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Abstract

Increasing energy demand, environmental causes, and sustainable energy goals give rise to the
study of energy conversion systems extensively. More efforts have been devoted to oxygen
evolution reaction because of kinetic considerations and improving electrocatalytic behavior of a
vast number of materials including both homogeneous and heterogeneous catalysis. In
heterogeneous catalysis, a small number of catalytically active sites are believed to be involved in
electrochemical reactions. The properties and coordination environments of these sites play a key
role in the design of optimum electrocatalyst. However, direct analysis of the coordination
environments is often challenging and requires more systematic analysis. This analysis can be done
by a systematic perturbation of a system and measuring the structural and electrochemical
response. This thesis focuses on the analysis of the identification of distinct coordination
environments in nickel and cobalt hydroxides through structure-property analysis. Correlations
between structure-activity and structure-property give information on the electrochemical activity
and ultimately serve as a method to design more efficient and high-performance materials for

various electrochemical energy conversion applications.

Chapters 3,4, and 5 focus on nickel hydroxide based electrocatalysts. In chapter 3, aluminum,
iron, and gallium doped nickel hydroxides were fabricated by the photochemical deposition
method. The effect of internalized geometric strain is investigated by employing density functional
theory and near-infrared spectroscopy. Tensile and compressive strain is reproduced for all three
composition series. Computational studies indicate that activation energy decreases in every set,
but Fe doped nickel hydroxides significantly change electrokinetic parameters. With this study,
we proposed that strain is not solely responsible for the improved catalytic activity in iron-doped

nickel hydroxides.

Chapter 4 reveals the effect of synthetic methods on the structure and electrochemical behaviors
of iron incorporated nickel hydroxides. Mdssbauer and Raman spectroscopy directly identify two
unidentical coordination environments for the samples synthesized in water environment, on the

other hand only a single type of iron coordination site for the samples synthesized in presence of
Vi



formamide. Powder X-ray diffraction and X-ray absorption spectroscopy hint at the presence of a
diverse coordination environment with the change in intermetallic distance. The second
coordination environment is found to be ineffective on electrochemical properties and is suggested
to be located atop the layered sheets of nickel hydroxide lattice. The study provides a piece of
detailed structural information and their impact on oxygen evolution reaction to the scientific

community to optimize synthetic protocols of this class of materials.

Chapter 5 focuses on hydrothermally synthesized NiFe hydroxides at different iron
concentrations. The combination of multiple characterization techniques reveals the formation of
three distinct iron coordination sites in nickel hydroxide lattice. Crystalline nickel-iron hydroxides
have different electrochemical behavior from the same class of samples in amorphous form. The
static pre-catalytic redox peaks across the composition series but a linear decrease in the Tafel
slope shows that a sophisticated argument is needed to explain the electrokinetic behavior of this
system. The correlation between O-M-O bond angle and Tafel slope is described by asymmetric

Marcus-Hush theory.

Chapter 6 compares the structure and electrochemical behaviors of three sets of the cobalt
hydroxides synthesized in aqueous pH precipitation in water and formamide and hydrothermal
methods. Synthetic conditions impact cobalt and iron coordination and electrocatalytic activity. X-
ray diffraction and X-ray absorption spectroscopy reveal that iron incorporation into cobalt
hydroxide in hydrothermal series is the least among the three composition series. Cobalt
hydroxides synthesized with co-precipitation in aqueous conditions partially oxidized into the
cobalt oxyhydroxide phase. A layered double hydroxide structure is fabricated with the inclusion
of formamide to the co-precipitation synthetic. Each series has characteristic lattice parameters
and electrochemical characteristics, and the results indicate that cobalt hydroxide series show
different characteristics from other brucite type materials such as nickel hydroxides even though

they have the same crystal structure.
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Chapter 1

Introduction

1.1 Motivation

The world is dependent on fossil fuel resources such as coal, natural gas, and petroleum due to
high energy density in spite of their detrimental effects on climate, desertification, and air
pollution.? The rapid rise in universal energy need and negative climatic impacts caused by
extensive consumption of carbon-based fossil fuels underline the requirement for clean and
sustainable alternative energy resources.>* The United Nations (UN) announced Sustainable
Development Goals (SDGs) in 2015 to combat worldwide issues on education, equality, energy,
and sustainability by 2030 for a better and sustainable future for the citizens of the world.®
Especially, SDG 7 focuses on ensuring access to sustainable, modern, clean, and affordable energy
sources for all. Among all possible energy alternatives, solar energy is the largest energy resource
that is able to provide worldwide energy needs within eighty minutes of irradiation.*® Nonetheless,
solar-driven energy sources are often intermittent and highly dependent on time and location. For
these reasons, solar energy requires efficient energy storage and energy transportation systems.?
Among potential candidates for alternative energy resources, photoelectrochemical or
electrochemical production of hydrogen (H>) is a promising alternative with a high energy density
with the absence of any adverse by-products. Hence a considerable amount of effort has been

dedicated to investigating effective ways to split water into hydrogen and oxygen.

1.1.1 Water Splitting

Water splitting consists of the oxygen evolution reaction (OER) and the hydrogen evolution
reaction (HER), which take place at the anode and cathode respectively. Depending on the reaction

conditions the half-cell reactions can be written as in Table 1.1;



Table 1.1 HER and OER reactions at different pH levels

HER OER
Acidic medium | 2H" +2e" > H> H2O > 2H" + 1/20; + 2¢
Neutral medium | 2H20 + 2e” > Hz+ 20H" H2O > 2H" + 1/20; + 2¢
Basic medium | 2H20 + 2e” > Hz+ 20H" 20H - H20 + 1/202 + 2¢

Ener= 0V — 0.059 V*pH(vs. NHE) Eoer=1.23 V- 0.059 V* pH(vs. NHE)
Ewater splitting= -1.23 V

In order to achieve to split one mole of water into hydrogen and oxygen under standard conditions,
a thermodynamic potential of 1.23 V, which corresponds to 237.1 kJ mol™ energy input (AG°) is
required. While HER, involves in two-electron process as seen above, OER is being four-electron
process. In addition, surface-adsorbed species as reaction intermediates contribute to the
complexity of OER reaction. The complicated reaction mechanism attracts the scientific
community to make a more detailed analysis by utilizing sophisticated characterization techniques

to resolve fine details of OER reaction.

1.1.2 Oxygen Evolution Reaction (OER)

Electrocatalysis is an interdisciplinary subject where chemistry and physics are combined in
pursuit of a mechanistic understanding of reaction kinetics. An electrocatalyst stabilizes reaction
intermediates along the reaction pathways, which increases electron transfer kinetics by reducing
the activation energy barrier. For these reasons, the design of electrocatalysts plays a key role in

tuning reaction kinetics and pathways.

The OER half-reaction has been studied since 19" century with the observation of electrically
driven water splitting reaction by Paets van Troostwijk/Deiman and Nicholson/Carslie. Despite
this, the reaction mechanism for OER remains a matter of debate.” Numerous studies have been

devoted to understanding OER mechanism on heterogeneous catalysis particularly transition metal
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oxide electrocatalysts. Several proposed mechanisms indicate that the metal centers play as
electroactive sites and an optimum electrocatalyst should follow the Sabatier principle which states
that key intermediates should have an optimum bonding strength, neither too strong nor too
weak.®® Optimum binding strength concept in electrocatalysis is experimentally demonstrated
with a “volcano-plot” for hydrogen evolution reaction (HER) by Sergio Trasatti.’® Numerous
theoretical studies now focus on the activity of these volcanos and how the behavior of volcanos
depends on descriptors.1t!2 Typically descriptors are based on the binding energies of the
intermediates. Brgnsted-Evans-Polanyi and linear scaling relations,**'* combines kinetics and
thermodynamic parameters. Both statements show that thermodynamic parameters have a linear
relation with kinetic parameters. The activation energy of a system can be correlated to the
thermodynamic stability of intermediates. Hence, it can be concluded that reaction intermediates
determine the overall mechanism of a reaction.’® Numerous mechanism for OER has been
proposed in both acidic and basic medium and some differences and similarities exist between
each proposed mechanism. The majority of mechanistic studies showed OER mechanism
consisting of single-electron charge transfer species with three adsorbate species which are OH*,
O*, and OOH*. The formation of each adsorbed species differs in acidic and basic environment
(Figure 1.1). Among proposed reaction mechanisms, M-O and M-OH are the most common

intermediates and differences arise from oxygen forming reactions.

B
A H,0 H*+e - -
\.‘ \ -
M —M-OH M ;/»M-OH
O,+ H'+e ' O,+H,0 +e’
» » OH
)|V acidic . v basic <>
H +e ¥4
4
OH" H,O +e
I} 1l
M-OOH «—M _____ m.0 M-OOH a—1 M0
Y 2
H+e H,O e OH

Figure 1.1 Possible oxygen evolution reaction mechanism of metal oxides in (A) acidic and (B)
alkaline conditions.
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Each elementary reaction in Figure 1.1 has individual intermediate adsorption energy. ldeally,
each elementary reaction should have 1.23 eV for each step (Figure 1.2). However, proposed
mechanisms indicate that the binding strength of OOH* intermediate is weak and therefore the
third step where peroxide intermediate is formed with Gibbs free energy of AGzis considerably
higher than the other three elementary steps. Hence the third step is often counted as the rate-
determining step. At the applied potential of U=0, where U represents electrode potential, both
ideal and real catalysts are going upwards during the reaction series, and OER cannot process. At
the reversible potential i.e., U=1.23, ideal and real catalysts behave differently. The Gibbs free
energies of the first and the second steps disappear, the third step has a positive, and the fourth
step has positive chemisorption energies that indicate that the third step with AGs is the rate-
determining step. At U>1.23 all steps are going downwards so OER can proceed in this condition.
These findings indicate that the energy of OOH* should be shifted to more negative values to

complete OER reaction.

Ideal

Real u=0
OOH* AG,

Gibbs Free Energy

U=1.23

...............................................

Reaction Coordinate

Figure 1.2 Gibbs free energy versus reaction coordinate of intermediate species of OER.
Energetics of ideal and real catalysts are shown at three different potentials (at U= 0, +1.23, and

4



+1.23) by black and red colors, respectively. Figure adapted with a permission from WILEY-VCH
Verlag GmbH&Co.1°

The activity reaction mechanism trends in the literature indicate the existence of a different
reaction mechanism than the conventional proposed mechanism. This type of mechanism is called
the lattice oxygen oxidation mechanism (LOM) which involves the oxidation of oxygen ions in
lattice.”” Unconventional reaction mechanisms with lattice oxygen participation were proposed
by Jovanovic®®, Bockris!®, and Heitbatum?® approximately forty years ago. Afterward, several
studies reported oxygens from metal oxide surfaces play a key role in OER. Binninger and co-
workers proposed that both lattice oxygens and metal oxide dissolutions participate in OER
according to thermodynamic potentials.?* The number of reports on LOM for transition metal

oxides, especially for perovskites, has increased recently.?>-%’

1.2 Layered Double Hydroxides (LDHSs)

There are a number of experimental and theoretical studies made to find the optimum
electrocatalysts in the literature on different classes of inorganic materials such as perovskites,
two-dimensional materials, transition metal oxides, hydroxides, metal-organic frameworks.?® Each
class of catalysts has its own advantages and disadvantages over each other. Among these
materials, transition metal oxides and hydroxides draw attention due to facile preparation, tunable

structure, and high electrocatalytic activity.?%34

1.2.1 Structure of LDHs

Layered double hydroxides (LDHs) have the general formula of [M2?xM3* «(OH) X" [A*
«a.NH20] where M?* and M3 are divalent and trivalent metal ions reside in edge-sharing MOg
octahedra, respectively and A is the exchangeable anions confined between the layers to maintain
charge balance.®® LDHs are lamellar hydroxides, and they adopt a layered brucite structure
[Mg(OH)2] which is naturally found as a mineral called theophrasite.®® The crystal structure of

brucite is a hexagonal close-packed (hcp) structure with trigonal symmetry (space group is P3m1,



#164). The M(OH)e units form layers along the crystallographic c-axis and make a stacked three-
dimensional structure where hydroxide ions (OH") are placed perpendicular to the plane of the
layers. OH™ makes weak interactions with intercalated ions and water molecules that are present
between the layers.®” 2-dimensional projections in the ab and ac planes of the unit cell are shown

in Figure 1.3:

Figure 1.3 The crystal structure of B-nickel hydroxide from different points of view (A) layered
(B) from ab plane (C) from the angled perspective. Structures are generated with VESTA
software.®

A useful feature of the metal hydroxide structure is that many transition metals can be used to
fabricate isomorphous LDH structures. Two of the most common LDH widely studied for
electrocatalysis are nickel hydroxides and cobalt hydroxides. Both materials adopt either one of

the two polymorphs denoted as alpha [a-M(OH)2], and beta phase [B-M(OH).]. The difference
6



between o and 3 phases arise from the presence of intercalated water molecules and ions between
the layers of metal hydroxides. The different phases of the same materials have the same bonding
structures but varying lattice parameters. The unit cell parameters of o and 3 phases of nickel and

cobalt hydroxide are listed in Table 1.2.

Table 1.2 Unit cell parameters of o and 3 phases of nickel hydroxides

Lattice Parameters Angles
Space group a=b c o=B y
a-Ni(OH)2 Dzd (#162) 3.08 8.01 90 120
B-Ni(OH),  Dsq (#164) 3.13 4.61 90 120
a-Co(OH),  Dsq (#166) 3.14 25.01 90 120
B-Co(OH),  Dad (#164) 3.18 4.66 90 120

The electrochemical properties of the polymorphs of nickel hydroxide were initially analyzed by
Bode.*® According to the Bode cycle, highly crystalline -Ni(OH). can be oxidized to -NiOOH.
A disordered o-Ni(OH). forms y—NiOOH under oxidation. Furthermore, 3-NiOOH can be further

oxidized to y-NiOOH but it can be converted back to  phase with a cyclic voltammetry experiment
(Figure 1.4).
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Figure 1.4 Bode cycle of nickel hydroxide and nickel oxyhydroxide phases. Reprinted with
permission from Royal Society of Chemistry?

1.2.2 Layered Double Hydroxides as Oxygen Evolution Reaction Electrocatalysts
Ni(OH) is the first metal hydroxide type material identified as an OER electrocatalyts.*° The OER

activity of nickel hydroxide is can be boosted with secondary and tertiary metal cations with
variable valences.***2 Transition metals especially Co, Fe, Mn, and Ni based LDHs exhibit
promising OER activity.

The activity trends between various transition metal hydroxides are reported as Ni > Co>Fe>Mn.*3
For this reason, nickel hydroxide, and cobalt hydroxide are the most widely studied metal
hydroxides as OER electrocatalysts. Mixing with other types of cations with varying valences is
shown to improve electrocatalytic behavior by changing redox potentials, reducing Tafel slopes

and overpotentials for certain current density values.**’



1.2.3 Modification of Layered Double Hydroxide Electrocatalysts

In order to increase the electrocatalytic activity of the LDHSs variable modifications on the structure
have been applied. These modifications can be either extrinsic or intrinsic enhancements.*®
Extrinsic modulation is a combination with other structures or components such as the addition of
another phase, or atoms to create a heterostructure which is a layered structure that possesses an
interface of different materials to increase the interaction between electrode and electrolyte.
Heterostructures are designed to modulate the synergy between each component to improve the
electrochemical behavior of the catalysts.*® Intrinsic enhancement is the modulation of the
structure by changing composition, morphology, dimension, thickness, and type of the intercalated
ions between layers. Here, we focused on two intrinsic enhancements: composition and synthetic

strategies to tune structure which are discussed in the following sections.

Doping Strategies

Tuning of the composition is one of the most common techniques to improve electrochemical
behavior of the catalysts. Doping is an effective approach for altering electronic, optical, and
structural properties of metal hydroxides. This has the potential to increase the number
electrochemically active metal sites with decreased thickness, size of the particles, or increased
surface area.*®>! The replacement of an electroactive site with another element modifies the
electronic structure and bonding environments. Therefore, it can be used to change the electron
density on the electroactive sites donating or accepting electrons from the dopants. Mono, di, or
trivalent ions intercalated into iron-oxo (hydroxo) or manganese-oxido complexes have a
correlation with reduction potential with the Lewis acidity of the dopant cation.>>>° This concept

has also been applied to metal oxide catalysts with an observation of a shift in redox-peaks.*

Introducing a second or a third kind of cation into metal hydroxide lattice modulates its electronic
structure and alters adsorbing properties of intermediate species.> % It has been reported that when
the combination of Fe(ll) and Fe(lll) is incorporated into nickel hydroxide lattice, the charge

throughout the lattice is adjusted. Divalent iron modifies atomic structure when it is intercalated



into NiFe hydroxides. According to in-situ XAS, Fe-O-Fe moieties are formed at lower
overpotentials which stabilizes high-valent metal sites during OER. Nickel hydroxides doped with
both divalent and trivalent iron ions exhibit 195 mV overpotential at 10 mA cm2.%!

Doping is often correlated with the electronegativity concept. For instance, trivalent Fe is a strong
Lewis acid and according to the Coulometric titration experiments, the formation of tetravalent-
Ni sites is induced. This situation promotes the OER activity by lowering the Tafel slope from 90
mv dec™ to 30 mV dec? for NiBi and electrodeposited NiFe hydroxide thin films respectively.
According to Ni K-edge and electron energy loss spectroscopy (EELS) the electronegativity of
iron sites enhances the covalency between Ni and oxygen and promotes the O-O bond formation
during OER.%? Similar inductive effect has been observed for iridium doped nickel hydroxides,
the partial oxidation of nickel sites through the doping of iridium decreases Tafel slope from 100
mV dec™! for undoped nickel hydroxide to 58.1 mV dec™ for 4% Ir-doped analogue.®®

The effect of doping is often explained by the effect of covalency that describes the charge-transfer
and hybridization.®*® For instance, the covalency of metal-silicate hydroxides with the formula
M3Si20s(OH)4 where M is cobalt, iron, or nickel is shown with DFT calculations by the relative
contributions of atomic orbitals to bonding orbitals. This study shows that the covalency is the
highest with cobalt and with 58.6 mV dec™ has the lowest Tafel slope. The slope values are
increasing to an average value of 70 mV dec™ for nickel and iron metals.%® VVanadium incorporated
CoFe hydroxides are shown as increasing M-O covalency that regulates the electronic structures.
With the increasing covalency the Tafel slope transitions from 63.3 mV dec™ to 41.4 mV dec™ for
CoFe hydroxides and CoFe-V hydroxides respectively.®” Similarly, another study indicated that
the charge transfer from cobalt and iron sites to vanadium in CoFe-V hydroxides regulates the p
electrons delocalization and the adsorption strength of OH* intermediate, which indicates an
improved catalytic activity with a Tafel slope of 39.1 mV dec'.%® The covalency affects OER
performance of NiFe hydroxides as well. XAS reveals that higher electronegativity of trivalent
iron sites increases the covalency at nickel sites. According to operando analysis, the partial
oxidation of oxide ions into oxyl ions promotes OER activity.%? The following study supports this
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idea of the enhanced redox reaction with improving hybridization between M 3d and O 2p orbitals

according to XAS L-edge analysis of NiFe hydroxides.®®

Synthetic Strategies on the Adjustment of Coordination Environment

Coordination environment of a catalyst can be tuned by several methods including defect
engineering,’®"? single-atom catalysts addition,”*’* and synthetic treatments.”>’® Defect
engineering is one of the common ways to introduce oxygen and metal vacancies in LDH
structures. Sun et al. reported that doping of Al(IIl) and Zn(ll) cations into NiFe hydroxides
followed by an alkaline etching process to form cation vacancy and changes intrinsic activity of
the electrocatalysts. The defective catalysts were obtained with the addition of the tertiary cation
dopants.”” M(111) and M(I1) vacancy with the addition of Al(111) and Zn(11) decreases overpotential
requirement by 80 and 48 mV for NiFeAl and NiFeZn LDHs compared to their doped analogues
without vacancy. The comparison of electrocatalytic activity of M(Il1) and M(Il) indicates that
M(11) defects more efficiently unsaturated oxygen coordination of Ni-O-Fe site. Similarly, another
study showed that Al etching in NiFe hydroxides promotes the formation of defects and Ni(lll)
sites during OER."® Composition dependent behavior shows a volcano dependent trend between
amount of doped Al in main lattice and OER current density. The results indicate that intercalated
Al sites tailor the nickel coordination environment and provides a better kinetic behavior up to a
certain threshold. Furthermore, Wang et al. reported CoFe LDHs synthesized via water-plasma-
enabled exfoliation exhibit multiple vacancy sites.”® Oxygen, cobalt, and iron vacant sites
decreases coordination number and increases the disorder. An overpotential of 232 mV at 10 mA

cm2 is achieved with tailored coordination environments.

Non-traditional coordination environments can be obtained by anchoring single atoms to metal
hydroxide lattice. Cui et al. reported iridium coordinated NiFe oxyhydroxides synthesized via in-
situ cryogenic-photochemical reduction procedure show an excellent water oxidation activity with
a 183 mV overpotential at 10 mA cm28 The superior activity is attributed to modulated
coordination sites through a modulated electronic structure of the iridium sites. Another study on

Pt single atom intercalated NiFe hydroxides indicates that Pt increases the valency of the
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electroactive nickel site after spatial confined electroreduction reaction increases intrinsic activity
for OER.%!

Layered double hydroxides can be synthesized by various techniques such as electrodeposition, 8
8 co-precipitation,® pulsed layer deposition,®® hydrothermal,®”8 solvothermal®®, and chemical
deposition.®®%! Each synthesis technique has their own advantages. For instance, hydrothermally
synthesized LDHs can be prepared with different growth mechanisms that enable to fabricate
samples with different sizes and crystal structures of the particles. While pulsed layer deposition
provides intercalation of different interlayer anions,®>° co-precipitation method is fast and facile.
Different experimental conditions such as temperature, and pH affects the characteristics of the
samples. Lastly, deposition techniques, for instance, electrodeposition is another facile and
inexpensive technique. With this technique, a better electrode-substrate binding is achieved.
Furthermore, the film thickness can be easily tuned with electrodeposition time, and applied
current or voltage. Each synthetic protocol yields nominally the same materials, however with

varying coordination environments.

Two-dimensional structure with a few nanometers thickness is considered as the ideal structure
for an electrocatalyst. LDHs in nanosheet morphology attract attention due to improved
electroactive surface area and thus expected to have improved catalytic behavior. Exfoliation of a
pristine layered double hydroxide is a promising technique to delaminate LDH.** Amino acids and
surfactants are common exfoliating agents, but the technique is expanded with the usage of
different types of intercalated ions and surfactants to obtain a desirable interlayer distance.%
Previously, Adachi-Pagano et al. reported exfoliation process with dodecyl sulfate as a surfactant
and butanol as the dispersant.®® Following studies indicate several successful exfoliation process
using formamide molecules.®”~*° Since exfoliation requires either pre-intercalation of large anions
or mechanical forces, exfoliation requires time, and intense laboring, several strategies were
developed to directly synthesize single-layer nanosheets to simplify synthetic procedures such as
co-precipitation, %1 micro-emulsion,'? and laser ablation.!®® In co-precipitation technique,
formamide is used as a solvent together with water. Formamide is proposed to be adsorbed on the
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LDH surface and diminishes the interaction between layers and inhibits material to grow in Z-
direction.’®® NiFe hydroxides synthesized with this method yield a more uniform distribution of
Fe(111) compared to hydrothermal and aqueous co-precipitation.®

The use of different types of intercalated ions between the sheets of layered double hydroxides
enables changing electrochemical behaviors. Hunter et.al. reported a variety of intercalated anions
between the sheets of NiFe LDH and they observed a correlation between the basicity of the
intercalated anion and onset overpotentials and this behavior is attributed to a base-assisted
deprotonation step. Monovalent anions are reported as weaker proton acceptors than divalent
anions.®? Comparison of fluoride that has a high standard reduction potential has a higher
overpotential and Tafel slope compared to the anion hypophosphite with a lower standard
reduction potential 2% The change in electrochemical activity is often attributed to a change in the
electronic structure of the catalysts. NiFe LDH intercalated with chloride and sulfate anions
changes the electroactive surface area, but similar electronic structures according to XPS yield
similar electrocatalytic performance. Dodecyl sulfate, on the other hand, increases the interlayer
distance and positively impacts the catalytic activity. This behavior is attributed to changes in pKa
across different intercalated anions. % The following study from Carrasco et.al. shows a systematic
change in the chain length in intercalated anions and reported a direct proportion between the
interlayer distance and catalytic activity. It is reported that NiFe LDH with the maximum basal

spacing of 31.6 A, yields the lowest Tafel slope of 27 mV dec™.1%

Solution additives is another method found to modify the activity and reaction intermediate
properties of LDHSs.! Iron incorporated nickel hydroxides electrochemical activity is dependent
on the size of the cations in the electrolyte. Comparison of different electrolyte cations shows an
increasing trend from Li(I) to Cs(l). According to in-situ Raman analysis, the NiOO" intermediate
is stabilized by the size of the cation.’®® Furthermore, Michael et al. reported a Raman analysis
showing synergy between alkali-metal electrolyte dependent Ni-O stretch and electrocatalytic
performance.'% NiFe oxyhydroxide electrocatalysts tend to increase overpotential in the presence

of alkaline-earth metal cations in electrolyte compared to alkaline metal cations. The study
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reported that the increase in the overpotential is a result of changing bond strength and adsorbate-
adsorbent interactions.!® Moreover, tetraalkylammonium ions also tune catalytic activity on NiFe
oxyhydroxides by shifting pre-catalytic redox peaks and increasing the Tafel slope to 90 mV dec
! compared to the slope of 60 mV dec™ for potassium cation. The authors attribute this behavior

to the increased interaction between the cation and oxygen due to deprotonation during OER.!!

NiFe hydroxides reveal different mechanistic results depending on the different morphologies.
According to Pourbaix diagrams of such catalysts, the reaction order with respect to the specific
intermediate can be determined. The reaction order with respect to hydroxide ions is determined
as 3 for amorphous nickel hydroxide,® 2 for NiFe LDHs,**? and 1.8 for FeOOH-NiOOH hybrid
structure.*? Another study on y-NiOOH prepared from nickel foam indicates a covalent bond
between FeOOH sites on the terrace sites of nickel oxyhydroxides.''® This unusually coordinated

catalyst exhibits 248 mV overpotential at 100 mA cm current density.

1.3 Structure-Property Correlations

As seen in the examples in previous sections, the strategy of catalyst modification requires tuning
kinetic properties and elementary reactions. However, the complexity of these modifications
increases with the presence of multiple parameters regarding material properties. The
computational studies, Bregnsted—Evans—Polanyi relations and scaling relations, demonstrate the
correlations between multiple effects. However, the direct observation of these correlated features
is often complicated with experimental work. AOM indicates that the adsorption energy of the
intermediate should be optimized to increase electrocatalyst performance. Volcano-shaped plots
as in Trasatti’s volcano plot is a clear description of this argument. Some experimental studies
indicate that correlations of more complex electrocatalysts are in agreement with the volcano plot
and at the same time some catalysts have non-volcano shaped trends between experimental
parameters. The aim of this thesis is to observe such correlational behaviors across variations of

nickel and cobalt based hydroxide electrocatalyst.
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Correlational analysis is the comparison and harmonization of multiple experimental and
theoretical descriptors regarding the structure of electrocatalysts. In order to effectively screen all
correlative parameters, a systematic perturbation of the structure is required. This can be done by
fabricating the series of materials by systematic alteration of the desired property. However, these
changes in the system can cause diverse effects on the system and make it hard to control. For
instance, direct information on the catalytically relevant species can be limited by the convolution
of defect and bulk sites as electrocatalysis happens only on the surface species. Moreover,
sometimes modulation of a single parameter is impossible as substitution of an additional metal
cation into the host lattice can create structural distortions, strain, or change in the electronic
structure. Hence, the multiple convoluted effects on the structure should be considered when a
correlational analysis is made. This type of analysis can be done by both synthetic and analytical
strategies such as environmental factors, strain, defects, and electronic factors.

OER involves multiple elementary steps and the overall behavior of the reaction series is
determined by the kinetic and thermodynamic behaviors of each step. A general electron transfer

reaction can be written as:
O+e >R 1.1

Nernst equation shows the equilibrium conditions (equation 1.2):

/ RT r
E=E" ——In=%
F To

1.2)
where Eis the formal reduction potential, R is the gas constant, T is temperature, F is Faraday’s
constant and I'; and I, are the surface concentrations of the electroactive species. The rates of the
anodic and cathodic reactions are described as:

%zﬁzmu (1.3)

ve = — = kI (1.4)
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The rate of anodic and cathodic reactions changes with the applied voltage. The Butler-Volmer
approach is the most widely used to describe the kinetics of electrocatalytic reactions. The essence
of Butler-Volmer formula is to treat all redox reactions as a single electron transfer. The ‘o’
parameter is defined as the transfer coefficient which can be between 0 and 1. Generally, it is
assumed as 0.5 for both anodic and cathodic reactions. Steady-state electrokinetic information can

be obtained with the slope of % when the reverse reaction is insignificant. The slope is converted

to base 10 logarithms and has the unit of mV dec™ and named as Tafel slope (for more detailed
information: Chapter 2.2.8).

The combination of thermodynamic and Kkinetic information about the elementary steps yields
information on the rate-determining step of OER. Herein, the target is to demonstrate how
correlational analysis is effective in detailed OER mechanistic analysis. Equations 1.5-1.8 shows
the single electron transfer steps on the metal hydroxide electrodes.

M!'(OH), + OH= - M™O0(0H) + e~ + H,0, (1.5)
M"O(OH) + OH™ - MV0,+ e~ + H,0, (1.6)
MY 0, +O0H™ - M0(00H)", (1.7)
M"0(00H)™ + OH™ - M''(OH), + 2e~ + 0, (1.8)

In this section, two possible rate-limiting steps and their effects on the reaction mechanism will be
discussed. When equation 1.6 is the RDS the intermediates of equation 1.7 and the products of
equation 1.8 will not accumulate on the electrode surface. The total surface concentration (Ct) will
belong to M(OH), and MO(OH) species. As seen in Figure 1.5A, the concentration of M(OH):
will change from 99% to 1, and this change is associated to a change in Tafel slopes. The logarithm
of current density increases as E> is shifting cathodically since the rate-determining step is the
second electron transfer so the effect of E1 is negligible in this case. Figure 1.5B shows the changes
in oxidation state, and the MO(OH) intermediate becomes observable in and after the transition.

Furthermore, a comparison of Tafel slope and oxidation state (Figure 1.5C) indicates that the
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change in oxidation state is only observed where Tafel slop is readily changing as in the example

where Tafel slope transitions from 40 to 120 mV dec™.
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Figure 1.5 Electrocatalytic behavior and relative surface speciation for the situation where
equation (1.7) is rate limiting for OER. (A) Predicted Tafel plots and relative concentration of
reactants and intermediates. (B) Catalytic performance as a function of transition metal oxidation
state. (C) Oxidation state and voltage as a function of Tafel slope with hollow black and blue
circles signifying oxidation states within their respective colored regions. Dotted lines in panels
(B) and (C) indicate changes in current as a function of E%. Black, red, and blue segments
demonstrate the same regions across the three panels. Figure re-printed with a permission from
AIP Publishing.®

On the other hand, if equation 1.7 becomes the RDS, the complexity of the mechanism increases.
In this case the O-O bond formation has the highest activation energy barrier. Like the previous
case (Figure 1.6), the intermediates start to accumulate on the electrode surface when Tafel slope
readily changes. The mechanism indicates that transitions happen in two stages but as the second
steps voltage sweep to more negative potentials, the first transition broadens, and the relative

concentration of MO(OH) becomes weaker.

As seen in these two cases, reaction kinetics and thermodynamics are based on the steady-state or

minor equilibria conditions where the reaction system has a semi-logarithmic behavior when the

change in concentrations of the intermediate species is negligible. Relying on equilibrium

conditions sometimes masks some important information and limits to obtaining instant
17



information on the reaction system. Because intermediate behaviors are changing in this transition
region (red lines shown in Figures 1.5 and 1.6), and accordingly only a small portion of the

catalyst can be counted as electrochemically active site.
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Figure 1.6 Electrocatalytic behavior and relative surface speciation for the situation where
equation (1.8) is rate limiting for OER. (A) Predicted Tafel plots and relative concentration of
reactants and intermediates. (B) Catalytic performance as a function of transition metal oxidation
state. (C) Oxidation state and voltage as a function of Tafel slope with black and blue circles
signifying all points captured within their respective regions. Dotted lines in panels (B) and (C)
indicate changes in current as a function of E%. Figure re-printed with a permission from AIP
Publishing.®®

For these reasons, an effective way to analyze such transitions is required to gain insight into
reaction mechanisms and ultimately catalyst design. Structure-property or correlational analysis
becomes a part of testing reaction sites of materials. Systematic perturbations of the system yield
consistent changes in the behavior of the active site. These changes yield sometimes a defective,
strained site that behaves differently than bulk. Therefore, constructing correlations between the
behavior of the system and its surroundings and electrochemical behaviors can expand our
understanding on catalysts mechanisms and thermodynamic interpretations.’® In this thesis, our
target is to make a structure-property analysis on iron doped nickel and cobalt hydroxides by
utilizing several characterization techniques and investigating the effect of structural variations on
electrochemical behaviors (Figure 1.7).
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Figure 1.7 Structure-property correlations of the materials described in this thesis.

1.4 Scope of the Thesis

Linking of structure and electrochemical behaviors of heterogeneous catalysis provides a deeper
understanding towards optimize electrochemical behavior for energy conversion applications. In

this thesis, we highlight how synthetic protocols affect the structure and electrochemical

performances of metal hydroxide catalysts.

