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• Controlling SWCNTs chirality very difficult

• Heteroatom substitution introduces donor/
acceptor states near Fermi level = doping1

• N – donor (+1 e-), B – acceptor (-1 e-)

• Intrinsic p-doping in air, n more difficult

• N-MWCNTs since 1994,2 SW only recently

• A couple of good reviews3,4

• N-graphene has gained wide recent interest 
(e.g. large n-doping and band gap opening)5

Why dope with nitrogen?
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• First synthesis of N-doped MWCNTs in 19971

• Pyrolysis of liquid or solid C-N compounds: metal 
pthalocyanines, pyridine, acetonitrile, melamine2... N 
concentration < 10%

• PE-CVD or HF-CVD under N2 or NH3 gases3

• Spray pyrolysis of metallic salts with organic 
precursors4; N concentration up to 30%

• And many, many more...

• Characteristic “bamboo” structure

• N concentration higher in internal layers 
and compartments

[1] Yudasaka et al, Carbon (1997)
[2] Terrones et al, APL (1999)

[3] Kurt et al, Carbon (2001)  
[4] Glerup et al, Chem Comm. (2003)

Synthesis – MWCNx



• N-SWCNT synthesis much more difficult – 
still not that many papers

• Arc discharge of melamine-doped graphite 
rods under nitrogen1

• CVD using acetonitrile2, benzylamine3, 
pyridine4, and water-plasma CVD5 using NH3 
have also been successful

• Laser ablation of C-Ni:Y target under 
nitrogen atmosphere6

• Catalyst selection, support and reactor at-
mosphere important for good product7

Synthesis – SWCNx



Of the possible PN defects, it was found that
the most stable corresponds to an adjacent loca-
tion of the P and N atoms inside of the nanotube
lattice, as shown in Figure 15. The N atoms act
like a buffer that adsorbs part of the structural
strain caused by the longer bond lengths of P
atoms, therefore reducing the total energy of the
system. The P and N atoms alter the electronic

structure by adding localized states and by hybrid-
izing the top valence band of the nanotube [32]. For
a semiconducting tube, there is a significant de-
crease in the band gap that results from the injec-
tion of molecular-like states near the Fermi level.

P-doped nanotubes synthesis is still a chal-
lenge, and only very recently has success been
demonstrated for PN-doped CNTs. Nevertheless,
based on experimental observations from our
samples [32] and the results obtained from the
electronic structure calculations, the first hypoth-
esis on the growth mechanism of PN-hetero-
doped CNTs can be proposed. The growth of
these nanotubes was found to be catalyzed by
iron phosphide particles and proceeds via a root
growth mechanism, as concluded from SEM and
HRTEM observations. As it was shown in a pre-
vious section, nitrogen substitution has a lower
energetic cost when located in positions close to
the edges, promoting the closure of a nanotube,
and creating positive curvature. It was also
shown that the inclusion of phosphorus into the
graphene layer creates large corrugation and lo-
cal positive curvature due to tetragonal bonding
angles.

FIGURE 11. A proposed growth mechanism for CVD synthesis of N-doped single-walled CNTs. Step 1 corre-
sponds to the nucleation of the SWNT, a process that to date is still unclear, therefore represented by a black box. It
is followed by the incorporation of N atoms through the open edges (Step 2). An inward bending of the nanotube wall
is produced by a higher concentration of N at the open edge (Step 3). Then two scenarios could be present, a sub-
sequent closure of the nanotube layer due to higher concentration of N [Step 4(a)]; or a frustration in the closure of
the tube and therefore appearance of corrugation as the nanotube keeps growing [Step 4(b)]. A different cause of
corrugation corresponds to the presence of isolated N defects along the nanotube wall [Step 5(b)].

FIGURE 12. Optimized structure of a hydrogen passi-
vated (10,0) carbon nanotube with a single P substitu-
tional defect (179 C, 1 P, and 20 H atoms). The results
were obtained using PBE/3-21G and agree exception-
ally well with periodic planewave calculations (not
shown). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

MANIPULATION OF CARBON NANOTUBES BY SUBSTITUTIONAL DOPANTS

VOL. 109, NO. 1 DOI 10.1002/qua INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 111

Sumpter, Int. J. Quantum. Chem. 109 (2009) 97

Proposed growth model

N atoms induce local curvature which closes tube?
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Proposed growth model
• C.P. Ewels et al., “Nitrogen and boron doping in 

carbon nanotubes” (in Chemistry of Carbon 
Nanotubes, 2007):

“To further complicate the discussion [...] most groups 
when synthesising doped nanotubes use complex 
molecules as their carbon and nitrogen feedstock, 
and even mixtures of molecules. This significantly 
complicates the issue, particularly since to date no 
studies that we are aware of have been aimed at 
elucidating the mechanism whereby feedstock 
molecules are broken down.”

N atoms induce local curvature which closes tube?
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1. INTRODUCTION

Harnessing the full potential of carbon nanotubes (CNTs) hinges
on finding the means to control the electronic properties of an
ensemble of synthesized nanotubes. Much effort has been
directed to controlling the chirality of produced nanotubes
during synthesis, to some extent successfully.1!4 Another possi-
ble way to control the electronic properties of nanotubes is by
substitutional doping with foreign chemical elements. The two
practical candidates are the nearest neighbors to carbon in the
periodic table, boron and nitrogen. Nitrogen in particular has
attracted much attention5!10 because of its suitable atomic size
and envisaged applications for N-doped nanotubes.11,12 Substi-
tutional doping is distinct from other methods of donating
charge to the nanotubes, such as charge transfer by redox-active
molecules (chemical doping), simple gating, or electrochemical
charging.

A variety of methods13 are available for the synthesis of
nitrogen-doped multiwalled carbon nanotubes (N-MWCNTs).
However, synthesis of nitrogen-doped single-walled nanotubes
(N-SWCNTs) is much more difficult,14!16 particularly using
chemical vapor deposition17!20 (CVD).

Apart from their individual electrical character, the positions,
lengths, bundling, and orientations of nanotubes show considerable
variability, whichmakes reliable and cheap fabrication of devices with
reproducible electrical behavior difficult. Therefore random carbon
nanotube networks (CNTNs) have attracted considerable interest as
the first viable technological avenue for CNT applications. In this
context, many promising applications have been demonstrated such

Received: January 13, 2011
Revised: February 25, 2011

ABSTRACT: Nitrogen-doped single-walled carbon nanotubes (N-SWCNTs) were
synthesized using a floating catalyst aerosol chemical vapor deposition method, with
carbon monoxide as the carbon source, ammonia as the nitrogen source, and iron particles
derived from evaporated iron as the catalyst. The material was deposited on various
substrates as grown directly from the gas phase as films and subsequently characterized by
Raman and optical absorption spectroscopies, sheet resistance measurements, electron
microscopy, energy-loss spectroscopy, and X-ray photoelectron spectroscopy.

The sheet resistancemeasurements revealed that the doped films had unexpectedly high
resistances. This stands in contrast to the case of N-MWCNT films, where decreased
resistance has been reported with N-doping. To understand this effect, we developed a
resistor network model, which allowed us to disentangle the contribution of bundle!bun-
dle contacts when combined with data on undoped films. Assuming doping does not
significantly change the contacts, the increased resistances of the doped films are likely due
to enhanced carrier scattering by defect sites in the nanotubes. This work represents the
first experimental report on macroscopic N-SWCNT thin films.

