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Abstract

The oxygen reduction reaction (ORR) plays a pivotal role in fuel cell technology
and the generation of clean oxidizing agents. This reaction can proceed via two
distinct pathways. The complete ORR pathway involves reducing oxygen to water
through a four-electron transfer process. Alternatively, a two-electron transfer path-
way leads to the partial reduction of oxygen, yielding hydrogen peroxide (HyO3) as
the product. The perovskite CaSnO3 has demonstrated stability and selectivity in
electrochemically oxidizing HoO to HyOs. In a similar vein, other perovskite oxides
have demonstrated good selectivity in the complete ORR. Their catalytic perfor-
mance can be analyzed through microkinetic analysis and the application of scaling
relations. In this study, we explore a series of perovskites based on LaMOj3, where
"M’ denotes a combination of Cr, Co, and Ni. Changes in the type and concentra-
tion of doping lead to contraction in the perovskite lattice, along with alterations in
B-O-B bond length and angle. These structural changes contribute to differences in
their catalytic performance towards the ORR. The inclusion of Co in the catalyst
tends to favor the four-electron ORR pathway, while the addition of Ni shows a

predilection for the two-electron pathway.
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Chapter 1

Introduction

The oxygen reduction reaction (ORR) is a critical component in the development of
clean energy technologies, with one of the most important applications being in fuel
cell electric vehicles (FCEVs).1? FCEVs represent a significant shift from traditional
fossil fuel-based vehicles or those powered by battery-stored electrical energy, as they
are fueled by hydrogen and emit only water and heat as byproducts. The efficiency
of FCEVs is primarily attributed to the electrochemical reactions they utilize: the
anodic hydrogen oxidation reaction (HOR) and the cathodic oxygen reduction reac-
tion (Figure 1.1).3* Despite rapid advancements in FCEV technology, challenges
remain, particularly concerning the performance of fuel cell catalysts. Recent stud-
ies have significantly enhanced the catalytic performance of the HOR, making the
exchange current of HOR reaction to be orders of magnitude higher than that of
the ORR half-reaction.® The catalyst for the ORR has become a critical bottleneck

in further improving fuel cell efficiency.
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Figure 1.1: A schematic illustration of one type of electrolyte membrane fuel cell.

Conventional catalysts, predominantly those incorporating platinum-group met-
als (PGMs), are recognized for their superior efficiency in ORR. However, the high
costs associated with PGMs present a significant limitation.® Consequently, there
is an escalating interest in investigating alternative catalysts, especially traditional
metal oxides that exclude platinum.”® These alternatives are not only more cost-
effective but also potentially offer enhanced durability compared to metal and metal
alloy catalysts. Consequently, there is an increasing demand for research that merges
theoretical and experimental methodologies with the aim of designing and elucidat-

ing the behavior of innovative metal oxide catalysts.

Hydrogen peroxide (HyO,) plays a pivotal role as an intermediate product in
ORR and is extensively utilized as a clean oxidizing agent in both laboratory and in-
dustrial contexts.® 12 Despite its various applications, the current production capac-
ity of HyO, is inadequate to meet the escalating global demand.®!* In industrial set-
tings, HyOy is produced through the anthraquinone reduction/oxidation process.'®
An alternative approach involves the on-site direct synthesis of HoO5 from hydrogen
(Hz) and oxygen (O,).'® However, these approaches have limitations including low
production efficiency, elevated costs, and notable safety hazards, which impede their
scalability and widespread application. Electrochemical synthesis offers a more eco-

nomical and environmentally friendly option for producing HyO5 from Os. Recent



advancements, as depicted in Figure 1.2, demonstrate significant progress in en-
hancing the generation rate of HyO, through modification of element combination

in metal oxide catalysts.!”
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Figure 1.2: Previous research on two-electron water oxidation reaction for HyO,
production. Reproduced from [17] with permission.

The potential of metal oxides as catalysts in the sequential steps of ORR has
garnered considerable interest in the field of electrochemistry and energy conversion.
Within these reactions, metal oxides play a versatile role by facilitating multiple
steps, including the reduction of oxygen to water (a four-electron process), or to
hydrogen peroxide (a two-electron process). Owing to these divergent pathways,
the selectivity of metal oxide catalysts emerges as a crucial factor. Consequently,
a deeper understanding and improvement of the selectivity of these catalysts are

required for optimizing their effectiveness in the corresponding reactions.

1.1 Oxygen reduction reaction

In the oxygen reduction reaction, molecular oxygen undergoes a reduction process,

leading to the formation of either water or hydrogen peroxide with the loss of elec-



trons. The overall reactions can be represented as follows

four-electron step:

Oy + Hy0 + 4¢” — 4OH (E° = 1.23V) (1.1)

two-electron step:

02 + 2H20 + 2e — HQOQ + QOH_(EO = 070V) (12)

Although the ORR reaction has been intensively studied, researchers haven’t
established a full understanding of the four electrons transfer mechanism. There
are several proposed mechanism about the ORR reaction in alkaline media based
on the different orientation of oxygen adsorption, like end-on adsorption, side-on
adsorption, and bidentate adsorption mechanisms.!®! In here the end-on adsorption
hypothesis was used as an example, which assumes that oxygen adsorbs strongly on a
single B site of a perovskite oxide material to form a covalent bond (Figure 1.3a).%
The reaction begins with the adsorption of oxygen molecules onto the catalyst’s
surface, leading to the formation of intermediate oxygen species. Subsequently,
electron transfer occurs between these oxygen species and the active sites, which

results in the cleavage of the O-O bond. Finally, the reaction products desorption

happens from the catalyst surface, completing the process.
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Figure 1.3: Oxygen reduction reaction mechanism. (a)Proposed ORR

mechanism on perovskite oxide catalysts. Reproduced from [20] with permission
(b)Free energy diagram four the four- and two-electron ORR on Au(111).
Reproduced from [21] with permission.

Previous studies have found that the dissociation of the O-O bond in the ad-
sorbed OOH" species is a critical determinant in ORR, dictating whether the re-

action proceeds through a four-electron process to generate H,O or a two-electron

process to yield HyO,.1%2! Specifically, catalysts with stronger oxygen binding en-



ergies, favoring the formation of O” (indicated by a lower AG-), lead the reaction
along the pathway depicted as the blue path in Figure 1.3b. Conversely, catalysts
with weaker binding to oxygen (characterized by a higher AG+) tend to drive the

reaction towards the formation of HyOs.

In the context of ORR, various oxygen species, including AGyop+, AGy+, and
AGgy*, are involved. Notably, their binding energies have been found to exhibit a
linear relationship.?! For example, Figure 1.4 showed the calculated relationship
between limiting potentials and the adsorption free energy of OH" for the water
oxidation reaction. Although this reaction is the reverse of the ORR, the underlying
reaction logic remains consistent. For catalyst where AGp+ ranges approximately
from 1.6 to 2.4 eV, the evolution of HyO4 is favored. For AGgy values outside
this range, the reaction tends towards the generation of either oxygen or OH radical
species. This relationship enables researchers to use a single binding energy as a

descriptor to correlate the binding energy of catalysts with their ORR selectivity.
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Figure 1.4: Theoretical activity volcano plots base on the calculated limiting
potentials as a function of adsorption free energies of OH". Reproduced from [22]
with permission.



1.2 Perovskite Oxide as catalyst for ORR reac-

tion

1.2.1 Fundamentals about perovskite oxides

Perovskite was first identified in 1839 as a mineral with the chemical composition
CaTiOs, the name perovskite is in honor of the Russian mineralogist L.A. Perovski.?3
Subsequent research has expanded the term perovskite to encompass a broad family
of compounds sharing structural similarities with CaTiO3.2* This extensive family
includes various types of perovskites that have been the subject of extensive study,
such as ABOj type perovskites, Ruddlesden-Popper layered perovskites (represented
by the formula A,,1B,0O3,41), A-site ordered double perovskite oxides (AA'BOg),
B-site ordered double perovskite oxides (ABB’Og), and perovskite halides, among
others.!® A typical ABO3 type perovskite structure exhibits a cubic or nearly cubic
arrangement (Figure 1.5a). Within this lattice structure, the A-site cations are
located at the cube’s corners with a 12-fold coordination, while the B-site cations
reside at the cube’s center, forming an [BOg] polyhedron surrounded by oxygen
atoms in a six-coordination setting. Generally, the A-site atoms are larger than
the B-site atoms, serving as the structural framework of the lattice, with the B-site

atoms and oxygen occupying specific interstitial positions.?®
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Figure 1.5: Examples of ABOj type of perovskites. (a) A schematic ABO3 type
of perovskite structure. Crystal structures of (b) SrTiOs. (c) CaTiOjz. (d) FeTiOs.
Green spheres represent Sr atom, blue spheres represent Ca atom, gold spheres
represent Fe atom. Blue polyhedral represents TiOg polyhedral structure.

