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Abstract

Metal-nitrogen carbon (M-N-C) catalysts; atomically dispersed and nitrogen-coordinated MNx
sites embedded in carbon planes have exhibited encouraging oxygen reduction reaction activity
in an acidic environment. However, one challenge for these materials is their insufficient long-
term stability in the acid environment. Herein, we systematically investigate both a catalytic
activity toward ORR and stability under acid conditions using density functional theory (DFT).
Various local atomic structures around the MNx site and different metal atoms (M=Cr, Mn, Fe, Co,
Ni, and Ru) are considered in this study to understand the relation between atomic structures,
stability, and catalytic activity. The stability of the M-N-C catalyst is considered from the
propensity of the metal atom center to dissolve from the carbon host structure. The calculations
reveal that the considered MNx sites are thermodynamically unstable in acid ORR conditions.
However, based on the calculated thermodynamic driving force towards the metal dissolution, the
MN4 site with Fe, Co, Ni, and Ru metal atom embedded on the graphene plane and at the graphene
edge are more stable in acid ORR condition than the other considered MNx structures. Combining
stability and catalytic activity descriptor, we propose some acid-stable and active MNx structures
toward ORR. This computational study provides helpful guidance to rational modification of carbon
matrix hosting MNx moieties and appropriate selection of a metal atom for optimizing the activity

and stability toward the ORR reaction.
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1. Introduction

The proton exchange membrane fuel cell (PEMFC) is a highly efficient clean energy conversion
device that requires a highly active catalyst for the oxygen reduction reaction (ORR) at the
cathode. Platinum-based catalysts now reach high activity and durability!. However, considering
the high cost and lack of platinum-based catalysts, the catalyst-free of platinum group remains
an alternative catalyst for cost and sustainability reasons.

Among catalysts free of platinum group metals, metal-nitrogen carbon (M-N-C) catalysts,
where atomically dispersed and nitrogen-coordinate MNx sites are embedded in carbon planes,
have gained much attention due to their high initial activity toward the ORR in acid media,
especially Fe-N-C catalysts?~*. However, the issue facing the Fe-N-C catalyst is an insufficiency of
long-term stability. The Fe-N-C catalyst tends to degrade quickly in the acidic PEMFC
environment®, but the degradation mechanism remains elusive and further investigations and
improvements for the M-N-C catalysts are still needed. However, various degradation
mechanisms have been proposed to degrade M-N-C catalysts, such as carbon oxidation by
hydroxyl or hydroperoxyl radicals®’, demetallation of metal sites®®, and carbon corrosion'®,

On top of that, the synthetic approaches that involve pyrolysis of the mixture metal, nitrogen,
and carbon precursor often result in the various local environment for the MNy site!!!?, so the
ORR catalytic activity and stability of the M-N-C materials is highly dependent on the synthesis
path. Different configurations of the MNx sites have been proposed as an active site for the ORR
by experimental and theoretical studies3-!>, but the specific MNx sites, which are active and
durable under working conditions, should be preferred targets for synthesis. The Fe-N-C catalyst
prepared via pyrolysis in flowing NHs has been reported to have higher initial ORR activity in acid
and alkaline conditions than similarly prepared Fe-N-C pyrolyzed in an inert atmosphere!?13,
However, the NHs pyrolyzed Fe-N-C catalyst results in about 10 times enhanced Fe leaching rate
than the inerted gas pyrolyzed catalyst in acid.!?!3 It has been reported that the NH3 pyrolysis
promotes high basicity and porosity in the Fe-N-C catalyst surface'?'316 The introduction of
micropores has been suggested to enhance the catalytic activity for ORR!718, In contrast, the
initial ORR performance loss has also been proposed due to the demetallation of the FeN4 site
located in the micropore!®. In addition, a recent experimental study by Li et al. !° using operando
X-ray absorption spectroscopy has reported that there are two types of FeNs sites identified in
the Fe-N-C catalyst. These are FeN4Cio0, and FeN4Ci2 sites, surrounded by a different local carbon
structure. Both sites initially contribute to the ORR activity of the Fe-N-C in an acidic medium.
However, the FeN4Ci2 site is not durable under operation, rapidly converting into inactive ferric
oxide particles as there is a decreasing ORR activity, decreasing number of this site, and

increasing ferric oxide formation. The FeN4Cio site is stable under the acid condition with no



measurable decrease in the number of this active site after 50h operating at 0.5V'°. Therefore,
the local atomic structures of the MNx have been suggested to play a significant role in ORR
catalytic activity and demetallation of the active site!®17:19:20,

Besides the Fe-N-C catalyst, the Co-N-C catalyst has been the most investigated as a
replacement for Fe since the dissolved Fe ions from the Fe-N-C catalysts can further deteriorate
the membrane durability by catalyzing the formation of radicals from H202, which degrade the
membrane®?!, Thus, metal atom sites which do not promote the formation of H20: radicals are
also needed. A previous study by Xie et al. has reported that the Co-N-C catalyst has inferior
catalytic activity toward ORR and lower activity for promoting radicals from H20> but has
significant resistance to demetallation in acid condition??. Since various CoNx sites can be
simultaneously formed during the synthesis?3, specific knowledge of the detailed structures of the
active and durable CoNx site would be valuable. Furthermore, other M-N-C catalysts have also
been reported to have structural stability under acid conditions, such as the Ru-N-C system?*,
Therefore, the insightful understanding of how catalytic activity and degradation of the MNx site
related to its electronic structures and local atomic configuration is critical for designing M-N-C
catalyst.

Advance in computing capability helps to expand predictions from first-principles simulations
of materials. While the materials screening for ORR to date has focused on the electrocatalytic
activity?>-?7, stability under working conditions is also an essential criterion?8-31, The demetallation
of the metal atom center due to proton attack has been calculated and used to determine the
acid stability of the M-N-C catalyst, identifying a specific potential or pH when the dissolution of
the metal center is thermodynamically favorable.32-34 Also, the embedding energy, indicating the
bonding strength between embedded isolate metal atom with N-doped carbon structure against
the cohesion energy of the bulk metal, is often calculated and used to represent thermodynamic
stability for the M-N-C cattalyts?’-33:35, Previous work on the thermodynamic dissolution of the
FeN4 structures on two different local carbon structures toward aqueous Fe*? has been studied by
Glibin et al.3¢, suggesting acid stability of the FeNs site3®. In contrast, Holby et al. found FeN4 sites
to be stable only when OH is adsorbed on the FeNs site, and the absolute thermodynamic stability
of FeNs sites remains controversial3’:38,

Various degradation mechanisms of the M-N-C catalyst have been suggested. The carbon
oxidation is most probably from H202:-derived radicals during the oxygen reduction, which leads
to various oxygen functional groups on the carbon surface that can deactivate the metal site’” and
trigger irreversible leaching of the metal site!®3°, This might, however, depend on the morphology
of the carbon surface'®3°, However, the carbon surface oxidation is reversible, and the ORR
activity can be recovered by electrochemical cycling or chemical treatment’-?2, Additionally,
carbon corrosion can occur and leads to carbon loss surrounding the FeNx site, eventually resulting
in metal site leaching'®. The demetallation itself has also been proposed to cause fast activity

decay of the Fe-N-C catalyst'®. Thus, the degradation of M-N-C catalysts may have more than



one cause. Nonetheless, how the M-N-C structure affects the stability against demetallation can
be the first step to understand the M-N-C degradation, and it is a focus in this work. The relation
between the structure and demetallation will be addressed before introducing other possible

degradation pathways.

The thermodynamic understanding of dissolution in aqueous media can be obtained from the
so-called Pourbaix diagrams, which indicates the potential and pH ranges where the different
component oxidation state of materials exist??:3%40, A recent study by Holby et al. has proposed
a dissolution reaction to determine the stability of FeNs4 embedded on a graphene layer as a
function of pH and applied potential®®, indicating the acid instability and likelihood to dissolve of
the FeNs site. Here, we employ this proposed dissolution to further study the stability of MNx with
various local atomic structures and various metal atoms to understand how local atomic structures
and different metal atoms affect the stability of M-N-C catalysts. Furthermore, the acid stability
descriptor of the MNx site under PEMFC conditions is determined by computing the relative
stability with respect to the most stable species in the stability diagram, and it is used as a
comparative stability descriptor. Thus, the stability descriptor can offer insight into how the M-N-
C structure affects stability. The stability descriptor is then used along with the catalytic activity

descriptor to identify promising acid-stable and active MNy sites toward ORR.

