the strong capillary forces of water,
and this may be accomplished by solvent exchange.
One recipe which is commonly used to produce
carbon xerogels in our Laboratory is the following:
formaldehyde/resorcinol ratio = 2.0; gelling and
curing step performed over a period of three days
(at 30, 50, and 75 °C, one day each); water removed
by sequential exchange with acetone (initially
containing 5% acetic acid) and cyclohexane, followed
by drying overnight at 80 °C; carbonisation at 800
°C gramp @ 3 °C min-1) under nitrogen flow (100
cm3 min-1, 6 h). But in particular, the textural
properties are most sensitive to the pH used in the
sol-gel processing [5]. As an example, Figure 2
presents data for two carbon xerogels with quite
different textural properties which were synthesized
under similar conditions, except for the pH (adjusted
with NaOH solution) which was 5.6 (sample 37CXUA)
or 6.0 (sample 39CXUA). Figure 2a) shows the
nitrogen adsorption isotherms, and Figure 2b) the
corresponding mesopore size distributions. The BET
surface areas of these samples are very similar (653
m2/g for sample 37CXUA and 645 m2/g for sample
39CXUA), but the average mesopore diameters are
quite different: 16 nm for sample 37CXUA and 4 nm
for sample 39CXUA.

Carbon xerogels (CX) have a graphitic structure,
and so the active sites are expected to be found
mainly at the edges of the graphene layers, where
the unsaturated carbon atoms may chemisorb
oxygen, water, or other compounds like ammonia,
originating surface groups such as those represented
schematically in Figure 3. Similar surface groups
can be formed on basal plane defects. In addition,
the Ttelectron system of the basal planes contributes
to the carbon basicity, affecting its adsorption and
catalytic properties [6,7].

Both gas phase and liquid phase treatments can be
used to generate oxygen groups on the surface of
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Figura 2. Propiedades texturales de dos xerogeles de carbdn sintetizados a distintos valores de pH: a) isotermas de adsorcién de

Ny a 77 K, b) distribucion de tamafio de mesoporos.

carbon xerogels [8,9], while heating under inert
atmosphere may be used to selectively remove some
of these functions. Typical gas-phase activation
consists of heating the CX sample up to a
temperature in the range 350-450 °C using 5% O»
(diluted in Njy) with adequate duration of the
isothermal heating period in order to achieve the
desired burn-off (BO).
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Figure 3. Nitrogen and oxygen surface groups on carbon.
Reprinted from reference [7] with permission from Elsevier.
Figura 3. Grupos funcionales de nitrégeno y oxigeno en materiales
de carbén. Reproducido de [7] con permiso de Elsevier.

Both the mesopore surface area and the micropore
volume are expected to increase upon oxidation, as
a result of the widening of existing pores and/or
creation of new ones by selective gasification of
structural components, or by the opening of some
of the previously inaccessible pores [8]. On the other
hand, liquid phase oxidation with nitric acid can be
performed on a Soxhlet, with different acid
concentrations and duration of the treatment, followed
by washing with distilled water, and then drying at
110 °C [9]. Alternatively, a recently developed
hydrothermal procedure can be used, allowing for
a finer control of the extent of surface oxidation [10].
The textural changes are negligible when using low
concentrations of nitric acid, but can be of the same

order of magnitude as those induced by gas phase
oxidation when using higher concentrations.

The nature and concentration of the surface oxygen
groups can be assessed by temperature-programmed
desorption with mass spectrometry (TPD-MS), a
method which has been improved in our group
[11,12]. Upon heating, carboxylic acids and lactones
release CO,, while phenol and carbonyl groups
release CO; carboxylic anhydrides decompose by
releasing both CO and CO,. As an example, Figure
4 shows the TPD spectra obtained with a carbon
xerogel (sample 28CX-UA, average mesopore
diameter = 28 nm) oxidised by two different methods,
namely: treatment with HNO3 7M in a Soxhlet, under
reflux, for 3 hours (sample 28CX-NA), and oxidation
in the gas phase with a mixture of 5% O; in N, at
415°C for 30 hours, to a burn-off of 17% (sample
28CX-AR) [9]. The TPD profiles of nitric acid and air
activated samples are quite different, but both show
large increases in the amounts of evolved CO and
CO5 in comparison to the original sample.
Deconvolution of the CO and CO, spectra can
provide reliable estimates of the amounts of each
type of oxygen group [11,12]. Activation by air creates
mainly phenol and carbonyl groups. Nitric acid
activation is most suitable to introduce carboxylic
groups, but large amounts of phenol and carbonyl
groups are also generated.

Nitrogen doping can be accomplished by the
introduction of a nitrogen-containing precursor in the
organic xerogel, such as urea and melamine [13,14],
or by post-treatments with nitrogen compounds, such
as ammonia, urea or amines. Different types of
surface nitrogen groups can be obtained, as shown
in Figure 3, which can be determined by
deconvolution of XPS spectra [13-15]. The additional
electrons provided by nitrogen increase the surface
basicity. Moreover, the presence of nitrogen atoms
in the carbon matrix, particularly in the case of
pyridinic (N6) and pyrrolic (N5) groups, has been
shown to enhance the catalytic activity of carbon
materials in oxidation reactions [16,17].

