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Nitrogen-doped graphene (NG) has attracted increasing attention because its properties are significantly different to pristine
graphene, making it useful for various applications in physics, chemistry, biology, and materials science. However, the NGs that can
currently be fabricated using most experimental methods always have low N concentrations and a mixture of N dopants, which
limits the desirable physical and chemical properties. In this work, first principles calculations combined with the local particle-
swarm optimization algorithm method were applied to explore possible stable structures of 2D carbon nitrides (C;_,N,) with
various C/N ratios. It is predicted that C;_,N, structures with low N-doping concentration contain both graphitic and pyridinic N
based on their calculated formation energies, which explains the experimentally observed coexistence of graphitic and pyridinic N
in NG. However, pyridinic N is predominant in C;_,N, when the N concentration is above 0.25. In addition, C; _,N, structures with
low N-doping concentration were found to have considerably lower formation energies than those with a high N concentration,
which means synthesized NGs with low N-doping concentration are favorable. Moreover, we found the restrictions of mixed doping
and low N concentration can be circumvented by using different C and N feedstocks, and by growing NG at lower temperatures.
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INTRODUCTION

Due to its high carrier mobility of more than 1.5 x 10*cm?V~"'s~
at room temperature, graphene is a promising material for future
high-speed transistors'. However, graphene field-effect transistors
cannot be turned off effectively because they do not have a
bandgap?. Heteroatom doping provides a promising approach to
tune and control the electronic properties of graphene, in the
same way that it is applied in electronics using silicon materials®~>.
N atoms have similar atomic radii and electronegativity to C
atoms, and thus are widely used to dope graphene. Compared
with C, N has an additional electron and can hence be used as an
electron donor, allowing graphene to be transformed into an n-
type semiconductor and have an increased carrier density®.
Therefore, N-doped graphenes (NGs) are expected to be prefer-
able to graphene for many applications in electronic devices.
Unfortunately, doping graphene with N atoms in a controllable
manner is difficult. Firstly, the doping concentration of N in
graphene is usually very low (Supplementary Table 1). Although
various methods such as chemical vapor deposition’, thermal
annealing®, pyrolysis®, arc discharge'®, hydrothermal synthesis'’,
and plasma treatment'? have been widely applied for the N
doping of graphene, none of these methods can yield NG with an
N concentration higher than 0.2, except for the carbon-nitride
materials synthesized from specific aromatic hydrocarbon mole-
cules. Such a low doping concentration greatly limits the control
of the carrier concentration in NG. The second challenge for NG
fabrication is preventing the doping of N as a mixture of graphitic,
pyridinic, and pyrrolic N configurations, resulting in stronger
scattering of the carriers during their transport and thus greatly
reducing carrier mobility. To prepare NG with a desirable N
configuration and concentration, it is essential to understand the
conditions that promote the low doping concentration of N, as

1

well as mixed doping types. Several studies have been undertaken
to understand the formation of NG. Xiang et al. found that the
effective nearest-neighbor interaction between N dopants is
highly repulsive because of the strong electrostatic repulsion
between N atoms, and this explains why complete
nitrogen—carbon phase separation does not occur in NG'>. Shi
et al. have studied the N-doping limitations of NG and found that
the largest achievable graphitic N-doping concentration in NG is
0.333-0.375'%. Feng et al. further investigated the most stable
structures of two-dimensional (2D) NG with higher N concentra-
tion and found that the 2D NGs can be stabilized at high N
concentration although structures with lower N concentration are
energetically more favorable'®. Until now, the inherent reason for
the observed doping concentration and type of N in NG has been
unclear, despite previous reports.