The perovskite lattice undergoes structural distortions when different elements
occupy the A-site or B-site, owing to the variance in atomic radii, which affects atom
packing within the lattice. Several examples of these distortions are illustrated
in Figure 1.5. For example, substituting the A-site Sr atom in SrTiO3 with a
smaller Ca atom results in lattice distortion. This substitution transforms the cubic
structure of SrTiOs; with Pm3m symmetry into an orthorhombic structure with
Pbnm symmetry. The [BOg] octahedra within the lattice become tilted due to this
distortion. A more pronounced degree of distortion is observed when the A-site
atom radius is further reduced, as seen in FeTiOj3, leading to a trigonal structure

where the [BOg| octahedra share edges rather than corners.

Since the first synthesis of the perovskite oxide LaCoQOg3 in the 1970s, there has

been a significant expansion in the variety of perovskites synthesized, with respect to



the diverse cations occupying the A-site and B-site, and the exploration of their cat-
alytic activities. As indicated in Figure 1.6, the range of elements commonly used
in perovskite synthesis is quite extensive, encompassing most of the alkaline-earth
and rare-earth metals for the A-site, and transition metals for the B-site. Beyond
merely altering the A-site or B-site elements, these positions in the perovskite struc-
ture can also be substituted, and the concentration of the substituting material offers
considerable flexibility. As discussed before, the changing of A or B cations lead to
perovskite lattice distortion. This distortion is related to the stability and properties
of the perovskite material. Consequently, it becomes essential to have a parameter
that can describe the degree of this distortion within the perovskite lattice. Such
a parameter would allow for a more systematic and quantitative understanding of
how changes in lattice composition influence the material’s physical and chemical

properties, paving the way for tailored synthesis of perovskite materials for specific

applications.
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Goldschmidt’s tolerance factor is a pivotal metric for assessing the stability and
distortion of crystal structures. Initially formulated to describe the ABOj3 perovskite
structure, the application of tolerance factors has since expanded to include other

structures such as ilmenite.For the purposes of this project, which focuses on ABO3



perovskites, the Goldschmidt tolerance factor is particularly apt for describing struc-
tural features induced by doping. In the formulation of Goldschmidt’s tolerance
factor, denoted as t equation, three key parameters are considered: 74, 1, and rq.
These represent the ionic radii of the A-site cation, B-site cation, and oxygen ion,

respectively.?® The tolerance factor is calculated using the following equation:

p__ratro (1.3)

\/5(7‘13 +70)

In the specific context of this project, where doping occurs at the B-site, an
adjusted tolerance factor equation becomes necessary to account for B-site doping

in AB1.B’,O3 perovskites:

In the context of this project, doping atoms were introduced into the B-site
position, an adjusted tolerance factor equation becomes necessary to account for

B-site doping in AB;.4B O3 perovskties?6 :

- ratro (1.4)

\/5[(1 —x)rg + xry + 10|

Theoretical tolerance factor values and their corresponding lattice structures are
given in Table 1.1. The range of ¢ in the table are guidelines rather than strict
thresholds for space group transitions. A t value approximately between 0.9 and
1 suggests a cubic perovskite structure with ideally sized ions at both A-site and
B-site positions. If t exceeds 1, it implies that the A-site ion is excessively large,
or the B-site ion is too small. Tolerance factors between 0.71 and 0.9 indicate that
the B-site ion is larger than ideal. When the tolerance factor drops below 0.71, a
scenario more typical for ilmenite, the A-site and B-site ions are of similar radii, and
the perovskite distorts into different structures, which falls outside the scope of this
project. These guidelines assist in predicting the structural implications of various

doping levels and combinations in perovskite materials.
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Table 1.1: Tolerace factor value and their correspond structure®”

tolerance factor (t) Space group
>1.0 hexagonal /tetragonal
~ 0.9 to 1.0 cubic
0.71 to ~ 0.9 orthorhombic/rhombohedral
<0.71 other structure

1.2.2 3d transition metals at perovsktie B-site

The first row of the transition metal region on the perodic table are elements with
unfilled 3d shells as shown in Table 1.2. They have uncompleted d-subshell in
their ground state, similar number of electrons and incorporate comparable chemical
properties. From left to the right of the periodic table, electrons are added to the
3d elements’ subshell under Aufau principle and Hund’s rule with two important
exceptions. Chromium has a 4s'3d® electron configuration rather than the 4s23d*
configuration predicted by the Aufbau principle, and copper is 4s'3d!° rather than
4522d°. These anomalies to the extra stability associated with half-filled subshells.
The size of neutral atoms of the d-block elements gradually decreases from left to
right across a row, due to an increase in the effective nuclear charge with increasing

atomic number.

Table 1.2: Electron configurations of 3d transition metals

Sc Ti Vv Cr Mn
4523d" | 4s23d? | 4s*3d® | 4s'3d° | 4s%3d°
Fe Co Ni Cu Zn

4523d° | 4s23d" | 4s23d® | 4s'3d"0 | 4523d'°

11
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Figure 1.7: The 3d orbital configuration of Cr, Co, and Ni in their 3+ state.

In the ABOj3 perovsktie structurte, the B-site metal atom forms an [BOg| poly-
hedral with the surrounding oxygen, leading to the splitting of B-site atom’s 3d
orbital into e, and t9, orbitals (Figure 1.7). The 3d metal as B-site will have differ-
ent orbital filling patterns according to their electron configurations and oxidation
state. Previous studies have already show that ORR activity for perovskite oxides
are related to the number of d-orbital electrons of B-site atoms.?’ Figure 1.8a
showed that the maximun ORR activity was reached when the B-site atoms has
d* or d” configurations. This activity trend is primarily effected by the number of
electrons at the e, orbital, which can be easily explained by the hybridization of
B-site 3d orbitals and the oxygen 2p orbitals. As shown in Figure 1.8b, the circle
shaped e, orbital points directly towards the surrounding O atoms, leading to a
stronger overlap between the B-site e, orbitals and oxygen 2p orbitals, suggesting
eg rather than ¢y, orbital of the B-ion should more accurately determine the energy
of adsoption/desorption of oxygen, and thus effect the ORR activity if the adsorp-

tion/desorption process was involved in the rate-limiting step of ORR.
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Figure 1.8: Role of d electrons on ORR activity of perovskite oxides. (a)
Perovskite oxdies potentials in ORR reaction at 25 pAcm™?,. (b) A schematic
diagram of the e, orbital of B-site atoms and the surrounding oxygen atoms. O,B
and H atoms are coloured red, blue and green, respectively.Reproduced from [20]
with permission.