3. Catalysis with carbon xerogels

Heterogeneous catalysts are generally classified
into three groups, namely metals, non-stoichiometric
metal oxides, and acids, each group showing catalytic
activity for a defined set of reactions [18]. Interestingly,
carbon materials can be active catalysts for reactions
which are typical of all three classes, such as
dehydrogenations, oxidations and reductions, and
alkylation and dehydration, a fact that was recognized
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Figure 4. CO and CO2 TPD spectra of activated and original carbon xerogel samples: original sample (28CX-UA); sample treated in
nitric acid (28CX-NA); and sample treated in oxygen (28CX-AR). Adapted from reference [9]..

Figura 4. Perfiles de desorcion térmica programada de CO y CO> para las muestras de xerogeles de carbdn activados y originales:
muestra original (28CX-UA); muestra tratada con acido nitrico (28CX-NA); y muestra tratada con oxigeno (28CX-AR). Adaptada de

9.

long time ago [19]. The versatility of carbon as a
catalyst [7, 20] stems from the rich variety of surface
functional groups (Figure 3) which can act as active
sites for different types of reactions. Selected
examples are reviewed in the next sections,
highlighting some of the recent results obtained in
our group.

3.1 Carbon xerogels as acid catalysts

Acidic surface oxygen groups include carboxylic
acids and anhydrides, lactones or lactols, and phenols
(Figure 3). Previous reports with oxidized activated
carbons showed that carboxylic acid groups are
responsible for their catalytic activity in the
dehydration of alcohols [21, 22]. But, in general,
stronger active acid sites are required to catalyze
other reactions, such as alkylations, esterifications,
acetalizations and hydrolyses. Efficient acid catalysts
for these reactions can be obtained by
functionalization with sulfonic acid groups [23]. For
instance, the activity of carbon xerogels treated with
nitric acid and with sulfuric acid was recently assessed
in the ring opening reaction of epoxides by alcohols
and amines [24]. The introduction of sulfonic acid
groups (CX treated with H,SOy4) provided for the
most active catalyst, the conversion of styrene oxide
with ethanol reaching nearly 100 % at room
temperature after 30 minutes, with a selectivity of
97 % towards 2-ethoxy-2-phenylethanol. However,
similar performances were observed with both carbon
xerogels in the reaction of styrene oxide with aniline
[24].

Preliminary results for the esterification of acetic acid
with ethanol were obtained in our group [25], using
two different carbon xerogel catalysts: CX-HNO3
(treated with HNO3 5M; acidity = 1.58 mmol g-1) and
CX-H2S04 (treated with concentrated HoSOy4; acidity
= 1.91 mmol g-1). As expected, the sample
functionalized with sulphuric acid was the most
active, with a yield of ethyl acetate of 52 % after 12
h, while only 13 % was obtained with sample CX-
HNO3 (T=70 °C; molar ratio ethanol/acetic acid=10;
0.2 g of catalyst). In order to establish a correlation
with the concentration of the active sites, three
samples were prepared with different amounts of
sulfonic acid groups. Two samples were
functionalized with concentrated H,SO4 at 150 °C
for 6 hours, but with different ratios of acid to solid
(150 mL and 20 mL H2SOy4 per gram of CX). The
concentrations of sulfonic acid groups, determined

by XPS, were 994 and 591 pmol g-1, respectively.
A third sample was obtained from the first one by
heat treatment in helium at 250 °C ([SO3H] = 78
pmol g-1). Figure 5 shows that the catalytic activity
correlates nicely with the concentration of surface
sulfonic acid groups.
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Figure 5. Correlation between the catalytic activity of carbon

xerogels for the esterification of acetic acid with ethanol and the

concentration of sulfonic acid groups.

Figura 5. Correlacion entre la actividad catalitica de los xerogeles

de carbdn para la esterificacion de acido acético con etanol y la

concentracion de grupos sulfénicos.

3.2 Carbon xerogels as oxidation catalysts

The oxidative dehydrogenation of hydrocarbons
(ODH) is one of the most interesting applications of
carbon materials as catalysts. It has been established
that the reaction involves the quinone-hydroquinone
groups [26], as shown in Figure 6.

The active sites are the quinone groups (pairs of
carbonyl groups at the edges of the carbon layers
connected by a resonance structure), which are
converted into hydroquinones, and regenerated back
to the original sites by oxygen. This reaction has
been intensively studied using activated carbons
and carbon nanotubes as catalysts [7,20,26-28]. We
have recently started to investigate the use of carbon
xerogels as catalysts for the ODH, but no results
have been reported so far.

Another reaction which has been carried out with
carbon xerogel catalysts is the oxidation of NO [29].
This is an interesting route for the control of NO
emissions, since the NOj, formed can be
subsequently removed by absorption in water. The
NO conversions are quite high, showing that carbon
xerogels are efficient catalysts for NO oxidation. A




conversion of 98 % was obtained at room temperature
with a concentration of NO of 1000 ppm and 10 %
of Oo. It is assumed that oxygen is first chemisorbed
on the active sites, reacting then with NO to form
NO», as schematically shown in Figure 7.

