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Structural Transformations of Graphene Exposed to Nitrogen 
Plasma: Quantum Chemical Molecular Dynamics Simulations
Seokjin Moon,a Yuh Hijikata*b and Stephan Irle*b,c

Nitrogen-doped graphene (N-Graphene) has been intensively studied for tailoring the electronic property of the graphene, 
because different nitrogen configurations influence the electronic properties of N-Graphene in different ways. However, 
atomically precise control of the nitrogen configurations during the doping process remains a challenge in the synthesis of 
N-Graphene. Moreover, additional structural transformations of the graphene carbon network structure as a side-effect of 
plasma doping are little understood and are as of yet uncontrollable. Therefore, we theoretically investigated the nitrogen 
doping process of graphene for a range of nitrogen atom incident kinetic energies in nonequilibrium quantum chemical 
molecular dynamics (QM/MD) simulations. We observed and characterized prominent configurations of N-containing 
graphene. In analogy to similar, earlier studies of graphene plasma hydrogenation, we observed an Eley-Rideal associative 
desorption mechanism during the graphene plasma nitrogenation, producing molecular nitrogen. Especially for graphitic-N 
(Gr-N) and Stone-Wales-defect-N (SW-N) configurations, which are frequently observed in experimental studies, we 
discovered two typical chemical reaction mechanisms which were well categorized by two key processes: adsorption of 
primary nitrogen dopant and collision with a secondary nitrogen dopant. We discussed effects of the incident nitrogen 
energy on the formation mechanism, and propose a method to generate of Gr-N and SW-N configurations selectively by 
tuning the conditions with respect to the two key formation processes.

1. Introduction
Since the first successful isolation and characterization of 
graphene in 2004,1 this atomically thin, ultimate 2D material 
and its chemical derivatives have inspired a myriad of 
investigations due to its large surface area,2 high thermal 
conductivity, and high charge carrier mobility.3 However, the 
absence of an electronic band gap at the Dirac point is one of 
the most prominent problems for the wide application of 
graphene in field-effect and molecular computing devices which 
require semiconducting electronic properties.4 Therefore, 
Fermi level manipulation in graphene has been attempted by 
chemical doping in a wide variety of ways.5 Nitrogen doping 
leading to N-doped graphene (N-Graphene) is among the most 

widely investigated strategies. The electronic properties 
depend sensitively on the precise structure of the formed 
nitrogen configurations in the carbon network.6, 7 For example, 
single graphitic-N (Gr-N) configurations, in which one nitrogen 
atom substitutes a carbon atom in the hexagonal carbon 
network induce famously n-type semi-conductivity, while 
pyridinic-N (Py-N) configurations, in which one nitrogen atom is 
connected to only two carbon atoms forming a six-membered 
ring induce p-type semiconductivity.6 The electronic properties 
of N-Graphene are also directly related to catalytic activities, for 
instance in the industrially important oxygen reduction 
reactions (ORR).8 Because the roles of specific nitrogen 
configurations seem to be crucial,10, 11 identification and control 
of nitrogen configurations are indispensable to improve the 
applicability of N-Graphene as a functional material for a wide 
range of applications.

Tremendous effort has been devoted to the control of the 
nitrogen dopant configuration, as the population of nitrogen 
configurations in N-graphene products critically depends on the 
synthetic method.9 For instance, N-Graphene synthesized by 
the plasma-assisted chemical vapor deposition (PACVD) 
method with polymethylmetacrylate mainly features the Py-N 
configuration,12 while the PACVD method with CH4/NH3 
resulted in N-Graphene dominated by the Gr-N configuration.13 
The plasma-state ion/atom bombardment on graphene with an 
activated atomic nitrogen flux tends to produce N-Graphene 
dominated by Py-N, whereas a low energy nitrogen ion beam 
most favorably produces Gr-N.14 These relationships have been 
highlighted in the past as they seem to offer control of the 

a.Department of Chemistry, Seoul National University, Seoul 151-747, Korea
b. Institute of Transformative Bio-Molecules (WPI-ITbM) and Department of 

