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Abstract

Magnetic property (spin order) of support is of great importance in the rational
design of heterogeneous catalysts. Herein, we taken the Ni-supported ferromagnetic
CrBrs support (Ni/CrBr3) to thorough investigate the effect of spin-order on
electrocatalytic oxygen reduction reaction (ORR) via spin-polarized density functional
theory (DFT) calculations. Specifically, Ni loading induces anti-ferromagnetic coupling
in Ni-Cr, leading to a transition from ferromagnetic ( FM )-to-ferrimagnetic ( FIM )
properties, while Ni-Ni metallic bonds create a robust ferromagnetic direct exchange,
benefiting the improvement of the phase transition temperature. Interestingly, with the
increase of Ni loading, the easy magnetic axis changes from out of plane (2D-
Heisenberg) to in plane (2D-XY). The adsorption properties of Nix/CrBrs, involving O>
adsorption energy and configuration, are not governed by the d-band center and
strongly correlate with magnetic anisotropy. It is noteworthy that the applied potential
and electrolyte acidity triggers spin-order transition phenomena during the ORR and
induces the catalytic pathway change from the 4¢” ORR to 2e- ORR with the excellent
onset potential of 0.93 V/RHE, comparable to the existing most excellent noble-metal
catalysts. Generally, these findings offer new avenues to understand and design the

heterogeneous catalysts with magnetic support.

Keywords: Magnetic Support; Spin order; d-band Center Theory; Heterogeneous
Catalyst
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1. Introduction

Hydrogen peroxide (H>O2), renowned for its green and environmentally friendly
properties, has catalyzed extensive research efforts aimed at developing synthetic
methods, largely fueled by its diverse industrial applications, including textile
bleaching', chemical synthesis?, papermaking®, pharmaceuticals®, and water
purification’. Currently, industrial H>O production primarily depends on the costly and
polluting Riedl-Pfleiderer process, involving alkyl anthraquinone oxidation and
hydrogenation.®® Fortunately, the direct electrosynthesis of H2O» from Ha and O
through the two-electron oxygen reduction reaction (2 ORR) presents a promising
alternative. This strategy offers lower energy consumption, environmental friendliness,
and reduced transportation and storage risks, making it suitable for small-scale and even
in situ production.!%!? Despite larger development (e.g. noble-metal,'3"!> metal oxide,'®-
1% carbon material'® ?° and so on) regarding the rational design of electrocatalysts for
2e” ORR, however, available electrocatalysts for 2e” ORR suffer from limited activity
and selectivity, hindering widespread commercial adoption. Thus, finding a high-
performance electrocatalyst for 2e” ORR is crucial as an alternative to the RiedlI-
Pfleiderer method.

Essentially, H2O; is partially produced from O> through the ORR process on the
cathode. O activation relies on metal site back-donation; higher back-donation yields
two adsorbed oxygen, while lower levels fail to activate O2. Hence, optimizing back-
donation of metal site is crucial for catalyst design to enhance H>O» performance. The
back-donation ability of metal site is closely related with metal-support interaction.?!-
25 In this vein, the intricate behavior is typically evaluated using the d-band center
theory pioneered by J. K. Nerskov,?® 27 which mainly gauges the electron orbital
freedom between metal and support. However, for ferromagnetic support and
paramagnetic metal site, where metal site-loading may alter the spin order population
of magnetic support,?® the electronic properties associated with spin degree of freedom
play a considerable role in metal-support interaction compared to d-band center.

Surprisingly, the investigation into the effects of spin-order interactions on metal-

3
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support interaction under the spin degree of freedom has been overlooked.

Here, we utilized DFT calculation to study the catalytic activity and selectivity of
ORR on Ni-loaded CrBrs under applied potential. Specifically, three representative
catalysts with different loading, Nii/CrBr3, Ni2/CrBr; and Nig/CrBr3, show different
magnetic properties from pristine CrBrs support. Consequently, O» adsorption
properties (configuration, adsorption energy) on them cannot obey d-band center theory
but relies on the magnetic anisotropy. Furthermore, the introduction of a metal bond
coordinated directly to the active site weakens the adsorption of O; on Ni site.
Interestingly, the applied potential can induce spin-order transition between two
different AFM states. Additionally, a mutual transition between 4¢” ORR and 2e” ORR
selectivity on the catalyst was observed under different reaction conditions.
Furthermore, three catalysts exhibit remarkable onset potentials comparable to the

existing most excellent noble-metal catalysts.

2. Computational details

Spin-polarized DFT calculations are performed utilizing the Vienna ab initio
simulation package (VASP 6.3.1) code.? Exchange-correlation interaction in Kohn-
shame equation was described by Perdew-Burke-Ernzerhof (PBE) with the framework
of the generalized-gradient approximation (GGA).>* 3! Projector augmented wave
(PAW) potential, featuring the computational efficiency of the ultrasoft pseudopotential
and the accuracy of plane wave method, was adopted in this treatment of ion-electron
interaction.*? Because of self-interaction error of pure DFT method, which is failed to
describe the strong-correlated electrons, the GGA + U strategy was utilized to correct
the result of exchange interaction energy.** The U value of 3.65 eV for Cr and 5.64 eV
for Ni were evaluated by the linear response method (see Figure S5).** In all
calculations, the energy cutoff of 500 eV was used to expand the plane wave basis set.
The Brillouin zone is sampled by the I'-centered Monkhorst-Pack scheme™ using a grid
of 4 x 4 x 1 for structural optimization and 10 x 10 x 1 for electronic structure and
magnetic properties calculations. During the all calculations, the energy and force

criteria are 10 eV and 0.02 eV/A, respectively, and the DFT-D3 method was used to
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correct the weak vdW interaction.® For the calculation of magnetic anisotropy energy
(MAE), the spin-orbit coupling (SOC) effect was considered. Concerning the
periodicity effects and computational efficiency, a 2 x 2 x 1 supercell calculation was
employed for Nii;/CrBr; and Ni2/CrBrs, while a unit cell calculation was used for
Nis/CrBrs. The energy convergence criteria are improved 10® eV, respectively. To
simulate the 2D structure of Nix/CrBr3, 20 A vacuum space is added above monolayer
Nix/CrBrs. Electronic charge is evaluated using the Bader charge analysis method and
the differential charge density is visualized using VESTA.3” The VASPKIT code was
used for postprocessing of the VASP computational data.*® The binding energy (Eb) is

typically calculated as follows eq 1:*°
E, = (ETMn@CrBr3 — Eciais —NEqy )/n (D

Where Etmn@cirs and Ecirs represent the energy of CrBrs with the TM atom and
the CrBr; monolayer, respectively. Etwv indicate the energy of the TM single atom in
vacuum while n denotes the number of TM atoms.

