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Effect of the number of nitrogen dopants on the
electronic and magnetic properties of graphitic and
pyridinic N-doped graphene — a density-functional
study

Erik Bhekti Yutomo, Fatimah Arofiati Noor {2 * and Toto Winata

Doping with nitrogen atom is an effective way to modify the electronic and magnetic properties of
graphene. In this paper, we studied the effect of the number of dopant atoms on the electronic and
magnetic properties of the two most common nitrogen bond configurations in N-doped graphene, that
is, graphitic and pyridinic, using density functional theory (DFT). We found that the formation of graphitic
and pyridinic configurations can initiate the transition of the electronic properties of graphene from
semimetal to metal with n-type conductivity for the graphitic configuration and p-type conductivity for
the pyridinic configuration. The formation of a bandgap-like structure was observed in both
configurations. The bandgap increased with the increase in the number of dopant atoms. We also
observed that the formation of graphitic configuration did not cause a transition to the magnetic
properties of graphene even though the number of dopant atoms was increased. In the pyridinic
configuration, the increase in the number of dopant atoms caused graphene to be paramagnetic, with
the remarkable total magnetic moment of 0.400 ug per cell in the pyridinic-N3s model. This study
provides a deeper understanding of the modification of electronic and magnetic properties of N-doped
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1. Introduction

Low-dimensional materials, especially in 2D forms such as
graphene, transition metal dichalcogenides, metal chalco-
genide, hexagonal boron nitride, and silicene, have attracted
both experimental and theoretical interest because of their
unique structure and electronic properties."” The properties
differ significantly from those of the parent compound, owing
to quantum confinement and lattice symmetry changes.*®
Among these materials, the 2D material graphene has superior
electronic and mechanical properties.®® The combination of
high carrier mobility and robust structure makes graphene
a promising candidate for many potentials applications, such as
nanoelectronic and spintronic devices.”'® However, the absence
of a bandgap limits the application of graphene in nano-
electronics to those allowing for high on-off ratios, such as
a field-effect transistor (FET) and integrated circuit (IC).****
Furthermore, pristine graphene is nonmagnetic because of its
delocalized 7 bonds, limiting its application in spintronics.* To
expand the application of graphene-based electronic devices,
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graphene by controlling the bond configuration and the number of nitrogen dopants.

the modulation of the electronic and magnetic properties of
graphene is necessary.

Many methods have been proposed to modulate the elec-
tronic and magnetic properties of graphene, such as creating
nanoribbon structures, controlling edge geometry, incorpo-
rating covalent or noncovalent functionalization, and doping
with foreign atoms.”®™ Among these methods, doping is the
most feasible for opening the bandgap and initiating magnetic
phase transitions. Nitrogen is the most commonly used dopant
because its covalent radius is similar to carbon but with one
extra electron.**'®*® Nitrogen-doped graphene can be synthe-
sized through several methods, such as chemical vapor depo-
sition (CVD), using CH, as a carbon source and NH; as
a nitrogen source, and mechanical exfoliation of graphene
oxide (GO) followed by the addition of hydrazine hydrate as
a nitrogen source.*** In a graphene lattice, nitrogen can form
three types of bond configurations (graphitic, pyridinic, and
pyrrolic) depending on the synthesis parameters (e.g., temper-
ature, method, and nitrogen source).****** In the graphitic
configuration, nitrogen atoms substitute carbon atoms in the
graphene lattice through sp® hybridization. Then, the pyridinic
configuration is created when the carbon atom has a single
vacancy, and the nitrogen atom substitutes the carbon atom
near the vacancy site, forming sp” hybridization. Finally, the
pyrrolic formation is created when graphene has a double
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vacancy; then, the nitrogen atom, together with the carbon
atom, forms a pentagonal ring bond. In the pyrrolic configu-
ration, the nitrogen atoms undergo sp® hybridization. Experi-
mentally, the three atomic nitrogen configurations can be
distinguished easily using X-ray photoelectron spectroscopy
(XPS) and analyzing the binding energies of the N 1s peaks.****

