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Abstract

Electrochemical and photocatalytic water splitting are crucial processes for sus-
tainable hydrogen production, offering clean alternatives to the use of fossil fuels. The
oxygen evolution reaction (OER) plays a limiting role in the conversion of water into
oxygen and hydrogen due to its slow kinetics. Therefore, finding economically viable
and effective OER catalysts is a continuous challenge in improving the water-splitting
process. In this thesis, we investigate the electrocatalytic and photocatalytic abili-
ties of transition metal oxide-based systems towards the OER using first-principles
calculations.

First, we use density functional theory calculations to examine the catalytic ac-
tivities of first-row transition metal (oxy)hydroxide complexes (Ti, Mn, Fe, Co, Ni)
towards the OER process. The results provide detailed information related to the
mechanistic pathways and the electrocatalytic efficiencies of the metal complexes.
Our calculations also show how the coordination environment and metal substitution
affect the electrocatalytic efficiency. Next, we investigate the multiple potential OER
mechanisms and the energetics of the associated reaction intermediates on Se-doped
TiO, anatase (101) surfaces. The calculations indicate that moderate Se doping levels
can improve OER activity on TiO;. Our results also show the effect of Se coverage

on the stability of TiO, (101) and demonstrate how different Se doping coverages



affect the electronic properties of the TiO, anatase surface. Finally, we examine the
light absorption properties of Se-doped TiO; (101) surfaces using the random-phase
approximation method. Calculations of the electronic properties and dielectric con-
stant profiles show that the optical activity of the TiO, surface in the visible range
can be significantly improved by Se-doping. The spatial distributions of electron-hole
pairs associated with low-lying excitations in the doped surfaces demonstrate that
photogenerated electrons and holes are spatially well separated on the Se-doped sur-
faces. Further analysis of the behavior of photogenerated electrons and holes on the
Se-doped and undoped TiO; surfaces with selected reaction intermediates provides
insights into the role of doped Se and adsorbed species on the surface in promoting

photocatalytic OER.
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Chapter 1

Introduction

1.1 Background

World energy consumption continues to rise in response to the advancement of
technology, government policy changes, consumer preferences, and population growth.
Currently, fossil fuels meet a massive portion of world-wide energy demand; never-
theless, fossil fuel combustion by-products possess signi cant health risks and are
major contributors to climate change and environmental pollution. To address the
demands of increasing energy use, the world needs to make a rapid transition from
traditional fossil fuels to renewable and sustainable energy sources. To date, experts
in the energy sector have focused on nding new ways to replace fossil fuels with clean
energy sources, such as solar PV (photovoltaic), solar thermal, hydro, wind, geother-
mal, bio-mass, and ocean energy Globally the highest growth rate in renewable
capacity additions was observed in 2023 when the world added approximately 510
gigawatts of renewable capacity compared to the previous ye&arAccording to the
United States Energy Information Administration (EIA), renewable energy sources

provided approximately twenty-one percent of United States' electricity generatioh
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In Canada, renewable energy sources accounted for 16.9 percent of the country's total
primary energy supply in 2022.

The intermittency and variability of renewable energy sourcésprovide signi -
cant challenges for balancing power demand and supply. Therefore, exploring and
developing innovative technologies for feasible energy storage becomes urgent. Green
hydrogen production is considered a very promising environmentally friendly tech-
nology for producing H as an energy carrier due to the low weight and high energy
density (120 MJ/kg) of this moleculé®. Green hydrogen is generated through the
process of splitting water into molecular hydrogen and molecular oxygen with the
use of renewable energy sources such as wind and solar power. This is a clean and
sustainable energy production process with zero G@missions. When it is needed,
hydrogen can be channeled into a fuel cell to produce electricity and thermal energy

as a means of matching energy supply and demand.

1.2 Electrocatalytic Water Splitting

Electrocatalytic water splitting is a process of splitting water into molecular oxy-
gen and molecular hydrogen using electricity on catalytic surfaces. It is one of the
promising strategies for green hydrogen production. In 1789, Adriaan Paets van
Troostwijk and Johan Rudolph Deiman rst observed electrolytic water splitting dur-
ing one of their experiments$. In that experiment, two thin gold wires were submerged
in water and gas bubbles were discharged from both electrodes when the gold wires
were connected to an electrostatic power source. Nearly a century later, the rst
commercial water electrolyzer was developed by Dimithry Lazinov in 1888 Since

then, many e orts have been made in improving water electrolysis technology.
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Figure 1.1 shows a schematic illustration of a conventional acidic water elec-
trolyzer. It consists of four main components: the anode, the cathode, the pro-
ton exchange membrane, and the electrolyte. During the electrolysis process, water
molecules are oxidized, which releases oxygernJQprotons, and electrons at the an-

ode. The protons pass through the membrane and are reduced te &t the cathode.

Figure 1.1: Schematic illustration of a conventional water splitting electrolyzer

The electrolytic water splitting comprises two half-reactions: the hydrogen evolu-
tion reaction (HER) and the oxygen evolution reaction (OER¥!!. Combining these

half reactions yields the overall reaction for the water splitting:

2H,0! O, +2H, (1.1)

In acidic conditions, the half-reactions are expressed as:

OER (anode) : 2HO! O,+4H" +4e (1.2)

HER (cathode): 4H +4e ! 2 H, (1.3)

Niranji Thilini Ekanayake - Chemistry
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and the reaction process under alkaline conditions is given by:

OER (anode) : 40H ! 0O,+2H,0+4e (1.4)

HER (cathode): 4HO+4e ! 2H,+40H (1.5)

To proceed, the overall water-splitting reaction requires a minimum cell voltage of
1.23 V under standard condition8. The OER has sluggish kinetics compared to the
HER, due to its multi-step process involving the transfer of four electrods. At the
same time, the HER only involves the transfer of two electrons. Therefore, the OER
becomes the main bottleneck to the overall water-splitting reaction. To overcome the

OER Kkinetic barriers, highly active and selective electrocatalysts are required.

1.3 Photocatalytic Water Splitting

Photocatalytic water splitting is referred to as the decomposition of water into
hydrogen (H;) and oxygen (Q) using renewable solar light within the presence of a
catalyst. This is also a promising approach for producing clean and renewable hydro-
gen fuel. In 1972, photocatalytic water splitting using a semiconductor electrode in a
photoelectrochemical cell was rst reported by Akira Fujishima and Kenichi Honda
of the University of Tokyo®3. When the TiO, electrode was illuminated by UV light,
the electric discharge via an external circuit from the TiQ anode to the platinum
cathode was observed. Figure 1.2 shows a schematic illustration of a typical photo-
electrochemical cell (PEC). The PEC consists of a photoelectrode, metal electrode,
electrolyte, and ion conducting membrane. When an n-type semiconductor catalyst

(e.g., TiO,) is used as the photoanode, the oxidation of water takes place at the
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anode after light absorption. The photoexcited electrons are carried through an ex-
ternal circuit to the counter electrode and reduction occurs (hydrogen evolution) at

the cathode.

Figure 1.2: A typical photoelectrochemical cell

Photocatalytic water splitting is a non-spontaneous reaction that requires a Gibbs
free energy change of 237 kmdl to drive the reaction'4. Generally, three main steps
are involved in the reaction process: photon absorption and generation of charge car-
riers, charge separation and migration, and surface chemical reactiéf¥. Figure
1.3a displays a schematic diagram of photocatalytic water splitting on a semiconduc-
tor catalyst. First, the process is initiated by the absorption of photons with energies
greater than or equal to the bandgap energy of the semiconductor catalyst. After
photon absorption, electrons are excited from the valence band to the conduction
band and holes are generated at the valence band as shown in Figure 1.3a. Once
electron-hole pairs are generated, charge separation occurs and photoexcited carriers
migrate to the catalytic surface to participate in chemical reactions as presented in

Scheme 1.1. During this di usion process, photoexcited electrons and holes tend to

Niranji Thilini Ekanayake - Chemistry
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Photon Absorption : catalyst+4h ! 4e +4h” (1.6)
Oxidation : 2H,O0+4h™ | O,+4H" (1.7)
Reduction : 4H +4e | 2H, (1.8)
Overall Reaction : 2B0! O, +2H, (2.9)

Scheme 1.1: Overlall photocatalytic Water splitting process

recombine. Therefore, decreasing the recombination rate between electrons and holes
is important in improving the photocatalytic e ciency of a catalyst. To e ectively
decompose water into KW and O,, the photocatalyst should have a bandgap energy
greater than 1.23 V, the valence band maximum should be more positive than the
oxidation potential (H,0/O,), and the conduction band minimum should be more

negative than the reduction potential (H/H *)4.

a) b)

Figure 1.3: Schematic representation of photocatalytic water splitting via a) a single
semiconductor photocatalyst (one-step excitation system) b) two-step excitation sys-
tem (z-scheme)

Two main types of photocatalytic water splitting systems can be found in the
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literature 417: one-sted®!® and two-step excitation (z-schemef?! systems. In one-
step excitation systems, the two water splitting half-reactions take place on a single
photocatalyst as shown in Figure 1.3a. The two-step excitation system is inspired
by natural photosynthesis and involves two di erent photocatalysts (an @ evolution
photocatalyst and an H evolution photocatalyst). These two catalysts are connected
through a redox mediator as shown in Figure 1.3b. Due to the improper band align-
ments of the semiconductor catalyst with the redox potentials of water splitting and
a limited number of visible-light responsive photocatalysts, the two-step excitation

route is preferred over the one-step excitation routé.

1.4 Oxygen Evolution Reaction (OER)

As mentioned above, the OER is a four-proton and four-electron transfer process
that requires a high overpotential to decompose water into £and H,. Due to the
complexity of the OER process, a signi cant amount of research e ort has been de-
voted to understanding the underlying reaction pathways for the OER. The OER
mechanisms occurring on metal oxide surfaces depend on di erent factors including
the applied potential, pH, solvent interactions, stabilities of intermediates, and sur-
face termination of the catalyst??*. In the literature, various OER mechanisms have
been proposed for metal oxides such as Bockris's oxide p&tPf, Bockris's electro-
chemical path?®28, O'Grady's path?’, Krasil'shchikov's path?®, Kobussen's pattt°
and Rossmeisl and N rskov's associative mechanig#t?32, Rossmeisl and N rskov's
proposed OER mechanism closely resembles Kobussen's path. Most of these reaction
mechanisms go through the same intermediate species. Among these proposed reac-

tion pathways, the associative mechanism is the widely accepted and studied route
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for OER23:24.32{34

The associative mechanism involves four elementary reaction steps as shown in
the Scheme 1.2*(indicates the active site on the catalyst surface). In this route, the
reaction starts with an adsorption of water molecule at the free active site. After the
rst two deprotonation steps, O* is formed. In the third step, G° reacts with another
water molecule to form an OOH intermediate. After two subsequent deprotonation

steps, Q is released and the free active site is reproduced.