The dependence of electronic potential on electrocatalytic property were
investigated by using a uniform charge background to compensate the surface excess
charges.*” The aqueous solvent environment was described under implicit solvent
models by the VASPsol code.*!* ** The relative permittivity was set to 80 to simulate
aqueous electrolytes. The effective surface tension parameter in VASPsol was 0 to
neglect the cavitation energy contribution. The linearized Poisson-Boltzmann model
with a Debye length of 3.0 A simulates the compensating charge. In order to understand
the reaction mechanism at various electrode potentials, the potential applied to the
electrochemical interface was simulated by introducing or removing electrons (An) to
the supercell.

The potential energy (F) of the system is defined by eq 2.

E = Eper —AN(Y,, +@, /e) (2)

where Eprr is the energy calculated by DFT, Vs is the electrostatic potential of
the native electrolyte, and -®q is the work function of the charged system. The

relationship between ®q and the corresponding electrode potential of the reference
5
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standard hydrogen electrode (SHE) scale is expressed in eq 3.
U,(V/SHE)=-4.6V -® /e (3)
where 4.6 V is the work function of the Ho/H" couple under standard conditions.
The E-Uq point follows a quadratic function as eq 4:
E(U(]):—%C(UQ—UO)2+E0 (4)

where Up, C, and Ey are the fitted value of the zero-charge potential (PZC), the
fitted value of the capacitance of the corresponding system, and the fitted value of the
energy of the system at PZC, respectively.

The relationship between the SHE and the reversible hydrogen electrode (RHE)
versus pH follows eq 5.

Urie =Uge kT IN(L0)pH /e (5)

The 4¢” ORR mechanism in acidic media is listed as follows, detailed ORR

catalytic processes are presented in Figure S1.

O,+H" +e +*—>*0O0H (6)
*OOH+H"+e" >*0+H,0 (7)
*0+H"+e” »>*OH (8)
*OH+H"+e" ->*+H,0 9)

The adsorption energy of the reaction intermediates *OOH, *O and *OH is

calculated as follows:

E_(*OOH) = E(*OOH)—E(slab)—2E(H20)+gE(H2) (10)
E__(*0) = E(*0)— E(slab) - E(H,0) + E(H,) (11)
Eads(*OH):E(*OH)—E(sIab)—E(HZO)+%E(Hz) (12)

The Monte Carlo simulation with the metropolis algorithm based on the classical
Heisenberg model is used to describe the thermal dynamics of magnetism in
equilibrium states. At each temperature, ferromagnetic configurations are initially used,

and 40000 sweeps are applied to ensure the system reaches equilibrium. All statistical
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results are obtained from the subsequent 80000 sweeps. The real-space renormalization
group with the majority rule is used to analyze the phase transition and locate the Curie
temperature. All of the renormalization group Monte Carlo algorithms described here

were implemented in open source software of MCSOLVER.*

3. Result and Discussion

3.1 Structure and Stability of CrBr; and Nix/CrBr;

Firstly, the optimized structure of the CrBr; monolayer showcases its C3 rotational
symmetry as depicted in Figure S2. Each unit cell of this monolayer contains 2 Cr atoms
and 6 Br atoms. In the CrBr; monolayer, every Cr atom is coordinated with 6
neighboring Br atoms, while each Br atom interacts with 2 adjacent Cr atoms. It is
worth mentioning that the optimized two-dimensional lattice parameter of a = 6.38 A,
closely consistent with the reported value both theoretically and experimentally.**
Additionally, the average Cr-Cr bond length measures 2.52 A, and the average Cr-Br-
Cr angle amounts to 94.5°, both of which closely correspond to data found in other
reputable literature.*>**” These findings serve as strong evidence affirming the accuracy
and validity of our computational calculations.

Experimentally, monolayer CrBr; features a FM semiconductor state with a wide
band gap of 2.87 eV.* To examine the impact of spin dynamics on catalytic
performance, a study was conducted in which TM single atoms were introduced onto
the monolayer CrBrs structure. The aim of this modification was to investigate the
influence of these single atoms on the material's catalytic properties. According to the
provided Figure 1a, two adsorption sites (HO and H1) are considered for TM atoms on
the 2 x 2 x 1 supercell of the CrBr; monolayer. The first site, HO, corresponds to the
hollow site located at the center of the honeycombed structure formed by Cr atoms. The
second site, H1, represents the hollow site directly above HO. The binding energy (see
Figure 1b) shows that 3d-TM elements exhibit stable adsorption on either the HO or H1
vacancy, indicating favorable thermodynamic stability. To obtain an optimal ORR
catalyst, oxygen adsorption properties indicate that TMs adsorbed at the HO site have

poor ability to oxygen activation, while that on the H1 site has a superior capacity for
7
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oxygen activation. Of the first transition-metal elements, Fe, Co, and Ni exhibit the

most stable adsorption configuration at the H1 site and display oxygen adsorption

energies of -1.63 eV, -1.54 eV, and -0.65 eV, respectively. Based on the Sabatier

principle,*” %°

relationship between magnetic properties and catalytic activity.

(b)

Binding Energy (eV)
A

Binding Energy (eV)

Se¢ Ti

V Cr Mn Fe Co

we selected Ni related catalysts were selected to further explore the

Ni Cu Zn

2t

6F

-2.9
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-0.91

-2.82
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Fig. 1. The top and side views of the TM/CrBr; monolayer (a). The binding energy of

TM on CrBrs monolayer (b). The top and side views of the Ni on Ni;/CrBr; monolayer

(c). The binding energy of Ni on Nii/CrBrs monolayer (d). The diffusion barriers of Ni
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along H1 and H3 on Nii/CrBrs monolayer (e). The diffusion paths of Ni on the
Nii/CrBr3 monolayer (f). Cr, silver; Br, brown; Ni, green.

