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The effect of graphitization of carbon nanotubes (CNTs) on the oxidative dehydrogenation of
ethylbenzene to styrene was studied. An elimination of functional groups was observed by treating
the catalyst under inert gas at temperatures below 1100 °C, while its microstructure and reactivity in
TPO experiments did not change significantly. A decrease in the initial catalytic performances was
observed, but the functional groups can be regenerated during the catalytic reaction, thus leading to a
significant improvement in the catalytic activity. Annealing CNTs above 1500 °C leads to a well
graphitisized wall structure of CNTs with a nearly oxygen-free surface with a low number of defects. The
obtained samples show low but stable catalytic performances, indicating that the oxygenated active

sites cannot be regenerated on this well-organized and low defective surface.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructured carbon materials, especially carbon nanotube
(CNT), have attracted the fancy of many scientists worldwide
concerning their synthesis, properties, characterization and
technological applications [1]. Among some of the most promising
applications we can mention field emitter devices, drugs delivery
and catalysis [1-7]. Carbon materials have been extensively used
in catalysis not only as catalyst supports but also as highly active
catalysts [8,9]. The new synthesis routes of nanostructured carbon
materials allow to modulate their physical/chemical properties,
opening new opportunities in the design of suitable catalysts for
different reactions [10-13].

The oxidative dehydrogenation (ODH) of ethylbenzene to produce
styrene has been proposed as a promising alternative to avoid the
thermodynamic limitations, waste of energy and catalyst deactiva-
tion of the current industrial process [14]. Different carbon materials
have been reported as active catalysts for the ODH reaction [15].
Activated carbon was proposed as a suitable catalyst for this reaction,
butitexhibits alow and unstable activity in an oxidative atmosphere,
hindering its use as industrial catalyst [16-18]. Carbon nanofila-
ments, tubes and onion-like carbon have also been reported to be
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active in the ODH of ethylbenzene to styrene and show high catalytic
activity and stability [19]. The graphitic structure of CNTs and their
low porosity compared with activated carbons are the main reason
for their high stability under harsh operation condition. The nature
and amount of basic groups, the crystallinity, textural properties and
the ratio between the prismatic area and the basal plane area have
been intensively studied in the literature to rationalise the catalytic
performances of different carbon materials [20-24].

A redox mechanism involving quinone/hydroquinone groups
presented on the carbon surface is suggested in the literature when
activated carbon is used for the reaction [17]. A similar mechanism
has been proposed for the CNTs where the basal planes exhibit
metallic properties for oxygen activation, and nucleophilic
Brgnsted basic -C=0 groups located at the edge/kink are the
active sites for ethylbenzene dehydrogenation [19]. While the
kinetics of the reaction and the influence of the pre-treatment of
the nanocarbons on the reaction have been investigated [25], there
is a lack of investigation on the effect of the graphitization degree
on the intrinsic activity of CNTs, as well as on the active sites, their
nature and stability during the reaction.

Here we report on the use of commercial CNTs with different
graphitization degree as a model catalyst for the understanding of
the structure-activity correlation in the ODH of ethylbenzene. The
catalytic performance of the CNTs after different annealing pre-
treatments gives us the role of the surface defects in the catalytic
activity. The effect of the graphitization degree on the reaction rate
and selectivity of ODH of ethylbenzene to styrene was studied. The
surface and structural characterization of the fresh and used
samples were investigated by TG-MS, XPS, TEM and EELS.
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Table 1

List of investigated carbon nanotubes and their main textural properties. Internal and external diameters were obtained by TEM (200 CNTs were counted). The oxygen content

obtained by XPS and TPD integrations are also included.

