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Surface defects were created on carbon nanotubes (CNTs) by catalytic steam gasification or
catalytic etching with iron as catalysts. The structure and morphology of the etched CNTs
were studied by transmission electron microscopy (TEM) and scanning tunneling micros-
copy (STM). The electronic structure of the etched CNTs was investigated by ultraviolet
photoelectron spectroscopy (UPS). The etched CNTs were treated by nitric acid to obtain
oxygen-containing functional groups. The amount and the thermal stability of these
groups were studied by temperature-resolved X-ray photoelectron spectroscopy (XPS).
Temperature-programmed desorption with ammonia as a probe molecule (NH,;-TPD) was
employed to investigate the interaction of the surface defects with foreign molecules in
gas phase. TEM and STM studies disclosed the presence of surface defects especially edge
planes on the etched CNTs. Etching of CNTs led to a less pronounced p-n band than the as-
is CNTs, as evidenced by UPS studies. The XPS and NH;-TPD studies demonstrated that the
defects on the CNTs enhanced the reactivity of the exposed surfaces allowing obtaining a
higher degree of oxygen functionalization and more active adsorption sites.

© 2010 Elsevier Ltd. All rights reserved.

defects, especially to edge planes [11,12]. However, direct
experimental evidence for the activity and function of the

1. Introduction

Carbon nanotubes (CNTs) are very promising materials in het-
erogeneous catalysis due to their unique properties such as
electrical conductivity, mechanical stability and chemical
resistance [1-3]. CNTs have been reported as catalyst support
for various reactions such as hydrogenation [4,5] and fuel cell
catalysis [6]. The application of CNTs improves either the
activity or the selectivity as compared to other conventional
support materials. Carbon was also used as non-metallic
catalyst for reactions like the oxygen reduction in fuel cells
and the oxidative dehydrogenation of ethylbenzene to sty-
rene [7-10]. The activity was tentatively attributed to surface
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surface defects was not provided.

The oxidation by HNOs, O, plasma or other strong oxidiz-
ing agents, as it is widely employed for the treatment of CNTs,
can introduce oxygen-containing functional groups on the
carbon surface [13-18]. These oxidation methods, however,
cannot significantly enhance the amount of surface defects
such as edge planes, steps, etc. Recently, we have reported
the creation of surface defects by the catalytic steam gasifica-
tion (or catalytic etching) of carbon, where a strong increase
of surface defects was detected by Raman spectroscopy and
transmission electron microscopy (TEM) [19]. It is expected
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that the obtained surface defects or etching pits can act as
anchoring sites for catalytically active metal nanoparticles,
thus improving their resistance to sintering.

In this study, we demonstrate the function of the surface
defects created by the catalytic etching. The influence of sur-
face defects on the electronic structure of CNTs has been
studied by ultraviolet photoelectron spectroscopy (UPS), and
experimental evidence originating from temperature-resolved
X-ray photoelectron spectroscopy (XPS) and temperature-
programmed desorption of ammonia as a probe molecule
(NH5-TPD) reveals that the surface defects are active centers
for the adsorption of foreign species, and that the thermal
stability of the adsorbates is higher on the defect sites.

2. Experimental
2.1. Sample preparation

The CNTs (Pyrograf® III PR-24-PS) with outer diameters of 50-
200 nm were obtained from Applied Sciences Inc. (Ohio, USA).
Iron was deposited by chemical vapor deposition from ferro-
cene or by impregnation with an aqueous solution of ammo-
nium ferric citrate. The etching process was described in
detail elsewhere [19]. Briefly, the etching was carried out at
670 °C by introducing water vapor (1 vol.%) to the reactor with
the presence of hydrogen (99.9999%, 10 vol.%). After reaction,
the coke was burned at 450 °C in diluted oxygen. Finally, the
etched sample (FeO,/CNT) was treated overnight in 1M
HNO; under continuous stirring at room temperature, and
then washed thoroughly, filtered and dried to obtain the
etched CNTs (e-CNT). For the XPS and NH3-TPD experiments,
both the etched CNTs and as-is CNTs were treated at 800 °C in
flowing helium (99.9999%) for 60 min to remove the surface
polyaromatics. Subsequently, the CNTs were refluxed in con-
centrated HNO;3 at 110 °C for 120 min, washed thoroughly and
dried for further applications. The samples are denoted as
a-CNT (as-is CNT), H"-a-CNT (HNOs-treated as-is CNT) and
H*-e-CNT (HNOs-treated etched CNT).