Chemistry & Graduate School of Science, Nagoya University, Furo-cho, Chikusa-
ku, Nagoya, 464-8602, Japan
Email: hijikata@itbm.nagoya-u.ac.jp
ORICD: 0000-0003-4883-5085

c. Computational Sciences & Engineering Division, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee 37831-6493, United States
Email: irles@ornl.gov
ORICD: 0000-0003-4995-4991

† Electronic Supplementary Information (ESI) available: The simulation box model 
for PBC calculations. C–C, C–N, and N–N pair distribution functions. Optimized 
geometries for each configuration model by DFTB and DFT. Relative energies and 
bond distances calculated by DFTB and DFT. Scheme of Gr-N and SW-N to be 
counted. Discussion of complicated configurations containing more than two 
nitrogen atoms. Discussion of chemical composition and chemical bond networks 
(PDF). 14 MD trajectory movies in QuickTime format. See DOI: 10.1039/x0xx00000x

Page 1 of 9 Physical Chemistry Chemical Physics

mailto:hijikata@itbm.nagoya-u.ac.jp
mailto:irles@ornl.gov


ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

defects via a suitable choice of reactive species, plasma power 
and radiation time.14-16 For the ion bombardment methods, 
theoretical studies have also been undertaken to shed light on 
the experimental findings from an atomic-scale point of view.17-

19 Classical molecular dynamics (MD) simulations demonstrated 
most efficient ion irradiation energy and mechanism for single-
atom vacancy formation processes.18 Another MD simulations 
with adaptive bond order potentials verified the most effective 
ion radiation angle with respect to the graphene plane.17 
However, bombardment simulation with low radiation energy 
has not been explored using quantum chemical potentials, and 
it can be anticipated that such bombardment by projectiles with 
a few eV would present rich chemistry resulting from 
reconstruction of covalent bond networks in graphene, rather 
than simply substitution of carbon atoms.

In this work, we investigated the plasma-assisted nitrogen 
atom bombardment process on graphene by combining the 
computationally economical density-functional tight-binding 
method (DFTB) with nonequilibrium molecular dynamics (MD) 
simulations (DFTB/MD). DFTB is an approximate density 
functional theory (DFT)20 which allows to investigate bond 
formation/cleavage during MD simulations and faithfully 
describes isomerism in conjugated carbon nanomaterials.21 
Our DFTB/MD simulations shed light on frequently formed 
nitrogen configurations during plasma-assisted nitrogen doping 
process and reveal the formation mechanisms of quaternary 
nitrogen configurations, i.e. Gr-N configuration and Stone-
Wales-defect-N (SW-N) configurations. The Gr-N configuration 
contains one nitrogen atom which substitutes one carbon atom 
of the graphene and it has almost the same structure as pristine 
graphene. The Stone-Wales defect is well known defects on 
graphene and can be created by rotation of one C–C bond, 
where in the SW-N defect one of the rotated carbon atoms is 
replaced by nitrogen. The role of the incident energy of nitrogen 
was examined in greater detail by analyzing all formation events 
of both configurations occurring during the nonequilibrium MD 
simulations. We discovered that all formation pathways are 
clearly categorized by two important factors, the configuration 
of nitrogen after first adsorption and the collision target of 
second nitrogen. Finally, we suggest a route to selective 
generation of nitrogen configurations via tuning of the dopant 
incident energy. The findings are expected to be of assistance 
to experimentally synthesize N-Graphene with specific nitrogen 
configurations for controlling the electronic and related 
physicochemical properties of N-Graphene.

2. Computational details and simulation details
2.1 Computational methods

All DFTB calculations were carried out using the self-consistent-
charge version of DFTB (SCC-DFTB) as implemented in the 
DFTB+ program package version 1.2.2.20 We did not employ spin 
polarization in our calculations, since the centers of spin are 
only loosely coupled, giving rise to a plethora of possible nearly 
degenerate spin states. Furthermore, spin-splittings are small in 
comparison to covalent bond formation, and we therefore do 

not expect significant influence of the spin state on the 
graphene chemistry. In the DFTB calculations, we adopted the 
mio-1-1 parameters for C and N.22 All DFTB/MD simulations 
employed periodic boundary conditions (PBC) with a 
Monkhorst-Pack 5 × 5 × 1 k-point sampling. The velocity-Verlet 
algorithm was used for MD time integration, using a 0.5 fs time 
interval. For the system temperature we selected 300 K, 
controlled by a Nose-Hoover chain thermostat,23 and the same 
value was assumed for the electronic temperature employed in 
the Fermi-Dirac distribution of orbital occupations.

