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Abstract

This work is aimed at uncovering the role of structural defects and disorder on the
properties of metal oxide nanoparticles for emissions control and electrochemical
catalytic applications. This understanding is achieved through: (i) synthesis of
traditional and novel catalysts; (ii) catalytic performance testing; and (iii) in-situ
structural characterization via neutron scattering.

Metal oxide nanomaterials impregnated with noble metals serve as benchmark
catalysts for a wide range of catalytic reactions. We investigate the influence of
noble metals on the defect structure of the underlying support with a focus on
emissions control catalysis. Neutron total scattering was employed to investigate
the structural evolution of CeO, and Pt-CeO, nanorods in-situ under oxidation
and reduction. The need for in-situ characterization environments motivated the
design of a hazardous gas handling system (HGHS), high temperature furnace and
quartz sample cell designed to enable in-situ gas flow at the Nanoscale-Ordered
Materials Diffractometer (NOMAD) instrument at the Spallation Neutron Source.
This new in-situ gas flow set up was commissioned by studying the structural
evolution of CeZrO4 and Pd-CeZrO, under oxidation, methane oxidation and
methane reduction. In this system, Pd is found to have a profound impact on the
evolution of the underlying support. In both studies, neutron total scattering proves
to be a valuable tool in uncovering the nature and evolution of oxygen vacancies
and local cation ordering within catalyst supports, which may be challenging to

resolve using other characterization techniques.



Despite their high activity, the scarcity, high cost and instability of noble metal
based catalysts presents major drawbacks. We leverage compositional complexity
to design RE(;sCeys50,_, catalysts, where RE = a single or multiple rare earth
cation(s), as noble metal-free electrocatalysts for the oxygen evolution reaction
(OER). Incorporating a single RE cation into the fluorite lattice boosts OER activity,
further enhanced by the compositionally complex oxide composition that increases
oxygen vacancies, reducing the energy required for OH* adsorption. Thus, tuning
compositional complexity may offer promising improvements in OER catalytic
activity.

Our findings yield new perspectives on designing industrially viable metal oxide
nanocatalysts and advance the applicability of neutron total scattering for studying

materials in-situ under gas flow.
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Chapter 1

Introduction



1.1 Importance of Metal Oxide Nanoparticles in Catal-
ysis

Over 80% of industrial processes involve the use of heterogeneous catalysts for a
range of applications including the synthesis of specialty chemicals, refinement of
petroleum and production of renewable energy. [13, 14, 15, 16] In heterogeneous
catalysis, the catalyst exists in a different phase than the reactants; typically, the
catalyst is a solid and the reactants are in gas or liquid form. [17] The role of
a catalyst in these processes is to increase the rate of the reaction by lowering
the activation energy and, in a multi-product reaction, to increase the selectivity
towards a targeted product. [15, 16] Designing highly active, selective and stable
catalysts is key for a sustainable society as catalysts play a crucial role in the
efficiency, environmental impact and economic viability of the chemical and energy
industries.

Metal oxides constitute an expansive class of inorganic materials, and represent
one of the most important and widely used categories of solid heterogeneous
catalysts. [15, 18] Metal oxides are employed as catalytic supports or used as
catalysts themselves due to the flexibility in tuning their atomic structure and
composition. As a result of this tunability, they have been found to effectively
catalyze a wide variety of reactions, including oxidation, reduction, hydrogenation,
transesterification, etc. [15, 18]

Engineering metal oxide catalysts on the nanometer scale has been demon-
strated as an effective strategy for improving catalytic activity. Nanoparticles
exhibit much larger total exposed surface areas per volume or weight and increased
number of catalytically active sites compared to their bulk counterparts. They
also display various combinations of surface chemistries and structures that can

be tuned to optimize the selectivity and regeneration of the catalyst. [19, 20, 21]



The important characteristics of metal oxide nanoparticles that govern catalytic

performance include:
e Surface area

* Exposed crystal facet terminations

Edge/step defects

* Porosity

Chemical composition.

A fundamental understanding of how these parameters affect catalytic per-
formance is key to designing catalysts with high activity and selectivity. In this
work, we aim to optimize catalytic performance by tuning: (i) nanoparticle
morphology and (ii) bulk and surface chemistry through the synthesis of traditional
and novel metal oxide nanocatalysts. This chapter will describe the various
synthesis strategies employed, the target applications of the catalysts and the use of
neutron total scattering to develop a fundamental structural understanding of how
optimizing processing parameters is influencing the resulting catalytic properties.
Finally, we frame the major research objectives of our work which are designed to
uncover the role of structural defects and disorder on the catalytic properties of

metal oxide nanoparticles under real-world conditions.

1.2 Synthesis Strategies for Optimizing Catalytic Per-

formance

1.2.1 Tuning Nanoparticle Morphology

The synthesis method used in the preparation of metal oxide nano catalysts has

a significant influence on the resulting surface area, porosity, morphology and



surface chemistry of the material. Commonly used synthesis methods include co-
precipitation, sol-gel and hydrothermal/solvothermal approaches. [21, 22, 23, 24,
25, 26]

This work includes synthesis of traditional catalysts and catalytic supports via
hydrothermal and incipient wetness impregnation methods, respectively. Synthesis
of novel catalytic materials is explored using a soft templating evaporation induced

self assembly (EISA) approach.
Hydrothermal Synthesis

The hydrothermal synthesis method takes advantage of the synergistic effect of
high pressure and temperature, to produce highly nanocrystalline materials. [27]
As there is no post annealing treatment required in this procedure, it can be used
to synthesize nanoparticles with high surface areas. Improving the surface area of
a catalyst leads to an increased number of catalytically active sites, thus improving
catalytic activity.

In the hydrothermal synthesis method, shown in Figure 1.1, an aqueous mixture
of inorganic precursors is sealed in a stainless steel autoclave and heated above the
boiling point of water, resulting in elevated pressures. [28] Reaction parameters
such as type and concentration of precursor, solvent, stabilizing agents, pressure,
pH and the reaction temperature and time can be tuned to alter the phase selectivity,
particle size distribution and morphology (rods, cubes, spheres) of the product.

[27]
Soft-templating via Evaporation Induced Self Assembly

Evaporation Induced Self Assembly (EISA) is a highly tunable synthesis method
that can be used to obtain mesoporous (2 nm - 50 nm) metal oxide structures.
In heterogeneous catalysis, the activity of a catalyst can be largely enhanced by
controlling its accessible porosity. Catalyst porosity is responsible for accessibility
of active sites, diffusion rates of reactants to and products from active sites and

selectivity through control of secondary reactions. [29]
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Figure 1.1: Pressurized autoclave set up used in a typical hydrothermal synthesis
reaction.



Microporous materials (<2 nm) have high surface area but relatively small
pore sizes, which prevents bulky organic molecules from entering the pores
and participating in chemical reactions. This limits their use in the petroleum
refinement and pharmaceutical industries. In contrast, macroporous materials
(>50 nm) have large pore sizes but low surface areas. [30] Thus mesoporous
materials (2 nm - 50 nm) provide an ideal pore size range for a variety of
catalytic applications. In EISA, a homogeneous solution of inorganic precursors and
surfactant are prepared in a volatile solvent (usually a mixture of water, ethanol and
HCI). An overview of the synthesis method is shown in Schematic 1.2. [31] The

process can be divided into four steps:
1. Solvent evaporation;
2. Water content of the film reaching equilibrium with the atmosphere;
3. Formation and stabilization of hybrid mesostructures;
4. Stiffening of the structure through condensation;

These four steps do not need to occur simultaneously and may overlap with the thin
film deposition process.[32] The formation of mesostructures occurs through the
self assembly of the structuring agent as micelles. In the condensation process, the
thin film is calcined to remove the solvent and micelles and obtain the final solid
mesostructured product. [33, 34] In this work, EISA is used to synthesize metal
oxide nano catalysts, being a wet chemical synthesis route which allows for intimate
mixing of metal oxide precursors at the atomic/molecular scale. [35] EISA can be
used to achieve pure phases at lower temperatures relative to solid state methods
due to increased diffusion kinetics of the cation in solution. Furthermore, EISA is
inexpensive and easily scalable, making it feasible for industrial manufacturing.
Finally, processing parameters such as surfactant type, solvent/water/surfactant
mole ratio, solvent type, etc. can be straightforwardly varied to optimize the

mesoporous architecture.
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Figure 1.2: Schematic of the EISA synthesis procedure.



1.2.2 Tuning Bulk and Surface Chemistry

Heterogeneous catalysis occurs on the surface of solid catalysts and involves
surface chemical processes such as adsorption of reactants on active sites, surface
diffusion and reaction of adsorbed species and desorption of reaction products; thus
surface chemistry plays a crucial role in the catalytic mechanism. [36] A common
approach to tuning the surface chemistry of metal oxides involves dispersing metal
nanoparticles on them, simultaneously enhancing catalytic activity and durability.
As oxide supports are typically not inert, dispersing metal nanoparticles on the
support gives rise to new interfacial phenomena, collectively described as the
metal-support interaction (MSI). The synthesis method and processing parameters
chosen to produce supported metal oxide catalysts determine whether the metal
nanoparticles form highly dispersed single atoms or clustered configurations and
influences the MSI and resulting catalytic activity.

MSI phenomena relate to charge transfer, the interfacial interaction, chemical
composition, nanoparticle morphology and strong metal-support interaction.[37,
38, 39] In this work, we use an Incipient Wetness Impregnation method to produce

noble metal supported metal oxide catalysts.
Incipient Wetness Impregnation

Incipient Wetness Impregnation (IWI) is a commonly used technique for the
preparation of metal loaded catalyst supports. Low percentages of loading, often
of precious metals, are achieved through adsorption of the precursor solution onto
surface groups of the support.[29] In IWI, the volume of precursor solution used
is equivalent to the pore volume of the support, ensuring that only the pores of
the support are filled with precursor and preventing deposition on the external
surface of the support.[40, 29] The catalyst is dried and calcined to eliminate
residual volatile compounds from the precursor solution and deposit the metal on
the catalyst surface. Figure 1.3 shows an IWI procedure where a catalytic support

is impregnated with Pt metal. At low percentages of metal loading, this method can
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be used to achieve small and highly dispersed metal nanoparticles on metal oxide

catalytic supports.
Compositionally Complex Oxides

In addition to tuning the surface chemistry of catalysts through the MSI, we tune
the bulk and surface chemistry of metal oxide catalysts and metal oxide supports
by engineering defects in compositionally complex oxides. The surface chemistry
of catalysts is often distinct from the bulk chemistry as surface atoms have fewer
nearest neighbors and can display different types or concentrations of defects.[36]
Although catalytic reactions proceed at the surface of a catalyst, vacancies can
migrate between the surface/subsurface and bulk, thus influencing the catalytic
activity. The type, size, location and concentration of defects in the bulk, surface
and subsurface of catalysts play a key role in various oxidation and reduction
applications.[41, 42]

Recently, significant research efforts have focused on investigating the influence
of compositional complexity on the catalytic performance of metal oxides. High-
entropy oxides (HEOs) are a class of multi-component complex oxides comprised
of five or more cations randomly arranged in an equal or near-equal atomic ratio
on specific crystallographic sub-lattices. The construct was first reported in 2015,
yet the field is still in its infancy. [43] The concept of HEQ’s falls under the
umbrella of the larger class of materials known as Compositionally Complex Oxides
(CCO’s), which includes non-equimolar compositions. [44] CCOs have attracted
interest for catalysis due to the increased opportunity to tune catalytically active
sites compared to traditional catalysts. The CCO concept can be used to introduce
different isovalent/aliovalent cations with varying sizes, radii, and valence states
into the host lattice to create more structural defects and oxygen vacancies than
known systems and to influence the surface chemistry and charge distribution of

the catalyst. [45, 46]
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Figure 1.3: Schematic of the IWI synthesis procedure.
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The lattice distortion in CCOs can potentially be controlled to lower the overall
energy of the system and facilitate activation and transport of active species.
CCOs have been reported to improve catalytic performances for various oxidation
reactions and display enhanced thermal stability compared to traditional catalysts.
[47, 48] However, carefully controlled studies that limit the number of variables and
indicate clear synthesis-structure-property relationships for CCO and HEO catalysts

are lacking.

1.3 Select Applications of Metal Oxide Nanocatalysts

Developments in the synthesis and characterization of nanomaterials has allowed
us to achieve precise control over the shape, size and composition of metal oxide
nanoparticles. These advancements have led to the use of supported metal oxides
and metal oxide nanoparticles for a variety of heterogeneous catalysis applications
including chemical refinement, food processing, environmental remediation and
energy conversion and storage. In this work, we explore the synthesis-structure-
property relationships of metal oxide nanoparticles as catalysts and supports
for automotive emissions abatement and the electrochemical oxygen evolution

reaction.

1.3.1 Automotive Emissions Control

In the late 1970s, the United States implemented stringent emissions control
standards that require the use of catalytic converters in automobiles, to convert the
pollutants in exhaust emissions into gases that are less harmful for the environment
and human health. [49] Three-way catalysts (TWCs), present in the catalytic
converters in traditional gasoline engines, are designed to perform multiple
oxidation and reduction reactions (redox) simultaneously to convert the pollutants
to less harmful gases. [50] TWCs oxidize carbon monoxide and hydrocarbons to
form carbon dioxide and water, while reducing nitrogen oxides to nitrogen gas.

To reduce our reliance on fossil fuels in traditional gasoline engines and combat
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climate change, methane gas been proposed as a cleaner-burning fuel in natural
gas vehicles (NGVs). However, exhuast emissions from NGVs often contain unburnt
methane, which is a potent greenhouse gas.[51] Thus, significant research efforts
have been devoted to developing efficient catalysts for the complete oxidation of
methane.

A majority of high efficiency and robust catalysts used in emissions control
comprise of metal oxide supports loaded with noble metals (typically platinum,
palladium, rhodium). [52] The ability of the metal oxide support to dynamically
and reversibly absorb and release oxygen, to facilitate the oxidation and reduction
of pollutants in the emissions exhaust, is crucial to its catalytic performance.
While extensive research efforts have focused on the synthesis and characterization
of emissions control catalysts with various morphologies, few detailed in-situ
structural studies have been performed. Studying the structural evolution of
emissions control catalysts under conditions that mimic the environment in a
catalytic converter or NGV, is key to determining the role of defects and disorder
on catalytic activity and stability and extracting design strategies for industrially

relevant catalysts.

1.3.2 Electrochemical Oxygen Evolution Reaction

A major factor limiting our transition to a sustainable society is the intermittent
nature of energy generation from renewable energy sources such as wind, solar
and hydrothermal energy. Hydrogen, produced via the water splitting reaction,
presents a promising sustainable solution for the storage of electricity produced
from renewable sources in the form of a chemical fuel or as a reactant for the
production of value-added chemicals. [53, 54]

The electrochemical water splitting reaction uses an applied potential to convert
water into hydrogen and oxygen. This reaction proceeds via the hydrogen evolution
reaction (HER) which takes place at the cathode and the oxygen evolution reaction

(OER) which occurs at the anode.
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The rate determining step of the water splitting reaction, which prevents its
widespread implementation in H, production, is the sluggish reaction kinetics of the
OER, which results in a larger overpotential. [53, 54] The half-reaction describing
OER is shown below:

2H,0 — 0y +4 (H" +¢7) (1.1

Thus far, the majority of catalysts that exhibit high OER activity are based on
noble metals or their oxides (such as iridium (IV) oxide and ruthenium (IV) oxide).
However, noble metal oxide OER catalysts are expensive, scarce and exhibit poor
stability in alkaline media, preventing their large scale industrial implementation.
[55, 9] Thus it is crucial to develop OER catalysts with high activity and stability

without the use of precious metals. [56]

1.4 Advanced Structural Characterization using Neu-

tron Total Scattering

Rational design of catalysts with high activity and selectivity relies on a fundamental
understanding of the nature of active sites and the specific features (size, shape,
surface area) of metal oxide nanoparticles that direct catalytic performance. Many
present-day catalytic studies are pursued under ideal laboratory conditions, which
may limit the understanding necessary to develop industrially relevant catalysts.
Therefore, it is crucial to study the structure of catalysts in-situ under conditions
that mimic industrial applications, to extract design strategies for next generation
catalysts.

Total scattering is a promising technique for the study of the structural evolu-
tions of catalysts as it can provide a fundamental understanding of which atomic
features and defects, chemical short-range order, and local atomic distortions
correlate to improved noble metal dispersion, regeneration, and overall improved

catalytic performance. [57, 58, 59] In-situ total scattering measurements under
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non-ambient conditions including variable pressure, temperature and reactive
chemical environments can provide valuable information about catalytic synthesis,
mechanism or deactivation. [58]

While Bragg scattering can lead to loss of structural information in nanoma-
terials due to peak broadening effects from finite size, total scattering can provide
valuable insights into the structure of nanomaterials as well as gas-solid interactions
as it can measure the long and short-range order of materials regardless of their
crystallinity. Total scattering is usually represented by the structure function, S(Q),
given by:

Lon(0) — Y. b _ 4msin®

S(Q) = 1 o=""" 1.2
(0) Tob T +1 Q 7 (1.2)

In this equation, I, is the coherent scattering intensity (corrected), Q is the
scattering vector, A is the wavelength of the x-ray/neutron probe, c; is the atomic
concentration and b; is the scattering length in the case of neutrons and atomic form
factor when x-rays are used as the probe. A Fourier transform of S(Q) yields the

pair distribution function (PDF) as shown:

6(r) =2 [ 0is(0) - 1]sin(erag (1.3)
7 J Ormin

Here Qac and Q,,;, are the maximum and minimum momentum transfer,
respectively. Neutron total scattering in particular offers advantages for the study of
catalytic systems as heterogeneous catalytic reactions often involve light elements
(such as hydrogen, oxygen) that neutrons have a larger sensitivity to relative to
x-ray or electron probes. Neutron scattering also has excellent penetration depth,
offering greater possibilities for the use of sample environments. Thus neutrons are
able to facilitate the study of phenomena effectively “invisible” by other techniques.

In this work, in-situ and ex-situ neutron total scattering will be used to explore

the nature of defects, local atomic structure, chemical short range or long range
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order and atomic distortions (strains) from nearest neighbor correlations up to tens

of nanometers in traditional and novel metal oxide nano catalysts.

1.5 Objectives and Research Significance

The aim of this work is to develop a comprehensive understanding of the role of
structural defects and disorder on the properties of select metal oxide nanocatalysts
under real working conditions. To achieve this aim, we follow a closely scrutinized
feedback loop involving exploratory synthesis efforts, optimization of catalyst
morphology, evaluation of catalytic functionality, and advanced structure-property
characterization.

In Chapters 2 and 3, we evaluate the hypothesis that studying the structural
evolution of metal oxide nanocatalysts impregnated with noble metals in-situ is
crucial to elucidating the nature of defects and disorder and their role on the
catalytic properties under real operating conditions.

In Chapters 4 and 5, we evaluate the hypothesis that compositional complexity
can be leveraged as a materials design strategy to enhance catalytic activity and
stability for the electrochemical OER, unrealized via more traditional materials
approaches.

Results from these studies will provide new insights into materials design
strategies for industrially relevant metal oxide nanocatalysts and will lead to
advancements in the technique of neutron total scattering for the study of metal

oxide nanocatalysts and other advanced materials, in-situ under gas flow.
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Chapter 2

In-situ Redox Behavior of CeO, and

Pt-CeO, Nanorods
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A version of this chapter was originally published by Sreya Paladugu, Peter
C. Metz, Si Luo, Meijun Li, Jue Liu, Harry Meyer (II), Yiging Wu, Zili Wu and
Katharine Page* [60]: Paladugu, S., Metz, P. C., Luo, S., Li, M., Liu, J., Meyer, H. 1.
I. I., Wu, Y., Wu, Z., and Page, K. (2023). In Situ Neutron Scattering Studies on the
Oxidation and Reduction of CeO, and Pt-CeO, Nanorods. The Journal of Physical
Chemistry C, 127(7), 3689-3697.

2.1 Abstract

The oxygen vacancy structure of ceria plays a key role in its performance as a
favored material for catalysis applications. Here, we develop an understanding
of the effects of Pt loading on the structural evolution of ceria nanorods under
redox gas environments that mimic real automotive catalytic converters. In-situ
neutron scattering studies under redox flow reveal that both CeO, and Pt-CeO,
nanorods share a bulk fluorite structure with the presence of surface Frenkel-type
oxygen defects. However, Pt-CeO, nanorods are more easily reducible than CeO,
rods as evidenced by an increased concentration of Ce3', determined by NAP-
XPS. Importantly, this work finds no evidence of oxygen vacancy ordered surface
reconstruction which has been reported in earlier ex-situ investigations. Thus, this
work highlights the discrepancy between ex-situ and in-situ structural observations
and emphasizes the need for robust in-situ investigations of catalysts to develop

industrially relevant materials.

2.2 Introduction

Ceria, CeO,, has been extensively investigated for a broad range of catalytic
applications. [61, 62, 63, 64, 65, 66, 67] The efficacy of CeO, as both a catalyst
and support is due in part to its high oxygen storage capacity (OSC), enabled by its
robust structural stability and extensive reversibility regarding formation of oxygen

lattice defects. [68, 69, 70, 71, 72, 73] The dynamic and reversible formation
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of oxygen vacancies in CeO, is charge-balanced by reduction of Ce*" to Ce3*.
Consequently CeO, can store and release oxygen under oxidation and reduction
environments. [74, 75, 76, 77, 73]

The rate determining step in the conversion of redox states of ceria is the
formation of oxygen vacancies in the surface and bulk. The nature of these
vacancies (type, size, concentration) and their location in the surface and/or
the bulk play a key role in the oxygen diffusion mechanism and the resulting
redox properties. [70, 77, 71] Thus, controlling the defect chemistry of ceria
based materials is an important means for optimizing their performance for redox
applications.

Nanocrystalline ceria exhibits superior performance for catalytic applications,
compared to bulk counterparts, due to its larger surface area to volume ratio.
Various studies have demonstrated that the desired surface defect chemistry of
nanocrystalline ceria can be achieved by modifying the morphology and the
resulting exposed crystal facet planes. [78, 79, 80, 81] Ceria reactive planes of
{110} and {100} have been shown to have the lowest formation energy for surface
oxygen vacancies and thus morphologies with these exposed facet terminations
exhibit superior catalytic reactivity. [82] Ceria nanorods have high surface area
to volume ratio, predominantly expose {110} and {100} planes and thus have a
higher concentration of oxygen defects compared to other morphologies such as
cubes or octahedra. [82]

In addition to controlling the morphology, the redox behavior of nanocrystalline
ceria can be enhanced by surface modification with a noble metal. [83, 84, 85]
Significant research efforts have focused on platinum supported on nanosized ceria
due to their strong electronic interaction, leading to high metal dispersion and
effective optimization of price-performance ratio. [86] Pt on ceria can be used
for catalysis under both oxidizing (CO oxidation) and reducing (water-gas shift)
conditions and the nature of Pt has been reported to evolve based on the redox

environment. [62, 87, 88, 83, 84].
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While detailed studies have been performed on ceria supported Pt nanoparticles
under redox conditions, an atomic level understanding of the catalyst support with
a rod shaped morphology under redox is lacking. As demonstrated by Wu et al.,
[89] Pt dispersed on cubic shaped and octahedral shaped ceria displays drastically
different thermal stability behavior under redox environments. Pt nanoparticles can
re-disperse on cubic shaped ceria with {100} exposed planes under an alternating
oxidative and reductive atmosphere while this re-dispersion is unfavorable for
Pt supported on octahedral shaped ceria with {111} terminations. [89] Ceria
nanorods featuring {110} planes exhibiting high catalytic activity thus provide an
attractive support for investigating the structural evolution of Pt-CeO, under redox
conditions.

Additionally, the bare oxide nanoparticle surface is likely more complicated than
idealized surface termination models suggest. Recently, Luo et al. reported the
first experimental observation of a partially reduced Ce;0s,, surface defect phase,
present on the surface of CeO, nanorods. This partially reduced ceria surface
defect phase was discovered through an ex-situ neutron diffraction experiment
where the samples were pre-reduced in H,/Ar. [41] Many present-day catalytic
studies are pursued under ex-situ ideal laboratory conditions, which may limit
the understanding necessary to meet future energy infrastructure needs. In this
context, the question arises, how do Pt-CeO, and CeO, rods behave under operating
conditions?

In this work, we investigate the defect structure of CeO, and Pt-CeO, nanorods,
under oxidizing and reducing gas atmospheres, through a comprehensive in-
situ neutron diffraction and pair distribution function (PDF) study. The as-
synthesized and Pt-decorated CeO, nanorods were studied in-situ, under oxidation
and reduction conditions, closely mimicking the conditions of real automotive
catalytic converters. Neutron scattering was used to investigate the structure of
the nanorods as it is highly sensitive to oxygen and can capture intricate details of

metal-oxygen bonding. The neutron results are complemented by Near Ambient
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Pressure-X-ray Photoelectron Spectroscopy (NAP-XPS) which was performed to
quantitatively track reduction behavior of the nanorods, as a function of gas

environment, to probe the concentration of Ce>™.

2.3 Materials Synthesis

CeO, nanorod samples were synthesized by a hydrothermal process as reported
previously. [79, 90, 91] 0.868 g of Ce(NO3)3-6H,0 and 9.6 g of NaOH were
dissolved in 5 and 35 mL of deionized water, respectively. Both solutions were
mixed in a Teflon bottle with magnetic stirring, for 30 min, resulting in the
formation of a milky slurry. Subsequently, the Teflon bottle containing this mixture
was placed in a stainless steel autoclave and heated at 100 °C for 24 hours.
The white precipitate obtained after hydrothermal treatment was separated by
centrifugation, washed with deionized water and ethanol several times, followed
by drying at 60 °C in air overnight. Pt-CeO, rods, were prepared via a traditional
incipient wetness impregnation method with H,PtClg solution to achieve 1% Pt
loading over CeO,. The catalyst was dried and calcined at 400 °C for 4 hours.

[92, 93, 94]

2.4 Materials Characterization and Methods

2.4.1 Neutron Total Scattering

Medium resolution powder neutron diffraction (NPD) and atomic pair distribution
function (PDF) data was collected on NOMAD (Spallation Neutron Source, Oak
Ridge National Laboratory). [95] The beam line was equipped with a high-
precision gas-flow cell, furnace, and residual gas analyzer (RGA) to facilitate in-situ
observation of the CeO, under non-ambient conditions. [96]

In the in-situ NPD and PDF study, 1 g of CeO, rod sample was loaded into a
specialized quartz gas flow cell, mounted within a vacuum furnace (with 300-1473

K capability) and connected to the gas-flow system. The surface of the mounted
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sample was cleansed of any adsorbed species by flushing with Ar. The sample was
then oxidized in 4% O, Ar at 400 °C and subsequently cooled down to 100 °C with
a 5°C per minute ramp. The sample was exposed to Ar to remove any residual
oxygen prior to proceeding with further measurements. Finally, the sample was
reduced under 4% D,, Ar at 100 °C and was sequentially heated up to 260 °C, 350
°C and 400 °C with a 5°C per minute ramp between each temperature. The Pt-CeO,
rod sample was measured using the same set-up and measurement conditions. A
profile of all measurement conditions can be seen in Figure 2.1.

