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ABSTRACT: Two-dimensional alloys of carbon and nitrogen draw strong interest due to

prospective applications in nanomechanical and optoelectronic devices. The stability of —)

these chemical structures can vary greatly as a function of chemical composition and
structure. The present study employs hybrid density functional theory and reactive
molecular dynamics simulations to elucidate how many nitrogen atoms can be incorporated

STABLE

UNSTABLE

into the graphene sheet without destroying it. We conclude that (1) the C/N = 56:29

structure and all nitrogen-poorer structures maintain stability at 1000 K; (2) the stability suffers greatly in the presence of N—N
bonds; and (3) distribution of electron density depends heavily on the structural pattern in the N-doped graphene. Our
calculations support the experimental efforts aimed at production of highly N-doped graphene and generate important insights
into the mechanisms of tuning graphene mechanical and optoelectronic properties. The theoretical prediction can be tested

directly by chemical synthesis.

B INTRODUCTION

Graphene is a carbonaceous nanomaterial with considerable
scientific impact and technological promise. Research on
graphene is evolving rapidly, witnessing a variety of novel
synthetic approaches and many applications.' "> Extremely
versatile chemically, carbon atoms can interact in a variety of
ways. The tetrahedral arrangement of the sp® carbon gives
diamond, while the sp® carbon forms layers with a hexagonal,
chicken-wire structure, to produce graphite. The hexagonally
arranged carbon—carbon bonds are rich in high-energy electrons.
This important feature allows graphite to conduct electricity
along the layers. Graphene consists of just a single layer of
graphite. Various morphologies of graphene have been obtained
including two-dimensional graphene nanosheets,'® one-dimen-
sional graphene nanoribbons,'”'® and zero-dimensional gra-
phene quantum dots.'" ™'

The electronic properties of graphene are substantionally
different from those of other carbonaceous nanostructures, such
as graphite, fullerenes, and nanotubes.””~>* The properties of
nanoribbons and quantum dots can be efficiently tuned by
adjusting their size and chemical composition of edges. For
instance, very narrow nanoribbons (<10 nm) exhibit semi-
conducting behavior, whereas wider nanoribbons exhibit very
weak size dependence. The zigzag edge decreases the band gap.

Charge carriers in graphene behave in unusual ways, which
originate from interactions within the symmetrical periodic
arrangement of electrons spread across the hexagonal lattice. The
lattice is responsible for waves of electric charge, known as quasi-
particles. Retaining the quantum features of electrons (finite
charge and spin), charged particles in graphene exhibit features of
massless photons (linear energy—momentum dispersion rela-
tionship), requiring the special theory of relativity.”® This opens
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avenues to test the relativistic theory using graphene, avoiding, to
a certain extent, high-energy particle accelerators.

Graphene electronic and nanomechanical properties can be
controlled by both structure and doping with other
elements.'?*32773° Nitrogen, boron, sulfur, and silicon can be
readily incorporated into the graphene hexagonal lattice, without
breaking its overall structure.””’' By altering the chemical,
mechanical, and electrical properties of %raphene, these dopants
open a myriad of possibilities””’ ™"’ to extend existing
applications of the pure graphene and the two-dimensional
boron nitride.

The N-doped graphene exhibits drastically different proper-
ties, compared to the pristine graphene.*”'#'%?>27283031 The
spin and electron density distributions for carbon atoms are
influenced by neighboring nitrogen add-atoms, which create an
activated region on the graphene surface. Such an activated
region can catalyze or participate directly in a variety of chemical
reactions. For instance, it fosters oxygen reduction and anchors
metal nanoparticles used in many other catalytic processes. N-
doping shifts the Fermi level above the Dirac point and opens a
band gap between the conduction and valence bands. The
possibility to engineer a band gap makes graphene a suitable
candidate for semiconductor device applications. N-graphene
draws interest in the context of sensors, batteries, and
supercapacitors. N-doping of graphene greatly broadens its
laboratory and industrial ap%)lications in general.'”*"*%3!

