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Abstract

Complex functional ceramics (CFCs) offer unique physicochemical properties across

diverse promising applications in the fields of energy storage, chemical sensing,

catalysis, magneto-electronics, and biomedicine, by their finely controllable chemical

compositions and unique structural diversity. CFCs accommodate high levels of

atomic disorder and lattice distortion, where the chemical short-range order (CSRO)

of cations (or anions) decorating crystal structure sublattices may play special roles

in directing structure-property trends. This work explores the relationship between

CSRO and specific functional properties in three families of CFCs with combined

experimental and theoretical approaches. First, our systematic exploration of local

structure across the A cation size series (from the larger Ba to the smaller Ca) of

ATaO2N (A=Ba, Sr, Ca) perovskite oxynitrides determines that local cis ordering

and Ta off-centering play decreasing roles in overall lattice stability, overshadowed

by the stabilizing effects of octahedral tilting. Second, we explore the sensitivity

of ferrimagnetism to local cation order in spinel CFCs with compositions AFe2O4

(where A includes different combinations of Mg, Fe, Co, Ni, Cu, Mn, and Zn).

The distinct populations of Fe and other magnetic cations on tetrahedral and

octahedral sites in the materials are found to be impacted by thermal processing

history and manifest in variation in the prevalence and propagation of local spin

clusters, as revealed by detailed magnetometry data. Finally, we systematically

examine the CSRO in a large new family of nano compositionally complex spinel

oxides ACo2O4 (where A includes different combinations of Mn, Fe, Cu, Zn, Mg,

ix



and Ni), prepared by an eco-friendly low-temperature soft-templating reaction route.

Thermal processing history is shown to significantly influence various characteristics

in the series, including phase purity, particle morphology, particle size, and the degree

of cation site inversion. The inclusion or exclusion of specific cations is revealed to

be an additional key design consideration. These characteristics are demonstrated

to influence the family’s electrocatalytic activities and magnetic properties, notably

revealing promising bifunctional oxygen evolution reaction and reduction reaction

performance. These efforts promote design principles and processing strategies for

functional property tuning in CFCs and point to the importance and challenges of

atomic structure characterization matching their complexity.
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S2.1 AC impedance data of polycrystalline ATaO2N (A = Ba, Sr, Ca)

measured at 295 K, in the frequency range of 1 Hz-10 MHz. (a) Nyquist

plots (Z in ohm for A = Ba and Sr, and kohm for A = Ca) and (b)

frequency-dependence of dielectric constants. Taking into account the
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10−4 S/cm, 1.3 × 10−4 S/cm, and 3.1 × 10−8 S/cm for A = Ba, Sr,

and Ca, respectively. Note that the impedance (Z’, Z") of CaTaO2N

is plotted on a different scale. . . . . . . . . . . . . . . . . . . . . . . 207
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75/25 anistropic structure model shown with 99% probability thermal

ellipsoids for SrTaO2N and CaTaO2N, respectively. . . . . . . . . . . 210
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Chapter 1

Introduction

Functional ceramics, broadly defined as nonmetallic inorganic materials designed to

provide electronic, magnetic, catalytic, or other functions, comprise an expansive

array of materials, both basic and complex. In this context, complex functional

ceramics (CFCs) encompass compounds with two or more distinct cation (and/or

anion) species. CFCs attract great attention owing to the rich possibilities of

obtaining unique physicochemical properties via fine tailoring of their chemical

compositions and their atomic structures– there have been wide investigations into

the structure-property relationships of such systems. Efforts have predominately

been focused on the average (long-range) structure, though, leaving the influence of

chemical short range order (CSRO) of cations (or anions) under-explored. In fact, the

CSRO, rooted in the atomic disorder and related lattice distortions of CFC crystal

structures, may play special roles in directing the key structure-property trends.

Therefore, in this study, CSRO was explored in several representative CFC systems

(oxynitride perovskites, high entropy oxide (HEO) ferrites, and a large family of nano

compositionally complex oxide (CCO) spinels). In the latter case, new families of

materials were prepared for the purpose of systematically tuning CSRO to impact

their catalytic and magnetic properties.
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1.1 Background and Motivation

Guided by Goldschmidt’s rules, atomic substitution has long been used to tune the

properties of ceramics by changing elemental composition. Both anion substitution

and cation substitution offer rich variation within given structural families. Within

the last decade, this exploration has leaped into a new realm with the development

of ‘High Entropy Oxides (HEOs).’ These materials involve high levels of cation

substitutions, popularly defined as having five or more cation species (in equiatomic

or near equiatomic ratios) sharing a specific sublattice site in a single phase material,

and more exactly defined as having configurational entropies (Sconfig) being equal

to or larger than 1.5R (where R is the universal gas constant)[282, 189]. A more

expansive classification includes the ‘compositionally complex oxides (CCOs)’ which

include lower entropy and non-equimolar oxides[259].

In the domain of these high/medium entropy CFCs, achieving homogeneity across

multiple scales is a critical yet often overlooked aspect. A thorough comprehension

of these materials requires a deep investigation of the interplay of cations/anions at

various scales, as it is essential for defining and customizing the distinct properties of

CFCs. It is crucial to uncover the homogeneity/heterogeneity at various levels to fully

harness the tailorable nature of these CFCs. In the following section, we introduce

three classes of CFCs that will be explored in this thesis: (1) Ta perovskite oxynitride

dielectrics; (2) Fe-based compositionally complex ferrimagnetic spinel oxides; and (3)

nanoscale Co-based compositionally complex electrocatalytic and ferrimagnetic spinel

oxides.

1.1.1 Cation and anion substitution in Ta perovskite oxyni-

trides

For simple ceramic oxides, like metal titanates (BaTiO3, SrTiO3 and CaTiO3[223,

241, 192, 134, 119, 305, 156]), their dielectric constants (κ) are high but Curie
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temperatures (TC) are very low. This limits their useful temperature range and

therefore their practical application in devices[103]. In order to obtain dielectric

materials that have high κ over a broad temperature range, Kim et al. [103] explored

Ta perovskite oxynitrides, complex ceramics, to enhance dielectric polarizability.

The individually reduced electronegativities of Ta5+ and N3− compared to Ti4+ and

O2−, respectively, introduce displacements of Ta5+ and further causes an increase

of dielectric permittivity. It turns out that BaTaO2N and SrTaO2N have high bulk

permittivity, approximately 4900 (with a moderate temperature coefficient of 1140

ppm/K) and 2900 (with -730 ppm/K) near room temperature, respectively. Their

dielectric properties are unusual and they show a weak dependence on temperature.

Interestingly, these compounds present with centrosymmetric crystal structures. It is

difficult to explain these observed high κ values, inferring permanent nonzero dipole

moments, if all local dipoles are counteracted in the structures. This infers the

existence of local ordering in such systems. Indeed, previous local structure studies of

BaTaO2N[172] and SrTaO2N[281] proved CSRO– cis configuration of N-Ta-N bonding

are preferred in the TaO4N2 octahedra.

Particularly noteworthy is the dielectric constant of CaTaO2N – it is lower than

those of BaTaO2N and SrTaO2N by ∼2 orders of magnitude, and the electrical

conductivity by ∼3 orders of magnitude. The origin of this large difference of dielectric

permittivities among the ATaO2N (A=Ba, Sr, Ca) series is therefore of interest.

Uncovering the relationship between A cation size and structure-property trends in

this series of materials through a detailed look at their respective local and long-

range atomic structures will provide new insights into the rules of design for complex

ceramic dielectrics.

1.1.2 High entropy ferrites made by special cation substitution

Since the first HEO structure (rocksalt (Mg0.2Ni0.2Co0.2Cu0.2Zn0.2)O) was reported[189],

additional families of HEOs have been made within the perovskite, fluorite, spinel
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and pyrochlore structure types, to name a few[88, 254, 255, 233, 224, 199, 118,

292, 127, 158, 171, 6, 221, 267, 193, 195, 6, 57, 149], due to their promising

tunability in regards to various physicochemical properties. The first HEO spinel,

(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4, was synthesized successfully by Dąbrowa et al. [47]

with solid state synthesis (SSS) methods. This HEO spinel’s magnetic properties

were then investigated by Mao et. al, utilizing samples synthesized with a different

method – solution combustion synthesis (SCS)[139]. The exploration of magnetic

properties in such systems is a trending direction but has so far been limited in scope

due to the complex nuclear and spin coupled environments that can range from local

to long-range. In the same year, Musicó et al. [157] introduced nine single-phase

HEO spinels, (Mg, Cr, Mn, Co, Fe, Ni, Cu, and/or Zn)(Cr, Fe or Al)2O4, with SSS.

Within this set, four ferrimagnetic HEO spinel ferrites, featuring combinations of Mg,

Fe, Co, Ni, Cu, Mn, and Zn cations, displayed interesting magnetic properties. For

example, the system containing Zn and Mg (two non-magnetic cations) had the largest

magnetic moment and lowest Néel temperature (TN), in keeping with the tetrahedral

site preferences of the smaller cations. Likewise, the systems containing only Mg show

the second-largest saturation moment and a higher TN . However, the system without

Mg and Zn, with the smallest magnetic moment, had an intermediate TN . These

observations indicate that non-random cation distributions are likely to exist and

vary across the family. Additionally, two of the spinel ferrites show peculiar magnetic

behavior–field warming magnetization dips below the field cooling magnetization

at low-to-intermediate temperatures, indicating an increase in magnetization as the

temperature increases. This is possibly related to antiferromagnetic coupling between

neighboring atoms in the cation sublattice. These two indications suggest that while

the SSS approach results in a single-phase HEO spinel it fails to completely overcome

the site preferences of the individual cations to create an exact random structure.

Therefore, exploring the local structure in this family of HEO spinel ferrites will

provide further context and understanding of the unique properties and potential

tunabilities of magnetic HEOs/CCOs.
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1.1.3 Special cation substitution in nano compositionally com-

plex cobalt oxides

Nanomaterials offer unique physicochemical properties across diverse applications,

such as energy storage, sensors, catalysis, and biomedical therapies and diagnos-

tics. Specifically in the context of HEOs/CCOs, the nano-size effect may offer

increased stability and increased structure-property tunability. However, there is

only limited work in nano-HEOs to date with laser scanning ablation[234], ball-

milling, chemical co-precipitation, and polymeric steric entrapment[93] being a few

demonstrated synthesis pathways. Spinel Co3O4 is considered a favorable low-

temperature economical catalyst for formaldehyde oxidation, and chemically related

variations are used in many other catalytic and electrochemical reactions[120]. The

family represents some of the best heterogeneous oxygen evolution reaction (OER)

electrocatalysts[1] and improves both OER and oxygen reduction reaction (ORR)

in 1 M NaOH electrolyte[218]. Being one of the ferromagnetic metals (iron, nickel,

and cobalt) in nature, cobalt (Co) is essential to the development of hard magnetic

materials due to its high saturation magnetization (MS), high Curie temperature

(TC) and high magnetocrystalline anisotropy[153]. Most end-member transition

metal cobalt oxide spinels (with formula ACo2O4) are earth-abundant ferrimagnetic

phases[19, 16, 95, 159]. These transition metal cobalt oxide spinels are also well known

to provide catalytic and electrochemical characteristics[205, 66, 265]. Compositionally

complex variants are therefore ripe for exploration. Here, we propose to make a large

family of nano compositionally complex versions of transition metal cobalt oxides.

The variation in entropic (configurational mixing) contributions arising from the type

and number of cations selected and the thermal processing history are anticipated

to impact local lattice distortions, cation site preferences, and other CSRO effects.

Meanwhile, the influence of such a complex interplay upon phase formation/stability

and tunability of physicochemical properties will be investigated systematically.
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The complex structure-property relationships anticipated across the three families

of compounds introduced above illustrate rich opportunities for crystal chemical

design and unique property combinations among CFCs. In each, the specific local

ordering motif of participating ions within/among crystallographic lattice sites is of

special interest. In practice, however, evaluating the anion or cation distributions in

bulk polyanionic compounds, HEOs and CCOs is challenging; it is an even greater

challenge at the nanoscale. The characterization and analysis scheme for this work

will be presented in the next section, involving total scattering and density functional

theory (DFT) simulation.

1.1.4 Chemical short range order characterization and simu-

lation

Total Scattering In real materials, atoms are not perfectly fixed in their crystal-

lographic positions but rather disorder is a ubiquitous phenomenon. Such disorder,

coming in various forms, such as thermal motion and internal degree of freedom, in

some cases, is random, but more often, it is correlated. Chemical short range order

(CSRO), describing the local ordering preference of elements within a few nearest

neighbor distances, is one of the essential aspects of disorder. The more general

term short range order (SRO) extends the concept to correlations beyond the nearest

neighbors, essentially encompassing any atomic ordering motif that departs from the

average (unit cell-based) description of the long-range order. Early qualitative studies

of SRO performed on single crystals can be traced back to the 1940s even before the

computer was born. The investigations were restricted to simple 1D stacking faults,

based on experimental diffuse scattering signal. Atomic size-effect distortions and

point defect introduced relaxations were taken into consideration in the 1950s, having

impacts on Bragg peak shapes[251]. The 1960s and 1970s saw growth in the use of

the Pair Distribution Function (PDF) method to study the SRO through powder

diffraction experiments – heralded in part by the development of computers which

6



make the Fourier transform less formidable. However, obtaining high-resolution PDF

patterns for quantitative SRO studies requires the scattering data to be collected to

a high reciprocal space (Q-space) region with high data quality (i.e., high signal-to-

noise ratio). The advent and development of synchrotron X-ray sources and spallation

neutron sources over the past 30 years provided these characteristics. The PDF

method has since been applied to study disorder in many crystalline materials.

The conventional method for analyzing diffraction data involves extracting

information from the location, intensity, and shape of Bragg peaks. Order and

disorder phenomena can be studied from the average structure perspective with the

Rietveld refinement method[186]. With the total scattering technique, diffraction data

is very carefully reduced to guarantee that the diffuse scattering signal, corresponding

to local correlations within the sample, is preserved. The combination of diffuse

scattering and Bragg peaks comprises the overall total scattering pattern, in reciprocal

space. Through a Sine Fourier transform, the pair distribution function (PDF) is

produced[56, 97, 168, 294]. The reciprocal space total scattering function is given as,

S(Q) =
1
N

∑
v,µ bvbµe

iQ(Rv−Rµ) + ⟨b⟩2 − ⟨b2⟩
⟨b⟩2

, (1.1)

where Q is the scattering vector, N is the numbers of atoms, Rv (Rµ) is the vth

(µth) atom position and bv (bµ) is the scattering length of the atom v (µ); (⟨b⟩2 −

⟨b2⟩)/⟨b⟩2 together is termed as the normalized Laue monotonic scattering. In general

cases for powder samples, the polycrystals are assumed to be randomly and uniformly

oriented and therefore the direction dependent term in Eqn. 1.1 is averaged according

to the isotropic approximation, to give,

S(Q) =
1

N⟨b⟩2
N∑
ν

N∑
µ

bνbµ
sin(Qrνµ)

Qrνµ
+

⟨b⟩2 − ⟨b2⟩
⟨b⟩2

(1.2)
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Applying the Sine-Fourier transform to the reciprocal space pattern following the

equation below, the PDF is produced in G(r) form, yielding,

G(r) =
2

π

∫ ∞

0

Q[S(Q)− 1]sin(Qr) dQ (1.3)

To link the atomic configuration with the experimentally obtained G(r) pattern,

one has,

G(r) =
n∑

ν,µ=1

cνcµbνbµ[gνµ(r)− 1] (1.4)

where bν and bµ carry the same meaning as in Eqn. 1.1. cν and cµ refer to the

concentration of atoms of type ν and µ, respectively. The gνµ(r) function can be

computed from any atomic configuration, following,

gνµ(r) =
nνµ(r)

4πr2drρµ
(1.5)

where nνµ(r) is the number of particles of type µ between distances r and r + dr

from a particle of type ν and ρµ = cµρ0 (ρ0 is the overall number density of the

material, in atoms/Å3).

X-ray and Neutron Source Comparison Depending on the system being

studied, X-ray or neutron diffraction may be selected or both applied due to their

complementary strengths and weaknesses. Since the scattering mechanisms for X-ray

and neutron sources are different, the information they provide is different. X-rays are

scattered by the electrons of atoms and provide information about the electron density

of the scattering material. Neutrons are scattered by atomic nuclei and provide

information about the nuclei positions in the scattering material. Since neutrons

have magnetic dipole moments, in magnetic materials, neutrons can also be scattered

by the atomic magnetic moments which arise from the alignment of the spins of the

electrons that are in the partially filled energy levels.

8



Due to the strong interaction between X-rays and electrons, the X-ray scattering

process is a stronger process than neutron scattering. Coupled with the fact that

X-ray beams are much more intense than neutron beams, the requirement for sample

amounts in an X-ray experiment (on the level of mm3) is usually much less than that

for a neutron experiment (on the level of cm3). One of the downsides associated with

the fact that X-rays are scattered by electrons is that atomic scattering strength of X-

rays is Q-dependent. Mathematically, the X-ray form factor is the Fourier transform

of the electron density. The distribution of the electron density in real space then

corresponds to the finite range of the form factor in Q-space, i.e., the form factor for

X-ray is intrinsically dampened as Q increases. In contrast, since neutrons interact

with atomic nuclei, the much smaller size of the nuclei, when Fourier transformed,

gives nearly no dampening of the scattering strength in Q-space. In practice, the

neutron scattering strength (i.e., the scattering length) is treated as constant, i.e.,

independent of Q. Therefore, concerning the total scattering studies that require

large Q-space coverage, the neutron has an intrinsic advantage over X-rays in this

regard. Another feature of X-rays being scattered by electrons is that the scattering

strength is proportional to the number of electrons and therefore, heavy atoms scatter

much more strongly than light atoms. This can be beneficial if you are seeking to

emphasize the presence and visibility of heavy atoms. Neutrons, however, do not have

such dependence of scattering strength upon element and therefore are preferably

chosen for studying light elements, such as Li, O, etc.

Here, a typical example (the CCO nano-(Mn0.2Fe0.2Cu0.2Zn0.2Mg0.2)Co2O4) from

our studies is presented to showcase the comparison of experimental X-ray and

neutron PDFs. As shown in Figure 1.1, the neutron PDFs for the three different

samples show more obvious distinction as compared to X-ray PDFs. Therefore,

neutron PDFs in this specific situation would provide richer structural information as

compared to X-ray. In practice, neutron and X-ray PDFs are often complementary

and can be pursued together to provide sensitivity to different aspects of a given

material structure.
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Figure 1.1: (a) X-ray PDF and (b) neutron PDF comparison of three different
samples with the composition (Mn0.2Fe0.2Cu0.2Zn0.2Mg0.2)Co2O4, each synthesized
with a different weight percentage of polymer reactant and calcined at 400◦C.
Neutrons reveal local structure variations that are not distinguished with X-rays.
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Other Techniques Comprehensive characterization of material structure often

requires a combination of complementary techniques. This is especially the case in

our studies of the CSRO in complex functional ceramics, considering the complexity

introduced by multiple factors such as chemical composition, spin-lattice coupling,

local lattice distortion, etc. A comparison of experimental techniques that can be

used to probe various features of local atomic structure is briefly summarized in

Table 1.1, highlighting several merits and limitations of each. The probes include

neutron and X-ray total scattering (NTS and XTS), Nuclear magnetic resonance

spectroscopy (NMR), Extended X-ray Absorption Fine Structure (EXAFS), X-ray

absorption near-edge structure (XANES), Raman spectroscopy (RS), and Mössbauer

spectroscopy (MS).

Theoretical Calculation with Density Functional Theory In addition to

the experimental techniques for local structure studies, theoretical calculations

with Density Functional Theory (DFT) are employed to study the ground state

configurations and energies of CFCs in this work. A brief introduction to the

DFT method is recast here[146, 96, 207]. Starting from the stationary Schrödinger

equation,

ĤΨ = EΨ, (1.6)

the system energy can be written as

E =
⟨Ψ|Ĥ|Ψ⟩
⟨Ψ|Ψ⟩

. (1.7)

Based on the variational theorem, it can be derived that a change in wave function

will lead to a second-order change in the energy, which therefore demonstrates that

the best wave function is that for which the energy is a minimum[44]. The importance

of such a principle is that it makes it possible to propose a trial form for the wave

function with a certain number of adjustable parameters. Those parameters could
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Table 1.1: A brief summary of several merits and limitations of different
local structure characterization techniques (Tech), including neutron and X-
ray total scattering (NTS and XTS, respectively), Nuclear magnetic resonance
spectroscopy (NMR), Extended X-ray Absorption Fine Structure (EXAFS[71]), X-ray
absorption near-edge structure (XANES), Raman spectroscopy (RS), and Mössbauer
spectroscopy (MS).

Tech Merits Limitations
NTS distinguishes isotopes low flux

sensitive to light elements large amount of sample needed
characterizes magnetic moments longer measurement times
probes local structure beyond
the first few neighbors

XTS small sample amounts low sensitivity to light elements
fast measurements
probes local structure beyond
the first few neighbors

NMR non-destructive low sensitivity
large amount of sample needed

EXAFS/ element specific local bonding limited length scale
XANES oxidation state sensitive reference samples often needed

sensitive to low concentrations
RS non-destructive weak Raman effect

fast measurement strong fluorescence effect
MS quantitative determination of large amount of sample needed

the valence state only available for a few elements
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then be optimized to give the lowest energy, in which case the optimized wave function

is expected to resemble the true wave function (i.e., the ground state). Based on the

density functional theory and owing to the groundbreaking work by Kohn and Sham,

the variational principle can be put into practice for solving the ground state of

systems. With density functional theory, the system potential can be given as the

functionals of the electron density which is further given by the system wave function.

The Kohn-Sham approach then turns the interacting system into a non-interacting

one which would yield the same electron density as the interacting system. In the

Kohn-Sham framework, the system energy is given as,

EKS =
1

2

∑
σ

∑
i=1

|∇Ψσ
i |2 +

∫
drVext(r)n(r) + EHartree[n] + EII + Exc[n] (1.8)

where n(r) refers to the electron density function. The first term defines the kinetic

energy of independent particles. The second term is corresponding to the electron-

nuclei interaction, EHartree is the self-interaction energy of the classical charge density,

EII is the interaction energy of the positive nuclei. The first four terms can be

conveniently constructed from the electron density and the only unknown term

is the last one – the Exc term for exchange-correlation interaction which requires

certain approximations. The exchange interaction is generated by the Pauli exclusion

principle and the electronic correlation corresponds to the Coulomb repulsion. There

are two mainly used approximations to give the exchange-correlation functional

– the local density approximation (LDA) and the semi-local generalized gradient

approximation (GGA). The choice of different approximations and different forms

of the exchange-correlation function is usually system-dependent. With LDA, the

covalent, metallic, and ionic bonds are generally well described. However, LDA is not

adequate to solve problems involving hydrogen bonds, and meanwhile, since it was

generated by the approximation on a homogeneous electron gas, it will be hard to
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solve the self-interaction problem. GGA is typically more accurate than LDA owing

to the introduction of the derivative of the charge density.

In practice, the wave function is represented as the combination of a certain set

of basis functions and the optimization focuses on those combination coefficients.

Alternative basis function sets involve the plane wave set (and its variation such

as linearized augmented plane wave, LAPW), the local basis such as Gaussian

orbitals, etc. Concerning computational efficiency, the so-called pseudopotential

method is often employed – the electrons lying close to the core of the atoms are

treated separately and replaced by an effective potential energy function that closely

approximates the effect of the inner electrons on the outer electrons. Generalization

of such a framework also exists to further boost the computational efficiency; for

example, the projector augmented wave method (PAW) is a generalization of the

pseudopotential and linear augmented-plane-wave methods. By transforming the

rapidly oscillating wave functions (near the ion cores) into smooth wave functions,

the PAW method[17] can provide greater computational efficiency.

Chapter 2 of this dissertation employed DFT simulations to compare the relaxed

configurations and relative energies of ATaO2N (where A = Ba, Sr, Ca) with various

candidate configurations of ions decorating the lattices. This analysis aimed to

investigate the presence of distinct CSRO patterns and assess their prevalence across

the entire family of structures.

1.2 Objectives of the Study

The overarching theme of this study is uncovering the special role of local structure

in directing physicochemical properties in several families of CFCs. The central

hypothesis emerges that materials with high compositional complexity offer added

flexibility and (perhaps) opportunities for fine control of experimental ‘knobs’ to

achieve specific structure-property aims. We have focused on the specific aim

of achieving an understanding of the impact of synthesis variations on cation
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heterogeneity and corresponding catalytic and magnetic property trends in nano

spinel CCOs, expanding design strategies for novel nanostructured materials.

1.3 Scope of the Dissertation

The proposal comprises 7 chapters, namely;

Chapter 1 describes the background and motivation of the proposal. The

fundamental concepts along with the aims and objectives as well as context of the

thesis are narrated. An account of the research hypothesis is given in this chapter

with a breakdown of the methodological approaches used in the investigation.

Chapter 2 explores the relationship between local structure and the electronic

properties in a family of Ta oxynitrides. This work was published as the paper -

Influence of Cation Size on the Local Atomic Structure and Electronic Properties

of Ta Perovskite Oxynitrides (Reprinted (adapted) with permission from Inorg.

Chem. 2021, 60, 14190–14201. Copyright 2021 American Chemical Society. DOI:

10.1021/acs.inorgchem.1c01594 [243]).

Chapter 3 is centered on understanding the magnetic behavior reported for “high-

entropy spinel ferrites,” exhibiting differing degrees of chemical short-range order.

The work was published as the paper - Local Cation Order and Ferrimagnetism in

Compositionally Complex Spinel Ferrites (Reproduced from APL Materials 2022, 10,

121102.), with the permission of AIP Publishing. DOI: 10.1063/5.0123728 [246]).

Chapter 4 presents the observation of temperature-activated compositional hetero-

geneity and discusses the competition between entropy and cation selection towards

phase stability and complex thermodynamics in a large compositionally complex

nano family (nA1/n)Co2O4 (n= 1 to 7) that has been made for the first time. This

work was published as the paper - Phase Selectivity and Stability in Compositionally

Complex Nano (nA1/n)Co2O4 (Reprinted (adapted) with permission from Chem.

Mater. 2023, 35, 7283–7291. Copyright 2023 American Chemical Society. DOI:

10.1021/acs.chemmater.3c01647 [245]).
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Chapter 5 investigates the bifunctional oxygen evolution reaction (OER) and

oxygen reduction reaction (ORR) electrocatalytic properties in a family of nano

CCO (5A1/5)Co2O4. The work was published as the paper - Excellent Bifunctional

Oxygen Evolution and Reduction Electrocatalysts (5A1/5)Co2O4 and Their Tunability

(Reprinted (adapted) with permission from ACS Mater. Au 2024, in press. Copyright

2024 American Chemical Society. DOI: 10.1021/acsmaterialsau.3c00088 [247])

Chapter 6 explores the sensitivity of magnetic properties to the thermal history of

the compositionally complex oxide (Mg0.2Mn0.2Fe0.2Cu0.2Zn0.2)Co2O4, a nanostruc-

tured CCO. A summary of the work is currently under preparation as a journal

article.

Chapter 7 summarizes the work that has been conducted in this dissertation,

offers recommendations for the high entropy community, evaluates the limitations of

the work, proposes strategies for expanding the work, and highlights the significant

contributions of this dissertation to the high entropy and wider CFC fields.
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Chapter 2

Influence of Cation Size on the Local

Atomic Structure and Electronic

Properties of Ta Perovskite

Oxynitrides

It was introduced in Section 1.1.1 that higher and more temperature stable dielectric

constants can be obtained in Ta perovskite oxynitrides relative to simpler Ti

perovskite oxides by virtue of simultaneous substitutions on cation and anion sites.

However, the effectiveness of this strategy is seen to decrease in moving from

compounds featuring the larger cation Ba to the smaller cation Ca in the family

of perovskite tantalum oxynitrides - ATaO2N (A= Ba, Sr, Ca). CSRO was identified

as an important factor in the properties of BaTaO2N and SrTaO2N previously, so a

natural question is whether the same type of local ordering also exists in CaTaO2N.

Additionally, the complex interplay between electronic properties and the A cation

size, nature of Ta displacement, octahedral tilting, and the local anion ordering

remains vague. In this chapter, these two aspects are explored with a combination

of neutron total scattering, density functional theory (DFT), and ab initio molecular
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dynamics (AIMD) simulations. Specifically, we present the first experimental study

of chemical short range order (CSRO) in CaTaO2N, confirming local cis N ordering

of the anion sub-lattice. Our systematic exploration of local structure across the A

cation size series (from the larger Ba to the smaller Ca), reveals a perovskite motif

increasingly distorted with respect to long-range average structures. DFT and AIMD

simulations support the observed trends. Overall, structures with cis ordering of

the nitrogen anions in each TaO4N2 octahedron are favored over those with trans

ordering. With diminishing A cation size, local cis ordering and Ta off-centering play

decreasing roles in overall lattice stability, overshadowed by the stabilizing effects

of octahedral tilting. The influence of these factors on local dipole formation and

frustrated dipole ordering is discussed.

Chapter 2– Influence of Cation Size on the Local Atomic Structure and Electronic

Properties of Ta Perovskite Oxynitrides– is reprinted (adapted) with permission from

Inorg. Chem. 2021, 60, 14190–14201. Copyright 2021 American Chemical Society.

DOI: 10.1021/acs.inorgchem.1c01594 [243] The authors of the work are Xin Wang,

Bo Jiang, Yuanpeng Zhang, Young-Il Kim, and Katharine Page.

2.1 Introduction

Since first reported [142] transition metal oxynitride perovskites and related phases

have received considerable interest for their potential use as non-toxic replacements

for inorganic pigments and photocatalysts. [87, 2, 100, 94, 81, 278, 32, 154, 137,

78, 167] Specifically, the rather unusual dielectric and magnetoresistive behavior of

AMO2N compounds (A=alkaline earth and M=transition metal)[102, 298, 83, 92]

have garnered attention since Kim et al. [103] reported their dielectric properties.

It has been observed that the dielectric polarizability of parent perovskite oxides is

enhanced in these compounds when more polarizable ions are aliovalently substituted

into the lattice [202]. At the same time, the reduced electronegativity of the nitride

ion increases the covalency of the cation-anion bonds, increasing the probability of a
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second-order Jahn-Teller distortion involving the d0 cation. [73, 15, 21] Finally, local

ordering of O and N affect the electronic properties of these materials, including a

tendency for Ta off-centering and thus increased polarizability[172, 281, 297, 170, 276].

Distortions of the perovskite structure occur when a size mismatch of the

constituent atoms is present. The Goldschmidt tolerance factor[65] τ gives an

indication of how well the sizes of the ions match with each other, defined as:

τ =
(rA + rX)√
2(rTa + rX)

(2.1)

where rA, rTa, and rX are the radii of the A, Ta, and X=O/N ions respectively

(rX being a weighted average of the oxygen and nitrogen anion radii). An ideal

perovskite has a tolerance factor of unity. As τ increases beyond 1, the cubic structure

becomes increasingly less stable relative to structures of lower symmetry and ion

displacements occur to attain maximized electronic stabilization. When smaller than

ideal A-site cations are present, τ is below 1 and the octahedra tilt, also resulting in a

structure of lower symmetry. BaTaO2N, SrTaO2N and CaTaO2N have been reported

as cubic Pm3m, tetragonal I4/mcm, and orthorhombic Pnma at room temperature,

respectively.[103] The average crystal structures, tolerance factors and perovskite tilt

systems for the series are listed in Table 2.1, and the crystallographic unit cells

are depicted in Figure 2.1. BaTaO2N has a tolerance factor of 1.043, Ta has been

observed to exhibit local Ta off-centering, increasing electronic stability[172, 184].

The tolerance factor of 0.985 in SrTaO2N suggests octahedral tilting plays a larger

role in the overall lattice energy compared to BaTaO2N. CaTaO2N has a tolerance

factor of 0.937, indicating an octahedral tilting distortion is certain to be present.

In the classification proposed by Glazer[64] and refined by Woodward[257, 258],

and Howard and Stokes[84, 85], SrTaO2N takes on the a0a0c− structure, where

octahedra tilt about the c-axis and adjacent ab-layers rotate in opposite directions

(out of phase). In this tetragonal cell, Ta does not displace from the center of

octahedra, but the two apical anions are positioned slightly closer to Ta than the
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Table 2.1: Average structures, tolerance factors and tilt systems for ATaO2N (A=
Ba, Sr, Ca).

τ Crystal System Space Group Tilt System
BaTaO2N 1.043 Cubic Pm3m a0a0a0

SrTaO2N 0.985 Tetragonal I4/mcm a0a0c−

CaTaO2N 0.937 Orthorhombic Pnma a−b+a−

Figure 2.1: Average crystal structures of ATaO2N (A= Ba, Sr, Ca): (a) BaTaO2N,
Pm3m, viewed almost along a-axis; (b) SrTaO2N, I4/mcm, viewed almost along a-
axis; and (c) CaTaO2N, Pnma, viewed almost along c-axis. Ta(O/N)6 octahedra are
shown as yellow. Ba, Sr, and Ca are shown as brown, green, and mauve spheres,
respectively. The blue spheres represent Ta, and the orange-purple mixed spheres
represent the 2/3 and 1/3 partially O and N occupied anion sites.
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four equatorial anions. The tilting along the c-axis leads to a modified coordination

environment around the Sr cation. CaTaO2N takes on the a−b+a− structure, with in

phase tilting along the b-axis and out of phase tilting about the a and c axes. Thus

the coordination environments of the cations are strongly impacted.

Typically, O and N are reported as disordered using average techniques, notably

neutron diffraction, on the anion sublattice sites in the ATaO2N series, as depicted

in Figure 2.1. To preface: with respect to anion order in AMO2N compounds, cis

models are those where the 2 N on corners of the TaO4N2 octahedron share a common

edge and trans models are those where the 2 N occupy positions on either side of an

octahedron, forming linear N-Ta-N bonds. Local, intermediate, or long-range order

of N anions has been observed in the ATaO2N series of compounds. Anion sublattice

order is a known strategy for inducing chiral or polar atomic arrangements[74], and

thus is of great interest in understanding electronic, magnetic, and other functional

properties.

In the family of tantalum oxynitrides ATaO2N (A= Ba, Sr, Ca), polycrystalline

BaTaO2N and SrTaO2N have high bulk permittivity, approximately 4900 (with a

moderate temperature coefficient of 1140 ppm/K) and 2900 (with -730 ppm/K) near

room temperature, respectively.[103] It has been discussed that these very high bulk

permittivity values are likely not intrinsic values, as factors such as ceramic porosity,

grain boundary effects, and nitrogen vacancies are known to affect dielectric responses,

conductivity, and other electronic properties.[102, 83, 220, 275, 276] Nonetheless, later

studies on dense BaTaO2N ceramics, formed via sintering with additives and post-

treatment with ammonolysis, report relatively high permittivities (620 at 102 Hz and

320 at 108 Hz),[83] significantly higher than the values reported for similarly prepared

SrTaO2N in the same frequency range[220]. In addition, similar trends are observed

in thin films: highly crystalline BaTaO2N thin films have been reported to have a

dielectric constant of 220,[102] and SrTaO2N thin films a dielectric constant of 80.[308]

While the electronic properties of thin films may be influenced by their own extrinsic

effects, such as interfacial bonding or epitaxial stress of substrates, experimental
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studies across sample types consistently indicate high/moderately high dielectric

constants and near temperature/frequency independent dielectric permittivity in

BaTaO2N and (to a lesser extent) SrTaO2N. In contrast to other high-permittivity

materials, such as a material near a ferroelectric transition, like Ba(Ti,Sn)O3 [59],

no evidence of the phase transition was detected in these materials on cooling from

room temperature. Materials possessing high permittivities are typically associated

with polar behavior and often display phase transitions to lower symmetry structures.

These displacements are the origin of ferroelectricity.

