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ism and kinetics of oxygen
reduction reaction on the iron–nickel dual atom
catalyst†

Mohsen Tamtaji, a Yuyin Li, b Yuting Cai,b Hongwei Liu,b William A. Goddard III *c

and GuanHua Chen*ad

Dual-atom catalysts (DACs) have recently emerged as promising and high-activity catalysts for the oxygen

reduction reaction (ORR), a key process in many electrochemical energy conversion devices. However, the

ORRmechanism and kinetics on DACs has not yet been established. To address this problem, we employed

grand canonical potential kinetics (GCP-K) with CANDLE solvation. The behavior of the free energy and

grand canonical potential for ORR and hydrogen evolution reaction (HER) intermediates (OO*, OOH*,

O*, OH*, and H*) and their corresponding transition states at constant charges were calculated and

converted to free energy as a function of applied potential to predict current density as a function of

applied potential for ORR (through the associative pathway) and the competitive HER on iron–nickel

DAC (FeNiN6-DAC). We find a Tafel slope of 281 mV dec−1 for ORR, comparable with the experimental

Tafel slope of 169 mV dec−1 at the current density of −1.7 mA cm−2. The change in concentration of

ORR reaction intermediates on FeNiN6-DAC as a function of applied potentials indicates that the

dominant intermediate is OH* at potentials >0.25 V vs. RHE. The charge transfer and spin density of Fe

active sites reaches a maximum during each proton transfer step. The partial density of states of 3d

orbitals on the Fe site indicates that the 3dx2−y2 orbital is near the Fermi level, while the position of the

3dz2 orbital and Fermi level reaches a minimum along the first reaction step of OO* ���!Hþ
OOH*: These

insights into the fundamental aspects of ORR on DACs provide guidance for the design of efficient catalysts.
1. Introduction

Efficient oxygen reduction reaction (ORR) to ensure rapid
reaction kinetics is a crucial process in many electrochemical
energy conversion devices, including fuel cells, metal–air
batteries, and electrolyzers.1,2 In ORR, the dioxygen is reduced
through the OOH*, O*, and OH* reaction intermediates to
produce two water molecules via the four-electron transfer
pathway and/or a H2O2 molecule via a two-electron transfer
pathway, as shown in Scheme 1,3–5 typically occurring at the
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cathode of these devices. However, a major bottleneck for the
commercialization of catalysts is the sluggish kinetics and the
competition with the hydrogen evolution reaction (HER) as
shown in Scheme 1.6,7 Therefore, to develop new catalysts with
high efficiency and rapid reaction kinetics toward ORR, there is
an urgent need to investigate the fundamentals behind their
reaction mechanism.

Dual atom catalysts (DACs) have recently attracted wide-
spread interest towards high-performance electrochemical
reactions by enabling regulation of the electronic structure and
spin state of the metal centers.8–13 Thus, co-doping a counter-
part metal beside the active metal site can act as electron donors
to help stabilize the intermediate species in the reaction
mechanism.14–16 Previous studies have applied theoretical
calculations and experimental synthesis to DACs for various
electrochemical applications such as CO2 reduction reaction
(CO2RR), nitrogen reduction reaction (NRR), HER, and ORR.17–24

The theoretical studies for ORR have mainly reported the Gibbs
free energy (DG) of the main reaction intermediates such as H*,
OH*, O*, OOH*, and OO* at zero net charge with the goal of
predicting the limiting potential (4) and overpotential (h = 1.23
− 4).25–27 In most calculations, the dependence of the Gibbs free
energy of the intermediates is assumed to be linear in the
applied potential (U) as:
This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Reaction steps. Reaction steps of four- and two-electron transfer oxygen reduction reaction (ORR) and hydrogen evolution reaction
(HER).
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DGOH*(U) = DGOH*jat U=0 V − eU (1)

DGO*(U) = DGO*jat U=0 V − 2eU (2)