In this work, we systematically studied the stable structures of
carbon nitride with different C/N ratios (C;_4N,, 0 < x < 1), based
on the particle-swarm optimization (PSO) algorithm'® and density
functional theory (DFT) calculations. It is found that C;_,N,
structures with lower N concentrations (or small x values) exhibit
lower formation energies and thus are more thermodynamically
stable with reference to the chemical potentials of C in graphene
and N in N,. In addition, we found that graphitic N and pyridinic N
in 2D C;_,N, structures have comparable formation energies at
low N-doping concentrations. This explains current experimental
observations that 2D carbon nitride films consistently exhibit
lower doping concentrations in which graphitic and pyridinic N-
doping coexist. With the increase of doping concentration, 2D
C,_xN, structures become dominated by pyridinic N due to a
significant increase in repulsive interactions between graphitic N
atoms, which leads to transformation from a composition with
mixed graphitic and pyridinic N to porous structures with only
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pyridinic N. Further, we found that the concentration of N in C,
_xN, can be regulated by adjusting the feedstock used in the
fabrication because this changes the chemical potential of the C
or N. By appropriately modulating the chemical potential of the C
and N atoms or decreasing the growth temperature, C;_,N, with
high N concentration can be obtained. 2D C;_,N, structures with
different N concentrations have unique electronic properties and
are expected to have applications in many fields.

RESULTS AND DISCUSSION

Effect of N type and concentration on C;_,N, stability

Generally, there are three bonding configurations that appear in
the NG lattice. As described by Wang et al.'”: (1) a graphitic N
atom is an N atom that replaces a C atom in the graphene lattice
and bonds with three other adjacent C atoms in the hexagonal
ring; (2) a pyridinic N bonds with two C atoms at the edges or
defects of graphene and contributes one p electron to the m
system; and (3) a pyrrolic N contributes two p electrons to the m
system, though this is not restricted to a five-membered ring, as in
pyrrole. Comparing these nitrogen types, pyridinic N and graphitic
N are sp? hybridized and pyrrolic N is sp* hybridized. To determine
the probability of producing different N configurations in NG, we
calculated their formation energy per N atom. Firstly, we define
the total formation energy of the structure, E{C;_,N,; Gr, N,) as

(M

where Ec, ., is the free energy of C;_,N,, Hcer) is the chemical
potential of C in perfect graphene and wyn,) is the chemical
potential of N in N, (for details see Supplementary Note 1). In
general, this is dependent on the temperature and partial pressure
of Ny, but we consider the system at 0K first. Figure 1 shows the
calculated values of E¢(Cy_xNy;Gr,N,) for various values of x at
0 K. In each structure, the doping percentage of N is limited to less
than 1 at% (x<0.01) to minimize the interactions between the
neighboring N dopants. Figure 1 shows that graphitic and
pyridinic N in a hexagonal pore have much lower formation
energies (~3 eV per N atom) than the pyrrolic pore (~1eV per N
atom). The lower formation energies indicate that graphitic and
pyridinic N have higher probability of forming (based on
thermodynamic considerations), therefore only graphitic and
pyridinic N in a hexagonal pore (pyri-N-3) were considered in
the following NG structural search.

Graphitic N-N pairs in NG are reported to be unfavorable due to
the strong electrostatic repulsion between N atoms'>. This effect
also prevents complete nitrogen-carbon phase separation and
leads to the formation of carbon-nitride materials. To search for

Ef(Ci—xNx; Gr,Np) = Ec, N, — (1 = X)Hc(Gr) — XHn(ny)
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Fig. 1