We have previously examined the local structure of BaTaO2N using pair distribu-

tion function (PDF) analysis of neutron total scattering data and DFT simulations

[172]. While the average structure was found to be cubic, with fully disordered

O and N occupancy on the perovskite anion sites, the local structure favored a

cis configuration of N-Ta-N bonding within octahedra and small Ta displacements

towards the N atoms[172]. Kim et al. later uncovered frustrated one-dimensional

polar nanoregions in BaTaO2N through analysis of electron diffraction diffuse

scattering intensities, and suggested they are intrinsic to the fundamental underlying

crystal chemistry of the material. Though local chemical O/N ordering was thus

not reasoned to be directly responsible for the material’s dielectricity, the authors

suggested that associated local strain distortions may inhibit long-range ordered

ferroelectric states in the material.[253] Since then, anion order was also examined

with electron diffraction and variable temperature neutron diffraction in SrTaO2N

[281]. A variety of reports have observed and often linked the presence of local-to-

intermediate length-scale cis ordering of N to specific short-range structural features

such as tilting of octahedra and off-centering of Ta cations. The local order is

sometimes seen to give rise to zig-zag, chain, or other cooperative ordering motifs of

cations in the perovskite lattice. Local atomic cis configuration with concomitant

octahedral tilting around the c-axis was observed with neutron diffraction [297].

Subsequently, a lower symmetry orthorhombic Fmmm supercell, allowing for effects

of both tilting and local cis anion order was reported. This model introduces a
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change from a0a0c− to a0b0c− tilting modification in Glazer notation, allowing for

the chemical inequivalence between O and O0.5N0.5 anion sites in the ab-plane.[34] A

second-order phase transition consequent upon the loss of the R−
5 (a,0,0) (rotation

about the c axis) mode of SrTaO2N was observed at 400-450 K with time-of-

flight (TOF) powder neutron diffraction[235]. Local cis ordering has been seen

to give rise to disordered zig-zag A-Ta (A= Ba, Sr) chains with the perovskite

lattice.[281, 22, 12, 170, 169, 91, 58] This includes observation of a crossover from

two to three-dimensional local chain order in Ba-Sr perovskite oxynitride solid

solutions[91]. All these cases give rise to local cation displacements and thus

potential local/disordered dipoles within the systems. Electronic-structure DFT

simulations applied to investigate the anion order in ATaO2N (A= Ba, Sr) [79]

agree well with neutron diffraction structural analysis for the stability of cis-TaO4N2.

In striking contrast, the electronic properties of CaTaO2N are similar to those of

the insulating perovskite oxides. In brief, the dielectric constant of CaTaO2N is

lower than those of BaTaO2N and SrTaO2N by ≈ 2 orders of magnitude, and the

electrical conductivity by ≈ 3 orders of magnitude (Supplementary Information,

SI, Figure S2.1). As discussed above, these very high values are likely influenced

by porosity or other extrinsic effects; yet the observed relative property trends in

the ATaO2N family persist under densification/sintering studies and for thin films.

Although the electronic properties of CaTaO2N have been studied by experiments

[13] and calculations[82], and the local anion order has been investigated with first-

principles approaches [256, 108, 276], the origin of the large difference of bulk dielectric

permittivities among the ATaO2N series is still unknown. Recent theoretical studies

incorporating anion configuration effects successfully capture the trend in decreasing

dielectric constant in BaTaO2N, SrTaO2N and CaTaO2N, but the calculated values

are severely underestimated for BaTaO2N and overestimated for CaTaO2N, relative to

experimentally observed values.[276] Herein we examine the average and local crystal

structures of ATaO2N (A=Ba, Sr, Ca) compounds with neutron total scattering, DFT

and AIMD simulations, to give insight into the factors that may influence dipole
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formation and frustration within the functional materials family. We present for

the first time the experimental analysis of local ordering in CaTaO2N, evaluated in

the context of the family of ATaO2N perovskites with decreasing A (A=Ba, Sr, Ca)

cation size. Our experimental analyses of BaTaO2N and SrTaO2N support previous

studies, while our combined experimental and theoretical approach uncovers key

relationships between A cation size and structure-property trends involving Ta off-

centering, octahedral tilting and local anion ordering in the series.

2.2 Experimental and Computational Details

2.2.1 Materials synthesis

ATaO2N (A=Ba, Sr, Ca) compositions were prepared by ammonolysis reaction as

reported by Kim et al..[103] The syntheses of BaTaO2N and SrTaO2N were conducted

as follows; briefly, BaCO3(J.T. Baker, 99.8 %)/SrCO3(Aldrich 99.9 %) and Ta2O5

(Cerac, 99.5%) were stoichiometrically mixed, pressed in a pellet, and heated in

flowing anhydrous ammonia (99.99%, ≈ 0.5mL/sec) to 1223 K - 1273 K at a

rate of 5 K/min. After holding for 80 h, the product was cooled at 10 K/min.

The preparation of CaTaO2N was similar (using CaCO3 (Mallinckrodt, 99.9+%) as

precursor). However, in this case, it was necessary to react an intermediate pyrochlore

phase (Ca2Ta2O7) in a 50/50 wt% NaCl/KCl flux for 80 h to produce stoichiometric

CaTaO2N without impurity phases. As previously reported, the resulting color of

BaTaO2N powder is red-brown, the SrTaO2N powder is orange-red in color, and the

CaTaO2N powder is yellow in color.

2.2.2 Neutron total scattering and data analysis

TOF neutron powder diffraction data were collected on the Neutron Powder

Diffractometer (NPDF) instrument at the Los Alamos National Laboratory Lujan

Neutron Scattering Center [181] at room temperature. The high reciprocal space
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scattering vector magnitude, Q = 4π sin θ/λ, moderate-to-high resolution, and low

background intensities of diffraction measurements obtained at this instrument lend

it to high quality PDF studies. Approximately 2 g of powder were loaded into a

vanadium can for the experiment, and data were collected for 12 h for each sample.

The diffraction data were analyzed with the Rietveld method as embodied in the

TOPAS-V7 [36] program. Models with disordered anion sites (2/3 O and 1/3 N

occupy all anion sites), occupancy refined anion sites (distributions on sites are

refined, constrained to sum to the 2/3 O and 1/3 N average occupancy), fixed

trans ordered anion sites (with N occupying axial anion positions and O occupying

equatorial anion positions), and fixed ‘50/50-75/25’ anion sites[297] (occupancies of

O/N are 50/50 at 4a site for SrTaO2N and at 4c site for CaTaO2N, and 75/25 at

8h site for SrTaO2N and at 8d site for CaTaO2N) were constructed (see details in

SI Table S2.1), based on parent I4/mcm symmetry for SrTaO2N [103, 281, 298] and

Pnma symmetry for CaTaO2N [103]. In addition to the anion occupancy parameters

identified for the specific above models, background parameters, scale factors, lattice

parameters, isotropic atomic displacement parameters, profile parameters, and atom

positions were refined. Anisotropic atomic displacement parameters were additionally

refined for the best fitting Rietveld refinement models. The pattern weighted residual

(Rwp)[42] value, defined by

Rwp =

√∑
t ωt(yot −Kyct )

2∑
t ωt(yot )

2
(2.2)

where yot and yct are, respectively, the observed and calculated counts corresponding

to the tth point in the powder diffraction profile, K is a scale factor and ωt is a

weighting factor (approximated as a Poisson distribution in the counting statistics,

ωt=1/yot ), was used to evaluate the quality of refinements.

To probe the local structure in real space, the program PDFGetN [177] was used

to extract the experimental PDF from the total scattering data. Background and

container contributions were subtracted and the data were corrected for detector
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deadtime, absorption, multiple scattering, and were normalized by the incident flux

and total sample scattering cross-section. The maximum Q vector used for the

experiment was 30 Å−1. ‘Small-box’ PDF refinements were carried out in the program

PDFgui [50], beginning with the structure models determined from Rietveld analysis.

Anion-ordered unit cell variants of the respective crystal symmetries were tried as

real-space models (all high symmetry anion ordered substructures, as determined

in the Bilbao Crystallographic Server[11] program). Refinements included the scale

factor, lattice parameters, quadratic peak sharpening parameter for correlated atomic

motion, and isotropic atomic displacement factors. Instrument parameters for real-

space dampening and broadening were fixed to values determined through refinement

of a crystalline standard material. Weighted residual (Rwp)[48], similar to the Rietveld

value, defined as

Rwp =

√∑N
i=1 ω(ri)[Gobs(ri)−Gcalc(ri)]2∑N

i=1 ω(ri)G
2
obs(ri)

(2.3)

where Gobs is the observed PDF, Gcalc is the calculated model PDF, and ω is the

associated weighting factor, was used to assess the refinement quality.

‘Large-box’ fitting of neutron total scattering data was carried out with the

Reverse Monte Carlo (RMC) approach using the RMCProfile[226, 294] package.

Three types of starting structures were applied to explore the local structure of

ATaO2N. In the first series, the starting atomic configurations were derived on the

basis of the respective average atomic structures (Pm3m for BaTaO2N, I4/mcm

for SrTaO2N, Pnma for CaTaO2N). The starting atomic configurations contained

10 × 10 × 10 unit cells of ATaO2N (A=Ba, Sr, Ca), resulting in a total of 5000

atoms for BaTaO2N, 20000 atoms for SrTaO2N, and 20000 atoms for CaTaO2N. RMC

refinements involved the simultaneous fitting of neutron PDF, normalized neutron

total scattering structure factor data, and neutron Bragg data. Whole configuration-

based bond valence sum (BVS) constraints were applied and site-swapping of O and

N atoms in the lattice was allowed. The number of moves generated per atom are
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≈ 2613 for BaTaO2N, ≈ 450 for SrTaO2N, and ≈ 371 for CaTaO2N. The number

of moves accepted per atom are ≈ 187 for BaTaO2N, ≈ 40 for SrTaO2N, and ≈

43 for CaTaO2N. In the second series, anion atoms were ordered (fixed) to occupy

distinct cis or trans positions within the anion sublattices (trans-P4/mmm and cis-

Pbmm for BaTaO2N, trans-I 4/mcm and cis-Ima2 for SrTaO2N, trans-Pnma and

cis-Pmn21 for CaTaO2N). Atomic structures contained 10 × 10 × 10 unit cells of

ATaO2N with a total of 10000(cis)/5000(trans) atoms for BaTaO2N, 20000 atoms

for SrTaO2N, and 20000 atoms for CaTaO2N. The number of moves generated per

atom are ≈ 516(cis)/1821(trans) for BaTaO2N, ≈ 383(cis)/243(trans) for SrTaO2N,

and ≈ 387(cis)/387(trans) for CaTaO2N. The number of moves accepted per atom

are ≈ 41(cis)/121(trans) for BaTaO2N, ≈ 31(cis)/32(trans) for SrTaO2N, and ≈

40(cis)/43(trans) for CaTaO2N. For the third series, anions were arranged to occupy

cis positions within individual octahedra, but were patterned within a supercell

to feature ‘90-deg’ configurations of each pair of cis-TaO4N2 octahedra sharing an

axial N, forming two similar 3D distribution of the -Ta-N-Ta-N cis-chains motifs, as

proposed by Hinuma [79] (resulting in P2 symmetry for BaTaO2N and SrTaO2N).

These atomic structures contained 8 × 4 × 8 unit cells of BaTaO2N with a total of

20480 atoms, 4× 8× 8 unit cells of SrTaO2N with 20480 atoms, and 11× 4× 11 unit

cells of CaTaO2N with 19360 atoms (created with P1 symmetry). The number of

moves generated per atom are ≈ 365 for BaTaO2N, ≈ 242 for SrTaO2N, and ≈ 443

for CaTaO2N. The number of moves accepted per atom are ≈ 33 for BaTaO2N, ≈

26 for SrTaO2N, and ≈ 46 for CaTaO2N. For the second and third series refinements

(featuring fixed anion site order) the neutron PDF and normalized neutron total

scattering structure factor data were fit, no BVS constraints were applied, and no

atomic site swapping was allowed.
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2.2.3 Computational details

DFT simulations were conducted within the Vienna ab initio simulation package

(VASP) [106] using the PBEsol functional [176, 175]. The standard projector

augmented wave (PAW) method [107] was used with the Ba_sv (5s25p66s2), Sr_sv

(4s24p65s2), Ca_sv (3s23p64s2), Ta_pv (5p65d36s2), O (2s22p4) and N (2s22p3)

potentials supplied with VASP. Electron wave functions were expanded in plane waves

up to a cutoff energy of 500 eV and the forces on the ions were relaxed below 0.001

eV/Å. The Brillouin zone was sampled with a 9 × 9 × 9 Γ-centered k-point mesh

for the smallest tetragonal unit cell used in this work and a similar mesh density

was used for other supercell calculations. Hubbard U values of 5 eV were applied

to Ta 5d for partial density of states (PDOS) calculations. The energy convergences

were tested to ensure reasonable results. AIMD simulations using the NVT ensemble

[252] were carried out via the algorithm of Nosé [166] to control the temperature

oscillations during the DFT simulations. Brillouin zone integration was done on a

single Γ-centred k-point and the cutoff energy was reduced to 420 eV for all AIMD

simulations. We used the anion ordered supercells with ‘90-deg’ configuration of each

pair of cis-TaO4N2 octahedra sharing an axial N, as proposed by Hinuma [79]. Each

AIMD simulation ran for 2500 steps with a time-step of 1 fs. The last 2000 steps

were used to generate the time averaged structure at each temperature.

2.3 Results and Discussion

2.3.1 Average structure from neutron diffraction

Figure 2.2 and Table 2.2 display the results of neutron diffraction Rietveld analysis

for SrTaO2N and CaTaO2N datasets (results are reported for BaTaO2N as cubic

perovskite Pm3̄m with 2/3 O and 1/3 N occupancy on the anion site in Page et al.

[172]). A summary of the Rietveld refinement results based on the four types of anion

site occupancy models applied are shown in SI Table S2.1 for comparison. It is
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(a) SrTaO2N, Rwp=3.24%
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Figure 2.2: (a) SrTaO2N and (b) CaTaO2N Rietveld refinement results for the
NPD data (119◦ detector bank) with anion site fixed 50/50-75/25 and disordered
O/N anion models, respectively. Data are given as green (SrTaO2N) and mauve
(CaTaO2N) circles and the solid lines through the data are fits using the I4/mcm
and Pnma structures, respectively. The black difference curves are displayed below
the data and fits. Phase markers are displayed as vertical lines between the fit and
difference curves (red markers correspond to the hkl indices of the refined perovskite
phase, while blue markers correspond to those of a parasitic vanadium phase resulting
from incomplete container scattering subtraction). The vanadium phase markers are
shown for reference only; the phase was not included in the Rietveld refinements.
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Table 2.2: Lattice parameters, atomic positions, and isotropic atomic displacement
parameters resulting from Rietveld refinement of neutron powder diffraction (NPD)
data for SrTaO2N and CaTaO2N with anion site fixed 50/50-75/25 model and
disordered O/N anion model, respectively.

atom Wyck. x y z Uiso (Å2) Frac.
SrTaO2N in I4/mcm : a=b=5.7052(0)Å, c=8.0836(2)Å, Rwp=3.24%
Sr 4b 0 0.5 0.25 0.0114(2) 1
Ta 4c 0 0 0 0.0081(2) 1
O1/N1 4a 0 0 0.25 0.0171(7) 0.5/0.5
O2/N2 8h 0.2690(1) 0.7690(1) 0 0.0185(4) 0.75/0.25
CaTaO2N in Pnma : a=5.6229(2)Å, b=7.9000(3)Å, c=5.5539(2)Å, Rwp=3.18%
Ca 4c 0.0311(5) 0.25 0.9910(7) 0.0199(5) 1
Ta 4b 0.5 0 0 0.0067(2) 1
O1/N1 4c 0.4806(4) 0.25 0.0762(3) 0.0168(5) 0.6667/0.3333
O2/N2 8d 0.2906(2) 0.0406(2) 0.7090(2) 0.0141(3) 0.6667/0.3333
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noted that the anion distribution is found to be correlated with the refined atomic

displacement parameters, and we have favored models with fewer parameters and

lower isotropic atomic displacement parameters when presenting overall results in

Figure 2.2 and Table 2.2.

In the case of SrTaO2N, the I4/mcm model with anion site occupancy fixed

50/50-75/25 resulted in an overall Rwp of 3.24% (shown in Figure 2.2 (a)). Fitting

that allows O/N occupancy of anion positions to be refined results in a minimal

improvement in quality of refinement, with a Rwp value of 3.23%; a disordered anion

site model provides a slightly worse fit, with Rwp of 3.26%; while the fixed trans anion

site model results in significantly worse agreements, with an Rwp value of 3.35%. Our

designation of the average structure model with occupancies of O/N as 50/50 at the

4a site and as 75/25 at the 8h site is consistent with several previous reports[297, 35].

In the case of CaTaO2N data, within the Pnma perovskite structure, a model

with disordered anions (with 2/3 O and 1/3 N) in each of the 4c (axial) and 8d

(equatorial) anion positions provides the same quality of fit as a model with an

additional parameter for refinement of anion occupancies (Rwp of 3.18%). The refined

site occupancy values are very close to the 2/3 O and 1/3 N average occupancy values.

The anion model with O/N occupancy of 50/50 at the 4c site and 75/25 at the 8d

site in CaTaO2N provides a slightly worse refinement result in our analysis (with an

overall Rwp of 3.22%). The small increase in Rwp is accompanied by a factor of 1.5

difference in the anion site Uisos, suggesting that the 4c site wants less N and the 8d

site more N, in line with the lower Rwp and more-or-less equal Uisos for the disordered

or occupancy refined models. The model with fixed trans anion sites results in a

significantly worse agreement, with a Rwp value of 3.68%. Thus the disordered anion

site model is presented here (shown in Figure 2.2 (b)) as the determined average

crystallographic structure of CaTaO2N.

Anisotropic displacement parameters were also applied to our best fitting models

for SrTaO2N and CaTaO2N. For SrTaO2N, the Rwp value was improved by 0.08%,

while for CaTaO2N the value improved only 0.01%. The resulting parameters
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are reported in SI Table S2.2, along with corresponding structure models shown

with 99% probability thermal ellipsoids in Figure S2.2. Values for SrTaO2N were

found to be similar to those previously reported in the literature[297], featuring

pancake-like displacement ellipsoids for equatorial anions and ellipsoids significantly

elongated along [001] for Sr. Due to the overall similar refinement quality, the models

with isotropic atomic displacement parameters (which involve fewer parameters) are

presented in this paper.

The average structure results for SrTaO2 in this study are consistent with other

reports favoring anion site fixed 50/50-75/25 models [297, 35]; however, fully trans N

ordered I4/mcm SrTaO2N (with N occupying axial anion positions and O occupying

equatorial anion positions)[70], as well as occupancy refined I4/mcm SrTaO2N

[281, 297] and Pnma CaTaO2N [70] have been reported. It has been observed that

anion ordering in these crystal structures can be strongly impacted by variation

in sample preparation. Particularly, results suggest complete disorder is favored

in perovskite structures when materials are prepared by nitridation of pure oxide

precursor at 900 to 1000 ◦C, or by reacting alkaline earth oxide with TaON at 1500
◦C under nitrogen. Full ordering has been observed when a mineralizer is used in

nitridation[35]. These assertions have not been systematically studied, and we must

assert that our experimental results may be unique only to the samples we have

studied[103]. Nonetheless, we expect the observed trends across the series to be

meaningful.

Interestingly, there are several features of the Rietveld results (Table 2.2)

suggesting possible atomic distortions, chemical short-range order (CSRO), or other

potential disorder effects in the two systems. First, significant anisotropic atomic

displacement ellipsoids for Sr and O/N are found to improve the SrTaO2N model

fits (See SI Figure S2.2). Second, the isotropic atomic displacement parameters

for Ca are higher than typically observed, particularly in comparison to the O/N

atomic displacement parameters. In general, for a well ordered crystalline material,

the displacement factors refined for lighter elements are higher than those refined
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for heavier elements. In a previous neutron diffraction study of BaTaO2N, a large

atomic displacement parameter was observed for Ta, but not for Ba nor N/O[101].

The distinct atomic displacement parameter features of ATaO2N imply that their

stabilities are achieved by different structural relaxations, depending on the type

of A (A=Ba, Sr, Ca) involved. To examine the nature of CSRO and local atomic

displacements thought to be key to the functional properties of the ATaO2N family,

the local structures of SrTaO2N and CaTaO2N must be considered (as discussed,

partial results for BaTaO2N were reported previously[172]).

2.3.2 Local and intermediate range structure

Real-space refinements using the models determined by Rietveld analysis for the

average structures (I4/mcm fixed 50/50-75/25 model for SrTaO2N and Pnma

disordered anion model for CaTaO2N) were applied to two different pair distribution

function (PDF) length scales: a local structure range from 1.5 to 6Å in r ; and an

intermediate range from 6 to 50Å in r. The results are shown in Figure 2.3. It can be

seen that the models provide a good fit to the whole PDF range (both 1.5 to 6Å, Rwp

of 11.03% and 6 to 50Å, Rwp of 11.07%) for SrTaO2N. In the case of CaTaO2N, the

average structure describes the intermediate range well (6 to 50Å, Rwp of 14.43%),

but fails to model all features of the local range (1.5 to 6 Å, Rwp of 15.70%). The

nearest-neighbor Ta-O correlation is particularly poorly fit. The corresponding model

parameters are given in Table 2.3 for 1.5 to 6Å refinement and in Table 2.4 for 6 to

50Å refinement. An I4/mcm disordered anion model was additionally tried in the

case of SrTaO2N, and a Pnma fixed 50/50-75/25 model was additionally tried in the

case of CaTaO2N. The results applying a disordered anion model for SrTaO2N are

slightly worse (1.5 to 6Å, Rwp of 11.31% and 6 to 50Å, Rwp of 11.12%). Applying

a Pnma fixed 50/50-75/25 model for CaTaO2N results in a slightly improved fit in

the low-r range (1.5 to 6Å, Rwp of 15.50%), but not in the high-r range (6 to 50Å,

Rwp of 14.52%) comparing to the average model results. Also, the nearest neighbor
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Figure 2.3: Real space PDF refinement results for SrTaO2N using the I4/mcm
fixed 50/50-75/25 model, displaying: (a) 1.5 to 6Å local PDF fit and (b) 6 to 50Å
intermediate length-scale PDF fit; and for CaTaO2N using the Pnma disordered
anion occupancy model, displaying (c) 1.5 to 6Å local PDF fit and (d) 6 to 50 Å
intermediate length-scale PDF fit. Experimental PDF data are shown as black circles
for both SrTaO2N and CaTaO2N. The fits are shown as green and mauve lines through
the data for SrTaO2N and CaTaO2N, respectively. The black difference curves are
shown at the bottom of each panel and the fit quality values are noted at the top
right of each sub figure for each fitted region.
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Table 2.3: Refined lattice parameters, atomic positions, atomic displacement
parameters and fixed O/N fractional site occupancies from SrTaO2N and CaTaO2N
local PDF refinements (from 1.5 to 6 Å) with anion site fixed 50/50-75/25 model and
disordered O/N anion model, respectively.

atom Wyck. x y z Uiso (Å2) Frac.
SrTaO2N in I4/mcm : a=b=5.7690(13)Å, c=7.9258(33)Å, Rwp=11.03%
Sr 4b 0 0.5 0.25 0.0048(2) 1
Ta 4c 0 0 0 0.0087(2) 1
O1/N1 4a 0 0 0.25 0.0080(2) 0.5/0.5
O2/N2 8h 0.2682(4) 0.7682(4) 0 0.0233(5) 0.75/0.25
CaTaO2N in Pnma : a=5.5893(63)Å, b=7.9488(68)Å, c=5.5404(56)Å, Rwp=15.70%
Ca 4c 0.0302(9) 0.25 0.9835(13) 0.0059(6) 1
Ta 4b 0.5 0 0 0.0107(5) 1
O1/N1 4c 0.4814(16) 0.25 0.0790(10) 0.0079(6) 0.6667/0.3333
O2/N2 8d 0.2854(13) 0.0455(3) 0.7140(10) 0.0068(3) 0.6667/0.3333

Table 2.4: Refined lattice parameters, atomic positions, atomic displacement
parameters and fixed O/N fractional site occupancies from SrTaO2N and CaTaO2N
PDF refinements over an intermediate range from 6 to 50Å with anion site fixed
50/50-75/25 model and disordered O/N anion model, respectively.

atom Wyck. x y z Uiso (Å2) Frac.
SrTaO2N in I4/mcm : a=b=5.6978(1)Å, c=8.0771(4)Å, Rwp=11.07%
Sr 4b 0 0.5 0.25 0.00796(3) 1
Ta 4c 0 0 0 0.00553(3) 1
O1/N1 4a 0 0 0.25 0.0171(2) 0.5/0.5
O2/N2 8h 0.2690(1) 0.7690(1) 0 0.0103(1) 0.75/0.25
CaTaO2N in Pnma : a=5.6206(3)Å, b=7.8975(4)Å, c=5.5506(2)Å, Rwp=14.43%
Ca 4c 0.0331(2) 0.25 0.9935(5) 0.0095(1) 1
Ta 4b 0.5 0 0 0.0059(1) 1
O1/N1 4c 0.4800(2) 0.25 0.0770(2) 0.0088(2) 0.6667/0.3333
O2/N2 8d 0.2920(2) 0.0403(1) 0.7091(2) 0.0084(1) 0.6667/0.3333
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Ta-O correlation remains poorly fit. These results confirm the selection of the average

structures for SrTaO2N and CaTaO2N and indicate the existence of local ordering.

It is noted there are sizable discrepancies in the magnitudes of the isotropic atomic

displacement parameters (Uisos) refined for specific atomic positions in the SrTaO2N

and CaTaO2N models resulting from Rietveld, intermediate PDF, and local PDF

fits. For example, the refined Uiso values for the Sr and O1/N1 positions in SrTaO2N

are approximately 50% smaller for the low-r range (1.5 to 6 Å) PDF fit, relative

to those for the intermediate PDF and Rietveld fits. Such observations are overall

consistent with an order/disorder motif in the local to long-range structure. However,

it is difficult to draw specific conclusions given the variation in trends observed across

atomic positions and refinement length scales, and especially given the relatively poor

quality of fit achieved in the CaTaO2N case.

To model the observed discrepancies between experimental PDFs and the fits

from long-range (average) model structures we next considered structural variations

resulting from specific octahedral tilting and CSRO patterns of nitrogen and oxygen

in the average parent lattices. In the case of SrTaO2N, modification of the I 4/mcm

parent structure resulted in sub-space groups with variation of cis N ordering (Ima2),

and sub-space groups with trans N ordering (I42m, I422, I4m, I4, and Ibam). In the

case of CaTaO2N, modification of the Pnma parent structure resulted in sub-space

groups with cis N ordering (including Pmn21, P212121, Pna21, and Pmc21), as well

as sub-space groups with trans N ordering (P21/c, P21/m). The model structures

explored are displayed in Figure 2.4 along with corresponding PDF fits. The best

resulting fits to the local structure are shown in Figure 2.4 (f) and (i), corresponding

to Rwp values of 9.17% and 7.78% for SrTaO2N and CaTaO2N, respectively. The fits

were obtained with the Ima2 model for SrTaO2N and Pmn21 model for CaTaO2N,

both exhibiting cis N ordering, matching the previously discussed experimental results

(for Sr) and theoretical predictions (for Sr and Ca) in the literature.

To understand the effect of various model parameters on calculated PDFs, we

completed sensitivity tests for cis, trans, and random site occupancy variants of
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Figure 2.4: Real space PDF refinement results for SrTaO2N sub-space groups with
trans N ordering ((a) I42m, (b) I422, (c) I4m, (d) I4, and (e) Ibam) and cis N
ordering (f) Ima2, with corresponding structures displayed beside them. Refinement
results for CaTaO2N, derived from the Pnma parent structure, include sub-space
group models with trans ordering ((g) P21c, (h) P21m), as well as sub-space groups
with cis N ordering (including (i) Pmn21 (j) P212121, (k) Pmc21, and (l) Pna21).
Green and mauve circles correspond to the experimental PDF data for SrTaO2N and
CaTaO2N, respectively. Model fits are shown as black lines through the data. The
difference curves are shown at the bottom of each panel and the fit quality values are
noted at the top right (The best results for SrTaO2N and CaTaO2N are (f) and (i),
respectively).
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CaTaO2N and SrTaO2N structures, included asSI Figure S2.3. We note there is

a weak real-space dependence on the various models when anion order is considered

alone. On the other hand, the PDF is strongly sensitive to local atomic features such

as octahedral tilting and Ta off-centering, which may possibly be related to specific

local/intermediate length-scale metal-anion bonding patterns, as found for the local

Ta off-centering towards N-N octahedral edges reported for BaTaO2N[172], and the

zig-zag chains found in other references.[281, 22, 12, 170, 169, 91, 58] Figure 2.4 shows

that lower symmetry models (with increased degrees of freedom) are needed to capture

the type of tilting and off-centering distortions present in SrTaO2N and CaTaO2N. SI

Table S2.3 summarizes the numbers of refined atomic coordinate parameters involved

in the local structure model fits of Figure 2.4. It is the increased degrees of freedom

which are principally responsible for improved local PDF fits (not the selection of cis

or trans variants). The local structure models highlight the need for accompanying

theoretical work to understand the relative importance of CSRO, octahedral tilting,

and Ta off-centering in the series.

2.3.3 Reverse Monte Carlo modeling, AIMD and DFT analy-

sis

RMC and AIMD analyses are experimental and theoretical ‘large-box’ modeling

approaches that can produce a statistical ensemble reconciling local and long-range

(average) structure configurations in disordered material systems. They are often

valuable in providing additional detail regarding the extent and/or length-scale of

local chemical ordering or local atomic displacements; thus being more representative

of atomic configurations in real materials. The first series of RMC refinements

were completed by fitting the Bragg diffraction data, PDF data, and normalized

structure factor data, allowing N and O atoms to swap freely, and applying global

BVS constraints. The modeling resulted in high fit quality, however, the models

featured a large percentage (≈ 65%) of Ta(O/N)6 octahedra without the exactly 2
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N and 4 O required for local charge balancing. This nonphysical anion order was

accompanied by large atomic displacements, and it was therefore determined the

models were inadequately constrained during refinement. Partial results and point

clouds for this series of models are presented in Figure S2.4.

The RMCProfile program does not allow local bond valence constraints and atom

site swapping to be applied simultaneously, thus it was found necessary to fix the ratio

of O/N to 4/2 for each Ta environment in further modeling. Alternate symmetry

elements are required in order to explore anion order within the unit cells or within

unit cell superlattices which would create conditions for additional Bragg scattering

peaks. Therefore, fitting to the Bragg profile was abandoned in subsequent RMC

analysis trials. RMC refinement trials conducted beginning with fixed anion sublattice

order again resulted in high fit quality, but featured nonphysically large variations in

the statistical distribution of atomic site positions. Partial results and point clouds

for this second series of models are presented in Figure S2.5 and S2.6. The starting

atomic configurations were therefore judged to be too regular to successfully model

the local to intermediate structure with RMC analysis. Overall, models with fixed cis

N order in each octahedron resulted in more ordered configurations than those with

fixed trans N order in each octahedron. For these reasons, and since the ‘small-box’

PDF models support local cis anion ordering, cis N ordered supercell models were

selected as final starting atomic configurations in the RMC analysis.

The final RMC refinement results based on identified 3D distribution of the -Ta-N-

Ta-N- cis-chains supercells are displayed in Figure S2.7, S2.8 and S2.9 for all ATaO2N

data. It can be seen that the experimental data and the RMC simulations agree well.

Atomic point clouds resulting from folding the final ‘large-box’ RMC configurations

into a single unit cell volume are illustrated alongside conventional unit cell depictions

in Figure 2.5 (a-c). Partial pair distribution functions g(r) resulting from RMC and

AIMD analysis are shown in Figure 2.6 (RMC (a, b, c, d), AIMD (e, f, g, h)), with

the results for the respective A cation types aligned. Several observations reveal a

number of important trends in the structural series. First, RMC and AIMD
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Figure 2.5: cis N ordered supercell structures (left) used in constructing RMC
simulations and resulting point clouds of RMC simulations (right) of (a) BaTaO2N,
orthogonal to {001} (b) SrTaO2N, orthogonal to {001} and (c) CaTaO2N, orthogonal
to {101}. The blue spheres represent Ta, the small orange spheres O, and the small
purple spheres N. Ba, Sr, and Ca atoms are shown as brown, green, and mauve
spheres, respectively.
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Figure 2.6: The ATaO2N (A=Ba, Sr, Ca) partial pair distribution functions (pPDF)
from RMCProfile (RMC) for (a) A-O, (b) A-N, (c) TaA-O, (d) TaA-N and radial
distribution functions (RDF) from AIMD simulations for (e) A-O, (f) A-N, (g)
TaA-O, and (h) TaA-N. The supercells used in RMC and AIMD feature cis N in
TaO4N2 octahedra with ‘90-deg’ configuration at axial N as proposed by Hinuma[79].
BaTaO2N, SrTaO2N, and CaTaO2N correlations are depicted in each panel in darkest
(Ba) to lightest (Ca) hues, respectively).
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indicate that A-O (Figure 2.6 (a, e)) and A-N (Figure 2.6 (b, f)) distributions become

shorter and broaden as A cation size (and perovskite tolerance factor) decreases. This

is entirely consistent with the increasing degrees of octahedral tilting found traversing

the series. This is manifest in the small and nearly spherical atomic point clouds for

Ba in Figure 2.5 (a), the larger but mostly spherical point clouds for Sr in Figure

2.5 (b), and the widely distributed displacements in CaTaO2N preferring directions

orthogonal to {101} in Figure 2.5 (c). The agreement between RMC and AIMD

models shown in this work strongly supports that the displacement of A-O (A=Ba,

Sr, Ca) driven by radius/tolerance effects is characteristic of this compositional series.

The case is a little more interesting when it comes to Ta-O/N distributions. At

first glance, the bonding within TaO4N2 octahedra appear strikingly similar across

the A cation series. It can be seen that RMC analysis shows a distinct shorter Ta-N

correlation than Ta-O correlation in BaTaO2N. This is again found to agree with

AIMD. Indeed, upon close inspection, Figure 2.5 (a) reveals Ta displacing towards

N-N edges in TaO4N2 octahedra, in keeping with the previously reported Pbmm local

structure model.[172]. This asymmetric TaO4N2 octahedra across the series provides

a means for point-charge dipole formation and potential electronic domain fields.

The off-centering of Ta in BaTaO2N relieves the strain field through cooperative

displacements tied to observed cis N-N CSRO, while for CaTaO2N, the strain is

primarily relieved by octahedral tilting, accompanied by an apparently large degree

of positional site disorder. The distortions lead to less cooperative (shorter length-

scale) dipole correlations and thus a dielectric constant that is approximately two

orders of magnitude lower and a bulk electronic conductivity that is approximately

three orders of magnitude lower than those of BaTaO2N (SI Figure S2.1). It appears

that the nature of local order in SrTaO2N lies somewhere in between, in keeping with

the observed electronic property trends across the series.

AIMD also indicates that the Ta-O and Ta-N nearest neighbor correlations in

SrTaO2N and CaTaO2N are distinct, with shorter Ta-N than Ta-O bonds (as one

may expect according to the increased bond order of Ta-N). On the other hand, RMC
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analysis of Sr and Ca compounds indicate similar average bond length distributions

for Ta-N and Ta-O. It is not possible to distinguish with these results alone if this

is a model/method limitation, or if this reflects true atomic structure. Regardless,

the overall results indicate a propensity for local cis N order in all compounds, and

increasing octahedral tilting and positional disorder as A cation size decreases.

It is advantageous to study these short range structures computationally as

calculations can predict which configurations are energetically favorable and provide

evidence of mixed phases or nanoscale domains based upon similar energies of

competing structures. Various trans N and cis N ordered structures explored via

DFT are depicted in Figure 2.7 (a) and (b), respectively. Briefly, the cis and trans

variants of the models in each column (left to right) are constructed to be metrically

identical. The cis N ordered models of Pbmm, Ima2 and Pmn21 correspond to

the structures describing the best local fit for BaTaO2N, SrTaO2N and CaTaO2N,

respectively (naturally corresponding to increasing degrees of freedom for octahedral

tilting across the series). An additional cis ordered Pbmm_Tafix model is included

that is metrically identical to the Pbmm model, but fixes the location of the Ta

atom to the center of the TaO4N2 octahedra (denoted with the subscript ‘fix’). The

trans models of P4/mmm_Ofix, P4mm and Pnma are derived from the same lattice

structures, with nitrogen positions transferred from cis ordering to trans ordering.

