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We investigate the relationship between crystal structure and oxygen storage properties

in hexagonally layered AB2O4-type oxides. The research begins with a deep-dive investiga-

tion into LuMnGaO4. Using a combination of neutron and synchrotron X-ray diffraction

alongside thermogravimetric analysis, the study characterizes the topotactic transition from

the reduced phase (R3̄m) to the oxidized phase (P3̄). A reversible colorimetric transition

from greenish-grey to black upon oxygen uptake is observed, suggesting LuMnGaO4 as a

candidate for optical oxygen sensing.

The scope is expanded to the AMnGaO4 series (A = Lu, Yb, In) to examine A-site substi-

tution effects. While the Yb-analogue mirrors the oxygen storage behavior of LuMnGaO4,

the In-analogue exhibits a rigid lattice that suppresses oxygen insertion due to stronger In–O

bonding. Magnetic characterization further reveals complex magnetic behaviors, including

a transition into a frustrated spin-glass state in the oxidized Yb-based phases.

Finally, a comprehensive study across the AFe2O4, AMnFeO4, and AMnGaO4 (A =

Lu, Yb, Er, Y) series reveals a divergent structural response to oxidation driven by B-site

occupancy. While AFe2O4 undergoes typical lattice expansion upon oxygen intercalation,



Mn-substituted analogues exhibit an unconventional contraction of the c-lattice parameter

and unit cell volume. This phenomenon is correlated with the changing coordination

environment and effective ionic radii of manganese (Mn2+ to Mn3+). These findings

demonstrate that strategic cation selection at both A and B sites can affect the structural

stability and oxygen capacity in the lattice. Future research should focus on the long-

term cycling stability and kinetic performance of these oxides under industrial operating

conditions.
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Chapter 1: Introduction

1.1 Oxygen storage materials

Metal oxides play a critical role in modern materials science due to their structural

versatility and broad functionality in environmental and energy technologies. Their techno-

logical impact comes from their tunable physicochemical properties, which are determined

by crystal structure, stoichiometry, defect chemistry, etc. [1–4]. Subtle variations in these

structural parameters give rise to a wide spectrum of properties, including mechanical ro-

bustness, optical transparency, semiconducting behavior, photosensitivity, and redox activity

[5]. In addition, many metal oxides are composed of earth-abundant elements, making

them economically viable and more sustainable alternatives to materials reliant on scarce

resources. Their intrinsic stability and compatibility with safety standards support their

scalable integration into advanced energy systems.

In many of these systems, metal oxides function specifically as oxygen storage materials

(OSMs) or oxygen carriers. OSMs are defined by their capacity to reversibly uptake

and release oxygen within their crystalline lattices, typically through the formation and

annihilation of oxygen vacancies. This process is driven by changes in temperature or the

external partial pressure of oxygen (PO2). The efficiency of an OSM is depends on its oxygen

storage capacity and the kinetics of oxygen ion diffusion, both of which are fundamentally

rooted in the material’s electronic and structural configuration.

They serve critical roles in a wide range of systems, including battery electrodes, three-

1



way catalysts, and solid oxide fuel cells, as well as in chemical looping processes. By

facilitating precise redox control, OSMs enable the high-efficiency performance required

for modern sustainable energy solutions. The following sections detail their implementation

in three primary applications: optimization of three-way catalysts for emission control,

the development of solid oxide fuel cells for electrochemical energy conversion, and the

advancement of solar thermochemical hydrogen production.

1.2 Applications

1.2.1 Three-way catalysts (TWCs)

Cerium-based oxides are well established as essential promoters within automotive

TWCs. These exhaust emission control devices are engineered to mitigate the environmental

impact of gasoline combustion by simultaneously oxidizing carbon mooxide (CO) and

unburnt hydrocarbons (CxHy) while reducing nitrogen oxides (NOx). These simultaneous

reactions are represented by the following equations:

2NO+2CO−−→ N2 +2CO2 (1.1)

2CO+O2 −−→ 2CO2 (1.2)

2C2H6 +7O2 −−→ 4CO2 +6H2O (1.3)

TWCs utilize noble metals such as platinum, palladium, and rhodium dispersed upon a

ceramic honeycomb framework. The addition of a promoter is critical to the efficiency of the

system. A promoter is a material that can temporarily store and release oxygen, a property

known as oxygen storage capacity (OSC). This mechanism allows the catalyst to buffer

fluctuations in the exhaust gas stream, thereby maintaining the stoichiometric air-to-fuel

ratio required for optimal conversion.
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The funtionality of these materials is governed by the reversible redox transition between

the Ce4+ and Ce3+ oxidation states. Under oxygen-rich conditions, the material consumes

excess oxygen to oxidize Ce3+ to Ce4+. Conversely, under fuel-rich conditions, Ce4+ is

reduced to Ce3+, facilitating the release of lattice oxygen to react with adsorbed pollutants.

This process is accompanied by the formation and migration of oxygen vacancies within the

lattice, as described by Kröger-Vink notation [6]:

2Ce×Ce +O×O ⇀↽ 2Ce′Ce +V••O +
1
2

O2(g) (1.4)

In a Kröger-Vink notation, each atom or vacancy is represented as XZ
Y . X is the occupant

(element symbol or V for vacancy); Y is the site (host element or i for interstitial); and Z is

the relative charge ( • for positive, ′ for negative, and × for neutral). In Equation (1.4):

• Ce×Ce and O×O : Represent the perfect lattice where atoms sit on their own sites with no

relative charge.

• V••O : An oxygen vacancy. Removing a lattice O2− leaves a site that is +2 more

positive than the original, hence the two dots.

• Ce′Ce: A Ce3+ ion sitting on a site normally meant for Ce4+. This creates a relative

charge of −1 (one prime).

Modern TWCs typically use a CeO2−ZrO2 solid solution, which provides the necessary

thermal stability for high-temperature operation, often exceeding 1000 ◦C for long periods.

Pure CeO2 has a cubic fluorite structure and the incorporation of zirconium (Zr4+) ions into

the ceria lattice stabilizes the structure and enhances the overall OSC. This occurs because

the substitution of the smaller Zr4+ cation [7] reduces the lattice strain associated with the

expansion of the unit cell during the Ce4+ to Ce3+ reduction, thereby increasing the mobility

of bulk oxygen [8].

The phase behavior of CexZr1−xO2 is highly sensitive to both temperature and molar

3



composition. At the elevated temperatures characteristic of catalytic operation, at around

1055 ◦C, the solution is in a tetragonal, monoclinic, or cubic phase at x = 0.112, 0.009,

and 0.84, respectively [9]. Whereas the OSC of pure ceria typically ranges between 50

and 100 µmol O ·g−1, optimized CexZr1−xO2 formulations (specifically in the region of

0.6 < x < 0.8) can achieve an OSC of approximately 185 µmol O ·g−1 at temperatures as

low as 377 ◦C[10].

1.2.2 Solid oxide fuel cells (SOFCs)

OSMs are an essential component of solid oxide fuel cells (SOFCs). A SOFC directly

converts the chemical energy of a fuel into electrical power through a process of electrochem-

ical oxidation. This technology is uniquely characterized by its all-solid-state construction,

typically consisting of a dense, gas-tight electrolyte membrane sandwiched between two

porous electodes: the anode (fuel electrode) and the cathode (air electrode) as shown in

Figure 1.1. During operation, oxygen is reduced at the cathode to form oxide ions (O2−)

(Equation (1.7)). This oxygen reduction reaction (ORR) is a complex multi-step process

that involves oxygen dissociation and charge transfer and is typically the rate-limiting step

due to its slow kinetics [11]. The oxide ions migrate through the electrolyte to the fuel side.

At the anode-electrolyte interface, these ions react with hydrogen fuel to produce water and

release electrons. These electrons are subsequently transported through an external circuit,

providing a flow of electrical current[12]. The chemical reactions at each electrode is as

follows:
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Cathode (Reduction):
1
2

O2 +2e−→ O2− (1.5)

Anode (Oxidation): H2 +O2−→ H2O+2e− (1.6)

Overall Cell Reaction: H2 +
1
2

O2→ H2O (1.7)

Figure 1.1: Solid oxide fuel cell.

For the cell to operate efficiently, the solid electrolyte must exhibit high ionic conduc-

tivity, typically in the range of 0.01 to 0.1 S cm−1, while maintaining negligible electronic

conductivity to prevent internal leakage currents. Furthermore, the electrolyte must remain

chemically stable in both the highly reducing environment of the anode and the oxidizing

environment of the cathode [13]. The state-of-the-art material for this application is 8 mol%

yttria-stabilized zirconia (YSZ). The introduction of yttria serves to stabilize the zirconia in
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its cubic fluorite phase at operating temperatures and creates a high concentration of oxygen

vacancies within the lattice, thus leading to increased ionic conductivity[14]. However, YSZ

generally requires high operating temperatures above 800 ◦C to achieve the necessary ionic

conductivity, which can lead to accelerated material degradation and higher system costs.

To address the limitations of YSZ, ceria-based materials such as gadolinium-doped ceria

(GDC), with the general formula Ce1−xGdxO2−δ have been widely adopted [13, 15]. GDC

offers significantly higher ionic conductivity at lower temperatures, making it a promising

candidate for intermediate-temperature SOFCs.

Beyond fluorite structures, cubic perovskite (ABO3) materials are another important

class of SOFC electrolyte materials such as strontium- and magnesium-doped lanthanum

gallate, La1−xSrxGa1−yMgyO3 (LSGM) [14, 16, 17]. In this system, partial substitution of

La3+ by Sr2+ on the A-site and Ga3+ by Mg2+ on the B-site generates oxygen vacancies to

maintain charge neutrality. These vacancies facilitate oxide-ion migration through the lattice.

As a result, LSGM exhibits oxide-ion conductivity approximately an order of magnitude

higher than that of YSZ at comparable temperatures and is capable of operating efficiently

in the intermediate temperature range of 400 ◦C − 800 ◦C [16, 18]. Ongoing research

efforts focus on addressing challenges related to phase stability, chemical compatibility

with electrode materials, and further enhancement of ionic conductivity at lower operating

temperatures.

1.2.3 Solar thermochemical water splitting (STWS)

OSMs can also be used for generating hydrogen, a cornerstone of the transition to

clean energy. Currently, global hydrogen production is dominated by the steam-reforming

of natural gas, accounting for over 45% of total supply, followed by oil reforming and

coal gasification [19]. This process involves the catalytic conversion of hydrocarbons in
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high-temperature steam (700 ◦C – 1000 ◦C) and high pressure (∼25 bar) to produce H2, CO,

and CO2 [20, 21]. Taking methane as a representative hydrocarbon, the conversion occurs

via steam-methane reforming (1.8)), which produces syngas (CO and H2), followed by the

water-gas shift reaction (1.9).

CH4(g)+H2O(g)−−⇀↽−− CO(g)+3H2(g) (1.8)

CO(g)+H2O(g)−−⇀↽−− CO2(g)+H2(g) (1.9)

However, classifying this hydrogen as ‘renewable’ is challenging. Hydrogen is still

drawn from fossil fuels and its production yields greenhouse gases as byproducts. This is

known as grey or blue hydrogen.

As a way to preclude fossil fuel usage in H2 production, electrolysis is an environmen-

tally friendly process that splits water to produce hydrogen and oxygen without producing

any greenhouse gas byproducts. This technique uses electricity to drive two half-cell reac-

tions—the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER)—to

split water [22]. The net reaction is as follows:

2H2O(l)−−→ 2H2 (g)+O2 (g) (1.10)

While water electrolysis represents an innovative approach due to its clean and renewable

nature, the associated high electricity costs render the technique less practical for widespread

application. Additionally, the production through electrolysis requires the use of electricity,

which can still be linked to the combustion of fossil fuels. Another reason to produce H2

electrolytically is to prevent the poisoning of hydrogen fuel cells via CO contaminants found

in grey/blue hydrogen [23].
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In 1972, Fujishima and Honda introduced an innovative approach known as photo-

electrochemical (PEC) splitting [24], which lower the energy cost of hydrogen production.

Here, they used a titanium oxide (TiO2) electrode connected to a platinum black electrode

through an external load. Upon irradiation of the TiO2 surface, current flows from the

platinum to the TiO2 electrode, facilitating the oxidation and reduction reactions. Hydrogen

produced either electrolytically or by PEC methods is considered green hydrogen if the

energy input driving the water splitting is derived entirely from renewable energy sources.

An emerging field that utilizes sunlight more directly is solar thermochemical hydrogen

production [25]. In solar-thermochemical water splitting (STWS), instead of using sunlight

to generate charges in materials like titanium dioxide, sunlight is concentrated to raise

the reaction temperature, employing this heat to drive the water-splitting process. STWS

operates through a two-step cycle consisting of metal oxide reduction (1.11) and oxidation

(1.12). The prime reaction is hydrogen evolution from water driven by the oxidization of

metal oxide MeOx. The second reaction is oxygen evolution from a fully oxidized metal

oxide, MeOx+y, where oxygen is released by the heat of concentrated solar radiation. The

schematic of STWS is shown in Figure 1.2. The two coupled reactions are as follows:

MeOx (s)+yH2O(g)−−→MeOx+y (s)+yH2 (g) (1.11)

MeOx+y (s)−−→MeOx (s)+
y
2

O2 (g) (1.12)

The STWS method offers notable advantages: The high cycle temperatures are com-

patible with concentrated solar energy; the system relies solely on water and heat; and the

chemicals are recycled in a closed loop to produce pure green hydrogen [26].

Ceria is the benchmark material for STWS cycling, which uses the oxygen vacancy to

transport oxygen and it was reported to produce 379 µmolH2 · g−1 when reduced at 1500

◦C and oxidized at 800 ◦C [27, 28]. While higher reduction temperatures correlate with
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Figure 1.2: Solar thermochemical water splitting (STWS).

increased H2 generation, the extreme thermal requirements of ceria remain a significant

challenge. Consequently, perovskite-type materials such as BaCexMn1−xO3 (BCM) [25]

or LaxSr1−xMnyAl1−yO3 (SLMA) [29] have been investigated for their ability to produce

hydrogen at lower reduction temperatures (∼1350 ◦C). Nevertheless, despite their enhanced

performance, these materials still face challenges in meeting the efficiency, stability, and

scalability requirements necessary for practical solar thermochemical hydrogen production.

1.2.4 Limitations of current oxygen storage materials

Despite the extensive study of materials for these applications, several major challenges

remain. The key challenge is the trade-off between thermodynamics and kinetics. While

the primary goal is to have a fast oxygen redox cycle, this often conflicts with the high-

temperature conditions required for high storage capacity. In the case of solid oxide fuel

cells, the high temperatures currently used for YSZ (around 800 ◦C) are problems leading

to secondary effects, such as the coarsening of microstructures, the segregation of dopants
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at the surface, and unwanted reaction with other electrode materials [30]. If an alternative

material is used to operate at a lower temperature, there is usually a significant drop in

conductivity. Therefore, finding materials that can maintain high conductivity at lower

temperatures is essential.

Solar thermochemical water splitting (STWS) is also currently limited by low overall

energy efficiency. The highest reported efficiencies reported for the benchmark material,

ceria is only about 5% when the minimum solar-to-fuel efficiency required for commercial

use is approximately 20% [31]. This large efficiency gap is a major barrier to using this

technology on a large scale. Another critical challenge arises from the high operating

temperatures required to reduce the material. These elevated temperatures increase heat

losses and make it harder to design reactor and choose system materials. Additionally, these

redox materials must maintain structural and chemical stability over repeated cycles. Long

term exposure to high heat cause microstructural degradation of the material [32]. Therefore,

it is necessary to develope materials that exhibit high fuel production yields and fast reaction

rates at lower operating temperatures for the practical employment of STWS technologies

[32].

1.3 AB2O4 compounds

While the fluorite and perovskite metal oxides discussed earlier facilitate oxygen in-

corporation through vacancy formation, this thesis introduces a distinct class of materials:

hexagonal AB2O4-type compounds. Instead of relying on vacancy formation, these materials

undergo a reversible phase transition to accommodate oxygen.

The hexagonal AB2O4 family, characterized by an A-site rare-earth element and a mixed-

valent B-site transition metal, has garnered significant interest due to its unique structural and

physical phenomena. Historically, these compounds have been reported to crystallize in the
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rhombohedral R3̄m space group with an alternating stack of octahedrally coordinated rare-

earth metal layers and transition metal double-bipyramidal layers [33–38]. The structure

is particularly distinctive because the trigonal bipyramidal coordination environment is

relatively rare in solid-state oxides. Within this family, the rare-earth ferrites (RFe2O4)

[39–41] are particularly notable for their multiferroic properties, which describes exhibiting

simultaneous magnetic and ferroelectric properties [42]. Unlike traditional ferroelectrics

where polarization stems from ionic displacement, ferroelectricity in RFe2O4 originates

from a polar arrangement of electrons. Specifically the charge frustration of Fe2+ and Fe3+

ions in the triangular lattice creates such polar ordering [40, 41, 43]. M. A. Subramanian

provided a comprehensive review of these materials, studying the relationship of their

structural symmetry and magnetic ground states [44].

While initial research was limited to electronic and magnetic properties, the discovery

of oxygen storage properties in 2014 by Hervieu et al. opened an entirely new avenue

for studying these materials [45, 46]. They demonstrated that LuFe2O4 could undergo

oxygen intercalation at approximately 200 ◦C, a remarkably low temperature compared

to conventional fluorite- or perovskite-type oxygen storage materials. Structural analysis

revealed that additional oxygen atoms can be topotactically intercalated into the Fe-O5

layers, reaching a maximum stoichiometry of LuFe2O4.5 [45–47]. This ability to undergo

reversible phase transitions while maintaining the primary structural framework makes

these systems highly promising candidates for low-temperature oxygen storage and catalytic

applications.

Building upon these findings, our research group at University of Maryland has system-

atically explored the A-site and B-site substitutions to tune these redox properties [48–50].