Several studies have shown that different bond configura-
tions can significantly affect the electronic and magnetic
properties of graphene. For example, Jalili et al.>® studied the
effect of nitrogen-dopant bond configuration on graphene
electronic properties using the density functional theory (DFT)
method and found a change in conductivity behavior where
graphitic N-doped graphene has n-type conductivity, but pyr-
idinic and pyrrolic N-doped graphene have p-type conductivity.
Ma et al.*® used the DFT method and found that pristine gra-
phene and graphitic N-doped graphene are nonmagnetic.
However, pyridinic and pyrrolic N-doped graphene have spin
polarization with magnetic moments of 0.54 and 0.95 ug. The
unpaired electrons and the 7 bond play an essential role in
modifying the magnetic properties of graphene. In addition to
the bond configuration, the number of dopant atoms also
affects the physical properties of graphene. Zhang et al.>” and
Olaniyan et al.*® reported that increasing the dopant atoms in
the graphitic N-doped graphene can increase the opening of
graphene Dirac cones and the Fermi shift towards the
conduction band.

Among these, the formation of graphitic and pyridinic
configurations can potentially improve the physical properties
of graphene. Moreover, graphitic and pyridinic nitrogen are the
most thermodynamically stable bond configurations in the
graphene lattice.>*** Zhang et al.** applied the DFT method to
analyze the effect of the nitrogen bonding configuration on the
capacitance properties of graphene. They found that the
formation of graphitic and pyridinic configurations can
increase total capacitance by increasing quantum capacitance.
In contrast, the formation of pyrrolic configurations decreases
total capacitance because of their low quantum capacitance.
Faisal et al® supported this finding and succeeded in
increasing the capacitance properties of graphene by synthe-
sizing pyridinic and graphitic nitrogen-rich graphene. The
sample had a capacitance of 230 F g~ " at a current density of
1 Ag " and a remarkable high energy density of 62.6 W h kg™ ",
making it suitable for supercapacitor electrodes. Furthermore,
Lin et al'® synthesized graphitic N-doped graphene with
remarkable carrier mobility of 13 000 cm® (V s)* and reduced
sheet resistance down to 130 Q sq.” .

However, no reports assess the effect of the number of
dopant atoms in graphitic dan pyridinic configuration on the
modulation of the electronic and magnetic properties of gra-
phene. Previous reports have only focused on the effect of the
number of dopant atoms on the electronic properties of
graphitic N-doped graphene. In this research, we systematically
studied the electronic and magnetic properties of nitrogen-
doped graphene with graphitic and pyridinic configurations at
different numbers of dopant atoms. We also discuss the struc-
tural properties of each model for a better understanding.
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2. Computational methodology

In this study, graphitic N-doped graphene and pyridinic N-
doped graphene were modeled by 4 x 4 supercell graphene,
consisting of 32 carbon atoms. The carbon atom was
substituted directly with the nitrogen (N) atom to obtain the
graphitic configuration.””** While in the pyridinic configura-
tion, one carbon atom was removed first to make a vacancy,
then the carbon atom near the vacancy site was substituted with
an N atom.?”*® The schematic of the formation of graphitic and
pyridinic nitrogen configurations is shown in Fig. 1. In this
study, we used three variations in the number of dopant atoms -
graphitic-N, graphitic-N,, and graphitic-Nj; refer to the graphene
doped by one, two, and three nitrogen atoms, respectively,
forming the graphitic configurations. Furthermore, pyridinic-N,
pyridinic-N,, and pyridinic-N; represent the graphene doped by
one, two, and three nitrogen atoms, respectively, forming pyr-
idinic configurations.

