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Nitrogen-doped single-walled carbon nanotubes (CN,-SWNTs) with tunable dopant concentrations were synthesized
by chemical vapor deposition (CVD), and their structure and elemental composition were characterized by using transmis-
sion electron microscopy (TEM) in combination with electron energy loss spectroscopy (EELS). By comparing the Raman
spectra of pristine and doped nanotubes, we observed the doping-induced Raman G band phonon stiffening and 2D band
phonon softening, both of which reflect doping-induced renormalization of the electron and phonon energies in the nan-
otubes and behave as expected in accord with the n-type doping effect. On the basis of first principles calculations of the
distribution of delocalized carrier density in both the pristine and doped nanotubes, we show how the n-type doping occurs
when nitrogen heteroatoms are substitutionally incorporated into the honeycomb tube-shell carbon lattice.

Keywords: single-walled carbon nanotubes, nitrogen doping, chemical vapor deposition, Raman spectroscopy

PACS: 61.48.De, 81.15.Gh, 63.22.Gh, 78.30.Na

1. Introduction

A key challenge for the practical applications of car-
bon nanotubes (CNTs) is the control of their electronic prop-
erties. A number of research efforts have been made to-
ward this purpose, such as the post-synthesis sorting of metal-
lic and semiconducting nanotubes, !> controlling the chirali-
ties and thereby the electronic structures of nanotubes during
growth,>* and modifying the electronic properties of nan-
otubes by substitutional doping with heteroatoms.>~1?! Boron
(B) and nitrogen (N) are the two practical candidates for chem-
ical doping of CNTs, since they are the nearest neighbors to
carbon in the periodic table and their atomic sizes are the
most similar to that of carbon. Besides B and N, the exper-
imental investigation of phosphorus (P) doping of CNTs has
also been reported.®! In both theoretical and experimental as-
pects, the nitrogen-doped CNTs have been studied most. Due
to the electron-rich nature of nitrogen dopants, the incorpora-
tion of nitrogen heteroatoms into the honeycomb carbon lattice
generally leads to the formation of n-type-doped nanotubes
that hold promise for applications such as nanotube-based

electronic devices, sensors, field-emission tips, and energy-
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[7.8.131 At the same time, the controllably

storage materials.
doped CNTs, especially in the form of single-walled nan-
otubes (SWNTs), can also provide a model system to study
charge defect-induced perturbations and/or renormalization of
the electron and phonon energies in sp>-based graphitic carbon
systems.[1415]

Although experimental studies of nitrogen-doped CNTs
in the form of multi-walled nanotubes (MWNTSs) have been

s, [7,8,13

extensively reported over the past year I synthesis of

controllably doped CN,-SWNTs has proved to be much more

7111 Herein, we present the bulk-

difficult and challenging.!
quantity synthesis of CN,-SWNTs through a simple and con-
ventional chemical vapor deposition (CVD) growth procedure
by employing methane (CHy) as the carbon source, ammonia
(NH3) as the nitrogen source, and powdery MgO supported
Fe—Mo bimetallic nanoparticles (Fe-Mo/MgO) as catalyst. By
adjusting the growth parameters, we are able to grow CN,-
SWNTs with varying dopant concentrations. Raman spec-
troscopy is employed to examine the effects of nitrogen doping
in CN,-SWNTs, in which D band, G band, and the second-
order 2D band are characteristic for carbon-related materials.

