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ABSTRACT 

 

The oxygen reduction reaction (ORR) is an important process in renewable energy technology such as in fuel 

cells. The main challenge with fuel cells is the sluggish reaction kinetics of O2 reduction, and to speed this up 

studies have been conducted to find an efficient and economical electrocatalyst. In the present work, we 

theoretically investigated the equilibrium structure and properties of the 3D bulk LaFeO3 perovskite using the 

GGA+U method implemented in Vienna Ab initio Simulation Package (VASP). Thereafter, we cleaved a (001) 

plane from the bulk LaFeO3 material and computationally modelled a 2D monolayer of LaFeO3. This 2D 

monolayer of LaFeO3 showed a band gap of 0 eV which depicts that it has the potential to be used as an 

electrocatalyst for fuel cell applications. Here, the complete ORR pathway has been explored on the surface 

of 2D monolayer LaFeO3 by employing the First-principles Density Functional Theory (DFT) methods 

implemented in the VASP code. Both, the associative and the dissociative reaction mechanisms have been 

explored by computing the change in Gibbs Free Energy (∆G) for all the reaction steps of ORR. The present 

study reveals that 2D monolayer LaFeO3 exhibits exceptional electrocatalytic activity and favors the 

4𝑒−associative mechanism over the dissociative one. This study proposes that 2D monolayer LaFeO3 can serve 

as an alternate ORR electrocatalyst to expensive platinum (Pt) in fuel cells. 
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Chapter 1  

Introduction 

1.1 Motivation 

The world today is rapidly transforming into a global community, largely driven by the escalating demand 

for energy from all corners of the globe.1,2 However, the Earth itself remains unchanged in its capacity to 

provide this vital resource. The need for energy and its associated services to support human societal, 

economic, and health advancements is on the rise. Every society relies on energy services to fulfill 

fundamental human requirements like healthcare, illumination, cooking, environmental comfort, 

transportation, and communication, thereby facilitating generative processes. In this rapidly advancing 

world, meeting the increasing daily energy demands has led to the escalation of consumption of fossil fuels 

and this has become a significant concern due to its detrimental effects on the environment.3 This soaring 

demand has presented a dual challenge: securing energy supply and mitigating its impact to climate change. 

The prevalence of fossil fuel-driven electricity generation, including coal, oil, and gas, coupled with a 

significant population surge over recent decades, has created a surge in energy demand. Consequently, this 

surge has precipitated global challenges, primarily stemming from the rapid escalation of carbon dioxide 

(CO2) emissions. Currently, 1.4 billion people have no access to electricity, with 85% of them residing in 

rural regions. This has resulted in an increase in rural communities depending upon traditional biomass 

use, expected to reach 2.8 billion by 2030 from 2.7 billion today. 1,4,5 Thus, transitioning to alternative 

green energy sources is crucial for a greener future. Proton exchange membrane fuel cells (PEMFCs) and 

metal-air batteries (MABs) among other conventional sources of energy, stand out as promising solutions. 

Fuel cells are electrochemical devices that take hydrogen as fuel and give out water, electricity, and some 

heat as the only by-products.6 The invention of these cells is credited to Sir William Grove in the middle 

19th century, and they serve as an advantage due to their high efficiency and potential for zero carbon 

emissions.   

  

During the discharging phase of fuel cells, the reduction of oxygen by electrons takes place at the cathode 

or the oxygen reduction side. ORR can occur either through a four-electron or a two-electron reduction 

pathway resulting in H2O and H2O2 as a product respectively. The four-electron reduction pathway is 

thermodynamically favorable due to lower equilibrium potential (1.23V vs RHE) as compared to the two-

electron pathway (0.70V vs RHE).7 The prime obstacle in fuel cells is the sluggish kinetics and high 

overpotential of the oxygen reduction reaction. To eliminate this hindrance in the efficiency of these cells 

and to speed up the ORR kinetics, the assistance of highly active, stable, and economical electrocatalysts 

is imperative. Typically, the cathode requires ten times the amount of catalyst as compared to the anode.8 

Platinum-based materials have low overpotential and are industrially used as a stable and highly active 
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electrocatalyst for oxygen reduction in acidic medium whereas Palladium (Pd) is the alkaline counterpart. 

However, like most noble metals, Pt and Pd suffer criticsal challenges regarding economic affordability 

and stability upon contamination. Different other noble metals, such as Pd, Ir, Cu, Ag, Ir, Co and Ru have 

been employed as cathode materials for reduction of oxygen. The order of electrocatalytic activity of these 

noble metals for ORR is as follows: Pt > Pd > Ir > Rh.9 According to previous studies, Ru can undergo a 

four-electron reduction.10 While Ag is not so efficient for ORR in comparison to platinum, it exhibits 

greater stability than Pt cathodes during prolonged operations.11 The ORR activity trend in these metals 

among others is illustrated in Figure 1 by the volcano plot which depicts the activities of these catalysts as 

a function of their binding energy.12   

 

 

 

 

 

 

 

 

 

s 

 

 

Figure 1: ORR volcano plot for metal catalysts 

 

Thus, there is a need to search for alternative electrocatalysts to expensive Pt to be used as a catalyst to 

reduce oxygen in an environmentally friendly manner. Hence, our motivation lies in developing novel 

materials to speed up the sluggish ORR kinetics at the cathode of fuel cells.13    

 

1.2 Fuel Cells 

A fuel cell is an electrochemical cell that transforms the chemical energy of a fuel (typically hydrogen) and 

an oxidizing agent (typically oxygen) into electricity through a series of redox reactions.14 Fuel cells are of 

advantage over most batteries since fuel cells utilize oxygen from the air to keep the chemical reaction 

going whereas batteries use chemical energy from the substances present in the battery itself. In addition 

to this, fuel cells can continuously generate electricity for as long as there is a sufficient supply of oxygen 

and fuel. They are utilized for providing primary and backup power for various applications including 

commercial, industrial, and residential buildings, as well as in remote areas. 
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The general configuration of a fuel cell includes an anode, a cathode, and an electrolyte. Fuel cells can be 

categorized into various types based on the type of electrolyte utilized. One of these is the proton exchange 

membrane fuel cell (PEMFC), which is also known as the polymer electrolyte membrane (PEM) fuel cell. 

These PEMFCs are constructed using membrane electrode assemblies (MEAs) which include electrodes 

(anode and cathode); an electrolyte substance which may be made up of several substances like potassium 

hydroxide, salt carbonates, and phosphoric acid; anode and cathode catalysts which help to break down the 

fuel into electrons and ions at the anode and convert ions into required by products and water vapor at the 

cathode; and gas diffusion layers that prevent oxidization. This fuel cell takes hydrogen as a fuel from the 

anode side where the hydrogen atom splits into a proton (H+) and an electron (e-). The H+ ions then penetrate 

through the proton exchange membrane and reach the cathode side, whereas the electrons reach the cathode 

via the external circuit producing direct current and reach the ORR side of the fuel cell. At the cathode, a 

catalyst causes the ions, electrons, and oxygen from the air to react and produce water and other by-products 

such as heat. A schematic of the proton exchange membrane fuel cell is represented in Figure 2. The critical 

component of the cell is the triple phase boundary (TPB) where the electrolyte, catalyst, and reactants mix 

with each other thereby facilitating the cell reactions. Typically, the energy efficiency of a fuel cell ranges 

between 40% and 60%; however, by capturing waste heat in a cogeneration scheme, efficiencies of up to 

85% can be achieved. 

 

Figure 2: Schematic of a Proton Exchange Membrane Fuel Cell (PEMFC). 
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The oxidation half-cell reaction or the hydrogen oxidation reaction is given by: 

H2  → 2H+ +  2e−                                                                                  Eo = 0V                                               (1) 

The electrons that reach the cathode side through the external circuit react with the H+ ions that penetrate 

across the polymer electrolyte membrane and the oxygen molecules from the air to finally produce water 

molecules.  

The reduction half-cell reaction or ORR is given by: 

O2 + 4H+ + 4e−  → 2H2O                                                                    Eo = 1.23 V                                            (2) 

The overall reaction is given by: 

H2 +  
1

2
O2  →  H2O                                                                                 Eo = 1.23 V                                         (3) 

In each case, the potentials are referenced with respect to the standard hydrogen electrode (SHE).  

 

1.3 Properties of ORR Catalyst 

Over the past two decades, a multitude of ORR electrocatalysts have been explored. However, meeting the 

following criteria is crucial for ensuring the effectiveness of an ORR electrocatalyst: 

1. High catalytic activity towards ORR. 

2. High electrical conductivity. 

3. High chemical and electrochemical stability, ensuring resistance to oxidation by protons or oxygen, 

even at high electrode potentials. 

4. It should not be insolubility in the electrolyte and must remain stable in acidic, basic solutions or in 

methanolic solutions. 

5. Favorable structural composition and morphology, specific surface area, porosity, particle size, and 

even distribution of catalyst particles on the support. 

6. Strong interaction between the catalyst particles and the support surface. 

7. Long-term electrocatalytic stability, which can be compromised if any of the requirements are not 

met. 

 

1.4 Perovskites 

In the recent past, there have been extensive studies on alternative ORR catalysts and these findings have 

suggested that transition-metal oxides and in particular, perovskite oxides having the structure 

ABO3 exhibit promising catalytic properties for ORR in alkaline fuel cells and MABs. Perovskites are 

calcium titanium oxide minerals that are composed of CaTiO3. These minerals are found in the earth’s 

mantle and were first discovered by Gustav Rose in Russia in the year 1839. The term "perovskite" was 

coined after the Russian mineralogist L.A. Perovski and this term is not only used to refer to the mineral 
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CaTiO3 but also extends to a group of compounds that have the same crystal structure. This structure, is 

called the perovskite structure, is characterized by the general chemical formula ABX3 where ‘A’ and ‘B’ 

are two cations where ‘A’ atoms are usually bigger than the ‘B’ atoms and ‘X’ is typically a negatively 

charged ion, i.e., an anion which is generally an oxide that bonds to both the cations. The ideal crystal 

structure of a perovskite is cubic, where the B cation (usually a transition metal) exhibits a 6-fold 

coordination and sits at the body-center (1/2, 1/2, 1/2) surrounded by an octahedron of anions. The A cation 

has a 12-fold cuboctahedral coordination and is situated at the corner position (0, 0, 0) of the cube. The 

anions, typically oxygen atoms occupy the face-centered positions (1/2, 1/2, 0), (1/2, 0, 1/2), and (0, 1/2, 

1/2). A schematic representation of the structure of a cubic perovskite is depicted in Figure 3. This structure 

allows for the incorporation of various cations, leading to the creation of a wide range of engineered 

materials with diverse properties.  

 

 

 

 

 

 

 

 

Figure 3: A schematic representation of the crystal structure of a cubic perovskite oxide (ABO3) 

 

These perovskite oxides have flexible and tunable electronic and physical/chemical properties. In addition 

to this, they have a low cost and are environmentally friendly. Due to their wide range of properties, 

perovskites find applications in photovoltaics, lasers, light-emitting diodes (LEDs), photoelectrolysis, and 

scintillators. Along with these advantages, comes a notable challenge of relatively low electrical 

conductivity which hinders fast charge transfer and leads to an increased overpotential. Various approaches 

that can be implemented to tackle this problem include defect introduction, doping various metals to either 

the A-site or B-site, strain tuning and the addition of carbon to enhance electrical conductivity. Since the 

1970s, Lanthanum-based (La-based) perovskites have demonstrated impressive electrocatalytic activity 

towards ORR in alkaline media due to their high abundance, impressive qualities, and versatility.15 Several 

La-based perovskite oxides have been investigated, including LaBO3 (B = Co, Mn, Ni, Cr) and they show 

high electrocatalytic activity for ORR to be utilized in fuel cells in alkaline media.16,17 Among other 

transition metal perovskite oxides, LaFeO3 displays high stability in both oxidizing and reducing 

atmospheres. It also exhibits decent ionic and electronic conductivities that can be boosted through doping. 

These properties make LaFeO3 a prime candidate for fuel cell applications. 
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1.5 The LaFeO3 Perovskite 

Perovskites, in general, demonstrate favorable catalytic properties and offer cost advantages as well as 

superior thermal resistivity as compared to noble metals. Perovskites with the composition ABO3, where 

A and B are represented by La and Mn, Co, Fe, or Cr, respectively exhibit exceptional catalytic properties, 

particularly in oxidation processes.18  When considering AFeO3 perovskites, where A represents La, Sm, 

or Nd, synthesized through the citrate method, the methane oxidation activity of these perovskites can be 

ranked as follows: LaFeO3 > NdFeO3 > SmFeO3.
19,20 The LaFeO3 perovskite demonstrates reduced activity 

in the aforementioned processes, however it has a high thermal resistance. LaFeO3 possesses a cubic 

perovskite structure, characterized by the space group Pm3m. The crystal structure of the LaFeO3 

perovskite is shown in Figure 4. 