the most stable structures of graphitic NG (C; _,N,) in various N
concentration ranges, we calculated the nearest-neighbor inter-
action between N dopants. A 12x 12 supercell of graphene is
used to calculate the interaction between two graphitic N atoms
in the results presented below. Larger supercell sizes were found
to give similar results. As shown in the inset of Fig. 2a, the
honeycomb lattice of graphene can be considered to consist of
two interpenetrating triangular sublattices: sublattice A and
sublattice B. We consider the interaction between an N atom at
an arbitrarily chosen site (labeled as 0A) and those at other sites
that have different interaction distances to the OA N atom. The
pair-interaction energy (E,) between N atoms is calculated by Eq.
(1), where each C;_,N, structure contains only two N atoms. The
calculated values of E, for N atoms within an interaction range of
6.5 A are plotted in Fig. 2a and shown as a function of the N-N
distance. It can be seen that E, increases with the shortening of
the N-N distance, especially when the distance is less than 3 A (or
0A-3B in Fig. 2a). Two local minima, the 0A-3B and 0A-7B pairs,
were identified in the calculated energy curve, which is consistent
with a previous report which also found these two local minima'3.
Since there is no N-C phase separation in NG, it seems likely
that we can construct C,_,N, superstructures with uniform
distributions of N dopants. Figure 2b shows the calculated
formation energies of the most stable structures of C;_,N, 2D
materials with different N/C ratios. These structures and the values
of the formation energies are shown in Supplementary Fig. 1.
Figure 2b clearly shows that the formation energies of the C; _,N,
materials increase with N concentration. The most stable structure
of each C;_,N, (x < 0.25) is mainly composed of 0A-3B and 0A-7B
N-N pairs that have low pair interaction energies (Supplementary
Fig. 2), demonstrating that the N-N pair interaction plays an
important role in determining the structures of C;_,N, (x <0.25).
For C,_,N, structures with x>0.25, the formation energies
increase dramatically with the N concentration because of the
short distance and hence strong repulsion of the N-N pairs.
C,_xN, structures composed of pyridinic N are also considered
in our calculations since pyridinic N has a similar formation energy
to that of graphitic N at low doping concentration (Fig. 1). Unlike
graphitic N-dopants, which preserve the honeycomb structure of
graphene, doping of pyridinic N in graphene leads to porous
Cy_xN, structures where each edge of the pore is composed of N
atoms. Figure 3a shows the formation energies of pyridinic N in
hexagonal pores. To test for a pore-size effect, the number of N
atoms at the edge is increased from 1 to 4. It is clear that the
formation energy of pyridinic N increases with pore size,
demonstrating that it is more energetically favorable to have
pyridinic N in small pores. Using the smallest hexagonal pore as a
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Stability of different types of nitrogen-doped graphene. Formation energies and optimized geometries of graphitic, pyrrolic, and

pyridinic nitrogen in graphene lattice with nitrogen percentages of less than 0.01, at a temperature of 0 K. The blue and gray atoms represent

nitrogen and carbon atoms, respectively.
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building block, we can construct C,_,N, superstructures with
a uniform distribution of hexagonal pores. As shown in Fig. 3b, a
series of superstructures with different pore densities are
constructed by reducing the distance between the pores. This
also leads to an increase in the N concentration. From the
calculated energy curve of Fig. 3b, we can clearly see that the
formation energies of the porous structures increase with N
concentration. This prevents the formation of large pores and
produces graphite materials with pyridinic N structures that have
uniformly spaced small pores. It should be noted that only C; _,N,
structures with N concentrations up to 0.5 are considered, since
the structures with higher N concentration involve both pyridinic
and graphitic N and will be discussed later.

To understand the formation probability of observing graphitic
and pyridinic N in NG, we compared the formation energies of the
most stable C;_,N, structures with graphitic or pyridinic N. The N
concentration of the C;_,N, structures was varied from 0 to 0.5.
The local PSO algorithm was used to search all the stable
structures of 2D C;_,N, (Supplementary Fig. 4). It is worth noting
that the structure search for hexagonal pyridinic N with very low
N-doping concentration requires large lattice parameters, which is
not easily achievable using PSO algorithm searching. Therefore, all
the pyridinic N structures with low N concentration were

