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Nitrogen-containing carbon nanotubes (NCNT) were grown from acetonitrile, pyridine or
N,N-dimethylformamide over a supported Fe-, Co- or Ni catalyst in the temperature range
823-1123 K. The physico-chemical properties of the obtained NCNT, such as the C/N ratio or
the nitrogen type, were related to the synthesis parameters. It was found that the C/N ratio
increased with increasing temperature which could be related to the thermodynamic sta-
bilities of the metal-carbides and metal nitrides. Also the type of nitrogen present in the
graphene layer changed with increasing temperature from predominantly pyridinic- to
quaternary nitrogen. NCNT obtained with the Fe catalyst showed bamboo morphology
regardless of the C/N source or growth temperature while straight tubes were obtained with
the Co- or Ni catalyst. We propose that this difference in morphology can be explained by
the thermodynamic stabilities of the different metal-carbides, leading to a ‘pulsating’
growth in the case of Fe as opposed to a more continuous growth in the case of Co or Ni.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Altering the physico-chemical properties of Carbon Nano-
tubes (CNT) has become an important topic in nanotechnol-
ogy as their possibilities for application expand, for example
as electronic devices [1-3], catalyst support material [4-7] or
solid base catalyst [8]. This can be achieved by changing the
local electron density in these materials by introducing hetero
atoms such as nitrogen substituting carbon in the graphene
sheets that form CNT. Various methods have been applied
to incorporate nitrogen into CNT [8-25]. Among these are
magnetron sputtering [11,13], laser ablation [14,15], pyrolysis
of mixtures of organometallic- and nitrogen containing
organic compounds [16-20] and chemical vapor deposition
(CVD) of nitrogen-containing hydrocarbons over a heteroge-
neous iron, cobalt or nickel catalysts [8,21-25]. Depending
on the technique used, various amounts and types of nitro-
gen in the resulting nitrogen-containing CNT (NCNT) have

* Corresponding author: Fax: +31 30 251 1027.
E-mail address: j.h.bitter@uu.nl (J.H. Bitter).

been found and different yields and morphologies of the
NCNT occur. For example CNy films and/or tubes with nitro-
gen concentrations up to 26 at% have been synthesized using
magnetron sputtering [13]. However, various morphologies
were found such as amorphous nitrogen doped carbon or
NCNT on CNy films. Pyrolysis of iron-, cobalt- or nickel phthalo-
cyanines between 1023 and 1273 K produced NCNT with a
rather narrow diameter distribution and nitrogen concentra-
tions up to 8 at%. It was observed that an increase in temper-
ature caused a decrease in nitrogen concentration [17].
Kudashov et al. [16] and Choi et al. [17] reported that the wall
thickness of the tubes varied with the catalyst composition
suggesting tunability of NCNT morphology. Kim et al. [21] re-
ported the synthesis of double-walled NCNT and a nitrogen
concentration up to 5 at% using CVD of ammonia and meth-
ane mixtures over a magnesium oxide supported iron/molyb-
denum catalyst. Other CVD experiments where the type of
precursor, catalyst or support was varied produced NCNTwith
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diameters ranging from 10 to 80 nm and nitrogen concentra-
tions up to 10 at%. Increasing the amount of nitrogen above
10 at% seems to be possible but it is challenging. Several
authors report the synthesis of NCNT with a high nitrogen
concentration between 10 and 20 at% [20,25]. According to
these authors the key to achieving a high nitrogen content
in NCNT is using C/N precursors with non-saturated C-N
bonds like acetonitrile or N,N-dimethylformamide. It must
be noted, however, that in some cases NCNT were obtained
where only a fraction of the sample consisted of NCNT with
high nitrogen concentration [20] or that the material was
unstable and a loss of nitrogen occurred over time [25]. In
other cases CNy thin films or diamond like structures, i.e.,
mainly sp® hybridisation, have been synthesized with values
of x between 0.1 and 1.3 [11,13,15,26,27]. However, the gra-
phitic nature of the material decreased with increasing nitro-
gen content resulting in some cases in small CN, arrays
embedded in an amorphous carbon matrix [27]. Calculations
suggested that above a nitrogen incorporation of 20 at% into
the graphitic matrix the structure distorts and loses its stabil-
ity [28,29]. It seems that an energy barrier exists against N
incorporation which is decreased by relaxation of the system
to a non-planar structure. On the other hand, according to
calculations of Snis et al. [30] a graphitic form of C5N, is
possible.

From all studies it becomes clear that it is rather difficult to
obtain uniform NCNT with a high nitrogen concentration, i.e.,
above 20 at%, with conventional techniques like chemical va-
por deposition. However, to our opinion CVD is an attractive
route for the synthesis of carbon nanomaterials since it is rel-
atively easy to execute and allows large scale production of
the materials [31,32,18].

