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1. Introduction

The huge and rapid development of hydrogen technology has led to great attention being
paid to hydrogen absorbent carbonaceous materials (Dillon and Heben, 2001).

Because of this, all families of carbonaceous materials have been separately examined with
the intention to clarify the physical mechanisms of the adsorption of hydrogen, looking for
the possibility to optimize their capacity of hydrogen storage (Alcafiiz-Monge and Roman-
Martinez, 2008). Particularly, the carbonaceous nanostructures have been studied from the
point of view of the location of adsorbed hydrogen atoms, the storage mechanisms, and the
kinetic of adsorption/desorption (Nechaev, 2006). According to these studies, the
carbonaceous nanostructures show to have a limited capacity of hydrogen storage only.
Interesting works have been conducted to establish the details that describe hydrogen
insertion in carbonous absorbents. On the one hand, models consisting of the absorption
and penetration of molecular hydrogen through the carbon network have been conducted
(Seifert, 2004). On the other hand, other studies stress that the amount of absorbed hydrogen
per weight depends on the micropore volume of the sample (Takagi et al., 2004). This
indicates the importance of being able to examine the surface of the carbonous materials to
determine the hydrogen housing locations.

For this study, we have selected vapor grown carbon fibers (VGCFs) as the carbonous
material. The fibers were prepared via catalyzed decomposition of a gaseous hydrocarbon
that produced a solid carbon deposit in the form of filaments. The germination and growth
mechanism is explained as a vapor-liquid-solid (VLS) process (Gorbunov et al., 2002,
Madrofiero, 1995). Minute ferrocene crystals were utilized as germs to initiate fiber growth,
as explained by (Serp et al, 1999). By using this growth method, the iron germ binds to the
substrate and the fiber grows as a liquid drop on its tip; in this way, what can be expected is
that the fiber will remain free of iron impurities.

Therefore, we have checked that the fibers utilized in this work do not contain iron in spite
of them have been developed using ferric seeds (ferrocene). To this end, we have conducted
their analysis via inductively coupled plasma mass spectrometry (ICP-MS) with Perkin
Elmer® SCIEX ELAN 6000 equipment. Significant values for iron content were not obtained,
with the determination limit of the technique, under the utilized working conditions, being
0.1 ppm.
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The fibers thus obtained with cylindrical morphology comprise two carbonous phases.
There is a central portion of greater crystalline perfection, and a peripheral portion of a more
amorphous nature, as can be seen in figure 2.b. Therefore the structure of these fibers was
labeled as sword in sheath (Madrofiero et al., 1997).

The results of the above studies indicate that solid aromatic hydrocarbons, at the end of the
solid hydrocarbon list, are capable of absorbing and storing hydrogen in a uniform manner
(Denis, 2008). As the cortical layer of the fibers utilized in this work is formed partially by
hydrocarbons of this type, the results of the aforementioned studies establishing that these
types of fibers could store significant quantities of hydrogen are perfectly reasonable
(Madrotiero et al., 1995).

2. Experimental

2.1 Preparation of the fiber samples

The fibers were fabricated in a vertical oven formed by a 10 cm diameter quartz pipe where
some strays or substrates were placed vertically, and where some minute grains of ferrocene
were then placed. A mixture of 70% hydrogen and 30% methane flowed from the lower
section of the oven to the outlet located in the upper section. Thus, the gas passed through
the substrates, fostering growth of the carbon microfibers. The process temperature was
1,300 K. The details of the process are given by (Serp et al., 1999).

Subsequently, the density of these fibers was measured with a Micromeritics® make,
Accupyc 1330 model gas pycnometer.

Figure 1. shows the cylindrical morphology of these fibers that, as a consequence of the VLS
process that occurred during their growth, show continuous changes in the direction of the
progression of the fiber tip. It is therefore a discontinuous growth, pursuant to a pull
sequence.

In this work, a very simple inspection technique has been selected, consisting of subjecting
the fibers to an oxidation process in air; this operation was conducted in the same oven as
was utilized to produce the fibers. The oxidation temperature was 973 K with a 0.090
mol/min air flow and variable oxidation times ranging between 2 and 15 min.

With this superficial oxidation attacks were being made, preferably in the areas that were
richest in hydrogen, given that we know that the oxidation of carbonous materials is greatly
affected by the hydrogen content of the material (Zhou and McGinn, 2006). Moreover, and
considering that oxidation is very active over time, successive layers of the material were
progressively removed so that observation by SEM and CLSM microscopy allows
appreciation of the locations of the hydrogen stored in the structure of the cortical layer in
shallow layers, and not only on the surface. These techniques were utilized previously
(Merino and Brandl, 2003).

The fabricated fibers have been divided up in order to conduct this study on two types of
material. The first group is simply the grown VGCF fibers, without any type of superficial
treatment; they showed a density of 1.419 g/cm?.

