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ABSTRACT 

STRUCTURAL, CHARGE TRANSPORT, GAS SENSING, MAGNETIC, 

PSEUDOCAPACITIVE, AND ELECTROCATALYTIC PROPERTIES OF 

PEROVSKITE OXIDES  

Surendra Bahadur Karki  

April 20, 2022 

 

Perovskites are functional materials with the general formula ABO3 (A = alkali, 

alkaline earth or lanthanoid cations and B = transition metal or main group cations). These 

materials are marked by a variety of crystal structures and interesting properties such as 

colossal magnetoresistance, ferroelectricity, multiferroicity, superconductivity, 

pseudocapacitance, gas sensing, charge transport, and electrocatalytic properties. The 

formula of perovskite can be written as AA’BB’O6, when there is ordering between two 

cations over A and B-sites. Such compounds are called double perovskite oxides. Some 

amount of oxygen could be lost from crystal structure without decomposition of the phase. 

Such class of materials are termed oxygen deficient perovskites (ODPs). In this study, 

several double perovskite oxides and ODPs are utilized for systematic study of magnetic, 

charge transport, pseudocapacitive, and electrocatalytic properties.
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  The magnetic and electrical properties of BaSrMMoO6 (M = Mn, Fe, Co, Ni) 

double perovskite oxides show an interesting property trend. BaSrFeMo6 shows a 

ferrimagnetic ordering of moments of Fe along with metallic behavior in variable 

temperature conductivity studies. However, Mn, Co, and Ni containing materials show an 

antiferromagnetic ordering of moments and semiconducting features from 25 – 800 ℃.  

The oxygen deficient perovskite (ODP) in this study is explored to understand the 

high temperature gas interaction properties. Structurally stable Ca2Fe2O5 shows an 

outstanding gas sensing behavior that could be utilized in systems that operate at elevated 

temperature. Similarly, ODPs can be explored to understand hydroxide intercalation based 

pseudocapacitance. Two novel ODPs namely Ca3GaMn2O8 and SrCa2GaMn2O8, have 

shown great promise for energy devices with at least 5000 charge/discharge cyclability. 

Another focus of our research is to solve problems and issues of energy conversion 

process that is involved with an electrochemical water splitting to generate hydrogen gas 

for fuel. Water splitting has two half reactions namely oxygen evolution reaction (OER) 

and hydrogen evolution reaction (HER). Both reactions have significant amounts of 

overpotential and require catalysts to lower the overpotential and enhance the reaction 

kinetics. Overpotential has been reduced by catalyzing both OER and HER using 

commercial RuO2, IrO2, and Pt/C However, such catalysts are expensive, use precious 

metals, and some of them have stability issues in acidic condition. Our approach involves 

development of economic perovskite oxide-based catalysts that contain earth abundant 

metals. 

The main tools for the problem-solving approach of our research involved both A 

and B-sites modification, conductivity enhancement, structural transformation, and control 
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of the oxygen content in perovskite structure. For example, A-site substitution strategy is 

adopted by substituting Sr with Ca in Sr2FeCoO6-δ and LaSr2Fe3O8. This leads to significant 

enhancement of OER/HER activity in structurally ordered compounds namely Ca2FeCoO6-

δ and LaCa2Fe3O8. The B-site modification, on the other hand, is also utilized by 

systematically varying the Mn content in the series CaSrFe1−xCo1−xMn2xO6−δ (x = 0-1). 

This helped to identify a material with formula CaSrFe0.75Co0.75Mn0.5O6−δ (CSFCM), that 

has an eg occupancy of near unity, as required for optimized activity. Additionally, upon 

using both experimental and computation methods, we have studied the electronic structure 

of several materials, including CSFCM. This has led to the discovery of a new descriptor, 

namely free eg carrier. This could be a universal descriptor for both OER and HER for 

bifunctional catalysts. Similarly, we have discovered several other oxide catalysts such as 

CaSrFeMnO6-δ, BaSrCoMoO6, Sr3FeMnO6, Ca2Sr2Mn2CoO10-δ, and La3Co3O8, which 

have remarkably low overpotentials, as low as 0.25 V in both acidic and basic media. In 

most of these oxides, electrocatalytic properties arise from the combination of structure, 

enhanced electrical conductivity, and higher amount of oxygen vacancies.
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CHAPTER 1

INTRODUCTION 

1. BACKGROUND 

Solid-state materials, i.e., non-molecular solids, have been utilized due to their 

interesting properties and chemistry that involve the structural, chemical, and physical 

properties. They have been explored for their dielectric, piezoelectric, charge transport, 

magnetic, gas sensing, pseudocapacitive, and electrocatalytic properties, to name a few. 1-

5 However, these area of studies still face some issues/problems that need to be addressed 

for improving the performance in several devices. Most importantly, a careful material 

choice and design strategy allows modification of the operating cost of such devices.  

Devices such as batteries, supercapacitors, and fuel cells require a wise and 

economic choice of materials. Such devices are important to the utilization and storage of 

clean energy. Minimizing the usage of fossil fuel energy to mitigate energy crisis in near 

future and developing cleaner energy technologies, have been a focal point in past 

decades.6 Novel alternative renewable energy technologies that involve water, wind power 

and solar energy have great economic and social impact. Some efficient systems for energy 

storage involve batteries, pseudocapacitors, water electrolyzers, and fuel cells. One 

example of materials that have been studied for such devices is perovskite oxide that 

contain network of atoms. 
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1.1 PEROVSKITE OXIDES 

Mixed oxides contain two or more metal cations and charges in the unit formulae 

of such compound are balanced by oxide ions. There are many possible crystal structures 

of such materials. Mixed oxides having the crystal structure similar to that of a well-

known mineral calcium titanate (CaTiO3) are called perovskite oxides. CaTiO3 was 

discovered in the Ural Mountains of Russia by Gustav Rose in 1839, and the term 

‘Perovskite’ was coined after  Russian mineralogist, Lev Perovski. The crystal structure 

of perovskite was first described by Victor Goldschmidt.7 Helen Dick Megaw published 

the crystal structure later in 1945 AD, which was based on X-ray diffraction data of 

Barium Titanate (BaTiO3).
8 Perovskite oxide is represented by the general chemical 

formula ABO3, where A represents metal cations of s and f block and B is usually transition 

metal or p block metal cation. As shown in Figure 1.1, perovskite structures have at least 

three different crystallographic positions, where each unit cell has the A and B-site 

cations in 12 and 6-fold coordinations, respectively.1 For the sake of visualization, 

cuboctahedralon and octahedral coordination geometry are drawn for the A and B-site 

cations, respectively. 

Perovskite oxides (ABO3) are considered ionic crystals, where there is a relation 

between unit cell axis (a) and radii of A, B, and O2- ions. In case of an ideal cubic 

perovskite oxide, the relation is:1 

 𝑎 =  √2(𝑟𝐴 + 𝑟𝑂) = 2 (𝑟𝐵 + 𝑟𝑂)  (1.1) 

where, a = cell length, rA, rB, and rO are radii of A, B, and O2- ions, respectively. However, 

it is possible for such cubic structures to distort and produce lower symmetry structures 

such as hexagonal, tetragonal, orthorhombic, triclinic, etc.  The distortion directly affects 

https://en.wikipedia.org/wiki/Cation
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the properties. Therefore, understanding of such deviations can be done by tolerance 

factor (t) as calculated from the following equation.1 

 t = 
(𝑟𝐴+𝑟𝑂)

√2(𝑟𝐵+𝑟𝑂)
  (1.2) 

where, a is the cell length, and  rA, rB, and rO are radii of A, B, and O2- ions, respectively. 

In an ideal cubic structure, t = 1, whereas the t values range between ~0.80 and 1.10 for 

structures with other types of symmetry. For example,  perovskites with t near 0.85 have 

orthorhombic or rhombohedral structures and those with t >1 have hexagonal or 

tetragonal structures.1 The, t values can be tuned by A or B cation substitution in the 

perovskite structure that not only changes the crystal symmetry but also creates oxygen 

defects which produce several interesting properties.  

 

Figure 1.1: Unit cell of perovskite structure showing A-and B-site cations coordination. 

1.1.2 OXYGEN DEFICIENT PEROVSKITE OXIDES 

Oxygen deficient perovskites (ODPs) are sub-class of perovskite oxide family, 

where the structure is marked by the loss of some amount of oxygen that result on the 

crystal defects. ODPs are represented by general formula ABO3-δ or A2B2O6-δ, where δ 
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represents amount of oxygen deficiency per unit formula. In these ABO3-δ type materials, 

oxygen-deficiencies result in different coordination geometries for the B-site cations, 

ranging from octahedral (BO6) to tetrahedral (BO4) and square pyramidal (BO5).
9, 10 As 

shown in Figure 1.1.2, the oxygen-vacancies are sometimes distributed randomly 

(represented by small squares in the scheme).11 There are also situations where the 

arrangement of oxygen-vacancies is ordered.10 One of the common types of ordering 

results in the so-called brownmillerite structure, named after mineral Ca2AlFeO5.
9 The 

structure consists of sequential layers of tetrahedra (T) and octahedra (O), forming 

TOTOT…, with A-site cation residing between the layers. The tetrahedra form chains that 

are twisted in either left-handed or right-handed orientation to yield several orthorhombic 

structural variants adopting space groups such as Ibm2, Pnma, Pbcm or Icmm.10, 12 

While the brownmillerite type ordering is commonly observed, there is also a 

similar, but less common ordering scheme with ideal formula A3B3O8 (ABO3-(1/3)), 

sometimes called Grenier phase.13 This structure consists of bilayer stacks of octahedra 

alternating with a single layer of tetrahedra, i.e., TOOTOOT…, often adopting 

orthorhombic space groups such as P21ma, Pbma, Pmma, Pb21m.14-17 

There is a direct correlation between the structure and functional properties of 

perovskite oxides, particularly ODPs. The modification of cations on both A and B-sites is 

known to affect the structure of oxygen-deficient perovskites. Following section briefly 

discusses some of the properties of perovskite oxides that have been expanded and studied 

thoroughly in recent years. 
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Figure 1.1.2: Vacancy ordering schemes in oxygen deficient perovskites. 

1.1.3 PROPERTIES OF PEROVSKITE OXIDES 

As discussed above, variations of structural architectures in perovskite oxides by 

controlling the oxygen defect concentration allow this class of materials to be used for 

energy devices to address energy-related challenges. A myriad of exciting properties such 

as photovoltaics, magnetism, gas sensor, pseudocapacitance, electrocatalysis, electrical 

charge transport, etc., could be studied. Recently, their use in energy devices such as 

electrode materials for batteries, water electrolyzers, and fuel cells has attracted a lot of 

attention from interdisciplinary researchers.  

1.1.3.1 ELECTRICAL CHARGE TRANSPORT PROPERTY 

The electrical charge transport properties of perovskite oxides can be studied by 

using alternating (AC) and direct current (DC) conductivity measurement. For AC 

measurement that allows to understand the ionic conduction process, both two and four-

probe techniques are used.18, 19 However, four probe technique by applying certain voltage, 

is mostly preferred during the DC conductivity measurements because this technique 

prevents the contribution from contacts and wires to the total resistance.5, 19 Many 
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perovskite oxides, including ODPs show mixed conduction properties, where conductivity 

arises because of oxide ionic and electronic conduction processes. When ODP structures 

are furnished with transition metals with variable oxidation states at the B-site, dominance 

of electronic transport takes place through holes.20, 21This process is often called the 

polaron mechanism.11, 22 A scheme of polaron mechanism is shown in Figure 1.1.3.1. Since 

the electron hopping takes place with a fast speed, it looks like the positive charge is 

moving. So, it is considered as positive charge or hole movement or p-type conductivity. 

During this process, the electrons hop through Bn+−O−Bm+ bond pathway. For instance, 

the electron hopping in Sr2Fe2O6-δ material has been described to occur via Fe3+−O−Fe4+ 

where the Fe3+ oxidizes to Fe4+.23  Then, a reverse route Fe4+−O−Fe3+ for back-hopping 

of electron takes place, causing the reduction. 

 

Figure 1.1.3.1: Electron hopping mechanism through Bn+-O-Bm+ pathway in perovskite. 

There are several governing factors for electronic charge transport in ODPs. They 

include hole concentration, B-site cation bond lengths (B-O), and bond angles (B-O-B). If 

the hole concentration (polarons) increases in a material, the electronic transport and 

electrical conductivity is also enhanced.20, 24  Similarly, shorter B-O bond length and the 

larger B-O-B bond angle provide a better orbital overlap and electronic transport and 

hence, the conductivity increases.25, 26 Overall semiconducting feature is observed when 
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conductivity increases as a function of increasing temperature in variable temperature 

conductivity measurement and the opposite trend indicates the metallic property of ODPs. 

Substitution of Fe in the B-site of the double perovskite series BaSrMMoO6 (M = 

Mn, Co, Ni) shows a transformation of metallic to semiconducting conductivity features in 

the three compounds. Similarly, most ODPs which will be discussed in several chapters 

show semiconducting charge transport properties in the studied temperature range of 25 – 

800 ℃. Therefore, understanding the charge transport properties in these functional 

materials allows to enhance other related properties such as electrocatalytic performance. 

1.1.3.2 GAS SENSING PROPERTY 

Gaseous emissions from industries and automobiles are the main contributors to 

human health issues, acid rain, ozone depletion, and the greenhouse effect. Gas sensors are 

important to monitoring the environmental pollution, which ultimately assist in preventing 

the damage to the environment and quality of life.27, 28 High-temperature gas sensors are 

also required in industries associated with the combustion process. Generally, optical, 

chromatography and spectroscopy method-based gas sensors are in use to detect the gases 

at various concentration levels. However, these analytical techniques are not versatile 

methods as they are expensive to use and pose challenges for in-situ monitoring of gases 

at high temperature. 

CeO2, Ga2O3, TiO2, Nb2O5, SnO2-TiO2 composites etc. are some of the 

semiconducting type gas sensors.29-32 Semiconductor-based gas sensors have been 

categorized into p-type and n-type gas sensors. The response and behavior of the p-type 

and n-type semiconductors toward oxidizing (O2, NO2, CO2, NO, etc.) and reducing gases 

(CO, NH3, SO2, CH4, etc.) have been well studied in various reports.32-36 On the other hand, 
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perovskite-type structure based transition metal oxides have the potential to be used for 

sensing different gases. A lot of these oxides have displayed an excellent detection of 

reducing gases like H2,
4 CO37 and oxygenic gases like CO2

38 and NOx.
39 Such types of 

solid-state sensors can operate in wide ranges of temperatures, for example, oxygen sensor 

in high temperature automotive exhaust emission control 40 and temperature independent 

resistive oxygen sensors.41 

1.1.3.3 MAGNETIC PROPERTY 

Magnetic dipole moment of an electron is generated by electron spin and orbital 

magnetic moments. As result of orientation of magnetic dipole moments of unpaired d 

electrons, magnetic behaviors such as paramagnetism, diamagnetism, and ferromagnetism 

are observed in materials. In perovskite oxides, B-site cations having unpaired d-electrons 

such as Fe3+, Mn3+, and Co3+, could result in magnetic ordering. However, phenomena such 

as antiferromagnetism and ferromagnetism occur due to super and double exchange.1 The 

antiferromagnetic system has antiparallel alignment of the neighboring moments.  

The oxygen vacancy can affect the magnetic properties of perovskite oxides.1 

Additionally, the nature of the B-site cation plays a crucial role in structural phase transition 

and disparities in electrical and magnetic properties. For instance, dominance of 

antiferromagnetic ordering in double perovskite oxide series Sr2LnMoO6 (Ln = Eu, Gd, 

Dy, Ho, Er, Yb)2 and ferrimagnetism42 in CaLaMnMoO6, has been observed. It is evident 

that double perovskites which host two different transition metal cations on B-site may 

allow the introduction of two different types of magnetic sublattices. They can also host a 

magnetic and a nonmagnetic sublattice, leading to different types of magnetic order. For 

example, the interplay between magnetic 3d cations with non-magnetic 4d or 5d ions have 
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led to ferrimagnetic metallic ordering in Sr2FeMoO6, Sr2CrWO6 and Sr2CrReO6.
43 It is 

interesting to explore the effect of varying the magnetic ion in such system, where  a 

nonmagnetic sublattice (Mo6+) is fixed. In Sr2Fe2O6-δ an incommensurate magnetic 

structure is observed, where moments are in spin-density wave state, and are oriented 

perpendicular to the body diagonal of the unit cell. However, CaSrFe2O6-δ shows long-

range antiferromagnetic order, where the moments align in 001 direction. 

1.1.3.4 PSEUDOCAPACITIVE ENERGY STORAGE PROPERTY 

Another property of the ODP materials is their pseudocapacitive capability. 

Supercapacitors have been extensively researched because of their significant advantages 

in power density and cycling stability. However, they suffer from low energy density, and 

their charge storage capability is limited. Unlike traditional electric double layer capacitors 

that rely on non-Faradaic electrostatic charge storage, pseudocapacitors operate based on 

Faradaic processes, and therefore show greater charge storage capacity. However, since 

the Faradaic charge transfers in pseudocapacitors occur on or near the surface, they are not 

limited by bulk diffusion, leading to cyclic voltammetry (CV) and galvanostatic charge-

discharge (GCD) behavior similar to traditional capacitors. Pseudocapacitors in theory can 

possess both high power density of capacitors and high energy density of batteries.44 

Intercalation-based pseudocapacitors involve Faradaic electron transfer that occurs upon 

intercalation and de- intercalation of ions.44  

The intercalation of oxygen anion was first observed in 1975 in perovskite oxide, 

Nd1-xSrxCoO3, in alkaline solution.45 Further utilization of this phenomenon for 

pseudocapacitive energy storage was shown several decades later in 2014.44 Since then, 

several other pseudocapacitive materials based on oxygen anion intercalation have been 
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studied. Examples of the materials that have been investigated are La1−xSrxMnO3,
3, 44, 46 

La1−xCaxMnO3,
47 SrCo0.9Nb0.1O3,

48, and LaNi1−xFexO3−δ.
49  

1.1.3.5 ELECTROCATALYTIC PROPERTY 

Hydrogen production via water splitting has garnered attention as an 

environmentally benign and economic approach to the generation of hydrogen fuel.50, 51 As 

shown in Figure 1.1.3.5.1, the electrochemical water-splitting proceeds via two half-

reactions, hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).52 

Figure 1.1.3.5.2 shows the thermodynamics of both OER and HER processes, where 

hydrogen evolution takes place ideally at the potential of 0 V vs reversible hydrogen 

electrode (RHE) and oxygen evolution is thermodynamically favorable at 1.23V vs RHE. 

However, both HER and the OER are sluggish processes due to the high activation barrier 

and several intermediate steps that involve electron transfer.53, 54 This results in the 

significant overpotential. Similarly, the polarization curve as shown in the I-V curve of 

Figure 1.1.3.5.2, also shows some parameters such as onset potential (potential at which 

Faradaic current evolves). Such parameters including overpotential at 10 mA/cm2 current 

density, Tafel slopes, and electrochemically active surface area will be thoroughly 

discussed in several chapters. 

 

Figure 1.1.3.45.1: A schematic representation of electrochemical water splitting. 
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The generally accepted mechanism for HER involves Volmer reaction, followed 

by either Heyrovsky or Tafel reaction, as shown below:55, 56   

 Volmer reaction in acidic condition:  

 H3O
+ + M + e– ⇌ M–H* + H2O (1.3) 

 Volmer reaction in alkaline condition: 

 H2O + M + e– ⇌ M–H* + OH– (1.4) 

 Heyrovsky reaction in acidic condition: 

 M–H* + H3O
+ + e–  ⇌ M + H2 + H2O (1.5) 

 Heyrovsky reaction in alkaline condition: 

  M–H* + H2O + e– ⇌ M + H2 + OH– (1.6) 

 Tafel reaction in both acidic and alkaline conditions: 

 2M–H* ⇌ 2M + H2 (1.7) 

Similarly, the OER mechanism at the surface of the catalyst is expected to proceed 

via the adsorbate evolution mechanism (AEM).57 Generally, the AEM takes place through 

four single electron charge transfer steps in alkaline medium, involving adsorption and 

desorption of a sequence of reaction intermediates as shown below.57, 58 The overall 

response begins with the adsorption of OH- and finishes with the desorption of the OH-. 

 M + OH- ⇌ M–OH + e– (1.8) 

 M–OH + OH- ⇌ M–O + H2O + e– (1.9) 

 M–O + OH- ⇌ M–OOH + e– (1.10) 
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 M–OOH + OH- ⇌ M + O2 + H2O + e– (1.11) 

Similarly, OER mechanism in acidic medium involves following steps: 

 M + H2O ⇌ M–OH + H+ + e– (1.12) 

 M–OH ⇌ M–O + H+ + e– (1.13) 

 M–O + H2O ⇌ M–OOH + H+ + e– (1.14) 

 M–OOH ⇌ M + O2 + H+ + e– (1.15) 

 

Figure 1.1.3.5.2: Half reactions of water splitting process. 

Therefore, efficient electrocatalysts are required for these half reactions to facilitate 

the electron transfer as discussed above, which ultimately lower the overpotential. In 

particular, the OER is often considered the bottleneck for the overall water splitting. The 

traditional HER and OER catalysts are based on precious metals, including platinum,59 

iridium dioxide,60, 61 and ruthenium dioxide.62 The high cost of precious metals is clearly a 

prohibitive factor.63 Therefore, considerable effort has been made in recent years to 

develop inexpensive and efficient catalysts for both OER and HER.64-67 
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Among different classes of materials, perovskite oxides have been pursued as 

robust, stable, and economic electrocatalysts for water splitting in recent years.68-70 In 

particular, oxygen-deficient perovskites (ODPs) are promising candidates for replacing 

precious metal catalysts, given their structural diversity and flexibility of their functional 

properties.64, 65 A number of oxygen-deficient perovskites have been investigated as OER 

electrocatalysts in alkaline media, such as SrNb0.1Co0.7Fe0.2O3−δ,
66 SrCo0.9Ti0.1O3−δ,

71 

La0.5Sr0.5Co0.8Fe0.2O3−δ,
72 La0.7(Ba0.5Sr0.5)0.3Co0.8Fe0.2O3−δ,

73 and Ba0.5Sr0.5Co0.8Fe0.2O3−δ 

(BSCF)74. There have also been studies on the HER activity of some oxygen-deficient 

perovskites in alkaline environment, such as (Gd0.5La0.5)BaCo2O5.5+δ,
75 

Pr0.5(Ba0.5Sr0.5)0.5Co0.8Fe0.2O3-δ,
76 and SrNb0.1Co0.7Fe0.2O3-δ.

77 Some materials have been 

used as part of a composite with a precious metal catalyst, such as K0.469La0.531TiO3 

decorated by Ru cations on the surface, where nucleation growth of Ti-doped 

RuO2 nanoparticles occurs.78 This composite has better performance than Pt/C 

composite,78 but it still uses a precious metal. 

1.2 GENERAL OVERVIEW 

This thesis contains fourteen chapters, where detailed information on perovskite 

oxides from synthesis to characterization to property studies, are presented. Chapter 1 

describes the perovskite oxide family and its subclasses such as double perovskites, and 

oxygen deficient perovskites, along with basics of several properties that are studied in 

upcoming chapters. Chapter 2 explains the experimental aspects such as synthesis 

methodologies, characterization techniques, oxygen content analysis, device fabrication, 

and electrochemical measurement for perovskite oxides and related structures. Solid state 

and sol gel synthesis methods were utilized for the synthesis of materials. Similarly, this 
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chapter briefly discusses the characterization techniques of materials using powder X-ray 

diffraction, neutron diffraction, scanning electron microscopy, X-ray photoelectron 

spectroscopy, iodometric titration, etc. A detailed description of electrochemical 

measurements from catalyst ink preparation method to working electrode preparation to 

data analysis methods are also explained. 

Chapter 3 explains the interesting magnetic and electrical property transformation 

of double perovskite series BaSrMMoO6 (M = Mn, Fe, Co, Ni). BaSrFeMoO6 has 

ferrimagnetic ordering of the moments of Fe ions and metallic behavior while measuring 

DC conductivity from 25 – 800 °C. However, Mn, Co, and Ni-containing materials have 

antiferromagnetic ordering and semiconducting behavior in the same temperature range. 

Chapter 4 describes the results of O2, CO2, and CO gas interactions at 700 °C of 

four ODPs namely Ca2Fe2O5, Ca2FeMnO5, Sr2FeMnO5, and Sr2FeMnO5. Among four 

materials, Ca2Fe2O5 shows an outstanding sensing property for those three gases due to its 

structural stability. Chapter 5 describes detailed characterization and property studies of 

two novel ODPs Ca3GaMn2O8 and SrCa2GaMn2O8. Charge transport, magnetic, 

pseudocapacitive, and electrocatalytic hydrogen evolution activity in 0.5 M H2SO4 for the 

two compounds are thoroughly explained. 

Chapters 6 through 13 explain the electrocatalysis of several perovskite oxides and 

their related structures toward OER and HER of water splitting. The best performing 

materials out of many electrocatalysts that have been considered for the study are 

CaSrFeMnO6-δ (Chapter 6), LaCa2Fe3O8 (Chapter 7), Ca2Sr2Mn2CoO10-δ (Chapter 8), 

CaSrFe0.75Co0.75Mn0.5O6-δ (Chapter 9), Sr3FeMnO6 (Chapter 10), Ca2FeCoO6-δ (Chapter 

11), BaSrCoMoO6 (Chapter 12), and La3Co3O8 (Chapter 13). Our goal in these studies is 
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to find good electrocatalysts for lowering the overpotential. Finally, Chapter 14 presents 

an overall conclusion of this thesis, which will provide a summary of results and 

discussion of the interesting properties. 

 

 



 

16 
 

CHAPTER 2

SYNTHESIS, CHARACTERIZATION, AND FABRICATION METHODS 

2.1 GENERAL OVERVIEW  

One of the crucial aspects of materials chemistry is the synthesis of non-molecular 

inorganic solids, including perovskite oxides, by utilizing various methods. This primarily 

focuses on the synthesis, structure determination, and chemical and physical properties 

characterizations. In past few decades, the field has been expanded to the significant 

applications of solid-state materials for various systems such as batteries, 

pseudocapacitors, water electrolyzers, and fuel cells. Therefore, solid-state materials are 

prepared in various forms such as ceramics, fibers, films, foams, powders, nanoparticles 

and single crystals. This study is focused on the synthesis, characterization, and application 

of perovskite oxide ceramics. 

In this chapter, the main methods used to synthesize and characterize perovskite 

oxides are summarized in general. Specifically, the experimental techniques, processing 

and fabrication methods, and several characterization techniques employed for several 

studies, are briefly discussed. More details and specific methods and experimental 

conditions of all chapters are thoroughly discussed. However, additional experiments and 

methods such as density functional theory (DFT) calculations are separately discussed in 

chapters as required. 
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2.2 MATERIAL SYNTHESIS 

2.2.1 SOLID-STATE SYNTHESIS 

Majority of the materials studied in this work were synthesized using conventional 

solid-state methods. It is the oldest and still most widely used method to make inorganic 

solids, where reactant precursor powders are thoroughly mixed together, perhaps pressed 

them into pellets or some other shape and then sintered in a furnace for prolonged periods.  

The intimate mixing and pelletizing approach ensure a homogeneous mixture of 

desired reaction mixtures. Binary metal oxides or carbonates were mostly utilized during 

the synthesis. The disks or rectangular bars were then sintered in alumina boats at suitable 

temperatures under appropriate reaction conditions. The solid-state reaction conditions 

involved oxidizing (in the air or flowing oxygen gas) or reducing (1-10% H2 gas balanced 

with argon gas) or an inert atmosphere (in argon). The first step is called calcination which 

involves burning off carbonates at 1000 ℃, followed by regrinding, repalletization, and 

sintering at temperature range of 1100 to 1400 ℃. The general scheme is given in Figure 

2.2.1.  

The solid-state reaction proceeds via slow ion diffusion mechanism, which occurs 

at the interfaces between reactant grains at a high temperature. Thus, these reactions solely 

rest on ions' diffusion rate towards the grain boundaries. Consequently, the reactions are 

driven by high temperatures and longer reaction times. Therefore, this process requires 

several intermediate grindings and palletization. In a nutshell, successful solid-state 

reaction to synthesize pure materials, require the practical consideration of four main 
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issues: choice of starting materials, mixing method, container and heat treatment 

conditions.79 

 

Figure 2.2.1: Schematic representation of steps in solid-state synthesis. 

Starting materials 

Starting materials should be pure, reactive, and accurately known stoichiometric 

proportion of precursors. Care should be taken for moisture and CO2 sensitive reactants, 

which may be dried at certain temperature and/or stored in a desiccator. Oxy salt reagents 

such as carbonates and nitrates are ideal for oxide synthesis including perovskite oxide as 

considered in this study. Additionally, release of gases (CO2, NH3, N2) during the 

decomposition (calcination step) can aid to mix the solid reactants. 

Mixing of reactants 

It is necessary to bring particles of reactants into contact during the solid-state 

reaction. Therefore, precursors powders are intimately mixed and milled. For this purpose, 

mixing and milling is done manually using a mortar and pestle because they are non-

porous, readily cleaned and should not contaminate samples. Another way of mixing is 

mechanical mixing such as ball milling. This setup has a rotator container with a number 

of balls, for instance, agate, to mix the reactants. The container is then rotated for at least 



 

19 
 

3 – 24 hours. Other mechanical mixing methods involve a high-energy milling in planetary 

ball mills, which are rotated at very high speed. However, such type of mechanical 

processes have always a possibility of contamination from the milling media. Additionally, 

a liquid such as water or ethanol is also added to facilitate mixing. 

Container 

The solid-state reaction mixture is simply heated in a furnace in different 

atmosphere of gases such as air, argon, hydrogen, and oxygen. But the container should 

not react during the course of reaction. Frequently-used inert containers for oxides are boats 

or crucibles of alumina, Pt, Au, SiO2 glass, graphite (for the synthesis of sulfides, other 

chalcogenides and Nitrides). Importantly, staining and contamination from products after 

the reaction should be avoided because temperature limits, reactivity, and cost should be 

considered while selecting the crucibles or boats made of various materials. 

Firing schedule 

The heating schedule is carefully designed to cause decomposition of oxy salt 

reagents (carbonates), avoid melting, and apply temperatures to cause the reagents reaction 

at reasonable timescale (e.g. 12–24 h). Box and tube furnaces are utilized for reaction in 

air. But tube furnace is helpful for controlled atmospheres of various gases. There are 

reported recipes for known materials, whereas new material synthesis may require several 

trials to get the correct conditions. 

Overall, the material synthesis for various property studies in all upcoming chapters 

were carried out by the solid-state synthesis methods discussed above. This is summarized 

as follows. Based on the composition of a perovskite oxides, required powders of the 

precursor compounds such as CaCO3 (Alfa Aesar, 99.95%), SrCO3 (Alfa Aesar, 99.95%), 
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La2O3 (Alfa Aesar,99.998%), Fe2O3 (Alfa Aesar,99.998%), Mn2O3 (Sigma 

Aldrich,99.99%), Co3O4 (Alfa Aesar, 99.7%), CoO (Alfa Aesar,99.998%), and MnO (Alfa 

Aesar,99.998%), were mixed in stoichiometric proportions, and ground together using an 

agate mortar and pestle, then pressed into a pellet. The pellets were calcined in air or argon 

at 1000 °C for 24 h as needed for the composition. The samples were then reground and 

sintered at 1100 to 1400°C for 24 h in the same environment, followed by slow cooling. 

The heating and cooling rates were 100 °C/h in all cases.  

The following table summarizes the solid-state synthesis conditions for all 

materials discussed in upcoming chapters of this study. 

Table 2.1: Solid-state synthesis conditions for the studied materials.80-87 Note that the 

heating and cooling rates were 100 °C/h in all cases.  

 Materials Temperature/medium Total 

time (h) 

Intermediate 

grindings 

1.  BaSrMnMoO6 

BaSrFeMoO6 

1100 ℃, 5% H2/Argon 

 

30 1 

BaSrCoMoO6 

BaSrNiMoO6 
1200 ℃, Argon 96 3 

2.  Ca2Fe2O5 

Ca2FeMnO5 

Sr2Fe2O5 

Sr2FeMnO5 

1200 ℃, Argon 48 1 

3.  Ca3GaMn2O8 

SrCa2GaMn2O8 
1000 ℃, Air/1100 ℃, Air 12/72 3 

4.  Ca2FeMnO6-δ 

CaSrFeMnO6-δ 

Sr2FeMnO6-δ 

1000 ℃, Air/1200 ℃, Air 24/24 1 

5.  LaCa2Fe3O8 

LaSr2Fe3O8 
1100 ℃, Ar/1300 ℃/Ar 

1300 ℃/Ar 

48 

20 

2 

1 

6.  Ca2Sr2Mn2CoO10-δ 

Ca2Sr2Mn2FeO10-δ 

1200 ºC, Air/1350 ºC, Air 48 1 

7.  CaSrFe1−xCo1−xMn2xO6−δ 

(x = 0 – 1) 
1000 ℃, Air/1200 ℃, Air 48 1 

8.  Sr3Mn2O6 

Sr3FeMnO6 
1250 ℃, Ar 48 1 
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9.  Ca2FeCoO6−δ 

CaSrFeCoO6−δ 

Sr2FeCoO6−δ 

1000 ℃, Air/1200 ℃, Air 48 1 

10.  LaCoO3 

La3Co3O8 
1150 ℃, Air 

350 ℃, 5% H2 

48 

15 

1 

- 

2.2.2 SOL-GEL SYNTHESIS 

Sol-gel is a simple technique to synthesize high-quality nano and microstructures.88 

This method provides several advantages over solid-state method, where grain size is 

generally in micrometer range. Therefore, sol-gel method controls several aspects such as 

the texture, surface properties of the materials, and particularly nanometer nanoscale 

powders. Additionally, the process has features such as easy implementation, low cost, 

high quality, and production of materials with large surface areas.89 It is also widely used 

as a coating method.90 

 

 

Figure 2.2.2: Schematic representation of steps in sol-gel synthesis. 
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The Sol-Gel method utilizes a colloidal solution referred as “Sol”, which then 

evolves into a “Gel”. Therefore, the sol-gel involves a network that contains both a liquid 

and a solid phase because of several chemical reactions. It is categorized into two types: 

aqueous or hydrolytic and non-aqueous or non-hydrolytic. The aqueous Sol-Gel process 

can be explained in five important steps: hydrolysis, condensation, aging, drying and 

crystallization as shown in Figure 2.2.2. 

2.3 CHARACTERIZATION TECHNIQUES 

2.3.1 POWDER DIFFRACTION  

The phase identification and characterization are the next steps once a sample is 

synthesized.  A phase refers to a solid with a regular 3-dimensional arrangement of the 

atoms. X-ray and neutron powder diffraction techniques are considered for the 

identification of the regular 3D arrangement of the atoms, which includes atomic positions, 

interatomic distances, and bond angles.91 Throughout all the studies discussed in several 

chapters, powder X-ray diffraction (XRD) was used the most. However, powder neutron 

diffraction (PND) experiments were also used to understand the magnetic structures of 

some compounds. 

2.3.1.1 POWDER X-RAY DIFFRACTION  

In a crystal lattice, there are multiple atoms that contribute to the diffraction. Hence, 

a diffraction peak is observed by the constructive interference of the beams reflected by 

atoms that correspond to a certain hkl set of planes (Figure 2.3.1.1). Therefore, each peak 

corresponds to a particular d spacing (distance between two consecutive planes) in the 

crystal. Furthermore, constructive interference is observed when the waves are in phase 



 

23 
 

and a diffraction peak will be possible only if the difference between the travelled distances 

is an integer, n, of the wavelength, λ. In other words, if AB+BC=nλ. Also, note that 

AB=BC=dsinθ.  

Therefore,  

 2𝑑𝑆𝑖𝑛𝜃 = 𝑛𝜆 (Bragg’s Law) (2.1)  

Diffracted beams that do not follow this law (i.e. if path difference is a non-integer) 

will interfere destructively. 

 

Figure 2.3.1.1: (a) Lattice planes in a unit cell, (b) Scattering of X-rays by lattice planes, 

and (c) Modes of beam after diffraction. 

  

During the powder XRD data analysis, phase purity is determined by comparison 

of the measured pattern with the entries in reference databases using a search-match 

algorithm. Then, the powder pattern of a phase in this study is used for Rietveld refinement 

using GSAS software92 with EXPIGUI interface.93 Other such software include FullProf 

and Topaz fitting programs. Finally, these analyses give detailed crystallographic data such 



 

24 
 

as the site occupancies of atoms and vacancies and interstitial locations within the 

material.79 

Powder diffraction is utilized as a fingerprint detection for specific phases present 

in crystalline solids. It allows for the accurate determination of the unit cell dimensions. 

The location of diffraction peaks plotted against Bragg’s angle (2θ) for both single or 

polycrystalline materials is dependent on the unit cell parameters. When the cell parameters 

increase, the entire diffraction pattern shifts towards lower 2θ values though all the 

diffraction lines may not necessarily move by the same magnitude in non-cubic crystal 

systems if the expansion is not isotropic. Similarly, the peaks at a high 2θ angle are 

generally less pronounced because of the dependence on angle. 

