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ABSTRACT: This study explored the fundamental chemical
intricacies behind the interactions between metal catalysts and
carbon supports with graphitic nitrogen defects. These interactions
were probed by examining metal adsorption, specifically, the
location of adsorption and the electronic structure of metal
catalysts as the basis for the metal−support interactions (MSIs). A
computational framework was developed, and a series of 12
transition metals was systematically studied over various graphene
models with graphitic nitrogen defect(s). Different modeling
approaches served to provide insights into previous MSI
computational discrepancies, reviewing both truncated and
periodic graphene models. The computational treatment affected
the magnitudes of adsorption energies between the metals and
support; however, metals generally followed the same trends in their MSI. It was found that the addition of the nitrogen dopant
improved the MSI by promoting electronic rearrangement from the metals’ d- to s-orbitals for greater orbital overlap with the carbon
support, shown with increased favorable adsorption. Furthermore, the study observed periodic trends that were adept descriptors of
the MSI fundamental chemistries.

1. INTRODUCTION
Carbon materials are widely used across a multitude of
applications due to high structural integrity and tunability with
their comparative inexpensiveness. The spectrum of carbon
materials, from single-layered graphene to structured carbon
nanotubes to amorphous carbon, has been utilized as catalyst
nanoparticle supports for a variety of applications due to the
ability to tune their surface area, porosity, conductivity, and
other characteristics. These properties contribute to the overall
goal of a metal catalyst support by maximizing the usable
nanoparticle’s reactive surface through dispersion and immo-
bilizing the catalysts for proceeding reactions through surface
chemistries.1−6 In polymer electrolyte membrane fuel cells
(PEMFCs), carbon supports are used to disperse platinum
nanoparticles to improve the electrochemical active sur-
face.1,2,7−15 Even though this catalyst−support combination
is a standard in the field, it is known to degrade over time
under operable conditions through catalyst particle dissolution,
particle coalescence, and detachment from the carbon support
due to its corrosion, severely hindering its long-term
performance.9−11,16−20

The inclusion of embedded nitrogen heteroatoms, as
dopants, within the carbon lattice has shown to mitigate
some degradation mechanisms through focused improvements
in the metal−support interactions (MSI) and has allowed for
novel material design that offers several advantages over
undoped materials, all while preserving the low environmental

and monetary costs of carbon materials.1,2,4,9,11,16,21,22 Nitro-
gen has been a promising choice, among other heteroatoms, as
it creates electronic asymmetries, through several different
functionalities or defects without major geometric disruptions,
that allow for the manageable tuning of the MSI.5,7,9,21−23

Nitrogen-doped (N-doped) carbon materials have been
experimentally shown to lessen metal nanoparticle dissolution
when compared to undoped carbon materials, providing
heightened catalyst stability and longevity. They also have
presented other related benefits such as tuning the material’s
band gap for favored metal catalyst nanoparticle catalytic
properties, promoting nanoparticle nucleation, and dispersing
nanoparticles with greater uniformity.8,12,13,21,24−28 The
benefits of N-doped supports have been demonstrated using
electron microscopy methods, rotating disk electrode measure-
ments, and even in membrane electrode assemblies where it
was shown that catalysts supported on N-doped supports
retain a greater current density after durability testing with
nitrogen doping.23,25 Interestingly, this scale of molecular
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tuning draws parallels to active sites in enzymes where MSI is
maintained for biological reactions through the enzymatic
backbone similar to the dopants within the support.29 Beyond
PEMFCs, other N-doped carbons have been examined for
applications in other types of fuel cells, as well as sensors,
batteries, and hydrogen storage. There are two largely topical
approaches in the synthesis of dopants within a carbon
support, which contain methodologies that target certain
dopant percentages or select for certain nitrogen functionalities
over others. The first is “direct synthesis” where homogeneous
precursors are made to react in situ to form the N-doped
carbon structure, while the second is “post-treatment” where
nitrogen is implemented into pre-existing carbon struc-
tures.23,30,31 There are various complementary characterization
methods, such as X-ray photoelectron spectroscopy and
scanning transmission electron microscopy, in accessing the
structure and composition of the support, the MSI, and sites of
interest.32−34

Advantages of nitrogen doping with Pt and nonplatinum
group metal catalysts have been demonstrated; however, they
are usually shown with heterogeneous materials containing a
multitude of nitrogen functionalities compared to an undoped
reference for just one select catalyst. Moreover, experimental
characterization techniques still require assistance in precisely
identifying and correlating the fundamental interactions from
doping that have been shown to improve the MSI, in terms of
the electronic structure and contributions to catalyst stability.
Along with fully elucidating the chemistries behind the MSI,
the call to action is to establish the optimal functionalities for
each catalyst over a range of possible metals. Direct systematic
comparison between metals’ underlying interactions with a
[doped] support is lacking, and furthermore, presented metal
speciation and nucleation may not directly translate into
stability when in applicable settings.35−38

Theoretical work, such as density functional theory (DFT),
can be extremely useful for improving the understanding of N-
doped materials. DFT has helped to assist in synthetic
variability in determining core-level shifts to elucidate X-ray
photoelectron spectroscopy binding energy spectra/experi-
mental signatures.39−41 DFT has also been used to directly
study the electronic nature of the support and the MSI through
defining orbital interactions and band gaps between the metal
and support along with calculating relevant MSI metrics, such
as adsorption energy of the metal, ripening energy of the metal,
and defect formation energies.7,28,42−44 While these measures
can be correlated and extrapolated to physical systems, DFT
has also been utilized to explore more macroscopic properties
such as predicting affinities for electrochemical absorbates and
relative stabilities of nitrogen dopants and their morphologies
within the carbon material.36,45−49 Pyridinic clusters (of three
or four pyridinic nitrogen around a vacancy created by
missing/defective carbons) have been largely investigated
along with graphitic and pyrrolic defects across metals
involving Pt, Pd, Fe, Co, and Ni with even inclusions of Ru
and Mn.12,43,50−54