The previously light yellow powder samples were observed to be black in color
after measurement, confirming reduction of the sample. Signal from the empty
quartz container was also collected at all temperature conditions, to facilitate
background subtraction from the sample data. A series of 12 minute scans were
collected over a 1.5 hour duration at each temperature and gas flow condition.
Isothermal data were summed together to improve statistics. Each 12 minute data
set was time focused, normalized, and histogrammed and a Q,,,, of 25 A1 was
applied for generation of PDF data. However, PDF extraction required several
additional data treatment steps. The background subtraction was complicated by
variations (e.g. in thickness) between the empty container scattering signal, and the
container scattering produced in-situ. Additionally, the pressure gradient generated
by the gas flow across the sample bed compacted the sample, changing the packing
fraction and beam fill. Thus, it was necessary to estimate a scaled background
correction to obtain a silica-free scattering signal. Further, the incoherent scattering
produced by adsorbed hydrogen produces an approximately Pseudo Voigt (half) like
background that results in large amplitude artefacts in the low-r region of the PDF.
[97, 98] This effect is not well described analytically for TOF instruments and is

generally removed in ad-hoc fashion. [97, 99]
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Figure 2.1: CeO, and Pt-CeO, nanorods were exposed in-situ to stepped
temperature profiles and furnace gas flow conditions at NOMAD, as indicated here.
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In this work, we corrected the reduced PDF by applying Fourier filtering to
produce the expected limiting behavior [100] of the total scattering structure

function F(Q) and the reduced pair distribution function G(r)

Qlim F(Q)=0 (2.1)
lina G(r) = —4nrpy. 2.2)

The background scale factor was estimated by least-squares refinement of the low-r

portion of the PDF, subject to minimization of the target function
G(F‘I”O._‘H <r< rCe...O) —471'}’[)(). (23)

That is, the scaled background subtraction was optimized such the the Si...O pair

correlation from the quartz sample cell ca. 1.6 A in G(r) was eliminated.

2.4.2 Near Ambient Pressure-X-ray Photoelectron Spectroscopy

Laboratory near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS)
measurements were completed using a EnviroESCA (SPECS GmbH, Berlin, Ger-
many) with a monochromatic Al Ka X-ray source (1486.71 eV, 43 W, 14.5 kV). The
binding energy scale of the instrument was calibrated according to ISO Standard
15472.22. The energy shift of the binding energy scale after environmental charge
compensation by the gas was corrected for all spectra with respect to the Ce 3d
(4+) photoemission line at 916.5 €V.

To prepare samples for the NAP-XPS measurement, CeO, and Pt-CeO, rods were
first added to water, followed by sonication to form a well-mixed suspension. The
suspension was added dropwise to a thick aluminum foil while heating on a hot
plate to form a thin layer of particles after evaporation of water. Coated foil samples
were attached to the heater stage using three metal clips that held the sample to the

ceramic button heater. A Type K thermocouple was held in place between one of
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the metal clips and the foil sample. After positioning the sample for analysis, NAP
conditions were realized by back-filling the measurement chamber with pure O, or
pure H, gas maintained at approximately 2 mbar. Data was collected at each sample
temperature and gas environment condition for 1 hour. The following experimental
sequence was followed: (1) 400 °C O,; (2) 100 °C O,; (3) 100 °C Hy; (4) 260 Hy;
and (5) 350 °C H,. For each temperature and environment setting a Ce 3d core
level spectrum was acquired.

To determine changes in the valence state of Ce, a difference curve was
constructed between the fully oxidized state (400 °C O,) and each of the other
four temperature and gas flow environments measured. To construct the difference
curve, the spectra were aligned to the Ce*' peak at ~916.5 eV. Next, the peak
intensity was normalized to the same height so that the resulting difference is due
to changes in peak shape and not peak intensity. After aligning and normalizing
the spectra, each of the measured temperature and gas flow environments were
subtracted from the spectrum measured at 400 °C, O,. The resulting difference
curves for the four temperature and gas flow states showed intensities in the regions
where Ce>" is typically observed. The area under the resulting difference curve was
compared to the total area of the corresponding temperature and gas environment

state curve to determine percent change of Ce>™".

2.4.3 Structure Models and Refinements

Ceria crystallizes in a cubic fluorite structure with space group (S.G.) Fm3m where
the Ce cations occupy the face-centered Wyckoff position 4a and the oxygen anions
occupy the tetrahedral 8c position. [68, 101] In this structure, referred to hereafter
as the ideal Fluorite model, (Figure 2.2a), the octahedral site (position 24e) is
vacant. The fluorite lattice is known to form anion vacancies, leading to non-
stoichiometric defect chemistry in CeO,_,. [61, 101] Previous studies report a ceria
defect structure where some of the oxygen anions relocate to the more spacious

octahedral site, creating vacancies on the original tetrahedral site (Figure 2.2c).
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Figure 2.2: The CeO, fluorite crystal structure and its known oxygen defect sites.
(a) The fluorite structure (S. G. Fm3m) features Ce at the 4a sites and O on the 8¢
sites. Oxygen atoms (red spheres) form cubeoctahedron around Ce atoms (green
spheres). The oxygen can be partially occupied, as depicted here. The resulting
CeO,_, formula corresponds to the defect fluorite crystal structure. (b) Ce atoms can
be seen to form close-packed {111} planes, with O occupying tetrahedral interstitial
positions (8¢ sites). A single red OCe4 tetrahedron is depicted for clarity. (c)
Oxygen are also known to take up positions within the octahedral interstitial sites
of the Ce close-packed planes, highlighted as a purple polyhedron. This interstitial
oxygen site is displaced randomly from the center of the octahedron along one of
six (001) directions, partially occupying the 24e site in the lattice (purple spheres)
and resulting in the formation of Frenkel-type oxygen defects.
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These Frenkel pairs provide a facile mechanism for oxygen mobility in the
ceria lattice. [102] As the oxygen ions are less tightly bound when occupying
the octahedral site, they can escape the lattice more readily, improving the redox
efficiency of ceria. [68] While the original tetrahedral site has a multiplicity of 8,
the interstitial octahedral site has a multiplicity of 24, and anions that move to
this position will fractionally occupy the 24e “split” site, leaving a corresponding
vacancy on the 8¢ site. In this work, we investigate the presence of Frenkel defects
in the surface of the nanorods with an anion vacancy defect structure model,
hereafter termed Frenkel defect-fluorite model, which is depicted in Figure 2.2c.
This structural model consists of a bulk fluorite phase with a secondary surface
phase containing oxygen Frenkel defects.

To account for the presence of Pt in the Pt-CeO, ceria nanorods, a three-phase
structural model was used for PDF fitting, comprising of a bulk fluorite structure, a
fluorite structure with surface oxygen Frenkel defects, and a face centered cubic Pt
model. This three phase structural model is referred to as the Frenkel Defect and
Metallic Pt model.

To determine the average structure of the CeO, and Pt-CeO, rods, Rietveld
refinements were performed in the TOPAS v6 software [103] using the ideal fluorite
model and using a single phase fluorite structure model with Frenkel-type oxygen
defects. The a lattice parameter, scale factor, and isotropic atomic displacement
parameters (Bj;,,) were refined. The Bj, values for the 8¢ and 24e O atomic
positions were constrained to be identical. The occupancy of the 8c oxygen site
was refined with a dependent 24¢ oxygen interstitial site occupancy, constrained to
form a Frenkel-defect pair.

To elucidate length-scale dependent defect ordering, PDF analysis was applied
to the low-r (2-10 A) and the long-range (2-50 A) regions. PDF refinements
were performed using the aforementioned structural models and the TOPAS v6
software. [103] The characteristic shape function for nanorod particles [104] was

used to correct for the influence of particle shape. In all cases, the instrumental
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resolution parameters Qpqq and Qgqm, Were fixed as 0.02018 A~1 and 0.06085A!
respectively, as refined from a Si standard. [105] The occupancies of the 8c and 24e
oxygen atoms in the surface defect phase were again refined as a Frenkel-defect pair
and the surface defect phase was assumed to be spherical with an ordering of 1 nm
based on exploratory refinements. The FCC Pt phase was also assumed spherical

and particle diameter fit with a spherical shape function parameter.

2.5 Results and Discussion

2.5.1 Rietveld Refinement Results

The results of Rietveld analysis using the Fluorite model, for the most oxidizing and
reducing environments measured, are summarized in Figure 2.3. Upon comparing
the diffraction patterns of the CeO, and Pt-CeO, rods, we find that the Pt-CeO,
rods display narrower Bragg peaks, indicative of a higher degree of crystallinity.
The enhanced crystallinity of the Pt-CeO, rods is a result of the synthesis procedure
where they undergo an additional calcination step to decorate the surface of the
CeO, rods with Pt atoms. As seen in Figure 2.3, the patterns for both CeO, and
Pt-CeO, rods are reasonably fit by the ideal cubic fluorite structure, under both gas
flow and temperature conditions, with no additional Bragg peaks detected. Refined
parameters from Rietveld analysis of all measured environments are shown in Table
2.1 for the CeO, and Pt-CeO, rods.

To determine if Frenkel-type oxygen defects are present in the CeO, and/or
Pt-CeO, rods, the Frenkel defect-fluorite model introduced above was applied to
Rietveld refinements. The results of the series fitting are summarized in Table 2.2,
with overall goodness-of-fit for the Frenkel defect-fluorite model provided. In both
cases, additional site occupancy parameters worsened the overall fit to the powder
diffraction data. The average structure was therefore determined to be an ideal

fluorite structure.
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Figure 2.3: Rietveld refinement results for (a) CeO, and (b) Pt- CeO, rod data,
collected under D, and O, flow at 400°C. Data was fit to an ideal Fluorite model.
Measured data are shown as circles, fits as colored lines through the data, and
difference curves fall below the data and fits. Tick marks indicate hkl indices for
the cubic fluorite crystal structure.
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Table 2.1: Rietveld refinement results for CeO, and Pt-CeO, nanorods under various
flow conditions, using an ideal Fluorite model.

CeO, Nanorods

Flow Condition a (A) Beq(Ce) (A%) Beq(0O) (A2) Ry
0, 100 °C 5.3961 +0.0052 0.1102+0.0682 2.6262+0.1857 11.18
0,400 °C 5.40424+0.0055 0.3189+0.1238 2.6406+0.1828 9.45
D, 100 °C 5.3974+0.0057 0.30194+0.1251 2.5359+£0.1914 11.07
D, 260 °C 5.40144+0.0046 0.37954+0.1411 1.7931+0.1433 8.47
D, 350 °C 5.40554+0.0048 0.4551+0.1477 2.0173+0.1547 8.52
D, 400 °C 5.4107+£0.0049 0.50724+0.1655 1.8605+0.1559 7.94
Pt-CeO, Nanorods
Flow Condition a (A) Beq(Ce) (A2) Beq(0O) (A2) Ry
0, 100 °C 5.39494+0.0049 0.81984+0.1883 2.1379+0.1693 6.79
0,400 °C 5.3958 £0.0044 1.14534+0.2221 1.6568+0.1398 5.72
D, 100 °C 5.41394+0.0052 0.59524+0.1471 2.5101+0.1797 8.19
D, 260 °C 5.41734+0.0052 0.74524+0.1686 2.5642+0.1856 6.87
D, 350 °C 5.41794+0.0056 0.8924+0.1869 2.8140+0.2018 7.14
D, 400 °C 5.41854+0.0054 1.0310+0.2212 2.5007£0.1941 6.83
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Table 2.2: Rietveld refinement results for CeO, and Pt-CeO, nanorods under various
flow conditions using a single phase fluorite structure model with Frenkel-type

oxygen defects.

CeO, Nanorods

Flow Condition a (A) Beq(Ce) (A%) Beq(0O) (A2) Ryp
0, 100 °C 5.3968 =0.0058 1.19504+0.2329 1.3259+0.1538 12.69
0,400 °C 5.4043+£0.0057 0.6762+0.1265 2.4625+0.1584 9.78
D, 100 °C 5.3967 +0.0053 0.5241+0.1603 1.3797+0.1452 11.39
D, 260 °C 5.40174+0.0032 0.49634+0.0734 1.6498 +0.0867 9.58
D, 350 °C 5.40554+0.0049 0.73894+0.1345 1.8829+£0.1364 9.35
D, 400 °C 5.4107+£0.0047 0.54494+0.1168 1.8474+0.1290 8.59
Pt-CeO, Nanorods
Flow Condition a (A) Beq(Ce) (A%) Beq(0) (A2) Ry
0, 100 °C 5.39544+0.0049 1.17294+0.1535 1.9482+0.1257 6.95
0,400 °C 5.3968 =0.0045 1.81294+0.1754 1.5025+0.0948 6.69
D, 100 °C 5.41344+0.0059 1.15354+0.1787 2.2308+0.1584 8.04
D, 260 °C 5.4024 +£0.0066 2.2909+0.2630 2.1381+0.1582 7.59
D, 350 °C 5.4176 £0.0060 1.4594+0.1809 2.4740+0.1566 7.35
D, 400 °C 5.41844+0.0055 1.43974+0.1811 2.1337+0.1400 7.10
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The effects of redox on CeO, and Pt-CeO, rods were explored by extracting
the lattice parameters determined from Rietveld refinements as seen in Figure 2.4.
Inspection of the resulting lattice parameters reveals that the transition from an
oxidizing to reducing atmosphere leads to an increase in lattice parameter for both
CeO, and Pt-CeO, rods. The increase in lattice parameter due to reduction is
suggestive of Ce conversion from a 4+ to 3+ valence state as Ce>' has a larger
ionic radius (1.034 A) relative to Ce** (0.92 A). [61, 77, 70, 106] Furthermore, the
increase in lattice parameter upon switching from O, to D, flow is more significant
for the Pt-CeO, rods than for the CeO, rods, suggesting that Pt-CeO, is more readily
reducible.

The measured Bragg data presents several challenges that limit the extent of
quantitative information that can be extracted about the nature of oxygen defects
in the bulk structure and at the surfaces of the nanorods. There is significant noise in
the data due to the small sample volumes studied and significant peak broadening
due to the nanocrystalline nature of the rods. Hence, PDF analysis was pursued
to clarify the oxygen vacancies of the average structure and determine any local

structure features of the nanorods.

2.5.2 PDF Refinement Results

To resolve the average structure through PDF analysis, the Fluorite model was
applied to refinements in the long range (2-50A) as seen in Figure 2.5 and the
shape function for nanorods described by Usher et al.[107] was used to account for
nanocrystalline shape and size effects on the PDF data. Qualitative assessment of
the PDFs in Figure 2.5 shows larger amplitude in the high-r region for the Pt-CeO,
rods than the CeO, rods, indicating a larger particle size. Ceria, among other metal
oxides, has been broadly reported to display an increase in lattice parameter with

decreasing particle size. [108, 109, 110, 106]
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Figure 2.4: Lattice parameters of (a) CeO, and (b) Pt-CeO, rods, determined from
Rietveld and 2-50 A PDF refinements using an ideal Fluorite model.
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Contrary to this trend, the Pt-CeO, rods exhibit a larger lattice parameter
and larger overall particle size than the CeO, rods, indicating that the reduction
behavior of the Pt-CeO, rods overrides particle size effects.

While we are able to extract the length and diameter of the shape dependent
crystallite domain size for the CeO, rods, the coherent domain length of the Pt-
CeO, rods exceeds the sensitivity of the PDF analysis technique. However, we are
able to determine the diameter parameter of the crystallite domains of the Pt-CeO,
rods and qualitatively demonstrate that it is larger than the diameter parameter
of the CeO, rods (Figure 2.6). The larger coherent scattering domain size of the
Pt-CeO, rods can be explained by the synthesis procedure where the CeO, rods
undergo an additional calcination step, leading to increased crystallinity.

In accordance with Bragg diffraction results, Figure 2.5 shows that CeO, and
Pt-CeO, nanorods share the same bulk ideal fluorite structure, as evidenced by the
successful fitting of the Fluorite model to the data above 10 A. However, there are
significant discrepancies in fit to the low-r region for both CeO, and Pt-CeO, rods.

Comparison of the lattice parameters determined from PDF and Bragg analysis,
shown in Figure 2.4, reflect similar trends which indicate that the Pt-CeO,
nanorods have an expanded lattice relative to the CeO, rods due to an increased
concentration of Ce>*. It is well known Ce®*" in CeO, is charge balanced by oxygen
vacancies. [70]

To investigate the deviation in the local structure from the bulk, the Frenkel
Defect-Fluorite model was used to model the data below 10A. Figure 2.7 shows
a fit to the data collected under D, flow at 400 °C, which is representative of the
most reducing condition measured and the highest concentration of oxygen defects.
As seen in the figure, inclusion of surface oxygen Frenkel-defects helps to capture
the asymmetry observed in the peak at 2.9 A in the CeO, rod data and improve the
overall fit to the data below 10A. While the Frenkel Defect-Fluorite model helps
improve the fit quality of the Pt-CeO, rod data relative to the Fluorite model, misfit

of the peak at 2.9 A remains.
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Figure 2.6: Crystallographic domain sizes of (a) CeO, and (b) Pt-CeO, rods,
determined from 2-50 A PDF refinements using an ideal Fluorite model.
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flow at 400 °C. Data was fit to a single phase ideal Fluorite

model and a two phase structure model with a bulk ideal fluorite structure and

Figure 2.7: 2-10A PDF

measured under D,
a secondary surface structure containing oxygen Frenkel-type defects. 8c and 24e

oxygen occupancies were refined in the secondary phase structure. Data are shown
as circles, fits as colored lines through the data, and difference curves fall below the

data and fits.



This indicates that the Pt-CeO, rods have a surface structure that is distinct from
the CeO, rods and that the Frenkel Defect-Fluorite model alone does not accurately
represent the local structure of the Pt-CeO, rods.

Additionally, oxygen vacancy ordered ceria defect structures reported by Luo
et al. [41] and Kummerle et al. [111] were applied to the CeO, and Pt-CeO,
nanorods. It is important to note that these defect structures are derived from pre-
reduced ceria nanorod and ceria single crystal samples, respectively, studied using
ex-situ measurements and hence may not resemble the defect states of the ceria
and Pt- CeO, ceria nanorods used in this study and in industrial catalytic converters.
Neither of these models produced a significant improvement in fit quality compared
to the Frenkel Defect-Fluorite model despite the inclusion of additional refineable
parameters.

Therefore, oxygen Frenkel defects were found to most accurately describe the
surface CeO,_, structure of the CeO, and Pt-CeO, rods used in this study. The
difference in the observed oxygen vacancy structures in the ceria nanorods derived
from the ex-situ study by Luo et al,[41] and the present in-situ study brings in to
question the relevancy of ex-situ laboratory characterization to real-word catalyst
development.

Since oxygen vacancy ordered ceria defect structures were not able to entirely
model the peak present at 2.9 A in the Pt-CeO, rod data, the possibility of this peak
having contributions from a Pt correlation was considered. As shown in Figure
2.8, applying the Frenkel Defect and Metallic Pt model to the Pt-CeO, rod data
resolves the peak misfit at 2.9 A. Furthermore, Figure 2.9 indicates that the Frenkel
Defect and Metallic Pt model produces Pt-CeO, nanorod PDF fits which are similar
in quality to that obtained for the CeO, rods using the Frenkel defect-fluorite model.

The nature of platinum bonding on the surface of ceria is highly dependent on

the synthesis method and redox environment. [84]
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Figure 2.8: 2-10A PDF fit results for (a) CeO, and (b) Pt-CeO, nanorod data
measured under D, flow at 400°C and fit with a two phase Frenkel Defect-Fluorite
model for CeO, rods and three phase Frenkel Defect and Metallic Pt model for
Pt-CeO, nanorods. Each phase contribution is shown.
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Figure 2.9: 2-10A PDF fit results for (a) CeO, and (b) Pt-CeO, nanorod data,

collected under D, and O, flow at 400°C. Data was fit to a Frenkel defect-fluorite

model for CeO, rods and Frenkel Defect and Metallic Pt model for Pt- CeO,

nanorods. 8c and 24e oxygen occupancy’s were refined in the secondary phase

structure in both cases. Data are shown as circles, fits as colored lines through the
data, and difference curves fall below the data and fits.
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While Pt is known to be present in the form of PtO, and Pt-O-Ce bonds
on the surface of Pt-CeO, nanoparticles, attempts to model the Pt-CeO, rod
data with these structure types were unsuccessful as the reported bond lengths
associated with these structures do not correspond with the correlation observed
at 2.9A. [112, 84, 113] The data instead suggests the possible presence of small
Pt nanometallic clusters on the surface of ceria in Pt-CeO, rods. However, it is
important to note that this correlation could arise from contributions other than Pt-
Pt and it is challenging to definitively determine the source based on a single peak
correlation and PDF analysis alone.

Based on the 2-10A refinements shown in Figure 2.9, lattice parameters were
extracted for the fluorite phase and the surface defect fluorite phase of the CeO,
and Pt-CeO, rods. As seen in Figure 2.10 the lattice parameters of the fluorite
and defect fluorite phase are similar for the CeO, rods while there is a significant
difference in lattice parameters for both phases in the case of the Pt-CeO, rods. The
lattice parameter from the local structure model of the defect phase of the Pt-CeO,
rods is significantly larger than that of the fluorite phase, indicating the greater
surface reducibility of the Pt-CeO, rods compared to the CeO, rods.

The nanoscale and phase complexity of the samples impedes the reliable
refinement of absolute oxygen occupancy values. However, Figure 2.11 shows
that the occupancy of the 24e oxygen interstitial site in the Frenkel defect pair
shows sensitivity to redox flow conditions for the Pt-CeO, rods but not for the
CeO, rods. To quantitatively determine if reduction effects are responsible for the
lattice expansion observed in Pt-CeO, rods and CeO, rods, the change in Ce3*
percentage as a function of temperature and gas flow was determined using NAP-

XPS measurements.
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Figure 2.10: Lattice parameters for the bulk fluorite phase and surface Frenkel-type
defect phase of (a) CeO, and (b) Pt-CeO, nanorods determined based on 2-10A

PDF refinements fit with a Frenkel Defect-Fluorite model for CeO, rods and Frenkel
Defect and Metallic Pt model for Pt- CeO, nanorods.
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Figure 2.11: Occupancy values of the 24e¢ octahedral interstitial oxygen site in the
fluorite lattice for (a) CeO, and (b) Pt- CeO, nanorod data determined based on
2-10A PDF refinements with a Frenkel defect-fluorite model for CeO, rods and
Frenkel Defect and Metallic Pt model for Pt- CeO, nanorods.
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2.5.3 NAP-XPS Results

The change in Ce®>" percentage and lattice parameter estimated by PDF analysis for
the measured temperature/gas flow conditions are shown in the Figure 2.12 for Pt-
CeO, rods. Neutron diffraction and PDF analysis results show an increase in lattice
parameter when switching from O, to Dy flow and with increasing temperature
under D, flow. A possible source of this lattice expansion is attributed to conversion
of smaller Ce*" cations to larger Ce>" cations due to reduction effects.

For the case of Pt-CeO, rods, the percentage of Ce>" increases from 3% to
13% when switching from O, to H, flow and from 13% under H, flow at 100°C
to 22% H, flow at 350°C. This confirms the influence of reduction effects on lattice
parameter in the Pt-CeO, rods, distinct from thermal expansion.

In the case of undecorated CeO, rods, no difference was observed between the
Ce 3d spectrum for the fully oxidized state measured under O, environment at
400°C and spectra for H, environment at 260°C or H, environment at 350 °C. A
difference was observed for the spectra measured under O, at 100°C and H, at
100°C, but the differences could not be correlated with changes in the valence state
of Ce. Rather, spectral differences were caused by peak broadening effects, which
were the result of sample charging during the measurement.

Thus, it appears that surface decoration by platinum plays an active role
mediating the effect of ambient gas molecules upon Ce oxidation state and charge-

compensating oxygen vacancy formation.

2.6 Conclusion

We have investigated the structural evolution of CeO, and Pt-CeO, nanorods in-
situ under oxidizing and reducing gas environments. Neutron diffraction and
PDF analysis indicates that both CeO, and Pt-CeO, nanorods share a bulk fluorite

structure with the presence of surface Frenkel-type oxygen defects.
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Figure 2.12: Change in percentage of Ce>" for the Pt-CeO, rods, shown as a
solid green square and circle to represent D, flow and O, flow respectively, as
determined by NAP-XPS. Lattice parameters of Pt-CeO, nanorods as determined
by PDF analysis are shown as a solid black square and circle to represent D, flow
and O, flow respectively. The Frenkel Defect and Metallic Pt model was used for
PDF refinements of the Pt-CeO, nanorods.
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Contrary to earlier ex-situ investigations, this work finds no evidence of oxygen
vacancy ordered surface reconstruction.

The lattice parameter of CeO, rods is indistinguishable under O, vs. D, flow
while there is an appreciable increase in the lattice parameter of the Pt-CeO, rods
when under reducing atmosphere. The lattice expansion of the Pt-CeO, rods is
attributed to an increase in concentration of Ce>*, corroborated by NAP-XPS. Given
Ce redox is accompanied by charge and mass transport across the particle surface,
it is inferred that Pt surface decoration enhances the kinetics of this process.

Short-range PDFs of the CeO, and Pt-CeO, rods exhibit additional features that
can not be modeled by a bulk fluorite structure alone. Inclusion of oxygen Frenkel-
type defects in the surface structure resolves all unfit peak correlations in the case of
the CeO, rods. While the Frenkel-type defect structure improves the quality of the
Pt- CeO, PDF fits, an unfit peak correlation remains at 2.9 A which can be modeled
using Pt nanometallic clusters. Based on the low percentage of Pt loading and
limitations of the PDF technique, alternate characterization techniques are needed
to confirm the presence of Pt in the form of clusters.