Previous work by R. Jayathilake et al. examined the A-site substituted AFe2O4 series (A

= Lu, Yb, Y) and confirmed they all had similar oxygen storage behavior similar to the

previously reported LuFe2O4 compound [48]. T. Li et al. explored substituting Mn2+ for
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Fe2+ into the redox active B site in YbFe2O4, and explored the phase transition behavior

and their lattice expansion linking it with the crystal field theory [49]. In my previous

work, to further investigate the effects of B-site substitution on structure and redox behavior,

we substituted Ga3+ for Fe3+ to form LuMnGaO4 [51]. The greater disparity in size and

chemical properties between Mn and Ga, compared to Mn and Fe, provided an opportunity

to investigate the impact of elemental substitution on structural and redox characteristics.

1.4 Outline of the thesis

This dissertation provides a comprehensive understanding of AB2O4 as oxygen storage

materials, from fundamental structural characterization to structure-property relationships.

The goal is to systematically unravel the relationship between chemical composition, struc-

tural stability, and redox performance. To achieve this, I utilized neutron and X-ray diffrac-

tion, in-situ synchrotron X-ray studies, and thermogravimetric analysis to characterize these

materials under various conditions.

Chapter 2 describes the experimental techniques used in this research, including syn-

thesis, basic principles of instrumentation and analysis methods. Specific parameters for

individual experiments are further elaborated in the introductory sections of their respective

chapters.

Chapter 3 presents the deep-dive investigation into LuMnGaO4 serving as a model

system for the B-site substituted series. Using a combination of neutron and synchrotron X-

ray diffraction alongside thermogravimetric analysis, I conduct a thorough characterization

of the structural evolution from the reduced to the oxidized phase. Beyond the structural

study, this chapter explores a distinct, reversible colorimetric transition, wherein the material

shifts from a greyish green to black upon oxygen uptake. Using UV-Vis diffuse reflectance

spectroscopy with structural data, I correlate these optical changes with the underlying
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modifications in the transition metal coordination environment and electronic oxidation

states.

Chapter 4 expands the scope to the AMnGaO4 series, where the A-site is varied (A =

Lu, Yb, In). Using synchrotron X-ray diffraction, I demonstrate that while these analogues

share the same initial space group and symmetry in their reduced phases, the In analogue

exhibits distinct behavior. This chapter explores how the specific chemical nature of the

A-site cation influences the topotactic transition and oxygen intercalation capacity.

Chapter 5 presents a systematic investigation into the effects of A- and B-site substitution

on the structural evolution and oxygen storage behavior of AB2O4+δ (A = Lu, Yb, Er, Y;

B = Mn, Fe, Ga) compounds. This chapter explores how the ionic radius of the A-site

cation dictates oxygen storage capacity and examines the role of B-site cations in driving

the structural response to oxidation.
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Chapter 2: Methodology

2.1 Solid State Synthesis

The AB2O4 oxide materials investigated in this work were synthesized using a conven-

tional solid-state reaction method. Solid-state synthesis involves the formation of polycrys-

talline materials through reactions between solid precursors, without the involvement of

liquid or gas phases. Reaction parameters such as temperature, particle size, and the surface

area of the reactants play critical roles in determining the kinetics of the reaction and purity

of the product.

A typical solid-state reaction consists of three main steps: grinding, pelletizing, and

high-temperature sintering. Initially, stoichiometric amounts of the precursor powders are

thoroughly ground using a mortar and pestle to reduce particle size and increase surface

area, thereby enhancing reactivity. Alternatively, ball milling may be employed for more

efficient and uniform grinding; this technique utilizes a milling apparatus with grinding balls

to achieve fine particle sizes and improved mixing.

The homogenized powder mixture is subsequently pressed into pellets using a hydraulic

pellet press. Pelletization improves physical contact between reactant particles by increasing

surface area of the reactants and provides a more uniform and reproducible packing density

compared to loose powders. The pellets are then subjected to high-temperature sintering to

facilitate the solid-state reaction.

The AB2O4 compounds investigated in this study were synthesized by first grinding the
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stoichiometric amounts of precursors using a mortar and pestle. The resulting mixture was

pressed into 13 mm diameter pellets. The pellets were placed in a 2 mL alumina crucible,

which was then inserted into a 16 mm (OD) quartz ampoule. The alumina crucible served as

a protective liner to prevent the reagents from reacting with the quartz at high temperatures.

This setup also acted as a barrier against oxygen diffusing from the quartz into the sample.

The quartz ampoule was then evacuated and sealed under vacuum, which is an essential step

to prevent the reagent oxidizing before forming the desired product. This sealed ampoule

was sintered at approximately 1200 ◦C for 12 hours in a high-temperature tube or box

furnace, followed by rapid quenching in an ice bath. During sintering, new phase is formed

through solid-state diffusion, in which atoms and ions migrate across phase boundaries,

ultimately resulting in the formation of the desired compound[52].

2.2 Diffraction Techniques

2.2.1 Crystalline Materials

The work presented in this thesis focuses exclusively on the solid state materials, which

can be further categorized into amorphous or crystalline structures based on their atomic

arrangement. Amorphous solids have an irregular pattern of ions, molecules, or atoms in a

solid, while crystalline has a regular and repeating arrangement of components in a solid

(Figure 2.1).

Historically, a solid was first defined as a crystal if its atoms, ions, and/or molecules

form a long-range ordered arrangement. This definition changed a century later with the

advent of X-ray diffraction. After the discovery of quasicrystals, the International Union

of Crystallography (IUCr) officially broadened the definition in 1992. Today, a crystalline

solid is formally defined as any material that produces a sharp diffraction pattern, where the

majority of the intensity is concentrated into sharp Bragg peaks, distinguishing it from the
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Figure 2.1: Structural representation of solid states.

diffuse scattering peaks [53]. I will dive more into X-ray diffraction in following sections.

A crystal’s periodic structure can be described by a lattice, which consists of an infinite

array of repeating elementary parallelepipeds extending in three dimensions. Each of these

repeating units is called a unit cell. The arrangement and symmetry of atoms within a single

unit cell fully define the structure of the entire crystal[54]. A unit cell is characterized by six

paraameters: a, b, c, α , β , and γ . The parameters a, b, and c represent the lengths of the

unit cell edges, while α , β , and and γ are the angles between b and c, c and a, and a and b,

respectively (Figure 2.2).

Lattice planes, also called crystallographic planes, are used to describe the diffraction

phenomenon in ideal crystal lattices. A family of crystallographic planes is defined as a set

of parallel planes that intersect the lattice in a regular and periodic manner. These planes are

equally spaced, and the distance between adjacent planes is called the interplanar spacing or

d-spacing. Each family of planes is identified by three indices, h, k, and l, and is denoted as

(h, k, l), known as Miller indices. Figure 2.2 shows three planes in a lattice as examples.
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Figure 2.2: Unit cell showing (100), (010), and (001) planes.

2.2.2 X-ray Diffraction

The diffraction of X-rays by crystals was discovered by Max von Laue in 1912, who

provided the first experimental proof that X-rays behave as waves as well as particles.

Following the ground breaking discovery, William Henry Bragg and William Lawrence

Bragg, father and son, developed a key insight that the diffraction is due to the “reflection”

of X-rays from parallel planes. They provided a more intuitive explanation for the observed

diffraction patterns. They considered an incident X-ray beam with a wavelength of λ hitting

parallel crystal planes P1 and P2 with an angle θ with an interplanar spacing d (Figure 2.3).

When referring to a specific set of planes defined by Miller indices (h, k, l) as mentioned in

the previous section, this interplanar spacing d is more specifically denoted as dhkl .

The oscillating electromagnetic field of the incident beam induces vibrations in the

electrons located at points O and C in Figure 2.3, causing them to radiate in all directions.

A diffracted beam of maximum intensity is produced in the specific direction where the

secondary rays, 1′ and 2′, emerge at an angle θ . This occurs when the rays appear to be

reflected from the planes and are perfectly in phase, leading to constructive interference.

When we drop perpendicular lines from O to rays 2 and 2′, it is evident that 6 AOC = 6 BOC

= θ . It follows that AC = BC, and waves in ray 2′ is in phase with ray 1′ if the path difference
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Figure 2.3: Schematic illustration of X-ray diffraction from parallel crystal planes P1 and P2.
Incident rays (1, 2) are scattered at an angle θ , producing outgoing rays (1′, 2′).

AC+CB ( = 2AC) is an integral multiple of the wavelength λ , expressed as the following

equality, where n is an integer.

2AC = nλ (2.1)

By definition, AC/d ≡ sinθ , and by substituting in Eq. (2.2)

2dsinθ = nλ (2.2)

This equation is called Bragg’s law.

In practice, an X-ray beam incident upon a crystalline sample scatters off the periodically

arranged atoms, creating a diffraction pattern unique to the material’s internal structure. For

the metal oxide powders analyzed in this study, X-ray powder diffraction was employed by

scanning the sample through a range of 2θ angles. This technique ensures that all possible

diffraction directions are attained due to the random orientation of the powdered particles.

The resulting peaks are then converted to d-spacings, which serve as a unique ‘fingerprint’

for material identification because every crytalline substance possesses a unique set of lattice
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planes.

The X-ray diffraction (XRD) data presented in this work were obtained using both

laboratory-based and synchrotron radiation sources:

• Laboratory Diffractometers:

– Bruker D8 Advance X-ray Crystallographic Center, University of Maryland; Cu

Kα radiation source

– Anton Paar XRDynamic 500; Cu Kα radiation source

• High-resolution Synchrotron X-ray Powder Diffraction:

– Beamline I11, Diamond Light Source (UK); λ = 0.8241 Å[55]

– Beamline 11-BM, Advanced Photon Source (APS), Argonne National Labora-

tory; λ = 0.457895 Å

– Beamline 11-ID-C, Advanced Photon Source (APS), Argonne National Labora-

tory; λ = 0.1173 Å

– Beamline 28-ID-2, National Synchrotron Light Source II (NSLS-II), Brookhaven

National Laboratory; λ = 0.1824 Å

In a standard laboratory XRD, X-rays are produced via an X-ray tube, where a copper

(Cu) target is bombarded with high-energy electrons to generate X-rays with a wavelength

of 1.5406 Å. In contrast, synchrotron light sources generate X-rays using massive particle

accelerators. Electrons are accelerated to near the speed of light and circulate within a

storage ring. As they are deflected along curved paths, they emit highly intense and tunable

X-ray radiation. The intensity of synchrotron beam is orders of magnitudes brighter than

that of laboratory X-rays.
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2.2.3 Neutron Diffraction

Neutron diffraction is another crucial technique used in this research to determine the

crystal structures of metal oxide materials. The wave-particle duality of neutrons allow

them to diffract off periodically arranged atoms in crystalline solids. However, unlike

X-ray diffraction, neutrons interact primarily with the atomic nuclei rather than with the

surrounding electron cloud. Thermal neutrons, characterized by wavelengths on the order

of atomic dimensions (approximately 1–2×10−10 m), diffract strongly from the periodic

atomic arrangements in crystalline materials in a matter analogous to X-rays[56]. Since this

interaction is independent of the atomic number Z, neutron diffraction is particularly effective

for locating light elements, such as oxygen, within heavy metal oxide lattice. Differences

in neutron scattering lengths can enable the distinction between elements with similar

atomic numbers. Consequently, neutron diffraction serves as a powerful and complementary

technique to X-ray diffraction.

While neutrons do not have a charge and are electrically neutral, they carry an intrinsic

magnetic spin that allows them to interact directly with the magnetic moments of a material.

These moments typically arise from the unpaired electrons within the atomic electron

cloud. Therefore, neutron diffraction can resolve the microscopic magnetic structure of a

material[57].

For this research, Time-of-flight (TOF) neutron diffraction experiments were conducted

on the POWGEN beamline at the Spallation Neutron Source, Oak Ridge National Laboratory.

[58]
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2.2.4 Powder Diffraction Analysis

2.2.4.1 Rietveld Analysis

Rietveld refinement was performed on XRD and neutron diffraction patterns using

GSASii [59] and TOPAS [60] software. Rietveld analysis [61, 62] is a method used to extract

crystallographic information by performing a least-squares refinement of a theoretical model,

fitting the calculated profile to the experimental diffraction pattern through the adjustment

of structural and instrumental parameters. The parameters being refined include atomic

position, thermal, and site-occupancy parameters as well as background, lattice, instrumental

parameters [63]. The quantity being minimized by the least-squares approach is the residual,

Sy, which can be expressed in the following equation.

Sy = ∑
i

wi(yi− yci)
2 (2.3)

wi = 1/yi

yi observed (gross) intensity at the ith step

yci calculated intensity at the ith step

A powder diffraction pattern of a material can be viewed as a collection of individual

reflection profiles. Each profile is characterized by its peak height, position, width, and

decaying tails. The integrated area under the peak is proportional to the Bragg intensity,

IK , where K represents the Miller indices, h, k, l. This intensity is directly proportional to

the square of the absolute value of the structure factor, |FK|2, where the structure factor, FK ,

represents the amplitude and phase of the scattered wave. Most systems have peaks with

overlapping Bragg reflections and they contribute to the peak intensity, yi, at an arbitrary

point, i. The calculated intensity yci is calculated by the sum of the square of the structure
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factor at the overlapping Bragg reflections with consideration of other factors, such as

Lorenz-polarization, multiplicity factors, preferred orientation function, and background

intensity[63]. Each calculated intensity is based on the following equation:

yci = s∑
K

LK|FK|2φ(2θi−2θK)PKA+ ybi (2.4)

s scale factor

K Miller indices, hkl, for a Bragg reflection

LK Lorentz-polarization, and multiplicity factors

φ reflection profile function

PK preferred orientation function

A absorption factor

FK structure factor for the Kth Bragg reflection

ybi background intensity at the ith step

Rietveld method uses the full pattern including all available intensity data instead of

using only strong intensity peaks as the traditional integrated intensity methods[64]. The

traditional approach was based on individual peaks and its integrated intensities which made

it challenging because it could not resolve the overlapping peak problem. Through the

iterative minimization of the difference between the calculated and observed diffraction

patterns, key structural data including lattice parameters, atomic coordinates, site occupancy,

and thermal parameters of the sample can be obtained.

2.2.4.2 Le Bail analysis

Le Bail analysis is similar to the Rietveld analysis in that it is a form of whole pattern

fitting, but it does not require a detailed atomic structural model. Instead, only profile-related
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parameters are refined, including unit cell parameters, background, instrumental zero error,

peak-width, and other peak shape parameters; atomic positions are not needed for this

refinement[65].

In practice, Le Bail refinement is normally performed prior to Rietveld refinement to

obtain accurate lattice parameters and well-defined peak shape parameters. These refined

values can then be fixed or used as starting parameters in the subsequent Rietveld refinement,

where intensity-related parameters, such as atomic positions, site occupancies, and thermal

parameters are refined. When the primary goal is to determine unit cell paramters and

crystallite size or strain information, Le Bail refinement is sufficient.

2.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a high-precision analytical technique used to

characterize the physical and chemical properties of materials by monitoring the mass as a

function of temperature. The instrument is equipped with an ultrasensitive microbalance

capable of detecting mass changes on the order of micrograms, coupled with a temperature

controlled furnace. Measurements can be performed under different atmospheric conditions,

such as inert gas or air, depending on the experimental objectives. As the furnace temperature

is increased at a controlled rate, materials may undergo decomposition, dehydration, or

oxidation, which are reflected in corresponding mass changes. In this study, the metal

oxide AB2O4 samples were analyzed under an air atmosphere in order to monitor their mass

variations associated with oxygen uptake from the surrounding environment. To confirm the

oxygen storage reversibility, the metal oxides in their oxidized phases (AB2O4.5) were heated

under hydrogen gas. The instruments used in this research are Mettler Toledo TGA/DSC 2

HT 1600 and TA Instruments Discovery TGA-5500.
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2.4 Electron Microscopy

Electron microscopy (EM) is a high resolution imaging technique that uses high energy

electron beams to create ultra-high-resolution images from micro to atomic scale. This

technique relies on the interaction of an accelerated electron beam with a sample to generate

various signals. Depending on whether these electrons are transmitted through or scattered

from the surface, the technique is categorized into Transmission Electron Microscopy (TEM)

or Scanning Electron Microscopy (SEM), respectively.

2.4.1 Transmission Electron Microscopy

In Transmission Electron Microscopy (TEM), an accelerated beam of electrons is

transmitted through a thin sample (typically < 100 nm) fixed on a support grid. The resulting

image is formed by the interaction of electrons as they pass through the sample; the local

density and atomic weight within the sample determine the degree of electron scattering,

creating contrast between electron-dense and electron-sparse regions. For the purposes of

this research, TEM was primarily utilized for electron diffraction (ED), which is generated

by elastically scattered electrons. Because crystalline samples cause the electrons to diffract

according to Bragg’s Law, the resulting diffraction patterns provide a direct reciprocal space

map of the crystal lattice. These patterns were used to analyze the modulated structure

of the synthesized phase, allowing for the precise identification of symmetry and unit cell

parameters. The instrument used for this research was JEOL 2100F field emission gun

(scanning) TEM [FEG-(S)TEM], operated at an accelerating voltage of 200 kV at the

AimLab at the University of Maryland.
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2.4.2 Scanning Electron Microscopy

In Scanning Electron Microscopy (SEM), the images are primary generated through the

detection of secondary electrons and backscattered electrons, produced by the interaction

between the accelerated electron beam and the sample surface. The secondary electron de-

tector captures the low-energy secondary electrons from the uppermost layer of the surface,

providing high resolution data on surface topography and morphology. The backscattered

electron detector measures high-energy electrons that are elastically scattered during interac-

tions with the atomic nuclei of the elements in the sample. The number of backscattered

electrons depend on the size of the atom nuclei which creates contrast of the images.

Energy Dispersive X-ray Spectroscopy (EDX) is normally coupled with an SEM. It is

employed to detect characteristic X-rays emitted when the electron beam hits the sample.