Chapter 2 summarizes background and theoretical information about each synthesis and
instrumental techniques operated in the studies throughout the thesis are explained thoroughly.
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Chapter 3 expands the effect of geometric strain on iron, gallium, and aluminum-doped nickel
hydroxides fabricated with photochemical route on the electrocatalytic oxygen evolution behavior
are presented. Near-infrared spectroscopy, density functional theory, and potential energy

diagrams of such systems are explained in detail.

Chapter 4 summarizes iron incorporated nickel hydroxides are synthesized with traditional co-
precipitation and co-precipitation with the presence of formamide as OER electrocatalysts.
Structure-property analysis is done with a detailed analysis of multiple characterization techniques
including Madssbauer, X-ray absorption, Raman spectroscopy, X-ray diffraction, and

electrochemical experiments.

Chapter 5 describes structural differences in iron incorporated nickel hydroxides synthesized with
hydrothermal method. Structural analysis, phase segregation, and iron coordination environment

are investigated.

Chapter 6 expands on the impact of synthetic conditions on the electrochemical performances of
iron incorporated cobalt - (oxy)hydroxides are prepared with three different synthetic techniques:
co-precipitation, co-precipitation with the presence of formamide, and hydrothermal method.
Structural and electrocatalytic properties are extensively investigated and discussed.

Chapter 7 A general summary of the studies presented in this thesis and an outlook on nickel and

cobalt hydroxides as electrocatalysts for oxygen evolution reaction is presented.
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Chapter 2

Synthesis and Characterization Techniques

Several syntheses and characterization techniques were used to synthesize LDH materials to
explore the influence of the systematic changes in experimental conditions on structural and
electro(chemical) behaviors. In this section, different types of synthesis techniques employed for
the synthesis of different types of LDH will be introduced. In the following sections, background
information and the several types of analysis and characterization techniques used for these

materials for structural analysis are introduced.

2.1 Synthesis Techniques

Various synthetic approaches have been developed for the synthesis of LDHSs, including co-
precipitation,}*4116 hydrothermal,'!’ sol-gel,}*® reverse microemulsion,!'® urea hydrolysis,
electrodeposition,®12° photochemical deposition,*?* and atomic layer deposition.'?> The
fabrication technique is highly effective in structural properties such as morphology, size, and
surface area pore size.!?® We focused on four different synthetic routes to compare structural
variances, and electrochemical behaviors of catalysts prepared by photochemical deposition, co-
precipitation with aqueous and with the presence of organic molecules, and hydrothermal

synthesis.

2.1.1 Photochemical Deposition

A photochemical deposition technique also known as photochemical metal-organic deposition

(PMOD), involves the deposition of a metal-organic precursor on a substrate and subsequent UV
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irradiation. This technique is a convenient way to obtain thin and smooth films.*?#125> UV light
source is used for activation of precursor coordination complex solutions.'?® PMOD requires a
stable substrate that is not affected by UV irradiation and the formation of stable thin films during
the spin coating process. With the photolysis process, ligands and residues diffuse out of the film
and transition metal oxides are formed after extrusion.'?” The fabrication of films involves the
deposition of a single precursor and therefore the technique draws attention to the synthesis of
different types of metal oxides because of simplifying the synthetic process.%1126128-130 Materials
synthesized with this technique are highly disordered materials and reminiscent of LDHs and a

thickness of a few hundred nanometers scale.!?1%!

Photodeposition technique is an effective way to control the kinetic formation mechanism of such
materials. The decomposition mechanism of the ligand is previously studied by the two-
dimensional Fourier-Transform correlational spectroscopy (2D-COS).}3 In this study, the
formation mechanism of metal oxides from several metal-organic complexes is shown. The
authors showed that the binding mode of the ligand initially changes from monodentate to
chelating modes, and the decomposition process begins in chelating mode. The rate constant of
the formation mechanism is shown as a V-shaped correlation with pKa or electronegativity. This
relation is explained by the Sabatier principle, based on the binding strength of the carboxylate

ligand.

In this technique, metal-organic complexes such as nickel (11) 2-ethyl hexanoate, iron (111) 2-ethyl
hexanoate are used as precursors for the synthesis of amorphous metal hydroxides (2.1). Metal
complexes with desired concentration are firstly dissolved in a solvent such as ethanol, and

solutions are spin-coated onto FTO films and put into UV-irradiation chamber for 24 hours.

uv,25°c
Metal 2 — ethyl hexanoate precursor —— amorphous metal oxide + C0O,(g) +

CxHy (8) (2.1)
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2.1.2 Co-precipitation

Co-precipitation method for the synthesis of LDHSs is the concurrent precipitation of hydroxides
of M(I1) and M(111) where M(I1) and M(111) salts are precursors. The co-precipitation technique is
one of the most convenient and rapid techniques for the synthesis of metal hydroxides such as
nickel hydroxides or cobalt hydroxides blended with other cations. Co-precipitation allows
yielding high-purity and crystalline products. The crystallinity of the LDH can be tuned with
several experimental parameters including pH of the medium, concentration, type of the solutions,

reaction speed and temperature, metal concentration, and the ratio between metals.3

The co-precipitation method can occur at either constant pH or increasing or decreasing pH values.
The advantage of this method is in variability in choosing metal salts, reaction environment, pH,
and the stoichiometric ratio between different metal sites.** The drawback of this technique is

hard to control the size and distribution of materials which results in larger particles.

The general strategy for synthesizing transition metal (oxy)hydroxides present in this thesis is as

follows:

Aqueous pH precipitation was carried out by dissolving appropriate amounts of ferric chloride and
nickel or cobalt chloride hexahydrate to obtain a desired total metal ion concentration with the
desired stoichiometric ratios varied from 0% to 30% of Fe. While the aqueous solution was stirred
under N2 environment, a 1M NaOH was added dropwise until pH of the solution was around 12.
The solution was stirred for 10 minutes and followed by a centrifugation process. The final product
is washed with water and acetone several times and oven-dried in an oven at 75 °C overnight. The
color of the powder samples of nickel and cobalt hydroxides have green and pink, respectively. As

iron is doped the colors turn brownish-green and pink.

2.1.3 Co-precipitation with the presence of organic molecules

2-dimensional LDHs are attractive due to their anisotropy, higher surface area, and conductivity
properties.’*® Thus, several methods have been proposed to prepare LDHs in this morphology and

increase the distance between layers to increase the number of electrocatalytically active sites and
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tune the charge density of the sheets.’3¢*° Modulation of anionic species between LDHs induces
the formation of single-layer nanosheets. The most common method to synthesize LDHs in
nanosheet form is exfoliation of the sheets with the help of organic molecules or simply adding

them to reaction solvent during the synthesis,10%:137:140.141

Precipitation from aqueous solutions in the presence of organic molecules such as formamide,
sodium dodecyl sulfate, ethyl sulfate, octyl sulfate, hexadecyl sulfate, and octadecyl sulfate has
been reported for the synthesis of two-dimensional layered double hydroxides,01136:138.142 The
thickness of the sheets and the interlayer distances synthesized with this method are reported as
approximately 13 A, and 8-22 A, respectively.'*814® Materials synthesized with this technique

exhibit a high number of defects and structural distortion in the lattice that favors OER activity.

The process developed for alkaline precipitation was modified following a literature protocol to
fabricate colloidal solutions of individual 2-dimensional nanosheets. Aqueous solutions containing
30% v/v formamide and a total 0.35 M metal ion concentration with an appropriate ratio of nickel
chloride and ferric chloride were titrated by NaOH solution. Aggregated particles were removed
and individual nanosheets were collected by centrifugation of the remaining supernatant colloidal
suspension. The final product is washed with two 10 ml aliquots of water, then with three 10- ml

aliquots of acetone, and dried in an oven at 75 °C overnight.

2.1.4 High Temperature Synthesis

High temperature synthesis or hydrothermal synthesis is often employed to prepare crystalline
materials.®"1% An electrocatalysts fabrication using high temperature methods can be
accomplished by either using an autoclave or boiling the content. The synthesis of LDH type
materials with these techniques is very common since these methods offer higher crystallinity of
products and larger scale of the products.*®*

Hydrothermal synthesis of transition metal (oxy) hydroxides reported in this thesis follows this

experimental procedure: The aliquots of ferric chloride and nickel chloride hexahydrate were

prepared in 5 M KOH. Solutions were added to a Teflon reactor with desired stoichiometric ratios
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and a total metal ion concentration of 0.6 M. The reactor was heated to 140 °C at 5 °C min™ and
held for 16 hours, after which the supernatant fluid was removed. The solid was rinsed with H2O,
then added to the reaction vessel with 40 ml of H-O and heated to 170 °C at 10 °C min™. After 16
hours the final product was collected by vacuum filtration. The samples were then rinsed with H.O
until pH was between 7.5 and 8.5 then washed with ethanol and oven dried at 200 °C for 2 hours.
The final color of nickel hydroxides was green, and pink powders are obtained with cobalt

hydroxide synthesis.
2.2 Characterization Techniques

2.2.1 Electromagnetic Spectrum

Electromagnetic energy is in waveform and spans a spectrum from shorter gamma waves to longer
radio waves. The eyes of humans can only detect a smaller region of the spectrum that is visible
lights. Different instruments detect specific regions of the spectrum, and they are listed in Figure
2.1. In this thesis, several characterization techniques that span nuclear, chemical, and molecular

energy levels and their details are explained in the following sections.

Nuclear Energy Chemical Energy Molecular Energy Spin Energy

y-ray Hard X-ray Soft X-ray Vacuum UV Near UV Visible NearlR Mid IR Far IR Microwave Radiowave

I 1 I I ry 1 L1 I
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Figure 2.1 Electromagnetic spectrum and their corresponding energies, wavelengths, and
characterization techniques associated with different regions of the spectrum.

2.2.2 Powder X-ray Diffraction (P-XRD)

Powder XRD is a common technique for analyzing crystal structures with long-range order and

the identification of different types of phases. The technique was investigated by Sir W.H. Bragg
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and Sir W.L. Bragg in 1913.1%5-%47 XRD measures the periodicity of the atomic structure of
crystals. It is a useful technique to detect the quantitative and qualitative properties of the samples.
Quantitatively, the interlayer distances, spacing between atoms in the same row, determining the
orientation of grain or the crystal structure, measuring size, strain, and shape of the materials that
are being tested. Qualitatively, the crystal structure of an unknown chemical can be determined
with the help of the XRD technique since each material has a unique peak position and intensity
in XRD experiments.

The electrons in an atom consistently scatter light and the intensity of the scattering light is
proportional to the number of electrons around the atom. The atoms in the crystal structures are
located periodically and therefore they can diffract light. X-rays scattered from an atom produce
an X-ray diffraction pattern that contains information on the atomic arrangement of the crystal
structure. Crystal structures are associated with symmetry elements to characterize the atomic
arrangement of the samples. Peaks in an XRD pattern are associated with the planes of the atoms
and Miller indices (hkl) which define the reciprocal of the axial intercept are used to identify these
planes. The location of a peak is measured by the length of the parallel planes of the atom. XRD's

working principle can be explained by Bragg’s law in equation (2.2):

nA =2d sinf (2.2)

where d is the distance between layers, and n is the integer that refers to the order of diffraction
(Figure 2.2). and lambda () is the wavelength of the incident X-ray beam:
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2 A= 2dsinB

Figure 2.2 Schematic representation of Bragg’s Law.

Bragg’s Law informs the angle where constructive interference occurs as they produce the
diffraction peak. The arrangement of atoms in the crystal structure determines the intensity of the
diffraction peak. X-rays are scattered by the electrons around nuclei, a scattering factor is taken
into account to derive the intensity of the diffracted beams without any assumptions. With this, the

number and the position of specific atoms can be determined (equation 2.3):

Fra = Y1_y Nif () e 2m(xitkyi+iz) (2.3)

where Fnu is the sum of the scattering from all atoms in the unit cell to form the diffraction peak
from (hkl) plane, xi, yi, and z; are the fractional coordinates that represent the locations of the atoms
on the (hkl) plane, f is the scattering factor that depends on scattering angle and atom type, and N

is the fraction of the equivalent positions occupied by the atom.

Several approaches are employed to measure an XRD pattern of a sample. The first one is referred
to as the Laue technique in which the angle of incidence is fixed, but the wavelength is variable.
The second approach is a more traditional way that uses monochromatic X-rays for a fixed
wavelength and variable angle. There are two common geometries for this technique. The most

often encouraged one is using a flat-plate geometry that is called as Bragg-Brentano geometry. In
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this technique, the diffraction vector is normal to the sample surface. The incident angle is half of
the detector angle. Two common ways are employed to measure the XRD patterns. In the first
approach, the X-ray tube is fixed, and the sample and detector rotate at 0° and 20° rotates
respectively per minute. In the second approach, called as Debye-Scherrer geometry, the sample
is fixed, and the X-ray tube and detector rotate by the incident angle at the same rate in opposite

directions.

XRD patterns in this dissertation were measured by using a PANalytical Empyrean diffractometer
with Cu K radiation (A = 1.5405 A) and 26 angles between 10-80 degrees at a step size of 0.0250°.
The Bragg—Brentano geometry equipped with a PIXcel bidimensional detector with a Ni Kg filter

was used.

2.2.3 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is complementary to XRD, providing a way to analyze the
local coordination environment and electronic structures of the materials. XAS involves electronic
transitions; an X-ray photon interacts with a core electron in the K or L edges. The electron excites
and moves to an unoccupied state above the Fermi level. An electron from the higher energy level
decays into the core-hole created by the excited electron and emits a photon or an Auger electron
is emitted from the energy of the higher energy level. Absorption of X-rays can be explained by
the Beer-Lambert law which shows the exponential relation between the intensity of the incident

radiation (lo) and the radiation after passing through the sample (1) (equation 2.4):

li= 1o end (2.4)

where p is the absorption coefficient and d is the thickness of the sample. u has dependence on

energy of incident radiation (Eo), density of the sample (p), atomic number (Z) and mass (A):

w(E)~ 22 (2.5)

AES
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When the energy of electron in core levels of atom is equal to the incident photon energy
absorption coefficient dependency starts to deviate and a sharp rise in the absorption called
absorption edge (Eo) is observed. Absorption jump occurs when incident beams excite the core
electrons of the absorbing atom to one of the unoccupied states in the valence shell. The location
of Eo is element specific and depends on Z? and the intensity depends on sample thickness and

concentration of the absorbing atom.

A typical XAS spectrum can be divided into two main regions. These two regions reveal different
details of the absorber atom, yet they are complementary to each other. The first region called as
the X-ray absorption near-edge structure or near-edge X-ray absorption fine structure (XANES or
NEXAFS) region consists of shoulders and peaks near the absorption edge (Figure 2.3). XANES
analysis gives information on the molecular, electronic structure, symmetry of coordination

environments, and oxidation state of the element being measured.
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Figure 2.3 A typical XAS spectrum shows XANES and EXAFS regions.
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XANES includes electronic transitions from the ground state to localized state, and dipole-allowed
transitions to localized states yield prominent and large peak called white line, especially in L and
M edges. In K-edge, the s-d transition is dipole-forbidden and therefore the quadrupole transitions
are very weak in pure metals, so a sharp white line is not observed for such species. Furthermore,
pre-edge feature before white line and edge regions is observed due to hybridization effect, as the
vacant d-states may assume p-states characters, so the transition becomes dipole-allowed.1*® Pre-
edge features are often useful to distinguish symmetry and distortions.

The second region is the post-edge is called as extended X-ray absorption fine structure (EXAFS)
that extends a few keV above the Eo. EXAFS oscillations are a result of the interaction between
photoelectron from the core level of the absorbing atom and the electrostatic potentials of the atoms
near absorbing atom. EXAFS gives information on the distance between absorbing atoms and
their neighbors. Neighboring atoms affect the absorption probability and therefore we observe an
oscillatory structure of the measured spectrum. For these reasons, EXAFS region requires a

background elimination and normalization steps (equation 2.6):

_ uE)—uo(E)
x(E) = Apo(Eo) (2.6)

where y(E) is the normalized spectrum, u(E) is the measured spectrum, u, (E) is the background
function and Au,(E,) is the difference between pre-edge and post-edge regions background
calculated as Eo and called absorption jump. Eo represents the minimum energy to excite the

photoelectron to higher energy levels.

After background subtraction and normalization process the EXAFS signal needs to be converted

to k-space (photoelectron wavenumber) from energy space by the relation in equation 2.7:

k= /%”;‘EO) 2.7)
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where h is the reduced Planck’s constant, and m, is the electron mass. Photoelectron wavevectors
have destructive and constructive interference. The condition for a constructive interface is shown

in equation 2.8:
2R-nA\ (2.8)

where R is the reduced distance between the absorbing atom and neighboring atoms, A is the
wavelength, and 2 factor represents that electron travels between the absorber atom and its
neighbor in two directions. Since photoelectron is a wavefunction, reaches a maximum value when

a constructive interference occurs, and it can be written as:

x(k) « cos (#) o cos (2kR) (2.9)

However, the equation 2.9 does not reflect EXAFS fully since for an elastic scattering bond
distance, the identity of the element and wavevector are effective parameters on the scattering.
Therefore, a probability function is needed to incorporate in equation 2.10:

x(k) < f(k)cos (2kR) (2.10)

where f(k) is the proportionality function or scattering amplitude that is calculated during the
simulation process. Furthermore, EXAFS focuses on the atoms within 5-10 A of the absorbed atom
hence the radial distribution of atoms around the absorbing atom needs to be considered. The
distances in EXAFS are called as coordination shells and the closest distances are named first
coordination shells. Shells are comprised of identical atoms’ places at a uniform radial distance
from the absorbing atom. EXAFS signal is the combination of the scattering paths of possible

photoelectron interactions and can be represented as:

x(k) = X fi(k) cos(2kR;) (2.11)
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where the subscript i represents each individual coordination shells. However, the equation 2.11
does not include the contributions of degeneracy or stoichiometry. The term Niis incorporated into
equation 2.12 to consider the effect of degeneracy.

x(k) = X Nifi(k) cos(2kR;) (2.12)

As photoelectrons are ejected from the absorber atoms they move in a uniform as spherical waves.
These spherical waves interact with the electron density of neighboring atoms and introduce a
phase shift, 5i(k). It compensates for the movement of electron orbitals. EXAFS equation becomes

as equation 2.13 after incorporation of phase shift:

() = %N, ED sin (2kR; + 5,(k)) (2.13)

kR? term is incorporated into 2.13 since photoelectrons move in spherical waves. In addition, the
cosine function in equation 2.13 is replaced by the sine function to unite the phase shift parameter
[6;(k)]. In addition to these factors, there is no defined border between XANES, and EXAFS
region and it is associated with the mean free path of the excited electron [A(k)]. Mean free path
affects the lifetime of the core-hole and inelastic interactions. Since EXAFS region involves high
energy interactions A(k) dramatically decreases and the interactions are limited by a few
neighboring atoms. For these reasons, EXAFS inform on the local environment of absorbing atom
and affected by Rjand shown as:

2R;
X)) = LN, EED e 730 sin (2KkR; + 6,(k)) (2.14)

As the core hole affects the interaction between ground and excited states after the photoexcitation
in an element characteristic way, the amplitude of the signal decreases. For this reason, the

amplitude reduction factor (S3) is incorporated into EXAFS equation becomes as equation 2.15:
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2Ri
x() = 53 5 N2 & 730 sin (2kR; + 6;(k)) (2.15)

EXAFS represents an average of the coordination shell around absorbing atom, however, the
disorder including static, and thermal disorders weakens the oscillations. The effect of disorder is
incorporated into EXAFS equation with the mean square displacement parameter (c?) (equation
2.16):

2R; 2
x() = S35 N2 & 730 07271 % sin (2kR; + 6,(k)) (2.16)

2.2.3.1 XAS Measurement

An XAS measurement is performed by measuring the XAS absorption coefficient as a function of
incident X-ray photon energy. This requires the ability to scan X-rays over a range of 1-2 keV, and

to acquire high signal-to-noise ratio data for analysis of EXAFS oscillatory.

XAS is traditionally performed at synchrotron facilities, where magnets force electrons traveling
relativistic velocities to turn shedding energy as broadband radiation. Single-bending magnet
synchrotrons are adequate to produce radiation for typical XAS experiments. For more complex
experiments that require higher X-ray radiation such as time-resolved or dilute samples, special
insertion devices for example wiggler and undulator insertion devices are used. In essence,
insertion devices are periodic magnetic arrays that are installed as either linear or circular way,
and hence XAS beams with wiggler or undulator yield highly polarizable radiation with a superior

brightness over a wide range of energy.

The most common XAS setup consists of mirrors to collimate the beam and remove the

unnecessary part of the emitted radiation, a rotatable monochromator that consists of two single

crystals, with a specific orientation for the desired wavelength, and inert gas filled ionization

chambers as detectors that measure the X-ray intensity of sample and the reference. A metal foil

of the same absorbing element is often placed behind the sample and used for the alignment of

instrument. X-rays passing through the ionization chambers, ionize the gas molecules, which are
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subsequently detected as a current which is proportional to the X-ray intensity. In order to convert

current into signals as voltage current amplifiers are used to reach a detectable current.

Three common methods for measuring XAS are transmission, fluorescence, and total electron
yield technigues. In the transmission mode the quantification of the absorption can be made by

comparing the incident and transmitted beam for the transmission mode (equation 2.17):

I, = [je~#E)M (2.17)

where d is the thickness, lo and It is the X-ray intensity before and after the sample. XAS
measurements in transmission mode generally have a good signal-to-noise ratio with a good
quality of samples with appropriate concentration and thickness of the absorbing atom and the
homogeneity of the sample.

XAS in fluorescence mode measures the fluorescent X-ray from the excited atom that fills the core
hole. In fluorescence mode, the detector is placed orthogonal to the incident beam to reduce elastic
scattering from the sample and the background. In order to minimize the self-absorption effect in
fluorescence mode thin and less concentrated samples are preferred. Under these conditions the
fluorescence intensity becomes equation 2.18:

u(E)~ <L (2.18)

Io

The third mode of XAS measurement is total electron yield mode. The geometry is similar to
fluorescence mode, but the Auger electrons are measured in total electron yield mode instead of
photons. As only the electrodes being ejected from a few nanometers deeper than the thin surface
of the materials are detected with this method, total electron yield mode is highly sensitive to atoms

near the surface.

Synchrotron facilities have a broad range of collimated energy, high flux, and small size of the
source. All synchrotron facilities have a storage ring, and the electromagnetic radiation is emitted

into beamlines. Each beamline has its specific experimental conditions that are optimized with its
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optics. As electrons pass through a beamline X-rays are generated with the help of bending
magnets for steering electrons to beamlines and generating photons and wigglers that have very
high dipole moments and undulators that are similar to wigglers but with shorter magnet periods
and smaller distances. In this thesis, XAS experiments were conducted at Brookhaven National
Laboratory (BNL) synchrotron facility. All the Ni and Co K-edge samples were recorded in
transmission mode, Fe K-edge data was recorded in both fluorescence and transmission modes
since iron absorber is dilute in the sample series which prevents obtaining a desirable edge step.

2.2.3.2 EXAFS Simulations

The background function, normalization steps, and Eo value affect the shape of EXAFS spectrum.
Hence, a systematic data reduction process is very important for analyzing a series of samples.
Path parameters are the mathematical expressions of the parameters in the EXAFS equation. The

results and fit quality are highly dependent on these parameters:

N is the path degeneracy, and it is used for the determination of coordination numbers. So? is the
amplitude reduction factor. It is used for modifying the path intensity of the fitting model. It cannot
be a negative value. The concentration of vacancies, dopants, and coordination numbers are
effective factors in the determination of amplitude reduction factor. AEo is used for correcting Eo
for correcting the wavenumber. AE aligns the grids of wavenumber or energy of data to theory.
AR is used to adjust the length of the half path. This value modulates the interatomic distances of
a single scattering path. It is a function of Ress which is the calculated bond distance of the specific
shell. 6?is called as Debye-Waller factor which is the mean square variation in the path length. It
represents thermal or static disorder at the path. It cannot be a negative value. Phase correction is
done before Fourier transform to eliminate the contributions of the absorber and the scattered atom
which is why we observe different lengths in the simulation results. R- factor and X? are the
statistical values that give information on the quality of modeling. R-factor is the uncertainty of
the correlations between parameters used in fitting the materials. To be more specific, it is the

percent misfit between experimental data and EXAFS theory. In general, a good fit has an R-factor
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value of less than 0.02. X2 is the statistical parameter. A good fit is expected to have a X? value

that is close to 1. However, X? itself is not enough criterion to evaluate modeling quality.

2.2.3.3 Wavelet Transform Analysis

Wavelet transform (WT) recently attracts attention since it provides a clear description of
neighbor-specific interactions. By using a continuous wavelet transform, we can distinguish
between the noise and multiple scattering pathways at various R-spaces. While a typical EXAFS
analysis consists of Fourier Transform (FT) process in which a complex wavefunction is converted
from k- space to R-space. However, due to the nature of FT some information while the conversion

may not be very clear like the nature of the various peaks.

The maxima of different shells in k-space information are not obvious as a result of FT and this
can be solved by using wavelet analysis. In WT the wavefunction is multiplied by a Gaussian
function and the wave becomes weighted towards a particular part of the k-space and that is
multiplied through the spectrum (Figure 2.4). In a WT spectrum, we can tell that a specific peak

in the radial distribution function corresponds to a certain part in the k-space spectrum.

WY (k) = %, xow =) dk (2.19)

where y (k) is the EXAFS data, vy is the mother wavelet. The mother wavelet is often selected to

be either Morlet wavelet or Cauchy wavelet. The Morlet wavelet is represented as:

Y(k) = =e'@*e " [ y(lydk =0and a = (3) (2.20)

where ¢ and n are two adjustable parameters of the frequency of the wave and the shape of the
Gaussian (Figure 2.4). These two parameters are effective in the resolution of WT spectra in two-
dimensional space. The resolution of k space and R space is inversely related to each other, and it
can be represented as Heisenberg’s boxed as in equations 2.21 and 2.22:

[kFAk] x [RFAR] (2.21)
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Figure 2.4 Sample Morlet Wavelet Transform analysis on LaosCaosC003.5 shows continuous
wavelet transform and the effect of parameters on the WT spectrum. Reprinted with permission
from AIP Publishing.*

2.2.4 X-ray Photoelectron Spectroscopy (XPS)

XPS is a useful technique for the determination of the electronic structure such as oxidation state
of the elements, ionization energies and relative surface compositions, and valence band structures.
In XPS, X-ray beam is irradiated on the surface of the sample and kinetic energy and the number
of electrons ejected from the inner shells of the sample as photoelectrons are quantified. This
phenomenon is called the photoelectric effect. These ejected electrons have kinetic energies which
are used to determine the chemical composition and the electronic structure of the sample. While
kinetic energy is independent of X-ray energy, the scale of binding energy and peak positions of

Auger electrons is dependent on the X-ray source (equation 2.23):
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Exkinetic= Ephoton - Ebinding - d)spec (2.23)

where Ekinetic IS the Kkinetic energy of the ejected photoelectrons Ephoton is the energy of the incident
X-ray, Ebinding is the binding energy and ¢spec is the work function of the element. Work function
describes the minimum energy needed to remove an electron from a solid. Apart from electrons
ejected by the X-ray, Auger electrons can also be detected with XPS. Auger electrons are emitted
when an electron-hole is created in lower energy shells such as K, and the hole is filled by another
electron from a higher energy shell. The energy of this process ejects another electron and that is

the Auger effect.

A typical XPS instrument consists of an X-ray source, an Ar ion gun, neutralized, vacuum system,
and an electron energy analyzer. Ultrahigh vacuum system where the pressure is less than 10”7 Pa.
Due to the spin-orbital splitting, two separate peaks are observed for s, p, and d orbitals. Spin
orbital splitting is a characteristic feature of an element. The value of the splitting of the core level
of an element is the same in various compounds. Another important parameter in XPS spectra is
the peak area ratio, and this value is also expected to be the same for an element in different
compounds. Spin orbital splitting and peak area ratio are used to identify an element in a

compound. The ratio of s.12 and s+12 is 1/2, 2/3, and 3/4 for p, d, and f orbitals respectively.

Sampling depth is another important parameter for an XPS measurement. The value of the
sampling depth depends on the kinetic energy of the photoelectron and the type of material. XPS
spectrum is generally represented as the intensity versus binding energy or the kinetic energy. In
an XPS measurement, chemical shift value is reported, and it is defined as the response of a
material by changing the core electron binding energy caused by the change in chemical bonding
of the element. The essence of the chemical shift is the electrostatic interaction between the
electron and nucleus. When oxidation happens, the binding energy increases and for the reduction,

it’s vice versa.

XPS technique is an advantageous technique in terms of its surface sensitivity, being non-

destructive, and providing information on chemical bonding.
38



2.2.5 Vibrational Spectroscopy Techniques

Vibrational spectroscopy techniques are useful for the determination of the structural and
electronic and mechanistic properties of the materials. In the structural aspect, the characteristic
properties of vibrations, detection of functional groups, isotope shifts, and normal coordinate
analysis can be done with infrared, Raman, and resonance Raman spectroscopy. Electronic
information can be extracted by resonance Raman spectroscopy for the identification of electronic
transitions, bonding properties, and excitation profiles. Mechanistic information, such as time-
resolved intermediate profiles can be extracted with the combination of other characterization
techniques such as electrochemistry. These techniques are complementary to other techniques.

2.2.5.1 Factor Group Analysis

Factor group analysis (FGA) helps to derive the irreducible representation of each crystallographic
site in a lattice. It was introduced by Bhagavantam and Venkatarayadu in 1939. With the help of
FGA, the vibrational properties at k=0 (the center of the Brillouin zone) of a crystal structure can
be investigated. The process consists of identifying the point group and identifying the site
symmetries in the unit cell. It is followed by correlating the site symmetry and the lattice symmetry,
and the determination of the irreducible representation per site.

FGA helps to estimate infrared and Raman active modes of crystal lattices. Selection rules apply
for the determination of these modes. The linear characters and quadratic characters in the
character table represent infrared and Raman active modes respectively. According to FGA of
brucite, four Raman and four infrared active modes exist. (Figure 2.5 and 2.6).
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Figure 2.5 Raman active modes of brucite B-Ni(OH)..

Figure 2.6 Infrared active modes of brucite B-Ni(OH).. Solid arrows and dashed arrows represent
and rotational lattice modes respectively. Figure is adapted from*®°
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2.2.5.2 Raman Spectroscopy

Raman spectroscopy reveals vibrational and rotational transitions of materials and assesses the
structural defects in materials. It is complementary to FTIR spectroscopy, the difference between

FTIR and Raman spectroscopy arises from differences in the selection rules.

In Raman spectroscopy a laser as the monochromatic light source is shining on the sample of
interest and scattered light from the sample is detected and analyzed. Different laser frequencies
can be used in a Raman experiment. However, fluorescence occurs when a photon absorbs and
then re-emitted by the sample. Raman scattering involves inelastic scattering collision. Raman-
active vibrations change the polarizability of a molecule when they are exposed to a vibrational
motion. A molecule in its ground state with the energy of hv accepts energy from a photon and is
excited to a higher energy level (virtual energy state) h(vex-vvib) and in the meantime, incident
radiation scatters with energy. The frequency of the scattered energy (vex-vvib) is called as Stokes
line. (Figure 2.7) Furthermore, when this molecule returns to its ground state has an extra energy
hv, and the photon scatters with the frequency of h(vext+vovin). This frequency line is called the anti-
Stokes line. According to the Boltzmann distribution, and the population of the vibrational levels
the intensity of the anti-Stokes line is lower compared to the Stokes line. Rayleigh scattering occurs
when light and the energy of the sample interacts, and the frequency of the scattered light remains
the same. In this situation, the electron in the molecules oscillates at the same frequency and the
oscillating dipole radiates the energy in each direction. Rayleigh and Raman scattering processes
are generally not very efficient. To make this process efficient, a very strong laser beam is required.

Raman measurements were performed using a Renishaw inVia Reflex confocal Raman
microscope. A 532 nm (Renishaw DPSSL, 50 mW) laser, filtered to 1% of maximum intensity
unless otherwise stated, was used in conjunction with 1800 lines/mm diffraction grating. Raman
data were processed and analyzed by Renishaw WIRE 5.3 software package. Processing of spectra

includes subtraction of baseline, spectrum normalization, and curve fitting.
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Figure 2.7 Schematic representation of Stokes, Rayleigh, and Anti-Stokes scattering. Reproduced
with permission from Springer Nature.>

2.2.5.3 Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR is one of the most popular techniques for mostly organic and inorganic scientists. It is used
for the determination of chemical and structural behaviors of the materials such as organic
functional groups, fingerprinting of an unknown organic and inorganic compound, and
determination of the conformation of molecules, their stereochemistry, and measuring optical

conductivity. Solid, liquid, and gas phases can be tested with FTIR spectroscopy.
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The source of infrared radiation is heat or thermal radiation and molecular vibrations happen when
the frequency of applied infrared radiation is equal to the frequency of the vibration of the sample.
If a molecule absorbs the infrared radiation, there should be a change in dipole moment by

vibrations and rotations.

Infrared spectroscopy covers ca. 1 meV to 1 eV energy region and it is divided into three areas in
the electromagnetic spectrum. Near-IR spans 4000-14000 cm, mid-IR spans 500-4000 cm™ and
far-IR spans 5-500 cm™. Rotational level energy changes happen below 100 cm™ wavenumber
regions. Vibrational levels are quantized, and the vibrational energy levels of most molecules
typically correspond to the mid-IR region. Molecular vibrations can be classified as stretching and
bending. Stretching vibration points out a change in the interatomic distance on the axis of the
bond, on the other hand bending vibrations represent a change in bond angle. There are four types
of bending vibrations which are scissoring, wagging, rocking, and twisting.