Finally, the discrepancy between ex-situ and in-situ structural observations are
noteworthy. This work emphasizes the need for robust in-situ investigations of
functional catalytic materials to confirm the mechanistic underpinnings of this
important class of materials and extract design strategies for industrially relevant

materials.
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Chapter 3

In-situ methane oxidation behavior

of CeZrO, and Pd-CeZrO,
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3.1 Abstract

The catalytic oxidation of methane (CH,4) is a promising strategy for mitigating
CH4 emissions and combating climate change. Pd-CeZrO, has demonstrated
potential as a catalyst for methane oxidation due to its improved thermal stability
and high oxygen storage capacity. In this work, we study the in-situ structural
evolution of CeZrO4, and Pd-CeZrO, under methane oxidation and reduction
conditions using in-situ neutron total scattering to unravel the role of Pd on
the nature of oxygen vacancies in CeZrO,4. The results from in-situ neutron
diffraction reveal that Pd-CeZrO, exhibits an increased concentration of oxygen
vacancies under methane oxidation reaction and reduction relative to pristine
CeZrO4. Additionally, the formation of oxygen vacancies in Pd-CeZrO4, when
switching from methane reaction to reduction, is accompanied by a phase transition
of Pd-CeZrO,4 from a tetragonal to a cubic average structure. This intriguing
observation is consistent with the improved reducibility and superior oxidation
catalytic performance of Pd-CeZrO4. Furthermore, in-situ neutron pair distribution
function (PDF) analysis demonstrates that the generation of oxygen vacancies in Pd-
CeZrOy4, when transitioning from methane oxidation to reduction, is associated with
distinct cation local distortions for Ce and Zr, which is known to influence oxygen
mobility and thus overall catalytic performance. This study provides fundamental
insights into the role of Pd on enhancing the reducibility and methane oxidation
catalytic activity of CeZrO,4 by increasing the concentration of oxygen vacancies

and inducing distinct cation local distortions for Ce and Zr.
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3.2 Introduction

Methane, an abundant greenhouse gas released into the atmosphere through
industrial and automotive emissions, significantly contributes to environmental
pollution and exacerbates climate change. [114, 115, 116, 117] The catalytic
oxidation of methane (CH4) has attracted interest as a potential approach to
mitigate CH4 emissions in an effort to combat climate change. [114, 118, 115, 119,
120] However, the complete oxidation of CH, at a low temperature has remained a
long-standing challenge in the field of heterogeneous catalysis. [121, 115, 51, 122]
Thus far, Pd loaded oxide supports have been regarded as the most active catalysts
for the methane oxidation reaction. [123, 124, 125, 126, 127, 128, 119] Despite
their high activity, Pd- based catalysts suffer from poor thermal stability and
undergo rapid deactivation under reaction conditions due to sintering of the active
phase of Pd into larger particles, resulting in a loss of surface area and reduction in
catalytic activity. [122, 120, 129] Thus, the development of more efficient catalysts
for the complete oxidation of CH,4 hinges on the design of scalable, low-cost, earth-
abundant and sinter-resistant catalysts that can maintain higher surface area and
facilitate long-term catalytic operation.

CeO,- based oxides have been widely investigated as catalyst supports for
methane oxidation due to their dynamic ability to store and release active oxygen
by accommodating a high concentration of oxygen vacancies and due to the strong
interfacial interaction between Pd and Ce which enables stabilization of the active
phase of Pd. [120, 121, 122, 127, 128, 130, 123] Although pure CeO, is known
to sinter at high temperatures, resulting in a decrease in oxygen storage capacity
and catalytic activity, doping CeO, with Zr has been demonstrated as an effective
materials design strategy to significantly improve thermal stability and oxygen
storage capacity. [128, 131, 132] Ding et al. demonstrated that Pd- CeZrO, is
active for the CH, oxidation reaction and that the crystal structure of the CeZrO4

support can significantly impact methane oxidation catalytic activity by influencing
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the (1) nature and stability of Pd active sites and (ii) concentration of oxygen
vacancies in the support. [131] Literature studies on the structural characterization
of Pd-CeZrO,4 for methane oxidation focus primarily on the behavior of Pd and its
transformations, leaving unanswered questions about the nature of the underlying
support and its interaction with Pd. Furthermore, while it is known that the
concentration and location of oxygen vacancies in the surface/bulk of Pd-CeZrO,4
influences the resulting catalytic activity for methane oxidation [133, 134, 135], the
evolution of oxygen defects and chemical short range order in neat and Pd-CeZrO,4
under operating reaction conditions has not been investigated.

Studying the structural evolution of catalysts in-situ can provide key insights into
the nature of active sites being formed and consumed during the catalytic process
and findings can be used to extract materials design strategies for more efficient and
robust catalysts/supports. Total scattering is a promising technique for the study of
structural evolutions of catalysts as well as gas-solid interactions as it can measure
the long and short-range order of materials regardless of their crystallinity. Neutron
total scattering in particular offers advantages for the study of catalysts under
heterogeneous catalytic methane oxidation, due to the presence of light elements
(C, H, O) that neutrons offer higher sensitivity to relative to x-ray or electron probes,
facilitating the study of phenomena effectively “invisible” by other techniques. The
synthesis method employed for CeZrO,4 can give rise to cubic or tetragonal crystal
structures, and discerning between these structures using commonly employed x-
ray techniques can be challenging due to the lack of sensitivity to subtle oxygen
displacements. In this work, we use in-situ neutron total scattering to elucidate
the role of Pd on the defect structure and stability of CeZrO4 under oxidation,
methane oxidation and methane reduction gas environments. Previous studies
have demonstrated that exposing the catalyst to a reducing treatment, following the
methane oxidation reaction, can aid in catalyst regeneration. [123, 136, 51, 137]
Additionally, modern automotive engines are engineered to alternate between

lean, stoichiometric, and rich gas environments to optimize fuel consumption and
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to control exhaust gas. [136] Furthermore, this in-situ neutron total scattering
study was used to commission a new quartz gas flow cell and high temperature
furnace designed for the Nanoscale Ordered Materials Diffractometer instrument
(NOMAD) at the Spallation Neutron Source, which enabled the collection of
neutron diffraction and pair distribution function (PDF) data with improved signal
to noise ratio relative to previous sample environments. Importantly, results from
this in-situ neutron total scattering study will elucidate the influence Pd loading has
on the nature and concentration of oxygen vacancies and local cation configurations

in CeZrO4 under methane oxidation and reduction reactions. [138]

3.3 Methods

3.3.1 Materials

Cerium (III) nitrate hexahydrate (99.5%), zirconyl (IV) nitrate (99.5%) and ethanol
(99.5%) were purchased from Thermo Fisher Scientific. Metal nitrate hydrates
were used to prepare sealed aqueous stock solutions immediately upon receipt
from the manufacturer. Pluronic P123 (a symmetric triblock copolymer comprising
poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) in an alternating
linear fashion) and tetraamminepalladium (II) chloride monohydrate (99.9%) were

purchased from Sigma Aldrich.

3.3.2 Synthesis of CeZrO,4 and Pd-CeZrO,4

Mesoporous CeZrO4 was synthesized using a soft templating approach via evapora-
tion induced self-assembly (EISA). Metal nitrate precursor solutions were dissolved
in ethanol, under continuous stirring, using Pluronic P123 as a block copolymer
template. The solutions were allowed to evaporate in a petri dish at room
temperature for 48 hours and the resulting gels were calcined in air at 600 °C

for 4 hours in an oven.
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Pd-CeZrO, was prepared via a traditional incipient wetness impregnation
method with Pd(NH3)4Cl, solution to achieve 1 wt% Pd loading over CeZrO,4. The
catalyst was dried at room temperature for 3 hours, subsequently placed in the oven
to dry overnight at 120 °C and then placed in the furnace to calcine at 230 °C for 3
hours.

The samples were pressed, ground, and sieved and the fraction larger than 200
wm was retained for in-situ neutron total scattering measurements, to enable gas

flow through the powder bed.

3.3.3 Neutron Total Scattering Measurements

Neutron powder diffraction (NPD) and atomic pair distribution function (PDF) data
were collected on the NOMAD instrument (Spallation Neutron Source, Oak Ridge
National Laboratory). [95] CeZrO4 and Pd-CeZrO,4 were measured using the set-up
and gas flow conditions seen in Figures 3.1 and 3.2.

A 15.97 cm long and 0.95 cm diameter custom quartz tube with a porous frit
bonded 1 cm below the sample center, was designed to minimize quartz background
contribution during the measurement while enabling high temperature gas flow
measurements. 1 g of CeZrO4 or Pd-CeZrO,4 sample was loaded into a specialized
quartz gas flow cell, mounted on a sample stick within a vacuum furnace (with 850
°C capability) and connected to the gas-flow system. Quartz wool was placed above
and below the sample bed to maintain the correct sample height in the neutron
beam.

The surface of the mounted sample was cleansed of any adsorbed species by
flushing with Ar for 40 minutes. The samples were oxidized in 20% O, in Ar at
400°C for 2 hours and the data measured under this gas flow condition is hereafter
referred to as "oxidation". The temperature was ramped up to 550 °C with a 10°
C per minute ramp, the sample was reacted under 2.25% CDy4, 20% O, in Ar at
550°C for 4 hours and the data measured under this gas flow condition is labelled

"reaction".
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Figure 3.1: Schematic showing new low background high temperature furnace
(left), dimensions of new quartz gas flow cell (center) and new quartz flow cell
with Pd-CeZrO,4 sample loaded on NOMAD sample stick (right).
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Figure 3.2: Schematic showing new low background high temperature furnace
(left), dimensions of new quartz gas flow cell (center) and new quartz floe cell
with Pd-CeZrO,4 sample loaded on NOMAD sample stick (right).
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The gas flow was switched to a mixture of 2.25% CD, and He for 6 hours and the
data measured under this gas flow condition is termed "reduction". Comparison of
the series of 12 minute datasets for CeZrO,4 under all measurement conditions and
Pd-CeZrO, under oxidation and reaction revealed that the subsets of data within
each gas flow condition were approximately invariant. This demonstrates steady
state reaction conditions were achieved quickly across the sample. Interestingly for
the Pd-CeZrO, sample measured under reduction, in-situ data showed structural
evolution over the course of the first 12 minutes under reduction gas flow. A
measurement timeline summarizing the experimental conditions in this study is
presented in Figure 3.2. As shown in the images of the quartz samples cells
(bottom) of Figure 3.2, the as synthesized pale yellow CeZrO, sample appeared to
be a darker shade of yellow after exposure to the sequence of gas flow environments
in the NOMAD experiment while the previously pale yellow Pd-CeZrO,4 sample was
observed to be black in color after the measurements, suggesting reduction of the
sample.

The reactant gas species involved in each measurement condition and the
methane oxidation reaction products were monitored using a Residual Gas Ana-
lyzer. As the m/z of methane (20) overlaps with that of doubly ionized Ar, changes
in the concentration of CO, were used to confirm the catalytic oxidation of methane.

Temperatures for the reaction and reduction neutron total scattering measure-
ments were chosen by performing a lab scale methane oxidation reaction at 400°C
which resulted in 89% methane conversion. In this setup, the thermocouple must
sit above the neutron beam to avoid parasitic scattering. A sample temperature
calibration curve was generated off-line to control the temperature during the
measurement using an offset. These considerations indicate additional advances in
nimble and low background sample environments for in-situ and operando neutron
total scattering are desirable to draw correlative conclusions between data from
neutron total scattering measurements of catalytic systems and lab scale catalytic

studies.
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Signal from the empty quartz container was collected at 400°C and 550°C, to
facilitate background subtraction from the sample data. A series of 12 minute
scans were collected at each temperature and gas flow condition and the data were
summed to improve statistics. Each data set was time focused, normalized, and
histogrammed, and a Qyuq of 35 A~! was applied for generation of PDF data. In
addition to the summed data sets, the last 12 minute data set measured under
oxidation gas flow and the first two, 12 minute scans, measured under reduction
flow for Pd-CeZrO,4 were analyzed. The results from these individual data sets are
analyzed in Figure 3.8 while all other analysis is based on summed data sets to
improve signal to noise ratio.

The presence of adsorbed hydrogen (e.g. as chemisorbed hydroxyls and
physisorbed water) can result in an incoherent scattering signal which appears as an
approximately pseudo-Voigt-like background (centered at Q = 0 A=1) that results in
large-amplitude artefacts in the low-r region of the PDF. [97, 98] This effect is not
well described analytically for TOF instruments and is generally removed in ad-hoc
fashion. [97, 99] Additionally, Fourier filtering was applied during data reduction,
to produce the expected limiting behavior [100] of the total scattering structure

function F(Q) and the reduced pair distribution function G(r),

Qlim F(Q)=0 3.1
lim G(r) = —4nrpp. (3.2)

3.3.4 Neutron Diffraction and PDF Analysis

The initial average structures were obtained through Rietveld refinements of
neutron diffraction date using TOPAS v6 software [103]. The tetragonal fluorite
phase with space group (S.G.) P4,/nmc was used as a model for all neutron
diffraction data refinements, while the Pd-CeZrO,4 reduction data were examined

using the fluorite Fm3m cubic phase. It was found during analysis that a minor
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5% cubic fluorite CeO, phase was present in the two neutron samples. In the
Rietveld analysis, the following parameters were refined: scale factor, profile
parameters, unit cell parameters, background, atomic positions, isotropic atomic
displacements, and oxygen site occupancies (Oqcc). The resulting experimental pair
distribution function (PDF) data were subsequently analyzed using least-squares
small-box modeling in PDFgui [139]. The phase fraction and refined parameters
for the impurity phases were fixed and applied as a secondary phase contribution
in the neutron PDF analysis. Refinements of the locally distorted Pd-CeZrO, under
reduction was tried using the tetragonal (t), fluorite and tetragonal + pyrochlore
models were performed in a similar manner. [140, 141, 142]

For local structure refinements using previously reported pyrochlore (P) [143],
beta Ce,Zr,0- 5 phase [143], fluorite CeZrO4 and K-CeZrOg_ , [144] structural
models, the oxygen occupancy was fixed while scale factors, lattice parameters, and
cation and oxygen atomic displacement were refined resulting in a large number of

structural parameters and overfitting.

3.3.5 Density Functional Theory Calculations

Density functional theory (DFT) calculations were carried out using the plane-wave-
based Vienna Ab initio Simulation Package VASP, within the generalized gradi-
ent approximation (GGA) using the Perdew-Burke-Ernzerhof for solids (PBEsol)
exchange-correlation functional in combination with the standard projector aug-
mented wave (PAW) potential. The plane waves were expanded up to a cutoff
energy of 550 eV. Brillouin zone integration was done on a 2 x 2 x 2 k-point mesh
grid for the single pyrochlore phase with 96 atoms. Full geometry optimizations
were performed until the Hellman-Feynman forces on the atoms were relaxed below

102 eV/A.
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3.4 Results and Discussion

3.4.1 Average Structure

The measured diffraction patterns of CeZrO, and Pd-CeZrO, under the selected
gas flow conditions are shown in Figure 3.3 (a). Upon comparing the diffraction
patterns of CeZrO4, we find that all Bragg peaks can be indexed to a CeZrOy,
primary phase with (S.G.) P4,/nmc (hkl indices indicated by tick marks in black).
However, when transitioning from a methane oxidation to reduction gas flow
environment, we observe peak shifts towards a higher diffraction angle, indicating
lattice expansion. A similar, and more significant lattice expansion is observed
under methane reaction gas flow in Pd-CeZrO,4. Furthermore, the peak [102]
present at 2.24 A under methane oxidation and reaction, disappears under methane
reduction conditions for Pd-CeZrO,, indicating a transition from the tetragonal
P4, /nmc fluorite to cubic Fm3m fluorite phase. [140, 141, 142] As the tetragonal to
cubic phase transition involves the displacement of oxygen atoms along the c-axis,
the x-ray diffraction patterns appear indistinguishable due to the lack of sensitivity
of x-ray probes to oxygen, a noted limitation of x-ray based characterization
techniques in previous studies of CeZrO,4. [141] However, neutron diffraction
definitively identifies the phase transition in this study.

Quantitative analysis of the diffraction patterns was performed through Rietveld

refinements, with refinements for Pd-CeZrO, under oxidation, reduction at t =

0 min and reduction at t 12 min shown in Figure 3.3 (b). The diffraction
patterns of CeZrO4 under all gas flow conditions and Pd-CeZrO,4 under oxidation
and reduction at t = 0 min were successfully refined using a two phase structural
model comprising of a tetragonal primary phase with space group (S.G.) P4,/nmc

and secondary CeO, cubic phase with S.G. Fm3m.
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Figure 3.3: (a) Neutron diffraction patterns of CeZrO, and Pd-CeZrO, under
oxidation (red line) at 400°C, methane oxidation reaction (purple line) at 550°C
and methane reduction (green line) gas flow at 550°C. (b) Rietveld refinements
of the neutron diffraction data of Pd-CeZrO, measured under methane oxidation
reaction (top panel), methane reduction immediately upon switching gas flow
environments (beginning at t = 0 min and including the first 12 minutes of data,
labeled t = 0 min) (middle panel) and methane reduction gas flow beginning at
t = 12 min of flow and including the subsequent 12 minutes of data, labeled t =
12 min. Measured data is shown as colored circles, structural fits are shown as
black lines through the data and the difference curves in green fall below the data
and fits. Pd-CeZrO,4 measured under methane reaction and methane reduction t
= 0 min gas flow conditions were refined using two phase models comprising of
a CeZrO,4 primary phase with (S.G.) P4,/nmc (hkl indices indicated by tick marks
in black) and a secondary CeO, impurity phase with (S.G.) Fm3m (hkl tick marks
in red). Pd-CeZrO,4 measured under methane reduction at t = 12 min was refined
using a two phase model composed of CeZrO,4 and an impurity CeO, phases both
with (S5.G.) Fm3m (hkl tick marks in red). (c) Corresponding crystal structures
used to refine the primary phases of Pd-CeZrO,4 measured under methane oxidation
reaction, methane reduction at t = 0 min and methane reduction at t = 12 minutes,
with corresponding refined oxygen atom occupancy shown.
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However, under methane reduction conditions, Pd-CeZrO,4 was refined using a
two phase model comprising of two cubic phases with S.G. Fm3m and distinct lattice
parameters. Importantly, Pd loading appears to facilitate the phase transition from
a tetragonal to cubic average structure when switching from methane reaction to
reduction gas flow, as shown by the crystal structures displayed in Figure 3.3 (b),
in Pd-CeZrO,4. [140, 141, 142] Additionally, as seen from the refined parameters
from Rietveld refinements shown in Figure 3.4 the oxygen stoichiometry of CeZrOy4
remains stable, without the presence of oxygen defects, under all measured gas
environments. Interestingly, the oxygen occupancy values of Pd-CeZrO,4 indicate
a transition from a fully occupied oxygen sub-lattice in the tetragonal average
structure under oxidation and reaction, to a cubic fluorite lattice containing ~5%
oxygen vacancies under methane reduction. The formation of oxygen vacancies
in Pd-CeZrO4 under methane reduction suggests that Pd loading enhances the
reducibility of CeZrOy.

Previous literature reports have associated an increase in lattice parameter and
cell volume of ceria-based mixed oxides under reducing atmospheres, with the
generation of oxygen vacancies along with conversion of Ce** to Ce®*, as Ce3*
has a larger ionic radius (1.034 A) relative to Ce*™ (0.92 A). Based on the average
structure models for CeZrO4 and Pd-CeZrO, under the measured gas conditions, the
associated tetragonal unit cell volume was calculated as shown in Figure 3.5. Since
Pd-CeZrO4 has a cubic primary phase with S.G. Fm3m under methane reduction
gas flow, the cubic unit cell volume was converted to a tetragonal unit cell volume
(Veetragonat =Veuvic/2) for comparison with the other gas flow conditions. The lattice
expansion of CeZrO, displayed in Figure 3.5(a) resulting from a change in gas flow
from methane oxidation to reaction is reflected by a modest increase in cell volume.
A more pronounced increase in cell volume is seen in Pd-CeZrO,4 as a function of

gas flow change from methane oxidation to reaction in Figure 3.5(b).
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Samples, 5.G. | Rypl(*%) | Oz Oocc Ce0D; | a,c c/aF Beg(Ce) | Beqg(Zr)
CeZr04, 3.657 | 0.2188(5) 1 | 0.041 | 3.7511(7), 0.9976 | 0.69(2) | 1.64(3)
oxidation (T) 5.292(2)

CeZr04, 2.996 | 0.2183(5) 1| 0.038 | 3.7547(4), 0.9989 | 0.75(2) 1.78(2)
reaction (T) 5.304(1)

CeZr04, 2.992 | 0.2182(4) 1| 0.033 | 3.7538(5), 0.9995 | 0.77(2) | 1.81(2)
reduction (T) 5.306(2)

Pd-CeZrO4, 2.902 | 0.2196(5) 1| 0.056 | 3.7515(6), 0.9967 | 0.64(2) 1.37(2)
oxidation (T) 5.288(2)

Pd-CeZr0O4, 2.703 | 0.2199(4) 1 | 0.042 | 3.7560(6), 0.9982 | 0.74(2) | 1.72(2)
reaction (T) 5.302(2)

Pd-CeZr04, 2.906 | 0.233(2) | 0.958(4) | 0.063 | 3.781(2), 0.9998 | 1.09(3) | 3.47(5)
reduction (T) 5.346(6)

Pd-CeZrO4, 3.138 | — 0.948(4) | 0.064 | 5.3463(6) — 1.10(3) 3.56(4)
reduction (F)

Figure 3.4: Refined parameters from Rietveld refinements of neutron diffraction
data for CeZrO4 and Pd-CeZrO,4 under oxidation, reaction, and reduction gas flow
environments. CeZrO, under all measured gas environments and Pd-CeZrO, under
oxidation, reaction and reduction at t = 0 min were refined using a two phase
structural model composed of S.G. P4,/nmc and a secondary CeO, impurity phase
with (S.G.) Fm3m. In the tetragonal phase, Ooc did not vary from 1 and was
thus fixed to 1. Pd-CeZrO4 measured under methane reduction at t = 12 min was
refined using a two-phase model composed of CeZrO4 and an impurity CeO, phase
both with (5.G.) Fm3m.
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Figure 3.5: Tetragonal unit cell volume of (a) CeZrO4 and (b) Pd-CeZrO4 under
all measured gas flow conditions calculated from Rietveld refinements of neutron
diffraction data. Pd-CeZrO, has a fluorite crystal structure with (S.G.) Fm3m under

methane reduction.

tetragonal unit cell volume (Vi agonai =Veuvic/2) for comparison.
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Furthermore, while the cell volume of CeZrO, remains relatively unchanged
upon switching from methane reaction to reduction, there is a significant increase in
cell volume of Pd-CeZrO,. Interestingly, while Pd-CeZrO, initially displays a slightly
smaller cell volume than CeZrO, under oxidation, Pd-CeZrO, exhibits a larger cell
volume, and a more pronounced increase in volume, than CeZrO, under methane
reaction and reduction conditions. The more dramatic increase in cell volume of Pd-
CeZrO, as a result of exposure to increasingly reducing gas flow conditions, suggests
that Pd-CeZrO4 has a larger concentration of oxygen vacancies and possibly more

Ce®* than CeZrO, and is evidence that Pd loading of CeZrO, enhances reducibility.

3.4.2 Local Structure

The average structure models from neutron diffraction refinements were applied to
fit neutron PDFs of CeZrO,4 and Pd-CeZrO, from 1.5-30 A, as shown in Figure 3.6 (a)
and (b) respectively, to follow local structure trends evolving in-situ and investigate
any deviations in the local and intermediate structure from the average structure.
The two phase average structure model comprising of a tetragonal primary phase
with S.G. P4,/nmc and a secondary CeO, cubic phase with S.G. Fm3m, provides
a reasonable fit to the PDFs for CeZrO,4 under all measured gas conditions and
Pd-CeZrO,4 under oxidation and methane reaction. However, inspection of the low-
r region of the PDF below 4 A for Pd-CeZrO, measured under methane reduction
indicates a significant discrepancy in the fit of the two phase cubic fluorite structural
model to the measured data. Thus Pd-CeZrO, is found to evolve a distinct local
structure under methane reduction gas flow. As shown in Figure 3.7, additional
fits to the local atomic structure were attempted to further explore the nature
of induced local structure defects, chemical short range order, or local atomic
distortions for the Pd-CeZrO, data set. It was found that the tetragonal fluorite
model that describes other gas flow conditions improves the fit locally, as evidenced
by the lower R,,,, relative to the average cubic fluorite structure. This suggests the

average fluorite structure arises from a super-positioning of local tetragonal motifs.
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(a) CeZrQ,, Oxidation (Tetragonal+5%Ce0,) (b) Pd-CeZrO,, Oxidation (Tetragonal+5%Ce0,)
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Figure 3.6: 1.5-30 A PDF fit results for (a) CeZrO4 and (b) Pd-CeZrO4 under all
measured gas flow conditions. CeZrQOy4, under all measured gas conditions, and Pd-
CeZrO4 under oxidation and methane reaction gas flow were refined using a two
phase model composed of a tetragonal CeZrO,4 primary phase with (S.G.) P4,/nmc
and an impurity CeO, phase with (S.G.) Fm3m. Pd-CeZrO, was refined using a two
phase model with S.G. Fm3m composed of CeZrO, and an impurity CeO, phase.
Data are shown as colored circles, fits as black lines through the data, and difference
curves in green fall below the data and fits. Note that data below 10 A is shown at
enlarged scale relative to data above 10 A.
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Figure 3.7: 1.5-10 A Refinement results of PDF analysis for Pd-CeZrO, reduction
data derived from various attempted structural models known to exist in CeZrOy
solid solutions: (a) tetragonal (T), (b) pyrochlore (P), (c) T + P model, (d) beta
Ce,Zr,07 5 phase, (e) fluorite CeZrO,4 and (f) K-CeZrOg_, phase. A 5% secondary
CeO, cubic phase is included in all fits. In (e) and (f), a comparison of each
phase contribution and partial PDFs of CeZrO, (dotted lines) are shown below the
measured data. Subset figures (a), (c) and (e) show structural models where the
cation sublattice is disordered and occupied on average 50/50 by Ce/Zr. Subset
figures (b), (d) and (f) show structural models with varying degrees of cation
ordering. (No.) indicates the total number of refined parameters in each model.
Black circles and orange lines correspond to the experimental and calculated PDF
data, respectively. The difference curves are presented at the bottom of each panel,
and the R, values for comparison are indicated at the top right.
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However, the tetragonal fluorite is still a poor description of the first few A
of the PDF. Average structure refinements indicate the formation of an increasing
concentration of oxygen vacancies upon switching gas flow from methane reaction
to reduction. Previous literature reports have shown that the formation of oxygen
vacancies in CeZrO,4 can lead to ordering of the cation sub-lattice. [145, 146, 143]
Subset figures (a), (c¢) and (e) show structural models where the cation sublattice
is completely disordered and occupied on average 50/50 by Ce/Zr. The reported
phases for CeZrOy solid solutions characterized by varying oxygen substoichiometry
and degrees of Ce/Zr cation ordering were modeled as fits to the measured PDF
data in this study as shown in subset Figure 3.7 (b), (d) and (f) corresponding to
pyrochlore, beta Ce;Zr,0- 5 and K-CeZrOg , structures respectively.

