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Abstract 

Doped, substituted, or alloyed graphene is an attractive candidate for use as a tunable element of future 

nanomechanical and optoelectronic devices. Here we use the density-functional theory, density functional 

tight binding, cluster expansion, and molecular dynamics to investigate the thermal stability and 

electronic properties of a binary 2D graphene-like alloy of carbon and nitrogen (C1-xNx). The stability 

range naturally begins from graphene, and must certainly end before x = 1, where pure nitrogen rather 

forms molecular gas. This poses a compelling question of what highest  x < 1 still permits stable 2D 

hexagonal lattice. Such upper limit on the nitrogen concentration that is achievable in a stable alloy can be 

found based on the phonon and molecular dynamics calculations. The stability switchover is predicted to 

between x=1/3 (33.3%) and x=3/8 (37.5%), and no stable hexagonal lattice two-dimensional CN alloys 

can exist at the N concentration of x=3/8 (37.5%) and higher. 
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Doping and alloying are powerful techniques for tailoring mechanical, electronic, optical, and 

other properties of materials. Recently, there has been a great interest in doping and alloying of the new 

one-layer-thick two-dimensional (2D) materials, by both experimentalists and theorists.1-4 In graphene, 

substitutional doping and alloying with various elements such as boron, nitrogen, sulfur, and silicon, are 

possible.4-10 Two-dimensional alloys of carbon, boron and nitrogen are especially interesting, due to 

potential for extending applications of pure graphene and two-dimensional boron nitride (BN).11-22 It is 

convenient to represent the mixing diagram of these ternary alloys by a Gibbs triangle, as shown in Fig. 1. 

Each corner of the triangle represents a pure compound, and contents of pure substances in a mixed 

compound are proportional to distances from the point within the triangle to bases opposing the corners 

for the corresponding pure substances. Substitutional doping of graphene would correspond to the sides 

starting from the C corner of the triangle. Various electronic properties of homogeneous BCN alloys have 

been explored theoretically,14,19,22 although experimental works have indicated that uniformity may be 

difficult to achieve in BCN.18,20,21,23 Here, we explore the CN side of the BCN Gibbs triangle (highlighted 

in Fig. 1), i.e. graphitic nitrogen-substituted graphene (g-NG), which has become a focus of numerous 

research  works because of its rich properties and many potential applications, including high-frequency 

semiconductor devices,5 metal-free catalyst for energy conversion and storage,24-26 chemical hydrogen 

storage,27 Li-ion batteries28, molecular sieves29 and supercapacitors.30 Experimentally, large scale31 

nitrogen doped graphene (NG) have been synthesized by utilizing Chemical Vapor Deposition (CVD)32 

and solvothermal synthesis,33 using pyridine4,31,34 and s-triazine35 as precursors. Several types of local 

configurations near an N atom, such as “graphitic”, “pyridinic” and “pyrrolic”, have been detected.10,32 

Zhao et al. grew N-doped graphene films using CVD on a copper foil substrate, and confirmed that the 

individual nitrogen atoms are incorporated as graphitic dopants.8 By using atmospheric-pressure chemical 

vapor deposition (AP-CVD) method, STM/STS studies and ab initio simulations, Lv et al.10 have 

revealed that NG sheets contain an abundant amount of N dopants within the same graphene sub-lattice 

(e.g. 80% dominance among all the identified defects), and a novel and outstanding Raman enhancement 

of Rhodamine B molecules was demonstrated when using NG sheet as a substrate. Experiments suggest 

that nitrogen species have been incorporated into the graphene structure with the content of 16.4 at. % (13 

wt. %) with solvothermal synthesis.33  Recently, N doping graphene with even higher N contents of 18 

wt. % have achieved by C. N. R. Rao et al. with microwave synthesis, and perform promising 

applications in supercapacitor.36 They also demonstrated that the presence of nitrogen within the structure 

of nitrogen-doped reduced graphene oxide induces a remarkable increase in the thermal stability against 

oxidation by air.37 Even higher nitrogen concentrations in C1-xNx compounds, e.g. x=4/7 in C3N4 can be 

achieved,38 if vacancies or terminating hydrogen atoms are admitted.38-42 Here we limit our study to 

graphene with nitrogen substitutional defects (NG), without consideration of other types of defects, i.e. 
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perform a constrained search on a honeycomb (graphene) lattice with allowed site occupancies limited to 

C or N atoms only. Graphitic NG configurations have been widely observed as a domain type in many 

experiments,8,10,31,32,43 resulting in n-doped materials.44,45 In many applications, the limit of the N doping 

concentration in g-NG is important for both basic research and practical uses; however, it has not been 

found yet. Only isolated two-dimensional CN alloys were considered previously, such as C12N and C3N,11
 

which are shown as smaller points on the diagram in Fig. 1, along with other two-dimensional BCN 

alloys considered theoretically.3,12-19 Here, we use the density-functional theory and cluster expansion to 

establish the theoretical limits of N doping in g-NG, and investigate its stability and electronic properties. 

