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Purely substitutional nitrogen on graphene/Pt(111)
unveiled by STM and ﬁrst principles calculations
Ana Martín-Recio,a Carlos Romero-Muñiz,b Pablo Pou,b,c Rubén Pérezb,c and
José M. Gómez-Rodríguez*a,c,d
Nitrogen doping of graphene can be an eﬃcient way of tuning its pristine electronic properties. Several
techniques have been used to introduce nitrogen atoms on graphene layers. The main problem in most
of them is the formation of a variety of C–N species that produce diﬀerent electronic and structural
changes on the 2D layer. Here we report on a method to obtain purely substitutional nitrogen on graphene on Pt(111) surfaces. A detailed experimental study performed in situ, under ultra-high vacuum conditions with scanning tunneling microscopy (STM), low energy electron diﬀraction (LEED) and Auger electron spectroscopy (AES) of the diﬀerent steps on the preparation of the sample, has allowed us to gain
insight into the optimal parameters for this growth method, that combines ion bombardment and anneal-
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ing. This experimental work is complemented by ﬁrst-principles calculations and STM simulations that
provide the variation of the projected density of states due to both the metallic substrate and the nitrogen
atoms. These calculations enlighten the experimental ﬁndings and prove that the species found are graphitic nitrogen. This easy and eﬀective technique leads to the possibility of playing with the amount of
dopants and the metallic substrate to obtain the desired doping of the graphene layer.

Introduction
The atomic arrangement in the one atom thick graphene (G)
layer is responsible for all the striking structural and electronic
properties of this material.1–4 Its sp2 hybridization leads to a
planar atomic array with an electronic structure close to the
Fermi level dominated by the π bands generated by the
remaining p orbitals, having a 0 eV band gap with linear dispersion in the vicinity of the K-points. As a consequence, at
low energies, both electrons and holes can be described as
massless Dirac fermions with a Fermi velocity only ∼300 times
smaller than the speed of light. This ultrahigh carrier velocity
and many other electronic remarkable graphene properties
make this material a certain silicon substitute in the near
future.5–8 However, in order to use graphene in electronic
devices, we must first be capable of tuning its electronic structure to open the desired gap or to modify the charge carrier
concentration to our whim. With this objective of tailoring

a

Departamento de Física de la Materia Condensada, Universidad Autónoma de
Madrid, E-28049 Madrid, Spain. E-mail: josem.gomez@uam.es
b
Departamento de Física Teórica de la Materia Condensada, Universidad Autónoma
de Madrid, E-28049 Madrid, Spain
c
Condensed Matter Physics Center (IFIMAC), Universidad Autónoma de Madrid,
E-28049 Madrid, Spain
d
Instituto Nicolás Cabrera, Universidad Autónoma de Madrid, E-28049 Madrid,
Spain

17686 | Nanoscale, 2016, 8, 17686–17693

graphene’s electronic properties, acceptor/donor centers, such
as boron or nitrogen atoms, have been already intensively
studied.9–14 Also, the nitrogen-doped graphene, in which we
will focus in this work, has proved to have unique catalytic properties in several electrochemical reactions,15–19 such as
oxygen or hydrogen peroxide reduction for fuel cell applications
and biosensors.16–19 For all these reasons, N-doped graphene
has already been grown following several diﬀerent methods
such as chemical vapor deposition (CVD),20–25 nitrogen plasma
treatment,9,26–29 redox reactions,8 ion implantation13,30,31 or an
improved version of this last one.12,32,33 This modified technique, basically consisting on annealing the sample to high
temperatures after the ion bombardment, has already proved to
result in better samples with only two kind of nitrogen species
on graphene on metals: graphitic and pyridinic nitrogen
(see Fig. 1).12 It has been determined that the substitutional or
graphitic nitrogen structure is energetically more favorable
although pyridinic nitrogen can also be kinetically stable when
surface defects do exist or have been created during bombardment.23,32,34,35 For this reason, graphene grown on metals could
be a good platform for these studies due to the high quality and
crystallinity of pristine graphene on these substrates.36–38
Besides, the shift of graphene’s Dirac cone on the graphitic and
pyridinic centers are opposite: substitutional nitrogen will
n-dope the sample while pyridinic nitrogen shifts the π band on
the opposite direction.22,23 Thus, in a sample with both kind of
species, one will cancel the doping eﬀect of the other.
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Fig. 1 G/Pt(111) scheme (Pt atoms in blue and C atoms in gray) with
two nitrogen atoms ( pink) incorporated to the graphene lattice in two
diﬀerent ways: (a) graphitic or substitutional nitrogen in which a nitrogen
atom has replaced a carbon atom. (b) Pyridinic nitrogen in which the
nitrogen has replaced a carbon atom with only two bonds with its
neighbouring C atoms. Pyridinic nitrogen is always related with defects
in the 2D layer.