  

 

 

 

 

 

 

 

 

 

 

Figure 4: Crystal structure of the LaFeO3 perovskite. 

In this structure, La sits at the corner positions, Fe at the body center, and O atoms at the face centers of 

the unit cell. Notably, with a Neel temperature of 740 K, bulk LaFeO3 exhibits antiferromagnetic properties. 

Its remarkable mixed conductivity makes it a promising material for electro-ceramic applications. LaFeO3 

demonstrates chemical stability in both reducing and oxidizing environments. Through atomic doping, 

LaFeO3 can exhibit improved properties for example enhanced electrical conductivity, reduced dielectric 

loss susceptibility, larger dielectric constant increased polarizability, and a shift in the average type of 

permittivity. Various synthesis methods have been developed for the fabrication of LaFeO3. Various 

magnetic arrangements are possible for the Fe3+ ions within the LaFeO3 lattice: ferromagnetic (FM), where 

the magnetic dipoles of all Fe3+ ions are aligned, and antiferromagnetic (AFM), where the magnetic 

moments of neighboring Fe3+ ions are in opposite directions. 



7 
 

Chapter 2  

Theory, Methodology, and Computational Details 

2.1 Density Functional Theory (DFT) Methods 

‘Materials modeling’ refers to the development and application of mathematical models to describe and 

predict specific properties of materials at a quantitative level.21 When it is indicated that a model is "from 

first principles," or alternatively, when it is mentioned that an ab initio model is employed, it points towards 

the usage of a bottom-up modeling strategy, as opposed to a top-down approach. In today’s world, the 

computational modeling of materials employing first principles relies on a range of theoretical and 

computational techniques. The common principle of these methods is their reliance upon density functional 

theory, traditionally shortened as ‘DFT’. From a practical standpoint, Density Functional Theory proves to 

be highly effective for investigating nanostructures, molecules, surfaces, solids, and interfaces. It achieves 

this by solving an approximate version of the Schrödinger equation. A few key strengths of DFT include 

its transferability of methods, simplicity, reliability, and software sharing. Limitations of the theory include 

inaccuracies in describing the van der Waals binding of biological molecules, red-shifted optical absorption 

spectra, and occasional mispredictions of metallic properties in transition metal oxides. 

When modeling solid-state systems, it is essential to define two structures: The unit cell in real space is 

characterized by lattice parameters a, b, and c, along with the angles α, ß, and γ. Extending the unit cell 

infinitely in each lattice parameter direction results in the formation of the crystal structure. Reciprocal 

space is constructed similarly, with a series of Wigner-Seitz cells forming it. A single Wigner-Seitz cell is 

commonly known as the first Brillouin zone. A reciprocal lattice vector can be expressed as: 

𝐆 = 2πn𝐚∗ + 2πm𝐛∗ + 2π𝐜∗                                                            (4) 

The function 𝑒𝑖𝑮.𝒓 oscillates with the same periodicity as the real space lattice. Therefore, when a function 

is expressed as a Fourier series of 𝑒𝑖𝑮.𝒓, the resulting series inherits the periodicity of the real lattice. This 

attribute of the reciprocal lattice vectors is important when plane waves are considered.  
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2.1.1 Many-body Schrödinger equation 

At the atomic scale, materials are collections of electrons and nuclei, i.e., 

Materials = electrons + nuclei 

When considering the collective behavior of many electrons and nuclei, it becomes necessary to introduce 

a many-body wavefunction, denoted as Ψ. This wavefunction is dependent on the positions of each electron 

and nucleus within the system. For a system containing N electrons, having coordinates 𝒓1, 𝒓2, .….., 𝒓𝑁  and 

M nuclei having coordinates 𝑹1, 𝑹2, … . . , 𝑹𝑀 the many-body wavefunction can be represented as: 

                                                      𝛹 = 𝛹(𝒓1, 𝒓2, … . , 𝒓𝑁;  𝑹1, 𝑹2 … . , 𝑹𝑀)                                                               (5) 

The term |𝛹(𝒓1, 𝒓2, … . , 𝒓𝑁;  𝑹1, 𝑹2 … . , 𝑹𝑀)|2 gives the probability to find simultaneously the first electron 

at point 𝑟1, the second electron at point 𝑟2, and so on, while the nuclei are at positions 𝑹1, 𝑹2 … . , 𝑹𝑀 and 

so forth. The time-independent Schrödinger equation for a many-body system can be written as follows: 

                                            (𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 + 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦)𝛹 =  𝐸𝑡𝑜𝑡𝛹                                     (6) 

Where, 𝐸𝑡𝑜𝑡 , is the eigenvalue and represents the total energy of the system in the quantum state which is 

specified by the many-body wavefunction 𝛹. Considering N electrons and M nuclei, the kinetic energy 

term can be written as: 

                                               𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 =  − ∑
ħ2

2𝑚𝑒

𝑁
𝑖=1 𝛻𝑖

2 − ∑
ħ2

2𝑀𝐼

𝑀
𝐼=1 𝛻𝐼

2                                       (7)  

Where the masses of nuclei are 𝑀1, 𝑀2, … are and 𝑚1, 𝑚2, … are the masses of electrons in the system. For 

potential energy term, we will have to take into account all the pairs of charges in the many-body system. 

Firstly, taking into account the Coulomb repulsion between electron pairs: 

                                             (𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦)𝑒𝑒 =  
1

2
∑

𝑒2

4𝜋𝜀0

1

|𝒓𝑖−𝒓𝑗|𝑖≠𝑗                                                   (8) 

Here the indices j and i run range 1 to N. Those terms having i = j have not been considered because an 

electron does not repel itself, and we divide by 2 in order to count only one contribution per pair. Second, 

we have the Coulomb repulsion between pairs of nuclei: 

                                              (𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦)𝑛𝑛 =
1

2
∑

𝑒2

4𝜋𝜀0

𝑍𝐼𝑍𝐽

|𝑹𝐼−𝑹𝐽|𝐼≠𝐽                                                 (9) 
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Here, the indices I and J range from 1 to M, with ZI representing the atomic numbers. Additionally, we 

consider the Coulomb attraction between electrons and nuclei.                                               

                                               (𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦)𝑒𝑛 = − ∑
𝑒2

4𝜋𝜀0

𝑍𝐼

|𝒓𝑖−𝑹𝐽|𝑖,𝐼                                                (10) 

with i ranging from 1 to N, and I ranging from 1 to M. 

Simplifying these terms using the Hartree atomic units, the new form of the many-body Schrödinger 

equation can be written as: 

                            [− ∑
𝛻𝑖

2

2
− ∑

𝛻𝐼
2

2𝑀𝐼
− ∑

𝑍𝐼

|𝒓𝑖−𝑹𝐼|
+  

1

2
∑

1

|𝒓𝑖−𝒓𝑗|
+ 

1

2
∑

𝑍𝐼𝑍𝐽

|𝑹𝐼−𝑹𝐽|𝐼≠𝐽𝑖≠𝑗𝑖,𝐼𝐼𝑖 ] 𝛹 = 𝐸𝑡𝑜𝑡𝛹                (11) 

This is the most frequently employed formulation of the many-body Schrödinger equation in first-

principles materials modelling. This equation notably illustrates that the only external parameters required 

in this approach are the atomic numbers, ZI, and the atomic masses, MI. 

2.1.2 Clamped Nuclei Approximation 

The many-body Schrödinger equation represented in equation 11 will be immensely complicated since it 

is too general and caters to every phase ranging from gases, to liquids to solids. Now, it is appropriate to 

narrow down and consider only molecules and solid. In investigations involving gases, liquids, and 

plasmas, nuclei often traverse considerable distances. Conversely, in the context of solids and molecules 

adsorbed on solid surfaces, nuclei typically remain stationary or in close proximity to a specific position. 

Thus, here we make an assumption and consider the nuclei to be immobile or clamped in known positions. 

Therefore, here we consider that the nuclei cannot move and have infinite mass (MI = ∞). This consideration 

leads us to disregard the kinetic energy of the nuclei in equation 11 and treat the Coulomb repulsion 

between nuclei as a constant. For simplicity, we move this constant to the right-hand side of equation 11 

by defining: 

                                                             𝐸 = 𝐸𝑡𝑜𝑡 −
1

2
∑

𝑍𝐼𝑍𝐽

|𝑹𝐼−𝑹𝐽|𝐼≠𝐽                                                                 (12) 

Since we are considering nuclei to be clamped at certain positions, we can neglect the nuclear coordinates 

and consider the many-body wavefunction Ψ to be a function of electronic coordinates only, i.e., 𝛹 =

𝛹(𝑟1, 𝑟2, … , 𝑟𝑁). In addition to this, Coulomb potential experienced by the electrons due to the presence of 

nuclei can be defined as: 

                                                                      𝑉𝑛(𝑟) = − ∑
𝑍𝐼

|𝒓−𝑹𝐼|𝐼                                                                  (13) 
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Using the above approximations and definitions, equation 11 can be rewritten as: 

                                                  [− ∑
𝛻𝑖

2

2
+ ∑ 𝑉𝑛(𝒓𝑖) +

1

2
∑

1

|𝒓𝑖−𝒓𝑗|𝑖≠𝑗𝑖𝑖 ] 𝛹 = 𝐸 𝛹                                          (14) 

This represents the fundamental equation of the electronic structure theory. Now, we define the many-

electron Hamiltonian: 

                                              𝐻 ̂(𝒓1, … . , 𝒓𝑁) =  − ∑
𝛻𝑖

2

2
+ ∑ 𝑉𝑛(𝒓𝑖) +

1

2
∑

1

|𝒓𝑖−𝒓𝑗|𝑖≠𝑗𝑖𝑖                                    (15) 

Now, equation 14 can be written compactly as: 

                                                                               �̂� 𝛹 = 𝐸 𝛹                                                                        (16) 

Additionally, from equation 15 we can define the single-electron Hamiltonian: 

                                                                  �̂�0(𝒓) = −
1

2
𝛻2 + 𝑉𝑛(𝒓)                                                         (17) 

Now, we split the many-electron Hamiltonian and reach at the following form: 

                                                        �̂�(𝒓1, … . , 𝒓𝑁) = ∑ �̂�0(𝒓𝑖) +
1

2𝑖 ∑
1

|𝒓𝑖−𝒓𝑗|𝑖≠𝑗                                       (18) 

2.1.3 Independent electrons approximation 

In order to solve equation 14, we need to simplify it further and we do this by eliminating the term that 

describes the Coulomb repulsion between electrons from equation 14. This is performed because this term 

constitutes the only mode of interaction between the electrons. Without it, the electrons would not perceive 

each other. This approximation is known as the ‘independent electron approximation’. Using equations 16 

and 18 the Schrödinger equation within the independent electron approximation becomes: 

                                                                       ∑ �̂�0(𝒓𝒊)𝑖 𝛹 = 𝐸 𝛹                                                                (19) 

Now, we can write the many-body wavefunction (the solution of equation 19) as a product of the single-

electron wavefunctions: 

                                                        𝛹(𝒓1, 𝒓2, … . , 𝒓𝑁) = 𝜑𝐼(𝒓1) … . 𝜑𝑁(𝒓𝑁)                                                  (20) 

The single electron Schrödinger equation within the independent electron approximation becomes: 

                                                                    �̂�0(𝒓)𝜑𝑖(𝒓) = 𝜀𝑖𝜑𝑖(𝒓)                                                                            (21) 
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The aforementioned equation embodies the independent electron approximation, yet it harbors two 

drawbacks. The first pertains to its failure to adhere to the Pauli exclusion principle, which dictates that the 

wavefunction should change sign whenever the positions and spins of any two electrons are exchanged. 

Secondly, the Coulomb term cannot be eliminated since all other terms in the equation have the same 

magnitude. These issues have been addressed in the upcoming sections.  