2.3.1.2 POWDER NEUTRON DIFFRACTION 

In some of the projects of this study, powder neutron diffraction (PND) experiments 

were done at Oak Ridge National Labs to understand the magnetic structures of some of 

the phases. PND is a powerful technique that requires intense neutron flux, which is 

generated from a nuclear reactor or a spallation source. Unlike X-ray diffraction, PND uses 

the diffraction from nuclei of an atom, it allows to study lighter atoms and isotopes with 

similar atomic numbers. However, scarcity of the facility, low flux of sources, and large 

sample quantity (3-4 g), are some of the setbacks of this technique.  

This technique in this study has been utilized to study the information of the 

magnetic orders i.e. the relative arrangement of magnetic moments of transition metals in 

perovskite oxides. In perovskite oxides, magnetic ordering of B-site cations having 

unpaired d-electrons is possible. Ordering of moment direction for the magnetic behaviors 

such as paramagnetism, ferromagnetism, antiferromagnetism, are shown in Figure 
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2.3.1.2.1. Mostly, such moment alignment in cases such as antiferromagnetism and 

ferromagnetism occur due to double and super exchange mechanisms, respectively.1 For 

example, several antiferromagnetic ordering schemes in perovskite oxides are possible 

such as A-, C-, E-, and G-types (Figure 2.3.1.2.2). Such ordering schemes are obtained by 

the Rietveld refinement of PND data. The refinement is carried out with at least two 

different phases- one phase that attributes to crystal lattices, and another phase represent 

diffraction peaks that arises only from magnetic ions/lattices.  

 

Figure 2.3.1.24.1: Schematic representations of (a) Magnetic phenomena in 1D crystal, 

and (b) 180° superexchange between two paramagnetic cations (M3+) across the filled p 

orbitals of oxygen ion (O2-). 

 

 

Figure 2.3.1.2.52: Possible antiferromagnetic spin ordering patterns in an ideal cubic unit 

cell. 
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We have studied the magnetism of several materials, as discussed in the future 

chapters. Neutron diffraction experiments at 10 K were performed on POWGEN 

diffractometer at Oak Ridge National Laboratory. In addition, magnetization 

measurements were done on a vibrating sample magnetometer (VSM) to obtain magnetic 

susceptibility data at the temperature range of 2 – 400K, and isothermal magnetization data 

in fields up to 9 T. 

2.3.2 ELECTRICAL CONDUCTIVITY MEASUREMENT TECHNIQUES 

In this section, conductivity measurement of perovskite oxides is discussed. 

Electrical conductivity measurement is usually carried out by measuring the electrical 

resistance of a sample under an applied voltage e.g., 0.01 V. The electrical response 

changes depending upon the nature of resistance (Figure 2.3.2.1). Generally, the current 

response plateaus over a time for an electronic conductor. In ionic conductors, on the other 

hand, the diminished mobility of ions over the time drops the current response. The current 

theoretically drops to a value that is a function of the magnitude of the electronic 

conduction in mixed conductors. The measurement is done either using two-probe or four-

probe contact technique. 

 

Figure 2.3.26.1: Variation of current as a function of time in various modes of 

conduction. 
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In two-probe technique, the resistivity of a material can be obtained by measuring 

the resistance and physical dimensions of a bar of material, as shown in Figure 2.3.2.2. The 

material is cut into the shape of a rectangular bar, which is then painted with gold paste. 

Gold leads and wires are attached to both ends of the bar. A voltage source applies a voltage 

(0.01 V) across the bar, causing a current to flow through the bar. the resistance is expressed 

as: 

 𝑅 =  
𝑉

𝐼
 (2.2) 

where, R = resistance, v= applied voltage, and I is current in amperes. Then, 

resistivity is calculated as: 

 𝜌 =
Rwh

l
 (2.3) 

where, ρ, R, w, h, and l are resistivity, width, thickness, and length of the material. 

Finally, the reciprocal of resistivity provides the conductivity.  

 

Figure 2.3.27.2: DC conductivity measurement using two and four-point connections. 

In practice, the two-probe method may lead to some errors because of the 

contribution of current from contacts and wires. Therefore, the four-probe technique gives 

more accurate measurement. In this technique, four wires are attached to the sample bar as 

shown in Figure 2.3.2.2. A potential is applied through two wires located on the surface, 
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causing a current to flow. For a thin enough sample, the current flow can be considered 

uniform. A separate ammeter measures the amount of current passing through the bar. The 

four-probe resistivity of the material is calculated as: 

  ρ =  
Vwh

I 𝑙
′  (2.4) 

Two-probe direct current (DC) measurements discussed above are not considered 

to determine ionic conductivity in solids. Instead, AC impedance spectroscopy method is 

utilized for this purpose.94  Impedance is the alternating current analog to resistance for 

direct current. 

Several materials of this study were considered for conductivity studies. The 

variable temperature (25 – 800 °C) electrical conductivity measurements in air were done 

using a four-probe DC technique on rectangular pellets. Current values were recorded by 

applying a potential of 0.01 V.  

2.3.3 SCANNING ELECTRON MICROSCOPY 

Scanning electron microscopy (SEM) provides important information on the micro-

structures, particle sizes, and shapes over a broad range of magnifications. SEM also has 

an additional feature called energy dispersive X-ray detection (EDX). This allows 

elemental analysis, and the mapping of elemental distributions in a specific solid material. 

When high-energy electrons impinge on a compound, X-rays are generated. The energies 

of such X-ray radiations are characteristic of the element producing it.  This study has SEM 

analysis in most chapters. 
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2.3.4 QUANTIFICATION OF OXYGEN CONTENT VIA IODOMETRIC TITRATION 

For the quantification of oxygen non-stoichiometry (δ) per unit formula of  

perovskite oxides, iodometric titration is used in this study because this has been a powerful 

tool used in literature.80, 83, 86, 95 

The principle of iodometric titration is based on the double iodometric titration, that 

helps to reduce systematic errors.95 This involves two experiments. In the first experiment, 

sample is dissolved in an aqueous hydrochloric acid with excess KI, and a reaction occurs. 

Then, the second experiment involves the reduction of metal to lowest stable oxidation 

state with the release of I2. Thus, liberated I2 is titrated against Na2S2O3 solution using 

starch solution as an indicator. All experiments should be performed under inert 

atmosphere (argon or nitrogen gas purge and flow) to prevent interference from the 

atmospheric oxygen. A schematic of iodometric titration is presented in Figure 2.3.4.  

 

Figure 2.38.4: Schematics showing the steps in iodometric titration. 

In the perovskite oxides, iodide reduces B-site ions with variable valency such as 

B3+and B4+ to the lowest stable valence state such as B2+. At the same time, iodide ion is 

oxidized to form I2. The amount of I2 released is then quantified via redox titration with 

Na2S2O3 solution. δ value is then determined based on the amount of I2 released. Volume 
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of Na2S2O3 solution consumed during the process is recorded. Then, the average valence 

of B-site and oxygen non-stoichiometry (δ) is determined by the reaction equation and the 

charge neutrality principle. The average valency of the B-site cation(s) in the sample can 

be represented by the following titration reaction equations:96 

 A𝐵𝑋+𝑂3 →  A𝐵2+𝑂2 +  
𝑋−2

2
𝐼2 (2.5) 

 𝐼2 + 2𝑆2𝑂3
2−  → 2𝐼− +  𝑆4𝑂6

2−  (2.6) 

Then, δ value can be calculated as follows: 

 𝛿 =  
(4−𝑌) 𝑚−𝑀 𝑛

2 𝑚−16 𝑛
 (2.7) 

  

where, M = molar mass of the sample, Y = the average valence of the A-site cation (mostly 

considered stable), m = sample mass, C = concentration of Na2S2O3,  and n = C x ∆V, 

where ∆V is the total volume of Na2S2O3 solution consumed.  

The above literature is summarized to run experiments for iodometric titration for 

determining oxygen content of several samples, that will be discussed in upcoming 

chapters. The titrations were performed under an argon atmosphere by dissolving about 50 

mg of the sample and excess KI (∼2 g) in 100 mL of 1 M HCl. A total of 5 mL of the 

solution was then pipetted out into a conical flask with 20 mL of water. The solution was 

titrated against 0.025 M Na2S2O3. Near the endpoint of the titration, 0.2 mL of a starch 

solution was added to act as an indicator. The iodometric titrations were done on three 

different samples for each compound, and the measurement on each sample was repeated 

three times to ensure reproducibility. 



 

31 
 

2.3.5 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

The study of oxidation states of transition metal of most of the perovskite oxides is 

very crucial for this study. This helps to understand the bonding environment of B-site 

cations. Many properties such as magnetism, electrocatalysis, polaron mechanism in 

conductivity, etc. require the information of chemical states of metal ions. Therefore, XPS 

measurement were thoroughly done before and after material’s property testing in many 

cases. They are discussed extensively in several chapters. XPS experiments were 

performed at room temperature using Al K radiation (1486.7 eV). 

2.4 MATERIALS PROCESSING AND FABRICATION 

In this section, the processing and fabrication of perovskite samples that were 

utilized for electrochemical application, is briefly discussed. Perovskite oxides have been 

applied for energy conversion and storage processes. This will be briefly discussed here in 

general perspectives. However, more detailed fabrication methods and processing will be 

discussed in future chapters. 

Sensor cell fabrication 

As a part of this work, perovskite oxides have been studied for gas sensors (chapter 

4). For fabrication of a sensor device, either rectangularly shaped or disks of materials can 

be used. The disk is painted with the gold paste on both sides and dried at 600 ℃ for an 

hour. Then, using gold leads that are connected with the gold wires, the disk is sandwiched 

between ceramic pellets using a spring loaded setup. Finally, current responses over time 

upon exposure to different concentrations of analyte gases such as O2, CO2, and CO can be 

recorded.  
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Electrochemical measurements and working electrode preparation 

Perovskite oxides in this study have been explored for their electrocatalytic 

performance for electrochemical water splitting to generate clean and green hydrogen gas 

for fuel. The water splitting process involves two half reactions namely hydrogen evolution 

reaction (HER) and oxygen evolution reaction (OER). Both reactions are sluggish and bear 

large overpotential, which is minimized by using perovskite oxide electrocatalysts. 

 

Figure 29.4: (a) Schematics for the preparation of catalyst ink and steps of depositing the 

catalyst ink film onto the surface of glassy carbon working electrode, (b) the use of disk 

of catalyst as WE, and (c) Electrochemical cell with electrode types. 

The majority of OER and HER studies are concentrated on powder materials to 

measure the activity.97 These powdered catalyst materials are first converted into an ink 

form by dispersing in a suitable solvent (generally ethanol and tetrahydrofuran, THF) to 

form a homogeneous solution. A binder is added to attach the catalyst on the electrode. 

Some commercially available binders are Nafion®, Aquivion®, PTFE Fumion®, etc. In 

most of the literature, Nafion is the most used binder. The Nafion content should be as low 
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as possible (in micro liters) to minimize the extra diffusion resistance by O2 and IR drop. 

Then, additives such as acetylene black or carbon black are also added. This mixture is 

sonicated at least 15 - 30 minutes to form the homogeneous ink. The catalyst ink is then 

drop casted onto a glassy carbon electrode surface. A schematic representation of ink 

preparation, dropcast method for catalyst film, electrochemical cells, rotating disk 

electrode setup (RDE) for experiments, and disk or pellet OER setup, are shown in Figure 

2.4. The experiment is run in a four-neck electrochemical cell that contains an alkaline or 

acidic electrolyte. The working electrode is attached to the rotator of a rotating disk 

electrode setup (RDE). For an alkaline electrode, Hg/HgO electrode is used as reference 

electrode, whereas for an acidic electrolyte, Ag/AgCl is used. Pt wire and graphite rod are 

used as counter electrode for OER and HER studies, respectively. The working electrode 

is rotated at 1600 rpm during the experiments to shake off the evolved bubbles of O2 or H2 

gas. The stability of the electrocatalyst is studied either by running at least 1000 OER/HER 

cyclic voltammograms (CVs) or by running chronopotentiometry experiments of a two-

electrode cell containing catalyst ink for at least 10 hours. In some cases, we have utilized 

catalyst disk itself as working electrode to prevent the contribution of nafion, carbon black, 

and other additives used during the preparation of catalyst ink. This not only allows to test 

the stability of catalysts but also provides information about intrinsic OER/HER activity. 

More specifically, the general process discussed above for electrocatalytic 

experiments, can be summarized as follows. Catalyst ink for HER and OER was prepared 

by sonicating a mixture of 35 mg perovskite powder, 40 μL Nafion and 7 mL THF for 30 

minutes. Then 20 - 40 μL of the ink was drop-casted (10 µL per coating) on the surface of 

a glassy carbon electrode (with area of 0.196 cm2) and allowed to air-dry overnight. 
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Experiments were also done by addition of 7 mg carbon black to the above mixture. For 

many perovskite oxides discussed in few chapters, the results without or with carbon black 

were similar.  

The glassy carbon electrode loaded with catalyst was used as the working electrode 

and was rotated using a rotating disk electrode system at 1600 rpm. A commercial Pt 

electrode and silver/silver chloride electrode were used as counter and reference electrodes, 

respectively. The OER cyclic voltammetry data were recorded at a scan rate of 10 mV s−1 

versus Ag/AgCl (3 M KCl), as commonly done for OER experiments.64, 71, 98, 99 The 

potential range that was scanned in OER experiments was 0.0 to 0.8 V (vs Ag/AgCl) for 

basic and 0.0 to 2.1 V (vs Ag/AgCl) for acidic condition. The HER data were obtained 

using a carbon counter electrode at a scan rate of 10 mV s−1 versus Ag/AgCl (4 M KCl), as 

commonly utilized in HER.100-102 The potential range that was scanned in HER experiments 

was -0.5 to -1.6 V (vs Ag/AgCl) for basic and 0.0 to -1.0 V (vs Ag/AgCl) for acidic 

condition. The ohmic drop (iR) correction was made to all polarization curves by 

measuring solution resistance via AC impedance, which gave 31 – 50 Ω for 0.1 M HClO4, 

50 – 63 Ω for 0.1 M KOH, and 9 – 12 Ω for 1 M KOH. The potential values versus 

silver/silver chloride (EAg/AgCl) were converted to be expressed against RHE according to 

the equation 

 ERHE = EAg/AgCl + 0.059 pH + E⁰Ag/AgCl (2.8)  

where E⁰Ag/AgCl  = 0.21 V for 3M KCl98 and 0.197 V for 4 M KCl.103  

Chronopotentiometry experiments were conducted to test the stability of the 

catalyst by applying the current of 10 mA and measuring the potential over time. 
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Pseudocapacitive measurements 

For pseudocapacitance studies, the same ink preparation method as above was used 

for three-electrode cyclic voltammetry (CV) measurements. In the three-electrode cell, the 

sample ink (40 μL) loaded on GCE was used as a working electrode, Pt as a counter 

electrode, and Ag/AgCl (in 3M NaCl) as a reference electrode to record CVs by scanning 

from -1.0 to 0.4 V (vs Ag/AgCl) using rotating disk electrode at 1600 rpm. Pt electrode 

was cleaned before use by bath sonicating for 15 minutes in 0.5M H2SO4. 

For the fabrication of a symmetric two-electrode cell for galvanostatic 

charge/discharge (GCD), 100 μL of the same ink was pipetted in 20 μL increments to drop-

cast onto both sides of a 1 cm2 nickel foam followed by air-drying overnight. Two identical 

Ni foam electrodes with a total of 1 mg loading of active material were prepared. The two 

nickel foam electrodes were separated by placing a glass fiber filter paper between them. 

Gold wires and leads were clipped onto the electrodes to complete the cell circuit for 

studying GCD in 1 M KOH. The cell was soaked in 1 M KOH for at least an hour before 

GCD experiment and at least 12 hours before the stability test. The cell was used to record 

GCD curves at 0.5, 1, 3, 5, and 10 A/g current density. The GCD curves were recorded 

from 0.0 to 1.4 V vs Ag/AgCl stored in 3M NaCl (ALS Co., Ltd, Japan).



 

 

The work described in this chapter was published in Materials Today Chemistry, 

2019, 13, 25 - 33. 
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CHAPTER 3

MAGNETIC AND ELECTRICAL PROPERTIES OF BaSrMMoO6 (M = Mn, Fe, Co, 

Ni) 

In this chapter, we study the trends in magnetic and electrical properties of a series 

of double perovskites, BaSrMMoO6, M = Mn, Fe, Co, Ni, by retaining the 4d element, Mo, 

and varying the 3d metal, Mn, Fe, Co or Ni. The magnetic properties of these materials 

have not been studied, with the exception of one report on the Fe-material.104 The magnetic 

properties of the Mn, Co and Ni compounds are studied in this work for the first time. In 

addition, we have employed X-ray photoelectron spectroscopy to gain an in-depth 

understanding of the valence distribution of cations and the internal redox processes in 

these materials.  

3.1 CRYSTAL STRUCTURE  

Rietveld refinements with powder X-ray diffraction were employed to investigate 

the crystal structures of all compounds. The refinement profiles are shown in Figure 3.1, 

and the refined structural parameters are listed in Tables 3.1 - 3.4. These materials 

crystallize in cubic Fm-3m space group, consistent with previous reports.105, 106 As seen in 

Figure 3.2, these AAʹBBʹO6 double perovskites possess crystal structures with rock-salt 

ordering at B-site. The ordered BO6 (B= Mn, Fe, Co, Ni) and BʹO6 (B’ = Mo) octahedra 
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are connected through corner-sharing. The B and Bʹ cations alternate along the three 

crystallographic directions, such that the BO6 octahedra only have BʹO6 octahedra as 

nearest neighbors, and vice versa. It is evident that for these materials, the change in the B-

site cation does not affect the structure-type, and the crystal symmetry remains cubic in all 

cases. However, the A/Aʹ-site cations have a major impact on the structural symmetry, as 

evident from comparison between BaSrMnMoO6 and its analogues, which contain other 

types of cations on the A/Aʹ-sites. Ca2MnMoO6 
107 and Sr2MnMoO6 

108 both adopt the 

monoclinic P21/n symmetry. Whereas, BaSrMnMoO6 has cubic Fm-3m structure. Similar 

situation applies to the Fe-compound BaSrFeMoO6 (Fm-3m), where its Ca2 analogue, 

Ca2FeMoO6 is monoclinic P21/n 109 and the Sr2 analogue, Sr2FeMoO6 is tetragonal I4/m. 

108 Likewise, the structure of the Co and Ni compounds are dependent on the A/Aʹ-site 

cations, where both Sr2CoMoO6 and Sr2NiMoO6 are reported as tetragonal I4/m.108, 110 

Therefore, the presence of 50% Ba on the A/Aʹ-sites helps to stabilize the cubic symmetry 

in the crystal structure of these double perovskites.110 

To determine if there was oxygen non-stoichiometry in these compounds, we 

performed iodometric titrations on all materials. These experiments showed that these 

compounds do not contain non-stoichiometry, and the oxygen stoichiometry in all 

materials was almost exactly 6. 

The crystallites size and morphology of these materials were examined by scanning 

electron microscopy (SEM) as shown in Figure 3.3. BaSrNiMoO6 and BaSrCoMoO6 show 

the largest crystallites, which are ~10 μm or larger, whereas the crystallites become smaller 

in BaSrMnMoO6 and BaSrFeMoO6. The latter contains the smallest crystallites of about 1 

μm. 
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Figure 3.1: Rietveld refinement profiles for PXRD data with Fm-3m space group. The 

black cross symbols, red solid curve, pink vertical tick marks and the lower blue curve 

correspond to the experimental data, calculated pattern for Fm-3m model, the Bragg peak 

positions and the plot difference, respectively. 

 

Figure 3.2: Crystal Structures showing the rock-salt-type order and crystallographic unit 

cell. 
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Figure 3.3: Typical SEM micrograph images. 

Table 3.1: Refined Structural Parameters of BaSrMnMoO6 Using PXRDa 

Element x y z Occupancy Uiso Multiplicity 

O1 0.2357(5)    0 0 1 0.035(1) 24 

Mo1 0 0 0 1 0.0284(7) 4 

Mn1 0.5 0.5 0.5 1 0.017(1) 4 

Sr1 0.25 0.25 0.25 0.5 0.0271(5) 8 

Ba1 0.25 0.25 0.25 0.5 0.0271(5) 8 
a Space group: Fm-3m (#225) a = 8.1073(2) Å, Rp = 0.0421, wRp = 0.0556, χ2 = 2.1%. 

Table 3.2: Refined Structural Parameters of BaSrFeMoO6 Using PXRDa 

Element x y z Occupancy Uiso Multiplicity 

O1 0.2333(4)    0 0 1 0.041(1) 24 

Mo1 0 0 0 1 0.0289(7) 4 

Fe1 0.5 0.5 0.5 1 0.027(1) 4 

Sr1 0.25 0.25 0.25 0.5 0.0297(4) 8 

Ba1 0.25 0.25 0.25 0.5 0.0297(4) 8 
a Space group: Fm-3m (#225) a = 8.1046(2) Å, Rp = 0.0412, wRp = 0.0583, χ2 = 3.34%. 

Table 3.3: Refined Structural Parameters of BaSrCoMoO6 Using PXRDa 

Element x y z Occupancy Uiso Multiplicity 

O1 0.2396(9)    0 0 1 0.008(2) 24 

Mo1 0 0 0 1 0.002(1) 4 

Co1 0.5 0.5 0.5 1 0.003(2) 4 

Sr1 0.25 0.25 0.25 0.5 0.0032(7) 8 

Ba1 0.25 0.25 0.25 0.5 0.0032(7) 8 
a Space group: Fm-3m (#225) a = 8.0049(1) Å, Rp = 0.0548, wRp = 0.0707, χ2 = 1.23%. 
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Table 3.4: Refined Structural Parameters of BaSrNiMoO6 Using PXRDa 

Element x y z Occupancy Uiso Multiplicity 

O1 0.2390(9)   0 0 1 0.024(2) 24 

Mo1 0 0 0 1 0.019(1) 4 

Ni1 0.5 0.5 0.5 1 0.019(1) 4 

Sr1 0.25 0.25 0.25 0.5 0.0222(8) 8 

Ba1 0.25 0.25 0.25 0.5 0.0222(8) 8 

Space group: Fm-3m (#225) a = 7.959(1) Å, Rp = 0.0852, wRp = 0.1222, χ2 = 2.29%. 

3.2 ELECTRICAL CONDUCTIVITY 

The electrical properties were investigated by four-probe technique on rectangular 

pellets in the temperature range 25 – 800 °C. The resistance values (R) obtained from these 

measurements were used to calculate the electrical conductivity (σ) using the following 

equation: 

 σ = 
L

RA
 (3.1) 

Here, L is the distance between the voltage leads, and A is the cross-sectional area of the 

rectangular pellet where the current leads are connected. The above equation is further 

modified to get the following equation for the calculation of conductivity using four-probe 

technique:19, 112 

 σ = (
I

V
) . (

L

wh
) (3.2) 

where, I, V, L, w and h are the current, applied potential, the distance between the voltage 

contacts, width and thickness of the rectangularly shaped sample. 

At room temperature, BaSrFeMoO6 shows the highest electrical conductivity, 

which is several orders of magnitude greater than the conductivities of the other three 

compounds (Table 3.5). The variable-temperature measurements indicate metallic 
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behavior for this compound, where a decrease in conductivity is observed as a function of 

temperature (Figure 3.4), consistent with a previous report. 106 The other three compounds 

show increase in electrical conductivity as a function of temperature, a property which is 

typical of semiconductors.105, 106 A marked increase in conductivity is observed above 200 

°C for BaSrMnMoO6, 300 °C for BaSrCoMoO6, and 500 °C for BaSrNiMoO6, as observed 

in Figure 3.4. 

 

Figure 3.4: Electrical conductivity data from 25 to 800 °C. 

Table 3.5: Variable temperature conductivity of Materials Room temperature conductivity 

of the four compounds 

 DC Conductivity at 25 °C (S/cm) 

BaSrMnMoO6 9.07 × 10-4 

BaSrFeMoO6 1.12 × 102 

BaSrCoMoO6 9.05 × 10-5 

BaSrNiMoO6 5.50 × 10-6 
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The Arrhenius equation can be used to calculate the activation energies (Ea) for the 

increase in conductivity as a function of temperature: 

 σ =  σ° 𝑒
−𝐸𝑎

𝑘𝑇⁄
 (3.3) 

where σ° is a pre-exponential factor and a characteristic of a material, and Ea, k, and T are 

the activation energy, Boltzmann constant, and absolute temperature, respectively. Figure 

3.5 shows the Arrhenius plot for all compounds. From this graph, the Ea values for the 

conductivity increase above 100 °C were calculated to be 0.270 eV, 0.273 eV and 0.558 

eV for BaSrMnMoO6, BaSrCoMoO6, and BaSrNiMoO6, respectively. 

 

Figure 3.5: Arrhenius plot for the conductivity of all four compounds. 

3.3 X-RAY PHOTOELECTRON SPECTROSCOPY 

In these materials, the B/Bʹ-site metals Mn, Fe, Co and Mo are capable of adopting 

different oxidation states. The synthesis conditions and the high temperature required for 
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the preparation of these compounds can lead to various valence states. Therefore, exploring 

the oxidation states of B site transition metals is an important part of this work.  

In XPS studies, the binding energies associated with 2p states for Mn, Fe and Co, 

and the 3d states for Mo were examined. The spectra were calibrated based on the carbon 

1s line at 284.5 eV. We discuss the XPS analysis of BaSrFeMoO6 first. It should be noted 

that a previous report on the synthesis of BaSrFeMoO6 uses Fe2O3 and MoO3 as precursors 

in a mixture of H2 and Ar.104 In our experiments, BaSrFeMoO6 could be synthesized using 

two combinations, Fe2O3/MoO3 or FeO/MoO3. For iron-containing oxides, the Fe3+ 2p3/2 

peak in the XPS spectra consistently appears at 710 – 711 eV with a satellite peak at ~7 – 

9 eV higher than the 2P3/2  peak.113-117 Whereas, Fe2+ 2p3/2 peak usually appears below 710 

eV with a satellite peak at ~4 – 6 eV higher than the 2P3/2  peak.113, 116 The XPS spectra of 

BaSrFeMoO6 show the Fe 2P3/2 peak at 710.3 eV and a satellite peak at 717.4 eV (Figure 

3.6). Therefore, the XPS data indicate the presence of Fe in trivalent state. Regarding 

molybdenum, the XPS data in Figure 3.7 show that Mo in this compound is in pentavalent 

state, which was expected given the lack of oxygen non-stoichiometry. As observed in 

several double perovskites before, the Mo 3d5/2 peak for hexavalent state usually appears 

at 232.3 – 232.5 eV.118-120 The 3d5/2 peaks for pentavalent molybdenum should appear at 

~232 eV or lower. For BaSrFeMoO6, the molybdenum 3d5/2 peak appears at ~232.1 eV, 

indicative of Mo5+, as expected (Figure 3.7).  

We next discuss the XPS data for BaSrMnMoO6. The analysis of the Mn spectra is 

not trivial, given the proximity of 2p binding energies for Mn in different oxidation 

states.121 The Mn 2p3/2 peak for divalent manganese in MnO is expected to appear at 640.6 

– 641.3 eV.118, 121 Also, a satellite peak at ~5 – 6 eV higher than the 2p3/2 peak is sometimes 
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observed for divalent manganese.122 2p3/2 peak for trivalent manganese in Mn2O3 appears 

at higher binding energies, usually  641.1 – 641.6 eV.118, 121 For BaSrMnMoO6, the Mn 

2p3/2 peak appears at 641.8 eV (Figure 6), indicating the presence of Mn3+. Regarding 

molybdenum, given the lack of oxygen non-stoichiometry, the pentavalent sate of Mo, 

determined from the XPS data in Figure 7, is not surprising. The Mo 3d5/2 peak for 

BaSrMnMoO6 appears at ~232.1 eV, indicative of Mo5+. 

 

Figure 3.6: XPS spectra of Mn, Fe, Co and Ni in the four compounds. 

The situation is different for BaSrCoMoO6. The XPS spectra for this compound 

show the presence of divalent cobalt. The Co 2P3/2 peak appears at 779.5 eV (Figure 6) 
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consistent with Co2+, as observed for other cobalt-containing oxides.115, 120 More 

importantly, there is a satellite peak at 784.5 eV. The satellite peak at 5 eV higher than the 

2P3/2 peak is a signature of Co2+.123 The satellite peak for trivalent cobalt usually appears 

at much higher binding energy, ~9 eV higher than the 2P3/2 peak.124 The XPS data for Mo 

(Figure 3.7), shows hexavalent state, which is expected considering that this compound 

does not have any oxygen non-stoichiometry. The XPS spectrum for molybdenum in 

BaSrCoMoO6 shows the Mo 3d5/2 peak at 232.3 eV, consistent with Mo6+ (Figure 3.7).118 

 

Figure 3 7: XPS spectra of Mo in the four compounds. 

The XPS data for BaSrNiMoO6 are also shown in Figures 3.6 and 3.7. Given the 

high stability of divalent nickel, it is expected that BaSrNiMoO6 contains Ni2+ and Mo6+.  

The XPS spectra show the Ni 2p3/2 peak at ~855.6 eV with a prominent satellite peak at 

~861.6 eV (Figure 6). Also, the Ni2+ 2p1/2 peak appears at ~872.9 eV with a satellite peak 
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at ~6 eV higher. These binding energies are consistent with those usually observed for 

Ni2+.125-128 The Mo 3d5/2 peak appears at 232.3 eV, consistent with the presence of Mo6+ 

(Figure3.7).118   

3.4 MAGNETIC PROPERTIES 

Magnetic susceptibility studies from 2 K – 400 K, and isothermal magnetization 

measurements through field-sweep in the range of 0 – 9 T indicate an interesting trend with 

respect to magnetic order in these compounds. There is one report indicating ferrimagnetic 

order in the Fe-compound. 104 However, there has been no study on the magnetic properties 

of the Mn, Co and Ni materials. Here, we show that the latter three compounds undergo 

transitions into antiferromagnetic state, in sharp contrast to the Fe-material.  

The magnetic susceptibility data were obtained by initially cooling the samples to 

2 K in the absence of a magnetic field (for zero-field-cooled (ZFC) measurements), and in 

the presence of a field (for the field-cooled (FC) data). The measurements were done by 

recording the magnetization in the temperature range of 2 K – 400 K, while applying a 

magnetic field of 0.1 T. The magnetic susceptibility data, shown in Figure 3.8, indicate that 

BaSrFeMoO6 undergoes a transition to ferrimagnetic state below ~380 K. For this material, 

there is an increase in the magnetic susceptibility as the temperature decreases below ~380 

K. The increase in susceptibility continues as the temperature is lowered, finally reaching 

a near-plateau region. The isothermal magnetization data at 5 K confirms the ferrimagnetic 

order, as evident from the sharp rise and saturation of magnetization at higher field and the 

absence of any hysteresis or remnant magnetization (Figure 3.9). The isothermal data at 
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400 K does not reach saturation, indicating that the ferrimagnetic transition occurs below 

400 K, consistent with the magnetic susceptibility data. 

 

Figure 3.8: Bulk magnetization data for the four compounds. 

As noted before, the magnetic properties of the other three compounds are different. 

As shown in Figure 3.8, the susceptibility data for BaSrMnMoO6 shows a sudden downturn 

below 6 K, indicating a transition to antiferromagnetic state. BaSrCoMoO6 also shows a 

similar behavior and an antiferromagnetic transition, but at a higher temperature, 30 K. The 

transition temperature is even higher for BaSrNiMoO6, which becomes antiferromagnetic 

below 75 K. The isothermal magnetization data for the Mn, Co and Ni compounds are 

almost linear, as expected (Figure 3.9). 
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Table 3.6 lists the experimental Curie constants obtained from fitting with the 

inverse susceptibility data. These results are compared with theoretical Curie constants, 

calculated using magnetic moments for Mn3+/Mo5+, Co2+/Mo6+, and Ni2+/Mo6+ 

combinations. The data for BaSrFeMoO6 are not shown in this table, because this material 

is not paramagnetic in the temperature-range of study, 2-400 K. 

 

Figure 3.9: Isothermal magnetization versus field at 5 and 300 K for the four 

compounds.  

Table 3.6: Comparison between experimental and theoretical values of Curie constant. 

BaSrFeMoO6 does not show paramagnetic behavior in the temperature-range of study, 2-

400 K. 

 C (experimental) C (theoretical) 

BaSrMnMoO6 3.08 3.37 (spin only) 

BaSrNiMoO6 1.55 1.0 (spin only) 

BaSrCoMoO6 3.44 3.38 (unquenched orbital contribution)* 

*For similar cobalt-containing double perovskites, orbital contribution is reported to be 

unquenched.129 
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Considering that all four compounds have the same type of crystal structure, the 

above results represent an excellent example of the correlation between magnetic 

properties and the nature of the B-site cation in isostructural oxide materials. The 

occurrence of magnetic order in all four compounds, and the strong magnetic coupling in 

the Fe-compound, which shows a magnetic transition well above room temperature are 

noteworthy. Furthermore, the systematic change in the Neel temperature among the three 

antiferromagnetic compounds is interesting. 

3.5 CONCLUSIONS 

The magnetic and electrical properties of double perovskites, BaSrMMoO6 (M= 

Mn, Fe, Co, Ni), vary significantly depending on the type of the 3d transition metal. The 

Fe-containing material is ferrimagnetically ordered, whereas the other three compounds 

show transitions into antiferromagnetic state. Furthermore, there is a pronounced 

difference between the electrical properties of these compounds. The Fe-material shows 

metal-like behavior, while the other three compounds show properties typical of 

semiconductors, where the electrical conductivity increases as a function of temperature.



 

The work described in this chapter was published in Journal of Electronic Materials, 

2020, 49, 1557 - 1567. 
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CHAPTER 4

EFFECT OF STRUCTURE ON SENSOR PROPERTIES OF OXYGEN-DEFICIENT 

PEROVSKITES, A2BB'O5 (A =Ca, Sr; B=Fe; B'=Fe, Mn) FOR OXYGEN, CARBON 

DIOXIDE AND CARBON MONOXIDE SENSING 

In this chapter, we have studied the sensor behavior of four different oxygen-

deficient perovskites and shown that the formation of brownmillerite structure combined 

with proper choice of elemental composition can lead to significant improvement in 

sensing properties. The compounds studied in this work are Ca2Fe2O5, Sr2Fe2O5, 

Ca2FeMnO5 and Sr2FeMnO5, where the A and B-site cations are varied systematically. The 

systematic change in their structure makes them interesting candidates for investigation of 

the effect of structure on gas sensing properties. We have shown this correlation and 

demonstrated the sensor behavior of these materials toward O2, CO2 and CO gases. 

4.1 SENSOR FABRICATION AND EXPERIMENTAL SETUP 

Cylindrical samples with a diameter of 9 – 10 mm and thickness of 2 – 2.5 mm 

were used for electrochemical sensor fabrication. DC voltage of 0.01 V was applied to 

record the current response for various amounts of O2 gas and ppm level concentrations of  

CO2 and CO gases. The AC data were obtained in the frequency range of 0.1 Hz to 1 MHz. 

The pellets were painted with Au-paste on both sides and heated at 700 °C for 2 hours in 
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argon to remove the organic binder. For each sensor experiment, a fresh pellet was used to 

ensure the reproducibility of the experiments. A schematic of the experimental setup used 

for sensor studies is shown in Figure 4.1. The electric circuit for the sensor cell was devised 

via a spring-loaded contact created by ceramic pellets using Au-leads and Au wire 

connections. The sensor cells were heated at 700 °C in a tube furnace by supplying the 

desired concentrations of gases. The gases were mixed precisely using computer-controlled 

mass flow controllers. A total flow (base gas and sample gas together) of 100 Standard 

Cubic Centimeters per Minute (sccm) was maintained inside the furnace. Argon was used 

as base gas to test the O2 sensing performance. For CO2 and CO sensor experiments, dry 

synthetic air was used as base gas. The ppm amounts were controlled by mixing appropriate 

ratios of the base gas with CO2 or CO (1% in balance argon).  

 

Figure 4.1: A schematic of the experimental setup used for sensor studies. 
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4.2 CRYSTAL STRUCTURE ANALYSIS AND OXYGEN CONTENT 

All four compounds are oxygen-deficient perovskites and can be represented by the 

general formula, A2B2O5. The Rietveld refinements with X-ray diffraction data (Figure 

4.2) confirm the reported structures of these four compounds.130-137 It is noted that defects, 

generated as a result of oxygen-deficiency, can have ordered or disordered distribution in 

the material structure. One type of ordered arrangement leads to the formation of 

alternating tetrahedral and octahedral coordination geometry, i.e., brownmillerite-type 

structure. Ca2Fe2O5 has such structure with alternating layers of FeO6 octahedra and FeO4 

tetrahedra.137 The tetrahedra form chains that can have either right-handed or left-handed 

orientation. In this compound, each chain has the same orientation relative to the other 

chains within the same tetrahedral layer, but opposite to those in neighboring layers, 

forming an orthorhombic Pnma system. On the other hand, Sr2Fe2O5 has a similar structure, 

but the orientation of tetrahedral chains relative to each other is random, leading to an 

orthorhombic Imma system.136 

The structure of Ca2FeMnO5 is similar to that of Ca2Fe2O5, with alternating 

octahedral and tetrahedral geometry and space group Pnma. However, there is an 

additional ordering, where Fe mainly occupies the tetrahedral sites, and Mn the octahedral 

positions.134 However, Sr2FeMnO5 has a different type of structure. In this material, the 

defects created due to oxygen deficiency are distributed randomly. Therefore, the average 

structure retains the perovskite-type framework, but with partial occupancy of oxygen sites. 

