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SI: Comparative Analysis: Experimental oxidation poten-
tial vs. DFT calculated free energies for Co-Corrole com-
plex

We have benchmarked the accuracy of the revised Perdew-Burke-Ernzerhof (RPBE)! exchange-
correlation functional, DFT calculations with Hubbard corrections (DFT+U),? and Heyd-
Scuseria-Ernzerhof (HSE06)? hybrid functional against the experimental oxidation potential
for water oxidation on Co@cor complex.? The HSE06 hybrid functional was employed, com-
bining 25% short-range Hartree-Fock exchange with PBE exchange and correlation, using a

range-separation parameter of 0.2 A~!. Figure S1 illustrates a theoretical benchmarking of
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the observed potential for Co-corrole for the following reaction:

Corrole—Co™—~OH — Corrole—Co™—~0 + H* + e~ (1)
Experimental value 2.20
Il DFT values
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Figure S 1: Comparison of experimental and DFT-calculated redox potentials for Co—corrole
oxidation.

The experimentally observed potential for this redox reaction is 1.40 V.* Using the RPBE,
we obtain an oxidation potential of 1.42 V, which agrees well with the experimental re-
sult. However, incorporating Hubbard corrections (GGA+U (3) where U=3, and GGA+U (4)
where U=4 and the HSE(06 hybrid functional, the calculated potential progressively increases.
Based on this trend, we have used the RPBE functional to perform high-throughput screen-
ing of non-heme single-atom catalysts (SACs) for ORR.

We have performed additional benchmark studies to assess the applicability of the GGA
and GGA+U approaches, as the Hubbard U parameter is known to influence adsorption

energetics on 3d transition-metal SACs strongly. A representative set of 21 SACs containing
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Figure S 2: Scaling relations (black line) between adsorption energies of HO* vs. HOO* and
HO* vs. O* intermediates (in eV) with (a) GGA and (b) GGA+U functional on the SACs
without graphene support. Comparisons are made with scaling lines obtained previously for
metal (111) surfaces (red line) and metal oxide surfaces (blue line).® The details of the linear
fits are provided with R? values. (c) Microkinetic modeling of the 4e~ pathway for SACs on
graphene support using GGA and GGA-+U functional. The legend indicates the color codes
and markers corresponding to different SACs.

Cr, Mn, Fe, Co, Ni, Cu, and Zn in porphyrin, corrole, and salen coordination environments is
selected. The U values in Table S1 are adopted from Ref. (6). To isolate intrinsic functional
effects, scaling relations are established without the graphene support.

Table S 1: The values of U (in eV) for selected 3d transition-metal elements.%

3d Cr Mn Fe Co Ni Cu 7Zn
U(eV) 2.79 3.06 329 3.42 3.40 3.87 4.12

Figure S2a and S2b show the HO* vs. HOO* and HO* vs. O* scaling relations obtained
using GGA and GGA+U functionals. For HO* vs. HOO¥*, the intercepts are 2.93 eV
(GGA) and 2.79 eV (GGA+U), while for HO* vs. O*, the intercepts are 0.70 and 0.52
eV, respectively, indicating good agreement between the two methods. In both cases, linear

scaling relations are preserved across different metals and coordination environments.
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Although GGA+U maintains comparable intercepts, it introduces greater scatter around
the scaling lines, particularly in the AGyo+ descriptor that governs ORR activity in this

work. In contrast, RPBE yields tighter correlations and more systematic trends, enabling

more reliable descriptor-based analysis and consistent activity ranking.
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Figure S 3: Scaling relations between adsorption energies of HO* vs. HOO* and HO* vs.

O* on SACs (a) without graphene and (b) with graphene as support using RPBE functional.
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SII: Formation free energy calculations of the SACs

The formation energies are calculated to understand the stability of the metal complexes
on the heme and non-heme frameworks adsorbed on the graphene support. The formation
energy (A FEgom) is composed of two different energy terms, AE; and AFE,. AE; corresponds
to the formation of the SACs (M@mac) from the stable references for the macrocyclic frame-
work (mac) and the metal atoms (M), as shown in Equation (3). AFE5 denotes the adsorption

energy of the SACs on the graphene support (Equation 4).