Creating purely graphitic nitrogen on graphene on metals
seems then to be an interesting issue to tackle and that has
not been reached yet. For this reason, we report here a
thorough study on the nitrogen ion implantation + annealing
method that, on a highly crystalline graphene/Pt(111), results
on a purely graphitic nitrogen–graphene sample. An advantage
of using Pt(111) as the substrate is that its very low graphene–
metal coupling leads to the formation of almost flat graphene
moiré patterns39 that will allow us to distinguish and analyze
the nitrogen structure on the 2D atomic lattice. We suggest
that the annealing procedure facilitates atom recombination
and elimination of the defects created during bombardment,
leading to only substitutional nitrogen on the sample. Some
hints of this behavior will be shown on our scanning tunneling
microscopy (STM) images measured before and after annealing the sample. Also, the ion energy range for a good sample
growth is shown through the combination of STM with low
energy electron diﬀraction (LEED) and Auger electron
spectroscopy (AES) techniques. Lastly, with density functional
theory (DFT) calculations, graphene’s structural and electronic
behavior near the nitrogen centers will be shown and
discussed. With the aid of STM simulations based on these
DFT results, the structures resolved on the experimental
measurements are finally unveiled and unequivocally related
to the graphitic configuration of nitrogen on graphene grown
on Pt(111) substrate.

