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ABSTRACT 

STRUCTURAL, MAGNETIC, ELECTRICAL, PSEUDOCAPACITIVE, AND 

ELECTROCATALYTIC PROPERTIES OF BILAYERED RUDDLESDEN-POPPER 

OXIDES   

Chandana C W Kananke-Gamage 

April 20, 2023 

Ruddlesden Popper (RP) oxides are perovskite-derived functional materials with the 

general formula An-1Aʹ2BnO3n+1, where A/Aʹ is often a lanthanide or alkaline earth metal, 

and B is usually a transition metal. These materials contain perovskite-like connectivity, 

where BO6 units share apexes to form layers that are stacked above each other. The number 

of layers in each stack is represented by n in the above formula. The spaces between stacks 

are often occupied by lanthanide or alkaline-earth metals (Aʹ-site metals), which also reside 

in intra-stack spaces (A-site) between the octahedra. Oxide materials derived from 

perovskites have been studied for a wide range of applications, such as solar cells, batteries, 

catalysts, and capacitors.  

We have studied the electrocatalytic properties of RP materials for water splitting. This is 

an important application given the need for efficient and economical electrocatalysts for 

the two half-reactions of water-splitting, namely hydrogen-evolution reaction (HER) and 

oxygen-evolution reaction (OER). The benchmark catalysts to overcome the sluggish 

kinetics of OER and HER are Ru, Ir, and Pt-based catalysts. Such catalysts are expensive
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 since they use precious metals, and some of them have stability issues. Owing to their 

compositional diversity and the thermodynamic stability, multi-element transition metal 

oxides are promising candidates for electrocatalytic water splitting. The variation of A and 

B-site metals in RP oxides can lead to changes in physical and chemical properties, such

as crystal structure, magnetism, conductivity, and electrochemical catalysis. In this study, 

several bilayered (n = 2) RP oxides are synthesized followed by systematic study of 

magnetic, charge transport, pseudocapacitive, and electrocatalytic properties. 

The effect of structural symmetry on electrocatalytic properties in two isoelectronic 

materials, Sr2LaMn2O7 and Ca2LaMn2O7, which were synthesized by varying the A-site 

cation, was investigated. The structural changes identified are associated with systematic 

variation in the magnetic, electrical charge transport and electrocatalytic properties toward 

both components of water splitting, namely OER and HER. 

The effect of the B-site cation on electrocatalytic performance of two RP materials, 

Sr2LaFeMnO7 and Sr2LaCoMnO7 was also studied. Here, the variation in the B-site cation 

can result in significant changes in magnetic properties, charge-transport properties, and 

the activity toward the HER and OER processes.  

Together with the A/Aʹ and B-site changes of RP oxides, oxygen vacancies in these oxide 

materials strongly affect the properties including conductivity and electrocatalytic activity. 

Systematic trends in the series of materials, Sr3Ti2-xMxO7-δ (M = Mn, Fe, Co; x = 0, 1) were 

observed with the creation of oxygen vacancies which correlate with electrocatalytic and 

charge-transport properties. 
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The bilayered RP materials have been also explored to understand the oxide intercalation 

based pseudocapacitance. The change in pseudocapacitive properties as a function of 

structural symmetry in two materials Ca2LaMn2O7 and Sr2LaMn2O7 was studied in the 

alkaline medium.  

Overall, in the bilayered RP oxides, the electrical, electrochemical and electrocatalytic 

characteristics can be modified by changing the elemental composition, symmetry, and 

oxygen vacancies. 
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1 

CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

Perovskite-related oxides are an important class of a family of solid-state materials due to 

their interesting structural, physical, and chemical characteristics. These oxide materials 

have been investigated in terms of their structural, 1-3 magnetic, 4-6 charge transport, 7-9 

electrocatalytic, 10, 11 photocatalytic, sensor, piezoelectric, etc. properties. 12 Ruddlesden-

Popper (RP) oxide is a perovskite derived quasi-two-dimensional oxide structure. RP oxide 

materials have also been recognized as candidates for a number of applications, including 

solid oxide fuel cells, batteries, and electrocatalysts, owing to their distinct structural, 

chemical, and physical characteristics, including thermodynamic stability and mixed ionic 

electronic conductivity properties.13-16   

There are several gaps that must be addressed due to factors including the depletion of 

fossil fuel sources and the detrimental consequences that fossil fuel use is having on the 

environment, such as acid rain, land, air, and water pollution.17 Consequently, a demand 

exists for clean, renewable energy sources and technologies.17 Moreover, more cost-

effective solutions to the energy crisis and negative environmental effects are required. The 

interesting properties of these perovskites and perovskite-derived oxide materials 

mentioned above can be beneficial in addressing energy-related challenges and would 

make ideal alternatives for cost-effective solutions.  A few efficient energy technologies in 
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use include batteries, pseudocapacitors, water electrolyzers, and fuel cells.9, 16, 18 RP oxide, 

which contains a network of atoms constructed in layers, is one example of a material that 

has been investigated for use in such devices. 

1.2 PEROVSKITE OXIDES 

The perovskite mineral, calcium titanate oxide, CaTiO3 was first discovered in 1893 by 

Gustav Rose, a Russian scientist in the Ural Mountains of Russia.19 However, the name 

"perovskite" was eventually given using the name of the Russian mineralogist Lev 

Perovski, who conducted additional research on the mineral.19 The general formula of the 

perovskite is ABO3, where A and B are cations. A-site cations have a twelve-coordination 

to oxygen, whereas B-site cations have an octahedral six-coordination to oxygen. The B-

site cations are generally smaller in ionic radius than A-site cations. Figure 1.1 depicts the 

unit cell of a simple perovskite, octahedral coordination of the B site and the cuboctahedron 

coordination of the A site with oxygen. The A site is often composed of s or f block 

elements, or a combination of those, while transition metals or p block elements comprise 

the B site. The typical formula for ilmenite is ABO3 as well. Despite having a similar 

general chemical formula, the A and B site cations are nearly identical in size, and both 

have octahedral coordination with oxygen, differentiating from perovskites. 

Perovskites are network compounds, which can be explained by the symmetry of the 

structure. The cubic symmetry is the simplest and most ideal structural symmetry for a 

perovskite. 
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The relationship between rA, rB, and rO, which represent the ionic radii of A, B, and O2-, 

respectively, is true for the ideal perovskite structure. 

rA + rO =√2 (rB + rO) 

The relationship shown below, known as the Goldschmidt tolerance factor (t), is 

dimensionless and can be applied to describe the deviations from ideal cubic structures: 

t = (rA + rO) / √2 (rB + rO) 

Figure 1.1: The unit cell of a simple perovskite and the coordination of the cations with 

oxygen 

For perovskites, the t value approximately ranges from 0.8 to 1.10, and for an ideal cubic 

structure, it is closer to 1. The identity of the A and B site ions, influences the structure as 

well as the size of the ionic radii of the ions. 

1.3 PEROVSKITE DERIVED RUDDLESDEN-POPPER (RP) OXIDES 

There are different oxide structures derived from the simple perovskite structure, such as 

oxygen deficient perovskites, brownmillerites, double perovskites and RP oxides.20 
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The general formula for the quasi-two-dimensional RP structure is An-1Aʹ2BnO3n+1, where 

A/Aʹ is typically a lanthanide or alkaline earth metal, and B is often a transition metal, p-

block element, or combination of them. For n=1 structures, the term "KNiF4 type structure" 

is frequently used, whereas "Ruddlesden popper structures" is used for all phases, including 

n=1, 2, 3, etc. This indicates that A2BO4 is the general formula for the first member of the 

RP oxide family, while A3B2O7 is the general formula for the second member. These 

phases reflect the names of S.N. Ruddlesden and P. Popper, who synthesized and described 

the Ruddlesden-Popper structure for the first time in 1957.21 

The two-dimensional RP structure is made up of alternating perovskite stacks and cations 

along the c-axis. RP compounds are also network compounds where B site has an 

octahedral coordination with oxygen. A unit cell of an RP oxide and the coordination of 

the A, Aʹ and B site cations with oxygen are shown in Figure 1.2. Contrary to the basic 

perovskite structure, the A site has two distinct crystallographic positions, within (A) and 

between (A') the perovskite stacks. While the A-site cations between the stacks of 

perovskites have a coordination of nine with oxygen, those within the perovskites have a 

coordination of twelve with oxygen as illustrated in Figure 1.2.  

The flexibility of RP oxides to have oxygen vacancies in their structures, is similar to that 

of perovskites.22, 23 Furthermore, they can store oxygen interstitials in the spaces between 

the perovskite stacks.11 A range of A- and B-site aliovalent cation replacements, synthesis 

conditions, and other parameters can result in RP oxides that are either oxygen-deficient or 

oxygen-excessive with varying functional properties, as explained in the following 

sections. 
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Figure 1.2: The unit cell of a RP structure and the coordination of the cations with oxygen. 

1.4 PROPERTIES OF PEROVSKITES AND PEROVSKITE-DERIVED RP 

OXIDES 

Perovskite and derived oxides are recognized for demonstrating a diverse range of 

structures and properties.24 The symmetry of the structure, which describes how the atoms 

of a structure are organized with respect to one another, has a significant impact on the 

physical and chemical properties of these oxides. 24-27 Nevertheless, it is always possible 

to modify these properties by using different synthesis methods, using different metal 

element substitutions at the A-and B-site, and incorporating oxygen vacancies and excess 

into the perovskites and derived oxides.28 

1.4.1 ELECTRICAL CHARGE TRANSPORT 

The electrical conductivity is affected by the band structures and the density of states 

(DOS).29 The highest occupied band and the lowest unoccupied band, respectively, are two 

distinct bands known as the valence band and the conduction band. Conductivity occurs by 

the promotion of electrons from the valence band to the conduction band. The Fermi level 
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is a hypothetical energy level which, at thermodynamic equilibrium, has a 50% probability 

of always being occupied by electrons. The Fermi level must cut through the conduction 

band to create a partially filled band for it to be a high-electronic conducting material 

(metal). A band gap between the valence and conduction bands is a characteristic of 

insulating or semiconducting materials, causing the compound to be a poor conductor.  The 

material becomes a poorer conductor as the band gap expands. In semi-metallic materials, 

the energy gap between the valence and conductive bands is zero, demonstrating 

intermediate characteristics between metals and insulators. 

There are microscopic factors, which affect the electrical conductivity, σ in addition to 

these band structures.30 

 σ = ne(eГ/m*) 

The terms n, e, Г, and m* in the above equation, stand for the carrier concentration (cm-3), 

the electron charge (1.602×10-19 C), relaxation time (The amount of time needed for a 

material to relax into an equilibrium state with zero current after the electrical field that 

generated the current has been switched off), and effective mass of the electron (kg), 

respectively. In metals, carrier concentration slowly rises with temperature and there are 

more atom-electron vibrations and collisions, which drives the relaxation time to be 

inversely proportional to temperature thus causing conductivity to decrease as a function 

of temperature. Carrier concentration in semiconductors increases as temperature rises due 

to excitations across band gaps.31 Despite having an inverse relationship of Г with 

temperature, the conductivity of semi-conductor will increase due to the exponential 

relationship between carrier concentration and temperature.31  
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In perovskites and perovskite-derived oxides such as RP oxides, the B-O-B bond oversees 

electronic conduction via electrons or holes through the network of structures.32  The 

exchange of electrons and holes is determined by the interaction of the O-2p orbital with 

the d orbitals of the B-site. 32 The conductivity will enhance when the overlap between the 

O-2p and metal 3d increases. In general, for better charge transfer and higher conductivity,

a shorter bond length for B-O and a larger bond angle for B-O-B are required.32-35 A key 

element in the electron conductivity is the presence of multivalent cations at the B-site.36 

Polaron hopping mechanism is a well-known electrical conduction mechanism.36 The 

polaron hopping conductance mechanism is often involves electron hopping between 

transition-metal ions in different valence states (e.g., V4+-O-V5+), where the charge carriers 

are actually small polarons.37 However, there are other factors, such as crystallite size and 

defects in the structure, that affect the conductivity of these types of oxides. For example, 

the larger particle size perovskite, La0.5Sr0.5Al0.2Fe0.8O3-δ has been demonstrated to have 

better conductivity than the smaller grain size perovskite La0.5Sr0.5Co0.2Fe0.8O3-δ .
36  In 

addition, ion migration pathways for oxygen ion conducting materials have been explored 

for the oxygen ion migration, which is promoted by oxygen vacancies or oxygen excess in 

the structures.38 

RP oxides are mixed ionic electronic conductors.39, 40 Oxygen interstitials and oxygen 

deficiencies can exist in between and within the perovskite stacks respectively, which 

facilitate the transport of oxygen ions. The structural features of the RP oxides cause 

anisotropic oxygen migration, which is an intrinsic property of the RP oxide.40 Different 

metal cation doping at the A-site and B-site and can be used to modify the electrical 

conductivities of the RP oxides.39 For example, correlations have been observed between 
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the band gap of some RP oxides and the ionic radii of B-site metals.29 Moreover, the 

changes in charge transport and thermoelectric properties as a function of A and B site 

metals have been demonstrated in some of the studies.41, 42  

In this study, the conductivity variations with varying temperature have been studied for 

the bilayer RP oxides with different A- and B-site cation substitutions. 

1.4.2 MAGNETIC PROPERTIES 

Unpaired electrons are commonly associated with magnetic properties in materials. The 

incomplete orbital filling of d-block elements at B-sites, which are often transition metals 

is related to the magnetic characteristics of perovskites.43 The geometries around the A- 

and B-site metal cations are also significant as they influence the orbital energy levels.43 

Importantly, the magnetic characters of metal elements and ions are caused by electron 

spin states, which are affected by crystal field interactions. 43 44  

The terms paramagnetic, ferromagnetic, antiferromagnetic, and ferrimagnetic refer to four 

different types of magnetic behaviors. In paramagnetic, the electron spins are in random 

orientations. The magnetic moments in antiferromagnets are opposite and parallel to each 

other to cancel out the moments, while the electron spins in ferromagnets are aligned in the 

same direction. The magnetic moments of ferrimagnets are aligned in opposite directions 

with a net magnetic moment, where the magnetic moments do not completely cancel each 

other due to the difference in magnitude of the opposing moments. Moreover, there are 

other reported magnetic phenomena, including spin-glass magnetism, 

superparamagnetism, and metamagnetism.45, 46 
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The Curie-Weiss law is followed by paramagnetic materials with locally and weakly 

interacting electrons as shown by below equation. The variables χm, C, and T in the 

equation represent molar susceptibility, Curie constant, temperature, and the Weiss 

constant, respectively. 47  

χm = C/(T-θ)  

The magnetic ordering variations of the materials can be found using the curves χm vs T or 

1/ χm vs T.  

Perovskites and perovskite derived RP oxides exhibit various complex magnetic behaviors. 

43 44 46 The magnetic characteristics of the materials have been modified by changing the 

elements used in the A-site and B-site. 43 48, 49 For instance, the magnetic characteristics of 

the compound Sr3Mn2-xFexO7-δ have been investigated while varying the Fe concentration. 

These structures have been shown very complex magnetic behaviors and when x was 

greater than 0.5, these phases revealed transitions with spin-glass-like characteristics at low 

temperatures.50  In this study, the magnetic property variations with different A- and B-site 

cation substitutions have been studied for the bilayer RP oxides. 

 

1.4.3 ELECTROCATALYTIC PROPERTIES 

Perovskites are useful in the catalysis of different reactions due to their exceptional 

catalytic activity and superior chemical stability.10, 11The perovskite structure enables the 

formation of compounds containing a wide range of elements with multiple valence states, 

which can then be tuned for enhanced electrocatalytic activity. The transition metal at the 

B-site acts as the active site of the catalyst in perovskites and derived RP oxides.51, 52 27, 53-
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55  Moreover, the presence of oxygen vacancies in materials may cause the gap between 

the metal-3d band center (Md) and the oxygen 2p band center (ΔEd-p) to be reduced by 

bringing the Md center close to the Fermi level.35, 56 

There are two half reactions for water splitting. The reactions are known as the oxygen 

evolution reaction (OER) and the hydrogen evolution reaction (HER) based on the two 

primary products of the water splitting. The overall water splitting reaction is shown below. 

2H2O (l) 2H2 (g) + ½ O2 (g) 

Both acidic and alkaline electrolytes are used in the water splitting reaction. Thus, based 

on the electrolyte, the OER and HER reactions have been considered separately below. 35, 

57 58, 59

In alkaline electrolyte, 

Anodic OER         4OH- O2 + 2H2O + 4e- 

Cathodic HER      2H2O + 2e- H2 + 2OH-
 

In acidic electrolyte, 

Anodic OER         2H2O O2 + 4H+ + 4e- 

Cathodic HER      2H+ + 2e- H2

Thermodynamically, hydrogen evolution takes place ideally at the potential of 0 V versus 

the reversible hydrogen electrode (EH2/H2O, 0 V vs. RHE). The minimum potential required 

for generating oxygen by splitting water is 1.23V versus the RHE. (EO2/H2O, 1.23 V vs. 

