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Chapter 1. General Introduction

1.1 Background

In recent years, development of sustainable energy has become increasingly
crucial due to growing environmental concerns and depletion of carbon-based fossil
fuels" 2. To achieve the goal of low or even zero carbon emissions, renewable energy
forms like solar, wind, and hydrogen energy have been widely studied. H>, being abundant
and one of the energy sources with the highest gravimetric energy densities, is now
considered a highly promising energy carrier to convert chemical energy into electricity>
4, and is expected to form the basis of a future H> society. Hz is typically extracted during
the steam reforming of hydrocarbons, such as natural gas, liquefied petroleum gas,
naphtha, and petroleum residues, and is also one of the by-product gases generated during
steelmaking and brine electrolysis>. However, all the above-mentioned methods have the
disadvantages of difficult mass production of H> and generation of CO2 during the
manufacturing processes, which defeats the purpose of a low-carbon-emission process.
Renewable energy generated by water splitting can, however, produce H> in a much more
efficient and cleaner way, potentially making the realization of a future carbon-free H
society possible.

Water electrolysis is the technology used to electrochemically split water into O
and Ho. In a future H; society, the power generated from wind, solar, or other renewable
energy sources could be connected to electricity grids for daily consumption, while any
excess power could be utilized for water electrolysis. The H> produced can subsequently
be converted to electricity again, by combining it with O2 when an energy conversion

technology, such as fuel cells, is employed®®. By using H> as a fuel, polymer electrolyte
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fuel cells (PEFCs) have in fact been widely investigated in recent years, with one of its
successful commercial applications being fuel cell vehicles®™ '°. Similar H» applications in
other industrial fields can also be developed.

The establishment of such a sustainable energy strategy cannot, however, be
fully realized without the development of efficient water electrolysis and fuel cell
techniques. In water electrolysis, the oxygen evolution reaction (OER) occurs at the anode,
while the hydrogen evolution reaction (HER) occurs at the cathode!!. OER is kinetically
much slower than HER due to the four electrons involved in the reaction'?. This rate-
limiting step represents the biggest technical challenge to the successful adoption of water
electrolysis'> !*. In recent years, significant research efforts have been devoted to
expanding the fundamental understanding of OER, along with the development of novel
OER catalysts in both acidic'™ ¢ and alkaline!” '* media. However, the extremely
complicated OER reaction process, including the formation of unknown adsorbate/

adsorbate intermediates, is yet to be determined'®.

1.2 Evaluation of the OER Reaction Mechanism
1.2.1 Principles of Water Electrolysis

The overall water electrolysis reaction consists of two half reactions, i.e., the
OER and HER. The specific mechanisms of these half reactions will depend on the nature
of the solutions, as described in the following equations (1)—(6) for acidic, neutral, and
alkaline electrolytes?’:
In acidic solutions (e.g., perchloric acid, sulfuric acid):
Anode: 2H,0 > Oz +4H" + 4¢” (1

Cathode: 4H" + 4¢ > 2H» (2)



In neutral solutions (e.g., phosphate bufter solution):
Anode: 2H,0 > Oz + 4H" + 4¢” )
Cathode: 4H,O + 4¢" > 2H> + 40H" 4)
In alkaline solutions (e.g., potassium hydroxide):
Anode: 4OH = O, + 2H,0 + 4¢ (5)
Cathode: 4H>O + 4e > 2H, + 40H" (6)
As stated earlier, the four-electron reaction, OER, has been found to be a more
complicated reaction when compared to the HER. Moreover, the water electrolysis
reaction is a high-energy process, where the standard-state free energy change (AG®) is
+237.2 kJ mol’!, i.e., the energy required to convert one mole of water molecules into H,
and 02!, In addition, the enthalpy change (AH®) required for H> gas formation is +286
kJ mol ™! 22, Together, this translates into the thermodynamic reversible water electrolysis
cell voltage being 1.23 V22 theoretically, and the application of 1.23 V external potential
could therefore be expected to generate H> and O.. However, in practice, additional
voltage should typically be applied to achieve significant reaction rates in real water
electrolyzers. This difference between the applied voltage and the theoretical value is
defined as the overpotential (1) and is a key parameter when evaluating the efficiency of
electrocatalysts.
Another essential parameter evaluated during the OER catalyst studies is the
Tafel slope, b, in equation (7)*). Equation (7) shows the relationship between
overpotential # and current density i, and the coefficient constant b indicates the Tafel
slope value. It is generally used to investigate the kinetics of the OER, where it varies

between 30 and 120 mV dec™! and is also used to identify the rate-determining step®*.



Tafel values and the OER electron-transfer processes will be discussed in detail at a later
stage.

n=a-+blogi (7
1.2.2 Proposed OER Reaction Mechanism

Two widely accepted OER mechanisms that have been proposed in recent years
are the traditional adsorbate evolution mechanism (AEM) and the lattice oxygen
mechanism (LOM)?°. The traditional AEM mechanism is represented in Figure 1. 1%°,
where the following reaction mechanisms are proposed for an acidic electrolyte; also as
shown in Figure 1.1 (a); where the * mark represents the active sites?’:

2H,O » HO* + H,O + H + ¢
2> O*+H,O +2H" + 2¢

- HOO* + 3H" + 3¢

2> Oy +4H" +4e

In addition, the proposed OER mechanism in a basic medium, shown in Figure
1.1 (b), is described as follows?’:

40H - HO* + 30H + ¢

- O* + HoO + 20H" + 2¢

- HOO* + H,O + 30H + 3¢
= 02+ 2H,0 +4¢

In these traditional AEMs, the OER processes involve the sequential formation
of M—OHags, M—Oags, and M—OOHa¢s adsorption intermediate species, where M
represents the active metal sites. Here, the hypothesis is that all O, molecules are

generated from the O in the water molecules. However, in a benchmarking study by Shao-



horn et al., an innovative experimental design employing 30 isotope labeling revealed
that the O gas produced also contained O atoms originating from the catalyst lattice
oxygen?®. Further research, employing both the experimental and theoretical approaches,
has confirmed that the surface oxygen sites of catalysts could participate in the OER
directly?*=*2. LOM was therefore proposed as an appropriate reaction mechanism for both
acidic and alkaline electrolytes. As shown in Figure 1.2 (a), LOM in an acidic electrolyte
can be described as indicated below, where *, Or, and V, represent the metal active site,
lattice oxygen, and surface oxygen vacancy, respectively!!:

HO+* > OH*+H' +¢

OH* > O*+H' +¢

O0*+0L> 02+ V,

Vo+H20 > OH*+H" + ¢

H* > *+H" +e-

The LOM in the alkaline electrolyte can be described as follows?>:

OH +* > OH* + ¢

OH* +OH - O* + H,0 + ¢

O*+0L> 0:+V,

Vo, + OH - H*

H* + OH - H;O

Here, the lattice oxygen of the catalysts would combine with the adsorbed O*

species, produce O gas, and subsequently lead to the formation of O2 vacancies in the
lattice. Because of the diverse proton-electron transfer steps, the catalyst activity is
generally dependent on the pH value of the electrolyte, as shown by Shao-Horn, et al.?

It should however be noted that the catalyst structure instability caused by LOM may also
5



result in the simultaneous occurrence of AEM and LOM?®-32, Another recent study further
reported that due to the electron transfer rate and intermediate affinity, the pH-dependent
OER activity occurred without the lattice oxygen participation®*. Further research is
expected to provide more insight into the OER reaction mechanism.

New reaction mechanisms have also been investigated with the development of
novel OER catalysts, including a two-active-site mechanism that was proposed in a recent
perovskite catalyst study. According to previous studies on ABO; type perovskite
catalysts®, the OER reaction mechanism proceeds at a single, corner-shared MOg site,
where the B-site metal distance (e.g., Mn-Mn) has an average value of about 3.7-3.9 A.
Such a long M—M bond distance would prevent the formation of a direct O-O bond, which
is assumed to enhance the OER activity. Further studies also revealed that a shorter M-M

36,37 which would also lead to enhanced

distance could enable direct O—O bond formation
OER activity. Yamada et al. have in fact demonstrated that quadruple perovskite catalysts,
owing to the moderate bond distance between adjacent A’ sites and B site transition metals,
could form O-O bonds directly®®. These active A’-B bridge sites contribute to the high

OER activity of quadruple perovskite catalysts>® 4,

1.3 OER Electrocatalysts in Acid

Due to their excellent OER activity and long-term stability, noble metal-based
OER catalysts, such as Ir- and Ru-based catalysts, are considered the benchmarking
catalysts for water electrolysis** *>. Compared to the alkaline water electrolysis, the high
proton concentration associated with water splitting when an acidic electrolyte is
employed contributes to a faster HER*. As such, sulfonic acid side chains have been

found to assist in the conduction of hydrogen ions when used with the extensively



investigated solid polymer electrolyte (SPE) water electrolyzers and proton-exchange
membrane (PEM) water electrolysis**. The application of the PEM water electrolyzer
will be discussed in detail later. Despite the current development of commercial PEMs,
noble metal OER electrocatalysts are still widely applicable because of their high current
density, long-term stability, and corrosion resistance in acidic environments. Their
scarcity does, however, remain one of the biggest obstacles to further commercialization.
The development of OER electrocatalysts for applications in acidic media will now be

discussed.
1.3.1 Ir-Based OER Catalysts

The morphology and structure of iridium oxide significantly affect OER activity.
Fine iridium oxide crystals, with a particle size <10 nm, have been shown to exhibit
superior activity and stability**. Here, the decreased particle size associated with the
catalyst generally leads to a large, electrochemically active surface area, with a better
exposure to highly active sites, thus resulting in an increased OER activity'>162% To take
advantage of this fact, various iridium oxide catalysts have been synthesized, employing
controllable morphology synthesis methods to produce one-dimensional nanoneedles*®

31-3 " and three-dimensional

and nanowires*’°, two-dimensional ultrathin nanosheets
nanostructures with (meso-) porous morphology>*>®. In another strategy to enhance
catalyst performance and reduce the noble metal loading, catalysts can be combined with
the supporting materials. Here, the supporting materials are expected to contribute to a
good electron conduction, better dispersion of active surfaces, and ensure corrosion

resistance in acidic environments. Unfortunately, the carbon-based supporting materials

that are most commonly used in oxygen reduction reaction catalysts, can also be easily



oxidized at high OER potentials, and are therefore not suitable for use in OER catalysts.
Recent studies have therefore focused on antimony-doped tin oxide (ATO) as a potential
supporting material for Ir-based catalysts, with ATO being associated with a strong
corrosion resistance®’%2. Oh et al. found that the metal/metal-oxide support interaction
effects between oxide supports and IrOx nanoparticles significantly improved the catalyst
activity and corrosion resistance. This effect was not considered earlier and would
therefore require further investigation.

Compared to crystallized iridium oxides, which are associated with long-range
ordered structures, catalysts with disordered or short-range, ordered amorphous structures
generally display a higher OER activity. Although the reaction mechanism of amorphous
Ir catalysts remains unclear, it is hypothesized that the superior catalytic performance of

these amorphous oxides may be attributed to the extra active sites that result from the

63, 64 5.

defects in the electronic structure and irregular Ir-Ir and/or Ir-O bond interactions®
70 In a recent study by Elmaalouf et al., a wide range of Ir-based catalysts were
investigated, employing controllable stoichiometry and crystallinity. Here, the results
demonstrate that a high OER activity is associated with the amorphous crystalline
catalysts with small particles rather than the initial Ir oxidation state, as shown in Figure
1.3%. Using a combination of atomic pair distribution function (PDF) analysis and local
electronic structure measurements, Willinger et al. were able to show that the high activity
of amorphous catalysts is related to the corner- and edge-sharing IrO¢ octahedra®’. The
appearance of hollandite-like structures, as determined by PDF and shown in Figure 1.4,
were found to be responsible for the enhanced OER activity, indicating the possibility of

designing a catalyst by rational structure arrangement. These special structural properties

were also observed in further studies, where orthorhombic and monoclinic symmetry
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were identified in amorphous iridium oxide®®. Mixed phases of traditional tetragonal and
orthorhombic structures were further shown to exhibit the best OER activity.

In an attempt to identify the reaction mechanism of Ir-based materials, in
situ/operando measurements, such as operando O K-edge X-ray absorption spectroscopy
(XAS), have been used to determine the changes in reaction intermediates during O>
evolution. Nong et al. were able to identify two types of O 2p hole character (u-O and p-
O oxyl) through operando O K-edge XAS, as shown in Figure 1.5”'. By combining pulse
voltammetry measurements with density functional theory (DFT) calculations, a linear
relationship was observed between the activation free energy and catalytic activity.
Pfeifer et al. were also able to capture the intermediate O species by using in situ X-ray
photoemission (XPS), XAS, and theoretical calculations’>’*, Their work revealed that
electrophilic O" species increased with active O» evolution and disappeared in the
absence of the applied potential, suggesting that the O species contribute to the OER
activity. Despite the various in sifu techniques that have been developed to determine the
intrinsic mechanism of highly active Ir-based materials, a thorough understanding of the
morphology, structure, electronic state, and catalytic performance is still required.

Another key parameter in the evaluation of the catalytic performance is stability.
This is particularly important when practical applications are considered. To investigate
the stability of several Ir-based catalysts, an in situ evaluation of the dissolution of Ir
during O> evolution was conducted by Geiger et al., employing both inductively coupled
plasma mass spectrometry and online electrochemical mass spectrometry’®. Their results,
as shown in Figure 1.6, reveal that the leaching of non-noble elements in the catalyst
structure results in the formation of isolated IrOs octahedra and short-lived vacancies, as

well as the amorphization of oxides that would further contribute to Ir dissolution. An

9



OER reaction mechanism with dissolution pathways was subsequently proposed for Ir-
based materials and is shown in Figure 1.7. A stability number (S-number) was also
proposed, being defined as the ratio of the amount of evolved O, to the amount of
dissolved Ir. The applicability of this S-number has since been demonstrated in literature**
65, A similar activity-stability factor has been proposed by Kim et al., where catalytic
activity and stability can be estimated from the rate of O production, and the rate of metal
dissolution’®. Current research on the stability of Ir-based catalysts is however incomplete;
therefore, further studies are required to provide a more complete understanding of the

catalytic behavior and stability.
1.3.2 Ru-based OER Catalysts

Ru-based catalysts are another state-of-the-art type of OER catalysts, for acidic
electrolyte applications. One of the main advantages of Ru-based catalysts when
compared to Ir-based materials is that the price of Ru is approximately six times lower
than that of Ir, making Ru a promising alternative for use in PEM water electrolyzers’’.
The development of Ru-based materials is, however, hampered by the relatively lower
acid resistance of the metal when compared to Ir, for instance. Similar to Ir-based catalysts,
the morphology and structure of Ru-based catalysts also has a significant impact on the
OER performance. The reduced particle size has again been reported to enhance the OER

78-80

activity°", although extremely small particles of 4-6 nm were found to negatively affect

the stability®!. Various morphologically engineered nanostructures, such as nanorods®?,

84-86 87-89

nanowires®, ultrathin two-dimensional nanosheets®*®, and mesoporous structures®’*,

have consequently been studied. Efforts have also been devoted to developing highly

active and stable Ru-based catalysts through alloying®®®® core-shell structure
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construction’*”, loading of supporting material’’®®, and other previously reported

100, 101

techniques . Ru-based catalysts not only exhibit excellent OER activity when

appropriately modified, but also exhibit active HER catalytic properties'%> 1%

, making
them potential bifunctional catalysts for water electrolysis. However, although several
new synthetic methods have been developed for Ru catalysts with superior catalytic
activity, research on the stability of the Ru-based materials is still insufficient. Therefore,
to ensure the development of practical applications in PEM water electrolyzers, a
thorough investigation of the catalyst degradation mechanism is crucial. It is therefore
proposed that research employing a combination of advanced techniques, such as in situ

XAS, transmission electron microscopy (TEM), and Raman spectroscopy, may provide a

deeper understanding of Ru-based catalysts.

1.4 OER Electrocatalysts in Alkaline Media

Although Ir- and Ru-based catalysts show superior OER performance, the low
abundance and associated high cost of these noble metals inevitably results in an increase
in the overall cost of water electrolysis. Alternatively, non-noble, metal-based OER
catalysts with comparable activity and durability are therefore necessary. Many recent
studies have consequently focused on exploring the potential of transition metal (TM, e.g.,
Ni, Co, Fe) oxides or transition metal (oxy)hydroxides as active OER catalysts. TM-based
catalysts offer important advantages with the metals being abundant having tunable
electronic structures and offering a wide selectivity in terms of catalyst design. Being
highly dissolvable, this does, however, limit their applications in alkaline electrolytes'’.
Some of the strategies that have been developed to improve both the activity and stability

of TM-based catalysts include'®: (1) element doping through the introduction of other
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atoms into the parent material to regulate the electronic and/or structural properties (2)
alloying of two or more metals to engineer the bond interaction and local ligand
environment (3) strain tuning through designed lattice mismatch to modify the absorption
energy of reaction intermediates and (4) interface engineering. Through the innovative
design of the catalyst structures such as (meso-)porous- and nanostructures, an increased
number of active reaction sites can also be exposed, thereby improving the catalytic
activity of TM catalysts'®. TM oxides that have been extensively studied in recent years
include spinel-type oxides, perovskite-type oxides, rock-salt-type oxides, hydroxides, and

layered double hydroxides, which will be discussed in detail in the following sections.
1.4.1 Spinel-Type OER Catalysts

Spinels are typically described as AB2O4. Here, A represents Li, Mn, Zn, Co, Ni,
Fe, and other TM metals, and B represents Al, Mn, Fe, Co, Ni, and other TM metals.
These spinels consist of a face-centered cubic array of O, with A occupying 1/8 tetrahedral
sites and B occupying 1/2 octahedral sites'®*. The structure of a normal spinel is shown
in Figure 1.8 (a). Owing to the relatively broad element selectivity for both A- and B-site
cations, the structure of the spinels can vary significantly depending on the distribution
of cations. Cation distribution can also be affected by the cation radius, with cations
having small radii and large radii typically occupying A sites and B sites, respectively.
Finally, Coulomb interactions between the cations would also affect the cation
distribution. As all these factors could affect cation distribution, spinels also typically
exhibit a variety of different structures, including inverse spinel and complex spinel, as
shown in Figure 1.8 (b) and (c). The inverse spinel can be described as B(AB)O4, where

in the case of NiFe,Ou, half of the Fe** ions occupy the tetrahedral sites, while the
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remaining Fe** and Ni?* ions occupy the octahedral sites. The complex spinels represent
a mixed state of normal and inverse structures, where in the case of CuAl,04, both Cu**
and AI** occupy tetrahedral and octahedral sites simultaneously'®. The coexistence of
tetrahedral and octahedral sites in spinels enables the formation of diverse oxides through
the accommodation of different TM cations. The structural flexibility of spinels also
offers the opportunity to study the catalytic performance through evaluation of site defect
effects, including A-site defect, B-site defect, and the oxygen vacancy. This approach has
drawn significant attention in recent studies'%.

Several studies have proposed that the octahedral site might be the active site for
OER catalytic behavior when spinels are employed. Wei et al. reported Mn in the
octahedral site of MnCo,04 as the active site!?®. This finding was further applied to a
series of eleven spinels, and it was concluded that a strong relationship existed between
the OER activity of spinels and the e; occupancy of the active cation in the octahedral
site. Based on this research, a volcano-shaped plot was proposed for the relationship
between the OER activity and the e, occupancy, confirming that the e, descriptor could
not only be applied to perovskite oxides, but also to spinels. Confirmation of the
octahedral site as the active site was also obtained in additional studies® 97 108
suggesting that the OER performance of spinels could be improved through an
engineering of the octahedral sites. Such engineering solutions could include increasing
the octahedral site distortion and enhancing the hybridization between octahedral site
cations and O. Another possibility that has also been attracting attention is the preparation
of catalysts through delithiation, thereby generating octahedral sites. Robinson et al. 1%
found that the LiMn204 spinel became catalytically active with the removal of Li from

the tetrahedral sites, while a similar phenomenon was also observed for delithiated
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LiCo0'". Another promising spinel is LiMnNiOs, which is already employed as a
cathode material for Li-ion batteries. As such, its structure has already been extensively

d!'- 112 with its transformation into active OER catalysts by delithiation appearing

studie
to be the obvious next step for future investigations. Co3Os, and its related spinels have
also shown promising catalytic activity and have also been widely studied. In one such
study, Wang et al. independently subtracted the tetrahedral site Co®" and octahedral site
Co** from the inactive cations. The results indicated that at an applied potential, Co*" at
the tetrahedral site of Co030s, would release electrons, thereby contributing to the
formation of CoOOH at the catalyst surface, significantly increasing the OER activity'!?.
Further research indicated that the oxygen vacancy rich surface would further facilitate
surface reconstruction prior to the Oz evolution, explaining the associated high OER

114 This concept was successfully illustrated by Xu et al. through optimization of

activity
the surface areas and oxygen vacancies of Co3O4 nanosheets to obtain a high OER activity

115 These studies shed light on catalyst design through defect regulation, to obtain more

active sites.
1.4.2 Perovskite-Type OER Catalysts

Perovskite-type materials have also been widely investigated as potential OER
catalysts in alkaline media. The simple perovskite generally occurs as ABO3, where A
represents Ca, La, or a wide range of other rare-earth elements as well as transition metals,
while B represents transition metals such as Mn, Fe, and Co. As shown in Figure 1.9 (a),
B-site cations with relatively small radii occupy the octahedral sites within the structure
of BOs, while the A-site cations are located in the cavities created by BOg octahedra.

Research on ABOs-type perovskites revealed that B-site octahedra are the active sites for
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the OER process. Shao- et al. also proposed that the e, occupancy of B-site active cations

is an important indicator to describe the OER activity!!®

. Combining this knowledge with
operando studies, Fabbri et al. successfully identified the dynamic self-reconstruction
behavior of Bag sSrosCoosFeo203-5 perovskite!'!”. They proposed that in contrast to the
traditional adsorption reaction mechanism, the catalyst can in fact form active
oxy(hydroxide) surface layers (called dynamic self-reconstruction) during the OER,
which is in turn especially favored by oxygen-vacancy-rich perovskites.

In recent years, quadruple perovskites have been found to exhibit promising
OER performance. With the formation of AA’3B40O12, quadruple perovskites have three
quarters of its A-sites (termed as A’ site) occupied by elements such as La, Ca, and Cu, as
shown in Figure 1.9 (b)*®. A more complicated structure of quadruple perovskites is also
associated with a widespread covalent network, which is expected to enable the formation
of more active reaction sites during the OER. Yamada et al. investigated several Mn-based
quadruple perovskite oxides and found that the shortened A’-B bond distance improved
the direct formation of O—O bonds, thereby enhancing the OER activity®® *°. This is
different from the single octahedra active site that was proposed in previous research for
simple perovskites, where the A’ and B’ sites worked together to form active sites in
quadruple perovskites, thereby generating the concept of a “two-active-site.” Although
these findings provide insight into the design of novel perovskites, further research is still
required to obtain a more complete understanding of these reaction mechanisms.

Double perovskites, with the structure of LnBaCo,0s+5 (Ln represent Pr, Sm, Gd,
Ho, and Ln), were also studied by Grimaud et al.''®. The structure of the double perovskite
is shown in Figure 1.10. In contrast to the simple ABO; perovskite, the large differences

in ionic radius and polarizability of Ln and Ba changes the ordering of A-site cations
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along the ¢ direction, while causing the oxygen vacancies to appear in the Ln plane. The
resulting regular oxygen vacancies lead to an oxygen-deficient octahedral symmetry, also
referred to as a square pyramidal symmetry. Because of the coexistence of octahedral and
square pyramidal symmetry, the evaluation of e, filling has become difficult to determine,
and the O p-band center was therefore proposed to assess the OER activity. Through DFT
calculations, it was found that an optimum O p-band center that is neither too close nor
too far from the Fermi level can enhance the OER activity. When considering both activity
and stability, the double perovskite investigated here performed better than even the most
active BSCF reported to date, suggesting their potential for further applications in alkaline
electrolytes.

To improve the catalytic performance of perovskites, several strategies have
further been proposed either to improve their intrinsic activity, or to increase the number
of active sites. These investigations focused on the substitution of cations at the A- and
B-sites, or the use of oxygen to modulate the catalyst composition. Here, it is postulated
that the substitution of A-site cations could affect the electronic state of B-site ions,
enhance the formation of oxygen vacancies, and subsequently increase the number of
catalytic active sites'!’. The substitution of B-site cations is typically more complicated,
leading to distortion of the octahedra and significant valence changes!'!®. Another recent
study also showed that partially replacing O with F could optimize the O p-band center,

120

and increase the formation of extra oxygen active sites =°. Morphology engineering has

also been widely applied with perovskites to obtain favorable OER catalytic
characteristics such as small particle size and a porous structure. To achieve a high
122

specific surface area, special perovskite nanostructures such as nanofibers'?!, nanorods'?,

and nanowires'? have therefore been synthesized. All these studies show that the rational
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design of perovskite structures can lead to better catalytic performance. Oxygen vacancies
in perovskite could also significantly affect the intermediate bonding energy, thus
affecting the OER activity. Here oxygen-vacancy-rich perovskite oxides are expected to
exhibit excellent catalytic performance. This oxygen deficiency can be achieved by lattice

strain engineering'"’

. Other promising strategies for superior perovskite catalyst design
include defect construction, crystal facet control, cation vacancy design, and loading of

supporting materials.
1.4.3 Other OER Catalysts for Alkaline Water Electrolysis

Apart from spinels and perovskite oxides, other types of OER catalysts have also
been investigated. Ni- and Co-based rock-salt-type oxides are expected to play a key role
in alkaline water electrolysis because of their low material cost and easily modifiable
structures. The typical structure of rock salt oxides is AO, where the A-site is occupied
by alkali or transition metals such as Ni and Co. Ordered rock salt oxides have regular,
edge-sharing octahedra, where A-site cations are octahedrally coordinated by O atoms!2*,
The OER activity of such rock salt oxides could depend on the synthesis method, where
the structural distortion could lead to the creation of more active sites. Trotochaud et al.
synthesized NiOx thin film catalysts with different Co doping contents. The results
showed that increasing the Co content had a negative effect on the catalytic activity, which
was attributed to the reduced formation of active layered oxyhydroxide!'?>. Rock salt
oxides also display ternary compositions with potential formulas ABO2, A2BO3, or AsBOs,
where the element selectivity of A- and B-sites is restricted by electroneutrality!'?*. LiNiO,
which has been widely studied as a Li-ion battery cathode material, has recently also

drawn attention due to its potential application in alkaline water electrolysis. LiNiO2 has
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a nominal oxidation state of Ni*" and has been found to exhibit excellent OER activity,
when considering the e, state descriptor. Moreover, because the energy levels of the Ni
3d orbitals of LiNiO> are close to those of the O 2p orbitals, they can strongly hybridize,
which can be expected to further enhance the catalytic performance. Furthermore, the
dissolution of Li cations might cause a structural mismatch or rearrangement, thereby
improving the OER kinetics. However, further research is required in this field.

