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Abstract

Artificial photosynthesis (AP) is a promising concept to generate clean and renewable chemical
energy carriers, including Hz by sunlight (Solar Energy). To achieve this objective, developing
inexpensive, highly active, and stable catalysts for hydrogen production (Hydrogen Evolution
Reaction, HER) and water oxidation (Oxygen Evolution Reaction, OER) in the first place is a
fundamental challenge since, nowadays, the catalysts in practice utilize noble metals.

According to the above objective, many recent studies focus on molecular systems based on
transition metals (TMs) suitable as water oxidation catalysts (WOCs) due to their structural
versatility, clear catalytic mechanisms, and highest atomic efficiency with respect to catalytic
centers. Among these TMs, Iron is an abundant and less toxic element in Earth's crust, having rich
redox chemistry for the activation of Oz in biological systems and versatile catalytic applications.
Fe-based compounds can be envisioned as efficient electrocatalysts for the OER, too. Indeed,
(electro)chemical OER by efficient Fe-based catalysts have been published, and factors were
pointed out to control their performance. A brief yet, in-depth review of the recent progress in this
field is provided as part of the dissertation.

However, from the overview, it will be apparent that there is room for further studies to improve
the performance and durability of Fe-based WOCs. With this in mind, | investigated new
electrocatalytic systems based on Fe complexes that were presumed to form immobilized catalytic
films on electrodes. The activity of the electrocatalysts is discussed based on essential parameters
such as overpotential, Tafel slope, stability, Faradaic efficiency, and turnover frequency
determined by electrochemical techniques. A part of this work is devoted to the electrochemical
behavior of water-insoluble Fe complexes in homogeneous water/organic mixtures to reveal their
intrinsic molecular properties. Furthermore, water-insolubility of Fe complexes aided in to apply
of simple methods (dip-coating and drop-casting) to immobilize these catalysts on model
semiconductors (indium tin oxide and fluorine-doped tin oxide) to be applied in controlled potential
electrolysis in borate buffer at pH ~ 8.3. | found that water-insolubility presents a viable strategy
for designing new molecular catalyst/(photo)anode hybrids. An unforeseen but beneficial outcome
of these studies was that a fruitful immobilization method (electrodeposition) had been explored to
reduce the amount of the complex required for good operando stability. This method will be

discussed at the end of this work.
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1. Literature background
1.1. Today’s energy world (an outlook)

There is a growing global energy demand, and clean energy production is highly desirable for
several reasons. Approximately 84% of the world's energy supply (Chart 1.1) relies on fossil fuels,
including coal, natural gas, and oil, due to the suitable energy density of these carriers that fulfill
our needs [1]. Fossil fuels made industry growth possible for a long time because of their apparent
inexpensiveness and availability [2]. Over the past half-century, fossil fuel consumption has

increased dramatically, around eight-fold since 1950 and roughly doubling since 1980.

World total energy supply: 14 282 Mtoe

Other: 2.0%

Biofuels and waste: 9.3%
IR0 20N Coal: 26.9%

Nuclear: 4.9%

Natural gas: 22.8%

0il: 31.6%

Chart 1.1. The World’s total energy supply in 2018, *Mtoe= mega tonnes of oil [1].

Meanwhile, a clear shift towards oil and gas can also be observed with time [3]. Based on current
expectations, global energy consumption will increase to 20 TW or more by 2030, double and triple
by 2050, and by the end of the century, respectively [4,5]. The combustion of fossil fuels has
fundamental adverse effects on the global climate, which is well known to be the major contributor
to global warming. Nuclear power could be an excellent alternative to generate electricity with a

low impact on CO> production but generate radioactive waste that should be put away (storage).



After witnessing nuclear disasters, human society faces a fundamental challenge (Three Mile
Island, Chernobyl, and Fukushima) [6]. Therefore, a clean, abundant, sustainable, and safe energy
source is the real challenge for establishing an economy in continuous development.

1.2. Renewable Energy

Substitution of fossil fuels requires enormous efforts to find energy carriers that are cheap,
renewable, and not harmful to the environment [7]. Renewable energy is derived from resources
capable of renewal at a reasonable timescale without depleting the planet's (local or global)
capabilities, including carbon-neutral sources such as sunlight, wind, rain, tides, waves, and
geothermal heat. These resources are available in one form or another nearly everywhere. Several
technologies have already been introduced, such as wind power, hydropower, biomass, and solar
power (solar panel). Among these, solar energy constitutes the most prominent and invaluable
source of producing electricity/fuel. Roughly 4.3x102°] of energy reaches the Earth's surface every
hour, comparable to what humankind uses every year. In other words, although the total amount of
solar energy is large, the energy density (reaching any given square meter of the planet's surface)
over time is diffuse (low) and intermittent [5]. Since solar energy means a clean and sustainable
alternative, several technologies, such as photovoltaic, have been developed to convert sunlight
into electricity [8].

1.3. Energy storage problems

It is not easy to store the energy on a large scale and utilize it when sunlight is unavailable, limiting
its application. The production is strongly dependent on sunlight power stability, i.e., seasonal,
weather-based, and nighttime-daytime fluctuations require balancing and production on different
timescales. Two electrochemical methods are available to convert and store electrical energy:
batteries and chemical carrier production by electrolysis. Among batteries, lead-acid and lithium
are the most popular and currently make up over 81% of new energy storage installations globally;
the lithium-ion battery is considered one of the most efficient batteries nowadays [9]. Primary
challenges are the low availability and relatively expensive of some components, environmental
hazards, limited charge-discharge lifetime, and low gravimetric energy density. Since batteries also
experience discharge losses with time, alternative methods for longer-term energy storage should
be explored.

The energy storage in chemical bonds would be a widely applicable solution to store surplus
harvested (but not readily used) renewable electrical energy [10]. Caching solar energy in the form
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of hydrogen (H.) is a good alternative for a valid reason; H, has a much higher gravimetric energy
density than the utmost fossil fuels [9]. The most self-evident solution is Hz gas derived from water
electrolysis, for which the fuel cell technology to re-generate electricity is mature, but the energy
loss associated with storage and the conversion steps is considerable. However, solar to hydrogen
(STH) is a suitable carrier to replace fossil fuels in many ways (see section 1.5). However, a
straightforward and complete substitution of fossil fuels is not viable [11]. Water splitting is
extensively considered the most viable option for renewable energy storage. One reason is that
many obstacles made electricity unsuitable for some industries or long-distance transportation [12],
calling for a renewable chemical energy carrier.

There are three STH conversion ways: thermal splitting based on solar heat (see section 1.6.),
electrolysis, and photo(electro)lysis. The latter system involves an energy harvesting unit (light
absorber) that undergoes charge separation (i.e., electrons and holes = excitons are generated) to
create potential and current as in photovoltaics [11,13], but it is considered suitable rather for small-
scale devices. Solar cells can be a delegated source for solar energy conversion to produce
electricity for electrolysis, but energy storage capacity on a large scale has practical limitations
[2,12].

To our luck, Nature serves with an instance of renewable energy production, storage, and use:
photosynthesis. The photosynthetic system is appealing to imitate its principles and thus achieve
artificial photosynthesis. The photosynthetic process stores energy in the form of chemical bonds,
and the products are carbohydrates that act as energy carriers or structural polymers made by CO;
fixation [14]. Thus, Nature’s system guides researchers on how solar energy can be converted by

a photosynthetic machinery system sustainably [15].

1.4. Natural photosynthesis

Photosynthesis is a fundamental biological process that runs life on Earth. For more than 2 billion
years, plants, algae, and other organisms have been converting solar into chemical energy in the
broadest sense; thus, solar energy could be captured in the bonds of organic molecules. The
chemical energy is stored in carbohydrate molecules (sugars, CsH120g) as shown in Equation (1.1)
and their polymers, synthesized from CO: in the dark (photosystem I, or PS-I). Light absorption
occurs in photosystem Il (PS-11) to oxidize the ubiquitous electron source H2O to O byproduct
(that is later consumed to generate energy during respiration by aerobic life forms or consumed by
plants) [16].



6C0, + 12H,0 + hv - C4Hy,04 + 60, + 6H,0 Eq.1.1

Scheme 1.1. illustrates two processes, natural photosynthesis and cellular respiration in plants.
Harvesting solar energy and CO: fixation into carbohydrates using H2O are further discussed in

the next section.

4 ~

36 ADP (depletedatp)+ 36 Pi (phosphate groups)

Sugars >H,O

aerobic respiration

Natural Photosynthesis
(PS)

UoIl1epIXOo J33epp

60,

Calvin cycle

' 4H*+4e"

3CO, +9ATP + 6 NADPH

PSI v /

Scheme 1.1. The process of natural photosynthesis and cellular respiration in plants.

Plants harvest solar energy in PS-Il, produce O, from water molecules, and convert CO; into
carbohydrates in PS-I (Fig.1.1) [17]. These two processes have a determinant role in the trafficking
of Oz and CO2 between living organisms and the environment [18].

Chlorophyll units in PS-I absorb light at 700 nm (introduced as Pzo0), while those in PS-11, at 680
nm (introduced as Peso) [19]. More accurately, photons are absorbed by the organic (porphyrin-
containing) antenna system in the thylakoid membrane furnishing PS-11 with very high efficiency
(>97%). The excited state molecule P680 gives electrons to an external quinone (Q), reducing it to
hydroquinone (HQ). Electron vacancies are filled by H>O oxidation carried out by the oxygen-
evolving complex (OEC), which contains an oxo-bridged tetramanganese—calcium cluster
(Mn4CaOs) [20].



NADP*+ H*—>» NADPH

FNR)
Fd 7}

PS-II PS-l
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Figure 1.1. Overview of the oxygenic photosynthesis, including the light-dependent reactions and electron transfer
in the thylakoid membrane. Electrons flow from H,O to other components NADPH (blue arrows). Q: plastoquinone,

Pc: plastocyanin, Fd: ferredoxin, FNR: ferredoxin—-NADP* reductase [20].

A multiple-step charge transfer process leads to oxidized water Equation (1.2), and O is released
into the atmosphere as a byproduct.

2H,0) + 4hv — Oy + 4H* + 4e” Eq.1.2

In the Mn-cluster, protons and electrons accumulate four oxidative charge equivalents transferred
to the PS-1 by the Q/HQ system [21]. The electrons and protons are employed in the light-
independent reactions for reducing CO: directly to generate carbohydrates within the Calvin Cycle,
a dark reaction utilizing nicotinamide adenine dinucleotide phosphate (NADPH) and adenosine
triphosphate (ATP) in the course of the reduction steps [22] (see Equation (1.3)). Cellular
respiration involves breaking down glucose, producing ATP, and releasing energy [23]. Note that
carbohydrates are beneficial to humans for direct use or ethanol production, while lipids are useful
for biodiesel production [20].

nC0, + 2ne” + 2nH* - (CH,0), + n/20, Eq.1.3

The light absorption, energy transfer to the reaction center, charge separation, and stabilization are
carried out by PS-I1I, driving water oxidation and reducing plastoquinone [20]. PS-II is a large

protein complex located in the thylakoid membranes of oxygenic photosynthetic organisms that



involves a catalytic center where the OEC that contains the u-oxido-MnsCa- cluster catalyzes the
water oxidation. Detailed structural investigations revealed that the Mn4Ca cluster consists of three
Mn ions, and the Ca ion forms a cubane-like structure with the four metal ions linked by oxo-
bridges (Fig. 1.2a) [24]. Two water molecules are oxidized by sequentially removing four electrons
to generate one molecule of Oz and 4H*, where electrons pass from water to Pggo via the OEC. The
oxidized Pego+ cation radical is the most oxidizing redox cofactor in nature, with an oxidation
potential of ca. 1.25 V vs NHE, which recovers the electron from a MnsCa—cluster in the OEC
[25]. Several amino acid residues surround the OEC that either provide ligands to the metal ions
or facilitate hydrogen-bonding networks that almost certainly play a vital role in the deprotonation
of the substrate water molecules [26]. The Kinetic activation barrier to water oxidation requires a
highly active metal center to support the multiple electron transfer steps. Indeed, proton-coupled
electron transfer (PCET) contributes to biological processes, as electron transfer in many proteins
and enzymes is supported along pathways exhibiting hydrogen-bond contact between amino acid
residues and polypeptide chains [27]. In 1975, Kok and Joliot systematized the stepwise oxidation
mechanism by the OEC. Experiments conducted independently revealed that the oxidation of H,O
to O is a four—stage process, each step termed as Si (i = 1-4) starting from the resting state So (see
Fig. 1.2b) [41]. Each oxidation state of the OEC is known as the “S—state,” So is considered the
most reduced. At the same time, S4 is the most oxidized state in the catalytic cycle, produced by a
repeatedly photo-oxidized chlorophyll center, Psgo, Which converts collected light energy into
oxidizing potential energy [42,43]. Four photons are needed to trigger the So — S1 — S —» S3 —
S4 transitions. The last step is a chemical reaction (Ss — So) where the dioxygen molecule is
evolved [23,44].

The two water molecules are coordinatively bound to the Mn centers of the OEC in the various S;
states; there is a general agreement that the dark-stable S; state of the OEC has two Mn(l1l) and
two Mn(I1V) centers [28]. The most oxidized cluster state, S4, returns to the most reduced state, So
a four—electron reduction process and O2 evolution. There is an ongoing debate in the literature
about the mechanism of O-O bond formation, as it could involve either the nucleophilic attack of
a water molecule (WNA mechanism) coordinated to the Ca ion at an Mn(V)=0 moiety or that of
an Mn(IV)—O-- radical at a neighboring Mn(IV)-O—-Mn(1V) oxo-bridge (for catalytic systems,

these mechanisms will be discussed in section 1.9.1).
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Figure 1.2. a) Structure of the Mn4Ca cluster, located in the OEC [21]; b) the Kok cycle (the catalytic cycle of the
OEC) taking place within the manganese cluster of PS-I1 [11].

In addition to the details that depict the acid-base sites (water molecules, amines) involved in proton
relocation processes in natural photosystem, many components require further understanding as
the entire system’s operating mechanism is still hypothetical, such as the transitory relationship
between electron and proton transfer steps in various transitions between S; states [28].
Understanding the details assists many scientists in following these reactions and utilizing the
experience in catalytic or electrocatalytic systems with the difficulty of building a large-scale
durable, and systematic artificial photosynthesis for water splitting [26]. In the artificial
photosynthesis concept (water splitting), the main difference compared to the natural system is that
H* is reduced to H> as the energy carrier Equation (1.4) [29,14,24].

2H* + 2e~ - Hy(y Eq.1.4

Note that H> is used directly for CO- reduction in advanced systems, or it can be a green reductant
for other chemical processes (coal-free steel production, for example) instead of considering it as

an energy carrier.

1.5. Artificial photosynthesis (AP)
A century ago, the Italian chemist Giacomo Ciamician first proposed harnessing the Sun's power
to produce energy; he stated that ‘On the arid lands there will spring up industrial colonies without

smoke and smokestacks; forests of glass tubes will extend over the plains and glass buildings will
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rise everywhere; inside of these will take place the photochemical processes that hitherto have
been the guarded secret of the plants, but that will have been mastered by human industry which
will know how to make them bear even more abundant fruit than Nature, for Nature is not in a
hurry and humankind is. Furthermore, suppose in the distant future, the supply of coal becomes
completely exhausted. In that case, civilization will not be checked by that, for life and civilization
will continue as long as the Sun shines!’, Ciamician has envisaged an AP process that will have
been created successfully based on the principle of natural photosynthesis by chemists [30,31].

In the past decade, enormous efforts at elucidating AP machinery have significantly expanded.
Developments are encouraging, but substantial efforts are still required until functional prototypes
are realized [32]. Converting sunlight into valuable energy for daily life and our civilization's
development is an important goal [33,34]. In the broader perspective, AP systems must produce
solar fuels that are economically and environmentally attractive from abundant, inexpensive raw
materials such as water and carbon dioxide [35].

Rather than being collected for electricity, in certain areas, the photo-generated electrons and holes
can be used to drive chemical reactions directly, converted into chemical energy (solar fuel) stored
in the form of chemical bonds [11]. In Scheme 1.2, the multiple-step of AP process, which mimics
the function of natural photosynthesis, is presented: splitting water (H20) into O and releasing 4e"
and 4H" involve sequential proton-coupled electron transfer (PCET) steps [36]. Equation 1.5 shows
the general water-splitting reaction using solar energy [37,38].

Nature is devised to bypass the unavoidable long-term oxidative degradation of organic molecules,
which has been that of continuous replacement and repair of the molecular machinery of the OEC
[28]. The OEC reaches harshly oxidizing states and demands high chemical resistance of the
molecular components. Thus, creating artificial water oxidation catalysts (WOCSs) inspired by
Nature is still a fundamental challenge [28]. Effective strategies are hard to apply to artificial
systems as plants do in the chloroplast, as the OEC must be re-synthesized under surrounding

sunlight every thirty minutes to indemnify the oxidation damage it suffers from producing O2 [39].

2H,0y + 4hv - 02(9) + 2H2(g) Eq.1.5
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Scheme 1.2. The general concept of artificial photosynthesis systems.

Therefore, the design and preparation of robust artificial molecular components require special
considerations [28,39]. Before | go into a detailed analysis of these special considerations and the
state-of-the-art scientific achievements with Fe-based systems (that is the focus of my dissertation)
in sections 1.9-1.11, let us discuss the technical aspects of hydrogen usage and modern production
systems that can be applied at different scales, because these represent the receiving medium for

any new scientific achievements.