RHE).  
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Two main different mechanisms have been established for the OER, namely Adsorbate 

evolution mechanism (AEM) and the Lattice oxygen mediated mechanism (LOM).35, 57 

AEM mechanism involves the adsorption of OH on B-site metal, which then dissociates 

further to form adsorbed O in the second step. In the third step, the adsorbed O combines 

with a different water molecule to create adsorbed OOH on a surface metal cation, which 

results in the evolution of O2 (g). 

In the LOM, OH is first adsorbed at the metal B-site, then it is deprotonated to form an OO 

intermediate where one oxygen is received from the lattice. This procedure results in the 

formation of an unstable lattice oxygen vacancy. The vacant site is thus filled by another 

OH. The OH linked to the vacancy site undergoes deprotonation to regenerate the catalyst, 

and the reaction continues. 

Below are the reaction steps of the AEM mechanism suggested for the OER at alkaline and 

acidic conditions where B is the active site of the catalyst. 35, 57 58, 59 

OER mechanism in alkaline medium, 

B + OH-   ⇌    B-OH + e- 

B-OH + OH-   ⇌    B-O + H2O + e-

B-O + OH-   ⇌    B-OOH + e-

B-OOH + OH-  ⇌    O2 + H2O +e- + B

OER mechanism in acidic medium, 

B+ H2O   ⇌    B-OH + H+ + e- 
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B-OH   ⇌     B-O + H+ +e-

B-O + H2O   ⇌    B-OOH + H+ + e-

B-OOH   ⇌    O2 + H+ +e- + B

The widely recognized mechanism for the HER consists of two phases, starting with the 

Volmer reaction and continuing with either the electrochemical Heyrovsky reaction or the 

chemical recombination step, the Tafel reaction, as shown below, where B stands for the 

catalyst:23  

Volmer reaction in alkaline conditions, 

H2O + B + e- ⇌  B-H + OH- 

Volmer reaction in acidic conditions, 

H3O
+ + B + e- ⇌  B-H + H2O 

Heyrovsky reaction in alkaline conditions, 

B-H + H2O + e-  ⇌     B + H2 + OH- 

Heyrovsky reaction in acidic conditions, 

B-H + H3O
+ + e-   ⇌      B + H2 + H2O 

Tafel reaction in both alkaline and acidic conditions, 

2B-H    ⇌  2B + H2

OER is known to be the bottleneck of the water splitting reaction as it requires 4 electrons 

to be transferred during the mechanism, whereas the HER mechanism only transfers 2 
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electrons.59 For cost-effective large-scale applications, the search for a better catalyst for 

water splitting is ongoing due to the scarcity and high cost of Pt and precious metal-based 

oxides, such as RuO2 and IrO2, which are the known effective catalysts for OER-HER. The 

electrocatalytic performance of earth abundant multi-metal oxides has been extensively 

studied to enhance the catalytic activities of the materials by using different strategies, such 

as surface and structural alterations, composite fabrication, defect engineering, and strain 

engineering.55, 60, 61 In previous studies, the relationship between crystal structure symmetry 

and electrocatalytic activity has been demonstrated in perovskite oxide materials. For 

example, the electrocatalytic activity of cubic SrMnO3 has been shown to be significantly 

better than that of hexagonal SrMnO3, highlighting the impact of crystal structure 

symmetry.25 Moreover, in another study, it was shown that in the transition from 

Sr2FeCoO6−δ (disordered) to CaSrFeCoO6−δ (ordered) and Ca2FeCoO6−δ (highly ordered), 

there is a systematic enhancement of the electrocatalytic activity.26 

It has been shown in various previous studies that the electrocatalytic properties are related 

to compositional modifications of these type of oxides.23, 62-65 For example, the 

electrocatalytic activity of the single-layered RP oxide, La0.5Sr1.5Ni1−xFexO4±δ has been 

reported by changing the degree of Fe substitution at the B-site, where all materials in the 

series crystallized in the same space group. The compounds that contain Fe at the B-site 

showed improved electrocatalytic activity than the parent compounds, La0.5Sr1.5NiO4 and 

La0.5Sr1.5FeO4. 
66 In another previous study, the catalytic activity of La1.5Sr0.5Ni0.5Co0.5O4, 

showed better performance than that of the parent compound, La1.5Sr0.5NiO4 which 

emphasizes the importance of the B-site for the electrocatalytic performance of the 

perovskite-derived oxides.11 
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In another previous study, the structural changes are reported for the Sr2Mn2O6 and 

CaSrMn2O6 by changing the A-site, which are hexagonal P63/mmc and cubic Pm-3m, 

respectively. The OER electrocatalytic activity of the latter material is significantly 

enhanced compared to the former.67  

This work investigates the electrocatalytic properties of bilayer RP oxides with different 

A- and B-site cation substitutions, as well as the effect of oxygen vacancies. 

 

1.4.4 PSEUDOCAPACITIVE ENERGY STORAGE PROPERTIES 

The demand for energy storage and delivery in our daily lives is rising due to the 

requirement to power an expanding range of portable electronics and electric vehicles. 

Additionally, when renewable energy conversion technologies like wind turbines and 

photovoltaics are used extensively, energy storage solutions are required to balance 

temporal changes that can span anywhere from a few seconds to many hours.68 Therefore, 

electrochemical energy storage materials that can deliver both high power and high energy 

density is essential. 

Traditionally, batteries provide high energy density but low power density. In contrast to 

batteries, electrical double-layer capacitors (EDLC),69 a subclass of supercapacitor, have a 

higher power density but lower energy density. However, another class of supercapacitor, 

i.e., pseudocapacitors, are an intermediate between batteries and EDLCs in terms of energy 

density and power density. In contrast to EDLCs, which store charge non-faradaically, 

pseudocapacitive materials store the charge faradaically.70, 71 In pseudocapacitors, high 
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specific capacitance and energy density are achieved by storing energy via reversible 

surface or near-surface electron transfer processes. 

In addition, the faradaic processes, which happen near the surface without experiencing the 

bulk diffusion, are responsible for the high-power density of pseudocapacitors.72  

The pseudocapacitive properties have been observed in various materials, such as metal 

oxides, nitrides, sulfides, and hydroxides.72 They can be categorized based on three 

different mechanisms namely, underpotential deposition, redox, and intercalation.72 The 

pseudocapacitance generated via absorbed metal ion monolayer on the surface of another 

metal, above their redox potential is known as underpotential deposition. The redox 

pseudocapacitance is the result of electrochemical adsorption of ions on or near surfaces at 

redox active sites with successive electron transfers. In intercalation mechanism, 

electroactive species intercalate into a material without a crystallographic phase change.  

Among perovskite-based oxides, the oxide ion intercalation has been studied.70, 71 

Examples of the materials studied for this purpose include CaMnO3-δ,
73 Ca2MnO4-δ,

73 

LaNi1-xFexO3-δ,
73 Ca3GaMn2O8,

27 and SrLaFe1-xCoxO4-d.
22 The charge storage in 

perovskites and similar oxides is facilitated by oxygen intercalation in the alkaline 

electrolyte. As shown in the below equations, the B-site transition metal centers of the 

perovskite are directly oxidized by oxygen anions from the electrolyte.73 

La [B2δ
2+; B (1-2δ)

3+] O3-δ + 2δOH- La B3+O3 + 2δe- + δH2O 

La B3+O3 + 2δOH-   La [B2δ
4+; B (1-2δ)

3+] O3+δ + 2δe- + δH2O 

Fundamentally, the mechanism of pseudocapacitive anion intercalation in perovskite 

oxides is quite significant. Many studies on perovskites and derived oxides have been 
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conducted to investigate their respective pseudocapacitive energy storage performances in 

alkaline medium.22, 27, 70, 71, 73   

The pseudocapacitance properties shown by the perovskite and derived oxides have also 

shown correlations with different A and B-site cation substitutions. 12, 74  Perovskite oxides 

with cubic, tetragonal, orthorhombic and hexagonal structures have been investigated in an 

attempt to examine the effect of structure on pseudocapacitance. 74  

The anion-intercalated pseudocapacitive properties of bilayer RP oxides with various A 

substitutions and symmetry variations were researched in this study. 

1.5 MATERIAL SYNTHESIS METHODS 

1.5.1 SOLID STATE SYNTHESIS 

Solid-state synthesis is a method of producing solid materials, typically crystals, by 

reacting substances in a solid state rather than in a liquid or solution. The method is 

commonly used in the production of semiconductors, ceramics, and other materials with 

specific properties. The solid-state synthesis method offers advantages over some other 

synthesis methods, such as high purity, reduced contamination, and improved 

reproducibility.  

Diffusion is the limiting factor for the solid-state reaction. High temperatures are therefore 

required for the reaction to take place to diffuse or transport the species through the 

medium. This process often involves heating and cooling the reactants, sometimes under 

pressure, to encourage the atoms to bond together into a solid material. Rates of these 
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reactions usually depend on three factors: the area of contact between reacting solids, the 

diffusion rate, and the rate of nucleation of the product phase. The conventional solid-state 

synthesis involves several steps. 

For a solid-state reaction, usually starting materials are either oxides or carbonates. During 

the heating step, CO2 will escape from the carbonates, which end up as oxides. The 

oxidation states of the precursor oxides and carbonates should be considered while 

selecting the precursor materials. 

The weighed powders need to be thoroughly mixed. This grinding and mixing are 

important as poor mixing can prevent compounds from forming, by preventing proper 

contact between metal ions to form the preferred network. 

The ground mixture will then be pelletized using a pellet die. The reason of this step is to 

bring these particles together using a high-pressure pelletizer and form a pellet, enhancing 

the intimate contact of the reactants with each other to form the product.  

The diffusion limitation can be overcome by using high temperatures. During heating, it is 

required to place the pellet in a ceramic crucible, which can operate at very high 

temperatures (~1750 oC) making this ideal for high temperature applications. This step of 

the reaction process is carried out in a high-temperature furnace. The samples need to be 

heated at high temperatures for prolonged hours to obtain the desired product. If the sample 

is not pure after one heating and cooling cycle, it must be reground, repalletized, and refired 

for several hours again. This process must be repeated until the pure product is obtained.   

The two primary types of furnaces used in heating are box and tube furnaces. Based on the 

conditions required for the reaction to take place, the furnace can be selected. Syntheses 
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can be conducted in a variety of environments, including argon, oxygen, hydrogen, and air. 

The advantage of using a tube furnace is that the required type of gas can be passed through 

the tube at high temperatures during the reaction, assisting the optimum conditions for the 

reaction. Based on the oxidation states of the B-site (transition metals), the environment 

can be determined. For instance, if Mn should be present in the compound as Mn3+ rather 

than Mn4+, an argon environment can be used to prevent the oxidation of Mn3+ to Mn4+. 

On the other hand, an oxygen or an air environment can be utilized if the B-site demands 

a higher valence state. A H2 environment can be used when reducing conditions are 

required. 

1.5.2 SOL-GEL SYNTHESIS 

Sol-gel synthesis is a process that produces solid materials from a solution (sol) through a 

gelation(gel) process. In the process, chelation agents such as citric acid and EDTA are 

added to facilitate the formation of homogenous crystalline particles.75 The sol-gel process 

involves the transformation of a sol, which is a colloidal suspension of particles in a liquid, 

to a gel, which is a three-dimensional network of cross-linked nanoparticles. Finally, the 

gel is dried and subjected to thermal treatment to remove any remaining solvent and the 

chelating agent and produce a solid material with a well-defined microstructure. 

The sol-gel method is a versatile technique that can be used to produce a wide range of 

materials, including glasses, ceramics, and composites, with a high degree of control over 

their composition, structure, and properties. This is achieved by manipulating the chemical 

composition of the sol, the processing conditions, and the post-processing treatments. 
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The sol-gel process typically involves the following steps: 

1. Hydrolysis: The precursor materials are dissolved in a solvent and undergo

hydrolysis, which breaks down the precursor molecules into smaller components

that can react with each other.

2. Condensation: The hydrolyzed precursors then undergo condensation, which forms

bonds between the smaller components and creates a three-dimensional network of

cross-linked particles.

3. Gelation: As the concentration of the network increases, the sol undergoes gelation,

transforming from a liquid to a solid material.

4. Drying: The gel is then dried to remove any remaining solvent and form a solid

material.

Sol-gel synthesis has some advantages over some other methods, including low-

temperature processing, high purity, stabilizing metastable phases, creating products with 

small crystallites and high surface areas, and uniformity of composition and structure. 

However, sometimes finding the proper reagents can be a challenge. For example, ions 

such as Ta5+ and Nb5+ immediately hydrolyze and precipitate in aqueous solution. 

1.6 CHARACTERIZATION TECHNIQUES 

1.6.1 POWDER X-RAY DIFFRACTION 

Powder X-ray diffraction (PXRD) is a powerful analytical technique to determine the 

crystal structure of a material. It is based on the principle that when X-rays pass through a 

crystalline material, they are diffracted by the regularly arranged atoms in the crystal 
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lattice, producing a unique diffraction pattern. This pattern is a series of peaks that 

correspond to the atomic arrangement of the crystal and provides information about the 

crystal structure, phase purity, and crystallinity of the sample. PXRD is a non-destructive 

technique and requires very little sample preparation, making it a valuable tool in materials 

science and chemistry research. It is commonly used to identify unknown compounds, 

determine the purity and crystallinity of a material, and monitor phase changes during 

chemical reactions and manufacturing processes. 

As shown in the Figure below, there are sets (or families) of hypothetical planes that 

intersect lattice points. All planes in the family are parallel to each other and equally 

spaced. These distances between the neighboring planes are called “d-spacing” and 

described using three h, k, and l Miller indices, which are enclosed in parentheses (hkl).  

Figure 1.3: A set of lattice planes (100) in a unit cell. 
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Figure 1.4: A graphical representation of Bragg’s Law. 

According to the Bragg’s law, 2d Sin θ = nλ, a diffraction peak would only be achieved 

by constructive interference between the diffracted beams. The difference in the path 

travelled by beams need to be an integer of the wavelength to give constructive 

interferences.  

A search-match process is used to compare the observed pattern with the entries in 

reference databases during the processing of powder XRD information to determine the 

phase purity. The Rietveld refinement is then performed for the powder XRD data 

obtained, using GSAS software76 with EXPIGUI interface77. FullProf and Topaz are more 

examples of fitting software tools that can be used to fit the powder XRD data collected.  

Ultimately, these investigations provide precise crystallographic information about the 

interstitial locations, vacancies, and atom site occupancies of the materials. 
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Overall, PXRD is a valuable tool for understanding the atomic structure of materials, 

providing insights into their physical and chemical properties, and aiding in the design and 

development of new materials with desired properties. 

1.6.2 ELECTRICAL CONDUCTIVITY MEASUREMENTS 

Alternating current (AC) and direct current (DC) conductivity measurements can be used 

to investigate the electrical charge transport properties of perovskite oxides. Electrical 

conductivity measurements are used to determine how easily an electrical current can pass 

through a material. This property is important in many fields, including materials science, 

chemistry, and electrical engineering. Overall, electrical conductivity measurements are a 

valuable tool for understanding the properties of materials and designing electrical systems. 

There are different techniques for measuring electrical conductivity, including the four-

probe method and the two-probe method. Both two and four probe techniques are used in 

DC and AC measurements, with AC measurements being especially significant for better 

understanding the ionic conduction process.1, 14 The electrochemical impedance 

spectroscopy method is used in the AC analysis rather than the DC measurement approach 

explained below.7 Impedance is the electrical resistance that opposes the flow of electric 

current in a system when applying the alternating current, analogous to resistance for direct 

current. 

Each method has its own advantages and disadvantages.78 The DC four-probe method uses 

four closely spaced electrodes to measure the voltage drop across the sample, which allows 



23 

for accurate measurements of the resistivity and conductivity as this method prevents 

contribution from the contacts and the wires connected.79. The conductivity can be 

calculated using the following equation from the four-probe conductivity measurements by 

measuring the current while applying a voltage, as shown in Figure 1.5. 

Figure 1.5: The four - probe conductivity setup. 

Figure 1.6: The two - probe conductivity setup. 

𝜎 = (
𝐼

𝑉
) (

𝐿

𝑤ℎ
) 
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The two-point probe method is simpler than the four-point probe method, however often 

the conductivity values from the two methods are similar, especially for many materials 

with low or moderate conductivity.80 This method uses two electrodes to measure the 

voltage drop across the sample, and the resulting resistance is used to calculate the 

conductivity. By measuring the current at various temperatures while using a constant 

voltage, as shown in Figure 1.6. the conductivity was calculated according to the formula 

below from the two-probe conductivity measurements. 

In this study, DC studies were carried out using two-probe measurements to analyze the 

electrical charge transport properties of the materials over a range of temperatures. In 

addition, the charge transfer resistance during electrocatalytic properties was investigated 

by applying impedance analysis using AC measurements.  