The stiffening of the G band phonon and softening of the 2D
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band phonon are observed.!®!%!4 This Raman response re-
flects the evolution of the electron—phonon interactions, and
can be ascribed to the n-type doping effect, similar to that ob-
served in the electrostatic doping of CNTs or graphene by an

external gate field.!1-1%]

2. Experimental section
2.1. Synthesis of pristine and doped SWNTs

We used the support-type powdery Fe-Mo/MgO (with
Fe:Mo=10:1) catalyst to grow C-SWNTs and CN,-SWNTs.
The detailed procedure of catalyst preparation is the same
as that reported in our previous publications.??!] The CVD
growth was carried out by employing CH4 and NH3 gas re-
sources as carbon and nitrogen feedstock, respectively, and
argon (Ar) as carrier gas. For C-SWNTs growth, the gas
flow was fixed to 100 sccm/200 sccm of CHy/Ar. As for
the growth of CN,-SWNTs with different dopant concen-
trations, the gas flows were set to be 90/10/200 sccm of
CH4/NH3/Ar (with CH4:NH3 =9:1, for low nitrogen doping)
and 100/20/200 sccm of CH4/NH3/Ar (with CH4:NH3 =5:1,
for high doping). Growth conditions were typically 30 min-
utes of deposition at 900 °C.

2.2. Characterization

The structural characterization of both pristine and N-
doped SWNTs was performed by using scanning electron mi-
croscopy (SEM, Hitachi S-5200) and transmission electron
microscopy (TEM, JEM-2010F). The chemical composition
analysis of the samples was carried out by using the elec-
tron energy loss spectrum (EELS, Gatan Enfina) integrated in
TEM. Raman characterization of the samples was conducted
by Raman spectroscopy (Horiba Jobin Yvon YJ-T64000) at
room temperature and an atmospheric environment.

3. Theoretical methods

Density-functional theory calculations were performed
using the Vienna ab initio simulation package (VASP)
v 5.2,[22231 with the exchange—correlation functional de-
scribed by the Perdew—Burke—Ernzerhof version (PBE) of the
gradient generalized approximation (GGA).?* The projector

augmented wave (PAW) pseudopotentials®!

were employed
and the energy cutoff for the plane-wave basis set was 600 eV.
The supercell under periodic boundary condition was chosen
to keep nanotubes at a lateral distance of a minimum of 15 A,
so that the vacuum was sufficient to reduce spurious interac-
tion between nanotubes below a total energy of 3 meV for the
40 atoms in the supercell. The theoretical equilibrium C-C
bond length was 1.428 A. The K-space sampling was per-

formed with the method of Monkhorst and Pack!?®! using a

1x1x56 grid for (6, 6) SWNT and a 1x1x26 grid for (10,
0) SWNT. All the considered structures were fully optimized
until the forces on each atom were less than 0.01 eV/A.

3.1. Results and discussion

Figure 1 displays representative SEM and TEM images
and EELS spectra of the as-grown pristine and doped SWNTs.
From the SEM images, the high density of SWNT bun-
dles entangled with the spent powdery Fe-Mo/MgO cata-
lyst can be clearly observed. Further structural analysis by
high-resolution TEM reveals that the as-gown nanotubes are
primarily of single-walled tubular structures with diameters
mainly in the range of 1 nm-2 nm. In the corresponding EELS
spectra shown in Figs. 1(c), 1(f), and 1(i), the sharply defined
n* and o* fine structure features of the carbon K-edge are
characteristic for the formation of a well-graphitized carbon
lattice. In other words, both the pristine and doped SWNTs
are well graphitized and therefore of high quality.

The nitrogen K-edge features in the EELS spectra of
the doped SWNTs (Figs. 1(f) and 1(i)) are much weaker but
clearly discernible, indicating that the nanotubes have been
successfully doped by nitrogen heteroatoms. As can be cal-
culated from the EELS elemental quantification, the detected
nitrogen dopant concentrations are about 1.67 at% for nan-
otubes grown with CH4:NH3 of 9:1 and are about 2.51 at%
for nanotubes grown with CH4:NHj3 of 5:1, respectively. It
can be inferred that with an increase of the NH3 concentration
in the gas source during nanotube growth, the nitrogen doping
levels of resultant CN,-SWNTs can be effectively enhanced.
Thus far, there have been a number of theoretical publications
concerned with modeling the bonding configuration of nitro-
gen dopants within the nanotube shell lattice, and three main
structural modes have been proposed: pyridine-like, pyrrole-
like, and graphitic nitrogen. Experimentally, the pyridinic and
graphitic nitrogen are more often detected, as revealed in a
number of studies of the CN,-MWNTs.
of the N-doped SWNTs grown by the arc-discharge method,
observed from the EELS spectra that the ni-
trogen K-edge exhibits two split weak 7* peaks located at

