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Abstract

The durability of platinum group metal-free (PGM-free) electrocatalysts is a major barrier to their
usage in polymer electrolyte fuel cell cathodes. C and N removal from active sites may play an
important role in the catalyst’s ability to maintain high activity. While C degradation mechanisms
are kinetically controlled, previous studies have focused on thermodynamic descriptors. In this
work, we develop a temperature-dependent kinetic descriptor of C and N stability using an electron
beam-damage model. Our approach considers the electron beam energy threshold (EBET)
describing the knock-on displacement of C and N atoms as a stability descriptor for atomic
structures. The stability of different sites is calculated to be different showing this approach can
discriminate between similar sites with varied configurations. In addition, we provide important
insight regarding TEM beam damage of proposed active sites. We calculate 60 keV electrons can
damage some proposed active site structures even at room temperature.

Introduction

The development of highly active, stable, and low-cost platinum group metal-free (PGM-free)
electrocatalysts could play an important role in speeding the commercialization of polymer
electrolyte fuel cell (PEFC) technology.[1-5] While PGM-free electrocatalysts may ultimately
match or even improve upon the catalytic performance of PGM catalysts[6], successful
implementation of PGM-free catalysts is presently limited by their insufficient long-term
durability under dynamic fuel cell operating conditions. For example, state-of-the-art PGM-free-
based PEFCs can only operate for hundreds of hours, whereas their PGM counterparts can go
beyond thousands of hours.[7-9] Recent studies show that this substantial loss in activity of PGM-
free catalysts originates from the interplay of various degradation mechanisms of active sites,
where carbon (C) and nitrogen (N) stability has been proposed to play a vital role, along with
demetallation[10,11], active site poisoning[12], and loss of reactant transport pathways with
aging.[13]

The active sites in PGM-free electrode materials are often assigned to FeN4Cx structures that are
integrated directly into the host carbon. Therefore, the configurations and stability of C and N
impacts the local character and may facilitate the loss of the embedded active sites leading to a
reduction in activity for oxygen reduction reaction (ORR). Previous atomistic studies[14—23] that
aim to quantify relative stability between active site structures mainly utilize the first-principles
derived formation energies which can be useful to assess the likelihood of the formation of a given



chemical defect, such as FeNs, in a host C structure. However, C corrosion to CO or COz2 in
particular is known to be a Kkinetically controlled process with even graphite being
thermodynamically unstable at most fuel cell-relevant potentials.[24,25] A key question that
remains unanswered is how the inclusion of kinetic considerations in C/N corrosion, which is
absent in these previous, thermodynamic approaches, impacts the relative stability of proposed
atomic-scale structures. There is a need to include the kinetics for C and N removal in atomistic
models to identify sites with both high activity and high stability against C/N degradation.

A previous atomistic study[26] proposed a quantum chemistry-based descriptor for C/N kinetic
stability in PGM-free active sites by invoking an electron beam-damage model[27] from the field
of transmission electron microscopy (TEM). The proposed hypothesis was that the knock-on
displacement threshold energy (KODTE) in TEM could serve as a durability descriptor for a given
atomic structure, enabling quantification of C/N stability without needing details of the exact
degradation/corrosion process. The KODTE is defined as the minimum amount of kinetic energy
transferred to an atom in a lattice required to liberate it from its bound state. While KODTE has
been used in earlier studies for comparing the kinetics of bond breaking of the same atomic species
between different structures (in particular, C), it is fundamentally limited when comparing kinetics
between different atomic species because of its dependence on atomic mass of the target atom. In
TEM experiments, electron kinetic energies are relatively constant with the kinetic energies
imparted to given atoms during collision events depending upon their masses. Thus, the more
experimentally relevant electron kinetic energy values can instead be used when considering
knock-on damage of atoms of varied speciation, leading to the electron beam energy threshold
(EBET). We define EBET as the calculated minimum electron beam energy needed to liberate a
knock-on atom from its bound state. This is a subtle but important difference when considering
both C and N in the same study. An illustrative example is given in the Computational Methods
section highlighting this difference. Thus, we will report EBET values as our descriptor for PGM-
free ORR active site C/N stability. In summary, EBET and KODTE are mathematically related
(see Computational Methods) with the main difference being focusing on the energy of the electron
beam for EBET which is experimentally controllable and constant across species of varied masses.