1.6. Hydrogen Production

More than 44.5 Mt of hydrogen gas is produced and utilized for industrial purposes every year, and
thus various techniques have been developed for its production [40,41]. Currently, 95% is produced
from fossil fuels by two principal technologies, steam methane reforming (SMR) and coal
gasification (CG) (Table 1.1). In comparison, only 4% of the H> is produced using solar energy for
water electrolysis (PV-WE), a sustainable way for which the feedstock is solely water - an abundant
and renewable hydrogen source [41,42].

Many studies agreed that H: is the only fuel to overcome energy-related environmental problems
by utilizing renewable resources [43-45]. Water electrolysis is considered a system that can serve
our requirements; however, the high-cost make of the process makes it limited to applying this

technique in comprehensive practice [41-43].



Table 1.1. Three principal technologies for industrial H2 production.

Side
Technology Reaction d Proc. eff. | Price of H2[46]
prod.
CH, + 2H,0 - 4H, + (0,
Methane Thermal CO,
SMR energy 65-85% 1.4 $/K
> H2 +CO2| emission g
AH = 165
Steam kJmol-1
at 298K
C+ 2H,0 - 2H, + €O,
Coal CO2
-~ 0, -
€6 Hz +COz| ¢nission °0%
Steam
2H,0 + energy (e.g.”V) = 2H, + 0,
0, >85%
PV-WE (Zero CO; (in 5.6 $/Kg
emission) | progress)
Water electrolyzer

H> has the advantages such as high combustion value and zero-emission of CO2, and most
importantly, it can be converted to many energy-rich materials for storage or transport, e.g., with
CO. to methane, methanol or formic acid, with molecular nitrogen to ammonia, or synthetic
hydrocarbons using the Fischer—Tropsch process [47]. A further attractive advantage of Hy as fuel
for transportation applications is the advanced technology to produce fuel cell electric vehicles
(FCEVs). Various methods are available for solar-to-hydrogen conversions, such as photovoltaic-
water electrolysis (PV-WE), photoelectrochemical (PEC), photochemical (PC), photobiological,
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and hybrid methods [9]. Herein, we will review the principles of WE and PEC systems since these

are relevant to my research thesis (section 1.8).

1.7.  Principles of Electrochemical Water Splitting

Overall, water splitting consists of two half-reactions: hydrogen-evolution reaction (HER) and
oxygen-evolution reaction (OER). The water spitting is an endothermic chemical reaction with an
associated increase in the Gibbs free energy (AG®° = 237 k] mol™?).

In acidic electrolytes, the OER releases protons and electrons, and evolving oxygen gas, as shown
in Equation (1.6), where the charges generated (4e and 4H™) by the anodic OER are used up for
the respective formation of H, by the cathodic HER Equation (1.7). In alkaline electrolytes, the
process follows Equations (1.8) and (1.9) [48].

OER (anode): 2Hy00y = Oy(qy + 4™ + 4H(y E° = +1.23V vs NHE (pH = 0)  Eq.1.6
HER (cathode): 2H ) + 4e™ > Hyg) E°=0.0Vvs NHE Eq.17
OER (anode):  40Hy,, — 204 +4e” + 2H,0¢y E° = +0.404 V vs NHE (pH = 14) Eq.1.8
HER (cathode): 2H,0() + 4e™ > 40Hgq) + 2Hyg E° =—0.80V vs NHE Eq.1.9

In the OER, the removal of four electrons and protons, the breakage of four O-H bonds, and the
formation of an O-O bond forms a mechanistic complexity, and this half-reaction is currently the
bottleneck for developing efficient and sustainable artificial water-splitting devices. Notably, a
large overpotential is required by the sluggish, sequential multi-step OER [49]; thus, sufficient
applied voltage is needed to overcome the overpotential aggregate of the anode (and cathode) and
reach high enough current density (the goal for practically useful devices should be in the 0.5-1
Alcm? range). Consequently, careful selection of superior electrocatalysts for HER and OER
reactions plays a crucial role in lowering voltage consumption. A result of the complexity and the
high oxidation potential required by the OER means an enormous challenge for chemists seeking
efficient and robust electrocatalysts (as a minimum, a potential more positive than ~1.23V vs.
normal hydrogen electrode (NHE) is required) [11,15,49-51].

The OER requires a higher overpotential (7) than the HER, which follows the two-step VVolmer-

Tafel, or the Volmer-Heyrovsky mechanism. This means that most 7 results from the OER (i.e., #a

> 1c)-
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When uncatalyzed, the removal of 4H" and 4e” from two water molecules, which undergo O-O
bond formation to produce O as the final step demands considerable energy to overcome the
kinetic barrier [25,52,53]. An electrocatalyst is a catalyst that lowers the activation energy needed
for an electrochemical reaction without being consumed [54]. In other words, it opens a new,
energetically favorable mechanistic route toward the products. Electrocatalysts are unique, as they
operate near to or on the electrode surface only. The activation energy is provided by the electrical
energy (electric field or potential) set on the electrode.

Consequently, electrocatalysts usually change the potential at which oxidation (OER, see Equation
1.6) or reduction processes (HER) occur [55]. Electrocatalysts can be heterogeneous (e.g., a solid
surface catalyzing a reaction in solution) or homogeneous (molecular catalysts), soluble, and aid
the transfer of electrons within the diffusion layer near the electrode. The current commercial
electrocatalysts rely on valuable and rare noble metals, such as Pt for HER [56,57] and Ir and Ru
for OER [58,59]. Due to their preciousness and rarity, these catalysts are a severe obstacle to
using electrolyzers at immense scale production of H, with affordable price per unit volume [60].
Thus, massive efforts have focused on investigating inexpensive and highly abundant elements in
robust and efficient catalysts for water oxidation, including homogeneous and heterogeneous
catalysts.

Three well-known vital technologies of water electrolysis as shown in (Fig. 1.3): 1) alkaline
electrolyzers with a liquid electrolyte (NaOH, or KOH) and a diaphragm to separate chambers of
the electrodes, 2) proton exchange membrane (PEM) electrolyzers, the electrodes are separated by
a proton-conducting polymeric solid membrane, and 3) solid oxide high-temperature electrolyzers,
the electrode chambers are separated by the ceramic solid [61]. In the alkaline electrolyzer process,
the water reacts at the cathode into H2 and OH'; at the anode, OH" is transformed into O and H20,
as shown in Fig. 1.3. Inexpensive materials such as Ni and its alloys are used to increase the
efficiencies of electrodes in alkaline electrolytes. Different electrocatalysts in the acidic and basic
electrolytes are employed for HER and the highly irreversible OER. Nevertheless, water-alkaline
electrolyzers with Ni nanowires electrodes covered by different electrocatalysts have affordable
and durable performance at room temperature[62].

In contrast, in PEM cells, the water decomposition at the anode produces Oz, and protons pass
through the proton-conducting membrane to the cathodic side, where Hz production occurs. In solid

oxide (high-temperature) electrolysis, water vapor reacts at the cathode into hydrogen gas, and O*~
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ions are passed to the anode through the ceramic solid electrolyte, where they are oxidized to O>

gas at an operating temperature of ca. 700-1000°C (Fig. 1.3).
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800-1000 °C

PEM Electrolysis
20-80 °C

Alkaline Electrolysis
40-90 °C
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Figure 1.3. Schematic view of the three types of water electrolysis (alkaline, PEM, and solid oxide).

1.8. Water electrolysis via photoelectrochemical (PEC) devices

According to nonconservative estimates, 173,000 TW of solar power reaches the Earth
continuously, while our consumption is ca. 15-17 TW and no more than 30 TW by 2050 [63,64].
It is a free and infinite energy source on the timescale of human history. The energy of solar
irradiation at the Earth’s surface constitutes in small part high energy ultraviolet (3-5% below 380
nm), 42-43% of visible (380 nm — 700 nm), and 52-55% of infrared and far-infrared light (above
700 nm) [9,65].

From this perspective, if only the ultraviolet region is utilized, it could only employ a maximum of
10% of the total incident solar energy. While, if it worked in the visible and near-infrared area,
potentially 50% of the whole incident solar power would be available [9]. In the most evident setup,
photovoltaic devices (PVs, or solar cells) transforming solar energy into electric power can be
connected to stacks of water electrolyzers (WEs) to supply them with renewable electricity to
accomplish water electrolysis. Both PVs and WEs are well developed; thus, their combination is
readily available [66], as shown in Table 1.1. (PV-WE). While the PV-WE technique is suitable
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for a somewhat centralized green H> production[67], small-scale, decentralized, or mobile
applications may require better-fitted options. In addition, the PV technology is still relatively high-
priced, the utilization of visible light is still minimal, and the PV panels occupy a large area; thus,
extended pieces of research are demanded in this field [68].

The above reasons motivate research on photoelectrochemical (PEC) cells based on a
semiconductor-liquid junction that provides direct photon-to-chemical energy conversion. This can
be done efficiently by connecting or integrating light-harvesting and catalytic sub-units into one
system in different ways [69]. There are various encouraging entrances to solar water splitting,
including photochemical (PC) and, most importantly, PEC systems. Herein, I shortly describe the
solar-assisted PEC of Ha production, although it has to be mentioned that modern studies were all
inspired by Fujishima’s and Honda’s pioneering work (1972), who successfully demonstrated the
concept of PEC water splitting for H. production [70]. However, no practical PEC device
ultimately producing solar hydrogen is in use because this would require an overall highly durable,
simplistic, and cost-effective design [71].

The least complicated draft of a PEC cell that concurrently performs both OER and HER is shown
in Fig.1.4. PEC is based on photoelectrodes made of semiconducting materials coated, or combined
with catalysts, as shown in Figure 1.4a. The working electrode, ordinarily a semiconductor, is also
described as the photoelectrode (it can be a photocathode or photoanode, too) because of the light-
induced chemical reactions admitted at its surface. A PEC cell consists of an n-type electrode
immersed in an electrolyte for the OER studies, as shown in Figure 1.4b. A membrane separates
the (photo-)cathode, where H* ions and electrons are combined to produce Ha, as shown in Fig.
1.4a[11,13]. The OER reaction involves intermediate species on the bare photoanode surfaces with
a huge energy barrier; thus, an overpotential is required to overcome the kinetically rate-limiting
multistep reactions [72—74]. To suppress surface recombination, a common way is to combine the
photoanodes surface with proper water oxidation catalysts [75]. As for the catalysts, cost-efficient
and robust compounds are sought. In the case of the anodic OER, a catalyst unit serves as a hole
trap and ensures chemical selectivity so that the highest possible proportion of captured holes are
consumed in OER while parasitic (side-)reactions are suppressed. The generated holes and
electrons by illumination should be moved immediately to the catalysts immobilized on the

semiconductor’s surface [11].
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Figure 1.4. a) PEC cell for water splitting, illustrating two half-reactions, OER and HER; b) the anodic half-cell
reaction (OER) on a photoanode and the water oxidation catalyst (WOC) located on its surface.

The effective extraction of carriers at the interfaces of both Hz and Oz evolving electrode surfaces
requires surface modifications to enhance catalysis [72]. Overcoming reaction barriers and hasting
the reactions by developing efficient catalysts with low overpotential, high intrinsic activity,
stability, and a high catalytic rate is the essential criteria for each half-reaction and a crucial step in
making highly efficient water splitting devices [11,15,49,72]. In this respect, WEs and PECs have
the exact requirements for catalysts (as detailed above), but in the case of PECs, photo-degradation
and the light-attenuating effect of the catalyst must be avoided (i.e., when the catalyst absorbs light
in the same range where the semiconductor is excited). One of the recent developments in PEC
water-splitting utilizes pairing tungsten oxide (WOz) and bismuth vanadate (BiVOs) to form
heterojunction photoanode. In WO3/BiVO4 heterojunction, BiVO4 serves as an excellent visible-
light absorber (~30% sunlight), and WOz functions as an active electron conductor. In this study,
the substantial efforts and impressive milestones showed the highest photocurrent value of about
6.72mA cm 2 (at 1.23 V vs. reversible hydrogen electrode (RHE)) with an incident photon to
current efficiency of 90% (at 1.23 V vs. RHE)[76].

Additionally, a practical strategy can be electrocatalysts on semiconductor photoelectrodes that
play an influential role in accelerating the HER/OER Kkinetics, repressing surface recombination,
overcoming the sluggish interfacial kinetics, and boosting the functional lifetime of
semiconductors[77]. Different techniques include spin coating, electrodeposition, and drop-casting

to immobilize catalysts on semiconductors; for instance, Spurgeon et al. sputter-coated IrO, on
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WOz photoanodes and compared their PEC water oxidation performance was the effective
adequate method of coupling IrO> to WO3 given that it allowed for a higher degree of surface
coverage of catalysts[78]. Importantly, PEC water splitting should be performed using electrolytes
in the near-neutral range rather than under strongly acidic or basic conditions to avoid corrosion
issues [79]. Therefore, future directions should consider the development of electrocatalysts of
OER and HER operating in neutral or near-neutral conditions that are more environmentally

friendly with cause fewer corrosion problems.

1.9. A brief overview of water oxidation catalysts

As previously introduced, OER is arguably the most challenging process of overall water splitting.
Due to the transfer of four electrons and the formation of O-O bond to produce Oz, and this
transformation required harsh oxidizing conditions and significant overpotentials [25,80,81]. Thus,
efficient water oxidation catalysis (WOCS) is indispensable through design catalysts that minimize
the overpotential and achieve high turnover frequencies (TOFs)[82]. Typically, Turnover number
(TON) = number of moles of O2/(mole of catalyst), and Turnover frequency (TOF) = TON/time of
reaction. The WOCs can be classified into two groups: catalytic materials (typically metal
oxides/hydroxides) [83-87] and molecular complexes [88-91][25,92,93]. As far back as 1903,
Cohen and Glazer reported cobalt oxides to produce dioxygen electrocatalytically [94]. Cobalt-
based metal oxides have been publicized as the most promising electrocatalysts for water
splitting[95].

For molecular complexes, the natural Mn—Ca cluster serves as inspiration which is operated as a
catalyst for water oxidation and exhibits a turnover frequency (TOF) of 100~300 s through
multiple proton-coupled electron-transfers (PCETS) with a photogenerated bias. On the other hand,
artificial systems like electrolyzers generally utilize noble metal-based materials that are robust in
all pH values combined with their considerable activity towards OER. The pioneering discovery
of the Ru “blue dimer" reported by T. J. Meyer in 1982 [96], ruthenium-based complexes have
primarily been studied as candidates for WOC. Therefore, enormous studies showed excellent
catalytic activities of ruthenium-based complexes. At the same time, these complexes are not
suitable for potential large-scale practical applications due to their rare and expensive compared to
first-row transition metals (TMs) [97,98]. For instance, the rare metals ruthenium (Ru) and iridium
(Ir) demonstrated efficient performance in WOCs at low overpotentials with high activity (TOF
10% s1) and stability (Turnover number (TON) > 10°) [99,100]. However, their low abundance,
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relatively expensive, and scalability obstructions impeded intensified research on earth-abundant
first-row TMs and their complexes as potential WOCs [101]. Efforts have resulted in promising
findings by applying different first-row TM-based electrocatalysts that can help develop catalysts
suitable for industrial and practical applications to replace noble metal-based materials.
Molecular systems have certain advantages over bulk materials from clarifying fundamental
questions regarding the structure-activity relationships at an atomic level. These catalysts can be
investigated by advanced molecular spectroscopic methods in combination with electrochemical
ones, providing details on the nature of the high valence active species in a redox process at a given
pH, OER kinetics, kinetic isotope effects, electronic structure of the catalytic intermediates, the
role of secondary interactions in catalysis, and secondary (parasitic or degradation) reactions, to
name only the most important ones. For example, it was possible to fine-tune Ru-polypyridyl
complexes to obtain a record high TOF of 7,700 s** and 50,000 s at pH = 7 and 10, respectively,
by ligand adjustments [102]. Organometallic Ir complexes also provided essential knowledge on
the effect of the ancillary ligand structure on stability [103]. More recently, a similar evolution of
some first row TM complexes can be witnessed [104]. Proton-coupled electron transfer (PCET)
reactions can also be investigated in high detail using molecular systems that are of great
importance since PCETs are essential in biological processes, including nitrogen fixation,
photosynthesis, respiration, enzymatic reactions, and activation of small molecules in conversion
and storage of solar energy, mainly water oxidation and carbon dioxide reduction [105].
However, designing active and robust molecular electrocatalysts and immobilizing them on
conductive substrates remains a significant challenge. Catalytic materials are not discussed in detail
since my dissertation focuses on molecular catalysts. Herein, 1 would like to highlight a few points
that | find relevant in context to molecular catalysis and immobilization. In (photo)electrocatalysis,
heterogeneous catalysts indicate materials layered on a support electrode, typically various
aggregates of metal atoms, or compounds, only a part of those exposed to reactants [106]. These
can be generated by standard solvothermal, bottom-up methods, epitaxial growth of
nanocrystallites, drop-casting of suspensions, etc.

In the particular case of OER, the severe conditions required to drive the reaction may also degrade
and convert molecular complexes to form metal oxide particles in situ [25]. In this case, a derived

heterogeneous film will be responsible for sustained catalysis, and the initial complex acts as a
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precursor. Consequently, various difficulties have to be defeated in designating the mechanistic
aspects of water oxidation in a homogeneous system.

A complementary mix of electrochemical analyses (e.g., electrolysis, impedance spectroscopy),
detection techniques (e.g., spectroscopy), and other specific detection procedures have been
applied to distinguish between real homogeneous and heterogeneous catalysts. Wherever the in
situ occurrences of metal-based nanoparticles on electrodes are suspected, a sequence of tests can
be accomplished before and after bulk electrolysis by scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS) to
address this question [101,107]. Last but not least, the borderline between heterogeneous and
homogeneous may be indefinite, as there are examples of tandem equilibrium systems where the
catalysis involves different phases in equilibrium [108].