Sample Annealing SBET Average internal Average external Oxygen Oxygen Oxygen content EB conversion

name temperature (m?g™1) diameter (nm)? diameter (nm)? content before content after after reaction rate (mmol g, 's™!)
(°C) reaction (%) reaction (%)° (wmolp gear )¢

CNT700 700 43+4 43 +17 90+ 31 3.1 129 5312.5 1.64

CNT950 950 39+3 42+18 92 +28 2.2 113 47729 1.34

CNT1100 1100 41+4 43+17 91432 0.8 7.0 2490.2 0.67

CNT1500 1500 32+3 45 +21 93+30 0.6 1.1 456.5 0.17

CNT3000 3000 34+3 44+18 96 +29 0.1 0.5 -

2 Calculated from TEM images.
b Calculated from XPS measurement.
€ Calculated from oxygen elemental analysis.

2. Experimental
2.1. Catalyst

Commercial CNTs used in the present work were purchased
from Pyrograf Products Inc. (OH, USA). They were synthesized by
chemical vapor deposition (CVD) and subsequently heat-treated at
700, 1500 or 3000 °C by the provider (PR24-PS, PR24-LHT and
PR24-HHT products, respectively). The commercial PR24-PS
sample was post-treated under inert helium flow at different
temperatures (950 and 1100 °C). A summary of the main results
concerning the textural characterization of the samples is listed in
Table 1.

2.2. Characterization techniques

Different bulk and surface sensitive techniques have been used to
understand the catalytic properties of the samples. Transmission
electron microscopy (TEM) analysis was performed with a Phillips
CM200 FEG field-emission gun electron microscope operating at an
accelerating voltage of 200 kV. The EEL spectra are representative of
20 aggregates distributed on the whole sample, while the electron
beam has a width of approximately 400 nm. The XRD analysis was
performed on a Bruker D8Advance diffractometer (Cu Ko radiation)
with a scan step of 0.02° and a step time of 3s. The nitrogen
isotherms were measured at 77 K using a Micrometeritics ASAP
2010 system. The samples were outgassed for 2 h at 120 °C before
the measurements. The surface area was calculated by using the
Brunauer-Emmett-Teller (BET) method based on the adsorption
data in the partial pressure (P/Py) range 0.05-0.20.

X-ray photoelectron spectra were performed with a Kratos Axis
Ultra DLD spectrometer employing a monochromated Al Ko X-ray
source (hv=1486.6 eV). X-ray satellites and Shirley backgrounds
were subtracted. The peak areas were normalized with the
theoretical cross-sections to obtain the relative surface compositions.

The samples were also studied by temperature programmed
oxidation (TPO). A flow of 60 cm® min~! mixture of 20% O in argon
was used as an oxidant. The effluent gas was analysed by a mass
spectrometer (Pfeiffer Thermostar instrument). In a typical
experiment, about 2-4 mg of sample were loaded in a U shaped
quartz reactor and the temperature was raised to 950 °C at a rate of
5°C min~'. Before the experiments, the samples were pre-treated
under inert gas at 200 °C in order to eliminate the eventual
adsorbed water.

The materials were further characterized by elemental analysis
using a LECO CHNS-932 elemental analyser with a VTF 900 furnace
for Oxygen Analysis.

2.3. Catalytic tests

The ODH of ethylbenzene to styrene reaction was carried out in
a quartz tube reactor (8 mm i.d. x 300 mm) at 400 °C and at

atmospheric pressure. 60 mg of catalyst particles (100-200 pwm)
was held between two quartz wool plugs in the isothermal zone.
The reactant flow was a mixture of 2.7 vol.% EB and oxygen (O/EB
ratio of 5:1) diluted in helium; the total space velocity is
5000 ml g~! h~!. No steam was added to the reactor. The analyses
of the inlet and outlet gas were performed on an on-line gas
chromatograph (Varian-3800) equipped with two columns for
simultaneous analysis of aromatics and permanent gases: a 5% SP-
1200/1.75% Bentone 34 packed column for the hydrocarbons and a
Carboxen 1010 PLOT column for the permanent gases, coupled to
FID and TCD detectors, respectively.