H,O+ *!  OH*+H' +ef (1.10)
OH*!  O*+H" +ef (1.11)
O* +H,0! OOH*+H" +el (1.12)
OOH*!  O,+ *+H" +ef (1.13)

Scheme 1.2: Associative mechanism in acidic environment

Under alkaline conditions, the associative mechanism can be expressed as outlined
in Scheme 1.3. It is interesting to note that both these mechanisms follow the same

key reaction intermediates regardless of the pH.

OH! +*1  OH* +ef (1.14)
OH* +OH{!l  O*+H,0+el (1.15)
O*+0OH!!  OOH* +et (1.16)
OOH* +OH{!I  O,+ *+H,0+el (1.17)

Scheme 1.3: Associative mechanism in alkaline environment

Another way of producing G via the OER involves the direct combination of two
adjacent oxygen atoms. Su et al* studied the direct combination of oxygen atoms

on an MnGO, (110) system with the surface covered by oxygen species in a theoretical
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work and found that the direct combination pathway was energetically favored by 0.08
eV compared to the associative mechanism. In a work by Tkalych et #, these types

of OER mechanisms are categorized as binuclear reaction pathways. They have com-
pared three types of binuclear reaction mechanisms on theNiOOH system: the bin-
uclear H,LO{O mechanism (Scheme 1.4), the binuclear OH{OH mechanism (Scheme

1.5), and the binuclear HO, mechanism (Scheme 1.6J. These mechanisms are also

referred to as binuclear mechanism I, II, and Ill, respectively.
2H,0+ *1  H,O0* +H,0 (1.18)
H,O* +H,0!  2H,0* (1.19)
2H,0*!  OH* +H,0* +H" +el (1.20)
OH* +H,0*!  O* +H,0* +H"* +el (1.21)
O*+H,0*!  O*+OH*+H" +el (1.22)
O* +OH*! 20" +H" +ef (1.23)
201 O+ * (1.24)

Scheme 1.4: Binuclear mechanism | (Binuclear,® { O mechanism)

2H,0+ *1  H,0* +H,0 (1.25)
H,O* +H,0!  2H,0* (1.26)
2H,0*!  OH* +H,0* +H"* +ef (1.27)
OH* +H,0*!  20H* +H" +e' (1.28)
20H*!  O*+OH*+H" +el (1.29)
O*+0OH*! 20*+H" +el (1.30)
201 O+ * (1.31)

Scheme 1.5: Binuclear mechanism Il (Binuclear OH { OH mechanism)

Binuclear mechanisms | & Il are in uenced by Bockris's Electrochemical Paffi-2%
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and Krasil'shchikov's Path?® and the only di erence between these two pathways is
the order of deprotonation of two water molecules. Binuclear mechanism Il goes
through the formation of physisorbed hydrogen peroxide to generate molecular oxygen
as shown in Scheme 1.6. This mechanistic pathway is based on the hydrogen peroxide

formation pathway discussed in Bockris's work:26,

2H,0+ *1  H,0* +H,0 (1.32)
H,O* +H,0!  2H,0* (1.33)
2H,0*!  OH* +H,0* +H"* +e! (1.34)
OH* +H,0* ! 20H* +H* +ef (1.35)
20H 1 H,0,* (1.36)
H,0,* | OOH* +H* +el (1.37)
OOH*!  O,+ *+H" +et (1.38)

Scheme 1.6: Binuclear IIl (Binuclear KO, mechanism)

Due to the similarities and di erences between various OER mechanisms and the
complexity of the intermediates occurring along the reaction pathways, investigating
OER reaction mechanisms on di erent catalytic materials is an enormous challenge.
With the advancement of computational tools, theoretical models and simulations
have gained increasing interest in elucidating the detailed picture of the underlying

reaction mechanisms occurring at the active sites.

1.5 Transition Metal Oxide-based OER Catalysts

Highly e ective and e cient OER catalysts are required to reduce the high kinetic
barrier of the OER process. The state of art catalysts for OER are precious metal-

based oxides such as Ruand Ir0,3%7, However, the high costs and low abundances
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of these materials limit their use in industrial-scale applications. Transition metal
oxides are the most studied and commonly used electrocatalysts for OER, due to their
natural abundances, low costs, and tunable structuré®®. There are di erent types
of transition metal oxide-based OER electrocatalysts such as spinel oxides, perovskite
oxides, rock salt type oxides, amorphous metal oxides, and metal (oxy)hydroxides.

The spinal-type oxides are promising OER electrocatalysts due to their con-
trollable structures, high electrical conductivity, structural stability, and abundant
valence site€®3°. Chen et al. synthesized spinel-type three-dimensional NiGQ,
core-shell nanowires and tested their activity for OER. The NiCo,0, core-shell
nanowires showed superior performance under alkaline conditions: the overpotential
of the core-shell nanowire Im was 320 mV at a current density of 10 mA/cf The
authors suggested that the boosted OER activity is due to the large surface area,
improved mass and charge transport, and the highly porous nanostructure. Zheti
al. investigated the OER activity of a series of spinel Znk&€o, ,O4 oxides (x = 0 {
2) and compared them with the standard IrQ catalyst*'. Among the studied ox-
ide catalysts, ZnFg.4,C0..604 shows a very high OER activity compared to standard
IrO, catalyst. The improved OER performance is attributed to the enlarged Co 3d
and O 2p covalency at the small amount of Fe substitution. Menezes and co-workers
examined the factors responsible for the excellent OER activity of ZnG0, with a
comparison to Ca0,*?. The authors indicate that the higher percentage of vacant
octahedral Ca® sites, hydroxylation, and defective tetrahedral sites boost the OER
performance of ZnCgO;,.

Early studies of transition metal oxide-based catalysts show that the perovskite

oxides are good candidates for electrocatalytic water oxidatién?®. Bockris and
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Otagawa investigated 18 transition metal-substituted perovskites with a general for-
mula of ABO3; where A and B represent the rare-earth metal and the transition
metal respectively¥® for OER. The results of this systematic study highlight that
the OER performance of the perovskites improves with the number of electrons oc-
cupied in the antibonding orbitals of B-OH. Qun Liet al. prepared three di erent
crystal structures of LaMnQO; (orthorhombic, tetragonal, and hexagonal LaMn@) *3.
Orthorhombic LaMnO3 demonstrated a very high OER activity with a smaller over-
potential of 324 mV at the current density of 10 mA crgZ compared to the other
two crystal structures. The di erence in the OER activity between the three di erent
ultrathin LaMnO 3 nanosheets indicates that the amount of oxygen vacancies and the
hybridization strength of the transition metal can have a signi cant impact on the
OER performance of a catalyst. Haret al. examined the stability and OER kinet-
ics of Fe-based and Co-based perovskites in a combined experimental and theoretical
study#*. The experimental results showed that Fe-based perovskites follow a di erent
OER mechanism during the catalytic process in contrast to the Co-based perovskites.
According to the density functional theory (DFT) insights, it highlights the fact that
the composition of the transition metal on the electronic structure can play a major
role in improving the kinetics of OER.

Fominykh and co-workers exploited the solvothermal method to synthesize rock
salt-type Ni,Co;.,O*. Electrochemical measurements indicated that a high percent-
age of Ni content in the material signi cantly improves the OER activity. Pure NiO
provides the highest OER performance. The overpotential required to reach the cur-

rent density of 10 mA cm 2 is 350 mV. However, the HER activity of the nanocrystals
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increases with the presence of high Co content. This controllable structure of the ma-
terial is bene cial in optimizing the overall kinetics of the water oxidation process.
Duan et al. reported a scalable synthesis of amorphous NiFeMo oxides, which are
highly capable of boosting OER activity’®. Due to the speedy self-reconstruction of
amorphous NiFeMo oxides into derived (oxy)hydroxides, which o er a high number
of oxygen vacancies, this oxide catalyst shows a lower overpotential of 280 mV at 10
mA cm 2 in 0.1M KOH.

Transition metal (oxy)hydroxides have also been widely considered as promising
catalytic species for the OER in both theoretical and experimental studié$*°. Ou
et al. examined the Fe substitution in Ni and Co (oxy)hydroxides in a combined
experimental and theoretical study®. They found that optimum Fe doping enables
the material to follow low overpotential OER routes due to the mutual interaction
between Fe dopant atoms and the metal atoms at the catalytic site. Ultimately,
this combination of interactions leads to an enhanced OER activity on the metal
(oxy)hydroxides. Fidelsky and Toroker employed DFT calculations to investigate the
in uence of Fe doping on -NiOOH for OER®!. It was found that the capability of
Fe to adopt multiple oxidation states during the OER process plays a prime role in
enhancing the OER activity of Fe-doped -NiOOH. Costanzo studied the role of Co
doping on the -NiOOH for the water oxidation process using DFT calculation®. He
examined the energetics of OER on several doped NiOOH and pristine surfaces via two
di erent OER mechanisms. The results emphasize the need to identify the optimum
binding energies of reaction intermediates along the reaction pathway to maximize
the OER activity. In a theoretical study, Bajdich et al. investigated several low-index

-CoOOH surfaces for OER and the role of Ni as a dopant on the (oxy)hydroxide
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surface. They found that -CoOOH (1014) exhibits the lowest overpotential and

this value can be further reduced with Ni incorporation.