KEYWORDS: nitrogen doping, gas-phase aerosol CVD, SWCNT, thin films
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Great effort has been directed into modifying the electrical

properties of produced carbon nanotubes by chemical doping

and – in parallel – into controlling their chirality. We present a

new approach to synthesizing nitrogen-doped single-walled

carbon nanotubes (SWCNTs), based on gas phase floating

catalyst CVD. The nitrogen content in the tubes was verified by

transmission electron microscopy/electron-energy loss spec-

troscopy (TEM/EELS), and their chiral angle distribution found

by electron diffraction (ED) to be skewed toward armchair

tubes. Additionally, the optical properties of the material were

probed by multi-frequency Raman spectroscopy and optical

absorption.

! 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Despite intense research effort, the
realization of the full potential of carbon nanotubes has been
hindered by the persistent difficulty in controlling the
electronic properties of an ensemble of synthesized nano-
tubes. Advances in nanotube separation [1–3] have finally
provided metallicity-selected [2, 4] samples for fundamental
studies. However, extensive processing is always required,
introducing defects and limiting the amount of material
available. A lot of effort has been directed to controlling the
chirality of produced nanotubes during synthesis, to some
extent successfully [5–7].

An alternative route toward controlling the electronic
properties of nanotubes – inspired by semiconductor
technology – is via doping with foreign chemical elements.
The two obvious alternatives are the nearest neighbors to
carbon in the periodic table, boron and nitrogen [8–11].
Nitrogen in particular has attracted much attention due to its
suitable atomic size. Furthermore, the potential applicability
for N-doped nanotubes looks very promising [12].

The synthesis of nitrogen-doped multiwalled carbon
nanotubes (N-MWCNTs) is nowadays an easy task using a

variety of methods [13]. However, the synthesis of single-
walled nitrogen-doped nanotubes (N-SWCNTs) has proven
much more challenging [14, 15], particularly using different
variations of the chemical vapor deposition (CVD) technique
[16–19].

Here, we present a new approach to synthesize N-
SWCNTs using a gas phase floating catalyst CVD method
where carbonmonoxide (CO) acts as carbon source, ammonia
(NH3) as the nitrogen source (and etching agent [20]), and iron
particles derived from ferrocene as the catalyst [21]. The
nitrogen content in the tubes has been verified by transmission
electronmicroscopy/electron-energy loss spectroscopy (TEM/
EELS). In addition, their chiral angle distribution has been
shown by electron diffraction (ED) to be skewed toward
armchair tubes. The optical properties of thematerial have also
been studied by multi-frequency Raman spectroscopy and
optical absorption.

2 Experimental methods
2.1 Synthesis The synthesis method has been

described in detail previously [20, 21]. Briefly, catalyst
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4MPQ, UMR 7162, Université Paris Diderot, CNRS, case 7021, 75205 Paris cedex 13, France
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MFC

6

HWG reactor
• Reactor temperature 890°C

(optimum for long bundles)
• CO used as carbon 

precursor, CO2 as etchant
• 0 to 300 ppm NH3 as the 

nitrogen source
• Diluted with Ar to control 

very low amounts
• Catalyst particles from 

resistively heated iron wire, 
current ~2.7 A



Nanoparticle production 
in a hot wire generator

Resistively 
Heated Wire

Vaporization of Gaseous 
Metal and Heat Release

Rapid Cooling of Gas Causes
Physical Nucleation

Cold gas
without

Carbon Source
H2/Ar (7/93%)

Nasibulin CPL 402 (2005)
Image courtesy of David Brown



2 NH3

+

3 H2+N2

+

6 H+2 N

CO CO C CO2+ +

+ +

H2 CO C H2O+ +

+ +

NH3 CO HCN H2O+ +

+ +



Formation mechanism?
• How does the chemistry work in 

the early stages of the CVD?

• How does N affect the growth 
process and the properties of 
the tubes? 

• Why is N enriched in tubes: 
from 100 ppm (0.001%) in gas 
to ~0.2% (and locally >1%)?

• Ultimate goal: tune the process to get certain 
N-SWCNTs with desired properties?

• Diameter reduction, chirality control?

• N-content tuning, control of doping 
configurations, distribution?

NH3
(ppm)

N content 
(at. %)

N content 
(at. %) Mean diameter

 ± variance (nm)
NH3

(ppm)
EELS      XPSEELS      XPS

Mean diameter
 ± variance (nm)

0 - - 1.4±0.3
100 1.2 0.2 1.2±0.3
200 1.7 0.7 1.1±0.2
300 - 1.1 1.1±0.2

Susi et al., Chem. Mater. 23 (2011) 2201
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ABSTRACT: We demonstrate here a simple and effective
(n,m)-selective growth of single-walled carbon nanotubes
(SWCNTs) in an aerosol floating catalyst chemical vapor
deposition (CVD) process by introducing a certain amount
of ammonia (NH3). Chiralities of carbon nanotubes pro-
duced in the presence of 500 ppm NH3 at 880 !C are
narrowly distributed around the major semiconducting
(13,12) nanotube with over 90% of SWCNTs having large
chiral angles in the range 20!-30!, and nearly 50% in the
range 27!-29!. The developed synthesis process enables
chiral-selective growth at high temperature for structurally
stable carbon nanotubes with large diameters.

The electronic and optical properties of a single-walled carbon
nanotube (SWCNT) depend on its chirality,1 which is

usually designated by a pair of integers (n,m) known as chiral
indices, or equivalently identified by the tube diameter and its
chiral angle. One cannot overemphasize the importance of
establishing effective routes to facilitate the growth of carbon
nanotubes with a preferred chiral structure. Over the past decade,
substantial efforts have been devoted to developing various
structure-controlled synthesis methods, of which most are based
on the catalytic chemical vapor deposition (CVD) method,
which is known to be an efficient and controllable process for
carbon nanotube production.2,3 A common practice to achieve
high selectivity for SWCNT formation is to regulate the species,
composition and size of the catalyst particles, typically in a bi-
metallic catalyst system such as CoMo(CAT),4,5 FeRu,6 FeCo,7

NiFe,8 and FeCu.9 Although the growth mechanism remains
veiled in mystery,10 it is a fact that, in all reported works thus far,
the resulting SWCNTs appear to exhibit very similar chirality
distributions near the (6,5) nanotube, with most nanotubes
having diameters below 1.0 nm and chiral angles close to 30!.
A low growth temperature is usually required to achieve a narrow
chirality distribution. An increase in the growth temperature is
typically accompanied by an increase in the nanotube diameter as
well as a broadening of the diameter distribution.7 However,
a low reaction temperature is usually adverse to high-yield
growth of large-diameter SWCNTs, which are favored by certain
applications11 in high-performance electronics. In addition, we
note that the chirality distribution in the above-mentioned chiral-
selective SWCNT samples has so far been analyzed by optical
spectrometry, mainly photoluminescence (PL), which is usually
limited for a complete characterization in that only nanotubes

with optical responses can be detected. Quantitative evaluation
of the nanotube population is another issue since there is a lack of
knowledge of the optical efficiency as a function of (n,m), not to
mention the environmental effects.