In addition to this usage of EBET, the current study considers an EBET-based stability descriptor
at temperatures above 0 K, which was beyond the scope of previous KODTE-based atomistic
studies of PGM-free active site models. Prior work utilized a static model of structures which can
be useful for delineating relative stability trends, but it cannot answer useful questions regarding
the likely durability of structures at given temperatures and given electron beam energies. We
show that these temperature effects can play an important role in determining C/N stability under
experimental conditions. This inclusion makes possible the direct linking of models and TEM
studies to determine local corrosion susceptibility as well as likely conditions for beam damage to
occur. One prior study of TEM beam damage did include temperature dependencies[28] and we
follow a similar approach here. By integrating ab initio molecular dynamics (AIMD) and density
functional tight-binding (DFTB) approaches, we develop an atomistic framework that quantifies
the kinetic breaking of the local C/N bonding environment at finite temperatures. This approach
provides stability descriptors for C and N at finite temperatures based on an explicit description of
the bond-breaking kinetics. It must be emphasized that this approach considers only the removal
of C and N atoms from that lattice along with local, finite-temperature-induced, atomic
position/velocity fluctuations of the active site structures and is insensitive to any chemical and



environmental effects such as pH, electric potential, local liquid/gas phase concentration that may
affect degradation reaction rates as well. However, our study demonstrates that despite these
assumptions, it is possible to make testable predictions through calculating EBET values of several
PGM-free active site structures which can then be tested against TEM experimental observations
under varied beam energies and temperatures. Our findings indicate that the thermal perturbations
of atoms from their equilibrium positions affect the EBET distributions at finite temperatures for
all the active site structures that we considered and variations between sites produce meaningful,
comparative values.

Computational Method

In this work, we incorporate the concept of (quasi-)elastic scattering to estimate the electron beam
energy that can make knock-on damage to a single atom on a 2D catalyst surface (Fig. 1). During
this scattering process, the momentum and energy are transferred from an incoming electron to a
target atomic nucleus (C or N) which is typically in motion and displaced from its lattice position
due to thermal fluctuations. Depending on the initial electron beam energy, the elastic energy
transfer to the atomic nucleus in a backscattering event (scattering angle, 8 = 180°) becomes
maximum and could be high enough to break the atomic bonds between the target atom and its
neighbors, dislodging the target atom out of its lattice. Using relativistic energy-momentum
formulations, the maximum energy transfer (Ey,,) by an electron with beam energy (E,) to a
nucleus with mass M and velocity v parallel to the beam can be expressed as [27],

2(Ee(Ee+2mcz)+\/Ee(Ee+2mc2)Mvc)(1—cost9)+(Mvc)2
2Mc?

E,(E.0,v) = (1)
Here m is the electron rest mass, ¢ is the speed of light and @ is the scattering angle. During a
backscattering event (6 = 180°), the maximum Kinetic energy is transferred to the target atom by
the electron beam. The EBET (EJ) is defined as the minimum electron beam energy (E, = EY) in
a backscattering (8 = 180°) event that displaces the bound target atom from its lattice. This is a
function of atomic displacement and velocity, an important consideration when considering
thermal effects. The resultant energy transfer during this knock-on event can be written as,

(2 /E"(E"+2mc2)+Mvc)2
EMax(EY,0 = 180°,p) = @)
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The maximum energy that an electron with beam energy EJ can transfer to a nucleus at rest (v =
0) and creates a knock-on displacement (static, 0 K approximation) becomes,

2E3(E3+2mc?)
Mc?

EF¢*(EQ, 8 = 180°,v = 0) = (3)



Figure 1 A schematic of TEM elastic scattering knock-on damage of N atom on a FeN4Cx catalyst
surface. The kinetic energies of the electron before and after the collision are Ef (minimum

electron kinetic energy that ejects knock on atom) and EZ’ respectively.

These equations enable us to show explicitly the difference between EBET and KODTE
descriptors. In the static 0 K approximation, the EBET values are equal to the maximum energy
transfer EJ. To include thermal fluctuations at T > 0 K, we need velocity and displacement
corrections of the static EBET values. Using Eqgs. 2 and 3, the EBET (E}) for a nucleus moving
with velocity v parallel to the beam can be estimated by comparing the maximum energy transfer
(E) to a nucleus at rest and the maximum energy transfer (E;™) to a nucleus moving with
velocity v. Note that the EBET for a moving atom (EJ) could be lower or higher than that of a
rest atom (EJ) depending on the direction of the moving atom’s velocity relative to the beam. We
assume that EY < EJ when v is along the direction of the electron beam and EY > E2 when v is
in the direction opposite to the electron beam. Based on the above discussion, by approximating
EY =~ Exg™ , we can rearrange Eq. 2 as follows,

_ 2Ej(EZ+2mc?)
- Mc? -

2
Efs* — v 2MEe + KODTE (v) (4)



The left side of Eq. 4 provides the effective maximum energy transfer for a knock-on process by
an electron to an atom moving with velocity v. The middle expresses this effective maximum
energy transfer in terms of EBET (E,;). In the case of the static 0 K approximation, Eq. 4 reduces
to Eq. 3. This maximum energy transfer for a knock-on process has been defined as the KODTE
descriptor[26] which is mathematically related to EBET as described in Eq. 4 in the more general
case where atomic velocity is considered.

