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Enhanced Electrical Conductivities of N-doped Carbon Nanotubes by
Controlled Heat Treatments
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The thermal stability of nitrogen (N) functionalities on the sidewalls of N-doped multi-walled carbon
nanotubes was investigated at temperatures ranging between 1000 °C and 2000 °C. The structural
stability of the doped tubes was then correlated to the electrical conductivity both at the bulk and at the
individual tube levels. When as-grown tubes were thermally treated at 1000 °C, we observed a very
significant decrease in the electrical resistance of the individual nanotubes, from 54 kQ to 0.5 k€, which
is attributed to a low N doping level (e.g. 0.78 at % N). We noted that pyridine-type N was first
decomposed whereas the substitutional N was stable up to 1500 °C. For nanotubes heat treated to 1800 °C
and 2000 °C, the tubes exhibited an improved degree of crystallinity which was confirmed by both the
low R value (Ip/lg) in the Raman spectra, and the presence of straight graphitic planes observed in TEM
images. However, N atoms were not detected in these tubes and caused an increase in their electrical
resistivity and resistance. These partially annealed doped tubes with enhanced electrical conductivities
could be used in the fabrication of robust and electrically conducting composites, and these results could
be extrapolated to N-doped graphene and other nanocarbons.

amount of N atoms incorporated in the structure.’**2 Four types
1. Introduction of N atoms have been identified in carbon nanotubes by X-ray
photoelectron spectroscopy (XPS) studies: pyridinic, pyrrolic,
quaternary and oxidized pyridinic N. When considering the
potential applications of N-doped multi-walled carbon nanotubes,
it is essential to understand the effect of the different N
functionalities on the electrical conductivity of individual carbon
nanotubes, in order to tailor the N functionalities and thus control
the electrical transport of the nanotubes.
In this paper, we report an approach able to tune both the content
of N functionalities and the electrical conductivity via high-
temperature thermal treatments. Specifically, as-grown N-doped
multi-walled carbon nanotubes (N-MWNTSs) were thermally
treated at temperatures ranging between 1000 °C and 2000 °C in
argon and the variation in their electrical conductivity, at both the
bulk and the individual tube scale, were correlated to the thermal
stability of N functionalities. The quaternary N atoms (N bonded
to three carbon atoms) were thermally stable up to 1500 °C. The
individual nanotubes annealed at 1000 °C exhibited the lowest
electrical resistance, even lower to the values observed in highly
crystalline nanotubes produced using an arc discharge.

The modification of the electronic and optical properties of
carbon nanotubes via the introduction of nitrogen atoms into the
nanotube sidewalls has been explored.’® N atoms have been
incorporated into carbon nanotubes by the thermal decomposition
of N containing compounds or vapor over metal nanoparticles at
high temperatures.*'” The N-doped carbon nanotubes have
showed metallic behavior, characterized by the presence of a
donor state close to the Fermi level.’*2 In addition, they may
have potential applications as efficient supporting materials for

anchoring catalytic particles®*?%; as catalysts for the oxygen

reduction reaction in fuel cells>*; as high-performance electron
field emitters®®**3%: as a highly selective electron transport
materials for solar cell®; and as a multifunctional filler in
polymeric composites®%". In addition, the incorporation of N
atoms is known to improve the biocompatibility of carbon
nanotubes®.

The unusual properties and potential applications of N-doped
carbon nanotubes can be explained by the way N atoms are
bonded to C atoms on the sidewalls of nanotubes. It has been
reported that the amount and type of N functionalities within N-
doped carbon nanotubes could be controlled by varying the
synthetic conditions, such as the reaction temperature, the type of The N-doped N-MWNTSs were synthesized by the decomposition
catalyst and the feedstock.**° Moreover, the electrical of a solution containing 2.5 wt % ferrocene and benzylamine