2.1.4 Exclusion principle 

The wavefunction given by equation 20 fails to obey the Pauli exclusion principle but the following fulfills 

this shortcoming: 

                                         𝛹(𝒓1, 𝒓2) =
1

√2
[𝜑1(𝒓1)𝜑2(𝒓2) − 𝜑1(𝒓2)𝜑2(𝒓1)]                                             (22) 

By direct substitution, we find that 𝛹(𝒓2, 𝒓1) = −𝛹(𝒓1, 𝒓2). Moreover, each of the terms on the right-hand 

side of equation 22 contributes to the total energy, represented as 𝐸 = 𝜀1 + 𝜀2 when replaced in equation 

19. Equation 22 can be written in a compact form by using a matrix determinant of the following form: 

                                                       𝛹(𝒓1, 𝒓2) =
1

√2
|
𝜑1(𝒓1) 𝜑1(𝒓2)

𝜑2(𝒓1) 𝜑2(𝒓2)
|                                                          (23) 

This is referred to as the Slater determinant. For constructing a Slater determinant with N electrons, the 

prefactor becomes 𝑁!−1
2⁄  (for N>2) instead of 2−1

2⁄ . Consequently, the electron charge density is 

computed by summing up the probabilities of finding electrons in each of the occupied state i: 

                                                                     𝑛(𝒓) = ∑ |𝛷𝑖(𝒓)|2
𝑖                                                                  (24) 

2.1.5 Mean-field approximation 

According to classical electrostatics, an electronic charge distribution, n(r), generates an electrostatic 

potential φ(r) through Poisson’s equation: 

                                                                      𝛻2φ(𝐫) = 4πn(𝐫)                                                                   (25) 

The electrons that are immersed in this electrostatic potential have a potential energy 𝑉𝐻(𝑟) = −φ(𝐫). This 

potential that is represented in the Hartree units is called the ‘Hartree potential’. This Hartree potential 

satisfies the Poisson’s equation as: 

                                                                    𝛻2𝑉𝐻(𝒓) = −4πn(𝐫)                                                                     (26) 
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The solution to the above equation is: 

                                                                  𝑉𝐻(𝒓) = ∫ 𝑑𝑟′ 𝑛(𝑟′)

|𝑟−𝑟′|
                                                                (27) 

Since this Hartree potential is experienced by every electron in the system, we can improve equation 21 by 

considering this extra term: 

                                                 [−
𝛻2

2
+ 𝑉𝑛(𝒓) + 𝑉𝐻 (𝒓)] 𝜑𝑖(𝒓) = 𝜀𝑖𝜑𝑖(𝒓)                                               (28) 

𝑛(𝒓) = ∑ |𝜑𝑖(𝒓)|2
𝑖                                           (29)  

      𝛻2𝑉𝐻(𝒓) = −4𝜋𝑛(𝒓)                           (30) 

Here, since VH is the ‘average’ potential experienced by each electron, this approach is called as the mean-

field approximation. Equations 28 to 30 must be solved simultaneously. This means that the solutions 𝜑𝑖 

obtained from equation 28 must be such that, when used to calculate the Hartree potential VH according to 

equations 29 and 30, the resulting potential when substituted back into equation 28, reproduces the same 

solutions 𝜑𝑖 . This iterative process is known as a self-consistent field method, pioneered by Hartree in 

1928, therefore the subscript ‘H’ in the potential.  

2.1.6 Hartree-Fock equations 

The Hartree-Fock equations are given by: 

                              [−
𝛻2

2
+ 𝑉𝑛(𝒓) + 𝑉𝐻(𝒓)] 𝜑𝑖(𝒓) +  ∫ 𝑑𝒓′𝑉𝑋(𝒓, 𝒓′)𝜑𝑖(𝒓′) = 𝜀𝑖𝜑𝑖(𝒓)                          (31) 

  𝑛(𝒓) = ∑ |𝜑𝑖(𝒓)|2
𝑖                                                          (32) 

        𝛻2𝑉𝐻(𝒓) = −4𝜋𝑛(𝒓)                         (33) 

Where 𝑉𝑋  is known as the Fock exchange potential and is given by: 

         𝑉𝑋(𝒓, 𝒓′) = − ∑
𝜑𝑗

∗(𝒓′)𝜑𝑗(𝒓)

|𝒓−𝒓′|𝑗                                  (34) 

where the summation is performed over the occupied single-particle states. VX primarily arises from Pauli’s 

exclusion principle and prohibits two electrons from occupying the same quantum state. 
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2.1.7 Kohn-Sham equations 

The Kohn-Sham equation is given by: 

[−
𝛻2

2
+ 𝑉𝑛(𝒓) + 𝑉𝐻(𝒓) +  𝑉𝑥(𝒓) +  𝑉𝑐(𝒓)] 𝜑𝑖(𝒓) =  𝜀𝑖𝜑𝑖(𝒓)                               (35) 

Here another term 𝑉𝑐(𝒓) has been added where ‘c’ stands for correlation. The exchange potential 𝑉𝑋  has 

been replaced by a simpler version 𝑉𝑥(𝒓) which is called the local exchange potential. The fundamental 

concept of density functional theory posits that if E represents the lowest attainable energy of the system, 

i.e., the energy of the ground state, then E is a functional solely dependent on the electron density. This can 

be expressed as follows: 

𝐸 = 𝐹[𝑛]                                                               (36) 

The above equation represents the Hohenberg-Kohn theorem, which suggests that to calculate the energy 

of the ground state, we just need the electron density, n. While for the energy calculation of excited states, 

we require the complete many-body wavefunction Ψ. The kinetic energy and the Coulomb energy are given 

as follows: 

�̂� = ∑
1

2
𝛻𝑖

2
𝑖                                                            (37) 

          �̂� =
1

2
∑

1

|𝒓𝑖−𝒓𝑗|𝑖≠𝑗                                    (38) 

The energy of the ground state that is a functional of the electron density only is then given by:  

 

 

𝐸 = 𝐹[𝑛] = ∫ 𝑑𝒓 𝑛(𝒓)𝑉𝑛(𝒓) − ∑ ∫ 𝑑𝒓𝜑𝑖
∗(𝒓)

𝛻2

2
𝜑𝑖(𝒓) +

1

2
∬ 𝑑𝒓 𝑑𝒓′ 𝑛(𝒓)𝑛(𝒓′)

|𝒓−𝒓′|
+ 𝐸𝑥𝑐[𝑛]𝑖             (39) 

 

𝐸𝑥𝑐  is called the exchange and correlation energy which is unknown. The ground-state density 𝑛0 

minimizes the total energy, E = F[n]. This is known as the ‘Hohenberg-Kohn variational principle’ and is 

represented as: 

                                                                               
𝛿𝐹[𝑛]

𝛿𝑛
|

𝑛0

= 0                                                                (40) 

Total energy in the independent electrons approximation 

External potential Kinetic energy Hartree energy XC energy 
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This principle leads to a newer version of the Kohn-Sham equation: 

         [−
𝛻2

2
+ 𝑉𝑛(𝒓) + 𝑉𝐻(𝒓) +  𝑉𝑥𝑐(𝒓)] 𝜑𝑖(𝒓) =  𝜀𝑖𝜑𝑖(𝒓)                               (41) 

This set of equations are called the Kohn-Sham equations. Here, the extra term 𝑉𝑥𝑐  is given by: 

𝑉𝑥𝑐(𝒓) =
𝛿𝐸𝑥𝑐[𝑛]

𝛿𝑛
|

𝑛(𝒓)
,                                                         (42) 

and this is known as the exchange and correlation potential. With the exact values of 𝐸𝑥𝑐  and 𝑉𝑥𝑐 , all the 

many-body effects can be considered. Hence, there must be a functional 𝐸𝑥𝑐[𝑛] which gives the exact 

ground-state energy and density using the above equations 41 and 42. To know the exact value of this 

functional, we need to construct certain approximations, and these are discussed in the following sections. 

2.1.8 The Local Density Approximation 

Here, we introduce the simplest functional, known as the local density approximation to density functional 

theory. To examine this functional, we delve into the free homogeneous electron gas (HEG) model, where 

it is presumed that the electrons do not interact with each other, and N electrons are confined within a large 

box of volume V. With the assistance of this model, we can approximate the value of the exchange-

correlation functional as follows: 

𝑑𝐸𝑥𝑐 =
𝐸𝑥𝑐

𝐻𝐸𝐺[𝑛(𝒓)]

𝑉
𝑑𝒓                                                         (43) 

This equation defines the LDA to the density functional theory, and thus the exchange energy for the entire 

system will be given by: 

𝐸𝑥 = −
3

4
(

3

𝜋
)

1
3⁄

∫ 𝑛
4

3⁄ (𝒓)𝑑𝒓                                            (44) 

where the integration is performed over the volume V, and the exchange potential is given by: 

𝑉𝑥(𝒓) =
𝛿𝐸𝑥[𝑛]

𝛿𝑛
|

𝑛(𝒓)
                                                            (45) 

 

 

 



15 
 

2.1.9 Self-Consistent Calculations 

The Kohn-Sham equations in summary are given as follows: 

         [−
𝛻2

2
+ 𝑉𝑡𝑜𝑡(𝒓)] 𝜑𝑖(𝒓) =  𝜀𝑖𝜑𝑖(𝒓)                                                  (46) 

         𝑉𝑡𝑜𝑡(𝒓) = 𝑉𝑛(𝒓) + 𝑉𝐻(𝒓) + 𝑉𝑥𝑐(𝒓)                                                 (47) 

         𝑉𝑛(𝑟) = − ∑
𝑍𝐼

|𝒓−𝑹𝐼|𝐼                                                                 (48) 

   𝛻2𝑉𝐻(𝒓) = −4𝜋𝑛(𝒓)                                                                 (49) 

       𝑉𝑥𝑐(𝒓) =
𝛿𝐸𝑥𝑐[𝑛]

𝛿𝑛
(𝒓)                                                                (50) 

                          𝑛(𝒓) = ∑ |𝜑𝑖(𝒓)|2
𝑖                                                               (51) 

From these equations, we can observe that each solution 𝜑𝑖 is influenced by all other solutions 𝜑𝑗 which 

describe the occupied electronic states. The interdependence of all the solutions 𝜑𝑖 described in the above 

Kohn-Sham equations, equations 46 - 51, necessitates their determination through a self-consistent process. 

The practical approach to solving the Kohn-Sham equations is as follows: we begin by defining the nuclear 

coordinates, allowing us to compute the nuclear potential, 𝑉𝑛 from equation 48. It is more pragmatic to 

"approximate" a potential electron density, n(r), to establish an initial estimate for the Hartree, exchange, 

and correlation potentials to solve equation 46. Subsequently, we obtain the value for 𝑉𝑡𝑜𝑡  . By solving the 

Kohn–Sham equations, we derive new wavefunctions, 𝜑𝑖, which can then aid in refining the density, n, 

and the total potential, 𝑉𝑡𝑜𝑡 . This iterative process persists until the updated density closely aligns with the 

previous one within a specified tolerance, signifying the achievement of self-consistency. This iterative 

procedure is depicted in Figure 5. 
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Figure 5: Schematic flow-chart for finding self-consistent solutions of the Kohn-Sham equations. 

 

2.2 Vienna Ab-initio Simulation Package (VASP) 

The Vienna Ab initio Simulation Package (VASP) is a software tool designed for atomic-scale materials 

modelling. It facilitates electronic structure calculations and quantum-mechanical molecular dynamics 

simulations based on first principles. VASP provides an approximate solution to the many-body 

Schrödinger equation, employing either density functional theory (DFT) to solve the Kohn-Sham equations 

or the Hartree-Fock (HF) approximation to solve the Roothaan equations. In VASP, fundamental quantities 

such as the one-electron orbitals, electronic charge density, and local potential are represented in plane 

wave basis sets. The interactions between electrons and ions are characterized using norm-conserving or 

ultrasoft pseudopotentials, or through the projector-augmented-wave method.   
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VASP requires the following input files: 

1. INCAR 

The INCAR file serves as the primary input file for VASP, dictating the actions and methodologies 

to be employed. The INCAR tags specified within the file select the algorithms and define the 

parameters utilized by VASP throughout the calculation process. A sample INCAR file used for the 

structure relaxation process of 2D monolayer LaFeO3 has been presented in Figure 6. A short 

description of all the tags is given against each one of them.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Sample INCAR file of VASP. 

 

2. POSCAR 

The POSCAR file specifies the atomic positions and cell parameters for the system under study. It 

defines the initial atomic configuration for the calculation. This file is generated using the VESTA 

software. It contains the initial lattice parameters in Angstrom. It also gives information about the 

type and number of atoms.  A sample POSCAR file for 2D monolayer of the LaFeO3 perovskite is 

shown in Figure 7.  
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Figure 7: Sample POSCAR file of VASP. 

 

3. POTCAR 

POTCAR file contains information about the pseudopotentials or projector-augmented-wave 

(PAW) potentials used to describe the electron-ion interactions in the system. It contains information 

on pseudo-potentials for all the atoms in the system. The POTCAR file additionally includes details 

about the atoms, such as their mass (POMASS), number of valence electrons (ZVAL), and the 

energy of the reference configuration used to generate the pseudopotential. The POTCAR files also 

contain a default energy cutoff. A snippet of the POTCAR file that contains information about the 

atoms La, Fe, and O is shown in Figure 8 below.  
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Figure 8: Snippet of the POTCAR file of VASP 

4. KPOINTS 

The KPOINTS file specifies the Bloch vectors (k points) utilized for sampling the Brillouin zone. 

