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ABSTRACT: The O2 reduction reaction (ORR) occurring at cathodes is a critical reaction in many
electrochemical energy-converting devices such as fuel cells. The reaction kinematics of the ORR is
generally very slow with high overpotentials and needs to be enhanced by using an efficient
electrocatalyst. The highly recognized Pt-based electrocatalyst needs to be replaced with a low-cost
non-noble metal-based electrocatalyst for catalyzing the ORR. We theoretically studied the structural
and electronic properties of 3D bulk LaNiO3 perovskite. We have cleaved the (0 0 1) surface from 3D
LaNiO3, which has a zero band gap (Eg), to create 2D monolayer LaNiO3 computationally and studied
its electronic properties. Our study demonstrates that the 2D monolayer LaNiO3 is a suitable
candidate for catalyzing the ORR because of its high catalytic activity with a tiny electronic band gap of
0.25 eV. We explored the ORR mechanism on the 2D monolayer LaNiO3 perovskite by inspecting
each intermediate. Our present findings show that the 2D monolayer LaNiO3 can efficiently catalyze
the ORR through a four-electron (4e−) reduction reaction due to the excellent catalytic activity of its
basal plane, which accords with the experimental findings. The change in Gibbs free energy (ΔG)
calculations of various intermediate steps of the ORR demonstrates that all reaction steps are spontaneous and thermodynamically
favorable. The 2D monolayer LaNiO3 perovskite can be a potential candidate for catalyzing the ORR efficiently. This study helps to
enable the development of high-activity, stable 2D perovskites for use in future solid oxide fuel cells and related applications in green
energy technologies.

■ INTRODUCTION
Globally, energy requirements are at their peaks due to the
increasing population. There are various renewable energy
sources like solar energy, geothermal energy, wind energy, etc.,
from which we extract energy. However, the availability of
renewable energy sources depends on weather conditions and
seasonal factors, which can limit their consistent energy supply.
Therefore, we rely solely on fossil fuels to meet our energy
demands.1−5 Greenhouse gases are harmful to our health due
to CO2 emissions, which take place during the consumption of
fossil fuels that cause global warming by trapping heat in the
atmosphere. These all have a severe impact on our environ-
ment in various ways. Hence, the development of clean, green,
and renewable energy technologies or resources is highly
demanded to control greenhouse gas emissions and maintain
sustainable development to fulfill the energy requirements.6,7

Fuel cells and metal−air batteries, which are ingenious energy
storage and efficient energy conversion devices, have attracted
many researchers because these devices can convert clean fuels,
such as hydrogen, to electricity with greater efficiency while
achieving high energy density.8−10 In a variety of energy
conversion and storage application devices, the oxygen
reduction reaction (ORR) occurring at the cathode is an

essential reaction that plays a critical role in fuel cells. The
ORR mechanism involves the formation of water molecules by
the reduction of oxygen molecules that involves the transfer of
electrons from the electrode to the oxygen molecules. The
ORR process occurs through two different mechanisms: (i) an
indirect two-electron (2e−) reduction path where H2O2 is
formed or (ii) a direct four-electron (4e−) reduction route
where water is formed.11−13

The multistep ORR kinetics at the cathode are usually slow
in comparison to anodic reactions, which significantly affects
the performance and commercialization of electrochemical
energy conversion devices in short applications.14 An electro-
catalyst plays a significant role in enhancing the efficiency and
performance of fuel cells by making the ORR process faster,
which is in general sluggish in nature during the O2 reduction
reaction. The volcano-type relationship is present between the
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surface’s electronic structure of a catalyst and its catalytic
activity for the ORR.15,16 Hence, exploring new highly active,
low-cost, and stable electrocatalysts for catalyzing the ORR is
vital for enhancing the efficiency of fuel cells. Advancements in
preparing new highly active electrocatalytic materials are
related to understanding the underlying ORR mechanisms
for energy conversion devices.17−19 Researchers have explored
various catalysts; among them noble metal (Pt, Au, and Pd)-
based electrocatalysts have shown remarkable performance for
the ORR in fuel cells and metal−air batteries because of their
excellent electrocatalytic activity and relatively low over-
potential. However, due to their high cost and rarity, the
precious Pt and Pt-based catalysts hinder broad applications in
industries and commercialization of fuel cells made of these
materials.20−22 Therefore, the replacement of precious metal-
based catalysts with alternatives having comparable or even
better electrocatalytic activity is necessary for practical
applications by reducing the cost. In fuel cells, oxides have
demonstrated excellent catalytic activity for the ORR.23,24 To
date, various non-noble metal-based catalysts have been
studied and have shown good performance for the ORR but
still have some limitations within them.24−27 The search for
efficient and long-lasting catalysts for the ORR has been a
major challenge, and perovskite oxides have emerged as a
promising class of materials in this regard. Perovskite oxides
with a crystal structure having the general formula ABO3,
where A is alkaline or rare earth metal cations (e.g., La, Ca, and
Cs), B is transition metal cations (e.g., Ni, Fe, Pb, and Co),
and O is an oxygen anion having a unique combination of
electronic, magnetic, and structural properties make them
attractive candidates for ORR catalysts.28,29 Due to the low
cost and ease of synthesis, perovskite oxides are a good
alternative to noble metal-based catalysts. The segregation of
alkaline earth elements such as Ba, Sr, and Ca on perovskite
surfaces under an oxygen-enriched atmosphere has been widely
reported. The mechanism behind oxygen activation at gas−
solid interfaces is not yet fully understood, but transition
metals such as Mn, Fe, Co, and Ni are the active sites where O2
gets adsorbed. Perovskite oxide is encouraging as a Pt-free and
bifunctional catalyst for fuel cells because of its Earth-
abundance, high catalytic activity, and good stability under
harsh conditions.6,17,30−32

In an alkaline medium, perovskite-based oxides are an
alternative solution for efficiently catalyzing the ORR because
they are highly resistive to alkaline solutions. Recently, it has
been explored that the 2D monolayer CsPbBr3 has shown
excellent catalytic activity for the ORR that followed both
associative and dissociative pathways.6 Expanding on the
promising catalytic activity of 2D monolayer CsPbBr3 for the
ORR, it is noteworthy to explore lanthanum nickelate
(LaNiO3) as another intriguing candidate in the realm of
electrocatalysis. LaNiO3 has gained considerable attention due
to its unique electronic and magnetic properties. LaNiO3 is a
promising candidate for a range of applications such as
catalysis due to its good conductivity and magnetic behavior. It
has been reported that tuning its properties is possible via the
substitution of anions and cations, e.g., adding Fe and Mg to
the B-site of Ni makes LaNiO3 more catalytically active.15,33 A
few studies showed that perovskite oxide with diverse
compositions having better catalytic activity can be prepared
by replacing the A-site and B-site with other metal ions.34,35

