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C
arbon nanotubes (CNTs), whether

single-walled (SWNT) or multi-

walled (MWNT), have unparalleled

potential for use as advanced materials. This

potential is afforded by the inherently supe-

rior combination of mechanical, electrical,

and thermal properties.1–3 However, their

use as building blocks in nanocomposites4

and nanoelectronic devices has still not yet

been fully realized. This is in part due to a

lack of control of the reactivity of the outer

CNT walls and of the basic electronic struc-

ture. In this regard, considerable research

has explored the effect of doping CNTs with

various atoms, including Co, P, K, Si, N, B,

and O.5–25 Common wisdom indicates that

insertion of different atoms into a nanotube

lattice alters its structure and properties.

For instance, boron and nitrogen atoms are

among the atoms most conveniently used

as dopants of CNTs,20,21,24 since they have

atomic sizes similar to that of carbon, a

property that provides them with a strong

probability of entering into the carbon-

aceous lattice. While boron doping has

been shown to increase the overall length

of nanotubes by preventing tube closure for

the zigzag geometry,26 nitrogen doping

has been observed to yield short tubes with

smaller diameter, and often corrugated or

bamboo-like structures.27–29 In addition,

even though the mechanisms governing

the structural changes induced by B dop-

ing are now rather well understood,26,30

much less is known about the correspond-

ing effects of N doping on nanotube

structures.

The main goal of the present work is to
examine the fundamental nature of the
structural changes observed for N-doped
CNTs. Specifically, producing SWNTs in the
presence of active N species gives rise to
several distinguishing features. As the N
content increases, the diameter of SWNTs
decreases and only narrow-diameter tubes
are formed. The tube bundles are easier to
disperse when compared to their pure car-
bon counterparts, while doped tubes oxi-
dize more readily than undoped ones. Cor-
rugation within the tube walls is sometimes
observed, and the formation of fullerene-
like structures could also occur inside the
cores of the N-doped SWNTs, a behavior re-
lated to the appearance of bamboo-like
SWNTs. Finally, the entanglement of the
nanotube strands is reduced as the N con-
tent is increased.

In this paper, we develop a simple model
that is able to account for all of these seem-
ingly independent features and to under-
stand the mechanisms responsible for the
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ABSTRACT Carbon nanotube growth in the presence of nitrogen has been the subject of much experimental

scrutiny, sparking intense debate about the role of nitrogen in the formation of diverse structural features,

including shortened length, reduced diameters, and bamboo-like multilayered nanotubules. In this paper, the

origin of these features is elucidated using a combination of experimental and theoretical techniques, showing

that N acts as a surfactant during growth. N doping enhances the formation of smaller diameter tubes. It can also

promote tube closure which includes a relatively large amount of N atoms into the tube lattice, leading to bamboo-

like structures. Our findings demonstrate that the mechanism is independent of the tube chirality and suggest a

simple procedure for controlling the growth of bamboo-like nanotube morphologies.
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structural changes related to N doping. Our model is
based on a study consisting of a combination of experi-
mental observations and theoretical calculations. We
first report on the synthesis and characterization of
N-doped carbon nanotubes and then use results from
first-principles static and dynamic calculations within
the framework of density
functional theory (DFT) to ra-
tionalize the observations.

RESULTS AND
DISCUSSION

It has been observed that,
during the growth of MWNTs,
N atoms can lead to the forma-
tion of multishell bamboo-like
tubular structures or compart-
mentalized tubules (Figure 1).
This is an indication that N at-
oms cause the creation of pen-
tagons so that positive curva-
ture is induced, resulting in the
formation of nanotube caps. In
some occasions, these N spe-
cies form N2 molecules that can
be trapped inside the tubule
cores. It is also noteworthy that
MWNTs growing in conjunc-
tion with N atoms exhibit
shorter lengths when com-
pared with MWNTs grown from

pure C species.31 Finally, it has been observed
experimentally using elemental line scans that
N is richer in the compartment core and on the
inner walls of the compartments, indicating
that N preferentially sits on narrow-diameter
tubes.32