In other words, Sr2FeMnO5 has a regular perovskite-type Pm-3m structure, but some 

oxygen positions are vacant.134 
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Figure 4.2: Rietveld refinement profiles for Ca2Fe2O5, brownmillerite Pnma, Sr2Fe2O5, 

brownmillerite Imma, Ca2FeMnO5, brownmillerite Pnma, and Sr2FeMnO5, perovskite-

type Pm-3m.  

The oxygen stoichiometry was determined by iodometric titration, indicating 5 

oxygen per formula unit for all four materials, which is consistent with the reported oxygen 

contents of these compounds.131, 134, 136, 137 Scanning electron microscopy (SEM) images of 

sintered pellets before and after O2 sensor studies in Figure 4.3 reveal that Ca2Fe2O5 has 

the largest and most compact crystallites. Sr2Fe2O5 has somewhat smaller crystallites and 

more porosity in its microstructure. The Mn-containing materials have even smaller 

crystallites, with Ca2FeMnO5 showing the smallest crystallite size, and Sr2FeMnO5 having 

the most porosity as observed in Figure 4.3.  
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Figure 4.3: Scanning electron microscopy (SEM) images of sintered pellets before and 

after O2 sensor studies. 

4.3 O2 SENSOR STUDIES 

Oxygen sensors have been predominantly used to monitor air/fuel ratio in 

combustion engines, petrochemical, steel, oil and gas, power generation, refinery, food and 

beverage, paper and pulp, and glass industries.138, 139 These systems operate at high 

temperatures ranging from 100 to 1000 °C.138 At such high temperatures, sensing processes 

in semiconductor-based oxygen sensors occur based on changes in electrical conductivity 

arising from changes to the defect chemistry by chemisorption of oxygen.138 For the four 

compounds studied here, variable temperature electrical conductivity data reveal 

semiconducting behavior. Furthermore, these materials have oxygen-defects and are 

synthesized at high temperature, as described in the experimental section. Therefore, these 

compounds could be ideal for oxygen sensing in systems that operate at high 

temperature.135, 140, 141 Sensor output depends logarithmically on the partial pressures of 
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oxygen gas.138, 142 This allows the investigation of the sensitivity of material toward oxygen 

gas and calculation of important parameters, such as activation energies, to get insight into 

the sensing mechanism.142, 143 Therefore, investigation of sensing behavior in a range of 

oxygen partial pressure from 1 to 100 % is required.41, 138, 144, 145 Figure 4.4 shows the 

response and recovery transients at various concentrations of O2 (1% - 100%) in argon at 

700 o C. The O2 sensing behavior of each material is described below.  

 

Figure 4.4: The response and recovery transients at various concentrations of O2 in argon 

at 700 o C. Steps I, II, III, IV and V indicate 1%, 5%, 21%, 50% and 100% O2 gas. 

Sr2Fe2O5: This material does not show a plateau in current density at 1% and 5% 

oxygen gas but reaches a maximum current at 21% oxygen and does not show a further 

increase in current. In addition, it does not show recovery upon decreasing the oxygen 
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concentration. This indicates irreversible oxidation of Sr2Fe2O5, as evident from the 

comparison between powder X-ray diffraction data before and after the sensor experiments 

in Figure 4.5. The oxidation leads to the formation of an orthorhombic Cmmm phase, 

Sr2Fe2O5.5, which is one of the known structures for Sr-Fe-O system.146 This is confirmed 

by X-ray diffraction data after the sensing experiment (Figure 4.5).  

 
Figure 4.5: Comparison between powder X-ray diffraction data before and after O2 sensor 

experiments. 

Ca2FeMnO5: This material shows a current response that reaches a peak at 21% 

oxygen, followed by a downturn when the oxygen concentration is raised to 50% and 

100%. During recovery, when the oxygen concentration is gradually decreased, the current 

response shows an upturn. We assign this observation to deterioration of the material 

structure and formation of a more conducive phase, namely Ca2FeMnO6,147 leading to 
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higher current response. This interpretation is confirmed by X-ray diffraction data after the 

sensing experiment (Figure 4.5), which show the conversion of Ca2FeMnO5 into 

Ca2FeMnO6.
147  

Sr2FeMnO5: This material shows a more reasonable current response and the 

typical p-type conducting behavior. There is a stepwise increase in current density as the 

O2 percentage is increased from 1% to 5%, 21%, 50%, and 100%. Furthermore, a stepwise 

decrease in current density is observed during recovery, where the O2 concentration is 

decreased gradually. However, the recovery for Sr2FeMnO5 is not complete, and the 

current density does not go back to the same level as the start of the experiment. This 

incomplete recovery is attributed to the formation of the oxidized phase, Sr2FeMnO5.5, [34] 

demonstrated by X-ray diffraction and iodometric titration after sensor experiment, which 

confirmed the increase in oxygen content. Nevertheless, X-ray diffraction data (Figure 4.5) 

before and after the sensor experiment indicate that Sr2FeMnO5 retains its crystal structure.  

Ca2Fe2O5: This material shows the best response and recovery, where a plateau is 

reached at each O2 concentration, and there is a stepwise increase in current response as 

oxygen concentration increases (Figure 4.4). This is followed by a stepwise decrease in 

current, as the concentration of oxygen decreases. The current response at each O2 

concentration is the same for both sides of the plot. The recovery is nearly perfect, with a 

current response being the same at the beginning and end of the experiment. The O2 sensing 

properties of Ca2Fe2O5 are remarkable and comparable to some of the promising sensor 

materials studied before, such as Ce0.8Sm0.2O1.9,
148 BaFe1-xTaxO3-δ,

41 and Ni-NiO 

mixture.149 
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Considering that Ca2Fe2O5 shows the best performance, we have also conducted 

electrochemical impedance spectroscopy studies on this compound, by systematically 

varying the concentration of oxygen. The Nyquist plot for electrochemical impedance 

spectroscopy data for Ca2Fe2O5 in various O2 concentrations is shown in Figure 4.6. The 

impedance data turn from negative to positive at higher frequency region (left inset in 

Figure 4.6), indicative of inductance effect.150, 151 The definitive intercept with the real axis 

at low frequency and the absence of a low-frequency tail indicate the non-blocking nature 

of the interface between the oxide sample and the electrode, which allows facile flow of 

electrons. Importantly, the resistance of Ca2Fe2O5, estimated from the intercept of data with 

real axis in Nyquist plot, decreases systematically as the concentration of oxygen gas 

increases. This trend is the same as that observed in DC data and is the typical p-type 

semiconductor behavior as a function of oxygen concentration.150 Additionally, the time-

dependent plot of resistivity axis (right inset in Figure 4.6), obtained from the intercept of 

impedance spectroscopy data with real axis at 100 % O2, further confirms the consistency 

of Ca2Fe2O5 for O2 sensor.  

By convention, the time required to reach 90% of equilibrium current, denoted t90, 

is used to evaluate the rate of the sensor response.144, 150 In particular, the t90 value at low 

O2 concentration, e.g., 1%, is informative.144, 152 Among materials studied in this work, the 

best response time belongs to Ca2Fe2O5, ~7 min at 1% O2, while the other compounds did 

not reach equilibrium at this oxygen level and response time decreased slightly as the 

concentration of O2 gas is increased. The response time of Ca2Fe2O5 is better than those 

reported for some other oxygen-deficient perovskites, including Ce0.8Sm0.2O1.9
148 and 
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BaFe1-xTaxO3-δ.
41 It is also comparable to the response time of TiO2-doped Nb2O5 thin film 

(~5 min).153 It is noted that some composites and surface-modified systems (not pure 

materials) show better response times. Examples are Ga2O3, surface-modified with La2O3 

(~2 min),154 and Pt-incorporated CeO2 (5-11 sec).155 

 
Figure 4.6: Nyquist plot for electrochemical impedance spectroscopy data for Ca2Fe2O5 

in various O2 concentrations with inset showing resistance vs time in 100% O2. 

4.4 ORIGIN OF DIFFERENCES IN O2 SENSING 

Clearly, rapid diffusion of oxygen from the surface into the grains and vice-versa 

is a basic requirement for sensing oxygen. The role of oxygen-deficiency in this process is 

therefore significant. The equilibrium reaction between oxygen molecules in a gas phase 

and the oxygen vacancy (𝑉𝑂
••) in the material can be described as:156 

 
1

2
 𝑂2 +  𝑉𝑂

•• + 2𝑒′ ↔  𝑂𝑂
𝑥  (4.1) 

The oxygen vacancies are affected by the partial pressure of oxygen gas. Therefore, the 

oxygen partial pressure can be related to the electrical conductivity by the following 

equation:156 

 σ = A (e− 
EA
KT)  PO2

1/𝑚
 (4.2)        
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where σ is the electrical conductivity, A is the pre-exponential factor, EA is the activation 

energy, K is the Boltzmann constant, 𝑃𝑂2
 is the oxygen partial pressure. The absolute value 

of m is typically between 4 - 6,152 and depends on the defects involved in the reversible 

reaction between the oxygen gas and sensor,156 as well as the range of oxygen partial 

pressure and temperature.152 The sign of 1/m is determined by the type of conductivity, 

negative for n-type and positive for p-type semiconducting oxides. The materials studied 

in this work have p-type properties leading to a positive 1/m value. To achieve good 

sensitivity to variation of oxygen partial pressure, the absolute value of 1/m should be large 

and EA should be small.156 The m values can be calculated from the slope of log σ vs. logPo2 

(Figure 4.7). In this case, σ value was calculated using the equation: σ = L/RA, where, R, 

L and A are the resistance, thickness, and area of pellet, respectively.85 Among the 

materials studied in this work, the m value for the best performing materials, Ca2Fe2O5 is 

6.25. The very large value of m for Sr2FeMnO5 could be related to the facile oxidation of 

Mn3+ to Mn4+. 

 
Figure 4.7: Plots of log σ vs. log pO2 for different sensors. 
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There are clearly both compositional and structural factors at play, which affect the 

sensor response of these materials. For Ca2FeMnO5, which has a brownmillerite-type 

structure, the propensity of Mn to oxidize implies that there will be additional oxygen 

incorporated into the material lattice as Mn3+ ions convert into Mn4+. The brownmillerite 

structure can accommodate a small amount of interstitial oxygen.157 However, the tendency 

of Mn to oxidize will lead to the incorporation of a large amount of excess oxygen into the 

structure, resulting in irreversible deterioration of the brownmillerite structure and poor 

sensor properties.  

On the other hand, the larger size of Sr2+ compared to Ca2+ leads to different 

structure in Sr2FeMnO5, where the oxygen sites are only partially occupied. Therefore, the 

large excess of oxygen that accompanies the Mn3+
→Mn4+ oxidation process can be 

accommodated, without structural change or decomposition, leading to better sensor 

response and recovery for Sr2FeMnO5 compared to Ca2FeMnO5.  

The brownmillerite Ca2Fe2O5 can accommodate a small amount of excess oxygen 

in interstitial spaces, as previously observed for some brownmillerite compounds.157 It is 

noted that oxidation of iron to tetravalent state is not as facile as that of manganese. 

Therefore, it is expected that the iron oxidation in Ca2Fe2O5 is not as extensive as 

manganese oxidation in Ca2FeMnO5. Thus, Ca2Fe2O5 can retain its structure and act as a 

good sensor.  

For Sr2Fe2O5, the larger size of Sr leads to more flexibility in the possible structures 

of Sr-Fe-O system. Indeed, several different structures with various concentrations of 

oxygen are known for this system. Therefore, Sr2Fe2O5 readily accommodates large excess 
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of oxygen due to the structural transformation into a Cmmm structure featuring alternating 

octahedral and square-pyramidal geometry.146 However, the oxidized Cmmm compound is 

stable and the excess oxygen incorporated into the material does not leave the structure, 

leading to poor recovery in sensor experiments for Sr2Fe2O5. 

Therefore, among these four materials, Ca2Fe2O5 shows the best oxygen sensing 

response due to a combination of structural properties and compositional effects, namely 

the type of A and B-site cations, and the brownmillerite structure in this material.  

4.5 CO2 AND CO SENSOR STUDIES 

Various processes such as enhanced oil recovery158 and carbon capture and storage, 

require continuous detection of CO2 gas.159 Similarly, pollution control requires monitoring 

of regulated species such as hydrocarbons, CO and CO2 at ppm-level.143 The temperature 

involved in these processes can be 600 – 1000 °C.150, 160-162 The development of sensors 

capable of ppm level detection at such high temperatures is highly desired. Given the high 

stability of the materials studied in this work, they can be excellent candidates for CO and 

CO2 sensing experiments at high temperature. Resistor-type sensors detect analytes based 

on the adsorption and desorption of gas species on the metal oxide surface in presence of 

oxygen partial pressure (air).143 Therefore, experiments with ppm-level concentration of 

CO or CO2, and air as base gas were performed.163 Among the four materials studied in 

this work, three compounds, Sr2Fe2O5, Ca2FeMnO5, and Sr2FeMnO5, do not show the 

desired stepwise response and recovery as a function of analyte concentration. 

Only one compound, Ca2Fe2O5, shows sensing properties toward these gases. 

Figure 4.8 shows the response and recovery transients of Ca2Fe2O5 as a function of 
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different ppm levels of CO2 and CO gases at 700 o C. As demonstrated in Figure 4.8a, there 

is a stepwise decrease in current response as the concentration of CO2 increases. The 

current recovers nearly perfectly, as the CO2 concentration is decreased. A similar situation 

applies to the CO sensing response of Ca2Fe2O5 (Figure 4.8b). The graph of saturation-

current-density vs. log ppm for both CO2 and CO (Figure 4.9) shows almost the exact same 

trend. One possible adsorption mechanism for semiconducting metal-oxide sensors in 

response to oxidizing gases such as CO2 has been described as having multiple steps that 

involve the oxygen absorption from air:162, 164, 165 

 O2(gas) ↔ O2(absorbed) (4.3) 

 O2(absorbed) + e− ↔ O2
− (4.4) 

 O2
− + e− ↔ 2O− (4.5) 

 O− + e−↔ O2− (4.6) 

The adsorption of CO2 has been described based on interactions with electrons on the 

surface of the material, as well as the oxygen ions: 162 

 CO2 + e– →  CO2
−(adsorbed) (4.7) 

 CO2
−(adsorbed) + O−(adsorbed) + 2e− → CO(g) + 2O2−(adsorbed) (4.8) 

While this mechanism can explain the increase in conductivity of some p-type 

oxides in response to CO2,
162 there are some p-type semiconductors that show a different 

behavior, namely decrease in conductivity upon exposure to CO2.
166, 167 

The material described in this work, Ca2Fe2O5, shows decrease in conductivity as 

a function of CO2 concentration. The mechanism of this type of CO2 adsorption is not clear 

at this point.166  
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Figure 4.8: The response and recovery transients for Ca2Fe2O5 at 700 °C, in various 

concentrations of (a) CO2 and (b) CO. Steps I, II, III, IV and V indicate 2000, 4000, 6000, 

8000 and 9000 ppm. 

Regarding CO adsorption, the generally accepted mechanism for oxide sensors, 

particularly perovskite oxides, involves the participation of oxygen ions,168-170  similar to 

the process described for CO2. Different processes, involving oxygen species formed in 

reactions (4) and (5), are shown below. [15],171 

 Oadsorbed
−  + CO → CO2 + e−  (4.9) 

 COadsorbed + O2
− → CO2 + e− (4.10) 

CO also participates in the creation (equation 11) and filling (equation 12) of oxygen 

vacancies, where OO
x  and 𝑉𝑂

•• are the lattice oxygen and vacancy, respectively.  

 COgas + OO
x   → CO2 + 2e− +  𝑉𝑂

•• (4.11) 

 CO +  
1

2
 O2 +  𝑉𝑂

••+ 2e− → CO2 + OO
x  (4.12) 

Among four types of interactions between the sensor surface and CO (equations 9-

12), only one (equation 12) consumes electrons. Therefore, the change in conductivity is 

dominated by the generation of electrons, as expected from a reducing gas. As shown in 
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equation 9 and 10, the reducing gas, CO should be dominating to desorb or remove the 

chemisorbed oxygen ions and hence change in conductivity. 

 
Figure 4.9: Saturation current density vs. log ppm for CO2 (lower spheres) and CO (upper 

spheres). 

  

The time scale of CO2 sensing for Ca2Fe2O5, t90 ≈ 6 min, is similar to other CO2 

sensing oxides such as BaCa0.33Nb0.34Fe0.33O3-δ (5 min)150 and Ba2Ca0.66Nb0.68Fe0.66O3-δ (7 

min).172 For CO sensing, Ca2Fe2O5 shows t90 ≈ 5 min, which increases as the partial 

pressure of CO is increased. This time-scale is in the same range as other CO sensing oxides 

such as ZnCo2O4 ( 3 min)173 and Nb2O5 film (2 – 6 min).174 The observation that Ca2Fe2O5 

can act as a sensor for either CO2 or CO is remarkable. Its response and recovery are 

reminiscent of some of the successful sensors previously reported for CO2 and CO, such 

as BaCa0.33Nb0.34Fe0.33O3-δ
150 and ZnCo2O4.

173 

4.6 CONCLUSIONS 

Oxygen-deficient perovskites can act as high-temperature sensors for O2, CO2, and 

CO. The structure and composition of materials play an important role in their sensing 

properties. Among the four compounds studied in this work, Ca2Fe2O5 shows outstanding 
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sensor activity, with good response and recovery for different percentages of oxygen gas. 

Furthermore, this material is sensitive to ppm amounts of CO2 and CO and shows excellent 

sensing response to these gases. The structural stability, which is a consequence of the 

specific composition of this material, is an important factor in sensor response and recovery 

of this compound. The ability of Ca2Fe2O5 to demonstrate sensing activity toward all three 

gases, O2, CO2, and CO, is remarkable.



 

 

The work described in this chapter was published in ACS Applied Energy Materials, 

2020, 3, 10983 - 10992. 
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CHAPTER 5

PSEUDOCAPACITIVE ENERGY STORAGE AND ELECTROCATALYTIC 

HYDROGEN-EVOLUTION ACTIVITY OF DEFECT-ORDERED PEROVSKITES 

SrxCa3-xGaMn2O8 (x = 0 AND 1) 

In this chapter, we study the synthesis, crystal structure, electrical conductivity, 

magnetic properties, electrocatalytic activity, and pseudocapacitive performance of two 

bilayer brownmillerite compounds, Ca3GaMn2O8 and SrCa2GaMn2O8, with tetrahedral and 

octahedral arrangement pattern of TOOTOOT…, and show that these two materials 

demonstrate a remarkable combination of electrochemical properties that coexist in the 

same compound. 

5.1 CRYSTAL STRUCTURE  

The two compounds, Ca3GaMn2O8 and SrCa2GaMn2O8, belong to a defect-ordered 

family of oxides. Their crystal structures were determined by Rietveld refinements using 

powder X-ray diffraction. Figure 5.1 shows the refinement profiles of the two compounds  

and Tables 5.1 and 5.2 lists the refined structural parameters.  These compounds crystallize 

in the Pcm21 space group, consistent with the structure of a similar compound, 

Ca2.5Sr0.5GaMn2O8, reported before.175 Figure 5.2 shows the crystal structure and the 

distribution of cations, as well as the tetrahedral chain orientation for Ca3GaMn2O8 and 

SrCa2GaMn2O8. The structure of these materials is derived from the perovskite structure, 
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as described in the introduction section. It is noted that regular perovskites (ABO3) only 

contain AO12 and BO6 polyhedra. However, the general formula for our compounds is 

AA'2B'B2O8 (or A1/3A'2/3B'1/3B2/3O3-1/3), indicating four distinct metal sites with different 

coordination geometries, namely AO12, A'O8, B'O4, and BO6 polyhedral units. This is a 

result of an ordering scheme (Figure 5.2), where oxygen-vacancies only appear in every 

third layer of a perovskite system, creating tetrahedral B'O4 units that do not exist in a 

regular perovskite. This also results in the formation of 8-coordinated A'O8 units. There 

are, therefore, two types of B-sites (Figure 5.2), namely octahedral (B=Mn) and tetrahedral 

(B'=Ga). There are also two types of A-sites: (a) 12-coordinated A=Ca sites located within 

bilayer MnO6 stacks, and (b) 8-coordinated A'= Sr (or Ca for the Ca3 phase) residing 

between MnO6 octahedra and GaO4 tetrahedra. As observed in Figure 2, the number of A' 

sites is twice the number of A positions. In Ca3GaMn2O8, both A and A' sites are occupied 

by Ca. However, in SrCa2GaMn2O8, the Sr atoms mostly reside in the A-site between 

neighboring MnO6 layers, and most of the Ca atoms occupy the A' sites between GaO4 and 

MnO6 layers. The structure of Ca3GaMn2O8 was also confirmed by neutron scattering, 

which showed magnetic peaks as well, and will be discussed further in the magnetic 

property section. All GaO4 tetrahedra in these materials have the same orientation, 

arbitrarily assigned either right-handed or left-handed, throughout the structure, as shown 

in Figure 5.2c. There is an increase in the unit cell parameters of SrCa2GaMn2O8 compared 

with Ca3GaMn2O8 (Tables 5.1 and 5.2), which is expected given the larger ionic radius of 

Sr2+. 
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Figure 5.1: Rietveld refinement profiles of (a) Ca3GaMn2O8 and (b) SrCa2GaMn2O8 for 

powder X-ray diffraction data with space group Pcm21 (#26). The cross symbols, solid 

orange line, olive vertical tick marks, and lower magenta line correspond to experimental 

data, the calculated pattern for the Pcm21 model, Bragg peak positions, and difference plot, 

respectively.  

Table 5.1: Refined structural parameters for Ca3GaMn2O8 at room temperature using 

powder X-ray diffraction data. Space group: Pcm21, a = 5.4032(5) Å, b = 11.3013(4) Å, c 

= 5.2703(5) Å, Rp = 0.03459, wRp = 0.04797. 

Element x y z Multiplicity Occupancy Uiso 

Ca1 0.224(1) 0.1881(5) 0.512(3) 4 1.0 0.021(3) 

Ca2 0.245(1) 0.5 0.482(3) 2 1.0 0.014(3) 

Ga1 0.316(1) 0.0 0.048(2) 2 1.0 0.029(3) 

Mn1 0.2576(8) 0.3321(5) 0.0 4 1.0 0.021(2) 

O1 0.393(7) 0.0 0.398(6) 2 1.0 0.10(2) 

O2 0.298(3) 0.5 -0.013(7) 2 1.0 0.040(9) 

O3 0.179(2) 0.139(1) -0.025(5) 4 1.0 0.053(8) 

O4 -0.008(5) 0.344(1) 0.245(8) 4 1.0 0.067(5) 

O5 0.464(6) 0.299(1) 0.274(10) 4 1.0 0.047(8) 
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Table 5.2: Refined structural parameters for SrCa2GaMn2O8 at room temperature using 

powder X-ray diffraction data. Space group: Pcm21, a = 5.4443(1) Å, b = 11.4387(2) Å, c 

= 5.31853(9) Å, Rp = 0.0212, wRp = 0.0294. 

Element x y z Multiplicity Occupancy Uiso 

Ca1/Sr1 0.2273(7) 0.1858(3) 0.509 (2) 4 0.85(1)/0.15(1) 0.047(2) 

Ca2/Sr2 0.2429(6) 0.5 0.499(2) 2 0.40(2)/0.60(2) 0.031(2) 

Ga1 0.317(1) 0.0 0.045(2) 2 1.0 0.054(3) 

Mn1 0.2549(6) 0.3315(4) 0.0 4 1.0 0.043(2) 

O1 0.387(6) 0.0 0.381(6) 2 1.0 0.13(2) 

O2 0.294(3) 0.5 0.010(9) 2 1.0 0.068(8) 

O3 0.175(2) 0.142(1) -0.043(4) 4 1.0 0.048(6) 

O4 0.004(5) 0.339(1) 0.257(8) 4 1.0 0.034(3) 

O5 0.491(4) 0.3058(8) 0.256(8) 4 1.0 0.055(4) 

 

 

Table 5.3: Selected bond distances and angles for Ca3GaMn2O8 and SrCa2GaMn2O8. 

Ca3GaMn2O8 

Mn–O (Å) Ga–O (Å) Mn–O–Mn (degrees) 

Mn–O2 1.910(6) Ga–O1 1.86(4) Mn1–O2–Mn1 166.84(2) 

Mn–O3 2.23(2) Ga–O1 1.77(5) Mn1–O4–Mn1 171.40(2) 

Mn–O4 1.93(4) Ga–O3 1.78(2) Mn1–O5–Mn1 153.53(2) 

Mn–O4 1.91(4) Ga–O3 1.78(2) Ga1–O1–Ga1 130.70(2) 

Mn–O5 1.86(3) 

Mn–O5 1.95(3) 

 

 

SrCa2GaMn2O8 

Mn–O (Å) Ga–O (Å) Mn–O–Mn (degrees) 

Mn–O2 1.940(5) Ga-O1 1.83(3) Mn1–O2–Mn1 167.2(11) 

Mn–O3 2.22(7) Ga-O1 1.83(3) Mn1–O4–Mn1 174.1(12) 

Mn–O4 1.93(3) Ga-O3 1.86(2) Mn1–O5–Mn1 161.9(7) 

Mn–O4 1.92(3) Ga-O3 1.86(2) Ga1–O1–Ga1 131.0(2) 

Mn–O5 1.90(3) 

Mn–O5 1.92(3) 
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The microstructure is also affected by the type of A-site cations. As shown in 

scanning electron microscopy (SEM) images in Figure 5.3, there is an increase in the size 

of crystallites for SrCa2GaMn2O8 as compared with Ca3GaMn2O8. The oxygen 

stoichiometry in these materials was also determined using iodometric titration, giving 8 

oxygens per formula unit for both compounds, which matches the formulas of 

Ca3GaMn2O8 and SrCa2GaMn2O8.  

 
Figure 5 2: Crystal structures of (a) Ca3GaMn2O8 and (b) SrCa2GaMn2O8. Image (c) shows 

the relative orientation of tetrahedral chains in these compounds, viewed through the b axis.  

 
Figure 5.3: Scanning electron microscopy (SEM) images for sintered pellets of (a) 

Ca3GaMn2O8 and (b) SrCa2GaMn2O8. 
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5.2 ELECTRICAL CHARGE TRANSPORT  

Variable temperature electrical conductivity was studied for both Ca3GaMn2O8 and 

SrCa2GaMn2O8 from 25 °C to 800 °C (298 K -1073 K). The current response from DC 

measurement is used to obtain the resistance using Ohm’s law, which is then converted 

into conductivity (σ) using equation 1.85 

 σ = (
I

V
) . (

L

wh
) (5.1) 

where, I, V, L, w, and h are the current, applied potential, the distance between the voltage 

contacts in four-probe setup, width, and thickness of the rectangularly shaped sample, 

respectively. Figure 5.4a shows the variable-temperature conductivity data. Ca3GaMn2O8 

shows higher conductivity than SrCa2GaMn2O8 in the whole temperature range. The 

electrical conductivity of both materials increases as a function of temperature, a behavior 

typical of semiconducting materials. The temperature-dependent increase in conductivity 

can be due to the increase in mobility of charge carriers as a function of temperature, 

described by equation 2.176 

 σ = n e μ (5.2) 

where σ is conductivity, n is the concentration of electrons/holes, e is the charge of the 

electron, and μ is the mobility of charge carriers. The activation energy (Ea) for the 

temperature-dependent increase in the conductivity of these materials can be calculated 

using the Arrhenius equation:85 

 log σT =  log 𝐴 − (
Ea

2.303𝑘T
) (5.3) 

where A, k, and T represent the pre-exponential factor, Boltzmann constant, and 

temperature, respectively. Figure 5.4b shows the plot of log (σT) versus 1000/T. The 
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activation energy is obtained using the slope from the linear fit to the data above 200 °C 

(473 K). The Ea values are equivalent to the slope multiplied by k value (8.62 × 10-5 eV. 

K-1), 2.303, and 1000. The observed linear fit suggests that the conduction process obeys 

the Arrhenius law given by equation 3. The Ea values are consistent with the conductivity 

trend. Ca3GaMn2O8, which shows higher conductivity, has lower activation energy. 

Whereas SrCa2GaMn2O8 with lower conductivity shows higher activation energy.  

 
Figure 5.4: (a) Variable-temperature electrical conductivity, and (b) Arrhenius plots for 

the conductivity data of Ca3GaMn2O8 and SrCa2GaMn2O8.  

The difference between the electrical charge transport of the two materials is due 

to the structural differences. In oxides, electronic conduction takes place through Mm+–O–

Mn+ pathway,177 where M represents a transition metal with variable oxidation states.176  In 

the two materials studied in this work, the presence of manganese atoms is repsosible for 

the conduction. It has been shown that the bond lengths and angles play an important role 

in conductivity. Shorter M–O bonds and more linear M–O–M angles lead to enhanced 

conductivity.26 It appears that in this case, the effect of shorter bond length is dominant. 

While the bond angles in SrCa2GaMn2O8 are closer to linear (Table 5.3), the Mn–O bond 

distances in Ca3GaMn2O8 are slightly shorter. Furthermore, as observed from the SEM 
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images in Figure 5.3, the grains in the sintered pellet of Ca3GaMn2O8 are packed more 

closely, which can contribute to the enhanced conductivity.  

5.3 MAGNETIC PROPERTIES  

Zero-field cooled and field cooled magnetization data of Ca3GaMn2O8 and 

SrCa2GaMn2O8 are shown in Figure 5.5. The magnetization data reveal magnetic 

transitions below 120 K and 150 K, for Ca3GaMn2O8 and SrCa2GaMn2O8, respectively. 

The low values of magnetic susceptibility in the entire temperature range (2 K - 400 K), 

indicate that there is little uncompensated moment in both materials. This is further 

confirmed by isothermal magnetization data shown in Figure 5.5. These data reveal low 

magnetization values even at a magnetic field of 9 T at 2 K, where magnetization values 

reach a maximum of 0.19 µB and 0.10 µB per mole for Ca3GaMn2O8 and SrCa2GaMn2O8, 

respectively. These low magnetizations, along with the transition observed in magnetic 

susceptibility indicate that the magnetic state of these materials at low temperature is 

antiferromagnetic, which is also reported for a similar compound Ca2.5Sr0.5GaMn2O8.
175  

The antiferromagnetic order in our materials was further confirmed by neutron scattering 

at 10 K for Ca3GaMn2O8. The magnetic structure was analyzed using GSAS software and 

EXPEGUI interface.93, 178 Figure 5.6a shows the Rietveld refinement profile with both 

magnetic and atomic phases.  

The magnetic peaks in the neutron scattering pattern could be defined by the same 

unit cell as that of the chemical structure. The magnetic structure consists of a three-

dimensional G-type antiferromagnetic arrangement, where the Mn moments are aligned 

antiparallel to all nearest neighbors along the b-axis (Figure 5.6b). The moment of Mn was 
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refined to 3.31(4) μB. This value is lower than the average theoretical moment expected 

for a 1:1 ratio of Mn3+ (d4) and Mn4+ (d3) cations in Ca3GaMn2O8, which is 4.39 μB. 

However, low moments have been observed for Mn in other Ga-containing oxides such as 

Ca2GaMnO5.045 (3.6 μB), SrCaMnGaO5+δ (3.3 μB), and Sr2GaMnO5.0 (3.2 μB).175, 179-181 

 
Figure 5.5: (a) and (b) show magnetic susceptibility and isothermal magnetization data, 

respectively, for Ca3GaMn2O8. Parts (c) and (d) show the data for SrCa2GaMn2O8. 

 
Figure 5.6: (a) Neutron refinement profile for magnetic (red vertical tick marks) and 

chemical structure (green vertical tick marks) of Ca3GaMn2O8. Small additional peaks at d 

≈ 4.3 Å could be due to CaMnO3-δ
175 or MnO182 that have been reported for similar 

materials. These small peaks appear when the synthesis is scaled up to gram level (~4 g) 

for neutron experiments. (b) G-type antiferromagnetic structure of Ca3GaMn2O8 with 

moments along b direction.  
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5.4 ELECTROCATALYTIC ACTIVITY FOR HYDROGEN-EVOLUTION REACTION   

To our knowledge, the electrocatalytic activity for water splitting has not been 

studied for this structural family. Therefore, through this work, we introduce another class 

of materials that can be utilized for water splitting. We investigated the electrocatalytic 

activity of Ca3GaMn2O8 and SrCa2GaMn2O8 for hydrogen evolution reaction (HER) and 

oxygen-evolution reaction (OER) of water splitting process. These compounds showed 

some degree of OER activity (Figure 5.7c), but their performance was not high enough to 

be competitive with existing catalysts. However, remarkably, both materials exhibited very 

high HER activity, as demonstrated in Figure 5.7. 

 For HER studies, the onset potential and overpotential at the current density of 10 

mA/cm2 are used to describe the performance of electrocatalysts.70, 183 Lower values of 

onset potential and overpotential are indicative of better HER catalysts. The HER studies 

are often done in either acidic or basic conditions. The basic media (0.1 M or 1 M KOH) 

did not lead to high activity, but acidic condition (0.5 M H2SO4) was found to result in an 

excellent HER activity for the materials studied here. Figure 5.7 shows the polarization 

curves of the two compounds as well as that of the reference electrocatalyst, Pt/C. Clearly, 

the platinum catalyst shows very good activity, but the high cost of precious metals, such 

as platinum, is a major problem. There is a substantial ongoing effort toward the discovery 

of economical HER catalysts.70, 183 Both materials studied in this work show significant 

HER activity, with an onset potential of ~ -0.27 V for Ca3GaMn2O8 and ~ -0.21 V for 

SrCa2GaMn2O8, beyond which the cathodic current increases rapidly. The overpotential 

(η10) needed to drive a current density of 10 mA/cm2 is η10 ~ -367 mV for Ca3GaMn2O8 
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and η10~ -315 mV for SrCa2GaMn2O8. The latter is only ~215 mV higher than that of Pt/C. 

This is a remarkable performance. 

 
Figure 5.7: (a) HER activity in 0.5M H2SO4. (b) Tafel slopes for HER activity of 

Ca3GaMn2O8 (red), SrCa2GaMn2O8 (blue), and Pt/C (black). (c) OER activity in 0.1M 

KOH. (d) Chronopotentiometry response in 0.5M H2SO4 to test the stability during HER. 

(e) X-ray diffraction data before and after the chronopotentiometry. 

The kinetics of HER can be investigated using the Tafel equation,184 
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  = a + b log j (5.4) 

where  and j are overpotential and current density, respectively. The slope of η versus log 

j plot (Tafel slope) is used to show the relative reaction rates for different catalysts. As 

shown in Figure 7, the Tafel slopes for Ca3GaMn2O8, SrCa2GaMn2O8, are 143 mV/dec, 

and 128 mV/dec, respectively. Chronopotentiometry experiments in 0.5M H2SO4 were 

conducted to test the stability under HER conditions. As shown in Figure 5.7d, these 

measurements indicated excellent stability. In addition, X-ray diffraction data (Figure 

5.7e), in particular the largest diagnostic peaks close to 33-34o (enlarged in the inset), 

before and after chronopotentiometry showed the retention of the materials structures, 

further confirming the stability of these compounds. Furthermore, the double layer 

capacitance, Cdl, which is often taken as representative of electrochemically active surface 

area,185 was calculated as 127 μF and 649 μF for Ca3GaMn2O8 and SrCa2GaMn2O8, 

respectively, matching the trend of HER activity  (Figures 5.8). 

It is noted that some oxide electrocatalysts show higher activity than our 

materials.70, 183 For example, some nano-materials or composites based on metal oxides, 

such as WO3 nanosheets (η10 ~ -38 mV)186, MoO3-y nanofilms (η10 ~ -201 mV)187, and WO3 

nanoplates (η10 ~ -117 mV)188, perform better than our compounds in 0.5M H2SO4. 