Sasaki reported the presence of an intermediate phase, beta Ce;Zr,0~ 5, with a
space group of F43m which was observed during the oxidation process of pyrochlore
CeyZry07 to CesZry07, 4 (0 < x < 1). [143] Kishimote et al. reported the existence
of a metastable K-CeZrOg , phase with a space group of P2;3, as determined
through powder x-ray diffraction studies. [146] Despite its metastable nature, the
K-CeZrOg_, phase retained an ordered cation arrangement when compared to the
fully disordered cation phase of CeZrO4. The latter is characterized by a cubic
fluorite structure or a metastable tetragonal fluorite t’ phase with a space group of
P4, /nmc.[145] It is known that Ce,Zr,04 4 can undergo a structural transformation
from Ce,Zr,0g with a fluorite structure to Ce,Zr,0O- pyrochlore via an intermediate
phase transition at Ce;Zr,0, 5, under controlled oxidation/reduction conditions.
This transformation is accompanied by a reduction in symmetry from Fd3m to P2,3
(K-CeZrOg_,). We observed a slight improvement in the fit using a two-phase model
(tetragonal and pyrochlore) compared to a single-phase model. This suggests that
the real local structure is likely an intermediate between these models.

However, the intermediate Ce,;Zr,0, s phase did not accurately reproduce
the experimental PDF, possibly due to the presence of a lower oxygen vacancy

concentration in the real sample. The K-CeZrOg , phase model in Figure 3.7
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(f) appears to describe the local structure quite well, with the lowest observed
Ryp value of 7%. However, the use of numerous refined fitting parameters and
significant displacement of oxygen atoms or oxygen vacancies in the structure
required to achieve this fit make it challenging to conclusively determine the
presence of a K-CeZrOg_, local structure. The partial PDFs in Figure 3.7 (e) and
(f) demonstrate that the first O-O bond peak splits into two peaks of inconsistent
heights, indicating overfitting. None of attempted phases offered improved fits
to the first few A of the PDF, suggesting the induced structural changes are
more complex than a simple local segregation and emphasizing the importance
of accompanying theoretical work to understand the significance of local cation
order/disorder and oxygen bonding environments in the incorporation of different
oxygen vacancies.

The evolution of the local structure of Pd-CeZrO,4 was further investigated by
examining the in-situ PDFs under methane oxidation reaction, methane reduction
immediately upon switching gas flow environments (time = O minutes) and
methane reduction gas flow after 12 minutes of gas equilibration as shown in
Figure 3.8 (a) and (b). Interestingly, Figure 3.8 (b) shows that the in-situ PDF
experiment tracks changes in the intensity and bond length of the Ce-O, Zr-O and
O-O correlations of Pd-CeZrO,4 upon switching gas flow from methane reaction
to reduction and as a function of time under methane reduction conditions. The
correlation at ~2.5 A under methane reaction, is typically associated with O-O pair
correlations in CeO, based mixed oxides.

Under methane reduction, there is an evident shift in the O-O correlation
towards higher r, indicating an increase in the bond length. Furthermore, the peak
at ~2.2 A which corresponds to the Ce/Zr-O bond, becomes broader upon switching
to methane reduction, indicating a wider distribution of the cation-O bond lengths.
As indicated by the large intensity of the difference curves below 5A the average
structure models fail to provide an accurate description of the local oxygen and

cation bonding environments.
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Figure 3.8: (a) 1.5-30 A PDF fit results for Pd-CeZrO,4 for methane reaction (purple),
reduction (t=0 min, shown in green) and reduction (t=12 min, shown in dark
green) upon switching gas. Methane reaction and reduction at t=0min data was fit
using a two phase structural model consisting of a CeZrO,4 phase with S.G. P4, /nmc
and an impurity CeO, phase with S.G. Fm3m. Methane reduction at t=12min data
was refined using a a two phase cubic model with S.G. Fm3m composed of CeZrO4
and an impurity CeO, phase. Data are shown as colored circles, fits as black lines
through the data, and difference curves in green fall below the data and fits. (b)
Experimental local PDFs for Pd-CeZrO,4 measured under methane reaction (purple),
reduction (t=0 min, shown in green) and reduction (t=12 min, shown in dark
green) along with simulated partial PDFs computed from a cubic CeZrO4 model
with S.G. Fm3m. (c) Schematic illustrations depicting the structural evolutions of
DFT optimization at increasing concentrations of oxygen vacancies. (d) Computed
partial PDFs showing the oxygen-related atom pairs after DFT optimization, along
with inset schematics highlighting the changes in Ce/Zr-O polyhedron distortions.
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Thus DFT calculations were pursued to simulate varying concentrations of
oxygen vacancies in CeZrO4 4 (x < 4/64), which result in varying degrees of local
cation ordering as shown by the crystal structures in Figure 3.8 (c). Optimized DFT
calculations from exploration of these oxygen vacancy models of CeZrO4 were used
to calculate partial PDFs of Ce/Zr-O and O-O as shown in 3.8 (d).

It should be noted that the Ce/Zr disorder is not considered in the 96-atom
fluorite structure, as the order/disorder state is not clearly established in this study.
Instead, a pyrochlore Ce/Zr ordering scheme is employed, as illustrated in Figure
3.8 (c). Due to challenges in achieving energy convergence when introducing more
than three oxygen vacancies, we compared the energy versus volume curves for
3/64 and 4/64 oxygen vacancies in Figure 3.9 (a) and (b), respectively.

As indicated in Figure 3.9 (c), the cell volume increases with the introduction
of oxygen vacancies. This can be attributed to the conversion of Ce** to Ce3*, as
mentioned in the discussion of Figure 3.5. The positive formation energy values in
Figure 3.9 (d) indicate that the methane reduction of CeZrO, is unlikely to occur
without additional factors such as Pd loading.

For a comparative analysis, we computed the partial PDFs of Ce-O, Zr-O, and O-
O with an increasing number of oxygen vacancies, as shown in Figure 3.8 (d). The
Ce-O and Zr-O bond distributions exhibit distinct features upon the introduction of
additional oxygen vacancies under methane reduction gas flow. When transitioning
from an oxidation to reduction gas flow environment, the bond distribution in
Pd-CeZrO4 of the CeOg polyhedron changes from a single peak to a broad peak
(with two short and six long bonds), while the Zr-O bond distribution experiences
a shift in the peak towards the left, reflecting the transition from a ZrOg to a
ZrOg polyhedron. It is worth noting that even the introduction of a single oxygen
vacancy leads to significant structural changes around the local oxygen bonding

environments of the two cation types.
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Figure 3.9: DFT optimization plots illustrating the total energy versus volume for
unit cell models of CeZrO, with (a) 3/64 and (c) 4/64 oxygen vacancies. The
CeZrO4 models with 1/64 and 2/64 oxygen vacancies were optimized by DFT
directly with cell shapes/volumes relaxed. The relationship between the cell volume
(c) and the formation energy (d) in relation to the number of oxygen vacancies is
depicted here.
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Furthermore, we observed that as the number of oxygen vacancies increases in
Pd-CeZrO4 from t = O min to t = 12 min under methane reduction, the structural
complexity more closely resembles that of the K-CeZrOg_, phase. Overall, the DFT
calculations emphasize that the presence of oxygen vacancies has a profound impact
on the local structure. While Ce/Zr are disordered under methane oxidation, the
cation local environments undergo a distinct change indicative of increasing Ce/Zr
distortions from t=0 min to t=12 min under methane reduction. The strong
disorder in the oxygen environment and the modifications in both Ce-O and Zr-
O polyhedral units pose challenges for further local structure analysis using small
box modeling. However, the degree of transition from a disordered to ordered
cation arrangement can be further investigated using large box Reverse Monte Carlo
simulations based on DFT SQS modeling. An ordered arrangement of Ce and Zr
cations has been shown to significantly enhance the oxygen storage capacity of
CeZrOy solid solutions and may partly explain the enhanced reducibility observed
in Pd-CeZrO, relative to CeZrOy4. [147, 143] It will be fascinating to observe the
nature of the cation order and oxygen defects under catalytic cycling, to see if short
range order or oxygen defects induced under reduction persist or revert to initial
states in subsequent methane oxidation cycles.

It is important to note that while neutron total scattering provides valuable
insights into the structural evolution of catalysts in-situ there are several challenges
associated with the measurement. The quartz flow cell design necessitates the use
of ~1.5 g of catalyst to position the sample in the neutron beam and obtain a
reasonable signal to noise ratio. Thus the space velocity and consequently measured
activity achieved during a catalytic reaction in a laboratory reactor may not be
comparable to the catalytic reaction taking place during an in-situ neutron total

scattering measurement at NOMAD.
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3.5 Conclusion

In this work, we explore the effect of Pd on the average and local structure
of CeZrO4 under oxidation, methane oxidation reaction and methane reduction
reaction conditions through an in-situ neutron total scattering study. A newly
designed quartz gas flow cell and low background high temperature furnace
were used to collect in-situ neutron total scattering data, under gas flow, at the
NOMAD instrument at the Spallation Neutron Source and are demonstrated to offer
improvements in data quality relative to the previous in-situ gas flow measurement
set-up.

Analysis of the neutron diffraction and PDF data revealed that CeZrO4 and Pd-
CeZrO,4 share the same bulk and local tetragonal structure, with a fully occupied
oxygen sublattice, under oxidation and catalytic methane oxidation reactions.
This finding suggests that the structural transformation occuring in Pd-CeZrOy4
under catalytic methane oxidation occurs primarily through surface interfacial
interactions between CeZrO,4 and Pd, which is challenging to resolve using a bulk
characterization technique such as neutron total scattering. Forthcoming XAS
analysis will provide key insights into the transformation of Pd under oxidation
and catalytic methane oxidation reactions. While Pd-CeZrO, is catalytically active
for the methane oxidation reaction, neat CeZrO4 has a lower catalytic activity. The
expected structural transformation at the surface would be minimal in comparison
with Pd-CeZrQ,, in agreement with our findings.

While CeZrO4 maintains a fully occupied oxygen sub-lattice in the local and
average structure with no observed changes as a function of time under methane
reduction gas flow, Pd-CeZrO, exhibits an increased concentration of oxygen
vacancies over the course of the first 12 minutes under methane reduction.
The formation of oxygen vacancies in Pd-CeZrO,4, when switching from methane
reaction to reduction, is accompanied by a phase transition of Pd-CeZrO,4 from a

tetragonal to a cubic average structure. This intriguing finding accompanies the
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improved reducibility observed in Pd-CeZrO, relative to neat CeZrO,, observed as
a cell volume expansion associated with formation of Ce®* and oxygen vacancies.
Furthermore, in-situ neutron pair distribution function (PDF) analysis demonstrates
that the disordered Ce/Zr cations in the tetragonal local structure of Pd-CeZrOy4
under methane oxidation reaction, exhibit a distinct change in cation local
environments when transitioning to a methane reduction gas flow environment
with the introduction of oxygen vacancies. The distinct local cation distortions of
Ce and Zr has a significant influence on oxygen mobility and thus improves the
reducibility of Pd-CeZrO, relative to neat CeZrOy4. This study provides fundamental
insights into the role of Pd on enhancing the reducibility and methane oxidation
catalytic activity of CeZrO,4 by increasing the concentration of oxygen vacancies

and inducing distinct cation local environments.
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Chapter 4

Mesoporous RE, sCe, sO,_, Fluorite
Electrocatalysts for the Oxygen

Evolution Reaction
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A version of this chapter is under preparation to be submitted for publication by
Sreya Paladugu, Ibrahim Munkaila Abdullahi, Sam Spinuzzi, Harish Singh, Manashi
Nath', and Katharine Page: Paladugu, S., Munkaila, I., Spinuzzi, S., Singh, H.,
Nath, M. and Page, K. (2023). Binary Mesoporous Fluorites as Promising Oxygen

Evolution Reaction Catalysts. In preparation.

4.1 Abstract

Developing highly active and stable electrocatalysts for the oxygen evolution
reaction (OER) is key to improving the efficiency and practical application of various
sustainable energy technologies including water electrolysis, CO, reduction and
metal air batteries. Here, we use evaporation induced self-assembly (EISA) to
synthesize highly porous fluorite nanocatalysts with high surface area. In this
study, we demonstrate that a 50% rare earth (RE) cation substitution for Ce in
the CeO; fluorite lattice improves OER activity and stability, by introducing oxygen
vacancies into the host lattice which decreases the adsorption energy of the OH*
intermediate in the OER. Among the binary fluorite compositions investigated,
Nd,;Ce,0O- is shown to display the lowest OER overpotential of 243 mV achieved at
a current density of 10 mAcm™2, due to the presence of an increased concentration
of oxygen vacancies and exhibits excellent cycling stability in an alkaline medium.
Importantly, we demonstrate that rare-earth oxide OER electrocatalysts with high
activity and stability can be achieved using the EISA synthesis route, without the

incorporation of transition and noble metals.

4.2 Introduction

There is an urgent need to develop large-scale sustainable energy solutions that
reduce our reliance on fossil fuels and mitigate the effects of climate change
impacting our society. The oxygen evolution reaction (OER), which involves

the oxidation of water to oxygen, is a fundamental half-reaction involved in
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various sustainable energy technologies including water electrolysis, CO, reduction
reaction, fuel cells and metal air batteries. [148, 149, 150, 151] A significant
factor limiting the efficiency and industrial application of these technologies is the
sluggish reaction kinetics of the OER; thus it is key to develop highly active and
stable electrochemical catalysts for the OER.

OER catalysts with the highest reported activity thus far, consist primarily of
precious metals and their oxides e.g. Ru, Ir, RuO,, and IrO,. [152] However, the
large scale application of these precious-metal based catalysts is limited by their
poor durability in alkaline media, scarcity, and high cost. The search for alternative,
precious metal-free catalysts has fueled recent interests in transition metal oxides
including Ni-oxides, Co-oxides, and Fe-oxides. [150, 153, 154, 155, 156] Thus far,
ceria has been investigated as a co-catalyst or support for the OER, in combination
with transition metals or noble metals. However, ceria based mixed oxides
containing rare earth (RE) elements in place of transition or noble metal cations
remain underexplored for the OER.[148]

Ceria is naturally abundant and corrosion resistant in an alkaline environment,
allowing it to function as a stable electrocatalyst. Ceria has a fluorite type crystal
structure and cerium atoms can dynamically and reversibly convert between 4+
and 3+ oxidation states, enabling the formation of oxygen vacancies and a defect
rich structure. The two generally accepted catalytic mechanisms involved in oxide
OER electrocatalysts are: (i) the adsorbate evolution mechanism (AEM) and (ii)
the lattice oxygen participation mechanism (LOM). [157, 148] In both of these
reaction mechanisms, the specific metal-oxygen bonding interactions at the surface
of OER catalysts plays a significant role in stabilizing the oxygen-containing reaction
intermediates on the catalyst surface. Tuning the oxygen vacancy structure of
the catalyst and the resulting metal-oxygen bonding interactions, by introducing
dopants into the host lattice, has been shown to be an effective strategy for improv-
ing the activity for OER. [148, 151] As demonstrated in previous studies, oxygen

vacancies play a key role in accommodating hydroxyls, enhancing the pre-oxidation
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of low oxidation species, and facilitating the deprotonation/reconstruction of
OER intermediates. [158] The present work seeks to determine what impact
incorporation of various single RE cations has on the OER activity of cerate
fluorite electrocatalysts.  Partial substitution of Ce*" with (mainly) trivalent
RE cations can introduce oxygen vacancies into the lattice, reduce/ potentially
eliminate the need for (much more expensive) noble metal cations, and potentially
promote the adsorption of oxygen-containing intermediates due to an increased
concentration of oxygen vacancies. [148, 159] RE incorporation may also enhance
the stability of ceria electrocatalysts relative to transition-metal incorporated ones.
RE cations are not as readily oxidized/reduced (preventing or delaying surface
poisoning mechanisms, reaction-induced secondary phase segregation, and particle
coarsening) and their ionic radii are typically larger (potentially providing a lattice
expansion effect known to facilitate transport of oxygen from the bulk to the
surface). As shown in Figure 4.1 (a), when RE cations are introduced into the cubic
fluorite lattice, the Ce3*/4* and RE3" cations randomly occupy the 4a Wyckoff
position, while the oxygen anions occupy the tetrahedral sites on position 8c. If
there is a 50/50 balance between 3+ and 4+ cations, the oxygen positions are,
on average, 7/8ths occupied; such a ‘defect fluorite’ system readily accommodates
small increases or decreases in oxygen occupancy, the development of Frenkel
defects, and other charge compensating mechanisms. Doping CeO, with RE3*
cations is known to depress the concentration of Ce>* and introduce large amounts
of oxygen vacancies, resulting in a stable defect-rich fluorite structure. [160, 161]
While tuning the oxygen defect structure and participating ionic radii in
electrocatalysts serve as fundamental approaches to enhancing their intrinsic
activity and improving their stability, catalytic activity can also be significantly
influenced by morphology. Here, we use a soft templating evaporation induced
self-assembly approach (EISA) to synthesize OER fluorite catalysts with high surface

area, porosity and nanoarchitecture with the objectives of increasing the number of
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exposed active sites and improving mass diffusion kinetics. [148] Wet chemistry-
based synthesis methods such as EISA allow for intimate mixing of cations prior to
calcination and can be used to achieve target phases at lower temperatures relative
to solid state methods due to increased diffusion kinetics of the cations in solution.
The lower calcination temperature associated with EISA also facilitates the synthesis
of nano-sized particles which exhibit much larger total exposed surface areas than
their bulk counterparts and an increased number of catalytically active sites. These
effects are well known to improve the overall efficiency by achieving higher current
densities at low overpotentials in the OER. Additionally, surface accessible porosity,
which can be engineered using EISA, can improve the diffusion rates of reactants to
and products from active sites, and enhance selectivity through control of secondary
reactions. Furthermore, EISA is an inexpensive, highly tunable, and easily scalable
synthesis approach, making it feasible for industrial manufacturing.

Fluorite samples with target composition CeO,, La;Ce,0-, ProCe,0-, Nd,Ce,0-,
Tb,Ce,0- and Dy,Ce,0-, were synthesized using EISA to explore the role of RE
cation substitution on the OER activity of fluorite nano electrocatalysts. We note
that we do not control the oxygen stoichiometry in the synthesis route and thus
the family may be more generally described as RE( 5CeysO4_, compositions. The
phase purity, crystallinity, and morphology of the samples is investigated using x-ray
diffraction (XRD), Brunauer-Emmett-Teller (BET) analysis, and Scanning Electron
Microscopy (SEM). Their electrocatalytic activity and stability for OER is examined
in a 1M KOH electrolyte solution exploring their promise for practical application

in water splitting or other technologies involving the oxygen evolution reaction.

4.3 Materials Synthesis

4.3.1 Materials

Praseodymium (III) nitrate pentahydrate (99.9%), cerium (III) nitrate hexahydrate
(99.5%), terbium (III) nitrate hydrate (99.9%), lanthanum (III) nitrate hexahydrate
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(98%), dysprosium (III) nitrate pentahydrate (99.9%), neodymium (III) nitrate
hexahydrate (99.9%) and ethanol (99.5%) were purchased from Thermo Fisher Sci-
entific. Pluronic P123 (a symmetric triblock co-polymer comprising poly(ethylene
oxide) (PEO) and poly(propylene oxide) (PPO) in an alternating linear fashion) was
purchased from Sigma Aldrich. The metal content of all metal nitrate hydrates was
determined immediately upon receipt from the manufacturer and used to prepare
sealed aqueous stock solutions.

Carbon cloth (CC) for the battery, fuel cell, and supercapacitor were purchased
from MSE supplies, Tucson, AZ 85711 USA. Nafion (5 wt.%), and isopropanol
(iPr-OH), were purchased from (Sigma-Aldrich Chemical Reagent Co., Ltd. St.
Louis, MO), and potassium hydroxide (KOH) was purchased from (Fisher Scientific
Pittsburgh, USA). All the reagents were used as received. The deionized (D.I.)
water purified through a Millipore system was used in all experiments. The CC was

washed with iPr-OH and D.I. water several times to ensure a clean surface.

4.3.2 Synthesis of Porous Binary Fluorites via Evaporation In-

duced Self Assembly (EISA)

Porous fluorite compositions were synthesized using a soft templating approach via
evaporation induced self-assembly (EISA). Briefly, metal nitrate precursor solutions
were dissolved in ethanol, under continuous stirring, using Pluronic P123 as a block
co-polymer template. The solutions were allowed to evaporate in a petri dish at
room temperature for 48 hours and each resulting gel was calcined in air at 600 °C
for 4 hours in an oven. The following compositions were chosen to investigate the
role of RE cation substitution on the electrochemical OER performance of fluorites:
La,Ce,0, and Pr,Ce,0, Nd,Ce,0-, Tb,Ce;0-, and Dy,Ce,0,. Additionally, the

parent CeO, was synthesized using the same method as a reference.
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4.3.3 Fabrication of the Working Electrode for OER.

All CC substrates are iPr-OH cleaned, dried, and covered with Teflon tape, leaving
an exposed geometric area of 0.283 cm?. Catalyst ink was prepared by dispersing
10.0 mg of the catalyst in 1.0 mL 0.8% Nafion in iPr-OH and ultrasonicated for 30
min. A 20 uL ink volume was pipetted out, drop-casted on the CC substrate exposed
geometric area, dried at room temperature, and finally heated at 130°C in an oven

for 30 min in air,

4.4 Materials Characterization and Methods

4.4.1 Structure and Morphology

Phase identification of the fluorite powder samples was performed using a Pan-
alytical Empyrean laboratory powder x-ray diffraction (XRD) instrument and Cu
Ka radiation (A = 1.5418 A). Rietveld refinements were performed on the XRD
data using the TOPAS v6 software. [103] Data were fit to cubic fluorite and
defect fluorite unit cell models with scale factor, lattice parameter a, separate
isotropic atomic displacement parameters Uj, for O and for cations (constrained
to be equivalent for Ce and RE), and Scherrer particle size L refined. The particle
morphologies of the powder samples were examined using a Zeiss Auriga SEM
and the chemical homogeneity of the samples was determined by performing EDS
measurements on pressed pellets of the samples using a Zeiss EVO SEM equipped
with energy dispersive x-Ray Spectroscopy. The BET surface area measurements
were performed by loading 100 mg-150 mg of powder sample in a quartz tube and
out gassing overnight at 200°C under vacuum. The surface area of the outgassed
samples was then measured using a Micromeritics Gemini VII surface-area analyzer.
The elemental compositions of the fluorite samples was investigated by performing
x-Ray Fluorescence measurements on pressed pellets using a Malvern Panalytical

Epsilon 1 EDXRF instrument with a Cu Ko source. Using a monochromatic Al
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x-ray source, XPS measurements were performed using a KRATOS AXIS 165 X-
ray photoelectron spectrometer (Kratos Analytical Limited, Manchester, United
Kingdom). The C 1s signal at 284.5 eV was used as a reference to correct all the
XPS binding energies. All XPS spectra were collected from pristine catalyst surfaces

without sputtering.

4.4.2 Electrochemical Measurements

Electrochemical measurements were performed using a conventional three-electrode
system connected to an IviumStat potentiostat, with the catalyst as the working
electrode; graphite rod, and Ag/AgCl electrode were used as counter and reference
electrodes, respectively, to measure the electrocatalytic performances. Linear sweep
voltammetry (LSV) and cyclic voltammetry (CV) were used to study the OER
catalytic performance and cycling stability. All activity data were iR-corrected and
measured through electrochemical impedance studies to reduce uncompensated
solution resistance. All potentials measured were calibrated to RHE using Equation
S4.1. All electrolytes were saturated by N2 (for OER) bubbles before and during
the experiments.

The steady-state performance and durability of all the electrocatalysts in OER
for long-term chronoamperometric stability in the alkaline electrolyte of 1 M KOH
solution were carried out in two forms: (i) At a constant current density of 10
mAcm 2 for 16 h for all the binary fluorite series (ii) At various current densities
between 5 — 15 mAcm 2 as a multistep study, carried out for Nd,Ce,O, and
Dy,Ce;0 in Nj-saturated 1.0 M KOH electrolyte at room temperature.

The Tafel slope, an important parameter to explain the electrokinetic activity
of these thin film catalysts for OER and HER processes, was estimated from the
Tafel plot. The Tafel equation is given as the dependence of overpotential 1 on the
current density j as shown in Equation S4.2.

The EIS experiments were performed within the 10° — 10~2 Hz frequency range,

at an AC signal amplitude of 10 mV, to study the electrode kinetics and estimate the
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electrolyte resistance (Rs) and charge transfer resistance at the electrode (catalyst)-
electrolyte interface (R.). The Nyquist plots were collected in Ny-saturated 1.0 M
KOH at an applied potential of 0.45 V vs. Ag|AgCl (KCI saturated). Turnover
frequency, mass activity, electrochemically active surface area and roughness factor

of the electrocatalysts were calculated using Equations S4.3-S4.7 respectively.

4.4.3 Density Functional Theory (DFT)

Density Functional Theory (DFT) calculations were performed using the Vienna ab-
initio Simulation Package (VASP). To determine the electron exchange-correlation,
the generalized gradient approximation (GGA) was applied to the Perdew-Burke-
Ernzerhof (PBE) function scheme. The plane-wave basis set’s kinetic cutoff energy
was set at 520 eV. The lattice vectors and all atomic positions were optimized by
the conjugate gradient algorithm. Geometries were refined until the threshold force
was smaller than 0.01 eV/A and the total energy change was less than 1 x 10~ eV.
The slab models have used the (1 0 0) surface of Nd,Ce,O- and CeO,, and a 10
A vacuum in the c-direction was added to avoid periodic boundary interaction. A

Monkhorst-Pack scheme K-point grid was set to 9 X 9 X 1 during surface relaxation.