The fibers of the second group were subjected to a careful annealing process to eliminate
absorbed molecules that could interfere with the hydrogen (Park et al., 1999). After that,
these fibers were subsequently subjected to annealing at 1,473 K and 0.5 10 bar with
residual atmosphere of Ar. They had a density of 1,459 g/cm? and were labeled as
“discharged fibers”.
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Fig. 1. Oxidation effects in as grown fibres observed by SEM. Scale bars: 1a, 1b, 1c, 1d, 1f =5
pm; le =2 pm
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2.2 Characterization of the fibers by microscopy

2.2.1 Differences between an inspection of the fibers by SEM and by CLSM

SEM inspection is customary in these types of studies as it allows an image of the surface of
fibers that show an increasing degree of erosion in such a way that with the entire array of
all the images (see Fig. 1), the location of the accumulations of hydrogen on ever more
interior layers can be identified. This is because annealing occurs simultaneously to the
oxidation process and its effect is the formation of small pittings that mark the point where
an accumulation of hydrogen, which had subsequently escaped leaving an empty space,
had occurred.

The utilization of CLSM together with SEM has been successfully proven in cases of
tracking of the alteration that occurs on some surfaces (Yamada et al., 2004). Results of the
utilization of CLSM by reflection with laser light on inspection of glass fibers are known
(Clarke and Davidson, 1993). The intensity of the reflected light depends on the angle of
reflection and, moreover, thanks to the transparency of glass, the radiation penetrates into
the cortical zone and a very interesting 3D image is obtained.

The thickness of the cortical layer [15] is obtained from:

0452
? 1-cos@

where \ is the wavelength of the laser radiation utilized, and 0 is the angle of reflection.

In the case of VGCF, formed by carbon, what is to be expected is that the radiation can
penetrate the thin carbonous layers (Veersamy et al., 2003) with a refraction index that
depends on the proportion of sp? and sp? links, and therefore, what can be expected is that
the CLSM will be capable of observing the cortical layer of the fibers, unlike the SEM which
is only going to provide us with an image of the surface.

2.2.2 Inspection via SEM
The inspection was performed with Zeiss® model 960 equipment. The VGCF for this study
were installed on sample trays subsequently plated with gold in an evaporator.

2.2.2.1 SEM inspection of VGCEF fibers labeled as “grown”.

Fig. 1.a shows the aspect of said fibers in initial state, from which they will be subjected to a
973 K oxidation process with different treatment times.

After an oxidation time of 2 minutes (see Fig. 1.b.) the outer picture of the fiber shows
regular and uniform distribution of multiple pittings that appear to be sized from 0.04 to
0.16 um.

The aspect of the fibers for which the oxidation time is extended to 4 minutes, the aspect of
the fibers is shown in Fig. 1.c.; these fibers in addition to the pittings shown in the previous
figure, have pittings that are slightly increased in size and large pittings 2~3 um. And so we
can assume that they have another formation mechanism.

When 8 minutes of oxidation is reached, the surface, as shown in Fig. 1.d., shows that all the
pittings grew until the entire surface had been covered. We can still observe the pittings that
were visible after 2 minutes of oxidation as well as those corresponding to the large pittings
that appear in Fig. 1.c.

The carbonaceous material elimination process reaches its final stage in the state generated
by 10-minute oxidation, as indicated in Fig. 1.e.
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Fig. 1.f. shows that the matter removal process finishes when the cortical layer of the fiber
has been eliminated. For more extended oxidation times, the nucleus will present a slower
and more uniform attack without the large pittings that act as a cortical layer destruction
mechanism, as we have seen in the previous pictures.

2.2.2.2 SEM inspection of the discharged fibers

Fig. 2.a. shows the initial state of the fibers we have labeled as “discharged”.

Fig. 2. Oxidation effects in annealed fibres observed by SEM. Scale bars: 2a, 2b, 2e, 2f, = 10
pm; 2¢ = 20 pm; 2d =5 pm
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Figure 2.b. shows the aspect of the fibers in a situation equivalent to those that had been
shown in figure 1.b. The same appearance of small uniformly distributed pittings can be
seen.

When 4 minutes have passed, the oxidation process shows differences to the “grown” fibers
as can be seen if we compare Fig. 2.c. to Fig. 1.c. The large pittings to be seen in Fig. 1.c. do
not form on the “discharged” fibers.

If we examine the effects of the oxidation process after 8 and 10 minutes, we see practically
the same in the discharged fibers (Fig. 2.d. and 2.e) as we see in the grown fibers (Fig. 1.d.
and 1l.e.).

The final of the oxidation process seems similar if we compare Fig. 2.f. to Fig. 1.f., with both
corresponding to an oxidation period of 15 min.

2.2.3 Inspection using confocal microscopy by reflection

Figures 3.a. and 3.b. show the images obtained with confocal microscopy of the fibers
studied in this work. They refer to the same samples as in figures 1.a. and 2.a., and we can
see that there is a certain degree of irregularity on the discharged fiber’s surface that was not
to be seen on the grown fibers.

The information provided by confocal microscopy observation of fibers subjected to
oxidation during 4 minutes is very interesting. If we compare Fig. 3.c. to Fig. 1.c. we see
that the large pittings are a result of the complete elimination of a carbon grain while, if
we compare Fig. 3.d. to Fig. 2.c. we can see that the pittings are located on boundaries
between grains. This information is not deducible from the images provided by SEM
microscopy.