1.6 Titanium Dioxide

The commercial manufacture of titanium dioxide (TiQ) began in the early twen-
tieth century 4. It exists in a few di erent polymorphs including anatase, rutile, and
brookite. The anatase and rutile forms have bandgaps of 3.2 and 3.0 eV, respec-
tively 5%, Since obtaining brookite in its pure form is challenging, the bandgap of
the brookite phase has values varying between 3.1 - 3.4%¥%’. The most thermody-
namically stable phase of TiQ is rutile in ambient conditions; however, anatase has
considerably greater photocatalytic activity than rutile and brookite’®®°. The im-
proved photocatalytic performance of anatase can be attributed to the higher surface
adsorption capacity for hydroxyl radicals and a lower rate of electron-hole recombi-
nation than rutile. Anatase is an indirect bandgap semiconductor because it displays
a smaller indirect bandgap compared to its direct bandgap. Therefore, anatase has
a higher lifetime of photo-excited electrons and holes to participate in the surface
chemical reactions than rutile and brookit&>°. Among all the transition metal ox-
ides, TiO, has been widely studied as a catalyst for photocatalytic water splitting in
theory and experimentg3:60:62,

Rengui Li et al. studied the overall photocatalytic water splitting on anatase,
rutile and brookite under UV light. It was found that the OER can be achieved on
these three crystalline forms of TiQ after prolonged exposure to UV light. They
also thoroughly investigated the signi cant di erences in the photocatalytic activities

of water oxidation on the three phases of Ti@ and indicated that the presence of
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deeply trapped states close to the valance band of anatase and brookite is the primary
contributing factor for the lower OER activity than rutile 2. In a theoretical study,
Ye-Fei Li and co-workers explored the photocatalytic oxygen evolution on di erent
anatase surfaces such as (101), (001), and (102). Their ndings demonstrated that
OER activity is not a ected by the local surface structure of anatase and that an
overpotential of 0.7 V is needed on each of the three surfaces of anatase to activate
OERS®3,

Detailed information on the reaction mechanisms of oxygen evolution is highly
bene cial in designing and developing highly e cient OER catalysts. Therefore,
many studies have been devoted to understanding the underlying OER mechanisms
on TiO, surface$®. Li and Selloni examined the kinetics and the pathway of OER
on TiO, anatase (101) surface in an aqueous environment using hybrid DFT calcu-
lations and rst-principles molecular dynamics simulation8*. They suggested that
molecular oxygen is generated from a surface-bridging peroxo dimer (©),,) via
a concerted two-electron transfer on the anatase surface and rutile follows a sequen-
tial single-electron transfer pathway. Furthermore, the anatase surface exhibits an
oxygen exchange between the adsorbates and the lattice. This observed di erence is
attributed to the di erence in geometries of the adsorbed oxygen atoms on the anatase
(101) and rutile (110) surfaces. In a DFT study, Malik and co-workers investigated
the mechanisms and energetics of water oxidation on the three polymorphs of FiO
including rutile (110), anatase (101), and brookite (210) surfacs It was found that
water oxidation occurs through the surface-bound peroxo intermediates for all three
surfaces. Di Valentin also studied the hole-mediated water photo-oxidation at anatase

TiO, (101) surfaces using DF 6. The author suggested that OH radical species are
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generated through the direct interaction between adsorbed water and the self-trapped
hole at a bridging oxygen site. The ndings further highlight that coupling between
two OH radical species to form HO, at a ve-coordinated Ti site is a spontaneous
reaction on the anatase surface. Although the potential reaction mechanisms of OER
on TiO, surfaces have been studied for more than several decades, there are still
missing pieces for a complete mechanistic understanding of the process.

While additional information is needed to fully understand the mechanism of the
OER on TiO,, it is clear that the wide band gap energy and the fast electron-hole re-
combination rate limit the photocatalytic e ciency of TiO , towards OER. The large
band gap energy signi cantly restricts the absorption of visible light by the mate-
rial . Therefore, many strategies have been developed to improve the photocatalytic
and electrocatalytic e ciency of TiO, such as alloying or doping, introducing de-
fects and/or vacancies, nanostructuring, and morphology contr®®. Among these
strategies, metal and non-metal doping have been demonstrated to have a remarkable
improvement in the catalytic performance of TiQ systems. Metal elements such as
Fe, Cu, Ni, Co, and NIF*"™* and non-metal elements such as N, C, B, and%’* have
been used to enhance the electro- and photocatalytic activity of pure TiO During
the last two decades, selenium-doped TiOhas gained attention in enhancing pho-
tocatalytic activity in the visible region by decreasing the bandgap of the material.
Since Se exhibits di erent oxidation states including 2, +4, and +6, it can be used
as a substitute for Ti as a cation (cationic doping) and for O as an anion (anionic
doping) in the TiO, material. A number of theoretical and experimental investi-
gations have demonstrated that both anionic and cationic Se doping can e ectively

extend light absorption to the visible range by forming mid-gap states in the bandgap
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region’®"®, However, Se-incorporated TiQ surfaces have not received considerable
attention in the eld of electrocatalysis of the OER. Therefore, we attempt to study
the in uence of Se doping in modifying the electrocatalytic OER performance on

TiO, in our work.

1.7 Thesis Objectives and the Outline

The main focus of the thesis is to investigate the trends in the electrocatalytic and
photocatalytic ability of transition metal oxide-based systems towards the OER pro-
cess using rst-principles calculations. This work involves three main objectives. The
rst objective is to study the detailed mechanistic pathways and the electrocatalytic
e ciency of rst-row transition metal (oxy)hydroxide complexes containing one to
three metal centers. We will also explore how the change in coordination environment
around metal centers a ects the OER catalytic e ciency. The second objective is to
investigate the catalytic potential of di erentially Se-doped TiO, anatase (101) sur-
faces using plane-wave DFT calculations. The nal objective addresses understanding
how incorporating Se on TiQ surface a ects the photocatalytic ability under visible
light through a ground state and excited-state analysis.

The remainder of the thesis is structured as follows. Chapter 2 provides a brief
guide to the computational techniques and tools we used in the thesis. In Chapter 3,
a systematic study of investigating the catalytic ability of rst-row transition metal
(oxy)hydroxide complexes (Ti, Mn, Fe, Co, Ni) including MOHH,O, M(OH), 2H,0,
M(OH) 4 2H,0, MNi(OH) g 2H,0O, MNi,O4(OH), 5H,0 and M,NiO4(OH), 5H,0 is
presented. We explore the lowest energy OER pathways for all the metal clusters

and determine thermodynamic properties, reaction-free energies, and overpotentials
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by performing DFT calculations. In Chapter 4, we probe multiple OER mechanisms
and energetics of key reaction intermediates formed during the catalytic pathway
on Se-doped TiQ anatase (101) surface and further discuss the e ect of di erent
Se-doping coverages on the electronic properties of LiGurface. Chapter 5 reports
how di erential coverages of Se a ect the light absorption properties of TiQanatase
(101) surface. In this chapter, the electronic properties, optical absorption spectra,
and spatial distributions of wavefunctions associated with low-energy excitations of
pristine TiO,, Se-doped TiQ surfaces, and selected key reaction intermediates of the
OER process will be discussed. The main ndings and the future directions of the

project will be presented in Chapter 6.
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Chapter 2

Methods

When studying the electrocatalytic and photocatalytic OER, it is important to ob-
tain information related to electronic structure changes, the energetics of the reaction
pathways, and the thermodynamic and optical properties of the catalytic systems. In
this thesis, quantum chemical methods are employed to calculate such properties and
parameters in describing chemical systems. This chapter provides a brief summary of
the quantum chemical methods employed in this thesis and their application to the
study of chemical processes.

This chapter is organized as follows. In Section 2.1, the fundamentals of quantum
mechanics are described. The basics of density functional theory are presented in
Section 2.2. Localized and plane-wave basis sets are explained in section 2.3. Ge-
ometry optimization on potential energy surfaces, the use of vibrational frequency
analysis, and its connection to evaluating thermodynamic quantities of chemical sys-
tems are discussed in Section 2.4. In Section 2.5, the basic concepts of simulating
two-dimensional surfaces are explained. The theoretical basis of modeling electro-
chemical reactions is described in Section 2.6. Theoretical background for optical

properties calculations are discussed in Section 2.7.

30
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2.1 Introduction to Quantum Mechanics

In quantum mechanics, the complete description of a quantum mechanical system
can be described by the wave functidh One can obtain the wave function by solving
the time-dependent Schredinger equation (Eq. 2.1). Austrian theoretical physicist

Erwin Schredinger discovered this equation in 1926.

@ r;R;t) _

ot B (rR;Y); (2.1)

{

whereH is the Hamiltonian operator, is the wave function, R represents the nuclear
coordinates,r denotes electronic coordinates, andrepresents time. When the poten-
tial energy of the system is independent of time, the time-independent Schredinger
equation is used to describe the stationary states. The time-independent Schredinger

equation is written as

B (rR)=E(r;R); (2.2)

whereE is the total energy of the system. The Hamiltonian operator is expressed as
a sum of kinetic and potential energy operators for the electrons and the nuclei as
X 2 X 22

P oyt R V(GR); (2.3)

B = —r
I V)

i
wherer; and R; represent the coordinates of electron and nucleusj, respectively,
with these indices running over the full set of electrons and nuclemn is the electron
mass, M; is the mass of nucleug, and ~ is the reduced Planck's constant. The

rst two terms correspond to kinetic energy operators for the electrons and nuclei,
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2.1. INTRODUCTION TO QUANTUM MECHANICS 32

respectively, and the last term represents the potential energy operator.

The solution of the Schredinger equation can be simpli ed by invoking the Born-
Oppenheimer approximation, which separates the motion of the nuclei and the elec-
trons. Speci cally, it treats nuclei as xed point charges because the mass of the
nucleus is signi cantly larger than the mass of the electron, which allows the electrons
to rapidly adapt to any changes in the nuclear coordinates. Using this approximation,
the total wave function can be written as a product of the electronic wave function

and the nuclear wave function.

otal (R) = elec(r R) nuc(R); (2.4)

where ,(R) is a xed function for a given set of nuclear coordinates and charges,
and the electronic wave function, eec(r;R), depends parametrically on the nuclear
positions and charges. An outcome of this approximation is that the nuclear ki-
netic energy becomes zero and the potential energy associated with nuclear-nuclear

repulsion is constant for a given set of nuclear positions and charges, and is given by

X X ZZ,

Vi (R) = JRk—F\)I],

(2.5)
k I>k

where 4 and Z are nuclear charges, anBy and R, represent the nuclear coordinates.
The electronic wave function is obtained by solving the time-independent Schredinger
equation using the electronic Hamiltonian, which contains the contribution of the
kinetic energy operator for the electrons and the potential energy operators for the
electron-nucleus Coulombic attraction and electron-electron Coulombic repulsion. By

employing atomic units, the electronic Hamiltonian can be expressed?as
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X X X X X
Iqelec = 1- r2 i + : ! - (2.6)
. : i i1yl

i i
where 4 and Ry are the charge and position of nucleuk, respectively, andr; and
r; are the coordinates of electronsand j, respectively.

