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The Oxygen Evolution Reaction (OER) process involves the dissociation and
adsorption of various oxygen-containing intermediates, constituting a complex multi-
step reaction pathway. Typically, the reaction comprises four fundamental steps under

alkaline conditions,! which are described as:
x+O0H > "0H+e"

(S1)

"OH+OH -»"0+H,0+e" (S2)
*O+0H —>"00H +e~ ($3)
"OOH + OH™ - x4+ 0,(9) + H,0 + e~ (S4)

Where * denotes the surface-active site, (1) and (g) represent liquid and gas phases,

respectively. OH, 0, and 00H represent adsorbed intermediates.? The Gibbs free

energy change AG; (i=1, 2, 3, 4) for the OER step can be defined as:?
AG; = AE + AZPE - TAS (S5)

The term AE represents the reaction energy difference between reactants and
products. AZPE stands for zero-point energy, AS is the entropy difference between
adsorbed and independent states, and T is the reaction temperature (T= 298.15 K). By
calculating the vibrational frequencies of adsorbates on the catalyst, the contribution of
ZPE in the free energy expression was determined.*

By evaluating the catalytic performance through the potential steps of the OER,
the overpotential ( 770151’?) was proposed under ideal conditions of U = 0 and the Standard
Hydrogen Electrode (SHE),> defined as:

Nogr = Max (AG)/e - 1.23V (S6)

In the equation, Nokr represents the overpotential for the oxygen evolution reaction
(OER). Generally, a lower "NoER indicates higher catalytic activity.

To compare the relative stability of the Fe-doped bilayer NiIOOH structures, the

formation energies (Ef ) for Fe substituting Ni is defined as:
Er = Eqope = (Ep = byi + Hpe) (S7)
Where E p and E dope represent the total energies of the pristine and doped bilayer
NiOOH, respectively. HNi and HFe are the chemical potential of Ni and Fe atoms.
The formation of O vacancies and OH vacancies can be calculated respectively by

the following equations:

Ex(Vy) = Enireoon - vy~ ENireoon T Mo

(S8)
E (V =FE,. —-E.. + +
f( OH) NiFeOOH -V, ~ B NiFeOOH Ho T Hy (89)
Ey; _ Ey; _
Where VFeOOH-Vo gnq ~NIFeOOH-Voy represent the total energy of the



NiFeOOH without O vacancies and OH vacancies, respectively, Enireoon represent the

energy of the NiFeOOH, Ho and MH are the chemical potential of O and OH atom
respectively.

The valence electron configurations that have been explicitly taken into account
are: Ni with 3d%4s?, Fe with 3d74s!, O with 2s?2p*, and H with 1s!.

In the calculations of vacancy formation energies and dopant formation energies,
the chemical potential of O was taken as the average formation enthalpy of O, under
the same lattice framework. Under anion-rich conditions, the chemical potentials of Ni,
Fe and H were referenced to their corresponding oxide phases, NiO, Fe,O; and H,O0,
respectively. In particular, Hni, Bre and HH were determined from the total energies of
NiO, Fe,O; and H,O, and then the energy contribution of oxygen was subtracted

according to the adopted Ho, as described by the following equations:

ty; = E(NIO) = py (S10)
_ E(Fey03) - 3pg

HFe 2 (S11)
_E(H;0) - ny

Hu 2 (S12)

The outcomes of the cutoff energy test reveal that as the cutoff energy value
increases incrementally, the total energy of the Niso,Feys0,00H system gradually
demonstrates a converging pattern once it surpasses 450 eV. It is noteworthy that the
recommended cutoff energy for the PAW pseudopotential of oxygen (O) atoms is
generally higher than 400 eV. Therefore, the computational results with a cutoff energy
below 400 eV are unreliable. Similar findings emerge from the tests carried out on bulk
nickel hydroxide (Ni(OH),) and nickel oxyhydroxide (NiOOH), as elaborated in Figure
S13. Taking into account all the aforementioned test results, it is entirely justifiable for
this study to opt for 500 eV as the plane-wave cutoff energy. Moreover, we conducted
tests on six distinct k-point grids, specifically 1x1x1, 2x1x1, 4x2x1, 6x3x1, 8x4x1,
and 10x5x1. Our findings indicate that the 6x3x1 k-point grid is also adequate to
guarantee the reliability of the structural optimization results, while simultaneously

achieving a reasonable equilibrium between computational accuracy and cost.
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Fig. S2 (a-b) Energy convergence test of the plane-wave cutoff energy for (a) Ni(OH), and (b)
NiOOH systems.
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Fig. S1 (a-b) Energy convergence test of the plane-wave cutoff energy and k-point mesh for
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Fig. S3 The geometric structure of monolayer NiIOOH. Green, red, and pink spheres represent Ni,
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Fig. S4 The geometric structures of (a) Nisso,Feps0,O0H (Fe A-A); (b) Nisse,Ferso,OOH (Fe A-B);
(¢) Nizse,Fepso,O0H (Fe A-C); (d) NigsoFeaso,OOH (Fe A-D). Yellow, green, red, and pink spheres