After 8 min of oxidation, the width of the furrows between grains has been increased (Fig.
3.e. and 3.f).

This is because, with the use of confocal microscopy the same evolution of the oxidation
process as with SEM microscopy was seen, but with optic microscopy we obtain information
indicating that oxidation is preferential in areas located between grains.

3. Discussion of the results

From all the above, it appears that in the fabrication of VGCFs, two types of defects appear:
some minute and homogeneously distributed, and others that are more voluminous, scarcer
and more irregularly distributed.

This scheme coincides with that already known via research in nuclear materials, where it
was proven that hydrogen locates itself inside graphite in two types of housing (Atsumi,
2003), some trappings inside some grains with an activation energy for the escape of
hydrogen from these 2.6~4.4 eV accumulations, and other trappings located on the
boundary between grains with 1.3 eV energy. Therefore, the storage of hydrogen in these
accumulations must be more intense.

This model of inhomogeneity in storage is more congruent with the storage model in a sp3
type carbon matrix, the phase constituted mostly by semi-amorphous carbons. In this matrix
grainier sp? type islets appear (Dasgupta et al., 1991).

The double structure of the network constituted by carbon atoms is well known. sp2-bonded
carbon is localized in graphitic clusters which consist of four or more fused sixfold rings
(Robertson, 1986). These clusters are connected by sp3-bonded carbon.
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Large voids in curved form where hydrogen is stored (Gupta and Srivastava, 2001) are also
described in other graphite materials conformed in fibrous form.

We have also been able to check that when a graphite material is subjected to irradiation
with neutrons (Atsumi et al., 1996), as the size of the grains diminishes, the hydrogen
storage capacity increases as the number of boundaries increases. The content in hydrogen
can be up to 20 times higher.

Therefore, both types of accumulations can be identified with the cavities shown in Fig. 1.c.
To this end, a not too prolonged oxidation time freed the hydrogen from the accumulations
on the boundaries, but not the hydrogen stored in the more voluminous accumulations
located in the center of a grain.

The images obtained with CLSM are excellent proof of these models. For example, in Fig.
3.c. related to grown fibers, two types of accumulations can be clearly distinguished. With
the same oxidation time, Fig. 3.d. shows us that in the case of discharged fibers the
boundaries between grains are wider. This is due to the fact that there was take out of
hydrogen in the discharged fibers samples were during the annealing.

This granular image of the skin of the VGCF coincides with that which was already known
as regards its microstructure via previous studies conducted with transmission electron
microscopy TEM. Therefore, it is known (Madrofiero et al., 1996) that the fine structure
consists of some 50 nm plates that compact to form curved plates of some 250 nm thickness
and few micrometers wide (Madrofiero et al., 1998).

These macrostructures now enter within the limit of optic microscopy, as we have seen
through the images shown in Fig. 3.

Nonetheless, the possibilities of CLSM do not cease here as the use of ultraviolet radiation
while functionalizing the surface of fibers with ammonium (Lacerda et al., 2007), would
allow the obtaining of images with fluorescence that could enable the provision of
additional information in the future.

In any case, the possibilities of a technique as simple as the CLSM are remarkable. In the
present study is seen how the structure of fibers grown from a hydrocarbon gas is clearly
different of the grain observed in commercial carbon fibers. As an example, in Fig. 4 is
shown the microstructure of an ex-PAN carbon fiber, while Fig. 5 shows the features of an
ex-Pitch fibre. Both types of fibers are very representative of the carbon fibers that are used
currently in the industry to manufacture composite parts.

4. Conclusions

1. Regarding the aspect of oxidized fibers, it can be said that the oxidation of these
materials occurs at the points of dye corrosion where the hydrogen is concentrated.
Therefore, the corrosion figures can be used for drawing the location map of the
hydrogen accumulations.

2. In the problem of hydrogen location in the fibers studied in this work, it is interesting to
note the existence of two types of accumulations revealed by the studies performed to
understand the behavior of carbons in nuclear reactors.

3. The utility of confocal laser optical microscopy as a powerful tool to allow tracking of
the increase in width of the boundaries while being abandoned by the resorbed
hydrogen has been proven to be effective.
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Fig. 3. Oxidation effects observed by confocal laser scanning microscopy. Scale bars: 3a, 3b,
3e, 3f, = 10 pm; 3c = 20 pm; 3d =15 pm
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(b)

Fig. 4. Microstructure of a commercial carbon fibre type ex-PAN. a = SEM micrograph, b =
inner architecture
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(b)

Fig. 5. Microstructure of a commercial carbon fibre type ex-pitch. a = SEM micrograph,
b = inner architecture

4. The granular structure observed using confocal laser optical microscopy is in good
agreement with the microstructure described in previous studies with TEM.

5. Unlike other carbonaceous materials that lose their hydrogen content slowly, the fibers
studied in this work empty their deposits in a few minutes, provided they are annealed
at the temperatures that have been utilized for thermal treatment processes in this
study.
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