Despite the aforesaid computational studies, many of them
retain a similar limitation where only one type of the metal
catalyst in tandem with one type of defect is investigated,
usually upon a graphene representation. While a handful does
serve to match an experimental system and does share
commonplace methods within the field, such as the utilization
of the Perdew−Burke−Ernzerhof (PBE) functional, differences
in some chosen computational parameters make a direct

comparison speculative and energetic discrepancies appa-
rent.7,26,31,45,55,56 For example, given pristine graphene, unit
cell sizing for planewave DFT methods may be insignificant;
however, the addition of a metal atom(s) and nitrogen
defect(s) introduces possible artificial interactions between
periodic images, similar to periodically charged point defects
that may not surpass the “dilute limit”.57−59 Calle-Vallejo et al.
used two similarly doped unit cells that differed in length by a
row of carbon atoms to highlight morphological differences
that propagated into thermodynamic differences of oxygen
reduction reaction (ORR) activity between the two cells.60

Tangentially, representative truncated graphene-like models
have also been used to explore similar properties, but their lack
of periodicity and the nuances associated must also be
considered.7,22,23,27,48,54,61−65 It is essential to then, along
with furthering systematic studies of various metals and
defects, to utilize comparable parameters or gauge methodo-
logical discrepancies to examine the sought-after principal
interactions.
The goal of this work is to conduct a critical evaluation of

the computational models used for the investigation of MSI
and systematically study any periodic trends in interactions
with N-doped supports using different metals, including noble
and non-noble metals from different groups and periods across
the periodic table. Different models of N-doped graphene over
two major computational approaches are evaluated to establish
a suitable computational framework and parameter space to
probe interactions between metal catalysts and N-doped
carbon supports. For periodic models, the study comments
on the choice of the unit cell in representing N-doped
graphene and the treatment of spin in truncated models
resulting from the introduction of a single graphitic defect.
Insights into the material’s edge are found within truncated
models, another predominantly relevant physical factor as it
has been suggested that the edge graphitic defects have higher
ORR activity.48 Furthermore, a comparison between these two
types of modeling approaches indicates the significance of
computational periodicity. In this paper, we present a
systematic DFT study that includes 12 transition metals with
the carbon support containing a graphitic nitrogen defect to
provide a foundation in understanding the principal
interactions between the metal and support through metal
adsorption and the resulting electronic distribution. It was
found that periodic relations are adept descriptors in starting to
define the MSI. This work creates the groundwork for further
investigations into studies of catalyst stability when supported
on graphitic and other types of nitrogen defects.

2. RESULTS AND DISCUSSION
2.1. Truncated Models. Both the modes of adsorption

(MOA) and energy of adsorption were evaluated to (1)
identify appropriate treatment for the N-doped carbon
support, (2) understand the fundamental interactions between
the support and the metal catalyst, and (3) delineate any
periodic trends that exist in the metal−support interactions for
the chosen metals. MOA refers to the location in which the
metal ultimately optimizes over the graphene sheet, denoted
with the same naming convention for metal-starting locations
(Figure 2). MOAs that were not directly over an atom or in the
middle of holes are labeled as CC since they are nondiscrete
between carbon atoms, unless they are between the nitrogen
atom and an adjacent carbon atom in which case they are
labeled as bonded with N. By associating this spatial evaluation
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with Eads, the fundamental interactions of the metal with the
support were investigated relative to the addition of the
dopant. This may also provide insights into initial metal
nucleation sites upon the support. Thus, the following section
covers these two main metrics, and later sections explore edge
effects with the three-shell model and systematic trends.
2.1.1. Two-Shell Model: Adsorption Energies/Modes of

Adsorption and Model Development. The Eads and MOA
were found for the 12 metals with the three two-shell truncated
graphene models: undoped (control), doublet (N-doped), and
singlet (N-doped). Even though four discrete starting locations
were considered for metal catalysts, the geometry generally
converged to one MOA type with some exceptions (see Figure
S3). The most favorable Eads along with its corresponding
mode of adsorption was considered in the following discussion.
Table 1 presents the most favorable Eads with the
corresponding mode of adsorption for all the metals over the
three different supports calculated at all levels of theories.
The undoped graphene model was compared to both singlet

and doublet N-doped models to investigate how graphitic
defects affect the adsorption energies and MOA of the metal.
The Eads for each metal generally became more favorable when
adding the graphitic nitrogen defect regardless of the singlet or
doublet models. Across all three models for almost all the
metals considered, the magnitudes of adsorption energies
exceed 0.5 eV, which is the threshold energy for atomic
migration at room temperature, implying that the Eads from

these interactions is likely to withstand particle mitigation at
room temperature, thereby imparting more stability.64 The
inner MOA and the edge MOA also generally stay the same
when comparing the graphene control and doped graphene
with the major difference being their respective distances from
the defect and the edge. This indicates that the nature of
electronic communication between the metal and carbon
support remains unchanged, even though this communication
was strengthened upon the introduction of the graphitic
nitrogen defect. It was also found that most metals across all
systems optimized to a single type of MOA, even though the
starting geometric arrangement is different.
Notably, it is also found that most metals do not directly

interact with the nitrogen atom, similar to what has been
shown for Pt in previous investigations.7,67 In the doublet
doped model, there are some MOAs directly interacting with
nitrogen, but most of these interactions are over the nitrogen−
carbon bond rather than over the nitrogen atom. Only in the
case of Co was direct interaction with nitrogen observed across
all functionals, even though with mostly unfavorable
adsorption energies. For the rest of the metals, direct
interaction of metals with nitrogen atoms was seen only for
some functionals. In the singlet doped model, direct
interaction of metals with the doped nitrogen atom was rare.
Only Ir interacts with the edge nitrogen−carbon bond, but this
interaction may be dictated by edge effects rather than the
defect nitrogen as this was not its most favorable MOA.
This discrepancy suggests that the direct nitrogen

interaction is an artifact of the doublet treatment of the
doped carbon support. The lone electron on nitrogen
promotes increased interaction between the metal and
nitrogen as shown with higher magnitudes of Eads in the
doublet. Additionally, there were more edge MOAs found for
the doublet model when compared to those for the singlet
treatment. This again may be a relic of the doublet treatment
where now conversely the lone electron does not favorably pair
up with the metal at the nitrogen but rather is stabilized by
distributing electron density outward to the edge locations.
The opposite is observed in the singlet model as it has the
most internal MOA. These sites in the singlet treatment also
had more favorable Eads than the equivalent mode on the
doublet doped support (except for the group 11 metals). Even
though there is no direct nitrogen interaction, the graphitic

Figure 1. Representation of the truncated graphene models: (a) two-
shell truncated model with graphitic defect and (b) three-shell
truncated model with graphitic defect. The gray, blue, and white
spheres are carbon, nitrogen, and hydrogen atoms, respectively, for
the above representations. The control models represent undoped
graphene in which the nitrogen atom is replaced with a carbon atom
in the above representations.