A model with Ta fixed at the center of the TaO4N2 octahedra is also included here,

labeled as P4/mmm. The electronic total and partial density of state (DOS and

PDOS) and corresponding band gaps of BaTaO2N, SrTaO2N and CaTaO2N (cis and

trans) are shown in Figure S2.10 and Table S2.4. The PDOS of all three compounds

exhibit similar features with increasing band gap (‘band gap’ refers to the energy

difference between the upper part of the valence band (Fermi level) and the bottom

of the conduction band), corresponding to the observed lower electrical conductivity

and change in color as cation size is decreased across the series (the BaTaO2N powder

is red-brown, the SrTaO2N powder is orange-red, and the CaTaO2N powder is yellow).

The top of the valence band (below Fermi level = 0 eV) is mainly composed of N-2p
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Figure 2.7: (a,b) Illustration of the cis and trans N ordered configurations of
ATaO2N (M=Ba, Sr, Ca) examined with DFT analysis. P4/mmm and Pbmm_Tafix
models entail metrically cubic symmetry (equivalent to Pm3̄m lattice, with cis and
trans sublattice order lowering the symmetry, respectively). For the energetics of
the cubic P4/mmm and Pbmm_Tafix structures, only the structure volume and
shape were allowed to relax (atomic positions were fixed). In the P4mm_Ofix and
Pbmm variants, anion positions are fixed, but Ta is allowed to displace, according
to the P4mm and Pbmm lattice symmetry. (c,d) Relative energies for relaxed cis
and trans configurations of BaTaO2N, SrTaO2N and CaTaO2N with corresponding
ordered phase indicated. The calculated energy level is shown relative to the energy
of the P4/mmm structure, which has the highest energy.
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and O-2p orbitals. The cis N ordered structures exhibit comparatively flat peaks,

indicating greater energy stability relative to trans N ordered counterparts. The

relative energies of cis and trans configurations of BaTaO2N, SrTaO2N and CaTaO2N

with different ordering schemes and lattice symmetries are shown in Figure 2.7(c)

and 2.7(d). Here, the highest resulting energy, that of the P4/mmm structure, is

set as a baseline from which to compare relative sources of energy minimization.

Closer inspection of the final energy differences from DFT simulations reveal a strong

preference for cis ordering (greater energy minimization) for all three compounds.

Within Figure 2.7 (c) and (d) the bars from top to bottom in each group correspond to

the relative energy minimization attained by introducing lower symmetry (additional

free parameters) for each compound.

In Figure 2.7 (d), the energy gain of all three compounds compared to the

Pbmm_Tafix model stems primarily from Ta cation displacement, which introduces

octahedral distortion due to short Ta-N and long Ta-O bonds, in agreement with

the AIMD results and the RMC results for BaTaO2N. In the case of BaTaO2N, the

Pbmm model is the most favored, in agreement with our previous local structure

work,[172] suggesting oxygen/nitrogen octahedral tilting does not provide additional

stability to the structure. In contrast, SrTaO2N and CaTaO2N gain stability

when the symmetry is lowered from Pbmm to Ima2 and Pmn21, corresponding

to increasing degrees of O/N octahedral tilting, especially in the CaTaO2N system

(further DFT analysis comparing the impact of tilting modifications on distinct cis

configurations in CaTaO2N are provided in SI Figure S2.11). This result is consistent

with the analysis of PDF data in Figure 2.6 RMC (a, b) and AIMD (e, f) where

the partial PDFs of A-O/N are significantly broadened traversing the A cation

series. Crystalline solids maximize phase stability through structural relaxation.

Particularly, the equilibrium structure of ATaO2N is decided by the interplay between

the geometric preferences of the octahedral framework and the A cation, usually in

such a way that the Ta(O, N)6 octahedra tolerate the distorted environment imposed

by the A cation. In BaTaO2N, the larger-than-ideal Ba2+ maintains a cubic lattice
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symmetry,[184] where the Ta(O, N)6 are expanded to accommodate the large cation

size. However, in CaTaO2N, the smaller Ca2+ incurs octahedral tilting towards the

optimum coordination environment. Noteworthy from the above DFT examination is

that these distinct octahedral relaxations can lead to dissimilar energetics around the

ground state. The lowest-level configuration of CaTaO2N is well separated from the

others (Figure 2.7 (d)), which is not the case for BaTaO2N or SrTaO2N. Certainly,

the presence of a deeper energy minimum can provide a substantial inhibiting factor

in the formation of atomic displacements and lattice polarization.

2.4 Conclusion

The local anion ordering and atomic distortions of tantalum oxynitride perovskites

were investigated by combined neutron total scattering and computational analysis

methods. It was found that cis N ordering models were favored over trans N ordering

models in ATaO2N (A=Ba, Sr, Ca); we have confirmed this for the first time in

CaTaO2N by neutron PDF modeling. In BaTaO2N, Ta displacements significantly

stabilize structures, and TaO4N2 tilting is minor. SrTaO2N was found to also be

stabilized by Ta displacements; however, octahedral tilting played a more prominent

role. In CaTaO2N calculations, structures were found to be dramatically stabilized

by octahedral tilting. In general, it was observed that in systems with significant

octahedral tilting, cis N ordering and associated Ta displacements had minimal effect

on the overall energy. It appears these effects cooperate to stabilize local point-

charge dipole correlations among TaO4N2 octahedra in BaTaO2N, while this driving

force is diminished progressively in the Sr and Ca cases. These results suggest that

anion sublattice order as a materials design parameter may have a bigger impact on

local dipoles and dipole ordering in perovskite systems with high tolerance factors

(those with larger A-to-B site radius ratios). This work highlights the benefit of

consistently employing combined theoretical and experimental approaches across a
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materials family, providing insight into the roles various structural and chemical

parameters play in directing structure-property trends.
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Chapter 3

Local Cation Order and

Ferrimagnetism in Compositionally

Complex Spinel Ferrites

In this chapter, the exploration of a family of compositionally complex cubic spinel

ferrites featuring combinations of Mg, Fe, Co, Ni, Cu, Mn, and Zn cations is presented.

These materials are introduced as HEO spinel ferrites in Chapter 1, Section 1.1.2.

Herein, the average and local atomic structure, chemical short-range order, magnetic

spin configurations, and magnetic properties of the compounds are systematically

investigated. All compositions result in ferrimagnetic average structures with

extremely similar local bonding environments, however, the samples display varying

degrees of cation inversion and therefore differing apparent bulk magnetization.

Additionally, first-order reversal curve (FORC) analysis of the magnetic reversal

behavior indicates varying degrees of magnetic ordering and interactions, potentially

including local frustration. Reverse Monte Carlo (RMC) modeling of the spin

orientation demonstrates a relationship between the degree of cation inversion and the

spin collinearity. Collectively, these observations correlate with differences in synthesis

procedures. This work provides a framework for understanding magnetic behavior
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reported for “high-entropy spinels,” revealing many are likely compositionally complex

oxides (CCOs) with differing degrees of chemical short-range order– not meeting the

community established criteria for high or medium entropy compounds. Moreover,

this work highlights the importance of reporting complete sample processing histories

and investigating local to long-range atomic arrangements when evaluating potential

entropic mixing effects and assumed property correlations in high entropy and related

materials.

Chapter 3– Local Cation Order and Ferrimagnetism in Compositionally Complex

Spinel Ferrites– is reproduced from APL Materials 2022, 10, 121102, with the

permission of AIP Publishing: DOI: 10.1063/5.0123728 [246]. The authors of the

work are Xin Wang, Brianna L. Musicó, Corisa Kons, Peter C. Metz, Veerle Keppens,

Dustin A. Gilbert, Yuanpeng Zhang, and Katharine Page.

3.1 Introduction

High entropy oxides (HEOs) are being increasingly reported in various oxide crystal

structures, including in the perovskite, fluorite, spinel and pyrochlore structure motifs

[88, 254, 255, 233, 224, 199, 118, 292, 127, 158, 171, 6, 221, 267, 193, 195, 6, 57, 149].

HEOs are generally described as single phase solid solution systems exhibiting five

or more homogeneously distributed cations in equimolar or near-equimolar ratios

on a single crystallographic site. When a positive entropy of formation (∆Sf )

overcomes a positive enthalpy of formation (∆Hf ), the Gibbs free energy of formation

(∆Gf = ∆Hf−T∆Sf ) will be negative, making the system an entropy stabilized oxide

(ESO). The ESO, a five component oxide (Mg0.2Ni0.2Co0.2Cu0.2Zn0.2)O, exhibiting a

single rock salt phase, was first introduced by Rost et al. in 2015 [189]. HEOs/ESOs

draw interest due to inherent opportunities to tailor and combine materials properties.

The extent to which their enhanced compositional and configurational complexity

impart additional stability, synergistic effects, and emergent/tunable properties to

HEO archetypes is an active area of exploration. The magnetic properties of HEOs
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represent one of the fastest growing research directions in this scientific community.

From the perspective of magnetic behavior, the complexity of the local and long-range

nuclear and spin structures found in HEOs gives rise to an unusually large number

of metal-oxygen-metal interactions[198]. The inherent variation in coordination

geometry, valence state, spin state, number of cations and metal cation type each

HEO lattice can accommodate presents a rich pallet for exploring the tunability of

the structure-property effects in the class. However, relatively few compositions have

been studied in detail[198], no doubt due in part to the complex cation and spin order

likely to be present.

Spinels crystallizing in cubic space group Fd3̄m, with nominal formula AB2O4,

feature a close-packed oxygen substructure with two thirds of cations occupying oc-

tahedral interstices and one third occupying tetrahedral ones. The spinel compounds

in this work involve A and B cations in the cation charge state combination of

+2 and +3 (charge-balanced spinel oxide families with +2 and +1, and +6 and

+1 cation combinations are also known to exist). Spinels are typically classified

according to which cations occupy the respective coordination environments, with a

degree of inversion, γ, denoting the fraction of A ions occupying the octahedral sites,

[A1−γBγ]tet[AγB2−γ]octO4. In the “normal” spinel structure (γ = 0, [A]tet[B2]octO4),

B3+ fully occupies the spinel octahedral site, while A2+ fully occupies the tetrahedral

site. In the “inverse” spinel structure (γ = 1, [B]tet[AB]octO4), half of the B3+

cations fully occupy the tetrahedral site, leaving an equal amount of A2+ and B3+

atoms occupying the octahedral site. In a “random” spinel structure (γ = 2/3,

[A1/3B2/3]tet[A2/3B4/3]octO4), A2+ and B3+ atoms take up residence on both sites

according to their overall molar ratio, with 1/3 and 2/3 distribution, respectively.

Arbitrary intermediate states between the normal and inverse spinels are possible (γ

value between 0 and 1). Figure 3.1 provides a depiction of high entropy spinel AB2O4
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Figure 3.1: Schematic view of (a) the inverse spinel unit cell with blue tetrahedra
(A-sites) and orange octahedra (B-sites). Cations on the octahedral site are drawn
half blue and half orange to represent site mixing. Oxygen atoms sitting on polyhedral
vertices are omitted for clarity. (b) The [0 0 1] projection of the cation substructure in
the unit cell (black square) overlaid with the unit cell of the magnetic structure (blue
frame). (c) The room-temperature zero-field magnetic spin structure composed of
magnetic moments on the tetrahetral site (blue vectors pointing down) and octahedral
site (orange vectors pointing up).
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(with A = 5 equimolar cations and B = a single metal cation), shown for the case of

the inverse spinel ferrite structure. Specific (not random) cation site preferences of the

crystal chemistry in spinel oxides are well documented in the literature[163, 162], going

back to early reports[231, 67] linking cation site distribution and magnetic properties

in spinel ferrites. There has been ample research into the magnetic properties of

spinel AFe2O4 since. AFe2O4 (A = Fe2+[49, 10], Ni2+[20], Cu2+[200], Mg2+[18],

or Co2+[10, 203, 230]) spinels have a variety of important applications in magnetic

technologies[67, 219, 160]. They all have an inverse (either partially or completely)

spinel structure. Previous works have shown that, in spinel ferrites, Zn2+ prefers to

occupy the tetrahedral site while Mg2+, Mn2+, Mn3+, Fe2+, Fe3+, Ni2+, Cu2+, and

Co2+ tend to occupy the octahedral site in spinel ferrites[67]. It remains to be seen

whether high entropy spinels will follow the trends in site preference observed among

the ternary spinel ferrite systems, or if the potential for increased configurational

entropy will lead to more random cation distributions.

High entropy spinels have been synthesized by solid state[47, 157, 69, 236,

33, 126, 144, 145, 217, 53, 123, 232, 296, 29, 27, 135], co-precipitation[183, 204],

solution combustion synthesis (SCS)[139, 37, 140, 141, 269, 306, 152, 268], sol-gel

method[173, 238], solvothermal synthesis[237], reverse co-precipitation[227], flame

spray pyrolysis[178], hydrothermal method[165], polymerized complex method[80]

and glycine-combustion method[38] among other techniques. Examples of reported

high-entropy ferrite powders are summarized in Table 3.1.

Research into the magnetic properties and cation site ordering among high entropy

spinels is still in its infancy. There is one recent report[197] demonstrating that

the site ordering (Co0.6Fe0.4)(Cr0.3Fe0.1Mn0.3Ni0.3)2O4 in A3O4 spinel is governed by

maximization of the crystal field stabilization energy (CFSE) of the constituent

ions through site selectivity rather than by maximization of the configurational

entropy (Sconfig) through random and homogenous cation disorder[197]. It is not

known whether this generalizes to other high entropy spinel compositions, including

compositional variations of the technologically important spinel ferrite (AFe2O4).
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Table 3.1: A summary of powder sample high entropy spinel ferrite compositions
appearing in the literature, including year reported (Year), chemical composition
(Chem.), magnetic ground state (GS) (where FIM denotes ferrimagnetic), and the
reference (Ref.).

Year Chem. GS Ref.
Solid State Method + Sintering
2019 (Mg0.2M0.2Co0.2Ni0.2Cu0.2)Fe2O4, M=Zn,Mn,Fe FIM [157]
2019 (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Fe2O4 FIM [157]
2020 (Co0.2Mn0.2Ni0.2Fe0.2Zn0.2)Fe2O4 (no sintering) N/A [296]
2022 (Mg0.2Fe0.2Co0.2Ni0.2M0.2)Fe2O4, M=Mn,Cu,Zn FIM [135]
Co-Precipitation + Annealing
2019 (Zn0.2Mg0.2Ni0.2Fe0.2Cd0.2)Fe2O4 N/A [183]
Sol-Gel Method
2020 (Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)Fe2O4 FIM [173]
Solution Combustion Synthesis (SCS)
2021 (MnNiCuZn)1−xCoxFe2O4 (x=0.05,0.1,0.2,0.3) FIM [152]
Glycine-Combustion Method
2022 (M0.2Zn0.2Co0.2Ni0.2Cu0.2)Fe2O4, M=Mn,Fe N/A [38]
2022 (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Fe2O4 N/A [38]
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The magnetic properties of spinel ferrites are highly sensitive to the distribution of

cations (the degree of inversion, γ) across the tetrahedral and octahedral sublattices

[67, 194]. For example, this phenomena has been well explored by mixing of Zn-

ferrite (a normal spinel) with Co-ferrite (an inverse spinel), resulting in non-magnetic

Zn2+ swapping for magnetic Fe3+ on octahedral sites and increasing the overall

magnetization[25, 110]. Similar effects may arise in compositionally complex spinel

samples, potentially with greater sublattice disorder and/or expanded substitution

limits for specific cations. Research into the magnetic properties and cation site

ordering among high entropy spinels is still in its infancy. There is one recent

report[197] demonstrating that the site ordering (Co0.6Fe0.4)(Cr0.3Fe0.1Mn0.3Ni0.3)2O4

in A3O4 spinel is governed by maximization of the crystal field stabilization energy

(CFSE) of the constituent ions through site selectivity rather than by maximization

of the configurational entropy (Sconfig) through random and homogenous cation

disorder[197]. It is not known whether this generalizes to other high entropy spinel

compositions, including compositional variations of the technologically important

spinel ferrite (AFe2O4). The magnetic properties of spinel ferrites are highly sensitive

to the distribution of cations (the degree of inversion, γ) across the tetrahedral and

octahedral sublattices [67, 194]. For example, this phenomena has been well explored

by mixing of Zn-ferrite (a normal spinel) with Co-ferrite (an inverse spinel), resulting

in non-magnetic Zn2+ swapping for magnetic Fe3+ on octahedral sites and increasing

the overall magnetization[25, 110]. Similar effects may arise in compositionally

complex spinel samples, potentially with greater sublattice disorder and/or expanded

substitution limits for specific cations.

In 2019, Musicó et al. [157] reported on the magnetic properties and trends

amongst a series of high entropy spinel ferrites (compositions AFe2O4) and chromates

(compositions ACr2O4). All reported high entropy spinel ferrites were shown to be

room temperature ferrimagnets and like several other HEO magnetic phases, were

reported to generally follow trends found in the majority of the simpler ternary

systems involving groups of the constituent cations. For example, the high entropy
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system including Zn and Mg (the two non-magnetic cations) had the largest magnetic

moment and lowest Néel temperature (TN) relative to other high entropy spinels.

On the other hand, several other HEO ferrites ((Mg0.2Fe0.2Co0.2Ni0.2Cu0.2)Fe2O4 and

(Mg0.2Mn0.2Co0.2Ni0.2Cu0.2)Fe2O4) were noted to show peculiar magnetic behavior.

For example, the low temperature field warming magnetization dips below the field

cooling magnetization and for intermediate temperatures indicates an increase in

magnetization as temperature is raised. A possible explanation for this peculiar

thermal hysteresis is the antiferromagnetic coupling between neighboring elemental

components in the cation sublattice. This leads to a key question of whether the

reported high entropy spinels contain cation short-range order and small locally

ordered magnetic clusters or chemically homogeneous distributions with more dilute

clusters, and whether the substructures can be tuned.

The extent to which high entropy spinels will exhibit cation distributions different

from bulk ternary spinels that influence their properties remains to be determined. In

this work, we explore the influence of local cation ordering upon magnetic properties

in a family of AFe2O4 high entropy spinels using magnetometry, neutron powder

diffraction, neutron atomic pair distribution function (PDF) studies, and reverse

Monte Carlo modeling of spin correlations. We draw several connections between

observed magnetic properties, the average and local atomic and magnetic structures,

and the influence of material processing history in the series.

3.2 Methods

3.2.1 Materials synthesis

In this work, the four phase-pure spinel ferrites originally reported by Musicó et

al.[157] were synthesized by solid state reaction using identical starting materials and

processing conditions. We have elected to use the same naming convention as in the

original work, with samples labelled F1, F3, F4, and F5, as noted in Table 3.2.
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Table 3.2: High entropy spinels in this study, with firing temperatures and number
of hours noted. Sample names correspond with those reported by Musicó et al.[157].

Name Composition Heat treatment
No.1 No.2

F1 (Mg0.2Fe0.2Co0.2Ni0.2Cu0.2)Fe2O4 1250◦C, 10h 1250◦C, 10h
F3 (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)Fe2O4 1250◦C, 10h 1250◦C, 10h
F4 (Mg0.2Mn0.2Co0.2Ni0.2Cu0.2)Fe2O4 950◦C, 10h 1250◦C, 10h
F5 (Mn0.2Fe0.2Co0.2Ni0.2Cu0.2)Fe2O4 950◦C, 10h 1250◦C, 10h
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Briefly, all the samples were prepared in 5-gram batches using mixtures of stoichio-

metric proportions of dried precursor oxide powders (MgO, NiO, CoO, CuO, ZnO,

MnO2, and Fe2O3). The mixtures were ball milled, pressed into pellets, and heat

treated according to the details in Table 3.2. Mixtures for samples F1 and F3 were

initially heated at 1250◦C for 10 hours. Samples F4 and F5 (both containing Mn) were

obtained by first heating the mixed powder at 950◦C in order to convert the MnO2

precursor to Mn3O4. After the first heating step, all samples were ground, repressed,

and sintered a second time at 1250◦C for 10 hours. The heat treatment protocols are

the same used for the compositions reported in Musicó et al.[157], though the heat

treatment temperatures and times were not included in the original work.

3.2.2 Magnetic measurement

Magnetometry measurements were performed using a vibrating sample magnetometer

(VSM) as part of a Quantum Design PPMS DynaCool system. Temperature-

dependent magnetometry (M vs T) was performed using field cooled (FC) and

zero field cooling (ZFC) methods. For each sample, a ZFC measurement was first

performed by cooling the powder sample to 2 K in the absence of a magnetic field,

then applying a 10 mT field and measuring the magnetic moment as the temperature

was increased from 2 K to 400 K. After the ZFC measurement, the applied field was

kept at 10 mT while measuring the magnetization as the temperature was reduced

from 400 K to 2 K for the FC curve. Magnetic hysteresis (MH) loops between ± 2

T were also measured at temperatures ranging from 2 K and in 25 K steps up to 400

K. All measurements have been normalized to the sample mass.

First order reversal curve (FORC) measurements were performed to evaluate the

distribution of magnetic phases and interactions within the samples[179, 187, 63].

Following previously published procedures, FORC measurements were performed by

first positively saturating the sample, then reducing the magnetic field to a reversal

field (HR). Next, the magnetization is measured as the applied field (H) is increased
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from HR back to positive saturation. This sequence was repeated at HR between

the positive and negative saturation. The FORC distribution (ρ) is calculated by

applying a mixed second order derivative to the dataset:

ρ(H,HR) =
−1

2MS

∂2M(H,HR)

∂H∂HR

(3.1)

where MS is the saturation magnetization of the sample. FORC measurements were

completed at 2 K and 300 K for each sample. While H and HR separately probe up

and down-switching events, respectively, FORC distributions are commonly presented

with a change of coordinates from (H, HR) to:

HC =
H −HR

2
, and HB =

H +HR

2
(3.2)

where HC and HB represent the local coercive and bias (interaction) fields, respec-

tively. As all samples show features prominent along axes in both coordinate systems,

FORC distributions are presented in (H, HR) while also indicating the (HC , HB)

axes. The FORC distributions also include significant reversible components, which

are captured using a constant extension mechanism[62].

3.2.3 Neutron total scattering

Time of flight (TOF) neutron powder diffraction (NPD) data was collected at 300

K on the Nanoscale Ordered Materials Diffractometer (NOMAD) at the Spallation

Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL)[164]. For each

sample, approximately 0.3 g of powder was loaded into a 3 mm diameter quartz

capillary, placed in a temperature controlled Ar cryostream, and data was collected

for 1 h. Data reduction was completed with the Advanced Diffraction Environment

(ADDIE) suite[150]. The instrument background and sample container contributions

were subtracted, data were corrected for detector deadtime, absorption, and multiple

scattering effects, and were normalized by the incident flux and total sample scattering
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cross section. The maximum value of Q vector used for generation of the PDF was

40Å−1. The coherent neutron scattering lengths vary considerably among the cations

in the sample series, with (in order from smallest to largest) bMn= -3.73 fm, bCo=

2.49 fm, bCr = 3.635 fm, bMg= 5.375 fm, bZn= 5.68 fm, bCu=7.718 fm, bFe = 9.45 fm,

and bNi= 10.3 fm. The neutron scattering length of oxygen is bO= 5.803 fm.

The experimental diffraction data (31◦ 2θ detector bank) were analyzed with

the Rietveld method as embodied in the TOPAS-V7[36] program. Analysis was

completed for each dataset fixing the cation site occupancy according to a normal

([A]tet[Fe2]octO4), an inverse ([Fe]tet[A,Fe]octO4) (Shown in Figure 3.1(a)), and a

random ([A1/3Fe2/3]tet[A2/3Fe4/3]octO4) spinel structure model (Fd3̄m). In all fits,

the magnetic scattering was modelled using a magnetic structure model with an

I41/am′d′ structure featuring one constrained magnetic moment for all tetrahedral

sites and one constrained magnetic moment oriented in opposite direction for all

octahedral sites (shown in Figure 3.1(c)). Background parameters, scale factors,

cubic lattice parameters anuc, isotropic atomic displacement parameters (ADPs) (one

for oxygen atoms, one for all cations on the tetrahedral site, and one for all atoms

on the octahedral site), instrument profile parameters, and the oxygen atom position

(u) were refined for the nuclear structure models. For the refinement of magnetic

structure, the isotropic ADPs were constrained to be equivalent to those in the nuclear

structure, while the lattice parameters amag=bmag were constrained to equal
√
2anuc/2

and the lattice parameter cmag was constrained to equal anuc (according to geometry,

Figure 3.1(b)). The scale factor of the magnetic phase was constrained to one half

that of the nuclear phase (since Vmag/Vnuc=1/2). Magnetic moments were refined

along the z direction for the magnetic elements sitting on the respective tetrahedral

and octahedral sites (constrained as one unique value per lattice site).

PDF refinements and model simulations were completed using normal, inverse

spinel and the random solution models in the PDFgui[50] program, and included a

scale factor, lattice parameters, quadratic peak sharpening parameters for correlated

atomic motion, and isotropic ADPs. Instrument parameters for real-space dampening
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and broadening were fixed to values determined through refinement of a silicon

crystalline standard reference material.

3.2.4 Reverse Monte Carlo modeling

RMC modeling involving both total scattering and Bragg data was conducted using

the RMCProfile package [226]. Fits for both neutron F (Q) and neutron Bragg data

were completed. F (Q) is defined by

F (Q) = (
n∑

i=1

cib̄i)
2 (S(Q)− 1) , (3.3)

where Q = k − k′ is the scattering vector of length 4πsinθ/λ for a neutron of

wavelength λ scattered at an angle 2θ, and k and k’ are the initial and final

wavevectors of the scattered neutron, respectively. S(Q) is the normalized total-

scattering structure factor. b̄i is the coherent bound neutron scattering length of

species i, averaged over the different isotopes and nuclear spin states of i. ci is the

portion of species i in the material[97]. A 10×10×10 supercell was first built, based

on the unit cell model obtained via Rietveld refinement for each sample. The supercell

structural configuration was then optimized in a data-driven manner, following the

Metropolis approach. Two sets of RMC modeling was completed for each sample,

assuming either inverse or random site occupancy (the normal model was excluded

because of the poor agreement demonstrated by Rietveld refinements). No atomic

position swapping was allowed between tetrahedral and octahedral sites. In the

original report by Musicó et al., multiple valence states for Fe and Mn were detected

among high entropy spinels via X-ray absorption spectroscopy. Thus, RMC trials

were performed for several samples assuming various valence states for Fe and Mn

atoms (since valence determines the magnetic form factors assigned). Here, it should

be pointed out that the magnetic moment vectors in RMC configurations are unit

vectors with magnetic moment magnitude specified (fixed) according to each cation
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involved. The bond valence sum (BVS) constraint in RMC fitting is implemented in

such a way that it effectively constrains the net valence of the whole system to be

0. The findings discussed in this report were found to be independent of the valence

settings in RMCProfile. The final configurations were initiated assuming a +2 valence

state for all A cations in the AFe2O4 compositional series, and a +3 valence state for

the remaining two Fe cations.

Neutron total scattering structure factor data, F(Q), and Bragg data were used

for RMC modeling, since the calculation for magnetic diffuse scattering is performed

only in Q-space in RMCProfile. For the inclusion of Bragg data in RMC modeling,

peak profiles and background were extracted from Topas refinement and tabulated

for RMCProfile to read in – hence the RMC engine only calculates peak intensities.

In addition to the experimental data, a minimum distance for each single pair of

atoms and an overall bond valence sum were added as model constraints. Given

multiple constraints exerted upon the structural model, an automatic weight assigning

scheme[294] was used.

A kernel density estimation (KDE) and the Henze-Zirkler (HZ) statistic were

utilized to interpret variation in the distribution of atom sites and magnetic spin

correlations resulting from RMC model fits to neutron total scattering data. KDE

is a commonly used method for estimating the underlying probability distribution

function in a collection of data points with a non-parameterized approach. Here,

the standard normal function is used as the kernel and in practice that means one

would have a standard normal distribution function with the center at each of the

data points. The overall distribution function is then composed of all those kernels,

while being normalized to give the overall distribution probability of 1. The HZ

parameter[77, 51, 52, 225] is a parameter characterizing the normality of a distribution

and the closer its value gets to 1, the closer that underlying distribution is to a

Gaussian distribution. The following equation defines the HZ parameter:
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HZ = [
1

n

n∑
i=1

n∑
j=1

e−
β2

2 Dij]− [2(1 + β2)−
d
2

n∑
i=1

e
− β2

2(1+β2)
Di ] + [n(1 + 2β2)−

d
2 ], (3.4)

where Di is the squared Mahalanobis distance of the ith observation to the centroid

and Dij gives the squared Mahalanobis distance between ith and jth observations:

Di = (−→x i −
−→̄
x )TS−1(−→x i −

−→̄
x ), (3.5)

Dij = (−→x i −−→x j)
TS−1(−→x i −−→x j), (3.6)

β is given by

β =
1√
2
(
n(2d+ 1)

4
)

1
d+4 , (3.7)

which includes the particle sample size np and sample dimensions d.

3.3 Results and Discussion

3.3.1 Entropy, energy, and predicted site preference

The cation distribution in high entropy spinels will be impacted by a number of

thermodynamic and crystal-chemical factors. The CFSE of the oxygen ligand field

and the Sconfig resulting from the number of participating cations are two important

factors. The electron configuration energy difference between the ligand field and

isotropic field is defined as CFSE,

CFSE = ∆E = Eligand field − Eisotropic field. (3.8)
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The CFSE can be straightforwardly calculated for each participating cation assuming

a specific charge state and either an octahedral or tetrahedral geometry, and the net

CFSE can be compared for specific distributions of cations to evaluate potential site

preferences.

The CFSE for the four compositions in the AFe2O4 series are shown in Figure 3.2

(a), assuming a +2 valence state for all five cations on the A-site, and a +3 valence

state for the remaining two Fe cations. Regardless of the oxidation state used in

calculations, the CFSE of the inverse structure model is the lowest among the model

spinel structures while the CFSE of the normal structure model is the highest.

The entropy contribution made by the compositional mixture on the tetrahedral

and octahedral lattice sites will differ for normal, inverse, and random spinels. The

ideal Sconfig per cation for HEOs with multiple cations occupying different sublattice

sites can be calculated[197] by

Sconfig

cation
= −R

∑x
x=1 a

x
∑N

N=1(f
x
i lnf

x
i )

cation
, (3.9)

where R is the universal gas constant, ax is the number of sites on the x sublattice,

fx
i is the fraction of elemental species occupied on the respective sublattice, and N

is the number of elements in a given sublattice. For example, for the normal spinel

AFe2O4, Eqn. 3.9 can be evaluated as

Sconfig

cation
=

Sconfig

3
= −R

1 ∗ (5 ∗ 0.2ln0.2) + 2 ∗ 1ln1 + 4 ∗ 1ln1
3

≈ 0.54R. (3.10)

As shown in Figure 3.2(b) the random spinel offers the highest entropy contribu-

tion, regardless of the number N of cations on the A sublattice site of AFe2O4 (from 1

to 8, with Fe not included), followed by the inverse and normal spinel configurations.

The Sconfig calculations for N from 1 to 8 with Fe from the B site included are

also completed in Figure S3.1. Since F3 and F4 do not have Fe on the A-site their

Sconfigs are larger than those of F1 and F5 when random and inverse spinel models
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Figure 3.2: (a) The CFSE calculations for F1 (□), F3 (⋆), F4 (×), and F5 (♢) with
normal spinel, random solution, and inverse spinel structure models assumed (with
a +2 valence state for all A cations in the AFe2O4 compositional series, and a +3
valence state for the remaining two Fe cations). (b) The calculated Sconfig of AFe2O4

high entropy spinels with the degree of inversion (γ) changing from 0 to 1 and the
assumption that there are N (from 1 to 8, Fe is not included) cations occupying the
A-site (the γ values 0, 2/3, and 1 were labeled according to the corresponding normal,
random solution, and inverse spinel structure configurations).
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are considered, respectively. It is worth noting that the Sconfigs for the compositions

in the series are all smaller than 1.5R, meaning the spinels do not meet the classic

definition of a high entropy oxide (or even medium entropy oxide). In thermodynamic

terms, these compositions are more accurately classified as compositionally complex

oxides (CCOs).

To summarize, the CFSE and Sconfig terms for AFe2O4 spinels provide competing

drivers for cation site selectivity, favoring inverse versus random cation configurations,

respectively. Observed cation distributions could very well be influenced by the

sample-specific processing procedures.

3.3.2 Magnetic measurements

Results of temperature- and field-dependent magnetometry for the samples in our

study are shown in Figure 3.3 and Figure 3.4 (a), respectively. For all of the

samples, the black, dashed ZFC curve shows a continuous increase with increasing

temperature, indicating the enhanced role of thermal fluctuations by reorienting the

magnetization with the magnetic field. Also, the ZFC curve is well separated from the

FC curve, with no apparent inflection, and the FC curve is smooth and persistently

non-zero, indicating the system does not have a blocking temperature and is not

superparamagnetic in this temperature range. This is consistent with the previous

work by Musicó et al.[157], which identified the Néel temperature (TN) of > 400K;

the Néel temperature of other spinel ferrites includes 858K for Fe3O4 and 725K for

CoFe2O4. These conclusions are also consistent with the MH loops, shown in Figure

3.4 (a), which show that every sample has a very small, but non-zero, coercivity (≈

2-5 mT) at 300 K.

The field-dependent magnetometry measurements of F1, F3, F4, and F5 samples

in this study are shown in Figure 3.4 (a), the measurements completed by Musicó

et al.[157] are reproduced in Figure 3.4 (b) for comparison. This comparison shows

significant differences in the MH loops, with the samples in this work having a nearly

65



0 200 400

1

2

3

4

5

6
M

as
s M

ag
ne

tiz
at

io
n 

(A
m

2 k
g

1 )

(a) F1

0 200 400

1

2

3

4

5

6

(b) F3

0 200 400

1

2

3

4

5

6

(c) F4
FC
ZFC
FCW

0 200 400

1

2

3

4

5

6

(d) F5

0 200 400

4.0
4.5

0 200 400
3.5
4.0

0 200 400
3.0
3.5

0 200 400

5.5
6.0

T (K)

Figure 3.3: The comparison of field-cooled (FC), zero-field-cooled (ZFC), and zero-
field-warming (FCW) for all ferrite samples measured from 2K to 400K with an
applied field of 10 mT: (a) F1, (b) F3, (c) F4, and (d) F5. The legend in (c) applies
to all subplots. The insets are displayed in order to emphasize the cross-over and
hysteresis in the FC and FCW curves.

Figure 3.4: The comparison of magnetic hysteresis loop data for ferrite compositions
(F1,F3,F4,F5) measured at 300K with a ± 0.5 T range for (a) materials in this paper,
measured with a 10 mT cooling; and (b) materials studied by Musicó et al., measured
with a 100 mT cooling. The legend in (b) applies to both subplots.
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constant (compositionally independent) magnetic saturation (MS) and an exceedingly

small coercivity in all of the samples. By comparison, the samples from Musicó et

al.[157] shows a variable MS between the different samples, with F3 being particularly

large, while the others are similar to the current work. Also the coercivity in Ref. [157]

is generally larger than the current work, especially F5. The two batches of samples

were synthesized in the same laboratory, by the same researcher, using the same batch

size, grinding and sintering procedure, and precursors from the same supplier. The

only known change in sample preparation involved a replaced heating element for the

furnace used. Additionally, the magnetometry measurements of samples prepared for

Musicó et al.[157] were completed soon after synthesis, whereas and mangetometry

measurements of samples prepared in the present work was completed two years

after synthesis. The observed difference in magnetic behavior among samples of the

same composition suggests a potential high sensitivity to synthesis and processing

conditions, and/or ageing, in high entropy spinels, and deserves further investigation.

For consistency, it is important to note that the MH loops in this work were field

cooled in 10 mT, while Ref. [157] uses 100 mT. This difference would manifest if

the system has an antiferromagnetic phase coupled to the ferromagnetic phase or

high anisotropy phase with a saturation field larger than the 2 T applied here. In

these cases, the hysteresis loop would be vertically and horizontally shifted in Figure

3.4 due to the exchange bias effect. The absence of these features suggests that the

cooling field is not responsible for the observed differences.