Wavenumbers are typically shown as the x-axis of an FTIR spectrum since it is directly
proportional to the energy of infrared absorption. Percent transmittance (T%) or absorbance is
commonly used for the y-axis of the spectrum. Transmittance (T) is the ratio between the
transmitted intensity by the sample and the intensity of infrared radiation:

T=1 (2.24)

Iy
Transmittance of a sample is often represented with the percentage:

T% = éxlOO (2.25)

The relation between absorbance and transmittance is given by the Beer-Lambert Law (equation
2.26)

A= —log (T) (2.26)
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The combination of the equations (2.25 and 2.26) yields equation 2.27:

A=2-10g10(%T) (2.27)

Attenuated total reflection (ATR) is a fast and easy way to measure FTIR spectrum of a sample.
In this technique, infrared light passes through a crystal and the molecular information is obtained
by the interaction with the sample and infrared beam. It is a non-destructive process. It is suitable
for a wide variety of samples such as powders, pellets, liquids, oils, and pastes. Limitations of
FTIR spectroscopy are the transparency of the background and molecule activity in the infrared

region.

2.2.6 Mossbauer Spectroscopy

Maossbauer spectroscopy, named after Rudolph L. Mdssbauer, is the absorption of recoilless
nuclear gamma rays by nuclei. Prof. Mdssbauer was awarded Nobel Prize in physics due to his
discovery and contributions to recoilless nuclear resonance fluorescence (i.e., Mdssbauer effect).
Maossbauer spectroscopy is a valuable technique for different areas of science including physics,
chemistry, earth sciences, and biology, and informs experimenters about the chemical
environment, valency, electric field gradient, and magnetic properties of samples being tested.

The nuclear transitions because of the y-rays absorption from the sample, nuclear spin quantum
numbers of the atom change. The absorption depends on the electron density of the nucleus. The
numbers and shapes of the peaks give structural information. The theory of the Mdssbauer effect
is that an element (emitting atom) that has excited state energy (Ee) transitions into ground state
energy (Ey) by emission of gamma quantum energy. Accordingly, this gamma quantum energy is
absorbed by the same type of element (absorber atom) that is in its ground state. The second
element undergoes resonance absorption. During these processes, the recoil effect is eliminated

with the absorption and emission of y-rays. (Figure 2.8)
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Figure 2.8 Schematic representation of working principle of Mdssbauer spectroscopy.

Recoil effect (Er) is defined as an atom or a molecule that undergoes an emission or absorption of
y-quanta (Ey) is affected by a recoil effect (equation 2.28):

2
Ey

= L (2.28)

The Mossbauer effect can be observed in more than forty elements in the periodic table (Figure
2.9). The most commonly used Mdssbauer nuclide is °’Fe.

w
I WA
1A [ 1)
1 z
s 1 1w ® 1 " He
g 18 WA W wa s pan
3 4 _ M 3 a 7 L] L] 1
Li Be Maossbauer-active elements B C N ©O F Ne
e O b
n ”
Na Mg 3 . P
b S B ot
e e e & £
1 n 2 n
K Ca 8c Ti
Potmun iy .18
W We W W
* £ 9
Rb S8r Y Zr
b e i O
RS ODWm W
s @ sn om
Cs Ba Hf
s g e - | omem | wmn | e | o A e
L) sa 23108 104 08 108 a1 108 108 18 m 13 13 1ns 1m
Fr Ra Rf Db Sg Bh Hs Mt Ds R.;Q Cn Uut FI
B a3 ;
L o e oa (2] 1= (=] 4 -] o LT} @0 L) m m
ot |la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm ¥Yb Lu
i B =~ el - - Wl el B
) ) o w = - " s w_ @ ® wo e w3
4o« Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
el el e o ol -l < Rt

Figure 2.9 Mgsshauer active elements across the periodic table.>?
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There are three important interactions of nuclei with their chemical environment that changes the
absorption energy. (Figure 2.10). The first parameter is isomer shift () from changes in the
electron environment. It arises from a change in the size of the radius and is shown in equation
2.29:

5= (e0/5) (Ze’R?) (AR/R) [|ws(absorber)|? - [ys(source)|] (2.29)

where eo is the permittivity of free space, Z is the atomic number, e is the charge of an electron, R
is the radius and AR is the difference in radius of an atom between excited and ground state, and

|ws| is the s- electron wavefunctions of the nuclei in absorber and source.

Isomer shift values show a dependence on the oxidation state of the element tested. For instance,
Fe(I1) has larger isomer shifts than Fe(l11) since isomer shift is associated with electron density at
the nucleus. Isomer shift is mostly sensitive to s- orbital electron density since the wavefunction
of s-orbital has its maxima at the nucleus and p, d, and f orbitals have zero wavefunctions.
Furthermore, it is affected by the screening nucleus by p and d orbital electrons. For *>'Fe, an
increase in electron density of 3d orbital increases the isomer shift but an increase in 4s orbital

decreases the shift.

The second parameter is the electric quadrupole splitting (AEq) which describes the interaction
between the nuclear quadrupole moment and the electric field gradient in the sample. It informs
about the molecular symmetry, oxidation state, and bond characters of the nuclei environment. In
order to be an electric quadrupole interaction occurs, at least one of the nuclear states should have
a quadrupole moment (eQ) and inhomogeneous electric field in the nuclei. AEq is measured by
the energy difference between two resonance lines i.e., I=% and 1= 3/2 (Figure 2.10). Shape and
the symmetry of the ligand field around the atom are under the effect of the quadrupole splitting

(equation 2.30):
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1

AEq =2eQVy (1+1) (2.30)

where V4 is the electric field gradient, and n is the asymmetry parameter which is an additional

parameter for nuclei with non-axial symmetry.
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Figure 2.10 Schematic representations of isomer shift and quadrupole splitting parameters.

The shape of the nuclear charge distribution is affected by the electric field gradient. Such as
symmetric molecules and symmetric d orbital electron distribution produce a singlet, but when the
ligand field is not symmetric a singlet peak is formed. In °’Fe Mdssbauer spectroscopy, a doublet
peak forms when electric quadrupole interaction occurs in the absence of magnetic dipole

interactions.

The third interaction is magnetic splitting (AEm) which is the magnetic dipole interaction between
the magnetic dipole moment and the magnetic field. This interaction enlightens the magnetic

properties of the materials such as ferromagnetism and anti-ferromagnetism.
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2.2.7 Transmission Electron Microscopy (TEM)

TEM is a high-resolution imaging technique that is used to analyze the fine details of the materials
such as shape, size, composition, and defects. The technique was developed in the 1930s by Knoll
and Ruska.'®*1>* TEM uses a highly energetic electron beam to shine on the thin sample and tests
the interactions between electrons and atoms. The shorter wavelength of the beam enables to obtain
high-resolution TEM images. With the recent developments, a TEM is capable of ca. 0.04 nm
spatial resolution and ca. 4.2 meV high energy resolution.*® The electron beam passes through
the specimen to provide a contrast and produce a TEM image. The atomic scale information can
be obtained with the combination of energy-dispersive X-ray spectroscopy (EDX) and electron
energy-loss spectrometry (EELS). For these reasons, the local structure of a catalyst can be
identified. TEM works under ultra-high vacuum conditions and therefore specimen preparation
has a great impact on the formation of the image. The thickness, component, and structure of the
specimen are important factors for image quality. Samples can be prepared by direct coating on
TEM grids or cutting with gallium or argon beams.

A Hitachi HD2000 microscope was used for scanning transmission electron microscopy (STEM).
Approximately 5 mL of an ethanol suspension of the sample synthesized in formamide was coated
on a carbon grid using an Eppendorf pipette. A gentle stream of N2 was directed over the grid for
about 3 minutes to remove the solvent. The STEM was operated at 200 kV using secondary

electron imaging.

2.2.8 Electrochemical Techniques

Electrocatalytic properties of the individual materials were investigated by a series of diverse
electrochemical experiments. Cyclic voltammetry, chronoamperometry, and electrochemical
impedance spectroscopy are the most common techniques used for the materials in this thesis.

Subsections will give more detailed information on each technique.
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2.2.8.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is one of the most common electrochemical analysis techniques to probe
the redox process of the material. It investigates the current response of an electrocatalyst with
respect to potential and time. In a typical CV experiment potential is swept in one direction and
followed by a sweep in the reverse direction. The investigation of electron transfer is done with
the help of CV experiment. Thermodynamic behavior of electron transfer reactions is dictated by

the Nernst equation which describes the equilibrium of the redox process:

E= B0 + X0 jp Lox (2.31)

nF  Cred
where E° is standard electrode potential, Cox and Cred are the concentrations of oxidized and
reduced species respectively, F is the Faraday’s constant, R is the gas constant, n is the number of
electrons and T is temperature. However, in a CV experiment the transition between one
equilibrium to another as potential sweeps from one end to another. Therefore, mass transfer and

electron transfer kinetics play an important role in the investigation of the electrochemical

properties.

During an electrochemical experiment, a concentration gradient is formed since electron transfer
reactions occur only on the electrode surface. A CV experiment provides mechanistic information
both quantitatively such as determination of rate constant from scan-rate dependence and

qualitatively such as peak shapes.

2.2.8.2 Chronoamerometry

Chronoamperometry is one of the controlled-potential techniques. It involves the stepping of the
potential and observing the current-time response of the Faradaic process. Since a gradual growth
of the diffusion layer occurs as the concentration of the reactants diminishes and that causes current
decay over time. The current at the planar electrode is explained by the Cottrell equation (equation
2.32):
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i(t) =

nFACVD
Jrt

(2.32)

where n is the number of electrons, F is Faraday constant, A is surface area of the electrode, C is

concentration, D is diffusion coefficient and t is time. The current in the Cottrell equation refers

to mass transfer limited currents. The magnitude of the current depends on the flux of the species

from bulk solution to the electrode surface.

Chronoamperometry is often used to extract Tafel slopes of electrocatalysts to study electron

transfer kinetic information on the electrocatalytic process. Tafel analysis helps to elucidate the

mechanistic behavior of multi-step energy conversion systems. Tafel analysis was performed using

a multi-step potential step experiment starting from before the pre-catalytic redox peak observed

in CVs to after Faradaic process with specific potential steps and time. The current density of each

step is taken as steady-state current density. Figure 2.11 represents a sample chronoamperometry

experiment for extracting Tafel slope.
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The Butler-Volmer equation (equation 2.33) specifies the current potential characteristic of a

system:

i = FAKO [co 0,8~ (E=E") _ ¢ (0, £)e -0 (E‘E(")] (2.33)

where f = I:—T

The Tafel equation (equation 2.34) is the simplified version of the Butler-\VVolmer equation. It only

considers one direction of the reaction.

n=a+blogj (2.34)
_ 2.303RT
b= — (2.35)

where b defines Tafel slope, n is overpotential which is defined as the difference of the energy
between experimental and thermodynamic conditions (E-Eo), j is current density, o is transfer

coefficient.1%®

All experiments were carried out with 1 M KOH electrolyte solutions in a single-compartment
polyethylene cell. A Biologic SP-300 was used in conjunction with a Gaskatel HydroFlex
reversible hydrogen electrode (RHE) as the reference electrode, a platinum mesh as the counter
electrode, and FTO or carbon fiber paper as the working electrode. Electron transfer kinetics were
measured by chronoamperometry experiments in both the anodic and the cathodic directions. The
voltage was stepped from 0.9 to 1.7 V vs RHE in 10 mV, 60 s steps. The current density at the end
of each step was taken as the steady-state catalytic current. Cell resistances were measured by
impedance spectroscopy prior to electrochemical experiments with values on the order of 15 Ohms
for FTO and 5 Ohms for carbon fiber paper measured for all samples. All experiments were
performed without resistance correction; the voltage axis of Tafel plots was corrected for resistance

unless otherwise stated:

E= Eref - |Ru (236)
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2.2.9 Density Functional Theory (DFT)

Theoretical studies are widely used in chemistry to extract information on the electronic density
and the electronic energy of the compounds. The simulations based on quantum physics help us to
obtain information on dipole moments, charge distribution, and with the help of potential energy
surfaces bond energies, and molecular geometry. DFT in material science is used to investigate
vibrational, optical, structural, and magnetic properties of matter according to theoretical methods
derived from the fundamental equations. In this thesis, calculations were performed with plane-
wave-based density functional theory (DFT) in the Quantum ESPRESSO package.®’
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Chapter 3
Effect of Geometric Strain on Nickel Hydroxides

3.1 Introduction
Incorporation of the trivalent iron into the nickel hydroxides dramatically improves

electrochemical OER activity. The effect of iron induced enhancement can be observed by
decreasing onset overpotentials, lowering Tafel slopes, and anodic shifts in the pre-catalytic redox

peak potentials,36:42:158-160

The main role of iron in nickel hydroxides is a point of debate and proposed arguments on the

catalytic activities can be classified as:

) Nickel sites are activated with the presence of iron sites®?1%!
i) Iron sites are electrochemically active sites and partially oxidized®® '*? or tetravalent
under operating conditions62164

iii) Iron is dissolved in nickel hydroxide lattice and promotes OER upon aging®®

Upon these proposals, several reports support each of the above proposals with evidence showing
that Fe cations either are®*1% or are not'®"-1%° electrochemically oxidized during OER. However,
each of these mechanistic studies provides indefinite support for these arguments. Strain
engineering in heterogeneous catalysis draws attention as another option to tune the catalytic
activity of the materials. Several examples show strain has on electronic structure and
electrochemical behavior.!®1"" These studies point out that strain can be a parameter to modulate
electrochemical performances.’’® A correlation between electrocatalyst activity and the binding
strength of the OER intermediates to the electrode surface has already been studied for a wide

variety of materials.?®17°18 These correlations play an important role on the optimization of the
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electrocatalytic performances of the OER electrocatalysts. For instance, experimentally measuring
antibonding orbital populations in perovskite family!8! or theoretical study on the prediction of
the thermodynamic properties such as binding energy calculations of the intermediate species
demonstrate the direct correlation between two parameters.'® The volcano plot shows the relation
of the activity versus binding energy, however, relies on several assumptions, primarily stating
that the structure and the mechanism of the electrocatalysts remain stable under operation. The
limitation of this approach has been shown with experimental and theoretical studies: the
amorphous or disordered materials as OER electrocatalysts,*?>8 the experimental evidence of the
reversible and irreversible changes during the reaction,'8+18 a surprising finding that basal-plane
MoS; vacancies serve as very active sites,’”® and computations that show the situations where

these assumptions are not valid under operando conditions.*®

In this chapter, we investigated the effect of the geometric strain for photochemically deposited
highly disordered nickel (oxy)hydroxide electrocatalysts. The purpose is to highlight the effect of
strain in trivalent aluminum, gallium, and iron-doped nickel hydroxides on the structure and
electrochemical properties. Electrocatalytic activity and electronic structure of the catalysts are
under the effect of the effective ionic radii of the blended ions. Structural distortions of the
composition series were identified by using near-infrared spectroscopy and DFT calculations
conducted for obtaining electronic structure and producing potential energy surfaces (PES) of the
blended electrocatalyst. A combination of all results from several techniques indicates that while
strain is reproduced for all three systems by their shift in pre-catalytic redox peak potentials,
however, the electrocatalytic activity of iron incorporated nickel hydroxide is ruled out from their

aluminum and gallium doped analogues.

3.2 Results

We fabricated three thin films series of Fe(l11), Al(111), and Ga(lll) incorporated nickel oxides with
the formula of MxNi100-xOy Where X is varied between 0 and 30 with in step of 5. The secondary
cations are intentionally selected for investigating the effects of geometric strain on the
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electrocatalytic OER behavior. The reasons for choosing these metals specifically are based on

four main points:

i) all three metals are compatible with layered double hydroxide structure when
incorporated to nickel hydroxide,>187:188

ii) the effective ionic radii of these metals provide a gradient between Ni(11) and Ni(IV)&
(Figure 3.1)

iii) all of them are trivalent for providing an equivalent electrostatic charge, and

iv) standard reduction potential (E°) of these metals do not fall into the working voltage
range. Especially for the possibility of oxidation of Fe(lll) higher valences are ruled
out since it happens at higher potentials than our employing voltage range. 164166

NilV-0 midpoint Ni'-OH

1.84 A 1.94 A 2.03A
Al”'-q Ga“'-(? FC”I-Q In"-0
1.89 A 1984 2014 216 A

Figure 3.1 Comparison of bond distances between nickel and trivalent secondary cations sites
blended into nickel hydroxide.

We prepared uniform films of three composition series of iron, gallium, and aluminum doped
nickel hydroxides on fluorine-doped tin oxide (FTO) with spin coating technique. The precursor
solutions are photochemically reactive materials and they form disordered nickel hydroxides after
irradiating UV light. This fabrication protocol yields films with a highly disordered structure that
are ca. 150 nm thick. X-ray diffraction has been shown to be ineffective in characterizing these
materials,*>1?° put X-ray absorption spectroscopy indicates a disordered structure related to
layered double hydroxides in which all nickel sites are electrochemically accessible. These films
have been shown to achieve complete coverage and be highly uniform in their as-deposited state,

with morphological changes yielding increased surface roughness after electrochemical testing.*?
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3.2.1 Electrochemistry

Voltammetric characterization of the A1-Ni, Ga—Ni, and Fe—Ni composition series reveal identical
trends in precatalytic behavior but disparate electrocatalytic performance (Figure 3.2). A
precatalytic redox process decreases in size and shifts anodically at a rate of 2.5 mV per percent
addition of Fe in the Fe—Ni series (Figure 3.2A). The precatalytic redox process is variably
assigned to a Ni(ll) to Ni(111)*¢421° or a Ni(ll) to Ni(1V) 122188 transition for nickel oxyhydroxides,
likely owing to differences in fabrication and characterization protocols. We assign a Ni(ll) to
Ni(1V) transition as indicated by a recent analysis of photochemically deposited FeyNijoo-yOx.1?
The subsequent exponential rise in currents is electrocatalytic OER. This feature exhibits a
significant cathodic shift following addition of Fe, with the majority of the shift occurring within
the first 5% Fe addition. This behavior is characteristic of the material and is in agreement with all
of the past studies on iron—nickel (oxy)hydroxides.*!?1:1%® The precatalytic redox process for both
Ga—Ni (Figure 3.2B) and Al-Ni (Figure 3.2C) series exhibits a 2.6 mV anodic shift per percent
of additional metal but no clear catalytic gains as seen in the Fe—Ni series. The well-defined
precatalytic redox peaks observed for all three composition series show no signs of shouldering or
peak splitting, suggesting a homogeneous distribution of the dopant cations. The identical behavior
of the precatalytic redox process in all composition series suggests preservation of the nature of
the precatalytic electron transfer process despite differences between the additive elements.
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Figure 3.2 Cyclic voltammetric behavior of the (A) Fe-Ni, (B) Ga-Ni, and (C) Al-Ni composition
series acquired at 1 mV st in 1 M KOH.
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This overall behavior is in excellent agreement with that previously reported for the Fe—Ni
composition series deposited on glassy carbon electrodes,?! suggesting that no electrode substrate
effects are at play. Neither of these characteristic changes is observed for the AI-Ni or Ga—Ni
composition series, where the Tafel slopes gradually change by ca. 10 mV dec ™ and nonset Slightly
increases. The differences in electrocatalytic behavior observed here support the assertion that
electrocatalytic OER and the precatalytic process are fundamentally decoupled and not a linear

series of events.

Electrokinetic activity of the three-sample series was evaluated by Tafel slope analysis. Tafel
slopes were obtained through chronoamperometry experiments in both anodic (Figure 3.3A) and
cathodic (Figure 3.3B) directions. The voltage is stepped from 0.9 to 1.7 V vs RHE with one
minute and 10 mV steps. Steady-state current density values for each step is determined at the end
of each step. Tafel plots of Al, Ga, and Fe doped sample series are shown in Figure 3.3C-E.
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experiments of (A) anodic and (B) cathodic directions. Tafel plots produced from cathodic
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Incorporation of iron into nickel hydroxide yields the characteristic changes in electrocatalytic
OER activities: a sudden decrease in the onset overpotential (Figure 3.4A) for electrocatalytic
OER (nonset), defined here as the onset of linearity in Tafel plot (Figure 3.4B-C), and a stepped

decrease in the measured Tafel slope.
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Figure 3.4 Composition dependent electrokinetic properties. (A) Onset overpotential (Nonset). (B)
Tafel slopes and (C) onset overpotential for 1 mA cm current density.

Evidence that changes observed in electrochemical behavior for the Al and Ga series are not due
to incidental incorporation of Fe come from electrochemical behavior when Fe is intentionally
incorporated (Figure 3.5A-B). Addition of 1% Fe content during fabrication of 5% Ga and 10%
Ga electrodes induces the characteristic decrease in Tafel slope for electrocatalytic OER, as does
the analysis of a 15% Ga electrode analyzed in a 1 M KOH solution that had not been subjected

to the purification procedure (Figure 3.5C-D).
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Figure 3.5 Cyclic voltammetric behavior of Ga-containing films intentionally contaminated with
Fe. (A) Cyclic voltammetric and (B) steady-state currents for GaisNissOx, in purified and
unpurified 1 M KOH solutions. (C) Cyclic voltammetric and (D) steady state currents for
Fe1GasNigsOx and Fe1GaioNigsOx. All CVs show stabilized voltammetric acquired at ImV s,
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3.2.2 X-ray Photoelectron Spectroscopy (XPS)

The surface compositions of the 20% Ga and 20% Al samples were examined by X-ray
photoelectron spectroscopy (XPS) before and after electrochemical testing. High resolution XPS

scans in the Fe 2p region show no Fe in either sample (Figure 3.6).
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Figure 3.6 High resolution X-ray photoelectron spectra for the (A) Ga 2p, (B) Ni 2p, (C) Fe 2p
regions for GaoNigoOx and the (D) Al 2p and Ni 3p, (E) Ni 2p and (F) Fe 2p regions for Al2oNigoOx.
Data is shown for unused electrodes and electrodes used for electrochemical testing, both before
and after Argon sputtering for 600 seconds.
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3.2.3 Near-Infrared Spectroscopy

Synchrotron-based studies have been indispensable in revealing the bonding structure for
disordered metal (oxy)hydroxides such as those studied here, %1919 byt limited accessibility to
suitable facilities inhibits research progress. Such studies have consistently indicated that nickel
(oxy)hydroxide materials possess a defective layered structure comprised exclusively of bis-p-
(hydr)oxo Ni—M motifs, even after incorporation of secondary transition metal ions. This
consistency makes MyNiio0-yOx an effective family on which to test alternative characterization
techniques. Transition metal ions in an octahedral environment experience a splitting of d orbitals
to yield a txg-eg electron configuration, but a trigonal distortion of the nickel coordination
environment is known for both well-crystallized B-Ni(OH)2 and disordered Fe—Ni oxyhydroxide.
87121 The resultant Dsg symmetry of Ni(ll) coordination environments has d® electronic
configuration and it is expected to split the triply degenerate tog orbitals into a nondegenerate
orbital, aig, and a doubly degenerate set of orbitals, eq. Two eq orbitals will be separated as
antibonding(eg”) and bonding (eq) orbitals (Figure 3.7). According to the electronic configuration
of Ni(ll) aig and eq orbitals are expected to be fully occupied and eq" orbitals will be partially
occupied. When in oxidized form, Ni(1V) has d® electronic configuration, it is expected that the eq
antibonding orbitals will be unoccupied. The NIR spectra of all MyNiio0—yOx films exhibit a broad
absorbance band at approximately 9000 cm™ and a sharp band at approximately 6000 cm™ when
in the reduced state (Figure 3.7A and Figure A.1).

Upon electrochemical oxidation, the high-energy feature splits into two well-resolved bands and
the low-energy band experiences a red shift and grows in relative intensity (Figure 3.7B). We
assign the high-energy bands to the two distinct d—d transitions expected for the D3g coordination

environment (Figure 3.7C).
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Figure 3.7 Near-infrared spectra of M1oNigoOx. Spectra for (A) the electrochemically reduced and
(B) the electrochemically oxidized phases for M being Fe, Ga, Al, and Ni. (C) Proposed electronic
structure and assignments for absorbance processes are employed to track (D) the location of the
low-energy absorbance, (E) the splitting due to trigonal distortion, and (F) the octahedral splitting
field as a function of relative stoichiometry for each composition series.

A broad absorbance band between 6000 and 7800 cm™* was previously assigned as a second
harmonic of the fundamental O—H vibration in nickel-containing layered double hydroxides.%41%
The low energy feature is orders of magnitude more intense than the O—H vibrations in the
materials studied here and exhibits a dependency on nickel oxidation state (Figure 3.8), however,

ruling out the assignment as a vibrational overtone.
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Figure 3.8 Comparison of absorbance bands in the mid-infrared and near-infrared regions for (A)
NiOx, (B) AlwoNigOx, (C) GaioNigOx, and (D) Fe1oNigpOx. Data was acquired on an FTIR
spectrometer using combinations of an infrared light or white light source with an InGaAs near-
infrared detector or a DTGS mid infrared detector. Bolded lines are datasets acquired with a white
light source and DTGS detector.

3.2.4 Density Functional Theory Calculations

Calculations were performed with plane-wave-based density functional theory (DFT) in the
Quantum ESPRESSO package.'® The precatalytic process was shown to be a Ni(IV) to Ni(ll)
transition for materials related to those studied here.? Structural models were therefore chosen as
[Nig(OH)1g]and [NigO1s] for the pure nickel composition and [M1NisO(OH)17] and [M1NigO1s]™
for the AI(III), Ga(lll), and Fe(lll) containing materials. Relaxations of periodic slabs were
initiated using a single 2-dimensional sheet of B-Ni(OH)2 containing nine cations and 15 A of

vacuum between layers. Projector augmented wave pseudo-potentials with PBE exchange-
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correlated functionals were used with planewave cutoff values of 50 and 500 Ry. A 10 x 10 x 1
Monkhorst—Pack grid was employed, with Hubbard-U terms fixed at 6.6 eV for Ni and 3.5 eV for
Fe to maintain consistency with past reports. The in-plane unit cell dimension was systematically
increased relative to B-NiOOH to model tensile strain on the oxidized phases or decreased relative
to B-Ni(OH). to introduce compressive strain on the reduced phases. Each series of calculations
involved 8 distinct calculations with a fixed unit cell, from 0 to 7% strain, and one with a variable
unit cell. The computationally predicted Rni-m distances are slightly larger than experimentally
measured values for the reduced phase and smaller for the oxidized phase. We therefore limit
ourselves to a qualitative analysis of trends as rigorously accurate structural models are impossible

for the disordered material being studied here.

Projected density of states (PDOS; Figure 3.9 and Figure A.2-4) plots from DFT calculations on
both the reduced and the oxidized states show orbitals with Ni d.? character to be lowest in energy.
Orbitals with character of the remaining Ni d orbitals are split into two degenerate sets: an eg
located slightly above the d,? orbitals and an ey” above the Fermi level (Figure 3.9). Orbitals with
O 2p character are located between the ey and the ey orbitals. These calculations lead us to
tentatively assign vi as a charge transfer process. The consistency with past reports for f3-
Ni(OH),,* the molecular orbital ordering indicated by DFT models, and recent reports detailing
the splitting of nickel d orbitals in LaNiOs by biaxial strain'’® bolster confidence in these
assignments. The nickel d—d transitions in the NIR region, therefore, confirm a trigonal distortion
of nickel coordination environments in all samples. Comparison of the composition-dependent
trends in the NIR spectra with DFT-generated models provides insight into the influence of Al,
Ga, and Fe on the bonding framework and electronic structure of the host Ni(OH)x material. The
location of v1 shows the location of orbitals with oxygen 2p character relative to Ni-based eq"
orbitals as a function of material composition (Figure 3.7B), the spacing between vz and v3
approximates the magnitude of d-orbital splitting due to the trigonal distortion (At; Figure 3.7C),
and the weighted average of v2 and vz yields the octahedral splitting field (Ao; Figure 3.7C). In
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the reduced state, vi decreases slightly while At and Ao increase with M content for each

composition series; in the oxidized state, v1 increases, At decreases, and Ao slightly decreases.
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0 2p —— Ni 3d,: Ni 3d,z, and 3d,, —— Ni 3d,, and 3d,,

Figure 3.9 The influence of strain on the projected density of states for nickel oxyhydroxide.
PDOS are shown for 0, 3, and 6% (A) compressive strain on the reduced phase and (B) tensile
strain on the oxidized phase.
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By defining and varying the unit cell size, DFT calculations provide insight into the effects of
compressive or tensile lattice strain on the electronic structure of the reduced and oxidized forms
of nickel hydroxide, respectively. These calculations indicate that tensile strain on the oxidized
state destabilizes the aig orbitals and stabilizes the eg* orbitals (Figure 3.9B). In contrast,
compressive strain on the reduced state has little effect on the aig orbitals and slightly destabilizes
the eg and eg* orbitals (Figure 3.9A). Agreement between the computationally predicted trends
and the experimentally observed ones support the assertion that the incorporation of suitably sized
cations into the Ni(OH): lattice influences the electronic structure by modulating geometric strain.
Reaction coordinate diagrams generated from the above DFT calculations provide a microscopic

description for the observed changes in the electrochemical behavior.

The Butler— Volmer approach to analyzing electron transfer kinetics positions potential energy
surfaces (PES) for the oxidized and reduced phases on a suitable reaction coordinate. Application
of a voltage changes the Kkinetic rate constants for the electron transfer reaction by stabilizing or
destabilizing one PES curve relative to the other. Two parameters are required to mathematically
describe electron transfer Kinetics: the standard rate constant (k°) is defined by the activation
energy at the standard reduction potential, and the transfer coefficient () is the magnitude of
voltage-induced change to the cathodic rate constant relative to the applied overpotential. We
generate PES diagrams for the oxidized and reduced states by varying cell dimensions for the slab
used in DFT calculations (Figure 3.10A).

The average Ni—M distance (Rni-m) in bis-p-(hydr)oxo structural motifs within the slab is used as
the reaction coordinate because the Ni(OH). lattice is known to contract upon oxidation and
expand upon reduction; the parabola arising from mathematical fits of the computed stabilities are
shifted to position their minima at zero energy, as would be observed at the standard reduction
potential. An additional PES that simulates the application of a 300 mV overpotential is also shown
in Figure 3.10A.
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Figure 3.10 Reaction coordinate diagrams and parameters for electron transfer kinetics for M-
containing nickel oxyhydroxide. (A) Potential energy surfaces as a function of the Ni-M distance
in bis-u-oxo Ni-M structural motifs for the reduced phase (red curves) and the oxidized phase at
overpotentials of 0 V (black curves) and 0.3 V (blue curves) for M being Ni (11/1V), Al (111),
Ga(lln), Fe (I11). Variable-cell relaxation results are indicated by the hollow data point. (B) The
energy minima from the potential energy surface parabola, (C) activation energies for
electrochemical oxidation, and (D) the electrochemical transfer coefficient are given as a function
of the effective bond length of the dopant metal.

These diagrams predict that Rxi-wm is linearly correlated to the effective ionic radii of the additive
metals in both the reduced and the oxidized phases (Figure 3.10B). The ionic radius mismatch
brings the PES curves closer together on the reaction coordinate, effectively inducing a decrease
in activation energy for electron transfer (Figure 3.10C). Repeating the computations with In(111)
as a significantly larger dopant predicts that the lattice will expand for both the oxidized and the

reduced states, inducing an increase in activation energy (Figure 3.11).
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Figure 3.11 Reaction coordinate diagrams generated from DFT calculations on [M1NigO(OH)17]
and [M1NigOzg] slabs with M = Fe (I11) (blue lines) and M = In (111) (red lines).

This computational model suggests that the decrease in activation energy is unique to dopants with
an ionic radius between those of the oxidized and reduced forms of nickel. Attempts to
experimentally confirm the prediction were impeded by an inability to synthesize a Ni—In
composition series. The relative shape of the PES curves remains essentially unchanged for Al and
Ga dopants, but the oxidized PES broadens substantially for Fe. This asymmetric change results
in a decrease in o (Figure 3.10D). Such a change would favor oxidation reactions by making
changes that affect the anodic rate constant more significantly than the cathodic rate constant. This
analysis predicts that the incorporation of ions with a radius between Ni(ll) and Ni(IV) into a
Ni(OH): lattice will decrease the activation energy for electron transfer and decrease the electron
transfer coefficient by asymmetrically distorting the PES once beyond a certain threshold.

3.2.5 Discussion

The agreement between trends in DFT models and experimental results suggest that the addition

of selected cations, namely Al(III), Ga(lll), and Fe(lll), to a nickel hydroxide lattice can be
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structurally modeled by limiting the extent to which the host nickel hydroxide lattice can expand
and contract. A static Fe—O bond distance in FeyNii00-yOx Was previously shown to reside between
that of Ni(11)-O and Ni(IV)— O at voltages up to 1.6 V vs RHE,'?! effectively distorting the
structure by inhibiting the oxidative compression and reductive expansion of the host nickel
hydroxide lattice. The DFT models generated here predict that the Ni—-M distance and O—Ni—O
bond angles in bis-p-(hydr)oxo motifs are influenced by the effective ionic radius of the secondary
metal ion (Figure 3.10). The PDOS diagrams in Figure 3.9 indicate that tensile strain in the
oxidized state of Ni(OH)2 would decrease both the octahedral splitting field (Ao) and the trigonal
distortion (AT); an increase in both parameters would arise from compressive strain in the reduced
state. The NIR spectra show composition-dependent trends in both Ao and At that match this
predicted behavior, suggesting that the additive metals increase internal strain within the
MyNi100-yOx materials (Figure 3.7).