In addition to DFTB calculations, we also performed geometry 
optimizations for selected gas-phase molecular model systems 
at the B3LYP/6-31G(d) level of theory. In these calculations, for 
open-shell systems, we employed the spin-unrestricted 
formalism. All DFT calculations were performed using the 
Gaussian 09 package.24

2.2. Nonequilibrium MD simulations of graphene bombardment 
by nitrogen atoms.

We prepared an orthorhombic unit cell containing a single, 
pristine graphene monolayer containing 72 carbon atoms in a 
plane perpendicular to the z axis at its center (ESI† Fig. S1). A 
vacuum layer of 100 Å separates the monolayers in mirror 
images of the unit cell. We optimized the geometry of this 
graphene monolayer supercell using the conjugate gradient 
method including the two unit cell vectors, which were 14.827 
× 12.841 Å. This graphene monolayer was equilibrated in 
DFTB/MD simulations for 15 ps.

We then randomly collected 30 geometry snapshots from the 
DFTB/MD equilibration trajectory as initial structures for 
nitrogen atom bombardment simulations. Atomic incident 
energies were chosen to be 1, 2, and 4 eV in 30 trajectory 
replicas for each energy, starting at the 30 equilibration 
snapshot geometries mentioned before, and DFTB/MD 
simulations were performed for 50 ps. In each trajectory we 
added a total of 100 nitrogen atoms to the systems at regular 
intervals of 0.5 ps. The nitrogen atoms were generated 4 Å 
above the graphene sheet and “shot” towards the graphene 
sheet at a 90° angle with respect to the 2D plane. For each shot 
we randomly selected one carbon atom as target in the 
graphene supercell. To reduce the computational cost, we 
continuously removed floating free molecules formed during 
the simulations (such as dinitrogen) when they migrated away 
from the graphene sheet further than 4 Å. Some replicas had 
been severely damaged due to the consecutive attack of 
incoming nitrogen on the peripheral sites of graphene, others 
had been maintained its structure stably. This phenomena 
originated from the random selection of position at which 
nitrogen atoms were inserted. Therefore, we strived to 
demonstrate some trends of configuration changes with time 
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Fig. 1. Representative snapshots of the MD trajectories with the incident energy of (a) 1 
and (b) 4 eV. Blue spheres and ocher sticks represent the nitrogen atoms and C–C bonds, 
respectively. The transparent surfaces indicate the surface of N-Graphene constructed 
by the van der Waals radii of nitrogen and carbon.

and nitrogen energy, and insights of nitrogen plasma doping 
process on graphene, rather focused on calculating any 
observable precisely. Similar approaches have been reported in 
the investigation of graphene functionalization by hydrogen 
and deuterium plasma, with qualitative and even quantitative 
agreement between simulation and experiment.25-27 The overall 
process looks generally similar for representative snapshots 
(Fig. 1). 

In addition to these 90 MD trajectories (30 trajectories × 3 
different incident energies), we carried out a series of short 
simulations for 5 ps, in which 10 nitrogen atoms were shot, 
using 1, 2, 3, 4, and 5 eV as incident energies, in order to analyze 
the formation mechanism of Gr-N and SW-N configurations 
with greater possibility of observation. In these cases, we used 
50 replicas with independent initial graphene geometries for 
each incident energy in a total 250 MD trajectories (50 
trajectories × 5 different incident energies). 

