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ABSTRACT: We present here the application of the energy- Nitrogen-doped Carbon /Nitrogen
filtered transmission electron microscopy (EFTEM) in the e s —

tomographic mode to determine the precise 3D distribution of
nitrogen within nitrogen-doped carbon nanotubes (N-CNTs).
Several tilt series of energy-filtered images were acquired on the
K ionization edges of carbon and nitrogen on a multiwalled N-
CNT containing a high amount of nitrogen. Two tilt series of
carbon and nitrogen 2D maps were then calculated from the
corresponding energy-filtered images by using a proper
extraction procedure of the chemical signals. Applying iterative
reconstruction algorithms provided two spatially correlated C
and N elemental-selective volumes, which were then simulta-
neously analyzed with the shape-sensitive reconstruction deduced from Zero-Loss recordings. With respect to the previous
findings, crucial information obtained by analyzing the 3D chemical maps was that, among the two different kind of arches
formed in these nanotubes (transversal or rounded ones depending on their morphology), the transversal arches contain more
nitrogen than do the round ones. In addition, a detailed analysis of the shape-sensitive volume allowed the observation of an
unexpected change in morphology along the tube axis: close to the round arches (with less N), the tube is roughly cylindrical,
whereas near the transversal ones (with more N), its shape changes to a prism. This relatively new technique is very powerful in
the material science because it combines the ability of the classical electron tomography to solve 3D structures and the chemical
selectivity of the EFTEM imaging.

Bl INTRODUCTION applications as compared to the undoped ones, by either
modifying the acido-basic properties or changing the electronic
surface state of the support that modifies the interaction with
the deposited active phase and thus generates a new catalytic

The insertion of foreign elements into the hexagonal network
of the carbon nanotube walls could lead to a significant
modification of their intrinsic properties. Among the different

doped carbon nanotubes, the nitrogen-doped carbon nanotubes system with better performance.””* Indeed, the presence of
(N-CNTs) have received an increasing scientific interest during nitrogen atoms inside the carbon network structure seems to
the past decade due to the fact that nitrogen incorporation enhance the density of the anchorage sites for depositing metal
strongly modifies the chemical and physical properties of the or other active phase onto the nanotube surface. That leads to a
pure carbon nanotubes.'™ Despite the large amount of higher dispersion of the active phase nanoparticles and thus to a
research effort, considerable progress is still needed to complete significant improvement of the overall catalytic activity in the
the understanding and optimization of their properties for

downstream applications. For instance, in catalysis, these N- Received: January 26, 2012

doped nanotubes could give rise to more interesting Published: May 22, 2012
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case of liquid-phase hydrogenation as compared to the one
obtained on the undoped CNT.” Recently, Ma et al.'® and Feng
et al'' suggest a new application of this material by
demonstrating its ability to act as a metal-free catalyst for the
oxygen reduction reaction (ORR) with high electrocatalytic
performance and resistance toward deactivation. Pham-Huu
and co-workers'> have also reported the use of N-CNTs as
metal-free catalyst for the selective oxidation of trace amount of
H,S into elemental sulfur at the reaction conditions close to
those used in the industrial processes. The N-CNTs catalyst
exhibits better catalytic performance as compared to that of the
state-of-the-art Fe,O/SiC and Fe,05/Si0, catalysts and allows
one to operate the reaction at higher reactant gaseous velocity
and lower reaction temperature. The electronic state
modification induced by the nitrogen incorporation seems to
modify the adsorption mode of the oxygen, by inducing
potential cross-linking adsorption positions (where the
adsorbed atom bridges two atoms of the tube structure)
instead of linear ones, which leads to a weakening of the O—O
bond. However, despite a large research effort devoted to the
understanding of the nitrogen localization within the carbon
structure, the accurate determination of the nitrogen
distribution throughout the carbon nanotube matrix remains
a matter of debate, and the localization of the active phase
anchorage site is still lacking. From a more general point of
view, the nanoscopic localization of the nitrogen atoms within
the carbon nanotube matrix will allow a better understanding of
the influence of the incorporated amount and of the localization
of nitrogen atoms on the physical and chemical properties of
the doped-carbon nanotubes. Such understanding will be
certainly helpful for the subsequent use of N-CNTs as catalyst
support, in particular to establish precise structure—reactivity
correlations regarding the optimization of the catalytic process.

