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I
t is well-known that sp2-bonded carbon
structures have exceptional physical, chem-
ical, and electrical properties both in the

case of two-dimensional graphene1 and the
cylindrical allotrope, single-walled carbon
nanotube2 (SWCNT). However, full realiza-
tion of their potential for applications is
hampered by a lack of control over their
electronic structure that was achieved de-
cades ago in conventional semiconductor
technology. For SWCNTs, themixture of semi-
conducting and metallic tubes3 in as-grown
samples is not acceptable for many applica-
tions, while graphene lacks a band gap,4

leaving graphene devices without an
“off” state. Since the early 1990s,5,6 doping
SWCNTs with nitrogen has been con-
sidered7�10 a viable option for tailoring
their properties, while nitrogen-doped
graphene (N-graphene) has attracted in-
creasing attentionmore recently.11�15 Sig-
nificant electron doping and band gap
opening have already been reported for
N-graphene,16 as well as n-type graphene
nanoribbon transistors.17 Nitrogen doping
also confers genuinely new properties, such
as selective sensitivity for adsorbants18 and
electrochemical catalytic activity.19�21

Achieving thedesired functionality ormod-
ification of host properties depends sensi-
tively on the local bonding configurations of
the nitrogen dopants.7,8,22 The high spectral
resolution of X-ray photoelectron spectrosco-
py (XPS) has revealed the presence of several
configurations in nanotube samples.23,24 As
a surface-sensitive method, it has also been
popular for studying N-graphene.11,16,17 At the
atomic level, some configurations have been
tentatively identified by scanning tunneling

microscopy (STM) and spectroscopy.13,25,26

Unfortunately, such measurements are lim-
ited to very small areas, and interpretation
of the results remains complicated as differ-
ent local structures may give rise to similar
features. The intermediate spatial resolution
offered by electron energy loss spectroscopy
(EELS) in transmission electron microscopy
(TEM) instruments has been particularly
useful for nanotubes,6,22,27�29 but technical
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ABSTRACT By combining ab initio simula-

tions with state-of-the-art electron microscopy

and electron energy loss spectroscopy, we study

the mechanism of electron beam damage in

nitrogen-doped graphene and carbon nano-

tubes. Our results show that the incorporation

of nitrogen atoms results in noticeable knock-on

damage in these structures already at an

acceleration voltage of 80 kV, at which essen-

tially no damage is created in pristine structures

at corresponding doses. Contrary to an early

estimate predicting rapid destruction via sputtering of the nitrogen atoms, in the case of substitutional

doping, damage is initiated by displacement of carbon atoms neighboring the nitrogen dopant,

leading to the conversion of substitutional dopant sites into pyridinic ones. Although such events are

relatively rare at 80 kV, they become significant at higher voltages typically used in electron energy

loss spectroscopy studies. Correspondingly, wemeasured an energy loss spectrum time series at 100 kV

that provides direct evidence for such conversions in nitrogen-doped single-walled carbon nanotubes,

in excellent agreement with our theoretical prediction. Besides providing an improved understanding

of the irradiation stability of these structures, we show that structural changes cannot be neglected in

their characterization employing high-energy electrons.

KEYWORDS: graphene . SWCNT . nitrogen doping . DFT . TEM . EELS .
irradiation . knock-on damage
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limitations have hitherto not allowed an unambiguous
identification of the dopant structures. More recently,
cutting-edge developments in instrumentation have
enabled atom-by-atom analysis of graphene30,31 and
similar materials32 and even direct imaging of nitrogen
sites.15 Overall, the latest advances have steadily in-
creased the importance of TEM-based methods.
Although electron beam effects in undoped sp2-

bonded carbon structures have been studied for de-
cades,33 quantitative analysis on a single-atom level
becamepossible only recently.34 Earlier estimateswere
based on atomistic simulations with only qualitative
comparisons to experiments, complicated by the fact
that different computationalmethods yielded differing
results.35 Moreover, most simulations gave displace-
ment threshold values higher than experimental esti-
mates, a result attributed to effects associated with
electronic excitations neglected in simulations.35,36 A
direct comparison between accurate experiments and
simulations solved this discrepancy in the case of
graphene.34 It turned out that lattice vibrations must
be taken into account when estimating the displace-
ment cross sections from simulated threshold ener-
gies. When this was done, electron irradiation-induced
damage in graphene could be completely described
by elastic knock-on collisions between the electrons
and target atoms in graphene, which lead to atomic
displacements with a cross section approximated uti-
lizing the McKinley�Feshbach formula.37 An excellent
agreement was reached with experimental results
and simulations without any fitted parameters.34 This
is in line with an earlier estimate that, for example,
heating caused by the electron beam during a
typical experiment has only a negligible effect on
a graphenic target material.38 The results revised
the old assumption of a sharp threshold at accelera-
tion voltages slightly above 80 kV (for sp2-bonded
carbon structures) after which atomic displacements
become possible33 with a smooth onset between ∼80
and 110 kV.34