2.3. Analysis of trajectories.

We analyzed the connectivity relation of each atom in the 
obtained graphene by constructing adjacency matrices at 
intervals of 0.5 ps. We adopted 1.6 Å as the cut-off length to 
determine the number of C–C, C–N and N–N chemical bonds, 
because pair distribution functions for these bonds are clearly 
split around 1.6 Å (ESI† Fig. S2). The connectivity relations were 
used to specify the molecules detached from graphene, to 
recognize specific configurations, and to count the number of 
ring structures formed by chemical bonds. In addition to the 
trajectory analysis, we optimized some specific configurations 
observed in the MD trajectories at DFTB/mio-1-1 and B3LYP/6-
31G(d) levels of theories. We constructed finite-size models of 
N-Graphene containing each specific configuration terminated 
by hydrogen atoms at the edge, namely C66H22N1 and C66H22N2 
(ESI† Figs. S3, S4). In the B3LYP calculations, the spin state was 
assumed to be doublet and singlet, respectively. B3LYP relative 
energies were calculated as the difference of the total energy of 
each model with the sum of total energies of the pristine 
graphene model and an appropriate number of nitrogen 
molecules.

3. Results and discussions
3.1. General features of plasma doping simulations

The chemically least intrusive configuration was chemisorption 
of the nitrogen atom on a C–C bond, leading to an aziridinyl 
radical structure, which was formed under all simulated 
conditions. The chemisorption of nitrogen atoms elongates the 
neighboring C–C bonds, as the conjugation is necessarily 
interrupted, making it easier for subsequently added nitrogen 
atoms to react with the affected graphene carbon atoms. As a 
result, more nitrogen atoms are adsorbed in the vicinity of the 
aziridinyl radical, and structural changes in the carbon network 
as well as greater diversity of nitrogen configurations are 
observed. Addition of large numbers of nitrogen atoms tends to 
distort the graphene sheet, accelerating the structural 
disintegration of N-Graphene. After 100 nitrogen atoms were 
injected in the system, most of the N-Graphene sheets were 
severely damaged, with only a very few replicas not exhibiting 
structural damage (see ESI† Movies S1 and S2).

In addition to structural transformations of the graphene 
sheet, new molecular species in the gas phase were observed 
during the simulations. Nearly independent of the impact 
energy in the range from 1 to 4 eV, about one half of the 
projectile nitrogen atoms converted into nitrogen molecules, 
which represented by far the most dominant species leaving the 
graphene surface. This N2 formation on the graphene surface 
follows the same Eley-Rideal associative dissociation 
mechanism28 as H2 formation in bombardment of graphene by 
hydrogen or deuterium atoms.25, 26 Six typical molecular species 
generated in the trajectory replica are shown in Fig. 2, with their 
accumulated number of appearance in all 30 trajectory replicas 
for the three different incident energies. Besides the most 
prominently formed N2, the CN, CN2, and C2N2 molecules were 
the most frequently formed species for all incident energy 
cases, followed by N3, CN3, and C2N5. Higher incident energies 
tend to yield more molecules containing carbon, as could be 
expected. In total, 33.2, 33.3, and 29.8 molecules (including N2) 
were formed on average in each trajectory where 100 nitrogen 
atoms were shot with incident energies of 1, 2, and 4 eV, 

respectively.
Fig. 2. The trajectory average of molecular species formation events (except N2) during 
the simulations in total of 30 trajectories with the incident energies of 1, 2 and 4 eV.
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A wide variety of topological changes of the graphene carbon 
network occurred during the simulations. We focused on 
identifying various configurations that may be created during 
the doping process in Section 3.2. We describe the formation 
processes and roles of simple configurations containing one or 
two nitrogen atoms in Section 3.2.1. For Gr-N and SW-N 
configurations as dominant product structures we discuss the 
formation mechanism of both configurations, the relationship 
between the formation mechanism and the incident energy, 
and selective generation of the configurations in Section 3.2.2. 
We discuss general topological changes of graphene and change 
of atomic composition, chemical bonds, and ring structures of 
carbon networks (see ESI†). 

