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Abstract Three carbon aerogels (AGC) were prepared
using the sol-gel method from the polymerization of
mixtures of resorcinol—catechol (RC), resorcinol-m-cresol,
and resorcinol-phloroglucinol (RP). Cobalt acetate was
used as polymerization catalyst. The porous texture and the
morphology of carbon aerogels were characterized by
nitrogen adsorption at 77 K, carbon dioxide at 273 K and
scanning electron microscopy. Their structure and chemi-
cal surface were analyzed by means of X-ray diffraction
and X-ray photoelectron spectroscopy. It was found that
the addition of a second phenol influences the porosity of
the material. The carbon aerogel prepared with m-cresol as
a monomer presented constrictions at the entrance of the
micropores and lower pore volume compared to that of RC
and RP. This fact is possibly due to the presence of the
methyl group. Moreover, this monomer favors the forma-
tion of carbon fibers.
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1 Introduction

AGC are nanostructured materials obtained by sol-gel
polycondensation of phenolic compounds with formalde-
hyde and a subsequent carbonization (Pekala and Alviso
1992). Among the advantages of the sol-gel process, its
purity, homogeneity and control of the porosity of the
materials are outstanding. In the case of the AGC obtained
by this method, the development of a wide surface area,
continuous porosity and electrical conductivity (Hanzawa
et al. 1998) are remarkable. Thanks to these properties,
these materials have a wide range of applications: heat and
acoustic insulators, adsorbents, double-layer capacitors,
molecular sieves and catalysts support (Feng et al. 2011;
Moreno-Castilla and Maldonado-Hddar 2005; Pekala et al.
1998).

The most extensively studied AGC have been those
synthesized from resorcinol-formaldehyde and melamine—
formaldehyde, and their reaction parameters are the best
understood ones (Leventis 2011; Tamon et al. 1997).
However, research has been made in the use of other
phenolic monomers, due to the high price of resorcinol. Li
et al. (2002) employed mixtures of resorcinol/m-cresol and
found out that 70 % of resorcinol can be replaced by
m-cresol and that the characteristics of the resulting aero-
gels are similar to those of aerogels synthesized with
100 % resorcinol. Jirglovd et al. (2009) have prepared
AGC from phloroglucinol-phenol-formaldehyde mixtures
and have found out that microporous—mesoporous materi-
als can only be obtained from mixtures with high per-
centages of phloroglucinol.

Apart from the replacement of resorcinol by other
phenols, another area of great interest in the synthesis of
AGC is the incorporation of metal species inside the car-
bonaceous structure with the purpose of modifying their
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properties, electrical conductivity and catalytic activity,
achieved following different methods, such as the one
suggested by Maldonado-Hdédar et al. (2000). Applying this
method, the metal is distributed through the porosity of the
carbonaceous phase. Additionally, the added metal can
catalyze the polymerization and gelation processes, which
consequently affect the morphology and porous texture of
the material.

In order to find more economical AGC and with ade-
quate textural properties that allow them to be used as
molecular sieves, the present study shows the effect of the
addition of a second phenol on the superficial area,
micropore volume, pore size distribution and morphology
of AGC prepared with mixtures of resorcinol-catechol
(RC), resorcinol-m-cresol (RmC), resorcinol-phlorogluci-
nol (RP) and formaldehyde, employing cobalt acetate as a
polymerization catalyst.

2 Experimental part
2.1 AGC synthesis

AGC were synthesized by polycondensation of phenolic
compound mixtures (RC, RmC, and RP) with formalde-
hyde (F), employing cobalt acetate as a polymerization
catalyst and deionized water (W) as the reaction medium.
Molar relations between resorcinol and each of the other
phenols were 1:1. RC/F, RmC/F and RP/F remained equal
to 0.5, whereas the relations of RC/W and RmC/W were
0.13 and that of RP/W was 0.07, due to the fact that
polymerization with phloroglucinol is very fast. The
amount of cobalt acetate used was the one required to
obtain 2.5 % of cobalt in the original mixture.

Resorcinol (Panreac, 99 %), m-cresol (Merck 98 %),
phloroglucinol (Aldrich 97 %), formaldehyde (Panreac,
37 % in water), cobalt acetate (Merck, 99 %) and deion-
ized water were used in the preparation of the mixture.