2. Methods
2.1 Computation details

Spin-polarized density functional theory calculations are performed using the Vienna ab
initio simulation package (VASP)*' and project augmented wave (PAW)** pseudopotential.
Structures are set up and analyzed using the atomic simulation environment (ASE)*3. The
exchange and correlation energy are described using the BEEF-vdW functional to include the
effects of dispersive interactions**. A plane-wave cutoff of 600 eV is used. The self-consistent
electron density loop is converged to 10> eV, and the structures are relaxed until all forces are
below 0.025 eV A-L. The calculations are submitted, managed, and received using the MyQueue*>

workflow tool, a python front-end to the job scheduler.




Figure 1: M-N-C model structures: (a) MN4Cio, (b) MN4Ci2, (¢) MN4Cs, (d) MN4Cz, (e) MNaCa,
(f) MN3C1o, (g) FeN3Cz, (h) FeNsCa. Color codes for atom: C-grey, N-blue, H-white, M(= metal

atom)-orange.

Eight different M-N-C model structures with different local atomic structure surrounding
the metal site are investigated in this study and shown in Figure 1. The MN4Cio structure is an
MN4 site embedded in an intact graphitic layer where the MN4 site is surrounded by 10 carbon
atoms, where M is a single metal atom. The MN4Cz and MN4Ca structure represent the MN4 site
near the zigzag and armchair graphitic edge, respectively. For the active sites hosted in a
micropore, we consider a MN4Ci2 site near the micropore with a porphyrin-like structure and a
MN4Cs site where the MN4 moiety is bridging two adjacent armchair edges. The FeN4Ci2 site has
been identified by x-ray absorption spectroscopy and has been proposed as the active site toward
the ORR reaction by Zitolo et al.'3. The FeN4Cs site has been proposed as the most active site in
such Fe-N-C catalyst!#151846 | et al. have reported that the Fe-N-C catalyst initially comprises
two distinct FeNs sites identified as the FeN4Cio and FeN4Ci2 strcuture!®. Also, we further consider
two defective sites derived from the MN4Cz and MN4Ca structure, namely MN3Cz and MN3Ca. These
edge-anchored unsaturated MNs structures are possible to form under a synthesis environment,
as reported by Cheng et al. 7. The unit cell dimensions in the catalyst plane are 16.9 x 9.8 A on
average, with minor variations for the different metal atoms M (where M = Cr, Mn, Fe, Co, Ni,
and Ru) and different local atomic structures. The vacuum layer in a perpendicular direction to
the catalyst plane is about 15 A, and a dipole correction is used in the perpendicular direction to
the catalyst plane to decouple the electrostatic potentials on the two sides of the catalyst plane.
The Brillouin zone is sampled with a (3x3x1) MonkhorstPack k-point mesh*8,

Solvent effects on the surface and adsorbates are included using the implicit solvent model
implemented in VASPsol with a dielectric constant of 80+ representing water medium.
Additional calculations with an explicit solvation effect are performed with one explicit water layer.
First, the explicit water layer structure (16 H20 molecules) and the explicit water layer with ORR
intermediate structure (15 H20 molecules surrounding an intermediate) on the FeN4Cio structure
are determined by the minima hopping algorithm implemented in ASE®'->3, The minima hopping
algorithm is performed to find at least about 30 local minima with the convergence criterion of
maximum force on each atom less than 0.05 eV Al Next, the lowest energy local minima
structure and the local minima structure within 0.1 eV of the lowest structure are relaxed further
with maximum force on each atom less than 0.025 eV A-l. Then, the water layer structure with
the lowest energy is used in the calculations for the FeN4Cio and other Fe-N-C structures.

The change in reaction free energy with an applied potential, U, and pH was calculated
using the computational hydrogen electrode (CHE)!>4, the free energy of the reaction at a

potential of U versus the reversible hydrogen electrode (SHE), and pH is given by.



AG(U, pH) = AG(U=0, pH=0) - neU + nksTpHIn(10) (1)

where n is the number of electrons involved in the reaction, e is the numerical charge of

an electron, and ks is the Boltzmann constant.

AG(U=0, pH=0) = AEprr + AEzpre + AUvib(T) — TASvin(T) (2)

where AG(U=0, pH=0) is calculated from DFT and includes the change in electronic energy
(AEprr), zero-point energy (AEzee), vibration energy (AUvib(T)) and entropy (ASvin(T)) at T =
298.15K. In the case of adsorbates on the catalyst surface, only the vibration frequencies of
adsorbate are considered, and the free energy is calculated following the quantum mechanical
harmonic approximation.

The energy of Oz in the gas phase is poorly described by DFT calculations*#; thus, it is
corrected to reproduce experimental free energy of liquid water formation (2H2> + 02 —» 2H20;
AGH20 = -4.92 eV). Furthermore, according to the Christensen scheme>>>¢, the error in the energy

levels of the ORR intermediates specific to the BEEF-vdW functional are corrected as follows

AE(0-0) = 0.20 eV (3)
AE(H20) = -0.03 eV (4)
AE(H2) = 0.09 eV (5)

2.2  Stability Calculations

Following previous work on a dissolution reaction for FeN4 site on bilayer graphene-host
structure (which is similar to the FeN4C1o structure defined in this study) by Holby et al.38. During
the dissolution, the Fe metal atom can leave the FeNs site on the carbon host structure (FeN4C)
and becomes an aqueous Fe ion, Fe**@aq) with a charge x, given the resulting metal-dissolved
carbon host cavity with various possible degrees of protonation under the acid environment of
the dangling bond, N4CHn as a product where n is the number of protons bonded with the carbon
host cavity. It has been reported that the FeN4 site embedded in graphene without ligands or ORR
intermediates is unstable in acid conditions, whereas the adsorption of OH on FeNs4 makes the
FeN4 site thermodynamically stable38.

In this work, we employ the above dissolution mechanism to further investigate the
stability trend of the M-N-C systems with different local atomic structures surrounding the metal
site, as shown in Figure 1 and different metal atoms. The free energy of MNyC, *OH-MN,C, and
*0O-MNyC phase relative to dissolved species as a function of potential U and pH are defined by
using H20 in a liquid phase and H2 in a gas phase as a reference to avoid O2 calculation and can
be written as Equation (7-9). Note that y is the number of N atoms ligating the metal atom. The
MNyC denotes the bare metal site structure, while the *OH-MN,C and *O-MN,C denote one *OH



and *O adsorbate bond with the metal site, respectively. It is assumed that the catalyst surface
is in equilibrium with protons, electrons, and liquid water at T=298.15 K, such that oxygen and
hydroxyl may be exchanged between the surface and a reference electrolyte through Equation
(6)29.

MN,C + H20(l) 2 *OH-MNyC + (H*(@aq) + €) 2 *O-MN,C + 2(H*@q) + €°) (6)

MNyC + nH*(@aq) » M**(@aq) + NyCHn + (Xx-n)e"
AG(MN/C) = G(M**(se)) + G(NyCHr) = G(MNyC) - G(Hz) — (x-n)U + nksTIn(10)pH  (7)

*OH-MNyC + (n+1)H%@aq) » M**(aq) + NyCHn + (Xx-n-1)e” + H20
AG(*OH-MN,C) = G(M**(aq)) + G(NyCH») + G(H20) - G(MN,C) - (nz;l)G(Hz) - (x-n-1)U + (n-
1)ksTIn(10)pH (8)

*0O-MNyC + (n+2)H*@q) » M**(aq) + NyCHn + (X-n-2)e” + H20
AG(*OH-MN,C) = G(M**(aq)) + G(NyCH») + G(H20) - G(MN,C) - (n_Z)G(Hz) - (x-n-2)U + (n-

2

2)ksTIN(10)pH (9)

where AG(MNyC), AG(*OH-MNyC), AG(*O-MN,C) are the free energy of the catalyst
surface without and with one *OH, and one *O at the metal site, respectively. AG(NyCHn) is the
free energy of the metal-dissolved carbon cavity with n H atoms bonded at the cavity. We consider
from n=0 up to n=4 for the dissolution reaction in Equation (7-9). The optimized structures of
nH-bond carbon cavity are shown in Figure S1. G(M*X) is the free energy of the dissolved metal

ion, is estimated as follows:

G(M**) = Eprrbuik) + AGx (10)

where Eprrbuik) is the total energy per metal atom in the bulk structure obtained from DFT
calculations. AGx is the free reaction energy of the dissolution reaction of the bulk metal, which
is taken from the literature>’=>°. Table S1 shows the free energy of the dissolved metal ion and
the dissolution potential used in each approximation AGx. The free energy of the dissolved ion
depends on the metal ion concentration, which is assumed to be 107° M for all dissolved metal

ions in this work and all calculations are at T=298.15 K.