As these X-ray energies are unique to specific atomic transitions, they allow for precise

elemental identification. In this study, EDX was utilized to verify the successful synthesis

of the target compound by quantifying elemental ratios and confirming agreement with the

expected stoichiometry. The chemical composition of the materials studied in Chapter 3

was analyzed using Hitachi SU-70 Schottky FEG-SEM equipped with the Bruker energy

dispersive X-ray spectroscopy (EDS, XFlash(6/60).

2.5 UV-vis Diffuse Reflectance Spectroscopy

UV-vis Diffuse Reflectance Spectroscopy (UV-vis DRS) uses light from both ultraviolet

and visible regions of the electromagnetic spectrum , typically ranging from 200 nm to 800

nm, to study the optical properties of solid samples. While traditional UV-vis spectroscopy

relies on light transmitted through a liquid, DRS is designed for solids, especially those

in powder form. When light hits a powder, it does not reflect at a single mirror-like angle;
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instead, the various orientations of the crystal lattices cause the light to scatter in every

direction. This phenomenon is known as diffuse reflectance. To capture this scattered light

accurately, the instrument uses an integrating sphere, a hollow, highly reflective chamber that

collects light from all angles and reflects it toward a detector to measure the total intensity.

The data collected by the detector is expressed as reflectance (R). This value is trans-

formed into a value F(R) that is proportional to the sample’s absorption by the Kubelka-

Munk (K-M) function. The formula is expressed as

F(R) =
(1−R)2

2R
=

k
s

(2.5)

where k is the absorption coefficient and s is the scattering coefficient. By obtaining the

absorption coefficient, the wavelengths of light the material absorbs most strongly can be

determined. In this work, UV-vis Diffuse Reflectance Spectroscopy was used to verify the

color transition of LuMnGaO4 from green to black as it oxidized. The instrument used in

Chapter 3 of this dissertation was Shimadzu UV3600 UV-vis-NIR spectrometer equipped

with an integrating sphere attachment. The recorded reflectance spectra were processed into

pseudo-absorbance using the Kubelka-Munk transformation.

2.6 Superconducting Quantum Interference Device (SQUID)

SQUID magnetometry was used to analyze the magnetic properties of several compounds

investigated in this work. It is a magnetometer that measures low magnetic fields as small as

10−14–10−15 Tesla. The operating principle of SQUID relies on the fundamental phenomena

of superconductivity, flux quantization, and the Josephson effect. The device consists of a

superconducting loop interrupted by two parallel Josephson junctions. When an external

magnetic flux penetrates the loop, it modulates the quantum phase of the circulating Cooper
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pairs. This interaction causes the SQUID’s critical current and resultant voltage to oscillate

periodically as a function of the magnetic flux quantum (Φ0), expressed in Eq.(2.6).

Φ0 =
h
2e
≈ 2.068×10−15 T ·m2 (2.6)

h is Planck’s constant and e is the elementary charge; the factor of 2e represents the paired

nature of superconducting charge carriers (Cooper pairs).

In Chapter 4, magnetic susceptibility was analyzed as a function of temperature and field

using a 7 T SQUID magnetometer (MPMS3) at the Maryland Quantum Materials Center

at the University of Maryland. Measurements were performed at 100 Oe and 1000 Oe,

employing both zero-field-cooled (ZFC) and field-cooled (FC) cycles between 2 K and 300

K to capture the material’s direct current (DC) magnetization behavior.
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Chapter 3: Reversible Structural and Colorimetric Transitions in LuMnGaO4

upon Oxygen Uptake and Release

Note: The content of this chapter is adapted from “Reversible Structural and Colori-

metric Transitions in LuMnGaO4 upon Oxygen Uptake and Release,” published in Dalton

Transactions (https://doi.org/10.1039/d5dt00798d). I was responsible for the syn-

thesis, neutron diffraction studies, and TGA measurements, as well as the preparation of

the manuscript. Dr. Tianyu Li conducted the UV-vis spectroscopy and in-situ sequential

refinements. TEM electron diffraction was performed and the data was analyzed with the

assistance of Dr. Sz-Chian Liou.

3.1 Introduction

Recent advancements have broadened the scope of oxygen carrier materials beyond

traditional binary metal oxides and perovskite-related oxides to include hexagonal layered

AB2+B3+O4-type compounds (A = rare earth metals; B = transitional metals) [33–36, 38].

These materials, characterized by a trigonal structure of alternating octahedrally coordi-

nated rare earth metal layers and transition metal double bipyramidal layers, were initially

recognized for their multiferroic properties [45]. LuFe2O4 was the first AB2+B3+O4 com-

pound reported to reversibly uptake oxygen at 200 ◦C, which is a relatively low temperature

compared to previously known oxides, forming LuFe2O4+x and reverting to its reduced

phase [45, 46]. Following this discovery, various A-site and B-site substituted compounds
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demonstrated similar oxygen storage capacities at temperatures around 250-300 ◦C in our

previous work [48–50, 66]. In LuMnFeO4, redox-active Mn2+ was substituted for Fe2+,

while Fe3+ occupied the redox-inactive site. This compound exhibited similar redox be-

havior to LuFe2O4, undergoing a phase transition from Rm to P symmetry during oxygen

absorption, forming LuMnFeO4.5 [50]. To further investigate the effects of B-site substi-

tution on structure and redox behavior, we substituted Ga3+ for Fe3+ to form LuMnGaO4.

The greater disparity in size and chemical properties between Mn and Ga, compared to

Mn and Fe provided an opportunity to investigate the impact of elemental substitution on

structural and redox characteristics.

In addition to oxygen storage, oxygen sensors play a critical role in modern technolo-

gies, with applications spanning food production, automotive systems, healthcare, and

environmental monitoring [67–69]. These sensors, categorized by mechanisms such as elec-

trochemical, resistive, and optical methods, are designed to monitor oxygen levels accurately

[70–72]. Developing materials that not only store oxygen but also enable real-time sensing

of oxygen capacity offers exciting opportunities for advancing sensor technologies. Such

multifunctional materials could revolutionize oxygen monitoring by integrating storage and

sensing capabilities into a single platform.

In this study, we present a comprehensive investigation of LuMnGaO4 and its oxi-

dized phase, utilizing neutron and synchrotron X-ray powder diffraction (SXPD). In-situ

SXPD revealed phase transitions and structural modulations in the oxidized phase. No-

tably, LuMnGaO4 displayed a color change from greenish-grey to black upon oxidation,

a phenomenon not observed in previously studied LnFe2O4 and LnMnFeO4 compounds.

We establish a correlation between this color transition and the changes in the oxygen

environment surrounding Mn due to structural evolution during oxidation. This distinct

color change suggests potential applications for LuMnGaO4 not only in oxygen transport

but also in oxygen sensing, highlighting its potential as a bifunctional material.
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3.2 Experimental

3.2.1 Materials Synthesis

The reduced phase, LuMnGaO4, was synthesized via solid-state reactions. Stoichiomet-

ric amounts of Lu2O3 (99.999 %), MnO (99 %), and Ga2O3 (99.999 %) were ground to

produce 2 g of the target compound. The powder mixture was pressed into 13 mm diameter

pellets, placed in a 2 mL alumina crucible, and sealed inside an evacuated 8 mm diameter

quartz ampoule. The ampoule was heated to 1180 ◦C at a ramp rate of 5 ◦C/min, held at this

temperature for 24 hours, and then rapidly quenched in an ice-water bath to preserve the

metastable LuMnGaO4 phase and prevent the formation of oxide impurities. The oxidized

phase, LuMnGaO4.5, was prepared by heating LuMnGaO4 at 600 ◦C in ambient air for 12

hours, followed by a natural cooling to room temperature.

3.2.2 Thermogravimetric Analysis (TGA)

TGA was conducted on the reduced phase, LuMnGaO4, using a Mettler Toledo TGA/DSC

2 HT 1600. Approximately 5 mg of the sample was heated in air to 700 ◦C with a ramp rate

of 10 ◦C/min. For reduction studies, 10 mg of the oxidized phase was heated to 800 ◦C in

3% H2/Ar.

3.2.3 X-ray photoelectron spectroscopy (XPS)

XPS data were collected using a Kratos AXIS Supra+ X-ray photoelectron spectrometer

equipped with a monochromatic Al Kα X-ray source (1486.6 eV, 225 W). The base pressure

of the analysis chamber was ∼ 1×10−9 torr. Spectra were acquired in hybrid lens mode

with slot collimation and a spot size of 700 µm × 300 µm. The pass energy and step sizes

were set to 160 eV and 0.5 eV for survey spectra, and 20 eV and 0.1 eV for high-resolution
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spectra, respectively. Samples were grounded during analysis, and charging effects were

minimized using a charge neutralizer. Instrument calibration was performed using Au 4f7/2

(84.0 eV) and Cu 2p3/2 (932.6 eV) peaks from sputter-cleaned metal foils.

Data calibration involved aligning the adventitious C 1s peak to 284.8 eV. Deconvolution

was performed using a Voigt peak profile (70% Gaussian, 30% Lorentzian) after Shirley

background subtraction. For Ga and Lu quantification, the Ga 3p3/2 and Lu 4p3/2 peaks

were used, with sensitivity factors adjusted based on spin-orbit splitting ratios of p orbitals.

All data were analyzed using CasaXPS software.

3.2.4 Electron paramagnetic resonance (EPR)

EPR measurements were carried out by Dr. Tianyu Li at the University of Califor-

nia, Santa Barbara, using a Bruker EMXPlus X-band spectrometer equipped with a high-

sensitivity Bruker ER 4199HS-LC resonator. Spectral acquisition involved averaging three

scans over a field sweep of 0 mT to 600 mT, with a magnetic field modulation of 100 kHz

and a modulation amplitude of 0.4 mT. Data processing and spectral fitting were performed

using the EasySpin toolbox. Standard (non-operando) measurements were conducted at a

microwave power of 2 mW.

3.2.5 High-resolution synchrotron X-ray and neutron diffraction

High-resolution synchrotron X-ray powder diffraction (SXPD) was performed to char-

acterize the crystal structures of LuMnGaO4 and LuMnGaO4.5. Measurements were con-

ducted at the Advanced Photon Source (APS), Argonne National Laboratory, on the 11-BM

beamline using X-rays with a wavelength of 0.457895 Å. Data were collected at room tem-

perature (300 K). Time-of-flight (TOF) neutron diffraction experiments were conducted on

the POWGEN beamline at the Spallation Neutron Source, Oak Ridge National Laboratory,
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with data acquired at 300 K. Structural analysis was performed using Rietveld refinement

with the GSAS-II software.

For in-situ SXPD studies, data were collected on the APS 11-ID-C beamline using a

high-temperature furnace. A wavelength of 0.1173 Å was used, covering a Q-range of ∼ 0.6

Å−1 to 11 Å−1. The sample was heated at a controlled ramp rate of 10 ◦C/min in flowing air,

diffraction patterns continuously recorded during heating to monitor the real-time structural

evolution of LuMnGaO4.

3.2.6 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) and selected area electron diffraction (SAED)

patterns were acquired using a JEOL 2100F field emission gun (scanning) TEM [FEG-

(S)TEM] and operated at an accelerating voltage of 200 kV. These measurements were

carried out with the assistance of Dr. Sz-Chian Liou at the Aim Lab at the University of

Maryland Nanocenter.

3.2.7 UV-Vis Reflectance Spectroscopy

Diffuse reflectance spectra of the powder samples were obtained using a Shimadzu

UV3600 UV-vis-NIR spectrometer equipped with an integrating sphere attachment. Prior

to measurement, the powders were diluted with BaSO4 in a 1:4 volume ratio and packed

into solid sample holders. The recorded reflectance spectra were processed into pseudo-

absorbance using the Kubelka-Munk transformation. This measurement was performed by

Dr. Tianyu Li.
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3.2.8 Energy Dispersive X-ray Spectroscopy (EDS)

The chemical composition of the reduced and oxidized phases was analyzed on pow-

der samples using Hitachi SU-70 Schottky FEG-SEM equipped with the Bruker energy

dispersive X-ray spectroscopy (EDS, XFlash(6/60).

3.3 Results and Discussion

3.3.1 Reversible oxgyen uptake of LuMnGaO4

Previous studies have demonstrated that LnFe2O4 [45, 48] and LnFeMnO4 [50] (Ln

= lanthanides) compounds can uptake oxygen at elevated temperatures, leading to the

oxidation of Fe2+ to Fe3+ LnFe2O4 or Mn2+ to Mn3+ (LnFeMnO4) and the formation

of final products LnFe2O4.5 and LnFeMnO4.5. Similarly, we examined the oxygen uptake

behavior of LuMnGaO4, which contains the redox-active element Mn2+ and shares structural

similarities with LnFe2O4 [45, 48] and LnFeMnO4 [50]. Thermogravimetric analysis (TGA)

was performed on LuMnGaO4 under flowing air. As shown Figure 3.1 and Figure 3.2,

LuMnGaO4 begins to absorb oxygen at approximately 250 ◦C, a higher temperature than

LnFe2O4 (< 200 ◦C) and LnFeMnO4 (∼ 200 ◦C). The oxidation process results in a 2.57(1)

% weight gain in the final product, corresponding to an uptake of 0.603(2) oxygen atoms

per formula unit. This value slightly exceeds the 0.5 moles of oxygen atoms expected from

full oxidation of Mn2+ to Mn3+. We attribute this to slight oxygen deficiency in the starting

reduced material LuMnGaO4−δ , which would result in a slightly greater weight gain upon

oxidation. To confirm that the small amount of impurity in the sample, Lu3Ga5O12 does not

influence the observed weight gain and oxidation, parallel measurements with LuMnGaO4

were conducted under identical conditions (heated under air atmosphere, up to 700 ◦C),

resulting in no weight gain (Figure 3.2).
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Figure 3.1: (a) Thermogravimetric analysis (TGA) measurements for LuMnGaO4 in air (top)
and LuMnGaO4.5 in 3% H2/Ar atmosphere (bottom). (b) Mn 2p XPS spectra comparison
between LuMnGaO4 and LuMnGaO4.5. (c) EPR Spectra of the samples.

To further verify the valence change of LuMnGaO4 upon oxidation, XPS and EPR

measurements were conducted on LuMnGaO4 before and after oxidation. The Mn 2p

XPS spectra are shown in Figure 3.1b. For LuMnGaO4, the binding energy of Mn 2p3/2

and the satellite separation are 641.2 eV and 5.6 eV, respectively, while for LuMnGaO4.5,

these values are 641.8 eV and 10.5 eV. These results are consistent with reported values

for Mn2+ and Mn3+ in MnO and Mn2O3 [73–76]. The Mn 3s XPS spectra analysis was

also performed. Figure 3.3 shows the Mn 3s XPS spectra for LuMnGaO4 and its oxidized

counterpart, LuMnGaO4.5. The binding energy difference of the Mn 3s multiplet splitting,
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Figure 3.2: (a) Thermogravimetric analysis (TGA) of LuMnGaO4 and the impurity,
Lu3Ga5O12.

often used to determine the Mn valence state in manganese oxides, is measured as 6.1 eV for

LuMnGaO4 and 5.6 eV for LuMnGaO4.5. These values align with reported literature values

for Mn2+ and Mn3+, respectively, indicating an increase in the Mn oxidation state following

oxygen uptake. This shift further supports the oxidation process occurring in the material.

EPR measurements further corroborated the oxidation from Mn2+ to Mn3+. Since Mn

is the only magnetic center in LuMnGaO4+x, the EPR signal of LuMnGaO4+x exclusively

originates from Mn. In parallel-mode X-band EPR spectroscopy, only ions with non-integer

spin values respond to the magnetic field gradient [77]. The Mn2+ cations in LuMnGaO4 are

S = 5/2 (d5, high spin) or S = 3/2 from 3 e− occupation of the e′′ manifold and, therefore,

displays an EPR response, as presented in Figure 3.1c. However, after oxygen uptake, the

EPR signal becomes silent, indicating oxidation to Mn3+ (d4, S = 2) rather than Mn4+ (d3,

S = 3/2).

Overall, the TGA, XPS, and EPR data consistently demonstrate that LuMnGaO4 trans-

forms into LuMnGaO4.5 upon oxygen uptake, accompanied by the oxidation of Mn2+ to

Mn3+ within the structure. To investigate the reversibility of this progress, TGA measure-

ments were performed on the oxidized phase, LuMnGaO4.5, under a reducing atmosphere
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(3 % H2/Ar gas), as shown in Figure 3.1a. A weight decrease of -2.64(1) % was observed

in the final product, indicating a reversible oxygen release, converting LuMnGaO4.5 back to

LuMnGaO4. After reduction, the sample returned to its original greenish-grey color.

Figure 3.3: Mn 3s XPS spectra of LuMnGaO4 and LuMnGaO4.5

3.3.2 Crystal Structure of the reduced phase, LuMnGaO4

The room-temperature neutron diffraction pattern of LuMnGaO4, along with its Rietveld

refinement, is shown in Figure 3.4a, with the refined parameters in Table 3.1. The structure

was confirmed to be isostructural to the parent phase LnFe2O4, [33, 34, 44] belonging to

space group R3̄m, which served as the initial model for the refinement. The phase is nearly

pure, with a minimal impurity of Lu3Ga5O12 (< 0.3%). The structure consists of alternating

layers of Lu in octahedral coordination layers and trigonal bipyramidal Mn/Ga, where Mn

and Ga are completely disordered as illustrated in Figure 3.13a [34, 78].

The refinement was initially conducted with Lu positioned at the Wyckoff position, 3a

(0, 0, 0), yielding an agreement index (Rwp) value of 8.198 % (Figure 3.5, Table 3.2). The

subsequent introduction of anisotropic thermal displacement for Lu reduced the Rwp by half

(Figure 3.6, Table 3.3). However, the notable large thermal parameter along the c-axis for
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Figure 3.4: Neutron powder diffraction patterns and the Rietveld refinement fits for (a) the
reduced phase, LuMnGaO4, and (b) the oxidized phase, LuMnGaO4.5. Data were collected
using the POWGEN instrument at the Spallation Neutron Source, Oak Ridge National
Laboratory, with wavelength 0.8 Å at 300 K.

