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Abstract

In order to tune the electronic properties of carbon-based nanotubes, attention is now turning to
new avenues based on chemical manipulation. The introduction of nitrogen at either doping or
alloying concentrations has been shown to give rise to new tubular structures and desirable
electronic properties, but a detailed understanding of the strain and thermodynamic properties is
still lacking. In this paper a systematic computational study of the structure and
thermodynamics of small C;N nanotubes is presented (x = 1, 2, 3, 5, and 7). The aim of this
work is to investigate which stoichiometries and atomic distributions are likely to be stable
under ambient and operating conditions, thereby offering viable candidates for future synthesis
efforts. In addition to this, the electronic properties of stable structures are briefly examined, to
establish whether small carbon nitride nanotubes may be tailored for emerging technological

applications.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

From the early 1990s carbon nanotubes (CNTs) have
stimulated considerable interest worldwide, and have shown
great potential for a variety of technological applications [1-3].
Due to their superior electronic and mechanical properties,
carbon nanotubes have been seen as the optimal choice of one-
dimensional structures for the next generation of electronic
devices at the nanoscale [4]. The linear dimensionality
of CNTs may also give rise to other useful phenomena,
and specific CNTs exhibit exotic Luttinger-liquid behaviour
rather than the usual Fermi-liquid behaviour, making them
‘quantum wires’ [5]. Not surprisingly, much attention has been
focused on developing CNT-based nanoscale components [3].
However, a major obstacle that hinders actualization of CNT-
based nanodevices is that as-grown carbon nanotubes exhibit
a range of different chiralities [6]. At this stage, there is
no reliable and commercially viable method of separating
CNTs according to their electronic properties. Therefore, if
nanotube-based nanotechnology is to continue to progress, it
is necessary to consider alternative methods of tailoring the
electronic properties.

0953-8984/09/144203+07$30.00

An alternative route to the production of nanotubes with
tailor-made electronic properties, based on chemical manip-
ulation, is to inject charges into the system artificially [7-9].
Like conventional semiconductors, the electronic properties of
CNTs may be modified by introducing a small concentration
of impurities, such as substitutional nitrogen [10]. However,
while studying C 3N, and C4N, (x < 1) nanofibres, Terrones
et al [11, 12] concluded that it was difficult to create highly
ordered carbon networks with large quantities of nitrogen, and
that the nitrogen incorporation was responsible for the high de-
gree of tubular imperfection that was observed. More recently,
Li et al [13] have synthesized C3N4 nanobelts and nanotubes
using a solvothermal method, but concluded that the electronic
and other properties of these nanotubes required further investi-
gation. Previously reported quantum chemical studies indicate
that CN nanotubes are metallic, but that the precise nature of
the optoelectronic properties depends on the atomic structure
and specifically on the type of nitrogen incorporation. Collec-
tively these studies point to the possibility of tuning the elec-
tronic and chemical properties via changes in the stoichiometry
of the C,N, composition and the type of C-N distributions in
the nanotubes [14].

© 2009 IOP Publishing Ltd  Printed in the UK
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This avenue of research has already shown some promise,
but clearly if some of the potentially exciting properties of
C.N, nanotubes are to be exploited, a detailed knowledge
of the structural stability and electronic properties of these
materials is imperative. To date, no systematic study has been
undertaken examining all important properties that definitely
identifies which properties are realistically controllable and
which are not. For example, although there is reliable evidence
that carbon nitride nanotubes (with closer to equivalent
amounts of C and N) may be an ideal alternative to CNTs, no
calculations of the strain energy or thermodynamic properties
have been reported. This is an ideal problem for theoretical
and computational methods, and motivates the present study
that focuses on C,N nanotubes with x = 1, 2, 3, 5,
and 7.

In this paper density functional tight-binding calculations
are used to model the structure and thermodynamic properties
of these C,N nanotubes to determine which stoichiometries
and which atomic distributions are stable, and therefore viable
candidates for future synthesis efforts. In the proceeding
sections each of these structural aspects is discussed separately.
In general, the results predict that the stability of C,N
nanotubes is highly dependent on the stoichiometry and the
nitrogen partial pressure (during synthesis), but is almost
independent of chiral structure. In addition to this, we show
that there is a relatively constant blue-shift in the Fermi energy
when 2 < x.