represent Ni, Fe, O, and H atoms, respectively.
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Fig. S5 The geometric structures of (a) Nisgo,Feso,OOH (Fe AB-AB); (b) Nisgo,Feso, OOH (Fe AB-
AC); (¢) Nisgo,Fesp,O0OH (Fe AB-AD); (d) Nisge,Feso,OOH (Fe AB-BC); (e) NisgoFeso, OOH (Fe
AB-BD); (f) Nisgy,Feso, OOH (Fe AB-CD); (g) Nisgo,Fesg, OOH (Fe AC-AC); (h) Nisgo,Feso, OOH
(Fe AC-BC); (i) Nisge,Feso,OOH (Fe AC-BD); (j) Nisgo,Feso,OOH (Fe AC-CD). Yellow, green,

red, and pink spheres represent Ni, Fe, O, and H atoms, respectively.
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Fig. S6 The geometric structures of (a) Niyse,Fe750,00H (Ni A-A); (b) Nipse,Fe750,00H (Ni A-B);
(¢) Nizse.Fer5,00H (Ni A-C); (d) Nipse,Fers0,O0H (Ni A-D). Yellow, green, red, and pink spheres
represent Ni, Fe, O, and H atoms, respectively.

calculated using the following equation: To further evaluate the stability of the
catalyst under OER conditions, both its electrochemical stability and thermal stability
were examined. The electrochemical stability was assessed by calculating the

dissolution potential Udi556’7, which can be expressed as follows:

Ugiss = Udioss ~Eform/Ne (S13)
where Udl'OSS is the standard dissolution potential of the corresponding bulk metal and
Ne js the number of electrons transferred during the dissolution process. In general, a
positive Udiss value indicates that the catalyst is electrochemically stable under
operating conditions. In this work, Udiss and Ne are -0.45 and 2, respectively. The
formation energy of an Fe vacancy defect can be

(Vre) = Enireoon = Enireoo - Vie Ep, (S14)
E

ENiFe00H -
NiFeOOH -V NiFeOOH represent the total energy of the NiFeOOH without

Where Fe and
Fe vacancies and the total energy of the NiFeOOH, respectively. Ere is the energy of
an Fe atom. The defect formation energy of Niso,Fe,s0,00H (Fe A-C) was calculated
to be -3.52 eV. Based on the dissolution potential equation, the corresponding

dissolution potential was determined to be 1.31 V, which is markedly higher than 0 V.



This result indicates that the catalyst has strong resistance to electrochemical
dissolution and thus favorable electrochemical stability under OER conditions.

We investigated the thermal stability of Nisso,Fes0,00H (Fe A-C) through ab-
initio molecular dynamics (AIMD) simulations conducted in a canonical ensemble
(NVT) using a Nose-Hoover thermostat with a time step of 1 fs. After 6 ps AIMD
simulation at 300 K, the Ni;s50,Fe;50,00H (Fe A-C) monolayer maintained its structural
integrity, indicating good thermal stability at room temperature.
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Fig. S7 Energy and temperature variation with AIMD time for Ni7se,Fe,s0,00H (Fe A-C) at 300 K.

Ls | NiOOH
— Vysite y=0.79V
1.0} Vou site §=1.89 V

1.89 eV]

Sub 0,

05k *QOH

1.0F 0.79 eV
*OH *0)

Reaction Step

Fig. S8 Gibbs free energy under the standard condition of 1.23 V and overpotential step diagrams
of monolayer NiOOH.
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Fig. S9 Projected density of states (PDOS) of the 3d orbitals of the top-layer metal atoms (Ni and
Fe) and the 2p orbitals of O in Niyse,Fers0,00H (Fe A-C), NisgoFeso,O0H (Fe AB-BC), and
Niys0,Fe750,00H (Ni A-D). The Fermi level is set at 0 eV.
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Fig. S10 (a) The OER overpotentials change under biaxial strains ranging from -3% to 3%. (b) 2D
volcano plot of OER catalytic activity for Ni;sy,Fe,s0,00H (Fe A-C) under biaxial strains.

To investigate whether the strain effect is also applicable to other Fe doping

concentrations, we further examined the biaxial strain effect on Nisgo,Fesq, OOH (Fe

AB-BC) at the Vg site2, as shown in Fig. S8. The OER overpotential decreases from



0.42 V to 0.34 V under -2% strain, but the OER overpotential increases to 0.62 V under
-3% strain. Under the influence of tensile strain, the overpotential exhibits a steady and
incremental increase, attaining values of 0.50 V, 0.55 V, and 0.61 V at strain levels of
1%, 2%, and 3%, respectively. These findings unequivocally confirm that strain
engineering remains effective for the Nisg,Fesp,OOH (Fe AB-BC) system.
Nevertheless, it is evident that the optimal strain range and the degree of activity
modulation deviate from those observed in the Ni;soFe s0,O0H (Fe A-C) system,
thereby highlighting the strain effect's dependence on both doping concentration and

the local structural environment.
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Fig. S11 The OER overpotential of Nisg,Fesq,OOH (Fe AB-BC) at the Vg site2 as a function of
biaxial strain ranging from -3% to 3%.