Achieving convergence in this sampling is crucial for various calculations involving electronic 

minimization. It determines the accuracy of electronic structure calculations and the resolution of reciprocal 

lattice points. A sample KPOINTS file is given in Figure 9 where the Monkhorst-Pack has been used. This 

KPOINTS file is for the 2D monolayer of LaFeO3. 

 

 

 

Figure 9: Sample KPOINTS file of VASP. 

Additionally, VASP generates output files that provide significant information about our system. Some of 

the significant output files are discussed below: 

 

1. CONTCAR  

The CONTCAR file stores the final atomic positions and cell parameters obtained after relaxation or 

optimization calculations. It serves as a checkpoint file for subsequent calculations. The CONTCAR file 

holds structural data, including the positions of ions. Its format is compatible with the POSCAR file, 

making it easy to interchange between them. This file is generated after each ionic step and at the end of a 

calculation, allowing it to be copied to the POSCAR file for restarting a calculation. A sample CONTCAR 

file is shown in Figure 10 below which contains the optimized structural parameters of 2D monolayer 

LaFeO3 after the structure relaxation step.  



20 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Snippet of the CONTCAR file of VASP. 

 

2. CHGCAR 

The CHGCAR file stores both the charge density and the occupancies of the PAW one-center functions. 

The CHGCAR file comprises of the following blocks: 

 Structure in POSCAR format. 

 FFT-grid dimensions NGXF, NGYF, NGZF. 

 Charge multiplied by FFT-grid volume, with multiple real numbers per line until all 

NGXF*NGYF*NGZF values of the block are written. 

 Augmentation occupancies. 

The output file CHGCAR is generally a heavy one, hence a snippet of this file is shown in Figure 11. 

Figure 12 represents how this CHGCAR file can be visualized for 2D monolayer LaFeO3 when imposed 

on top of the CONTCAR file.  
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Figure 11: Snippet of the CHGCAR file of VASP. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Visualization of the CHGCAR file of VASP. 
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3. OUTCAR 

The OUTCAR file provides comprehensive output from a VASP calculation, which includes: 

 Summary of the input parameters used for the calculation. 

 Information regarding electronic steps and Kohn Sham-eigenvalues. 

 Stress tensors, which describe internal forces within the system. 

 Forces acting on individual atoms within the structure. 

 Local charges and magnetic moments associated with the atoms. 

 Dielectric properties, which describe the response of the material to an external electric 

field. 

2.3 Computational Modelling 

To obtain equilibrium geometries, crystal structure, lattice constants, and electronic properties like the 

electronic band structure, band gap (𝐸𝑔), and the total density of states (DOS), the First-principles Density 

Functional Theory (DFT) based calculations were performed in this study using Vienna Ab-Initio 

Simulation Package (VASP), which is a powerful software based on DFT and is efficiently designed for 

studying materials with periodic boundary conditions.22–24 The computation was done in reciprocal space 

and plane wave basis sets with an adequate cut-off energy of 450 eV were used. The electron-ion core 

interactions were characterized by the Projector Augmented Wave (PAW) method.25 The exchange-

correlation functional was described by the Perdew-Burke-Ernzerhof exchange (PBE) correlation within 

the generalized gradient approximation (GGA) method.26,27 Spin polarization was incorporated into all the 

Density Functional Theory (DFT) calculations by using the tag “ISPIN” in the input file INCAR of the 

VASP code. The 3D bulk LaFeO3 crystal structure was optimized using the GGA+U method to incorporate 

the effect of on-site Coulomb interactions using a 𝑈𝑒𝑓𝑓  value of 5.0 eV.28 We have used a 4 × 4 × 4 

Monkhorst-pack k-point grid for the 3D bulk LaFeO3 crystal structure.29 To optimize the orbitals, the 

RMM-DIIS (Residual minimization method direct inversion in the iterative subspace) algorithm was 

employed. To explore the ORR mechanism, the (001) plane was cleaved from the 3D bulk LaFeO3 crystal 

structure to computationally model a 2D monolayer of LaFeO3, and the unit cell was increased to a 2 × 2 

supercell, keeping a vacuum thickness of 15Å in the z-direction for surface isolation to prevent interaction 

between two neighboring surfaces. This monolayer was then optimized allowing the degrees of freedom 

(ionic positions, cell volume, and cell shape) to reach equilibrium using the “ISIF” tag in the INCAR file. 

Here we applied the GGA+U method to reduce the self-interaction error and improve the description of 

correlation effects. The k-point sampling of Brillouin zone integration was implemented on a grid of 4 × 4 

× 1 Monkhorst-pack method for relaxation and for further electronic properties calculation. Both 3D and 

2D LaFeO3 were optimized by reducing the Hellman-Feynman force acting on each ion to less than -0.01 
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eV Å-1. Total energy convergence was set to 10-4 eV. Once our system reached equilibrium and the single-

point energy calculations were performed, we delved deeper into the electronic properties of both the 3D 

bulk LaFeO3 crystal structure and the 2D monolayer of the LaFeO3 perovskite material. To visualize the 

band structure, the highly symmetric Γ − R − M − X − T − Z − Γ and Γ − X − M – Γ k-vector path in the 

first Brillouin zone were chosen for 3D bulk LaFeO3 and 2D monolayer LaFeO3 respectively. VESTA 

software was used to visualize all the optimized 2D monolayer structures. To obtain the transition state and 

the activation barrier for O2 dissociation on the surface of 2D monolayer LaFeO3, the climbing-image 

nudged elastic band (CI-NEB) method implemented in VASP was used.30 The transition state was 

confirmed by relaxing the structure and performing vibrational frequency calculation of this optimized 

transition state structure until it reached the convergence threshold of 10-7 eV in energy and -2 X 10-4 eVÅ-

1 in force. The presence of a single imaginary frequency confirmed the transition state structure.  

2.4 Oxygen Reduction Reaction 

Oxygen reduction reaction (ORR) has been the subject of extensive research over the last century. This is 

mainly because ORR is at the heart of energy conversion, particularly in the field of fuel cells and metal-

air batteries. The oxygen reduction reaction refers to the reduction half-reaction whereby O2 is reduced to 

water. In fuel cells, oxygen from the air is reduced to water at the cathode through the oxygen reduction 

reaction. Among all the catalysts examined, Pt remains the most effective catalyst for ORR.3132 However, 

a significant challenge associated with Pt is its classification within the platinum group of metals, which 

are scarce and thus are expensive for the practical commercialization of fuel cells. Consequently, there has 

been increased research aimed at discovering alternative electrocatalysts.  The reduction of oxygen to water 

is facilitated through a series of intermediate steps and studying each of these in detail is crucial for a 

holistic understanding of the ORR process. This reduction process can either follow a direct four-electron 

pathway where O2 is directly reduced to H2O or a slower and indirect two-electron pathway where the 

reduction takes place via an additional step that includes the formation of H2O2.
33,34 Two-electron pathway 

in an acidic medium is given as follows: 

  O2 + 2H+ + 2e−  → 2H2O2                                                        (52) 

H2O2 + 2H+ + 2e−  → 2H2O                                                      (53) 

The four-electron reduction pathway in an acidic medium is expressed as follows: 

   O2 + 4H+ + 4e−  → 2H2O                                                          (54) 

Based on previous studies, the four-electron reduction pathway is more efficient and is followed by 

catalysts that exhibit high activity towards ORR.35 Following the framework developed by Norskov et al., 



24 
 

the overall reduction of O2 to H2O through the four-electron reduction pathway shown above can occur 

through two different mechanisms: the associative reaction mechanism or the dissociative reaction 

mechanism.36 The ORR process in both of these mechanisms is initiated by the adsorption of O2 onto the 

active site on the surface of the material, and after progressing through a continuum of intermediate steps, 

the adsorbed O2 gets reduced to ultimately yield water. This first step accounts for the most crucial step for 

the entire ORR. The associative mechanism follows the process of formation of an OOH* intermediate by 

the hydrogenation of adsorbed O2, whereas the dissociative mechanism splits the adsorbed O2 into two 

atomic O* which end up getting adsorbed onto two different metal active sites on the surface of the material. 

The proposed reaction mechanisms of both the associative and the dissociative mechanisms for a general 

ABO3 perovskite, following the four-electron reduction pathway have been presented in Figures 13a and 

Figure 13b respectively. 

Figure 13: Reaction pathway of (a) Associative mechanism, and (b) Dissociative mechanism of ORR. 

The associative mechanism involves the following single-electron intermediate elementary reaction steps 

in acidic medium: 

Step 1: O2 Adsorption:  ∗ + O2 →  O2
∗  

Step 2: O2 Hydrogenation: O2
∗ +  H+ + e−  →  OOH∗ 

Step 3: Removal of H2O: OOH∗ + H+ + e− → O∗ + H2O 

Step 4: Atomic O Hydrogenation:  O∗ + H+ + e− → OH∗ 

Step 5: OH Hydrogenation: OH∗ + H+ + e− → ∗ +H2O 

(a) (b) 
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In the above reaction steps, * indicates the active site on the surface of the catalyst and OOH*, O*, and 

OH* are the adsorbed intermediate species. The first step in the dissociative mechanism is the same as the 

associative one, i.e., the adsorption of O2. The subsequent intermediate steps for the reduction of O2 in 

acidic medium are given as follows: 

Step 2: O2 Dissociation: O2
∗  →  2O∗ 

Step 3:  2O protonation: 2O∗ + H+ + e− → O∗_OH∗ 

Step 4: O_OH protonation:  O∗_OH∗ + H+ + e− → O∗ + H2O    

Step 5: O hydrogenation:  O∗ + H+ + e− → OH∗ 

Step 6: Removal of H2O:  OH∗ + H+ + e− → ∗ +H2O 

In the above equations the asterisk (*) mark represents the adsorption site. The dissociative pathway 

involves the cleavage of O-O double bond to form O2 which gets adsorbed onto two active metal sites. On 

the cathode, breaking the O-O double bond is rather difficult due to its extremely high bond energy (498 

kJ/mol) and this makes the dissociative pathway less probable for most catalysts. In this work, we have 

computationally explored both the associative and the dissociative mechanisms along with all the reaction 

intermediates on the surface of 2D monolayer LaFeO3 perovskite material taking Fe as the active metal 

site. Based on thermodynamic and energy calculations it was found that the associative mechanism is more 

favorable for the 2D LaFeO3 perovskite material. In conclusion, we can infer that the reduction of oxygen 

basically relies on the O=O bond cleavage and protonation of the ORR intermediates.  

2.5 Equations for Energy Calculation and Thermodynamic Analysis 

We evaluated the catalytic performance of 2D LaFeO3 by calculating the adsorption energy (∆𝐸𝑎𝑑𝑠) of the 

adsorbate on the catalytic surface and the values of change in Gibbs Free energy (∆G) for each reaction 

intermediate of the oxygen reduction reaction process using the computational hydrogen electrode (CHE) 

model as proposed by Norskov et al. and the equations can be formulated as follows:37 

∆Eads = Eadsorbate+surface − (Esurface + Eadsorbate)                                        (55) 

where, Eadsorbate+surface, Esurface  and, Eadsorbate are the energies of adsorbed surface, pristine surface, and 

adsorbate respectively. To determine the change in free energy (∆G) of all the elementary reaction steps of 

ORR, the following equation was used: 

∆G = ∆E + ∆EZPE − T∆S + ∆GpH                                                      (56) 
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Where ∆E represents the total energy change which is obtained from DFT calculations of the equilibrium 

structures, ∆EZPE and ∆S represent the change in zero-point energy and entropy, respectively at room 

temperature (T = 298.15K). The entropy of gas molecules was taken from the NIST database and the values 

of ∆EZPE and T∆S were generated from VASPKIT after performing vibrational frequency calculation for 

each reaction step. ∆GpH is the free energy correction due to H+ ion concentration and its value is taken as 

zero in the present work for acidic medium. The free energy of (H+ + e−) was considered to be that of 

½(H2) in the gaseous state which was determined using the SHE. In the present theoretical study, we have 

taken the 2D monolayer of LaFeO3 as the standard reference state for calculating the adsorption energies 

and free energies of all reaction intermediates.  