3.2. Analysis of Configurations

3.2.1 One and two nitrogen-containing configurations Two 
types of configuration were observed by single atomic nitrogen 
adsorption (SA1 and SA2), (Figs. 3a, b). In these figures, we use 
capital Roman labels to distinguish different atoms in the 
various adsorption sites. According to the optimized structures 
of SA1 and SA2 models (ESI† Figs. S3, S4), the corresponding CA–
CB distances in SA1 were ca. 0.5 Å shorter than the CC–CD 
distances in SA2 (ESI† Table S1). In these structures, the nitrogen 
atom forms an aziridinyl radical triangular structure, where the 
dopant is either part of a three-membered ring as in SA1, or it 
bridges carbon atoms as in SA2. To elucidate the effect of the

Fig 3. MD snapshots of configurations containing one or two nitrogen atoms. These 
configurations are (a, b) SA, (c, d) T, (e) SV, (f) Rec, (g, h) ISW, (i, j) Gr-N, and (k, l) SW-N. 
Blue spheres and ocher sticks represent the nitrogen atoms and C–C bonds, respectively.

Fig. 4. The relative amount of SA1 (circles) and SA2 (squares) configurations counted from 
50 trajectories for 5 ps (10 nitrogen atoms injection) with incident energies of 1, 2, 3, 4, 
and 5 eV.

incident energy of nitrogen atom on the formation of these two 
configurations, we counted the total number of SA1 and SA2 
configurations from the 250 shorter MD trajectories that were 
run for 5 ps (10 nitrogen atoms injection) (Fig. 4).

The first bombardment of nitrogen atom on graphene can 
create either SA1 or SA2. The preference for the SA2 
configuration was gradually increased with higher incident 
energy, which eventually becomes sufficient to dissociate the 
C–C bond, required to form the SA2 bridging structure. After the
bombardment by a second nitrogen atom, the preference for 
the SA2 structure was still observed, however, the dependency 
of the occurrence frequency on incident energy diminished. 
One of the prominent reasons for this moderation is the local 
curvature of the graphene sheet, which was theoretically 
studied in the case of single-walled carbon nanotubes (CNT) 
with different diameters29. Here as well it is found that SA1 is 
favorable on concave surfaces while SA2 is favorable on convex 
surfaces. In the case of graphene, we confirmed that both 
structures represent local minima on the potential surface of N-
Graphene, and their energy difference at the optimized model 
geometry is only 0.4 eV at the DFTB level of theory. 

Once the first nitrogen atom interrupts the conjugation of 
the attacked C–C bond, subsequently added nitrogen in the 
vicinity of the first nitrogen can create configurations containing 
two nitrogen atoms. When the energy of nitrogen is insufficient 
to detach the preexisting nitrogen atom from graphene, a new 
N-N bond forms and creates the triangular (T) configurations 
(Figs. 3c, d). Such structures were created by the migration of 
adsorbed nitrogen atoms to already formed SA configurations 
(ESI† Movie S3), or by direct nitrogen adsorption close to the SA 
configurations (ESI† Movie S4). Both T1 and T2 configurations 
were observed during the simulations, and both are true local 
minima in the DFTB method (ESI† Fig. S4). The distances 
between two nitrogen atoms, NA–NB in T1 and NC–ND in T2, were 
2.170 Å and 1.459 Å respectively (Fig. 3), which indicates clear 
distinction between these two configurations. The two nitrogen 
atoms “pull up” the central carbon atom out of the graphene 
plane, which accelerates further structural changes including 
bond breaking, deformation and atomic rearrangements. For 
example, the Py-N configuration can be formed with a nearby 
third nitrogen atom, wherein the broken C–C bond of the 
central carbon atom is stabilized by the N-C-N moiety (ESI† 
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Movie S5). The T configurations can also change to the single-
vacancy (SV) configurations (ESI† Fig. 3e), when a nitrogen atom 
in T configuration is adsorbed by an incoming nitrogen atom 
(the Eley-Rideal associative dissociation mechanism, see ESI† 
Movie S6). The direct formation of the SV configuration by 
bombardment with a single nitrogen was not observed in any 
trajectory, probably due to the high formation energy of the SV 
configuration.30 When present, the SV configuration was usually 
accompanied by the formation of a pentagonal ring structure. 
This structural rearrangement is driven by the tendency of the 
unsaturated atoms to saturate their dangling bonds (ESI† Movie 
S7).30 Clear double-vacancy configurations were rarely 
observed in our simulations.