The supported catalysts Nix/CrBrs structure were formed by loading Ni onto CrBr3
by varying Ni loading ratios (see Figure S3). When two Ni atoms occupies both the
upper and lower surface sites of the honeycomb structure formed by Cr atoms, metal
bond (d(Ni-Ni) = 2.45 A) of Ni-Ni, compatible with the observed metal bond of Ni-Ni,
is achieved. On the top sites bound to Ni-Ni metal bond, the O, adsorption energy will
be significantly reduced from -0.65 eV to -0.31 eV. This substantial change in
adsorption energy is likely to result in the selective transformation of the ORR reaction
from a 4¢” to a 2¢” reaction pathway. Subsequently, the adsorption energy of O> for each
catalyst structure was calculated and presented in Figure S4. Concerning the formation
of Ni-Ni bond, three representatives, Nii/CrBr3z without Ni-Ni bond, Nio/CrBr3 with Ni-
Ni bond and the whole occupied Nig/CrBr3, were selected for subsequent investigations.
Furthermore, it is crucial to determine the kinetic stability of Ni loading on the
monolayer Nii/CrBrs. To assess the mobility of Ni on the Nii/CrBr; monolayer, the
diffusion barrier is calculated by using CI-NEB method.”" > Furthermore, the most
stable site for Ni on the Ni;/CrBr; monolayer needs to be identified. There are four
possible sites (H1, H2, H2 and H4) for Ni on the Ni;/CrBr; monolayer, as shown in
Figure 1c. It is found that that the HI site relaxed to the Ni»/CrBr3 configuration with
the lowest energy after optimization, while the H2 site was unstable. Moreover, the H3
site exhibited lower energy compared to H2 and H4 sites, as presented in Figure 1d.
Consequently, the diffusion path between the Hl and H3 sites was determined, as
depicted in the Figure 1e-1f. The calculated diffusion barrier is approximately 2.54 eV,

confirming the kinetic stability of Ni on the monolayer Ni/CrBrs.
3.2 The Effect of Ni-Loading on Magnetic Properties CrBr; Support

By constraining the magnetic moment of different magnetic atoms, all the possible
magnetic orders of the three catalysts are summarized in the Figure 2a-b and Figure S6.
After the incorporation of Ni atoms, the most stable ground states of Nix/CrBr3 are

ferrimagnetic (FIM) ground states (see Table S1), where the energy of all AFM states
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are higher than that of the FIM state, indicating that Ni,/CrBr3; (x =1, 2, 8) tends to be

ferrimagnetic coupling.

Fig. 2. Possible magnetic ordering of (a) Ni2/CrBr3, (b) Nig/CrBr3 obtained by screening.
The spin density isosurface with a value of 0.03 e/A* for: (c) the FIM, (d) AFM1 and
(e) AFM2 configurations of Nii/CrBrs. The cells outlined by solid black lines are used
for the calculations of magnetic structures. Goodenough-Kanamori-Anderson rules

schematic. (f-g) schematic illustration of the sign in the case that bond angles are 180°
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and 90°. The 180" superexchange prefer antiferromagnetic coupling, and the 90°
superexchange prefer ferromagnetic coupling.

Curie temperature (Tc) is a crucial parameter for the practical application of
spintronic devices. Therefore, Metropolis Monte Carlo algorithm based on the

Heisenberg model was utilized to evaluate the Tc of monolayer Nii/CrBr3, Ni2/CrBrs,

and Nig/CrBr; following the spin Hamiltonian as follows:>> 3
H=-)J55,-> 3,55 ->.3:5,S, (13)
ij kI m,n

Where Ji, J>» and J3 are all defined as nearest neighbor exchange parameters,
representing Cr-Cr coupling, Cr-Ni coupling and Ni-Ni coupling respectively, and S is
the spin operator. By integrating the spin density of the corresponding magnetic state
of Nii/CrBr3, as shown in Figure 2(c-¢) and substituting the energy obtained from the

DFT calculation into eq 13, the following result was obtained:

Een =B —12d¢, ¢ S¢, Ser +6¢ i Se Sy (14)
Epevs = Eo + 8¢ crSerSer =2 i Scer S (15)
Eprno = Eo +4cr oS¢ Scr (16)

Where Ermv, Earmi and Earpvz are the total energy of FIM, AFMI1 and AFM?2
configurations from DFT calculations. Eo is the total energy of systems without
magnetic coupling. § is the projected magnetic moment of each magnetic atom. The
magnetic coupling Hamiltonian and spin density for Ni2/CrBrs are presented in the
Figure S7. In addition, the J values of Nig/CrBr3 are calculated by using the four-states

d,SS’ 56

metho and the detailed calculation procedure can be found in the Figure S8. The

calculated J values for Ni1/CrBrs, Ni2/CrBr3, and Nig/CrBr3 are listed in the Table 1.
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Table 1. The value J of the magnetic coupling constant of Ni1/CrBr3, Ni2/CrBr3 and

Nis/CrBrs.
JiI/K J/K J/K
CrBr3 27.50 0 0
Nii/CrBr3 8.11 -8.34 0
Ni2/CrBr3 3.36 -21.32 204.77
Nig/CrBr3 1.78 -19.52 8.58

For Nii/CrBr3, Nio/CrBrs and Nig/CrBrs the magnetic interactions between the
nearest neighboring Cr-Cr atoms with J;>0 exhibit ferromagnetic coupling, while the
magnetic interactions between the nearest neighboring Cr-Ni atoms with /<0 exhibit
antiferromagnetic coupling. This is consistent with the analysis based on superexchange
interactions. The Cr-Br-Cr bond angles are close to 90°, while the Cr-Br-Ni bond angles
are close to 100° (see the Table S2). According to the Goodenough-Kanamori-Anderson
(GKA) rules,””* when the bond angle between cation-anion-cation approaches 90°, the
superexchange interactions mediated by the anions should always result in FM coupling
(see Figure 2f-g). The interactions between the nearest neighboring Ni-Ni atoms arise
from direct metallic interactions within the layers.