It is important to mention here that negative adsorption energy (∆Eads) indicates that the reaction is 

exothermic and that the system is energetically stable. In simpler terms, a negative adsorption energy 

suggests that the adsorbate is prone to energetically bind to the catalyst surface, indicating a favorable 

interaction between them.38  
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Chapter 3  

Results and Discussions 

3.1 Equilibrium properties of both the 3D bulk and 2D monolayer LaFeO3 

To begin with, the 3D bulk crystal structure of the LaFeO3 perovskite was optimized, and thereafter its 

electronic properties, including the electronic band structure, Fermi energy (𝐸𝑓), electronic band gap (𝐸𝑔) 

and the total density of states (DOS) were computed employing the first-principles based density functional 

theory (DFT) method by using the GGA+U scheme implemented in VASP suite code. The accuracy of 

GGA functionals is often insufficient for describing strongly correlated electron systems with localized the 

d orbitals. In such scenarios, an on-site Coulomb interaction with an effective Hubbard U parameter 

(GGA+U) was incorporated during all the calculations. This method does not distinguish between on-site 

Coulomb (U) and exchange (J) parameters, as only their difference (U-J) is physically meaningful. Thus, 

we consider a single parameter 𝑈𝑒𝑓𝑓  = (U-J). Based on previous studies, we have considered 𝑈𝑒𝑓𝑓  = 5.0 

eV for LaFeO3 for the d-orbitals of the Fe atom.28 The structure of the 3D bulk LaFeO3 perovskite is cubic 

with Pm3m space group symmetry which aligns with the previous findings.39 The equilibrium geometry of 

3D LaFeO3 perovskite is presented in Figure 14(a). The optimized unit cell parameters i.e., the lattice 

constants were found to be a = b = c = 3.94Å and α = β = γ = 90.0° of the 3D LaFeO3 and these findings 

are close to the previously reported experimental values.40 The equilibrium Fe-O and La-O bond distances 

of the 3D crystal structure of LaFeO3were found to be 1.93Å, and 2.73Å, respectively. To gain insights 

into the electron distribution on the surface of 3D LaFeO3 and to examine its ORR catalytic activity, the 

electronic properties of the material were computed and analyzed. At first, the band structure was plotted 

for both spin-up and spin-down electrons along the highly symmetric k-vector path Γ − R − M − X − T − 

Z – Γ with respect to vacuum. A total of sixteen electronic bands were plotted around the Fermi energy 

level, which consists of eight conduction bands and eight valence bands as depicted in Figure 14b. The 

solid lines in the band structure plot depict the spin-up electrons and the dotted lines correspond to the spin-

down electrons; this convention is followed throughout this work. Our present investigation revealed that 

the 3D LaFeO3 has an indirect electronic band gap (𝐸𝑔) of 0.80 eV, showcasing its semi-metallic properties. 

Under the same level of theory, the total electron density of states (DOS) was computed, as presented in 

Figure 14c. The DOS profile is well consistent with the results obtained from the band structure 

calculations. Negligible electron density is present near the Fermi level as can be seen from the plot of the 

total DOS of 3D LaFeO3. This confirms the semi-metallic nature of the 3D LaFeO3 perovskite material. 

Table 1 presents a comparison between the results obtained from the current calculation and the previously 

reported experimental results. 
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Figure 14: (a) Equilibrium crystal structure, (b) electronic band structure, and (c) total density of states 

(DOS) of the 3D LaFeO3 perovskite. 

Table 1: Equilibrium lattice constants of the 3D LaFeO3 crystal structure 

System Lattice constant 

(a, b, c in Å) 

Angle (α, β, γ 

in degree) 

Space 

group 

symmetry 

Bond 

distance 

(Å) 

Band gap 

𝑬𝒈 (eV) 

Reference 

3D LaFeO3 a = b = c = 3.94 α = β = γ = 

90.0 
Pm3m Fe-O: 1.93 

La-O: 2.73 

0.80 This work 

3D LaFeO3 

(Experimental) 

a = b = c = 3.91 α = β = γ = 

90.0 

Pm3m - - 39,40 

2D LaFeO3 a = 13.17Å 

b = 3.08Å 

α = β = γ = 

90.0° 

P1 Fe-O: 1.85 

La-O: 2.48 

0 eV This work 

The present computational investigation based on comprehensive DFT calculations implied that the 3D 

LaFeO3 perovskite material has negligible electron density around the Fermi level which is consistent with 

the band gap (𝐸𝑔=0.80 eV) of 3D bulk LaFeO3 obtained from the electronic band structure calculations. 

The minuscule electron density near the Fermi level implies that there is a limited availability of electrons 

for the conduction process and that the overall transfer of electrons from the valence band to the conduction 

band will not take place readily. To facilitate faster transfer of electrons to the reactants during the process 

of oxygen reduction, external energy will be required, and this implies that the 3D bulk LaFeO3 material 

will not be efficient in improving ORR activity at the cathode of fuel cells. Upon broadening our research, 

we cleaved the (001) plane from the bulk crystal structure of LaFeO3 and computationally modeled a 2D 

monolayer of the LaFeO3 perovskite. To mitigate the potential influence of the periodic boundary 

0.80 eV 
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conditions on neighboring slabs, a vacuum space of 15Å was introduced in the z-direction resulting in 

asymmetry along the z-axis. Consequently, the 2D monolayer of LaFeO3 displayed P1 layer group 

symmetry. The size of the unit cell of 2D monolayer LaFeO3 was increased to form a 2 X 2 supercell. A 

2D monolayer was exfoliated out of the bulk crystal structure of LaFeO3 to increase the specific surface 

area and surface atomic ratio which thereby led to an increased number of active sites and hence, an 

increased catalytic activity. The RMM-DIIS algorithm was employed to obtain the equilibrium crystal 

structure of the 2D monolayer LaFeO3 perovskite material as presented in Figure 15a and the equilibrium 

lattice constants were found to be a = 13.17Å, b = 3.08Å and α = β = γ = 90°. The equilibrium bond 

distances of Fe-O and La-O were found to be 1.85Å, and 2.48Å, respectively. The electronic property 

calculations were carried out and the resulting electronic band structure and total density of states were 

analyzed. Both the band structure and total DOS were computed along the highly symmetric Γ − X − M – 

Γ direction in the first Brillouin zone. The 2D monolayer of LaFeO3 exhibited a diminished electronic band 

gap of 0 eV as compared to 3D LaFeO3 (𝐸𝑔= 0.80eV). The total DOS analysis revealed that high electron 

density is present near the Fermi level, which points towards metallic properties of the 2D monolayer of 

the LaFeO3 perovskite. This implies that the drawback in 3D LaFeO3, i.e., the absence of electron density 

near the Fermi level, has now been surpassed in 2D monolayer LaFeO3. The density of states near the 

Fermi level is contributed by both the La-5d and Fe-3d states, with the contribution from La-5d being 

higher than that of the Fe-3d. This conclusion was corroborated by the analysis of partial charge density 

within the energy range from -1.5 eV to 0.5 eV relative to the Fermi level as depicted in Figure 16. Table1 

encapsulates all the details of optimized lattice constants, equilibrium bond lengths, band gap and space 

group symmetries of both the 3D LaFeO3 perovskite and 2D monolayer LaFeO3 perovskite materials.  

Figure 15: (a) Top and side view of the equilibrium crystal structure of 2D monolayer LaFeO3,               

(b) electronic band structure, and (c) total DOSs of 2D monolayer LaFeO3 
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After computing and analyzing the geometrical and electronic properties of both the 3D bulk and 2D 

monolayer LaFeO3, we found that 2D monolayer LaFeO3 exhibits conductive properties. Consequently, 

we were keen to know if 2D LaFeO3 can be useful in improving the sluggish reaction kinetics of ORR at 

the cathode of fuel cells. To dig deeper into this, we computationally modeled each reaction intermediate 

of the ORR process and explored both the associative and dissociative reaction pathways by using the 

periodic slab structure of the 2D monolayer of LaFeO3 perovskite material in conjugation with the 

computational hydrogen electrode (CHE) or the standard hydrogen electrode (SHE). Both the associative 

and the dissociative reaction mechanisms have been explored in an acidic medium and analyzed on the 

surface of the 2D monolayer of the LaFeO3 perovskite and the proposed four-electron reduction pathway 

for LaFeO3 is presented in Figure 16. All the intermediate structures were computationally modelled and 

made to reach equilibrium.  The relaxed structures of all the reaction intermediates in both the associative 

and dissociative mechanisms are shown in Figure 17a and Figure 17b, respectively. The adsorbed species 

are enclosed in a box for clarity. For this study, we have taken the Fe atom as the active site on the (001) 

surface of the 2D monolayer of LaFeO3. Incorporating the impact of a solvent on reaction intermediates 

during computational modeling poses a significant challenge. This challenge arises due to the strong 

electric field in the double layer and the dependency of electron free energy in solids on potentials and 

the free energy of solvated reactants. To address this challenge, a straightforward approach is to correlate 

the overall trend with gas phase modeling. DFT computations yield highly precise results for gas species, 

making it easier to calculate electrolytic reactions at the gas-solid interface. 

Figure 16: Proposed four-electron associative and dissociative mechanism on the surface of 2D 

monolayer of the LaFeO3 perovskite. 
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Figure 17: Equilibrium structures of all intermediates of (a) associative mechanism and (b) dissociative 

mechanism of the oxygen reduction reaction pathway performed on the surface of 2D monolayer LaFeO3 
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The mechanism of the reduction of oxygen at the cathode of fuel cells initiates with the critical step of the 

adsorption of O2 molecule on the surface of the 2D monolayer of the LaFeO3 perovskite. The complex so 

formed after the adsorption of the O2 molecule is denoted by O2*_LaFeO3 where the asterisk mark denotes 

the active site which is taken as Fe in the present case. According to the Sabatier’s principle, efficient 

catalysis is achieved when the binding strength of the reactants to the catalyst has a moderate value. For a 

weaker interaction (indicated by a highly positive value of adsorption energy), the population of 

intermediates decreases significantly, which causes difficulty in starting the reduction process; whereas the 

case of a stronger binding (highly negative adsorption energy) will lead to the formation of an extremely 

stable intermediate, which will consequently result in slow dissociation. To begin with, the interaction of 

the adsorbed O2 molecule with the active site (Fe) was examined. The adsorption energy for this step was 

computed to be -0.67 eV which is very close to the value of O2 adsorption energy on the surface of Pt (111) 

and Pt (100), which is -0.69 eV and -1.10 eV respectively. From this result, we can infer that the 2D 

monolayer of the LaFeO3 perovskite can be a potential electrocatalyst to accelerate the sluggish ORR 

kinetics.  

After the adsorption of O2 on the surface of the 2D monolayer of LaFeO3, subsequent steps of oxygen 

reduction can take place via two pathways: either the associative pathway or the dissociative pathway. In 

the former, the protonation of the O2*_LaFeO3 intermediate takes place to form the OOH*_LaFeO3 

intermediate by the reaction O2
∗ _LaFeO3 +  H+ +  e− → OOH∗_LaFeO3. Whilst, in the dissociative 

mechanism, the adsorbed O2 molecule dissociates into two atomic O, out of which one remains on the Fe-

site and the other one gets adsorbed onto the next active Fe-site. After this step, a series of transfer of 

protons (𝐻+ ) and electrons (𝑒−) takes place until finally oxygen gets reduced to water. In the present 

theoretical work, we have studied both the associative and the dissociative reaction mechanisms on the 

surface of 2D monolayer LaFeO3 along with all the reaction intermediates. We have computed the values 

change in Gibbs free energy (ΔG) for all intermediate steps by incorporating the zero-point energy and 

change of entropy correction using the vibrational frequency calculations in VASP. In the upcoming 

sections, we have discussed in detail the electronic and structural properties of all the intermediates along 

with their ΔG values concerning both associative and dissociative reaction mechanisms.   
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3.2  Associative Mechanism of ORR 

Post performing the electronic property calculations, we concluded that 2D monolayer LaFeO3 exhibits 

metallic properties. Therefore, we were curious about the ORR activity of this monolayer of the LaFeO3 

perovskite. At the outset, we explored the associative reaction mechanism on the surface of 2D monolayer 

LaFeO3. Here we explain all the reaction intermediate steps that are involved in the associative mechanism 

of the reduction of oxygen. 