Table 3.1: Structural parameters obtained from Rietveld refinement with neutron diffraction
data (POWGEN, ORNL) for LuMnGaO4 (R3̄m) at 300K, with Rwp = 4.851 %.
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Lu indicated static disorder in its positional arrangement along this direction, a phenomenon

commonly observed in related compounds [66, 79]. Consequently, in the final structural

model, Lu was slightly displaced from its ideal position and assigned to the 6c (0, 0, z)

site [80], with the refined value of z = 0.00675(4). In this final refinement, the thermal

vibration for Lu was isotropically refined, yielding a satisfactory fit consistent with previous

observations for LuCuGaO4. The refinement parameters are summarized in Table 3.1. The

positional disorder of Lu is likely due to the significant chemical disparity between Mn

and Ga, which share the same crystallographic site. The size difference between Mn (0.75

Å)[7] and Ga (0.55 Å)[7] creates variations in the local environment, particularly in their

interactions with surrounding oxygen atoms bonded to Lu, resulting in a displacement of Lu

along the c-axis.

The crystal structure of hexagonal-type AB2O4 compounds can also be represented by

the space group C2/m, a maximal non-isomorphic subgroup of R3̄m [81]. The Rietveld

refinement of the neutron pattern is shown in Figure 3.7. Refinement of the anisotropic

thermal vibration of Lu and oxygen atoms yielded an Rwp of 4.793 %, with a notably

large thermal elongation of Lu along the c-axis, similar to the case for R3̄m (Table 3.4 and

Table 3.3). However, no peak splitting due to lattice distortion was observed in the Bragg

peaks of the neutron diffraction pattern or high-resolution SXPD patterns (Figure 3.7 and

Figure 3.8), indicating no need to lower the symmetry. Therefore, we conclude that the

space group R3̄m best describes the reduced phase, LuMnGaO4. The elemental composition

of LuMnGaO4 was verified using EDS (Table 3.5), which confirmed the stoichiometric

ratios of the cations, Lu, Mn, and Ga. However, the oxygen content could not be accurately

quantified by this method because of the low energy of the oxygen Kα characteristic X-rays,

which are significantly absorbed within the sample matrix before reaching the detector.
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Figure 3.5: Neutron powder diffraction pattern of LuMnGaO4 and the Rietveld refinement
with a structural model of R3̄m. The refined structural parameters are shown in Table 3.2.

Table 3.2: Structural parameters obtained from Rietveld refinement of LuMnGaO4 with
neutron diffraction with a structural model of R3̄m. Rwp = 8.198%. The thermal parameter
of Lu atom, positioned at (0, 0 ,0) was refined isotropically.
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Figure 3.6: Neutron powder diffraction pattern of LuMnGaO4 and the Rietveld refinement
with a structural model of R3̄m. The refined structural parameters are shown in Table 3.3

Table 3.3: Structural parameters obtained from Rietveld refinement of LuMnGaO4 with
neutron diffraction with a structural model of R3̄m. Rwp = 4.744%. The thermal parameter
of Lu atom, positioned at (0, 0 ,0) was refined anisotropically.
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Figure 3.7: Neutron diffraction pattern of LuMnGaO4 and Rietveld refinement with a
structural model of C2/m. Data were collected using the POWGEN instrument at the
Spallation Neutron Source, Oak Ridge National Laboratory, with wavelength 0.8 Å at 300
K.

Table 3.4: Structural parameters from Rietveld refinement of LuMnGaO4 with neutron
diffraction with a structural model of C2/m. Rwp = 4.744%.
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Figure 3.8: Synchrotron X-ray powder diffraction pattern of LuMnGaO4 and Rietveld
refinement with a structural model of C2/m. Data were collected using the 11-BM beamline
at Advanced Photon Source, Argonne National Laboratory, with a wavelength of 0.457895
Å at 300 K.

Table 3.5: Elemental composition (%) analysis using energy dispersive X-ray spectroscopy
(EDS) of LuMnGaO4 and LuMnGaO4.5.
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3.3.3 Crystal structure of the oxidized phase, LuMnGaO4.5

As anticipated from similar compounds, LuMnGaO4.5 is structurally distinct compared

to its reduced phase, LuMnGaO4 [48, 50, 66]. A significant change in the neutron diffraction

pattern is observed upon the oxygen uptake of LuMnGaO4 (Figure 3.4b). Previous studies

suggest that LnFe2O4 and LnFeMnO4 transition from the R3̄m to P3̄ space group upon

oxidation [45, 46, 48, 49, 82]. Here, the P3̄ structural model of LnFe2O4.5 and LnFeMnO4.5

was used as the starting model to refine the average structure of LuMnGaO4.5, yielding good

agreement with the observed diffraction pattern, as shown in Figure 3.4b.

Table 3.6: Structural parameters obtained from Rietveld refinement with neutron diffraction
data (POWGEN, ORNL) for LuMnGaO4.5 (P3̄) at 300 K, with Rwp = 6.196%.

Initial refinements were conducted with Lu maintained at its special position (0, 0, 0) and

isotropic thermal parameters, resulting in an Rwp value of 8.576% (Figure 3.9 and Table 3.7).

Subsequent refinement of the thermal parameters for Lu and the oxygen atoms improved the

fit. Similar to the refinement of LuMnGaO4, Lu exhibited an unusual ellipsoidal elongation

along the c-axis. Therefore, Lu was assigned to the 2c (0, 0, z) site, slightly shifted from

its ideal position. The O2 and O3 oxygen atoms also exhibited elongation in the xy-plane,

leading to slight shifts that placed them in disordered positions (Figure 3.10 and Table 3.8).

This oxygen disorder was identified for the first time in LnM2O4.5-type materials and
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attributed to the distinct chemical and size disparity between Mn and Ga. Compared to

compounds where B sites are occupied by similar ions (e.g., Fe2+/Fe3+ or Mn2+/Fe3+)

[50, 66], the significant differences between Mn2+ and Ga3+ ionic radii contribute to local

disorder. This disparity is evident when comparing neutron and electron diffraction patterns,

as materials with less ion size disparity exhibit substantially less diffuse scattering than

LuMnGaO4.5 [50, 66, 81]. Additionally, this oxygen disorder brought on by Mn/Ga mixing

leads to a more diffuse nature in the superlattice reflections, which get broadened out into the

background of the neutron (Figure 3.4b) and 11-BM powder diffraction patterns (Figure 3.11

and Table 3.9). For the final refinement, the occupancies of O2 and O3 oxygens were

constrained to have a sum of 0.417, and only the isotropic thermal parameters were refined.

The final refinement results are provided in Table 3.6. The results from a dual refinement of

the oxidized phase’s structure at 300 K with both the neutron diffraction and synchrotron

PXRD data sets can be found in Figure 3.12 and the resulting structural parameters in

Table 3.10.

As shown in Figure 3.13b, oxygen is inserted into the Mn/Ga–O layers to occupy the

O3 sites. The disordered oxygen sites are depicted in Figure 3.13c. The Mn/Ga site in the

bilayer is coordinated by eight oxygen atoms, with partial occupancy at the O2 and O3

positions, which cannot be occupied simultaneously due to their short interatomic distance

of 1.589(7) Å. This suggests that the observed Mn/Ga – On polyhedral structure represents

the average of multiple local polyhedral configurations. In a previous study on YbFe2O4.5,

Nicoud et al. described a rearrangement of Fe coordination polyhedra following the insertion

of interstitial oxygen, forming a range of FeOn polyhedral units (n = 4,5,6) within the

double bipyramid layer [66]. Similarly, for LuMnGaO4.5, we propose that the bilayer

consists of a superimposition of trigonal bipyramid, tetrahedral, and octahedral polyhedra

(Figure 3.13d). This is a qualitative suggestion based on previous work, as we have not

conducted a quantitative analysis to determine the exact proportion of each polyhedral unit.
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Figure 3.9: Neutron diffraction pattern of LuMnGaO4.5 and Rietveld refinement with a
structural model of P3̄. The refined structural parameters are shown in Table 3.7.

Table 3.7: Structural parameters from Rietveld refinement of LuMnGaO4 with neutron
diffraction with a structural model of C2/m. Rwp = 4.744%.
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Figure 3.10: Neutron diffraction pattern of LuMnGaO4.5 and Rietveld refinement with a
structural model of P3̄. The refined structural parameters are shown in Table 3.8.

Table 3.8: Structural parameters from Rietveld refinement of LuMnGaO4.5 with a structural
model of P3̄. Rwp = 8.576%. The thermal parameter of the Lu atom, positioned at (0, 0, 0),
was refined anisotropically.
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Figure 3.11: Rietveld refinement of LuMnGaO4.5 at room temperature (RT) with high-
resolution synchrotron X-ray powder diffraction using a structural model of P3̄. A wave-
length of 0.457895 Å was used. The refined structural parameters are shown in Table 3.9.

Table 3.9: Structural parameters from Rietveld refinement of LuMnGaO4.5 with high-
resolution synchrotron X-ray powder diffraction using a structural model of P3̄. Rwp =
12.488%. Occupancy was achieved using the constraint: O22d + O32c = 1.25.
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Figure 3.12: (a) SXPD pattern and (b) neutron diffraction pattern of LuMnGaO4.5, shown
with Rietveld refinement fits using a structural model of P3̄ based on a combined refinement
of the two datasets. Synchrotron data were collected at 300 K using the 11-BM beamline at
the Advanced Photon Source, Argonne National Laboratory, with a wavelength of 0.457895
Å. Neutron data were collected at 300 K using the POWGEN beamline at the Spallation
Neutron Source, Oak Ridge National Laboratory, with a central wavelength of 0.8 Å.

Table 3.10: Structural parameters from the combined Rietveld refinement of LuMnGaO4.5
with synchrotron PXRD and neutron diffraction with a structural model of P3̄.
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Figure 3.13: Crystal structures of (a) LuMnGaO4 (R3̄m) and (b) LuMnGaO4.5 (P3̄) along
the c-axis. (c) LuMnGaO4 structure rotated 90◦ to display the ab plane, highlighting the
disordered oxygen. (d) Superimposed Mn/GaOn polyhedra (n = 4, 5, 6) forming the average
Mn/GaOn double layer structure.

The splitting of oxygen positions O2 and O3 from their special positions indicates complex

oxygen disorder, likely contributing to the structural modulation observed in the oxidized

phase, as evident in the selected-area electron diffraction (SAED) patterns discussed below

(Figure 3.13d, e, f).

49



3.3.4 Diffuse scattering and modulation structures

Figure 3.14a, c and Figure 3.14d, f present the SAED patterns for the reduced and

oxidized phases, respectively, with the reciprocal lattice indicated and several reflections

(h,k, l) labeled. In the reduced phase, the SAED pattern along the [001] zone axis in Fig-

ure 3.14a reveals regular Bragg spots of {110} and {300}. Additionally, weak {100} Bragg

reflections are present, which might result from multiple scattering due to the increased

specimen thickness. The electron diffraction was performed on crushed powders with

a selected-area aperture covering a dimension of a few hundred nm scale. Furthermore,

the SAED pattern along the [110] zone axis in Figure 3.14c reveals regular Bragg spots

accompanied by weak diffuse streaks, which are within the green circle indicated by the

red arrow. This diffuse streak is parallel to the [106] direction and may correspond to the

background hump observed in the neutron diffraction pattern at lower Q (Figure 3.4a).

Upon oxidation and structural transformation, the SAED patterns show significant

differences. First, the [001] zone axis SAED pattern for LuMnGaO4.5 in Figure 3.14d

reveals a sharp intensity of the {100} Bragg spots compared to the weak reflection condition

in Figure 3.14a, indicating different reflection conditions. Second, six additional diffuse

satellite reflections appear around each Bragg reflection, marked by a blue cube, which

cannot be indexed using the unit cell of the P3̄ space group listed in Table 3.6. Furthermore,

the [110] zone axis SAED pattern for LuMnGaO4.5 in Figure 3.14f reveals additional weaker

{1/3 0 0} and {0 2/3 0} superlattice reflections, in contrast to the diffuse streaks seen in

Figure 3.14c. These satellite reflections indicate the presence of structural modulations,

which lead to a new periodic arrangement in the HRTEM images from Figure 3.14b and d,

caused by oxygen order leading to a superlattice. These satellite peaks are also evident in

the SXPD data shown in Figure 3.15.
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3.3.5 Structural evolution of LuMnGaO4 during oxygen insertion

An in-situ SXPD experiment was conducted to investigate the structural evolution of

LuMnGaO4 upon heating. Figure 3.15a shows the contour plots of in-situ SXPD patterns

for LuMnGaO4 heated in air up to 700 ◦C. Below 350 ◦C, no new reflections were observed,

indicating that the room temperature structure of LuMnGaO4 was maintained. A phase

transition began at approximately 350 ◦C, consistent with the TGA results (Figure 3.1a).

Sequential refinement of the in-situ measurements revealed that this transition differs from

that of the parent phase LuFe2O4, which forms a supercell structure around 250 ◦C, as

evidenced by satellite reflections in SXPD data. Additionally, an intermediate phase appears

before LuFe2O4 fully oxidizes to LuFe2O4.5. In contrast, for LuMnGaO4 the phase transition

occurs without an intermediate phase and directly coincides with oxygen absorption.

Figure 3.15c presents four selected SXPD patterns from the sequential in-situ measure-

ments at 50 ◦C, 350 ◦C, 450 ◦C, and 600 ◦C, illustrating the changes in SXPD patterns

upon heating. The evolution of lattice parameters a and c over the entire temperature

range is depicted in Figure 3.16, where the c parameters of the oxidized phases (P3̄) are

multiplied by three for direct comparison with those of the reduced phases (R3̄m). As the

reduced phase oxidizes, the lattice parameter a increases, while c decreases. These structural

changes align well with the weight changes observed in TGA. The Rietveld refinements

of the SXPD patterns at 50 ◦C, 350 ◦C, 450 ◦C, and 600 ◦C are shown in Figure 3.17. A

closer examination of the magnified SXPD patterns reveals additional satellite peaks (Fig-

ure 3.15 and Figure 3.18), also observed in the SAED patterns (Figure 3.14d-f). These peaks

emerge above 400 ◦C during heating and indicate a structural modulation that resembles

one observed previously in LnMnFeO4 [50].
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Figure 3.14: (
a, d) and [110] (c, f) zone axes for (a, c) LuMnGaO4 and (d, f) LuMnGaO4.5.]Selected-area

electron diffraction patterns along [001] (a, d) and [110] (c, f) zone axes for (a, c)
LuMnGaO4 and (d, f) LuMnGaO4.5. Indexed diffraction spots are labeled in yellow. In (a,

c), diffuse scattering is indicated by red circles and streaks marked by green circles
observed in LuMnGaO4. In (d, f), the blue cube and arrows indicate structural modulation

in LuMnGaO4.5. (b, e) The HRTEM images recorded along the [001] zone axis for (b)
LuMnGaO4 and (e) LuMnGaO4.5. A modulation structure is revealed in (e).
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Figure 3.15: In-situ SXPD of LuMnGaO4 as it oxidizes. (a) Contour plots of in-situ SXPD
data for LuMnGaO4 heated in air from 25 ◦C to 700 ◦C. (b) Enlarged view (magnified 20×)
highlighting the appearance of satellite peaks. (c) Selected diffraction patterns at 50 ◦C,
350 ◦C, 450 ◦C, and 600 ◦C.
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Figure 3.16: Evolution of phase fractions and lattice parameters, a and normalized c,
as a function of temperature in air, derived from sequential Rietveld refinements of in-
situ SXPD data. The top panel shows the phase fraction transition from LuMnGaO4 to
LuMnGaO4.5, while the middle and bottom panels display the corresponding changes in
the lattice parameters a and c, respectively. The red dashed lines indicate where phase
transformation or structural changes occur.
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(a) 50◦C; Rwp = 11.585% (b) 350◦C; Rwp = 14.959%

(c) 450◦C; Rwp = 10.171% (d) 600◦C; Rwp = 9.337%

Figure 3.17: SXPD patterns of LuMnGaO4 at various temperatures showing Rietveld
refinement analysis. Phase compositions for (a) 50◦C, (b) 350◦C, (c) 450◦C, and (d) 600◦C
are detailed in the text.
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Figure 3.18: Temperature-dependent SXPD patterns. Satellite peaks emerge around 1.1 Å−1

and 1.7 Å−1, indicating structural modulation. The peak marked with * corresponds to an
impurity phase.
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3.3.6 Color change from LuMnGaO4 to LuMnGaO4.5

The structures of LuMnGaO4 and related compounds are closely correlated with the

YIn1−xMnxO3 phases, where the hexagonal structure consists of layers of Y3+ ions separat-

ing layers of corner-shared MO5 trigonal bipyramids (M = In, Mn) [83–85]. This compound

exhibits a bright-blue hue due to the crystal field splitting of Mn3+ in trigonal bipyramidal

coordination. Building on this understanding, we investigated the distinct color change in

LuMnGaO4 upon oxygen insertion, focusing on the role of the Mn site during oxidation.

The reduced phase of LuMnGaO4 exhibits a greenish-grey hue as shown in Figure 3.19.

Following oxidation, the color transitions to black. Diffuse reflectance spectra and approx-

imated absorbance spectra, calculated using the Kubelka-Munk function, confirmed this

chromatic shift [86]. The blue curve in Figure 3.19 represents the absorbance spectra of

LuMnGaO4, with two major peaks at 2 eV and 3.7 eV, while the red curve for LuMnGaO4.5

displays broad absorption across the visible spectrum, consistent with the black color.

