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Abstract: Nitrogen-doped graphene has been increasingly utilized in a variety of energy-related
applications, serving as a catalyst or support material for fuel cells, and as an anode material for
lithium-ion batteries, among others. The thermal reduction of graphene oxide (GO) in nitrogenous
sources to incorporate nitrogen, producing nitrogen-doped reduced graphene oxide (NRGO), is the
most favored method. Controlling atomic configurations of nitrogen-doped sites is the key factor
for tailoring the physico-chemical properties of NRGO, but major challenges remain in identifying
detailed atomic arrangements at nitrogen binding sites on highly defective and chemically functional-
ized GO surfaces. In this paper, we present atomistic-scale modeling of the nitrogen doping process
of GO with different types of vacancy defects. Molecular dynamics simulations using a reactive
force field indicate that the edge carbon atoms on defect sites are the dominant initiation location
for nitrogen doping. Further, first-principles calculations using density functional theory present
energetically favorable chemical transition pathways for nitrogen doping. The significance of this
work lies in providing important chemical insights for the effective control of the desired properties
of NRGO by suggesting a detailed mechanism of the nitrogen doping process of GO.

Keywords: nitrogen-doped graphene; graphene oxide reduction; reactive force field molecular
dynamics; defective vacancy sites; density functional theory

1. Introduction

Graphene has been extensively studied for decades as a promising material for a
number of physico-chemical applications due to its superior thermal and electrical conduc-
tivity [1-5] and its potential possibilities of inexpensive and eco-friendly production [6-9].
Such applications can be even further broadened by chemical modifications through the
doping of heterogeneous atoms such as nitrogen, boron, and sulfur into the sp? hybridiza-
tion network. Numerous studies report strategies for synthesizing chemically doped
graphene, enabling the design and improvement of chemical applications of graphene-
based materials and devices [10-17]. Among various approaches, the atomistic introduction
of nitrogen into graphene is a powerful and widespread technique for tailoring the physico-
chemical properties of graphene by increasing the charge populations of the hybridization
network [18-21]. In particular, the thermal treatment of graphene oxide (GO) with a
nitrogen-containing reducing agent such as ammonia, hydrazine, or melamine effectively
produces nitrogen-doped reduced graphene oxide (NRGO). This method has proven to be
efficient on a batch scale and has gained popularity in catalytic and electronic applications
due to its effectiveness and simplicity [22-24].

Nitrogen contents (1 to 10 atomic %) and types (amine, pyrrolic, pyridinic, and
graphitic) in NRGO are known to be dependent on the reduction conditions, including
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the reducing reagent, temperature, and time [19,20,23,25,26]. Qualitatively, incorporating
more energy is required to form more C-N bonds in the graphene network while breaking
C-C bonds within the graphene and N-H bonds of ammonia. Consequently, the graphitic
site requires the highest energy for its formation. Therefore, sufficient thermal energy
and reaction time are crucial for nitrogen atoms to be impregnated into the graphene
network by overcoming several reaction barriers, resulting in the desired composition
of nitrogen-doped sites, from amine to graphitic. These doping states of nitrogen atoms
control the electronic structure of NRGO, which significantly affects its catalytic activity
and selectivity [27,28]. Thus, a well-controlled nitrogen doping technique is essential for
practical applications of NRGO as a tailored material for specific purposes.

Several efforts to control nitrogen doping sites in highly ordered graphene materials
have been reported [16,17,29]. However, controlling and analyzing the nitrogen doping
process in GO, which involves the reduction of oxygen-bound and vacancy defect sites,
poses more challenges due to its defective and poorly ordered structures [30,31]. Addition-
ally, numerous experimental and theoretical studies have explored the bonding natures
and evolution of nitrogen-doped sites on pure graphene [32-35]. Recent research has
highlighted that defects in the conjugated graphene network significantly influence the
N-doping mechanism and, consequently, the doping efficiency of the material [36-39].
Nonetheless, a few studies have delved into a comprehensive understanding of the doping
mechanisms of NRGO at the atomistic scale [40]. To achieve precisely controlled nitrogen
doping sites and enhance the physico-chemical properties of NRGO as desired, a detailed
chemical overview of the nitrogen doping process is essential.