Methods
Experimental details
Experiments and sample preparation were carried out under
ultra-high vacuum conditions (UHV) with a base pressure below
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1 × 10−10 Torr. The system is equipped with a variable temperature scanning tunneling microscope (VT-STM)40,41 that operates
in a temperature range from 40 K to 400 K and with a four-grid
LEED/AUGER system for the characterization of the surfaces.
The Pt(111) surface was cleaned by cycles of argon
bombardment at 1 kV and annealing at 800 °C while keeping
the sample in an oxygen atmosphere (Poxygen = 5 × 10−7 Torr)
to avoid carbide formation at the surface from carbon
segregation from the bulk. The graphene monolayer was
grown via chemical vapor deposition (CVD) of low pressure
(3 × 10−7 Torr) ethylene (C2H4) at 1000 °C. Such a procedure
results in large, defect-free graphene areas.42 After the
graphene surface was checked with LEED, we proceeded with
the nitrogen irradiation performed by means of a simple ion
gun (the same that was used for cleaning purposes) in which
nitrogen molecules were ionized by electron impact and then
accelerated against the sample with a certain energy and an
angle of 45° with respect to normal incidence. Finally, the
bombarded sample was annealed to high temperatures
(1000 °C) to mainly reconstruct the graphene layer. The exact
parameters used for this procedure are discussed in the following sections. After that, the sample was transferred to the
VT-STM chamber where the STM measurements were done at
room temperature (RT). Data acquisition and image processing
were performed with the WSxM software from Nanotec
Electrónica S.L.43 (http://www.wsxmsolutions.com). All AES
experiments were always performed after STM measurements.
Computational details
In this work we have performed several DFT calculations using
the plane wave code VASP.44 We have used a 400 eV energy
cutoﬀ and projected augmented wave pseudopotentials.45,46
We have employed a PBE exchange–correlation functional47
corrected by Grimme’s D2 semiemperical approach48 to take
into account dispersion forces. The parameters of the Pt for
the vdW interaction, not provided by the original Grimme’s
DFT-D2 implementation, were C6(Pt) = 20.00 J nm6 mol−1 and
R0(vdW) = 1.900 Å which have been proved to correctly
describe the G–Pt interaction.39,49 In our simulations we have
used a unit cell which reproduces the most common
G/Pt(111) moiré pattern consisting in a (3 × 3)G cell on a
[(√7 × √7) − R19°]Pt.38,39,50 However, we have used a larger
cell constituted by four moiré unit cells –a 6 × 6 supercell–
with the aim of reducing the dopant concentration to more
realistic values (in this case ≈1.4% atomic N/C). This unit cell
is made by the superposition of a graphene mono-layer and a
four-layer platinum slab with a total of 112 Pt atoms and 72 C
atoms. In this case, we will remove one C atom which will be
substituted by one N atom in diﬀerent parts of the moiré.
The experimental misfit between both lattices is very small
(strain ≈0.5%) so we fixed the C–C distance of graphene at
1.42 Å and adjust the platinum lattice. The full structures were
subjected to electronic self-consistent loops with an accuracy
of 10−6 eV and further ionic relaxation following a conjugated
gradient algorithm until forces upon atoms were smaller than
0.01 eV Å−1. During ionic relaxations the two bottom layers are
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fixed in their bulk positions while all other atoms are allowed
to relax. Workfunctions have been calculated using unit cells
with larger vertical spacings (more than 25 Å in z axis) to
avoid interactions between periodical images and also dipole
corrections have been used in the normal axis. The value was
calculated as the diﬀerence between the vacuum potential
(far enough from the surface, where it becomes flat) and the
calculated Fermi energy. The two-dimensional Brillouin zone
was sampled using a diﬀerent amount of k-points depending
on the calculation type. We used a 3 × 3 × 1 Monkhorst–Pack
grid during ionic relaxation to find equilibrium geometries, a
5 × 5 × 1 grid when calculating workfunctions, a 11 × 11 × 1
grid for STM images and a 21 × 21 × 1 grid when calculating
densities of states (25 × 25 × 1 for the free standing graphene
without the metallic substrate). Finally, STM theoretical
images were obtained using the Tersoﬀ–Hamann approximation51 from the DFT results.
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Fig. 2b, consists mainly in N2+ bombardment of the
sample.53–55 In this case, the energy used to accelerate the ions
was 100 eV and its exposure was kept for around 10 min. As it
can be seen from both STM images (Fig. 2b and its inset), the
surface contains several defects of diﬀerent unspecified
nature. Conversely, if the sample is annealed afterwards to a
temperature of 1000 °C for ∼10 minutes, the surface shows
only one kind of defect randomly distributed on the surface
(Fig. 2c and its inset). If these defects are atomically resolved,
as shown in the inset of Fig. 2c, the detailed atomic structure
is disclosed: one darker atom position is surrounded by 6
brighter ones in a triangular structure. As we will show below,
this structure can be unequivocally assigned to the incorporation of a nitrogen atom in the graphene lattice in a substitutional or graphitic configuration. Therefore, the annealing
process after nitrogen implantation would lead to only one
kind of C–N species in this graphene/Pt(111) system.
High dependence on the bombardment energy

Results and discussion
Modified ion implantation method on graphene on metals
As described in the experimental details, the preparation
method used in this work consists of bombarding the sample
with nitrogen ions and annealing it to high temperatures afterwards. In these section, we oﬀer a detailed insight into the
sample structures in each step of this preparation method by
means of STM measurements.
After graphene growth, the platinum surface is covered by
graphene patches with diﬀerent rotational domains. In Fig. 2a,
the STM image shows two of these domains in which the
diﬀerent orientations with respect to the metallic lattice give
rise to diﬀerent superstructures or moiré patterns.39,50,52 The
inset in this figure is a detailed atomically resolved STM image
of one of these moiré patterns. The second step, shown in

The bombardment energy of 100 eV used in Fig. 2b is not
coincidence but a result of a study of the influence of the ion
energy on the graphene/Pt(111) sample. It has been performed
by means of STM measurements and LEED and AES experiments. The results of the sample preparation for three
diﬀerent ion energies are shown in Fig. 3.
In all the experiments, the exposure to N2+ source was kept
for ten minutes as well as the subsequent annealing to
1000 °C. If the ion energy (Eions) is set higher than 200 eV
(Fig. 3a), the LEED pattern after nitrogen bombardment only
displays the hexagonal structure of the (111) platinum surface.
It does not show the typical ring-like structure of the graphene
rotated several diﬀerent degrees with respect to the metal
periodicity. It suggests then a destruction of the honeycomb
graphene structure due to a too intense N2+ bombardment. If
this sample is annealed afterwards, the carbon atoms that