The similarity in anodic shift rate for redox peaks in all composition series provides clear evidence
that the precatalytic redox process is fundamentally decoupled from electrocatalysis. The
consistency of anodic shift rate for all composition series in spite of variable electronegativity for
each of the additive metals suggests that inductive effects or changes in Ni—O bond strength are
not responsible for the behavioral change. The predicted linear relationship between effective ionic
radii and average Rni-m in bis-p-(hydr)oxo motifs shown in Figure 3.10D suggests that the overall
strain present in the system may be the key consideration underlying this behavioral feature. It is
well established that the oxidation of Ni(OH). induces a reversible contraction in
Rui-m;121161.167.169.198 the models here predict a decrease in the magnitude of this contraction when
secondary metals are incorporated. As the thermodynamics for an electron transfer reaction are
based on the energetics of both the oxidized and the reduced states, we propose that the opposing
strain present in the oxidized and reduced states is responsible for the anodic shift. Such an
interpretation is supported by the observed shift of redox processes when shape-memory alloys
have been used to apply compressive or tensile strain'’®'’” and when elastomer substrates have

been used to apply a gradient of tensile strain.1”® The assignment is also in line with past work on
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metal alloys, where the d band of pseudomorphic monolayers has been shown to be destabilized
by tensile strain and stabilized by compressive strain.1’21"® This strain-induced effect has been
shown to shift electrochemical redox processes cathodically when compressive strain is applied

and anodically when tensile strain is applied.*’

The results here suggest that the precatalytic process is highly dependent on the total strain within
the material, while the catalytic process either is decoupled from strain or presents a nonlinear
correlation that cannot be discerned from the present data set. A decrease in the Tafel slope is the
primary catalytic change observed following incorporation of Fe into nickel hydroxide.
Experimentally observed Tafel slopes are a function of reaction mechanism and identity of the rate
limiting step:1*% rate-limiting steps involving electron transfer present a Tafel slope that is scaled
by a for that reaction, chemical steps present as constant slopes, 1% and pushing the rate-limiting
step later in a catalytic cycle results in a decreased Tafel slope (in mV dec™?). The stepwise change
observed for the Fe—Ni composition series implies either a shifting of the rate-limiting step later
in the catalytic cycle or a change in dominant reaction mechanism. The gradual change in the Tafel
slope following incorporation of Ga or Al suggests that the rate-limiting step for OER in these
samples is an electron transfer step rather than a chemical reaction. The assumption that the trends

in our computational model apply to catalytically relevant sites leads to the conclusion that

Q) there is a threshold of strain to trigger the behavior observed in the Fe—Ni case, which
is alluded to by the PES distortions captured in Figure 3.10,

(i) the d orbitals in Fe enable a synergistic combination of geometric strain and bonding
effects in the Fe—Ni series, or

(iii)  a secondary reaction mechanism such as the electrochemical oxidation of Fe(lll) to

higher oxidation states becomes dominant.%316

We note that previous systematic studies on cation dopants such as Ti, Mn, and Co into nickel
hydroxide lattices have not revealed any correlations in precatalytic behavior with comparable
Fe—Ni compositions.’®®%” The correlations reported here for AlI-Ni, Ga—Ni, and Fe—Ni thus

confirm the need for the selection criteria discussed earlier to study the type of internalized
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geometric lattice strain analyzed here. These criteria provide an unfortunate limit on the number
of elements suitable for use in replicating the catalytic properties of the Fe—Ni materials through
simple compositional tuning. The development of tunable substrate-based approaches, such as

those based on shape-memory alloys,'"®1"” may provide a means to overcome this limitation.

3.3 Conclusion

We studied binary Al-Ni, Ga—Ni, and Fe—Ni hydroxides to explore the role of internalized
geometric strain on electrocatalytic water oxidation by nickel hydroxide-based materials. The
Al—-Ni and Ga—Ni series replicate the well-documented composition-dependent anodic shift of the
precatalytic redox process for the Fe—Ni series but did not significantly influence electrocatalytic
water oxidation. Near infrared spectroscopy and DFT models provide evidence that asymmetric
distortions in the oxidized and reduced states can be achieved by the incorporation of cations with
a suitable ionic radius into a nickel-based lattice. The computational models indicate that all three
composition series shift the potential energy surfaces to decrease the activation energy barrier for
oxidation of nickel sites but that only Fe significantly alters the electrochemical transfer coefficient
that would manifest as lower Tafel slopes. We attribute the composition-dependent anodic shift of
precatalytic redox processes in nickel hydroxide materials to asymmetric strain in the oxidized and
reduced states of the nickel hydroxide lattice. Failure to emulate the electrocatalytic performance
of Fe—Ni hydroxides using other compositions suggests that geometric strain is not solely

responsible for improved catalysis.
3.4 Experimental

3.4.1 Materials and Sample Preparation

Nickel(Il) 2-ethylhexanoate (78% in 2-ethylhexanoic acid, Strem Chemicals Inc.), iron 2-
ethylhexanoate (6% solution in mineral spirits, Strem Chemicals Inc.), aluminum(lll)
2,4pentanedionate (Alfa Aesar), gallium(lll) acetylacetonate (99.99%, Sigma-Aldrich),
indium(l1l) acetylacetonate (98%, Alfa Aesar), and indium(ll1) acetate (099.99%, Alfa Aesar)
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were used as received. Fluorine-doped tin oxide glass (FTO; TEC-7 grade, Hartford Glass) was
cleaned immediately prior to use by sequential ultrasonication in a detergent solution, milli-Q H-O,
and then isopropanol. The surface was dried under a stream of N2 and placed in a custom UV
irradiation chamber (GHO18T5VH lamp, Atlantic Ultraviolet) for 15 min. Aqueous 1 M KOH
solutions were prepared using milli-Q H2O and reagent grade KOH (>85%, Sigma-Aldrich). Iron
impurities were removed from these electrolyte solutions by aging over Ni(OH)2, as previously
described.® Catalyst films were fabricated by dissolving precursor complexes in ethanol with the
relevant stoichiometry and a total metal concentration of 0.3 M. The solutions were spin coated
(Laurell WS-650 mz-2nNPP model) onto freshly cleaned FTO and placed in a UV-irradiation
chamber (Atlantic Ultraviolet G18T5) for 24 h.12112° Attempts to synthesize nickel—indium
compositions were unsuccessful due to the insolubility of indium compounds in solvents suitable

for spin coating precursor films.

3.4.2 Electrochemical Experiments

All experiments were carried out with 1 M KOH electrolyte solutions in a single-compartment
polyethylene cell. A Biologic SP-300 was used in conjunction with a Gaskatel HydroFlex
reversible hydrogen electrode (RHE) as the reference electrode, a platinum mesh as the counter
electrode, and catalyst-coated FTO as working electrodes. Cyclic voltammetry experiments
consisted of 5 cycles between 0.9 and 1.7 V vs RHE at a rate of 1 mV s. Reproducible
voltammograms were obtained after 2 or 3 cycles; data shown represents the stabilized behavior.
Electron transfer kinetics were measured by a chronoamperometry experiments in both the anodic
and the cathodic directions. The voltage was stepped from 0.9 to 1.7 V vs RHE in 10 mV, 60 s
steps. The current density at the end of each step was taken as the steady-state catalytic current.
Cell resistances were measured by impedance spectroscopy prior to electrochemical experiments

with values on the order of 15 Ohms measured for all samples.
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3.4.3 X-ray Photoelectron Spectroscopy

Measurements were performed on a Thermo-VG Scientific ESCALab 250 microprobe using a
magnesium X-ray source. Survey scans were performed using a pass energy of 50 eV and high-
resolution scans with 30 eV. All measurements were performed on films deposited on FTO glass
with a small strip of conductive carbon tape to make electrical contact. Films that were employed
for electrochemical experiments were thoroughly rinsed with Milli-Q H20 and allowed to air dry
before loading into the sample chamber. Argon sputtering was performed for a period of 600 s.
Quantification was performed on the high-resolution scans using CasaXPS and the following
relative scaling factors (r.s.f.). The 20% Ga sample was analyzed using the Ni 2p (r.s.f. = 13.92
and 7.18 for 2pz2 and 2p12) and Ga 2p (20.47 and 10.56 for 2pz, and 2p12) regions. Overlap of
Al- and Ni-based photoelectrons in the 20% Al required deconvolution of the Al 2p (0.5735) and
Ni 3p (1.36 and 0.701 for 3ps2 and 3puz) features. The area of the Ni 3p12 component was
constrained to be one-half that of the Ni 3ps2 component during deconvolution. Argon sputtering
of 20% Al sample that was electrochemically conditioned induced a change in speciation of the
nickel within the film (Figure 3.6), necessitating the use of four peaks to describe the Ni 3p

component. Spectra were calibrated by shifting the adventitious carbon 1s peak to 285.0 eV.

3.4.4 Near-Infrared Spectroscopy

Near-infrared region measurements were performed on a Nicolet 6700 FTIR equipped with a Pike
Technologies VeeMAX l11 variable-angle reflection accessory. An InGaAs detector and a white
light source were used to acquire near-infrared spectra on all samples. Spectra from 4000 to 800
cm ! were recorded on a subset of samples using a DTGS detector with an infrared light source.
Spectra were acquired from 8000 to 2500 cm™ on this subset samples with a white light source

and DTGS detector to ensure the accurate comparison between the mid-and near-infrared regions.

73



Chapter 4

Identification of Diverse Iron Coordination

Environments in Nickel Hydroxide Lattices

4.1 Introduction

It is remarkable that iron-doped nickel hydroxide shows exceptional performance towards the
oxygen evolution reaction (OER) regardless of how the solid-state material is synthesized.
Electrocatalysts such as rutile 1rO2, the perovskite LaNiOs, and the spinel CosOs all show
substantial changes in electrocatalytic performance when fabrication protocols are adjusted.!9-2%
The inclusion of iron ions into Ni(OH). consistently shows a dramatic decrease in Tafel slope that
yields a benchmark-setting catalyst regardless of fabrication protocols — even simple physical
mixing of FeOOH with Ni(OH). yields exceptional behavior.2°2:202 The two-dimensional bonding
structure within this family of materials poses a limitation to the quality of structural analysis that
can take place, particularly considering that disordered forms are the preferred phase. XRD is
frequently used to identify the phase and measure spacing between individual sheets, EXAFS has
become a critical technique for analyzing changes in structure both operando and ex-situ, and
Raman spectroscopy has served to track changes in nickel-oxygen bonds. Each of these techniques,
however, produces a small number of measurable signals to enable analysis of nuanced structure
changes: Bragg peaks rapidly broaden and shrink as iron-content increases and ions migrate into
the interlayer region, EXAFS results frequently only provide two easily resolved coordination

shells, and Raman spectra similarly produce two peaks in the low frequency region. With the
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resilience of fundamental electrochemical behavior of this family of materials and the limitations
in structural analysis that can be performed, it is not surprising that multiple proposals have been
made to describe the electrocatalytic behavior. Such proposals for iron ions include that they
activate electrocatalysis by replacing nickel cations at edge?°*2% or corner sites,®*2% work with
nickel to establish a binuclear reaction site for OER, % serve as a direct reaction site for OER, 61207
as supported by observation of tetravalent!®+1% or hexavalent iron centers,® during OER, force
deprotonation of the nickel hydroxide lattice and promote formation of metal-oxo species,%>?% or
induce lattice distortions that activate nickel ions for catalysis.*??® Considering the breadth of
results, the possible existence of catalytically relevant coordination environments that have not

been directly observed is a consideration that should be explored.

Significant global efforts to develop improved catalysts in recent years have shown in-operando
structural changes and revealed that coordination environments other than those within the 2-
dimensional bonding framework of Ni(OH), are viable.*® The electrochemical stability and
catalytic activity of LDH materials is controlled by exsolution and redeposition mechanisms,
where the stability of individual ions in specific coordination sites has been probed by analysis of
surface coverage and adsorption energies.?'? It is well established that ferric ions are rapidly
incorporated into LDH materials by simple exposure.’®%'" These ions have been shown to
accumulate at the periphery of nickel(oxy)hydroxide.?®® Long-term tests have also shown that the
iron ions experience a continual dissolution and redeposition process—essentially an equilibrium
that is subject to the concepts of self-repair and self-healing in electrocatalysts.?!! The concept of
amorphization has become prominent in the literature,18%186.184212-217 and the resulting increase in
grain boundaries or edge sites has been suggested to be important.?® Parallel studies have
identified non-traditional coordination sites in nominally LDH materials, including iron ions
situated outside of the 2-dimensional framework in Co(OH)2,**! iron ions on terrace sites of -
NiOOH, 2 and iridium ions anchored to the basal plane of Ni(OH)2.%° Changes in behavior have
also been achieved by mixing of nickel hydroxide and iron oxyhydroxide,!® inclusion or exchange

of anions between the LDH layers,®>?1%22° and through combination of anion exchange with
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immobilization of single Pt atoms.®* The diversity of possibilities motivated us to explore
variations in fabrication protocols as a means to study small changes in composition-dependent
structure in an effort to identify non-traditional coordination environments in nickel-based layered

double hydroxides.

Herein, we describe the structural analysis of two related families of iron-doped nickel hydroxide
and identify a secondary iron coordination environment. Comparisons of Mdssbauer and Raman
spectra for the two series of samples provide direct evidence for the co-existence of two distinct
iron centers in samples fabricated by conventional alkaline precipitation. Both XRD and EXAFS
results show similar structural features as frequently reported, but close analysis reveals that the
composition-dependent changes in structural parameters are inhibited at compositions where this
second coordination environment exists. Correlations of structural parameters to electrochemical
behavior suggest that changes in lattice strain are responsible for the anodic shifting of precatalytic
redox peaks, and that the series of samples synthesized in the presence of formamide exhibits

improved kinetics compared to traditionally synthesized samples.
4.2 Results

4.2.1 Sample Preparation

Two analogous layered double hydroxide composition series were fabricated using variations of a
pH precipitation protocol. Conventional aqueous pH precipitation was carried out by dissolving
appropriate amounts of ferric chloride and nickel chloride in Milli-Q® water to obtain a total metal
ion concentration of 0.35 M with the desired stoichiometry to obtain FexNiix(OH)2, where x was
varied from 0 to 0.214. A 1 M aqueous NaOH solution was added dropwise to the solution while
stirring under N2 environment until a pH of 12 was reached. Stirring was maintained for 10
additional minutes before the solid product was collected by centrifugation. The solid was washed
twice by suspending in 10 mL aliquots of water, three times in 10 mL aliquots of acetone, then
dried overnight at 75 °C to remove residual bulk solvent. The fabrication protocol was modified
for the second sample series by addition of formamide to the reaction solution, which has
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previously been reported to produce single-layered “nanosheets.”'®* An identical protocol was
employed for this sample series as the aqueous samples, with the exception that the precursor
solutions were prepared in aqueous solutions containing 30% v/v formamide. Electron microscopy
indicates that samples synthesized in the presence of formamide continue to show a stacked
structure, rather than individual nanosheets (Figure B.1). The two composition series are referred

to here as the water series and the formamide series.

4.2.2 Mossbauer Spectroscopy

Zero field >’Fe Mossbauer spectroscopy reveals two unigue iron coordination environments in the
iron-doped nickel hydroxide samples. A large paramagnetic doublet is present in all compositions
from both sample series (Figure 4.1A and Figure 4.1B). This primary feature is associated with a
coordination environment that will be referred to as Fea. The spectroscopic feature for Fea exhibits
an isomer shift (8) of ca. 0.34 mm s and quadrupole splitting (A) values between 0.41-0.48 mm
st for all samples (Figure 4.1C and Figure 4.1D). These values are consistent with those
previously reported for Fe ions residing on Ni sites within the Ni(OH): lattice.** The consistency
of A and & across compositions for both fabrication protocols indicates successful substitution of
Ni with Fe ions. A second paramagnetic doublet appears in spectra acquired on samples
synthesized in aqueous conditions (Figure 4.1A). Labeled Fes, this feature is most easily observed
at low Fe content, while above 15.3% Fe, stronger superposition of both contributions hinders
precise evaluation of the Fes subspectrum. Curve fits restricted only in the width of the Fes peaks,

however, suggest that Fes spectral area remains relatively constant at 14% (Figure 4.1E).
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Figure 4.1 Zero-field >'Fe Mdssbauer spectroscopy for two FexNiix(OH)2 composition series.
Spectra for samples synthesized by (A) aqueous co-precipitation in 1M NaOH solutions and (B) 1
M NaOH containing 30% v/v formamide. (C) Isomer shift and (D) quadrupole splitting values
obtained through curve fitting as a function of Fe-content. (E) Relative subspectral areas of Fea

and Feg coordination environments.

The § values for Feg are relatively constant near 0.36 mm s (Figure 4.1C). Isomer shifts for both

Fea and Fes are consistent with values expected for high spin Fe(111) ions.**!%* A change in isomer

shift is generally associated with a change in covalency between Fe ions and its first coordination

shell 2227223 The § value and lack of an observed trend in isomer shift suggest that iron ions remain

trivalent across the sample series. Quadrupole splitting values, which are affected by the strength
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of electric field gradient at the Fe nuclei and distortions in iron coordination environments,
decrease from 1.31 mm s to 0.94 mm s as the iron content increases (Figure 4.1D). The
substantial increase in splitting compared to Fea indicates that the coordination environment for
Fes is initially substantially different than that for Fea, but the two environments become more

similar at high Fe-content.

4.2.3 Raman Spectroscopy

Similarities are observed in features assigned as M-O and O-H vibrational modes for both sample
series. Factor group analysis predicts 2A14 and 2Eq vibrational modes for B-Ni(OH)., but one Egq is
commonly not observed (Figure 2.5).1%0224225 These modes tend to be preserved following
disruption of the interlayer stacking to yield a—Ni(OH)2.3” Here, the Fe-free samples exhibit the
expected peaks near 300 (Eg), 445 (A1g) and 3580 (A1g) cm™ under both synthetic conditions
(Figure 4.2A). The mode near 300 cm™ involves anti-symmetric tilting of oxygen atoms on the
top and bottom of each LDH layer.t®® The peak experiences a ca. 22 cm™ red shift in both sample
series as Fe-content increases (Figure 4.2B). A more rapid shift is observed for the formamide
series, but both series ultimately attain the same value. The mode near 445 cm, assigned as M-O
stretching along the crystalline c-axis,??® undergoes a ca. 11 cm™ blue shift as Fe-content increases.
Increasing the Fe-content induces a decrease in intensity of the major Aig O-H stretching vibration
at 3580 cm™, suggesting deprotonation within the lattice to accommodate the change in positive
charge.®”2%" Both sample series contain a sharp peak at 3680 cm that behaves in a similar fashion.
This feature has been associated with the antisymmetric Az, O-H stretching vibration.??® This
vibration is not expected to be Raman active but is commonly seen in samples with stacking
disorder.3722%-231. An additional sharp peak is observed at 3601 cm™ for the water series, and a
broad one at ca. 3650 cm™ for the formamide series. These features are consistent with stretching
of surface hydroxide motifs,®"2%2 an assignment that is supported by two O-H stretching vibrations
observed in FTIR spectroscopy (Figure 4.3).
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New peaks that behave in a composition- and fabrication-dependent manner emerge in the low
frequency region of the spectra upon incorporation of iron. A peak at ca. 520 cm™ appears
immediately upon addition of Fe to both sample series (Figure 4.2A). This peak’s intensity
increases with Fe-content to rapidly become the strongest peak in the spectra. Peak growth is paired
with a ca. 10 cm™ blue shift for both sample series. This peak’s prevalence in all Fe-containing
samples, and its dependence on Fe-content, suggests that it is associated with the Fea feature seen
in the Mossbauer spectra. A peak reported at ca. 508 cm™ in disordered o-Ni(OH)2 has been used
to probe disorder within crystalline Ni(OH)..3"1>° The intensity observed in such studies, however,
is considerably lower than that observed here. A significant peak has been reported to emerge at
ca. 510 cm™ following substitution of Ni(ll) with trivalent ions,®? which was proposed to be caused
by deprotonation splitting the Axg vibration into Ni-OH and Ni-O vibrations. This latter explanation
is consistent with the data here, where the intensity of the ca. 510 cm™ peak increases as the
intensity of O-H stretching vibrations decrease. The emergence and growth of this peak is therefore

assigned to a deprotonation of hydroxide groups caused by charge imbalance from Fea.

The aqueous sample series contains a peak in the M-O region that is never observed in the
formamide samples. The Raman peak red shifts from 601.0 cm™ at 0.5% Fe to 586.6 cm™ at 15.3%
Fe at a rate of 1 cm™ per percent iron, then becomes indistinguishable at higher Fe-content (Figure
4.2C). The appearance and disappearance of this feature at the same compositions as for Fes in
the Mossbauer spectra supports the co-existence of two unique Fe coordination environments in

the aqueous sample series and suggests that the two spectroscopic features are linked.
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Figure 4.2 Raman spectroscopy for two FexNiix(OH)2 composition series. Raman spectra
acquired on (A) the water series (dotted lines) and the formamide series (solid lines). (B) lron-
induced changes in frequency of Raman vibrations for M-O vibrational modes that are present in
the absence of Fe, and (C) M-O vibrational modes that emerge upon incorporation of Fe.

4.2.4 FTIR Spectroscopy

Infrared spectra confirm that Fe-incorporation induces deprotonation of the Ni(OH): lattice and
suggest that formamide may be bound to transition metal centers. Spectra acquired on both the
water series and the formamide series contain (Figure 4.3A): (i) an O-H stretching mode at 3643
cm™,¥ (ii) a stretching mode for O-H groups hydrogen-bonded to water at 3480 cm™,2 (iii) a
bending mode for intercalated H,O at 1630 cm™,?2* and (iv) a stretching mode for intercalated

carbonate ions between 1360-1380 cmt.234

81



A formamide - water B -
@iy (i) V) (viy  (vii) Giiiy (iv) (viii) =071 e
i T u
: + 064 *®
J?"-—’—\—*w«« N4 21.4% Fe o m
; f : — ° "
: ~
: : _£0-51water = B
’ ' ’ formamide o i
18.9% Fe 04" T - r T
0 5 10 15 20

Fe Content (%)

formamide - - - water

5.7% Fe
3
@®
E’ 0% Fe
= FTIR
S " 5.7% Fe {»
S
o
17}
g Raman
s  27%Fe
v 5 0% Fe
A AN , A :
0.5% Fe s it wn St S N ? 7 ‘,
\ 0
0% Fe 5.7% Fe

: i/ 5 - . "¢ { Y .
~ 3 PR Y, 0k TN KO ¥ e LYY
R it g A

/\f\—- & formate (H,O)

il % g m formamide(1M NaOH)

N i i formamide (H,0)

/L

T T 77 - T T r T T T T
3600 3200 2800 1600 1200 600 900 1200 1500 1800
Wavenumber (cm™) Wavenumber (cm™)

Figure 4.3. Infrared spectroscopy for two FexNiix(OH). composition series. (A) FTIR spectra
acquired for the water series (dotted lines) and formamide series (solid lines) with spectra for
reference compounds above. (B) Intensity ratio of hydroxide vibrations that suggest Fe-induced
deprotonation. (C) Comparison of FTIR and Raman spectra of an aqueous formamide solution
with spectra for 0% and 5.7% Fe samples synthesized using both approaches.

LDH phases are known to have sufficient affinity for carbonate ions to scavenge CO. from the
atmosphere unless handled in controlled atmospheres.®? The carbonate ions therefore likely

originate from atmospheric CO». Peak (i) decreases as Fe-content increases (Figure 4.3B),
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suggesting that the strong Lewis acidity and trivalent charge of the iron ions leads to deprotonation
of hydroxide, consistent with past reports.??’ The formamide sample series shows additional peaks
at (v) 2921, (vi) 2850, (vii) 1, and (viii) 1287 cm™ (Figure 4.3A). Three reference spectra were
acquired to assign these features (Figure 4.3A). Neutral aqueous solutions of formamide contain
peaks at 2886, 2769, 2688, 1731, 1614, 1396, 1319, and 1051 cm™. Alkaline solutions of
formamide shift the peaks to 2894, 2800, 2711, 1677, 1581, 1384, 1349, 1319, 1052, and 763 cm"
! Sodium formate, which may form by hydrolysis of formamide, exists as a deprotonated
carboxylate with peaks at 2817, 2730, 2657, 1633, 1596, 1384, 1351, and 769 cm™. The
observation of peak (vii) in the samples confirms that molecules present contain a carbonyl species,
precluding assignment to deprotonated formamide ions residing in the interlayer spacing. This
carbonyl peak is not perfectly matched with formamide or formate solutions, being respectively
red-shifted by 32 cm™ and blue-shifted by 98 cm™. Comparisons of the Raman and FTIR spectra
of formamide in this region with the samples show similarities that do suggest the presence of
formamide, but the frequencies for all peaks are shifted. Such a shift could arise from formamide
ions displacing hydroxide ions within the lattice or, more likely, to the differences in dielectric
properties of the interplanar region on Ni(OH)2 relative to aqueous solutions.

4.2.5 X-ray Diffraction

All samples exhibit powder X-ray diffraction patterns that are consistent with a disordered form
of nickel hydroxide. All observed Bragg peaks can be indexed using the P-3m1 space group
(Chapter 1.2.1) adopted by B-Ni(OH). (ICSD 169978). Well-formed 2-dimensional layers in low
Fe-content samples are revealed by sharp and well defined Bragg peaks for lattice planes that do
not involve the crystalline c-axis, such as the (100) and (110) planes (Figure 4.4A). Stacking
disorder is evident in these samples by the width of Bragg peaks for lattice planes involving the c-
axis, such as the (001) and (101) planes. The (001) plane is notably split into two Bragg peaks for
Ni(OH). synthesized in the presence of formamide, with one shorter and one longer than the single

peak that is observed for Ni(OH). synthesized in water. Formamide is known to intercalate
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235 and the observed behavior is reminiscent

between the layers of layered double hydroxide lattices
of previously reported interstratified stacking structures.®23 The (001) splitting is therefore
assigned to presence of formamide between a fraction of layers in the material. Increasing the Fe-
content results in broadening of all Bragg peaks for both sample series, particularly those involving
the c-axis. Such broadening indicates increased structural disorder and may indicate either
increased variation in interatomic distances within the material or a decrease in coherent crystallite
size. The two (001) Bragg peaks in the formamide series move in opposite directions from one
another as Fe-content increases, with the shorter (001) shifting to larger 26 and the longer (001)
shifting to significantly smaller 20 (Figure 4.4B). Similar behavior is observed for the water series
of samples for Fe-contents above 8.7% Fe, but lower Fe-content samples in this series show greater
stability in interlayer spacing. The larger (001) equilibrates at a distance near 8 A for both sample
series, consistent with maximal distance before exfoliation of individual sheets,® and the shorter

(001) distance equilibrates near 4 A.

Composition-dependent shifts of Bragg peaks suggest that the two sample series exhibit similar
unit cells but different structural distortions. A characteristic distance often reported for this class
of electrocatalyst is the distance between metal ions within edge-sharing polyhedra (dw-
m), 121181201237 which is equivalent to the unit cell a parameter. This distance can be readily
calculated using the (110) plane through (equation 4.1) or, based on the space group, through the
(100) plane using (equation 4.2)

a=2x d(110) 4.2)

a = d(oo) / c0s(30°) (4.2)
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Figure 4.4 Powder X-ray diffraction results for two FexNiix(OH)2 composition series. (A)
Diffraction patterns for the water series (dotted lines) and the formamide series (solid lines).
Composition-dependent changes in (B) spacing of (100) lattice planes, and (C) distance between
metal ions in edge-sharing structural motifs (dw-m).
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This dm-m distance continually contracts in the formamide sample series as Fe-content increases
(Figure 4.4C). This contraction arises due to the smaller ionic radius of Fe(lll) relative to Ni(ll),
as has been reported for doping of Ni(OH), with Fe and other cations.?%%2%® The water sample
series differs in that dm-m is static until 15.3% Fe, after which a similar contraction occurs. The
composition range where dwm-m is stable is synchronized with the composition range where
Mdossbauer spectra contain the feature for Fes (Figure 4.1) and Raman spectra contain the
vibrational mode at ca. 600 cm™ (Figure 4.2). This increased stablity suggests that the Fes
coordination environment does not reside within the 2-dimensional bonding framework of
Ni(OH)a.

4.2.6 X-ray Absorption Spectroscopy
X-ray absorption near-edge spectra (XANES) show stability in the Ni K-edge structure but

composition dependent trends in the Fe K-edge structure. The K-edge from both spectra contain
two primary features: a small pre-edge peak that corresponds to the symmetry forbidden 1s to 3d
electronic excitation, and the primary absorption peak (Figure 4.5A). The pre-edge and the
primary peak for the Ni K-edge are both remarkably stable throughout both series of samples. The
K-edge location is static at 8341.40 £+ 0.08 eV across both sets of the samples (Figure 4.5B). The
intensity of the “white line” of the Ni K-edge systematically increases as Fe-content increases for
the formamide series (Figure 4.5A). The pre-edge feature in Fe K-edge XANES is split into two
distinct peaks near 7112.7 eV and 7114.5 eV (Figure 4.5C). The intensity of this pre-edge feature
increases with increasing Fe-content for both series of samples, with the intensity in the formamide
sample being consistently higher than the same composition in the water series. Oxidation state,
spin state, and geometry of the Fe coordination site affect the location, splitting and intensity of
the pre-edge feature.?® Splitting of the pre-edge peak into two peaks occurs in high spin Fe(l1l)
sites due to the d® electronic structure and crystal field splitting.?*° Increased intensity in this
feature has been interpreted as a relaxation of symmetry selection rules due to greater mixing of
metal 3d and oxygen 4p orbitals.?*® Extraction of Fe K-edge location using the half-height method
suggests a ca. 0.5 eV shift to lower energies as Fe-content increases (Figure 4.5D). A shift in edge
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position is often assigned as a change in average oxidation state, but such an interpretation assumes
that no changes occur in bonding symmetry or ligand identity and the shift typically occurs as an
energy shift for the entire edge.62113167.16% Inspection of the edge structure here shows that the Fe
K-edge shifts in a non-uniform fashion: the lower portion of the edge shifts towards lower energies
while the upper portion shifts towards higher energies (Figure 4.5C). Further, the peak intensity
of the white line decreases as Fe-content increases. Changes in edge shape are known to occur
with changes in coordination environment, and research on photosystem Il has clearly shown that
K-edge position is not purely related to oxidation state.?*! These efforts draw attention to the
importance of geometry and coordination number on the measured XANES edge positions, with
the changes in either feature inducing changes in edge shape and position. In more direct relevance
to the current work, changes in the shape and intensity of the Fe K-edge have been previously
observed using in-situ spectroelectrochemical XANES measurements on iron-nickel hydroxide
films and been assigned to a modification of coordination environment for Fe sites.'®” The changes
in structure of the pre-edge and K-edge features observed here thus suggest that Fe(lll) ions

experience a change in symmetry of the coordination environment as Fe-content increases.
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Figure 4.5 X-ray absorption near edge spectra for two FexNiix(OH)2 composition series. (A)
Nickel K-edge XANES spectra with enlarged view of pre-edge feature (inset). (B) Changes in
nickel K-edge location as a function of Fe-content. (C) Iron K-edge XANES spectra. (D) Changes
in iron K-edge location as a function of Fe-content. Color scheme for individual samples matches
those from previous figures.
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EXAFS confirms a high degree of order within the bonding framework, with differences between
the coordination environments and composition dependent changes for Fe and Ni ions. Spectra for
the Fe and Ni edges show the expected features for LDH materials, with major features in Fourier
transform plots at reduced R values near 1.8 and 2.9 A (Figure 4.6A and Figure 4.6B). These
features correspond to M-O bonds and di-u-(hydr)oxo linkages that define the characteristic edge-
sharing polyhedral motifs. A much smaller feature near 6 A arises from a combination of the 2™
and 3 M-M coordination shells. This minor feature becomes indistinguishable from noise in
disordered samples,?%?42 put is well resolved from the noise level of the experiments here.
Simulations of the data indicate that Ni-O bonds are stable at 2.058 A across both composition
series (Figure 4.6C), and that Fe-incorporation decreases Ni-M distances in di-u-(hydr)oxo motifs
more rapidly in the formamide series than the water series (Figure 4.6D). Such an occurrence-the
decrease of Ni-M distances without affecting Ni-O bond distances—requires distortion of nickel
bonding environments. In contrast, both the Fe-O and Fe-M distances decrease as Fe-content
increases (Figure 4.6C and Figure 4.6D). These values are ca. 0.02 A shorter than those observed
in the Ni data. This contraction, combined with the fact that EXAFS examines local structure while
XRD examines long-range order, explains the slight discrepancies between nickel-specific Rni-m
values from EXAFS and the structural averaged dwv-m values from XRD. Plots of the difference in
Ni-M distance for the two fabrication techniques, ARni-m (RNi-M formamide — RNi-Mwater), against
composition (Figure 4.6E) clearly demonstrate the same delay in structural changes for the water
series that was observed in Mdssbauer spectroscopy, Raman spectroscopy and XRD.
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Figure 4.6 Extended X-ray absorption fine-structure spectra for two FexNiix(OH)2 composition
series. Fourier transformed EXAFS results for (A) the Ni K-edge and (B) the Fe K-edge.
Composition-dependent changes in bond lengths for (C) Ni-O and Fe-O, and (D) Ni-M and Fe-M.
(E) Differences between di-p-(hydr)oxo distances for Ni-M and Fe-M coordination environments.