Step 1: Adsorption of O2 

The reduction of oxygen initiates with the adsorption of O2 molecule onto the active site of the 2D 

monolayer slab of LaFeO3. This step was computationally modelled by attaching an O atom to the Fe atom 

at a distance of 1.64 Å which is close to the actual value of the Fe-O bond length. Another O atom was 

attached to this preexisting O atom at a distance of 1.35 Å. This structure was then allowed to reach 

equilibrium by allowing the positions, cell shape, and cell volume to relax. The complex so formed was 

denoted by O2*_LaFeO3 and the resulting equilibrium structure is shown in Figure 18a. After the structure 

relaxation calculation, it was found that the equilibrium bond lengths of Fe-O and O-O were 1.87 Å and 

1.29 Å respectively. The electronic properties (electronic band structure and total DOS) for the 

O2*_LaFeO3 intermediate were computed as shown in Figure 18b and Figure 18c, respectively. A total 

number of sixteen bands were plotted around the Fermi level along the highly symmetric Γ − X − M – Γ 

k-vector direction which is kept consistent with the k-vector direction used for calculating the electronic 

band structure for 2D monolayer LaFeO3. The band gap for the O2*_LaFeO3 ORR intermediate was found 

to be 0.00 eV and the Fermi energy (Ef) was found to be -0.96 eV which is normalized to the zero level of 

band energy as shown in the band structure plot in Figure 18b. From the band structure calculations, we 

observe that some bands overlap around the Fermi level which depicts the conducting nature of 

O2*_LaFeO3. To validate this conducting behaviour, the total DOS calculations were carried out along the 

same k-vector path as shown in Figure 18c. From the DOS profile it is evident that adequate electron 

density is present around the Fermi level which confirms the metallic characteristics of this O2*_LaFeO3 

complex. The change in Gibbs free energy (ΔG) for the reaction O2 + ∗ →  O2
∗  was computed to be -0.35 

eV. The negative value of ΔG suggests that the adsorption of O2 on the surface of 2D monolayer LaFeO3 

is exothermic, thermodynamically stable, and kinematically attainable to facilitate O2 reduction.  
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Figure 18: (a) Equilibrium structure, (b) band structure, and (c) total DOS of O2*_LaFeO3 

Step 2: Hydrogenation of O2 

The subsequent step in the process of oxygen reduction in the four-electron associative reaction mechanism 

is the protonation of the activated adsorbed O2 molecule at the Fe-site of 2D monolayer of LaFeO3. We 

computationally modelled this ORR intermediate by placing one H-atom near the outer O atom of 

O2*_LaFeO3. The complex so formed was denoted by OOH*_LaFeO3. This resulting structure was then 

relaxed and the equilibrium O-H bond length was found to be 0.98Å which is equal to the standard O-H 

bond length. In this case, the H+ ion that comes from the anode side via the proton exchange membrane 

and the electron that comes through the external circuit, reacts with the oxygen molecule adsorbed on the 

Fe-site and leads to the formation of the OOH* intermediate. The equilibrium structure of this complex is 

shown in Figure 19a. Thereafter, the band structure and density of states calculations were performed for 

OOH*_LaFeO3 as shown in Figure 19b and Figure 19c respectively. The Fermi energy (Ef) was found to 

be -0.65 eV and the electronic band gap was calculated to be 0.00 eV. From the plot of the electronic band 

structure, we can see that there is a high density of bands near the Fermi level and that the minima of the 

valence band and the maxima of the conduction band for OOH*_LaFeO3 are present at the Γ-, and M- 

points respectively. Using the same level of theory, total DOS was plotted as shown in Figure 19c. The 

profile of DOSs is well consistent with the electronic band structure calculation and points towards the 

metallic characteristic of the OOH* intermediate. The value of ΔG was calculated for 𝑂2
∗ + 𝐻+ + 𝑒− →

𝑂𝑂𝐻∗ reaction and it was found to be -1.08 eV. This negative value of ΔG suggests that the protonation of 

the adsorbed oxygen molecule on the surface of the 2D monolayer LaFeO3 to form the OOH* intermediate 

is spontaneous and thermodynamically favourable. Hence, this reaction continues to the subsequent steps 

of ORR.  
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Figure 19: (a) Equilibrium structure, (b) band structure, and (c) total DOS of OOH*_LaFeO3 

Step 3: Reduction of OOH* into O*  

The subsequent step of the four-electron associative mechanism of the oxygen reduction reaction is the 

hydrogenation of the OOH* intermediate which leads to the formation of the O*_LaFeO3 complex. In this 

step, the proton and electron that reach the cathode side of the fuel cell through the proton exchange 

membrane and the external circuit respectively, react with the OOH* species that is adsorbed on the Fe-

site and forms the O*_LaFeO3 complex. A water molecule is also removed from the surface of 2D 

monolayer LaFeO3 amidst this process. This intermediate was computationally modelled by attaching an 

O atom onto the Fe atom keeping a bond length of 1.66 Å. Upon structure relaxation, the equilibrium Fe-

O bond length was found to be 1.64 Å. The equilibrium structure of the O*_LaFeO3 reaction intermediate 

is shown in Figure 20a. To dig deeper into the electronic properties of this intermediate, the band structure 

and total density of states was plotted as shown in Figure 20b and Figure 20c. The band structure plot for 

the O*_LaFeO3 reaction intermediate shows overlapping of bands at and around the Fermi level which 

points towards its metallic properties. The band gap (𝐸𝑔) for the O*_LaFeO3 ORR intermediate was 

determined to be 0.00 eV. To confirm this metallic behaviour, the total DOS was also computed as shown 

in Figure 20c using the same level of theory and the DOS profile aligns with the value of band gap obtained 

from the band structure calculations. Electron density is observed near the Fermi level which indicates that 

enough charge carriers are available for the conduction process. The value of Ef was computed to be -0.76 

eV which is normalized to the zero level of the band energy. From these electronic calculations we can 

infer that both band structure calculations and DOSs profile complement each other. The value of ΔG for 

this step of hydrogenation of the OOH* intermediate was calculated to be -0.58 eV. This small and negative 



36 
 

value of the change in Gibbs free energy reveals that the reaction is exothermic, thermodynamically stable, 

and energetically favourable for the ORR mechanism.  

Figure 20: (a) Equilibrium structure, (b) band structure, and (c) total DOS of O*_LaFeO3 

Step 4: Protonation of O* to form OH*  

The step of hydrogenation of OOH* is followed by the protonation of the O* intermediate to form the 

complex OH*_LaFeO3. The proton (H+) that comes to the cathode (ORR side) through the proton exchange 

membrane, and the electron (e-) that comes via the external circuit from the anode to the cathode side, react 

with the O-atom which is bonded to the Fe-atom and this leads to the generation of the OH* intermediate. 

To computationally model this reaction intermediate, we attached an oxygen atom to the iron atom keeping 

a bond length of 1.66 Å and a hydrogen atom was then attached to this oxygen atom at a distance of 1.07Å. 

This OH*_LaFeO3 complex was then made to reach equilibrium and the bond lengths of Fe-O and O-H of 

the resulting equilibrium structure were found to be 1.83 Å and 0.98 Å, respectively. The equilibrium 

structure of the OH*_LaFeO3 complex so formed is given in Figure 21a. To delve into the electronic 

properties of this complex, band structure and total DOS calculations were performed as shown in Figure 

21b, and Figure 21c respectively. The Fermi energy and the band gap were found to be -0.82 eV and 0.01 

eV respectively. The band gap of this step is slightly higher than the previous steps of ORR. The valence 

band minima and the conduction band maxima are found to be located at the M- point as can be seen from 

the band structure plot. To confirm the results obtained from the band structure calculations, we performed 

the total density of states calculation of the OH*_LaFeO3 intermediate along the highly symmetric Γ − X 

− M – Γ k-vector direction. The small band gap of 0.01 eV is evident from the DOS profile. Hence, the 

band structure and DOS plots agree well with each other. The value of ΔG for this step was calculated to 

be -1.12 eV. This negative value of change in Gibbs free energy exhibits that this step is exothermic, and 

hence, this process is thermodynamically and energetically favourable for the reduction of O2.  
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Figure 21: (a) Equilibrium structure, (b) band structure, and (c) total DOS of OH*_LaFeO3 

Step 5: Protonation of OH*_LaFeO3 

This step marks the final stage of the reduction of oxygen. This last step of the four-electron associative 

mechanism involves the hydrogenation of the OH* intermediate. The H+ and e- that come from the anode 

side to the cathode side, react with the OH* species adsorbed on the surface of 2D monolayer LaFeO3 and 

lead to the formation of a second water molecule of this four-electron associative mechanism. As a result, 

this water molecule is removed from the surface of the 2D monolayer LaFeO3 and this marks the reduction 

of the oxygen molecule completing the transfer of four electrons in total. The value of ΔG for this step was 

calculated to be -1.72 eV and this points towards the exothermic nature of this step. Hence, this process is 

thermodynamically and energetically favourable for the ORR process. The value of the change in Gibbs 

free energy and their relative values for all the reaction steps in the associative mechanism of oxygen 

reduction on the surface of 2D monolayer LaFeO3 are listed in Table 2. The 2D monolayer LaFeO3 structure 

has been taken as the reference geometry to calculate the relative free energies. 

Table 2: Change in Gibbs Free Energy (eV) and the Relative Free Energy (eV) of each reaction step during 

the reduction of oxygen through the Associative Mechanism. 

Various reaction steps involved in the Associative 

Mechanism 

ΔG (eV) Relative Free 

Energy (eV) 

LaFeO3 + O2 → O2*_LaFeO3 -0.35 -0.35 

O2*_LaFeO3 + H+ + e- → OOH*_LaFeO3 -1.08 -1.43 

OOH*_LaFeO3 + H+ + e- → O*_LaFeO3 + H2O -0.58 -2.01 

O*_LaFeO3 + H+ + e- → OH*_LaFeO3 -1.12 -3.13 

OH*_LaFeO3 + H+ + e- → LaFeO3 + H2O -1.72 -4.85 
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3.3 Dissociative Mechanism of ORR 

In this theoretical study, we also studied and analysed the four-electron dissociative mechanism of the 

reduction of oxygen on the surface of the 2D monolayer of the LaFeO3 perovskite material. The complete 

dissociative mechanism with each intermediate step is shown in Figure 13b. The first step of the 

dissociative mechanism is the same as that of the associative mechanism which is the adsorption of O2 

molecule onto the active Fe-site on the surface of the 2D monolayer of the LaFeO3 perovskite. The 

subsequent two steps differ from the steps in the four-electron associative pathway, which are the 

dissociation of O2*, and the hydrogenation of 2O*. All other steps following this are the same as the 

associative mechanism. The two steps of the dissociative mechanism that are different from the associative 

mechanism are explained below.  

Dissociation of O2* into 2O* 

After the adsorption of the O2 molecule on the surface of the 2D monolayer of the LaFeO3 perovskite 

material, this oxygen molecule dissociates into two oxygen atoms, out of which one of the oxygen atoms 

stays at the Fe-site, and the other oxygen atom gets adsorbed onto the next active Fe-site. This leads to the 

formation of the 2O*_LaFeO3 complex. To computationally model this reaction intermediate, we attached 

one oxygen atom each to two nearby iron atoms, setting the Fe-O bond length to 1.66Å for both the oxygen 

atoms. The resulting 2O*_LaFeO3 structure was then allowed to reach equilibrium by allowing the 

relaxation of the atomic positions, cell shape, and cell volume. After the relaxation step, the equilibrium 

Fe-O bond length was found to be 1.63Å. The resulting equilibrium structure is depicted in Figure 22a. To 

understand the electronic behaviour of this intermediate, we computed and analysed the electronic band 

structure and the total density of states using the same level of theory as in the preceding steps. The band 

structure and the total DOS were plotted along the highly symmetric Γ − X − M – Γ k-vector direction in 

the first Brillouin zone. A total of sixteen bands around the Fermi level were plotted for both spin-up and 

spin-down electrons as shown in Figure 22b. From the plot of the electronic band structure, we can see 

bands crossing the Fermi level which point towards the metallic behaviour of the 2O*_LaFeO3 reaction 

intermediate. The band gap and the Fermi energy were computed to be 0.00 eV and -1.34 eV, respectively. 

To validate the findings derived from the band structure calculations, the total DOS calculations were also 

performed. It is evident from the DOSs profile shown in Figure 22c that sufficient electron density is 

present near the Fermi level to facilitate charge transfer from the valence band to the conduction band. The 

results of the electronic property calculations reveal the conducting behaviour of the 2O*_LaFeO3 

intermediate complex. The value of ΔG for this reaction step was calculated to be 1.58 eV. This positive 

value of the change in Gibbs free energy reveals that the process of dissociation of O2* into 2O* is 

endothermic and is not a spontaneous one. Thus, after the first step of the adsorption of O2*, the associative 
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pathway will be favoured more than the dissociative pathway because of the spontaneity of the formation 

of OOH* intermediate rather than the 2O* intermediate.  

Figure 22: (a) Equilibrium structure, (b) band structure, and (c) total DOS of 2O*_LaFeO3 

The transition state calculation was performed for the dissociation of O2* into 2O* using the Climbing-

Image Nudged Elastic Band (CI-NEB) method in VASP, and the activation energy (𝐸𝑎) was computed. 