DGOOH*(U) = DGOOH*jat U=0 V − 3eU (3)

where e is the electron charge.28–30 However, linear dependence
is assumed and has been shown to be incorrect in some
studies.31,32 In addition, the zero-potential Gibbs free energies
are generally assumed to be equal to the zero-charge values and
the potential of zero charge (UPZC) at which the system is neutral
is assumed to be 0 V. However, it has been shown that the
potential of zero charge at neutral charges is higher than 0, and
at zero potential, the intermediates are not neutral.33 Impor-
tantly, the transition states between the OO*, OOH*, O*, OH*,
and H* intermediates are essential to provide an understanding
of the ORR reaction mechanism and kinetics on DACs. That is,
we need to calculate the reaction barriers, reaction rates, charge
transfer, and spin population of active metal site along the
proton transfer steps that give rise to the current–potential (I–V)
curves, Tafel slopes, and the concentration of each reaction
intermediate on the catalyst's surface.34–36

In addition, investigation of partial density of states along
the proton transfer steps is needed to understand the changes
in molecular orbital congurations responsible for the evolu-
tion in bonding interactions and Gibbs free energies. These
aspects have been investigated partially for several electro-
chemical reactions on various catalysts. For example, the reac-
tion mechanism and kinetics of CO2 reduction to CO on nickel
single atom catalyst (SAC) was examined, indicating that the
rate-determining step is the proton transfer to CO2.33 In addi-
tion, the mechanism and predicted kinetics as a function of
applied potential for NRR andHER for the iron–rutheniumDAC
was reported, leading to the onset potential of −0.22 V vs.
Reversible Hydrogen Electrode (RHE) at the current density of
10 mA cm−2 for ammonia synthesis.32

In this work, we employ DFT calculations to examine ORR
and HER mechanisms on the iron–nickel DAC (FeNiN6-DAC).
We use VASPsol code to perform structural relaxation for
OO*, OOH*, O*, OH*, and H* intermediates, and the climbing
image nudged elastic band (CI-NEB) calculation for calculating
This journal is © The Royal Society of Chemistry 2023
transition states between the reaction intermediates. Then we
used the joint DFT calculations with CANDLE solvation to
calculate the free energy of reaction intermediates and transi-
tion states at constant charges (n − n0 = 0, 0.5, 1, and 1.5 e−).
Applying a Legendre transformation, converts the constant-
charge free energies to constant-potential free energies which
was used to calculate reaction rates as a function of applied
potential. The behavior of free energy, grand canonical poten-
tial, charge transfer, spin population, and density of states of Fe
metal was investigated along the reaction pathway. The result-
ing I–V curve and Tafel slopes for ORR and HER were calculated
and compared with experimental results in the literature. The
change in the concentration of ORR reaction intermediates on
the Fe active site of FeNiN6-DAC indicates that at high poten-
tials, the proton transfer to OH* to producer water is the rate
limiting step, while at low potentials, the proton transfer to O*
to producer OH* is the rate limiting step.
2. Grand canonical potential kinetics
formulation
2.1 Structural relaxation and free energy calculations

In this study, we used a combination of spin-polarized DFT
calculations and solvation models to investigate ORR mecha-
nism on the FeNiN6-DAC. The calculations were performed
using the Vienna Ab initio Simulation Package (VASP, version
5.4.4) and jDFTx (version 1.7.0) soware. The relaxed structure
of the reaction intermediates were calculated using the VASPsol
solvation code in VASP at constant charge using the Perdew–
Burke–Ernzerhof (PBE) functional. The climbing image nudged
elastic band (CI-NEB) method was then employed in the VTST
package to obtain the relaxed structure of transition states as
a function of net charges (n − n0) using VASPsol solvation code.
The DFT-D3method was used to account for London dispersion
(van derWaals attraction) interactions.37 To describe the explicit
polarization effect involved in proton transfer events, we added
three explicit water molecules in a vertical direction to the
reaction system and performed the structural relaxation in
VASPsol with a default dielectric constant of 3 = 78.4 for
water.32–34 It is worth mentioning that introducing only three
J. Mater. Chem. A, 2023, 11, 25410–25421 | 25411
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explicit water molecules into the systems in the vertical direc-
tion, might not fully describe the inuence of the dynamic
hydrogen bond network and might have some impacts on the
calculated reaction barriers. In fact, the hydrogen dynamic
transfer can also happen between more than three water
molecules in other directions. As shown in Fig. 1a, a 4 × 4
supercell of graphene was constructed (12.8 Å × 12.8 Å), and an
iron–nickel pair was placed at the four carbon vacancies and
coordinated with six nitrogen atoms (FeNiN6-DAC). A 20 Å
vacuum space was added along the z direction to avoid any
interaction between periodic images, the Brillouin zone was
sampled by the 4 × 4 × 1 Monkhorst–Pack k-point scheme, and
the energy cutoff was set at 500 eV. The convergence criteria
were set as 10−6 eV in energy and 0.02 eV Å−1 in force for the
structure relation of intermediates while the convergence
criteria were set as 10−8 eV in energy and 0.05 eV Å−1 in force for
CI-NEB calculations for the structure relation of transition
states.