4.2.7 Electrochemical Behavior

Qualitatively comparable composition-dependent changes in electrochemical behavior for both
sample series mask differences in electron transfer kinetics. Both sample series exhibit a single set
of pre-catalytic redox peaks that shrink and shift anodically at a rate of 3.3 mV %Fe™* for the water
series and 4.3 mV %Fe for the formamide series (Figure 4.7A). Similarities in electrocatalytic
performance trends exist between the two sample series, but the formamide series consistently
shows higher performance (Figure 4.7B). As is characteristic of all Ni-Fe OER electrocatalysts,
Fe-incorporation yields a rapid change decrease in Tafel slope that leads to improved
electrocatalytic OER performance (Figure 4.7C). Pure Ni(OH) synthesized using both techniques
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yield Tafel slopes of 130 mV dec™. These values decrease to 58 mV dec™ for both series upon
addition of 0.5% Fe, then shift gradually to 30 mV dec™ for 21.4% Fe (Figure 4.7C). Despite a
synchronized change in Tafel slopes and normalization of the data by electroactive nickel sites,
the onset of linearity in Tafel plots (nonset) for the formamide series are consistently ca. 70 mV
cathodic of those for the aqueous sample series (Figure 4.7D). The overall performance is
therefore higher for the formamide series (Figure 4.7E). This performance gain cannot be
attributed to increased surface areas because the results are normalized by redox active nickel sites,
which represent the portion of the material exposed to the electrolyte solution. The only
interpretation within the confines of the Butler-Volmer formalism for electron transfer kinetics?4*-
245,196 js that the formamide series must be characterized by a higher intrinsic catalytic capability,

denoted by either the standard rate constant (k°) or the exchange current (io) for electron transfer.

A B Cc
7 —~ 150
........ water < . formamide
8 120 4 water
©
> §
E 90
g %07,
o ¢ o .
o » 30 . ° o 34
1.9 e T T T T T
18.9% Fo - 0 5 10 15 20
3% Fe 10g(i/Qeq) Fe Content (%)
D 0.3 - E
— . formamide . formamide
Ay M ) water < 054 water
fisdl - 2:‘ 0 2 I. L3 @ 27/ L]
2.7% Fe S 2 " e o © g4le
---------------------------- - S g 04 .,
0.5% Fe el = ‘e s B 5 & i
0% Fe 2 0.1+ * o 03- ® . o o -~ ® o
®
1.0 1.2 1.4 1.6 0 5 10 15 20 0 5 10 15 20

E (V vs. RHE) Fe Content (%) Fe Content (%)

Figure 4.7 Electrochemical characterization of the two FexNii-x(OH)2 composition series. (A)
Cyclic voltammograms acquired at 10 mV s for all samples. (B) Sample Tafel plots for the 2.7%
Fe samples synthesized in formamide (blue) and water (red). The full dataset is available in Figure
B.3. Composition dependent trends in (C) Tafel slope, (D) onset of linearity in Tafel plots, and (E)
overpotential required for a current of 1 mA mC™. All currents are normalized by charge under
the pre-catalytic cathodic redox peak in cyclic voltammograms.
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4.2.8 Correlational Analysis

Complementary characterization techniques confirm that the two unique iron coordination
environments have different effects on structure, and ultimately on electrochemical behavior. The
contraction of the Ni(OH). lattice following iron substitution is well-documented and frequently
observed as a decrease in Rw-m by XAFS, or duw by XRD.?'2%¢ The precise nature of this
contraction has not been examined in detail. Uniform contraction of the crystal lattice following
compositional substitution should preserve relative interatomic distances, such as the dni-o/dni-ni
ratio of 0.67 observed for B-Ni(OH). (ICSD 109390).24” A direct measure of dw-m is obtained by
XRD (Figure 4.4C), which can be compared to dni-o values approximated by application of

Badger’s rule to M-O Raman stretching vibrations:

1/3
dyi-o = 566 ()" +0.259 (4.3)

Where v is the frequency of the Raman peak and p is the reduced mass for Ni-O bonds.
Comparison of these two distances shows deviation from the expected linear slope of 0.67 (Figure
4.8A). This is an imperfect comparison, however, because Badger’s rule is known to underestimate
M-O distances in solid state materials®*®-?>! and dm-m measured by XRD captures the average for
both nickel and iron environments. A more direct measure of these distances for nickel sites is
obtained from EXAFS models, where plots of Rni-o against Rni-m Yield similar behavior (Figure
4.8B). This deviation from uniform contraction necessitates the distortion of nickel bonding
environments following iron substitution. Plots of the interatomic distance ratios to Fe-content
show that the formamide series experiences a continual change in magnitude of distortion while
the water series shows initial stability and distortions beginning near 15% Fe-content (Figure
4.8C). This region of stability exists in the composition range where Fes was observed in all
characterization techniques above. It is thus apparent that both contraction and distortion of the
Ni(OH): lattice are achieved by Fea sites, while Fes sites exert little direct structural influence.
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Figure 4.8 Structure-structure and structure-property correlations. Relationship between M-O
bond lengths and di-p-hydr(oxo) distances as (A) estimated by Raman spectroscopy and XRD,
and (B) measured by XAFS. Dashed lines represent the ratio expected for a volume change without
structural distortion. (C) Effect of Fe-content on the ratio of interatomic distances as measured by
XAFS. (D) Correlation between Mdossbauer quadrupole splitting and the frequency of Raman
vibrations for the Fea-O (black points; left axis) and Feg-O (red points; right axis) coordination
environments. (E) Correlation between Mdssbauer quadrupole splitting of Fes and di-p-hydr(oxo)
distances measured by XRD. (F) Exponential relationship between location of the pre-catalytic
Faradaic peaks and the dwv-m spacing.

The composition and fabrication dependence of the unique signatures for Fes led us to assign it as
an octahedral species that sits atop the 2-dimensional sheets, linked to the sheets by di-u-oxo
bonds. The fact that Fes features in Méssbauer, and Raman spectra are not consistent with known
iron oxide or nickel-iron oxide crystalline phases, combined with a lack of unexplained peaks in
XRD or XAS results, rule out the possibility that Fes is a contaminant phase. The largest
quadrupole splitting and intensity for the Fes Mdssbauer doublet is at the lowest Fe-content (ca.

5%), it systematically decreases as Fe-content increases, and seems to merge into Fea at high Fe-
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content. The Raman spectroscopy feature similarly red shifts towards the Fea feature and
disappears at high Fe-content. We rule out assignment of Fes to the co-existence of FexNiix(OH)
platelets with different Fe-content because such a situation would induce step-changes rather than
smooth composition-dependent trends, both Fea and Fes would be expected to remain visible for
all compositions, and Fes would be expected in some subset of the formamide sample series. The
similarities in Mossbauer and Raman spectroscopic features for Fes and Fea, and the invisibility
of Fes in EXAFS and XRD results, suggest that the two environments are similar to one another.
Viable options include internal ‘bulk’ sites (Fe fully surrounded by Ni ions), edge sites, or a
previously unreported site. We are not aware of any experimental technique capable of measuring
the relative proportion of Fe ions residing in bulk sites and edge sites, but it is highly unlikely that
the formamide sample shows exclusively one or the other. We therefore conclude that Fes is a
secondary coordination site and propose that it exists as an edge-sharing site atop the Ni(OH):
lattice (Figure 4.9). This contrasts with the previous assignment of a minor paramagnetic doublet
in Mdssbauer spectra to Fe ions residing in Kinks that may form in the bonding framework at
boundaries between a-Ni(OH), and B-Ni(OH). segments of the material.** The viability of such
out-of-plane ions is nonetheless supported by the entirety of data presented here, and by recent
reports for tetrahedral iron sites atop cobalt hydroxides,’*! iron oxide clusters atop nickel

hydroxides,** and iridium ions atop nickel hydroxides.®

Figure 4.9 Proposed Fea and Feg coordination environments in relation to the Ni(OH) host lattice
in FexNi1x(OH)2 from a (A) side view and (B) top view.
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Iron ions sitting atop the 2-dimensional sheets in the proposed fashion would be strained/distorted
due to longer Ni-O bonds within the 2-D sheets creating an effective lattice mismatch for the
shorter Fe-O bonds of Fes sites atop the sheets; maximal distortion in Fes sites would be expected
at low Fe-content. Such a distortion is consistent with A values being larger for Fes than Fea
(Figure 4.1D), and with the shift in frequency of M-O stretching vibrations in Raman spectra.
Increasing Fe-content yields a decrease in unit cell dimensions (Figure 4.4C), which strains the
Ni(OH). lattice but relieves strain in Fes sites. This is observed as opposing shifts in M-O
stretching vibrations attributed to Fea and Fes (Figure 4.2), and in opposing correlations of A with
the frequency of these two Raman spectroscopic features (Figure 4.8D). Further support for this
proposal is that XRD-derived dm-m values, which correlate to the amount of iron incorporated into
Fea sites (Figure 4.3), exhibit an exponential relationship with the Méssbauer A values (Figure
4.8E). This proposal reveals how the Fes environment has been overlooked in the past: all features
representing Fes become indistinguishable from Fea at high Fe-content due to their structural
similarity, and the linkage of Fes by di-p-oxo bridging makes the feature blend into the first M-M

coordination shell in XAFS results.

Composition-dependent changes in electrochemical behavior of these two composition series
appear to be linked exclusively to Fea sites. An anodic shift of pre-catalytic redox peaks is
characteristic of the iron-nickel hydroxide system,1%9197:252121,209207.6181 A more detailed
perspective is acquired here, with the peak locations being found to be exponentially related to dw-
m Values (Figure 4.8F). This correlation spans both series of samples, indicating that the anodic
shift in pre-catalytic features is attributable to the presence of Fea. Lattice distortions caused by
ionic radius mismatch have been reported following iron incorporation into Ni(OH)2,'?* and a
transition between compressive strain in the reduced phase and tensile strain in the oxidized phase
was identified and demonstrated by exact replication of the composition-dependent shift with non-
iron substituents.?%® The exponential relationship between dm-m and Ep ¢ exactly reveals how the
inversion of lattice strain affects this peak. Addition of Aw, a term describing the difference in
strain energy in the oxidized and reduced phases, to the Nernst equation yields:
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E = E° + Aw + 2= In(K) (4.4)
nr

This term will depend upon the magnitude of strain in each phase, &;, which will be associated with
the amount of Fea in a given sample. This strain can be represented as a percent change in dw-m in

equation (4.5):

€ = 100% (4.5)

Considerations of stresses, strains and displacements in all three dimensions are necessary to
generate a quantitative model. The experimentally fitted equation, however, suggests a simplified

relationship involving a limiting voltage (E,S,'C), strain as an exponential coefficient (c), and a single

term describing strain. This fitted equation captures the average strain present in the oxidized and
reduced phases, with do residing near the midpoint of the expected dm-m distances for reduced (=
3.12 A) and oxidized (= 2.84 A) forms of pure Ni(OH),,113:121.161.169.193.253 gn Eg,lc being a limit
attained at high Fe-content. The exponential coefficient of 2.6 mV is exactly equal in magnitude
to the rate of anodic peak shift observed upon incorporation of Fe(lll), Ga(lll) and Al(I11),2%
suggesting that it captures the change in work energy between the oxidized and reduced phases.
These results provide confirmation that the changes in pre-catalytic peaks are primarily associated
with inversion of strain following electron transfer. The similar Tafel slopes for electrocatalytic
OER indicates that the absence of Fes does not degrade the catalytic performance. The onset of
OER and overpotential requires to pass 1 mA mC™* of current are consistently lower for the
formamide samples even with the use of a current normalization protocol based on electroactive
nickel sites. This suggests that Fea may cause an increase in inherent catalytic activity. We note,
however, that the changes in electrocatalytic OER performance are very abrupt, and the maximum
current attained is slightly higher for water samples with intermediate Fe content (Figure B.1).
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The Fes site is clearly not critical to good OER performance, but it is difficult to draw a conclusive

interpretation on the exact effect that Fes has on OER.

4.3 Conclusion

Two unique coordination environments were identified for iron ions in FexNiix(OH). by
comparison of the structure and behavior of two related composition series. A sample series
fabricated by aqueous precipitation in the presence of formamide resulted in uniform atomic
distribution of the dopant ions, as judged by the presence of only one subspectrum in Mdssbauer
spectra, theoretically expected peaks in Raman spectra, and through monotonic changes Bragg
peaks in XRD patterns and in interatomic nickel-metal distances measured by EXAFS. Samples
prepared by conventional aqueous pH precipitation show additional features, including a second
minor paramagnetic doublet appearing in Mdssbauer spectra, and a Raman vibration near 600 cm”
1 A synchronized delay also emerges in composition-dependent changes to lattice parameters
measured by XRD, and in interatomic distances measured by EXAFS. A continual distortion of
nickel coordination environments in the formamide series is revealed by analysis of composition-
dependent changes in interatomic distances measured by XRD and EXAFS; these distances remain
constant below 15% Fe-content for the water sample series before showing similar distortions. An
exponential relationship between interatomic Ni-M distances and location of precatalytic redox
peaks spans both sample series. This relationship suggests that inversion of lattice strain upon
oxidation, from compressive to tensile, yields predictable changes in thermodynamics for electron
transfer. The secondary iron coordination environment has no discernable impact on precatalytic
redox, and no beneficial influence over electrocatalytic OER performance. These results not only
demonstrate the existence of a second coordination environment for dopant ions in Ni(OH):
lattices, but identify several experimental techniques that are capable of directly identifying their
presence. These results provide additional structural information that will help to deconvolute the
electrochemical behavior of doped nickel hydroxide materials, while the experimental capabilities

will support community efforts to optimize fabrication protocols.
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4.4 Experimental

4.4.1 Materials and Sample Preparation

Nickel chloride hexahydrate (NiCl2.6H20) (Fisher Chemical), ferric chloride (FeCls) (Fisher
Chemical), sodium hydroxide, and potassium hydroxide (NaOH and KOH) (Sigma-Aldrich), and
reagent grade formamide (CHsNO) (Sigma-Aldrich) were used as received. All H20 used during
fabrication was Milli-Q® H20 (18.2M Q).

4.4.2 Electrochemistry

A Biologic SP-300 potentiostat was used for all the electrochemical experiments. Experiments
were conducted in a single compartment polyethylene cell. A Gaskatel HydroFlex reversible
hydrogen electrode (RHE) was used as reference electrode, platinum mesh as the counter
electrode, and Toray carbon fiber paper as a substrate for the working electrode. 1M KOH solution
is used as the electrolyte. Cell resistances were recorded at open circuit potential with impedance
spectroscopy at the beginning of each experiment, the values were on the order of 5 Ohms for all
the samples. Cyclic voltammetry experiments were recorded between 0.9 and 1.7V vs RHE
electrode at 5 mV sec? scan rate with two cycles, and the second cycle of each sample was
compared. The stability of the samples is shown with the comparison of cyclic voltammograms
acquired before and after chronoamperometry experiment (Figure B.1). All currents are
normalized by charge passed under the cathodic redox peak in cyclic voltammograms to
effectively normalize electrochemical results to the number of electroactive nickel centers.
Electrokinetic  parameters were extracted from chronoamperometry experiments.
Chronoamperometry experiments were recorded in both anodic and cathodic directions between
0.9 Vand 1.7 V in 10 mV and one-minute steps. A sample chronoamperometric experiment for
both directions are shown in Figure B.3. Since chronoamperometry of oxidation reaction includes
species from the previous reaction, we used cathodic chronoamperometry for further analysis. EC-
Lab program was used to integrate the cathodic peak of cyclic voltammograms with baseline
correction (Table B.1).
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Catalyst Modified Electrode Preparation

A suspension of 5 mg of catalysts, 780 pL of ethanol, 200 pL of water, and 20 uL of 0.5% Nafion®
solution was sonicated, and 20 pL of this solution was drop-cast onto carbon fiber paper. The

electrodes were dried at room temperature overnight.

4.4.3 Mdssbauer Spectroscopy

In this thesis, room temperature Mdssbauer spectra were recorded in transmission geometry on ca.
20-50 mg powder samples, utilizing a >’Co(Rh) y-ray source mounted on a constant-acceleration
driving unit. All spectra were evaluated with the “Pi” program package.?>* Lorentz curve profiles
were used to curve fit the experimental data and extract hyperfine parameters. For the additional
minor doublet subspectrum present in the aqueous sample series the width of the minor peaks was
restricted to typical values observed for the dominant doublet peaks.

4.4.4 X-ray Absorption Spectroscopy

XAS experiments were performed at the Beamline for Materials Measurements (BMM) at the
National Synchrotron Lights Source Il (Brookhaven National Laboratory, NY, USA) using a
Si(111) monochromator. Data were collected in transmission mode for the Ni K-edge of all
samples, and in both transmission and fluorescence mode (4 element Si drift detector) for Fe K-
edge data. The Athena software package was used for standard baseline subtraction and
normalization of XAS spectra.?>® The K-edge locations were determined by applying the half-
height method to the normalized spectra. (Table B.2)?® The Artemis software package was used
to generate structural models by simulation of k® weighted EXAFS results from k of 3 to 15 A
(Figure B.4). The goal of obtaining accurate interatomic distances led us to try two different
simulation approaches. Both simulation approaches were performed using fixed amplitude
reduction factors (So?) and coordination numbers (N;j) of 6 for the M-O and M-M coordination
shells, consistent with the Ni(OH)> structure indicated by XRD. The preliminary model fitted Eo,
Debye-Waller factors (c%), and Rm-o and Ru-m for the observed shells (Tables B.3-B.6). The

second model was similarly fitted, but with E, fixed at the average value obtained per sample series
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in the first attempt to minimize the influence of correlation between E, and R;values (Tables B.7-

B.10). All analysis is performed using the second, final model.

XAS measurements were performed on a separate sample series, using 5 % (atomic) Fe-content
increments between 0 to 30% iron. Powder samples were characterized with XRD and Raman

spectroscopy to ensure comparability of the sample series with original results (Figures B.5-B.7).

4.4.5 FTIR Spectroscopy

Fourier transform infrared (FTIR) spectroscopic measurements were performed on a Nicolet 6700
FTIR in the transmission mode using KBr powder as pellet press materials. Microscope mode was
used for liquid formamide, and the data was recorded between 4000-650 cm™ wavenumber range.

The data was then converted into absorbance by OMNIC 9 software.

4.4.6 X-ray Diffraction

Experimental details of the powder XRD experiment are stated in Chapter 2.2.2

4.4.7 Raman Spectroscopy

Experimental details of the Raman spectroscopy measurements are stated in Chapter 2.2.5.2.
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Chapter 5

Effect of Lattice Strain on Electron Transfer Kinetics

5.1 Introduction

Iron-doped nickel hydroxides rank as one of the best oxygen evolution reaction (OER)
electrocatalysts in alkaline environment and a large range of synthetic protocols have been
developed to prepare these materials.®” Easily prepared by pH-induced precipitation,®2°8
materials exhibiting layered hydroxide type structures can be prepared by anodic
electrodeposition, 52208 cathodic electrodeposition, 3120207 photochemical deposition,#2:121:125:209
anodization of metallic electrodes,?>°2%! hydrothermal techniques,?%2-2%* and precipitation in the
presence of various small organic molecules.3% Efforts at improving the catalytic properties of
this family of materials have focused on tuning morphology?2%°, adding dopants, introducing
carbon additives,*'72% acting as a support for single atoms,226":268 or ysing alternative materials
such as metal organic frameworks as synthetic precursors.?®® Such a wide variety of fabrication
and processing protocols yields variations in overall catalytic performance, but the incorporation
of even trace amounts of around 1 ppm of Fe(l1l) into Ni(OH)2 type materials consistently yields
the same abrupt changes in electrocatalytic response.?’® Structural analyses are commonly
performed by a mixture of XRD and XAFS, with each approach typically identifying the same
minimal set of structural features for all synthetic approaches (Chapter 4). With such diversity in
synthetic techniques, however, it is highly probable that variations in structural features exist that
are hidden behind the abrupt changes in OER activity. Careful analysis of the quantitative changes

in structure and performance are necessary to identify any such variations.®
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Modern efforts to identify individual coordination environments that are particularly active for
electrocatalytic OER have identified several specific structures that may be of importance. The
undercoordination of ions residing along the edge, or at corners, of the layered double hydroxide
structure are often viewed as the catalytically relevant sites.'64293204 \/ariations in measurement
strategies have revealed unexpected tetrahedrally coordinated sites that potentially affects the
catalytic performance.*”*® Another study reported the ability for elements such as iron and iridium
to reside atop the basal plane of Ni(OH).. The increased catalytic activity is originated from the
synergy between anchored Ir sites and Ni(OH)2.8° Systematic variations in nickel and iron
electronic structures is found to be important parameter to modulate OER capability of the
electrocatalysts.®>2’1272 Redox activity of the iron sites is also considered for the improved
catalytic activity.’®® Due to ionic radius differences between nickel and iron coordination
environment, lattice strain is formed.212% The diversity between statements on the structure and
coordination environments on LDHSs requires more sophisticated methods to analyze the structural
varieties. Analysis using advanced operando techniques has yielded some success in identifying
sites that may have catalytic relevance.8:210273-27% |dentification of such non-standard sites,
however, has been relatively restricted to individual lines of research due to reliance on specialized
characterization and analytical techniques. An understanding of the prevalence of such structural
features, the role of synthetic conditions in their effective concentrations will assist in optimizing

electrocatalysts performance and stability.

Metal oxyhydroxides synthesized with a hydrothermal route yield more crystalline structures than
fabrication techniques such as electrodeposition, co-precipitation.®%2" This approach has a risk of
producing contaminating phases, such as the spinels Co304, FesO4 or NiFe204,*27® or disordered
platelets as seen in Zn(I1) doped aluminum hydroxides.?”” Nonetheless, hydrothermal approaches
have also yielded the highest quality crystals of B-Ni(OH)2 reported to date.?® Highly crystalline
forms of nickel hydroxide historically serve as alkaline battery cathode materials due to their
exceptionally poor ability to catalyze OER; the catalytic capabilities increase dramatically upon

introduction of structural disorder.*?8212> Previous report demonstrated that the electrocatalytic
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activity of iron incorporated nickel hydroxides prepared with this techniques remains comparable
after 5% iron incorporation.t® This situation points out the presence of multiple catalytically active
or inactive sites. This change in behavior marks hydrothermally synthesized samples of interest
for studying critical structural features through structure-property analysis, particularly if the

degree of structural disorder can be systematically affected.

This chapter covers structural and electrocatalytic characteristics of a FexNii-x(OH)2 composition
series fabricated using hydrothermal techniques. Structural analysis using Raman spectroscopy,
XRD, and XAFS show that Fe(lll) within Ni(OH): yields localized structural distortions, where
Ni-sites retaining long-range order while Fe-sites show no order beyond ca. 3.5 A. Peaks that
emerge in Raman spectra show correlations to structural features that enables Raman spectroscopy
to serve as a rapid diagnostic tool. A linear correlation is observed between Tafel slope for OER
and bond angles within the material. This behavior deviates from the commonly reported step-
wise change in Tafel slope that is commonly reported for iron-nickel hydroxide materials. This
trend cannot be explained by the traditional Butler-VVolmer model for electron transfer Kinetics,
but asymmetric Marcus-Hush theory serves to link the trend to increasing lattice strain with

increasing Fe-content.
5.2 Results

5.2.1 X-ray Diffraction

XRD patterns for the FexNi1.x(OH)2 series are consistent with a well-crystallized structure similar
to brucite (Chapter 1.2.1), with Fe(lll) ions inducing structural disorder. (Figure 5.1A and
Chapter 4.2.5).3” Addition of Fe(lll) to the reaction flask induces progressive shrinkage and
broadening of Bragg peaks that signify decreased long-range structural order. Successful
incorporation of iron ions into the Ni(OH): lattice is confirmed by a monotonic shift in the (100)
reflection, which represents Ni-Ni distances across di-u-hydroxo linkages (dm-m). Rietveld
refinements show this distance contracts from 3.124 A for 0% Fe to 3.111 A for 30% Fe (Figure
5.1B). The unit cell ¢ parameter represents the spacing between 2-dimensional sheets and is static
103



near 4.61 A until ca. 10% Fe content, after which it decreases towards 4.56 A (Figure 5.1C). The
increased disorder and absence of a concerted contraction of both a and ¢ suggests that iron dopants
induce localized distortions in the lattice. The distortion arises when these two values do not
decrease linearly with each other. These parameters undergo different rates of contraction and thus

structural distortion happens.

An iron oxide phase contaminant emerges as the amount of iron added to the reaction vessel
increases. Bragg peaks at 31, 36, 44, and 57° become visible in the XRD at 10% Fe-content and
continually increase in intensity as Fe-content increases (Figure 5.1A). These peak locations are
consistent with the strongest reflections expected for either magnetite?’® (FesO4; ICSD #49549) or
maghemite?’® (y-Fe;Os; ICSD #35643). Due to similarities between the two structures, it is not
possible to conclusively identify which is present by XRD. Rietveld refinements using B-Ni(OH):
and FesO4 components provide a measure of the phase fraction of the iron oxide contaminant,
confirming that its concentration steadily increases with Fe-content (Figure 5.1D). The
calculations of the stoichiometry from Rietveld refinements are presented in (Appendix C, page
175) The stoichiometry of iron successfully incorporated into the Ni(OH): lattice is therefore not
equivalent to the stoichiometry added to the reaction flask, with the observed behavior suggesting
that a solubility limit for Fe(l11) in the Ni(OH): lattice exists.
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Figure 5.1 P-XRD analysis of FexNiix(OH)2. (A) Experimental XRD patterns (data points) and
Rietveld refinement fits (lines) for the composition series. (B) Composition dependence of the unit
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Composition dependence of interlayer spacing. (D) Relative weighted phase fractions determined

by Rietveld refinement using B-Ni(OH). and magnetite (FezOa4).

105



5.2.2 Raman Spectroscopy

Raman spectra on the sample series are consistent with a decrease in long-range order upon Fe-
substitution and reveal systematic deprotonation of hydroxyl groups. The brucite structure is
expected to yield two Aig and two Eq Raman active modes, but one Eq mode is not observed. 0224
The pure Ni(OH), sample here shows the three commonly observed modes, with an Eq mode at
313 cm, an A1y mode at 446 and a second Aig mode at 3580 cm™ (Figure 5.2A). Incorporation of
Fe(111) ions causes the peak for the Eg mode, an antisymmetric movement of oxygen ions on either
side of the metal hydroxide layers, to broaden substantially but remain at a static frequency (Figure
5.2B).10 The peak for the low frequency Aig mode, a symmetric stretching of M-O bonds, exhibits
broadening and an apparent blue shift following incorporation of Fe(l11) ions (Figure 5.2B). The
apparent blue shift of this Aig peak may be attributable to the overlap of two poorly resolved bands,
evidenced by the clear emergence of a low-frequency peak with a shoulder in the 30% Fe-content
sample (Figure 5.2C). The second Aig mode at 3580 cm™ broadens as Fe-content increases,
suggesting deprotonation of hydroxyl groups.®”??’ Such deprotonation is consistent with a
strengthening of M-O bonding that is supported by the observed blue shift of the Aig M-O
stretching vibration. Additional O-H vibrations are observed at 3600 and 3687 cm™. The former
is a sharp peak on the high frequency shoulder of the A1g hydroxide stretch that has been previously
assigned to surface hydroxide vibrations, while the latter to has been assigned as an Az, O-H

stretching vibration that become visible due to disorder in layer stacking.%’
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Figure 5.2 Structural analysis of FexNi1.x(OH)2 with Raman spectroscopy. (A) Raman spectra of
composition-dependent FexNiix(OH)2 series with magnetite and maghemite references. (B)
Composition dependent Ni-O vibrations. (C) Shape transformation of the peak observed for the
Aqq stretching vibration. (D) Composition-dependent intensity of the peak at ca. 518 cm™ that is

labelled as Fea.

The emergence of several additional Raman peaks upon introduction of iron reveals the

composition-dependent structural evolution in the material. A peak at ca. 518 cm™ (Fea; Figure

5.2A) appears immediately upon addition of iron and blue shifts with increased Fe-content.

Previous reports indicate that this feature is an M-O stretching mode that arises following

substitution of Ni(Il) with trivalent cations due to deprotonation.?®> The Fea peak grows in
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prominence until 20% Fe before shrinking due to growth of two other peaks, located at ca. 600
and 700 cm®. XRD results demonstrated that the proportion of Fe ions successfully incorporated
into the Ni(OH)2 lattice was near quantitative below 20% Fe content, and a linear trend exists
between Fe-content and intensity of Fea in this composition range (Figure 5.2D). The intensity of
the Fea feature therefore provides a measure of Fe ions successfully incorporated into the lattice.
The peak at ca. 600 cm™ (Feg; Figure 5.2A) is intense immediately upon addition of Fe to the
samples and grows even more prominent at 20-30% Fe. Our past results suggest that the Fes peak
arises due to a second coordination environment for Fe(l11) in Ni(OH)2 samples, which sits atop
the two dimensional sheets.?®® The intensity of this peak is significantly greater at low Fe-content
values here than previously reported, suggesting that these secondary sites are more favored
through hydrothermal synthesis than the previous alkaline precipitation methods due to the
induced localized strain with iron addition. The final additional peak that emerges upon
introduction of Fe is visible at ca. 700 cm™ between 10-30% Fe (Fec; Figure 5.2A). The location
of this peak is consistent with y-Fe,Os, 261282 which XRD analysis identified as a potential

contaminating phase for these compositions.

5.2.3 X-ray Absorption Spectroscopy

Composition-dependent changes in the Ni and Fe K-edge XANES show a distortion of
coordination environments. The K-edge spectra for both elements consist of a pre-edge peak and
an edge leading to a prominent peak (the “white line”). The former is a symmetry-forbidden
electronic transition from 1s to 3d orbitals while the subsequent edge and peak are the symmetry
allowed 1s to 4p transition.?3%240:283284 The pre-edge peak is stable throughout the composition
series in the Ni K-edge spectra (Figure 5.3A), but increases in intensity in the Fe K-edge spectra
as Fe-content increases (Figure 5.3B). The pre-edge peak in the Fe K-edge data consists of distinct
peaks at 7112.2 and 7114.5 eV at low Fe-contents, which is consistent with high spin Fe(lll)
ions.?*° The two peaks merge into a single, more prominent peak near 7113.3 eV as Fe-content
increases. The trend in intensity may be indicative of greater orbital mixing of the iron 3d and

oxygen 4p orbitals,?*24928 pyt increased influence of the iron oxide contaminant can’t be ruled
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out due to its expected pre-edge peak near 7113 eV.?® Both of maghemite and magnetite phases
are expected as a single peak centered as 7113 V.23 The proximity of the centers of the pre-edge
peaks of magnetite, maghemite and FeNi hydroxides prevents to determine the exact identity of
the secondary phase from XANES. The K-edges themselves show evidence of changes in
coordination environments. The edge location appears to shift negatively by ca. 0.8 eV, which
would often be interpreted as a decrease in average oxidation state (Figure 5.3C, Table C1). The
Raman spectra and XRD patterns suggest that y-Fe.O3z or Fe3Oy4 is the contaminant phase, however,
suggesting that this apparent shift is an artefact of a change in either geometry or spin-state. A
distinct change in shape of the Fe edge as Fe-content increases supports the assessment that the
apparent shift is unlikely a change in oxidation state as discussed in Chapter 4 (Figure 5.3B). The
Ni edge shows the same behavior, but in a much less pronounced fashion (Figure 5.3A). The
estimated K-edge location shifts negatively by 0.33 eV (Figure 5.3C), which is also likely to arise
due to changes in the coordination environment rather than the nickel oxidation state.

Normalized »
Transmisson

% 4 h
7 .
 c—————— 0% Fe Ni
1 v I T T T
8330 8340 8350
B Energy (eV)
o 6
N3
®© E
E2
o @®
-
C 7110 7120 7130 7140
< Energy (eV)
90, { = =
seu18 . L A S
© L 3
8 7123.8 - L N
=1 1 ey
SNB2 41T T
A 0 5 10 15 20 25 30

% Fe

Figure 5.3 X-ray absorption near-edge spectra for FexNi1x(OH)2. (A) XANES spectra of Ni K-
edge of FexNi1x(OH). sample series. (B) XANES spectra of Fe K-edge of FexNi1-x(OH)2 sample
series. (C) Composition dependent Ni-K and Fe-K edge locations.

109



Wavelet transform (WT) analysis was found to be capable of revealing the iron oxide phase
contamination, but could not differentiate between Ni and Fe ions residing within the Ni(OH):
lattice. WT offers improved resolution of scattering paths with when R-values are similar but
oscillations are present in different k-space.?8”288 The strongest features in WT of k3-weighted data

are maxima corresponding to M-O and edge-sharing M-M shells (Figure 5.4).
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Figure 5.4 Wavelet transform analysis of FexNiix(OH)2. Continuous wavelet transforms
performed using a Morlet wavelet on k® weighted data for the Ni K-edge in (A) 0% Fe, (B) 15%
Fe, (C) 30% Fe, and for the Fe K-edge in (D) 5% Fe, (E)15% Fe, (F) 30% Fe.

The M-O shells predominantly reside in the low-k portion of the data, while the M-M shell resides

in the mid-k region. The intensity of the Ni-M feature decreases as Fe-content increases, which is
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consistent with disorder arising from increased variation of bond distances. The Fe-M feature is
instead very weak at low Fe-content and increases with Fe-content in the samples (Figure 5.4D-
F). This growth shows two features that are separated in both k-space and R-space and are not
observed in the Ni K-edge data, confirming the addition of at least two new Fe-M coordination
shells.?% This perspective on the data shows that the increased structural disorder in the nickel
sites of FexNi1x(OH)2 samples arises due to fundamentally different structural modifications than
in the Fe sites.