In this communication, we report on the development of a
new approach based on an aerosol floating-catalyst CVD process
in order to promote the growth of SWCNTs with controlled
chiral structure. By introducing a small amount of ammonia
(NH3) as an additive into the reaction, we succeeded in produc-
ing high-quality SWCNTs at a relatively high temperature, whose
chiralities are largely clustered into a group around the (13,12)
nanotube. The average tube diameter is 1.67 nm. Over 90% of
SWCNTs were distributed in the high chiral angle region close to
the armchair structure. Instead of optical measurements, struc-
tural characterization was carried out using electron diffraction
technique which allows direct (n,m) measurements on indi-
vidual SWCNTs. Electron diffraction analysis of SWCNT bun-
dles endows us with further chiral angle distribution information.
The measurements are free of nanotube environment effects.

SWCNTs were synthesized in a gas-phase floating catalyst
CVD reactor12 where iron nanoparticles derived from ferrocene
vapor decomposition act as catalyst in a 400 cm3/min flow of
carbonmonoxide (CO) and 2 cm3/min of carbon dioxide (CO2)
at 880 !C. As an etching agent, small amounts of NH3 were
introduced into the reaction to amend the nanotube structure.13

Three samples were obtained by regulating the amounts of NH3
at 0 ppm, 500 ppm, and 1000 ppm, respectively, with all other
parameters unchanged. All samples have been investigated by
transmission electronmicroscopy (TEM) using a Philips CM200
FEG microscope and a JEOL-2200FS double aberration-
corrected microscope, both being operated at 80 kV, which is
well below the electron knock-on damage threshold for carbon.14,15

The (n,m) determination from electron diffraction patterns
(EDPs) of individual SWCNTs was based on a calibration-free
intrinsic layer line-spacing method.16 In addition, EDPs of
SWCNT bundles provided supplementary knowledge on the
chiral angle distributions in the samples.17

Electron microscopy observation showed that SWCNTs have
been produced in the samples with NH3 at 0 ppm as well as
500 ppm. Compared with that in the 0 ppm NH3 sample, the
yield of nanotubes is lower and the nanotubes are less bundled in
the 500 ppmNH3 sample. It is remarked that there are no carbon
nanotubes observed in the sample synthesized with 1000 ppm
NH3. A representative TEM overview image of SWCNTs in the
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500 ppm NH3 sample is presented in Figure 1a, where an
individual nanotube is framed. Shown in Figure 1b and 1c are
its high-resolution TEM image and the corresponding electron
diffraction pattern (EDP), from which the chiral indices of the
tube have been indexed as (13,12). More images and EDPs for
the three investigated samples are available in the Supporting
Information (Figures S1-S3). In general, the structure of the
floating catalyst CVD nanotubes is well crystallized due to the
high growth temperature. On the basis of electron diffraction
analysis of 108 individual SWCNTs in the 500 ppmNH3 sample,
and 95 nanotubes in the 0 ppm NH3 sample, we obtained (n,m)
maps for both samples as shown in Figure 2. In the 500 ppmNH3
sample, in total 37 different chiral structures were identified, of
which the three main chiralities (13,12), (12,11), and (13,11)
with abundances of 13, 8, and 8, respectively, constitute nearly
30% of the investigated nanotubes. In addition, the chiralities of
the SWCNTs are seen intensively clustered into a narrow region
around the major semiconducting (13,12) nanotube. In contrast,
in the 0 ppm NH3 sample, the chiralities are more broadly
distributed. Out of 95 investigated nanotubes, a total number of
52 different ones are recognized in a different chiral configuration
with (12,10) showing only a slightly higher abundance. We note
that the fractions of semiconducting tubes in the above two
samples, 65% for the non-NH3 sample and 74% for the NH3-
enhanced sample, do not show substantial differences from each
other nor from their inherent population of around 67%.

The prominence of the chirality distribution in the NH3-
enhanced sample is more effectively displayed in Figure 3 (red
bars), which illustrates the ratio Rx/R2 as a function of chiral
angle. Here, Rx (x = 1-3) indicates the percentage of nanotubes
with chiral angles in the ranges 0!-10!, 10!-20!, and 20!-30!,
respectively. Our statistical data show that the 500 ppm NH3
sample has more than 90% SWCNTs with large chiral angles in
the range 20!-30!, and about 50% in the range 27!-29!. For
the purpose of comparison, Figure 3 includes also the Rx/R2 ratio
for the 0 ppm NH3 sample (blue bars), a CoMoCAT sample5

(brown bars), and a hypothetical ratio calculated on the basis of
the theoretical model proposed by Ding et al.18 (green bars). It is
apparent that the NH3-enhanced sample stands out, giving an
extremely high ratio of R3/R2, which demonstrates the high
selectivity for growing SWCNTs with a narrow chirality distribu-
tion by introducing a certain amount of NH3 into the CVD
reaction. It is worth remarking that electron diffraction evalua-
tion of SWCNT bundles leads to the same conclusion (Support-
ing Information, Figure S4).

Statistical analysis of the nanotube diameter distributions in
the above two carbon nanotube samples are presented by the
histograms in Figure 4 where red represents the 500 ppm NH3

sample, and blue represents the 0 ppmNH3 sample. In general, the
nanotube diameters in both samples are similar, and close to those
of conventional floating-catalyst-produced carbon nanotubes.19

The average diameter is 1.60 nm for the 0 ppm NH3 tubes and
1.67 nm, slightly increasing, for the 500 ppmNH3 tubes. This implies
that a small amount of NH3 (up to 500 ppm) has little influence
on the catalyst particle sizes, which are known to determine the
nanotube diameters.2,20 However, carbon nanotube growth was
found to be terminated when 1000 ppmNH3 was added into the
reactor (Supporting Information, Figure S3).

It is an open question to discuss the role of NH3 in growing
SWCNTs with a narrow chirality distribution. On the basis of the
existing experimental data, one reasonable explanation can be
proposed that, as a strong etchant, NH3 selectively etches off
SWCNTs with small chiral angles, which are more reactive and
less stable compared to high chiral angle tubes.21 The same
applies to nanotubes of smaller diameters due to their higher
curvature,22 which would explain the slightly enlarged average
nanotube diameter as NH3 is introduced. The NH3 etching

Figure 1. (a) Typical TEM overview image of SWCNTs produced in
the presence of 500 ppm NH3; (b) high-resolution TEM image of an
individual SWCNT and (c) its corresponding EDP.

Figure 2. (n,m) maps for samples produced with (a) 0 ppm NH3 and
(b) 500 ppm NH3.
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action may take effect on the catalyst clusters already during
nucleation, suppressing the growth of smaller chiral angle tubes
that have a relatively larger number of dangling bonds on the
growing edge of the hexagonal network. Those etching effects
could explain the decreased yield and the reduced bundling of
nanotubes observed with added NH3. Apparently, such etching
behavior would hardly lead to considerable electrical selectivity
in the NH3-enhanced sample.

Without doubt, the amount of NH3 used in the reaction is a
crucial factor. An excessive amount of NH3 leads to a termination
of the growth of carbon nanotubes. On the other hand, fine-
tuning the NH3 concentration could conceivably enhance chiral
angle selectivity. Furthermore, recently it was reported that the
diameters of carbon nanotubes can be effectively tuned in a
similar floating catalyst CVD process by introducing controlled
amounts of CO2.

23 Therefore, we anticipate tunable selective
growth of SWCNTs with preferred chiral structure by simulta-
neously regulating the amounts of NH3 and CO2 being intro-
duced into the process.