However, much less is known about electron irradia-
tion effects in nitrogen-doped structures. So far, the
only study on electron beamdamage in N-graphene or
nitrogen-doped SWCNTs (N-SWCNTs) was carried out
with tight-binding simulations39 and for merely one of
the several proposed dopant structures.7,8 The results
suggested a displacement threshold below 14 eV for
the nitrogen atom in a substitutional configuration in
flat sp2-bonded carbon, which would lead to a con-
siderable displacement cross section already at an
acceleration voltage of 80 kV. Indeed, N-SWCNTs have
been found to be significantly less stable than pristine
tubes under both 100 and 200 keV electron irradia-
tion.29 It is also known that irradiation at 100 keV imposes
significant changes in the atomic structure of graphe-
nic samples.38,40 Nevertheless, EELS experiments have
been typically performed with dedicated scanning

TEM instruments operated at 100 kV (see, refs 6, 22,
27�29, 41, and 42);or at even higher voltages with
energy-filtered TEM devices.43�45 On the other hand,
stable imaging of N-SWCNTs is feasible42 at 80 kV,
which contradicts the simulation result. Furthermore,
recent experiments15 employing aberration-corrected
(AC) electron optics for high-resolution TEM (HRTEM)
have shown that N-graphene grownby chemical vapor
deposition (CVD) remains stable under such conditions
for longexposure times and correspondingly highdoses.
Overall, electron beameffects in nitrogen-doped nano-
carbon structures are not sufficiently well-understood
to accurately assess the reliability of TEM-based
measurements.

RESULTS AND DISCUSSION

In this study, we use ab initio molecular dynamics
simulations to evaluate the electron irradiation stability
of nitrogen-doped graphene and SWCNTs taking into
account various proposed local atomic configura-
tions of the dopant sites. Unlike what was previously
assumed,39 our calculations predict that it is substan-
tially easier to displace one of the carbon atoms right
next to the nitrogen dopant rather than the dopant
itself. Indeed, we directly image these events by 80 kV
atomic-resolution AC-HRTEM of N-graphene, which
initially shows only nitrogen substitutions, in agree-
ment with previous studies.11,15,26,46 We also carry out
the first quantitative damage analysis for N-SWCNTs
from the HRTEM image and EEL spectrum sequences.
Our results indicate that, unlike for pristine nanotubes,
knock-on damage is the main contributor in the struc-
tural failure of N-SWCNTs under an electron beam at
80 kV, although it is obscured by self-healing and re-
constructions at room temperature (RT). We also carry
out consecutive EELS measurements on the same
sample position (chronospectrum mode47) to obtain
direct spectroscopic evidence for the predicted trans-
formations between the dopant configurations, con-
firming our simulation results and TEM observations.
In general, our results show that structural changes
must be considered in any experiments where high-
energy electrons are used for probing nitrogen-doped
nanocarbons.

DFT Simulations. We started our study by carrying out
dynamical atomistic simulations to obtain displace-
ment thresholds (TD) for the most widely discussed
dopant configurations7,8,18,46,48;substitutional N, the
single (1NV), double (2NV), and triple pyridinic va-
cancies (3NV), and the quadruple pyridinic divacancy
(4ND);in nitrogen-doped nanocarbons. Due to earlier
discrepancies between ab initio and tight-binding
simulations for noncarbon systems,35 we used a well-
established simulation approach at the DFT level of
approximation (the interested reader can find more
information on the method in refs 34, 35, 49, and 50
and the references therein). Within this approach, the

A
RTIC

LE



SUSI ET AL. VOL. 6 ’ NO. 10 ’ 8837–8846 ’ 2012

www.acsnano.org

8839

result of an electron�nucleus impact is modeled by
assigning a certain kinetic energy to one of the atoms
in the structure and then following the time evolu-
tion of the system after the impact by DFT molecular
dynamics simulations. TD is defined as the kinetic
energy sufficient to displace the atom from its lattice
site without an immediate recombination with the
resulting vacancy. In the case of low-dimensional
structures like graphene and carbon nanotubes, this
process is analogous to sputtering in a conventional
bulk material. We point out that although static
vacancy formation energy calculations can in some
cases give reasonable estimates of TD,

51 this does not
work in the general case.50 Therefore, dynamical simula-
tions remain as the only reliable way to calculate TD
values.