Heterogeneous catalysts possess some flexibility in structural features, the composition of
combined materials, doping, and surface morphology that all affect long-term stability and activity
[109,110]. McCrory et al. have presented a flow chart of the practical steps of evaluating the
electrocatalytic performances of electrodeposited oxygen-evolving electrocatalysts by proposed a
protocol for measuring the electrochemically active surface area, catalytic activity, stability, and
Faradaic efficiency, which includes electrochemical studies, and morphological investigations
[111].

Finally, molecular catalysts were reported immobilized on the electrode surface and act as
heterogeneous catalysts without mineralization, but the number of examples is scarce, and there is
room for further research in this field. The importance and the advantage of immobilization starting
from molecular compounds can be summarized in several summonses, including the possibility of
better characterizing the so derived heterogeneous species, the variability of the produced catalytic
sites, and better defining the number of active sites, which has a crucial role in determining TOF,

as uncertainty about the number of active sites frequently occur in materials [112].

1.10. Mechanistic pathways for water oxidation catalysts, initial steps, and O-
O bond formation

It was mentioned that the role of a catalyst is to open new mechanistic routes with lower kinetic
energy barriers. Concerning the OER, the formation of O involves much more complicated
kinetics than that of Hy; therefore, it is regarded as the most critical process in WEs or PECs.

Besides the electron transfer steps, a purely chemical step also occurs in most of the cases that is
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the formation of the O-O bond. Generally, this is energetically the most demanding step, and
different mechanisms have been proposed for the construction of the O—O bond by WOCs. We
also must distinguish molecular catalysts (homogeneous or immobilized) from catalytic

materials (inherently heterogeneous); therefore, we discuss their mechanistic routes separately.
1.10.1 Mechanistic pathways for molecular water oxidation catalysts.

Two significant types of mechanistic pathways have to be distinguished based on the nature of the

O-0 bond formation step, depending on whether an external water molecule is involved [113].

Water nucleophilic attack (WNA): the nucleophilic attack of H,O or HO™ at the L-M™1*—0* or

L-M™2*_02 gpecies' electrophilic center that leads to the formation of a metal-peroxide bond.
The ancillary ligands should favor the occurrence of the oxo form, i.e., M=O (Fig. 1.5), which is
the highest obtained oxidation state of the catalyst, usually generated by a 2x1e~ withdrawal from
the resting state, exhibiting high redox potential, thus capable of WNA (see the Kok cycle, S4).

Interaction_of two M—Q0 units (IM): two M-O units is involved in forming the O-O bond, as

shown in Fig.1.5. In both pathways, the formation of the O=0 bond constitutes the rate-determining
step (RDS) of the whole process. Thus, understanding this step must be considered during the
rational design of new catalysts.

Following the O—O bond formation, the rest of the electron and proton transfer steps occur rapidly
since the peroxidic intermediates have considerably lower redox potential than the applied electric
potential (WE), or electric potential plus photon energy (PEC). Consequently, the most crucial
aspect of catalyst design is to find ancillary ligands/chemical environments capable of supporting

high oxidation states of transition metals.

1.10.1. Mechanistic pathways for water oxidation materials

Generally, heterogeneous catalysts do not show high-density catalytic sites in a well-defined single
crystalline surface or unique catalytic sites in a complex polycrystalline surface [114]. Concerning
water oxidation, a multiphase chemical reaction system exists entirely determined by the surface
cooperation between these phases. For illustration, many factors impact the activity of a catalyst:
the porosity, point defects in bulk materials and surface, the exposed structure facets, the bridge
sites, terrace kinks, edge structures, and water coordination [115]. Water oxidation on a
heterogeneous surface based on the fact that adsorbed/bound water molecules or hydroxyl groups
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partially cover the surface, likely combined in the surface reaction kinetics when the electrode is

contacted with H2O in the electrolyte utilized bias or applied photon irradiation [115].

L- M(n+1)+
0,+H" 2e ( OOH ‘\%_4
H*+ e

H*+ e
L-Mn* - 5 |- M(n+1)+ 4, L_Ll|(n+z)+
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OZ O--. (l)
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Figure 1.5. The two major types of the O-O bond formation pathways in molecular WOCs.

The OER may involve several surfaces adsorbed intermediates. Studies on mechanistic principles
and hypotheses of the series of elementary steps relying on atomic-scale investigations remained
limited. A few proposed mechanisms, conclusions about the rate-determining step (RDS), and
experiential methods have been developed.

RuOz, IrO2, SnO», and PbO,-based anodes are commonly employed in acidic media for OER [116].
Over the past decade, models have been proposed for the OER on these metal oxide electrodes.
Fig. 1.6 shows the scheme of the mechanism, including two parallel reaction paths. The first
primary step is forming adsorbed hydroxyl radicals by discharging H.O molecules at the metal
oxide surface, MOy, Equation (1.10) [116].

MO, + H,0 - MO,(-OH) + H* + e~ Eq.1.10

The subsequent steps rely on cooperation between the electro-generated hydroxyl radicals and
oxide anode. Based on a couple of restricted states, oxygen evolution via physisorbed hydroxyl
radicals and chemisorbed intermediates will occur. As can be described in Equations (1.11-1.12)
[116]:
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e The physically adsorbed hydroxyl radicals are electrochemically oxidized to oxygen,
MO,(-OH) - MO, + H* +1/20,+e" Eq.1.11

e The chemisorbed hydroxyl radicals interact with the oxide forming the higher oxide,
MO,(-OH) » MO, + H* +e- Eq.1.12
e The final Oz evolving step and the decomposition of the higher oxide re-forming the
lower oxidation state oxide, Equation (1.13),
MO,,, - MO, +1/20, Eq.1.13

Density functional theory (DFT) calculations revealed that routes b and d on metal-oxide surfaces,
as it is illustrated in Fig. 1.6, may be interconnected and become dominant (depending on the
catalyst and conditions) because the -OH and the -OOH groups link in an identical way to the
catalyst [117]. The peroxidic M-OOH intermediate's rapid degradation is high energy (instability)

[118].

H*+ e

> 1/20,+H*+ e

Mo,
MO, (-OH) e

Figure 1.6. Scheme of OER on conductive metal oxide anodes: (a) generation of adsorbed OH radicals by water

discharge, (b) O evolution via electrochemical oxidation of physisorbed hydroxyl radicals, (c) generation of higher

metal oxide via chemisorbed hydroxyl radicals, and (d) O2 by chemical decomposition of the higher oxide [116].

S. Trasatti et al. proposed a multi-step mechanism after studying ternary mixed oxide electrodes
Ruo3Ti.7-x)CexO2 catalyzes OER in acidic environments [119]. Comparable to the homogeneous

processes, the first step is the same as the absorption of a hydroxide group (Equation (1.14)),
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accompanied by the formation of a metal oxide species, either through a second electron transfer
Equation (1.15) or a recombination step (Equation (1.16)) [120]:

* + H,0 >« —0H + H" + e~ Eq.1.14
*—0H - *—0 + H* +e” Eq.1.15
* —0OH +* —0H —*—0 + *+H, 0 Eq.1.16
=0 ++—0 > 2x+0, Eq.1.17

*denotes the catalytically active surface sites.

The final step, the O=0 bond formation Equation (1.17), allows the active catalyst species to
regenerate. Indication of the catalytic activity of an electrocatalyst can be gained from the Tafel
slopes. The Tafel slope could be didact precise details on the rate-determining steps concerned in
electrocatalysis, and it can be associated with the reaction mechanism of electrocatalysts (in case
the whole kinetics is known). Therefore, Tafel slops provide an understanding of reaction
mechanisms. Before the foundation of electron transfer kinetics theory was established, The Tafel
equation (n= atblog j, where 1 is the overpotential, (a) constantly provides information about the
electrocatalytic activity of the electrodes, and (b) is the Tafel slope) was extrapolated
experimentally, (n vs. log j) carried out information regarding the electrode reaction mechanisms
(More details, Appendix B). The experimentally estimated Tafel slopes could be associated with
the reaction mechanism for OER on the metal oxide surface. Thus, based on the available
mechanistic models, a slope of 40 mVdec™ suggests a mechanism where the second electron
transfer is rate-limiting and Equations (1.14 or 1.15), and the slope of 30 mVdec™ is characteristic
for systems where the rate-determining step is the recombination reaction Equation (1.16).
Accordingly, measuring the Tafel slope is required to inspect the reaction mechanism and helps in
finding the rate-determining step [121].

Transition-metal oxides are the most investigated materials for OER, mainly due to their worthy
activity and stability. For instance, many promising non-noble metal oxides often contain 3d
elements (Mn, Fe, Ni, and Co). It should be noted that Layered double hydroxides (LDHs) have
been used in a variety of areas and widely studied for OER due to the development of
electrocatalysts. The LDH structure has been enormously researched in OER catalysts since NiFe-

LDHs found the most efficient catalytic performances toward OER [122]. Rational design, studies
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on active sites for OER, and a fundamental understanding of the structural characteristics of LDHs
led to advanced LDH OER electrocatalysts [123,124]. Porous Ni-coated anodes were initially
soaked with nickel hydroxide via electrochemical precipitation methods to produce a-Ni(OH)2, the
first metal hydroxide distinguished to show OER electrocatalytic activity [125]. Doping it with
other metal cations with variable oxidation states such as a NiFe-LDH phase was realized to be
critical for high OER activity [126,127]. In line with this, CoFe- and CoNi-LDHs were also
employed as water oxidation electrocatalysts by other researchers [128,129].

A pioneering work by Kanan and Nocera showed that cobalt is also suitable for in situ formations
of catalytic films on electrodes at neutral pH in phosphate[130]. Since then, this catalyst has been
applied in combination with several semiconductors in PEC systems. Similarly, a Ni catalyst was
also shown to form under benign conditions in the presence of borate [131]. The Ni-borate films
could be prepared with precise thickness control and operated at modest overpotential, providing
an alternative to the Co catalyst. These encouraging examples clearly demonstrated life beyond

utilizing noble metals in OER electrocatalysis.

1.11. Iron-based molecular catalysts for water oxidation (WO)
1.11.1. Homogeneous catalysts
Lately, massive efforts have been made to develop efficient water oxidation catalysts
(WOCs) composed of more abundant metals, homogeneous catalysts, and electrocatalysts based
on metals such as manganese [130,131], iron [132-134], cobalt [135,136], nickel [137,138], and
copper[139,140] received significant attention. Iron (Fe) deserves distinguished attention among
these metals since it is the 4th most abundant element on Earth and an environmentally friendly
metal. Several Ru- and Ir-based WOCs have been published to connect efficiency with robustness,
and these noble metal complexes gave the incentive to explore other transition metals (TMs) in the
field of WOCs [100,129]. However, instead of noble metals, first-row TMs might mean the real
solution if we aim to utilize water splitting on a broader scale.
Among first-row TMs, Fe is a vital element (co-factor) in a family of enzymes and presents rich
chemistry in synthetic catalysis due to its redox properties [132]. From low coordinate Fe(ll)
complexes to compounds that furnish high oxidation states like Fe(1V), Fe(V), or in a few cases,
Fe(VI) are known, no wonder that Fe complexes represent a desirable choice as reactant/catalyst

in a variety of redox reactions. Thus, Fe appears fully suitable for using artificial WOCs [133].
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High-valent iron-oxygen species are strong oxidants, effective for substrate oxidation in enzymes
[134-136], organic synthesis, and catalytic applications [137,138]. In addition to the selection of
the conditions [133], the activity of Fe complexes is highly susceptible to electronic and geometric
features, too, due to the occurrence of different oxidation and spin states. Therefore, designing
precise ligand architectures that favor the formation and stabilization of high-valent Fe species
sufficiently stable to promote water oxidation is still a challenge [133,139]. In the past decade, Fe-
based molecular catalysts have confirmed the capability for water oxidation. Furthermore, Fe can
catalyze different reactions, water oxidation, Hz evolution, and CO. reduction because the
electronic structures of the Fe cores are precisely adjusted by the particular coordination
environments created by the ligands [11,140].

In 1980, the story of high-valent Fe-oxygen complexes as catalysts originated with Collins's work
developing robust tetraamido macrocyclic ligands (TAMLS) for Fe [141]. Earlier, TAMLSs were
identified as perfect ligand structures to support TMs in high oxidation states, as considerably
robust versus oxidation, and proved an efficient activation of O to form Fe-oxo species. The work
revealed that using donor deprotonated amide ligands firmly allows access to high oxidation state
Fe and the thorough, stepwise elimination of oxidatively unsteady substructures in the TAML,
which is topping in a series of highly robust macrocycles[25].

In 2010, Bernhard and Collins presented the first single-site Fe complexes catalyst for the OER
[142]. Different Fe''-TAML complexes (1-5) with substituents of varying electronic properties
were synthesized as well-defined homogeneous (see Fig. 1.7a). Computational study on the WNA
mechanism using an excess amount of cerium(IVV) ammonium nitrate (CAN) as the chemical
oxidant at pH =0.7. No activity was considered with complex 1; oxidatively stable TAML catalyst
was ineffective because of ligand oxidation or maybe due to its lower stability in the acidic
environment. The acidity caused fast deactivation allowing only 16 TONs (note that sacrificial
chemical oxidants like CAN are often applied instead of electrochemical activation to explore the
kinetics of WOCs). While complexes 2-5 show fast oxygen liberation at a varying rate (Fig. 1.7b),
correlating with the addition of the electro-withdrawing group to the ligand. Thus, increasingly
electron-withdrawing substituents on the TAML have influenced the catalyst performance.
Complex 5 with Cl-and F~ substituents showed the highest activity as an initial TOF > 1.3 s, even
though a slower phase takes a few seconds, and the rate of OER was first-order in complex

concentration [5], as shown in (Fig. 1.7c). Correspondingly, the more uncomplicated iron
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prototypes, such as Fe(acac)s (acetylacetonate (acac) ligands), Fe»Os, [Fe(bpy)s](NOz3)2, and
Fe(NOs3)s, both with and without the TAML, showed no O evolving, therefore assuring the
remarkable reactivity of the Fe-TAML complexes. Established on these results, the oxygen
evolution performances of the Fe-TAMLs catalysts are dramatically controlled by the electronic
structure of derivative complexes because of the adjusted reactivity of the high valent iron-oxo
intermediated[143].

The first model of a light-driven OER using a Fe complex was published by Dhar and co-workers,
who studied two biuret-modified Fe-TAML complexes using CAN at pH=1 and 25°C in the dark,
and under illumination in 10 mM acetonitrile-borate buffer at pH 8.7, where [Ru(bipy)s]** served
as a photosensitizer and NazS;0s as electron acceptor. The experiments showed that a FeV(O)
intermediate was photochemically produced as the active intermediate for the oxidation of H>O to
02, leading to the formation of Fe''-O0H via WNA [144]. The demetallation reaction under acidic
conditions was evidenced to cease catalysis. However, the initial OER rates were proportionate to
the complex concentration, showing that the rate-determining step is the WNA on the FeV=0
species rather than 12M [142,144]. Thus, a single-site mechanism and a monomeric Fe''-
hydroperoxo species were responsible for OER [145].

Hoffert and coworkers summarized the catalytic activities of new complexes with pendant bases.
Specifically, [Fe(L)(CHsCN)2]?* [L = N,N’-dimethyl-N,N’-bis(pyridazin-3-yl-methyl)ethane-1,2-
diamine] was a robust catalyst using CAN at pH 0.7. This study demonstrated that incorporating
pendant bases into molecular catalysts to aid PCETs might be an effective strategy in constructing
new catalysts for the OER [143]. In other studies, robust ancillary ligands and cis-coordination of
two water molecules were shown to favor catalytic OER. For instance, Randolph et al. reported a
Fe'!' complex with the tetradentate ligand, 2-(pyrid-2'-yl)-8-(1”,10"-phenanthrolin-2"-yl)-
quinoline (ppq), and a bis-phenanthroline amine ligand (dpa) by the presence of the potent chemical
oxidant CAN work at pH 1 (Fig. 1.7d-e). The Fe''(dpa) complex exhibited two reversible
electrochemical, one-electron oxidations, whereas the dimeric Fe'"'(ppg) complex, apparent two-
electron oxidation associated with the process H,O-Fe''OFe" — H,O-Fe'VOFeV —
O=FeVOFe!'!". The latter complex shows a fast initial rate of TOF = 2.2 s but loses most of its
activity after 1 h. The slower dpa complex displays TOF = 0.23 s but proceeds to give activity
after 1 h [146]. An exciting extension of neutral tetradentate ligands is the dedication of an anionic

coordinating moiety since ligand basicity would be supposed to facilitate the high oxidation state
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FeV(O). In this characteristic, Meyer and co-workers published that a six-coordinate Fe''-aqua
complex [Fe''(dpaq)(H20)1>* (dpaq is 2-[bis(pyridine-2-ylmethyl)]amino-N-quinolin-8-yl-
acetamido), (Fig. 1.7f), was an active electrocatalyst for WO in propylene carbonate/H>O mixture.
After 15 h electrocatalysis at 1.58 V vs NHE, 29 umol of Oz was produced at 45% Faradaic
efficiency. Under experimental conditions, the catalyst was stable and did not decompose in a
PC/H20 mixture [147].
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Figure 1.7. a) Molecular structure of Fe"'-TAMLSs used as WOCs; b) evolution of O, using the different complexes
upon addition of CAN in unbuffered water; ¢) initial rates of the O plotted vs [complex], taken from [142]; d-e)
structure of [Fe""'(Cl)2(dpa)]Cl and ‘Fe"'(ppq)CI’; f) the [Fe""'(dpaq)(H20)]** complex, and g) the
[Fe(BQEN)(SO3CFs3).] catalyst.