Magnetic anisotropy plays a critical role in achieving long-range magnetic
ordering in two-dimensional materials.’® * ¢! Herein, concerning the spin-orbit
coupling interaction, the MAE of monolayer Niy/CrBrs (Nii/CrBr3, Ni»/CrBrs, and
Nig/CrBr3) are calculated using the equation MAE = Eq - E,, where Eq and E, represent
the total energy of the system along the magnetic moments in the directions q and [001],
respectively. Table 2 presents the total MAE of monolayer Nix/CrBr; and the MAE
values for individual atoms. The MAE values for monolayer Nii/CrBr3, Ni2/CrBr3, and
Nig/CrBr3 are determined as 1420, 1150, and -305 meV/f.u. (formular unit), respectively.
Due to periodicity effects in the calculations, Ni1/CrBrs and Ni2/CrBrs were computed
using a 2 x 2 x 1 supercell, while Nig/CrBrs employed unit cell calculation.
Consequently, the total MAE values are not comparable, but the MAE for each atom

remains unchanged. In Figure 3a, the depicted MAE is derived from an extensive scan
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across azimuth and polar angles, and the corresponding MAE 3D distribution scanning
results are shown in Figure S9. This aligns with the findings detailed in Table 2. Notably,
the MAE results reveal that Ni;/CrBrs and Ni»/CrBr3; display perpendicular magnetic
anisotropy (PMA), whereas Nig/CrBrs shows a deviation in the easy axis direction,
residing within the xy plane. To delve deeper into the origins of the unique magnetic
anisotropy observed in Ni/CrBrs, Figure 3b presents the orbital-resolved MAE of the
system.®! In the Nix/CrBr3, the MAE predominantly stems from the Ni-d, Cr-d, and Br-
p orbitals, with the contributions of Br-d, Ni-p, and Cr-p orbitals being comparatively
minor. Furthermore, with an increase in Ni content, there is a notable escalation in the
contribution of the Ni-d orbital to the MAE. Simultaneously, the contribution of the Br-
p orbital experiences a decline, whereas the contribution of the Cr-d orbital largely
remains unchanged. Consequently, the overall MAE of Nix/CrBr3 emerges as a result
of the interplay between the Ni-d and Br-p orbitals. As illustrated in the Figure 3b, the
MAE of Nii/CrBrs is predominantly driven by the Br-p orbital, which yields a
significant positive contribution to the MAE. In contrast, for Nio/CrBr3, the MAE is
jointly determined by the Ni-d, Br-p, and Cr-d orbitals, all of which provide positive
contributions to the MAE. This induces PMA of monolayer Ni1/CrBr; and Ni2/CrBrs.
For Nig/CrBr3, the MAE is mainly influenced by the Br-p orbitals, and their contribution
is negative. Despite a rise in Ni content to 100%, where Br-p orbitals contribute
negatively and Ni-d orbitals play a more significant role, the overall MAE is still
primarily governed by the Br-p orbitals. Consequently, the magnetic easy axis of
Nig/CrBr3; remains in the xy plane. Utilizing the spin Hamiltonian and considering the
contribution of magnetic anisotropy from each atom, the temperature-dependent
relationship between the average magnetic moment and magnetic susceptibility of
Nix/CrBr3; was calculated and plotted (refer to Figure 3c-f). The estimated Tc values for
Nii/CrBr3, Ni2/CrBrs, and Nig/CrBrs are approximately 90 K, 73 K, and 190 K,
respectively. In addition, employing the same method, the Tc value for monolayer CrBr;3
was calculated to be approximately 42 K, consistent with the experimental result of 34

K.* This demonstrates the reliability of our simulation results. Generally, the Nix/CrBr;
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attain the antiferromagnetic state at room temperature. The DOS distribution diagram
in Figure 3(c-f) illustrates that as the loading amount of Ni increases, CrBr3 shifts from
being a magnetic semiconductor to a magnetic semimetal. This transition is linked to
heightened metallic properties due to the increased Ni loading, expanding the catalyst's
application potential and advancing magneto-electrochemical catalysis development.
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Fig. 3. (a) Dependence of the MAE on the polar angle & for the Nii/CrBr3, Nio/CrBr3
and Nig/CrBrs. (b) The contributions of Cr-p orbitals, Cr-d orbitals, Br-p orbitals, Br-d
orbitals, Ni-p orbitals and Ni-d orbitals to MAE for monolayer Ni/CrBr3. The average

magnetic moment and magnetic susceptibility varying with the increasing of
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temperatures for monolayer (¢) CrBr3, (d) Ni1/CrBr3, () Ni2/CrBr3, (f) Nig/CrBrs.
Table 2. The MAE for the [100] and [010] direction, MAE of different atoms, and

easy axis for monolayer Nix/CrBrs.

Enooy - Eroor;  Eporor - Ejoor; MAE/Cr - MAE/Br MAE/Ni  Easy

System
(neV) (neV) (neV) (neV) (neV) axis
Nii/CrBr3 1420 1420 36.9 51.1 -100.5 [001]
Niy/CrBr3 1150 1150 43.2 13.0 246.7 [001]
Nis/CrBr3 -305 -313 113.0 -153.3 1944  xy plane

3.3 Crucial effect of MAE on O; Adsorption

Essentially, the adsorption and activation of O2 is a prerequisite of the whole ORR.
Usually, oxygen adsorption on a catalyst surface generally occurs in three
configurations (see Figure S1) : end-on Pauling-type (one oxygen atom coordinated to
single site), side-on Griffiths-type (two oxygen atoms bonded to single site), and

).52 Figures 4(a-c) depict

Yeager-type (two oxygen atoms bonded separately to two sites
the most stable adsorption configurations and associated charge transfer scenarios for
three Nix/CrBr; catalysts. In all cases, O> maintains a stable adsorption configuration
with the O-O bond intact. Charge difference and bader charge analysis show that O
molecules in the adsorbed state acquire electrons from the catalyst, indicating different
degrees of activation of the adsorbed O» molecules. Notably, the most stable O:
adsorption configuration is the Griffiths type (side-on) for Ni;/CrBr3 (d(0-O) = 1.35 A)
and Nis/CrBr; (d(O-O) = 1.36 A), while the Pauling type (end-on) for Ni»/CrBr3 (d(O-
0) =1.29 A). Energetically, the resultant adsorption energies are -0.65 eV for Ni;/CrBrs3,
-0.31 eV for Ni2/CrBr3, and -0.46 eV for Nis/CrBrs, respectively. What causes their
differences?