To summarize, we succeeded in tailoring the (n,m) distribu-
tion of as-grown SWCNTs from an aerosol floating catalyst CVD
process by introducing a certain amount of NH3 as an etching

agent. Unambiguous (n,m) determination of a number of indi-
vidual SWCNTs based on electron diffraction analysis demon-
strates that the chiral species of SWCNTs, produced in the
presence of 500 ppm NH3, cluster intensively into a narrow
region around the major (13,12) nanotube. The mechanism for
such selectivity is not certainly known at the moment, although
we have preliminarily considered NH3 etching effects as its
origin. Further studies are in progress to address this issue. The
developed synthesis process enables chiral-selective growth at high
temperature for structurally stable carbon nanotubes with large
diameters. This research opens up potential routes toward tunable
(n,m) selective growth of single-walled carbon nanotubes.
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action may take effect on the catalyst clusters already during
nucleation, suppressing the growth of smaller chiral angle tubes
that have a relatively larger number of dangling bonds on the
growing edge of the hexagonal network. Those etching effects
could explain the decreased yield and the reduced bundling of
nanotubes observed with added NH3. Apparently, such etching
behavior would hardly lead to considerable electrical selectivity
in the NH3-enhanced sample.

Without doubt, the amount of NH3 used in the reaction is a
crucial factor. An excessive amount of NH3 leads to a termination
of the growth of carbon nanotubes. On the other hand, fine-
tuning the NH3 concentration could conceivably enhance chiral
angle selectivity. Furthermore, recently it was reported that the
diameters of carbon nanotubes can be effectively tuned in a
similar floating catalyst CVD process by introducing controlled
amounts of CO2.

23 Therefore, we anticipate tunable selective
growth of SWCNTs with preferred chiral structure by simulta-
neously regulating the amounts of NH3 and CO2 being intro-
duced into the process.

To summarize, we succeeded in tailoring the (n,m) distribu-
tion of as-grown SWCNTs from an aerosol floating catalyst CVD
process by introducing a certain amount of NH3 as an etching

agent. Unambiguous (n,m) determination of a number of indi-
vidual SWCNTs based on electron diffraction analysis demon-
strates that the chiral species of SWCNTs, produced in the
presence of 500 ppm NH3, cluster intensively into a narrow
region around the major (13,12) nanotube. The mechanism for
such selectivity is not certainly known at the moment, although
we have preliminarily considered NH3 etching effects as its
origin. Further studies are in progress to address this issue. The
developed synthesis process enables chiral-selective growth at high
temperature for structurally stable carbon nanotubes with large
diameters. This research opens up potential routes toward tunable
(n,m) selective growth of single-walled carbon nanotubes.
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We have studied the mechanism of the initial stages of nitrogen-doped single-walled carbon

nanotube growth illustrated for the case of a floating catalyst chemical vapor deposition system,

which uses carbon monoxide (CO) and ammonia (NH3) as precursors and iron as a catalyst.

We performed first-principles electronic-structure calculations, fully incorporating the effects of

spin polarization and magnetic moments, to investigate the bonding and chemistry of CO, NH3,

and their fragments on a model Fe55 icosahedral cluster. A possible dissociation path for NH3 to

atomic nitrogen and hydrogen was identified, with a reaction barrier consistent with an

experimentally determined value we measured by tandem infrared and mass spectrometry.

Both C–C and C–N bond formation reactions were found to be barrierless and exothermic,

while a parasitic reaction of HCN formation had a barrier of over 1 eV.

1. Introduction

Substitutional doping with nitrogen atoms1–3 has been
proposed as a possible way for controlling the electronic
properties of carbon nanotubes (CNTs). A variety of
methods4 are available for the synthesis of nitrogen-doped
multiwalled carbon nanotubes (N-MWCNTs).5 However,
synthesis of single-walled nitrogen-doped carbon nanotubes
(N-SWCNTs)2 has struggled to overcome difficulties foreign
to the synthesis of pristine material, which is nowadays
produced clean in gram quantities. Efforts to master the
synthesis of N-SWCNTs have been hindered by an acute lack
of knowledge about the chemistry involved and the growth
mechanism,2,6,7 although it should also be noted that despite
intensive studies, the mechanism of even pristine CNT growth
is still controversial.

Furthermore, although N-MWCNTs have been widely
studied, the correlation between their morphology, crystal-
linity and properties is not completely understood. The base
growth mechanism is commonly proposed to be responsible
for the characteristic bamboo-shaped structure.8,9 This model
assumes that the catalyst particles dissociate reactant mole-
cules into N and C atoms, whose incorporation into or onto
the catalyst nanoparticle results in the walls being pushed
away to form a tubular structure. However, no studies have
directly addressed the mechanism by which the precursors
decompose.6 The role of nitrogen in N-MWCNTs formation
is suggested to be related to the generation of pentagons
along with hexagons,10 because it is believed that the presence
of N in the carbon deposit results in surface strain, leading
to a ‘pulsed’ effect in which the C/N surface atoms detach
from the metal particle intermittently, leading to the compart-
mentalized structure observed.11 However, it should be noted
that this model cannot be applied to N-SWCNTs, which
obviously cannot exhibit compartmentalized (bamboo-like)
structures.
To our knowledge, there is only one tentative model

proposed for N-SWCNT growth,12 which further does not
discuss the very first stages of growth. Addressing the mechanism
of chemical reactions that yield atomic carbon and nitrogen on
the catalytic particle13 is a crucial first step towards under-
standing the CVD synthesis of N-SWCNTs. While a decade
ago most theoretical studies tried to describe surfaces either on
a qualitative level using empirical parameters or invoked
rather severe approximate models, there is now a large class
of surface systems that can be addressed quantitatively based
on first principles electronic structure calculation methods.14,15
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Catalysis over metal nanoparticles is essential for carbon

nanotube growth. Thus it is very important to understand the

carbon chemistry on nanometer size metal particles. First-

principles electronic-structure calculations have been used to

investigate carbon monoxide (CO) disproportionation on an

isolated Fe55 cluster. After CO dissociation, O atoms remain on

the surface while C atoms move into the cluster, presumably as

the initial step towards carbide formation. The lowest CO

dissociation barrier found on the cluster (0.63 eV) is lower than

onmost studied Fe surfaces. The dissociation occurs on a vertex

between the facets. A possible path for CO2 formation was also

identified with a lowest reaction barrier of 1.04 eV.