In this study, we conducted large-scale atomistic molecular dynamics (MD) simula-
tions based on the reactive force field (ReaxFF) to directly investigate the doping mechanism
of nitrogen into GO structures with various carbon vacancy defects. ReaxFF, an empirical
bond-order-based potential, is well-known for modeling the chemical reaction dynamics of
large systems. Successful thermodynamic descriptions of bond formation and breakage
with ReaxFF reveal the overall atomistic behaviors of the doping process in terms of va-
cancy defect sizes and exposed carbon sites. Additional density functional theory (DFT)
calculations provide detailed thermodynamic descriptions of different nitrogen doping
sites observed from MD results.

2. Results and Discussions
2.1. Nitrogen Doping Behaviors from ReaxFF Simulations

Atomistic GO models with different sizes of carbon vacancy and the contents of
oxygen functional groups are prepared as shown in Figure 1. A unit rectangular graphene
sheet with 192 carbon atoms is prepared, followed by a random distribution of epoxy
and hydroxyl groups on both the top and bottom sides of the graphene sheet at a ratio
of 1:1. Two different GO templates with varying oxygen contents are tested in this work,
namely, low-GO and high-GO (30 and 40 atomic % of O/C ratio, respectively). Carbon
vacancy defects of four different sizes are introduced for each GO template (Vj: no-, V;: di-,
Ve: hexa-, and Vy4: tetradeca-carbon vacancies). These GO models are duplicated into a
2 x 2 array in the x-y plane to increase the number of available defective sites for nitrogen
doping. The final atomistic GO models with no defects, di-vacancy, hexa-vacancy, and
tetradeca-vacancy contain 768, 760, 744, and 712 carbon atoms, respectively. The GO models
with different defect sites and oxygen contents are first thermally annealed at 1000 K under
a Hp environment to remove and stabilize unstable functional groups. This procedure
produces chemically realistic surface structures for subsequent simulations. The resulting
GO models contain 22-25 atomic % and 32-35 atomic % of oxygen for the low-GO and
high-GO models, respectively. These structures are then reduced with NH; molecules at
1000 K to simulate oxygen reduction and nitrogen doping reactions. This stepwise approach
ensures a comprehensive understanding of how different defect sizes and oxygen content
levels influence the efficiency and distribution of nitrogen doping, providing key insights
into optimizing the preparation of NRGO for specific applications.
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Figure 1. Atomistic GO models with two different oxygen contents and four different carbon vacancy
defects used in ReaxFF simulations.

ReaxFF MD trajectories are analyzed to monitor the bond connectivity between atoms
with simulation time (Figure 2). The oxygen content consistently decreases to around
15 atomic % for all GO substrates, regardless of the inherent structural characteristics
of the GO models (Figure 2a,c). This trend suggests that the reduction process of GO
is successfully simulated, reflecting a continuous thermally driven removal of oxygen
functional groups as water molecules by ammonia gas. On the other hand, the nitrogen
doping levels are mainly influenced by the size of vacancy defects; larger defects lead
to a higher nitrogen content due to the increased availability of reactive edge carbon
sites (Figure 2b,d). These results indicate that defect size plays a more critical role in the
nitrogen doping process than the initial oxygen content. However, it is noteworthy that
the measured nitrogen doping ratio (<1 atomic %) is relatively lower than experimentally
measured values [15]. This difference could be primarily attributed to the differing reaction
environments between the experimental procedure and the theoretical model. For example,
the simulation does not account for the continuous removal of generated H,O molecules
nor the replenishment with new NH3 molecules, which would significantly influence
the equilibrium towards nitrogen doping. Additionally, more active doping sites, such
as vacancy defects, edge carbons, and dangling carbons, are expected to be available in
realistic GO materials.