From the examination of structural fea-
tures (see Figure 2) observed by high-
resolution transmission electron microscopy
(HRTEM), Raman spectroscopy, and thermo-
gravimetric analysis (TGA), one notes several
characteristics that arise when SWNTs are
produced in the presence of active N spe-
cies: (i) as the N content increases, the diam-
eter of SWNTs decreases and only narrow-
diameter tubes are formed32 (Figure 2a,c); (ii)
the tubes oxidize faster when compared to
their pure C counterparts (see also ref 26); (iii)
corrugation within the tube walls is some-
times observed (in this case not damaged by
the electron beam), and fullerene-like struc-
tures are formed inside the cores of the
N-doped SWNTs (Figure 2d); (iv) on rare occa-
sions, bamboo-like SWNTs can be observed
(see arrows in Figure 2e); (v) the tube bundles

appear to be more easily dispersed following sonica-

tion treatments (Figure 3) when compared to pure C

SWNTs (e.g., N-doped SWNTs disperses faster than pure

C SWNTs with 2-propanol as a solvent, the latter requir-

ing twice as long to be dispersed; this is also true for

MWNTs); and (vi) the entanglement of the nanotube

Figure 1. Transmission electron microscopy images of multiwalled carbon nanotubes
doped with N atoms, produced by the thermolysis of ferrocene�benzylamine solutions
at 850 °C: (a) low-resolution image showing the compartmentalized structure of
N-doped MWNTs; (b) high-resolution image of an individual compartment showing
the continuous closure of tubes; note that the outer nanotubes sometimes cover the
compartments. It has been observed experimentally using elemental line scans that N
is richer in the compartment core and on the inner walls of the compartments, indicat-
ing that N preferentially sits on narrow-diameter tubes.

Figure 2. HRTEM images of N-doped SWNTs produced by the pyrolysis at 950 °C of a
ferrocene�benzylamine�ethanol solution with a composition ratio of 1.25:7.5:91.25
by weight: (a,b) SWNT bundles showing that N-doped tubes exhibit more compacted
bundles of narrow-diameter tubes; (c) N-doped SWNT of narrow diameter (ca. 1 nm), ex-
hibiting some degree of corrugation; (d) N-doped SWNT of 1.4 nm diameter, exhibit-
ing fullerene-like structures in its core (possibly N-doped fullerenes that resulted from
the frustrated growth of the inner tubules); and (e) highly corrugated N-doped SWNT of
large diameter (1.7 nm), exhibiting internal bamboo-like closures (see arrows) as well
as a symmetric tubule cap.
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strands is reduced as the N content is increased (see Fig-
ure 3).

In order to develop an understanding of the experi-
mental results shown here or published elsewhere, we
compared the energetics and dynamics of N-doped zig-
zag and armchair nanotubes. Each energy point corre-
sponds to a different longitudinal position of a N ring.
For comparison, we also considered isolated N atoms
(the results for the zigzag tube and single N atoms are
in accord with the trends observed for a full ring of N
and are not shown). The geometry of the new structure
is fully relaxed for each point, and the corresponding
energies are summarized in Figure 4. We observe the
following features: (1) Nitrogen would rather adsorb
(saturate) at the nanotube open end than remain in a
molecular state. Note that the reference of energy used
here corresponds to an isolated nanotube and nitro-
gen molecules in the gas phase. Other sources of nitro-
gen certainly exist in the experiments that have lower
binding energies (higher chemical potential) than N2,
and the energetics for N defect formation inside the
nanotube bulk can be affected, but saturation at the
edge still remains favorable. For N saturation as dan-
gling CN dimers, the formation energy is actually lower
by 0.27 eV/N for an (8,0) tube. The stability of edge satu-
ration with dangling CN dimers suggests that carbon
feedstock insertion into a N-saturated edge is favorable
(a surfactant role for N). Indeed, growth at zigzag nano-
tube edge that includes N has previously been shown
to be significantly enhanced.33 (2) Nitrogen atoms pref-
erentially substitute at the outer ring at the two-
coordinated sites, independent of the chirality (Figure
4). For the zigzag (8,0) tube, this is easy to rationalize
since N saturation of the edge removes the eight dan-
gling bonds. We also notice an interesting aspect re-

lated to the fact that the arm-
chair edge is favored
compared with the zigzag
one. However, we note that,
in the present case, the effect
can at least in part be ex-
plained by the relaxed geom-
etry of the CNT end with dan-
gling bonds which reorganize
differently in the absence of N
atoms. We also note that N
saturation at the edge is favor-
able in part due to the forma-
tion of NAN dimers and the
elimination of the dangling
bonds, a feature that is not
possible with single N atom
substitution (single atoms can
be stable inside the tube).