To solve the spatial distribution of the nitrogen in such a 1D
system, several experimental approaches can be in principle
attempted. X-ray photoelectron spectroscopy (XPS) is one of
the most employed due to its chemical selectivity; however, the
obtained information is averaged on the whole specimen and is
in addition mainly characteristic of the surface (few nanometers
underneath). Generally, spatially solved information requires
the use of imaging techniques with different selectivity. In the
case of nanostructures and nanomaterials, the transmission
electron microscopy (TEM)-based methods are preponderantly
employed, due to the subnanometer spatial resolution as well as
the multitude of physicochemical information they can
provide”® Among the different TEM modes, to obtain
chemical selective information at the nanoscale, the energy
dispersive X-ray and electron energy loss spectroscopies (EDX
and EELS) are commonly used in combination with the
scanning TEM (STEM) mode 3716 Although both techni-
ques, EDX and EELS, allow one in principle to map the
elemental composition, it is well-known that the EELS
spectroscopy is more adapted for the light elements such as
carbon and nitrogen. In addition, the modern microscopes are
equipped with an energy filter allowing the setup on an
alternative imaging mode based on the EELS spectroscopy, that
is, the energy-filtered imaging mode (EFTEM). To form an
image, the electrons are selected as a function of the kinetic
energy they have lost passing through the specimen. This
energy loss can be related to the electron energy levels in one
particular element present in the specimen, enabling thus the
recording of chemical selective images. However, used in the
traditional way by recording 2D images for a specific
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orientation of the specimen, EFTEM imaging remains a 2D
characterization tool because the projection effect induces
thickness-averaged chemical information. As a consequence, for
the nano-objects and nanostructures with complex 3D
morphologies and random spatial distribution of components,
solving chemical information by EELS or EFTEM can be very
ambiguous and needs prior knowledge of the specimens. For
comparison, Suenaga et al.'” " have reported EELS analyses of
single atoms incorporated within carbon nanostructures or
forming their network structure, but the chemical mappings
have been performed on very thin 3D nanostructures (single
wall CNT or fullerenes) with unambiguous morphology or
purely on 2D systems (graphene). Furthermore, recently Meyer
et al.*® have studied by HRTEM the nitrogen substitution in
graphene. These works are very valuable to investigate the
atomic structure of such systems. However, they are developed
under very particular conditions (monolayer graphene), which
are different from those that can be achieved in more complex
structures as multiwalled nanotubes.

The combination of the 2D-EFTEM imaging with a
tomographic approach allows one in principle to solve the
chemical information at 3D in thicker carbon nanostructures
specimens through the analysis of chemical selective tomo-
graphic reconstruction.””** This relatively new technique has
an impressive potential because it combines the ability of the
traditional electron tomography to solve information at 3D
with nanoscale spatial resolution and the chemical selectivity of
the EFTEM imaging. By applying EFTEM tomography at
energy losses corresponding to core levels (core-loss EFTEM),
several pioneering works were performed until now. On the
one hand, some of these works report its first implementations
in the material fields">*® and the further progress in the
experimental settings and data treatment,”*> as well as its
limitations as compared to other tomographic modes.***' On
the other hand, some other works were devoted to the
application of this technique for obtaining reliable chemical
information at 3D: to map the calcium or phosphorus
concentration in biological specimens,””*® to study the 3D
localization of carbon in carbonaceous nanocomposites,”® to
obtain information on the oxidation degree at the surface of a
SiC nanograin,™ to separate at nanoscale the 3D distributions
of the silica and alumina within a porous grain of
heterogeneous catalyst support,®’ to solve the spatial
distribution of Y,05 nanoparticles within a FeAl matrix,>* and
to obtain reliable chemical maps of the different components in
semiconductor devices.”> However, until now no published
work reports on the determination of chemical 3D maps within
thin structures such as N-CNT arches. In addition to their small
sizes, they represent here small parts of a bigger object with
reduced contributions to the global 2D-TEM images or EELS
spectra. In such a case, to solve their chemical composition, one
of the best alternatives is to combine the chemical 2D imaging
at the nanoscale with the tomographic approach.

It is worth mentioning here that the application of the
electron tomography to the study of carbon nanostructures is
not new, with several previous works being devoted to the 3D
analysis of such systems.>* >® However, most of them reported
principally on the determination of the spatial distribution of
metallic nanoparticles onto the carbon nanotubes; in this case,
the contrast in classical TEM images is high enough to allow
the separation of the two components by traditional TEM
tomography. This is not the case for the system of interest here,
where the carbon and nitrogen have close atomic numbers and
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are mixed at the atomic scale, and thus the tomographic
approach should be combined with the chemical selectivity to
allow their distinction at 3D.

In this framework, the goal of this Article was to obtain
combined information on the morphology of N-CNT and the
spatial localization of the nitrogen atoms within the tubes by
using the EFTEM tomography. Mapping at 3D the nitrogen
distribution has a crucial importance for understanding and
optimizing the electronic properties of the doped nanotubes,
highlighting thus the impressive potential of this technique and
in particular the high interest of such a study. For instance,
when these nanotubes are used as support in catalysis, the
catalytic activity of metallic particles can be influenced by the
amount of N atoms inserted in the structure as well as by their
spatial distribution, as their presence changes the local electron
density at the surface, which in turn influences its acid—base
character and catalytic activity for the metal-free catalyst
application, or modifies the metal active phase dispersion and
its electronic properties when used as metal catalyst
support.’”*® In addition, the 3D characterization of N-CNTs
from both chemical and morphological points of view can
provide information on the mechanism of N insertion during
the growth process as well. Finally, the last aim of this study is
to contribute to the development of new analysis tools having
several selectivities at the nanoscale, such as the EFTEM
tomography, allowing one thus to characterize 3D inhomog-
enous nanostructures and more specifically the correlations
between their structural, chemical, and morphological charac-
teristics. Because of their 3D character and inhomogeneous
chemical composition, the highly doped N-CNTs represent
ideal systems for such a methodological development and also
an interesting metal-free catalyst, which could be efficiently
employed in several reactions of interest in the field of off-gas
purification or fine chemical. It is worth mentioning that this
work concerns exclusively the 3D analysis of purified N-CNTs
and not the nanocomposite made of growth catalyst and N-
CNT. Although the structural characterization of the catalyst
particle and of the interface with the N-CNT can provide
additional information on the growth process, it does not
require necessarily a 3D analysis and will be the subject of
another article.