To observe the reaction dynamics of the nitrogen doping process from NHj into GO,
snapshots from NVT dynamics trajectories for the low-GO-V14 structure are shown in
Figure 3. Since ReaxFF is adept at describing hydrogen bonding [41], the non-covalent
interactions between ammonia molecules and oxygen-containing functional groups in GO
are well captured. These interactions are predominantly observed early in the reduction
process, prior to the gradual reduction and desorption of oxygen atoms (Figure 3a,b). The
favorable hydrogen bonding between NH3; molecules and GO leads to increased collision
events, which, in turn, facilitates the hydrogenation of carbon-bound oxygen, thus enabling
the activation of nitrogen to form carbon-bound nitrogen. More specifically, the sufficient
thermal energy and the reductive environment provided by thermally activated ammonia
contribute to the detachment of oxygen, primarily as H,O, by converting epoxy to hydroxyl
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and, subsequently, to H,O (Figure 3c,d). Additionally, O,, N>, NO3~, HNO, N;Hy, and
several radical species are produced during the reduction of oxygen-containing functional
groups. As mentioned earlier, a significant portion of the HO molecules remains on the
GO surface and is likely to reverse the chemical equilibrium, potentially leading to a lower
nitrogen doping yield compared to experimental observations.
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Figure 2. Temporal evolutions of atomic percent ratio of (a,c) oxygen and (b,d) nitrogen bound on
each GO model during the ReaxFF simulations under NH3 at 1000 K.

Various nitrogen-doped sites are observed during the ReaxFF MD trajectories and
are visualized in Figure 4. Essentially, the carbon sites from which oxygen-containing
functional groups have been detached, whether from basal planes or defect sites, can serve
as potential initial doping sites for amidogen radicals (-NH>). Interestingly, nitrogen atoms
bound on the basal graphene plane are observed only in defect-free structures (low- and
high-GO-V), Figure 4a—d), whereas most nitrogen doping events occur at defective edge
carbon sites when vacancy defects are present (Figure 4e-0). This indicates that amidogen
radicals, or ions such as amine anion (NH; ™), preferentially bind with defective edge
carbons rather than sp?-conjugated basal carbons. A detailed examination of all nitrogen-
doped sites reveals that most are -NH, or -NH configurations, representing the initial
states of nitrogen doping (Figure 4a—m). Furthermore, fully reduced nitrogen sites are also
identified, including an unbound —CN and a tertiary pyridinic nitrogen at a di-vacancy
defect site (Figures 4n and 4o, respectively). We postulate that the reason most initially
doped amine groups do not structurally evolve to form typical pyridinic and graphitic sites,
even in defect models, is due to deviations from real experimental conditions, such as the
limited atomic configurations, reduction time, and partial pressure of the reducing agent.
Our simulation results suggest that amine groups doped onto the perfect basal graphene
are unlikely to disrupt the sp? conjugation or to be incorporated into the stable in-plane
carbon network. However, it is important to note that most nitrogen doping events, as
a final state, occur at defective edge sites, which offer ample space for nitrogen atoms to
interact with the reactive carbon sites.
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Figure 3. Representative snapshots during the ReaxFF MD simulation of low-GO-V14 with NH3,
captured at (a) 0.1 ns, (b) 0.5 ns, (¢) 1 ns, and (d) 2 ns of NVT dynamics at 1000 K.

(a) (b) (c) (d) (e)

()

Figure 4. Snapshots of nitrogen-doped sites on various GO templates from ReaxFF MD trajectories.
(a—d) Amine on basal planes, (e-m) amine at defect sites, (n) unbound -CN, and (o) pyridinic nitrogen
at defect site.
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2.2. Detailed Thermodynamics of Nitrogen Doping

Analyses of the ReaxFF MD results indicate that reactive and spacious defective edge
carbon atoms serve as the primary sites for nitrogen doping. To delve into the detailed
thermodynamics associated with the incorporation and evolution of nitrogen during the
synthesis process of NRGO, DFT calculations were conducted on four simplified basal
graphene structures with vacancy defects ranging from one to four carbon atoms (V; to
Vy4). The presence of carbon vacancies results in the emergence of various configurations of
dangling carbon and topological defects in the bare models (V,,, where n = 1 to 4, as shown
in Figure 5a). In both oxygen- and hydroxyl-functionalized structures, an oxygen functional
group (O or —-OH) is added to either the dangling carbons or the pentagonal topological
defect sites for each model (V,—O and V,—OH, as depicted in Figure 5b,c). These are the
most stable binding sites identified for each configuration, chosen to reasonably model the
primary pathways for nitrogen doping. Single oxygen functionalization at V, and V4 sites
leads to the formation of in-plane embedded ether groups, whereas the V; and V3 models
result in the formation of carbonyl groups at the dangling carbon sites.

