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a b s t r a c t

Monolithic polymer precursor of porous carbon was produced from polymerization of
resorcinol–formaldehyde (RF) in the presence of cationic surfactant. The influence of concentra-
tion of the surfactant template, present in the sol–gel polymerization, on the electrochemical capacity
was investigated by electrochemical impedance. It was found that a threshold concentration of surfactant
is necessary to obtain sizable capacitance values. However, at higher concentrations of the surfactant,
eywords:
orous carbon
esins carbonization
lectrochemical properties
echanical properties

the capacitance values do not change significantly. The porous carbons have a large specific surface
area (up to 671 m2/g). They also show large specific (up to 150 F/g) and volumetric capacitances (up to
130 F/cm3), in acid media. The carbon produced from the molar concentration of 0.32 M of surfactant
(called carbon mesogel) was studied in detail. The products obtained from the polymerization and the
thermal decomposition of the surfactant were further identified by TGA/MS analysis. The mechanical
properties of the porous material show a good correlation with the values expected from the porosity

trix.
present in the carbon ma

. Introduction

Nanostructured carbon materials are used in many areas of
odern science and technology due to their properties, such as high

pecific surface areas, large pore volumes, chemical inertness, and
ood mechanical stability. In the case of nanostructured glassy car-
on, they also have good electronic conductivity. Carbon materials
re especially suitable for use in electrical double-layer capacitors
EDLCs) and other energy storage devices [1]. Conventional capac-
tors store energy electrostatically on two electrodes separated by
dielectric, the capacitance of which is C = εA/d, ε being the dielec-

ric constant, A the surface area, and d the dielectric thickness.
n a double-layer capacitor, charges accumulate at the boundary
etween electrode and electrolyte to form two charge layers with
separation of several Angstroms. Constructed with electrodes
ade of high surface area materials, EDLCs are therefore able to

chieve energy densities considerably higher than those offered by
lectrostatic capacitors.
One of the most important features of carbon materials is the
ossibility to get high specific surface area. Therefore, porous mate-
ials with surface areas in the range of 400–2000 m2/g, such as
ctivated carbon (powder or fiber cloths) [2,3], carbon nanotubes
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[4] or carbon aerogels [5], are ideal materials for making EDLCs.
Since, in several experimental results, was found that only a fraction
of the ideal capacitance can typically be achieved in the exper-
iments [6,7] it was assumed that hydrated ions can penetrate
micropores [8–9] or electrical double-layer overlapping inside the
pose prevents energy storage in micropores [10]. However, it has
been shown recently those micropores of diameter as small as ca.
0.7 nm can contribute significantly to electric double-layer capac-
itance [11]. To explain that behavior, it was assumed that the ions
line up inside the micropores forming a ‘electric wire in cylinder’
model of a capacitor. As it is clearly discussed in Ref. [11], such
mechanism override the limitation inherent in a purely double-
layer model allowing smaller pores to contribute significantly to
the specific capacitance. The capacitance it also affected by the pore
surface chemistry [12,13]. The presence of hydrophilic groups, e.g.
oxygen functionalities, on the carbon surface improves the wet-
tability of the material by an aqueous electrolyte resulting in a
better penetration of ions within the porous structure. Moreover,
some redox active oxygen surface functionalities (e.g. quinones)
induce a pseudocapacitance which leads to an enhancement of the
capacitance [14,15].

High surface area carbon materials containing tailored pore dis-

tribution on porous materials and regularly interconnected pores
are particularly desirable for the EDLC electrode [16,17]. One way to
synthesize those materials is to produce porous precursor resins,
such as resorcinol–formaldehyde (RF), which are then converted
into porous glassy carbon by carbonization (heating in inert atmo-

http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
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phere). From the methods and processing conditions used in the
ynthesis, it is possible to affect the final structure of the gel. Ambi-
nt air drying of RF gels gives xerogels, without open pores, by the
ollapse of the gel due to surface tension forces at the water/air
nterface. To avoid the collapse, the gels could be dried using
upercritical liquids (aerogels) [18] or low surface tension solvents
ambigel) [19]. In both cases, the small surface tension forces do
ot collapse the gel pores. Another way involves sublimation of
he solvent from the pores by lyofilization of the gels (cryogels)
20]. Alternatively, mesoporous inorganic matrices could be used
o template the pores in the resin [21].