Alkane Alkene

—

H,0 12 0,

Figure 6. Catalytic cycle proposed for the oxidative
dehydrogenation of hydrocarbons on carbon materials. Adapted
from [7].

Figura 6. Mecanismo catalitico propuesto para la deshidrogenacion
oxidativa de hidrocarburos en materiales de carbon. Adaptada
de [7].

The incorporation of nitrogen was found to improve
significantly the catalytic activity of the carbon
xerogels [29], the rate of NO oxidation increasing
with the concentration of pyridine and pyrrole groups,
as shown in Figure 8, in agreement with theoretical
predictions [16].
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Figure 8. Rate of NO oxidation versus the concentration of
pyridine and pyrrole groups.

Figura 8. Velocidad de oxidacion de NO en funcion de la
concentracion de los grupos piridina y pirrol.

3.3 Carbon xerogels as catalysts for Advanced
Oxidation Processes

Advanced oxidation processes (AOPs) is the
collective designation of a set of chemical treatments
designed to remove (mainly) organic pollutants from
water and waste water by oxidation via highly reactive
hydroxyl radicals. Among others, oxygen (or air),
hydrogen peroxide or ozone can be used as oxidizing
agents, the processes being called wet air oxidation
(WAO), wet peroxide oxidation (WPQO) and ozonation,
respectively. Various types of catalysts have been

Figure 7. Proposed steps in the oxidation of NO on carbon xerogels.

Bol. Grupo Espafol Carbon

used in these processes, but it has been shown
recently that carbon materials without any supported
metal or oxide phase can be highly active for the
complete mineralization of the organic pollutants or
their intermediate oxidation products into CO5 and
inorganic ions [7,20]. In this way, the costs associated
with the use of expensive metal or oxide catalysts,
and the danger of leaching of these catalytic phases
into the effluents, are avoided.

We have already reported on the performance of
carbon xerogel catalysts for the wet air oxidation of
aniline [30] and nitro-aromatic compounds [31], for
the wet peroxide oxidation of dyes [32], and for the
ozonation of different types of dyes and also of oxalic
acid, a common end-product of the oxidation of dyes
which is refractory to non-catalytic ozonation [33].

Figure 9 presents data for the total organic carbon
(TOC) removal during the ozonation of a dye (C.I.
Acid Blue 113) catalyzed by carbon xerogels [33].
Three carbon xerogels with an average mesopore
diameter of 37 nm were used as catalysts, namely
the original material (XCO, Smeso = 329 m2 g-1, pHp,c
=7.8), a HNO3 oxidized sample (XC1, Sipeso = 440
m2 g-1, pHp,¢ = 3.1), and a thermally treated sample
(XC2, Sineso = 252 m2 g-1, pHy,c = 8.7). The results
clearly show that the best performance is achieved
with the basic carbons: XC2 > XCO0 > XC1.
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Figure 9. Normalized TOC removal in the ozonation of C.I. Acid
Blue 113 at room temperature with carbon xerogel catalysts of
different surface chemistry. Adapted from [33].
Figura 9. Eliminacién de COT mediante la ozonizacién de C.I.
Azul acido 113 con xerogeles de carbdn con distinta quimica
superficial a temperatura ambiente. Adaptada de [33].

It should be stressed here that the removal of colour,
that is, the degradation of the dye, is very fast even
without a catalyst; thus, complete decolourisation
was achieved by ozone at room temperature in less
than 15 minutes [33]. However, single ozonation
cannot remove most of the TOC in solution, showing
that some of the dye degradation products still remain
in solution. Mineralization degrees close to 100%
require the presence of a catalyst, and carbon
xerogels with a basic surface are capable of
approaching this performance.

The AOPs reaction mechanisms are complex, and
may involve a combination of homogeneous and
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Figura 7. Etapas propuestas en la oxidacion de NO en xerogeles de carbon.
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heterogeneous steps. In the case of ozonation, it is
accepted that the carbon catalyst accelerates the
decomposition of ozone. The delocalized Trelectron
system, or the surface basic groups (pyrone,
chromene, pyrrole, cf. Figure 3) have been identified
as the active sites for decomposition of ozone,
leading to the formation of free radical species in
solution, such as HO", and also of surface free
radicals (O~", Oo™", O37"). Thus, both pathways
(homogeneous and heterogeneous) can be
responsible for the oxidation of the organic
compounds [34].

4. Conclusion

The physical and chemical properties of carbon
xerogels can be easily modified by selecting the
synthesis conditions and/or by suitable post-
treatments, so that these materials can perform
adequately as metal-free catalysts for a large variety
of reactions, both in the liquid or in the gas phase.
Selected examples from recent reports were reviewed
in this paper, highlighting the performance of carbon
xerogels as solid acid catalysts and also as oxidation
catalysts. Further advances in the field require the
proper identification and quantification of the active
sites involved in each application.
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Abstract

Diffusional limitations in carbon gel-supported
catalysts are often encountered despite their open
structure. However, the analysis of mass transport
is rarely taken into account in studies dealing with
catalyst preparation and test using these
nanostructured carbons as supports. Any catalytic
system should be first subject to mass transport
analysis before any conclusion can be drawn about
relationships between the physico-chemical
properties and the measured activity of the catalyst.