Fig. 2 STM images illustrating the sample preparation process. All ﬁgures have the same size: (20 × 20) nm2, inset (7 × 7) nm2; (a) pristine G/Pt(111)
(VS = −300 mV, IT = 3.0 nA). Inset: atomic resolution image (VS = 40 mV, IT = 11 nA); (b) G/Pt(111) after bombardment at 100 eV during 10 min with
Iions = 0.02 μA (VS = 620 mV, IT = 0.4 nA). Inset: atomic resolution image (VS = 400 mV, IT = 3.8 nA); (c) G/Pt(111) after bombardment and annealing
at 1000 °C (VS = 1100 mV, IT = 9.4 nA). Inset: atomic resolution image (VS = 1000 mV, IT = 4.5 nA).
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Fig. 3 LEED, STM and AES experiments that show the eﬀect of diﬀerent N bombardment energies on the preparation of N-doped G/Pt(111) surfaces. (a) Eions = 230 eV (PN2 = 1 × 10−5 Torr, Iions = 0.2 μA, t = 10 min). Graphene gets destroyed during bombardment. The later annealing creates
defective graphene patches on the sample. This eﬀect can be observed through the LEED pattern taken after annealing: the graphene signal is weak
and diﬀuse (ELEED_before = 61 eV, ELEED_after = 64 eV). (b) Eions = 140 eV (PN2 = 4 × 10−6 Torr, Iions = 0.04 μA, t = 10 min). LEED pattern and AES spectra
obtained using lower bombardment energy than in (a), prove the good graphene quality but that the percentage of N atoms (7% N/C) is very high.
The STM measurements show that the amount of impurities in the sample is too high to tackle the structure of each one of them separately (AES
primary beam energy = 2.8 keV; ELEED = 62 eV; (60 × 32) nm2 STM image: VS = 830 mV, IT = 1.2 nA). (c) Eions = 100 eV (PN2 = 4 × 10−6 Torr, Iions =
0.02 μA, t = 10 min). LEED (ELEED = 63 eV) and (50 × 50) nm2 STM image (VS = 1100 mV, IT = 9.4 nA) from a sample prepared with an energy of the
ion gun of 100 eV. The N amount is between 0.1 and 0.2% N/C. This last preparation method is the optimum and it was selected for the rest of the
analysis shown here.