Results of these calculations along with schematic
dopant structures are presented in Figure 1. (We point
out that our relaxed atomic configurations are in
good agreement with the literature, e.g., refs 7, 8, 18,
45, 47, and thus omit here a detailed analysis of the
bond lengths and angles which is not relevant for
the present study.) We also improved our earlier DFT
estimate35 for the TD in pristine graphene and obtained
a value of 22.30 eV. All of the presented TD values are
calculated for a displacement orthogonal to the gra-
phene membrane and for an atomically flat structure.
We point out that our result for the substitutional
nitrogen dopant (19.09 eV) differs considerably from

the earlier estimate (<14 eV) obtained with a tight-
binding method.39 In fact, none of our calculated TD
values were below 16 eV. However, this discrepancy is
in line with the lower TD values predicted with a similar
tight-bindingmodel for hexagonal BNmonolayers36 as
compared to more accurate DFT calculations.35

After knowing TD, one can estimate the correspond-
ing displacement cross section (σ) using the McKinley�
Feshbach approximation,33,37 taking into account the
lattice vibrations which have a significant contribu-
tion to the energy transferred from an electron to
the nucleus.34 We assume a velocity distribution for
the target atoms based on the Debye model with a
Debye temperature of 1287 K.52 Note that the mass
and the atomic number Z difference of the C and N
atoms lead to different σ even when the TD values are
similar. The calculated σ values are plotted along the TD
in Figure 1 for a wide range of electron energies or,
correspondingly, acceleration voltages (0�500 kV).

These values can be directly used to estimate the
relative stability of different atomic configurations
under an electron beam, such as during TEM imaging
or an EEL spectrum acquisition. For example, in the
case of substitutional doping, the cross section for
displacing the carbon atom next to the dopant (C@N)
is higher than that for displacing the dopant itself
(N@N) up to acceleration voltages of >200 kV. The
actual difference in sputtering probabilities is even
larger because there are three C@N for each N@N.
This tendency is universal among all of the defects;
although some of the dopant atoms have higher cross
sections than the neighboring carbon atoms, since
there are always more of them, sputtering one of
the carbon atoms is more likely. Therefore, for any of
the dopant configurations, the atomic structure of the
dopant site is likely to be changed by displacing a
carbon atom before the dopant atom itself is sputtered
under electron irradiation.

N-Graphene Experiments. Our previous studies sug-
gest a good agreement for pristine graphene between
calculated TD values and experiments.34 To confirm the
present simulation results, we imaged CVD-grown53

N-graphene at 80 kV using high irradiation doses both
to obtain a high signal-to-noise ratio and to estimate
the displacement cross section of the dopant config-
urations in this material. The N-graphene samples had
regions ofmonolayer and few-layer graphene,15,53 as is
typical for CVD-grown graphene on Cu. Only free-
standing monolayer areas, identified by their appear-
ance in high-resolution TEM images54 and further con-
firmed by the step edges to vacuum areas visible in
Figures 2 and 3, were considered for the present study.
For our analysis, we selected clean areas of the gra-
phene membranes, free of defects or contamination.

As we have shown previously,15 contrary to the
widely used independent atom model,55 atomic po-
tentials derived from all-electron DFT calculations

Figure 1. Calculated displacement thresholds and cross
sections for different dopant configurations in graphene:
substitution (labeled 'N'), single pyridinic vacancy (1NV),
double pyridinic vacancy (2NV), triple pyridinic vacancy
(3NV), and quadruple pyridinic divacancy (4ND). In the
schematic presentations, a dashed red circle marks the
atom for which the threshold is calculated. Blue atoms
denote nitrogen, grayones carbon, andvacancies aremarked
byopen squares. The cross sections calculatedatRTare shown
as a function of the acceleration voltage of the electrons, with
the inset showing a higher magnification around 80 kV.
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show that electron scattering on the carbon atom next
to a nitrogen differs appreciably from electron scatter-
ing on a carbon atom elsewhere in the graphene sheet.
Thus N substitutions can be directly detected in cor-
rectly defocused TEM images as three darker bonds

surrounding a central atom, identified as nitrogen by
DFT image simulations. This methodology is described
in detail in ref 15.

In the beginning of the imaging experiments, all
observed nitrogen atoms were in the substitutional
configuration. On the basis of earlier theoretical work,39

under our 80 kV imaging conditions, one should expect
a cross section of more than 2 barn for displacing one
such nitrogen dopant (taking into account lattice
vibrations34). In one of our experiments with a dose
up to 2.5 � 107 e�/Å2, we had eight substitutional
nitrogen sites in the field of view simultaneously in an
area of approximately 240 nm2, in good agreement
with the 0.1 atom % substitutional doping level deter-
mined previously by statistical TEM observations of the
material.53 (Two dopants were third nearest neighbors,
similar to a configuration that has been tentatively
detected recently by STM.13) A cross section of∼2 barn
would lead to displacing at least one of theN atoms at a
dose roughly one-fifth of the maximum dose used. By
contrast, none of the N atoms were sputtered by the
end of any of our experiments, validating the low cross
section calculated based on our DFT simulation results
(Figure 1). However, we observed another change in
the atomic structure of the dopant sites during ima-
ging. An example of a particularly nitrogen-rich area
(with approximately 0.4 atom % N concentration
locally) is presented in Figure 2.