Figure 2. Annotated starting locations of the metal atom over the two-shell with respect to the graphitic defect. The labels represent the following
positions: over the hole directly between the surrounding carbon atoms and nitrogen atoms (H), over the nitrogen of the graphitic defect (N, not
present in undoped controls), over the inner carbon atom adjacent to nitrogen (C), and over the inner carbon−carbon bond adjacent to the
nitrogen−carbon bond (CC).
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nitrogen draws electron density from the adjacent carbons,
impacting the resulting MSI. Furthermore, when a dopant was
present, the optimized MOA tended to not be located at the
edge but closer to the defect. Conversely, without the dopant,
the MOA tended to be more at the edge, indicating that the
defect does promote favorable MOA within its vicinity.
Moreover, previous experimental results and the proposed
doped graphene structure suggest that the doublet treatment is
not appropriate.25,35,81 As a result, the singlet treatment is a
more representative model and will be the focus of discussion
moving forward. With the singlet treatment of the truncated
model, it should be noted that the model is asymmetrical;
however, there appears to be no bias in the metals optimizing
toward or away from the sp3 edge carbon (see Figure S1).
The Eads calculated with the B3LYP functional tended to be

more conservative, as shown in Table 1, as compared to the

other functionals, which were all similar in magnitude.
Noticeably, results with the ωB97xd functional showed the
least amount of edge MOA. Long-range corrections in the
ωB97xd functional most likely caused the metal to be
stabilized around the starting internal positions rather than
optimizing to edge MOA. However, ωB97xd had no favorable
(around 0 eV) internal MOA for group 8 metals with the
undoped control support. This differs significantly for group 8
metals as compared to the other functionals where their Eads
values were about 2−3 eV, which also implies that doping
would increase these metal’s MOA by 3−4 eV. It was observed
that the PBE1PBE functional matched the best with the
benchmark, HSE functional, when comparing the adsorption
magnitudes and MOA, even mirroring exceptions. The
expensive treatment of long- and short-range interactions did
not appear to have a significant effect. It was also noticed that

Table 1. Most Favorable (as Defined by a Greater Negative Value) Adsorption Energies (Eads in eV) Calculated Using the Two-
Shell Graphitic Defect Truncated Graphene Models with the Four DFT Functionals (B3LYP, ωB97xd, PBE1PBE, and HSE)a

B3LYP ωB97xd PBE1PBE HSE

metal MOA Eads MOA Eads MOA Eads MOA Eads

undoped control
Fe H (H) −0.91 (−1.60) (H) (−1.96) H (H) −1.58 (−2.31) (H) (−2.26)
Ru H −1.87 H (H) −0.09 (−3.88) H (H) −2.67 (−5.16) H - 2.62
Os H −1.71 CC 0.11 H (H) −2.54 (−4.77) H −2.65
Co H (CC) 0.08 (−0.48) CC −1.13 CC −0.06 (CC) (−0.21)
Rh CC −0.95 CC −1.23 (CC) (−2.17) CC −1.31
Ir H (CC) −0.95 (−2.18) (CC) (−2.67) CC (CC) −1.36 (−2.67) CC −2.40
Ni CC (CC) −1.29 (−1.41) CC (CC) −1.91 (−2.08) H (CC) −1.78 (−1.83) H −1.72
Pd CC (CC) −0.54 (−1.18) CC (CC) −0.80 (−1.36) CC (CC) −0.82 (−1.46) CC (CC) −0.84 (−1.46)
Pt CC −1.40 CC (CC) −1.68 (−1.95) CC (CC) −1.79 (−2.01) CC −1.78
Cu C (C) 0.01 (−0.03) C −0.19 C −0.02 C −1.03
Ag CC 0.01 C −0.23 C −0.02 C −1.03
Au (CC) (−0.10) CC −0.38 C −0.04 C −1.05

doublet doped
Fe (CC) (−2.44) (H) (−2.42) H (CC) −3.35 (−2.95) H (CC) −3.28 (−3.53)
Ru CC (N) −3.61 (−3.22) (H) (−3.84) H (CC) −3.23 (−3.61) H −3.20
Os H −2.68 CC −5.67 H (N) −4.11 (−3.79) N −3.88
Co N (N) 0.33 (0.38) CC (N) −0.06 (−2.63) N (N) 0.66 (0.39) CC (N) 0.22 (0.37)
Rh CC (N) −2.01 (−1.67) (CC) (−2.84) CC (CC) −2.50 (−2.96) CC (CC) −2.33 (−2.92)
Ir (CC) (−3.00) CC (CC) −3.71 (−4.43) CC (N) −3.92 (−3.10) CC (N) −3.87 (−3.07)
Ni CC (CC) −1.69 (−1.80) CC (CC) −2.14 (−2.36) CC (CC) −2.05 (−2.40) C −2.69
Pd CC (CC) −0.76 (−1.10) CC (CC) −0.89 (−1.00) CC (CC) −0.99 (−1.07) CC (CC) −1.02 (−1.36)
Pt CC (CC) −0.54 (−2.46) CC (CC) −2.44 (−2.61) N (CC) −1.40 (−2.79) CC −2.67
Cu C (C) −0.96 (−1.00) C −1.29 (−1.39) C (C) −1.06 (−1.10) C −1.07
Ag (C) (−0.54) (C) (−0.95) C (C) −0.55 (−0.68) C (C) −0.54 (−0.68)
Au C (C) −1.24 (−1.33) (C) (−1.70) C −1.46 C (C) −1.47 (−1.50)

singlet doped
Fe H −1.66 H −2.11 H −1.85 (C) (−3.91)
Ru (H) (−3.21) H −4.01 H (H) −4.61 (−5.10) H −4.21
Os CC (CC) −3.54 (−3.41) CC −3.42 CC −3.42 (H) (−5.02)
Co (H) (−0.65) CC −2.73 (C) (−1.82) CC (H) 0.46 (−1.78)
Rh CC −1.88 CC −2.13 CC −2.26 CC −2.24
Ir CC (N) −3.28 (−2.41) CC −3.69 CC (N) −3.79 (−2.96) (N) (−2.90)
Ni CC −2.10 CC (CC) −2.80 (−2.74) CC −2.44 CC −2.85
Pd CC (CC) −1.07 (−1.01) CC −1.35 CC (C) −1.36 (−1.29) CC (CC) −1.37 (−1.38)
Pt CC −2.66 CC (CC) −3.00 (−3.31) CC −3.05 CC −3.03
Cu C −0.03 C −0.32 C (C) −0.19 (−1.66) C (C) −0.21 (−1.61)
Ag CC 0.00 C −0.26 C (C) −0.05 (−1.18) C (C) −0.05 (−1.14)
Au CC −0.26 C −0.66 C −0.52 C −0.54