Recently, it has been demonstrated that the substitution of Fe
in a Co-based perovskite has shown excellent catalytic

performance in an alkaline electrolyte toward the ORR.27,36

The bifunctional catalytic activity of the most promising
candidate, perovskite-based LaNiO3, is efficient and compara-
ble to those of other best-performing precious metals. Very
recently, Shao-Horn et al. experimentally proved that the eg
electron number of transition metal cations is an important
parameter that influences the performance of ORR activ-
ity.27,37 The LaNiO3 perovskite with Ni centers having a
valency state of 3+ and moderate eg electron occupation (eg ≈
1) promotes the efficient ORR with a 4e− transfer pathway.
Additionally, the splitting of eg orbitals is effective in tuning the
catalytic performance of LaNiO3 under the action of epitaxial
strain due to changes in the electronic structure. Those
compounds have exhibited higher activity whose 3d transition
metal cations had only one electron in their eg orbital.16

Unfortunately, there is no theoretical and computational study
to explain the experimental observations.

In this article, we have introduced a highly efficient ORR
catalyst using a Pt-free 2D material computationally. Using the
first principles-based quantum mechanical density functional
theory (DFT) method, we have proposed a 2D monolayer
LaNiO3 perovskite material as a potential cathodic material for
the ORR. At first, the equilibrium structure and electronic
properties of the 3D bulk structure of LaNiO3 have been
studied by generating crystal structures using theoretical
methods. The 3D LaNiO3 material lacks the necessary high
surface area for an efficient O2 reduction reaction. To address
this issue, we cleaved a (0 0 1) surface from the 3D bulk
structure of the LaNiO3 perovskite material as shown in Figure
1a and computationally designed a 2D monolayer LaNiO3 slab

structure as depicted in Figure 1b. We have selected the (0 0
1) surface because in the perovskite structure such surfaces are
generally the most stable, and the atoms which drive the ORR
catalytic activity are the redox-active transition metals.15,27 We
performed structural optimization and electronic property
calculations of the 2D monolayer LaNiO3 system. Our
electronic property calculation reveals that the 3D LaNiO3 is
a metallic conductor with a zero band gap. But in comparison
to 3D LaNiO3, 2D monolayer LaNiO3 has an excellent
catalytic property due to its highly active exposed surface area,
indicating its promising potential as an effective ORR catalyst.
Furthermore, our study investigates various reaction inter-
mediates involved on the surface of 2D monolayer LaNiO3 to
study the ORR process. We utilized a 2D monolayer slab
configuration of the LaNiO3 perovskite to thoroughly
investigate each reaction step involved in the ORR mechanism,

Figure 1. (a) Equilibrium geometry of the 3D bulk structure of
LaNiO3 and (b) top and side view of the equilibrium structure of 2D
monolayer LaNiO3.
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considering the standard hydrogen electrode (SHE) or
computational hydrogen electrode (CHE) model. We explored
the ORR mechanism on the surfaces of the 2D monolayer
LaNiO3 perovskite to determine its catalytic activity and to
explain the experimental observations.

Our research reveals that all the active sites on the surface of
2D monolayer LaNiO3 exhibit strong energetics and
thermodynamic favorability, establishing it as a highly
promising electrocatalytic material toward the ORR. The
outstanding performance of 2D monolayer LaNiO3 demon-
strates the exciting possibilities of designing novel electro-
catalytic materials with high efficiency and stability and
underscores the potential of 2D perovskite oxide-type catalysts
to drive progress in clean renewable energy research.

■ METHODS AND COMPUTATIONAL DETAILS
All the calculations were performed by using the Vienna Ab
initio Simulation package (VASP).38,39 The equilibrium
structure, geometry, and electronic properties of both the 3D
crystal structure of LaNiO3 and 2D monolayer of LaNiO3
perovskite materials were computed by utilizing the projector
augmented wave (PAW) approach with pseudopotentials.40,41

In DFT, the electronic structure and total energy of the system
were calculated by solving the Kohn−Sham equations, which
are a set of self-consistent equations that describe the behavior
of noninteracting electrons in an effective potential. The
effective potential is obtained by subtracting the exchange-
correlation energy functional from the external potential. The
calculations involved the application of the Perdew−Burke−
Ernzerhof (PBE)42 form of generalized gradient approximation
(GGA) to describe the exchange and correlation effects. A
simple formulation of a GGA method for both the exchange
and correlation energies of electrons was developed by Perdew,
Burke, and Ernzerhof (PBE), i.e., this method includes both
PBE exchange and PBE correlation parameters during
computations.42,43 To account for weak van der Waals
(vdW) interactions in the systems, Grimme’s semiempirical
third-order dispersion correction parameters (Grimme’s D3)
were included in the DFT computation.43 We employed spin-
polarized calculations using periodic hybrid DFT-D (i.e., PBE-
D3) method to determine the equilibrium structures and
investigate the electronic properties of the studied system. In
our study, the pseudopotential basis sets employed for La, Ni,
and O atoms were PAW_PBE La_GW, PAW_PBE Ni_GW,
and PAW_PBE O_GW, respectively, and a plane-wave cutoff
energy of 450 eV was provided. A 1 × 1 × 1 Monkhorst−
Pack44 k-point grid with a Gaussian smearing of 0.05 eV was
used for the PBE-D3 calculations of the LaNiO3 slab, and the
convergence energy was set to 1 × 10−5 eV. To calculate and
plot the total density of states (DOS), the atomic orbitals of
La, Ni, and O atoms were employed. A 2D vacuum slab was
utilized to consider the electrostatic potential of the 2D
LaNiO3 material. In our calculation, we have created a vacuum
slab of 2D monolayer LaNiO3 for studying the structural and
electronic properties of the studied systems. The vacuum
region was employed to avoid periodicity along the z-direction.
A 15 Å vacuum region was created perpendicular to the 2D
monolayer LaNiO3 slab to avoid spurious interactions between
the repeated layers. We employed the visualization code
VESTA to generate visual representations and conduct the
crystal structure analysis of the LaNiO3 perovskite 2D slab.45,46

