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The electronic and bonding properties of nitrogenated carbon nanotubes 共N-CNTs兲 exposed to
chlorine plasma were investigated using C and N K-edge x-ray absorption near-edge structure
共XANES兲 and scanning photoelectron microscopy 共SPEM兲. The C and N K-edge XANES spectra
of chlorine-treated N-CNTs consistently reveal the formation of pyridinelike N-CNTs by the
observation of 1s → *共e2u兲 antibonding and 1s → *共b2g兲 bonding states. The valence-band
photoemission spectra obtained from SPEM images indicate that chlorination of the nanotubes
enhances the C–N bonding. First-principles calculations of the partial densities of states in
conjunction with C K-edge XANES data identify the presence of C–Cl bonding in chlorine treated
N-CNTs. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2737392兴
Carbon nanotubes 共CNTs兲 have attracted extensive attention, partly owing to their favorable electronic properties.1
The doping of nitrogen impurities in CNTs was found to be a
possible route to tune the band gap such that CNTs can be
exploited to make various electronic devices.2 The fluorinated CNTs can be tuned from metal to semiconductor/
insulator with high resistivity at elevated temperatures.3
Fluorination can also improve the wetting of nanotubes in
water by inducing a surface dipole layer on the nanotube
wall. This effect may be useful in battery and supercapacitor
applications.4 Iodine- and bromine-doped CNTs were found
to enhance the electronic/electrical properties by increasing
the density of free charge carriers.5 Therefore, it is interesting to understand the effect of chemical modification of
CNTs using halogens 共F, I, Br, and Cl兲. Fluorine-, iodine-,
and bromine-treated CNTs 共Refs. 3–5兲 and CNT-based
nanomaterials6–8 have been investigated previously. The
electronic and bonding properties of chlorine-treated nitrogenated carbon nanotubes 共N-CNTs:Cl兲 have not been fully
carried out. Here, the electronic structures and bonding properties of freshly prepared N-CNTs, which were further
treated with chlorine plasma in an inductively coupled
plasma system, have been studied using x-ray absorption
a兲
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near-edge structure 共XANES兲 and scanning photoelectron
microscopy 共SPEM兲.
The C and N K-edge XANES, and SPEM measurements
were performed at the National Synchrotron Radiation Research Center in Hsinchu, Taiwan. In the preparation of
CNTs, the vertically oriented multiwall N-CNTs were initially synthesized by microwave-plasma-enhanced chemicalvapor deposition on silicon substrates precoated with an
e-beam evaporated thin Fe catalytic layer.9 Then, the obtained N-CNTs were chlorinated in an inductively plasmacoupled reactor in flowing Cl gas at 5 sccm for periods of 1
and 5 min 关denoted as N-CNTs:Cl 共1 min兲 and N-CNTs:Cl
共5 min兲 later on兴.
Figure 1 displays C K-edge XANES spectra of N-CNTs
with and without chlorine treatment and the highly oriented
pyrolytic graphite 共HOPG兲 as a reference. The feature with
the maximum intensity at approximately 285.5 eV for HOPG
was attributed to the * antibonding state originated from the
out-of-plane bonds in the sp2 bonding configuration.10 The
positions of * resonance feature in the C 共1s兲 XANES spectra of N-CNTs and N-CNTs:Cl located at ⬃286.4 and
286.7 eV, respectively, which are shifted by ⬃0.9 eV for
N-CNTs and 1.2 eV for N-CNTs:Cl with respect to that of
HOPG 共285.5 eV兲, correspond to the 1s → *共e2u兲 transition
as in the pyridinelike sp2 C–N structure.11 Pyridine is also
well known to have two unfilled * orbitals 共as in benzene兲
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FIG. 1. C K-edge XANES spectra of unchlorinated/chlorinated N-CNTs and
reference HOPG. The inset highlights the * region.