Figure 5. Simplified GO models with carbon vacancies (Vy), showing (a) bare, (b) oxygen-
functionalized (V,—O), and (c) hydroxyl-functionalized (V,—OH) configurations.

To systematically analyze the nitrogen doping process facilitated by ammonia molecules,
the overall reaction is segmented into four distinct stages: (i) NHj activation, (ii) carbon
activation, (iii) -NH, adsorption, and (iv) -NH; dehydrogenation. The potential reaction
pathways are described as follows:

(i) NHj; activation:

Gr-Vp-O + NH; — Gr-V,-OH + -NH, 1)
Gr-Vo-OH + NH;3 — Gr-Vy, + -NH, + H,O @)
Gr-Vy, + NH; — Gr-Vp-H + -NH, 3)
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(i) Carbon activation:

Gr-Vy-H + -NH; — Gr-Vy, + NH3 4)
Gr-V,-OH + -NH, — Gr-V, + NH,OH (5)

(iii) -NHj, adsorption:
Gr-Vy + -NH, — Gr-V,-NH, (6)

(iv) -NH, dehydrogenation:

Gr-Vn-NH; + -NH; — Gr-V,-NH + NHj (7)
Gr-Vn-NH + -NH; — Gr-V,-N + NHj 8)
Gr-Vo-NH — Gr-V,-N(-H) )

The NHj activation involves the interaction between a NH3; molecule and the oxygen
functional groups or carbon sites on the graphene surface. This interaction results in the
loss of a H atom, effectively activating the NH3 molecule as a NH; radical. During this
step, surface oxygen is reduced to hydroxyl groups and is followed by the subsequent
reduction to water. This leads to the formation of a reduced GO surface by the elimination
of oxygen functional groups and the exposure of dangling carbon or topological defect sites
(Equations (1) and (2)). Moreover, the bare surface, devoid of oxygen functional groups,
further acts as a catalytic site for NHj activation (Equation (3)) through the hydrogenation
of unstable carbon sites. Figure 6 illustrates the final structures and reaction energies for
each NHj activation process. All cases exhibit endothermic reaction energies, indicating
that sufficient thermal energy is required for the generation of NH, radicals through NH3
activation. The presence or absence of dangling carbon leads to two distinct reaction
patterns. In the cases of structures V; and V3, the reduction of hydroxyl groups to water
(Equation (2)) generates dangling carbon, thus requiring more energy than the reduction
of oxygen to hydroxyl (Equation (1)), as depicted in Figure 6b. Conversely, for structures
V, and V4, where the oxygen functional groups are in-plane embedded, the process of
Equation (1) demands more energy than that of Equation (2). Considering that the process
of oxygen reduction to hydroxyl for V, and V, is an endothermic reaction exceeding 5 eV,
NHj activation and reduction at these sites are likely to be impossible under a normal
experimental environment. This explains the presence of residual oxygen in NRGO from
experiments, suggesting these types of embedded oxygen as the residual. Direct NH3
activation at carbon sites is considerably facile for structures V; and V3, with dangling
carbon occurring with a endothermic reaction energy of under 1 eV, as shown in Figure 6¢c.
Furthermore, for structures V, and V4, which possess a pentagonal topological defect,
the hydrogenation of the pentagonal ring is more readily achieved than the reduction of
V1-OH and V3-OH. Given that the reaction energy for the same process on perfect basal
graphene is +4.13 eV, it is anticipated that the topological defect itself can significantly
contribute to NHj activation.
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Figure 6. (a) The optimized structures for each reaction step in the NHj activation process. The
reaction energy diagrams for equations (b) (1) and (2), and (c) (3).