EXAFS reveal the differences in the Fe and Ni coordination environments and provide a secondary
quantitative measure of iron distribution. Fourier-transforms of k® weighted data for the Ni K-edge
show the features expected for a well-defined layered double hydroxide (Figure 5.5A): peaks at
reduced R values of 1.85 and 2.90 A correspond to Ni-O and Ni-M coordination shells. A peak at
ca. 6 A is the third M-M distance within the Ni(OH): lattice, and the feature near 4 A is a multi-
leg path.*2242 These features are only observable in Ni(OH), samples that exhibit substantial long-
range order. The Fe K-edge data contains the first Fe-O and Fe-M peaks but is notably missing all
of the higher distance features, even for the 5% Fe which contains no observable phase
contamination (Figure 5.5B, Table C3-4). The observation of measurable long-range order in the
Ni environments but not the Fe environments demonstrate that Fe ions successfully incorporated

into Ni(OH)z induce distortions that are highly localized within the lattice.
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Figure 5.5 Fourier transformed EXAFS spectra of the (A) Ni K-edge and (B) Fe K-edge.
Composition dependent changes in (C) M-O bond lengths and (D) M-M bond lengths for ions
within the Ni(OH) lattice. (E) Composition dependent coordination numbers (N) of nickel
hydroxide and comparison between the theoretical and measured Fe-content within the Ni(OH):
lattice. (F) Composition dependent bond distances of magnetite phase.

Simulation of Ni K-edge EXAFS data provide a secondary means to quantify phase contamination
across the sample series. The Rni-w shell decreases from 3.13 to 3.11 A as Fe content increases,
consistent with XRD trends (Figure 5.1), but the Rni-o distance shows a subtle increase from 2.068
to 2.074 A (Figure 5.5C and Figure 5.5D). The Fe K-edge data is more complex due to phase
contamination, with the Fe-M shell near 3 A splitting into multiple features at 10% Fe content.

Simulation of the Fe data using the brucite and magnetite crystal structures simultaneously enables
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a form of linear combination analysis. In this technique, the most prominent shells expected for
each crystalline material present were selected and their coordination numbers linked according to
the expected crystalline stoichiometry. The coordination numbers for the octahedrally coordinated
M-O shells in each of the two structures were then linked to each other, with the restriction that
they sum to 6.0 between the two crystal structures. A direct measure of the weighted average of
each crystal structure within the material can then be obtained through the relative coordination
numbers between these octahedral shells; the Fe-M shells were similarly analyzed and found to
yield consistent results. Coordination numbers are highly correlated to both the amplitude
reduction factor and the Debye-Waller factors, so both were fixed for all samples. Simulations on
the Fe sites show a coordination number of 6.0 for the M(OH): structure, confirming the XRD,
Raman spectroscopy and WT judgements that 5% Fe contains no detectable phase contamination.
This coordination number gradually decreases to 4.0 for 30% iron content due to the formation of
the contaminating phase (Figure 5.5E). The weighted average values can serve to quantify the

amount of Fe that is successfully incorporated into the Ni(OH): lattice (Figure 5.5E).

Comparisons of bond distances from the EXAFS simulations support the assertion that Fe ions
induce highly localized distortions. The M-O and M-M distances are consistent between the Fe
and Ni K-edge data only for the 5% Fe sample. Clear and strong trends in bond distances are
observed for Fe ions within the Ni(OH); lattice, with Rni-o decreasing from 2.02 A to 1.95 A and
Ri-m shell decreasing from 3.12 to 3.06 A. These values signify a large deviation from those in
the Ni K-edge data. This is consistent with Fe ions inducing highly localized strain within the
lattice. The distances between Fe atoms within the contaminating phase show only minor
variations (Figure 5.5F), which both supports the validity of the linear combination analysis
approach on the iron doped nickel hydroxides and maghemite phase and indicates that the
contaminant is not intimately interfaced with the nickel hydroxide lattice.

5.2.4 Electrochemical Analysis

Cyclic voltammograms of the composition series are qualitatively comparable to commonly

reported behavior (Chapter 4.2.7), but notable quantitative differences exist. Voltammograms
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contain a single set of pre-catalytic Faradaic peaks (Figure 5.6A). Structurally disordered iron-
nickel hydroxide samples, such as those synthesized by anodic electrodeposition, aqueous
precipitation, or photochemical decomposition, exhibit systematic anodic shift of ca. 2.5 mV per
percent Fe for both the anodic and cathodic peaks upon Fe incorporation.?°":121209.28% gych g shift
is not observed in the hydrothermally prepared sample series here (Figure 5.6A). Rather, these
Faradaic peaks broaden and remain approximately static with a half-peak potential of 1.38 V vs.
RHE. The electrocatalytic OER capabilities of the sample series are also different, revealing a
smooth composition-dependent trend rather than the frequently reported abrupt change.!?1:201:209
The Tafel slope for the 0% Fe sample is measured to be 70 mV dec, with the value linearly
decreasing towards 33 mV dec™ for 30% Fe (Figure 5.6B). Onset overpotentials show a similar
linear trend, steadily decreasing from 0.2 to 0.1 V (Figure 5.6C). These more defined
electrokinetic parameters offer a potential means to resolve structural features responsible for the

classically observed decrease in Tafel slope.
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Figure 5.6 Electrochemical behavior of FexNiix(OH)2. (A) Cyclic voltammograms of FexNii-
x(OH)2. Composition dependent trends in (B) Tafel slopes and (C) onset overpotentials. Tafel
slopes are given as the average between distinct electrodes and error bars represent their standard
deviation.
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5.3 Discussion

Multiple complementary techniques indicate successful incorporation of Fe(lll) ions into the
Ni(OH). lattice while also providing evidence for ions in secondary phases and coordination
environments. Powder XRD confirms that a single contaminating phase, attributable to either
Fe304 or y-Fe2Os3, appears and grows in prevalence as nominal Fe-content increases (Figure 5.1D).
Raman spectra for the sample series contain three composition-dependent peaks that are consistent
with expectations for the Ni(OH): lattice (Figure 5.2).3"232 Three distinct peaks become prominent
after iron is introduced: a peak at ca. 500 cm™ that is assigned as M-O stretching following
deprotonation (Fea; Figure 5.2),%%? a peak at ca. 700 cm™ that identifies the phase impurity as y-
Fe,0s (Fec; Figure 5.2),2822% and a peak at ca. 600 cm™ (Feg; Figure 5.2).This third peak has
been variably assigned as a second-harmonic of the Eq mode at ca. 300 cm™,%" to the presence of
cation vacancies,’”® and to Fe(lll) ions residing in a coordination environment atop the 2-
dimensional sheets within Ni(OH)..28° We assigned this Raman vibration at ca. 600 cm™ to the
presence of Fe(lll) ions residing atop Ni(OH). sheets. The details of this feature have been

discussed in Chapter 4.2.4.

An upper bound for the stoichiometry of iron ions successfully incorporated into the Ni(OH):
lattice can be established. The phase fraction of the two crystalline species obtained by Rietveld
refinement provides a measure of the distribution of Fe(ll1) ions in these phases, which enables
calculation of Fe(lll) ions successfully incorporated into the Ni(OH): lattice (Figure 5.7A). This
approach suggests that the real stoichiometry is ca. 1-2% lower than the nominal concentration
(e.g., 29.7% measured vs. 30% nominal). A secondary estimate of the real stoichiometry can be
obtained by a restricted simulation of EXAFS results to accomplish a linear combination analysis
(Figure 5.5). This approach provides values that are consistent, albeit slightly lower (e.g., 27.8%
measured vs. 30% nominal) than the values provided by XRD (Figure 5.7A). The calculations to
derive these values include only Fe(l1l) ions within either FeyNi1.y(OH). or FezO4; an inability to
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quantitatively measure the number of Fe(lll) ions in the secondary site (Fes) means that these

values are an overestimation.

Composition dependent structural changes measured by XRD and EXAFS indicate that Fe(l1l)
induces a non-uniform structural compression of Ni(OH)2. The metal-metal distance across di-p.-
hydroxo linkages can be directly measured as the unit cell a parameter by XRD (dm-m) and as the
second coordination shell in EXAFS (Rni-m). These two measures are in excellent agreement with
each other, both showing a linear contraction of 0.02 A across the series (Figure 5.7B). The
magnitude of contraction is notably smaller than for samples prepared by synthetic protocols that
exhibit greater structural disorder, which showed a linear contraction of nearly 0.07 A up to 21%
Fe.1?L16% Uniform contraction of the crystal lattice would necessitate a concerted decrease in these
di-u-hydroxo motifs and in Ni-O distances, but Ni-O bond distances measured by EXAFS exhibit
a slight increase across the composition series (Figure 5.5C). Direct comparison of Rni-o t0 Rni-m
reveals a trend (Figure 5.7C) that is only possible if the coordination environments are
progressively distorted with increased Fe-content. Calculation of the O-Ni-O bond angles within
the 2-dimensional sheets using Rni-o and Rni-w values which reveals the distortion to be an

increased bond angle (Figure 5.7D).121.%%
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While the composition dependent structural features in this sample series are qualitatively

comparable to those frequently reported in the literature, their effect on electrochemical behavior

is notably different. The two most prominent changes in electrochemical behavior commonly

reported for Fe(lll)-doped Ni(OH). are an anodic shift in the pre-catalytic redox peaks and a
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stepped decrease in Tafel slope for electrocatalytic OER. The shift in redox peak has been
documented for sample series prepared by anodic electrodeposition,?®  cathodic
electrodeposition,?® and photodeposition,*?12% occurring at a rate of ca. 2-4 mV per percent Fe
added, but appears somewhat dependent on fabrication protocol.?%? In the present study, this peak
differs by showing remarkable stability. The second expected change is a strong decrease in Tafel
slope towards ca. 30 mV dec™, which has been shown to occur even by simple exposure to Fe(l11)
impurities in the electrolyte solution at a parts-per-billion levels.3¢%° Existing reports show this
transition to be essentially an on-off switch, providing little means to study the transition in detail.
In the present study, the Tafel slope is found to linearly decrease as a function of metal-metal
spacing across di-p-hydroxo linkages (Figure 5.7E); because dv-m and the O-M-O bond angles
are themselves linearly correlated, this relationship also links Tafel slope to bond angle changes.
This relationship is not compatible with traditional microkinetic analyses of electron transfer
reactions, which relate a static Tafel slope to a rate limiting steps.!®1%2% A more advanced model

of electron transfer Kinetics is required to understand this behavior.

The observed linear trends in Tafel slope necessitates a systematic change in the relative activation
energy for the oxidizing and reducing half-reactions with increased Fe-content. The Butler-Volmer
formalism, which oversimplifies reality by approximating potential energy surfaces to be linear,
captures this concept through an empirical fraction, a. Asymmetric Marcus-Hush theory has
emerged as a more complex, but physically meaningful model. This approach uses a more realistic

parabolic shape for potential energy surfaces (PES) and formalizes the original a parameter:

1 1.267 ) (51)

1
a(E) =2ty (Z ~ A+3.353
where A is the reorganization energy from Marcus-Hush theory and y is a fraction representing the
relative shape of the two parabolic PES.?*%%" A broader PES surface for the PES of the oxidized

state, which has been predicted to arise upon Fe-doping,?®® would yield a negative value for y. The
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observed linear decrease in Tafel slope may therefore be attributable to a systematic increase in
lattice strain as Fe-content increases. This relationship is of interest because it provides a practical
system which can be used to explore the utility of asymmetric Marcus-Hush theory in
electrokinetic analyses in solid-state electrochemistry. It also provides a viable explanation for the
observed differences between ordered and disordered FexNii1x(OH). sample series: the localized
nature of lattice strain induced by Fe(l1l) ions is not experienced by most nickel centers in well-
crystallized materials, while the smaller platelet size expected for more disordered phases makes

strain effects prominent at much lower Fe(l11) concentrations.

5.4 Conclusion

A hydrothermal approach was used to fabricate a well-crystallized composition series of FexNi1-
x(OH)2, which exhibited similar structural features to their commonly reported disordered
counterparts but different electrochemical behavior. Raman spectroscopy, XRD and XAS revealed
that the majority of Fe(l1l) ions were successfully incorporated within the Ni(OH). framework,
with minor distribution into an iron oxide phase impurity and a secondary coordination site atop
the 2-dimensional Ni(OH). framework. Qualitatively similar composition-dependent changes in
structure and electrochemical characteristics were similar to those commonly reported for
disordered forms of FexNii-x(OH)2, but were markedly different in a quantitative sense. The pre-
catalytic redox peak showed little movement following Fe(lll) incorporation and, more
importantly, the Tafel slope showed a linear decrease with respect to both M-M spacing and to O-
Ni-O bond angles. This unexpected behavior is rationalized using asymmetric Marcus-Hush
theory, where lattice strain induced by Fe(l11) ions alters the relative symmetry of potential energy
surfaces for the oxidized and reduced states of the material. These results identify a system that is
of interest for advancing more complex theories of electron transfer kinetics in solid state materials
while simultaneously rationalizing the significant differences in behavior between well-

crystallized and disordered forms of FexNii-x(OH)>.
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5.5 Experimental

5.5.1 Materials

Nickel chloride hexahydrate (NiCl2.6H20) (Fisher Chemical), ferric chloride (FeCls) (Fisher
Chemical), sodium hydroxide, and potassium hydroxide (NaOH and KOH) (Sigma-Aldrich) were
used as received. All H20 used during fabrication was milli-Q H20O (18.2M Q).

5.5.2 Hydrothermal Synthesis

A total metal concentration of 0.6 M of appropriate amounts of nickel chloride hexahydrate and
ferric chloride and 40 ml solution of 5 M potassium hydroxide is added into a Teflon autoclave.
The reactor was first heated to 140 °C with 5 °C/min increments and held for 16 hours. Then, the
supernatant is removed, and solid particles were washed with Milli-Q water and added into an
autoclave with 40 ml of Milli-Q water and heated to 170 °C with 10-degree/min increments and
held for 16 hours. The final product is vacuum filtrated and rinsed with water and ethanol. Powder

products were obtained after samples were dried in an oven at 200 °C for two hours.

5.5.3 Electrochemistry

All of the instrumental information, experimental details are the same with Chapter 4.4.2.

5.5.4 X-ray Diffraction

Experimental details of the powder XRD experiment are stated in Chapter 2.2.2.

5.5.5 Raman Spectroscopy

Experimental details of the Raman spectroscopy measurements are stated in Chapter 2.2.5.2.

5.5.6 X-ray Absorption Spectroscopy
The instrumental information can be found in Chapter 4.2.6.
Ni and Fe K-edge locations were determined by half-height method (Table C.1). The Artemis

software package was used to generate structural models by simulation of k® weighted EXAFS
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results from k of 3 to 15 Aand 3 to 13 A for Ni K- edge and Fe K edge respectively (Figures
C.2-3). All simulations were performed with an amplitude reduction factor of 0.8 for all of the
samples. Fixed coordination number (Ni) of 6 was used for the Ni shell and varying values between
6-4 for the incorporated Fe site and from 0 to 2 for the Fe3O4 phase (Tables C.2-3). The Debye-
Waller factor (c?) was fixed at 0.006 A? for nickel and iron shells and 0.004 AZ for oxygen shells
for the nickel shell. The o2 values for Fe shells are 0.011 and 0.007 for layered double hydroxide
and 0.002 and 0.0035 for magnetite Fe-M and Fe-O shells respectively. A constant value of Eo is
used for Ni 8113 eV and iron 7112 eV.

MorletE program is used for Wavelet transform (WT) analysis. In WT expression n and ¢ are two
adjustable parameters for the resolution of spectra. Typically, n. o = 2R where r is the magnitude
of the region of interest in the R-space. We used 30 for n and 0.2 for o following the values in the
literature.?®® The k-ranges are 1-14 A for Ni K-edge and 1-12 A for Fe K-edge. The R-ranges
are between 1-4 A for both edges.
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Chapter 6
Correlating Structure and Activity of Cobalt
Hydroxides

6.1 Introduction

Cobalt-based materials are one of the most extensively studied inorganic materials as
electrocatalysts. Among those, cobalt hydroxides are regarded as one of the prime candidates along
with their isostructural materials such as nickel and iron hydroxides for water splitting application
owing to their tunable electronic structure, morphology, and a large number of electroactive sites.
Co(OH), adopts brucite structure and upon iron doping, they become isostructural with
hydrotalcite. Iron incorporation into cobalt and nickel hydroxide host lattices converts ordinary
electrocatalysts into one of the best in alkaline medium for OER.

Iron doped Co(OH)2 is studied with in-situ and operando techniques to gain a more detailed
understanding of material behavior during the reaction. Liu and co-workers presented that during
OER, tetrahedral sites become more suitable than octahedral sites in spinel CosO4 for the formation
of electroactive CoOOOH.?® Another study demonstrated that electroactive cobalt sites are found
to be mainly trivalent but partly tetravalent states in electrochemically deposited amorphous
hydrated cobaltates (Co-Pi) that are akin structures to Co(OH), with their CoOs octahedra layers.
190,217:300-303 Eormation of tetravalent Fe sites detected by Mdssbauer and XAS spectroscopy is
shown the promotion of OER through cobalt sites.2** Single crystalline B-Co(OH)2 has trivalent
cobalt sites that condensed at the edge sites of the platelets.>® Photodeposited Co(OH): films have

multiple electroactive sites that directly and indirectly affect the OER mechanism.'®' Diverse
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arguments on the evolution of the electrocatalytically active sites increase in importance of the
formation of diversified coordination sites is an important descriptor for determining the
mechanisms. Stability tests demonstrated self-healing and self-repairing processes take place as
iron sites continually dissolved and redeposited during OER in cobalt-based catalysts.?*1-30
Several coordination environment tuning strategies are suggested to improve OER performance of
cobalt based electrocatalyst, including the formation of oxygen vacancies®®’, amorphization®®,
phase controlling synthesis®®®, and composition tuning.'3310-312 Stydies focused on the direct
effect of iron on the electrochemical activity CoFe LDHs show diverse arguments: iron replaces
electroactive cobalt sites®!2313, or FeOs acts as electroactive sites in CoOOOH3, or synergistic
effect between Co and Fe sites.™® The diversity of the structure and drawn conclusions on the
critical role of iron in the cobalt hydroxides require a more systematical analysis of the structure
and its reflection on the electrocatalysis.

Herein, we fabricated the nominal composition of iron incorporated cobalt hydroxides [FexCo:-
x(OH)2] with hydrothermal, co-precipitation in aqueous and formamide solution environments and
investigated their OER activities. While samples synthesized with the presence of formamide
adopt a LDH structure and have the highest rate of iron incorporation into the lattice, the iron
incorporation is the smallest, and therefore electrochemical performance is limited by the partial
iron incorporation for the hydrothermal series. Moreover, water series is affected by the stability
limit of the cobalt sites and are inclined to oxidize into CoOOH structure when iron amount is less
than 20%. Compared with other brucite structures, these results suggest that Co(OH). differs from
other LDH type materials because of their stability limits, electronic structures, iron incorporation,

and electro catalytic behaviors.

6.2 Results

We fabricated three series of powder FexCo1.x(OH)2, where x is varied from 0 to 0.3 in steps of 0.5
with aqueous pH co-precipitation, pH co-precipitation with 30% v/v formamide solution, and
hydrothermal methods. These methods were intentionally tried to see the effect of the fabrication

technique on the structure and electrocatalytic performance of the materials. The samples were
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tested with XAS at Brookhaven National Laboratories (BNL) one month after their synthesis
because they were shipped from the University of Waterloo to the synchrotron facility. All the
samples were confirmed in metal hydroxide structure in the initial assessment with XRD
immediately after the synthesis. All samples in the formamide series and most of the water and
hydrothermal series preserve their LDH structure over a month under ambient conditions.
However, some samples in water and hydrothermal series were found to oxidize into CoOOH
under ambient conditions during sample transportation and after XAS experiments. All results and

discussion in the following sections are based on the final structures for all samples.

6.2.1 X-ray Diffraction

Powder X-ray diffraction patterns of three sample series exhibit distinct structural aspects (Figure
6.1A-C). Before sending all samples to BNL for XAS characterization, all samples were in o or
B—Co(OH). morphology. Hydrothermal and water series have B-Co(OH)23!® (ICSD: 88940) with
hydrothermal series having higher crystallinity than water series (Figure 6.1A-B). One month after
synthesis, XRD patterns of the sample series reveal that 5% Fe in hydrothermal synthesis and the
first four lowest Fe incorporated in the water series are partially oxidized. The main crystal
structure becomes CoOOH3! (ICSD: 22285). Partial oxidation typically occurs in Co(OH).,
especially at higher cobalt substances.®8-32! The samples in the water series have the combination
of both 3-Co(OH). and CoOOH phases for 20, 25 and 30% Fe concentrations with -Co(OH): is
the prominent phase. (Figure 6.1D). Samples after Fe:Coos(OH), have an additional peak at 11°
which is reminiscent of a-Co(OH)2 (003) plane. Two distinct interlayer distance values point out

the presence of stacking fault disorders for the water series.

The formamide sample series yields a diverse arrangement and less crystalline structure than the
other two series (Figure 6.1C). XRD patterns of the formamide series are consistent with o-
Co(OH): structure and comparable with each other across the data set. a-Co(OH):2 is isostructural
with hydrotalcite-like structure which is consist of positively charged cobalt layers and charge
balancing anions’® (ICSD: 86655).
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Apart from these features, the hydrothermal series has additional peaks at 31, 36, 44°. The intensity
of these peaks increases as Fe content increases beyond Feo1Coos(OH).. [Figure 6.1A, shown with
an asterisk (*)]. Peak locations are consistent with the three most intense peaks of either
magnetite®?? (Fe3O4, ICSD: 49549) or maghemite3? (y-Fe,Os, ICSD: 35643) phases. The crystal
structure of the two compounds is similar to each other and therefore, the certain identity of this
phase is not certain according to XRD patterns. According to the relative intensities of the
contaminant phase, iron sites in the hydrothermal sample series do not fully incorporate into the
cobalt lattice after FeoosC00.95(OH). iron. The characteristic of the contamination is similar in NiFe
hydroxides synthesized in hydrothermal conditions in Chapter 5 (Figure 5.1)

The crystal structure of both Co(OH)2 and CoOOH structures consists of octahedrally coordinated
through di-u-(hdr)oxo bonds. Two essential unit cell parameters, a and c, provide bond distances
and interlayer spacing. CoOOH consists of trivalent metal species so intermetallic distances (dw-
m) are shorter than Co(OH)2 structure. The distances are measured corresponding to the positions

of d110) plane with equation 4.1 (Chapter 4.2.5).

The hydrothermal sample series possesses the longest dm-m distance, which is stabilized at around
3.18 A. A single sample, Feo0sCoo95(OH)2, oxidized such that it has an intermetallic distance of 2.86
A. The distance did not show a strong correlation between the iron amount added during the
synthesis. Similarly, the water series has 2.85 A for undoped CoOOH, and the value slightly
increases to 2.86 A for Fep1sCooss(OH)2. A step change in distance to 3.17 A is seen for
Feo2Coos(OH)., after which a stable at 3.16 A is observed (Figure 6.1E). The formamide sample
series experiences a unique change in metal-metal distances from 3.08 A to 3.13 A for 0 to 20%

Fe incorporation. The distance maintains at around this value with higher iron concentrations.
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Figure 6.1 P-XRD analysis of FexCo1.x(OH)2. Experimental XRD patterns for (A) hydrothermal,
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Feo.05C00.95(OH)2 for water and hydrothermal series before and after synchrotron. (E) Composition
dependence of metal-metal distances (dm-m) In edge-sharing polyhedra. (F) Composition
dependence of interlayer spacing (dooz). Iron oxide peaks are shown with an asterisk (*).

The c-parameter determines the basal spacing of these structures. CoOOH and hydrotalcite
structures have (003) plane in XRD pattern, and Co(OH). has (001) plane. After the stabilization
of three sample series the interlayer distance of water and hydrothermal sets are steady at ca. 4.45
A and 4.65 A for CoOOOH and Co(OH). phases respectively. (Figure 6.1E). The formamide
sample series has a transition from 7.85 to 7.65 A for undoped and 30% Fe doped samples



respectively. The decreasing trend indicates that the increasing iron content decreases the positive

charge and therefore interlayer attractions weaken.32

6.2.2 Raman Spectroscopy

Raman spectra of all three samples reveal a complex mixture of Co(OH)2, CoOOH and/or spinel
C0304. The blend of multiple phases limits to make a systematic peak analysis specifically for
water and hydrothermal series. Raman spectra of cobalt hydroxide®?**? and CoOOH are further
complicated by their tendency to be transformed into the spinel CosO4 with laser irradiation. The
similar effect has been observed for CoO rock salt oxidation into CozO4 due to energy transfer and
therefore local heating with applied laser.3?* In order to avoid these issues, patterns were acquired
under weak laser powers still, comparison with XRD patterns indicates that some samples might

be transformed into Co30a.

The predicted vibrations of Co(OH) are located at ca. 455 cm™ which is previously assigned as
OCo0 bending vibrations.®?® The next peak is the most intense vibration located at 520 cm™,
attributed to A1g CoO symmetric stretching vibrations.31>32" In addition to these vibrations, another
stretch at ca. 470 cm™ is also reported for Co(OH). related vibrations.®?® Hydroxide stretching
vibrations (von) are located at 3570 cm™. Most of the samples across three different sample series

support the formation of Co(OH) as the major phase (Figure 6.2).
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The most prominent Co(OH). peaks are observed in the formamide sample series. As the peaks

are easily identified in formamide series, the peak locations and peak intensity changes reveal




composition dependent changes (Figure 6.2C). The intensity of both peaks decrease as more iron
is introduced to the host lattice and the peak at 520 cm™ peak is more under the influence of
composition (Figure 6.2D). Both peaks are approximately 4 cm™ blue-shifted with iron
incorporation (Figure 6.2E). Both of these properties are likely due to the deprotonation of
Co(OH) caused by Fe3* incorporation. After 20% Fe, an intense peak arises at 689 cm, this peak
may be either an Aig mode of amorphous Co(OH)2*?*%% or of the spinel CosOs structure.
Characteristic Co3O4 peaks are located at 194, 480, and 688 cm™. The peak at 194 cm™ is Fyg, the
most intense peak located at 686 cm™ peak is Aig, and 480 cm™ is the Eq mode of the spinel
phase.3?633! The intensities of peaks at 480 and 194 cm™ are typically more intense for the 688 cm’
1 peak. The lack of peaks at 194 and 480 cm™ therefore suggest that the peak at 688 cm™ indicates
the presence of disordered Co(OH)2 rather than the spinel structure. Iron incorporation causes
deprotonation of the Co(OH): lattice and therefore the formation of a more disordered structure is

not surprising.

The water sample series exhibit both CoOOH and Co(OH). associated vibrations (Figure 6.2B).
Samples that have iron concentration of less than 20%, exhibit mainly CoOOH peaks. The most
intense peak of CoOOH is at around 503 cm™. The other typical CoOOH vibrations are located at
around 570, 640 and 705 cm™.3%6 After 20% Fe, peaks at around 450 and 520 cm prevail. These
values are attributable to Co(OH)2. Corresponding to these assignments water sample series are
mainly CoOOH at lower iron concentrations. At higher concentrations, it is a mixture of Co(OH):
and CoOOH, as confirmed by XRD patterns and XAS simulations in the following sections.

The hydrothermal sample series has the combination of Co(OH)z, spinel Coz04, or Fe;O3 phases.
The magnitude of cobalt or iron oxide peak increases with the increasing iron concentration
(Figure 6.2A). However, the most intense Aig peak location is not coherently shifted from 690
cm™ to 665 cm™. The inconsistency between these peaks indicates that the hydrothermal set may
have more than oxide phases. As noticed in XRD and XAS magnetite or maghemite is formed as
a contaminant phase at higher iron concentrations and the peak at 670 cm™ for 30% iron is pairs
with the most intense peak of Fe,03.3%?
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In addition to these variations, hydroxide stretching vibrations for formamide series reveal
differences from the other two sample series. B-Co(OH)2 has vow Vibrations at 3571 cm™, for the
formamide sample it is dramatically less intense and broad (Figure 6.2). The formamide hydroxide
vibrations exhibit typical a-Co(OH). von characteristics. Furthermore, the peak intensity of von
significantly diminishes as iron start to integrate into the host lattice and becomes steady after
Feo.0sC00.95(OH)2 in water and formamide series (Figure 6.2E). The difference in the peak

intensity can be attributed to iron induced deprotonation of the Co(OH): lattice.

6.2.3 X-ray Absorption Spectroscopy

6.2.3.1 XANES

Composition dependent trends in Co and Fe K-edge XANES indicate a change in the electronic
and geometric structure of Co and Fe coordination environments. The pre-edge locations of all
species are determined by the first derivative of the XANES spectra. Cobalt pre-edge features are
consistently located at 7709 eV for all three sets of the samples (Figure 6.3A-C-insets). Pre-edge
features are associated with 1s to 3d transitions and the peak at 7709 eV is attributed to transitions
of cobalt. In addition to this peak, for some specific samples another peak arises at 7706 eV, it is
previously assigned as trivalent octahedrally coordinated cobalt species, 1s to 3d eg transition®2 or
the second 1s to 3d transition with greater oxygen 2p orbital mixing.33 Since these peaks are the
most intense for 30% Fe samples in water and formamide series which do not have trivalent cobalt
species, we assigned this peak to the latter assignment. Fe pre-edge features for the water and
formamide series are similar to each other (Figure 6.3E-G). The pre-edge peak for lower iron
incorporated water and formamide series splits into two peaks at 7112.7 and 7114.2 eV. Peaks
start to combine and centered with higher intensity at 7113.4 eV for iron percentages higher than
20%. However, values are steadily placed at 7113.2 eV for the hydrothermal series and the shape
of the peak becomes sharper than the other two series. Differences in pre -edge location and peak
shape indicates differences in geometric structures of iron sites in hydrothermal set. Moreover, all
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Fe pre-edge peaks have composition dependent intensity, and this is attributed to the greater 3d-

4p mixing with higher iron concentration.

Cobalt K-edge locations show distinct features, firstly, water edge locations have a decreasing
trend from 7721.0 eV to 7718.1 eV for iron-free and Fey.Coos(OH). samples respectively (Figure
6.3D). The edge location is directly proportionate to the oxidation state. The location of the edge
shifts to higher energy as the oxidation state increases. The pure cobalt hydroxide sample
synthesized in the water has the highest value, at 7721.0 eV, which matches previously reported
values for trivalent cobalt samples such as LiCoO; (7721.2 eV) and CoOOH (7721 eV).3%
Decreasing trends point out the mixed valency, and confirm the hybrid structure of Co(OH). and
CoOOH . The step-by-step decrease in the edge energy indicates that cobalt cations are stabilized
in a divalent state with iron incorporation. Previous reports demonstrate that a 2.3 eV shift is
expected per oxidation state change at cobalt centers.t31:3% According to this relation, we observed
a change in the oxidation state of 0.8 in the transition region. The change in the oxidation state of
cobalt sites confirms the presence of Co(OH).-CoOOH hybrid structure. After 20% Fe, Co ions
are stabilized at ca. 7718 eV, which confirms the presence of mostly divalent cobalt in Co(OH):
structure. The hydrothermal and formamide sample series edge locations are mainly located at
7718 eV, and except for FeoosC00es5(OH). in the hydrothermal series. The lack of composition

dependent trends in Co K-edge also confirms the stability of Co(ll) in these samples.

Iron K-edge locations have a composition dependent decreasing trend in all three sets of the
samples (Figure 6.3H). The rate of decrease is 0.033, 0.014, and 0.012 eV per percent of iron for
formamide, hydrothermal, and water series, respectively. While the hydrothermal sample series
yield lower K-edge values at around 7123.5 eV, it is at 7124.5 eV for Feo 0sC00.95(0H)2, and 7123.5
eV for Feo3Co0.7(OH); incorporated sample for the formamide series. K-edge locations for the water
series are in the middle region between the formamide and hydrothermal series. They have similar
values to the formamide series in the mid composition region. Fe K-edge structures in these sample
series have a non-uniform trend similar to that seen for NiFe samples described in Chapters 4-5.
The changes in edge shape indicate that the sample series are under the effect of changes in the
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coordination environment rather than oxidation state changes. The changes in pre-edge and edge
shapes suggest that iron coordination sites undergo a change in the symmetry upon addition of iron
into cobalt hydroxide lattice.
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Figure 6.3 X-ray absorption near-edge spectra for FexCo1.x(OH).. XANES spectra of Co K-edge
of (A) hydrothermal, (B) water, (C) formamide sample series. (D) Composition dependent trends
in Co-K edge locations. XANES spectra of Fe K-edge of (E) hydrothermal, (F) water, (G)
formamide sample series. (H) Composition dependent trends in Fe-K edge locations.

6.2.3.2 EXAFS

Extended X-ray absorption fine-structure (EXAFS) spectra of Co and Fe K-edge reveal the
differences in coordination environments across three composition series. The general strategy of
the fitting process is the group fitting approach in which fixing the Debye-Waller factor (c?) for

M-O and M-M shell, amplitude reduction factor (S2), and E, to specific numbers for Co and Fe
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K-edges and fitting Rm-o, Rm-m, Nm-o, and Nm-m for each sample in the composition series (Table
D.2-Table D.7). Fourier transformed k3-weighted spectra for Co K-edge confirms the formation
of Co(OH). or CoOOH structures for all three sets of the samples (Figure 6.4A-C). Most of the
samples are in Co(OH), form, with two main coordination shells at 2.10 A for M-O and 3.15 A for
M-M shells. Exceptions are the samples that noted to oxidize, including the Feq0sC00.95(0OH).
hydrothermal sample, and 0-15% Fe samples in water series. These samples are CoOOH, with
1.90 A for the M-O and 2.85 A for the M-M coordination shells. Only hydrothermal series in LDH
structure have additional peaks at around 4 A which indicates the second coordination shells and
long-range order in cobalt environments (Figure 6.4A). In these samples Co-O and Co-M shells
are located at ca. 2.10 A and 3.18 A respectively. Co-M shells slightly decrease to 3.16 A upon Fe
incorporation (Figure 6.4B and E). The formamide series reveals that there are two main peaks
for both cobalt and iron K-edges (Figure 6.4C and F). Simulations on both Co and Fe K-edges
edges show that the sample series are well-matched with LDH structure. Composition dependent
trends show that M-M distances transitions from 3.09 to 3.11 A for pure and 30% Fe samples

respectively.