ORR Mechanisms. To create an effective catalyst, which is
essential for renewable energy converting sources, it is crucial

to understand the ORR mechanism in detail. The ORR of a
fuel cell, where electrons from the anode interact with protons
and oxygen to produce water at the cathode, determines its
efficiency and performance. A direct four-electron (4e−)
transfer reaction pathway and an indirect two-electron (2e−)
transfer reaction pathway are the two possible directions in
which the ORR may occur in acidic solutions. The more
efficient direct 4e− reduction path includes the adsorption of
the O2 molecule and subsequent splitting into activated oxygen
atoms on the surface of the catalyst. At the cathode, the
activated oxygen atoms interact with electrons and protons to
produce water.47−49 On the other hand, the indirect 2e−

reduction pathway involves the formation of hydrogen
peroxide (H2O2) from the O2 molecule. The associative and
dissociative paths are the 4e− transfer reaction pathways
through which the ORR mechanism takes place. Overall the
ORR is given by O2 + 4H+ + 4e− → 2H2O.
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In the above equations, L represents the catalyst’s active
adsorption site which adsorbs the O2 molecule during the
initial stage of the ORR. Eqs 1 and 2 illustrate the associative
and dissociative reaction mechanisms of the ORR, respectively.
Here, in the above equations, we neglected the addition of
protons and electrons for simplicity. H2O and H2O2 are the
respective products of the 4e− and 2e− transfer reaction
mechanisms of the ORR.

Theoretical Calculations and Equations. In our current
investigation, the reaction steps of the O2 reduction reaction
have been explored on the surface of 2D monolayer LaNiO3
with respect to the standard hydrogen electrode (SHE) or
computational hydrogen electrode (CHE) model, which has
been mentioned earlier. Therefore, the thermodynamical
equations can be written as below to compute the relative
free energy during the ORR.

G E E C T TSdDFT ZPE P= + + (3)

The above (eq 3) was used to calculate the free energy of
various intermediate species (G), where EDFT, EZPE, and S are
the ground-state electronic energy, zero-point vibrational
energy, and entropy, respectively. T denotes the temperature
which is 298.15 K in the present investigation.

G E E T Sads ads ZPE= + (4)

The above eq 4 was used to calculate the change in the free
energy of reaction intermediates (adsorbates) at pH = 0 where
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ΔGads represents the adsorption free energy of adsorbates.
ΔEads, ΔEZPE, and ΔS are the differences of electronic energy
(EDFT), zero-point vibrational energy (EZPE), and entropy (S),
respectively. The contribution of specific heat capacity at
constant pressure (CP) was carried out in the free energy (G)
calculation as expressed in eq 3. The value of the lattice specific
heat capacity CP was maintained constant at a temperature (T)
equal to 298.15 K. The temperature (T) was taken to be
constant while calculating the change of free energy during the
H-adsorption. Thus, during the calculation of the change of
free energy of the ORR steps, the integral part of ∫ CP dT was
zero. The following eq 5 was used to calculate the free energy
of O2 as the DFT method could not describe the high-spin
ground state of the oxygen molecule satisfactorily.

G G G2 2 4.92O H O H2 2 2
= (5)

■ RESULTS AND DISCUSSION
The equilibrium structure of the 3D bulk crystal of LaNiO3
was obtained by the PBE-D3 method as shown in Figure 2a.

The optimized lattice constants and equilibrium bond angles of
3D LaNiO3 were found to be a = b = 5.48 Å, c = 13.04 Å, α = β
= 90°, and γ = 120°. The bulk crystal structure of LaNiO3 has a
rhombohedral R3̅c space group symmetry. The equilibrium
La−O and Ni−O bond lengths were 2.76 Å and 1.94 Å,
respectively, obtained by the same method. The obtained
lattice parameters are well consistent with the previous
reported values.50 The electronic property calculations, i.e.,
the electronic band structure and total density of states (DOS)
of the bulk 3D LaNiO3, were obtained by the same PBE-D3
method. A highly symmetric Γ−T−H−L−Γ−S−F−Γ direc-
tion was used to plot the electronic band structure and total
DOS of 3D LaNiO3 in the first Brillouin zone represented in
Figure 2b,c. The electronic band structure and total DOS were
calculated with respect to the Fermi energy level (EF) while
using the atomic orbital of La, Ni, and O atoms in DOS
calculations.

We found that the 3D crystal structure of the LaNiO3
perovskite has a zero electronic band gap from the property
calculations, and the total DOS shows the presence of a high
electron density around the Fermi level (EF). Therefore, from
both the band and DOS calculations, we can say that the 3D
crystal structure of the LaNiO3 perovskite is a good conductive
material in nature. However, it could not be directly used as an
electrocatalyst for the ORR because of the smaller exposed
surface area. To address this, we computationally created a 2D
monolayer LaNiO3 from 3D LaNiO3 by cleaving the (0 0 1)
surface with a perpendicular 15 Å vacuum region along the z-
direction to avoid symmetry in that direction. The height of

the unit cell was maintained at 15 Å to fit the vacuum space to
avoid periodicity. We cleaved the (0 0 1) surface from 3D
LaNiO3 because, according to previous studies, it enhances the
catalytic activity of perovskite materials by decreasing the
overpotential.15