1.6.3 MAGNETIC MEASUREMENTS 

The physical property measurement system (PPMS) is a scientific instrument that is used 

to measure the physical properties of materials such as magnetism, electrical conductivity, 

thermal conductivity, and specific heat capacity.81 PPMS typically consists of a cryostat 

that can sustain extremely low temperatures (often down to a few Kelvin) and a variety of 

measuring probes that can be inserted into the sample space of the cryostat. The probes are 

used to measure the various physical properties of the sample as it cools or heats up. 

𝜎 = (
𝐼

𝑉
) (

ℎ

𝐴
) 
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PPMS instruments are extremely useful for researching material behavior in various 

situations, such as in the presence of a magnetic field or at extremely low temperatures.81, 

82 In this study, magnetic measurements were carried out using a PPMS. On a vibrating 

sample magnetometer, magnetic susceptibility measurements were acquired in the 

temperature range of 2 to 400 K under a known applied magnetic field. Data were acquired 

for each material by lowering the temperature without the external magnetic field (zero 

field cooled: ZFC) and with the external field (field cooled: FC). Isothermal field-run 

experiments were also carried out in a range of magnetic fields. 

 

1.6.4 IODOMETRIC TITRATION 

Iodometric titration is performed to determine the oxygen stoichiometry of the compounds. 

This is a well-established method to study the oxygen vacancies or excess oxygen in the 

oxides.28, 83  

In the first step in this method, a known amount of the oxide sample is dissolved in HCl 

acid with excess KI. Before mixing the sample and the KI, the acid solution is bubbled 

with argon gas for some time to remove any dissolved oxygen gas in the acid solution. 

Upon mixing, the transition metal ions (Aliovalent cations) at the B-site will be reduced to 

their most stable lowest oxidation state while oxidizing the I- into I2. The reaction mixture 

should be kept overnight to completely undergo the redox reactions.   

The liberated I2 in the reaction mixture is then titrated against Na2S2O3 solution 

(concentration should be known), using a known volume of the overnight reacted reaction 



26 

mixture. A starch solution is used as an indicator near the endpoint of the titration. The 

color change from blue to colorless is the indication of the endpoint.  

All the steps of the titration need to be performed under inert Argon atmosphere. 

Calculations are based on the conversion of transition metal ions into their most stable 

lowest oxidation state, due to the excess KI as shown in the equation below. The below 

shown equation is just an example, as transition metals can have different oxidation states 

depending on the oxygen content or the A-site metal type.  

A3
3+B2

2.5+O7   + 2I-          A3
3+B2

2+O6.5+δ    +    I2 + 2e-

The reaction between the formed I2 and Na2S2O3 during the titration is shown below. 

I2 + 2S2O3
2-                              2I- + S4O6

2- 

The A site mostly has a constant valence state. The consumed moles of titrant (Na2S2O3) 

to titrate a known volume of the titrand were determined based on the concentration and 

titration volume of Na2S2O3. The amount of oxygen that was lost due to the reduction of 

the metals is equivalent to the amount of I2 that is titrated by Na2S2O3. The amount of 

oxygen in total is consequently equal to the sum of the oxygen that is still present (to 

maintain the charge of the reduced B-site cation) and the oxygen that is lost (due to the 

reduction of B-site cations).  

1.6.5 SCANNING ELECTRON MICROSCOPY 

Scanning electron microscopy (SEM) is a powerful imaging technique that uses a beam of 

electrons to scan the surface of a sample to create high-resolution images.  The surface of 

the sample is scanned by a focused beam of electrons in SEM, and any scattered or emitted 



 

27 

 

electrons are detected by a detector. The intensity of the detected electrons is used to create 

an image of the surface topography and composition of the sample. SEM images are a 

useful tool due to their ability to provide a number of details regarding the morphology, 

dimension of the crystals, and shape of materials.  

Energy dispersive X-ray (EDX) detection is an additional feature of SEM. A sample is 

subjected to an electron beam during an EDX analysis, which causes positively charged 

holes to be left behind after the electron beam strikes the inner shell of an atom, knocking 

electrons out of the shell. When one electron is removed, the empty space is filled by 

pulling another electron from an outer shell. This energy difference can be emitted in the 

form of an X-ray as the electrons transfer from the outer, higher-energy shell of the atom 

to the inner, lower-energy shell. Since the energy of these X-rays is distinctive to the 

elements in the sample, it allows to identify the elements and determine their relative 

abundance. A detector that monitors the energy and intensity of the X-rays generated from 

the sample is used to detect the X-rays. EDX has a high spatial resolution and sensitivity 

for information on the elemental composition of a sample. The distribution of elements 

inside a sample can therefore be mapped using EDX to study the spatial variation in 

composition. 

 

1.6.6 X-RAY PHOTOELECTRON SPECTROSCOPY 

The elemental composition and chemical state of the elements present in a sample can be 

determined using the surface-sensitive analytical method known as X-ray photoelectron 
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spectroscopy (XPS). In XPS, a sample is bombarded with X-rays, and the electrons in the 

inner shell can be ejected due to the high energy supplied. These ejected electrons are called 

photoelectrons. The energy of the photoelectrons is measured, and the resulting spectra 

provide information about the elements present in the sample as well as their chemical 

states. The XPS measurements were carried out to study the compositions and oxidation 

states of the A and B-site cations and to see the stability of the structures before and after 

electrocatalyzing the oxygen and hydrogen evolution reactions. 

1.6.7 RAMAN SPECTROSCOPY 

The vibrational states of a sample can be found and studied using the powerful, non-

destructive, relatively quick, and simple analytical technique known as Raman 

spectroscopy. In Raman spectroscopy, a laser beam is focused on a sample, and the light 

that is reflected back is examined for variations in wavelength that are indicative of change 

in polarizability during the vibrations of the material. Raman shifts are these changes in 

wavelength that give information about the chemical composition and structure of the 

sample. It can be used to identify the functional groups present in a compound, as well as 

to determine the crystallinity of a sample. The Raman spectroscopy measurements were 

carried out to study the stability of the RP structures before and after electrocatalyzing the 

oxygen and hydrogen evolution reactions. 

1.7 APPLICATION OF THE ABOVE TOPICS IN THIS WORK 

The concepts described above have been applied to this work, as follows. 
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The observations of magnetic property variations and electrical charge transport variations 

have been explored in this chapter 2 by changing the A-site of the RP materials. It was 

interesting to note that this A-site substitution resulted in a substantial structural change, 

which affected the functional properties of the materials. Furthermore, the effect of A-site 

cation change on electrocatalytic activity toward oxygen and hydrogen evolution reactions 

has been thoroughly investigated in this chapter.  

In chapter 3, two of the interesting bi-layered RP oxides have been synthesized by changing 

the B-site transition metal. This chapter provides a thorough explanation of how the B-site 

affects the electrical, magnetic, and electrocatalytic properties of the two materials.  

In chapter 4, the electrocatalytic activities of a series of bilayer RP materials, Sr3Ti2-xMxO7-

δ (M = Mn, Fe, Co; x = 0, 1), for water electrolysis have been studied. In addition, the effect 

of oxygen-vacancies and their correlations with electrocatalytic and charge-transport 

properties have been thoroughly discussed in this chapter.  

In chapter 5, the effect of changing the A-site cation on the pseudocapacitive properties 

generated via oxygen ion-intercalation in the alkaline electrolyte environment, of bi-

layered RP structures has been thoroughly discussed.  
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CHAPTER 2 

EFFECT OF STRUCTURAL SYMMETRY ON MAGNETIC, ELECTRICAL, AND 

ELECTROCATALYTIC PROPERTIES OF ISOELECTRONIC OXIDES A2LaMn2O7 

(A= Sr 2+, Ca2+)1 

2.1 EXPERIMENTAL 

2.1.1 SYNTHESIS 

Sr2LaMn2O7 and Ca2LaMn2O7 were prepared by solid-state synthesis method using 

powders of CaCO3, SrCO3, La2O3, MnO2, Fe2O3 and CoO. The stoichiometric amounts of 

oxides/carbonates were mixed thoroughly using agate mortar and pestle. The mixtures 

were pressed into pellets and heated at 1300 °C in air for 24 hours. The samples were then 

re-ground and re-pelletized to be heated at 1300 °C for a total of 72 hours in air with two 

intermittent grindings and pelletizing. The heating and cooling rates of the furnace for all 

samples were 100 °C/hour. 

2.1.2 CHARACTERIZATION 

The synthesized materials were characterized using a high-resolution X-ray diffractometer 

with Cu K1 (λ = 1.54056 Å). The data were collected in the 2θ range of 10 - 80°. Rietveld 

refinements for the X-ray diffraction (XRD) data were carried out using GSAS software76 

1 The work described in this chapter was published in J Phys Chem Solids 2022, 171, 

111013. 
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and the EXPGUI interface.77 The electrical conductivity measurements were conducted by 

two-probe direct current method using an applied potential of 0.01 V. Magnetic 

susceptibility data were obtained in the temperature range of 2 to 400 K with an applied 

magnetic field of 1000 Oe on a vibrating sample magnetometer. For each material, data 

were obtained by lowering the temperature without the external magnetic field (zero field 

cooled: ZFC) and with the external field (field cooled: FC). Isothermal field-run 

measurements were also performed in magnetic fields of 0 – 9 T. Iodometric titrations42 

were performed to examine the oxygen stoichiometries of the two materials.  

 

2.1.3 ELECTROCHEMICAL OER/HER STUDIES 

The catalyst ink of each material was prepared by mixing 35 mg of the powder sample, 7 

mg of carbon black powder (Fuel Cell Store), 40 µL Nafion® D-521 solution (Alfa Aesar, 

5% w/w in water and 1-propanol), and 7 ml of tetrahydrofuran (Alfa Aesar, 99%). The 

mixture was then sonicated for 30 minutes. A glassy carbon electrode (GCE, 5 mm 

diameter, 0.196 cm2 area, HTW Germany) was used as the working electrode. Prior to use, 

it was cleaned using aluminum oxide polishing solution (Allied Hightech Products Inc.) on 

a polishing cloth, followed by sonication for 2-3 minutes in ethanol (Decon Labs, Inc.). At 

the end of the polishing steps, the GCE was washed with deionized water and dried. Then 

20 l of the prepared catalyst ink was drop-casted on the surface of the GCE by placing 

two coats of 10 l with a 2-minute interval. Total catalyst mass loading on the GCE was 

0.1 mg. The GCE was then left overnight to air-dry before running the OER/HER 

electrochemical measurements.  
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The electrochemical OER/HER experiments were carried out on a standard three-electrode 

cell using an electrode rotator at 1600 rpm. Commercial Ag/AgCl electrode in 1 M KCl 

(CH instruments, Inc., TX, USA) and 4 M KCl (Pine Research instruments) were utilized 

as reference electrodes for OER and HER experiments, respectively. A platinum electrode 

(Pine Research Instruments) and a carbon electrode were used as counter electrodes for the 

OER and HER measurements, respectively. Chronopotentiometry experiments in acidic 

conditions for HER were done by loading a total of 20 µl catalyst ink on the GCE using 

two coats of 10 l with a 2-minute interval, followed by overnight air-drying. Carbon 

electrode was used as counter electrode in a three-electrode setup. Voltage was collected 

for 10 hours, while applying a constant current of -1.9 mA (~ -10 mA/cm2). 

Chronopotentiometry experiments in alkaline conditions were done on two-electrode cells 

using nickel foam, with applied currents of 2 mA and -10 mA, for OER (0.1 M KOH) and 

HER (1 M KOH), respectively. For OER, 2 mA was chosen due to the low current observed 

in the polarization curves. Each electrode consisted of 1 cm2 nickel foam, on which 100 μl 

of the catalyst ink had been dropcasted with 20 μl increments, followed by overnight air-

drying. The two electrodes, which had been separated by two layers of glass fiber filter 

paper, were attached to gold wires, which were then connected to the potentiostat. Prior to 

conducting the chronopotentiometry experiment, the two electrodes were soaked in the 

electrolyte for at least 12 hours. The potential versus Ag/AgCl electrode (EAg/AgCl) was 

converted to be expressed against RHE using the equation ERHE = EAg/AgCl + 0.059 pH + 

E⁰Ag/AgCl, where E⁰Ag/AgCl  = 0.21 V for 3M KCl84 and 0.197 V for 4 M KCl.85, 86 



33 

2.2 RESULTS AND DISCUSSION 

2.2.1 CRYSTAL STRUCTURE 

Rietveld refined profiles for Sr2LaMn2O7 and Ca2LaMn2O7 are shown in Figure 2.1 and 

their refined structural parameters are reported in Table 2.1 and 2.2.  

Figure 2.1: Rietveld refinement profiles for powder X-ray diffraction data for (a) 

Ca2LaMn2O7 and (b) Sr2LaMn2O7. The experimental data are represented by black crosses. 

The red line shows the fit. The vertical green tick marks and the lower blue line correspond 

to the Bragg peak positions and difference plot, respectively. 

Table 2.1: Refined structural parameters of Ca2LaMn2O7 from powder X-ray diffraction 

data. Space group: Cmcm, a = 19.2814(4) Å, b = 5.4609(1) Å, c = 5.4113(1) Å, Rp = 

0.0261, wRp = 0.0341 

Atom x y z Occupancy Uiso (Å
2) Multiplicity 

Ca1 0 0.248(2) 0.25 0.37(1) 0.028(3) 4 

La1 0 0.248(2) 0.25 0.63(1) 0.028(3) 4 

Ca2 0.1886(2) 0.242(2) 0.25 0.782(7) 0.052(3) 8 

La2 0.1886(2) 0.242(2) 0.25 0.218(7) 0.052(3) 8 

Mn 0.3995(3) 0.247(3) 0.25 1 0.017(3) 8 
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O1 0 0.683(8) 0.25 1 0.037(4) 4 

O2 0.300(1) 0.290(5) 0.25 1 0.037(4) 8 

O3 0.096(1) 0 0 1 0.037(4) 8 

O4 0.393(1) 0 0 1 0.037(4) 8 

Table 2.2: Refined structural parameters of Sr2LaMn2O7 from powder X-ray diffraction 

data. Space group: I4/mmm, a = b = 3.8670(1) Å, c = 19.9814(10) Å, Rp = 0.0415, wRp = 

0.0549 

Atom x y z Occupancy Uiso (Å
2) Multiplicity 

Sr1 0 0 0.5 0.60(3) 0.037(2) 2 

La1 0 0 0.5 0.40(3) 0.037(2) 2 

Sr2 0 0 0.3153(1) 0.73(3) 0.041(2) 4 

La2 0 0 0.3153(1) 0.27(3) 0.041(2) 4 

Mn 0 0 0.1007(4) 1 0.021(2) 4 

O1 0 0 0 1 0.098(4) 2 

O2 0 0 0.199(1) 1 0.098(4) 4 

O3 0 0.5 0.095(1) 1 0.098(4) 8 
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Figure 2.2: Crystal structure of A2LaMn2O7 (A=Ca/Sr). Green spheres represent Ca/Sr/La 

and red spheres are oxygen. The Mn atoms are shown as light blue spheres at the centers 

of MnO6 octahedra. 

As shown in Figure 2.2, the crystal structures of these Ruddlesden-Popper type oxides 

comprise bilayer stacks of MnO6 octahedra, which are connected via corner-sharing. For 

each MnO6 octahedron, one apical oxygen atom and four equatorial oxygens are involved 

in forming the bilayer stack. Each MnO6 octahedron has one apical oxygen which is not 

shared with other octahedra. The La/Ca/Sr atoms are located in spaces between and within 

the bi-layer stacks. The difference in the ionic radii of Ca2+ (1.18 Å) and Sr2+ (1.31 Å for 

CN = 9)87 results in a change in structural symmetry of these isoelectronic materials. 

Ca2LaMn2O7
88

 crystallizes in the orthorhombic Cmcm space group, while Sr2LaMn2O7 
89

 

has a tetragonal I4/mmm space group, consistent with previous reports.88,89
 The tilting and 

fine rotations of MnO6 octahedra in Ca2LaMn2O7, caused by the smaller ionic radius of 

Ca2+, result in anisotropic Mn-O bond distances with four types of oxygens as shown in  

Table 2.3: Mn-O bond distances and Mn-O-Mn angles or Sr2LaMn2O7 and Ca2LaMn2O7 
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Sr2LaMn2O7 

Mn–O1 2.012(8) 

Mn–O2 1.965(23) 

Mn–O3 × 4 1.9366(13) 

Average Mn–O 1.9539(15) 

Mn–O1–Mn 180.0(0) 

Mn–O3–Mn 173.5(13) 

Average Mn-O-Mn 176.75(9) 

Ca2LaMn2O7 

Mn–O1 1.970(11) 

Mn–O2 1.924(23) 

Mn–O3 × 2 1.936(12) 

Mn–O4 × 2 1.915(12) 

Average Mn–O 1.9326(14) 

Mn–O1–Mn 159.4(25)  

Mn–O3–Mn 174.4(16) 

Mn–O4–Mn 172.4(15) 

Average Mn–O–Mn 168.73(19) 
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The average Mn-O bond length for Ca2LaMn2O7 is shorter than that of Sr2LaMn2O7 (Table 

2.3), consistent with the effect of the ionic radius in expanding the lattice of the latter 

material. The normalized unit cell volume for Ca2LaMn2O7, 284.89 Å3 (normalized by 

dividing the tetragonal unit cell volume, 569.78 Å3, by 2), is smaller than that of 

Sr2LaMn2O7, 298.79 Å3. The microstructures of the two materials were evaluated using 

scanning electron microscopy, as shown in Figure 2.3. As seen here, Sr2LaMn2O7 has 

smaller grains compared to Ca2LaMn2O7. The oxygen contents were confirmed using 

iodometric titrations, indicating 7 oxygens per unit formula unit for both materials.  