The review of Liu et al.”* focuses on two chemical doping
approaches and band gap tuning. The review of Wang and co-
workers™ summarizes different synthetic and characterization
methods of N-substituted graphene and discusses potential
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Table 1. Simulated Systems, Their Properties, and Stability”

no. formula no. of electrons stability
I C,NH,, 538 stable
I CgyNyoH,, 548 stable
111 CsN33H,y 560 unstable
v CssNygH,y 556 stable
A% CysN3gHay 564 unstable

C/N ratio N (%) comments
74:10 9.3 1 N per aromatic ring
64:20 18.5 2 N per aromatic ring
51:33 30.6 3 N per aromatic ring
56:29 269 max. N without N—N bonds
48:36 333 4 N per aromatic ring

“The stability was identified based on the 10 ns long reactive molecular dynamics trajectories at 1000 K. Note that the percentage of nitrogen atoms
is provided with respect to all atoms in the hexagonal N-doped graphene sheet. This detail is important when comparing our stability results with

other experimental and theoretical investigations.

applications of N-graphene based on the existing experimental
and theoretical studies. It has been reported that C;N, and
C¢NyH; compositions of N-graphene feature a large band gap, ca.
5 eV.”* The band gap can be tuned by external stress or add-
atoms. In the case of the delta-doping, in which the highly
concentrated dopant is confined onto a narrow region
surrounded by nominally undoped graphene, the band gap is
opened only when the nitrogen content exceeds 25%. It has been
noted®* that delta-doping is not a likely substitution product in
real chemical practice. As a result of the chemical doping,
electron—hole mobilities and conductivities become asymmetric
with respect to the Dirac point of graphene. Even for a doping
concentration as large as 4.0%, the conduction is marginally
affected by <1uantum interference effects, preserving the transport
properties.”> While maintaining competitive conductivity, N-
doping modulates graphene properties. Unfortunately, practical
methods of graphene doping not only introduce nitrogen atoms
but also create defects. Defects constitute scattering centers
affecting charge mobility. When the nitrogen concentration rises
above 5%, a strong localization effect may be expected, which will
decrease the mobility in the N-graphene.””

Computer simulations constitute an efficient tool for
investigating graphene structure and physical properties.
Electronic structure methods are needed to determine energy
levels, densities of states, band gaps, partial electrostatic charges,
and excitation energies. In turn, molecular dynamics simulations,
based on preparametrized potentials, account for thermal
motions, entropic effects, and other nuclear properties.
Significantly less computationally expensive than electronic
structure calculations, classical molecular dynamics is particularly
efficient in searching for the global minimum of a given nuclear-
electronic system, if the corresponding statistical mechanical
ensemble contains a significant number of interaction centers.

This work reports a combined simulation study employing
long-time reactive molecular dynamics (RMD) simulations®
and hybrid density functional theory (HDFT) to understand the
stability of the N-doped graphene sheets as a function of their
chemical composition and internal structure. We consider five
different cases of N-doped graphene and test their sustainability
upon thermal motion at 1000 K. N-doping creates partial
electrostatic charges on every atom and modifies valence and
conduction band orbitals. The electron density distribution
depends strongly on the structural pattern resulting from N-
doping. We conclude that nitrogen—nitrogen bonds constitute
the most vulnerable structural pattern, whereas carbon—nitrogen
bonds remain perfectly stable over the course of the high-
temperature RMD simulations.

B COMPUTATIONAL METHODOLOGY

The work considers five distinct systems representing different
compositions of the N-doped graphene (Table 1). These particular
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systems are constructed to test the key alternative arrangements of the
host and dopant atoms with increasing nitrogen/carbon ratios.