B EXPERIMENTAL METHODS

Nitrogen-Doped Carbon Nanotube (N-CNT) Synthesis. The
N-CNTs were synthesized by chemical vapor deposition (CVD) using
a mixture of C,Hg/Ar/NH; on an alumina supported iron catalyst.
The iron loading was set at 20 wt %. The details of the synthesis and
the catalyst preparation were already described in a previous
publication.® Nitrogen source was provided by ammonia (Air liquide,
99.9996% ), which was cofed into the reactant mixture. Ethane (Linde,
99.9995%) and argon (Linde, 99.99995%) were used as carbon source
and carrier gas, respectively. Using the experimental design described
in ref 6, the synthesis temperature was varied between 600 and 850 °C,
and the ethane/ammonia concentration (defined as a volume
percentage of C,Hy/(C,Hy; + NH;)) was between 20 and 100 vol
%. The as-synthesized N-CNTs were treated in a soda solution (20 wt
%) at 110 °C for 24 h to dissolve residual alumina support. The solid
was washed several times with deionized water until a neutral pH was
reached. It was further treated with an aqua regia medium at 110 °C
for 17 h to remove the residual iron catalyst following by water
washing as reported previously. It is expected that these treatments
could have a deep impact on the surface properties of the support due
to the reactivity between the incorporated nitrogen species and the
acid medium. However, these different basic and acid treatments have
been necessary to obtain a final material with surface properties similar
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to those of N-CNTs, which will be subsequently employed as catalyst
or catalyst support to establish reliable structure—reactivity correla-
tions. These treatments could also help to reduce the inhomogeneous
distribution of the nitrogen atoms on the external surface of the
nanotubes for their subsequent use in different downstream
applications.

Additional Characterization Techniques (XPS, HRTEM,
EELS). The XPS measurements were performed on a Multilab 2000
(Thermo Electron) spectrometer equipped with Al Ka anode (ha =
1486.6 €V). The C1 peak fixed at 284.4(+0.2) eV was used to correct
the different XPS peaks from charging effects. All of the spectra were
decomposed as summing several contributions, each of them having a
Doniach—Sunjic shape and a Shirley background subtraction.

The HRTEM and EELS-STEM analyses were performed on a JEOL
2100 F electron microscope with a Cs probe corrector and a
postcolumn GATAN energy filter. EELS-STEM studies have been also
carried out using a FEI Titan Low-based microscope also equipped
with a Cs probe corrector, working at 80 kV.

For the EELS-STEM analysis, several 1D and 2D EELS spectra
were recorded for various positions of the electron beam focused
probe (0.25 nm in diameter) using a convergent angle « of about 25
mrad and a collection angle 8 of 30 mrad.

Setup of EFTEM Tomography. The EFTEM tomographic series
were recorded by using the GATAN acquisition software on the JEOL
2100 F electron microscope. Seven energy-filtered images were
recorded at each tilt angle: a Zero-Loss image, three images at the K
edge of C (240, 275, and 296 €V), and finally three images at the K
edge of N (361, 382, and 404 eV). The slit width used to record the
ZL images was 10 eV, whereas for the core-loss energy-filtered images
slit widths of 30 and 20 eV were considered for C and N, respectively.
The acquisition time was 2 s for the images over the C—K edge, 10 s
for the images over the N—K edge, and 0.2 s for the Zero-Loss images.
All of the images have a size of 512 X 512 pixels and were recorded
using a CCD detector on which the pixel size corresponds to 0.56 nm.
The seven series of energy-filtered images were obtained by varying
the tilt angle from +65° to —65° with a tilt increment agreeing with a
3° Saxton scheme,” and then a total of $5 images were obtained. No
visible irradiation damages were observed during the whole acquisition
process (about 90 min). During the analysis, the incident electron
beam density was constant for the acquisition of filtered images, which
requires a specific adjustment of the illumination conditions when
going from an ionization edge to the other. Furthermore, the validity
of the projection is satisfied, giving that the global contribution of the
diffraction contrast to the series of energy-filtered images can be
considered as negligible in first approximation. In addition, the
specimen thickness is constant over the whole angular range, and its
value is largely below the inelastic mean free path of the electrons.
Thus, multiple inelastic scattering effects are negligible, and the
dynamical multiple elastic scattering is not too high.