Proposed carbon monoxide disproportionation mechanism (Fe,

brown; C, grey; O, red).
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1 Introduction Carbon nanotubes (CNTs) are of great
interest as they exhibit unique and useful chemical and
physical properties related to toughness, electrical/thermal
conductivity and magnetism [1]. Several techniques have
been introduced to synthesize CNTs [2–5], but among the
various methods, chemical vapour deposition (CVD)
methods have attracted widespread interest as they enable
highly controlled and continuous CNT production on
designed architectures [5–8]. In these processes, metal
nanoparticles are produced in a mixed flow of carbon
precursors and other gases (e.g. hydrogen). The growth
process is driven by cleaving the carbon atoms from the
precursors and these atomswill form carbon structures on the
nanoparticles’ surface. The metal catalyst nanoparticle is

essential for CNT growth. All properties, like diameter and
chirality, of the nanotube are mostly determined by the
particle. Control of the CNTs’ properties is essential for their
use in technological applications [9]. Thus it is very
important to understand the carbon chemistry on nanometer
size metal particles. Carbon monoxide (CO) is one of the
most common carbon sources for the production of CNTs
[10–12]. This is due to the reasonable temperature range for
CO disproportionation and the good CNT yield. In the ideal
case, the disproportionation of CO is the only reaction
needed for the production of CNTs (figure in Abstract
Section). This is not possible in practice, because the
diffusion of carbon through the catalyser surface is generally
considered to be the rate-limiting step of the overall process.
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1 Introduction Carbon nanotubes (CNTs) are of great
interest as they exhibit unique and useful chemical and
physical properties related to toughness, electrical/thermal
conductivity and magnetism [1]. Several techniques have
been introduced to synthesize CNTs [2–5], but among the
various methods, chemical vapour deposition (CVD)
methods have attracted widespread interest as they enable
highly controlled and continuous CNT production on
designed architectures [5–8]. In these processes, metal
nanoparticles are produced in a mixed flow of carbon
precursors and other gases (e.g. hydrogen). The growth
process is driven by cleaving the carbon atoms from the
precursors and these atomswill form carbon structures on the
nanoparticles’ surface. The metal catalyst nanoparticle is

essential for CNT growth. All properties, like diameter and
chirality, of the nanotube are mostly determined by the
particle. Control of the CNTs’ properties is essential for their
use in technological applications [9]. Thus it is very
important to understand the carbon chemistry on nanometer
size metal particles. Carbon monoxide (CO) is one of the
most common carbon sources for the production of CNTs
[10–12]. This is due to the reasonable temperature range for
CO disproportionation and the good CNT yield. In the ideal
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needed for the production of CNTs (figure in Abstract
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geometries of the products.

.... the activation barrier....

Geometry optimization (VASP/GPAW codes) has been used to study 
adsorption geometry of products and reactants on a icosahedral Fe55. 

NEB calculations (VASP/GPAW codes) has 
been used to calculate the activation barrier. 



GPAW
• Grid-based projector-augmented 

plane wave DFT Python code1,2

• Real-space uniform grids and 
multigrid methods, parallelization 
over k-points, spins, bands + 
domain-decomposition 

• O(N3), scales efficiently2

• Nudged elastic band method3,4 
to estimate the reaction barriers

• Neglects entropy contribution

• Catalyst assumed static (=solid)

[1] J. J. Mortensen et al., Phys. Rev. B 71 (2005) 035109
[2] J. Enkovaara et al., J. Phys.: Condens. Matter 22 (2010) 253202

Figure 14: Parallel scaling for ground state total energy calculation (left) and for real-time
propagation (right). The calculations are performed on a Cray XT5 systems at CSC and at Oak
Ridge National Laboratory. The speedup is normalized so that at the first data point (256 PEs
on left and 5000 PEs on right) the speed-up equals the number of PE’s.

in nudged elastic band calculations the total energies of the images are independent and
can hence be calculated in parallel. Also, when calculating optical spectra with real-
time propagation the calculations over different polarization directions (if required by
the symmetry of the system) can be performed in parallel. Finally, in linear response
TDDFT the construction of the Ω matrix, Eq. (69), can be performed parallel over the
electron-hole pairs. All these additional parallelization schemes are trivial and therefore
scale ideally.

9 Summary and outlook

As described in this article, GPAW is now a stable and fairly mature real-space realization
of DFT and TDDFT, based on the PAW method. In addition to the grid-based descrip-
tion, a localized atomic-orbital basis is available for fast computations of more limited
accuracy. Many features have been implemented including a wide range of exchange-
correlation functionals. The code is currently developed by an expanding group of devel-
opers situated primarily in Denmark, Finland, Sweden, and Germany with users from all
over the world.

GPAW is an open-source project with only a loose organization behind it and therefore
there exists no single long-term master plan for the further development of the code. The
implementations that take place are exclusively based on the needs of the researchers
working with the code and the whole project is therefore in the end carried by the enthu-
siasm of researchers at all levels. Among the features which are currently implement, we
mention the calculation of static response functions using density-functional perturbation
theory and more general calculations of dynamical response functions within TDDFT.
The calculation of forces as well as adiabatic and Ehrenfest dynamics are also being im-
plemented within TDDFT. Furthermore, there is ongoing-work to extend the number of
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TDDFT the construction of the Ω matrix, Eq. (69), can be performed parallel over the
electron-hole pairs. All these additional parallelization schemes are trivial and therefore
scale ideally.
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correlation functionals. The code is currently developed by an expanding group of devel-
opers situated primarily in Denmark, Finland, Sweden, and Germany with users from all
over the world.

GPAW is an open-source project with only a loose organization behind it and therefore
there exists no single long-term master plan for the further development of the code. The
implementations that take place are exclusively based on the needs of the researchers
working with the code and the whole project is therefore in the end carried by the enthu-
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the difference between the experimental and simulated cluster
is rather large, and we wanted to emphasize that the calculations
have given new information of the reactivity of nanoclusters

and that the comparisons to real-world systems is more relevant
at lower temperatures.

In summary, we have presented an ab initio study of the CO
adsorption, dissociation, and CO2 formation on a small iron
nanoparticle. To our knowledge, this is the first computational
study of a chemical reaction on a real nanosized iron particle.
Even more importantly, we have studied active sites that have
not been studied before, the facets and vertexes. Overall, we
see the small clusters as new and important model systems for
nanocatalyst studies. They exhabit new active sites that comple-
ment the stepped surface calculations. When the computational
capacity will permit, larger clusters can also be studied.
Presently, detailed chemical reactions can be studied at clusters
with a size of 50-100 atoms. Another novel aspect of our study
is the use of the spin polarization with noncollinear magnetic
moments.

In our calculations, the Fe55 cluster has high catalytic activity.
We have observed one important effect, the increased reactivity
of low-coordinated molecules on the vertexes. Such sites are
particularly abundant on the small nanosized particles, and they
very likely explain the catalytic activity of them.9 We have been
able to show that the reaction barriers for both the CO
dissociation and CO2 formation are relatively low, and an
exothermic path for surface bound elemental carbon has been
found. The carbon atom formation is the initial step for the CNT
formation. Under the CVD conditions, the 1.5-2.5 nm size
clusters are the CNT catalysts. These clusters probably have a

Figure 2. High-symmetry adsorption sites on a triangular face of the
icosahedral Fe55; A, on the plane hcp site; B, on the plane bridge site;
C, on the edge bridge site; D, on the vertex top site; E, on the plane
hcp site; and F, on the edge top site.

Figure 3. Calculated minimum-energy paths for CO dissociation on
Fe55. Several intermediate structures along the path are shown (Fe, blue;
C, green; and O, red).

Figure 4. Calculated minimum-energy paths for CO2 formation on
Fe55 starting from CO and coadsorbed atomic C/O. Several intermediate
structures along the path are shown (Fe, blue; C, green; and O, red).
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and that the comparisons to real-world systems is more relevant
at lower temperatures.

In summary, we have presented an ab initio study of the CO
adsorption, dissociation, and CO2 formation on a small iron
nanoparticle. To our knowledge, this is the first computational
study of a chemical reaction on a real nanosized iron particle.
Even more importantly, we have studied active sites that have
not been studied before, the facets and vertexes. Overall, we
see the small clusters as new and important model systems for
nanocatalyst studies. They exhabit new active sites that comple-
ment the stepped surface calculations. When the computational
capacity will permit, larger clusters can also be studied.
Presently, detailed chemical reactions can be studied at clusters
with a size of 50-100 atoms. Another novel aspect of our study
is the use of the spin polarization with noncollinear magnetic
moments.