However, these systems need additional fabrication steps, such as composite formation or 

nanofabrication. Regarding bulk oxide electrocatalysts, the recently reported 

CaSrFeMnO6-δ shows HER catalytic activity with η10~ -310 mV.189  Nevertheless, the 

materials studied in this work are still among high performing HER catalysts and show 

better activity than the extensively studied catalysts MoS2,
190 gold,191, and bulk WO3

192 in 
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acidic condition. In addition, while nanofabricated oxide catalysts for acidic HER, such as 

those described above, have been reported, perovskite-based oxides, especially in bulk 

form, that are capable of acidic HER catalysis are uncommon.189  

 

Figure 5.8: (a) and (b) Cyclic voltammetry data in non-faradic region for the two 

compounds. (c) Plot of javerage versus scan rate (ν). Here, javerage is the average of janodic and 

jcathodic absolute values at the middle potential of the CV at each scan rate. The Cdl value is 

often taken as a measure of electrochemically active surface area (ECSA),185 and is 

obtained from the slope of javerage versus ν graph according to the equation  Cdl = javerage/ν. 
189, 193 

5.5 PSEUDOCAPACITIVE CHARGE STORAGE  

Another remarkable feature of the materials studied in this work is their pseudocapacitive 

properties. Supercapacitors have been extensively investigated due to their significant 

advantages in power density and cycling stability. However, they suffer from low energy 

density, and their charge storage capacity is limited. Unlike traditional electric double-layer 

capacitors that rely on non-Faradaic electrostatic charge storage, pseudocapacitors operate 
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based on Faradaic processes, and therefore show greater charge storage capacity.194 

However, since the Faradaic charge transfers in pseudocapacitors occur on or near the 

surface, they are not limited by bulk diffusion, leading to cyclic voltammetry (CV) and 

galvanostatic charge-discharge (GCD) behavior similar to traditional capacitors. In theory, 

pseudocapacitors can possess both high power density of capacitors and high energy 

density of batteries.44 Intercalation-based pseudocapacitors involve Faradaic electron 

transfer that occurs upon intercalation and de-intercalation of ions.44 The intercalation of 

oxygen anion was first observed in 1975 in perovskite oxide, Nd1-xSrxCoO3, in an alkaline 

solution.45 Further utilization of this phenomenon for pseudocapacitive energy storage was 

shown several decades later in 2014.44 Since then, some other pseudocapacitive materials 

based on oxygen anion intercalation have been studied. Examples of the materials that have 

been investigated are La1−xSrxMnO3,
3, 44, 46 La1−xCaxMnO3,

47 SrCo0.9Nb0.1O3,
48, and 

LaNi1−xFexO3−δ.
49 The compounds studied before have been primarily perovskite-based 

oxides, ABO3, where the A or B sites were occupied by two cations that were distributed 

randomly. Here, we show that vacancy-ordered systems, such as bilayer structures can also 

exhibit oxygen-based pseudocapacitive properties.  

Figure 5.9 shows the CVs of Ca3GaMn2O8 and SrCa2GaMn2O8 in the three-

electrode setup at varying scan rates of 5, 20, 40, 60, and 80mV/s in the voltage range of 

0.4 to -1.0 V vs Ag/AgCl. The quasi rectangular CV shapes indicate pseudocapacitive 

behavior, and Mn2+/Mn3+ and Mn3+/Mn4+ redox peaks are indicative of the Faradaic 

processes. 3, 44, 46-49, 195 At a scan rate of 5 mV/s, a pair of oxidation and reduction peaks are 

observed for both compounds during the anodic and cathodic scans, respectively. These 

redox peaks become more discernible at faster scan rates as shown in the representative 
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scan rate of 20 mV/s in Figure 5.9 (a, b). At 5 mV/s, a less intense oxidation peak appears 

in Ca3GaMn2O8 at –0.10 V vs Ag/AgCl (3M NaCl) along with another sharp peak at –0.61 

V vs Ag/AgCl (3M NaCl), which are indicative of Mn3+ ↔ 4+ and Mn2+ ↔ 3+ surface redox 

reactions, respectively. Similarly, two reduction peaks for this material are observed at –

0.35 V and –0.66 V vs Ag/AgCl (3M NaCl) that correspond to the reverse reactions during 

the cathodic scans. Similarly, for SrCa2GaMn2O8, two pairs of oxidation and reduction 

peaks indicate similar Mn3+ ↔ 4+ and Mn2+ ↔ 3+ redox events. 

 
Figure 5.9: Cyclic voltammetry (CV) curves at 20 mV/s showing the pseudocapacitive 

properties of (a) Ca3GaMn2O8 and (b) SrCa2GaMn2O8. The inset shows the CVs at 

different scan rates, 5, 20, 40, 60, and 80 mV/s in black, red, blue, green, and magenta, 

respectively. Parts (c) and (d) show the CV curves at 100 mV/s in different electrolytes 

(KNO3 and KOH) for Ca3GaMn2O8 (c) and SrCa2GaMn2O8 (d), respectively. 
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At a scan rate of 5 mV/s, a pair of oxidation and reduction peaks are observed for 

both compounds during the anodic and cathodic scans, respectively. These redox peaks 

become more discernible at faster scan rates as shown in the representative scan rate of 20 

mV/s in Figure 5.9 (a, b). At 5 mV/s, a less intense oxidation peak appears in Ca3GaMn2O8 

at –0.10 V vs Ag/AgCl (3M NaCl) along with another sharp peak at –0.61 V vs Ag/AgCl 

(3M NaCl), which are indicative of Mn3+ ↔ 4+ and Mn2+ ↔ 3+ surface redox reactions, 

respectively. Similarly, two reduction peaks for this material are observed at –0.35 V and 

–0.66 V vs Ag/AgCl (3M NaCl) that correspond to the reverse reactions during the cathodic 

scans. Similarly, for SrCa2GaMn2O8, two pairs of oxidation and reduction peaks indicate 

similar Mn3+ ↔ 4+ and Mn2+ ↔ 3+ redox events. 

As stated before, the peaks are indicative of pseudocapacitive properties, as 

observed in other pseudocapacitors.3, 44, 46, 47 Examples are the Mn3+/4+ and Mn2+/3+ 

oxidation peaks at –0.1 V and –0.3 V vs Hg/HgO for La1−xSrxMnO3−δ (x= 0 – 1) at 10 mV/s 

(1M KOH),3 ~ –0.1 V and ~ –0.4 V vs saturated calomel electrode for LaxSr1-

xCu0.1Mn0.9O3-δ at 10 mV/s (1M KOH),196 above 0.2 V and ~ –0.1 V vs Hg/HgO for 

LaMnO2.91 at 40 mV/s (1M KOH), 44 and 0.07 V and –0.25 V vs Hg/HgO for CaMnO3 and 

its Ruddlesden–Popper counterparts at 5 mV/s (1M KOH).197  

To confirm that these redox processes are dependent on oxygen intercalation 

facilitated by hydroxide ion, we conducted additional experiments in 1M KNO3 in the same 

voltage window (Figure 5.9c and d), which did not show the redox peaks for any of the 

two compounds. This indicates that the observed process is dependent on the hydroxide 

intercalation.44 As described for other oxygen-based pseudocapacitors,44, 195 during these 

surface reactions46 the intercalated oxygen anion comes from OH- ion,195 which loses a 
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proton to another OH- ion from the electrolyte to produces water,44 and leaves behind the 

oxygen ion that is intercalated into the electrode.  

At higher scan rates, there is a small shift of the anodic and cathodic peaks to higher 

and lower potentials, respectively. This shift is commonly observed in pseudocapacitors 

and is assigned to the internal resistance of the electrode,198, 199 or an indication that the 

charge transfer kinetics is the limiting step in this process.200  The peak current increases 

as a function of increasing the scan rate, which suggests rapid electronic and ionic transport 

rates.195, 200 Additionally, while the area changes, the shape of the CV curve remains the 

same, which indicates enhanced mass transport and electron conduction.195, 199, 200  

The galvanostatic charge-discharge (GCD) behavior of these defect-ordered 

materials was examined in the potential range of 0.0 to 1.4 V vs Ag/AgCl through the 

construction of symmetric two-electrode cells, as described in the experimental section. 

Figure 5.10a shows the charge/discharge cycles for both materials at the current density of 

1 A/g. Also, the GCD curves at various current densities for the best performing material, 

Ca3GaMn2O8, are shown in Figure 9b. The inverted V shape of charge/discharge curves is 

signature behavior of pseudocapacitors and indicates excellent pseudocapacitive properties 

for these compounds.46, 47 It is noted that GCD data in batteries, where the processes are 

controlled by bulk diffusion, do not show the inverted V curves. 

The GCD curve can be used to obtain specific capacitance of an electrode at 

different discharge currents, using equation 4.194, 201, 202  

 𝐶𝑠 =  
4𝐼 Δt

 𝑚 ΔV
   or  𝐶𝑠 =  

4𝐼 

 𝑚 dV/dt
 (5.5) 
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where, I is the constant current used for GCD, and dv/dt is the slope of the discharge curve, 

with ΔV being the voltage window and Δt the discharge time. Also, m is the total mass of 

the active material in both electrodes.194, 202 Equation 4 may be simplified further by 

replacing the I/m part with current density, i, such that mass is not shown in the equation. 

The multiplier 4 is used to normalize for masses and capacitance of both electrodes and 

adjust for one electrode. 194, 201, 202 Some researchers use equation 4 without the multiplier 

4 195, 199, 200, 203 and take m as the mass of the active material in each electrode,195 although 

sometimes the meaning of m is not explicitly stated.199, 200 In some reports, dv/dt was 

calculated using two data points on the discharge curve, Vmax and 1/2Vmax,
202, 203 to get 

dV/dt = (Vmax – 1/2Vmax)/(t2-t1),
202, 203 where t2 and t1 were the discharge times 

corresponding to Vmax and 1/2Vmax, respectively.202, 203 Equation 4 has also been used to 

obtain volumetric capacitance, using volume instead of mass.204 

The Cs values obtained from the GCD curves of our symmetric cells at a current 

density of 0.5 A/g are 39.2 F/g and 4.5 F/g for Ca3GaMn2O8 and SrCa2GaMn2O8, 

respectively. In comparison, a symmetric cell reported using the perovskite La1-xSrxMnO3, 

resulted in the specific capacitance of ~7.75 F/g at 0.5 A/g.46 Similarly, a symmetric cell 

based on La1-xCaxMnO3 shows the specific capacitance of ~13 F/g at 0.5 A/g,47 which 

quickly deteriorates to about 2 F/g.  

The energy density of the cell (Wh/Kg) is calculated using the following equation:205, 206 

 E =
Cs V2

2 × 3.6
  (5.6) 

Here, Cs is the specific capacitance and V is the cell voltage window in the GCD curve. 

The multiplier,  
1

3.6
 , is needed to obtain the energy density in units of Wh/Kg when the Cs 
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unit is F/g. It is noted that 1F = 1 
𝑠 𝐴 

V
 and 1W = 1V × 1A. If the unit of Cs is F/Kg, then the 

multiplier should also be different, 
1

3600
.201 The latter multiplier has also been used for 

calculating areal energy density in units of Wh/cm2 (using areal capacitance)207, 208 and 

volumetric energy density (using volumetric capacitance) in units of Wh/cm3.209 In some 

cases, researchers have chosen not to show any multipliers, and write the formula as E =

Cs V2

2 
.44, 210, 211 We assume that they have applied the multipliers separately to obtain the 

right units.  

The power density of the cell (unit: W/Kg) is obtained by dividing the energy 

density by discharge time, Δt: 205, 206  

 P =  
E ×3600

Δt
 (5.7) 

The constant, 3600, is used to obtain the power density in W/Kg when the unit of Δt in 

seconds, s. 205, 206 The same multiplier is used for calculating areal power density (in 

W/cm2)207, 208 and volumetric power density (in W/cm3).209 In some cases Δt is expressed 

in hours (h) with no multiplier.210, 211 

Symmetric cells based on Ca3GaMn2O8 and SrCa2GaMn2O8 can deliver respective 

energy densities of 10.69 Wh/Kg and 1.23 Wh/Kg at a power density of 1400 Wkg-1, based 

on the current density of 0.5A/g. Our best material, Ca3GaMn2O8, shows superior energy 

density and power density compared with many other systems, including a symmetric 

pseudocapacitor based on La1-xSrxMnO3, which has an energy density of ~1.55 Whkg−1 

with power density less than 1000 Wkg−1, at the current density of 0.5 A/g.46 Similarly, the 

symmetric cell reported for La1-xCaxMnO3, shows energy density of ~2.6 Whkg−1 and 

power density of ~800 Wkg-1 at 0.5 A/g.47 
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Figure 5.10: (a) Galvanostatic charge-discharge (GCD) profiles for Ca3GaMn2O8 (red) and 

SrCa2GaMn2O8 (blue) at current density of 1 A/g. (b) GDC profiles at various current 

densities for the best performing material, Ca3GaMn2O8. (c) Stability tests up to 1000 

cycles. (d) X-ray diffraction data after 1000 GCD cycles. 

 

Figure 5.11: Specific capacitance obtained from 5000 GCD cycles for Ca3GaMn2O8 at 10 

A/g, indicating high stability. The inset shows the 1st, 3000th, and 5000th GCD cycles. 
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Long cycle life is another crucial criterion of a pseudocapacitor for practical 

applications. Therefore, an endurance test was conducted using GCD cycles at 1 A/g 

(Figure 5.10c) for 1000 cycles. Both materials show remarkable retention of specific 

capacitance after 1000 cycles. The retention of pseudocapacitive properties can be 

attributed to the high degree of stability of these compounds. Figure 5.10d shows the X-

ray diffraction data of both compounds after 1000 GCD cycles. In particular, the largest 

peaks close to 33-34o (enlarged in the inset) are often used as diagnostic peaks for this class 

of materials. As evident from this figure, both materials retain their structural integrity 

without the collapse of the material framework or any phase transformation, which leads 

to a stable pseudocapacitive response. Further stability tests were done for our best 

pseudocapacitor, Ca3GaMn2O8, by repeating 5000 GCD cycles at 10 A/g, as shown in 

Figure 5.11, indicating its remarkable stability. The crystallite morphology is also retained 

after GCD cycles, as shown by SEM images in Figure 5.12. 

Thus, the high energy and power density, combined with outstanding stability, make these 

defect-ordered materials excellent pseudocapacitors.  

 

Figure 5.12: Scanning electron microscopy (SEM) images of Ca3GaMn2O8 particles on 

nickel foam before and after 5000 GCD cycles. 
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5.6 CONCLUSIONS 

This study highlights the great potential of ordered bilayer systems, an 

underexplored class of oxides, for electrochemical applications. The simultaneous 

occurrence of an array of remarkable properties in the same compound is noteworthy. The 

two materials, Ca3GaMn2O8 and SrCa2GaMn2O8, are semiconductors in the entire 

temperature range of 25 – 800 °C, show long-range G-type antiferromagnetic order, and 

are also capable of catalyzing hydrogen-evolution reaction (HER) of water splitting. They 

also show excellent pseudocapacitive energy storage with outstanding stability up to 1000 

cycles of charge-discharge. The observation of all these properties in this class of materials 

warrants further studies with the aim of developing active materials for cost-effective and 

efficient electrochemical applications.
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CHAPTER 6

OXIDE ELECTROCATALYSTS BASED ON EARTH-ABUNDANT METALS FOR 

BOTH HYDROGEN- AND OXYGEN-EVOLUTION REACTIONS 

In this chapter, we demonstrate that the oxygen-deficient perovskite series, 

Ca2FeMnO6-δ, CaSrFeMnO6-δ and Sr2FeMnO6-δ are outstanding electrocatalysts for water-

splitting and show unique bifunctional properties. We also show the correlations between 

crystal structure and electrocatalytic activity for both hydrogen- and oxygen-evolution 

reaction. Furthermore, we demonstrate the relationship between structural properties and 

electrical charge-transport, which in turn affects the electrocatalytic properties of these 

materials. 

6.1 CONTROLLED ELCTROCHEMICAL EXPERIMENTAL CONDITIONS 

In this chapter, all the experimental conditions are similar as discussed in chapter 

2. However, few additional experimental methods were used during electrocatalytic 

studies. This involved control experiments to understand the effect of role of carbon black 

during the OER and HER studies. Furthermore, gas chromatography was done to  show 

the evidence of evolved O2 gas during the process. Experiments using several counter 

electrodes such as Pt wire, graphite rod, and carbon rod were also checked. Running the 

experiments under either OER or HER conditions using only carbon ink led to negligible 
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activity, as shown in Figure 6.1. Control experiments were also done with carbon counter 

electrode to eliminate the possibility of dissolution of platinum counter electrode and its 

contribution to HER.212 The results from both platinum and carbon counter electrodes were 

similar (Figure 6.2).  

 

Figure 6.1: The HER (a) and OER (b) data from control experiments using only carbon 

black on the working electrode, indicating little contribution from carbon to electrocatalytic 

activity. 

For OER, gas chromatography experiments were also done to confirm the 

formation of oxygen. Before starting the electrolysis, the electrolyte was purged with 

nitrogen for 60 minutes. The electrolyte was then stirred during electrolysis. Prior to 

applying any potential, chromatograms were obtained to show that the cell has been purged 

and contained no ambient oxygen.  A constant potential of 0.62 V vs Ag/AgCl was then 

applied and data were collected at 30, 45, and 60 minutes of the OER. Oxygen gas was 

detected by online automatic injection (1 mL sample) using a thermal conductivity 

detector. The carrier gas for the column was nitrogen. The gas was injected every 15 

minutes.  
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Figure 6.2: HER data for CaSrFeMnO6-δ in 1 M KOH using carbon or platinum counter 

electrodes. 

6.2 CRYSTAL STRUCTURE  

In oxygen-deficient perovskites, ABO3–δ or A2B2O6–δ, the cations on the B-site 

often have octahedral, square-pyramidal or tetrahedral coordination geometry,10, 12  while 

the larger A-cations reside in spaces between the above polyhedra. In this class of 

materials, the vacancies, created due to oxygen-deficiency, can have either random or 

ordered distribution. The variation in the arrangement of oxygen-vacancies is a primarily 

factor that leads to different structures and various coordination geometries for B-site 

cations.  The oxygen-deficient perovskites studied in this work, Sr2FeMnO6-δ, 

CaSrFeMnO6-δ and Ca2FeMnO6-δ, show variation in crystal structure (Figure 6.3) due to 

the change in the ionic radius of the A-site cation, leading to different arrangements of 

oxygen-vacancies. It is noted that all three materials are synthesized under identical 

conditions. Therefore, the structural changes between them are a function of the A-site 

cation. Our Rietveld refinements (Figure 6.3) confirm the previously reported crystal 

structures.130, 213 In Ca2FeMnO6-δ, the oxygen-vacancies are distributed in an ordered 

arrangement and only appear in alternating layers, leading to an orthorhombic Pnma 

structure. The structure consists primarily of alternating FeO4 tetrahedra and MnO6 
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octahedra (Figure 6.3).130 The FeO4 tetrahedra form chains that are sandwiched between 

MnO6 octahedral layers. The degree of oxygen-deficiency is determined by iodometric 

titration, which indicates δ ≈ 1 for this compound.  

Conversely, in CaSrFeMnO6-δ and Sr2FeMnO6-δ, the oxygen-vacancies are 

disordered,130, 213 and the average structure resembles that of a regular perovskite (Figure 

6.3), but with partial occupancy on oxygen sites. The space group is cubic Pm-3m and there 

is no ordering in the structure, as confirmed by Rietveld refinements (Figure 6.3). Ca and 

Sr are on the same crystallographic site (0,0,0), and Fe and Mn also share the same position 

(½,½,½). The degree of oxygen-deficiency is different in these two compounds, δ = 0.57 

for CaSrFeMnO6-δ and δ = 0.22 for Sr2FeMnO6-δ, as determined by iodometric titrations. 

Furthermore, the Fe(Mn)–O bond distances are shorter in CaSrFeMnO6-δ, 1.9062(1) Å, 

compared with those of Sr2FeMnO6-δ, 1.92526(7) Å.  

These results are consistent with previous neutron scattering studies, which have 

shown the perovskite-type average structure for CaSrFeMnO6-δ and Sr2FeMnO6-δ,
130 but 

with partial occupancy on oxygen sites, indicating long-range disordered arrangement of 

vacancies. However, neutron pair distribution function analyses214, 215 have shown that at 

the local level there are domains where the vacancies are ordered in these long-range 

disordered systems. For Ca2FeMnO6-δ, neutron scattering studies130, 132 have indicated 

long-range vacancy order, evident from conversion of the octahedral geometry into 

tetrahedral in alternating layers (i.e., the vacancies only appear in alternating layers).  
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Figure 6.3: Rietveld refinement profiles for powder X-ray diffraction data of (a) 

Ca2FeMnO6-δ, Pnma, a = 5.3350(8) Å, b = 14.957(4) Å, c = 5.460(2) Å (b) CaSrFeMnO6-

δ, Pm-3m, a = 3.8124(2) Å and (c) Sr2FeMnO6-δ, Pm-3m, a = 3.8505(4) Å. In the insets, 

(Fe/Mn)O6 octahedra are shown in blue, FeO4 tetrahedra are in green, and Ca/Sr atoms are 

represented by gray spheres.  

The microstructure of the three materials is also different, as demonstrated by 

scanning electron microscopy micrographs of the sintered pellets (Figure 6.4). 

Ca2FeMnO6-δ shows the largest grains among the three compounds. In addition, significant 

degree of porosity is observed in this material. The grain size for CaSrFeMnO6-δ and 

Sr2FeMnO6-δ is similar, but the latter shows somewhat higher degree of porosity.  

 A measure of the relative porosity can also be found using saturation method,216 

In this method, a solid sintered pellet was weighed before (Wdry) and after being submerged 

(Wsat) in boiling water for 2 hours in order to determine the amount of fluid that filled the 

pores of each sample. The percent mass of fluid in pores provides a measure of the 

porosities of different samples relative to each other:   

 % mass of water in pores = 
𝑊𝑠𝑎𝑡 – 𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
 × 100 (6.1) 

The percent mass of fluid in pores is 8.7%, 6.3%, and 7.8% for Ca2FeMnO6-δ, 

CaSrFeMnO6-δ, and Sr2FeMnO6-δ, respectively. This trend in porosity is the same as that 

observed from SEM. We assign the change in porosity to the variation in sinterability, 
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where an intermediate degree of Ca incorporation leads to optimum sinterability. The 

change in sinterability as a function of change in the A-site cation in perovskite-based 

oxides has been observed previously.217 

The structural dissimilarities between the three materials, in particular the 

changes in distribution of oxygen-vacancies and the ensuing structural order/disorder, give 

rise to significant differences in electrical charge-transport, as well as electrocatalytic 

properties. As will be discussed in detail in next sections, the vacancy-ordered compound, 

Ca2FeMnO6-δ, has the least electrocatalytic activity, whereas the disordered compounds, 

Sr2FeMnO6-δ and CaSrFeMnO6-δ, are significantly more active, with latter material 

showing the most activity. It is also noted that among the two disordered structures that 

have good electrocatalytic activity, the degree of oxygen deficiency, δ, for the most active 

material, CaSrFeMnO6-δ (δ = 0.57), is greater than that of Sr2FeMnO6-δ (δ = 0.22). This 

effect, i.e., the impact of oxygen vacancies on electrocatalytic activity, has been 

demonstrated for other oxides before.218-220 

The cooperative effect due to the presence of both Ca and Sr in CaSrFeMnO6-δ 

should also be noted. The synergetic effect between Ca/Sr on the A-site and Fe/Mn on the 

B-site can lead to the enhanced electrocatalytic activity, similar to the cooperative coupling 

effect observed previously in some perovskites.221 Furthermore, the compositional and 

structural changes lead to significant variation in electrical conductivity, which in turn 

affect the electrocatalytic activity. In fact, the trend in electrical conductivity matches 

nicely with the trend in electrocatalytic activity, as will be discussed later in connection 

with structural properties. 
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Figure 6.4: Scanning electron microscopy images of (a) Ca2FeMnO6-δ (b) CaSrFeMnO6-δ 

and (c) Sr2FeMnO6-δ. Note that Ca2FeMnO6-δ has the largest grains and highest porosity. 

The grain size for CaSrFeMnO6-δ and Sr2FeMnO6-δ is similar, but the latter has somewhat 

higher porosity. 

6.3 HYDROGEN-EVOLUTION ACTIVITY  

Researchers have studied HER in either acidic or basic media depending on the 

catalyst. As described before, most of the catalysts utilized for HER are non-oxide 

materials. In acidic condition, materials such as sulphides222, 223, carbides224, nitrides224, 

and metals225 have been used. Similarly, in basic medium, catalysts such  as sulphides226, 

phosphides227, carbides224 and nitrides224 have been utilized. Very few oxides have shown 

HER activity in either acidic228 or alkaline229 environment. Recently, a perovskite oxide 

has been studied for HER in 1 M KOH.183 The electrocatalytic activity of perovskite oxides 

for HER in acidic environment is even less common. One study that briefly studied a 

perovskite oxide, reproted very low HER acitivty  in acidic medium.230 In general, it is 

uncommon to find bulk oxide materials that exhibit HER activity both in acidic and basic 

media. In fact, no perovskite oxide with such property has been reported to date. However, 

the materials studied in this work show HER activity in both conditions, as described 

below.  
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Given that HER experiments are frequently done in 0.5 M H2SO4 or 1 M KOH,101, 

224, 229, 231, 232 the same conditions were used in the study of the HER activities of 

Ca2FeMnO6-δ, CaSrFeMnO6-δ, and Sr2FeMnO6-δ. Figure 6.5 shows the polarization curves 

of the three materials, as well as that of the reference Pt/C catalyst (20 wt. % Pt). The onset 

potential, where the HER process commences, and the overpotential at 10 mA/cm2 are 

frequently used as indications of catalysts performance.233, 234 The reference Pt/C catalyst 

shows onset potential of almost zero, as expected.77, 183, 224 The HER activities of our 

materials show the following order: Ca2FeMnO6-δ < Sr2FeMnO6-δ < CaSrFeMnO6-δ. 

Among the three compounds, CaSrFeMnO5 shows the best (lowest) onset potential and 

overpotential in both acidic and basic conditions. It also shows the best mass activity, 43.5 

A/g in acidic condition and 13.5 A/g in basic condition at –0.3 V. Whereas, the mass 

activities for the other two compounds are in the range of 3.0 A/g to 5.5 A/g at –0.3 V. 

The onset potential values for CaSrFeMnO6-δ are –0.10 V vs RHE in acidic 

condition, and  –0.14 V vs RHE in basic condition. Its overpotential values at 10 mA/cm2 

are –0.31 V and –0.39 V vs RHE in acidic and basic conditions, respectively. While there 

are some oxides, such as Pr0.5BSCF183 and PrBaCo2O5+δ
69, that show better HER 

performance in basic condition, the remarkable feature of CaSrFeMnO6-δ is its ability to 

catalyze HER in both acidic and alkaline conditions. Furthermore, its HER activity in 

acidic condition, is superior to those of gold191, boron nitride/GC191, WO3
192, and the 

widely studied MoS2
190 in acidic condition. It is also superior to the activity of MoS2 in 

alkaline medium.235 



 

 

97 
 

The better performance in acidic condition can be attributed to relatively higher 

energy requirement for the proton generation in alkaline solution.236 Enhanced HER 

activity in acidic condition compared with basic environment has been observed for 

another catalyst before.231 Nevertheless, it is important to note that oxide HER catalysts 

capable of functioning in both acidic and basic conditions are uncommon. 

The kinetics of the HER reaction was also investigated. Tafel slope is generally 

utilized to study the HER kinetics, which is evaluated using Tafel equation  = a + b log 

j,229 where  is overpotential, and j is current density. The slope of the plot of η versus log 

j is indicative of the reaction rate (Figures 6.5c and 6.5d). The smaller the slope, the faster 

the reaction. The Tafel slope of the reference Pt/C catalyst is also shown, matching those 

reported before in acidic and basic conditions.224 

 

Figure 6.5: (a) and (b) show HER polarization curves in acidic and basic conditions, 

respectively.  Pt/C data are shown in green, Ca2FeMnO6-δ in black, CaSrFeMnO6-δ in red, 

and  Sr2FeMnO6-δ in blue. Inset presents chronopotentiometry data, showing the stability 

of the best catalyst, CaSrFeMnO6-δ, as a function of time.  (c) and (d) show Tafel slopes 
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for HER in acidic and basic media, respectively. CaSrFeMnO6-δ is the best catalyst in the 

series, with lowest Tafel slope and overpotential. 

The reaction kinetics follow the same trend as catalytic performance, with 

CaSrFeMnO6-δ exhibiting the best kinetics and smallest Tafel slope, 157 mV/dec in acidic 

condition, and 163 mV/dec in basic condition. The relatively large Tafel slopes can be 

indicative of the mixed HER mechanism. It is known that the HER mechanism involves an 

initial binding between the catalyst and hydrogen atom (either from H2O or H3O
+) 

depending on the condition, i.e., basic or acidic. This is the Volmer reaction, which is then 

followed by either Heyrovsky or Tafel reaction. Either of these reactions can be the rate-

determining step, resulting in a different Tafel slope, which is expected to have respective 

values of 120 mV/dec, 40 mV/dec and 30 mV/dec if the rate-determining reaction is 

Volmer, Heyrovsky or Tafel.237 However, the Tafel slope can have a different value if more 

than one of the three steps are the rate-determining reactions. For example, the Mo2C film 

shows Tafel slope of 166 mV/dec, which is qualitatively attributed to having two or three 

rate-determining steps.237 Similarly large Tafel slopes have also been reported for 

MoS2/graphene,238 surface-functionalized MoS2 nanosheets,239 P-doped NiMoO4,240 and 

Co/NBC,241 indicating the mixed mechanism. 

The electrochemically active surface area (ECSA) is often evaluated through 

determination of double layer capacitance, Cdl, in the non-faradaic region.242 Given the 

direct proportionality between the two,185 the Cdl value is often taken as a measure of 

ECSA.185 The magnitude of Cdl is obtained from the slope of Δj, which is the average of 

janodic and jcathodic absolute values at middle potential of the CV, versus scan rate, ν, 
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according to the equation Cdl = Δj/ν. As shown in Figure 6.6, the most active catalyst, 

CaSrFeMnO6-δ, also has the largest Cdl in both acidic and basic media. 

 

Figure 6.6: Double layer capacitance obtained from the slope of Javerage plotted against scan 

rate for (a) 1 M KOH, and (b) 0.5 M H2SO4. 

6.4 OXYGEN-EVOLUTION ACTIVITY 

Remarkably, in addition to HER activity, all of our three materials show catalytic 

activity for OER (Figure 6.7). Given that most reports on OER electrocatalysis are in 0.1 

M KOH, the same conditions were used for our materials to allow direct comparison to 

other reported catalysts. However, experiments in the same conditions as those of HER, 

namely 1 M KOH and 0.5 M H2SO4 were also performed. The OER tests in acidic condition 

(0.5 M H2SO4) led to very high overpotentials, while OER experiments in 1 M KOH 

resulted in reasonable activity, but still less than the activity in 0.1 M KOH. The results for 

0.1 M KOH are described here to allow comparison to previously reported catalysts. The 

most structurally ordered compound, Ca2FeMnO6-δ, shows the lowest OER activity, while 

the best performance is observed for CaSrFeMnO6-δ. This is the same trend observed in the 

HER activity of these materials. In OER experiments the onset potential in cyclic 

voltammetry, where the reaction commences, as well as the overpotential, , beyond the 

ideal 1.23 V, are important parameters that are commonly used to evaluate the activity of 
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catalysts. The overpotential is usually evaluated at 10 mA/cm2, which has been adopted as 

a convention for comparing different catalysts.243 The three compounds show onset 

potentials of ⁓1.45 V to 1.50 V in 0.1 M KOH. The overpotential at 10 mA/cm2 varies 

significantly, from  ≈ 0.56 V for Ca2FeMnO6-δ, to  ≈ 0.37 V for CaSrFeMnO6-δ, and  

≈ 0.42 V for Sr2FeMnO6-δ (Figure 6.7). 

 

Figure 6.7: (a) OER polarization curves in 0.1 M KOH. Inset presents 

chronopotentiometry data, showing the stability of the best catalyst, CaSrFeMnO6-δ, as a 

function of time. (b) Mass activities at 1.7 V in 0.1 M KOH. (c) Tafel slopes indicating the 

OER kinetics. Data for Ca2FeMnO6-δ are shown in black, CaSrFeMnO6-δ in red, and 

Sr2FeMnO6-δ in blue. CaSrFeMnO6-δ is the best catalyst in the series, with lowest Tafel 

slope and overpotential. 
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The mass activity (A/g) was also calculated using the catalyst loading mass (0.1 

mg cm-2) and the measured current density J (mA cm-2). Figure 6.7b compares the OER 

mass activities of these materials at 1.70 V vs RHE. CaSrFeMnO6-δ shows significantly 

greater mass activity (~50 A/g) than Sr2FeMnO6-δ (~40 A/g) and Ca2FeMnO6-δ (~28 A/g). 

The mass activity of CaSrFeMnO6-δ and Sr2FeMnO6-δ are higher than that of a previously 

reported Mn-based oxygen-deficient perovskite, Ca2Mn2O5, 30.1 A/g at 1.7 V.218 

The kinetics of OER was also investigated for all three materials. Similar to HER, 

Tafel slope is frequently utilized to study the OER kinetics based on the Tafel equation  

= a + b log j 185, 244 where  is the overpotential, and j is the current density. The kinetics, 

represented by the Tafel plot,  vs. log j, is affected by electron and mass transport.245, 246 

Thus, Tafel plot can provide information about electronic transport in electrocatalysts.246 

Smaller slope of Tafel plot indicates faster reaction and better kinetics of OER. The Tafel 

slopes for Ca2FeMnO6-δ, CaSrFeMnO6-δ and Sr2FeMnO6-δ are 111 mV/dec, 75 mV/dec and 

90 mV/dec, respectively, as shown in Figure 6.7c. The smaller Tafel slop of CaSrFeMnO6-

δ is indicative of faster OER kinetics and is consistent with its high electrocatalytic activity.  

The comparison of electrocatalytic activity of the materials described in this work 

with those reported for precious metal catalysts, IrO2 and RuO2, indicates the remarkable 

OER performance of these new electrocatalysts. The catalyst CaSrFeMnO6-δ, described in 

this work, shows superior OER activity to IrO2 (Figure 6.8), which has overpotential of  

≈ 0.45 V.247  It is also superior to RuO2, which has overpotential of  ≈ 0.42 V.248 In 

addition, it is better than some of the oxide catalysts reported before, such as 

SrNb0.1Co0.7Fe0.2O3-δ
66 and Pr0.5Ba0.3Ca0.2CoO3-δ.

64  
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Figure 6.8: The current response normalized by ECSA for (a) HER in 0.5 M H2SO4 at -

0.5 V, and (b) OER in 0.1 M KOH at 1.6 V. 

Furthermore, the kinetics of OER is significantly enhanced by CaSrFeMnO6-δ, as 

evident from the Tafel slope, 75 mV/dec, compared with that reported for IrO2, 83 

mV/dec.247 These observations are remarkable, as oxide materials based on earth-abundant 

metals, which show such high electrocatalytic activity and enhanced kinetics are 

uncommon.  

 
Figure 6.9: X-ray diffraction data before and after 100 cycles of electrocatalytic OER and 

HER. 

To examine the stability of catalysts under OER and HER conditions, X-ray 

diffraction experiments were done before and after 100 cycles of electrocatalytic OER. 

Similar tests were done before and after 100 cycles of HER. These experiments show that 

the least electrocatalytically active material, Ca2FeMnO6-δ, also has the least stability, and 

disintegrates under OER or HER conditions. The compound with better electrocatalytic 
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performance, Sr2FeMnO6-δ, shows better stability than Ca2FeMnO6-δ, but still decomposes 

under some electrocatalytic conditions. However, the best electrocatalyst, CaSrFeMnO6-δ, 

also shows the best stability, retaining its structural integrity in all experimental conditions 

in this work, as shown in Figure 6.9. Under these OER and HER conditions, the vacancy-

ordered structure of Ca2FeMnO6-δ can not be retained, whereas the disordered structure of 

Sr2FeMnO6-δ and CaSrFeMnO6-δ are more stable. Among Sr2FeMnO6-δ and CaSrFeMnO6-

δ, the latter has better stability due to the synergetic effect of Ca/Sr. As mentioned before, 

bond distances in CaSrFeMnO6-δ are shorter than those in Sr2FeMnO6-δ, indicating the 

formation of stronger bonds in CaSrFeMnO6-δ, which may contribute to its stability. 

Similarly, the evolution of gas is also verified by gas chromatography as shown in Figure 

6.10.  

 

Figure 6.10: Gas chromatography data showing the oxygen peak for the OER experiment 

using CaSrFeMnO6-δ. 

