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D
opinggraphenewith foreignelements
is one approach to modifying its con-
ductive properties, which is crucial

for its further development in electronic
applications.1�8 Dopants can either reside
on the surface of graphene, as adatoms, or
be covalently bonded within the lattice. Sur-
face adatom doping is common, simple to
perform, but often unstable due to chemical
reactivity with atmospheric molecules. Cova-
lently bonded dopants are much more pro-
mising, as they are known tobe stable against
oxidation and hence offer amore permanent
solution to graphene engineering.9,10 Doping
graphene with nitrogen or boron has at-
tracted attention because of the analogy to
2D boron nitride materials and their hybridi-
zation with graphene.1,11,12 Most experimen-
tal work has focused on N doping due to
its easier experimental implementation com-
pared to B doping. Prior to doping graphene
with N, there have been considerable efforts
to dope carbon nanotubes with N atoms.13,14

A key aspect of correctly predicting thepro-
perty changes due to N dopants in graphene
is to know the accurate atomic structural
models. Low-voltage aberration-corrected

(scanning) transmission electronmicroscopy
(AC-STEM and AC-TEM) is now capable of
imaging single-atom dopants in graphene
with elements ranging from light atoms
such as B and N to heavier atoms such as
Fe and Si.15�18 Atomic resolution images
from AC-STEM and AC-TEM have enabled
accurate atomic models to be generated
for substitutional N-doped graphene,19,20

substitutional Fe/Si-doped graphene,15,21

and interstitial Fe/Si-doped graphene.21

Time-dependent imaging has also revealed
the dynamics of dopant atoms in graphene
and their behavior during bond rotations
and electron beam induced atomic sputter-
ing.21 Further insights about the local bond-
ing states have been acquired by combining
AC-STEM with electron energy loss spectros-
copy using an angstrom-sized probe to ob-
tain information from single atoms.22 Atomic
resolution spectroscopic maps have been
obtained for single N atoms substituted in
graphene demonstrating spatial correlation
between a single high-contrast atom in the
lattice of graphene and the N K-edge EELS
signal. Bangert and co-workers demon-
strated this for graphene implanted with
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ABSTRACT Single nitrogen (N) dopants in graphene are investigated using atomic-resolution

scanning transmission electron microscopy (STEM) combined with electron energy loss spectroscopy

(EELS). Using an in situ heating holder at 500 �C provided us with clean graphene surfaces, and we
demonstrate that isolated N substitutional atoms remain localized and stable in the graphene lattice

even during local sp2 bond reconstruction. The high stability of isolated N dopants enabled us to

acquire 2D EELS maps with simultaneous ADF-STEM images to map out the local bonding variations.

We show that a substitutional N dopant causes changes in the EELS of the carbon (C) atoms it is directly

bonded to. An upshift in the π* peak of the C K-edge EELS of ∼0.5 eV is resolved and supported by

density functional theory simulations.
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N atoms that formed single-substituted dopants,23

while Krivanek and co-workers demonstrated this for
impurity N atoms in graphene.24 In both cases, little
attention was paid to the specific fine details of the
EELS profiles, especially shifts in the C K-edge peak
values. Recent simulations predict that the C K-edge
EELS should be different for the C atoms surrounding
a N dopant compared to normal graphene, with the
emergence of a newpeak between theπ* andσ* peaks
and a red shift of both the π* and σ* peaks.25 Some
evidence for a new peak in the K-edge EELS from
N doping has been claimed, but the absence of any
N K-edge EELS signal makes the element assignment
of the higher contrast atom observed in AC-STEM
uncertain.25 Furthermore, none of the shifts in the π*
and σ* peaks in the C K-edge EELS predicted by DFT
were detected for the C atoms around the dopant.25

In this report, we use atomic-resolution AC-STEM
and EELS to locate single N substitutional dopants in
graphene by the presence of a N K-edge EELS signal
and correlated single-atom high contrast in AC-STEM
images. 2D EELS maps are acquired with simultaneous
atomic-resolution annular dark field STEM (ADF-STEM)
images. We extract the carbon K-edge EELS from
various regions in the 2D EELS map corresponding to
different locations with respect to the N dopant and
examine the changes in the position of the π* and σ*
peaks in the C K-edge EELS. We compare our experi-
mental EELS profiles to DFT-based EELS simulations
and find excellent agreement. The ability to unambigu-
ously identify a single N atom dopant enabled us to
track its dynamics during bond rotations and lattice
reconstruction, revealing insights into the stability of
single N atom dopants at elevated temperatures. This
has important consequences for high-temperature
processing of N-doped graphene, which is often re-
quired for surface cleaning.