A-Evform = A-Evl + AEQ (2)
A-E’l = EM@mac - Emac - EM + nEH2 (3)
AEQ = EM@mac-graphene - EM@mac - Egraphene (4)

In these equations, Fyiamac-graphene denotes the DFT-calculated energy of the adsorbed com-
plexes on the graphene surface, Evjamac and Egraphene denotes the DF'T energies of the macro-
cyclic complexes without the graphene surface and the pristine graphene surface, respectively.
Ej corresponds to metal atom references (here we have considered the bulk metal), and Ey,
is the DFT-calculated gaseous H, molecular energy. Since the macrocyclic framework is
satisfied with attached H atoms, after complexation with the metal dopants, the attached H

is assumed to be removed as molecular H, to satisfy the reaction stoichiometry.”®

SIII: Reaction free energy calculations

The reaction energetics are obtained by calculating the thermodynamic free energies of the
different intermediates using the computational hydrogen electrode (CHE) method. 1% Elec-
tronic binding energies (F,qs) for the adsorbed intermediates are determined relative to the

total energies of gaseous H,, H,O, and adsorbed H,0O molecules. ' 3 The proposed mech-
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anism for the 4e~ pathway includes Oy adsorption in the initial step at the catalytic site,
followed by the PCET steps resulting in HOO*, O*, and HO* intermediates (Equations (5)
to (11)). The 2e~ pathway resulting in the formation HyO,, follows Equations (5) to (7) and

Equations (12) and (13).

Oa(g) — Oo(dl) (5)

O,(dl) +~ — 05 (6)

O, + H" + e — HOO (7)
HOO  + H" + ¢ — 0" + H,0(l) (8)
O"+H"+e¢ — HO (9)

HO +H" +e — H,O (10)
H,0© — H,0(l) + (11)
HOO" + H' + e —= H,0, (12)
H,05 — H,0,(aq) + (13)

The adsorption energies of each of the reaction intermediates are calculated employing the

following equations:

Eo, = Eslab-O; — FEgap — 2EH20* +2Ey, (14)
Eyoo” = Egapnoo® = Estab — EH20* — Bu,o + %EHQ (15)
Eyo* = Egabno™ — Lstab — EHQO* + %EH2 (16)

Eor = Egap0" — Bslab — EHQO* + P, (17)

In these formulations, Fg.p a4+ denotes the energy of the surface with the adsorbate attached,

and Eg,, signifies the energy of the pristine slab surface. Ey, o+ and Ey,o represent the energy
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of the H,O molecule adsorbed on the catalyst surface and in the gas phase, respectively. Ey,
is the energy of a gaseous Hy molecule. The binding free energies AG, 45+ for all adsorbates
on the catalysts are computed by the addition of zero-point energy (AZPE) and entropy

(TAS) corrections, as expressed by Equation (18) at room temperature.®

AGags = Engs + AZPE — TAS (18)

Previous studies have shown that the dissociative reduction pathway of O, is unlikely
on many catalyst surfaces because of the high energy barrier associated with O-O bond
cleavage.?! Accordingly, in this study, we consider the associative pathway (Equation 7) to

be the most feasible mechanism for O, reduction on the SACs.

SIV: Microkinetic modeling of the ORR

The microkinetic simulations are performed using the CatMAP package.®!” Steady-state
surface coverages of adsorbed species are obtained using the steady-state approximation.

The rates of elementary reactions are computed using the expression:

Rate = kf H ereactants - kr H eproducts (19)

Here, 6 denotes the surface coverage of each intermediate. The forward and reverse rate

constants (ks and k,) are calculated via transition state theory:

1
k=A-exp <_k:G_T) (20)
B

Here, A is the pre-exponential factor (s7!), G* is the activation free energy, kp is the Boltz-
mann constant, and 7" is the temperature (298.15 K).

Elementary steps considered in this framework include oxygen diffusion from the gas
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phase to the electrochemical double layer, surface adsorption, and a series of proton-coupled
electron transfer (PCET) steps. The diffusion of O, from the bulk aqueous phase to the
double layer is modeled as a chemical step with a fixed rate constant of 8 x 10° s~1, consistent
with a rotating disk electrode at 1600 rpm.'®> The adsorption of Oy and the desorption of
H,0, are assigned prefactors of 1 x 10® s7! to account for solvent reorganization at the
interface.'® The PCET steps are modeled using the computational hydrogen electrode (CHE)
approach, wherein the chemical potential of a proton—electron pair is referenced to half the
energy of a Hy, molecule in the gas phase.