The dependence on mass, M, in Eqg. 4 highlights why KODTE is not a readily transferable
descriptor when comparing different atomic species considering a fixed TEM beam energy as
suggested before. To highlight this quantitatively and demonstrate our choice of EBET as a kinetic
stability descriptor, we consider an N atom and an undercoordinated C atom in a FeN4Ca2 structure
(Fig. 4c). KODTE values at 0 K (static approximation) for the N atom and undercoordinated C
atom are 17 eV and 18.1 eV respectively (see Table S2). This would suggest that the N atoms are
more susceptible to kinetic bond breaking than the undercoordinated C atoms. However, the
corresponding EBET values are calculated to be 99 keV and 91 keV at 0 K (static approximation)
respectively which indicates that the undercoordinated C atoms will be damaged at lower electron
beam energies than the N atoms, in contrast to the KODTE conclusion. This is due to the deviations
in mass between the two species which shifts trends when similar KODTE values are calculated.
It is of note, however, this is exactly the case we believe often impacts C/N in our structures of
interest. Our example shows that for atoms of different species/mass, EBET is a more consistent
descriptor for a given active site with multiple species. Furthermore, EBET enables more direct
connection with TEM experiments, being a controlled experimental parameter, which is
independent of knock-on species. For a fixed energy impulse leading to a degradation event, we
believe that EBET provides a better stability descriptor for C/N for the same reason. Therefore, in
this study, we adopt EBET as a kinetically-relevant active site stability descriptor that provides
relative susceptibility of bond breaking of an atomic site and is also relevant for TEM beam
damage studies, all while being agnostic to atomic species of the knock-on atom.

We next describe how the above methodology can be combined with ab initio molecular dynamics
(AIMD) and density functional tight binding (DFTB)-based MD simulations in order to calculate
the temperature-dependent EBET of N and C atoms embedded in various proposed FeN4Cx PGM-
free active site structures. Our calculations consider a two-step approach. First, we perform AIMD
simulations of the system to calculate the (static, 0 K) EBET as a function of perpendicular atomic
displacement of N/C atoms in a given atomic structure. This is needed since thermal fluctuations
perturb atoms from their lowest-energy lattice positions which can dramatically impact EBET.
Single-layer 6x6 and 6x8 graphene structures are considered to model the basal plane and the edge
FeN4Cx configurations considered, respectively, with a vacuum spacing in the direction
perpendicular to the graphene plane of ~15 A between periodic slabs. We consider generalized
gradient approximation in the form of Perdew-Burke-Ernzerhof’s exchange-correlation
functional[29,30] as implemented in the Vienna ab initio simulation package (VASP).213* All the
initial geometries prior to displacements are optimized self consistently using density functional
theory (DFT) with cell shape fixed to that of bulk graphene, allowing ionic but not volume
relaxations. Using these optimized FeN4Cx structures, we carry out a 150 fs AIMD simulation
where symmetry equivalent N/C atoms at rest are given some initial kinetic energy. This is
implemented in the AIMD as an initial atomic velocity, vi, commensurate with Eqn. 3 such that
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Eqgn. 5 links the AIMD initial velocity, vi, to the imparted knock-on energy of an electron beam
with energy EJ. Therefore, the AIMD-derived EBET values obtained can be considered as the
EBET values for the static approximation, where the EBET (EJ in Egs. 3 and 5) results in kinetic
energy transfer (Ex¢ in Egs. 3 and 5) needed for damage when an N/C atom has zero velocity
along the beam direction. As the atoms have no net velocities the static approximation of the
maximum energy transfer is assumed. By scanning over vi values in the AIMD calculations, the
EQ value that corresponds to EBET value are found for various perpendicular z-displacements of
the knock-on atom with respect to lattice plane from their equilibrium 0 K positions. For a given
z-displacement, we consider the lowest applied energy (in a range of values separated by 1 keV)
that is large enough to eject the N/C atom ca. 4 A from the lattice plane and create an on-site
vacancy in the lattice to be the associated 0 K EBET value. A time step of 0.5 ps is chosen which
gives an accurate prediction of the dynamics, as previously reported by Su et al.[35]. All
calculations consider spin polarization, a plane wave cutoff energy of 560 eV, and a gamma point
k-mesh. In addition, the effects of van der Waals interactions are introduced by the dispersion
forces using the DFT-D2 method of Grimme,[36] and dipole correction along the z-direction is
assumed to avoid spurious interactions between repeated images. The self-consistent electron
density loop converged to 10° eV for AIMD and structural relaxations, and the ionic relaxation
loop was run until calculated forces were less than 0.02 eV/A for structural relaxations.

Second, we obtain temperature-dependent EBET values considering velocity corrections to
AIMD-derived EBET values with atomic displacements. The treatment assumes that thermal
fluctuations in velocity contribute to the elastic energy transfer as a correction to the total kinetic
energy term in Eqg. 2, thus leading to a distribution of EBET values based on velocity and out-of-
plane-displacement distributions. These velocity and displacement distributions as a function of
temperature are added to this model. To account for these thermal effects, DFTB-based MD
simulations are performed on the optimized FeN4Cx structures to obtain displacements and in/out
of plane velocity distributions of atoms at temperatures T = 100 K, 300 K, and 500 K. We utilize
the DFTB package implemented in Amsterdam Density Functional (ADF) modeling suite[37,38]
and consider a self-consistency loop for the Mulliken charges (SCC-DFTB). We use a time step
of 0.2 fs and carry out 100 ps MD simulations at different temperatures with the Berendsen
thermostat. The Slater-Koster parameters ‘trans3d-0-1" for transition metal elements[39] are used
as DFTB parameters, and a gamma point is used to sample the Brillouin zone. The MD trajectories
are collected with a sampling frequency of 10 (every 2 fs) and normal distributions of probabilities
for the displacements and velocities are obtained at a temperature T based on these statistics. These
displacement and velocity statistics as a function of temperature are used to determine the
probability distribution for the EBET following the AIMD-derived EBET vs. displacement and
velocity corrections to Eg. 2. In summary, the velocity and displacement values sampled through
MD are applied to the pre-determined EBET values as functions of displacement and velocity to
give a distribution of EBET values at a given temperature. This is then fit to a normal distribution
such that mean and standard deviation can be easily reported as temperature-dependent stability
descriptors. These fits match obtained EBET distributions as shown in Figure 6 and serve as a way
of describing the temperature-dependent EBET distribution/stability descriptors using 2
guantitative values.



