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Abstract: A new technique that allows direct three-dimensional (3D) investigations of mesopores in carbon
materials and quantitative characterization of their physical properties is reported. Focused ion beam nano-
tomography (FIB-nt) is performed by a serial sectioning procedure with a dual beam FIB-scanning electron
microscopy instrument. Mesoporous carbons (MPCs) with tailored mesopore size are produced by carboniza-
tion of resorcinol-formaldehyde gels in the presence of a cationic surfactant as a pore stabilizer. A visual 3D
morphology representation of disordered porous carbon is shown. Pore size distribution of MPCs is deter-
mined by the FIB-nt technique and nitrogen sorption isotherm methods to compare both results. The obtained
MPCs exhibit pore sizes of 4.7, 7.2, and 18.3 nm, and a specific surface area of ca. 560 m?/g.
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INTRODUCTION

Porous carbon materials have a wide use in many fields,
which highlights its potential for technological applications
such as active material for the storage of energy in superca-
pacitors and support for catalysts (Frackowiak & Béguin,
2001; Moreno-Castilla & Maldonado-Hédar, 2005). Impor-
tant parameters of such materials are the large specific
surface area as well as the tailored pore structure. Mercury
porosimetry and gas sorption isotherm methods are fre-
quently used to obtain information on the amount of
surface area and/or the average pore size. However, an
image of the porous materials is not provided by these
techniques. Some techniques, such as transmission electron
microscopy, small-angle X-ray scattering, and small-angle
neutron scattering, can give a picture of the ordered porous
materials; however, these methods fail when it is necessary
to obtain a detailed three-dimensional (3D) image of disor-
dered porous carbon (e.g., activated carbon, which is a
common material). In the last decade the focused ion
beam-nanotomography (FIB-nt) technique has been used
to describe 3D topological features in different materials
(Inkson et al., 2001; Holzer et al., 2004; Holzer et al., 2006;
Konrad et al., 2006; Miinch et al., 2006; Uchic et al., 2006;
Wilson et al., 2006; Velichko et al., 2007; Balach et al., 2012).
The 3D characterization of materials is based on a serial
sectioning procedure with a FIB/scanning electron micros-
copy (SEM) dual beam system. Serial FIB cross sections are
produced cutting through the selected volume by milling
steps, and the sectioned surface can be imaged with an
SEM. The analysis is performed automatically using a
scripting routine. Its resolution depends on the precision of
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individual FIB cuts and on the resolution of the SEM
images (Lasagni et al., 2008). Recently, Zhang et al. (2011)
studied the porosity and permeability of a shale rock by
combining 3D images obtained by the FIB-nt technique and
advanced image analysis algorithms. The combination of
the techniques mentioned above can potentially be applica-
ble to a wide range of porous material.

Herein, FIB-nt will be employed to obtain a visual 3D
morphology representation of nonordered mesoporous
carbon and to accurately characterize their structural pa-
rameters such as connectivity of pores and pore size dis-
tribution for three different carbon samples. Pore size
distribution of carbon samples is also determined by the
nitrogen adsorption-desorption isotherm method to vali-
date results obtained with the FIB-nt technique. The strength
of FIB-nt is that it provides a detailed 3D picture of the
pore size, distribution, and connectivity, which is necessary
to assess the usefulness of carbon materials for technologi-
cal applications.

MATERIALS AND METHODS

Synthesis of Hierarchical Porous Carbons

Precursor gels were synthesized by sol-gel polycondensation
of resorcinol (R) with formaldehyde (F) in the presence of
surfactant (Balach et al., 2012). In this study, sodium carbon-
ate (C) and cationic surfactant, cetyltrimethylammonium
bromide (CTAB), were used as a basic catalyst and a pore
stabilizer, respectively. The precursor gel solutions were
prepared mixing R (Fluka, Buchs, Switzerland), F (37 wt%,
in an aqueous solution stabilized by 10% methanol)
(Cicarelli), CTAB (BDH), Na,COj5 (Cicarelli, Santa Fé, Argen-
tina), and deionized water (W). In all samples the molar
ratio of R to F (R/F) was fixed at 0.5, the molar ratio of R to
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sodium carbonate (R/C) was 600, and the ratio of R to W
(R/W) was 0.5 g/cm?®. To study the influence of the condi-
tions for sol-gel polycondensation on the porous structures
of the carbon samples, the molar ratio of CTAB to R
(CTAB/R) was varied from 0.08 to 0.12. The mixtures were
stirred and heated over the Kraft temperature of the surfac-
tant to promote the micellization. Then the samples were
polymerized by heating at 70°C, in a closed system, for 24 h
to obtain organic gels. The organic gels were dried at
ambient pressure and room temperature for 3 days. Finally,
the dried gels were converted into mesoporous carbons
(MPCs) by carbonization under flowing argon at 800°C
with a heating rate of 40°C/h and kept at 800°C for 1 h. The
obtained samples were denoted as MPC-x, where x corre-
sponds to the molar ratio of CTAB/R.