1.3 Thesis Objective and Overview

The thesis investigates a series of perovskite materials based on LaCr,M;_,O3, where
M represents Ni or Co, to broaden the number of catalyst materials known to be
capable of electrochemically catalyst ORR reaction. In Chapter 1, the motivation
behind this thesis and the relevant background information are discussed. Chap-
ter 2 comprehensively details the theoretical and experimental methods employed

throughout the project. Chapter 3 focus on the characterization of LaCr,Co;_,O3
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and LaCr;_(Ni O3 series, exploring the impact of doping on the lattice structure.
Chapter 4 describes the experimental results in evaluating the catalytic perfor-
mance for ORR reactions, and provides an overall discussion about the relationship
between perovsktie doping and their catalytic performance. Chapter 5 presents

conclusions and future directions of this project.
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Chapter 2

Material and Methods

2.1 Lanthanum Perovskite Oxide Synthesis

In this project, an adjusted Pechini method was used for sample synthesis.?%2"

A schematic procedure of the synthesis is shown in Figure 2.1. The synthesis
starts in the aqueous phase, where 5mmol of La(III)(NO3)3-6H2O (Thermo scien-
tific, 99% REOQO) and a total amount of 5mmol transition metal nitrate, including
Cr(IIT)(NO3)35-9H2 0O (Acros Organics, 99%), Nickel(II)(NOj)2-6H2O (Thermo scien-
tific, 99% REO) or Co(IT)(NO3)2-6H,0O (Alfa Aesar, 98.0-102.% ACS grade), were
dissolved in water to form an aqueous phase. An excess amount (20mmol each) of an-
hydrous citric acid (fisher chemical, certified ACS) and ethylenediamine tetraacetic
acid (EDTA) (fisher chemical, certified ACS) was added into the solution as chelat-
ing agents. The carboxylic group in citric acid and the polyamino carboxylic group
in EDTA can bind the metal cations in the solution, ensuring an even distribution

1,393 resulting in high purity products.

of metal ions in both the solution and the ge
The pH of the solution was then adjusted to 10 using NH;OH (Sigma-Aldrich, ACS
reagent, 28.0-30.0% NHj basis). The solution was then heated at 200°C on a heat-
ing plate to remove the nitrate and ammonia, causing the solution to condense and
form a gel. Subsequently, the gel was combusted at 350°C to eliminate the organic

components, transforming the gel into an ash precursor. In this project, all samples

were synthesized by heating the precursors at 1000°C for 12 hours. After heating,
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the samples were ground, and the heating procedure was repeated once.

EDTA, citric acid > Condense at 200°C > 1000 °C, 24h
s Adjust to pH =10 Combustion at 350°C Grinding
Nitrate with NH,OH Precursor ABO, type
salt perovskite

Figure 2.1: A schematic procedure of the synthesis of LaCr,Ni;_,O3 and
LaCr,Co;.Os5.

2.2 Material Characterization

2.2.1 Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) experiments were performed at room temperature
using an Inel XRG 3000 diffractometer with an aluminum sample holder. Each
sample was measured for 15 minutes, and the structural information was analyzed

by Rietveld refinement of the diffraction patterns using the GSAS-II software.3?

2.2.2 Raman Spectroscopy

Raman spectroscopy was performed using a Renishaw inVia Reflex Raman micro-
scope equipped with a 633 nm excitation laser and a 2400 lines/mm grating. Each
measurement was obtained using 5% of the maximum intensity and an acquisition
time of 600s. The acquired data were processed using Renishaw WiRE 5.5 software

with operations including cosmic ray removal, baseline subtraction, and peak fit.

2.2.3 Energy Dispersive X-ray Flourescence Spectrometry

Energy dispersive X-ray fluorescence spectrometry (EDXRF) measurements were
performed using a MiniPal4 benchtop spectrometer in a helium environment. Rhodium
(Rh) was used as the tube anode, and aluminum was employed as the filter material.

Each sample was measured four times at different energy levels (7 keV, 12 keV, 20
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keV, and 30 keV) for better accuracy. The acquired data were exported from the
MiniPal4 software and analyzed in Origin2020.

2.2.4 X-ray Absorption Spectroscopy

X-ray Absorption Spectroscopy (XAS) measurements were conducted at the 6-BM
(BMM) beamline of the National Synchrotron Light Source II (Brookhaven National
Laboratory). using a Si(111) monochromator. For the purpose of this study, the
K-edge spectra of the B-site atoms were specifically collected in transmission mode.

Three spectra were acquired per sample.

2.3 Electrochemical Techniques

2.3.1 Rotating ring disk electrode

In this project, a Metron Autolab was used to measure the electrochemical behavior
of catalysts. As depicted in Figure 4.1a, the primary working electrode consists
of a glass-carbon disk positioned at the center of the rotating ring disk electrode
(RRDE). Surrounding the glass-carbon electrode is a platinum ring electrode, lo-
cated at a distance of 375 um, which functions as a secondary electrode for applying
a fixed voltage. A plastic isolator material separates the disk and ring electrodes, as
illustrated. For electrochemical measurements, the samples were spin-coated onto
the glassy-carbon electrode. The RRDE electrode’s rotation enables the transfer of
electrolytic products generated at the disk electrode to the ring electrode for detec-
tion. Furthermore, the rotation induces convection near the surface of the RRDE,
ensuring a constant thickness of the diffusion layer.?® This process enables diffusion

effects to be removed, allowing experiments to more reliably analyze kinetics.
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Figure 2.2: Electrochemical measurements setting. (a)A scheme of RRDE
electrode (b) The three electrode system for electrochemical measurements.

A three-electrode system was used in this project, as shown in Figure 2.2b. A
reversible hydrogen electrode (HydroFlex, Gaskatel GmbH) served as the reference
electrode, and a platinum sheet electrode with a surface area approximately equal
to 1 cm? (Metrohm, 3.109.0790) was employed as the counter electrode. All mea-
surements were conducted using a Metrohm Autolab electrochemical workstation at
a scan rate of 10mV-st. The electrolyte used was 0.1M KOH, which was purged
with O, for 15 min prior to use and maintained with a continuous gas flow during
the measurements. Cyclic voltammetry(CV) measurements were performed with a
voltage range from 0V to 1.4V without rotation. Linear sweep voltammetry(LSV)
measurements were carried at a voltage range of 0 - 1.0V for the ORR reaction and
1.0 - 1.8V for the OER reaction, with rotation rates varying from 100 to 2400 revo-
lutions per minute(rpm). Data was collected using Nova 2.1 software and exported

to Origin 2020 for further analysis.
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2.3.2 Preparation of coating suspension

The samples were initially ground with an agents mortar for 30 minutes to reduce
the particle size. A 10 mg portion of the ground sample was mixed with 1.5 ml
of a Nafion solution to create the coating suspension. The Nafion solution was
prepared by first combining Nafion D-521 dispersion (Alfa Aesar, 5% w/w in water
and 1-propanol, >0.92 meq/g exchange capacity) with the equal volume of 0.1M
concentration of potassium hydroxide. The mixture is then diluted with ethanol in
a 3:97 volumetric ratio to form the dilution solution. To ensure an evenly distributed
suspension, the coating suspension with the samples was sonicated for 30 minutes.
A 2.5 pl aliquot of the coating suspension was drop-cast onto a 5mm diameter glassy
carbon disk electrode while the platinum ring was kept clean. The electrode was set
to rotate at 900 rpm, and a heat gun directed towards the electrode surface for 90

seconds, using mild heating, to obtain a homogeneous and firm coating.
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Chapter 3

The Impact of Cation Doping on

the Perovskite Oxide Structure

3.1 Introduction

Perovskite oxides have a remarkable capacity to accommodate high concentrations of
dopant elements, allowing tailored electrical and catalytic properties.>»3* The [BOg]
polyhedral in the ABOj3 lattices are commonly connected via vertices, providing
open paths for oxygen migration and affording ABOj3 perovskites with good catalytic
activity. While both A-site and B-site doping influence the structure and consequent
catalytic activity, B-site doping notably impacts perovskite catalytic properties, as
supported by both theoretical calculations and experimental findings.?%2%36 In ABOj
perovskite with a tolerance factor (¢) below 1, oxygen ion migration tends to depend
more on the radius of B-site atoms rather than those at the A-site. Molecular orbital
theory provides insight into how the d orbitals of B-site elements combine with
the 2p orbital of oxygen, forming antibonding orbitals, further influencing catalytic
activity. The electrons filling of B-site cations has a direct relationship with the
catalytic activity of ABO3 perovsktie oxides. The addition of dopants at the B-site
induces structural alterations in the perovskite lattice, including lattice expansion
in specific directions, oxygen defect variations, and shifts in B-O bond covalency,

thus influencing electrochemical properties.20:37:38

20



The selection of LaCrOg3 as the starting point was driven by the stability of the
Cr** state and its proven catalytic efficiency towards the four-electrons ORR.3%3
Doping on the B-site, employing common 3d transition elements such as Co and Ni,
was a focus of this study. The distinct electronic configurations of Co and Ni in
different spin states influence the e, orbital filling, leading to structural alterations

in the perovskite lattice and varying adsorption abilities of oxygenated species on

the B-site.