4.5 Results and Discussion

4.5.1 Phase purity and sample morphology

As seen in Figure 4.1 (b), Rietveld refinements were performed on powder x-
ray diffraction (XRD) data to determine the average crystal structure and phase
purity of the fluorite samples prepared by calcination at 600°C. XRD patterns of
all samples display broad peaks, indicative of the highly nanocrystalline nature of
samples produced using the low temperature EISA synthesis route. Interestingly,
incorporation of RE>" cations in CeO, leads to a clear broadening of diffraction

peaks, suggesting a decrease in crystallinity or particle size.
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Figure 4.1: (a) Salient features of the REysM;s0,_, rare earth fluorite oxide
structure family. When the 4+ fluorite metal M site is substituted with mainly
trivalent RE (3+) species, charge compensation occurs through point defects on
the oxygen sublattice. The unit cell on the top depicts a system where cation sites
are occupied, on average, with equal parts of a RE ion and Ce ion. The defect-
fluorite can be written as REj 5Cep 505 4. In the unit cell on the bottom, the VIII-
fold cation coordination polyhedra are depicted as light purple cubes with O atoms
at the vertices. (b) Rietveld refinements of X-ray powder diffraction data of the
fluorite samples. Measured data are shown as colored circles, structure model fits
as a black line through the data, and the difference curves in black fall below the
data and fits. CeO, was refined using a cubic fluorite structure as indicated by
the hkl tick marks in black. The binary fluorites in the series were refined using a
defect fluorite structure(with 50% RE and 50% Ce on each M site and 7/8ths of O
sites occupied). (c¢) Variation in lattice parameters from Rietveld refinements of the
binary fluorite samples, as a function of ionic radius of the RE>* cations in assumed
VII-fold coordination with oxygen.
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Rietveld refinement of the CeO, sample was performed successfully using the
canonical ceria fluorite unit cell model described with space group (S5.G.) Fm3m,
where the Ce cations occupy the face-centered Wyckoff position 4a and oxygen
anions occupy the tetrahedral 8c position. [68, 101] All fluorite samples containing
RE cations display a single phase defect fluorite structure as shown in Figure 4.1
(a), also indexed to space group Fm3m, but with RE>" randomly occupying half the
4a sites and oxygen anions occupying an assumed 7/8ths of 8¢ sites. The addition of
RE" cations to ceria suppresses the formation of Ce3* and promotes the formation
of oxygen vacancies due to the need for charge compensation. [160]

Extracted parameters from Rietveld refinement provide further structural in-
sights into the effects of RE incorporation in CeO,. In an ideal fluorite structure,
Ce** cations are VIII-fold coordinated with oxygen; however, introducing (mainly)
RE3*" cations into the fluorite lattice results in a change in average cation
coordination from VIII-fold to VII-fold. The ionic radii for VII-fold coordination can
be estimated as an average of ionic radii for VI and VIII-fold coordination. As seen
in Table 4.1 and Figure 4.1 (c), inclusion of RE3* cations in CeO, generally results
in a lattice expansion, increasing with an increase in average ionic radius. This is
due to the larger ionic radius of La* (1.14), Pr®* (1.06A), Nd3* (1.054), and
Dyt (0.97A) relative to Ce** (0.924) in VII-fold coordination.[162, 163, 164].
It is noted that Ce3" in VII-fold coordination has a larger ionic radius (1.07A)
relative to Ce**. As a noted exception to the trend, Tb inclusion does not increase
the lattice volume of the fluorite structure. Tb** has ionic radii of 0.76 A in VI-fold

b3t has an ionic radius

coordination and 0.88 A in VIII-fold coordination, while T
of 0.98 A in VII-fold coordination. The valence states of the fluorite cations will
be discussed in further detail in connection with X-ray photoelectron spectroscopy
results. Interestingly, samples containing RE cations display a clear decrease in
average crystallite size refined via XRD analysis (<10 nm crystalline correlation
length) relative to CeO, (~20 nm). The average crystalline correlation lengths

are found to be much smaller than external particle morphologies discussed in
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the following section, revealing that the particles are highly disordered and/or
contain many nano-sized grains. It is noted that substitution of Ce** with larger (or
smaller) RE cations is expected to induce lattice disorder, and fluorite compositions
incorporating larger RE cations (La, Pr, and Nd) generally display more peak
broadening (less crystallinity) than those incorporating smaller RE cations (Tb
and Dy) in our series. High lattice disorder is additionally suggested by the high
refined atomic displacement parameters in the reported Rietveld refinement results
in Table 4.1.

The effectiveness of a catalyst is largely dependent on accessible surface area,
which can be determined through examination of particle morphology. SEM was
used to study the morphology of the fluorite sample series; all samples were
found to be highly heterogeneous, with a diverse range of particle sizes. In
particular, micrometer scale porous flakes and spherical nanoparticle agglomerates
are distinctly displayed as shown by representative SEM images of Nd,Ce,0O- in SI
Figure S4.1 (a) and (b). Similar observations of the coexistence of micrometer sized
flakes and spherical nanoparticles were reported in fluorite structured materials
made via a solution combustion method by Cong et al. [165] Surface area values for
the sample series measured using BET are displayed in Table 4.1, ranging between
~50m?gt and ~90m?g! across the series. The higher attained surface areas
at 600°C of RE containing samples may be related to the higher decomposition
temperatures of RE nitrates relative to Ce nitrate leading to possible delayed
nucleation and growth from solution. [166]

Energy Dispersive Spectroscopy (EDS) measurements were performed on all
RE3" containing samples to investigate the formation of a solid solution. Elemental
mapping confirmed the homogeneous distribution of all elements present at the
micron scale. Spectra were collected for various particle morphologies across
sample locations to confirm that the different morphologies possess the same
chemical composition and distribution. Representative EDS elemental mapping

results for Nd,Ce;O- are shown in SI Figure S4.1 (c) and (d).
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Table 4.1: Lattice parameter a, isotropic atomic displacement parameters Uj,s,
average crystalline correlation length L, and resulting goodness of fit R,,, resulting
from XRD Rietveld refinements of the fluorite sample series data. Measured BET
surface area (SA) is also shown for the samples.

CCOQ L32C6207 PI‘2C6207 Nd2C6207 Tb2C€207 Dy2C6207
a (A) 5.41300(6) | 5.5180(6) | 5.4330(2) | 5.4980(4) | 5.3640(2) | 5.4160(3)
B.,(Ce/RE) (A2 1 0.10(2) 0.20(1) 0.23(1) 0.67(1) 1.33(1)
B.,(0) (A2) 1 3.7(1) 0.99(6) 2.8(1) 0.89(5) 2.53(7)
L (nm) 18.89(2) 3.48(1) 5.88(1) 4.64(1) 7.75(1) 6.67(1)
Ryp 4.89 5.51 4.53 4.21 3.25 2.77
BET SA (m’g™ 1) 122.44 52.11 87.67 60.92 78.61 69.78
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Measured atomic ratios of RE cations to Ce from XRF measurements are dis-
played in SI Table S4.1 and were found to closely resemble the target stoichiometry
with minor deviation.

X-ray photoelectron spectroscopy (XPS) was used to determine the valence
states of the elemental constituents present on the surface of the fluorite catalysts.
As seen in SI Figure S4.3, the high-resolution Ce 3d spectra of CeO, shows six peaks
with multiplet splitting. The peaks were observed at 882.1, 888.4, and 897.9 eV for
3ds/, and at 990.5, 906.8, and 916.3 €V for 3d;,, confirming the presence of both
Ce (III) and Ce (IV) commonly observed in ceria and ceria based mixed oxides.
[167, 168, 2]

The high-resolution La 3d spectrum of La;Ce;O; shown in SI Figure S4.4
displayed doublet splitting, further deconvoluted into four peaks (two per doublet).
The peaks observed at 834.5 and 851.4 €V correspond to the spin-orbit 3ds,, and
3ds», respectively, while the peaks at 838.3 and 855.6 eV were identified as satellite
peaks associated with 3ds/, and 3ds ), respectively. [169]

SI Figure S4.5 shows the high-resolution Pr 3d spectrum of Pr in PryCe,O-
with two doublets at 932.8 and 953.4 €V, and satellites at 928.4 and 984.2 eV,
indicating the presence of the Pr (III) oxidation state. This observation aligns
with the preferential trivalent state commonly observed for most RE-ions. [170]
Additionally, the satellites at lower binding energy are attributed to the well-known
4f; final state. [171, 172]

The presence and bonding state of Nd in Nd;Ce,O, was confirmed from the
high-resolution Nd 3d spectra shown in SI Figure S4.6, which displayed two
doublets at 977.8 and 982.3 eV, corresponding to a satellite and Nd (VI) of 3ds ,, as
well as at 1000.1 and 1004.7 eV, corresponding to a satellite and Nd (III) of 3dj3,.
[173, 174] The 4d spectra (SI Figure S4.6 (c) ) exhibited 121.1 and 124.3 €V peaks
associated with a satellite and 4d in oxides. [175]

XPS analysis of Tb,Ce;O~ from high-resolution Tb 3d spectrum (SI Figure S4.7

(b) ), confirmed the presence of Tb (IV) as indicated by the observed characteristic
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doublet peaks of 3ds/, and 3ds3/,, along with their corresponding satellites at
1241.0, 1276.0, 1251.4, and 1287.0 eV, respectively. These results were consistent
with the findings reported in the literature on RE oxides. [176, 177]

As shown in SI Figure S4.8, the Dy 3d spectrum revealed doublet peaks
corresponding to spin-orbit splitting at 1296.2 and 1334.6 eV for Dy (III) arising
from 3d3/, and 3ds/,, respectively. [178, 179] Additionally, a satellite peak at
1303.9 eV was attributed to the Dy (IV) 3ds,, components, indicating the presence
of mixed Dy-ion states on the surfaces commonly seen in its oxides. [179]

The presence of oxygen vacancies in oxide based electrocatalysts can strongly
influence the kinetics of the OER by affecting the binding strengths of oxygen-
containing intermediates, such as MOOH* and MOH* (M = metal cation(s)), with
the catalyst surface. [180] Thus, the concentration of oxygen vacancies in the
fluorite catalysts was investigated by analyzing the high-resolution O 1s XPS spectra
for all samples in the series. As seen in Figure 4.2, the O 1s XPS spectra for all
catalysts were deconvoluted into two main peak components: oxygen vacancy (Oy)
and lattice oxygen (Or). The Oy, binding peak at approximately 528.8 eV in the O
1s XPS spectra of each catalyst is associated with a typical metal-oxygen bond of the
lattice oxygen. [181] The peak at 530.9 eV corresponds to loosely absorbed oxygen
species associated with oxygen vacancies. The Oy peak at 531.5 eV was attributed
to the presence of surface chemisorbed oxygen associated with defects (oxygen
vacancies).[181, 182] The proportion of surface oxygen vacancies in the catalysts
was estimated by calculating the ratio of the Oy /O, peak areas, with higher ratios
indicating a larger amount of surface oxygen vacancies. [170] All the binary fluorite
compositions exhibit an increase in oxygen vacancy concentration relative to CeO,,
to compensate for the extra positive charge introduced by substitution of Ce** with
primarily RE3* cations. Interestingly, Nd,Ce,O- displays the highest concentration

of oxygen vacancies among all binary fluorites in the series.
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Figure 4.2: O 1s core level binding energy spectra of (a) CeO2; (b) LayCe;07; (c)
PryCe50; (d) Nd,Cey05; (e) TbyCeyO7 and (f) Dy,CesO- catalysts. The area ratios
of vacancy-related (O, green) and lattice-related (O;, purple) are provided.
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While Tb and Dy Oy /Oy, values are close to that of Nd, they will likely have fewer
overall charge compensating oxygen vacancies, due to the incorporation of Tb*+
and, to a lesser extent, Dy*T.These two factors suggest the potential for Nd,Ce,0-
as an efficient electrocatalyst for OER. Oxygen vacancies facilitate the adsorption of
hydroxyl intermediates and initiate the reconstruction of defective surfaces under
an applied potential [169, 183], resulting in improved OER performance. Achieving
a high concentration of oxygen vacancies is crucial to enhancing solid-to-charge
carrier (STCH) performance, which is a key factor in determining electrochemical
activity.[184] The interaction and repulsion between oxygen vacancies[185, 186]
arises from surplus electrons that remain in the lattice upon vacancy formation,
resulting in a higher abundance of extra charge carriers. The excess electrons
and the accompanying local bond distortion resulting from an oxygen vacancy are
referred to as oxygen vacancy polarons.[185, 186]

Residual carbon was detected in the fluorite series via XPS. The C 1s spectra
of all fluorite samples in the series exhibit a sharp asymmetric peak at 285.0 eV,
ascribed to amorphous carbon present in the form of C-C/C-H.[187] The peak at
288.8 €V is attributed to incomplete oxidation of carbon species: O-C-0/0-C=0
. [188] The amount of residual carbon in all fluorite compositions was determined
to be similar based on FTIR measurements and is unlikely to contribute to observed

differences in OER performance.

4.5.2 Electrocatalytic performance for the OER

The electrocatalytic performance of the as synthesized binary fluorites was assessed
for the OER in a 1 M KOH alkaline solution, using a three-electrode system. Linear
sweep voltammetry (LSV) was employed to obtain OER polarization plots at a scan
rate of 10 mV/s and compare the performance of the binary fluorite catalysts as

seen in Figure 4.3 (a).
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Figure 4.3: Electrocatalytic performance of CeO,, La;Ce;0O, Pr,Ce;0-, Nd;,Ces0-,
Tb,Ce,0-, and Dy,Ce,0O- catalysts (a) LSVs; (b) Overpotential at current density of
10 mAcem™2; (¢) Cyclic voltammograms; (d) Tafel plots. All electrocatalysis data are
measured in N, saturated 1 M KOH at a 10 mV s™! scan rate.
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As evidenced by the LSVs, Nd,Ce,O- exhibited a significantly lower overpoten-
tial of 243 mV at a current density of 10 mAcm™2, indicating higher catalytic activity
as compared to La,Ce,O- (overpotential of 331 mV), Pr,Ce,O- (overpotential of
318 mV), Tby,Ce,0O- (overpotential of 280 mV), Dy,Ce,O- (overpotential of 310
mV) and CeO, (overpotential of 347 mV) (Figure 4.3 (b)). The intrinsic catalytic
activity of the catalysts ranging from highest to lowest can be ranked as follows:
Nd,Ce,O; > Tb,Ce,0; > Dy,Ce;,0; > PryCe,0, > LayCey0; > CeO,, suggesting
that Nd,Ce,0- has the highest activity in the series. Notably the CeO, catalyst,
synthesized using a soft templating approach in this study, demonstrated an
overpotential of 347 mV, surpassing other reported neat CeO, OER electrocatalysts
in the literature. [3, 1, 4] This suggests that soft templating via evaporation-induced
self-assembly is a promising method for the synthesis of efficient electrocatalysts for
the OER. Furthermore, all binary fluorite compositions exhibit a lower overpotential
than neat CeO,, presumably due to the increase in oxygen vacancy concentration,
enhanced oxygen mobility from lattice disorder or expansion effects, and electronic
perturbation effects resulting from RE cation incorporation into the fluorite lattice.

Cyclic voltammetry (CV) of all samples revealed pre-oxidation peaks associated
with the oxidation of the active metal site (Figure 4.3 (c)). The pre-oxidation
peaks for Nd,Ce,O-, Tb,Ce;0O-, Dy,Ce50, PryCes0-, LasCe;0, and CeO, occurred
at 1.35, 1.43, 1.39, 1.40 and 1.38 V vs. RHE, respectively, at a scan rate of 10
mVs™!, primarily originating from the contributions of Ce (III)/Ce (IV). This effect
becomes more pronounced when varying the scan rates. The shift in oxidation
peak potential relative to the parent CeO, indicates the influence of electronic
perturbation resulting from incorporating a RE-element in the binary fluorites.
Tafel plots derived from LSV curves were used to analyze the OER kinetics of
the electrocatalyst. As shown in Figure 4.3 (d), Nd,Ce,O- exhibited the smallest
Tafel slope of 43.1 mV dec™}, indicating faster electrocatalytic kinetics for OER.
Interestingly, the Tafel slopes for Dy,Ce,O (51.7 mV dec™!) and La,Ce,0, (56.6

mV dec™) were observed to be smaller than that of Tb,Cey0- (76.6 mV dec™D).
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Although Tb,Ce,0- is more catalytically active, it has slower electrokinetics than
Dy,Ce;0- and La,Ce;0O-. Therefore, the electrokinetic activity of the fluorite series,
as determined by the Tafel slope, follows the order Nd,Ce,O, (47.9 mV dec™) >
Dy,Ce,0 (51.7 mV dec™!) > LayCe,O; (56.6 mV dec™!) > Tb,Ce,O, (76.6 mV
dec™!) > Pr,Ce,0, (82.2 mV dec™!) > CeO, (86.7 mV dec™!). Importantly, a 50%
rare earth (RE) cation substitution for Ce in the CeO, fluorite lattice enhances the
electrokinetics of the OER, in addition to the activity. The binary fluorites reported
in this study display improved OER performance compared to previously reported
CeO,-based electrocatalysts. [2, 186, 1, 4, 189, 129, 190, 191]

To further evaluate the catalytic performance for OER, the mass activities
and turnover frequency (TOF) at an overpotential of 350 mV were calculated as
presented in Figures 4.4 (a) and (b) respectively. Among all fluorite catalysts,
Nd,Ce,O-, demonstrated the highest OER activity, exhibiting a mass activity of
36.0 Ag™! and a TOF of 0.0643 s71. Tb,Ce,0- and Dy,Ce,0O- showed very similar
performance with the same mass activity of 14.56 Ag™! and a TOF of 0.0268 and
0.0271 s7!, respectively. The superior OER activity of the Nd,Ce,0- catalyst can
tentatively be attributed to the electronic structure perturbation resulting from the
incorporation of Nd and an increased number of catalytically active sites originating
from higher concentration of oxygen vacancies. [192]

Electrochemical impedance spectroscopy (EIS) analysis revealed that electrical
resistivity influences the OER activity. EIS spectra of the fluorite series revealed
semicircular curves, indicating a combination of electron transfer and double-layer
charging processes. The Nyquist plots generated at 0.45 V vs. RHE are shown in
Figure 4.4 (c).An equivalent circuit (inset in Figure 4.4 (c)) consisting of electrolyte
resistance (R,), charge transfer resistance (R.), constant phase element (CPE), and
Warburg element (W) were used for evaluation (Figure S4.2). Nd,Ce;O- exhibited
the lowest R, of 7.95 Q at a potential of 1.45 V vs. RHE, followed by Tb,Ce,O-
with an R of 10.10 Q. CeO, displayed the largest resistance of 18.1 Q.
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Figure 4.4: Electrocatalytic performance of CeO, (mustard), La,Ce;O-, (pink),
Pr,Ce,07 (green), Nd,Ce,O- (blue-green), Tb,Ce,O- (blue), and Dy,Ce,0- (violet)
catalysts (a) Mass activity of different catalysts; (b) Turnover frequency (TOF) and
(c) Nyquist plots in the AC frequency range between 100 kHz and 0.1 Hz at 0.45 V.
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A lower R indicates faster charge transfer kinetics between the electrocatalyst
surface and the electrolyte solution during OER. The observed trend in the R, of
the fluorite samples aligns with the trend observed in overpotential. In general,
the use of polymer binders for improved catalyst-substrate adhesion resulted in a
decrease in the conductivity of all catalysts during OER.

To elucidate differences in charge density of adsorbed OH across the fluorite
sample series, density functional theory (DFT) calculations were performed. Slab
models of the (100) crystal facet of the fluorites were constructed as shown by a
representative crystal structure of Nd,Ce,O- in Figure 4.5 (a) and the differential
charge densities of the adsorbed OH group on the RE cation sites were calculated
as seen in Figure 4.5 (b). According to the integrated charge density difference,
the Nd/Ce-OH layer is surrounded by an apparent electron accumulation at Nd
or Ce atoms (sky-blue region) and an electron reduction at O atoms (yellow
region), leading to new electronic states at the Nd/Ce-OH heterointerface. The
largest electron cloud, depicted in Figure 4.5 (a), indicates a high rate of electron
transfer and robust contact between OH* and the Nd on the catalyst surface; this
is supported by the value of the adsorption energy of OH™ on Nd in Nd,Ce;O-,
which is negative (-2.68 eV) and has the smallest OH™ adsorption energy among
all the fluorites investigated in this study. The smallest OH™ adsorption energy
of Nd,Ce,O- accelerates the kinetics of the OER. It is noted that all RE;Ce;O-
compositions studied here had smaller OH™ adsorption energy relative to the CeO,
surface. Qualitatively, the trends in smaller adsorption energies matches the trend
in smaller overpotentials for OER in the series.

To determine the role of morphology in enhancing the OER performance of
the fluorite series, trends in the electrochemically active surface areas (ECSAs)
of the catalysts was plotted against OER activity. ECSAs were determined by
evaluating the specific electrochemical double-layer capacitance (Cdl) through CV

measurements at various scan rates (2.5-50 mV s'l) (SI Figures S4.8-S4.13).
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Figure 4.5: (a) Slab models of the (100) surface of Nd,Ce,0, used to calculate
differential charge densities of adsorbed OH on Nd (top) and Ce (bottom) sites; (b)
OH adsorption energy of the fluorite sample series calculated using the DFT VASP
package; (c) Comparison of the trends in ECSA, area ratios of vacancy-related (Oy)
and lattice-related (O;) oxygen calculated from the O1s core level binding spectra
from XPS measurements and overpotential at current density of 10 mAcm™ for the

fluorite series.
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The ECSA and roughness factor were computed and are presented in Figure
4.5 (¢). Nd,Cey,O, was found to have the largest ECSA, likely due to the highly
nanocrystalline nature of the sample, in corroboration with the broad diffraction
peaks observed by XRD. Although CeO, exhibits higher ECSA than the other binary
fluorites, it showed the lowest OER activity. Furthermore, an increase in ECSA
does not directly correlate with a decrease in overpotential across the fluorite series
suggesting that ECSA is not the sole factor influencing OER activity. Generally, for
highly active catalysts, such as Nd,Ce,0O-, the larger ECSA observed translates to
more exposed electrochemically active sites, facilitating electrolyte infiltration and
surface interaction with the active sites of the electrocatalyst. [193] This leads
to a high OER activity without hindrance from mass transfer limitations in the
electrolyte. [194] A larger ECSA value also leads to higher surface roughness (RF),
which is another parameter examined and can affect catalytic activity.

Interestingly, upon comparing trends in OER overpotential of the fluorite
series with their corresponding ratio of the Oy/O; peak areas from the Ols XPS
spectra, we observe a clear trend suggesting that an increase in concentration of
oxygen vacancies leads to a decrease in overpotential. Surface-enriched oxygen
vacancies play a key role in accommodating hydroxyls, enhancing the pre-oxidation
of low oxidation species, and facilitating the deprotonation/reconstruction of
intermediates. [158] Additionally, achieving a higher valence state via coordination
expansion is crucial in forming the initial active M-OOH* species for the oxygen
evolution reaction (OER). [195] Since the exposed RE-sites exhibit improved
electrophilicity, hydroxyl adsorption onto the Ce-active sites can be facilitated
by oxygen vacancies (OV), leading to adsorbed M-OH* intermediate species.
Subsequently, this process triggers the deprotonation step at a minimal potential,
forming active oxygen species (RE-OOH*) on the catalyst surface. This rationalizes
the observed enhancement in OER activity across the fluorite series.

To investigate the pre-oxidation behavior of the catalysts during OER, cyclic

voltammetry (CV) was employed. The CV plots reveal that the pre-oxidation
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peak of the catalyst becomes more pronounced at higher scan rates (SI Figures
S4.14-S4.19). Lay,Cey0-, Nd,Cey0O-, and CeO, demonstrate one reduction and one
oxidation peak at all scan rates. Their oxidation peak shifts slightly towards a
higher potential and their reduction peak towards a lower potential with increasing
scan rate. This indicates that they have similar redox processes (involving Ce).
In contrast, Pr,Ce;,0O; and Tb,Ce;0; show two distinct reduction peaks and two
overlapping oxidation peaks, with the reduction peaks more obviously identified,
as shown in Figures S4.5 and S4.17, suggesting that both Ce in combination with
Pr/Tb are involved in a unique redox process for these binary fluorite systems.
Similarly, Dy,Ce,;0- shows two overlapping reductions and two distinct oxidation
peaks, where the oxidation peaks are more obviously recognized, as shown in
Figure S18. Similarly, this suggests that Ce and Dy are both involved in this
composition’s pre-oxidation process. Overall, this indicates that Ce ions may
serve as the main active site while the other RE cations play differing roles in
modulating catalyst electronic and structural configuration, thereby significantly
enhancing electrocatalytic performance in OER. The electrochemical parameters

for the fluorite electrocatalysts are compared in Table 4.2.

4.5.3 OER Electrocatalytic Stability

The stabilities of the overall best performing catalyst (Nd,Ce;0O-) and the catalyst
with the second highest electrokinetic activity, Dy,Ce,0,, were evaluated by
multistep chronopotentiometry at various currents ranging from 5 mA to 25 mA
(Figure 4.6). The results demonstrate the remarkable stability of the fluorite
series over extended periods and their ability to withstand varying currents without
rapid degradation. Additionally, the long-term durability of all the catalysts was
investigated by subjecting them to constant potential measurements for 16 hours

(SI Figure S4.21).
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Table 4.2: Electrocatalytic performance of fluorite catalysts in the series.

CCO2 L32C6207 PI‘2C6207 Nd2C6207 Tb2C6207 Dy2C6207
Onset potential (V) 1.52 1.49 1.47 1.42 1.44 1.48
Overpotential @10 347 331 318 243 280 310
mAcm™ - (mV)
Ce’t — Ce*T oxidation
ek potential (V) 138 | 1.43 1.41 1.35 1.39 1.4
TOF (s D) 0.0031 0.018 0.0163 0.0634 0.0268 0.0271
Mass activity (Ag_l) 6.77 10.21 9.3 36 14.56 14.56
Tafel slope 86.7 | 56.6 82.2 47.9 76.6 51.7
(mVdec™!)
ECSA (sz) 96.2 33.4 49.4 120.4 63.2 93
RF 339.8 118.1 174.3 425.5 223.2 328.6
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Figure 4.6: (a) Multistep chronopotentiometry study at various currents for (a)
Dy,Ce507; (b) Nd,Ce,O-. Chronopotentiometry stability at a constant current of
10 mA (C) DYZC6207; (d) Nd2C6207.
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The fluorite electrocatalysts exhibited robust catalytic stability over 16 hours un-
der uninterrupted OER conditions at a constant current of 10 mA, as demonstrated
by the long-term chronopotentiometry stability test (Figure 4.6 and SI Figure
S4.21). No significant deterioration or observable changes in the OER polarization
plots of Dy,Ce,0- and Nd,Ce,O- were observed before and after the stability study,
indicating excellent mass transfer properties and mechanical ruggedness of the
electrode, as depicted in the inset of Figure 4.6 (c,d).

Additionally, XPS analysis (SI Figure S4.22-4.27) reveals no notable alterations
in the surface electronic states and elemental compositions of the catalysts before
and after the stability measurements, indicating that the integrity of the catalysts
remains intact. However, in the O1ls spectra of the fluorite samples, additional
peaks are observed, indicating the adsorption of OH* species on the surface after
activity. This suggests that OH™ adsorption occurs during catalyst activation and is
attributed to physisorption. Furthermore, the C 1s spectra show additional peaks
at  295.6 eV which is assigned to aromatic -C=0, while the peaks at 292.9 and
291.5 eV are attributed to an aromatic shake-up, and 283.9 eV corresponds to sp2
and sp3-hybridized carbon (C=C/C-C). [196] The new carbon species observed
post OER arise from surface contamination and oxidation products resulting from
the reaction, as previously described in literature. [197] Overall, fluorite catalysts
synthesized using the EISA approach are found to have decent stability, with no
apparent signs of degradation, indicating their promise to deliver the robustness
and longevity needed for OER applications.

