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Nitrogen functionalization of graphene significantly enhances the physical and chemical properties of
graphitic materials, increasing their applicability as sorbents, heterogeneous catalysts, and electronic
components. Being able to selectively induce different nitrogen functionalities via treatment conditions
is key to the design and optimization of such materials. Here, we use density functional theory to study
the thermodynamic stability of nitrogen functionalities in three graphene structures as a function of
temperature and pressure, providing atomistic insight into the most favorable functionalized configu-
rations. Phase diagrams show that nitrogen incorporation is most exergonic at graphene edges, with
pyridinic groups dominating under the majority of conditions studied. For all nitrogen functionalities,
lower temperatures and higher pressures result in the greater incorporation of nitrogen into the gra-
phene structures. A density of states analysis shows that the stable pyridinic nitrogen structures induce
new electronic states just below the Fermi level whose energy is tunable via nitrogen concentration and
hence treatment temperature and pressure. Overall, we have characterized the thermodynamic stability
of nitrogen functionalities within graphene and graphene nanoribbons, allowing for the directed tuning
of such nitrogen groups experimentally and enabling the construction of more realistic models of
nitrogenated graphene structures.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction been shown to have tremendous technological implications for n-

type graphene-based field effect transistors [9—12], electro-

Carbonaceous materials, such as graphene, activated carbon,
and amorphous carbons, have garnered great interest in recent
years as their physical, chemical, and electronic properties can be
finely tuned through functionalization [1—3]. Such tuning is
accomplished by changing the nature of the organic precursors and
the method of activation, which in turn alters the surface chemistry
through incorporation of heteroatoms (e.g. oxygen, hydrogen, sul-
fur, phosphorus, boron, and nitrogen) [4—8]. Property modification
by controlling the surface chemistry of carbon-based materials has

* Corresponding author. Department of Biological Systems Engineering, Wash-
ington State University, Pullman, WA, 99164, USA.
E-mail address: js.mcewen@wsu.edu (J.-S. McEwen).
! These authors contributed equally.

https://doi.org/10.1016/j.carbon.2019.06.019
0008-6223/© 2019 Elsevier Ltd. All rights reserved.

chemical biosensors [13—16], lithium-ion batteries anodes [17,18],
heterogeneous catalysts [19—30], wastewater treatment [31—-38],
and trace gas adsorption [39—43].

The value of nitrogen functionalization of graphene has been
clearly demonstrated in three areas of application. First, nitrogen
functionalized graphene has proven to be a great metal free elec-
trochemical catalyst extensively used because of its low price,
suitable activity for a variety of redox reactions, broad potential
window, and relatively inert electrochemistry [44—49]. Second, in
the area of hydrogen storage, an ideal non-polluting energy carrier
with high energy density, the incorporation of nitrogen defects in
graphene alone were shown to increase Hy storage by 66% [50]. Ha
storage was further increased to 124% by combining nitrogen
functionalization and Pd nanoparticles, where the strong binding of
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Pd to nitrogen sites maintains the highly dispersed Pd [50,51].
Finally, the superior performance of nitrogen functionalized gra-
phene at CO; storage relative to unmodified graphene was attrib-
uted to the strong interaction between nitrogen and CO; [52,53],
with density functional theory (DFT) revealing strong electrostatic
interactions between nitrogen sites and CO, due to their strong
amphoteric properties [54].

There is a wealth of data on the various applications of nitrogen
functionalized graphene. However, fundamental knowledge con-
necting the type of nitrogen structures—i.e. graphitic (direct sub-
stitution of a carbon atom within a graphite plane), pyridinic (edge
nitrogen within a six-member ring), pyrrolic (edge nitrogen within
a five-member ring)—formed during functionalization within a
range of temperature and pressure conditions is often limited. Such
knowledge gaps at the atomistic level make it difficult to construct
experimentally realistic nitrogen-doped graphene computational
models and molecularly design suitable materials. Some compu-
tational studies do not justify their choice of nitrogen-doped gra-
phene models [55—58]. Other studies, e.g. nitrogen active sites in
graphene for oxygen reduction reaction (ORR) in fuel cells, base
their nitrogen-doped model surfaces on the simplest, most com-
mon nitrogen structures experimentally observed in an X-ray
photoelectron spectroscopy (XPS) analysis of carbonaceous mate-
rials [59—68]. However, these model choices are complicated by the
overlap between the carbon and nitrogen core level binding en-
ergies for different nitrogen functionalities, the many possible ni-
trogen configurations, and the difficulty of controlling the specific
nitrogen doping configurations in carbon materials. A number of
theoretical studies have explored the stability of different nitrogen
configuration in graphene, but such studies do not consistently
examine a wide range of nitrogen functionalities over different
graphene models and their results are obtained at zero Kelvin and
vacuum conditions [69—73]. Experimentally, nitrogen doping is
performed under a wide range of temperature and pressure vari-
ations, which can significantly affect the types and concentration of
nitrogen functionalities incorporated into carbonaceous materials.