The highly reactive NHj radical, generated through the first NH;3 activation process,
can revert to a stable molecule as an amine or hydroxylamine by bonding with *H or
*OH at the defective edges of the GO surface. This process potentially exposes dangling
carbon or topological defect sites on the surface, and is referred to as the carbon activation
process (Equations (4) and (5), Figure 7a). As depicted in Figure 7b, the dehydrogenation
reaction (Equation (4)) is exothermic in all cases, while the removal of hydroxyl groups
(Equation (5)) is exclusively exothermic in structures V;, and V4, which possess pentagonal
topological defects. This specificity is due to the strong binding between dangling carbon
and hydroxyl in structures V1 and V3. Nevertheless, with the endothermic reaction energies
of V1 and V3 being around 1 eV, NH, radical-induced carbon activation is anticipated to be
feasible at actual thermal treatment conditions. The active carbon sites formed can either
facilitate further NHj3 activation or bind to other NH, radicals, promoting the nitrogen
doping of graphene in the primary amine form (Equation (6)). As shown in Figure 7c,
bond formation with NH; radicals is exothermic in all scenarios, with structures V; and V3
exhibiting significantly higher bonding energies at dangling carbon sites compared to the
topological defect sites in V; and V4.

The subsequent step involves the embedded NH, functional group undergoing de-
hydrogenation to become part of the in-plane carbon network. Among several possi-
ble dehydrogenation pathways, a representative process involves the sequential loss
of hydrogen from the NH, radical, similar to the preceding carbon activation process
(Equations (7) and (8), Figure 8a). The reaction energy for this process turns out to be
exothermic for all structures, as shown in Figure 8b. The largest reaction energies are
observed in the formation of in-plane structures, which vary depending on the defect topol-
ogy (Equation (7) for V, and V4, Equation (8) for V; and V3). Given a continuous supply
of the dehydrogenation agent, a NH; radical, the final structures could predominantly
be graphitic and pyridinic by completing the reaction in Equation (8). However, in the
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absence of sufficient NH; radicals, nearby reactive carbon sites could remove hydrogen
from the adsorbed amine (Equation (9), Figure 8a). As depicted in Figure 8c, this scenario
shows favorable thermodynamics only for V; and V3, where bonding with H is easier for
the surrounding carbon, but even for V;, and Vy, the endothermic energy change is not
significant, suggesting that the reaction could proceed with surplus thermal energy.

(a) (b) Equations (4) and (5)
154
1.
*H 0 —
%-0.5- u M
‘NHa~, ) ~ -1
- NH, Equation (4) 'é]J-ms-
-2
o *
-2.54
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V V V V.
'NHz‘s ; 1 ’ ’ )
~ NH, Equation (5) (c) . Equation (6)
q * @@ @ -1 |
—~ _2_
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wf -3
<
*NH, 44
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2

V, A A 2 VA VA VA

Figure 7. (a) The optimized structures for each reaction step in the carbon activation and -NH,
adsorption processes. The reaction energy diagrams for equations (b) (4) and (5), and (c) (6).

It is noteworthy that the ideal graphitic nitrogen doping site can only be formed in the
Vj structure. Considering that the actual GO surface contains a variety of complex defective
structures, the proportion of the ideal V; structure is expected to be low. Consequently,
the generation of graphitic nitrogen doping sites must commence with initial doping as
either pyridinic or pyrrolic nitrogen at large carbon vacancies or edges, followed by the
subsequent thermal energy-driven rotation and rearrangement of C-N bonds (Figure 9a).
This aligns with experimental observations, wherein the proportion of graphitic nitrogen
sites is generally found to be lower compared to pyridinic sites and the quantity of graphitic
sites increases under more intense thermal treatment conditions [19]. As shown in Figure 9b,
DFT calculations using the V4;-NH model for the evolution of nitrogen doping sites reveal
that initiating the first in-plane C-N bond rotation to form graphitic nitrogen from the
vacancy defect requires 3.36 eV. Given the rotation energy barrier for an ideal graphitic
nitrogen doping site calculated from the V;—-N model is 4.68 eV, this suggests that under
similar thermal treatment conditions, the configuration of nitrogen at large defects or edges
can evolve more readily. However, the energy required for the second C-N bond rotation,
which facilitates further migration of graphitic nitrogen into the basal plane, rises to 4.72 eV.
This gradual increase in the energy barrier indicates that the location of graphitic nitrogen
doping sites during NRGO synthesis is more likely to exist near vacancy defects or edges,
rather than at the center of the basal plane.
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reaction coordinates and (b) energy diagram.