In this chapter, two lanthanum perovskite oxide series were studied, commencing
with composition analysis and lattice structure determination. Subsequent analyses
detailed the structural changes resulting from different types and concentrations of

doping at the B-site.

3.2 Results

Within the framework of this research, two series of ABOj3 type perovskite oxides
were synthesized using a modified sol-gel method. The chemical composition fol-
lowed the formula LaCr; M,Oj3, with M representing either Co or Ni, and x ranging
from 0 to 1.0. The stoichiometry of A-site and B-site cations was maintained in a
1:1 ratio. Critical assessment and validation of the product composition and doping
concentration were conducted via Energy-dispersive X-ray Fluorescence (EDXRF)
spectroscopy. Because lanthanum at the A-site has a high atomic number, only the
L peaks were detected, while chromium and cobalt, with low atomic value, exhibited
K peaks in the spectra (Figure 3.1a). The intensity of the XRF peaks is propor-
tional to the concentration of elements within the perovskite. The B-site doping
concentration was evaluated through the analysis of both the K,; peaks and Kg;
peaks. The experimental results showed good agreement with the intended values,
indicating well-controlled doping of the sample and negligible contamination by ex-

traneous elements.
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Figure 3.1: Energy-dispersive X-ray Fluorescence spectroscopy (EDXRF)
analysis of the composition of the synthesized samples. (a) The results from
Gaussian curve fitting for LaCrg5Cogs. (b) A comparison between the theoretical
doping concentration and the calculated values for LaCr;_,Co,O3 and

LaCr«Niy O3 series. y; represents the doping concentration, where j = Co or Ni.

The PXRD spectra serve as a vital diagnostic tool for the analysis of perovskite
structures. As the concentration of the metal dopant increases from 0 to 1.0, the
PXRD spectra exhibit a clear separation into two distinct patterns, revealing a note-
worthy phase transition (Figure 3.2). This transition is characterized by marked
differences in peak intensities, particularly noticeable around a 26 value of 47°, and
the splitting of primary peaks at 34°, 41°, 54°, 59°, and 70°. These observations pro-
vide a means to confirm the perovskite structure through peak indexing. Matching
the diffraction patterns to those expected for common perovskite phases indicates
that the two observed phases are perovskites with the space groups Pnma and R3C.
For Co-doped samples, the transition occurs from R3C to Pnma when the amount
of Co increase from 0.2 to 0.3. A similar trend is observed for Ni-doped samples,
where the transition occurs at a higher doping concentration, specifically from 0.6

to 0.7.
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Figure 3.2: Powder X-ray diffraction spectra of LaCr,Co;,O3 and LaCr,Ni;_ O3
sample series. Red lines represent samples exhibiting a Pnma space group and
blue lines an R3¢ space group.

The application of Rietveld refinement to the PXRD dataset has confirmed two

distinct space groups associated with the synthesized perovskite oxides. Each sample

exhibits consistency between the simulated and experimental peak patterns, with

A /o of less than +5 for all refinement results(Figure 3.3). This finding confirms the

presence of a single-phase composition and high purity samples. Both the Co-doped

and Ni-doped series exhibit a consistent trend in structural transition, wherein an

increase in doping concentration leads to a transition from the Pnma space group

to the R3c space group using Hermann-Mauguin notation. In this notation, the first

symbol in the space group designates the Bravais lattice type, while the subsequent

three parts describe the point group of the crystal. In the case of the Pnma space
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group, P represents a primitive lattice, followed by descriptors indicating an n-
glide plane along the x-axis, a mirror plane along the y-axis, and an a-glide plane
along the z-axis. The R3c space group denotes a thombohedral structure, with a
3-fold rotoinversion axis (3), and a c-glide plane parallel to the rotoinversion axis
(¢). These distinctions in symmetry are evident through variations in naming of

reflection planes, as illustrated by the hkl notation in Figure 3.3.
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Figure 3.3: Rietveld refinement of R3¢ and Pnma space group using (a)
LaCry5Cop 503 and (b) LaCrg5Nig 503 respectively. Blue data points represent
PXRD data, green lines represent refined XRD patterns, red lines represent the
difference between data points and calculated value divided by an estimate of
standard deviation in the measured intensity.

The lattice parameter data obtained from the Rietveld refinement is presented
in Table 3.1. Parameters involved in the refinement were listed in Table A.1.
It is essential to acknowledge that the two distinct space groups exhibit variations
in the geometric arrangement of atoms, and as a result, the lattice axis parame-
ters hold differing physical interpretations in these space groups. As delineated in
Figure 3.4c, for the Pnma space group, a and c correspond to the lattice axis
parameters of the unit cell. In the case of the R3c space group, the situation is
more complicated. There are correspondence between the Pnma and R3c structure
configurations. In the context of the [BOg] polyhedral as our point of reference, it’s
noteworthy to recognize that the lattice plane denoted as (102) within the R3¢ space
group corresponds to the (010) plane in the Pnma structure. This correspondence

is predicated on the fact that both of these planes are oriented perpendicular to the
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layers of [BOg] polyhedral. Similarly, the plane represented as (208) in the R3c space
group corresponds to the (100) plane in the Pnma structure, as both are oriented
in parallel with the layers of [BOg| polyhedral. In the subsequent discussions, pa-
rameter V' is established as the distance between three adjacent (010) lattice layers
within the Pnma structure, and equivalently, the distance between three adjacent
(102) layers within the R3c structure. Similarly, H is defined as the parameter in-
dicating the distance between the three adjacent (100) lattice layers in the Pnma
structure, or alternatively, the distance between three adjacent (208) layers within

the R3c structure.

In both Co-doped and Ni-doped series, an increase in doping concentration x;
corresponds to a noticeable reduction in the lattice parameters V and H. As shown
in Figure 3.4a,b, the transitions between different space groups within the doping
series results in discrete changes in these parameters. When shifting from the Pnma
to the R3c structure, both V and H experience a increment. This phenomenon can
be readily comprehended by considering the different arrangements of the A-site
La and the [BOg] polyhedral within the unit cell (Figure 3.4c). However, within
the same space group, the lattice parameters V' and H consistently decrease, sig-
nifying a reduction in the unit cell dimensions along all three lattice axes. The
ratio of lattice parameters V/H indicates the lattice changes in magnitude of differ-
ence (Figure 3.4d). For Co-doped series, the V' axis has a general trend of faster
decreasing, the trend is more obvious for low Co composition samples that are in
Pnma structure. The trend is the same for Ni-doped series with Pnma structure
with fluctuations, while for the R3¢ samples the increase of doping have opposite

trend to the lattice dimensions.
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Figure 3.4: Unit cell parameters for LaCr;_,Co,O3 and LaCr; (Ni O3 (a) lattice
layers internal distance V. (b) lattice layers internal distance H. (¢) Example of
Pnma and R3c lattices using the refined results of LaCrg5Nig 503 and
LaCrg5Co0503.Unit cell (d) Parameter ratio for both series of samples.

Bond length and bond angle in the [BOg] polyhedral structure indicates the
degree of distortion of the unit cell. The B-O-B bond angle and B-O bond length
information is present in Table 3.2. In R3c space group, the [BOg] polyhedral has a
regular octahedron structure, which has the same bond length of B-site atom to the
oxygen atom in all directions. Within the unit cell, all the corner sharing octahe-
dron has the same B-O-B bond angle. The Pnma structure has reduced symmetry
compared to R3c. The [BOg] polyhedron has different bond length for B-O;, B-O,,
and B-Og3, where O;, O,, and Og indicate the oxygen atoms in different directions
comparing to the central B-site atom (Figure 3.5c). The B-O-B bond angle in
vertical (ay) and horizontal (aw) directions are also different, with a schematic il-

lustration given in Figure 3.5a. Although the distortion in Pnma space group is

26



Table 3.1: Lattice parameters of LaCr;_,Co,O3 and LaCr;_(Ni, O3 phases.