Physical Characterization

Nitrogen adsorption-desorption experiments were per-
formed with a Quantachrome Instruments (Boynton Beach,
FL, USA) Autosorb-iQ at liquid nitrogen temperature, and
data analysis was performed with the ASiQwinv 1.11 soft-
ware. The samples were degassed at 453 K for 12 h before
measurements. Brunauer-Emmett-Teller (BET) surface area
(Sgpr) was calculated using the BET theory (Brunauer et al.,
1938). The total pore volume (V,,;) was estimated from the
amount adsorbed at relative pressure (P/P,) of 0.984. Micro-
pore surface area (S,,;.) and micropore volume (V,,;.) were
deduced from the ¢-plot method. Micropore size distribu-
tion (d,,;.) was calculated using the nonlinear density func-
tional theory method (Ravikovitch & Neimark, 2001),
assuming slit pore shape. Mesopore size distribution (d,,.s,)
and mesopore volume (V,,,) were determined by the
Barrett-Joyner-Halenda (BJH) method (Gregg & Sing, 1982)
from desorption branch of the isotherm.

Morphological Characterization

Carbon morphology was observed using a SEM. A dual
beam workstation (FEI Helios Nanolab 600; FEI Company,
Hillsboro, OR, USA) equipped with a FIB column employ-
ing a gallium liquid metal ion source, combined with a field
emission gun SEM was used. The SEM column was used for
general imaging, and the FIB column was used for cross-
section preparation.

Three-Dimensional Reconstruction and
Quantitative Analysis

The general principle of FIB-nt consists of milling the
material with high precision to produce a cross section, and
the sectioned surface can be imaged with the SEM. After-
ward, serial sections of the cross section, with a defined
distance between slices, are successively milled with FIB and
imaged with SEM. Details on this technique are described
elsewhere (Phaneuf, 1999; Holzer et al., 2004; Lasagni et al.,
2008). Before making a cross section in the sample, a layer
of Pt was deposited, induced by the electron beam, upon
the area of investigation to avoid undesired ion-induced
erosion of the surface and edge of the cross section to help

reduce curtaining effects (Giannuzzi & Stevie, 2005). Dur-
ing the sectioning process, the surface sample (x-z plane)
was oriented perpendicularly to the ion beam ( y-direction).
The x-y plane corresponds to the front view of the cross
sections, and the SEM images were taken using a tilt angle
of 52° Secondary electron images for tomography were
done with a voltage of 5 kV, a nominal current of 86 pA,
and a dwell time of 60 us. Increasing the voltage improves
the focus of the image due to better depth of focus, but the
electron interaction volume with the sample increases as
well. Five kilovolts was chosen for imaging to achieve a
compromise between the depth of penetration and chro-
matic aberration effects while retaining spatial resolution. A
through-the-lens detector was used. The milling process
was performed with an ion beam current of 27 pA at 30 kV.
The sectioning and imaging process was automatically per-
formed using the FEI SliceAndView G2 software. The mill-
ing of each 10-nm-thick slice of 2.66 X 4 um? (width X
height) required 20 s, and a subsequent acquisition of the
SEM image required about 40 s. A stack of 100 images can
be acquired within 2 h. This time takes into account the
corrections for sample drift done using ion beam induced
secondary electron images after each slice and changes in
the focal depth during sectioning procedure, which was
done manually by interrupting the procedure after several
slices.