with e2u 共an antibonding state whose wave functions are antisymmetric兲 and b2g 共a bonding state whose wave functions
are symmetric兲 symmetry.11 The latter is observed at
⬃289.2 eV in the * region for N-CNTs:Cl, and its intensity
increases with the Cl-treatment time. This feature is attributable to the transition of 1s → *共b2g兲 similar to that of the
pyridine structure with the symmetric bonding state,11 and/or
C–Cl bonds, as observed by Unger et al. at 289.0 eV in x-ray
photoelectron analysis of Cl-functionalized multiwall
CNTs.12 Previous works of carbon systems revealed a similar
double feature in the C 共1s兲 XANES spectra.13 For N-CNTs,
a small shoulder observed at ⬃289 eV 共indicated by a vertical arrow兲 was attributed to the presence of interlayer graphite states, which was correlated with the calculated electronic
state of dual-layer graphite sheets.14 In the * region, the
centers of the maximum features of N-CNTs and N-CNTs:Cl
appear at ⬃293.2 and 293.6 eV, respectively, similar to those
of the pyridine structure.11 Interestingly, the intensities of
1s → *共e2u兲 共286.4/ 286.7 eV兲 and * 共293.2/ 293.6 eV兲
features decrease, while that of 1s → *共b2g兲 feature 共indicated by the arrow兲 increases with the increase of Cltreatment time, as clearly shown in the inset of Fig. 1. This
trend suggests the formation of a more symmetric bonding
state in the N-CNTs than in the pyridine structure. To identify clearly these features, the p-projected conduction-band
partial densities of states 共PDOSs兲 of pure CNTs, N-CNTs,
and N-CNTs:Cl are calculated using the CASTEP code,15
which is a plane-wave pseudopotential program based on the
density functional theory and local density approximation,
and are shown in Fig. 2. The benzene, pyridine, and
pyridine-Cl cluster models are employed to represent local

FIG. 2. 共Color online兲 PDOSs of various CNTs. Insets 共a兲, 共b兲, and 共c兲 show
the cluster models, which represent the local bonding configurations of
CNTs, N-CNTs, and N-CNTs:Cl, respectively. Blue- and light-green colored
balls indicate N and Cl atoms, respectively.
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FIG. 3. N K-edge XANES spectra of unchlorinated/chlorinated N-CNTs.
The inset highlights the * region.

bonding configurations of CNTs, N-CNTs, and N-CNTs:Cl,
respectively. The hydrogen atoms in these models saturate
the dangling bonds of carbon atoms, so that these carbon
atoms mimic those in CNTs, N-CNTs, and N-CNTs:Cl. The
insets 共a兲–共c兲 in Fig. 2 present the bonding configurations of
these three CNTs; blue and green colors in the bonding structures indicate the attachment of N and Cl atoms in pure
CNTs, respectively. Details of the calculations for the cluster
models of these CNTs with various geometries can be found
elsewhere.16 In Fig. 2, the feature located at ⬃2.6 eV between * and * for the cluster model of pyridine-Cl may
correspond to the extra feature indicated by the arrow between * and * features in the inset of Fig. 1 and can be
attributed to the C–Cl bond.
Figure 3 displays the N K-edge XANES spectra of the
N-CNTs and N-CNTs:Cl samples. The two main features
centered at ⬃403.2 and ⬃409.5 eV are associated with transitions into unoccupied * and * orbitals, respectively. As
stated above, the pyridine structure has two unfilled * orbitals with e2u and b2g symmetries, which are typically observed in the N K-edge XANES spectra at ⬃400.0 and
⬃403.7 eV, respectively, for nitrogenated carbon films.11
The features in the N K-edge XANES spectra in Fig. 3 are
similar for all N-CNTs. The prominent feature centered at
⬃403.2 eV in the * resonance has the b2g symmetry of the
pyridine structure.11 Jimènez et al.17 also observed this feature at 403.5 eV for sp2-hybridized nitrogenated carbon
films, for which the * region can be resolved into four
peaks. The broad feature centered at ⬃409.5 eV in the *
region is associated with the C–N bond and is identical to
that of the pyridine structure.11,17 The inset in Fig. 3 reveals
that the intensity of the * features in the N K-edge XANES
spectra decreases with the Cl-treatment time consistent with
the trend of the C K-edge XANES spectra shown in the inset
of Fig. 1, which consistently indicate that Cl treatment increases the occupation of the b2g symmetry states or enhances the pyridinelike C–N bonding.
Figure 4 displays spatially resolved valence-band photoemission spectra of N-CNTs and N-CNTs:Cl with corresponding C 1s SPEM cross-sectional images. The bright area
in the SPEM image corresponds to the N-CNTs and
N-CNTs:Cl with a maximum C 1s intensity. The spectra presented in Fig. 4 exhibit photoelectron yields from the bright
regions S0 共N-CNTs兲, S1 共1 min Cl treated兲, and S5 共5 min
Cl treated兲, which correspond to the sidewalls of the respective N-CNTs, N-CNTs:Cl 共1 min兲, and CNTs:Cl 共5 min兲.
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FIG. 4. Valence-band photoemission spectra obtained from selected brightspot S0, S1, and S5 of C 1s SPEM cross-sectional images of unchlorinated/
chlorinated N-CNTs at the excitation photon energy of 388 eV. The inset
shows difference between N-CNTs:Cl and N-CNTs spectra.