Fe K-edge spectra in R space indicate three diverse Fe coordination environments in three
synthetic approaches. The Fe-O and Fe-M shells in the formamide series consistently match with
Co-0 and Co-M shells, indicating the proper incorporation of iron cations into the host lattice. The
hydrothermal series has several Fe-O distances at 1.94, 2.06, and 1.79 A and Fe-M distances at
3.02, 2.95, 3.46 and 3.62 A. These multiple values for each shell indicate the contaminant phase
as observed in XRD and Raman spectroscopy. According to the coordination shells of the
segregated phase, the extra iron environment belongs to the magnetite structure, confirming XRD
and Raman spectra. Magnetite structure has the combination of divalent and trivalent iron
environments. Therefore, two Fe-O exist for tetrahedrally coordinated with a distance of 1.79 A
and octahedrally coordinated at 2.06 A. Similarly, three Fe-M distances are expected for the second
shell. The distances are 2.95 A for tetrahedral-tetrahedral, 3.62 A for octahedral-octahedral, and

3.46 A for tetrahedral-octahedral scattering paths. The series can be fitted as a mixture of brucite
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and FesOs, indicating that iron incorporation is not effective after 5% Fe for hydrothermally
synthesized FeCo(OH)z2. Iron environments for the water series, on the other hand, have two Fe-O
distances at 1.97 and 2.03 A and 2.88 and 3.10 A for Fe-M shell. Although one main peak for Fe-
O shell is observed for all sample series, peak shapes of Fe-O shells of 10, 15 and 30% Fe samples
is different than Co-O shells. When iron concentration increases, coordination shells start to match

with the LDH structure. Fe and Co shells at higher iron concentrations exhibit similar properties.

Wavelet transform diagrams of the sample species of these samples could not successfully resolve
the fine details of the diverse Co and Fe coordination sites since the atomic mass of cobalt and iron
is very close to each other (Figures D.2-D.3). Simulations of the EXAFS spectra nonetheless
support the formation of the composition-dependent unique structural motifs around Co and Fe

local coordination environments for three sample series.
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Figure 6.4 Extended X-ray absorption fine-structure spectra for three FexCo1.x(OH). composition
series. Fourier transformed EXAFS results for (A) hydrothermal, (B) water, and (C) formamide
sample series. Composition dependent trends in Rm-v and Rm-o in (D) hydrothermal, (E) water,
and (F) formamide sample series.

134



6.2.4 Electrochemical Behavior

Cyclic voltammograms were acquired at a 10 mV sec™ scan rate with 10 cycles. The experiments
reveal composition and synthetic dependent redox behaviors. The samples have two oxidation
peaks ca. at 1.15 (a1) and 1.45 V (a2) and two reduction peaks at ca. 1.04 (c1) and 1.48 V (c2) vs
RHE. These redox transitions are attributed to Co(I1)-Co(l1l) and Co(l11)-Co(1V) redox processes
respectively. Comparison of the first and last cycles reveals that all sample species undergo an
irreversible reconstruction process. (Figure 6.5A-C). The differences in charge accumulated under
pre-catalytic redox peaks between the first and tenth cycles are higher in water and formamide
series. The charge accumulated under the first oxidation peak(a:i) of the first cycle is generally
higher than the last cycle. The comparison of the peak locations of the first and second redox
processes indicates that hydrothermal reduction happens first and is followed by water species and
lastly formamide set (Figure 6.5D). CVs indicate that formamide and water series have
comparable activity and are followed by hydrothermal series with higher onset overpotentials
(Figure 6.5E).

Electrokinetic analysis is completed by steady-state Tafel analysis (Figure 6.5F). The 0% Fe
samples have the highest Tafel slopes, with values decreasing upon iron addition until stabilizing
at a comparable slope for formamide and water series. The hydrothermal sample series slopes
change less significantly than the other two series and the series exhibits a higher Tafel slope at
around 50 mV dec™. The water series starts with a 61 mV dec™® and decreases to 28 mV dec™ for
30% Fe. The trend decreases from 47.2 to 36.5 mV dec for the formamide series (Figure 6.5G).
These values are in line with the previously measured Tafel slopes for cobalt (oxy)hydroxide

Samples.315'336'337
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Figure 6.5 Electrochemical behavior of FexCoix(OH).. Cyclic voltammograms of (A)
hydrothermal, (B) water, and (C) formamide sample series. (D) Composition dependent trends in
pre-catalytic redox peak locations. (E) Comparison of onset potentials of Fe2oCogo(OH)2 in three
series. (F) Sample Tafel slopes of cathodic chronoamperometry of FexCo1-x(OH)2 water series.
(G) Tafel slopes were obtained from cathodic chronoamperometry of three sample series. All
sample series Tafel plots are demonstrated in Figure D.4.
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6.3 Discussion

In this study, we fabricated three sets of Co(OH). samples via hydrothermal and pH co-
precipitation in aqueous and formamide environments. We observed that the structure of Co(OH):
is dependent on the synthetic method employed. The properties of the sample series deviate from
the properties typically observed in other brucite-type metal hydroxides.

Raman spectroscopy, XANES, and EXAFS confirm hybrid Co(OH)2-CoOOH for the lower iron
content samples in the water series. The amount of trivalent cobalt sites is related to the charge
accumulated under the first pre-catalytic redox peak. The amount of charge of a; and c: (Figure
6.5B) after 20% Fe is higher than the lower content iron species this could arise from the metal
hydroxide structure. The hydrothermal series has an almost stable Tafel slope of ca. 50 mv dec™
and onset overpotential of 0.2 V after 5% of Fe which indicates that not all of the iron sites are
incorporated into Co(OH). lattice. Furthermore, Raman spectroscopy, EXAFS, and XRD
identified the presence of a second phase. The locations of Raman vibrations and bond distances
from EXAFS reveal that the structure of the contaminated phase is reminiscent of FesO4. The

secondary phase has no impact on the key electrocatalytic parameters.

Co(OH)2 is known to be isostructural with brucite metal hydroxides (space group: P3m1) such as
Ni(OH)2 which is one of the most widely studied electrocatalysts for OER. The electrocatalytic
performance of both of the systems are further boosted with incorporated iron cations. Although
the similarities in structure and catalytic properties, the chemistry behind coordination
environments and catalytic descriptors like pre-catalytic redox peak potentials and kinetic
parameters are often overlooked. Electronic factors i.e., oxidation state of the catalytically relevant
sites is an important parameter of the structure of materials. The differences between electronic
structures of cobalt and nickel sites cause diversities: molecular orbital diagrams of nickel and
cobalt cations in LDH structure with D3¢ symmetry indicate that divalent nickel but trivalent cobalt
sites are the stabilized form (Figure 3.7C). The changes in the oxidation states directly affect Rw.-
m and Rm-o which are two important parameters used to evaluate the structure of the materials.

Both of these values decrease with iron incorporation into nickel hydroxides. However, the change
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in the bond distances of Ni-O and Ni-Ni distances are different. Therefore, the structure is distorted

and changes coordination environments upon iron addition into the host lattice. On the other hand,

Co(OH)2 behaves differently: smaller decrease in bond distance with Fe incorporation for the water

and hydrothermal series, and a slight increase in the formamide series. Even these sample series
R

exhibit a reverse trend in the bond distances, the value of the ratio between RM‘M do not change in
M-0

cobalt hydroxides. The previously reported value of the ratio varies between 1.46 and 1.51 with
an average value of 1.497.7%316317 Herein, the average ratio of all the sample series calculated from
EXAFS simulations is 1.500 (Figure 6.6A). This small difference in the ratio indicates that the
structural distortion in Co(OH): is negligible despite iron incorporation. The reflection of lattice
distortion on electrocatalysis of Ni(OH)2 is explained by a well-defined exponential relation

between pre-catalytic redox peak potentials and Rm-m (Figure 4.8E).%°
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Figure 6.6 Correlational analysis of the three FexCo1x(OH). sample series. (A) The correlation
between Rm-m and Rm-o calculated from EXAFS simulations. The line with the slope of the 0.67
indicates previously reported ratio of Rum-o/Rm-m. (B) The correlation between intermetallic
distances connected through di-p-(hdr)oxo bridge calculated by XRD (dm-m) and XAS(Rm-m). The
line with the slope of 1 indicates 100% correlation. (C) Relation between the pre-catalytic redox
peak potential (Ec,1) and Rm-m distances.
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However, FeCo hydroxide series does not follow the expected same trend instead they exhibit an
opposite trend of increasing Ec,1 with increasing Rm-m. The absence of strain is reflected by the
minimal shift of the pre-catalytic redox peaks of Co(OH).. The observed peak shifts are 3.3, 4.3,
and 2.5 mV %Fe? for nickel hydroxides synthesized in aqueous pH precipitation in water,
formamide, and hydrothermal methods respectively (Chapters 4.2.7 and 5.2.4). The shift for the
samples discussed in this chapter is 1.0 mV %Fe for all the sample series. The dramatic difference
between the values shows that the geometric strain is inconsequential in cobalt hydroxides.

The strong correlations between du-m and Ru-m values indicate that both XRD and XAS are
convenient techniques to analyze coordination environments of cobalt hydroxides (Figure 6.6B).
Rather than strain, we identified synthetic techniques that strongly affect electrochemical and
structural features. Figure 6.6A show that the first pre-catalytic redox peak located between 1-
1.15V vs. RHE are clustered at different voltage regions depending on the synthetic routes as well
as intermetallic distances. Since the water series has a hybrid Co(OH)2 and CoOOH structure at
lower concentrations, the first four samples are unsuitable for the correlational analysis. This
relation indicates that synthetic routes have an impact on the electrochemistry and structure of
these models.

6.4 Conclusion

In conclusion, the combination of multiple characterization techniques shows that the nominal
same materials synthesized with different techniques can structurally vary from each other. The
structure directly affects the electrochemical activity of such systems. The combination of bond
distances from XAS simulations and the first redox peak in cyclic voltammograms show a clear
description of the structural properties of these materials. The hydrothermal sample series has the
highest Rm-m values and Ec: potential on the other hand formamide series has the lowest.
Furthermore, Co(OH): is ruled out from other brucite materials due to their preferred electronic
structure and its effect on electrochemical properties. For these reasons, more efforts are required
to analyze iron doped cobalt hydroxides in a more systematic way to rationalize the essential

role of iron on structure and electrochemical behavior.
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6.5 Experimental

6.5.1 Materials

Cobalt chloride hexahydrate (CoCl..6H20) (Fisher Chemical), ferric chloride (FeCls) (Fisher
Chemical), sodium hydroxide, and potassium hydroxide (NaOH and KOH) (Sigma-Aldrich), and
reagent grade formamide (CHsNO) (Sigma-Aldrich) were used as received. All H20 used during
fabrication was milli-Q H2O (18.2M Q).

6.5.2 Synthesis

pH precipitation: Two analagous layered double hydroxide composition series were fabricated
using variations of a pH precipitation protocol. Conventional aqueous pH precipitation was carried
out by dissolving appropriate amounts of ferric chloride and cobalt chloride hexahydrate in milli-
Q water to obtain a total metal ion concentration of 0.35 M with the desired stoichiometry to obtain
CoxFe1-x(OH)2, where x was varied from 0 to 0.3. A 1 M aqueous NaOH solution was added
dropwise to the solution while stirring under N2 environment until a pH of 12 was reached. Stirring
was maintained for 10 additional minutes before the solid product was collected by centrifugation.
The solid was washed twice by suspending in 10 mL aliquots of water, three times in 10 mL
aliquots of acetone, then dried overnight at 75 °C. The fabrication protocol was modified for the
second sample series by the addition of formamide to the reaction solution, which has previously
been reported to produce single-layered “nanosheets.”?* An identical protocol was employed for
this sample series as the aqueous samples, with the exception that the precursor solutions were
prepared in aqueous solutions containing 30% v/v formamide. The two-composition series are

referred to here as the water series and the formamide series.

Hydrothermal Synthesis: A total metal concentration of 0.6 M of appropriate amounts of cobalt
chloride hexahydrate and ferric chloride and a 40 ml solution of 5 M potassium hydroxide is added
into a Teflon autoclave. The reactor was first heated to 140 °C with 5 °C increments and held for
16 hours. Then, the supernatant is removed, and solid particles were washed with Milli-Q water

and added into an autoclave with 40 ml of Milli-Q water and heated to 170 °C with 10-degree
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increments and held for 16 hours. The final product is vacuum filtrated and rinsed with water and
ethanol. Powder products were obtained after samples were dried in an oven at 200 °C for two

hours.

6.5.3 X-ray Absorption Spectroscopy

The instrumental information can be found in Chapter 4.2.6.

Co and Fe K-edge locations were determined by half-height method (Table D.1). The Artemis
software package was used to generate structural models by simulation of k® weighted EXAFS
results from k of 3 to 14 Aand 3 to 12 A for Co K- edge and Fe K edge respectively (Figure
D.1). All simulations were performed with a fixed amplitude reduction factor, the Debye-Waller
factor (c2), and Eo for Co and Fe shells for all of the samples in composition series. The

coordination numbers (N;) and Res were fitted. The 2 and Eo values can be found in Tables D.2-
7. A constant value of E, is used for Co 7709 eV and iron 7112 eV.

6.5.4 Electrochemical Analysis

All of the experimental procedures, catalyst preparation is the same with Chapter 4.4.2.

6.5.5 X-ray Diffraction

Experimental details of the powder XRD experiment are stated in Chapter 2.2.2.

6.5.6 Raman Spectroscopy

Experimental details of the Raman spectroscopy measurements are stated in Chapter 2.2.5.2.
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Chapter 7

Conclusion and Outlook

This thesis presents a variety of transition metal hydroxides as oxygen evolution reaction
electrocatalysts. Nickel hydroxide and cobalt hydroxides turn into remarkable OER
electrocatalysts when the iron is incorporated into the host lattice. Several studies provide diverse
proposals on the role of iron, including iron being catalytically active or inactive sites, iron-induced
strain, and diverse coordination environment. More comprehensive information can be obtained
through a systematic analysis of such systems. In this thesis, we focused on the structural analysis
of these samples employed to get an insight into the role of iron in catalytic performance and the
structure of materials. Depending on the purpose of each study different approaches are used to

study to make a comprehensive analysis of the structure-property correlations.

Iron doped nickel hydroxides undergo a potential dependent geometric strain. The first part of the
study investigates the effect of internalized strain in gallium, aluminum, and iron-doped nickel
hydroxides that are fabricated with photochemical deposition route. Samples synthesized with this
technique is highly disordered and therefore the structure of these materials prevents making a
direct crystallographic analysis because of the limited accessibility to synchrotron facilities, we
focused on near-infrared spectroscopy and computational studies. Near-infrared spectroscopy
together with potential energy surfaces obtained through DFT calculations reveals that all sample
series are under tensile strain in oxidized form and the compressive strain takes place when they
are reduced. The results indicate that strain is reproducible for aluminum and gallium doped nickel
hydroxides as their iron-doped analogues. Electrochemical activity of iron-doped samples, on the
other hand, rule out from other two series. Correlations between electrokinetic parameters point to
the existence of another parameter for boosting the electrochemical activity of the iron-doped
sample series.
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Building on the concept of the strain in iron-doped nickel hydroxides, a more detailed analysis is
done in the second part of the project. Synthetic conditions have been previously reported as an
important strategy to optimize catalytic activity. Synthetic-dependent structural diversities often
yield different interpretations of the structure and catalysts’ performance. Starting from this point,
we investigated the effect of fabrication protocols on the structure and the reflection of the structure
on the electrochemical behavior. Two sample series were fabricated with a conventional pH co-
precipitation method with the presence of water and 30% v/v formamide-water as solvent.
Maossbauer spectroscopy and Raman spectroscopy directly identify the formation of a second iron-
related coordination environment for the samples synthesized in the absence of formamide. only
one iron coordination site is formed when formamide is involved during the synthesis. XRD and
XAS are not able to detect the second coordination sites but changes in crystallographic a
parameter and intermetallic bond distances support the formation of the second iron site. The
comprehensive structure-property analysis of the two sets of the samples provides a sophisticated

way to optimize catalyst properties.

The next part of the project focuses on iron incorporated nickel hydroxide series synthesized with
hydrothermal method. Crystalline form of nickel hydroxides exhibits three diverse iron
coordination sites: incorporated to lattice successfully, bound to atop of the layers, and segregated
iron oxide phase. Furthermore, electrocatalytic behaviors diverge from the same materials
prepared as disordered form. Asymmetric Marcus Hush theory is used to explain the static pre-
catalytic redox peak locations but linear decrement in the Tafel slope. The linear correlation
between bond angle and Tafel slope points out the improved electrocatalytic behavior in

hydrothermally prepared materials.

The last part of the thesis focuses on synthetic-dependent behaviors of iron-doped Co(OH).. The
comparison of three sample series that are prepared with co-precipitation with and without
formamide and hydrothermal techniques reveals dramatic structural diversities. The hydrothermal
sample series have iron incorporation threshold after 5% iron. The rest of iron sites participate in

the formation of iron oxide contaminants. Therefore, iron has the minimum effect on
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electrocatalytic performance. Water sample series undergoes partial oxidation to CoOOH phase,
but this situation does not alter electrochemical properties across the compositional series. The
addition of formamide assists the formation of hydrotalcite-like materials with the highest iron
incorporation rate. The correlations between structural parameters indicate that cobalt hydroxides

behave differently than other metal hydroxides in electrocatalytic behaviors.

All in all, the result of this study provides a comprehensive understanding of structure-property
correlations on various kinds of metal hydroxide electrocatalysts. The rational design of
electrocatalysts for energy conversion applications necessitates comprehending structural
diversities and chemistry behind them. Extensive research on the layered double hydroxide family
highlights the structural diversities, however, the discussion on the structural variations across the
literature is limited. This inhibits to optimization of the catalytic behavior of heterogeneous
catalysis. Therefore, we focused on a systematic analysis of nickel and cobalt-based hydroxides
which are the two most effective transition metal hydroxide electrocatalysts in oxygen evolution
reaction and the two most affected materials by iron doping. For these reasons, working in this
class of electrocatalysts can develop a point of view on improving catalytic performance. The
correlations between structure and activity and the property provide an understanding of
disordered and ordered heterogeneous electrocatalysts. The establishment of synthetic control over
the coordination environments on electroactive sites is a constructive approach to improving the

catalytic behaviors of the materials.
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Appendices
Appendix A: Supplementary Information for Chapter 3

Calculation of activation energy and electron transfer coefficients from reaction coordinate

diagrams:

The Butler-Volmer model for electron transfer defines the standard rate constant, k°, as the kinetics
for electron transfer when the electrode voltage, E, is held at the formal potential for the redox
couple of interest, E®. At this point the kinetics for oxidation (Kox) and reduction (krqd) reactions
are equivalent and defined as k° which can be described by the Arrhenius equation and the

activation energy at the formal potential, AGg:

—-AGE
kO = Ae O/RT (A 1)

The activation energy at the formal potential, AG?, thus provides a standardized measure of kinetic
facility for electron transfer. Application of a positive overpotential (n=E-E®”) induces a negative
free energy shift in the potential energy surface (PES) describing the oxidized phase, lowering the
activation energy for oxidation (AG,) and increasing the activation energy for reduction (AGfed :

The electron transfer coefficient, n, is a fraction that describes the portion of this free energy

change that affects AGY,,.

AGE, = AGE — (1 — a)Fn (A. 2)
AGE = AGE — aFn (A. 3)

159



The transfer coefficient represents the symmetry of the two PES: 0.5 indicates perfectly symmetric
curves, a<0.5 indicates a relative broadening in the PES for the oxidized phase, and a>0.5

indicates a relative broadening for the reduced phase.

Nickel (oxy)hydroxide-based materials are known to undergo significant volume changes upon
oxidation and reduction. Therefore, the spacing between metal atoms could be a reasonable
parameter for the reaction coordinate diagrams. For the work presented here, reaction coordinate
diagrams were created for each of the binary compositions by plotting DFT-calculated single point
energies as a function of average Ni-M distances for both the oxidized and reduced phases (Figure
3.10). The data were mathematically fitted using parabolic function and the curves were shifted
such that the minima were located at zero free energy to simulate the situation at E°’. The standard
activation energy, AG(‘;, was taken as the intercept of the two parabolic PES. The electron transfer

coefficient was then extracted by shifting the PES for the oxidized phase by -0.300 eV (blue curve
in Figure 3.10), extracting AGY, and AGY

req Trom the new intercept, then using equation A.2 or

A.3to calculate a. The relevant activation energies and « values are provided in Figure 3.10C-D.
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Table A. 1 Calculated energy for the reduced state of Nig(OH)1s, Al1NigO1gH17, GaiNigO1sH17,
and Fe1NigO1gH17 under varied biaxial strain.
Ni-Ni Al-Ni Ga-Ni Fe-Ni

alart (A) E (Ry) AE (eV) E (Ry) AE (eV) E (Ry) AE (eV) E (Ry) AE (eV)

9.34 -2441.59459 0 -2294.63415 0 -2532.83237 0 -2583.93179 0

9.25 -2441.57246  0.3011 -2294.61909 0.2049 -2532.81328 0.2598 -2583.91160 0.2746
9.15 -2441.53971  0.7466 -2294.59410 0.5448 -2532.78377 0.6613 -2583.881126  0.6893
9.06 -2441.50262  1.2513 -2294.56384 0.9566 -2532.74942 1.1286 -2583.84617 1.1649
8.97 -2441.45801  1.8582 -2294.52592 1.4725 -2532.70739 1.7004 -2583.79404 1.8741
8.87 -2441.39931  2.6569 -2294.47444 2.1729 -2532.65134 2.4631 -2583.74790 2.5018
8.78 -2441.33791  3.4922 -2294.41928 2.9235 -2532.59212 3.2688 -2583.68901 3.3030
8.69 -2441.26808  4.4423 -2294.35565 3.7892 -2532.52436 4.1906 -2583.62217 4.2125
ve-relax?  -2441.62179 -0.3699 -2294.64436 -0.1390 -2532.85094 -0.2527 -2583.95320 -0.2913

2 relaxation calculation with variable unit cell dimensions; structure outputs provided
below.

Table A. 2 Calculated energy for the oxidized state of NigO1s, [Al:NigO1s],, [GaiNigO1s]", and
[Fe:iNigO1g]” under varied biaxial strain.

Ni-Ni Al-Ni Ga-Ni Fe-Ni
anate (A) E(Ry) AE(eV) E(Ry) AE(eV) E(Ry) AE(eV) E(Ry) AE(eV)
8.62 -2418.02896 0 -2272.59901 0 -2510.78452 0 -2561.88583 0.0000
8.71 -2418.00313 0.3515 -2272.57934 0.2677 -2510.77h 0.1620 -2561.865187  0.2809
8.79 -2417.97561 0.7258 -2272.55501 0.5986 -2510.75430 0.4112 -2561.84794 0.5155
8.88 -2417.93329 1.3017 -2272.51919 1.0860 -2510.72499 0.8100 -2561.82055 0.8882
8.96 -2417.89016 1.8885 -2272.48028 1.6153 -2510.69169 1.2630 -2561.79327 1.2594
9.05 -2417.83454 2.6452 -2272.42919 2.3104 -2510.64668 1.8754 -2561.759132 1.7238
9.14 -2417.77203 3.4956 -2272.37093 3.1031 -2510.59428 2.5884 -2561.72225 2.2256
9.22 -2417.711191  4.3234 -2272.31361 3.8830 -2510.54196 3.3002 -2561.69028 2.6606
ve-relax? -2418.04395 -0.2039 -2272.60580 -0.0924 -2510.78564 -0.0152 -2561.891451  -0.0765

2 relaxation calculation with variable unit cell dimensions; structure outputs provided
below.
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Structural outputs from VC-Relax Calculations:
Reduced phase: NigO1sH1s

Ni
O
H
Ni
Ni

Z T

I O I OT OT o T O

Z T O z

T O T OT O T O

7.985771574
7.985909174
7.986323035
6.388900702
9.582616519
7.985802563
7.986093130
6.388890316
9.582850847
9.583435209
9.582433108
0.582117647
11.179498680
11.179416006
11.179506829
11.179288862
12.776560947
12.777333973
4.791932892
4.791988646
4.791671745
3.195096996
6.388754037
6.388551370
6.388916153
6.388926122
7.985675429
7.985622131
9.582488685
9.582213940

2.766676524
4.610679824
4.610918766
5.532534820
5.532519852
0.922907695
0.923184384
0.000865178
1.844751183
1.844808770
3.688620808
3.688741396
4.610431281
4.610161766
6.454465513
6.454339671
7.376560725
7.377007032
2.766620558
0.922775494
0.923074380
0.000770766
1.844723092
1.844918244
3.688619885
3.688625642
6.454283048
6.453949557
7.376530547
7.376593709

7.500389579
8.520389245
9.487255457
7.500389579
7.500070820
6.480229953
5.513177577
7.500051085
8.519885815
9.487175628
6.480118412
5.512907740
8.519863653
9.486872888
6.480091066
5.513274958
8.520159120
9.486755808
7.500023077
6.479934491
5.512758500
7.499577892
8.520177879
0.487287629
6.480563777
5.513422965
6.480118412
5.512907740
8.519863653
9.486872888
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Reduced phase: AliNigO1sH17

Al
o)
H
Ni
Ni

Z T

I O I O I O I O O

Z T O 2

I O I O T O T O

Z

7.992526868
7.922430791
8.071263357
6.318777749
9.472582220
7.842866904
7.834853413
6.322345085
9.338078172
9.314210521
9.306185133
11.023200027
10.954464388
11.051900036
11.067574553
12.617664976
12.629097369
4.738030152
4.740230626
4.722671923
3.144560035
6.476363834
6.619480178
6.467511599
6.466535285
7.881337734
7.848147633
9.487966984
9.506093812
1.496761965

2.684358386
4.394520176
4.315106615
5.475954012
5.467253342
1.071812816
1.076410910
0.011074543
1.907480469
3.620096719
3.624853657
4.566146998
4.513014584
6.390771989
6.381687099
7.327961810
7.413988999
2.737963302
0.934982648
0.963189652
0.010395641
1.889971919
1.800764073
3.564796890
3.565451603
6.375451629
6.376681876
7.293712371
7.283308926
2.699014597

7.529317560
8.489715488
0.442144161
7.552321192
7.470634922
6.416485436
5.450261114
7.470617756
8.446675029
6.416394667
5.450162648
8.499133620
9.462391837
6.444826660
5.478016054
8.499177052
9.462451503
7.552275214
6.497550237
5.531295239
7.517210352
8.489724396
9.442171982
6.562854608
5.596370229
6.497615769
5.531351707
8.516572584
9.483387864
7.537950360



I O I O T O I O

1.598216002
1.598083724
1.597473735
0.001497889
3.194934647
3.194734769
3.195194424
3.195158133
3.195258526
4.791940049
4.792007721
4.792179580
4.792564485
6.389012783
6.389354835

2.766646595
0.922634682
0.922282504
0.000864807
1.844612578
1.844497178
5.532502351
3.688563885
3.688139999
4.610482860
4.610209770
6.454418585
6.454531879
7.376634607
7.377111887

Reduced phase: GaiNigO1sH17

Ga
O
H
Ni
Ni
O

Zz T

O I OIT O IT OO

8.048535716
7.968498181
8.091793237
6.353164769
9.539712748
7.886068265
7.871372662
6.347333950
9.465944569
9.452154850
9.400588082

11.095656619
11.034956861
11.123191589
11.134917787
12.698630032

2.700202567
4527691022
4.456299491
5.527543984
5.525809361
0.985906307
1.037311089

-0.003437051

1.882304260
3.698548221
3.685814951

4599812519

4542778186

6.434833949

6.428213674

7.376283434

7.499577892
6.479619279
5.512472266
7.499999127
8.519510930
9.486474654
7.500051085
6.479934491
5.512758500
8.520177879
9.487287629
6.480229953
5.513177577
8.519885815
0.487175628

7.579071591
8.527650131
9.485463662
7.554013140
7.469873131
6.406460770
5.440035776
7.469899978
8.473508130
6.406435807
5.439987672
8.487421524
9.451128679
6.446009071
5.479301757
8.487539774

Fe
0]
H
Ni
Ni
@)

Z T

O I OIT O I O O
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0
H

Z T O z

T O T O T O T O

1.597323060
1.595816126
-0.007869331
3.151387216
3.081786979
3.154489160
3.155158408
3.160969432
4.747647726
4.749380398
4.749021659
4.762232050
6.315677365
6.301421979

0.903631411
0.904513104
0.093137748
1.825507296
1.801821936
5477457824
3.636644026
3.624688962
4.557680840
4.556683625
6.397339564
6.398347903
7.306200861
7.378188111

6.444766105
5.478025128
7.538078873
8.553745898
9.518093614
7.517334556
6.511971399
5.544869267
8.554063084
9.521066972
6.512087166
5.545002982
8.553853335
9.518205226

Reduced phase: FeiNigO1sH17

8.082532078 2.680729306
7.964814892 4.561825945
8.033741361 4.552968101
6.356716001 5.512040821
9.542566440 5.527337038
7.913225999 0.941064161
7.887027400 0.993387989
6.347293473 -0.007126024
9.493309427 1.866001718
9.504156998 3.697166748
9.445975338 3.693153851
11.107704006 4.597930806
11.057828687 4.549441760
11.122853127 6.434480894
11.121247799 6.435486308
12.705328292 7.365353820

7.612213479
8.546047526
9.511508072
7.519316970
7.486140316
6.421814737
5.456042999
7.486230059
8.508324628
6.421672989
5.455913267
8.496350292
9.461092857
6.455841021
5.488759792
8.496831700



Z I oz I

T O T O T O I O

Z T oz IOz

I O I O T O IT O

12.717618852
4.752556371
4.762817752
4.739138446
3.161825042
6.426036070
6.549599738
6.463562803
6.513681820
7.928686344
7.893659504
9.541195156
9.562254996
1.533517110
1.611761939
1.622318570
0.001960555
3.162416032
3.076596546
3.178837390
3.186232120
3.197747966
4.774357853
4.763866680
4.782277853
4.796768683
6.353796154
6.323667734

7.457254051
2.755451380
0.942060850
0.968849598
0.012657789
1.856310466
1.785391302
3.615658921
3.586903612
6.425415249
6.432570317
7.348163635
7.336073881
2.721333665
0.907582207
0.901485719
0.068372774
1.836691949
1.821964673
5.512206434
3.665086357
3.654912615
4.590976745
4.597019700
6.429348870
6.424557217
7.364059957
7.445800517

Oxidized phase: NigO1s

Ni
O

7.019796843
7.019724270

2.426828764
4.052851149

9.451258097
7.553857032
6.499820083
5.533554873
7.513251246
8.527694832
9.485506734
6.575397066
5.609231724
6.499955220
5.533691961
8.512003666
9.478721359
7.510296638
6.433765488
5.466691464
7.510455488
8.540444880
9.503596202
7.510094255
6.504968263
5.537911090
8.548814396
9.515787539
6.505144070
5.538087139
8.540633630
9.503785811

6.900577891
7.855373977

Z I o0z I

T O T O T O T O

Z I oz IoOoZ

T O T O T © T O

12.721822892
4.767610442
4.770975272
4.773113264
3.170927580
6.394457791
6.436346539
6.409761984
6.397493648
7.945308692
7.944313312
9.538962174
9.552555870
1.569699447
1.606475048
1.610346296
0.010087157
3.180051282
3.107606302
3.180972249
3.180648201
3.168603398
4.773820367
4.769349502
4.776608183
4.779513080
6.363122056
6.334817867

7.432989505 9.461682134

2.759453817
0.927020486
0.928469030
0.007294923
1.841845042
1.785803945
3.646614059
3.653647537
6.425257671
6.422934212
7.348783247
7.341287441
2.732586155
0.910568253
0.907786928
0.031313301
1.835595388
1.826728259
5.510380452
3.667623848
3.658278507
4.590813159
4.593172747
6.432306355
6.447187374
7.348782791
7.415745745

Oxidized phase: [Al:NisOu1s]

Al
@)
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7.059347033
7.059307800

2440512410
4.096106621

7.519342337
6.491520677
5.524579780
7.509352462
8.545476023
9.511002868
6.516571230
5.549320832
6.491319268
5.524389906
8.526048192
9.492957409
7.508868074
6.452058673
5.484995623
7.508872952
8.532610551
9.497195460
7.500897021
6.488465225
5.521522816
8.529837369
9.496765839
6.488411296
5.521477688
8.532006168
9.496572263

6.900642181
7.860342810



Ni

Ni

O O O O

5.611596210
8.427875180
7.019839339
5.611640637
8.427851591
8.428053004
9.835930085
9.836047250
11.244138980
4.203540747
4.203475842
2.795387102
5.611750377
5.611575791
7.019714898
8.427957927
1.387251110
1.387292652
-0.020927142
2.795464964
2.795303951
2.795374994
4.203517352
4.203407461
5.611648214

4.865901002
4.865830394
0.800753664
-0.012143256
1.613965084
3.239710034
4.053002124
5.678821856
6.491815312
2426912578
0.800926040
-0.012057892
1.613872416
3.239824928
5.679020384
6.491678633
2.426902384
0.800936725
-0.012082291
1.613976706
4.865889367
3.239825447
4.053000756
5.678951163
6.491766809

6.900577891
6.900507426
5.945791934
6.900726585
7.855778798
5.945675998
7.855654572
5.945668754
7.855713488
6.900850828
5.945939885
6.900937813
7.855654593
5.945657381
5.945675998
7.855654572
6.900937813
5.946081681
6.900886348
7.855972028
6.900726585
5.945939885
7.855654593
5.945791934
7.855778798

Ni

Ni

O O O O
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5.646067203
8.472565982
7.059382815
5.646103381
8.493072315
8.493191195
9.889845031
9.896301790
11.307537627
4.232869124
4.228738254
2.811130424
5.625647723
5.625510944
7.059299498
8.470656163
1.389390202
1.393504238
-0.023874922
2.811183654
2.811082761
2.811111817
4.228785300
4.222331793
5.648069203

4.888393714
4.888344144
0.784921435
-0.007287151
1.612804266
3.268217536
4.074872757
5.708061084
6.530200823
2440571120
0.806342823
-0.012143354
1.612753990
3.268325334
5.709142404
6.531063808
2440561192
0.806352422
-0.007246284
1.617476917
4.893289684
3.263630236
4.074865672
5.708151008
6.531122604

6.900623190
6.900574728
5.940913874
6.900730622
7.860669803
5.940843617
7.852948929
5.945309368
7.852991902
6.900815142
5.948606826
6.905298741
7.860551079
5.940809768
5.948412984
7.856047598
6.900892258
5.948718981
6.900849476
7.856293219
6.896304609
5.945502971
7.852950650
5.945394767
7.856147958



Oxidized phase: [GaiNigO1s]

Ga
O

Ni
Ni

Ni

Ni

O O O ©°

7.110181092
7.110144971
5.677564634
8.542735725
7.110203569
5.677618705
8.621453433
8.621712206
9.966097925
9.973254937
11.388957715
4.245035961
4.254153702
2.831363113
5.598921102
5.598656302
7.110135768
8.525947467
1.417676727
1.408558402
-0.014908930
2.831385031
2.831321991
2.831340425
4.254199671
4.247049020
5.694393282

2.458098699
4.203226112
4.939435846
4.939395599
0.712805159

-0.023188213

1.585580412
3.330691939
4.107069257
5.745881520

6.571427454
2.458139392
0.809222769

-0.012250065

1.585565365
3.330759516
5.756042795
6.581408993
2.458141611
0.809238396
-0.023145768
1.622540771
4.928526753
3.293706407
4.107085026
5.745961279
6.581459820

6.900367338
7.877360596

6.900674601

6.900633305

5.923810129

6.900758106
7.877620479
5.923727236
7.850334317
5.949118320

7.850366932
6.900823173
5.951282210

6.904372651
7.877524146

5.923738181

5.951129789

7.852380245

6.900868252

5.951356321

6.900840224
7.852564763

6.897309580

5.949258339

7.850341067

5.949176259

7.852451491
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Oxidized phase: [FeiNisO1g]

Fe
O

Ni
Ni

Ni

Ni

© O O O
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Figure A.1 Near infrared spectra for the (A-C) oxidized and (D-F) reduced forms of MyNi1o-yOx.
Peak locations were extracted from the curves by peak-fitting; components of sample fits are
shown as shaded peaks for each panel and total fit as a dashed green line. NiOx (i.e., M = Ni) is
shown in Panels C and F.
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Figure A.2 Projected density of states for (A) Al 2p, (B) Ni 3d and (C) O 2p orbitals in the oxidized
model for [AINigOzg]". Values are shown for 0%, 3% and 6% tensile strain, defined relative to the
crystalline nickel hydroxide lattice.
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Figure A.3 Projected density of states for (A) Ga 3d, (B) Ni 3d and (C) O 2p orbitals in the
oxidized model for [GaNigO1g]". Values are shown for 0%, 3% and 6% tensile strain, defined
relative to the crystalline nickel hydroxide lattice.
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Figure A.4 Projected density of states for (A) Fe 3d, (B) Ni 3d and (C) O 2p orbitals in the oxidized
model for [FeNigO1s]". Values are shown for 0%, 3% and 6% tensile strain, defined relative to the
crystalline nickel hydroxide lattice.
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Appendix B: Supplementary Information for Chapter 4

Table B. 1 Charges passed in the pre-catalytic cathodic redox peaks in cyclic voltammograms that
are used to normalize current flow in electrochemical experiments.