2.3 ORR catalyst activity
We employ purely thermodynamic models when considering the ORR activity by assuming
that all element steps have to be exergonic for the ORR to run and neglect the kinetic barrier for

each elementary step. The ORR catalytic activity of the different surface structures is estimated



by determining the theoretical overpotential and the potential-determining step in the four-
electron associative mechanism with *O, *OH, and *OOH intermediates®® as shown in Equation
(11-14). The metal site is considered as the active site, so all ORR intermediates bond with the
metal site. The potential and pH dependence of each reaction step is calculated by employing the

CHE as shown in Equation (1).

02(g) + H* + e + * > *OOH ; AG: (11)
*OOH + H* + & - *O + H20(l) ; AG> (12)
*0 + H* + e + * > *OH ; AG3 (13)

*OH + H* + e- - * + H0(l) ; AGa (14)

where * denotes the active metal site. The limiting potential (U.) is defined as the highest

potential at which all four reaction steps are downhill in free energy.

Overpotential = 1.23 V - UL =1.23 V - max{AG:, AGz, AGs3, AG4} / e (15)

Adsorption energies of *O, *OH, and *OOH intermediate are defined relative to a water

molecule from the following reactions.

* + H20 > *O + H2 ; AG(*O) (16)
* + H,0 —» *OH + %Hz ; AG(*OH) (17)
* 4+ 2H20 » *OOH + 2H2  ; AG(*OOH) (18)

3 Results and Discussion
3.1 Stability diagram and thermodynamic driving force toward metal dissolution.

We first consider the Fe-N-C system. Figure 2 shows the stability diagram of the FeN4Cio,
FeN4Ci12, and FeN4Cs structures as a function of applied potential, U, and pH. The stability diagrams
for other FeNyC structures are shown in Figure S2. At acidic ORR relevant conditions (U ~ 0.6-0.8
Vsue and pH = 0), the most stable phase is the dissolved Fe ions for all considered structures, so
the single Fe metal atom is prone to leach. At the same potential range in alkaline conditions,
*OH or *O can be formed from water on the Fe metal site on the FeN4Cio, FeEN4Ci2, FeN4Ca,
FeN4Cz, and FeNsCio structure results in stabilizing the Fe metal site against the dissolution.
However, the FeN4Cs, FeN3Cz, and FeN3Ca structures are still prone to dissolution even in alkaline
conditions, as the most stable phase is still a dissolved Fe compound ion. In general, the
calculation reveals that the dissolution is a greater problem in acidic than alkaline conditions, as
reported by previous experiments!261,

To further extend the stability diagram, we consider a thermodynamic driving force toward

the dissolution. A previous study by Singh et al. suggests that materials with predicted free energy



up to 0.5 eV/atom greater than the most stable species in the Pourbaix diagram can be stable
against the corrosion in experiments due to a large kinetic barrier for structural reorganization?°.
We define the relative dissolution free energy (AGr), which is the free energy difference between
the most stable Fe, *OH-Fe, or *O-Fe phase, and the most stable dissolved species at pH = 0.
The AGr represents a thermodynamic driving force for each phase toward the dissolution and is
shown in Figure 2(d-f), where the most stable dissolved species are superimposed as horizontal
bars at the bottom. The phase with a higher driving force is likely to dissolve into the electrolyte,
as reported by the previously combined experimental and theoretical study?°.

For the considered FeNyC structures, the relative dissolution free energy (AGr) value of the
bare Fe metal phase order at U = 0.8 Vsie and pH = 0 is FeN4Ca < FeN4Cz < FeN4Cio < FeNsCio
< FeN4C12 < FeNs3Cz < FeN4Cs < FeNsCa, see Figure 2(g), suggesting that the stability against the
dissolution decreases from FeN4Ca to FeN3Ca. The formation of one *OH and *O on the bare Fe
metal site at higher potential thermodynamically stabilizes the Fe metal atom against the
dissolution. At U = 0.8 Vsue and pH =0, the relative free energy (AGr) order of the most stable
phase is found to be *O-FeN4Ca < *O-FeN4Cz < *O-FeN4Cio < *OH-FeN3Cio < *0O-FeN4C12 < *O-
FeN3Cz < *O-FeN3Ca < *OH-FeN4Cs, see Figure 2(g).

At potentials in the range 0.2-0.9 Vsue and pH = 0; we find that the FeN4Cio Structure is more
stable than the FeN4Ci2 site as the thermodynamic driving force for the most stable phase of the
FeN4Ci2 structure is about 0.70 eV greater than that of the FeN4Cio structure, on average. These
results agree with the experimental results reported by Li et al.®

The horizontal bars at the bottom of each relative stability plot indicate the most energetically
favorable dissolved species, suggesting that the dissolution reactions depend not only on the
working condition (U and pH) but also on the local atomic structure around the metal site. For
example, for the FeN4Cs, FeN4Ca, and FeN4Cz structures, the dissolution reaction results in 0 or
one proton transferred to the cavity site, while 1-3 protons are transferred to the cavity site of

the other structures.
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Figure 2: (a-c) Stability diagram of FeN4Cio, FeN4Ci2, and FeN4Cs structure as a function of
applied potential (U) and pH. (d-f) The relative stability (AGr) for Fe, *OH-Fe, and *O-Fe phase
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Considering the dissolution reaction in more detail, we find that the protonation at the metal-
dissolved host carbon structure is thermodynamically favorable for the N4Ci2, N3Ci0, N4Cz, N4Ca,
N4Ci0, and N3Cz structure, but it is endothermic for the N3Ca and N4Cs structure (Figure S3).
However, these proton transfers might not necessarily affect the kinetic dissolution rate if they
occur late in the exothermic process. During the dissolution, we therefore also consider that the
protonation reaction occurs at the atoms surrounding the Fe metal atom and is followed by the
demetallation reaction, as Equation (19-20). Figure 3(a-b) illustrates the possible dissolution
mechanism and corresponding free energy diagram of the dissolution process. From a
thermodynamic perspective, whether the protonation reaction occurs before or after the
demetallation leads to the same overall dissolution reaction as Equation (7) and the same relative

stability.

FeNyC + n(H* + e) — FeNyCHn (19)
FeNyCHn — Fe*™ + NyCHn + me- (20)

We find that the protonation at the atoms surrounding the Fe metal atom is endothermic and
becomes more difficult as the potential increases or more protons are added (Figure 3(c)). At the
potential U = 0.8 Vsue and pH =0, the order of the protonation (from easy to difficult) is FeN4Cz
> FeN4Ci2 ~ FeN3Cio ~ FeN3Ca > FeN3Cz ~ FeN4Ca > FeN4Ci0 > FeN4Cs. On the other hand, the
demetallation reaction becomes more favorable after the atoms surrounding the Fe metal atoms
are protonated and become more favorable as potential increases or more protons are added
(Figure 3(d)). The order of the demetallation at U = 0.8 Vsie and pH = 0 (from easy to difficult),
regardless number of additional protons before the demetallation is FeEN4Cs ~ FeN3Ca > FeN3Cz >
FeN4Cio > FeNsCa ~ FeN3C10 ~ FeN4C12 > FeN4Cz. Additionally, we find that the Fe metal atom in
the FeNsCs, FeN3Cz, and FeNsCa structure bond quite weakly with the host carbon structure
compared to the others, as reported by Tan et al.3°. Therefore, the Fe metal atom in these
structures can more easily leave the host carbon structure.

The demetallation reaction relates to the bond strength between the Fe metal atom and the
host carbon structure. The protonation at the ligand atoms surrounding the Fe metal atom can
weaken the bond between the Fe and the surrounding ligand atoms, resulting in the following
demetallation step being facile. Consequently, the basicity of ligand atoms contributes to the
stability of the Fe-N-C catalyst in the acidic condtion!?:2° as same as the bonding strength between
the metal atom with the carbon host structure. The different trade-offs between the demetallation
reaction and the protonation reaction due to the different local atomic structures surrounding the
Fe metal site enable different n values for the dissolution reaction.

It is important to note that the real degradation mechanism is still unknown, and other
possible mechanisms such as carbon corrosion®!8, hydroxyl radical attraction®®?, and carbon

oxidation” have been proposed as a degradation mechanism of the Fe-N-C catalyst can
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simultaneously occur and might be coupled. Also, the stability is here analyzed from
thermodynamic trends, whereas the rate of metal leaching is determined by the kinetic activation
energy. Thus, a kinetic analysis of the dissolution mechanism would be required for a complete
theoretical description.