Cr Co Space H Vv Volume
[1-x] [x] group (A) (A) (A%)
1.0 0.0 Pnma 5.490 7.773 235.8
0.9 0.1 Pnma 5.478 7.759 234.6
0.8 0.2 Pnma 5.465 7.745 233.2
0.7 0.3 R3¢ 5.426 7.718 229.9
0.6 0.4 R3¢ 5.422 7.712 229.4
0.5 0.5 R3c 5.421 7.711 229.2
0.4 0.6 R3¢ 5.415 7.704 228.6
0.3 0.7 R3¢ 5.406 7.691 227.5
0.2 0.8 R3¢ 5.400 7.682 226.7
0.1 0.9 R3¢ 5.396 7.677 226.3
0.0 1.0 R3¢ 5.394 7.674 226.0
Cr Ni Space H \Y Volume
[1-x] [x] group (A) (4) (A%)
1.0 0.0 Pnma 5.490 7.773 235.8
0.9 0.1 Pnma 5.477 7.760 234.2
0.8 0.2 Pnma 5.474 7.752 233.8
0.7 0.3 Pnma 5.471 7.748 233.3
0.6 0.4 Pnma 5.465 7.748 232.0
0.5 0.5 Pnma 5.463 7.743 232.7
0.4 0.6 Pnma 5.452 7.736 231.9
0.3 0.7 R3¢ 5.435 7.733 231.3
0.2 0.8 R3¢ 5.433 7.730 231.0
0.1 0.9 R3c 5.420 7.709 229.1
0.0 1.0 R3c 5.416 7.699 228.1
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Table 3.2: Metal-oxygen bond parameters of LaCr;_,Co,O3 and LaCr;_Ni, O3

phases.
Cr Co Space (03] (6%5) B — 01 B — 02 B — 03
1) [ growp () 0 A A A
1.0 0.0 Pnma 161.4 162.4 1.969 1.979 1.962
0.9 0.1 Pnma 159.2 160.8 1.972 1.974 1.969
0.8 0.2 Pnma 159.3 160.8 1.969 1.970 1.965
0.7 0.3 R3c 164.3 - 1.948 - -
0.6 0.4 R3c 164.3 - 1.947 - -
0.5 0.5 R3c 164.3 - 1.946 - -
0.4 0.6 R3c 167.3 - 1.938 - -
0.3 0.7 R3c 167.3 - 1.935 - -
0.2 0.8 R3c 167.3 - 1.933 - -
0.1 0.9 R3c 167.3 - 1.931 - -
0.0 1.0 R3c 164.7 - 1.936 - -
Cr Ni Space o o7} B—-0, B-0; B-0;3
1) [ growp () 0 A A A
1.0 0.0 Pnma 161.4 162.4 1.969 1.978 1.962
0.9 0.1 Pnma 159.3 160.8 1.972 1.972 1.968
0.8 0.2 Pnma 159.3 160.8 1.970 1.971 1.967
0.7 0.3 Pnma 159.3 160.8 1.969 1.970 1.966
0.6 0.4 Pnma 159.3 160.8 1.969 1.969 1.964
0.5 0.5 Pnma 159.2 160.8 1.968 1.969 1.964
0.4 0.6 Pnma 159.2 160.8 1.966 1.966 1.961
0.3 0.7 R3c 162.2 - 1.957 - -
0.2 0.8 R3c 162.2 - 1.957 - -
0.1 0.9 R3c 162.2 - 1.951 - -
0.0 1.0 R3c 166.6 - 1.948 - -
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different in the three dimensions, they share the same trend and the numeric value
differences are small. Based on the similarity, the B-O-B angle «; and bond length

B-0O; will be focused for analysis.
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Figure 3.5: Analysis of B-O-B bond angle and bond length within the [BOg]
polyhedral. (a) A schematic illustration of B-O-B bond angles. (b) A schematic
illustration of B-O bond notation. (¢) A summary of bond angle and (d) B-O;
bond length of the [BOg] polyhedron within the lattice.

The B-O-B bond angle serves as an indicator of the degree of distortion within
the unit cell. An angle equal to 180°represents the ideal cubic structure, with smaller
bond angle indicating more significant distortion. During the transition from the
Pnma to the R3c structure, the B-O-B bond angle had a substantial increase,
indicating a reduction in structural distortion (Figure 3.5c). It is noteworthy

that in the Co-doped perovskite, an increase in the B-O-B bond angle is evident
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in the R3c phase, with the bond angle shifting from approximately 164.5°to around
167.5°when the doping concentration reaches 0.7 and above. This significant change
is not observed in the Ni-doped series, where bond angle variations within the same
space group are minor. Notably, the parent samples without doping do not follow
the observed trend in bond angle changes. Concurrently, with an increase in B-site
doping, the B-O; bond length consistently decreases in both series, indicating the
contraction of the [BOg] polyhedral within the unit cell (Figure 3.5d). Samples
in the R3c structure exhibit shorter B-O; bond lengths compared to those in the
Pnma structure, indicating a more compact polyhedral structure and stronger B-O

bond.

An attempt to utilize Raman spectroscopy for structural analysis was under-
taken as part of this research project. However, the regular octahedral arrangement
of [BOg] in the R3c and Pnma space group does not exhibit detectable B-O oscil-
lations. In accordance with the Raman analysis from related studies (Table 3.3),
Raman peaks indicative of [BOg] are typically found in the 200 to 450 cm™ region.
However, the experimental data (Figure 3.6) does not exhibit consistent peaks
within this rage that exhibit a clear trend. While the parent LaCrOs sample dis-
plays a pristine spectrum, this trend is not maintained upon the introduction of
doping. For Ni-doped series with yx; ranging from 0.7 to 1.0, which adopt the R3c
structure, a broad peak is observed around 400 cm™. In accordance with Table 3.3,
this peak is attributed to the bending of [BOg| octahedra. Notably, this peak is ab-
sent in the Ni-doped samples with the Pnma structure. The peak undergoes a red
shift followed by a blue shift with increasing doping, indicating variations in the
strength of the B-O bond. There are also spectra feature peaks around 350, 430,
and 500 cm™ which cannot be attributed to B-O oscillations, as they lack consis-
tency across the series. These spikes are likely a result of the low polynomial number
used for data analysis(4 in this project), which can cause certain background noise

to resemble Raman peaks.
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Figure 3.6: Raman spectra of LaCr;_,Co,O3 and LaCr;_(Ni,O3 at room
temperature. Blue lines represent Pnma space group and red lines represent R3c
space group.

Table 3.3: Band positions and assignment of the Raman modes?42

LaCrO3z LaCrOz Symmetry Assignment
(Pnma) (R3c)

124 125 Bog La and O oscillation along z axis
- 160 E, La oscillation

596 590 Bag O oscillation

256 - A, [BOg] x rotations

411 - Bog [BOg] out of phase bending

442 - A, [BOg| bending
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3.3 Discussion

In the calculation of the theoretical tolerance factor for the synthesized series, the
ionic radius was employed (Table 3.4). It’s noteworthy that the spin state of
metal ions can affect their ionic radius, and thus calculations were performed for
both low spin and high spin conditions. As depicted in Figure 3.7a,b, the resulting
tolerance factors ranged between 0.90 to 0.96. Prior studies indicate that a tolerance
factor between 0.95 and 1.0 typically leads to a cubic perovskite structure.?6** When
the tolerance factor falls below 0.95, the atoms are packing too tightly, leading to
structural distortion and a shift from the cubic structure to an orthorhombic or
rhombohedral structure. The calculated tolerance factor values aligned well with
the space groups obtained from Rietveld refinement (Table 3.1), with one notable
exception. The LaCrg1Coy90O3 and LaCoOs samples, exhibiting a low spin state
of Co®**, showed tolerance factors slightly greater than 0.95 yet adopted the R3c

structure.

Table 3.4: Ionic radius table??

atom charge coordination spin state ionic
radius(A)

La 3+ 9 (R3c¢) - 1.216
La 3+ 8 (Pnma) - 1.16
Cr 3+ 6 - 0.615
Co 3+ 6 low spin 0.545
Co 3+ 6 high spin 0.61
Ni 3+ 6 low spin 0.56
Ni 3+ 6 high spin 0.6
O 2- 6 - 1.40

For the LaCrOg perovskite without doping, the tolerance factor (¢) equals 0.90,

indicating a relatively large B-site atom that prevents an ideal cubic perovskite
structure. With both Co*" and Ni*T having smaller ionic radii than Cr3*, increas-

ing the doping concentration leads to a less substantial distortion of the lattice,
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resulting in an increase in the tolerance factor with higher doping content. Notably,
the tolerance factor (t) increases faster in the low spin situation and shows slower

increments in the high spin scenario due to variations in ion radii.
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Figure 3.7: Tolerance factor analysis of (a) LaCr;_+Co,O3 and (b) LaCr; (Ni O3
series. Correlations between tolerance factor and bond length for the (¢) Co-doped
series and the (d) Ni-doped series.