Here, 𝐸𝑎  is defined as the energy difference between the transition state (TS) and the initial state 

(O2*_LaFeO3). We determined the minimum energy path (MEP) and located the transition state. For the 

CI-NEB calculations, we started from the lowest-energy adsorption configuration of the reactant which is 

O2*_LaFeO3, and ended at the lowest-energy adsorption configuration of the product which is 

2O*_LaFeO3. Thereafter, we identified the transition state as the highest-energy configuration in a linear 

transition path from the initial state to the final state. This TS was confirmed by performing a vibrational 

frequency analysis on the equilibrium TS structure. During the frequency calculation, the 2D monolayer of 

the LaFeO3 material was frozen and only the adsorbed O2 molecule on the surface was allowed to vibrate. 

The results of this vibrational frequency analysis showed a single imaginary frequency of -264.48 cm-1 

along with some negligible imaginary frequencies which can appear due to various other factors. The 

presence of one soft mode confirms that the TS structure found is in fact the highest point of the MEP for 

the dissociation of O2* into 2O*. The plot of the relative free energy for the TS found for the dissociation 

of O2 molecule on the surface of 2D monolayer LaFeO3 is depicted in Figure 23. The free energy for the 

initial state (O2*_LaFeO3), TS, and the final state (2O*_LaFeO3) have been plotted by taking the initial 

state as the reference geometry. The value of the energy barrier was computed to be 1.8 eV which is very 

high as compared to the dissociation barrier of O2 on Pt (111) (0.48 eV). From these findings, we conclude 

that the reduction of oxygen on the surface of the 2D monolayer of LaFeO3 through the dissociative 

mechanism is not favourable. 
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Figure 23: O2 dissociation of LaFeO3 monolayer. 

Protonation of 2O* to form O*_OH* 

After the step of dissociation of O2, the 2O* species reacts with H+ and e- coming from the anode side of 

fuel cell and the formation of O*_OH*_LaFeO3 intermediate takes place. To computationally model this 

intermediate, a hydrogen atom was attached to one of the oxygen atoms of the 2O*_LaFeO3 intermediate 

at a distance of 1.07Å. The O*_OH*_LaFeO3 structure was then made to reach equilibrium and the 

structure obtained from the structure relaxation step is shown in Figure 24a. The equilibrium bond lengths 

of Fe-O and O-H were found to be 1.82Å and 0.99Å respectively. The electronic property calculations were 

also performed using the same DFT methods as in the previous reaction steps. The electronic band structure 

was plotted along the highly symmetric Γ − X − M – Γ k-vector direction in the first Brillouin zone which 

is consistent with the previous band calculations. Total density of states was also calculated and plotted 

along the same k-vector direction. From the band structure plot of the O*_OH*_LaFeO3 reaction 

intermediate of ORR, we calculated that the band gap for this complex is 0.00 eV which is also evident 

from the crossing of bands on the Fermi level as shown in Figure 24b. To validate the results obtained from 

the band structure calculations, total DOS was plotted. The DOSs profile shown in Figure 24c aligns with 

the findings from the band structure calculations which is evident from the high electron density around 

the Fermi level. Thus, from these results we can infer that the O*_OH*_LaFeO3 reaction intermediate 
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exhibits metallic properties. The value of ΔG for this step was found to be -3.25 eV which depicts that this 

step is exothermic, and thermodynamically and kinetically favourable.  

Figure 24: (a) Equilibrium structure, (b) band structure, and (c) total DOS of O*_OH*_LaFeO3 

 

The change in Gibbs free energy and the relative free energy for all the reaction intermediates of the 

dissociative mechanism of ORR have been listed in Table 3. The geometrical data of all the equilibrium 

intermediate geometries have been summarized in Table 4.  

 

Table 3: Change in Gibbs Free Energy (eV) and the Relative Free Energy (eV) of each reaction step during 

the reduction of oxygen through the Dissociative Mechanism on the surface of the 2D monolayer LaFeO3 

material. 

Various reaction steps involved in the Dissociative 

Mechanism 

ΔG (eV) Relative Free 

Energy (eV) 

LaFeO3 + O2 → O2*_LaFeO3 -0.35 -0.35 

O2*_LaFeO3 → 2O*_LaFeO3 1.58 1.23 

2O*_LaFeO3 + H+ + e- → O*_OH*_LaFeO3 -3.25 -2.02 

O*_OH*_LaFeO3 + H+ + e- → O*_LaFeO3 + H2O 0.01 -2.01 

O*_LaFeO3 + H+ + e- → OH*_LaFeO3 -1.12 -3.13 

OH*_LaFeO3 + H+ + e- → LaFeO3 + H2O -1.72 -4.85 
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Table 4: Geometrical data of the equilibrium structures of all the reaction intermediates involved in the 

Associative and the Dissociative Mechanisms on the surface of 2D monolayer of the LaFeO3 perovskite 

material. 

Reaction Steps Lattice 

Parameters 

(Å) 

Interfacial 

angles (deg) 

Layer 

group and 

Symmetry 

Electronic 

Band Gap 

(eV) 

Average bond length (Å) 

 

Fe-O    La-O    O-O    O-H 

2D LaFeO3 a = b = 7.40 α = β = γ = 90o P1 0.02 1.85 2.48 - - 

O2*_LaFeO3 a = b = 7.40 α = β = γ = 90o P1 0.00 1.87 2.49 1.29 - 

2O*_LaFeO3 a = b = 7.40 α = β = γ = 90o P1 0.01 1.63 2.47 - - 

OOH*_LaFeO3 a = b = 7.40 α = β = γ = 90o P1 0.01 1.87 2.53 1.46 0.98 

O*_OH*_LaFeO3 a = b = 7.40 α = β = γ = 90o P1 0.01 1.82 2.49 - 0.99 

O*_LaFeO3 a = b = 7.40 α = β = γ = 90o P1 0.00 1.64 2.50 - - 

OH*_LaFeO3 a = b = 7.40 α = β = γ = 90o P1 0.01 1.83 2.53 - 0.98 

 

To summarize our results of the present study of the catalytic activity of the LaFeO3 perovskite material to 

accelerate the sluggish kinetics of ORR at the cathode of fuel cells, we plotted and analysed the potential 

energy curve for both associative and dissociative reaction mechanisms as shown in Figure 25 and Figure 

26 respectively. The Relative Free Energy was plotted in these potential energy curves in which the 2D 

monolayer of LaFeO3 was taken as the reference geometry and the free energy for all other intermediates 

were plotted relative to this geometry. Under standard conditions (298.15 K temperature and 1 atm 

pressure), the total ΔG for the complete reaction O2 + 2H2 → 2H2O is expected to be -4.92 eV. According 

to our Gibbs energy analysis, the total ΔG was determined to be -4.85 eV for both the dissociative and 

associative mechanisms. This ΔG value obtained from our theoretical analysis agrees well with the 

experimental value. From the potential energy surface (PES) of the associative mechanism we can see that 

all the steps are downhill which depicts that all the steps of the associative mechanism on the surface of 2D 

monolayer LaFeO3 are thermodynamically feasible. Whereas, if we look at the free energy landscape of 

the dissociative mechanism, we can see that the 2O* step is breaking the downhill trend by a large relative 

free energy value. The O* step also shows the same break in the downhill trend but by a minor uphill value 

of relative free energy. These trends depicted in the free energy landscape of the dissociative mechanism 

points to the fact that the dissociative mechanism is not favourable and that the reduction of oxygen on the 

surface of 2D monolayer of the LaFeO3 perovskite material will rather take up the associative pathway 

than the unstable dissociative pathway. Therefore, the four-electron associative reaction mechanism is the 

most favourable one for the reduction of oxygen on the surface of 2D monolayer LaFeO3.   
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Figure 25: Potential Energy Surface (PES) of the Associative ORR mechanism 

 

Figure 26: Potential Energy Surface (PES) of the Dissociative ORR mechanism 
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   3.4 Theoretical Overpotential Calculation 

From the minimum value of Gibbs free energy out of all the ORR steps, the overpotential for ORR can be 

determined for acidic media using the following equation:  

ƞORR =
max (ΔG of ORR steps)

e
+ 1.23 

To achieve optimal catalytic performance, it is necessary for all the free energies of the Oxygen Reduction 

Reaction (ORR) steps to be equal to or greater than 4.92 eV/4, which corresponds to 1.23 eV. This signifies 

that all reaction free energies should reach zero at a balanced potential of 1.23 V. In our investigation, we 

observed that the first step of the adsorption of O2, having value of change in Gibbs free energy of -0.35 

eV could potentially determine the outcome of the ORR. We computed the overpotential value using the 

above equation and it was calculated to be 0.88 V. This small value of overpotential depicts that 2D LaFeO3 

will be a good electrocatalyst for the reduction process of oxygen into water at the cathode of fuel cells. 

3.5  Spin Density Calculations  

In the present study, we conducted electron spin density calculations for all the reaction steps involved in 

the ORR. The variance of spin densities, which represent the difference between α and β electrons, has 

been depicted in Figure 27(a-f). Here, the α state is denoted as "spin up" and the β state as "spin down". 

Spin density calculations serve as one of the methods to anticipate the presence of unpaired electrons, or 

the electron cloud region, within the system under investigation. The total electron density is the summation 

of α and β spins of the electrons engaged in the system, and the difference between the "spin up" and "spin 

down" electron densities results in non-zero spin polarization and localized electron density. Electron 

density clouds play a significant role in electrocatalysts during the ORR by facilitating electron transfer 

and participating in the reaction mechanism. In the ORR, these electron density clouds aid in transferring 

electrons from the electrode surface to the oxygen molecules. Moreover, they create a conducive 

environment for the adsorption and desorption of oxygen species during the ORR. The interaction of 

oxygen molecules with the electrocatalyst surface involves the redistribution of electron density in both the 

oxygen molecule and the electrocatalyst. 

In Figures 27(a-f), cyan and yellow bubbles represent electron density clouds near the Fe-atom on the 

surface of the 2D monolayer of the LaFeO3 perovskite, suggesting that the Fe-site is active for the ORR. 

The difference in charge density quantifies the redistribution of electron charge due to the interaction 

between the adsorbate and the adsorbent. Yellow and cyan colours denote charge depletion and 

accumulation, respectively, in Figure 27. The difference in charge density indicates that the positive charge 

is predominantly concentrated at the center of the O atoms parallel to the O-O bond, while the negative 

charge is mainly concentrated on the O atoms, resulting in repulsive interactions.  
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Figure 27: Electron spin density of the various equilibrium reaction intermediates during the ORR 

process: (a) O2*_LaFeO3, (b) 2O*_LaFeO3, (c) OH*_O*_LaFeO3, (d) O*_LaFeO3, (e) OH*_LaFeO3, 

and (f) OOH*_LaFeO3. 

 

(a) 

(b) 

(c) 

(d) 

(e) 
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Chapter 4 

Conclusions and Scope for Future Work 

4.1 Conclusions 

In the present theoretical study, we conducted computational analysis on the cubic 3D LaFeO3 perovskite 

material to investigate its performance towards ORR and to determine if it will be efficient in accelerating 

the sluggish kinetics of the reduction of oxygen at the cathode of fuel cells. At first, we computationally 

modelled the 3D structure of LaFeO3 and thereafter performed structure relaxation and electronic property 

calculations sequentially. Electronic properties such as the electronic band structure and total density of 

states were computed and analysed. Our DFT study revealed the semi-metallic nature of the 3D LaFeO3 

perovskite material, with a relatively high band gap of 0.80 eV, suggesting limited potential as an 

electrocatalyst. This band gap was obtained through electronic band structure calculations and was later 

validated through the total density of states profile. Since negligible electron density was present near the 

Fermi energy level in the DOSs plot for 3D LaFeO3, we concluded that charge transfer from the reactants 

to products will not take place readily which will in turn hamper and impede the reduction of oxygen.  

To delve deeper into the catalytic activity of the LaFeO3 perovskite material, the (001) plane was exfoliated 

from the 3D crystal structure of LaFeO3 and we computationally modelled a 2D slab of the LaFeO3 

perovskite. This monolayer was then allowed to reach equilibrium and to delve deeper into the electronic 

properties of this 2D monolayer of the LaFeO3 perovskite, electronic band structure and total DOS 

calculations were performed. A band gap of 0 eV was computed for the monolayer of LaFeO3 which pointed 

towards its metallic nature. We then relied on this 2D monolayer to carry out further theoretical calculations 

and studied its electrocatalytic activity towards ORR. We began by computationally modelling all the 

reaction intermediates and then performing structure relaxation calculations on each one of these ORR 

intermediates.  

Both the associative and dissociative mechanisms were studied and our results showed that the associative 

mechanism will be favourable for the reduction of oxygen on the surface of the 2D monolayer of LaFeO3. 