At least three types of nitrogen are found in NCNT. These
are pyridinic nitrogen, pyrrolic nitrogen and quaternary nitro-
gen [9,33,34]. The pyridinic N type is an sp® hybridized nitro-
gen atom located at the edges or at defects of the graphene
sheets (Fig. 1A) [35]. These pyridinic nitrogen atoms have a
localized electron lone pair which and are active in base cata-
lyzed reactions [8]. Therefore the optimization of the amount
of pyridinic nitrogen is important for catalysis. The pyrrolic N
type is sp® hybridized and part of a five membered ring struc-
ture (Fig. 1B). The quaternary N is a carbon substituted nitro-
gen atom located in the graphene sheet (Fig. 1C). A fourth
type has been reported and labeled as N-X species (Fig. 1D), be-
lieved to be an oxidized type of pyridinic N [33,34]. Although
the different types of nitrogen present in the NCNT have been
described, mainly the increase of the amount of nitrogen
incorporated has been the focus in many studies.

The introduction of nitrogen in the graphene layers of the
carbon nanotube takes place during synthesis and therefore
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Fig. 1 - Types of nitrogen species found in NCNT: (A)
pyridinic, (B) pyrrolic, (C) quaternary and (D) oxidized
pyridinic.

the conditions in the catalytic growth process are important.
In the process of NCNT synthesis three stages can be envis-
aged during growth, i.e., (1) decomposition of the precursor
to surface carbon and nitrogen atoms, (2) diffusion/migration
of these atoms through/over the metal and (3) formation of
the NCNT. In order to be able to tune the physical-chemical
properties of the NCNT one needs to influence one or more
of the above mentioned steps. It is likely that changes in syn-
thesis parameters, specifically temperature, growth catalyst
and N/C-source, will affect the physical-chemical properties
of the resulting NCNT, e.g., the graphitic character or amount
and type of nitrogen incorporated. For example, the decom-
position rate of the C/N source will affect the rate of supply
of carbon- and nitrogen atoms and thus be of influence in
the NCNT growth. Diffusion/migration of carbon over/
through the catalyst is determined by the metal and probably
the temperature. In literature many reports can be found
dealing with the solubility of carbon in transition metals con-
nected to phase diagrams of Fe;C, Co,C and Ni;C [36-39]. A
thorough examination of the effect of C/N precursor, catalyst
and growth temperature on the physical-chemical properties
of the NCNT, in particular amount and type of nitrogen incor-
porated, is required to be able to tune the NCNT’s features. Re-
ports in literature have often focused on the effect of just one
synthesis parameter. In this contribution several aspects of
NCNT growth, i.e., the influence of the C/N source, catalyst
and synthesis temperature, and the effect thereof on the
NCNT morphology, amount of nitrogen incorporated and
the type of nitrogen functions present will be related. We
used three main variables in the synthesis of NCNT, i.e., C/N
source, catalyst and temperature. As C/N source we applied
acetonitrile (ACN, sp-hybridized N), pyridine (PYR, sp®-hybrid-
ized N) and N,N-dimethylformamide (DMF, sp>-hybridized N).
As growth catalyst iron, cobalt and nickel were used and the
growth temperature was varied between 823 and 1123 K. The
physical and chemical properties of the resulting material are
examined with appropriate characterization techniques.

2. Experimental
2.1.  Catalyst preparation

Silica or alumina supported iron-, cobalt- and nickel catalysts
were synthesized using homogeneous deposition precipita-
tion (HDP) [40,41]. In a double-walled precipitation vessel
10 g of the support, i.e,, silica Aerosil 200 or alumina, was sus-
pended in a mixture of 1L demi-water, a predetermined
amount of iron-, cobalt- or nickel nitrate (which would result
in a metal loading of 20 at%) and urea (threefold the molar
amount of the metal nitrate). The mixture was then heated
to 363 K under continuous stirring and maintained at that
temperature for 16-20 h. The suspension was filtered and
the precipitate was re-suspended in demi-water to remove
excess urea. The precipitate was then dried at 393K and a
sieve fraction of the pre-catalyst (150 pm < x < 425 pm) was
calcined afterwards at 873K in static air for 3 h.

In addition silica supported nickel- and cobalt catalysts
were prepared using the wet impregnation technique. Silica
Aerosil 200 was heated under vacuum to 423 K, maintained
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at that temperature for 2 h and cooled to room temperature in
nitrogen afterwards. Next, a solution (7 mL g~ * silica) of nickel
nitrate hexahydrate or cobalt nitrate hexahydrate (to obtain a
20 wt% metal loading), dissolved in a mixture of water and
ethanol (15/85 v/v), was added to the silica under continuous
stirring. The solution was evaporated at room temperature for
20 h and then further dried at 333 K for 24 h. A sieve fraction
of the pre-catalyst (150 pm < x < 425 pm) was calcined at
873K in static air for 3 h.