In order to synthesize the AGC, the phenolic monomers
were mixed and cobalt acetate and formaldehyde were
added subsequently, until a homogenous solution was
obtained, which was poured in glass tubes (40 cm long and
0.5 cm i.d.). The tubes were sealed and subjected to a
gelation process for one first day at 298 K, after that, for
2 days at 323 K and, finally, at 353 K for 5 days.

After the gelation phase, the gel bars were removed
from the molds and cut into pellets measuring 1 cm long
approximately, which were immersed in acetone, renewed
each 10 h, during 3 days. In this process, the water present
in the pores of the gel was replaced by acetone. This
replacement was necessary to carry out the drying with
supercritical carbon dioxide. Subsequently, the aerogels
were dried with supercritical CO,.
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In order to obtain the AGC, the organic aerogels were
carbonized at 1073 K during 5 h, with a N, stream of
100 mL/min, employing a heating rate of 1 K/min to allow
the slow elimination of gases from the pyrolysis process.
When the carbonization had been completed, the samples
were cooled inside the oven in a N, atmosphere.

2.2 Carbon aerogels characterization
2.2.1 Physical gas adsorption

The textural properties were determined by obtaining and
studying N, and CO, adsorption isotherms (at 77 and
273 K respectively). These isotherms were obtained with a
Quantachrome Autosorb iQ2 equipment. The samples were
degassed during 12 h at 393 K in high vacuum (107’
mbar). N, adsorption isotherms were analyzed applying the
BET equation (Brunauer et al. 1938). The Dubinin—
Radushkevich (DR) model was applied to N, y CO, iso-
therms to obtain the micropore volume, W, and the
characteristic adsorption energy, E,. The pore average size,
L, was obtained applying the Stoeckli equation (Stoeckli
and Ballerini 1990):

Lo(nm) = 10.8/(Ey — 11.4kJ/mol) (1)

The volume of N, adsorption at a relative pressure of
0.95, Vg5, is equivalent to the addition of the volume of
micropores and mesopores, according to the Gurvitsch rule
(Rouquerol et al. 2014). The mesopore volume, Vs, Was
obtained from the difference between V95 and W (N5).

2.2.2 Scanning electron microscopy

The superficial morphology of the synthesized aerogels
was studied by scanning electron microscopy (SEM),
employing a LEO high-resolution microscope (Carl Zeiss)
GEMINI-1530 model, covering the samples with graphite
and gold to enhance its conductivity and, therefore, the
image resolution.

2.2.3 X-ray diffraction

It was obtained in a Panalytical PRO X’pert equipment,
CuKua radiation (1 = 1.54060 A). A 10°/min sweep speed
and a 0.02° step size were employed. From the diffrac-
tograms obtained, the length along the C axis (L.) and the
interplanar distance (dggy) for the RmC material were
calculated following the Scherrer equation.

. K

" Dcos0
where 7 is the average size of the crystallite; K is the shape
factor, taken as 0.9 in the case of carbonaceous materials; 4
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is the wavelength of the X-ray radiation used, 0 is the angle
of the considered Bragg reflection the equipment works at
and D is the line full width at half of the maximum peak
intensity.

2.2.4 X-ray photoelectron spectroscopy

An ESCA 5701 spectrometer from Physical Electronics
(PHI) with a radiation source MgKa (hv = 1253.6 eV)
operating at 12 kV and 10 mA was employed. The samples
were grinded until reaching a particle size of 100 pm and
they were treated in a H, atmosphere at 673 K during 12 h.
Then they were immersed in octane, out of contact with air,
and they were transferred directly to the XPS pretreatment
chamber afterwards. This way, the oxidation of Co caused
by the atmospheric oxygen is avoided.

In the analysis chamber the samples were degassed at a
pressure lower than 1078 Torr. The spectra of the Cyg, Oy
and Cogsj, regions were registered, and each spectral region
was analyzed during the time needed to achieve a good
relation signal-noise.

The analysis of the spectra obtained was carried out
after the subtraction of the background by using a Shirley
model (Shirley 1972). They were decomposed employing
an iterative adjustment method, using Gaussian and Lor-
entzian functions (Voigt profile) in order to determine the
number of compounds, the binding energy of the peaks
(BE) and their respective areas. The binding energy of the
C,s peak at 284.6 eV, corresponding to C=C (aromatic—
aliphatic), was taken as a reference to know the BE of the
rest of the elements.