Due to their superior OER performance, hydroxides and oxyhydroxides,
especially Ni- and Fe-based (oxy)hydroxides, M(OH)2, and MOOH (where M represents
Ni, Fe, Co, and Mn), have also been intensively investigated in recent years. Hydroxides
have a layered structure in which the metal cation is coordinated with six O atoms to form
MOgs octahedra and are then further connected through edge-sharing. Protons are located
at the top of this octahedra layer. Dionigi. F concluded that Ni(OOH)> with a Ni valence
of 2" would be transformed to NiOOH with a Ni valence of 3%, while the y-NiOOH phase
resulting from this transformation was proposed to be the active phase!?®. This phase
transformation was independently verified by Yan et al.'*’, employing in situ Raman and
operando XRD. In addition, it was observed that an intercalation of Ce enhanced the
formation of the active y-NiOOH phase, thereby improving the electrochemical
performance. NiFe layered double hydroxide (LDH) has also been widely studied, where
Fe’" is incorporated into the Ni host lattice through substitution, producing positively
charged layers due to the strong correlation between Ni and Fe. The above-mentioned
phase transformation was also observed in NiFe LDHs. In a recent study by Qiu et al. ',
it was found that the NiFe LDH nanosheets undergo dynamic self-optimization to also
form the active Y -NiOOH phase. By employing the in situ Raman spectro-

electrochemistry, they were also able to demonstrate that Fe would form FeOOH and
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inhibit the Ni self-oxidation. This would not only improve the OER performance, but also
improve the reaction rate of H» formation during HER. These reported properties of NiFe

LDH would make it a promising bifunctional catalyst for water electrolysis applications.
1.4.4 OER Descriptors

Because the intrinsic catalyst active site is difficult to identify, it is important to
construct a scaled relationship between the OER catalyst performance and the physical
or chemical properties. Such properties, termed as OER descriptors, are important to
develop an understanding of the catalytic structure-activity relationships and for the
prediction of novel catalyst performance trends'%’.

The occupancy of the eg-symmetry orbital of the transitional metal has been
widely used as a descriptor for perovskite OER catalysts'*’. In perovskite oxides, the
hybridization of B-site transition metal d orbitals and O 2p orbitals will split into low-
energy f2; and high-energy e, orbitals'*!. Compared to the 2, orbital, the e, orbital has a
vertical orientation, which would overlap with the O intermediates to a larger extent,
thus making the e, orbital more suitable to describe catalytic behavior. Suntivich et al.
proposed a volcano-like plot to indicate the relationship between OER catalytic activity
and B-site e;-symmetry electron occupancy, as shown in Figure 1.11'16, Based on this, it
was predicted that an intermittent e, number of approximately 1.2 would ensure a high
OER activity. This was subsequently verified experimentally through the high activity
observed for Bao.sSro.5C00.8Fe020s-5. The moderate e, value at an optimum OER activity
is consistent with the Sabatier principle, where the best catalytic performance is predicted

to be achieved at moderate adsorption energies'** 133, The e, descriptor was later found

to be suitable for transition-metal-based spinels as well'%.

19



The multiple spin states in Co-based double perovskites make it difficult to
estimate the e, filling number. The O p-band center as a bulk-phase property, however, is
easier to obtain than the selected catalyst surface information. Grimaud et al.
consequently reported the O p-band center as a descriptor for OER catalysts through ab

2134 Their work indicated that a moderate

initio DFT calculations, as shown in Figure 1.1
O p-band center, relative to the Fermi level, would lead to high OER activity in double
perovskites. The strong linear relationship between catalytic activity indicators, such as
current density, intermediate binding energy, and the bulk oxygen p-band center, was also

supported by the theoretical work of Shao-Horn et al.!®

, indicating the promising role of
the O p-band center in the development of novel catalysts.

Other OER descriptors, such as the d-band center!*¢ and charge transfer energy>>
137 based on the intermediate reaction energy, have also been studied for various types of
catalysts. In addition, structural factors such as M—O bond length!*¥, M—O-M bond
angle'*’, and M—M distance’® have also been proposed in recent research. With these OER
descriptors, predicting the catalytic behavior should become straightforward. However, a
statistical study of a wide range of descriptors demonstrated that some descriptors are not
suitable when employed in isolation, with a combination of several descriptors rather
being required to accurately describe catalytic performance'*’. Finding a universal OER
descriptor therefore remains a challenge for future catalyst studies. Meanwhile, the
established relationships might limit catalytic performance evaluation as well as the
search for optimal materials. Therefore, precisely identifying and resolving the existing

scaling relationships is crucial for the design of OER catalysts'?® 120,
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1.5 Objective

As mentioned above, the design of novel OER catalysts with superior activity
and durability depends on a thorough understanding of the reaction mechanism of O»
evolution. Thus far, current research has not been able to identify all the active sites,
intrinsic activity descriptors, and catalytic degradation mechanisms associated with OER.
It is therefore essential that further fundamental research be conducted to identify ways
in which to further improve the OER catalyst performance. X-ray absorption
spectroscopy (XAS), especially when conducted under operando conditions coupled with
structural evaluation techniques such as X-ray diffraction (XRD) and PDF analyses,
provide the ideal set of techniques to effectively evaluate the association between local
the electronic and crystal structures and their effect on the catalytic performance. In this
study, an operando X-ray absorption spectroscopy technique was developed as a new
method to measure the structure and electronic structure of catalysts during the reaction
process. By combining the developed operando technique with various advanced
analytical techniques, OER catalysts were thoroughly studied to elucidate the dominant
factors of OER activity.

We report the OER activities and stabilities of various transition-metal-based
catalysts in alkaline electrolytes, as well as iridium oxides in acidic electrolytes. With the
combination of advanced ex sifu and operando XAS techniques, the electronic structure,
including transition metal oxidation states and hybridization state of transition metal 3d
and oxygen 2p orbitals were rigorously analyzed. Moreover, the effect of the local
structure, such as the bond distance, will be evaluated. The correlation between catalyst

properties and catalytic performance was further established to obtain an intrinsic
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understanding of the reaction mechanism, while providing inspiration for the further

design of innovative OER catalysts.

1.6 Outline of the Present Thesis

This thesis consists of nine chapters, wherein the reaction mechanisms of several
OER catalysts in both alkaline and acidic electrolytes are reported. The results are based
on the investigations using a combination of ex sifu and operando advanced techniques,
which provided additional insights required for the further development of OER catalysts.

Chapter 1 provides an overview of water electrolysis, previously proposed OER
reaction mechanisms, and the present developments related to OER catalysts. The PEM
water electrolyzer will also be introduced.

Chapter 2 investigates the electronic structural changes of nickel at the
electrode/electrolyte interface during OER using thin-film Li-doped NiO catalysts. Here,
operando total reflection florescence-XAS (TRF-XAS) revealed a distinct surface
oxidation state change for LiosoNio410, indicating the formation of high oxidation state
Ni sites. The corresponding surface reconstruction resulted in an increased number of
active sites on the reaction interface, thereby enhancing the OER activity.

Chapter 3 investigates the electrochemical performance and reaction kinetics of
perovskite-type Lai»SriCoOs3.5 thin films as OER catalysts synthesized by the pulsed laser
deposition method. Through the innovative combination of ex situ XAS and operando
TRF-XAS, a significant oxidation state change on the surface of Lao.sSr0.4CoOs-5 was
observed. The formation of active surface sites resulting from surface reconstruction at

the reaction interface and its effect on the OER activity are discussed.
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Chapter 4 discusses the effect of cation mixing in LiNiO2 on OER performance.
The ex situ XAS revealed a strong hybridization state of Ni 3d and O 2p orbitals, which
is believed to be the origin of the observed differences in catalytic activity behaviors.
Moreover, operando XAS, combined with inductively coupled plasma optical emission
spectrometry was conducted to investigate the Li-ion loss during the OER process. The
de-intercalation of Li ions and its effect on the catalytic stability are discussed in detail.

Chapter 5 quantitatively evaluates the activity of low-spin tetravalent Ni ion sites
in OER. The Ni valence was changed from divalent to tetravalent through the chemical
delithiation of Lio.96Nio.49Mni5104, and the OER activity was found to increase with
decreasing Li content. The high OER activity was attributed to the strong hybridization
of the Ni-3d-O-2p orbital resulting from the downshift of the Ni conduction band, as
confirmed through comprehensive XAS analyses.

In Chapter 6, the two-active-site OER mechanisms for quadruple perovskite
oxides is discussed in detail. The OER catalytic performance of CaMn;O12 quadruple
perovskite oxides with different Mn(A'-Mn(B) distances were carefully examined.
Mn(A")-Mn(B) distances were precisely controlled through doping with Sr, Cu, and Al.
The crystal structure and state of cations and O was investigated using XRD with Rietveld
refinement and XAS. The OER catalytic activity was clearly correlated to the Mn(A’)—
Mn(B) distance, while the e, states of both the Mn and O 2p band centers remained
unchanged. A shrinkage of the A’—B distance affected the stability of the O—O bond on
the A’-B site and accelerated the OER kinetics.

In Chapter 7, the origin of the high OER activity of amorphous iridium oxide is
thoroughly investigated. A PDF analysis revealed that the short-range-ordered iridium

oxide has two different structure phases. Further ex situ and operando XA'S measurements
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demonstrated that the mixed phases contributed to an increase in active sites, thus

enhancing the OER activity.

Chapter 8 summarizes the conclusions obtained from the present study and

discusses the future prospects of water electrolysis.
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Figure 1.3. Most active materials present similar structural features. (a) Graph
summarizing XRD analyses with chemical compositions determined by EDXRF.
Amorphous samples are labeled with crosses (+), crystalline samples are marked with
plain circles (¢), and the circle diameter is proportional to the crystallite size determined
by Rietveld analysis. The position of each symbol on the Y-axis corresponds to the Mo
content determined by EDXRF analysis. The red-dotted line highlights the most
electroactive material for each composition. (b) The superposition of the FT-EXAFS
spectra recorded for the most electrochemically active materials for each Mo content, i.e.,
pure IrO; calcined at 450 °C, Iro9Moo.1Ox calcined at 450 °C, Irg.7Mo03Ox calcined at
500 °C and IrosMoo.sOx at 550 °C. STEM-HAADF images of the samples prepared with

(c) 50% Mo calcined at 550 °C and (d) 10% Mo calcined at 450 °C>>.
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Figure 1.6. Crystal structures of the investigated materials. (a) rutile IrO2, (b) an example

of a B-site-ordered double perovskite (Ba2PrlrOg), (¢) a single perovskite with alternating
cubic and hexagonal layers (SrIrO3), (d) an assumed structure of amorphous iridium oxide,
where gaps are filled with intercalated water molecules (not shown), (e) a leached, double
perovskite showing isolated IrOg, which will collapse into an amorphous structure, and

() leached SrIrO3, resulting in an anatase-like iridium oxide structure”.
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Figure 1.7. Sketch of the simplified OER reaction mechanism with dissolution pathways.
(a) classical mechanism for the crystalline IrO> without the participation of lattice oxygen.
Two possible pathways are presented, single site and double site. (b) the mechanism
suggested for amorphous iridium oxide and leached perovskites with the participation of
activated oxygen in the reaction forming oxygen vacancies. Weakening the binding of Ir
in the structure is considered the main reason for the enhanced dissolution. To complete
the cycle, vacancies can be filled again by adsorption of water. The octahedral
configuration of Ir is not presented completely, and the nucleophilic attack of water and

proton removal are merged into one step for simplicity’.
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Inverse spinel Complex spinel

Figure 1.8. Representative structures of (a) a normal spinel (MgAl204), (b) an inverse
spinel (NiFe204), and (c) a complex spinel (CuAl2O4), with different styles and views.
The green and purple polyhedra correspond to octahedral and tetrahedral metal
occupation sites, respectively. Representative A, B, and O defect sites in spinel AB2O4
have been illustrated in panel a; (d) Normal spinel (MgAl>O4) with (111), (311), and (400)

view directions>®.
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A =Ca, La, etc.

A’= Cu, Mn, etc.

B = Mn, Fe, Co, etc.

Figure 1.9. Schematics of the crystal structures of (a) simple ABO3 and (b) quadruple
AA’3B4O1; perovskites. Green, purple, orange, and blue spheres represent A, A’, B, and

O atoms, respectively. Both perovskites are drawn as cubic structures for simplicity’®.
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Figure 1.10. Double perovskite crystal structure and cobalt crystal field. (a) a schematic
representation of (Lng sBa0.5)Co0O3.5 double perovskites (LnBaCo020s+5 with 6’ =1 — 23)
showing the ordering of Ln and Ba cations and the formation of oxygen deficiency in the
LnO1.s planes. This ordering is reflected by the doubling of the ¢ parameter compared
with ideal cubic perovskites, resulting in ap x ap x ap lattice parameters (ap being the
lattice parameter of the cubic perovskite indexed in the Pm-3m space group). The
structure has (b) octahedral (On) and (c) square pyramidal (Csyv) symmetry for Co ions,
with distinct crystal-field splitting of d-electron states for the different coordination

symmetries'!S.
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Figure 1.12. Computed oxygen p-band center for oxygen evolution. (a) a schematic
representation of the O p-band for transition metal oxides and (b) an evolution of the iR-
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was computed by DFT for the fully oxidized and relaxed structure using the method
described in the Methods section. Error bars represent the SD from at least four

independent measurements'!’.
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. Schematic of the operating principle of an alkaline and PEM water

electrolysis cell®.
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Chapter 2. Total-reflection Fluorescence X-ray
Absorption Spectroscopic Study of the State of the
Active Site in Li-doped NiO during Oxygen Evolution

Reaction

Understanding the interfacial electronic structure of electrocatalysts is important
for elucidating the intrinsic mechanism of the oxygen evolution reaction (OER). In this
study, the electronic structural changes of nickel at the electrode/electrolyte interface
during the OER of a typical nickel-based electrocatalyst in alkaline water electrolysis was
investigated. The flat LixNi;<O thin film catalysts were synthesized by the pulsed laser
deposition (PLD) method, and their OER performances and reaction kinetics were
measured by electrochemical tests. We innovatively applied operando total-reflection
fluorescence X-ray absorption spectroscopy (TRF-XAS) to investigate the state of the
active site changes during the OER under the applied OER potentials. Operando TRF-
XAS revealed that a distinct surface oxidation state change of Lio.soNio.410, which
outperformed NiO in the OER activity, was observed, indicating that high oxidation state
of Ni sites was forming. This surface reconstruction resulted in greater number of active
sites on the reaction interface, thereby enhancing the OER activity. This study provides a
new insight into the surface state changes occurring during the OER and can enhance the

design of novel alkaline OER catalysts.

2.1 Introduction

Splitting water to produce hydrogen is generally considered a promising solution

to overcome the severe energy crisis. However, it is impeded by the sluggish kinetics of
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the oxygen evolution reaction (OER)!-. Various types of water electrolysis have been
studied till date, among which alkaline water electrolysis is inexpensive and expected to
be commercialized on a large scale*. Benchmarking catalysts such as Ir- and Ru-based
materials have been widely reported for their superior ability to enhance the OER
performance®®. Considering the high cost and scarcity of such noble metal catalysts,
designing cheaper materials with compatible OER performance is essential. Transition
metal (TM = Fe, Co, Ni) oxides are now being widely studied as potential OER catalysts’
owing to their regulable crystal structure and earth abundance. Some TM oxides have
been even reported to outperform noble metal-based catalysts when artfully designed.
Among all the TM oxides, Ni-based materials have been found to significantly boost the
OER Kkinetics especially when doped with other metal elements such as Fe!* ! and Li'%.
Recently, we have shown that LixNi;.,O oxides, in which lithium and nickel ions are
cation-mixed, have high oxygen evolution activity and durability!*. The introduction of
metal doping has been proposed to modify the active reaction sites or reconstruct the
reaction surface areas, thereby improving the catalytic behavior toward OER'® !4,
However, the mechanism of the activity and durability of the catalyst remains not fully
understood. This is because of a lack of information on the electrode/electrolyte interface,
which is the active site during the OER reaction.

The active site where the electrochemical reaction occurs in water electrolysis,
is the electrode/electrolyte interface, and understanding the interfacial structure of the
electrocatalyst is important for obtaining the guidelines for catalyst development. The
electronic structure of the electrode at the electrode/electrolyte interface is different when
the potential is applied during the OER than when it is not applied. Various operando

measurement techniques, such as, operando X-ray absorption spectroscopy (XAS)!> 16,
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operando Raman investigation!’, and operando X-ray photoelectron spectroscopy
(XPS)'®, have been developed to obtain information on the interfacial structure during
water electrolysis.

Among all these techniques, XAS has been widely applied to reveal the
electronic and local structures of the target materials. Reliable information about several
OER catalysts have been provided by ex situ and in situ XAS analysis®. Although normal
XAS measurements only investigate the bulk state of the material, the surface state
information can be obtained by conducting geometry setups. We applied the XAS-based
analysis method to obtain information on the electrode interfaces for various
electrochemical devices'”?. Total-reflection fluorescence XAS (TRF-XAS)** 2! and
depth-resolved XAS?* measurements have been reported on lithium-ion batteries and
solid oxide fuel cells to provide surface-sensitive spectra. Especially, TRF-XAS, which
integrates the fluorescence yield obtained under total reflection, is a method that can
obtain information only near the interface?’.

In this study, we innovatively applied operando TRF-XAS to LixNi;.xO oxides
in alkaline water electrolysis to observe the catalyst surface variations occurring during
the OER process and, therefore, to help elucidate the reaction mechanism. Li,Ni;.xO thin
films as OER catalysts were synthesized by pulsed laser deposition (PLD) technique to
investigate the changes in the active during the OER. Electrochemical tests were
conducted to investigate the OER activity. The combination of various techniques used
in this study provides direct evidence of the surface state changes occurring during the

OER process.
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2.2 Experimental
2.2.1 Material Preparation

Li:Nii-,O (x=0, 0.13, 0.26, 0.51) thin film samples were prepared by the PLD
method. Different Li doping levels correspond to the respective Li,NiiO (x=0, 0.1, 0.3,
0.5) targets used in PLD. The NiO target was synthesized through a series of steps: NiO
powder (99.9%, Kojundo Chemical Laboratory Co., LTD.) was first pelletized and
pressed by cold isostatic pressing (CIP) followed by calcination at 1000 °C to obtain a
dense target pellet with a diameter of 20 mm. The other targets were purchased from
Toshima Manufacturing Co., Ltd. (Saitama, Japan) and used directly without further
treatment. The substates used in this study for sample characterization, electrochemical
tests and X-ray measurements were SiO2, Au plate and Nb-doped SrTiO3 (Nb-doped STO)
respectively. The substrate and target were firstly loaded into the PLD chamber and heated
to 600 °C. The atmospheric pressure was then adjusted to 10 oxygen partial pressure.
The distance between the substate and target was maintained at 35 mm. Laser ablation
was performed for 1 h after a preliminary 5 min target surface cleaning, at a repetition
rate of 10 Hz and laser power of 200 mW. After deposition, the thin film samples were

cooled naturally to 25 °C without changing the chamber atmosphere.
2.2.2 Characterization

X-ray diffraction (XRD) of the thin films was performed using an Ultima IV X-
ray diffractometer (Rigaku Co., Inc., Tokyo, Japan) with a Cu Ka X-ray source. The
thickness of the as-synthesized thin films was measured by optical profilometer
(Dektak150, BRUKER). The surface morphology was measured by atomic force

microscope (AFM). AFM images were captured using a Dimension ICON AFM system
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equipped with a Nano Scope V controller (Bruker Co., Inc., Madison, U.S.) in tapping
mode. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was
conducted at the Industrial Research Center of Shiga Prefecture, Japan, to determine the

actual Li concentration in the as-synthesized thin film samples.
2.2.3 Electrochmical Tests

The OER activity tests were performed in a typical three-electrode cell. Each
thin film sample was fixed onto a rotating disk electrode (RDE) and used as the working
electrode, with Pt wire and a reversible hydrogen electrode (RHE) serving as the counter
and reference electrodes, respectively. The cyclic voltammograms (CV) were measured
in the range of 1.1 V-1.6 V (vs. RHE) at 5 mV s in a N> gas-purged 0.1 M KOH solution
after the catalyst surface was preliminarily activated by scanning from 1.1 Vto 1.6 V at
200 mV s. The 0.1 M KOH solution was prepared from deionized water (Milli-Q® ,18
Ohm, Millipore A/S) and high purity KOH (guaranteed reagent, Kanto Chemical Co., Inc)

and used without any further purification to avoid the contamination like Fe incorporation.
2.2.4 Ex situ and operando Measurement

Ni L-edge and O K-edge XANES were measured at BL-11 at Ritsumeikan SR
center, Japan. Operando Ni K-edge XAS was measured using TRF-XAS. The thin films
were deposited onto the Nb-doped STO substrates and used as the working electrodes. A
Kapton film was used to prepare the X-ray window. CV scans were recorded from 0.5 V
to 1.6 V (vs. RHE) for 100 cycles to activate the catalyst surface in N»-saturated 0.1 M
KOH solution. Thereafter, the potential was maintained at 0.8, 1.2, 1.4 and 1.5 V (vs.
RHE), representing the open circuit potential (OCP), pre-oxidation and active oxygen

evolution state, respectively. The operando measurements were conducted to investigate
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the intermediate reaction changes occurring during the OER at different incident angles
representing the bulk and surface states. The details of operando TR-XAS measurements
are explained further in the discussion section. The XAS profiles were analyzed using the
Athena software package?’.

To investigate the bulk and surface oxidation states during the OER process, the
total reflection operando Ni K-edge XANES was measured in the fluorescence mode.
Figure 2.1 shows the incident angle dependence of the Ni fluorescence and the calculated
critical angle of total reflection(6tr) was around 0.27°. This critical incident angle was
directly observed at approximately 0.25° by using the electrochemical cell with thin film
using as the working electrode, Pt wire and RHE serving as the counter and reference
electrode (Figure 2.1b). The good agreement between the calculation result and the
experimental result indicates that the catalyst surface and bulk modifications during OER
process can be captured by using the TR-XAS measurements. Thereby, the X-ray incident

angles were set at 1° and 0.25° representing the bulk and surface states, respectively.

2.3 Results and Discussion
2.3.1 Material Characterization

The actual components of the as-synthesized thin films were analyzed by ICP-
OES. As shown in Table 2.1 in the Supporting Information, the actual composition of
each thin film sample was similar to that of the original target, which confirms that the
conditions of PLD were propriate. The samples in this study are hereafter referred
according to the ICP results. The XRD patterns of the as-synthesized LixNii«O thin film
materials are shown in Figure 2.2a. The broad hump was attributed to the SiO; substrate.

The rock salt structure of NiO for all the samples was confirmed by the distinct (111),
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(200) and (220) reflection peaks, which is in good agreement with a previously published
study**. The corresponding lattice constant of each sample as shown in Figure 2.2b was
calculated from the XRD results. A linear decrease with increasing Li content was
observed, which is consistent with Vegard’s law. This lattice constant decrease is
attributed to the introduction of Ni** ions having a smaller ionic radius and the
corresponding Ni-O bond shrinkage due to Li doping®®. Moreover, the surface roughness
of the thin film samples was measured using AFM as shown in Figure 2.3. The relatively
flat surfaces indicate a uniform distribution of Li-doped NiO onto the substrate surfaces.
Table 2.2 shows the film thickness of each sample, varying from 80 nm to 200 nm,
conforming the feasibility of the detecting surface and bulk reactions using operando

TRF-XAS.
2.3.2 Electronic Structure

To reveal the intrinsic electronic structure of the Li-doped NiO, XAS
measurements were performed for Lio.s1Nio49O and NiO. According to the Ni K-edge
XANES (Figure 2.4), a shift to high-energy side of Lio.51Nio.490 was observed, indicating
a higher Ni oxidation state as compared to that in the case of NiO. This is further
evidenced by the Ni L-edge XANES (Figure 2.5a). The NiO sample displayed typical
peaks at 853 eV and 871 eV, indicating Ni L3 (2p32) and Ni L, (2p112) edges, respectively?S.
In contrast, the spectra of Lio.51Nio.490 showed distinct shift toward the high-energy side,
suggesting a higher valence state of Ni. Moreover, a satellite peak at approximately 855
eV appeared for Lio.51Nio.490, which is attributed to the formation of a ligand hole caused
by the strong covalency between the Ni 3d and O 2p orbitals*’. The O K-edge XANES

spectra also explains the strong hybridization state between Ni 3d and O 2p orbitals, as
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shown in Figure 2.5b. The feature at 531 eV for NiO is assigned to the unoccupied Ni 3d

28,29 while a

e hybridized with the O 2p orbitals as reported by several previous studies
new feature at 527 eV was observed for Lio.51Nio490 due to the hole state caused by Li

introduction'?,
2.3.3 Catalyst Performance

The IR-corrected OER polarization curves are shown in Figure 2.6a. A decrease
in the onset potential can be observed with increasing amounts of Li doping, indicating
enhanced OER activity. The Tafel slopes were estimated to directly show the kinetics of
the OER. As shown in Figure 2.6b, the pure NiO sample showed the Tafel value of 50
mV dec!, which is consistent with previous research’®. Meanwhile, the Li-doped samples
showed the Tafel values varied from 44 mV dec! to 48 mV dec™!. The decreasing Tafel
slope indicates that the OER reaction kinetics was improved with the Li-doping, thus

enhancing the OER performance?’.