From Figure 2, it can be directly seen that, instead
of the dopant atom, the first atom displaced by the
electron beam is one of the three carbon atoms
next to it, in agreement with our calculations. In the
resulting atomic configuration, the nitrogen atom
remains two-coordinated whereas the two under-
coordinated carbon atoms bond, forming a pentagon
(the 1NV configuration).56 Although our TEM observa-
tions did not reveal the 1NV prior to electron beam
damage, the stability of the structure immediately
after its appearance indicates that it is at least a
metastable configuration in graphene. In nanotubes,
curvature should further increase its thermodynami-
cal stability.18,45

By the end of this experiment, three of the eight N
substitutions had been converted into 1NV in and
around the area shown in Figure 2. In total, we ob-
served five conversions of the 35 imaged sites during
our experiments up to doses ∼2.5 � 107 e�/Å2. This
data set allows us to make a statistical estimate for the
upper limit of the displacement cross section of the
ejected carbon atoms, resulting in 0.16 barn, which can
be directly compared with our calculation result of
about 0.03 barn (Figure 1). When we take into account
inaccuracies resulting from experimental uncertainties
as well as the sensitivity of the theoretical cross section
calculations at small values, this can be considered a
good agreement. Another point to consider is that,
due to the high computational cost of dynamical DFT

Figure 2. Electron micrographs of N-graphene recorded at
80 kV (FEI Titan 80-300). The top right insets in each panel
showan enlarged viewof the areamarkedby the red square
(N atomdenoted by a blue and C atoms by black full circles).
(a) Area of undamaged N-graphene. Three darker bonds
around a central atom reveal the positions of the substitu-
tional N dopants,15 five of which are in the field of view. The
bottom left inset shows a DFT image simulation57 of a N
substitution at a corresponding defocus. (b) Same area after
a cumulative electron dose of 1.9 � 107 e�/Å2. The change
of contrast at the site corresponds to a missing atom
displaced by an electron impact. The bottom left inset
shows the simulation of the single pyridinic vacancy (1NV)
defect (the position of the two-coordinated N atommarked
by the blue full circle at the reconstructed vacancy), exhibit-
ing the triangular contrast seen in the experimental image.
(c) Unprocessed image of the same area at the Scherzer
defocus, allowing a direct interpretation of the atomic
structure and revealing more clearly the 5�9 vacancy next
to the nitrogen atom (that is, the 1NV). All images were
recorded with spherical aberration values around 20 μm.
Those in panels (a) and (b) are averages of several exposures
recorded with a defocus of �18 nm to enhance the con-
trast of the N dopants,15while panel (c) was recorded at the
Scherzer defocus (�9 nm). The scale bar is 1 nm.

Figure 3. Observations froma longHRTEM image sequence
of N-graphene. The top row shows unfiltered images
(averages of 20�30 subsequent exposures), while the bot-
tom row shows the same images with a low-pass filter
applied.15 The red dashed line in (a) indicates a monolayer
region surrounded by a bilayer area; this monolayer grows
during the experiment. The substitutional N atom (marked
by a blue arrow in a) is converted into the single pyridinic
vacancy (1NV, red arrow, b), and then subsequently back to
a nitrogen substitution (c). In (c), two additional N atoms
previously under the monolayer�bilayer interface have
become visible. The scale bar is 1 nm.
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simulations, we could only consider displacements in
the direction perpendicular to the graphene plane.
This may also contribute to the discrepancy since
non-orthogonal displacements of atoms with neigh-
bors of different mass may have lower thresholds,
unlike atoms in pristine graphene.49 We also note that,
in one of our experiments, a vacancy created during
imaging was refilled (Figure 3). This both offers direct
evidence for defect healing via adatom migration in
our RT experiments as well as shows that it remains
slow enough to be captured by atomic-resolution
imaging.

Effect of Curvature. As mentioned above, it was not
feasible to extend our calculations to other displace-
ment directions or curved structures. Fortunately, the
effects of curvature of the structure39,58,59 as well as
the displacement direction36,38,49 are relatively well-
understood based on previous studies. For example, it
is known that for a diameter of d∼ 2 nm, the values of
TD approach those of graphene but decrease with
increased curvature for smaller nanotubes. Also, atoms
in the “sides” of nanotubes (with respect to the elec-
tron beam) are known to have much larger thresh-
olds.38 As doping is likely inhomogeneous but isotropic
on average, we estimate that 50% of dopant sites have
thresholds close to those we calculated.38 Displace-
ments of these atoms, located at the “top” and “bot-
tom” of the tube should dominate the apparent σ in
SWCNT experiments.