Structurally, the adsorption site is Ni site in the [NiBr3] moiety for Ni;/CrBr3, while

those are Ni site in the [Ni2Brs] moiety for Ni»/CrBr; and Nig/CrBrs. Thus, the

difference in adsorption energy between Nii/CrBrs and Nip/CrBrs and Nig/CrBrs are
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369

370
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373

374

attributed to the formation of Ni-Ni metal bond. Projected Density of State (PDOS) of
these three catalysts (see Figure S10-11) result indicates that compared to Nii/CrBrs,
Ni-Ni metal bond for Ni»/CrBr; and Nig/CrBr; enhance the d-band broadening and
thereby reduces the d-band center, leading to weak adsorption energy. In this respect,
d-band centers (4T = -0.54eV for Ni1/CrBr3, €47 = -0.88eV for Ni»/CrBr3 and &q7 = -
0.97eV for Nig/CrBr3) also validate this conclusion. However, the adsorption-energy
difference between Nio/CrBr; and Nig/CrBr3 contradicts the trend of d-band centers.
From the viewpoint of configuration, it is interesting that Ni»/CrBrs and Nig/CrBr3
display significantly different adsorption structures: Pauling type for Ni»/CrBrs and
Griffiths type for Nis/CrBr3. Such tiny difference in d-band center leads to different
adsorption configuration. Therefore, we speculate: Are there other factors than d-band

center?

Fig. 4. (a) Nii/CrBr3, (b) Ni2/CrBr3, (¢) Nig/CrBrs, the most stable configuration of
adsorbed oxygen, and the corresponding charge transfer. (isosurface = 0.002 e/A%). The
partial charge density corresponding to CBM of (d) Nii/CrBrs3, (e) Ni2/CrBrs, (f)
Nig/CrBrs3.

The d-band center theory primarily focuses on the orbital degrees of freedom of
electrons, often underestimating the role of spin contribution, particularly in magnetic
order interactions. This is due to the relatively weaker influence of spin interactions
compared to orbital interactions. However, for ferromagnetic support, the stronger

magnetic interaction results in electronic structure closely tied to spin degrees of
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freedom. Thus, the catalytic activity of ORR is governed by both spin-related properties
as well as the d-band center. Aforementioned magnetic calculation result revealed both
Nio/CrBr3 and Nig/CrBrs feature ferrimagnetic property with Tc values of 73 K and 190
K, respectively. Moreover, Nig/CrBr3 features spin population of 2D-XY model with
easy axis of xy plane, while Nig/CrBr;3 attains the spin population of 2D-Heisenberg
model to the easy axis of z-axis.

Thus, do the magnetic property (e.g. MAE) plays an important role the difference
in adsorption property? Figure S12 illustrating the orientation of the easy axis when O2
is adsorbed on the three types of catalysts. By calculating the contributions of each
atomic orbital to the MAE, it was found that the contribution of O to the overall MAE
can be almost neglected. For Ni;/CrBr3, although the MAE orientation is along the z-
axis, its d-band center is close to the Fermi level, resulting in strong O> adsorption
energy. Therefore, when Oz adsorbs on Ni1/CrBr3, d-band center plays a dominant role,
leading to a preference for Griffiths-type adsorption. In contrast, for Ni»/CrBrz and
Nig/CrBr3, which have metallic bonding, both their d-band centers are close to each
other and farther away from the Fermi level than Nii/CrBr3, resulting in weaker O:
adsorption. In this case, MAE may take precedence. Specifically, when the MAE
orientation undergoes an out-of-plane to in-plane transition, it causes a change in
adsorption configuration from end-on to sideways adsorption. In general, orbital
degrees of freedom and spin degrees of freedom jointly determine the adsorption mode
of Oz on the Nix/CrBr; surface. When the d-band center is close to the Fermi level, the
adsorption energy intensity plays a leading role in the adsorption configuration of O».
When the d-band center is far away from the Fermi level, the direction of MAE, that is,
the easy axis, plays a dominant role in the adsorption configuration of O».

Furthermore, additional Partial Charge Density analysis was conducted for the
Nix/CrBr3 catalyst and presented in Figure 4(d-f), with further details provided in Figure
S13. For Nig/CrBrs, when O is adsorbed on the surface of Nis/CrBrs, the Ni atom
centered at the active site of catalyzing ORR will have a strong interaction with the

conduction band minimum (CBM) of the catalyst. The charge distribution on Ni atom
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in the center of the CBM structure corresponding to Nii/CrBr3; and Nig/CrBr3 is small,
indicating that Ni atom in this state has more empty orbitals at CBM, which leads to a
relatively strong interaction between O» and Ni atom, weakens the O-O bond, and
facilitates the splitting of O-O bond. This directly leads to the high selectivity of
Nii/CrBrs and Nig/CrBr; catalysts for 4e” ORR. For the CBM structure corresponding
to Ni2/CrBr3, the central Ni atom itself carries a small amount of charge, which makes
a part of the orbital filled, resulting in a weak ability to bind oxygen, and more inclined
to Pauling-type, so it has better 2e” ORR selectivity. Subsequently, the conclusions

drawn from the catalytic reaction path will be verified.

3.4 Catalytic Performance of ORR on Ni/CrBr;

Essentially, the electrocatalytic ORR process involves three crucial steps: (1)
diffusion and adsorption of O; on the catalyst surface, (2) hydrogenation of the adsorbed
O by H'/e to form products, and (3) desorption and diffusion of the final products on
the catalyst surface. Regarding the hydrogenation degree of Oz adsorption, the ORR
primarily involves two electron pathways leading to either H>O, or four electron
pathways resulting in H>O as products. During electrocatalytic process, both 4 ORR
and 2e¢- ORR are competing reactions, highly influenced by the adsorption
configuration and activation degree of 0,.%