It is not possible to determine the exact solution for the electronic Schredinger
equation for many-electron systems due to the electron-electron repulsion terms. Ap-
proximate methods are needed to overcome this problem and various computational
methods have been developed to nd the approximate solution to the Schredinger
equation of many body systems. Among such approaches, the Hartree-Fock (HF)
method is the fundamental method for determining the wave function and energy
of a multi-electron system. The Hartree-Fock method approximates the many-body
wave function as a product of single-electron wave functioAs The approximation
assumes that electrons are independent of each other and each electron interacts with
an average eld arising from the other electrons in the system. Even though the
Hartree-Fock method provides reasonable results for systems with multiple electrons,
it fails at describing electron correlation. Post-Hartree-Fock methods such as con-
guration interaction, coupled cluster, and M ller{Plesset perturbation theory have
been developed to x this probleni. However, the computational cost of these post-

Hartree-Fock methods scales intensely with the system sfze

2.2 Density Functional Theory

Density functional theory (DFT) is one of the most popular and frequently used
electronic structure methods to study the ground state properties of relatively large

chemical system%. DFT can provide higher accuracy with a lower computational
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2.2. DENSITY FUNCTIONAL THEORY 34

cost compared to wave function-based methods. In DFT, the ground state of the
system is characterized by the electron density. The rst Hohenberg-Kohn theorem
indicates that the ground state energy of a chemical system is a functional of the
electron density’. The energy functional can be split into individual components
that account for the electron kinetic energy T), electron-nuclear attraction energy

(Ene), and the electron-electron repulsion energyEee).

E[]=TI1+ Enel I+ Eeel [; (2.7)

where is the electron density. However, the Hohenberg-Kohn theorems do not o er
any direction on how to construct the functional that gives the ground state enerdy

In 1965, Kohn and Sham introduced an approach to obtaining the ground state energy
that invokes a ctitious system of non-interacting particles. In this formalism, the
electron density of the system can be expressed in terms of single-electron orbitals

(Kohn-Sham orbitals) as

X
(n=jimnj* (2.8)

i
The kinetic energy of the electrons in the non-interacting system,T{s[ ]), can be

calculated as
X Z r2
Tis[1= (1) 5 (D (2.9)

i
The kinetic energy of the Kohn-Sham orbitals does not represent the exact kinetic

energy of the ground state. A correction factor ( Teorect[ ]) IS Needed to account for

the kinetic energy di erence between the interacting and the non-interacting systems.
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T[ ] = Tfs[ ]+ Tcorrect[ ] (2.10)

According to the Born-Oppenheimer approximationE [ ] can be expressed as

Z
X Zi (r) dr

Enel 1= iR, 1] ;

(2.11)

i
whereZ; and R; are nuclear charge and nuclear coordinates of atamespectively. In
Kohn-Sham DFT, the electron-electron repulsion energy termE(e) can be split into
two components: classical Coulombic electronic repulsion and non-classical electron-
electron interactions.

7
() ( )drdr +En0n cla55|cal (2_12)

El]= ©
AN

E cIaSS|caI

When all the terms are included in the energy-functional (Eg. 2.7), the total energy

of the system can be written as,

E[ ]: Tfs[ ]+ Ene[ ]+ EcIaSS|caI[ ]+ correct[ ]+{Enon classical ﬂ (2_13)

Exc[ ]

In this equation, E,.[ ] is the exchange-correlation energy. It includes the dier-
ence between the kinetic energies of the true and non-interacting systems and the
non-classical instantaneous electron-electron interactions. However, the true form of
the exchange-correlation (XC) functional is unknown. Therefore, various methods
have been devised to approximate XC functionals. As the simplest approximation

to the XC functional, local density approximation (LDA) functionals depend only on
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the electron density at a given positiof. These functionals are based on the XC en-
ergy for a homogeneous electron-gas and assume that variations in density are slow.
Unfortunately, LDA methods can lead to inaccurate results for systems with non-
uniform electron densities. The next improved class of XC functionals employ the
generalized gradient approximation (GGAJ°. These XC functionals depend on the
electron density and its gradient. They have proven to be very accurate in describing
the properties of molecular systems. The most popular GGA functionals are PBE
PW91!!, and BP86'2. GGA functionals can be further improved by incorporating a
certain amount of exact exchange energy calculated from HF with local or semilocal
density functionals'®. These functionals are referred to as hybrid functionals. A few
well-known hybrid functionals are B3LYP'4, PBE0?®°, and HSE03®. The majority of
DFT calculations in Chapter 3 were performed using PBEO hybrid functional. The
PBE functional (GGA) was used in all the DFT calculations in Chapters 4 and 5.
Although GGA is frequently used in many chemical applications, it fails to accu-
rately describe the electronic structure of highly correlated systems such as transition
metal oxides. This error occurs because the non-classical electron-electron energy
functional in DFT includes contributions from each electron interacting with itself
and this spurious self-interaction is not cancelled exactly with approximate XC func-
tionals. In the case of systems like transition metal oxides, the d electrons on the
metal atoms are highly localized. The localization of these electrons leads to large
self-interaction contributions, which are lowered through the arti cial delocalization
of these states when approximate XC functionals are used. This change in electronic
structure can have signi cant e ects on the calculated properties. Most prominently,

this self interaction error-induced delocalization results in a reduction in the band gap,
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which in turn leads to inaccurate calculations of properties like reaction energies.
The incorporation of exact exchange in XC functionals can help counter these self-
interaction errors. Unfortunately, calculating exact exchange is too computationally
demanding for calculations performed with plane wave basis sets like those reported in
Chapters 4 and 5. A computational tractable approach invoking Hubbard corrections
called DFT+U aims to address this issue through the use of a parameterized penalty
function that counters the delocalization of selected staté& In the Hubbard model,
the on-site interaction is de ned by two parameters: the Coulomb repulsion between
localized electronsU, and the exchange interaction between localized electronk,
The DFT+U model developed by Dudarevet al. provides one e ective parameter,
Ut = U J, instead of using separatéJ and J values'®. In the literature, Ugs is
referred to asU as a practice. The Hubbard correction to the energy functional can

be expressed a§

ux X .
Eorr+u = Eprr + > n' (1 ny) (2.14)
l; i
wheren! is the atomic-orbital occupation number for the a ected orbitals on atom

I, is the spin index, andi is the state index. TheU parameter used in this work

was selected to reproduce the experimental bandgap of pristine O

2.3 Basis Sets

In quantum chemical calculations, a basis set is a set of functions that are employed
to model the molecular orbitals. One can express the wavefunction, , as a set of

molecular orbitals, , which are then constructed as a linear combination of basis

Niranji Thilini Ekanayake - Chemistry



2.3. BASIS SETS 38

functions, , as
X0
()= ¢ (r); (2.15)
=1
wheren is the number of basis functions, is the index of basis functions, ana;
indicates the contribution of  to molecular orbital ;. In practice, adding more
functions to a basis set improves its ability to represent the molecular orbitals. The
selection of the basis set is highly system-dependent. Any mathematical function can,
in principle, be used to describe the molecular orbitals. However, atom-centered basis
functions and plane waves are the commonly used basis functions in many chemical

applications.

2.3.1 Localized Basis Sets

There are two types of atom-centered basis functions: Slater-type orbitals (STGS)
and Gaussian-type orbitals (GTOs§*. The STOs can be mathematically represented

as

sto(r) = Nx3yPz%e I Ri: (2.16)

whereN is the normalization constant, exponent is a parameter that controls the
rate of decay of the basis function, and, b, and c are non-negative integersx2y®z® is
the angular part of the basis functions and the sum of these exponentss a+ b+ ¢)
de nes the angular momentum quantum number of the orbital. The STOs have a cusp
at the nucleus. Although STOs accurately describe the atomic orbitals, evaluating
two-electron integrals analytically is impossible. Unlike STOs, two-electron integrals
involving GTOs can be easily evaluated analytically. GTOs are the most commonly

used basis functions in electronic structure calculations. These basis functions can be
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written as

aro(r) = Nx2yPzte I RI%; (2.17)

A schematic comparison of Slater- and Gaussian-type orbitals is shown in Figure
2.1. In contrast to the STOs, GTOs remain at at the nucleus. The other shortcoming

of GTOs is that they provide a poor description at larger distances from the nucleus.

Figure 2.1. Comparison of Slater- and Gaussian-type orbitals

These limitations can be overcome by applying contracted Gaussian basis func-
tions (cGTO) constructed from linear combinations of a few Gaussian functions.

X o
ceto(r) = de RJ; (2.18)

c=1
where M represents the number of uncontracted Gaussian functiond, is the con-

traction coe cient corresponding to the contribution from Gaussian functionc to the
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basis function. Contracted basis functions can approximate the Slater functions e ec-
tively by optimizing the values forM, d;, and . Figure 2.2 shows how the di erent
contracted Gaussian basis functions constructed from one, two, or three Gaussian
functions approximate the Slater function. The contracted Gaussian basis function

with three Gaussian functions closely resembles the Slater function.

Figure 2.2: Comparison of Slater functions and contracted Gaussian basis functions
constructed from linear combinations of Gaussian functions.

The Pople basis set® and Dunning basis set§ are the most widely used ba-
sis sets in quantum chemical applications. Generally, Pople basis sets are labeled
as X-YZG. X denotes the number of basis functions used to represent core elec-
trons. Y and Z represent the number of basis functions used to describe valence
electrons. G indicates that the basis set is a Gaussian. One of the most popular

Pople style basis sets is 6-31G. 6-31G is a split valence basis set where core electrons
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are represented by a contracted Gaussian basis function constructed from six Gaus-
sian functions. For valence electrons, two di erent basis functions constructed from
three and one uncontracted Gaussian functions are used. Dunning's basis set type is
called a correlation-consistent (cc) basis set. In Chapter 3, all DFT calculations were
performed with Dunning's aug-cc-pVDZ (augmented correlation-consistent, polarized
valence, double- basis set). The pre x aug- indicates di use functions were added to
the basis set. This means including one di use function for each angular momentum
channel for a given atom*. Adding di use functions is important in describing non-
covalent interactions such as hydrogen bonds, Van der Waals forces, and molecules

in the gas phase.