RESULTS/DISCUSSION

Graphene was produced by chemical vapor deposi-
tion on a liquid Cu catalyst surface and transferred onto
SiN TEM grids, followed by extensive cleaning. Nitro-
gen dopants were found incorporated within defective
regions of graphene and near the edges of holes in
graphene. No intentional doping of graphene with
N atoms was undertaken at any stage. The N dopants
could come from either exposure to the atmosphere
or the SiN TEM grid. Our main focus in this report is on
the structure, dynamics, and spectroscopy of the N
dopants and surrounding C atoms and not onmethods
to synthesize N-doped materials. AC-STEM and EELS
were performed at an accelerating voltage of 60 kV
and using a sample heating holder set to 500 �C.
Medium-angle annular dark field (MAADF) imaging
condition was employed to enhance the contrast
of light elements. Performing the experiments at
high temperature resulted in the evaporation of the

majority of surface residues and left a near-pristine
clean surface. This was essential, as it allowed repeated
imaging and spectroscopy of graphene regions
without causing beam-induced contamination.
Atoms that exhibit increased contrast in ADF-STEM

images were often observed in defective regions of
graphene and at the edges. EELS on several of these
atoms showed they are nitrogen. Figure 1a shows
a flower-like defect in graphene formed primarily by
several bond rotations. Within the bottom right of the
defect a stronger contrast atom is visible, shown in
Figure 1b and in higher magnification in Figure 1c.
The strong contrast atom has substituted a single
carbon atom and is in a five-membered ring. After
electron beam irradiation for several minutes the defect
structure disappeared and a single strong contrast atom
remained as a substitutional dopant in graphene,
Figure 1d. The initial defect structure in Figure 1a actu-
ally contains two excess atoms in the lattice and is not a
vacancy from missing atoms. Defect structures from
excess atoms in the lattice of graphene (without the
N dopant) were recently reported in investigations into
inflating graphene by atomic-scale blisters.26 This defect
structure is known to be susceptible to losing its 2þ
atoms through electron beam irradiation, and this then
leads to the transformation into the single N dopant.
This reveals that the N atom remains after two carbon
atoms have been sputtered from the lattice. The pre-
sence of excess atoms within this defect structure
suggests that the N atom might have been one of the
two original excess atoms incorporated into the defect
structure, explaining how a single N substitutional
dopant can arisewithin thebulk lattice region of pristine
graphene. This sequence of images shows that N do-
pants remain stable in the lattice of graphene at 500 �C
even during bond rotations and atom sputtering.

Figure 1. ADF-STEM images of a N atom in graphene lattice
as a function of time. (a, b, and c) N atom with brighter
contrast in a defective area of graphene. (d) After relaxation
of the defect structure by bond rotation to leave a single
N atom in graphene.

A
RTIC

LE



WARNER ET AL . VOL. 8 ’ NO. 11 ’ 11806–11815 ’ 2014

www.acsnano.org

11808

For an ADF-STEM image the nitrogen atom should
have increased contrast. Figure 2a shows the unpro-
cessed ADF-STEM image and in Figure 2b the same
image after smoothing, with Figure 2c utilizing a color
look-up table to show the increased contrast. The same
area was imaged 1 min later, and the ADF-STEM image
is shown in Figure 2d�f, confirming the high contrast
atom remains fixed. Line profiles across the N atom are
taken in Figure 2g and presented in Figure 2h. The
increased contrast from the N atom is detected, but

because of the amount of noise in the original image,
the accurate comparison of the N contrast vs the C
contrast is not reliable. This can be seen in Figure 2h,
where the contrast values vary slightly for the C atoms,
but overall, we can conclude that the average contrast
increase for the N atom is between 1.2 and 1.5, which
is within range of the expected value of 1.3. A small
amount of residual astigmatism is present that com-
plicates this analysis. Instead we can conclusively con-
firm that the high contrast atom is a single N atom