Furthermore, Holby et al. suggest the computational unit cell size and a graphene underlayer
to host the FeNs actives site influence the calculated stability®. To assess the sensitivity to these
choices, we performed additional stability calculations for some Fe-N-C structures with a bigger
unit cell (Figure S5). Table S4 shows the dissolution potential to Fe*? ion obtained from two sizes
of a unit cell. The size of the unit cell can lead to variation in the dissolution potential of about
0.08 VsHe. However, we find the same trend in the dissolution potential obtained from both sizes
of unit cells which is FeN4Cs (-1.09 Vshe) < FeN4Cio (0.35 Vsue) < FeNaCa (0.65 Vshe) < FeN4Ci2
(0.79 Vshe) < FeN4Cz (0.94 Vsue) for the unit cell in Figure 1 and FeN4Csb (-0.98 Vshe) < FeN4Ciob
(0.27 Vshe) < FeN4Cab (0.52 Vshe) < FeN4Ci2b (0.73 Vshe) < FeNaCzb (0.97 Vsue) for the bigger unit
cell in Figure S5. This dissolution trend agrees with the trend reported by Tan et al.3°. However,
we find the dissolution to Fe*? ion of 0.35 Vsue and 0.27 Vsue for the FeN4Cio and FeNaCiop
structure, respectively, which are quite different from the value reported by Holby et al. using the
FeN4Cio Structure on a 6x6 graphene monolayer structure in a vacuum in which the dissolution
potential is 0.57 Vsue. We find that the dissolution potential of 0.47 Vske for the FeN4Cio Structure
(Table S5) in a vacuum. Thus, there may be some influence of solvation on the calculated stability
as well as the strain associated with the smaller cell38. The variation in *O and *OH free adsorption
energy due to the size of the unit cell is 0.08 and 0.07 eV on average for both *O and *OH,
respectively. The trend in the relative dissolution free energy (AGr) value of the most stable phase
at U = 0.8 Vshe and pH = 0 obtained from the bigger unit cell is: *O-FeN4+Cap < *O-FeN4Cz < *O-
FeN4Ciob < *O-FeN4Ci2v < *OH-FeN4Csb, in agreement with results on the unit cell in Figure 1.
Therefore, the unit cells in Figure 1 are used in our further calculations.

Besides the stabilization by the graphene underlayer reported by Holby et al., the dissolution
potential of 0.65 Vsue has been reported for the FeN4Cio configuration on a 6x6 graphene bilayer
structure (0.08 higher than the monolayer structure)38. Thus, it has been recommended to use a
larger and bilayer graphene structure for the stability calculation3®. However, we find that different
local atomic structures around the Fe metal site cause the change in the dissolution potential in
the range of 0.30 - 1.43 Vsue which is greater than the effect of a graphene underlayer. Thus,
only a monolayer structure is considered here.

So far, the solvent effect is considered implicitly in this work. We further investigate the effect
of the explicit water layer on the stability calculation. We consider the explicit water layer only on
the same side of the catalyst as the *O and *OH adsorbates (Figure S6). A previous study by
Svane et al. 3 studied the explicit solvation effect on a CoN4Ci2 structure suggests that the explicit
water on the same side of the adsorbate can result in stabilization about 0.27 eV for *OH relative

to a solvent-free model. However, no further stabilization effect when adding explicit water layers
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on both sides of the catalyst surface as the stabilization is only about 0.1 eV for *0O, *OH, and
*0OO0OH relative to the one explicit water on the same side with the adsorbates. Table S5 shows
the dissolution potential to Fe*? obtained from different solvation models. The dissolution
potentials obtained from implicit solvation are 0.14 Vsue lower, on average than those obtained
in @ vacuum. The dissolution potential with the explicit solvation is close to those in a vacuum
with a variation of 0.06 Vskxg, on average. However, there is a big difference in dissolution potential
between FeN4Cz in a vacuum and explicit solvation. We find that, in the optimized structure of
the N4CzwHo structure with one explicit water layer, the nitrogen atoms are out of a carbon plane
while the nitrogen atoms in a vacuum and implicit solvation model remain in the carbon plane.
The distortion with the explicit solvation leads to 0.20 Vsue lower dissolution potential for the
FeN4+Czw compared to the solvation-free model. The explicit water layer surrounding *O and *OH
adsorbates leads to stabilization relative to the vacuum of 0.41 and 0.22 eV, respectively. The
stabilization relative to the vacuum due to the implicit solvation is 0.30 and 0.22 eV for *O and
*0OH, respectively. Thus, the stabilization is similar in magnitude for implicit and explicit solvation.
For the most stable phase at U = 0.8 Vsue and pH = 0, the relative dissolution free energy (AGr)
value with explicit solvation is *O-FeN4C10zw < *O-FeN4Ciow < *O-FeN4Ciow < *O-FeN4Csw.
Meanwhile, we find the relative dissolution free energy (AGr) value in vacuum to be: *OH-
FeN4C10zy < *OH-FeN4Ciov < *OH-FeN4Ciav < *OH-FeN4Cgsy. The difference in the relative
stability of the most stable phase is mainly due to the different stabilization effects on *O and
*0OH via different solvation models. There is an obvious influence of solvation on the stability
calculation; to avoid the structural distortion in the calculations, we use the implicit solvation,
which leads to a similar solvation stabilization as the explicit solvation in our further calculations.

We further extend the thermodynamic stability analysis with different metal atoms, changing
the metal atom to Cr, Mn, Co, Ni, and Ru. The stability diagrams are shown in Figure S10-S15,
indicating that all considered MNx sites on the considered structures prefer to dissolve under the
acid condition as the most stable species at pH = 0 are an aqueous metal ion. Figure 3(e) shows
the relative stability for the bare metal site at U = 0.8 Vsue and pH = 0; the MN4Cs, MN3Cz, and
MN3sCa structures, regardless of the metal atom, are less stable than other structures. On the
other hand, the MN4Ca structure is the most stable structure against the dissolution under the
same acid conditions, regardless of the metal atoms. The general trend in the thermodynamic
driving force toward the dissolution of the bare metal site at U = 0.8 Vsie and pH = 0 is Cr > Mn
> Ru > Fe > Co > Ni. To understand this trend, we have considered the dissolution of the bare
MNx site without the protonation at the cavity. We first consider the energy of the metal atom
being in the MNx site on the carbon host structure against the formation of metal atom in the bulk

structure by the following Equation:

AGpyk = Ey + E(N4Cy) — E(MN,C,) (21)
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where Ey is the total energy per atom of the metal in bulk structure, E(MNXCy) is the total
energy of the MN4 structure and E(N,C,) is the total energy of the metal-dissolved cavity structure
(NxCy). The calculated AE,,.., for different metal centers on different carbon host structures are
shown in Figure S16(a) and Table S6. The AE_.. Vvalues indicate that the metal atom in the
MN4Cs, MN3Cz, and MN3Ca structure is unstable and prefers to form the bulk metal rather than
embedded in the carbon host structure compared to other structures. Secondly, we consider the

energy for oxidizing the metal atom at a working potential (U=0.8 Vsne) by the following Equation:
AE yiize = G(M**) —xU — Em (22)

where G(M*X) is free energy of the most stable dissoved metal ion at the considered condition
(x=2 for M=Co and Ni; x = 3 for M=Cr, Mn, Ru and Fe). The calculated AE4i,. iS Shown in Figure
S16(b) and Table S6. The oxidization trend of the metal (from easy to difficult) is Cr < Mn < Fe
< Co < Ni. For these 3d metals, the metal oxidation energy (AE.4gqize) Play an important role in
the dissolution reaction, causing a significant difference in the acid stability among 3d elements.
The stability of the bare MNx site toward a dissolved metal cation is Cr < Mn < Fe < Co < Ni,
following the oxidation trend.

For Ru, the bond strength between the Ru atom and the carbon hosts is weaker than other
metal elements within the same carbon host structure. However, Ru is also more difficult to

oxidize, and overall, the stability of the RuNx site is between Mn and Fe.

The formation of one *O and *OH from water mostly on Cr, Mn, Ru, and Fe metal sites at pH
= 0 and U = 0.8 Vsue is thermodynamically favorable on most of the considered structures,
resulting in increased stability under acid conditions. However, under the same conditions, the
most stable phase of the considered CoNyC and NiNyC structures is mostly the bare metal site
(Figure 3(f)).