To take into account the curvature effect in
N-SWCNTs, we have fitted an empirical function to
describe the diameter dependency of TD (Figure 4)
using available literature data.39,58,59 Employing this
function, we estimate the expected thresholds for
nanotubes with different diameters from values calcu-
lated for graphene. Table 1 lists the values for the
dopant configurations presented in Figure 1 as well as
for single and double vacancies in undoped structures.
We also present the calculated σ for each configuration
either at �100 �C and 80 kV or at RT and 100 kV to
facilitate comparison with experiments presented below.

N-SWCNT Experiments. Since only nitrogen substitu-
tions were detected in our N-graphene samples, we
expanded the study to N-SWCNTs, where pyridinic
configurations are expected to be important.8,18 Espe-
cially the 3NV and 4ND configurations8,18 should be
attractive targets for direct imaging because the pre-
sence of the N atoms causes the relaxation of the
pyridinic structures18 to be different from the pristine
reconstructed single (5-9) or double (5-8-5) vacancies.60,61

However, TEM experiments with SWCNTs are inher-
ently more challenging than with graphene, partly
because SWCNT samples are less stable mechanically,
which tends to limit achievable resolution. Moreover,
the two-dimensional projection image of the curved
surface makes the interpretation of structure more
challenging. Finally, even at room temperature, adatom

diffusion,62 particularly inside the tubes, can anneal
damage49 before it can be observed. At least partially
due to these limitations, the resolution in our N-SWCNT
experiments did not allow us to directly image the
nitrogendopants; the required combinationof excellent
stability, high vacuum, sample quality, and microscope

Figure 4. Relative displacement threshold values taken
from the literature as a function of nanotube diameter.
Fitting a polynomial (dotted line) into the data shows that
the threshold for a 1 nm nanotube is about 96.4% of the
graphene value, whereas for a 2 nm one, it is about 99.6%.
The values for carbon58,59 (C, squares and circles) were
calculated for pristine SWCNTs, while those for nitrogen39

(N, triangles) correspond to N substitutions (N@N).

TABLE 1. Influence of SWCNT Diameter (Fitted According

to Figure 4) on the Displacement Thresholds of Carbon

or Nitrogen Atoms for Different Atomic Configurations

(Figure 1)

targeta d (nm) TD (eV) σ80kV
�100�C (barn) σ100kV

RT (barn)

C@N 1 18.5 0.08 4.70
2 19.1 0.03 3.31

N@N 1 18.4 6.5 � 10�4 0.75
2 19.0 1.2 � 10�4 0.36

C@1NV 1 18.3 0.11 5.23
2 18.9 0.04 3.74

N@1NV 1 15.5 0.31 8.08
2 16.0 0.13 6.01

N@2NV 1 16.0 0.13 6.01
2 16.5 0.05 4.29

N@3NV 1 16.5 0.05 4.29
2 17.1 0.01 2.68

N@4ND 1 16.0 0.13 6.01
2 16.5 0.05 4.29

Cb 1 21.5 1.3 � 10�4 2.4 � 10�4

2 22.2 2.0 � 10�5 4.2 � 10�5

C@SVb 1 14.2 7.43 21.9
2 14.6 9.58 19.7

C@DVb 1 15.6 3.41 14.9
2 16.1 2.12 12.8

a Target atom @ dopant configuration; SWCNT diameter for threshold fitting d;
calculated displacement threshold TD; cross sections (σ) at 80 kV (calculated
at �100 �C) and 100 kV (at RT). b C, C@SV, and C@DV correspond to C atoms in
ideal sp2-bonded carbon and single and double vacancy configurations, respec-
tively. The TD values for C@SV and C@DV in graphene are from ref 50.
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resolution are not yet available. Nonetheless, since
quantitative studies of electron beam damage in
N-SWCNTs have not been reported before, these experi-
ments still allow us to obtain useful information com-
plementary to the N-graphene ones and to establish
dose control guidelines for future studies.

TheN-SWCNT sampleswere synthesized by floating
catalyst CVD as described previously in refs 41 and 42.
Pristine SWCNTswere obtainedwith the samemethod,
butwithout addedammonia. First,we imagedN-SWCNTs
at 80 kV at room temperature with various electron
irradiation doses. Although no localized lattice damage
was observed, a narrowing of the tube diameter
around the beam center was consistently seen at doses
on the order of 107 e�/Å2 (Figure 5).We attribute this to
the reconstruction of the damaged structures due to
thermally activated migration-mediated self-healing
(active at room temperature at time scales faster than
our imaging62) combined with the creation of recon-
structed multivacancies,63 which eventually leads to
the observed shrinkage.