3. Results and discussion

Table 1 summarizes the textural characterization of the samples.
All the samples have a similar surface area, which slightly decreases
from 43 to 32 m? g~ ! by increasing the annealing temperature. Only
little differences in the inner and outer diameters of the CNTs can be
observed between the samples, which is in good agreement with the
BET measurements. Obviously, the specific surface area is related to
the inner and outer diameters [26]. The low surface measured
(around 40 m? g~ 1), in comparison with those obtained for SWCNT
(up to 1200m? g~ ') can be easily explained by the large wall
thickness (around 45 nm).
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Fig. 1. XRD patterns of CNTs treated at different temperatures. The Miller index of
the hexagonal and rhombohedral graphite is included and denoted by H and R
subscript, respectively.
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CNT700

CNT1500

X-ray diffraction was used to study the graphitic character and its
effect on the catalytic performances. Even though the XRD pattern of
CNTs can be explained using that of graphite, their interpretation can
be complicated due to the turbostratic feature of CNT walls and the
curvature. The size of the CNTs and their defective structure may
induce peak broadening or eventually peak shift [27]. X-ray pattern
of the studied samples is displayed in Fig. 1. Since all the samples
have similar inner and outer diameters, any change in the diffraction
pattern would be due to changes in the structural ordering. The
diffraction patterns of the samples pre-treated below 1500 °C show
a peak near 26° and a weak peak at 45°, which correspond to the
strongest reflection either from hexagonal graphite (002) and
(101)[28] or rhombohedral graphite (11 1)and (1 0 0) [29]. These
peaks become sharper by treatment of the samples at higher
temperature, indicating an increased graphitization degree of the
samples. New diffraction peaks appear and become more obvious at
54°,78° and 84° for the sample pre-treated at 3000 °C. The first and
third peaks can only be attributed to hexagonal graphite, while the
second may correspond to both hexagonal and rhombohedral
graphite. However, the unexpected high value of the peak located at
78° may confirm the presence of rhombohedral graphite which
coexists with the hexagonal structure.

HRTEM investigations of the samples confirm the results
obtained by XRD. The initial disordered carbon structure is
converted into a more and more ordered graphitic structure when
raising the annealing temperature (Fig. 2). In the case of the sample
CNT700, an ill carbonaceous structure is observed, even though it is
not totally amorphous (Fig. 2). This structure is similar to low-
temperature pyrolytic carbon deposited by CVD. No apparent
difference can be found in the wall structure of the CNTs pre-treated
up to 1100 °C (Fig. 2). Dramatic changes in the microstructure
undergo by treating the sample at 1500 °C and higher temperature
(Fig.2).Long but greatly buckled graphene sheets are observed in the
sample CNT1500. After annealing at 3000 °C, flat and almost
perfectly ordered graphitic walls are observed (Fig. 2). Similar results
have been reported by Mattia et al. for CNTs [30]. Oberlin reported
similar steps for the graphitization process of a wide variety of
carbon materials from cokes to carbon fibers [31]. The reorganiza-

CNT3000

CNT700 After reaction

Fig. 2. High resolution TEM images of the CNTs treated at 700, 950, 1100, 1500 and 3000 °C. Image of sample CNT700 after reaction is also included.

tion of the initial defective CNTs to a more graphitic material with
well defined graphene sheets as revealed by XRD and imaged by
HRTEM (Figs. 1 and 2) at temperatures above 1100 °C, i.e. when
graphitization starts, is consistent with the progressive decrease in
the surface area measured by nitrogen adsorption. The surface
defects are active centers where the oxygenated species can be
adsorbed. In principle, a higher number of defects can anchor a high
number of oxygenated species. This is reflected in the high oxygen
concentration of the samples CNT700, CNT900 and CNT1100, for
which HRTEM in Fig. 2 reveals a higher structural disorder with more
structural defects.

Fig. 3 shows the electron energy-loss near-edge fine structure
(ELNES) spectra of the carbon K-edge for all the studied samples as
well as the spectrum of a highly oriented pyrolytic graphite (HOPG)
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Fig. 3. EEL spectra of CNTs pre-treated at different temperatures. The spectrum of
HOPG has been included for comparison.
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as areference. The ELNES spectra show a sharp peak around 285 eV
which is related to the transition from the 1s to unoccupied states.
This spectral feature is related with sp?-hybridized carbon (i.e.
graphite). The spectral features at 291-307 eV correspond to
transitions from the 1s core shell to unoccupied o* states [32,33].
The 7* peak is more pronounced for the samples treated at higher
temperature, indicating an increase of the sp? character (graphi-
tization) in these samples. By raising the annealing temperature,
the fine structure in the range of 293-308 eV becomes more
defined. Those fine structures are also clearly observed in the
HOPG spectrum, indicating the similarity in the structural order.