The molecular dynamics (MD) simulations were performed using a
quantum chemistry (QC) based reactive force field (ReaxFF).>~%® This
methodology was applied previously with success to address a number of
complicated problems in organic chemistry and materials science.*™*
ReaxFF provides a nearly ab initio level of description of reactive
potential surfaces for many-particle systems.**™>* The method treats all
atoms in the system as separate interaction centers. The instantaneous
point charge on each atom is determined by the electrostatic field due to
all surrounding charges, supplemented by the second-order description
of dE/dg, where E is internal energy and q is electrostatic charge on a
given atom. The interaction between two charges is written as a shielded
Coulomb potential to guarantee correct behavior of covalently bonded
atoms. The instantaneous valence force and interaction energy between
two atoms are determined by the instantaneous bond order. The latter is
determined by the instantaneous bond distance. These interaction
energy functions are parametrized vs QC energy scans involving all
applicable types of bond-breaking processes. The bond order concept is
used to define other valence interactions, such as bond, lone electron
pair, valence angle, conjugation, and torsion angle energies. It is
important for energy conservation and stability that all interaction terms
smoothly decay to zero during bond dissociation. The conventional
pairwise van der Waals energy term describes short-range electron—
electron repulsion, preserving atom size, and longer-range London
attractive dispersion. Unlike nonreactive MD simulations, ReaxFF uses
the van der Waals term for covalently bonded atoms, where it competes
with a monotonically attractive bond term. Such an approach to
chemical bonding requires a significant number of independent
parameters, which can be obtained from QC energies.”*** Bond
dissociation, geometry distortion, electrostatic charges, infrared spectra,
equations of state, and condensed-phase structure are typically derived
using an electronic structure method, such as density functional theory,
to be consequently used in the ReaxFF parametrization. The works by
van Duin, Goddard and co-workers**~** provide a more comprehensive
description of the methodology used here. The implementation in
ADF2013 (scm.com) was used for these simulations.

The HDFT calculations on the doped graphene sheets were
performed using the recently proposed functional wB97xD.* This
functional performs well for electronic structure, thermochemistry, and
intermolecular binding energies. It also includes an empirical correction
for dispersive attraction. Due to its good reputation, wB97xD is
preferred over the more traditional HDFT approaches. Kohn—Sham
orbitals were represented using the Gaussian 6-311G basis set
supplemented by polarization and diffuse functions on every non-
hydrogen atom, 6-311+G*. This basis set provides a reasonable balance
between an affordable computational cost for a relatively large system
and accuracy of electronic energy levels, partial electrostatic charges, and
molecular orbitals.>® All electrons in the systems were represented
explicitly, requiring no effective-core potentials. The geometries of the
N-doped graphene sheets were optimized by the conjugate gradient
algorithm, prior to calculating the properties. Frequency analysis
followed each geometry optimization to ensure the absence of imaginary
frequency modes. The implementation in Gaussian 09, rev. D (www.
gaussian.com) was used for these calculations.
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B RESULTS AND DISCUSSION

Figure 1 summarizes the initial geometries of the N-doped
graphene sheets. System I features random substitution of carbon

System IV

Figure 1. Initial geometries of the five investigated systems; see Table 1.
Nitrogen atoms are blue, and carbon atoms are white.

atoms by nitrogen atoms under the condition that no more than a
single nitrogen atom occurs per carbon ring. The same
conditions are fulfilled for systems II and III, where no more
than two and three nitrogen atoms per six-membered ring were
allowed. System IV contains the maximum possible number of
nitrogen atoms, but without any nitrogen—nitrogen bonds.
Finally, system V contains four nitrogen atoms per ring. Note
that nitrogen atoms are not placed at the edge; i.e., there is no
nitrogen—hydrogen bond. No other constraints were applied to
the structural formulas. In particular, nitrogen atoms were placed
randomly subject to the above constraints.

Structural Stability. Reactive molecular dynamics simu-
lations®” provide an efficient and relatively inexpensive tool to
observe the stability of the constructed chemical structures at
finite temperature (Figures 2—3). Systems I—II appear perfectly

Figure 2. Atomistic snapshots taken in the course of reactive molecular
dynamics for systems I (top) and II (bottom). Nitrogen atoms are blue,
and carbon atoms are white.

stable during the 10 ns long RMD simulations at 1000 K.
However, systems III and V are less stable. System V decomposes
during the first nanosecond of the RMD simulation. System III,
in turn, destructs a number of its bonds, mostly nitrogen—
nitrogen bonds, but preserves a certain structure during the
entire 10 ns long RMD. System IV does not contain nitrogen—
nitrogen bonds, but contains 25.9% nitrogen atoms (with respect
to all other atoms including hydrogen atoms). This doped
structure maintains stability, in contrast to system III where many

Figure 3. Atomistic snapshots taken in the course of reactive molecular
dynamics for systems I1I (top), IV (middle), and V (bottom). Nitrogen
atoms are blue, and carbon atoms are white. The white arrows point to
disruptions of the N-graphene structures. N—N covalent bonds creak
most often.

nitrogen—nitrogen bonds disappear readily. The local effect of
nitrogen—nitrogen bonds is independent of the size of an N-
doped graphene sheet.