Considering that HER and OER are processes that involve the transfer of 

electrons, we speculated that the observed trend in electrocatalytic properties of 

Ca2FeMnO6-δ, CaSrFeMnO6-δ and Sr2FeMnO6-δ could be related to the electrical charge-

transport properties. Therefore, we conducted a thorough investigation of the electrical 

charge-transport, as described below.  
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6.5 ELECTRICAL CONDUCTIVITY  

The semiconducting charge-transport properties in some oxygen-deficient 

perovskites have been demonstrated before.21, 249, 250 In materials where electronic 

conductivity is dominant, the semicircles in AC conductivity data can sometimes 

disappear, and only a straight line is observed.251, 252  In these situations, the intercept of 

the line on the x-axis gives the total resistance,251 and is expected to match the resistance 

from the DC measurements. This property was observed for the materials studied in this 

work. The resistance values (R) obtained from AC and DC measurements were used to 

calculate the conductivity (σ) using the equation253 σ = L/RA, where L and A represent the 

voltage-probe spacing in 4-probe set-up and cross-sectional area of the rectangular sample, 

respectively. The electrical conductivity of CaSrFeMnO6-δ (4.31 𝗑 10-1 Scm−1 at 25 °C and 

122 𝗑 102 Scm−1 at 800 °C) was found to be 1-2 orders of magnitude greater than those of 

Sr2FeMnO6-δ (2.07 𝗑 10-2 Scm−1 at 25 °C and 5.40 Scm−1 at 800 °C) and Ca2FeMnO6-δ, 

(2.59 𝗑 10-3 Scm−1 at 25 °C and 3.68 Scm−1 at 800 °C), as shown in Figure 6.11. The applied 

potential in these measurements was 10 mV. It should be recognized that electrical 

conductivity is potential-dependent, and its absolute value can vary depending on the 

potential. Nevertheless, the important observation here is the systematic trend in electrical 

conductivity of the three materials, Ca2FeMnO6-δ, CaSrFeMnO6-δ and Sr2FeMnO6-δ. 

This remarkable difference can arise from structural differences. In perovskite-

based oxides, transition metals with variable oxidation states, such as Fe and Mn, are 

responsible for electronic conductivity. Electron hopping takes place through the M–O–M 

bond system,254, 255 where M represents the transition metal. The electronic conductivity 

depends on various factors such as the M–O–M bond angle,25, 256 which appears to be a 
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dominant structural parameter.27 As the M–O–M bond angle becomes larger and gets closer 

to 180°, the M 3d and O 2p orbitals become more axially aligned, leading to better overlap 

and enhanced conductivity.257 Given the corner-sharing connectivity of both tetrahedra and 

octahedra in Ca2FeMnO6-δ, the bond angles in this compound are highly distorted, and can 

be as small as ~130°, which can impede the orbital overlap, and electrical conductivity. 

The bond angles in Sr2FeMnO6-δ and CaSrFeMnO6-δ are much larger, 180°. Therefore, 

better orbital overlap is expected. However, the (FeMn)–O bond distances in CaSrFeMnO6-

δ, 1.9062(1) Å, are shorter than those in Sr2FeMnO6-δ, 1.92526(7) Å, which can enhance 

the overlap of M 3d and O 2p orbitals,25, 256 leading to greater conductivity. The effect of 

bond distance has been previously observed for other perovskite oxides.25, 256 Furthermore, 

the concentration of defects in CaSrFeMnO6-δ, δ = 0.57, is greater than that of Sr2FeMnO6-

δ, δ = 0.22. This can be another reason for the higher conductivity of CaSrFeMnO6-δ. A 

similar effect, namely variation of the defect-concentration, was recently reported for 

another series of perovskite-based oxides.12  

The temperature-dependent conductivity of these materials was also studied in a 

wide temperature-range, from 25 – 800 °C (Figure 6.11a). These data can be used to 

calculate the activation energy using Arrhenius equation for thermally activated 

conductivity,176, 258, 259  

  𝜎 𝑇 =  𝜎𝑜𝑒
−𝐸𝑎
𝐾𝑇  (6.2) 

where σ° is a preexponential factor and a characteristic of the material. Ea, K, and T are the 

activation energy for the electrical conductivity, Boltzmann constant, and absolute 

temperature, respectively. 
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Table 6.1: A comparison of properties of the three compounds. 

 Ca2FeMnO6-δ CaSrFeMnO6-δ Sr2FeMnO6-δ 

Porosity Highest Lowest Intermediate 

HER Overpotential Highest Lowest Intermediate 

OER Overpotential Highest Lowest Intermediate 

Electrical Conductivity Highest Lowest Intermediate 

ECSA Lowest Highest Intermediate 

 

 

Figure 6.11: (a) Temperature-dependent electrical conductivity of Ca2FeMnO6-δ (black), 

CaSrFeMnO6-δ (red) and Sr2MnO6-δ (blue). (b) Arrhenius plots and activation energies. In 

this series, CaSrFeMnO6-δ shows the highest conductivity in the entire range of 25 – 800 

°C. 

The activation energy (Ea) can be calculated from the slope of the line of best fit 

in the log σT vs. 1000/T plot, as shown in Figure 6.11b.  All compounds show an increase 

in conductivity as a function of temperature, indicative of their semiconducting nature. As 

temperature rises, there is an increase in the mobility of charge-carriers, which leads to the 

increase in conductivity. The relation between conductivity and the mobility of charge-

carriers for temperature-activated conductivity in semiconductors can be represented as260 
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σ = neμ, where σ, n, e, and μ are the conductivity, concentration of charge-carriers, charge 

of the electron, and mobility of the charge-carriers, respectively. As shown in Figure 6.11a, 

the superior conductivity of CaSrFeMnO6-δ persists in the entire temperature-range. The 

trend in electrical charge transport, shown in Figure 6.11, is the same as the trend in HER 

and OER activity. As discussed above, charge-transport is in turn controlled by 

compositional and structural characteristics of materials. Table 6.1 shows a comparison of 

properties of the three compounds. 

The effect of electrical conductivity on electrocatalytic activity is demonstrated 

by other researchers as well.261-265 For example, the effect of conductive substrates on the 

OER activity of an oxyhydroxide has been shown,264 where the formation of conductive 

gold oxide on the surface of gold substrate is proposed to result in better OER activity 

compared with platinum substrate that does not form a conductive oxide.264 However, gold 

and platinum are not commonly used as substrates in electrocatalytic OER or HER. 

Another study on the essential role of electrical conductivity in electrocatalysis 

demonstrates that the improvement of charge-transport upon nanostructuring of an 

insulating material results in a significant enhancement of OER activity.265 This is because 

nanostructuring enables tunneling mechanism, resulting in an improved charge-transport, 

leading to enhanced OER.265 

6.6 CONCLUSION 

The extraordinary combination of properties observed in above materials, namely 

their ability to act as bifunctional electrocatalysts for both OER and HER, and the 

capability to catalyze HER in both acidic and basic media, is unprecedented. The structure-
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property relationships demonstrated by these materials is notable, where the disparity in 

structural properties leads to significant variations in electrical charge-transport and 

electrocatalytic activity. The structural properties are the underlying basis for the catalytic 

properties of the best catalyst in the series, CaSrFeMnO6-δ, which not only catalyzes both 

HER and OER, but also shows superior catalytic performance to the state-of-the-art 

precious-metal catalysts.



 

 

The work described in this chapter was published in ACS Applied Energy Materials, 

2021, 4, 12063-12066. 
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CHAPTER 7 

BIFUNCTIONAL WATER-SPLITTING ELECTROCATALYSIS ACHIEVED BY 

DEFECT-ORDER IN LAA2FE3O8 (A = Ca, Sr) 

In this chapter, we demonstrate the realization of electrocatalytic properties for 

hydrogen and oxygen evolution reactions in perovskite oxides through creation of 

structural order in materials with formulae LaSr2Fe3O8 (disordered) and LaCa2Fe3O8 

(ordered). These compounds are derived from the oxygen-deficient perovskite ABO3-δ, 

where δ = 1/3. Therefore, the general formula can be represented as La1/3A2/3FeO3-1/3 or 

LaA2Fe3O8 (A=Ca, Sr). 

7.1 DFT CALCULATIONS 

We employ ab initio calculations performed within the density functional theory 

(DFT) at the level of the spin polarized generalized gradient approximation (SGGA) and 

the Perdew-Burke-Ernzerhof (PBE)266 level of approximation augmented by including 

Hubbard-U corrections267 based on Dudarev's approach268 as implemented in the  Vienna 

Ab-initio Simulation Package (VASP)269-271. The projected augmented wave (PAW) 

potential270, 271 is used to describe the core electron.

The Hubbard-U parameter is applied as a many-body correction to overcome the 

underestimation of electronic correlation due to the approximate nature of the exchange-
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correlation functionals in the traditional single particle Kohn-Sham DFT. It partially 

corrects the electronic self-interaction error inherent in DFT and leads to better gap 

estimations. The U parameters are obtained by fitting our results so as to reproduce the 

experimental band gaps and, if available, additional experimental spectral properties267, 272. 

We have used this formalism successfully in the treatment of a wide range of materials 

recently273, 274. The Hubbard parameters are used only for the d-orbitals of the transition 

metal (TM) atoms. This is set to U=Ud,TM=5.5 eV.275 We also tested other U values, 4.0 

eV,276 4.5 eV,277  5.0 eV,278 and 7.5 eV, all resulting in similar band structures. It is worth 

noting that the standard DFT theory fails when applied to multi-metal oxide perovskites by 

giving incorrect total energies and band gap values. This is because these materials exhibit 

strong electronic correlations. The use of DFT/GGA+U, however, has been shown to work 

very well for ternary alloys of the type ABO3 by producing correct total energies and band 

gap values.279  

We considered LaSr2Fe3O8 and LaCa2Fe3O8 systems simulated by supercells 

consisting of 84 atoms for both systems, periodically repeated along x, y and z-directions. 

For LaCa2Fe3O8, which has an ordered structure, the atomic positions were taken from 

Table S2 and the unit cell was expanded into a supercell with 84 atoms. On the other hand, 

the supercell for LaSr2Fe3O8 was obtained by extending the LaFeO3 unit cell. The LaFeO3 

skeleton was expanded by 3×3×2 to initially create a 90 atom cell. We then used a computer 

generated random substitution algorithm for creating 6 oxygen vacancies and random 

substitutional placings of 12 Sr atoms on the expanded unit cell to create a disordered 84 

atom supercell. Several of these structures were fully optimized without any symmetry 

constraints and the structure with the lowest energy was chosen for the band structure and 
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DOS calculations. The plane wave cutoff was 500 eV. A Monkhorst- Pack 2×3×3 k-point 

mesh was used in all our calculations. All structures were subjected to full symmetry 

unconstrained geometric relaxation of all atom positions and cell parameters.  We note that 

the relaxation of the cell volume is extremely critical for an accurate estimation of the 

ground state. 

7.3 CRYSTAL STRUCTURE  

Following our recent work on oxide electrocatalysts,81, 86, 193, 280-282 we now 

demonstrate the realization of these properties in perovskite oxides through creation of 

structural order in materials with formulae LaSr2Fe3O8 (disordered) and LaCa2Fe3O8 

(ordered). These compounds are derived from the oxygen-deficient perovskite ABO3-δ, 

where δ = 1/3. Therefore, the general formula can be represented as La1/3A2/3FeO3-1/3 or 

LaA2Fe3O8 (A=Ca,Sr). In the disordered compound, LaSr2Fe3O8, the distribution of 

oxygen-vacancies is random and the average structure resembles that of a typical 

perovskite (Figure 7.1a), but with partial occupancy on oxygen sites (Table 7.1). On the 

other hand, LaCa2Fe3O8 has a structure where the oxygen-vacancies are distributed in an 

ordered fashion. Indeed, the level of oxygen-deficiency found in these compounds, i.e., δ 

= 1/3, has the potential to create an ordered arrangement if the oxygen-vacancies only 

appear in every third layer of the perovskite structure, converting the octahedral 

coordination into tetrahedral (Figure 7.1b). Such arrangement also results in two different 

coordination numbers for the A-sites, CN = 8 and CN = 12. We postulated that this type of 

ordering may be achieved through incorporation of a smaller A-site cation, Ca2+, which 

can comfortably reside in the 8-coordinated site, leaving the 12-coordnated site to La3+. 
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Note that the stoichiometric ratio of CN = 12 to CN = 8 sites is 1:2, hence the composition 

LaCa2Fe3O8, which can accommodate the targeted ordering scheme.  Figure 7.2 and Table 

7.1 and 7.3 show the Rietveld refinement results, consistent with an earlier structural 

report.283 Iodometric titrations were also used to confirm the oxygen stoichiometry. 

 

Figure 7.1: (a) Perovskite structure with random vacancy distribution for LaSr2Fe3O8. 

White squares are a schematic representation of the random distribution of oxygen-

vacancies. (b) Ordered structure of LaCa2Fe3O8, with vacancies only appearing in every 

third layer, hence creating FeO4 tetrahedral coordination in every third layer. 

 
Figure 7.2: Rietveld refinement profiles for powder X-ray diffraction data of (a) 

LaSr2Fe3O8 and (b) LaCa2Fe3O8. 

Table 7.1: Refined structural parameters of LaSr2Fe3O8 at room temperature by using 

powder X-ray diffraction dataa 

Element x y z Occupancy Uiso Multiplicity 

La1 0.5    0.5 0.5 0.333 0.0034(9) 1 

Sr1 0.5 0.5 0.5 0.666 0.0034(9) 1 

Fe1 0 0 0 1 0.003(1) 1 

O1 0.5 0 0 0.89 0.021(3) 3 
a Space group: Pm-3m, a = 3.9087(2) Å, Rp = 0.0593, wRp = 0.0799, and χ2 = 1.201%. 
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Table 7.2: Refined structural parameters of LaCa2Fe3O8 at room temperature by using 

powder X-ray diffraction dataa 

Element x y z Occupancy Uiso Multiplicity 

La1 0.0 0.259(1) 0.809(2) 0.685(5) 0.012(2) 2 

Ca1 0.0 0.259(1) 0.809(2) 0.365(5) 0.012(2) 2 

La2 0.3170(4) 0.272(2) 0.786(4) 0.155(5) 0.054(4) 4 

Ca2 0.3170(4) 0.272(2) 0.786(4) 0.845(5) 0.054(4) 4 

Fe1 0.1731(4) 0.238(2) 0.331(3) 1.0 0.026(3) 4 

Fe2 0.5 0.190(2) 0.25 1.0 0.015(4) 2 

O1 0.2045(15) -0.031(5) 0.122(5) 1.0 0.017(4) 4 

O2 0.1617(17) 0.545(5) 0.045(6) 1.0 0.017(4) 4 

O3 0.5 0.099(6) 0.950(6) 1.0 0.017(4) 2 

O4 0.0 0.185(5) 0.309(9) 1.0 0.017(4) 2 

O5 0.3649(20) 0.324(3) 0.349(5) 1.0 0.017(4) 4 
aSpace group: Pmc21, a = 11.2834(2) Å, b = 5.58409(8) Å, c = 5.48297(8) Å, Rp = 0.0228, 

wRp = 0.0504, and χ2 = 2.01%. 

7.3 ACTIVITY TOWARD HYDROGEN AND OXYGEN EVOLUTION REACTIONS  

The transformation of the crystal structure from disordered to ordered results in 

remarkable changes to electrocatalytic properties. There is a significant enhancement of 

the HER activity from LaSr2Fe3O8 (disordered) to LaCa2Fe3O8 (ordered), as shown in 

Figure 7.3. The latter compound shows overpotential of 10 = 0.4 V in 1 M KOH. This is 

close to the values reported for some other oxygen-deficient perovskites, such as 

Ba0.5Sr0.5Co0.8Fe0.2O3–δ
284 and Ba0.95Co0.4Fe0.4Zr0.1Y0.1O3−δ.

284 It is also significant that 

LaCa2Fe3O8 is able to catalyze the HER in bulk form, without any need for composite 

formation or nanofabrication. Even more significant is the structure-property relationship, 

where the electrocatalytic activity is enhanced as a function of structural transformation 

from disorder to order.  We note that this catalyst also shows better HER activity than the 

non-defect oxide LaFeO3, as shown in Figure 7.4. LaCa2Fe3O8 is also very stable, as 

demonstrated by chronopotentiometry data presented in the inset of Figure 7.3a. The Tafel 

slope, i.e., the slope of η versus log j, based on the Tafel equation,  = a + b log j, is 
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commonly used to evaluate the HER kinetics.184, 285 Smaller Tafel slopes indicate faster 

reactions. The Tafel plots in Figure 7.3b show that the reaction kinetics are also enhanced 

as a function of structural order, with LaCa2Fe3O8 showing a smaller Tafel slope. 

 

Figure 7.3: (a) Polarization curves showing the HER activity in 1 M KOH. The inset shows 

the chronopotentiometry data for LaCa2Fe3O8. (b) Tafel plots and Tafel slopes. 

 

 
Figure 7.4: (a) OER and (b) HER polarization curves of LaFeO3, indicating low activity 

of this material. 

Remarkably, these catalysts also show electrocatalytic activity for the other half-

reaction of water-splitting, namely OER (Figure 7.5). The structure-property relationships 

are on full display, where the transition from disorder to order leads to a significant 

enhancement in OER activity from LaSr2Fe3O8 (disordered) to LaCa2Fe3O8 (ordered). The 

latter material shows an outstanding activity for OER, on par with the state-of-the-art 

precious metal electrocatalyst, RuO2. It shows an overpotential of 10 = 0.36 V in 1M KOH, 
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on par with that of RuO2 (Figure 7.5a).286-288 It is also highly stable, as shown by 

chronopotentiometry experiments presented in the inset of Figure 7.5a. In addition, X-ray 

diffraction and X-ray photoelectron spectroscopy before and after electrocatalytic reaction 

(Figures 7.6 and 7.7) indicate the structural stability of this catalyst. The kinetics of the 

OER was evaluated using the Tafel plot,289, 290 indicating the enhancement of kinetics, 

where LaCa2Fe3O8 shows a smaller Tafel slope, consistent with faster charge transport 

during OER.193, 245 

 

Figure 7.5: (a) Polarization curves showing the OER activities in 1M KOH. Inset shows 

chronopotentiometry for LaCa2Fe3O8.  (b) Tafel plots. (c) Double layer capacitance values, 

Cdl, obtained from CVs in non-Faradaic region. 

The electrochemically active surface areas (ECSA) were also evaluated by 

examining the electrochemical double-layer capacitance (Cdl) in the non-faradaic region of 

the voltammograms (Figure 7.8).70, 291 In this region, the electrode reactions are considered 

negligible and the current originates from electrical double layer charge and discharge.291 

ECSA and Cdl are related to each other by ECSA = Cdl / Cs ,
193, 292 where Cs is the specific 

capacitance. Given this direct relationship, the Cdl is typically considered to be 
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representative of the magnitude of ECSA.185, 193 The value of Cdl is calculated from the 

equation293, 294 Cdl = Δj / v, where Δj is the absolute value of the difference between the 

anodic (janodic) and cathodic (jcathodic) current densities from the flat regions of the CV in the 

non-faradic region and v is the scan rate. The Cdl value is equivalent to half of the slope of 

Δj versus v plot.185, 294 Alternatively, some reports have used javerage versus v, where javerage 

is the average of the absolute values of janodic and jcathodic. In that case, Cdl is simply equal 

to the slope of the javerage versus v plot.295, 296 Figure 7.5c shows the Cdl values obtained 

using javerage at middle potential184 of the non-Faradaic CVs. The Cdl value for LaCa2Fe3O8 

is similar to that of RuO2, and significantly larger than that of LaSr2Fe3O8, consistent with 

high electrocatalytic activity of LaCa2Fe3O8. 

 
Figure 7.6: X-ray diffraction data before and after 1000 cycles of OER and HER in 1M 

KOH for LaCa2Fe3O8. 
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Figure 7.7: X-ray photoelectron spectroscopy data for LaCa2Fe3O8, indicating similar 

binding energies for Fe before and after 1000 cycles of OER. 

 

 
Figure 7.8: Cyclic voltammograms in non-Faradaic region of OER data to obtain double 

layer capacitance, Cdl, in 1M KOH. 

The novel and intriguing nature of the observed trends in electrocatalytic activity 

as a function of structural order prompted us to employ density-functional-theory (DFT) to 

examine the changes in electronic structure due to the ordering (Figure 7.9). The electronic 

band structure for LaSr2Fe3O8 indicates the crossing of a few spin-up bands through the 

Fermi level, implying a half-metallic character. On the other hand, the band structure for 
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LaCa2Fe3O8 shows a semiconducting behavior with a small band gap and no bands crossing 

the Fermi level. 

 

Figure 7.9: DFT calculated band structure and PDOS for (a) LaSr2Fe3O8 and (b) 

LaCa2Fe3O8. The energy of the Fermi-level is set to zero. In band structures, red and blue 

lines denote contributions from spin-up and spin-down electrons, respectively. 

Several OER descriptors, such as proximity of the transition metal d and oxygen p 

band centers297 and hybridization between them, 297, 298 have been proposed. The degree of 

hybridization between Fe d and O p bands is indicated by the overlap area of the DOS of 

these bands,298 normalized based on all participating orbitals in the supercell. For 

LaSr2Fe3O8, the Fe d and O p overlap areas are 0.666 (spin up) and 0.288 (spin down). The 

corresponding values for LaCa2Fe3O8 are 0.562 (spin up) and 0.295 (spin down). Some 

researchers have focused on the proximity of the d-band center to the Fermi level and have 

correlated this parameter with enhanced electrocatalytic activity due to enhanced bonding 

with adsorbates.299, 300 The DOS shows that the average d-band center (for both spin up and 
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down) is -5.285 eV for LaSr2Fe3O8 and -5.191 eV for LaCa2Fe3O8. These differences are 

a result of the structural differences between the two systems. The coordination number of 

metal atoms and the directions of the bonds will be different between the disordered and 

ordered systems. Similar effects on  catalytic activity have been previously observed in 

other contexts, such as CO oxidation.301 Furthermore, it is evident from the partial density 

of states (PDOS) in Figure 7.9 that unlike O p-bands that are similar in both disordered 

LaSr2Fe3O8 and ordered LaCa2Fe3O8, there is a difference in the localization of Fe d-bands, 

which are more localized in LaCa2Fe3O8. 

7.4 CONCLUSIONS 

In summary, this work demonstrates the rational design of a highly active 

electrocatalyst for water-splitting by creation of structural order. The transition from 

disorder to order leads to the transformation of the electrocatalytic properties, where the 

activity of the ordered system rivals that of the state-of-the-art precious metal 

electrocatalysts. We expect this structure-property principle to be applicable to a wide 

range of oxide materials given that structural order also affects the electronic structure. 

Currently, we are exploring several other series of oxygen-deficient perovskites to show 

the relationship between structural order and electrocatalytic activity.



 

 

The work described in this chapter was published in Ionics, 2021, 28, 397 - 406. 
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CHAPTER 8

ELECTROCATALYTIC ACTIVITY AND STRUCTURAL TRANSFORMATION OF 

Ca2Sr2Mn2MO10-δ (M = Fe, Co) 

In this chapter, we discuss the enhancement of electrocatalytic activity for both 

OER and HER through replacing iron in the Ruddlesden-Popper oxide Ca2Sr2Mn2FeO10-δ 

by cobalt to form  Ca2Sr2Mn2CoO10-δ, which has a 1-dimensional structure, consisting of 

infinite chains of face-sharing octahedra and trigonal prisms. While the magnetic properties 

of the latter material have been studied,302 the electrocatalytic properties for water-splitting 

and the major impact of compositional and structural transformation on electrocatalytic 

activity of these materials have not been investigated. 

8.1 CRYSTAL STRUCTURE 

Ca2Sr2Mn2FeO10-δ, forms the so-called Ruddlesden-Popper type structure with 

tetragonal I4/mmm space group, resembling Ca4Mn2FeO10-δ and Sr4Mn2FeO10-δ.
303 Figure 

8.1 shows the Rietveld refinement profile and crystal structure of Ca2Sr2Mn2FeO10-δ, based 

on the same model as Sr4Mn2FeO10-δ.
303 The refined structural parameters are listed in 

Table 8.1. Its structure comprises corner-sharing units of (Fe/Mn)O6 octahedra that form 

triple-layered stacks. The alkaline-earth metals Ca/Sr reside in spaces within and between 

the octahedral stacks. Considering the occurrence of oxygen-deficiencies in this 

compound, as indicated by iodometric titration and consistent with the presence of trivalent 
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iron, some of the oxygen sites in the structure should be only partially occupied. Previous 

studies on similar materials using neutron diffraction303 have indicated that vacancies 

appear on oxygen sites located within the stacks, namely O1 and O4 site in Figure 8.1b.  

 
Figure 8.1: (a) Rietveld refinement profile for powder X-ray diffraction data of 

Ca2Sr2Mn2FeO10-δ. Black crosses, red line, vertical tick marks and lower green line 

represent experimental data, the model, peak positions, and difference plot, respectively. 

(b) Crystal structure of Ca2Sr2Mn2FeO10-δ, showing (Fe/Mn)O6 octahedral units in green. 

Grey spheres represent Ca/Sr. Yellow lines show the unit cell. 

 

Table 8.1: Refined structural parameters for Ca2Sr2Mn2FeO10-δ using powder X-ray 

diffraction data. Space group I4/mmm, a = 3.79541(2) Å, b = 3.79541(2) Å, c = 27.3699(2) 

Å, V = 394.267(7) Å3, Rp=0.0231, wRp= 0.0304, χ2 = 1.865. 

Elements x y z Multiplicity Occupancy Uiso 

Ca1/Sr1 0 0 0.5711(1) 4 0.5/0.5 0.012(1) 

Ca2/Sr2 0 0 0.7026(1) 4 0.5/0.5 0.029(2) 

Mn1/Fe1 0 0 0 2 0.6667/0.3333 0.023(4) 

Mn2/Fe2 0 0 0.1420(2) 4 0.6667/0.3333 0.020(1) 

O1 0 0 0.0696(7) 4 0.8750 0.035(1) 

O2 0 0 0.2112(4) 4 1 0.035(1) 

O3 0 0.5 0.6399(4) 8 1 0.035(1) 

O4 0 0.5 0.5 4 0.8750 0.035(1) 

Ca2Sr2Mn2CoO10-δ forms a completely different structure, featuring 1-dimensioanl 

chains, consistent with a previous report.302 Figure 8.2 shows the Rietveld refinement 

profile and crystal structure of Ca2Sr2Mn2CoO10-δ, matching a previously reported 

model.304 The refined structural parameters are listed in Table 8.2. The trigonal structure 
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of Ca2Sr2Mn2CoO10-δ with space group P321 consists of chains of face-sharing polyhedra 

running along the c-axis.302 The chains comprise an ordered arrangement of CoO6–MnO6–

MnO6–CoO6, where two MnO6 units alternate with a single unit of CoO6. The MnO6 

polyhedra form distorted trigonal prismatic and octahedral geometry, while the CoO6 units 

form two types of trigonal prisms, one highly distorted and another close to the ideal 

geometry. The polyhedra in each chain are connected through face-sharing. The spaces 

between the one-dimensional chains are occupied by Ca and Sr.  

 

Figure 8.2: (a) Rietveld refinement profile for powder X-ray diffraction data of 

Ca2Sr2Mn2CoO10-δ. Black crosses, red line, vertical tick marks and lower green line 

represent experimental data, the model, peak positions, and difference plot, respectively. 

(b) Crystal structure of Ca2Sr2Mn2CoO10-δ, showing the polyhedra for Mn (turquoise) and 

Co (purple). Grey spheres represent Ca/Sr. Some of the polyhedral chains and Ca/Sr atoms 

are omitted for clarity. Yellow lines show the unit cell.  

 

Table 8.2: Refined structural parameters for Ca2Sr2Mn2CoO10-δ using powder X-ray 

diffraction data. Space group P321, a = 9.3838(4)Å, b = 9.3838(4))Å, c = 7.7138(3)Å, V 

= 588.25(7)Å3, Rp=0.0227, wRp= 0.0306, χ2 = 2.806 

Elements x y z Multiplicity Occupancy Uiso 

Ca1/Sr1 0.020(1) 0.682(1) 0.253(2) 3 0.5/0.5 0.019(3) 

Ca2/Sr2 0.341(2) 0 0.5 3 0.5/0.5 0.030(5) 

Ca3/Sr3 0.3267(3) 0 0 6 0.5/0.5 0.026(5) 

Mn1 0 0 0.176(3) 2 1 0.037(2) 
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Mn2 0.3333 0.6666 0.097(2) 2 1 0.037(2) 

Mn3 0.3333 0.6666 0.356(3) 2 1 0.037(2) 

Co1 0 0 0.5 2 1 0.028(3) 

Co2 0.3333 0.6666 0.749(3) 1 1 0.028(3) 

O1 0.499(6) 0.664(8) 0.213(5) 6 1 0.048(3) 

O2 0.666(6) 0.201(4) 0.468(7) 6 1 0.048(3) 

O3 0.833(8) 0 0 3 1 0.048(3) 

O4 0.666(6) 0.173(6) 0.039(7) 6 1 0.048(3) 

O5 0.001(6) 0.158(6) 0.273(8) 6 1 0.048(3) 

 

Iodometric titrations show the oxygen stoichiometry of ~9 for Ca2Sr2Mn2CoO10-δ, 

which implies δ = 1, consistent with a previous report.302 For  Ca2Sr2Mn2FeO10-δ, the 

oxygen stoichiometry was found to be ~9.5, which is nicely consistent with the replacement 

of Co2+ by Fe3+. This is also consistent with the X-ray photoelectron spectroscopy data, 

shown in Figure 8.3.  

The micro-structures of the two materials are studied by high resolution scanning 

electron microscopy (SEM). Figure 8.4 shows the SEM images of sintered pellets of 

Ca2Sr2Mn2CoO10-δ and Ca2Sr2Mn2FeO10-δ. The micrographs indicate smaller crystallites 

for Ca2Sr2Mn2FeO10-δ. In addition, there appears to be a denser packing of crystallites in 

Ca2Sr2Mn2FeO9.5. 

Overall, it is remarkable that the variation of transition metal from iron to cobalt 

transforms the structure from two-dimensional stacks in Ca2Sr2Mn2FeO10-δ to one-

dimensional chains in Ca2Sr2Mn2CoO10-δ. Importantly, this change has significant impact 

on electrocatalytic properties, as discussed below. 
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Figure 8.3: XPS spectra, consistent with iodometric titration results. (a) Mn spectrum for 

Ca2Sr2Mn2CoO10-δ, indicating tetravalent manganese.121, 305 (b) Co spectrum for 

Ca2Sr2Mn2CoO10-δ. The pronounced satellite at ~785 eV signifies divalent cobalt.85, 123 (c) 

Mn spectrum for Ca2Sr2Mn2FeO10-δ, indicating tetravalent manganese.121, 305  (d) Fe 

spectrum for Ca2Sr2Mn2FeO10-δ. The binding energy of 2p3/2 peak and the satellite around 

~717 eV indicate trivalent iron.85, 121   

 

Figure 8.4:  Scanning electron microscopy images of (a) Ca2Sr2Mn2FeO10-δ and (b) 

Ca2Sr2Mn2CoO10-δ. 
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8.2 ELECTROCATALYTIC ACTIVITY FOR HER 

Figure 5a shows the HER polarization curves of Ca2Sr2Mn2FeO10-δ and 

Ca2Sr2Mn2CoO10-δ. Since electrocatalytic HER is commonly done in 1M KOH,224, 306-308 

the same condition was used here to provide direct comparison to other catalysts. The 

electrocatalytic activity toward HER during heterogeneous catalysis is frequently gauged 

by the onset potential and the overpotential at 10 mA/cm2.234, 309 The onset potential, where 

the  HER begins (indicated by a rise in current) is almost 0.0 V versus RHE for the 

benchmark Pt/C (20 wt. % Pt) catalyst.77, 183  

The onset potential values for Ca2Sr2Mn2FeO10-δ and Ca2Sr2Mn2CoO10-δ are ~ –

0.44 V and –0.34 V, respectively. These compounds show respective overpotential (η10) 

values of –0.66 V and –0.45 V at –10 mA/cm2 (Figure 5a). HER experiments were also 

attempted in acidic condition, 0.5 M H2SO4, giving overpotential of η10 ≈ 0.48 V for 

Ca2Sr2Mn2CoO10-δ, while the current response for Ca2Sr2Mn2FeO10-δ in this condition does 

not even reach 10 mA/cm2. While oxide catalysts with better performance have been 

reported,69, 81  the electrocatalytic activity of Ca2Sr2Mn2CoO10-δ is better than some of the 

previously reported catalysts with Ruddlesden-Popper type structure, as shown in Table 3. 

This catalyst is also very stable, as shown by chronopotentiometry data in the inset of 

Figure 5a.  

Utilizing the Tafel equation,  = a + b log j (where  is overpotential and j is 

current density), the slope of the plot of η versus log j, namely Tafel slope,86, 292, 310 is 

determined to evaluate the kinetics of HER (Figure 8.5b). Faster HER process is marked 

by smaller value of the Tafel slope. As shown in Figure 8.5b, Tafel slopes for 
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Ca2Sr2Mn2FeO10-δ and Ca2Sr2Mn2CoO10-δ are determined to be 186 mV/dec and 154 

mV/dec, respectively. A smaller Tafel slope for the latter compound indicates faster 

electron transfer processes, consistent with its enhanced HER activity. 

 

Figure 8.5: (a) HER polarization curves in 1 M KOH. The inset shows chronopotentimetry 

data, indicating the stability of Ca2Sr2Mn2CoO10-δ. (b) Tafel plots and Tafel slopes for 

Ca2Sr2Mn2FeO10-δ (black) and Ca2Sr2Mn2CoO10-δ (red).  

Table 8.3: Comparison of OER/HER overpotentials for some Ruddlesden-Popper oxides. 

 OER η10 (mV) HER η10 (mV) Reference 

Ca2Sr2Mn2CoO10-δ 400 (0.1 M KOH) -450 (1 M KOH) This work 

Ca2Sr2Mn2FeO10-δ 510 (0.1 M KOH) -660 (1 M KOH) This work 

LaSr3Fe3O10−δ 522 (0.1 M KOH) - 311 

LaSr3Co2FeO10−δ 475 (0.1 M KOH) - 311 

LaSr3Co1.5Fe1.5O10-δ 388 (0.1 M KOH) - 312 

SrLaCoO4-δ 510 (0.1 M KOH) -541 (1 M KOH) 282 

Sr2LaCoMnO7 538 (0.1 M KOH) -612 

 (0.5 M H2SO4) 

58 

La0.5Sr1.5Ni0.7Fe0.3O4.04 360 (0.1 M KOH) - 313 

Sr3(Co0.8Fe0.1Nb0.1)2O7-δ 334 (0.1 M KOH) - 314 

La1.9Ca0.1NiO4 >450 (0.1 M KOH) - 315 

Sr2RuO4 - -61 (1 M KOH) 316 
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8.3 ELECTROCATALYTIC ACTIVITY FOR OER 

The electrocatalytic activity of these materials toward OER was also investigated. 

Figure 8.6a shows the OER polarization curves for Ca2Sr2Mn2FeO10-δ and 

Ca2Sr2Mn2CoO10-δ in 0.1M KOH electrolyte, a condition that is commonly utilized for 

electrocatalytic OER.281, 317, 318 The onset potentials, marked by an increase in current, are 

1.50 V and 1.40 V for Ca2Sr2Mn2FeO10-δ and Ca2Sr2Mn2CoO10-δ, respectively. The onset 

potential of the latter compound is better than that reported for the well-known perovskite 

oxide electrocatalyst, Ba0.5Sr0.5Co0.8Fe0.2O6-δ (BSCF), (⁓1.5 V). 319, 320 

The overpotential (10), beyond the ideal 1.23 V, at 10 mAcm-2 is another parameter 

to evaluate the OER performance.321, 322 The overpotential (η10) values, obtained from η10 

= ERHE − 1.23 V, are 0.51 V and 0.40 V for  Ca2Sr2Mn2FeO10-δ and Ca2Sr2Mn2CoO10-δ, 

respectively (Figure 8.6a). For comparison, the η10 of the latter material is better than that 

of BSCF (⁓0.50 V) 183, 290 and several other oxides with Ruddlesden-Popper structure, as 

shown in Table 8.3.  

The OER kinetics is again evaluated using the Tafel equation  = a + b log j,193, 310 

where  is the overpotential and j is the current density. This provides information on 

electron and mass transport of an electrocatalyst during the OER.246 The Tafel plot,  vs 

log j,81, 292 is shown in Figure 8.6b, indicating Tafel slopes of 128 mV/dec and 86 mV/dec 

for Ca2Sr2Mn2FeO10-δ, and Ca2Sr2Mn2CoO10-δ, respectively. This is consistent with the 

enhanced OER activity of the latter material. In addition, this catalyst is very stable under 

OER conditions, as shown by the chronopotentiometry data in the inset of Figure 8.6a. 
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The electrochemically active surface area (ECSA) was also evaluated. The ECSA 

is commonly assessed through determination of the double layer capacitance (Cdl),
212, 323 

given the proportional relationship between ECSA and Cdl.
185 The Cdl is obtained from 

cyclic voltammograms collected in the non-Faradaic region (Figures 8.6c and 8.6d) based 

on the equation Cdl = javerage/ν,296 where javerage is the average of the absolute values of janodic 

and jcathodic at middle potential of the CV and ν is the scan rate. Therefore, the Cdl value is 

calculated from the slope of a linear fit to javerage versus ν.296 As shown in Figure 8.6e, 

Ca2Sr2Mn2CoO10-δ shows a significantly larger Cdl value (385 μF) as compared to 

Ca2Sr2Mn2FeO10-δ (140 μF), consistent with the improved electrocatalytic activity of the 

former material. 