Based on the above analysis, compared to nonmagnetic catalysts, spin-order of
ferromagnetic support plays an important role in the adsorption of O2. Thus, the
relationship between the catalytic performance and magnetic properties on different
catalysts with different converge was further explored, and the specific paths of 2e
ORR and 4e” ORR in different magnetic states of the above three catalysts were studied.
As shown in the Figure 5, Ni;/CrBr; mainly undergoes 4e ORR, where the potential-
determining step is the last detachment step, i.e., *OH + H" + ¢ — * + H>O. This means
that the Ni-O bond on the Nii/CrBr; catalyst is relatively strong. In addition, the most
stable adsorption configuration of Oz on Nii/CrBrs is Griffiths type, in which the
molecular orbitals of Oz interact strongly with the empty d orbitals of Ni, weakening

the O-O bond and facilitating its cleavage, which directly leads to the high selectivity
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of Nii/CrBr3 catalyst for 4¢- ORR. Considering the impact of the central vacant Ni-Ni
pair on catalytic performance, when the catalyst is Ni2/CrBr3 or Nig/CrBrs, both the 2e”
ORR catalytic activity and selectivity are significantly improved. Considering the O»
adsorption configuration, the most stable adsorption configuration of Oz on Ni»/CrBr;3
catalyst is Pauling-type. Due to the end-on adsorption configuration, only one side of
the O molecule interacts with the active sites of Ni»/CrBr3, which minimizes O-O bond
cleavage and inhibits the 4¢- ORR pathway, thus promoting the 2e* ORR pathway. The
02 adsorption configuration of Nig/CrBrs is Griffiths type, yet it exhibits excellent 2e”
ORR activity. Therefore, for Nis/CrBr3;, a simple explanation based solely on the
adsorption configuration is insufficient. Through the previous discussion, spin degrees
of freedom were introduced to explain the configuration of Oz adsorbed on the surface
of Nig/CrBr3. Further combined with the d-band center, Ni»/CrBr; and Nis/CrBr; have
similar d-band centers and are far from the Fermi level, so the two catalysts have the
same selectivity for ORR. The adsorption energy of O> can also indirectly react the
catalytic selectivity of the catalyst for ORR. Generally speaking, the stronger the
adsorption energy of O, the more unfavorable the synthesis of H>O». This is because
the higher adsorption energy of Oz causes electrons to flow from the d orbital of the
transition metal into the antibonding orbital of O, which reduces the bonding order of
O,. The ORR selectivity of Nii/CrBr3, Nio/CrBrs and Nig/CrBrs catalysts is 4e” ORR,
2e” ORR, 2e¢" ORR, respectively, which is exactly in line with the judgment of
adsorption energy on the selectivity of catalyst ORR.

It has been proved previously that the phase temperature Tc of Nii/CrBr3,
Ni2/CrBr3 and Nig/CrBrs; catalysts is much lower than room temperature. Although FIM
is the ground state among these three catalysts, given the room temperature
electrocatalytic reaction, magnetic states below their respective phase transition
temperatures are not relevant for catalytic activity assessment. The effect of different
arrangement of AFM states on catalytic performance of different catalysts was
compared, as shown in Figure 5(a-c). It was found that the catalytic performance of 2e

ORR and 4e” ORR was improved by changing the magnetic arrangement of the AFM
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state of the catalyst. The overpotential of the 4e” ORR reaction on Nii/CrBr3 reaches
0.29 V in the AFM4, which is 0.08 V higher than that of the ground state FIM (0.37 V).
For Niy/CrBr; and Nig/CrBr3 catalysts, altering their AFM arrangement resulted in
remarkable overpotential reduction for 2e” ORR, reaching 0.01 V respectively. The
overpotential disparity between different AFM states was significant. Specifically, the
overpotential for AFM1 and AFM2 magnetic states of Ni2/CrBr3 and Nig/CrBr3 on 2e”
ORR was 0.09 V and 0.25 V respectively, indicating precise regulation of catalyst ORR
performance by adjusting magnetic state. In this vein, the pathway selective
transformation of 4 ORR and 2e” ORR is realized by regulating the presence of central
vacancy Ni-Ni metal bond, and the activity of ORR reaction is promoted by regulating
the overall magnetic arrangement of catalyst. Moreover, it is also necessary to consider
side reaction of HER competition during the whole ORR. HER consumes protons and
electrons directly in the electrocatalysis process, which reduces the Faraday efficiency
of ORR. It is generally believed that the free energy of an ideal HER catalyst is close
to zero (AG(*H) = 0 eV). The adsorption energies (0.51 eV for Ni;/CrBrs, 0.66 eV for
Ni2/CrBr3 and 0.72 eV for Nig/CrBr3) of *H demonstrates H species do not adsorb on
three catalysts, while O, features weak chemisorption or physisorption with the
adsorption energies of -0.65 eV for Nii/CrBr3, -0.31 eV for Ni2/CrBrs and -0.46 eV for
Nis/CrBr3, respectively. Such differences indicate that the active sites on these three
catalysts are more easily occupied by O. Obviously, HER performance is far inferior
to ORR, which makes ORR more selective (99.9%) over Nii/CrBr3, Ni»/CrBrs, and

Nig/CrBr3, as shown in the Figure 5d.
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Fig. 5. The computed thermodynamic free energy for Ni1/CrBrs; 4e” ORR (a), Ni2/CrBr3
2¢ ORR (b), Nig/CrBr3 2¢” ORR (c¢). The thermodynamic free energy of HER (d).

3.5 Effect of Applied Potential on Catalytic Properties of Ni/CrBr;

Previous calculations utilized the widely employed CHE model in electrocatalysis
simulations, known for its simplicity yet significant success in elucidating reaction
mechanisms and predicting ORR catalysts.** However, the model falls short in
accurately accounting for the effect of applied potentials on catalytic properties due to
the fixed electron number with conventional canonical-ensemble algorithm, resulting
in the inaccurate description in the effect of pH and electrode potential on free energy.:
% To address this issue, electrocatalysis simulations under the applied potential were
carried out using a uniform charge background to compensate the surface excess
charges®”"°. The most stable or highest ORR catalytic activity magnetic states of the

three catalysts were taken into account as depicted in Figure S14.
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In aforementioned CHE calculations, Nii/CrBr; was found to undergo a 4 ORR
reaction, while Nio/CrBrs and Nig/CrBr3 favor a 2e” ORR reaction. Employing the CPM
mechanism, the most stable magnetic states or those with the best catalytic performance
were selected for the three catalysts. All ORR pathway intermediates were optimized
under various charges, and their energies were depicted as functions of the applied
electrode potential relative to the SHE, as illustrated in Figure S15-17. Energy
dependence on potential was effectively represented by a parabolic function, with
fitting parameters detailed in Tables S4-6. By analyzing the energy derived from the
potential dependence of reaction intermediates, pH-dependent free energy distribution
and corresponding onset potentials were determined. The energies of intermediate
corresponding to different magnetic states of different catalysts were analyzed in terms
of both individual catalytic pathways and the overall catalytic pathway. The quadratic
parabolic curves depicting the variation of intermediate energies with applied potentials
(relative to the SHE) for different magnetic states of the catalysts were integrated. For
clarity, Figure 6 only displays the *OOH and *OH fitted polynomial curves, while pure
catalyst and *O detailed fitting information can be found in Figure S18-19. It can be
observed that the energies of the intermediates associated with different magnetic states
undergo varying degrees of change with the applied potential during the catalytic
process. Consequently, adjusting the applied potential can cause energies of
intermediates from various magnetic states to intersect, potentially leading to
transitions between states. This suggests the ability to achieve desired changes in ORR
catalytic activity or pathway selectivity by precisely controlling the applied potential