3.3.3 Distinct small magnetic clusters

The differences in the MH plots maybe the result of a strong sensitivity to local

compositional distributions and microstructure. This sensitivity would manifest in

the magnetic reversal behavior of the sample, which can be probed using the FORC

technique. The calculated FORC distributions are shown in Figure 3.5 at 2 K (a,c,e,g)

and 300 K (b, d, f, h) for all samples.
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Figure 3.5: The comparison of FORC measurements at 2 K and 300 K for sample
F1 (a,b), F3 (c.d), F4 (e,f), and F5 (g,h), respectively. The directions of HB and HC

are plotted for clarification and the scale bar indicates the rate at which the magnetic
reversal speed changes for different HR.
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The FORC distributions all show their primary feature aligned along the HB axis

with a small feature in the HC direction which is more prominent at low temperatures.

A small bump in the HR direction is also seen at 2 K but is absent at room

temperature. While these features are present for all of the samples, they vary in

intensity and prominence, with the attributes being lowest for sample F3.

The FORC distribution encodes a map of the switching events within a particular

hysteretic system. The bias-field axis identifies the shift from H = 0 of a particular set

of switching events. For a system without exchange bias, this shift can be attributed to

interactions within the sample. The FORC distribution shown here has a wide spread

in HB, indicating strong demagnetizing interactions, e.g. interactions which drive the

system away from a saturated configuration[63, 180]. These interactions can be the

result of dipolar coupling or exchange-motivated frustration. The presence of long-

range ferrimagnetic magnetic ordering without a blocking temperature, and with only

a very small coercivity, suggests the interactions are likely due to frustration. At low

temperatures, the protrusion along the HC axis suggests the intrinsic anisotropy has

increased compared to the room temperature measurements. The protrusion along the

H/HR axes indicate some of the sample reverses by a domain nucleation/propagation

mechanism[39]. The appearance of the domain reversal mechanism indicates that

large areas of the sample have become magnetically coupled and can support domain

growth through their boundaries. Complementary to this, the higher temperature

samples may consist of magnetic islands, or regions which are coupled by non-

magnetic or antiferromagnetic phases.

3.3.4 Average structure

The neutron diffraction patterns of all four samples appear visually similar (Figure

3.6 (a)) and can be indexed to a cubic spinel Fd3̄m structure model with corre-

sponding I41/a
′d′ ferrimagnetic ordering model, with no detected secondary phases.

Distinguishing cation order is challenging with Bragg diffraction data. The scattering
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Figure 3.6: (a) The comparison of neutron Bragg data (31◦ detector bank) from F1
(orange line), F3 (purple line), F4 (red line), and F5 (green line) samples. Several hkl
peaks featuring ferrimagnetic contributions are labeled. Best-fit Reitveld refinement
of (a) F1 data using inverse spinel and ferrimagnetic spin order model and (c) F4
data using random solution spinel and ferrimagnetic spin order model. In (b) and (c)
data are shown as black “x”s, fits are shown as solid orange lines, and difference curves
fall below the data and fits in black lines. The blue and green solid curves displayed
below the refinement results display the magnetic and nuclear contributions to the
fits, respectively.
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length of involved elements, the degree of cation inversion, and the magnetic order on

the cation sublattice may all contribute to observed variation in peak intensities.

As a demonstration, the calculated neutron diffraction patterns for nuclear and

magnetic scattering assuming inverse, random, and normal spinel structure models

with assumed ferrimagnetic spin order for each sample are shown in Figure S3.2.

It can be seen in Figure 3.6(a) that the nuclear Bragg peak intensities are higher

for F1 and F3 samples relative to F4 and F5 samples. The intensities of dominant

magnetic peaks (for example, the (331) and (111) reflections) appear similar for all

compositions.

Separate Rietveld refinements assuming normal, random, and inverse spinel

models were completed for each sample (Table S3.1 for F1, Table S3.2 for F3,

Table S3.3 for F4, Table S3.4 for F5), each incorporating the ferrimagnetic structure

shown in Figure 3.1 (c). A summary of Rietveld refinement results is presented

in Table 3.3. The Rietveld refinement results reveal distinct preference in cation

site ordering. For all samples, the normal spinel structure model resulted in poor

agreement and nonsensical magnetic moments. The combination of inverse spinel

and ferrimagnetic model fits the data better than those of random and normal spinel

models for F1 and F3 samples (the F1 result is shown in Figure 3.6(b)), while the

combination of random solution spinel and ferrimagnetic model fits the data better

than normal and inverse models for F4 and F5 samples (the F4 result is shown

in Figure 3.6(c)). The ferrimagnetic scattering contributes 100% to the hkl peak

(331), a large portion to the peaks (531), (222), (111), and some percentage to the

(422), (400), and (220) peaks. The intensity of peaks with combination contributions

from nuclear and magnetic structures are not precisely fit with either random or

inverse structure; the average structures may lie somewhere in between. Since the

nuclear Bragg peaks are overlapped with the magnetic Bragg peaks and there are

a high number of participating cations, Bragg diffraction data alone is not enough

to determine the detailed structure and cation site preferences of the high entropy

spinels.
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Table 3.3: Parameters for the best fitting model results among the normal, inverse
and random solution Fd3̄m spinel models applied for F1, F3, F4, and F5 Rietveld
refinements. The table includes the refined magnetic moment (M), lattice parameter
(a), oxygen position (u), isotropic atomic displacement parameters (Uiso) for the 8b,
16c, and 32e sites, and the resulting refinement goodness-of-fit, Rwp.

Sample F1 F3 F4 F5
Best Model Inverse Inverse Random Random
M(µB/Å) 0.406 0.215 1.162 0.532
a (Å) 8.3796(1) 8.3793(1) 8.3894(1) 8.3839(1)
u (frac.) 0.2440(0) 0.2438(0) 0.2433(0) 0.2436(0)
Uiso,8b (Å2) 0.0057(1) 0.0066(1) 0.0054(1) 0.0069(1)
Uiso,16c (Å2) 0.0040(1) 0.0035(1) 0.0047(1) 0.0069(1)
Uiso,32e (Å2) 0.0079(1) 0.0088(1) 0.0085(1) 0.0084(1)
Rwp 5.19 5.28 5.14 4.54
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3.3.5 Chemical short range order

A comparison of the neutron PDFs for the high entropy spinels is provided in Figure

3.7(a), displayed between 1.7Å and 10Å. All pair correlations have been numbered

and identified by category with a color key to aid discussion. First, it is immediately

apparent that the local atomic configurations of the high entropy spinels in the present

study are similar; in particular, the location and peak shapes of nearest-neighbour

and nex-nearest neighbor pair correlations are coincident across the four compositions.

This immediately rules out significant local distortion of specific A-site cations. Next,

there are specific sets of peaks in the data that vary systematically from sample to

sample at low r: the peaks highlighted by magenta (peak 1, 5, 9, 12, 15, 17), green

(peak 2, 6, 10, 13), red (peak 4), and pink (peak 8) dashed lines representing A-

O, Aoct-Aoct/O-O, O-O, and Aoct-Aoct/Atet-Atet/A-O correlations, respectively, are

matched in amplitude; the peaks highlighted by sky blue (peak 3, 11, 16) and orange

(peak 7, 14), representing Aoct-Atet/Atet-Atet/A-O and Aoct-Atet/Atet-O correlations,

respectively, differ in amplitude. Inspection reveals that samples F1 and F3 exhibit

similar and higher amplitudes of specific correlations relative to samples F4 and F5.

PDF data comparisons for every 10Å across the whole range (1.7-50 Å) are shown in

Figure S3.3.

Neutron PDF refinements in Figure 3.7 (b) and (c) show the effect of changing

the cation ordering model (inverse, normal, random configuration models) for F1 and

F4 samples, respectively. Fits for F3 and F5 are shown in Supporting Information

Figure S3.4, and provide similar results to F1 and F4, respectively. It is highly likely

the unfit residual is in part due to magnetic spin correlations that are unaccounted

for in the models[55, 54]. At present there are no PDF data refinement programs that

allow for shared site occupancy and magnetic PDF refinement, thus we have elected

to present the nuclear structure fits alone here and address magnetic spin correlations

separately. The 15th pair amplitude (an A-O correlation at approximately 8.75Å) is

shown to be sensitive to the degree of inversion in spinel ferrite models. Overall, for
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Figure 3.7: (a) The PDF data comparison of F1 (orange line), F3 (purple line), F4
(red line), F5 (green line). The 6 peaks (1, 5, 9, 12, 15, 17) highlighted with magenta
dashed lines correspond to A-O pairs. The 4 peaks (2, 6, 10, 13) indicated with green
dashed lines arise from Aoct-Aoct and O-O pair correlations. The 3 peaks (3, 11, 16)
contributed by Aoct-Atet,Atet-Atet and A-O are identified in sky blue dashed lines.
The peak (4) around 4 Å highlighted in a red dashed line corresponds to an O-O
correlation. The combination of Aoct-Atet and Atet-O pair correlations contribute the
2 peaks (7, 14) indicated by orange dashed lines. The peak (8) highlighted by a pink
dashed line arises from Aoct-Aoct,Atet-Atet and A-O pair correlations. A comparison of
the PDF refinements for (b) F1 sample data and (c) F4 sample data using different
structure models (random, inverse, and normal spinel ferrite models). PDF data
for F1 and F4 samples are shown in orange and red dots, respectively. The blue,
lemon green and sky blue solid curves present fits to the data completed with the
random solution spinel structure, inverse spinel structure and normal spinel structure
model, respectively. The fit difference curves displayed below the data and fits are
represented as black solid curves.
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F1 and F3, the random model and inverse model provide a very similar fit quality

and cannot be easily distinguished with PDF refinement. For sample F4 and F5, the

fit quality for a random model is superior to that for an inverse model. These results

correlate well to conclusions drawn from Rietveld refinement. However, no further

conclusion can be made from PDF refinement due to the high numbers of cations

present per site and the limitation of existing software for exploring local nuclear and

magnetic cation ordering together.

3.3.6 Large box reverse Monte Carlo (RMC) modeling

As noted above, quantitative real-space refinement of the series of data is complicated

by the presence of magnetic spin correlations and the large number of cations involved

on the spinel tetrahedral and octahedral sublattices. Large box modeling of PDF

data with nuclear and magnetic spin correlations was pursued to provide additional

insight into structure-property characteristics in the series. Combined fits of F (Q)

(Figure S3.5, Figure S3.6) and Bragg (Figure S3.7, Figure S3.8) intensities were

completed for all samples assuming an inverse spinel model and a random solution

spinel model (trials with a normal spinel model were not tried as they were ruled out

conclusively by Rietveld analysis and small box PDF modeling). The agreement of

fits to experimental data is high for both model types for all four samples. Table

S3.5 (for F1 and F3) and Table S3.6 (for F4 and F5) list the resulting anisotropic

atomic displacement parameters (ADPs) on cation tetrahedral sites, cation octahedral

sites, and oxygen sites of each RMC refinement for F1, F3, F4 and F5. For F4 and

F5 samples, resulting ADP values for the tetrahedral sites and for oxygen positions

in the random solution spinel model fits are found to be nearly half those found

for inverse spinel model fits. Such an anomaly, combined with Rietveld refinement

results, indicate a strong preference for a random model over an inverse one for F4

and F5 samples. Thus the following discussion is based on analysis of the model
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configurations obtained from an inverse spinel model for samples F1 and F3 and a

random solution spinel model for samples F4 and F5.

With the magnetic spin configuration obtained via RMC modeling for all samples,

all magnetic moment vectors contained in the supercell were mapped into a single unit

cell and then projected onto the XY plane. Results are shown visually in Supporting

Information Figure S3.9 and Figure S3.10, the magnetic spin distribution of F1 and

F3 samples are more disperse on both tetrahedral and octahedral sites than F4 and

F5. In all samples, the magnetic spin distributions of octahedral sites are more

disperse than those found on tetrahedral sites. Overall, less collinear spin order and

stronger displacements from atom sites are observed for F1 and F3 samples. Two

types of statistical analyses were completed to quantify the findings. First, a KDE

analysis was conducted, capturing the proportion of magnetic moments found within

a specified radius (with the variation ranging from 0 to 1). In principle, the faster

such a proportion approaches 1, the stronger the collinearity in magnetic ordering.

The results are presented in Figure 3.8 (a) for the tetrahedral site magnetic vector

distribution and (b) for the octahedral site magnetic vector distribution, indicating a

significantly more collinear spin arrangement in F4 and F5 samples than in F1 and

F3 samples. This result is consistent with the smaller net magnetic moment in F1

and F3 samples - see Table S3.7 in the SI. Additionally, in all samples, tetrahedral

site spin correlations are found more collinear than octahedral site spin correlations.

Second, the HZ statistic was calculated to quantify the non-Gaussian behavior

of the oxygen coordinate distributions and magnetic moment vectors within the XY

plane. Different starting cation distribution configurations are found to influence the

HZ statistic values for F1 and F3 samples; however, values determined for F1 and

F3 are generally larger than those found for F4 and F5. Overall, in Figure 3.9(a)

and Figure 3.9 (c)., it can be observed that F1 and F3 samples exhibit a more

non-Gaussian behavior in oxygen atom distributions and in magnetic moment vector

distributions on the octahedral site than F4 and F5 samples. (HZ parameters for F4

and F5 samples are much closer to 1, i.e., no obvious non-Gaussian distortion could
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Figure 3.8: The proportion of magnetic moment vectors with projection on the XY
plane for samples F1, F3, F4 and F5 falling into specified radii, relative to atoms of (a)
tetrahedral (Tetra) and (b) octahedral (Octa) sites that the corresponding magnetic
moments belong to. Results presented correspond to an inverse spinel structure model
for F1 and F3 sample data and a random solution spinel model for F4 and F5 sample
data. It is noted that similar results are obtained when the alternate models are used
(inverse spinel model for F1 and F3 sample data and random solution spinel model
for F4 and F5 samples).

Figure 3.9: The HZ statistic for the distribution of (a) oxygen atom (O) coordinates
and magnetic moment vectors (M) on (b) tetrahedral sites (Tetra) and (c) octahedral
sites (Octa), for F1, F3, F4, and F5 samples. The horizontal dashed lines indicate a
Gaussian distribution.
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be observed). Meanwhile, if focusing on magnetic moment vector distributionson

the tetrahedral site (Figure 3.9 (b)), all four samples show HZ parameter values

close to 1, indicating a nearly Gaussian distribution. These comprehensive results

here suggest strong coupling between non-collinear magnetic correlations originating

primarily from octahedral site spins and oxygen site displacements, especially in F1

and F3 samples. Variation in the level of spin-lattice coupling among high entropy

spinels of similar composition demonstrates a potentially tunable interaction in the

more extended family.

3.4 Conclusion

We have determined the average ferrimagnetic structure in a family of AFe2O4 high

entropy spinels with neutron Bragg diffraction analysis and found evidence for a

variation in the tetrahedral and octahedral site occupancies of A-site cations with

local structure analysis of neutron total scattering data. These high entropy spinels

are not found to have strictly random cation configuration structures (highest Sconfig),

but rather, F1/F3 samples in this study were found to have configurations closer

to an inverse spinel. The distinct populations of Fe and other magnetic cations on

tetrahedral and octahedral sites in the samples manifests in variation in the prevalence

and propagation of local spin clusters, as revealed by FORC analysis of magnetometry

data. RMC modeling reveals spin non-collinearity in all four samples, enhanced in

cases presenting a larger degree of cation inversion.

While identifying the cause for the variation in cation disorder among similar

compositions falls outside the scope of the present study, we bring attention to

a potential competition between crystal field stabilization effects (which promotes

inverse spinel ferrite configurations for the compositions studied) and the entropy

stabilization present in truly random spinel ferrite configurations. How much the

relative effects of these phenomena are influenced by sample synthesis conditions

or other factors, potentially creating samples in one of many different metastable
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states, remains unknown. Overall, this work highlights that it may prove extremely

challenging to achieve a true solid solution with ideal/homogeneous cation mixing

in compositionally complex ceramics with complex energy landscapes. We suggest

great care be taken in this community to precisely describe reaction conditions,

etc. when reporting HEO properties and drawing conclusions regarding the

effects of configurational entropy on resultant products. Additionally, experimental

characterization of the local to long-range crystal-chemical structure in HEOs may be

key to determining and understanding their physical properties. The limitations of the

characterization methods explored herein indicate future efforts are needed towards

combined experimental probes and advanced data modeling. Hard and soft X-ray

absorption near edge spectroscopy (XANES), soft X-ray magnetic circular dichroism

(XMCD) and 57Fe Mössbaruer spectroscopy (with and without external magnetic

field) are examples of techniques that may provide additional insights.
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Chapter 4

Phase Selectivity and Stability in

Compositionally Complex Nano

(nA1/n)Co2O4

The previous chapter explored the intriguing structure-property trends in a family

of compositionally complex spinel ferrites, revealing their processing history and

resulting chemical short-range order can strongly influence magnetic behavior. As

discussed in Chapter 1, Section 1.1.3, nano-compositionally complex oxides (CCOs)

are expected to offer further structure-property tunability through the introduction

of nano-size effects. In this chapter, a family of compositionally complex spinels with

the formula of (nA1/n)Co2O4 (A = combinations of Mg, Cr, Mn, Fe, Co, Ni, Cu, and

Zn) was synthesized using a low-temperature soft-templating method. The phase

selectivity and the temperature stability window for the series were found to depend

strongly upon A-site composition and only modestly on the number of elements (n)

present on the A-site. Select control reactions and in situ high temperature X-

ray diffraction (XRD) uncovered a propensity for temperature-activated de-mixing

for compositions containing Mg, Ni, Mn, and Fe. The A-site cations exhibit

spatially heterogeneous distributions in the as-formed spinels, which diminishes
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with intermediate thermal annealing, as shown by scanning transmission electron

microscopy (STEM)/energy dispersive spectroscopy (EDS) and X-ray line profile

analysis. The single spinel phases obtained are metastable, separating into a mix

of impurity phases and multiple spinel phases with higher temperature annealing.

Furthermore, we demonstrate a ‘continuous lattice’ parameterization of the CCO

structure provides a rapid means by which to examine the heterogeneity of the cation

distribution through full profile refinement. The demonstrated tunability of the cation

distribution or clustering in these compositionally complex spinels via thermodynamic

levers affords interesting opportunities for rational design of functional materials.

Chapter 4– Phase Selectivity and Stability in Compositionally Complex Nano

(nA1/n)Co2O4– is reprinted (adapted) with permission from Chem. Mater. 2023, 35,

7283–7291, DOI: 10.1021/acs.chemmater.3c01647 [245]. Copyright 2023 American

Chemical Society. The authors of the work are Xin Wang, Peter C. Metz, Eleonora

Calì, Palani Raja Jothi, Eric A. Lass, and Katharine Page.

4.1 Introduction

Nanostructured materials offer promising physicochemical properties across diverse

applications in energy storage, sensing, catalysis, biomedicine, and more. Nano high

entropy oxides (HEOs) and the more general class of compositionally complex oxides

(CCOs) are expected to offer enhanced structure-property tunability by virtue of

their large numbers of participating cations, their combined entropic disorder, and

their intrinsic nano-size effects. HEOs are widely described as single-phase oxides

that have five or more metal cations sharing a specific crystallographic lattice site

in a random fashion. More stringent definitions add a criterion for configurational

entropy (Sconfig) equal to or higher than 1.5R per mole of metals/cations, where R

is the universal gas constant. In principle, the configurational entropy Sconfig can

be tuned to achieve maximum site mixing at an equimolar ratio among the site

sharing cations, allowing the entropic contribution (∆Smix) to the system energy to
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overcome competing enthalpic driving forces (∆Hmix) with an increase in system

temperature (T). According to the Gibbs free energy (∆Gmix) formulation, ∆Gmix =

∆Hmix−T∆Smix, a larger entropic term at higher temperature stabilizes the structure

in a high entropy state, and the system is then termed an entropy stabilized oxide

(ESO). However, in practice, depending on the system, the maximized configurational

entropy may not overcome the enthalpic energy with respect to alternate phase

formation. Multiple factors in real systems contribute to the enthalpic term, including

the specific cations incorporated, the preferred structural configuration (defects,

distortions, specific patterns of chemical short-range order) associated with certain

cations, the surface/interfacial energy, etc. [215, 199, 195, 149] Many materials

currently reported as HEOs and ESOs, some with novel and exceptional physical

properties, do not meet the above thermodynamic criteria and likely feature cation

configurations that are far from homogeneous and completely mixed.

Intentional efforts in designing and exploiting the wider class of CCOs can be

embraced, including medium-entropy and non-equimolar composition oxides,[259]

with the recognition that they provide even wider highly tunable phase space. For

example, a number of recent works have highlighted the inherent flexibility and

potential promise of exploring CCOs [259] by achieving low thermal conductivity

and high stiffness among fluorite[261, 263], pyrochlore[262, 182, 260, 286, 287],

weberite, fergusonite[182], and bixbyite[229] systems. A number of perovskite

CCOs have shown promise as stable and high performing materials for energy

storage/transformation applications[104, 288, 289]. These studies uncovered instances

of property or structure tuning,[263, 262, 182, 104, 288] specific short-range order

motifs,[263] order-disorder transformations,[260, 286] multi-phase regions,[229] and

other crystal-chemical phenomena.

Nano-size effects ubiquitous in nanosystems arise due to high surface area to

volume ratios, non-equilibrium surface structures, unique shape/morphology, high

interfacial energy, and more, offering further opportunities to explore phase space

within the HEO/CCO paradigm. Limited work has been reported on nano-HEOs to
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date. Wang et al.[234] reported a nano-HEO material (Cu-Cr-Fe-Co-Ni-O) obtained

via laser scanning ablation. Preparation of nano-fluorite HEO materials with ball-

milling, chemical co-precipitation, and polymeric steric entrapment was reported by

Jothi et al.[93]. Nebulised spray pyrolysis, flame spray pyrolysis and reverse co-

precipitation techniques were employed by Sarkar et al. to synthesize nanocrystalline

rock salt structure HEOs[196, 292]. Low-temperature solvothermal synthesis with

pyrolysis at 400 ◦C was developed for obtaining nano-spinel structure HEOs by D.

Wang et al. [237], and the sol-gel method was used by G. Wang et al. to fabricate

nano spherical mesoporous spinel HEO particles.[238] We note materials in these

works have been reported as nano-HEOs (not nano-CCOs), though most do not

explore/discuss specific thermodynamic criteria distinguishing them one way or the

other.

The spinel structure offers a highly flexible phase space where competing

thermodynamic factors can be exploited. This work explores CCO compositions

related to spinel cobalt oxide, Co3O4. Spinel Co3O4 is considered a favorable

low temperature economical catalyst for formaldehyde oxidation, and variations are

used in many other catalytic and electrochemical reactions[120, 205, 66, 265]. For

example, Co3O4 nanocrystals grown on reduced graphene oxide are high-performance

bi-functional catalysts for the oxygen reduction reaction (ORR) (with reported

overpotential of 310 mV) and oxygen evolution reaction (OER) (with reported onset

potential of 0.82 V)[125]. Furthermore, as one of the ferromagnetic metals (iron, nickel

and cobalt) in nature, cobalt (Co) is essential to the development of hard magnetic

materials due to its high saturation magnetization (MS), high Curie temperature (TC)

and high magnetocrystalline anisotropy[153]. Most binary transition metal cobalt

oxide spinels are earth abundant ferrimagnetic phases[19, 16, 95, 159, 277].

In this work, a family of nano-(nA1/n)Co2O4 is synthesized by a low-temperature

soft-templating (LTST) reaction route, where A includes n different equiatomic ratio

(1/n) combinations of 1 to 7 transition metal cations. Trends in phase selectivity

and temperature stability are examined. The configurational entropy per mole of
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metals/cations (Sconfig) is smaller than 1.5R even if seven cations are sitting on

the A-site and all possible spinel configurations are assumed[246]. For example,

the configurational entropies calculated for a normal spinel with formula ACo2O4

are 0.54R, 0.60R, and 0.65R for n=5, 6, and 7, respectively. The size/morphology,

distribution of cations, and crystal structure within the nanostructures is examined

via XRD, high resolution scanning transmission electron microscopy (STEM)/energy

dispersive spectroscopy (EDS), and thermogravimetric analysis/differential scanning

calorimetry (TGA/DSC) analysis. A new approach for obtaining nano/bulk structure

information from CCOs with a ‘continuous lattice’ (CL) Rietveld refinement is also

explored for the first time.

4.2 Methods

4.2.1 Materials synthesis

The LTST synthesis procedure used in this work is illustrated in Figure 4.1. The

structuring agent [3.2 g of Pluronic P123, a symmetric triblock copolymer comprising

poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) in an alternating linear

fashion, PEO-PPO-PEO, ALDRICH Chemistry] was mixed in 20 mL Ethyl Alcohol

(absolute, 200 Proof, 99.5+%, ACROS Organics). 0.5 mL Hydrochloric acid (HCl,

Fisher Chemical) was added, and the mixture was stirred with a magnetic stir bar

until Pluronic P123 was completely dissolved. Finally, a stoichiometric amount (1 g

(nA1/n)Co2O4 as the target) of inorganic nitrate hydrate precursor solutions in wt.%

of metal were added into the solution. The nitrate hydrate sources are manganese

nitrate tetrahydrate [Mn(NO3)2·4H2O, ACROS Organics], iron chloride tetrahydrate

(FeCl2·4H2O, 99+%, ACROS Organics), nickel nitrate hexahydrate [Ni(NO3)2·6H2O,

98%, Alfa Aesar], zinc nitrate hexahydrate [Zn(NO3)2·6H2O, 99%, metal basis, Alfa

Aesar], magnesium nitrate hexahydrate [Mg(NO3)2·6H2O, 99+%, ACROS Organics],

cobalt nitrate hexahydrate [Co(NO3)2·6H2O, 99%, pure, ACROS Organics], and
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Figure 4.1: Schematic diagram of the LTST method used to synthesize a large
family of compositionally complex cobalt-based nano spinels, (nA1/n)Co2O4. First,
a solution of inorganic precursors, structuring agent, and solvent is stirred for 30
mins. A wet gel is obtained after 24 h evaporation and a black powder is formed after
calcination at 400 ◦C for 5 h (the as-formed (AF) sample). Finally, a spinel phase
structure with 8 tetrahedral (green) sites and 16 octahedral (red) sites in the unit cell
is identified by XRD (oxygen atoms are not shown in the image).
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chromium nitrate nonahydrate [Cr(NO3)3·9H2O, 99%, ACROS Organics]. The entire

mixed solution was stirred for 30 mins with a magnetic stirrer. The mixed solution

was poured into a petri dish and evaporated under a fume hood for 24 h to obtain

a wet gel. After evaporation, the gel was transferred to a furnace and calcined at

400◦C for 5 h with a ramp rate of 1◦C/min. The powder samples obtained via such

steps without any further treatment are hereafter referred to as the as-formed (AF)

samples. The majority of AF compositions in this work result in a spinel structure

(SG 227, Fd3̄m), as identified by XRD analysis (more details in Results section).

Pellets of the AF samples were then made using a MP24A desktop pellet press and

placed into the furnace for post-annealing heat treatment (post-treatment, PT) (at

600 ◦C (PT6), 800 ◦C (PT8), or 1000 ◦C (PT10) for 5 h and with a slow ramp rate of

2 ◦C/min, 3 ◦C/min, and 3 ◦C/min, respectively). Sample compositions explored in

this work with n of 5 or more are listed in Table 4.1, with corresponding XRD data

shown in supplemental information (SI) Figure S4.1. Additional sample compositions

are listed in SI: Table S4.1. Corresponding XRD data are shown in SI Figure S4.2.

Sample names nCN reflect the number of n cations targeted (first character) and a

specific Composition Number (CN), as summarized in Tables 4.1 and Table S4.1.

4.2.2 Characterization

X-ray Diffraction (XRD) Ambient XRD and high temperature XRD (HTXRD)

data were measured using a PANalytical Empyrean diffractometer equipped with a

Co X-ray source. Ambient XRD patterns were measured between 10◦ and 90◦ 2θ

with a step size of 0.026◦. HTXRD patterns were measured between 18◦ and 56◦

2θ with a step size of 0.026◦ and acquisition time of 316 s at 11 ◦C intervals from

room temperature to 1000 ◦C. The use of Co Kα radiation was essential to minimize

fluorescence and uncover minor impurity phases.

Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy

(SEM/EDS) Specimens for scanning electron microscopy (SEM) and energy
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Table 4.1: Compositions (nA1/n)Co2O4 with n ≥ 5 explored within this work,
separated into groups (see main text for details). Samples are observed after
calcination (as formed 400◦C, AF4) and following post-annealing heat treatment
(post-treatment 600◦C, PT6, etc.). Check marks indicate the presence of specific
elements in each composition. Conditions resulting in X-ray pure phases are colored
green and conditions resulting in phase mixtures are colored purple. Impurities are
coded: CuO (“c”); rock salt (“r”); secondary spinel (“s”); and CoCl2·2H2O (“h”).

Name n Mg Cr Mn Fe Co Ni Cu Zn AF4 PT6 PT8 PT10
Group 1: n=5 cation combinations
5C1 5 ✓ ✓ ✓ ✓ ✓ r r+s
5C2 5 ✓ ✓ ✓ ✓ ✓ h c c+r+s
5C3 5 ✓ ✓ ✓ ✓ ✓ r r+s
5C4 5 ✓ ✓ ✓ ✓ ✓ r r r r+s
5C5 5 ✓ ✓ ✓ ✓ ✓ c+r c+r c+r c+r
5C6 5 ✓ ✓ ✓ ✓ ✓ r r+s

Group 2: Increased number of cations (with Mg included)
5C1 5 ✓ ✓ ✓ ✓ ✓ r r+s
6C1 6 ✓ ✓ ✓ ✓ ✓ ✓ r r+s
7C1 7 ✓ ✓ ✓ ✓ ✓ ✓ ✓ r r+s

Group 3: Increased number of cations (without Mg included)
5C2 5 ✓ ✓ ✓ ✓ ✓ h c c+r+s
6C2 6 ✓ ✓ ✓ ✓ ✓ ✓ r+s
6C3 6 ✓ ✓ ✓ ✓ ✓ ✓ r+s

Group 4: n=5 cation combinations without Ni or Mg
5C7 5 ✓ ✓ ✓ ✓ ✓ c+s
5C8 5 ✓ ✓ ✓ ✓ ✓ c+s
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dispersive spectroscopy (EDS) were prepared by gently dispersing the ground powders

onto a standard carbon tape. Zeiss Auriga high resolution SEM was used to

characterize the morphologies of the specimens. Elemental analysis was carried out

with a Zeiss EVO SEM.

Scanning Transmission Electron Microscopy (STEM)/Energy Dispersive

Spectroscopy (EDS) The morphology of the samples was investigated at the

nanoscale by STEM imaging using a JEOL JEM-2100F microscope operated at

200 kV. The chemical composition and elemental distribution of the samples were

analyzed by energy dispersive X-ray spectroscopy (EDS) operated in scanning

transmission electron microscopy (STEM) mode (EDS 80 mm X-Max detector,

Oxford Instruments). The STEM-EDS specimen preparation was carried out by

sonication of powder samples in high purity propan-2-ol then drop-casted on copper

grids coated with a holey carbon film (3.05 mm diam. 300 mesh, TAAB).

Thermogravimetric Analysis (TGA) and Differential Scanning Calorime-

try (DSC) The simultaneous measurement of weight change (TGA) and true

differential heat flow (DSC) were examined by TA instuments SDT Q600 from

ambient to 1000 ◦C with a 5 ◦C/min ramp rate in air.

4.3 Results and Discussion

4.3.1 Composition and heat treatment effects

Naively assuming a normal spinel structure, the tetrahedal site is occupied by the

equimolar A2+ cations while the octahedral site is soley occupied by Co3+. Figure 4.2

displays the calculated tolerance factor (top) and average ionic radii of tetrahedral site

cations (bottom) resulting from these assumptions. Experimental conditions resulting

in single phase spinel samples are indicated in green coloring while conditions
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Figure 4.2: Spinel tolerance factore (τ) (top panels) and average ionic radii of
tetrahedral site cations (bottom panels), assuming a normal spinel configuration, for
(a) AF4 and PT6 samples, and (b) PT8 samples for each composition. Vertical lines in
the bottom panels represent the calculated standard deviation of participating radii.
The red dotted lines indicate the presence of “Mg” in a sample while black dotted
lines indicate the presence of all other elements in the sample. Markers colored green
indicate samples that appear X-ray phase pure. See Table 4.1 for sample compositions
and further detail.
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resulting in samples containing secondary phases are indicated in purple coloring.

Most compositions in the series result in a single phase spinel for AF4 and PT6

processing conditions (a), while the majority result in multiple or impurity phases for

PT8 processing conditions (b). Dashed lines in the bottom plots indicate the specific

participating ionic radii in each composition (again, nievely assuming a normal spinel

configuration with strictly Co3+ and A2+ cations). All 12 compositions fall within

the typical tolerance factor window for spinel oxides (∼0.85)[213], where the tolerance

factor, τ , is defined

τ =

√
3(RCo +RO)

2(⟨RA⟩+RO)
, (4.1)

RCo and RO represent the ionic radiui of Co3+ and O2−, and ⟨RA⟩ represents the

average radius of A2+.

Table 4.1 lists all 5, 6, and 7 A-component compositions made in this work

along with sample abbreviations used. All as-formed and post-treatment samples

were screened with XRD analysis to assess phase identity, phase purity, degree of

crystallinity, and (to the extent possible) cation site inversion, γ. Representative

data are shown in SI Figure S4.1 for all samples. Rietveld refinement (discussed

below) was used to confirm secondary phases and estimate phase impurity levels. In

Table 4.1 and Figure 4.2 synthesis conditions resulting in single spinel phases are

indicated with green coloring, while those resulting in impurity phases (either cobalt

chloride hydrate (h), rock salt (r), tenorite CuO (c), or secondary spinel phase (s))

are indicated in purple coloring.

A few details are immediately apparent. First, many of the compositions in this

work result in single phase spinel oxides in their as-formed state. To the best of our

knowledge, these CCOs are reported here for the first time. Figure 4.2 reveals that

the average ionic radii of the A-site cations (and the corresponding spinel tolerance

factor) plays a key role in determining which compositions will form a single phase

spinel in AF4 and PT6 samples. Samples with tolerance factors below 0.874 (assuming

a normal spinel structure) result in a single spinel phase. Those with larger tolerance
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factors result in impurity phases, primarily including rock salt AO or tenorite CuO

phases.

Second, the spinel oxides in this work are metastable; when processed at 1000,

the spinel phase segregates into multiple spinel phases (the secondary spinel phase is

indicated by “s” in Table 4.1). This segregation is also corroborated by the STEM-

EDS analysis presented below, indiciating segregation of Fe and Mn relative to other

A-site atoms. In Group 1 (n=5 cation combinations) of Table 4.1, 5C5, does not

contain Mn and does not result in a secondary spinel phase for PT10 conditions.

Conversely, compositions 2C4 (A= Fe and Zn ) and 2C5 (A= Mn and Zn ) (listed

in SI Table S4.1, and representative data shown in SI Figure S4.2) exhibit a

secondary spinel phase for PT10 conditions. This suggests that regardless of any other

component present, Mn consistently prefers to segregate to a secondary spinel phase,

while Fe’s behavior depends on the other components involved. This observation

is reasonable given that tetrahedrally coordinated Mn and Fe possess larger ionic

radii (0.66 Å for Mn2+ and 0.63 Å for Fe2+) in comparison to other components (as

illustrated in the bottom panels of Figure 4.2).

Thirdly, Table 4.1 and Figure 4.2 reveal that the number of cations participating,

represented by n, is just one of several considerations in phase stability and selection

in the PT8 series. Which cations are present can play a dominant role. Take, for

instance, Group 2 (Increased number of cations, with Mg included) and Group 3

(Increased number of cations, without Mg included) in Table 4.1: the incorporation

of Mg in the A-site results in a smaller thermal stability window for the CCO spinel

phases. When Mg is left out, additional cations result in a wider thermal stability

window for a single CCO spinel phase. The presence of Mg over-rides the influence

of increasing n in the compositions explored.

Further, in SI Table S4.1, compositions 2C1 (A= Mg and Zn ), 2C3 (A= Ni and

Zn), 4C1 (A= Mg, Mn, Fe, and Zn) and 4C2 (A= Mn, Fe, Ni and Zn) all result in

rock salt impurities for PT10 conditions (representative data are shown in SI Figure

S4.2). These samples all contain Mg or Ni. Mg shows high favorability for the rock
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salt phase formation; for example, the study of 4C1 shows a tiny rock salt impurity

peak in PT8 while 4C2 does not (see SI Figure S4.2). Based on these results,

samples 5C7 and 5C8 in Group 4 (without Ni or Mg) in Table 4.1 were designed

and synthesized without impurity phases under PT8 conditions. All of these results

support the conclusion that the incorporation of Mg or Ni contributes to rock salt

AO impurity formation.