Here, we provide atomistic insight into the most thermodynam-
ically stable nitrogen functionalities in graphene using density
functional theory (DFT). We computed Gibbs energies of reaction for
the formation of different graphitic, pyridinic, and pyrrolic nitrogen
functional groups as a function of temperature and NH3 pressure on
pristine graphene and graphene nanoribbons terminated with either
hydrogen or a combination of hydrogen and oxygen. This includes
nitrogen incorporation into carbon vacancies and non-hexagonal
lattice structures. Activation of carbonaceous materials with
ammonia has been described in recent years and was found to act as
an activating agent, increasing the porosity of carbonaceous mate-
rials with increasing reaction time and temperature [74,75]. Phase
diagrams of nitrogen functionalized graphene showed that nitrogen
incorporation was exergonic at graphene edges and that pyridinic
functionality was favorable under a wide range of experimental
conditions, but thermodynamically competes with graphitic func-
tionality under certain circumstances. Knowledge of the pressure
and temperature dependence for different nitrogen functionalities in
pristine graphene and graphene nanoribbons allows us to effectively
tune the graphene electronic properties via treatment conditions.
Overall, our work allows for the enhanced design of nitrogenated
carbonaceous materials with applications in numerous fields.

2. Computational methods

DFT calculations were carried out using the Vienna Ab Initio
Simulation Package (VASP) [76—78]. The projector-augmented
wave (PAW) method [79,80] was used to model the core elec-
trons (POTCARs released in 2002 for C, N, and O and 2001 for H) and

a plane-wave basis set with an energy cutoff of 450 eV was used to
model the valence electrons. To model the electron exchange and
correlation, the Perdew-Burke-Ernzerhof (PBE) functional [81] was
applied. Spin polarization was included in all calculations. The
Gaussian smearing method was used to set partial occupancies of
bands with a smearing width of 0.2 eV to facilitate Brillouin zone
integration convergence, followed by extrapolation to zero Kelvin
for total energy calculation [82,83]. All ground state optimizations
used the conjugate gradient method and were considered
converged when the relaxed interatomic cartesian forces were
smaller than 0.025 eV/A. The energy tolerance was set to 10~ eV.
Calculations for molecules in the gas phase were performed using
an 18 x 19 x 20 A box using one single k-point, the Gamma point,
to span the Brillouin zone.

Nitrogen functionalization was studied in three different gra-
phene models (Fig.1): a pristine graphene sheet (14.8 x 14.8 x 20 A),
a graphene nanoribbon with hydrogen terminated edges
(17 x 29 x 21 A), and a graphene nanoribbon with a mixture of
hydrogen and oxygen terminated edges (17 x 29 x 21 A). The gra-
phene lattice constant was 2.467 A, consistent with previous results
[84—86]. The integration of the Brillouin zone was conducted using a
(3 x 3 x 1) Monkhorst-Pack grid [87] for pristine graphene, while a
(1 x 2 x 3) Monkhorst-Pack grid was used for the graphene nano-
ribbon models. All structures were visualized using VESTA [88].

Each of these models was functionalized with assorted nitrogen
groups, discussed in detail in Section 3. The choice of defects here
was informed by the work of Smith et al. who demonstrated the
presence of defects such as vacancies, pentagonal and octagonal
structures, and nitrogen defects in amorphous carbons derived from
lingo-cellulosic materials [89,90]. The carbon defects studied here
were the most populous defects and have been imaged with High
Resolution Transmission Microcopy (HRTEM), a valuable tool to
study and generate defects and monitor structural reconstructions
in carbon nanostructures [91—93]. Banhart and Krasheninnikov
have reviewed, theoretically and experimentally, how the electron
beam of a transmission electron microscope (TEM) interacts with
carbon nanostructures, changing their morphology via the genera-
tion, migration, and reconstructions of defects [94]. Types of defects
include mono- and di-vacancies and stone-wales defects [95—101].
Evidence of such carbon defect structures have also been experi-
mentally demonstrated by lijima and coworkers [96]. Structures
found to be common in the preceding study were examined here.

Due to the presence of oxygen functional groups in amorphous
carbons derived from ligno-cellulosic materials [90,102], the
concerted effect of oxygen and nitrogen defects was examined
using a hydrogen + oxygen graphene nanoribbon model. Here,
ether groups were introduced at the graphene edge due their
relative stability compared to other oxygen functionalities like
hydroxyl, carbonyl, and carboxyl [90,102].

The stability of all structures was determined via the calculation
of Gibbs reaction energies according to:

AGrxn =Erxn + AHCH4 - A:“NH; - A:U'Hz + Gvib,defect - Gvib,intact
(1)

In this equation, Eixn is the zero-point corrected DFT reaction
energy for the formation of the nitrogen doped structure within the
specific graphene model used and is given explicitly in Section 3
(Equations (6)—(11)). 4y; is the chemical potential of the relevant
gas phase species, calculated according to:

(T, P) = Agy(T. Pg) — ksTln (P%) @)
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Pristine Graphene

Hydrogen Edge

Hydrogen+Oxygen Edge

Fig. 1. Top views of the base models of pristine graphene, graphene nanoribbon terminated with hydrogen, and graphene nanoribbon terminated with hydrogen and oxygen with
ether functionality. The black and white lines represent carbon and hydrogen, respectively, while the red spheres represent oxygen. The red dashed lines show the supercell

boundaries. (A colour version of this figure can be viewed online.)