Resumen

Pese a su estructura abierta, a menudo se observan
limitaciones difusionales en catalizadores soportados
en geles de carbono. Sin embargo, en los diversos
estudios de preparacion y testeo de catalizadores
soportados en estos materiales nanoestructurados,
pocas veces se lleva a cabo un analisis de
transferencia de masa. Asi, antes de obtener
cualquier conclusion sobre la relacion entre las
propiedades fisicoquimicas y la actividad de un
catalizador, el sistema deberia someterse a un
analisis de trasporte de masa.

1. Introduction

Porous carbon materials are widely used in many
applications: adsorption in liquid or gas phase, gas
separation, supports for catalysts, electrocatalysis,
materials for batteries, etc. In all these processes,
the pore texture of the chosen carbon material plays
a major role. Indeed, whatever the above-mentioned
application, species which can be adsorbates,
reactants or ions must circulate within the pore
texture. The control of the carbon pore texture is
thus key to an efficient process.

However, carbons used in industrial applications or
in electrochemical devices, such as activated carbons
or carbon blacks, most often display quite
inappropriate pore textures with regard to mass
transport. The texture of activated carbons, for
instance, is generally microporous, with low
macropore or mesopore volumes, which often
induces diffusional limitations during catalytic and

(a)

adsorption processes. Carbon blacks, which are
composed of microporous near-spherical particles
of colloidal sizes (~ 20 — 60 nm), coalesced together
as aggregates (1 — 100 ym), remain the elected
material for Proton Exchange Membrane fuel cell
electrodes [1]; however, the pore texture of the
electrodes is quite dependant on the electrode
processing because it is to a large extent defined
by the packing of the carbon aggregates, which
depends on the electrode manufacture technique.

These drawbacks call for the development of carbon
materials with controllable and tunable pore texture.
This is why so many recent works were dedicated
to the preparation of synthetic porous carbon
materials, with special attention to the control of the
textural properties. Several routes were investigated
in the last 20 years and, among the numerous new
carbon materials developed, carbon gels, i.e. carbon
xerogels, aerogels and cryogels, have been
successfully used at laboratory scale as alternative
to commercial carbons in several processes. The
advantage of carbon gels is that their pore texture,
i.e. pore size and pore volume, can be very accurately
tuned within a wide range. As a result, one can adapt
the pore texture of the used carbon with regard to
the application in order to get rid of diffusional
limitations encountered with mainly microporous
materials. However, the elimination of mass transport
limitations is not straightforward since it does not
only depend on the pore size, but also on the void
fraction, on the tortuosity of the pores and on the
characteristic dimension of the catalyst pellet or
particle. The aim of the present paper is to highlight
the advantages of these materials in terms of mass-
transport control, and to underline the precautions
to be taken when using these a priori “diffusional
limitation-free” materials.

2. Preparation of carbon gels with tuned pore
texture

The preparation of carbon gels and the final pore
texture obtained in function of the preparation recipe
used is very well referenced in the literature [2].
Although alternatives can be found, most studies
report the mixing of resorcinol and formaldehyde
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Figure 1. (a) Scanning electron micrographs of three carbon xerogels prepared at the same dilution ratio (D = 5.7) and various pH
conditions. (b) Pore size distribution of carbon xerogels (D = 5.7) prepared at pH = 5.25 (¢ ), pH = 5.75 (p) and pH = 6.25 (n). (¢)
Carbon gel modeling: covalently bonded microporous spherical-like nodules separated by meso/macropores.
Figura 1. Micrografias electronicas de barrido de tres xerogeles de carbon preparados con la misma relacion de dilucion (D = 5.7) y
diferentes pHs. (b) Distribucion del tamafio de poros de xerogeles de carbén (D = 5.7) preparados a pH = 5.25 (¢ ), pH = 5.75 (p)
and pH = 6.25 (n). (c) Modelo de gel de carbén: nédulos esferoidales microporosos enlazados covalentemente separados por

meso/macroporos.




(reagents) in water (solvent) and use of sodium
carbonate as basification agent (also called ‘base
catalyst’). After gelation and ageing, the gel is
composed of interconnected spherical nodules
delimiting voids filled with the solvent. After drying
and pyrolysis, the so-called ‘string-of-pearl’-like
structure remains (Fig. 1a) whatever the drying
technique, although large variations in the final pore
volume can be observed depending on the method
used (evaporation, supercritical drying or freeze-
drying). Pyrolysis induces the development of
microporosity within the nodules. As a result, carbon
gels display a bimodal pore texture (Fig. 1b):
meso/macropores are delimited by the spacing
between microporous nodules (Fig. 1c).