2.2. NCNT synthesis

About 0.5 g of catalyst was loaded in a vertical quartz reactor
and reduced between 873 and 973K for 2h in a 20% H,/He
flow (total 100 mL min~?%). Next, the reduced catalyst was kept
at its Tamman temperature, i.e., 905K (Fe), 885K (Co), 865 K
(Ni), in a helium flow for one hour. NCNT were grown from
acetonitrile (ACN), pyridine (PYR) or N,N-dimethylformamide
(DMF) between 823 and 1123K using a helium flow
(50 mL min~?) saturated by bubbling through the liquid pre-
cursor at 303K. After 16-20h the growth reaction was
stopped by flushing the reactor with a helium flow
(50 mL min~?) and cooling to room temperature after which
the amount of NCNT was determined. The yield of material
was expessed as gram NCNT per gram of metal in the growth
catalyst (gnenTe/Em)-

The growth catalyst was removed by subsequent refluxing
the raw product in 1 M KOH and 25% HCl solution. The NCNT
were thoroughly washed with demi-water after each step.
The purified product was dried at 333K in air. Samples were
labeled according to metal, temperature and precursor;
Co823ACN for example refers to NCNT grown from acetoni-
trile at 823 K using a cobalt catalyst. NCNT grown from a cat-
alyst prepared by wet impregnation are denoted with the
extension -WI.

2.3. Characterization

Prior to their characterization the growth catalysts were re-
duced in a 20% H,/He flow at 873 (Fe and Co) and 973 K (Ni).
After 2 h the temperature was decreased to room temperature
and the reducing atmosphere was first changed to He and
subsequently O,/He (100 mL/min) with the oxygen concentra-
tion increasing from 0.1% to 20% for the Ni/SiO, catalyst. The
Co and Fe catalysts were passivated in CO,/He (5%, total flow
100 mL/min) for 20 h. The catalyst characteristics were ana-
lyzed with X-ray diffraction (XRD) and H,-chemisorption.

X-ray diffractograms of powdered samples were taken
using an Enraf-Nonius CPS 120 powder diffraction apparatus
with Co(Ke) radiation of 1.79 A. Hydrogen chemisorption
analysis was performed with a micromeretics ASAP 2010C
apparatus. The growth catalysts were dried for 2h at 393K
and then re-reduced at 973 K in hydrogen for 2 h with a heat-
ing rate of 5 K min~'. H, adsorption isotherms were measured
at 593K, 423K and 423K for, respectively, Fe, Co and Ni. To
determine the metal loading of the growth catalysts X-Ray
Fluorescence analysis was performed using a Goffin Meyvis
Spectro X-lab 2000.

The N/C atomic ratio in the NCNTwas determined by X-ray
photoelectron spectroscopy (XPS) using a Vacuum Generators
XPS system operating with Al(K,) radiation. The raw data
were corrected for charging using the binding energy of
graphite at 284.4 eV. Peak areas were determined after back-
ground substraction using Shirley’s method and fitting the
spectra with Gaussian curves. The amount of nitrogen incor-
porated was calculated from the peak areas of the Cls- and
N1s peaks after correcting for differences in sensitivity using
sensitivity factors of 0.540 and 0.972 for C and N, respectively.
The N1s peak was deconvoluted into contributions of pyridi-
nic N (398.4-399.0 eV), pyrrolic N (400.0-400.6 eV), quaternary
N (401.1-401.7 eV) and N-O species (402.0-405.0 eV).

The morphology of the NCNT was examined by transmis-
sion electron microscopy (TEM) using a Tecnai20FEG electron
microscope. Crushed NCNT were suspended in ethanol and a
drop of the suspension was deposited on a copper grid and
the solvent was evaporated. Micrographs were taken at
200kV. Additional TEM studies including energy filtered
TEM (EFTEM) elemental mapping of the carbon and nitrogen
distributions in NCNT was undertaken on an FEI CM200 field
emission transmission electron microscope operated at
200 kV and fitted with a GIF200 Gatan imaging filter.

3. Results

For the synthesis of the NCNT growth catalyst were prepared
using either homogeneous deposition precipitation (HDP) or
wet impregnation (WI). Some of the characteristics of the cat-
alysts after reduction and passivation have been compiled in
Table 1.

Table 1 shows the metal particle size of the prepared cata-
lysts. The average particle size observed with TEM varies be-
tween 5 and 10 nm. XRD showed that in most cases, except
for Ni/SiO,, that the particle size distribution was bimodal.
This was inferred from the shape of the XRD reflection, i.e.,

Table 1 - Catalyst Characteristics after reduction at 973 K

Catalyst  Metal loading (Wt%) Metal particle size Crystal structure of the metal
TEM average size (nm) TEM size range (nm) XRD? (nm)

Fe/AL,O; 28 10 4-20 10; 23 bee

Co/SiO, 21 5 3-10 3;9 fce/hep

Co/Si0,~WI 20 = - 11; 23 fec/hep

Ni/SiO, 24 3-20 5 fec

Ni/Si0,—~Wi 20 10 5-30 12; 28 fec

a Bimodal distribution, left number size of small particles, right number size of large particles.
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superposition of a broad signal and a narrow signal. After
deconvolution, the two average particle sizes were obtained.
The Co and Ni catalyst prepared by HDP showed the smallest
particles (5 nm for Ni and 3-9 nm for Co). Unfortunately the Fe
particles were larger (10-23 nm) even though HDP was used as
preparation technique. Both the impregnated catalysts show

also large particles (11-28 nm) as intended. These observa-
tions were supported by the TEM results.