The fact that nitrogen satu-
rates the nanotube edge (“sur-
factant” position) suggests

some interesting possibilities for its mediating role in
the growth of CNTs. First, since N prefers to be at the
tube edge and would not be as stable deeper in the
hexagonal lattice, its presence could inhibit the growth
of the nanotube once the edges are N-saturated. This
result is a striking indication of the surfactant role of N:
the tube cannot grow further unless N is removed and
replaced by carbon, or defects are formed. Second, the
presence of N on the end tubule is clearly accompanied
by a local reduction of the tube diameter at the apex.
The tube diameter reduction, expressed in percentage
compared to original diameter, for three tubes of vary-
ing chiral angles was found to be �6.4%, �3.5%, and
�2.2% for (8,0), (9,3), and (6,6) tubes, respectively. In ad-
dition, we note that N tends to prefer substitution into
smaller diameter tubes, independent of the tube chiral-
ity. This clearly indicates that N doping during growth
leads to smaller diameter tubes, a fact in strong agree-
ment with experiment (see above).27

We also explored how adding N atoms affects tube
closure by moving a N ring rigidly between a tube
capped end and the tube “bulk”. These calculations
show that a ring of N prefers to be closer to the end
cap than in the bulk, thereby indicating that N slightly
favors closure of the tube (see Supporting Information,
Figure S1). This supports recent results which demon-
strate that nitrogen can stabilize neighboring penta-
gons in fullerenes isomers.34 A good surfactant gener-
ally facilitates growth by allowing subsurface insertion
of the feedstock material at reduced energetic cost. In
that respect, nitrogen appears not to be a great surfac-
tant, since we find that it can promote tube closure,
leading to shorter tubes. In comparison to boron-
mediated nanotube growth,26 the surfactant effect of
N is clearly different. B-doped tubes prefer zigzag edges

Figure 3. Low-resolution TEM images of SWNTs: (a,d) pristine SWNTs; (b,e) N-doped
SWNTs from a solution with 7.5 wt % benzylamine content; and (c,f) N-doped SWNTs
from a solution with 15% benzylamine content. As the doping level is increased, the
nanotube bundles are smaller and less entangled.
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and close at very long times, even if pentagons are
formed on the growing edge. For N-doped tubes the
armchair edges are preferred, and as pentagons are
formed, some curvature is achieved, causing the tubes
to begin closing. However, as more N atoms come, the
tube must reopen and start growing, resulting in
bamboo-like or corrugated configurations. Although
both B and N act as surfactants, for N this can lead to
the formation of bamboo structures and for B to grow
longer. Overall, the results of our investigations un-
equivocally point to the fact that the presence of N dur-
ing growth promotes reduction of the tube diameter
which will eventually lead to the tube closure (fast cre-
ation of pentagons such as the bamboo morphologies).

In order to better understand the role of the surfac-
tant N atoms in the dynamical behavior at tempera-
tures relevant to synthesis, first-principles molecular dy-
namics in the canonical ensemble were performed.
Starting with the ideal open (8,0) undoped SWNT, the

temperature was increased to 2500 K and
the dynamics followed for 5 ps. The results
show the expected behavior of rapid forma-
tion of pentagons (pentagons form within 1
ps, notable in the decreased diameter, and
persist throughout the entire simulation) at
the growing rim, which results in the subse-
quent partial inward collapsing of the edge
structure, leading to a defected graphitic
dome and partial closure of the tubule. Fig-
ure 5 shows snapshots of the dynamics and
the time dependence of the average tube rim
diameter when N atoms are substituted at
the 2-coordinated sites of the tube rim. After
4 ps of dynamics at 2500 K, no stable penta-
gons have formed at the edge, and those
which did form during the simulation as a re-
sult of an atomic N�N bridge across the
tube end (t � 0.163 ps) were relatively short-
lived (�0.1 ps). Also, N-substitution clearly
causes a decrease in the local diameter. HR-
TEM images and Raman spectroscopy indi-
cate that, as the N content is increased in the
starting solution that is thermally decom-
posed, the growth of large-diameter tubes is
inhibited. This suggests the N atoms remain
included in the nanotube lattice, and indeed
conductivity measurements support this ar-
gument.27 However, as discussed above, ac-
cording to static calculations, the addition of
a closed cap to the rim of a N-doped tube is
energetically favorable. Clearly, if there was
carbon feedstock in the vapor phase during
the quantum dynamics simulation, it could
easily lead to tube closure that includes the
N atoms within the lattice. This type of clo-
sure would lead to the bell-type structures
commonly observed for bamboo tubes.