To obtain the single-point free energy of reaction interme-
diates and their corresponding transition states, the VASP-
optimized stagnation points at a series of constant charges
Fig. 1 Oxygen reduction reaction (ORR) mechanism on FeNiN6-DAC. (a
(dark gray color balls: carbon, gray color ball: iron, light blue color balls
cream color ball: nickel). Fe and Ni are anchored on the moiety side and
GCP-K method. (c) Graphical description of the ORR pathway catalyzed

25412 | J. Mater. Chem. A, 2023, 11, 25410–25421
were calculated in jDFTx. The constant-charge free energy was
then transformed to constant-potential free energy through the
Legendre transformation. The CANDLE solvation model was
used for all single-point free energy calculations with chemical
potential of an electron (me,SHE = 4.66 eV) at the standard
hydrogen electrode (SHE). The reference Fermi energy of the
electron was corrected by 0.0592 × pH. All the single-point free
energy calculations used a plane wave basis set with a 4 × 4 × 1
k-point mesh and energy cutoff of 20 hartree, and the free
energy convergence was set to the default 10−8 hartree.
2.2 Legendre transformation

Our recently developed GCP-K methodology can be used to
determine the kinetics for heterogeneous electrochemistry as
a function of net charges and applied potential while allowing
the transition states to evolve continuously.33 GCP-K uses
a Legendre transformation to convert the xed-charge single-
point free energy in jDFTx code, F(n), to grand canonical free
energy, G(n;U), allowing the thermodynamic free energy for
heterogeneous electrochemical reactions to depend on the
) Top and side view of the optimized structure model of FeNiN6-DAC
: nitrogen, red color balls: oxygen, salmon color balls: hydrogen, and
the bond lengths are in Å. (b) The overall calculation procedure of the
by FeNiN6-DAC at the applied potential of 1 V vs. RHE.

This journal is © The Royal Society of Chemistry 2023
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applied potential (U). The derivation starts with the general
denition of the grand canonical potential:38

G(n;U) = F(n) − ne(USHE − U) (4)

where G is the grand canonical free energy, which depends on
the number of electrons (n), the applied potential (U vs. SHE),
and the total free energy (F(n)). The sign of U is dened as the
potential used in experiments, i.e., U = −0.7 V corresponds to
−0.7 V vs. SHE. We calculate how the number of electrons
depends on the applied potential to obtain G(n;U) as a thermo-
dynamic potential. To do this, we shi the Fermi level to
correspond to the applied potential by changing the electronic
band occupation, varying the number of electrons in the
systems (eqn (4)). Finally, we obtain grand canonical potential
(GCP(U)) through minimizing G(n;U) according to ref. 38:

dGðn;UÞ
dn

¼ 0 or me;SHE ¼ dFðnÞ
dn

¼ eðUSHE �UÞ (5)

Minimizing G(n;U) leads to a quadratic form in GCP(U). To
obtain GCP(U) we t a quadratic expansion of F(n):33

F(n) = a(n − n0)
2 + b(n − n0) + c (6)

where a, b, and c (=F(n = n0)) are determined from tting. So,
the grand canonical potential is as follows:39

G(n;U) = a(n − n0)
2 + (b − (USHE − U))(n − n0) + c

+ n0e(USHE − U) (7)

Minimization of grand canonical potential leads to ref. 39:

GCPðUÞ ¼ � 1

4a

�
b� me;SHE þ eU

�2 þ c� n0me;SHE þ n0eU (8)

The parameter a is related to the differential capacitance,

Cdiff ¼ vn
vU

¼ � 1
2a

; while the parameter b is related to the

potential of zero charge, UPZC = b/e − me,SHE/e. Since at the
potential of zero charge, the system is neutral, n(UPZC) = n0, we

can write U � UPZC ¼ 1
Cdiff

ðn� n0Þ: So:39

nðUÞ ¼ �1

e

vGCPðUÞ
vU

¼ n0 � 1

2ae

�
b� me;SHE þ eUPZC

�
(9)