The adsorption of reaction intermediates can induce pronounced local structural, elec-
tronic, and dynamic effects that may, in principle, lead to deviations from constant PCET
activation barriers. To account for this, we do not apply a constant barrier to all elemen-
tary steps. In particular, the O—O bond cleavage step (*HOO + H* + e~ — *O + H,0),
which involves substantial bond rearrangement, is treated explicitly using a descriptor-based
activation barrier derived from a linear scaling relation between the transition-state free en-
ergy and the free-energy difference of the *O and *HOO intermediates. This step has been
identified as the kinetically most critical step in a recent study by Zhang et al. on porphyrin-
based single-atom catalysts and is therefore expected to govern the overall ORR rate trend. 8
Specifically, a linear scaling relation was established to predict the transition-state energy
for O-O bond cleavage on SACs based on the free-energy difference between *O and *HOO

intermediates, yielding the activation barrier G, as expressed below.!®

E, =0.86 (Go* — GHOO*) + 1.86 (21)

The reliability of the microkinetic model employing a descriptor-dependent activation
barrier for the O—O The bond cleavage step and constant intrinsic barriers for the remain-
ing PCET steps have been previously assessed by Zhang et al. through a comparison of
experimentally measured and theoretically predicted onset potentials. The resulting linear

correlation and quantitative agreement indicate that, despite the inherent approximations
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in the treatment of activation barriers and solvent effects, the microkinetic framework is
capable of reliably capturing relative ORR activity trends on porphyrin-based single-atom
catalysts. '

We have used a similar relation to determine the O-O bond breaking transition barrier in
this study for the HOO* intermediate. All other PCET steps not involving bond breaking
are assigned a constant intrinsic barrier of 0.26 eV, assuming a symmetric transition state
with a charge transfer coefficient of 0.5.1> A prefactor of 1 x 10° s7! is used for all PCET
steps to account for solvent reorganization and interfacial charge dynamics.!® Free energies
of all species are referenced from the scaling relations shown in Figure 2 and are corrected
for the RHE potential. The energy of Os in both gaseous and double-layer phases is set to
5.19 eV at 0 Vgyg.'%! The mole fraction of O, is fixed at 2.34 x 107°, corresponding to
1 atm Oy in equilibrium with water.

Assuming the steady state approximation, we have
0, + 902* + 0xoo+ + 0o« + Ogo+ + (9H2o* =1 (22)
The rates of elementary reactions are computed using the expression:

Rate = kf H ereactants - kr H eproducts (23>

Here, 6 denotes the surface coverage of each intermediate. The forward and reverse rate

constants (k; and k,) are calculated via transition state theory:

1
k=A-exp (_kG_T> (24)
B

Here, A is the pre-exponential factor (s71), G* is the activation free energy, kp is the Boltz-
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mann constant, and 7" is the temperature (298.15 K).

r1 = kp10.po, — kr1bo, (25)
T2 = k200, — kr2bHoO" (26)
r3 = kg3Ouoor — kr3bo*pu,0 (27)
r4 = k400« — kp4Ono (28)

rs = krs0no* — krs0m,0* (29)
re = kfs0u,0* — kre0ipm,o (30)

For the fast reaction steps, the rate (r;, i corresponding to 1, 2, 4, 5, and 6) will be

denoted as below, while having the steady state approximation.
ri=0;17=0;r,=0;7r5=0;7r6=0 (31)

The rate of Oy reduction will be given by the O-O bond cleavage step as below:

d[HOO"]

rate =
dt

= k’fggHoo* (32)
The coverage of Ogpoo+ can be obtained using 25, 26, and 31 as:
oo+ = K1 Kapo, (33)

Here, K; and K, correspond to the equilibrium constant of the first and the second
reaction step, as denoted by ];—fi, and %, respectively. po, corresponds to the partial pressure
of O,. This shows that the partial pressure of gaseous O, predominantly determines the rate

of the reaction.
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Figure S 4: Scaling relations (black line) between adsorption energies of HO* vs. HOO* and
HO* vs. O* intermediates (in €V) with (a) implicit solvent and (b) explicit solvent models
on the SACs with graphene support. Comparisons are made with scaling lines obtained
previously for metal (111) surfaces (red line) and metal oxide surfaces (blue line).?