 

 

Figure 2.3: Scanning electron microscopy images of (a) Ca2LaMn2O7 and (b) 

Sr2LaMn2O7. 
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2.2.2 ELECTRICAL CONDUCTIVITY 

The electrical properties of these materials were investigated in the temperature range 25-

800 oC. The following equation was used to calculate conductivities using the measured 

resistance (R) values at a given constant voltage.90 

 𝜎 = 𝐿/𝑅𝐴 (1) 

In the above equation, σ is the conductivity, L is the thickness of the cylindrical pellet, and 

A is the cross-sectional area calculated using A= πr2, where r is the radius of the pellet. The 

electrical conductivity variation as a function of temperature is illustrated in Figure 2.4a. 

The conductivity of both materials increases as a function of temperature up to 400 oC for 

Sr2LaMn2O7 and 500 oC for Ca2LaMn2O7, which is a typical behavior of semiconductors. 

However, beyond those temperatures, a transition occurs where the electrical conductivity 

decreases as a function of temperature, which is a characteristic metallic behavior. 

Sr2LaMn2O7 shows higher conductivity than Ca2LaMn2O7 through the entire temperature 

range, indicating the impact of structural properties on conductivity. Generally, the hetero-

valency of the B-site cation is important for electrical conduction in oxides. In Ruddlesden-

Popper oxides, the B-site cations are usually transition metals. The overlap of the 3d 

orbitals of transition metals with the 2p orbitals of oxygen facilitates the conduction via B-

O-B pathways using electrons or holes. Greater metal overlap between these orbitals can 

be achieved by shorter B-O bonds and larger B-O-B angles to enhance the electrical 

conductivity.91 In the case of materials studied in this work, the type of transition metal is 

the same in both compounds. Therefore, the effects of structural distortions and bond 

angles becomes prominent. The average Mn-O-Mn bond angles in Sr2LaMn2O7 is closer 
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to 180° degrees (Table 2.3), hence providing an improved orbital overlap and enhanced 

conduction through the Mn-O-Mn pathway. This is a consequence of the more symmetrical 

structure of Sr2LaMn2O7 (tetragonal) as opposed to that of Ca2LaMn2O7 (orthorhombic), 

which contains more distortions due to the smaller ionic radius of calcium.  

Figure 2.4: (a) Electrical conductivity variation as a function of temperature. (b) Arrhenius 

plots for determination of the activation energies (Ea) for the temperature-activated 

increase in conductivity, giving Ea = 0.0877 (25-500 °C) for Sr2LaMn2O7 and Ea = 0.0898 

(25-400 °C) for Ca2LaMn2O7. 

The activation energy associated with the thermally activated increase in conductivity33 

can be calculated using the Arrhenius equation shown below, where 𝜎, 𝐴, T, 𝐸𝑎, and KB

represent the conductivity, pre-exponential factor, temperature, activation energy, and 

Boltzmann constant, respectively. 

𝜎𝑇 = 𝐴𝑒
−

𝐸𝑎
2.303 𝐾𝐵𝑇 (2)
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The Arrhenius plots for the two materials are shown in Figure 2.4b. The activation energies 

calculated using the Arrhenius plots (log σT vs 1000/T) show similar activation energies 

for both compounds in the range 25 – 400 °C. This indicates that the rate of increase in 

electrical conductivity as a function of temperature is similar in the two materials.  

2.2.3 MAGNETIC PROPERTIES 

Structural changes also have a notable impact on magnetic properties. Magnetic 

susceptibility () measurements were carried out in the temperature range 2 K – 400 K. As 

shown in Figure 2.5a, there is a sharp increase in susceptibility for Ca2LaMn2O7, as the 

temperature is lowered below ~280 K, indicative of ferromagnetic interactions, similar to 

the behavior observed in a previous study.88 The isothermal magnetization versus field data 

at 300 K shows a linear increase as a function of field, a typical paramagnetic behavior. 

However, the isothermal magnetization at 5 K shows a sharp increase at low field, but 

saturation is not reached up to 9 T. A small hysteresis is also present in the isothermal 

magnetization data at 5 K, consistent with a weak ferromagnetic behavior.  
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Figure 2.5: (a) and (b) show zero-field-cooled (ZFC) and field-cooled (FC) magnetic 

susceptibility data. (c) and (d) show the isothermal magnetization data as a function of 

magnetic field. The lines are guide to the eye. 

The magnetic susceptibility and isothermal field sweep data for Sr2LaMn2O7 show a 

different behavior. As demonstrated in Figure 2.5b, the data for Sr2LaMn2O7 shows a rise 

in the susceptibility value below 350 K. Further decrease in temperature leads to a 

transition below ~220 K. The isothermal magnetization versus field data at 5 K show an 

initial sharp increase in magnetization, followed by a more modest rise as a function of the 

field, without reaching saturation in the range of 0 – 9 T. Taken together, the variable 

temperature susceptibility and isothermal magnetization data indicate competing ferro- and 

antiferromagnetic behaviors for Sr2LaMn2O7, consistent with a previous report.92 The 

isothermal magnetization at 300 K shows a sharp increase up to ~0.5 T, followed by a 
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linear rise with a smaller slope at higher fields. This confirms that ferromagnetic 

interactions are present at room temperature as well.  

2.2.4 ELECTROCATALYTIC PROPERTIES FOR OER AND HER 

An important impact of the change in the structure is observed in the electrocatalytic 

properties toward both half reactions of water-splitting, i.e., oxygen evolution reaction 

(OER) and hydrogen evolution reaction (HER). The electrocatalytic activities for OER in 

0.1 M KOH are shown in Figure 2.6. Measurements in other conditions, such as 1M KOH 

and 0.1 M HClO4, led to rapid deterioration of the current response. While both materials 

show low activity and a low current, the effect of structural change is clear. Sr2LaMn2O7, 

which has a higher symmetry, shows better performance, evident from lower onset 

potential, where the electrocatalytic reaction begins and the polarization curve deviates 

from a horizontal line to show an increase in current response. In addition, the current 

generated using Sr2LaMn2O7 at the same potential is greater than that of Ca2LaMn2O7. 

Furthermore, Sr2LaMn2O7 shows better reaction kinetics, evaluated using the Tafel 

equation 𝜂 = 𝑎 + 𝑏 𝑙𝑜𝑔𝑗, where η is the overpotential and j is the current density.33, 53 The 

slope of the plot of η versus log j, i.e., Tafel slope (Figure 2.6b), is indicative of the reaction 

kinetics and is affected by electron and mass transport. In general, lower Tafel slopes show 

better kinetics of the OER reaction. As shown in Figure 2.6b, the Tafel slope for 

Sr2LaMn2O7 is smaller than that of Ca2LaMn2O7, consistent with better kinetics and higher 

electrocatalytic activity of the former material.  
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Figure 2.6: OER activity in 0.1 M KOH for Sr2LaMn2O7 (red) and Ca2LaMn2O7 (green): 

(a) Polarization curves, (b) Tafel plots and (c) Chronopotentiometry response of

Sr2LaMn2O7.

The electrocatalytic properties for HER show a greater current response, especially in 

acidic condition, 0.5 M H2SO4. Figure 2.7a shows the polarization curves of the two 

materials, where Sr2LaMn2O7 gives a lower onset potential than Ca2LaMn2O7. In addition, 

the overpotential at 10 mA/cm2 (ƞ10) is commonly used as a reference for comparing 

different electrocatalysts. Again, Sr2LaMn2O7 (ƞ10 = 0.589 V) shows a lower overpotential 

than Ca2LaMn2O7 (ƞ10 = 0.595 V). Although the performance of these materials is not as 

high as Pt/C93, 94  (shown in black in Figure 2.7a) or some other oxide catalysts such as 
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CaSrFe0.75Co0.75Mn0.5O6−δ,
95 they show a better performance than some reported HER 

electrocatalysts such as WO3 (ƞ10 = 0.637 V)96 and TiO2-x (ƞ10 = 0.630 V).97 

 

 

Figure 2.7: (a) HER polarization curves in 0.5 M H2SO4 for Ca2LaMn2O7 (green) and 

Sr2LaMn2O7 (red). (b) Tafel plots and Tafel slopes. (c) Chronopotentiometry data for 

Sr2LaMn2O7. 

Figure 2.7b shows the Tafel plots for HER, where Sr2LaMn2O7 has a smaller Tafel slope 

than Ca2LaMn2O7, indicating faster reaction kinetics for the former material. This is in line 

with the higher HER activity of Sr2LaMn2O7, which also shows a sustained response for at 

least 10 hours, as demonstrated by chronopotentiometry data in Figure 2.7c. 
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Figure 2.8: (a) HER polarization curves in 1 M KOH for Ca2LaMn2O7 (green) and 

Sr2LaMn2O7 (red). (b) Tafel plots and Tafel slopes. (c) Chronopotentiometry data for 

Sr2LaMn2O7. 

Figure 2.9: HER polarization curves in 0.1 M KOH for Ca2LaMn2O7 (green) and 

Sr2LaMn2O7 (red). 
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HER experiments were also done in alkaline conditions, as shown in Figure 2.7 and 2.8, 

indicating higher overpotentials. However, the catalysts have better stability in alkaline 

conditions. Even though the catalysts are able to catalyze the HER in acidic condition, we 

have found the catalytic material is partially decomposed under those conditions. However, 

at least some portion of the catalyst remains intact to give a stable current response for 10 

hours in chronopotentiometry experiments. As demonstrated by X-ray diffraction 

experiments before and after 500 cycles, the main peaks corresponding to our catalyst are 

still present after 500 cycles, but there is evidence of gradual decomposition of the material 

in acidic conditions, indicated by the appearance of new peaks (Figure 2.10). On the other 

hand, in alkaline conditions, X-ray diffraction experiments before and after 500 cycles 

show that the material remains intact and retains its structural integrity, with no new peaks 

appearing in the diffraction data after 500 cycles (Figure 2.11). 

 

Figure 2.10: X-ray diffraction data of Sr2LaMn2O7 before and after 500 cycles of HER in 

the 0.5 M H2SO4. 
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Figure 2.11: X-ray diffraction data of Sr2LaMn2O7, before and after 500 cycles of HER in 

1 M KOH. 
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Figure 2.12: (a) and (b) show cyclic voltammetry (CV) data in non-Faradaic region in 0.1 

M KOH. (c) shows the plot of javerage obtained from the middle potential of the above CVs 

as a function of scan rate. The slopes give the double layer capacitance values. 

The double layer capacitance values, Cdl,
98 were also obtained for both materials using 

cyclic voltammetry in the non-Faradaic region (Figure 2.12a and b), where the current 

stems from electrical double layer charge and discharge. The average of janodic and jcathodic 

at the middle potential of the cyclic voltammetry data (javerage) is plotted against the scan 

rate ν based on the equation Cdl = javerage/ν. Therefore, the Cdl value is obtained from the 

slope of the javerage vs ν plot.95, 99 As shown in Figure 2.12, the Cdl value for Sr2LaMn2O7 is 
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greater than that of Ca2LaMn2O7. The importance of Cdl is that it is proportional to the 

electrochemically active surface area.54, 100, 101  

The enhanced electrocatalytic activity of Sr2LaMn2O7 may be understood in the context of 

its structural features. The HER process involves the adsorption of hydrogen atoms on the 

catalyst surface as intermediate species before forming hydrogen molecules.102 Various 

descriptors have been proposed to explain the HER activities of different catalysts. Among 

them, some are related to structural features, where the HER performance is correlated with 

the bond length between the transition metal and the non-metal anion.10, 103 Some 

researchers have proposed that longer distances between the metal and non-metal sites 

allow for greater electron localization on the non-metal site, favoring the adsorption of 

hydrogen and final transformation into hydrogen molecules.103 As shown in Table 2.3, the 

average Mn-O bond length for Sr2LaMn2O7 is greater than that of Ca2LaMn2O7, which is 

consistent with the above descriptor, relating the HER activity to bond length. In addition, 

the average Mn–O–Mn bond angle for Sr2LaMn2O7 is larger, leading to a better alignment 

of metal d and oxygen p orbitals and higher electrical conductivity. Given that HER is an 

electron transfer process, the enhanced electrical charge transport of Sr2LaMn2O7 can also 

contribute to its greater electrocatalytic performance.  

 

2.3 CONCLUSIONS 

The structural symmetry has an important impact on electrical charge transport, magnetism 

and electrocatalytic activity, as demonstrated for isoelectronic oxides Ca2LaMn2O7 and 

Sr2LaMn2O7. The higher symmetry of the latter leads to enhanced electrical conductivity 
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and greater electrocatalytic performance for both half-reactions of water-splitting, i.e., 

HER and OER. Sr2LaMn2O7 shows lower onset and overpotentials for these 

electrocatalytic processes, as well as better reaction kinetics. The improved activity of this 

material may be related to longer bond distances, which are proposed to correlate with 

electrocatalytic performance. In addition, greater bond angles lead to enhanced electrical 

conductivity, which in turn can have a positive impact on electrocatalytic properties, which 

involve the transfer of electrons. 
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CHAPTER 3 

VARIATION OF ELECTROCATALYTIC ACTIVITY OF ISOSTRUCTURAL 

OXIDES Sr2LaFeMnO7 AND Sr2LaCoMnO7 FOR HYDROGEN AND OXYGEN-

EVOLUTION 2 

3.1 EXPERIMENTAL 

3.1.1 SYNTHESIS 

Sr2LaCoMnO7 and Sr2LaFeMnO7 were prepared by solid-state synthesis method. 

Stoichiometric amounts of SrCO3, La2O3, MnO2, Fe2O3 or CoO were mixed thoroughly 

using agate mortar and pestle, then pressed into pellets and heated at 1300 °C for 24 hours 

in air. The samples were then ground, re-pelletized and heated at 1300 °C in air for 72 

hours with two intermittent grindings and pelletizing. The heating and cooling rates of the 

furnace for all samples were 100 °C/hour. 

3.1.2 CHARACTERIZATION 

The synthesized materials were characterized by powder X-ray diffraction data using a 

high-resolution Cu K1 X-ray diffractometer (λ = 1.54056 Å). Rietveld refinements were 

2 The work described in this chapter was published in Dalton Trans. 2021, 50 (40), 14196-

14206. 
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carried out using GSAS softwar76 and the EXPGUI interface.77 The electrical conductivity 

measurements in air were done using two-probe DC technique on small cylindrical pellets 

by applying the potential of 0.01 V and collecting the output current. Magnetic 

susceptibility data were obtained in the temperature range of 2 K to 400 K with an applied 

magnetic field of 1000 Oe on a vibrating sample magnetometer. Isothermal field-run 

measurements were also done in magnetic fields of 0 – 9 T. To examine the oxygen 

stoichiometry, iodometric titrations42 were performed by dissolving 50 mg of the sample 

and excess KI (2 g) in 100 ml of 1 M HCl, which were left overnight to ensure the 

completion of the reaction. All steps were done under argon atmosphere. Then 5 ml of the 

solution was pipetted out and the iodine generated during the process was titrated against 

0.025 M Na2S2O3. A volume of 0.6 ml (12 drops) of starch solution was used as an indicator 

near the endpoint of the titration.  

 

3.1.3 ELECTROCATALYTIC MEASUREMENTS FOR OER AND HER 

The catalyst ink was prepared by mixing 35 mg of the Ruddlesden-Popper sample, 7 mg 

of carbon black powder (Fuel Cell Store), 40 µL Nafion® D-521 solution (Alfa Aesar, 5% 

w/w in water and 1-propanol) and 7 ml of THF (Alfa Aesar, 99%). After mixing, the 

solution mixture was sonicated for 30 minutes. This was followed by pipetting 20 l of the 

catalyst ink and drop-casting it on the surface of a glassy carbon electrode (GCE), which 

served as working electrode. The drop-casting was done by placing two coats of 10 l 

solution on GCE with a 2-minute interval. The GCE was then left overnight to air-dry 

before running the OER/HER measurements. Catalyst mass loading on GCE disk (diameter 

5mm) was 0.1 mg. Prior to drop-casting, the GCE was furbished with aluminum oxide 
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polishing solution (Allied Hightech Products Inc.) on a polishing cloth and sonicated for 

2-3 minutes in ethanol (Decon Labs, Inc.). It was then washed with deionized water before

use. The electrochemical OER/HER experiments were carried out in a standard three-

electrode cell using an electrode rotator (Pine Research Instrumentation, Inc.) at 1600 rpm. 