conductivity of the bulk material is roughly proportional to the 7 (97.5 wt %), as previously described. ** The produced N-MWNTs
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were then heat treated under an argon flow for 30 min at various
temperatures, ranging from 1000 °C to 2000 °C, using a graphite
furnace. Before heating, the graphite furnace was vacuumed (0.13
MPa) and then flushed with argon gas (1 L/min) in order to
s eliminate oxygen or exclude the possibility of oxidation in
nanotube sample. The morphology and texture of the pristine and
heat-treated tubes were characterized using scanning electron
microscopy (SEM, JEOL JSM-6335Fs) and high-resolution
transmission electron microscopy (HRTEM, CEOS Double Cs
10 corrector equipped JEOL JEM-2100F, 120 kV). Raman spectra
were collected using a T64000 Triple Raman Spectrometer
(Horiba Jobin Yvon) with four different laser lines (488, 514, 633
and 785 nm), and the curve fitting was carried out using the
Lorentzian distribution function. The electrical resistivity of N-
15 MWNTS in the bulk state was measured using the four-point
probe method (Mitsubishi Chemical, PD-51). The electrical
resistance of an individual carbon nanotube was measured by the
following procedure: a nanotube suspension was spin-coated on
SiO, electrode, and the electrode patterns were formed by
20 depositing tungsten (W) on an individual carbon nanotube by
focused-ion-beam lithography (SMI12059, SlI, Japan), in order to
exclude the contact resistance between the carbon nanotube and
the electrode. The intrinsic resistance was obtained from the
linear current-voltage relationship from -1 to 1 V (Advantest, TR-
25 6143).

3. Results and discussion
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Fig. 1 (a-d) SEM images of vertically aligned N-doped MWNTSs at
different angles and magnifications. Note that the tube ends are opened.

As-grown N-doped carbon nanotubes consisted of large bundles
a0 (Fig. 1 (a, b)) of aligned nanotubes (Fig. 1 (d)). In some cases, the
ends of the tubes were open (Fig. 1 (c)). High-temperature
thermal treatment was employed to modify both the surface
functionalities and the degree of crystallinity within the carbon
nanotubes. This heat treatment appears to be a powerful tool for
a5 improving their structural integrity, and could effectively remove
trapped metallic impurities, particularly Fe below 20 ppm.*** In
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this particular study, as-grown N-MWNTSs were thermally treated
in argon at temperatures between 1000 °C and 2000 °C, using a
graphite furnace.
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Fig. 2 (a) Variation in the volumetric resistivity of N-doped MWNTs as a
function of heat treatment temperature at a density of 1.23 g/cm?; the inset
shows the sample holder. (b) Variation of the electrical resistance of an
individual N-doped MWNT as a function of heat treatment temperature.

In order to understand the structural and electrical transport
changes within our N-doped MWNTSs, we measured the electrical
resistivity in the bulk state using a four-point probe method (Fig.
2 (a)). A specific amount of the carbon nanotubes was placed in
the sample holder (Fig. 2 (a), inset), and the resistivity at a
nanotube mass density of 1.23 g/cm® was measured. In order to
study conductivity changes induced by the Fe encapsulates, we
have conducted bulk conductivity measurements of hydrochloric
acid (HCI) treated N-doped MWNTS, and observed no significant
change in the electrical resistance in bulk. Therefore, the Fe
particles appear not to play a critical role in the electrical
transport of the “metal-free” N-doped MWNTSs. For tubes heat
treated at below 1500 °C, a rapid decrease in electrical resistivity
was observed, which can be explained by the removal of surface
functional groups and aromatic hydrocarbons from the outer
surface of the doped carbon nanotubes. However, for tubes heat
treated above 1500 °C, a continuous increase in volumetric
resistivity was detected. In addition, the electrical resistance of an
individual tube was measured (Fig. 2 (b)). The intrinsic resistance
of an individual tube was obtained from a linear current-voltage
relationship up to 1 V. The lowest electrical resistance (0.5 k<)

65 was observed in the tubes heat treated at 1000 °C, although tubes

prepared at 2000 °C still exhibited a relatively low electrical
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Fig. 3 HRTEM images of (a-c) pristine N-MWNTs and thermally annealed N-MWNTSs, under an argon atmosphere, at (d, €) 1000 °C,
(f, ) 1500 °C, (h, i) 1800 °C and (j-I) 2000 °C.
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Fig. 4 Raman spectra of pristine N-doped MWNTSs and thermally annealed N-doped MWNTS, in an argon atmosphere, at temperatures ranging between
1000 °C and 2000 °C, using four laser lines (488, 514.5, 633 and 785 nm).

resistance (3.5 kQ). It is noteworthy that an arc-produced (pure value in our nanotubes arises from the partial content of N atoms
carbon) MWNT has been reported to exhibit a resistance of 2.4 s (doping), which is consistent with several reported papers.’*%
kQ at room temperature.45 Thus, the lowest electrical resistance However, the increase in the electrical resistance of carbon
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Fig. 5 XPS data of pristine N-doped MWNTSs and thermally annealed N-doped MWNTSs at temperatures ranging between 1000 °C and 2000 °C. (a)
The wide-scan, (b) C 1s region and (c) N 1s region.