The tolerance factor serves as a significant indicator of lattice stability and dis-
tortion. Regardless of low or high spin assumptions, the tolerance factor consistently
increases with rising x;j. This trend align well with the distortion within the [BOg]
polyhedron due to B-O-B bond bending, which is evident as the x; increment cor-
relates with an increase in the B-O-B bond angle (Figure 3.5¢). Within the unit
cell, the R3c structure demonstrates a higher symmetry compared to the Pnma

structure due to the regular octahedra configuration of [BOg).
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Correlations exist between the tolerance factor and phase transitions in both
Co-doped and Ni-doped samples. The R3c structure indicates a tolerance factor
above 0.92 with a B-O bond length below 1.96A. As the B-O bond length surpasses
1.965A, the tolerance factors decrease below 0.92, shifting the perovskite structure
to the Pnma space group (Figure 3.7b,d). Notably, the threshold for this phase
transition varies with different doping. In the Co-doped series, the bond length
shifts from around 1.95A to 1.97A during the space group change. Comparatively,
in the Ni-doped series, this transition occurs within a narrower gap, shifting from

around 1.957A to 1.966A.

The systematic distortions of [BOg| polyhedra are expected to influence electro-
chemical performance. As shown in Figure 3.8, the bending of the B-O-B bond
reduces the overlapping of the 3d orbital of B-site metals and the oxygen 2p orbitals,

which should lead to the reduction of covalency and thus effect perovskite’s catalytic

performance'36737743744

B— 0O —B

{ ® S
bond angle = 180°

. ,.
ot O . B-site
>d orbital 2p orbital 3d orbital
2 @®

bond angle < 180°

Figure 3.8: Schematic representation of electron cloud overlap in B-O-B bonds at
varied bond angles
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3.4 Summary

The two perovskite series LaCr;_,Co,O3 and LaCr;_Ni, O3 were prepared using an
adapted sol-gel method, resulting in single-phase compositions. The introduction of
B-site doping has notable effects on the lattice space group, unit cell parameters,
and B-O bond interactions. As the doping concentration increased, the samples
undergo a structural transition from the Pnma to the R3c phase at different doping
levels, accompanied by a consistent contraction of the lattice along all three lattice
axes. The increments in B-O-B bond angles exhibit distinct stages, which are asso-
ciated with the space group and doping concentration. Additionally, higher B-site
doping led to a decreasing trend in B-O bond distances. The highly symmetric na-
ture of the [BOg] polyhedron limits the information obtained through experimental
Raman analysis regarding the B-site. These structural modifications induced by
doping give rise to variations in B-O bond covalency, impacting the electrochemical
performance as catalysts. In summary, the synthesized perovskite series undergo
structural transitions from Pnma to R3c with increasing doping concentrations, re-
sulting in changes in lattice parameters, B-O bond interactions, and B-O-B bond

angles, while also affecting electrochemical performance as catalysts.
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Chapter 4

Electrochemical Analysis

4.1 Introduction

The oxygen reduction reaction is a fundamental process in electrochemistry with
significant implications in various applications. In alkaline environment, ORR can
follow either a four-electron pathway, leading to the direct reduction of oxygen to
hydroxide ions without any side products, or a two-electron pathway, resulting in
the formation of HyOy. The four-electron pathway is particularly efficient in terms
of oxygen utilization and is commonly employed as the positive electrode reaction in
energy conversion and storage systems, such as metal-air batteries and alkaline fuel
cells.*7 Previous research have reported ABO3 perovskite oxides catalytic activity
towards both the two-electron and the four-electron pathways.!> These materials
offer a cost-effective and potentially more durable alternative to traditional metal
or metal alloy catalysts that include platinum (Pt).*® The two-electron pathway,
on the other hand, produces H,O,, a valuable clean oxidizing agent widely used in
chemical and medical applications, as well as in the manufacturing industry and
everyday life.” 12 Electrochemical production offers a means of continuous on-site
generation of HyOs. Notably, only a few heterogeneous electrocatalysts are capable
of electrochemically producing HoO, with a prominent subset being specific ABO3

type perovskite oxides like CaSnO3%? and SmCoOs.4
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In the context of this research, the focus has been on studying the electrochem-
ical performance of LaCr;_,Co,O3 and LaCry_Ni O3 perovskites. The investigation
delves into understanding how doping type, concentration, and catalyst structure
influence the catalytic performance in ORR. Such studies are pivotal in optimiz-
ing catalyst design for specific electrochemical applications, offering pathways to
enhance the efficiency and selectivity of ORR processes, whether the aim is to max-

imize energy conversion in fuel cells or to produce valuable chemical intermediates

like HQOQ.

4.2 Results

4.2.1 Baseline measurements and voltage selection for RRDE

measurements

A comprehensive series of linear sweep voltammetry (LSV) experiments was con-
ducted using both polished Pt and glassy-carbon (GC) electrodes to establish base-
line signals and critical voltage parameters for subsequent electrochemical analyses.
All measurements were performed in a 0.1 M KOH electrolyte under three distinct

conditions for comparative purposes.

The LSV sweep on the Pt electrode primarily focused on analyzing reactions oc-
curring on the Pt ring electrode, which is positioned around the GC disk electrode in
a RRDE setup. As depicted in Figure 4.1a, reactions at the Pt electrode exhibited
differences in current under various conditions. The blue line represents the inert
condition, where negligible current was observed in the Ny saturated environment.
The observed cathodic currents, ranging from 0 V to 0.9 V| in the presence of HyO,
in saturated N, are indicative of the reduction of HyO,, while the anodic currents
suggest the oxidation of HyO,. Measurements in an Oy purged environment revealed
a consistent anodic current in the ORR region and negligible current in the OER
region, providing a background signal for ring current analysis. The introduction of

H>05 led to an increased steady-state current in the ORR region at around 0.7 V
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and the appearance of an anodic plateau in the OER region. The current density
difference between the O, saturated and H,Os saturated conditions in the anodic
and cathodic current plateaus is approximately the same, which correspond to the
theoretical expectations. As discussed in the introduction section, the RRDE setup
facilitates the transfer of products generated at the central disk electrode to the
outer ring electrode, a process driven by centrifugal forces due to rotation. By set-
ting the Pt ring electrode to a potential of 1.2 V, it becomes capable of detecting
H>0O, generated at the disk electrode with minimal interference from O, related

current.
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Figure 4.1: The LSV measurements at different environments on (a) the
platinum ring electrode without coating. (b) The Glassy-Carbon disk electrode
without coating. Data was collected with a rotation rate of 1500 r.p.m and a scan
rate of 50mV/s.

As illustrated in Figure 4.1b, electrochemical reactions at the GC electrode
exhibited a significant suppression under Ny saturation conditions compared to those

in an Oy saturated electrolyte. A slowdown in the growth rate of the cathodic current
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around 0.2 V was observed, indicating a deviation from the typical ORR current
pattern, as depicted by the black line in Figure 4.1a. This variation suggests
the influence of HyO5. Notably, the current density difference between the two Oq
saturated conditions is approximately the same, which aligns with the theoretical

expectations.

4.2.2 Cyclic Voltammetry Analysis

Cyclic voltammetry (CV) measurements were performed prior to the LSV analyses.
These CV measurements served not only to confirm the successful catalyst coatings
but also to provide initial insights into the catalytic capabilities of the samples. CV
measurements for selected samples are presented in Figure 4.2a,b. The oxygen
reduction peaks for all samples, located within the potential range of 0.40 V to 0.58
V, indicate that the oxygen reduction reaction occurred. The pronounced cathodic
oxygen reduction peaks observed signify the catalytic potential of both doped series
in the ORR reactions. The absence of anodic peaks suggests that the reduction

process is irreversible, as expected for a catalytic reaction.