Aui(T, Po) = [H(T, Po) — H(OK, Po)] = T[S(T, Po) — S(O K, Po)]
(3)

where T, P, Py, kg, H, and S are the temperature, pressure, reference
pressure (1 bar), Boltzmann's constant, and gas phase enthalpies
and entropies, respectively. The thermodynamic data required to
calculate the chemical potentials as a function of pressure and
temperature was taken from the JANAF thermochemical tables
[103]. The gas phase composition was treated as 97 mol% NHjs,
1 mol% CH4, 1 mol% Hy, and 1 mol% O.

The Gyip intact aNd Gyib defect terms in Equation (1) correspond to
the vibrational contributions of the intact and defective graphene
model free energies, computed using the harmonic oscillator
approximation as:

Gyibi= — kgT In (Hj\ilq\/ibj) (4)

The vibrational partition function for the jth mode in this
equation, qy;p,j, is defined as:

1
Quipj =————F—— (5)

1—exp(—khs—”§)

where ; is the vibrational frequency of the jth mode and N; is the
number of vibrational modes for the ith graphene model system.

N;
The zero-point energy (ZPE = > %) has been subsumed into the

Jj=1

reaction energy of Equation (1). The vibrational frequencies for the
graphene model structures were computed by allowing all atoms to
relax with the exception of two rows of atoms along the short axis
in the nanoribbon models (Fig. S1) to avoid inclusion of vibrations
propagating throughout the entire unit cell that require careful
treatment using a more sophisticated analysis. Additionally, any
computed modes captured poorly with the harmonic oscillator
approximation (i.e. modes with imaginary magnitude), were
modeled using a recently developed approximation that calculates
partition functions for the normal coordinates associated with
these errorneous modes through explicit evaluation of the poten-
tial energy surface along said coordinate [104,105].

3. Results and discussion
3.1. Pristine graphene

Different defects and nitrogen functional groups were created
on a pristine graphene sheet and the reaction energies for the
formation of these defects were calculated according to Equations
(6) and (7):

4m -3

Cx+nNH3 + = "H, - Cy_mNp + mCH, (6)

Erxn = (Ec,_,N, + MEcy,) — (ECX + nEny, + wb‘m) (7)
where Ec,_, N, Ec,H,» EcH,» En,, and Eny, are the DFT-calculated total
energies of the nitrogen doped graphene, pristine graphene, gas
phase methane, gas phase hydrogen, and gas phase ammonia. x is
the number of carbon atoms in the pristine graphene sheet; n is the
number of nitrogen groups created; and m is the number of carbon
defects created (m >n). As shown in Fig. 2, the types of defects
tested here involve: (1) replacement of graphitic carbon with ni-
trogen in the absence of other defects, i.e. graphitic nitrogen (GN);
(2) two graphitic nitrogen within the same six-membered ring in
para (2 GN-Para), ortho (2 GN-Ortho), or meta (2 GN-Meta) posi-
tions; and (3) pyridinic (PgN) or pyrrolic (PsN) functional groups
within existing graphitic defects, i.e. single, double, and triple car-
bon vacancies (SV, DV, and TV, respectively) as well as the 585
defect which contains two 5-membered rings and an 8-membered
ring. The DFT-based reaction energies for all structures are sum-
marized in Table S1. We note that during optimization of nitrogen-
doped single vacancy (SV) structures, the vacancy is repaired by the
formation of a 5-membered ring, as shown in structure PgN-SV in
Fig. 2. This result agrees with previous mechanistic studies of
graphitic nitrogen doping in thermally treated graphene with
ammonia [106].

The most favorable structures at zero Kelvin under vacuum
conditions are the 4PgN-DV (Eixn = 0.43 eV) and GN (E;xp = 0.64
eV) structures. The next most favorable structures are the 2GN-Para
(Exxn =1.31 eV), 3PgN-SV (Exxn=1.60 eV), and 2 GN-Meta
(Erxn = 1.71 eV). For the two graphitic nitrogen structures, 2GN-
Para is more stable than both 2 GN-Ortho and 2 GN-Meta, which
agrees with the calculated repulsive interactions between two ni-
trogen atoms within defect-free graphene as a function of inter-
atomic distance [86].
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GN 2GN-Ortho 2GN-Meta
%
2GN-Para 3PN-SV 3P,N-DV
P,N-SV PsN-585
4PN-TV

Fig. 2. Top views of nitrogenated groups on a pristine graphene sheet. Species are
graphitic nitrogen (GN), two para graphitic nitrogen (2 GN-Para), two ortho graphitic
nitrogen (2 GN-Ortho), two meta graphitic nitrogen (2 GN-Meta), pyridinic nitrogen at
single and double vacancies (PgN-SV, 3PgN-SV, 4PgN-DV), and pyrrolic nitrogen at
single, double, and triple vacancies (PsN-SV, 3PsN-DV, 4PsN-TV) as well as incorpo-
rated into the 585 defect structure (PsN-585), which has a two 5-membered rings and
an 8-membered ring. The black lines represent C while the blue spheres represent N.
Only a portion of the unit cell is shown in order to highlight the defects and side views
are shown in Fig. S2. (A colour version of this figure can be viewed online.)