aNotation for MOA is shown in Figure 2. The lettering and values contained within parentheses represent edge-equivalent MOA with the
corresponding Eads.
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Co was the most functional-dependent as there was only one
nonedge favorable MOA, while the rest was unfavorable MOA.
Nevertheless, Co did have a favorable edge MOA, even though
the type of MOA differed between functionals. This could
imply that Co does not have any favorable adsorption mode
with the support, outside of stabilization found at the edge.
It should be prefaced that there are exceptions within the

trends; however, these exceptions are derived from two
computational factors. First, the exceptions are dependent on
the computational method. Second, regarding the metal’s
MOA, the metal’s optimized position was sometimes non-
discrete, and the judgment outlined in the methods may not be
reflective of the adsorption’s true nature. Moreover, optimized
positions near the edge of the graphene model were identified
and are discussed further (vide inf ra).
With these observations, the PBE1PBE functional was

chosen moving forward for all further analysis. Figure 4

presents the results from the two-shell model with the
PBE1PBE functional, for which the periodic trends will be
discussed in much greater details (vide inf ra, Section 3.1.3).
From Figure 4, it can be concluded that the graphitic defect
generally increases the magnitude of Eads in both doublet and
singlet cases from the control while maintaining similar MOA.
It also highlights the reasons why the singlet treatment was
chosen over the doublet one. To further confirm if the
observed edge MOAs are representative or an artifact of the
two-shell model, the study expanded to examine a three-shell
model, as discussed in the next section.
2.1.2. Three-Shell Truncated Model. A possible pitfall of

the two-shell model is the limited size of the graphene surface
that could bias the MOA to be at the edge. It is evident from
Table 1 that the metals’MOA remains largely unchanged when
the metal is optimized to an edge location, implying that the
interactions between the metal and surface are not affected by
the edge. Additionally, the difference in Eads between the edge
MOA and nonedge MOA was relatively unchanged, about 0.1
eV. Nevertheless, a three-shell model was used to further
investigate this phenomenon. The extra “shell” of separation
between the metal and defect to the edge allowed for the study
to eliminate any significant role the edge in the two-shell
model might contribute to Eads and MOA. Given the findings
from the two-shell model, only PBE1PBE was used on a singlet

version of the three-shell system with solely H as the metal-
starting location.
Figure 5 shows the results from the three-shell model

compared with the two-shell model. The two truncated models
generally share the same MOA among all 12 metals except for
Os, Co, and Rh. The Os over the doped and undoped support
and Co over the doped support did not optimize when using
the three-shell model. For Rh, MOA on the undoped support
was different when compared to that of the two-shell model. In
general, Eads of metals over the undoped support remained
largely unchanged when comparing two-shell models to three-
shell models (the largest difference of about 0.4 eV not
including the above exceptions). The difference in Eads
between the two models was observed in the doped versions
of the models where Ru, Rh, group 10, and group 11 metals
had more favorable Eads in the two-shell when compared to the
three-shell models.
Pt is one of the most studied metals regarding interactions

with nitrogen dopants; therefore, it is important to examine
our observations considering the past literature. Between the
two models, the doped two-shell model predicted a 1.26 eV
increase in magnitude, while the three-shell predicted 0.13 eV
increase. The much greater reported Eads for the two-shell
system might stem from a nuance discussed in Section 3.1.3.

Figure 3. 8 × 8 unit cell and the 4 × 4 unit cells’ sizing (outlined in
the red dashed box) is presented. Two 4 × 4 unit cells were prepared;
the first contains the same number of graphitic defects as the 8 × 8
unit cell (four total) and equally spaced (referred to as 4 × 4 unit cell
A), and the second contains the same density of graphitic defects (one
total, referred to as 4 × 4 unit cell B). These 4 × 4 unit cells are
shown in Figure S2. The dimensions n × n are positive integers
determined by numbering the outer most carbons on one edge across.

Figure 4. Eads and MOA from Figure 3 of the PBE1PBE functional for
the (a) doublet, (b) singlet, and (c) control two-shell supports. The
two bars for each metal represent the nonedge MOA (left bar) and
the edge MOA (right bar), given that the metal has a nonedge/edge
MOA. The different colors of the bar represent the MOA: dark blue is
over H, light blue is over CC, lighter green is over C, and lightest
yellow is over N. The red line indicates the −0.5 eV threshold for
particle migration at room temperature.
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Muhich et al. examined nitrogen doping on graphene with
respect to a Pt atom and observed that the Eads increased by
0.4 eV with the addition of a sole graphitic defect (with the
same MOA as Pt in this study). However in the same study, it
was seen that Eads increased by 1.4 eV with vacancies of three
pyridinic defects.7 In the three-shell model, it could be implied
that the benefits from nitrogen doping do not reside solely on
the graphitic defect and that Fe, Ru, and Ir have stronger
interactions with graphitic nitrogen defects. While the Eads
between the two models differs, the nature of the interaction
between the metal and support is the same as the MOA that
remains consistent. The three-shell model offers a more
physical portrayal of graphene; however, since the MOA and
trends are preserved, the two-shell model can be utilized for
efficient screening before alluding to larger representative
models.
2.1.3. Systematic Trends. The nature of the increased

electronic interactions due to doping of the graphene support
appears to be group-dependent, confirming the presence of a
periodic dependence on the fundamental interactions. Based
on the MOA in the two-shell model, there are group trends.
For example, group 10 metals generally had only CC MOA,
while group 11 metals preferred to be on top of a C atom, with
Au alternating between C and CC MOA. For group 9 metals,
Rh and Ir optimized over the CC position with Ir further
interacting with the N−C edge bond. Co only had favorable

edge MOA of C. In group 8, Os varied between H and CC,
while Fe and Ru optimized primarily over the H position.
It was observed that the metals that had a relatively greater

Eads also caused a larger conformational change in the support
deviating from a planar geometry. It could be hypothesized
that there exists a correlation between the Eads and the degree
of the conformational change in the support structure. This
conformational change appeared to be only experienced with
the metals on the N-doped models and not on the undoped
control. In the undoped models, the carbon atoms interacting
with the metal were, at most, slightly raised above the graphene
plane; in the doped models, the conformational change is
much more drastic, as exemplified in Figure 6.