The phase formation energies of possible binary impurities (known binary oxides

of cations involved) are shown in Figure 4.3, arranged by cation valence state. The

information provides some thermodynamic rationale for the specific impurity phases

encountered in our study. As mentioned above, all compositions containing Ni or

Mg lead to rock salt impurities with heat treatment. Tenorite-line (CuO) formation

appears in sample 2C2 (A= Cu and Zn, AF4, PT6, PT8, and PT10), 5C2 (PT8 and

PT10), 5C5 (AF4, PT6, PT8, and PT10), 5C7 (PT10) and 5C8 (PT10). The phase

formation energies for 2+ cations shown in Figure 4.3 range between -601.6 kJ/mol

for rock salt MgO[214] and -157.3 kJ/mol[214] for tenorite CuO. We note Ni, Mg, and

Cu are notably absent in the group of mixed valent A3O4 spinels, which included the

Co, Fe, Cr, and Mn cases (appearing at the far right of Figure 4.3). Such findings

infer the importance of cation selection in determining the structural stability and

impurity phase formation.

The impurity phases found here with higher post-treatment temperature are

counter indicative of the entropy stabilization effect – increasing the post-treatment

temperature is expected to enhance the entropic contribution (−T∆Smix) to the

overall Gibbs free energy and hence is expected to favor the structure of a single

phase. Therefore, other factors contribute to the lowering of mixing (i.e., diminishing

the effect of the configurational entropy) at high temperatures. Compositional

heterogeneity is therefore an important factor to consider in the post-treatment

procedure.
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Figure 4.3: Phase formation energy, ∆H◦
f , for possible binary oxide impurities

resulting from the inclusion of single cations with different oxidation states.
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4.3.2 Case study: (Mg0.2Mn0.2Fe0.2Cu0.2Zn0.2)Co2O4 (5C1)

Phase Formation

Composition 5C1 presents a single phase spinel structure for AF4 and PT6 conditions,

but is observed to separate into a spinel with MgO impurity for PT8 conditions and

exhibit a second (Mn and Fe rich) spinel phase for PT10 conditions. This solid-state

phase transformation process was examined in greater detail using in situ HTXRD

and TGA/DSC (Figure 4.4). A reconstructive phase transformation from spinel to

rock salt begins around 714 ◦C and is nearly complete around 1100 ◦C. Upon slow

cooling, the rock salt phase decomposes into two spinels phases and a remnant rock

salt phase. The irreversible phase transformation confirms that the initial spinel 5C1

is metastable.

Throughout this thermal cycle the heat flow is endothermic. The phase

transformation from spinel (4:3 O:A) to rock salt (1:1 O:A) is accompanied by a

corresponding loss of oxygen. For 5C1 reduction to a stoichiometric rock salt formula

corresponds with a 6.8% mass loss. In the measured weight loss, initial heating

results in a 2.5% weight loss, likely due to adsorbed water and surface hydroxyls, and

subsequent 5.3% weight loss. Faint diffraction intensity corresponding to a spinel is

present with the rock salt Bragg peaks above 1100 ◦C. Together, this suggests some

phase coexistence and perhaps oxygen nonstoichiometry.

For rock salt and for distinct spinel phases to form we propose the phase

transformation must be diffusional, though over different characteristic lengths for the

oxygen and anion substructures. The transformation from spinel to rock salt is well

known, for instance in the Li-Mn-N-O system[210], where delithiation of the spinel

results in rock salt formation. Transformation between the two structures effectively

constitutes ordering of cation vacancies and interstitials. Meanwhile, a change in

oxygen stoichiometry implies oxygen diffusion from the bulk to the powder surface.

Thus, recovery of the spinel upon cooling is expected to have a kinetic limitation

dependent upon temperature and ambient oxygen partial pressure. Together, this
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Figure 4.4: (a) Logarithmic powder diffraction intensities collected step-wise in
11 ◦C intervals to 1100 ◦C, over an isothermal dwell, and free-cooling to room
temperature. (b) Thermal analysis signals collected over a heating and cooling cycle
with 300 ◦C/h ramp rate: temperature (blue —), weight change (green · · ·), and heat
flow (red - - -).
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analysis implies that the as-formed spinel is metastable. Further evidence for incipient

cation segregation in the metastable as-formed spinel is presented below.

Microscopy

SEM images corresponding to the 5C1 sample series (AF4, PT6, PT8, PT10) are

depicted in SI Figure S4.4. Notably, the AF4 sample exhibits a wide particle size

distribution (ranging from 10 to 100 nm). This finding is in agreement with the

XRD results shown in SI Figure S4.1, where the AF4 sample exhibits a stronger

peak asymmetry. Peak width and asymmetry decrease in PT6 and PT8 samples,

indicating that higher post-treatment temperature results in larger particle sizes and

a more homogeneous particle size distribution. The PT10 sample exhibits micron

scale particle size. SEM/EDS characterization revealed that sample 5C1 AF4 is

microscopically homogeneous in terms of cation composition (depicted in SI Figure

S4.3).

The distribution of various elements among particles or domains was investigated

at high resolution using STEM/EDS elemental mapping as depicted in Figure 4.5.

Interestingly, the degree of heterogeneity is found to vary significantly in the 5C1

sample series on the nanoscale. In Figure 4.5 AF4, notable enrichment of Mg and

Mn in specific grains is evident, along with a less severe enrichment of Fe. In PT6 and

PT8 samples, the cation enrichments fade (samples feature more homogeneous cation

distributions). At higher post-treatment temperatures, multiple phases are observed.

In PT10, the migration of Mn, Fe, and Mg was observed to have occurred entirely

out of some grains, while the enrichment of Co in select grains persisted.

Rietveld Analysis

Visual inspection of the XRD pattern in SI Figure S4.1 for 5C1 AF4 reveals broad

and asymmetric diffraction peaks. The complex microstructure of the samples can

be investigated in part by refinement of Bragg diffraction profiles. Conventional
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Figure 4.5: STEM/EDS elemental mapping of 5C1 AF4, PT6, PT8, and PT10
samples. Color maps indicate heterogeneous cation distributions of Mg, Mn and Fe
for certain grains in the AF4 sample. In PT6 and PT8 samples, the cation enrichments
fade (samples feature more homogeneous cation distributions). In the PT10 sample,
Mn and Fe atoms are found in separate grains from Mg, and a modest enrichment
of Co is observed in those grains with Mn and Fe. Cu and Zn remain distributed
throughout all particles.
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Rietveld refinement approaches were first tried and typical results are presented in

Figure 4.6 (a) to (c). Refinement results for models incorporating crystallite size

broadening (Figure 4.6 a), size and strain broadening (Figure 4.6 b), or two spinel

phases (with unique phase fractions and lattice parameter, all other values constrained

equal) (Figure 4.6 c) are shown for 5C1 AF4. Here, the random spinel structure

was selected as the basis since it fits the phase better compared to the normal and

inverse spinel structures. Models incorporating size and strain effects poorly fit the

peak profile shapes. A two-phase model, on the other hand, provides a marked

improvement in the quality of fit (Rwp=2.171%). This fit incorporates an additional

phase fraction parameter and lattice parameter. Since we do not know the distribution

of atoms residing within the potential multiple phases, the phase fraction provides

limited information.

Spatially varying scalar variables, like occupancy, can result in asymmetric line

broadening like that observed here. The resulting line broadening will have a profile

proportional to the probability density function of the scalar variable, and anisotropy

proportional to the resultant lattice strain [114]. In the case that the scalar variable

is normally distributed and the resulting strain is isotropic, conventional microstrain

broadening is recovered. Otherwise, a suitable probability density function must be

derived or guessed. For example, earlier work by Leineweber[112, 113] employed an

Edgeworth series to approximate non-Gaussian N distribution in ϵ− FeNy.

In this case, we do not know a priori what probability density function to

assume, and we are not interested in the anisotropy of the strain response, but rather

are interested in estimating the probability density function of the compositional

fluctuation within coherently diffracting crystallite domains. Further, because we

are insensitive to atom type, the distribution in question is further collapsed to

fluctuation of atomic radius around its mean value. To this end, we constructed what

we have termed a CL model embedding isotropic lattice strain by superimposing a

hierarchically constrained set of phases of discrete volume.
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Figure 4.6: Rietveld refinements for 5C1 AF4 X-ray diffraction data with (a)
crystalline grain size broadening (1 phase, no strain, Rwp = 3.870%), (b) size and
strain broadening (1 phase, refined strain, Rwp = 3.869%), (c) two spinel phase model
(phase fraction and cubic lattice parameter refined, no strain, Rwp = 2.171%), and
(d) CL phase model (Rwp = 2.113%) applied. The XRD patterns were analyzed with
the Rietveld method as embodied in the TOPAS-V7[36] program.
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In this scheme, N identical crystal phase models are instantiated with fixed lattice

volumes spanning the average observed value. Each model is given a refinable scale

parameter (si), however each value is constrained by a weighted (wi) penalty (p)

p = Σiwi

√
(si+1 − si)2, (4.2)

such that neighboring values cannot differ significantly, resulting in a locally linear

or smoothly varying distribution. Because extraneous instrumental line broadening

is controlled for, the resulting distribution of si should closely resemble the unknown

distribution of the atomic radii. As shown in Figure 4.6 (d), the overall agreement

with the experimental diffraction pattern was significantly improved (Rwp = 2.113%).

This parameterization of the CCO structure provides a rapid means by which

to examine the heterogeneity of the A-site cation distribution through full profile

refinement, as demonstrated in the following section.

4.3.3 Line profile analysis as a screening tool

Asymmetric peak shapes observed in data cannot be adequately explained by

conventional microstrain models and crystallite size models, which assume symmetric

intensity distributions. To address this misfit, there is a need for an asymmetric

line broadening mechanism. The CL model with inhomogeneous cation distribution

(and lattice volume) constructs the total intensity by a weighted sum of phases,

and is proposed here as a powerful screening tool for analysis of microstrain-like

line-broadening data, like nano-materials. By properly characterizing and modeling

the peak profile of microstrain-like data, more reliable and relevent crystallographic

information can be obtained.

By applying the CL phase to all (nA1/n)Co2O4 (n ≥ 5) AF4, PT6, and PT8

samples (Representative data are shown in SI Figure S4.1), the A-site (tetrahedral

site) ionic radius distribution can be extracted from lattice parameters and atomic

positions. The distribution of lattices is seen to decrease (from left to right) with
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increasing post-treatment temperature, shown in Figure 4.7. This finding confirms the

conclusion already suggested by the XRD, SEM, and TEM results, that the samples

formed at low-T have broad asymmetric intensity distributions, inferring spatially

heterogeneous cation distributions. Samples that experienced post-treatment feature

increasingly sharp and symmetric diffraction peaks, inferring less heterogeneity of the

cation distribution. At higher post-treatment temperatures, temperature activiated

de-mixing leads to multiple distinct spinel phases. Together, this suggests the as-

formed spinel is kinetically stabilized and possesses local chemical ordering.

Interestingly, an exampination of the degree of inversion (the fraction of A-site

ions occupying the octahedral sites)[246], γ, extracted from CL refinements groups

the samples into two categories: those incorporating Mg (represented by red squares

in Figure 4.7) and those without Mg (represented by green squares in Figure 4.7). In

Figure 4.8, the inversion parameter γ in as-formed samples is found to be relatively

random. With increasing post-treatment temperature the compositions containing

Mg (highlighted in red) trend towards an inverse structure, while those without Mg

(highlighted in green) trend towards a normal spinel structure.

In Figure 4.7 we have ordered compositions from top to bottom in order of

increasing predicted average octahedral ionic radius (assuming the detected inverse

spinel structure model for compositions highlighted in red), and increasing tetrahedral

ionic radius (assuming the detected normal spinel structure model for compositions

highlighted in green). The lack of clear trends with respect to average predicted

site radii implies that additional factors (cation valence, nanoscale segregated phases,

oxygen defects, etc.) play roles in directing crystal-chemical trends in this series.

In conclusion, line profile analysis, along with the CL model, is a valuable tool

for screening material structure variations in compositional and processing condition

series. Further investigations are necessary to better understand the impact of cation

distribution on chemical short-range order in this series of spinel oxides.
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Figure 4.7: Tetrahedral site ionic radius (rA) distribution extracted from CL
Rietveld refinement results for (nA1/n)Co2O4 (n ≥ 5) samples. The heat treatment
conditions are listed at the top of each column, while the composition identities
of each series is shown on the left of each row. The compositions are ordered by
increasing calculated average octahedral site radius (where an inverse spinel structure
is assumed) and calculated average tetrahedral site radius (where a normal spinel
structure is assumed) for the compositions in the red box and green box, respectively.
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Figure 4.8: The degree of inversion, γ, for samples (nA1/n)Co2O4 (n ≥ 5), obtained
from CL refinements, with error bars included. The heat treatment condition for each
sample is listed on the x-axis. The samples are grouped into two categories: those
with Mg in the compositions (represented by red squares) and those without Mg in
the composition (represented by green squares). The red and green arrows indicate
the structural trend observed with increasing post-treatment temperature.
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4.4 Conclusion

This work has elucidated that the LTST method successfully results in single phase

CCO spinels (nA1/n)Co2O4 with high surface areas and heterogeneous microstructures

that can be tuned with post-treatment. At least 12 distinct ACo2O4 samples were

identified with four or more equimolar A cations in this work: a great number more

are likely feasible through alternate or non-equimolar A cation combinations. The

CCOs are all found to be metastable, partitioning into two distinct spinel phases upon

post-treatment at 1000 ◦C (or lower). It was found that phase selection and stability

are impacted by both which cation species are present and how many cation species

are included. When Mg or Ni are present in the compositional series, the lower

enthalpy of formation of MgO (in PT8 and PT10) and NiO (in PT10) dominates,

resulting in CCO spinels with rock salt phase impurities. It was found that the onset

of rock salt impurity phase with increasing calcination temperature can be suppressed

or eliminated in samples without Mg by increasing the number n of participating

cations in the series.

A detailed characterization of 5C1 via in situ HTXRD, SEM/EDS, STEM/EDS,

and Rietveld refinement uncovers significant and varying cation segregation in AF4,

PT6, PT8, and PT10 samples. Post-treatment is seen to effectively redistribute A-site

cation short-range order, in an important confirmation of the ability to tune lattice

heterogeneity in this family of medium entropy spinel oxides. We demonstrated that

CL model refinements are adept at capturing the unusual diffraction peak profiles

of CCOs in this series. We utilized the models to demonstrate that an intermediate

processing temperature gives rise to more compositionally homogenous CCOs in our

series. It is anticipated such models will find wide use in the structural description of

HEOs, ESOs, and CCOs, providing much-needed descriptors of the intrinsic lattice

strain, nano-segregated phases, and multi-structured natures apt to be present and

key to material properties in these series. Overall, this work demonstrates there are

many potentially interesting metastable nanophases that can be prepared via LTST
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methods in this compositional series, and that there is great potential for tuning their

morphologies and atomic structures.
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Chapter 5

Excellent Bifunctional Oxygen

Evolution and Reduction

Electrocatalysts (5A1/5)Co2O4 and

their Tunability

The synthesis and crystal-chemical trends in an extensive family of nano CCO

(nA1/n)Co2O4 (A = combinations of Mg, Cr, Mn, Fe, Co, Ni, Cu, and Zn) spinels

were presented in Chapter 4. It is widely recognized that several end-member

compositions in this series serve as economically viable, earth-abundant, cost-effective,

and efficient electrocatalysts, facilitating both the oxygen evolution reaction (OER)

and oxygen reduction reaction (ORR). In the work herein, five-cation compositions

in the family (5A1/5)Co2O4 (A = combinations of transition metals, Mg, Mn, Fe,

Ni, Cu, and Zn) have been studied to determine their suitability as highly active

and thermally stable bifunctional OER and ORR electrocatalysts. Among the

different low-temperature soft-templating (LTST) samples, those subjected to 600
◦C post-annealing heat treatment exhibited superior performance in alkaline media.

One specific composition, (Mn0.2Fe0.2Ni0.2Cu0.2Zn0.2)Co2O4 exhibited an exceptional
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overpotential (260 mV at 10 mA cm−2) for OER, a favorable Tafel slope of 68 mV

dec−1, excellent onset potential (0.9 V) for ORR and lower than 6% H2O2 yields

over a potential range of 0.2 to 0.8 V vs the reversible hydrogen electrode (RHE).

Furthermore, this catalyst displayed stability over a 22-hour chronoamperometry

measurement as confirmed by X-ray photoelectron spectroscopy (XPS) analysis.

Considering the outstanding performance, the low cost and scalability of the

synthesis method, and the demonstrated tunability through chemical substitutions

and processing variables, the CCO ACo2O4 spinel oxides are highly promising

candidates for future sustainable electrocatalytic applications.

Chapter 5– Excellent Bifunctional Oxygen Evolution and Reduction Electrocata-

lysts (5A1/5)Co2O4 and their Tunability– is reprinted (adapted) with permission from

ACS Mater. Au 2024, in pressDOI: 10.1021/acsmaterialsau.3c00088 [247]. Copyright

2024 American Chemical Society. The authors of the work are Xin Wang, Harish

Singh, Manashi Nath, Kurt Lagemann, and Katharine Page.

5.1 Introduction

Water splitting to produce hydrogen via the electrolysis pathway is considered a

promising direction towards carbon-free energy production, especially considering

the potential utilization of widely distributed renewable (wind, solar, geothermal)

and nuclear energy sources.[284] A key research challenge lies in improving the

energy efficiency for converting electricity to hydrogen over a wide range of operating

conditions[45]. With this regard, designing and developing economically feasible,

earth-abundant, inexpensive, efficient electrocatalysts for the oxygen evolution

reaction (OER) is a critical research factor[138, 249, 304]. Even further, searching for

electrocatalysts which can boost both the OER and the oxygen reduction reaction

(ORR) simultaneously is crucial for deploying hydrogen production in a usable form,

e.g., fuel cells[138], metal-air batteries[86].

107

https://doi.org/10.1021/acsmaterialsau.3c00088


Efficiently developing bifunctional electrocatalysts for OER and ORR presents

two major challenges. Traditional electrocatalyst research primarily focuses on noble

metal (Pt, Ir, Ru, etc.) incorporation, inappropriate for large-scale deployment due

to low abundance and high cost[115]. In addition, the best catalysts for OER activity

may not excel in ORR, and vice versa[86]. One promising avenue of research focuses

on low cost transition-metal-based materials, among which cobalt-based spinel-type

oxides are particularly promising as bifunctional electrocatalysts[302, 121].

Currently, a number of Co-based spinel-type oxides, including binary oxides such

as Co3O4 as well as related ternary oxides with formula ACo2O4 (A = Mn, Ni, Cu,

Fe, Zn, etc.), have shown promise as non-noble metal bifunctional catalysts. As

summarized by Qin Zhao et al. in their review paper[302], several strategies are

commonly employed to enhance OER and ORR properties in the family of spinels,

including morphology optimization[136, 111, 89, 23, 201, 151, 41, 242, 14, 301], defect

tuning[129, 40], composition engineering (active noble metal substitution[90, 31],

and complex multi-metal synergistic effects[133, 212, 115, 283, 250]), structure/phase

regulating[299] and utilization of conductive substrates[125, 111, 130, 285, 300, 270,

60, 9, 122, 128, 280, 24, 280, 4, 274, 43, 117, 76, 131, 239, 244, 3, 72, 26, 293, 283, 4,

250]. By implementing these emerging techniques, the performance of electrocatalysts

for both OER and ORR can be significantly improved. A key figure of merit for

assessing OER catalysts is a reduced overpotential value for overcoming the kinetic

barrier (thermodynamic potential, 1.23 V) at current density 10 mA cm−2[240]. For

reference, the best reported OER noble-metal catalysts have overpotentials close to

200 mV[222]. Furthermore, the proximity of the onset potential to 1.0 V is a critical

performance indicator for ORR. The best ORR catalysts, Pt-based materials, exhibit

an ORR onset potential just below 1.0 V[216, 266, 30] and maintain a yield of H2O2

below 5% over a potential range of 0.2 to 0.7 V vs RHE[72].

Figure 5.1 presents extracted values of the promising ORR onset potential values

(in V) and low OER overpotential values (in mV) from the spinel oxide literature
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Figure 5.1: Overpotential (measured at 10 mA cm−2) for OER versus onset potential
for ORR for the best-performing (5A1/5)Co2O4 spinel CCOs in this work (solid colored
circles) compared to existing ACo2O4 based electrocatalysts from references cited[302,
136, 111, 89, 23, 201, 151, 41, 242, 14, 301, 129, 40, 90, 31, 133, 212, 115, 283, 250,
299, 125, 111, 130, 285, 300, 270, 60, 9, 122, 128, 280, 24, 280, 4, 274, 43, 117, 76, 131,
239, 244, 3, 72, 26, 293, 283, 4, 250] (solid grey triangles). Several notable benchmarks
are highlighted with hollow grey markers[133, 72, 301, 283, 90]. See text for further
details.
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mentioned above (solid grey triangles). Their corresponding substrate and drop-

casted mass (mass loading, ML) for OER and ORR studies are summarized in

Table S5.1. It should be noted here that a low overpotential for OER and

higher onset potential for ORR is more desirable as explained above. Hence

more efficient catalysts are expected to occupy the bottom region of this plot and

towards the right. Among these catalysts, the complex nitrogen-doped ‘nanonetwork’

assembled from porous and defective NiCo2O4@C nanowires grown on nickel foam

(‘N-NiCo2O4@C@NF’, represented by a hollow grey circle in Figure 5.1) stands out

with its significantly low OER overpotential of 242 mV, and relatively high ORR

onset potential (0.90 V vs RHE)[72]. ‘Ni1.5Co1.5O4’[301] (represented by a hollow

grey ‘X’ in Figure 5.1), an atomically-thin nickel-doped spinel cobalt oxide, exhibits

bifunctional catalytic performances with the overpotential of 275 mV for OER and the

onset potential of 0.92 V for ORR. A seven-component “high entropy oxide” (HEO),

‘AlNiCoFeCrMoV’ integrated with so-called ‘Co-N-C’ (grey hollow pentagon in Figure

5.1) achieves a highly bifunctional HEO/Co-N-C nanocomposite electrocatalyst, with

an overpotential of 257 mV for OER and an onset potential of 0.92 V for ORR. These

values are comparable to those of precious metal containing catalysts. One eight-

component spinel HEO, ‘Al-Ni-Co-Ru-Mo-Cr-Fe-Ti’, represented by a hollow grey

star in Figure 5.1 also stands out as a promising bifunctional catalyst (overpotential

of 240 mV for OER and onset potential of 0.97 mV for ORR), but it notably includes

the precious noble metal, Ru[90].

The strategy of compositional complexity in the cobalt spinel oxide system

presents an alternative approach to complicated synthesis and processing routes

and precious metal incorporation for bifunctional OER and ORR electrocatalysts.

HEOs (commonly referred to as single-phase oxides where five or more metal

cations occupy a specific crystallographic lattice site in a random manner with

configurational entropy equal to or higher than 1.5R per mole of metals/cations,

where R represents the universal gas constant.) and related compositionally complex

oxide (CCO, encompassing medium-entropy and non-equimolar composition oxides)
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phases offer a number of potential advantages attractive to improved designs for the

activity, structural stability, and tunability of electrocatalysts. The sluggish diffusion

kinetics associated with decreased cation mobilities reported in a number of CCOs to

date[303, 228, 116] may lead to slower particle coarsening relative to simpler phases.

The increased configurational entropy in CCO/HEO/entropy stabilized oxide (ESO)

phases may offer intrinsic phase stability at high temperatures. Perhaps the most

beneficial effect predicted to offer advantages for catalysis is the so-called ‘cocktail

effect’, whereby the catalytic activity of mixed metal cations enriches the type and/or

strength of orbital hybridization relative to individual (or less complex) active cation

sites. This phenomenon is already well explored in complex oxides, for example, in the

enhanced activity reported for M0.1Ni0.9Co2O4 (M=Mn, Fe, Zn, and Cu) spinels[133]

(Fe0.1Ni0.9Co2O4 is represented by a hollow grey square in Figure 5.1), cerium-doped

CoMn2O4 (Ce-CMO-X) spinels[31], La1.5Sr0.5NiMn0.5Ru0.5O6 double perovskite[185],

and others described in a number of reviews[86, 99, 121]. Nonetheless, few bifunctional

HEO or CCO catalysts have been studied to date.

We recently reported on a low temperature soft templating (LTST) reaction route

for a wide number of (nA1/n)Co2O4 spinel oxides[245]. Figure 5.2 (a) displays the

spinel oxide structure with an inverse cation site model assumed (in the inverse

spinel structure the red tetrahedral cation sites are completely occupied by Co atoms,

while blue octahedral cation sites are occupied by 50% Co and 50% A atoms). The

chemical compositions, spinel structure, and morphology features make the phases

clear candidates for bifunctional electrocatalysts. In this work, we explore the OER

and ORR electrocatalytic activity of a family of nano (5A1/5)Co2O4 spinel oxides

where A contains 5 equimolar component combinations of the elements Mg, Mn, Fe,

Ni, Cu and Zn. Compared to the existing literature on cobaltites as bifunctional

OER and ORR electrocatalysts, the LTST prepared electrocatalysts in this work

post-annealed at 600 ◦C (solid colored circles displayed in Figure 5.1) demonstrate

significantly promising bifunctional OER and ORR performance. Furthermore,
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Figure 5.2: (a) The cubic spinel oxide unit cell model with an inverse structure
assumed. The red tetrahedral cation sites are completely occupied by Co atoms,
while blue octahedral cation sites are occupied by 50% Co and 50% A atoms. Oxygen
atoms decorating the corners of the shaded polyhedra are omitted for clarity. (b) XRD
patterns of the MnFeNiCuZn-noMg cobaltite series, including the as prepared sample
(400 ◦C), and samples post-annealed at 600 ◦C, 800 ◦C and 1000 ◦C. Impurities are
coded: CoCl2·2H2O (“h”); tenorite CuO (“c”); rock salt (“r”); and secondary spinel
(“s”). (c) Corresponding SEM images for samples in (b).
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catalytic trends for OER and ORR are demonstrated to be tunable through post-

processing and specific cation selection, indicating a promising design strategy for

optimizing new bifunctional catalysts.

5.2 Experimental

5.2.1 Material synthesis

The synthesis and phase stability of a large family of (nA1/n)Co2O4 (n=1 to 7)

spinel nanostructures were recently reported using a low temperature soft-templating

(LTST) reaction route[245]. The structuring agent, Pluronic P123 (3.2g), was

dissolved in 20 mL Ethyl Alcohol. Next, 0.5 mL Hydrochloric acid (HCl) was added

to the solution and stirred using a magnetic stir bar until the Pluronic P123 was

completely dissolved. Then, the desired stoichiometric amounts (1 g (nA1/n)Co2O4 as

the target) of inorganic nitrate/chloride hydrate precursor solutions in wt.% of metal

were added into the solution. The entire mixed solution was stirred for 30 mins using a

magnetic stirrer. Subsequently, the mixed solution was transferred to a petri dish and

placed under a fume hood for 24 h to allow for evaporation, resulting in the formation

of a wet gel. Once the evaporation was complete, the gel was then transferred to a

furnace and subjected to calcination at 400◦C for a duration of 5 h. Finally, post-

annealing treatments were conducted at temperatures of 600◦C, 800◦C, or 1000◦C for

5 h. For samples in the present work, n=5 refers to an equiatomic combination of

five transition metal cations on the A-site. Sample compositions studied are listed

in Table 5.1, along with an indication of phase purity trends. Representative X-ray

diffraction (XRD) data and scanning electron microscopy (SEM) images are shown

in Figure 5.2 (b,c). XRD patterns of all samples involved in this work can be viewed

in our previous work[245].

We have incorporated different combinations of 5 equiatomic A elements (with

Mg, Mn, Fe, Ni, Cu, and Zn as choices) in each nanocatalyst. The first five elements
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Table 5.1: The target compositions with formula (5A1/5)Co2O4 involved in this work.
Samples are obtained after calcination at 400 ◦C and following post-annealing heat
treatment at 600 ◦C, 800 ◦C and 1000 ◦C. Conditions resulting in X-ray pure phases
are labeled with check marks and conditions resulting in phase mixtures are labeled
with impurity abbreviations. Impurities are coded: CoCl2·2H2O (“h”); tenorite CuO
(“c”); rock salt (“r”); and secondary spinel (“s”).

Name 400 ◦C 600 ◦C 800 ◦C 1000 ◦C
MgMnFeCuZn-noNi ✓ ✓ r r+s
MgMnFeNiZn-noCu ✓ ✓ r r+s
MgFeNiCuZn-noMn c+r c+r c+r c+r
MnFeNiCuZn-noMg h ✓ c c+r+s
MgMnNiCuZn-noFe r r r r+s
MgMnFeNiCu-noZn ✓ ✓ r r+s
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listed in the sample names denote the 5 cations incorporated, while the term “noX ”

indicates the absence of a specific element X in that composition. All compositions

were initially calcined at 400 ◦C for 5 hr and later heat treated at 600 ◦C, 800 ◦C, or

1000 ◦C for 5 hr as described in our previous work[245].

5.2.2 Structure and morphology characterization

X-ray diffraction (XRD)

X-ray diffraction (XRD) data were measured using a PANalytical Empyrean diffrac-

tometer equipped with a Co X-ray source. The XRD patterns were measured between

10 and 90◦ 2θ with a step size of 0.026◦. The use of Co Kα radiation was found key

in uncovering minor impurity phases (the X-ray fluorescence for these samples with

Cu Kα sources masked the presence of minor impurity phases). Rietveld refinements

were carried out with the TOPAS-V7 program[36] utilizing a “continuous lattice”

model[245] to capture nanoscale inhomogeneity. The cation site inversion parameter

(the fraction of A-site ions occupying the octahedral sites, γ[250, 245]) and crystalline

size (CS) were also refined.

Scanning electron microscopy/energy dispersive X-ray specstropy (SEM/EDS)

Specimens for scanning electron microscopy (SEM) and energy dispersive specstropy

(EDS) were prepared by gently dispersing the finely-ground powders onto a standard

carbon tape, ensuring optimal sample distribution. The morphologies of the

specimens were then characterized using the Zeiss Auriga high resolution SEM.

Elemental analysis was carried out with the Zeiss EVO SEM.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was conducted with an Al X-ray source on

a KRATOS AXIS 165 spectrometer to investigate the surface chemical composition

and the valence states of the elements involved before and after the OER stability
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studies. The acquisition of all XPS data was carried out without any sputtering to

accurately examine the surface chemistry.

5.2.3 Electrochemical characterization

Electrode preparation

To prepare the homogeneous catalyst ink for analyzing the OER and ORR activity

of catalysts, 4 mg of catalyst was dispersed in 300 µL of ethanol and mixed with

Nafion (0.8 µL, 5 wt.%). For OER measurements, the ink required an additional

step of 1 hour ultrasonication to ensure its homogeneity. Subsequently, 100 µL of the

homogenized ink was dropped onto carbon cloth with a geometric area of 0.283 cm2.

For ORR measurements, the glassy carbon electrode (GC) was polished using 1 and

0.05 µm alumina powder, and then sonicated first in isopropanol and then in distilled

water. Next, 20 µL of the catalyst ink was drop casted onto the glassy carbon working

electrode with a geometric area of 0.196 cm2. Finally, the electrode was dried under

ambient conditions.

Water splitting and oxygen reduction reaction measurements

An IviumStat potentiostat was used for investigating the bifunctional OER and

ORR electrocatalytic performance of CCO (5A1/5)Co2O4 electrodes. The setup of

electrochemical measurements is a three-electrode cell system. The graphite rod is

the counter electrode, and the Ag|AgCl (KCl-saturated) is the reference electrode.

The 5 mm diameter rotating ring disk electrode (RRDE) is the working electrode

for ORR (in O2-saturated 1 M KOH at different rotational rates between 400 and

2000 rpm (10 mV s−1)) while catalyst loaded carbon cloth is the working electrode

for OER (in N2-saturated 1 M KOH).
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Tafel plot

Tafel slopes of the 600 ◦C series were calculated by polarization curve fitting to

examine the OER performance. The Tafel equation is given below:

ϵ = α +
2.3RT

αnF
log j (5.1)

where α is the charge transfer coefficient, n is the number of electrons involved in

the reaction, F is the Faraday constant and other symbols have their usual meanings.

The Tafel equation illustrates the dependency of the overpotential ϵ on the current

density j. The Tafel slope is given by 2.3RT/αnF .

Electrochemically active surface area (ECSA)

The electrochemically active surface area (ECSA) was obtained according to the

equation:

ECSA =
CDL

CS

(5.2)

where CDL is the double payer capacitance and CS is the specific capacitance (0.04 mF

cm−2, taken from similar catalysts[28]). An average of the absolute values of cathodic

and anodic slopes is calculated to obtain the value of CDL. Roughness factor (RF) is

another important factor which relates to the surface roughness. It can be defined as

ECSA/0.283, where 0.283 cm2 is the geometric electrode area used for OER.

5.3 Results and Discussion

5.3.1 Bifunctional OER and ORR electrocatalysts

A screening of OER performance across the MgMnFeCuZn-noNi, MgMnFeNiZn-

noCu, MgFeNiCuZn-noMn, MnFeNiCuZn-noMg, MgMnNiCuZn-noFe, and MgMnFeNiCu-

noZn series revealed that the samples treated at different processing temperatures

(400 ◦C, 600 ◦C, 800 ◦C and 1000 ◦C) exhibit varying overpotential for OER.

117



Representative OER overpotential results for the samples involved are presented in

SI Figure S5.1 (a). The series of 600 ◦C processed samples present superior catalytic

activity compared to the 400 ◦C, 800 ◦C and 1000 ◦C sample series. The trend in

overpotential values observed is 600 ◦C < 1000 ◦C < 800 ◦C < 400 ◦C for nearly all

compositions (except MgMnFeNiZn-noCu, for which the overpotential of the 400 ◦C

sample ≊ that of the 800 ◦C sample). In our pursuit of developing a high-performance

bifunctional catalyst, we have conducted ORR with the best OER set (the 600 ◦C

series) in this study. To assess their electrokinetic activity, we employed a RRDE

setup.

A selection of electrocatalytic data for the sample series is presented in Figure 5.3,

with key values summarized in Table 5.2. The OER electrocatalytic activity of the

600 ◦C series were evaluated using linear sweep voltammetry (LSV) measurements, as

illustrated in Figure 5.3 (a). The extracted overpotential values at 10 mA cm−2 are

those presented as colored symbols in Figure 5.3, demonstrating they are among

the lowest recorded OER overpotential values for cobaltite-based electrocatalysts

in literature. For samples studied here, the MnFeNiCuZn-noMg-600 ◦C sample

exhibits the highest OER catalytic activity, with an overpotential of approximately

260 mV. This falls within the “ideal” range (200 to 300 mV at 10 mA cm−2)

defined by Muhammad Tahir et al. in their review paper[222]. Additionally, the

MnFeNiCuZn-noMg-600 ◦C exhibits a high current density (exceeding 150 mA cm−2),

indicating favorable conductivity. The corresponding Tafel slopes extracted from

OER electrocatalytic activity are displayed in Figure 5.3 (b). The Tafel slope

values indicate that MnFeNiCuZn-noMg-600 ◦C has the lowest Tafel slope of 68

mV/dec, outperforming N-NiCo2O4@C@NF (86 mV dec−1)[72] and approaching the

performance of Al-Ni-Co-Ru-Mo-Cr-Fe-Ti (51.3 mV dec−1)[90]. The reaction kinetics

are enhanced when the Tafel slope is smaller, leading to a higher current density and

subsequent increased oxygen generation. The low Tafel slope of MnFeNiCuZn-noMg-

600 ◦C suggests that it is comparable to other existing highly efficient catalysts. The

ECSA values are presented in Figure 5.3 (c) and are listed in Table 5.2 for the
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Figure 5.3: (a) OER LSV polarization curves, (b) OER Tafel plots, (c) OER ECSA,
and (d) ORR LSV polarization curves at a rotating speed of 1600 rpm for the 600 ◦C
sample series.
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Table 5.2: The OER (overpotential η mV @ 10 mA cm−2, Tafel slope (mV dec−1),
and ECSA (cm2)) and ORR (onset potential E0 (V), number of electrons n @ 0.3 V,
and % H2O2) catalytic activities of the electrocatalysts involved in this work compared
to the values from selected benchmark catalysts.