In order to fully investigate the stability of nitrogen defects in
pristine graphene under more realistic conditions, we calculated
the Gibbs reaction energies for the formation of each structure as a
function of temperature and pressure, as shown in Fig. 3. Note that
lower Gibbs reaction energies are indicative of more favorable re-
actions. As the temperature is varied from 500 to 2000 K at 1 bar
(Fig. 3A), GN is the most stable of the defect structures. However,
pristine graphene is still the most favorable overall. Furthermore,
increasing the temperature makes all of the defect structures less
stable. As the pressure is varied from 1071°—10"barat a fixed
temperature of 800 K (Fig. 3B), all structures become more stable as
the reaction equilibrium is shifted towards defect formation. At
extremely high pressures (>10° bar), the 4PsN-TV, 4PgN-DV, 3PsN-
DV, and 3PgN-SV defects become more stable than pristine gra-
phene. This agrees well with other theoretical studies showing that
the concentration of nitrogen around defects increases at larger
NHs pressures [25]. Furthermore, the formation of the 4PgN-DV
structure is potentially quite significant to the performance of
carbonaceous materials as such structures have been proposed to

25 T T

— GN
—— 2GN-Ortho

— PN-SV
—— 2GN-Para

AG(eV)

0 T Y PsN-585
500 1000 1500 2000 -

Temperature (K) — 3PsN-DV
50 S — PsN-SV

— 3PgN-SV
— 2GN-Meta
--- 4PcN-DV
--- 4P;N-TV

-20 - - -y
1012105 10° 105 101°

Pressure (bar)

Fig. 3. Phase diagram of nitrogen defect structures on pristine graphene with respect
to (A) temperature at 1 bar and (B) pressure at 800 K. Pristine graphene is the reference
structure at AG =0 eV in both graphs. Top views of all the nitrogen defect graphene
structures referenced here are shown in Fig. 2. (A colour version of this figure can be
viewed online.)

be responsible for the introduction of a large electron donor state in
nitrogen-doped carbon nanotubes [107]. Overall, excluding pristine
graphene, the most thermodynamically-stable nitrogen-doped
structures are the GN, 4P5N-TV, and 4PgN-DV conformations.

The effect of the most thermodynamically favorable nitrogen
functionalities on the electronic properties of pristine graphene
was analyzed by calculating the density of states. From the total
density of states (TDOS) shown in Fig. 4A, the creation of GN defects
shifts the center of the valence band (calculated as ¢ = [io p(E)EdE,
where p(E) was normalized and Ef is the Fermi energy level) away
from the Fermi level (—9.09 eV to —9.72 eV, see Table S2) and in-
duces additional states just above the Fermi level (peak centered at
0.1 eV). These new states are localized on the nitrogen atom's p-
states, as shown in the nitrogen local density of states (LDOS) in
Fig. 5A, and suggest that GN defects would enhance the electron
conduction of pristine graphene. Different from the GN defect, the
pyrrolic and pyridinic nitrogen defects (4PsN-TV and 4PgN-DV)
either shift the center of the valence band toward the Fermi level to
—8.72 eV or have a minimal effect (¢e= —9.12 eV), respectively, as
shown in Fig. 4A. This suggests that the formation of the 4P;N-TV
defect causes the graphene material as a whole to more readily bind
adspecies. Furthermore, 4PsN-TV and 4PgN-DV create new states
localized on the nitrogen atoms just below the Fermi level (Fig. 5A).
The localization of the high energy (near Fermi level) induced states
on the defect nitrogen suggests that these defects could strongly
bind adspecies, acting as potential binding sites for transition metal
atoms or nanoparticles for catalyst materials or for wastewater
filtration [25,29,108].
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Fig. 4. TDOS of the most thermodynamically stable nitrogen-doped (A) pristine graphene (structures in Fig. 2), (B) hydrogen-edge graphene with edge only dopants (structures in
Fig. 6), (C) hydrogen-edge graphene with center only dopants (structures in Fig. 9), and (D) hydrogen-oxygen edge graphene with center only dopants (structures in Fig. 11). (A
colour version of this figure can be viewed online.)
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Fig. 5. Summed LDOS for all nitrogen atoms within the most thermodynamically stable nitrogen-doped (A) pristine graphene (structures in Fig. 2), (B) hydrogen-edge graphene
with edge only dopants (structures in Fig. 6), (C) hydrogen-edge graphene with center only dopants (structures in Fig. 9), and (D) hydrogen-oxygen edge graphene with center only
dopants (structures in Fig. 11). (A colour version of this figure can be viewed online.)