We found more intrusive configurations in the graphene 
sheet when N-N bonds are formed, such as a rectangular (Rec) 
configuration (Fig. 3f) and an Inverse-Stone-Wales-defect-N 
(ISW) configuration (Figs. 3g, 3h). The Inverse-Stone-Wales 
defect in graphene consists of two pentagonal rings sharing one 
common side, as opposed to their separation in an ordinary 
Stone-Wales defect (SW) in which they are separated by a C-C 
bond.31 The typical formation pathways for Rec and ISW1 
configurations, both featuring a direct N-N bond, include direct 
attack by an incident nitrogen atom near a pre-existing SA 
configuration, or by a migration of nitrogen atom along the 
graphene plane (ESI† Movie S8, S9). The other type of ISW (ISW2 
configuration), in which the two nitrogen atoms are separated 
by carbon, was also found during simulations, however, its 
formation process was more complex. For example, two SA2 
nitrogen atoms elongated the two C–C bonds in perpendicular 
direction, and a subsequent rearrangement created fused five-
membered ring structures (ESI† Movie S10). The transformation 
of a Rec configuration in a complex atomic rearrangement can 
also create ISW2 configuration (ESI† Movie S11).

Distinct from previous configurations, the Gr-N1 and SW-N1 
configurations (Figs. 3i, 3k) are widely known as relatively stable 
configurations of N-Graphene, inducing a lower degree of 
curvature in the graphene sheet32 because the nitrogen atom 
simply substitutes one carbon atom of the graphene. The 
formation process of these species often results in formation of 
CN radical species to form Gr-N2 and SW-N2 configurations (Figs. 
3j, 3l). We noticed that the CE–NE distance in Gr-N2 and the CF–
NF distance in SW-N 2 were elongated, which means that the 
presence of the CN moieties weakens these bonds. The removal 
of the CN moiety occurred naturally during the formation 
processes of each configuration, or was induced by a collision 
with a newly injected nitrogen atom, leading to the formation 
of either N2 or CN molecules. The substitutional nitrogen atom 
defects in graphene are prevalent desirable forms of N-
Gaphene.7, 33 Therefore, we will discuss their formation 
processes in greater detail in Section 3.2.2. 

We calculated the relative energies of configurations 
containing two nitrogen atoms (Fig. 3), using model graphene 
systems terminated by hydrogen atoms (Fig. 5). All the 
configurations observed during simulations were the local 
minima at both of the DFTB/mio-1-1 and B3LYP/6-31G(d) level 
of theories, except for the T configuration. The Gr-N 
configurations are most stable. Although the SW-N 

Fig. 5. Relative energies of T, SV, Rec, ISW, Gr-N, and SW-N model configurations in 
singlet states. The standard configuration of the relative energies was the pristine 
graphene (C66H22) with N2 molecule, all have the same atomic composition. Both of the 
optimized T1 and T2 configurations in the DFT method converged to the one 
configuration similar to the T2 configuration.

configurations are formed by substitution of carbon atoms like 
Gr-N, they have similar relative energies to ISW and Rec 
configurations. The T and SV configurations are less stable, 
which is reflected in their shorter lifetimes in our simulations. 
3.2.2 The formation of Gr-N and SW-N configurations Gr-N and 
SW-N configurations are widely known as potentially useful 
configurations for valuable catalytic and electronic properties of 
N-Graphene,6, 33, 34 so that it is essential to control the 
distribution of these configurations during synthesis.

Fig. 6. The observed number of (a) Gr-N and (b) SW-N configurations counted from 50 
trajectories for 5 ps (i.e. bombardment by 10 nitrogen atoms) with incident energies 
from 1 to 5 eV. 
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In this Section we discuss the possibility of controlling these 
formation preference via the nitrogen atom incident energy. As 
mentioned in Section 2.2, we prepared short 5 ps trajectories 
using five different projectile incident kinetic energies, namely 
1, 2, 3, 4, and 5 eV with 50 replica each to allow a more 
quantitative analysis. We analyzed all snapshots after addition 
of nitrogen atom at every 0.5 ps, which amounts to 2500 
snapshots from all 250 trajectories. Finally, we counted the 
number of Gr-N and SW-N configurations (Fig. 6) based on the 
criteria explained in ESI† Fig. S5. 

