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Nitrogen-containing carbon nanotubes as solid base catalysts
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Nitrogen-containing carbon nanotubes (NCNT) are effective
re-usable solid base catalysts, their activity for a Knoevenagel
condensation being related to the amount of pyridinic nitrogen
incorporated in the NCNT structure, which could be tuned by
the synthesis parameters of the catalyst.

Nitrogen-containing carbon nanotubes (NCNT) receive much
attention because of their potential for use in electronic applica-
tions' > and as gas containers.® Due to the incorporation of
nitrogen in the basal planes of the carbon nanotubes (CNT), the
physical- and chemical properties of the NCNT are altered as
compared to conventional CNT.'® In this study we have
investigated the potential of NCNT for use as base catalysts.
Base-catalyzed chemical conversions are key to the production of
drugs, fragrances and chemical intermediates'"'* in which the use
of a regenerable solid base catalyst is prefered over homogeneous
bases, like NaOH, NH; or KOCH3, since significantly less waste is
produced.!> 1

The NCNT materials, of varying N/C composition, used in this
study were prepared by chemical vapour deposition of C- and
N-containing precursors (acetonitrile, pyridine) over a supported
metal catalyst, viz. Co or Ni supported on SiO, (Table 1).!7! The
growth catalyst was chemically removed after NCNT production.
The relation between the type of basic N-species in the NCNT and
the catalytic activity for the Knoevenagel condensation (Scheme 1)
of ethyl-a-cyanoacetate (ECA) with benzaldehyde (BA) has been
studied and established.

The morphology of the NCNT was examined by Transmission
Electron Microscopy (TEM) using a Tecnai20FEG electron
microscope. Fig. 1 displays both medium and high resolution
TEM micrographs of a typical NCNT sample. Uniform NCNT
were observed with an average tube diameter of 25 nm. The
medium magnification micrograph displayed a significant contrast
between the centre and edge of the material suggesting tube
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Scheme 1 Knoevenagel condensation; benzaldehyde reacts with ethyl-

cyanoacetate to form ethyl-o-cyanocinnamate.
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morphology and an on-top view (examples indicated with arrows)
further proved that the material comprised hollow tubes. High
resolution TEM (Fig. 1, inset) showed that the prepared materials
consisted of multiwall tubes with an average graphene sheet
spacing of 3.4 A. Some physicochemical properties of the samples
have been compiled in Table 1.

The N/C atomic ratio in the NCNT was determined by X-ray
Photoelectron Spectroscopy (XPS) using a Vacuum Generators
XPS system operating with Al(Ko) radiation. The amount of
nitrogen incorporated in the NCNT (Table 1) varied between 7.4
and 3.6 mmol g~' NCNT and decreased with increasing growth
temperature for a given growth catalyst and C/N source. This
might be explained by the impact of the growth temperature on
one of the three stages that are envisaged during NCNT growth,
viz. (1) decomposition of the precursor to surface carbon,
hydrogen and nitrogen atoms, (2) diffusion/migration of these
atoms through/over the metal and (3) formation of the NCNT."

In step 1, ie. the decomposition of the precursor, a recombina-
tion and desorption of the surface N/H atoms as N, or NH; might
occur which was confirmed by a qualitative analysis of the gas
phase by mass spectrometry. It can be speculated that this parallel
process is more significant at high temperatures, resulting in a
lower amount of N in the NCNT.

Different types of nitrogen species in the graphene sheets, ie.,
pyridynic, quaternary, pyrrolic and N-oxides were discriminated
by means of XPS. Analysis of the Nls signal revealed that in our
samples the majority of the nitrogen was present as pyridinic-
(binding energy 398.6 ¢V) and quaternary nitrogen (binding energy
401.4 eV). The former is located at the edges of the graphene sheets
or at defects in the plane while the latter is located within the sheets
i.e., carbon is substituted by nitrogen.?**' The amount of pyridinic
and quaternary nitrogen could be tuned by the synthesis
temperature. At low temperature, ie. 823 K, the formation of
pyridinic nitrogen was favoured while at higher temperatures the
formation of quaternary nitrogen was predominant (Table 1). This
is in line with earlier observations that pyridinic nitrogen in coals
can be converted to quaternary ones by a high temperature
treatment.”> >*

The basic properties of the NCNT, i.e. the number and strength
of accessible basic sites, were determined with acid-base titration
using a Titralab Tim880 setup. About 0.1 g of the material was
degassed in vacuum at 423 K for 1 h and then suspended in 50 mL
decarbonized 0.1 M potassium chloride solution under a nitrogen
atmosphere. Next, the suspension was titrated with a 2 x 107> M
hydrochloric acid solution and the pH was recorded as a function
of the volume of titrant added. The titration curves of selected
NCNT are displayed in Fig. 2. The initial pH of all samples
suspended in water was 8-9, which provides direct evidence that all
NCNT were mildly basic. The evolution of the pH as a function of
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Table 1