To assess the possible role of proton transfer and hydrogen-bond networks in the
oxygen evolution reaction (OER) on NiOOH-based catalysts, we further considered a
hydrogen-bonded configuration for the most active structure, Nisso,Fe,50,00H (Fe A-
C). After introducing the hydrogen-bond network®?, the calculated overpotential
increases from 0.24 V to 0.61 V. This calculation result clearly demonstrates that
although the influence of the hydrogen-bond network leads to a certain increase in the
overpotential of the OER reaction, this system still exhibits relatively excellent catalytic

performance compared with most oxygen-evolution catalysts.



Fig. S12 Schematic structures of Nizso,Fe,s0,0O0H (Fe A-C)-8H,0. The green, yellow, red, and pink

spheres represent Ni, Fe, O, and H atoms, respectively.
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Fig. S13 Gibbs free energy under the standard condition of 1.23 V and overpotential step diagrams
of Ni75%F€25%OOH (Fe A'C)'8H20

To further clarify the role of Fe doping in OER kinetics, the CI-NEB calculations
were performed for the O-O bond formation/evolution process. As shown in Fig. S9,
the O-O adsorbed state to the O-O desorbed state pathway already exhibits an overall
downhill energy trend. Despite the emergence of a marginal energy increment in
proximity to the final configuration of the O-O desorbed state, it is still substantially
lower than the initial-state energy. This phenomenon can be ascribed to the attenuated

surface interaction within the detached product-like state. These findings unequivocally



indicate that Fe doping not only diminishes the thermodynamic overpotential of the
system but also enables oxygen molecules to desorb from the surface without any

barrier hindrance.
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Fig. S14 CI-NEB energy profiles for the O-O bond formation/evolution process in the Fe-doped
system.

Table S1. The energies of bilayer NIOOH and Ni;so,Fe,s50,00H (Fe A-C) in ferromagnetic (FM)
and antiferromagnetic (AFM) coupling, respectively.

Structure AFM [eV] FM [eV]
bilayer NNOOH -322.50 -322.56
Ni75%F625%OOH (Fe A-C) -339.48 -339.52

Table S2. The formation energies per Fe atom (E f) of the considered Ni,so,Fe750,00H structures,
Nisgo,Fes0,OOH structures, and Nisso,Feys0,00H structures.

Structure Structure E fleV]
Fe A-A 20.12
, Fe A-B 20.12
NizsuFexsnOOH Fe A-C -0.13
Fe A-D 20.10
Fe AB-AB 20.16
Fe AB-AC 2011
Fe AB-AD 20.12
Fe AB-BC -0.19
, Fe AB-BD 20.12
NisoyiFessOOH Fe AB-CD 20.12
Fe AC-AC L0.11
Fe AC-BC L0.11
Fe AC-BD 20.15
Fe AC-CD -0.17
Ni A-A 20.18

Ni25%F675%OOH




Ni A-B -0.17
Ni A-C -0.06
Ni A-D -0.19

Table S3. The OER overpotentials at different reaction sites and the vacancy formation energies (

Ef (VO/ OH)) for monolayer and bilayer NiOOH.

Structure site n (V)
E:(Voom) (eV)
. Vo site 0.79 1.03
Monolayer NIOOH .
Voun site 1.89 222
. . Vo site 0.56 0.98
Bilayer NiIOOH .
Vou Site 0.47 2.35

Table S4. The OER overpotentials at different OER reaction sites and the corresponding vacancy

formation energies (E£(V0/01)) for Nissy,Feas;, O0H (Fe A-C), Nisgo;FespOOH (Ni AB-BC), and

Niyso,Fers,00H (Ni A-D).

Structure Reaction site n )
E:(Voson) (eV)

Vo sitel 0.24 0.55

. Vo site2 0.53 1.05
Ni7s0,Fer50,00H (Fe A-C) .

Vou sitel 0.45 2.22

Von site2 0.62 2.52

Vositel 0.57 1.12

. . Vo site2 0.42 0.53
N150%F650%OOH (Nl AB- .

BC) Vousitel 0.61 2.51

VOH site2 0.66 2.74

Vo sitel 0.44 0.90

. . Vo site2 0.70 1.27
N125%Fe75%OOH (Nl A-D) .

Von sitel 0.48 2.34

Vou site2 0.63 2.48
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