3 Results and discussion

Figure 1 shows that the aerogels prepared with catechol
and phloroglucinol present type IV isotherms, character-
istic of mesoporous solids. The initial part of the isotherms
corresponds to the filling of the micropores present in the
solid. When the relative pressure is increased, the volume
adsorbed rapidly increases, due to the capillary condensa-
tion that takes place inside de mesopores (Sing et al. 1985,
2014). A H2 hysteresis loop can also be noted, corre-
sponding to solids that have bottleneck pores, where the
pore entrance is narrower than the body. The aerogel pre-
pared with m-cresol shows an isotherm resulting from the
combination of type I and IV isotherms with a H4 hys-
teresis loop, characteristic of solids containing slit-shaped
pores.

A more detailed analysis of the textural characteristics
of the materials is shown in Table 1. It is noted that only
the aerogel prepared with m-cresol shows that Wy
(COy) > Wy (N,), which indicates that there are

constrictions at the narrowest micropore entrance, limiting
the access of the N, molecule to the inside, due to the low
temperature at which the adsorption takes place. Restric-
tions at the entrance can be due to the methyl of the
m-cresol molecule, which causes blocking micropores. On
the contrary, carbon aerogels prepared with catechol and
phloroglucinol show W, (CO,) < Wy (N,), and a very
wide distribution in the micropore range from ultra to
supermicropores; this behavior was also observed for
activated carbons by Garrido et al. (1987).

The pore size distribution of porosity in the materials
was determined by the density functional theory (Fig. 1).
The RmC material shows a narrow distribution of smaller
mesopores, whereas RC and RP show a wider distribution
in large mesopores. However, the pore size distribution for
the RP carbon aerogel presents two maximums in the
mesopore region, which is an interesting feature for the use
of this material as a molecular sieve.

It is important to point out how the porous texture of
AGC changes with the type of monomer used in the syn-
thesis of the gel. The textural differences found between
materials depend on the phenolic structure that accompa-
nies the resorcinol. The presence of the methyl group in the
m-cresol produces a steric impediment in the growth of the
polymer and affords lower reactivity to it, since the methyl
group is not a strong activator of the aromatic ring, and
therefore produces less crosslinks. On the contrary, in
phloroglucinol and catechol molecules, hydroxyl groups
produce less steric impediment and they are strong acti-
vators of the aromatic ring. Therefore the crosslink in the
polymer is favored. As a consequence, the RmC material
shows constrictions at the entrance of micropores and
present lower pore volume compared to that found in RC
and RP carbon aerogels (Table 1). Nevertheless, although
the textural properties between RC and RP are very similar,
the main difference is found in the distribution of the
porosity (Fig. 1) and in the adsorption volume at
P/Py ~ 0.95-1, where it is noted that RP keeps adsorbing
nitrogen, which indicates the presence of large-sized
mesopores.

Maldonado-Hddar et al. (2004) prepared AGC from
resorcinol-formaldehyde, using cobalt acetate as a poly-
merization catalyst, and they found a Sgpr = 388 m*/g and
Vines 0.092 cm3/g. However, when these results are com-
pared with those of Table 1, in the case of the addition of
m-cresol as a second phenol, higher micropore volume and
lower mesoporosity is obtained; whereas, in the case of RC
and RP materials, it is observed that the surface area is
practically doubled, which confirms that the combination
of these phenols produces an improvement of the textural
properties of solids.

In the case of meta-cresol, which has only one hydroxyl
group, methylene ether bridges are generated only in one
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Fig. 1 N, adsorption isotherms at 77 K for the prepared AGC. The inserts show the distribution of the porosity obtained applying the QSDFT

model to the N, adsorption data

Table 1 Textural

characterization of AGC by N, Sample Noat77K €O, at 273 K

and CO, adsorption at 77 K and SBET Vo.os SDR Eo Vines Wy Lo Wy Lo

273 K respectively m*/g cm’/g m*/g kJ/mol cm’/g cm® nm cm’/g nm
RmC 300 0.18 335 23.7 0.06 0.12 0.9 0.15 0.9
RC 675 0.98 742 23.3 0.76 0.26 0.9 0.24 0.6
RP 766 1.75 797 20.7 1.47 0.28 1.2 0.23 0.6

position and the degree of crosslinking is the lowest of the
three gels synthesized, so that a greater collapse occurs
because forces generated in the evaporation of the solvent
in the course of the drying process. The lower crosslinking
produce gels with lower pore volume and surface area. The
collapse of the pore structure is lower due to the greater
rigidity acquired in the gels prepared with catechol as
monomer, in which two methylene ether bridges can be
generated. In the case of using phloroglucinol, with three
possible methylene ether bridges, the effect of the tensions
generated during drying of the gels is even smaller and
therefore gels with higher Sggr and Vo5 values were
obtained.