While the nitrogen individually does not drastically change
the carbon lattice, the combination of the defect metal with the
geometric flexibility from nitrogen is inducing the conforma-
tional change. The energetic cost of this initial reshaping,
although subtle in the broader scheme of a graphene sheet
(explains the difference in magnitudes), is outweighed by the
favorable Eads, as shown in Table 2. The significantly higher

energetic cost in the doped models aligns with their much
more favorable Eads. For all metals, the energetic penalty of
supporting a metal from a pristine (no metal) support is
greater in the doped supports than the undoped support; the
difference also roughly correlates with the increase in
adsorption seen with doping. The conformational change
could contribute to reducing strain imposed by metal
nucleation, especially with larger metals. This initial cost is
ultimately overcome with a much more favorable Eads. When
compared to the three-shell equivalent, this effect is less
expressive with a comparatively less favorable Eads. Never-

Figure 5. Adsorption energies and MOA of the metals with the
support of the truncated models obtained at the PBE1PBE/6-
31+G(d) level of theory: (a) two-shell truncated model and (b) three-
shell truncated model. Each metal has two bars where the left one
refers to the undoped support and the right one refers to the doped
equivalent. Regarding the two-shell model, all data points shown are
nonedge MOA with the corresponding Eads unless the metal did not
have a nonedge MOA, in which case the results from edge MOA are
shown. Any omitted points are a result of not being able to obtain a
stationary point for the metal with the three-shell model. The different
colors of the bar represent the MOA: dark blue is over H, light blue is
over CC, and green is over C. The red line indicates the −0.5 eV
threshold for particle migration at room temperature.

Figure 6. Side profile views of Pt over the control (a) and singlet (b)
two-shell truncated models, demonstrating the conformational change
of the carbon surface from the metal atom adsorption.

Table 2. Energetic Penalties of the Conformational Changes
by Comparing the Energies of a Support vs a Metal Support
(in eV) in the Two-Shell Truncated Undoped and Doped
Singlet Models for Each Metal as Calculated Using
PBE1PBE/6-31+G(d) & def2-TZVPD

undoped doped

Fe 0.36 0.56
Ru 0.52 1.52
Os 0.61 1.02
Co 0.31 1.07
Rh 0.69 0.81
Ir 0.65 1.02
Ni 0.29 0.74
Pd 0.37 0.65
Pt 0.58 0.94
Cu 0.28 0.36
Ag 0.28 0.29
Au 0.28 0.52
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theless, this subtlety is relevant in models with edges or
vacancies where this conformational change would be present.
Furthermore, this may play a much larger role in stability as the
addition of nitrogen allows for greater spatial flexibility around
the defect for the metal to nucleate.
These trends are further highlighted and explained with

natural bonding orbital (NBO) analysis on the truncated
models. A basis was first established by performing NBO
analysis on the two-shell doped and undoped supports without
the metals (see Table 3). The charge and electron density,
defined by electronic occupation of the atom’s valence orbitals,
of the nitrogen (carbon in the case of the undoped) and the
bonded adjacent carbon atoms (one being an edge carbon).
The nitrogen graphitic defect made the adjacent carbon atoms
relatively more electropositive, which is in agreement with
previous computational results.7 Furthermore, this effect may
propagate even further than the neighboring carbons and is the
fundamental force driving metal adsorption as suggested by
MOA at the edge and further away from the defect.
From the NBO analysis of metal−support structures, it was

observed that the electron-deficient carbons exchange electron
density with the metal, as presented in Table 4. This exchange
is metal-dependent but once again reinforcing that there is no
direct interaction with nitrogen.
From Table 4, the electron density of the metal is shifted

from its valence d-orbitals up to its valence s-orbital or taken
up by the carbon support except for Co. The electronic
reorganization of the metal’s orbitals is necessary for this
interaction between metal adsorption to the carbon support as
there is better orbital overlap between the metal’s s-orbital and
the carbon’s p-orbital than with any of the metal’s d-orbitals.
This is further supported by examining the highest occupied
molecular orbitals (HOMOs) of the metal−graphene com-

plexes, as shown in Figure 7. In the undoped supports, the
metal’s d-orbitals are intact and noninteracting with the
graphene surface. However, in the doped supports, the frontier
orbitals of metals gain more s-character and show increased
interaction with the carbons. The agreement between the NBO
analysis and molecular orbital analysis supports that this
electronic shift is the fundamental interactions that guide the
improvements of catalyst−supports with nitrogen doping.
The systematic trends can be described under the lens of

these fundamental interactions. Moving across the periodic
table starting at group 8 and ending at group 11, the relative
magnitude of adsorption decreases. Concurrently, the metals’
d-orbital becomes more filled until they become completely
filled in group 11. The highly occupied d-orbitals provide
stability, thus making the metal less likely to promote those
electrons up to the valence s-orbital, limiting the possible
orbital overlap with the support carbons. Therefore, group 8
has the most favorable Eads (based on absolute values) as its d-
orbitals are the emptiest compared to the other groups and are
more easily promoted to interact with the graphene surface.
This is also reinforced with its main MOA of H as this site
allows for the noninteracting emptier d-orbitals to be far from
any of the surface atoms. As metals’ d-orbitals become more
filled, the MOA shifts to CC in groups 9 and 10 and to C in
group 11. With greater occupancy of the d-orbitals, the metals’
valence s-orbital then interacts closer to the carbons, although
to a lesser degree. There is a less promotion of electron density
from the support when the metals themselves already maintain
more filled stable d-orbitals. This correlates with the trend in
which the increase in adsorption favorability from doping
decreases moving from group 8 to group 11.
It is possible that since group 11 metals have full d-orbitals,

they may simply not interact at all with carbon atoms, given

Table 3. Charge (q), the Electron Occupancy in the Valence s-Orbital (s), and the Electron Occupancy in the Valence p-
Orbital (p) of the Graphitic Defect Nitrogen and the Corresponding Carbon in the Undoped Control along with the Three
Adjacent Carbon Atoms between the Two-Shell and Three-Shell Truncated Models from NBO Analysis with PBE1PBE/6-
31+G(d) & def2-TZVPD