The calculations of structural, electronic, and magnetic
properties were carried out using the Quantum ESPRESSO code
based on the DFT method.*** The projector-augmented-wave
(PAW) method was used to treat valence electron configura-
tions.*® The exchange—-correlation interaction was approximated
by generalized gradient approximation (GGA) based on the
Perdew-Burke-Ernzerhof (PBE) functional.’” In previous
research, the GGA-PBE functional has successfully described
the electronic properties of carbon-based materials.?®** A
vacuum of 10 A along the z-axis was used to avoid interactions
between the closest graphene layers. A k-point mesh of 7 x 7 x
1, an energy cut-off of ~816 eV, a threshold energy of ~13.6
meV, and a threshold force of ~25 meV A~" were the parameters
in the SCF calculation. The band structure calculation was
carried out through the I'-K-M-T path in the irreducible Bril-
louin zone. The non-self-consistent field (NSCF) calculation was

Pristine graphene Graphitic N-doped graphene

% Doped | %
° °
(a)

Vacancy graphene Pyridinic N-doped graphene

% - %
o °
(b)

Fig.1 The schematic of the formation of (a) graphitic and (b) pyridinic
bond configurations with one dopant atom in an N-doped graphene
system (the red balls denote N atoms, and the blue balls denote C
atoms). The nitrogen atom directly substitutes for a carbon atom in the
graphitic configuration. In contrast, in the pyridinic configuration, the
binding of the nitrogen atom in the graphene lattice is assisted by
a single vacancy.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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performed using the same parameters when calculating the
SCF. However, the number of k-points mesh doubled to 14 x 14
x 1, which was suitable for calculating the spin-polarized
density of state (SPDOS). Before calculating the structural,
electronic, and magnetic properties, the lattice parameters and
atomic positions were fully optimized using a ve-relax calcula-
tion with the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithm.**

We also calculated defect formation energies AE according
to eqn (2). The defect formation energy is a parameter that
expresses the stability of the system.***

X.
Cy + ENZ _’C32—x—ny + Cx+y (1)

AE = Ec, N, + (x+y)uc — Ec,, — Xun (2)

where Ec, .~ and Ec, are the total energies of N-doped
graphene and pristine graphene, respectively. The chemical
potential of carbon uc is defined as the total energy of graphene
per carbon atom; the chemical potential of nitrogen uyx was
obtained as one-half of the total energy of the N, molecule,
following previous work.***” Furthermore, x is the number of
nitrogen atoms in the system, and x +y is the number of carbon
atoms removed from the pristine graphene during defect
formation. Therefore, (x + y)uc defines the energy required to
remove carbon atoms from the graphene lattice in forming
a doped system. Because, artificially, the product of the reaction
is the carbon atom outside the system.

3. Result and discussion

3.1. Structural properties

Table 1 presents the optimized bond lengths and defect
formation energies AE of all models. The average C-C bond
length of pristine graphene is slightly larger than the experi-
mental results (C-C bond length = 1.420 A).*® However, because
the difference is not significant, the result is acceptable. Pristine
graphene has a hexagonal lattice with a planar structure, as
shown in Fig. 2(a). Furthermore, Fig. 3(a—c) show the optimized
geometry of graphitic N-doped graphene with different
numbers of dopant atoms. We observed a symmetry breaking of
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Fig. 2 (a) Optimized geometry and (b) electron density of pristine
graphene.

the graphene sub-lattices after a graphitic bond formed. In this
study, the magnitude of symmetry breaking was represented by
the difference of the maximum and minimum C-C bond length
Ac_c. The Ac_¢ value increased with the number of dopant
atoms on the graphitic configuration (Table 1), thus increasing
the symmetry breaking. The sub-lattice symmetry breaking in
the graphitic N-doped graphene was due to nitrogen atoms
having smaller covalent radii than carbon atoms (ry = 0.75 A
and rc = 0.77 A). The same behavior is also observed when
graphene is doped by other atoms with different covalent radii,
such as B, Al, Si, Ge, As, and Sb.* The difference in covalent
radii between two atoms in a unit cell will cause lattice distor-
tion.>® We also observed that the graphitic bonding configura-
tion did not destroy the planar structure of graphene.