Remarkably, even with a nitrogen atom incident energy of 
only 1 eV, Gr-N and SW-N configurations were observed, and an 
increase of the incident energies increases their number 
considerably. The number of observed Gr-N structures does not 
steadily increase with increased incident energy, as a decline is 
apparent at 3 eV (Fig. 6a). The number of observed SW-N, on 
the other, did increase continuously with increasing projectile 
energy. These results suggest that the formation mechanism of 
these defects are not necessarily one-step processes, and their 
formation in multi-step processes requires less energy than 
reported in previous works that only considered the direct 
atomic substitution pathway.18

In order to understand these results from a mechanistic point 
of view, we traced all of the formation processes of Gr-N and 
SW-N configurations.  It was possible to categorize almost all 
formation pathways into two types for Gr-N and one type for 
SW-N, as we expected from the non-monotonous kinetic energy 
dependency of Gr-N (ESI† Movie S12, S13 for Gr-N, and S14 for 
SW-N). Schematic representations of these pathways are 

illustrated (Scheme 1). We named each mechanism after two 
important features, the initial configuration of pre-existing 
nitrogen and the position of targeted carbon attacked by the 
second incoming nitrogen. As we classified in Section 3.2.1, pre-
existing nitrogen forms the SA1 configurations with short C–C 
bond as well as the SA2 configuration with a long C–C bond. In 
addition, we named the carbon atoms connected directly to the 
pre-existing nitrogen as “primary targets”, which connect to 
“secondary targets”. SA1 configuration is attacked by the 
second incoming nitrogen at the secondary target, therefore we 
named this process as M12 (Scheme 1a). In a similar manner, the 
other mechanisms were named as M21 (Scheme 1b) and M22 
(Scheme 1c).

We obtained three remarkable insights from the analysis (Fig. 
7 and Scheme 1). First, we found that at least two nitrogen 
atoms were necessary to form Gr-N and SW-N configurations; 
pre-existing nitrogen atoms in an SA1 or SA2 form were 
indispensable to generate Gr-N and SW-N configurations. 
Although most of Gr-N and SW-N were created by two-step 
process (Scheme 1), a few processes occurred with complicated 
atomic rearrangements of more than two nitrogen atoms and 
we denoted them as “multi-step” processes. This trend was also  
observed in bombardment experiments with low energy 
nitrogen plasma where prolonged ion radiation time from 10 
minutes to 20 minutes increased the amount of Gr-N 
configuration 3 times.35 This result helps to understand how low 
energy plasma provides some valuable substitutional nitrogen 
configurations.

Scheme 1. The formation pathways of Gr-N and SW-N configurations. The blue and purple nitrogen indicate originally adsorbed first nitrogen and second incoming nitrogen. The red 
lines and blue lines indicate the chemical bonds to be broken and formed, respectively. Filled and open circles indicate primary and secondary targets, respectively.
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Fig. 7. The number of formation processes of (a) Gr-N and (b) SW-N by each mechanism 
defined (Scheme 1) depending on the incident energy of nitrogen (box graphs). The line 
graphs indicate the remaining configuration after simulations for 5 ps, which are the 
same as the numbers at 5 ps in Fig. 6. 

Second, we found a preference for either Gr-N and SW-N 
depending on the structure of initial configurations, SA1 or SA2.  
When the processes started from the SA1 configuration, we 
confirmed that SW-N was not be created at all. This might be 
because construction of SW-N configuration from SA1 
configuration needs to break a C–C bond between two primary 
carbon atoms in a six-membered ring and the first nitrogen has 
to insert between two primary carbon atoms. It is more 
favorable if two primary carbon atoms initially have long 
distance (M22). The Gr-N configuration can be selectively 
generated from graphene containing SA1 configurations. On the 
other hand, when the processes started from SA2, similar 
amounts of GR-N and SW-N were created. They seem to be 
competitive with each other, which means that it is impractical 
to create either of them selectively. Careful attention, however, 
can be paid to M21 mechanism that does not work well with the 
incident energy of 1 eV to generate Gr-N configurations. As we 
discussed in Section 3.2.1, the energy of nitrogen atoms in the 
1 eV simulations was not enough to interact with primary 
targets which are blocked by pre-existing nitrogen, so that the 
incoming nitrogen atom tends to create relatively unstable T or 
Rec configurations. Hence, the SW-N configuration could be 
selectively generated from the graphene with excess of SA2 
configurations by using low incident energy of nitrogen plasma.