In recent years, there has been a recognition that self-assembled
olecular systems can serve as templates in the synthesis of nanos-

ructured materials [22]. Since 1992, a new family of ordered
esoporous inorganic materials has attracted considerable and

till growing attention due to their fascinating structures and wide
pplication perspectives [23,24]. These materials with a tailored
ize pore distribution may be engineered using a variety of micelles
f surfactant molecules as templates. They are produced in various
ompositions, such as oxides (e.g. silica, alumina, titania, zirco-
ia, mixed oxides) by condensation of inorganic species around
he arrays of self-assembled aggregates of surfactant molecules in
ater [25,26].

From the synthesis of RF organic sol–gel according to a hydrol-
sis condensation reaction mechanism, that is analogous to the
ynthesis of inorganic oxides, Bell and Dietz reported the prepa-
ation of porous RF resins using surfactant micelles as templates
hich are eliminated during carbonization [27]. The material could

e air dried without significant contraction. This method is less
xpensive than the formation of carbon aerogel with the use of
upercritical fluids. The method is effective; however, the mecha-
ism of pore formation using micelles of surfactants in RF gel is not
lear whether it be similar to the proposed for oxides synthesis.

In the present work, a detailed study of the effect of surfac-
ant concentration on the porous carbon electrochemical capacity
s performed. Finally, the electrochemical response, scanning elec-
ron microscopy (SEM), thermogravimetric analysis coupled with

ass spectroscopy (TGA/MS) and nanoindentation were used to
haracterize the monolithic porous carbon obtained with 0.32 M
urfactant concentration.

. Experimental

.1. Preparation of mesoporous carbons

A precursor solution was prepared from surfactant (S), resor-
inol (R), formaldehyde (F), Na2CO3 (C) and deionized water
W). Cationic surfactant, cetyltrimethylammonium bromide (CTAB,
DH), was used in this study. The solution was prepared mix-

ng CTAB, resorcinol (Fluka), formaldehyde (37 wt %, Cicarelli), and
a2CO3 (Cicarelli) from 0.4 M aqueous solution. The molar ratio
n the solution was fixed to F/R: 2, C/R: 5 × 10−3 and W/R: 10.
he S/R molar ratio was varied in the work. The mixture was
tirred and heated over the Kraft temperature of the surfactant. At
his moment, the solution became translucent. Then it was heated
t 70 ◦C for 24 h at atmospheric pressure. The brown monolithic
F polymer was dried at 70 ◦C in air for 6 h. Finally, it was car-
onized under a N2 atmosphere at 800 ◦C with a heating rate of
0 K h−1.
.2. Characterization measurements

The electrochemical performance of the mesogel carbon elec-
rodes was analyzed with a three-electrode configuration. The

onolithic samples were machined with a thickness of 0.3 mm and
icochem. Eng. Aspects 358 (2010) 13–20

ca. 10 mg of weight. A carbon aerogel (Maketech, geometrical area
5 times of the working electrode) and a silver/silver chloride elec-
trode (saturated KCl) were used as counter and reference electrode.
Cyclic voltammetry (CV) and the AC impedance measurements
were performed using a PC4 Potentiostat-Galvanostat-ZRA (Gamry
Instruments, Inc.). The electrolyte was aqueous 1.0 M H2SO4 and
0.5 M NaF unless otherwise specified. The current in the resulting
cyclic voltammograms was divided by the scan rate and the elec-
trode mass to obtain specific capacitance vs. voltage profiles. AC
impedance measurements were made over the range from 5 × 104

to 3 × 10−3 Hz with a sinusoidal perturbation of 1 mV of amplitude,
4 points per decade change in frequency.

A resting time of at least 15 min at each potential was used
before measuring the EIS spectra. A pre-treatment called “burn in”
was performed on the carbon electrodes. It consists of anodic oxi-
dation (15 min at 1.35 V) followed by cathodic reduction (15 min
at 0.2 V). Subsequently, at least 10 CVs cycles were carried out to
stabilize the surface. This slow oxidation on the carbon enhances
the carbon response.