We demonstrate that the nitrogen concentration in g-NG can in principle be as high as 33.3%-37.5%, and 

that most of these structures are metallic. 

 

Figure 1. Gibbs triangle for the hexagonal-lattice two-dimensional BCN alloy. The highlighted edge of 

the triangle (CN) corresponds to nitrogen-substituted graphene, which is the focus of the current work. 

Large circles denote lowest-energy stable structures that were found here. The two dashes denote the 
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range of concentration where the stability range ends. Smaller circles show other two-dimensional BCN 

systems considered previously.3,11-19 

Mixing energies of the 2D carbon-nitrogen alloy were obtained using the cluster expansion (CE) 

method.46 CE provides an efficient way to sample a NM -dimensional configuration space of an N -site 

M -component alloy. Unlike mean field treatments, the CE method gives the full microscopic description 

of atomic configurations in a crystal. In the CE formalism, a function f  of configurations 

{ }1 2, , , Nσ σ σ=σ K  of spins iσ  on N  lattice sites is fitted through a multivariate expansion in site 

occupancy variables (spins) iσ . In an alloy, the roles of spin variables are played by the chemical 

identities of different atomic species. The general cluster expansion of the function ( )f σ  can be written 

as: 46 

( ) ( )
,

s s
s

f fα α
α

= Φ∑σ σ        (1) 

where sfα  are the expansion coefficients and ( )sαΦ σ  are the so-called characteristic cluster 

functions defined for all possible distinct subsets (clusters) { }, , ,p p pα ′ ′′= K  of the points of the full 

lattice. The sets { }, , ,s n n n′ ′′= K  in the sum Eq.1 include all possible non-zero indices of discrete 

orthonormal polynomials entering the definition of the cluster functions ( )sαΦ σ . Zero-index 

orthonormal polynomials have the value of 1, and therefore do not need to be written explicitly. As 

expected, the sum Eq. 1 has NM  terms. 

In case of a two-component crystalline alloy, the cluster expansion of the mixing energy per 

lattice site can be written as:47 

( )
eq

i
i

E m Jα α
α α

σ
∈

=∑ ∏σ       (2) 

Here, lattice symmetry has been taken into account by forming symmetry-adapted expansion 

coefficients for equivalent clusters. Like in the general case, α  in Eq. 2  enumerates all lattice-symmetry 

inequivalent subsets (clusters) of a full set of lattice sites, mα  is the number of clusters that are equivalent 

to α  by the lattice symmetry (divided by the total number of lattice sites N ), and coefficients Jα  are 

the effective cluster interactions (ECI). Angle brackets designate the arithmetic average over all sets of 

points { }, , ,i q q q′ ′′= K  that are equivalent to the subset represented by α  through the lattice symmetry. 
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The averaging over the symmetry-equivalent clusters is possible due the independence of the effective 

cluster interactions Jα  on the spin configurations in case of a two-component system. This averaging 

reduces the number of independent ECI coefficients. The discrete site occupation variables iσ  are usually 

assigned the values of 1+  and 1−  in a binary system. 

The cluster expansions Eqs.1 and 2 converge rapidly with cluster size, and yield an exact result in 

the untruncated form. In this work, the CE fitting of the mixing energy and search for the thermodynamic 

ground state were carried out with the Alloy-Theoretic Automated Toolkit (ATAT) code.47 The quality of 

the CE fit was evaluated using a cross-validation score.48 To evaluate the relative stability, the mixing 

energy of C1-xNx alloy (E) was defined as:  