398.6 eV and 402 eV which can be attributed to the pyridinic
[27

In a recent study

Glerup et al.

and graphitic nitrogen, respectively.!*’! In our present study,
we also have tried to examine the fine structure of nitrogen
K-edge. For low doping level samples, it was nearly impossi-
ble to resolve any fine feature of the * peaks, while from the
EELS data of high doping level samples shown in Fig. 1(i), the
existence of pyridinic and graphitic nitrogen features can be
discerned (for the magnification of CN,-SWNTs’ EELS nitro-
gen K-edge, see Fig. 2). It seems that the graphitic form of ni-

trogen dopants is dominant within the as-grown CN,-SWNTs.
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Fig. 1. (color online) Top panels show SEM (a), HR-TEM (b) images, and EELS spectrum (c) of the as-grown pure SWNTs. Middle
panels show the SEM (d), HR-TEM (e) images, and EELS spectrum (f) of the as-grown N-doped SWNTSs synthesized with CH4:NH3
of 9:1. Bottom panels show the SEM (g), HR-TEM (h) images, and EELS spectrum (i) of as-grown N-doped SWNTs synthesized

with CH4:NHj3 of 5:1.
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Fig. 2. (color online) Enlargement of the N-K edge after background
subtraction of CN,-SWNT with 2.51% nitrogen concentration. The *
and o* fine structure features of the nitrogen K-edge can be clearly
identified.

Raman spectroscopy is a key characterization method
for carbon materials, especially carbon nanotubes and
graphene. [!419:28.291 They show common features in the range
of 1000 cm—'~3000 cm~!: the G band at around 1580 cm ™!,

the D band at around 1350 cm™!, and the overtone of D band

(2D band) at around 2690 cm~!.
to the E, phonon at the Brillouin-zone center (I'" point), and
the D band is due to the breathing modes of sp> atoms and

The G band corresponds

requires disorders (defects, doping, edges, etc.) for its acti-
vation. The 2D band, instead, which is symmetry-allowed,
involves in-plane transversal optical (iTO) phonons near the
Brillouin-zone boundary (K point), and is selected by the
double-resonance process. Besides these Raman features, an
additional radial breathing mode (RBM) located in the range
of 100 cm~1~500 cm™! can also be observed, for the case of
SWNT systems. Figure 3(a) shows the Raman spectra of the
as-grown C-SWNTs, and CN,-SWNTs with nitrogen contents
of 1.67 at% and 2.51 at%, respectively. The appearance of the
RBM bands in all the three spectra is a fingerprint signal in-
dicating the presence of SWNTs in these samples. While the
C-SWNTs have an obscure disorder-induced D band, the CN,-
SWNTs have more prominent peaks of D band with increasing
dopant concentrations, indicating that nitrogen doping breaks
the spatial symmetry of the tube shell lattice.[!*+2°]

More importantly, apart from the symmetry-breaking
effect, the doping induced charge defects can also renor-
malize the energies of the strongly coupled electrons and
phonons near the doping sites. In CNT and graphene sys-
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tems, electrons and phonons couple strongly and phonon
softening via the Kohn anomaly can be observed at the K
and I" points.['6-19301 A5 is well documented in theoreti-
cal and experimental studies of the electrostatic doping of
CNTs and graphene by an external gate field, G band stift-
ening will always occur for both electron and hole doping
due to the nonadiabatic removal of the Kohn anomaly from
the I" point, or the reduced electron screening of the C-C
sp?> bonds.'!1 Note that the G band consists of higher
(G™) and lower (G™) frequencies of both semiconducting
and metallic nanotubes, which are respectively assigned to
vibrations along the axial direction and the circumferential
direction of a semiconducting nanotube, the opposite of the
metallic case.l'*! In this context, the sharp Lorentzian fea-
tures of the peaks indicate the as-grown nanotubes probed by
2.33-eV laser excitation are mainly semiconducting, as shown
in Fig. 3(b).
around 1590 cm~!, is known to shift with electron or hole