TPO was used to evaluate the stability of the sample under
oxidizing conditions similar to the reaction condition, and to
evaluate the density of defects on the catalyst surface. No big
differences are observed in the CO, profile of the sample CNT700
and CNT950, although the peak becomes faintly narrower. A slight
shift of the maximum gasification rate to higher temperatures is
observed for the sample pre-treated at 1100 °C. For these three
samples, XRD, TEM and EELS studies indicate the similar
graphitization degree. This implies that the difference in the
amount of surface structural defects causes the slight changes in
the burning profile of these three samples. The samples treated at
higher temperature have a lower concentration of oxygenated
species on their surfaces [34,35]. A high on-set temperature for
oxidation is then expected (Fig. 4).

More remarkable changes are observed in the TPO profiles of
the samples treated at 1500 and 3000 °C, for which the gasification
process occurs at higher temperature (700-750 °C). It is clear that
the high graphitization degree of the samples increases their
resistance towards combustion. A shift from a disordered structure
to a more graphitic structure is accompanied by a rise in the
temperature at which combustion takes place [34]. In fact, the
microstructure of this sample revealed by TEM shows almost no
structural defects. The lower combustion temperature observed
for the samples pre-treated below 1500 °C may be explained by the
presence of buckled graphene layers which introduce high
structural tensions.
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Fig. 4. CO, profiles of TPO experiments carried out using fresh catalysts.

100 1 100
90 1 90
80 1 80
70 1 70
< 60 160 3
o ] b
) ] o)
® 50 150 S
: 1%
O i 0
30 1 30
CNT1100 1
20 1 20
10 CNT1500 1 10
i oL i b S ot ol SRR SNENEPEY S ol
0 1 L 1 L 1 1 1 1 1 ] 0
0 4 8 12 16 20
Time (h)

Fig. 5. Ethylbenzene conversion (filled symbols) and styrene selectivity (empty
symbols) as a function of time on stream obtained at 823 K on CNTs previously
treated at 700 °C ([J), 950 °C (O), 1100 °C (A) and 1500 °C ().

The surface chemistry was evaluated in terms of the functional
groups determined by XPS (Table 1). The concentration of
functional groups on the samples treated above 1500 °C was
found to be negligible (below 0.8%), while the maximum amount of
oxygenated species (3.1%) was observed for the sample pre-treated
at the lowest temperature (CNT700). The oxygen content decreases
to 2.2% when increasing the annealing temperature up to 950 °C
and becomes insignificant (0.8%) when the sample is treated at
1100 °C. These results are in line with the results obtained by TPO
experiments and commented above.

The catalytic performances of the samples pre-treated at
different temperatures are included in Fig. 5. The results obtained
for the sample CNT3000 are not shown due to its negligible activity
(<3%). We observe that the catalytic performances of the samples
dramatically decrease with the annealing temperature, while the
selectivity increases due to the low EB combustion observed,
which leads to CO, formation (the only by-product observed).
Another remarkable observation is that the catalytic activity
increases during the reaction in the case of the samples pre-treated
at temperatures below 1500 °C, while it is stable in the case of the
samples treated at higher temperature. This transient activity
period is more obvious in the case of samples CNT700 and CNT950,
where a dramatic increase of 20% is observed in the catalytic
activity. Different authors have pointed out the relationship
between the catalytic activity and the presence of oxygenated
groups on the catalyst surface [18,19,36]. In order to corroborate
this assumption, the oxygen concentrations of the samples after
reaction were measured by means of XPS and elemental analysis.
The main changes in the amount of oxygen were observed for the
samples annealed at temperatures below 1500 °C, where the
oxygen content increases significantly after reaction. In fact, the
oxygen content observed on the surface of the samples CNT700,
CNT950 and CNT1100 was below 3.1% before reaction, while after
reaction it was 12.9, 11.3 and 6%, respectively (Table 1). This is also
in good concordance with the initial activation period, where these
oxygenated groups were generated. The EB conversion rate is also
included in Table 1 and it increases with the oxygen content



JJ. Delgado et al./Catalysis Today 150 (2010) 49-54 53

observed on the samples after reaction and obtained by XPS and
elemental analysis.