Some properties of the NCNT

Yield/g g ! Neow (XPS)Y Nieow (titration)’/
Sample C/N source TIK metal mmol g~ ! NCNT mmol g~ ! N-CNT Np/Ng Np/N1*
Co823ACN Acetonitrile 823 10 7.4 0.033 2.0 1.0
Co0923ACN Acetonitrile 923 17 4.0 0.029 1.0 0.6
Col023ACN Acetonitrile 1023 25 43 0.021 0.6 0.4
Col023PYR Pyridine 1023 6 7.4 0.024 1.5 0.7
Ni823ACN Acetonitrile 823 10 5.0 0.027 1.7 0.9
Nil023ACN Acetonitrile 1023 6 3.6 0.013 0.6 0.3

@ Total amount of nitrogen in NCNT determined with XPS from Cls and Nls areas. ® Total amount of accessible sites determined with acid—
base titration. © Np = pyridinic N, Nq = quaternary N. 4 Ratio of pyridinic nitrogen to total N species.
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Fig. 1 TEM images of C0923ACN. Arrows indicate the on-top view of

the tubes. The inset is a HRTEM image of a NCNT showing parallel
graphene layers.

the added volume of titrant varied with the NCNT preparation
procedure indicating differences in the number and strength of
basic sites incorporated in the materials. The amounts of accessible
basic sites were calculated from the amount of HCl added to
obtain a pH of 7 and have been compiled in Table 1. Surprisingly,
the amount of basic sites determined with titration was about two
orders of magnitude lower compared to the amount of nitrogen
determined by XPS. We speculate that the majority of the nitrogen

V. /mL

Fig. 2 Titration curves of NCNT grown from acetonitrile over Co:
Co823ACN (black line), Co923ACN (grey line) and Col1023ACN (dashed
line).

incorporated in the NCNT are located in graphene layers below
the NCNT surface which are not accessible for the acid and can
therefore not be detected with titration.

The catalytic activity of the NCNT was tested in the
Knoevenagel condensation of benzaldehyde (BA) with ethylcya-
noacetate (ECA) to form ethyl-o-cyanocinnamate (ECC). The
NCNT (1 g) were heated to 423 K under vacuum and kept at that
temperature for 1 h. All further handling was carried out in a
nitrogen atmosphere. Freshly distilled BA (1 x 1072 mol) and
ECA (1 x 1072 mol) were dissolved in 50 mL ethanol (p.a. grade)
and pretreated to remove any dissolved carbon dioxide using the
freeze-thaw method. Subsequently, the reaction mixture was
added to the NCNT and the suspension was stirred vigorously and
heated to reflux temperature. Samples of the reaction mixture were
taken regularly for GC analysis. For reference, a blank reaction of
only BA and ECA was performed. The activity of the blank was
always subtracted from the measured activity with catalyst. Also
non-functionalized Carbon Nanofibers (CNF) were tested for
reference purposes in the same manner as NCNT. In Fig. 3 the
initial activity, corrected for blank activity, for the Knoevenagel
condensation has been plotted as a function of the amount of
pyridinic N. As can be deduced from this figure, all NCNT
samples displayed activity for this reaction. The product yields
were between 20 and 50% after 1 h. Please note that the non-
functionalized carbon nanofiber sample did not show any activity
in the condensation, indicating that indeed the incorporated
nitrogen is responsible for the observed activity of NCNT. The
NCNT which showed a high conversion in the condensation
reaction, Co823ACN, was after filtration and washing used in a
second run. The conversion was similar to that of the first run
thereby demonstrating its reusability.
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Fig. 3 Relation of pyridinic nitrogen and initial activity.
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For further study of the relation between the catalyst’s activity
and the type of nitrogen present, the pyridinic/total N ratio from
XPS (Table 1) together with the amount of base sites determined
from titration, were used to calculate the amount of each nitrogen
type at the NCNT. Please note that it was thus assumed that the
relative distribution of each nitrogen type as determined by XPS is
valid for the accessible surface of the NCNT. The initial activity in
the Knoevenagel condensation increased with increasing amount
of pyridinic nitrogen, which indicated that this type of nitrogen is
(part of) the active site for the reaction. No relation could be found
between the quaternary nitrogen species and activity. Since all
NCNT samples obeyed this relation irrespective of the nitrogen
source, growth catalyst and growth temperature, it was concluded
that the route to the final NCNT was not critical.

To appreciate the activity of the NCNT materials, the initial
activities per gram of catalyst have been compared with the
reported activities of other mildly basic materials like fluoro- and
hydroxyappatites and aluminophosphate oxynitrides.”>*° It turned
out that our materials exhibit activities similar to these basic
catalysts. Yields between 02 x 107> and 20.8 x 107> mol
product h™! g ! catalyst were reported for the fluoro- and
hydroxyappatites and aluminophosphate oxynitrides. Hydrotalcite
based materials and functionalized MCM displayed higher yields
around 40 x 107 mol product h™! g™ ! catalyst.>”*® With yields
between 2 x 107> and 8 x 10~ mol product the activity of our
materials is in a similar range as those of the mild solid bases such
as fluoro- and hydroxyappatites and aluminophosphate oxyni-
trides. It must be mentioned that the catalytic data from the
literature was obtained at a variety of conditions. Therefore only
the order of magnitudes of activities can be compared.

To conclude we have demonstrated that nitrogen-containing
carbon nanotubes display basic properties and can be used as solid
base catalysts. The catalytic activity of the samples seemed to be
determined by the concentration of pyridinic nitrogen present in
the catalyst. These materials provide new opportunities for well-
defined solid base catalysts.

This investigation is supported by The Netherlands
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