Figures 4—7 provide a detailed description of the N-doped
graphene structures in terms of the carbon—carbon, carbon—
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Figure 4. Radial distribution functions for the carbon—carbon, carbon—
nitrogen, and nitrogen—nitrogen atomic pairs in system I; see Table 1.
The functions were evaluated based on the 10 ns long reactive molecular
dynamics simulation at 1000 K.

nitrogen, and nitrogen—nitrogen radial distribution functions.
The carbon—carbon covalent bond length amounts to ca. 0.14
nm and fluctuates insignificantly, due to its strength and aromatic
nature. This bond remains stable during molecular dynamics at
1000 K in most considered cases (Table 1). Nitrogen doping
influences neither the length nor stability of this bond. Consider
the multiple peaks at 0.14, 0.25, 0.29, 0.38, 0.43, 0.50, 0.52, 0.58,
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0.63, and 0.66 nm (Figure 4, system I). Out of these, only the
peak at 0.14 nm corresponds to the covalent C—C bonds,
whereas all other sharp and relatively high peaks arise due to the
distinct arrangement of carbon atoms in the hexagonal cells.
These peaks can be used directly for interpretation of
experimental X-ray data for N-doped graphene.

The carbon—nitrogen bond exhibits reasonable stability
(Figures 4—7). The bond length is similar to the length of the
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Figure S. Radial distribution functions for the carbon—carbon, carbon—
nitrogen, and nitrogen—nitrogen atomic pairs in system II; see Table 1.
The functions were evaluated based on the 10 ns long reactive molecular
dynamics simulation at 1000 K.
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Figure 6. Radial distribution functions for the carbon—carbon, carbon—
nitrogen, and nitrogen—nitrogen atomic pairs in system III; see Table 1.
The functions were evaluated based on the 10 ns long reactive molecular
dynamics simulation at 1000 K.

C—C covalent bond. The sharp and high peaks in the radial
distribution functions (RDF) indicate that oscillations of this
bond during the 1000 K equilibrium dynamics are small.
Breakage of this bond is unlikely, even if the simulation of finite-
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Figure 7. Radial distribution functions for the carbon—carbon, carbon—
nitrogen, and nitrogen—nitrogen atomic pairs in system V; see Table 1.
The functions were evaluated based on the 10 ns long reactive molecular
dynamics simulation at 1000 K.

temperature dynamics is extended to greater time. Not only the
covalent carbon—nitrogen distances are well-defined, but also
longer (noncovalent) distances are distinguished well. Consider
the peaks at 0.14, 0.25, 0.29, 0.38, 0.43, 0.50, 0.52 nm, etc. (Figure
S, system II). The discussed correlations persist during ca. 1.0 nm
in the intramolecular RDFs. Note a clear similarity between the
C—C and C—N peak locations. Carbon and nitrogen atoms
possess nearly the same van der Waals size, which allows them to
conveniently integrate into the crystalline cells of one another
with minor perturbations of the overall structure. If only this
point of reference is considered, graphene can be infinitely doped
by nitrogen atoms. However, we know that pure nitrogen does
not produce rings and thus an N-doped graphene sheet must
transform into molecular nitrogen at a certain dopant
concentration. The goal of the present study is to provide
RMD and electronic structure evidence regarding sustainability
of the N-doped graphene sheets.

In contrast to the carbon—carbon and carbon—nitrogen
bonds, nitrogen—nitrogen bonds, seen in systems III and V,
exhibit poorer stability and break during the first hundreds to
thousands of molecular dynamics steps. While,, in system III,
destruction of the N—N bonds leads to formation of the nine-
and higher-membered rings (Figure 3), which remain relatively
stable, system V loses its graphene-like shape very quickly.
System IV preserves stability thanks to an even distribution of
nitrogen atoms throughout the sheet, even though the molar
fraction of the dopant in system IV is comparable to that of
systems III and V. Recall that system IV has no N—N bonds, but
contains many C—N bonds. Compare the RDF peaks at 0.25,
0.29, 0.38, 0.42, 0.49, and 0.64 nm (Figure S, system III) and at
0.12, 0.15, 0.24, and 0.43 nm (Figure 7, system V). The total
number of N—N RDF peaks is significantly smaller than the total
number of either C—C or C—N peaks in any system. Poorly
defined RDF peaks and peaks shifted to larger distances provide
signs of upcoming fragmentation reactions and can be used to
predict which bonds are most likely to break first.