during the reaction.
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Fig. 6. Polynomial fits of various magnetic state of (a) *OOH-Ni;/CrBr3, (b) *OH-
Nii/CrBr3, (c) *OOH-Ni2/CrBr3, (d) *OH-Ni2/CrBr3, (e) *OOH-Nig/CrBrs, (f) *OH-
Nis/CrBrs3, as a function of potential. The calculated total energy values can be found in
the Supporting Information.

For Nii/CrBr;, the energies of *OOH and *OH intermediates exhibit an
intersecting behavior with the applied potential (see Figure 6a-b). Typically, *OOH and
*OH are crucial steps for the 2e” ORR and 4e” ORR rate-determining pathways,

respectively, consistent with the previous analysis based on the CHE model for the three
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catalysts. The energy intersection between *OOH and *OH is attributed to their
different PZC. Due to the first-order Stark effect,®” one state can be more stable than
the other by biasing the potential (see Figure S20). The optimized Nii/CrBr; and the
corresponding intermediates (*OOH, *O, and *OH) at zero charge can be found in the
Figure S21. The adsorption energies of the three intermediates relative to the applied
potentials are shown in Figure S24. The applied potential has the greatest influence on
the adsorption energies of *OOH and *O, followed by *OH. These varying degrees of
correlation will affect the RDS and onset potentials at different applied potentials and
pH values. The pH-dependent free energy profiles and corresponding onset potentials
(defined as the potentials at which the maximum free energy change is equal to 0) were
obtained by combining the adsorption energies of the reaction intermediates with the
reaction mechanism. As shown in the Figure 7(a-c), the onset potentials of the three
magnetic states of Nii/CrBrs for ORR at pH = 1 were determined to be 0.79 V/RHE for
FIM, 0.86 V/RHE for AFM1, and 0.83 V/RHE for AFM2, respectively. These values
are higher than the values at pH = 13 (0.53 V/RHE for FIM, 0.64 V/RHE for AFMI,
and 0.68 V/RHE for AFM2). This indicates that the ORR catalyzed by Nii/CrBr3 is
favorable in an acidic environment. The RDS for all magnetic states is the removal of
*OH, consistent with the previous CHE calculations, suggesting the strong adsorption
of *OH on Ni1/CrBr;. The Figure 7(d-f) shows the pH and potential-dependent contour
plots of the adsorption energy of *OH on Nii/CrBr3 in the three magnetic states. It can
be observed that the adsorption strength of *OH on Ni1/CrBr; increases with increasing
pH or decreasing applied potential. Hence, in an alkaline environment, the removal of
*OH becomes more challenging, offering an explanation for the pH-dependent activity

of N11/CrBrs;.
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Fig. 7. Free energy diagrams of the ORR on (a) FIM Nii/CrBr3, (b) AFM1 Nii/CrBrs,

Reaction coordinate

(c) AFM2 Ni1/CrBrs. pH-dependent and potential-dependent contour plot of adsorption
energies of *OH on (d) FIM Ni1/CrBrs, () AFM1 Nii/CrBr3, (f) AFM2 Ni/CrBrs.

It has been previously demonstrated that the catalyst's transformation to Ni»/CrBr3
leads to a transition in the selectivity of the ORR catalytic pathway from 4e” ORR to
2e” ORR. The optimized structures of Ni»/CrBr3; and the corresponding intermediates

(*OOH, *O, and *OH) without doped charge are shown in Figure S22, and the
25
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adsorption energies of the three intermediates relative to the applied potential are shown
in Figure S25. The applied potential has the greatest impact on *O adsorption energy,
followed by *OOH, while its effect on *OH is relatively minor. According to Figure
6¢-d, the ORR intermediates *OOH and *OH in Ni2/CrBrs exhibit spin crossover
phenomena as well. The pH-dependent free energy profiles and the corresponding onset
potentials (at which the maximum free energy change is zero) based on the RHE scale
were obtained. As shown in the Figure 8(a-c), the onset potentials of the three magnetic
states for ORR at pH = 1 were determined to be 0.87 V/RHE for FIM, 0.92 V/RHE for
AFM1, and 0.93 V/RHE for AFM2, respectively, slightly lower than the values at pH
=13 (0.88 V/RHE for FIM, 0.99 V/RHE for AFM1, and 0.95 V/RHE for AFM2). The
free energy pathway diagram suggests that for Nio/CrBr; under CPM, the RDS of the
ORR catalytic pathway is the *OOH formation step, consistent with the result
calculated by CHE. Figure 8(d-f) illustrates pH and potential-dependent contour plots
of *OOH adsorption energy on the three magnetic states of Ni»/CrBrs. For FIM and
AFM1, *OOH adsorption strength increases with rising pH or decreasing potential,
while for AFM2, it initially rises and then declines under similar conditions. At
determined onset potential and pH levels, *OOH adsorption energy remains relatively
constant for FIM and AFM2 between pH = 1 and pH = 13, yielding similar calculated
onset potentials across different pH conditions. At pH = 13, AFM1 exhibits a notable
rise in *OOH adsorption energy compared to pH = 1, promoting its adsorption onto the
Ni2/CrBr; surface in alkaline conditions. This phenomenon facilitates *OOH formation,

elucidating the pH-dependent activity of Ni/CrBrs.
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Fig. 8. Free energy diagrams of the ORR on (a) FIM Ni2/CrBr3, (b) AFM1 Ni2/CrBrs,
(c) AFM2 Ni»/CrBrs. pH-dependent and potential-dependent contour plot of adsorption
energies of *OOH on (d) FIM Niy/CrBr3, () AFM1 Ni2/CrBr3, (f) AFM2 Ni2/CrBrs.
For Nig/CrBr3, the intermediates (*OOH, *O, and *OH) were optimized at zero
charge as depicted in Figure S23, and the adsorption energies relative to the applied
potentials are shown in Figure S26. These intermediates show a distinct dependency on