Figure 2 shows the SEM images of the AGC, where it is
noted that primary particles are agglomerated due to the
coalescence in the sol-gel state, which favors a more
compact surface (Fairén-Jiménez et al. 2006). It is inter-
esting noticing the formation of carbon fibers in RmC
(Fig. 2a), where the phenolic methyl reduces the poly-
merization speed, favoring the fiber growth by stacking
layers of m-cresol. The synthesis of carbon fibers on the
surface of AGC has been studied by other authors (Fu et al.
2005; Hanzawa and Yamada 2000) employing other
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conditions with the purpose of favoring the electrical
properties.

Figure 3 shows the XRD of the AGC and the plans
(002) and (101) of the carbonaceous material, referred to as
L. and L, respectively. For the RmC material, it is more
intense and sharp because of the graphitization of carbon
fibers, which is consistent with the micrograph of Fig. 2a.
For  RmC, L.=92nm and interplanar spacing
(doo2) = 0.341 nm, which corresponds to approximately
27 aromatic layers stacked in this material (Lu et al. 2001).

Figure 4 shows XP spectra corresponding to the Cjg
region (C=C aromatic-aliphatic, signal at 284.6 eV) and
the Oy, region (Marchon et al. 1988). The area of the C,
spectral region corresponds to superficial carbon atoms or
to those with a depth between 4 and 5 nm. This spectrum
presents an intense signal at 284.6 eV, followed by three
signals at 285.8; 287.4 and 289.1 eV, which correspond to
C-0 binding energy, associated with ether groups, C=0 is
assigned to carbonyls, and COOR, which correspond to
carboxylic groups, respectively. The fact that the C=C
signal is narrower for the RmC material due to the higher
graphitization degree of the sample is outstanding. Table 2
shows the percentage corresponding to each signal. It is
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Fig. 3 XRD of the AGC. Cubic Co, Carbon
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Fig. 4 XP spectra of the Cy, region (left) and the O, region (right) of
AGC

noted that, after aliphatic C=C (Aksoylu et al. 2001), ether
groups are the most numerous on the surface of the solid,
due to the fact that the crosslink take place through
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methylene and methylene-ether bridges during the poly-
merization process.

In the case of the Oy spectral region, two signals are
shown: the first one corresponds to binding energy at
531.6 eV and it is due to the presence of C=0 bonds, and
the second one, at 533.1 eV, is assigned to C-O bonds.
According to Papirer et al. (1994), 80-90 % of the area of
the O, spectral region corresponds to the contribution of
superficial atoms or to atoms found in an external layer
measuring from 3.5 to 4 nm.

Spectra corresponding to the Co,, region are presented
in Fig. 5, where the signals at 777.8-778.0 eV (Coppz2)
and 792.9-793.1 eV (Coyp1/2) are observed, corresponding
to Co in ground state with an approximate AE of 15 eV
between them. It is important to point out that no other Co
oxidation state is observed in the materials, as determined
by means of XRD.

4 Conclusions
The porous texture of the prepared AGC and their possible

applications depend on the initial mixture of phenols. The
addition of m-cresol, as a second hydroxyl derivative,
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Table 2 Percentage

composition of the species Sample Spectral region

determined by XPS for C;, and Cis Cis Cis Cis O O,

O, spectral regions 284.6 eV 285.8 eV 287.4 eV 289.1 eV 5314 eV 533.1 eV
RmC 73 16 2 43 57
RC 71 16 5 46 54
RP 73 15 5 3 44 56

RmC

Intensity (A. U.)

781
Binding Energy (eV)

771

Fig. 5 XPS profile of Co,, region for RmC, RC and RP carbon
aerogel

produces carbon aerogels with constrictions at the entrance
of the micropores, due to the presence of the methyl group.
RC and RP materials show the existence of a wide distri-
bution in the micropore range, from ultra to supermicrop-
ores. The RP carbon aerogel is the only macroporous one,
showing a bimodal distribution of mesopores, which makes
it suitable to be used as a molecular sieve.

The use of m-cresol favors the formation of carbon
fibers on the surface of AGC, which gives rise to a new
kind of synthesis of these materials that enhances the
properties of AGC in terms of their electrical conductivity.
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