The remarkable catalytic performance of the Nd,Ce,O- catalyst can primarily
be attributed to the improvements in charge and mass transfer achieved through
our unique electrode design. The presence of abundant oxygen vacancy defects
in the Nd,Ce,O, phase enhances the electrokinetics of the OER process. In
addition, incorporating RE-element within the CeO, structure provides a favorable
modification of the electronic structure. Furthermore, the porous, nanostructured

nature of the catalyst plays a significant role in minimizing the contact region
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between bubbles and the electrode, facilitating efficient bubble release and reactant
transfer. The high surface area to volume ratio of the nanocatalyst and the lattice
expansion resulting from incorporating Nd, increase the number of active sites and
enhance electron transport conductivity from the catalyst’s surface. It will be of
great interest to explore whether there is an optimal substitution level of Nd for Ce
in the Nd,Ce; 4O, 4 solid solution series and whether incorporation of multiple
REs in RE,Ce;_,O,_, fluorites will further enhance activity or stability for OER

electrocatalysis.

4.6 Conclusion

In this work, EISA was demonstrated as a promising, inexpensive and scalable route
to synthesize OER catalysts with high surface area and mesoporosity, belonging to
the cerate fluorite class of materials. Although CeO, in this study appeared to
have the highest overpotential and consequently, the least activity towards OER, its
activity is higher than the pristine CeO,, systems reported in the literature.

The substitution of 50% RE cations for Ce in the CeO, fluorite lattice was
found to enhance OER activity and stability. Incorporating a RE cation into the
host CeO, lattice is shown to significantly enhance the OER performance in a
1M KOH electrolyte solution compared to pristine CeO,. Furthermore, all binary
fluorite compositions demonstrate stability in an alkaline medium over long periods
of operation at a constant potential. Among the RE binary fluorite samples
investigated, Nd,Ce,O-, demonstrated the highest OER activity exhibiting a low
overpotential of 243 mV at a current density of 10 mA cm~? with a low Tafel
slope of 47.9 mVdec~!, high TOF of 0.0634 s~!, and high mass activity of 36 Ag~!
respectively. Additionally, Nd,Ce,O- displayed promising long-term durability in
an alkaline medium. This high OER activity can be attributed to the electronic
redistribution and the introduction of a large concentration of oxygen vacancies,
induced by incorporating Nd cations into the CeO, host fluorite lattice. This study

provides valuable insights into using RE-element substitution to tailor the structure
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and electronic properties of the fluorite class of materials, enabling the development
of highly active and stable electrocatalysts. Importantly, we demonstrate that rare-
earth oxide OER catalysts with high activity and stability can be achieved using the
low cost EISA synthesis route, without the incorporation of transition and noble

metals.
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Appendix

Supplemental Information (SI)

Figure S4.1: Scanning electron microscopy images showing the heterogeneous
morphology of Nd,Ce;O- calcined at 600°C including (a) spherical nanoparticles
and (b) porous flakes. (c) Elemental Dispersive microscopy image of Nd,Ce,O-
calcined at 600°C with elemental mapping shown to the right.
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Table S4.1: Chemical composition results from X-ray Fluorescence (XRF) of binary
fluorites.

Tb2C6207
Element Wt% XRF Target Wt %
Ceria 43.97 46.85
Terbium 56.03 53.15
L32CEZO7
Element Wt% XRF Target Wt %
Ceria 52.59 50.22
Lanthanum 47.41 49.78
Pr2Ce207
Element Wt% XRF Target Wt %
Ceria 51.10 49.86
Praseodymium  48.90 50.14
Dy»Ce05
Element Wt% XRF Target Wt %
Ceria 46.00 46.30
Praseodymium 54.00 53.70
NdZCe207
Element Wt% XRF Target Wt %
Ceria 43.49 49.27
Praseodymium  56.51 50.73
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Electrochemical Measurements

Electrochemical measurements were performed using a conventional three-electrode
system connected to an IviumStat potentiostat, with the fluorite catalyst as the
working electrode, while graphite rod and Ag/AgCl electrode were used as counter
electrode and reference electrodes respectively, to measure the electrocatalytic
performances. Linear sweep voltammetry (LSV), and cyclic voltammetry (CV)
and were carried out to study the OER catalytic performance and cycling stability.
In order to reduce uncompensated solution resistance, all activity data were iR
corrected, which was measured through electrochemical impedance studies.

All potentials measured were calibrated to RHE using the following Equation

S4.1:

E(grrE) = E(ag/agcr) +0.197V +0.059 x pH 4.1)

All electrolytes were saturated by oxygen (for OER) bubbles before and during
the experiments.

The steady-state performance and durability of all the electrocatalysts in OER
for long-term chronoamperometric stability in an alkaline electrolyte of 1 M KOH
solution was carried out in two forms: (a) At constant current density of 20 mA

2 as multistep

em™2 for 16 h, (b) at various current densities between 5 — 30 mA cm™
study, in N,-saturated 1.0 M KOH at room temperature.

The Tafel slope, an important parameter to explain the electrokinetic activity
of these catalysts for OER processes, was estimated from a Tafel plot. The Tafel
equation is given as the dependence of overpotential 11 on the current density j as

shown in Equation S4.2

log j 4.2)
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where « is the transfer coefficient, n is the number of electrons involved in the
reaction, and F is the Faraday constant. The Tafel slope is given by %. The Tafel
plots in this work were calculated from the reverse scan of CV collected at a scan
rate of 2 mV s~! in a non-stirred Nj-saturated 1.0 M KOH solution.

The Electrochemical Impedance Spectroscopy (EIS) experiments were per-
formed within 10° — 10~2 Hz frequency range, at an AC signal amplitude of 10
mV, to study the electrode kinetics and estimate the electrolyte resistance (Rs), and
charge transfer resistance at the electrode (catalyst)-electrolyte interface (R.). The
Nyquist plots were collected in Ny-saturated 1.0 M KOH at an applied potential of
0.55 V vs. Ag|AgCl (KCl saturated).

Turnover frequency (TOF) for the electrocatalysts was calculated from Equation

S4.3:

JXxA

TOF = ————
dxmxF

4.3)

where j is the current density in mA cm2ata given overpotential (e.g., n = 0.31
V), A is the surface area of the electrode (0.283 cmz), F is the Faraday constant (a
value of 96485 C mol ™}, and m is moles of catalyst on the electrode.

Mass activity (A g™1) is the current density per unit mass of the active catalyst at
a given overpotential. This is calculated from catalyst loading m and the measured
current density j (mA cm™2) of the catalyst, at 7 = 0.31V, calculated from Equation
S4.4.

Mass activity = EA 4.9
m

The electrochemically active surface area (ECSA) of the catalyst was estimated
by measuring the electrochemical double-layer capacitance (Cp) at different scan
rates in the non-Faradaic region. It was assumed that current obtained in the
non-Faradaic region is caused by double-layer charging instead of electrochemical

reactions or charge transfer. The double-layer current (ip;) was obtained by
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performing cyclic voltammograms (CVs) with various scan rates in a non-stirred
N, saturated 1.0 M KOH solution. The ratio of double-layer current (ip;) and the
scan rate (V) of CV yielded the specific electrochemical double-layer capacitance
(Cpr) = averaging of cathodic and anodic slopes absolute values obtained from the

CV plot in the non-faradaic region as described in Figure S4.5.

iDL = CDL XV (45)

The ECSA of the catalyst was calculated using Equation S4.6 where C; is the
specific capacitance as reported in alkaline solution to be between 0.022 and 0.130

mF cm™2 in alkaline solution [198]. In this study, we assumed the value of
C; = 30 uFem 2 (4.6)

based on previously reported OER catalysts in alkaline medium. [198, 199]

ECSA = Cp/Cy 4.7)

Roughness factor (RF) is another important parameter that defines catalyst
surface roughness and can influence observed catalytic properties. Roughness factor
(RF) is estimated as the ratio of ECSA and the geometric electrode area of 0.283

sz.

RF = ECSA/SA (4.8)
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Parameters CeO: La:Ce;O? Pl‘zCe:Ojr ngCegO; TthEz()? Dnge;O-,r
R./ohm 7.83 5.73 4.72 3.54 4.72 3.85
R./ohm 18.10 14.31 13.83 7.95 10.10 11.69
CPE/F 4.174 x10#* | 3.91x103 | 1.71x103 | 5.82x102 | 1.71x103 | 3.91x1073

W/s(1/2)/ehm - 473 x101 | 2.72x10! - 2.41 x10? 1.31 x10!

Figure S4.2: Parameters of equivalent circuit obtained from fitting of electrochemi-
cal impedance spectroscopy (EIS) experimental data.
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Figure S4.3: High resolution XPS spectra of CeO, (a) Ce 3d; (b) O 1s.
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Figure S4.5: High resolution XPS spectra of Pr,Ce;0O- (a) Ce 3d; (b) Pr 3d; (c) O
1s; (d) C 1s.
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Figure S4.6: High resolution XPS spectra of Nd,Ce,0- (a) Ce 3d; (b) Nd 3d; (c) Nd
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Figure S4.7: High resolution XPS spectra of Tb,Ce,O- (a) Ce 3d; (b) Tb 3d; (c) O
1s; (d) C 1s.
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Figure S4.9: (a) Cyclic voltammograms measured at different scan rates for CeO-;
(b) Plots of anodic and cathodic currents measured as a function of different scan
rates for CeO, in N, saturated 1 M KOH at a scan rate of 10 mV s_.
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Figure S4.10: (a) Cyclic voltammograms measured at different scan rates for
La;Ce,0; (b) Plots of anodic and cathodic currents measured as a function of
different scan rates for La,Ce;0O- in N, saturated 1 M KOH at a scan rate of 10 mV
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Figure S4.11: (a) Cyclic voltammograms measured at different scan rates for
Pr,Ce,07; (b) Plots of anodic and cathodic currents measured as a function of
different scan rates for PryCe,O- in N, saturated 1 M KOH at a scan rate of 10
mV s,
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Figure S4.12: (a) Cyclic voltammograms measured at different scan rates for
Nd,Ce,O; (b) Plots of anodic and cathodic currents measured as a function of
different scan rates for Nd,Ce,O- in N, saturated 1 M KOH at a scan rate of 10 mV
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Figure S4.13: (a) Cyclic voltammograms measured at different scan rates for
Tb,Ce,0-; (b) Plots of anodic and cathodic currents measured as a function of
different scan rates for Tb,Ce5O- in N5 saturated 1 M KOH at a scan rate of 10 mV
-1
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Figure S4.14: (a) Cyclic voltammograms measured at different scan rates for
Dy,Ce;0-; (b) Plots of anodic and cathodic currents measured as a function of
different scan rates for Dy,Ce,0- in N, saturated 1 M KOH at a scan rate of 10 mV
-1
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Figure S4.15: Electrocatalytic performance of CeO,: Cyclic voltammograms
measured in N, saturated 1 M KOH at different scan rates.
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Figure S4.16: Electrocatalytic performance of La;Ce,0-: Cyclic voltammograms
measured in N, saturated 1 M KOH at different scan rates.
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Figure S4.17: Electrocatalytic performance of Pr,Ce,0,: Cyclic voltammograms
measured in N, saturated 1 M KOH at different scan rates.
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Figure S4.18: Electrocatalytic performance of Nd,Ce,0,: Cyclic voltammograms
measured in N, saturated 1 M KOH at different scan rates.
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Figure S4.19: Electrocatalytic performance of Tb,Ce;O-: Cyclic voltammograms
measured in N, saturated 1 M KOH at different scan rates.
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Figure S4.20: Electrocatalytic performance of Dy,Ce;0O,: Cyclic voltammograms
measured in N, saturated 1 M KOH at different scan rates.
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Figure S4.22: High resolution XPS spectra of CeO, after activity (a) Ce 3d; (b) O
1s.
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Figure S4.23: High resolution XPS spectra of Nd,Ce,O- after activity (a) Ce 3d; (b)
Nd 3d; (c) Nd 4d; (d) O 1s.
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Figure S4.24: High resolution XPS spectra of Tb,Ce,O- after activity (a) Ce 3d; (b)
Tb 3d; (c¢) O 1s; (d) C 1s.
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Chapter 5

Tailored

(Lag oPro 2Ndg 2 Tbg oDyp.2)2Ce,07 as a
Highly Active and Stable
Nanocatalyst for the Oxygen

Evolution Reaction
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A version of this chapter was submitted and is under revision for publication
by Sreya Paladugu, Ibrahim Munkaila Abdullahi, Palani Jothi, Manashi Nath’,
and Katharine Page*: Paladugu, S., Munkaila, I., Jothi, P.,Nath, M and Page, K.
(2023). Tailored (Lag 5PrgoNdg 2Tbg 5Dy 2)2Ces0O- as a Highly Active and Stable

Nanocatalyst for the Oxygen Evolution Reaction. In revision.

5.1 Abstract

Designing highly active and robust catalysts for the oxygen evolution reaction
is key to improving the overall efficiency of the water splitting reaction. We
have previously demonstrated that evaporation induced self-assembly (EISA) can
be used to synthesize highly porous and high surface area cerate-based fluorite
nanocatalysts, and that substitution of Ce with 50% rare earth (RE) cations
significantly improves electrocatalyst activity. Herein we further explore the
defect structure of the best performing nanocatalyst in the series, Nd;Ce;O-,
with a combination of neutron diffraction and neutron pair distribution function
analysis. It is found that Nd3* cation substitution for Ce in the CeO, fluorite
lattice introduces higher levels of oxygen Frenkel defects and induces a partially
reduced RE; 5Ce; 505, phase with oxygen vacancy ordering. Significantly, it
is demonstrated that the concentration of oxygen Frenkel defects and improved
electrocatalytic activity can be further enhanced by increasing the compositional
complexity (number of RE cations involved) in the substitution. The resulting novel
compositionally-complex fluorite- (Lag 5PryoNdg 5Tbg 5Dyg 5)2Ces0- is shown to
display a low OER overpotential of 210 mV at a current density of 10 mAcm™2 in 1M
KOH, and excellent cycling stability. We suggest that increasing the compositional

complexity of fluorite nanocatalysts expands our ability to tailor catalyst design.
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5.2 Introduction

Electrochemical water splitting has been proposed as a sustainable approach to
store electricity generated from intermittent renewable energy sources in the form
of hydrogen fuel and reduce our reliance on fossil fuels. [200, 129, 201, 202]
Water splitting is composed of two half reactions: the oxygen evolution reaction
(OER) and the hydrogen evolution reaction, which occur at the anode and
cathode respectively. [148, 149, 203, 201] The overall efficiency and large scale
industrialization of the water splitting reaction is limited by the sluggish kinetics
of the four electron-proton transfer process involved in OER.[204, 151, 205] Thus
far, the benchmark electrocatalysts used to reduce the overpotential required for
the OER have primarily comprised of precious metals and their oxides (Ru, I
RuO,, and IrO;). [206, 152] Despite their high activity, the scarcity, high cost and
instability of precious metal based oxides presents major drawbacks. In this context,
contemporary research efforts have been directed towards the development of
alternate highly active precious metal-free electrocatalysts for the OER.

Ceria based mixed oxides have shown promise for electrocatalysis applications,
owing to ceria’s abundance in natural reserves, excellent reduction and oxidation
(redox) properties, and mechanical stability and corrosion resistance in alkaline
environments. [148] The desirable redox properties of ceria arise from its ability
to dynamically and reversibly convert between Ce(III) and Ce(IV), enabling the
formation of oxygen vacancies and a defect rich structure. [71, 160, 207] Previous
studies have demonstrated that introducing dopants into the host lattice of ceria is
an effective materials design strategy to tune the electronic and defect structure of
ceria, leading to favorable adsorption sites for reaction intermediates and enhanced
OER activity. [148]

In Chapter 4, it was demonstrated that cerate-based OER catalysts with high
activity and stability can be achieved using the EISA synthesis route. Furthermore,

the work revealed that 50% substitution of any one of the RE cations La, Pr,
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Nd, Tb, or Dy for Ce improved the electrocatalytic activity relative to a CeO,
composition prepared by the same method. Among the rare earth cerate oxides
examined, Nd,Ce,O- achieved the best activity (OER overpotential of 243 mV at
a current density of 10 mAcm~2), and displayed modest stability under cycling in
an alkaline medium. Crystal structure analysis, X-ray Photoelectron Spectroscopy
(XPS) studies, and supporting Density Functional Theory (DFT) calculations across
the series suggest the increased activity can be linked to large concentrations of
oxygen vacancies and a redistribution of electronic structure in the host lattice.
Oxygen vacancies have been shown to increase adsorption of oxygen-containing
intermediates in the OER and enhance catalytic activity. [208, 209, 210] There are
two generally accepted mechanisms via which the OER proceeds: the adsorbate
evolution mechanism and the lattice oxygen participation mechanism. [180] The
kinetics of both of these mechanisms is influenced by the oxygen vacancy structure
and the resulting binding strengths of the oxygen-containing intermediates such
as MOOH* and MOH* (M = metal cation(s)) with the catalyst surface. [180]
Investigation into the nature and extent of oxygen vacancies present in EISA derived
Nd,Ce,O- relative to CeO, is therefore of great interest.

Compositionally complex oxides (CCOs) are a class of multi-component oxides
comprised of multiple cations on at least one distinct crystallographic lattice site.
CCO is a more general class than the related High Entropy Oxides or Entropy
Stabilized Oxides. [211] Although there is much debate about the precise definition
of CCOs in the research community, CCOs are loosely defined as having a mixing
configurational entropy of 1-1.5R (with R being the ideal gas constant) on at least
one cation lattice site. [212, 213] CCOs have attracted interest as promising
OER catalysts due to observed instances of improved catalytic activity, lower
overpotentials and longer-term stability compared to end-member compositions.
[214, 215] The improved OER activity of CCOs has been attributed to entropy
stabilization and the synergistic effect of incorporating various catalytically active

metal elements. [159] Additionally, the CCO platform can be used to introduce
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more structural defects and oxygen vacancies than known endmember oxide
systems. [148, 159]

In this work, we examine the effect of introducing Nd and multiple rare earth
cations into the fluorite type host lattice of ceria on the nature and extent of oxygen
vacancy structure, and intrinsic OER activity of the electrocatalyst. We use the CCO
concept to design a new compositionally complex fluorite nanostructure within the
class REq sM; 505, where RE represents rare earth cations and M is cerium (Ce).
Ceria, which has a fluorite type crystal structure, has been investigated as a co-
catalyst or support for the OER, in combination with transition metals or noble
metals. [148, 216, 217, 218] In Chapter 4, we showed that partial substitution
of Ce** with (mainly) trivalent RE cations can introduce oxygen vacancies into
the lattice, reduce/ potentially eliminate the need for noble metal cations, and
potentially promote the adsorption of oxygen containing intermediates in the
OER such as MOOH* and MOH*. As shown in Figure 5.1, when RE cations

3+/4+

are introduced into the fluorite lattice, the Ce and RE cations randomly

occupy the 4a Wyckoff position, while the oxygen anions occupy 7/8ths of the
tetrahedral sites on position 8c. Doping CeO, with (mainly) lower valent RE3*
cations such as Pr, Nd, Dy and La is known to depress the concentration of Ce3* and
introduce large amounts of oxygen vacancies resulting in a defect fluorite structure.
[160, 207, 175, 173, 174, 178]

Here, we again use a soft templating evaporation induced self-assembly ap-
proach (EISA) to synthesize OER fluorite catalysts with high surface area, poros-
ity/nanoarchitecture, and varying degrees of compositional complexity, with the
objective of increasing the number of exposed active sites and improving mass

diffusion kinetics. [148] Furthermore, EISA is an inexpensive, highly tunable, and

easily scalable synthesis approach, making it feasible for industrial manufacturing.
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Fluorite Composite

Figure 5.1: Synthesis schematic of mesoporous fluorite catalysts using a soft
templating strategy via Evaporation Induced Self Assembly (EISA); calcination
temperatures between 400°C and 1000°C are used in this work. The fluorite unit
cell is shown on the top left with VIII-fold cation coordination polyhedron depicted
as purple cubes with red O atoms at the vertices. The cation sites are occupied,
on average, with equal parts of 5 RE ions and 1 M ion. When the fluorite A site is
doped with a trivalent (+3) species, a multivalent cation like Ce is reduced from
a +4 to a +3 state, and charge compensation occurs through point defects on
the oxygen lattice sites resulting in a defect fluorite structure where Ce is VII-fold
coordinated with oxygen. The CCO with a defect-fluorite structure can be written
as REg sMg 502 x.

140



Using the EISA approach, fluorite samples with nominal compositions: CeO,,
Nd,Ce;0O- and (Lag 5Pry oNdg 5 Tbg 5Dyg 5)2Ces0O- (hereafter referred to as RE,Ce;0-)
were synthesized at various calcination temperatures to find optimized reaction
conditions and determine the effect of incorporating a single RE cation and multiple
RE cations in a compositionally complex configuration on the OER activity of
fluorite nano electrocatalysts. The phase purity and morphology of the samples
are examined with X-ray diffraction, Brunauer-Emmett-Teller (BET) and Scanning
Electron Microscopy (SEM) studies. X-ray Photoelectron Spectroscopy (XPS) is
used to determine surface valence states. Raman spectroscopy and neutron total
scattering analysis are applied to study the nature and correlation length scale of
oxygen vacancies in the series. Linear sweep voltammetry (LSV) measurements
and chronoamperometry stability measurements are performed in alkaline solution
to examine electrocatalytic activity and stability and link structure-property effects

with the extent of compositional substitution.

5.3 Materials Synthesis

5.3.1 Materials

Praseodymium (III) nitrate pentahydrate (99.9%), cerium (III) nitrate hexahydrate
(99.5%), terbium (III) nitrate hydrate (99.9%), lanthanum (III) nitrate hexahydrate
(98%), dysprosium (III) nitrate pentahydrate (99.9%), neodymium (III) nitrate
hexahydrate (99.9%) and ethanol (99.5%) were purchased from Thermo Fisher
Scientific. Pluronic P123 (a symmetric triblock copolymer comprising poly(ethylene
oxide) (PEO) and poly(propylene oxide) (PPO) in an alternating linear fashion)
was purchased from Sigma Aldrich. All metal nitrates were used to prepare sealed
aqueous stock solutions immediately upon receipt from the manufacturer.

Carbon cloth (CC) for the battery, fuel cell and supercapacitor was purchased
from MSE supplies. Nafion (5%) and isopropanol (iPr-OH), were purchased from

Sigma-Aldrich and sodium hydroxide was purchased from Fisher Scientific and
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these reagents were used as received. Deionized (D.I) water purified through a
Millipore system was used in all experiments. The CC was washed with iPr-OH and

D.I. water several times to ensure the surface was clean before use.

5.3.2 Synthesis of Mesoporous Fluorites via Evaporation In-

duced Self Assembly (EISA)

Mesoporous fluorite compositions were synthesized using a soft templating ap-
proach via evaporation induced self-assembly, as illustrated in Figure 5.1. Briefly,
metal nitrate precursor solutions were dissolved in ethanol, under continuous
stirring, using Pluronic P123 as a block copolymer template. The solutions
were allowed to evaporate in a petri dish at room temperature for 48 hours
and the resulting gels were calcined in air at 400°C, 600°C, 800°C or 1000°C
for 4 hours in an oven. The following compositions were chosen to investigate
the role of RE cations and compositional complexity on the electrochemical OER
performance of fluorites: (Lag oPryoNdg2Tbg 2Dyg 2)2Ces0-, Nd,CeyO- and CeOs,.
(Lag oPrpoNdg 5 Tbg 5Dyg 5)2Ces05 is referred to as RE;Ce,0O5 in this study.

5.3.3 Fabrication of the Working Electrode for OER

All carbon cloth substrates were cleaned using iPr-OH, dried and covered with

2. Catalyst ink was

Teflon tape, leaving an exposed geometric area of 0.283 cm
prepared by dispersing 10.0 mg of the catalyst in 1.0 mL 0.8% Nafion in iPr-OH
and ultrasonicated for 30 min. A 20 uL volume of the ink was dropcasted on the
exposed area of the CC substrate, dried at room temperature, and finally heated at

130°C in an oven for 30 min in air to obtain the working electrode.
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5.4 Materials Characterization and Methods

5.4.1 Structure and Morphology

Phase identification of the as synthesized fluorite powder samples was performed
using a Panalytical Empyrean laboratory powder X-ray diffraction (XRD) instrument
with Cu Ko radiation (A = 1.5418 /OX). Rietveld refinements were performed on
the XRD data using the TOPAS v6 software.[103] Data were fit to a tetragonal
unit cell model with S.G. P4,/nmc for CeO, and a cubic defect fluorite unit
cell model with S.G. Fm3m for Nd,Ce,O, and RE,Ce,0O,. Lattice parameter(s),
isotropic atomic displacement parameters and Scherrer particle size parameters
were refined. Nd,Ce,O- calcined at 1000°C was fit to a cubic C-type (bixbyite)
structure and refined similarly. The chemical homogeneity of the samples was
investigated by performing EDS measurements on pressed pellets of the fluorite
CCOs using a Zeiss EVO SEM equipped with energy dispersive X-Ray Spectroscopy.
BET surface area measurements were performed by loading 100 mg - 150 mg of
powder sample in a glass tube and out gassing overnight at 200°C in vacuum. The
outgassed samples were then measured using a Micromeritics Gemini VII surface-
area analyzer. XPS measurements were performed using a KRATOS AXIS 165
X-ray photoelectron spectrometer (Kratos Analytical Limited, Manchester, United
Kingdom) using a monochromatic Al X-ray source. The C 1s signal at 284.5
eV was used as a reference to correct all the XPS binding energies. Neutron
powder diffraction (NPD) and atomic pair distribution function (PDF) data were
collected at 300 K on the Nanoscale Ordered Materials Diffractometer (NOMAD)
at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL).
[95] 100 mg of each sample was loaded into a 3 mm diameter quartz capillary,
placed in a temperature controlled Ar cryostream, and data were collected for 1 h.
Signals from the empty quartz capillary and instrument were collected to facilitate

background subtraction from the sample data. Data reduction was completed using
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the Advanced Diffraction Environment (ADDIE) suite and a Qmax of 25 Afl and
a Lorch filter was applied for PDF generation.[219] The data was corrected for
detector deadtime, absorption, and multiple scattering effects, and subsequently
normalized by the incident flux and total scattering cross section of the sample.
Rietveld refinements of the neutron diffraction data were performed using TOPAS
v6 software [103] and PDF analysis was completed using the PDFgui software
package. [139] Rietveld refinement of TOF neutron diffraction data for CeO,
was performed using S.G. P4,/nmc while Nd,Ce,O, and RE,Ce,O, were refined
using a two phase structural model comprising of a primary phase with S.G.
Fm3m containing oxygen Frenkel defects and a secondary phase with S.G. Pnn2
containing oxygen vacancy ordering. For all samples, lattice parameter(s), isotropic
atomic displacement and oxygen occupancy were refined. The same average
structure models for Nd,Ce,O, and RE;Ce,O, were applied to PDF analysis and
most parameters were fixed, while lattice parameter a was refined. PDF analysis for
CeO, was performed using a two phase structural model comprising of a primary
phase with S.G. P4,/nmc containing oxygen Frenkel defects and a secondary phase
with S.G. Pnn2 containing oxygen vacancy ordering. Lattice parameters, isotropic
atomic displacement and oxygen occupancy were refined. XPS measurements were
performed using a KRATOS AXIS 165 x-ray photoelectron spectrometer. The Cls
signal at 285.4 eV was used as a reference to correct all the XPS binding energies.
All XPS spectra were collected from pristine catalyst surfaces without sputtering.
The Raman spectra of the catalyst were recorded with LabRam ARAMIS (HORIBA
Jobin-Yvon Raman spectrometer equipped with a CCD detector) in the Raman shift
range between 50 cm™* to 1800 cm™, 1200 lines mm™ grating, HeNe laser 632.8
nm excitation with a nominal output power of 100mW, 0.95 cm™'/pixel spectral
dispersion, 10% of laser power, 10x objective, 0.25 numerical aperture, 100 pum
slit, 200 um hole, 30 seconds exposure time, and 10x accumulations for each

sample acquisition. [220]
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5.4.2 Electrochemical Measurements

Electrochemical measurements were performed using a conventional three-electrode
system connected to an IviumStat potentiostat, with the fluorite catalyst as the
working electrode, while graphite rod and Ag/AgCl electrode were used as counter
electrode and reference electrodes respectively, to measure the electrocatalytic
performances. Linear sweep voltammetry (LSV), and cyclic voltammetry (CV)
were carried out to study the OER catalytic performance and cycling stability.
In order to reduce uncompensated solution resistance, all activity data were iR
corrected, which was measured through electrochemical impedance studies. All
potentials measured were calibrated to a reversible hydrogen electrode (RHE) using
SI Equation S4.1 from Chapter 4. All electrolytes were saturated by oxygen (for
OER) bubbles before and during the experiments.