C or N adjacent C #1 adjacent C #2 adjacent C #3 (edge)

undoped doped undoped doped undoped doped undoped doped

q −0.01 −0.27 −0.01 0.22 −0.01 0.20 −0.06 0.17
s 0.88 1.18 0.88 0.85 0.88 0.85 0.90 0.87
p 3.11 4.08 3.11 2.91 3.11 2.93 3.14 2.94

Table 4. Charge (q), the Electron Occupancy of the Metal Atom’s Valence d-Orbitals (d), and the Electron Occupancy of the
Metal Atom’s Valence s-Orbital (s) between the Series of 12 Metals over the Undoped and Doped Truncated Two-Shell along
with the Change from Undoped to Doped from NBO Analysis with PBE1PBE/6-31+G(d) & def2-TZVPD

undoped doped change from undoped to doped

q d s q d s Δq Δd Δs
Fe 0.41 7.37 0.06 0.42 7.38 0.07 0.01 0.01 0.01
Ru 0.30 7.53 0.07 0.20 7.58 0.17 −0.10 0.05 0.10
Os 0.40 7.35 0.14 0.10 6.72 1.15 −0.30 −0.63 1.01
Co 0.10 7.85 0.98 0.49 7.98 0.51 0.39 0.13 −0.47
Rh 0.27 8.36 0.36 0.21 8.53 0.25 −0.06 0.17 −0.11
Ir 0.24 8.19 0.54 0.05 8.02 0.90 −0.19 −0.17 0.36
Ni 0.40 9.41 0.06 0.28 9.33 0.36 −0.12 −0.08 0.30
Pd 0.25 9.65 0.08 0.16 9.55 0.27 −0.09 −0.10 0.19
Pt 0.20 9.41 0.37 −0.03 9.22 0.79 −0.23 −0.19 0.42
Cu −0.01 9.99 1.00 0.01 9.93 1.02 0.01 −0.06 0.02
Ag 0.00 10.00 1.00 −0.02 9.99 1.01 −0.01 −0.01 0.01
Au 0.01 9.89 1.07 −0.18 9.85 1.30 −0.19 −0.04 0.23
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their lack of orbital overlap and almost zero electronic
rearrangement and adsorption energies (except for Au where
it has nonzero values but still low when compared to other
groups). The C MOA may be the location where there is the
least number of possible interactions, and thus, the metal
settles there considering destabilization in the other MOAs.
Spatially, group 11 is much further away (in the z-axis) from
the surface. All other metals are within 2 Å of the surface, while
group 11 metals are as far as 3 Å, both in doped and undoped
cases, indicating a lack of overall electronic interaction between
the metal and the surface. Similarly, Pd shares the same full d-
orbital configuration as group 11, explaining its lack of increase
in adsorption favorability with doping and overall lower
adsorption energies when compared to its own group
counterparts of Ni and Pt.
In terms of periods, period 6 metals (Os, Ir, Pt, and Au)

have the highest adsorption energies relative to their respective
group, corresponding to the electronic shift seen in Table 4.
First, their larger size plays a role in allowing their orbitals to
better overlap with carbon atom orbitals. Second, even though

they are having a similar size to period 5 metals (Ru, Rh, Pd,
and Ag) due to contraction, they contain relativistic effects.
These effects destabilize the 5d-orbitals, increasing their
distance from the nucleus and decreasing the 6s-orbital
distance in conjuncture, making the valence 5d to 6s transition
energy gap smaller.82 That second factor may not be as
significant as Ru and Os have very similar adsorption energies.
The nitrogen graphitic defect provides increased favorability

for adsorption with an increase in Eads from about 0.5 to 1.0 eV
for all groups except group 11. Group 11 was determined to
not have any notable adsorption (although seemingly Au does
have the greatest percentage-based increase with doping).
Thus, with this model, it appears that the most significant
effect from graphitic nitrogen defects on adsorption and MSI is
with group 8, Rh and Ir from group 9, and Ni and Pt from
group 10.

2.2. Periodic Models. So far, the metal−support
interactions have been discussed in terms of the truncated
models. As previously mentioned, an alternate way to
computationally treat the graphene surface with DFT is

Figure 7. HOMO isosurfaces (isovalue = 0.03) of select representative metals from each group (two from group 8 to display the effect of metal
size, Ni and Ir as they best display this electronic shift for their groups, and Au showing how its group’s natural valence full d-shell and half-filled s-
shell hinders the observed electronic shift) with the undoped (top) and doped (bottom) two-shell surfaces.
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using a planewave basis set with atomic pseudopotentials and
periodic boundary conditions (PBC). This methodology
allows a closer representation to the periodic nature of the
graphene surface. To further probe the metal−support
interactions, a PBC model was prepared as an 8 × 8 unit
cell (vide supra, Figure 3), representative of the two-shell
truncated model in terms of nitrogen atomic density. Two-
dimensional-smaller 4 × 4 unit cells were also created in
isolating the effect the unit cell size has on the metal−support
interactions. First, 4 × 4 unit cell A represents the entire 8 × 8
unit cell just with smaller dimensions, meaning the same
number of graphitic defects as the 8 × 8 unit cell, and second,
4 × 4 unit cell B represents only a section of the 8 × 8 unit cell,
that is the same density of graphitic defects (see Figure S2).
Figure 8 displays the resulting Eads and MOA of the 12 metals
with those three-unit cells along with comparison to an
equivalent undoped support.
In terms of the undoped support representing pristine

graphene, there was little to no effect on the adsorption
energies between both 4 × 4 and the 8 × 8 unit cells. The only

metals with greater than about a 0.1 eV difference in Eads were
Os with a 0.54 eV difference, Co with a 0.34 eV difference, and
Pd with a 0.36 eV difference (Pd has a different MOA). All
metals also had H MOA, except for Pt and Pd (which had CC
MOA).
Comparing all the doped supports across all the unit cells,