2.3.4 Total-reflection Operando XANES

Figure 2.7 shows the Ni oxidation state of NiO at different OER potentials. The
spectra of catalyst bulk state in Figure 2.7a display no distinct change even at a relatively
high potential of 1.5 V (vs. RHE), whereas, the surface state spectra show a slight shift to
the high-energy side on increasing the applied potential in Figure 2.7b, indicating that Ni
is oxidized to a higher valency at the catalyst surface. The Ni K-edge XANES spectra of
Lio.59Ni0.410 are shown in Figure 2.8. The spectra of the bulk state in Figure 2.8a show a
negligible shift when the applied potential is increased from 0.8 V (vs. RHE) to 1.5 V (vs.
RHE), whereas the spectra display a significant shift to the higher energy side on

increasing the applied potential, as shown in Figure 2.8b. The different Ni valence change
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behavior of these two catalysts correspond well to the catalyst polarization curves as
shown in Figure 2.6a, suggesting that Lig.5oNio.410 outperformed NiO in the OER activity
owing to its high oxidation state of surface Ni. As reported by several previous studies,
OER catalysts might undergo noticeable surface reconstruction to activate the reaction
sites when potential is applied during the OER process®> **. For Ni-based catalysts, a
previous study revealed that the electronic structures of the catalyst changed drastically
owing to the formation of hydrous structures such as NiOOH and superoxo/peroxo
species (e.g., NiOO*) on the catalyst surface’* *°. This proposal is also considerably
supported by the results obtained in this work. Compared to the bulk state, the significant
oxidation state change on the surface of Lio.soNio.410 indicated that active surface areas
were forming on the Ni sites on applying OER potential. This surface reconstruction
resulted in greater number of active sites on the surface and thereby enhancing the OER

activity.
2.4 Conclusion

In this study, the electrochemical performance and reaction kinetics of LixNiixO
thin films as OER catalysts synthesized by the PLD method was discussed. To investigate
the state of the active site changes occurring during the OER, operando TRF-XAS was
innovatively measured under the applied OER potentials. According to the results, the
significant oxidation state change on the surface of Lio.soNio.410 indicated that active
surface areas were forming on the Ni sites on applying the OER potential. This surface
reconstruction resulted in a great number of active sites on the reaction interface, thereby
enhancing the OER activity. The combination of various techniques including operando

TRF-XAS used in this study provides direct evidence of the surface state modifications
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occurring during the OER process and can help optimize the design of active OER

catalysts by reasonable surface modulation.
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Table 2.1. The target composition and the concentration analysis result of the as-
synthesized thin films from ICP-OES

Target composition ICP-OES composition
NiO NiO
Liy 16Ni 990 Liy 13Ny 4,0
Liy 36Nig 700 Li; 26Ny 7,0
Liy 55Ny 500 Li; 51Nl 4,0

Table 2.2. The film thickness of the as-synthesized thin film samples

Target composition Thin film thickness / nm
NiO 80
Liy 15Ny 47,0 100
Li ,Ni O 120
Liy 5;Nig 450 130
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Chapter 3. The State of the Active Site in
La;«SryCo0Os;.; under Oxygen Evolution Reaction
Investigated by Total-reflection Fluorescence X-ray

Absorption Spectroscopy

Recent developments in hydrogen energy devices have furthered the research on
sustainable hydrogen production methods. Among those, the water splitting process has
been considered a promising hydrogen production method, particularly, in alkaline media.
The lack of information on the reaction active sites under the conditions of the oxygen
evolution reaction (OER) hinders establishing guidelines for catalyst development. In the
case of powder catalysts, many operando techniques also measure bulk information,
therefore, extracting information on the reaction active sites is challenging. Accordingly,
film electrodes were used in this study and the electrochemical performance and reaction
kinetics of perovskite-type Lai..Sr:CoO3.5 films as OER catalysts synthesized by pulsed
laser deposition were investigated. By combining ex sifu X-ray absorption spectroscopy
(XAS) and operando total-reflection fluorescence X-ray absorption spectroscopy (TRF-
XAS), we succeeded in observing a significant oxidation state change on the surface of
Lao.6Sr0.4C003.5, which indicated that the active surface sites were formed upon applying
the OER potential. This surface reconstruction resulted in numerous active sites on the
reaction interface, thereby enhancing the OER activity. This study provides definitive
evidence for the surface reconstruction of OER catalysts, which enhance the fundamental
understanding of OER catalyst behaviors, and can inspire the design of active OER

catalysts by suitable surface modulation.
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3.1 Introduction

The development of renewable energy storage technology is envisioned to
replace the conventional fossil fuels to impede global warming and to meet the growing
demand for energy sources. Among many proposed solutions, renewable source-derived
water electrolysis is considered a promising mass production tool for generating O and
H, for the storage of chemicals as fuels'>. However, the oxygen evolution reaction (OER)
requires a high overpotential to promote the reaction because of the complex four-electron
transfer® °. At present, noble metal-based oxides such as IrO2, RuOa, and their mixed
oxides are reported to have high catalytic activities toward OER®?; however, their least

abundance on the earth, high cost, and stability issues during operation'® !!

prevent water
electrolysis from further development. Therefore, it is important to develop efficient OER
electrocatalysts comprising earth-abundant elements to circumvent the issues related to
energy resources.

Utilizing alkaline electrolytes is a feasible solution to use earth-abundant 3d
transition metal oxides as electrocatalysts because of their structural and chemical
stability. As catalysts for alkaline water electrolysis, perovskite-type oxides such as Lai-
«S1xC003.5'> 13 have been reported to show high OER activity. Recently, it has been
reported that Fe-doped Ni and Co oxides exhibit superior electrochemical performance

under rational design'*!’.

However, the electrode/electrolyte interface reaction
mechanism, which is necessary to understand the origin of the excellent catalytic
performance, has not been fully clarified. In this study, we focus on the typical La;-
S1xC003.5 perovskite oxides. Perovskite-type oxides with alkaline or rare-earth cations

at the A site and 3d transition metal cations at the B site have attracted attention as efficient

electrocatalysts for OER in alkaline media (4OH™ — O, + 2H,0 + 4e")!® °. The
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physicochemical properties can be tuned by partial substitution at the A -and B-sites under
structural requirements known as the Goldschmidt tolerance factor /2°. Extensive studies

121, 22

of perovskite-type oxides have been performed through experimenta and

computational?> 2*

approaches to discover the OER descriptors to design highly active
and robust catalysts. Suntivich et al. observed that the occupancy of e, electrons of 3d
transition metal (B-site) cations is correlated with OER activities and the cation with e, =
1.2 exhibited the highest OER performance®. According to this mechanism, a high OER
activity can be obtained by optimizing the binding strength between the reaction
intermediates and B-site cations. Recently, there has been increasing research interest on

27,28 and active sites

the covalency of B-O bond?®, O 2p band center!®, oxygen vacancies
of lattice oxygen?®®-3’; these studies have considered other descriptors for OER. Therefore,
most studies on perovskites for OER have focused on identifying the descriptors of the
activity based on bulk electronic and structural properties. Recently, amorphization and
dissolution of Ba** / Sr*" at the A site on the surface of Bag sSrosCoo.sFe0203.5 during the
OER induced a change in the Co ion arrangement from corner sharing to edge sharing
octahedra, which could be responsible for its high activity!. These results suggest that
the OER cannot always be explained by bulk electronic configurations. In addition, the
structure of the interface under OER progress is different from that of the bulk structure,
in many systems®*34. Therefore, investigating the electronic states on the electrode
surface under the application of the OER potential is essential for understanding the OER
activity.

As the contribution of the catalyst for the OER is restricted to the near-surface

region, surface-sensitive in situ/operando measurements are required to discern the

behavior of the catalyst. Recently, the formation of p-OO peroxide (Co—OO—Co) in
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Co304 was identified on the onset potential for OER by in situ Raman spectroscopy>>.
Tung et al. investigated the formation of CoOOH on C0304-CoO core-shell single-crystal
nanocubes by in situ grazing-angle X-ray diffraction®®. The electrochemical
transformation of these cobalt oxides to enable OER activity was also investigated by
operando ambient pressure X-ray photoelectron spectroscopy’’. Moreover, various
advanced techniques were applied in recent catalytic studies, i.e., isotope labeling

16.17 "in situ inductively coupled plasma—mass spectrometry’® and so on, to

technique
provide direct insights into element dissolution, surface reconstruction and active site
tracing, which significantly deepened the understanding towards OER catalysts. In a
recent work of Markovic’s group, the formation of active Co hydr(oxy)oxide layer driven
by A-site dissolution and oxygen vacancy formation was confirmed in Sr-doped
LaCoOs3%. This active CoOxHy layer could promote the stability against Co dissolution
and significantly improve the activity-stability factor, shedding light on disclosing the
reaction mechanism of perovskite catalyst. The information between electrode and
electrolyte interface can be obtained by XAS using a film electrode®**!. Total-reflection
fluorescence XAS (TRF-XAS)**>#! and depth-resolved XAS* measurements of lithium-
ion batteries and solid oxide fuel cells have been recorded to obtain surface-sensitive
spectra. In particular, TRF-XAS, which integrates the fluorescence yield obtained under
total reflection, investigates near electrode—electrolyte interfaces in operando conditions.
Our group observed that the valence state of Mn in Lag¢7S10.33MnO3 film surface was
lowered under oxygen reduction reaction (ORR) potential using operando TRF-XAS*.
This result suggests that the ORR catalytic activity of Lao.¢7S1033MnO3 was affected by

the oxygen vacancies on the surface layer. However, to the best of our knowledge, this

operando TRF-XAS method is limited to ORR applications** and has never been applied
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to OER catalysts.

Herein, we investigated La;i.,SrCoOssfilms (x = 0.0-0.4) as OER
electrocatalysts in alkaline media. Although many studies have investigated the
electrochemical performance, electronic structure, and reaction mechanism of the Sr-
doped perovskite-type LaCoO; as an OER catalyst'® * %° the reported OER activity
varies. This might be because the catalytic activity of the OER depends on the
morphology, particle size and surface area of the material. In this study, we report the
preparation of thin comprising active materials by pulsed laser deposition (PLD) to
explore the origin of the catalytic activity. In addition, the reaction mechanism is
discussed in conjunction with the results of XAS. Further, with operando TRF-XAS, the
initial valence and spin states of cobalt and oxygen in La;..Sr:CoOs.s were investigated
by ex situ soft XAS coupled with operando TRF-XAS. The combination of various
techniques used in this study provides direct evidence of changes in the surface-state of

Co 1ons during the OER process.

3.2 Experimental
3.2.1 Material Preparation

LaixS1:Co03.5 (x=0.0, 0.2, 0.3, 0.4) film samples were prepared by PLD method.
The corresponding targets were synthesized via solid-phase synthesis. La>O3 (high purity
chemical, 99.99 %), Sr(NO3), (Wako Pure Chemical, 98.0 %), and Co3O4 (high purity
chemical, 99.9 %) were weighed in stoichiometric proportions and mixed in a mortar. The
mixtures were pressed into 20 ¢ pellets and subsequently calcined at 800 °C for 12 h
under atmospheric conditions. The as-obtained pellets were ground, pelletized, and

calcined again at 1200 °C for 12 h to obtain dense target pellets. The substate used in this
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study for film deposition was 0.5 wt.% Nb doped (001) oriented SrTiO3; (Nb-doped STO;
NSTO) single crystal with a resistivity of approximately 3 x 107> Q cm (Shinkosha,
99.98 %). The films were deposited at 700 °C under oxygen partial pressure of 1.0 Pa.
The distance between the substrate and the target was maintained at 40 mm. The
deposition time was maintained for 15 min at a repetition rate of 10 Hz and a laser power
of 200 mW. After deposition, the film samples were cooled naturally to 25 °C without

changing the chamber atmosphere.
3.2.2 Characterization

X-ray diffraction (XRD) analysis of the films was performed using an Ultima [V
X-ray diffractometer (Rigaku Co., Inc., Tokyo, Japan) with a Cu Ka X-ray source. The
thicknesses of the as-synthesized films were measured using a surface profilometer
(Dektak150, BRUKER). Surface morphology was measured by atomic force microscopy
(AFM). The AFM images were captured using a Dimension ICON AFM system equipped
with a Nano Scope V controller (Bruker Co., Inc., Madison, USA) in tapping mode. To
characterize the thickness and morphology of the film, transmission electron microscopy

(TEM) measurements were performed at 200 keV (JEM-2200FS, JEOL Ltd.).
3.2.3 Electrochmical Tests

OER activity tests were performed using a typical three-electrode cell. Each film
sample was fixed onto a gold rotating disk electrode (RDE, Hokudo Denko) and used as
the working electrode (Figure 3.1), with a Pt mesh and a reversible hydrogen electrode
(RHE) as counter and reference electrodes, respectively. The same electrolyte solution
was used in the reference compartment and 5 % H2/N» balance was supplied continually

to the reference electrode compartment during all electrochemical tests. A potential
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compensation of 38.4 mV was applied according the Nernst equation considering the H»
partial pressure*®. The cyclic voltammograms (CV) were measured in the range of 1.1—
1.6 V (vs. RHE) at 10 mV s~ ! in O gas-purged 0.1 M KOH solution after the catalyst
surface was preliminarily activated by scanning in the range of 1.1-1.6 V at 200 mV s ™.
The 0.1 M KOH solution was prepared from deionized water (Milli-Q®,18 Ohm,
Millipore A/S) and KOH (guaranteed reagent, Kanto Chemical Co., Inc.) and was used
without further purification. The current density to evaluate the catalytic performance was
normalized based on the geometric surface areas of films (0.385 cm?). To compensate the
ohmic impedance, the electrochemical impedance spectroscopy (EIS) was measured for

each sample at open circuit voltage and the as obtained values were used to correct the

OER activities.
3.2.4 Ex situ and operando Measurement

Operando Co K-edge XAS was measured at beamline 37XU at SPring-8, Japan.
The schematic of the cell used for the XAS measurements is shown in Figure 3.2(a).
Figure 3.1(b) shows the incident angle dependence of Co fluorescence, and the calculated
critical angle of total reflection (Otr) was approximately 0.395°. The agreement between
the calculation and experimental results indicates that the catalyst surface and bulk
modifications during the OER process can be captured by the TRF-XAS measurements.
Therefore, the X-ray incident angles were set at 0.26° and 2.26°, representing the bulk
and surface states, respectively.

An Au rod, an RHE, and O; saturated 0.1 M KOH were used as the counter
electrode, the reference electrode, the electrolyte, respectively. The Lai..SriCoOs.sfilm

electrode was attached to a Ti base with carbon tape as the working electrode. To
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investigate the structural changes during OER, XAS measurements were carried out with
potentials at 0.8, 1.0 and 1.4 V (vs. RHE) at different incident angles. During the XAS
measurement, the sample was placed in close proximity to the Kapton film X-ray window
to eliminate the scattering of the solution. All the measurements were carried out at room
temperature. The k-value (A-1) was recorded to 14 for ex situ and operando samples.

Ex situ O K-edge X-ray absorption near edge structure (XANES) spectra were
collected at the Ritsumeikan SR center (BL11). XAS profiles were analyzed using the
Athena software package*’. For O K-edge XAS spectra, pre-edge background subtraction
and post-edge normalization were performed using average intensities of three
subsequent data points closest to 523 eV and 570 eV for pre- and posted region,

respectively.

3.3 Results and Discussion
3.3.1 Material Characterization

The XRD patterns of the films, fabricated by PLD are shown in Figure 3.3(a).
Diffraction peaks from La;..Sr:CoOs3.5 were observed at a higher angle than those of the
Nb-doped SrTiOs substrate (NSTO). No peaks could be regarded as impurities. The
difference in the lattice constant between the substrate and the generated film and the
large half-width of the diffraction peak of the film suggest that the film is not an epitaxial
but a polycrystalline film with a distorted structure. TEM images in Figure 3.3(b)
indicated the film had a thickness of approximately 100 nm, which is suitable for further
characterization of the surface and bulk states. Further, Co K-edge XANES and extended
X-ray absorption fine structure (EXAFS) results suggested the successful synthesis of

LaixSriCoOs3 perovskite-type oxides. The AFM results of Lai..SrxCoOs.sfilms with x =
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0.0, 0.2, and 0.4 are shown in Figures 3.3(c) and Figure 3.4. The root mean square
roughness of the surfaces was measured to be 0.46, 1.01, and 2.02 nm, respectively,
confirming the fabrication of films with high nanoscale smoothness, which is appropriate
for the measurement of TRF-XAS. Moreover, to investigate the atomic composition
concentration of the as-synthesized samples, XPS survey scan were conducted. As shown
in Figure 3.5 (a) and Table 3.1, La, Co, Sr and O were identified and the metal contents

determined from XPS were in good agreement with the stoichiometric values.
3.3.2 Electronic Structure

XPS measurements were conducted to investigate the surface state of the as-
synthesized films. As shown in Figure 3.5, with the increasing of Sr doping level, the Sr
3d peak intensity correspondingly increased. the binding energies of O 1s and Sr 3d
shifted to lower energy values (Figure 3.5(c) and (d)), which was attributed to the
transition from semiconducting to metallic character due to Sr doping'?. Meanwhile, the
Co 2p32 peak shifted to higher binding energy values (Figure 3.5(b)), indicating the higher
oxidation state of Co. Figure 3.6(a) and 3.6(b) show the XANES spectra and EXAFS
spectra of the Lai,Sr,CoOs.sfilms. The XANES pre-edge features appearing at
approximately 7710 eV are attributed to the Co 3d—O 2p hybridization states (eg and #2¢
states)*®. The intensity of this pre-edge increases with the Sr doping level, suggesting the
formation of a hole in the Co 3d-O 2p hybridized orbital*®. Simultaneously, a shift in the
main edge of XANES to higher energy along owing to Sr doping was observed. The Co
oxidation states were determined using the known metal Co oxidation vs. edge position

relationship of reference compounds. As shown in Figure 3.7, the oxidation state of Co

increased with the Sr doping level, in good agreement of XPS Co 2p core level results
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(Figure 3.5). The EXAFS oscillation and its Fourier-transformed spectra (Figure 3.6(c)),
were similar to those reported previously for perovskite oxides*’. The peak observed at
approximately 1.5 A corresponds to Co-O bonds in perovskite oxides. The change in
intensity of the peaks at approximately 3—4 A originates from the contributions of Co—
Co, Co-La, and Co—Sr bonds. These Co K-edge XANES pre-edge, main-edge, and
EXAFS features are typical features of perovskite structure®. Therefore, the Lai.
S1:C003.5 perovskite-type oxides were successfully synthesized. Further, as the EXAFS
spectra contain structural information, such as the near-neighbor atomic distance and the
coordination number, they were further analyzed through FEFF fitting. As mentioned, the
second EXAFS peak contains many scattering paths that are too complicated to identify.
However, the first peak corresponds only to the Co—O bond; therefore, reliable
information can be obtained through first-shell fitting. As shown in Figure 3.8 and Table
3.2, the Co—O bond distance was in a similar range for all samples, indicating a similar
state of cobalt valence*’. To compensate for the charge deficit introduced by Sr**
substitution, the Sr-doped samples probably have different degrees of oxygen
vacancies'>>!. This was further verified by the fitting results where the average value of
the coordination number decreased with an increase in Sr doping (Table 3.2).

To discern the effect of Sr doping on the number of e, electrons, Co L-edge XAS and O
K-edge XAS were investigated and the results are shown in Figure 3.9. In the Co Lu-
edge, a shoulder peak appeared when Sr was doped. Abbate investigated the L-edge XAS
of LaCoOs.5 and reported that shoulder peaks were observed when Co was in a high spin
state®?. Therefore, in this study, the Co Lm-edge spectra indicated that the spin state of Co
changed from a low-spin state to a high-spin state owing to Sr doping. Figure 3.6(d) shows

the O K-edge XAS spectra of Sr-doped LaCoOs.s. According to the literature®> >4, the
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features in the energy range of 526-533 eV were predominantly attributed to transitions
of the O 1s to Co 3d-O 2p hybridized orbital. The contributions from La 5d and Sr 4d
appeared at approximately 535 eV; in addition, the O 1s to Co 4s, and 4p states are also
involved in the O K-edge spectra above 540 eV. In the region of 526533 eV, only one
peak at approximately 528.8 eV was observed for x = 0.0 sample, while a new peak at ca.
527.6 eV appeared for Sr-doped LaCoOs.; samples and its peak intensity increased with
Sr-doping level, which is in good agreement with recent work of Shen et. al.'?. As
demonstrated through Co K-edge XAS and Co L-edge XAS measurements, Co oxidation
states increased with the Sr doping level, leading to the Co spin state changing from low
spin state in LaCoO3.5 (eg” £2¢°) to high-spin configuration (e4” #2,*)> due to the additional
transition being allowed to partially empty the 72, states. Therefore, the new peak in O
K-edge XAS of Sr-doped samples was attributed to the hole state in the 72, orbitals.
According to the research of Shen et. al., this hole state enhanced the orbital overlap and
resulted in the stronger Co 3d-O 2p hybridization., thus enhancing the OER through

promoting the deprotonation step during the OER process'?.
3.3.3 Catalyst Performance

The results of the evaluation of OER activity are shown in Figure 3.10(a). The
substrate NSTO showed inert activity toward OER, making it suitable as the substrate for
OER evaluation of the film deposited samples. The OER activities of all samples were
corrected through ohmic resistance measured by EIS (Figure 3.11 (a), Table 3.3), and the
catalytic performance with and without iR-compensation was displayed in Figure
S3.11(b). The onset current for the OER shifted to a lower potential by an increase in the

Sr doping level. This indicates that the OER activity was enhanced by increasing the Sr
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doping. These results are in good agreement with those reported by other studies>® 3.

Figure 3.10(b) and Table 3.4 show the Tafel plots and the corresponding Tafel slopes. The
Tafel slopes for La;..SrCoOs3.s samples were ~ 60 mV/dec, suggesting that Sr doping did
not change the rate determining step. In the study by Bockris and Matsumoto, the Tafel
slope for La1Sr:Co0s.5 was also 60 mV/dec®” >, From this result, Bockris stated that the

following equation is the rate-limiting step.
Co-OH + OH" — Coe***H,0, + € @

Bockris also stated that the binding energy of the B-site cation to the hydroxide
ion is weak and that the e, electrons of the 3d transition metal have a large effect on the
binding energy of the hydroxide ion**. With the *OH adsorption being the rate
determining step, the OER activity promoted by Sr doping might be attributed to the
enhanced adsorption of *OH.

Catalytic stability measurements were conducted by 30 cycles of CV from 1.0 V
to 1.7 V vs. RHE at 10 mV /s in 0.1 M KOH electrolyte, according to previous Shen et.
al.’s research'?. As shown in Figure 3.12 (a)—(c), the CV shapes of all the samples showed
obvious changes at the first 5 cycles, especially for x = 0.4 sample, which might indicate
the surface reconstruction to form active sites. Moreover, the current at 1.63 V vs. RHE
was extracted at the anodic scan of CV cycles, as shown in Figure 3.12 (d). All the samples
showed slight activity decay after 30 CV cycles. It is worth noticing that for x = 0.4
sample, the OER current significantly increased at the first 5 cycles and showed negligible
changes at the subsequent cycles. To investigate the surface state before and after
electrolysis, focused ion beam (FIB) was used to cut the thin film for TEM observation.
The cross-section area for x = 0.4 thin film was observed, as shown in Figure 3.13.

Compared with the pristine sample, the post-electrolysis sample displayed an amorphous
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layer, indicating the surface constructions after electrolysis.

To further examine the component dissolution and electronic structures after
electrolysis, XPS measurements were performed for pristine and post-electrolysis
samples. As shown in Figure 3.14, compared with the pristine samples, the Sr 3d peak
intensity decreased obviously, indicating the Sr dissolution after electrolysis (Table 3.5),
as also mentioned in several previous research®®: 30, For post-catalysis samples, Co 2p
XPS showed negligible changes, which might be due to the identical Co 2p peaks of Co
hydr(oxy)oxides formed during electrolysis, as confirmed by the recent work of
Markovic’s group®®. The decrease of peak intensity of Sr 3d spectra could be attributed to
the Sr depletion after electrolysis. Moreover, for x = 0.4 sample, the O 1s core level XPS
spectra displayed significant differences (Figure 3.14(c)). The intensity of the peak at
approximately 528.2 eV, which is generally attributed to lattice oxygen, decreased
significantly relative to the surface OH peak at ca. 531.2 eV. Lopes et. al. demonstrated
in their previous research that the participation of lattice oxygen resulted in the formation
of oxygen vacancies, thus promoting the A-site Sr dissolution and the active Co
hydr(oxy)oxides formation, finally enhancing the OER activities®®. Combining our
characterization of pristine and post-electrolysis samples, it is safe to conclude that our

results also provide evidence of the Sr leaching and active amorphous layer formation.
3.3.4 Total-reflection Operando XANES

TRF-XAS was measured to directly observe the catalytic behaviors during OER
for La;.,Sr,Co0Os.5 samples forx = 0.0 and x = 0.4. The comparison of Co K-edge XANES
spectra of the bulk and surface states (electrode/electrolyte interface) of both catalysts

under open circuit potential (OCP) are shown in Figure 3.15. The enlarged figure shows
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that the absorption edge energy (Eo) of La;Sr:CoO3-5 samples in the bulk state shifts to
the lower energy side for the sample in the surface state, indicating the reduction of Co.
Furthermore, this energy change was significant for the x = 0.4 sample. This reduction of
Co at the interface between electrode and electrolyte was due to the charge compensation
at the defected surface as observed in a previous study by our group*’. The results of the
Co K-edge XAS of the surface and the bulk states of LaCoOs.;s under applied potential
are shown in Figure 3.16(a). The Eo value of LaCoO3.5 did not change with the increasing
potential, indicating that the oxidation state of Co did not change. Figure 3.16(b) shows
the surface and bulk Co K-edge XAS results for Lao.sS10.4C00s5. At 1.4V, where the
OER started to occur on the surface, the Eo value shifted to the high-energy side,
suggesting the higher oxidation of Co. Furthermore, the operando EXAFS and the
corresponding FEFF fitting results are shown in Figure 3.17-3.19 and Table 3.6 and 3.7.
The average coordination number of LaCoOz3.s marginally decreased at 1.4 V vs. RHE.
Contrarily, the average coordination number of LageSro4Co0Os35 showed significant
changes in the surface state compared to the bulk state. This indicates that the valence of
Co in LaSr04Co00s3.5 increased under OER conditions, the concentration of oxygen
vacancies formed by Sr doping decreased accordingly, and the surface of
Lao.6Sr04Co003-5 underwent more noticeable reaction activities than the bulk.

The Eo values of LaCoO3.5 and Lao6Sr04Co00Os.5 are plotted against the applied
potential in Figure 3.20. Considering LaCoO3.5, there is almost no change with the
potential; however, in Lao.¢Sro4Co00s3.5, Eo shifts to the higher energy side from 0.8 to 1.4
V vs. RHE, particularly, on the surface. For perovskite catalysts, a previous study revealed
that the electronic structures of the catalyst changed drastically owing to surface

reconstruction®' because the catalytic activity for the OER correlated with the oxygen
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vacancy concentration'. Our operando XAS results indicated that in Lag 6Sro4C0O3.5, the
non-stoichiometric oxygen content of the surface layer reaches the stoichiometric
composition as the potential increases. A previously reported analysis of the reaction
pathway using the density functional theory on [001] BO; terminated surfaces showed
that under the operating electrode potential of the OER, OH" tends to electrochemically
fill the O vacancies on the surface of Sr-doped LaCoOs.5, and the stoichiometry of the
surface layer is similar to that of the bulk stoichiometric ABOs'3. This proposition is also
supported by the results obtained in this study. Compared to the bulk state of
Lao.6Sr04Co03.5, significant changes in the oxidation state on the surface of
Lao.6Sr04Co03.5 indicated that active surface sites formed when the OER potential was
applied. This surface reconstruction resulted in a large number of active sites on the

surface, thereby enhancing the OER activity.