3. Conclusions

To conclude, this work successfully presents atomic-scale simulations of the nitrogen
doping mechanism in GO materials, focusing on the role of carbon vacancy defects using
ReaxFF MD and DFT simulations. The MD results indicate that nitrogen doping in GO
is predominantly initiated at vacancy defect sites, manifesting initially as primary amine
functional groups. Furthermore, DFT calculations reveal the detailed reaction thermody-
namics of the nitrogen doping process on systematic carbon vacancy models. This study
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details the activation of NH3 molecules, the formation of reactive NH, radicals, and their
adsorption and transformation on the GO surface into stable nitrogen-doped configura-
tions. This highlights a strong correlation with the structure of vacancy defects. These
findings are crucial for developing strategies to control and optimize nitrogen doping in
GO, with the aim of enhancing the performance of NRGO for various applications. This
comprehensive analysis uncovers the complexity of the doping mechanism and the factors
influencing it, guiding future efforts to maximize doping efficiency and achieve desired
nitrogen configurations in NRGO.

4. Computational Methods
4.1. ReaxFF MD Simulations

MD simulations were performed using a reactive force field [42], a bond-order de-
pendent potential that accurately captures bond breaking and formation processes. All
simulations were carried out within a canonical ensemble (NVT) utilizing a Nosé-Hoover
thermostat (damping constant: 100 fs) and time steps of 0.25 fs, employing the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) program [43]. Periodic
boundary conditions were applied in all three directions, with a 30 A vacuum slab along
the surface normal direction. The initial GO structure, having randomly located oxygen
functional groups, was heated from 10 K to 1000 K over 50 ps and subsequently annealed at
1000 K for 300 ps with 60 Hy molecules to achieve the stable formation of functional groups
on GO. By-product molecules were removed after the annealing procedure. For nitrogen
doping simulations, 150 NH3; molecules were introduced into a double-sized vacuum slab
to ensure a sufficient number of NH3 molecules for simulating conditions rich in reactant.
Each simulation model was then heated again from 10 K to 1000 K for 50 ps, followed by
thermal reduction at 1000 K for 3 ns to model simultaneous oxygen reduction and nitrogen
doping reactions. Trajectory analysis for the bonding states was conducted every 5 ps, with
the bond criterion based on the sum of covalent radii of the two connected atoms and a
tolerance factor ranging from 0.6 to 1.15.

4.2. DFT Simulations

DFT simulations were conducted using the Perdew-Burke-Ernzerhof (PBE) exchange—
correlation functional [44], employing the Vienna Ab initio Simulation Package (VASP)
program [45]. The interaction between electrons and ions was modeled by the projector
augmented wave (PAW) method, with a plane-wave energy cutoff set at 400 eV. A rectan-
gular graphene base cell containing 72 carbon atoms, with lattice parameters of 12.81 A
by 14.80 A, was derived from the optimized bulk graphite structure. The Monkhorst-Pack
k-point grids were set to 3 x 3 x 1. To mitigate unwanted interactions between periodic
images, a 15 A vacuum region was introduced along the surface normal direction, com-
plemented by a dipole correction scheme. The Gaussian smearing method was utilized
to determine electron occupation, featuring a smearing energy of 0.1 eV. Geometry opti-
mizations proceeded until the forces on atoms were below 0.01 eV/A and the total energy
convergence reached a threshold of less than 1075 eV.
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