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

constructed manually and optimized using DFT calculations
(Supplementary Fig. 5). Figure 4a and b show the formation
energies and the most stable structures with graphitic N or
pyridinic N in hexagonal pores. It shows that graphitic N and
pyridinic N have formation energies that are within ~0.1eV
atom ™' at very low N-doping concentrations (<0.08, which is
shown as Region-I in Fig. 4a). When the doping concentration of N
increases (Region-Il shown in Fig. 4a), the pyridinic NG becomes
more energetically favorable than graphitic NG. This means the
increased N-doping concentration can increase the formation
probability of pyridinic N. When the N concentration is higher than
0.25 (Region-lll shown in Fig. 4a), the energy difference between
graphitic and pyridinic N becomes much larger (>0.1 eV atom ™),
which means the C,_,N, structures with high N concentration
predominantly contain pyridinic N. Interestingly, further calcula-
tions demonstrate that the coexistence of pyridinic and graphitic
N in 2D C,_,N, decreases the formation energies of these
structures (Supplementary Figs. 6 and 7). In particular, we found
that g-CsN,4 (x = 0.57), which consists of pyridinic and graphitic N
(Supplementary Fig. 8), has lower formation energy than CN (x =
0.50) which is composed of pyridinic N only, demonstrating that
co-doping of pyridinic and graphitic N in 2D C;_,N, is beneficial to
the energetic stability of the structure. This is consistent with

npj Computational Materials (2020) 128
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structures of the most stable C;_,N, structures doped with graphitic
or pyridinic nitrogen.

numerous previous experimental observations that show pyridinic
and graphitic N coexist in NG with low doping concentra-
tions”'®° (Supplementary Table 1), and particularly with the
stability of experimentally synthesized g-C3N, which contains
both graphitic and pyridinic N'&,

Figure 4a also demonstrates that formation of NG with low
doping concentration is more thermodynamically favorable than
those with high doping concentrations, and this is consistent with
the fact that the experimentally synthesized NGs typically have
very low N-doping concentrations'”.

Of all the structures considered, CN (x=0.25 for graphitic N
structures) demonstrate enhanced stability because their forma-
tion energies are the local minimum of the energy curves. The
enhanced stability of CiN composed of graphitic N can be
attributed to the existence of 0A-3B N-N pairs, which we have
demonstrated to be stable (Supplementary Fig. 2), and the high
symmetry of the structure'. It should be noted that the graphitic
N-doped C3N (x=0.25) has already been synthesized and
characterized in recent experiments®®*'. Experimentally, pyrrolic
N has also been widely observed in NG as a defect. To compare
with experiments, we also considered the effect of pyrrolic N on
the formation energy of NG structures. It is found that the
existence of a small concentration of pyrrolic N in NG greatly
increases the formation energy of the 2D C;_,N, structures.
(Supplementary Figs. 6 and 7). The addition of pyrrolic N into the
NG structures containing only pyridinic N or both pyridinic and
graphitic N leads to an increase of the formation energy. This
demonstrates that pyrrolic N is not energetically favorable in NG,
and the experimentally observed pyrrolic N in NG may be
attributed to the formation of pyrrolic N at the edges of the
structures. Moreover, we studied the formation of pyrrolic N in the
experimentally synthesized C;N (Supplementary Fig. 9) and g-
C3N4 (Supplementary Fig. 10). Similarly to the 2D C; 4N, structures
discussed above, the formation energies of both C;N and g-C3N,4
increase with addition of pyrrolic N defects. Considering systems
with the same proportion of pyrrolic N defects, but in different
positions, C,N (or g-C3N,) with large distances between the
defects leads to a lower formation energy of the structure.
(Supplementary Figs. 9 and 10). Furthermore, for g-C3N,4 with high
defect concentrations of pyrrolic N, the strain introduced by
addition of the defects is so high that it causes the C-N bond to

npj Computational Materials (2020) 128

break in the calculations, and this reduces the formation energy of
the system (Supplementary Fig. 10).