The color change could be attributed to either a d-d transition or ligand-to-metal charge

transfer. First, we describe the transition arising from the Mn/Ga-O trigonal bipyramidal

coordination. It has been explained that the blue hue of Y(In,Mn)O3 arises from the crystal

field splitting of Mn3+ in trigonal bipyramid coordination [84]. Similarly, LuMnGaO4

consists of double layers of edge-sharing trigonal bipyramidal units, where Mn and Ga are

disordered at the same site. In the reduced phase, Mn2+, with five d-electrons, occupies

the doubly degenerate e′ and e′′ energy levels. Spin- and symmetry-allowed transitions

would therefore include e′→ a′ and e′′→ a′, corresponding to the absorption peaks at 2

eV and 3.7 eV, respectively. The lack of absorption in the 450–600 nm range results in

the greenish-grey hue. Upon oxidation, Mn oxidizes to the +3 state, as confirmed by XPS

and EPR spectra (Figure 3.1b and c). This oxidation alters the coordination geometry from

trigonal bipyramidal to a combination of octahedral, tetrahedral, and trigonal bipyramidal
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Figure 3.19: Color change from LuMnGaO4 to LuMnGaO4.5, and corresponding UV-vis
spectroscopy measurements. The y-axis represents the Kubelka-Munk transformed ab-
sorbance spectra. The schematic energy levels for Mn2+ 3d orbitals in trigonal bipyramidal
coordination are shown, with possible electronic transitions (e′→ a′ and e′′→ a′) contribut-
ing to the observed color of LuMnGaO4.

configurations. These complex crystal field environments produce broad absorption across

the visible spectrum, which results in the black color.

The second possibility to understand the origin of color in LuMnGaO4 is the ligand-

to-metal charge transfer (LMCT). Manganese (II) oxide (MnO), which crystallizes in a

cubic rock-salt structure with Mn2+ ions in octahedral coordination, exhibits a green color

[87]. MnO has been widely studied as a borderline between a Mott insulator and a charge-

transfer insulator [88, 89]. The optical band gaps of the colloidal MnO nanoparticles have

been reported to be 3.19 eV and 2.18 eV, attributed to the direct and indirect transitions

respectively, arising from the O 2p–Mn eg transitions [90]. Although the Mn/Ga sites in

LuMnGaO4 adopt a trigonal bipyramidal coordination rather than an octahedral, the UV-vis

absorption occurred at 3.7 eV and 2 eV are similar to those in MnO. The resemblance

suggests that LMCT transitions involving O 2p to Mn 3d orbitals may also contribute to the

optical absorption in LuMnGaO4 alongside crystal field effects.
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The pronounced color change from greenish-grey (LuMnGaO4) to black (LuMnGaO4.5)

highlights the potential of this material for colorimetric oxygen sensing. Color sensing,

which translates color changes into quantifiable data, has applications in environmental

monitoring, diagnostics, and industrial processes [91, 92]. These systems leverage reflected

or transmitted light to detect chromatic transitions, employing advanced algorithms and

optical systems for enhanced sensitivity [93]. In LuMnGaO4, the oxidation-induced Mn

coordination transformation enables efficient oxygen detection, positioning this material as

a potential candidate for oxygen and colorimetric sensing applications.

3.4 Conclusion

In this study, we have synthesized and characterized the reduced and oxidized phases

of LuMnGaO4, exploring their structural evolution and unique color changes upon oxygen

insertion. Using neutron and SXPD diffraction, we determined that the reduced phase

(LuMnGaO4) crystallizes in the R3̄m space group, while the oxidized phase (LuMnGaO4.5)

adopts the P3̄ space group. Our in-situ SXPD experiments revealed a phase transition during

oxidation, accompanied by a distinct shift in color from greenish-grey to black, confirmed

through UV-visible spectroscopy. The observed color change is attributed to changes in the

coordination geometry of the Mn/Ga-O layer, which transitions from trigonal bipyramid

to a combination of octahedral, tetrahedral, and trigonal bipyramidal configurations. The

structural modulations and satellite peaks indicate complex oxygen ordering and disorder-

ing. These findings highlight the potential of LuMnGaO4 as a bifunctional material, with

promising applications in both oxygen transport and sensing technologies at relatively low

temperatures. This study provides new insight into the structure-property relationships of

AB2O4-type compounds and lays the groundwork for further investigations into the effects

of elemental substitution and phase transitions in oxygen carrier materials.
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Chapter 4: Comparative Structural and Functional Analysis of AMnGaO4

(A = Yb and In)

4.1 Introduction

Layered oxide materials, including the perovskite (ABO3), Ruddlesden-Popper (A2BO4),

and double perovskite (A2B2O6) families, provide a versatile platform for tuning chemi-

cal and physical properties through strategic ionic substitution. A prominent example is

LaMnO3-based perovskites, which are widely utilized in energy conversion and catalytic

applications due to their robust structural stability [94]. While the oxygen storage capacity

(OSC) of stoichiometric LaMnO3 is relatively limited, it can be significantly enhanced via

A-site doping. For example, Ce-doped La1−xCexMnO3 has recently been reported as an

effective electrocatalyst for the Oxygen Reduction Reaction (ORR) in Zn-air batteries [95].

Similarly, Sr-substitution in La1−xSrxMnO3 has been shown to advance electrochemical

performance in supercapacitors [96, 97]. The underlying principle of these enhancements

is charge compensation. By substituting a trivalent La3+ with a divalent or tetravalent

cation induces a mixed-valence state in the manganese (Mn3+/Mn4+), which facilitates the

formation of oxygen vacancies and thus enhances ionic mobility.

Beyond electrochemical performance, A-site substitution can influence fundamental

physical properties as well. The rare-earth nickelates (ANiO3, where A = lanthanide) serve

as a good example [98]. The ionic radius of the A-site cation influences the tilting of the

NiO6 octahedra and this distortion reduces the Ni−O−Ni bond angle, thereby narrowing
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the electronic bandwidth and altering the superexchange interactions. Consequently, the

metal-insulator transition could be controlled through the tuning of A-site elements.

Inspired by these structure-property relationships, this chapter expands upon the investi-

gation of the layered AMnGaO4 system initiated in Chapter 3 with LuMnGaO4. Here, we

specifically explore the effects of A-site substitution by comparing the Yb- and In-analogues:

YbMnGaO4 and InMnGaO4. We use high-resolution synchrotron X-ray diffraction and

thermogravimetric analysis to compare their oxidation behavior and discuss how variations

in A-site cation chemistry and bonding characteristics influence lattice flexibility and oxygen

uptake capability.

Interestingly, these materials also exhibit complex magnetic behavior that is inextricably

linked to their structure. Recently, YbMgGaO4[99] and YbZnGaO4 [100] have emerged as

candidates for Quantum Spin Liquids (QSLs). In a QSL state, spins remain disordered even

as temperatures approach absolute zero. Unlike a standard paramagnet, however, the spins

are highly correlated through energy scales comparable to those of magnetically ordered

systems [101].

These QSL states are predicted to occur in triangular systems with interactions extending

beyond nearest neighbors, especially in materials with strong spin-orbit coupling [100].

Both YbMgGaO4 and YbZnGaO4 crystallize in R3̄m space group, with Yb3+ ions arranged

in a triangular lattice and the Mg/Zn and Ga ions occupying a trigonal bipyramidal double

layer. This makes the system particularly interesting, as the Yb3+ (J = 1/2) ions represent

a rare example of a triangular lattice composed of lanthanide ions [99, 101]. It has been

argued that site-mixing between the non-magnetic cations induces structural disorder that

plays a major role in this phenomenon, though research into this remains ongoing.

In our previous research, Li et al. reported the structural modulation and spin glassiness

upon oxidation in LnFeMnO4 (Ln = Y, Lu, and Yb) materials [50]. That study discussed

not only the oxygen storage behavior as different trivalent cations are substituted but also
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dived into the spin-glass behavior of both the reduced and oxidized phases, with short-range

magnetic ordering observed in the reduced phases.

In the final section of this chapter, we include magnetic susceptibility data analysis

and neutron diffraction measurements to discuss the spin-glass behavior observed in our

materials.

4.2 Experimental

4.2.1 Materials synthesis

The reduced phase, YbMnGaO4, was synthesized by solid-state reactions. Stoichio-

metric amounts of Yb2O3 (99.99%), MnO (99%), and Ga2O3 (99.999%) were thoroughly

ground, pressed into 13 mm diameter pellets, and placed in a 2 mL alumina crucible. The

crucible was placed in an 16 mm diameter quartz ampoule, sealed, and heated to 1180

◦C at a ramp rate of 5 ◦C min−1. The sample was held at this temperature for 24 hours

and subsequently quenched in an ice-water bath. The oxidized phase, YbMnGaO4.5, was

obtained by heating YbMnGaO4 at 600 ◦C for 12 hours, followed by a natural cooling to

room temperature.

For InMnGaO4, Stoichiometric amounts of In2O3 (99.99%), MnO (99%), and Ga2O3

(99.999%) were mixed, ground, and pelletized. The sealed ampoule was heated to 900 ◦C

for 64 hours, followed by quenching in an ice bath. Additional annealing experiments were

carried out at various temperatures up to 950 ◦C to investigate possible phase transitions.

4.2.2 Thermogravimetric analysis (TGA)

TGA of the reduced phases, YbMnGaO4 and InMnGaO4, was performed using a TA

Instruments Discovery TGA-5500. Approximately 10 mg of each sample was loaded into
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platinum pans (100 µL) and heated in air to 950 ◦C at a rate of 10 ◦C min−1.

4.2.3 X-ray diffraction (XRD)

High-resolution synchrotron X-ray powder diffraction (SXPD) data were collected at

the I11 beamline of Diamond Light Source, UK, using X-rays with a wavelength of 0.8241

Å[55]. Measurements were performed at room temperature (300 K) on the reduced and

oxidized phases of YbMnGaO4, as well as on InMnGaO4 samples previously annealed at

600 ◦C and 950 ◦C.

Laboratory X-ray diffraction was performed ex situ on a Bruker D8 Advance diffrac-

tometer equipped with a Cu Kα radiation source at the X-ray Crystallographic Center

at University of Maryland under ambient conditions. In-situ diffraction experiments on

YbMnGaO4 were carried out using an Anton Paar XRDynamic 500 diffractometer with a

Cu Kα source. The temperature was ramped to 700 ◦C at a heating rate of 5 ◦C min−1.

4.2.4 Neutron diffraction

Time-of-flight neutron powder diffraction data were collected at the POWGEN beamline

at the Spallation Neutron Source, Oak Ridge National Laboratory. Data were acquired at

300 K and 7 K using detector banks 1 and 3, which provide d-spacing coverages of 0.1–8 Å

and 1–20.5 Å with central wavelengths (CWL) of 0.8 Å and 2.665 Å, respectively.

4.2.5 Magnetic susceptibility measurements with SQUID

Temperature- and field-dependent magnetic susceptibility measurements of YbMnGaO4,

YbMnGaO4.5, and InMnGaO4 were carried out using a 7 T Quantum Design Superconduct-

ing Quantum Interference Device magnetometer (MPMS3). Direct current (dc) magnetiza-

tion measurements were collected under zero-field-cooled (ZFC) conditions while warming
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from 2 K to 300 K. Field-cooled (FC) data were subsequently recorded during cooling back

to 2 K. Magnetic susceptibility measurements were performed under applied fields of 100

Oe and 1000 Oe.

4.3 Results and Discussion

4.3.1 Structural analysis upon annealing

The average crystal structure of YbMnGaO4 and InMnGaO4 were studied via syn-

chrotron X-ray powder diffraction (SXPD). Figure 4.1 shows the SXPD patterns along with

Rietveld refinement fits. As reported for analogous compounds, oxidation of YbMnGaO4 in-

duces a phase transition from the R3̄m to P3̄ symmetry [45, 48–51]. In contrast, InMnGaO4

retains the R3̄m symmetry even after heating to 600 ◦C, the temperature at which most

analogues undergo full oxidation, showing only minor intensity variations.

Figure 4.2 shows the crystal structures of YbMnGaO4 and its oxidized phase YbMnGaO4.5

based on the Rietveld refinement results. YbMnGaO4 adopts a hexagonal layered structure

composed of edge-sharing YbO6 octahedral layers (dark blue) alternating with double

Mn/Ga-O bipyramidal layers (light blue). Upon oxidation, additional oxygen atoms are

incorporated into the Mn/Ga-O layers, leading to a change in coordination and local disorder.

The refined parameters are summarized in Table 4.1. The structural model was based on

the previously reported LuMnGaO4 refinement [51], where the z-coordinate of Lu was

slightly displaced from the special position (0, 0, 0). For the oxidized phase, we did not

use the model of LuMnGaO4.5 where the oxygen positions were shifted from their original

positions because X-ray diffraction has limited sensitivity to light elements compared to

neutron diffraction. Also, isotropic thermal displacement parameter (Uiso) were fixed to that

of the LuMnGaO4 values to avoid nonphysical results.

In situ X-ray diffraction experiments on YbMnGaO4 further revealed the temperature-
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Figure 4.1: SXPD patterns with Rietveld fits for (a) YbMnGaO4, (b) YbMnGaO4.5, (c)
InMnGaO4, and (d) InMnGaO4 heated at 600 ◦C.

dependent phase evolution (Figure 4.3). A gradual change in diffraction intensities begins

around 250 ◦C, followed by a distinct transformation near 300 ◦C. These results confirm a

single-step transition from the reduced R3̄m to the oxidized P3̄ phase without observable

intermediate phases.
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Figure 4.2: The unit cell of the crystal structure of (a) YbMnGaO4 and (b) YbMnGaO4.5.
For YbMnGaO4.5, three unit cells are drawn for comparison to the reduced phase. The
change in the double Mn/Ga-O layer is drawn in the middle.
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Figure 4.3: In situ SXPD contour plot of YbMnGaO4 heated in air from 25 ◦C to 700 ◦C,
showing the evolution of diffraction peaks associated with the structural transition from
R3̄m to P3̄ phase. Indexed reflections are labeled for each phase.
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Table 4.1: Structural parameters obtained from Rietveld refinement of SXPD data for
YbMnGaO4, YbMnGaO4.5, InMnGaO4, and annealed InMnGaO4, measured at 300K.
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4.3.2 Oxygen storage properties

The oxygen uptake behavior of YbMnGaO4 and InMnGaO4 was evaluated by thermo-

gravimetric analysis (TGA) under flowing air (Figure 4.4). YbMnGaO4 exhibits a distinct

weight gain beginning at approximately 250 ◦C, comparable to the behavior observed for

LuMnGaO4 [51]. The total mass increase of 2.6(4) % corresponds to the incorporation

of 0.6 oxygen atoms per formula unit. Assuming full oxidation of Mn2+ to Mn3+, the

resulting composition can be expressed as YbMnGaO4.5. The slightly higher experimental

oxygen content likely arises from a small initial oxygen deficiency in the reduced phase

(YbMnGaO4−δ ). The temperature-dependent oxidation trend aligns well with the structural

transformation seen in the in situ SXPD data (Figure 4.3).

Figure 4.4: TGA of YbMnGaO4 (a) and InMnGaO4 (b) measured in air.
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Figure 4.5: TGA of YbMnGaO4 (a) and InMnGaO4 (b) measured under nitrogen.

In contrast, InMnGaO4 displays different behavior. The SXPD patterns remain un-

changed up to 600 ◦C (Figure 4.1d), suggesting that the phase does not accommodate

oxygen intercalation. Nevertheless, the TGA profile reveals a slow, continuous mass in-

crease starting at approximately 350 ◦C, with a steady rise up to 800 ◦C, a short plateau until

900 ◦C, and another increase, thereafter, reaching a total weight gain of 2.5% by 1000 ◦C.

To verify that the weight gain was specifically due to reaction with air, rather than inherent

instability, measurements were repeated under flowing nitrogen. As shown in Figure 4.5,

both YbMnGaO4 and InMnGaO4 exhibit a weight change of less than 1% up to 950 ◦C.

The fluctuations observed are likely due to instrumental noise or buoyancy effects.

To understand the behavior of InMnGaO4, ex situ XRD was performed on InMnGaO4

samples annealed at 25 ◦C, 600 ◦C, 750 ◦C, 800 ◦C, 830 ◦C, and 950 ◦C in air (Figure 4.6).

Up to 750 ◦C, only intensity changes are observed without peak shifts, confirming phase

stability. At 800 ◦C, new reflections emerge, and by 830 ◦C the diffraction pattern changes

dramatically, indicating decomposition of the R3̄m phase. At 950 ◦C, most of the original

InMnGaO4 reflections disappear.
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These results indicate that InMnGaO4 does not absorb oxygen into its lattice. Instead,

the gradual weight increase in TGA likely originates from surface oxidation reactions.

Between 800 ◦C and 830 ◦C, the compound undergoes decomposition, forming a secondary

phase that remains stable up to 1000 ◦C. Preliminary indexing of this new phase suggests

orthorhombic symmetry (possible Fddd, Pccn, and P222 space groups), but no isostructural

analogues were identified (Figures 4.7 and 4.9). Further structural determination will require

complementary diffraction or spectroscopic analysis.
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Figure 4.6: Ex situ laboratory X-ray diffraction measurements of InMnGaO4 annealed at
25 ◦C, 600 ◦C, 750 ◦C, 800 ◦C, 830 ◦C, and 950 ◦C. The Q range from 2.1 Å1 to 2.4 Å1 is
highlighted on the right, showing a new peak arising at 800 ◦C and the pattern completed
changing from 830 ◦C.
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Figure 4.7: Le Bail fit of the InMnGaO4 sample heated at 950 ◦C using the Fddd structural
model. The experimental (black circles), calculated (green line), and difference (red line)
profiles are shown. Vertical green ticks mark Bragg reflections indexed to the Fddd phase.
Refined lattice parameters: a = 10.6806(5) Å, b = 8.8887(5) Å, c = 9.65085(20) Å, V =
916.21(3) Å3

Figure 4.8: Le Bail fit of the InMnGaO4 sample heated at 950 ◦C using the Pccn structural
model. The experimental (black circles), calculated (orange line), and difference (blue
line) profiles are shown. Vertical orange ticks mark Bragg reflections indexed to the Pccn
phase. Refined lattice parameters: a = 9.6637(2) Å, b = 6.8252(1) Å, c = 4.6524(2) Å, V =
306.86(1) Å3.
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Figure 4.9: Le Bail fit of the InMnGaO4 sample heated at 950 ◦C using the P222 structural
model. The experimental (black circles), calculated (pink line), and difference (green line)
profiles are shown. Vertical pink ticks mark Bragg reflections indexed to the P222 phase.
Refined lattice parameters: a = 5.5779(2) Å, b = 3.5849(2) Å, c = 3.4113(1) Å, V =
68.213(4) Å3.