From the above discussion on electrocatalytic activity toward HER and OER, it is 

evident that oxygen-vacancies and structural changes play an important role in 

electrocatalytic properties. As mentioned before, the δ values of ⁓0.5 and ⁓1 are confirmed 

from iodometric titration for Ca2Sr2Mn2FeO10-δ and Ca2Sr2Mn2CoO10-δ, respectively. This 

is accompanied by a structural transformation from 3D in Ca2Sr2Mn2FeO10-δ to 1D in 

Ca2Sr2Mn2CoO10-δ. The structure-property relationships have been observed in some 

perovskite-based oxides before.193, 281, 324, 325 For examples, the transformation of the crystal 

structure between Sr2Mn2O6  and CaSrMn2O6 resulted in an improved OER activity for 

CaSrMn2O6.
324 Another study revealed the systematic trends in OER activity as a function 

of structure and the degree of oxygen-deficiency between SrMnO2.5, SrMnO2.6 and  

SrMnO3.
281 The transformation of crystal structure between the two compounds studied in 

this work, Ca2Sr2Mn2FeO10-δ and Ca2Sr2Mn2CoO10-δ, has a clear impact on the 

electrocatalytic activity. In addition, the presence of Co2+, a d7 ion, as opposed to Fe3+, a d5 
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ion, can have an important effect on electrocatalytic properties. 

 

Figure 8.6:  (a) OER polarization curves in 0.1 M KOH, for Ca2Sr2Mn2FeO10-δ (black) and 

Ca2Sr2Mn2CoO10-δ (red). The inset shows chronopotentiometry data, indicating the 

stability of Ca2Sr2Mn2CoO10-δ. (b) Tafel plots. (c-d) Cyclic voltammetry data in non-

Faradaic region. (e) Plot of javerage versus scan rate, indicating the double layer capacitance 

(Cdl) as slope.   

It is noted that in the well-known BSCF oxide,74 the electrocatalytic activity is 

primarily explained in terms of the electronic configuration of cobalt, rather than iron. 

Therefore, a combination of factors, namely the type of transition metal, the oxygen 
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stoichiometry, and the transformation of the crystal structure all lead to the enhanced 

properties of Ca2Sr2Mn2CoO10-δ. 

8.4 CONCLUSIONS 

Changes in composition, oxygen stoichiometry, and crystal structure can all have 

an impact on functional properties, in particular electrocatalytic activity for water-splitting. 

These changes result in a significant improvement of electrocatalytic performance of 

Ca2Sr2Mn2CoO10-δ over Ca2Sr2Mn2FeO10-δ. The latter compound exhibits superior activity 

toward both half-reactions of water splitting, HER and OER, as indicated by enhanced 

overpotential and reaction kinetics. In addition, this catalyst shows greater 

electrochemically active surface area and high stability in HER and OER conditions, 

further indicating the important impact of structural changes on functional properties.



 

The work described in this chapter was published in ACS Catalysis, 2021, 11, 14605-

14641. 
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CHAPTER 9

A SUSTAINABLE OXIDE ELECTROCATALYST FOR HYDROGEN AND 

OXYGEN-EVOLUTION REACTIONS 

In this chapter, we discuss an outstanding perovskite oxide of the formula, 

CaSrFe0.75Co0.75Mn0.5O6−δ (CSFCM), which is capable of catalyzing both half reactions of 

water splitting in bulk form without the need for composite preparation, nanofabrication or 

any other type of processing. In particular, it shows a remarkably low overpotential for 

OER and retains its performance even after 1000 cycles. Using density-functional-theory 

(DFT) calculations, we find that the experimentally observed OER activity correlates with 

the number of free eg carriers, which could be used as a descriptor, in addition to the eg 

orbital occupancy, to further tailor the performance of oxide perovskite electrocatalysts. 

9.1 X-RAY ABSORPTION NEAR-EDGE STRUCTURE (XANES) AND FITTING 

METHODS 

XANES spectra were collected at beamline 9-BM of the Advanced Photon Source 

at Argonne National Laboratory. CaSrFe1-xCo1-xMn2xO6-ẟ powders with x = 0.2, 0.25, 0.3 

were studied at the Co, Fe, and Mn K-edges. The energy of the X-rays was selected with a 

Si (111) double crystal monochromator, and the X-ray beam was focused to a spot of 

approximately 500 m in diameter using a Rh coated toroidal mirror. Higher energy 

harmonics were rejected using a Rh coated flat mirror. XANES spectra from multiple 
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reference materials were also collected, including powders of CoO, LaCoO3, FeO, Fe2O3, 

SrFeO3, MnO, Mn2O3, and MnO2. The absorption was determined by measurement of the 

X-ray transmission through the powder, which was either spread in a thin uniform layer 

onto tape, of which multiples were stacked, or pressed into a pellet after dilution with 

polyethylene glycol powder. Details of the XANES data analysis and fitting methods are 

provided in the Supporting Information. 

Each XANES spectrum was normalized by first fitting a line to the relatively 

featureless x-ray absorption that precedes the onset of the pre-edge and white-line features 

of the K-edges. This line was subtracted from the spectrum, and the spectrum was then 

divided by a constant that is taken as the difference at E0 between the pre-edge line and a 

first or second order polynomial fit to a subrange of the post-edge region beyond the white 

line. The position of E0 is taken as the energy position at which the maximum of the first 

derivative of the absorption spectrum occurs.  

The energy at which the onset of the X-ray absorption edge occurs increases with 

increasing oxidation state. Thus, XANES can provide detailed information about oxidation 

states. This is typically achieved by comparison of E0 to those of reference spectra of 

known oxidation state.  

As has been done elsewhere for other mixed cobalt oxides,326 the Co K-edge E0 

values of CaSrFe1-xCo1-xMn2xO6-ẟ powders, were compared to those of the CoO and 

LaCoO3 powders to determine the oxidation state of the cobalt ions. The E0 positions were 

taken as the root of the second derivative of the Co K-edge XANES. For CaSrFe1-xCo1-

xMn2xO6-ẟ, a line was fit to a 2.25 eV energy range of the second derivative that included 
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the root. The zero crossing of the line was taken as the E0 value and the standard deviation 

of the data from the line was taken as the error in the E0 value. The oxidation states of the 

CaSrFe1-xCo1-xMn2xO6-ẟ powders were then determined by using the E0 values determined 

from XANES to linearly interpolate between known oxidation states of the references, with 

CoO containing Co2+ and LaCoO3 containing Co3+. Error in the oxidation state is directly 

derived from the error in E0 by linear interpolation as well.  

At the Fe K-edge, the centroid (C) of the XANES pre-edge has been shown to 

correlate strongly with oxidation state.327 Thus, the pre-edge centroids of the Fe K-edge 

XANES spectra were used to determine the oxidation states of the CaSrFe1-xCo1-xMn2xO6-

ẟ powders by comparison with those of reference compounds. The pre-edge centroids were 

determined by fitting the pre-edge with a series of pseudo-Voigt functions. The Gaussian 

to Lorentzian weighting fraction was fixed to 0.5, consistent with other works.327, 328All 

other fit parameters were allowed to vary. At the same time the pseudo-Voigt functions 

were fit to the spectra, a line and a Lorentzian function were fit to the rising edge of the 

white line to account for the background on which the pre-edge sits. Additional pseudo-

Voigt peaks are sometimes added to account for shoulder features on the white line. 

However, these are not included in the calculation of the centroid. Wilke et al.327  reported 

that three and five pseudo-Voigt peaks are required to fit the pre-edges of FeO and Fe2O3, 

respectively. Here, we use pseudo-Voigt functions of variable width, which results in fewer 

peaks being needed to fit the pre-edge intensities of these compounds. For FeO, two peaks 

of variable width are required as shown in Figure 9.2a. Both peaks are used to calculate the 

centroid. For Fe2O3, three peaks of variable width are required as shown in Figure 9.2b. 
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Following the same procedure as Wilke et al.,327  only the two lowest energy peaks are 

used to calculate the centroid, the third broad peak being omitted because it accounts for 

intersite Fe transitions. Two peaks are used to fit the pre-edge of SrFeO3, shown in Figure 

9.2c, and an additional peak is used to fit a higher energy shoulder feature. Similarly, for 

CaSrFe1-xCo1-xMn2xO6-ẟ, two peaks are used to fit the pre-edge, while two additional peaks 

are used to account for shoulder intensity on the white line as shown in Figure 9.2d-f. A 

line was fit to the oxidation states of the reference samples as a function of centroid. The 

equation for the line obtained from the fit was used to determine the oxidation states of the 

CaSrFe1-xCo1-xMn2xO6-ẟ powders from their pre-edge centroids (C). Uncertainties in the 

values of C were determined from the errors in the pseudo-Voigt fitting parameters. 

Uncertainties in the oxidation states of the CaSrFe1-xCo1-xMn2xO6-ẟ powders were derived 

from the errors in C as well as the error in the linear fit to the reference-spectra oxidation 

states as a function of centroid. The Fe oxidation states are plotted as a function of C in 

Figure 9.3d. 

In examining a series of molecular complexes having different iron valence and 

spin-state, Westre et al.,328 showed both variables impact the Fe pre-edge features. By 

comparing the pre-edge line shapes of CaSrFe1-xCo1-xMn2xO6-ẟ with those of the molecular 

complexes, we can begin to gauge the spin state of Fe in CaSrFe1-xCo1-xMn2xO6-ẟ. The two 

pseudo-Voigt peaks that fit the pre-edge of CaSrFe0.75Co0.75Mn0.50O6-ẟ have an intensity 

ratio, defined as the area of the first peak divided by the sum of the peak areas, equal to 

0.42 and a separation of 1.61 eV. Of the molecular complexes examined by Westre et al.,328 

these are most similar to the high spin Fe3+ compounds in octahedral coordination, which 
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have intensity ratios and peak separations of around 0.6 and 1.5, respectively. This is a 

strong indication that iron in CaSrFe1-xCo1-xMn2xO6-ẟ has a high-spin state. Furthermore, 

the second derivative of the absorption over the pre-edge energy range, seen in the inset to 

Figure 9.2e, has a similar line shape to that of a five-coordinate square pyramidal high-spin 

Fe3+ complex, further supporting the presence of high-spin iron and consistent with the 

oxygen deficiency in CaSrFe1-xCo1-xMn2xO6-ẟ. 

For the Manganese K-edge, Dau et al.329 have shown the average edge energy (EA), 

as determined from the integral method, provides a more linear relationship with oxidation 

state than the E0 value. Thus, we apply the integral method here. In this method, an average 

edge energy is determined by integration of the X-ray energy taken as a function of the 

absorption over the rising edge of the white line and is given by the expression 𝐸𝐴 =

1

𝜇2−𝜇1
∫ 𝐸(𝜇)𝑑𝜇

𝜇2

𝜇1
, where 𝜇 is the absorption. Following the same method as Dau et al.,329 

we choose 𝜇1 to be just above the maximum pre-edge intensity and select a value of 0.12. 

A value of 1.12 was selected for 𝜇2 such that 𝜇2 − 𝜇1 = 1. A line was fit to the oxidation 

states of the reference samples as a function of EA. The equation for the line determined 

from the fit was used to determine the oxidation states of CaSrFe1-xCo1-xMn2xO6-ẟ powders 

from their average edge energies. Uncertainties in the values of EA represent the range of 

EA values found for the same dataset with different normalization parameters when they 

were reasonably adjusted. The uncertainties in the oxidation states are calculated from the 

error in EA as well as the uncertainty in the linear fit to the reference spectra. 
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9.2 DENSITY-FUNCTIONAL-THEORY CALCULATIONS AND METHODS 

DFT calculations, as implemented in the VASP package,330 were used to investigate 

the electronic structure of CaSrFe0.8Co0.8Mn0.4O6, CaSrFe0.75Co0.75Mn0.5O6, and 

CaSrFe0.6Co0.6Mn0.8O6. To simulate the random distribution of the transition metal ions 

within small supercells for DFT calculations, we used special quasirandom structures 

(SQS) as implemented in the Alloy Theoretic Automated Toolkit (ATAT).331, 332 We 

adopted SQS supercells having paramagnetic order333 with 100 atoms for 

CaSrFe0.75Co0.75Mn0.5O6 and CaSrFe0.8Co0.8Mn0.4O6, and 80 atoms for 

CaSrFe0.6Co0.6Mn0.8O6 (see Supplementary Information). PDOS of the compounds were 

calculated to analyze their electronic structure and orbital occupation. The effect of oxygen 

deficiency on the distribution and occupancy of the eg states in these compounds is 

simulated by introducing one oxygen vacancy within the supercells used above. The orbital 

hybridization between eg states of transition metal and 2p states of oxygen is calculated 

through integration of their shared area in the PDOS. 

We now discuss the DFT methods. DFT calculations as implemented in the VASP 

package,330 were used to investigate these materials. To simulate the random distribution 

of the transition metal ions within small supercells for DFT calculations, we used special 

quasirandom structures (SQS) as implemented in the Alloy Theoretic Automated Toolkit 

(ATAT).331, 332 The SQS method uses a Monte Carlo algorithm to generate and find 

structures where the correlation of the nearby atomic sites matches, as closely as possible, 

that of a truly disordered alloy. We adopted SQS supercells (Figure 9.11) having 

paramagnetic order333 with 100 atoms in CaSrFe0.75Co0.75Mn0.5O6 and 
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CaSrFe0.8Co0.8Mn0.4O6, and 80 atoms in CaSrFe0.6Co0.6Mn0.8O6, which do not include 

oxygen vacancies. These SQS structures were based on the DFT-optimized unit-cell of 

CaCoO3 having an a b c  tilt pattern using the Glazer’s notation.334 Subsequently, we 

optimized the SQS cells using DFT calculations, implemented in the VASP package.330 

The energy cutoff for the plane waves was set at 500 eV, the threshold for energy 

convergence for the self-consistent loop was to 1eV – 5 eV, and the convergence for forces 

was set to 0.01 eV Å-1. We used projector augmented-wave (PAW)271 potentials and the 

generalized gradient approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE)266 

parameterization to describe the electron-ion and the electronic exchange-correlation 

interactions, respectively. We added an on-site repulsion term to the localized 3d electrons 

in Co, Fe and Mn using an effective Hubbard-U parameter of 3.32 eV, 5.30 eV and 3.90 

eV, respectively.335 These U values were obtained from Wang et al.'s work,336 which can 

accurately reproduce phase stabilities of metal oxides. The optimized orthogonal supercell 

lattice parameters for CaSrFe0.8Co0.8Mn0.4O6, CaSrFe0.75Co0.75Mn0.5O6, 

CaSrFe0.6Co0.6Mn0.8O6, were 5.26Å×7.46Å×26.40Å, 5.26Å×7.46Å×21.12Å and 

5.32Å×7.54Å×26.67Å, respectively. The Brillouin zone was sampled by a 8 × 8 × 1 k-

points mesh obtained using the Monkhorst-Pack scheme.337 Projected density of states 

(PDOS) of these phases are calculated to analyze the electronic structure of these 

compounds and their orbital occupations. These supercells are rotated to ensure that the 

orientation of the t2g and eg orbitals are along the Cartesian axes. The free carriers belonging 

to eg states at room temperature (298 K) are calculated using the equation 

∫ 𝑔(𝐸) ∗ 𝑓(𝐸, 𝑇)𝑑𝐸, where g(E) is the density of eg states and f(E,T) is the Fermi-Dirac 
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distribution at room temperature. The effect of oxygen deficiency on the distribution and 

occupancy of the eg states in these compounds is simulated by introducing one oxygen 

vacancy within the supercells used above. The orbital hybridization between eg states of 

transition metal and 2p states of oxygen is the calculated through integration of their shared 

area in the PDOS.  This results in a vacancy concentration of 1.7%, 2.0% and 1.7% in 

CaSrFe0.6Co0.6Mn0.8O6, CaSrFe0.75Co0.75Mn0.5O6, and CaSrFe0.8Co0.8Mn0.4O6, 

respectively. 

9.3 CRYSTAL STRUCTURE 

Initially, a series of oxygen-deficient perovskites with formula 

CaSrFe1−xCo1−xMn2xO6−δ (x = 0 – 1) were synthesized, as shown in Figure 9.1. The best 

electrocatalytic performance was observed in the composition CaSrFe0.75Co0.75Mn0.5O6−δ 

(CSFCM). The structural framework of this material is similar to that of a perovskite 

(Figure 9.1), but with partial occupancy on oxygen sites, as shown in Table 9.1. The 

oxygen-vacancies have a disordered distribution in the crystal lattice, which forms a cubic 

Pm-3m structure, as demonstrated by Rietveld refinement with X-ray diffraction data in 

Figure 9.1a. It is noted that the formation of the cubic structure is a function of the Mn 

stoichiometry. As shown in Figure 9.1b, the structure of materials in the series 

CaSrFe1−xCo1−xMn2xO6−δ changes as the Mn concentration (represented by 2x) is increased 

systematically. The materials with 2x = 0 – 0.2 form structures where the oxygen vacancies 

are ordered, leading to the so-called brownmillerite type structure (Figure 9.1b), in which 

the transition metals have alternating octahedral and tetrahedral coordination.12 The 2x = 

0.3 phase is an intermediate where the transformation of brownmillerite to cubic perovskite 
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structure begins. The compound with 2x = 0.4 shows cubic structure with relatively wide 

diffraction peaks, which indicate that transformation to the cubic structure is incomplete. 

Finally, the compounds with 2x = 0.5 – 1.0 show cubic perovskite structure. We examined 

the electrocatalytic activity of the entire series, and among them, the compound with 2x = 

0.5 showed the highest activity. Its superior performance compared with the adjacent 

compositions is shown in Figure 9.9. Therefore, this material, along with two adjacent 

compositions with 2x = 0.4 and 2x = 0.6, were studied in greater detail to develop the 

structure-property relationships. Scanning electron microscopy data (Figure 9.2) show 

similar grain sizes for the three compounds. Oxygen vacancies have been found to 

influence the catalytic activity of perovskite-based catalysts.218, 338, 339 Therefore, 

iodometric titrations were carried out to determine the degree of oxygen-deficiency in 

CaSrFe0.75Co0.75Mn0.5O6−δ. These titrations showed δ ≈ 0.56, for this compound, which 

indicates a significant degree of oxygen-deficiency. Clearly the presence of these oxygen-

vacancies has an impact on the valence states of transition metals, which were studied by 

X-ray absorption spectroscopy, as described in the next section.  
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Figure 9.1: (a) Rietveld refinement profile and crystal structure of CSFCM. (b) Change in 

the X-ray diffraction data for CaSrFe1−xCo1−xMn2xO6−δ as a function of Mn-concentration, 

from brownmillerite structure (2x = 0 – 0.3) to perovskite structure (2x = 0.5 – 1.0). Crosses 

show two of the distinct brownmillerite peaks.  

 

Figure 9.2: Scanning electron microscopy data for (a) CaSrFe0.8Co0.8Mn0.4O6−δ, (b) 

CaSrFe0.75Co0.75Mn0.5O6−δ, and (c) CaSrFe0.7Co0.7Mn0.6O6−δ. 

Table 9.1: Atomic positions of CaSrFe0.75Co0.75Mn0.5O6-δ , Pm-3m,  a =  3.8312(1) Å. 

 x y z Uiso multiplicity occupancy 

Ca/Sr 0.5 0.5 0.5 0.0138(8)      1 0.50/0.50 

Fe/Co/Mn 0.0 0.0 0.0 0.031(1)     1 0.375/0.375/0.250 

O 0.5 0.0 0.0 0.048(1)     3 0.91 

9.4 X-RAY ABSORPTION NEAR-EDGE STRUCTURE  

X-ray absorption near-edge structure (XANES), shown in Figure 9.3, was used for 

detailed analysis of the oxidation states of transition metals in CaSrFe0.75Co0.75Mn0.5O6−δ 

(CSFCM), as well as two adjacent compositions, containing 0.4 and 0.6 Mn per formula 

unit, i.e., CaSrFe0.8Co0.8Mn0.4O6-δ and CaSrFe0.7Co0.7Mn0.6O6-δ. In addition, XANES 
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spectra were obtained on multiple reference materials, including powders of CoO, LaCoO3, 

FeO, Fe2O3, SrFeO3, MnO, Mn2O3, and MnO2.  

Table 9.2: Transition metal oxidation states for CaSrFe1-xCo1-xMn2xO6-ẟ from XANES. 

x Mn oxidation state % Mn3+ % Mn4+ 

0.20 3.895(73) 10.5 89.5 

0.25 3.898(70) 10.2 89.8 

0.30 3.916(70)   8.4 91.6 

    

x Fe oxidation state % Fe3+ % Fe4+ 

0.20 3.724(50) 27.6 72.4 

0.25 3.830(62) 17.0 83.0 

0.30 3.952(97)   4.8 95.2 

    

x Co oxidation state % Co2+ % Co3+ 

0.20 2.700(82) 30.0 70.0 

0.25 2.736(25) 26.4 73.6 

0.30 2.76(14) 24 76 

 

XANES experiments show that the Mn oxidation state is very similar in all three 

compounds, CaSrFe0.8Co0.8Mn0.4O6-δ, CaSrFe0.75Co0.75Mn0.5O6−δ, and 

CaSrFe0.7Co0.7Mn0.6O6-δ. As shown in Table 9.2, most of the manganese in these materials 

is in tetravalent state, with a smaller percentage of trivalent manganese. For iron, all three 

compounds contain a combination of trivalent and tetravalent states (Figure 9.4). However, 

there is a systematic increase in the iron oxidation state among these materials. A similar 

increase also appears to be present for the oxidation state of cobalt, although the variation 

is on the order of the measurement error. For all three compositions, the cobalt oxidation 

state is a combination of divalent and trivalent, as shown in Table 9.2. 
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Figure 9.3: The spectra of (a) Fe, (b) Co, and (c) Mn for CaSrFe1-xCo1-xMn2xO6-ẟ and 

reference compounds. The edges used for determination of oxidation states are marked by 

asterisks. (d), (e) and (f) show the oxidation states of Fe, Co and Mn, respectively, in 

CaSrFe1-xCo1-xMn2xO6-ẟ (x = 0.20, 0.25, 0.30) as well as in reference compounds FeO, 

Fe2O3, SrFeO3, CoO, LaCoO3, MnO, Mn2O3, and MnO2. The straight line shows the fit.  
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Figure 9.4: The Fe K-edge XANES pre-edge (a) FeO, (b) Fe2O3, (c) SrFeO3, (d) 

CaSrFe0.80Co0.80Mn0.40O6-ẟ, (e) CaSrFe0.75Co0.75Mn0.50O6-ẟ, and (f) 

CaSrFe0.70Co0.70Mn0.60O6-ẟ, and fits thereof using pseudo-Voigt peaks and a rising edge 

composed of a Lorentzian and a line. The inset in (e) shows a representative example of 

the 2nd derivative of the XANES pre-edge. 

9.5 HYDROGEN AND OXYGEN EVOLUTION ACTIVITY  

Since HER catalysts are commonly investigated in either alkaline, i.e., 1M KOH,56, 101, 224 

or acidic media, e.g., 0.1M HClO4,
56, 224, 340 we examined CSFCM under both conditions. 

Although oxygen-deficient perovskites show good OER performance, very few 

compounds from this class of materials show catalytic activity for HER. The few examples 

that have been reported are HER-active in alkaline environment.70, 183 Even less common 

are perovskite-type oxides based on non-precious metals that show HER activity in acidic 
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media. A brief report on La-based perovskites shows very low HER activity in acidic 

conditions.230  

Remarkably, CSFCM shows comparable HER activity in both acidic and basic 

conditions (Figure 9.5), a rare property for a perovskite-type oxide. The onset potential 

where the electrocatalytic activity commences and the polarization curve begins to depart 

from a flat line is one of the parameters used for comparing the activity of HER catalysts. 

Also, by convention, the overpotential required to achieve the current density of 10 

mA/cm2 (10) is taken as an indication of the performance of an electrocatalyst.233, 234 

CSFCM shows overpotentials of 0.35 V and 0.31 V in acidic and basic conditions, as 

shown in Figure 9.5. We note that CSFCM acts as a catalyst in bulk form with no additional 

processing. Also, as presented in Figure 9.5, it shows high stability over 12 hours.  

 

 

Figure 9.5: HER polarization curves for CSFCM in acidic and basic conditions. The inset 

shows the stability over 12 hours in 0.1 M HClO4.  

The OER activity was also studied for CSFCM along with that of the precious metal 

catalyst RuO2. Carbon black is generally added to the electrode composition during OER 
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measurements to enhance the conductivity within the electrode and improve the utilization 

of the catalyst.341-343 However, recent studies have shown that the role of carbon is more 

complex than originally thought.344, 345 For example, it has been shown that during the 

preparation of Ba0.5Sr0.5Co0.8Fe0.2O3−δ/carbon electrode, cobalt does not retain its valency 

and gets reduced.346 Therefore, OER experiments without carbon black are adopted by 

some researchers to avoid the interference from carbon.257 We performed OER 

experiments for the new compound, CSFCM, both without and with carbon black. Both 

methods gave similar results, indicating that the catalytic performance of this compound is 

not dependent on carbon black. The experiments without carbon are more desirable, as they 

demonstrate the intrinsic catalytic performance of the catalyst, without any contribution 

form carbon. Therefore, we used this method for further studies, where the catalyst was 

dropcasted on the surface of a glassy carbon electrode without the addition of carbon black 

powder. The OER experiments are commonly done in 0.1 M KOH. We used the same 

condition to be able to directly compare our results to those reported for other catalysts. 

However, other conditions (1 M KOH and 0.1 M HClO4) were also tested as shown in 

Figure 9.10. The best results were those of 0.1 M KOH, which is the typical OER 

condition.64, 71, 99, 219, 326  
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Figure 9.6: (a) OER polarization curves in 0.1 M KOH for CSFCM and RuO2 dropcasted 

on a glassy carbon electrode. The inset shows stability over 12 hours. (b) OER polarization 

curves for pure disk of CSFCM without glassy carbon electrode or any additives. Note the 

low overpotential, 10 = 0.19 V, and excellent performance over 1000 cycles.  

In addition, given the fundamental nature of this study, methods of investigation of 

the OER activity that can further examine the intrinsic catalytic properties by eliminating 

all other contributions, are highly desired. One of the electrode components that is nearly 

always used in OER studies is glassy carbon electrode, on which the catalyst is drop-casted. 

The glassy carbon electrode provides high electrical conductivity, while the catalyst film 

facilitates the OER. Recently some researchers have examined pure disks of catalytic 

materials to eliminate all electrode components, even the glassy carbon electrode.347, 348 

Given that the magnitude of OER potential is greater than that of HER, we speculated that 

the conductivity of the catalyst might be enough to be used alone without being loaded on 

a glassy carbon electrode. Therefore, in addition to the conventional glassy carbon method, 

we also conducted OER experiments using pure disks of the catalyst.  

Again, the onset potential and the overpotential beyond the ideal potential of 1.23 

V (at 10 mA/cm2) were evaluated. In 0.1 M KOH, the conventional drop-cast experiments 
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for CSFCM give onset potential of 1.45 V and overpotential of 10 ≈ 0.31 V (Figure 9.6a). 

The inset of Figure 9.6a shows the stability of this catalyst even after 12 hours. The pure 

disks of CSFCM show onset potential of 1.30 V and overpotential of 10 ≈ 0.19 V (Figure 

9.6b). In pure disk experiments, the whole surface of the disk contributes to the OER, 

leading to the enhanced overpotential. As shown in Figure 9.6b, the CSFCM disk shows 

excellent performance even up to 1000 cycles.  

In addition, CSFCM retains its structural integrity during the electrocatalysis 

process as evident form X-ray diffraction (Figure 9.7) and X-ray photoelectron 

spectroscopy data (Figure 9.8). The remarkable performance of CSFCM becomes more 

evident when its activity is compared to that of the traditional precious metal catalyst RuO2, 

which shows overpotential of 10 ≈  0.42 V.248 Its activity is also superior to that of the 

highly regarded perovskite oxide BSCF, with overpotential of 10 ≈  0.4 - 0.5 V.71, 99, 349 

While in recent years there have been reports of some catalysts with comparable OER 

overpotentials to CSFCM, they often utilize precious metals, either in the catalyst 

composition or as substrate.350, 351 Such high OER activity in a non-precious-metal oxide 

is uncommon.  

The kinetics of OER is commonly examined based on the Tafel equation  = a + b 

log j. 64, 71, 99, 326 The slope of the Tafel plot,  vs. log j, is indicative of the reaction rate. 

Smaller slope indicates smaller overpotential required to deliver the same current density 

increment, which implies faster electron-transfer and enhanced reaction kinetics.56 To 

obtain the Tafel slope, we first collected steady state chronoamperometry data (Figure 
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9.11) at different potentials starting from the OER onset potential. The steady state output 

currents from these measurements were then iR-corrected and plotted against the applied 

potentials.  The overpotentials from these iR-corrected steady state data were then used to 

obtain the Tafel plots and Tafel slopes (Figure 9.11). As seen here, the Tafel slope for 

CSFCM is 71 mV/dec, as compared to ~71–94 mV/dc reported for the well-known BSCF 

catalyst.71, 99, 349 This is consistent with the high OER activity of CSFCM and indicates the 

facile charge transport and enhanced kinetics.245 

 

Figure 9.7: X-ray diffraction data for CSFCM before and after OER (0.1 M KOH) and 

HER (0.1 M HClO4). 
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Figure 9.8: X-ray photoelectron spectroscopy data for CSFCM indicating nearly the same 

binding energies before and after 1000 cycles of OER. 

 

Figure 9.9: Representative example of the effect of Mn-concentration. The OER activities 

of CaSrFe0.8Co0.8Mn0.4O6−δ, CaSrFe0.75Co0.75Mn0.5O6−δ and CaSrFe0.7Co0.7Mn0.6O6−δ are 

compared. 
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Figure 9.10: OER polarization curves for CSFCM in (a) 0.1 M HClO4 and (b) 1 M KOH. 

We also examined the electrochemically active surface area (ECSA) of CSFCM, as 

compared to RuO2. This is often done using the electrochemical double layer capacitance 

(Cdl) of the catalysts using cyclic voltammetry in non-faradic region,352 where electrode 

reactions are negligible and the electrical double layer charge and discharge is the main 

source of the current.352, 353 The ECSA value is related to Cdl through the relationship 

ECSA=Cdl/Cs, where Cs is specific capacitance.244, 352, 354 Irrespective of the Cs value, given 

the proportionality between the double layer capacitance, Cdl, and the electrochemically 

active surface area,355-358 it is common to take Cdl as a representative of the magnitude of 

ECSA.356-358 The Cdl value is obtained using the equation Cdl = Δj/v,356-358 where Δj is the 

absolute value of the difference between janodic and jcatodic in cyclic voltammetry data and v 

is the scan rate.356-358 Usually, Δj is plotted against v,  and the value of Cdl is determined as 

half of the slope of this plot.356-358 



 

 

 

151 
 

 

Figure 9.11: (a) and (b) show the steady state chronoamperometry data at different 

potentials starting from the OER onset. In (c) and (d) the currents (jss) obtained at different 

potentials from a and b, are plotted with and without iR correction. Part (e) shows the Tafel 

plot, where the iR corrected overpotential (beyond 1.23 V) is plotted against log jss. The 

Tafel slopes are 74 and 71 mV/dec for RuO2 and CSFCM, respectively.  

Alternatively, some researchers have used the plot of  javerage versus  v, where javerage 

is the average of the absolute values of janodic and jcatodic,
355, 359 and the slope is equivalent 

to Cdl without the need to divide by 2.355 Figure 9.12 shows the plot of Δj at the middle 

potential,357 0.977 V, against the corresponding scan rates. The value of Cdl is determined 

by dividing the slope of this plot by 2.356-358 As shown in Figure 9.12, the Cdl for CSFCM 

is considerably larger than that of RuO2, which is consistent with the high OER activity of 
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CSFCM. Further analyses can also provide information about specific capacitance, as 

shown in Figure 9.13.  

 

Figure 9.12: (a) Cyclic voltammetry data in non-Faradic region with different scan rates 

for CSFCM. (b) The plot of Δj versus scan rate. The value of double layer capacitance, Cdl, 

is equivalent to half of the slope of this plot.   

 

 

Figure 9.13: From above CVs, the Cs can be obtained  using  Cs =  
1

2𝑚𝑣 ⎸𝛥𝑉⎹
∫ 𝑖(𝑉)𝑑𝑉,3  

where m, v, ΔV and i(V) are mass, scan-rate, voltage range, and current response at potential 

V, respectively.3 Some researchers have normalize Cs by electrode area,360 which can then 

be used in ECSA=Cdl/Cs. 
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Figure 9.14: The Cdl-normalized polarization curve for OER in 0.1 M KOH. 

 

Figure 9.15: Charge transfer resistance under OER condition at 1.55 V vs RHE. 

9.5 ELECTRONIC STRUCTURE  

The electronic structure of perovskites, such as the filling of eg states of the 

transition metals, have been suggested to explain their catalytic activity. Initially, the high 

OER activity of BSCF led to the proposal that eg filling of near unity is optimum for 

obtaining the best OER performance.326 Other researchers have since used this descriptor 

to explain the performance of various electrocatalysts for OER.71, 361 The importance of eg 

orbitals is that they form σ-bonding with oxygen-containing intermediates during the 

electrocatalytic process, unlike t2g orbitals that form π-bonds. Therefore, the electron 

transfer between catalyst and reaction intermediates is more directly promoted by eg 

orbitals.326 Perovskite-related oxides with eg electron occupation close to 1,70, 313, 326, 361, 362 
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have been reported to show high catalytic activity. This has been explained in terms of a 

moderate binding strength between the catalyst surface and reaction intermediates, 

optimizing both adsorption and desorption. It has been proposed that the catalyst-adsorbate 

interaction is relatively weak when eg orbital occupation is larger than 1. Conversely, if eg 

orbital occupation is less than 1, the strong bonding between the catalyst and the adsorbate 

can poison the catalyst by hindering the desorption process and reducing the number of 

available binding sites. A correlation between activity and eg orbital filling has been 

suggested for some HER catalysts as well.57, 363 However, in many cases, the assignment 

of eg orbital occupancy has been done by electron count and based on the assumption of a 

certain spin state.57, 71, 326, 361, 363  

 

Figure 9.16: (a) Spin-polarized projected density of states (PDOS) of eg and t2g state of 

Co, Fe and Mn, as well as oxygen 2p state for CaSrFe0.75Co0.75Mn0.5O6. (b) Top panel 

shows the average occupancy of eg states of Co, Fe, Mn, and the bottom panel shows free 

eg carriers at room temperature (298 K) in CaSrFe0.75Co0.75Mn0.5O6, 
CaSrFe0.8Co0.8Mn0.4O6, and CaSrFe0.6Co0.6Mn0.8O6. 
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We used DFT calculations to investigate the electronic structure and identify 

descriptors that lead to the enhanced electrocatalytic activity of CaSrFe0.75Co0.75Mn0.5O6-δ 

(CSFCM). We also calculated the electronic structure of two other compositions with lower 

and higher Fe/Co contents, namely CaSrFe0.6Co0.6Mn0.8O6-δ and CaSrFe0.8Co0.8Mn0.4O6-δ, 

to highlight the unique features of CSFCM. Initially, oxygen-vacancy-free models were 

examined and then vacancies were introduced into the structure. In both cases, the same 

trends for t2g and eg states were observed among the three materials. Figure 9.16 shows the 

projected density of states (PDOS) of t2g and eg states for the transition metals hybridized 

with the p states of oxygen. The 3d states of Fe and Co dominate the Fermi energy (EF) 

with the empty eg states of Mn being at relatively higher energies. Therefore, it is 

reasonable to assume that, in these CaSrFexCoxMn2-xO6-δ catalysts, the Co and Fe sites 

determine the catalytic properties, as they can bind most easily with the adsorbates.  

 

Figure 9.17: Spin-polarized projected density of states of eg and t2g orbitals of Co, Fe and 

Mn, as well as O 2p are shown for (a) CaSrFe0.6Co0.6Mn0.8O6 and (b) 

CaSrFe0.8Co0.8Mn0.4O6. 
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A quantitative analysis of the PDOS shows that CaSrFe0.75Co0.75Mn0.5O6, exhibits 

the highest density of eg states (4.43×10-2 states/eV) around EF as shown in Table 9.3. We 

also find a strong hybridization between eg states of Co (1.37 e), Fe (1.41 e) and Mn (1.92 

e) with oxygen 2p states in CaSrFe0.75Co0.75Mn0.5O6, which would suggest efficient charge 

transfer within the CaSrFe0.75Co0.75Mn0.5O6 structure. Stronger hybridization between the 

transition metal d states and oxygen p states is likely to facilitate efficient charge transfer 

between the transition metal and reaction intermediates during HER and OER.298 The 

average hybridization of the three transition metals with O 2p is 1.57 e for 

CaSrFe0.75Co0.75Mn0.5O6, which is greater than that of CaSrFe0.6Co0.6Mn0.8O6 (1.25 e) and 

CaSrFe0.8Co0.8Mn0.4O6 (1.34 e). The PDOS of CaSrFe0.6Co0.6Mn0.8O6 and 

CaSrFe0.8Co0.8Mn0.4O6 are shown in Figure 9.17. Their eg states around the Fermi energy 

are mainly comprised of Fe and Co contributions, similar to CaSrFe0.75Co0.75Mn0.5O6. 