2.2. Characterization

The structure of the nanotubes was studied by TEM (Philips
CM 200 FEG). The scanning tunneling microscopy (STM) mea-
surements were carried out using a JSPM-4500S ultra-high
vacuum (UHV) combination of a scanning electron micro-
scope (SEM) with a STM (JEOL) operating at a base pressure
of 3x 107 mbar. The SEM was operated at electron energies
from 0.5 to 12 keV and had a resolution of 7 nm at 12 keV. SEM
imaging of the STM tip during an approach allowed us to pre-
cisely position the tip on a selected part of the sample within
an accessible range of 2 mm x 2 mm.

XPS measurements were carried out in an UHV set-up
equipped with a Gammadata-Scienta SES 2002 analyser.
The base pressure in the measurement chamber was 2 x
10~ mbar. Monochromatic Al Ko (1486.6 eV; 14 kV; 55 mA)
was used as incident radiation, and a pass energy of 200 eV
was chosen resulting in an energy resolution better than
0.5eV. Charging effects were compensated using a flood
gun. Binding energies were calibrated based on positioning

the main C 1s peak at 284.5 eV. The thermal treatments of the
CNTs at different temperatures (117 °C, 307 °C, 447 °C, 597 °C,
and 727°C) were performed in UHV (8x10 2 mbar) for
120 min in the preparation chamber of the XPS set-up, followed
by transfer in UHV to the measurement chamber. A helium gas
discharge lamp emitting light in the ultraviolet region (He II,
hv = 40.82 eV) was used for UPS measurements. Alamp current
of 100 mA and a pass energy of 20 eV were applied for the
measurements. The pressure during the measurement was
maintained at 5x 10~ mbar. The samples were measured at
room temperature. Before the measurements the samples
were treated at 80 °C in UHV to remove physisorbed water.
The CASA XPS program with a Gaussian-Lorentzian mix
function and Shirley background was used to analyze the XP
spectra quantitatively. The peak positions for all the samples
were reproducible using a fixed Gaussian to Lorentz ratio of
70:30 and fixed FWHMs.

For the NH;-TPD, an infrared detector was employed and
calibrated for quantitative measurements. In a typical exper-
iment, 200 mg of the CNTs was loaded into a quartz tube reac-
tor with an inner diameter of 15mm equipped with a
thermocouple inside a close-ended glass capillary, which
was embedded in the sample during experiment for temper-
ature control. Both the H*-a-CNT and H"-e-CNT samples were
first treated in flowing helium (99.9999%) at 600 °C (heating
rate 10 K min™?) for 60 min. After cooling down, the adsorp-
tion of NH; (8400 ppm 99.95% NHj in 99.9999% He) was per-
formed for 30 min at 30 °C, followed by purging the reactor
with helium for 90 min at the same temperature. The CNTs
were then heated from 30 °C to 630 °C at a rate of 10 K min™*
in a helium flow of 100 ml min~* (STP). Simultaneously the
NHj; concentration was recorded.

3. Results and discussion

The etching was performed by exposing Fe-loaded CNTs to
H,0 vapor at elevated temperatures, where the reaction oc-
curred at the interface between the iron particles and the car-
bon support. As a result, the iron nanoparticles were
embedded into the walls of the CNTs by chemical etching
(Fig. 1a). Except for the etching by gasification reaction, it is
believed that several other reactions were involved in this
process, including the reverse reaction of gasification leading
to coke formation, the oxidation of iron by water, etc. Finally
the catalysts were fully deactivated. The sample was shortly
exposed to air for decoking before cooling to room tempera-
ture. The iron nanoparticles, frequently observed as single
crystalline Fe,O3; with a typical lattice spacing of 0.25nm,
were found to be indented into the walls of the nanotubes
(Fig. 1b). After dissolving the iron oxide by acid, the created
surface defects were detected by Raman spectroscopy [19]. A
TEM image of an etched CNT is shown in Fig. 1c. The destruc-
tion of the walls can be seen clearly from the diffraction con-
trast. The same sample was further studied by scanning
tunneling microscopy (STM). Surface defects like steps with
exposed edge planes can be observed from the three-dimen-
sional STM image shown in Fig. 2a. The dimensions of the de-
fects were derived from the line profiles in cross-section
direction (Fig. 2b) as well as in axial direction (Fig. 2c). The
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Fig. 1 - TEM images. (a) Carbon nanotube after catalytic etching using water with iron nanoparticles; (b) Single-crystal iron
nanoparticle embedded in the wall of the nanotube; (c) Etched nanotube after the removal of iron.

presence of etching pits with depths from a few to 10 nm is in
good agreement with the TEM observations.