2.3.2 Plane Wave Basis Sets

Extended systems are often represented by a unit cell with periodic boundary
conditions and the wave function and electronic density in such systems must exhibit
the same periodicity’®. Plane waves can be constructed to adhere to this periodicity
and are thus natural basis sets for modeling such systems. A normalized plane wave

basis function adhering to the periodicity of a unit cell is given by
— 1 {G:r.
pw(r) = p=e="; (2.19)

where is the volume of the simulation cell, andG is a vector within the cell's
reciprocal lattice. In practice, plane wave basis sets are de ned to include all values
of G up to some threshold. It has been found to be bene cial to use the curvature
of the plane waves to de ne this threshold because this allows for a more consistent

treatment of electronic structures in cells of di erent sizes compared to de ning a
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particular number of plane waves to include in the basis set. The curvature is related

to the kinetic energy of the plane wave, which is given by:
1. 2
Exin (G) = EJGJ : (2.20)

This relationship allows one to de ne the size of the plane wave basis set using a
kinetic energy cuto, E.y, and including all plane waves with%jGj2 Ect In the
basis set. This approach ensures a consistent maximum curvature across cells of
di erent sizes and allows one to increase the quality of the basis set by varying a
single parameter. It follows from Eqg. 2.20 that the number of plane waves included
in the basis set depends on the=2 power on this quantity and linearly on the volume

of the simulation cell

o (2.21)

(]
2 niw

1
przﬁ E

Compared to atom-centered basis functions, plane wave basis sets o er various
advantages®. Improving the accuracy of the basis set is straightforward because the
quality of the basis set improves with increasing only one parametgr,,;. Another
advantage of using plane wave basis sets is they do not exhibit basis set superposition
error (BSSE). When calculating the interaction energy between two fragments, local-
ized basis sets are heavily a ected by this BSSE error due to the overlap of the basis
functions used to describe the electronic structure of the two fragments separately,
whereas plane waves treat all regions of space equally. However, the major limita-
tion of the plane wave basis sets is that a large number of plane waves is required
to describe the core electrons accurately. Since the core electrons are tightly bound

to the nucleus, the wave function rapidly oscillates in this region and capturing the
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associated curvature requires a high value &;.

To reduce the number of plane waves needed for representing core electrons ad-
equately, higher energy oscillations are replaced with pseudopotentf&ls In this
approach, the pseudopotential replaces the core electrons with an e ective poten-
tial that reproduces the interaction between the core electrons and the valence elec-
trons. Employing pseudopotentials in quantum chemical calculations signi cantly
decreases the computational cost. In this thesis, the frozen core was described by
projected augmented wave (PAWj’ potentials and optimized norm-conserving Van-
derbilt pseudopotentials (ONCVPSPY8. Choosing a pseudopotential for a simulation

requires benchmarking to assess accuracy and the computational feasibility.

2.4 Geometry Optimizations and Vibrational Frequency Calculations

Geometry optimization plays a signi cant role in quantum chemical calculations.
The main purpose of performing a geometry optimization is to search for structures
corresponding to local minima and saddle points on a potential energy surface. The
potential energy surface (PES) describes the way the energy of a system changes as
a function of its geometry or the positions of the atoms. A one-dimensional local
second-order approximation to the potential energy surface can be writtends

1
E(x)= Ex® F° x+ > xH? x; (2.22)

where F? is the force, i.e., the negative of the gradient@E=@xat x?, H? is the
Hessian matrix (@E=@X) at x°, and x is the displacement fromx?; (x; xP°). This
equation is easily generalized to multiple dimensions. A non-linear molecule with

atoms has 3 6 degrees of freedom [B 5 degrees of freedom for a linear molecule).
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Based on the information related to the curvature and the gradient of the PES, the
critical points on the surface can be identi ed. Since the rst derivative of the energy
with respect to all nuclear coordinates is zero for minima and transition states, these
points are also referred to as stationary points. For a minimum energy structure, the
forces are zero and all of the eigenvalues of the Hessian matrix are positive. There are
several minima on PES; the global minimum is the minimum with the lowest energy
and the remaining ones are identi ed as local minima. Transition states correspond
to the rst-order saddle points where the gradient is zero and the second derivative of
the energy with respect to nuclear coordinates is positive along all directions except
the reaction coordinate.

In computational chemistry, Newton{Raphson and quasi-Newton methods are the
commonly used procedures for geometry optimization. These optimization procedures
are iterative. In general, the procedure starts with an initial guess structure. The
electronic structure program calculates the energy and the forces acting on the nuclei
of this structure. The optimization algorithm then iteratively adjusts the coordinates
of the system until the forces and displacements are smaller than the pre-de ned value
(close to zero). However, one needs to do a vibrational frequency analysis to fully
characterize the minimum or a transition state after a successful geometry optimiza-
tion. In theoretical or computational chemistry, vibrational frequency calculations
are useful for purposes such as calculating Raman and IR spectra, zero-point energy
corrections, thermodynamic quantities, and stationary point analysis. In general, the
harmonic oscillator approximation is used to model the molecular vibrations and this

approximation is only valid when all of the rst derivatives are zero. For a harmonic
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oscillator, the vibrational frequency () along one normal mode can be written as
s _
_ 1 k.

=5 = (2.23)

wherek is the force constant and is the reduced mass of the system. The force
constant is given by the second derivative of the energy. According to Eqg. 2.23,
vibrational frequencies are proportional to the square root of the second derivative
of the energy. For minima, all the vibrational frequencies are real, since all the force
constants are positive. For the transition state structure, there is one imaginary
vibrational frequency, since one of the force constants is negative. The vibrational
mode related to this imaginary frequency represents the change in the geometry along
the reaction coordinate at the transition state.

Vibrational frequency analysis can be also used to calculate the zero-point vibra-
tional energy correction (ZPVE) and thermal corrections related to the enthalpy and
free energy of a chemical system. Even at 0 K, molecular systems have a residual
energy called zero-point energy In a geometry optimization calculation, informa-
tion related to the zero-point energy correction is not available. Within the harmonic
oscillator model, the zero-point vibrational energy Ezpyve) of a molecular system
can be expressed by summing the contributions of all the vibrational frequencies for

each normal modei( in the ground state.

X
Espve = 0:5h i (224)

whereh is the Planck's constant, andyv; is the vibrational frequency for each normal

mode.
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In order to estimate the thermodynamic properties of a system such as the en-
thalpy, entropy, and Gibbs free energy, one needs to obtain the partition function,
which can be computed from a vibrational frequency analysis. In statistical mechan-

ics, the partition function (Z) can be de ned as
z=" e%T; (2.25)

where E; represents the energies of the states in the systeky, is Boltzmann's con-
stant, and T is the temperature. Since the internal energyH;y), total enthalpy
(Hwt), and entropic (Spt) contributions can each be expressed as sums of the elec-
tronic, translational, rotational, and vibrational terms, the total partition function
also can be given as a product of the electronic, translational, rotational, and vibra-

tional terms?>.

Etwt = Eelec * Etrans + Erot + Evib

Htot = Helec+ Htrans + Hrot + Hvib
(2.26)

Stot = Selec t Strans T Srot + Svib

Ziot = ZelecZirans Lot Zuiv;

where Zgec; Zyans ; Zrot; @and Z,ip represent the electronic, translational, rotational,
and vibrational partition functions respectively. Once the internal energy, enthalpy,

and entropy contributions are obtained, Eqg. 2.27 can be used to calculate the Gibbs
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free energy @) for a system using

G=H TS; (2.27)

whereH is the enthalpy, andS is the entropy, andT is the temperature.

2.5 Modeling Surfaces

Surface atoms exhibit distinct characteristics compared to the atoms in the bulk.
Therefore, studying systems that are extended in two dimensions like surfaces has sig-
ni cant importance in various elds including catalysis, geochemistry, and biomateri-
als®®. In practice, simulating in nitely large systems is not computationally feasible.
However, employing a small system size is not a viable solution due to the unrealistic
edge e ects. To circumvent these barriers, applying periodic boundary conditions
(PBC) is the widely used method in the quantum chemical simulation of solid-state
materials. In the PBC approach, the in nitely large system is approximated by a
small simulation cell (unit cell) which can be repeated in all three dimensions. The
repeated cells are called periodic images. In this implementation, when a particle mi-
grates from one edge of the simulation box to the neighboring image, it will reappear
from the opposite edge of the simulation box at the same location. Surfaces are mod-
eled using PBCs as slabs that are extended continuously along the two dimensions
parallel to the surface while ensuring periodic images are separated by vacuum space
along the direction normal to the surface. These details are illustrated in Figure 2.3,
which displays a three-layer slab model of Ti@(101) surface with PBC.

Surface stability plays a dominant role in determining the surface morphology and

the surface propertied!. Therefore, the surface energy can be used as a parameter to
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Figure 2.3: The three-layer slab model of Ti@(101) surface with periodic boundary
conditions

nd the relative stabilities of di erent surfaces. The surface energy for a slab can be

de ned as

1 N
Esurface = ﬁ(Eslab NZI?EEbqu); (2.28)
u

where Egap is the total energy of the slab andEy i is the total energy of the bulk
structure. Nga, and Ny are the total number of stoichiometric units in the slab and
bulk, respectively, andA is the surface area of the slab. When simulating surfaces, a
set of convergence tests is required to determine the adequate size of slab thickness
(number of layers) and the vacuum space required for an accurate representation of

the surface.
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2.6 Theoretical Approach for Electrochemistry

In recent decades, quantum chemical methods like DFT have gained substantial
popularity for providing molecular-level insights into electrochemical processes and
predicting the catalytic e ciency of various catalytic systems. However, studying the
catalytic activities is challenging due to the complexity of the reaction mechanisms
and the intermediates. To simplify the analysis, di erent approximations and models
are used in theoretical modeling of electrochemical processes. The computational
hydrogen electrode (CHE) model developed by Norskov and cowork&rss the most

commonly used method for studying electrocatalysis.

2.6.1 Computational Hydrogen Electrode Model

In general, any surface-mediated catalytic reaction process requires the molecules
to rst adsorb onto the surface. The adsorption energy is an essential factor in
determining the nature of interaction between the adsorbate and the substrate and

it can be de ned as

Ead = Esurface ads Esurface Eadsorbate; (2-29)

whereE 4 refers to the adsorption energy, an@uiace ads represents the total energy

of the system including the surface and adsorbed specie&gyface and Eagsorbate

are the energies of the surface alone and the isolated adsorbate, respectively. A
negative adsorption energy indicates that the process is exothermic and a positive
value indicates that the reaction is endothermi®®. In electrocatalysis, the reaction

mechanisms comprise several reaction steps that involve electron-proton transfers.
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As an example, an electrochemical reaction occurring on a surface with a single

proton and electron transfer can be shown as
OH! O +H"+e); (2.30)

where denotes the surface with an adsorbed species. To estimate the free energy
change for the above step, one needs to calculate the free energy of the reactants and
products separately. However, the calculation of proton and electron free energies is
challenging and approximations are required to estimate the energies of these charged
species. Within the CHE model, the standard hydrogen electrode (SHE) is used as
the reference to eliminate the calculation of the free energy of the proton and electron
pair. It replaces the free energy of the proton and electron pair with the free energy
of half a hydrogen molecule &3

%HZ! (H* +e ): (2.31)

Hence, at an electrode potential of U = 0 V relative to the standard hydrogen elec-
trode, pH = 0 and 298 K, the reaction free energy of Eq. 2.30 can be expressed
as,

G=GO) G(OH)+ %G(Hz): (2.32)

When an electrode potential is appliedd 6 0), the free energy must be changed
by a factor of neU3?, wheren is the number of electrons involved. If the pH is
di erent than 0, the free energy should be corrected by adding kg T In(10) pH,
where kg is the Boltzmann constant andT is the temperature®>. The free energy

change of Eq. 2.30 can be rewritten as
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G=G(O) G(OH)+%G(H2) eU kgTIn(10) pH: (2.33)

In the work of Chapter 3, free energy changes for all the reaction steps were

calculated at zero applied potential and pH = 0.