Free energy of each reaction intermediate of ORR was calculated and it was found that all the reaction 

steps of the associative mechanism had negative values of free energy which reveals that all the reaction 

steps involved in the associative mechanism are spontaneous and thermodynamically feasible. 

Additionally, all the steps of the potential energy surface were downhill. These results confirm that the 

reduction of oxygen on the surface of 2D monolayer of the LaFeO3 perovskite favour the associative 

pathway over the dissociative one. Our present calculations also reveal that the ORR on the surface of 2D 

monolayer LaFeO3 has a high four-electron pathway selectivity. Furthermore, our findings, supported by 

CHE model-based computations, identified the 2D LaFeO3 perovskite as a promising Pt-free ORR 

electrocatalyst candidate, exhibiting outstanding catalytic performance. 
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In summary, our research sheds light on electrocatalysis by highlighting the potential of the 2D monolayer 

LaFeO3 perovskite as a promising component for fuel cells. This computationally developed material offers 

efficient oxygen reduction reaction kinetics, paving the way for further exploration in materials science. 

We anticipate that our theoretical and computational studies will inspire experimental, computational, and 

theoretical efforts toward the development of additional Pt-free ORR catalysts based on 2D materials. 

4.2 Scope for future work 

Through the research presented in this thesis, significant advancements have been made in investigating 

the catalytic activity of LaFeO3 towards oxygen reduction reaction. A theoretical and computational 

stepping stone has been set which can be used to explore and develop other Pt-free electrocatalysts to be 

used in fuel cells and metal air batteries. In particular 2D perovskite materials or transition metal 

dichalcogenides (TMDs) can be explored for their activity towards ORR. Furthermore, the LaFeO3 

perovskite can be explored further to study how its ORR performance can be increased. This can be done 

in various ways such as doping either the A site or the B site in LaFeO3, creating oxygen vacancies, strain 

tuning, etc. Our study revealed that the (001) plane of the LaFeO3 perovskite is active for oxygen reduction 

and can be used for fuel cell applications. Further exploration, particularly through experimental 

techniques, would provide valuable insights. Our computational predictions align with experimental 

observations and this could offer a promising approach to enhance the ORR performance and conductivity 

of LaFeO3. The elements that have the ability to adopt various oxidation states can substantially enhance 

the electronic conductivity of LaFeO3. Another area which can be investigated pertains to the study of 

LaFeO3 surfaces. An understanding of LaFeO3's surface chemistry can be a potential research topic. Initial 

efforts could involve analysing different surface sites for defects, especially oxygen vacancies, to assess if 

their formation energy varies depending on their location on the surface. Additionally, investigating how 

the formation energy of an oxygen vacancy changes from the bulk material to the surface would provide 

insights into their mobility through LaFeO3. A similar examination could be conducted for potential 

divalent dopants (e.g., strontium, calcium, manganese, cobalt, and nickel). Calculating the solution energy 

of dopants in the bulk and progressively towards the surface could elucidate surface segregation phenomena 

observed, particularly in strontium-doped perovskites. This approach could determine if some potential 

dopants exhibit a tendency to segregate towards the surface of LaFeO3. Once a comprehensive 

understanding of defect chemistry and dopant behaviour at the surface of LaFeO3 is established, 

investigating the interaction of oxygen with various defects and dopants on the surface would provide 

further insights. This investigation could shed light on how LaFeO3 catalyses the oxygen reduction reaction 

and its potential suitability as a base material for fuel cell applications. 

 



48 
 

REFERENCES 

(1)  Owusu, P. A.; Asumadu-Sarkodie, S. A Review of Renewable Energy Sources, Sustainability 

Issues and Climate Change Mitigation. Cogent Eng. 2016, 3. 

(2)  Pakhira, S.; Upadhyay, S. N. Efficient Electrocatalytic H2 Evolution Mediated by 2D Janus MoSSe 

Transition Metal Dichalcogenide. Sustain. Energy Fuels 2022, 6, 1733–1752. 

(3)  Kaygusuz, K. Energy for Sustainable Development: A Case of Developing Countries. Renew. 

Sustain. Energy Rev. 2012, 16, 1116–1126.  

(4)  Maradin, D. Advantages and Disadvantages of Renewable Energy Sources Utilization. Int. J. 

Energy Econ. Policy 2021, 11, 176–183.  

(5)  Chu, S.; Majumdar, A. Opportunities and Challenges for a Sustainable Energy Future. Nature 

2012, 488, 294–303.  

(6)  Viswanathan, B.; Scibioh, M. A. Fuel Cells: Principles and Applications. 2007, 494.  

(7)  Exner, K. S. Steering Selectivity in the Four-Electron and Two-Electron Oxygen Reduction 

Reactions: On the Importance of the Volcano Slope. ACS Phys. Chem. Au 2023, 3, 190–198.  

(8)  Gasteiger, H. A.; Kocha, S. S.; Sompalli, B.; Wagner, F. T. Activity Benchmarks and 

Requirements for Pt, Pt-Alloy, and Non-Pt Oxygen Reduction Catalysts for PEMFCs. Appl. Catal. 

B Environ. 2005, 56, 9–35.  

(9)  Nørskov, J. K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.; Kitchin, J. R.; Bligaard, T.; Jónsson, 

H. Origin of the Overpotential for Oxygen Reduction at a Fuel-Cell Cathode. J. Phys. Chem. B 

2004, 108, 17886–17892.  

(10)  Wang, B. Recent Development of Non-Platinum Catalysts for Oxygen Reduction Reaction. J. 

Power Sources 2005, 152, 1–15.  

(11)  Meng, H.; Zeng, D.; Xie, F. Recent Development of Pd-Based Electrocatalysts for Proton 

Exchange Membrane Fuel Cells. Catalysts 2015, 5, 1221–1274.  

(12)  Antolini, E. Palladium in Fuel Cell Catalysis. Energy Environ. Sci. 2009, 2, 915–931. 

(13)  Kulkarni, A.; Siahrostami, S.; Patel, A.; Nørskov, J. K. Understanding Catalytic Activity Trends in 

the Oxygen Reduction Reaction. Chem. Rev. 2018, 118, 2302–2312. 

(14)  Carrette, L.; Friedrich, K. A.; Stimming, U. Fuel Cells - Fundamentals and Applications. Fuel 

Cells 2001, 1, 5–39.  

(15)  Zhu, H.; Zhang, P.; Dai, S. Recent Advances of Lanthanum-Based Perovskite Oxides for 



49 
 

Catalysis. ACS Catal. 2015, 5, 6370–6385.  

(16)  Ashok, A.; Kumar, A.; Bhosale, R. R.; Almomani, F.; Malik, S. S.; Suslov, S.; Tarlochan, F. 

Combustion Synthesis of Bifunctional LaMO3 (M = Cr, Mn, Fe, Co, Ni) Perovskites for Oxygen 

Reduction and Oxygen Evolution Reaction in Alkaline Media. J. Electroanal. Chem. 2018, 809, 

22–30. 

(17)  Wang, Y.; Cheng, H. P. Oxygen Reduction Activity on Perovskite Oxide Surfaces: A Comparative 

First-Principles Study of LaMnO3, LaFeO3, and LaCrO3. J. Phys. Chem. C 2013, 117, 2106–2112. 

(18)  Kucharczyk, B.; Winiarski, J.; Szczygieł, I.; Adamska, K. Physicochemical Properties of LaFeO3 

Perovskite Prepared by Various Methods and Its Activity in the Oxidation of Hydrocarbons. Ind. 

Eng. Chem. Res. 2020, 59, 16603–16613. 

(19)  Ciambelli, P.; Cimino, S.; De Rossi, S.; Lisi, L.; Minelli, G.; Porta, P.; Russo, G. AFeO3 (A = La, 

Nd, Sm) and LaFe1-XMgxO3 Perovskites as Methane Combustion and CO Oxidation Catalysts: 

Structural, Redox and Catalytic Properties. Appl. Catal. B Environ. 2001, 29, 239–250. 

(20)  Xiao, P.; Zhong, L.; Zhu, J.; Hong, J.; Li, J.; Li, H.; Zhu, Y. CO and Soot Oxidation over 

Macroporous Perovskite LaFeO3. Catal. Today 2015, 258, 660–667. 

(21)  Harker, A. H. Materials Modelling Using Density Functional Theory: Properties and Predictions, 

by Giustino Feliciano. Contemp. Phys. 2016, 57, 140–141. 

(22)  Kresse, G.; Furthmüller, J. Efficiency of Ab-Initio Total Energy Calculations for Metals and 

Semiconductors Using a Plane-Wave Basis Set. Comput. Mater. Sci. 1996, 6, 15–50. 

(23)  Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Liquid Metals. Phys. Rev. B 1993, 47, 

558–561. 

(24)  Kresse, G.; Hafner, J. Ab Initio Molecular-Dynamics Simulation of the Liquid-Metalamorphous- 

Semiconductor Transition in Germanium. Phys. Rev. B 1994, 49, 14251–14269. 

(25)  Joubert, D. From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method. Phys. Rev. 

B - Condens. Matter Mater. Phys. 1999, 59 (3), 1758–1775. 

(26)  John P. Perdew, Kieron Burke, Matthias Ernzerhof. Generalized Gradient Approximation Made 

Simple. ACS Appl. Mater. Interfaces 1996, 77, 3865–3868. 

(27)  Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. R.; Singh, D. J.; 

Fiolhais, C. Erratum: Atoms, Molecules, Solids, and Surfaces: Applications of the Generalized 

Gradient Approximation for Exchange and Correlation (Physical Review B (1993) 48, 7, (4978)). 

Phys. Rev. B 1993, 48, 4978. 



50 
 

(28)  Wang, L.; Maxisch, T.; Ceder, G. Oxidation Energies of Transition Metal Oxides within the 

GGA+U Framework. Phys. Rev. B - Condens. Matter Mater. Phys. 2006, 73, 1–6. 

(29)  Hendrik J. Monkhorst and James D. Pack. Special Points for Brillonin-Zone Integrations*. J. 

Mater. Chem. APS 1976, 13, 5188–5192.  

(30)  Jónsson, G. H. B. P. U. H. A Climbing Image Nudged Elastic Band Method for Finding Saddle 

Points and Minimum Energy Paths. J. Chem. Phys. 2000, 113, 9901–9904. 

(31)  Nie, Y.; Li, L.; Wei, Z. Recent Advancements in Pt and Pt-Free Catalysts for Oxygen Reduction 

Reaction. Chem. Soc. Rev. 2015, 44, 2168–2201. 

(32)  Tripkovic, V.; Vegge, T. Potential- and Rate-Determining Step for Oxygen Reduction on Pt(111). 

J. Phys. Chem. C 2017, 121, 26785–26793.  

(33)  Upadhyay, S. N.; Pakhira, S. Mechanism of Electrochemical Oxygen Reduction Reaction at Two-

Dimensional Pt-Doped MoSe2 material: An Efficient Electrocatalyst. J. Mater. Chem. C 2021, 9, 

11331–11342.  

(34)  Upadhyay, S. N.; Sardar, V. B.; Singh, A.; Kumar, V.; Pakhira, S. Elucidating the Oxygen 

Reduction Reaction Mechanism on the Surfaces of 2D Monolayer CsPbBr3 Perovskite. Phys. 

Chem. Chem. Phys. 2022, 24, 28283–28294. 

(35)  Debe, M. K. Electrocatalyst Approaches and Challenges for Automotive Fuel Cells. Nature 2012, 

486, 43–51.  

(36)  Beall, C. E.; Fabbri, E.; Schmidt, T. J. Perovskite Oxide Based Electrodes for the Oxygen 

Reduction and Evolution Reactions: The Underlying Mechanism. ACS Catal. 2021, 11, 3094–

3114. 

(37)  Yadav, L.; Pakhira, S. Platinum-Adsorbed Defective 2D Monolayer Boron Nitride: A Promising 

Electrocatalyst for O2 Reduction Reaction. J. Mater. Chem. C 2023, 11, 15215–15232. 

(38)  Singh, A.; Pakhira, S. Synergistic Niobium Doped Two-Dimensional Zirconium Diselenide: An 

Efficient Electrocatalyst for O2 Reduction Reaction. ACS Phys. Chem. Au 2024, 4, 40–56. 

(39)  Shein, I. R.; Shein, K. I.; Kozhevnikov, V. L.; Ivanovskiǐ, A. L. Band Structure and the Magnetic 

and Elastic Properties of SrFeO3 and LaFeO3 Perovskites. Phys. Solid State 2005, 47, 2082–2088. 

(40)  Koehler, W. C.; Wollan, E. O. Neutron-Diffraction Study of the Magnetic Properties of 

Perovskite-like Compounds LaBO3. J. Phys. Chem. Solids 1957, 2, 100–106.  

 