3.2. Hydrogen-edge graphene from lignocellulosic materials grows from CyH1905 at 673K to
C37H1203 at 973 K [102], meaning that chars are small and highly

The effect of edges on nitrogen incorporation is critical as Smith defective polyaromatic systems with high edge concentrations.

et al. has shown that the structure of amorphous carbon produced Nitrogen was incorporated both at the edge and the center of the
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P¢N-Edge GN-Edge P;N-Edge
PsNH-Edge GN-Center
5P;N-Edge 5P;NH-Edge

5GN-Near Edge 5GN-Center

Fig. 6. Top views of nitrogenated defects on the hydrogen-edge graphene model. Top
panel shows isolated nitrogen defects (1 nitrogen/20 edge carbon atoms). Species are
monomerized pyridinic edge (PgN-Edge), graphitic nitrogen at the edge (GN-Edge),
monomerized pyrrolic without H (PsN-Edge), monomerized pyrrolic with H (PsNH-
Edge), and graphitic nitrogen at the center (GN-Center). Bottom panel shows the high
concentration (5 nitrogen atoms/20 edge carbon atoms) defects. Species are pyridines
(5PgN-Edge), pyrrolics with H (5PsNH-Edg), graphitic nitrogens at the edge (5 GN-
Edge), and graphitic nitrogens at the center (5 GN-Center). The black and white lines
represent C and H, respectively, while the blue spheres represent N. Only a portion of
the unit cell is shown in order to highlight the defects and side views are shown in
Fig. S3. (A colour version of this figure can be viewed online.)

graphene nanoribbon sheet. Additionally, the effect of the nitrogen
edge concentration was also studied here. The DFT reaction en-
ergies for the formation of these defects were calculated according
to Equations (8) and (9):

CxHy + nNH3 + @m+y) - (3n+y)

H2 - fomNn Hy* + mCH4

2
(8)
Erxn = (ECX,mNnHy* + mEcm) - (Ecxny + nEnm,
4m+y")— (3n+
! y )2 ( Y)EHZ) 9)

where Ec,_, nH,.. Ec,ny» Ech,» En,» and Eny, are the DFT-calculated
total energies of the nitrogen-doped hydrogen-edge graphene,
hydrogen-edge graphene, gas phase methane, gas phase hydrogen,
and gas phase ammonia; x is the number of carbon atoms in the
hydrogen-edge sheet; y is the number of hydrogen atoms in the
initial hydrogen-edge graphene model; y* is the number of
hydrogen atoms in nitrogen defect structure; n is the number of
nitrogen defects created; and m is the of carbon defects created
(m>n).

3.2.1. Edge nitrogen functionalities

For the isolated nitrogen dopants on the hydrogen-edge gra-
phene model, all of the tested structures are shown in Fig. 6 and the
DFT-based reaction energies are summarized in Table S3. The types
of structures tested here are monomerized pyridinic nitrogen (PgN-
Edge), monomerized pyrrolic nitrogen (PsNH-Edge), monomerized
pyrrolic nitrogen without hydrogen (PsN-Edge), graphitic nitrogen
at the edge (GN-Edge), and a graphitic nitrogen in the ribbon center
(GN-Center). According to the DFT reactions energies, PsNH-Edge
(Erxxn = —0.46 eV), GN-Edge (Exn=0.02 eV), and PgN-Edge
(Erxn = 0.07 eV) are the most favorable nitrogen defect structures
(Table S3). Notably, the DFT energies show that the formation of
nitrogen functional groups is much more favorable at the edge of
the hydrogen model than in the pristine graphene sheet. This is
consistent with experiments that show nitrogen incorporation at
the edges of graphene nanoribbons and n-type materials upon
ammonia exposure under high temperatures [9].

The effect of temperature and pressure on the thermodynamic
stability of the different isolated nitrogen edge defects is shown in
Fig. 7. Different from nitrogen defects in pristine graphene (Fig. 3),
the formation of several of the nitrogen defects on a hydrogen
terminated graphene edge are exergonic. As shown in Fig. 7A, the
temperature effects at 1 bar show that PgN-Edge is the most stable
defect structure over the entire temperature range, followed by the
non-defect hydrogen-edge graphene and PsNH-Edge. Finally, a
comparison between the GN-Edge and GN-Center results show
that, over the entire temperature and pressure range studied, ni-
trogen substitution is more favorable on the edge of graphene than
in the center by ~0.5 eV.

2.5 T T
A
2.04 -
1.5
%
- 10- -
2
0.5+ -
0.0
— P¢N-Edge
0.5 r . — PsNH-Edge
500 1000 1500 2000
— PsN-Ed
Temperature (K) ‘ -
6 —— —— GN-Edge
B — GN-Center
4 4
> 21 y
2,
O 0 \
< N\ \
2

10-1° 105 10° 105 101
Pressure (bar)