A commercial Ag/AgCl in 1 M KCl (CH instruments, Inc., TX, USA) and a commercial 

Ag/AgCl in 4 M KCl (Pine Research Instrumentation, Inc.) were utilized as reference 

electrodes for OER and HER experiments respectively. A platinum electrode was used as 

the counter electrode in basic condition and a carbon electrode in acidic condition. 

Chronopotentiometry experiments under HER conditions were done using this three-

electrode setup and a constant current of -1.9 mA. Also, chronopotentiometry experiments 

under OER conditions, with an applied current of 10 mA, were done using a two-electrode 

cell. Each electrode consisted of 1 cm2 nickel foam, on which 100 μl of the catalyst ink had 

been dropcasted with 20 μl increments, followed by overnight air-drying. Gold wires were 

attached to the two electrodes, which had been separated by two layers of glass fiber filter 

paper. The two electrodes were soaked in 0.1M KOH for least 12 hours before performing 

the chronopotentiometry experiment. The potential versus silver/silver chloride (EAg/AgCl) 

was converted to be expressed against RHE using the equation ERHE = EAg/AgCl + 0.059 pH 

+ E⁰Ag/AgCl, where E⁰Ag/AgCl  = 0.21 V for 3M KCl84 and 0.197 V for 4 M KCl.85, 86
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Figure 3.1: Rietveld refinement profiles for powder X-ray diffraction data for (a) 

Sr2LaCoMnO7 and (b)Sr2LaFeMnO7. The experimental data are represented by black 

crosses. The red line shows the fit. The vertical magenta tick marks, and the lower blue 

line correspond to the Bragg peak positions and difference plot, respectively. 

3.2 RESULTS AND DISCUSSION 

3.2.1 CRYSTAL STRUCTURE 

The crystal structures of Sr2LaCoMnO7 and Sr2LaFeMnO7 were confirmed by Rietveld 

refinements using powder X-ray diffraction data. The Rietveld refinement profiles for the 

two compounds are shown in Figure 3.1. Both materials crystalize in tetragonal I4/mmm 

space group, consistent with previous structural reports.104,105 The refined structural 

parameters are listed in Tables 3.1 and 3.2.  
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Figure 3.2: Crystal structure of Sr2LaBMnO7 (B = Fe, Co). Green spheres represent Sr/La, 

and red spheres show oxygens. The BO6 octahedra are shown in dark blue. 

 

The crystal structure of these Ruddlesden-Popper oxides, An+1BnO3n+1 (n = 2), consists of 

bilayer stacks of BO6 octahedra. As shown in Figure 3.2, the BO6 units (B = Mn, Fe or 

Co) form a two-dimensional network by sharing the corner oxygens. Each octahedron 

shares one of its apical oxygens and all four of its equatorial oxygens with other 

octaherda.106 The spaces between the BO6 octahedra are occupied by the A-site cations. 

Therefore, there are two crystallo 

graphically distinct positions for A-site cations, one within and another between the 

octahedral stacks. Thus, the formula can be represented as AA'2B2O7,
106 where A and A' 

indicate the metals located in intra and inter-stack spaces, respectively.  
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Table 3.1: Refined structural parameters of Sr2LaCoMnO7 from powder X-ray diffraction 

data. 

Atom x y z Occupancy Uiso (Å
2) Multiplicity 

Sr1 0 0 0.18233(9) 0.6667 0.034(1) 4 

La1 0 0 0.18233(9) 0.3333 0.034(1) 4 

Sr2 0 0 0 0.6667 0.010(1) 2 

La2 0 0 0 0.3333 0.010(1) 2 

Mn 0 0 0.4020(2) 0.5 0.024(1) 4 

Co 0 0 0.4020(2) 0.5 0.024(1) 4 

O1 0 0 0.5 1 0.036(9) 2 

O2 0 0 0.3039(7) 1 0.040(6) 4 

O3 0 0.5 0.0945(6) 1 0.028(3) 8 

Space group: I4/mmm, a = b = 3.83116(5) Å, c = 20.1327(3) Å, Rp = 0.0359, wRp = 

0.0446 

Table 3.2: Refined structural parameters of Sr2LaFeMnO7 from powder X-ray diffraction 

data. 

Atom x y z Occupancy Uiso (Å
2) Multiplicity 

Sr1 0 0 0.5 0.6667 0.027(2) 2 

La1 0 0 0.5 0.3333 0.027(2) 2 

Sr2 0 0 0.3166(1) 0.6667 0.047(2) 4 

La2 0 0 0.3166(1) 0.3333 0.047(2) 4 

Mn 0 0 0.1004(3) 0.5 0.016(1) 4 

Fe 0 0 0.1004(3) 0.5 0.016(1) 4 
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O1 0 0 0 1 0.043(2) 2 

O2 0 0 0.1899(8) 1 0.043(2) 4 

O3 

 

0 0.5 0.0928(9) 1 0.043(2) 8 

Space group: I4/mmm, a = b = 3.8617(1) Å, c = 20.2300(6) Å, Rp = 0.0360, wRp = 0.0558 

While the structures of Sr2LaFeMnO7 and Sr2LaCoMnO7 are similar, the two 

compounds show slightly different unit volumes, i.e., 301.68(2) Å3 and 295.50(1) Å3, 

respectively. This is consistent with the difference in the ionic radii of Fe3+ and Co3+, which 

are 0.645 Å and 0.61 Å, respectively.87 To examine the oxygen contents of these materials, 

iodometric titrations were done, which indicated 7 oxygens per formula unit for both 

compounds. Scanning electron microscopy was used to evaluate the microstructure of the 

compounds. As shown in Figure 3.3, these data indicate larger grain size for 

Sr2LaCoMnO7 compared to Sr2LaFeMnO7. 

 

Figure 3.3: Scanning electron microscopy images for Sr2LaCoMnO7 compared to 

Sr2LaFeMnO7. 

 

 



58 

3.2.2 ELECTRICAL CONDUCTIVITY 

The electrical properties of these materials were investigated in the temperature range 25 

– 800 oC, indicating the effect of the change in the B-site cation. Electrical conductivity

was obtained from the measured resistance (R) using the following equation: 

𝜎 = 𝐿/𝑅𝐴  (1) 

Here, σ is the conductivity, L is the thickness of the measured pellet, and A is the 

cross-sectional area of the pellet. The variation of electrical conductivity as a function of 

temperature is illustrated in Figure 3.4a. As observed in this Figure, Sr2LaCoMnO7 shows 

significantly greater conductivity than Sr2LaFeMnO7 in the entire temperature range.  

Both compounds show an increase in electrical conductivity as temperature 

increases beyond room temperature, but the conductivity of Sr2LaCoMnO7 plateaus and 

then decreases when the temperature is raised above 500 °C. The activation energy107 can 

be found using the Arrhenius equation for thermally activated increase in conductivity:33, 

91

𝜎𝑇 = 𝐴𝑒
−

𝐸𝑎
𝑘𝐵𝑇         (2) 

Here, 𝜎, 𝐴, T, 𝐸𝑎, and kB represent conductivity, pre-exponential factor, 

temperature, activation energy, and the Boltzmann constant, respectively. The Arrhenius 

plots for Sr2LaFeMnO7 and Sr2LaCoMnO7 are shown in Figure 3.4b. It is noted that the 

activation energy here represents the energy barrier for the temperature-dependent increase 

in conductivity.  
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Figure 3.4: (a) Electrical conductivity variation as a function of temperature for 

Sr2LaFeMnO7 (green) and Sr2LaCoMnO7 (blue). (b) Arrhenius plots for determination of 

the activation energies (Ea) for the temperature-activated increase in conductivity, giving 

Ea = 0.2499 (25-800 °C) for Sr2LaMnCoO7 and Ea = 0.194 (25-500 °C) for Sr2LaMnCoO7.  

 

The electrical conduction in oxide materials often occurs through the B–O–B 

pathways, where B is usually a transition metal with hetero-valency. The overlap of the 3d 

orbitals of the transition metal with the 2p orbitals of oxygen allows the electron 

conduction. This overlap can be enhanced by shorter B–O bonds and larger B–O–B angles, 

i.e., angles closer to 180°.91 While the average B–O bond distance is similar for both 

compounds, the average B–O–B bond angle for Sr2LaCoMnO7 , 177.9(5)°, is greater than 

that of Sr2LaFeMnO7, 175.5(8)°. 

 

3.2.3 MAGNETIC PROPERTIES 

The change in the B-site cation results in significant changes in magnetic properties. 

Figures 3.5a and b illustrate the magnetic susceptibility () of Sr2LaCoMnO7 and 
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Sr2LaFeMnO7 in the temperature range 2 K – 400 K. The magnetic susceptibility data for 

Sr2LaCoMnO7 indicate a transition at ~85 K and splitting of the zero-field-cooled (ZFC) 

and field-cooled (FC) data below ~70 K. This is similar to the behavior that was previously 

reported for this material and was attributed to a spin-glass transition.105, 108 The spin-glass 

state was explained in terms of competing ferromagnetic (Mn4+–Co3+) and 

antiferromagnetic (Mn4+–Mn4+ and Co3+–Co3+) superexchange interactions.105   

To determine the effect of the change in B-site cation, we also obtained magnetic 

susceptibility data for Sr2LaFeMnO7, which showed a similar behavior to the Co-analogue, 

but with a less pronounced transition occurring at ~150 K. Similar to the Co-analogue 

discussed above, competing ferromagnetic (Mn4+–Fe3+) and antiferromagnetic (Mn4+–

Mn4+ and Fe3+–Fe3+) superexchange couplings are expected. The greater magnetic moment 

of Fe3+ compared with Co3+ is likely the reason for the observation of the magnetic 

transition at a higher temperature for Sr2LaFeMnO7 than Sr2LaCoMnO7. 
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Figure 3.5: (a) and (b) show zero-field-cooled (ZFC) and field-cooled (FC) magnetic 

susceptibility data. (c) and (d) show the isothermal magnetization data as a function of 

magnetic field. 

The isothermal field sweep data were obtained for both compounds at 5 K and 300 

K, as shown in Figure 3.5c and d. The data at 300 K are linear for both materials, as 

expected for a paramagnetic state. However, at 5 K, deviations from linear behavior are 

observed for both compounds, with Sr2LaMnCoO7 showing small hysteresis, indicating 

the presence of uncompensated moments at low temperature.  

Overall, the main effect of the change in the B-site cation is the shift in the magnetic 

transition temperature from ~85 K for Sr2LaCoMnO7 to ~150 K in Sr2LaFeMnO7. 
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3.2.4 ELECTROCATALYTIC ACTIVITY FOR HER 

The change in the B-site cation has a major impact on the electrocatalytic activity 

toward both hydrogen-evolution reaction (HER) and oxygen-evolution reaction (OER). 

The broadly accepted mechanism for HER starts with Volmer reaction, followed by either 

Heyrovsky or Tafel reaction.58, 102 

Volmer (acidic): H3O
+ + M + e– ⇌ M–H* + H2O 

Volmer (alkaline): H2O + M + e– ⇌ M–H* + OH– 

Heyrovsky (acidic): M–H* + H3O
+ + e–  ⇌ M + H2 + H2O 

Heyrovsky (alkaline): M–H* + H2O + e– ⇌ M + H2 + OH– 

Tafel (or acidic alkaline): 2M–H* ⇌ 2M + H2

In this work, the HER experiments were initially performed in typical alkaline conditions 

(1 M KOH),27, 109 showing little electrocatalytic activity. Therefore, the acidic conditions, 

0.1 M HClO4 and 0.5 M H2SO4, which are common in HER experiments,53, 110 were 

evaluated. While 0.1 M HClO4 led to low HER activity, better performance was observed 

in 0.5 M H2SO4. As shown in Figure 3.6a, under this condition, Sr2LaCoMnO7 shows 

considerably better electrocatalytic properties for HER than Sr2LaFeMnO7. The HER 

overpotential at 10 mA/cm2, ƞ10, is -693 mV for the latter and -612 mV for the former, 

which also shows a greater current response. In addition, HER data using Pt/C catalyst was 

also obtained as a reference, giving overpotential of ƞ10 ≈ 20 mV consistent with previous 

reports.93, 94 The HER activities of Sr2LaFeMnO7 and Sr2LaCoMnO7 are not as high as 

those observed for Pt/C93, 94 or some oxide catalysts such as SrCa2GaMn2O8 ( ƞ10 = -315 

mV).27 However, the activity of Sr2LaCoMnO7 is better than that of some other oxide 
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electrocatalysts such as TiO2-x (ƞ10 = -630 mV)97 and  WO3 (ƞ10 = -637 mV).96 The reaction 

kinetics was evaluated using Tafel equation,111 η = a + b logj, where η is the overpotential 

and j is the current density. The slope of the Tafel plot, η vs log j, is affected by electron 

and mass transport. Smaller Tafel slopes indicate faster reaction kinetics. As shown in 

Figure 3.6b, the Tafel slopes are 239 mV/dec and 141 mV/dec for Sr2LaFeMnO7 and 

Sr2LaCoMnO7, respectively. This is consistent with greater electrocatalytic activity of 

Sr2LaCoMnO7, which also shows a stable response in chronopotentiometry data for 12 

hours, as shown in Figure 3.6c.  

Figure 3.6: HER activity in 0.5 M H2SO4 for Sr2LaFeMnO7 (green), Sr2LaCoMnO7 (blue), 

and Pt/C (black): (a) Polarization curves. (b) Tafel plots. (c) Chronopotentiometry for 

Sr2LaCoMnO7. 
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3.2.5 ELECTROCATALYTIC ACTIVITY FOR OER 

The OER in alkaline environment has been described as a multi-step process, as shown 

below: 58, 59 

M + OH- ⇌ M-OH + e- 

M-OH + OH-  ⇌ M-O + H2O + e- 

M-O +OH- ⇌ M-OOH + e- 

M-OOH + OH-  ⇌ M + O2 + H2O + e- 

Similarly the OER mechanism in acidic condition has been described as follows: 58, 59 

M + H2O ⇌ M-OH + H+ + e- 

M-OH ⇌ M-O + H+ + e- 

M-O + H2O ⇌ M-OOH + H+ + e- 

M-OOH ⇌ M + O2 + H+ + e- 

 

Figure 3.7a shows polarization curves for the OER activity of both Sr2LaFeMnO7 and 

Sr2LaCoMnO7 in a typical OER electrolyte, 0.1 M KOH. As evident from these data, the 

change in B-site metal results in a significant improvement in the OER activity. The OER 

overpotential, ƞ10, beyond the ideal potential of 1.23 V, is evaluated at 10 mA/cm2. The 

polarization curve for Sr2LaFeMnO7 does not even reach 10 mA/cm2, indicating the low 

OER activity of this compound. On the other hand, Sr2LaCoMnO7 shows overpotential of 

ƞ10 = 538 mV. In addition, OER data using IrO2 catalyst was also obtained as a reference, 

giving overpotential of ƞ10 ≈ 400 mV, consistent with previous reports.112, 113 The OER 

activities of Sr2LaFeMnO7 and Sr2LaCoMnO7 are not as high as those observed for some 

oxides such as IrO2,
112, 113 RuO2 (ƞ10 ≈ 420 mV)114 and CaSrFeMnO6−δ (ƞ10 = 370 mV).53 
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However, the activity of Sr2LaCoMnO7 is close to that of the well-known oxide catalyst 

BSCF (ƞ10 ≈ 500 mV).113 In addition, its activity is superior to some other reported OER 

electrocatalysts, such as La0.5Sr0.5Co0.8Fe0.2O3 (ƞ10 = 600 mV)115, La0.6Sr0.4CoO3-δ  (ƞ10 = 

590 mV)116, and La0.5Sr0.5CoO3−δ (ƞ10 = 600 mV).117 

The significant difference in the catalytic activity is also evident from the OER 

kinetics, evaluated using the Tafel plot in Figure 3.7b. The Tafel slope for Sr2LaCoMnO7 

is 123 mV/dec as compared to 151 mV/dec for Sr2LaFeMnO7. In addition, 

chronopotentiometry data for Sr2LaCoMnO7 show a stable response for 12 hours, as shown 

in Figure 3.7c.  