In order to change (tune) the pore texture of the final
material, one can play on three main variables [3]:
(i) the pH of the precursor solution, (ii) the dilution
ratio, i.e. the water/reactants molar ratio and (iii) the
drying technique. In a global way, the nodule size is
mainly fixed by the pH of the precursor solution while
the pore volume and pore size are mostly related to
the dilution ratio and drying technique. However, the
relationship between the synthesis/drying variables
and the pore texture parameters is not
straightforward. The dilution ratio, for instance, also
impacts the nodule size, although to a less extent
than the pH of the solution. The nature and
concentration of ions also modifies the texture: for
instance, adjusting two gels at the same pH with
NaOH or Mg(OH), leads to two different materials
[4]. The drying technique impacts strongly the pore
texture when the pores are small and when the
dilution ratio is high. Indeed, in this case, evaporation
leads to a shrunk material with low pore volume
compared to materials obtained by supercritical
drying or freeze-drying. However, as the solid fraction
and pore size increases, capillary tensions induced
by the curved liquid-vapor interface during
evaporation decreases, and no shrinkage is observed
whatever the drying technique [3]. Finally, the pore
size and pore volume of carbon gels can be tuned
independently within a wide range: from a few nm
to a few ym, and from 0 to 5-6 cm?/g, respectively.
This leaves plenty of room for adjustment with regard
to the final application.

3. Use in mass-transport dependant processes
3.1. Heterogeneous catalysis

The deposition of active species on carbon gels is
not more difficult than in the case of other carbon
supports, but one of the advantages is that the
surface chemistry can also be tuned by post-
treatments [5], which further eases the impregnation
with metal precursors for instance, or even the
grafting of metal complexes. Many studies have
reported the preparation of metal, alloy or oxide
catalytic nanoparticles on such supports and their
use in various catalytic processes [6]. However, few
of them include the analysis of mass transport
limitations in their discussion of results and, due to
the lack of appropriate data, it is often difficult to
determine whether the measured activity of the
catalyst is diffusion-free or not. The danger here is
to attribute reaction rate constancy or modifications
to the physico-chemical characteristics of the catalyst
(e.g. composition, surface chemistry, dispersion,
etc.) while the system is in fact dominated by mass
transport effects: in this case, the measured reaction
rate is not the specific reaction rate, i.e. related to
the physico-chemical properties of the catalytic sites,
but an apparent reaction rate, somewhat falsified by
mass-transport limitations.

cl| c..c
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This problem is quite classical in heterogeneous
catalysis (Fig. 2) [7]: to reach the catalytic sites,
reactants have first to diffuse through an external
stagnant film of fluid outside the catalyst pellet and
must then circulate within the pores of the support;
products must then go the reverse way. In the case
the reaction is intrinsically slow and the mass
transport is fast enough, the concentration of
reactants and products is quite homogeneous
everywhere (Fig. 2a: chemical regime). However,
when the kinetics of the reaction is fast and the
diffusion rate is slow, a concentration gradient
appears in the catalyst pellet and/or in the external
stagnant film outside the pellet (Fig. 2b: diffusional
regime). As a result, the reactant concentration at
the catalytic site, C, which generally affects the
kinetics of the reaction, is not that measured outside
the catalyst pellet, Ce: the reaction rate measured
by the experimenter is a mix between various reaction
rates because each catalytic site actually ‘sees’ a
different concentration of reactants (and products).
Another consequence is that catalytic sites located
at the pellet centre are almost useless because they
are not reached by the reactants. The ratio between
this apparent reaction rate, ra, and the specific
reaction rate, rs, is called the effectiveness factor of
the catalyst, 1. This factor quantifies the gap between
the true reaction kinetics over the catalytic sites and
the reaction kinetics observed, which depends on
the diffusion rate of the reactants and products in
the external layer and within the pore texture of the
support.
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Figure 2. Mass transport in a catalyst pellet. (a) Reactant
concentration profile in the case of chemical regime. (b) Reactant
concentration profile in diffusional regime. Ce and Cs represent
the concentration of a reactant in the flowing fluid and at the
surface of the pellet, respectively. (c) Hydrodechlorination of 1,2-
dichloroethane into ethylene on Pd-Ag/carbon xerogel catalysts,
T = 573K. Effectiveness factor, 7, as a function of the pellet size.
Average pore size of the support: () ~10 nm, (n) ~30 nm, (u)
~70 nm. Data adapted from [8].

Figura 2. Transferencia de masa en una particula de catalizador.
(a) Perfil de concentracién del reactivo en el caso de régimen
quimico. (b) Perfil de concentracién del reactivo en régimen
difusional. Ce and Cs representan la concentracion del reactivo
en el flujo y en la superficie de la particula, respectivamente. (c)
Hidrodecloracion de 1,2-dicloroetano en etileno sobre catalizadores
de Pd-Ag/xerogel de carbon, T = 573K. Factor de efectividad, 7,
en funcion del tamafio de particula. Tamafio medio de poro del
suporte: (P) ~10 nm, (n) ~30 nm, (u) ~70 nm. Datos adaptados
de [8].

3.2. Determination of the external and internal
limitations

In the case of carbon gels, like for any other porous
material, selecting supports with ‘large pores’ does
not necessarily mean that no diffusional problems
will occur. As an example, Fig.2b shows the
effectiveness factor of Pd-Ag catalysts supported
on carbon xerogels with various meso/macropore




n°26/Diciembre 2012

size in the case of hydrodechlorination of 1,2-
dichloroethane into ethylene performed in gas phase
at 573K [8]. One can observe that supports with
small pore size lead to a rapid decrease of 7, even
with quite small pellets (500 um). Larger pore sizes
allow keeping the effectiveness factor equal to 1 for
pellets of larger size (up to 7 mm by calculation in
the case of 70 nm pores). Since too small pellets
piled up in a reactor would lead to prohibitive pressure
drop in the device, the possibility to use large pellets
without loss of catalyst performance is obviously an
advantage brought by an adequate pore texture of
the support. However, increasing the temperature
at 623K leads to internal diffusion limitations for
pellets around 4 mm [8].