Regulation of the structure of C;_,N,

The calculations of formation energies above are with reference to
Mc@n for C in graphene and py,) for N in N, at OK. Since the
chemical potential of C and N will vary with temperature, partial
pressure of the feedstock and the type of feedstock, the formation
free energies can be tuned by changing these parameters®>%, A
general expression for the formation energy is given by Eq. (520)
of Supplementary Note 1. Figure 5a and b show how the
formation free energies of NG change with change in uc and uy
due to change in the feedstock, at fixed temperature and pressure.
Figure 5a shows the results obtained when uc is fixed at the
chemical potential of a C atom in graphene at 0K and uy is
increased from 0 to 1.0 eV. In this case, the formation energies of
the C,_,N, structures decrease, and the effect is greatest when the
structures have high N concentrations as the formation energy is
dependent on x (Eg. (1)). This means that C;_,N, structures with
high N concentration become more energetically favorable than
those with low N concentration when the chemical potential
changes by about 0.5 eV. However, if uy is kept constant at the
chemical potential of an N atom in N; and pc is increased (Fig. 5b),
the formation energies of C;_,N, structures decrease, but
structures with low N concentrations have a more substantial
reduction in energy. Therefore, C;_,N, structures with low N-
doping concentration become much more energetically favorable
than structures with high N-doping concentration, which finally
leads to the production of C;_,N, materials with a higher
percentage of graphitic N. To increase the proportion of C;_,N,
materials with higher concentrations of N, a feedstock with a
lower value of uc than graphene would need to be selected.

In experiments, the chemical potential of C and N atom in
different feedstocks (defined in Egs. (52) and (S3) of Supplemen-
tary Information) can be calculated at different temperatures and
pressures. The chemical potential of C in C,H, (m and n are
integers), c(c,n,): iS given by

1
tecomn) (T2 P) = Hen (0) + ArGe(er (T, P°) + EAfGO,,,H,,(T)

PC H PO n/2 (2)
) |

where G is the free energy, T is the temperature, Py is the partial

pressure of X, P° = 0.1 MPa is the standard pressure, DArGY(T) is

free energy of formation of X at standard pressure, and

ArGx(T) = Gx(T) — Gx(0), (see Supplementary Information).
Similarly, piyn,) is given by

1
+—RTIn
m

1
“N(NkH/)(Tv P) = ""N(Nz)(ov PO) + %ATGNz(T’ PO) + EAfG%kH,(T)

12 (3)
1 Par, (PP
—RTIn|—&(—) .
Tk ”{ po (PHZ) }
The differences in chemical potential of C and N in the

feedstock and that in graphene or nitrogen at 0 K can be defined
as

Duc(cnn) (T P) = Hecomn) (T:P) = M) (0), 4

Duning) (T2 P) = ) (T P) — Mgy (0), (5)

respectively, and values 0K for a number of feedstocks are given
in Supplementary Table 2. Using these definitions, the free energy
for the formation of C;_,N, at temperature of T, and pressure of P,
from C,,H, and NiH,, EAC;_,N,; C,,H,, N;H;, T, P), can be expressed

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences
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as

Ef(C1—XNx§ CmHm NkHly T, P)
= E¢(Ci—xNy; Gr, N2, 0) — (1 — x)Aucc,m,y (T, P) (6)
—xBpinngy) (T, P) + ArGe, o (T),

where we assume that the thermal contribution to the free energy
of carbon in graphene equals the thermal contribution to the free
energy of C;_,N, (details can be found in Supplementary
Information).

Based on the calculated Auc and Auy in different feedstocks
with typical experimental temperatures and pressures (Supple-
mentary Table 3, T=1300K, Py=0.1MPa, Py, = Preedstock =
107 MPa), the formation energies of C;_,N, can be calculated.
Figure 5c shows the effect of different N feedstocks, when CHy is
used as the C feedstock. The N feedstocks considered are N,, NH3,
and N,H,. It is clear that N, favors the formation of C;_,N, with
low N concentration, whereas N,H, enhances the formation
probability of C;_,N, with high N concentration. Figure 5d shows
the effect of different C feedstocks, when NHs is used as the N
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feedstock. The C feedstocks considered are CH,4, C5H,, and CoH,.
We can see that use of C,H, makes the free energy curve flatter
than with CH4; or C,H,. This means the formation of C;_,N, with
high N concentration and pyridinic N is more likely in this case.
These predictions are consistent with previous experimental
observations. For example, Wei et al. found that using CH, and
NHj; as the feedstock, the synthesized NGs have both pyridinic and
graphitic N2*, while Luo et al. observed the synthesized NGs were
composed purely of pyridinic N by changing the feedstock to C;H,
and NH;>.