4.3.3 Origin of the distinct behavior of InMnGaO4

Previous studies on the AFe2O4 series (A = Lu, Yb, Y, In) demonstrated that all com-

pounds reversibly absorb and release oxygen except for InFe2O4 [48]. Under O2/He – H2/He

cycling, Lu-, Yb-, Y- analogue phases retained structural reversibility, whereas InFe2O4

degraded under reducing conditions. The behavior of InMnGaO4 observed here is therefore

consistent with the anomalous nature of indium-containing analogues.

Although InMnGaO4 adopts the same nominal R3̄m structure, the post-transition metal

nature of In3+ imparts distinct bonding characteristics. The smaller ionic radius of In3+

(0.80Å)[7] compared with Yb3+ (0.868Å)[7] or Lu3+ (0.861Å)[7] leads to shorter In-O

bonds and a contracted lattice in the ab plane. The bond lengths are labeled in Figures 4.10

and 4.11. As summarized in Table 4.1, YbMnGaO4 has a = b = 3.44 Å, while InMnGaO4

exhibits a = b = 3.33 Å. Despite a slightly larger c-parameter, the overall cell volume of
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InMnGaO4 is smaller. The resulting rigid bonding network likely hinders oxygen insertion

into the double Mn/Ga-O layers, whereas the more flexible framework of YbMnGaO4

accommodates oxygens more readily.

Figure 4.10: Crystal structure of YbMnGaO4. (a) The unit cell of YbMnGaO4 viewed along
the c-axis, showing alternating layers of YbO6 octahedra and Mn/GaO5 polyhedra. Yb, Ga,
Mn, and O atoms are represented by brown, pink, purple, and red spheres, respectively. (b)
Local coordination environment of Yb, forming a slightly distorted YbO6 octahedron with
individual Yb-O bond lengths labeled. (c) The Mn/Ga-O5 double bipyramidal structure,
where Mn and Ga share the same crystallographic site; all Mn/Ga-O bond lengths are
labeled.
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Figure 4.11: Crystal structure of InMnGaO4. (a) The unit cell of InMnGaO4 viewed along
the c-axis, showing alternating layers of InO6 octahedra and Mn/GaO5 polyhedra. In, Ga,
Mn, and O atoms are represented by gold, pink, purple, and red spheres, respectively. (b)
Local coordination environment of In, forming a slightly distorted InO6 octahedron with all
In-O bond lengths labeled. (c) The Mn/Ga-O5 double bipyramidal structure, where Mn and
Ga share the same crystallographic site; all Mn/Ga-O bond lengths are labeled.
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4.3.4 Oxidation states and magnetism

The oxidation states of magnetic ions (Yb3+ and Mn2+/3+) in YbMnGaO4, YbMnGaO4.5,

and InMnGaO4 were confirmed through temperature-dependent magnetic susceptibility mea-

surements. As shown in Figure 4.12, YbMnGaO4 exhibits simple paramagnetic behavior,

whereas the oxidized phase YbMnGaO4.5 shows the onset of antiferromagnetic order with a

Néel temperature (TN) of 11 K.

To determine the oxidation states, we analyzed the magnetic data using the Curie-Weiss

law (Eq. (4.1)) which describes how magnetic moments in a paramagnet tend to align with

an externally applied field [102].

χ =
C

T −θCW
(4.1)

χ magnetic susceptibility

C Curie constant

T absolute temperature

θCW Curie-Weiss temperature

By inverting the susceptibility, we obtained a linear relationship for χ−1 vs. T , allowing

for the determination of C and θCW. In this form, the slope is 1/C and the y-intercept is

−θCW/C.

χ
−1 =

T −θCW

C
=

T
C
− θCW

C
(4.2)

The Curie constant is directly related to the number of unpaired electrons, and it can be used
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to calculate the effective magnetic moment per ion in units of Bohr magnetons, µB.

µeff =
√

8CµB (4.3)

This value can be compared to the calculated effective magnetic moment,

µcal = gJ
√

J(J+1)µB (4.4)

where, gJ denotes the Landé g-value with an equation,

gJ =
3
2
+

S(S+1)−L(L+1)
2J(J+1)

(4.5)

where S, L, and J represent the spin quantum number, orbital quantum number, and total

angular momentum, respectively. In 3d transition metals, the magnetic properties are

primarily dictated by the valence electrons within the partially filled d shells, which are the

outermost orbitals that contribute to chemical bonding. These electrons interact strongly

with surrounding ligands or ions in a crystal lattice that it “quenches” the orbital angular

momentum, making L = 0 [102]. In this case, since J = S+L, J essentially becomes equal

to the spin S. Substituting J = S into Eq. (4.4), we derive the following approximation:

µs =
√

4S(S+1)µB (4.6)

For YbMnGaO4 and its oxidized phase, the total theoretical magnetic moment is derived

by considering the individual contributions of the magnetic ions, assuming they act as

independent centers:

µeff =
√

µ2
eff,1 +µ2

eff,2µB (4.7)

Using theoretical values of 4.54 µB for Yb3+, 5.92 µB for Mn2+, and 4.90 µB for Mn3+, we
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calculate expected moments of 7.46 µB for and 6.68 µB for YbMnGaO4.5.

We performed Curie-Weiss fits on the χ−1 versus T plots for YbMnGaO4 and YbMnGaO4.5

within the 150 K–300 K temperature range, where a linear regime is clearly observed. The

experimental effective magnetic moments, derived from the resulting Curie constants, show

excellent agreement with the theoretical values: 7.578(5) µB for YbMnGaO4 and 6.734(3)

µB for YbMnGaO4.5 (Figure 4.12). These values confirm the respective oxidation states of

the Yb and Mn ions in both compounds.

For InMnGaO4, only manganese is the magnetically active ion in the compound. We

compared the experimental µeff to the theoretical value for Mn2+ (5.92 µB). Magnetic

susceptibility measurements were collected at applied fields of 100 Oe and 1000 Oe; we

utilize the 1000 Oe data for fitting due to the improved signal-to-noise ratio and enhanced

dipole alignment. As shown in Figure 4.13, the fit yielded an effective moment of 5.749 µB

in the 180 K – 300 K linear regime, confirming the 2+ oxidation state for Mn.
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Figure 4.12: Temperature-dependent magnetic susceptibility of (a) YbMnGaO4 and (b)
YbMnGaO4.5 measured under zero field cooled (ZFC) conditions in an applied field of H =
100 Oe. The left axis and filled symbols represent the magnetic susceptibility (χ) and the
right axis and open symbols represent inverse magnetic susceptibility (χ−1). The solid black
lines represent the Curie-Weiss (CW) fits, performed over the temperature range of 150 K −
299 K.

80



Figure 4.13: Temperature-dependent magnetic susceptibility of InMnGaO4 measured under
zero field cooled (ZFC) conditions in an applied field of H = 1000 Oe. The left axis
and filled symbols represent the magnetic susceptibility (χ) and the right axis and open
symbols represent inverse magnetic susceptibility (χ−1). The solid black line represents the
Curie-Weiss (CW) fit, performed over the temperature range of 180 K − 299 K.

Although our experimental data generally aligned with the Curie-Weiss law, we observed

that the χ−1 versus T plots did not exhibit perfect linearity, instead displaying a slight

positive curvature. To investigate whether this behavior originated from a temperature-

independent contribution to magnetic susceptibility (χ0), we applied a modified form of the

Curie-Weiss law:

χ =
C

T −θCW
+χ0, χ

−1 =
T −θCW

χ0 · (T −θCW)+C
(4.8)

This temperature-independent term (χ0) accounts for several underlying physical phe-

nomena: core diamagnetism, Pauli paramagnetism, or van Vleck paramagnetism [102].

Core diamagnetism is present in all materials, its magnitude is typically negligible com-

pared to the paramagnetic signal of materials with unpaired electrons. It is only relevant
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to materials that has diamagnetism as the only contributor or insulators with no unpaired

electrons. Pauli paramagnetism [103] is characteristic of metals and arises from the spin

imbalance of conduction electrons in an applied field, whereas Van Vleck paramagnetism

arises from the Zeeman-induced mixing of ground and excited electronic states [103, 104].

In our compounds, the χ−1 vs. T plots exhibit a slight positive curvature at lower

temperatures, deviating marginally from strict linearity. To test whether this curvature

originated from temperature-independent contributions, we performed fits using the modified

Curie-Weiss model. However, the parameters derived from these fits were physically

inconsistent with the expected electronic configurations of our compounds. This discrepancy

confirms that χ0 contributions in our samples are sufficiently small to be neglected, and

that the standard Curie-Weiss model provides the most accurate and physically meaningful

description of the magnetic behavior in these systems.

Beyond this Curie-Weiss analysis, it is important to note that the downward curva-

ture at lower temperatures in χ−1 is commonly attributed to short-range spin correlations.

This can be found in Figure 4.12(a) for YbMnGaO4 below 150 K. Furthermore, the large

negative Curie-Weiss temperature (θCW =−176.37 K) indicates strong antiferromagnetic

(AFM) exchange interactions, where the spin configuration is driven toward an antiparallel

arrangement. Such substantial negative θCW value is a hallmark of geometric frustration,

particularly in systems where S = 1/2 ions are arranged on a triangular lattice. Similar trend

can be found for InMnGaO4 in Figure 4.13.

To quantify frustration in antiferromagnetic materials, we can use the frustration index

( f = −θCW/TN , where TN is the magnetic transition temperature). A value of f > 1 is

accepted as an indicator of significant geometric frustration [105]. For YbMnGaO4.5, using

θCW =−32.18 K and TN ≈ 11 K, we obtain f ≈ 2.9, which definitively indicates a frustrated

ground state.

Given the compelling magnetic behavior of the Yb-based compounds, we further ex-
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amined their susceptibility using both Zero-Field Cooled (ZFC) and Field Cooled (FC)

protocols under applied fields of 100 Oe and 1000 Oe. While YbMnGaO4 displays identical

trends in both ZFC and FC conditions, YbMnGaO4.5 shows a clear divergence between

the two at low temperatures. Additionally, the Néel temperature in YbMnGaO4.5 shifts to

approximately 8 K under a 1000 Oe field. This divergence between ZFC and FC conditions,

coupled with the field-dependent shift in TN , is a characteristic signature of spin-glass be-

havior. To further elucidate the magnetic structure of these materials, we conducted neutron

diffraction measurements.

We performed neutron diffraction measurements on both YbMnGaO4 and YbMnGaO4.5

at different temperatures. For YbMnGaO4, the diffraction patterns at 300 K and 7 K remain

nearly identical, with the exception of a broad feature emerging in the low-Q region (1.2

− 1.4 Å−1) at 7 K (Figure 4.15). Notably, no new sharp magnetic Bragg reflections were

observed at 7 K. This feature indicates the development of short-range magnetic correlations,

consistent with the susceptibility data suggesting a magnetically frustrated state.

For the oxidized phase, YbMnGaO4.5, the diffraction data were collected at 300 K, 20

K, and 7 K (Figure 4.16). While the structural Bragg reflections remain invariant across this

temperature range, a notable broad diffuse feature emerges at Q = 0.6–0.9 Å−1 upon cooling

to 7 K. No new sharp magnetic Bragg reflections were observed at 7 K. The appearance

of this broad diffuse feature, rather than sharp magnetic peaks, confirms the presence of

short-range magnetic correlations rather than long-range order. This observation directly

corroborates the divergence between the Zero-Field Cooled (ZFC) and Field Cooled (FC)

susceptibility curves observed in the SQUID measurement in Figure 4.14(b). Together,

these results indicate that the frustrated spins in YbMnGaO4.5 do not undergo long-range

ordering, but instead transition to a randomly frozen, spin-glass state below the transition

temperature of 11 K.
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Figure 4.14: Temperature-dependent magnetic susceptibility (χ) for (a) YbMnGaO4 and
(b) YbMnGaO4.5, measured under zero-field cooled (ZFC, solid circles) and field cooled
(FC, open circles) conditions at 100 Oe (red) and 1000 Oe (blue). The inset in (b) shows
a magnified view of the low-temperature region, marked by the red rectangle in the main
panel, between 0 K and 20 K.
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Figure 4.15: Neutron powder diffraction patterns of YbMnGaO4 from POWGEN, ORNL,
meausured at 7 K and 300 K. The red box highlights a broad peak at 7 K (Q = 1.2 − 1.4
Å−1) that is absent at 300 K.

Figure 4.16: Neutron powder diffraction patterns of YbMnGaO4.5 from POWGEN, ORNL,
measured at 7 K, 20 K, and 300 K. The inset provides an enlarged view of the red box,
which shows an emergence of a broad diffuse feature centered near Q = 0.6−0.9 Å−1 under
the (001) Bragg peak at low temperatures.
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4.4 Conclusion

We investigated how variations in A-site cation chemistry influence the structural be-

havior and oxygen reactivity of layered AMnGaO4 oxides by comparing the Yb and In

analogues. Using high-resolution synchrotron X-ray diffraction, thermogravimetric analysis,

magnetic susceptibility measurements, and neutron diffraction, we established that subtle

differences in A-site composition lead to markedly different structural and redox behaviors.

YbMnGaO4 behaves similarly to LuMnGaO4 in that they readily incorporates additional

oxygen upon heating in air, accompanied by a crystallographic symmetry change from the

R3̄m to the P3̄ phase and the incorporation of approximately 0.6 oxygen atoms per formula

unit to form YbMnGaO4.5. In contrast, InMnGaO4 maintains its original crystal structure

over a wide temperature range and does not exhibit oxygen insertion into the lattice. Instead,

thermal treatment at elevated temperatures eventually destabilizes the phase and produces a

new crystalline product.

These contrasting behaviors arise from differences in the bonding characteristics of the

A-site cations. The smaller ionic radius and stronger In–O bonding create a more rigid lattice

that suppresses oxygen insertion, whereas the relatively more flexible Yb–O framework

allows structural rearrangement and oxygen incorporation. This comparison demonstrates

that A-site substitution can strongly influence lattice flexibility and oxygen mobility in

layered AB2O4-type oxides.

Magnetic characterization using magnetic susceptibility measurements and neutron

diffraction further revealed that the Y b-based phases exhibit complex low-temperature

magnetic behavior. While the reduced phase appear to have a paramagnetic behavior, the

Curie-Weiss analysis and neutron diffraction at low temperature suggest a short-range

magnetic ordering. The oxidized phase develops frustrated magnetic interactions and

transitions into a spin-glass state at low temperatures, consistent with the short-range
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correlations observed in neutron diffraction measurements.

Overall, this study demonstrates that the selection of A-site cations provides an effective

strategy for controlling both the redox chemistry and physical properties of layered oxide

materials. Extending this approach to other rare-earth or post-transition-metal substitutions

may provide broader insight into how lattice rigidity, bonding character, and electronic

structure collectively govern oxygen exchange processes and emergent magnetic phenomena

in complex oxides.
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Chapter 5: Systematic Study of A and B site Substitutions in AB2O4 Oxides

5.1 Introduction

The functional properties of complex metal oxides are linked to the strategic arrangement

of cations within the lattice. In the previous chapters, we explored the structural and magnetic

implications of substituting ions in the hexagonal AB2O4-type materials. To further elucidate

the role of these substitutions, it is important to examine parallel strategies employed in

other oxide frameworks. The perovskite family is a well studied and widely used material

for various energy-related applications, and therefore serves as a good comparison.

Perovskite-type oxides are named after CaTiO3 and belong to a class of oxides with the

common formula ABO3 (A = rare- or alkaline-earth metal, B = transition metal). In its ideal

cubic structure, A-site cations are located at the corners of the cube (0, 0, 0) and are 12-fold

coordinated. The B-site cations occupy the body-centered position (1/2, 1/2, 1/2), sitting

directly within an octahedron and the oxygen atoms are situated at the face-center positions

(1/2, 1/2, 0), surrounding the B-cation to form the octahedral structure (Figure 5.1) [106].

Among this perovskite family, manganese-based perovskites (LnMnO3), which share the

chemistry of the Mn on the B-site that is central to this thesis, provide a strong comparative

model to understand how the lattice engineering dictates properties. These materials have

emerged as a compelling alternative to fluorite-structured ceria (CeO2) in solar thermochem-

ical water-splitting (STWS) applications, primarily due to their remarkable compositional

flexibility [26, 107, 108].
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Figure 5.1: Crystal structure of a cubic perovskite (ABO3).

Substitution at the A-site serves as a critical parameter for tailoring the thermodynamics

involved in water-splitting cycles. The introduction of divalent cations, such as Sr2+ into

LaMnO3, facilitates the formation of oxygen vacancies (δ ) and induces a mixed-valence

state in the B-site transition metals [109, 110]. This La1−xSrxMnO3−δ system demonstrates

significantly lowered reduction temperatures compared to binary metal oxides, thereby

increasing the overall efficiency of solar collector systems [110].

The ionic radius of the A-site cation also impose significant structural constraints.

Research has demonstrated that the ionic radius of the rare-earth (Ln) species governs

the degree of octahedral distortion and the resulting tolerance factor [111]. Specifically,

manganites with smaller rare-earth ions exhibit increased size disorder, which correlates

with a significant reduction in the activation energy for CO2 and H2O splitting. These

structural distortions are critical in maximizing the yields of O2 and CO. [111].