remained on the surface reorganize and form defect rich and
distorted graphene patches. For this reason, on the second
LEED of Fig. 3a it can be observed a partial recovery of the graphene ring on the LEED measurements. By decreasing Eions to
∼140 eV, the graphene ring on the LEED measurements is
always kept (also after ion bombardment, inset of Fig. 3b).
After ion bombardment with N2+ and sample annealing, STM
and AES experiments were performed (Fig. 3b). The STM
image shows a great amount of defects on the sample but,
even though all of them do look bright, it was very diﬃcult to
resolve each of them separately to analyze its structure. The
diﬀerential Auger electron spectra taken on this sample confirms the presence of such quantity of nitrogen atoms on the
sample: a value of 0.07 (7% N/C) is obtained from the ratio
between the main peaks corresponding to the nitrogen
(379 eV) and carbon (272 eV) AES transitions. Lastly, if the ion
energy is decreased to ∼100 eV (Fig. 3c), the graphene LEED
pattern is also preserved during the whole process and the
amount of nitrogen is low enough to analyze the sample
properly during the STM experiments. Some statistics were
done from the STM data obtaining a 0.1–0.2% N/C. This last
preparation method has been used for the rest of the analysis
and studies shown in this work.
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Determination of the carbon–nitrogen species
All the atomic features detected in the STM images after the
whole sample preparation procedure summarized in Fig. 3c
are identical. As a proof of this statement an STM image is
shown in the top part of Fig. 4. Identical triangular structures
with atomic resolution, embedded in the moiré pattern’s
modulation, appear on the image.
In order to gain insight into the structural and electronic
properties of the substitutional nitrogen on graphene/Pt(111),
we have performed first principles calculations. First, our DFT
simulations on the pristine graphene/Pt(111) surfaces show, in
agreement with previous work,39 that: (i) graphene grown on
Pt(111) preserves its original flatness exhibiting a minimal geometric corrugation slightly smaller than 2 pm; (ii) the adsorption distance is 3.35 Å, larger than in many other metallic substrates and characteristic of the weakly interacting graphene–
metal systems;56 and (iii) the analysis of the electronic properties of this system points out that the Dirac cone is preserved with some distortion and a shift of ∼+0.45 eV. In order
to simulate substitutional nitrogen on graphene on Pt(111), as
previously described in the methods section, a nitrogen atom
was incorporated into graphene substituting a C atom in two
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Fig. 4 Description of the structures observed by STM measurements.
Top: Experimental (16 × 11.5) nm2 STM image of N-doped graphene
on Pt(111) in which nitrogen atoms are observed due to their particular
triangular distribution of the density of states on their surroundings
(VS = 1100 mV, IT = 4.5 nA). Bottom: (2 × 2) nm2 experimental and
calculated (within the Tersoﬀ–Hamann approximation) STM images of a
substitutional nitrogen on graphene/Pt(111). The moiré pattern used in
the theory is the (3 × 3)G with a 6 × 6 supercell. Experimental
STM image: VS = 1000 mV, IT = 4.5 nA. Tersoﬀ–Hamann image: VS =
1000 mV, isosurface corresponding to 10−5 a.u.

diﬀerent positions within the (3 × 3)G moiré pattern: an atom
located very close to a FCC-hollow position in the platinum
surface, and in the second case, one nitrogen atom just above
one platinum atom, that is, on top position. In both cases no
relevant structural diﬀerences are observed. Only minimal
changes in corrugation (<1 pm) and adsorption distances
(<+0.5%) can be noticed. This fact could be expected as nitrogen dopants do not induce structural modifications in the G
layer33,57 unlike other elements like boron57 or phosphorus.58
STM calculations following the Tersoﬀ–Hamann approximation have been carried out to identify the structures experimentally observed. The result of this theoretical study for the
substitutional nitrogen in FCC-hollow position is shown in the
image labeled as “theory” in Fig. 4, in which it can be perfectly
observed the good agreement between the experimental and the
calculated STM images (no qualitative diﬀerence is observed in
both images with the N at diﬀerent positions). Notice that the
nitrogen atomic concentration of the theoretical system (≈1.4%
N/C) is around one order of magnitude larger than in the experiments (0.1–0.2% N/C). Still, in both, experimental and calculated images, a triangular-shape spot is observed with a dark
center. The explanation of finding a dark spot despite the high
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PDOS on the nitrogen atoms has been deeply discussed
previously in other circumstances:21,33,59–61 the electronic states
of the nitrogen on graphene are more confined in the z direction (therefore they will contribute less to the tunneling current)
than those equivalent states in the surrounding carbon atoms
that also have an excess of electronic charge.
Furthermore, other two nitrogen defects were simulated on
the G/Pt(111) surface: pyridinic nitrogen and a nitrogen
adatom. As observed in Fig. 5, their theoretical STM images
are completely diﬀerent from that of substitutional nitrogen.
Therefore, the comparison between the experimental and the
theoretical STM images leads to the confirmation that our
defects in the graphene/Pt(111) surface are unequivocally
identified as substitutional nitrogen atoms on the graphene
lattice. Since no other kind of defects were observed on the
surface, we can also conclude that nitrogen implanted following the method here described leads to the formation of only
substitutional nitrogen on the graphene/Pt(111) surface.
Lastly, we show the eﬀect of both the substrate and the
nitrogen atoms on the G electronic properties as they induce
opposite eﬀects on the shift of the graphene π band: while graphitic nitrogen n-dopes the layer,21 the Pt surface produces a
p-doping eﬀect.62 In the case of the free standing graphene tailored with N graphitic defects, the electron distribution can be
understood in terms of the localized states induced by the
defect:21,63 part of the extra electron provided by the N goes to
localized states around the defect while the rest is distributed
on the extended π band which is, consequently, n-doped. Our