However, in the pyridinic configuration, the symmetry
breaking of the graphene sub-lattice decreased when the
number of dopant atoms increased, which was indicated by
a decreasing 4¢c ¢ (Table 1). The pyridinic-N model has the
greatest symmetry breaking because of the weak covalent bond
between unpaired electrons of the C2 and C3 atoms. Therefore,
the two atoms moved closer to each other, producing a distance
between C2 and C3 atoms of 1.7 A, as shown in Fig. 3(d). This
interaction caused the formation of a pentagonal ring, initiating
the Jahn-Teller distortion.** Wu et al.>* also observed changes in
the graphene structure due to the interaction between two
carbon atoms around the vacancy site, which resulted in a bond
length of 2.17 A.

Therefore, the presence of nitrogen atoms could strengthen
the interaction between the C2 and C3 atoms because of the
reduced bond length. The addition of one dopant atom

Table 1 Defect formation energies AE and optimized bond lengths of pristine graphene, graphitic N-doped graphene, and pyridinic N-doped

graphene

Bond length (A)

Cc-C C-N
Models AE (eV) Min Max dcc Average Min Max Aden Average
Pristine — 1.424 1.424 0.000 1.424 — — — —
Graphitic-N 0.066 1.414 1.429 0.015 1.422 1.412 1.412 0.000 1.412
Graphitic-N, 0.173 1.404 1.434 0.030 1.420 1.398 1.424 0.026 1.414
Graphitic-N; 0.249 1.398 1.433 0.036 1.416 1.396 1.437 0.041 1.426
Pyridinic-N 0.375 1.393 1.523 0.131 1.429 1.318 1.318 0.000 1.318
Pyridinic-N, 0.352 1.392 1.449 0.057 1.422 1.334 1.362 0.028 1.334
Pyridinic-Nj 0.258 1.415 1.452 0.037 1.431 1.340 1.340 0.000 1.340

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(c) graphitic-N3
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Fig. 3 Optimized geometry of (a) graphitic-N, (b) graphitic-N,, (c) graphitic-Ns, (d) pyridinic-N, (e) pyridinic-N5, and (f) pyridinic-Ns models (the

red balls denote N atoms, and the blue balls denote C atoms).

(pyridinic-N,) left one dangling bond in atom C3, as indicated
by Fig. 3(e), causing graphene to become more reactive, a suit-
able feature for gas sensor applications.*® In the pyridinic-N;
model, the symmetry breaking of the graphene sub-lattice
decreased because the three carbon atoms closest to the
vacancy site, which have unsaturated dangling bonds, were
substituted with nitrogen atoms, as presented in Fig. 3(f).
Furthermore, as in the graphitic configuration, the formation of
the pyridinic bond did not destroy the planar structure of
graphene.

In this study, we also observed that the defect formation
energy AE increased with the magnitude of symmetry breaking.
In this way, the model with less symmetry breaking is more
energetically favorable. In the graphitic configuration, the
model with the smallest number of dopant atoms (graphitic-N)
was most energetically favorable. In contrast, a pyridinic

(d) pyridinic-N

sQ) tO

(e) pyridinic-N,

configuration with the largest number of dopant atoms (pyr-
idinic-N3) was most energetically favorable. Furthermore,
because the defect formation energy in the graphitic configu-
ration was smaller than that in the pyridinic configuration, the
graphitic configuration is predicted to be more energetically
favorable. These results explain why, in N-doped graphene,
growth is always dominated by the formation of a graphitic
configuration.**?

3.2. Electronic properties

Fig. 2(b) shows the electron density of pristine graphene. The
red color represents the electron-lack region, and the purple
color represents the electron-rich region. In pristine graphene,
the electrons are distributed on a hexagonal lattice. This result
is consistent with the theory in which each carbon atom in

' 0.00

(f) pyridinic-N3

Fig. 4 Electron density of (a) graphitic-N, (b) graphitic-N,, (c) graphitic-Ns, (d) pyridinic-N, (e) pyridinic-N,, and (f) pyridinic-Ns models.
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Fig. 5 (a) Band structure and (b) SPDOS of pristine graphene.

graphene has four valence electrons that undergo sp” hybrid-
ization so that the electrons will be distributed around the C-C
bond.”