The stability of complexes by the selection of the ligands is the core to obtaining robust WOC, as
shown by Fe(BQEN)(OTf). and Fe(BQCN)(SOsCF3). (BQEN = N, N'-dimethyl-N, N'-bis(8-
quinolyl)-ethane-1,2-diamine(Fig.1.7g), and BQCN = N, N'-dimethyl-N, N'-bis(8quinolyl)
cyclohexanediamine) which are evaluated in chemical and photochemical water oxidation. These
two complexes catalyzed water oxidation using CAN under an acidic condition. The Fe'V=0
species formed by two-electron oxidation in rivalry with ligand oxidation. The characteristics of

catalysis varied depending on pH and the oxidizing agent; the result implied that ligand dissociation
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and oxidation happen under acidic conditions by CAN, producing the O, which is mixed with the
yield of CO> [148].

In contrast, in light-driven water oxidation by Fe(BQEN)(OTF). using [Ru(bpy)s] ** as
photosensitizer and S;0s> as a sacrificial electron acceptor, the real catalyst was Fe(OH).
nanoparticles. The earliest Fe(Il) complexes based on aminopyridyl ligands published in 2011 were
highly active for WO by using chemical oxidants.

Non-heme iron complexes are regarded to be explored as the activity for WO. Consequently, this
triggered new developments in the field. Fillol and Costas et al. [104] illustrated that mononuclear
Fe complexes of N tetradentate neutral organic ligands (N,N’-dimethyl-N,N'-bis(2-pyridylmethyl)-
cyclohexane-1,2-diamine (mcp), N,N’-dimethyl-N,N'-bis-(2-pyridylmethyl)-ethane-1,2-diamine
(mep) (Fig 1.8). These catalysts hold readily available and modular tetradentate ligands that differ
in solidity and basicity. Still, the typical fundamental structure resembles the presence of two free
cis-coordination sites occupied by weakly binding ligands. Two complexes exhibited high catalytic
activity at low pH using CAN, TON > 350 (mcp), and TON > 145 (mep), respectively. Under
catalytic conditions, high valent reaction intermediates gather, allowing mechanistic studies but
also cooperating in ligand oxidation. Nevertheless, Fe'V(O) species was presented as the reactive
intermediate for the O—O bond formation in WNA was recognized through UV-vis spectroscopy
and electrospray ionization mass spectrometry (ESI-MS). Furthermore, techniques DLS (Dynamic
Light Scattering) and NTA (Nanoparticle Tracking Analysis) examinations indicated no iron oxide
formation nanoparticles appearance in situ, indicating the experimental catalysis stemmed from the
molecular water oxidation catalyst. This outcome extended a new development of Fe-based WOCs.
Hence, numerous investigations have been accomplished to demonstrate the catalytic mechanism,
analyze the structure-activity relations of catalysts, and develop devices with molecular Fe-based
WOCs.

Tai-Chu Lau et al. also investigated the complex cis-Fe(mcp)Cl2, beside other complexes such as
[Fe(bpy)2Cl2]Cl, [Fe(tpy)2]Cl2 (tpy = 2,2:6’,2"-terpyridine), cis-[Fe(cyclen)CI;]Cl (cyclen =
1,4,7,10-tetraazacyclododecane) and trans-Fe(TMC)Br. (TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane). These were employed as light-driven catalysts by [Ru(bpy)s]®* for
evolving oxygen [149] (see Table 1.2 on details). All studies confirmed an Fe'V=0 species as the

reactive intermediate for the O—O bond formation in the initial phase of catalysis, however, all Fe
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complexes underwent hydrolysis, followed by the ligand oxidation to produce Fe>QOgz, the true

catalyst for the sustained catalytic WOC at high pH [149,150].

Fe(mcp)(OTf), Fe(mep)(OTf),

Figure 1.8. Fe(Il) complexes with tetradentate N donor ligands were employed for WOCs [104].

Li-Zhu et al. replaced one of the three pyridines of TPA in Fe(TPA)Cl, (TPA = tris(2-
pyridylmethyl)amine) with quinoline in Fe(Lq)Cl. (Lq = 1-(pyridin-2-yl)-N- (pyridin-2-ylmethyl)-
N-(quinolin-8-ylmethyl)methanamine) to expand the ligand space as shown Fig. 1.9. The catalyst
presented a more active production of the high valence Fe'V(O) species and higher activity in

catalytic OER than Fe(TPA)CI [151].

Expand Ligand DOxidant

Fe(TPA)CI, Fe(Lq)Cl2

Figure 1.9. Molecular structure of Fe(TPA)CI, (left) and Fe(Lq)Cl. (right) [151].

28



Although my dissertation concentrates on single-site catalysts and the patterns of molecular
catalysts were selected accordingly, it has to consider the multinuclear Fe complexes also exist and
mean a valid alternative to enhance Fe-based WOCs [146,152,153]. However, these will not be

discussed here in more detail.

1.11.2. Immobilization of molecular catalysts (heterogeneous catalysis)

The demand for commercial catalysts, avoiding deactivation or decomposition pathways, and more
straightforward catalyst lifetime measurements for research purposes call for surface
immobilization on electrodes. Cost-efficient and robust materials containing Fe, like layered
double hydroxides (NiFe-LDHs, or other mixed metal compounds), are readily available as
surface-bound WOCs and, accordingly, extensively studied [124,154-156]. While these are
efficient electrocatalysts under fundamental conditions, their application near the neutral pH or
under acidic conditions is minimal or not possible at all.

Some molecular catalysts that can operate under non-alkaline conditions, on the other hand, were
observed to possess such remarkable affinity for the electrode surface that homogeneous
electrocatalysis was unlikely. Instead, these molecular catalysts can be immobilized on oxide
surfaces through covalent bonds or via non-covalent interactions [112]. As manifested, molecular
catalysts have higher catalytic activity and more flexibility in their design, and these advantages
give the elasticity to link them with semiconducting materials that are compatible only with neutral
or mildly basic electrolytes. Such co-catalysts/semiconductor hybrids would be highly desirable
for building PEC systems to advance artificial photosynthesis research. Typical semiconductor
metal oxides are TiO2, WOs3, BiVOy, etc., because of their availability, straightforward synthesis,
and tunable bandgap; besides, another asset in the use of photoanodes is that sacrificial oxidants
like CAN, are no longer needed [145]. An economical solution to address an actual model for
artificial photosynthesis, is to anchor active catalysts onto suitable electrode support. Thus, for
practical application, it is crucial to modify light-harvesting semiconductors' interfacial
characteristics through their modification with suitable electrocatalysts [157].

The intended immobilization of molecular catalysts on the electrode surface/semiconductor has
become critical to exploit their intrinsic co-catalytic capabilities. Surface confinement, surface
attachment, grafting, and surface immobilization are similar terms the studies employed to describe

attaching molecular catalysts to an electrode surface [112]. Grafting molecules to the surface
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through bridging ligands typically require more synthetic modification steps in the ancillary ligands
to introduce anchoring groups [52,92,158].

Reliable and affordable methods usually avoid extensive synthetic modifications. Instead, it is
possible to fabricate ad-layers on substrates using DIP, DC, and ED methods. A prosperous method
uses DC to graft molecular catalysts of water-insoluble compounds onto electrode surfaces [159].
The DC technique was applied to deposit layers of the active molecular catalyst [Ruz"(OH)2(3,6-
‘Bupquinone)2(btpyan)]?*,(btpyan=1,8-bis(2,2:6'2"")—terpyridylanthracene) [160]. When deposited
onto an indium tin oxide (ITO) electrode, the catalyst layer could electrochemically oxidize H20
to O.. The highest turnover number for molecular catalysts was 6730 under an applied potential of
1.7 V (vs. SCE) and 40-hours of operation.

In recent years, ED has already been considered a surface treatment technique that plays a vital
role in the electrochemical synthesis of water-splitting catalysts with excellent performance [161].
ED is an acclaimed method for preparing OER electrodes. In addition to the fact that it can be a
simple fabrication process, it also offers a practicable technique for electrodes with very high active
site utilization and fast mass transport [162,163]. ED offers a broad scope for control over the
catalyst deposition process by managing the amount of charge passed during a deposition. The
amount of compound deposited (and hence the film thickness and/or morphology) can be adjusted,
allowing nanoscale films to be deposited [164,165]. The control over film thickness is particularly
influential in PEC electrodes for OER, where solar irradiation is utilized to force the reaction; thin
catalyst films assure that the quantity of light contacting the underlying photo-active substrate is
not remarkably attenuated by distribution or absorbance in the co-catalyst coating. Also, ED
advances significant scope for modifying the morphology of the layers produced through the
variation of potential during deposition [164]. An example is Zhang et al., who fabricated a thin
NiFe film for OER from precursors [166]. The dopant Fe was deployed on Ni by a cathodic-to-
anodic CV sequence; the turnover frequency of 8.7 s* at an overpotential of 329 mV is outstanding
among heterogeneous OER catalysts.

A tailored assembly can also be achieved through self-assembly and surface precipitation of
precursors for molecular electrocatalysts, immobilization via physical confinement, and
electrostatic, non-covalent immobilization, especially by layer-by-layer (LbL) assembling methods
[157]. One also needs to consider that a slight change in the reaction conditions may significantly
affect both the stability of WOCs and the operating mechanism [89,167-169].
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In a heterogeneous system of the TAML water-oxidation reaction, Fe'"-TAML immobilized on
carbon black/Nafion carbon-based electrodes has been published as an effective OER
electrocatalyst (Figure 1.10a). However, an electrocatalytic version of the TAML readily produced
02 with much higher TONs than the homogeneous predecessors, thus revealing that
immobilization can result in more robust catalysts. The Fe'"V

mV (vs Ag/AgCl) and pH= 9-11 prior to the onset of OER at ~1 V at a constant current of 5 mA

oxidation process occurred at 720

with an estimated TOF of 0.081 s over 50 min. The empirical Faradaic efficiency was ~45%, no
doubt that evolved O can leak from the reaction cell due to the partial pressure of O in the cell
being more significant than that of ambient air [170].

In 2014, Bartlett and co-workers published covalent anchoring of a phosphonate-derivatized
complex, Fe(tebppmcn)Cl, (tebppmen = tetraethyl-N,N'-bis(2-methylpyridyl-4-phosphonate)-
N,N'-dimethylcyclohexyldiamine) (Fig. 1.10b) to WOs photoelectrodes[171]. This combination
enhanced the rate of photoelectrochemical OER on WO3 by 60% in comparison to bare WO3, and
there was no need for a sacrificial oxidant. A molecular Fe complex immobilized onto WO3 over
FTO and linked with phosphonic acid-modified tris(2-picolyl)amine (TPA) ligand was used in a
photoelectrochemical cell. In this case, assembling the photoanode consisted of the deposition of
WOs3 onto FTO via hydrothermal synthesis, followed by the dipping of the electrode itself in a
methanol solution containing the Fe complex overnight at room temperature in the dark.
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Figure 1.10. a) Fe"'-TAML (prototype) activator, b) iron complex Fe(tebppmcn)Cl..

UV-Vis spectrum confirmed the appearance of the catalyst grafting with the absorbance in the
400-450 nm region. Importantly, this anode was combined with a Ni(ll)-bis(diphosphine)
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molecular catalyst immobilized on TiO> as a hybrid cathode in a complete, noble-metal free PEC
water splitting cell [175]. At pH 3, this hybrid anode displayed a well-characterized increase in
activity and selectivity for O, evolution instead of the unmodified electrode.

An inexpensive and convenient synthetic strategy toward nanocomposites prepared by
Fe(Il)phthalocyanine/carbon nitride nanosheet (FePc/CN) were studied by Shi et al., and the results
showed that the photocatalytic activity of CN was supported by FePc anchoring, and the
electrocatalytic activity of FePc was promoted by CN doping synergistically [172]. Thus, attaching
FePc to CN increased the visible-light absorption region of CN. The electron transfer from the
excited state FePc to CN obstructed charge carrier recombination and thus improved the
photoinduced carrier separation efficiency, leading to enhanced photoelectrocatalytic activity. The
electrocatalytic efficacies using mono- and binuclear iron corroles successfully immobilized in
Nafion films were also published to act as electrochemical WOCs [173].

The above results are summarized in Table 1.2, where | followed the abbreviations as used in the
literature sources. From this brief summary, it is clear that there is a need for further, simple grafting
methods and Fe complexes that are compatible with those methods to explore new ways of
semiconductor activation towards OER. The increased performance and longevity of co-
catalyst/semiconductor hybrids is a goal that can be achieved only by fundamental research in this
field.

Table 1.2. Summary of Fe catalysts with ligands* utilized as homogeneous and heterogeneous

catalysts for WO.
Homogeneous WOCs
Catalysts TOFS! TON Experimental Refs.
Fe'''"TAMLs 1.3 16 CAN as sacrificial oxidants [142]
atpH =0.7
biuret-modified 0.76 220 Chemical: CANatpH =1 [144]
Fe''TAMLs Photochemical: 50% of 10

mM acetonitrile-borate
buffer pH = 8.7, Amax =
440 nm at 30 °C.

[Fe(L) (CHsCN)2J*  0.04 67  atpH=0.7 using CAN and [174]
sodium periodate
[Fe'''(Cl)2(dpa)]Cl 0.23 - a CAN solution in nitric [146]
[Fe'''(CD2(ppq)ICI 2.2 - acid at pH = 1.
Fe'''(dpaq)(H20) 0.15 - propylene carbonate [147]

(PC)/H20 mixtures
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Fe(BQEN)(OTf)2 - 80+ 10 CAN under an acidic

Fe( BQCN )(OTf)2 20+ 10 condition, and [Ru(bpy)s]? [148]
as a photosensitizer under
basic.
Fe(mpc)(SO3CF3)2 0.23 360 at pH=1 by Ce*" as the [104]
Fe(mep)(SO3CF3)2 0.13 145 oxidant
Fe(TPA)CI: 0.05 7.5 CAN and 0.1 M HNOs [151]
Fe(L)Cl 0.16 3.2 solution
[Fe(bpy)2Cl2] CI 3.6 95 Ru(bpy)3](ClO4)3 at pH = [149]
[Fe(tpy)2]Cl2 1.5 19 8.5 in borate buffer at 23°C
Fe(tmc)Br: 4.6 93
cis-[Fe(cbc)Cl2]* - 1030  NalOg4 as the oxidant at pH [175]
=1-7
cis-[Fe(cyclam)CI2]CI - - 0.1 M NaClOs0r 0.1 M [176]
phosphate buffer (pH= 7.5)
Heterogeneous WOCs
Fe'-TAML (prototype) 0.081 - carbon black/Nafion [170]
carbon-based,HNO3(0.1M)
at pH =1.
Fe(tebppmcn)Cl2 - - Na.SO4 at pH=3 [171]
Fe (TPA) - - aqueous Na2SO4 (0.1 M) [177]
solution at pH =3
FePc/CN 0.2 M NaSOq4, at pH= 6.6 [172]

*TAML=tetraamido macrocyclic ligand; L = N,N'-dimethyl-N,N'"-bis(pyridazin-3-yl-methyl)ethane-1,2-diamine ; BQEN = N,N-
dimethyl-N,N’-bis(8-quinolyl)-ethane-1,2-diamine, BQCN = N,N'-dimethyl-N,N'-bis(8-quinolyl)cyclohexanediamine;
mcp=N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)cyclohexane-trans-1,2-diamine; Tf = triflyl; cbc = 4,11-dimethyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecane; dpag=2-[bis(pyridine-2-ylmethyl)]amino-N-quinolin-8-yl-acetamide; tebppmcn = tetraethyl

N,N" -bis(2-methylpyridyl-4-phosphonate)-N,N" -dimethylcyclohexyldiamine; and TPA= tris(2-picolyl)amine).
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2.1. Motivation and preliminary considerations

Facilitating the oxygen evolution reaction (OER) still stands as a significant challenge in solar to
chemical energy conversion due to its sluggish kinetics and large overpotential need. Therefore,
one of the essential objectives of scientists remains the fabrication of suitable and robust catalysts
for OER. Several Ru- and Ir-based WOCs have been reported to combine efficiency with
robustness, and these noble metal complexes gave impetus to this research field. Progress with
molecular catalysts based on abundant, non-precious, and non-toxic transition metals is incredibly
fascinating, because economic and large-scale applications in the future are better based on
environmentally friendly and available raw materials. Additionally, the characterization and study
of catalysts and their catalytic pathways are crucial in their design. Accordingly, in this Ph.D.
thesis, my aims were to study the electrochemical and catalytic properties of homogeneous water
oxidation catalysts and their immobilized counterparts based on Fe complexes.

2.2.  Aim of the work

My research objective was to select and synthesize some molecular catalysts that were expected to
be water-insoluble, stable, and capable of exhibiting high catalytic performance and high affinity
for the semiconductor surface. Nevertheless, simple methods suffice for their immobilization. |
focused on first-row transition metals; thus, Fe complexes with hydrophobic, robust heterocyclic
ligands have been utilized in this work. The primary objective was to evaluate the redox behavior
and intrinsic catalytic activity for water oxidation; thus, the Fe complexes were first studied and
characterized by electrochemical and spectroscopic methods in homogeneous organic/water
mixtures to help select those are potentially capable of OER electrocatalysis.