Fig. 5 (3 × 1.6) nm2 theoretical Tersoﬀ–Hamann images obtained at
+1 V for other two kinds of simple nitrogen defects on G/Pt(111),
pyridinic (a) and bridge adatom (b). In each case a ball-and-stick model
is superposed with the nitrogen atom displayed in magenta. These
images are calculated using iso-surface values of the local density of
states corresponding to 4 × 10−6 a.u.
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Fig. 6 Projected density of states associated with the nitrogen ( pink line, N), a nearest-neighbour (green line, C1), a next-nearest-neighbour (red
line, C2) and a far carbon atoms (black line, C3) for (a) the (6 × 6) G array on Pt(111) with a N-graphitic defect. The positions of the atoms have been
marked on the inset showing the STM simulated image of Fig. 3. (b) A zoom of the previous PDOS. (c) PDOS of the G/Pt(111) system. And (d) PDOS
of the (6 × 6) freestanding G with an N-graphitic defect.

calculated PDOS of this system (see Fig. 6d), in good agreement with previous calculations,63 show both the nonbonding
π resonances associated with the N and neighbouring C atoms
in the energy range of 0.1–1 eV above the Fermi level and the
shift of the graphene-π band, of about 0.5 eV, towards negative
energies (for the 1.4% N/C density used in the simulations).
On the other hand, the Pt surface p-dopes clean G layers. This
is mainly due to the work function diﬀerence (5.7 eV and
4.2 eV for Pt(111) and G respectively) that basically induces a
charge transfer from the π band of the graphene to the Pt.62
Our calculations show that the shift of the Dirac point for a
(3 × 3)G moiré pattern is around +0.45 eV (see Fig. 6c).39
Therefore, for the N–G/Pt(111) system a shift on the N–G states
toward positive energies is expected. We show in Fig. 6a the
PDOS of this system on the N and on the neighbouring C
atoms as well as on a C atom far from the defect. Both the
localized unbounded π states and the G-π band have been
shifted around +0.6 eV due to the metal. Thus, as observed in
Fig. 6a and b, in the final N–G/Pt(111) system the G-π band is
not n-doped anymore but slightly empty, with a Dirac point
close to +0.1 eV. Notice that the +0.6 eV shift induced by the Pt
surface on the defective freestanding layer (compare Fig. 6b
and d) is slightly larger than the shift on the defect free case,
i.e. +0.45 eV (Fig. 6c). This is due to a reduction on the work
function of the N tailored layer with respect to the pristine
case (3.7 eV vs. 4.2 eV) which results in a larger charge transfer
from G to the metal when the latter is incorporated. These calculations were carried out with a particular defect concentration (1.4% N/C). Any variation of this parameter, easily
handled experimentally, allows the tuning of the doping of the
graphene on Pt, from p-doped to n-doped at low or high defect
concentrations. Although we should realize that highly defective layers would not preserve the G-π bands.
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Conclusions
Using an optimized technique based on ion implantation, we
have been able to grow N-doped graphene on a metallic substrate with only graphitic nitrogen incorporated on the 2D
layer. Also, our theoretical analysis suggests a shift of its Dirac
cone towards negative values. Our STM, LEED and AES studies
of the diﬀerent steps on the sample preparation have led to
optimal bombardment parameters for this growth method.
Our combination of experimental and theoretical STM studies
have provided the ultimate test to demonstrate that the structures found on our sample can only be assigned to substitutional nitrogen on the graphene layer. Lastly, the calculated
PDOS of the carbon atoms near a nitrogen atom show the
doping eﬀect of both nitrogen and the metallic Pt substrate
and also explain the triangular structure found both on the
simulated images and on the experimental data. As a general
conclusion, our findings prove the possibility of obtaining, by
this easy and eﬀective technique, a pure substitutional nitrogen-doped graphene layer on metallic substrates with no sign
of pyridinc nitrogen atoms on the lattice. The possibility of
playing with the amount of dopants and, at the same time,
shifting the Fermi level by changing the metal underneath,
would allow the tuning of the doping on a G/metal system
from p-doped to n-doped.
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