The GT peak of semiconducting nanotubes,

doping.!%1%171 The discussion below for G band will focus
only on the G band of semiconducting nanotubes which is
the main peak of the G band as can be seen from Fig. 3(b).
Unlike the G band, the 2D band is much more strongly de-
pendent on the particular electronic structure, and electron
doping will cause a red-shift whereas the hole doping will
cause a blue-shift.'1>-191 Therefore, the 2D band can be used
as a gauge for distinguishing the doping type. As can be seen
from Fig. 3, the Raman spectra of CN,-SWNTs clearly show
blue-shift of the G band and red-shift of the 2D band, which

demonstrates that the incorporation of nitrogen heteroatoms
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Fig. 3. (color online) (a) Raman scattering spectra recorded with a 2.33-

eV laser excitation from the pristine and doped SWNTs. The panels (b)
and (c) show the G and 2D regions of Raman responses.

into the nanotube shell lattice introduces the n-type doping, as
expected. Moreover, with a higher doping level, the Raman
frequency shifts will increase accordingly. Figure 4 shows the
measured shifts of Raman frequency as a function of dopant
contents, and a nearly linear relationship can be deduced for
both the blue-shifts of the G band frequency and the red-shifts
of the 2D band frequency. As previously reported, an electron-
injection density of about 5x 10%/cm corresponds to a G band
blue shift of 5 cm~!, and the shift is nearly linear with the
electron-injection density at room temperature.!'®! Thus the
3-cm~! and 4.5-cm~! Raman frequency shifts for G band of
the CN,-SWNT samples with 1.67 at% and 2.51 at% nitro-
gen contents correspond to an electron-injection density of
n =3 x 10%cm and 4.5x 10%/cm, respectively.
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Fig. 4. (color online) Raman G and 2D peak positions of pristine and
doped SWNTs as a function of nitrogen concentration.

In order to understand how the n-type doping occurs
when the nitrogen heteroatoms are substitutionally incorpo-
rated into the honeycomb tube-shell carbon lattice, we per-
formed density-functional theory (DFT) calculations on the
distribution of the electron density. A semiconducting (10, 0)
nanotube and a metallic (6, 6) nanotube were used here for
modeling. We consider only the graphitic form of nitrogen
dopants, since it was dominant in our as-grown CN,-SWNTs
samples (Fig. 2, as mentioned above). Before and after dop-
ing, the whole structures were fully optimized, including the
positions of all the atoms and the sizes of the simulation cells.
When one carbon atom was replaced by one nitrogen atom in
the sp2-hybridized super-cell, the structural change of the car-
bon network was negligible (the change of C—C bond length
was smaller than 0.2% on average). For the (10, 0) C-SWNT,
there are 40 carbon atoms in the supercell, and the substitu-
tion of one nitrogen atom for one carbon atom corresponds to
a dopant concentration of 2.5 at%. The change of the elec-
tron density after doping is plotted in Fig. 5. The electron
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density difference Ap (unit: e/A3) is defined as Ap = p (CN,-
SWNTs)—p (C-SWNTs), where p (CN,-SWNTSs) is the elec-
tron density in the doped nanotubes and p (C-SWNTs) is the
electron density in the pristine nanotubes. In order to show the
Ap clearly, we ignore the small structural change of the car-
bon network upon doping, which means the positions of car-
bon atoms in the C-SWNT are exactly the same as the carbon
and nitrogen atoms in the CN,-SWNTs. Four cross sections
for the electron density perpendicular to the axis of the CNT
are shown in Figs. 5(a), 5(b), 5(c), 5(d), and Figs. 5(e), 5(f),
5(g), and 5(h) display the top views of these cross sections,
where the color green represents Ap < 0 (electron depletion)
and the red represents Ap > 0 (electron gain). It can be clearly
seen that the deep red circle in Fig. 5(e) corresponds to the

nitrogen atom because it has one more electron than a car-

(a)