NCNT were grown using different growth catalysts, C/N-
sources and temperatures. A comprehensive overview of the
growth conditions and of the physico-chemical properties of
the prepared NCNT is shown in Table 2. When discussing

Table 2 - Growth conditions, yield and properties of NCNT

Catalyst Precursor Temperature (K) Yield (gncnt/gv) Purity Average tube diameter (nm) Amount NP (mmol g=%) Np/Ng?

Fe/ALO; ACN 823 0
923 23 +
1023 25 +
PYR 923 42 +
1023 42 +
1123 48 -

DMF 823 0
923 4 +

1023 0
Co/Si0, ACN 823 10 +
923 17 +
1023 25 +
PYR 923 8 +
1023 6 +
1123 5 -
DME 823 4 +
923 3 +

1023 -
Ni/SiO, ACN 823 10 +
923 14 +
1023 6 +
PYR 923 4 +
1023 6 +

1123 6
DMF 823 2 +

923 0

1023

12 5.6 0.9
17 5.2 1.0
12 2.8 2.8
19 5.0 1.0
= 3.2 1.0
14 = =
16 7.4 22
17 4.0 1.0
18 4.3 0.6
18 7.5 2.0
62 7.4 1.5
= 5.6 0.9
14 1.8 0.8
14 1.6 0.7
12 5.0 1.7
14 4.6 1.5
— 3.6 0.6
13 7.1 1.8
- 7.1 1.3
= 6.4 1.4
12 1.8 -

a (+) pure NCNT, (+) NCNT and amorphous C, (—) amorphous C.
b Determined from XPS data.

Fig. 2 - TEM micrograph of NCNT grown from ACN (A) and NCNT plus amorphous carbon depositions grown from PYR (B) over

Co/SiO, at 923 K.
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the synthesis parameters the quality i.e., purity of the sam-
ples is important (Table 2; purity). Fig. 2 shows TEM micro-
graphs of NCNT grown at 923K over Co/SiO, either from
ACN or PYR. Clearly the ACN sample shows only tubular
materials (purity labelled as + in Table 2) while in the NCNT
prepared from PYR next to tubular material a significant
amount of amorphous carbonaceous material is observed
(purity labelled as + in Table 2). For all samples compiled in
Table 2 the purity of the sample was qualitatively judged on
the basis of a significant amount (10-20) of TEM images.

We will describe in detail now the influence of tempera-
ture, C/N source and metal separately with the focus on prod-
uct yield, morphology and composition.

3.1.  Influence of temperature

For NCNT prepared from ACN it was observed that the yield of
NCNT increased with temperature, irrespective of the metal
catalyst used. For the other growth gases (DMF, PYR) this
trend is not clear possible due to the formation of amorphous
materials as listed for a number of cases in Table 2.

The average diameters of the formed NCNT varied be-
tween 12 and 18 nm irrespective of the growth temperature,
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Fig. 3 - Temperature dependency of the amount of N in
NCNT from catalyst-precursor series; Fe-ACN (¢), Co-ACN
(), Ni-ACN (M), Co-PYR (A) and Ni-PYR (CJ).

growth gas or carbon source. Only over Co/SiO, using PYR
tubes of 60 nm were observed.

The amount of nitrogen incorporated in the NCNT varied
between 1.6 and 7.4 mmol g~! which corresponds to a N/C
atomic ratio between 0.02 and 0.10. In general, the N/C ratio
decreased with increasing growth temperature as shown in
Fig. 3 (please note that for DMF too few data points were ob-
tained and were therefore omitted from the figure). This does
not only hold for the pure NCNT materials but also for the less
well defined (i.e., more amorphous) materials.

The distribution of nitrogen and carbon throughout an
NCNT sample (Co823ACN) was determined by three window
elemental mapping using EFTEM. Fig. 4A shows a zero loss fil-
tered bright field image of the NCNT. In addition the elemen-
tal maps are displayed in Fig. 4B (carbon K-edge) and Fig. 4C
(nitrogen K-edge). As can be seen from Fig. 4C the nitrogen
atoms seem to be located mainly on the outer parts of the
NCNT. The N/C atomic ratio was found to be between 0.01
and 0.05 and was consistent with the XPS results shown in
Table 2. The associated EELS nitrogen K-edge spectrum was
found to be consistent with the presence of sp*>-bonded pyrid-
inic nitrogen.