Furthermore, Fig. 4(a-f) shows the electron densities of the
graphitic and pyridinic N-doped graphene with different
numbers of dopant atoms. The nitrogen dopant caused
a decrease in electron density around the carbon atom near the
dopant site. More electrons occupied the area around the
nitrogen atom, indicating a transfer of electrons from the
carbon atom to the nitrogen atom. Charge transfer could occur
because nitrogen atoms have a greater electronegativity than
carbon atoms (xy = 3.04 and x¢ = 2.55), and, thus, nitrogen
atoms tend to attract electrons when bonding with carbon
atoms. Several previous studies have also confirmed the exis-
tence of electron transfer when there is a difference in electro-
negativity between the dopant atom and the carbon atom in the
graphene lattice.">* In the pyridinic-N model, an increase in
electron density was observed in the region between atoms C2
and C3, as shown in Fig. 4(d). This result confirmed the inter-
action between the unpaired electrons on the carbon atom near
the vacancy site.

Fig. 5(a) shows the band structure of pristine graphene,
revealing a relatively wide bandgap at the I and M points. At the
K point, the valence and conduction bands meet at the Fermi
energy to form a Dirac point. The combination of semi-
conductor and conductor behavior classifies graphene as
a semimetal. These results are consistent with previous exper-
imental and theoretical studies.”* Furthermore, Fig. 6(a—c)
shows the band structure of graphitic N-doped graphene with
different numbers of dopant atoms. We observed a transition in
the electronic properties of graphene from semimetal to metal,
indicated by the Fermi level across the conduction band. These
results show that the formation of graphitic bond can increase
the conductivity of graphene. An increase in conductivity was
also observed by Lin et al.*®* who reduced N-doped graphene

© 2021 The Author(s). Published by the Royal Society of Chemistry
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resistance down to 130 Q sq.”' by making graphitic bonds
dominate the system.

In graphitic bonds, the nitrogen atom will undergo sp”
hybridizations where three electrons from the nitrogen atom
will form a ¢ bond with three carbon atoms. One electron will
form a 7 bond with the carbon atom, and the remaining elec-
tron will contribute to the formation of the ©* donor state in
conduction bands. This donor state will cause a shift in Fermi
energy towards a higher energy level. Fig. 6(a-c) whos that this
shift increased with the number of dopants because the
nitrogen atom contributed more donor states. Graphitic N-
doped graphene has an n-type conductivity due to additional
states in the conduction band.

The formation of graphitic configuration also caused the
opening bandgap around the Dirac point. The bandgap
increased with the number of dopant atoms, as shown in Table
2. The bandgap's formation is due to the symmetry breaking of
the graphene sub-lattice, as explained in the structural prop-
erties analysis. The symmetry breaking expanded when the
dopant concentration increased and, hence, the bandgap
increased. Although basically what was formed is not the actual
bandgap, the control of the transport properties of charge
carrier in graphene is possible using a gate voltage.”* These
results indicate that graphene can be applied as a FET as
a semiconductor channel, which generally has an energy gap of
0.4 eV and above."

The magnitude of the bandgap of the graphitic configuration
obtained in this study is consistent with other calculation
results (Table 2). Notably, in this study, we only used GGA-PBE
functional to treat exchange-correlation interaction, while the
calculation conducted by Olaniyan et al.*® used a hybrid/HSE06
functional, which requires a longer calculation time. Next, our
results were compared with experimental studies. Usachov et
al.*® reported graphitic N-doped graphene with 1-2% dopant
concentration has a bandgap of 0.2 eV. These results were used
to validate the results obtained in this study.

Fig. 6(d-f) show the band structure of pyridinic N-doped
graphene. In this model, we also observed the Fermi level
across the valence band, which indicates a transition in the
electronic properties of graphene from semimetal to metal. The
shift in Fermi levels was caused by a single vacancy that forms
in the pyridinic configuration. A single vacancy yields a system
that lacks electrons, thus creating an acceptor state in the
valence band that pushes the Fermi level downward. The Fermi
level shift was reduced as the number of dopant atoms
increased, owing to the increased donor state provided by the
nitrogen atom. Pyridinic N-doped graphene has p-type
conductivity, resulting from the presence of additional states
in the valence band. In the pyridinic-N, and pyridinic-N;
models, we observed a flat band near the Fermi level, which was
predicted to come from unsaturated dangling bonds. This flat
band is critical to maintaining the stability of the magnetic
properties of graphene at high temperatures.””