Sample OER OER OER ORR ORR ORR
η Tafel ECSA E0 n % H2O2

Al-Ni-Co-Ru-Mo-Cr-Fe-Ti[90] 240 51.3 / 0.97 / /
N-NiCo2O4@C@NF[72] 242 86 65 0.90 3.8 6.7
AlNiCoFeCrMoV/Co-N-C[283] 257 / / 0.92 / /
MnFeNiCuZn-noMgThis work 260 68 36.8 0.91 3.96 4.8
MgMnFeNiCu-noZnThis work 264 72 33.4 0.84 3.21 8.2
MgMnNiCuZn-noFeThis work 268 84 29.1 0.88 3.85 6.4
Ni1.5Co1.5O4[301] 275 54 / 0.92 / /
MgFeNiCuZn-noMnThis work 288 96 23.78 0.79 3.10 8.6
MgMnFeCuZn-noNiThis work 306 112 17.2 0.88 3.90 5.1
MgMnFeNiZn-noCuThis work 310 132 12.2 0.87 3.34 7.4
Fe0.1Ni0.9Co2O4[133] 380 / / 0.85 / /
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600 ◦C series. The ECSA plays a pivotal role in the field of electrocatalysis,

particularly in reactions like the OER which is of paramount importance for various

energy conversion and storage technologies, including water electrolysis[208, 209].

The ECSA values range between 12.2 cm2 and 36.8 cm2 for the 600 ◦C sample

series, representing moderate values compared, for example, to the reported 65

cm2 of N-NiCo2O4@C@NF[72]. The favorable electrocatalytic properties of the

series despite their modest ECSAs suggest these compositionally complex samples

may have high intrinsic performance relative to previously reported cobaltite-based

bifunctional catalysts. Amongst the multimetal oxide series studied here, it is

notable that the MnFeNiCuZn-noMg-600◦C stands out with the highest ECSA value

in the context of the OER, indicative of a significantly larger active surface area

available for electrochemical reactions. This implies the presence of a higher density

of catalytic sites, rendering the material exceptionally efficient in facilitating the OER

process[161]. The composition of the MnFeNiCuZn-noMg likely provides a synergistic

combination of metal oxides that create a unique surface structure and electronic

environment, leading to the observed higher ECSA value. The CDL values of the

different catalyst compositions were also compared (shown in SI Table S5.2), which

shows a similar trend as the ECSA. Another crucial parameter to consider is the RF,

which characterizes the surface roughness of the catalyst composite and can have an

impact on the observed catalytic characteristics. An increase in ECSA leads to a

higher surface RF, serving as an additional determinant affecting catalytic activity.

This is typically beneficial because a rough catalytic surface exposes more catalytic

sites to the electrolyte. The RF value determined for the MnFeNiCuZn-noMg-600 ◦C

electrode (130.03) surpasses that of other synthesized compositions, aligning with the

enhanced OER catalytic activity observed in the MnFeNiCuZn-noMg-600◦C sample.

These choices were made to optimize the electrochemical conditions for each reaction,

ensuring a reliable and controlled experimental setup.

The polarization curves for ORR recorded at the rotation rate of 1600 rpm are

shown in Figure 5.3 (d). Additional polarization curves at 400, 800, 1200, and
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2000 rpm can be found in SI Figure S5.2. Among the various multimetal oxide

catalysts studied, the MnFeNiCuZn-noMg-600◦C electrode emerged as the standout

performer. Its diffusion current densities were found to be remarkably high, akin to

those achieved with the industry-standard 20% Pt/C catalyst[209]. Notably, the

onset potentials observed for MnFeNiCuZn-noMg-600 ◦C were 0.91 V vs. RHE,

indicating its excellent catalytic activity for ORR. Moreover, this electrode exhibited

a diffusion-limiting current density of 2.94 mA cm−2, surpassing the performance of

all other electrocatalysts investigated in this study. The various diffusion-limiting

currents observed in different catalysts can be attributed to their unique electronic

structures and corresponding redox properties. Catalysts with higher intrinsic activity

often display more prominent limiting diffusion currents. Additionally, the chemical

composition of a catalyst, especially when alloyed with other elements, significantly

influences the diffusion current density during the ORR. Variations in crystallographic

facets, defects, or the presence of specific active sites can lead to differences in ORR

kinetics, thereby influencing the limiting diffusion current.

The electron transfer and hydrogen peroxide yields (% H2O2) of the ORR were

also investigated (results for sample MnFeNiCuZn-noMg-600 ◦C are shown in SI

Figure S5.3). The % H2O2 generated is lower than 6% over a potential range of

0.2 to 0.8 V vs RHE (it is 4.8% at 0.3 V). This is lower than that reported for the

highly performing N-NiCo2O4@C@NF[72], which remains lower than 8% over the

potential range of 0.2 to 0.7 V vs RHE (and is 6.7% at 0.3 V). Furthermore, the

number of electrons transferred at 0.3 V vs RHE ranged between 3.1 to 3.96 for the

600 ◦C series electrocatalysts in this work, suggesting a predominant four-electron

pathway for ORR. The parallel trends observed in the fitted lines in the Koutecky-

Levich plots (K-L, shown in SI Figure S5.4) imply that the ORR follows similar

electron transfer pathways at various potentials. This suggests that the underlying

mechanisms governing the ORR remain consistent across different conditions and

potentials. Extracted values for OER overpotential, Tafel slope, and ECSA, as well

as ORR onset potential, number of electrons transferred (n), and % H2O2 production
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at 0.3 V vs RHE, are summarized in Table 5.2 for the 600 ◦C sample series and selected

benchmark electrocatalysts, arranged in increasing order of OER overpotential.

In essence, MnFeNiCuZn-noMg-600◦C has demonstrated exceptional potential as

a high-performance bifunctional catalyst, particularly in the context of the ORR and

OER in alkaline conditions. Its impressive electrocatalytic properties, characterized

by high current densities and favorable onset potentials, make it a promising candidate

for integrated electrolyzer and fuel cell systems.

5.3.2 Stability of MnFeNiCuZn-noMg-600 ◦C

The long-term stability of electrocatalysis processes in alkaline medium for Co-

based spinel catalysts will be important for determining their overall suitability for

applications[121]. The long-term stability of MnFeNiCuZn-noMg-600 ◦C, the best

performing bifunctional OER and ORR catalyst in our series, was assessed using

chronoamperometry where a three-electrode setup was employed with a catalyst-

coated carbon cloth as the working electrode, graphite rod as counter and Ag|AgCl

as the reference electrode, where a constant potential was applied and the resulting

current density was measured over time (the results of the 22 hr test are shown

in Figure 5.4 (a)). The increase in current density observed with time in the

Chronoamperometry plot can be attributed to surface reconstruction effects. For

instance, an evolving surface morphology may expose new catalytic sites or enhance

the electrochemically active surface area. This, in turn, facilitates more efficient

OER kinetics and contributes to the observed rise in current density over time.

The electrode exhibited excellent stability, with no degradation of current density.

Furthermore, Figure 5.4 (b) illustrates the lack of change in the LSV curves of OER

before and after the 22-hr chronoamperometry test, indicating promising stability of

MnFeNiCuZn-noMg-600 ◦C in alkaline media.

Additionally, XPS measurements were conducted on MnFeNiCuZn-noMg-600 ◦C

before and after OER to analyze changes in surface element configurations and
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Figure 5.4: (a) Chronoamperometry plot of the catalyst MnFeNiCuZn-noMg-600
◦C, shown to maintain the current density 10 mA cm−2 over 22 hr for OER. (b)
The LSV polarization curves of sample MnFeNiCuZn-noMg-600 ◦C before and after
chronoamperometry. The before OER XPS spectra of (c) Mn 2p, (d) Fe 2p, (e) Ni
2p, (f) Co 2p, (g) Zn 2p, (h) Cu 2p, and (i) O 1s are for the MnFeNiCuZn-noMg-600
◦C electrode. The comparison of before and after OER XPS spectra can be found in
SI Figure S5.5.

124



electronic states. The XPS data collected before OER are presented in Figure 5.4

(c,d,e,f,g,h,i) for elements Mn, Fe, Ni, Co, Zn, Cu and O, respectively. The peaks

in the XPS spectra can be attributed to (c) Mn 2p3/2 and Mn 2p1/2, (d) Fe 2p3/2

and Fe 2p1/2, (e) Ni 2p3/2 and Ni 2p1/2, (f) Co 2p3/2 and Co 2p1/2, (g) Zn 2p3/2

and Zn 2p1/2, (h) Cu 2p3/2 and Cu 2p1/2, and (i) O 1s. In Figure 5.4 (c), the high-

resolution XPS spectra of the Mn 2p peak are depicted. The Mn 2p peak exhibits

a doublet, attributed to spin-orbit splitting, with two distinct states, 3/2 and 1/2.

These states display varying binding energies at 641.8 and 653.2 eV. In the Fe 2p

spectrum (depicted in Figure 5.4 (d)), the peaks observed at 710.2 eV and 723.9

eV are indicative of bivalent iron (Fe2+), while the peaks at 712.8 and 724.1 eV are

assigned to trivalent iron (Fe3+). The Ni 2p XPS spectrum shown in Figure 5.4

(e) reveals key information about the chemical and oxidation state of Ni within the

material. The specific binding energies of the Ni 2p3/2 and Ni 2p1/2 core level peaks

were identified at 854.2 eV and 871.7 eV, respectively. The Ni 2p3/2 and Ni 2p1/2 peaks

represent transitions of electrons from the 2p energy level to the 3/2 and 1/2 spin-

orbit states, providing insights into the electronic configuration of Ni in the sample.

Notably, accompanying these main peaks were satellite peaks observed at 861.4 eV

and 880.1 eV, associated with the Ni 2p3/2 and Ni 2p1/2 core levels, respectively. The

presence of satellite peaks is significant because it suggests that the material comprises

additional electronic transitions and interactions. The detection of satellite peaks at

861.4 eV and 880.1 eV in this context shows that Ni is involved in a +2 oxidation

state within the main lattice. In Figure 5.4 (f), the XPS spectrum analysis has

revealed that the primary metal peaks in the Co 2p3/2 and Co 2p1/2 regions exhibit

binding energies at 780.2 eV and 796.1 eV, respectively. Additionally, within both

the Co 2p3/2 and Co 2p1/2 regions, there are satellite peaks observed on the side with

higher binding energy relative to the main peak of each region. This observation

supports the confirmation that the oxidation state of Co is predominantly +2. The

higher binding energy of the satellite peaks relative to the main peaks within the Co 2p

regions aligns with the characteristics expected for Co in the +2 state.[132] These two
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satellite peaks also indicate the presence of additional electronic states associated with

the cobalt atoms. The satellite peak can arise from charge redistribution or electronic

transitions within the cobalt atoms. Charge redistribution implies a rearrangement

of electrons within the cobalt atoms, potentially influenced by factors such as the

local environment, the presence of neighboring atoms, or specific surface conditions.

This redistribution of charge can lead to the creation of additional electronic states,

contributing to the appearance of the satellite peak. In Figure 5.4 (g), the XPS

spectrum for Zn 2p illustrates the binding energies of Zn 2p3/2 at approximately

1021.6 eV and Zn 2p1/2 centered around 1044.1 eV. It indicates a single +2 valence.

XPS spectra collected after OER are shown in SI Figure S5.5. There are no significant

shifts observed in the binding energies of the Mn, Fe, Ni, Co, and Zn elements after

OER activity. Negligible binding energy shifts observed for most of the sample

metal ions indicate a maintenance of stable oxidation states during OER without

undergoing substantial chemical transformations or degradation. It should be noted

that in OER electrocatalysis, it is expected that oxyhydroxide species will form at

the local catalytic site through the catalyst activation step. The lack of observable

shifts however indicates that there is no bulk conversion to oxyhydroxide species

or significant alterations in the chemical states of these elements during extended

OER activity. Elements like Mn, Fe, Ni, Co, and Zn may exhibit different inherent

redox potentials, making them less susceptible to changes in oxidation states during

electrochemical processes. There are two marked changes in the XPS spectra before

and after OER (beyond differences in intensities, attributed to the measurements

being completed in different areas of the sample): (1) In Figure 5.4 (h), the core-level

and shake-up satellite lines of Cu 2p are presented. The Cu 2p3/2 and 2p1/2 core

levels are situated at approximately 933.2 and 952.9 eV, respectively. However, in the

XPS spectra after OER, SI Figure S5.5 (f), Cu1+ peaks appear around 932.1 eV after

OER in addition to the Cu2+ peaks initially present (shown in SI Figure S5.5(f)).

More careful XPS analysis has revealed that Cu is present in +1 and +2 oxidation

states even in the sample that before OER measurement. Hence the presence of Cu1+
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in the sample is primarily due to mixed oxidation state in the pristine sample and does

not change significantly after OER. Furthermore, to substantiate the dominance of

Cu2+ oxidation, our analysis considered the presence of a satellite peak around 943.2

eV. The identification of this satellite peak is particularly significant, as it serves as a

spectral indicator affirming the prevalence of Cu2+ oxidation states.[191, 307] (2) The

O 1s peak at 529 eV in Figure 5.4 (i) indicates the presence of O2− within a metal oxide

lattice (OLat), while the peak at 531 eV suggests the presence of adsorbed oxygen-

containing species (OAds). This peak’s intensity is commonly utilized to measure

the concentration of oxygen vacancies within the surface oxide lattice. The small

peak observed at 533 eV is associated with water adsorption (OH2O)[248]. This latter

peak disappears after OER activity, indicating a loss of adsorbed water. The lack of

changes in the case of Mn, Fe, Ni, Co and Zn indicates a stable surface chemistry of

this catalyst. The CCO catalyst may possess a robust surface structure that preserves

the oxidation states of the constituent elements, even in the presence of the highly

oxidative OER conditions. This stability could arise from the synergistic interactions

among the different metal species, forming a protective layer that prevents excessive

oxidation or reduction.

5.3.3 Tunability through cation selection and post-annealing

With the implementation of the straightforward LTST synthesis method, there exists

substantial potential for enhancing the catalytic properties of bifunctional OER

and ORR ACo2O4 electrocatalysts through cation selection and reaction parameter

optimization. Trends in crystallinity, phase purity, and morphology were shown for

various sample thermal treatments for the MnFeNiCuZn-noMg composition in Figure

5.2. Panel (b) displays the XRD patterns of the series, including the 400 ◦C, 600 ◦C,

800 ◦C and 1000 ◦C samples. Rietveld refinements were completed to identify phases

present, crystallite size (CS) and cation site inversion parameter (γ). In the case of the

MnFeNiCuZn-noMg series, the 400 ◦C sample contains a processing product impurity
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CoCl2·2H2O (labeled as “h”), while the 800 ◦C sample contains a small amount of CuO

(“c”). The 1000 ◦C sample exhibits CuO, rock salt (“r”) and secondary spinel (“s”)

impurities. Only the 600 ◦C sample is composed purely of a single spinel phase. A

summary of phase purity results achieved for all samples is given in Table 5.1.

SEM results for the MnFeNiCuZn-noMg composition series are displayed in Figure

5.2 (c). The 400 ◦C sample exhibits a wide particle size distribution (with both

large octahedral shaped particles and smaller spheroidal agglomerates). EDS analysis

presented in SI Figure S5.6 reveals the sample exhibits homogeneous distributions of

all analyzed elements at the resolution probed. Higher post-treatment temperatures

(600 ◦C and 800 ◦C) lead to larger particle sizes and a more homogeneous particle

size distribution, consistent with the results from Rietveld refinements.[245] The

1000 ◦C treated sample displays particle sizes in the micrometer-scale (bulk) range.

High resolution SEM was conducted on the heat treatment series of two other

compositions: MgMnFeCuZn-noNi and MgFeNiCuZn-noMn, as illustrated in SI

Figure S5.7. Similar observations are made regarding the morphology and particle

size distribution trends. Overall, these findings provide valuable insights into the

modification of sample purity and morphology achieved through different post-

treatment temperatures.

As previously mentioned (also shown in SI Figure S5.1 (a)), the MnFeNiCuZn-

noMg-400 ◦C exhibits the poorest OER performance as compared to 600 ◦C, 800
◦C, and 1000 ◦C post-annealed samples. Remarkably, even though the 1000 ◦C series

exhibits micrometer scale particle sizes, they demonstrate excellent OER performance

(comparable to the 600 ◦C sample series). On the other hand, the 800 ◦C series

exhibits a more uniform particle size distribution but falls short of the performance

observed in the 1000 ◦C series. These trends suggest that particle size is not the

predominant factor in determining OER performance and that post-annealing is an

effective tuning parameter for CCO nanocatalysts in this series. Further investigation

is required to determine whether the higher 600 ◦C performance trend can be

attributed to phase purity, a tuning towards cation short range order at the atomic
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or nanoscale, a morphological improvement facilitated by the unique cation diffusion

processes in compositionally complex systems, or some other effects.

The XRD patterns and SEM images of the 600 ◦C sample series are compared in

Figure 5.5 (a,b), respectively. The XRD patterns reveal that MgFeNiCuZn-noMn-

600 ◦C and MgMnNiCuZn-noFe-600 ◦C samples have small impurities, while the

remaining four samples appear single phase. The SEM images of all compositions

reveal qualitatively similar particle size distributions and morphologies. These

observations together with the noted variation in OER and ORR performance across

the compositional series suggest the varying combination of multimetal cations,

referred to as “cation selection” in this study, plays an important role. Interestingly,

the sample MnFeNiCuZn-noMg, MgMnNiCuZn-noFe, MgMnFeNiCu-noZn have bet-

ter bifunctional OER and ORR catalytic activity, relative to MgMnFeCuZn-noNi,

MgMnFeNiZn-noCu, and MgFeNiCuZn-noMn. This suggests that Mn, Cu, and Ni

play a significant role in both OER and ORR. This departs from the catalytic activity

trends observed for OER in the end member compositions in alkaline solution, which

reflects the order: ZnCo2O4 > NiCo2O4 > FeCo2O4 > Co3O4 > MnCo2O4[75]. Thus,

the work herein provides another example of the multi-metal enhancement effects

observed in compositionally complex electrocatalysts. By comparing CCOs with each

distinct combination of 5 out of 6 selected cations occupying the A-site (ACo2O4), the

relative influence of each metal cation on the bifunctional OER and ORR performance

can be efficiently screened. This approach allowed us to collect valuable performance

information through a small subset of possible compositions. These findings indicate

a promising pathway for designing new materials in the vast design space available

for CCOs. In our future work, we will investigate the potential of improving the

bifunctional OER and ORR activities of the CCO ACo2O4 family by exploring various

combinations of only Mn, Cu, and Ni incorporation.

Beyond cation selection, our work demonstrates electrocatalytic properties in the

CCO ACo2O4 family can be influenced through processing variations in the LTST
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Figure 5.5: XRD patterns of (a) 600 ◦C series, MgMnFeCuZn-noNi,
MgMnFeNiZn-noCu, MgFeNiCuZn-noMn, MnFeNiCuZn-noMg, MgMnNiCuZn-noFe,
and MgMnFeNiCu-noZn samples. Impurities are coded: tenorite CuO (“c”) and rock
salt (“r”). SEM images in (b) reveal the morphology of the samples in (a).
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synthesis method. A series of spider plots corresponding to increasing post-annealing

temperature is given in Figure 5.6, created to illustrate the complex correlations

between the measured OER overpotential (η, mV), crystalline domain size determined

from Rietveld analysis (CS, nm), and cation site inversion determined from Rietveld

analysis (γ) for the compositions studied (the analysis involved in determining the

latter two parameters are described in detail in our previous work[245]). As annealing

temperature increases from 400 ◦C to 800 ◦C (the series of spider plots from left

to right), η initially decreases and then increases (this correlation is provided as a

separate plot in SI Figure S5.1 (a)). As may be expected, the average crystallinity

of all samples increases with increasing annealing temperature, but they do so at

varying rates. Interestingly, the cation site inversion parameter, γ, is also revealed to

vary significantly with heat treatment.

For all compositions treated at 400 ◦C, γ is near 2/3 (representing a near random

spinel structure where A-site cations and Co3+ are present in 1/3 and 2/3 ratios on

both the tetrahedral and octahedral sites, respectively). For most compositions, γ

approaches 1 at higher temperatures (representing an inverse spinel structure with

all A-site cations occupying the octahedral site and half of the Co3+ occupying the

tetrahedral site) as temperature increases. The highest performing OER catalyst,

MnFeNiCuZn-noMg, is an exception– it exhibits a decrease in γ with higher annealing

temperatures and approaches 0 at 800 ◦C (representing a normal spinel structure

with A-site cations only occupying the tetrahedral site and Co3+ only occupying the

octahedral site). These correlations are shown individually in SI Figure S5.1 (c)

for further clarity. To be clear, only the simplest normal, inverse, and random site

models were considered due to the relative insensitivity of X-ray diffraction to shared

transition metal site occupancies (with all the A atom occupancies constrained to be

equivalent on each spinel cation site and each cation site constrained to have a total

occupancy of 1)[245]. Nonetheless, the trends from the Rietveld refinement indicate

significant changes in cation site ordering that vary across the series. The details of

the Rietveld refinement with “continuous lattice” model for the 600 ◦C sample series
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Figure 5.6: Overpotential (η, measured at 10 mA cm−2) of OER, crystalline size (CS,
nm) and cation site inversion (γ) for all 6 compositions (5A1/5)Co2O4, MgMnFeCuZn-
noNi (blue), MgMnFeNiZn-noCu (teal), MgFeNiCuZn-noMn (green), MnFeNiCuZn-
noMg (orange), MgMnNiCuZn-noFe (pink), and MgMnFeNiCu-noZn (yellow). Left
to right, correlations are depicted for as prepared samples (400 ◦C), and samples
post-annealed at 600 ◦C and 800 ◦C.
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were included in SI Table S5.3, which provides information about Rwp, median of

the lattice parameter (am, Å), crystallite size (CS), cation site inversion parameter

(γ), atomic position of oxygen (u). The isotropic atomic displacement parameters

(Uiso, Å2) for the tetrahedral site, octahedral site, and oxygen were fixed as 0.005,

0.005, and 0.010 Å2, respectively, for all compositions. At the same time, the surface

oxidation states obtained from XPS measurements indicate a partial inverse spinel

structure, creating a complex and intriguing scenario. Extended X-ray absorption

fine structure, X-ray absorption near edge structure, nuclear magnetic resonance,

Mössbauer spectroscopy, neutron diffraction, or other complementary measurements

would be necessary to study the cation site occupancy trends in fine detail. Finally,

the comparison between η and CS and η and γ for the series do not illicit clear trends

(the relationships are shown individually in SI Figure S5.1 (b,d), respectively).

Rather, it can be inferred that morphology, chemistry, and thermal history are

interconnected tuning factors in the electrocatalytic performance of CCO ACo2O4

samples studied here.

Overall, the enhanced OER efficiency and effective ORR activity observed for

MnFeNiCuZn-noMg-600 ◦C can be attributed to a synergistic interplay of several

key elements. MnFeNiCuZn-noMg (along with other compositions reported in this

study) benefits from a diverse array of transition metal cations, each of which can act

as a potential catalytic site with varying degrees of electrochemical tunability. This

amalgamation of metal ions creates a unique and advantageous chemical environment

for catalysis, wherein each metal may contribute its own catalytic properties, as well

as influence the local electron density around the neighboring cations. The specific

chemical environments and OER activities are shown to be impacted by thermal

annealing, revealing an additional tuning parameter in optimizing efficient CCO

catalysts. Finally, the MnFeNiCuZn-noMg-600 ◦C catalyst possesses a substantial

electrochemically active surface area. A larger electrochemical surface area equates

to more active sites available for electrocatalysis leading to higher current density.

Hence, the outstanding OER activity of MnFeNiCuZn-noMg-600 ◦C is most likely the
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outcome of a harmonious interplay between its diverse composition, expansive surface

area, unique (amalgamated) electronic structure, and the electrochemical tunability

of the catalytic site. This intricate combination renders this catalyst exceptionally

effective for OER and indicates a promising direction for simultaneously improving

ORR.

5.4 Conclusion

Nano CCO (5A1/5)Co2O4 phases made by LTST methods show great promise as

tunable bifunctional electrocatalysts for water splitting technologies. The sample

MnFeNiCuZn-noMg-600 ◦C shows an exceptional overpotential for OER at 260

mV at 10 mA cm−2 and excellent onset potential, 0.91 V, for ORR. It was

demonstrated that thermal heat treatment of nanostructured phases can be used

to drive cation diffusion and ‘tune’ the structures towards high activity. The

results presented suggest that further tuning of morphology, cation short-range

ordering/nanostructuring, and composition will lead to further enhancement in this

family of cobaltites. Furthermore, based on the compositional screening herein, it

is anticipated that exchanging non-catalytically active cations such as Mg for larger

proportions of catalytically active cations such as Mn, Cu and Ni, will result in further

performance enhancements. Overall, this work displays the great potential of LTST

to produce nano CCOs for bifunctional catalytic design. The reaction route provides

a straightforward way to screen potential CCO compositions for catalytic activity,

explore the potential synergistic effects of incorporating many metal cations, and

understand the impact of thermal annealing and associated cation short range order.

These directions will be explored in future work.
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Chapter 6

Impact of Thermal Annealing on

Magnetic Properties in Nano

Compositionally Complex Spinel

Cobaltite -

(Mg0.2Mn0.2Fe0.2Cu0.2Zn0.2)Co2O4

The promising bifunctional electrocatalytic properties in our family of nano CCO

cobaltites with formula (nA1/n)Co2O4 were presented in Chapter 5. With a high

proportion of Co and other magnetically active cations, the magnetic properties

of the nano CCO spinel family are of additional interest. The work in this

chapter explores the sensitivity of the magnetic properties in the composition

(Mg0.2Mn0.2Fe0.2Cu0.2Zn0.2)Co2O4 to local chemical segregation and phase evolution

introduced through variation in post-processing heat treatment temperature. A

combination of X-ray diffraction, scanning transmission electron microscopy with

energy dispersive X-ray spectroscopy (STEM-EDS), first-order reversal curve (FORC)

magnetometry, and neutron diffraction/total scattering analyses was employed to
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understand both average and local structure-property evolution. The post-annealing

process triggers local and long-range cation diffusion, resulting in changes in the

distribution of atoms residing on the tetrahedral and octahedral sites of the spinel

structure as well as nanoscale heterogeneity, inducing magnetic phase separation and

soft to hard phase transformations, phenomena not readily observable through M vs

T (magnetization vs. temperature) and M vs H (magnetization vs. magnetizing field)

measurements alone. Even minor magnetic cation migration on an atomic scale can be

detected through FORC measurements, a sensitivity beyond the detection capabilities

of neutron total scattering analysis. This work additionally highlights the necessity of

a combination of advanced characterization techniques for understanding the broader

crystal-chemical class of compositionally complex oxides.

The work in Chapter 6– Impact of Thermal Annealing on Magnetic Properties in

Nano Compositionally Complex Spinel Cobaltite - (Mg0.2Mn0.2Fe0.2Cu0.2Zn0.2)Co2O4–

is currently under development as a manuscript to be submitted in 2024. The authors

of the work are Xin Wang, Cameron S. Jorgensen, Corisa Kons, Yuanpeng Zhang,

Jue Liu, Peter C. Metz, Eleonora Calì, Dustin A. Gilbert, and Katharine Page.

6.1 Introduction

Limited research has been conducted on the utilization of nanostructured high

entropy oxides (HEOs) or compositionally complex oxides (CCOs) as a platform for

developing complex functional oxides. It is widely acknowledged in the scientific

community that complex oxides can exhibit a notable degree of chemical short-range

order (CSRO), distinct nanoscale phase segregation, and local lattice distortion.

Moreover, specific local atomic ordering patterns and their coherent length scales

are often tied to distinct physical properties[174, 290, 291, 279]. For example,

Ni/Mn sublattice order/disorder affects the surface and near-surface properties

to control electrochemical performance of LiNi0.44Mn1.56O4 lithium-ion batteries

(LiBs)[5], local compositional disorder generates tunable magnetic properties in single
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crystal La(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O3 films[148], and the ratio of Co3+/Co2+ and

M3+/M2+ on the octahedral site determines the oxygen evolution reaction (OER)

activity of MCo2O4 (M = Mn, Fe, Co, Ni, and Zn) spinels[75]. Other complex oxides

are imbued with unique properties via nano-scale phase segregation, including relaxor

ferroelectrics[188, 98], birefringent garnets[272], and spinel and rock salt exchange

spring magnets[7] and electrochemical cycling platforms[271]. Others feature coherent

architectures with fine compositional gradients that enable distinct physicochemical

properties[206, 264]. Clearly, design paradigms for control of chemical and phase

segregation and coupling at the atomic and nano scales are of broad interest.

Following this reasoning, the extraordinary complexity found in HEOs and CCOs are

hypothesized to present rich opportunities for harnessing complex diffusion dynamics

in tailored synthesis approaches to stabilize novel local atomic configurations and

defects, enabling rational design of highly performant materials[105, 245, 124].

From the perspective of magnetic behavior, particularly in oxides, properties will

depend on the elements present, their valence states, and their specific coordination

environments within the structure. Among the 3d transition metals, cobalt is

essentially important in advanced magnetic materials, exhibiting high saturation

magnetization (MS) and high Curie temperature (TC)[153]. The end member

cobaltites ACo2O4 (A=Mg, Mn, Fe, Ni, Cu, Zn, Co) are earth-abundant ferrimagnets

that crystallize in the spinel structure[190, 143, 147, 16, 155, 8, 159]. In the normal

spinel structure (Figure 6.1 (a)), large divalent cations occupy the tetrahedral A-

site exclusively, while Co occupies the octahedral B-site. Figure 6.1 (b) displays

the corresponding ferrimagnetic structure with calculated magnetic moments on

tetrahedral and octahedral cation sites aligned in opposite directions along the c-axis.

Commonly, there is some cation mixing between the A- and B- sites; the fraction of

A-site cations occupying the B-site, called the inversion parameter (γ), ranges from

0 for normal spinel to 1 for inverse spinel, and the degree of inversion influences the

ferrimagnetism[198]. Additionally, the magnetic properties of spinels, including
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Figure 6.1: (a) Normal spinel unit cell comprises pink tetrahedra (A-sites) and
green octahedra (Co-sites), with atoms labeled in their respective colors. The A-
site cations, including Mg, Mn, Fe, Cu, and Zn occupy the tetrahedral site, while Co
occupies only the octahedral site. (b) The corresponding room-temperature zero-field
magnetic spinel structure depicts calculated magnetic moments pointing down on the
tetrahedral site and pointing up on the octahedral site.
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the blocking temperature, saturation magnetization, remnant magnetization, and

coercivity, are known to be influenced by factors such as nanocrystalline shape[211]

and compositional tuning[157, 273]. Compositionally complex cobaltites expand upon

this design space considerably, as the local and long-range nuclear and spin structures

will depend on a large number of metal-oxygen-metal couples due to the many cation

types, varying coordination geometries, valence and spin states HEOs and CCOs

possess[198].

In the high-entropy paradigm, configurational entropy (Sconfig) may stabilize

otherwise unfavorable structures; yet, in the spinel system, the configurational entropy

is found to be consistently smaller than 1.5 R, where R is the universal gas constant,

even when the number of distinct cations on the A site reaches 8[246]. Note that

the Sconfig threshold for classification as HEO is 1.5 R. Our previous study[245] of

CCO cobaltites synthesized by a low-temperature soft-templating (LTST) method

revealed that the phase selectivity and temperature stability are primarily influenced

by the chemical composition rather than the number of participating cations and

that these cobaltites are metastable rather than entropy stabilized. Additionally, our

investigation[247] of their electrocatalytic properties highlighted that the bifunctional

oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) is significantly

influenced by cation combination and post-annealing temperatures. Thus, it

becomes apparent that the synthesis conditions play an essential role in determining

the metastable state of the sample and in the resulting material behavior.[246]

Consequently, this family of compounds provides a versatile phase space where

competing thermodynamic factors and sluggish cation diffusion can be exploited to

tailor cation site inversion, the heterogeneity of the cation distribution over different

length scales, and the resulting material properties.

To accelerate the development of HEO and CCO complex functional oxides,

it is crucial to understand to what extent their local environments (geometry,

distortion, coordination) can be controlled and linked to functional properties. In this

chapter, we investigate the sensitivity of magnetic properties to the thermal history
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of nanostructured compositionally complex oxide (Mg0.2Mn0.2Fe0.2Cu0.2Zn0.2)Co2O4

spinel phases. High-resolution scanning transmission electron microscopy (STEM),

first-order reversal curve (FORC) measurements from bulk magnetometry, and

average and local atomic structure analysis from neutron total scattering experiments

are combined to reveal trends in structure-property relationships. By controlling

post-annealing temperatures (600◦C, 800◦C, and 1000◦C) and hence the degree of

cation diffusion in the system, the chemical short-range order, cation site preference,

phase segregation, and the morphology of nanostructures can be tuned. The resulting

specific local ordering patterns lead to distinct magnetic behaviors, highlighting the

potential of nanostructured HEO and CCO materials as highly tunable platforms for

magnetic applications.

6.2 Methods

6.2.1 Materials synthesis

CCOs with the composition (Mg0.2Mn0.2Fe0.2Cu0.2Zn0.2)Co2O4 were synthesized using

a low-temperature soft templating (LTST) reaction method, the details of which

were previously published[245]. The gel obtained from the evaporation of room

temperature solution was initially calcined at 400◦C, leading to the formation of

the as-formed sample in this work. Subsequently, post-annealing treatments were

conducted on pellets made from the as-formed sample, separately, at temperatures of

600◦C, 800◦C, and 1000◦C.

6.2.2 Characterization

X-ray diffraction (XRD)

XRD measurements were conducted on all four samples using Co Kα radiation with

a PANalytical Empyrean diffractometer. The XRD patterns were collected from 10
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to 90◦ 2θ with a step size of 0.026◦. The specimen was prepared by placing a small

amount of finely ground powder onto a sample holder, after which a glass slide was

used to spread it evenly to ensure a flat surface.

Electron microscopy

The sample morphology at the nanoscale was examined by scanning transmission

electron microscopy (STEM) using a JEOL JEM-2100F microscope. The incident

beam was operated at 200 kV. To determine the chemical composition and elemental

distribution, energy dispersive X-ray spectroscopy (EDS) (80 mm X-Max detector,

Oxford Instruments) was employed. To prepare the STEM-EDS specimen, the powder

samples were sonicated in high-purity propan-2-ol and then drop-cast on copper grids

coated with a holey carbon film (3.05 mm diam. 300 mesh, TAAB Laboratories

Equipment Ltd).

6.2.3 Magnetic measurements

The magnetometry measurements on all samples were carried out using a vibrating

sample magnetometer (VSM) as part of a Quantum Design PPMS DynaCool system.

The field cooled (FC) and zero field cooling (ZFC) methods were employed to

investigate temperature-dependent magnetometry (M vs T). To begin, the powder

sample was cooled to 2 K without any applied magnetic field. Next, a 10 mT field

was applied, and the magnetic moment was recorded as the temperature was increased

from 2 K to 400 K, performing the ZFC measurement. After completing the ZFC

measurement, the applied field was maintained at 10 mT, and the magnetization was

measured as the temperature was decreased from 400 K to 2 K to obtain the FC

curve.

The magnetic phase fractions[61], quantified interactions[63], and reversal mechani-

sms[46] were investigated using the first-order reversal curve (FORC) technique[179,

180, 187, 63]. The protocol of FORC measurements starts with first applying a large
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positive field to saturate the sample, then the field is gradually reduced to a specific

reversal field (HR), and then the magnetization is measured as the applied field (H)

is increased from HR to saturation. This process is repeated to obtain a family of

FORCs at HR between the negative and positive saturation. The FORC distribution,

ρ (H, HR) is defined as applying a mixed second-order derivative to the dataset:

ρ(H,HR) =
−1

2MS

∂2M(H,HR)

∂H∂HR

(6.1)

where MS is the magnetization saturation. In effect, the derivative ∂M/∂H of each

FORC branch is compared to its adjacent neighbors, capturing any new or moving

magnetic switching events. Measurements conducted with increasing magnetic field,

e.g. the H axis, are probing magnetic up-switching events from a negative to a positive

orientation, while HR probes down-switching events. FORC measurements were

conducted to examine all four samples processed at various temperatures, focusing

on the small bump observed at low temperatures in M vs T plots for each sample.