(e) (f)

o S 0.020 ]
G °* o010 °e «® | 0.010
o% °o0 O 0 %o O

I 0.020

9@?@ ~0.010 % @ |-0.010
= 1002 & ~0.020

bon atom. One interesting finding here in all cross sections is
that the carbon atoms are surrounded by both green and red
electron clounds except the C—N bonded atoms, suggesting a
charge polarization of carbon atoms due to nitrogen doping.
As the position of carbon atom is moved farther from nitro-
gen dopant, the polarization becomes weaker. Nevertheless,
the region of electron gain is always larger than that of elec-
tron depletion, which means there is a net electron transfer
from the nitrogen dopant to the carbon network. The same
conclusion can also be deduced from calculation results of the
metallic (6, 6) SWNT (the calculated distribution of electron
densities and difference electron densities of N-doped (6, 6)
single-wall carbon nanotubes, see Fig. 6), where there are 24
carbon atoms in the supercell and one substitutional nitrogen

atom which corresponds to a dopant concentration of 4.2 at%.

(c) (d)

Fig. 5. (color online) Calculated distribution of the electron densities (p, in units of e/A3; the value of golden contour is 1.2 e/A3) of
N-doped (10, 0) single-wall carbon nanotubes; here the indigotic planes characterize cross section perpendicular to tube central axis
cross the first layer atoms (C1 cross section) (a), the second layer atoms (C2 cross section) (b), nitrogen atom (the third layer atoms,
N cross section) (c), and the fourth layer atoms (C4 cross section) (d), respectively. Black atoms represent carbon and red atoms
represent nitrogen. Colors show difference in electron densities (Ap, in units of elA3, Ap = p (CN,-SWNT)-p (C-SWNTs)) of Cl
cross section (e), C2 cross section (f), N cross section (g), and C4 cross section (h). Red represents the region of charge accumulation
(Ap > 0) and green represents the region of charge depletion (Ap < 0).
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Fig. 6. (color online) Calculated distribution of the electron densities
(p, in units of e/A3; the value of golden contour is 1.2 ¢/A3) of N-doped
(6, 6) single-wall carbon nanotubes, here the indigotic planes character-
ize cross section perpendicular to tube central axis cross only carbon
atoms (C cross section) (a) and nitrogen atoms (N cross section) (b),
respectively. (color) Difference electron densities (Ap, in unit of e/A3,
Ap = p (CN,-SWNTs)—p (C-SWNTs)) of C cross section (c) and N
cross section (d). Red represents the region of charge accumulation
(Ap > 0) and green represents the region of charge depletion (Ap < 0).

4. Conclusion

In summary, the bulk-quantity synthesis of CN,-SWNTs
with tunable dopant concentrations was achieved through a
simple and conventional CVD growth procedure by employing
CHy as the carbon source and NH3 as the nitrogen source. The
as-grown CN,;-SWNTs were characterized by SEM, TEM,
EELS, and Raman spectroscopy. More importantly, the re-
sults of Raman scattering studies show that nitrogen doping
leads to Raman G band phonon stiffening and 2D band phonon
softening, which is a clear evidence of the n-type doping, indi-
cating the doping-induced renormalization of the electron and
phonon energies in the nanotubes. On the basis of first princi-
ples calculations of the distribution of delocalized carrier den-
sity in pristine and doped nanotubes, we show how the n-type

doping occurs when nitrogen heteroatoms are substitutionally
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incorporated into the honeycomb tube-shell carbon lattice.
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