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C
arbon nanomaterials have a huge
variety of potential uses, ranging from
sensors1 to electronics,1,2 composites,1,2

drug delivery devices,2 andmanymore. The
majority of these applications require spe-
cific properties, and hence the ability to
tailor carbon nanomaterials for a particular
use is the goal of extensive research world-
wide. Several methods to alter the chemical
and physical properties of 1D and 2D car-
bon nanomaterials have been developed,
including the incorporation of heteroatoms
such as nitrogen, boron, silicon, and phos-
phorus.3,4 Doping graphene and carbon
nanotubes with nitrogen is particularly in-
teresting for electrical applications as it can
result in n-type doping of the carbon
material.5,6 Not all nitrogen defects, how-
ever, change the electronic structure in the
sameway. For example, while substitutional
nitrogen defects in single-walled carbon
nanotubes result in n-type doping, pyridinic
nitrogen defects have been predicted to
produce p-type doping.7 Recently, it has
been shown that the synthesis conditions
can affect the way in which nitrogen is
incorporated into chemical vapor deposi-
tion (CVD) graphene.8 In addition to this,

curvature of the graphene sheets can also
affect the relative stability of different defect
types.9 Therefore, different defects are ex-
pected to dominate in carbon nanotubes
and graphene, and knowledge of exactly
how nitrogen atoms are incorporated into
the lattice is vital in understanding and
optimizing the effect of the doping.
Nitrogen dopant atoms in graphene have

been visualized using scanning tunneling
microscopy8,10 and high-resolution trans-
mission electron microscopy,11,12 but in
both cases, image simulations were needed
to interpret the images. In this article, we
show how the powerful combination of
aberration-corrected scanning transmission
electron microscopy (STEM) and electron
energy loss spectroscopy (EELS) can be used
both to identify individual nitrogen atoms
incorporated substitutionally within CVD
graphene and to probe the resulting changes
in the electronic structure. STEM imaging
allows the nitrogen atoms to be identified
via the contrast variation in the images; the
intensity of individual atoms is proportional
to their atomic number,13�15 and therefore,
images can be interpreted without the need
for image simulation. Combining EELS with
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ABSTRACT Precise control of graphene properties is an essential

step toward the realization of future graphene devices. Defects, such

as individual nitrogen atoms, can strongly influence the electronic

structure of graphene. Therefore, state-of-the-art characterization

techniques, in conjunction with modern modeling tools, are

necessary to identify these defects and fully understand the

synthesized material. We have directly visualized individual sub-

stitutional nitrogen dopant atoms in graphene using scanning transmission electron microscopy and conducted complementary electron energy loss

spectroscopy experiments and modeling which demonstrates the influence of the nitrogen atom on the carbon K-edge.
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STEM enables the simultaneous collection of images
and bonding information. This combination of techni-
ques has recently allowed the identification of sub-
stitutional silicon atoms in graphene.16,17 However,
recording EELS from a single nitrogen dopant is a
significantly greater challenge due to themuch smaller
cross section of the nitrogen K-edge as compared to
the silicon L-edge, and although it may be possible to
detect the nitrogen K-edge,18 resolving the fine struc-
ture is very difficult. Instead, we show that the effect of
the nitrogen on the neighboring carbon atoms results
in ameasurable change in the carbon K-edge EELS fine
structure. As there are three neighboring carbon atoms
for each single substitutional nitrogen atom, and the
cross section for scattering from carbon is higher than
for nitrogen, the change in the carbon K-edge is more
easily observed than the presence of the nitrogen
K-edge fine structure. First-principles calculations are
used to directly relate the changes in the observed EELS
spectra to theC�Nbond. Thismethodprovides awayof
probing the electronic structure without needing to
obtain EELS fine structure information from the dopant
atoms itself and could be applied to other dopant atoms
with EELS edges that are difficult to observe.

RESULTS AND DISCUSSION

STEM was used to look for evidence of nitrogen
atoms in the nitrogen-containing CVD graphene
(N-graphene) sample. Figure 1 shows a medium-angle
annular dark-field (MAADF) image with a brighter
dopant atom within the graphene lattice. The image
was processed using a filter as described in ref 19, but
the bright atom can also be seen in the raw image (see
Supporting Information). The intensity variation is due
to Rutherford scattering from the partially screened
atomic nucleus and should increase with atomic num-
ber as Zν where ν is expected to be in the range
1.5�1.8. Statistical analysis of the intensity ratio of
the bright atom to the carbon atoms gives a value of
1.3:1 (see Supporting Information), which, by comparison

with the work of Krivanek et al.,19 identifies the dopant
atom as being nitrogen.
The nitrogen atom in Figure 1 has replaced a carbon

atom within the graphene lattice. Indeed, we found
that all the dopant atoms observed in this study
occurred as substitutional defects. This is in agreement
with a recent STM study on CVD nitrogen-doped gra-
phene produced under similar synthesis conditions.10