Figure 3.7: OER activity in 0.1 M KOH for Sr2LaFeMnO7 (green), Sr2LaCoMnO7 (blue), 

and IrO2 (black): (a) Polarization curves. (b) Tafel plots. (c) Chronopotentiometry response 

of Sr2LaCoMnO7.  
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Furthermore, the electrochemically active surface areas (ECSA) were evaluated for 

the two materials. The ECSA is related to double-layer capacitance (Cdl) through the 

equation ECSA=Cdl/Cs, where Cs is specific capacitance. Given the direct relationship 

between ECSA and Cdl, it is common to use the value of Cdl as an indication of the 

magnitude of ECSA.54, 100 The double layer capacitance is obtained using cyclic 

voltammetry data in the non-Faradaic region (Figure 3.8a and b), where the electrode 

reactions are insignificant and the current originates from electrical double layer charge 

and discharge. The Cdl is evaluated using the relationship Cdl = javerage/ν, where ν is the scan 

rate and javerage is the average of the absolute values of janodic and jcathodic from cyclic 

voltammetry.100 Therefore, the value of Cdl is obtained using the slope of the plot of javerage 

versus ν. As shown in Figure 3.8c, Sr2LaCoMnO7 has a significantly greater Cdl, which is 

consistent with the higher electrocatalytic activity of this material compared with 

Sr2LaFeMnO7. X-ray diffraction data before and after 1000 cycles of OER showed a small 

shift of diffraction peaks to the right, but indicated the retention of the structural integrity 

of Sr2LaCoMnO7 upon its application as an electrocatalyst, as shown in Figure 3.9.  
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Figure 3.8: (a) and (b) cyclic voltammetry in non-Faradaic region in 0.1 M KOH. (c) 

javerage obtained from these CV plotted as a function of scan rate. The slope gives double 

layer capacitance. 

Figure 3.9: X-ray diffraction data for Sr2LaCoMnO7 before and after 1000 cycles of OER. 
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Figure 3.10: X-ray photoelectron spectroscopy data, showing cobalt binding energies, for 

Sr2LaCoMnO7 before (top) and after (bottom) 1000 cycles of OER. 

Figure 3.11: X-ray photoelectron spectroscopy data, showing manganese binding 

energies, for Sr2LaCoMnO7 before and after 1000 cycles of OER. 
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Figure 3.12: Raman spectroscopy data for Sr2LaCoMnO7 before and after 1000 cycles of 

OER.  

In addition, X-ray photoelectron spectroscopy data for Sr2LaCoMnO7 before and 

after 1000 cycles of OER (Figures 3.10 and 3.11), indicated a small shift of the binding 

energies to the right, which could indicate a small increase in the average oxidation states 

of metal, but the material retains the same types of metal oxidation states, as shown in 

Figures 3.10 and 3.11. Moreover, as shown in Figure 3.12, the Raman shifts for the main 

bands remain almost the same, indicating the retention of the structural integrity of the 

catalyst. 

The enhanced electrocatalytic properties of Sr2LaCoMnO7 over Sr2LaFeMnO7 can 

be explained in terms of greater electronegativity of Co compared to Fe, which leads to a 

decrease in metal-to-ligand charge-transfer energy118, 119 as well as a higher degree of 

covalency for the bonds between the transition metal and oxygen.120 The improved 

covalency has been shown to positively impact the electrocatalytic activity, particularly for 

OER, where better overlap between metal d and oxygen p orbital is acheived.120 
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Another parameter that has been shown to correlate with the electrocatalytic activity of 

some oxide materials is the electron occupancy of the eg orbitals, which affects the strength 

of sigma bonding between the catalyst and reaction intermediates.121 It has been suggested 

that eg orbital occupancy of ~1 is optimum for achieving enhanced electrocatalytic 

properties.122 The two compounds Sr2LaFeMnO7 and Sr2LaCoMnO7 contain Fe3+ and 

Co3+, respectively. Trivalent Fe is often in high spin state in perovskite-related oxides, 

giving t2g
3 eg

2. However, previous studies have shown intermediate spin for Co3+ in 

perovskite-related oxides,122, 123 which gives t2g
5 eg

1, where the eg orbital occupancy is 1. 

This could be another parameter that explains the higher electrocatalytic activity of 

Sr2LaCoMnO7. 

3.3 CONCLUSIONS 

Functional properties of Ruddlesden-Popper oxides can be changed by varying the B-site 

cation. We have shown that magnetic transition temperature can be shifted significantly by 

changing the B-site cation from Fe3+ to Co3+. In addition, charge transport properties can 

be enhanced. Sr2LaCoMnO7 shows considerably greater electrical conductivity than 

Sr2LaFeMnO7. Furthermore, the change in the B-site cation helps to improve the 

electrocatalytic activity toward hydrogen-evolution reaction (HER) and oxygen-evolution 

reactions (OER). Sr2LaCoMnO7 shows significantly enhanced catalytic activity for both 

HER and OER, as well as better reaction kinetics and electrochemically active surface area. 

These changes are assigned to the higher electronegativity of Co compared to Fe, resulting 

in greater bond covalency and better overlap of metal-oxygen orbitals. In addition, the 
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electronic configuration and the eg orbital occupancy may play a role in the improvement 

of electrocatalytic properties in Sr2LaCoMnO7 as compared to Sr2LaFeMnO7.
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CHAPTER 4 

SYSTEMATIC VARIATION OF ELECTROCATALYTIC ACTIVITY FOR WATER 

SPLITTING IN ISOSTRUCTURAL OXIDES Sr3Ti2-xMxO7-δ (M = Mn, Fe, Co; x = 0, 

1)3

4.1 EXPERIMENTAL 

4.1.1  SYNTHESIS 

Syntheses were performed using the solid-state method. Powders of SrCO3, TiO2, Mn2O3, 

Fe2O3, Co3O4 were used to synthesize Sr3Ti2O7, Sr3TiMnO7, Sr3TiFeO7–δ and Sr3TiCoO7–

δ. Stoichiometric amounts of oxides/carbonates were weighed and mixed thoroughly using 

agate mortar and pestle. The powder mixtures for Sr3Ti2O7, Sr3TiMnO7, and Sr3TiCoO7–δ 

were initially pelletized and calcinated in air at 1250 °C for 24 hours. Pure products of 

Sr3Ti2O7 and Sr3TiCoO7–δ could be obtained after one additional grinding, palletization and 

heating at the same temperature, 1250 °C, for 24 hours. On the other hand, for Sr3TiMnO7, 

after the initial heating at 1250 °C, three additional re-palletization and re-heating were 

required, at 1250 °C for 24 hours each, to obtain a pure product. For Sr3TiFeO7–δ, a lower 

temperature (1180 °C) was needed to obtain a pure product. Synthesis efforts at 1250 °C 

led to an impure product. However, heating at 1180 °C for 10 hours in air, followed by 

3 The work described in this chapter was published in Inorganics. 2023, 11, 172. 
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grinding, re-palletization and re-heating under the same conditions, 1180 °C for 10 hours 

in air, resulted in a pure product of Sr3TiFeO7–δ. The heating and cooling rates of furnaces 

for all samples were 100 °C/hour.  

 

                                     

Figure 4.1: Crystal structure of Sr3TiMO7 (M = Ti, Mn, Fe, Co). Green spheres represent 

La, and red spheres show oxygens. The BO6 octahedra are shown purple in color. 

 

4.1.2 CHARACTERIZATION  

The synthesized polycrystalline oxides were studied using a high-resolution Cu K1 X-

ray diffractometer (λ = 1.54056 Å). Rietveld refinements for the X-ray diffraction data 

were carried out using GSAS software76 and EXPGUI interface.77 A representative quasi-

two-dimensional Ruddlesden Popper (RP) structure with formula Sr3TiMO7 (M = Ti, Mn, 

Fe, Co) is shown in Figure 4.1. The electrical conductivity measurements were done using 
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the two-probe technique on circular pellets, with an applied potential of 0.01 V in the 

temperature range of 25 to 800 °C. Iodometric titrations were performed to examine the 

oxygen contents of the materials.99  

4.1.3 ELECTROCHEMICAL OER/HER MEASUREMENTS 

The catalyst ink of each material was prepared by mixing 35 mg of the powder sample, 7 

mg of carbon black powder, 40 µL Nafion® D-521 solution (5% w/w in water and 1-

propanol) with 7 ml of THF (99%). The mixture was then sonicated for 30 minutes. Glassy 

carbon electrode (GCE, 5 mm diameter, 0.196 cm2 area) was used as the working electrode 

and was thoroughly cleaned prior to use. In the cleaning process, the GCE was furbished 

using aluminum oxide polishing suspension on a polishing cloth and sonicated for 2-3 

minutes in ethanol. At the end of the cleaning steps, GCE was washed with deionized water 

before use. After sonication, the prepared catalyst ink was drop-casted on the glassy carbon 

electrode by placing two 10 l coats (total of 20 l) with a 2-minute interval between the 

coats. Total catalyst mass loading on the GCE was 0.1 mg.  Subsequently, the loaded GCEs 

were air-dried overnight before the OER/HER electrochemical measurements. Both acidic 

and basic electrolytes were tested. The electrochemical OER/HER measurements were 

performed in a standard three-electrode cell using a rotating disk electrode at 1600 rpm. A 

platinum electrode and a carbon electrode were used as counter electrodes in the OER and 

HER measurements, respectively. A commercial Hg/HgO electrode (1 M NaOH) was used 

for the OER/HER measurements in the basic medium as the reference electrode. The 

potential versus mercury/mercury oxide (EHg/HgO) was converted to be expressed against 

RHE using the equation ERHE = EHg/HgO + 0.059 pH + E⁰ Hg/HgO, where E⁰ Hg/HgO = 0.097 for 

1 M NaOH.26 A commercial Ag/AgCl electrode (4 M KCl) was used as the reference 
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electrode for OER/HER experiments in the acidic medium. The equation ERHE = EAg/AgCl + 

0.059 pH + E⁰Ag/AgCl was used to convert the potential vs silver/silver chloride (EAg/AgCl) to 

be represented against RHE where E⁰Ag/AgCl = 0.197 V for 4 M KCl.85, 86 

Chronopotentiometry tests were conducted using two-electrode cells, with applied current 

of 10 mA. Each electrode was comprised 1 cm2 of nickel foam, on which 100 µl of the 

catalyst ink had been drop-casted in 20 µl increments, followed by overnight air-drying. 

The two electrodes, which had been separated by two layers of glass fiber filter paper, were 

connected to gold leads and gold wires. The two electrodes were soaked in the electrolyte 

solution for least 12 hours before performing the chronopotentiometry experiments.  

 

4.2  RESULTS AND DISCUSSION 

4.2.1 CRYSTAL STRUCTURE AND OXYGEN CONTENT 

The crystal structures of the materials were verified by Rietveld refinements using powder 

X-ray diffraction data. The refinement profiles are shown in Figure 4.2 and the refined 

structural parameters are listed in Table 4.1-4.4. The quasi-two-dimensional network of 

these RP materials, An-1Aʹ2BnO3n+1 (n=2), consists of bilayer stacks of BO6 octahedra, 

where B-site is occupied by transition metals. The spaces between the octahedra are 

occupied by A and Aʹ metals, which reside on intra-stack and inter-stack sites, with 

coordination numbers 12 and 9, respectively. In the materials studied here, both A and Aʹ 

sites are occupied by Sr. On the other hand, the B-site is occupied by Ti in Sr3Ti2O7,
21 and 

a mix of Ti/Mn, Ti/Fe or Ti/Co for Sr3TiMnO7,
124 Sr3TiFeO7–δ,

125 and Sr3TiCoO7–δ,
126 

respectively.  
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Figure 4.2: Rietveld refinement profiles with powder X-ray diffraction data for (a) 

Sr3Ti2O7, (b) Sr3TiMnO7, (c) Sr3TiFeO7-δ, and (d) Sr3TiCoO7-δ. The experimental data are 

represented by black crosses. The red line shows the fit. The vertical blue tick marks and 

the lower pink line correspond to the Bragg peak positions and difference plot, respectively. 

Table 4.1: Refined structural parameters of Sr3Ti2O7 from powder X-ray diffraction data. 

Space group: I4/mmm, a = b = 3.9009(1) Å, c = 20.3386(5) Å, Rp = 0.0702, wRp = 0.0949 

Atom x y z Occupancy Uiso (Å
2) Multiplicity 

Sr1 0 0 0.5 1 0.0327(18) 2 

Sr2 0 0 0.31421(16) 1 0.0390(18) 4 

Ti 0 0 0.09932(27) 1 0.0158(28) 4 

O1 0 0 0 1 0.090(8) 2 

O2 0 0 0.1882(12) 1 0.090(8) 4 

O3 0 0.5 0.0979(6) 1 0.090(8) 8 
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Table 4.2: Refined structural parameters of Sr3TiMnO7 from powder X-ray diffraction 

data. Space group: I4/mmm, a = b = 3.8481(1) Å, c = 20.2024(6) Å, Rp = 0.0446, wRp = 

0.0585 

Atom  x y z Occupancy Uiso (Å
2) Multiplicity 

Sr1 0 0 0.5 1 0.021(4) 2 

Sr2 0 0 0.30097(12) 1 0.040(4) 4 

Ti 0 0 0.11764(17) 0.5 0.034(4) 4 

Mn 0 0 0.11764(17) 0.5 0.034(4) 4 

O1 0 0 0 1 0.039(5) 2 

O2 0 0 0.1897(7) 1 0.039(5) 4 

O3 0 0.5 0.0759(4) 1 0.039(5) 8 

 

Table 4.3: Refined structural parameters of Sr3TiFeO7-δ from powder X-ray diffraction 

data. Space group: I4/mmm, a = b = 3.8904(1) Å, c = 20.2788(7) Å, Rp = 0.0326, wRp = 

0.0459 

Atom  x y z Occupancy Uiso (Å
2) Multiplicity 

Sr1 0 0 0.5 1 0.0083(13) 2 

Sr2 0 0 0.31585(9) 1 0.0148(10) 4 

Ti 0 0 0.10014(20) 0.5 0.0010(9) 4 

Fe 0 0 0.10014(20) 0.5 0.0010(9) 4 

O1 0 0 0 1 0.0542(17) 2 

O2 0 0 0.1980(6) 1 0.0542(17) 4 

O3 0 0.5 0.0963(4) 1 0.0542(17) 8 
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Table 4.4: Refined structural parameters of Sr3TiCoO7-δ from powder X-ray diffraction 

data. Space group: I4/mmm, a = b = 3.8682(1) Å, c = 20.2349(8) Å, Rp = 0.0361, wRp = 

0.0545 

Atom x y z Occupancy Uiso (Å
2) Multiplicity 

Sr1 0 0 0 1 0.031(6) 2 

Sr2 0 0 0.18493(21) 1 0.052(6) 4 

Ti 0 0 0.4010(5) 0.5 0.050(6) 4 

Co 0 0 0.4010(5) 0.5 0.050(6) 4 

O1 0 0 0.5 1 0.080(8) 2 

O2 0 0 0.3126(13) 1 0.080(8) 4 

O3 0 0.5 0.0940(11) 1 0.080(8) 8 

Iodometric titrations were carried out to examine the oxygen stoichiometries, which 

indicated 7 oxygens per formula unit for Sr3Ti2O7 and Sr3TiMnO7, but 6.76 and 6.62 

oxygens per formula unit for Sr3TiFeO7–δ and Sr3TiCoO7–δ, respectively. We note that all 

materials were synthesized under similar conditions in air, and no reduction experiment 

was done on any of these materials. It appears that the latter two materials have a tendency 

to accommodate cations with a lower oxidation state, possibly due to the relative stability 

of trivalent iron and cobalt. These findings are consistent with the observation of larger 

unit cell volumes for Sr3TiFeO7–δ 
125 and Sr3TiCoO7–δ,

126 indicating more reduced 

transition metals due to the lower oxygen stoichiometry. We note that ionic radii87 of Fe3+ 

(0.645 Å) and Co3+ (0.61 Å) are considerably larger than those of Fe4+ (0.585 Å) and Co4+ 

(0.53 Å), respectively. 
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As shown in Table 4.5, the BO6 octahedra in these materials are distorted, where the axial 

bond lengths are dissimilar. The distortions are also evident from the B-O-B bond angles, 

which deviate from the ideal 180°. Sr3TiMnO7 exhibits the highest distortion of angles, 

while Sr3Ti2O7 exhibits the lowest, as indicated by the bond angles reported in Table 4.5. 

Table 4.5: B-O bond distances and B-O-B angles for the synthesized structures.  