Thus, we can write, b= me,SHE− eUPZC. Putting these physical
quantities into eqn (4) and (5), we write the free energy and
grand canonical potential as follows:39

FðnÞ ¼ � 1

2Cdiff

ðn� n0Þ2 þ
�
me;SHE � eU

�ðn� n0Þ þ F0 (10)

GCPðUÞ ¼ �e2Cdiff

2
ðU �UPZCÞ2 þ n0eU þ F0 � n0me;SHE (11)

where, n0 is the number of electrons at zero net charge (total
number of valence electron) and me,SHE is the chemical potential
of an electron vs. SHE. This quadratic form of free energy F(n)
This journal is © The Royal Society of Chemistry 2023
and grand canonical potential GCP(U) accounts for the change
in capacitance as the potential changes.33

3. Results and discussion

We have investigated the reaction mechanism of oxygen
reduction reaction (ORR) in both four-electron transfer pathway
and the two-electron transfer pathway along with the competi-
tive HER on FeNiN6-DAC which the reaction steps are shown in
Scheme 1. Fig. 1a shows top and side view of the optimized
structure model of FeNiN6-DAC. Fe and Ni are anchored on the
moiety side and the bond lengths are denoted in Å. As shown in
Fig. 1b, we used DFT calculations in the VASP package for
structure relaxation of the intermediates and the CI-NEB
calculations for structure relaxation of transition states at
constant charges (n − n0 = 0, 0.5, 1, and 1.5 e−). Then, we used
single point calculations in jDFTx package to calculate constant-
charge free energies under CANDLE solvation. The Legendre
transformation was then used to convert the xed-charge free
energies to the xed-potential free energies and to convert the
free energy (F(n)) to grand canonical potential (GCP(U)) and
reaction barriers. Next, reaction rates, current densities, and
concentration of reaction intermediates were calculated.

As shown in Fig. S1,† adsorption of dioxygen which is the
rst step of ORR on FeNiN6-DAC can be via either end-on or
side-on orientation and can lead to either associative or enzy-
matic pathways, respectively. As shown in Fig. S2,† the calcu-
lated adsorption free energy of dioxygen at the potential of zero
charge (U = UPZC and n = n0) is −0.85 eV lower for the end-on
conguration and because it is not an electrochemical step,
the effect of applied potential is assumed to be negligible on the
O2 adsorption. This indicates that end-on conguration (asso-
ciative pathway) on FeNiN6-DAC is far more favorable than side-
on conguration (enzymatic pathway) for all the potentials. This
also indicates that Fe acts as an active metal center and Ni acts
only as the electron donor providing electronic modulation to
the Fe site, in agreement with previous reports.14 This can be
explained by the fact that the adsorption of dioxygen on Ni
single atom site is very weak compared to Fe site.40 When the O2

binds via the end-on conguration, the O–O bond elongates
from its nominal value of 1.24 Å to 1.29 Å. Fig. 1c indicates
graphical description of the ORR intermediates in which three
explicit water molecules was added to the reaction system to
describe the explicit polarization effect involved in proton
transfers.

The geometry and free energy level of six transition states
was investigated between each intermediate steps of ab
ðOO* ���!Hþ