3.3.5 Discussions of Reaction Mechanism

Combining the data obtained in this work, the reaction mechanism of Lai-
S1:C003.5 1s further discussed. In the work of Stevens et. al., an electrolyte permeable
film was electrochemically deposited and the different incorporation states of Fe site were
discussed'®. They identified Fe incorporation at the edge/defect sites and concluded that
the exceptional activity of Ni-Fe activity is more related to the local active-site
environment, i.e., coordinatively unsaturated corner and edge sites, than the “bulk”
electronic environments. In the recent work of Strasser’s group, the lattice OER
mechanism, where lattice oxygen atoms at the catalyst surface were involved in the O-O
bond formation, was verified through the advanced application of isotope labelling-

enhanced mass spectrometric®?>. Moysiadou et. al. proposed that the OER mechanism of
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CoOOH involves the combination of two lattice oxygen atoms to form the CoO»
intermediate, and the release of dioxygen from the CoO: intermediate is the rate-
determining step®>. However, an early work of Roy et. al. found that no lattice oxygen
was involved in the oxygen evolution in NiFeOxHy through isotope labelling and
operando mass spectrometry studies!’. They concluded that the active sites were
attributed to the ~3 atomic layer redox-active near-surface region of the nanoparticles.
The recent results described above have made a significant contribution to the
understanding of the OER mechanism, providing important insights into the structure
changes of the OER reaction field at the electrode/electrolyte interface. However, the
OER mechanism is still under controversial arguments, and it is hoped that further
elucidation of the OER reaction mechanism can be achieved by adding information on
the reaction field at the operando to the studies described above. In this study, we clarified
that the *OH adsorption was the rate-determining step, which was further evidenced by
the enhanced *OH peak in the post-electrolysis XPS and surface reconstruction detected
by operando TRF-XAS. The operando TRF-XAS method used in this study could detect
the differences of electronic structure changes, therefore would inspire the development
of advanced techniques in the future OER catalyst research. However, it should be noted
that although the operando TRF-XAS method we used is surface sensitive, it also
contains bulk information due to its relatively deep detection depth. We clarify that the
surface state detected in this study represented not all the active sites, but the outer shell
of nanoparticles, since the out shell of the nanoparticles was consisted of both
coordinatively saturated and unsaturated sites as widely proved by above-mentioned

previous works.
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3.4 Conclusion

The electrochemical performance and the reaction kinetics of perovskite-type Lai-
S1:Co03.5 thin films as OER catalysts synthesized by the PLD method are discussed in
this study. The combination of ex situ XAS and operando TRF-XAS was applied to
investigate the active sites during the OER process. Based on the obtained results,
Lao.6Sr0.4C003.5s showed a significant oxidation state change on the surface, indicating that
active surface sites were formed upon applying the OER potential. This surface
reconstruction resulted in numerous active sites on the reaction interface, thereby
enhancing the OER activity. The direct observation of intermediates occurring during
OER process is challenging; however, this study provided definitive evidence for the
surface reconstruction of the catalysts by combining various techniques including
operando TRF-XAS. The methodology and conclusions of this study can provide a new
platform for optimizing the design of active OER catalysts by appropriate surface
modulation, i.e., introducing OER active element (i.e., Fe) into the lattice to form the

active surface incorporation environment.
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Figure 3.1. A schematic illustration of the working electrode
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Figure 3.2. (a) Schematic of electrochemical cell used for operando TR-XAS
measurements; (b) the incident X-ray angle dependence of the Co fluorescence for the

calculated and experimental results.
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Figure 3.3. (a) XRD results of as-prepared thin film samples with different Sr content,
NSTO 001 and NSTO 002 indicate the lattice planes of the Nb-doped SrTiOs substrate
(NSTO); (b) TEM image of as prepared LaCoOs;.5 thin film sample, the insert crystal
model, presented in the inset indicates the identical crystal orientation between the thin

film and substrate; (c) AFM image of LaCoOs.
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XANES; (b) EXAFS oscillation and (c) Fourier-transformed spectra; (d) O K-edge XAS.
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Figure 3.17. Operando EXAFS of (a) LaCoO3.5 and (b) Lao.6Sr0.4C003.5
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Table 3.1. XPS-derived atomic concentration data for La;«SrxCo0Os.5 (x = 0.0, 0.2, and

0.4), taking La 3d% + Sr 3d % + Co 2p% = 100%

x=0.0 x=0.2 x=04
La3d 47% 3% 36% =4% 25% 5%
Sr 3d -—- 22% *=3% 36% = 3%

Co 2p 53%*2% 42%*2% 39%=*3%
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Table 3.2. Ex situ EXAFS fitting results of Co-O bond for La;.xSrxCo0O3.5.

Entry Path N RY/A  o29/A2  RY/%
x=0.0 Co-O 6.0* 1.922 0.0035* 1.0
x=0.2 Co-0O 5.9 1.921 0.0035%* 0.2
x=0.4 Co-O 5.6 1.917 0.0035* 0.2

* fixed value
a) Coordination Number
b) Bond distance
c¢) Debye-Waller factor
d) Residual factor
k3 obs k . kS calc k de
Rf:ﬂ 2 (k) 2 () ko
-Hk3lobs (kx dk

Table 3.3. Ohmic resistance determined by EIS

Sr content R/Q
0 550
0.1 513
0.2 91
0.3 66
0.4 72

Table 3.4. Tafel slopes as-prepared La;.xSrxCo0Os-5 (x =0, 0.1, 0.2, 0.3 and 0.4) samples

samples x=0.0 x=0.1 x=0.2 x=0.3 x=04

Tafel slope 60.6 71.0 74.2 62.6 64.4
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Table 3.5. XPS-derived atomic concentration data for La;xSrxCoOs.5 (x = 0.0, 0.2, and

0.4), taking La 3d% + Sr 3d% + Co 2p% = 100%

x=0.0_pristine x=0.0_after x=0.2 pristine x=0.2_after x=0.4 pristine x=0.4_after

La 3d 47% 3% 57% £ 5% 36% *+4% 41% % 6% 25% £ 5% 33% £5%
Sr 3d --- -- 22%*3% 15% 3% 36% £3% 17% * 4%
Co2p 53%%2% 43%+3% 42%+2% 44% *3% 39% *3% 50% %+2%

Table 3.6. Operando EXAFS fitting results of Co-O bond for LaCoO, ..

Entry Path N2 RP/A s29/A2 R/ %
0.8 V bulk Co-0O 6.0 1.922 0.0075 3.1
0.8 V surface Co-0O 5.8 1.931 0.0001 1.2
1.4V bulk Co-0O 5.8 1.924 0.0053 3.0
1.4 V surface Co-0O 5.6 1.934 0.0031 1.9

a) Coordination Number
b) Bond distance

¢) Debye-Waller factor
d) Residual factor

o ‘Hkszobs(k)_kszcalc(k)(zdk
P =

3 _ obs 2 Xloo
[k 2™ (k) "dk
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Table 3.7. Operando EXAFS fitting results of Co-O bond for La 0.65%,,,€00, ..
Entry Path N RY/A o29/A2 R9Y/%

0.8 V bulk Co-O 5.6 1.948 0.0060 0.4
0.8 Vsurface Co-O 5.3 1.933 0.0147 2.7
1.0 V bulk Co-O 36 1.955 0.0062 1.6
1.0 Vsurface Co-O 54 1.950 0.0077 0.2
1.4 V bulk Co-O 54 1.958 0.0047 05
1.4 Vsurface Co-O 5.2 1.969 0.0105 1.5

a) Coordination Number

b) Bond distance

c¢) Debye-Waller factor

d) Residual factor

2
k3ZObS k _kSanlc k dk
, AICZTO- G

ke 7 (k) "dk
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Chapter 4. The Effect of Cation Mixing in LiNiO;

toward the Oxygen Evolution Reaction

Nickel-based oxide catalysts are widely used for the oxygen evolution reaction
(OER) in alkaline water electrolysis because of their low cost and high activity. In
particular, the LiNiO; catalyst shows high activity. Therefore, to elucidate the
fundamental relationship between the local structure, catalyst activity, and stability of
LiNiO,, we investigated the cation mixing effect by mixing sites of lithium and nickel
ions in the LiN1O;-based catalysts. Lower degrees of cation mixing lead to higher intrinsic
OER activity but lower long-term stability. The X-ray absorption spectra (XAS) displayed
a strong hybridization state of the Ni 3d and O 2p orbitals, which is the origin of the
different catalytic activity behaviors. Meanwhile, operando XAS studies combined with
potentiostatic stability tests and inductively coupled plasma optical emission
spectrometry (ICP-OES) demonstrated the Li ion loss during the OER process. Thus, the
instability of LiNiO; originates from de-intercalation of Li ions and this irreversible
structure change deteriorates the performance. Hindering the lithium diffusion path by
cation mixing is a useful strategy for maintaining performance. This strategy could
provide a novel design principle for compatible high activity and long-lasting catalysts

by reasonable structure mediation.
4.1 Introduction

With increasing global environmental problems, hydrogen, produced by
renewable energies, has been considered a sustainable and clean fuel for next-generation

energy sources’. Among the many proposed methods to produce hydrogen, the most
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renewable method is water electrolysis. However, the four electrons/protons needed for
the oxygen evolution reaction (OER) in water electrolysis result in sluggish kinetics and
low efficiency, representing the biggest obstacle for widespread applications?®. Polymer
electrolysis membrane (PEM) electrolysis is expected to be commercialized due to its
high current density, compact system, and high gas purity®®. Nevertheless, catalyst
corrosion in acidic environments and high maintenance costs limit their general
application®*L, In contrast, alkaline water electrolysis (AWE) has been considered an
alternative method for hydrogen production because earth-abundant transition-metal
oxides (TM<C=>Fe, Co, and Ni) can be used as catalysts, and certain states of TM cations

accelerate the OER216,

To date, many researchers have reported the fundamental mechanism for OER in
terms of crystal structures*’°, electronic structures?®?! and oxygen vacancy analysis?.
Earlier studies showed that catalyst performance is related to the binding strength of
adsorption intermediates. Suntivich et. al. first demonstrated the relationship between
transition metal eq occupancy and OER activity?®. More recently, Shao-Horn’s group
studied the critical role of metal-oxygen bonds in triggering lattice-oxygen oxidation
and the local environment of active site?. Further studies showed a strong correlation
between OER activity and oxygen p-band center relative to the Fermi level through
theoretical calculations®®. Other parameters, including cations in octahedral sites and
transition metal 3d - O 2p hybridization, have been widely studied by metal doping or
partial element substitution?’-3°, Surface reconstruction mediated by transition metals has
been reported to form active reaction sites, such as oxyhydroxide sites on the catalyst
interface®32, The speed and degree of this active surface reconstruction significantly

influences the subsequent deprotonation step, which directly affects OER performance.

While many studies have been devoted to investigating the fundamental kinetics

during OER, few have focused on the catalytic degradation process. An early study on
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the IrOx/SrlrOs catalyst revealed that Sr leaching affected the surface rearrangements and
contributed to increased stability®®. Xu et. al. have recently reported that the leaching of
Al in Fe-doped CoAl,O4 resulted in the self-termination of active surface reconstruction,
yielding stable active sites for long-term OERS3!. Therefore, since the degradation
mechanism depends on the nature of the material, investigating catalyst stability is

necessary for designing superior OER catalysts.

Previous studies have focused on Ni-based oxides, including Ni(OH). and doped
NiOOH, due to their low material cost, easily mediated structure, and high OER activity
originating from various dopants, making them promising catalysts to replace noble metal
oxides*38, Compared to Co-containing perovskite-type oxides?>*, relatively few studies
correlating the electronic states of Ni-based oxides with their OER activities have been
reported. Recent studies on nickel oxides have elaborated the doping effect of lithium on
catalyst activity*>#!, such as in LiNiO, where lithium doping changed the local electronic
structure of nickel, improving OER activity. LiNiO, has a nominal oxidation state of Ni*
and exhibits excellent OER activity considering the eq state descriptor. Moreover, because
the energy levels of the Ni 3d orbitals of LiNiO> are close to those of the O 2p orbitals,
they can strongly hybridize*?. Therefore, LiNiO, offers a suitable model to study the
relationship between electronic structure and OER activity. However, for practical
catalysts, the durability is also important and the deterioration mechanism of the LiNiO>
catalyst has not yet been clarified. LiNiO>, having an ordered rock salt structure, is a well-
known cathode material for lithium-ion batteries, and exhibits extremely high lithium-ion
mobility*3#4, Thus, catalyst degradation may be caused by de-intercalation of lithium ions
during anodic polarization. In the Li-ion battery field, many studies have shown that the
electrochemical properties of LiNiO2 cathodes are extremely dependent on the degree of
cation mixing, primarily due to the presence of Ni?*at Li* and Ni®* sites because of the

similarity in their ionic radii*>*®. Cation mixing is a disadvantage for cathode materials
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because the presence of Ni?* at Li* sites hinders Li* diffusion. Inspired by this, hindrance
of the lithium diffusion path by cation mixing of Li and Ni is expected to be an effective

solution when LiNiO: is applied as an OER catalyst to improve stability.

Herein, the cation mixing effect on OER activity and stability was studied using
LixNi2xO2. A combination of transmission electron microscopy (TEM), X-ray absorption
near-edge structure (XANES), and extended X-ray absorption fine structure (EXAFS)
investigations were conducted to probe the electronic structure of the materials. The
valence changes of Ni during OER were further examined by operando X-ray absorption
spectroscopy (XAS) using a home-made flow-type cell. The degradation process was also

investigated in detail using operando XAS.

4.2 Experimental
4.2.1 Material synthesis

LixNiz2-xO2 (x=0.69, 0.76, 0.9, 1.0) were synthesized using the citrate complex
method. The molar ratios of x:(2—x):3 for LiNO; (FUJIFILM Wako Pure Chemical
Corporation), Ni(NO3)2+ 6H>O (FUJIFILM Wako Pure Chemical Corporation), and citric
acid (anhydrous, FUJIFILM Wako Pure Chemical Corporation), respectively, were
dissolved in deionized water. The mixed solution was dried to a powder on a hotplate at
350 °C for 2 h. The precursor powder was subsequently ground, pelletized, and calcined
under different conditions to obtain different samples: 2 times at 800 °C for 5 h in air; at
800 °C for 10 h in air; at 550 °C for 5 h followed by 700 °C calcination for 20 h; 3 times
at 800 °C for 5 h under an oxygen flow (5 mL min™).

4.2.2 Characterization

Synchrotron X-ray diffraction (XRD) was performed at beamline BL0O2B2 in SPring-8,

Japan (Proposals No. 2019 A1796, 2019 A1812) and BL5S2 of Aichi Synchrotron Radiation
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Center, Aichi Science & Technology Foundation, Aichi, Japan (Proposal No. 202002005). The
wavelength was set at 0.61972 A calibrated using CeO,. The particle morphology of the samples
was observed by TEM (JEM-2200FS, JEOL Ltd.) and scanning electron microscopy (SEM; S-
3400 N, Hitachi High-Tech Corporation). Inductively coupled plasma optical emission
spectroscopy (ICP-OES) was conducted to analyze the Li concentration in the LixNi,.«O, samples
before and after electrolysis (ICPS-8100CL, Shimadzu) at industrial research center of Shiga

prefecture, Japan.

4.2.3 Electrochemical measurement

First, 5 mg of the as-prepared catalysts and 45 mL of 5 wt.% Nafion® solution (Sigma-
Aldrich) were dispersed in 2 mL of ethanol (FUJIFILM Wako Pure Chemical Corporation) to
prepare the catalyst ink. Subsequently, 24 uL of the ink was dropped on a glassy carbon rotating
disk electrode (GC RDE, HOKUTO DENKO, area=0.196 c¢cm?) to support 0.3 mg cm of the
catalyst. The ink on the RDE was dried at 25 °C while rotating at 700 rpm. 0.1 M KOH electrolyte
used for the electrochemical measurement was prepared from ultrapure water with electrical
resistivity of 18.2 MQ.cm or more (Milli-Q®, Millipore A/S) and KOH with an iron impurity
content of 1 ppm or less (guaranteed reagent, Kanto Chemical Co., Inc) without any further

purification.

The activity test of the OER was performed using a typical three-electrode cell with Pt
wire as the counter electrode and a reversible hydrogen electrode (RHE) as the reference electrode.
The catalyst loaded RDE was used as the working electrode. Cyclic voltammograms (CV) were
preliminarily scanned for 100 cycles from 0.5 to 1.6 V (vs. RHE) at 100 mV s in a N,-saturated
0.1 M KOH aqueous solution to activate the catalyst surface. The OER activities were
subsequently obtained by scanning from 1.1 to 1.7 V (vs. RHE) at 5 mV s* and a rotation speed
of 1600 rpm. The durability tests were performed via potentiostatic electrolysis at 1.8 V (vs. RHE)
and 3000 rpm for 60 min. The double layer capacitance was estimated from the CV plots obtained

at 20, 40, 80, 100, and 200 mV s from 0.95 to 1.05 V (vs. RHE).
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4.2.4 X-ray absorption spectroscope

XANES and EXAFS at the Ni K-edge were measured at beamline BLO1B1 and BL14B2
in SPring 8, Japan (Proposals No. 2017B1451, 2017B1555, 2017B1918, 2017B1919, 2018
A1592) and BL11S2 of Aichi Synchrotron Radiation Center, Aichi Science & Technology
Foundation, Aichi, Japan (Proposal No. 202002006). XAS spectra were acquired in transmission
and florescence modes at 25 °C using a Si (111) double-crystal monochromator. A 19-element
Ge detector was used for fluorescence mode and a pair of Rh-coated mirrors was used to eliminate
the higher harmonics. The Ni L-edge and O K-edge XANES spectra were collected in florescence
mode at the Ritsumeikan SR center at BL10. The XAS spectra were analyzed using the Athena
software package" Operando Ni K-edge XAS were collected using a home-made flow-type cell.
The catalyst ink was loaded onto an Au (50 nm) sputtered polyetherimide film (Mitsubishi
Chemical Corporation) to prepare both the X-ray window and working electrode. Cyclic
voltammograms (CV) were preliminarily scanned for 100 cycles from 0.5 to 1.6 V (vs. RHE) at
100 mV st in No-saturated 0.1 M KOH aqueous solution to activate the catalyst surface. The flow
rate of the solution was controlled at 0.5 L min using a non-pulsation pump. The durability tests

were performed via potentiostatic electrolysis at 1.8 V (vs. RHE) for 60 min.

4.3 Results and discussion

4.3.1 Crystal Structure

The XRD patterns of the LixNi>xO> catalysts are provided in Figure 4.1a and all
peaks were indexed to the layered rock salt structure of the rhombohedral phase of space
group R3 m according to the Rietveld refinement in Figure 4.2 and Table 4.1, in
agreement with previous reports*®-414¢ When the Li content changed from LiNiO; to
LiosaNi13102, the 003 peak around 7.5° decreased, indicating cation mixing of the Li 3a
site with the Ni 3b site. As shown in Figure 4.1b and Table 4.2, the lattice constants

increased and the 3a site occupancy of Ni increased, verifying the increased degree of
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cation mixing. This is in accordance with the change of the intensities of the 003 peak at
approximately 7.5° and the 111 peak at approximately 18° in the XRD pattern. This
systematic change of structural parameters was in agreement with a previous study by
Goodenough et. al*®. In Figure 4.1b, the lattice constants decreased linearly with Li
doping, following Vegard’s law. This decrease in lattice constants was ascribed to the
formation of Ni®* induced by Li doping and shrinkage of the Ni-O bond. Moreover, to
confirm the actual elemental contents, ICP-OES measurements were conducted and the
results are shown in Table 4.3. Each composition was similar to the charged amount and
the estimated values from the Rietveld refinement. In addition, the well-crystallized
layered rock-salt structure of all samples was observed by TEM images and their fast
Fourier transform (FFT) pattern is provided in Figure 4.1c. Two dominant crystal
structures were observed in the pattern: Fm3'm and R3'm. The rock-salt phase, Fm3'm,
was found in NiO, while the FFT patterns of the Li-doped NiO provided evidence of
conversion to a layered rock-salt phase, R3 m. The particle size of all samples was

approximately 1 um, as estimated from the SEM images in Figure 4.3.

4.3.2 Electrochemical Performance of the Catalysts

Figure 4.4 shows the CVs for all samples in 0.1 M N2-saturated KOH solution. The
electric double layer capacity from the CV measurements were subsequently measured
following previously reported methods®. The scan results are shown in Figure 4.5 and
the relative parameters are listed in Table 4.4. According to Figure 4.4a, LiNiO2 shows
the lowest onset potential for the OER current, indicating that it exhibits the best OER
activity, in a good agreement with a previous study®. In addition, a decreasing tendency
toward OER activity corresponds to increasing cation mixing. An obvious difference in
redox behavior was observed at approximately 1.25 and 1.40 V (vs. RHE). This redox
pair is directly related to the degree of cation mixing, as shown in Figure 4.6, and the

lower cation mixing sample showed higher and sharper anodic/cathodic peaks. Moreover,
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the anodic/cathodic peak shifted positively/negatively with increasing Li content, which
correlated with the observed OER activity trends. For LiNiO2, one anodic (Al) and two
cathodic peaks (C1, C2) were observed in the cyclic voltammetry in Figure 4.4a. These
features were consistent with previously reported papers®°2. The oxidation peak of Al
and reduction peak of C1, C2 were considered the electrochemical delithiation and
intercalation of proton, respectively®?, although their origin of structural changes have not
yet revealed. Fu et. al. proposed that the redox peak of NiO is associated with a nominal
NiZ*/Ni** couple and the increased amount of Ni** induced by Li doping results in a
positive shift of redox peaks associated with the nominal Ni**/Ni** redox couple*. These
studies suggest that the behavior of the CVs presented herein corresponds to the de-
intercalation of Li* and intercalation of H* in the LiNiO2 host matrix, owing to the
Ni*/Ni** redox. To directly compare the oxygen evolution Kinetics, the Tafel slopes were
estimated, as shown in Figure 4.4b. In this study, the Tafel slopes were estimated in the
potential range from 1.5 to 1.6 V (vs. RHE) excluding 1.30-1.50 V (vs. RHE) as reported
by Fu et. al.*® because the redox peaks appeared. The slope for NiO was 80 mV dec™. and
decreased to 64--70 mV dect for LixNi2xO2, consistent with the literature®. This
reduction in the Tafel slope is related to the favorable adsorption of OH intermediates

resulting from the Ni®** oxidization state induced by Li doping®.

To demonstrate the effect of cation mixing on catalyst stability, the potential was
kept at 1.8 V (vs. RHE) for 3600 seconds. As shown in Figure 4.4c, LiNiO2 with the best
activity also showed the highest initial current density. However, the current density of
LiNiO2suddenly decreased after approximately 10 seconds and showed the lowest current
value after approximately 40 seconds. In contrast, LiosoNi1.3102 showed the best stability.
As LiNiO; is a widely reported cathode material for lithium-ion batteries, de-intercalation
of lithium ions likely occurs more easily during anodic polarization. Conversely, the

cation mixing by Ni cations occupying Li sites results in a higher activation energy barrier
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for Li diffusion, while this structural instability deteriorates the charge/discharge
performance®*®°. Here, it was assumed that lithium de-intercalation leads to stability
decay when LiNiO2 is used as an OER catalyst. To confirm this assumption, ICP-OES
measurements were conducted to investigate the catalyst composition after electrolysis.
LiNiO2 and Lio.eoNi1.3:02 powders were collected from the GC electrode surfaces after
the durability tests. As shown in Figure 4.4d, the Li content decreased to 85 % after the
durability test, while the lithium in Lio.esNi1.3102 maintained the same content before and
after electrolysis. Therefore, it is clear that lithium deficiency is the reason behind the
poor stability of LiNiO2. Considering the structural change during the cation mixing, by
replacing some Li 3a sites, Ni on the 3a site presents an obstacle for Li breaking away.
Moreover, the TEM images shown in Figure 4.7 reveal that after electrolysis, the surface
of LiNiO2 became vague, while that of Lio.eosNi1.3102 remained nearly unchanged. Our
results in Figure 4.7b indicate the surface layer with a thickness of about 5 nm formed
after delithiation from the ordered LiNiO2. Ren and co-workers have also reported that
NiOOH layer with a thickness of 5--10 nm was formed on ordered LiNiO: after the
electrolysis®. However, in the case of LiossNi13102 (Figure 4.7a), the formation of the
thick surface layer was not observed, which might be the reason of high durability of the

catalyst.

4.3.3 Electronic Structure

XAS measurements were performed to determine the catalyst electronic
structure and further explain the observed electrochemical behaviors. Figure 4.8 shows
the Ni K-edge XANES spectra of LixNi2xO2. With decreasing cation mixing, obvious
trends toward the high energy side were observed, indicating the presence of a higher
valence of Ni**, which was also verified in EXAFS. Figure 4.8b shows the Fourier
transforms at the Ni K-edge oscillations, and the refined structural parameters are listed

in Table 4.5. With increasing Li content, decreased cation mixing resulted in Ni-O and
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Ni-Ni bond shrinkage. For example, the Ni-O and Ni-Ni bond lengths changed to 1.933
and 2.871 A for LiNiO2, while those of LioesNi13102 were 1.955 A and 2.914 A,
respectively. Further information regarding the state of Ni and O was probed by Ni L-
edge and O K-edge XAS. The hybridized states of the Ni 3d and O 2p orbitals were
investigated by O K-edge XAS, as shown in Figure 4.8c. The main characteristic peak of
NiO at approximately 532 eV, which is assigned to the unoccupied Ni 3d eq hybridized
with O 2p orbitals, was not observed for other Li-containing materials. Instead, an
additional feature appeared at approximately 528 eV, consistent with the literature>’ -8,
This remarkable change was ascribed to the formation of an unoccupied hole state
induced by Li doping, as suggested by the Ni L-edge XAS in Figure 4.8d. An additional
peak at 857 eV was observed in Figure 4.8d, indicating that the formation of 3d” and 3d°L
configurations®® (where L denotes a ligand hole) due to the strong covalent bond formed

between the Ni 3d and O 2p orbitals®.