applied potential compared to previous catalyst types. The influence of applied
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potential on adsorption energies varies across intermediates and magnetic states.
Notably, *OH adsorption energy is most affected in FIM and AFM2, while *OOH and
*QO exhibit similar changes. Conversely, in AFM1, *O is most affected, followed by
*OH and *OOH. The dependence of adsorption energies on the applied potential shows
distinct differences from the previous discussion. Additionally, the spin crossover in
*OOH and *OH intermediates is once again observed in the ORR process (see Figure
6e-1). This difference may be related to the variation in the RDS of the reaction pathway.
Furthermore, significant changes in the configurations between *OH and *OOH (see
Figure S30-32) can be observed among the different magnetic states. With changes in
the magnetic state and applied potential, the distance of Ni atoms protruding from the
plane and the £/NiOO of *OOH in AFM1 are smaller than those in AFM2, while the
Ni-O bond length remains relatively unchanged. Regarding *OH, with changes in the
magnetic state and applied potential, the distance of Ni protruding from the plane in
AFM2 is generally smaller than that in AFM1, and £NiOH is smaller in AFM2 than
in AFM1 before an applied potential of 0.1 V/SHE. However, after an applied potential
greater than 0.1 V/SHE, £NiOH in AFM2 surpasses that in AFM1. Catalytically, the
ORR onset potentials for the three magnetic states shown in the Figure 9(a-c), at pH =
1 are determined to be 0.81 V/RHE for FIM, 0.89 V/RHE for AFM1, and 0.87 V/RHE
for AFM2, respectively, which are lower than those at pH = 13, which are 0.86 V/RHE
for FIM, 0.93 V/RHE for AFM1, and 0.90 V/RHE for AFM2. In reaction pathways,
FIM and AFM2 favor 2e- ORR with *OOH formation as the RDS, while under AFM1
magnetic state, the ORR pathway shifts to 4¢* ORR under acidic conditions, with the
RDS transitioning to *OH removal. Figure 9(d-f) illustrates contour plots showing the
pH and potential dependency of *OOH and *OH adsorption energies on Nig/CrBr3
magnetic states. Higher pH or lower applied potential enhances *OOH adsorption
strength on FIM and AFM2 of Nig/CrBrs. Hence, the alkaline environment promotes
*OOH adsorption on Nig/CrBr3, elucidating the elevated initial potential observed in
alkaline conditions. Interestingly, as the pH increases, the RDS for AFM1 shifts from

the removal of *OH to the formation of *OOH. In Figure S29, we plotted the difference
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between the adsorption energies of *OH and *OOH, and this difference increases
slightly with changes in the applied potential. According to the eq 5, when U/RHE is
fixed, different pH values lead to different U/SHE. This variation can account for the
change in the RDS and consequently the shift in the selectivity of the ORR pathway on
the Nig/CrBr; catalyst from 4e” ORR to 2e” ORR.
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Fig. 9. Free energy diagrams of the ORR on (a) FIM Nig/CrBr3, (b) AFM1 Nig/CrBrs,

(c) AFM2 Nis/CrBr3. pH-dependent and potential-dependent contour plot of adsorption
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energies of *OOH on (d) FIM Nig/CrBr3, *OH on (¢) AFM1 Nig/CrBr3, and *OOH on
(f) AFM2 Nig/CrBrs.

The preceding discussion primarily focused on the potential variation of the ORR
reaction pathway resulting from pH and external potential changes within the same
magnetic state of a similar catalyst, namely Nii/CrBrs, Nio/CrBr3, and Nig/CrBrs. A
selective transition was observed in the ORR pathway within AFM1 of Nis/CrBrs.
Subsequently, a comparison was made between different magnetic states of the identical
catalyst under consistent pH conditions. It is worth noting that a pathway selectivity
transition between AFM1 and AFM2 of Nig/CrBr; was also observed under pH =1, as
depicted in Figure 9(b-c). In AFM1, the main pathway is 4¢” ORR, while in AFM2, it
mainly undergoes 2e- ORR. Furthermore, it was observed that the onset potentials of
the two pathways in AFM1 and AFM2 differ by merely 0.02 V/RHE. This implies that
by simply changing the different antiferromagnetic states of Nig/CrBrs and applying a
small external voltage, the control of the ORR pathway can be achieved, and high ORR
catalytic activity can be obtained. Furthermore, by examining the energy and external
potential variation of the same intermediate during ORR on different magnetic states of
Nig/CrBr3 at the corresponding onset potential, as shown in Figure 6(e-f). The energy
levels of AFM1 and AFM2 were found to be in close proximity, indicating the potential

for regulating the pathway transition between magnetic states.

Conclusions

In conclusion, we thoroughly examined the impact of ferromagnetic support on
ORR properties across three different loading Ni-loaded Nix/CrBr; catalysts with
different magnetic configurations. The resultant Nix/CrBr; feature FIM properties with
because of antiferromagnetic exchange of Ni-Cr, and the introduction of Ni-Ni metal
bonds induces direct ferromagnetic interaction, resulting in magnetic phase temperature
increases. Introduction of Ni-Ni metal bonds directly connected to the active sites
enabled a weakening of O, adsorption. With the increase of Ni loading, the easy
magnetic axis transitions from out-of-plane (2D-Heisenberg) to in-plane (2D-XY).

Additionally, the adsorption properties of Nix/CrBrs, including O adsorption energy
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and configuration, are independent of the d-band center and closely tied to magnetic
anisotropy. More notably, both applied potential and electrolyte acidity are crucial
factors triggering magnetic transition phenomena during the ORR, causing a shift in
the catalytic pathway from 4e” ORR to 2e” ORR. This results in achieving an excellent
onset potential of 0.93 V/RHE. Generally, these findings present novel strategy for

understanding and designing heterogeneous electrocatalysts.

Supporting Information

The Supporting Information contains detailed information: geometrical structures,
DOS analysis, electronic structure, calculated energies as a function of the applied
potential and free energy profile, the changes of Gibbs free energy, pH-dependent and
potential-dependent contour plot of adsorption energies and difference of adsorption

energies and so on.
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