Equations (2) and (3) demonstrate that the growth temperature
can also be used to tune the structures of C;_,N, by changing the
chemical potential of C and N. This is demonstrated in Fig. 5e
where the effect of temperature on a system with CH; and NH3
feedstock and typical experimental pressures is shown. Higher
temperatures lead to the production of C,_,N, with an increased
percentage of graphitic N and decreased N-doping concentration.
This has been observed in a previous research where the
percentage of graphitic N increases with the temperature, and
the N concentration of the NG decreases with the tempera-
ture®®?’. For example, Zhang et al. and Guo et al. synthesized NG
with high N concentration and quite precise doping at low
temperatures, and they found the samples contain abundant
pyridinic N*32°, The pressure also has significant effect on the
formation energies of the C;_,N, structures. Compared with the
case where the partial pressures of H,, C and N feedstocks are
fixed as 10 bar (black line + circle in Fig. 5f), decreasing the
pressure ratio of C feedstock and H, (Pc/Pu, = 0.1, blue line +
triangular in Fig. 5f) results in smaller slope of the line, which
means the formation of C;_,N, structures with high N-doping
concentration and more pyridinic N. However, increasing the
pressure ratio of C feedstock and H, (Pc/Pu, = Pc,n,/Pn, = 10,
blue line 4+ pentagon in Fig. 5f)) promotes the formation of C;_,N,
structures with low N-doping concentration and more graphitic N.
In contrast, decreasing the pressure ratio of N feedstock and H, (
Pn/Pu, = Pnn/Ph, = 0.1, red line + rectangular in Fig. 5f) favors
the formation of C;_,N, structures with low N-doping concentra-
tion and more graphitic N, while increasing the pressure ratio of N
feedstock and H; (Pn/Pu, = 10, red line + star in Fig. 5f) favors the
formation of C;_,N, structure with high N-doping concentration
and more pyridinic N.

Electronic properties of C;_,N,

The structure of 2D C,_,N, has important effect on its properties.
The electronic properties of graphitic NG and pyridinic NG were
studied by both Perdew-Burke-Ernzerhof (PBE) and HSE06
calculations. For 2D C;_,N, structures with graphitic N, most
structures are metallic except C;,N and GC3N, which are
semiconductors with medium band gaps (Supplementary Fig.
11). The 2D C;_,N, structures with pyridinic N, C;,N, CgN, CgN, and
C;oN3 have the special graphene-like Dirac cone band structures,
while the other structures are semiconductors with a direct
bandgap (Supplementary Fig. 12). To obtain more accurate
bandgaps for the C;_,N, structures, the HSE06 functional was
used to calculate the bandgaps of C;;N, C3N, GN, and CN, of
which C3N and N have been synthesized experimentally. Table 1
shows the calculated bandgaps for these materials together with
the experimental results. The results of the HSE06 calculations
indicate that CGiN (x=0.25) composed of graphitic N has a
bandgap of 1.22 eV. Experimentally, the measured bandgaps of
CsN are highly dependent on the flake size of the materials. When
the size of (3N quantum dots (QDs) varies from 1.8 to 5.5 nm, the
bandgap changes from 274 to 1.57eV**?'. The calculated
bandgap of C,N (x =0.33), which is composed of pyridinic N, is
2.46 eV, and the experimentally measured bandgaps are between
1.69 and 2.8 eV when the size of C;N QDs changes from 3.8 to
48nm>°3'". The HSE06 calculations demonstrate that C;,N
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Table 1. The calculated bandgap of C;,N (x = 0.08), C3N (x =0.25),
CoN (x=0.33), and CN (x =0.50).