Fig. 2兲 in the calculated conduction-band PDOSs are a strong
evidence of the contribution of C–Cl bonds in N-CNTs:Cl.
The decrease of the intensity of the * feature 共shown in the
inset of Fig. 3兲 and the increase of the intensity of the feature
at ⬃289.2 eV 共shown in the inset of Fig. 1兲 with the increase
of the Cl-treatment time in the N K-edge and C K-edge
XANES spectra, respectively, indicate the formation of sp2
C–N bonded N-CNTs with more symmetric pyridinelike
structures. In the case of SPEM shown in Fig. 4, chlorine
treatment of N-CNTs broadens the p- bond associated with
chlorine-derived  states and markedly increases the intensity of the new feature at ⬃26 eV, which is attributable to N
2s states.22 This unusually sensitive N signal may indicate
that N is on the surface. These observations in conjunction
with the theoretical calculation suggest that the formation of
pyridine, the increased symmetry of the N-CNTs states, and
the possible formation of mixed C–Cl, N–Cl, and sp2 C–N
bonds are due to chlorination.
1

The spectra contain two weak structures at binding energies
of ⬃3.5 and 8.2 eV 共shown by down arrows兲 associated with
the C 2p  and  bonds, respectively.18–20 The spectra of
N-CNTs:Cl 共1 min兲 and CNTs:Cl 共5 min兲 show that chlorine
treatment of N-CNTs broadens the feature of the  bond and
increases its intensity. The change in the -bond feature may
be associated with chlorine-derived  states and can be
caused by the formation of C–Cl and/or N–Cl bonds. However, the physical origin of this feature remains uncertain.
Features observed at ⬃15 eV 共mixed s and p characters of
the C–N bond兲 and ⬃19 eV 共C 2s兲 are typically observed in
nitrogenated carbon films with a graphitic structure.21 The
intensities of these two features 共⬃15 and 19 eV兲 decrease
with the chlorine treatment, while the intensity of another
new feature in the 24– 30 eV range 共centered at ⬃26 eV兲,
which is attributable to N 2s states, increases with the chlorine treatment. This result reflects the increase and decrease
of the numbers of C–N and C–C bonds, respectively, and the
formation of a pyridine structure in nitrogenated carbon
films, as described by Bhattacharyya et al. for nitrogenated
carbon films.21 The N 2s peak is very prominent, despite the
fact that the N/C at. % ratio is only 0.033 共for N-CNTs兲 and
0.054 共for N-CNTs:Cl兲, which may suggest that N 2s orbital
has a larger effective cross-section area or transition probability than those of C valence orbitals for the 388 eV photon. This feature is observed in various nitrogen-based materials, and its intensity increases with the nitrogen
concentration.22 The difference between N-CNTs:Cl and
N-CNTs spectra, as shown in the lower inset of Fig. 4, illustrates the effect of the treatment of N-CNTs with chlorine.
The difference spectra contain two positive features in the 
and  regions 共within the range of 0 – 9 eV兲 and another
feature 共in the range of 24– 30 eV兲 centered at ⬃26 eV. A
negative feature centered at ⬃18 eV is a signature of the
decrease in the number of C 2s bonds, which is consistent
with an increase of the intensity of the feature at ⬃26 eV and
the formation of the C–N bond. It may also be associated
with the formation of either C–Cl and/or N–Cl bonds by the
substitution of C–C bonds.
The increase of the intensity of the feature between *
and * in the C K-edge XANES spectra 共at ⬃289.2 eV in the
inset of Fig. 1 and the C–Cl bond peak 共at ⬃2.6 eV shown in
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