Our results would be supported by experiments on CNT 
where the configuration formed from nitrogen adsorption can 

be limited to SA2 due to the curvature of CNT. Based on the 
experimental bombardment studies combined with 
spectroscopic analysis, we confirmed that low energy plasma 
does not create Gr-N configurations,36, 37 while high energy 
plasma do create Gr-N configurations.38 These experimental 
observations are consistent with our results. Meanwhile, the 
detection of SW-N configuration on graphene or CNT is arduous 
task due to similarity of their peak positions of several 
spectroscopy to the prevalent “pyrrolic” nitrogen configuration 
so that the detection requires atomic resolution.39 

Finally, different stabilities of SW-N and Gr-N configurations 
were found, according to the discrepancy between the numbers 
of formed and remaining configurations in each form, 
particularly high incident energy cases. Since larger discrepancy 
means lower stability, the Gr-N configurations are relatively 
stable to the SW-N one, which is consistent with the stability of 
the optimized models discussed with Fig. 5. In order to obtain 
N-Graphene mainly consisting of SW-N configurations, lower 
incident energy is more favorable. In combination with the 
finding that either SA1 or SA2 configurations can be selectively 
promoted by the curvature of the carbon network29 and the 
reported synthetic methods of curved graphene40 and graphene 
nanobubbles,41 our finding points to a viable path to fine tune 
the structure of N-Graphene.

4. Conclusions
We theoretically investigated the plasma nitrogenation process 
of graphene based on quantum chemical molecular dynamic 
simulations at low incident energies between 1 to 5 eV per 
nitrogen atom. In particular, we focused on investigating the 
selective generation of specific configurations, i.e. Gr-N and SW-
N configurations. As a result of first nitrogen bombardment on 
a pristine graphene sheet, we found two different types of 
“single adsorption” pattern of nitrogen dopant, where a single 
nitrogen atom either attaches on a C–C bond (SA1) or inserts 
itself (SA2). We observed other variations involving at least two 
nitrogen atoms. When secondary nitrogen atoms moderately 
attack regions far from the SA configurations or migrates 
towards them, the T, Rec, and ISW configurations (Fig. 3) are 
likely to be formed. Distinct from these defects, Gr-N and SW-N 
are substitutional configurations, which are prevalent because 
of inherent structural stability. They also possess valuable 
electronic and catalytic properties. We investigated the 
formation processes of these two configurations, and 
confirmed that there are two typical pathways to form the Gr-
N configuration (M12 and M21) and one to form the SW-N 
configuration (M22). The key distinctions of the pathways are 
the pre-existing nitrogen configurations (SA1 or SA2), and the 
target carbon position to be attacked by secondary nitrogen. 
Since SA1 configurations did not give rise to SW-N configuration, 
we conclude that Gr-N rich N-Graphene can be prepared using 
moderate incident energy under SA1 rich conditions. Formation 
of Gr-N and SW-N from SA2 configuration compete via M21 and 
M22 process, resulting in products of similar amounts of Gr-N 
and SW-N configurations. Nevertheless, we found that SW-N 

Page 7 of 9 Physical Chemistry Chemical Physics



ARTICLE Journal Name

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

configurations were not formed in the 1 eV incident energy 
case, probably because the M21 mechanism was interfered by 
steric hindrance or large barrier to approach to the primary 
target carbon atoms. Our findings reveal energy-resolved, 
atomic-level insights for the structural control of N-Graphene, 
and therefore its physicochemical properties.
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