2.6.2 Theoretical Overpotential

In the OER process, overpotential is a critical parameter in determining the cat-
alytic performance of a system. As an example, let us consider the associative pathway
of the OER process to clarify the approach. The associative pathway consists of four
reaction steps (See Eq. 2.34) and the Gibbs free energy change for each step is labeled

as Gp, Gg, Gc, and Gp.

H,0+ 1" OH +H* +e
OH 1% O +H" +e -
O +H,0!®° OOH +H* +e (230
OOH ! °°® 0O,+ +H'+e

In the context of computationally modeling an electrochemical reaction pathway,

the theoretical overpotential () is de ned as,

=max( Ga; Gg; Gc; Gp) Eeqg (2.35)

where the rst term refers to the free energy of the rate-determining step arff is the

theoretical equilibrium potential obtained from the DFT calculations. The theoretical
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equilibrium potential can be determined by calculating the cumulative free energies
of all the reaction steps in the pathway divided by the number of electrons/protons
involved. In other words, the theoretical overpotential for the catalyst can be given
by subtracting the total free energy of all reaction steps divided by the number of
electrons/protons transferred from the free energy change of the rate-determining
step®*. Experimentally, the equilibrium potential for the water-splitting reaction is

1.23 eV.

2.7 Theoretical Framework for Modeling Optical Properties

Examining optical properties such as absorption, transmission, refraction, or re-
ectance in extended systems is crucial in understanding their applications in di erent
elds such as photocatalysis, electronics, and photonics. These properties are directly
linked to the material's crystalline environment, composition, and surface characteris-
tics®. The optical properties of solid-state systems can be determined by calculating
the macroscopic dielectric function. In reciprocal space, the frequency-dependent
macroscopic dielectric function in the random phase approximation (RPA), including

local eld e ects, can be expressed &8

4e?
jG+ qjG’+ q

(@) = Geo &Go(Q: ) (2.36)

where G and G’ are reciprocal lattice vectors,q is the Bloch vector of the incident
light, and OGGO is the irreducible polarizability matrix. Microscopic elds generated
due to the induced polarization of the material are called local- eld¥. This non-

uniform polarization of the material is a result of the applied electric eld.
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The complex dielectric function can be represented as

()= () + {20'): (2.37)

The real part ( ;) describes the degree of polarization and refraction of light. The
optical absorption can be obtained from the imaginary part (). The imaginary

part of the macroscopic dielectric function ,%¢ is given by

4e2 1 X . .
v Ll!n"é)— 2y (Eck Ew ') h ck+eq vkih ck+eq ) vkl ; (2.38)

() = P

c;vik

where ! is the frequency,V is the volume of the primitive cell, ¢ and v are the
conduction and valence band states with corresponding energies B, and E,
respectively, and . and .k are the cell periodic part of the wavefunctions at k-
point k. In our work, the macroscopic dielectric function was calculated within the
RPA including local- eld e ects. The electron-hole interaction was not included. To
analyze the low-lying excitations of the optical spectra, the RPA was solved in the

transition space (i.e., in the basis of valence-conduction Kohn-Sham states).
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Chapter 3

Quantum Chemical Modeling of Oxygen Evolution
Reaction Pathways Mediated by Metal

(Oxy)hydroxide Complexes

Reprinted with permission from Ekanayake, N. T.; Ahmadi, S.; Mosey, N. J. Quan-
tum Chemical Modeling of Oxygen Evolution Reaction Pathways Mediated by Metal
(Oxy)hydroxide Complexes. J. Phys. Chem. C 2021, 125, 1345{1354. Copyright

2021 American Chemical Society.

3.1 Introduction

Ever-increasing energy demands and urgent environmental issues have motivated
immense studies into the development and use of clean, renewable, and environmentally-
friendly energy resources. Hydrogen has the potential to play a key role in these e orts
as a clean fuel and energy storage medium. One particularly appealing aspect of using
H, as a fuel is that this gas can be generated from water and reforms water when it is

used. The water splitting process that is a particularly promising means of generating
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H, consists of a combination of the hydrogen evolution reaction (HER) and the oxy-
gen evolution reaction (OER). Of these two reactions, the OER plays a limiting role
in the ability to convert water into hydrogen. Hence, identifying materials that can

e ectively catalyze the OER is important in the context of generating H for use in
clean energy applications. Numerous studies have explored the high catalytic activ-
ity of precious metal oxides such as platinum oxides, ruthenium oxides, and iridium
oxides for the OER"®. Nevertheless, these precious metal oxides are too expensive
for large-scale applications. Therefore, earth-abundant nonprecious metal (e.g., Ti,
Mn, Fe, Co, Ni) oxide catalysts are great interest to research in this aré&°.

Mn-based OER catalysts have gained wide popularity in theoretical and experi-
mental studies!. Huynh and co-workers have reported the OER mechanism of man-
ganese oxide under a wide pH range in conjunction with comprehensive electrokinetic
measurements. On the basis of their results, MnOwas identi ed as a function-
ally stable OER catalyst with self-healing propertie¥. There are many theoretical
studies related to oxygen evolution on model manganese monomer and dimer com-
plexes. Blomberg and co-workers performed quantum chemical calculations on model
manganese clusters in photosystem Il and observed that the coordination of a water
group to a manganese ion lowers the energy required to remove hydrogen atoms from
the water moleculé®. Busch et al. employed DFT calculations to assess the com-
plete water oxidation and OER cycle of an Mn dimer model catalyst containing two

-0x0 bridges and proposed a robust procedure to investigate the stabilities of the
intermediates and the activation energy of the rate-determining step of the catalytic

cyclet?,
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The mechanism of OER catalyzed by Ni and Co based systems has been also inves-
tigated extensively in scholarly studie¥®??. Cibrev et al. explored oxygen evolution
on ultrathin nanostructured Ni(OH), layers deposited on conducting glass and con-
cluded that the turnover for O, evolution drastically increases as the Ni(OH)amount
diminishes?®. Tkalych et al. employed DFT + U calculations on several -NiOOH sur-
faces under four commonly studied OER mechanisms. They have found that multiple
OER mechanisms could possibly operate ontNiOOH under electrochemical condi-
tions?4. Liu and co-workers reported that 3D hollow Co(OH) nano owers at room
temperature act as highly active electrocatalysts for OER. Fernando et al. per-
formed hybrid DFT calculations on model cobalt oxide dimer and cubane complexes
to explore the reaction pathways for water oxidation. Their ndings suggested that
the model complexes were very sensitive to the coordination environment created by
the ligands and hydrogen-bonding networ#.

Among the transition metal oxides, TiO, is also one of the best photocatalysts
for the OER. In the past two decades, many studies have focused on the oxygen
evolution mechanisms of Ti@-based system&t°, Many studies have shown that Fe
promotes the OER activity of Ni and Co containing catalyst$'3?>, Bates and co-
workers investigated Ni-Fe and Ni-Fe-Co mixed-metal oxide Ims as electrocatalysts
for the OER in alkaline conditions®®. Based on their ndings, Ni-Fe and Ni-Fe-
Co mixed-metal oxide Ims were identi ed as highly e cient OER catylsts. These
ndings open up wide area of opportunities to design robust OER catalysts by doping
transition metal atoms on Ni-rich complexes.

Motivated by these stimulating experimental and theoretical studies, herein we
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employ DFT calculations to investigate the complete OER mechanism and the cat-
alytic e ciency of the transition metal (oxy)hydroxide complexes (Ti, Mn, Fe, Co,

Ni) containing one to three metal atoms. We use small metal clusters in this study to
mimic the experimental observations on surfaces, Ims, and bulk materials. Building
on our previous work investigating nickel (oxy)hydroxide complexe¥, we treat the
Ni-based systems as a baseline and consider the e ects of replacing Ni by other tran-
sition metals on the activation of the OER. The reaction mechanisms for the oxygen
evolution, the model structures and calculation details are described in Section 3.2.
Our ndings are presented and discussed in Section 3.3. Finally, the conclusions are

drawn in Section 3.4.

3.2 Models, Mechanisms, and Computational Details

This study involves using quantum chemical methods to study the changes in free
energies during the OER catalyzed by metal (oxy)hydroxyide complexes containing
one, two, or three metal atoms. This section provides information regarding the

model systems, reaction mechanisms, and computational methods used in this work.

3.2.1 Model Structures

Previous theoretical work performed in our group explored the OER catalyzed by
nickel (oxy)hydroxide clusters®. The present study extends that work by examining
the catalysis of the OER by metal (oxy)hydroxide clusters including one to three metal
atoms from the set of M = Ti, Mn, Fe, Co, or Ni. In the case of monometallic systems,
models were formed for each of these metals. In the case of systems containing two

or three metal atoms, at least one Ni atom was always present in the system and the
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remaining metal atoms were taken from the set listed above. Model systems re ecting
these clusters are presented in Figure 3.1. These models permit an investigation of the
e ect of replacing Ni, which was solely considered in our previous work, by another
metal atom, increasing the oxidation state from +1 to +4, and adding hydroxide and
aqua groups to the active site. While many other permutations of these metals could
be investigated, this set of models provides a basis for gaining insights that can be

used to develop a variety of metal clusters for catalyzing the OER.