We also observed an opening bandgap in the pyridinic
configuration model due to the symmetry breaking of the gra-
phene sub-lattices (Table 2). Jalili et al.>® obtained a bandgap of
the pyridinic-N; model of 0.500 eV using the LDA functional,

RSC Adv, 2021, 11, 18371-18380 | 18375
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(d) pyridinic-N

(e) pyridinic-N,

(f) pyridinic-N3

Fig. 6 Band structures of (a) graphitic-N, (b) graphitic-N,, (c) graphitic-Ns, (d) pyridinic-N, (e) pyridinic-N, and (f) pyridinic-N3 models. Cyan
colored areas denote bandgap, and AE; refers to the magnitude of the Fermi level shifting.

Table 2 Bandgap Eq4 of pristine graphene, graphitic N-doped gra-
phene, and pyridinic N-doped graphene

g (eV)
Models This work Previous calculation
Pristine 0.000 0.000 (ref. 7)
Graphitic-N 0.207 0.210 (ref. 28)
Graphitic-N, 0.405 0.360 (ref. 28)
Graphitic-N; 0.583 0.500 (ref. 28)
Pyridinic-N 0.408 —
Pyridinic-N, 0.275 —
Pyridinic-N, 0.638 0.500 (ref. 25)

18376 | RSC Adv, 2021, 11, 18371-18380

but we obtained a slightly larger bandgap because the GGA
functional is more accurate in calculating the material
bandgap. Pyridinic N-doped graphene has a larger bandgap
than graphitic N-doped graphene because the symmetry
breaking caused by forming pyridinic bonds is greater (Table 1).
These results show that the electronic properties of nitrogen-
doped graphene are very flexible and can be controlled by
adjusting the bond configuration and the number of dopant
atoms.

3.3. Magnetic properties

The analysis of the magnetic properties was carried out by
calculating the SPDOS for each model. Fig. 5(b) shows the
SPDOS of pristine graphene and the symmetrical behavior

© 2021 The Author(s). Published by the Royal Society of Chemistry
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between SPDOS of spin-up and spin-down states, indicating
that pristine graphene is nonmagnetic. This result is consistent
with previous theoretical and experimental studies regarding
the magnetic properties of pristine graphene." Based on the
SPDOS calculations, the hybridization of the C 2s and C 2p
orbitals in the C-C bond were evident. Furthermore, Fig. 7(a—c)
show the SPDOS for the graphitic configuration. We also
observed symmetrical behavior between SPDOS of spin-up and
spin-down states for all variations of the number of dopant
atoms. This condition indicates that the graphitic N-doped
graphene was nonmagnetic even though the number of
dopant atoms increased.

To further explain the magnetic properties of the graphitic
configuration, Fig. 7(d-f) present SPDOS for the sub-N 2p
orbital (py, py, pz)- Fig. 7(d) shows the SPDOS of the sub-N 2p of
the graphitic-N model, which confirms that all the electrons in
the N 2p orbitals are paired and do not induce a magnetic
transition. Notably, the two SPDOS peaks at energies of
—8.62 eV and 0.38 eV are the contributions of the 2p, sub-
orbitals associated with the formation of the = and w* molec-
ular orbitals. This result is supported by the model introduced
by Robertson and Davies,”® which assumes that nitrogen in the
carbon network that forms a graphitic configuration will supply
two electrons to form 7 and w* molecular orbitals in sp®
hybridization. Because nitrogen has a greater electronegativity
than carbon, as mentioned in the electron density analysis,
nitrogen will accept electrons from the carbon atom and cause
the 7* orbital located at the Fermi level to be fully occupied by
obeying the Pauli principle. This condition makes the graphitic-
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N model nonmagnetic because it has no non-bonding orbitals.
In the graphitic-N, model, the SPDOS peaks of the 2p, sub-
orbitals are slightly shifted at energies of —8.60 eV and
0.20 eV as shown in Fig. 7(e). However, the 7t* molecular orbital
remains completely occupied so that the graphitic-N, model
remains nonmagnetic. In the graphitic-N; model, the exact
mechanism still occurs except that the peaks of the 2p, orbitals
are slightly shifted to energies of —8.80 eV and 0.40 eV, as
shown in Fig. 7(f).