Then, we utilized the PBE-D3 method to obtain the
equilibrium geometry and electronic properties of the 2D
monolayer LaNiO3. Figure 3a represents the equilibrium

structure of the 2D monolayer LaNiO3. In this study, we have
utilized a 1 × 1 unit cell of the 2D monolayer LaNiO3 system
defined by the lattice parameters a = b = 5.58 Å, α = β = 90°,
and γ = 120°, respectively. We observed that the equilibrium
structure of the 2D monolayer LaNiO3 perovskite has a
trigonal P3 layer group symmetry. Additionally, the optimized
La−O bond length was 2.56 Å, and the Ni−O bond distance
was 1.94 Å. The electronic band structure and total DOS of 2D
monolayer LaNiO3 were calculated w.r.t. vacuum using a
highly symmetric Γ−M−K−Γ path. In our study, we have
selected a highly symmetric k-vector path to compute the
electronic properties, i.e., the electronic band structure and
total DOS of the 2D monolayer LaNiO3 and various reaction
intermediates of the ORR. The k-paths are the high-symmetry
paths in the reciprocal space that are frequently used to
compute the electronic band structures in the periodic solids,
and they are essential for studying the physical characteristics.
Due to processing limitations, energy bands are usually
calculated along high-symmetry line segments in the
irreducible Brillouin zone followed by the original symmetry
of the system. The stationary points in a band structure can be
found along the high-symmetry points and line segments
within the Brillouin zone to avoid the crossings in the energy
spectrum. In the present work, the highly symmetric k-path is
well consistent with the symmetry of our studied material. The
selection of a high symmetric k-vector path reduces the
computational time and resources compared to computing
energies across the entire boundary, making it feasible to
explore the dispersion landscape efficiently. The energy band
structure and total density of states of the 2D monolayer
LaNiO3 are illustrated in 3b,c. Table 1 summarizes the
equilibrium lattice constants, band gap, bond lengths, and
space group symmetry of 2D monolayer LaNiO3 and 3D
LaNiO3 with the earlier reported results. From our DFT
calculations of the 2D monolayer LaNiO3, we found that it has
an indirect band gap of 0.25 eV, and there is a low electron
density of states around the Fermi energy level in the total
density of states, confirming that it is a very low band gap
semiconducting material.

Figure 2. (a) Equilibrium crystal structure, (b) electronic band
structure, and (c) total DOS of the 3D LaNiO3 perovskite.

Figure 3. (a) Top and side view, (b) electronic band structure, and
(c) total DOS of the equilibrium 2D monolayer LaNiO3.
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ORR Mechanisms. From the electronic property calcu-
lations of the 2D monolayer LaNiO3, we confirmed that it is a
very low band gap semiconductor in nature, and it may have
good catalytic activity because of less band gap and the
presence of electron density around the Fermi energy level.
Therefore, the electrons can easily transfer from the valence
bands to the conduction bands, and the charge transfer is easy
during the chemical reactions (especially electrochemical
reactions) on its surface. To know whether this 2D monolayer
LaNiO3 perovskite is a suitable candidate for catalyzing the
ORR, we started exploring the ORR mechanisms on the
surface of the 2D monolayer LaNiO3 by creating various
reaction intermediates computationally. Figure 4a,b represents
the schematic diagram of the proposed four-electron (4e−)
transfer mechanisms of the ORR performed on the surfaces of
2D monolayer LaNiO3 that can follow either dissociative or
associative pathways. Here, in Figure 4, both the dissociative
and associative pathways are shown with all of the reaction
intermediates involved during the O2 reduction reaction. The
consecutive reaction steps with the addition of electrons (e−),
protons (H+), and removal of water (H2O) molecules are
represented by various arrows.

During the adsorption of the O2 molecule on the Ni site of
the 2D monolayer LaNiO3, charge transfer occurs between the
oxygen (O) and the nickel (Ni) atoms. The charge transfer
from the Ni atom to the O atom is necessary for the initiation
of the O2 reduction reaction. The electronic charge variation

on the Ni and O centers during the reaction was verified
through charge difference density and Bader charge analysis.51

We found that the charge on the Ni atom before the O2
adsorption was 0.692e. After the O2 adsorption, the charge on
the Ni atom was 1.043e; where e is the charge of an electron.
Similarly, the charge on the oxygen atom (which is bonded to
the Ni atom) before and after the O2 adsorption was −0.011e
and −0.470e, respectively. So, 0.351e unit of charge was
transferred from the Ni atom to the O atom during the O2
adsorption step. Figure 5 shows the charge difference density
of the O2_LaNiO3 reaction intermediate, where the yellow and
cyan regions represent charge depletion and accumulation,
respectively.

Dissociative Reaction Pathway. The most important
issue during the ORR process is the number of exposed active
sites for the adsorption of the O2 adsorbate, which determines
the ORR activity. All of the reaction intermediates that occur
during the ORR mechanisms followed by the dissociative
pathway on the surface of the 2D monolayer LaNiO3 are
shown in Figure 6. A solvent can influence a chemical reaction
in various ways, such as by changing the reaction rate,
modifying the geometry of the reactants, altering the energy
landscape of the reaction, and affecting the stability of the
intermediates. This issue can be resolved by using gas phase
modeling, which involves modeling individual molecules or
small clusters of molecule’s behavior in a gaseous environment
under controlled conditions. Under these conditions, DFT

Table 1. Equilibrium Lattice Parameters of 3D LaNiO3 and 2D Monolayer LaNiO3

System Lattice constant (Å) Angles (in degree) Space group Bond distance (Å) Band gap (Eg) Ref

3D bulk LaNiO3 a = b = 5.48 α = β = 90, R3̅c La−O = 2.76 0.00 this work
c = 13.04 γ = 120 Ni−O = 1.94

2D monolayer LaNiO3 a = 5.58 α = 89.93, P3̅ La−O = 2.56 0.25 this work
b = 5.58 β = 90.05, Ni−O = 1.94

γ = 120.07
3D LaNiO3(previous work) a = b = 5.45 α = β = 90, R3̅c Ni−O = 1.93 0.00 15

c = 13.14 γ = 120

Figure 4. Schematic representation of (a) dissociative and (b) associative reaction pathways of the ORR on the surface of the 2D monolayer
LaNiO3 with the 4e− transfer mechanism.
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computations are easier and more accurate even in a gas−solid
interface. We initialized the modeling of the O2 reduction
reaction steps on the active exposed surface of the 2D
monolayer LaNiO3 computationally for further calculations
under computational hydrogen electrode conditions (CHE)
i.e., H2 pressure is 1 bar with zero pH.