Data processing and 3D reconstruction of structures
from the image stack collected during the serial sectioning
procedure were done using the 3D reconstruction package
Amira® 5.2 software. The SEM images were aligned using
the Pt-sample interface, and the segmentation of the image
stack was carried out afterward. In this 3D tomography
study, the samples were reconstructed from 25 slices ob-
tained at a thickness of 10 nm per slice. The volume
analyzed was defined by 500 nm in the x-direction, 500 nm
in the y-direction, and 250 nm in the z-direction. Voxel size
was calculated in x and y from resolution of the SEM
images and in z from the distance between slices. The voxel
size was 3.57 X 3.62 X 10 nm®. For further quantitative
analyses, the software system Modular Algorithms for Vol-
ume Images (MAVI) was employed (Nagel et al., 2000;
Ohser & Miicklich, 2000).

REsSuLTS AND DiscusSION

Textural Properties

Nitrogen sorption measurements and pore size distribution
of MPCs prepared with different CTAB/R ratios are shown
in Figure 1, and the results of physical properties are sum-
marized in Table 1. According to the IUPAC classification,
the nitrogen adsorption for all samples belongs to a type IV
isotherm (see Fig. la), indicating the presence of meso-
porous in the carbon samples. There is a clear trend that an
increase in CTAB/R ratio increased the mesopore size (see
Fig. 1b). These results indicate that physical properties of
the carbon materials can be tailored by controlling the
CTAB concentration in the initial stage of the R-F polymer-
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Figure 1. (a) Nitrogen sorption isotherms of MPCs prepared with
different CTAB/R ratios. (b) BJH pore size distribution plots.

ization process. However, the three samples analyzed have a
similar micropore surface area and micropore size, so the
increase in mesopore size yields a decrease in surface area.

Surface and Internal Morphology

Surface morphology of MPCs was examined by SEM. Fig-
ure 2 shows a significant surface porosity in all carbon
samples and also that the pore size increases with an in-
crease in CTAB/R ratio. This behavior is consistent with the
results obtained by nitrogen sorption analysis. This means
that pore size of the MPCs could be controlled by varying
the concentration of the CTAB.

To observe the porous structures inside MPCs, cross
sections were prepared by FIB and imaged by SEM. As
shown in Figure 3, the images obtained reveal that the
monolithic carbons have homogeneous porosity through-
out the material. Also, it is clearly visible that pore size
increased upon increasing the molar ratio CTAB/R. How-
ever, we are only observing a cross section, and therefore it
is not possible to determine for these pores if they are
closed or not passing through the whole carbon material. To
evaluate the depth and the connectivity of the pores, FIB-nt
was used.

Three-Dimensional Representation and
Quantitative Analysis

Through automation of the successive FIB milling of slices
and SEM imaging, a stack of images were processed to
obtain a 3D representation of MPC samples. Figure 4 shows
a stack of images obtained after serial sectioning of sample
MPC-012. Based on these serial sections, 3D reconstruc-
tions were performed to produce 3D images of porous
carbon materials. Figure 5 shows different 3D images, where
analyzed volume of the samples MPC-008, MPC-010, and
MPC-012 can be observed in Figures 5a—5c, respectively.
The size of each analyzed volume corresponds to a parallel-
epiped(?) with [xyz] = 500 X 500 X 250 nm?, Figures 5d—5f
correspond to the 3D reconstruction of the volumes shown
in Figures 5a—5¢; in these 3D images the pore space is
highlighted. The main difficulties of segmenting images of
porous samples obtained by SEM relay in distinguishing the
real cut cross section from the ground of the pores. That is,
a plane that is some nanometers back from the real cross
section. Therefore, an automatic segmentation is almost
impossible. In this case, a manual segmentation was done
with some help by the grayscale-threshold tool. Any curtain-
ing effect (as appears for instance in Fig. 3¢) did not affect
the segmentation because this was done manually and the
operator took this in account. As it can be seen in Figures 5d—
5f, the pore size increases when the CTAB/R ratio is larger.
The fashion pore structure seems to be similar in all of the
samples. Figures 5e and 5f show that samples MPC-010 and
MPC-012 present a good connection between pores. It is
also possible to observe that the connected network of pores
increases when the CTAB/R ratio is increased. In the case of
MPC-008, there are a few insolated pores. To obtain more
information from the 3D representations, a quantitative
analysis was also performed.