The formation of fullerene-like structures encapsu-
lated within N-doped nanotubes (Figure 2d) might be
partially caused by the fact that small amounts of nitro-
gen gas can be encapsulated within a tube or interca-
lated between tube walls. This has been observed ex-
perimentally,35 and some additional support has been
obtained from tight-binding calculations,36 X-ray pho-
toelectron spectroscopy (XPS), and electron-energy-loss
spectroscopy (EELS). For tube growth in the presence
of N, the tube undergoes N doping and closes (as de-
scribed above), forming compartments and bamboo-
like structures. Both encapsulation of gaseous N and its
intercalation (for MWNTs) can occur at this point. The
excess N can then undergo secondary chemical reac-
tions with the tube wall near the substitutional N de-
fects where there is enhanced reactivity, causing the
formation of smaller fullerene structures that become
encapsulated in the growing outside tube (for MWNTs).
Simulations based on first-principles molecular dynam-

Figure 4. (a) Energetics associated with inserting a full ring, 12 N atoms, at different
lattice positions into a cleaved (6,6) SWNT. (b) Energetics associated with inserting a
full ring, 8 N atoms, at different lattice positions into a cleaved (8,0) SWNT.
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ics, in which a small N-doped SWNT compartment (two
N atoms in the (8,0) SWNT lattice near one end cap)
with an encapsulated N molecule was heated to 3500
K over 5 ps, did not show any evidence to support this
hypothesis. The N2 molecule remained inert for that
time period. However, if the calculation is carried out
with N atoms instead of a N2 molecule (this assumes
that either dissociated N is encapsulated or the molec-
ular N undergoes dissociation after encapsulation), the
dynamics leads to the formation of chemical bonds
near the N substitutional tube defect, generating pen-
tagons and causing inward bending of the structure to-
ward a defected graphitic dome (see Supporting Infor-
mation, Figure S2). This process will lead to the
formation of two fullerene-like structures and helps ex-
plain the origin of the images described above (Figure
2d). It is also possible that fullerene particle formation
could occur first and not as a secondary chemical reac-
tion. This could result from a frustrated growth (higher
%N should enhance the event), which is then encapsu-
lated by a stable growing tube due to capillary action.

Finally, if N atoms are included into the tube lattice
during growth, there is an enhanced chemical reactiv-
ity that is likely fundamental to the observation that
N-doped tubes tend to oxidize more easily. For ex-
ample, under appropriate conditions, there can be
strong enough interactions between doped tubes to
form interconnecting chemical bonds.37 However, the
intertube interaction found by Nevidomskyy et al.37

would require very high levels of doping and high pres-
sure (they estimate 80 GPa to achieve the intertube dis-
tance, 2.5 Å, required to form the bond). Instead, if nan-
otube bundles are held together by van der Waals
forces, defective and disordered nanotube walls which
result from N doping should weaken the van der Waals
forces (disrupting the ��� interactions) and conse-
quently cause weaker tube�tube interactions. In ref
27, it was shown that, as the nitrogen content is in-
creased, the Raman D-to-G band ratio is also increased,
indicating a higher degree of disorder due to the inclu-
sion of the nitrogen atoms into the hexagonal lattice,
which is consistent with the corrugated nanotube walls
shown in Figure 2e. The latter explains why it is easier
to disperse the N-doped NTs compared to pristine NTs
(chemical reactivity may also help, since graphene is an
inert surface). Confirmation of this result can be seen
in Figure 3, which shows that, with increasing doping
levels, the entanglement of the nanotubes is reduced,
and it is easier to find smaller nanotube bundles and
isolated nanotubes. This is consistent with reduced in-
teractions and also with the increased difficulty to col-
lect the sample as doping increases, since the collected
strand is more fragile for higher doping levels due to re-
duced entanglement. In order to verify that N-doped
SWNTs have weaker interactions, we computed the
tube�tube binding energy for doped (2.0�6.2% N sub-
stitution) and pristine (8,0) SWNTs from first-principles

calculations (using DFT/LDA and DFT/GGA revPBE func-

tionals). These calculations reveal that N-doped (substi-

tutional type) tubes have on the order of a 14 –30 meV/

atom smaller tube�tube interaction (with higher N

content giving the weaker interaction), unless the N de-

fects on each tube are directly aligned and the inter-

tube distance becomes small enough (�2.5 Å, even for

multiple N sites) to allow the formation of a chemical

bond. We also have computed the fracture strength of

N-doped SWNTs as compared to pristine SWNTs by

computing the deformation required to fracture the

tubes (see Supporting Information). These results indi-

cate that N-doped tubes will fracture at half the defor-

mation of that for pristine tubes, in agreement with the

above experimental observations of increased fragility.