C1oNP GNP GNP CNP
PBE band gap 062 0.38 1.61 1.65
HSE06 band gap 099 1.22 246 3.46
Experimental values 270" 1.96%°

0.39, 1.57-2.74%° 1.69, 2.29, 2.80°’

The superscript D indicates a direct semiconductor and ID indicates an
indirect semiconductor. The experimental values are given for comparison.
Units: eV.

Table 2. The calculated carrier mobilities of CsN and C,N structures®.

Charge carrier C®° (Nm™") m"  E(eV) pyp (cm?V~'s7")
CGN ey 372.7 0.78 —4.41 448.78

hy 3727 0.88 —6.65 155.05

e, 371.8 0.59 -—-5.36 529.67

hy 371.8 0.21 —7.38 2205.39
CGN ey 80.1 192 -271 41.90

hy 80.1 148 —-4.11 30.46

ey 80.6 046 —271 730.62

hy 80.6 045 —-4.10 332.30

3P is the 2D elastic modulus of the crystal (see Eq. (522) in
Supplementary Note 1), m* is the effective mass, E; is the deformation

potential constant and pyp is the carrier mobility.

(x=10.08) composed of graphitic N has a bandgap of 0.99eV
and CN
(x=0.50) composed of pyridinic N has a bandgap of 3.46eV
(Table 1 and Supplementary Fig. 13).

In addition, we found the carrier mobilities, p,p, of structures
composed of graphitic N (e.g., CzN) are much higher than the
structures composed of pyridinic N (e.g., (oN), (see Supplementary
Note 2, Table 2, and Supplementary Fig. 14). These studies
demonstrate that controlling the structure of C; ,N, is an
important way to obtain carbon-nitride materials with desired
properties.

In conclusion, by comparing the formation energies of graphitic
and pyridinic N under different N concentrations, we found that
graphitic and pyridinic N have similar formation energies in
structures with low N-doping concentration. However, increasing
the N-doping concentration leads to a high probability of
formation of C;_,N, composed of purely pyridinic N. The low N-
doping concentration of graphene in previous experiments can be
attributed to the low formation energies of NG with low N
concentration. Our theoretical calculations demonstrate that the
doping concentration can be tuned by choosing the feedstock
and growth temperature and pressure.

METHODS
Structure searching

The structures of C;_,N, for various values of x were predicted using the
local PSO algorithm, as implemented in the crystal structure analysis by
particle swarm optimization software'®. Structure prediction was for a fixed
cell of C;_4N, with no more than 30 atoms and the population size is set to
30. For each step of the searching simulation, 80% of the predicted
structures passed to the next step the other 20% of the structures were
randomly generated. The structural searching simulations for each system
were stopped after ~35 generations (1050 generated structures). Based on
the PSO search results, ten to fifteen different structures of each C;_,N,
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were selected for further structural relaxation using DFT calculations as
implemented in Vienna ab initio simulation package®>*3.

First-principles calculations

For the DFT calculations, the projector-augmented-wave method was used
to mimic the ionic cores®***, The generalized gradient approximation
(GGA) with the PBE exchange-correlation function was used with the
plane-wave cutoff energy set at 400 eV for all calculations®®. The bandgaps
of the C;_,N, structures were obtained using the nonlocal hybrid
functional (HSE)®’, where the percentage (known as the mixing parameter
a) of the semilocal GGA exchange potential was replaced by screened Fock
exchange®®. The space between the C;_,N, layers was set to be at least
15 A to eliminate the interaction between the layers. The geometries of the
structures were relaxed until the force on each atom was less than 0.01 eV
A=, and the energy convergence criterion of 1x 107> eV was met. The
Brillouin zone was represented by a Monkhorst-Pack special k-point mesh
(details are given in Supplementary Note 3) for the geometry optimization
of C;_,N, structures®®,
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