The initial step of the ORR involves the adsorption of the
O2 molecule on the surface of 2D monolayer LaNiO3 at the
nickel site, which leads to the formation of a reaction
intermediate represented by O2_LaNiO3 with the change in
free energy (ΔG) equal to −0.66 eV as shown in Figure 6b.
The free energy calculation indicates that the adsorption of O2
on the surface of 2D monolayer LaNiO3 at the nickel site is
thermodynamically feasible as the relative free energy (ΔG) is
negative (Figure 7). The calculated equilibrium bond lengths
La−O and Ni−O of the O2_LaNiO3 reaction intermediate
were found to be 2.61 Å and 1.93 Å, respectively. The
optimized O−O bond length was 1.43 Å. In the next step, the
extended bond between oxygen atoms in the adsorbed O2 of
reaction intermediate O2_LaNiO3 is broken, leading to the
adsorption of one oxygen atom onto a distinct Ni site, resulting
in the formation of new reaction intermediate 2O_LaNiO3. In
the 2O_LaNiO3 reaction intermediate, the two activated
oxygen atoms attach to two distinct Ni sites of the 2D
monolayer LaNiO3 perovskite. The equilibrium lattice
parameters of all the reaction intermediates of the ORR
involved during the dissociative mechanism are reported in
Table 2.

In this study, the transition state (TS) during the O2
dissociation step was obtained by using the climbing-image
nudged elastic band (CI-NEB) method.52,53 The approximate
path of O2 dissociation was generated, and one intermediate
image was relaxed. We found that the cleavage of the O−O
bond occurs with a transition state (TS) during the O2
dissociation step. Figure 8 represents the free energy profile
for the dissociation of O2 on the surface of 2D monolayer
LaNiO3 with the transition state (TS). We found that the O2
dissociation barrier was +1.42 eV during the cleavage of the
O−O bond. There is a complex interaction between the O2
molecule and the Ni atoms on the surface of the 2D monolayer
LaNiO3 perovskite during the ORR mechanism. In the LaNiO3
perovskite, Ni has a +3 oxidation state. The O−O cleavage
process occurs after the adsorption of the O2 molecule on the
Ni atom of the 2D monolayer LaNiO3. The O2 molecule
dissociates into two activated oxygen atoms, and they get
attached to two different Ni atoms on the surface of the 2D
monolayer LaNiO3. The oxygen atom having a −2 oxidation
state forms a bond with the Ni atom. This involves charge
transfer from the oxygen atom to the Ni atom, due to which Ni
reduces from the +3 to +2 oxidation state. Hence, to
accommodate the additional negative charge from the oxygen
atom during the O−O cleavage process, the oxidation state of
Ni changes from Ni3+ to Ni2+.

The equilibrium structure of the 2O_LaNiO3 reaction
intermediate is depicted in Figure 6c and the relative free
energy profile for the dissociative mechanism of the ORR is
represented in Figure 7. The completion of this reaction step
(O2→2O) has occurred with a change of relative free energy
(ΔG) of 0.09 eV which indicates that this step is endothermic
in nature. We found that in equilibrium 2O_LaNiO3
intermediate, the La−O and Ni−O bond distances are 2.56
Å and 2.01 Å, respectively. The reaction intermediate
2O_LaNiO3 is unstable, as the relative free energy required
for its formation is positive. In the next step, one adsorbed
oxygen atom at the nickel site gets reduced to form a hydride
ion (OH−) on the perovskite surface, giving the O_OH_La-
NiO3 reaction intermediate as depicted in Figure 6d. Our study
demonstrates that the O−H bond length is 0.95 Å, and both
the equilibrium La−O and Ni−O bond lengths remain
unchanged i.e., 2.56 Å and 2.01 Å, respectively. The relative
free energy change in this reaction step is about −2.34 eV as
depicted in Table 3.

The formation of the O_OH_LaNiO3 intermediate from
2O_LaNiO3 involves the transfer of an electron from the

Figure 5. Charge difference density of O2 adsorbed on the Ni atom of
the 2D monolayer LaNiO3 perovskite, i.e., the O2_LaNiO3 reaction
intermediate. The yellow region denotes charge depletion, and the
cyan color denotes charge accumulation.

Figure 6. Equilibrium structures of all of the reaction intermediates
involved in the dissociative pathway of the ORR on the surface of the
2D monolayer LaNiO3 perovskite.

Figure 7. Relative free energy profiles for the dissociative mechanism
of the ORR on the surface of the 2D monolayer LaNiO3 perovskite.
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electrode to one adsorbed oxygen atom on the surface of the
perovskite, which reduces it to a hydride ion via the addition of
one proton. Now, the hydride ion reacts with a proton (H+)
and electron (e−) to form a water (H2O) molecule with a free
energy change of −0.51 eV and the relative free energy change
of about −2.86 eV, giving the reaction intermediate

O_LaNiO3 as shown in Figure 4a. Here, the equilibrium
La−O bond length is 2.56 Å, and the Ni−O bond length
decreases to 1.97 Å. The equilibrium structure of reaction
intermediate O_LaNiO3 is shown in Figure 6e. The addition
of one electron and proton to the O_LaNiO3 reaction
intermediate results in the formation of the OH_LaNiO3
intermediate with an energy cost of −2.27 eV. In the last
step of the dissociative mechanism, the addition of one more
electron and proton with reaction intermediate OH_LaNiO3
results in the removal of the second water molecule as depicted
in Figure 4a with the change of free energy of about 0.15 eV.
Equilibrium lattice parameters of all the reaction intermediates
of the ORR involved in the dissociative mechanism are listed
in Table 2. The change in the free energy of each reaction step
and the relative free energy of different reaction intermediates
are listed in Table 3.

A Review of the Different Stages of the ORR
Mechanism. Step 1: The VASP suit code with the PBE-D3
method was used to obtain the equilibrium geometry of the
O2_LaNiO3 reaction intermediate, which is represented in
Figure 6b. The oxygen molecule is adsorbed on the surface of
the 2D monolayer LaNiO3 perovskite at the Ni site because
nickel has a higher density of electrons which is favorable for
O2 adsorption. Computationally, the reaction intermediate
O2_LaNiO3 was examined, and we found that the La−O, Ni−
O, and O−O bond distances were 2.61 Å, 1.93 Å, and 1.43 Å,
respectively. We found that the equilibrium structure of the
O2_LaNiO3 reaction intermediate has a P1 layer group
symmetry with lattice parameters a = 5.58 Å, b = 5.15 Å, α
= 79.46°, β = 97.06°, and γ = 116.36°, respectively, as given in
Table 2. The electronic band structure and total DOS of the
O2_LaNiO3 reaction intermediate is illustrated in Figure 9a,
which is plotted using a high-symmetry Γ−M−K−Γ direction.
The energy band structure and total density of states are
normalized, i.e., computed with respect to the Fermi level (EF).
The eigenvalues of the valence band maximum (VBM) and
conduction band maximum (CBM) were −0.95 eV and −0.85
eV. The calculated energy band gap was found to be 0.10 eV
(indirect band gap), and in the total DOS, there is a small