Results and Discussion

Figs. 2 and 3 show the 0 K EBET values for C and N atoms embedded in bulk graphene and edge
structures obtained from AIMD calculations. Considering static nucleus approximations, these
energy values correspond to an incident electron beam that transfers the minimum kinetic energy
to the targeted nucleus that can create a permanent vacancy in these structures and damage the
targeted sites if these C and N atoms are at rest. In reality, these atoms are under thermal motion
and as such, a knock-on process may happen under considerably lower electron beam energy
values due to atomic displacements and velocities. Thus, these EBET values provide a simplified
description of the kinetic durability of these specific sites before thermal contributions are added.
Fig. 2a shows that the EBET value for a C atom in pristine graphene is 113 keV which is the
highest of all the graphene-based structures we considered. This EBET value corresponds to a
22.92 eV Kinetic energy transfer by an electron to a C nucleus which is very close to the earlier
reported DFT value of 21.14 eV by Susi et al[40] and high-resolution TEM experimental value of
23.43 eV by Meyer et al[41]. Note that earlier studies[26,40] also reported that the choice of DFT
exchange-correlation functional can impact the total kinetic energy transfer and so is an
assumption of our model. Despite this assumption, our method obtains a kinetic energy transfer
value that is only 0.51 eV lower than the experimental value confirming the accurate description
of related kinetics within the static nucleus.




Figure 2: Calculated 0 K EBET values for C and N atoms in bulk graphene with and without
defects. (a) C atom in pristine graphene, (b) C atom in bulk graphene with a mono vacancy, (c)
N atom-doped in bulk graphene, (d) N atom doped in bulk graphene with an adjacent
monovacancy. Unit of EBET, reported in red, is in keV. C-C and C-N bond lengths, reported in
black, are in A. Cand N atoms are shown in grey and blue colors respectively.

The presence of a C vacancy can significantly reduce the OK EBET values. Fig. 2b shows that the
C atoms near a monovacancy are more susceptible to beam damage where their EBET values
depend on their specific bonding position in the lattice. The C atom in a zigzag site has a lower
EBET value of 73 keV whereas the C atom on the armchair site has an EBET value of 79 keV.
The corresponding kinetic energy transfer to the targeted atom by the incident electron beam is
14.28 eV and 15.54 eV respectively. These values are close to previously reported DFTB
results[42] of 12.96 eV to 14.00 eV and previous DFT result[26] of 15.60 eV. The monovacancy
introduces a local C-C strain in the structure which affects the corresponding EBET values of these
sites. The C atom next to an armchair edge in a monovacancy is coordinated with three neighboring
C atoms resulting in extended C-C bond lengths because of the formation of a five-member ring
(see Figure 2b). On the other hand, the C atom next to a zigzag edge in a monovacancy is under-
coordinated with two neighboring C atoms resulting in shorter C-C bond distances. As a result, in
a monovacancy, the C atom in an armchair edge position has a higher EBET value than the C atom
at the zigzag edge position, as shown in Figure 2b. The substitutional doping of a C site with a N
atom in pristine graphene reduces the EBET values to 99 keV as shown in Fig. 2¢ which could be
attributed to the local change of electronic structure due to the additional electron in the N 2p shell.
Similar to the undoped graphene, a monovacancy defect neighboring the knock-on N atom
substitutional also reduces the N atom EBET value to 86 keV as shown in Fig. 2d. We calculate
that when an N atom is doped near a monovacancy, the EBET values increase compared to the
EBET values of C atoms next to a similar monovacancy (86 keV vs. 73 and 79 keV) indicating a
strain effect with shorter bond lengths between neighboring atoms (C-N bond length is 1.33 A)
than that of a monovacancy defected graphene (C-C bond length is 1.37 A or higher).



Figure 3: Calculated 0 K EBET values for C and N atoms in graphene nanoribbon edge
structures. (a) C atom at graphene nanoribbon zigzag edge, (b) C atom at graphene nanoribbon
armchair edge, (c) N atom at graphene nanoribbon zigzag edge, (d) N atom at graphene
nanoribbon armchair edge. The unit of EBET values, reported in red, is in keV. C-C and C-N
bond lengths, reported in black, are in A. C and N atoms are shown in grey and blue colors
respectively.