4.3.4 Operando XAS Measurement

Figure 4.9 indicates the current-time response of LiosoNi13102 and LiNiOz in
home-made flow cell for operando X-ray absorption spectroscopy. At 0.8 V, no current
was observed. At 1.5 V, the higher current of LiNiO2 than LiossNi1.3102 was observed
due to the high activity of LiNiO2. However, the current was suddenly decreased when
1.8 V was applied for LiNiO2 while LiossNi13102 showed the stable current. Their
behavior has a good agreement with Figure 4.4a, c. operando Ni K-edge XANES was
performed to examine the dynamic valence state of Ni during the anodic CV sweep. As
shown in Figure 4.10a and 4.10b, the spectra were recorded at 0.8, 1.5, and 1.8 V (vs.
RHE) for Lios9oNi1.3102 and LiNiO2. For both catalysts, a shift toward the high-energy
side was observed with increasing applied potential, indicating the emergence of the high
oxidation state of Ni during the OER. Considering the CV plots in Figure 4.4a, this energy

shift responds well to the different pseudocapacitive behaviors of LioeoNi13102 and
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LiNiO2. The more significant spectrum shift for LiNiO, was also correlated to a stronger
redox peak than the others before OER. This operando XAS study showed that the
pseudocapacitive redox behavior before OER indicates oxidation of Ni®* to Ni** by de-
intercalation of Li*. Moreover, as shown in Figure 4.6, the larger charge of oxidation, the
higher XANES shift was observed. Therefore, the presence of high valence state of Ni**
on the surface promotes the OER activity*°. The high valence state of Ni** was also found
on LiNiO; after the electrochemical delithiation combining with XAS and XRD by Ren
et. al.>®. In this study, the oxidation state change of Ni** into Ni** due to the delithiation
was confirmed by operando XAS measurements in Figure 4.10b. This result corresponds

to Ren at al.>®, which is the strong evidence of the existence of Ni** under the electrolysis.

operando Ni K-edge XANES during the durability test was also performed to
investigate the mechanism underlying the different OER performances. The results at the
first minute and at the end of 60 min are shown in Figures 4.11a and 4.11b. LioeoNi1 3102
was unchanged after 60 min of electrolysis. In contrast, the XANES spectra of LiNiO>
shifted to a higher energy in the first minute, which was further enhanced at the end of
electrolysis, while the peak showed a lower intensity with a constant anodic potential.
These behaviors were consistent with typical operando XAS of LiNiO> battery cathode
materials during charging®-®2. Therefore, it can be concluded that the instability of
LiNiO> originated from the loss of Li ions in the bulk, and this irreversible structural
change decreased performance because LiNiO2 exhibits low electro-chemical
stability®%, Therefore, hindering the lithium diffusion path by cation mixing can
improve the stability of LiNiO2 by preventing the loss of Li ions from the host matrix.

This is a useful guideline for designing future LiNiO2-based OER catalysts.

4.4 Conclusions

This study focused on the cation mixing effects on OER activity and stability

when LiNiO2-based oxides are used as water oxidation electrocatalysts. Samples with
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different degrees of cation mixing were synthesized via the citrate complex method. The
electrochemical tests showed that a lower degree of cation mixing results in improved
OER activity, while the stability performance showed the opposite trend. XAS
measurements revealed the formation of a hole state in the lower cation mixing material,
indicating strong hybridization of the Ni 3d and O 2p orbitals and different
pseudocapacitive behaviors towards the OER. The operando XAS study further revealed
the shift toward a high oxidation of Ni during the OER. The local structure change during
the stability test was studied by operando XANES, where LiNiO2 showed significant
spectral changes compared to LiosgNi1.3102. The instability of LiNiO> originated from de-
intercalation of Li ions and the irreversible structure change decreased performance. The
intercalation/de-intercalation of ions also occurs during the OER process, similar to
lithium-ion batteries. It was demonstrated that hindering the lithium diffusion path by
cation mixing is useful for maintaining performance. While abundant research has
focused on facilitating catalyst active sites to improve OER activity, the fundamental
degradation mechanism has attracted little attention. This study provides a novel design
principle for compatible high activity and long-lasting catalysts by reasonable structure

mediation induced by cation mixing.
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Figure 4.1. Crystal structures for NiO and LixNi>-xO> (x=0.69, 0.76, 0.9, 1.0). a) XRD
patterns; b) lattice constant changes extracted from XRD as a function of x; ¢) TEM

images with FFT pattern of the as-synthesized samples.

142



Lig goNi; 510,
a) a = 29056 A
R,=360%
wR, = 5.98 %
R = 466 %
WR, = 574 %

- observed
—— calculated
— differece

Intensity / a.u.

0 10 20 30 40 50
2 theta / degree

c Lig.eoNis 109,

) a=28881A
R,=336%
WwR, = 524 %
R-=7.10%
wR, = 8,60 %

agh

- observed
—— calculated
—— differece

0 10 20 30 40 50
2 theta / degree

Intensity / a.u.

b)

d)

LiO TGNi1 2402

Intensity / a.u.

a=28990A
R,=173%
WR, = 2.46 %
R =3.55%
WR; = 4.08 %

o observed
—— calculated
—— differece

e —

10 20 30 40 50
2 theta / degree

Intensity / a.u.

a=28695A
R, =290%
wR, =430 %
R-=351%
wR; = 4.02 %

o observed
— calculated
—— differece

o

0

10 20 30 40 50 60 70 80
2 theta / degree

Figure 4.2. XRD Rietveld refinement results of as-synthesized catalysts
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Table 4.1. Rietveld refinement results of LixNi;xO>

sample  Spacegroup Atom Wyck Site SOF x/a y/b z/c U/A
Li1 3a -3m 0604 O 0 0 0.0053
Ni1 3a -3m 03%9% O 0 0 0.0053
. . R-3m(166) .
LingsNi13102 ) Li2 3b  -3m 0.065 O 0 0.5 0.0053
- trigonal
Ni2 3b -3m 0935 O 0 0.5 0.0053
01 6c 3m 2 0 0 023858 0.0053
Li1 3a -3m 0702 O 0 0 0.0040
Ni1 3a -3m 0298 0 0 0 0.0040
o R-3m(166)
Lip76Ni1 2405 ) Li2 3b -3m 0038 0 0 0.5 0.0040
- trigonal )
Ni2 3b -3m 0962 O 0 0.5 0.0040
(o) 6¢ 3m 2 0 0 0.23858 0.0040
Li1 32 -3m 0846 O 0 0 0.0047
Ni1 3a  -3m 0.154 O 0 0 0.0047
o R-3m(166)
LiogoNi1.1002 . Li2 3b  -3m 0.010 O 0] 0.5 0.0047
- trigonal .
Ni2 3b -3m 09% 0 0 0.5 0.0047
01 6c 3m 2 0 0 023858 0.0047
Li1 3a  -3m 0982 O 0 0 0.0047
Ni1 323 -3m 0.018 O 0 0 0.0047
o R-3m(166) .
LINIO: . Li2 3b -3m 0.000 O 0 0.5 0.0047
- trigonal
Ni2 3b -3m 1.000 O 0 0.5 0.0047
O1 6c 3m 2 0 0 023858 0.0047
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Table 4.2. Site occupancy of LixNi;xO>

Site occupancy

Site
LiD.EQNi1.31OZ LiO.TGN i1.2402 LiO.QDNi‘I.1DOZ LINIOZ
Li(3a) 0.604 0.702 0.846 0.982
Ni(3a) 0.396 0.298 0.154 0.018
Li(3b) 0.065 0.038 0.010 0.000
Ni(3b) 0.935 0.962 0.990 1.000

Table 4.3 The concentration analysis results of as-synthesized materials from ICP-OES

and Rietveld refinement

Rietveld composition ICP-OES composition

Lig67Ni; 530, LipgoNiy 310,
Lig74Ni; 30, Lig76Niq 240,
LiggsNiy 10, LipooNiy 100,
Lig9gNi; 0O, Li; oNiy 0O,
Table 4.4. ECSA parameters
samples double layer capacitance / mF ECSA / cm?
NiO 0.024 0.60
LipgoNi; 310, 0.026 0.65
Lip 76Ni; 240, 0.024 0.60
Lip0oNi1 100, 0.023 0.58
Lig9oNi; 010, 0.024 0.60




Table 4.5. EXAFS fitting results with Rietveld refinement-based coordination number.
With the increase of Li content, which means less cation mixing condition, the bond

length of Ni-O became shorter. This also indicates a tendency from Ni2+ to Ni3+

happened.
Sample Path N © RY/A  *9 /A RY/%

NiO Ni-O 6* 2.086 0.0043
Ni-Ni 12* 2.949 0.0049 '

Lio.soNi1.3102 Ni-O1? 6* 2.089 0.0065
Ni-02 ® 6* 1.947 0.0019 0.3

Ni-Ni 7.8* 2.871 0.0052

Lio.76Ni1.2402 Ni-O1 6* 2.089 0.0023
Ni-02 6* 1.947 0.0072 0.3

Ni-Ni 7.4* 2.871 0.0053

Lio.ooNi1.1002 Ni-O1 6* 2.089 0.0019
Ni-02 6* 1.947 0.0087 0.3

Ni-Ni 6.8* 2.871 0.0055

Lio.ooNi1.1002 Ni-02 6* 1.947 0.0098
Ni-Ni 6* 2.871 0.0051 o6

* Fixed value estimated from XRD
a) Ni-Ol; Bond between Ni(3a) and O
b) Ni-O2; Bond between Ni(3b) and O
C) Average coordination Number estimated from Rietveld refinement
d) Bond distance
e) Debye-Waller factor
f) Residual factor
I‘kSZObS (k)— kSanlc (k)(2 dk
R, = > x100
‘Hk?)lobs (k)‘ dk
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Chapter 5. Quantitative Evaluation of the Activity of
Low-Spin Tetravalent Nickel Ion Sites for the Oxygen

Evolution Reaction

Oxide catalysts containing tetravalent nickel exhibit high oxygen-active catalytic
activity. We investigated the effects of lithium content (x) on the electrocatalytic activity
of LixNigpsMni 504, a spinel that provides only divalent and tetravalent nickel ions in a
KOH aqueous electrolyte for the oxygen evolution reaction (OER). The lithium content
was controlled by the chemical delithiation of Lio.9sNig.49Mn.5104 using NO2BF4. Upon
employing this approach, nickel changed from the divalent to tetravalent state. The OER
activity increased with decreasing x, and a higher activity than that of standard LaNiO3
was observed at x = 0.00. Comprehensive Tafel analyses and X-ray spectroscopic
investigations revealed a downshift in the Ni conduction band, indicating that high OER
activity correlated with strong hybridization of the Ni 3d and O 2p orbitals. These insights
into the role of Ni*' in high OER activity are expected to facilitate the development of

other highly active Ni-based electrocatalysts.

5.1 Backgound

Water electrolysis is considered a sustainable method for the production of
hydrogen, a clean energy source for fuel cells.!” The oxygen evolution reaction (OER;
40H—- = 2H>0 + Oz + 4e in alkaline solution) involves a multistep transfer of four
electrons, which is kinetically sluggish; thus, a reduction in polarization in the OER is
required.%’ Therefore, there is a need for effective electrocatalysts to promote the OER,

thereby improving the energy conversion efficiency. Numerous highly active catalysts
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have been investigated for the OER®'? in which IrO,- and RuO»-based materials are the
most active.!>!'* However, these precious metals are expensive, which limits their large-
scale applications. Therefore, considerable efforts have been devoted to the development
of inexpensive and highly active catalysts. In particular, non-noble-metal-based oxides
are considered promising candidates because of their extensive availability, high natural
abundance, and excellent activity under alkaline conditions.'>!® Previous studies have
shown that OER activity depends on the electronic state of the active cationic sites, as

? and covalency.?

well as the occupancy of the 3d eg orbital,!””'® O p-band center,!
According to the Sabatier principle, OER activity is high when interactions between the
active site and intermediate species have moderate strength (i.e., neither too strong nor
too weak).?! Metal cations in the octahedral sites form c-bonds with oxygen ligands via
the 3d e, orbital.>? Therefore, the occupancy state of the metal cation may have a
significant effect on the strength of the bond between the metal and the intermediate.'®%
Suntivich et al. found a volcano-like relationship between the eg occupancy in perovskite
oxide and OER activity. High e, filling tends to result in extremely weak binding of the
*OH intermediates, whereas low eg filling results in excessively strong binding. An e,
filling of ~1.2 was found to be the optimum.'” Nevertheless, some materials do not follow
this trend, such as oxides containing a high Ni(4+) valence state. The electronic structure
of low-spin Ni*" is t2,%,”, suggesting that OER activity decreases as Ni is further oxidized
from the trivalent to tetravalent state.!” Recent studies indicate that Ni in a high valence
state of Ni can accelerate the OER.?*%” Du and coworker synthesized La;xSrxNiOs thin
films on LaAlOs; substrates using the oxygen-plasma-assisted molecular beam epitaxial

method and found that Sr substitution can enhance the OER activity, although the e,

occupancy of Ni ions was far from unity.?* They argued that the increase in Ni 3d—0 2p
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covalency upon Ni oxidation and the increase in orbital overlap between Ni 3d and O 2p
contributed to the high activity of the Sr-substituted LaNiOj3 thin film.?*

To elucidate the effect of high-valence Ni on OER activity, it is necessary to
evaluate the OER activity of materials with Ni in a stable high oxidation state (4+).
However, in the case of perovskites, the formation of Ni** requires calcination under high
oxygen partial pressures (60—200 bar)*®?’ or reactive oxygen species (e.g., oxygen
radicals) under special conditions.?* Therefore, these materials are not actively studied.
In contrast, LiNigpsMni.504 (LNMO) with a spinel structure has been widely studied as a
cathode for lithium-ion secondary batteries, and importantly, lithium ions are desorbed
by oxidation to produce tetravalent nickel ions stoichiometrically.>* Therefore, using this
material as an oxygen-evolving electrode, it is possible to quantitatively evaluate the
activity of tetravalent nickel ions.

Herein, we report the OER activity of nickel-manganese spinel in which Ni*" is
stable up to the bulk. The material was synthesized by chemical delithiation of LNMO
using NO2BF4. LNMO is an oxide with a spinel-type structure (AB204) in which Li"
occupies the tetrahedral A site and Ni** and Mn*" occupy the octahedral B site. When Li
is desorbed from LNMO, Ni*" is oxidized to Ni** with Ni providing charge compensation
according to eq 1.

LiNio.sMn;.504 = Lix NigsMni1.504 + (1-x) Li" + (1-x) e~ (1)

Nio.sMni 504 with extracted Li was reported3 1 to be stable in air. We investigated
the effects of Ni*" on OER activity. Soft Xray absorption spectroscopy (XAS) and Tafel
analysis were conducted to elucidate the mechanism corresponding to the high activity in
the presence of high-valence Ni. We concluded that the formation of Ni** in NigsMn; sO4

resulted in a downshift of the Ni conduction-band energy, thereby enhancing the OER
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kinetics. Although the electrochemical delithiation method has already been applied for
LiCoO; toward the OER,*° the effects of electrolyte-derived decomposition products and
binders have not been eliminated. Moreover, our study on chemical delithiation of
Lio.96Nio.49Mni 5104 using NO2BF4 was better for OER catalyst studies without binders
and was applied for the first time in this field. This allowed us to precisely control the
electronic structure of the catalyst by delithiated ions and to thoroughly study the catalyst

electronic structure and OER activity.

5.2 Experimental

5.2.1 Material Synthesis

LiNio.sMn1.504 powder was synthesized as follows. Stoichiometric amounts of
LiNO3, Ni(NO3)2.6H20, and Mn(NO3),.6H,O (FUJIFILM Wako Pure Chemical
Corporation) were dissolved in ultrapure water. A four- to fivefold molar excess of citric
acid (anhydrous, FUJIFILM Wako Pure Chemical Corporation) was added while stirring.
This solution was gradually heated to 400 °C using a hot plate to obtain the precursor.
During heating, the mixture formed a sticky gel. The temperature was held at 400 °C until
the mixture was sufficiently dried to collect the precursor powder. The obtained powder
was calcined at 800 °C for 12 h and at 700 °C for 48 h under pure O».

Various levels of chemical delithiation were achieved by reacting LiNig.sMnj 504
with nitronium tetrafluoroborate (NO>BF4, SigmaAldrich) in acetonitrile solution
(superdehydrated, FUJIFILM Wako Pure Chemical Corporation) for 48 h at 25 °C. Note
that the NO>BF4 can react with water to form HF; hence, the superdehydrated acetonitrile
should be used.*' The degree of delithiation was controlled by changing the molar ratio

of LiNipsMn; 504 to NO2BF4. The suspension of LiNigpsMn;.504 and NO2BF4 was stirred
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for 48 h to obtain a uniform particle composition. Subsequently, the suspension was
filtered, thoroughly washed with acetonitrile at least three times, and dried overnight in a

vacuum oven.
5.2.2 Characterization

The chemical compositions of the materials were determined using inductively
coupled plasma optical emission spectrometry (ICP-OES; ICPS-8100CL, Shimadzu, Co.
Ltd.). X-ray diffraction (XRD) patterns were collected using BL0O2B2 at SPring-8, Japan
(Proposal No. 2018A1749, 2018A1750, 2018B1616, and 2019A1763) and BL5S2 at
Aichi Synchrotron Radiation Center, Aichi Science & Technology Foundation, Aichi,
Japan (Proposal No. 202002005). The wavelength, set to 0.61972 A, was calibrated using
CeO; for both beamlines at SPring-8 and the Aichi Synchrotron Radiation Center. The
lattice parameters and phase ratios were determined by Rietveld refinements using Jana
2006 software. Raman spectra were recorded on a Raman microscope (RAMANtouch,
Nanophoton Corp.), in the confocal backscattering configuration, with a 532 nm argon
ion laser. XAS was conducted for Mn and Ni Kedges, and the spectra were obtained in
the transmission mode using a Si (111) monochromator on BLO1B1 and BL14B2 at
SPring-8, Japan (Proposal No. 2019A1820, 2019B1855, and 2019B1899) and BL11S2 at
Aichi Synchrotron Radiation Center, Aichi Science & Technology Foundation, Aichi,
Japan (Proposal No. 202002006). XAS for Mn and Ni L-edges, and O K-edge was
conducted in the fluorescence mode on BL-11 at the SR center, Ritsumeikan University,
Japan. Scanning electron microscopy (SEM) experiments were conducted at 15 kV (S-
3400 N, Hitachi High-Tech Corp.). Transmission electron microscopy (TEM)

experiments were conducted at 200 kV (JEM-2200FS, JEOL Ltd.). X-ray photoelectron
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spectroscopy (XPS) was performed to reveal the catalyst surface valence state using

PHI5000 VersaProbe?2.
5.2.3 Electrochemical Measurements

Catalyst inks were prepared by mixing 4 mg of the catalyst powder with 998 uL
of acetonitrile and 2 pL of 5 wt % Nafion solution (Sigma-Aldrich). The inks were
sonicated in an ice bath for 20 min before they were cast on the electrode. A total of 24.5
pL of ink was dropped on a polished glassy carbon (GC) rotating disk electrode (Hokuto
denko, 5 mm diameter, 0.196 cm?). The electrochemical measurements were performed
using a standard three-electrode cell connected to an MPG-205-NUC system (Bio-Logic).
A Pt mesh was used as the counter electrode, a reversible hydrogen electrode (RHE) was
used as the reference electrode, and the catalyst-coated GC was used as the working
electrode. The electrochemical activities of the catalysts were investigated using linear
sweep voltammetry (LSV) in the range of 1.1 to 1.8 V vs RHE at 5 mV s! in Np-saturated
0.1 M KOH. The electrochemically active surface area (ECSA) was estimated using the
methods proposed by McCrory et al.32 For comparison, the OER performance of LaNiOs
was evaluated using the same process. The observed current measurements were
normalized using the ECSA. The working electrode was rotated at 1600 rpm during the
measurement. After the LSV measurements, the samples were collected from the
electrodes and examined using TEM. The longterm stability tests were conducted to
further evaluate the representative catalyst performance. For the Lio.00Nio.49Mnj 5104
sample, the current density was kept at 10 mA/cm?. For the Lip.96Nio49Mn; 5104 sample,
because it was difficult to apply a current of 10 mA/cm? because of the low activity,

constant current electrolysis was performed at 6 mA/cm?, making the initial potential the
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same for both samples before the long-term stability test. After long-term stability tests,

the catalysts were collected for TEM and XPS measurements.

5.3 Results and Discussion
5.3.1 Crystal Structure

Table 5.1 shows the chemical composition of the delithiated LiNipsMnji 504,
which was determined using ICP-OES. The Li (x) content decreased from 0.96 to 0.00 as
the NO»BF4 content increased, whereas those of Ni and Mn remained almost the same.
The samples were labeled x = 0.96, 0.80, 0.60, 0.42, 0.14, and 0.00. Figure 5.1 shows the
synchrotron XRD patterns (A = 0.61972 A) of the delithiated LiNiosMn; sO4. For the
pristine sample (x = 0.96), all the peaks were indexed to the cubic phase, and no impurities
were observed. The Raman spectrum (Figure 5.2) of x = 0.96, specifically the additional
peaks at 222 and 243 cm™! and a sharp peak at 406 cm ™!, indicated the existence of the
P4332 space group.*? The XRD patterns and weight fractions of the phases in the samples
were refined using the full-pattern Rietveld method, and their structural parameters are
shown in Tables 5.2—7 and Figures 5.3 and 5.4. Delithiation of LNMO resulted in a
mixture of three cubic phases, namely, LiNip.sMnj 504 (phase I), Lio.sNio.sMnj 504 (phase
IT), and Nig sMn; sO4 (phase I1I), as reported previously.*® The lattice parameters in phases
I, I, and 111 were approximately 8.16, 8.09, and 8.00 A, respectively. The lattice constants
of phases II and III were smaller than that of phase I because the ionic radii, affected by
the valence state of Ni ions in phases II(Ni>*/ Ni*) and III(Ni*"), were smaller than that
in phase I(Ni**).>* TEM images of x = 0.96 and x = 0.00 samples (Figure 5.5 a,b) indicated
that both samples were well crystallized. The average particle size was ~1.5 um, as

observed in the SEM images (Figure 5.6). Therefore, we successfully conducted
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topochemical delithiation using NO2BF4 to obtain spinels with varying Li content, while

maintaining the crystal structure.
5.3.2 Bulk Electronic Structure

The electronic structures of Ni and Mn were investigated using XAS to
determine the changes in their average valence states. The Ni K-edge X-ray absorption
near edge structure (XANES) (Figure 5.7) showed a monotonous edge-shift toward
higher energy with a decrease in the Li content in LNMO. The degree of edge-shift (~3.8
eV) was consistent with the average valence state of nickel, changing from Ni** in
LiNigsMn; 504 to Ni*' in NigsMn;s04.>> The XANES spectra showed two isosbestic
points at 8353.3 and 8354.9 eV, suggesting that chemical delithiation of LNMO
proceeded via two sets of two-phase reactions (i.e., phase I-II and phase II-III), as
reported previously.** This result agreed with the XRD findings.*® Figure 5.7b shows the
Mn K-edge XANES. In contrast to the results for Ni, the Mn K-edge spectra showed only
a slight edge-shift, confirming that the state of Mn remained unchanged at Mn*', as
reported previously.>>*® The slight change in the Mn K-edge was due to the local
structural change of the Mn ion. These results confirmed that we successfully synthesized

a catalyst that contains Ni** via chemical oxidation using NO,BFa.
5.3.3 Electrochemical Performance

In this study, OER performance was evaluated using a three-electrode cell. For
comparison, the benchmark catalyst LaNiO3 was also evaluated because it is a classic Ni-
based OER catalyst and Ni is not hybridized with Fe or other transition metals as in Ni-
Fe spinels'® or Ni LDH.!! Figure 5.8 shows the results of the double layer capacitance

(Cdl) measurement. The ECSA of each sample was calculated using Eq 2:
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ECSA = % (2)

N

where Cs (specific capacitance) is equal to 0.04 mF cm™.

Table 5.8 shows the ECSA values of each sample. All the LNMO samples (x =
0.96, 0.80, 0.60, 0.42, 0.14, and 0.00) had almost the same ECSA value of approximately
1.00 cm?. All the current measurements were normalized to the ECSA to evaluate the true
OER activity, which is independent of the surface area.’! Figure 5.9a shows the LSV
curves at a scan rate of activity of delithiated LNMO needs to be elucidated. Moreover,
the XRD pattern and catalyst morphology were investigated for samples x = 0.96 and x
= 0.00 after electrolysis. Both samples showed no obvious changes (Figures 5.10 and
5.11), indicating that the structures were stable after electrolysis. The long-term stability
tests were conducted to further evaluate the representative catalyst performance. As
shown in Figure 5.12, both samples showed the potential increase during the long-term
stability tests, suggesting that the state of the catalyst has changed. Even though the
stability test of Lio.ooNio.4oMni.5104 was performed at a larger current density value, the
percentage increase in potential is almost the same as that of Lig.9sNio.49Mni.5104. The
amorphization of the surface was observed for both samples in the TEM images,
indicating the collapse of the initial crystalline structure, as shown in Figure 5.13. The
surface valence state after stability tests was further investigated by XPS, as shown in
Figure 5.14. The main peak of O 1 s spectra at 529.4 eV corresponds to lattice oxygen
and the shoulder at a higher energy side can be assigned to surface oxygen species (OH,
H,0) and/or carbonates (C=0),>’>° as shown in Figure 5.14a. After stability tests, the
surface oxygen species increased, which might be due to the surface reconstruction as

observed by TEM images. In Figure 5.14b, Ni 2p3,2 spectra at 854.2 eV corresponding to
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Ni** were observed as the main peak.’” For x = 0.00. a shoulder peak at the higher
energy side appeared, suggesting the existence of higher valence Ni (Ni*"). For the x =
0.96 sample, this shoulder peak appeared after the long-term stability test. This is because
Li" was desorbed from the spinel structure over 2 V (vs RHE) during the stability test.
Moreover, the x = 0.00 sample after the stability test showed a broadened peak at around
854.2 eV, which could be attributed to the surface reconstruction. As shown in Figure
5.14c, Min 2p3)2 spectra at 641.9 eV correspond to Mn>" and the shoulder peak at a higher
energy side at 642.8 eV can be assigned to Mn*".373° The Mn 2p3, spectra were almost
identical for x = 0.00 and x = 0.96 before the stability test. However, after that, x = 0.00
showed a more broadened peak at around 641.9 eV and a shoulder peak at a lower energy

side, which indicates the surface reconstruction after the stability test.