My second objective was to find simple methods (such as drop-casting, dip-coating, and
electrodeposition) for the immobilization of the selected candidates on semiconducting materials
in order to fabricate hybrid systems. Model substrate electrodes (ITO or FTO) were used to warrant
comparable and repeatable results, and the use of additives like Nafion was avoided as far as
possible. In addition to the proposed effect of the heterocyclic ancillary ligands on the OER
capabilities, their effect on immobilization and surface stability was an important question to

clarify.
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This chapter describes all the materials, procedures, methods, and experimental techniques used in
my work discussed in Chapter 4 [52,178,179]. The applied physical techniques to characterize
homogeneous and heterogeneous catalysts are also introduced. Finally, the analytical techniques

for oxygen detection are also presented.

3.1. Solvents and materials

Acetonitrile (MeCN), methanol, ethanol, acetone, propylene carbonate, and dichloromethane
(DCM) were of HPLC grade, purchased from commercial sources, and used without further
purification. These solvents were used in synthesis or electrolytes for nonaqueous electrochemical
experiments. Tetrabutylammonium perchlorate (TBAP) was purchased from commercial sources
and used without further purification. For complex synthesis, the FeClz6H20 and Fe(CF3SOs3),
were purchased from Sigma-Aldrich and Strem Chemicals, respectively. Nafion polymer (a
commonly used support for molecular electrocatalysts) was purchased from Sigma-Aldrich as a

methanolic solution.

3.2. Ligands and complexes

The ligand 2-(2'-pyridyl)benzimidazole (PBI) was purchased from Sigma-Aldrich, while 2-(2'-
pyridyl)benzoxazole (PBO) was synthesized following literature procedure [180]. The ligands 1,3—
bis(2'-thiazolyl), iminoisoindoline (tia-BAIH), and 1,3-bis(2’-benzothiazolylimino)isoindoline
(btia-BAIH) were synthesized according to known procedures [181].

[Fe(PBI1)3](OTf)2 (1) (OTf™ = trifluoromethyl sulfonate anion). This complex was synthesized
according to a published procedure [180]. The PBI ligand (0.29 g, 1.5 mmol) was added to the
stirred solution of dry Fe''(CF3SOs)2 (0.18 g, 0.5 mmol) in acetonitrile (10 mL) under an Ar
blanketing atmosphere. After 4 hours of stirring at room temperature, the dark-red solution was
filtered and layered carefully with an excess amount of diethyl ether under Ar in a Schlenk-tube
capped with a rubber septum. After complete diffusion, the solvent and a small amount of a brown
powdery precipitate on the bottom of the Schlenk were removed with a cannula. The crystalline
product was carefully collected from the wall of the tube, washed with minimal diethyl ether, and
dried in a vacuum. Yield: 0.40 g of dark red crystalline product.

[Fe(PBO)2(OTf)2] (3) (OTf— = trifluoromethyl sulfonate anion). This complex was synthesized
by following the exact same procedure as complex 1. The orange crystalline product was rinsed

35



with diethyl ether and dried under a vacuum. Yield: 0.24 g. The UV-vis and FT-IR spectroscopic
features and the electrochemical redox properties in MeCN for both 1 and 2 were identical to those
reported earlier [182].

[Fe''Clz(tia-BAIH)] (3). The compound was synthesized and re-crystallized according to
published procedures [180,181]. Under an Ar atmosphere and reflux (ca. 72-75°C) temperature,
(tia-BAIH) (1.2 g, 4 mmol) and FeClsz-6H20 (1.08 g, 4 mmol) were reacted in 30 mL of methanol
for 6 hours. The precipitate was filtered off after cooling to room temperature, washed with cold
methanol three times, and dried under a vacuum. Yield: 1.4 g of a deep purple microcrystalline
solid. The UV-vis and FT-IR spectroscopic features and the electrochemical redox signal in DMF
were identical to those reported earlier.

[Fe'"'Clz(btia-BAIH)] (4). This complex was synthesized just like complex 3, and as it was
reported earlier in ref. [183]. Four mmol of FeCls-6H20 was reacted with the btia-BAIH ligand in
a 1:1 ratio in refluxing methanol under Ar atmosphere. Yield: 1.2 g of a deep purple-brown
microcrystalline solid. The UV-vis and FT-IR spectroscopic features and the electrochemical redox
signal in DMF were identical to those reported earlier.

3.3. Electrodes, semiconductor substrates and electrochemical techniques
Electrodes and semiconductor substrates. Glassy carbon electrode (GCE) and boron-doped
diamond (BDD) working electrodes were used for homogeneous electrochemical and
electrocatalytic experiments. For heterogeneous electrochemistry and catalysis (using the
immobilized complexes), ITO glass slides (~100 nm thickness) were purchased from PGO GmbH,
Germany, or Ossila Ltd., Great Britain. FTO, which can be applied for long periods of OER
electrocatalysts, was purchased from Ossila Ltd. Platinum coil (Pt) was used as an auxiliary
electrode. The reference electrode was Ag*/Ag (0.01 M AgNOs, 0.1 M TBAP/acetonitrile) for non-
aqueous experiments, and Ag/AgCI (3 M KCI) for aqueous experiments. The GCE and BDD (as
WES) were polished with 1 m diamond suspension, ultrasonicated in MilliQ (ultra-pure) water,
and dried using an N2 stream before use. The ITO and FTO pieces were cleansed before use as
described in 3.5.2.

Electrochemical techniques. In voltammetric techniques, nonspontaneous, interfacial charge
transfer processes (electron or ion transfer across the electrode/electrolyte solution interface) are
driven by an external electrical potential difference in an electrolytic cell [182,183]. The potential

difference at the electrolyte/electrode interface of the working electrode was controlled using a
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BioLogic SP-150 potentiostat (Seyssinet-Pariset, France) or a Gamry Reference 3000 instrument
(USA) in a 3-electrode setup consisting of a working electrode (WE), a counter electrode (CE,
separated by a Vycor glass frit, when necessary) and a reference electrode (RE), as shown in Fig.

3.1. The cell was purged with Ar when required.

oy
‘*‘{purge

Fcin MeCN

Figure 3.1. Electrochemical cell, three-electrode setup as used in my experimental work.

Herein, the principal techniques that were applied to investigate electrochemistry of the complexes
in non-aqueous solution or immobilized on ITO/FTO (in aqueous solution) will be discussed only
briefly, concentrating on the information needed in the context of the study.

In linear sweep voltammetry (LSV), the potential is linearly swept at a constant rate from a starting
E: to a terminal E> potential (Fig. 3.2a). The obtained information essentially depends on the rate
of the potential variation with time (scan rate, v) [189]. Fig. 3.2a shows a typical LSV for ferrocene
dissolved in MeCN, obtained using a GC working electrode by varying the electrode potential from
E1 =-0.4 V to the final potential E> = 0.4. If the potential is reversed back to E1, keeping the same
scan rate, it makes a complete cycle, and the technique is called cyclic voltammetry (CV) (see next
section for more details), and E1 and E> become the vertex potentials. Both LSV and CV were
applied to evaluate the activity of the catalyst for OER. In addition, LSV at slow scan rates (= 2-5
mVs 1) can be used in the Tafel analysis of immobilized catalysts in aqueous electrolytes.
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Figure 3.2. a) LSVs recorded at different scan rates of 10 mM ferrocene dissolved in MeCN, ip is the peak current,
and Ep is the peak potential; b) CVs of ferrocene in MeCN, showing the peak currents and peak potentials, recorded
on a BDD WE, Pt CE, Ag+/Ag (0.01 M AgNO3 in CH3CN) RE, at different scan rates, under Ar, at 25°C.

CV is a popular technique for collecting quantitative and/or qualitative knowledge about
electrochemical reactions; one of the principal uses of CV is to investigate the chemical and
electrochemical behavior of TM compounds [183,184]. By exploiting the well-understood
connection between the scan rate, v, and the thermodynamics and kinetics of electrode reactions,
the mechanism of interfacial electron transfer, the kinetics of catalysis, adsorption of redox species,
the role of coupled chemical reactions, etc., therefore, it is a leading technique of electrochemical
analysis [184-187]. Frequently, to evaluate the stability of the catalyst, multiplied cycles are
applied (in addition to chronoamperometric examinations). Potential calibration is essential in
nonaqueous electrolytes. Thus, Ferrocene (Fc) is commonly used as an internal standard.
Accordingly, throughout this thesis, the potentials in organic electrolytes will be given as V vs
Fc*/Fc, where the Erc*/rc is regarded as 620 mV vs NHE[188]. Fig. 3.2b shows CV scans with Fc

in MeCN in the three-electrode system used during the studies.

By taking the example of Fc, as shown in Fig.3.2, the principles of the CV technique are briefly
discussed here. First, a positively ramping potential (forward sweep) is applied between the WE
and RE. As the potential increases, Fc within the diffusion layer near the working electrode surface
is oxidized, transforming it to Fc*. The thickness of the diffusion layer is proportional to the square
root of the scan rate (v%°). The passage of the electrons produces an electrical current, the so-called

Faradaic current. The current is proportional to concentration and increases linearly with the square

38



root of the scan rate; the Randles—Sevcik equation gives the peak current for a reversible couple
(at 25°C, Eq.3.1):

ip = 2.69 x 10° n3/2 AD/? C v1/? Eq.3.1

Where n is the number of electrons, A is the electrode area (cm?), C is the concentration (mol cm-
%), D is the diffusion coefficient (cm?s™), and v is the scan rate (Vs™?).

At the vertex potential, the reverse scan starts, and Fc* close to the working electrode surface is
reduced, converting it back to Fc, generating an electrical current is defined as negative. Scanning
the potential in both directions affords us to examine the reversibility, electrochemical-chemical
reaction sequences, diffusion constant, and redox potentials for electrochemical reactions in a
simple way.

CV has been beneficial in the electrodeposition of catalytic thin films onto conductive substrates.
The number of cycles determining the mass loading and the redox properties of the catalyst depends
on the scan rate and the vertex potentials. The anodic Epa and cathodic E, ¢ peak potentials and the
corresponding ip,a and ipc current peaks can be acquired at different scan rates. CV was also applied
to investigate the catalyst and substrate concentration dependence and kinetic isotope effect (KIE)
[184].

Square wave voltammetry (SWV) is a potentiostatic technique that significantly reduces the
capacitive current, thus making the detection of compounds at sub-mM concentration levels
possible, which offers some advantages to standard techniques like CV and LSV. In SWV, the
continuous potential ramp in CV is replaced with a staircase potential-time function: a staircase-
shaped potential sequence is added to a linearly ramping polarization of the electrode [193]. In the
SWYV experiment, the working electrode's potential is stepped through a series of forward and
reverse pulses from an initial potential to a final potential. The square amplitude determines the
forward step, and the reverse step is determined by subtracting the square increment from the
square amplitude. The main features of the method are the scan increment AE (SH in mV) by which
the potential is increased in each step, the potential pulse amplitude (PH in mV) that is added to
the base potential then quickly reversed, and the duration of each potential step (PW in ms). The
current is measured at the end of each pulse, and their difference is plotted; thus, the capacitive (or
charging) current contribution is diminished, profoundly improving the sensitivity and quality of

the voltammetric data and allowing for a better resolution of overlapping peaks. Therefore, LSV,
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CV, and SWV were applied to identify the redox transitions of the complexes in organic solutions
and evaluate the activity of the catalysts for OER.

Controlled-potential electrolysis (CPE), also known as potentiostatic coulometry, measures the
current response to an applied potential. Thus, chronoamperometry CA can be defined as an
electrochemical technique in which the potential set to the working electrode is stepped. The
resulting CA is a current from Faradaic processes transpiring at the electrode (caused by the
potential step) controlled as a time function [189]. Cottrell’s equation (Eq.3.2) gives the current in
a reversible redox reaction as a function of time passed after setting a high potential step [190].

. zFAC\/D,
[ =——
vt

Where z is the number of electrons transferred in the redox reaction, F is the Faraday constant

Eq.3.2

(96,485 Cmol™), A denotes the electrode surface area (cm?), and C and D are the concentration
(mol cm®) and diffusion constant (cm?s™), respectively, of the electroactive species in the solution.
CPE is also used in closed cells to generate enough amounts of hydrogen and oxygen to be detected
by a suitable technique like gas chromatography (GC).

Electrochemical impedance spectroscopy (EIS) is a powerful technique that allows the analysis of
the kinetics of electrochemical reactions and describes the properties of the electrode/electrolyte
interfaces at which these reactions occur. EIS is applied to verify the electrical response of chemical
systems to an alternating perturbation of the equilibrium state in a non-destructive way. The most
common and standard approach of EIS is to measure impedance (Z) by applying a single-frequency
voltage or current at a time to the interface and measuring the phase-shift and amplitude, or real
(Re) and imaginary (Im) parts, of the resulting current using either analog circuit fitting or fast
Fourier transform analysis. Frequency can vary from 1 mHz to 1 MHz. Small-signal perturbation
at each frequency is applied as 1(t) = Esin(at), involving the single frequency v = w27, and the
resulting steady-state current i(t) = isin(at + @) is measured, where @ is the phase difference
between the voltage and the current. In real systems, a combination of resistive (R), capacitive (C),
and inductive elements (L) are present, @ is non-zero, and the relation between system properties
and response to periodic voltage or current excitation is complex. Impedance takes phase
differences into account; thus, it can be expressed as a vector in an orthogonal system of the Re (a)
and an Im (b) axes components: Z = a + bj, where j = V-1 = exp(jz/2). Impedance Z(w) = Z’ + jZ”
is a vector quantity and can be plotted in the plane with rectangular coordinates Re(Z) =7’ =
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|Z|cos(®) and Im(Z) = Z” = |Z|sin(®) with a phase angle @ = tan"}(Z”/Z’) and the modulus |Z| =
[(Z)? + (Z2”)4~? [191]. The most general plotting is that of Z” against Z’ (Nyquist plot) or log|Z|
against logw (Bode plot). Throughout my work, Nyquist plots proved to be sufficient to be fitted
with simple Randles circuits (see Fig4.26, Chapter 4) from which the solution resistance (Rs), the
charge transfers resistance (Rct), and the capacitance of the inhomogeneous surfaces represented a
constant phase element (CPE) could be extracted that satisfactorily described the electrodeposited
surfaces. The electrode setup was the same as for CV or SWV techniques.

EIS was applied to evaluate the critical parameters of the modified FTO or ITO working electrodes
immersed in the aqueous electrolyte. To obtain the Nyquist plots, EIS was performed at 1.25 V vs.
Ag/AgCI. The curves were evaluated by a Randles equivalent circuit fitted to the experimental data
points. This circuit has been used repeatedly to fit transition metal-based systems under OER
conditions [192]. R1, CPE, and R2 correspond to the solution and electrode ohmic resistance, a
constant phase element, and charge transfer resistance in the equivalent circuit. This was the
simplest model to fit reasonably well our experimental data. The fitting was carried out with the
EIS Spectrum Analyser 1.0 software. CPE represents the inhomogeneity on the surface of the
electrodes that causes non-ideality of the double-layer capacitance (Cql) at the solid/electrolyte
interface. In CPE, there is a pre-exponential factor (P) to represent the value of a ‘non-ideal
capacity’ for CPE and the exponent (n), which is an ‘ideality factor’ ranging from 0 to 1 (ideal
capacitor, where P becomes Caqj).

The evaluation parameters for the performance of electrocatalysts (overpotential, exchange current
density, Tafel slope, Faraday efficiency, turnover numbers, and frequency) were experimentally
determined. Appendix (A) briefly introduces kinetic parameters that are generally (and also in this

work) utilized to evaluate electrocatalysts' performance.

3.4. Electrocatalytic investigations

3.4.1. Homogeneous electrocatalysis

All experiments in the nonaqueous medium were done under Ar blanketing atmosphere unless
stated otherwise. The complexes [Fe(PBI)3](OTf)> (1) and [Fe(PBO).(OTf)2] (2) [52] were
dissolved in MeCN, the catalyst concentration was varied between 0.01 and 0.2 mM, and water
was added in 0-1.9 M concentration to the solution. All potential values and the corresponding
figures in Chapter 4 are reported vs the Fc+/Fc redox couple. The complex [Fe"'Cly(tia-BAD] (3)
[193] was dissolved in MeCN or acetone, and water was added in 0-3 M concentration.
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[Fe'"'Cly(btia-BAIH)] (4) was dissolved in dichloromethane under Ar, and water was mixed with
acetone and added to the solution[179]. The kinetic isotope effect (KIE) was determined using DO
(99.95%). All experiments employed a standard three-electrode setup, including a GCE or BDD as
WEs (polished and conditioned before use), Pt auxiliary electrode, and Ag*/Ag (0.01 M AgNOs,
0.1 M TBAP/acetonitrile) reference electrode. All potential values homogeneous studies are
reported versus the ferrocenium/ferrocene (Fc+/Fc) redox couple. The redox potential of Fc, that
is, Esc has been measured under the conditions of each experiment. The reported potential values
are: E (V vs. Fc*/Fc) = E (V vs. Ag*/AgQ)-Ete.

3.4.2. Heterogeneous electrocatalysis

Different electrochemical techniques were applied to characterize the immobilized complexes,
including LSV, CV, EIS, and CA. Low surface roughness FTO (20x15 mm, 600 nm thickness, 6-
9 Wo-1, 34.8 nm RMS) and ITO (20x15 mm, 100 nm thickness, 20 Wd-1, 1.8 nm RMS) coated
glass slides of uniform size were used as standard model electrodes, which were modified with thin
films of the complexes as described in the followings. These modified electrodes were set as WE
in a three-electrode setup (Pt aux. and Ag/AgCI ref.) in a small cell, and the electrochemical
behavior was compared to that of the unmodified ITO or FTO under the same conditions. ITO or
FTO coated glass slides were cleaned with ethanol in an ultrasonic bath for 20 min, then rinsed
with deionized water and dried with dry N2 gas. All experiments were conducted in 0.2 M borate
buffer at pH 8.2(1) for better comparison.