Because of their high contrast and SNR, the standard alignment
tools of the IMOD software*! (a cross-correlation algorithm followed
by a fine alignment using gold fiducial markers) were used to align the
Zero-Loss tilt series. A thorough work was to calculate the series of C
and N 2D maps from the series of energy-filtered projections. The C
and N 2D elemental images at each tilt angle were thus obtained using
customized software (manuscript in preparation). First, the energy-
filtered images were aligned to the corresponding Zero-Loss images.
This allowed the use of the alignment parameters previously obtained
for the Zero-Loss tilt series directly on the elemental projections,
leading to three spatially correlated series of projections. Second, due
to the poor contribution of the N chemical signal to the energy-filtered
images recorded at the N—K edge, their signal-to-noise ratio (SNR)
was improved by using a statistical approach (principal component
analysis).**** Third, power law fitting was used to remove the
background contribution, obtaining thus two series of C and N
elemental images, both correlated to the ZL tilt series.

A shape-sensitive and two elemental (C and N) reconstructions
have been computed using iterative approaches from the tilt series of
Zero-Loss and C and N 2D elemental projections. The iterative
approach has consisted of an algebraic reconstruction technique**
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Figure 1. (A) 2D-TEM micrograph of the N-doped CNTs showing the presence of periodically arches along the tube axis. (B) Closer view of the
microstructure of the tube where two kinds of arches can be observed: rounded arches with smooth curvature (indicated by blue arrows) and straight
bended arches perpendicular to the external walls (orange arrows); a schematic representation of the microstructure is also presented. The dark
particles visible on the carbon membrane and on the tube are gold beads (S nm size) that are used as fiducial markers in the alignment step of the
tomographic procedure. (C) XPS mean spectrum of a macroscopic assembly of N-doped CNTs taken over the N—K ionization edge; the
contributions of the different configurations of the nitrogen atoms inserted within the graphitic layers are also schematized. (D) Typical HRTEM
images taken on the two types of arches, illustrating the presence of a higher density of structural defects within the transversal arches (left image) as

compared to the rounded ones (right image).

implemented in the TOMOJ software® with a number of 15
iterations. Once the three tomographic reconstructions were
computed, the external borders and the internal structure of the
tube were extracted from the shape-sensitive volume by using a
segmentation procedure based on the gray-level intensities of the
voxels. Note that the knowledge of the external shape and internal
structure of the tube allows a precise determination of the voxels
representing the material, simplifying thus the data segmentation
process of the elemental volumes, a step difficult to realize otherwise
due to their low SNR. Once the 3D structure of the tube (made of
longitudinal walls and arches) was deduced, a simple selection
criterion was used to attribute a given voxel to one of the two
elements. This criterion is based on the direct comparison of the two
intensities, voxel by voxel, which were averaged over a 3 voxel diameter
sphere, to reduce the statistical noise.

The spatial resolution in the 3D elemental maps depends on several
factors: the geometrical parameters of the tilt series, the accuracy of the
data processing, as well as the resolution in the 2D elemental
projections. In first approximation, this 3D analytical resolution can be
estimated as follows: Ryp = (Ryp? + Rimol)Y? with Ry, the
resolution of the tomographic approach and R, the 2D analytical
resolution. The tomographic-specific resolution depends on the data
collection geometry and was estimated by using the analytical relations
given by Radermacher et al.** The 2D analytical resolution was
approximated by taking into account the microscope aberrations and
the experimental conditions of the acquisition process. We have
deduced thus a global theoretical resolution in the 3D elemental maps
of C and N of about S and 7 nm, respectively.

B RESULTS AND DISCUSSION

To obtain reliable information on the spatial localization of the
nitrogen atoms in N-CNT, we have focused our attention on
the N-CNTs doped with a high amount of N (about 18 at. %),
giving that this characterization tool at 3D is certainly not
enough sensitive to detect concentrations of only few percent,
especially if the distribution of the doping atoms is relatively
homogeneous. Furthermore, as detailed in the Introduction,
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several 2D studies have indicated a rather heterogeneous
distribution of the N atoms within the CNT structures. Thus,
in this context, it is obvious that this effect is more evident and
then easier to probe for the higher nitrogen concentration. On
the other hand, there is another advantage of working on these
N-CNTs where a high amount of N is incorporated, which is
that eventual morphological changes in the radial plane of the
tube due to the nitrogen addition would be more visible.

