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Point defects such as vacancies and interstitial atoms in bulk ing £ NIBIN mappind
graphite have been studied since the early 1960s, and of late, it . i :
has been observed in carbon nanostructtifdse combination of g : ' F 14
hexagons and nonhexagonal rings can be responsible for curvec.Q i 4 .
carbon nanostructurésFor example, in one-dimensional (1D)
carbon nanomaterials, the pentagon and heptagon are correlated
the positive and negative curvatures in the original straight 1D
nanostructure® Besides those intrinsic defects, the studies on
extrinsically doped carbon nanotubes (CNTs) have also been
repor_teo_e. Am°”9 all the doped CNTs, the N'O_'Op?d CNTs are of Figure 1. (a) TEM image of N-doped CNTs. Corresponding energy-filtered
special interest in both fundamental and application stuidse TEM (b) carbon and (c) nitrogen mapping images of N-doped CNTSs.

compartmentalized bamboo-like structure of N-doped CNTs has
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been attributed to the effect of N incorporation. Although there
are many reports on N-doped CNTSs, the basic understanding of
the correlation between N dopants and the unique bamboo-like
structure at the atomic level is still lackif@-he present study deals
with the above aspect and is part of a continuing study in our
laboratory to understand the catalytic activity related to N-doped
CNTs for fuel cell applications. In this paper, the experimental
observation of N incorporation in multiwalled carbon nanotubes
(MWCNTS) is reported and correlated with the quantum chemistry
calculation results on the atomic scél€he results obtained from
our calculation indicate that each arrangement of N atoms in CNTs
produces their own local strains and results in their respective
deformations.

Three typical kinds of N-bonding configurations are identified
in doped CNTSs, and other than moleculat ey can be classified
as substitutional and pyridine-like dopant structdrégure 1 shows
a series of transmission electron microscopy (TEM) images derived
from the arrayed N-doped CNTs grown on Si substrates by
microwave plasma-enhanced chemical vapor depositibhe TEM
image of the so-called bamboo-like N-doped CNTs presented in
Figure 1a clearly shows periodic interlinked structures inside the
nanotubes. An energy-filtered N-mapping TEM image reveals that
N is incorporated in the bamboo-like CNTs with nonuniform
distribution (Figure 1c). It is observed that the interlinked parts in
CNTs are brighter than the sidewall, which indicates increased N
content in the former. Besides the above observation, which concurs
with the previous reporfurther studles_are neede_d in thls dlrectl_on (b) SN-doped (GiNeHse). and (c) PyN-doped (@NeHse) zigzag (9.0) CNTS.
to know more about the effect of N incorporation with bonding C, N, and H atoms are gray, blue, and white spheres, respectivelf) (d
configurations on the tube surface. The understanding of different corresponding cross-sectional views of these three (9,0) nanotube clusters.
N-bonding configurations in CNTs will be useful, particularly in  (g—i) Corresponding charge distribution plots of the three clusters. The
the field of catalysis and sensor technology. color bars are related to the chargg values fror_n the most negative (red,

We constructed finite cluster models of CNTs with pure and left) one gradually to the most positive (green, right) one.
two different doping types to study the detailed structural changes
at an atomic level. Geometry optimizations were preformed at the
B3LYP/6-31G* density functional theory (DFT) level using Gauss-
ian 038 Figure 2 shows the optimized geometries and corresponding

C)]

Figure 2. Optimized geometries of cluster models for (a) undopedH(),

charge distribution plots of various cluster models for (a) undoped,
(b) substitutional N-doped (sN-doped), and (c) pyridine-like N-
doped (PyN-doped) zigzag (9,0) CNTs. Hydrogen termination at
the ends of CNTs is introduced to avoid dangling bonds. For the
t Academia Sinica. last two doping cases, the doping concentrations were kept
*National Taiwan University. nominally at the same level of approximately 7 at. %, while six C
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not elongated very much and the distance ratio reaches only up to
0.94. However, the charge distribution values are very similar to
the armchair (9,0) clusters, and the cross-sectional area is also
enlarged. This discrepancy in the results found among zigzag and
armchair cases could be attributed to the limited orientations of
their PyN sites. The calculation results indicate that the two-third
N atoms and the hexagons in the PyN site of armchair CNTs must
be in parallel with the tube axis. This kind of orientation sustains
less bending stress in comparison with those aligned with the radial
direction in zigzag CNTSs.

In conclusion, the N-doping induced atomic-scale structural
deformation in CNTs has been investigated by using DFT calcula-
tions. The homogeneously distributed, isolated N dopants in sN-
doped clusters enlarge the tube diameter. In other words, the
deformed structures observed in the experiment can be ascribed to

Figure 3. Optimized geometries of cluster models for (a) undopegH$s),

the concentrated N dopants in PyN sites.
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(b) sN-doped (€NsH20), and (c) PyN-doped (£&NeHz20) armchair (5,5)
CNTs. C, N, and H atoms are gray, blue, and white spheres, respectively.
(d—f) Corresponding cross-sectional views of these three (5,5) nanotube
clusters. (g-i) Corresponding charge distribution plots of the three clusters.
The color bars are related to the charge values from the most negative (red,
left) one to the most positive (green, right) one.

atoms were replaced by N atoms. Moreover, it is noteworthy that
we have adopted the pyridine-like structure proposed in the
literature?e In this structure, we removed a central C atom to create
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a vacancy among three hexagons, and then three C atoms around (3) (a) Zhou, O.; Fleming, R. M.; Murphy, D. W.; Chen, C. H.; Haddon, R.

it were replaced by N atoms. By doing so, as seen in Figure 1, the
PyN-doped CNT is distorted drastically, and it is very clear when
we visualize it through the cross sections. The two perpendicular

distances across the cross sections are used to describe the deformed

structures. As shown in Figure 24, the ratio of these two
perpendicular distances is closeta in the undoped and sN-doped
cases. Both of them have circular cross sections along the diameter,
and in the sN-doped case, it was slightly enlarged. In contrast, as
shown in Figure 3éf, the ratio is significantly changed to 0.71,
resulting in an ellipsoid-like cross section when N atoms are closely
arranged to form the pyridine-like structure. This kind of local
distortion induces a positive curvature in the graphene layer. This
implies that the concentrated N atoms are responsible for the tube
wall roughness, and the bamboo structures are due to terminated
inner layers with higher N concentrations in MWCNTSs. Figure-2g
illustrate the corresponding charge density plots of these three
clusters. They show that the N atoms with lone pair electrons always
bring the very negative charges and are marked in red color. More
details on the structural deformation and the charge values can be
found in the Supporting Information.

Figure 3 shows the optimized geometries of cluster models for
(a) undoped, (b) sN-doped, and (c) PyN-doped armchair (5,5) CNTSs.
Their cross sections and charge density plots are also shown in
Figure 3d-f and Figure 3g-i, respectively. Interestingly, they
exhibit similar behavior as that of zigzag cases, except that the
extent of distortion is less. The cross-section analysis of the PyN-
doped (5,5) cluster shows that the axis along the pyridine sites is
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