Co and group 11 have relatively insignificant adsorption to the
sheet (with Co having a different MOA in the 8 × 8). Fe, Ru,
Rh, Ir, Pd, and Pt have about the same Eads throughout the unit
cells, with minor differences in MOA. For the metals that
retain the MOA between the different unit cells, the magnitude
of Eads is usually predicted to be slightly greater in 4 × 4 unit
cells as compared to that in the 8 × 8. Ni and Os adsorption
energies differ by more than 1 eV between the doped versions
of all the unit cells; Ni has the same MOA in all unit cells,
while Os has different MOAs between the 4 × 4 unit cells and
the 8 × 8 unit cells. Comparing the 4 × 4 unit cells to each
other, results from unit cell A showed higher magnitudes of
Eads by about of 0.1−0.5 eV for most metals and different
MOAs for Ru, Rh, Pd, and Pt than those for the unit cell B.
The chemical structure of the surface differs significantly
between the two 4 × 4 unit cells because cell A may not be
representative of stable physical materials, given the proximity
of the graphitic defects. This would also explain the difference
of MOA as compared to the other two unit cells. Overall, there
is more similarity between unit cell B and the 8 × 8 unit cell
than the unit cell A, denoting that unit cells based on a similar
morphology are viable in reproducing similar metal−support
interactions. There are still subtle differences among these two
similar unit cells as the 8 × 8 unit cell shows loss of adsorption
favorability with doping for Fe and Ru along with the small
differences in adsorption energies and MOA. Nevertheless,
unit cells with a similar chemical structure show mostly
consistent results. Results only from the 8 × 8 unit cell will be
discussed in the next section for clarity.

2.3. Model Comparison. Although previous discussions
have focused only on either truncated or periodic models of
the carbon support, it is important to compare results from
both models. The MOAs for all metals are generally similar in
the two-shell truncated model, in the three-shell truncated
model, and in the periodic model with the 8 × 8 unit cell. The
same trends concerning relative magnitudes of adsorption are
also similar between models. For metals from groups 8, 9, and
10, the magnitude of adsorption energies in the truncated
models is greater than that of the PBC model by around 1.0
eV. The differences in Eads between doped and undoped
surfaces also decrease moving from the two-shell model to the
three-shell model to the PBC model. This difference in energy
could be explained with the much higher flexibility for
conformational change within the three-shell and PBC
model. Metals with CC MOA changed their adsorption from
one C−C bond to another C−C bond when comparing two-
shell models to the three-shell and PBC models. Also, the new
CC MOA in the three-shell model was the carbon−carbon
bond furthest away from the nitrogen within the inner hole
containing nitrogen. This shift in MOA between the models
could be a product of the conformation flexibility as discussed
above. The major difference between the truncated and PBC
models would be in the MOA on their undoped surfaces. As
previously stated, mostly all metals in the PBC model had H
MOA with the undoped surface. This suggests that there are
no favorable interactions that surpass the H-starting location

Figure 8. Adsorption energies and MOA of the metals with the
surfaces of the different unit cells: (a) 4 × 4 unit cell A, (b) 4 × 4 unit
cell B, and (c) 8 × 8 unit cell. Each metal has two bars where the left
one refers to the undoped support and the right one refers to the
doped equivalent. The different colors of the bar represent the MOA:
dark blue is over H, light blue is over CC, and green is over C. The
red line indicates the −0.5 eV threshold for particle migration at room
temperature.
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because the H site offers the most amount of orbital overlap
with graphene.
Results for metals from group 8 have the most discrepancies

when comparing different models, especially the PBC model as
it does not show improvement upon doping, while the
truncated models do. Os is also problematic as its treatment
shows large differences in Eads between the two-shell truncated
and PBC models along with different MOA. Moreover, Os did
not optimize with the three-shell model presumably due to the
large, induced conformational change in graphene and was
only feasible in the two-shell model. In group 9, Rh and Ir from
the PBC model match the truncated models, in terms of
improvement of adsorption favorability with the dopant. Co is
an outlier in this group. Co, like Os, had variable results such
as no optimization with the doped three-shell model, a loss of
favorable adsorption with doping in the PBC model, and no
favorable two-shell adsorption as the bar shown in Figure 5
corresponds to an edge MOA. In group 10, there is one
difference between models aside from the general observations.
This difference revolves around Pd’s interaction with the
support. Eads favorability tends to increase when moving down
in a group. With Pd, however, it has a lower adsorption to the
undoped and doped support when compared to Ni and Pt.
This is attributed to the filled d-orbitals and unique valence
configuration of Pd. Its electronic nature is closer to that of
group 11 and thus behaves similarly. For group 11, the same
trend is confirmed as there is little favorable adsorption for
these metals with the graphene surface across all models.
However, there is a consistent notable increase for the
adsorption of Au due to nitrogen doping when compared to
Cu and Ag, presenting some promise for further investigation.
Based on the discussion above, it is concluded that Rh, Ir,

Ni, Pd, Pt, and Au would be the preferred candidates when
compared to the rest of the 12 metals considered in having an
improved MSI upon nitrogen doping with graphitic nitrogen
defects. Agreement between all models also indicates that Co,
Cu, and Ag would have significant effect on their interaction
with the carbon support upon the introduction of graphitic
nitrogen defect. The truncated models support that Fe and Ru
would also be catalysts that gain favorable adsorption with
doping. On the other hand, the PBC model showed that Fe
and Ru do not have more favorable adsorption with doping but
Os does. Further investigations into Os, Co, Ni, and Au would
assist in addressing the variations shown and better interpret
the systematic trends (Os and Co had inconsistencies
throughout all their calculations, while Ni and Au have the
small subtleties). In terms of the model system for the study of
the interactions, PBC may be the best choice, considering the
more conservative increase with adsorption favorability in
doping and the portrayal of a graphene sheet regarding the
truncated conformational change, if the unit cell is strategically
designed. Despite that the truncated models still proved viable
in producing the same systematic trends that were key in
elucidating the fundamental interactions.