Fig. 5 shows typical N1s XPS spectra between 395 and
405 eV of Co823ACN and Co0923ACN. Four different signals
were fitted to these spectra representing pyridinc nitrogen
(Np; 398 eV), quaternary nitrogen (Nq; 400 eV), pyrrolic nitro-
gen (Npyr; 399eV) and nitrogen oxides (Nox; 401-405 eV)
[34,42,43]. As can be seen in this figure the N1s signal of the
two NCNT samples is rather different showing the sensitivity
of the technique for the type of nitrogen. The Np/Nq ratio is
large in Co823ACN and lower for C0923ACN i.e., for the sam-
ple prepared at higher temperature. Table 2 shows that this is
a general trend, with increasing growth temperature the
Np/Nq ratio decreases.

Besides pyridinic N and quaternary N two more nitrogen
functionalities were found in all NCNT with binding energies
around 400 and 403 eV which could be ascribed, respectively,
to pyrrolic N and N-oxides [34]. The relative amount of the lat-
ter type was rather low for the NCNT grown from Co or Ni,
less than 10% of the total N1s peak area, and remained fairly
constant in all NCNT grown between 823 and 1123 K. For the
Fe grown NCNT the amount varied between 8% and 38%. The
relative amount of pyrrolic N varied between 5% and 42%.

Fig. 4 - Energy filtered TEM micrographs of a NCNT: (A) Zero loss filtered BF TEM micrograph of Co823ACN, (B) carbon K-edge
elemental map and (C) nitrogen K-edge elemental map In (B) and (C), light areas represent regions of high concentration.
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Fig. 5 - XPS N1s spectrum of Co823ACN (A) and Co923ACN (B) with contributions of pyridinic N (N;), pyrrolic N (Npyg),

quaternary N (Ng) and N-oxides (Nox).

3.2 Influence of C/N source

From Table 2 it can be seen that NCNT are obtained in good
yields (10-25 gycnr 8i) When ACN was used as precursor, irre-
spective of the metal and growth temperature. PYR shows
high yields over Fe catalysts (42-48 gycyr S4')» however only
at low temp (923 K) NCNT were observed. In general with
PYR a high amount of amorphous material was observed.
The yield of NCNT using DMF was low (24 g,.yr &) but
the materials were very pure.

The influence of the growth gas (ACN, PYR, DMF) on the
morphology of NCNT is most clearly seen over Co catalysts
(Fig. 6A-C) but the statements made here also hold for Ni cat-
alysts. From ACN and DMF (Fig. 6A and B) tubes with a diam-
eter of 14-16 nm were grown. The figure also indicates a
lighter centre part of all tubes indicating a hollow interior.
In the high resolution TEM (Fig. 7) of a typical NCNT produced
from DMF the individual graphene layers with a spacing of
3.4 A, which is typical for graphite like material [44] are clearly
detected.

The morphology of the NCNT prepared using the iron cat-
alysts were bamboo like and as such different as compared to
the NCNT obtained with the cobalt- and nickel catalysts. This
will be discussed in more detail in Section 3.3.

When relating the amount of N incorporated in the NCNT
with the C/N-source no clear relation can be found. For exam-
ple over the iron catalysts it seems the amount of nitrogen
incorporation increased in the order ACN >PYR while over
Co this order is reversed. Please note that this statement is
based on taking into account all types of carbon (flagged,
respectively, as +, + or as — in Table 2).

Fig. 7 - High resolution micrograph of NCNT graphene layers
from Co923DMF.

3.3.  Influence of growth metal

From Table 2 it becomes clear that the highest yields of NCNT
were obtained with the iron catalyst, between 23 and
42 guenr S Using ACN or PYR. It appeared that the order is
Fe > Co>Ni when ACN or PYR was used. DMF resulted in a
too low amount of NCNT to draw firm conclusions on.

Fig. 8 shows typical transmission electron micrographs of
NCNT grown from ACN over Fe, Co or Ni catalysts at 923 K.
All NCNT show tube-like material of comparable diameter be-
tween 12 and 17 nm. The contrast between the centre and the
edge suggests hollow tubes, as discussed above. This was also

Fig. 6 - TEM micrographs of NCNT grown from Co at 923 K using PYR (A), DMF (B) and ACN (C).
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Fig. 8 - TEM micrographs of NCNT obtained from ACN at 923 K using Fe (A), detail of Fe923ACN showing bamboo morphology

(B), Co (C) and Ni (D) as growth catalyst.

supported by on-top views of the NCNT as indicated by circles
and arrows. Figs. 8A and B shows NCNT grown from ACN at
923K using an Fe catalyst. From Fig. 8B it is clear that the
tubes grown from iron show compartments, these are the
so called bamboo shaped NCNT [45,46]. This type of morphol-
ogy is typically obtained with the Fe catalyst, irrespective of
the precursor or the growth temperature and contrasts the
morphology of NCNT obtained over Ni and Co (Figs. 8C and
D) which comprised parallel tubes. The compartments appear
as stacked cups with a wall thickness between 4 and 7 nm.
The NCNT grown from ACN over Co and Ni, respectively, con-
sist of multiwalled tubes, with a wall thickness (dark edges)
between 5 and 10 nm.