Tafel analysis was performed to predict the rate-determining step (RDS) of the
OER. Figure 5.15 and Table 5.9 show the Tafel slopes for each sample. The Tafel slope
of LaNiOs was 73.3 mV dec ™!, which was consistent with previously reported values
(60—70 mV dec!).!7314° The Tafel slope for x = 0.96 was ~122 mV dec!, which also
agreed with a previous study.*! The Tafel slope decreased from 98.2 to 66.0 mV dec™
with a decrease in x values from 0.80 to 0.00. According to the Doyle and Lyons
mechanism, the Tafel slopes of the RDS were estimated as follows.*? Doyle and co-
workers first proposed this mechanism based on their experimental results. Then they
assumed each step to be the RDS and conducted the theoretical analysis guided by earlier
work and recent density functional theory calculation developments. When considering
each step as the RDS, they combined the net reaction flux calculation, quasi steady-state

approximation, and the Butler—Volmer rate equation and then gave the theoretical value

for each step. Step 6 is rarely a RDS; therefore, the Tafel slope is undefined.*?
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Stepl M+ OH™ > M —OH* + e~ 120 mV dec! (3)

Step2 M — OH + OH™ » M — 0~ + H,0 60 mV dec! (4)
Step3 M—0" > M—0*+e” 120 mV dec’! (5)
Step4 M —0* + OH™ —» M — OOH" + e~ 40 mV dec™ (6)
Step5 M —O0OH*+ OH™ » M—0, + H,0+ e 40 mV dec! (7)
Step 6 M — 0, + OH™ — M — OH" + e~ —mV dec’ (8)

The RDS of LaNiOs (Tafel slope: 73.3 mV dec™!) was Step 2: proton transfer
from OH*.*? This was consistent with a previous report based on calculations. According
to the Tafel slope, the RDS in the case of x = 0.96 (Tafel slope: ~ 122 mV dec™!) should

have been Step 1 or Step 3. However, because Ni existed mainly as Ni*'(¢2,%,’

) in
LiNio49Mn 5104, Step 1 was considered the RDS.** The RDS when x = 0.00 (Tafel slope:
66.0 mV dec!) was step 2, similar to the case of LaNiO;. Therefore, the adsorption of
OH* may increase in the presence of high-valence Ni. In summary, an OER catalyst was

successfully synthesized with the same RDS step and superior OER kinetics compared

with those of LaNiQOs.
5.3.4 Electronic Structure

The electronic states of Mn, Ni, and O were also observed using soft XAS. Figure
5.16a shows the Mn L-edge XANES spectra of the chemically delithiated
LiNio.49Mn1.5104. The shape was almost the same, and two peaks were observed at 641
and 643 eV. This result clearly showed that the Mn electronic structure remained almost
unchanged by delithiation.** Figure 5.16b shows the Ni L-edge XANES spectra of the

chemically delithiated LiNio49Mni5104. The intensity of the peak at 857 eV became
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stronger at lower values of x, indicating the formation of 3d%L configurations (where L
denotes a ligand hole)* because of the strong hybridization between the Ni 34 and O 2p
orbitals. According to a previous research study,* shifts in the Ni L-edge XANES spectra
also indicated the low-spin state of Ni*' in Lio.0oNio49Mn; 5104. Figure 5.17a shows the
oxygen K-edge XANES measured in the PFY mode. The pre-edge character in the O K-
edge XAS at 528 and 532 eV was assigned to the unoccupied state of the O 2p band
hybridized with Mn 3d f2, and e, states.***® In addition, especially for lower values of x,
there were additional peaks at 526—527 eV assigned to the hybridization of the Ni 3d
e,—0 2p states.*® This result indicated that Ni**-induced hole creation on O 2p and the
energy of Ni 3d e, decreased because of the highly effective nuclear charge of Ni*",

Finally, we describe the electronic structure of Lio.osNio49Mnis510s and
Lio.00Nio 49Mn; 5104 using our previous findings,*’ and we discuss the mechanism of their
high activity. From the O K-edge XAS results, the positions of the Mn #,—0O 2p and Mn
e;,—0O 2p hybridization orbitals did not change significantly, whereas the Ni e,—O 2p
hybridization orbitals were downshifted by the formation of Ni*" at x = 0.00. Figure 5.18
shows the electronic structures of Lio.9sNio.490Mn1.5104 and Lio.00Nio.49Mni.5104.

The OER proceeds with a charge-transfer process from the adsorbate to the
active site at each step.*® Therefore, a smaller charge-transfer energy (A), defined by the
energy difference between the occupied O 2p orbital and the unoccupied Ni e, orbital,
promotes the charge-transfer process to enhance the OER activity.*® In the present system,
the charge-transfer energy of the sample after Li desorption was lowered (Figure 5.18)
owing to the downshift of Ni e, orbitals, and it was concluded that this factor enhanced

the OER activity.
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5.4 Conclusion

This study focused on the electrocatalytic activity of LixNiosMni 504 spinels
with different lithium contents. The lithium (x) content in LixNio.49Mnis510s was
controlled by topochemical delithiation using NO2BF4 in an acetonitrile solution. Upon
applying this approach, nickel changed from the divalent to tetravalent state, while the
tetravalent state of manganese was maintained. The OER activity was found to increase
with decreasing x. x = 0.00 showed the highest OER activity. The Tafel slopes indicated
that the RDS changed from OH™ adsorption to proton transfer from OH*; thus, the OER
kinetics was enhanced. The XAS spectra of Ni and O indicated that the presence of Ni**
caused a downshift in the unoccupied Ni 3d state and decreased the energy barrier of
charge transfer from the oxygen intermediate species to the metal active site; hence, the
OER activity was enhanced. This study revealed the mechanism underpinning the high
OER activity of high valence Ni (4+) and also provided an approach for the development

of highly active catalyst materials, namely, topochemical delithiation.
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Figure 5.1. XRD patterns of LixNiosMn1504. The Miller index indicate that each Phase I, Il, III

has a P4332 space group of 311 plane.
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Figure 5.2. Raman spectrum for the pristine Lio.9sNio.49Mni 5104.
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Figure 5.4. Rietveld refinement results for LixNio.sMni.504
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(b)

Figure 5.5. TEM images of (a) x =0.96 and (b) x = 0.00
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Figure 5.6. SEM images for LixNiosMni.504.
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Figure 5.8. Double layer capacity measurement results for LixNio.sMnj 504.
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(b}

Figure 5.11. TEM after electrolysis for (a) x = 0.96 and (b) x = 0.0.
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Figure 5.12. Long-term stability tests for Lio.9sNio.49Mni5104 and Lio.00Nio.49Mni 5104.
For LioooNio49Mn;5:04 sample, the current density was kept at 10 mA/cm? For
Lio.o6Nio40Mni 5104 sample, the current was kept at 6 mA/cm?, making the initial potential

the same for both samples before the long-term stability test.
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5.13. TEM images after long-term stability tests for (a) Lio.osNio49Mn1.5104 and

Figure

(b) Lio.ooNio.49Mnj 5104
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Figure 5.16. (a) Mn L-edge and (b) Ni L-edge XAS measured with the TEY mode of

LixNio49Mnj 5104.
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Table 5.1. Chemical composition of each sample detected by ICP-OES.

Entry LiNi, sMn, sO, : NO,BF, Chemical Composition
1 1:0.00 Lig g6Nig 4oMn, 5,0,
2 1:0.73 Lig goNig soMn, 5,0,
3 1:0.92 Lig 6oNig 4oMn, 5,0,
4 1:1.24 Li, 4,Ni, 4oMn, 5,0,
5 1:2.29 Liy 4Nij 5oMn, 5,0,
6 1:10.1 Lig goNij 40Mn, 5,0,

Table 5.2. Rietveld refinement parameters for x = 0.96.

Phase Space  group Atom Wyck S.O.F x/a y/b z/c B/A?
Lil 8c 1.000 0.004 0.004 0.004 =Mnl(B)
P4332 Nil 4a 1.000 0.625 0.625 0.625 =Mnl(B)

I bi Mnl 12d 1.000 0.125 0.379 -0.129 0.300
- Cubic 01 8c 1.000 0.384 0.384 0.384 =02(B)

02 24e 1.000 0.149 -0.142 0.126 0.253

Table 5.3. Rietveld refinement parameters for x = 0.80.

Phase Spacegroup Atom Wyck S.O.F x/a y/b zl/c B/A? ratio
Lil 8c 1.000 0.004 0.004 0.004 =Mnl(B)
Nil 4a 1.000 0.625 0.625 0.625 =Mnl(B)
P4,32
I Cubic Mnl 12d 1.000 0.125 0.378 -0.128 0.325 74.70%
[e]} 8c 1.000 0.389 0.389 0.389 =02(B)
02 24e 1.000 0.140 -0.144 0.121 0.273
Lil 8c 0.500 0.004 0.004 0.004 =Mnl(B)
P4.32 Nil 4a 1.000 0.625 0.625 0.625 =Mnl(B)
3
1I Cubic Mnl 12d 1.000 0.125 0.379 -0.129 0.324 25.30%
(0]} 8c 1.000 0.384 0.384 0.384 =02(B)
02 24e 1.000 0.133 -0.142 0.126 0.271
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Table 5.4. Rietveld refinement parameters for x = 0.60.

Phase Spacegroup Atom Wyck S.O.F x/a v/b zlc B/ A2 ratio
Lil 8c 1.000 0.004 0.004 0.004 =Mnl(B)
1 s ] 25 2 =
P4.,32 Nil 4a 1.000 0.625 0.625 0.625 Mnl(B)
| C{lbic Mnl 12d 1.000 0.125 0.378 -0.128 0.326 20.90%
ol 8c 1.000 0.389 0.389 0.389 =02(B)
02 24e 1.000 0.140 -0.144 0.121 0.274
Lil 8¢ 0.500 0.004 0.004 0.004 =Mnl(B)
P4.32 Nil 4a 1.000 0.625 0.625 0.625 =Mnl(B)
3
1I Cubic Mnl 12d 1.000 0.125 0.377 -0.127 0.324 75.01%
ol 8¢ 1.000 0.386 0.386 0.386 =02(B)
02 24e 1.000 0.142 -0.143 0.126 0.251
Lil 8¢ 0.000 0.004 0.004 0.004 =Mnl(B)
P4.32 Nil 4a 1.000 0.625 0.625 0.625 =Mnl(B)
3 -
III Cubic Mnl 12d 1.000 0.125 0.375 -0.125 0.328 4.09%
ol 8¢ 1.000 0.388 0.388 0.388 =02(B)
02 24e 1.000 0.137 -0.142 0.132 0.291
Table 5.5. Rietveld refinement parameters for x = 0.42.
Phase Spacegroup Atom Wyck S.O.F x/a y/b zlc B/ A2 ratio
Lil 8¢ 1.000 0.005 0.005 0.005 =Mnl(B)
: ) 2 2 =
P4,32 Nil 4a 1.000 0.625 0.625 0.625 Mnl(B)
I Cﬁbic Mnl 12d 1.000 0.125 0.378 -0.128 0.325 13.00%
ol 8¢ 1.000 0.389 0.389 0.389 =02(B)
02 24e 1.000 0.140 -0.144 0.121 0.281
Lil 8¢ 0.500 0.004 0.004 0.004 =Mnl(B)
P4.32 Nil 4a 1.000 0.625 0.625 0.625 =Mnl(B)
II C {;b;c Mnl 12d 1.000 0.125 0.377 -0.127 0.324 58.40%
ol 8¢ 1.000 0.386 0.386 0.386 =02(B)
02 24e 1.000 0.142 -0.143 0.128 0.276
Lil 8¢ 0.000 0.004 0.004 0.004 =Mnl(B)
P4.32 Nil 4a 1.000 0.625 0.625 0.625 =Mnl(B)
232
111 Cubic Mnl 12d 1.000 0.125 0.375 -0.125 0.327 28.60%
ol 8¢ 1.000 0.388 0.388 0.388 =02(B)
02 24e 1.000 0.137 -0.140 0.132 0.297
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Table 5.6. Rietveld refinement parameters for x = 0.14.

Phase Spacegroup Atom Wyck S.O.F x/a y/b zlc B/ A? ratio
Lil 8c 1.000 -0.000 -0.000 -0.000 =Mnl(B)
P4,32 Nil 4a 1.000 0.625 0.625 0.625 =Mn1(B)
I i C{Jbic Mnl 12d 1.000 0.125 0.378 -0.128 0.315 4.08%
ol 8¢ 1.000 0.389 0.389 0.389 =02(B)
02 24e 1.000 0.140 -0.144 0.121 0.276
Lil 8¢ 0.500 0.004 0.004 0.004 =Mn1(B)
P4,32 Nil 4a 1.000 0.625 0.625 0.625 =Mn1(B)
II Cubi Mnl 12d 1.000 0.125 0.377 -0.127 0.322 25.31%
“3ARIG o1 8¢ 1.000 0.386 0.386 0.386 =02(B)
02 24e 1.000 0.142 -0.143 0.128 0.288
Lil 8¢ 0.000 0.004 0.004 0.004 =Mnl(B)
P4.32 Nil 4a 1.000 0.625 0.625 0.625 =Mnl(B)
111 C‘ bi Mnl 12d 1.000 0.125 0.375 -0.125 0.325 70.61%
Fhalnin ol 8¢ 1.000 0.388 0.388 0.388 =02(B)
02 24e 1.000 0.137 -0.140 0.132 0.256
Table 5.7. Rietveld refinement parameters for x = 0.00.
Phase Spacegroup Wyck S.O.F x/a y/b zific B/ A2
0.000 0.004 0.004 0.004 =Mnl(B)
P4.32 1.000 0.625 0.625 0.625 =Mnl(B)
111 Cjb‘ 1.000 0.125 0.375 -0.125 0.312
RS 1.000 0.391 0.391 0.391 =02(B)
1.000 0.135 -0.138 0.137 0.156
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Table 5.8. The electrochemical surface area parameters for LixNio.sMnj 504.

Cp; / mF ECSA / cm?

x=0.96 0.043 1.08
x=0.80 0.043 1.08
x=0.60 0.042 1.05
x =042 0.042 1.05
x=0.14 0.043 1.08
x=0.00 0.043 1.08
LaNiO, 0.078 195

Table 5.9. Tafel slope value of LixNip.sMnj 504 series and LaNiOs.

Tafel slope / mV dec!

x=0.96 121.9
x=0.80 98.2
x=0.60 89.2
x=0.42 79.4
x=0.14 72.8
x=0.00 66.0
LaNiO, 73.3
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Chapter 6. Quadruple Perovskite Oxides CaMn;012
Proceed by Two-active-site Reaction Mechanism for

Oxygen Evolution Reaction

The oxygen evolution reaction (OER) is one of the essential energy conversion
reactions for hydrogen production. In quadruple perovskite oxides AA’3B4O12 (A = Ca,
Sr, A’ = Cu, Mn and B = 3d metals), the new reaction mechanism of O-O bond formation
between adsorbed oxygen species at adjacent A’-B sites has been proposed in recent
studies. This idea of multiple transition metals working together to form an active site,
rather than a single active site, is appealing, but has not been systematically investigated
so far. This study examined OER catalytic performances of CaMn;Oi> quadruple
perovskite oxides with precisely controlled Mn(A')-Mn(B) distance by doping with Sr,
Cu and Al The crystal structure and the state of cations and O were investigated through
XRD with Rietveld refinement and X-ray absorption spectroscopy. The OER catalytic
activity is clearly correlated to the distance of Mn(A’)-Mn(B) while both e, state of Mn
and O 2p band center unchanged. The shrinkage of the A’-B distance affects the stability

of O-O bond on A’-B site and accelerates OER kinetics.

6.1 Introduction

Water electrolysis is one of the most important technologies to store the
electricity generated from sustainable but intermittent energy sources such as wind and
solar power into hydrogen as fuels. However, the sluggish kinetics of oxygen evolution
reaction impedes water electrolysis from the wider promotion, even when facilitated by

precious metal-based catalysts such as RuO, and IrO,'". The discovery of efficient
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electro-catalysts that consists of only earth-abundant elements are highly desired and
investigated for a few decades®>. Many efforts have been devoted to understanding the
mechanism of OER activity and discovering an activity descriptor®!!. With these reports
on high OER activity, many studies have been conducted to clarify the relationship
between the electronic state of transition metals in perovskites and OER activity'*'%.
Suntivich et al. conducted a systematic investigation of several transition metals
contained in perovskite-type oxides and revealed that the number of occupied e, states of
the metal cations could be used as the activity descriptor'?. That is, the highest OER
activity can be attained when the number of eg electrons of the B-site cations is close to
1.2, well-known as volcano plot. Their subsequent experimental and ab initio
computational study indicated that the importance of controlling a transition metal in
perovskite oxide having the O p-band close to the Fermi level as a promising strategy to
design efficient catalysts for OER'?,

Recently, Yamada et al. reported that quadruple perovskite oxides AA’3B4+O12 (A
= Ca, Sr, A’ = Cu, Mn and B = 3d metals) exhibited OER catalytic activity that was higher
than that of simple perovskite oxides ABO3 with the same B-site elements'®?. The crystal
structures of various perovskites were shown in Figure 6.1. Compared with the simple
ABQO;s type perovskite, the quadruple type perovskite has three quarters of A-site (A’ site)
occupied by transition metal such as Mn and Co, which allows a complicated covalent
network between atoms and could accelerate the OER due to additional active sites*’. For
example, LaMn7O1> displayed better OER activity than LaMnOs, even though above-
mentioned descriptors of both materials were almost the same. They proposed the two-
active-site (A’-B bridge site) reaction mechanism based on density functional theory

calculations, where the high catalytic activities of quadruple perovskites were attributed
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to O-O dimer formation on adjacent A’ and B sites on a (220) surface?? as a quadruple
perovskite has two distinct close crystallographic sites of [A’O4] pseudo-square units and
[BO¢] octahedral units. This OER mechanism is significantly different from the
conventional single-active-site mechanism as widely accepted in simple perovskites>.
This pioneering work is of importance in designing a new strategy for OER catalysts
because this unique structure of quadruple perovskites can provide an opportunity to
study unexplored interactions between the oxides and the adsorbed species. When the
specific activities were plotted against the average Mn-Mn distance for manganese oxides
(Mn203, Mn304, AMnOs, and AMn;O12), the best OER activity is observed at 3.2 A
(AMn7012), which indicates that Mn-Mn distance may be a possible descriptor for OER
activity in quadruple perovskites?’. Since O-O dimer bridged on the top of A’ and B site
of 3d-metal ions, the stability of O-O bond may be modified and the higher activity can
be realized by optimizing 3d- metal A’ ion- 3d-metal B bond length.

This catalyst design guideline may exhibit higher catalytic activity than that
predicted by the volcano plot for conventional catalysts with a single active site for
oxygen evolution. However, there is an overwhelming lack of knowledge about the
activity dominant factor for catalysts with these two active sites. In this study, Mn(A’)-
Mn(B) bond length of CaMn7O1> quadruple perovskite was precisely controlled by
element doping with Al, Sr and Cu to validate the descriptor and the origin of the catalytic
activity. A systematic investigation of the influence of crystal structure and the electronic
state of Mn on OER were presented by X-ray diffraction (XRD), transmission electron
microscopy (TEM), X-ray absorption spectroscopy (XAS), X-ray photoelectron
spectroscopy (XPS) and the electrochemical measurements. The effect of doping on

catalytic activity as well as Mn(A’)-Mn(B) bond length was discussed.
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6.2 Experimental
6.2.1 Material Preparation

Sr, Cu and Al doped CaMn;O1, was prepared by citrate complexation method.
The stoichiometric mixtures of Sr(NO3)>, AI(NO3); CaCOs (FUJIFILM Wako Pure
Chemical Corporation), Mn(NO3)> - 6H>O(FUJIFILM Wako Pure Chemical Corporation)
and Ni(NO3)2*6H>O (FUJIFILM Wako Pure Chemical Corporation) were dissolved into
nitric acid. Five-fold excess of citric acid and stoichiometric amount of 1,2-ethanediol
were added to the solution under stirring. The solution was heated to 300 °C and held at
the same temperature to obtain the dried powder. This precursor was calcined in a furnace
at 400 °C for 1h and 675 °C for 12 h in air. Then, Sr, Cu and Al doped CaMn;O1> was

finally obtained at 900 °C for 12 h in air.

6.2.2 Characterization

Powder X-ray diffraction (XRD) patterns were collected at the BL02B2
beamline of SPring-8 and BL5S2 of Aichi Synchrotron Radiation Center, Japan. The
wavelength was determined using CeO: as reference (A = 0.61972 A). The crystal
structure refinement was conducted using a Rietveld refinement program Jana2006. Mn
and Ni K-edge hard X-ray absorption fine structures (XAFS) were collected in
transmission mode and fluorescence mode using Si (111) monochromator at BL14B2 and
BLO1B1 beamline of SPring-8 and BLL11S2 of Aichi Synchrotron Radiation Center, Japan.
Mn and Ni L-edge, O K-edge soft X-ray XAFS were collected at BL-11 beamline of SR

center, Ritsumeikan university, Japan.

6.2.3 Electrochmical Tests

The catalyst inks were prepared by mixing 10 mg of catalyst, 2 mg of acetylene
black (DENKA Company Ltd.), 40 pL of 5wt% proton-type Nafion® suspension (Sigma-

Aldrich), 20 pL of 0.1 M KOH aqueous solution and 1.94 mL of tetrahydrofuran
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(FUJIFILM Wako Pure Chemical Corporation). The inks were sonicated for 30 min to
obtain uniform suspension. A rotating disk electrode (HOKUTO DENKO, Japan)
consisting of a glassy carbon (GC) disk (5 mm in diameter) was used as working electrode.
10 uL of catalyst ink was drop-casted onto the GC-disk and dried for 12 h in vacuum at
room temperature. Electrochemical measurements were performed using a rotating disk
electrode rotator (HOKUTO DENKO, Japan) in combination with a potentiogalvanostat
(MPG-205-NUC, Bio-Logic). Pt wire electrode and reversible hydrogen electrode (RHE)
filled with 0.1 M KOH aqueous solution were used as counter and reference electrodes,
respectively. The catalyst-coated disk was rotated at 1600 rpm during the measurements.
All electrochemical measurements were conducted under N> atmosphere at room
temperature. In the OER test, the disk potential was controlled between 1.2 V to 1.8 V vs
RHE at a scan rate of 5 mV s™. The iR-correction (R ~12 Q) was carried out for all data
after measurement. The electrochemical surface area (ECSA) was estimated using the
methods proposed by McCrory et al*®. The cyclic voltammograms were measured in a
non-Faradaic region at the scan rate of 20, 40, 60, 80, 100, 200 mV s™'. The double layer
capacitance (Cq) 1s obtained from the following equation (1), where ic represents the
charge current and the v represents the scan rate:
Ca=ic/v (1)
ECSA is calculated using equation (2) as following, whereas the specific
capacitance (Cs) is 0.040 mF cm-2 in 0.1 M KOH aqueous solutionRS:
ECSA = Ca/ Cs )
In order to discuss the practical catalytic activity of this catalyst in large scale
applications, it is necessary to discuss it in terms of overpotential at 10 mA cm™. However,

in this paper, we are doing a modeling study to identify the dominant factors of catalytic
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activity, which needs to be discussed in terms of specific activity per electrochemically
active surface area. Therefore, the specific current density was calculated based on the
previous work of Yamada et. al'®2°. The specific OER activities were normalized by
ECSA of all samples at 1.7 V vs. RHE. The catalysts stability was measured using the
galvanostatic method at the mass activity of 10 A g! for over 2 h. The catalyst-coated

RDE was rotated at 3600 rpm during the stability tests.

6.3 Results and Discussion
6.3.1 Crystal Structure

Figure 6.2, Table 6.1, Table 6.2 and Figure 6.3 show the XRD patterns of Sr, Cu
and Al doped CaMn70O12. According to the Rietveld refinement results (Table 6.1), all the
samples with different amount of doping did not contain or contain very few amounts of
oxygen vacancies, which cannot be quantitatively evaluated by Rietveld refinement. The
amount of oxygen vacancies may vary depending on the doping, but the Rietveld analysis
confirmed that the amount of oxygen vacancies is not large in these catalysts, so the effect
of the amount of oxygen vacancies on the catalytic activity is considered to be small.
According to Figure 6.2(a), Sr doping content (x) clearly leads to peak shift to lower angle,
suggesting expansion of the lattice due to substitution of Ca®" by larger Sr**. The lattice
constants show a systematic increase as a function of x without changing its space group
(Table 6.1). The single phase could not be obtained when x > 0.4. These results had a
good agreement with one previous study?’. On the other hand, the doping of Cu clearly
leads to phase transition in the crystal structure. This effect is particularly remarkable in
the enlarged view of main diffraction peaks at 2 theta = 13—-14° (Figure 2b). The

disappearance of some diffraction peaks in Cu doped CaMn;O1> suggested that y = 0.3
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sample displayed the crystal structural change. According to Rietveld refinement results
shown in Table 6.1 and Figure 6.3, the sample with y = 0.0, 0.1, 0.2 displayed a distorted
perovskite structure with trigonal symmetry, R3 space group, while y = 0.3 showed a
cubic symmetry, Im3  space group. We could not obtain the sample with x > 0.4 due to
the presence of impurities. The lattice constants show a systematic increase as a function
of y from 0.0 to 0.2. The Mn, Cu and O positional parameters obtained from Rietveld
analysis was identical to the previous study?. In addition, when Al was doped into the
host matrix, the peaks were shifted to higher angle due to the shrinkage of the lattice,
indicating that Al was properly incorporated into CaMn7O: lattice?’. Therefore, we have
succeeded in changing the Mn(A’)-Mn(B) bond length in the crystal structure by

heterogeneous cation (St, Cu, Al) doping.
6.3.2 Electronic Structure

The electronic structure of Mn and O were investigated by XAS. According to
Mn K-edge XANES shown in Figure 6.4a, the state of Mn was constant regardless of the
doping level. The shoulder peak at 6548 eV is assigned to 1s-4pz transition induced by
[MnO4] pseudo-square-planner coordination in CaMn701228. Mn L-edge XAS spectra in
Figure 6.5. Figure 6.5 (a), (c) and (e) showed a closer inspection of CaMn7O1, that possess
multivalent signature like RMn20s>%2°. Two spectral features at 641 eV and 644 eV in
Lii-edge are assigned to 72, and e, state, respectively. Since there were no significant
change in the spectra, the proportion of Mn**/Mn** has not changed regardless of doping
level as expected from Mn K/L-edge XAS in Sr, Al doped CaMnsO15. Since Ca*" and

13"

Mn3* were replaced with cations of the same valence states (Sr*>*, AI*", respectively), the

average valence of Mn is not expected to change. In Cu doped CaMn7O12, the valence
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state of Mn is expected to change because Cu®* substituted Mn**. However, no change
was observed in Mn L-edge spectra. This discrepancy can be attributed to the fact that the
doping of Cu is less than 5% at most with respect to Mn, resulting in little change in the
Mn K/L-edge spectrum. The features of O 2p states and hybridized Ca and Mn are
characterized by the O K-edge spectra in Figure 6.6(b) and Figure 6.5 (b), (d), and (f).
The pre-edge splitting peaks at 529, 530, and 531 eV indicated the transitions from 1s
state to hybridized O 2p and Mn 3d orbitals. Mannella et al. have inferred this splitting as
an indication of the degeneracy breaking of e, state due to a Jahn-teller distorted MnOs
octahedra®!. The O K-edge spectra did not change because the addition of Sr, Cu and Al
were quite smaller than Mn and the electronic state of Mn did not change.