To elucidate the effect of the solvent, we compare the scaling relations obtained with
implicit and explicit solvent interactions. In a previous study with SACs, the influence
of explicit water molecules on the adsorption energies of O*, HOO*, HO*, and O has
been investigated by varying the number of surrounding water molecules and averaging over
different solvation configurations.'® Across these solvation environments, explicit solvent-
induced corrections of approximately 0.05, 0.35, and 0.40 eV are identified for O, HO*, and
HOO*, respectively. Using these corrections, we have plotted the scaling relations between

the ORR intermediates as shown in Figures S4a and S4b. Notably, the inclusion of explicit

S11



solvent effects leads to only minor variations in the intercept values of the scaling relations.

SV: Stability Pourbaix diagram

One of the defining features of an effective ORR catalyst is its resistance to degradation un-
der aqueous electrochemical conditions.® As a subsequent screening step, the electrochemical
stability of the catalysts is evaluated across a range of pH values and applied potentials.2023
As part of the demetallation mechanism, SACs undergo protonation and potential hydro-
genation of the surrounding nitrogen ligands, which can ultimately lead to the demetallation

of the embedded metal ion into the aqueous medium. The demetallation reaction is described

by the following equation:

C.N,MO,H;, + (2a — b + m)H™ — CN,H,, + M%" + aH,O + (q +2a + b — m)e
(34)
To evaluate the impact of the electrochemical environment, we compute the dissolution free
energies, AGpnx(F, pH) which represent the thermodynamic stability of the catalysts with
respect to their dissolution into the most stable ionic, molecular, elemental, or solid forms at
a given electrode potential and pH. These dissolution free energies of the M@SACs are then
calculated for constructing the pH vs. potential Pourbaix diagrams. From the Materials
Project database,?* ionic reference energies for the required aqueous cations are collected
at the corresponding pH and potential. Gibbs energies for the demallation are calculated
using the Nernst equation as a function of pH (1-14) and applied potential (0-1.0 Vgug).
Thermodynamic corrections are applied for the intermediates O* and HO*.® Among the
bare slab, HO*-covered slab, and O*-covered slab, the lowest-energy dissolution pathway is
chosen for each pH and potential grid point.
To construct the Pourbaix stability of the materials, the demetallation free energy values
are computed using Equation (35) at different applied voltages and free energy values. Based

on methods reported by Persson et al.,?® and Singh et al.,?' the Pourbaix Gibbs free energy
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(AGp.(C,pH, E)) for solvated metal ions at an applied potential and solvent pH is calculated

as follows:

AGp(C, pH, E) = AG® +0.0591og C — njir,0 4 0.059 (ng — 2n0) pH + (—nu + 2no + q) E

(35)
In this case, C stands for the concentration of the ionic species. nyg and ng represent the
number of hydrogen and oxygen atoms, respectively. The formation energy of water, um,0,
is set to the experimental value of —2.46 eV. ¢ represents the charge of the metal ions formed
after demetallation from the SAC. To calculate the reference standard free energies (AG?), we
have used the DFT calculated free energy of the SACs with the different adsorbed oxygenated
intermediates, the SAC without the adsorbate, and the SACs after demetallation. The free
energy values of the solvated ionic species formed after dematallation of the ions are obtained

26-28

from the different Pourbaix data repositories. 107% M is the estimated concentration of

the aqueous species.

SVI: Electric field and pH-dependent modeling

In recent studies, modulating the electric field has provided an accurate strategy for quan-
tifying the effect of solvent pH on the electrocatalytic activity of SACs for ORR.?*° This
approach enables coupling the pH modulation effect to the microkinetic modeling pathways.
To replicate pH dependence on the reaction energetics, electric fields are applied by a saw-
tooth potential profile using the Quantum Espresso package.3' The RPBE functional is used
with an energy cutoff of 40 Ry and a density cutoff of 400 Ry. We have used a similar
calculation method as reported in the references?*3° to incorporate the effect of the electric
field in the adsorption energies. In the previous studies, defining the electric field by vary-
ing the strengths has accurately captured the effect of the solvent pH on the intermediate
adsorption energies and shows a good correlation to the experimental activity trends. The

calculations are performed, with the electronic self-consistency cycle converged to within
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1 x 107® Ry for each step with the force convergence threshold set to 0.05 ¢V A=, After
the adsorbate geometries are completely optimized for each field strength, the conformation
with the lowest energy is utilized for further energy analysis. Both SHE and RHE potentials
are taken into account when correcting the calculated adsorption energies. The calculations
are performed, with the electronic self-consistency cycle converged to within 1 x 1076 Ry
for each step with the force convergence threshold set to 0.05 ¢V A1, After the adsorbate
geometries are completely optimized for each field strength, the conformation with the lowest
energy is utilized for further energy analysis. Both SHE and RHE potentials are taken into
account when correcting the calculated adsorption energies.