In the case of Co-doped samples with varying structures, the peak cathodic po-
tential (E,.) initially increased, then shifted to higher potentials as the doping level
increased (Figure 4.2c). For the Ni-doped series, the peak position consistently
shifted negatively with an increase in doping amount, albeit accompanied by notable
fluctuations. Comparatively, Co-doped samples exhibited overall higher reduction
peak potentials than Ni-doped samples, suggesting that Co doping positively influ-
ences the catalysts’ oxygen adsorption and desorption capabilities. No significant
potential shifts were observed when the catalyst structure varied from Pnma to
R3c, indicating that structural differences might not significantly affect the oxygen
reduction potential. The trend for current density change at the reduction peak
position generally follows the E,. change (Figure 4.2d). It is important to note
that for both Co-doped and Ni-doped samples, there was a marked increase in cur-
rent density at a doping concentration of 0.7. The Co-doped series with the Pnma

structure demonstrated a higher current density compared to the R3c structure. In
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contrast, the current density differences for the Ni-doped series were minimal, with

the notable exceptions being undoped LaCrO3 and LaCrg 7Nig303.

Regarding OER reaction, a generally low current density was noted, with two
exceptions: LaCrggCog 203 and LaCrygNig4O3, both of which exhibited significantly
higher current densities, as shown in Figure A.1. This observation suggests a

potential correlation between the samples’ catalytic activity and specific doping

concentrations.
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Figure 4.2: Cyclic voltammetry measurements for (a) selected LaCr;_Co,O3
samples (b) selected LaCryNi; O3 samples. (c¢) Oxygen reduction potential of
both series. (d)Oxygen reduction peak current density of both series. Current
density is calculated by using the collected current data divided by the area of the
disk electrode.
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4.2.3 Oxygen Reduction Reaction Analysis

The LSV for the ORR in the voltage range of 0 V to 1V was utilized to evaluate the
catalytic activity of perovskites towards ORR. The disk current (i), measured
on the GC round electrode at the center of the RRDE, primarily reflects the ORR
activity. Concurrently, the ring current (i) was monitored on the Pt ring elec-
trode, which was set to a potential of 1.2V based on prior voltage selection tests
(Figure 4.1). Example ORR current data obtained using the RRDE setup are

displayed in Figure 4.3a.

A typical characteristic observed in the ORR current profile is a increase in
cathodic currents at around 0.6V on the disk electrode, which lead to a plateau.
This is indicative of ORR electrcatalysis. The onset voltage is well aligned with
the thermodynamic voltage for reduction of O, to HyOs. Notably, the nature of
doping significantly affects the height of this plateau, the onset potential, and the
measured ring current of the ORR reactions. This indicates the influence of doping
on the efficiency and kinetics of the ORR process. The presence of the two-electron
ORR reduction mechanism in the reaction is corroborated by ing. Setting the ring
voltage to 1.2V ensures that the ring electrode is capable of oxidizing all the HyOq
generated during the ORR to O,. This capability to detect and quantify HyO,
production provides valuable insights into the partial reduction processes occurring
on the disk electrode and highlights the nuanced effects of different doping materials
on the catalytic activity of perovskites in ORR.
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Figure 4.3: Oxygen reduction reaction analysis of (a) Disk and ring current of
LaCrg5Co 503 and LaCrg5Nig503.(b) Onset potential of the two series. (c)
Current density of plateau of the two series.

In the study of various samples, the onset potential (Eonset) was observed to

range between 0.67 V and 0.77 V, as depicted in Figure 4.3b. The E,. ¢ was
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identified at the voltage where a notable increase in ring current occurs, signifying
the commencement of HyO5 generation. This range of onset potentials did not show
a clear correlation with either the doping concentration or the space group of the

perovskites.

In contrast, the plateau current density, jplateau, €xhibited marked differences
when comparing the Co-doped series to the Ni-doped series. For the Co-doped series,
jplateaun typically ranged from about -1.6 to -2.0 mA/ cm?, as shown in Figure 4.3c.
Furthermore, a general trend of decreasing current density with an increase in Co
doping concentration was observed, suggesting a potential link between the Co dop-
ing level and the number of electrons transferred during the ORR. This trend might
indicate a shift from the two-electron process towards a four-electron process. Con-
versely, the Ni-doped series exhibited plateau current densities between -0.4 to -1.7
mA /em?; which are notably lower than those in the Co-doped series. This disparity

underscores the significant impact of the doping element on the ORR process.

The Tafel equation was used to derive kinetic information about the perovskite
catalyst ORR reaction. The Tafel slope is calculated from the linear sections of
the log value of current density versus potential plots. In Figure 4.4a, the Tafel
plots for LaCrg5Cog503 and LaCrg 5Nig 503 show a distinct linear regions in the low

overpotential region ranges from approximately 52 mV /dec to 68 mV /dec.

(a) (b) 70

—€O— Ni-Pnma
—&— Ni-R-3c
—{— Co-Pnma
i —#A— Co-R-3c

(o2}
(&)

log j (mA/cm?)
1

)
1
3

59.41 mV/idec %

Tafel slope (mV/dec)
3
1

(]
o
1

1+ LaCrg4Nig 50, A
sNig. 2
X LaCrq5C04 50, %1
%
T T T T T T 50 T T T T T T
02 03 04 05 06 07 00 02 04 06 08 10
E (V vs. RHE) 1

Figure 4.4: Tafel slope analysis of LaCr;_,Co,O3 and LaCr,Ni; (O3 series. (a)
Examples of the calculation of Tafel slope value. (b) Summary of Tafel slopes for
two sample series.
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As depicted in Figure 4.4b, the Co-doped series exhibit lower Tafel slopes
than the Ni-doped series across doping concentrations ranging from 0.2 to 0.8. This
trend indicates that Co-doped perovskite catalysts are more efficient for the ORR in
this concentration range, as they achieve higher current densities in a given voltage
range. For the Ni-doped series with a Pnma structure, the Tafel slope values exhibit
fluctuations with increasing doping concentration. Meanwhile, for the Ni-series se-
ries in the R3c structure, there is an observed increasing trend in Tafel slope values

concurrent with the rise in doping concentration.

4.3 Discussion

The Tafel slope value is an indicator of the reaction mechanism happend during the
ORR. The observed Tafel slope at around 60 mV /dec can be explained by the path
shown in Table 4.1,°° which proposed a possible mechanism for the 2-electrons
steps. It shows that the adsorption of HyO to the MO is the rate limiting step
during the ORR.

Table 4.1: A proposed mechanism for the two-electrons pathway for ORR®

rate-determining step Theoretical Tafel slope value (mV/dec)
Oy +2M — MO 15
MO +e - MO 40
MO + H,O - MOH + OH" 60
MOH +e¢ - M+ OH 120

The analysis of disk and ring currents in RRDE experiments is instrumental
in determining the number of electrons transferred during the ORR reaction. This
electron transfer number, Ny, is a crucial indicator of the reaction’s completeness
and can be calculated using the currents from both the disk electrode (iq) and the

ring electrode (i,) using the following equation:!

ld
Ng=4x A 4.1
‘ i+ “1)
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In this equation, N represents the collection efficiency of the RRDE. In this
project, it was used as the same as the theoretical efficiency, 24.9%, as calculated
form the electrode efficiency measurements (Figure A.2). A fully completed ORR
involves the transfer of four electrons. In contrast, a two-electron step, indicative

of incomplete ORR leading to HyO4 formation, signifies that only two electrons are

involved.
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Figure 4.5: The calculated number of transferred electrons of (a) LaCr;_,Co,O3
and (b) LaCryNi;_ O3 during ORR reaction. (c¢) The average number of
transferred electrons of Co-dope series. (d) The average number of transferred
electrons of Ni-dope series. Y error calculated as the standard deviation of multi
measurements’ results of the same sample.

The number of electrons transferred during the ORR process for different cat-
alysts is shown in Figure 4.5. Notably, the Ni-doped series demonstrates fewer
electrons being transferred compared to the Co-doped series, suggesting that the
presence of Ni may hinder the completion of the ORR, favoring the production of
Hy04. This observation is consistent with the LSV measurements (Figure 4.3c),

where the Ni-doped series exhibited a jplatean higher than the Co-doped series. Con-
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versely, the Co-doped series showcases a stronger tendency to catalyst the reaction
towards the four-electrons pathway (Figure 4.5c¢). The influence of perovskite
structure on catalytic activity is noticeable: for Co doping concentrations ranging
from 0 to 0.4, corresponding to the Pnma space group, the catalysts promote a
hybrid of both four-electron and two-electron ORR processes. As the yc, value
increases from 0.6 to 1.0, the average transferred electrons are closer to 4, indicating

a stronger selectivity for the four-electron ORR process.