The specific temperatures 5 K and 100 K were applied to all four samples. The

resulting FORC diagram represents a contour plot of ρ (H, HR). Associating H with

up-switching events and HR with down-switching, the data is transformed into a new

coordinate system representing the local coercivity and bias: HC = (H −HR)/2 and

HB = (H +HR)/2.

Finally, magnetic hysteresis (MH) loop measurements at 5 K and 100 K were

extracted from the family of FORCs for all the samples. All measurements were

normalized to the sample mass.

6.2.4 Neutron total scattering measurements

Time of flight (TOF) neutron powder diffraction (NPD) data and neutron total

scattering data were collected on the Nanoscale Ordered Materials Diffractometer

(NOMAD) at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory

(ORNL)[164]. For each sample, approximately 0.3 g of dried powder was dried at 200
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◦C for two days and loaded into a 3 mm diameter quartz capillary. Data collection for

all four samples was performed at 300 K in a temperature-controlled Ar cryostream.

Data reduction, including normalization, background subtraction, and absorption

correction, was carried out using the MantidTotalScattering (MTS) framework. Pair

distribution function (PDF) data was Fourier transformed from total scattering data

using a Qmax = of 32Å−1.

6.2.5 Rietveld and PDF refinement

Rietveld refinements were carried out with the TOPAS-V7 program[36]. For the main

spinel phase structure (S.G. Fd3̄m) the background, scale factors, lattice parameters

(a), A-, B-, and O-site isotropic atomic displacement parameters (Biso), and oxygen

atom positions (u) were refined. Only lattice parameters and scale factors were refined

for the impurities present in samples that were post-annealed at 800◦C and 1000◦C.

It was found necessary to employ a 2-spinel phase model to fit the 1000◦C data.

A lattice parameter and phase fraction were refined for the secondary spinel phase.

The atomic displacement parameters were constrained as equal to those in the main

spinel phase. To address the intricate nature of the cation site mixing in this nano

CCO, the A- and B- sites of spinel phases were treated as pseudo-atoms; only the

average scattering length on each site was refined. Finally, isotropic crystallite size and

microstrain broadening were applied to describe the nanomaterial peak broadening

in the phases[109, 295].

The magnetic scattering was fitted with a ferrimagnetic structure (S.G. I41/am′d′)

with spins on tetrahedral and octahedral cation sites aligned in opposite directions

along the c-axis (See Figure 6.1 (b)). The magnetic lattice parameters are related to

the main spinel lattice as amag = bmag =
√
2amain/2 and amain = cmag, respectively.

Likewise, the scale factor of the magnetic phase was constrained in proportion to the

relative unit cell volume (Vmag/Vmain=1/2). The magnetic structure model was also

constructed with pseudo-atoms, where the average magnetic moments on both the
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tetrahedral and octahedral sites were refined. More details of the model can be found

in our previously published paper on CCO spinel ferrites [246].

Structure refinements against PDF data were also performed using TOPAS-

V7[36], utilizing both a single-phase spinel model (1-phase) and the two-spinel phase

(2-phase) model described above for all sample data. The 2-phase model was found to

more accurately capture the low r peak shapes across the data series, with significantly

improved goodness of fit RW values and smaller atomic displacement parameters

(B, Å2) compared to the single spinel phase (1-phase) model. The refinements

conducted with 10 Å and 30 Å PDF data ranges using both the 1-phase and 2-

phase models are illustrated in supplemental information (SI) Figure S6.1 and Figure

S6.2, respectively. The corresponding extracted phase percentages (p, %), lattice

parameters (a, Å), average scattering lengths (⟨b⟩, fm), and the atomic displacement

parameters of tetrahedral cation, octahedral cation, and oxygen atom sites (Beq, Å2)

are compared in Figure S6.3 and Figure S6.4, respectively. The minor influence

of magnetic scattering was ignored in PDF modeling, based on the small intensity

of magnetic scattering observed via Rietveld refinement. However, it was found

necessary to include the impurity phase, MgO, to achieve satisfactory PDF fits for

the sample post-annealed at 1000◦C. Instrument resolution effects were modeled using

parameters determined through the refinement of a nickel powder data set.

6.3 Results and Discussion

6.3.1 Phase purity and nanoscale heterogeneity

The post-annealing process induced changes in the phase purity as well as particle size

and morphology of samples, as revealed by X-ray powder diffraction (Figure 6.2(a))

and bright-field TEM analysis (Figure 6.2(b-e)). The XRD patterns for the samples

calcined at 400◦C and post-annealed at 600◦C confirm the expected cubic spinel
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Figure 6.2: (a) XRD pattern comparison of samples indicating a single spinel phase
for 400◦C and 600◦C samples and impurity/secondary phases for 800◦C and 1000◦C
samples. The small black solid (h k l) ticks placed in the bar on top of the XRD
patterns indicate Bragg peak locations of the main spinel phase. (b-e) TEM image
comparison of samples (b) calcined at 400◦C, and post-annealed at (c) 600◦C, (d)
800◦C, and (e) 1000◦C. The samples calcined at 400◦C and post-annealed at 600◦C
display broad particle size distributions. In contrast, the sample post-annealed at
800◦C exhibits particle sizes of 100 nm or more. The sample post-annealed at 1000◦C
consists of micron-scale sized particles. Note the same scale bar applies to all four
TEM images in (b-e).
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Fd3m structure. However, increasing post-annealing temperature led to the

formation of additional phases; the XRD pattern of the sample post-annealed at 800◦C

reveals the presence of tenorite (CuO) and rocksalt (MgO), and the XRD pattern of

the sample post-annealed at 1000◦C exhibits CuO and MgO, as well as a secondary

spinel phase. Rietveld refinements for samples post-annealed at 800◦C and 1000◦C are

shown in the SI Figure S6.5. Further insight can be gained by considering changes

in the diffraction peak shapes of the samples. Broad and asymmetric peaks were

observed within the samples calcined at 400◦C and post-annealed at 600◦C, suggesting

the possible existence of multiple different nanostructured regions rather than a true

solid solution[245]. The trend towards sharper, more symmetric peaks in the post-

annealed samples indicates equilibration towards greater chemical homogeneity as

well as increased crystallite size.

These microstructure characteristics are further supported by the STEM images

shown in Figure 6.2 (b-e), where the samples calcined at 400◦C and post-annealed

at 600◦C exhibit a broader particle size distribution compared to the other two

post-annealed samples. Further, the distribution of elements among representative

particles or domains in the samples was examined via STEM-EDS elemental mapping

(Figure 6.3). It can be seen, by comparing the maps for samples (a) calcined at

400◦C, (b) post-annealed at 600◦C, (c) post-annealed at 800◦C and (d) post-annealed

at 1000◦C, that post-annealing induces a redistribution of cations among particles

and grains. In the as-formed 400◦C condition, Mg, Mn, and Fe are enriched in

specific domains, with a similar but less pronounced inhomogeneous distribution for

Zn (Figure 6.3(a)). In samples post-annealed at 600◦C (Figure 6.3(b)) and 800◦C

(Figure 6.3(c)) the cation distributions appear slightly more homogeneous, though

certain grains maintain enrichment of select elements. In the sample post-annealed

at 800◦C (Figure 6.3(c)) MgO precipitation was identified, in agreement with XRD

analysis. It should be noted that the phase fraction of the CuO impurity captured

with XRD analysis is less than 2% via Rietveld refinement, making it challenging to

observe via the STEM-EDS technique. Lastly, for the sample post-annealed at
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Figure 6.3: STEM-EDS map of (Mg0.2Mn0.2Fe0.2Cu0.2Zn0.2)Co2O4 spinel (a) as
prepared at 400◦C, and after post-annealing heat treatment at (b) 600◦C, (c) 800◦C,
and (d) 1000◦C. Note the first column of images on the left are STEM high-angle
annular dark-field (HAADF) images. The scale bar in the top left corner applies to
all images.
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1000◦C (Figure 6.3(d)), both the precipitation of MgO and a deficiency of Mn and

Fe in a sizable fraction of particles are apparent.

In summary, intermediate post-annealing temperatures are seen to induce cation

diffusion and reduce the heterogeneity of the initial cation distributions. At higher

post-annealing temperatures, rocksalt and tenorite impurities precipitate. Above

800◦C, separate spinel phases emerge; one with only Mg, Cu, Zn, and Co, and

another necessarily enriched in Fe and Mn. These observations reveal a complex

phase evolution occurring over multiple length-scales in the CCO spinel and align

with the XRD analysis indicating the 1000◦C sample is composed of two distinct

spinel phases.

6.3.2 Magnetic phase segregation

The results of temperature-dependent magnetometry and magnetic hysteresis mea-

surements for all four samples are shown in Figure 6.4 and Figure 6.5, respectively.

For all the samples, increasing the measurement temperature decreases the sample

magnetic moment and weakens the ferrimagnetism, as is normally expected.

The Curie temperatures, TCs, for the samples post-annealed at 1000◦C and 800◦C

are ≈ 200 K and ≈ 300 K, respectively, while the TCs of the samples calcined at

400◦C and post-annealed at 600◦C are higher than 400 K, beyond the limits of our

instrument. In the FC measurements, shown in Figure 6.4, the sample post-annealed

at 800◦C exhibits two minor peaks below 100 K, while the sample post-annealed at

600◦C exhibits similar but much weaker features (see inset for detail).

The magnetic hysteresis measurements for all the samples measured at 100 K show

a typical hysteresis loop with a coercivity of between 0.5 kOe for the sample calcined

at 400◦C and 2.2 kOe for the sample treated at 1000◦C. Measurement performed at 5

K starts to show a stepped transition, with the reversal of a magnetically soft phase

occurring near H = 0, followed by a long tail that extends beyond 1 T, corresponding

to a magnetically hard phase.
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Figure 6.4: The field-cooled (FC) comparison for all four samples over a temperature
range of 2 K to 400 K with an applied field of 100 Oe. The accompanying inset reveals
a slight bump in the sample post-annealed at 600◦C, while no such feature is observed
in the sample calcined at 400◦C. The heat-treatment temperatures are indicated in
the legend. The temperatures (5 K and 100 K) used in all FORC measurements are
denoted by black dashed vertical lines.

Figure 6.5: Magnetometry data for all four samples measured at 5 K (top panels),
and 100 K (bottom panels). The heat-treatment temperatures are indicated at the
top of each column. Insets display the distinct widths and shapes of hysteresis loops
near zero field at smaller scale .
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More details about the magnetic structure and reversals can be ascertained from

the FORC distributions for all of the samples, measured at 5 K and 100 K, which

are shown in Figure 6.6. The FORC distributions for the sample calcined at 400◦C

measured at 5 K and 100 K (Figure 6.6(a) and (b)) are dominated by the same

general feature located at HC = HB ≈ 0, corresponding to the soft magnetic phase

and showing no coupling to any hard phase. The FORC distribution measured

at 100 K (Figure 6.6(d)) on the sample post-annealed at 600◦C shows a similar

structure. By contrast, the FORC distributions measured at 5 K (Figure 6.6(c))

reveal two distinct features: Feature 1 is predominantly oriented along the HC axis

and Feature 2 is aligned along the HB axis, corresponding to the hard and soft phases,

respectively. Feature 1 indicates the emergence of a hard phase typically observed in

bulk magnets, and in particular in geomagnetism[187]. In contrast, Feature 2 indicates

a magnetically soft – likely reversible behavior. Broadening of the Feature 2, as well

as their mutual proximity in the FORC distribution, suggests that these features are

coexistent, and coupled. The soft phase in particular is centered at HB = 0 and is

reasonably symmetric along the HB axis, indicating that it is dominating the reversal

behavior, ‘dragging’ the hard phase with it during reversal.

Moving to the sample treated at 800◦C, at 100 K, the Feature 1 dominates the

FORC distribution, centered at HC ≈ 500 Oe, although some of the Feature 2 persists.

The 5 K data also shows a further enhancement of Feature 1 and the features are

still coupled. Compared to the sample treated at 600◦C Feature 2 now is notably

asymmetric, with a feature extending towards -HB, indicating that Feature 1 is

biasing its reversal. This indicates an increase in the magnetic volume of the hard

phase and its effective anisotropy. This trend is enhanced in the final sample, which

was post-annealed at 1000◦C. In both the 5 K and 100 K measurements Feature

1 dominates the FORC distribution, and the feature representing the soft phase is

asymmetric (at 100 K) and fully biased (at 5 K). This indicates that nearly all of

the soft phase is coupled to and dominated by an adjacent hard phase. The trends

indicate that all of the samples have a mixture of magnetic hard and soft phases,
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Figure 6.6: The comparison of FORC measurements at 5 K and 100 K for the
sample calcined at (a, b) 400◦C and the samples post-annealed at (c, d) 600◦C, (e,
f) 800◦C, and (g, h) 1000◦C. An intensity scale is displayed at the top right of (b).
The feature labels “1” and “2” appearing in FORC plots for samples post-annealed at
600◦C, 800◦C, and 1000◦C represent the primary feature orienting along the HC axis,
and the weak secondary feature along the HB axis, respectively.
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with the hard phase being vanishingly weak in the samples calcined at 400◦C, and

increasing to dominate in the samples annealed at 1000◦C. The FORCs indicate

that these phases are coexistent, with strong magnetic coupling, allowing the soft

phase to cause a premature reversal of the hard, and later the hard to anchor and

bias the reversal of the soft phase. Finally, it is notable that the hard feature in

particular is a well-established signature of localized reversal – as contrasted with

e.g. reversal by domain propagation. This structure indicates that the material is

rich in soft nucleation sites which initialize localized structures, and pinning sites,

which restrict long-range domain propagation. Combining the FORC measurements

with the temperature dependent magnetization, it is likely that the soft phase is

transforming into the hard phase, which has a lower TC , eventually achieving a

configuration that is magnetically hard at low temperatures, but non-magnetic at

room temperature. Finally, the integral of each FORC feature corresponds to the

magnetic moment associated with each feature; comparing the relative weights can

be used to determine a magnetic phase fraction[61]. Treating the sample calcined at

400◦C as predominantly soft phase, and the 1000◦C as hard phase, the saturation

moments can be calculated, and the phase fractions for the 600◦C and 800◦C samples

determined. These phase fractions, shown in SI Figure S6.6, quantify the progression

of the hard phase in the context of the soft phase; it is shown to be similar in all

samples. In this specific case, with a large number of cations that can take up positions

in two different crystallographic sites and deplete or concentrate in populations

within specific particles/grains, it is challenging to determine whether there is a non-

magnetic phase and the saturation magnetization of each phase present. This prevents

direct determination of the exact structural cation migration from FORC analysis.

Regardless, these results complement nanoscale STEM-EDS analysis which indicates

thermally activated cation diffusion leads to different heterogeneous distributions (and

magnetic properties) in post-annealed samples. These results are distinctly different

from the average structure inferred by XRD which indicate distinct spinel phases

only in the sample that is post-annealed at 1000◦C. That is, FORC analysis appears
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sensitive to incipient demixing of the as-synthesized material at shorter length scales

than probed by Bragg diffraction.

6.3.3 Average and local structure

The average and short-range order of these materials was further examined using

neutron total scattering. Figure 6.7 illustrates the comparison of neutron diffraction

and PDF data obtained at 300 K. Panel (a) compares the Bragg scattering data

collected from the 31◦ 2θ detector bank (bank 2), including the prominent magnetic

diffraction peak, (101), (d=4.75Å), while panel (b) compares data from the higher

resolution 154◦ 2θ detector bank (bank 5), where the presence of two spinel phases

is indicated by clear peak splitting in the 1000◦C sample data. The PDFs collected

at 300 K for all four samples exhibit striking similarity over the first 10 Å (Figure

6.7(c)); a similar comparison over 1.7 to 50 Å shows that the degree of similarity

diminishes as the range expands (SI Figure S6.7).

Figure 6.7(d and e) provides an example of the Bragg and PDF data fits, for the

sample calcined at 400◦C, we extended the refinement methods to all samples. A

summary of the Rietveld and PDF refinements results is provided in SI Table S6.1.

The key extracted parameters are summarized in Figure 6.8.

The Rietveld refinement analysis revealed that the phase percentage of the main

spinel remained near 100% across treatment conditions except in the sample post-

annealed at 1000◦C (Figure 6.8 (a)) which results in a secondary spinel phase.

The lattice parameter of the main spinel trends larger throughout the various heat

treatments until the emergence of the secondary spinel at 1000◦C (Figure 6.8 (b)).

This secondary spinel has a larger lattice parameter than the main spinel. The

average scattering length (⟨b⟩) refined for the tetrahedral and octahedral sites of the

main spinel revealed a trend towards a normal spinel structure with increasing post-

annealing temperature until phase separation occurs (Figure 6.8 (c)). The calculated

⟨b⟩ for normal and random spinel configurations for both tetrahedral and octahedral
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Figure 6.7: The comparison of neutron diffraction data from the 31◦ 2θ detector
bank (bank 2) (a) and 154◦ 2θ detector bank (bank 5) (b) for the samples that were
calcined at 400◦C, and post-annealed at 600◦C, 800◦C, and 1000◦C. (c) Corresponding
PDF data of the sample series. The heat-treatment temperatures are specified by the
legend in (c). The fit results for (d) Rietveld refinement of Bragg data (Rwp= 4.94%)
and (e) total scattering data (Rwp= 11.97%) for the nanocrystalline CCO sample
calcined at 400◦C. The phase markers of the main spinel phase (main) and magnetic
phase (mag) are displayed below the difference curve in (d).
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Figure 6.8: Results of modeling neutron diffraction data (a, b, c) and PDF data (d,
e, f) for the samples calcined at 400◦C, and samples post-annealed at 600◦C, 800◦C,
and 1000◦C. (a, d) compares model phase percentages (p, %), (b, e) compares lattice
parameters (a, Å), and (c, f) compares average scattering lengths of tetrahedral and
octahedral sites obtained from refinement (⟨b⟩, fm). Note that the red dashed line and
red solid line indicate the calculated average scattering length on the tetrahedral site
(n-tet) and octahedral site (n-oct) of a normal spinel structure, respectively. The red
solid line and black solid line indicate the calculated average scattering length on the
tetrahedral site (i-tet) and octahedral site (i-oct) with an inverse spinel configuration,
respectively. The black dashed line represents the calculated average scattering
lengths on both tetrahedral and octahedral sites in a random spinel configuration.
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sites for a sample of this composition are indicated with red dashed (normal-tetra),

red solid (normal-octa), and black dashed (random) lines in Figure 6.8 (c and f). The

refined values fall within this range for all samples. Finally, we note that because site

occupancies are underdetermined in this Rietveld analysis, the presence or absence

of cation vacancies cannot be disproved.

Analysis of the PDF data over 1-10 Å yields further insight into the presence of

distinct short range order (SRO) motifs in the samples. Structure refinement from

PDF indicates the presence of the secondary spinel at all sample treatment conditions

(Figure 6.8 (d)). This indicates that all samples feature local atomic configurations

that resemble the long-range ordered 2-phase state present in the 1000◦C sample:

however, the amounts and length-scales of the chemically/structurally distinct regions

(the extents of SRO) change with post-annealing temperature. The sample post-

annealed at 800◦C revealed the smallest secondary component fraction in the local

structure analysis. The lattice parameters of both the main and secondary spinels

model phases used for PDF fits expand with an increase in post-annealing temperature

(Figure 6.8 (e)) until the secondary spinel phase segregation is observed at long-range

in the sample post-annealed at 1000◦C. The refined site-average scattering lengths

complement the inference of bulk diffusion and corresponding changes in CSRO

obtained from STEM-EDS (Figure 6.3). In the secondary spinel phase model, ⟨b⟩ in

the octahedral and tetrahedral sites are initially similar and larger than the values

⟨b⟩ in the main spinel, but diverge sharply in the post-annealed 800◦C state. They

return to a similar state in the sample post-annealed at 1000◦C (Figure 6.8 (f)). This

is consistent with STEM-EDS and FORC, which showed the emergence of a region

enriched in Mn and Fe (bMn= -3.73 fm, bFe = 9.45 fm) and a large portion of magnetic

hard phase in the sample post-treated at 800◦C. However, in the sample that is post-

annealed at 1000◦C, nearly all of the soft phase is coupled to and dominated by an

adjacent hard phase. In summary, PDF analysis indicates a continual rearrangement

of cation site distribution leading, at post-annealing temperatures above 800◦C, to

long-range de-mixing and phase segregation.
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Local rearrangement of the cation site distribution influences the strength of

ferrimagnetism in distinct phases, and phase segregation into coherent or incoherent

domains affects bulk magnetism. Illustrative idealized examples of cation distribution

in Figure 6.9(a-d) showcase two effects that occur: the site inversion (γ) effect, and

the phase segregation effect. The corresponding and distinct calculated magnetic

moments (µB) for the models are given in Figure 6.9 (e).

Models (a, b) describe a single-phase normal and random spinel, respectively.

Models representing phase segregation are shown in (c, d), generated based on the

STEM-EDS map of the sample post-annealed at 1000◦C (Figure 6.3 (d)). A normal

structure was assumed for (Mg1/3Cu1/3Zn1/3)Co2O4 (c) since Mg and Zn are known to

prefer the tetrahedral site and Cu demonstrates a partial preference, while an inverse

structure was assumed for (Co)(Mn0.5Fe0.5Co)O4 (d) due to the established preference

of Mn2+ and Fe2+ for the octahedral site.[68]

The average magnetic moment in the random spinel is slightly smaller than for

the ordered normal spinel, however phase segregation of a spinel enriched in Mn and

Fe results in a large net-enhancement of the average magnetic moment. A region with

CSRO similar to this model would present as a hard magnetic phase, as indicated in

FORC measurements. In this picture, regions depleted in Fe and Mn (and necessarily

enriched in Mg, Cu, and Zn) represent a more soft (frustrated) magnetic phase, where

spins are essentially diluted. In that way, the FORC provides valuable insights into the

site inversion and local phase segregation effects occurring across the annealing series,

supporting the observation of two spinel phases in PDF local structure refinement in

all samples and a precipitated second spinel phase at 1000◦C via Rietveld refinement.

6.4 Conclusion

In summary, we have followed the magnetic properties, chemical segregation, and

phase evolution of a nanostructured metastable compositionally complex spinel oxide
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Figure 6.9: Idealized illustrations of cation populations possible within a CCO spinel
cobaltite, representing two observed effects: site inversion, represented by a possible
(a) normal spinel, and (b) random spinel; and phase segregation, represented with
(c) (Mg1/3Cu1/3Zn1/3)Co2O4, and (d) (Co)(Mn0.5Fe0.5Co)O4. (e) Calculated magnetic
moments (M) for the models described in (a, b, c, d) on tetrahedral, and octahedral
sites as well as the total sum of the magnetic moment.
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with chemical composition (Mg0.2Mn0.2Fe0.2Cu0.2Zn0.2)Co2O4, annealed at increasing

post-processing temperatures.

To understand the structure-property evolution in this series, the structural

features at different length scales must be considered. A combination of FORC,

STEM-EDS, and neutron total scattering analyses reveals a two-step process in the

structure-property evolution. As synthesized by the LTST route at 400◦C, the CCO is

a weak room temperature ferrimagnetic, with an approximately random configuration

of cations across its tetrahedral and octahedral sites. STEM-EDS reveals enrichment

of Mg, Mn, and Fe in certain grains, while FORC analysis supports a random

distribution of cations. The first step, activated by post-processing at 600◦C, involves

local migration of cations from a more random configuration to a more chemically

specific arrangement among the tetrahedral and octahedral site occupancies. FORC

analysis reveals the presence of soft and hard magnetic phases which are not distinctly

evident via STEM-EDS but are consistent with the local structure picture of multiple

spinel structures via neutron total scattering. In the second step in samples annealed

to 800 ◦C and above, PDF and FORC analysis indicate the system begins de-

mixing into discrete segregated phases. STEM-EDS and neutron diffraction uncover

long-range phase segregation of the sample post-annealed at 1000◦C. These findings

emphasize the sensitivity of FORC analysis in identifying magnetic signatures as

unique fingerprints.

The observation of rich complexity and structure-property tunability in a single

CCO composition subjected to different post-processing temperatures highlights the

great propensity and flexibility of CCOs as platforms in the design of complex

functional oxides. In the magnetism space, one could imagine in the future designing

bulk hard-soft exchange spring magnets, or exchange bias magnets through the careful

selection of involved cations, the degree of local cation mixing, and the propensity of

nano-segregated chemical short-range order in complex nanostructured phases.

Finally, this work reveals challenges in quantitatively capturing the crystal-

chemical trends in a CCO oxide featuring multiple cation sites, cation site inversion,
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and differing degrees of nanoscale chemical short-range order/phase segregation. The

combined use of STEM-EDS, neutron diffraction/PDF, and FORC analyses only

partially revealed the details of the detected multiple chemically segregated regions

in the series. These findings underscore the need for combined characterization and

analysis techniques when approaching complexity in CCOs. Further development of

advanced characterization techniques for the broader crystal-chemical class of CCOs

is warranted.
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Chapter 7

Conclusions

The work in this dissertation has demonstrated the structure-property trends of

complex functional ceramics (CFCs) can be effectively directed by incorporating

varying levels of chemical short range order (CSRO) among their cation/anion

arrangements, invoking significant atomic disorder and lattice distortion.

In Chapter 2, CSRO is investigated in the family of perovskite tantalum

oxynitrides ATaO2N (A=Ba, Sr, and Ca) with a combination of neutron total

scattering, density functional theory (DFT), and ab initio molecular dynamics

(AIMD) simulations. Specifically, dielectric properties are examined as a function

of A cation size, Ta displacements, octahedral tilting, and local anion ordering across

the series. In BaTaO2N, the presence of local N cis ordering and the associated

Ta off-centering synergistically contribute to stabilizing the local point charge dipole

correlations within the TaO4N2 octahedra, resulting in its notably high dielectric

constant. In contrast, in SrTaO2N and CaTaO2N, octahedral tilting plays a dominant

role in stabilizing the overall system energy, consequently leading to a decrease in the

dielectric constants.

In Chapter 3, a family of AFe2O4 (where A includes five cations of Mg, Fe, Co, Ni,

Cu, Mn, and Zn) was investigated as a case study for understanding the impact of

CSRO on the magnetic properties in compositionally complex oxide (CCO) spinels.
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Contrary to the conventional expectation of a random cation configuration among

high entropy oxide (HEO)s, two of the samples present an average inverse spinel

structure, leading to noticeable disparities in apparent bulk magnetization, local

magnetic ordering/interactions, and spin collinearity across the series. A competition

between crystal field stabilization energy and high configurational entropy lead to

specific CSRO motifs, driven by variations in the thermal processing history of the

series.

Chapters 4 through 6 of this thesis investigated the phase stability, control of

CSRO, and catalytic and magnetic structure-property trends in a novel family of

metastable nano compositionally complex ACo2O4 spinel oxides (where A includes

different combinations of Mn, Fe, Cu, Zn, Mg, and Ni). In Chapter 4, an eco-friendly

low-temperature soft-templating (LTST) route was explored to examine the influence

of increased compositional complexity and processing parameters on resulting phases.

The findings indicate thermal processing variations facilitate different degrees of

local and long-range cation diffusion, impacting the extent of cation site inversion,

nanoscale heterogeneity, and phase segregation, as well as particle size and particle

morphology trends. Additionally, the phase selectivity and the temperature stability

window for the CCO spinel series were found to depend strongly upon A-site

composition and only modestly on the number of elements (n) present on the A-site.

Overall, a high degree of tunability was uncovered through the choice of participating

cations and reaction post-annealing conditions.

In Chapter 5, iterations of ACo2O4 featuring five A cation combinations of Mn, Fe,

Cu, Zn, Mg, and Ni, were studied as bifunctional electrocatalysts for both the oxygen

evolution reaction (OER) and oxygen reduction reaction (ORR). Specifically, the

sample (Mn0.2Fe0.2Ni0.2Cu0.2Zn0.2)Co2O4, subjected to a post-annealing temperature

at 600◦C, exhibits an exceptional low overpotential (260 mV at 10 mA cm-2) for

OER and excellent onset potential (0.9 V) for ORR compared to current spinel

oxide bifunctional electrocatalysts. Post-annealing temperature was seen to influence

morphology, particle size, and OER performance across the compositions studied.
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Furthermore, the OER activity could be finely tuned by variation in the specific

combination of cations present on the A-site. This discovery within materials

excluding noble metals and avoiding extreme morphology heralds a new chapter in

the exploration of superior multifunctional catalysts with multi-metal configurations.

In Chapter 6, the investigation delved into the sensitivity of the magnetic

properties within the CCO composition (Mg0.2Mn0.2Fe0.2Cu0.2Zn0.2)Co2O4, exploring

the impact of local chemical segregation and phase evolution introduced by varying

post-processing temperatures. A comprehensive methodology encompassing X-ray

diffraction, scanning transmission electron microscopy with energy dispersive X-

ray spectroscopy (STEM-EDS), first-order reversal curve (FORC) magnetometry,

and neutron diffraction/total scattering analyses was employed to understand both

average and local structure-property evolution. Careful adjustment of the post-

annealing temperature as a synthesis parameter offers fertile ground for controlling the

magnetic properties of CCO compounds. This control over local and long-range cation

diffusion leads to alterations in the distribution of atoms within the tetrahedral and

octahedral sites of the spinel structure, along with inducing nanoscale heterogeneity

and magnetic phase separation. Such tailored adjustments offer a promising pathway

for further advancements in this field.

The limitations revealed in seeking to precisely determine tetrahedral and

octahedral site occupancies of the elements in CCOs with the characterization

methods utilized in this dissertation, including X-ray diffraction, neutron diffraction,

and neutron total scattering, point to current capability gaps. These findings highlight

the importance of future efforts to incorporate additional experimental probes and

theoretical approaches. Techniques like hard and soft X-ray absorption near edge

spectroscopy (XANES), soft X-ray magnetic circular dichroism (XMCD), and 57Fe

Mössbauer spectroscopy (with and without external magnetic field) are recommended

as effective tools for investigating local structures. Pursuing materials modeling at

multiple length scales, including experimental ‘small-box’ pair distribution function
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(PDF) fits, experimental ‘large-box’ (RMCProfile) analysis, and theoretical ‘large-

box’ (ab initio molecular dynamics, AIMD) analysis have potential to provide valuable

insights into cation valence and their corresponding occupancies on tetrahedral and

octahedral sites in these spinel CCOs or other complex structure systems in the future.

Multiple material properties are demonstrated to be highly sensitive to the local

atomic arrangements and nanoscale heterogeneity induced by thermal processing

variations in this work. The research presented in this dissertation underscores

the difficulties associated with achieving a true solid solution through optimal

(statistically random) cation site mixing. While a homogeneous cation distribution

may appear to be present at the microscale or nanoscale in specific phases or

particles, it does not guarantee true homogeneity across all material length scales.

This emphasizes the critical need for detailed descriptions of reaction conditions and

thorough experimental characterization of the crystal-chemical structure from the

local to the long-range scale to accurately discern and understand property behaviors.

Coupled and advanced structure probes such as X-ray and neutron total scattering

and high resolution scanning transmission electron microscopy with energy dispersive

X-ray spectroscopy are necessary. Combined theoretical and experimental approaches

add great benefits. Material properties are often sensitive and can indicate structural

complexity, even when it is not apparent by bulk structure probes. In cases where

magnetic cations are under consideration, the FORC method is recommended as a

valuable tool for detecting variations in local and long-range order of magnetically

active cations.

The research efforts undertaken in this dissertation foster the development of

design principles and strategies for fine-tuning the functional properties of CFCs

and foreshadow the utilization of CCOs as innovative nanostructured materials,

tunable through fine-processing control of diffusion, phase segregation, and particle

morphology.
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A Supplemental Information for Chapter 2

Figure S2.1: AC impedance data of polycrystalline ATaO2N (A = Ba, Sr, Ca)
measured at 295 K, in the frequency range of 1 Hz-10 MHz. (a) Nyquist plots (Z
in ohm for A = Ba and Sr, and kohm for A = Ca) and (b) frequency-dependence
of dielectric constants. Taking into account the sample geometry, bulk electrical
conductivities are evaluated as 1.6 × 10−4 S/cm, 1.3 × 10−4 S/cm, and 3.1 × 10−8

S/cm for A = Ba, Sr, and Ca, respectively. Note that the impedance (Z’, Z") of
CaTaO2N is plotted on a different scale.
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Table S2.1: Lattice parameters, occupancies and isotropic atomic displacement
parameters and Rwp values resulting from Rietveld refinement of neutron powder
diffraction (NPD) data for SrTaO2N and CaTaO2N with disordered, occupancy (occ.)
refined, fixed trans and fixed 50/50-75/25 models.

Param. Disordered Occ. Refined Fixed trans 50/50-75/25
SrTaO2N in I4/mcm

a=b (Å) 5.70522(9) 5.70530(9) 5.70583(9) 5.70519(9)
c (Å) 8.0836(2) 8.0836(2) 8.0840(2) 8.0836(2)
O/N 4a site occ. 0.6667/0.3333 0.32(1)/0.68(1) 0/1 0.5/0.5
O/N 8h site occ. 0.6667/0.3333 0.84(1)/0.16(1) 1/0 0.75/0.25
Sr 4b site Uiso (Å2) 0.0116(2) 0.0111(2) 0.0109(2) 0.0114(2)
Ta 4c site Uiso (Å2) 0.0077(2) 0.0081(2) 0.0086(1) 0.0081(2)
O/N 4a site Uiso(Å2) 0.0172(9) 0.0223(8) 0.0344(7) 0.0171(7)
O/N 8h site Uiso(Å2) 0.0189(5) 0.0148(5) 0.0073(3) 0.0185(4)
Rwp (%) 3.26 3.23 3.35 3.24
CaTaO2N in Pnma

a (Å) 5.6229(2) 5.6231(2) 5.6222(2) 5.6230(2)
b (Å) 7.9000(3) 7.9001(3) 7.9008(3) 7.9003(3)
c (Å) 5.5539(2) 5.5539(2) 5.5543(2) 5.5541(2)
O/N 4c site occ. 0.6667/0.3333 0.71(1)/0.29(1) 0/1 0.5/0.5
O/N 8d site occ. 0.6667/0.3333 0.65(1)/0.35(1) 1/0 0.75/0.25
Ca 4c site Uiso (Å2) 0.0199(5) 0.0199(5) 0.0191(6) 0.0202(5)
Ta 4b site Uiso (Å2) 0.0067(2) 0.0068(2) 0.0075(3) 0.0065(2)
O/N 4c site Uiso(Å2) 0.0168(5) 0.0147(8) 0.0412(7) 0.0249(6)
O/N 8d site Uiso(Å2) 0.0141(3) 0.0152(5) 0.0003(3) 0.0100(3)
Rwp (%) 3.18 3.18 3.68 3.22
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Table S2.2: Anisotropic atomic displacement parameters and Rwp values resulting
from Rietveld refinement of neutron powder diffraction (NPD) data for SrTaO2N and
CaTaO2N with disordered anisotropic and fixed 50/50-75/25 anisotropic models.

atom Wyck. U11 U22 U33 U12 U13 U23

SrTaO2N in I4/mcm with disordered anisotropic model, Rwp=3.17%
Sr 4b 0.0091(9) 0.0091(9) 0.0173(19)
Ta 4c 0.0077(2) 0.0077(2) 0.0077(2)
O1/N1 4a 0.0276(15) 0.0276(15) 0.0237(20)
O2/N2 8h 0.0112(7) 0.0112(7) 0.0247(14) 0.0070(8)
SrTaO2N in I4/mcm with fixed 50/50-75/25 anisotropic model, Rwp=3.16%
Sr 4b 0.0088(8) 0.0088(8) 0.0173(18)
Ta 4c 0.0081(2) 0.0081(2) 0.0081(2)
O1/N1 4a 0.0241(11) 0.0241(11) 0.0201(19)
O2/N2 8h 0.0128(6) 0.0128(6) 0.0241(14) 0.0086(8)
CaTaO2N in Pnma with disordered anisotropic model, Rwp=3.17%
Ca 4c 0.0279(20) 0.0087(19) 0.0261(18) 0.0040(17)
Ta 4b 0.0067(3) 0.0067(3) 0.0067(3)
O1/N1 4c 0.0208(14) 0.0108(14) 0.0200(13) 0.0000(11)
O2/N2 8d 0.0135(7) 0.0130(8) 0.0173(8) 0.0017(7) 0.0015(8) 0.0018(8)
CaTaO2N in Pnma with fixed 50/50-75/25 anisotropic model, Rwp=3.21%
Ca 4c 0.0289(21) 0.0089(20) 0.0267(18) 0.0027(18)
Ta 4b 0.0067(3) 0.0067(3) 0.0067(3)
O1/N1 4c 0.0316(15) 0.0189(15) 0.0273(14) 0.0000(12)
O2/N2 8d 0.0089(7) 0.0090(7) 0.0132(7) 0.0023(7) 0.0009(8) 0.0022(8)
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Figure S2.2: (a, b) Disordered anisotropic structure model and (c, d) fixed 50/50-
75/25 anistropic structure model shown with 99% probability thermal ellipsoids for
SrTaO2N and CaTaO2N, respectively.