nanotubes that are thermally treated at temperatures ranging
between 1500 °C and 2000 °C is not usually observed for
undoped carbon nanotubes (Fig. S1). This increase in electrical
resistivity and resistance for tubes at temperatures between
5 1500 °C and 2000 °C may be attributed to the absence of N atoms
within the nanotubes. There are two opposing effects caused by
high temperature thermal treatment which affect the electrical
conductivity of N-doped carbon nanotubes: one is the improved
structural integrity of the carbon nanotubes (enhanced degree of
10 crystallinity), and the other is the change in concentrations and
type of the N atoms incorporated within the hexagonal lattice of
the tubes.
In order to obtain visual confirmation of the improved structural
integrity, HR-TEM images of the pristine and the thermally
15 treated tubes were obtained (see Fig. 3). As-grown nanotubes
were long, linear, and exhibited a bamboo-like structure with
regularly arranged compartments contained in a hollow core (Fig.
3 (a)). In addition, the graphene layers of the as-produced tubes
were corrugated, indicating a low degree of structural
20 crystallinity casued by the introduction of N atoms (Fig. 3 (b, c)).
In this context, the introduction of N atoms into the graphitic
layer is known to create pentagons which facilitate the formation
of distorted or defective layers.***® We noted a distinctive change
in the HRTEM images for nanotubes that were thermally treated
25 at 1000 °C and 1500 °C (Fig. 3 (d-g)). As the temperature was
increased to 1800 °C and 2000 °C, the short, corrugated fringes
became long, straight layers (Fig. 3 (h-l)), thus indicating an
improvement in the structural integrity caused by the thermal
annealing. In addition, the internal caps were transformed from
a0 round cap morphologies (Fig. 3 (g)) into more facetted caps (Fig.
3 (k)). This kind of morphological change is often seen at the tip
of thermally treated nanotubes, “*** because the facetted structure
is energetically more stable at high temperatures.
Raman spectra on the different samples were recorded using four

35 laser lines (488, 514.5, 633 and 785 nm) (Fig. 4), and this
analysis provides quantitative information about the near-surface
region of carbon nanotubes.*” There were two distinctive lines in
the Raman spectra: the G-band (E,g) located at 1580 cm™, and
the D-band (defect-induced mode) appearing at 1350 cm™. As the
wavelength of the laser lines increased, the D-band became more
intense and downshifted, in accordance with double resonance
theory.®® For N-MWNTs that were thermally treated below
1500 °C, there was no distinctive change in the Raman spectra.
As the temperature increased from 1500 °C to 2000 °C, the half
width at half maximum intensity of the G-band and the intensity
of the D-band decreased, thus indicating that the defects were
progressively removed upon thermal annealing.

The D’-band simultaneously appears in the Raman spectra of
nanotubes thermally treated at 1800 °C and 2000 °C when using
laser lines of 633 and 785 nm. In order to quantify the structural
changes, the R value (Ip/lg, the integrated intensity of the D band
divided by the integrated intensity of the G band) was plotted as a
function of the heat treatment temperature (Fig. S2); the R value
has been previously used as an indicator of the crystalline
structure of carbon materials, including carbon nanotubes.***° For
nanotubes heat treated at temperatures below 1500 °C, the
presence of defects and surface functional groups decrease and
some N atoms remain embedded in the hexagonal framework of
the tubes. However, for the tubes treated at 1800 °C and 2000 °C,
60 the defects are completely annealed by the high temperatures, and
the presence of N dopant disappears (see XPS data below).
Finally, the surface functionalities of the doped nanotubes, and
their stability at high temperatures were examined using XPS.
The wide-scan XPS spectra of the as-grown tubes revealed peaks
located at 284.4 eV (C 1s), 400 eV (N 1s) and 532.2 eV (O 1s)
(Fig. 5 (a)). However, after a thermal treatment at 1800 °C, the
intensity of the O 1s peaks decreased by a factor of 2, and the N
1s peak disappeared. In order to quantify these changes, the
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atomic concentrations of carbon (C), oxygen (O) and N atoms are
summarized in Table 1.