Although it is challenging to discern the contribu-
tions of different effects in the shrinkage of the nano-
tubes under electron irradiation, measuring the relative
diameter reduction as a function of the irradiation dose
allows us to estimate an apparent σ, which includes
contributions from all processes (e.g., knock-on dam-
age, healing, reconstruction). In Figure 5, we plot the
diameters of three nanotubes with different initial
sizes (2.2, 1.8, and 1.4 nm) as a function of irradiation
dose. The corresponding apparent cross sections ob-
tained from these data are 0.2, 0.5, and 1.1 barn,
respectively. Hence, the overall result is in agreement
with the decreasing TD (and correspondingly increas-
ing σ; see Table 1) with decreasing diameter, as shown
in Figure 4. Also, the values themselves are in the
expected range, taking into account that a significant
number of the sputtered atoms were presumably
three-coordinated in reconstructed vacancy configura-
tions, which we expect to have σ in the order of 1 barn
(that is, similar to or lower than that of C@DV).

Since decreasing temperature from RT to �100 �C
should effectively stop adatom migration (for a barrier
of 0.25 eV,62 the estimatedmigration rate decreases by
3 orders of magnitude) and limit temperature-assisted
reconstructions which lead to the tube shrinkage, we
expected that primary damage would become visible
by using a cryo-TEM holder. In addition, via hindered
self-healing, this should elucidate the effects of initial
knock-on impacts. Therefore, we performed 80 kV TEM
experiments also at �100 �C on both N-doped and
pristine SWCNTs. Although cooling the samples seemed
to increase the amount of adsorbates on the tubes, we
nevertheless observed clear differences in the radia-
tion damage of these structures. For N-SWCNTs, clear
signs of damage occurred at doses similar to those
required for damaging N-graphene (∼1 � 107 e�/Å2)

(Figure 6a,b), whereas pristine tubes tolerated several
times higher doses in otherwise identical conditions
(the microscope vacuum was 6.5 � 10�6 Pa in both
cases), leading us to attribute this difference to in-
creased knock-on damage in the doped tubes. The
results were qualitatively similar for both small (1.1 nm)
and large (∼2 nm) diameter tubes.

Figure 5. Reduction of N-SWCNT diameter at the center of
the 80 kV electron beam measured from the separation of
the line profile intensity minima in TEM micrographs of
different diameter tubes as a function of the cumulative
irradiation dose. The inset shows TEM micrographs (JEOL
JEM-2200FS) of the N-SWCNT marked by the numbered
black squares in the main graph (1) initially (diameter
2.2 nm) and (2) after a total electron irradiation dose of
7.8� 107 e�/Å2 (diameter reduced to∼1.8 nm). Apart from
slight curvature, no clear signs of damage were observed
during the transformation. We note that the determined
diameters are approximate since charging and/or vibra-
tions caused by the continuous irradiation resulted in a loss
of resolution, as seen in inset 2.

Figure 6. Representative TEM micrographs (JEOL JEM-
2200FS) of (a,b) doped and (c,d) pristine SWCNT both with
diameters around 2 nm, imaged at 80 kV and�100 �C after
the cumulative irradiation doses (in units of e�/Å2) noted in
the images. The top panels for each case (a,c) were recorded
after a similar dose (∼1.0 � 107 e�/Å2), while the bottom
panels (b,d) were the last images that could be captured
before the tubes in question broke down. In the beginning
of the experiments, both SWCNTs appeared straightwith no
visible defects. The green arrows in (a,b) mark areas on the
N-SWCNT where no adsorbates are visible, yet which show
heavy localized damage after further irradiation. The red
arrows in (c,d), by contrast, mark sections of the pristine
SWCNT with visible adsorbates where localized damage
occurred at higher doses.
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We first point out that, according to our calcula-
tions, the observed damage in pristine tubes (Figure 6)
appears too fast to be attributable to a knock-on process
in a perfect structure (which has σ ∼ 10�4 barn; see
Table 1). Moreover, the damage in pristine tubes tends to
appear at sites with visible adsorbants (Figure 6c,d),
which suggests an active chemical etching process.34

On the other hand, the damage in N-SWCNTs is slower
than what would be expected if there had been a
significant number of dopant atoms occupying 1NV sites
under the irradiated areas. Although the σ values for
N@1NV and C@1NV are roughly similar to that of C@N,
the σ calculated for two-coordinated C atoms at a
vacancy site;similar to those next to the a 1NV;is 2
orders of magnitude higher. However, the results are
consistent with knock-on damage for dopant sites with
any of the configurations that have no under-coordi-
nated carbon atoms (i.e., substitutional N, 3NV, or 4ND).