Fig. 3 shows the effect of edge structures on OK AIMD-derived EBET values for C and N atoms
at the zigzag and armchair edges in the graphene nanoribbon model. The C atom on the armchair
edge has higher stability with an EBET value of 94 keV than the C atom at the zigzag edge with
an EBET value of 84 keV. This supports the inherent thermodynamic stability of armchair edge C
atoms which was also reported elsewhere[43,44] (though this can be dependent upon environment
and edge termination). The EBET results support that the C atoms at both edges are more stable
than C atoms near a monovacancy defect in the basal plane of graphene. Therefore, the more
graphitic nature of active sites could improve site stability. Interestingly, the edge termination has
no significant effect on the N atom doped at the nanoribbon edges. For both edges, we find edge-



N EBET values of 86 keV, which is also the same as the N atom doped near a monovacancy defect
as shown in Fig. 2d.

Figure 4: Calculated 0 K EBET values for C and N atoms in FeN4Cx active site structures. (a)
FeN4Ciobasal plane, (b) FeN4Cioat the zig-zag edge, (c) FeN4Ci2 basal plane (d) FeN4Ciobasal
plane structure with C vacancy defects on the zig-zag site, and (e) FeN4Caio basal plane structure
with C vacancy defects on the armchair site. The unit of EBET values, reported in red, is in keV.
C, N and Fe atoms are shown in grey, blue and orange colors respectively.

Fig. 4 shows various FeNsCx-based PGM-free active site structures and corresponding static
approximation EBET values for N and C atoms embedded in these structures. The knock-on
displacement threshold energy of Fe was reported to be > 30 eV.[45,46] Such high displacement
threshold energy corresponds to an EBET value > 500 keV for Fe, suggesting the metal atom is
relatively resistant to (direct) electron beam damage. It is more likely that the adjacent N or C atom
could be corroded much before a Fe site is affected by electron bombardment. Therefore, the
stability of these N and C supports ultimately affects the kinetic durability of these active site
structures. The complex nature of various bonding properties and local strain effects also play a
major role on the durability of these active site structures. In the FeN4Cio basal plane structure, the
least stable sites are the four N atoms attached to the TM atom with EBET values of 88 keV as
shown in Fig. 4a. The nearest neighbors C atoms show significantly larger EBET values of 98 keV
and 103 keV which also depend on their specific binding sites. The armchair C atom being a 5-
member ring shows higher stability than the zigzag edge C atom in the FeN4Cio basal plane
structure. A similar trend for C atoms is also shown in the zigzag edge hosted FeN4Cio structure
as shown in Figure 4b. However, the N atoms at the zigzag edge show a significantly lower EBET
value of 70 keV, suggesting significantly lower stability of N in the edge hosted FeN4Cio structure.
Interestingly, a similar reduction of stability could also be found in defected basal plane structures.
The C monovacancy defect near a basal plane FeN4Cio site was calculated to reduce the stability
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of an undercoordinated N atom with an EBET value of 72 keV as shown in Fig. 4e vs. 88 keV in
the undefected structure. The position of the defective site also plays a role in the relative durability
of active sites since it can produce different strain effects on the local FeNas structure. For example,
a monovacancy on the C zigzag site (Fig. 4d) makes the undercoordinated N atom a part of a 5-
member ring and can improve the overall stability compared to the case where the monovacancy
site is on the armchair edge (Fig. 4e). The most stable structure we have studied so far is the
FeN4Ci2 basal plane structure that shows significantly higher N site stability compared to that of
the FeN4Cio basal plane structure. The defected cavity structure in FeN4Ci2 creates a local stain
field that is significantly different from the FeNsCio structures we considered. Moreover, the
symmetric nature of the embedded FeNs makes all 4 N atoms part of four 5-member rings and the
resultant EBET values are 99 keV as shown in Fig. 4c. The nearest neighbor C atoms of the 5-
member ring results in an EBET value of 98 keV and 103 keV which agree well with the EBET
values of similar C sites in the FeN4Cio basal plane and zigzag edge hosted structures. However,
the undercoordinated C in FeN4Ci2 shows a lower EBET value of 91 keV compared to its
neighboring C atoms. This suggests that the undercoordinated C atom in FeN4Ci2 dictates the
stability of this structure which is still higher than the other FeNa4 structures we considered in which
N atoms stability determines the lowest EBET value in the system. Having N as part of a 5-member
ring appears to increase calculated EBET values and thus acts to stabilize corresponding active
site structures. The effect of defected cavity structure on the stability of FeN4 active site is also
observed in FeN4Cs basal plane structure as shown in Fig. S6. While the N atom in FeN4Cs shows
an EBET value of 96 keV, the undercoordinated C atom (C-C bond length is 2.13 A, see Fig. S6)
results in an EBET value of 75 keV makes the FeN4Cs less stable than FeN4Cioand FeN4Ci2.