� =
������

�
− 	
� − (1 − 	)
� 

where the Etotal and n are the total energy and total number of atoms of the system, µN and µC represented 

chemical potentials of nitrogen and carbon atoms, which were set equal to the cohesive energies of 

graphite and N2 molecular crystals.49 The mixing energies of alloy structures generated by ATAT and 

used in the fitting procedure were computed at the density-functional theory (DFT) level. Total energies 

and band structures were obtained within the local spin density approximation (LSDA) with projector-

augmented wave (PAW) potentials, as implemented in VASP.50  The plane-wave cutoff was 520 eV in all 

calculations. The convergence threshold was set to 10-4 eV in energy and 10-3 eV/Å in force, and cell 

dimensions along the z direction were 12 Å to avoid interaction between layers. The Monkhorst-Pack k-

point grids are employed for Brillouin zone integration for all the structures, using approximately same k-

point density for reciprocal cells of different sizes. Line mode with 21 k-points between two high-

symmetry k-points is used to further investigate the electronic behavior on the basis of the equilibrium 

structures. The CE fitting was based on the DFT energies of 115 CN alloy structures, containing between 

4 and 12 atoms. The root-mean-square deviation of the CE-fitted mixing energies from the actual values 

(the cross-validation score) was 18 meV for these structures, indicating a good fit. Phonon dispersions 

were obtained from the DFT, and high-temperature ab initio molecular dynamics (MD) calculations were 

performed to test structural stabilities. Force constants for phonon calculations were found by using the 

density functional perturbation theory (DFPT),51 as implemented in VASP. Based on the calculated force 

constants, phonon dispersion curves were obtained with the PHONOPY package.52 The original unit cells 

were used in constant-temperature 5ps-long DFT MD simulation runs with the time step of 1fs.  In order 

to capture off-gamma point vibrations, additional supercell calculations were performed using density 

functional based tight binding molecular dynamics (DFTB-MD) with the same time step, as implemented 

in the DFTB+ code.53   
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We use the cluster expansion technique in conjunction with DFT to obtain mixing energies of two-

dimensional C1-xNx alloys in the range of N concentrations 0<x≤3/4. The calculated and fitted mixing 

energies, along with the lowest-energy configurations, are shown in Fig. 2. In the stability diagram, there 

are three distinct regions of concentrations, viz. (1) 0≤x≤1/4, (2) 1/4≤x≤1/2, and (3) 1/2≤x, within 

which the slopes of the ground state line are constant. In the first region, 0≤x≤1/4, the ground state line is 

almost flat, and the mixing energy goes up to only 76 meV/atom from 16 meV/atom when N 

concentration increases from 0 to 1/4. In the second region 1/4≤x≤1/2, the mixing energy goes up much 

faster, reaching 184 meV/atom at x=1/3, and 463 meV/atom at x=1/2. In the third region, 1/2≤x, the 

mixing energy goes up faster still, and reaches the value of 1405 meV/atom at x=3/4 N concentration. The 

second nearest or nearest neighbor nitrogen atoms will be present in all configurations when N 

concentration is higher than x=1/4, and similarly, the nearest neighbor N-N connections cannot be 

avoided when x>1/2. It is clear that the first increase of the slope of the ground state energy at x=1/4 is a 

consequence of the appearance of the next nearest neighbor N atoms in the alloy, and the second increase 

at x=1/2 is due to the formation of N-N bonds. Long-range interactions of N atoms in a hexagonal lattice 

produce a substantial, destabilizing effect on the system, and one can expect that the structural instability 

will appear somewhere before the formation of direct N-N bonds, i.e. at concentrations lower than 1/2. 

 

Figure 2. Mixing energies of the carbon-nitrogen two-dimensional alloy obtained with the cluster 

expansion. Blue stars show the DFT results, and green circles give energies obtained from the cluster 

expansion fitting. Squares show the values of the lowest mixing energy (ground state) at each 

concentration. The solid line outlines the convex hull of the mixing energies. Chemical potentials of 
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carbon and nitrogen atoms were set equal to the cohesive energies of graphite and N2 molecular crystals, 

respectively. Units cells for the lowest energy states at N concentrations of 0, 1/4, 1/3, 3/8, 1/2 and 3/4 are 

shown. Predicted regions of metastability (x<1/3), stability switchover (1/3<x<3/8), and instability 

(x>3/8) are highlighted. 

On the other hand, the line of the convex hull has a very slight upward slope for x between 0 and 

1/4, and thus one can expect facile mixing of pure phases and good alloy stability in that range. The 

instability should occur in the second region, 1/4≤x≤1/2, where second-neighbor N atoms appear. Below 

we describe the phonon and molecular dynamics calculations that were performed in order to test the 

structural stability of the lowest energy states for 0≤x≤1/4 and also at higher concentrations. From these 

calculations, we predict an actual threshold N concentration at which the alloy should become unstable. 

Our estimate shows that the structural instability should occur around x=3/8 (37.5%). Above this 

concentration, all graphene-like CN alloys are predicted to be unstable. 