Figure 3.1: Model systems used in this study. (@ MOHH,0, (b)
MOH 2H,0, (c) M(OH), 2H,0, (d) M(OH) 4 2H,0, (e) MNi(OH)g 2H,0, and
(f) MxNiz;xO4(OH)s 5H,O (red = oxygen, pink = hydrogen, blue = metal, green =
nickel)

3.2.2 Reaction Mechanisms

The OER can occur under acidic or alkaline conditions. As indicated in Eq. (3.1),
under acidic conditions, two water molecules are oxidized and one oxygen molecule

is generated along with four protons. Meanwhile, under alkaline media, one oxygen
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molecule and two water molecules are formed by the oxidation of four hydroxide anions
(Eqg. (3.2)). These processes can be generalized to yield a cycle in which the OER is
catalyzed by a transition metal cluster. Two mechanisms, termed the associative’

and binuclear® mechanisms, have been proposed for this type of process. These two
mechanisms will be considered throughout this study as appropriate for the metal

hydroxide under consideration.

2H,0! O, +4H"* +4e (pH 7) (3.1)
40H | 0,+2H,0+4e (PH 7) (3.2)

The associative mechanism is outlined in Figure 3.2. Here, the active site of
the catalyst, corresponding to the metal, is represented as \M". The removal of
two protons and two electrons from a water molecule adsorbed on the active site
yields M{O. In the third step, nucleophilic attack of the active site by HO yields
M{OOH. Subsequent protonation from the OOH and OH groups leads the evolution
of oxygen. Addition of water molecule regenerates the free active site of the catalyst.
The binuclear mechanism is shown as a cycle with its reaction intermediates in Figure
3.3. In this reaction pathway, O{O bond formation occurs across two metal nuclear

sites after four consecutive deprotonation events.

3.2.3 Computational Details

The structural and energetic features of the species involved in the OER with the
model systems described above were evaluated using quantum chemical calculations

performed with the Gaussian16 progradf. All calculations employed Kohn-Sham
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Figure 3.2: Generalized OER mechanism for acidic (blue line) and basic (red line) me-
dia. The green line indicates the key intermediates involved in the reaction pathway.
M represents the metal atom and the labels, are used to identify species present at
di erent steps of the mechanism.

density functional theory (DFT) with the PBEO 4%4! hybrid exchange-correlation func-
tional and Dunning's augmented correlation-consistent, polarized valence, double-zeta
(aug-cc-pVDZ) basis set with added di use function®. Previous studies of analo-
gous systems containing Ni showed that the reaction free energies calculated with this
approach are in good agreement with the benchmark results obtained at the coupled-
cluster with single, double and perturbative triple excitations [CCSD(T)] and com-
plete active space self-consistent eld (CASSCF) levets We have also validated the
accuracy of the DFT calculations using CCSD(T) for the additional metals consid-
ered in this study. The results of the validation of the DFT method are available in
the Section A.1 of Appendix A.

Calculations were performed for all species along each appropriate reaction path-

way for all model systems in gas phase. Given the potential for changes in spin
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Figure 3.3: Bi-nuclear OER mechanism. M represents the metal atoms and the labels
sy are used to identify species present at di erent steps of the mechanism.

multiplicity, calculations were performed for all possible combinations of spins and
the information for the lowest energy structure has been reported. All calculations
involved the initial optimization of the structure's geometry followed by frequency
calculations performed within the harmonic approximation at 298.15 K. These calcu-
lations were used to characterize the nature of the optimized structures and provided
information necessary to calculate free energies. The relative energies between inter-
mediates 6; s;7) of the catalytic cycles were obtained using the electronic energy
di erences ( Eg), zero-point energy di erences ( Ezp), change of entropic contri-

bution (S) and thermal correction to the enthalpy ( Hcorr ).

H (Si Si 1) = E(Si Si 1) + Egzp (Si Si 1) +  Heorr (Si Si 1) i =1;u7
(3.3)
G(si si1)= H(s s 1) T S(ss sii) (3.4)
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This approach yields a predicted free energy of 4.59 eV for the water splitting
reaction, which is in good agreement with the experimental value of 4.92 €V The
barriers were estimated from the di erences in the free energies of minimum energy
structures along the pathways instead of calculating transition states. While not truly
representing the kinetics, this approach is commonly used when studying reactions
of this nature.** The theoretical overpotential () was calculated by subtracting
the total free energy of all the steps in the OER cycle divided by the number of

electrons/protons involved from the highest free energy obtained in the cycle.

3.3 Results and Discussion

Calculations were performed to examine how the mechanistic and energetic fea-
tures of the OER are in uenced by catalysts containing either one or multiple metals
atoms. The results of these calculations are presented and discussed in the following
parts, which have been dividing into two broad sections corresponding to results ob-
tained with monometal or multimetal catalysts. The results for each model system

are discussed within these broad sections as appropriate.

3.3.1 Monometal Complexes

The results presented in this section were obtained through calculations using the
model systems containing one metal atom (models a through d in Figure 3.1). For
each model, the discussion focuses on identifying the step with the highest change
in free energy for each metal, determining the metal that leads to the lowest overall
increase in free energy over the course of the catalytic cycle, and discussing any

particular mechanistic features encountered with the preferred metal atom.

Niranji Thilini Ekanayake - Chemistry



3.3. RESULTS AND DISCUSSION 68

Figure 3.4: Cumulative free energies of the OER catalytic cycle of the MOHH,0O
(M =Ti, Mn, Fe, Co, Ni) complexes. The label reaction step "X' refers to the step
involve in moving from structure s, to structure s,.; in the mechanistic cycle.

The MOH H,0 Complex

The metal complex in Figure 3.1a consists of a single metal coordinated by one
agua ligand and one hydroxyl ligand. The cumulative free energies obtained when this
complex was used to catalyze the OER with the full set of transition metals considered
in this work are reported in Figure 3.4. These data were used to determine the change
in free energy during the rate-limiting step of the OER with each metal, which is
included in Table 3.1 along with the underlying enthalpic and entropic contributions
and overpotential.

The data in Figure 3.4 illustrate that the changes in energy during the reaction

mechanisms with M = Ni are qualitatively di erent than those with the other metals.
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Table 3.1: Calculated enthalpic ( H) and entropic ( T S) contributions to the
change in free energy (Gmax) and the theoretical overpotentials () for the rate-
limiting step in the OER with the MOH H,O (M = Ti, Mn, Fe, Co, Ni) complexes.

M H[eV] T S[eVl Gnx [eV] [V]

Ti 4.19 0.36 4.55 3.40
Mn 1.90 0.44 2.34 1.19
Fe 2.31 0.42 2.73 1.58
Co 1.72 0.39 2.11 0.96
Ni 2.44 -0.18 2.26 1.11

When M = Ti, Mn, Fe, and Co, the data show that reaction step 3 (movement from
s3 t0 ) incurs the largest increase in free energy. In all cases, this step involves the
formation of open-shell species, witls, being a quartet, septet, sextet, and triplet
when M = Ti, Mn, Fe, and Co, respectively. By contrast, reaction step 2 leads to
the largest increase in free energy when M = Ni. The structure formed through this
step, s3, has a quartet electronic structure. The di erences between the metals can
be understood through an analysis of the underlying enthalpic and entropic contribu-
tions to the free energies; particularly, di erences in entropic contributions that occur
during changes in multiplicity.

The data in Table 3.1 show that the change in free energy during the rate-limiting
step is lowest when M = Co, with G = 2:11 eV, however, the free energy changes
with M = Mn and Ni, 2.34 and 2.26 eV respectively, are only slightly higher than
that achieved with M = Co. These trends are re ected in the overpotentials. In
particular, there are two possible deprotonation sites in the complex at the start
of the mechanistic cycle, with these sites corresponding to the aqua and hydroxy
groups on the metal. The reaction energies were evaluated for processes in which

deprotonation occurred at either site and it was found that removing a proton from
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Figure 3.5: Mechanism of the OER catalyzed by CoOHH,0. The small pink spheres
represent hydrogen atoms, red spheres represent oxygen and blue spheres represent
cobalt. The light purple circles indicate the proton removal sites of the catalyst.

the aqua ligand is more energetically favorable than deprotonation from hydroxy
ligand. This preferred mechanism is outlined in Figure 3.5 with all deprotonation

sites clearly indicated for the reaction catalyzed by CoOHH,0.

The MOH 2H,0 Complex

The complex in Figure 3.1b consists of a single metal ion coordinated by two aqua
ligands and one hydroxy ligand. The cumulative free energies calculated for the OER
with this catalyst are shown in Figure 3.6, and related thermodynamic features are
given in Table 3.2. The calculations illustrate that the largest change in free energy
associated with a given step of the reaction varies with the nature of the metal. The
data indicate that the second deprotonation step, i.e., movement froms, to s;, is

rate-limiting for NiOH 2H,0O with G =2:25 eV. The addition of a water molecule
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Figure 3.6: Cumulative free energies of the OER catalytic cycle of the MOR H,O
(M = Ti, Mn, Fe, Co, Ni) complexes. The label reaction step "X' refers to the step
involve in moving from structuress, to sy+; in the mechanistic cycle.

coupled with proton transfer to form a OOH ligand during the progresses froisy to

s, is rate-limiting with M = Mn, Fe, and Co, with G = 2:54, 2.77, and 2.44 eV,
for these complexes, respectively. Finally, the detachment of the oxygen molecule
from the complex upon moving fromss to sg incurs the highest free energy change
for TIOH 2H,0, with G =4:04eV.

The general mechanistic features of this reaction are analogous to those shown in
Figure 3.5. However, some variability exists in the mechanistic details of the OER
catalyzed by MOH 2 H,0; particularly with respect to the deprotonation sites in
the early steps of the reaction. All possible deprotonation sites were considered and,

like the MOH H,O complexes, the calculations indicated that deprotationation from
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Table 3.2: Calculated enthalpic ( H) and entropic ( T S) contributions to the
change in free energy (Gnax) and the theoretical overpotentials () for the rate-
limiting step in the OER with the MOH 2H,O (M = Ti, Mn, Fe, Co, Ni) complexes.

M H[eV] T S[eV] GmxleV] [V]

Ti 4.54 -0.50 4.04 2.89
Mn 2.10 0.44 2.54 1.39
Fe 2.40 0.37 2.77 1.62
Co 2.04 0.40 2.44 1.29
Ni 2.49 -0.24 2.25 1.10

one of the aqua ligands was preferred, with G = 0:43 eV for NiOH 2H,0. The
second deprotonation event, which is the rate-limiting step when M = Ni, occurs at

one of the hydroxy ligands and incurs a free energy increase of 2.25 eV.