At a finite temperature, the 2D lattice of an active site structure undergoes lattice vibrations. As a
result, the atomic position of the target atom experiences displacement fluctuations with respect to
its neighboring atoms. Depending on the initial displacement of a target site, the EBET values will
be different. Considering the electron beam hits the target atom perpendicular to the lattice plane,
we calculate EBET values for C and N atoms for various z-displacements 0 A — 1.5 A from the
lattice parallel to the beam. Fig. 5 shows the EBET values as a function of z-displacement for
various graphene-based and active site structures considered in our study. The highest EBET
values shown in any z-displacements are by the C atom in pristine graphene (Fig. 5a). The C atom
at the zigzag edge shows considerably lower EBET values for all the z-displacements. The C atom
at the zigzag edge with z = 1.5 A results in an EBET value of 18 keV which is 16 keV lower than
the C atom in pristine graphene demonstrating the effects of edge termination even if the C atoms
are 1.5 A displaced from the lattice. The N atom in doped graphene shows lower EBET values
comparing the C atom in pristine graphene (Fig 4b), however, it results in the highest EBET values
for any N atoms in all the FeN4Cx structures we considered. The N atom in FeN4Ci2 matches the
EBET values of doped graphene at the low displacement but falls to lower values beyond z =
0.5 A. The undercoordinated C atom in FeNsCiz2 and N atom in the FeN4Cao basal plane show
similar EBET results at low displacement, however, at z = 1.5 A displacement the C atom’s EBET
is 8 keV higher than the N atom. The N atoms in edge hosted and defected FeN4Cio structures
show similar EBET as a function of z-displacement. Interestingly, all the N atoms show similar
EBET at z = 1.5 A regardless of the local coordination environments where the C atoms for the
same displacement show different EBET values for different structures indicating the marked
effect of local configurations on EBET.

11



(a)120 (b) 120
- Graphene (bulk) N doped graphene
b - Graphene (zigzag edge) — FeN4Cq>
100 [ —— FeN4Cy2 100 —— FeN4Cy (basal plane)
—_ —_ - FeN4C; (zigzag edge)
% % 80 FeN,4Cyq (C vacancy)
\A_&/ VA
= £ 60
8 a
@]
~ ¥ 40
S
20 N
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
z displacement (4) z displacement (4)
&
() g
2
& 9o
s 0
Q9L
EBET = 99 keV EBET = 81 keV EBET =57 keV o o

Figure 5: The EBET of (a) C atom and (b) N atom in considered structures as a function of z-
displacement (with no velocity). These serve as input for temperature-dependent EBET
distributions. (c) Schematic of initial z-displacement of N atom in FeN4C12 basal plane structure.
The displaced N atom is shown with the star mark. C, N, and Fe atoms are shown in grey, blue
and orange colors respectively. The coordinated C atom near the defected cavity structure in
FeN4Ci2 is considered in (a). The z-displacement is assumed parallel to the direction of the
electron beam.

To perform temperature correction to the EBET results, we next carry out DFTB MD calculations
for T = 100 K, 300 K, and 500 K as described in the Computational Methods section. DFTB
trajectories are analyzed and statistical distributions for displacement and velocities are collected.
For example, Fig. S1 shows the displacement and velocity distributions of C atoms in pristine
graphene at T =300 K obtained from DFTB MD simulations. At any instant of the MD simulation,
the z-displacement of a C or N atom is calculated relative to its nearest neighbor atoms. Therefore,
the resultant normal distributions of displacement and velocities show a peak around the

equilibrium displacement and velocity which are z= 0A and v = Oé respectively. The AIMD-

derived EBET as a function of z-displacement shown in Fig. 5 along with the normal distributions
of displacement and velocities are used in Egs. 2 and 3 to get the temperature-dependent EBET
values. Figs. 6a and 6b show the temperature-dependent EBET values for the N atom in FeN4Cio
basal plane structure with T = 100 K and 300 K respectively. The distributions get broadened with
the temperature indicating that the local fluctuations increase with temperature. Therefore, the
mean and standard deviation of these distributions could be useful quantities for the relative
comparison of the durability of these structures at finite temperatures. We consider 10, 30, and 50
deviations of the EBET values from the mean value (Fig. 6d) which indicates the probability of
damage by a TEM electron beam. Considering a typical TEM electron beam with an energy of 60
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keV, we find that the N atom in FeN4Cio basal plane is stable at room temperature until the
temperature increases to 500 K where it becomes susceptible to corrosion damage, assuming 5o
represents an acceptable tolerance range which is ultimately dependent upon electron flux and
dwell time. In contrast, the C atom in pristine graphene (Fig. S2). and the N atom in doped
graphene (Fig. S3) show high kinetic stability for all the temperatures we considered in our study
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Figure 6: The EBET distribution for N atom in FeN4Cio basal plane at (a) T =100 K and (b) T
= 300 K. (c) The mean (u) and standard deviation (1, 3, 50) of temperature-dependent EBET
distributions obtained for FeN4Cio basal plane. The horizontal dashed line indicates a typical
60 keV electron beam energy used in TEM experiments (d) The visualization of 10,30 and 50
differences from the mean (u) value of the distribution used in (c) and Fig. 7.
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Figure 7: The mean (1) and standard deviations (1, 3, 50) of temperature-dependent EBET
distributions obtained for (a) N atom in zigzag edge hosted FeN4Cio structure, (b) N atom in
defected FeN4Cio basal plane structure, (c) N atom in FeN4Ci2 basal plane structure, and (d) C
atom in FeN4Ci2 basal plane structure. The horizontal dashed line indicates a typical 60 keV
electron beam energy used in TEM experiments. The corresponding EBET distributions at
different temperatures are shown in Figs. S4 and S5.