2. Methodology

The density functional based tight-binding method with self-
consistent charges (SCC-DFTB) [15, 16] is a two-centre
approach to density functional theory (DFT), where the
Kohn—Sham density functional is expanded to second order
around a reference electron density. The reference density is
obtained from self-consistent density functional calculations of
weakly confined neutral atoms, and the confinement potential
is optimized to anticipate the charge density and effective
potential in molecules and solids. A minimal valence basis
is established and one- and two-centre tight-binding matrix
elements are explicitly calculated within DFT. A universal
short-range repulsive potential accounts for double counting
terms in the Coulomb and exchange—correlation contributions,
as well as the internuclear repulsion, and self-consistency
is included at the level of Mulliken charges, as described
in [16]. This method has been selected for use here as it has
previously been shown to provide good agreement with higher
level quantum chemical methods and density functional theory
for carbon—nitrogen systems [17-19] to an excellent energy
resolution. In the present study, all test structures were fully
relaxed using the conjugate gradient scheme to minimize the
total energy with the convergence criterion for a stationary
point at 10~ au ~ 5 meV A" for forces. Preliminary tests
of k-point density we undertaken, and it was determined the
12 k-points along the periodic principle axis of the simulation
segment were sufficient to achieve energetic convergence with
this stationary point.

3. Discussion of results

3.1. Structural stability

In general, the C,N nanotube structures examined here may be
described in terms of their chirality (n, m) and stoichiometry
x. During our study we have used a structure set with n = 4,
5,6,7,8,9, m = 0 (zig-zag) and m = n (armchair), and with
stoichiometry x = 1, 2, 3, 5 and 7. Although the structures
produced with these geometries should provide the full range
of possible properties, in addition to this, we have also sampled
a number of different atomic configurations, or ‘substitution
patterns’ for N atoms in a C nanotube. Since there is no
experimental evidence as to the spatial distribution of N in N-
doped CNTs or C,N nanotubes, we have sampled a number
of different patterns and attempted to ascertain if particular
configurations are more stable. Based on previous studies of
boron nitride nanotubes [20] we expect that N-N bonds will
be unstable, and have therefore categorized the substitution
patterns according to the proximity of N atoms to other N
atoms in the lattice.

The nomenclature used to identify the four main
substitution patterns are s, &, n and ¢, which refer to N atoms
that are distributed in ‘spaced’, ‘helical’, ‘neighbouring’ and
‘chain’ configurations (relative to each other), respectively. In
a ‘spaced’ pattern, the nitrogen atoms do not neighbour one
another (there are no N-N bonds) and there is a homogeneous
distribution of N atoms around the nanotube that does not
reflect the underlying chiral structure. In a ‘helical’ pattern the
nitrogen atoms do not neighbour one another (there are no N—
N bonds) but the distribution of N atoms around the nanotube
does reflect the chiral structure, and is clearly evident as a
helix pattern wrapping about the nanotube. In a ‘neighbouring’
pattern, there is a homogeneous distribution of N atoms about
the nanotube (that does not reflect chiral structure), but each
N atom is first nearest neighbours with at least one other N
atom (there are N-N bonds). And finally, in a ‘chain’ pattern
the nitrogen atoms neighbour one another, and the distribution
of N atoms around the nanotube reflects chiral structure, like
an infinite -N-N-N- chain around the nanotube. The B,N
and BN, nanotubes in [20] are examples of chain patterns.
It is important to point out that these categories may not be
sufficient to describe the full range of substitution patterns
that may be observed experimentally. Therefore, in a small
number of cases, we have also included some more random
configurations that fall between (or in) two categories, such as
s,n and h, n. In the case of an s, n pattern, pairs of N atoms
are spaced around the nanotube, and in &, n a helical pattern
that includes some pairs of N atoms is sampled.