In general, the average diameter of NCNT prepared over
the HDP catalysts is fairly constant with an average between
12 and 19 nm for all C/N sources regardless of the catalyst
used (except for CoPYR1023). The diameter distribution of
NCNT obtained with Ni is narrower (around 4-28 nm) as com-
pared to the NCNT obtained with Fe or Co (5-62 nm).

In some cases amorphous carbon was observed (purity +
or — in Table 2). Amorphous carbon can be formed either from

gas phase decomposition (pyrolysis) of the precursors or over
small metal particles that were too reactive to form a nano-
structured carbon [45,47,48] but became encapsulated by
(amorphous) coke. To investigate the role of particle size Ni-
and Co catalysts were prepared with large, i.e., less reactive
metal particles (see Table 1). From these catalysts NCNT were
grown under conditions which resulted with the small parti-
cles in amorphous materials (see Fig. 2b) i.e., PYR as precursor
and at higher temperatures (>923K). Scanning electron
micrographs of NCNT grown with the Co/SiO,~WI catalyst
are displayed in Fig. 9. As can be seen in this figure, no amor-
phous carbon had been formed during growth and only NCNT
with large diameter were obtained, the average diameter
being 80 nm. This also holds for the NCNT prepared over Ni/
Si0,-WI.

4, Discussion

Depending on the reaction conditions either very pure NCNT
were prepared or significant amounts of amorphous materi-
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Fig. 9 - SEM images of NCNT obtained from PYR using Co/SIO,-IW at 1023 K (A) and 1123 K (B).

als were obtained (Table 2). In this section we discuss the re-
sults concerning NCNT unless stated otherwise. To explain
the influence of the different synthesis parameters on NCNT
properties we first discuss the stability of metal-carbides and
metal nitrides since we propose that these relate to the syn-
thesis of NCNT. Subsequently we discuss the chemical prop-
erties of the NCNT, like the amount and type of nitrogen
incorporated, followed by a discussion on the physical proper-
ties of the NCNT, like morphology and yield.

4.1.  Yield of NCNT

For the growth of CNT in general three different steps can be
envisioned [4,49]. First the precursor decomposes on the sur-
face of the growth catalyst resulting in surface carbides and
nitrides. In a next step the C- and N atoms diffuse through/
over the metal particle followed by nucleation and tube
growth.

The stability of the different carbides and nitrides was
used as a yardstick for the affinity of the metal for C and N,
respectively. The product yield and composition could be re-
lated to the AG? of the respective metal-carbides and nitrides.
In Fig. 10 the calculated AG? values for Fe-, Co- and Ni-car-
bides and nitrides as function of temperature are displayed.
Please note that the AG? values were calculated from standard
enthalpy and entropy values [50,51] using the relation
AG] = AH] — TAS?, where the values of AH? and AS] were trea-
ted as temperature independent. According to their phase
diagram [52], the crystal structure of the metal particles (Table
1) does not change in the temperature range of NCNT growth,
i.e., 823-1123 K, therefore very large changes of the values of
AH? and AS? are not expected and were assumed to be con-
stant. As can be seen from Fig. 10 all AG values are larger
than zero, i.e., for FesC, Co,C and Ni3C, and slowly decreases
in the temperature range 800-1200 K. For the formation of
(N)CNT a metastable carbide is required which means that
the AG? is around zero. If AG? is very negative the metal-car-
bide is too stable thereby preventing the nucleation of the
(N)CNT. If AG? is too positive the interaction between carbon
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Fig. 10 - AG{ values per mol C for Fe;C, Co,C and NisC (M) and
per mol N for FeN, CoN and NiN (o): Fe (grey line), Co (dashed
line), Ni (solid line).

and the metal is too weak and hydrocarbon decomposition
does not take place. With increasing temperature AG? ap-
proaches zero and the formation of (N)CNT becomes more
favourable. Furthermore, with increasing temperature the
reaction rate also increases and therefore higher yields are
expected. This is indeed the case (Table 2, yield).

The influence of the thermodynamic stability of the metal-
nitrides seems to be of minor importance as (N)CNT can still
be formed at high temperature (>1023 K) where the metal-ni-
trides are unstable (Fig. 10). The reason for this might be
found in the fact that nitrogen is only a minority fraction in
the NCNT therefore we speculate that the stability of the car-
bides is decisive. However, when the thermodynamic stability
of the metal-carbide alone would be decisive for the yield no
differences should be expected for the different C/N sources.
However, the product yield from ACN is relatively high, be-
tween 10 and 25 gy 8y increasing with increasing temper-
ature. When PYR is used, only high yields are obtained with
iron, between 42 and 48 gy &, Whereas with both cobalt
and nickel, low yields between 4 and 8 g, . g/ are obtained.
These results indicate that also other factors, either kinetic
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(such as decomposition rate of the precursor) or thermody-
namic (stability of the precursor) influence the NCNT forma-
tion process and thus the yield.