Deposition of the complexes on semiconductors (ITO, or FTO). Different procedures (DIP, DC,
and ED) were applied to immobilize the complexes on a semiconductor surface. These were used
to fabricate active catalytic layers of the complexes on the surface of ITO, or FTO [179]. Herein, |
list all methods used, as shown in Fig. 3.3 (Methods A-D). Methods (A-C) include DC and DIP
with/no Nafion, whereas method (D) shows the ED method.

Drop-casting (DC): the same procedure in method (A) was used for complexes [Fe(PBI1)3](OTf),
and [Fe(PBO)2(OTf),] dissolved in methanol in 6 mM concentration. As shown in Fig. 3.4, small
portions of the solutions (50-150 pL) were evenly layered onto ITO using a micro-syringe. For
these two complexes, methanol was evaporated at room temperature and, after that, dried for 30
min using an infrared lamp to provide evenly distributed catalyst films (Fig. 3.4) [52]. The same
procedure was repeated with Nafion and complex [Fe(PBI)3](OTf)2 in methanol to prepare

complex/Nafion/ITO composite films, but no significant difference was observed in comparison
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with the complex/ITO sample[52]. Method (C) was followed to produce Nafion/substrate electrode
for reference [179].

This procedure was used for [Fe'''Cl(tia-BAl)], dissolved in methanol in 3 mM concentration.
Small aliquots (50-200 pL) were evenly layered onto ITO using a micro-syringe. The solvent was
evaporated, and the solid was dried by infrared heating for 30 min (Fig. 3.5) [193].

(A)DC
drop-casting . .
(complex with/no Nafion in drying at 12.0 C
for 30 min

water/methanol)
R — O
0.02 - 0.5 umol/cm?
(B) DIP
dip-coating drying at 120°C
(complex + Nafion in for1h
methanol/water)
> — =
0.05 mol/cm?
DIP
drop castlng of (complex in DCM)
Nafion drying at 120°C drying at 120°C
(methanol/water) for 30 min for 30 min
— > T e
substrate - 2
I | e 0.05 umol/cm

¢
(D)ED

electrodeposition of complexes (DCM/acetone/water)

drying atr.t.
for 30 min

— ==

<0.01 gmolicm?

Figure 3.3 Schematic presentation of the different deposition methods [179].
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Figure 3.4. Typical drop-casted samples of [Fe(PBI)3](OTf)./ITO (left, before use in long term CPE) and

[Fe(PBO),(OTf),)/ITO (right, to be used for CV experiments) [52].
Dip-coating (DIP): method (B) was used for complex [Fe(PBI)3](OTf)2 was dissolved in methanol
with or without adding Nafion (5 wt% in water/methanol) to reach a final concentration of 0 or 0.4
wt% for Nafion and 0.4-6.0 mM for the complex. With complex [Fe(PBO)2(OTf)2] (0.4-10.0
mM), the concentration of Nafion was varied between 0 and 0.8 wt% to obtain different composite
films. The ITO pieces were dipped into the coating solutions for 1 min, then kept at room
temperature for 30 min, and finally heated for 30 min at 90-110°C [52]. A similar procedure could
be applied for [Fe""Cly(tia-BAI)] [179].

Figure 3.5. Typical appearance of a drop-casted [Fe"'Cl,(tia-BAI)]/ITO sample [193].

Electrodeposition (ED): Due to the poor solubility of [Fe''Cly(btia-ind)] in methanol, we
developed method (D). The deposition was performed using a three-electrode configuration
containing FTO or ITO, Pt, and Ag*/Ag (0.01 M AgNOs, 0.1 M TBAP/MeCN), as working,
counter, and reference electrodes, respectively. The solution consisted of 0.8 mM of [Fe'"'Cl(tia-
BAI)], or [Fe"'Cly(btia-BAI)] in dichloromethane and a mixture of 500 uL acetone and 54 uL
MilliQ water. ED was conducted by CV at 100 mV/s, turning potentials of 0.4 V and 1.7 V vs
Fc*/Fc, for a total of 20 cycles. The surface concentration of the deposited complex was determined
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from the current peak integral after the final cycle by presuming a 1e~ Fe(l11)/Fe(ll) transition (z =

Q/F). The electrodes could be dried at room temperature after rinse [179].
3.5. Physical characterization

The following techniques include molecular spectroscopic and surface analysis methods that

provide different types of information about the samples' complexes and surfaces.

3.5.1. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX)

SEM can obtain the surface image via the interaction of a focused electron beam with the top 2-3
um surface depth of samples. Topology, morphology, and crystallinity are all readily visible by
SEM. The extraordinary depth of field often allows three-dimensional imaging shapes [194,195].
EDX is an analytical method for identifying and quantifying elemental compositions on the surface,
which can be combined with SEM for elemental analysis at the sub-micrometer resolution. The
electron beam brings atoms to the surface in the excited state, and specific wavelengths of X-rays
are emitted. The elements emit at characteristic wavelengths, thus allowing their semi-quantitative
detection [195]. During our studies, all experiments were done on a Thermo Scientific Scios2 dual
beam system equipped with an Oxford X-maxn 20 SDD EDX (typically 5 keV beam energy and
process time of 6 was applied, the dead time was below 50%, further details are found in figure
captions).

3.5.2. X-ray photoelectron spectroscopy (XPS)

XPS is based on the photoelectric effect that can detect all elements except hydrogen. It provides
information on the material surface's elemental composition and chemical oxidation state. A
radiation beam of sufficient energy hitting the sample on the substrate creates photoelectrons. By
measuring the kinetic energy (Exin), one can calculate binding energies (Eg) since the irradiation is
done at a fixed wavelength. Characteristic Eg-s of elements irradiated with a monochromatic X-ray
(Mg K, at 1.25 keV or Al K, at 1.49 keV) occur as emission peaks in electron count vs. Eg plots.
When a film-deposited substrate is irradiated, the X-ray photons interact with the inner electron
shell of atoms in a thin surface layer (<3 nm). Photon energy of the X-ray is transferred to an
electron in the inner shell, enabling a photoelectron to escape from the sample. An analyzer
measures the Exin of the photoelectron, which allows the calculation of Eg. Knowledge of Eg allows
identification of the element. Chemical bonds between elements shift Eg to higher or lower values.
This shift in Eg provides structural information [195].
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Surface compositions of the film deposited on the ITO or FTO electrodes in our studies were
determined by a KRATOS XSAM 800 XPS instrument equipped with an atmospheric reaction
chamber. Al Ka characteristic X-ray line, 40 eV pass energy (energy steps 0.1 eV), and FAT mode
were applied for recording the XPS lines of the Fe 2p and 3p, O 1s, Sn 3d, In 3d, N 1s, C 1s, B 1s,
F 1s, S 2p, and Na 1s photoelectrons, and the C 1s binding energy at 284.8 eV was used as a
reference for charge compensation. The surface ratio of the elements can be calculated from the
integral intensities of the XPS lines using sensitivity factors provided by the manufacturer.

3.5.3. Ultraviolet-visible spectrophotometry

Ultraviolet-visible (UV-vis) absorption spectroscopy was applied to detect dissolved molecular
species. UV-vis spectroscopy can be used in the qualitative and quantitative determination of the
soluble species which have absorbance in this spectral region (typically intramolecular electronic
excitations that will be discussed in Chapter 4). It is commonly employed to characterize molecular
catalysts in solution based on the characteristic absorptions. Spectra were recorded on an Agilent

Cary 60 spectrophotometer using | = 0.2-1.0 cm quartz cuvettes or immersion probes.
3.6.Quantitative analysis of O2

3.6.1. Optical oxygen sensor

An Ocean Optics NeoFox optical probe, after 2-point calibration (i.e., exposed to argon, 0% O>
and air, 20.9% O3), was immersed into the stirred electrolyte in a temperature-regulated (Julabo F-
25), double jacketed cell at 25.0(1)°C before the electrolysis experiments. The short response time
of the probe allowed for real-time detection of produced O at the beginning of CA experiments
near the electrode, typically in the first 30 minutes, until saturation occurred.

3.6.2. Gas chromatography analysis of the headspace gas

Gas chromatography (GC) separated and quantified volatile compounds without decomposition
[196]. In GC, the separation of the sample constituents is based on the different degrees of
interaction between each component and a nonvolatile stationary phase while they pass through a
packed column driven by the flow of carrier gas (He is the most popular carrier gas in use).
Different types of detectors are used, depending on the sample, such as flame-ionization detector
(FID), thermal-conductivity detector (TCD), and barrier ionization discharge detector (BID), which

latter we used. The BID is a universal detector with a sensitivity 100 times larger than a TCD and
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offers a much more stable baseline. The BID detector generates a 17.7 eV helium plasma ionizing
almost all compounds except the Ne.

Our analysis to detect the O evolution started with taking samples from the headspace of the air-
tight electrochemical cell using a calibrated 200 xL micro-syringe and feeding them into the
injection gate of the Shimadzu GC 2010 Tracera gas chromatograph, equipped with a BID detector.
The sample is introduced into a 6.0 He carrier gas flow that is also the plasma gas. The in-and
outlet pipes were connected to a homemade He-dilution loop, including an injector unit, a
circulating micro-pump, and a 4-stand valve to close the circle with He gas. The optimized
sampling parameters were the following: carrier gas: helium, 50 mL/min total flow rate, 40 mL/min
DCG flow rate, 3 mL/min purge flow rate, oven program: Tcol. start = 35°C (3 min), ATramp = 15°C
min Teol. end = 160°C (10 min) Tget, = 250°C.

To evaluate the amount of Oy, calibration was performed using a gas mixture of Hz, O2, N2, and
CO2 in known concentrations ranging from 0.98 n/n% up to 78.17 n/n%. Using this calibration, the
areas of the detected peaks were correlated with the gas components in the headspace of the
electrochemical cell. Faradaic efficiency could be obtained using Equation (3.3):

FE%:(I]product /ZQ) % 100%:[(nproducthXZ)/EQ] x100% Eq.3.3

Faradaic efficiency is one of the most critical characteristics of an electrocatalytic system. Where
Nproduct IS the moles of Oz evolved, F is the Faraday constant, and z is the number of electrons. XQ
can be derived from the CPE current. In an ideal system, XFE% is close to 100%. However, values
below 100% can be measured if gas leakage occurs or the dissolved O in the buffer solution is not

accounted for parasitic processes consume part of the charges.
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As presented in the literature overview in Chapter One, Fe complexes are especially interesting for
application in water oxidation catalysis. This chapter gives a comprehensive overview of my
studies on selected Fe complexes and their utilization as water oxidation catalysts (WOCs).
In the first subchapter (Part I), I concentrated on comparing electrochemical characterization
and electrocatalytic properties of two selected, water-insoluble Fe(11) complexes bearing homolog,
non-symmetric, bidentate ligands, 2-(2’-pyridyl) benzimidazole (PBI) in [Fe(PBI)3](OTf)2 (1,
OTf- = trifluoromethyl sulfonate anion) and 2-(2'-pyridyl)benzoxazole (PBO) in
[Fe(PBO)2(OTf)2] (2). These complexes were grafted on ITO surface with two different standard
methods and, in this immobilized form, thoroughly studied as WOCs.
In the second subchapter (Part 11), | discussed the structurally characterized [Fe"'Cla(tia-BAI)]
complex (tia-BAI™ = 1,3-bis(2’-thiazolylimino)isoindolinate(—)) acting as a precursor to
immobilized ad-layers on ITO by simple drop-casting. The enhanced electrocatalytic OER
performance and good stability are discussed in context with the water-insolubility and ligand
exchangeability of the Fe''(tia-BAI)?* assembly.
In the last subchapter (Part 111), a simple electrodeposition method (ED) is presented that allows
immobilization of the [Fe''Clo(BAI)] precursor complexes bearing aromatic NN’N pincer ligands
from a suitable water/organic mixture, and this method is compared to other standard methods like
drop-casting and dip-coating.
e The chapter relies on the following published, peer-reviewed papers:
I. S. M.Al Zuraiji, T. Benko, L. Illés, M. Németh, K. Frey, A. Sulyok, J. S.Pap: J. Catal. 381
(2020) 615-625. https://doi.org/10.1016/j.jcat.2019.12.003
Il.  S. M.Al Zuraiji, D. Lukacs, M. Németh, K. Frey, T. Benko, L. Ili¢s, J. S.Pap: Reactions 1
(2021) 16-36. https://doi.org/10.3390/reactions1010003
1. S. M.Al Zuraiji, T. Benko, K. Frey, Z. Kerner, J. S. Pap: Catalysts 11 (2021) 577.
https://doi.org/10.3390/catal 11050577
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Part (I

4.1. Immobilization and characterization of water-insoluble Fe(Il) complexes

as water oxidation catalysts utilizing hydrophobic NN’ bidentate ligands
In this study, my role was to synthesize two water-insoluble Fe(ll) complexes made with the non-
symmetric, bidentate ligands, 2-(2'-pyridyl)benzimidazole (PBI) in [Fe(PBI)3](OTf): (1, OTf =
trifluoromethyl sulfonate anion) and 2-(2’-pyridyl)benzoxazole (PBO) in [Fe(PBO).(OTf)2] (2)
based on a published procedure [180], and compare the electrochemical and electrocatalytic
properties of these complexes. CV in water/acetonitrile mixture indicated considerable activity for
both compounds; however, only 1 acted as a homogeneous catalyst. The hydrophobic ligands
allowed for a simple immobilization of 1 and 2 by the DC and DIP methods on ITO. Long-term
CPE showed that both 1/ITO and 2/ITO advance electrocatalytic O» evolution in borate buffer at
pH 8.3 but differently. SEM-EDX, XPS, and re-dissolution tests suggested that the Fe remains
complex with PBI during electrolysis as a nano-porous film. In contrast, the PBO complex in 2/ITO

undergoes a rapid decomposition yielding a mineralized form that is responsible for catalysis.

4.1.1. Selection of the complexes based on preliminary examples

Several WOCs have been designed, investigated, and applied during the last few decades, varying
from small molecules to heterogeneous materials [197]. The last decade has proved the capability
of Fe-based catalysts to be effective in water oxidation [198]. Iron (Fe) has experienced widespread
applications in dioxygen activation by high-valence intermediates, motivating studies to apply Fe-
based molecular catalysts in water oxidation [199]. In the analogy to Ru- and Ir-based catalysts,
some Fe-based molecular WOCs have been reported as molecular catalysts using CAN as a
sacrificial chemical oxidant [143,200]. A sacrificial chemical oxidant is usually applied in
homogenous catalysis in an acidic aqueous solution to oxidize the soluble catalyst to a state that,
in turn, can oxidize water to liberate O, electrons, and protons [201]. However, the highly acidic
conditions can induce ligand dissociation, leading either to catalyst deactivation or a derived
molecular species that are catalysts by themselves [201-204]. It is thus well justified to consider
chemical modifications of the ligands and gain more reliable knowledge by developing improved
catalysts, which may lead to the transcription into practical applications [201].

TM complexes bearing tetradentate N-donor ligands, especially those with pyridyl donor groups,
have been widely utilized in catalytic oxidations due to their durability and synthetic variability.
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Recently, a series of Fe(ll) complexes with 4N ligands were reported to outperform the TAML
complexes, reaching TONs up to 1000 in catalytic OER [202]. The reaction was driven by the
sacrificial reagent CAN. In a later study by Codola et al., different complexes were investigated in
their ligand topology and showed drastically different activities in acidic media [205]. Hetterscheid
and co-workers explored that Fe complexes were capable of electrocatalysis with various
tetradentate ligands like cyclam, cyclamacetate [206], and N,N-bis(2,2-bipyrid-6-yl)amine [207].
As mentioned before, molecular WOCs are easier to investigate under operational conditions and
represent an excellent platform for clearly illustrating reaction mechanisms to define structure-
activity correlations at the molecular level. However, one may always expect decomposition [92].
Most importantly, for true single-site catalysts, it has been concluded that a metal center with two
labile sites in a cis position is required in order to coordinate two neighboring water molecules.
Thus, the structure of the ancillary ligand has significant control over the reactivity of high-valent
metal-oxo intermediates produced during PCETS, which is also manifested in the control of side
reactions. Indeed, alterations to the ligand can completely improve or negatively affect the catalytic
capacities [197,208]. Further, a structurally durable and oxidatively stable organic ligand is
necessary under the harsh reaction conditions of WOCs [209], even though electrocatalysis can be
operated under near-neutral conditions, where hydrolytic ligand dissociation may be suppressed.
Last but not least, for the development of highly efficient Fe-based molecular WOCs in
(photo)electrocatalysis that can benefit from the advantages of these molecular units, their
immobilization on semiconducting materials would be the next logical step.