Figure 2. (a) Unprocessed ADF-STEM image of the N dopant in graphene from Figure 1d. (b) Smoothed ADF-STEM image of
(a). (c) Use of color look-up table “fire” for (b) to show the increased contrast of the foreign atom. (d) Unprocessed ADF-STEM
imageof the samearea as (a) but taken1min later. (e) Smoothed imageof (d). (f) Color versionof (e). (g) ADF-STEM image from
(e) with white and blue lines showing where the line profiles of intensity are taken. (h) Plot of intensity line profiles from the
two regions in (g). (i) ADF-STEM image taken simultaneously as a 2D EELS map over the region containing the high contrast
atom in (a) and (d). (j) 2D spectroscopic map based on the C K-edge EELS. (k) 2D spectroscopic map based on the N K-edge
EELS signal. (l) Overlap of C EELS map (red) and N EELS map (green) with ADF-STEM image.
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by analyzing the 2D EELS maps taken around the high
contrast atom. This is more compelling than intensity
profiles from ADF-STEM images, as the spectroscopic
signature from EELS is quite definitive.
Figure 2i shows the ADF-STEM image taken simulta-

neously with a 2D EELS map, where the high contrast
N atom is indicated by the dashed red circle. From
the 2D EELS map, the signal associated with the
C K-edge spectroscopic region (∼280�320 eV) was
used to generate the C map in Figure 2j and the signal
from the N K-edge region (∼400�430 eV) was used to
generate the N map in Figure 2k. Figure 2l overlaps
these two elemental maps with the ADF-STEM image

from Figure 2i to show the correlation between the
N signal and the single bright contrast atom. Given
that the C K-edge EELS signal drops dramatically at
the same location that the N K-edge EELS increases
dramatically, informs us that there is no C atom under-
neath the N atom, and therefore the N atom is a direct
substitution for a single C atom.
The 2D EELS map with correlated ADF-STEM images

enables the extraction of the spatial locations of EELS
signals to understand how the spectrum changes with
different atomic positions. Figure 3 shows more spec-
troscopic detail regarding the C K-edge and N K-edge
EELS signals. Figure 3a is the ADF-STEM image taken

Figure 3. (a) ADF-STEM image taken simultaneously with the EELSmap. Same image as in Figure 2i. (b) ADF-STEM imagewith
high signal-to-noise of the same N dopant in graphene. (c) EELS corresponding to the boxed regions indicated in (a). (d)
N K-edge EELS from averaging three different spectra taken from different areas containing single N substitutional dopants.
(e) C K-edge region of the EELS corresponding to boxed regions in (a). (f) π* region of the C K-edge EELS corresponding to the
boxed regions in (a).
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simultaneously with a 2D EELS map. To obtain EELS
with decent signal-to-noise requires an increase in the
integration time at each point, and this has the effect
of taking longer to acquire the ADF-STEM image in
Figure 3a compared to a normal single ADF-STEM
image shown in Figure 3b of the same area. During
the 2D EELS mapping there is some slight drift, and
therefore the spatial resolution of the ADF-STEM image
acquired at the same time, Figure 3a, is less than in
Figure 3b, which is taken with a faster scan rate.
EELS from the boxed regions numbered in Figure 3a

are presented in Figure 3c�f, with different energy
resolution and regions explored. Figure 3c shows the
N K-edge EELS signal from location 0, while all other
atoms show just C K-edge signals. There is appreciable
C K-edge EELS signal in location 0, and this is because
of the inability to fully spatially separate the N atom
from the neighboring C atoms and also from the
delocalization effect in EELS measurements. In order
to obtain a higher signal-to-noise N K-edge EELS, we
average three EELS measurements taken of identical
N substitutional dopants in different regions of the
sample, shown in Figure 3d. This profile provides a clear
signature for substitutional N dopants in graphene and

matches the theoretical predicted EELS profile recently
calculated for a N substitutional dopant.27 Analysis
of the C K-edge EELS shows some interesting results,
Figure 3e and f. The C K-edge π* peak shifts to higher
energy (þ0.6 eV) the closer the atoms are to theN atom.
The σ* signal drops in intensity, relative to the π*, the
closer the C atoms are to the N atom.
In order to confirm the shift in the π* C K-edge

peak is significant and not due to instability of the
spectrometer, we examined around a second N atom
substitutionally doped in graphene, Figures 4 and 5.
The ADF-STEM image in Figure 4a was taken simulta-
neously with a 2D EELS map. The EELS from the
C atoms numerically labeled in Figure 4a are shown
in Figure 4b and c. The N K-edge signal is again
observed for the bright atom in Figure 4a. Analysis of
the C K-edgeπ* region, Figure 4c, shows that the signal
associated with atom 1 has an upshifted peak value
compared to atoms 2�4. This confirms that the C
atoms bonded to the single substitutional N atomhave
upshifted π* peak and lower σ* peak values. The shift
in peaks is quite different from those observed for
atoms at the edge of graphene, where typically
new low-energy peaks below the π* are detected.22