While the A-site often controls the structural stability and vacancy concentration, B-

site substitution modulates the redox kinetics and capacity. This is clearly evidenced in

the BaCeO3 and BaMnO3 systems. While BaCeO3 exhibits poor reduction and BaMnO3

suffers from excessive reduction that hinders reoxidation, the synthesis of a solid solution,
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BaCe0.25Mn0.75O3, results in a material with excellent reduction capacity below 1400 ◦C

and fast reoxidation kinetics [25]. Recent advancements have pushed toward concurrent

substitutions at both sites, such as in the SrxLa1−xMnyAl1−yO3−δ (SLMA) system [108,

112]. By simultaneously doping the A-site with Sr2+ and the B-site with Al3+, researchers

can stabilize the perovskite phase while precisely controlling the Mn2+/Mn3+/Mn4+ ratios.

The perovskite systems discussed above primarily facilitate oxygen transport via a

vacancy-mediated mechanism, where the lattice remains largely intact while oxygen ions

migrate through vacancies. The hexagonal AB2O4 series investigated in this work, however,

operates through a phase transition mechanism. In the latter, the material undergoes a

structural transformation during the reduction and oxidation cycles to accommodate changes

in oxygen stoichiometry. Despite these divergent pathways for oxygen exchange, the

fundamental influence of cation substitution remains a common denominator. The strategic

selection of A-site and B-site occupants governs the thermodynamic thresholds of these

transitions and the structural stability of the resulting phases.

This chapter provides a systematic investigation into the A3+B2+B′3+O4 series, where

A = Lu, Yb, Er, Y; B = Mn, Fe; and B′ = Fe, Ga. By utilizing a diverse range of rare-earth

radii at the A-site and exploring the interplay between Mn and Fe/Ga at the B-sites, we

aim to uncover the fundamental relationships between lattice geometry and oxygen storage

behavior.

5.2 Experimental

5.2.1 Materials synthesis

AMnFeO4 (A = Lu, Yb, Er, Y), AFe2O4 (A = Lu, Yb, Er), and AMnGaO4 (A = Lu, Yb)

powders were all synthesized via high temperature solid-state reactions.

The starting reagents for AMnFeO4 were stoichiometric amounts of A2O3, MnO, Fe2O3.
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For AFe2O4, A2O3, Fe2O3 and Fe powder were used. For AMnGaO4, A2O3, MnO, Ga2O3

were used. These reagents were ground using a mortar and pestle, then pressed into 13

mm pellets. The pellets were placed in a 2 mL alumina crucible which fits into a quartz

ampoule (14 mm ID, 16 mm OD); the ampoule was then sealed under a vacuum of at least

7.5×10−3 Torr. The sealed ampoules were placed in a high-temperature furnace and heated

to 1150–1180 ◦C at a heating rate of 5 ◦C/min for 12 hours, followed by an ice-bath quench.

To oxidize these samples, the reduced phases were heated in ambient air at 550–650 ◦C for

12 hours. See Table 5.1 for detailed information of the reagents used in the syntheses.

Table 5.1: Reagent company and purity

5.2.2 Thermogravimetric analysis (TGA)

TGA of the reduced phases were performed using a TA Instruments Discovery TGA-

5500. Approximately 10 mg of each sample was loaded into platinum pans (100 µL)

and heated under flowing air (25 mL/min) to 700 ◦C at a rate of 5 ◦C min−1. Reduction

experiments of the oxidized phases were tested under 3% H2/Ar gas (25 mL/min) and
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heated to 1000 ◦C at a rate of 5 ◦C min−1. An instrumental error of 0.1 % was accounted

for in all mass measurements.

5.2.3 X-ray diffraction (XRD)

Laboratory XRD data were collected on a Bruker D8 Advance diffractometer equipped

with a Cu Kα radiation source at the X-ray Crystallographic Center at University of Mary-

land under ambient conditions.

Some of the data were collected from the Brookhaven National Laboratory National

Synchrotron Light Source (NSLS) II, 28-ID-2 beamline using wavelength λ = 0.1824 Å.

Rietveld analyses were performed on each XRD data using GSAS-II ([59] and TOPAS

[60] softwares.

5.3 Results and Discussion

5.3.1 A-site substitution

5.3.1.1 AMnFeO4 (A = Y, Er, Yb, Lu) series

First, we start with A-site substitutions within the AMnFeO4 (A = Y, Er, Yb, Lu) system.

The structural and magnetic properties of Y-, Yb- and LuMnFeO4 have been previously

reported [50], however the oxygen storage property of ErMnFeO4 remained unexplored.

Here, we synthesized ErMnFeO4 alongside the known compounds to provide a comprehen-

sive comparison. All other compounds were resynthesized, and their structural and thermal

behavior were verified via X-ray diffraction (XRD) and thermogravimetric analysis (TGA).

The XRD patterns for the reduced and oxidized phases are presented in Figure 5.2. As ex-

pected, all reduced phases crystallized in the R3̄m space group, whereas the oxidized phases

adopted the P3̄ symmetry. The synthesized reduced phases appeared to be phase-pure, with
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no detectable impurities. Upon oxidation, satellite peaks emerged in the diffraction patterns

at positions consistent with previously reported structural modulations [50]. ErMnFeO4

also showed satellite peaks at similar positions. Detailed lattice parameters obtained from

Rietveld refinement are summarized in Table 5.2 for reduced phases and Table 5.3 for

oxidized phases.

Using the refinement results, we investigated the lattice parameters for the reduced

(Figure 5.3) and oxidized phases (Figure 5.4). In the reduced state, the substitution of larger

A-site cations induces an expansion of the a-axis and a contraction of the c-axis. Despite

the axial shortening, the total unit cell volume increases proportionally with the A-site ionic

radius, confirming that the expansion in the basal plane outweighs the vertical contraction.

This structural behavior is driven by the steric effects of the A-site cation. As a larger

A-site cation is introduced, its increased ionic volume exerts lateral pressure within the A-O

framework, forcing the coordinated oxygen atoms to displace outward to accommodate the

larger radius. This lateral expansion results in the observed expansion of the ab-plane. The

contraction along the c-axis serves as a structural compensation mechanism to stabilize the

lattice energy and maintain optimal bond lengths. By reducing the interlayer spacing, the

system effectively “squeezes” the Mn/Fe−O5 bipyramidal layers. This axial compression

allows the transition metal centers to maintain a stable coordination environment while the

lattice adjust to the steric bulk of the A-site cation.

In the oxidized state, the lattice parameter a and the unit cell volume continue to follow

a clear positive correlation with the A-site ionic radius, similar to the trends observed in

the reduced phases. However, the c parameter deviates from the linear decrease seen in

the reduced phases. The values for the c-axis are remarkably similar across the series,

which makes a definitive analysis of a size-dependent trend for this parameter difficult.

Consequently, the overall increase in unit cell volume for larger A-site cations is primarily

driven by the expansion of the ab-plane.
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The relative changes in these parameters during the transition from the reduced to the

oxidized state are illustrated in Figure 5.5. To facilitate a direct comparison, the c-axis values

for the reduced phases were normalized by a factor of three. Upon oxidation, all compounds

exhibit expansion in the ab-plane and a significant contraction along the c-axis, resulting

in a net decrease in unit cell volume. We have previously reported that the contraction of

the c parameter is attributed to the contraction of the Mn/FeO bipyramidal double layers as

oxygen enters the layers [50]. The magnitude of these structural shifts is further quantified

by the ratios of the oxidized-to-reduced parameters (a′/a, c′/c, V ′/V ) as a function of the

A-site ionic radius (Figure 5.6). The data indicates that smaller A-site cations facilitate a

more pronounced expansion in the ab-direction. However, this is outweighed by a much

more severe contraction along the c-axis, leading to an overall reduction in unit cell volume

for compounds with smaller A-site radii.

The oxidation behavior of the reduced phases was monitored under flowing air at a

heating rate of 5 ◦C/min (Figures 5.7 and 5.9). The onset temperatures for bulk oxidation

were determined to be around 266 ◦C, 267 ◦C, 321 ◦C, 312 ◦C for A = Y, Er, Yb, and

Lu, respectively. Oxidation reached completion at 460 ◦C, 630 ◦C, 591 ◦C and 540 ◦C,

respectively. Notably, YMnFeO4 showed both the lowest onset and completion temperatures

for oxygen uptake. YbMnFeO4 starts oxidation at the highest temperature but finishes

oxidation at similar temperature as LuMnFeO4. All compounds formed stable oidized

phases that did not undergo spontaneous reduction upon cooling to room temperature.

The total oxygen uptake, calculated from the TGA weight gain (Table 5.4), yielded

values of 0.53(2), 0.63(3), 0.59(3), and 0.58(3) oxygen atoms per formula unit for A = Y, Er,

Yb, and Lu, respectively. These values slightly exceed the theoretical stoichiometry of 0.5,

suggesting the partial over-oxidation of Mn2+ to Mn4+. Also it is notable that ErMnFeO4

exhibited the highest degree of oxygen incorporation within the lattice.

To evaluate the reversibility of the oxygen storage process, the oxidized materials
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were heated to 1000 ◦C under a reducing atmosphere 3% H2/Ar (Figure 5.8. The onset

temperatures for bulk reduction were 587 ◦C (Y), 706◦C (Er), 650◦C (Yb), and 591◦C (Lu).

A detailed view of these reduction profiles up to 750 ◦C is provided in Figure 5.9, allowing

for a clearer observation of the initial weight loss transitions.

Based on the TGA profiles, all compounds appear to lose mass continuously following

the bulk reduction rather than reaching a stable weight plateau. The calculated oxygen

loss at 750 ◦C is summarized in Table 5.5 and indicates that the materials release more

oxygen than was initially incorporated during the oxidation phase. This results in a slightly

oxygen-deficient final stoichiometry, AMnFeO4−δ (See Table 5.5 for δ values). Among the

series, ErMnFeO4 demonstrated the highest stability, with its final reduced state remaining

closest to the original AMnFeO4 stoichiometry.

As the temperature increased further, a second major weight loss event occurred at onset

temperatures of 731 ◦C, 792 ◦C, 723 ◦C, 741 ◦C for the Y, Er, Yb, and Lu compounds,

respectively. While the Y, Yb, and Lu compounds reached a mass equilibrium between 950

◦C and 980 ◦C, ErMnFeO4 continued to lose weight up to the instrumental limit of 1000 ◦C.

Post-experimental XRD analysis was performed to investigate the state of the materials after

heating to 1000 ◦C under a reducing atmosphere. The results confirmed that the compounds

underwent decomposition into their starting reagents or other reduced phases. Specifically,

YMnFeO4 and LuMnFeO4 decomposed into Y2O3/Lu2O3, MnO and Fe. For YbMnFeO4,

the residue consisted of a mixture of Yb2O3, Mn2O7, MnO, and YbGaMn2O5. These

findings confirm that while the materials are capable of reversible oxygen exchange, they are

susceptible to structural decomposition under a reducing atmosphere at high temperatures.

Generally, smaller A-site cations induced a more significant reduction in unit cell volume

upon oxidation and a lower capacity for oxygen uptake (with the exception of YMnFeO4).

Among the compounds investigated, ErMnFeO4 emerges as the most promising candidate

for oxygen storage applications. It demonstrated the highest oxygen absorption capacity

95



while showing the best structural stability during the reduction process, recovering its

original stoichiometry more effectively than the other variants.
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Figure 5.2: Rietveld refinement of powder X-ray diffraction patterns for reduced and
oxidized AMnFeO4+δ phases. The left column (a, c, e, g) corresponds to the reduced
AMnFeO4 phases, and the right column (b, d, f, h) corresponds to the oxidized AMnFeO4.5
phases for A = Y, Er, Yb, and Lu. Experimental data are shown as open circles (Obs.),
with the calculated Rietveld profile (Calc.) and the difference curve (Diff.) indicated by
solid lines. Vertical tick marks indicate the positions of allowed Bragg reflections. Data in
(a, b) and (e, f) were collected at the Brookhaven National Laboratory synchrotron light
source (λ = 0.1824 Å). Data in (c, d) and (g, h) were collected using a laboratory Cu Kα

diffractometer.
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Table 5.2: Refined structural parameters for reduced AMnFeO4 (A = Y, Er, Yb, Lu) obtained
from Rietveld refinement of powder X-ray diffraction data at 300 K.
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Table 5.3: Refined structural parameters for oxidized AMnFeO4.5 (A = Y, Er, Yb, Lu)
obtained from Rietveld refinement of powder X-ray diffraction data at 300 K.
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Figure 5.3: Comparison of lattice parameters and unit cell volume as a function of A-site
ionic radius for AMnFeO4 (A = Lu, Yb, Er, Y). (a) lattice parameter a, (b) lattice parameter
c, and (c) unit cell volume (Vol.) are plotted against the effective ionic radii of the A3+

cations in VI-fold octahedral coordination [113]. Error bars are smaller than the symbol size
and are therefore not visible.

100



Figure 5.4: Comparison of lattice parameters and unit cell volume for oxidized AMnFeO4.5
(A = Lu, Yb, Er, Y) as a function of A-site ionic radius. (a) lattice parameter a, (b) lattice
parameter c, and (c) unit cell volume (Vol.) are plotted against the effective ionic radii of
the A3+ cations in VI-fold octahedral coordination [113]. Error bars are smaller than the
symbol size and are therefore not visible.
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Figure 5.5: Evolution of lattice parameters and unit cell volume upon oxidation of AMnFeO4.
Comparison of (a) lattice parameter a, (b) lattice parameter c, and (c) unit cell volume for
AMnFeO4+δ (A = Lu, Yb, Er, Y). Blue triangles represent the reduced phases (O4) and red
circles represent the oxidized phases (O4.5). Arrows indicate the oxygen uptake direction.
c lattice parameters are normalized for the reduced phases and are divided by 3 for direct
comparison. Error bars are smaller than the symbol size and are therefore not visible.

Figure 5.6: Relative structural changes in AMnFeO4+δ upon oxidation. The panels show
the ratio of the oxidized (′) to reduced parameters for (a) lattice parameter a′/a, (b) lattice
parameter c′/c, and (c) unit cell volume V ′/V as a function of A3+ effective ionic radii[113].
Ratios > 1 indicate an expansion, while ratio < 1 indicate a contraction upon oxygen uptake.
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Figure 5.7: Thermogravimetric analysis (TGA) of AMnFeO4 (A = Y, Er, Yb, Lu) in flowing
air. The weight change (%) is plotted as a function of temperature from 50–700 ◦C. All
samples were measured with a heating rate of 5 ◦C/min.

Table 5.4: Experimental weight gain and calculated oxygen stoichiometry for AMnFeO4 (A
= Y, Er, Yb, Lu) following oxidation in air up to 700 ◦C.
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Figure 5.8: Thermogravimetric analysis (TGA) of the reduction of oxidized AMnFeO4.5
(A = Y, Er, Yb, Lu) in a 3% H2/Ar atmosphere. The weight change (%) is recorded from
50–1000 ◦C at a constant heating rate of 5 ◦C/min.

Figure 5.9: Thermogravimetric analysis (TGA) of the reduction of oxidized AMnFeO4.5
(A = Y, Er, Yb, Lu) in a 3% H2/Ar atmosphere. The weight change (%) is recorded from
50–750 ◦C at a constant heating rate of 5 ◦C/min.
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Table 5.5: Experimental weight loss and calculated oxygen stoichiometry for oxidized
AMnFeO4+δ (A = Y, Er, Yb, Lu) following reduction in 3% H2/Ar up to 750 ◦C.
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5.3.1.2 AFe2O4 (A = Er, Yb, Lu) series

Similar analyses were performed for the A-site substituted compounds in the AFe2O4

system. The XRD patterns of synthesized materials, obtained via both laboratory and

synchrotron sources, are presented in Figure 5.10. Consistent with previous reports, the

reduced phases crystallized in the R3̄m space group, while the oxidized phases transitioned

to the P3̄ symmetry. Rietveld analysis of the synthesized ErFe2O4 revealed a minor ErFeO3

(Pbnm space group) impurity with a 7.7 % phase fraction. Upon oxidation, this impurity

fraction decreased to 2.5 %; however, this discrepancy is likely attibutable to batch variations.

Similarly, the oxidized LuFe2O4 sample exhibited a Lu2Fe3O7.5 impurity, which was also

identified as a result of utilizing a different synthesis batch. The refined structural parameters

are summarized in Tables 5.6 and 5.7. For a comprehensive comparison, literature values

for YFe2O4 and InFe2O4 [48] are included in Table 5.6. However, as the oxidizized crystal

structures for these compounds have not been previously reported, they were excluded from

the oxidized phase comparison.

The structural evolution of the AFe2O4 series exhibits an analogous trend to the AMnFeO4

system. As illustrated in Figure 5.11, an increase in the A-site ionic radius correlates with an

expansion of the a parameter and a concomitant contraction of the c parameter, resulting in

an overall trend in unit cell volume. The influence of the A-site cation is particularly evident

when comparing InFe2O4 to the rare-earth and Y3+ analogues. Because In3+ is significantly

smaller than the other cations in this series, its unit cell volume (263 Å3) is predictably

lower. A direct correlation exists between the ionic radius and the unit cell volume across

the series: the smaller Lu3+ and Yb3+ cations yield comparable volumes (∼263 Å3), while

the larger Er3+ and Y3+ cations result in expanded volumes (∼ 265 Å3).

In the oxidized phases, the comparison was limited to A = Lu, Yb, Er. These compounds

exhibit the same trend: expansion in the ab-plane and contraction along the c-axis, leading to

106



a net increase in volume. While YbFe2O4.5 shows a slightly smaller volume than LuFe2O4.5,

the values are too close to allow for a meaningful distinction.

The interesting observation was when we were comparing the lattice parameter change as

the materials oxidized. Unlike the AMnFeO4 series where as oxidation the lattice expanded

in the ab plane and reduced in the c direction, here all the AFe2O4 materials expand in both

ab and c direction (Figures 5.13 and 5.14. This opposite trend seemed to be a relation of the

B site cation, which we will discuss in the following section.

The thermogravimetric profiles for the oxidized AFe2O4+δ (A = Er, Yb, Lu) series are

presented in Figures 5.15 and 5.17. In contrast to the AMnFeO4 series, these compounds

exhibit lower oxygen stoichiometry, with δ values falling below the target 0.5. The A-

site cation size trend remains consistent: larger A-site cations facilitate greater oxygen

intercalation into the lattice.