Sr3Ti2O7 Sr3TiMnO7 

Ti–O1 2.020(6) Ti/Mn–O1 2.3766(35) 

Ti–O2 1.808(23) Ti/Mn–O2 1.456(12) 

Ti–O3 x 4 1.95065(20) Ti/Mn–O3 x 4 2.1006(31) 

Average Ti–O 1.9384(19) Average Ti/Mn –O 2.0391(29) 

Ti–O1–Ti 180.0(0) Ti/Mn–O1– Ti/Mn 180.0(0) 

Ti–O3–Ti 178.3 (8) Ti/Mn–O3– Ti/Mn 132.7(4) 

Average Ti-O-Ti 179.2(6) Average Ti/Mn-O- Ti/Mn 156.35(3) 

Sr3TiFeO7-δ Sr3TiCoO7-δ 

Ti/Fe–O1 2.031(4) Ti/Co–O1 2.003(11) 

Ti/Fe –O2 1.984(13) Ti/Co –O2 1.788(25) 

Ti/Fe –O3 x 4 1.9468(4) Ti/Co –O3 x 4 1.9367(13) 

Average Ti/Fe –O 1.9670(6) Average Ti/Co–O 1.9229(15) 

Ti/Fe –O1– Ti/Fe 180.0(0) Ti/Co –O1– Ti/Co 180.0(0) 
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Ti/Fe –O3– Ti/Fe 175.4(6)   Ti/Co –O3– Ti/Co 174.0(15)   

Average Ti/Fe-O- 

Ti/Fe 

177.7(4) Average Ti/Co-O-Ti/Co 177.0(11) 

 

 

 

4.2.2 ELECTRICAL CONDUCTIVITY 

The variable-temperature electrical conductivity of the synthesized materials was studied 

from the measured resistance (R) using the following equation at a constant applied 

potential.  

                                                                       𝜎 = 𝐿/𝑅𝐴                                                       (1) 

In the above equation, σ is the conductivity, L is the average thickness, and A (A = πr2) is 

the average cross-sectional area of the pellet. The conductivity values obtained for the 

materials from 25 oC to 800 oC are given in Figure 4.3a. The insets in Figure 4.3a show a 

magnified view of the conductivity variations for Sr3Ti2O7 and Sr3TiMnO7. The 

conductivity of all materials increases as a function of temperature, a behavior typical of 

semiconducting materials. For Sr3TiCoO7-δ and Sr3TiFeO7-δ, this increase is observed from 

25 oC to 500 oC, followed by a decrease in conductivity as the temperature is raised to 800 

oC.  
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Figure 4.3: (a) Electrical conductivity variation as a function of temperature. The dotted 

box has been magnified in the inset to show the conductivity variations for Sr3Ti2O7 and 

Sr3TiMnO7. (b) Arrhenius plots for determination of the activation energies (Ea) for the 

temperature-activated increase in conductivity.  

The behavior of these materials can be described by equation 2, where σ, n, e, µ are 

conductivity, concentration of electrons/holes, charge of the electron, and mobility of the 

charge-carriers, respectively.27  

      𝜎 = 𝑛𝑒µ                                                          (2)

The characteristic feature of a semiconductor is an increase in the number of charge-

carriers as a function of temperature, leading to an increased electrical conductivity. The 

metallic behavior, i.e., decrease in electrical conductivity as a function of temperature, is 

explained by an increase in collisions between phonons and charge carriers with increasing 

temperature, which will decrease the relaxation time, hence lowering the charge-carrier 

mobility and the electrical conductivity.   

The electron/hole hopping in oxides requires the B-site metal to have a variable oxidation 

state.62 Considering that Mn, Fe and Co have multiple stable oxidation states, it is expected 
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that their presence in Sr3TiMO7 (M = Mn, Fe, Co) leads to a higher electrical conductivity 

compared to Sr3Ti2O7. As shown in Table 4.6, Sr3Ti2O7 has a room temperature 

conductivity that is at least five orders of magnitude lower than those of the other three 

materials.  

The electrical conduction in perovskite oxides occur through the B-O-B pathways,62 

facilitated by the overlap of the transition metal 3d orbitals with oxygen 2p orbitals. Shorter 

B-O bonds and greater B-O-B angles facilitate the conductivity by increasing the orbital 

overlap.53, 91 Therefore, the degree of structural distortion in the structure has an impact on 

the conductivity.32 As shown in Table 4.5, Sr3TiMnO7 exhibits the largest distortion of B-

O-B angles. Distortions can hinder the overlap of B-site metal 3d orbitals with oxygen 2p 

orbitals, leading to lower conductivity. Greater distortions and longer B-O bonds in 

Sr3TiMnO7 may cause the material to be less conductive. As shown in Figure 4.3a, 

Sr3TiCoO7-δ shows the highest conductivity in the entire temperature range, followed by 

Sr3TiFeO7-δ. Oxygen vacancies were found for both materials by iodometric titrations, 

which indicated that Sr3TiCoO7–δ has more oxygen vacancies than Sr3TiFeO7–δ. Although 

B-O-B bond angles in the two materials are similar, Sr3TiCoO7-δ, has a greater conductivity 

than Sr3TiFeO7-δ, which may be, in part, related to its shorter average B-O bond length 

(Table 4.5), facilitate the orbital overlap.53, 91  

The activation energy for the rise in thermally activated conductivity was examined using 

the Arrhenius equation below: 

                                                                       𝜎𝑇 = 𝐴𝑒
− 

𝐸𝑎
2.303 𝐾𝐵𝑇                                       (3)      

In this equation, σ, A, T, Ea, and KB represent conductivity, pre-exponential factor, 

temperature, activation energy, and the Boltzmann constant, respectively. Figure 4.3b 
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shows the Arrhenius plots for the four materials. The calculated activation energies using 

slopes of the best line of fits in the Arrhenius plots are listed in Table 4.6. It is noted that 

here, the activation energy indicates the energy barrier for the temperature-dependent rise 

in conductivity. 

Table 4.6: Room temperature electrical conductivities and activation energies. 

Material Conductivity at 25 oC (S/cm) Activation energy (eV) 

Sr3Ti2O7 1.88719 × 10-10 0.1372 (298 – 573 K) 

1.2327 (573-1073 K) 

Sr3TiMnO7 1.2445 × 10-5 0.2966 (298-773 K) 

Sr3TiFeO7-δ 1.72 × 10-3 0.2714 (298-773 K) 

Sr3TiCoO7-δ 2.843 × 10-2 0.1883 (298-773 K) 

4.2.3 ELECTROCATALYTIC PROPERTIES FOR HER AND OER 

The HER electrocatalytic activities of the synthesized materials were investigated, showing 

a systematic change. The overpotential, ƞ10, which is the difference between the 

experimentally observed potential and the thermodynamic potential at 10 mA cm-2, is one 

of the important parameters used to assess the electrocatalytic activity of a catalyst. While 

the overpotentials of these catalysts are not as low as that those of state-of-the-art HER 

catalysts, they show a systematic trend in their performance. As illustrated in Figure 4.4a, 

Sr3TiCoO7-δ shows the lowest overpotential, ƞ10 = -424 mV, indicating better activity 

compared to the other materials. It is followed by Sr3TiFeO7-δ, which shows ƞ10 = -452 mV. 
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The polarization curves for Sr3TiMnO7 and Sr3Ti2O7 do not even reach 10 mA cm−2, 

indicating the low HER activities of these two compounds. The overpotential of the state-

of-the-art Pt/C,23, 63 as well as those of some oxides, such as CaSrFeMnO6-δ (ƞ10 = 390 mV) 

53 and LaCa2Fe3O8 (ƞ10 = 400 mV),101 are lower than those found in this work. However, 

the HER overpotentials for the two best materials in this work are smaller than the values 

reported for some oxides such as TiO2-x (ƞ10 = 630 mV).97 X-ray diffraction data before and 

after the HER experiment (Figure 4.4c) show that, while some deterioration of the material 

might be happening, the bulk of the catalyst retains its crystalline structure. As shown in 

Figure 4.4d, chronopotentiometry measurements show a stable current response, 

indicating that the catalyst remains active for at least 12 hours. 

The kinetics of the reaction was evaluated using the Tafel equation 𝜂 = 𝑎 + 𝑏 𝑙𝑜𝑔𝑗, where 

η is the overpotential and j is the current density. The kinetics of electrocatalytic reactions 

is dependent on the electron and mass transfers, which are indicated by the Tafel slope. 

Smaller slopes indicate faster reactions. Among the materials studied here, Sr3TiCoO7-δ 

shows the smallest Tafel slope (Figure 4.4b), consistent with its higher HER 

electrocatalytic activity. The trend in kinetics is similar to that of the HER overpotential, 

where Sr3TiFeO7-δ and Sr3TiMnO7 have the next lowest Tafel slopes, followed by 

Sr3Ti2O7.  
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Figure 4.4: HER activity in 0.1 M KOH (a) Polarization curves. (b) Tafel plots. (c) X-ray 

diffraction data of Sr3TiCoO7-δ, before and after 100 cycles of OER (d) 

Chronopotentiometry response of Sr3TiCoO7-δ.  

The electrocatalytic OER activities of the materials were also assessed. As evident from 

the polarization curves in Figure 4.5a, the electrocatalytic activities for OER show the 

same trend as HER, where Sr3TiCoO7-δ shows the lowest overpotential, ƞ10 = 456 mV at 

10 mA cm-2, followed by Sr3TiFeO7-δ, Sr3TiMnO7, and Sr3Ti2O7. The difference in activity 

between the four materials is significant, where the OER responses obtained from latter 

three materials do not even reach 10 mA cm-2. However, the systematic change in current 

density is evident from Figure 4.5a. The overpotential (ƞ10) value obtained for Sr3TiCoO7-

δ is lower than those of several oxides that have been reported before, such as 
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La0.5Sr0.5Co0.8Fe0.2O3 (ƞ10 = 600 mV)115 and La0.6Sr0.4CoO3-δ  (ƞ10 = 590 mV),116 but higher 

than those of some other oxides, such as CaSrFeMnO6−δ (ƞ10 ≈ 370 mV)53 and LaCa2Fe3O8 

(ƞ10 = 360 mV)101. The OER kinetics was also studied, where the smallest Tafel slope 

(Figure 4.5b) was obtained for Sr3TiCoO7-δ, indicating the fastest kinetics among the 

series, and consistent with its better OER activity. Chronopotentiometry experiments 

(Figure 4.5c) for Sr3TiCoO7-δ indicate a consistent response for at least 12 hours. This is 

consistent with X-ray diffraction results after the OER, which show the retention of the 

structural integrity of the material (Figure 4.5d).  

Figure 4.5: OER activity in 0.1 M KOH (a) Polarization curves. (b) Tafel plots. (c) X-ray 

diffraction data of Sr3TiCoO7-δ, before and after 100 cycles of OER (d) 

Chronopotentiometry response of Sr3TiCoO7-δ. 
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We also obtained the double-layer capacitance (Cdl) based on the equation Cdl = javg/ ν, 

using cyclic voltammograms acquired in the non-Faradaic region. Here, javg is the average 

of the absolute values of janodic and jcathodic at middle potential of the CV, and ν is the scan 

rate.95, 99 In the non-faradaic region, the current is primarily from electrical double-layer 

charge and discharge where the electrode reactions are insignificant. The importance of Cdl 

is that it is proportional to the electrochemically active surface area.34, 54 The cyclic 

voltammograms obtained for the four compounds in the non-Faradaic region are shown in 

Figure 4.6a-4.6d. Also, the plot of javg versus ν is depicted in Figure 4.6e, where the slope 

indicates the Cdl value. Among the four materials, Sr3TiCoO7-δ shows the largest Cdl, 

followed by Sr3TiFeO7-δ, Sr3TiMnO7 and Sr3Ti2O7. This is the same trend observed for the 

electrocatalytic activity for HER and OER, as well as the reaction kinetics.  
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Figure 4.6: (a), (b), (c), and (d) cyclic voltammetry in non-Faradaic region in 0.1 M KOH. 

(e) javerage obtained from these CV plotted as a function of scan rate.

The active sites for oxide catalysts are often the metal sites.23, 34, 127 Given that OER and 

HER mechanisms both involve electron transfer processes, the ability of the metal to 

change oxidation state during the electrochemical process will affect the catalytic 

activity.127, 128 This may be one of the reasons for better catalytic activities of Sr3TiMnO7, 
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Sr3TiFeO7-δ, and Sr3TiCoO7-δ compared to Sr3Ti2O7. The two compounds, Sr3TiCoO7-δ and 

Sr3TiFeO7-δ, which have better catalytic activities than the rest of the series, were found to 

contain oxygen-vacancies by iodometric titrations, with Sr3TiCoO7-δ showing the highest 

concentration of oxygen-vaccines (δ = 0.38). Some previous studies on perovskite oxide 

electrocatalysts have indicated that oxygen vacancies can enhance the OER by increasing 

the adsorption energy of the reaction intermediates.129 In some cases, oxygen vacancies 

may also lead to structural changes, which can enhance the electrocatalytic properties.99 

However, a number of other parameters may also have an impact on the electrocatalytic 

activity.120-122, 128, 130 The electronegativity of the B-site is one of the descriptors studied 

before.118, 119 The higher electronegativity of Co relative to Fe, Mn and Ti, results in a 

decrease in the energy of the metal-to-ligand charge-transfer,118, 119 and an increase in bond 

covalency between the metal and oxygen,120 which can contribute to the improved 

electrocatalytic properties of Sr3TiCoO7-δ compared to the other materials in this series. 

Some other descriptors studied before are the number of 3d electrons 130and the eg orbital 

occupancy.121 Some studies have suggested that the eg orbital occupancy of 1 is optimum 

for enhancing the electrocatalytic properties.23, 34, 122 The presence of oxygen-vacancies in 

Sr3TiCoO7-δ and Sr3TiFeO7-δ indicates partial reduction of the transition metals into the 

trivalent state. While Fe3+ in oxides is often in high-spin state (t2g
3 eg

2),131 an intermediate 

spin state has been suggested for Co3+ (t2g
5 eg

1),122, 123 which contains one electron in eg 

orbitals. Finally, a correlation between the electrical conductivity and electrocatalytic 

activity has been suggested before.51, 62 For the materials studied in this work, the trend in 

electrical conductivity matches that of the electrocatalytic performance, where Sr3TiCoO7-

δ has the highest electrical charge transport and best catalytic activity.   
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4.3 CONCLUSIONS 

The trends in electrocatalytic activities of the Ruddlesden-Popper oxides studied in this 

work indicate the impact of several parameters on catalytic properties. The most active 

material in the series, Sr3TiCoO7–δ, which shows the best catalytic performance for both 

HER and OER, also exhibits the highest electrical conductivity. In addition, it has the 

largest concentration of oxygen-vacancies in the series. The oxygen-vacancies lead to the 

reduction of metal ions, creating cations that have an optimum eg electron occupancy for 

electrocatalytic activity. Furthermore, the higher electronegativity of cobalt, compared to 

Fe, Mn and Ti, leads to enhanced bond covalency between the metal and oxygen, which 

can enhance the electrocatalytic properties. 
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CHAPTER 5 

STRUCTURE EFFECT ON PSEUDOCAPACITIVE PROPERTIES OF A2LaMn2O7 (A 

= Ca, Sr)4 

5.1 EXPERIMENTAL 

5.1.1 SYNTHESIS 

Ca2LaMn2O7 and Sr2LaMn2O7 were synthesized by solid-state synthesis method. Powders 

of CaCO3, SrCO3, La2O3, and MnO2 were used as precursors. Using an agate mortar and 

pestle, stoichiometric amounts of oxides and carbonates were thoroughly mixed before 

being pelletized. The samples were first calcined in air at 1300°C for 24 hours. This process 

was repeated three more times, by grinding, pelletization and heating for a total of 96 hours, 

until pure products were obtained. The intermediate products before refiring contained 

impurities, indicated by small peaks in the X-ray diffraction data. The re-palletization and 

refiring helped to obtain pure products. The rate of heating and cooling of the furnace for 

all samples was 100 °C/hour.  

5.1.2 CHARACTERIZATION 

The synthesized materials were characterized using a high-resolution X-ray diffractometer 

(Cu K1, λ = 1.54056 Å). Rietveld refinements for the X-ray diffraction data were carried 

4 The work described in this chapter was published in Energy Technol. 2023, 2201249. 
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out using GSAS softwar76 and the EXPGUI interface.77 The oxygen stoichiometry of the 

materials were determined by iodometric titration.  

5.1.3 PSEUDOCAPACITANCE MEASUREMENTS 

The catalyst ink for each sample was prepared by mixing 35 mg of the powdered sample, 

7 mg of carbon black powder, 40 µL Nafion® D-521 solution (Alfa Aesar, 5% w/w in 

water and 1-propanol) with 7 ml of tetrahydrofuran. The mixture was then sonicated for 30 

minutes. In three-electrode tests, the working electrode was the catalyst ink loaded on a 

glassy carbon electrode (GCE). Prior to use, the glassy carbon electrode (5 mm diameter, 

0.196 cm2 area) was furbished with aluminum oxide polishing slurry on a polishing cloth 

and sonicated for 2-3 minutes in ethanol. At the end of the polishing steps, GCE was 

washed with deionized water before being used. From the catalyst ink, two coatings of 10 

μl were placed on the GCE, with a 2-minute interval, followed by overnight drying in air. 

The three-electrode pseudocapacitance measurements were performed in a standard three-

electrode cell using a rotating disk electrode at 1600 rpm. The reference and counter 

electrodes were Ag/AgCl (in 3 M NaCl) and platinum, respectively. 