CONCLUSIONS
In summary, we have demonstrated, using a combi-

nation of experimental observations and first-principles

static and dynamics calculations, that nitrogen medi-

ates the growth of SWNTs by acting as a surfactant,

leading to systems favoring smaller diameters. A good

surfactant generally facilitates growth by allowing sub-

surface insertion of the feedstock material at reduced

energetic cost. In that respect, nitrogen appears not to

be a great surfactant, since it also was found to promote

tube closure, leading to shorter tubes. Tube closure

that includes N atoms inside the lattice is also preferred,

thereby suggesting that the presence of morphologies

such as bamboo structures can be triggered by the

presence of N dopants. The inclusion of N inside the

tube lattice leads to weaker tube�tube interactions as

well as providing sites where encapsulated or interca-

lated N can undergo chemical reaction, which may form

smaller fullerene structures that become encapsulated

within the compartment.

Figure 5. Time dependence of the diameter for a N-doped (8,0) SWNT
(top) (N atoms on the rim at the 2-coordinated sites). The results are
taken from the first-principles MD simulation at 2500 K. The insets
show snapshots of the structure for the N-doped (8,0) SWNT at T � 0,
0.163, and 4 ps, taken from the quantum molecular dynamics simula-
tions.
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MATERIALS AND METHODS
The generation of aligned CNx (x � 0.1) nanotubes is pos-

sible using template methods involving porous alumina mem-
branes or laser-etched metal films deposited on silica sub-
strates,38 by pyrolyzing mixtures of ferrocene and melamine28

or solutions of ferrocene, ethanol, and benzylamine.27 Striking
features about these types of tubes are their diameter, morphol-
ogy, and degree of uniformity. In the present work, we examine
N-doped single CNTs prepared mainly by using thermal decom-
position of mixtures of ferrocene/ethanol/benzylamine, which
yields smaller diameter tubes forming long strands of SWNTs,27

and those from pyrolysis of ferrocene/benzylamine mixtures,
which produce MWNTs with corrugated and bamboo-like
morphologies.28,29 The synthesized N-doped CNTs have been
carefully characterized by HRTEM, EELS, XPS, TGA, and transport
measurements.

All modeling calculations were performed using the peri-
odic DFT program Vienna ab initio simulation package
(VASP), version 4.6.6.39–42 The Kohn–Sham equations were
solved using the projector augmented wave (PAW)
approach43,44 and a plane-wave basis with a 400 eV energy
cutoff. Unless otherwise stated, the generalized gradient ap-
proximation (GGA) exchange-correlation functional of Per-
dew, Burke, and Ernzerhof (PBE)45 was utilized. Electronic
convergence was defined as a consistency between succes-
sive cycles of less than 10�5 eV. Each nanotube system was
placed in a cell that ensured at least 10 Å of vacuum in each
Cartesian direction between the tube and its reflection.
k-point sampling was restricted to a single point, the � point,
a choice that is relevant for the finite cluster calculations per-
formed here. Note that some care needs to be taken due to
the open-shell (dangling bonds) nature of most of the struc-
tures studied, as the lowest energy electronic configuration
can be one of the higher spin states.

In order to explore the effects of chirality, we first car-
ried out static electronic structure calculations for (9,0), (9,3)
and (6,6) SWNTs consisting of 111, 106, and 106 atoms, re-
spectively. For the detailed analysis of N-doping, we studied
an (8,0) tube consisting of 104 atoms, including 8 nitrogen
and 8 hydrogen atoms. The hydrogen atoms are used to pas-
sivate the nanotube end opposite to the growth edge. The
energetics relative to the positions of the N atoms in the nan-
otube lattice was computed from full geometry relaxation
as Ebinding � [E(N doped with 2n N atoms) � nE(N2) � E(tube
without N atoms)], where n is the number of nitrogen mol-
ecules needed to form a complete ring of 2n N atoms. The ef-
fects of temperature on the N-doped CNTs were investi-
gated with first-principles molecular dynamics simulations
(1 fs dynamical time step) with a Nosé�Hoover thermostat46

to regulate the ion temperature to �2500 K over 5 ps. We
also carried out complementary simulations on undoped
CNTs under the same conditions. These studies address the
role of the N atoms in the dynamic behavior of the tubes at
temperatures relevant to the experimental
synthesis.
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