Table 2. Equilibrium Lattice Parameters and Space Group Symmetry of All the Reaction Intermediates of the Dissociative
Mechanism in the ORR Process

System Lattice constants (Å) Angles (in degree) Space group symmetry The band gap (eV)
Average bond distances (Å) La−O Ni-

O O−O O-H

O2_LaNiO3 a = 5.58 α = 79.46 P1 0.10 2.61 1.93 1.43 -
b = 5.15 β = 97.06

γ = 116.36
2O_LaNiO3 a = 5.48 α = 87.12 P1 0.00 2.56 2.01 - -

b = 5.40 β = 96.74
γ = 126.45

O_OH_LaNiO3 a = 5.52 α = 84.27 P1 0.01 2.56 2.01 - 0.95
b = 5.46 β = 94.74

γ = 120.22
O_LaNiO3 a = 5.54 α = 89.92 P1 0.13 2.56 1.97 - -

b = 5.43 β = 89.96
γ = 119.82

OH_LaNiO3 a = 5.62 α = 91.14 P1 0.76 2.56 1.97 - 1.00
b = 5.48 β = 92.41

γ = 121.26
OOH_LaNiO3 a = 5.62 α = 95.76 P1 0.00 2.52 1.88 1.30 0.96

b = 5.90 β = 80.47
γ = 125.26

Figure 8. O2 dissociation on the surface of 2D monolayer LaNiO3
with a transition state (TS).

Table 3. All the Reaction Intermediates of Dissociative
Pathways of the ORR Along with the Change in their Free
Energy (ΔG) Occurring on the Surface of the 2D
Monolayer LaNiO3 Perovskite

O2 reduction reaction
steps

ΔG (in
eV)

Reaction
intermediates

Relative free
energies (in eV)

[LaNiO3] →
[O2_LaNiO3]

−0.66 O2_LaNiO3 −0.66

[O2_LaNiO3] →
[2O_LaNiO3]

0.76 2O_LaNiO3 0.09

[2O_LaNiO3] →
[O_OH_LaNiO3]

−2.44 O_OH_LaNiO3 −2.34

[O_OH_LaNiO3] →
[O_LaNiO3]

−0.51 O_LaNiO3 +
H2O

−2.86

[O_LaNiO3] →
[OH_LaNiO3]

−2.27 OH_LaNiO3 −5.13

[OH_LaNiO3] →
[LaNiO3]

0.15 LaNiO3 + H2O −4.98
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electron density present near the Fermi level showing the
conducting properties of the O2_LaNiO3 reaction intermedi-
ate.
Step 2: In this step, the equilibrium structure of the

2O_LaNiO3 reaction intermediate was achieved through the
dissociation of the O−O bond in the O2_LaNiO3 reaction
intermediate. This process was followed by the migration of a
single oxygen atom to an adjacent Ni site within the 2D
LaNiO3 perovskite structure. The equilibrium structure of the
2O_LaNiO3 reaction intermediate is shown in Figure 6c. The
equilibrium lattice parameters of 2O_LaNiO3 are a = 5.48 Å, b
= 5.40 Å, α = 87.12°, β = 96.74°, and γ = 126.45°, and it has a
P1 layer group symmetry. Here, the equilibrium La−O bond
distance is decreased by 0.05 Å and the Ni−O bond distance is

elongated by 0.08 Å, respectively. The electronic band
structure and total DOS of 2O_LaNiO3 were plotted w.r.t.
vacuum using the high-symmetry Γ−M−K−Γ path. The
eigenvalues of the VBM and CBM were −0.65 eV. The
calculated energy band gap is zero, meaning that this
intermediate completely behaves like a conductor. The total
DOS of the 2O_LaNiO3 reaction intermediate has electron
density of states around the Fermi level (EF), as depicted in
Figure 9b.
Step 3: The equilibrium structure of the O_OH_LaNiO3

reaction intermediate is shown in Figure 6d. The formation of
O_OH_LaNiO3 takes place when an electron and proton react
with the 2O_LaNiO3 intermediate. The present calculation
reveals that equilibrium O_OH_LaNiO3 has P1 symmetry.

Figure 9. Electronic band structure and total DOS of (a) O2_LaNiO3, (b) 2O_LaNiO3, (c) O_OH_LaNiO3, (d) O_LaNiO3, and (e)
OH_LaNiO3 reaction intermediates of the dissociative pathway, and (f) OOH_LaNiO3 reaction intermediate of the associative ORR mechanism
on the surface of the 2D monolayer LaNiO3 perovskite.
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The equilibrium La−O, Ni−O, and O−H bond lengths are
2.56 Å, 2.01 Å, and 0.95 Å, respectively. Here, the lattice
parameters, i.e., lattice constants and bond angles, were found
to be a = 5.52 Å, b = 5.46 Å, α = 84.27°, β = 94.74°, and γ =
120.22°, respectively. A highly symmetric k-vector Γ−M−K−Γ
path was used to compute the electronic band structure and
total DOS of the O_OH_LaNiO3 reaction intermediate by
using the PBE-D3 method. Here, the eigenvalues obtained for
the VBM and CBM were −0.95 eV and −0.94 eV. The band
gap was found to be about 0.01 eV. Figure 9c represents the
electronic band structure and total DOS of the O_OH_La-
NiO3 reaction intermediate.
Step 4: In the next step, the addition of one proton and one

electron to the O_OH_LaNiO3 reaction intermediate results
in the removal of one water molecule from the surface of 2D
LaNiO3 with the formation of the O_LaNiO3 reaction
intermediate. Figure 6e shows the equilibrium structure of
the O_LaNiO3 reaction intermediate which has P1 symmetry.
The equilibrium lattice parameters of the O_LaNiO3
intermediate were a = 5.54 Å, b = 5.43 Å, α = 89.92°, β =
89.96°, and γ = 119.82°, respectively. The equilibrium Ni−O
and La−O bond distances were found to be 1.97 and 2.56 Å.
The electronic properties, i.e., the band structure and total
DOS of the O_LaNiO3 reaction intermediate were calculated
w.r.t vacuum using a high-symmetry Γ−M−K−Γ direction. In
Figure 9d, the electronic band structure and total DOS of the
O_LaNiO3 reaction intermediate are normalized. The
eigenvalues of the VBM and CBM were −0.97 eV and
−0.84 eV. Our study found that the O_LaNiO3 reaction
intermediate has a band gap of about 0.13 eV. A small band
gap of this reaction intermediate shows good conductivity for
mass electron and charge transfer during the chemical reaction.
Step 5: The formation of the last reaction intermediate