The calculated phonon spectra of the ground state structures at various concentrations are shown 

in Fig. 3. The structures (shown in Fig 3a-e) with low N concentrations (x≤1/3) performed good dynamics 

stability. Imaginary frequencies first appear at the N concentration of x=3/8. All other tested structures 

with higher N concentrations (x=5/12, 1/2, 3/4) contained imaginary phonon frequencies as well. We 

interpret these imaginary frequencies as indicators of the structural instability of the alloy. The 

concentration x=3/8 (37.5%) with the mixing energy of 246 meV/atom is taken as a threshold value for 

instability. 
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Figure 3. Calculated phonon spectra of the lowest-energy states of CN alloys at different N concentrations 

(a) x=1/12; (b) x=1/8; (c) x=1/6; (d) x=1/4; (e) x=1/3; (f) x=3/8. Imaginary frequencies appear at the N 

concentration of x=3/8 (37.5%) as well as all higher concentrations and marked with a red line in (f). 

 

We next confirm the predictions of phonon calculations by testing the stability of the lowest-energy 

configurations with a different approach, namely high-temperature ab initio molecular dynamics based on 

DFT, as well as density functional tight binding (DFTB). A structure is deemed thermally stable if all 

atoms remain near their initial equilibrium positions at the end of the MD run. The original unit cells are 

used in DFT and 8×8 supercells are employed in DFTB. First, we test the structures at a relatively high 

temperature of 1500 K in DFT MD simulations with 5ps duration. The structures with concentrations 

x=1/12, 1/8, 1/6, 1/4, 1/3, and 3/8 all remain stable, showing no signs of structural disruption and 

preserving a nearly planar geometry at the end of each MD run. When testing the lowest-energy structure 

with nitrogen concentration of x=5/12 (41.7%), the two-dimensional configuration collapse after 0.7 ps, 

indicating that the melting temperature of this structure is lower than 1500 K. All other structures with 

higher concentrations (x=1/2, 3/4) also collapse in MD calculations, confirming the destabilizing effect of 

increased N doping, consistent with the mixing energy trends shown in Fig. 2.  

At the concentration of x=3/8, the lowest-energy structure don't collapse in MD calculations, 

although its phonon spectrum contained imaginary frequencies. This is due to the fact that the off-gamma 

point vibrations cannot be captured by single-cell MD calculations. To address this problem, we perform 
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additional calculations with a larger 8×8 supercell for all of the low-energy structures using the DFTB+ 

code. The faster DFTB method is used because long DFT MD runs are not feasible with the supercell 

structures containing several hundred of atoms. The trajectories are propagated for 10 ps in DFTB runs. 

Our MD tests with larger cells show a general trend of decreasing thermal stability with increasing N 

concentration. At 1500 K, the 8×8 structures with concentrations x=1/12, 1/8 and 1/6 all remain stable. 

These structures will most likely be also very stable under experimental conditions, and may be the 

easiest to realize. In recent experiments on nitrogen graphene doping,33 a mixing N concentration of 16.4% 

has been reported. The final state of the structure with concentration x=1/6 (16.7%) is shown in Fig. 4a. 

The structures with N concentrations that are higher than 1/6 are unstable at 1500 K, as evident from 

Fig. 4b, which shows the final state of the structure with the concentration x=1/4. Xiang et al. have 

previously confirmed the stability of the x=1/4 structure with MD simulation at 500 K, and we have also 

tested this structure at temperatures of 1000 K and 500 K. Our DFTB MD results agree well with these 

previous calculations. Fig. 4c shows the final geometry of the x=1/4 configuration at 500 K, which 

remains planar with all the atoms near their initial equilibrium positions. However, the x=1/3 structure is 

unstable at 1500, 1000, and also 500 K. We then test this structure by performing DFTB MD simulations 

at 300, 200 and 100 K. The structure remain intact only at 100 K, indicating that it has a low melting 

point between 100 and 200 K. Fig. 4d, 4e, and 4f, show this structure at the end of the MD runs at 1500, 

500, and 100 K, respectively, evidencing a more significant damage at higher temperatures. We have 

additionally tested the x=3/8 structure with supercell calculations at 100 K. After 10ps simulation, out-of-

plane C pairs have been formed, in agreement with the predicted instability based on phonon calculations. 