Another remarkable observation is that the selectivity to
styrene increases with the annealing temperature (Fig. 5). This
phenomenon may have two possible explanations. Most likely, the
increase in selectivity may have a kinetic origin in the lower overall
reaction rate of ODH over high-temperature annealed CNT
samples. A consecutive formation-combustion reaction network
inevitably causes a decrease in ST selectivity with increasing
reactant conversion. However, the styrene selectivity at different
degrees of EB conversion should be compared to determinate the
benefits of the microstructure on the reaction selectivity. The
second possibility would be a structural change in the active sites
during high-temperature treatment that lead to higher selectivity.
As the selectivity (Fig. 5), in contrary to the conversion, does not
follow a clear tendency, neither as a function of annealing
temperature, nor as a function of time on stream, a certain impact
of the nature of the active sites on styrene selectivity cannot be
excluded.

Few impurities, in particular iron particles, were found in the
samples treated at the lowest temperatures, between 700 and
1500 °C (see supporting information). However, the HRTEM
investigation of these samples shows that the iron particles are
always encapsulated. It is also remarkable that the HRTEM
characterization of the samples after reaction corroborates that
the iron particles are unaffected by the operation conditions and
they remain encapsulated. This observation is also supported by
XPS measurements of the fresh and used samples, as Fe was never
detected in the survey spectra. Therefore, it is expected that the
presence of iron in these samples does neither affect their catalytic
activity nor their oxidation during TPO experiments.

Concerning the nature of the oxygenated groups present in the
catalyst surface, the O 1s XP spectra (Fig. 6) can be deconvoluted
using two peaks centered at 531.3 and 533.3 eV, which according
to Xie and Sherwood [37] corresponds to quinoidic carbonyl
groups (04, BE = 531.2-531.6 eV) and C-OH and/or C-O-C groups
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Fig. 6. XPS O1s spectra of the samples after reaction.

(04, BE=533-534 eV). The contribution of each peak to the total
oxygen signal was close to 50% (Table 2, supporting information).
This fact hinders the possibility of studying the contribution of
each functional group to the catalytic activity and determinate
their role in the reaction mechanism. However, this is not in
disagreement with the literature where it was reported that the
quinoidic/carbonyl groups are responsible of the catalytic perfor-
mance [18,19].

The catalytic tests as well as the TPO experiments confirm the
high stability of the CNTs under oxidative conditions for tempera-
tures below 450 °C. Indeed combustion is observed only above
450 °C. In addition, the catalytic activity measured at 400 °C is stable
for 20 h on stream, which supports the absence of any deactivation
due to combustion. TPO experiments however show that the
combustion temperature decreases with the structural order, i.e.
poorly ordered samples like CNT700 burn at a significantly lower
temperature than well-ordered samples like CNT3000. Combustion,
as well as the formation of oxygen-containing functional groups,
takes place on structural defects, rich in sp carbon atoms. O 1s XPS
spectra confirm that the amount of surface oxygen-containing
groups (Fig. 6) increases with the disorder in the CNT structure, and
so with the density of defects. As a consequence, poorly ordered
CNTs lead to higher EB conversions than well-ordered CNTs.

4. Conclusion

The present study indicates that the concentration of oxyge-
nated functional groups on the catalyst surface is mainly
responsible for the catalytic performance of the CNTs in ODH
reactions. The samples treated at temperatures below 1100 °C
exhibit a low initial catalytic activity, which significantly increases
during the reaction time. This effect is due to the elimination of
functional groups observed during the pre-treatment, and its
regeneration during the reaction. The low and stable catalytic
performances of the CNTs treated above 1500 °C can be easily
explained if we consider their almost oxygen-free surface and low
defected surface, which leads to low reactive surface like it was
demonstrated from the TPO experiments.
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