Our�100 �C results also show that larger diameter
(∼2 nm) SWCNTs tolerate about 40% higher doses
than 1.1 nm ones regardless of whether they were
doped, in qualitative agreement with the RT results
(Figure 5). Moreover, the results are in quantitative
agreement with the calculated σ shown in Table 1
(taking into account that the larger tubes have twice
the cross sectional area of the smaller ones). Together
with the absolute σ values pointing to non-1NV dopant
sites, this is a clear indication that knock-on damage
leads to structural changes in N-SWCNTs at 80 kV.

EELS Experiments. Finally, having established the role
of knock-on damage with our N-SWCNT irradiation
experiments, we turn to EELS measurements carried
out at the typical voltage of 100 kV.22,27�29,41,42 Pre-
vious studies have detected at least two kinds of
doping configurations (substitutional and pyridinic)
in N-SWCNTs.22�24,29 As we have shown above, an
electron beam can transform substitutional sites into
pyridinic ones at 80 keV. This is particularly important
for EELS as the sites have different EELS signatures,22,64

and such conversions are significantly more likely at
the higher acceleration voltage of 100 kV (see Figure 1).

Although the doses were not estimated in our pre-
vious work, care was taken to limit the total exposure
time. Reanalyzing the published data,22,41,42 we estimate
that themaximum doses used were∼1� 106 e�/Å2. On
the basis of our simulation results, this would correspond
to changing the local atomic structure of up to 3%of sub-
stitutional dopant sites into pyridinic ones in N-SWCNTs
with d ≈ 1 nm (using σ from Table 1 and taking into
account that each site has three C neighbors). Such a low
conversion probability is unlikely to result in a noticeable
difference in the recorded spectra. However,wepoint out
that these issues have not been explicitly considered nor
doses reported in the literature.

Therefore, to study in detail the changes imposed
by electron irradiation, we carried out a time-resolved
EELS experiment with a higher dose using a scanning

transmission electron microscope (STEM, VG-HB501)
equipped with a cold field emission gun operated at
100 kV. For these measurements, we used N-SWCNTs
synthesized previously by laser vaporization,22 which
have less adsorbants and slightly better crystallinity
than our CVD-synthesized N-SWCNTs. The results are
presented in Figure 7. The location where the EEL
spectrum was collected (see Figure 7a) contained a
small bundle of clean N-SWCNTs (around 1.4 nm in
diameter). The energy loss near-edge feature of the C
K-edge (Figure 7b) consists of aπ* peak at∼285 eV and
a well-defined σ* band starting at∼292 eV, suggesting
high crystallinity of the graphitic walls. An enlargement
of the N K-edge after background subtraction is
shown in Figure 7c. The contribution at ∼399 eV can

Figure 7. (a) Bright-field micrograph of N-SWCNT material
synthesized via laser vaporization.22 EEL spectra were con-
tinuously recorded by rastering a defocused beam on the
area marked by the red open rectangle during the experi-
ment (each spectrum with an acquisition time of 2.8 s).
(b) To obtain a high enough signal-to-noise ratio, we have
summed up the first 20 spectra to obtain the black curve,
whereas the blue one is a sum of the following 20 spectra.
Both display a C K-edge characteristic for SWCNTs. The
irradiation dose was approximately 0.45 � 107 e�/Å2 for
each sum spectrum. (c) Magnification of the N K-edge after
background subtraction. The contribution from substitu-
tional nitrogen dopants (∼401 eV) is significantly decreased
in the blue spectrum collected with the higher cumulative
dose. Interestingly, there seems to also be contributions
at ∼403 and ∼406 eV that would match the core levels of
pyridine-N-oxide and C-NO2, respectively.

66 These interest-
ing features should be investigated in more detail in future
studies.

A
RTIC

LE



SUSI ET AL. VOL. 6 ’ NO. 10 ’ 8837–8846 ’ 2012

www.acsnano.org

8844

be assigned to pyridinic nitrogen, while the one
at∼401 eV is due to substitutional nitrogen.7,22,29 After
continuing irradiation to obtain the blue spectrum
(cumulative dose around 0.9 � 107 e�/Å2), the sub-
stitutional contribution is significantly reduced. Further-
more, the relative total concentration of nitrogen is
slightly increased (from 0.7 to 0.9 atom %), while the
concentration of carbon is decreased (from 96.5 to 96.0
atom%). These findings are consistent with sputtering of
carbon atoms from sites neighboring nitrogen substitu-
tions in the N-SWCNTs, initially transforming them into
pyridinic configurations as predicted by our simulations
and directly observed in N-graphene.