The surface defects on CNTs are supposed to be anchoring
points for foreign atoms or chemical moieties, which has
been rarely verified experimentally. To confirm this hypothe-
sis, we performed parallel experiments with the etched CNTs
and as-is CNTs by employing temperature-resolved XPS and
NH;-TPD. To ensure the complete removal of iron used for
the etching, a treatment in air (decoking) was performed to
remove the coke and expose the iron, followed by overnight
washing in acid under continuous stirring. Both the etched
CNTs and the as-is CNTs were then purified at 800 °C in flow-
ing helium to remove the surface polyaromatics. Finally, the
CNTs were refluxed in concentrated HNO3, washed and dried
thoroughly. It is worth to note that in addition to the introduc-
tion of oxygen-containing functional groups, the last step of

refluxing in HNO; would have removed any iron residue, if
it had been present after the washing overnight.

Carbon, oxygen and nitrogen were detected by XPS, and
the survey scans did not show any metallic impurities
(Fig. 3). The decomposition and transformation of the oxygen
species upon heating was studied based on the O 1s as well as
C 1s spectra. The decrease of O 1s peak intensities after ther-
mal treatment at different temperatures in ultra-high vac-
uum can be seen clearly from the XP spectra shown in
Fig. 4. Additionally, the fitting of the peaks provides indica-
tions on the thermal stability as well as the transformation
of different oxygen species. Hydroxyl groups decompose at
relatively lower temperatures. After thermal treatment at
727 °C, the remaining oxygen species are believed to be
mainly carbonyls (binding energy ca. 531eV) and ethers
(ca. 533 eV). The oxygen to carbon (O/C) ratio derived from
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Fig. 2 - (a) STM image of the defective wall of a nanotube;
(b) and (c) line profiles obtained by STM measurement
corresponding to the lines marked in (a).

the XPS surface atomic concentrations [20] is shown in Fig. 5
as a function of the treatment temperatures. It can be seen
that the HNOs-treated etched CNT sample has a higher
amount of oxygen in the whole heating process than the as-
is CNTs after HNOj-treatment. The as-is CNTs (without
HNO; treatment) exhibits much less but stable amounts of
surface oxygen upon thermal treatments. Both the HNOs-
treated CNT samples show strong decreases of oxygen upon
heating. However, after thermal treatment at 727 °C, the oxy-
gen to carbon ratios of both the HNO;-treated samples
(etched: 0.060; as-is: 0.046) are still much higher than that of
the as-is CNT without HNO; treatment (0.017). As indicated
by the higher O/C ratios, more oxygen can be anchored on
the etched CNTs. The presence of a higher amount of
oxygen-containing functional groups at high temperatures
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Fig. 3 - XPS survey spectra of as-is CNT (a-CNT), HNO,-

treated as-is CNT (H*-a-CNT) and HNOs-treated etched CNT
(H*-e-CNT) samples.

CPS
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BE/eV
Fig. 4 - XP O 1s spectra of HNOs-treated etched CNTs after

pretreatment in the UHV chamber of the XPS setup at
different temperatures.

is of vital importance for catalytic applications of the nano-
tubes, where heating processes are frequently involved.

It is known from TPD studies that the decomposition of
the carboxyl groups occurs at lower temperatures, whereas
the phenol, carbonyl and ether groups are more stable and
decompose at higher temperatures [21]. The ether-type oxy-
gen between two adjacent graphene layers is presumably
the most stable oxygen species on CNTs, which is believed
to be one of the major species after thermal treatment at
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Fig. 5 - Oxygen to carbon ratio (O/C) as a function of
pretreatment temperature of as-is CNTs (a-CNT), HNO3-
treated as-is CNTs (H*-a-CNT) and HNO,-treated etched
CNTs (H*-e-CNT). The O to C ratios were derived from XPS
surface atomic concentrations. The pretreatments were
carried out in the UHV chamber of the XPS setup.

727 °C in ultra-high vacuum [22]. Apparently, the presence of
surface defects like steps and edge planes facilitates the
embedding of oxygen between graphene sheets. Hence the
improved thermal stability of oxygen in H*-e-CNT can be
mainly attributed to the created defects, although the influ-
ence of surface area on oxygen amount cannot be fully ex-
cluded. Additionally, carbon atoms at defect sites or
dangling bonds can also help to anchor the oxygen atoms
on the surface.