In our calculations, the Fe55 cluster has high catalytic activity.
We have observed one important effect, the increased reactivity
of low-coordinated molecules on the vertexes. Such sites are
particularly abundant on the small nanosized particles, and they
very likely explain the catalytic activity of them.9 We have been
able to show that the reaction barriers for both the CO
dissociation and CO2 formation are relatively low, and an
exothermic path for surface bound elemental carbon has been
found. The carbon atom formation is the initial step for the CNT
formation. Under the CVD conditions, the 1.5-2.5 nm size
clusters are the CNT catalysts. These clusters probably have a

Figure 2. High-symmetry adsorption sites on a triangular face of the
icosahedral Fe55; A, on the plane hcp site; B, on the plane bridge site;
C, on the edge bridge site; D, on the vertex top site; E, on the plane
hcp site; and F, on the edge top site.

Figure 3. Calculated minimum-energy paths for CO dissociation on
Fe55. Several intermediate structures along the path are shown (Fe, blue;
C, green; and O, red).

Figure 4. Calculated minimum-energy paths for CO2 formation on
Fe55 starting from CO and coadsorbed atomic C/O. Several intermediate
structures along the path are shown (Fe, blue; C, green; and O, red).
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and that the comparisons to real-world systems is more relevant
at lower temperatures.

In summary, we have presented an ab initio study of the CO
adsorption, dissociation, and CO2 formation on a small iron
nanoparticle. To our knowledge, this is the first computational
study of a chemical reaction on a real nanosized iron particle.
Even more importantly, we have studied active sites that have
not been studied before, the facets and vertexes. Overall, we
see the small clusters as new and important model systems for
nanocatalyst studies. They exhabit new active sites that comple-
ment the stepped surface calculations. When the computational
capacity will permit, larger clusters can also be studied.
Presently, detailed chemical reactions can be studied at clusters
with a size of 50-100 atoms. Another novel aspect of our study
is the use of the spin polarization with noncollinear magnetic
moments.

In our calculations, the Fe55 cluster has high catalytic activity.
We have observed one important effect, the increased reactivity
of low-coordinated molecules on the vertexes. Such sites are
particularly abundant on the small nanosized particles, and they
very likely explain the catalytic activity of them.9 We have been
able to show that the reaction barriers for both the CO
dissociation and CO2 formation are relatively low, and an
exothermic path for surface bound elemental carbon has been
found. The carbon atom formation is the initial step for the CNT
formation. Under the CVD conditions, the 1.5-2.5 nm size
clusters are the CNT catalysts. These clusters probably have a

Figure 2. High-symmetry adsorption sites on a triangular face of the
icosahedral Fe55; A, on the plane hcp site; B, on the plane bridge site;
C, on the edge bridge site; D, on the vertex top site; E, on the plane
hcp site; and F, on the edge top site.

Figure 3. Calculated minimum-energy paths for CO dissociation on
Fe55. Several intermediate structures along the path are shown (Fe, blue;
C, green; and O, red).

Figure 4. Calculated minimum-energy paths for CO2 formation on
Fe55 starting from CO and coadsorbed atomic C/O. Several intermediate
structures along the path are shown (Fe, blue; C, green; and O, red).
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is rather large, and we wanted to emphasize that the calculations
have given new information of the reactivity of nanoclusters

and that the comparisons to real-world systems is more relevant
at lower temperatures.

In summary, we have presented an ab initio study of the CO
adsorption, dissociation, and CO2 formation on a small iron
nanoparticle. To our knowledge, this is the first computational
study of a chemical reaction on a real nanosized iron particle.
Even more importantly, we have studied active sites that have
not been studied before, the facets and vertexes. Overall, we
see the small clusters as new and important model systems for
nanocatalyst studies. They exhabit new active sites that comple-
ment the stepped surface calculations. When the computational
capacity will permit, larger clusters can also be studied.
Presently, detailed chemical reactions can be studied at clusters
with a size of 50-100 atoms. Another novel aspect of our study
is the use of the spin polarization with noncollinear magnetic
moments.

In our calculations, the Fe55 cluster has high catalytic activity.
We have observed one important effect, the increased reactivity
of low-coordinated molecules on the vertexes. Such sites are
particularly abundant on the small nanosized particles, and they
very likely explain the catalytic activity of them.9 We have been
able to show that the reaction barriers for both the CO
dissociation and CO2 formation are relatively low, and an
exothermic path for surface bound elemental carbon has been
found. The carbon atom formation is the initial step for the CNT
formation. Under the CVD conditions, the 1.5-2.5 nm size
clusters are the CNT catalysts. These clusters probably have a

Figure 2. High-symmetry adsorption sites on a triangular face of the
icosahedral Fe55; A, on the plane hcp site; B, on the plane bridge site;
C, on the edge bridge site; D, on the vertex top site; E, on the plane
hcp site; and F, on the edge top site.

Figure 3. Calculated minimum-energy paths for CO dissociation on
Fe55. Several intermediate structures along the path are shown (Fe, blue;
C, green; and O, red).

Figure 4. Calculated minimum-energy paths for CO2 formation on
Fe55 starting from CO and coadsorbed atomic C/O. Several intermediate
structures along the path are shown (Fe, blue; C, green; and O, red).
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Activation barrier for CO dissociation:
Calculated: 0.63 eV

Activation barrier for CO disproportionation:
1.08 eV < Calculated [1] < 1.13 eV

Experimental [1]: 0.65 eV (~15 nm particles)

TKK CVD 
REACTOR

OULU DFT  
CALCULATIONS

CO (g) CO (g) C (s) CO2 (g)

+ +

[1] G. Lanzani et al. J. Phys. Chem. Lett. 113 (2009) 12939



This reactivity is already well studied 
on flat surfaces:
• G. Ertl in Catalytic Ammonia Synthesis,

Plenum, New York (1991), p. 109.
• P. Stoltze and J.K. Nørskov. 

Phys. Rev. Lett. 55 (1985), p. 2502.
• Á. Logadóttir and J. K. Nørskov 

J. Catalysis 220 (2003), p. 273.

NH3 reactivity
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and the C–N bond formation reactions are barrierless and
exothermic.

Since there is hydrogen present in the system, the simplest
possible further reaction is the formation of hydrogen cyanide
(H–CRN),

CNads + Hads - HCNads, (5)

which has been observed experimentally.24 This is a parasite
reaction, since the HCN molecule would take away one
nitrogen atom otherwise available for doping the carbon
network. Based on CN and H co-adsorption data, a possible
formation path for HCN was calculated with the NEB
method. The obtained reaction barrier is 1.65 eV (ESIw,
Fig. S9).

