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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 (H,O;) as
the product. The perovskite CaSnO3 has demonstrated stability and selectivity in
electrochemically oxidizing H,O to H;O,. 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):? FCEVs represent a signi cant 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 e ciency
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 ).34 Despite rapid advancements in FCEV technology, challenges
remain, particularly concerning the performance of fuel cell catalysts. Recent stud-
ies have signi cantly 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 e ciency.



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 e ciency in ORR. However, the high
costs associated with PGMs present a signi cant limitatiorf. Consequently, there
IS an escalating interest in investigating alternative catalysts, especially traditional
metal oxides that exclude platinum!® These alternatives are not only more cost-

e ective but also potentially o er 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 (HO,) 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 %2 Despite its various applications, the current production capac-
ity of H,0, is inadequate to meet the escalating global demarté!* In industrial set-
tings, H,O, is produced through the anthraquinone reduction/oxidation process.
An alternative approach involves the on-site direct synthesis of #, from hydrogen
(H,) and oxygen (G).1® However, these approaches have limitations including low
production e ciency, elevated costs, and notable safety hazards, which impede their
scalability and widespread application. Electrochemical synthesis o ers a more eco-

nomical and environmentally friendly option for producing HO, from O,. Recent



advancements, as depicted ifrigure 1.2 , demonstrate signi cant progress in en-
hancing the generation rate of KO, through modi cation of element combination

in metal oxide catalysts!’

Figure 1.2: Previous research on two-electron water oxidation reaction for,@,
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 eld 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 e ectiveness 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:

O,+ H,0+4€e ! 40H (E° = 1:23V) (1.1)

two-electron step:

0O, +2H,0+2¢€ ! H202+20H-(Eo:0:70\/) (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 di erent orientation of oxygen adsorption, like end-on adsorption, side-on
adsorption, and bidentate adsorption mechanism$:'° 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 bondFigure 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.



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 generatgQHor a two-electron

process to yield HO,.1%2! Speci cally, catalysts with stronger oxygen binding en-



ergies, favoring the formation of0" (indicated by a lower G ), lead the reaction
along the pathway depicted as the blue path ifrigure 1.3b . Conversely, catalysts
with weaker binding to oxygen (characterized by a higher G,-) tend to drive the

reaction towards the formation of BHO,.

In the context of ORR, various oxygen species, including Go4-, G o, and
G oy, 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 OHfor the water
oxidation reaction. Although this reaction is the reverse of the ORR, the underlying
reaction logic remains consistent. For catalyst where G- ranges approximately
from 1.6 to 2.4 eV, the evolution of HO, is favored. For G ,,- 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.

Figure 1.4: Theoretical activity volcano plots base on the calculated limiting
potentials as a function of adsorption free energies of OHReproduced from [22]
with permission.



1.2 Perovskite Oxide as catalyst for ORR reac-

tion

1.2.1 Fundamentals about perovskite oxides

Perovskite was rst identi ed in 1839 as a mineral with the chemical composition
CaTiO3, the name perovskite is in honor of the Russian mineralogist L.A. Perovski.
Subsequent research has expanded the term perovskite to encompass a broad family
of compounds sharing structural similarities with CaTiQ.?* This extensive family
includes various types of perovskites that have been the subject of extensive study,
such as ABQ type perovskites, Ruddlesden-Popper layered perovskites (represented
by the formula An+1 BOsn+1 ), A-site ordered double perovskite oxides (AA'BG),
B-site ordered double perovskite oxides (ABB'g), and perovskite halides, among
others® A typical ABO ; 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 [B§) 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 speci ¢ interstitial positiong®



Figure 1.5: Examples of ABQ; type of perovskites. (a) A schematic ABQ type

of perovskite structure. Crystal structures of (b) SrTiQ. (c) CaTiO3. (d) FeTiOs.
Green spheres represent Sr atom, blue spheres represent Ca atom, gold spheres
represent Fe atom. Blue polyhedral represents TiJpolyhedral structure.

The perovskite lattice undergoes structural distortions when di erent elements
occupy the A-site or B-site, owing to the variance in atomic radii, which a ects 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 SrTiQ with a
smaller Ca atom results in lattice distortion. This substitution transforms the cubic
structure of SrTiO; with Pm3m symmetry into an orthorhombic structure with
P bnm symmetry. The [BOgs] 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 FeTi) leading to a trigonal structure

where the [BQy] octahedra share edges rather than corners.

Since the rst synthesis of the perovskite oxide LaCo9in the 1970s, there has

been a signi cant 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 o ers
considerable exibility. 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 in uence the material's physical and chemical
properties, paving the way for tailored synthesis of perovskite materials for specic

applications.

Figure 1.6: Common elements in the ABQ type of perovskite oxides?

Goldschmidt's tolerance factor is a pivotal metric for assessing the stability and
distortion of crystal structures. Initially formulated to describe the ABO; 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 ABO

9



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 ast equation, three key parameters are considereda, r,, and rg.

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:

ra+r
=p_2 © (1.3)

2(rg + ro)

In the speci c 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 AB14B'xO3 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,B,O3 perovsktieg® :

t=p 'a+To
T2[(L X)rg+ Xrg + ro]

(1.4)
Theoretical tolerance factor values and their corresponding lattice structures are
given in Table 1.1 . The range oft in the table are guidelines rather than strict
thresholds for space group transitions. A value approximately between 0.9 and
1 suggests a cubic perovskite structure with ideally sized ions at both A-site and
B-site positions. Ift 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 di erent 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.

10



Table 1.1: Tolerace factor value and their correspond structuré

tolerance factor () Space group
>1.0 hexagonal/tetragonal
091t 1.0 cubic
0.71to 0.9 orthorhombic/rhombohedral
<0.71 other structure

1.2.2 3d transition metals at perovsktie B-site

The rst row of the transition metal region on the perodic table are elements with
unlled 3d shells as shown inTable 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 €3d°® electron con guration rather than the 4s?3d*
con guration predicted by the Aufbau principle, and copper is 48d'° rather than
4s?2d°. These anomalies to the extra stability associated with half- lled subshells.
The size of neutral atoms of thed-block elements gradually decreases from left to
right across a row, due to an increase in the e ective nuclear charge with increasing

atomic number.

Table 1.2: Electron con gurations of 3d transition metals

Sc Ti \Y, Cr Mn
4s23dt | 4s?3d? | 4s?3d® | 4s'3d® | 4s23d°
Fe Co Ni Cu Zn
4s23d° | 4s23d’ | 45?3 | 4s13d° | 4s23d0

11
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