These considerations have led to the utilization of the non-symmetric, readily available bidentate
ligands, i.e., 2—(2’—pyridyl)benzimidazole (PBI) in [Fe(PBI)3](OTf)2 (1, OTf = trifluoromethyl
sulfonate anion) and 2—(2’—pyridyl)benzoxazole (PBO) in [Fe(PBO)(OTf),] (2) [180](Fig.4.1).
The ligands have been reported to influence the reactivity against H2O- in acetonitrile depending
on the heteroatom present in the heterocycle PBO or PBI. Importantly, electrochemical and *H-
NMR proof supported that ligand exchange may occur in the presence of trace (or added) water in
MeCN solution, even though the ligands strongly disfavor the dissolution of the solid complexes
in water. On this basis, | first studied the redox behavior of complexes 1 and 2 in MeCN and

water/MeCN mixtures.
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Figure 4.1. The molecular structure of the precursor Fe(ll) complexes was utilized for water oxidation in this study.
4.1.2. Synthesis of complexes 1 and 2 and their redox properties in homogeneous
water/acetonitrile mixture
The non-symmetrical NN’ ligands PBI and PBO react spontaneously with Fe(ll) triflate in dry
MeCN under an inert atmosphere. With PBI, the red tris-chelate complex 1, while with PBO, the
neutral, orange bis-chelate complex 2 is formed in high yield (Fig. 4.1). In its solid state, complex
1 shows Fe-N bond lengths typical for low spin complexes (~2.0 A), while 2 is high spin,
exhibiting Fe-N bond lengths above 2.15 A according to single-crystal structural analyses
[210,211]. I synthesized these compounds according to the reported procedures and obtained
similar yields of the spectroscopically confirmed crystalline products. According to the planned
utilization of the complexes in water oxidation, | first investigated their redox behavior in
acetonitrile without (Fig. 4.2a) or with added water (Figs.4.2b) to trace the expected ligand
exchange reactions. Following the earlier observations, even trace amounts of water (i.e., some
equivalents typically present in acetonitrile stored under air) cause a cathodic shift in the oxidation
potential and irreversibility of the otherwise quasi-reversible Fe(lll)/Fe(ll) redox couple
characteristic for 1 [210]. Importantly, it was pointed out earlier that complex 1 in MeCN exhibits
a paramagnetically broadened H NMR spectrum typical of high spin Fe(ll) complexes, which
indicates rapid ligand exchange with a trace amount of water present. Consequently, | observed
this oxidation at ca. +0.4 V vs. Fc*/Fc (Fig. 4.2b, inset), and the addition of water caused a cathodic

shift in its potential (Fig. 4.2b inset, indicated with blue arrow). This shows the preference of Fe(l11)
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for two aqua over an N, N’-ligand in accordance with the strikingly similar behavior of other Fe(l1)
complexes containing N4 ligands [212]. In 1, the configuration of the PBI ligands is expectedly
OC-6-21 (mer) as indicated by the structure of the homolog low spin Fe(ll) complex with
2—(2'—pyridyl)-N—-methylbenzimidazole(MePB1)[210] and that of the [Fe''(PBI)3](ClO4).
‘CH3CN-H20 [211].

As water molecules may induce the dissociation of a PBI ligand and occupy the two available sites
in cis-positions; thus, upon electrochemical oxidation to Fe(lll) (Scheme 4.1), a preferred
arrangement for efficient water oxidation catalysis can be achieved (note that ligand exchange was
viable in the presence H.>Ox, or para-substituted pyridine ligands [210]).

An irreversible wave of larger amplitude appeared roughly at +1.25 V vs. Fc*/Fc (Fig. 4.2a, inset).
Notice that [Fe!V(N4Py)(0)]?** (containing the neutral pentadentate ligand N4Py) was successfully
generated by bulk electrolysis in water/MeCN at a similar potential (> +1.3 V vs. Fc*/Fc) starting
from [Fe(N4Py)(CH3sCN)2]?* [213]. The Fe(l11) to Fe(IV) oxidation seems to be a valid assignment
in our case, too, which would provide [(PBI).Fe'V(OH2)(0)]?*. Since there is no other visible
oxidation peak between the catalytically enhanced current and this oxidation of the complex, the
Fe(lll) to Fe(lV) assignment would mean that the latter oxidation state is responsible for the
catalysis. However, in similar complexes to 1a (Scheme 4.1), which had neutral N4 ligands and
allowed cis-diaquo coordination, the (LN*)Fe'V(OH2)(O) motif was associated with the resting state
in the CAN excess-driven catalytic cycle [205,214-216]. This form yielded (LN*)FeV(O)(OH)
through PCET, for which the potential was calculated to be roughly +1.7 V vs. NHE at pH=1 by
computational methods [216]. This Fe(V) species was suggested to participate in a water
nucleophilic attack. Based on these facts, moreover, the 2.3-times higher current passed at +1.25
V than at +0.4 V (Fig. 4.2a, inset, the scan rate is 50 mV/s), indicating a two-electron, or two
energetically leveled one-electron transitions, we tentatively assigned this oxidation to
[(PBI)2FeV(OH)(0)]?* (1a%), stabilized by the negatively charged cis-ligand (Scheme 4.1).
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Figure 4.2. a) CVs of 1 (0.04 mM) at different scan rates, inset: magnified view of the 50 mV/s CV scan with the
proposed peak assignments; b) 1 with no added water (in grey), in the presence of added H>O (1.90 M, in black), and
with water only (1.90 M, in red), at v= 100 mV/s. Inset: blown-up view of the potential range, where the
Fe(I11)/Fe(I1) transition undergoes cathodic shift (blue arrow) upon the addition of H.O. All experiments were
carried out in MeCN, 0.1 M TBAP, BDD working electrode, 25°C, under Ar.
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Scheme 4.1. Proposed mechanism for molecular water oxidation with complex la (potentials are vs. Fc*/Fc).

High excess of water over 1 drastically enhanced the current at above the potential where 1a® was
generated (Fig. 4.3b), and it remained so over several CV scans indicating an electrocatalytic event.
The above facts indicate that this process should involve water molecules and 1a®. This
assumption was supported by the concentration dependence in water and 1 (see also the oxygen
evolution measurements using the heterogenized complex in the next section).

The excess current over +1.2 V vs. Fc*/Fc was proportional to the concentration of the complex
(Fig. 4.3a). The current was negligibly low when only water was present, as shown by the CV
curves in red in Figs: 4.2 b and 4.3a (the same applied to the free ligand). At above ca. 0.05 mM
concentration of 1, a slight deviation from linearity occurred in the current associated with substrate
depletion near the electrode surface [217]. The square of the catalytic current at +1.7 V vs. Fc*/Fc

(lcat®) was linear dependent on the concentration of water (Fig. 4.3b).
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Figure 4.3. a) CVs of 1 (0.01-0.2 mM), in the presence of 1.90 M water, inset: current at +1.7 V vs. Fc*/Fc plotted
against catalyst concentration; b) 1 (0.04 mM) with different amounts of added water and, when no complex is added

(red curve). Inset: square of the current at +1.7 V vs. Fc*/Fc, plotted against added water. All experiments in MeCN,

at v=100 mV/s, (0.1M TBAP), BDD working electrode, Pt aux. Electrode and non-aqueous Ag*/Ag ref. el.
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The dependence of lcar (catalytic current) on [1] and [H20] is in line with the rate law in Equation
4.1, considering the proposed mechanism in Scheme 4.1, since [1a°] should correlate with the
initially added [1]. The expression of Icat by Equation 4.2 applied under high substrate excess[217]
in the exponential growth region of lca explains why the linear dependence of lca® on [H20] as
plotted in Fig. 4.3b indicates first order in the water substrate. This suggests a bulk water molecule
participation in the rate-limiting step that is thus considered as a bimolecular reaction between 1a°*
and H2O.
reaction rate = k., [1a°*] = k[1a°*][H,0] Eq.4.1

Igr = nFA[1](k.q:D1)%° = nFA[1](k[H,0]D{)%> Eq.4.2

In Egs. 4.1 and 4.2, kcat is the catalytic rate constant (s), k is the second-order rate constant for the
reaction between 1a and H,O (Ms™), n is the number of electrons transferred (for water
oxidation, n = 4), F is the Faraday constant (96,485 Cmol™), A is the geometric area of the working
electrode (cm?), and D; is the diffusion coefficient of the catalyst (cm?s™). This rate law suggests
a single site mechanism for water oxidation like it was proposed for the iron complexes of general
formula [Fe(X)2(LN"] [202,205,214-216], or [Fe'''(dpaq)(H20)]?" with a pentadentate N-donor
ligand [218].

By performing CV with deuterium oxide, a kinetic isotope effect (KIE = lca?(H20) /lca®(D20) =
Keat(H20)/keat(D20)) of 2.0 could be calculated (Fig. 4.4) that is consistent with a rate-limiting,
multiple-site electron-proton transfer (MS-EPT) step, possibly with bulk water as the proton
acceptor [208]. In contrast to the above observation, an apparent lack of KIE was concluded for
catalysts utilizing CAN as an oxidant [215]. In the case of systems bearing N4 ligands, an
Fe'V(0)(u-0O)-Ce' core was evidenced in the resting state adduct, which produced FeY(O)(OH)
following an inner sphere electron transfer mechanism [205,214]. According to the suggested
mechanism, this species reacts with H2O in the rate-determining step providing Fe'''(OOH)(OH,),
and only a minor reorganization of the O—H bonds takes place consistent with the lack of KIE
[215]. Based on all this, it is feasible to propose that the attack of a water molecule at the oxo-
ligand results in intermediate 1p (Scheme 4.1), most likely assisted by an H-bonding interaction

with the second, hydroxide ligand of 1a°*. Based on detailed computational work, the possible role
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of the adjacent hydroxyl ligand in binding and orienting the incoming water molecule has been

previously discussed by Lloret-Fillol et al. [216].
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Figure 4.4. CVs of 1 (0.04 mM) in H,O(D-O)/acetonitrile (0.1 M TBAP), v =100 mV/s, BDD working electrode, Pt

aux. electrode and non-aqueous Ag*/Ag reference electrode.

Following the rate-limiting step, the oxidation of 1p is proposed to affect the peroxide ligand
resulting in facile O release and H2O coordination, which means re-entering the catalytic cycle by
re-forming 1a. Note that 1 was shown to react with H>O, to give a green product identified as a u-
peroxido-diiron(l11) species with a considerable lifetime at room temperature. Its oxidation
potential was more positive by ca. 0.4 V than that of 1 [210], which means that it is lower by
roughly 0.6 V than the onset potential of the catalytic process. This observation supports that a
proposed peroxide species from the O—O bond formation step should undergo rapid oxidation
during electrocatalysis due to the high thermodynamic driving force.

Importantly, returning to the ferrous state is unlikely during electrocatalysis, and thus, the proposed
mechanism involves l1a as the resting state. As will be discussed later (see chapter 4.1.3), Fe(ll)
could be detected on the surface of immobilized samples by XPS. In addition, successful re-
dissolution tests in acetonitrile on used samples together with the CV and UV-vis results indicated
that the molecular nature of the ad-layer is preserved, and changes in the UV-vis spectra could be
associated with the occurrence of Fe(l11).
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In contrast to 1, the Fe(I11)/Fe(Il) redox couple of 2 is irreversible and occurs at +0.75 V vs. Fc*/Fc
(Fig. 4.54a, dashed CV curve, inset) that has been associated with the electron-withdrawing nature
of O compared with NH in the corresponding ligands [210]. Further oxidation at +1.16 V vs. Fc*/Fc
can be tentatively associated with oxidation to the Fe(IV) or Fe(V) state. The single-crystal
structure of complex 2 confirmed the OC-6-33 configuration of the donor atoms, as shown in Fig.
4.1, and Fe—N(O) bond distances longer than 2.15 A in the solid-state that is typical of high spin
Fe(Il) complexes. The two triflate ligands can readily exchange with water molecules (or
acetonitrile in the absence of water); moreover, the high spin Fe(ll) center should be unstable
towards hydrolysis. The addition of water to the solution of 2 resulted in high anodic currents
indicating a catalytic event (Fig. 4.5a and b). However, the current drops drastically from one cycle
to another, and the overall landscape changes entirely in the low current regime, too (Fig. 4.5b). If
the cycling is started in the cathodic direction, the original peaks for 2 in acetonitrile cannot be
observed anymore; instead, some current peaks suggest the presence of surface-adsorbed species.

This indicates that the high spin complex 2 is unstable and may hydrolyze in the presence of water.
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Figure 4.5. a) CVs of 2 (0.04 mM) in MeCN (0.1M TBAP), in the presence or absence of 1.90 M H,0, v=100
mV/s; b) CVs of 2 (0.08 mM) in MeCN (0.1 M TBAP), in the presence or absence of 1.90 M H,0 and, when no
complex is added (red curve), v=100 mV/s (BDD working electrode, 25°C, under Ar).

Indeed, slow precipitation of a fine solid product occurred in samples with added water. After
passing through the positive potentials, re-dissolution peaks occurred at ca. +1.1 and —0.2 V vs.
Fc*/Fc that can be rendered to decomposition products at the surface. After 10 cycles, no more
changes occurred, and two current peaks can be detected at +0.4 and +0.9 V vs. Fc*/Fc, besides the
catalytic current. Due to the complexity of the processes, | did not attempt to explain the chain of
events in more detail. However, the processes cannot be regarded as homogeneous, especially
considering the results from the immobilized samples of 2, as presented in chapter 4.1.3.

Despite the analog structure and NN’ binding mode of the PBI and PBO ligands, the behavior of
the two complexes under water oxidation conditions is strikingly different. This difference can be
associated with the electron-withdrawing nature of O in PBO compared with NH in PBI, making
PBI a stronger donor (as also reflected in the respective high vs. low spin electron configuration of
the isolated Fe(Il) complexes). Specifically, a supposed [(PBO):Fe"'(OH2)(OH)]?* and other
oxidation products from 2 are expectedly degradation-prone due to the weaker donor PBO, which
would be a plausible explanation for the non-homogeneous behavior in water/acetonitrile;

moreover, for the mineralization of the deposited complex on the ITO surface (see the next section).
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4.1.3. Immobilization of complexes 1and 2 on ITO

Immobilizing the two complexes onto ITO-coated glass was carried out by scalable and
straightforward methods (see the experimental work, chapter 3, section 3.4). Complexes 1 and 2
are water-insoluble, thanks to the ancillary bidentate ligands. | hypothesized that hydrophobic
interactions would keep the surface-deposited complexes on the ITO electrode in an aqueous buffer
during electrolysis. Also, it was presumed that the ligand exchange reactions observed in
water/MeCN mixtures would occur at the solid-liquid interface upon contact of the layered ITO
with the aqueous phase, which would allow carrying forward the catalytic activity of the molecular
units.

According to the first procedure (see chapter 3, section 3.4), ITO pieces were dipped into methanol
solutions of the complexes. With this method, thin layers were expected upon drying. The modified
electrodes' performance was compared to plain ITO in borate buffer at pH 8.3. CV showed
increased currents above +1.2 V vs. Ag/AgCI (3M KCI) as the concentration of 1 increases in the
dip-coating solution (Fig. 4.6a). The same trend could be observed in CA currents at +1.4 V vs.
Ag/AgCI (Fig. 4.6b).

However, the addition of Nafion (as support) had no significant effect on the steady currents. In
the case of 2, the concentration of the dip-coating solution did not affect the catalytic current (Fig.
4.7). Notably, the current was very low on plain ITO under identical conditions, both in CV and
CA experiments (Figs.4.6b & 4.7). Although these experiments demonstrated the successful
addition of the complexes as modifiers to ITO, the solubility of the complexes in methanol set an
upper limit to the layer; moreover, at high concentrations, the ad-layer showed patchy distribution
on the surface.

On the other hand, drop-casting is a relatively controllable and convenient way to fabricate 1/ITO
and 2/1TO (see chapter 3, Fig. 3.4) that can be tested for more extended periods of CA. In this case,
the volume of the drop-casted solution of 1 or 2 in methanol can be adjusted to yield a different
surface concentration of the corresponding complex. With a series of 1/ITO, CV currents increased
proportionally as the amount of 1 changed from 0.26 to 0.78 zmol on a 1.56(14) cm? ITO surface
(Fig. 4.8a).
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Figure 4.6. (a) CVs with 1/ITO prepared by dip-coating from solutions containing 1 in different concentrations (0.4,
1.5, 3.0, and 6.0 mM); (b) comparison of chronoamperometry tests with the dip-coated ITO electrodes at +1.4 V.
Inset of (b): current after 5 minutes of CA as a function of the complex concentration in the coating solution with or
without added Nafion (for details see the Experimental Section). Conditions: 0.2 M borate buffer, pH 8.3, v=100
mV/s, Pt aux. and Ag/AgCl ref. electrode.
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Figure 4.7. Comparison of CA tests with dip-coated 2/ITO from solutions of 2 in different concentration (0, 0.4, 3.0,
5.0 and 10.0 mM), in 0.2 M borate buffer, pH 8.3, +1.4 V, Pt aux. and Ag/AgCl ref. el. Inset: current after 5 minutes

of CA as a function of the complex concentration in the coating solution (black point) or without added Nafion.
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Over multiple CV scans (apart from an initial drop), the current was unchanged, indicating an
electrochemically activated proportion of the catalyst derived from 1 under the conditions of the
experiment. The oxidation peak at +0.8 V vs. Ag/AgCl was assigned as the Fe(l11)/Fe(l1) transition
of this form that is followed by a catalytically enhanced Faraday current with an onset potential of
+1.2 V (similar characteristics were observed in the water/MeCN solution).

On the reverse scan, a reduction can be observed at +0.02 V vs. Ag/AgCl, which can be associated
with the coordination of water molecules. The nearly 800 mV separation from the Fe(l11)/Fe(l1)
oxidation may originate from the increased stability of the Fe(lll) state in the presence of aqua
ligands. The low reversibility on both sides suggests rapid ligand exchange, resulting in an
electrochemical-chemical-electrochemical (ECE) mechanism. Notice that the aqua ligands have
enough driving force to dissociate from the complex when reduced to the Fe(ll) upon cathodic

polarization. However, it is uncertain which ligands can compete for the empty sites.
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Figure 4.8. (a) CV of drop-casted 1/ITO in 0.2 M borate buffer (pH 8.3, v=100 mV/s, Pt aux. separated with VVycor
frit and Ag/AgCl ref. electrode); (b) Tafel plot from the blue segment of the 5" CV scan, which is shown in the
inset).