Gas measurements of NH3 decomposition can be found in
Fig. 3. The accuracy of each concentration measurement
was determined from 10 consecutive measurements to be
o10 ppm. Three regions can be discerned: (I) a low temperature
region (590–740 1C), where NH3 decomposition is fast and
H2O is the main product. Oxygen concentration in the reactor
from the Ar carrier gas impurities and environmental leakage
was measured to be about 150 ppm; (II) an intermediate
region (740–940 1C), where any additional decomposition of
NH3 is into N2 and H2. We believe that this corresponds to the
catalytic decomposition of NH3 modeled in the simulations;

(III) a high temperature region (990–1090 1C), possibly
relevant for NH3 self-decomposition in the gas phase.
An Arrhenius plot of the mole fraction of NH3 shows the
same regions (Fig. 4). Linear least squares fits yield slopes of
28 867 ! 241 K, 4978 ! 190 K and 1932 ! 134 K, for the high,
middle and low temperature regions. These correspond to
energies of "2.49 ! 0.02 eV, "0.43 ! 0.02 eV and "0.17 !
0.01 eV, respectively. Please note that because the decrease of

Fig. 2 Proposed reaction paths for the mobility of atomic C (top,

grey sphere) and N (bottom, blue sphere on the web) on the Fe55
nanoparticle. The atomic C has a possible metastable state between the

two stable hollow sites.

Fig. 1 Calculated activation barriers and reaction energies for each step of NH3 decomposition (NH3 , NH2 + H , NH + 2H , N + 3H).

The large spheres are Fe atoms (orange in the web), while N are medium (blue), and H are small (white).

Fig. 3 Concentrations of ammonia and water measured using FTIR,

and hydrogen and nitrogen measured using mass spectrometry, as a

function of reactor maximum wall temperature.

Fig. 4 Arrhenius plot of the mole fraction of NH3, showing three

distinct temperature regions (Fig. 3). The dashed and dotted lines are

linear fits to the data in the different regions.

Input: 500 ppm NH3

2NH3→N2+3H2



This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys., 2011, 13, 11303–11307 11305

and the C–N bond formation reactions are barrierless and
exothermic.

Since there is hydrogen present in the system, the simplest
possible further reaction is the formation of hydrogen cyanide
(H–CRN),

CNads + Hads - HCNads, (5)

which has been observed experimentally.24 This is a parasite
reaction, since the HCN molecule would take away one
nitrogen atom otherwise available for doping the carbon
network. Based on CN and H co-adsorption data, a possible
formation path for HCN was calculated with the NEB
method. The obtained reaction barrier is 1.65 eV (ESIw,
Fig. S9).

Gas measurements of NH3 decomposition can be found in
Fig. 3. The accuracy of each concentration measurement
was determined from 10 consecutive measurements to be
o10 ppm. Three regions can be discerned: (I) a low temperature
region (590–740 1C), where NH3 decomposition is fast and
H2O is the main product. Oxygen concentration in the reactor
from the Ar carrier gas impurities and environmental leakage
was measured to be about 150 ppm; (II) an intermediate
region (740–940 1C), where any additional decomposition of
NH3 is into N2 and H2. We believe that this corresponds to the
catalytic decomposition of NH3 modeled in the simulations;

(III) a high temperature region (990–1090 1C), possibly
relevant for NH3 self-decomposition in the gas phase.
An Arrhenius plot of the mole fraction of NH3 shows the
same regions (Fig. 4). Linear least squares fits yield slopes of
28 867 ! 241 K, 4978 ! 190 K and 1932 ! 134 K, for the high,
middle and low temperature regions. These correspond to
energies of "2.49 ! 0.02 eV, "0.43 ! 0.02 eV and "0.17 !
0.01 eV, respectively. Please note that because the decrease of

Fig. 2 Proposed reaction paths for the mobility of atomic C (top,

grey sphere) and N (bottom, blue sphere on the web) on the Fe55
nanoparticle. The atomic C has a possible metastable state between the

two stable hollow sites.

Fig. 1 Calculated activation barriers and reaction energies for each step of NH3 decomposition (NH3 , NH2 + H , NH + 2H , N + 3H).

The large spheres are Fe atoms (orange in the web), while N are medium (blue), and H are small (white).

Fig. 3 Concentrations of ammonia and water measured using FTIR,

and hydrogen and nitrogen measured using mass spectrometry, as a

function of reactor maximum wall temperature.

Fig. 4 Arrhenius plot of the mole fraction of NH3, showing three

distinct temperature regions (Fig. 3). The dashed and dotted lines are

linear fits to the data in the different regions.

Input: 500 ppm NH3

This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys., 2011, 13, 11303–11307 11305

and the C–N bond formation reactions are barrierless and
exothermic.

Since there is hydrogen present in the system, the simplest
possible further reaction is the formation of hydrogen cyanide
(H–CRN),

CNads + Hads - HCNads, (5)

which has been observed experimentally.24 This is a parasite
reaction, since the HCN molecule would take away one
nitrogen atom otherwise available for doping the carbon
network. Based on CN and H co-adsorption data, a possible
formation path for HCN was calculated with the NEB
method. The obtained reaction barrier is 1.65 eV (ESIw,
Fig. S9).

Gas measurements of NH3 decomposition can be found in
Fig. 3. The accuracy of each concentration measurement
was determined from 10 consecutive measurements to be
o10 ppm. Three regions can be discerned: (I) a low temperature
region (590–740 1C), where NH3 decomposition is fast and
H2O is the main product. Oxygen concentration in the reactor
from the Ar carrier gas impurities and environmental leakage
was measured to be about 150 ppm; (II) an intermediate
region (740–940 1C), where any additional decomposition of
NH3 is into N2 and H2. We believe that this corresponds to the
catalytic decomposition of NH3 modeled in the simulations;

(III) a high temperature region (990–1090 1C), possibly
relevant for NH3 self-decomposition in the gas phase.
An Arrhenius plot of the mole fraction of NH3 shows the
same regions (Fig. 4). Linear least squares fits yield slopes of
28 867 ! 241 K, 4978 ! 190 K and 1932 ! 134 K, for the high,
middle and low temperature regions. These correspond to
energies of "2.49 ! 0.02 eV, "0.43 ! 0.02 eV and "0.17 !
0.01 eV, respectively. Please note that because the decrease of

Fig. 2 Proposed reaction paths for the mobility of atomic C (top,

grey sphere) and N (bottom, blue sphere on the web) on the Fe55
nanoparticle. The atomic C has a possible metastable state between the

two stable hollow sites.

Fig. 1 Calculated activation barriers and reaction energies for each step of NH3 decomposition (NH3 , NH2 + H , NH + 2H , N + 3H).

The large spheres are Fe atoms (orange in the web), while N are medium (blue), and H are small (white).

Fig. 3 Concentrations of ammonia and water measured using FTIR,

and hydrogen and nitrogen measured using mass spectrometry, as a

function of reactor maximum wall temperature.

Fig. 4 Arrhenius plot of the mole fraction of NH3, showing three

distinct temperature regions (Fig. 3). The dashed and dotted lines are

linear fits to the data in the different regions.