The two-electrode cell for galvanostatic charge-discharge (GCD) measurements were done 

using two 1 cm2 nickel foam pieces. From the above catalyst ink, 100 μl were dropcasted 

with 20 μl increments onto each of the two pieces of nickel foam, followed by overnight 

air-drying. The total mass of the active material for both electrodes was 1 mg. To separate 

the two electrodes, two layers of glass fiber filter paper were placed in between. The nickel 

foam electrodes were connected to the potentiostat using gold wires. Before performing 
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the GCD measurements and stability tests, the cell was placed in 1 M KOH to soak for at 

least 12 hours.  

 

Figure 5.1: Typical crystal structure of a bilayered Ruddlesden-Popper oxide. In the case 

of Ca2LaMn2O7 and Sr2LaMn2O7, the yellow octahedra are MnO6 units, green spheres 

represent the sites where La/Ca/Sr reside, and red spheres indicate oxygen.  

 

 

5.2  RESULTS AND DISCUSSION 

The crystal structures of both materials comprise bilayer stacks of MnO6 octahedra, as 

shown in Figure 5.1. The La3+, Ca2+, and Sr2+ ions are located in vacant spaces among the 

above octahedra, both within the between the stacks. However, the difference in the ionic 

radii of Ca2+ and Sr2+ leads to a change in symmetry. While Ca2LaMn2O7
88

 has an 

orthorhombic Cmcm space group, Sr2LaMn2O7
89

 crystalizes in a tetragonal I4/mmm space 

group, as also reported previously.88, 89
 Figure 5.2 and Tables 5.1-5.2 show the Rietveld 

refined profiles and refined structural parameters for both materials.  
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Cyclic voltammetry (CV) data for both materials are shown in Figure 5.3. The CVs were 

obtained in the potential window of -1.0 V to +0.6 V at scan rates of 5, 10, 25, 50 and 100 

mV/s in 1 M KOH.  The quasi-rectangular shape and redox peaks in the CVs indicate the 

pseudocapacitive characteristics and faradaic processes, respectively. 70 These redox peaks 

are more apparent at higher scan rates. These peaks can be attributed to Mn2+↔Mn3+ and 

Mn3+↔Mn4+ surface redox reactions.  

Figure 5.2: Powder X-ray diffraction data for (a) Ca2LaMn2O7 and (b) Sr2LaMn2O7. Black 

crosses, orange vertical tick marks, solid red line, and lower pink line correspond to 

experimental data, Bragg peak positions, the model, and difference plot, respectively. 

Table 5.1: Refined structural parameters Ca2LaMn2O7from powder X-ray diffraction data. 

Space group: Cmcm, a = 19.2820(5) Å, b = 5.4614(1) Å, c = 5.4116(2) Å, Rp = 0.0259, 

wRp = 0.0335 

Atom x y z Occupancy Uiso (Å
2) Multiplicity 

Ca1 0 0.2504(25) 0.25 0.385(11) 0.0196(28) 4 

La1 0 0.2504(25) 0.25 0.615(11) 0.0196(28) 4 

Ca2 0.18869(30) 0.2425(22) 0.25 0.773(8) 0.0506(28) 8 

La2 0.18869(30) 0.2425(22) 0.25 0.227(8) 0.0506(28) 8 
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Mn 0.3995(4) 0.2429(32) 0.25 1 0.015(4) 8 

O1 0 0.690(9) 0.25 1 0.017(5) 4 

O2 0.3023(13) 0.294(6) 0.25 1 0.017(5) 8 

O3 0.0947(15) 0 0 1 0.017(5) 8 

O4 

 

0.3937(14) 0 0 1 0.017(5) 8 

 

Table 5.2:  Refined structural parameters of Sr2LaMn2O7 from powder X-ray diffraction 

data. Space group: I4/mmm, a = b = 3.8668(1) Å, c = 19.9801(10) Å, Rp = 0.0419, wRp 

= 0.0556 

Atom  x y z Occupancy Uiso (Å
2) Multiplicity 

Sr1 0 0 0.5 0.577(27) 0.0379(26) 2 

La1 0 0 0.5 0.423(27) 0.0379(26) 2 

Sr2 0 0 0.31553(15) 0.727(28) 0.0424(21) 4 

La2 0 0 0.31553(15) 0.273(28) 0.0424(21) 4 

Mn 0 0 0.1008(4) 1 0.0210(18) 4 

O1 0 0 0 1 0.097(4) 2 

O2 0 0 0.1950(13) 1 0.097(4) 4 

O3 0 0.5 0.0974(12) 1 0.097(4) 8 
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Figure 5.3: Cyclic voltammetry curves from three-electrode measurements for (a) 

Ca2LaMn2O7 and (b) Sr2LaMn2O7. 

The data at 100 mV/s for Ca2LaMn2O7 show a pair of redox peaks at about -0.55 V/-0.51 

V, which can be ascribed to the Mn2+↔Mn3+ redox process. Another pair of peaks are 

present at ~ -0.35 V/-0.21 V, indicating the Mn3+↔Mn4+ surface redox reaction. For 

Sr2LaMn2O7, there is a pair of redox peaks at ~ -0.67 V/-0.50 V, indicating Mn2+↔Mn3+, 

as well as a less perceptible peak couple at ~ -0.45 V/0.10 V for Mn3+↔Mn4+. 27, 70, 73  

The appearance of both anodic and cathodic peaks indicates the reversible redox process. 

As the scan rate increases, slight shifts of anodic and cathodic CV peaks are observable to 

the higher and lower potentials, respectively. These shifts are due to the internal resistance 

of the electrode and, further indicate that the limiting step in the process is charge transfer 

kinetics.132, 133 The peak current increase at higher scan rates indicates the rapid electronic 

and ionic transport rates.133, 134 Moreover, the enhanced mass transport and electron 

conduction are indicated by the increase in the area of the CV as a function of scan rate, 

while the shape of the cyclic voltammogram is retained.132-134 
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The electrochemical redox process is associated with oxygen ion intercalation into the 

perovskite system in alkaline medium, as was first observed for Nd1-xSrxCoO3,
135 followed 

by later studies on other perovskite-type oxides.22, 27, 73 This leads to pseudocapacitive 

properties, where oxygen ions that are intercalated into the oxygen vacancies originate 

from OH- in the electrolyte. The  OH- ions lose a proton to another OH- ion to form an H2O 

molecule, leaving behind the O2- ion to intercalate into the material, as described for other 

perovskite oxides.71, 134 The OH- ion intercalation was confirmed by conducting cyclic 

voltammetry experiments in both KOH and KNO3 electrolytes in the same potential 

window, as shown in Figure 5.4. The lack of redox peaks in the CVs in KNO3 indicates 

that the redox reactions are facilitated by the intercalation processes that rely on hydroxide 

ions of KOH. 70  

Galvanostatic charge-discharge (GCD) curves were obtained at different current densities 

of 0.5, 1, 3, 5, and 10 A/g, using a symmetric two-electrode cell fabricated according to the 

procedure described in the experimental section. The GCD curves are illustrated in Figure 

5.5.  

Figure 5.4: Cyclic voltammetry curves from three-electrode measurements in 1M KNO3

and 1M KOH electrolytes at 100 mV/s for Sr2LaMn2O7, which has greater 

pseudocapacitive properties.   
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Figure 5.5: Galvanostatic charge-discharge (GCD) profiles using a two-electrode cell for 

(a) Ca2LaMn2O7 and (b) Sr2LaMn2O7. 

 

The inverted V shape of the cycles are indicative of the pseudocapacitive behavior of the 

materials.69 Equation (1) can be used to calculate the specific capacitance using the GCD 

data at different current densities where m is the total mass of the active material in both 

the electrodes, I is the constant current applied in the GCD measurement, ΔV is the potential 

window, and Δt is the discharge time.136 

                                                        Cs =
4𝐼Δ𝑡

𝑚Δ𝑉
                                                         (1) 

Internal resistance of the electrode limits the utilization of the pseudocapacitive material, 

thereby causing a decrease in the specific capacitance with increasing current density, as 

evident from Figure 5.6. 69 

The specific capacitance values at 0.5 A/g in 1 M KOH are 13.2 F/g for Ca2LaMn2O7 and 

34.265 F/g for Sr2LaMn2O7. We note that iodometric titrations show that both of these 
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materials have stoichiometric formulas, with 7 oxygens per formula unit. Therefore, the 

oxygen intercalation might occur into interstitial spaces within the material lattice. In such 

situation, the larger ionic radius of Sr2+ compared to that of Ca2+, may lead to wider 

interstitial spaces, allowing better intercalation of oxygen. For example, the separation 

between Mn sites in adjacent stacks are 6.38 (2) Å for Ca2LaMn2O7 and 6.56 (1) Å for 

Sr2LaMn2O7. The enhanced intercalation results in the observation of a greater specific 

capacitance for Sr2LaMn2O7. Furthermore, the orthorhombic structure of Ca2LaMn2O7 

features more distortions than the tetragonal structure of Sr2LaMn2O7. The latter may be 

able to accommodate more oxygen intercalation through lattice distortion, whereas the 

former already has a substantial degree of distortion in the structure. The Cs for the latter 

is significantly larger than those of some of the reported perovskites, such as 13 F/g for 

La1-xCaxMnO3
137and 7.75 F/g for La1-xSrxMnO3, 

69 at 0.5 A/g current density. 

The energy densities (E) of these pseudocapacitors can be calculated using equation (2), 

where Cs is the specific capacitance obtained from the two electrode cell and V is the 

potential window. 138 

E =
𝐶𝑠 𝑉2

2 × 3.6
(2) 

The multiplier 1/3.6 is used to calculate the energy density in Wh/kg, where the Cs has the 

unit F/g. It should mention that  1F =
1 s.A

V
  and 1 W = 1 V × 1 A. In some previous studies,

the multipliers were not shown in the energy density formula, E = Cs.V2/2.70, 129, 139, 140 It 

is assumed that those studies utilized multipliers separately to achieve the appropriate units. 

The energy density obtained from equation (2) can then be used to calculate the power 
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density using equation (3), shown below, where the multiplier 3600 is needed to express 

the power density in W/kg. 

P =  
E ×3600

Δt
 (3) 

Using these equations, the energy density of 3.59 Wh/kg and power density of 700 W/kg 

is obtained for Ca2LaMn2O7 based on GCD experiments at the applied current density of 

0.5 A/g. On the other hand, Sr2LaMn2O7 shows an energy density of 9.33 Wh/kg and power 

density of 700 W/kg at 0.5 A/g. For comparison, an energy density of ~7.6 Wh/kg and a 

power density of 160 W/kg are reported for La1-xCaxMnO3 at 0.5 A/g current density.137 

Also, La1-xSrxMnO3 gives an energy density of ~3.6 Wh/kg and a power density of 120 

W/kg at 0.5 A/g.69 

Figure 5.6: (a) Specific capacitance at different current densities. (b) Stability test at 

current density of 1 A/g for Sr2LaMn2O7. 

The stability of the best performing material Sr2LaMn2O7, was also studied by performing 

10,000 GCD cycles at a current density of 1 A/g. The specific capacitance at every 500 
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cycles is shown in Figure 6b. The specific capacitance of Sr2LaMn2O7, shows only a small 

change after 10,000 cycles, indicating the high stability.  

In summary, the effect of structure on pseudocapacitive properties is significant, given that 

the two materials studied here are isoelectronic, and only differ in their structural features 

due to the difference in the ionic radii of Ca2+ and Sr2+. These ions do not make a direct 

contribution to the near-surface faradaic processes that promote a pseudocapacitive 

behavior. Instead, they modify the structure and symmetry of the lattice, which can affect 

the oxygen intercalation and the associated faradaic reactions. 
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CHAPTER 6 

CONCLUSION 

Oxide materials derived from perovskites have been studied for a wide range of 

applications, such as solar cells, batteries, superconductors, catalysts, and capacitors. 

Ruddlesden-Popper (RP) structure, with the general formula A3B2O7, is a perovskite-

derived oxide, comprising bilayer stacks of BO6 octahedra, where A occupy the spaces 

within and between the stacks. 

The impact of structural symmetry on electrical charge transport, magnetism and 

electrocatalytic activity has been investigated in isoelectronic bilayer RP materials 

Ca2LaMn2O7 and Sr2LaMn2O7 by changing the A-site cations. The change in ionic radius 

from Ca2+ (1.18 Å) to Sr2+ (1.31 Å) results in a change in structural symmetry in these 

systems. Ca2LaMn2O7 has an orthorhombic structure with Cmcm space group, whereas 

Sr2LaMn2O7 features a tetragonal, I4/mmm, structure. The higher symmetry results in a 

significant variation of electrical, magnetic and electrocatalytic properties. Sr2LaMn2O7 

shows significantly greater charge transport in the entire temperature range of 25-800 °C, 

owing to a larger angle of Mn–O–Mn conduction pathway. In addition, the electrocatalytic 

properties of Sr2LaMn2O7 for the two half-reactions of water-splitting, i.e., hydrogen-

evolution reaction (HER) and oxygen-evolution reaction (OER) are enhanced as compared 

to Ca2LaMn2O7. The improved OER/HER activity is also a function of structural features 
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that produce greater electrical conductivity, which in turn affects the electrocatalytic 

properties. 

Our next strategy was to study the effect of the electronic configuration of transition metal 

on electrocatalytic activity, charge transport, and magnetic properties in Sr2LaFeMnO7 and 

Sr2LaCoMnO7 via changing the B-site cations. The two compounds are isostructural. 

Despite their structural similarity, the magnetic transition temperature of Sr2LaCoMnO7 is 

significantly lower than that of Sr2LaFeMnO7. The electrical charge-transport properties 

are also different, where Sr2LaCoMnO7 shows considerably improved electrical 

conductivity. Importantly, the electrocatalytic activities for the two half-reactions of water-

splitting, are improved in Sr2LaCoMnO7 compared to Sr2LaFeMnO7. The trends in 

electrical charge transport, HER and OER activity, and kinetics for OER and HER are all 

similar, indicating the improved properties of Sr2LaCoMnO7. These changes are explained 

in the context of a greater bond covalency in this material due to the higher 

electronegativity of Co, which results in better overlap between the transition metal d 

orbital and oxygen p orbital. The relation between the electrocatalytic performance and the 

optimum eg orbital occupancy in Sr2LaCoMnO7 is also discussed.  

In the next approach the correlation of the electrocatalytic activity with electrical 

conductivity, oxygen-vacancies, and electronegativity have been studied in a series of 

isostructural oxides, Sr3Ti2-xMxO7-δ (M = Mn, Fe, Co; x = 0, 1). They show a systematic 

increase in electrocatalytic activity in progression from Sr3Ti2O7 to Sr3TiMnO7, 

Sr3TiFeO7–δ, and Sr3TiCoO7–δ. The kinetic studies using Tafel method indicate the same 

trend across the series, where the best catalyst also has the fastest kinetics for both HER 

and OER. Also, the same progression is observed in the concentration of oxygen-vacancies, 
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as well as the electrical conductivity in a wide range of temperatures, 25 °C – 800 °C. The 

material that shows the best electrocatalytic activity, i.e., Sr3TiCoO7–δ, also has the highest 

electrical conductivity and the greatest concentration of oxygen-vacancies in the series. 

The correlations observed in this work indicate that trends in electrocatalytic performance 

may be related to the systematic increase in electrical conductivity, electronegativity, and 

oxygen-vacancies, as well as the electron occupancy of eg orbitals, which can affect the 

strength of sigma interactions between the catalyst and reaction intermediates.  

Bilayered RP materials were further explored to understand oxide intercalation-based 

pseudocapacitance. The effect of structure on pseudocapacitive properties in alkaline 

conditions is demonstrated through the investigation of isoelectronic oxides Ca2LaMn2O7 

and Sr2LaMn2O7, where the difference in ionic radii of Ca2+ and Sr2+ leads to a change in 

structure and lattice symmetry as described in Chapter 2. While calcium and strontium do 

not make a direct contribution to the near-surface faradaic processes that are essential to 

the pseudocapacitive properties, their effect on the structure leads to a change in the oxygen 

intercalation process and the associated pseudocapacitive energy storage. We have shown 

that Sr2LaMn2O7 has a significantly greater specific capacitance than Ca2LaMn2O7. In 

addition, the former shows a considerably higher energy density compared to the latter. 

Furthermore, these materials show highly stable energy storage properties, and retain their 

specific capacitance over 10000 cycles of charge-discharge in a symmetric 

pseudocapacitive cell. Importantly, these findings show the structure-property 

relationships, where a change in the structure and lattice symmetry can result in a 

significant change in pseudocapacitive charge-discharge properties in isoelectronic 

systems.   
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Overall, this study has emphasized that bilayered RP oxides show versatile properties such 

as magnetism, electrical charge transport, pseudocapacitance, and electrocatalysis. The 

structure, symmetry, and oxygen vacancies in the bilayered RP oxides can be changed to 

modify the above-mentioned properties. There is much room in the structure of the 

bilayered RP oxides to tune the physical and chemical properties for various energy-related 

applications, including water splitting and energy storage.
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