Considering finite temperature EBET mean and standard deviations between various PGM-free
active site structures (see Table S1 in Supplementary Information), we find that edge hosted and
vacancy-defected FeN4Cio are highly susceptible to a TEM beam of 60 keV where in both cases
the active sites could be damaged by a 60 keV electron beam (see Figs. 7a and 7b) at room
temperature. This indicates the poor kinetic stability of these structures in contrast to that of
FeN4C10 embedded in the basal plane. The EBET for an N atom in zigzag edge hosted and vacancy-
defected FeN4Cio structures can be as low as 57.29 keV and 58 keV respectively within u — 3o
deviations at T=300 K (see normal distributions in Figs. S4b and S4e) suggesting the N atoms in
such sites are less stable compared to others considered. The N atom in FeN4Ci2 shows superior
performance for all the temperatures as shown in Figs. 7c and S5, however, the undercoordinated
C in this structure most likely affects its stability at T = 500 K as shown in Fig. 7d and so may be
susceptible to damage at elevated temperatures. Note that the N atom in FeN4C1o (Fig. 6¢) and C
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atom in FeN4Ci2 basal plane structures (Fig. 7d) show similar EBET values at finite temperatures.
This indicates that both of these basal plane structures are equally stable at room temperature
conditions and unlikely to degrade under electron beam until temperatures increases to 500 K
where FeN4Ca2 is slightly more stable than FeN4Cio (Figs. 7d and 6¢ and Table S1). Combined,
these findings highlight that EBET and, ostensibly, C/N stability are temperature dependent. As
the EBET distribution widens with increased temperature, so does the probability of knock-on
damage due to thermal fluctuations. While, in general, graphene is a good thermal conductor, local
TEM beam heating may still play some role in damage, along with the demonstrated structural
dependencies.

Conclusions

By combining AIMD and DFTB simulations we have developed an atomistic framework for
calculating stability descriptors for C/N corrosion at finite temperatures and applied it to a variety
of possible PGM-free active site structures. We incorporated the concept of the electron beam-
damage model and defined the stability descriptor, EBET, in terms of electron beam energies used
in TEM experiments. The obtained EBET values provide a relative description of the kinetic
stability of various PGM-free active site structures against C/N degradation that we considered in
this study. Our study indicates that the C atom in pristine graphene has the highest stability,
however, the formation of local vacancies can significantly reduce the overall kinetic stability. We
find a trend in the relative Kinetic stability of C atoms in carbon structures: pristine graphene >
armchair edge > zigzag edge > monovacancy-neighboring structures. The doping of C with N in
pristine graphene reduces the overall kinetic stability. Interestingly, when the N atom is positioned
near a vacancy or an edge, our results show similar EBET for all the configurations, suggesting a
strong dependence of calculated values on the nearest-neighbor coordination environment.

For FeN4Cx-based PGM-free active site model structures, the complex nature of C and N bonding
properties and local strain effects play a major role on the durability of these active site structures.
Our results indicate a Kinetic stability trend for N removal in considered sites of: FeN4Ci2 basal
plane > FeN4Cio basal plane > FeN4Cio basal plane with C vacancy at zigzag site > FeN4Cio basal
plane with C vacancy at armchair site > FeN4Cao at the zig-zag edge. Our study further indicates
that when a C or N atom is in a 5-member ring, it shows overall enhanced kinetic stability. The
temperature-dependent EBET results reveal a similar stability trend for all FeN4Cx active site
structures where we find that the EBET distributions are affected by the thermal perturbations of
atoms from their equilibrium positions. We find that under a 60 keVV TEM electron beam the N
atom in FeN4Cio basal plane is stable around 300 K, becoming more susceptible to damage at 500
K. The overall stability is reduced for edge hosted and vacancy-defected FeN4Cio structures where
the 60 keV TEM electron beam can damage an active site even at 300 K. Finally, the N atom in
FeN4Ci2 shows superior stability even at 500 K and the undercoordinated C in this structure is
calculated to limit its overall stability, in contrast to other C/N systems. These findings should be
taken into consideration along with proposed metal dissolution-based descriptors. We hypothesize
that it is possible for different degradation mechanisms (e.g., C/N corrosion vs. Fe-metal
dissolution) to be dominant for different structures and under varied conditions, something that
will be the focus of future work within our group. Such knowledge will help not only in

15



understanding how ORR activity is lost in these systems but will also help guide the synthesis of
more robust structures in the future.