The MD calculations reveal that the mechanism that is responsible for the thermal decomposition 

of the CN alloy structures is the breaking of the carbon-carbon bond. This mechanism is in contrast with 

the expectation of the structure being weakened by its carbon-nitrogen bonds. As is well known, the sp2 

carbon-nitrogen bond is both shorter and stronger than the sp2 carbon-carbon bond in graphene. As a 

result of alloying, the carbon-carbon bonds of graphene is compressed from 1.417 to 1.377 Å, as the N 

concentrations increases from 1/12 to 3/8, as shown in Table I. The strain has a greater destabilizing 

effect on the C-C bonds and is released by out-of-plane relaxations of carbon atoms, as seen in Fig. 4b, 4d, 

and 4e. Both phonon and MD calculations predict that the stability switchover in a hexagonal 2D CN 

alloy should occur at N concentration between x=1/3 (33.3%) and x=3/8 (37.5%). 
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Figure 4. Top and side view of snapshots of the selected low energy 2D CN alloy structures as predicted 

by the cluster expansion after 10ps of the MD simulation in the NVT ensemble using a 8×8 supercell for 

(a) x=1/6 at 1500 K, (b) x=1/4 at 1500 K, (c) x=1/4 at 500 K, (d) x=1/3 at 1500 K, (e) x=1/3 at 500 K, 

and (f) x=1/3 at 100 K. The red circles mark the disrupted areas in each unstable configuration; the 

numbers are used to set the correspondence between the areas in the top and side views. 

 

Table I. Calculated properties of two-dimensional CN alloys at various N concentrations: mixing energy 
(E), band gap, structural stability, and average length of the C-C bond. 

N concentration E (meV/atom) Band gap (eV) MD stability Phonon stability Average C-C (Å) 

1/12 53 Metal stable stable 1.417 

1/8 77 Metal stable stable 1.415 

1/6 61 Metal stable stable 1.409 

1/4 76 0.37 stable stable 1.401 

1/3 184 Metal stable stable 1.393 

3/8 246 Metal unstable unstable 1.377 

 

We finally briefly address the electronic properties of the 2D CN alloys. Overall, among all considered 

CN structures, metallic materials dominate, with approximately 70% of structures being gapless, and 30% 
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semiconducting. The metallic alloys are strongly degenerate, with Fermi level located deep in the 

conduction band. The band structures of the most stable alloys at N concentrations of x=1/12, 1/8, 1/6, 

1/4, 1/3, and 3/8 are shown in Fig.5. The familiar Dirac cone feature of graphene is completely removed 

by alloying and thus can no longer be seen. Site-projected DOS analysis shows that the Bloch states near 

the Fermi level mainly originate from the C pz orbital, with smaller contributions from the dopant N pz 

states. Increasing N atom concentration from x=1/12 to 1/8 to 1/6 raises the Fermi level further into the 

conduction band as seen in Fig 5a, b and c. However, at N concentration of 1/4 (Fig 5d), a special stable 

semiconducting structure with an indirect band gap of 0.37 eV is observed.  Previous work have proposed 

the mechanism of band gap opening for this structure by employing Clar's rule.11 In this structure, N 

atoms divide the graphene plane into isolated hexagonal carbon rings, which belongs to the class 1CF of 

the (pseudo)-all-benzenoid structures and form Clar sextets. Previously, Wassmann et al.54 used the rule 

to explain the band gap opening in a related graphene nanoribbon structures. At even higher N 

concentrations of x=1/3 and 3/8 as shown in Fig 5e and f, the Fermi level keeps rising into the conduction 

band. 

 

Figure 5. Electronic band structures and total and projected densities of states of stable CN alloys at 

different N concentrations: (a) x=1/12; (b) x=1/8; (c) x=1/6; (d) x=1/4; (e) x=1/3; (f) x=3/8.  

In summary, we have studied the nitrogen doping limitations of g-NG treated as a C1-xNx alloy by 

employing first-principle calculations and cluster expansion. We found that the largest achievable N 

doping concentration in g-NG is 33.3%-37.5%. Higher concentrations are not possible because of the 

strong repulsive interactions between nitrogen dopants. Our phonon calculations reveal that there are no 

imaginary frequencies in the phonon spectra for the x≤1/3 structures. These stability results have also 
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been confirmed by ab initio MD calculations. Low dopant concentration structures (x≤1/4) are stable at a 

temperature of 500 K and higher; however, the melting point of the x=1/3 C2N structure is quite low, 

being between 100 and 200K. Most of the stable structures exhibited n-type doped metallic behavior with 

the exception of the special-configuration x=1/4 structure, which is a semiconductor. By increasing the N 

concentration, the Fermi level of the system is lifted into the conduction band. Our study is useful for 

broadening the applications of N-doped graphene in electronics and catalysis. 
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