Examples showing how these substitution patterns may
relate to the of the stoichiometry are given in figure 1 for the
subset of (6, 0) nanotubes used in this study. To the left is
a pure C nanotube (for comparison) and then the remaining
CN nanotubes with increasing N content (x = 7, 5, 3,
2, 1 from left to right). In these cases the C;N and CN
nanotubes have spaced s patterns, and the CsN, C3N and C,N
nanotubes have helical & patterns®. The inclusion of this range

3 Alternative patterns are illustrated in figure 2.
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Figure 1. The relaxed structures of the (6, 0) nanotubes, with increasing N content (left to right). The substitution patterns for the N atoms are
s, h, h, h and s for the C;N, CsN, C;N, C,N and CN nanotubes, respectively. The relaxed structures categorized as cylindrical, cylindrical,
distorted, distorted, and winged, respectively.

Table 1. The substitution pattern of nitrogen in C, N nanotubes, and the categorization of structural stability for the final, relaxed structures
(pattern | relaxed structure category). The substitution patterns s, &, n and ¢ refer to N atoms that are distributed in ‘spaced’, ‘helical’,
‘neighbouring” and ‘chain’ configurations (relative to each other), respectively.

n m C7N C5N C3N CzN CN

4 0  h|cylindrical h| cylindrical h | cylindrical —n | winged s | eylindrical
5 0  h|cylindrical s | cylindrical — h | winged n | broken s | winged

6 0 s|cylindrical  h | cylindrical —h | distorted h | distorted s | winged

7 0 h|cylindrical s | cylindrical  h | distorted n | broken h | winged

8 0  h|cylindrical s | cylindrical — h | distorted n | distorted s | distorted
9 0  h|cylindrical  h | cylindrical — h | distorted h | broken s | distorted
4 4 h|distorted s | broken h | distorted n | distorted s | broken

5 5 s |distorted h | broken h | distorted h, n | distorted s | broken

6 6 s |cylindrical  h | cylindrical h | distorted ¢ | broken s | broken

7 7  h|distorted s | distorted h | distorted s, n | distorted s | broken

8 8  h|cylindrical h | cylindrical h | distorted h,n | distorted s | distorted
9 9 s|cylindrical  h | cylindrical — h | distorted c | broken s | distorted

of atomic configurations is important to effectively sample
morphology space, and provide results that will be comparable
with the morphological ensemble of configurations that may be
produced experimentally.

In addition to the different substitution patterns shown
in figure 1, we can also see that the overall structure of
the C,N nanotubes changes (compared to the C nanotube)
as the stoichiometry is varied. Structural changes such as
these have also been categorized, in terms of these severity of
the imperfection, in order to identify trends in the structural
stability of the C,N nanotubes. The nomenclature used to
categorize the four main relaxed structure types are cylindrical,
distorted, broken and winged, respectively. The cylindrical
structures are those which have a structure similar to a pure
C nanotube of the same chirality. In a distorted structure
all of the interatomic bonds remain intact, but there are out-
of-plane distortions resulting from changes in the torsional
angles (as per the C3N, C,N (6, 0) nanotubes in figure 1).
In a broken nanotube, either N-N or C—N bonds have broken
following the structural relaxation, and there are changes in
the bond lengths and bond angles surrounding the resultant
defect. And finally, in a winged nanotube either N-N or
C-N bonds are broken, and there are changes in the bond
lengths, bond angles and torsional angles surrounding the
defect, resulting in non-tubular protrusions. These protrusions
similar to those observed in the carbon nanotubes with
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Figure 2. The relaxed structures of the C,N (7, 7), (8, 8) and (9, 9)
nanotubes. The substitution patterns are s, n, i, n and ¢, and the
corresponding dominant (relaxed) structural categories are distorted,
distorted, and broken, respectively. The single dots are free N atoms
that have broken all bonds with neighbouring C and N atoms in the
nanotube.

graphitic wings observed by Trasobares et al [21], and may
contribute to the formation of bamboo structures observed
experimentally [8, 22-25]. Further examples of some of the
relaxed C,N nanotubes are shown in figure 2.