OH_LaNiO3 in the dissociative mechanism of the ORR results
via the addition of one proton and electron to the O_LaNiO3
intermediate, where the activated oxygen atom attached to the
Ni site forms a bond with the hydrogen atom. The equilibrium
structure of the OH_LaNiO3 reaction intermediate is shown in
Figure 6f, and it acquired P1 layer group symmetry. The
equilibrium lattice parameters were found to be a = 5.62 Å, b =
5.48 Å, α = 91.14°, β = 92.41°, and γ = 121.26°, respectively.
The equilibrium bond distance between the hydrogen and the
oxygen atoms was 1.0 Å. The normalized electronic band
structure and total DOS of the OH_LaNiO3 reaction
intermediate are represented in Figure 9e, which has a band
gap of about 0.76 eV. In this case, the eigenvalues of the VBM
and CBM were −0.53 eV and 0.23 eV. We can see a small
electron density around the Fermi level (EF). Furthermore, the
addition of one more electron and proton to the OH_LaNiO3
reaction intermediate results in the formation of the second
water (H2O) molecule, and 2D monolayer LaNiO3 is ready for
further O2 adsorption at the nickel site, and the reaction steps
continue. Hence, a total of four electrons and four protons are
used to reduce the O2 molecule into two water molecules in
the ORR mechanism.

Associative Reaction Pathway. Additionally, we studied
the associative O2 reduction reaction mechanism computa-
tionally on the surface of the 2D monolayer LaNiO3
perovskite. The initial step of the ORR involves the adsorption
of the O2 molecule at the Ni site, giving the O2_LaNiO3
reaction intermediate. The initial O2 adsorption step in the
associative path is similar to the first step of the dissociative
mechanism. A schematic representation of the ORR associative

mechanism is illustrated in Figure 4b. In contrast to the
dissociative mechanism where O2 dissociates into 2O (two
activated oxygen atoms), here in the associative mechanism,
one hydrogen gets attached to the O2 molecule giving the
OOH_LaNiO3 reaction intermediate due to the reaction of the
adsorbed oxygen molecule with one electron and one proton.
The equilibrium structure of the OOH_LaNiO3 reaction
intermediate is shown in Figure 10c.

The formation of the OOH_LaNiO3 reaction intermediate
from the O2_LaNiO3 intermediate takes place with a free
energy change of −1.99 eV, whose value is negative, which
implies that this step does not require any additional energy
input. It means the occurrence of this reaction step is
spontaneous and thermodynamically favorable. Figure 10
illustrates all of the equilibrium structures of reaction
intermediates involved in the associative mechanism of the
ORR on the surface of the 2D monolayer LaNiO3. Computa-
tionally, after the structure relaxation of the OOH_LaNiO3
reaction intermediate, we found that it has P1 symmetry. The
lattice parameters, i.e., lattice constant and bond angles, were a
= 5.62 Å, b = 5.90 Å, α = 95.76°, β = 80.47°, and γ = 125.26°,
respectively. The equilibrium La−O, Ni−O, and O−O bond
lengths were 2.52 Å, 1.88 Å, and 1.30 Å, respectively. The
equilibrium bond distance between the oxygen and hydrogen
atoms was 0.96 Å. The electronic band structure and total
DOS of the OOH_LaNiO3 reaction intermediate are shown in
Figure 9f, which are computed using a high symmetric
Γ−M−K−Γ direction. We found that the equilibrium
structure of the OOH_LaNiO3 reaction intermediate has a
zero band gap and there is a small electron density of states
present near the Fermi level (EF). In the further step, the
addition of one electron (e−) and one proton (H+) to the
OOH_LaNiO3 reaction intermediate gives the O_LaNiO3
reaction intermediate with the removal of one water (H2O)
molecule with a free energy change of −0.21 eV as represented
in Figure 4b. The equilibrium structure of the O_LaNiO3
reaction intermediate is depicted in Figure 10d. The negative
value of the Gibb’s free energy change clarifies that the
occurrence of this reaction step is spontaneous, i.e., does not

Figure 10. Equilibrium structures of all the reaction intermediates
involved in the associative reaction pathway of the ORR taken place
on the surface of the 2D monolayer LaNiO3 perovskite.
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require any additional energy inputs, and is thermodynamically
favorable.

In a further step, the OH_LaNiO3 reaction intermediate is
formed by the protonation of the O_LaNiO3 intermediate,
where the activated oxygen atom reacts with one electron and
proton. The amount of energy required for this step to occur is
−2.28 eV. The equilibrium structure of the OH_LaNiO3
reaction intermediate is shown in Figure 10e. In the last step
of the associative O2 reduction reaction, one more electron and
proton reacts with the OH_LaNiO3 intermediate which results
in the removal of the second water (H2O) molecule at a free
energy cost of 0.15 eV as depicted in Figure 4b. The relative
free energy profile for the reaction intermediates of the
associative mechanism of the ORR is shown in Figure 11.

Here, four electrons and four protons are utilized to complete
the whole ORR mechanism by reducing the O2 molecule on
the surface of the 2D monolayer LaNiO3 perovskite, producing
two water molecules. The relative free energy and Gibb’s free
energy (ΔG) of various reaction intermediate steps during the
associative pathway of the ORR are listed in Table 4.