3. CONCLUSIONS
While the practicality for some of these metals to be used in
catalysis may be relatively low, the comparison across multiple
groups and periods provides informative insights into how the
metals interact with the carbon support. These findings suggest
which metals might benefit from being supported on the N-
doped support as opposed to undoped carbon. This study
improved a foundation for computationally examining the

stabilization of metal catalysts over carbon supports with
graphitic nitrogen through a systematic investigation in
examining the treatment of truncated models, role of the
unit cell within PBC models, and comparability between those
two types of models. This study utilized three different
computational approaches, doublet and singlet treatment of
truncated support models, and periodic support models to
investigate the impact of graphitic nitrogen defect in the
carbon support on 12 different transition metals. It was found
that the type of interaction between the metal and support for
the series of metals was preserved, but the strength of that
interaction had a dependence on the elements of the
computational treatment. The MOA was guided by the metals’
d-orbital electronic density rearranging to interact with the
surface. Given the less-weighted importance of the magnitude
of adsorption, the study presents the viability of a truncated
model in achieving the same conclusions compared to the PBC
model for a systematic study. Overall, a basis for more detailed
computational catalyst adsorption and nucleation studies was
established, in which other catalytic properties could then be
explored. Thus, the study establishes a parameter space for
both models to decide which model is more suitable for certain
investigations on other defects and metal combinations moving
forward.

4. COMPUTATIONAL METHODS
The N-doped graphene was prepared with a single graphitic
defect and represented in two ways. The first representation
uses truncated models, where graphene is truncated to two or
three “shells” (see Figure 1) where edges are passivated with
hydrogen atoms, and the second representation contains
extended surfaces using PBCs, where a unit cell is surrounded
with periodic images to represent the periodic nature of
graphene. This study evaluates the electronic interactions
between the N-doped graphene and metals from four periodic
groups, group 8: Fe, Ru, and Os; group 9: Co, Rh, and Ir;
group 10: Ni, Pd, and Pt; and group 11: Cu, Ag, and Au.

4.1. Truncated Models. The truncated models were
studied using DFT calculations as implemented in the
Gaussian09 software package.66 Two truncated models with
a single nitrogen graphitic defect at their centers were created,
referred to as two- and three-shell (Figure 1), along with the
corresponding undoped control models. The two-shell model
was treated both as a doublet and as a singlet electronic
configuration with the graphitic nitrogen defect, referred to as
doublet and singlet, respectively (see Figure S1). In the
doublet scenario, a lone unpaired electron from the nitrogen
defect was considered in the calculations, while in the singlet
case, the lone electron was artificially treated by hybridizing an
edge carbon atom as an sp3 carbon.7,67 The three-shell was
prepared only in the singlet form to evaluate the presence of
edge effects on the metal−graphene electronic interactions
presented in the two-shell.
The 12 metals were optimized above the two-shell (in the z-

axis with the graphene sheet spanning along the x- and y-axes)
starting at the four different locations shown in Figure 2 using
four different DFT functionals. The hybrid Becke 3-parameter
exchange functional with the Lee−Yang−Parr correlation
functional (B3LYP) was used because of its widespread
conventional and reliable usage between metals and organic
molecules including some other related truncated model
studies.22,34,48,63,67−69 The hybrid range-separated Becke 97
functional modified by Head-Gordon and coworkers
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(ωB97xd) through long-range corrections with empirical
dispersion was used in examining the noncovalent dispersion
interactions between the metal−support and to compare to the
short-range interactions of B3LYP.55 The nonempirical
PBE1PBE functional was chosen for its commonplace use
among solid-state physics and N-doped carbon materials.70−72

Last, the more expensive hybrid HSE functional was used as a
benchmark comparison through Gaussian16 as it extends the
PBE functional by partitioning into short- and long-range
interactions with Coulombic screening and empirical for-
mulation, improving the treatment of materials, such as by
increasing the accuracy of band gap calculations.7,73−75 For all
the aforesaid calculations, 6-31+G(d) basis sets were used for
all atoms except the metals for which the def2-TZVPD basis
set was utilized. The electronic distributions/interactions were
examined by performing NBO calculations as described in the
Results and Discussion section.76

Counterpoise corrections were used to account for basis set
superposition error when calculating the adsorption energy
where the negative values were defined as favorable
interactions. The adsorption energy was calculated through

= − −E E E Eads MS M S

where Eads is the counterpoise corrected adsorption energy,
EMS is the energy of the metal−support complex, and EM and
ES are the energies of the metal and support, respectively,
corrected through counterpoise.
4.2. PBC Models. PBC models were studied using

planewave-DFT implemented in the Quantum Espresso 6.4
package.77 The PBE generalized gradient approximation
exchange−correlation functional coupled with projector-
augmented-wave pseudopotentials for spin-polarized calcula-
tions of the periodic boundary models were employed to
accurately study the metal−graphene interactions.77−80 A
kinetic cutoff energy of 40 Ry and 2 × 2 × 1 Γ-point
Monkhorst−Pack-based k-point grid were utilized for the
relaxation of the metal atoms starting from the H position.
Adsorption energies of the PBC models were calculated with

= − −E E E Eads UC MS UC M UC S, , ,

where Eads is the adsorption energy of the metal to the support,
EUC,MS is the total energy of the unit cell with the support and
metal, EUC,M is the energy of the unit cell with just the metal,
and EUC,S is the energy of the unit cell with just the support.
Two differently sized unit cells of graphene were used with a

15 Å vacuum region between periodic layers of graphene: a 4 ×
4 unit cell and an 8 × 8 unit cell (32 and 128 atoms total,
respectively, Figure 3). The 8 × 8 unit cell was designed in
having four evenly spaced graphitic defects to approximately
match the truncated two-shell model dopant density by atom.
Kinetic cutoff energy and k-point grid convergence were
examined with the 8 × 8 unit cell by independently increasing
the kinetic energy cutoff from 40 Ry to 50 Ry and the
Monkhorst−Pack-based k-point grid from 2 × 2 × 1 to 4 × 4 ×
1. For the kinetic cutoff energy convergence, all metals had less
than 0.03 eV change in Eads except for Rh, Fe, and Co, which
all had changes between 0.1 and 0.2 eV. For the k-point grid
convergence, the highest change observed between all metals
was 0.08 eV. This energetic discrepancy still leaves the Eads
magnitudes, except for Co, outside of ambiguity when
considering the threshold for atomic room-temperature
migration.64 Considering the systematic and comparative
scope of the study, the additional computational expense for

higher kinetic cutoff energy and k-point grid is not necessary.
For the 4 × 4 cell, two forms were designed by varying the
number of graphitic defects (see Figure S2). The first (referred
to as 4 × 4 cell A) contains four graphitic defects, the same
number of defects as the 8 × 8 cell, and the second (referred to
as 4 × 4 cell B) contains graphitic defects equivalent to the
nitrogen density by atom as the 8 × 8 cell (only one nitrogen
defect).
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