We recorded EELS spectra to examine the effect of
the dopant on the electronic structure of the surround-
ing carbon atoms. A predefined region around a
dopant atom was repeatedly scanned to acquire EELS
spectra (for instance, the red box in Figure 2a). Mon-
itoring theMAADF image of this region during the EELS
acquisition enabled us to counteract any sample drift
and ensure that the nitrogen atom remained centered
in the scanned area. Several exposures were acquired
and summed to reduce the noise in the EELS measure-
ments. By comparing the EELS spectra taken from the
region surrounding a nitrogen dopant with that from
pristine graphene, we can see that the nitrogen does
influence the carbon K-edge (Figure 2b). The primary
change is an extra feature at ∼290 eV. While this
change is quite subtle, it is reproducible and was seen
for all the dopant atoms studied (see Supporting
Information). There are two sharp peaks in the spectra
at ∼297 and 302 eV which must be associated with a
particular channel on the CCD as we found that they
did not move when the drift tube was changed. This
indicates that they are not real features and are most
likely due to bad pixels. It is important to note that
despite recording the energy range containing the
nitrogen K-edge we found that this feature was not
visible in our spectra. This can be ascribed to a combi-
nation of two factors; first, there are fewer nitrogen
atoms than carbon atoms present in the scanned
region, and second, the cross section for nitrogen is
smaller than that for carbon by a factor of ∼2. The
combination of these two factors means that the
nitrogen K-edge is expected to be ∼20 times smaller

Figure 1. (a) MAADF image of a single layer of graphene showing a bright dopant atom. (b) Intensity profile showing the
increased intensity from the dopant atom.
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than the carbon K-edge and would not be expected to
be visible above the noise.
In order to understand the observed changes in the

EELS spectra from the defect region, we used first-
principles quantum mechanical simulations using a
plane-wave pseudopotential density functional theory
code (CASTEP)20 together with the OptaDOS spectral
simulation code.21 We simulated EELS spectra for the
three symmetrically unique atoms closest to the nitro-
gen dopant (Figure 3) and for pristine graphene. The
EELS spectrum of pristine graphene shows a π* peak at
∼1 eV and a σ* peak at ∼8 eV above the edge onset.
By comparison, the spectrum from the carbon atom
directly bonded to the nitrogen (C1) has an additional
peak at ∼4.5 eV above the edge onset (Figure 4).
Spectra from carbon atoms further away from the
nitrogen atom do not feature this additional peak
and more closely resemble pristine graphene; how-
ever, the next nearest neighbor carbon (C2) has a
noticeably earlier onset to its σ* peak.
To understand the origins of the additional peak, we

examine the site-projected partial density of states
(p-DOS) as within our dipole approximation only states
with p-like character will contribute toward the spec-
trum. As expected, the p-DOS from atomC1 (Figure 4b)
has a peak at∼4.6 eV corresponding to the extra peak
in the EELS spectrum simulated from this atom. Visua-
lization of these states (Figure 5) shows that they are
concentrated around the nitrogen defect and the
atom C1. The inclusion of the core hole in the simula-
tion is crucial as without it the extra peak in the
spectrum is smaller and higher in energy, making it
much more difficult to distinguish from the σ* peak at
∼8 eV. The states visualized in Figure 5 hence arise
from the interaction of the nitrogen atom and the core
hole on the carbon atom. The alignment of these states
along the C�N bond manifests itself in the orientation
dependence of the simulated spectra; the peak is only
present when there is a contribution from themomen-
tum transfer (q) associated with the beam electron
along the C�N bond (see Supporting Information).

Extra peaks are also present in the p-DOS from atom
C2 and, as they are at higher energies (5.4 and 6.1 eV)
and not as sharp, these peaks are responsible for the
less sharp onset seen in the EELS spectrum simulated
from this atom. The p-DOS for atom C3 does not
contain any extra peaks in this region.
The measured EELS spectrum (Figure 2b) contains

contributions from approximately 11 atoms surround-
ing the nitrogen dopant, only three ofwhich are directly
bonded to the nitrogen atom. In order to compare the
simulated data with experiment, we combine the com-
puted EELS spectra from atoms C1, C2, and C3 in the
ratio 3:6:2, consistent with the scanned area outline by a
red box in Figure 2a. The feature at ∼5 eV above the
edge onset is still present in the combined spectrum
(Figure 6), but the prominence of the feature in the

Figure 2. (a) Processed MAADF image of a dopant atom in graphene. (b) Carbon K-edges obtained from the region (outlined
by a box) surrounding the dopant atom shown in (a) and froma region of pristine graphene. (The peaks in the spectra at∼297
and 302 eV are artifacts and are likely to be due to bad pixels on the CCD camera.)