A great advantage of RMD is its realistic description of bonded
parameters (lengths, angles) and their dynamics in the course of
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the equations-of-motion propagation. More traditional, pairwise
interaction potentials oversimplify the description, which is
unacceptable for the present highly precise study and for
comparison with the experimental data in the case of nontrivial
chemical structures.

If excess atomistic oxygen is supplied to the systems, it will
foster oxidation of system V toward the CO,, nitrogen oxides,
and H,O vapor. If oxygen is lacking, nitrogen may remain in the
molecular N, form, depending on temperature and other
reactants. At room conditions, N, is known to be more stable
than any N, O, compound. Similar decomposition reactions were
observed by us recently.*” Note that the covalent N—N bonding
peaks are missing in Figures 4—S5 due to the initial absence of the
N—N bonds in systems I and II, rather than because of N—N
bond dissociation during molecular dynamics. Sharp non-
covalent peaks are present in these systems, proving the integrity
of the N-doped graphene sheet.

Interestingly, the marginal peak at ca. 0.17 nm (Figure 7,
system V) is still present, corresponding to sporadic N—N bonds,
although the molecular snapshots clearly indicate collapse of the
initial structure. Furthermore, the observed N—N bond length is
much longer than that of the conventional N—N bond, 0.12—
0.13 nm upon high-temperature thermal motion. In contrast to
the data for systems I and II (Figures 4—5), the longer-range N—
N structure is absent in system V (Figure 7).

Electronic Properties. Figure 8 summarizes the valence and
conduction band molecular orbitals (MOs) for the four N-doped

HOMO-1 HOMO LUMO LUMO+1

System |

System Il

System Ill

System IV

Figure 8. Visualization of the selected molecular orbitals (HOMO — 1,
HOMO, LUMO, and LUMO + 1) in systems I, II, I, IV. The
calculations are based on the wB97xd/6-311+G(d) level of theory. The
geometries correspond to their local minima achieved by the conjugate
gradient internal energy minimization algorithm. These geometries do
not account for thermal motion. Note that system III, which is unstable
at 1000 K, preserves its geometry at 0 K.

graphene sheets. These orbitals have been computed prior to
molecular dynamics at 1000 K. They correspond to the
optimized geometry configurations. System III can be optimized
into a stable geometry; however, it breaks apart at 1000 K. All
depicted MOs are preferentially localized on the carbon atoms,
rather than on hydrogen and nitrogen atoms. The graphene
sheets exhibiting less stability have somewhat more localized
MOs in general, although the difference is not drastic. The
highest occupied MO of the nitrogen atoms lies lower in the
energy diagram than the HOMO of the sheet. We anticipate that
nitrogen atoms significantly alter the valence electronic band of
pristine graphene, which is the primary reason for instability of
the critical dopant content.

Atomic charges on carbon, nitrogen, and hydrogen atoms
supplement the outlined observations from RMD and MOs and
provide an additional description of the N-doped graphene sheet
instability upon use of excessive dopant. Figures 9—11 provide
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Figure 9. Atomic charges localized on carbon, nitrogen, and hydrogen
atoms of system I The charges are defined according to the Hirshfeld
scheme and are given in electron units. The calculation is performed for
the minimum geometry obtained at the wB97xd/6-311+G(d) level of
theory. The atom numbers are the default values assigned during the
computation. They do not reflect a particular order in the chemical
structure.

Hirshfeld charges on every atom of systems I, III, IV. These
particular systems were chosen, since they preserve stability after
geometry optimization, despite N-doping. System II is omitted
since its behavior is similar to that of system I. Figure 12
summarizes the observations by depicting the total charges on C,
N, and H atoms in the corresponding systems. Certain
similarities of all stable graphene sheets should be outlined.