Based on these categories for the substitution pattern
and relaxed structure, table 1 lists all of the results for each
combination of (n, m) and C,N. We can see from this table
that the structures deteriorate with decreasing x (or increasing
N content) as suggested by Terrones ez al [11, 12]. In addition
to this, we find that at low N concentrations (7, 0) nanotubes
are more likely to have fewer defects than (n, n) nanotubes. In
general the relaxed C3N nanotube exhibit the most consistent
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Table 2. The fraction of relaxed C,N nanotubes exhibiting
cylindrical, distorted, broken and winged structures, depending upon
the s, 1, n or ¢ nitrogen substitution pattern. The total fraction
(irrespective of N substitution pattern) is given in the right column.

K h n c Total
Cylindrical  31.8% 44.8% 0.0% 0.0% 19.2%
Distorted 31.8% 483% 57.1% 0.0% 34.3%
Broken 22.7% 34% 28.6% 100.0% 38.7%
Winged 13.6% 34% 14.3% 0.0% 7.8%

results, showing a similar distorted structure that is largely
independent of the chiral index.

As a final comparison of the relationship between the
patterning and structural deformities, table 2 presents the
statistical results for all structures, irrespective of the (n, m)
or x. We can see here that the helical distribution (and
to a lesser extent, the spaced distribution) is most likely to
result in cylindrical or distorted structures. Neighbouring N
atoms will either result in distorted structures or broken N-N
bonds, and the chain structure is highly unstable. Although
table 2 indicates that protrusions characteristic of the winged
structures are likely to be associated with neighbouring N
atoms, we can see from table 1 that this type of defect is more
likely due to the combination of small diameters and high N
concentration than to any particular substitution pattern.

3.2. Thermodynamic stability

To determine whether or not the C, N nanostructures described
above are likely to form experimentally, and be stable under
ambient conditions, the thermodynamic stability was assessed
by considering the average binding energies of each structure.
As outlined in [26], the average binding energy for sets
of (n,m) nanotubes may be used to extract components
associated with the strain (£) and cohesive (E.) elements, due
to the curvature induced bond bending and bond stretching,
respectively. This may be achieved for each stoichiometry
using the results in figure 3(a) and the simple expression:

Ecx(n,m) 1 E.

N mt N ey

where N is the total number of atoms, R is the mean radius
of curvature, and Ecn(n, m) is the total energy of the C,N
nanotube with chirality (n,m), which we have calculated
explicitly using SCC-DFTB. This gives us the values of the
E (from the coefficient) and the E. in the limit as the tube
diameter R — oo. We can see in figure 3(b) how these
values change with the fraction of N in the nanotubes, but
more importantly we can use these values of E. to estimate
a chemical potential of an infinite (planar) sheet and hence the
formation energy for each stoichiometric combination.

To be of use in experimental situations, an unambiguous
definition of the formation energetics must be expressed in
terms of the chemical potential or partial pressure of nitrogen
(Pn). A simple definition of the nonstoichiometric formation
energy of a two-component nanotube may be defined as

EF(I’l, m) - ECN(”a m) - NCI'LC,tube - NNMN,guSa (2)

T T T T

E 5 = PueCc 4 CN ® CN -
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Figure 3. (a) The calculated average binding energy for all (n, m)
nanotubes for each C,N stoichiometry. (b) The strain energy E from
the coefficient of the linear fits to (a), and the cohesive energy E.
from the intercepts of (a) as a function of the fraction of N atoms in
the nanotubes.

where Ecn(n,m) is the total energy of a fully relaxed
nanotube with chiral index (n,m), pc.wbe 1S the elemental
chemical potential of C in a pure carbon nanotube, [y gas
is the elemental chemical potential of N in a gaseous Nj
molecule (also calculated using SCC-DFTB), and N¢ and Ny
are the number of carbon and nitrogen atoms in the system,
respectively. For a C,N nanotube to form, the structure must be
in thermodynamic equilibrium with the individual components
and comparable planar (sheet) structures, such as graphene
(i.e., in the limit when R — o0). Therefore, at equilibrium
the sum of the elemental chemical potentials will be equal to
the chemical potential of an ideal C;N sheet,