For example, it can be speculated that deactivation of the
cobalt and nickel catalysts, due to a fast decomposition rate
of PYR, is the reason for the observed low yield, which can
be explained in terms of the activity of metal particles
[47,48]. Small metal particles are considered to be more active
for the decomposition of the C/N precursor than large parti-
cles, may contribute to the fast decomposition of PYR leading
to encapsulation by carbonaceous material and subsequent
deactivation. The less active large particles provide the suit-
able decomposition rate of PYR which may explain the
increase in diameter of the NCNT at 1023 K, i.e., only metal
particles of a minimum size sustain NCNT growth while
smaller particles are covered with carbon to such an extent
that deactivation follows. Experiments of NCNT growth from
PYR using Co and Ni catalysts which were prepared using the
wet impregnation method (Fig. 9) pointed out that indeed
NCNT can be formed at higher temperatures (1023 and
1123 K) when the metal particles are sufficiently large. This
indicates that less reactive metal particles, i.e., particles that
are sufficiently large and therefore expose to a larger extent
the low index planes, are necessary for a controlled decompo-
sition of a reactive C/N source as PYR in order to avoid deac-
tivation of the catalyst by a too fast deposition of carbon on
the metal surface. The distribution of diameters reflects the
appropriate metal particle sizes to sustain NCNT growth. It
appears that a size in the range of 5-30 nm is sufficient to ini-
tiate and maintain the growth of NCNT at temperatures be-
tween 823 and 1023 K when ACN is used as the C/N source.
However, only at a low growth temperature between 823
and 923 K NCNT were obtained when PYR or DMF was used.
At higher temperatures, i.e., 1023K and 1123 K, only amor-
phous carbon was obtained with the Fe and Ni catalyst when
PYR was used as C/N source. Please note that the amorphous
carbon does not lead to an immediate catalyst deactivation
since large amounts of amorphous carbon are formed. This
indicates either that the metal particles remain accessible
for the reactant or that the carbon itself becomes a centre
of decomposition [53].

No significant differences between iron, cobalt and nickel
were found with DMF as the C/N source. In this case the
low yields with a maximum of 4 gy g,/ might be caused
by the thermodynamic stability of the compound towards
decomposition, i.e, AHYL(-192kI mol™) < AH? .\ (74
kJ mol™) < AH?,y (140 k] mol ™) [54] which means that DMF
is thermodynamically more stable towards decomposition
than PYR or ACN.

4.2.  Amount of nitrogen in NCNT

Elemental mapping of one of the NCNT samples (Co823ACN)
indicated that nitrogen was located within the outer few
graphene sheets of the NCNT (Fig. 4). The amount of nitrogen
incorporated in the NCNT, as well as the amount of nitrogen
found in amorphous carbon decreased with increasing
growth temperature (Fig. 3). Either the formation of metal-ni-
trides is more favourable at low growth temperatures or, alter-
natively, the formation of metal-carbides is more favourable
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Fig. 11 - Amount of nitrogen in NCNT as function of
AG{(N — C) = AGPy, — AG{ ¢, for Fe-ACN (@), Fe-PYR (O),
Co-ACN (A), Co-PYR (A), Ni-ACN (M) and Ni-PYR ().

at high growth temperatures. As can be seen in Fig. 10 the
AG} values for metal nitrides increase within the temperature
range 500-1200 K while the AG? for carbides decrease. This
means that indeed the formation of carbides is more favoured
over the formation of nitrides at more elevated temperatures
which might explain the low amount of nitrogen incorpo-
rated at higher growth temperatures. In Fig. 11 the amount
of nitrogen incorporated in the NCNT is displayed as function
of the AG{(N — C) = AGPy, — AGf ), i.e., the difference between
the stability of the metal nitride minus the stability of the me-
tal-carbide. With the exception of the NCNT grown from PYR
over Fe, all NCNT show a decrease in nitrogen content with
the increase of the AGY(N — C) value. Clearly, enhanced stabil-
ity of the metal nitride relative to the metal-carbide assists in
the incorporation of nitrogen. Although the amount of nitro-
gen incorporated in the NCNT grown from PYR is in most
cases higher than those grown from ACN, the trend is gener-
ally the same. This suggests that beside the energy differ-
ences between metal-carbide and nitride formation also
other factors are important, for example the thermodynamic
stability of the C/N precursor and (surface) concentration of
carbides and nitrides.

4.3.  Type of nitrogen in NCNT

The type of nitrogen found in the NCNT changes with the in-
crease of the growth temperature. Pyridinic N is predomi-
nantly present when NCNT are grown at a low temperature
of 823 K while more quaternary N is found at high tempera-
tures between 1023 and 1123 K (Np/Nq ratio in Table 2). This
trend is observed for the NCNT grown from ACN and PYR
and is in line with other observations reported in literature
for nitrogen-containing chars [34,55,56]. Since in the latter
studies N-containing chars were heated it was concluded that
in the temperature range between 873 and 1073 K pyridinic N
was converted to the more thermally stable quaternary N.
However, it can be disputed whether the increase of quater-
nary N between 1023 and 1123 K in this research is also the re-
sult of transformation of pyridinic N into quaternary N.
Because in our study quaternary N was found at high
(1123K) and low (823 K) growth temperatures it is possible
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that at least part of the quaternary N is formed at these
directly.