The surface area and pore size distribution were calculated from
nitrogen adsorption isotherms (Micrometrics, ASAP 2000) using
the Brunauer, Emmett, and Teller (BET), and Barrett, Joyner and Hal-
enda (BJH) methods, respectively. The morphology of the carbons
was observed with a scanning electron microscope (SEM, Philips
515). Thermogravimetric (TG) studies were carried out with a TGA
2050 (TA-Instruments, USA). Typically samples of about 10 mg
were heated under air and nitrogen atmosphere of 165 mL/min gas
stream at a heating rate of 10 K/min. The TGA/MS studies were car-
ried out by coupling the TGA 2050 (TA-Instruments, USA) and a
quadrupole mass spectrometer (Thermostar, Balzers, LI) with elec-
tron ionization and Channeltron detector. The coupling consisted
of a quartz capillary tube enveloped by a heated jacket.

The density of the porous carbon, measured from the ratio of
weight to geometric volume, is 0.89 (±0.01) g/cm3.

The nanoindentation tests were carried out with Nanoindenter
XP (MTS Systems, USA, with Berkovich Indenter) equipment at a
rate of 50 nm/s up to an indentation depth of 1 �m. At maximum
load a holding segment of 30 s was applied followed by the unload-
ing. The indentation hardness HIT and modulus EIT were calculated
according to ISO 14577. The projected contact area is calculated by
the method of Oliver and Pharr [28].

3. Results and discussion

3.1. Correlation between double-layer capacitance and surface
area

The presence of this large amount of oxygenated groups in
the surface of the activated carbon can affect the capacitance of
the material mainly in two different ways: the oxygenated groups
can improve the wettability of the carbon surface, which is very
important to maximize the access of the electrolyte to the sur-
face of carbon, and the presence of redox oxygenated groups
(e.g. quinones) means that pseudocapacitance arises from faradaic
charge transfer reactions on the surface [13]. It is likely that the
amount of oxygenated groups is affected by the carbonization
parameters. For these reasons, to analyze the effect of the surfactant
concentration on surface area using capacitance measurements the
carbonization conditions were maintained constant in this work.
Thus, the amount of surface functionalities were considered to be

proportional to the surface of the carbons generated.

The ratio of surfactant/resorcinol (S/R) used in the synthesis
range from 0 to 0.12. Where S/R = 0.12 represents 0.61 M of CTAB in
the polymerization media. At higher concentration of surfactants,
two phases were observed in the polymerization reaction.
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ig. 1. Specific capacitance values of different mesoporous carbons measured with
frequency of 3 mHz, at 0.35 V, in 1 M H2SO4.

The RF gel did not shrink noticeably upon drying. In the resin
tate, it was easy to machine. All the carbons obtained using these
ethods were monolithic.
The specific capacitance of the different carbons obtained could

e calculated from the Electrochemical Impedance Spectroscopy
EIS) measurements. At high frequency, only the outermost area is
ccessed by the measurement. But at low frequency, all the surface
rea is accessed by the measurement (Fig. 4b) [29]. The capaci-
ance was calculated from the impedance values measured at low
requency (3 mHz), using Eq. (1):

= 1
2�fZ ′′ (1)

here i, f and Z′′ (f) are the imaginary unit, AC frequency and com-
lex impedance at a frequency, respectively.

As we will see (below) the capacitance varies with the electrode
otential. Therefore, the measurements were all made at 0.35 V, in
M H2SO4.

In Fig. 1 the relationship between specific capacitance and the
urfactant concentration are shown. The values were normalized
o the maximum value of capacitance for the carbons obtained of
50 F/g. The capacitance values calculated for the carbons produced
elow 0.077 M are practically negligible. Above this molar ratio
he capacitance increases notably and it does not show a marked
hange (less than 5%). These results show that a threshold concen-
ration is necessary to obtain a sizable surface area of the carbon
nd that is close to critical micellar concentration (CMC) of CTAB
n pure water [30]. Many models have been proposed to explain
uch behavior [31–33]. The existence of a critical micelar concen-
ration or the existence of a minimal concentration of the cationic
urfactant would indicate that micelle of surfactant is necessary to
orm nanostructurated materials but these results are not clear yet.
ig. 2a shows the N2 adsorption isotherms of carbons obtained with
molar concentration of 0.077 M and 0.61 M. Those concentrations
orrespond to the samples in the extreme points of the range of
pecific maximum capacitance (Fig. 1).