We consider the M-N-C catalyst by choosing M = Cr, Mn, Fe, Ru, Co, and Ni because these
elements are either relatively cheap and abundant 3d metals or have shown promising ORR
activity and stability. The thermodynamic stability analysis of the Pt-N-C structures is also
considered and shown in Figure S17. Most of the considered Pt-N-C structures, except PtN4Cs,
are thermodynamically stable against dissolution at pH = 0, U = 0.8 Vrhg, and even more stable
than other considered metal elements. However, all considered Pt-N-C structures are inactive
toward the ORR as the overpotential of all considered Pt-N-C structures is more than 1.00 eV
(Table S18).

In general, we find that the metal atom on the graphene plane (MN4Cio or MN3Ci0) and the
MN4 site on the graphene edge (MN4Cz and MN4Ca) are more stable than the MN4 site hosted near
micropores (MN4Ci2) or bridging between two zigzag edges (MN4Cs) and the MNs structures at
the graphene edge (MNs3Cz and MN3Ca).
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The Fe, Co, Ru, and Ni metal atoms on the MN4Ci0, MN4Cz, and MN4Ca can well be kinetically
stable under acid conditions as the thermodynamic driving force is less than 0.70 eV at U = 0.8
Vsueand pH = 0. On top of that, the Ru metal atom on the MN4Cz, MN4Ca structure, and Ni metal
atom on the MN4Ca structure are the most promising stable structure under the acid condition as
the thermodynamic driving force toward the dissolution is less than 0.2 eV. Previous experimental
results have found that the Ru-N-C catalyst is rather stable in the acid environment with a
dissolution rate of less than 5% over 30-hour of operation at 1.5 Vshe?*. Meanwhile, the Cr and
Mn metal atoms on considered structures have a considerable driving force toward dissolution
(>0.7 eV), so these catalysts are unstable during the PEMFC operation. A previous experimental
study has reported that the Mn-N-C catalyst is likely to lose its ORR catalytic activity more than
the Fe-N-C catalyst in acid and alkaline conditions during the stability test cycling the potential
between 0.5 and 1.3 Vske®t. Furthermore, the previous experiments have suggested that the Co-
N-C catalyst has significantly enhanced resistance to demetallation compared to the Fe-N-C
catalyst in acid conditions, especially under O purged testing??. For the FeN,C and CoN,C
structure without any adsorbate, the thermodynamic driving force of the bare Fe metal atom
toward the dissolution is about 0.56 eV bigger than for the bare Co metal site, on average. With
the formation of one *OH or *O on the metal site, the relative stabilities of the most stable phase
under acid conditions for both metal atoms are comparable. This suggests that other mechanisms
such as carbon surface oxidation’ as well as the H20> derived radicals attack stabilized *OH or *O
ligand?2%2 possibly occur along with the demetallation reaction or deactivate the active site. These
possible processes should be included in the calculation model to get a complete theoretical
description.

Different metal atoms on the same carbon structure dissolve with the same dissolution
reaction; the same n value in Equation (7-9). With the n=0 dissolution reaction, the primary
contribution to acid instability is the bond strength between the single metal atom and the host
carbon structure. While with increasing n, more contributions from the protonation reaction at
the atom surrounding the metal site are included. Thus, the thermodynamic acid stability of the
M-N-C catalyst is determined by both the bonding strength of the metal atom with the host carbon
structure and the basicity of the ligand atom around the metal atoms. In the Fe-N-C system, the
FeN4Ci2 has strong bonding between the Fe metal atom and the host carbon structure, but the
nitrogen atoms around the Fe metal site are vulnerable to proton attack. The nitrogen ligand in
the FeN4Cs structure can resist the action of protons in acid solution, but the bonding between
the Fe metal atom and the carbon host structure is too weak. Consequently, both structures are
predicted to be less stable than the FeN4Cio structure under the same acid conditions.

Additionally, previous studies by Zhang et al.®* and Jung et al.®> have suggested that the
oxygen functional groups near the CoNs site can be formed via electrochemical or chemical
treatment. The formation energies of *O from water on various carbon sites near the CoN4Cio

structure reported by Zhang et al.®* and Jung et al.®> are more than 2.8 eV, suggesting weak
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adsorption of *O on the adjacent carbons. The oxidation of the surface carbon adjacent to the
FeNs sites has also been reported, decreasing the four-electron ORR activity. However, the
deactivation is reversible, and the ORR activity can be recovered upon electrochemical reduction
of the carbon surface’. We consider *O or *OH formation on carbon adjacent to the Fe center on
the FeN4Ciob, FeN4Ci12b, and FeN4Czb structures, assuming that the catalyst surface is in equilibrium
with protons, electrons, and liquid water at T=298.15 K (Figure S19). The *O or *OH on adjacent
carbon is not thermodynamically favored in the potential range of 0-1.2 Vsnxe. Thus, we exclude

the formation of *O and *OH next to the MNx site from our further considerations.

However, the surface carbon oxidation can possibly occur via other such as the dissociation
of H202” or *O0H?3°. The surface carbon oxidation may directly or indirectly affect the dissolution
of the MNx site!®. Tan et al. 3° has suggested that the stable oxygen functional group site next to

the FeNs site can be different, depending on the local carbon structure.

We consider the effect of nearby *O and *OH on the dissolution reaction for some specific
Fe-N-C structures. The carbon surface oxidation potentially affects the stability of the MNx site
and the dissolution reaction. As shown in Table S8, the bond strength between Fe and carbon
host in the FeN4Cio structure and bond strength between one H with the carbon cavity in the
N4Cio structure is strengthened by the nearby *OH functional but weakened by the nearby *O
functional. Breaking the Fe-N bonds require more energy with nearby *OH; however, the H
binding with the cavity is also more energetically favorable in the final product. Overall, at pH =
0 and U = 0.8 VskE, the pristine FeN4Cio with the nearby *OH has the same dissolution (n=1)
reaction product as the pristine FeN4Cio structure but the dissolution reaction is more
thermodynamically favorable than the pristine FeN4Cio structure (Figure S20). The
thermodynamic driving force towards the dissolution of the pristine FeN4C10vo0H is found to be
1.58 eV, 0.37 eV higher than that of the pristine FeN4Ci0. For the FeN4Cio with nearby *O
functional, the Fe-N and H-N bonding become weak. At pH = 0 and U = 0.8 Vshg, the overall
dissolution reaction is more thermodynamically favorable to occur via the n=0 reaction for the
pristine FeN4C10bo, and it is more thermodynamically favorable than the pristine FeN4Cio
structure. The thermodynamic driving force toward the dissolution for the pristine FeN4Ciono is
1.87 eV, 0.66 eV higher than the pristine FeN4Cio structure.

In the cases of the pristine FeN4C:2, the Fe-N and H-N bond strength are weakened by
both the nearby *O and *OH functional groups. The same dissolution (n=2) reaction as the
pristine FeN4C1o structure becomes more energetically favorable with nearby *O and *OH. The
thermodynamic driving force toward the dissolution is 2.01, 1.98 eV for the pristine FeN4Ci2boH
and FeN4Ciabo structure (0.36, 0.33 eV higher than that of the pristine FeN4Ci2).

At the same time, the formation site of these stable oxygen functional groups can depend

on the carbon structure around the active site (Table S7). Therefore, the effect of the carbon
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surface oxidation on the stability of the MNx site can vary for different local carbon structures.
How carbon surface oxidation forms on various carbon structures and its corresponding effect on
the dissolution reaction of the MNx active site would certainly be interesting to study. However,

such an investigation is beyond the scope of the current study.

In addition to the carbon surface oxidation resulting in *O or *OH on the adjacent carbon
atoms to the FeNx site, the carbon surface could possibly contain additional N heteroatoms. The
graphitic N atoms surrounding the FeNx site have been reported to improve ORR activity in both
alkaline and acidic electrolyte. It has been reported that the neighboring graphitic nitrogen
induces a higher filling degree of d-orbit and decreases on-site magnetic, which can optimize the
binding energy of the ORR intermediates®®. The stability diagrams of some structures with one
and two graphitic N atoms are shown in Figure S22. The structures show no distortion due to the
added graphitic N atoms (Figure S23). However, the Fe-N bond strength and the 1st H-N bonding
strength on the cavity are weakened due to the added graphic N (Table S9). Consequently, the
additional graphitic N atoms are likely to destabilize the surface and increase the thermodynamic
driving force toward the dissolution. At pH=0, U =0.8 Vsug, the thermodynamic driving force
toward dissolution increases 0.09 and 0.26 eV on average for the FeN4C:2 structures with one and
two graphitic N atoms, respectively. For the FeN4Cio structure, the thermodynamic driving force
toward the dissolution at pH=0 and U=0.8 Vsue increase from 1.25 eV to 1.56 and 1.83 eV on
average with one and two graphitic N atoms, respectively. Note that only some specific
configurations of the graphitic N on the carbon plane are considered here; different configurations
could affect the measured activity®® and stability. However, the exploration of all such

configurations is beyond the scope of this work.