A low magnification TEM-2D micrograph of the N-CNT
doped with a high amount of nitrogen is shown in Figure 1A
and shows the formation of a bamboo-like structure along the
tube axis, which is typically for these doped carbon nanotubes.
The presence of nitrogen incorporated within the graphitic
layers was confirmed by X-ray photoelectron spectroscopy
(XPS) analysis (Figure 1C). According to these measurements,
several nitrogen species are present in the material, that is,
nitrogen—carbon and nitrogen—oxygen species.*”** Indeed, it
is expected that during the growth process the nitrogen atoms
are inserted within the carbon matrix by different reactions
leading to a variety of nitrogen—carbon and nitrogen—oxygen
species in the final sample. Note that oxygen atoms are
systematically introduced into the synthesis medium as
impurities in the different gases used during the course of
synthesis. Arigo et al.** have reported a very detailed work
devoted to the study by XPS of the nature of these different N—
C and N-O groups formed by postsynthesis amination
treatment. The first N peak located at around 398.0 + 0.2
eV is usually assigned to pyridine-like N atoms,*” the second
Ny, peak from 400.0 + 0.2 eV could be assigned to N atoms in
a pyrole-like configuration,” whereas the third N, peak at
401.0 + 0.2 eV is usually assigned to the quaternary nitrogen,>"
which could be a quaternary N due to intra- or intermolecular
hydrogen bonds between pyridine or aniline functions. Finally,
the last N peak located at around 404.5 + 0.2 eV is referred to
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as nitrogen—oxygen bonds. The average N-to-C atomic ratio,
localized within the first tenth walls of the tube, determined by
XPS is ca. 18 at. %, which is among the highest doping
concentrations reported up to now. As XPS analyses provide
chemical information from the surface atoms (<4—5 nm in
depth or tenth walls in average), elemental microanalysis
measurements have been also performed to determiner the
global atomic percentage of nitrogen within the analyzed tubes.
The results were similar, showing that the nitrogen atoms are
distributed quite homogeneously in the radial plane of the tube.
Conventional and high-resolution TEM images (Figure 1B and
D) allow us to observe the presence of different microstructures
of the graphene sheets within the N-CNT arches, that is,
continuous curvature arch and perpendicular arch (see the
schematic representation in Figure 1). The last one presents an
amorphous curled zone, which could be attributed to the
structural disturbing of the graphene sheet by nitrogen
incorporation. A statistical analysis performed on several
representative highly doped N-CNTs allowed us to observe
that the longitudinal distance between two successive arches
does not depend necessarily on the type of arches and that the
corresponding mean value is about 50 nm. A simple analysis of
the classical TEM images showed also that the relative number
of the perpendicular arches is about 75% from the total number
and that they are systematically thinner as compared to the
rounded ones (see detailed discussion below). It is worth
noting that this is not the case for N-CNTs with low nitrogen
content, which present generally a unique type of arch, that is,
rounded arches.>” Such results indicate that the perpendicular
arches are probably linked with the high nitrogen concen-
trations in the nanotube.

To obtain primary information on the localization of the N
atoms in the N-CNTs, EELS-STEM analysis has been
performed in a first step. By using this chemical selective
mode, previous results have strongly suggested that nitrogen
atoms are preferentially situated in the inner walls of the tube.
Such results have already been reported by other groups in the
literature.>>>* The CNTs growth mechanism generally
proceeds via adsorption and decomposition of the gaseous
hydrocarbon species followed by carbon atoms incorporation.
It is generally assumed that the first carbon walls are nucleated
via surface carbon diffusion on the metal catalyst while the
subsurface diffusion leads to the formation of the inner walls of
the nanotube.**° Rinaldi et al.>’ have reported that in the case
of nickel catalyst the carbon migration to the subsurface is
favored for both Ni(111) and Ni(100) facets. Similar
conclusions have also been reported by Hofmann et al,>
who demonstrated that subsurface diffusion requires less energy
than surface or bulk diffusion as well as that subsurface diffusion
is favored over bulk diffusion due to the migration of the nickel
atoms upward to the surface. The growth mechanism and, as a
consequence, the localization of the nitrogen atoms versus the
carbon atoms in the final N-CNTs will also be affected by the
lower solubility of nitrogen atoms inside the metal matrix,
which was used as growth catalyst.”'*According to these
hypotheses, one should expected that the first walls of the as-
synthethised N-CNTs will be carbon-rich, due to the faster
formation of FeC, versus FeN,, while the inner walls that grow
later via the subsurface diffusion on the FeN,, stable phase, after
N-saturation, will be nitro§en-rich. The theoretical results
reported by Sumpter et al.>* indicate also that a ring of N is
preferentially localized closer to the end-cap than in the bulk,
suggesting thus that the presence of nitrogen atoms induces the
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closure of the tube and leads to the formation of periodical
compartments along the tube axis. The same authors have also
reported that nitrogen prefers to be localized at the tube edge
as it becomes unstable far inside the carbon hexagonal lattice.
Therefore, once the tube edge becomes N-saturated, the
growth process is interrupted unless part of the nitrogen atoms
is removed and replaced by carbon or the structure is stabilized
by the presence of defects induced by the closure of graphitic
planes to form a cap. This process and the previous one
regarding the high tendency of the N ring to be close to the
tube’s cap could be both responsible for the formation of
periodical thin caps with high nitrogen concentration.