The BET surface area of the samples was calculated to be
71 m2/g (0.077 M) and 576 m2/g (0.61 M). In both cases, the pore
ize distribution shows a monomodal distribution where the max-
mum shifted to larger pores when the surfactant concentration
ncreased (Fig. 2b). The monomodal shape might indicate that a

emplate effect by the surfactant is operative. While the surface
rea decreases ca. 100 m2/g, when the surfactant concentration
ncreases, the amount of ultramicropores (pores of diameter below
.7 nm) remains the same. On the other hand, the area due to wider
icropores (d >0.7 nm) decreases somewhat when the surfactant
Fig. 2. (a) Nitrogen adsorption and desorption isotherms of carbons produced
[CTAB] = 0.077 M (I) and 0.61 M (II). (b) Pore volume distribution (BJH) curves
obtained from a.

concentration increases. This behavior probably accounts for the
slight decrease in specific capacitance values observed for the dif-
ferent carbons. While such behavior does not allow tailoring the
capacitance by changing the surfactant concentration, it makes the
synthetic procedure very robust with respect to variations in effec-
tive surfactant concentration.

To analyze the general properties of the porous glass carbon,
the material obtained with a [CTAB] = 0.32 M (called subsequently
carbon mesogel) was chosen.

3.2. Characterization of carbon mesogel

3.2.1. Electrochemical characterization
Fig. 3 shows the cyclic voltammetric response for a carbon meso-

gel in 1 M H2SO4 (scan rate: 1 mV/s). The Y-axis of the curve was
expressed as specific capacitance (Csp) using the Eq. (2):

Csp = i

v × m
(2)

where i is the current, v is the scan rate and m is the electrode mass.
The voltammogram reveals a large specific capacitance in a
broad wave with maxima at ca. 0.35 VAg/AgCl. The wave observed
is likely to be due to the oxidation/reduction of quinone-like func-
tionalities (Eq. (3)) present on the carbon surface.

QH2 � Q + 2H+ + 2e− (3)
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the measurement potential in 1 M H2SO4.
The specific capacitance depends on the electrode potential with

a maximum value of ca. 145 F/g at 0.35 V Ag/AgCl. In this system a
considerable part of the capacitance is attributed to charge storage
in redox groups, giving rise to pseudocapacitive behavior.
ig. 3. Cyclic voltammogram of a carbon mesogel electrode in 1 M H2SO4. Scan rate:
mV s−1.

An alternative way to obtain the specific capacitance is using the
q. (4), where the current is integrated and divided by the whole
otential window, i.e.:

sp =
∫

idt

�V × m
(4)

here i is the current, �V the potential window and m the mass of
he electrode.

The specific capacitance calculated with this method for the
oltammogram in Fig. 3 is of ca. 145 F/g. The corresponding vol-
metric capacitance is of ca. 125 F/cm3.

Fig. 4a presents the impedance spectrum of carbon mesogel at
.35 V in H2SO4 1 M. The Nyquist plots exhibit a capacitive behavior

n the low-frequency range with a quite vertical dependence of the
maginary part vs. the real impedance part. The resistance changes

eakly with the frequency and the capacitor behavior tends to
pproach that of a pure capacitance.

The frequency-dependent capacitance obtained following the
q. (1), are plotted in Fig. 4b. According on the De Levie transmis-
ion line model of a porous electrode with straight pores considered
s cylindrical capillaries. The frequency-dependent capacitance of
orous electrodes can be analyzed [34,35]. The parameter ‘pene-
ration depth (l)’ is calculated using Eq. (5):

= 1√
�fR′C ′

(5)

here R′ is the pore resistance and C′ is the pore capacitance per
nit pore length.

It is useful to understand the impedance behavior of porous
lectrodes. This equation reads that, when the ac frequency is suf-
ciently high for the penetration depth to be smaller than the
ore length (lp) of the porous electrodes, only the outer surface
near pore opening) is influenced by the ac voltage signal [1]. As a
esult, a small capacitance is observed because only a limited part
f electrode surface is utilized as a capacitor. In the low-frequency
xtreme, where the condition l > lp holds, most of the pore surface is
tilized as a capacitor and results in a maximum capacitance. Based
n this discussion, the frequency-dependent capacitance shown in
ig. 4b can be explained. The transmission line model appears to be
alid in the present electrode systems because the carbon used is
esoporous. It is first assumed that utilization of the pore surface,

here the EDLC component of the carbon surface are developed,

s 100% at the low-frequency limit (3 mHz) but zero at the high-
requency limit. This assumption is made based on the relation
etween the penetration depth (l) and the pore length (lp) of porous
lectrodes.
Fig. 4. (a) Typical Nyquist plot for mesogel electrode. Frequency range is 5 × 104 to
3 × 10−3 Hz. (b) Frequency-dependent capacitance profiles.