The anion-selective adsorption on the active site of the M-N-C catalyst can occur, and it
has been previously reported?*>%” that the effect of anions on the Pt and the Fe-N-C catalyst is
different. For Pt, the anion in the electrolyte solution can block the active site, decreasing ORR
activity. While the M-N-C catalyst is a two-dimensional material, both sides of the catalyst can be
exposed to the electrolyte with anions adsorbing on one or both sides of the catalyst. The
adsorption of various anions has been reported to be competitive with formation of *O, *OH on
the MN4Ci2 structure (where M = Fe, Cr, Mn, and Co), and can even promote the ORR activity,

depending on the metal center as previously reported Svane et al.?>.

3.2 ORR catalytic activity

As previously seen from the thermodynamic stability results, the formation of one *OH and
*0 adsorbate from water on the metal site is thermodynamic favorable and stabilizes the metal
site against the dissolution. Due to the two-dimensional structure of the MNy motif, when the
formation of one *OH or *O adsorbate from water occurs on the metal site, it can become a part
of the active metal site where the other side of the metal atom is still available for the ORR

intermediates to react. Thus, in this work, we consider that both metal sides can bond with the
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adsorbate. At a relevant PEMFC condition, we can identify the most stable adsorbate, which is
likely to occupy one of the metal atom sides and become a part of the active metal site, as shown
in Figure 3(f).

In general, we find that one *O or *OH adsorbate is absorbed strongly on the metal site in
the MN4Cs, MN3Cz, and MN3Ca structures compared to other MNyC structures, even in the case of
inactive Ni metal atoms. Thus, one *O or *OH mostly becomes a part of the active metal site in
these structures, regardless of the metal atom.

Having identified the most stable phase of the considered MN,C structures, we investigate
how the ORR activity was affected by the local atomic structure around the metal atom as well
as the presence of *O and *OH adsorbate as a part of the active metal site. The adsorption free
energy of the reaction intermediate *OOH, *O, and *OH and the limiting potential for the
associative ORR pathway is calculated as defined in the Method section. An initial chemical step
of O2 adsorption is not explicitly considered. Liu et al. '’ reported that the activation energy for
the direct O:2 dissociation reaction is always higher for the OOH dissociation reaction on the
FeNs4Cio, FeN4Ci2, and FeN4Cs structure; thus, the OOH dissociation path is kinetically more
feasible than the Oz dissociation pathway.

The MNyC catalyst follows the scaling relation between the adsorption energies of the *OH

and *OOH intermediates, which is known for metal and oxide surface®®.

AG(*OOH) = AG(*OH) + 3.23, MEA = 0.11 eV Equation (21)

A similar scaling relation obtained from the MN4 catalyst has been previously reported by
Svane et al.?>. This scaling relationship implies that the best liming potential is 0.83 Vskg, resulting
in the minimum overpotential of 0.4 Vsue. The limiting potential plotted as a function of AG(*OH)
for each metal atom, and the corresponding ORR overpotential is shown in Figure 4.

We first consider the Fe-N-C system, the bare Fe metal site bond with *OH intermediate quite
strongly, so the reaction is limited by the reduction of *OH (Equation (14)) for the considered
carbon host structures. The trend in ORR overpotential for the bare Fe metal site is found to be
FeN4Ci2 < FeN4Ca < FeNsCio < FeN4Cz < FeNsCio < FeN4Cs < FeN3Cz < FeNsCa. This trend agrees
with a previous theoretical prediction by Yang et al. ®°. At U = 0.8 Vsue and pH = 0, we find that
one side of the Fe atom is likely to be ligated by either *OH or *O adsorbate. The active site with
the *O or *OH ligand is denoted as *OH-Fe and *O-Fe in Figure 4. The ORR intermediate bind
with the Fe metal site weaklier with the presence of *OH ligand, compared to those on the bare
Fe metal site. The ORR intermediate binding becomes even weaker with the presence of the *O
ligand. The *OH ligand is found to improve ORR activity on the FeN4Ci0, FEN4Ci2, FeN4Cs, FeN4Cy,
and FeNsCio structure as reported by previous studies®®-72. Whereas the *O ligand promotes the
ORR activity on the FeNsCz and FeNsCa structures. Considering the ORR activity on the most stable
phase under the PEMFC relevant condition in Figure 3(f), we find the ORR overpotential trend to
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be *OH-FeN4Cs (0.43) < *O-FeNsCz (0.54) ~ *OH-FeNs3Cio (0.56) < *O-FeNsCa (0.56) < *O-
FeN4Cio (0.63) < *O-FeN4Ci2 (0.80) < *O-FeN4Ca (0.81) < *O-FeN4Cz (1.06).

We find that the ORR intermediates bind strongly on the bare metal site for Cr, Mn, and Ru
metal atoms, especially on the MN4Cs, MN3Cz, and MNsCa structures. Thus, the ORR activity of the
bare metal site locates on the left leg of the volcano plot, and the desorption of the *OH step
restricts the reaction (AG4). The *OH and *O ligand are found to decrease the ORR adsorption
strength on the metal site, as previously found in the FeNyC system. We find that the formation
of OH ligand at the metal site enhance the ORR activity for the MN4Ci0, MN4Cz, MN4Ca, and MN3C1o
structure with the Mn and Cr metal atom while the *O ligand positively affects the ORR activity
on the MN4Cs, MN3Cz, and the MN3Ca structure with the Mn and Cr metal atom.

For the RuNyC structures, we find that the formation of one *OH and *O ligand, which is
expected under the working condition, is also beneficial for the ORR activity, especially *O. It
turns out that the *O-Ru site has higher ORR activity than the bare metal site or the *OH-Ru site
for the RuN4Cio, RuN4Cs, RuN4Cz, RuN4Ca, RuN3Cz, and RuNsCa structure.

The ORR intermediate adsorption on the bare Co metal site is weaker than the previous metal
atoms. Still, the ORR intermediate strongly binds on the bare metal site in the MN4Cs, MN3Cz, and
MN3Ca structures. For the Co bare metal site, the ORR activity is still on the left leg of the volcano
plot but locates near the peak of the volcano plot. The strong bonding of the *OH has restricted
the reaction, except for the CoN4Ci2 structure where AG: limits the reaction. The *OH and *O
ligands are found to decrease the ORR adsorption strength on the Co metal site. Unlike previously
considered metal atoms, the effect of *OH and *0O ligands on the Co metal site negatively affects
the ORR activity on the CoN4Ci2, CoN4Cz, and CoN4Ca structure because the activity of the Co
bare metal site is already near the top of the activity volcano. With *OH and *O ligands on these
structures, the *OH adsorption strength is deceased, moving the active sites to the right leg of
the volcano plot. However, under working conditions, the *OH ligand is expected to spontaneously
evolve only on the Co metal site in the CoN3Cio, CoN3Cz, and CoNsCa structure which can
substantially enhance the ORR activity.

In the NiNyC structures, the ORR intermediate bond is too weak with the bare Ni metal site in
most considered host carbon structures, and no *O and *OH ligands are expected on most NiNyC
sites. Thus, the first reaction step restricts the reaction (O - *OOH; AG:), and most NiN,C
structures are less active toward the ORR than other metal atoms, except for the NiN4Cs structure.
The NiN4Cs structure turns out to have high ORR activity with the overpotential of 0.45 Vsue. This
is due to the stronger bonding between the Ni metal and the ORR intermediate on the NiN4Cs

compared to other host structures.
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Figure 4: Limiting potential as a function of AG(*OH) (left) and ORR overpotential of the
corresponding M-N-C systems (right): (a) Cr, (b) Co, (c) Mn, (d) Ni (e) Fe, and (f) Ru. The most

stable phase at pH = 0 and U = 0.8 Vshe are filled color and symbol for the surface: *M=circle,
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*0O-M=square, *OH-M=triangle in the volcano plot. The most stable phases are marks with a

yellow star in the overpotential plot.