MC,tube + MUN,gas = MCN,tube = MCN,sheet (3)
and the formation energy will be
EF(I’l, m) == ECN(”a m)_NCI/LCN,sheet_ (NC_NN)I'LN,guS- (4)

This may be expressed in terms of Py by relating N, gqs to the
chemical potentials of C and C,N sheets, and introducing a
free energy of formation A Hy, so that

ILCN, sheet = JC,sheet T N, gas T AH. (5)

The free energy of formation is defined (in the limit) as above,
or at equilibrium (from equation (3)) as AHf = UcN.ube —
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Figure 4. The calculated formation energies Ex(T, n, m) at T = 600 K as a function of D(n, m) and In(Py), for the (a) pure C, (b) C;N,

(c) CsN, (d) C3N, (e) C,N, and (f) CN nanotubes.

JLC,tube + N, gas- This leaves the iy ga5, Wwhich may be defined
in terms of the standard state chemical potential:
Py

MN,gas = /’Ll(il,gas + kTIn (F) = M?)N,sheet - /’L?Z,sheet
N

— AH} +kTIn(Py). 6)

Using these definitions, we may define a formation energy for

C,N nanotubes of any chiral index:,
Er(T,n,m) = Ecn(n, m) — Nc N sheet — (Nc — Nn)
X [IU’EN,sheel_/’LOC,sheel - AH;] + (NC - NN)len(PN)
(7

We may also define the range of Py, by prescribing that all N
will be incorporated in to the tubes (N, gas < KX gas), that no
graphene sheets will be formed (tc e < LC sheer) and that in
the limit AH; = JLCN,sheet — MC,sheet + MN, gas (When R — OO)
Hence, 0 < In(Py) < AH;/kT.

Naturally this expression and limiting criteria is entirely
general, and would be equally applicable to C,B, nanotubes,
BN, nanotubes, or indeed any two-component nanotube
system. In the present study we have used the coefficients
from equation (1) shown in figure 3(b) as (¢ e AN UGN sheet
(our limiting cases) and the explicit data points in figure 3(a)
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provide us with the values for Ecn(n, m). The value for g, aas
required for the definition of AH? was taken from the energy
per N atom in an N, dimer.

Using these values in combination with equation (7), we
have plotted Er(T, n, m) for each stoichiometry at 7 = 600 K.
For consistency, these results are shown over the range 200 >
In(Py) > O in figures 4(a)—(f), for the pure C nanotubes (x =
o0),x =17,5,3,2and 1, respectively. In these plots the results
for (n, 0) and (n, n) have been combined and the results plotted
as a function of the nanotube diameter D, since D(n,m).
Beginning with figure 4(a), we can see that Er(600, n, m) is
a minimum when In(Py) = 0, irrespective of D. As we
change the stoichiometry (figures 4(b)—(e)) the results remain
largely independent of D, and the dependence on In(Py)
is clearly evident. Finally, we can see in figure 4(f) that
Er (600, n, m) is independent of In(Py), as we expect for the
stoichiometric case, and the only variations in Er(600, n, m)
are due to the structural changes described in section 3.1.
These results indicate that the nitrogen partial pressure will
be the critical factor in determining the stoichiometry of
small carbon nitride nanotubes during growth, and little or no
stoichiometric variations would be expected among nanotubes
of different chiral structures. Unfortunately, no systematic
experimental study of this type could be found for comparison.

3.3. Electronic properties

Once the structural and thermodynamic stability of possible
C,;N nanotube has been addressed, an investigation of the
electronic properties is necessary to determine if these
nanostructures are likely to be useful in future applications, and
therefore represent attractive candidates for future synthesis.
The next generation of nanotube-based devices will require
more than simply tunable electronic properties, it will also
require reliable integration of singular components and the
formation of reproducible superstructures. It has been shown
by Peng et al [27] that it is possible to create compound
nanotube systems in which ‘T’ junctions are formed as a results
of narrow diameter nanotube growing at a defect site of a
larger nanotube. However, if such junctions are to be useful
electronically, it is desirable to know the Fermi energies of
narrow nanotubes, so as to facilitate the design junctions with
specific electronic properties.