In this general framework related to the determination of the
localization of N atoms within the graphitic structure, classical
2D EELS-STEM analyses have been performed on different N-
CNTs investigated in this work, doped with a small and high
amount of nitrogen (see the Supporting Information, SI 1 and
SI2). As expected, in the tubes with a small amount of N (3 at.
%), solving the distribution of the doping atoms is not an easy
task, even at two dimensions. In contrary, on the highly doped
N-CNT, the analyses performed either in line-scan mode or in
2D mapping™>® suggest that the nitrogen is present
homogeneously over the whole structure of the tube (Figure
2A). However, some more localized investigations have shown
that the nitrogen concentration can vary considerably from one
area to another, being higher inside the areas where arches are
present (Figure 2C), which could be due to the closure
mechanism described above. As a matter of fact, from the
analysis of the spectrum-imaging of Figure 2A and B, we can
observe that the amount of N can be almost 20% (area 3,
middle of the arch) and only 8% in the region close to it (area
0, inside of one of the compartments). It can be observed in
Figure 2C. The fine structure near (ELNES) of the C—K edge
consists of a sharp 7 peak at ~285 eV and a ¢* band starting
at ~292 eV. The ELNES analyses of the different EEL spectra
extracted from the spectrum-imaging of the Figure 2B show
that these signatures are typical of graphitic network, sp’
hybridization of the C atoms, but also pointed out the
existence of other different C configurations in these different
positions/areas within this analyzed region: from amorphous-
like or less organized carbon® (area 3 — middle of the arch) to
more graphitic ones as is the case of area 0 (in the
compartment); see Figure 2D and mainly Figure 2E, which is
a zoom of the C—K edge. Thus, this indicates that there is some
correlation between the N content and the density of defects or
crystallinity/graphitization degree. A detailed analysis of the
N—K edge (Figure 2F) shows two different regions/bands: one
corresponding to the 7* contribution (397—403 eV) and the
other to the ¢* contribution (405—420 eV). The nature of
these bands can be analyzed with reference to previous studies
performed on CN, materials, either in CN, films or on CN,-
MWNTs.>">"37'% The triangular peak at ~405 €V present in
the spectrum is characteristic of the 6* band in CN,-MWNTs,
displaying a sp® kind of bonding.>">'>'® On the other hand,
from the #* region, one can deduce the coexistence of two
different atomic configurations for the N atoms: the graphitic
one (~401 eV) and the pyridine-like one (peak at ~398
eV).2=>15 However, it is worth mentioning that the correlation
commonly made with pyridine-like and graphitic-like config-
urations is only indicative of the fact that N displays two kinds
of chemical bonding when embedded into a carbon wall.>>
Further theoretical and experimental studies should be carried
out to correlate experimental data with accurate theoretical
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Figure 2. EELS mapping on a typical area of a highly doped N-CNT.
(A) Global HAADF-STEM view of the analyzed N-CNT. (B)
HAADF-STEM image of the EELS analyzed area corresponding to the
green rectangle from (A). The positions chosen for a more detailed
EELS analysis are marked in red. (C) N map extracted from a general
spectrum-imaging recorded on the K-edge of nitrogen after the
background removal. (D) The individual EELS spectra, after the
background removal, corresponding to the positions marked in (B).
(E,F) Zoom on the EELS spectra at C and N K edges, respectively (in
the case of N K edge, the curve corresponds to the addition of the
spectra). The N concentration obtained by the quantification of the
spectra which correspond to the different positions are: 8.3% (Area 0),
13.8% (Area 1), 16.5% (Area 2) and 19.7% (Area 3).

calculations.”™>"* It is obvious that the insertion of such a high
concentration of N within the graphitic planes is at the origin of
the high density of defects observed in the high-resolution
TEM images. Note that the presence of molecular nitrogen
species was also occasionally evidenced in some compartments
of the tube (see the Supporting Information, SI 3).

To summarize the spectroscopic 2D studies, although the
nitrogen atoms seem to be preferentially localized on the
arches, the obtained results were not sufficient relevant to solve
their exact spatial distribution (in particular, a difference in the
doping degree between the transversal and rounded arches)
and to correlate the presence of nitrogen with some possible
changes in the tube morphology, which are not visible in a
simple TEM image.

From a more general point of view, as explained in the
Introduction, the relatively high depth-of-view in TEM and
STEM modes on the studied object gives rise to thickness-
integrated information in 2D images or spectra. As a result, the
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localization by 2D EFTEM or EELS of the nitrogen atoms
within the N-doped CNT structure and more particularly in the
two types of arches is very difficult. That necessitates
techniques that are able to separate the two elements in
three dimensions with a nanometer resolution and, if possible,
to provide images with an increased SNR ratio with respect to
the 2D chemical images, as is the case of EFTEM tomography.