A parallel-plate capacitor model is applied to calculate the electric field corresponding to

a specific potential vs. SHE:

7 9 _ CulUsue — Upzc) (36)

E€n EEp

Here, gy represents the vacuum permittivity (8.85 x 1072 F m™1), ¢ stands for the relative
dielectric constant of water close to the interface, which is equal to 2,3? and Cpy is the
Helmholtz capacitance (presumed to be constant at 25 uF cm™2 for all surfaces).'® The
potential vs. SHE is represented by Usyg, and the potential at the point of zero charge is
represented by Upzc. Following Trasatti et al., Upyc is calculated from work function (¢) in

ion-free water using the following equation:33

¢ = eUpzc + PsuE (37)

¢sur denotes the absolute potential of SHE. Although reported values of ¢psyg vary between
4.3 and 4.8 eV depending on experimental conditions, in this work we adopted the IUPAC
recommended value of 4.44 eV. We have set the bulk dielectric constant of the solvent to 78.3,
corresponding to water at 300 K, to determine the PZCs. The dielectric cavity is defined

with a filling threshold of 0.7. To evaluate the reaction of adsorbates to external electric
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fields, a second-order polynomial is fitted to the predicted binding energies of adsorbates
over the whole range of applied fields. From these fits, the intrinsic dipole moment (1) and

polarizability («) for every material are determined using:
AGoas = AGYEC 4 uE — 1o E? (38)

where AGYZC is the adsorption energy at the PZC, i.e., without an applied field. To de-
termine values of 1 and o, we have applied an electric field varying between —0.4 and 0.4
V A~ All corrections to the free energy of adsorption at Ugup are reflected in the final

expression, as follows:

ads

AGags = AGYEC _ i — %EQ — neUgus (39)

This equation accounts for changes in adsorption energy resulting from both the field and
potential. The local electric field experienced at the interface varies substantially with pH,
even with constant RHE potential, given that the disparity between Urpg and Uspyg is
directly correlated with pH (Urpg = Usug + 0.059pH).

We have used the computed electric field to determine the field-dependent binding ener-
gies for each adsorbate as shown in Equation (38). Although this method uses predefined
experimental values for Helmholtz capacitance (Cy) and PZC (Upyc), it efficiently corrects
the binding energies considering the electrostatic terms. In recent studies, this approach
has been found to effectively define the pH effects on the binding energies of the reaction

intermediates and align well with the experiments. %3

Gads<URHE> - Gads(U - 0) - neURHE (4())

n is the number of electrons and e is the charge.

PzZC
ads

To quantify the shift of adsorption free energies, G.qs — G caused by an external
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Figure S 5: Effect of the applied electric field on the adsorption energies of ORR intermediates
on Fe@sal.

—

interfacial field (F) (Figure S5), we have fitted the field response to a dipole-polarizability
form. The first order (u) term represents the interaction between the field and the net
interfacial dipole of the adsorbate. In contrast, the second-order (a) term represents the
redistribution of charges caused by the field. HOO* has the highest curvature (o = 2.07)
and the smallest linear component (@ = 0.26) of the four intermediates. This is consistent
with the convex trend in G,qs—GE2¢ and indicates that the thermodynamic binding of HOO*
is highly sensitive to the field magnitude, stabilizing at small positive fields but decreasing
again as the field grows. O} has a small polarizability (« = 0.22) and the largest dipolar
response (1 = 0.62). Gaqs — GL2C increases almost linearly with the field, suggesting that
the direction of the field largely governs the thermodynamics of molecule O, binding. The
field sensitivity of HO* is the weakest overall (1 = 0.19, a = 0.18). Over the range under
study, Gags — GE2€ fluctuates gradually and almost linearly, suggesting a stronger binding

ads

motif with little reorganization under the field. Both p and o show moderate values for O*
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(n=0.33, @« = 1.31). At low positive fields, O* becomes significantly more stable before the

trend flattens, indicating clear curvature in the free-energy curve.

SVII: Scaling Relations among ORR Intermediates
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Figure S 6: Scaling relations between adsorption energies of (a) HO* vs. HOO* and (b)
HO* vs. O* including all SACs considered in this study. Os and Ru exhibit considerable
deviations in the HOO* vs. HO* relation due to their stronger binding affinity for the HO*
intermediate.
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