OOH*Þ; bc ðOOH* ���!Hþ
O*þH2OÞ; cd

ðO* ���!Hþ
OH*Þ; da ðOH* ���!Hþ

H2OÞ; ae ð* ���!Hþ
H*Þ; and ef

ðH*!H
þ
H2Þ: Then, we considered the behavior of the free energy

and grand canonical potential as a function of the number of
electrons for each reaction intermediate and their correspond-
ing transition states. For example, Fig. 2a demonstrates the free
energies (F(n)) of FeNiN6-DAC bonded with OO* via end-on
conguration as a function of number of net electrons of
system (n − n0), indicates a nearly linear relationship. The blue
dots and dash curve denote the DFT calculated energies and
J. Mater. Chem. A, 2023, 11, 25410–25421 | 25413
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Fig. 2 Behaviour of free energy and grand canonical potential as a function of the number of electrons. (a) The free energies of OO* bonded to
FeNiN6-DAC a function of number of electrons (n− n0), indicates a nearly linear relationship. (b) The relation between free energy and number of
net electrons becomes quadratic when the energy contribution of each electron at SHE is subtracted from total free energy. (c) Minimization of
free energy as a function of number of net electrons when an external potential is applied to the system. The free energy minimum is shifted
toward higher electron numbers as U is goes to more negative values, ensuring that the reaction progresses in the forward direction. The
quadratic dependence allows the optimum number of electrons and grand canonical potential GCP(U) to be predicted for each U. (d) The
dependence of the grand canonical potential GCP(U) as a function of applied potential for of FeNiN6-DAC bonded to OO*. The blue dots and
dash curve denote the DFT calculated energies and polynomial 2nd order fitting, respectively.
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polynomial 2nd order tting, respectively. The reported free
energy (F(n)) contains four different parts as follows:

F(n) = Etot(n) + EZPE(n) − ETS(n) − Esolvent(n) (12)

where Etot(n) is the total energy of the system, EZPE(n) and ETS(n)
are the zero-point energy and entropy contributions, respec-
tively, and Esolvent(n) is single-point solvation energy correction.
Etot(n), ETS(n) and Esolvent(n) are obtained from single point
energy calculations in the jDFTx code using CANDLE solvation.
The zero-point energy contribution (EZPE(n)) for each reaction
intermediate including the three free water molecules is ob-
tained from the vibrational frequency calculation in the VASP
package along with VASPsol code to include the contributions
of phonon frequency at T = 298 K. The zero-point energy
contribution of FeNiN6-DAC as the adsorption sites is assumed
to be negligible. Based on the 2nd order polynomial t of free
energy (F(n)) vs. net charges, we can calculate the differential

capacitance, Cdiff ¼ vn
vU

¼ � 1
2� 0:6509

e=V and potential of

zero charge of UPZC = 0.9318 V. The differential capacitance
indicates that the capacitance of the electrode interface
decreases by 0.7682 units for each unit increase in electrode
potential. Table S1† shows the tting parameters obtained from
25414 | J. Mater. Chem. A, 2023, 11, 25410–25421
quadratic tting of F(n) vs. net charge to obtain the grand
canonical potential along with differential capacitance and
potential of zero charge for all the reaction intermediates and
their correspondence transition state.

As shown in Fig. 2b, when the energy contribution of each
electron at SHE is subtracted from total free energy (F(n) −
nme,SHE), the relation between free energy and number of
electrons becomes quadratic with a minimum at the net
charge of n − n0 = 0.7158 e−. In fact, this quadratic depen-
dence leads to the optimum number of electrons for each
potential. As shown in Fig. 2c, when an external potential is
applied to the system, the free energy minimum is shied
toward higher electron numbers of n − n0 = 1.3303 e−,
ensuring that the reaction progresses in the forward direction.
Fig. S3a† indicates the dependence of the number of net
electrons of the system as a function of applied potential,
suggesting a linear relationship with R2 value of 1 and slope of

Cdiff ¼ �1
2a

¼ �0:7682 e=V and intercept value of CdiffUPZC =

0.7158 e. Fig. 2d displays the polynomial dependence of the
grand canonical potential GCP(U) as a function of applied
potential for FeNiN6-DAC bonded to OO* with R2 value of 1
and an equation as follows:
This journal is © The Royal Society of Chemistry 2023
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GCPðUÞ ¼ �e2Cdiff

2
U2 þ �

n0 þ ðn� n0Þat U¼0

�
eU

þGCPðU ¼ 0Þ
¼ �0:3841U2 þ 245:7158U � 17 005:4716 (13)

So, the reaction barrier for step ab ðOO* ���!Hþ
OOH*Þ is

shown in Fig. S3b† and can be written as:

G‡
ab = 0.0313U2 + 0.0625U + 0.4543 (14)

As shown in Fig. 3a, to form OOH* when the OO* is chem-
isorbed to Fe active site via end-side conguration, we introduce
three water molecules (H6O3) to the system. The proton in the
H6O3 cluster reacts with the OO* molecule to form the OOH*

intermediate while producing a cluster of 2 solvated H2O
molecules and one solvated OH ion. Four images (01–04) were
inserted to search for TS, where 00 and 05 indicate the reactant
and product, respectively, via the minimum energy path (MEP).
The dashed green lines are shown to clarify the atom
displacement along the reaction pathway. Fig. 3a and S4–S8†
show the reaction pathway of steps ab ðOO* ���!Hþ