First, carbon atoms attain both positive and negative electron
density. The total charge on the carbon atoms in system III is
nearly zero. Second, all hydrogen atoms attain a small positive
charge, usually less than +0.1e. Third, all nitrogen atoms are
negatively charged with only a single exception in systems I and
III and no exception in system IV. Therefore, larger nitrogen
content favors electron accumulation on nitrogens. Although the
accumulated charges are relatively small, a systematic electron
accumulation on nitrogen, instead of carbon, leads to polar-
ization of carbon—nitrogen covalent bonds, likely making the
bonds weaker. Additionally, excess electron density on both
nitrogen atoms in a N—N bond makes this covalent bond
particularly unstable. Accumulation of negative charge on
nitrogen atoms upon their stepwise addition to the sheet is
clearly seen in Figure 12.

Having conducted the RMD finite-temperature simulations,
the MO analysis, and the electron-density localization analysis,
we conclude that the major vulnerability of the N-doped
graphene sheet is linked to the presence of the N—N bonds. The
N-doped graphene sheet is stable irrespective of the nitrogen
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Figure 10. Atomic charges localized on carbon, nitrogen, and hydrogen
atoms of system III. The charges are defined according to the Hirshfeld
scheme and are given in electron units. The calculation is performed for
the minimum geometry obtained at the wB97xd/6-311+G(d) level of
theory. The atom numbers are the default values assigned during the
computation. They do not reflect a particular order in the chemical
structure.
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Figure 11. Atomic charges localized on carbon, nitrogen, and hydrogen
atoms of system IV. The charges are defined according to the Hirshfeld
scheme and are given in electron units. The calculation is performed for
the minimum geometry obtained at the wB97xd/6-311+G(d) level of
theory. The atom numbers are the default values assigned during the
computation. They do not reflect a particular order in the chemical
structure.
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Figure 12. Total atomic charges localized on carbon, nitrogen, and
hydrogen atoms of systems I, III, and IV. The charges are defined
according to the Hirshfeld scheme and are given in electron units. The
calculation is performed for the minimum geometry obtained at the
wB97xd/6-311+G(d) level of theory.

content provided that only C—C and C—N covalent bonds are
present. In turn, N—N bonds break during the very first steps of
RMD, giving rise to nine- and higher-membered rings. These
rings lose aromaticity and form energetically unfavorable
dangling bonds. The bonds cannot be saturated in the absence
of a hydrogen source. Liberated higher-energy p-electrons ionize
carbon and nitrogen atoms. Thus, the second step is the
destruction of carbon—nitrogen bonds, which follows destruc-
tion of nitrogen—nitrogen bonds. The decomposition of the N-
doped graphene terminates at this stage, as no additional
reactants are provided. The reactions proceed further in real
conditions, to form simple and thermodynamically stable
monomolecular products.

B CONCLUDING REMARKS

The reported study shows that N-doped graphene can
accumulate a significant amount of nitrogen atoms, as long as
N-N bonds are not formed. In particular, C—N bonds remain
stable at 1000 K in all graphene structures containing 1/3 of
nitrogen atoms or less. Higher temperatures and structural
defects can undermine the stability of the C—N bonds. In turn,
the fused six-membered rings containing N—N bonds are not
stable, according to our simulations. They rearrange rapidly into
nine- and higher-membered rings. These are vulnerable to
oxidation and other chemical reactions, which produce stable
low-molecular-weight products. The simulations show that

DOI: 10.1021/jacs.5b05890
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electron density distribution and other electronic properties
depend strongly on a specific structural pattern of N-doping.

The reported simulation results can be tested directly by
chemical synthesis. Compounds with nitrogen content less than
the predicted critical value will be stable, while compounds with
nitrogen content larger than the critical value cannot be
synthesized. Nitrogen doping constitutes an efficient means to
tune, adjust, and refine mechanical and electrical properties of
graphene. Nitrogen content provides a relatively straightforward
route for modulating the band gap of graphene and graphene
quantum dots.” The finite band gap of graphene quantum dots,
which depends on the dot size, can be tuned further by nitrogen
doping. For instance, the band gaps calculated at 0 K are equal to
3.48, 3.63, and 3.09 eV for systems I, II, and III, respectively.
Nitrogen doping can be used to control the rate of nonradiative
recombination of charge carriers in semiconductors, since the
rate is strongly dependent on the band gap and presence of
defects. Band gap opening reduces the charge recombination
rate,*' while introduction of localized states accelerate the
recombination.”” Our results provide important insights and
guide engineering of N-doped graphene sheets with high
nitrogen content.
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