Table S2.3: Total number (No.) of refined parameters, increased number (No.) of
refined parameters comparing with the refinements which used average structures and
Rwp values in the range from 1.5 to 6Å PDF refinements for SrTaO2N and CaTaO2N
with average structures and sub-lattice structures.

SrTaO2N I4/mcm I42m I422 I4m I4 Ibam Ima2
Total No. 9 10 10 11 12 10 16
Increased No. 0 1 1 2 3 1 7
Rwp (%) 11.03 23.15 10.18 32.58 27.07 10.00 9.17
CaTaO2N Pnma P21c P21m Pmn21 P212121 Pmc21 Pna21
Total No. 16 21 23 26 24 26 24
Increased No. 0 5 7 10 8 10 8
Rwp (%) 15.70 9.90 13.53 7.78 9.00 10.18 8.57
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Figure S2.3: (a) SrTaO2N and (b) CaTaO2N PDF sensitivity test of
random/cis/trans models. Random models are given as blue, cis models are given
as red and trans models are green. The black and orange difference curves describe
the difference between random structure and cis/trans.

211



Figure S2.4: (a-c) Calculated PDFs and partial PDFs resulting from the first series
of RMC fits to data. Data are shown as brown, green, and mauve circles for BaTaO2N,
SrTaO2N, and CaTaO2N, respectively. Fits are shown as black lines through the data,
while blue, red, magenta, and orange solid lines are the partial PDFs of Ta-O, Ta-N,
A-O and A-N. Resulting point clouds of corresponding model structures are shown
at the right of each panel.
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Figure S2.5: (a-c) Calculated PDFs and partial PDFs resulting from the second
series (with cis N ordering) of RMC fits to data. Data are shown as brown, green,
and mauve circles for BaTaO2N, SrTaO2N, and CaTaO2N, respectively. Fits are
shown as black lines through the data, while blue, red, magenta, and orange solid
lines are the partial PDFs of Ta-O, Ta-N, A-O and A-N. Resulting point clouds of
corresponding model structures are shown at the right of each panel.
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Figure S2.6: (a-c) Calculated PDFs and partial PDFs resulting from the second
series (with trans N ordering) of RMC fits to data. Data are shown as brown, green,
and mauve circles for BaTaO2N, SrTaO2N, and CaTaO2N, respectively. Fits are
shown as black lines through the data, while blue, red, magenta, and orange solid
lines are the partial PDFs of Ta-O, Ta-N, A-O and A-N. Resulting point clouds of
corresponding model structures are shown at the right of each panel.
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Figure S2.7: (a-c) Calculated PDFs and partial PDFs resulting from the third series
(with cis N supercell ordering) of RMC fits to data. Data are shown as brown, green,
and mauve circles for BaTaO2N, SrTaO2N, and CaTaO2N, respectively. Fits are
shown as black lines through the data, while blue, red, magenta, and orange solid
lines are the partial PDFs of Ta-O, Ta-N, A-O and A-N. Resulting point clouds of
corresponding model structures are shown at the right of each panel.
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Figure S2.8: (a-c) Calculated PDFs and (d-f) S(Q) resulting from (third series)
of RMC refinement. Data are shown as black circles, with resulting fits shown as
solid lines through the data (brown lines for BaTaO2N, green lines for SrTaO2N, and
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Figure S2.9: The corresponding partial pair distribution functions (pPDF) (a) A-O,
(b) A-N, (c) TaA-O and (d) TaA-N, from RMCProfile(RMC), and radial distribution
functions (RDF) (e) A-O, (f) A-N, (g) TaA-O and (h) TaA-N, from ab initio molecular
dynamics (AIMD) simulations of ATaO2N (A=Ba, Sr, Ca). The supercells used
in RMC and AIMD have anion ordering of cis-TaO4N2 octahedra with ‘90-deg’
configuration at axial N as proposed by Hinuma[79].

Table S2.4: Experimental[256] and Calculated (GGA+U) band gaps of most stable
cis and trans configurations of BaTaO2N, SrTaO2N and CaTaO2N.

cis trans
Band gap

(eV)

Space

group

Band gap

(eV)

Space

group

Band gap

(eV)
BaTaO2N 1.8 Pbmm 0.87 Pnma 0.9
SrTaO2N 2.1 Ima2 1.35 Pnma 1.16
CaTaO2N 2.4 Pmn21 1.96 Pnma 1.39
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Figure S2.10: Total and partial density of electronic state of most stable cis and
trans configurations of (a, b) BaTaO2N, (c, d) SrTaO2N and (e, f) CaTaO2N.
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Figure S2.11: (a-c) Distinct cis N configurations accessible through anion ordering
or tilting modification of a parent Pnma CaTaO2N structure. Each row contains
configurations with a distinct motif of cis N order. The structures at the far left
in each row involve no octahedral tilting (Cccm, Pmma and Imma), while the
additional structures in each row include octahedral tilting (P1, Pmc21, Pmn21,
Pna21, P212121). (d) Relative energies for relaxed cis configurations of CaTaO2N
shown in (a-c). The relative energies are shown in relation to the calculated energy
of the P212121 structure, which has the highest value.
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Table S2.5: Neutron powder crystallographic data and refinement details for
SrTaO2N and CaTaO2N with average models (fixed 50/50-75/25 model for SrTaO2N
and disordered model for CaTaO2N).

Param. SrTaO2N CaTaO2N
Source Neutron time of flight (TOF) Neutron time of flight (TOF)
Chemical formula SrTaO2N CaTaO2N
Formula weight (u) 314.575 267.033
Temperature (K) 290 290
Crystal system Tetragonal Orthorhombic
Space group (No.) I4/mcm (140) Pnma (62)
a (Å) 5.70519(9) 5.6229(2)
b (Å) 5.70519(9) 7.9000(3)
c (Å) 8.0836(2) 5.5539(2)
α = β = γ (Å) 90 90
V (Å3) 263.114(10) 246.712(15)
Z 4 4
d-space range (Å) 0.5-3 0.5-3
χ2 0.000160 0.000084
Rp (%) 2.28 2.16
Rwp (%) 3.24 3.18
Definition of R factors Rp =

∑
|yot−yct |∑

yot
Rp =

∑
|yot−yct |∑

yot

Rwp =
√∑

t ωt(yot−Kyct )
2∑

t ωt(yot )
2 Rwp =

√∑
t ωt(yot−Kyct )

2∑
t ωt(yot )

2

B Supplemental Information for Chapter 3

KDE analysis was conducted for the projection of the magnetic moment distributions

in the XY plane, as presented in Figure S3.9 for inverse spinel configurations and

Figure S3.10 for random spinel configurations for all four samples. By comparison,

the KDE map can be categorized into two groups – F1 and F3 verses F4 and F5. The

major difference between these two groups is the degree of dispersion for magnetic

moment distributions is larger in F1 and F3, as compared to that in F4 and F5.
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Figure S3.1: The calculated Sconfig of AFe2O4 HESOs with the degree of inversion
(γ) changing from 0 to 1 and the assumption that there are N (from 1 to 8 ) cations
((a) with Fe included as one of the occupying 8 A site cations and (b) without Fe
included as one of the occupying A site cations) (the γ values 0, 2/3, and 1 are labeled
with the corresponding structure model (normal spinel, random solution, and inverse
spinel, respectively.) It is shown that the samples in this study are better described
as compositionally complex oxides (CCOs).

Table S3.1: Parameters for all the fitting model results of the normal, inverse and
random solution Fd3̄m spinel models applied for F1 Rietveld refinements. The table
includes the refined magnetic moment (M), lattice parameter (a), oxygen position
(u), isotropic atomic displacement parameters (Uiso) for the 8b, 16c, and 32e sites,
and the resulting refinement goodness-of-fit, Rwp.

Sample F1
Best Model Normal Inverse Random
M(µB/Å) 6.232 0.406 1.200
a (Å) 8.3801(2) 8.3796(1) 8.3795(1)
u (frac.) 0.2445(1) 0.2440(0) 0.2441(0)
Uiso,8b (Å2) 0.0010(1) 0.0057(1) 0.0028(1)
Uiso,16c (Å2) 0.0105(2) 0.0040(1) 0.0060(1)
Uiso,32e (Å2) 0.0095(2) 0.0079(1) 0.0075(1)
Rwp 8.54 5.19 5.49
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Figure S3.2: Comparison of calculated neutron diffraction patterns with
nuclear contributions (1st column), magnetic contributions (2nd column) and total
calculations (3rd column) delineated with normal spinel (a,b,c), inverse spinel (d, e,
f), random solution (g, h, i) structure models for samples F1, F3, F4, and F5.
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Table S3.2: Parameters for all the fitting model results of the normal, inverse and
random solution Fd3̄m spinel models applied for F3 Rietveld refinements. The table
includes the refined magnetic moment (M), lattice parameter (a), oxygen position
(u), isotropic atomic displacement parameters (Uiso) for the 8b, 16c, and 32e sites,
and the resulting refinement goodness-of-fit, Rwp.

Sample F3
Best Model Normal Inverse Random
M(µB/Å) 11.299 0.215 1.876
a (Å) 8.3799(2) 8.3793(1) 8.3794(1)
u (frac.) 0.2447(1) 0.2438(0) 0.2440(0)
Uiso,8b (Å2) 0.0010(2) 0.0066(1) 0.0030(1)
Uiso,16c (Å2) 0.0136(3) 0.0035(1) 0.0060(1)
Uiso,32e (Å2) 0.0112(2) 0.0088(1) 0.0087(1)
Rwp 9.97 5.28 5.64

Table S3.3: Parameters for all the fitting model results of the normal, inverse and
random solution Fd3̄m spinel models applied for F4 Rietveld refinements. The table
includes the refined magnetic moment (M), lattice parameter (a), oxygen position
(u), isotropic atomic displacement parameters (Uiso) for the 8b, 16c, and 32e sites,
and the resulting refinement goodness-of-fit, Rwp.

Sample F4
Best Model Normal Inverse Random
M(µB/Å) 9.227 0.558 1.162
a (Å) 8.3894(3) 8.3899(1) 8.3894(1)
u (frac.) 0.2445(1) 0.2433(1) 0.2433(0)
Uiso,8b (Å2) 0.0010(3) 0.0154(2) 0.0054(1)
Uiso,16c (Å2) 0.0216(4) 0.0028(1) 0.0047(1)
Uiso,32e (Å2) 0.0137(3) 0.0116(2) 0.0085(1)
Rwp 11.35 6.64 5.14
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Table S3.4: Parameters for all the fitting model results of the normal, inverse and
random solution Fd3̄m spinel models applied for F5 Rietveld refinements. The table
includes the refined magnetic moment (M), lattice parameter (a), oxygen position
(u), isotropic atomic displacement parameters (Uiso) for the 8b, 16c, and 32e sites,
and the resulting refinement goodness-of-fit, Rwp.

Sample F5
Best Model Normal Inverse Random
M(µB/Å) 3.918 0.668 0.532
a (Å) 8.3837(2) 8.3842(1) 8.3839(1)
u (frac.) 0.2444(1) 0.2434(1) 0.2436(0)
Uiso,8b (Å2) 0.0010(2) 0.0145(2) 0.0069(1)
Uiso,16c (Å2) 0.0175(3) 0.0038(1) 0.0069(1)
Uiso,32e (Å2) 0.0124(2) 0.0114(2) 0.0084(1)
Rwp 9.11 6.19 4.54

Table S3.5: Overall average atomic displacement parameters (ADPs) for tetrahedral
and octahedral sites for F1 and F3, extracted from RMC configurations when a +2
valence state is assumed for all A cations in the AFe2O4 compositional series, and
a +3 valence state is assumed for the remaining two Fe cations. “Tetra” designates
the tetrahedral site, “Octa” the octahedral site, “Oxy” the oxygen site, “I” an inverse
model and “R” a random model. ADPs are given in Å.

U11 U22 U33 U12 U13 U23

F1-I-Tetra 0.00500 0.01070 0.00940 -0.00110 -0.00230 0.00030
F1-R-Tetra 0.00434 0.00738 0.00606 -0.00090 -0.00103 -0.00084
F3-I-Tetra 0.00639 0.01678 0.01606 -0.00378 -0.00453 0.00249
F3-R-Tetra 0.00429 0.00741 0.00586 -0.00095 -0.00093 -0.00084
F1-I-Octa 0.00616 0.01139 0.00843 -0.00219 0.00001 -0.00220
F1-R-Octa 0.00694 0.01151 0.00931 -0.00131 -0.00085 -0.00129
F3-I-Octa 0.00624 0.01422 0.00875 -0.00305 0.00083 -0.00366
F3-R-Octa 0.00733 0.01168 0.00999 -0.00123 -0.00113 -0.00188
F1-I-Oxy 0.00681 0.00908 0.00733 -0.00105 0.00035 -0.00042
F1-R-Oxy 0.00681 0.00874 0.00748 -0.00039 -0.00033 0.00043
F3-I-Oxy 0.00787 0.01139 0.00789 -0.00287 0.00118 -0.00135
F3-R-Oxy 0.00723 0.01006 0.00813 -0.00043 -0.00028 0.00060
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Figure S3.3: The PDF data comparison of F1 (orange line), F3 (purple line), F4
(red line), and F5 (green line) shown for every 10Å between 1.7Å and 50Å). The
differences between F1 and F3 (black solid line), F1 and F4 (black dashed line), and
F1 and F5 (black dotted line) are shown below the PDF data.
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Figure S3.4: The PDF data comparison of F1 (orange line), F3 (purple line), F4
(red line), F5 (green line). The 6 peaks (1, 5, 9, 12, 15, 17) highlighted with magenta
dashed lines correspond to A-O pairs. The 4 peaks (2, 6, 10, 13) indicated with
green dashed lines arise from Aoct-Aoct and O-O pair correlations. The 3 peaks (3,
11, 16) contributed by Aoct-Atet,Atet-Atet and A-O are identified in sky blue dashed
lines. The peak (4) around 4 Å highlighted in a red dashed line corresponds to an O-
O correlation. The combination of Aoct-Atet and Atet-O pair correlations contribute
the 2 peaks (7, 14) indicated by orange dashed lines. The peak (8) highlighted
by a pink dashed line arises from Aoct-Aoct,Atet-Atet and A-O pair correlations). A
comparison of the PDF refinements for (b) F3 sample data and (c) F5 sample data
using different structure models (random, inverse, and normal spinel ferrite models).
PDF data for F3 and F5 samples are shown in orange and red dots, respectively.
The blue, lemon green and sky blue solid curves present fits to the data completed
with the random spinel structure, inverse spinel structure and normal spinel structure
model, respectively. The fit difference curves displayed below the data and fits are
represented as black solid curves. These results are similar to results for F1 and F4
samples presented in the main body of this work.
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Figure S3.5: RMC fitting of F (Q) data for (a) F1, (b) F3, (c) F4 and (d) F5
with inverse model assuming that a +2 valence state for all A cations in the AFe2O4

compositional series, and a +3 valence state for the remaining two Fe cations.

Figure S3.6: RMC fitting of F (Q) data for (a) F1, (b) F3, (c) F4 and (d) F5 with
random model assuming that a +2 valence state for all A cations in the AFe2O4

compositional series, and a +3 valence state for the remaining two Fe cations.
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Figure S3.7: RMC fitting of Bragg data for (a) F1, (b) F3, (c) F4 and (d) F5
with inverse model assuming that a +2 valence state for all A cations in the AFe2O4

compositional series, and a +3 valence state for the remaining two Fe cations.

Figure S3.8: RMC fitting of Bragg data for (a) F1, (b) F3, (c) F4 and (d) F5
with random model assuming that a +2 valence state for all A cations in the AFe2O4

compositional series, and a +3 valence state for the remaining two Fe cations.
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Table S3.6: Overall average atomic displacement parameters (ADPs) for tetrahedral
and octahedral sites for F4 and F5, extracted from RMC configurations when a +2
valence state is assumed for all A cations in the AFe2O4 compositional series, and
a +3 valence state is assumed for the remaining two Fe cations. “Tetra” designates
the tetrahedral site, “Octa” the octahedral site, “Oxy” the oxygen site, “I” an inverse
model and “R” a random model. ADPs are given in Å.

U11 U22 U33 U12 U13 U23

F4-I-Tetra 0.02029 0.01293 0.01306 0.00144 -0.00053 0.00269
F4-R-Tetra 0.00828 0.00809 0.00633 -0.00006 -0.00108 -0.00060
F5-I-Tetra 0.02064 0.01310 0.01325 0.00136 -0.00064 0.00311
F5-R-Tetra 0.00915 0.00835 0.00709 -0.00013 -0.00104 -0.00019
F4-I-Octa 0.00619 0.00788 0.00738 -0.00006 -0.00041 -0.00132
F4-R-Octa 0.00753 0.01092 0.00958 0.00071 -0.00088 0.00212
F5-I-Octa 0.00715 0.00873 0.00807 0.00009 -0.00064 -0.00112
F5-R-Octa 0.00823 0.01133 0.00965 0.00108 -0.00103 -0.00186
F4-I-Oxy 0.01153 0.00923 0.00846 0.00047 0.00124 0.00039
F4-R-Oxy 0.01027 0.00899 0.00878 0.00044 0.00049 0.00019
F5-I-Oxy 0.01211 0.00982 0.00850 0.00053 0.00091 0.00068
F5-R-Oxy 0.01097 0.00948 0.00852 0.00059 0.00027 0.00065

Table S3.7: The average magnetic moments (in µB) on tetrahedral and octahedral
sites from RMC simulations assuming a +2 valence state for all A cations in the
AFe2O4 compositional series, and a +3 valence state for the remaining two Fe cations.
The net magnetic moment is calculated in the following way, Net moment = (abs(2×
MMOcta) − abs(MMTetra))/3. “Tetra” is for tetrahedral site, “Octa” for octahedral
site, “MM” for magnetic moment, “I” for inverse model, “R” for random model and
“abs” for absolute value.

Tetra Octa Net Tetra Octa Net
F1-I -3.77 +3.44 1.04 F4-I -3.85 3.99 1.38
F1-R -4.35 +3.10 0.62 F4-R -4.41 3.34 0.76
F3-I -3.71 +3.40 1.03 F5-I -3.96 3.89 1.27
F3-R -4.67 +2.95 0.41 F5-R -4.16 3.49 0.94
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Figure S3.9: KDE for magnetic moments distribution in XY plane for all samples
– (a) F1, (b) F3, (c) F4 and (d) F5 with inverse model assuming that a +2 valence
state for all A cations in the AFe2O4 compositional series, and a +3 valence state
for the remaining two Fe cations. “Tetra.” denotes tetrahedral site, “Octa.” denotes
octahedral site.

Figure S3.10: KDE for magnetic moments distribution in XY plane for all samples
– (a) F1, (b) F3, (c) F4 and (d) F5 with random model assuming that a +2 valence
state for all A cations in the AFe2O4 compositional series, and a +3 valence state
for the remaining two Fe cations. “Tetra.” denotes tetrahedral site, “Octa.” denotes
octahedral site.
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C Supplemental Information for Chapter 4

Table S4.1: Compositions (nA1/n)Co2O4 with n from 1 to 4 explored within this
work. Samples are observed after calcination (as-formed 400 ◦C, AF4) and following
post-annealing heat treatment (post-treatment 600 ◦C, PT6, etc.). Check marks
indicate the presence of a specific element in that composition. Conditions resulting
in X-ray pure phases are colored green and conditions resulting in phase mixtures are
colored purple. Impurities are coded: ZnO (“z”); CuO (“c”); Co (“Co”); rock salt (“r”);
secondary spinel (“s”); and CoCl2·2H2O (“h”).

Name n Mg Cr Mn Fe Co Ni Cu Zn AF4 PT6 PT8 PT10

1C1 1 ✓ z+r z z z

2C1 2 ✓ ✓ r r r r

2C2 2 ✓ ✓ z+c c c c

2C3 2 ✓ ✓ r r r r

2C4 2 ✓ ✓ s s s s

2C5 2 ✓ ✓ co+h s s

4C1 4 ✓ ✓ ✓ ✓ h r r+s

4C2 4 ✓ ✓ ✓ ✓ h r+s
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Figure S4.1: XRD patterns measured with a Co X-ray source and shown at
logarithmic scale for spinel samples, 5C1, 5C2, 5C3, 5C4, 5C5, 5C6, 5C7, 5C8, 6C1,
6C2, 6C3, and 7C1 after different heat treatments (AF4, PT6, PT8, and PT10).
Panels containing X-ray pure phases are colored green. Detected impurity phases are
coded: CuO (“c”); rock salt (“r”); secondary spinel (“s”); and CoCl2·2H2O (“h”).
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Figure S4.2: XRD patterns measured with a Co X-ray source and shown at
logarithmic scale for spinel samples, 1C1, 2C1, 2C2, 2C3, 2C4, 2C5, 4C1 and 4C2
after different heat treatments (AF4, PT6, PT8, and PT10). Panels containing X-ray
pure phases are colored green. Detected impurity phases are coded: ZnO (“z”); CuO
(“c”); rock salt (“r”); secondary spinel (“s”); and Co (“Co”).
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Figure S4.3: First Two Columns: SEM/EDS maps of each cation in sample 5C1
AF4, corresponding to the SEM image in the top right panel. Sample 5C1 AF4
is compositionally homogeneous on the microscale. Last Column: SEM images of
sample 5C1 AF4 shown at two different magnifications and in several regions. The
sample’s morphology is heterogeneous at the nanoscale.

Figure S4.4: SEM images of samples 5C1 , 6C1, and 7C1 prepared AF4, PT6, PT8,
PT10. Conditions resulting in X-ray pure phases are highlighted by green rectangles
and conditions resulting in phase mixtures are highlighted by purple rectangles.

233



D Supplemental Information for Chapter 5

Figure S5.1: Correlations between (a) OER overpotential (mV) at 10 mA
cm−2 and heat treatment temperature; (b) OER overpotential (mV) at 10 mA
cm−2 and crystalline size (nm), (c) cation site inversion (γ) and heat treatment
temperature, and (d) OER overpotential (mV) at 10 mA cm−2 and cation
site inversion for MgMnFeCuZn-noNi (light blue symbols), MgMnFeNiZn-noCu
(teal symbols), MgFeNiCuZn-noMn (green symbols), MnFeNiCuZn-noMg (orange
symbols), MgMnNiCuZn-noFe (pink symbols), and MgMnFeNiCu-noZn series (yellow
symbols). In the plots, solid squares denote 400◦C annealed samples, solid triangles
indicate 600◦C annealed samples, solid circles represent 800◦C annealed samples, and
‘x’s denote 1000◦C annealed samples.
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Figure S5.2: Linear sweep voltammograms of the MgMnFeCuZn-noNi,
MgMnFeNiZn-noCu, MgFeNiCuZn-noMn, MnFeNiCuZn-noMg, MgMnNiCuZn-noFe,
and MgMnFeNiCu-noZn 600 ◦C series of samples collected using the RDE set-up at
rotating speeds of 400 rpm (black line), 800 rpm (red line), 1200 rpm (blue line), 1600
rpm (pink line), and 2000 rpm (green line).

Figure S5.3: Plot of the H2O2 yields (red circle symbols) and electron-transfer
numbers (black square symbols) for the MnFeNiCuZn-noMg-600 ◦C sample.
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Figure S5.4: The Koutechy-Levich (K-L) plots at different electrode potentials for
the MnFeNiCuZn-noMg-600 ◦C sample.

Figure S5.5: The before and after OER XPS spectra for (a) Mn 2p, (b) Fe 2p, (c)
Ni 2p, (d) Co 2p, (e) Zn 2p, (f) Cu 2p, and (g) O 1s for the MnFeNiCuZn-noMg-600
◦C sample electrode.
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Figure S5.6: SEM/EDS maps of a micron sized particle (left) and collections of
nanoparticles (right) for the sample MnFeNiCuZn-noMg-400 ◦C. Each cation type
appears to be present and homogeneously distributed across the distinct particle
morphologies.

Figure S5.7: High resolution SEM images of samples MgMnFeCuZn-noNi (top
row) and MgFeNiCuZn-noMn (bottom row) subjected to different heat treatment
temperatures (increasing from left to right). Note the difference in scale bar (lower
magnification) for the 1000◦C sample images at the far right.
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Table S5.1: The information of substrate and drop-casted mass (mass loading,
ML) of OER and ORR catalytic measurements for the reference cited in Figure 1.
The substrates are coded: carbon cloth (“CC”); glassy carbon (“GC”); nickel foam
(“NF”);pyrolytic graphite carbon (“PGC”); carbon fiber paper (“CFP”).

Sample OER OER ORR ORR

Substrate ML Substrate ML

(mg cm−2) (mg cm−2)

Co3O4/N-rmGO[125] GC 0.2 GC 0.1

cCo3O4/MWCNT[130] GC 0.41 GC 0.41

Co3O4@BDHC2[285] GC 0.28 GC 0.28

Co3O4/N-doped VC[9] GC 0.25 GC 0.25

Co3O4@C-MWCNTs[122] GC 0.325 GC 0.325

Co3O4/CN[128] GC 0.128 GC 0.128

Co@Co3O4/NC[4] GC 0.21 GC 0.21

Co3O4/CNT-PC[43] NF 1 GC 0.15

Co3O4/NPGC[117] GC 0.2 GC 0.2

Co3O4/MnO2-CNTs[274] GC 0.1 GC 0.1

Co3O4-MnCo2O4/N-rGO[76] GC 0.12 GC 0.12

FeCo2O4[280] GC 1.006 GC 1.006

MnCo2O4[151] GC 0.051 GC /

MnCo2O4[24] GC 0.4 GC 0.4

MnCo2O4,NCNT-500[300] GC 0.21 GC 0.21

MnCo2O4-NCF[270] GC 0.1 GC 0.1

MnCo2O4/N-rGO[60] GC 0.1 GC 0.1

MnCo2O4-700[23] GC 0.4 GC 0.4

MnCo2O4[136] GC / GC /

NiCo2O4[89] GC / GC /

NiCo2O4[111] GC 0.4 GC 0.4

NiCo2O4[239] GC / GC /
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Table S5.1 Continued

ZnCo2O4/N-CNT[131] GC 0.2 GC 0.2

MnCo2O4/N-CNT[60] GC 0.1 GC 0.1

NiCo2O4[41] GC / GC /

ZnCo2O4[26] GC 0.15 GC 0.15

ZnCo2O4[26] GC 0.15 GC 0.15

CoCo2O4[40] GC 0.12 GC 0.25

CoCo2O4-NaBH4[40] GC 0.12 GC 0.25

NiCo2O4[40] GC 0.12 GC 0.25

NiCo2O4-NaBH4[40] GC 0.12 GC 0.25

ZnCo2O4[40] GC 0.12 GC 0.25

ZnCo2O4-NaBH4[40] GC 0.12 GC 0.25

NiCo2O4-air[129] GC 0.28 GC 0.28

AlNiCoFeCrMoV[283] GC / GC /

CuCo2O4-SSM[201] GC 0.2 GC 0.2

NiCo2O4[14] GC 0.0485 GC 0.0485

MnCo2O4[242] GC / GC /

FeCo2O4[299] GC / GC /

N-CuCo2O4@CNFs[293] GC / GC /

CuCo2O4@C tube[244] GC 0.28 GC 0.1

MnCo2O4/NCNTs[250] GC 0.2 GC 0.2

CoCo2O4/NCNTs[250] GC 0.2 GC 0.2

NiCo2O4/NCNTs[250] GC 0.2 GC 0.2

CuCo2O4/NCNTs[250] GC 0.2 GC 0.2

ZnCo2O4/NCNTs[250] GC 0.2 GC 0.2

Co3O4/CNTs[3] GC 0.153 GC 0.153

FeCo2O4/HrGOs[280] GC 1.006 GC 1.006

5% Ni-Co3O4[212] PGC 0.408 PGC 0.408
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Table S5.1 Continued

Ce-CoMn2O4-18%[31] CFP 0.56 GC 0.051

Table S5.2: The CDL comparison for the 600 ◦C sample series.

Sample CDL

MnFeNiCuZn-noMg 1.472

MgMnFeNiCu-noZn 1.336

MgMnNiCuZn-noFe 1.164

MgFeNiCuZn-noMn 0.951

MgMnFeCuZn-noNi 0.688

MgMnFeNiZn-noCu 0.488

Table S5.3: The Rwp, median of the lattice parameter (am, Å), crystallite size (CS),
cation site inversion parameter (γ), and atomic positions of oxygen (x = y = z = u)
of the Rietveld refinement with “continuous lattice” model[245] for the 600 ◦C sample
series. The isotropic atomic displacement parameters of the tetrahedral site (Uiso,t,
Å2), octahedral site (Uiso,o, Å2) and oxygen (Uiso,O, Å2) were fixed as 0.005, 0.005,
and 0.010 Å2, respectively, for all compositions.

Name Rwp am (Å) CS γ u

MgMnFeCuZn-noNi 2.11 8.1374 146.72(24.58) 0.92(0.04) 0.2397(0.0004)

MgMnFeNiZn-noCu 1.96 8.1307 158.04(23.35) 0.72(0.03) 0.2398(0.0003)

MgFeNiCuZn-noMn 3.67 8.1143 380.77(86.58) 0.90(0.08) 0.2388(0.0004)

MnFeNiCuZn-noMg 2.03 8.1283 215.57(34.55) 0.17(0.07) 0.2396(0.0003)

MgMnNiCuZn-noFe 2.48 8.1270 227.75(56.48) 0.87(0.09) 0.2398(0.0004)

MgMnFeNiCu-noZn 1.97 8.1294 114.09(14.10) 0.40(0.03) 0.2400(0.0003)
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E Supplemental Information for Chapter 6

Figure S6.1: Comparison of refinement results for the 10 Å PDF data range for
samples that were calcined at 400◦C, post-annealed at 600◦C, 800◦C, and 1000◦C,
with a single spinel model (1-phase) on the left and a two component spinel model
(2-phase) on the right. Goodness of fit factors are displayed in each panel.
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Figure S6.2: Comparison of refinement results for the 30 Å PDF data range for
samples that were calcined at 400◦C, post-annealed at 600◦C, 800◦C, and 1000◦C,
with a single spinel model (1-phase) on the left and a two component spinel model
(2-phase) on the right. Goodness of fit factors are displayed in each panel.
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Figure S6.3: For the samples that were calcined at 400◦C, post-annealed at 600◦C,
800◦C, and 1000◦C– comparison of phase percentage (p, %), lattice parameter (a, Å),
average scattering length (⟨b⟩, fm), and the atomic displacement parameters (B, Å2)
of tetrahedral cation, octahedral cation, and oxygen sites extracted from refinement
with 10 Å PDF data range with one-spinel phase (1-phase) model (left column) and
two-spinel phase (2-phase) model (right column), respectively.
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Figure S6.4: For the samples that were calcined at 400◦C, and post-annealed
at 600◦C, 800◦C, and 1000◦C– the comparison of phase percentage (p, %), lattice
parameter (a, Å), average scattering length (⟨b⟩, fm), and the atomic displacement
parameters (B, Å2) of tetrahedral cation, octahedral cation, and oxygen sites
extracted from refinement with 30 Å PDF data range with one-spinel phase (1-
phase) model (left column) and two-spinel phase (2-phase) model (right column),
respectively.
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Figure S6.5: Rietveld refinement fits to data for the sample annealed at 800◦C
indicates a major spinel phase along with the presence of impurities: tenorite (CuO)
and rocksalt (MgO). The refinement of the sample annealed at 1000◦C indicates the
same impurities, along with the emergence of a second (minor) spinel phase.

Figure S6.6: The magnetic hard phase fraction obtained from 5 K FORC
measurements for all four samples, assuming the sample calcined at 400◦C as
predominantly soft phase, and the 1000◦C annealed sample as hard phase.
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Figure S6.7: PDF data comparison over 1-50 Å for the samples that were calcined
at 400◦C, and post-annealed at 600◦C, 800◦C, and 1000◦C.

Table S6.1: Rietveld and PDF refinement parameters for the best fitting model
results applied for the sample calcined at 400◦C and the samples post-annealed at
600◦C, 800◦C, and 1000◦C. The table includes the average scattering length for each
site (⟨b⟩), lattice parameter (a), phase percentage (p), oxygen position (u), isotropic
atomic displacement parameters (Biso) for the tetrahedral (8b), octahedral (16c), and
oxygen (32e) sites, and the resulting refinement goodness-of-fit, Rwp. For the Rietveld
refinement, the crystalline size (CZ), sample microstrain (MS), and refined magnetic
moment (M) are also summarized.

Sample 400◦C 600◦C 800◦C 1000◦C

Rietveld Refinement

⟨b⟩8b,Zn 3.53(23) 3.85(22) 3.96(9) 3.62(19)

⟨b⟩16c,Fe 2.48(11) 2.44(11) 2.62(5) 2.58(9)

aNuc (Å) 8.05(1) 8.08(001) 8.10(0) 8.07(0)

aMgO (Å) / / 4.21(0) 4.23(0)

aCuO (Å) / / 3.85(2) 3.18(2)

bCuO (Å) / / 3.27(2) 3.01(2)

cCuO (Å) / / 3.91(2) 4.32(3)
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Table S6.1 Continued

aSecond (Å) / / / 8.22(0)

pNuc (%) 100 100 98 57.24

pMgO (%) 0 0 1.2 7.43

pCuO (%) 0 0 0.8 0.80

pSecond (%) 0 0 0 34.54

u (frac.) 0.2371(2) 0.2369(0000) 0.2368(0000) 0.2366(0000)

Biso,8b (Å2) 0.2744(2755) 0.2698(2523) 0.3223(1249) 0.3348(2471)

Biso,16c (Å2) 0.1941(2561) 0.2535(2636) 0.2178(1218) 0.1679(2065)

Biso,32e (Å2) 0.4393(1728) 0.4416(1679) 0.4272(772) 0.3655(1178)

M(µB) 0.53 0.28 / /

CZ (nm) 237(35) 588(197) 948(232) microscale

MS 0.004(12) 0.009(11) 0.009(5) 0.006(6)

Rwp (%) 4.94 6.58 4.07 6.51

PDF Refinement

⟨b⟩Nuc,8b,Zn 3.45(48) 3.91(53) 3.93(40) 3.70(60)

⟨b⟩Nuc,16c,Fe 2.50(27) 2.48(27) 2.62(32) 2.54(25)

⟨b⟩Second,8b,Zn 6.18(476) 6.75(411) 2.38(567) 4.84(301)

⟨b⟩Second,16c,Fe 5.59(286) 6.47(349) 8.24(623) 3.93(230)

aNuc (Å) 8.13(1) 8.14(1) 8.16(0) 8.14(1)

aSecond (Å) 8.39(9) 8.41(13) 8.50(13) 8.40(12)

pNuc (%) 83.11 87.54 94.31 84.23

pSecond (%) 16.89 12.46 5.69 15.59

Biso,Nuc,8b (Å2) 0.6992(3116) 0.7011(2611) 0.6863(173) 0.7818(3306)

Biso,Nuc,16c (Å2) 0.4042(3372) 0.4037(2780) 0.4129(2090) 0.4180(2256)

Biso,Nuc,32e (Å2) 0.6448(1255) 0.5999(869) 0.6147(918) 0.5952(985)

Rwp (%) 11.97 11.59 11.47 10.48
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