Figure 4. (a) ADF-STEM image of substitutional N dopant in graphene obtained simultaneously with the EELSmap. EELS from
the numbered atoms 1�5 from (a), showing both C K-edge and N K-edge regions. (c) EELS from the numbered atoms 1�5
from (a), showing only the C K-edge region. DFT-simulated EELS for equivalent atoms numbered 1�4 from (a) and 5 for
pristine graphene model.
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The 2D spectroscopic maps in Figure 5a�d for C and N
show that the single N atom replaced a single C atom in
the lattice.
We performed density functional theory simulations

of the C K-edge EELS for the equivalent atoms of 1�5 in
the experimental data in Figure 4a, shown in Figure 4d.
For atom 1 (red curve in Figure 4c and d), the DFT
shows an upshift in the π* peak of ∼1 eV, two new
peaks at 287.6 and 290.6 eV, and an upshift of the σ*
peak of∼0.8 eV. While there is a slight deviation in the
quantitative values of the peak upshifts, the overall
qualitative trends predicted by DFT are observed in
the experimental data in Figure 4. These results con-
firm the upshifted π* peak in the C K-edge EELS for
atoms bonded to N in Figure 3f. The peak shifts in the
C K-edge EELS appear strongest for the atoms directly
bonded to the N atom.
The ability to acquire both 2DADF-STEM images and

2D EELS maps enables a direct comparison between
the full width at half-maximum (fwhm) of the two
signals and provides information about the EELS delo-
calization effect in our measurement. Figure 5e shows
the unprocessed ADF-STEM image that was originally
presented in Figure 5a, with a yellow dashed box
indicating the region for a line profile. Figure 5f shows
the nonsmoothed N K-edge 2D spectroscopic image
with the bright pixels coming from the same region as
the ADF-STEM image. A yellow dashed box also in-
dicates the region for line profile analysis. Figure 5g
and h show the line profiles plotting (g) the ADF-STEM
signal intensity and (h) the N K-edge EELS intensity as a
function of distance. A double Gaussian fit to the
ADF-STEM profile, Figure 5g, gave a fwhm for both

the C and N atoms of 0.11 nm ( 0.01 nm, indicated
with the red arrow. For Figure 5h, a single Gaussian fit
gave a fwhm of 0.21 nm ( 0.03 nm shown with a red
arrow, which is within a similar range to the values
previously reported for a single Si dopant in graphene.28

The fwhm of the ADF-STEM peak is as expected for
the resolution of the microscope used and reflects the
quality of the image in terms of the ability to resolve the
peaks between the neighboring C and N atoms. Com-
paring this to the fwhm of the N K-edge EELS shows
nearly twice the value. Since both the ADF-STEM image
in Figure 5e and theEELSmap inFigure 5fwere acquired
simultaneously, the difference in resolution is primarily
due to the EELS delocalization effect.
In Figure 6 we plot the normalized ADF-STEM signal,

N K-edge EELS signal, and the C K-edge EELS signal
(from the same line profile location) all on the same
distance axis. It shows that some N K-edge signal is
still detected at the position of the C atom to the left of
the N atom due to the delocalization effect. The fwhm
of the N atom using K-edge EELS imaging measured
in Figure 5 of ∼0.21 nm is right on the threshold of
the spatial resolution required to resolve the position
of C atoms in graphene (∼0.21 nm). This indicates that
it is challenging to obtain 2D spectroscopic maps with
lattice structure in graphene resolved, supporting the
findings in ref 28. However, using a slower EELS line
scan across graphene to achieve higher signal-to-noise
can lead to the ability to resolve the C�C bond,
as shown in Figure 6b. The two peaks labeled C�C in
Figure 6b, regions 3 and 4, showwhere splitting can be
seen in both the ADF-STEM image and the signal from
the C K-edge EELS. Extending this to 2D EELS maps is