The steady-state performance and durability of all the electrocatalysts in OER
for long-term chronoamperometric stability in an alkaline electrolyte of 1 M KOH
solution was carried out in two forms: (a) at constant current density of 20 mA
cm™2 for 16 h, (b) for RE,Ce,0, various current densities between 5 — 30 mA cm™2
as multistep study, in Ny-saturated 1.0 M KOH at room temperature.

The Tafel slope, which is an important parameter to explain the electrokinetic
activity of these catalysts for OER and HER processes, was estimated from a Tafel
plot with the equation shown in SI Equation S4.2 from Chapter 4.

The Electrochemical Impedance Spectroscopy (EIS) experiments were per-
formed within 10° — 1072 Hz frequency range, at an AC signal amplitude of 10
mV, to study the electrode kinetics and estimate the electrolyte resistance (Rs), and
charge transfer resistance at the electrode (catalyst)-electrolyte interface (R.). The
Nyquist plots were collected in Ny-saturated 1.0 M KOH at an applied potential of
0.55 V vs. Ag|AgCl (KCI saturated).

Turnover frequency (TOF), mass activity, electrochemically active surface area

(ECSA) and roughness factor (RF), which are parameters used to evaluate the
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electrocatalytic performance of catalysts for the OER, were determined for the

fluorite samples as described in the Supplemental Information section of Chapter 4.

5.5 Results and Discussion

5.5.1 Structure and Morphology

CeO,, Nd,Ce,0- and RE;Ce,O- were synthesized using EISA as detailed in Section
4.2.1 and illustrated in Figure 5.1, at 400°C, 600°C, 800°C and 1000°C to find
the optimal calcination temperature for the OER. The structure of the samples
was investigated using powder X-ray diffraction (XRD) as shown in Figure 5.2 and
the morphology and sample homogeneity was determined using Scanning Electron
Microcopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) as seen in Figure
5.2 fandi.

XRD was performed to determine the phase purity and crystallinity of the
samples with increasing calcination temperature, as seen in Figure 5.2 (a), (d) and
(g). XRD patterns of all samples as prepared at 400°C, display peak broadening
indicative of the highly nanocrystalline nature of samples produced using the
low temperature EISA synthesis route. Interestingly, samples containing RE
cations appear less crystalline than those with CeO, composition, at all calcination
temperatures. As the calcination temperature increases, the Bragg peaks become
progressively narrower, indicating enhanced crystallinity, which can be attributed to
particle growth. It is notable that at 800°C and 1000°C, RE,Ce,0- displays the most
significantly broadened diffraction peaks possibly due to greater intrinsic disorder
and/or smaller crystalline grain size resulting from sluggish diffusion kinetics.

CeO, was found to form an average tetragonal structure while RE,Ce,O-
samples form an average cubic fluorite structure at all calcination temperatures,
with no evidence of secondary phases. Nd,Ce,0, was found to form an average

cubic fluorite structure up to calcination temperatures of 800 °C.
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Figure 5.2: XRD patterns of CeO,, Nd;,Ce;0O- and RE,Ce,0- shown in (a),(d) and
(g) respectively, prepared by calcination at 400°C, 600°C, 800°C and 1000°C (from
top to bottom of each panel). The XRD pattern of Nd,Ce,O- calcined at 1000°C
shows the formation of superstructure peaks as indicated by the blue stars. Refined
values from Rietveld refinements of data for CeO,, Nd,Ce,O, and RE,Ce,O- are
shown for (b) lattice parameter, (e) crystallite size and (h) BET surface area.
Rietveld refinement results of XRD data of samples prepared by calcination at 600°C
are shown in (c), where the data was fit to a tetragonal phase with S.G. P4, /nmc for
CeO, and a cubic phase with S.G. Fm3m for Nd,Ce,0, and RE,Ce,0,. Measured
data are shown as colored circles, structural model fits as a black line through the
data, and the difference curves in green fall below the data and fits. (f) Scanning
Electron Microscopy (SEM) images of RE,Ce,O- prepared by calcination at 400°C
for 4 hours (shown in the column on the left) and 1000°C for 4 hours (shown in
the column on the right). (i) SEM image (left) and corresponding EDS spectra
maps (right, in color) for RE,Ce,O- prepared by calcination at 400°C for 4 hours.
A region displaying heterogeneous morphology (larger flakes and smaller spheres)
was intentionally selected.
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At 1000 °C, the formation of superstructure peaks is observed, indicated by the
blue stars in Figure 5.2 (d). Rietveld refinement of the CeO, sample was performed
successfully using a tetragonal unit cell model described with space group (S.G.)
P4, /nmc. In the tetragonal structure, the Ce ions occupy the 4f Wyckoff position at
the center of the oxygen octahedra, while the oxygen ions occupy the 8c Wyckoff
position at the vertices of the octahedra and are coordinated by four Ce ions in a
square planar arrangement. The average structure of Nd,Ce,O- up to 800°C and
RE,Ce,0, at all calcination temperatures, was modeled successfully with a single
phase defect fluorite structure, indexed to space group (S.G.) Fm3m, with RE and
Ce cations randomly occupying 4a sites and oxygen anions occupying 7/8ths of 8¢
sites. [68, 101] Representative Rietveld refinement results for the samples calcined
at 600°C are shown in Figure 5.2 (c). Interestingly, the inclusion of RE cations in
the CeO; lattice results in the formation of a higher symmetry cubic structure rather
than a tetragonal structure.

The Nd;Ce,O-, sample calcined at 1000°C forms a cubic C-type (bixbyite)
structure with space group /a3 as shown by the Rietveld refinement in SI Figure
S5.1. The presence of this cubic C-type structure in rare-earth containing cerates
has been widely reported in literature. [160, 221, 222, 161, 223, 224] The C-type
structure is related to the fluorite structure but exhibits oxygen vacancy ordering
resulting from the selective removal of 25% of the oxygen anions. [221, 224]
Whereas the cations in the fluorite structure are 8-fold coordinated with oxygen,
the cations in the C-type structure are 6-fold coordinated and occupy the 85 and
24d Wyckoff sites with the O anions occupying the 48e sites. Interestingly, while
the Nd,Ce,0, sample calcined at 1000°C displays a C-type structure, the RE,;Ce;0-
sample retains a defect fluorite structure at all calcination temperatures. It appears
that the incorporation of five RE cations into the defect fluorite phase has inhibited
the formation of the C-type structure, potentially making it a more stable catalyst

than NdzC@207.
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Extracted parameters from Rietveld refinement provide further insights into
structural trends across the series. As seen in Figure 5.2 (b), inclusion of RE3*
cations results in a lattice expansion. In an ideal fluorite structure, Ce** cations
are VIII-fold coordinated with oxygen; however, introducing (mainly) RE3* cations
into the fluorite lattice results in oxygen vacancies and a change in average
cation coordination from VIII-fold to VII-fold. The increase in lattice parameter
upon inclusion of RE3" cations is due to the larger ionic radius of La®* (1.14),
Nd3®t (1.046A), Pr*" (1.058A), Tb®" (0.98A) and Dy*" (0.97A) relative to
Cett (0.92 A) in VII-fold coordination. The ionic radii for VII-fold coordination
were calculated as an average of ionic radii for VI and VIII fold coordination.
[162, 163, 164] Tb, Dy and Pr are known to form mixed 3+ and 4+ valence states.
[224, 160, 225, 224]

No significant changes were observed in lattice parameter with increasing
calcination temperature, suggesting that oxygen stoichiometry remains consistent
with increased calcination temperature (lattice expansion is a noted side effect of
oxygen sub-stoichiometry in ceria and related compounds). [226, 106, 227] The
thermal stability of the fluorite samples with increasing calcination temperature
was explored by extracting trends in crystallite size, shown in Figure 5.2 (e).
Interestingly, samples containing RE cations display less dramatic crystallite size
growth than CeO, samples with an increase in calcination temperature. Samples
with 1 RE constituent cation exhibit similar crystallite size growth behavior
compared to those with 5 RE constituent cations.

In addition to the structure of a catalyst, surface area and morphology are
important parameters that can significantly influence catalytic activity by affecting
accessibility to active sites, the number of exposed active sites and mass transfer
limitations. Thus, BET was used to measure the surface areas of the sample series
as displayed in Figure 5.2 (h). BET surface areas of the samples were found
to be highly dependent on composition and calcination temperature. Typically,

in nano oxide catalysts, increasing calcination temperature leads to particle size
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growth/coarsening and a corresponding decrease in BET surface area. Interestingly,
the CCO composition in the series shows an anomalous increase in surface
area when the calcination temperature of the sample is increased from 400°C
to 600°C, followed by a decrease in surface area at calcination temperatures
beyond 600°C. Other compositions show a decrease in surface area with increasing
calcination temperature. The calcination series was repeated multiple times for
each composition, and the trends were reproducible.

To further elucidate the surface area trends observed, the morphology of the
RE,Ce,0, sample was studied as a function of increasing calcination temperature.
As seen in Figure 5.2 (f) the sample was found to be highly heterogeneous,
with a large particle size distribution and the presence of at least two distinct
morphologies: (i) micrometer scale porous flakes and (ii) spherical nanoparticle
agglomerates, similar to CCO morphologies reported by Cong et al. [165] With
increasing calcination temperature, Ostwald ripening occurs resulting in larger but
fewer spherical nanoparticles and an overall decrease in BET surface area. At higher
calcination temperatures, the morphology is dominated by micrometer sized flakes
with smaller, and more closed (less accessible) pores. The same overall trends in
morphology as a function of increasing calcination temperature were observed in
Nd,Ce,O-, and CeO,. However, the distinct BET surface area trends of RE;Ce;0-,
Nd,Ce,O- and CeO, suggests that the greater compositional complexity and more
sluggish diffusion in the CCO sample may give rise to complex morphology/growth
patterns that can potentially be further optimized with thermal processing.

EDS measurements were performed on the RE,Ce,O- sample to investigate the
formation of a solid solution. Elemental mapping, shown in Figure 5.2 (i) confirmed
the homogeneous distribution of all elements present (La, Pr, Dy, Tb, Nd, Ce and
O) at the micron scale. Spectra were collected for various particle morphologies
across sample locations to confirm that the different morphologies possess the
same chemical composition and distribution. Atomic ratios of RE cations to Ce as

measured using EDS and X-ray Fluorescence (XRF) are displayed in SI Table S5.1.
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While several atomic percent error can be encountered with these methods, the
analysis overall indicates compositions were found to closely resemble the target

stoichiometry with minor deviation.

5.5.2 Defect Chemistry

Oxygen vacancies have been shown to increase adsorption of oxygen containing
intermediates in the OER and enhance catalytic activity. [208, 209, 210] The effects
of introducing rare earth cations on the defect chemistry of the fluorite catalyst
series were evaluated as shown in Figure 5.3 using Raman spectroscopy (a, d and
g), neutron total scattering (b, e and h), and X-ray photoelectron spectroscopy
(XPS) (c, f and i).

Raman spectroscopy was used to characterize the defect modes present in the
sample series. As seen in Figure 5.3 (a), the Raman spectra of CeO, prepared by
calcination at various temperatures shows a single Raman peak at 463 cm™!. This
peak can be ascribed to the first-order mode of F2g and corresponds to the Ce—O
symmetric stretching of the CeOg vibrational unit in CeO;. [79, 228] An increase
in the calcination temperature is accompanied by a decrease in the bandwidth of
the first order mode of F2g with peak at 463 cm™. Such an observation has been
attributed to an increase in particle size in previous literature reports. [79, 228]

As shown in Figures 5.3 (d) and (g), Nd,Ce,O- and RE,Ce,0- exhibit D-band
peaks at 580 cm™' Raman shift. The D-band for Nd,Ce,0, samples calcined at
400°C and 600°C is split into D1 centered at 558 cm™* and D2 centered around
607 cm™'. The D band splitting is influenced by the concentration of Nd3* as well
as calcination temperature. An increase in the calcination temperature leads to a
blue-shift of the D-band in RE,Ce,0, and Nd;Ce,O-. This shift is more obvious in
Nd,Ce,O, indicating a higher degree of local distortion in the lattice, perhaps due

to its slightly expanded lattice. [229]

151



' = '
‘a ‘b ‘e '
'
: 463 ~a Ce0, !! ' CeO, O1s .
: | i '
: N__400c_ | 1 . 0,/0,=0.573 |
) | " B = o !
1 . [ ot = L 1
e J . " e 1
L2 ! 600°C oo i |z !
L g o 5 |
= 800°c i e :
i I i ' H o, ;
' i o i
! i 1000°C e b i
T T '
i 300 600 900 1200 1500 i ' 536 532 58 |
' d Raman Shift (cm™) I r(A) i f Binding Energy (eV) H
I e " '
1 [ . ! 1
| 238~ b-pand Nd,Ce,0;| ! 13 NdxCe207  —— NdusCersOsex | | ; ‘—Nd20e207 o1s| 1
2L0
I Taasl 1 : o Rup=12.15% | | | 0,/0,=1.01 :
1 R | L [RP= ek i N [e) !
[ | i i i ! L |
L3 M ¥ s ]
| S/ gl - 000IC i oz :
1 2 (AR I ) H} '
1 - 1 1 1 [l ! qC) 1
[t | o 1l v IBE - H
DE ﬁ:ﬁ\m_ ' iE .
h IR || . !
I 1 ! . I e '
! ; i L o —LO;,\,A/\’\,\,«\V/’\,\,\J'\,\,/N ! '
' © VU000 i o '
; : i ' 1
! 300 600 900 1200 1500 ! 2 4 6 8 10} ! 536 532 528 1
! Raman Shift (cm™) H r(A) v Binding Energy (eV) i
' g i h i E
; i . :
t [ra®5s aDBand RECe,0;| i [ ReCe0;  — RersCesosic | 1! [——RECe;0; oisiE |
1 ] 2L0 [ ! |
1 1.0 = D H = '
| :“&: ! : i Rup=819% | 11 |(0/0=4573 o, o :
i & e/ i . oslh 3 ~ A '
} &l | o s i
o> ! 1 T T [ H
R | LT oo 2 i
: i :
B M\ L[ o2 ;
1 | L] 1
N W : RN | i :
: ‘T"'/'V: s ¥ A (\W‘W\W i '
' e e B " e/ :
i 300 600 900 1200 1500 ! | 2 4 6 8 10} | 536 532 528 i
i Raman Shift (cm™) ; i r(A) [ Binding Energy (eV) '
[ | !

Figure 5.3: Raman, neutron PDF and XPS results for fluorite catalysts prepared by
calcination at 600°C where the top row represents CeO,, the middle row shows
Nd,Ce,O- and the bottom row represents RE,Ce;0,. Raman spectra (Adex = 632.8
nm) are shown in the panel on the left as (a), (d) and (g). Preliminary 2-10
A neutron PDF refinements using a two phase model comprising of Frenkel-type
defects with S.G. Fm3m and Pnn2- type Ce30s5.y for CeO,, Nd; sCe; 505, for
Nd,Ce;O- and RE; 5Ce; 505, for RE;CesO- are shown in the panel in the middle
as (b), (e) and (h). High resolution XPS O 1s core level binding energy spectra
are shown in the panel on the right in (c), (f) and (i) where the area ratios of
vacancy-related (Oy ,green) and lattice-related (Oy,, red) oxygen are computed.
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The Raman spectra of both samples show a defect-induced Raman D-band and a
second-order transverse acoustic (2TA) mode at 580 and 253 cm™! which arise from
the presence of oxygen vacancies and single or multiple RE dopant cations. [1] The
highly pronounced D-band observed in RE,Ce;0, compared to Nd,Ce,0, comes
from the defects-induced by multiple RE metal doping. Similar Raman spectra have
been reported in metal doped ceria oxides. [79, 229, 230] Furthermore, a very
small overtone peak of longitudinal optic (LO) mode at 2 LO ( 1080 cm_l) was
observed, characteristic of relaxation of multi-phonon by Raman resonance effect.
However, the LO mode is less sensitive to defects relative to the D-band.

Based on Raman Spectroscopy analysis RE;Ce;O- is found to display the highest
amount of defect concentration relative to the other fluorite compositions in the
series, as indicated by the intensities of the D-band. Additionally, RE;Ce;O- calcined
at 600°C displays the highest surface area, and trends in lattice parameter and
crystallite size with higher calcination temperature indicate that the composition
displays improved thermal stablility relative to CeO,. As RE;Ce;O- calcined at
600°C presents promise as an OER catalyst, all compositions calcined at 600°C
were investigated further to determine the role of RE cations on OER catalytic
performance.

To probe the nature of oxygen vacancies in both the average and local
structure of the fluorite series, neutron total scattering analysis (Bragg diffraction,
pair distribution function) was employed. Neutron diffraction and PDF have
previously shown great sensitivity to the nature and length scale of oxygen vacancy
correlations in catalysts [231, 60, 209], being more sensitive probes of oxygen
atoms relative to X-ray techniques. Rietveld refinements were performed on the
neutron diffraction data for the fluorite samples calcined at 600°C as shown in SI
Figure S5.2. Rietveld refinements revealed that CeO, exhibits a tetragonal average
structure with S.G. P4, /nmc. Nd;,Ce,0O- was successfully fit to a two phase structural
model comprising of a primary cubic phase with S.G. Fm3m containing oxygen

Frenkel defects and a secondary oxygen vacancy ordered Nd; 5;Ceq 505,54 (1/6th
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oxygen vacancy) phase with orthorhombic S.G. Pnn2 which has been previously
observed in CeO, nanorods.[231] RE,Ce,0O- was fit using the same two phase
model as Nd,Ce;,O, but with the stoichiometry- RE; 5sCe; 505, (Where RE = La,
Nd, Tb, Dy and Pr) in the secondary phase. Oxygen occupancy values vary across
the models in these preliminary fits and warrant further investigation, Attempts
to fit CeO, using this two phase structural model led to a worse quality of fit
as indicated by a higher R, value, despite the inclusion of additional refinable
parameters. Nonetheless, a higher concentration of oxygen defects in RE;Ce;0O
compared to Nd,Ce,O- is corroborated by Raman spectroscopy analysis, which
reveals a stronger intensity of the defect-induced Raman D-band in RE,Ce,0. It is
worth nothing that the actual oxygen defect patterns in Nd,Ce,0, and RE;Ce;O-
are likely to be a complex combination of multiple oxygen defect structures known
to form in CeO, based oxides. [231, 111]

Additionally, the presence of oxygen vacancies in the local structure of the
samples was investigated by applying the average structure models from neutron
diffraction to refinements of the neutron pair distribution functions (PDF) from
1.5-10 A. Various single and two phase structural models were explored during
refinements, including the Frenkel type defect structure and C-type bixbyite
structure. PDF analysis of CeO,, Nd,Ce;,0O, and RE,Ce,0, are shown in Figure
5.3 (b), (e) and (h) respectively. CeO, was successfully refined based on a two-
phase structural model, consisting of a primary phase with S.G. P4, /nmc containing
oxygen Frenkel defects and a secondary oxygen vacancy ordered Ce3Os,, (1/6th
oxygen vacancy) phase with orthorhombic S.G. Pnn2. Although the inclusion of
the Ce305,  phase does not enhance the overall fit quality of the average structure
of CeO, in neutron diffraction refinements, it notably improves the fit quality of
the local structure as evidenced by the decrease in Ryp from 14.4% to 8%. This
finding suggests the existence of a limited coherence length for the partially reduced

Ce30s5, phase within CeO,. The correlation length scale of oxygen vacancies
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has been shown to strongly influence the redox properties and resulting catalytic
performance of ceria-based mixed oxides [60] and OER catalysts in general[209].

Nd,Ce,O, and RE;Ce;O, were refined using the same two-phase structural
model applied to neutron diffraction refinements, with a primary S.G. Fm3m
phase containing oxygen Frenkel defects and secondary Nd/RE; 5Ce; 5054 phase
with S.G. Pnn2. Consistent with neutron diffraction refinements, preliminary PDF
analysis indicates the presence of a larger concentration of oxygen Frenkel defects
in the local structure of RE,Ce,O- in comparison with Nd,Ce,O-. Interestingly, a
more prominent peak shoulder around 3 A was observed in Nd,Ce,O- in contrast
to RE;Ce;0O-, which could potentially be attributed to the O-O pair from the
partially reduced Nd/RE; 5Ce; 505, phase.[231] This finding suggests that the
RE; 5Ce; 505, 4 phase in RE;Ce,0, is more reduced and contains more oxygen
vacancies compared to the Nd; 5Ce; 505, 4 phase in Nd,Ce,O-.

XPS was used to further examine the variation in oxygen defect chemistry
of these samples and determine the valence states of the elemental constituents
present on the surface of the fluorite catalysts. The wide scan survey spectra of all
the samples in the series confirmed the coexistence of their respective constituent
elements on their surfaces (SI Figure S5.3). The high- resolution La 3d spectrum of
RE,;Ce,0, shown in SI Figure S5.4 (a), exhibits regular doublet splitting which is
further deconvoluted into four peaks (two peaks per doublet). The peaks at 834.5
eV and 851.4 eV, correspond to spin orbital 3ds/, and 3d3/, respectively, while the
peaks at 838.3 eV and 855.6 eV, are satellite peaks ascribed to 3ds), and 3ds,
respectively. [169] These peaks correspond to La-O, as supported by previous
reports.[232]

The high- resolution Ce 3d spectra of RE;Ce;0O-, Nd,Ce,O- and CeO, are highly
comparable (SI Figures S5.4 (b), S5.5 (a) and S5.6 (a) respectively) and all exhibit
multiplet splitting, comprising six identical peaks at 882.1 eV, 888.4 eV and 897.9
eV for 3ds, and 990.5 eV, 906.8 eV and 916.3 eV for 3,3 /2. These peaks confirm the

presence of Ce(III) and Ce(IV) oxidation states in all the fluorite samples. [233, 234,
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2] The high-resolution Pr 3d spectrum of RE;Ce,0O- (SI Figure S5.4 (c)) shows two
doublets corresponding to 3ds/, and 3d3/, at 932.8 €V and 953.4 eV with satellites
at 928.4 eV and 984.2 eV respectively, indicating the presence Pr(IIl), in agreement
with the preferential trivalent state of most RE-ions. [175] The observed satellites
at a slightly lower binding energy are ascribed to the well-probed 4f3 final state.
[171, 172] The presence of Nd was confirmed in both RE;Ce,O, and Nd,Ce,O-
from the high resolution Nd 3d spectra (SI Figures S5.4 (d), S5.6 (b)). The spectra
show two doublets at 977.8 eV and 982.3 eV corresponding to a satellite and Nd(VI)
of 3ds/,, and satellites at 1000.1 and 1004.7 eV corresponding to Nd(III) of 3ds,
[173, 174]. The 4d spectra of RE;Ce;0- and Nd,Ce,O- shown in SI Figures S5.4 (e)
and S5.6 (c) display peaks at 121.1 eV and 124.3 eV corresponding to a satellite and
4d. [175] The presence of Tb in the high-resolution Tb 3d spectrum of RE;Ce;O-
(SI Figure S5.4 (f)) was confirmed by the presence of two characteristic doublet
peaks for 3d5/2 and 3d3/2 and their corresponding satellites at 1241.0 eV, 1276.0
eV, 1251.4 eV and 1287.0 eV respectively. These characteristic peaks indicate the
presence of Tb(IV) in agreement with literature reports. [176, 235] Dy 3d spectrum
of the RE,Ce,0- (SI Figure S5.4 (g)) shows doublet peaks due to the spin—orbit
splitting at 1296.4 eV, and 1334.4 eV corresponding to Dy(Ill) of 3d3/, and 3ds,
respectively. [178, 236] The satellite peak at 1303.9 €V is assigned to Dy(IV) 3ds,
components, indicating the presence of mixed Dy ion states on the surface. [236]
As seen in Figure 5.3 (c), (f) and (i), the high-resolution O 1s XPS spectra for
all fluorite samples were deconvoluted into two main peak components: oxygen
vacancies (Oy), and lattice oxygen (Or). The peak at 530.9 eV corresponds to a
loosely absorbed oxygen species (correlated to oxygen vacancies). The O binding
peak at 528.8 eV for each sample was associated with typical metal-oxygen bonding
of lattice oxygen, [181] while Oy peak at 531.5 eV was attributed to the presence of
surface chemisorbed oxygen associated with defects (oxygen vacancies). [181, 182]
The area ratio of Oy/0O;, has been employed as a metric for estimating the proportion

of surface oxygen vacancies, with higher ratios suggesting larger amounts of surface
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oxygen vacancies. [237] The larger concentration of surface oxygen vacancies in
RE,Ce,0- facilitates the pre-oxidation of RE sites, increases hydroxyl adsorption
and promotes the reconstruction of the defective surface with applied potential,

[169, 183] consequently improving OER performance.