The presence of surface defects has significant influence
on the electronic structure of CNTs [23]. Photoelectron spec-
troscopy, especially UPS, can provide information about the
electronic structure over a wide energy range [24]. Fig. 6
shows the UP spectra of the as-is and etched CNTs excited
by He Il radiation. The spectra of both samples are dominated
by two broad overlapping peaks centered at about 7.7 eV and
3.2 eV, which originate from valence electrons emitted from
the p-o and p-n band, respectively. The changes in the relative
peak intensities of the two peaks reflect the structural
changes in the samples. It can be seen from Fig. 6 that the
etched CNTs have a less pronounced p-n band than the as-
is CNTs, which is mainly due to decreasing sp? contributions.

He Il

CPS

BE / eV

Fig. 6 - UPS He II spectra of as-is CNTs (a-CNT) and etched
CNTs (e-CNT).

The lowered emission from the = band indicates
enhanced structural disorder due to etching, which is in
agreement with the results of the XPS and STM studies.

In addition to the XPS and UPS observations, strong evi-
dence on the active role of surface defects was obtained by
NH;-TPD. It is known that surface acidic groups are the pri-
mary adsorption centers, on which ammonia molecules are
associated through hydrogen bonds [25]. It is generally ac-
cepted that the carboxyl and phenol groups account for the
acidic properties of carbon materials [26]. These acidic groups
on CNTs decompose below 500 °C in helium [21]. For the NH;-
TPD measurement, both the HNO,-treated CNT samples were
first treated in flowing helium at 600 °C. The treatment is be-
lieved to be able to remove all the acidic groups, with only ba-
sic groups left, which are not active for the adsorption of NHs.
It can be seen from Fig. 7 that little NH; was detected for the
as-is CNT sample, whereas much higher amount of NH; was
identified for the etched CNTs.

The major NHj3 desorption peak was reported to be at
about 140 °C for active carbon [27] and activated carbon fibers
[28]. Our former studies on HNOs-treated CNTs suggested a
major NH; desorption temperature of 122 °C [29], which is
lower than that of active carbon. The difference in desorption
temperatures can be related to the apparently stronger acidity
of active carbon. However, the major desorption temperature
of the etched CNT sample appears at 190 °C, which is at least
50 °C higher than the usually observed temperatures of car-
bon materials, and about 70 °C higher than the as-is CNT
sample. Furthermore, a broad shoulder appears at higher
temperatures, which cannot be assigned to a specific adsorp-
tion site on the etched surface. The shoulder is believed to be
related to different sites that anchor NHj; strongly on the sur-
face through multiple interactions. It is known that the spe-
cific surface area increased after etching. However, the
enhanced adsorption of NH; cannot be solely interpreted by
increased surface areas, since the NH; desorption peak
shifted to higher temperatures considerably. The higher
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Fig. 7 - NH5-TPD spectra of HNOs-treated as-is CNTs (H*-a-
CNT) and HNO;-treated etched CNTs (H*-e-CNT). The CNTs
were first heat-treated at 600 °C in flowing helium for

60 min before the adsorption of NH; at room temperature for
30 min. The spectra were obtained at a heating ramp of

10 Kmin™".
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desorption temperature clearly indicates enhanced bond
strength between NH; and the CNT surface. Additionally,
the observed desorption of NH; at 190 °C and higher temper-
atures cannot originate from the decomposition of nitrogen-
containing functional groups like pyridinic or pyrrolic groups
on carbon surface. These nitrogen-containing functional
groups, which can be created by NH; treatment of carbon at
temperatures higher than 200 °C, only decompose at much
higher temperatures than 190 °C [30].

Considering the absence of surface acidic groups after
heating at 600 °C, and the absence of metallic impurities like
Fe species confirmed by XPS, it is assumed that the surface
defects are responsible for the uptake of NHs. It is not likely
that the residual oxygen species after heating at 600 °C in he-
lium adsorb NHi;, otherwise the HNOs-treated as-is CNTs
would have showed a stronger NH; desorption peak than it
did due to the presence of at least 6.1% (O/C = 0.065) oxygen
on the surface as compared to 7.1% (O/C=0.076) of the
HNOs-treated etched CNTs (Fig. 5). Therefore, we can con-
clude that the surface defects are active sites for the adsorp-
tion of NH; presumably at steps and edge planes. The
NH;-TPD results are in agreement with the XPS observations
supporting the active role of the surface defects.

4, Conclusions

In conclusion, the surface defects of CNTs created by etching
were studied by STM and UPS. Edge planes created by etching
were visualized, and a less pronounced p-n band was
observed for the etched CNTs as compared to as-is CNTs.
The adsorption and desorption of chemical moieties on the
defect sites was investigated by temperature-resolved XPS
and NH;-TPD studies. The created defects on CNTs enhanced
the reactivity of the exposed surfaces allowing obtaining a
higher degree of oxygen functionalization and more active
adsorption sites.
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