As a matter of fact, it is impossible to tell without any
calculations or additional measurements whether
kinetics is observed in chemical regime or not. So,
before any discussion of the catalytic properties of
carbon gel-supported catalysts, one must check that
the obtained kinetics data are mass transport-free.
In a practical way, external limitations can be detected
by modifying the fluid flow rate (in the case of a
continuous tubular reactor) or by changing the stirring
speed (in the case of a continuous or discontinuous
mixed reactor): these variables affect the thickness
of the limit layer outside the catalyst pellet. Internal
limitations can be detected by changing the pellet
size: indeed, using smaller pellets obtained by
grinding of larger ones would lead to a shorter
average distance between the pellet surface and
the catalytic sites and thus to a less severe internal
concentration gradient. Note however that modifying
the pellet size also decreases the thickness of the
external film: so, the detection of internal limitations
must be performed in the absence of external
limitations.

If the catalytic properties of a sample are not
independent of the flow rate or mixing and pellet
size, the obtained data are not specific to the physico-
chemical properties of the catalyst itself but are
relevant to fluid dynamics. It is thus completely
illusory to link any of the catalyst properties to the
observed reaction rate. Additional measurements
are not always easy to perform, but the presence of
external or internal limitations can be deduced from
calculation. The external diffusional limitations can
be quantified by the fraction of external resistance
fe [7]:

Cs ralp
1) fe=1-—=>-
D fe=t- o " e

where ra is the apparent specific reaction rate per
volume unit of catalyst, Lp is the characteristic
dimension of the catalyst pellet (i.e., the volume to
surface ratio, equal to dp/6 in the case of a sphere,
dp being the pellet diameter), Ce and Cs are the
concentration of the limiting reactant in the bulk of
the fluid phase and at the external surface of the
catalytic pellet, respectively, and kd is the external
transfer coefficient. kd can be estimated from
correlations between the Sherwood (Sh), Reynolds
(Re) and Schmidt (Sc) dimensionless numbers [7].
Indeed:

1
2) Sh= "[‘;:p - Sho+BRe m&iShMB(pu:p)m(rﬁ“j

where Shg is the Sherwood number in the absence
of forced convection, Dmis the molecular diffusivity,
dp is the particle diameter, p, x and u are respectively
the density, the viscosity and the linear velocity of
the fluid phase and B is a constant. In the case of
a stirred reactor, the velocity of the fluid phase is
calculated from the stirring speed of the reactor [7].
Specific correlations of the Eq. (2) form are available
for many systems and under various conditions. All
the parameters of these equations are characteristics
of the fluid phase, reactor and catalyst pellet, which
are normally accessible to the experimenter. The
calculation of Sh and thus of fe should not be a
problem for usual reactors. Finally, if feis close to 1,
one can conclude that no external limitations occur.

A quantitative approach to evaluate the influence of
internal diffusion on the overall catalytic process
consists in the calculation of the dimensionless
Weisz modulus, ¢, which is defined as the ratio
between the apparent specific reaction rate and the
diffusion rate of the reactant in the pore texture of
the catalyst particle. For ¢ larger than 1, the internal
diffusion limitations become rate-determining, and
the observed reaction rate is falsified by mass
transport within the pore texture. The Weisz modulus
can be written as [7]:

_ raL%

3 =
( ) DeCs

where ra is the apparent reaction rate per volume
unit of catalyst, Lp is the characteristic dimension of
the catalyst pellet, Cs is the concentration of the
limiting reactant at the external particle surface, and
De is the effective diffusivity through the catalyst
pores. Csis not easily determined unless the catalytic
measurements are performed in the absence of
external limitations, which is the usual way to proceed:
in this case Cs = Ce. The effective diffusivity, De, is
the diffusivity in the pores, D, corrected by the
accessible void fraction, €, and the pore tortuosity,
e[7]:

eD
T

(4) De=

In liquid phase, D is the molecular diffusivity, Dm,
available in tables. In gas phase and when the pores
are small (typically < 100 nm), D is a combination
of the both the molecular and the Knudsen diffusivities
[9], the latter mechanism being related to diffusion
in which collisions with the pore walls are predominant
with regard to collisions between molecules. As a
consequence, in Knudsen-type regime, the diffusivity
changes with the pore size, which is not the case in
molecular-type diffusion. Note also that the tortuosity
of the catalyst support,r, is often taken equal to 1/¢.