Fig. 5 shows the values of specific capacitance as a function of
Fig. 5. Specific capacitance values measured at 3 mHz, in 1 M H2SO4.
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The DSC curve of CTAB presents an endothermic process around
ig. 6. (a) Cyclic voltammogram of a carbon mesogel electrode in NaF 0.5 M. Scan
ate: 1 mV s−1. (b) Specific capacitance in potential function measured at 3 mHz in
.5 M NaF.

Similar behavior was reported for carbon–carbon composite
roduced by carbonization of resorcinol–formaldehyde (RF) resins
ormed on a commercial cellulose fiber [36]. The carbon mesogel
as obtained using the same method of carbonization. This depen-
ence of specific capacitance on potential is different from the one
bserved for carbon aerogels, where almost no dependence was
bserved in acid media [37].

0.5 M NaF was used in electrochemical characterization of
orous carbon. This electrolyte has not specific adsorption and the
uinones groups are inactive on the carbon in this potential range
38]. Thus, electrochemical double layer is build only from electro-
tatic factors. Fig. 6a shows a cyclic voltammogram with the typical
butterfly” appearance. Similar results were observed for carbon
lectrodes in Et4NBF4 in acetonitrile [6,39,40]. The values of specific
apacitance as a function of the measurement potential measured
o 3 mHz are plotted in the Fig. 6b. The plot has a parabolic shape,
ith a minimum value at 0.3 V Ag/AgCl which should correspond

o the potential of minimum charge of the material. Interesting

iscussion were presented by some authors about this behavior,
hich can be attributed to electronic conductance of carbon and/or

lectrostatic interactions of ionic solutions side in the formation of
ouble layer (Gouy Chapman theory) [6,39,40].
Fig. 7. SEM micrograph of the surface of carbon prepared with a 0.32 M surfactant
concentration.

From cyclic voltammetry measurements, the specific capaci-
tance was calculated following the Eq. (4). A value of the mean
specific capacitance of 70 F/g is determined in that way. The corre-
sponding value of volumetric capacity is of ca. 60 F/cm3.

From subtraction between the capacitance values obtained in
acid sulfuric and sodium fluoride media is possible to calculate
the pseudacapacitance contribution. This value is around 50% of
the total contribution in acid media. It suggests that pseudocapac-
itance related to the faradaic reaction in Eq. (1) has an important
contribution to the specific capacitance of the material.

3.2.2. Scanning electronic microscopy (SEM)
Fig. 7 shows the SEM of a fractured mesogel carbon. There is

no defined order, porous channel system or distinct superstruc-
tures on the carbon, as it would be expected with templates made
of surfactant micelles. On the other hand, small globular forms
(nanoparticles), separated by thin slits, are clearly appreciated.

The globular forms have sizes varying from 20 to 50 nm (aver-
age 45 nm). It seems that the slit holes left between the packing of
the globular structures and the aggregations correspond to meso
and macropores of the carbon, respectively. It was demonstrated
that during the carbonization of phenolic resins, the destruction of
the crosslink occurs between 450 and 750 ◦C, leading to the cluster-
ing of the aromatic units [41,42]. The globular structures observed
could be assigned to those clusters.

In this large size of globular forms it would be possible to develop
the space-charge region without overlapping within the nanopar-
ticle of carbon [39]. For this reason, the variation of electronic
conductance of the carbon could be discarded for this material.