In the preceding two chapters, the structural changes and electrochemical be-
havior of doped perovskite oxides were discussed. This section will delve into the

interplay between structural features and catalyst performance in these materials.

The relationship between the B-O bond length and the average number of elec-
trons transferred during the ORR is shown in Figure 4.6a. Previous studies have
found that stronger covalency in B-O bond facilitates oxygen species exchange on
the surface of B-site ions, thus improving the complete four-electron ORR pro-
cess.?0 Stronger covalency is indicated by shorter B-O bonds.?? The experimental
trend observed in this study corresponds with these findings, indicating a negative
relationship between bond length and the number of transferred electrons. An in-
crease in bond length leads to a weaker B-O bond, which, in turn, facilitates the
desorption of the formed OOH" species from the catalyst surface, thereby promoting
the formation of HyO,. It is evident that the structural configuration of the cata-
lysts influences ORR selectivity. Catalysts with the Pnma structure, characterized
by longer B-O bonds, typically exhibit a lower number of electrons involved in the
reaction compared to those with the R3c structure within the same doping series.
Notably, the fluctuation between odd and even doping numbers in the Ni-doped
series is observed, which does not seem to be directly attributable to bond length

variations.
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Figure 4.6: The correlations between lanthanum perovskite oxides (a) B-O bond
length and (b) B-O-B bond angle with their ORR catalytic activity.

The B-O-B bond angle reflects the degree of hybridization between the B-site
3d orbitals and the oxygen 2p orbitals. In an ideal [BOg| octahedron, the 3d B-site
metal orbital and 2p oxygen orbital engage in a ’head-on collision” mode, with the
B-O-B bond angle around 180°.3” As depicted in Figure 3.8, bending of the B-O-B
bond, leading to a decrease in the B-O-B bond angle, decreases the overlap between

the 3d and 2p orbitals. This reduction negatively affects electron transfer within the
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lattice and lowers the electrocatalytic activity towards completing the ORR.3" This
trend is shown in Figure 4.6b. Similar to the bond length analysis, the correlation
between structural characteristics and ORR selectivity is more pronounced in the
Co-doped series. A general trend is observed where an increase in the B-O-B bond
angle leads to a corresponding increase in the number of electrons transferred. In
contrast, the Ni-doped series exhibits a more complex pattern, with fluctuations in

catalytic activity that make discerning a clear trend challenging.

The XAS results suggest that changes in the oxidation state might be a key factor
influencing the differing ORR selectivity between the Co-doped and Ni-doped series.
As demonstrated in Figure 4.7a, the normalized Co K edge peaks of selected Co-
doped samples have no significant variation across different doping concentrations.
These edge energies are indicative of a Co 3+ state, as corroborated by prior research
on Co oxidation states.?®>* In contrast, the Ni-doped samples exhibit different Ni
edge energies (Figure 4.7b). The normalized edge energy for Ni shifts positively
as doping concentration increases from 0.1 to 0.8, followed by a negative shift from
0.8 to 1.0. This shift suggests a change in the oxidation state of Ni between 2+ and
3+ state within the selected samples.?® This could be attributed to the alteration
in the electron configuration at the B-site, prompted by varying Ni concentrations.
The phase transition from Pnma to R3c and the possible oxygen vacancies within
the lattice may also contribute to these oxidation state changes. Overall, the XAS
results are in line with the hypothesis that the incorporation of Cr and Ni at the B-
site in perovsktie oxide leads to different electron configuration in the split d orbitals,

thereby impacting the catalytic performance of the samples.
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Figure 4.7: The XAS results of selected (a) Co-doped samples. (b) Ni-doped
samples. The inset shows the relationship between the Ni edge energy and Ni
doping concentration.

4.4 Summary

The experimental investigations utilizing the RRDE technique have provided crit-
ical insights into the electrochemical behaviors of various catalysts. Through CV
measurements, distinct redox characteristics were observed, which were significantly
influenced by the composition of the catalyst. Notably, the results indicated that the
catalytic activity for the OER was not particularly pronounced. More specifically,
the electrochemical kinetic analysis for the ORR revealed that the inclusion of Co
in perovskite oxides enhances their selectivity atowards a complete ORR process.
This indicates that Co-doped samples favor the four-electron pathway of the ORR,
leading to the efficient reduction of oxygen to water. On the other hand, the intro-
duction of Ni was found to increase the selectivity towards the generation of HyO, a
characteristic of the two-electron reduction pathway in ORR. This suggests that Ni
doping facilitates a partial reduction of oxygen, resulting in the production of HyOs.
These observations highlight the crucial influence of dopant type and perovskite
structure on the selectivity and efficiency of catalyzed ORR processes. The ability
to tailor the ORR pathway through strategic doping presents a valuable approach

for designing and optimizing catalysts for specific electrochemical applications.
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Chapter 5

Conclusions and Outlook

5.1 Conclusions

In summary, this thesis investigated how the lattice structure of lanthanum chromium
oxide perovskites changes with varying concentrations of Co and Ni doping, along-

side their electrochemical catalytic behavior towards the oxygen reduction reaction.

The LaCr;,Co,O3 and LaCrq_Ni O3 samples exhibited a structural transition
from the Pnma to the R3c phase as the concentration of B-site doping increased.
This correlation between doping concentration and changes in lattice parameters
aligns well with tolerance factor analysis. With an increase in doping concentration,
there is a noticeable decrease in the distortion of the perovskite lattice. Concurrently,
the lattice exhibits a trend of contraction along the defined a and ¢ axes. The bond
angles and lengths within the [BOg] polyhedra in the lattice are also influenced by

the type and concentration of doping.

Electrochemically, the analysis revealed that the catalytic activity for the oxygen
evolution reaction was not particularly pronounced in the synthesized catalyst series.
However, for the ORR, the samples exhibited variations in catalytic activity based
on the type and concentration of doping. The Co-doped series tended to increase the
selectivity of the ORR towards the four-electron pathway, while the presence of Ni
indicated a tendency to catalyze the ORR towards the two-electron pathway. The

20



Tafel slope values, ranging from 52 mV /dec to 68 mV /dec, provide insights into the
ORR mechanism, suggesting that the rate-determining step involves the adsorption
of HyO. The XAS analysis indicates that the oxidation states of the B-site atoms

might be a key factor affecting the samples’ catalytic performance.

5.2 Outlook

The project revealed notable variations in the catalytic activity within the Co-doped
and Ni-doped perovskite oxide series. The selection of B-site doping elements could
extend beyond Cr, Co, and Ni to include a broader range of 3d transition metals,
enabling a more comprehensive investigation. Such an expansion could significantly
enhance our understanding of the relationship between the structural attributes of
perovskite oxides and the corresponding changes in their catalytic activity. Through
extended research, it would be possible to identify the most effective combinations
and ratios of B-site elements for optimizing both the four-electron and two-electron

oxygen reduction reactions.

The intrinsic structural reasons behind the fluctuating ORR catalytic activity in
the Ni-doped series, have not yet been fully understood. Further XAS analysis of the
entire sample series will provide detailed structural information about the perovskite
oxide samples. This comprehensive analysis could pinpoint specific structural char-
acteristics responsible for the observed variations in catalytic activity. Additionally,
it can offer valuable insights into the presence of oxygen vacancies within the lattice,

a crucial factor influencing ORR catalyst performance.

Looking forward, other key aspects should also be studied, including the cat-
alytic stability and the development of synthesis methods suitable for large-scale

production, which are critical for discovering efficient catalysts for the different path-

ways in the ORR.
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Table A.1: Parameters used in the Rietveld refinement

Parameters

number of coefficient for baseline subtraction
Histogram scale factor

Sample displacement (pum)

Sample transparency (1/pef f,cm)

Refine unit cell

Phase fraction

Domain size (um)
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Figure A.1: Cyclic voltammatry measurements for all samples.
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