However, the density of eg states around the Fermi energy is reduced in these two 

compositions compared with CaSrFe0.75Co0.75Mn0.5O6, as shown in Table 9.3. Moreover, 

the average eg states hybridization between different transition metals and oxygen 2p states 

in these two compounds is relatively small. Therefore, the catalyst-adsorbate charge 

transfer in CaSrFe0.6Co0.6Mn0.8O6 and CaSrFe0.8Co0.8Mn0.4O6 is expected to be weaker than 

that of CaSrFe0.75Co0.75Mn0.5O6, resulting in reduced catalytic activity.  
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Figure 9.18: Spin-polarized projected density of states of eg and t2g orbitals of Co, Fe and 

Mn, as well as O 2p in CaSrFe0.75Co0.75Mn0.5O6-δ with one oxygen vacancy located in (a) 

Fe-Co bridge (Ov-FeCo), (b) Fe-Mn bridge (Ov-FeMn), and (c) Mn-Co bridge (Ov-MnCo). 

 

Figure 9.19: Atomic models of special quasirandom structures used to simulate (a) 

CaSrFe0.8Co0.8Mn0.4O6, (b) CaSrFe0.75Co0.75Mn0.5O6, and (c) CaSrFe0.6Co0.6Mn0.8O6. 

We have calculated the eg orbital occupation in CaSrFe0.75Co0.75Mn0.5O6, as well as 

CaSrFe0.6Co0.6Mn0.8O6 and CaSrFe0.8Co0.8Mn0.4O6, from the PDOS, shown in Figure 9.16 

and Table 9.4. The results show that eg orbital occupancy of the three transition metals in 
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CaSrFe0.75Co0.75Mn0.5O6, is similar, with an average value of ~0.87e. The average eg 

occupancy of the three transition metals decreases to 0.73e in CaSrFe0.8Co0.8Mn0.4O6 and 

0.69e in CaSrFe0.6Co0.6Mn0.8O6.  The relation between the eg orbital occupancy and 

electrocatalytic activity has been previously studied for some other perovskite-type oxides, 

such as (Ln0.5Ba0.5)CoO3-δ
361 and Nd1-xBaxMnO3-δ.

70 A similar effect has also been 

investigated for oxides such IrO2, where Cu coping has been used to tune the electron 

occupation between t2g and eg states, resulting in the enhancement of electrocatalytic 

properties.364  

Table 9.3: The average eg density of states around Fermi level (EF - 0.026, EF + 0.026). 

Here at room temperature (298K), kT = 0.026 eV is used as a reference. 

eg intensity 

（States/eV） 

CaSrFe0.6Co0.6Mn0.8O6 

(1×10-2) 

CaSrFe0.75Co0.75Mn0.5O6 

(1×10-2) 

CaSrFe0.8Co0.8Mn0.4O6 

(1×10-2) 

Co 2.86 4.44 2.43 

Fe 3.95 6.58 1.62 

Mn 0.94 2.28 2.33 

Average 2.58 4.43 2.13 

 

Table 9.4: The eg orbital occupations (es) assuming no vacancy, as well as situations with 

oxygen vacancy in Fe-Mn bridge (Ov-FeMn), Fe-Co bridge (Ov-FeCo) and Mn-Co (Ov-

MnCo) bridge. 

CaSrFe0.6Co0.6Mn0.8O6 eg (Fe) eg (Mn) eg (Co) eg (average) 

No vacancy 0.86 0.41 0.80 0.69 

Ov-FeMn 0.86 0.42 0.82  

0.70 Ov-FeCo 0.86 0.41 0.74 

Ov-MnCo 0.88 0.50 0.88 

 

CaSrFe0.75Co0.75Mn0.5O6 

No vacancy 0.88 0.83 0.89 0.87 

Ov-FeMn 0.42 0.77 0.84 

0.72 Ov-FeCo 0.88 0.82 0.74 

Ov-MnCo 0.77 0.42 0.84 

 

CaSrFe0.8Co0.8Mn0.4O6 

No vacancy 0.60 0.95 0.64 0.73 
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Ov-FeMn 0.84 0.79 0.45 

0.64 Ov-FeCo 0.64 0.60 0.42 

Ov-MnCo 0.60 0.83 0.61 

 

In addition to the eg-occupancy, we find that the free eg carriers can also be used as 

a descriptor for electrocatalytic activity in this class of compounds. An analysis of free eg 

carriers at room temperature (Figure 9.16b) shows that the best catalyst, 

CaSrFe0.75Co0.75Mn0.5O6, has the largest free carriers among the three compounds. This 

indicates a more facile charge transfer between the catalyst and the reaction intermediates, 

which can enhance the catalytic activity.   

It is noted that there is oxygen deficiency in all experimental samples, with the 

oxygen site occupancy being close to 0.90 for all materials. Therefore, we incorporated 

oxygen vacancies in DFT models (Figure 9.18) and analyzed the electronic structure of 

these compounds. The results show the same trend of eg orbital distribution and occupation 

(Table 9.4) for the three compounds. The density of eg states around EF in 

CaSrFe0.75Co0.75Mn0.5O6-δ is again the largest among all compounds, and its average eg 

orbital occupancy is higher than CaSrFe0.6Co0.6Mn0.8O6-δ and CaSrFe0.8Co0.8Mn0.4O6-δ. 

Overall, DFT calculations show that the enhanced electrocatalytic activity of 

CaSrFe0.75Co0.75Mn0.5O6-δ can be attributed to: (a) greater density of eg states around the 

Fermi energy, (b) optimum electron occupancy of eg states, resulting in moderate binding 

between catalyst and reaction intermediates, (c) enhanced hybridization between transition 

metals and oxygen 2p states, and (d) the number of free eg carriers, which in concert with 
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optimum eg-occupancy and hybridization, can facilitate efficient charge-transfer and 

enhance the electrocatalytic activity.  

We note that electronic structure of these materials is a function of crystal structure 

and the ratio of transition metals, Fe/Co/Mn. While the optimum eg filling correlates with 

high electrocatalytic activity, the underlying factors that lead to a certain type of eg filling 

are indeed related to the structure and composition.  

9.6 CONCLUSIONS 

Controlled manipulation of the composition and structure can be a powerful tool in 

designing inexpensive electrocatalysts for water splitting based on transition metal oxides. 

Systematic control of the composition can result in structural transformations, which in 

turn affect the catalytic activity. We have shown that it is possible to find an optimum oxide 

system, with perovskite-type structure, which exhibits remarkable electrocatalytic 

properties for water splitting. The new catalyst, CSFCM, shows intrinsic catalytic activity 

in bulk form without the need for additional processing or microfabrication. This catalyst 

is highly stable and can be used for hundreds of cycles of catalysis. It features optimum eg 

occupancy and free eg carriers, which correlate with its high electrocatalytic activity.
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CHAPTER 10

Sr3Mn2O6 AND Sr3FeMnO6 FOR OXYGEN AND HYDROGEN EVOLUTION 

ELECTROCATALYSIS 

In this chapter, the bifunctional electrocatalytic activity in oxygen-deficient RP 

oxides, Sr3Mn2O6 and Sr3FeMnO6 is demonstrated. Structural studies on similar systems, 

Sr3Mn2O7-δ
365 and Sr3FeMnO7-δ,

366 have been reported, where the degree of oxygen 

deficiency is lower (δ = 0 – 0.5). In this work, the careful control of synthesis conditions 

using inert atmosphere has resulted in a greater degree of oxygen-deficiency, to form 

Sr3Mn2O6 and Sr3FeMnO6, similar to the previously reported materials Sr3Co2O6
367 and 

Sr3Fe2O6.
368 In addition, the significant enhancement of electrocatalytic activity toward 

both OER and HER for Sr3FeMnO6 as compared to Sr3Mn2O6, has been observed The 

observation of bifunctional electrocatalytic properties for Sr3FeMnO6 is remarkable. 

10.1 STRUCTURAL CHARACTERIZATION 

Since both materials were synthesized under argon atmosphere using oxides of 

trivalent manganese and iron, the ideal formulas should be Sr3Mn2O6 and Sr3FeMnO6, to 

maintain the charge neutrality. Iodometric titrations were used to reliably determine the 

oxygen content. These experiments indicate oxygen stoichiometries of Sr3Mn2O6.04(2) and 

Sr3FeMnO5.96(2). Rietveld refinements using powder X-ray diffraction data show that the 

two materials are isostructural and have a tetragonal structure with space group I4/mmm, 
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similar to that reported for several analogous oxygen-deficient Ruddlesden-Popper 

systems, such as Sr3Co2O6,
367 Sr3Fe2O6,

368  and La1.9Ca1.1Cu2O6.
369  

 

Figure 10.1: (a) Crystal structure of Sr3Mn2O6 and Sr3FeMnO6. The (Fe/Mn)O5 square-

pyramids are shown in purple and Sr atoms are in orange. (b)  Typical Ruddlesden-Popper 

structure is shown for comparison.   

 

Table 10.1: Refined structural parameters for Sr3Mn2O6 using powder X-ray diffraction 

data. Space group: I4/mmm, a = 3.84393(8) Å, b = 3.84393(8) Å, c = 20.2105(5) Å, 

Rp=0.0558, wRp= 0.0785, χ2 = 2.589. 

Elements x y z Uiso Occupancy Multiplicity 

Sr1 0.0 0.0 0.5 0.021(2) 1     2 

Sr2 0.0 0.0 0.3153(2) 0.036(2) 1     4 

Mn1 0.0 

 

0.0 0.0996(3) 0.013(2) 1     4 

O1 0.0 0.5 0.1011(7) 0.035(3) 1     8 

O2 0.0  0.0 0.1884(9) 0.035(3) 1     4 
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Figure 10.2: Rietveld refinement profile for powder X-ray diffraction data of (a) Sr3Mn2O6 

and (b) Sr3FeMnO6. Black crosses, red line, vertical green tick marks and lower magenta 

line represent experimental data, the model, peak positions, and difference plot, 

respectively.  

 

Table 10.2: Refined structural parameters for Sr3FeMnO6 using powder X-ray diffraction 

data. Space group: I4/mmm, a = 3.8446(4) Å, b = 3.8446(4) Å, c = 20.123(2) Å, Rp=0.0399, 

wRp= 0.0512, χ2 = 1.596. 

Elements x y z Uiso Occupancy Multiplicity 

Sr1 0.0 0.0 0.5 0.036(2) 1     2 

Sr2 0.0 0.0 0.3177(2) 0.027(2) 1     4 

Fe1 0.0 0.0 0.1005(2) 0.015(2) 0.5     4 

Mn1 0.0 

 

0.0 0.1005(2) 0.015(2) 0.5     4 

O1 0.0 0.5 0.0910(8) 0.087(9) 1     8 

O2 0.0  0.0 0.193(1) 0.087(9) 1     4 

 

Figure 10.2 shows the Rietveld refinement profiles for both compounds, and Tables 

10.1 and 10.2 list the refined structural parameters. Compared to a typical Ruddlesden-

Popper structure (Figure 10.1b) that has the general formula A3B2O7, these two materials 

feature an oxygen-deficiency (Figure 10.1a), leading to the formula A3B2O6. A typical 

Ruddlesden-Popper structure with I4/mmm space group has oxygen atoms on three 

crystallographic sites, 0,½,z, 0,0,z, and 0,0,0. In oxygen-deficient systems, the latter site is 

commonly vacant or partially occupied.367-370 As a consequence of this, the coordination 
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geometry around Fe and Mn changes from octahedral to square-pyramidal. This leads to 

2-dimensional layers of corner-sharing (Fe/Mn)O5 square-pyramids, which alternate in 

orientation and are separated by Sr atoms (orange spheres in Figure 10.1a). Scanning 

electron microscopy (SEM) was used to investigate the microstructure of both materials. 

As observed in Figure 10.3, the SEM micrographs show that grain sizes are larger for 

Sr3FeMnO6 as compared with those of Sr3Mn2O6.  

 

Figure 10.3:  Scanning electron microscopy images for (a) Sr3Mn2O6 and (b) Sr3FeMnO6. 

10.2 ELECTROCATALYTIC ACTIVITY FOR HYDROGEN-EVOLUTION 

REACTION  

The electrocatalytic activity for hydrogen-evolution reaction (HER) was studied for 

both compounds in 1M KOH, as commonly utilized for HER.371, 372 The onset potential 

and the overpotential at 10 mA/cm2 are the two most important parameters for evaluation 

of the electrocatalytic activity for HER during heterogeneous catalysis.234, 309, 373 The onset 

potential corresponds to the start of the Faradaic process, where a rise of current begins. 
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An onset potential of almost 0.0 V versus RHE is observed for the benchmark Pt/C (20 wt. 

% Pt) catalyst.77, 183 The HER polarization curves of Sr3Mn2O6 and Sr3FeMnO6 are shown 

in Figure 10.4a, where the respective onset potential values of ~ –0.38 V and –0.30 V are 

observed. Similarly, the corresponding overpotential (η10) values are –0.59 V and –0.45 V 

at –10 mA/cm2 (Figure 10.4a) for both catalysts. The best performing catalyst, Sr3FeMnO6, 

is also very stable, as shown by the chronopotentiometry data in the inset of Figure 10.4a. 

While there are some oxide, such as PrBaCo2O5+δ (η10 = –0.356 V),69 and CaSrFeMnO6-δ 

(η10 = –0.39 V)81 which show better catalytic performance, the overpotential values of the 

catalysts in this work are better than those of some other oxide catalysts in alkaline 

electrolyte, such as the perovskite oxide Ba(Fe0.7Ta0.3)O3-δ (η10 = ~ –0.70 V).374  

The evaluation of the reaction kinetics is done using Tafel slopes. The Tafel 

equation,  = a + b log j (where  is overpotential and j is current density), is utilized to 

determine the Tafel slope from the linear fit to the plot of η versus log j (Figure 10.4b), 

where the data from the curved region of the polarization curve are considered.86, 292, 310 

We note that the cathodic and anodic scans in polarization curves of these materials almost 

overlap. Nevertheless, the average of both scans are commonly used for evaluation of the 

electrocatalytic activity.74, 350, 375-377 Faster electron transfer during the HER process is 

indicated by a smaller value of the Tafel slope. As shown in Figure 10.4b, Tafel slopes for 

Sr3Mn2O6 and Sr3FeMnO6 are determined to be 240 mV/dec and 215 mV/dec, respectively. 

These are in the same range as the values reported for some other HER catalysts, such as 

MgCr2O4 (217.51 mV/dec)378 and CuO (243 mV/dec).379 The smaller Tafel slope for 

Sr3FeMnO6 compared to that of Sr3FeMnO6 indicates faster reaction kinetics and is 

consistent with the higher electrocatalytic activity of the former material. 
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Figure 10.4: (a) HER polarization curves in 1 M KOH. The inset shows 

chronopotentiometry data for Sr3FeMnO6. (b) The Tafel plot showing Tafel slopes for both 

compounds. 

10.3 ELECTROCATALYTIC ACTIVITY FOR OXYGEN-EVOLUTION REACTION  

The electrocatalytic activity for oxygen-evolution reaction (OER) was studied for 

both compounds in 0.1M KOH, as commonly used for OER.317, 318, 380 Figure 10.5a shows 

the polarization curves from cyclic voltammetry for both materials. Similar to the HER, 

the onset potential, overpotential at 10 mA cm-2, and Tafel slope were evaluated. The 

corresponding onset potentials for Sr3FeMnO6 and Sr3Mn2O6 are 1.51 V and 1.63 V, 

respectively. The onset potential of Sr3FeMnO6 is close to that of the well-known OER 

catalyst Ba0.5Sr0.5Co0.8Fe0.2O6-δ (BSCF), ⁓1.5 V.319, 320 The OER overpotential (10) is 

evaluated as the potential, beyond the ideal 1.23 V, which is needed to deliver the current 

density of 10 mAcm-2.212,381  Sr3FeMnO6 has an overpotential of 10 = 0.59 V vs RHE, 

while the data from Sr3Mn2O6  does not even reach the current density of 10 mA cm-2 

(Figure 10.5a). The overpotential of Sr3FeMnO6 is not as low as some other 

electrocatalysts, such as RuO2 (10=0.42 V)382 and BSCF (10=0.51 V).290 However, it is 
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comparable to those of several other oxide catalysts, such as CoFe2O4 (10=0.59 V), Co3O4 

(10=0.60 V),383 and Ca2FeMnO6-δ (10=0.56 V).81  

 

Figure 10.5: (a) OER polarization curves in 0.1 M KOH. The inset shows 

chronopotentiometry data for Sr3FeMnO6. (b) The Tafel plot showing Tafel slopes for both 

compounds.  

The Tafel slopes for OER were obtained from the linear fit of the plot of η versus 

log j86, 292, 310 to evaluate the reaction kinetics, which is related to the electron and mass 

transport.245, 246 The Tafel slope values of 187 mV/dec and 95 mV/dec (Figure 10.5b) were 

determined for Sr3Mn2O6 and Sr3FeMnO6, respectively. This is consistent with the 

enhanced OER activity of the latter material. Moreover, Sr3FeMnO6 is very stable under 

OER conditions, as shown by the chronopotentiometry data in the inset of Figure 10.5a.  

We have also calculated electrochemically active surface area (ECSA) for these 

two materials. The ECSA is estimated from double-layer capacitance, Cdl, in the non-

Faradic region.352  In this region, the current is considered to originate mainly from the 

electrical double layer charge and discharge, which does not have an electron transfer 

contribution.352, 353 The ESCA is calculated from the relation ECSA = Cdl/Cs,
244, 352 where 

Cs is specific capacitance.244, 352  Therefore, ECSA is directly proportional to Cdl. Hence, it 
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is common practice to use the value of Cdl as an indication of the magnitude of ECSA.185, 

294, 384 The Cdl value can be obtained from the equation Cdl = javerage/ν,355, 359 where javerage is 

the average of the absolute values of anodic and cathodic current densities in non-Faradic 

region. The slope of the plot of javerage versus ν gives the Cdl value.  

Figures 10.6a and b show the CVs in non-Faradic region, measured at the different 

scan rates of 10, 20, 40, and 80 mV/s, from which double-layer capacitance (Cdl) is 

obtained. Figure 10.6c shows comparative plots of javerage versus ν, which indicate the Cdl 

values of 494 µF for Sr3FeMnO6 and 194 µF for Sr3Mn2O6. This is consistent with the 

greater electrocatalytic activity of the former material, which also showed lower values of 

overpotential and Tafel kinetics compared to the latter compound.  

 
Figure 10.6:  (a) and (b) Cyclic voltammetry data in the non-Faradaic region in 1 M KOH. 

(c) Plot of javerage versus scan rate. The double-layer capacitance (Cdl) is obtained as the 

slope of the line of best fit. 
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Figure 10.7: (a) and (b) XPS data for Sr3FeMnO6, and (c) Sr3Mn2O6. In both compounds, 

binding energies of Fe and Mn indicate trivalent states, that are in line with previous 

reports.114, 121 

 

Figure 10.8: (a) HER and (b) OER activity comparison of Sr3FeMnO6 with its parent 

compound Sr3FeMnO7. 

The enhanced electrocatalytic properties of Sr3FeMnO6 compared with Sr3Mn2O6 

can be attributed to the electronegativity effect, given the significantly greater 

electronegativity of Fe relative to Mn. It has been shown previously that the increase in 

electronegativity results in the lowering of the energy of d orbitals.385 The lowering of the 

metal d-band in oxides can result in an improvement of the overlap between metal d and 

oxygen p bands, leading to enhanced covalency and hybridization,386, 387 which serve to 

boost the electrocatalytic activity.386, 387 Additionally, the XPS data show (Figure 10.7) the 

trivalent oxidation states of Fe and Mn on both compounds. This creates oxygen vacancies 
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to balance charge on the formula as opposed to the parent phase A3B2O7 with tetravalent 

B-site metals. In fact, the OER and HER activities of the oxygen deficient Sr3FeMnO6 

compound is better than its parent compound Sr3FeMnO7, as shown in Figure 10.8. The 

remarkable enhancement of the catalytic properties of Sr3FeMnO6 is consistent with these 

electrocatalytic descriptors and indicate the important role of electronegativity in directing 

functional properties such as electrocatalysis.  

10.4 CONCLUSIONS  

The 2-dimensional oxides Sr3Mn2O6 and Sr3FeMnO6 have been synthesized and 

their structural and electrocatalytic properties have been investigated. Their structures 

consist of square-pyramidal (Fe/Mn)O5 units that form 2D layers, separated by strontium 

ions. There is a persistent enhancement of electrocatalytic properties for Sr3FeMnO6 as 

compared to Sr3Mn2O6. The former shows enhanced activity toward both OER and HER, 

exhibiting improved overpotential, Tafel kinetics and electrochemically active surface 

area. The significantly enhanced electrocatalytic performance is attributed to the effect of 

electronegativity, given the considerably higher electronegativity of Fe compared with Mn, 

which can lead to the lowering of the d-band energy, resulting in better overlap with oxygen 

p bands.



 

The work described in this chapter is under review in a Journal. 
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CHAPETR 11

SYSTEMATIC ENHANCEMENT OF ELECTROCATALYTIC ACTIVITY AS A 

FUNCTION OF STRUCTURAL ORDER IN PEROVSKITE OXIDES 

In this chapter, a remarkable finding, where the electrocatalytic activity for both 

HER and OER is systematically enhanced as a function of vacancy-order, is demonstrated. 

In particular, the ordering of vacancies leads to a catalyst which is by far superior to 

precious metal catalysts, such as RuO2. Furthermore, the remarkably high intrinsic activity 

of this catalyst enables it to catalyze the HER and OER in bulk form, without the need for 

elaborate nanofabrication or composite formation. 

11.1 CRYSTAL STRUCTURE 

All three materials are synthesized under the same conditions, as described in 

chapter 2 (Table 2.1). Iodometric titrations show that the degree of oxygen-deficiency is δ 

= 0.5 for Sr2FeCoO6-δ, δ = 0.8 for CaSrFeCoO6-δ, and δ = 1.0 for Ca2FeCoO6-δ. Rietveld 

refinements (Figure 11.1a and Table 11.1-3) using X-ray diffraction data confirm that the 

structure of Sr2FeCoO6-δ resembles that of a typical perovskite with octahedral 

coordination around transition metals (Figure 11.2a).12 The vacant oxygen sites are 

distributed randomly, as required by the cubic perovskite structure, which contains one 

crystallographic position for the A-site, one for the B-site metal, and one for oxygen. 
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Figure 11.1: The Rietveld refinement profiles using powder X-ray diffraction data for (a) 

Sr2FeCoO6-δ (Pm-3m), (b) CaSrFeCoO6-δ (Ibm2), and Ca2FeCoO6-δ (Pbcm). Black crosses, 

red line, pink vertical tick marks and lower gray line represent experimental data, the 

model, peak positions, and the difference plot, respectively. 

 

Table 11.1: Refined structural parameters of Sr2FeCoO6-δ using powder X-ray diffraction 

data. Space group: Pm-3m; a = 3.8653(1) Å; Rp = 0.0148, wRp = 0.0202, χ2 = 1.05%. 

Element x y z Occupancy Uiso Multiplicity 

Sr1 0.5 0.5 0.5 1 0.0165(3) 1 

Fe1/Co1 0.0000 0.0000 0.0000 0.5/0.5 0.0182(4) 1 

O3 0.5 0.0000 0.0000 0.8333 0.0278(7) 3 

 
 

Table 11.2: Refined structural parameters of CaSrFeCoO6-δ using powder X-ray 

diffraction data. Space group: Ibm2; a = 5.5576(2) Å, b = 15.1647(5) Å, c = 5.4141(2) Å; 

Rp = 0.0163, wRp = 0.0217, χ2 = 1.77%. 

Element x y z Occupancy Uiso Multiplicity 

Ca1/Sr1 0.5105(5) 0.1118(2) -0.003(6) 0.5/0.5 0.021(1) 8 

Fe1/Co1 0.0000 0.0000 0.0000 0.5/0.5 0.031(2) 4 

Fe2/Co2 0.0769(9) 0.25000 -0.010(8) 0.5/0.5 0.027(2) 4 

O1 0.253(11) 0.0010(7) 0.265(8) 1 0.037(3) 8 

O2 -0.075(2) 0.1556(6) -0.005(12) 1 0.037(3) 8 

O3 0.363(3) 0.25000 0.851(10) 1 0.037(3) 4 
 

Table 11.3: Refined structural parameters of Ca2FeCoO6-δ using powder X-ray diffraction 

data. Space group: Pbcm; a = 5.3686(1) Å, b = 11.1063(2) Å, c = 14.8080(2) Å; Rp = 

0.0166, wRp = 0.0213, χ2 = 1.31%. 

Element x y z Occupancy Uiso Multiplicity 

Ca1 -0.005(2) 0.758(2) 0.390(1) 1 0.023(6) 8 

Ca2 -0.490(3) 0.515(3) 0.607(2) 1 0.058(2) 8 

Fe1/Co1  0.439(4) 0.717(2) 0.25 0.5/0.5 0.041(2) 4 
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Fe2/Co2 -0.048(3) 0.535(4) 0.25 0.5/0.5 0.030(8) 4 

Fe3/Co3 -0.506(3) 0.75 0.5 0.5/0.5 0.033(8) 4 

Fe4/Co4 0.000 0.000 0.000 0.5/0.5 0.037(8) 4 

O1 0.105(11) 0.661(5) 0.25 1 0.035 4 

O2 0.607(10) 0.556(4) 0.25 1 0.035 4 

O3 -0.260(11) 0.633(6) 0.490(2) 1 0.035 8 

O4 -0.742(12) 0.626(6) 0.490(2) 1 0.035 8 

O5 0.029(7) 0.472(6) 0.361(4) 1 0.035 8 

O6 0.517(7) 0.784(6) 0.360(4) 1 0.035 8 

 

 

Figure 11.2: (a) Structure of Sr2FeCoO6-δ, containing a random distribution of oxygen-

vacancies, represented by white squares. (b) and (c) show CaSrFeCoO6-δ and Ca2FeCoO6-

δ, respectively, where oxygen-vacancies only appear in every other layer. Dotted panels 

show the top view of the orientation of tetrahedral chains that form due to oxygen-

vacancies.  

However, the decrease in the average ionic radius of the A-site, by incorporation of 

calcium, leads to an ordered structure in CaSrFeCoO6-δ. The structure and Rietveld 

refinement profile are shown in Figures 11.2b and 11.1b, respectively.12 In this structure, 
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the oxygen-vacancies are present in every other layer, lowering the coordination number 

of the B-site metals from 6 to 4. This leads to the formation of (Fe/Co)O4 tetrahedral units 

in every other layer (purple polyhedra in Figures 11.2b). The remaining layers (grey 

polyhedra in Figures 11.2b) do not have oxygen vacancies and retain the typical octahedral 

coordination of a perovskite structure. The connectivity of all polyhedra is through corner-

sharing. The tetrahedral (Fe/Co)O4 units are connected to form chains that are sandwiched 

between the octahedral layers. All tetrahedral chains have the same orientation, as observed 

in Figures 11.2b.  

An even higher degree of order can be attained when the average ionic radius of the 

A-site is decreased further to form Ca2FeCoO6-δ.
12 In this material, the oxygen-vacancies 

are ordered, and occur only in every other layer, forming 4-coordinated tetrahedral units 

similar to the above structure. However, there is an additional degree of order, where the 

tetrahedral chains that form due to the oxygen vacancies, have alternating orientations 

(Figures 11.2c), forming an R-L-R-L-… arrangement (R = right handed; L = left handed). 

11.2 HYDROGEN AND OXYGEN EVOLUTION ACTIVITIES 

There is a methodical increase in the ordering of oxygen-vacancies from 

Sr2FeCoO6-δ (disordered) to CaSrFeCoO6-δ (ordered) and Ca2FeCoO6-δ (highly ordered). 

These changes correlate directly with electrocatalytic properties. The HER overpotential at 

10 mA/cm2 (η10)
247, 293, 388  for the disordered material Sr2FeCoO6-δ is 490 mV in 1 M KOH, 

which is lowered to η10 = 390 mV for the vacancy-ordered material CaSrFeCoO6-δ. Further 

lowering of the overpotential is observed for the highly ordered material Ca2FeCoO6-δ, η10 

= 250 mV (Figure 11.3a). The latter material shows better electrocatalytic activity than 
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some reported perovskite oxides such as Ba0.5Sr0.5Co0.8Fe0.2O3–δ (η10 = 430 mV),284 

La0.96Ce0.04CoO3−δ (η10 = 305 mV),389 NdBaMn2O6−δ (η10 = 290 mV),70 CaSrFeMnO6−δ, 

(390 mV),81 and SrNb0.1Co0.7Fe0.2O3–δ nanorods (262 mV).77 There is also a methodical 

enhancement of the HER kinetics as a function of the structural order, as evident from the 

slopes of Tafel plots, η vs log j (Figure 11.3b).184, 185 The decrease in Tafel slope correlates 

with the increase in structural order, indicating faster charge-transfer and enhanced kinetics 

for the ordered materials.245, 246 Furthermore, the enhanced charge-transfer is evident from 

the systematic decrease in the charge-transfer resistance in impedance spectroscopy data 

in the HER region,70 which matches the trend in structural order, as shown in  Figure 11.3c. 

The best catalyst, Ca2FeCoO6-δ, maintains its high activity for at least 2000 cycles, as 

demonstrated in Figure 11.3d. 

The correlation between the electrocatalytic activity and vacancy-order is also 

observed for the OER electrocatalysis, as evident from the overpotential values (η10) 

beyond the thermodynamic potential of 1.23 V at 10 mA/cm2. The disordered material, 

Sr2FeCoO6-δ, shows an overpotential of η10 = 280 mV in 1 M KOH, which is lowered to 

η10 = 270 mV for the vacancy-ordered material CaSrFeCoO6-δ, and η10 = 250 mV for the 

highly ordered Ca2FeCoO6-δ. This is a remarkably low overpotential for a single-phase bulk 

oxide, based on non-noble metals. It is by far superior to that of the noble metal catalyst 

RuO2,
286-288 as shown in Figure 11.4a. The vast majority of the previously reported oxide 

electrocatalysts show an OER overpotential of η10 > 300 mV, such as 

La0.6Sr0.4Co0.8Fe0.1Mn0.1O3 (343 mV),390 PrBaCo2O5.75 (360 mV),391 PrBa0.25Sr0.75Co2O5.95 

(420 mV),392 and Pr0.5Ba0.5Co0.8W0.2O3-δ (325 mV).393 
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Figure 11.3: (a) HER polarization curves in 1M KOH. (b) Tafel plots and slopes. (c) 

Impedance spectroscopy data indicating the charge transfer resistance in the HER region. 

(d) Polarization curve for Ca2FeCoO6-δ after 2000 cycles. 

In addition, the vacancy-ordered Ca2FeCoO6-δ has a unique property, which is its 

ability to act as a highly active electrocatalyst without the need for nanofabrication, 

composite formation, or any additional processing. It does not even need the addition of 

carbon black, which is routinely added to catalysts for OER/HER, indicating its superior 

intrinsic activity. The few existing oxide catalysts that show such high level of OER 

activity, often require elaborate nanofabrication processes or multicomponent composite 

formation. For example, an OER overpotential of η10 = 297 mV has been observed for 

Co3O4/Co-Fe oxide double-shelled nanoboxes, obtained using a multi-step process 
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involving metal-organic frameworks.394 Also an overpotential of η10 = 240 mV is reported 

for 3D hybrid porous CoFe2O4/C nanorod arrays supported on nickel foam, obtained from 

a metal-organic framework.395 Another example is the reduced necklace-like multishelled 

hollow structure of a spinel transition-metal oxide, obtained using sacrificial templates of 

carbonaceous microspheres, which leads to an overpotential of η10 = 240 mV.396 Catalysts 

with ultrahigh activity that can be used in bulk form, without intricate nanofabrication or 

multicomponent composite formation are rare. 

 

Figure 11.4: (a) OER polarization curves in 1M KOH. (b) Tafel plots and slopes. (c) 

Impedance spectroscopy data indicating the charge transfer resistance in the OER region. 

(d) Polarization curve for Ca2FeCoO6-δ after 2000 cycles.  

The trend in the OER kinetics, evident from the Tafel slopes (Figure 11.4b), and 

the charge-transfer resistance, from impedance spectroscopy (Figure 11.4c), match the 
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trend of the electrocatalytic activity. Importantly, the best catalyst, Ca2FeCoO6-δ, is highly 

stable and retains its high catalytic activity for at least 2000 cycles, as shown in Figure 

11.4d. In addition, the structural integrity and transition metal oxidation states are 

maintained, as demonstrated by X-ray diffraction and X-ray photoelectron spectroscopy 

(XPS) experiments before and after 2000 cycles (Figures 11.5).  

 

Figure 11.5: (a) X-ray diffraction, and (b) XPS data, before and after 2000 cycles of OER 

for Ca2FeCoO6-δ. 

11.3 DENSITY FUNCTIONAL THEORY CALCULATIONS 

The density functional theory (DFT)397, 398 framework, implemented in the Vienna 

Ab-initio Simulation Package (VASP, version 5.4)399 was used for computational 

calculations. The Projector Augmented Wave (PAW)400 was utilized for the electron-ion 

interactions, and the generalized gradient approximation (GGA)401 in the scheme of 

Perdew Burke Ernzerhof (PBE)402 was used for treatment of electron exchange-correlation 

interactions. The spin polarized behavior was also taken into consideration. The 
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Congregate-Gradient algorithm,403 implemented in VASP, was used for structural 

relaxation. The energy cutoff for the plane wave basis was set at 400 eV, and the criteria 

for convergences of energy and force in relaxation processes were set to be 10-5 eV and 10-

4 eV/Å, respectively. Primitive cells, 1×1×1 for pbcm and 2×2×2 for Pm-3m symmetry, 

were chosen. The respective Brillouin zones (BZ) were sampled by 11 × 7 × 5 and 9 × 9 × 

9 k-point meshes, created based on the Monkhorst-Pack scheme.404 The LDA+U Approach 

(A Simple Hubbard Correction for Correlated Ground States) was adopted405 with tested 

Hubbard (U) values for Fe (5.3 eV) and Co (5.8 eV), respectively. A Gaussian smearing 

method was used to determine the partial occupancies of electrons on orbitals during the 

relaxation process and the tetrahedron method with Blöchl corrections was used for 

electronic density-of-states calculations. The electronic band structures were calculated at 

the DFT-PBE level. 

To explore the effect of structural order in more depth, we conducted density 

functional theory (DFT) calculations on the disordered material Sr2FeCoO6-δ, as well as the 

highly ordered compound Ca2FeCoO6-δ (Figure 11.6). These calculations indicate that the 

structural order leads to a methodical shift of centers of the transition-metal d-bands and 

oxygen p-band toward the Fermi level. For the disordered system Sr2FeCoO6-δ, the centers 

of the bands are at -4.885 eV (Fe d), -4.446 eV (Co d), and -2.417 eV (O p). On the other 

hand, DFT calculations for the ordered material Ca2FeCoO6-δ show a shift toward the Fermi 

level, leading to band center energies of -4.403 eV (Fe d), -3.713 eV (Co d), and -2.215 eV 

(O p). It has been previously proposed that the shift in the center of the d-band toward the 

Fermi level can result in enhanced interactions with the OER intermediates,299, 300 leading 
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to an improvement in the electrocatalytic activity. A further outcome of the structural order, 

indicated by DFT calculations, is a greater proximity of the centers of the transition-metal 

d-bands to the oxygen p-band for Ca2FeCoO6-δ as compared to Sr2FeCoO6-δ. Some 

researchers have suggested that this proximity leads to enhanced covalency and a greater 

degree of p-character of the transition metal d bands, resulting in better charge-transfer 

between the catalyst and the oxygen-containing intermediates.297 Therefore, in transition 

from a disordered system to an ordered structure, the combined effect of the shift of the 

band centers toward the Fermi level and the enhanced proximity of the centers of the metal 

d and oxygen p bands can contribute to the remarkable enhancement of the electrocatalytic 

activity.  

 

Figure 11.6: Density of States (DOS) from DFT calculations on (a) disordered Sr2FeCoO6-

δ, and (b) ordered Ca2FeCoO6-δ. 

To further demonstrate the impact of structural order, we conducted additional DFT 

calculations for Ca2FeCoO6-δ using a hypothetical disordered model. The hypothetical 

structure was similar to that of Sr2FeCoO6-δ, but contained calcium instead of strontium. 

The simulations indicated that a hypothetical disordered structure for Ca2FeCoO6-δ would 
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have lower band center energies, -5.2023 eV (Fe d) and -4.3388 eV (Co d), compared to 

those of the real, ordered structure of Ca2FeCoO6-δ. These findings indicate that a 

disordered structure, whether containing Sr or Ca, consistently has lower band energies 

than the ordered structure. These calculations underline the crucial impact of structural 

order in modifying the electronic structure and the subsequent enhancement of the 

electrocatalytic performance.  