Figure 5. (a) ADF-STEM image (0.68 nm� 0.68 nm) taken simultaneously with the 2D EELSmap. (b) Overlap of C K-edge EELS
map (red) and N K-edge EELS map (green) with ADF-STEM image. (c) 2D spectroscopic map based on the C K-edge EELS
(smoothed once). (d) 2D spectroscopic map based on the N K-edge EELS signal (smoothed once). (e) Unprocessed ADF-STEM
image of (a) used for line profile analysis. (f) 2D spectroscopic EELS map (0.68 nm � 0.68 nm) using the N K-edge (without
smoothing). (g) Boxed line profile of the ADF-STEM signal as a function of distance along the region indicated by the yellow
box in (a). (h) Boxed line profile of the N K-edge EELS signal as a function of distance taken across the region indicated with a
yellow box in (b).
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challenging due to the higher constraints placed on
sample drift to achieve an image compared to a line
profile. Even within the line scan in Figure 6b, some of
the other peaks do not show splitting due to drift of the
sample.
As mentioned previously, we noticed that the N

dopants were primarily located either in defects or
around edges. In Figure 7, we track the dynamics of a
single N dopant in graphene during sp2 bond recon-
structions induced by the electron beam. We saw in
Figure 1 that the N atom was stable during reconfigura-
tion, and in Figure 7 we examine this in a second
example with more frames capturing the dynamics of
the transformation process. Figure 7a�h show a series
of ADF-STEM images taken from a region containing a
bright contrast atom, indicated with a white dashed
circle. To confirm that the bright contrast atom is N, 2D
EELS maps were taken in between some of the frames

(Figure 7a�h). For example, after theADF-STEM image in
Figure 7d was taken, we acquired a 2D EELS map with
a simultaneous ADF-STEM image of the same region
(shown in Figure 7i). We then generated a N K-edge
spectroscopic map, Figure 7j, showing the strong N
signal locatedon the sameposition as thebright contrast
spot, indicated with the dashed white circle. The EELS in
Figure 7k shows the N K-edge signal from the N atom in
Figure 7j. A similar studywas done after Figure 7f to yield
Figure 7l�n, and after Figure 7h to yield Figure 7o�q.
The time sequence in Figure 7 shows the N atom

remains in the lattice throughout a sequence of bond
rotations and lattice restructuring. Previous work
showed that N atoms are stable within the lattice of
graphene under electron beam irradiation at an accel-
erating voltage of 80 kV and at room temperature.29

The final image in Figure 7h shows the N atom near the
edge after beam-induced sputtering has increased the
hole size. The N atom sits within a pentagon structure
at the graphene edge. The N atom has remained in
the same position, within a lattice spacing, throughout
the reconstruction process, revealing that there is
hardly any migration within the lattice at this tempera-
ture. These images show the high stability of the N
atom during structural reconfiguration at elevated
temperature of 500 �C.
In order to confirm the observations in Figure 7,

we examined another case of a N dopant located near
the edge during structural reconfiguration, Figure 8.
Figure 8a shows a low-magnification ADF-STEM image
with the yellow boxed region showing where the
single N dopant is located. Figure 8b shows a high-
magnification ADF-STEM image of this region, and the
increased contrast from the N atom is observed (white
dashed circle). The N atom is situated within a penta-
gon ring in Figure 8b. Another image taken 270 s later,
Figure 8c, shows three atoms have been lost from the
edge of graphene and a subsequent bond rotation has
occurred. The N atom still remains relatively fixed in its
position after this and is still situated in a pentagonal
ring. After a further 55 s (Figure 8d), a couple of bond
rotations have occurred, as well as the addition of one
extra C atom to the edge, resulting in a full hexagonal
lattice structure around theNdopant. Figure 8e�h show
schematic atomic models that represent the structures
observed in the ADF-STEM images in Figure 8b�d.
We imaged this same region after a further 130 s, and
the structure remained free from pentagonal rings
around the N dopant, indicating that once the lattice
reconstructs to hexagonal rings it remains stable in this
configuration around the N dopant. Figure 8 confirms
the findings in Figure 7, that substitutional N atoms are
stable in the lattice and remain fixed in their location.