A consecutive decrease in the content of foreign atoms is
observed as a function of the heat treatment temperature. This
process increases the carbon content via the elimination of
foreign atoms such as N, O and iron (Fe). The removal of Fe was
observed in nanotubes treated at 1500 °C, whereas the

o

elimination of N atoms was noted in nanotubes treated at 1800 °C.

The residual O content in nanotubes treated above 1500 °C is
probably arising from water physically adsorbed on the carbon
materials or present in the XPS chamber. These changes were
reflected in the C 1s spectra (Fig. 5 (b)). As the temperature
increased, the peaks changed in shape from asymmetric to
symmetric, and the full width at half maximum substantially
15 decreased. Furthermore, the peaks were shifted to a lower binding
energy, approching the energy of the sp’> C-C bond of graphite.
The N 1s spectra were magnified in order to identify the N
functionalities, determine their thermal stability as a function of
heat treatment temperature (Fig. 5 (c)). The N 1s peak was
deconvoluted into four peaks: the peak located at 398.5 eV
corresponds to pyridine-like N, the peak located at 400.1 eV from
the pyrrolic N; the strong signal at 401.4 eV originated from the
quaternary graphite-like N or substitutional N; and a weak peak
located at 402-405 eV is assigned to an oxygenated N group.®>*
s When as-grown N-MWNTSs (containing 2.7 at % of N) were
thermally treated at 1000 °C, preferential evolution of the
oxygenated N atoms was observed (N content of 0.78 at %; see
Table 1), which resulted in a large decrease in the electrical
resistance of the individual nanotubes from 54 kQ to 0.5 kQ. The
majority of the pyridine-like N decomposed, whereas the
quaternary N remained stable up to 1500 °C. For N-MWNTSs heat
treated at 1800 °C and 2000 °C, we could not identify N atoms.
However, the detection limit of this XPS is ~0.1 atom %.
Therefore, the observed electrical resistance for tubes treated at
35 1800 °C and 2000 °C, suggests that even a small number of N
atoms below 0.1 atom % could be present within the nanotubes.
Studies using second-ion mass spectroscopy are in progress in
order to detect the residual N atoms within tubes that are
thermally treated at 1800 °C and 2000 °C.

40 Table 1 Atomic composition of N-doped multi-walled carbon nanotubes
thermally treated at various temperatures.
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Atomic composition

. T,
D, (atom %) Nitrogen functionality (%)

C O N Fe Nox® Ng” Neyr® Np®

Pristine 89.4 7.7 27 017 133 621 92 154
HTT=1000°C 90.1 88 078 0.35 6.0 728 82 130
HTT =1500°C 96.1 36 032 - - 100 - -
HTT=1800°C 96.7 33 - - - - -
HTT=2000°C 97.1 29 - - - - -

*Nox indicates oxidized group at 402-405 eV, ” Nq indicates quaternary
nitrogen located at 401.4 eV, © Npry indicates pyrrolic nitrogen positioned
at 400.1 eV, ¢ Np indicates pyridinic nitrogen present at 398.5 eV.

s 4. Conclusions

We have reported the temperature-dependent changes of the N
functionalities and electrical conductivities of N-MWNTs that
were thermally treated in argon at temperatures ranging between
1000 °C and 2000 °C. When as-grown N-doped nanotubes
(containing 2.7 at % of N) were treated at 1000 °C, a substantial
decrease in the electrical resistance, from 54 kQ to 0.5 kQ, was
attributed to the removal of the oxygenated N atoms and surface
groups (N content of 0.78 at %). At 1500 °C, the pyridine-like N
decomposed, whereas the quaternary N remained stable (N
content of 0.32 at %). Even though an enhanced degree of
crystallinity was observed in N-MWNTS heat treated at 1800 °C
and 2000 °C, verified by both the low R value in the Raman
spectra and the presence of straight graphitic domains, the
absence of the N atoms within the sidewall of tubes gave rise to a
subtle increase in their electrical resistivity and resistance both at
the bulk material and at the individual tube level. However, the
low electrical resistance observed in individual tubes prepared at
1800 °C and 2000 °C, suggested that a small number of N atoms
(below 0.1 atom %) could still be present within the nanotubes.
Individual N-MWNTS heat treated at 1000 °C showed the lowest
electrical resistance, caused by an an adequate concentration of
pyridinic and quaternary N atoms, and could potentially be used
as an effective supporting material for anchoring catalytic
nanoparticles or as multifunctional fillers in polymeric
composites.
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