In this context, tomographic experiments in the EFTEM
mode were carried out to obtain simultaneously nanoscale 3D
information on the localization of the N atoms and on the tube
morphology in cross-section. The mean EELS spectrum of the
chosen area is shown in Figure 3A and illustrates the
experimental parameters (positions and widths of the energy
windows) used for the acquisition of the filtered images at the
K-edge of N. Figure 3B presents the set of images recorded at
0° tilt angle, the Zero-Loss one followed by three energy-
filtered images at the C- and N-K edges, respectively. By using
the signal extraction procedure given in the experimental
section, series of 2D elemental maps were calculated for the
carbon and nitrogen. Three typical elemental 2D maps
extracted from the computed tilt series, together with the
corresponding Zero-Loss images, are given in Figure 3C. It is
worth mentioning that, as there was not specimen drift during
the acquisition of the seven images at a given tilt angles, the
three tilt series (ZL and those of C and N) are spatially
correlated. By applying the reconstruction algorithm, they give
rise to three spatially correlated volumes, the sensitive-shape
one (obtained from the Zero-Loss recording) and the two
elemental reconstructions (from the two series of 2D elemental
maps).

Once the three volume reconstructions were calculated, a
slice-by-slice analysis was performed in a combined manner.
Three longitudinal slices containing the main axis of the tube
extracted from the three individual reconstructions are
illustrated in Figure 4. The equivalent slice through the C-to-
N relative 3D map that was obtained by superimposing the two
elemental ones is also presented in the same figure, with C in
red and N in green. This 3D representation of the chosen N-
doped CNT gives rise to a global view of the nitrogen
incorporation within the carbon network, which has never been
observed so far. A quick qualitative analysis consisting of a
direct visualization of the 3D relative reconstruction slice-by-
slice allowed us to highlight that for the perpendicular arches,
the green component, nitrogen, is much more pronounced than
that for the rounded ones. Tomography allows one to solve the
signal of interest at 3D, which indicates that the nitrogen
concentration is higher within the perpendicular arches as
compared to the arches with smooth curvature. It is worth
mentioning here that a quantification of the N amount in the
two arches would be unreasonable, given the poor signal-to-
noise ratio in the elemental reconstructions. However, the
qualitative difference in C-to-N within the two arches agrees
with the results obtained by high-resolution TEM, which have
suggested that the transversal arches contain a high density of
structural defects and consequently more nitrogen as compared
to the rounded one (Figure 1D). A simple microstructural
model that could explain this crystallographic difference
consists of the presence of less graphitized zones across the
curvature in the perpendicular arches and continuous bended
graphene sheets for smooth curvature arches. This crystallo-
graphic difference between the two types of arches combined
with their morphological and chemical characteristics deduced
by EFTEM tomography allowed us to tentatively propose a
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Figure 3. (A) Mean EELS spectrum taken on the studied area of the N-doped carbon nanotube. The presence of two types of arches (ie.,
transverses and rounded ones), which is typical for the highly doped CNTs, can be observed. (B) The series of seven images acquired at the 0° tilt
angle: Zero-Loss image, three energy-filtered images (generally called “pre-edge 17, “pre-edge 2”, and “post-edge”) at the C—K edge, and three
corresponding to the N—K edge. (C) Three typical images extracted for the tilt angles of 64°, 0°, and —20° from the spatially correlated tilt series of
as-recorded Zero-Loss images (top) and 2D elemental maps of C (middle) and N (bottom) calculated by the decomposition method described in
the experimental section using as input the series of EFTEM images. One can easily observe that the SNR is considerably lower in the 2D elemental
maps of N as compared to that of C.

Mean Density Carbon Map

Nitrogen Map 3D Relative Map

Figure 4. Typical longitudinal slices extracted at the same depth and orientation from the shape-sensitive reconstruction (left), C and N 3D
elemental maps (middle), and C-to-N 3D relative map (right). The last one was obtained by superimposing the two elemental 3D maps with
different colors, nitrogen in green and carbon in red. Note that the two types of arches are present within the analyzed area.

mechanism for the N insertion within the highly doped N- formation of caps or arches with alternate nitrogen-rich and
CNTs. First, as the distance between two arches is almost the carbon-rich compositions per arch volume. In the case of
same along the tube and the rounded arches are thicker and nitrogen-rich arches, the high tendency of nitrogen-rich
with a lower local nitrogen concentration, one can suppose that structures to favor the closure of the graphitic planes could
the total N amounts incorporated within the two arches are induce the formation of thinner arches, whereas for the carbon-
similar, that is, the N amount to be incorporated in an arch for rich arches the time for obtaining nitrogen-saturated edge is
a given distance along the tube axis. During the growth process, longer, leading thus to the formation of thicker arches as
if the density of structural defects at a position where an arch observed above.

tend to form is high, the result is a perpendicular arch that can The most striking finding was obtained by analyzing the
incorporate more nitrogen in a small thickness. However, if the tomographic reconstructions in cross-section. Some represen-
density of defects is smaller, rounded arches are formed, which tative transversal slices extracted from the volume reconstruc-
incorporate less nitrogen for a given thickness and are tions at the positions of transversal and rounded arches are
consequently thicker. Another possible explanation of such shown in Figure 5. Once again, one can observe that the slices
difference in the arches’ thickness could be the periodical taken at the transversal arches have a green component more
change in catalyst nature between FeC, and FeN, during the pronounced than those extracted on the rounded arches,
growth process. This systematic change could lead also to the indicating thus the presence of higher nitrogen concentration.
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Figure S. Combined morphological and chemical analysis of the highly
doped N-CNT in cross-section. Left: Longitudinal slice extracted from
the mean-density (ZL) tomographic reconstruction, which contains
the longitudinal axis of the tube. Middle: Two transversal sections
through the 3D mean-density and chemical relative (C-to-N)
reconstructions, extracted at the positions indicated by the two
arrows. Right: Cross-sectional views by the 3D model of the analyzed
tube, which illustrate better its morphology at the considered
positions.