Table 1.  Physical Properties of MPCs.*

SBET Smic ‘/tut szso Vmic dmic dmeso
Sample (m?*/g) (m?*/g) (cm?/g) (cm?/g) (cm?/g) (nm) (nm)
MPC-008 585 400 0.645 0.458 0.170 0.72 4.7
MPC-010 559 385 0.935 0.509 0.155 0.82 7.2
MPC-012 512 398 0.447 0.255 0.159 0.79 18.3

*Sper> BET surface area; S, micropore surface area; Vi, total pore volume; V,,,.s,, mesopore volume; V,,;, micropore volume, d,y;;c,

micropore size distribution; d,.,, mesopore size distribution.
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Figure 2. SEM images of the surfaces of MPCs prepared using different CTAB/R molar ratio: (a) MPC008, (b) MPC010,

and (c) MPC012. Scale bars = 400 nm.

Figure 3. SEM cross section of MPCs with different pore sizes: (a) MPC008, (b) MPCO010, and (c) MPCO012. Scale

bars = 500 nm.

Figure 4. Stack of images produced with FIB-nt from sample
MPCO012. The x-direction is parallel to the ion beam.

The 3D characterization was carried out with the soft-
ware MAVI. The total analyzed volume (V) of material was
0.0625 wm?. Structural parameters of the pores such as
surface area (S), pore volume (V'), Euler number ( y), total
porosity (P), and pore size distribution (PSD) were deter-
mined. The results are shown in Table 2. The Euler number

is a topological characteristic, which describes the spatial
connectivity and is calculated in the 3D space (Russ &
Dehoff, 2000). Here, the Euler number with positive and
negative values represents the uncompleted and completed
connected network, respectively.

The Euler number of MPC-008, which is positive,
indicates that the sample has a large number of insolate
pores. While the Euler numbers of MPC-010 and MPC-012
are negative. This means that these samples have a well-
connected network of pores, principally when the CTAB/R
ratio is 0.12. As can be observed in Table 2, PSD values
correlated well with the mesopore size distribution obtained
by the BJH method (see Table 1). These results suggest that
only the mesopore is revealed by FIB-nt, while resolution of
the SEM instrument is not sufficient for access to pores
with a diameter below 2 nm.

An important field of application of porous carbon is
its use as support material in fuel cell. Production of electric
power by a fuel cell requires the transport of reactant gases
such as hydrogen to the anode and oxygen to the cathode.
The interaction of the gas with the electrode may affect
performance of the fuel cell, and for that reason it is
important to know the pore size and connectivity between
pores. The detailed 3D topographic image rendered by
FIB-nt could be quite helpful to ascertain accessibility of the
carbon surfaces by the reactant in the supercapacitor.
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Figure 5. (a—c) Sections of MPCs analyzed and (d—f) 3D reconstruction of MPC-008, MPC-010, and MPC-012. The
solid material describes the pores. Volume analyzed is [xyz] = 500 X 500 X 250 nm?.

CONCLUSIONS

ACKNOWLEDGMENTS

The use of CTAB as a porosity stabilizer in the reaction
media during the sol-gel polycondensation of R with F
produces the formation of both micropores and mesopores.
FIB-nt is able to reveal the 3D shape, distribution, and
connectivity of mesopores in carbon materials. Using 3D
reconstruction and analysis software, it was possible to
visualize and study nonordered pore morphology and quan-
titatively characterize their physical properties. Mesopore
size rendered by the FIB-nt technique correlates well with
nitrogen adsorption isotherm measurements. This means
that it is possible to use the FIB-nt technique as a new tool
for the visual and quantitative analysis of porous carbon
materials. Moreover, given that the porous structure of
synthetic disordered porous carbons can be controlled from
synthetic conditions (Bruno et al., 2010), studies of the
porosity and connectivity of the pores via characterization
using FIB-nt measurement will allow the choice of the best
carbon material for technological applications, such as fuel
cell electrodes, lithium batteries, electric double layer super-
capacitors, and catalyst support.

Table 2. Surface Area (S), Pore Volume (V'), Euler Number (&),
and Pore Size Distribution (PSD) Determined from the 3D Recon-
structions of Figure 4 for the Different MPC Samples.*

S 14 PSD
Sample (pum?) (pum?) € (nm)
MC-008 1.446 0.0048 975 4
MC-010 2.564 0.0118 —76 8
MC-012 2.597 0.0214 —436 14

*The total analyzed volume for all samples was 0.0625 pm?>.
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