3.2.3. TGA and TGA/MS measurements
As it was observed above, the carbonization plays an impor-

tant role on the formation of the porous structure. Therefore, the
carbonization process was studied using thermogravimetric anal-
ysis coupled with mass spectroscopy. Fig. 8a and b shows the
normalized differential mass change (d(M)/dT) and the profile of
mass to charge ratio (m/z) of the volatile products formed during
the temperature scan, in nitrogen atmosphere, of a RF–surfactant
resin (mesogel), RF resin without surfactant and pure surfactant
(CTAB).
270 ◦C due to its thermal degradation (not shown). The weight
loss around 270 ◦C was observed for the CTAB compound and
for the mesogel resin. This result suggests that this peak in the
RF–surfactant curve can be attributed to CTAB decomposition. The
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Table 1
Indentation modulus and hardness of the synthesized carbons materials.

Specimen Indentation modulus Indentation hardness
EIT [GPa] HIT [GPa]

Carbon mesogel 6.6 ± 0.3 0.93 ± 0.07
ig. 8. (a) Normalized d(M)/dT profile. (b) Profile of trimethylammonium species
m/z = 59) during thermal decomposition of RF–surfactant resin, RF without surfac-
ant resin and CTAB in N2 atmosphere.

ifferent profile of the d(M)/dT curve between a RF resin and a
esogel resin is probably due to the effect of the porous structure

n the release of gaseous products.
Coupling the TGA with a mass spectrometer was possible to

onitor the CTAB decomposition. The production of the trimethy-
ammonium ion (m/z = 59) during thermal decomposition of the
ompact resin, mesogel resin and CTAB compound is shown in
ig. 6b. The profiles show that trimethylammonium ion detection
egins at the same temperature in the mesogel resin and the CTAB.
owever, the profile of the mesogel shows a tail at higher temper-
tures indicating that relatively free and more trapped CTAB ions
re present in the resin. Fragments of larger masses (90–105 m/z)
ere detected RF mesogel carbonization, probably be due to the
estruction of crosslink and oligomers in the resin.

It is shown that CTAB ions are still retained in the RF matrix and
ecomposes during carbonization. The carbonizations processes of
orous and compact RF resin are similar but the porous material
arbonizes at lower temperatures.

.2.4. Nanoindentation
The determination of mechanical properties of the material is

ssential for the design the analysis of performances and reliability

f components. Nanoindentation-based techniques are an excel-
ent method for measuring mechanical properties of small regions;
specially modulus of elasticity, hardness and fracture toughness
an be extracted from the indentation load vs. displacement curve
or a variety of carbonous materials [43].
Compact carbon 22.7 ± 0.5 3.74 ± 0.08
Porous matrix calculated
by Rice’s model

6.56 ± 0.14 1.08 ± 0.02

In the cases of porous material, the mechanical properties char-
acterization is more complex than in compact materials, since the
carbon mesogel has a morphology consisting of spherical parti-
cles (clusters) joined by discrete necks, as it can be observed in
Fig. 7.

The mechanical properties are functions of the porosity of the
material (size and pore distribution). In general, the resistance to
indentation increases with decreasing initial porosity [44]. Further-
more, the hardness increases with penetration depth as a result of
densification of the material [45]. Local densification of the porous
material shows plastic deformation behavior and it would result in
a significant error [46,47].

It has been shown that nanoindentation is a suitable tech-
nique for measuring mechanical properties of porous materials.
Nevertheless it is necessary to take into account the effect of the
densification produced during the measure, because it has a signif-
icant impact on the hardness value obtained [46].

For nanoindentation measurements, the samples were sup-
ported in polymer resin and its surface was polished. Fig. 9 shows
the load vs. displacement curve of the nanoindentation measure-
ments for carbon compact (like reference) and carbon mesogel.

Under loads below of 50 mN the carbons show elastic-plastic
behavior in the indentation cycle. The force–displacement behav-
ior for all these materials exhibits almost complete recovery with
hysteresis between loading and unloading, which is a common fea-
ture of graphitic materials, the hysteresis upon unloading could be
outcome of friction between the carbonous interlayer of vitreous
carbon [48,49]. The residual penetration depth is caused by the irre-
versible plastic deformation [50]. In this case, the unloading path
does not completely retrace the loading path but returns near the
origin hysteretically.

Since carbon mesogel is a porous material, densification of the
material upon compression should be taken into account to analyze
the nanoidentation profile. However, in Fig. 9 can be observed that
the residual plastic deformation, occurring immediately after the
indentation, is comparable to that presented by compact glassy car-
bon which is around 300 nm. These results indicate that during the
measurements the damage in the necks that bond the nanoparticles
(densification effect) could be neglected.