During the reduction experiments, bulk oxygen loss occurs approximately at 500 - 510 ◦C

for ErFe2O4.5 and LuFe2O4.5, and 570 ◦C for YbFe2O4.5. Notably, none of the AFe2O4+δ

compounds exhibit a stable plateau corresponding to the stoichiometric AFe2O4 phase.

Instead, the continuous weight loss suggests that the reduced phase is highly metastable

and begins to decompose soon after the initial reduction step. Among the series, YbFe2O4.5

demonstrates the lowest structural stability at elevated temperatures. Quantitative analysis of

the TGA curves indicates that the total oxygen loss exceeds the amount initially intercalated

(Figure 5.17).
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Figure 5.10: Rietveld refinement of powder X-ray diffraction patterns for reduced and
oxidized AFe2O4+δ phases. The left column (a, c, e) corresponds to the reduced AFe2O4
phases, and the right column (b, d, f) corresponds to the oxidized AFe2O4.5 phases for
A = Er, Yb, and Lu. Experimental data are shown as open circles (Obs.), with the calculated
Rietveld profile (Calc.) and the difference curve (Diff.) indicated by solid lines. Vertical tick
marks indicate the positions of allowed Bragg reflections. Data in (c and b) were collected
at the Brookhaven National Laboratory synchrotron light source (λ = 0.1824 Å). Data in (a,
b, e, f) were collected using a laboratory Cu Kα diffractometer.
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Table 5.6: Refined structural parameters for reduced AFe2O4 (A = Er, Yb, Lu, Y, In) obtained
from Rietveld refinement of powder X-ray diffraction data at 300 K. *Data for YFe2O4 and
InFe2O4 were taken from a previously reported study [48].
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Table 5.7: Refined structural parameters for oxidized AFe2O4.5 (A = Er, Yb, Lu) obtained
from Rietveld refinement of powder X-ray diffraction data at 300 K.
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Figure 5.11: Comparison of lattice parameters and unit cell volume as a function of A-site
ionic radius for AFe2O4 (A = In, Lu, Yb, Er, Y). (a) lattice parameter a, (b) lattice parameter
c, and (c) unit cell volume (Vol.) are plotted against the effective ionic radii of the A3+

cations in VI-fold octahedral coordination [113]. Error bars are smaller than the symbol size
and are therefore not visible.
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Figure 5.12: Comparison of lattice parameters and unit cell volume for oxidized AFe2O4.5
(A = Lu, Yb, Er) as a function of A-site ionic radius. (a) lattice parameter a, (b) lattice
parameter c, and (c) unit cell volume (Vol.) are plotted against the effective ionic radii of
the A3+ cations in VI-fold octahedral coordination [113]. Error bars are smaller than the
symbol size and are therefore not visible.
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Figure 5.13: Evolution of lattice parameters and unit cell volume upon oxidation of AFe2O4.
Comparison of (a) lattice parameter a, (b) lattice parameter c, and (c) unit cell volume for
AFe2O4+δ (A = Lu, Yb, Er). Yello triangles represent the reduced phases (O4) and red
circles represent the oxidized phases (O4.5). Arrows indicate the oxygen uptake direction.
c lattice parameters are normalized for the reduced phases and are divided by 3 for direct
comparison. Error bars are smaller than the symbol size and are therefore not visible.

Figure 5.14: Relative structural changes in AFe2O4+δ upon oxidation. The panels show
the ratio of the oxidized (′) to reduced parameters for (a) lattice parameter a′/a, (b) lattice
parameter c′/c, and (c) unit cell volume V ′/V as a function of A3+ effective ionic radii[113].
Ratios > 1 indicate an expansion.
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Figure 5.15: Thermogravimetric analysis (TGA) of AFe2O4 (A = Er, Yb, Lu) in flowing air.
The weight change (%) is plotted as a function of temperature from 50–700 ◦C. All samples
were measured with a heating rate of 5 ◦C/min.

Table 5.8: Experimental weight gain and calculated oxygen stoichiometry for AFe2O4 (A =
Er, Yb, Lu) following oxidation in air up to 700 ◦C.
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Figure 5.16: Thermogravimetric analysis (TGA) of the reduction of oxidized AMnFeO4.5
(A = Y, Er, Yb, Lu) in a 3% H2/Ar atmosphere. The weight change (%) is recorded from
50–1000 ◦C (1100 ◦C for ErFe2O4) at a constant heating rate of 5 ◦C/min.

Figure 5.17: Thermogravimetric analysis (TGA) of the reduction of oxidized AFe2O4.5 (A =
Er, Yb, Lu) in a 3% H2/Ar atmosphere. The weight change (%) is recorded from 50–750
◦C at a constant heating rate of 5 ◦C/min.
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Table 5.9: Experimental weight loss and calculated oxygen stoichiometry for oxidized
AFe2O4+δ (A = Er, Yb, Lu) following reduction in 3% H2/Ar at 700 ◦C (Er), 715 ◦C (Yb),
650 ◦C (Lu).
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5.3.2 B-site substitution

To investigate the influence of B-site cation substitution, a comparative analysis was

performed on LuFe2O4, LuMnFeO4, and LuMnGaO4. The refined structural parameters,

unit cell volumes, and oxygen over-stoichiometry (δ ) after oxidation are summarized in

Table 5.10, with corresponding TGA profiles provided in Figure 5.18.

Table 5.10: Refined lattice parameters (a, c), unit cell volume (V ) for reduced (R) and
oxidized (O) phases of LuFe2O4+δ , LuMnFeO4+δ , LuMnGaO4+δ and oxygen stoichiometry
(δ ) after oxygen uptake. The ratio of oxidized-to-reduced parameters (O/R) is provided to
illustrate the relative structural shifts upon oxygen intercalation.

Figure 5.18: Thermogravimetric analysis (TGA) of LuFe2O4+δ , LuMnFeO4+δ ,
LuMnGaO4+δ . (Left) Oxidation under air from 50 ◦C to 700 ◦C. (Right) Reduction under
3% H2/Ar from 50 ◦C to 1000 ◦C.

As briefly mentioned in the previous section, a primary distinction between the LuFe2O4

and LuMnFeO4 series lies in their divergent structural responses to oxidation. LuFe2O4
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exhibits near-isotropic expansion of the unit cell. Conversely, LuMnFeO4 and LuMnGaO4

demonstrate anisotropic behavior: while the a- parameter expands, the c-parameter under-

goes significant contraction. This results in a net decrease in unit cell volume upon oxidation,

suggesting that the B2+-site chemistry (Mn2+ vs Fe2+) dictates the lattice response.

The isotropic expansion of LuFe2O4 is consistent with typical lattice dilation following

oxygen intercalation. As oxygen anions enter the lattice, Coulombic repulsion between

anions drives a global expansion of the unit cell. However, the volume contraction in

Mn-substituted analogues can be explained through the lens of crystal field theory (CFT)

by considering the coordination environments of the Mn ions. In the reduced phase, the

transition metal cations occupy trigonal bipyramidal (TBP) sites. Upon oxidation, oxygen

intercalation induces a transition toward a mixed coordination environment comprising TBP,

octahedral, and tetrahedral polyhedra.

In the first case, where the coordination remains TBP, the oxidation of Mn2+ (d5) to

Mn3+ (d4) results in the loss of an electron from the e′ or e′′ levels. Figure 5.19 shows the

Jahn-Teller effect causing the degenerate orbital splitting of the TBP coordination. The

The Jahn-Teller distortion occurs when degenerate electronic states are unequally occupied;

the system undergoes a spontaneous symmetry-breaking distortion to lift this degeneracy

and minimize its total energy. This electronic transition manifests as a structural distortion,

typically through the stretching or compression of coordination bonds and angles [114]. As

shown in Figure 5.19, the resulting d4 state does not benefit from, has any energy gain with

the Jahn-Teller stabilization in this geometry. Consequently, the TBP site remains relatively

rigid.

In the second case, where Mn3+ (d4) occupies an octahedral site, the ion becomes

highly Jahn-Teller active. The eg level splits to remove electronic degeneracy, allowing

for two possible distortion modes. The experimental observation of a-axis expansion and

c-axis contraction aligns with the axially compressed octahedral model shown in the left of
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Figure 5.20. In this state, the dx2−y2 orbital is lowered in energy, favoring lateral expansion

in the ab-plane, while the destabilization of the dz2 orbital correlates with the observed c-axis

shortening. The refined bond lengths provide direct evidence for this transition from trigonal

bipyramidal to octahedral coordination. For the LuMnGaO4 case, the axial Mn/Ga–O1

and Mn/Ga–O2 bonds in the TBP phase are 1.861(2) Å and 2.387(2) Å, respectively;

upon oxidation, these significantly contract to 1.813(9) Å and 2.037(9) Å in the octahedral

environment. Conversely, the equatorial (lateral) Mn/Ga bonds expand from 2.0145(4) Å in

the reduced phase to 2.024(1) Å and 2.071(2) Å in the oxidized phase.

The axial bond contraction observed in this system represents an unconventional depar-

ture from the structural behavior typically associated with Mn3+. Typically, Mn3+ (d4) in the

octahedral coordination of perovskite or spinel structures is characterized by a pronounced

axial elongation [115–117]. This is a well-known result of the Jahn-Teller effect, which lifts

the degeneracy of the eg orbitals, specifically stabilizing the dz2 orbital to accommodate the

single remaining electron as shown in Figure 5.20 (Right).

While the underlying mechanism for the slight axial compression observed in our system

remains under investigation, we hypothesize it may be driven by the cationic ordering of

Mn3+ and Fe3+ occupying equivalent sites. Furthermore, the localized strain induced by the

ionic radius disparity during the Mn2+ to Mn3+ oxidation process likely plays a critical role

in modulating these bond lengths. CFT only provides a simple, qualitative framework for

this structural transition. Density functional theory (DFT) calculations would be required to

further quantify these electronic contributions.
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Figure 5.19: Crystal field splitting and electron configuration of high-spin Mn2+ (d5) in a
trigonal bipyramidal coordination.

Figure 5.20: Crystal field splitting and electron configuration of high-spin Mn3+ (d4) in an
octahedral coordination.
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The oxygen storage capacity also varies significantly between LuFe2O4 and the Mn-

substituted analogues (LuMnFeO4 and LuMnGaO4). As summarized in Table 5.10, both

Mn-containing compounds exceed the expected stoichiometry of δ = 0.5 upon full oxidation,

whereas LuFe2O4 remains restricted below this limit. This enhanced capacity is attributed

to the flexible oxidation states of manganese. While iron is chemically restricted to the Fe3+

as Fe4+ is generally unstable in this lattice [118, 119], manganese can readily oxidize from

Mn3+ to Mn4+. The stability of the Mn4+ state is well-documented in literature [120–122],

and its formation likly facilitates the intercalation of additional oxygen beyond the formal

O4.5 limit.

Another interesting note is the high thermal stability of LuMnGaO4.5 under a reduc-

ing atmosphere. In the reduction TGA profiles in Figure 5.18, while LuFe2O4+δ and

LuMnFeO4+δ undergo structural decomposition above 700◦C, LuMnGaO4+δ maintains its

structure up to 1000◦C. This divergence is driven by the susceptibility of iron to deep reduc-

tion; in a hydrogen-rich atmosphere, Fe species readily reduce to metallic Fe0 at elevated

temperatures (650–700◦C), triggering a total collapse of the parent R3̄m structure [123, 124].

In contrast, Ga3+ is a redox-inert cation that remains exceptionally stable in its trivalent

state. The presence of Ga3+ on the B3+-site acts as a structural “anchor,” preventing the

complete reduction of the B-site network and allowing the lattice to withstand significantly

higher temperatures without decomposing.

The Yb-substituted (YbFe2O4, YbMnFeO4, YbMnGaO4) and Er-substituted (ErFe2O4,

ErMnFeO4) analogues exhibit similar structural changes and oxgyen storage capacities.

Data regarding their lattice evolution and thermogravimeteric profiles can be found in

Tables 5.11 and 5.12 and Figures 5.21 and 5.22.
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Table 5.11: Refined lattice parameters (a, c), unit cell volume (V ) for reduced (R) and oxi-
dized (O) phases of YbFe2O4+δ , YbMnFeO4+δ , YbMnGaO4+δ and oxygen stoichiometry
(δ ) after oxygen uptake. The ratio of oxidized-to-reduced parameters (O/R) is provided
to illustrate the relative structural shifts upon oxygen intercalation. The c-parameter and
volume for reduced phases are normalized by 3.

Figure 5.21: Thermogravimetric analysis (TGA) of YbFe2O4+δ , YbMnFeO4+δ ,
YbMnGaO4+δ . (Left) Oxidation under air from 50 ◦C to 700 ◦C. (Right) Reduction under
3% H2/Ar from 50 ◦C to 1000 ◦C.
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Table 5.12: Refined lattice parameters (a, c), unit cell volume (V ) for reduced (R) and
oxidized (O) phases of ErFe2O4+δ and ErMnFeO4+δ and oxygen stoichiometry (δ ) after
oxygen uptake. The ratio of oxidized-to-reduced parameters (O/R) is provided to illustrate
the relative structural shifts upon oxygen intercalation. The c-parameter and volume for
reduced phases are normalized by 3.

Figure 5.22: Thermogravimetric analysis (TGA) of ErFe2O4+δ and ErMnFeO4+δ . (Left)
Oxidation under air from 50 ◦C to 700 ◦C. (Right) Reduction under 3% H2/Ar from 50 ◦C
to 1100 ◦C.

123



5.4 Conclusion

This chapter presented a systematic investigation into the effects of A- and B-site substi-

tution on the structural evolution and oxygen storage behavior of AB2O4+δ compounds.

The results indicate that the A-site ionic radius influences lattice size. Across all inves-

tigated series, increasing the A-site radius consistently expanded the a-axis and unit cell

volume in the reduced state, a result of steric effects within the A−O framework. Larger

A-site cations generally facilitated a higher degree of oxygen intercalation, likely due to

the increased interstitial space provided by the expanded lattice. Conversely, smaller A-site

cations induced more severe structural shifts upon oxidation, specifically a pronounced

contraction along the c-axis, which may negatively impact long-term material stability and

cyclability.

A significant finding is the divergent structural response to oxidation based on B-site oc-

cupancy. The AFe2O4 series undergoes an expansion in both the ab-plane and the c-direction

upon oxidation, representing a typical lattice dilation following oxygen intercalation. Inter-

estingly, the AMnFeO4 and AMnGaO4 series exhibit a contraction in the c-lattice parameter

and overall unit cell volume upon oxygen uptake. This phenomenon is likely driven by the

changing coordination environment and effective ironic radii of manganese (Mn2+ to Mn3+)

on the B-site. The unconventional compression of the axial bonds within the octahedral

coordination of Mn3+ warrants further investigation. The AFe2O4 series demonstrated lower

oxygen stoichiometry and higher metastability than the Mn-and Ga-substituted analogues.

The reduction experiments confirmed that the oxygen uptake is reversible, however materials

containing Fe are susceptible to decomposition into consituent oxides and elemental Fe at

temperatures exceeding 750◦C under reducing atmospheres.
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Chapter 6: Conclusions and Future Directions

This dissertation provided a comprehensive investigation into the structural evolution

and redox behavior of hexagonal AB2O4 type oxygen storage materials. Unlike conventional

cubic fluorite and perovskite materials, which rely on vacancy formation and annihilation to

transport oxygen, these hexagonal AB2O4 compounds utilize a topotactic phase transition.

This mechanism involves the sliding of AO6 layers to incorporate oxygen at lower temper-

atures. We first focused on LuMnGaO4 using neutron and synchrotron X-ray diffraction

to unveil the complex oxygen disorder within its oxidized phase. Alongside these oxygen

storage properties, we investigated a notable colorimetric transition from greenish-grey in

the reduced state to black upon oxidation which highlights the material’s potential for optical

oxygen sensing.

Subsequent research investigated the impact of A-site substitution, revealing that InMnGaO4

does not exhibit oxygen storage behavior despite adapting the same R3̄m structure as other

reduced phases. This finding underscores the critical role of A-site cation selection in

supporting the structural framework required for AB2O4+δ stability. A broader survey of

A-site (Lu, Yb, Er, Y) and B-site (Mn, Fe, Ga) substitutions established key design prin-

ciples: Larger A-site cations increase unit cell volume, which facilitates higher degrees

of oxygen intercalation and the B2+ cation dictates the structural response to oxidation.

Manganese-containing oxides showed an anisotropic contraction (c-axis contraction with

ab-plane expansion), resulting in an overall volume decrease. In contrast, the AFe2O4 series

showed a near-isotropic expansion. This unit cell compression in Mn-phases is attributed to
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the unconventional compression of the Mn3+ octahedral coordination.

Now that we have a thorough fundamental structural understanding of the materials, the

next step will be testing the practical applicability. We are specifically interested in testing

these materials for solar thermochemical water splitting (STWS) and solid oxide fuel cells

(SOFCs).

Thermogravimetric analysis (TGA) has provided precise temperature ranges for the

oxidation (in air) and reduction (in 3% H2/Ar) of each compound. Future studies will

leverage these parameters to perform long-term cycling measurements, evaluating the

kinetics and structural stability of these materials over repeated redox cycles.

To evaluate STWS viability, future work must transition from air-based oxidation to

steam-based oxidation. While we have confirmed the ability of these materials to uptake

oxygen from the atmosphere, their capability to split water molecules to produce hydrogen

remains to be tested. Steam-exposure experiments coupled with mass spectrometry would

quantify the hydrogen yield and the materials’ stability under hydrothermal conditions

[125, 126].

For SOFC applications, the chemical and mechanical compatibility of AB2O4+δ materi-

als with standard cell components is a critical hurdle. Future research should focus on testing

the potential interfacial reactions between the AB2O4 phases and common electrolytes, such

as Gadolinium-doped Ceria (GDC) or Yttria-stabilized Zirconia (YSZ) at relevant operating

temperatures [14, 15].
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