5.5.3 Catalytic Performance for the Oxygen-Evolution Reaction

The electrocatalytic behavior of the fluorite samples for the OER was studied
using a three-electrode system, in a 1 M KOH alkaline solution. Fluorite samples
synthesized at different calcination temperatures were tested to determine their
catalytic activity towards OER. Among all compositions, samples calcined at 600°C
showed optimal catalytic activity and hence these samples were pursued for further
study. Polarization plots obtained from linear sweep voltammetry (LSV) of CeO,,
Nd,Ce,O-, and RE,Ce;0O- synthesized at 600°C, measured using a scan rate of 10
mV s}, are shown in Figure 5.4 (a).

RE,Ce,0, demonstrated an exceptionally low overpotential of 210 mV attained
at a current density of 10 mV s and exhibited higher catalytic activity than the
Nd,Ce;0O- and CeO, samples, which showed overpotentials of 243 mV, and 347 mV
respectively (Figure 5.4 (b)). The intrinsic OER activity of these catalysts can be
ranked as follows ranging from highest to lowest activity: RE,Ce;O; > Nd;Ce,O5
> Ce0O,. Consequently, RE,Ce,0- is determined to be the best electrocatalyst in
this series as it displays the highest intrinsic catalytic activity. As mentioned in
Chapter 4, it is important to note that the overpotential observed for the CeO,
(347 mV) sample synthesized using EISA in this study, outperforms pristine CeO,
OER electrocatalysts previously reported in literature [1, 3, 4] (relative comparison
shown in SI Figure S5.7). This suggests that EISA is a promising synthesis route for

producing highly active OER catalysts relative to other synthesis approaches.
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Figure 5.4: Electrocatalytic performance of CeO, (purple), Nd;Ce;O- (blue) and
RE,Ce,07 (purple) calcined at 600°C: (a) LSVs measured in N, saturated 1 M KOH
at a scan rate of 10 mV s}, (b) overpotential at a current density of 10 mA cm™2,
() cyclic voltammograms measured in N, saturated 1 M KOH at a scan rate of 10
mV s'l, (d) Tafel plots and (e) overpotential benchmark at 10 mA cm™2 for recent
reports on CeO, —based catalysts compared to RE,Ce,0. [1, 2, 3,4, 5, 6, 7, 8, 9]
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Cyclic voltammetry (CV) of all samples exhibit pre-oxidation peaks indicating
oxidation of the active metal sites (Figure S7). RE,Ce;0-, Nd;Ce,O, and CeO,
show pre-oxidation peaks at 1.433, 1.349 and 1.381 V vs RHE at 10 mV/s scan rate
respectively arising from Ce(III)/Ce(IV) contributions. The pre-oxidation peaks are
more pronounced with variations in scan rate. The shift in the oxidation peak
potential of RE,Ce,O-, and Nd,Ce,O-, relative to CeO,, indicates the electronic
perturbation effect resulting from the addition of a single/ multiple RE cation(s).
The Tafel plots generated from LSV curves, were employed to evaluate the OER
kinetics of the electrocatalysts. As displayed in Figure 5.4 (d), RE,Ce,0- achieved
the smallest Tafel slope of 43.1 mV dec™!, demonstrating that it has the fastest
electrocatalytic kinetics for OER. Tafel slopes for Nd,Ce,0, and CeO, were observed
to be 49.9 mV dec™ and 86.7 mV dec! respectively. Thus, the electrokinetic
activity of the catalysts based on the Tafel slope, follows the order RE;,Ce;0O- (43.1
mV dec_l) > Nd,Ce;0; (49.9 mV dec‘l) > CeO, (86.7 mV dec‘l). The OER
performance of RE,Ce;0, and Nd,Ce,O- reported herein outperform previously
reported CeO;-based electrocatalysts, some of which are summarized as shown in
Figure 5.4(e), demonstrating that RE incorporation can enhance the performance
of fluorite OER electrocatalysts. [1, 2, 3, 4, 5, 6, 7, 8, 9] The computed mass
activities and turn over frequency (TOF) (at n = 310 mV) are additional parameters
employed to probe catalytic OER performance (Figure 5.5 (a), 5.5 (b)).

The RE,Ce,0, catalyst demonstrates the best OER activity as it exhibits the
highest mass activity and TOF of 47.1 A g™! and 0.0841 s™! respectively. The
second-best performance was displayed by Nd,Ce,O- with a mass activity of 23.3
A g1 and TOF of 0.0841 s}, while CeO, showed the weakest performance in this
sample series towards OER. The superior intrinsic catalytic activity of RE;Ce;O-
relative to the other fluorite catalysts may be explained by the increased number
of catalytically active sites, the increase in electronic structure perturbation and
oxygen vacancy formation resulting from incorporation of multiple RE cations.

[192] To further elucidate the observed enhancement in OER performance resulting
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from RE incorporation in fluorite catalysts, the electrochemically active surface
areas (ECSAs) of the catalysts was determined from specific electrochemical double-
layer capacitance (Cdl) by carrying out CV within a region of non-Faradaic current
at varying scan rates (2.5-50 mV s_l) shown in (SI Figures S5.9-5.11).

The ECSA and roughness factor were computed (SI Equations S4.7, S4.8 from
Chapter 4) as shown in Figure 5.5 (c). RE;Ce,O- exhibited the largest ECSA,
likely due to its highly nanocrystalline nature as evidenced by XRD and SEM
analysis. CeO, presented the lowest ECSA due to its more crystalline morphology.
The largest ECSA and highest activity of the RE,Ce;,O-, sample relative to the
other fluorite samples emphasizes the role of morphology on OER activity. This
large ECSA translates to a larger number of exposed electrochemically active sites,
facilitating electrolyte infiltration and surface interaction with the electrocatalyst,
[231] consequently, leading to exceptional activity toward OER with no hinderance
of mass transfer in the electrolyte. [194]

Electrochemical impedance spectroscopy (EIS) analysis reveals the influence
of electrical resistivity on OER activity. The EIS spectra of the samples show
semicircular curves, indicating electron transfer coupled with the double-layer
charging process. The generated Nyquist plots evaluated at 0.55 V vs RHE are
shown in Figure 5.5 (d). The equivalent circuit, shown in the inset, was comprised
of the electrolyte resistance (R), charge transfer resistance (R.), and constant
phase element (CPE) (Table S9). All samples displayed a decrease in conductivity
due to reduced interfacial contact from the use of polymer binders to adhere the
catalysts to the substrate. However, RE;Ce;0O- was found to have the least charge-
transfer resistance (R.;) of 3.02 Q at a potential of 1.55 V (vs RHE), while Nd,Ce,O-
and CeO, showed a resistance of 7.95 Q and 18.10 Q respectively. Thus RE;Ce;O-
demonstrates the fastest charge transfer electrokinetics between the electrocatalyst

surface and electrolyte solution in the OER.
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The multistep stability performance of the best catalyst, RE,Ce;,0O-, was mea-
sured at different currents (5-30 mA) (Figure 5.5(e)), and can be compared to that
of Nd,Ce,O-, and Dy,Ce,O- presented in Chapter 4. Additionally, the long-term
durability of all the catalysts was measured at a constant potential, maintained
for 16 h (Figure 5.5(f), SI Figure S5.12 ). The results indicate the robustness of
RE,Ce,0- both for long term stability and at varying currents at multiple stages,
with no rapid degradation of the catalyst. In addition, Nd,Ce,O, and CeO, show
decent stability with no clear degradation, suggesting their robustness for the OER.
Achieving a higher valence state is an essential step to initiating the formation of
active M—OOH* species for OER. [238] Surface oxygen vacancies are known to
accommodate hydroxyls, consequently enhancing pre-oxidation of low oxidation
species, and enabling deprotonation/reconstruction of intermediate species. [158]
As exposed RE sites exhibit improved electrophilicity, hydroxyl adsorption onto
Ce active sites can be facilitated by oxygen vacancies (Vp) to generate adsorbed
M~—-OH?* intermediate species and thereafter instigate the deprotonation step at a
minimal potential to generate active oxygen species (RE—OOH*) on the catalyst
surface, which justifies the observed enhancement in OER activity.

To examine the behavior of catalysts pre-oxidation during OER, CV was
employed. During OER, the pre-oxidation peak of the catalyst as demonstrated
by the CV plots becomes more pronounced at higher scan rates (SI Figure S5.8).
Nd,Ce,O; and CeO, exhibit one oxidation and one reduction peak at all scan
rates. With varying scan rate from 2.5-100 mV/s, both Nd,Ce,O, and CeO,,
show a shift in oxidation peak to a higher potential and a shift in reduction
peak to a lower potential. This suggests that the redox processes in Nd;Ce,O-
are similar to those in CeO,. However, RE;Ce;O- exhibits two distinct reduction
peaks and one oxidation peak shoulder, suggesting a unique redox process for the
CCO catalyst. The difference in redox behavior of RE,Ce,0, can be attributed
to the pre-oxidation of Ce and other RE metal ions present in this composition.

Ce ions may be the main active site while other ions play a supporting role in

162



modulating its electronic/structural configuration, thereby significantly boosting its
electrocatalytic performance towards OER. The electrochemical OER parameters
of CeO,, Nd,Ce;O; and RE,Ce,O- electrocatalysts are compared in Table 5.1.
RE,Ce;,0, shows the lowest overpotential and Tafel slope, indicating the best
activity. Furthermore, the obtained TOF, mass activity and ECSA for RE,Ce;O-
were highest among the fluorite sample series, further corroborating its exceptional
performance. Higher ECSA value generally indicates larger electrochemically active
surface area which improves electrolyte/active sites interaction, leading to better
catalytic performance for OER. Large ECSA value results in high surface roughness
(RF), which is another parameter examined, that affects catalytic activity.

It is our understanding that the exceptional catalytic performance of our novel
RE,;Ce,0, catalyst can primarily be attributed to improvements in charge and
mass transfer. The abundant oxygen vacancy defects in RE,Ce,O-, enhances
the OER electrokinetics, while the incorporation of RE elements into the CeO,
lattice provides suitable electronic structure. Furthermore, the mesoporous and
nanostructured nature of the RE,Ce;O- sample substantially minimizes the bub-
bles/electrode contact region, which facilitates the bubble release and reactant
transfer. In addition, the lattice expansion and local atomic disorder resulting from
RE incorporation increases the number of active sites as well as electron transport
conductivity from the surface of the catalyst.

The chronoamperometric stability of CeO,, Nd,Ce,0- and RE;Ce,0- for 16h (SI
Figure S5.12, Figure 5.5 (f)) indicate robust catalytic stability with no significant
deterioration under uninterrupted OER conditions at constant potentials of 1.46,
1.52 and 1.65 V respectively. The OER polarization plot of RE,Ce,0- before and
after the stability study shows no observable changes as displayed by the inset in
Figure 5.5 (f), demonstrating the excellent mass transfer property and mechanical
ruggedness of the RE,Ce,O- electrode in an alkaline environment. Following
stability measurements, analysis of the catalyst surface using Raman revealed no

new phase formation on the catalyst surface as seen in SI Figure S5.13.

163



Table 5.1: Catalytic performance of fluorite catalysts.

C602 Nd2C6207 RE2C6207
Onset potential (V) 1.52 1.41 1.38
Overpotential @ 10 mA cm™2 (mV) 347 243 210
Ce’* — Ce*t oxidation peak potential (V) | 1.38 1.35 1.43
TOF (s~ 1) 0.0015 | 0.0191 0.0841
Mass Activity (Ag—1) 3.43 23.26 47.09
Tafel slope (mV decem™) 86.7 47.9 43.1
ECSA (cm?) 96 120 388
RF 340 425 1372
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Furthermore, XPS analysis of all samples after carrying out stability measure-
ments are shown in SI Figures S5.14-S5.16. XPS results show no significant changes
in surface electronic states of the elemental compositions of the catalysts before
and after stability measurement for all samples indicating that the integrity of
the catalysts is retained. In addition, the Ols spectrum of RE,Ce,0O- (SI Figure
S5.14 (h)) shows the presence of both chemically and physically adsorbed OH after
activity, demonstrating the quick adsorption of OH on the surface, consistent with
its characteristic large surface area and high concentration of oxygen vacancies and

active sites.

5.6 Conclusion

In this work, EISA derived CeO,, Nd;,Ce,0-, and CCO RE,Ce,0- high surface area
nanocatalysts are studied to understand the impact of calcination temperature and
extent of compositional complexity on OER electrocatalytic activity and stability.
Among the various calcination temperatures investigated, fluorite compositions
calcined at 600°C were found to exhibit the optimal catalytic activity for the OER.
CCO RE,Ce50 synthesized at 600°C outperforms some of the best OER catalysts
including RuO,, IrO; and NiO,. [239] Additionally, chronoamperometry stability
measurements in an alkaline environment reveal that RE;Ce,0- displays long term
stability with no evidence of degradation.

A combination of long range and short range structural probes reveals the
inclusion of mainly RE®>" cations in the fluorite lattice results in the formation of
Frenkel defects and a partially reduced defect phase with local and long-range
oxygen vacancy ordering (RE;sCe;s50s5,4) to maintain charge balance. While
inclusion of Nd (a single RE3* cation) was found to induce these effects and
improve OER activity, the compositionally complex RE;Ce,O- catalyst displayed
the highest extent of vacancy ordering and best OER activity. The superior intrinsic
catalytic activity of RE,Ce,0~ relative to the other fluorite catalysts in this series

(reported in Chapter 4 and studied in more detail for the case of Nd in this Chapter),
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may be attributed to an increase in: (i) number of catalytically active sites, (ii)
electronic structure perturbation and (iii) concentration of oxygen Frenkel defects
and partially reduced RE; 5Ce; 505, defect phase resulting from the incorporation
of multiple RE cations. The larger concentration of surface oxygen vacancies in
RE,Ce,0, facilitates the pre-oxidation of RE sites, increases hydroxyl adsorption
and promotes the reconstruction of the defective surface with applied potential.
In addition to an improvement in intrinsic catalytic activity, the large surface area
resulting from the nanoarchitecture of the RE,Ce,0O, catalyst plays a key role in
improving OER activity by increasing the number of exposed electrochemically
active sites, facilitating electrolyte infiltration and surface interaction with the
electrocatalyst. Overall, this work demonstrates that a CCO configuration expands

abilities to tailor fluorite nanocatalysts.
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Appendix

Supplemental Information (SI)
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Figure S5.1: Rietveld refinement of powder XRD data of Nd,Ce,0-, calcined at
1000°C, using a cubic C-type (bixbyite) structure with space group Ia3.
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Figure S5.2: Rietveld refinements of neutron diffraction data of RE;Ce;O-,
Nd,;Ce;O- and CeO, (from top to bottom) calcined at 600°C. CeO, was fit using
a tetragonal structure model with S.G. P4,/nmc. RE,;Ce,0, and Nd;Ce,O, were
fit using a two phase structure model comprising of a primary cubic phase with
S.G. Fm3m and a secondary oxygen vacancy ordered phase with orthorhombic S.G.
Pnn2. The secondary phase has a stoichiometry of RE; sCe; 505, in the case of
RE2C6207 and Nd1_5Ce1_505+X for Nd2C6207.
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Table S5.1: Chemical composition results from Energy Dispersive X-ray
Spectroscopy (EDS) elemental mapping and X-ray Fluorescence (XRF) of RE,Ce,0
prepared by calcination at 600°C for 4 hours.

RE2CG2O7
Element | Wt% EDS | Wt% XRF | Target Wt%
Ce 48.96 48.17 48.45
La 10.12 8.66 9.61
Pr 10.08 7.16 9.74
Nd 10.27 10.35 9.97
Dy 10.22 12.27 11.24
Tb 10.34 13.4 10.99
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RE;Ce;0,. The C 1s spectra were deconvoluted with the peak at 284.9 eV
corresponding to a Sp>-C bond, and the peak at 288.8 eV corresponding to a C-
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corresponding to C=0 bond of carbonyl groups. [10, 11, 12]
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Catalyst/electrode Onset Overpotential Tafel slope Electrolyte | Substrate Ref.
overpotential (mV), 1 (vs. (mV dec)
(V) 5. RHE)
RHE) at 10 mAcm=
290 347 86.7 | M KOH CC This
CeOn work
180 243 47.9 | M KOH CC This
NdCeO; work
150 210 43.1 | M KOH CC This
RE:Cex07 work
CeOn 370 520 233 | M KOH CC (2201
CeOn 300 420 124.7 0.1 MKOH | GCE bl
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Figure S5.7: Comparison of the catalytic performances between different Ceria-
based catalysts.
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Table S5.2: Parameters of equivalent circuit obtained from fitting of EIS
experimental data.

Parameters CeO, Nd,;Ce>0O7 | RE;CeyOr
R (ohm) | 7.83 3.54 0.97
Rs (ohm) 18.10 7.95 3.02
Cl/F 4.174x107% | 5.82x2 [ 3.11x 107!
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Figure S5.10: (a) Cyclic voltammograms in non-Faradaic region measured at
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Chapter 6

Summary and Outlook

In this work, the fundamental role of structural defects and disorder on the
properties of select metal oxide nanocatalysts was investigated for emissions control
and energy conversion electrochemical catalytic applications. Findings from this
series of studies unravel the intricate interplay between these factors, and provide
valuable insights that can inform and direct future materials design strategies aimed

at enhancing the efficiency and durability of metal oxide nanocatalysts.

6.1 Role of Noble Metals on Defect Formation in

Ce0O,-Based Oxides for Heterogeneous Catalysis

In Chapters 2 and 3, we evaluated the hypothesis that studying the structural
evolution of metal oxide nanocatalysts impregnated with noble metals in-situ is
crucial to elucidating the nature of defects and disorder and their role on the
catalytic properties under real operating conditions.

In Chapter 2, an in situ investigation of CeO, and Pt-CeO, nanorods under
oxidizing and reducing gas environments revealed that both samples share a similar
bulk fluorite structure with the presence of surface Frenkel-type oxygen defects.
Thus the enhanced reducibility resulting from Pt decoration of CeO,, measured

in this study as a larger concentration of Ce3*, is ascribed to improved kinetics
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of the oxygen and oxygen vacancy transport pathway between the surface and
bulk. Importantly, while earlier ex-situ investigations suggest the presence of
oxygen vacancy ordered surface reconstruction in CeO, nanorods, this work finds
no evidence for the presence of an oxygen vacancy ordered phase under oxidizing
and reducing environments. The discrepancy in ex-situ and in-situ structural
observations of the oxygen vacancy defect structure from this study emphasizes
the need for robust in-situ investigations of catalysts to confirm the mechanistic
underpinnings of catalysts under operating conditions and to design industrially
relevant materials.

In Chapter 3, the effect of Pd on the average and local structure of CeZrO,4 under
oxidation, methane oxidation reaction and methane reduction reaction conditions
was determined through an in situ neutron total scattering study. Analysis of the
neutron diffraction data revealed that while CeZrO, maintains a fully occupied
oxygen sub-lattice under all measured gas environments, Pd-CeZrO, exhibits an
increased concentration of oxygen vacancies under methane oxidation reaction and
reduction. Additionally, the formation of oxygen vacancies in Pd-CeZrO,4, when
switching from methane reaction to reduction, is accompanied by a phase transition
of Pd-CeZrO4 from a tetragonal to a cubic average structure. These intriguing
observations provide new insights into the improved reducibility and superior
oxidation catalytic performance of Pd-CeZrO,4. Furthermore, in-situ neutron pair
distribution function (PDF) analysis demonstrates that the generation of oxygen
vacancies in Pd-CeZrO,4, when transitioning from methane oxidation to reduction,
is associated with the evolution of distinct local cation environments for Ce and Zr,
which influences oxygen mobility and thus overall catalytic performance. Overall,
the presence of Pt and Pd in these two systems is found to have a profound impact

on the evolution of the underlying structural supports.
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6.2 In situ Neutron Total Scattering of Catalysts un-

der Real Operating Conditions

In Chapters 2 and 3, in situ neutron total scattering is used as the primary char-
acterization technique to develop a fundamental understanding of the structural
evolution of metal oxide nanocatalysts under working conditions. Neutrons exhibit
higher sensitivity to light elements present in heterogeneous catalytic reactions,
relative to x-ray or electron probes, and thus offer valuable insights into the
evolution of oxygen defects and the nature of active sites being formed during a
catalytic reaction. These studies highlight that neutron total scattering provides
valuable insights into the nature, extent, and evolution of oxygen vacancies,
oxygen displacements, and local cation ordering within catalyst supports, which
may be challenging to resolve using other structural characterization techniques.
Additionally, the work in Chapter 3 commissioned a low background furnace and
an improved gas flow cell for in-situ neutron total scattering studies, improving
opportunities for studying real catalysts in industrially relevant environments.
Nonetheless, it is important to note that neutron total scattering is a bulk
characterization technique, and surface interactions play a critical role in catalysis,
directly influencing reaction efficiency and selectivity. The catalytic surface provides
active sites where reactant molecules adsorb, undergo chemical transformations,
and subsequently desorb as products. Neutron PDFs were not found sensitive to
detection of adsorbed reactant molecules during reactions, presumably due to the
limited surface-to-volume ratios of the samples in these studies. Understanding and
controlling surface interactions are crucial for optimizing catalytic performance.
To supplement neutron total scattering studies, it is essential to employ surface-
sensitive techniques like X-ray Photoelectron Spectroscopy and/or X-ray Absorption

Spectroscopy. These techniques provide a holistic understanding of the catalytic
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system by offering insights into the surface properties and the contribution of noble
metals that may be present in low percentages on catalytic supports.

Additionally, in some cases, catalytic reactions involve rapid dynamics occurring
within microseconds to milliseconds. Surface absorbed species are often transient
and may be highly disordered. Neutron total scattering measurements may require
longer measurement times to achieve a satisfactory signal-to-noise ratio, making
it challenging to capture the dynamics of such fast reactions. In such instances,
complementary techniques such as inelastic neutron scattering and/or Fourier
Transform Infrared (FTIR) spectroscopy can be employed to investigate the reaction

mechanism and identify intermediates in conjunction with neutron total scattering.

6.3 Leveraging Compositional Complexity To Enhance
Activity and Stability of Electrocatalysts for the

Oxygen Evolution Reaction

In Chapters 4 and 5, we evaluate the hypothesis that compositional complexity can
be leveraged as a materials design strategy to enhance catalytic activity and stability
for the electrochemical OER, unrealized via more traditional materials approaches.

In Chapter 4, we demonstrate EISA as a promising, inexpensive and scalable
route to synthesize OER catalysts with high surface area and mesoporosity,
belonging to the cerate fluorite class of materials. We demonstrate that partial

E37, cation results in an electronic

substitution of Ce** with a single, mainly R
structure perturbation and introduces oxygen vacancies into the lattice to maintain
charge balance. Consequently, binary fluorite compositions are found to display
lower OH* adsorption energy than pristine CeO,, resulting in a lower overpotential
and enhanced activity for the OER. Variation in OER activity among the various
binary fluorite compositions investigated can be attributed to a difference in the

electronic structure, concentrations of oxygen vacancies, morphology and surface

area. Important considerations when selecting RE cations for substitution in the
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fluorite lattice include the single/multivalent nature of the RE (affects oxygen
vacancy concentration) and the decomposition temperature of the RE nitrate
precursor which may influence oxide formation and morphology during sample
calcination. Importantly, we demonstrate that rare-earth oxide OER catalysts with
high activity and stability in an alkaline media, can be achieved using the EISA
synthesis route, without the incorporation of transition or noble metals.

While Chapter 4 shows that RE substitution in the fluorite lattice of CeO,
can lead to increased oxygen vacancy formation, significantly influencing OER
activity, the nature of oxygen vacancies are not specifically investigated. In
Chapter 5, the role of RE cation incorporation and the degree of compositional
complexity (number of participating RE cations) in a fluorite lattice, studied by
Raman spectroscopy and neutron total scattering, is found to have a significant
influence on the type, concentration and length scale of oxygen vacancies and the
observed OER activity. RE cation substitution was found to result in an increased
concentration and longer correlation length scale of a partially reduced oxygen
vacancy ordered RE; sCe; 505, phase relative to the limited coherence length
of the vacancy ordered Ce3Os., phase in CeO,. The correlation length scale of
oxygen vacancies has been shown to strongly influence the redox properties and
resulting catalytic performance of ceria-based mixed oxides and OER catalysts
in general. Additionally, tuning the degree of compositional complexity was
determined to enhance OER activity as the fluorite composition containing 5 mainly
RE3" cations (RE,Ce,0,) displayed higher OFR activity than the composition
containing a single RE3* cation (Nd,Ce,O,). The superior intrinsic catalytic
activity of RE,Ce,O- relative to Nd,Ce,0, and CeO,, may be attributed to an
increase in: (i) number of catalytically active sites, (ii) electronic structure
perturbation and (iii) concentration of oxygen Frenkel defects and partially reduced
RE; 5Ce; 505, defect phase. The larger concentration of surface oxygen vacancies
in RE,Ce,0- facilitates the pre-oxidation of RE sites, increases hydroxyl adsorption

and promotes the reconstruction of the defective surface with applied potential.
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In addition to an improvement in intrinsic catalytic activity, the large surface area
resulting from the nanoarchitecture of the RE,Ce,0- catalyst plays a key role in
improving OER activity by increasing the number of exposed electrochemically
active sites, facilitating electrolyte infiltration and surface interaction with the
electrocatalyst. Thus, this work suggests that tuning compositional complexity
may offer promising improvements in OER catalytic activity. The determination of
whether this enhancement is due to the presence of increased numbers of the types
of catalytically active sites (cocktail effects), the increased configurational entropy
arising from the high number of involved cations (improving the stability of oxygen
defects, limiting cation diffusion, etc.) or a combination of factors deserves further
investigation.

Overall, this research offers key insights into the underlying structural and
morphological factors that govern the performance of metal oxide nanocatalysts in
both emissions control catalysis and electrocatalysis. The results of in-situ studies
highlight the significance of studying catalysts under working conditions and the
value and considerations associated with utilizing neutron total scattering as a
technique for studying the structure of metal oxide supports. Furthermore, we
highlight a number of intriguing results that emerge from harnessing compositional
complexity as a materials design tool, warranting further exploration and serving as
a resource for researchers engaged in catalytic studies. Ultimately, the findings de-
rived from these investigations serve as a guide for the development of metal oxide

nanocatalysts with enhanced efficacy and stability for various energy applications.
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