11.4 CONCLUSIONS 

In summary, we have shown a remarkably high electrocatalytic performance, 

achieved through a novel approach, i.e., the systematic increase in the degree of ordering 

of oxygen-vacancies. This approach leads to a remarkably low overpotential for an oxide 

catalyst, which can be used in bulk form, without the need for elaborate nanofabrication, 

multi-component composite formation, or any additional processing. We propose that the 

modification of the ordering schemes of oxygen-vacancies can be used as a tool for the 

design of highly active oxide electrocatalysts for water electrolysis.
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CHAPTER 12

ENHANCED PERFORMANCE OF AN OXIDE ELECTROCATALYST, 

BaSrCoMoO6, FOR BOTH HYDROGEN AND OXYGEN EVOLUTION REACTIONS 

This chapter presents a remarkable bifunctional electrocatalyst BaSrCoMoO6 for 

both OER and HER in an alkaline medium, which outperforms the catalytic activity of the 

perovskite-oxide-based benchmark catalyst Ba0.5Sr0.5Co0.8Fe0.2O3–δ (BSCF).74  

12.1 CRYSTAL STRUCTURE 

Both BaSrCoMoO6 and BSCF belong to the perovskite family, represented by the 

general formula ABO3 (A = Ba/Sr,  B = Co/Mo or Co/Fe). Both oxides have cubic 

structures, but with different space groups, Fm-3m23-25 for BaSrCoMoO6 and Pm-3m17 for 

BSCF. As we have previously described,85 the structure of BaSrCoMoO6, consists of six-

coordinated Co2+ and Mo6+ ions, which are ordered in the material lattice (Figure 12.1). On 

the other hand, BSCF does not have such ordering pattern and both Fe and Co share the 

same crystallographic site.17 Figures 12.2-12.3 and Tables 12.1-12.2 provide further 

information about structural analyses of these materials. 
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Figure 12.1: (a) Crystal structure of Ba0.5Sr0.5Co0.5Mo0.5O3 (BaSrCoMoO6). Note the 

ordering of Co and Mo. (b) Crystal structure of Ba0.5Sr0.5Co0.8Fe0.2O3–δ. 

Table 12.1: The refined structural parameters of BaSrCoMoO6 using PXRD data. Space 

group: Fm-3m (#225) a = 7.9913(1) Å, Rp = 0.0400, wRp = 0.0557, χ2 = 3.00%. 

Element x y z Occupancy Uiso Multiplicity 

Ba1/Sr1 0.25 0.25 0.25 0.5 0.017(6) 8 

Co1 0.5 0.5 0.5 1 0.013(2) 4 

Mo1 0 0 0 1 0.014(1) 4 

O1 0.2428(7)    0 0 1 0.014(2) 24 

 

Table 12.2: The refined structural parameters of Ba0.5Sr0.5Co0.8Fe0.2O3- δ (BSCF) using 

PXRD data. Space group: Pm-3m (#221) a = 3.99413(24) Å, Rp = 0.0175, wRp = 0.0260, 

χ2 = 1.45%. 

Element x y z Occupancy Uiso Multiplicity 

Ba1/Sr1 0.5 0.5 0.5 0.5/0.5 0.0210(5) 1 

Co1/Fe1 0 0 0 0.8/0.2 0.0300(7) 1 

O1 0.5    0 0 1 0.071(2) 3 

 



 

 

 

184 
 

 

Figure 12.2: Rietveld refinement profiles using powder X-ray diffraction data. The black 

cross symbols, magenta solid curve, olive vertical tick marks, and the lower blue curve 

correspond to the experimental data, the calculated pattern for the cubic models, the Bragg 

peak positions, and the difference plot, respectively. 
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Figure 12.3: SEM images of both compound showing the crystallite size and porosity. The 

insets on the left panel show the histograms and gaussian fit analysis for the average 

diameter. 

12.2 HYDROGEN AND OXYGEN EVOLUTION ACTIVITIES 

The variations in composition and structure have a significant impact on HER and 

OER activities. As shown in Figures 12.4a, HER experiments in 1 M KOH show the 

enhanced electrocatalytic performance of BaSrCoMoO6 over BSCF. The overpotential 

(10) values required to deliver a current density of 10 mA/cm2 are 325 mV and 470 mV, 

respectively. The current density of 10mA/cm2 is typically adopted as a reference in such 

studies, as desired for 10% solar-to-fuel conversion efficiency.284 The observed 

overpotential for BSCF is close to that of a previous report, 10 = 430 mV.284 The 

overpotential of  BaSrCoMoO6 is significantly lower than that of BSCF. It is also lower 
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than the values reported for some other highly active perovskite-based electrocatalysts such 

as Ba0.95Co0.4Fe0.4Zr0.1Y0.1O3−δ (10 = 360 mV)284 and SrCo0.7Fe0.25Mo0.05O3-δ (10 = 378 

mV).363 In addition, BaSrCoMoO6 is very stable, as evident from the nearly constant 

chronopotentiometry response, shown in the inset of Figure 12.4a. 

 

Figure 12.4: (a) HER polarization curves in 1 M KOH. The inset shows the 

chronopotentiometry data of BaSrCoMoO6 at a current density of 10 mA/cm2. (b) The 

Tafel plot showing Tafel slopes. (c) The Nyquist plot recorded in the HER potential region, 

−0.5 V vs the RHE, indicating lower charge transfer resistance for BaSrCoMoO6.  

To examine the kinetics of the reaction, the Tafel equation,  = a + b log j, was 

used where η is the overpotential, and j is the current density. The Tafel slope, i.e., the 

slope of η versus log j, indicates the kinetics of the reaction.184, 285 Tafel plot is influenced 

by the conductivity and mass transport of the catalyst.245, 246, 406 In general, a smaller Tafel 

slope indicates a faster reaction. As shown in Figure 12.4b, BaSrCoMoO6 shows a smaller 

value of Tafel slope, 142 mV/dec, compared to BSCF, 174 mV/dec, indicating the faster 

electron transfer in BaSrCoMoO6 during the HER. This catalyst also shows smaller charge 
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transfer resistance70 in the HER region (-0.5 V vs RHE), as evident from the lower real 

axis intercept of the semi-circle in Nyquist plot as compared to BSCF (Figure 12,4c). 

BaSrCoMoO6 also shows an enhanced performance for OER electrocatalysis 

compared with BSCF.290, 295, 407 As shown in Figure 12.5a, the overpotential (10) at 10 

mA/cm2 is 400 mV for BaSrCoMoO6, as compared to that of BSCF, 500 mV, in 0.1 M 

KOH. The overpotential for BSCF is in line with previous reports.290, 295, 407 We note that 

the OER activity of BaSrCoMoO6 is comparable to that of the precious metal catalyst, 

RuO2 (10 = 420 mV).81, 248 

The kinetics of the OER for BaSrCoMoO6 is faster than that of BSCF, as evident 

from the Tafel plots184, 185, 285 shown in Figure 12.5b, giving Tafel slopes of 93 mV/dec for 

BaSrCoMoO6, as compared to 81 mV/dec for BSCF. The lower Tafel slope value for the 

former is indicative of faster reaction, consistent with its greater OER activity. In addition, 

the charge transfer resistance in the OER region (1.7 V vs RHE) is smaller for 

BaSrCoMoO6 than BSCF (Figure 12.5c), which indicates an enhanced charge transfer for 

BaSrCoMoO6, consistent with its superior catalytic activity. This catalyst is also very 

stable, as evident from the stable chronopotentiometry response in OER conditions, shown 

in the inset of Figure 12.5a. 
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Figure 12.5: (a) OER polarization curves in 0.1 M KOH. The inset shows the 

chronopotentiometry data for BaSrCoMoO6 at a current density of 10 mA/cm2. (b) The 

Tafel plot showing Tafel slopes. (c) The Nyquist plot recorded in the OER potential region, 

1.7 V vs the RHE, indicating lower charge transfer resistance for BaSrCoMoO6. 

Another important advantage of BaSrCoMoO6 is that it can be used in bulk without 

the need for nanofabrication or composite formation. Even the addition of carbon black, 

which is routinely added in OER or HER studies, is not needed. Carbon black is often 

mixed with the catalyst to enhance the change transfer.343, 408, 409 The electrocatalytic 

experiments for BaSrCoMoO6 with or without carbon black lead to similar overpotentials 

(Figure 12.6). This indicates the outstanding intrinsic catalytic activity of BaSrCoMoO6. 

On the other hand, for BSCF, the absence of carbon black leads to low catalytic 
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performance, where the current response does not even reach 10 mA/cm2, as shown in 

Figure 12.6. 

 

Figure 12.6: Representative polarization curve showing the OER activity without the 

addition of carbon black for BaSrCoMoO6 and BSCF. 

Importantly, BaSrCoMoO6 retains its structural integrity, as evident from X-ray 

diffraction data before and after 1000 cycles of OER and HER. As shown in Figure 12.7, 

the X-ray diffraction pattern remains unchanged, indicating the catalyst structure is intact.  

 

Figure 12.7: X-ray diffraction data before and after 1000 cycles of OER and HER. 
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11.3 DENSITY FUNCTIONAL THEORY AND METHODS 

The ab initio calculations were performed within the density functional theory 

(DFT) at the level of the spin polarized generalized gradient approximation (SGGA) and 

the Perdew-Burke-Ernzerhof (PBE)266 level of approximation augmented by including 

Hubbard-U corrections267 based on Dudarev's approach,268 as implemented in the Vienna 

Ab-initio Simulation Package (VASP).269-271 The projected augmented wave (PAW) 

potential 270, 271 was used to describe the core electrons. The Hubbard-U parameter was 

applied as a many-body correction to overcome the underestimation of electronic 

correlation due to the approximate nature of the exchange-correlation functionals in the 

traditional single particle Kohn-Sham DFT. It partially corrects the electronic self-

interaction error inherent in DFT and leads to better gap estimations. Hubbard parameters 

were used only for the d-orbitals of the transition metal (TM) atoms. After testing a range 

of U values, U(d,TM) =3  eV was selected for Co, Mo and Fe. This value is very close to 

other DFT/SGGA + U studies reported on similar systems.272, 336, 410-414 We note that the 

use of DFT/SGGA+U has been shown to work very well for ternary  alloys of the type 

ABO3 by producing correct total energies and band gap values.279  

The ABO3 perovskite-type BaSrCoMoO6 and Ba0.5Sr0.5Co0.8Fe0.2O3-δ  (δ = 0.4) 

systems were simulated by supercells periodically repeated along the x, y and z-directions. 

The supercells for BaSrCoMoO6 were obtained by extending a BaSrCoMoO6 unit cell with 

Fm-3m symmetry. Supercells of several sizes were considered. Positions of Ba and Sr 

atoms were randomly selected, while ordering was maintained for the Co and Mo atoms, 

consistent with the experimentally determined structure. Among various supercells 

considered with 20, 40, or 80 atoms, a 40 atom supercell with P4222 symmetry was found 
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to have the optimal energetics (lowest energy per atom). Similarly, for 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ, different sizes of supercells with 46 and 92 atoms were considered. 

They were obtained by extending the BaCoO3 unit cell with Pm-3m symmetry. In each of 

the supercells, the placing of Ba and Sr atoms were random. This was also the case for Co 

and Fe atoms, consistent with the experimentally determined structure. The oxygen 

vacancy sites were also chosen randomly.  A 92 atom supercell with P1 symmetry was 

found to have the optimal energetics. A Monkhorst- Pack 4x4x4 k-point mesh was used in 

all calculations.337 All structures were subjected to full symmetry unconstrained geometric 

relaxation of all atom positions and cell parameters.  We note that the relaxation of the cell 

volume is extremely critical for an accurate estimation of the ground state. The lowest 

energy structures obtained in the two cases were used in the calculation of band structures 

and densities of states (DOS). 

 

Figure 12.8: Density of States (DOS) from DFT calculations for (a) BSCF, and (b) 

BaSrCoMoO6. 

Further insight into the properties of these materials is obtained using density 

functional theory (DFT) calculations. These calculations (Figure 12.8) indicate that, for 
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BaSrCoMoO6, the center of the Co d-band is considerably closer to the Femi level, 

compared to that of BSCF. This is important because cobalt in BSCF is considered the 

active site,74 and its electronic configuration is thought to be responsible for the high 

electrocatalytic activity of BSCF.74 Therefore, the shift in the Co d-band center can have a 

direct impact on the electrocatalytic performance. 

It has been previously proposed299, 300 that the proximity of the d-band center to the 

Fermi level is correlated with the electrocatalytic activity due to the improved bonding with 

the adsorbates during the reaction.299, 300 The average center of the Co d-band (from both 

spin up and spin down) for BSCF is -3.796 eV, as compared to that of BaSrCoMoO6, -

1.852 eV, indicating a significant shift toward the Fermi level. The average center of the 

Mo d-band in BaSrCoMoO6 is -5.204 eV, while that of the Fe d-band for BSCF is -4.193 

eV. The difference in the d-band centers of Mo and Fe is expected. However, the magnitude 

of this difference is about half the difference between the centers of Co d-bands of the two 

materials. The enhanced electrocatalytic performance of BaSrCoMoO6 is consistent with 

the considerable shift of the Co d-band closer to the Fermi level compared to that of BSCF. 

11.4 CONCLUSIONS 

The double perovskite BaSrCoMoO6 is a promising functional electrocatalyst to 

catalyze both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) for 

water splitting in both acidic and alkaline media. Experimental results show that the double 

perovskite outperforms both HER and OER activity of the state-of-the-art 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) and commercial RuO2 catalysts in 1 M KOH electrolyte. 

BaSrCoMoO6 has very low OER and HER overpotentials of 340 mV and 325 mV, 
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respectively. This is a remarkable finding in the field of energy conversion by water 

splitting process.
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CHAPTER 13

BIFUNCTIONAL WATER-SPLITTING ELECTROCATALYSIS, BROUGHT ABOUT 

BY STRUCTURAL ORDER 

In this chapter, the significant enhancement of HER and OER activities upon 

topotactic reduction of LaCoO3 to achieve an oxygen-deficient system LaCoO2.67 

(La3Co3O8), has been studied. Detailed electrochemical studies show the important effect 

of oxygen-deficiency, resulting in the improvements of overpotential and kinetics for both 

OER and HER processes. 

13.1 CRYSTAL STRUCTURE AND OXYGEN CONTENT 

The occurrence of oxygen vacancies (δ) results in the formation of oxygen-deficient 

perovskites (ODP) with the general formula, ABO3–δ. While typical perovskites (ABO3) 

only contain AO12 and BO6 polyhedra, ODPs can contain several types of coordination 

geometries around A and B-site metals, such as AO12, AO8, BO4, and BO6, depending upon 

the ordering scheme of oxygen vacancies. 

The crystal structures were examined by Rietveld refinements using powder X-ray 

diffraction (PXRD). The Rietveld refinement profile and the refined structural parameters 

for LaCoO3 are presented in Figure 13.1a and Table 13.1, respectively. This compound has 

a trigonal structure with R-3c space group, as also reported previously.415, 416 The crystal 

structure (Figure 13.1b) contains corner-sharing 6-coordinated CoO6 and edge-sharing 9-
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coordinated LaO9 polyhedra. Using iodometric titration, the amount of oxygen vacancies 

(δ) per formula for this material was confirmed to be ~0.02 (1), indicating an almost 

stoichiometric LaCoO3 formula, consistent with a previous report.417 

 

Figure 13.1: (a) Rietveld refinement profile for PXRD data of LaCoO3 with R-3c space 

group. The blue crosses, red solid curve, olive vertical tick marks, and dark cyan curve 

correspond to the experimental data, calculated model, Bragg peak positions, and 

difference plot, respectively. (b) Crystal structure of LaCoO3, showing the corner-sharing 

CoO6 octahedral units. 

Table 13.1: Refined structural parameters of lacoo3 at room temperature using pxrd data. 

space group: r-3c, a = 5.44660(6) å, c = 13.1005(1)å, rp = 0.0283, wrp = 0.0361, χ2 = 

1.324%. 

Atom x y z Multiplicity Occupancy Uiso 

La1 0 0 0.25 6 1.0 0.0271(5) 

Co1 0 0 0 6 1.0 0.0265(8) 

O1 0.451(1) 0 0.25 18 1.0 0.031(2) 

 

The reduction of LaCoO3 in 5% H2 gas leads to the creation of LaCoO2.67 (δ = 0.33) 

with a significant level of oxygen-vacancies that are arranged in an ordered fashion. This 

reduction method is a facile route for the synthesis of La3Co3O8 at a lower temperature 
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(350 °C), without the need for more elaborate methods, such as reduction in a sealed silica 

glass ampoule containing Zr chip.418 The results of the Rietveld refinement for this 

compound are shown in Figure 13.2a and Table 13.2. During the refinements, y positions 

were fixed at special positions except for Co1 and O1, consistent with a previous report.418 

Fixing the y positions of those two atoms results in an unstable refinement. The degree of 

oxygen deficeny, δ ≈ 0.33 (1), was confirmed using iodometric titration.  

 

Figure 13.2: (a) Rietveld refinement profile for PXRD data of La3Co3O8 with P21 space 

group. The blue crosses, red solid curve, olive vertical tick marks, and dark cyan curve 

correspond to the experimental data, calculated model, Bragg peak positions, and 

difference plot, respectively. (b) Crystal structure of La3Co3O8, showing the corner-sharing 

CoO4 tetrahedra located in between two layers of CoO6 octahedra. 

This material forms a crystal structure which is an intermediate between 

brownmillerite and perovskite structure. In this type of structure, the vacancies appear in 

every third layer, forming CoO4 tetrahedra in between bilayer stacks of CoO6 octahedra 

(Figure 13.2b). This bilayer brownmillerite structure type, is also known as Grenier 

phase.13 It has six different positions for metal atoms; hence the formula LaCoO2.67 is better 

described as La3Co3O8.   
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Table 13.2: Refined structural parameters of la3co3o8 at room temperature using pxrd data. 

space group: p21, a = 5.45645(2) å, b = 5.4212(2) å, c = 11.7760(5)å, rp = 0.0201, wrp = 

0.0261, χ2 = 2.483%. 

Atom x y z Multiplicity Occupancy Uiso 

La1 0.751(3) 0.25 0.811(2) 2 1.0 0.019(1) 

La2 0.725(2) 0.25 0.186(2) 2 1.0 0.019(1) 

La3 0.752(3) 0.25 0.500(2) 2 1.0 0.019(1) 

Co1 0.201(5) 0.282(5) 0.004(4) 2 1.0 0.010(3) 

Co2 0.232(7) 0.25 0.331(4) 2 1.0 0.010(3) 

Co3 0.267(7) 0.25 0.665(4) 2 1.0 0.010(3) 

O1 0.151(9) 0.826(9) -0.012(9) 2 1.0 0.0150 

O2 0.26(2) 0.25 0.15(1) 2 1.0 0.0150 

O3 0.31(1) 0.25 0.863(1) 2 1.0 0.0150 

O4 0.39(2) 0 0.338(4) 2 1.0 0.0150 

O5 0.45(3) 0.5 0.338(4) 2 1.0 0.0150 

O6 0.19(1) 0.25 0.49(1) 2 1.0 0.0150 

O7 0.01(7) 0 0.309(3) 2 1.0 0.0150 

O8 -0.01(7) 0.5 0.309(3) 2 1.0 0.0150 

 

We note that the A3B3O8 is reported to oxidize to LaCoO3 upon heating at ~ 360 K 

in air.418 As mentioned in the experimental seciton, this material was exposed to air at room 

temperature for at least 12 hours before being stored in a desiccator. This did not lead to 

any phase transformation at room temperature, as confirmed by X-ray diffraction. In 

addition, we did not observe any phase transformation after electrocatalysis experiments. 

However, prolonged storage (after about a month) in air leads to the oxidation into the 

coexistence of the parent phase with itself, as observed in XRD experiments.  

It is also possible to achieve a higher degree of reduction if La3Co3O8 pellet is 

heated at 350 °C in 5% H2 for 36 hours. This leads to the formation of La2Co2O5, which 
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has a regular brownmillerite-type structure, with alternating CoO6 octahedra and CO4 

tetrahedra. This material is reported to crystallize in orthorhombic Pnma space group,418-

420 although there is still some debate about the space group of this material.420 However, 

it often forms alongside the bilayer brownmillerite La3Co3O8, leading to peak broadening 

as a result of the coexistence of two phases. 418, 420  It is also noteworthy that the highly 

reduced La2Co2O5 is very prone to oxidation in air and starts converting into La3Co3O8 

after 8-10 hours in air at room temperature. It is also readily oxidized during 

electrocatalytic experiments if used as an electrocatalysts for HER or OER. 

 

Figure 13.3: SEM images of both compounds showing smaller crystallite sizes for 

La3Co3O8 

13.2 HYDROGEN-EVOLUTION ACTIVITY 

Numerous materials such as ruthenium nanoparticles,306 CoS2/MoS2 

heteronanosheet,307 Ni-Mo electrode,308, and nitrides224 have been studied as HER 

electrocatalysts in basic medium. Recently, some perovskite-based multi-metal oxides, 

such as Pr0.5(Ba0.5Sr0.5)0.5Co0.8Fe0.2O3-δ
183 and NdBaMn2O5.5−δ,

70 have been studied as 

electrocatalysts for HER in alkaline electrolyte. Similarly, our group has reported several 
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perovskite oxides, such as CaSrFeMnO6−δ
81 and CaMn0.67Ga0.33O2.67,

86 that are capable of 

catalyzing HER.  

 

Figure 13.4: (a) HER polarization curves in 1M KOH. The inset shows 

chronopotentiometry data for La3Co3O8. The noise is due to the formations of H2 bubbles 

on the surface of the Ni-foam substrate. (b) Tafel slopes for HER. (c) and (d) CVs in the 

non-Faradaic regions. (e) Cdl values obtained from the slope of javerage plotted against scan 

rate. (f) HER polarization curves on pure disk (pellet) of La3Co3O8 over 1000 cycles. 

The most utilized electrolyte, 1M KOH,224, 306-308 was used to study the HER 

activities of LaCoO3 and La3Co3O8. The performance of an electrocatalyst is often 
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evaluated based on the onset potential and overpotential at 10 mA/cm2.234, 309 The current 

density of 10 mA/cm2 is associated with the solar fuel synthesis290 and has been adopted 

for comparison of water-splitting eletcrcatalysts. The catalytic activity toward HER is 

usually compared with a precious metal-based catalyst, Pt/C (20 wt. % Pt).77, 183 The HER 

onset potential, where the the electrocatalytic reaction starts, is almost zero for the Pt/C 

catalyst.77, 183 

For the two materials in this study, the catalytic activity toward HER is shown in 

Figure 13.4. The onset potential values for LaCoO3 and La3Co3O8 are –0.42V and –0.41V 

vs RHE in 1M KOH, respectively. These materials show the respective overpotential (η10) 

values at 10 mA/cm2 (marked by the blue dashed line in Figure 13.4a) of –563 mV and –

533 mV. While these overpotential values are higher than those reported for several other 

perovskite oxide-based electrocatalysts such as Pr0.5(Ba0.5Sr0.5)0.5Co0.8Fe0.2O3-δ, (η10 = 237 

mV),183  PrBaCo2O5+δ (η10 = 356 mV),69 NdBaMn2O5.5 (η10 = 290 mV),70 and 

CaSrFeMnO6-δ (η10 = 390 mV),81 they are better than the overpotential obtained from 

another perovskite oxide Ba(Fe0.7Ta0.3)O3-δ (η10 = ≈700 mV)374 in alkaline electrolyte. They 

are also comparable to the HER activities of some non-oxide catalysts, such as and MoS2 

235 and Co-embedded nitrogen rich carbon nanotubes421 in alkaline medium. 

The kinetics of HER is often evaluated by utilizing the Tafel equation  = a + b log 

j,86, 292, 310 where  is overpotential and j is current density. The rate of HER is determined 

from the slope of the plot of η versus log j (Figure 13.4b). Smaller values of Tafel slope 

indicate faster HER kinetics. The values of the Tafel slope can also be informative with 

regards to the HER mechanism. The expected Tafel slope values are 120 mV/dec, 40 
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mV/dec, and 30 mV/dec to indicate if the rate-determining reaction is Volmer, Heyrovsky, 

or Tafel, respectively.237  However, more than one reaction mechanism may be operating, 

which yields a larger value, indicating mixed mechanism. As shown in Figure 13.4b, the 

Tafel slope values for LaCoO3 and La3Co3O8 are found to be 167 mV/dec, and 140 mV/dec, 

respectively. These Tafel slope values indicate that more than one reaction mechanism is 

operating during the electrocatalysis process 

Another important parameter is the electrochemically active surface area (ECSA), 

which is evaluated using cyclic voltammograms (CVs) at a non-faradaic region where HER 

or OER do not take place. Figure 13.4c-d show CVs in the non-faradaic region to determine 

the double-layer capacitance (Cdl),
86, 291 which is  directly proportional to ECSA,185 and 

therefore is often taken as a measure of ECSA. The Cdl value is related to javerage (the average 

of janodic and jcathodic absolute values at the middle potential of the CV) and the scan rate, ν, 

based on the relation Cdl × ν = javerage.
295 Therefore, the Cdl value is obtained as the slope of 

the plot of javerage versus ν. As shown in Figure 13.4e, the Cdl values are 0.325 mF and  0.100 

mF for La3Co3O8 and LaCoO3, respectivly, further confirming the better HER activity of 

the former compound.  

The stability of HER catalyst can be examined by chronopotentiometry323 or 

chronoamperometry.422 The stability of the best performing catalyst La3Co3O8 under HER 

condition was studied using chronopotentiometry experiment (inset of Figure 13.4a) by 

loading the catalyst ink on 1 cm2 nickel foam. The catalyst showed a stable performance 

for at least 15 hours.  
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An additional experiment was also performed in an attempt to eliminate any 

possible contributions from glassy carbon, nafion and carbon black, which are often used 

in preparation of the catalyst ink. Removal of such additives allows the investigation of the 

intrinsic properties of an electrocatalyst by eliminating their interferences.347, 423 Therefore, 

an experiment was conducted using a pure disk of La3Co3O8 as the working electrode in 

the RDE setup. As shown in Figure 13.4f, the performance of the electrocatalyst disk 

improves significantly from the 1st to 500th cycle. Then, the performance remains almost 

unchanged between 700 and 1000th cycle, giving an excellent overpotential of η10 ≈ –253 

mV. 

13.3 OXYGEN-EVOLUTION ACTIVITY 

While OER activity is sometimes studied in acidic condition,424 alkaline electrolyte 

using 1M KOH is very commonly used.82, 317, 425 The OER electrocatalysis for both 

compounds (Figure 13.5) was assessed in 1 M KOH to directly compare the catalytic 

activity with previously reported catalysts. Both materials studied in this work, LaCoO3 

and La3Co3O8, show excellent OER activities. However, the reduced compound that has a 

bilayer brownmillerite structure performs significantly better, which is the same trend 

observed for the HER activity. The onset potential, where the OER process begins, is found 

to be 1.37 V for LaCoO3 and 1.24 V for La3Co3O8 in 1 M KOH (Figure 13.5a). The 

overpotential (10 ), at 10 mA/cm2,293, 321 is obtained according to the formula: η (V) = ERHE 

− 1.23 V, where 1.23 V is the ideal thermodynamic potential for OER. The overpotential 

improves from η10 ≈ 370 mV for LaCoO3
426, to η10 ≈ 360 mV for RuO2

287 to the remarkable 

η10 ≈ 210 mV for La3Co3O8.  
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Similar to HER, the kinetics of OER is examined using the Tafel equation,  = a + b log 

j.292, 310 The evaluation of kinetics provides information about electron and mass 

transport246 of an electrocatalyst during the OER activity. A smaller value of Tafel slope,81, 

292 i.e., the slope of  vs log j (Figure 13.5b), indicates a faster electron transfer process. 

Larger values422, 427 are often observed indicating the predominance of the surface species 

before or after the rate-determining step.292 As shown in Figure 5b, the Tafel slopes for 

RuO2, LaCoO3, and La3Co3O8 are 72 mV/dec, 71 mV/dec, and 53 mV/dec, respectively. 

The latter compound has significantly lower Tafel slope value than some oxides such as 

LaCoO3
426 (82 mV/dec) and LaCa2Fe3O8 (74 mV/dec),82 indicating the facile electron 

transport. Tafel slopes close to 120 mV/dec may suggest that most of the surface species 

formed in the step just before the rate-determining step are predominant for the two 

compounds.292 The Tafel slope value smaller than 120 mV/dec indicates predominant 

surface adsorbed species produced in the early stage of the OER.292 However, these 

materials show significantly smaller Tafel slopes and improved OER kinetics compared to 

several other OER catalysts, such as NiCo2O4 nanoneedles (292 mV/dec), NiCo2O4 

nanosheets (393 mV/dec), and CoPi (312 mV/dec) in alkaline electrolyte.422  

The catalyst stability was evaluated using chronopotentiometry, as shown in the 

inset of Figure 13.5a, which indicates the stability of La3Co3O8 under the same OER 

condition for at least 15 hours. X-ray diffraction experiment on the La3Co3O8 catalyst after 

1000 OER cycles indicates the remarkable retention of the structural integrity of this 

material (Figure 13.5c).  
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Figure 13.5: (a) OER polarization curves in 0.1M KOH with chronopotentiometry data for 

La3Co3O8 in the inset. (b) Tafel slopes of OER. (c) PXRD data of La3Co3O8 before and 

after the 1000 cycles of OER 

In addition to the direct quantification of the oxygen defects by iodometry as 

mentioned in earlier section, we further demonstrate defect concentrations before and after 

1000 OER CV scans uising XPS. As shown in Figure 13.6, XPS data for La3Co3O8 before 

cyclcing could be fitted for Co2+ and Co3+ oxidation states with the corresponding binding 

energies of 779.45 eV and 780.50 eV.12, 85 Additionally, a pronounced satellite peak appear 

at ≈ 9 eV higher than 2p3/2 peak is an indicative of Co3+.124 The XPS data after shows 2p3/2 

for Co2+ and Co3+ around 779.51 eV and 780.80 eV respectively along with the satellite 

peaks. This indicates a negligible change in oxygen defects after the catalysis. 
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Figure 13.6: XPS data of La3Co3O8 before and after 1000 OER cycles. 

 

The outstanding OER activity of both compounds, especially the reduced material 

La3Co3O8, becomes more evident when its overpotential (η10 ≈ 270 mV) is compared to 

those of the precious metal catalysts IrO2 (10  ≈ 450 mV)290  and RuO2 (10  ≈ 420 mV).248 

It also shows significantly enhanced performance compared to the previously reported 

perovskite-based oxide catalysts CaSrFeMnO6-δ (370 mV),81 SrNb0.1Co0.7Fe0.2O3-δ (420 

mV),290 and Pr0.5Ba0.3Ca0.2CoO3-δ (440 mV).428 In addition, La3Co3O8 has the ability to act 

as a water-splitting electrocatalyst as a single-phase bulk material, without requiring 

nanofabrication or elaborate multi-component composite preparation. 
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13.4 CONCLUSIONS 

Outstanding bifunctional electrocatalytic activity can be achieved by inducing 

oxygen vacancies in a perovskite oxide structure. The electrocatalyst La3Co3O8 featuring 

defect-order is synthesized via reduction of the parent compound LaCoO3 under H2 

atmosphere. This results in the enhancement of the electrocatalytic activity toward both 

hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). This 

outstanding structure-activity correlation is ascribed to the increased concentration of 

oxygen vacancies and their ordered arrangement in La3Co3O8. In particular, this material 

shows very high OER activity, which exceeds that of precious metal catalysts. In addition, 

it is highly stable and retains its catalytic activity and structural integrity upon 

electrocatalytic process.
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CHAPTER 14

CONCLUSION 

Perovskite-related oxides exhibit interesting properties, such as magnetism, charge 

transport, gas sensing, pseudocapacitance, and electrocatalysis. The study of double 

perovskite series, BaSrMMoO6 (M = Mn, Fe, Co, Ni), shows interesting trends of 

magnetic, electrical, and electrocatalytic properties. BaSrMnMoO6, BaSrCoMoO6, and 

BaSrNiMoO6 possess contrasting properties as compared to their structural analog 

BaSrFeMoO6. The latter compound has a metallic property and ferrimagnetic ordering of 

Fe moments, whereas the other three compounds have semiconducting property with 

antiferromagnetic ordering. Such properties can be particularly useful for electronic 

devices and magnetic memory devices. Therefore, the research on these materials is 

important for applications in those fields. 

Our next aim was to create oxygen deficiencies in the double perovskite structures 

discussed above to obtain oxygen deficient phases. Utilizing 5 - 10% H2 gas to reduce such 

compounds resulted in impure/mixture of phases. However, there are other perovskite 

phases, which can be designed to contain oxygen-deficiencies in their structures Such 

oxygen deficient perovskites (ODPs) are a versatile class of compounds to tune property, 

structure, and practical application in several devices such as gas sensors. The sensor 

studies of Ca2Fe2O5, Ca2FeMnO5, Sr2Fe2O5, and Sr2FeMnO5, lead to an important finding 
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that the structural stability of Ca2Fe2O5 enhances oxygen, caron dioxide, and carbon 

monoxide gas sensing property at 700℃.  

Other impactful property studies include the utilization of ODPs for energy storage 

and conversion. For pseudocapacitive energy storage, bilayer brownmillerite structures 

have been studied for the first time in literature, where Ca3GaMn2O8 and Sr2CaGaMn2O8 

show hydroxide ion intercalation-based pseudocapacitance. For energy conversion 

process, our studies on electrochemical water splitting results in the discovery of 

remarkable electrocatalysts. Our materials improve the sluggish kinetics of both half 

reactions of water splitting. The overpotential (η) of both half reactions of water splitting 

namely OER and HER, is lowered significantly as compared to many reported catalysts in 

literature. Most importantly, our materials contain earth abundant metals, which can 

significantly reduce the cost and replace expensive catalysts such as platinum (Pt), 

ruthenium dioxide (RuO2), and iridium dioxide (IrO2).  

We have systematically studied several factors to tune electrocatalytic properties. 

Among several approaches and strategies, our approach to synthetically control the amount 

of oxygen vacancy in the ODP structure or other related structures (Sr3FeMnO6 and 

Sr3Mn2O6), has proven to be highly effective for lowering the overpotential. Compounds 

such as Ca3GaMn2O8, Sr2CaGaMn2O8, Ca3Fe2MnO8, Ca3Fe1.5Mn1.5O8, LaCa2Fe3O8, 

LaBa2Fe3O8, LaCaBaFe3O8, LaBaSrFe3O8, LaCaSrFe3O8, LaSr2Fe3O8, and La3Co3O8, 

have similar degree of vacancies, δ = 1/3 per ABO3- δ formula. Strategies such as A- site 

and B-site modification/substitution are utilized to tune the oxygen content. This allows to 

screen materials for studying pseudocapacitance, magnetism, charge transport, and 

electrocatalytic properties. These materials also have activity toward HER for water 
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splitting process in acidic medium. Other compounds such as LaCa2Fe3O8, LaSr2Fe3O8, 

and La3Co3O8 turn out to be remarkable electrocatalysts for overall water splitting process.  

Another strategy to lower the overpotential is a less explored factor in literature, 

the structural factor. The structural ordering in LaCa2Fe3O8 as compared to LaSr2Fe3O8 

leads to the enhanced activity. This is a thorough study that involves both experimental and 

computational methods (DFT calculations). The next remarkable finding related to the 

structural factor is observed in an ODP series, Ca2FeCoO6-δ, CaSrFeCoO6-δ, and 

Sr2FeCoO6-δ. The most structurally ordered brownmillerite structure Ca2FeCoO6-δ, shows 

remarkable bifunctional OER and HER activities with an overpotential of 0.25 V in 

alkaline medium. Another versatile ODP electrocatalyst namely CaSrFeMnO6-δ can 

catalyze OER and HER in both acidic and alkaline media with an overpotential lower than 

commercial electrocatalysts. 

With the experimental and computational methods, our work leads to the discovery 

of a novel descriptor called free eg carriers for both OER and HER processes. A large 

amount of free eg carriers for facile charge transfer during HER and OER, is observed in 

CaSrFe0.75Co0.75Mn0.5O6-δ (CSFCM) compound. This project involved synthesizing 8 

different ODP compositions, where Mn content was systematically varied. A thorough 

characterization such as electronic structure studies, XANES, XPS, and XRD have strongly 

given support for the discovery of the descriptor, which could be a universal descriptor for 

bifunctional catalysts. 

Overall, this study has emphasized perovskite oxides can be very versatile materials 

for magnetic devices, water electrolyzers, pseudocapacitors, batteries, etc. There is much 

room in the structure to tune the properties. Our findings reveal that these materials have 
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outperformed the state-of-the-art catalysts such as RuO2 in the field of electrocatalysis. 

These can be commercialized to replace expensive precious metal-based materials. Our 

research resulted in the development of remarkable, robust, and versatile materials for 

various applications. The new materials, innovative methods such as disk electrode 

catalysis, and novel descriptors such as free eg carriers, will be a solid foundation for many 

researchers in the future.
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