Fig. 7. Phase diagram of isolated nitrogen functional groups on the hydrogen-edge
graphene model with respect to (A) temperature at 1bar and (B) pressure at 800 K.
The intact hydrogen-edge graphene sheet is the reference structure at AG=0eV in
both graphs. Species labels refer to structures shown in Fig. 6. (A colour version of this
figure can be viewed online.)
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To assess the effects of high nitrogen defect concentration
within the edge, one side of the graphene sheet was saturated with
three types of nitrogen defects (Fig. 6). As shown in Fig. 8A, the
pyridinic (5PgN-Edge) defect structure remains the most favorable
over the entire temperature range at edge saturation. As the pres-
sure is varied at a fixed temperature (Fig. 8B), the pyridinic struc-
ture with a high nitrogen concentration (5PgN-Edge) is the most
thermodynamically stable in the lower pressure regime while
pyrrolic groups (5PsNH-Edge) are stable at higher pressures values.
One interesting point here is while the monomerized pyrrolic
group tends to be more favorable at lower temperatures (Fig. 7A),
the stability of these functional groups significantly decreases as
the nitrogen content in the edges increases (Fig. 8A). However,
pyridines, whether monomerized or at edge saturation concen-
trations, are more favorable than the rest of the tested structures.
Therefore, under a wide range of temperatures, pressures, and
dopant concentrations, the majority of nitrogen defects formed in
carbonaceous materials are pyridine-like functional groups.

Similar to the pristine graphene systems, we calculated the
electronic properties of the most thermodynamically favorable
nitrogen defects for the isolated and saturated defect concentra-
tions in the hydrogen-edge graphene model. As shown in Fig. 4B
and Table S2, the incorporation of nitrogen into the hydrogen-edge
graphene does not significantly shift either the valence or the
conduction bands or induce new states near the Fermi level. The
latter is due to the lack of nitrogen states near the Fermi level (-1 to
1 eV, Fig. 5B). Compared to the nitrogen LDOS of the pyrrolic and
pyridinic structures within pristine graphene (Fig. 5A), the nitrogen
incorporated along the hydrogen-edge are electronically less

2

AG(eV)
xS 5

500 1000 1500 2000 — >CUN-Near-Edge

Temperature (K) 5GN-Center
40 — 5P,NH-Edge

35{\B — 5P(N-Edge

B
1010105 10° 105 10

Pressure (bar)

Fig. 8. Phase diagram of edge saturated nitrogen defect structures on hydrogen-edge
graphene with respect to (A) temperature at 1 bar and (B) pressure at 800 K. The intact
hydrogen-edge graphene sheet is the reference structure at AG =0eV in both graphs.
Species labels refer to structures shown in Fig. 6. (A colour version of this figure can be
viewed online.)

accessible for bonding adspecies, seen in the downshifted highest
occupied nitrogen bands for the edge nitrogen (Fig. 5B). Overall,
nitrogen functionalization of a hydrogen terminated graphene edge
does not significantly alter its electronic structure, making such
nitrogen defects unlikely to outperform graphene edges alone in
the binding of metal centers or molecular pollutants.

3.2.2. Center nitrogen functionalities with defects

To better simulate complex carbonaceous materials like chars,
nitrogen functionalization of carbon vacancies within our
hydrogen-edge graphene nanoribbon model was examined using
the structures shown in Fig. 9: (1) single carbon vacancies with
pyridinic (PgN-SV-Center, 3PgN-SV-Center), pyrrolic (PsN-SV-Cen-
ter), graphitic (GN-SV-Center, 3GN-SV-Center), and mixed func-
tionality (2 GN-PgN-SV-Center and GN-2PgN-SV-Center) nitrogen;
(2) double carbon vacancies with pyridinic (4PgN-DV-Center) and
pyrrolic (PsNH-DV-Center, 3P5N-DV-Center, 3P;NH-DV-Center)
nitrogen; and (3) triple carbon vacancies with pyrrolic (4PsN-TV-
Center) nitrogen. As noted previously for the pristine graphene
structures, carbon vacancies created in the initial structure can
reconstruct in the presence of nitrogen, forming non-hexagonal
rings after optimization.

DFT energies calculated for these structures at zero Kelvin under
vacuum conditions (Table S4) show 2 GN-PgN-SV-Center
(Erxn = —1.07 eV), GN-2PgN-SV-Center (Eixn = —0.82 eV), 3PsNH-
DV-Center (Exn= —0.27 eV), and 3 GN-SV-Center (Erxp= —0.04
eV) to be the most favorable structures followed by 4PgN-DV-
Center (Exn = 0.36 eV), PsNH-DV-Center (Exn = 0.68 eV), and
4P5N-TV-Center (Erxn = 0.71 eV). Fig. 10 shows the phase diagrams
constructed using these center nitrogen-functionalized defect
structures in hydrogen-edge graphene. At 1 bar, the pyridinic de-
fects are the most stable across the studied temperature range
(Fig. 10A), with the most favorable structure being GN-2PgN-SV-
Center from 500 to 1600 K, 2GN-PgN-SV-Center from 500 to 1100 K,
and PgN-SV-Center for temperatures greater than 1600 K. The next
most favorable structures at 1bar are 3PgN-SV-Center, 3GN-SV-
Center, and GN-SV-Center. Similar to the nitrogen defect creation in
pristine graphene (Fig. 3), the formation of these defect structures
in hydrogen-edge graphene is endergonic at 800 K until the pres-
sure reaches 10 bar (Fig. 10B), suggesting that these defects are
much less likely to form as compared to nitrogen incorporation into
the edge (Figs. 7 and 8). Within a particular defect type (i.e. pyr-
idinic and graphitic), increasing the pressure or decreasing the
temperature favors higher nitrogen concentration defect struc-
tures, suggesting that the nitrogen incorporation thermodynami-
cally stabilizes the carbon vacancies. These results suggest that the
distribution and concentration of nitrogen groups can be controlled
by the temperature and pressure, which will inform the experi-
mental functionalization of carbonaceous materials with nitrogen.