Clearly, to avoid misidentifying the dopant struc-
tures of the pristine material, it is imperative to either
carefully limit the dose ormake sure the spectrum time
series shows no changes during an EELS experiment.
Alternatively, the primary beam energy of the micro-
scope should be 60 kV30,31 or below.65

CONCLUSIONS

Our dynamical density functional theory simulations
show that the dominant knock-onmechanism in nitro-
gen-doped graphene and SWCNTs initiates by first
displacing a carbon atom next to a substitutional
nitrogen dopant, not the nitrogen atom itself as was

previously assumed. Since N-graphene tolerates high
irradiationdoses at 80kV,wewere able todirectlyobserve
this process by AC-HRTEM imaging and to establish a
reasonably good agreement between our theoretically
obtained displacement cross section values and the esti-
mate based on experimental data. We further used the
simulation results to estimate the stability of several pro-
posed nitrogen dopant sites in SWCNTs. By carrying out
experiments both at room temperature and at �100 �C,
we demonstrated that knock-on damage in N-SWCNTs at
room temperature is partially obscured by self-healing
and reconstruction of the nanotube walls, which can lead
to an overestimation of the stability of these structures.
The reduced temperature experiments showed that
N-SWCNTs tolerate several times lowerdoses thanpristine
nanotubes, in agreement with the increased displace-
ment cross sections at the dopant sites. Finally, in agree-
ment with our simulations and TEM experiments, we
obtained direct spectroscopic evidence for conversions
of substitutionaldopant configurations intopyridinicones
in N-SWCNTs by EELS time series measurement carried
out at 100 kV.Overall, our results highlight the importance
of taking into account the structural changes imposed by
energetic electrons on doped carbon nanomaterials even
when pristine structures are known to remain unchanged
under similar conditions.

METHODS

Simulations. For the threshold calculations, we used density
functional theory as implemented in the VASP simulation
package.67,68 Core electrons were described with projector-
augmented wave potentials,69 and exchange and correlation
was estimated by the generalized gradient approximation.70

For our dynamical simulations, we used a Monkhorst-Pack
k-point mesh71 of 5 � 5 � 1. The system consisted of an
8� 6 supercell with 96 atoms and 10 Å of empty space between
the periodic images. We used a kinetic energy cutoff of 300 eV.

The TEM image simulations were based on projections of
the electrostatic potential corresponding to the all-electron self-
consistent electron density from the WIEN2k DFT code72 as
described in ref 57.

N-Graphene. Nitrogen-doped graphene was synthesized15,53

on Cu substrates with ammonia as the doping agent and
methane as the carbon precursor, following the CVD method
described in ref 11. The substitutional N doping level was
determined to be 0.1 atom % by statistical TEM observations.53

The N-graphene sheets were transferred onto TEM grids as
previously explained.73

N-SWCNTs. Nitrogen-doped single-walled carbon nanotubes
were grown from ferrocene-derived iron nanoparticles by a
floating catalyst CVD method41,42 with ammonia as the doping
agent and carbon monoxide as the carbon precursor. The
doping concentration of samples synthesized with this method
was previously determined to be in the range of 0.1 to 1%41,42

and is expected to be inhomogeneous.74 Pristine SWCNTs were
obtained with the same procedure, but without added ammo-
nia. The N-SWCNTs were collected onto TEM grids directly from
the gas phase using an electrostatic precipitator corona
charger.75 Additional N-SWCNTs for EELS experiments were
previously synthesized by laser vaporization of a graphite target
mixed with Ni/Y catalyst powders in a 300mbar N2 atmosphere.22

TEM Experiments. The N-graphene samples were irradiated
using an imaging-side aberration-corrected FEI Titan 80-300

operated at 80 kV. For enhancing the N atom contrast, a defocus
of �18 nm was used and the graphene lattice contrast sup-
pressed by applying a low-pass filter to averages of 30�40
exposures as described in ref 15. The SWCNT samples were
irradiated using a double aberration-corrected JEOL JEM-
2200FS operated at 80 kV. Before observation, the nanotube
samples were heated at 150 �C for at least 30 min to clean the
sample surfaces of some adsorbates. For the reduced tempera-
ture experiments, the samples were cooled to �100 �C inside
the microscope using a Gatan 914 nitrogen-cooled cryotransfer
holder.

EELS Experiments. Electron energy loss spectra were recorded
using a VG-HB501 scanning TEM equipped with a cold field
emission gun, operated at 100 keV with an energy resolution of
0.7�0.8 eV in the core-loss region. The convergence angle on
the sample and collection angle of the spectrometer were 15
and 24 mrad, respectively. The spectroscopic information was
obtained using the spectrum-imaging acquisition mode,64,76

with a slightly defocused electron probe scanned in an area of a
few square nanometers. Principal components analysis (PCA)
was used for analyzing and denoising the EELS data. This
treatment confirms that, considering the experimental signal-
to-noise ratio and energy resolution, the spectral contributions
around 399�401 eV in Figure 7 can be decomposed into two
main components of changing weight as a function of the
electron dose.
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