4.4.  Morphology of NCNT

Different structures of carbon nanomaterials have been re-
ported in literature like fishbone, tubes and bamboo struc-
tures [36,44]. The reason for these differences should be
found in details of the mechanism of CNT/NCNT growth
and thus be related to metal particle shape, carbon diffusion
or growth direction, i.e., from the tip of a metal particle sepa-
rated from its support or from the base of a metal particle still
on its support. Possibly there are several factors contributing
to the occurrence of different structures. In this paragraph
the difference in NCNT morphology obtained from Fe/Al,O5,
Co/Si0, and Ni/SiO, will be discussed. The Fe catalyst was
supported by alumina and not by silica to prevent the forma-
tion of iron silicates during reduction [57-59]. Despite the
fact that iron is deposited on a different support than cobalt
or nickel we believe that the iron particle is the determining
factor for the formation of NCNT with bamboo morphology
since this structure was obtained by various supported and
unsupported Fe catalysts [17,18,20,25,31,46]. The formation
mechanism of the bamboo structure is heavily debated.
Both the base growth mechanism [22,46] and the tip growth
mechanism [23,60] were used to explain this morphology.
Which one occurs is believed to be determined by the
strength of the metal-support bond [61,62]. It has been sug-
gested that nitrogen may enhance bamboo structures to be
formed [63-65]. However, since straight tubes were formed
when Co or Ni was used as growth catalyst it seems unlikely
that there is an effect of nitrogen always causing bamboo
structures.

A possible explanation for the structural difference in
NCNT obtained with Fe and Co/Nj, i.e., respectively, bamboo
and straight tubes, may be caused by the thermodynamic sta-
bilities of the metal-carbides (Fig. 10). From literature it is
known that especially with iron stable carbides can be
formed, e.g., FesC (cementite) [66,67]. When relative stable
iron carbide can be formed it is likely that a high carbon con-
centration exists at the metal surface as well as in the bulk.
This means that the chance of forming a graphitic envelope
around Fe is higher than for the thermodynamically less sta-
ble Co- or Ni carbides. As was suggested by Hoogenraad et al.
[68] this will cause the growth of (N)CNT on an Fe surface to be
more pulsating opposed to a more continuous growth in the
case of Co or Ni (Fig. 12).

The C/N source is decomposed at the metal surface into
metal-carbides and -nitrides. Because of the high carbon cov-
erage of the iron surface [59,67] and the stability of the bulk
carbide, migration of carbon over the surface is probably a
more dominant process than diffusion through the metal par-
ticle and as a result a carbon layer is formed on the iron sur-
face. At certain carbide concentration the Fe particle pushes
itself out of the carbon envelope which results in a ‘clean’
Fe surface and the whole process can repeat itself [68]. This
causes a pulsated growth of bamboo shaped NCNT. In the
case of Co and Ni, represented by Fig. 12B, metal-carbides
and nitrides are formed in the same manner as with Fe. How-
ever, forming thermodynamically less stable carbides than

B

Fig. 12 - schematic representation of the NCNT growth
process from Fe (A) and Ni or Co (B).

iron, NCNT are formed in a more continuous manner on co-
balt- and nickel particles as carbon diffuses/migrates
through/over the metal and is segregated more readily.

5. Conclusions

Nitrogen-containing carbon nanotubes have been prepared by
catalytic vapour deposition of acetonitrile, pyridine and N,N-
dimethylformamide over supported iron-, cobalt- and nickel
catalysts. The influence of the synthesis parameters, i.e., tem-
perature, C/N source and catalyst, on the yield, morphology
and C/N composition of the NCNT was studied. Acetonitrile
appeared to be most versatile for NCNT synthesis over a
broad temperature range (823-1023 K), regardless of the cata-
lyst used. The steady formation of NCNT can only be achieved
when the decomposition rate of the C/N precursor, the diffu-
sion rate of the carbon and nitrogen atoms over/through the
metal particle and the formation of the tube are in balance.
This is interplay between stability of the reactant, metal par-
ticle size and metal structure.

The N/C ratio of the NCNT decreased with increasing tem-
perature for all C/N sources and growth catalysts used. This
could be related to the difference between AGs of the respec-
tive metal-carbides and nitrides; with increasing temperature
the formation of metal-carbides becomes more favorable
than the formation of metal nitrides. Moreover, the Np/Ng
ratio also decreased with increasing temperature.

With the cobalt- and nickel catalysts multiwalled nano-
tubes were formed while bamboo type tubes were formed
over iron. This difference in morphology of the NCNT ob-
tained from the was explained by the difference in thermody-
namic stability of the metal-carbides. Fe-carbides are more
stable compared to the Ni- and Co-carbides which might re-
sult in a pulsating growth over Fe while Ni and Co grow in a
smooth manner.
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