Water Formamide

(mC) (mC)
0% Fe 22.61 23.11
0.5% Fe 22.99 22.58
2.7% Fe 23.43 16.34
5.7% Fe 18.81 13.36
8.7% Fe 15.60 26.05
11.9% Fe 12.43 19.03
15.3% Fe 2.838 4.982
18.9% Fe 12.12 18.84
21.4% Fe 18.32 12.44
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Table B. 2 Location of the Ni and Fe K-edges from XANES spectra on the two sample series

Formamide Sample Series Water Sample Series
Ni K-edge Fe K-edge Ni K-edge Fe K-edge

0% Fe 8341.33 8341.39

(0.002) (0.035)
5% Fe 8341.38 7124.97 (0.054) 8341.26 7124.58

(0.004) (0.006) (0.067)
10% Fe 8341.39 7124.63 (0.041) 8341.53 7124.56

(0.068) (0.006) (0.024)
15% Fe 8341.46 7124.47 (0.025) 8341.38 7124.39

(0.004) (0.006) (0.042)
20% Fe 8341.44 7124.33 (0.025) 8341.34 7124.30

(0.027) (0.009) (0.023)
25% Fe 8341.49 7124.17 (0.011) 8341.42 7124.06

(0.004) (0.003) (0.011)
30% Fe 8341.48 7124.93 (0.014) 8341.43 7123.90

(0.009) (0.009) (0.026)

& parentheses are estimated errors are standard deviation from all individual spectra per sample
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Table B. 3 EXAFS preliminary simulation parameters of Ni K-edge of water series

Sample 60 ONi Eo Rni-o RNi-m R-factor

0% Fe 0.0057 0.0071 8.174 2.065 3.116 0.006
(0.0005) (0.0005) (0.476) (0.0057) (0.0053)

5% Fe 0.0069 0.0077 8.328 2.068 3.116 0.007
(0.0005) (0.0004) (0.421) (0.0052) (0.0048)

10% Fe (0.0053) 0.0070 8.290 2.065 3.110 0.010
(0.0006) (0.0006) (0.599) (0.007) (0.007)

15% Fe 0.0061 0.0073 8.097 2.063 3.103 0.007
(0.0005) (0.0005) (0.516) (0.006) (0.005)

20% Fe 0.0073 0.0078 8.133 2.062 3.098 0.014
(0.0006) (0.0005) (0.582) (0.007) (0.006)

25% Fe 0.0065 0.0075 8.329 2.065 3.095 0.019
(0.0008) (0.0008) (0.767) (0.009) (0.008)

30% Fe 0.0058 0.0074 8.146 2.061 3.090 0.012
(0.0007) (0.0007) (0.679) (0.008) (0.007)

Nni.o, Nni-m= 6, S0?=0.75, Eoni= 8333 eV
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Table B. 4 EXAFS preliminary simulation parameters of Fe K-edge of water series.

Sample 602 OFe? Eo Rre-0 Rre-m R-factor

5% Fe 0.0039 0.0065 12.362 2.000 3.112 0.015
(0.0006) (0.0007) (0.555) (0.007) (0.007)

10% Fe 0.0041 0.0068 12.342 2.000 3.108 0.013
(0.0005) (0.0007) (0.492) (0.006) (0.006)

15% Fe 0.0047 0.0071 12.163 1.998 3.100 0.015
(0.0005) (0.0007) (0.500) (0.006) (0.007)

20% Fe 0.0062 0.0078 12.181 1.996 3.090 0.023
(0.0006) (0.0007) (0.521) (0.007) (0.007)

25% Fe 0.0080 0.0090 12.054 1.991 3.086 0.027
(0.0008) (0.0009) (0.641) (0.008) (0.009)

30% Fe 0.0089 0.0103 11.883 1.989 3.076 0.044
(0.0008) (0.0012) (0.715) (0.010) (0.011)

NFe-o, Nre-m= 6, S0?=0.80, Eore= 7112 eV
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Table B. 5 EXAFS preliminary simulation parameters of Ni K-edge of formamide series.

Sample 60 ONi Eo Rni-o RNi-m R-factor

0% Fe 0.0061 0.0074 8.196 2.064 3.118 0.012
(0.0005) (0.0005) (0.497) (0.006) (0.005)

5% Fe 0.0060 0.0074 8.005 2.061 3.110 0.009
(0.0005) (0.0005) (0.501) (0.006) (0.005)

10% Fe 0.0057 0.0072 7.996 2.058 3.102 0.013
(0.0006) (0.0006) (0.598) (0.007) (0.006)

15% Fe 0.0056 0.0071 8.185 2.059 3.099 0.013
(0.0007) (0.0007) (0.648) (0.008) (0.007)

20% Fe 0.0058 0.0070 8.100 2.059 3.095 0.013
(0.0007) (0.0007) (0.686) (0.008) (0.007)

25% Fe 0.0052 0.0070 8.145 2.057 3.092 0.016
(0.0007) (0.0007) (0.717) (0.008) (0.008)

30% Fe 0.0050 0.0074 8.312 2.060 3.092 0.020
(0.0007) (0.0008) (0.736) (0.009) (0.009)

Nni.o, Nni-m= 6, S0?=0.75, Eoni= 8333 eV
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Table B. 6 EXAFS preliminary simulation parameters of Fe K-edge of formamide series.

Sample 602 OFe? Eo Rre-0 Rre-m R-factor

5% Fe 0.0037 0.0053 13.085 2.002 3.111 0.012
(0.0006) (0.0006) (0.521) (0.006) (0.006)

10% Fe 0.0042 0.0051 12.755 1.998 3.096 0.010
(0.0005) (0.0005) (0.473) (0.006) (0.005)

15% Fe 0.0049 0.0060 12.623 1.997 3.089 0.013
(0.0006) (0.0006) (0.561) (0.007) (0.006)

20% Fe 0.0065 0.0070 12.704 1.998 3.089 0.017
(0.0007) (0.0007) (0.590) (0.008) (0.007)

25% Fe 0.0079 0.0082 12.472 1.994 3.081 0.015
(0.0007) (0.0007) (0.560) (0.007) (0.007)

30% Fe 0.0093 0.0092 12.623 1.995 3.077 0.023
(0.0009) (0.0010) (0.708) (0.010) (0.009)

NFe-o, Nre-m= 6, S0?=0.80, Eore= 7112 eV
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Table B. 7 EXAFS final simulation parameters of Ni K-edge of water series

Sample 00’ ONi? Rni-o RNi-m R-factor
0% Fe 0.0058 0.0072 2.065 3.116 0.0064
(0.0005) (0.0005) (0.003) (0.004)

5% Fe 0.0069 0.0077 2.066 3.115 0.0072
(0.0004) (0.0004) (0.002) (0.003)

10% Fe 0.0053 0.0070 2.063 3.109 0.010
(0.0006) (0.0006) (0.003) (0.005)

15% Fe 0.0061 0.0073 2.063 3.104 0.008
(0.0005) (0.0005) (0.003) (0.004)

20% Fe 0.0073 0.0078 2.062 3.098 0.014
(0.0006) (0.0005) (0.003) (0.004)

25% Fe 0.0064 0.0075 2.063 3.093 0.018
(0.0008) (0.0007) (0.004) (0.006)

30% Fe 0.0058 0.0074 2.061 3.090 0.012
(0.0007) (0.0006) (0.004) (0.005)

Nni-0, Nni-m= 6, S0?=0.75, Eoni= 8333 eV, Eo= 8.15 eV
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Table B. 8 EXAFS final simulation parameters of Fe K-edge of water series.

Sample 60?2 OFe? Rre-0 Rre-m R-factor

5% Fe 0.0039 0.0065 1.998 3.110 0.016
(0.0006) (0.0007) (0.003) (0.006)

10% Fe 0.0041 0.0068 1.998 3.106 0.014
(0.0005) (0.0006) (0.003) (0.005)

15% Fe 0.0047 0.0071 1.998 3.100 0.015
(0.0005) (0.0006) (0.003) (0.005)

20% Fe 0.0062 0.0078 1.995 3.090 0.023
(0.0006) (0.0007) (0.003) (0.005)

25% Fe 0.0080 0.0090 1.993 3.087 0.027
(0.0007) (0.0009) (0.004) (0.007)

30% Fe 0.0089 0.0103 1.992 3.078 0.042
(0.0008) (0.0011) (0.004) (0.008)

Nre-0, Nre-m= 6, S0?=0.80, Eore= 7112, Eo:12.15 eV
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Table B. 9 EXAFS final simulation parameters of Ni K-edge of formamide series.

Sample 00’ ONi? Rni-o RNi-m R-factor

0% Fe 0.061 0.0074 2.064 3.118 0.012
(0.0005) (0.0005) (0.003) (0.004)

5% Fe 0.006 0.0074 2.062 3.111 0.009
(0.0005) (0.0005) (0.003) (0.004)

10% Fe 0.0057 0.0072 2.060 3.104 0.013
(0.0006) (0.0006) (0.003) (0.005)

15% Fe 0.0056 0.0071 2.059 3.099 0.013
(0.0006) (0.0006) (0.004) (0.005)

20% Fe 0.0058 0.0070 2.059 3.095 0.014
(0.0007) (0.0007) (0.004) (0.005)

25% Fe 0.0052 0.0069 2.057 3.092 0.016
(0.0007) (0.0007) (0.004) (0.006)

30% Fe 0.0050 0.0075 2.058 3.090 0.020
(0.0007) (0.0008) (0.004) (0.007)

Nni-0, Nni-m= 6, S¢?=0.75, Eoni= 8333 eV, Eo= 8.15 eV
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Table B. 10 EXAFS final simulation parameters of Fe K-edge of formamide series.

Sample 60?2 OFe? Rre-0 Rre-m R-factor

5% Fe 0.0036 0.0053 1.992 3.104 0.017
(0.0006) (0.0006) (0.004) (0.005)

10% Fe 0.0042 0.0052 1.992 3.092 0.012
(0.0005) (0.0005) (0.003) (0.004)

15% Fe 0.0049 0.0060 1.992 3.085 0.014
(0.0006) (0.0006) (0.003) (0.005)

20% Fe 0.0065 0.0070 1.992 3.085 0.019
(0.0007) (0.0007) (0.004) (0.006)

25% Fe 0.0078 0.0082 1.990 3.078 0.015
(0.0006) (0.0007) (0.003) (0.005)

30% Fe 0.0092 0.0092 1.989 3.073 0.024
(0.0008) (0.0009) (0.004) (0.007)

Nre-0, Nre-m= 6, S0?=0.80, Eore= 7112, Eo:12.15 eV
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Figure B.1 Electron micrographs obtained on Feo214Nio.786(OH)2 synthesized in the presence of
formamide.
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Figure B.2 Sample cyclic voltammograms of Feo.osNio.oss(OH)2 in water series recorded before
and after chronoamperometry experiment.
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Figure B.3 Electron transfer kinetics of water (red) and formamide(blue) series. Synthesis
dependent Tafel plots for (A) 0% Fe, (B) 0.5% Fe, (C) 2.7% Fe, (D) 5.7% Fe, (E) 8.7% Fe, (F)
11.9% Fe, (G) 15.3% Fe, (H) 18.9% Fe, (1) 21.4% Fe.
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Figure B.4 k-space X-ray absorption fine-structure spectra of (A) water and (B) formamide series
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Figure B.5 XRD patterns of the samples used in EXAFS analysis of (A) water series (B)
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Figure B.6 Low wavenumber Raman spectra on FexNi1x(OH). samples used in EXAFS analysis.
Data for the (A) water and (B) formamide sample series.
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Figure B.7 High wavenumber Raman spectra on FexNi1.x(OH). samples used in EXAFS analysis.
Data for the (A) water and (B) formamide sample series.
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Appendix C: Supplementary Information for Chapter 5

Table C. 1 Ni and Fe K-edge locations extracted from half-height method of hydrothermally
synthesized NiFe hydroxides.

Ni K-edge Estimated Fe K-edge Estimated

error error

0% Fe 8342.137 0.003

5% Fe 8341.966 0.003 7124.148 0.062

10% Fe 8342.015 0.044 7123.977 0.102

15% Fe 8341.878 0.026 7123.733 0.156

20% Fe 8341.959 0.051 7123.830 0.206

25% Fe 8342.907 0.034 7123.503 0.107

30% Fe 8341.808 0.002 7123.337 0.016
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Table C. 2 Extended X-ray absorption fine-structure spectroscopy (EXAFS) modeling parameters
for Ni K-edge of hydrothermally synthesized NiFe hydroxides.

Sample Eo Rni-o RNi-Mm R-factor

0% Fe 8.354 2.068 3.128 0.019
(0.828) (0.009) (0.008)

5% Fe 8.185 2.063 3.122 0.018
(0.700) (0.007) (0.007)

10% Fe 8.441 2.067 3.119 0.016
(0.692) (0.008) (0.007)

15% Fe 8.375 2.067 3.117 0.021
(0.668) (0.007) (0.007)

20% Fe 8.628 2.069 3.115 0.017
(0.756) (0.009) (0.007)

25% Fe 8.938 2.073 3.112 0.044
(0.916) (0.011) (0.009)

30% Fe 9.221 2.074 3.108 0.049
(0.964) (0.011) (0.010)

No-m, Nni-m= 6, So?= 0.8, o?ni= 0.006, 620= 0.004, Eoni= 8333 eV. Brackets indicate
uncertainties in values.
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Table C. 3 Extended X-ray absorption fine-structure spectroscopy (EXAFS) modeling parameters
for Fe K-edge of hydrothermally synthesized NiFe hydroxides (brucite).

Sample Eo NFeA-0 RFrea-0 NFeA-Mm RFea-m R-factor

5% Fe  12.362 6.00 2.019 6.00 3.124 0.024
(0.687) (0.009) (0.011)

10% Fe  11.229 4.50 1.975 4.50 3.106 0.011
(0.807) (0.010) (0.013)

15% Fe 11.308 4.32 1.965 4.32 3.081 0.019
(0.945) (0.011) (0.014)

10.124

20% Fe  (0.835) 4.10 1.953 4.10 3.079 0.018
(0.010) (0.013)

25% Fe 12.291 4.10 1.955 4.10 3.077 0.024
(1.202) (0.015) (0.018)

30% Fe  12.585 4.00 1.952 4.00 3.069 0.020
(0.918) (0.0112) (0.014)

So?= 0.8 6%rea= 0.011, 6%= 0.007, Eore= 7112 eV. Brackets indicate uncertainties in
values.
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Table C. 4 Extended X-ray absorption fine-structure spectroscopy (EXAFS) modeling parameters

for Fe K-edge of hydrothermally synthesized NiFe hydroxides (magnetite).

Sample Eo Rrec Rrec RFec RFec RFec Nrec  Nrec R-
oct-O  oct-oct oct-tet tet-O tet-tet oct-  oct-tet factor
oct,
oct-O,
tet-tet
5% Fe 12.362 0.024
10% Fe 11229 2.095 2951 3462 1.925 3.618 1 2 0.011
(0.033) (0.013) (0.013) (0.033) (0.013)
15% Fe 11.816 2.090 2929 3438 1946 3591 112 224 0.025
(0.032) (0.012) (0.012) (0.032) (0.012)
20% Fe 10.124 2103 2924 3436 1933 3591 1266 2533 0.018
(0.025) (0.010) (0.010) (0.025) (0.010)
25% Fe 12291 2148 2948 3460 1978 3.615 1266 2.533 0.024
(0.036) (0.014) (0.014) (0.036) (0.014)
30% Fe 12585 2145 2949 3461 1975 3616 132 264 0.020
(0.025) (0.010) (0.010) (0.025) (0.011)

S0?= 0.8, 6%rec= 0.002, 5%0= 0.0035, Eore= 7112 eV. Brackets indicate uncertainties in

values.
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Calculation of Phase Fraction from EXAFS Simulations

The total number of iron and nickel sites are denoted as Nre.and Nni. The proportion between the
total iron and nickel amount in the intended synthesis of FexNi1.x(OH)z is:

Sre - X (C.1)

Npi 1-x

The total amount of iron is the combination of the magnetite and FexNi1x(OH)z:

NFe = 3NF€304 + yNFexNil—x(OH)Z (C 2)

where y is the actual Fe concentration successfully incorporated in brucite lattice.

The total amount of nickel sites at y% Fe:

Ny; = (1 - y)NNiFe(OH)Z (C.3)
The fraction of Fe incorporated in the FexNi1.x(OH): is the proportion between the incorporated Fe
amount at a specific iron percentage and total iron amount and is denoted as a in equation C.4:

a= YNNiFe(OH), aty %Fe (C.4)

3NFez0, *YNNiFe(OH);

The number of iron sites in terms of a is represented in equation C.5:

YNy Nyi
N, = LNNiFeom; _ YNni (C.5)

a a(1-y)

The proportion between total iron and nickel amounts can be written as:

Nre _ X __ ¥ (C.6)

Np;i 1-x  a(1-y)

Rearrangement of this equation yields the amount of actual incorporated iron sites in nickel
hydroxide:

y=—= (C.7)

1-x+ax
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Calculation of Phase Fraction from XRD

The total number of iron and nickel sites are denoted as Nre.and Nni. The proportion between the
total iron and nickel amount in the intended synthesis of FexNi1.x(OH)z is:

pe - X (C.8)

Npi 1-x

The number of nickel sites in FexNi1x(OH)z2 is represented as:

Ny; = (1 - y)NNiFe(OH)z =(1-x) (C.9)
where y is the actual iron amount successfully incorporated in brucite lattice.
According to equation C.9, the number of NiFe(OH), is:

Nyi
1-y
The number of Fe sites are the total number of iron sites in Fe;0,and NiFe(OH),

(C. 10)

Nyire(on), =

3Npe
Nge = %04 + YNyire(om), = X (C.11)

where 3 accounts for stoichiometry within the formula and 8 is the number of formula units
within the Fe;0, unit cell. The amount of Fe30,:

8 [Nre—YNnNire(0H),]
Nrey0, = P (C. 12)
, Ny;
phase fraction (p) = NiFe(@H), (C.13)
NFe304+NNiFe(OH),

where N is the number of nickel and iron sites according to the unit cells of nickel hydroxide
(NiFe(OH),) and magnetite (Fe;0,). After substitution of Nni and Nre to equation C.13
becomes:

Npni
_ (1-y)
p= T (C. 14)
Nyi  8Npe VIG=y)!
1-y ' 3 3

Rearrangement of equation C.14 yields the amount of actual incorporated iron sites in nickel
hydroxide:

__ 3p+3x+5px—3
Y= (C.15)
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Figure C.1 Sample Rietveld refinement on the Feo.3Nio.7(OH)>.
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Figure C.2 k-space X-ray absorption fine-structure spectra of Ni K-edge of FexNi1-x(OH). sample
series.
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Figure C.3 k-space X-ray absorption fine-structure spectra of Fe K-edge of FexNi1-x(OH). sample
series.
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Appendix D: Supplementary Information for Chapter 6

Table D. 1 Co and Fe edge locations derived from XANES

0% Fe

5% Fe

10%
Fe

15%
Fe

20%
Fe

25%
Fe

30%
Fe

Hydrothermal Series

Water Series

Formamide Series

Co K-edge Fe K- Co K-edge Fe K- CoK-edge  Fe K-edge

edge edge

7718.03 7720.90 7718.19
(0.005) (0.006) (0.003)

7719.999 7123.74 7719.89 7124.21 7717.93 7124.58
(0.009) (0.047) (0.040) (0.032) (0.087) (0.050)
7718.05 7123.64 7719.33 7124.22 7718.08 7124.55
(0.068) (0.015) (0.031) (0.047) (0.076) (0.020)
7717.98 7123.60 7719.25 7124.21 7718.09 7124.36
(0.107) (0.026) (0.197) (0.047) (0.093) (0.027)
7717.93 7123.52 7718.12 7124.14 7718.03 7124.03
(0.159) (0.038) (0.119) (0.031) (0.072) (0.018)
7717.98 7123.48 7718.12 7124.08 7718.03 7123.78
(0.112) (0.042) (0.131) (0.029) (0.021) (0.012)
7718.14 7123.30 7718.11 7123.82 7718.07 7123.60
(0.006) (0.010) (0.003) (0.010) (0.003) (0.005)
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Table D. 2 Extended X-ray absorption fine-structure spectroscopy (EXAFS) modeling parameters
for Co K-edge of formamide series.

Nwm-o Rwm-o0 Nm-m Rm-m R-factor

0 547 2045 6021  3.08768  0.0297
(0.343) (0.007) (0-549)  (0.006)

5 451 2051 5122 30867  0.037836

(0.365) (0.009) (0:555)  (0.007)

10~ 549 2062 5566  3.10406  0.030047
0328 (oos) (0517 (0.006)

15 ~ 502 2083 457814 311012 00188
0282) (0ots) (0588)  (0.007)
1414 1932 10691  2.8546
(0.644) (0.51)

20 ~ 4782 2085 3965 31083  0.0194
(0242) (0015 (055  (0.008)
1515 1932 11692  2.8546
(0.561) (0.48)

25 4873 2098 3739 310618  0.0334
0.345) (0.019) (©71)  (0.011)
1842 1932 07828  2.854

(0.697) (0.62)
30 5728 2091 5154 3.110 0.0439
(1.1537) (0.023) (098) (0011
11537  1.932 1.2 2.8546
(1.042) (0.86)

Eo=12.0eV, S2 = 0.78, 6Z_, = 0.01, 02_,, = 0.007
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Table D. 3 Extended X-ray absorption fine-structure spectroscopy (EXAFS) modeling parameters
for Fe K-edge of formamide series.

Nwm-o Rwm-0 Nm-m Rm-m Eo R-factor

5 6.3191 2.004 6.44 3.124 15.6 0.027
(0.22) (0.006) (0.50) (0.006)

10 6.1588 2.003 6.3895 3.121 15.6 0.012
(0.22) (0.006) (0.50) (0.006)

15 5.723 2.003  5.324 3122 157 0.018
(0.25) (0.008)  (g57) (0.009)

20 5.149 2.000 3.595 3.112 15.7 0.023
(0.24) (0.009) (0.54) (0.012)

25 437411  2.004 3.082 3.102 16.3 0.049
(0.32) (0.014) (0.63) (0.016)

30 4.307 1.995 2.838 3.001 15.7 0.061
(0.297) (0.013) (0.64) (0.0175)

S% =0.78, g4_, = 0.004, 065_,, = 0.006
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Table D. 4 Extended X-ray absorption fine-structure spectroscopy (EXAFS) modeling parameters
for Co K-edge of hydrothermal series.

Nm-o Rwm-o Nm-m Rm-m R-factor
0 6.592 2.105 5.453 3.186 0.029
(0.384) (0.006) 055 (0.006)
5 5.135 1.925 5.054 2.861 0.017
(0.290) (0.006) (0401)  (0.005)
10 5.721 2.091 4.107 3.181 0.034
(0.372) (0.006) (0551)  (0.008)
15 6.443 2.098 4.408 3.176 0.031
(0.383) (0.006) (0544)  (0.008)
20 6.317 2.097 4.194 3171 0.029
(0.353) (0.006) (0523)  (0008)
25 6.128 2.096 3.621 3.169 0.035
(0.52) (0.016) (0.682) (0.015)
30 5.587 2.109 3.976 3.157 0.027
(0.33) (0.010) 0722)  (0.013)
1.565 1.932 1208 2.982
(0.47) (0.601)  (0.03)

Eo=12.0 eV, S2 = 0.78, 6Z_, = 0.006, g2_,; = 0.005
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Table D. 5 Extended X-ray absorption fine-structure spectroscopy (EXAFS) modeling parameters
for Fe K-edge of hydrothermal series.

Nm-o Rwm-o0 Nm-m Rm-M  Nmagnetite  Rm-0 Rm-m R-

factor

5 4442 1941 1069 2889 0663 2010 2926 0016
(0.40)  (0.010) (0.501) (0.029) 1731 3.434
(0.031)  3.588
(0.012)

10 3718 1941 0554 298 0671 2068 2966  0.020
(0.343) (0.007) (0.455)  (0.045) 1789  3.474
(0.025)  3.628
(0.008)

15 3478 1943 0750 3.029 0688 2065 29549  0.016
(0.282)  (0.007) (0.432) (0.031) 1.786 gg?gé

(0.021)  (0.009)
20 3372 1943 0615 3.027 0676 2066 295471  0.015

3.463
0.271) (0.007) (0.395) (0.035 1.787
(0.271) ~ (0.007) (0.395) (0.035) 361661

(0.020)  (0.008)
25 3378 193 0563 3.021 0735 2.071 295622 0.014

3.46452
0.298) (0.007) (0.397) (0.038 1.792
(0.298)  (0.007)  (0.397) (0.038) 36181

(0.019)  (0.008)
30 3026 1929 0921  3.041 0799 2052 294937 0.015

3.45767
0.273) (0.008) (0.381) (0.023 1773
(0.273)  (0.008) (0.381) (0.023) 361127

(0.017)  (0.007)

Eo=11.0eV, S2 = 0.78, 62_, = 0.005, g2_,, = 0.003
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Table D. 6 Extended X-ray absorption fine-structure spectroscopy (EXAFS) modeling parameters

for Co K-edge of water series.

Nwm-o Rwm-0 Nm-m Rm-m R-factor

0 6.114 1.896 6.030 2.851 0.009
(0.231) (0.003) (0.311) (0.003)

5 4501 1.918 4.136 2.847 0.0195
(0.289) (0.006) (0.365) (0.005)

10 4.125 1.914 3.006 2.860 0.004
(0.174) (0.005) (0.216) (0.004)
2.209 2.128 (ézggi) 3.133
(0.219) (0.011) (0.010)

15 4.375 1.914 3.561 2.859 0.003
(0.162) (0.004) (%ig) (0.003)
1.525 2.200 (0.267) 3.101
(0.202) (0.0150 (0.009)

20 5.334 2073 3.845 3.140 0.086
(0.523) (0.010) (0.762) (0.012)

25 5.031 2.067 3.669 3.131 0.090
(0.486) (0.010) (0.746) (0.013)

30 2.962 2.125 2,505 3.116 0.014
(0.342) (0.014) (0.417) (0.009)
2.759 1.945 (ééj% 2.896
(0.303) (0.012) (0.009)

Eo=115eV, S2 = 0.78, 62_, = 0.004, g2_,, = 0.004
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Table D. 7 Extended X-ray absorption fine-structure spectroscopy (EXAFS) modeling parameters
for Fe K-edge of water series.

Nwm-o Rwm-0 NM-m Rm-m R-factor
5 4.070 1.962 3.188 2.884 0.013
(0.747) (0.0112) (0.0106) (0.0112)
2.008 2.029 3.658 3.0997
(0.831) (0.009) (0.009) (0.009)
10 4.332 1.972 2.826 2.894 0.032
(1.052) (0.014) (0.707) (0.142)
1.437 2.035 4.592 3.106
(1.232) (0.0112) (0.851) (0.0112)
15 3.349 1.958 2.317 2.880 0.016
(0.793) (0.014) (0.576) (0.138)
2.420 2.027 5.409 3.097
(0.919) (0.008) (0.696) (0.0078)
20 6.324 1.986 5.098 3.095 0.024
(0.268) (0.004) (0.628) (0.009)
25 6.192 1.986 4.653 3.090 0.028
(0.291) (0.005) (0.651) (0.010)
30 4.356 1.857 4.657 2.891 0.023
(0.544) (0.013) (0.794) (0.0255)
1.453 2.012 1.951 3.0872
(0.512) (0.014) (0.669) (0.036)

Eo=14 eV, S = 0.78, 054_, = 0.007, 6 _,, = 0.008
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Table D. 8 Charges (in mC) passed in the first (C1) and second (C2) pre-catalytic cathodic redox
peaks in cyclic voltammograms

Water Hydrothermal Formamide

C1 C C1 C C1 C
0% Fe -0.517 -0.414 -0.017 -0.122 -18.08 -2.915
5% Fe -0.806 -0.630 -0.137 -0.194 -14.75 -1.928
10% Fe  -3.453 -1.382 -0.164 -0.656 -6.814 -4.297
15% Fe  -5.087 -1.565 -0.162 -0.727 -1.409 -2.911
20% Fe  -9.070 -2.632 -0.062 -0.338 -10.24 -3.885
25% Fe -11.61 -2.114 -0.024 -0.216 -5.255 -2.341

30% Fe  -2.122 -0.958 -0.029 -1.957 -7.283 -2.777

Table D. 9 Charges (in mC) passed in the first (A1) and second (A2) pre-catalytic anodic redox
peaks in cyclic voltammograms
Water Hydrothermal Formamide
A1 Az A1 Az A1 Az
0% Fe 0.521 0.030 0.028 0.010 62.54
5% Fe 1.289 0.015 0.171 0.006 22.30
10% Fe 5.644 0.003 0.237 0.076 12.06

15% Fe 7.474 0.203 0.015 6.903
20% Fe 11.93 0.077 0.015 10.38
25% Fe 14.73 0.018 0.011 4.69
30% Fe 2.714 0.038 0.0127 5.284
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Figure D.1 k-space X-ray absorption fine-structure spectra of (A) Co K-edge and (B) Fe K-edge
of FexCo1.x(OH)2 sample series.
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Figure D.2 Wavelet transform analysis of FexCoix(OH).. Continuous wavelet transforms
performed using a Morlet wavelet on k® weighted data for the Co K-edge in (A) 0% Fe, (B) 15%
Fe, (C) 30% Fe.
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Figure D.3 Wavelet transform analysis of FexCoix(OH).. Continuous wavelet transforms
performed using a Morlet wavelet on k® weighted data for the Fe K-edge in (A) 5% Fe, (B) 15%
Fe, (C) 30% Fe.
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Figure D.4 Electron transfer kinetics of water (black), formamide (red), and hydrothermal (blue)

series. Synthesis dependent Tafel plots for (A) 0% Fe, (B) 5% Fe, (C) 10% Fe, (D) 15% Fe, (E)
20% Fe, (F) 25% Fe, (G) 30% Fe.
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