To provide further information about the Mn oxidation state of the doped
samples, we measured the XPS of the typical catalysts (pristine CaMn7012, x =0.1, y =
0.2, and z = 0.3 samples). XPS is a widely used technique for determining the oxidation
states of the constituent elements in the catalysts study. As shown in Figure 6.6 (a), all the
samples showed very similar Mn 2p peaks. The main peaks at around 642 and 654 eV
correspond to Mn 2p3/2 and Mn 2p1/2, respectively, which is consistent with previous
research®?*, Such peak splitting was attributed to the spin-orbit coupling, indicating that
Mn has the mixed valent state of trivalence and quadrivalence®*. The identical Mn 2p
peak positions for all the samples in Figure 6.6 (a) further proved that the Mn electronic
structure stated unchanged with the current element doping. Moreover, O 1s XPS (Figure
6.6b) showed the main peak at around 529. 6 eV, which was attributed to the lattice
oxygen at normal lattice sites in the catalyst crystal structure. The broad energy peaks at
higher binding energy (about 532 eV) might be due to the surface adsorbed oxygen or

environmental hydroxyl species, which is common in O 1s spectrum since XPS is very
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surface sensitive®>. The extremely similar peak positions in Figure 6.6(b) also evidence
that the lattice oxygen shared the same state for all the samples. Combining the XAS
results with the XPS results, we could conclude that the Mn electronic state was not

affected with the current element doping.
6.3.3 Electrochemical Performance

OER catalytic performances, normalized by ECSA (Electrochemically active
surface area, determined by Figure 6.7, Figure 6.8), of Sr, Cu, and Al doped samples were
shown in Figure 6.9. As there were no significant differences in double layer capacitance
(Table 6.3), the order of activity and ECSA (Figure 6.6, 6.7) would not change. It was
observed that there was a correlation between the OER catalytic activity and the amount
of Sr doping. According to Figure 6.9(a), x = 0.0 showed the lowest onset potential for
OER current, indicating that it has the best OER activity. In addition, a decreasing
tendency toward OER activity corresponds to increasing x. When CaMn70O12> was doped
with Cu, obvious enhancement of OER activity can be observed, as shown in Figure
6.9(b). The best OER activity was achieved when Cu doping is 0.2. However, when Cu
doping further increased to 0.3, a significant current density drop happened. The OER
activity of y = 0.3 sample was even lower than pristine CaMn;O12. This can be attributed
to the structure change from trigonal symmetry to cubic symmetry, resulting in the
increase of Mn(A’)-Mn(B) bond length as shown in Figure 6.1(b). In case of Al doped
samples, the best OER activity was achieved at Al doping amount of 0.1. The current
density decreased with further doping of Al (z = 0.2 and z = 0.3). Similarly, an obvious
monotonic bond shrinkage of Mn(A’)-Mn(B) was observed with the increasing doping of

Al, As revealed by Rietveld refinement results (Figure 6.2c). Therefore, a strong
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relationship between OER activity and Mn(A’)-Mn(B) bond distance existed. The Tafel
slopes in Figure 6.10(a) for CaMn7012 was 94 mV dec™!, which is in consistent with
previous research?!. The activity of Cu doped CaMn7O1> was in the order of y = 0.3 <
CaMn;012; < y =0.1 < y = 0.2 and Tafel slope was not changed. In addition, the
activity of Al doped CaMn7012 was in the order of CaMn7012; < z=0.3 < z=0.2 <
z = 0.1. Moreover, the Tafel slope for all the doped samples were in the same range
between 103 mV dec™! ~ 114.1 mV dec™!, as shown in Figure 6.10, indicating the rate-
determining step (RDS) of OER for each sample was the same>?. The slight differences
observed in Tafel values might be due to the difference in the resistance of the catalysts
to transfer the charge on the surface of the metal oxide®*. The catalyst performance of the
pristine material, CaMn;012, CaMn;O12, the best catalyst in this study, CaMne9Alo.1O12
(z = 0.1), and the reported catalysts were listed in Table S4. For all catalysts, the
overpotential values at 0.25 mg cm™ catalyst loading and 0.05 mA/cm™ were estimated
from literature and compared. The pristine CaMn7O12 showed the overpotential of 0.34
V, which was the same as the value reported by the previous study?’. Meanwhile, the onset
overpotential for CaMne9Alo. 1012 (z = 0.1) was 0.32 V, indicating the catalyst activity
was improved after doping. Although the catalyst performance in this study did not
exceed the benchmarking ones reported by Suntivich et al. '? and Yamada et al. ', the
main focus of this study is to demonstrate how the atom bond distance affect the catalyst
performance. Therefore, we believe this study can provide intrinsic understanding about
perovskite OER catalysts. According to TEM images in Figure 6.10, all the synthesized
samples were well-crystallized. In addition, the surface of each sample was stable and did
not show any significant changes after OER measurements. Moreover, long-term stability

tests were conducted for the reference catalyst CaMn7O12 and the most active catalyst z =
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0.1. The stability tests were conducted following the benchmarking work of Suntivich, et
al'?2, whereas the current density was kept at 10 A g”!' for over 2 h. As shown in Figure
6.11, CaMn701> showed slight degradation after electrolysis for over 2 h, while the most
active z = 0.1 sample showed negligible current density drop, indicating its superior

performance in both activity and stability.
6.3.4 Discussions about Reaction Mechanism

Based on the above results, we further discuss the reaction mechanism of the
quadruple perovskites. In the benchmarking work on perovskite catalysts by Suntivich et
al., they proposed the famous volcano relation between the OER catalytic activity and
surface cation eg occupancy, claiming the e, occupancy is an important indicator to predict
the catalyst activity'?. To examine whether eg occupancy can be used to describe the OER
catalytic activities of the quadruple perovskites in this study, the relation of the OER
activities against e; occupancy was displayed in Figure 6.12. The e, filling values of Mn
active sites was estimated from the Mn K-edge XANES (Figure 6.13) studies based on
the method from Suntivich et al.!%. The specific OER activities were normalized by ECSA
of all samples at 1.7 V vs. RHE. The relation between activity and e; occupancy is very
vague, indicating e, descriptor cannot be used to explain the catalyst activity mechanism
in this study. Therefore, we investigated the relation between Mn(A’)-Mn(B) distance and
catalytic activities in Figure 6.14a. The strong correlation indicated that using Mn(A’)-
Mn(B) distance as the descriptor in this study is reasonable.

According to previous studies about ABO; type perovskite catalysts®, the OER
reaction mechanism proceeds on a single corner-shared MOs site, where B-site metal

distance (e.g., Mn-Mn) has an average value of about 3.7~3.9 A. Such longer M-M bond
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distance cannot form direct O-O bond, which was believed to be able to enhance OER
activities greatly. In contrast, recent studies revealed that shorter M-M distance can enable
direct O-O bond formation** 3, leading to the enhanced OER activity. Yamada et al.
demonstrated that quadruple perovskite catalysts, due to the moderate bond distance of
adjacent A’ site and B site transition metal, could form O-O bond directly?®. Such active
A’-B bridge site contribute to the high OER activity of the quadruple perovskite
catalysts?! 22, The best active catalyst in this study, which consists of corner-shared
pseudo-square planes (A’ site) and octahedra structure (B site), has the Mn(A’)-Mn(B)
bond distance of 3.19151 A (z = 0.1 sample). Such a short bond distance could easily
form the O-O bond (Figure 6.15b), therefore, leading to the increase of *-OO
intermediates and higher OER activity (* represents the active reaction site). When bond
distance is further increasing as shown in the right half volcano part (Figure 6.15a), the
0O-O bond formation would be impeded, resulting in the decrease of OER activity.
Moreover, with the further shrinkage of Mn(A’)-Mn(B) bond distance, as shown in the
left half volcano part of Figure 6.15(a), the decrease of OER activities were also observed.
This can be attributed to the repulsion between adsorbed species, as observed in some
Mn,0O3 and Mn3O4 oxides, which have the very short Mn-Mn distance of about 3 A and
relatively low OER activities?!. To conclude, the optimum bond distance between the two
active sites (Mn(A’) and Mn(B)), leads to the direct formation of O-O bond, thus enhance

the OER activity.

6.4 Conclusion

In summary, this study focused on the effect of Sr, Cu and Al doping on OER

catalytic performances of CaMn;O12 quadruple perovskite oxides. The states of Mn and

204



O were investigated through X-ray absorption spectroscopy. It is revealed that Sr, Cu, and
Al was successfully incorporated into the host matrix while the state of Mn and O did not
show significant changes. According to electrochemical tests, OER performance was
clearly correlated to the distance of Mn(A”)-Mn(B) with a volcano-like relationship. This
indicates that Mn(A’)-Mn(B) bond distance is a possible descriptor for OER activity in
CaMn7012. The too much shrinkage or elongation of the bond decreased the OER activity
due to the change of the stability of O-O bond on A’-B site. Therefore, the two active sites

mechanism in CaMn7O1, was experimentally proved in this study.
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AA’3B,Oy;

Figure 6.1. schematics of the crystal structures of (a) simple ABO3 type and (b) quadruple
AA’3B4O1; type perovskites. Green, purple, orange and blue spheres represent A, A’, B,
and O atoms, respectively. Both crystal structures were drown using the VESTA

program?,
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Figure 6.2. X-ray diffraction patterns of as-synthesized samples. (a) CaixSrxMn7012

(b) CaMn7.yCu,O12 (¢) CaMn7.,AL,O12
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Figure 6.7. Cyclic voltammograms measured under different scan rates for (a) CaMn7012;
(b)~(d) Ca1xSryMn7012, x = 0.1, 0.2, 0.3 respectively; (e)~(g) CaMn7.yCuyO12, y = 0.1,

0.2, 0.3 respectively; (h)~(j) CaMn7,Al,O12, z= 0.1, 0.2, 0.3 respectively.
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Figure 6.8. Double layer capacity measurement results for (a) CaMn;012 and Cai.
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Table 6.1. Rietveld refinement parameter for (a) CaixSrxMn7012  (b) CaMn7.yCuyO12

sample Space group Atom Wyek S.0F xla v/b zle B,/ A*
Ca 3a 1.000 0 0 0 0.644(22)
R-3 Mnl 9 1.000 0.5 0 0 0.389(16)
Mn2 ad 1.000 0.5 0 0.5 ~Mnl(B)
CaMn;Op;  a=l04s33108)A |- b 1.000 0 0 0.5 =MnI(B)
= 6.34002(11) A o1 18f 1000 0.22382(83) 0.27400(71) 0.08041(10)  0.476(60)
02 18f 1000 0.34175(82) 0.52262(70) _ 0.34139(10) _ =02(B) _
sample Space  group Atom Wyek S.OF x/la vib zle B,/ A?
Ca 3a 0.900 0 0 0 0.495(18)
R-3 Sr 3a 0.100 0 0 0 =Ca(l)
Mnl Qe 1.000 0.5 0 0 0.378(25)
x=0.1 a=104516922) A Mn2 9d 1.000 0.5 0 0.5 =Mnl
Mn3 3b 1.000 0 0 0.5 =Mnl
€=634009(13) A 0l 18f 1000 022471(11) 027463(96) 0.08062(17) 0.309(71)
02 18f 1.000 0.34121(94) 0.52275(87)  0.34204(46) =011
sample Space group Atom Wyck S.0OF x/a vib zlc B,/ A®
Ca 3a 0.800 0 0 0 0.495(18)
R-3 Sr 3a 0.200 0 0 0 =Ca(l)
Mnl Qe 1.000 0.5 0 0 0.540(44)
x=02  a=104619526)A  Mn2 ad 1.000 0.5 0 0.5 =Mnl
M3 3b 1.000 0 0 0.5 =Mnl
€= 6.34927(16) A o1 18f 1000 0.22322(18) 027434(16) 0.08024(89) 0.477(71)
02 18f 1000 0.34363(57) 0.52331(42)  0.34792(43) =0l
sample Space _group Atom Wyck S.O.F xla yi'hb zlc B,/ A®
Ca 3a 0.700 0 0 0 0.213(39)
R-3 Sr 3a 0.300 0 0 0 =Ca(l)
Mnl 9¢ 1.000 0.5 0 0 0.373(71)
x=03  a-1046092(39)A  Mn2 ad 1.000 0.5 0 0.5 =Mnl
Mn3 3b 1.000 0 0 0.5 =Mnl
€ =6.34878(24) A 01 18f 1000 0.22297(30) 027340(79) 0.08053(46)  0.147(64)
02 18f 1.000  0.34190(20) 0.52545(20) 0.34603(40) =0l
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sample Space _group Atom Wyck S.0.F x/a v/b zic B, /A?
Ca 3a 1.000 0 0 0 0.474(41)
R-3 Mnl ge 0.967 0.5 0 0 0.378(25)
Mn2 9d 1.000 0.5 ] 0.5 =Mnl
y=0.1  a=104549041)A  Mn3 3b 1.000 0 0 0.5 =Mnl
Cu 9e 0.033 0.5 0 0 =Mnl
¢=6.35008(26) A o1 18f 1000 0.22374(19) 0.27247(67) 0.08206(29) 0.527(12)
02 181 1.000 0.33992(18) 0.52369(74)  0.33980(59) =01
sample Space _group Atom Wyck S.O.F x/la y/b zic B, /A2
Ca 3a 1.000 0 0 0 0.435(69)
R-3 Mnl 9e 0.933 0.5 0 0 0.449(36)
Mn2 9d 1.000 0.5 1] 0.5 =Mnl
y=02 a=1043783(28) A Mn3 3b 1.000 0 0 0.5 =Mnl
Cu 9e 0.067 05 0 0 =Mnl
©€=6.35435(19) A ol 18f 1000 0.22571(84) 0.26905(59) 0.08414(29) 0.446(17)
02 18f 1.000 0.33947(18) 0.52265(72)  0.33810025) =01
sample Space group Atom Wyck S.0.F xfa y/b zlc By, /A’
Ca Za 1.000 0 0 0 0.481(29)
Im-3 Mnl 6b 0.900 0.5 0.5 0 0.407(38)
y=03 Mn2 s 1.000 0.25 0.25 0.25 =Mnl
a=7.36070(16) A Cu 6b 0.100 05 05 0 =Mnl
0 24g 1000 0.30818(96) 0.17695(11) 0 0.468(17)
sample Space _group Atom Wyck S.OF x/a vib zle B,/ A?
Ca 3a 1.000 0 0 0 0.498(21)
R-3 Mnl 9e 1.000 0.5 0 0 0.453(29)
Mn2 9d 0.967 0.5 i} 0.5 =Mnl
z=0.1 a=10.43352(2) A Mn3 3b 1.000 0 1} 0.5 =Mnl
Al 9e 0.033 0.5 0 0.5 =Mnl
©=6.33354(12) A o1 18f 1000 0.22457(32) 0.27343(12) 0.08165(47) 0.418(87)
02 1&f 1.000 0.34248(18) 0.52289(10)  0.34228(69) =01
sample Space _group Atom Wyck S.OF x/a vib zlec B, /A2
Ca 3a 1.000 0 0 0 0.540(16)
R-3 Mnl 9 1.000 05 0 0 0.440(28)
Mn2 9d 0.933 0.5 [} 0.5 =Mnl
z=0.2 a=1043393(15) A  Mn3 3b 1.000 0 [} 0.5 =Mnl
Al 9e 0.067 0.5 0 0.5 =Mnl
¢=633381(9) A o1 18f 1000 0.22380(32) 0.27365(11) 0.08091(14) 0.441(86)
02 18f 1.000 0.34348(18) 0.52305(10)  0.34318(65) =01
sample Space _group Atom Wyck S.OF x/a vib zle B, /A
Ca 3a 1.000 0 0 0 0.599(21)
R-3 Mnl Qe 1.000 0.5 ] 0 0437127
Mn2 9d 0.900 0.5 0 0.5 =Mnl
z=03  a=1043347(199A  Mn3 3b 1.000 0 0 0.5 =Mnl
Al 9e 0.100 0.5 0 0.5 =Mnl
©=6.33351(12) A o1 18f 1000 0.22365(29) 0.27352(10) 0.08071(42) 0.524(87)
02 181 1.000 0.34403(17) 0.52221(10)  0.34465(61) =01
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Table 6.2. Mn(A’)-Mn(B) distance values obtained from Rietveld refinement

samples Mn(A’)-Mn(B) distance / A
CaMn,0,, 3.19727(5)

x=0.1 3.19683(6)

x=0.2 3.20015(6)

x=0.3 3.19982(8)

y=0.1 3.19812(8)

y=0.2 3.19384(6)

y=0.3 3.18729(8)

z=0.1 3.19151(6)

z=0.2 3.19065(6)

z2=0.3 3.18840(6)
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Table 6.3. Double layer capacitance and ECSA of doped samples

Sample Double layer Electrochemical
capacitance / mF  surface area / cm?

CaMn;0,, 0.097 2.43

x=0.1 0.109 2.73

x=0.2 0.104 2.60

x=0.3 0.109 2.73

Sample Double layer Electrochemical
capacitance / mF  surface area / cm?

y=0.1 0.107 2.68

y=0.2 0.109 2.73

y=0.3 0.092 2.30

Sample Double layer Electrochemical
capacitance / mF  surface area / cm?

z=01 0.100 2.50

z=0.2 0.097 2.43

z=0.3 0.101 2.53
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Table 6.4. Summary of some recently reported OER -electrocatalysts in alkaline

electrolytes
Catalyst Electrolyte Catalyst loading Current density Overpotential at selected Ref.
amount (mg cm2) (mAcm2 ) current density (V)
CaMn;0,, 0.1 M KOH 0.25 0.05 0.34 This work
CaMng4Aly 1O, 0.1 M KOH 0.25 0.05 0.32 This work
BSCF 0.1 M KOH 0.25 0.05 ~0.25 20
LaNiO3 0.1 M KOH 0.25 0.05 ~0.34 20
CaMn;04, 0.1 M KOH 0.25 0.05 ~0.34 19
RuO, 0.1 M KOH 0.25 0.05 ~0.35 12
CaCusFe 04, 0.1 M KOH 0.25 0.05 ~0.27 12

227



Chapter 7. Understanding the key factors affecting

OER activity of iridium oxides

Elucidation of the reaction mechanism of highly active iridium oxides is
promising for the further development of cost-efficient PEM water electrolysis catalysts.
However, the short life cycle of the reaction intermediates during the oxygen evolution
reaction (OER) process makes it challenging to provide direct evidence for the reaction
steps, putting the OER reaction mechanism still under debate. Herein, several iridium
oxides catalysts were thoroughly investigated and the relationship between their
structures and OER activities was revealed. Unlike the typical tetragonal symmetry of
crystal IrO, the combination of orthorhombic symmetry and monoclinic symmetry was
found in the amorphous IrOx through atomic pair distribution function analyses, and the
ratio of monoclinic phase ratio corresponds well to the OER activity. The origin of high
activity was further clarified using synchrotron hard and soft X-ray absorption
spectroscopy under operando situation. The low symmetry of monoclinic phase resulted
in the structure defection and thus lead to large amount of active electrophilic O’ species,
boosting the OER activity. The thorough investigation in this study is promising to deepen
the understanding of high active OER catalysts and provide new inspiration towards the

design of novel OER catalysts.

7.1 Introduction

With the increase in fossil energy consumption and the attendant pronounced
climate changes, the call for sustainable energy forms has become urgent and has attracted

more and more attention. Hydrogen!, generated by the electricity-derived water

228



electrolysis, is now considered the promising energy carrier for conversion between
electricity and chemical, making the realization of hydrogen society promising in the
future’*. The most developed water electrolysis technology up to date is the proton-
exchange membrane (PEM) water electrolysis, where commercial Pt/C works as the
cathodic catalyst for hydrogen evolution reaction (HER) and noble metal-based materials
serve as the anodic catalyst for oxygen evolution reaction (OER)’. Considering the
sluggish four-electron reaction kinetics of OER and the harsh acidic environment of PEM
water electrolysis, the selectivity of high-efficient OER catalysts is narrowed down to Ir-
based catalysts because of their superior activity, long-term stability and corrosion

t>8. However, the scarcity of Ir on earth has impeded

resistance against acidic environmen
the wide application of PEM water electrolysis and has driven the research of cost-

efficient OER catalysts” '3,

Understanding the origin of the high activity of Ir-based oxides is essential for
the design of novel OER catalysts. Recent research revealed that the morphology and
structure of iridium oxide can significantly affect the OER activity, where catalysts with
amorphous structure showed higher OER activity than crystallized ones!*!®. Although
the reaction mechanism of amorphous iridium catalysts is still under debate, the superior
catalytic performance of amorphous oxides was attributed to extra active sites resulted

17.18 ‘and the irregular Ir-Ir and/or Ir-O bond

from the defects in electronic structure
interactions'*?*. A recent work of Elmaalouf M. al. et. investigated a wide range of
iridium-based catalysts by controllable stoichiometry and crystallinity, and demonstrated
that higher OER activity originated from the amorphous crystalline with the smaller

particle size rather than the initial Ir oxidation state®*. Willinger E. and co-workers

revealed that the high activity of amorphous catalysts is related to the corner- and edge-
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sharing IrO6 octahedra®!. They proposed that the appearance of hollandite-like structure
was responsible for the enhanced OER activity, indicating the possibility of catalyst
design by rational structure arrangement. Such structure property was evidenced by
further study, where orthorhombic symmetry and monoclinic symmetry appeared in
amorphous iridium oxides?? and the mixed phase of traditional tetragonal structure and

orthorhombic structure was found to show the best OER activity?! 22,

To elucidate the reaction mechanism of iridium oxide catalysts, advanced ex situ
and operando measurements are demanded to disclose the intrinsic catalytic properties
during the oxygen evolution process. Since the OER activity is determined by the
structural/electronic structure of the catalyst surface, it is important to have an operando
analysis method to obtain information on the catalyst surface under the OER process.
Recently, several techniques such as operando O K-edge XAS and in situ X-ray
photoemission (XPS) have been reported to obtain information on the catalytic interface
during the oxygen evolution reaction. Nong. H. N. and co-workers distinguished two
types of O 2p hole character (u-O and p-O oxyl) through operando O K-edge XAS%.
Combining with the pulse voltammetry measurements and DFT calculations, they found
a linear relationship between the activation free-energy and catalytic activity. Pfeifer V.
et. al. also successfully captured the intermediate oxygen species by in situ X-ray
photoemission (XPS), XAS and theoretical calculations?®-?%. Their work disclosed that
the electrophilic O" species increased with the active oxygen evolution and disappeared
with the absence of the applied potential, suggesting the O™ species contribute to the OER
activity. Although various in situ techniques are developed to unveil the intrinsic
mechanism of high active iridium-based materials, the understanding between

morphology, structure, electronic state, and catalytic performance is far from adequate
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and demands further research.

Herein, we thoroughly investigated several amorphous IrOx catalysts and
revealed the relation between their structures and OER activities. The amorphous
structure of IrOx was characterized through atomic pair distribution function (PDF)
analyses. Different from the typical tetragonal symmetry of crystal IrO,, the combination
of orthorhombic symmetry and monoclinic symmetry was found in the amorphous IrOy,
and the ratio of monoclinic phase ratio corresponds well to the OER activity. The origin
of high activity was further clarified that the low symmetry of monoclinic phase resulted
in the structure defection and thus lead to more active sites through hard X-ray
photoelectron spectra (HXPES), ex situ and operando X-ray absorption spectroscopy
(XAS). The thorough investigation in this study is promising to deepen the understanding
of high active OER catalysts and provide new inspiration towards the design of novel

OER catalysts.

7.2 Experimental
7.2.1 Materials and Characterization

IrO; was provided by High Purity Chemical Laboratory Co., LTD. and used as
the reference catalyst without further purification. Iridium oxides with different degree of
crystallinity (SA103, SA58, SA14.6 and SA58) were provided by Tanaka Kikinzoku

Kogyo K.K., Chemical & Refining Company and named after their BET surface areas.