As shown in Fig. 4C, the TDOS for the most stable structures of
nitrogen functionalized carbon vacancies in hydrogen-edge gra-
phene shows a similar trend to that observed for pristine graphene
(Fig. 4A). Namely, the creation of only pyridinic functional groups
(PgN-SV-Center and 3PgN-SV-Center) induces new states to appear
in the TDOS just below the Fermi level (Fig. 4C), which are localized
on the nitrogen atoms (Fig. 5C). Interestingly, a comparison of the
nitrogen LDOS for the PgN-SV-Center (Fig. 5C), 3PgN-SV-Center
(Fig. 5C), and 4P6N-DV (Fig. 5A) structures show that the highest
occupied nitrogen band approaches the Fermi level as the number
of pyridinic nitrogen increases. This suggests that the bond strength
of adspecies on nitrogen-doped carbonaceous materials can be
tuned via the incorporation of more or less pyridinic nitrogen
species, which we have shown above to be controllable through the
temperature and pressure used during the nitrogen doping process.
However, this pyridinic nitrogen tuning effect on the highest
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Fig. 9. Top views of nitrogenated defects on carbon vacancies and non-hexagonal defects on hydrogen-edge graphene. Species are: PsN-SV-Center, PgN-SV-Center, 3PgN-SV-Center,
3GN-SV-Center, GN-SV-Center, 2GN-PgN-SV-Center, and GN-2PgN-SV-Center on single carbon vacancy defects; 3PsN-DV-Center, 3PsNH-DV-Center, 4PgN-DV-Center, and PsNH-DV-
Center on double carbon vacancy defects; and 4PsN-TV-Center on triple carbon vacancy defects. The black and white lines represent carbon and hydrogen, respectively, while the
blue spheres represent nitrogen. Only a portion of the unit cell is shown in order to highlight the defects and side views are shown in Fig. S4. (A colour version of this figure can be

viewed online.)
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Fig. 10. Phase diagram of nitrogen defect structures on carbon vacancies and non-
hexagonal defects on hydrogen-edge graphene with respect to (A) temperature at
1bar and (B) pressure at 800K. The intact hydrogen-edge graphene sheet is the
reference structure at AG=0eV in both graphs. Species labels refer to structures
shown in Fig. 9. (A colour version of this figure can be viewed online.)

occupied nitrogen band can be affected by the simultaneous for-
mation of GN functionality at the vacancy (see structures GN-2PgN-
SV-Center and 2 GN-PgN-SV-Center in Fig. 5C). Similar to the pris-
tine graphene models, the formation of GN functionality induces
nitrogen states above the Fermi level, thus the GN may possess n-
type conductivity since nitrogen has one additional electron
compared to a carbon atom and thus making such systems more
likely to bind cationic pollutants [73]. Overall, these results show:
(1) there is minimal electronic interaction between the nitrogen
functionalized carbon vacancies and a hydrogen-edge graphene
edge and (2) that the electronic properties of the nitrogen-doped
graphene can be tuned via the concentration of pyridinic nitrogen.

3.3. Hydrogen and oxygen edge graphene

Often in carbonaceous materials like the amorphous carbons
produced from lignocellulosic materials at low carbonization con-
ditions, it is difficult to avoid the formation of oxygen functional
groups. Previous experimental and theoretical work has deter-
mined the dominant oxygen functionality in amorphous carbona-
ceous materials at temperatures over 973 K to be ether groups
[102]. Other oxygenated functional groups (i.e. hydroxyl, carbonyl,
and carboxyl) can be found in amorphous carbons oxidized at low
temperature (below 573 K) but are unstable at temperatures over
773 K [109,110]. In order to examine the potential interaction be-
tween such oxygen functional groups and nitrogen functionaliza-
tion, the graphene nanoribbon model was modified to incorporate
ether groups along the edge. The DFT reaction energies for the
formation of these defects were calculated according to Equations
(10) and (11):
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Fig. 11. Top views of nitrogenated defects on vacancies and non-hexagonal defects on hydrogen-oxygen edge graphene. Species are: PsN-SV-Center-0, PgN-SV-Center-O, 3PgN-SV-
Center-0, 3GN-SV-Center-O, and GN-SV-Center-O on single carbon vacancy defects; 3PsN-DV-Center-O, 3PsNH-DV-Center-0, 4PgN-DV-Center-0, and PsNH-DV-Center-O on double
vacancy defects; and 4PsN-TV-Center-O on a triple carbon vacancy defect. The black and white lines represent C and H, respectively, while the blue and red spheres represent N and
0O, respectively. Only a portion of the unit cell is shown in order to highlight the defects and side views are shown in Fig. S5. (A colour version of this figure can be viewed online.)