For the bare metal site, the binding energy of the ORR intermediate in the same carbon host
structure is likely to follow the ordering (from strong to weak): Cr > Mn > Ru > Fe > Co > Ni.
Among the different carbon host structures, the bare metal atom on the MN4Cs, MN3Cz, MN3Ca
structure is likely to bond with the adsorbate too strongly. We find that in the optimized structure
of the MN4Cs with an adsorbate, the metal atom is likely to lay above the basal plane, forming a
distorted square-pyramidal geometry instead of a square-pyramidal geometry. Also, we find that
the metal atom (with adsorbate) in this distorted square-pyramidal geometry prefers a higher
spin state than in other structures with a square-pyramidal geometry.

Consider the FeN4Ci2, FeNsCi0, and FeNs4Cs structures as an example in Figure S24. The
optimized structures of the FeN4Ci2, FeN4Ci0, and FeN4Cs are in a square planar geometry. The
Fe*2 have a spin configuration with two (or almost two) unpaired d electrons in these structures.
Due to the *OH adsorption, the d electron in the highest level is transferred to the *OH adsorbate.
The *OH-FeN4Ci2 and *OH-FeN4Cio structures are in the square pyramidal geometry where the
Fe*3 has only one unpaired electron in their orbital configuration. For the *OH-FeN4Cs structure,
the *OH adsorption causes the elevation of the Fe metal about 0.80 Angstrom above the N4 plane.
The distortion could lead to a different orbital configuration, as suggested by Jurca et al. 73. The
possible d electron configuration in an orbital configuration associated with the distortion has
three unpaired d electrons, resulting in a higher spin state configuration. The electron
configuration in the *OH-FeN4Cs structure has lower energy than those in the *OH-FeN4C:2 and
*0OH-FeN4Cio structure. Therefore, the *OH adsorption on the FeN4Cs is more energetically
favorable than the FeN4C:2 and FeN4Cio structure. The degree of distortion depends on the choice
of the metal center. The distorted square-pyramidal geometry upon the intermediate adsorption
also causes the high spin configuration on the Mn*3 and Co*3, which also has strong binding
energy with the adsorbate (Figure S25). There is no significant difference in the spin state of Cr*3
in the *OH-CrN4Cg, *OH-CrN4C12, and *OH-CrN4Cio structure since both geometries have the
same three unpaired d-electrons; however, the elevation of the Cr metal atom in the *OH-CrN4Cs
is relatively higher and the *OH adsorption is stronger compared to that of the CrN4Cio and
CrN4Ci2 structure (Figure S26). The distorted square-pyramidal geometry may be the
energetically favored structure. Like the Cr-N-C system, the Ni*3 has the same d electron
configuration for both distorted and undistorted square-pyramidal geometry; thus, there is no
different spin state among considered structures as observed in the previous Fe-N-C system, but
the Ni site in the NiN4Cs structure still bonds with the adsorbate stronger than other structures.
However, the Ni metal atom is unlikely to react with the ORR intermediate, so the evaluation of
the Ni atom out of the N4 plane upon the intermediate adsorption is relatively small compared to

other MN4Cs structures. For the *OH-RuN4Csg, the Ru metal atom with *OH adsorbate is about
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0.97 Angstrom above the Na plane (Figure S27). The Ru*3 in the RuN4Cs structure also has a
higher spin state and stronger *OH bonding than in the *OH-RuN4C:2 and *OH-RuN4Cio structure.

Note that the pristine structure of the bulk-host (MN4Ci0) and edge-hosted MN4 site (MN4Cz
and MN4Ca) is a square planar geometry. The metal center in these pristine structures has a
similar converged magnetic moment on the metal atom (Table S10), implying a similar spin state.
For the Fe-N-C system, the magnetic moment is 1.83, 1.92, and 1.91 for the pristine FeN4Cio,
FeN4Cz, and FeN4Ca structures, respectively. The change in the d band center due the change in
structure from the bulk-hosted MN4 site to the edge-hosted MN4 sites varies with the metal center
element (Table S10). In the Fe-N-C system, the d-band center shifts up from -1.13 eV to -0.91
and -0.94 eV when the structure changes from the FeN4Cio to the FeN4Cz and FeN4Ca structure,
respectively. While the *OH adsorption free energy is 0.40, 0.28 and 0.46 eV for the FeN4Cio,
FeN4sCz and FeN4Ca structure respectively. In these cases, the adsorption of *OH is more
energetically favorable on the zigzag edge host (FeN4Cz) structure than the others (FeN4Cio,
FeN4Ca). After one *OH adsorption, the bulk-hosted MNx site and edge-hosted MNx sites adopt a
square-pyramidal geometry. In the case of the Fe-N-C system, the elevation of the metal center
upon the *OH adsorption is 0.28, 0.45, and 0.26 A for the *OH-FeN4Cio, *OH-FeN4Cz and *OH-
FeN4Ca structures, respectively (Figure S28) This elevation is significantly smaller than the
elevation in the *OH-FeN4Cs structure, which is 0.80 A. The magnetic moment on the metal atom
is 1.17, 1.70, and 1.00 for the *OH-FeN4Cio, *OH-FeN4Cz, and *OH-FeN4Ca structures,
respectively, resulting in a low spin configuration. The ORR activity can be found in Table S14 for
the Fe-N-C system. The pristine FeN4Ca structure, which the FeNs site located at the armchair
edge, is slightly more active toward the ORR than the bulk-host FeN4 site (overpotential is 0.08
V lower than the FeN4Cio site). However, the ORR activity also depends on the *OH and *O
ligands which can form in closed potential. With the *OH, the FeN4 site at the armchair edge still
has better ORR activity than the bulk-hosted one (overpotential is 0.08 V lower than the *OH-
FeN4C1o0 site)—however, the ORR activity order change with the *O ligand. The formation energies
of the bulk-hosted and edged-host MN4 sites are calculated and presented in Table S10. Our
results suggest that forming the MN4 site at the edge, either on a zigzag or armchair edge, is
energetically favorable compared to forming it on the graphene bulk structure for all considered

metal elements.

The MN3Cz and MNsCa structures are also likely to bond with the adsorbate strongly, regardless
of the metal atom. This is possible because the metal atom has a possible oxidation state of +1
in these two structures. Thus, the metal atom prefers to form at least one more bond with the
adsorbate, changing the oxidation from +1 to +2 or +3, which is generally favorable for transition
metal atoms. To consider the NiN3Ca and NiNsCz structures as examples, see Table S11, we find
that the pristine structures are converted into +1 spin states (one unpaired electron). The *O and
*OH bond strongly with the bare Ni metal site in the NiN4Ca and NiN4Cz, and the spin states

become +0, which is the same as other NiN4Cy structures without adsorbates. The bonding with
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another ORR intermediate as a second adsorbate on the NiN3Ca and NiN3Cz structure becomes
too weak, and it is comparable to that on the bare Ni atom on other NiN4Cy structures. In other
words, the metal atom in the MN3Ca and MNsCz structure is unsaturated and prefers to form a
bond with the adsorbate. The preference of *O and *OH on these unsaturated structures is
advantageous for Fe and Co catalysts. We find that *O strongly adsorbs on the FeN3Cz and FeN3Ca
structures and becomes a part of the active site where the theoretical overpotential can be as low
as 0.54 and 0.56 Vsug, respectively. Similarly, the *OH-CoN3Cz and *OH-CoN3Ca active sites can

reach as low theoretical overpotential as 0.54 and 0.37 Vske.

3.3 Stability vs. activity

Combining the acid stability and activity descriptors, we plot the relative stability of the most
stable phase at U = 0.8 Vsug, pH = 0 against the ORR activity in Figure 5. We consider the
structure with the relative stability lower than 1 eV and the overpotential less than 1 Vsue. The
stable and active sites shown in Figure 5 are from the Fe, Co, Ni, and Ru metal atom mainly on
the graphene plane (both MN4C10 and MN3Cio structure) and at the edge of the graphene (Table
1). The MNyC structure with Cr ad Mn metal atoms is predicted to be unstable under the
considered condition as the thermodynamic driving force toward the dissolution is greater than 1
eV. Also, most MNyC structures hosted by the micropore and the unsaturated MNy structures that
exhibit higher catalytic activity than the active site on the graphene plane for some metal atoms
are not in Figure 5 due to the same reason.