Table 3 shows that the total magnetic moment of the
graphitic-N model obtained in this study is consistent with the
calculations carried out by Ma et al.*® and Kattel et al.** Notably,
we successfully analyzed the effect of the number of dopants on
the magnetic properties of graphitic N-doped graphene. The
magnetic properties of graphene that is directly doped with

Table 3 Total magnetic moment of pristine graphene, graphitic N-
doped graphene, and pyridinic N-doped graphene

Total magnetic moment (ug per cell)

Models This work Previous calculation
Pristine 0.000 0.000 (ref. 14)
Graphitic-N 0.000 0.000 (ref. 26 and 45)
Graphitic-N, 0.000 —
Graphitic-N; 0.000 —
Pyridinic-N 0.000 —
Pyridinic-N, 0.160 —
Pyridinic-N; 0.400 0.540 (ref. 26); 0.460 (ref. 45)

2 T T | T I T | T | T ’J T

L -8 62‘e\>v (d) graphitic-N s Ngg,/py
1 : N 2p;

Spin-polarized density of states (1/eV)

E-Ef (eV)

Fig. 7 Spin-polarized density of states (SPDOS) of C 2s, C 2p, and N 2p orbitals in (a) graphitic-N, (b) graphitic-N,, and (c) graphitic-Ns models.
We also present SPDOS curve of sub-N 2p (p,, p,. p,) orbitals in (d) graphitic-N, (e) graphitic-N, and (f) graphitic-Nz models. The spin-up and

spin-down states are denoted by 1 and |.
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nitrogen atoms are different from other atomic substitutions.
For example, the substitution of Ca, Mg, and Sr atoms can cause
asymmetric spin polarization.®*® In this model, the dopant
atom always provides a non-bonding state capable of initiating
a ferromagnetic state transition in the system.

Fig. 8(a—c) show SPDOS for a pyridinic configuration. For the
pyridinic-N model, symmetric behavior between SPDOS of spin-
up and spin-down states indicated this model was non
magnetic. This condition occurred because the dangling bond
on the carbon atom near the vacancy site formed a weak cova-
lent bond and, therefore, did not induce magnetic properties on
this model (see Fig. 3(d) and 4(d)). The N atom does not have
a non-bonding state because all the electrons are paired, as
shown by the SPDOS of the N 2p orbital in Fig. 8(d). Further-
more, for the pyridinic-N, model, SPDOS from spin-up and
spin-down states exhibited asymmetric behavior at energy levels
of 0.12 eV and 0.55 eV, which indicated a transition in magnetic
properties to paramagnetic. The total magnetic moment in this
model was 0.160 ug per cell and was centered on the carbon
atom near the vacancy site with a contribution of 0.054 ug. This
result can occur because the C3 atom, as shown in Fig. 3(e) and
4(e), has a dangling bond that can trigger a magnetic properties
transition. The dangling bond is related to the unpaired elec-
trons in the C 2p orbitals, which was the main cause of asym-
metrical behavior in SPDOS, as illustrated in Fig. 8(b), and also
to the formation of a flat band in the band structure, as shown
in Fig. 6(e). Then, the two N atoms contributed to the second-
largest magnetic moment, with each having a contribution of
0.003 ug. This result is supported by the slight asymmetry in the
SPDOS of the N 2p orbitals predicted due to the weak

B T I T I T I T T I T I T | T [ T I T ] T
I C2p : (a) pyridinic-N -
4 Cgs |
o &
E 4 : l_
= : ]
8 _8 1 I 1 l 1 | 1 I 1 I 1 ] 1
E 8 T | T I T I T T T T
@ 0.12.eV (b) pyridinic-N,-
G 4 : -
> i .
z o padt ol Lot 1
@ Y'v" g
° .
- 4 Y N
Q o
S glotlot v Pyt bl byl
o
O 8 T I Ié T | T I T | T | T ' T | T l .l.l T
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£ 4 C2s i -0.27 eV _
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-4 =
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hybridization between the C and N atomic orbitals, as shown in
Fig. 8(e).