Therefore, in response to the work by Peng et al [27],
we have briefly examined the relationship between the C,N
stoichiometry and the Fermi energy for our (relaxed) small
diameter nanotubes, over a range of D(n,m). These results
are presented in figure 5 where we can see that there is a
relatively constant blue-shift of ~1.5 eV in the Fermi energy
when 2 < x. The origin of this blue-shift is currently unknown,
and is still under investigation. There are more unpredictable
changes in the Fermi energy when x < 2, due to the various
structural instabilities described in section 3.1. In general, the
size dependence in the Fermi energy of the C,N nanotubes
(when 2 < x) is consistent with that observed for all C
nanotubes.

0 T T T L T x T
= purec 4 CN e CN .
AL *® CN ¢+ CN CN 1
© -2f -
é ]
_
S PR TR B
e 4 » , b 1
E 4k e ]
R [ .
n ] L ] ] H - » -
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_6 1 M 1 M 1 i 1 " 1
4 6 8 10 12
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Figure 5. Calculated Fermi energy for small diameter C,N
nanotubes, over a range of D(n, m).

3.4. Preliminary results of C Ny nanotubes

Finally, when undertaking a complete study of carbon nitride
nanotubes, one may also ask what sort of structures may
be expected when the relative concentrations of C and N is
reversed, i.e.: when there is more N than C in the nanotubes.
In addition to the C,N nanotubes described above, preliminary
investigations for a similar set of CN, nanotubes were also
undertaken as part of our study. In the majority of cases,
analogous CN, nanotubes (where x = 2, 3, 5 and 7)
were found to be highly unstable, irrespective of (n,m) or
substitution pattern. In some cases, the instability was so great
as to disrupt the periodicity of the structure.

In a minority of cases however, there were some relaxed
CN, structures that demonstrated a reasonable degree of
structural stability, and could possibly be deemed as candidates
for synthesis attempts. Each of these structures exhibited
uncommon morphologies which, if formed, could offer
interesting functional properties. For instance, figure 6(a)
shows CNs (6, 0) nanotube with a double helix structure, and
figure 6(b) shows a CNs (9, 0) nanotube with a triple helix
structure. These examples suggest that CN, nanotubes may be
worthy of a more detailed and systematic study in the future.

4. Conclusions

Presented in this paper are results of density functional tight-
binding calculations systemically investigating the structural
and thermodynamic stability of small C,N nanotubes with
x = 1,2,3,5, and 7. The results predict that the stability
of C,N nanotubes is highly dependent on the stoichiometry
and the nitrogen partial pressure (during synthesis), but is
almost independent of chiral structure. Moreover, although
we find that structural instabilities increase with increasing
nitrogen concentration, in agreement with experimental
observations [12, 11], we find that the ‘patterning’ of N
atoms (characterized by their configurational relationship
to one another) is also important in determining stability.
At low N concentrations (n, 0) nanotubes are more likely
to retain a more perfect structure than (n,n) nanotubes,
and the C3;N stoichiometry exhibits relaxed (low energy)
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(a)

b)

Figure 6. Although preliminary investigations found most CN,. nanotubes to be highly unstable, the relaxed (a) CNs (6, 0) nanotube with a
double helix structure, and (b) CN5s (9, 0) nanotube with a triple helix structure could potentially offer exploitable functional properties.

structures that appear consistently independent of chirality.
At high N concentrations, neighbouring N atoms will either
result in out-of-plane distortions or broken N-N bonds.
However, our results indicate that protrusions characteristic
of a ‘winged’ structure are more likely to be associated with
small diameters and high N concentration than to any particular
substitution pattern. These factors are considered important in
developing a strategy for producing specific C,N nanotubes,
and experimentally testing the relatively constant ~1.5 eV
blue-shift we observe in the Fermi energy when 2 < x.
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