Figure 3. Graphene lattice containing substitutional nitro-
gen atoms with the unit cell marked in solid (gray) lines and
the symmetrically unique atoms labeled according to their
distance form the nitrogen dopant atoms. The dashed (red)
lines provide a guide for the eye.
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spectrum has been reduced by the addition of the
spectra from atoms C2 and C3. Our simulations show
an isotropically averaged spectrum; however, we expect

that the observed spectrum will correspond to a range
of momentum transfer directions which differ from an
isotropic average. The distribution will change the ratio
of the peak heights, but withstanding this, we can
clearly identify the additional feature in the defect
region EELS spectrum as resulting from the C�N bond.

CONCLUSION

In summary, substitutional nitrogen defects in CVD
graphene have been visualized using contrast varia-
tion in STEM without the need for image simulations.
Simultaneous recording of the EELS spectra has pro-
vided complementary bonding information, and there
is a change in the carbon K-edge from the region
surrounding the nitrogen dopant atom compared to
pristine graphene. Modeling shows that the change in
the carbon K-edge near to the nitrogen defect is due
to the influence of the nitrogen atom on the electro-
nic structure of the neighboring carbon atoms, and
the extra feature can be attributed to the C�N bonds.

Figure 4. Simulated EELS spectra (a) and p-DOS (b) from pristine graphene and atoms C1, C2, and C3.

Figure 5. (a) Isosurface of the charge density (constructed using the wave functions at the gamma point) of the bands which
contribute to the peak at∼4.6 eV in the C1 p-DOS (isosurface value 0.03 e/Å3). (b) Variation of the charge density distribution
in the plane of the atoms.

Figure 6. Experimental and modeled EELS spectra from
pristine and defect regions.
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The combination of the larger cross section for carbon,
compared to nitrogen, and the fact that there are three
neighboring carbon atoms for one nitrogen defect
means that it is possible to see the change in the
carbon K-edge even though the nitrogen K-edge was
not detected. Using the change in electronic structure
on the surrounding carbon atoms has been shown to
be a useful way of probing the electronic structure of a

dopant defect when the EELS edge of the dopant atom
itself is difficult to detect. Doping offers the potential to
tailor the properties of graphene and carbon nano-
tubes for a myriad of applications, such as sensors and
electronics. Characterization methods such as those
demonstrated here are essential to fulfilling this po-
tential because they allow us to fully understand and
optimize the effect of doping.

MATERIALS AND METHODS
We synthesized CVD N-graphene from nitrogen-containing

precursors. Further details of the synthesis can be found in the
Supporting Information. A TEM sample was then prepared using
a method similar to that described by Regan et al.22 but with
ammonium persulfate used as the copper substrate etchant.
STEM imaging and EELS measurements were carried out

using an aberration-corrected Nion UltraSTEM 100, operated
at 60 kV to minimize knock-on damage caused by the electron
beam.11,23,24 The UltraSTEM is equipped with a cold field
emission electron source, a corrector capable of neutralizing
up to fifth order aberrations,25 and an Enfina EEL spectrometer.
For imaging, we used the medium-angle annular dark-field
(MAADF) mode (with inner and outer detector angles of 41.1
and 195 mrad) as this mode has been successfully used by
Krivanek et al.19 to identify carbon and oxygen atoms incorpo-
rated substitutionally within a boron nitride sheet.
In order to model the EELS spectra, we used a periodic model

of nitrogen-substituted graphene in which the nitrogen defects
were separated by ∼12 Å (a 5 � 5 � 1 supercell). Geometry
optimization of this model produced a C�N bond length 1 �
10�2 Å shorter than that of the C�Cbond in pristine graphene, a
lattice distortion too small to be observed in the presentMAADF
images.19 The core hole was included in the EELS simulations by
constructing a pseudopotential with an electron removed from
the 1s orbital. We carefully checked that the spectra reported in
Figure 4 did not change when any of the numerical criteria
controlling the simulation were increased (e.g., basis set size,
Brillouin zone sampling, supercell size). Further details of the
calculations can be found in the Supporting Information.
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