Fig. 8(c) shows that, in the pyridinic-N; model, asymmetry
also occurred between SPDOS of spin-up and spin-down states
located at the energy levels of —0.27 eV and —0.05 eV. The
SPDOS asymmetry implies a transition of paramagnetic prop-
erties with a total magnetic moment of 0.400 ug per cell. The
magnetic moment of 0.050 ug per atom was centered on the
three nitrogen atoms. These results were supported by the
SPDOS of sub-N 2p visualization in Fig. 8(f), which shows the N
2p orbital triggered the asymmetry between the SPDOS of the
spin-up and spin-down states. The increase in the magnetic
moment of nitrogen atoms in this model was predicted based
on the delocalized electrons in the m orbital. This prediction
emerged after observing the increase in the C-N bond length of
a pyridinic-N; model (Table 1), which caused the overlap
between the 7 orbitals to decrease and electrons likely to be
unpaired. The formation of an unpaired electron increased the
magnetic moment of the nitrogen atom in this model. We also
compare the magnetic moment in the pyridinic configuration
obtained from this study with several previous results, as shown
in Table 3. For the pyridinic-N; model, the results of this study
are consistent with the results obtained by Kattel et al.** and
slightly different from the results obtained by Ma et al.*® using
a local density approximation that slightly overestimates the
magnetic moment calculation. These results indicate the
formation of pyridinic bonds effectively modifies the magnetic
properties of graphene as a candidate for future nanomagnetic
materials.

2 T ] T | T I T I T l T | T
| = N2p T . A
— N 2p,/p, (d) pyridinic-N :
1 = N2p; 0 —

2 T I T I T | T I T | T I T

-= N2Bp, (@ pyridinic-N : .
==\ S50 pyridinic-N, :

| =~ N 25,/’7 & \ :

[ DN
L— N2 () pyridinic-N;
N 2p;

Spin-polarized density of states (1/eV)
=)

E-Ef (eV)

Fig.8 Spin-polarized density of states (SPDOS) of C 2s, C 2p, and N 2p orbitals in (a) pyridinic-N, (b) pyridinic-N,, and (c) pyridinic-Ns models. We
also present SPDOS curve of sub-N 2p (p,, p,. p) orbitals in (d) pyridinic-N, (e) pyridinic-N,, and (f) pyridinic-N3z models. The spin-up and spin-

down states are denoted by 1 and |.
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4. Conclusions

We studied the effects of the number of nitrogen dopants on the
electronic and magnetic properties of graphitic and pyridinic N-
doped graphene. The formation of the graphitic configuration
generated metallic graphene with n-type conductivity. The
opening bandgap increased with the number of dopant atoms.
The most significant bandgap of 0.583 eV resulted in the
graphitic-N; model. Meanwhile, the formation of a pyridinic
configuration yielded metallic graphene with p-type conduc-
tivity. The increase in the number of dopants also caused the
bandgap to enlarge. The most significant bandgap of 0.638 eV
resulted in the pyridinic-N; model. Furthermore, graphitic N-
doped graphene remained nonmagnetic even though the
number of dopant atoms increased. In contrast, pyridinic N-
doped graphene is paramagnetic, and increasing the number
of dopant atoms could increase the total magnetic moment in
this model. The most extensive total magnetic moment
occurred in the pyridinic-N; model, which was 0.400 ug per cell.
This study shows that pyridinic N-doped graphene has the
potential for future nanoelectronic and nanomagnetic
materials.
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