CONCLUSION

Our results have demonstrated that using a high-
temperature in situ holder at 500 �C removes the

Figure 6. (a) Normalized plots of the line profile values
obtained for the intensities of the C K-edge EELS, ADF-STEM
signal, and the N K-edge EELS along the distances indicated
in Figure 5e and f. (b) Comparison of ADF-STEM signal and
C K-edge EELS signal for a slow line scan across graphene
to achieve high signal-to-noise. The plot is broken into
six different regions, labeled 1�6. Regions 3 and 4, labeled
with C�C, show where both ADF-STEM and EELS line scan
resolve theC�Cbond. Twopeaks are resolvedwithin region
3, and two peaks resolvedwithin region 4. The region of the
line scan is shown in yellow in (c). (c) ADF-STEM image of
monolayer graphene showing a yellow line used for a line
scan EELS and ADF acquisition.
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surface contamination on graphene and enables clean
surfaces for examination. We found isolated N dopants
within the graphene that were direct substitutions for

C atoms. These N dopants were extremely stable in the
lattice and remain fixed in their position even during
local sp2 bond reconstruction. The N dopants were

Figure 7. (a�h) Time series of ADF-STEM images capturing the dynamics of a single N atom in defects near the edge of
graphene. White dashed circles indicate the location of the N atom. Time between images is ∼20 s. (i) ADF-STEM image
acquired simultaneously with 2D EELSmap for (d), with a corresponding N K-edge EELSmap in (j) and the EELS in (k) showing
the presence of a N K-edge. (l) ADF-STEM image acquired simultaneously with a 2D EELS map for (f), with a corresponding
N K-edge EELS map in (m) and the EELS in (n) showing the presence of a N K-edge. (o) ADF-STEM image acquired
simultaneously with a 2D EELS map for (h), with a corresponding N K-edge EELS map in (p) and the EELS in (q) showing the
presence of a N K-edge. The images in (i), (l), and (o) are not aligned.

Figure 8. (a) ADF-STEM image of a region near the edge of graphene containing a single N dopant. (b) Higher magnification
ADF-STEM image of the region indicated with the yellow box in (a), showing the single N atom, white dashed circle. (c) Same
area as in (b) but taken after a further 270 s. (d) Samearea as in (c), but takenafter a further 60 s. (e) Atomicmodel for the image
in (b). (f) Atomic model for the image in (c). (g) Atomic model showing the bond rotation (yellow) that helps convert the
pentagonal rings to hexagonal rings. (h) Atomic model for image (d). Red atom in (e)�(h) indicates N atom.
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readily observed within pentagonal rings and hexa-
gonal rings. Detailed EELS of the single N dopants
revealed new information about both the C and
N K-edge spectra. C K-edge spectra showed a shift in
the π* peak for atoms around the N dopant, which
matched DFT simulations. N K-edge spectra showed

a unique profile that matched recent DFT simulations
for isolated N substitutional dopants in graphene.
These results provide detailed fundamental informa-
tion that will influence our understanding of the EELS
of N-doped Cmaterials and the processing of N-doped
graphene at elevated temperatures.

METHODS
Graphene Synthesis by CVD and Transfer to TEM Grids. Graphene

was synthesized by atmospheric pressure chemical vapor de-
position using molten copper as the catalyst under previously
reported conditions.21 Copper foil (99.999%purity, 0.1mm thick
Alfa Aesar) was placed onto a similarly sized Mo foil and loaded
into a 1 in. quartz tube in a CVD furnace system. A gas flow of
100 sccmH2/Ar (20%gasmix) and 200 sccmpure Ar was used to
flush the system while the temperature ramps up to 1090 �C.
The sample was then placed into the center of the hot furnace
by sliding the quartz tube and then left to anneal for 30 min.
Then CH4 flow (1%gasmix in Ar) was introduced for 1 h at a flow
rate of 10 sccm, with the H2 set at 80 sccm. The sample was
cooled and removed from the furnace. PMMA was spin-coated
onto the surface, and the Cu metal etched away using FeCl3.
The graphene-PMMA is then washed several times in water
and then transferred onto a SiN TEM grid with 2 μm holes. The
PMMA was removed by burning in air overnight at 300 �C and
then under vacuum overnight at ∼180 �C.