OOH*Þ; bc
ðOOH* ���!Hþ

O*þH2OÞ; cd ðO* ���!Hþ
OH*Þ; da
Fig. 3 Investigation of transition states of OO* ���!Hþ
OOH*. (a) React

structures of initial, transition, and final states at the applied potential of U
negative potential applied. Four images (01–04) were inserted to search f
minimum energy path (MEP). The dash green lines are to show the atom d

the step 01 ðOO* ���!Hþ
OOH*Þ at different numbers of net electrons (n −

1.4 eV at net charge of n − n0 = 0 e− for the forward and backward conve
O–H bond distance variation of TS 03 of step ab vs. the applied potenti

This journal is © The Royal Society of Chemistry 2023
ðOH* ���!Hþ
H2OÞ; ae ð* ���!Hþ

H*Þ; and ef ðH* ���!Hþ
H2Þ; indi-

cating the optimized structures of the initial, transition, and
nal states at applied potential of 1 V vs. RHE. Fig. 3b shows the
free energy barrier for the step ab ðOO* ���!Hþ

OOH*Þ at different
numbers of net electrons (n − n0) in the system. This shows the
maximum energy barrier of 0.5 eV and 1.4 eV at net charge of n
− n0 = 0 e− for the conversion of OO* ���!Hþ

OOH* in forward
and backward directions, respectively, on Fe site of FeNiN6-
DAC. Fig. 3c shows the O–H bond distance variation of TS 03
of step ab, indicating the increase in the bond length at more
positive potentials. Based on our calculations, the transition
state moves towards nal state as more negative potential
applied indicating the forward direction of reaction progresses.

The proton transfer from three water molecules to OOH*

intermediate can go through two different pathways: (i)
formation of HOOH* intermediate to produce H2O2 via a two-
electron reaction pathway and (ii) formation of O* interme-
diate and H2O water via a four-electron reaction pathway
(Scheme 1). As shown in Fig. S2,† the energy level of O* is lower
than the energy level of HOOH* suggesting that the four-
electron reaction pathway is more favorable on FeNiN6-DAC
than the two-electron reaction pathway.
ion pathway of step ab ðOO* ���!Hþ
OOH*Þ, indicating the optimized

= 1 V vs. RHE. The transition state moves towards final state as more
or TS, and 00 and 05 indicate the reactant and product, respectively, via
isplacement along the reaction pathway. (b) The free energy barrier for

n0) in the system. It shows the maximum energy barrier of 0.5 eV and

rsion of OO* ���!Hþ
OOH*; respectively, on Fe site of FeNiN6-DAC. (c)

al.
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In addition, we investigated the charge transfer and spin of
the Fe active site. Fig. 4a and b show the charge transfer and
spin of Fe along the reaction pathway of step ab ðOO*!H

þ
OOH*Þ

at the applied potential of 1 V vs. RHE. This indicates the
Fig. 4 Investigation of charge transfer and spin of Fe. (a) Charge tra
ðOO*!H

þ
OOH*Þ at the applied potential ofU= 1 V vs. RHE. This indicates t

and proton transfer. The dash green lines are to show the increase in the s
(c) charge transfer and (d) spin of system vs. net electrons and reaction

25416 | J. Mater. Chem. A, 2023, 11, 25410–25421
increase in both charge transfer and spin along the proton
transfer. Fig. 4c and d shows the contour plot of charge transfer
and spin of system vs. net electrons and reaction pathway of
OO*!H

þ
OOH*: The transition state TS 03 of step ab shows the
nsfer and (b) spin of system along the reaction pathway of step ab
he increase in both charge transfer and spin along the reaction pathway
pin of Fe atom in the z-axis along the reaction pathway. Contour plot of
pathway of step ab ðOO*!H

þ
OOH*Þ:

This journal is © The Royal Society of Chemistry 2023
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highest charge transfer and spin density at Fe. The charge

transfer for steps bc ðOOH* ���!Hþ
O*þH2OÞ; cd

ðO* ���!Hþ
OH*Þ; and da ðOH* ���!Hþ

H2OÞ along the reaction
pathway at the applied potential of 1 V vs. RHE is shown in
Fig. S12–S15.† This indicates the increase in charge transfer
along each proton transfers.