The M(OH) , 2H,0 Complex

The complex in Figure 3.1c consists of a single metal coordinated by two aqua
ligands and two hydroxy ligands. The cumulative free energies and thermodynamic
guantities associated with the rate-limiting step for each complex are shown in Figure
3.7 and Table 3.3, respectively. The data illustrate some dependence on the nature
of the metal with, once again, the data obtained with M = Ti di ering signi cantly
from those obtained with the other metals. In terms of the rate-limiting steps, the
addition of water upon moving froms; to s, (reaction step 3) incurs the largest
increase in free energy (G = 5:21 eV) when M = Ti. Deprotonation upon moving
from s, to s3 leads to the largest increase in free energy of any individual step for
all the other metals, with G = 1:98, 2.21, 2.15, and 2.05 eV for M = Mn, Fe,
Co, and Ni, respectively. These results suggest that all the metals except Ti have

similar capabilities to activate this reaction, with M = Mn o ering the best catalytic
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Figure 3.7: Cumulative free energies of the OER catalytic cycle of the M(OHK)2 H,O
(M =Ti, Mn, Fe, Co, Ni) complexes. The label reaction step "X' refers to the step
involve in moving from structuress, to sy+; in the mechanistic cycle.

e ciency of all metals considered for complexes of this form.

Once again, the general mechanistic features of this reaction are analogous to
those shown in Figure 3.5. For the preferred complex of Mn(OK)2 H,O, the initial
two steps involve the deprotonation from an aqua ligand followed by deprotonation
from a hydroxy ligand. These steps lead to increases in free energy of 0.65 and
1.98 eV, respectively. These steps yield a structure containing a Mn(IV)=0 oxo
group possessing a quartet electronic structure. In subsequent steps, the oxo group is
coupled with a solvent water molecule and an OOH ligand is formed by the transfer
of one hydrogen to the adjacent hydroxyl group. The resulting structures,, has a

multiplicity of six and undergoes the loss of a proton from an aqua group followed by
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Table 3.3: Calculated enthalpic ( H) and entropic ( T S) contributions to the
change in free energy (Gmax) and the theoretical overpotentials () for the rate-

limiting step in the OER with the M(OH) , 2H,O (M = Ti, Mn, Fe, Co, Ni) com-
plexes.

M H[eV] T S[eV] GmxleV] [V]

Ti 481 0.40 5.21 4.06
Mn 221 -0.23 1.98 0.83
Fe 229 -0.08 2.21 1.06
Co 228 -0.13 2.15 1.00
Ni  2.26 -0.21 2.05 0.90

Table 3.4: Calculated enthalpic ( H) and entropic ( T S) contributions to the
change in free energy (Gnax) and the theoretical overpotentials () for the rate-

limiting step in the OER with the M(OH) 4, 2H,0 (M = Ti, Mn, Fe, Co, Ni) com-
plexes.

M Hlev] T S[eV] Gnax [eV] [V]

Ti 2.79 -0.13 2.66 1.51
Mn 2.27 -0.17 2.10 0.95
Fe 2.59 -0.06 2.53 1.38
Co 2.66 -0.08 2.58 1.43
Ni 2.92 -0.26 2.66 1.51

deprotonation at the OOH ligand to result in an oxygen molecule coordinated to the

metal, which is subsequently eliminated as the cycle closes.

The M(OH) 4 2H,0 Complex

The M(OH), 2H,0 system consists of one metal center coordinated by four hy-
droxy groups and two aqua ligands, with the aqua groups in sans con guration
(see Figure 3.1d). The cumulative changes in free energies during the OER catalytic
cycle and thermodynamic quantities for the step with the high increase in free energy

for the M(OH) 4 2H,0 (M = Ti, Mn, Fe, Co, Ni) complexes are presented in Figure
3.8 and Table 3.4, respectively.
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Figure 3.8: Cumulative free energies of the OER catalytic cycle of the M(OH)2 H,O
(M =Ti, Mn, Fe, Co, Ni) complexes. The label reaction step "X' refers to the step
involve in moving from structuress, to sy+; in the mechanistic cycle.

For the systems with M = Ti, Mn, Co, and Fe, reaction step 1, i.e., deprotonation
to move from structure s; to s,, leads to the highest change in free energy of any
individual step along the reaction cycle. The second deprotonation step also leads to
a signi cant increase in free energy for all these systems. The rst two deprotonation
steps also signi cantly increase the free energy when M = Ni, but in this case the
change in free energy associated with deprotonation to move betwegrand sg is the
greatest for any individual step during the reaction cycle. Interestingly, the variation
in the maximum free energy increase of any step Gmax in Table 3.4) across the whole
series of metals is smaller with this complex than it was for any of other monometal

complexes considered in this work. This compression in the maximum free energies
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is largely due to the free energy changes when M = Ti being similar to those for the
other metals, unlike the other monometal complexes considered.

The data indicate that the change in free energy of the rate-limiting step is low-
est for the Mn(OH), 2H,0O complex. The optimized structures at each step of the
mechanistic cycle with this complex are shown in Figure 3.9. Key features are that,
like the other monometal complexes considered, deprotonation occurs from an aqua
ligand in the rst step and a hydroxy ligand in the second step. Further, the deproto-
nation process occurring in the second step occurs at a hydroxy group thatnans to
the aqua ligand. The deprotonation of an aqua group upon moving from structures
S5 to sg also invokes the detachment of the O{O group from the metal, resulting
in a dioxygen molecule that is coordinated to some of the hydroxyl groups in an
Mn(OH), H,O complex. This process di ers signi cantly from that observed with
the other monometal complexes considered, where the O{O group was still bonded
to the metal in ss. The subsequent release of from sg is a spontaneous reaction

with a reaction free energy of -0.19 eV.

3.3.2 Multimetal Complexes

The results presented in this section were obtained through calculations using the
model systems containing multiple metal atoms (models e and f in Figure 3.1). For
each model, the discussion focuses on identifying the step with the highest change
in free energy for each metal, determining the metal that leads to the lowest overall
increase in free energy over the course of the catalytic cycle, and discussing any

particular mechanistic features encountered with the preferred metal atom.
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Figure 3.9: Mechanism of the OER catalyzed by Mn(OH) 2H,0O. The small gray
spheres represent hydrogen atoms, red spheres represent oxygen and purple spheres
represent manganese. The light purple circles indicate the proton removal sites of the
catalyst.

The MNi(OH) g 2H,0 Complex

This model catalyst contains two metal centers with each center bearing three
terminal OH groups, two bridging OH groups, and one aqua group. This con guration
leads to approximately octahedral coordination at each of the metals. The focus of
this section is to assess how replacing one Ni atom by another transition metal a ects
the ability of this complex to activate the OER. The cumulative changes free energies
during the OER catalytic cycle and thermodynamic quantities for the step with the
high increase in free energy for the MNi(OH) 2H,O (M = Ti, Mn, Fe, Co, Ni)
complexes are presented in Figure 3.10 and Table 3.5, respectively.

The results show that the rst deprotonation step incurs the highest increase in

free energy of any step for all metals except for M = Fe where deprotonation in
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Figure 3.10: Cumulative free energies of the OER catalytic cycle of the
MNi(OH)g 2H,O (M = Ti, Mn, Fe, Co, Ni) complexes. The label reaction step
“X' refers to the step involve in moving from structuress, to sy+; in the mechanistic
cycle.

reaction step 2 leads to a change in free energy that is slightly higher than that of
the rst deprotonation step. Replacing one Ni atom by a di erent metal atom also
changes the energy pro le, with the energies obtained with M = Ni exhibiting a large
increase free energy for reaction step 4, and all other metals exhibiting very small
increases, or even slight decreases, followed by large increases at step 5. Overall, the
results demonstrate that replacing one Ni by Fe leads to the lowest increase in free
energy.

The catalytic cycle of the OER with FeNi(OH)g 2H,0 is presented in Figure
3.11. There are several possible deprotonation sites at the initial structusg. The

calculations demonstrated that deprotonation from the aqua group attached to the
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Table 3.5: Calculated enthalpic ( H) and entropic ( T S) contributions to the
change in free energy (Gmax) and the theoretical overpotentials () for the rate-
limiting step in the OER with the MNi(OH) ¢ 2H,O (M = Ti, Mn, Fe, Co, Ni)
complexes.

M H[eV] T S[eV] GmxleV] [V]

Ti 2.75 -0.24 2.51 1.36
Mn 3.04 -0.20 2.84 1.69
Fe 2.47 -0.21 2.26 1.11
Co 2.97 -0.22 2.75 1.60
Ni 2.90 -0.24 2.66 1.51

Fe is preferred. The reaction had G = 2:13 eV and leads to formation of a quartet
complex containing Fe atom coordinated by six OH groups. The second deprotonation
step occurs at the same ligand, leading to a quintet structure and yieldsG of 2.26
eV. This step is rate-limiting for the complete catalytic cycle. The next step involves
the addition of a water molecule at the Fe-O site during which one H atom in the
water group transfers to the hydroxy group attached to the Ni site. The addition of
water preserves the spin multiplicity of the complex and leads to a reduction in free
energy of 1.06 eV. The two deprotonation steps that follow, from the OOH and, @
groups respectively, lead to an increase in the Fe-O bond length associated with the
formation of O,, and in structure s O, has been released spontaneously from the
metal ( G = 0:28 eV) from the metal, but remains coordinated to the complex.

Subsequent steps lead to the release 0§.0

The M xNiz; xO4(OH) 4 5H,0 Complex

This complex contain three metal centers that are each coordinated by three
bridging oxo groups. Two of the metal centers possess similar ligand environments

consisting of two aqua ligands and one hydroxy group. The third metal center is
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Figure 3.11: Mechanism of the OER catalyzed by FeNi(OH)2H,O. The small

pink spheres represent hydrogen atoms, red spheres represent oxygen, green spheres
represent nickel and gold spheres represent iron. The light purple circles indicate the
proton removal sites of the catalyst.

coordinated by two hydroxyl groups and one aqua ligand in octahedral manner. The
in uence of the degree to which the substitution of Ni atoms in NiO4(OH), 5H,0
by M = Ti, Mn, Fe, or Co was investigated by replacing one or two Ni atoms with
an equivalent number of an alternate metal.

The case in which one Ni atom is replaced will be considered rst. The cumulative
changes in free energies during the OER catalytic cycle and thermodynamic quantities
for the step with the high increase in free energy for the MBD4(OH), 5H,O0 (M =
Ti, Mn, Fe, Co, Ni) complexes are presented in Figure 3.12 and Table 3.6, respectively.
In all cases, the reaction occurred through the associative mechanism (see the Figure
3.2) except when M =Ti. In that case, the reaction followed the binuclear mechanism

(see Figure 3.3). This di erence is clearly re ected in the free energy diagram (Figure
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