Scanning Transmission Electron Microscopy. A JEM 2100F with a
cold field emission source and DELTA-type aberration correc-
tors was operated at 60 kV for STEM and EELS. The beam current
was estimated at around 40 pA in a 0.1 nm probe. The
convergence semiangle (R) was 35 mrad and the inner acquisi-
tion semiangle (β) was 62 mrad for the ADF imaging and EELS
collection. Carbon K-edge ELNES analysis was performed with
an energy dispersion of between 0.05 and 0.1 eV, and the ac-
quisition time for each spectrum set to between 0.05 and 0.2 s.
The zero loss width of the incident electron beam was about
0.35 eV. A JEOL high-temperature holder was used to heat the
sample to 500 �C during imaging and spectroscopy to remove
surface contaminations. EELS data were processed using the
Cornell Spectrum Imager plugin in ImageJ.30 ADF-STEM images
were first smoothed using a Gaussian blur filter in ImageJ,
followed by appropriate adjustment of brightness/contrast
settings. Color images were generated by changing the look-
up table from grayscale to “fire” in ImageJ.

Carbon K-Edge ELNES Simulations for Edge Structures of Graphene by
All-Electron Band Calculation. The structure of graphene was initi-
ally modeled with a hexagonal structure (a = b = 246.4 pm,
c = 1280.33 pm). A graphene sheet of a 3� 3� 1 supercell with
P6m2 symmetry was created in order for a carbon atom with a
core-hole to be well separated. For N-doped graphene, one
of the carbon atoms in 3 � 3 � 1 graphene is substituted by
a nitrogen atom, maintaining three coordination with adjacent
carbon atoms. The nitrogen atom and its neighboring carbon
with a core-hole break the symmetry from P6m to Amm2
with parameters of a = 671.10, b = 739.20, c = 1280.33 pm,
and R = β = γ = 90�. A core-hole is introduced to a carbon atom
in the graphenemodel and one of the carbon atoms adjacent to
nitrogen in order to simulate carbon K-edge spectra.

We performed all-electron band calculation by usingWien2k
code (version 12.1), based on the linearized augmented plane
wave (LAPW)method.31 The radius of themuffin tin sphere, RMT,
of carbon was set to 1.34 Å in the graphene model. The RMT

of carbon and nitrogen atoms were set to 1.30 and 1.37 Å
for N-doped graphene. We use the Perdew�Burke�Ernzerhof
generalized in the gradient approximation (PBE-GGA)32 of the
exchange�correlation potential with an energy separation of
�6.0 Ry between core and valence states. The magnitude of the
largest vector,Gmax, was set to 12.0 Ry. The value of RKmax, which
determines the number of basis functions (size of the matrices),
was set to 7.0 Ry. Emax, the extension of energy levels for

unoccupied DOS, was set to 2.5 Ry. The number of k-points
was set to 1000 during the self-consistent field (SCF) iterations in
which the convergence criterionwas set to 0.0001 Ry.Wedid the
SCF calculations without a core-hole (ground state) and with a
core-hole (final state) for both graphene andN-doped graphene:
one electron is removed from a frozen core state and added to
the valence band.

The ELNES spectrum of the carbon K-edgewas simulated by
the TELNES3 program in Wien2k.33 The k point is increased up
to 1000 (9 � 10 � 10) for the ELNES simulation of N-doped
graphene. The fwhm was set to 0.5 þ 0.1 � (εk � εthreshold) eV,
where the fwhm increases with increasing energy differential
between the threshold energy, εthreshold, and the energy above
the threshold, εk.

34 The experimental parameters were based
on the present experimental conditions of 60 kV beam energy,
62.0 mrad collection angle, and 35.0 mrad convergence angle.
The carbon K-edge ELNES with main and orbital quantum
numbers, n = 1 and l = 0 was calculated, based on the final
state selection rule of Δl = (1. The threshold energy of the
carbon K-edge was calculated from the energy difference,
Eground‑state � Efinal‑state, where Egroun‑state and Efinal‑state are the
total energy with the electron configuration of the ground state
and the final state (an electron removed from the 1 s band and
added into the valence band during SCF calculations), respec-
tively. As the π* peak of the graphene model appears 5.6 eV
higher in energy compared to that at 285.5 eV in the experi-
ment, the threshold energy for each carbon is shifted 5.6 eV
downward for better comparison.
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