Table 1 shows the indentation modulus and hardness calculated
from the measurements. The calculation of hardness and elastic
modulus was according to Oliver and Pharr model [51]. In this
case, the contact area was calculated proposing an elastic model
in which plastic pileup is neglected. v = 0.3 was assumed for this
carbons materials [52,53].

The compact carbon, used as reference material, shows hard-
ness and elastic modulus values similar to those reported in the
literature [43,54]. The hardness and elastic modulus of carbon
mesogels values are lower than those of compact carbon. This is
to be expected due to the lower amount of solid material in the
former.

The mechanical properties of porous materials have been exten-

sively studied to explain the property behavior of various materials,
including those prepared by sol–gel processing [44,55–59]. Analyz-
ing the structural conformation of the material, the hardness and
modulus of porous carbon was estimated using the model of mini-
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Fig. 9. Load–displacement curves obtained for monol

um solid area proposed for Rice [58,59]. It Assume that the porous
aterial is formed for the packed of spherical particles. The model

upposed the exponential dependence with the porosity as exp-
bf), where f is the volume fraction of pores and b is a parameter
haracterizing the shape and distribution of pores. The value b ∼3.2
as proposed for Rice to glassy carbon materials [59], and f was cal-

ulated from the density of both materials. The apparent density of
ompact carbon, produced in the same conditions but in absence of
urfactant, and carbon mesogel were measured directly, as the ratio
f weight to geometrical volume, to be 1.45 and 0.89 g/cm3, respec-
ively. The experimental mechanical properties values (Table 1)
btained are close to the values calculated from Rice’s model. This
esult shows that the weakening of carbon mesogel is due only to
he porosity of material. Such behavior of carbon mesogel is quite
mportant because an additional weakness, which could be pro-
uced for destruction of crosslinks between the nanoparticles that
ompose the monolithic material, is not observed.

. Conclusions

The carbonization of RF resins containing a cationic surfactant
CTAB) produces the formation of monolithic porous carbons. The
ore distribution analysis of N2 isotherm data shows that the mate-
ial presents micro and mesopores. Changing the concentration of
TAB during the synthesis it is possible to form nanostructurated
arbon with specific surface areas (SBET) from 576 to 671 m2/g. The
ncrement of surfactant concentration shifts the pore size distribu-
ion to higher size diameters.

CTAB ions are still retained in the RF matrix after drying and
ecompose during carbonization. The carbonization processes of
orous and compact RF resin are similar but the porous material
arbonizes at lower temperatures.

The impedance measurement allows analyzing the correla-
ion between the electrochemical active surface and the textural
roperties (BET surface area (SBET) and pore distribution). Above
threshold surfactant concentration (ca. 1 mM) the capacitance

eveloped is large. While the SBET decreases, the pore size increases.
he specific capacitance only decrease slightly when higher surfac-
ant concentration is used. This may be explained by the fact that
he area due to wider pores (d >0.7 nm), remains almost unchanged
hile the SBET area changes.
The porous carbon presents, in aqueous sulfuric acid, a specific
apacitance of around 145 F/g and a volumetric capacitance of ca.
29 F/cm3. The value is comparable to other reported previously
11], while the volumetric capacitance is significantly (>50%) larger
han those reported previously probably due to the compact nature
aterials, (a) compact carbon and (b) mesogel carbon.

of the monolithic carbon. This result makes the material especially
suitable to be used in volume constrained devices like microelec-
tronic systems. A comparison with the values measured in neutral
aqueous solution (ca. 50% lower) suggests that pseudocapacitive
contribution of the surface redox groups is operative in acid media.
It is likely that oxygenated (quinone like) groups on the surface are
involved in the pseudocapacitance.

The mechanical properties of carbon mesogel are in agreement
with the Rice’s model for porous solid materials, it show a closer
value to the expected from the porosity present in the carbon
matrix.

It is possible to conclude that the cationic surfactant, at concen-
tration higher than ca. 1 mM, is effective to induce the presence of
porosity in the carbon material. However, a templating effect by
cylindrical micelles seems not to be operative. The actual mecha-
nism of surfactant effect is not clear at this stage, and further studies
are being carried out in our research group to clarify the issue.
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