More surprisingly, one can observe that at the positions where a
transversal arch is present, the tube has a triangular section in
cross-section instead of a circular one as is the case for rounded
arches. This morphological change is certainly induced by the
high amount of nitrogen atoms incorporated within the
graphitic network. Indeed, the highest concentration of N
(associated to the practically green voxels) seems to be present
where the circular shape of the tube in cross-section is the most
disturbed. To confirm that such morphological change, that is,
circular to triangular morphology, is not a artifact reconstruc-
tion, several high-resolution TEM analyses were performed on
the sections of N-CNTs slices obtained by using the
ultramicrotome technique (see the Supporting Information,
SI 4). On some of these sections, triangular shapes can be
observed, showing that the triangularisation effect is well
present and not a simple artifact of analysis.

All of these findings suggest that the presence of nitrogen
induces a microstructure change of the graphene sheet leading
to a more bended structure as compared to that of pure
nanotubes. This is in agreement with some theoretical
calculations performed by Kutana et al.®® (see the Supporting
Information, SI S), which has shown that the insertion of the
nitrogen atoms in the graphitic structure of carbon nanotubes
can induce the tube triangularisation in cross-section. Another
possible explanation of the as-illustrated morphological change
of the arches within the tube could be the faceting of the
growth catalyst particles during the synthesis of N-CNTs. In
this context, the work published by Rinaldi et al.>” reports on
the effect of carbon incorporation into nickel active phase,
which leads to a drastic modification of the electronic structure
of the Ni surface, changing thus the catalytic activity of the Ni/
NiC, particles that are responsible for the subsequent growth
process. Related to our work, they observe that the carbon
incorporation induces a complete reconstruction of the Ni
particles, which become prismatic after the carbon dissolution
in their subsurface area. In a similar way, iron nanoparticles
could also undergo structural or morphological modifications
induced by the incorporation of nitrogen species at the
beginning of the synthesis process. Such modifications could
lead to a change in the surface energy of particles followed in
certain cases by a surface reconstruction of the catalyst itself.
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The presence of faceted particles instead of round-shaped ones
could influence considerably the carbon dissolution and
rejection processes, which in turn modify the shapes of arches
along the growth process. In our case, it is expected that the
presence of iron carbide at the surface is at the origin of the
formation of thick carbon-rich rounded arches, while the iron
nitride is responsible for the growth of thin triangular arches
with nitrogen-rich composition. Alternatively, the incorporation
of carbon atoms into the iron nanoparticles leads generally to
the formation of a liquid-like phase, which is even more
susceptible to undergo morphological changes as a function of
the amounts of incorporated carbon or nitrogen atoms. Such
effect could also considerably influence the microstructure and
the morphology of the as-synthesized nitrogen-doped carbon
nanotubes as well.

B CONCLUSIONS

In summary, by combining EFTEM imaging with tomographic
approach in electron microscopy, we have obtained correlated
3D information, at a nanoscale, on the morphology and spatial
distribution of the nitrogen atoms within nitrogen-doped
carbon nanotubes. A detailed analysis of the elemental volumes
of carbon and nitrogen has indicated that the nitrogen is
preferentially incorporated inside the transversal bended arches
inside the nanotube structure, whereas the curled arches have a
relatively low nitrogen incorporation. Additionally, the present
work allowed us to confirm the previous hypothesis, which
indirectly relates the presence of a high nitrogen amount to a
microstructural change of the N-CNTs in cross-section: we
have observed that in the high concentration nitrogen areas, the
circular shape of the tube is disturbed and it is transformed to a
prismatic structure. The results obtained indicate that this
analytical technique is powerful for solving the spatial
distribution of the different constituents of the material of
interest with nanoscale resolution, which could be extremely
helpful for the advanced characterization of a large panel of
materials in several domains of applications. For instance, in the
field of heterogeneous catalysis, the present technique allows
one to get access to the chemical distribution of the different
materials forming the catalyst and to correlate such chemical
distribution with the catalytic activity to build up a correlation
between the chemical structure and the reactivity of the
catalyst. Such correlation is extremely helpful for developing
new catalysts with optimized activity and stability.

B ASSOCIATED CONTENT
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SI1 and SI2: 2D STEM-EELS analysis of 4% and 18% nitrogen-
doped carbon nanotubes. SI 3: EELS analysis carried out for
evidencing the presence of molecular nitrogen. SI4: HRTEM
images of cross-sectional slices obtained by ultramicrotome
evidencing the triangularization of the tube morphology. SIS:
Overview on the theoretical calculations of Kutana et al. This
material is available free of charge via the Internet at http://
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