In this study, we investigated the ORR mechanism on the
surface of the 2D monolayer LaNiO3 perovskite. The ORR
occurs through a four-electron (4e−) reduction mechanism on
the surface of the 2D monolayer LaNiO3 followed by two
mechanisms: (a) associative and (b) dissociative. To get a

better understanding of thermodynamics related to a chemical
reaction, we have computed and examined the relative Gibbs
free energy (ΔG) of each reaction step of the ORR. The
dissociative pathway, which involves the dissociation of the O2
molecule into two activated oxygen atoms after the O2
adsorption, has been studied followed by the 4e− transfer
mechanism. We found that the change of Gibbs free energy
(ΔG) during the reaction step involving O2 dissociation (O2→
2O) after O2 adsorption was 0.76 eV. The positive value of ΔG
signifies that the O2 dissociation reaction step is endothermic
which means an additional energy input is required for this
step to proceed the ORR, whereas the associative pathway
involves the formation of an OOH reaction intermediate after
the O2 adsorption. We found that reaction intermediate
OOH_LaNiO3 formed from the O2_LaNiO3 intermediate
with a value of ΔG of about −1.99 eV, which is negative. The
negative value of ΔG signifies that this reaction step is
exothermic which means this step is spontaneous and no
external energy input is needed in this ORR step. Comparing
the values of ΔG in both the cases, we can conclude that the
most thermodynamic favorable pathway will be the one whose
reaction step is spontaneous and energetically favorable.
Hence, the associative reaction pathway of the ORR on the
surface of 2D monolayer LaNiO3 is thermodynamically more
favorable than the dissociative pathway.

If a particular step in the ORR process has a positive Gibbs
free energy (ΔG > 0), it indicates that the step is endergonic in
nature under the standard conditions. Oxidation−reduction
reactions, commonly known as redox reactions, are reactions
that involve the transfer of electrons from one species to
another. The species that loses electrons is said to be oxidized,
while the species that gains electrons is said to be reduced. The
driving force for a redox reaction is the difference in the
electric potential of the two substances that are involved in
electron transfer. In the subject reaction, the last step of the
ORR in both dissociative and associative reaction pathways is
[OH_LaNiO3] → [LaNiO3] + H2O with an energy cost (ΔG)
of about 0.15 eV obtained by the PBE-D3 method as reported
in Tables 3 and 4. Therefore, the driving force of this step is
simple, the difference in the electric potential of these two
consecutive reaction steps which is |ΔG/e| = 0.15 V. The
positive value of ΔG of the last reaction step ([OH_LaNiO3]
→ [LaNiO3] + H2O) of both the ORR pathways is favorable
for the easy desorption of the H2O molecule from the surface
of the 2D monolayer LaNiO3 perovskite; where the relative
value of free energy of this step is about −4.98 eV as reported
in Tables 3 and 4.

Theoretical Overpotential. Overpotential is the mini-
mum additional potential required for the ORR to occur and
effectively signifies the likelihood of an ORR taking place.54−61

Overpotential can be calculated using the following eq 6,

G1.23 min( of ORR steps)/eORR = (6)

Here, the rate-determining step is the OH desorption step
which produces the second water molecule that again makes
the catalyst’s surface ready for further O2 adsorption. The
overpotential was found to be 1.08 V.

■ CONCLUSIONS
In our present study, we used DFT-D3 calculations to
investigate the electronic structure and properties of the 3D
bulk LaNiO3 perovskite. From the electronic property

Figure 11. Relative free energy profiles for the associative mechanism
of the ORR on the surface of 2D monolayer LaNiO3.

Table 4. All the Reaction Intermediates in the Associative
Mechanism of the ORR Along with Their Gibb’s Free
Energy (ΔG) and Relative Free Energy

O2 reduction reaction
steps ΔG (in eV)

Reaction
intermediates

Relative free
energies (in eV)

[LaNiO3] →
[O2_LaNiO3]

−0.66 O2_LaNiO3 −0.66

[O2_LaNiO3] →
[OOH_LaNiO3]

−1.99 OOH_LaNiO3 −2.65

[OOH_LaNiO3] →
[O_LaNiO3]

−0.21 O_LaNiO3 +
H2O

−2.86

[O_LaNiO3] →
[OH_LaNiO3]

−2.28 OH_LaNiO3 −5.13

[OH_LaNiO3] →
[LaNiO3]

0.15 LaNiO3 + H2O -4.98
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calculations of the 3D LaNiO3 system, we found that it has
conducting properties with a zero band gap and a large
electron density is present around the Fermi level (EF) in the
total density of states. However, this property alone is not
sufficient for it to be used as an electrocatalyst for the ORR as
it has a less active surface area. To address this, we
computationally designed a 2D monolayer LaNiO3 from the
3D LaNiO3 by cleaving the (0 0 1) surface to increase the
active surface area. Additionally, we made a vacuum space
perpendicular to the 2D single-layer LaNiO3 slab to avoid
spurious interactions between different layers, i.e., two
consecutive layers. Using the PBE-D3 method, we studied
the structural and electronic properties of 2D monolayer
LaNiO3 to determine its catalytic activity. Then, we computa-
tionally explored the mechanism of the ORR on the surface of
the 2D monolayer LaNiO3 by realizing different reaction
intermediates at each step. Theoretically, we calculated Gibbs
free energy and relative free energies of various reaction
intermediates occurring in the ORR mechanisms. As per our
study, the ORR mechanism follows both the associative and
the dissociative reaction pathways on the surface of the 2D
monolayer LaNiO3 slab. In the dissociative pathway of the
ORR, all of the reaction steps in the potential energy surface
are downhill except during the O2 dissociation step, whereas in
the case of the associative pathway, we obtained negative free
energies with downhill in the PES for each reaction step. All
the ORR steps are spontaneous and thermodynamically
favorable, which shows the suitable catalytic properties of the
2D monolayer LaNiO3 for reducing O2 molecules to water.
Our energy calculations demonstrate that 2D monolayer
LaNiO3 has excellent catalytic properties for catalyzing oxygen
reduction reaction through the 4e− transfer mechanism. To
sum up, our findings indicate that the 2D monolayer LaNiO3
exhibits high electrocatalytic activity, making it a highly
promising candidate for fuel cells and other energy conversion
devices that require efficient ORR catalysts. The theoretical
calculations performed in this study provide insight into the
fundamental mechanisms and thermodynamics of the ORR on
the surface of 2D monolayer LaNiO3. It should be noted here
that the active basal plane of 2D monolayer LaNiO3 perovskite
exhibits excellent catalytic activity toward the ORR with a high
four-electron reduction pathway selectivity. These results
suggest that it breaks the catalytic performance of the Pt-free
electrodes with a high surface area and makes it a favorable
contestant for fuel cell elements in renewable technology. We
hope that our findings in this study are useful for developing
new and more efficient non-noble metal-based electrocatalysts
that can help meet the growing energy demand for clean and
renewable energy sources.
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