2NH3→N2+3H2
Barrier: 0.43 eV



  

ΔE  = -0.52 eV
NH

3
 on D

Barrier  = +0.40 eV

NH
2
 on C

H on E
  

ΔE  = -0.52 eV
NH

3
 on D

Barrier  = +0.40 eV

NH
2
 on C

H on E

NH3 dissociation



  

ΔE  = -0.20 eVNH
2
 on C

H on E

Barrier  = +0.35 eV

NH on E

H on E

H on E
  

ΔE  = -0.20 eVNH
2
 on C

H on E

Barrier  = +0.35 eV

NH on E

H on E

H on E

NH3 dissociation



  

ΔE  = +0.40 eV
N on E

H on E 

NH on E

Barrier  = +1.00 eV

H on E

H on E

H on E

NH on E

  

ΔE  = +0.40 eV
N on E

H on E 

NH on E

Barrier  = +1.00 eV

H on E

H on E

H on E

NH on E

Experimentally: 0.43 eV (tandem mass spec & FTIR)
T. Susi et al., PCCP 13 (2011) 11303

Final H cleavage 
barrier likely 

overestimated

NH3 dissociation



  

ΔE  = +0.22 eV

Barrier  = +0.44 eV

Hollow
(on the edge 
of the facet)

Hollow
(on the center 

of the facet)

  

ΔE  = +0.22 eV

Barrier  = +0.44 eV

Hollow
(on the edge 
of the facet)

Hollow
(on the center 

of the facet)

& mobilityNH3 dissociation





Experimentally: 1.51 eV (tandem mass spec & FTIR)
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ABSTRACT: The dynamics of carbon and nitrogen atoms on the
Fe55 nanoparticle is investigated by means of molecular dynamics
simulations at the density-functional tight-binding level. A time range
of at most 0.4 ns is covered in the molecular dynamics simulations.
Different degrees of adatom coverage are considered. Nitrogen and
carbon atoms express different dynamics. Adsorbed monomers and
large fragments are rather immobile whereas dimers and trimers move
fast. Nitrogen-containing fragments are less strongly bound to the
iron cluster and are therefore more mobile than carbon-only frag-
ments with equal amount of atoms. On the iron nanoparticle surface,
five-membered rings are formed first and then six-membered rings.
The present simulations provide insight into the atomistic mechanisms involved in the nanocatalyzed synthesis of nitrogen-
doped carbon nanotubes. The tendency of nitrogen atoms as parts of carbon fragments to repel the iron surface is confirmed by
performing short molecular dynamics simulations at the density-functional theory level.

1. INTRODUCTION
Carbon nanotubes (CNT) are helical microtubules composed
of six-membered carbon rings.1 Growing carbon nanotubes on
transition metal clusters made of, e.g., iron, nickel, or cobalt is
today a routine task.2 Controlling the size and the topology, i.e.,
the diameter and the (n,m) chirality, of the tubes is, however,
not trivial.3 The topology of the CNTs determine their metallic
or semiconductor character as well as the optical properties,
and thus it would be of importance to control the chirality and
diameter in the synthesis.3

The catalytic growth mechanism of carbon nanotubes, as well
as the nature of the active iron nanoparticles, remains elusive.
For single-walled carbon nanotubes (SW-CNT), the vapor−
solid−liquid (VLS) mechanism4 is often assumed. In the VLS
model, the gaseous carbon precursor dissociates on the surface
of the nanocatalyst and forms a carbide. Supersaturation of
carbon in the nanoparticle drives diffusion of carbon atoms to
the surface where they aggregate to form a cap. The CNT then
grows from the surface of the nanoparticle.5

The n and p doping of CNTs by means of nitrogen and
boron doping, respectively, was suggested on the basis of Car−
Parrinello ab initio molecular dynamics (MD) calculations in
1993.6 The first boron and nitrogen containing CNTs were
made in electric arc discharge in 1994 by Stephan and co-
workers.7 Chemical vapor deposition (CVD) synthesis of
nitrogen-doped CNTs was accomplished in 1997.8 Villalpando-
Paez et al.9 synthesized nitrogen-doped SW-CNTs and found
that increasing the amount of nitrogen makes the diameter of
the CNTs smaller. Furthermore, they found that the amounts
of point defects and reactive sites in the nanotube are pro-
portional to nitrogen content.

In nitrogen-doped CNTs (N-CNTs), every single nitrogen
atom has an effect on the molecular structure and on the
electronic structure of the tube.10 Sumpter and co-workers11,12

have studied the growth of N-CNTs by means of experiment
and density-functional theory (DFT) calculations. They found
that nitrogen atoms are prone to localize at two-coordinated
sites or as dangling C−N bonds.11 The substitution of a carbon
atom to a nitrogen atom causes a local decrease in the diameter
of the CNT.11 Since nitrogen atoms also stabilize neighboring
pentagons in the CNT, the curvature can be largely affected,
and with a high enough N concentration, the CNT can be
closed which leads to short tubes.11 Susi et al. found that with
too high amounts of nitrogen precursor the CNT growth was
completely inhibited.13 Kang and Jeong14 found that the pre-
ferred substitution sites for nitrogen atoms in SW-CNTs depend
on the chirality of the tube. Lin and co-workers observed that the
nitrogen dopants prefer two-coordinated pyridine-like sites where
the nitrogen atom is sp2 hybridized and one electron contributes
to the π system.
The amount of ammonia introduced in the reactor is critical

for the synthesis. Recently, Susi and co-workers have syn-
thesized N-CNTs in the presence of 100−200 ppm ammonia
(NH3). The N-CNTs formed had up to 2 at. % nitrogen.13 Lin
et al. reported N-CNTs with 1.7 at. % nitrogen.15 Zhu and
co-workers3 used 500 ppm NH3 to produce carbon-only
SW-CNTs with a small chirality distribution.
The detailed mechanism of the CNT growth on iron nano-

particles is unknown, and so is the structure and composition of
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What did they do?
• DFTB/MD simulations* 

(collinear magnetic moments)

• Dissociated N and C atoms on Fe55

• 4 N atoms, and 
27, 37, 47, 54, 65 C atoms

• Short CNT models

• 4, 5, 6, 7 N atoms, 
and
137, 147 C atoms

* SCC-DFTB with DftbPlus Program, NVT, velocity-Verlet, time step 2 fs
T=1000 K (Berendsen thermostat), simulated time 0.1-0.4 ns

Very short (~1ps) DFT/MD to confirm qualitatively the DFTB picture
(GPAW program, PBE functional, NVT, 1000 K, 2 fs time step)



Monomers and small fragments
• Small fragments short-

lived especially at high 
adatom coverage

• Site change freq: 

• C atom 35-70 ps

• N atom 40-70 ps

• C2 dimer 10-22 ps

• CN unit 6-14 ps

Time-evolution of the number of small fragments



Fe55N4C27 , t=412 ps

Fe55N4C47 , t=294 ps

Fe55N4C65 , t=98 ps

Monomers and small fragments
• Structures DFT-optimized

• N monomers reside at deep
sites, 3- and 4-coordinated

• CN units point out of 
surface, C2 align along it

• Longer chains attach to 
surface at terminal C, mid 
chain released from surface



Large fragments
• Large fragments modify the 

particle surface strongly 

• Fragment growth is fast when 
the adatom coverage is large

• 5-membered rings formed 
first

• N orient out of the surface 
when terminal atoms



Role of nitrogen

N atom introduces a (7,7,5) defect



Role of N in ring formation



Role of nitrogen

CN unit coupled via N (negative partial 
charge) to the carbon network



Mechanisms
• Behavior of N-

containing fragment

• N out of surface

• Fragment added

• 5-ring formed

• sp2 hybridization 
→ planarity →
N along surface



Mechanisms
• Ring formations

• Unstable 4-ring → 
5-ring; chain-to-chain 
condensation

• N-containing 6-ring,
end-to-chain 
condensation

• Another 6-ring,
end-to-chain cond.
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