The density of states (DOS) of Fe atom in FeNiN6-DAC system
for initial and nal states of step ab ðOO* ���!Hþ

OOH*Þ is shown
in Fig. 5a, indicating the presence of the dx2–y2 orbital of Fe atom
at the Fermi level. Fig. 5b shows the position of the dz2 orbital
and Fermi level along the reaction pathway of step ab
ðOO* ���!Hþ

OOH*Þ; indicating that both decrease along the
proton transfer with a minimum at the TS 03. Fig. 5c shows the
molecular orbital of 3d orbital of free Fe and Fe during the step
ab ðOO* ���!Hþ

OOH*Þ: By comparing the molecular orbital of
free FeNiN6-DAC with FeNiN6-DAC bonded to OO*, we see that
dx2–y2 and dz2 goes to lower and higher energy states, respec-
tively, aer the adsorption of OO*. This also indicates that dxy
orbital is empty, dx2−y2 and dz2 orbitals are singly occupied, and
dxz and dyz orbitals are doubly occupied. The spin crossover can
also happen during the proton transfer ðOO*!H

þ
OOH*Þ where

Fe goes from the triplet state to the doublet state with an empty
Fig. 5 Density of states analysis. (a) The density of states (DOS) of Fe

ðOO* ���!Hþ
OOH*Þ; indicating the presence of 3dx2–y2 orbital of Fe atom

the reaction pathway of step ab ðOO* ���!Hþ
OOH*Þ; indicating that both

orbitals of free Fe and Fe during the step ab, indicating that dxy orbital is e
are doubly occupied.

This journal is © The Royal Society of Chemistry 2023
dz2. Fig. S17 and S18† show the band structure and partial
density of states (PDOS) analysis of the initial and nal states of
step ab OO* ���!Hþ

OOH*: In both initial and nal states, there
are bonding and antibonding orbitals on dxy, dx2−y2, and dz2. The
biggest change during the proton transfer is on the dz2 orbital,
suggesting that this orbital participates in the hybridization.

We predict the free energy reaction barriers based on
GCP(U). Fig. 6a shows the schematic representation of free
energies at 298.15 K and pH of 1 and applied potentials of 1 V
(blue) and 0.2 V vs. RHE (red). This summarizes all reaction
intermediates (a–f) and transition state (TS) free energies
involved in the reduction of O2 on FeNiN6-DAC at 1 V and 0.2 V
constant applied potential. In order to calculate the concen-
tration of each intermediate on Fe active site and current
density vs. applied potential, the following equations are taken
into accounts:41

dxa

dt
¼ �ðkab þ kaeÞxa þ ðkba þ kba0 Þxb þ kdaxd þ keaxe þ kfaxf

(15)

dxb

dt
¼ kabxa � ðkba

0 þ kba þ kbcÞxb þ kcbxc (16)
atom in FeNiN6-DAC system for initial and final states of step ab

on the Fermi level. (b) The position of 3dz2 orbital and Fermi level along

reaches aminimum along the proton transfer. (c) The energy level of 3d
mpty, dx2–y2 and dz2 orbitals are singly occupied, and dxz and dyz orbitals

J. Mater. Chem. A, 2023, 11, 25410–25421 | 25417
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Fig. 6 QM derived free energies and predicted reaction kinetics. (a) Schematic representation of free energies at 298.15 K and pH of 1 and
applied potentials of 1 V vs. RHE (blue) and 0.2 V vs. RHE (red). This summarizes all reaction intermediates (a–f) and transition state (TS) free
energies involved in the reduction of O2 on FeNiN6-DAC at applied potentials of 1 V and 0.2 V. (b) Calculated partial current densities for ORR and
HER on FeNiN6-DAC along with experimental ORR data obtained from ref. 14 (green line) for comparison. (c) Theoretical Tafel slopes calculated
from the I–V curves for ORR and HER on FeNiN6-DAC, showing fair agreement with the experimental ORR Tafel slope from ref. 14 (green line).
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dxc

dt
¼ kbcxb � ðkcb þ kcdÞxc þ kdcxd (17)

dxd

dt
¼ kcdxc � ðkdc þ kdaÞxd (18)

dxe

dt
¼ kaexa þ kfexf �

�
kea þ kef

�
xe (19)
25418 | J. Mater. Chem. A, 2023, 11, 25410–25421
dxf

dt
¼ kefxe �

�
kfe þ kfa

�
xf (20)