X-ray diffraction (XRD) measurements were carried out using BL0O2B2 at
SPring-8, Japan (Proposal No. 2021A1286). Transmission electron microscopy (TEM)

experiments were conducted at 200 kV (JEM-2200FS, JEOL Ltd.). Scanning TEM
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(STEM) analyses were carried out with an acceleration voltage of 200 kV using the JEM-
ARM200F (JEOL Ltd.). Ex situ and operando Ir Ls-edge XAS was measured in the
transmission mode using a Si (111) monochromator on BL14B2 at SPring-8, Japan
(Proposal No. 2021A1645, No. 2021B1748). O K-edge XAS was conducted in partial
fluorescence yield (PFY) mode on BL27SU at SPring-8 (Proposal No. 2021A1009).
Operando O K-edge was measured in PFY mode on BL27SU at Spring-8 (Proposal No.
2021B1374), using a home-made in situ cell described previously?’. All the XAS data
were processed and analyzed using the Athena software package”. Atomic pair
diffraction functional (PDF) analyses were conducted on BL04B2 at SPring-8 (Proposal
No. 2021A1031) with the X-ray energy of 112.88 keV. The structure factor S(Q) was
calculated from the scattering data with the background correction, absorption correction,
multiple scattering and inelastic scattering correction, further Fourier transformed into
reduced G(r). The structural fitting of G(r) was conducted using the PDFgui software*’.
Hard X-ray photoelectron spectroscopy (HAXPES) measurements were conducted at
7939 eV at beamline BL46XU at Spring-8, Japan (Proposal No. 2021B1051). X-ray
emission spectroscopy (XES) measurements were conducted at beamline BL27XU at

Spring-8, Japan (Proposal No. 2021A1029).
7.2.2 Electrochemical Measurements

All the catalyst inks were prepared by mixing the catalyst powder, 5 wt % Nafion
solution (sigma-Aldrich) and ethanol (FUJIFILM Wako Pure Chemical Corporation) in
deionized water (electrical resistivity of 18.2 MQ.cm, Milli-Q®, Millipore A/S). The mass
ratio of catalyst powder and Nafion was 0.1 mg: 1 mg to obtain good binder effect without

impeding the catalytic performance. The volume ratio of ethanol and deionized water was
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1:4. The catalyst inks were sonicated in an ice bath for 30 min and casted on the carefully
polished Au rotating disk electrode (RDE, 5 mm diameter, Hokuto-denko). The catalyst
loading on the RDE was 80 pgi-cm™. The electrochemical measurements were performed
using a standard three-electrode cell connected to an MPG-205-NUC system (Bio-Logic)
and ohmic drop of 21 Q was compensated in all cases. A Pt mesh was used as the counter
electrode, a reversible hydrogen electrode (RHE) was used as the reference electrode and
the catalyst-coated Au RDE was used as the working electrode. The cyclic
voltammograms (CV) were scanned from 0.1 V to 1.2 V vs. RHE at 50 mV s in Na-
saturated 0.1 M HClO4. The electrochemical activities of the catalysts were subsequently
investigated using linear sweep voltammetry (LSV) in the range of 1.1 to 1.7 V vs RHE

at 10 mV s\,
7.2.3 Operando Ir L-edge XAS Measurement

Operando Ir Ls-edge XAS were collected using a home-made flow-type cell,
where Pt wire and RHE worked as counter and reference electrodes, respectively. The
catalyst ink was coated onto an Au (50nm) sputtered polyetherimide film (Mitsubishi
Chemical Corporation) to prepare both the X-ray window and working electrode. 0.1 M
HClO4 was used as the electrolyte and the flow rate of the electrolyte was controlled at
0.5 L min™' using a non-pulsation pump to remove the accumulation of bubbles on the
electrode surface. The XAS spectra were recorded at the applied potential 0of 0.5, 0.8, 1.2,
1.4, 1.5, 1.6, 1.8 V vs. RHE to obtain the catalytic electronic structure changes during

OER process.
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7.3 Results and Discussion
7.3.1 Morphology and Structure

Crystalline IrO> has the rutile structure of tetragonal symmetry (space group
Ps>mnm), where the Ir atom locates in the center of IrOs octahedra and each octahedra is
densely connected through edge-sharing and corner-sharing (Figure 7.1a). The XRD
patterns of all samples was shown in Figure 7.1b. IrO> showed the typical reflection of
rutile structure, as further evidenced by the Rietveld refinement results (Figure 7.2, Table
7.1). The SAS58 sample also showed the XRD patterns of tetragonal phase (Figure 7.3,
Table 7.2), however, the reflection peaks were rather broad with low intensity, indicating
the relatively weaker crystallinity. Moreover, the XRD patterns of SA103, SA14.6 and
SA3.5 samples were significantly broad, making the structure analysis through Rietveld
refinement impossible. The morphology of all the samples were revealed by TEM, as
shown in Figure 7.1 c-g. All the samples had the particle size of around 10-30 nm. The
ordered atomic arrangement of IrO> and SAS58 could be observed, indicating the good
crystallinity. In contrast, SA103, SA14.6 and SA3.5 showed the disordered and short-
ranged structure, which is in accordance with their XRD patterns and indicated their

unique structures different from crystalline IrO».

Since it is difficult to reveal the structural information of disordered samples
through XRD refinement, the pair-distribution function (PDF) analyses were carried out
to quantitively identify the structural properties. By the Fourier transform of high-energy
X-ray diffraction data, the reduced pair distribution function G(r) expresses the
probability of finding a pair of atoms at distance r, providing information such as the
interatomic bond length and coordination number?!"> 3> 32, Therefore, PDF analysis is
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suitable to evaluate the structures of short-range ordered materials. The PDF results of all
samples up to 10 A were shown in Figure 7.4. The crystalline IrO, and SA58 showed
well-defined peaks in the long-range distance, only the shape and peak intensity of SAS8
sample is slightly different from IrO>. However, the distribution peaks faded away from
around 4 A for SA103, SA14.6 and SA3.5 samples, indicating their long-range disordered
structures. For the crystalline IrO», three discrete peaks at about 1.96 A, 3.15 A and 3.55
A were observed within 4 A, indicating the Ir-O bond, edge-sharing Ir-Ir bond and corner-
sharing Ir-Ir bond respectively?!*. However, a sub-peak at around 2.13 A appeared for
Ir-O bond and the second Ir-Ir bond split into two peaks for SA103, SA14.6 and SA3.5
samples (Figure 7.5a), while the obvious shift to lower distance of the first Ir-Ir bond
could also be observed, indicating the significant structure changes. To further identify
the structure parameters, the PDF fitting was conducted for all samples. Based on the
lattice parameters obtained from XRD Rietveld refinement results, the PDF of IrO; was
fitted in the range of 20 A, as shown in Figure 7.6 and Table 7.3. The fitting results showed
the rutile structure of IrO; with the tetragonal symmetry, in good agreement of the
Rietveld refinement results. Previous studies have reported the appearance of
orthorhombic symmetry and monoclinic symmetry in IrOx*"* 22, However, little studies
mentioned about the space group of such different structures for iridium oxides. To better
analyze the PDF, we investigated the materials within the space group of Pomnm of
tetragonal symmetry and found that the titanium oxides and tin oxides have not only the
typical rutile structure, but also cubic, orthorhombic, and monoclinic structures, while the
space group and crystal information were provided in the previous research®® 34,
Therefore, the crystal structure of the above-mentioned materials would be taken into

consideration for the fitting of short-ranged samples. The G (r) of SA58 showed the peak
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shift to lower distance at the first Ir-Ir bond (around 3.14 A) compared with IrO,, which
might indicate the structure changes. Figure 7.7 and Table 7.4 showed the fitting results
of SA58, and the perfect fit was achieved after adding an extra orthorhombic phase. For
the fitting of other samples, several plans were carried out and the results showed the
typical tetragonal phase could not fit at all, while the combination of orthorhombic phase
and monoclinic phase was proved to be the best fit (Figure 7.8- Figure 7.10, Table 7.5-
Table 7.7). Moreover, the SA3.5 sample consisted of most monoclinic phase of
approximately 34.8 % mass ratio (Table 7.7). The as-obtained different crystal structures
were shown in Figure 7.5b-d. The appearance of orthorhombic and monoclinic phases in
SA103, SA14.6 and SA3.5 samples lead to a totally different local atomic arrangement,
which could further affect their electronic structures and electrochemical performances.
The differences of local atomic arrangement were further confirmed by high-angle
annular dark field (HAADF) STEM images, as shown in Figure 7.5¢ and f. The ordered
atomic arrangement of SA58 sample indicates the main tetragonal phase of rutile structure,
while the atomic arrangement of SA3.5 was short-range ordered and indicated the crystal

structure of more than one phase.
7.3.2 Electronic Structure

The Ir oxidation state was investigated through the Ir Ls-edge X-ray
absorption near-edge structure (XANES) spectra. As shown in Figure 7.11a, the white
line position of SA58 shifted to the lower energy side compared with IrO,, while for
SA103, SA14.6 and SA3.5 samples, the white line positions were further shifted to lower
energy side. Since the Ir L3-edge XANES corresponds to the transition from occupied 2p

to empty 5d states'> 23, the white line position shifts indicated different d orbital states of
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different samples. The local ligand environment was further revealed by extending X-ray
absorption fine structure (EXAFS) measurements and EXAFS simulations (Figure 7.11b,
Figure 7.12). Compared with IrO> and SA58, SA103, SA14.6 and SA3.5 samples showed
relative longer average Ir-O bond lengths (Figure 3a). Further EXAFS simulation
parameters (Table 7.8) revealed appropriate fitting results of two Ir-O paths for SA103,
SA14.6 and SA3.5 samples, in good agreement with PDF analyses (Figure 7.5a). The
differences of Ir-O bonding and Ir-Ir bonding between different samples were further
verified through EXAFS wavelet transforms (WT-EXAFS) analysis (Figure 7.11c¢, d,
Figure 7.13). IrO; showed strong interaction of Ir-O bonding and Ir-Ir bonding, in good
agreement with previous research® %%, Moreover, SA58 showed a similar WT-EXAFS
pattern with IrO», consistent with XRD, HAADF-STEM and PDF results. In contrast,
SA103, SA14.6 and SA3.5 samples displayed the wider dispersion of Ir-O and the
weakening of Ir-Ir of WT-EXAFS patterns, further confirming the different local atomic

environments.

Hard X-ray photoelectron spectroscopy (HAXPES) measurements were
conducted to provide detailed information of electronic structure. The rutile IrO> showed
two sharp asymmetric peaks at 61.5 eV and 64.6 eV (Figure 7.14a), attributed to the
deconvolution of Ir 4f7; and Ir 4fs.2, respectively'® %’ The peak positions for SA58 were
similar to that of IrO2, only the shape of peaks became broader. Furthermore, a significant
shift to higher binding energy side and the broadening of peaks were observed for SA103,
SA14.6 and SA3.5, while the Ir 4f7, and Ir 4fs5», components located at 61.7 eV and 64.8
eV, respectively. This phenomenon is in line with recent research about short-rang ordered
iridium oxides'® 3738, Pfeifer et al. demonstrated that the shift to higher energy sides of

the amorphous IrOx was attributed to the Ir'! species due to coordination defects through
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their experiment and computational studies'®. This was also verified in our fitting results
of Ir 4f spectra (Figure 7.15) and PDF analyses (Figure 7.5a), since the SA103, SA14.6
and SA3.5 showed the phase of orthorhombic and monoclinic, and the local environments
were less ordered than the rutile type IrO2. The O 1s spectra and the fitting results are
presented in Figure 7.14b and Figure 7.15b. Compared with the sharp peaks at around
530 eV for rutile IrO», the O 1s spectra for SA103, SA14.6 and SA3.5 were much broader
and shifted to higher binding energy sides. The fitting results in Figure 7.15b revealed
that SA103, SA14.6 and SA3.5 had higher contents of hydroxyl species, further verifying

111

the appearance of Ir'" species in those samples as elucidated from Ir 4f spectra.

The electronic structures of all samples were further investigated through
valence band spectra (VBS) and X-ray emission spectra (XES). As shown in Figure 7.14c,
a shoulder peak near Fermi level was obvious observed in rutile IrO: (electron
configuration #25°e.’), which was attributed to the spin-orbital couple (SOC) effect in the
IrOs coordination®®. Moreover, this shoulder peak feature became vague for SA58 sample
and even disappeared for SA103, SA14.6 and SA3.5 samples, indicating the total change
of IrOs octahedral coordination environment as pointed out by PDF analyses (Figure 7.5a).
The combination of the VBS with O K-edge XES results further shed light on the bonding
environment. As shown in Figure 7.16, the four features in O K-edge XES were attributed
to m-antibonding (feature I and II), n-bonding (feature III) and o-bonding (feature 1V)
orbitals, well corresponding to the features in VBS*. The splitting of the n-antibonding
states varied between rutile type IrO2 and other samples, indicating the deviations from
the perfect six coordinated octahedral symmetry. Since the photoionization cross section
of Ir 5d electrons is much greater than that of the O 2p electrons at hv = 7939 eV, the

HAXPES spectra are mostly dominated by Ir 5d states*’. While feature Il was much more
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intense than feature IV in the XES spectra, their intensities were similar in VBS,
indicating the o-bonding showed a relative greater 5d character than the n-bonding and
the Ir-O hybridization was more effective in the o-bonding states. Furthermore, the
disappearance of feature I and the weakening of feature IV indicated the Ir 5d states
changes and different degrees of Ir-O hybridization, corresponding well with the

structural symmetry differences in different samples.

O K-edge XAS were measured to further elucidate the electronic information of
iridium oxides. As shown in Figure 7.14d, rutile type IrO> showed the strong resonances
at approximate 529.7 eV and 533 eV, indicating the ligand O, in agreement with the
previous research!® 2, Compared with perfect tetragonal symmetry IrO,, SAS58 sample
showed a shift toward lower energy side at around 529.5 eV and the peak intensity
decreased significantly, which could be attributed to the appearance of orthorhombic
phase in the crystal structure. In contrast, the resonance peak for SA103, SA14.6 and
SA3.5 further shifted to lower energy side, while a new resonance appeared at ca. 528.8
eV. Inone previous study, Pfeifer et al. identified the new resonance peak for amorphous
IrOx as O' species due to electronic defects through calculation!®. In this study, the new
resonance peak of SA3.5 sample showed the strongest peak intensity, which is in line
with the fact that SA3.5 sample had the most monoclinic symmetry structure content.
Interestingly, in a recent benchmarking work of Nong et al, the appearance of such new
resonance peak (ca. 528.3 eV) was observed under operando O K-edge XAS
measurements®. They found the peak intensity increased with the increasing applied
OER potential and decreased with lower applied potential, claiming this phenomenon was
related to the surface deprotonation and attributed to the OER activity. Therefore, the

stable and intensive existence of O' species in the samples studied in this study might
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boost the OER activity significantly.
7.3.3 Electrochemical Performance

The electrochemical performance of SAS8, SA103, SA14.6 and SA3.5 were
investigated in a typical three-electrode system. The cyclic voltammetry results (Figure
7.17) showed obvious different redox behaviors between SA58 and other samples. When
normalized using the BET surface area, SA3.5 samples showed the highest OER activity
(Figure 7.18a). Meanwhile, the Tafel slope values of SA103, SA14.6 and SA3.5 were
almost the same, slight smaller than that of SA58 samples (Figure 7.18b). The current
density at 1.5 V vs. RHE was plotted against the phase ratio of monoclinic symmetry in
each sample (Figure 7.18c). An obvious trend was observed that with the increasing of
monoclinic phase ratio, the OER activity increased significantly, indicating the short-

range ordered monoclinic symmetry boosted the catalytic dynamics toward OER.
7.3.4 Discussion of Reaction Mechanism

To further observe the electronic states changes during the OER process,
operando Ir L3-edge XANES were measured under different applied potential. As shown
in Figure 7.19, with the increasing applied potential, SAS8 sample showed little spectra
changes, while the spectra of other samples shifted to higher energy side obviously. The
spectra shift for SA3.5 sample was most significant especially at the potential OER
occurred, indicating the oxidation state changes of Ir and active OER performance.
However, it is worth noticing that the intensively increasing white line area of SA3.5
sample does not necessarily correspond to the constant oxidation of Ir, i.e., further
oxidation to IrV. As pointed out by Pfeifer et. al., the further oxidation of Ir'¥ to ItV is

energetically less favorable for oxides than creating hole state (electrophilic character) in
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the O 2p states?’. This was further verified by many other research groups®* 2> 28,

Compared with the Ir 4f core line characters, the O K-edge is more sensitive to
the electronic structural changes and might detect the intermediate O species in the OER
process. Therefore, the operando O K-edge measurements were further conducted. As
shown in Figure 7.20a, the CVs of SAS58 and SA3.5 measured in operando cell
corresponds well with the results obtained in the three electrode RDE cell (Figure 7.17),
indicating the accuracy of the applied OER potential. Moreover, the relationship between
the obtained current and as-applied potential was recorded in Figure 7.20b. The
polarization curve was in line with the RDE results, making the operando measurements
reliable to capture the intermediates during OER process. The OER potential was applied
to the working electrode from 0.5 V vs. RHE (non-OER region, non-iR corrected) to 1.9
V vs RHE (active OER region, non-iR corrected). After the measurements at 1.9 V vs.
RHE, the O K-edge spectra were recorded at the applied potential 0.5 V vs. RHE twice
subsequently, to verify the time-dependent reversibility of intermediates. The O K-edge
spectra of SA58 and SA3.5 were displayed in Figure 7.21. The spectra recorded at 0.5 V
vs. RHE of both samples were in good agreement with the ex situ results (Figure 7.14d).
With the increasing of the applied potential, a new resonance peak appeared at
approximately 528.5 eV for SA58, while the peak intensity increased until 1.5 V vs. RHE
and then stayed stable with the further applied high potential. This new feature for SAS58
is similar to the new resonance peak identified in the ex situ O K-edge XAS of SA3.5,
indicating that the electrophilic O™~ species appeared as the reaction intermediates for
SAS58. Meanwhile, the peak at ca. 529.5 eV (representing the lattice oxygen) showed
negligible changes. For SA3.5 samples, the intensity of the resonance peak at ca. 528.5

eV increased significantly after 1.35 V vs. RHE and continued to increase with the
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increasing applied potentials, which is different from SA58 sample. Meanwhile, the peak
position slightly shifted to lower energy side with increasing applied potentials.
Furthermore, the peak at ca. 529.5 eV of SA3.5 also showed an increasing trend toward
increasing applied potential, though not as significant as the previous peak at 528.5 eV,
which is also different from that of SA38. When changing the potential from high active
OER region 1.9 V vs. RHE to non-OER region 0.5 V, the related peak intensities of both
samples faded away gradually, indicating the reversibility of those features.

According to the previous research, the OER process of iridium oxides could be

described as follows?> 27-28, 41, 42.

*+H,0 > *OH+H" +¢” (D
*OH > *O" + H' + ¢ 2)
*O+ H,0 > *0- O- H + H' + & 3)
*O"O"H> *+02+H' +¢ (4)

where * denotes an active reaction site.

Nong et al. demonstrated that the O-O coupling requires higher activation energy
than *OH deprotonation through DFT calculation, therefore, the water nucleophilic attack
step (step 3) is supposed to be the rate-determining step?. This could also be verified
through the findings of our operando O K-edge XAS. The detected O' originated from
the deprotonation step and the signal increased with the increased applied OER potential,
making the deprotonation step have little chance being the elementary step. Moreover,
the nucleophilic attack of water is possible to occur due to the electrophilic nature of the

increasingly populated O'~ species, as pointed out by Pfeifer et. al.?’. Different from SASS,
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the peak at ca. 529.5 eV was observed to increase with the applied potential, which could
be attributed to the detection of *OH species. The low symmetry structure of SA3.5 might
benefit in a way that large amounts of electrophilic the increasingly populated O' species
was continually formed through OER process and provide highly reactive sites for the

water nucleophilic attack, leading to the superior OER activity.

Combing with the crystal structure characterization, electronic structures, and
OER performance results, we can conclude that the highest content of monoclinic
symmetry in the short-range ordered SA3.5 sample lead to the significantly and
continuously formation of reaction active O' species, provided large number of reactive
sites for the rate-determining water nucleophilic attack step, therefore boosted the OER

dynamics.

7.4 Conclusion

In this research, several amorphous IrOx catalysts was thoroughly investigated
and the relationship between their structures and OER activities was revealed. The
amorphous structure of IrOx was characterized through PDF analyses. Different from the
typical tetragonal symmetry of crystal [rO2, the combination of orthorhombic symmetry
and monoclinic symmetry was found in the amorphous IrOx, and the ratio of monoclinic
phase ratio corresponds well to the OER activity. The origin of high activity was further
clarified that the low symmetry of monoclinic phase resulted in the structure defection
and thus lead to more active sites through HAXPES analyses, ex situ and operando XAS.
The thorough investigation in this study is promising to deepen the understanding of high
active OER catalysts and provide new inspiration towards the design of novel OER

catalysts.
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Figure 7.1. Crystal structure and morphology of as-studied catalysts. (a) the typical
crystal structure of tetragonal iridium oxide of P42mnm space group, the red and purple
spheres represent oxygen and iridium atoms, respectively; (b) XRD patterns, A = 0.41401
A; (c)-(g) TEM images of IrO2, SA103, SA58, SA14.6 and SA3.5 catalysts.
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Table 7.1. Crystal structural parameters obtained from Rietveld refinement for IrOo.

Lattice Space .
Phase Atom Site  Occupancy x ¥ z
parameter / A group
2= 4.500(1) Irl 2a 1.000  0.000 0.000  0.000
Tetragonal P4,mnm
c=3.153(1) - 01 4af 1.000 0.304 0.304 0.000

Table 7.2. Crystal structural parameters obtained from Rietveld refinement for SASS.

Lattice Space .
Phase Atom Site  Occupancy  x v z
parameter / A group
a=4.498(4) Irl 2a 1.000 0.000  0.000 0.000
Tetragonal P4,mnm
c=3.141(3) - (0] 4f 1.000 0.258 0.258 0.000

Table 7.3. Crystal structural parameters obtained from PDF fitting results for IrO,.

Lattice parameter ~ Space Coherent domain
Phase R, ) Scale factor
/A group size / A
a=4.488(1)
Tetragonal 0.16 P4,,mnm  85.802(31) 1.000(3)
c=3.144(1)

Table 7.4. Crystal structural parameters obtained from PDF fitting results for SASS.

Lattice parameter /  Space scale  Phase ratio in R,
Phase
A group factor mass
a=4.485(1)
Tetragonal P4,mnm 0.833(5) 0.976(6)
c=23.133(2) B
0.20
a=5.046(2)
Orthorhombic b=5.274(1) Pbcn 0.020(5) 0.024(6)
¢ = 4.853(3)
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Table 7.5. Crystal structural parameters obtained from PDF fitting results for SA103.

Lattice parameter / Space Scale Phase ratio Rw
Phase .
A group factor In mass
a=4.692(4)
Orthorhombic b =15.625(8) Pbcn 0.572(6) 0.845(9)
¢ =4.908(3)
a=6.704(7) 0.25
b =3.934(16)
monoclinic C2/m 0.265(8) 0.155(9)
¢ =3.024(23)

B =72.881(18)

Table 7.6. Crystal structural parameters obtained from PDF fitting results for SA14.6.

Phase Lattice parameter / A Space group _ scale factor  Phase ratio in mass R

TN

a=4.664(5)
Orthorhombic b=5.611(3) Phen 0.693(4) 0.711(4)
¢ =4.895(2)
a=6.747(11) 0.24
b=3.930(2)

monoclinic C2/m 0.306(5) 0.289(4)
¢ = 3.009(6)

B =72.776(8)

Table 7.7. Crystal structural parameters obtained from PDF fitting results for SA3.5.

Phase Lattice parameter / A Space group _ scale factor _ Phase ratio in mass R

W

a=4.650(7)

Orthorhombic b =5.609(8) Pben 0.619(4) 0.652(10)
c = 4.924(8)
a=6.790(10) 0.21
b =3.801(3)

monoclinic _ C2/m 0.359(6) 0.348(10)
¢ = 3.047(6)

B = 72.800(6)

264



Table 7.8. EXAFS fitting parameters of Ir-O bond

Entry Path N RO /A 29/ A? R/ %
IrO, Ir-O 6.00% 1.978 0.0027 1.9
SASS8 Ir-O 6.00% 1.986 0.0037 1.3
Ir-0, 2.20 1.936
SA103 0.0016 1.0
Ir-0, 3.80 2.045
Ir-0, 2.18 1.933
SAl4.6 0.0018 0.70
Ir-0, 3.82 2.044
Ir-0, 2.14 1.927
SA35 0.0019 0.60
Ir-0, 3.86 2.039
* Fixed Value
*Coordination Number
*Bond distance
*Debye-Waller factor
*Residual factor
J“klzobs(k)ikSXrulc(kﬂ"dk
= =100

! 3% (kadk
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Chapter 8. General Conclusions

The development of renewable energy storage technology is envisioned to
replace the conventional fossil fuels to impede global warming and to meet the growing
demand for energy sources. Among many proposed solutions, renewable source-derived
water electrolysis is considered a promising mass production tool for generating O, and
H; for the storage of chemicals as fuels. However, the complex four-electron transfer of
the oxygen evolution reaction (OER) leads to a high overpotential and undisclosed
reaction mechanism, further impeding the development of high performance OER
catalysts. Therefore, it is of significance to investigate the reaction mechanism of OER,
thus providing design principles for OER catalysts. In this study, a combination of
electrochemical measurements and advanced X-ray based characterization were
conducted to elucidate the reaction mechanism of the OER for water electrolysis.

In Chapter 1, the principles of water electrolysis, previously proposed OER
reaction mechanisms, the present developments related to OER catalysts and the PEM
water electrolyzer were reviewed.

In Chapter 2, the electronic structural changes of nickel at the
electrode/electrolyte interface during OER were investigated using thin-film Li-doped
NiO catalysts. Operando TRF-XAS revealed a distinct surface oxidation state change for
Lio.59Nio.410, indicating the formation of high oxidation state Ni sites. The corresponding
surface reconstruction resulted in an increased number of active sites on the reaction
interface, thereby enhancing the OER activity. The founding in this chapter deepened the

understanding about catalytic surface reconstruction behaviours.
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In Chapter 3, the electrochemical performance and reaction kinetics of
perovskite-type LaiSr,CoOs.5 thin films as OER catalysts were investigated. The thin
films were synthesized by the pulsed laser deposition method. Through the innovative
combination of ex situ XAS and operando TRF-XAS, a significant oxidation state change
on the surface of LaosSr04C003.5 was observed. The formation of active surface sites
resulting from surface reconstruction at the reaction interface enhanced the OER activity.

In chapter 4, the effect of cation mixing in LiNiO2 on OER performance were
discussed. The ex situ XAS revealed a strong hybridization state of Ni 3d and O 2p
orbitals, which was believed to be the origin of the observed differences in catalytic
activity behaviors. Moreover, it was found that the instability of LiNiO: originated from
de-intercalation of Li ions and the irreversible structure change decreased performance.
The intercalation/deintercalation of ions also occurred during the OER process, similar to
lithium ion batteries. It was demonstrated that hindering the lithium diffusion path by
cation mixing is useful for maintaining performance

In chapter 5, the activity of low-spin tetravalent Ni ion sites in OER was
quantitively evaluated. The Ni valence was changed from divalent to tetravalent through
the chemical delithiation of Lio.9sNio49oMn15104, and the OER activity was found to
increase with decreasing Li content. The high OER activity was attributed to the strong
hybridization of the Ni 3d—O 2p orbital resulting from the downshift of the Ni conduction
band, as confirmed through comprehensive XAS analyses. This chapter revealed the
mechanism underpinning the high OER activity of high valence Ni(4+) and also provided
a approach for the development of highly active catalyst materials, namely, topochemical

delithiation.
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In Chapter 6, the two-active-site OER mechanisms for quadruple perovskite
oxides were discussed. The OER catalytic performance of CaMn;Oi1> quadruple
perovskite oxides with different Mn(A")-Mn(B) distances were carefully examined.
Mn(A')-Mn(B) distances were precisely controlled through doping with Sr, Cu, and Al.
The crystal structure and state of cations and O was investigated using XRD with Rietveld
refinement and XAS. The OER catalytic activity was clearly correlated to the Mn(A’)—
Mn(B) distance, while the e, states of both the Mn and O 2p band centers remained
unchanged. A shrinkage of the A’-B distance affected the stability of the O—O bond on
the A’-B site and accelerated the OER kinetics.

In Chapter 7, the origin of the high OER activity of amorphous iridium oxide
was thoroughly investigated. A PDF analysis revealed that the short-range-ordered
iridium oxides have two different structure phases. Further ex sifu and operando XAS
measurements demonstrated that the mixed phases contributed to an increase in active
sites, thus enhancing the OER activity.

In chapter 8, the results of the thesis were summarized.
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