3.3. Heterogeneous catalysis on carbon gels

The case of carbon gels is more complicated since
one clearly identifies two pore levels (Fig. 1b-c).
Indeed, internal limitations could occur either at the
meso/macropore level or at the micropore level if
the catalytic species are located in the microporosity.
With this particular double structure of granular pellet
itself composed of porous spheres, one can imagine
to perform the internal mass transport analysis at
both levels, i.e. by calculating the Weisz modulus at
the pellet (¢p) and at the nodule (¢n) level [8]. All

parameters related to the solid must then be those
related either to the pellet or to the nodule. For




instance, the characteristic dimension Lp and the
void fraction € are different when considering each
level. In particular, the void fraction of the nodules
is almost constant (~0.35) because the structure of
the nodules and thus their microporosity is quite
independent on the synthesis conditions of the
pristine gel, unless the carbon gel is further activated
to develop its specific surface area [10]; on the
contrary, the void fraction of carbon gel monoliths
strongly depends on the synthesis and drying
pathway (see §2). As an example, the Weisz modulus
was calculated at the pellet and nodule levels for
Pd-Ag catalysts supported on carbon xerogels of
various pore textures [8], and it was clearly
demonstrated that, when present, the diffusional
limitations occur at the meso/macropore level and
not in the micropores. This can be explained by the
difference of distance to be covered by the molecules
in the meso/macropores (~ 500 uym for 1 mm pellets)
compared to micropores (~ 10 — 100 nm) to reach
the centre of either the pellet or the nodule; this
clearly demonstrates that the pore size is not the
only factor to be taken into account.

Another source of complication is the fact that the
catalytic species may be not homogeneously
dispersed in the porosity of the support. For instance,
the active particles can be located in an outer layer
of the pellet (core-shell configuration). In this case,
the characteristic dimension, Lp, to be used in Eq.
(1) and (3) is the thickness of this layer. Pirard et al.
[11] studied the oxidation of D-glucose into D-gluconic
acid on Pd-Bi/carbon xerogel catalysts in aqueous
media; the catalytic species (Bi and Pd) were
concentrated in an external layer of the catalyst
pellets, as shown by physico-chemical
characterization. Mass transport analysis was
performed using the appropriate characteristic
dimension; it showed that the kinetic measurements
had been performed under diffusional regime and
the authors concluded that measuring the true kinetic
reaction rate implied to choose the experimental
conditions within a very small range of values. This
finally confirms that the measurement of the specific
catalytic activity of catalysts supported on
nanostructured carbons such as carbon gels is not
an easy task; the choice of the experimental
conditions should be subject to high caution.

Note that one could apply the same principles to
adsorption; in this case, the reaction rate is replaced
by the adsorption rate. Indeed, recent results have
shown that the pore texture of carbon gels has the
same impact on adsorption processes: the adsorption
rate can be increased by selecting a support with
appropriate pore texture [12], adsorption sites being
more easily reached by the adsorbate molecules.
This is quite interesting for purification systems or
gas masks, for instance, where the transient
adsorption of molecules occurs.

3.2. Electrocatalytic processes

The advantages of carbon gels in heterogeneous
catalysis can be transferred to electrochemical
devices such as Proton Exchange Membrane fuel
cells. The catalytic layer of a PEM fuel cell is
composed of Pt/carbon catalyst particles, interparticle
voids and ionomer (Nafion®, usually), hot-pressed
between a proton-exchange membrane and a gas
diffusion layer (GDL) usually made of hydrophobic
carbon felt [1]. A catalytic layer of a PEM fuel cell
can be seen as a microreactor of heterogeneous
catalysis where mass transports are complicated by
(i) the presence of two fluid phases (gas and
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condensed water) and (ii) the proton transport via
the ionomer network. Indeed, to be active, the metal
(Pt) catalyst particles must be in contact with the
carbon support and connected to the membrane via
the ionomer. In addition, reactants (H, or Oy, protons
and electrons) and water must circulate easily through
the catalytic layers; in particular, the catalyst must
be reached by the gas through the porous structure
of the electrode. Usually, carbon blacks are used as
support; however, the packing of the carbon black
aggregates, and therefore the pore structure of the
catalytic layers, depends on the carbon black nature
and on the electrode processing [1]. Typically, at the
air-fed cathode, where oxygen, proton and water
transports hamper the oxygen reduction reaction,
high potential losses due to diffusional limitations
offset the cell performance [13]. This is compensated
by the use of catalytic layers with high Pt loading,
which increases the electrode cost.

The study of mass transport in such systems is not
easy because some parameters of the above-written
equations are not readily available. For instance,
due to the presence of ionomer within the pore
texture, the pore size and pore volume is different
to that of the pristine carbon gel; this effect is
reinforced by the fact that Nafion® swells when
humidified, and that some water can condense within
the pore texture, reducing further the available pore
volume. As a first consequence, the true void fraction
accessible to reactants, ¢, is difficult to estimate.
Concentrations Ce and Cs evolve with the position
of the catalyst particles in the MEA, and correlations
for the external transport, though available [14],
strongly depend on the system geometry. At the
moment, diffusional limitations are most often
analyzed through the voltage loss analysis of the
cell. The total voltage loss of the cell with regard to
the reversible Ho/O5 cell voltage can be decomposed
into several components [15]: (i) the kinetic
overpotential, norr, due to the slowness of the Oy
reduction; (ii) the ohmic losses, nonm, due to the
resistance of the proton migration through the
membrane and the electronic contact resistances;
(iii) the mass-transport losses, or ‘diffusion
overpotential’, ng. In such systems, kinetic and
mass transport losses of the anode (Hy side) can
be neglected [15]. One can write:

(5) Ecell = Erev - 0RR - 70hm - Tdifr

where E,., is the reversible H»/O» cell voltage under
the gas pressure and temperature of the cell. The
first two contributions to the voltage loss can be
measured. Briefly, norr is obtained from
measurements at low current densities, i.e. from
data obtained in the near-absence of mass transport
limitations and ohmic resistance (Tafel equation)
[15]; nonm is obtained by measurement of the ohmic
resistance of the cell by impedance spectroscopy,
performed in situ. Finally, all the other terms of Eq.
(5) being known, 74 can be deduced by difference.
However, the overpotential attributed to mass
transport, ngi, remains a black box that actually
encloses all the limitation sources that are not
attributed to kinetic and ohmic phenomena through
direct measurement. In particular it is difficult to
determine where mass transport limitations occur in
the catalytic layer. This question is still under
investigation and remains of high importance in view
of electrode optimization.
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Figure 3. (a) Catalytic layer of a PEM fuel cell with Pt/carbon gel as catalyst; the micromonoliths are made of carbon gel that retains
the pore texture of the pristine material, despite grinding. (b) Diffusion overpotential as a function of the current density calculated
from measurements in PEM monocell with cathodes prepared from Pt/carbon xerogels of various average meso/macropore size and
volume: (p) ~40 nm and 1.0 cm?®g, (n) ~85 nm and 1.8 cm?®g, (u) ~300 nm and 1.9 cm®g. Adapted from [16].
Figura 3. (a) Capa catalitica de una pila de combustible PEM con Pt/gel de carbén como catalizador; los micromonolitos estan hechos
de gel de carbon que retiene la textura porosa del material original a pesar de la molienda. (b) Sobrepotencial de difusion en funcién
de la densidad de corriente calculado de las medidas en una monopila PEM con catodos preparados a partir de Pt/xerogeles de
carbon de diferentes tamafio medio y volumen de meso/macroporos: () ~40 nm and 1.0 cm®¥g, (n) ~85 nm and 1.8 cm?g, (u) ~300

nm and 1.9 cm?®g. Adaptado de [16].

In search for new catalytic layer structures with low
diffusion-induced potential losses, carbon gels
constitute an interesting alternative to carbon blacks
because their meso/macropore texture is totally
independent on the electrode processing [16];
besides, the high purity of carbon gels ensures the
absence of pollutants inherent to the support origin
and detrimental to the electrocatalytic activity. In the
electrode structure, the carbon black particle
agglomerates are replaced by micromonoliths of
carbon gel, which preserves the pores located in-
between (Fig. 3a). These materials were used
recently to prepare Membrane-Electrode Assemblies
(MEAs) for air/H» [16-18] or air/methanol PEM fuel
cells [19], and were mainly tested at the cathode of
a monocell device. In both cases, the pore texture
of the carbon gel was found to influence the cell
performances: it was possible to decrease the
diffusion-induced voltage losses by selecting carbon
gels of appropriate pore texture (Fig. 3b). However,
many variables influence the final electrode
architecture and performance, and the optimization
of the pore texture of the carbon support is still an
open question.

4. Conclusions

Due to their pore texture versatility, carbon gels are
attractive materials as (electro)catalyst supports
because an accurate choice of the pore texture can
decrease mass transport limitations encountered in
operating catalytic processes. However, while few
studies pay attention to this problem, the elimination
of diffusional limitations is never obvious. As a result,
any catalytic system should be first subject to mass
transport analysis before any conclusion can be
drawn about relationships between the physico-
chemical properties and the measured activity of the
catalyst. Despite their complex structure, carbon gel-
supported catalysts can be studied following classical
methods provided that their double-porosity structure
is taken into account.
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Resefa. Xerolutions, a company producing carbon gels, gets
the Sodeco award

Last month of November, Xerolutions S.L. (http://www.xerolutions.com), a company that produces carbon
xerogels, was awarded with the Sodeco 2012 award for business projects. The production of these materials
is based on an innovative technology developed and patented by the promoter group, Ana Arenillas and
J. Angel Menéndez, both from the INCAR-CSIC and members of the GEC. The material can be obtained
with custom-designed properties for a particular application. The award panel took into account "the innovative
nature of the project, which brings to market a new product, developed and patented by the promoter group,
with multiple applications and in particular the production of electrodes for supercapacitors." The prize is
worth 25,000 € for investment in the project.

David Lépez, Aimudena Trigo, Ana Arenillas and J. Angel Menéndez (1st, 2nd, 5th and 8th from the left, respectively) promoters of
Xerolutions, receiving the Sodeco award from organizers and authorities.

Anuncio. XlIl Reunion del GEC

La ETSI Minas de la Universidad Politécnica de Madrid y la SD de

m GRUPO Ingenieria Quimica de la Universidad Autbnoma de Madrid tienen el
placer de invitarles a la préxima Reunién del Grupo Espafiol del

< Carbon que tendra lugar en el Edificio Histérico de la ETSI de Minas
G EsPARNoOL e e s 20 5 93 de Octubre do 2013,
t CARBON Mas informacion en http:// www.minas.upm.es/gec2013.html

Esperamos contar con su asistencia.
Cordialmente, el Comité Organizador.

Socios protectores del Grupo Espanol del Carbon

% Industrial Quimica del Nalén, S.A. T 'NOVAB
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