(4m+y") - (3n+y)

CyHyOz +nNH; + H, — Cx_mNnH,-O;

2
+ mCHy4
(10)
Erxn = (Ecx,mN"Hy* o, + mEcm) - (EcxHyoz + NEnm,
4m+y") — (3n+
L am+y )2 ( y)EHZ) (11)

where ECX mNaH,» 0, ECXHon, ECH4v EHz' and ENH3 are the DFT-
calculated total energies of the nitrogen defected hydrogen-
oxygen edge graphene, hydrogen-oxygen edge graphene, gas
phase methane, gas phase hydrogen, and gas phase ammonia; x is
the number of carbon atoms in the hydrogen-edge sheet; y is the
number of hydrogen atoms in the initial hydrogen-oxygen edge
graphene model; y* is the number of hydrogen atoms in nitrogen
defect structure; z is the number of oxygen atoms; n is the number
of nitrogen defects created; and m is the of carbon defects created
(m>n).

Fig. 11 shows the nitrogen defect structures examined in the
hydrogen-oxygen edge graphene. The DFT reactions energies show
that the 3P5NH-DV-Center-O (Exp = 0.15 eV), 3GN-SV-Center-O
(Exxn = 0.49 eV) and Ps5N-SV-Center-O (Erxp = 0.50 eV)—i.e. the
trimerized pyrrolic, trimerized graphitic, and monomerized pyr-
rolic nitrogen in the center of the graphene sheet, respectively—are
the most stable structures at zero Kelvin under vacuum conditions.
All DFT reactions energies are shown in Table S5.

Introducing the effect of temperature shows pyridine structures
to be the most favorable nitrogen-doped structures over the entire
temperature range at 1 bar (Fig. 12A), consistent with the previous
models and showing that the pyridinic functionality is overall the
most thermodynamically favorable structure under a number of
different surface conditions. Increasing the pressure at 800K to
above 10° bar causes a transition to pyrrolic groups (3PsNH-DV-
Center-O, Fig. 12B). The nitrogen functionality trend with temper-
ature and pressure is similar between the hydrogen and hydrogen-
oxygen graphene nanoribbon models (Figs. 10 and 12, respectively),
demonstrating that the presence of ether groups at the edge of the
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Fig. 12. Phase diagram of nitrogen defect structures on hydrogen-oxygen edge gra-
phene with respect to (A) temperature at 1bar and (B) pressure at 800 K. The intact
hydrogen-oxygen edge graphene model is the reference structure at AG =0 eV in both
graphs. Species labels refer to the structures shown in Fig. 11. (A colour version of this
figure can be viewed online.)

model does not significantly impact the thermodynamic stability of
nitrogen functional groups within the center of the graphene sheet.

The effect of nitrogen functionalization on the electronic
structure of the hydrogen-oxygen graphene edge is similar to that
noted for the hydrogen graphene edge. As shown in Fig. 4D, the
nitrogen defects do not significantly shift the valence band but do
induce new states near the Fermi level that are centered on the
nitrogen atoms (Fig. 5D). Furthermore, a similar pyridinic concen-
tration effect on the position of the highest occupied nitrogen band
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relative to the Fermi level is seen for the hydrogen-oxygen gra-
phene edge (Fig. 5D) as compared to the hydrogen graphene edge
(Fig. 5C). A comparison between the 3PgN-SV-Center (Fig. 5C) and
3PgN-SV-Center-O (Fig. 5D) defects shows that the nitrogen LDOS
of a particular defect is not significantly affected by the edge, be it a
hydrogen edge or a hydrogen-oxygen edge. This suggests that the
simpler graphene models are sufficient for correctly capturing the
electronic effects for adsorption on nitrogen functionalized carbon
vacancies within the center of graphene.

4. Conclusions

We have examined the thermodynamic stability of nitrogen
functional groups on different graphene models using DFT-
calculated Gibbs reaction energies. Over a range of conditions and
model structures, the most stable nitrogen functionality was pyr-
idinic nitrogen followed by graphitic nitrogen. Pyridinic nitrogen is
most easily formed at the graphene edge, but their presence at
carbon vacancies in the center of a graphene sheet can have a
stabilizing effect on the defective region. At high pressures
(>10%bar), pyrrolic nitrogen structures become the most stable
structures. Electronic analyses suggest that the electronic structure
of nitrogen functionalities within carbon vacancies in the graphene
nanoribbons is unaffected by the presence of a hydrogen or
hydrogen-oxygen edge structure. Furthermore, pyridinic nitrogen
within vacancy sites create new states near the Fermi level in the
graphene, localized on the nitrogen, whose energy can be tuned via
the number of incorporated pyridines. The greater thermodynamic
stability and availability of electronic states in pyridinic defects
make them likely candidates for the binding of metal centers or
molecular adsorbates. Overall, this work allows for the identifica-
tion of temperature and pressure combinations that can be tuned to
affect the distribution of nitrogen functional groups in carbona-
ceous materials during the heat treatment nitrogen doping process
with potential applications in the areas of filtrant design, hetero-
geneous catalysis, and electronics.
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