where kij is the reaction rate for reaction step ij, which is
calculated from the Eyring rate equation as follows:41

kijðUÞ ¼ kBT

ħ
exp

�
� DG‡

ijðUÞ
kBT

�
(21)
This journal is © The Royal Society of Chemistry 2023
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where DG‡
ij(U) is the reaction barrier for the reaction step ij,

while kB, T, and ħ are Boltzmann constant, temperature, and
Planck's constant, respectively. The current density and
concentrations are calculated at the steady state condition in

which
dxa
dt

¼ dxb
dt

¼ dxc
dt

¼ dxd
dt

¼ dxe
dt

¼ dxf
dt

¼ 0: The concen-

trations are normalized based on
Pf
i¼a

xi ¼ 1:

Fig. 6b shows calculated current densities for ORR and HER
on FeNiN6-DAC vs. applied potential along with experimental
data ORR from ref. 14 (green line) for comparison. We nd that
the direct four-electron transfer pathway is dominant under
more positive applied potentials, while the HER pathway
becomes more favorable at lower applied potentials. The Tafel
slope represents the rate of change of the current density with
respect to the applied potential and can be used to determine
and compare the kinetic parameters of the ORR reaction. Fig. 6c
displays Tafel slope of 281 calculated from the I–V curve for ORR
on FeNiN6-DAC, comparable with the experimental Tafel slope
of 169 mV dec−1 for ORR from ref. 14 (green line). The
discrepancy between the Tafel slope obtained from computa-
tional calculations and experimental results might be due to the
sluggish kinetics of ORR. In addition, other possible reasons for
this discrepancy can be due to the limitations on the DFT
calculations such as the pseudopotential and number of explicit
waters. Therefore, the agreement between the DFT- and
experimental-obtained Tafel slopes might be improved by using
a more accurate pseudopotential than PBE and considering
more explicit waters in several directions to consider the accu-
rate dynamic hydrogen transfer towards more accurate reaction
barriers and reaction kinetics.36 Fig. 6c displays also the Tafel
slope of 61 mV dec−1 calculated from the I–V curves for HER on
FeNiN6-DAC. This Tafel slope is comparable with the experi-
mental HER Tafel slope of 129mV dec−1, shown in Fig. S19,† for
Fe single atom catalyst (FeN4-SAC) from ref. 42. Fig. 7 shows the
Fig. 7 Concentration of ORR intermediates. The change in the
concentration of ORR reaction intermediates on the Fe active site of
FeNiN6-DAC at different potentials, indicating the dominant coverage
of surface with OH* intermediate at higher potentials.

This journal is © The Royal Society of Chemistry 2023
change in the concentration of ORR reaction intermediates on
the Fe active site of FeNiN6-DAC at different potentials indi-
cating the dominant coverage of surface with OH* intermediate
at higher potentials. This shows that at higher potentials, the
desorption of OH* intermediate to produce H2O is the rate
limiting step, while the proton transfer to O* to produce OH*

intermediate is the rate limiting step at low potentials, in
agreement with previous reports.26

4. Conclusion

In this paper, we employed grand canonical potential kinetics
(GCP-K) to study the reaction mechanism and kinetics for ORR
through the associative pathway and its competitive hydrogen
evolution reaction (HER) on the iron–nickel dual atom catalyst
(FeNiN6-DAC). The behavior of the free energy and grand
canonical potential is investigated using CANDLE solvation in
joint DFT calculations for reaction intermediates (OO*, OOH*,
O*, OH*, and H*) and their corresponding transition states at
constant potentials. Investigation of the OO* ���!Hþ

OOH* step,
reveals that the charge transfer and spin density of Fe reaches
a maximum during the proton transfer. The ORR Tafel slope of
281 mV dec−1 was calculated from the I–V curves for ORR,
comparable with the experimental Tafel slope of 169 mV dec−1.
The change in the concentration of ORR reaction intermediates
on the Fe active site of FeNiN6-DAC at various potentials indi-
cates that OH* and O* are the dominant intermediates at
potentials >0.25 V and <0.25 V vs. RHE, respectively. Our study
aimed to provide insights into the fundamental aspects of ORR
on DACs and to guide the design of more efficient ORR catalysts.
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