Besides the well-known Fe-N-C catalyst, the Ru-N-C’475, Co-N-C?%23.7677 and Mn-N-C787°
catalysts have already been synthesized and tested as an ORR catalyst in acid conditions.
However, when we compare theoretical and experimental results, we need to keep in mind that
the variation in catalyst preparation and different metal precursor®® can possibly lead to a different
configuration of MNy site for different metal atoms.

Xiao et al. has reported that the RuN4 single-atom catalyst exhibits oxygen reduction reaction
turnover frequency in 0.1 M HCIO4 exceeding the FeNs single atom in the same solution while the
activity loss is less than that of the FeNs single atom’#. Furthermore, the *OH-RuN4 site has be
suggested as an active site for the ORR activity in acid conditions’4. The experimental study by
Cao et al.?* and Zhang et al.”>. suggests that under working potential in acid solution, the active
and stable site for the RuN4 single-atom catalyst is the Ru metal site bond with an oxygen atom,
in agreement with our finding. Furthermore, Zitolo et al.?®> has suggested that the Fe-based
moieties experience structural change and electronic-state change, implying that the *O and *OH
ligand originating from H20 can exist under operating while it does not occur for the Co-based
moieties. This partially agrees with this study. Most of the Fe-N-C sites have either one *O or
*0OH on one side of the Fe metal, while only some of the Co-N-C sites have the *O or *OH ligand

at the ORR relevant condition.
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We find that the stable CoNyC structures in Table 1 and Figure 5 are more active than the
stable FeNyC structures. Previous experimental studies have reported that the Co-N-C catalyst
exhibits high stability in acid condition??”7, However, Martinez et al. have found the ORR activity
order in 0.5 H2S04 to be Fe > Co > Mn’8. To match the experimental results and DFT calculation,
Martinez et al. have also suggested that the *OH ligand must be adsorbed on one side of the
metal atom in the MN4Ca. While not included in this study, it is well known that impurities or
anions from the electrolyte can be adsorbed on an MN4+ motif site and can either enhance or
deteriorate the catalytic activity®”81, The computational study by Svane et al. has found that the
ligand under H2S04 solution for the FeN4Ci2 and MnN4Ci2 structure is HSO4 and H20 for CoN4Ci2
structure, giving good ORR catalytic activity (Fe > Co > Mn)?° in agreement with the experimental
trend in the same solution reported by Martinez et al. 78. The interaction of the single metal site
on different local carbon structures with the relevant species in the electrolyte should be further
considered to create a model that can accurately describe both the catalytic activity and stability
under experimental conditions?>¢7. Another possible explanation for this could be that the Co-N-
C catalyst is highly selective for the two-electron pathway, potentially lowering catalytic activity
for the four-electron pathway. Martinez et al. has reported that the Fe-N-C catalyst has a half-
wave potential of 0.80 Vr1e and a selectively for four-electron pathway more than 95% while the
Co-N-C catalyst has a lower half-wave potential of 0.77 Vr1e and lower selectively for four-electron
path (90%)78. Similarly, Gao et al. has reported that the Co-N-C and Fe-N-C catalyst both show
high onset potential at around 0.7 Vrug, but the Co-N-C catalyst is more selective for the two-
electron pathway than the Fe-N-C catalyst®?, also agreeing with Zitolo et al.?3.

Some of the promising stable and active structures in acid condition are the FeN3Ci0, CoN3Cio,
and NiN3Cio structure, suggesting that the catalytic activity of the MNx on the graphene plane can
be tuned by the nearest neighbor interaction so careful manipulation of the heteroatoms around
the active site can possibly further improve the catalytic activity of the MNyCio structure while
maintaining acid stability. Additionally, for the design strategies to achieve both active site and
stable M-N-C catalyst, the synthesized aim should be increasing the site density of MNx bulk-
hosted structures (MN4Ci0 or MN3C10) or the MN4 on the edge-hosted graphene structure. Also,
avoiding the formation of unsaturated MNs3Cz or MNsCa structure as well as the MN4Cs site, which
bridged between two armchair edges will increase the stability of the M-N-C catalyst under acid
conditions. Further stability improvement for the active M-N-C structures hosted by the
micropores (MN4Ci2, MN4Cs) or the unsaturated structure (MN3Cz, MN3Ca) might be achieved by
forming these active structures over another graphitic layer. The metal choice also significantly
affects both stability and activity and should be considered when designing the catalyst.
Integrating Fe, Co, and Ru metal elements into graphitic carbon supports like the MNxCio structure

would be a promising catalyst for the ORR in acid conditions.
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Figure 5: Relative stability of the most stable phase at U = 0.8 Vsie and pH = 0 vs. theoretical
ORR overpotential with nonadsorbing electrolyte ions. The catalysts close to the bottom left corner

are expected to be active toward ORR and stable in acid conditions.

Table 1: Promising structures with the ORR overpotential less than 1 Vsue and relative stability
at U = 0.8 Vsue and pH = 0 less than 1.0 eV.

System Active site AGr / eV overpotential / VsHe
RuN4Cio *0O-Ru 0.88 0.59
RuN4Ci2 *OH-Ru 0.69 0.49
RuN4Cz *0O-Ru 0.12 0.62
RUN4Ca *0O-Ru 0.14 0.64
RuNs3Cio *0-Ru 0.47 0.86
FeN4Cio *O-Fe 0.66 0.63
FeN4Ca *O-Fe 0.42 0.81
FeNsCio *OH-Fe 0.90 0.54
CoN4Cio *OH-Co 0.65 0.44
CoN4Cz *Co 0.62 0.37
CoN4Ca *Co 0.42 0.35
CoN3Cio *OH-Co 0.89 0.54
NiN4Cio *Ni 0.38 0.93
NiN3Cio *Ni 0.45 0.51
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3. Conclusion

To summarize, we have systematically investigated stabilities and ORR catalytic activity of the
MNx site on different local atomic structures in acid conditions using DFT calculations, which reveal
that the local atomic structure plays a crucial role in both stability and ORR catalytic activity. The
stability is here considered from the tendency of a single metal atom to dissolve into the
electrolyte. The calculation reveals that all considered MNx structures are thermodynamically
unstable in acid ORR conditions. The thermodynamic driving forces toward the dissolution suggest
that the single metal site on the graphene plane and at the edge of the graphene (MNyC1io0, MNyCa,
and MNyCz) are more stable against the dissolution than the single metal sites host by the
microporous (i.e., MN4Ci2, MN4Cs) or in the unsaturated single metal site at the edge (MNsCz and
MN3sCa). The stability also depends on the choice of metal site. The MNx sites with Fe, Co, Ni, and
Ru metal atoms are more stable under the acid conditions than those with Mn and Cr metal atoms.
Under reaction conditions, we predict the most stable phase of the active site in which *O or *OH
ligands occur and become a part of the active site. The ORR activity also depends on the choice
of metal and the local atomic structure around the metal site. The MN4Cs, MN3Cz, and MN3Ca
structures are likely to bond with the intermediate too strongly, generally having one *O or *OH
ligand on the metal site. For different metal atoms, the Cr, Mn, Ru, and Fe metal bond with the
ORR intermediate quite strongly, and the ORR occurs with *O or *OH ligands. The bonding
strength becomes weak for the Ni metal atom compared to other considered metal atoms, and
most considered structures with Ni are not active toward ORR. Combining both stability and
activity descriptors, we identify that single Fe, Co, and Ru metal atoms mostly on the MN4Cio,
MN4Cz, MN4Ca, and MN3Cio structure are the promising acid-stable active ORR catalyst. Therefore,
rational modification of carbon matrix hosting MNy moieties and appropriate selection of a metal
atom could be carefully used to optimize the activity and stability toward the reaction. This
computational study provides useful guidance to rational design and controlled synthesis of M-N-
C electrocatalyst to achieve both active and stable catalyst under working conditions not only for
the ORR but also the OER due to their similar operating conditions and reaction intermediates.
Our study highlights the improved stability of MN4Cio, MN4Cz, and MN4Ca sites against the
demetallation and metal clustering compared to, e.g., MN4Cs and MN4Ci2 sites. The approach can
be further applied to the N28* and CO: reduction reactions®8>, and refined by including relevant
reaction intermediates such as *H, *CO, and *NHs at the more reducing reaction conditions.
Figure S30 is an example of extending stability diagrams and relative stability plots at different
pH, showing that the approach is flexible and can be applied for varied electrochemical
environments. Furthermore, these computational approaches are of interest to the further
understanding of acid stability of other geometries of M-N-C materials, such as the dual metal

site embedded on the graphene®!.63:86 or a diporphyrin complex8487,
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