Supporting Information

Supporting information contains temperature-dependent displacement, velocity, and EBET
distributions on different structures that were used for various analyses of this manuscript.
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Highlights
e Developed and applied descriptor model of electrocatalyst kinetic stability

e Temperature dependence of beam damage model elucidated
e Novel descriptor approach will aid in making better M-N-C electrocatalysts
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300 K obtained from DFTB MD simulations.

20

0.04




T =100K T = 300K

0.18 0.18
(a) — (b) .
0.16 mm (u-0)to(u-o0) 0-16 = (u-0)to(u-o0)
0.14 mm (u-20)to(u-20) 0.14 B (u-20)to (u-20)
0.12 0.12
3 0
S 0.10 S 0.10
o o
g oos S oos
[ [
0.06 0.06
0.04 0.04
0.02 0.02
0.00° 0.00 110 120 140
KEWRT BcdiepV) KORIEE (ksY)
0.18 T = 500K d 140 5
(c) — (d)
016 s (u-0)to(u-0) *
0.14 B (u-20)to (u-20) 120
0.12 —Z
) % 100 R
€ 0.10 %
[
3 *
S o.08 %
s o 80 ¢
* 0.06 ~
T
40

110 120 140 0 100 300 500

K%:F@éwv) Temperature (K)

Figure S2: The EBET distribution for C atom in pristine graphene at (a) T = 100 K, (b) T = 300
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function of temperature. The horizontal dashed line indicates a typical electron beam energy used
in the TEM experiment.
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Figure S3: The EBET distribution for an N atom which is doped in bulk graphene (structure shown
in Fig 2 (c)) at (a) T =100 K, (b) T=300 K, and (c) T = 500 K. (d) The mean (u) and standard
deviation (o) of EBET distributions as a function of temperature. The horizontal dashed line
indicates a typical electron beam energy used in the TEM experiment.
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Figure S4: The EBET distribution for N atom in zigzag edge hosted FeN4Cio structure at (a) T =100
K, (b) T=300K and (c) T =500 K. The EBET distribution for N atom in defected FeN4Cio basal plane
structure at (d) T=100K, (e) T=300 K and (f) T = 500 K. The corresponding mean (u) and standard
deviation (o) of temperature-dependent EBET distributions are shown in Figs 7(a) and 7(b)
respectively.
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standard deviation (o) of temperature-dependent EBET distributions are shown in Figs 7(c) and

7(d) respectively.
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Figure S6: Calculated 0 K EBET values for C and N atoms in FeN4Cs basal plane active site
structure. Unit of EBET, reported in red, is in keV. C-C and C-N bond lengths, reported in black,
are in A. C, N and Fe atoms are shown in grey, blue and orange colors respectively.
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Table S1: The temperature-dependent mean (u) and standard deviation (c) of EBET
distributions of various structures considered in this study.

0K 100 K 300 K 500 K

Structure Atom o u o u o
FeN4Cio - Basal
Plane N 88 87.69 | 2.88 87.70 | 4.76 87.68 | 6.22
FeN4Cio - Edge N 70 69.64 | 2.80 69.62 | 4.11 69.58 | 5.56
FeN4Ciwo - C
Vacancy N 72 7114 | 2.35 71.19 | 4.40 71.16 | 5.30
FeNaCi2 N 99 98.79 | 2.84 98.83 | 5.05 98.82 | 6.47
N doped
Graphene N 99 98.59 | 2.90 98.59 | 5.47 98.58 | 6.49
Pristine Graphene | C 113 112.24 | 2.86 112.25| 5.09 | 11223 | 6.53
FeN4Ci2 C 91 90.99 | 2.55 90.94 | 5.10 90.88 | 6.25
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Table S2: Comparison of calculated 0 K EBET and KODTE values for C and N atoms in
graphene and FeNCx structures considered in this study.

EBET | KODTE
Structure Atom | (keV) (eV) Figure
Pristine graphene C 113 22.92 2(a)
C 73 14.28
Bulk graphene with a mono vacancy C 79 15.54 2(b)
N atom-doped in bulk graphene N 99 17.01 2(c)
N atom doped in bulk graphene with an adjacent
monovacancy N 86 14.6 2(d)
Graphene nanoribbon zigzag edge C 84 16.6 3(a)
Graphene nanoribbon armchair edge C 94 18.75 3(b)
N atom at graphene nanoribbon zigzag edge N 86 14.6 3(c)
N atom at graphene nanoribbon armchair edge N 86 14.6 3(d)
N 88 14.97
C 98 19.62
FeN4Cio basal plane C 103 20.71 4(a)
N 70 11.71
C 104 20.93
FeN4Cio at the zig-zag edge C 89 17.67 4(b)
N 99 17.01
C 98 19.62
C 103 20.71
FeN4Ci2 basal plane C 91 18.1 4(c)
FeN4Cio basal plane structure with C vacancy defects on
the zig-zag site N 76 12.79 4(d)
FeN4Cio basal plane structure with C vacancy defects on
the armchair site N 72 12.07 4(e)
N 96 16.45
C 91 18.1
FeN4Cs basal plane C 75 14.7 S6
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