The overpotential calculated from the 5" CV scan (7 = Ewe + E(Ag/AQCI) — E°(O2/H20) +
0.059pH, no iR compensation) at j =— 0.1 mA/cm? is +0.78 V and the Tafel slope is 241(2) mV/dec

(Fig. 4.8b) that signals considerable energy barrier for the catalysis.
Longer-term CPE experiments were performed at +1.2 V vs. Ag/AgCl in a different cell, where the
Nafion membrane separated the counter electrode compartment. After saturating the electrolyte,

the evolved gas diffuses from the solution causing an apparent decline from the [O2] calculated for
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100% Faraday efficiency. The almost instant O evolution could be confirmed with an optical
oxygen sensor immersed near the 1/ITO surface (Appendix B, Fig. A.4.1). During the first 15
minutes, the evolved O> corresponded to ~100% Faraday efficiency, and the color of the layer
changed from brick-red to dark-red (Fig. 4.11, inset). However, the current remained steady for
over 2 hours, during which time ~6 C (corresponds to 62.2 xmol of electrons) passed (Fig. 4.9),

and bubble formation was continuous (plain ITO gave negligible current, see Fig. 4.9).
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Figure 4.9. (a) The passed charge during CPE using 1/ITO and plain ITO (dashed line) at +1.2 V vs. Ag/AgCl for
2 hours in 0.2 M borate buffer, at pH 8.3. The inset shows the corresponding current vs. time plot; b) UV-vis
spectrum of the solid re-dissolved in acetonitrile from 1/ITO after electrolysis and comparison to a fresh sample of 1.
Inset: CV of the same re-dissolved sample.

The oxygen evolution was also confirmed and quantified by gas chromatography analysis of a
headspace sample after 100 minutes of electrolysis at +1.4 V vs. Ag/AgCl (Fig. 4.10). In this
experiment, 0.52 zmol of 1 was spread over ~1.68 cm? of which ~1.5 cm? was immersed in the
solution; thus, roughly 0.46 umoles of 1 were in contact with the electrolyte. After passing 13.22
C of charge (corresponding to 137 umoles of electrons, or 34.25 umol O2), 33.4 umol O2 could be
detected by GC. This means an overall turnover number (TON) of 73 within 100 minutes by 98%
Faraday efficiency at » = 0.86 V, corresponding to a TOF of 0.012 s based on the detected

product.
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Figure 4.10. a) Passed charge upon CPE with 1/ITO (drop-casted, 0.52 umol), conditions: 0.2 M, borate buffer, pH
8.3, +1.4 V vs. Ag/AgCI, Pt counter el. separated by a Nafion membrane, and inset: current (the dashed line
represents the current on a neat ITO); b) gas chromatograms of headspace samples taken at the start (red), after 60
(grey), and after 100 minutes (black) of electrolysis, the peak of O, comes first, N2 second, the cell was filled with
artificial air of known composition, for results see the text.

The surface morphology of a freshly prepared 1/ITO electrode and after its use in electrolysis for
2 hours at +1.2 V vs. Ag/AgCIl was analyzed by scanning electron microscopy (SEM) (inset
pictures in Fig. 4.11a and 4.11b, respectively). The composition was analyzed by EDX (Fig. 4.11a,
and 4.11b, respectively) and XPS, as shown in Tables 4.1 and 4.2 (Appendix B, Figs. A.4.2 and
A.4.3). The surface morphology of the freshly prepared 1/ITO (Fig. 4.11a, insets) showed cracks
in the layer, but otherwise, the surface is relatively featureless, e.g., no smaller pores could be seen.
The elemental composition by EDX reflected the expected C, N, and Fe for the complex cation and
the F, O, and S from the triflate counter ion (Fig. 4.11). The color of the complex exposed to CPE
became darker (Fig. 4.11b, inset). Others observed a similar color change for the low spin
[Fe(phen)s](NCS): after its transformation to the high spin [Fe(phen)2(NCS).] in the solid phase
[219]. In the case of 1, the color change may also indicate ligand exchange that would be consistent

with the formation of 1a.
The surface of the layer was cracked, and the layer structure was porous, with pore sizes in the 100
nm range. This porous structure may be responsible for the high durability and good catalytic

performance since it helps to channel O, bubbles from the surface.
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Figure 4.11. (a) EDX spectrum of a freshly prepared 1/1TO sample, inset: SEM pictures of the sample and the neat
ITO surface at x2000 and x10,000 magnification; (b) EDX spectrum of 1/ITO after electrolysis (for experimental
details, see Fig. 4.9), inset: photo and SEM pictures of the used electrode at x2000, x10,000 and x50,000
magnifications. Experimental conditions for SEM: 2 kV beam accelerating voltage, 0.10 nA probe current, Everhart-
Thornley detector, operation for secondary electron, 6.4 mm working distance. The detection mode was optimized
for a horizontal plane with a short working distance.

The C, N, Fe, O, and S significant components in the EDX spectrum (Fig. 4.11b) are consistent
with the elementary constitution of the complex. Two significant differences may be highlighted.
The first O content has increased, which is reasonable regarding the sample being exposed to water
for an extended period; moreover, it is consistent with the proposed 1a form. The second difference
is the lowered F and S content, indicating that the triflate is partly dissolved upon electrolysis. A
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more detailed analysis of the used 1/ITO was done by XPS that revealed the presence of Fe, C, N,
O, S, and F in the surface layer (Appendix B, Fig. A4.2), beside Sn and In, in qualitative agreement
with the elemental composition of 1a.

In comparison with the surface composition of the as-prepared 1/1TO, the O/Fe ratio is higher,
while the N and C content is lower in the used sample (Table 4.1). The calculated surface
composition for the used sample is Fe/C/N = 1/20.6/3.8 (Table 4.1, for 1a with two ancillary ligands
1/(2x12)/(2x3) would be expected); this indicates that the surface is enriched in Fe. This also
represents the as-prepared sample suggesting that the immediate surface layer contains a complex
form with an equal PBI to Fe ratio. This is probably a minor accompanying equilibrium form

layered on 1 upon drying from its methanol solution.

Table 4.1. XPS surface composition of as-prepared, drop-casted 1/ITO and 2/1TO and after 2 h, or 30 min
of CPE, respectively at +1.2 V vs. Ag/AgCl.

surface atomic ratio (at.%) on as-prepared samples

Fe F @) Sn In N C S
1/1ITO 4.0 n.d. 17.6 <0.1 0.4 13.7 64.3 0.6

2/ITO 4.1 n.d. 29.3 <0.1 0.3 5.0 61.3 n.d.

surface atomic ratio (at.%) on used samples

Fe F @) Sn In N C S
1/1ITO 3.0 2.4 20.2 0.1 0.5 115 61.8 0.6

2/ITO7.8 - 53.6 0.1 0.7 2.0 35.8 -

The Fe(2p) peaks do not exhibit apparent satellite features revealing the high spin state. However,
the peaks are broad and somewhat asymmetric; moreover, the splitting between them, A = Fe(2ps/2)
— Fe(2p12) = 13.9 eV (Appendix B, Fig. A.4.3, for data, see Table 4.2), falls in the range reported
for high spin complexes with increased spin-orbit coupling, for example [Fe(phen)2(NCS)2] that
has been examined as a powder on ITO support [219], or other spin-crossover complexes
[220,221]. In conclusion, | believe that Fe(l1l) is found in the surface layer. Interestingly, the as-

prepared sample shows features for the surface Fe-content (Appendix B, Table 4.2) that also
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suggest Fe(lI11) in considerable proportion. However, the A value is lower (13.7 eV), and the Fe(ll)

content is ~40%. Consequently, in the case of this immobilized system, the presence of Fe(lll)

cannot be associated with only 1a to the analogy with the proposed homogeneous catalytic cycle.
Table 4.2. XPS binding energy and chemical state of the elements at the surface of drop-casted 1/ITO and 2/ITO

samples after 2 h, or 30 min of CPE at +1.2 V vs. Ag/AgCl, respectively.? The corresponding Fe 2p energy data for

as-prepared samples are given in parenthesis.

elements / component peak Binding energy (eV) Chemical state

/ITO
Fe2p 1 710.4 (710.7) Fe(III)
Fe2p 2 724.3 (724.4)
Fe 3p 56.5
N 1s 397.8 Nhe
399.5 Fe-Nhe
2/ITO
Fe2p 1 710.6 (710.3) Fe(III)
Fe2p2 724.6 (723.9)
Fe 3p 56.3
N 1s ~397 Nhe
399.4 Fe-Nhe

3this modified electrode has been analyzed by SEM-EDX, and the complex was re-dissolved in acetonitrile

The ancillary ligand PBI contains N atoms in two environments, i.e., a non-coordinated NH
heterocyclic group (Nnc) and two coordinated Fe(Nnc) donor groups in a 2:1 ratio. The detailed
analysis of the N 1s peak in the used sample tells about the Fe-N interaction. Indeed, the N 1s peak
fitting reveals two components at 399.5 and 397.8 eV binding energy in a ~2:1 ratio (Appendix B,
Fig. A.4.3). The component at higher binding energy can be associated with the coordinated N
donor atoms, while the component at lower binding energy with the non-coordinated Nxc atoms.
This is consistent with the fact that the electron density shared in the dative bond is expected to
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increase the binding energy of the 2p electrons. Based on these findings, one can surmise that the
upper layer of the complex coating detected by XPS consists of a Fe(111) complex form with higher
iron content than 1a, possibly exhibiting only one PBI ligand per Fe. Since XPS informs only about
the upper proportion of the layer (which should be separated from the ITO electrode), the
contribution of this component to the catalysis is hard to judge, but it cannot be excluded.

After surface analysis, the drop-casted layer of 1 was re-dissolved in acetonitrile. The UV-vis
absorption spectrum of the solution fits well with that of a freshly prepared one with 1 (Fig. 4.9b).
The intra-ligand charge transfer band at 316 nm is identical to that of the fresh sample, showing no
sign of ligand degradation or considerable dissolution during electrolysis. The metal-to-ligand
charge transfer (MLCT) band at 497 nm is also present, but it is lower by 19% in intensity. This
might be attributed in part to metal ion loss upon electrocatalysis, but it is more likely that some of
the complexes are present in a high spin [Fe(PBI)2(X)2]?* form, where X is a solvent ligand,
exhibiting no MLCT band. Likewise, according to the XPS findings, it cannot be ruled out that
some of the complexes are in the ferric state. Three ligands surround the Fe(l1) center in the original
complex. However, one of the ligands is proposed to be exerted during water oxidation.

UV-vis measurements in acetonitrile with added ligand to a re-dissolved sample (used in
electrolysis at +1.2 V vs. Ag/AgCI for 2 h) showed a somewhat regained intensity of the MLCT
band at 497 nm (Fig. 4.12) that is characteristic for the original complex. This suggests that after
electrolysis [Fe(PBI)s]?* can be re-formed to some extent, which may appear surprising considering
the presence of Fe(lll) in the surface layer. On the other hand, as discussed earlier, in the added
layer, only a part of the solid complex is expected to be in contact with both the electrode support
and the solvent, which is necessary to trigger catalysis. Another part remains aqua-coordinated
Fe(Il), capable of accepting the added PBI ligand, which puts our observations into a
complementary relation. The CV scan of the re-dissolved sample also confirms that during
electrolysis, most of the complex remains in a form that reproduces the electrochemical features of

the original complex in acetonitrile (Fig. 4.9b, inset).
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Figure 4.12. UV-vis spectra of a sample re-dissolved in acetonitrile from 1/ITO after 2 hours of controlled potential
electrolysis at +1.2 V vs. Ag/AgCl, with different amounts of added PBI ligand to the solution. The increased
absorbance near 300 nm is due to the intraligand CT band from the added free ligand. The numbers indicate the

complex: added ligand ratios. The inset shows the magnified MLCT region of the identical spectra.

Complex 2 shows a vastly different electrochemical behavior in drop-casted samples prepared
analogously to 1/ITO samples. This is not surprising if one regards the instability of 2 toward
hydrolysis in water/acetonitrile. The SEM pictures show a compact layer of the solid complex on
ITO (Fig. 4.134, insets). The elemental composition by EDX reflects the expected C, N, Fe, F, O,
and S from the complex with coordinated triflate anions (Fig. 4.13a). CV scans with 2/ITO working
electrodes, which contain increasing loads of the complex spread over a 1.0(1) cm? area, exhibit
lowering currents in the high positive potential range (Fig. 4.13c), which can be attributed to an
insulating effect of the non-porous deposit, as clear from the SEM pictures of a used 2/ITO sample
(Fig. 4.13b, insets). In the CV scans, the features indicate mineralization to iron oxide [222] that is
also supported by the EDX spectrum, which shows O and Fe predominantly on the surface and
only the very low presence of N and C, in sharp contrast with the as-prepared 2/ITO (Fig. 4.13).
The dominance of mineralization is also underlined by XPS (Tables 4.1 and 4.2 and Appendix B,
Figs. A.4.2 and A.4.3), which detected increased Fe and O concentration on the surface and

significantly lowered concentration for C and N.
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Figure 4.13. (a) EDX spectrum of an as-prepared 2/ITO sample, inset: SEM pictures of the sample and the neat ITO
surface at x2000 and x10,000 magnification; (b) SEM pictures at different magnifications and EDX spectrum of
2/1TO after electrolysis at +1.2 V vs. Ag/AgCI for 30 minutes in 0.2 M borate buffer, at pH 8.3. The photos show the
layer before (on the left) and after (on the right) electrolysis. Experimental conditions for SEM: 5 kV beam
accelerating voltage, 0.10 nA probe current, Everhart-Thornley detector, operation for secondary electron, 7.0 mm
working distance. The detection mode was optimized for a horizontal plane with a short working distance. ¢) CVs of
2/1TO made with different drop-casted amounts of the complex (0.2 M borate buffer, pH 8.3, v=100 mV/s, Pt aux.
and Ag/AgCl ref. electrode).

EDX and XPS detected B and Na in the used sample that seems to be participating elements in the
oxide material. Note that the 2/ITO working electrode also produced oxygen. However, the
impermeable deposit peeled off from ITO, and its physical durability was poor (Fig. 4.13b shows
SEM-EDX analysis results after only 30 minutes of CPE at +1.2 V vs. Ag/AgCl); moreover, the
solid could not be re-dissolved in acetonitrile. These findings underline again that 2 (with its

oxidized derivatives) is not a molecular catalyst of water oxidation.
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Part (1)

4.2. Immobilization and characterization of water-insoluble Fe(l11) complexes
as water oxidation catalysts using hydrophobic pincer ligand

| synthesized the five-coordinate [Fe'Cly(tia-BAI)] complex (3, tia-BAI- = 1,3-bis(2’-
thiazolylimino)isoindolinate(—)) according to a known procedure [181]. Concerning the previous
study, 3 is isomerized into two electrochemically active equilibrium species when dissolved in N,
N-dimethylformamide, attributed to the exchange of chloride to solvent upon reduction due to the
more labile ferrous species [181]. Based on the known ligand exchange behavior of 3, | studied
this complex (i) in the potentially non-coordinating solvent acetone (miscible with water) with and
without adding water in order to clarify the redox properties and explore homogeneous catalysis,
(ii) in methanol, because it is a suitable solvent for simple immobilization purposes by drop-casting
on ITO electrodes.

Before and after electrolysis, the complex/ITO assembly was analyzed by SEM, EDX, and XPS.
Surface analysis and re-dissolution of the complex layer after long-term CPE supported that an
immobilized molecular catalyst is responsible for catalysis, and de-activation occurs by depletion
of the metal. As an outcome, the complex with the pincer ligand can be considered a potential pre-
catalyst for water oxidation by producing the active form through the exchange of chloride ligands

to water molecules.

4.2.1. Selection of the complex based on preliminary results

The activity of Fe complexes is highly responsive to electronic and geometric features due to the
occurrence of different oxidation and spin states. Therefore, finding ligand architectures robust
enough to favor high-valence states and facilitate WOC remains challenging [133,223].
Furthermore, instead of being dissolved in the electrolyte, catalysts are better applied in an
immobilized form on conductive surfaces [224]. The conversion or degradation of homogeneous
Fe catalysts due to the oxidation of ligands [206,207] and the question of the homogeneous vs.
heterogeneous nature of catalysis remain crucial issues from the viewpoint of the application [133].
Although detailed studies are often performed on either homogeneous or heterogeneous systems,
the link between the two scenarios would be essential in order to rationalize practical WOCs
[133,225].
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The results in part I, fueled further investigation of water-insoluble Fe complexes as immobilized
molecular WOCs with an ancillary ligand type, which was supposed to be an efficient Fe chelating
agent and favor its affinity for the surface. Pincer ligands appeared to serve this aim with their wide
versatility applications in organic synthesis and catalysis [226]. The 1,3-bis(arylimino)isoindolines
(BAIs) are 3N donor ligands that have been utilized in iron complexes exerting oxidative reactivity
against organic substrates [181,227]. The tia-BAIH forms the characterized Fe"' complex,
[Fe''Cly(tia-BAI)] (3) selectively (Fig. 4.14) that is sufficiently soluble in organic solvents but it is
insoluble in water. The exchange of the chloride to aqua ligands may occur upon the addition of
water to the solution of the complex in organic solvents leading to electrocatalytic water oxidation.
This chapter will discuss that the ancillary ligand indeed allows immobilization of 3 on (ITO)
electrode, and the ad-layer acts as a robust electrocatalyst in aqueous buffers.

S

N’QN\\A

I \Cl pre-catalyst with
N—Fe"& two equatorial
\ lil Cl labile sites
N VY

<]
[Fe!'Cly(tia-BAI)]

Figure 4.14 The selected Fe""' complex 3 with (tia-BAIH) ancillary ligand for WOC.

4.2.2. Structural properties of [Fe'"'Cl,(tia-BAI)] (3) and its behavior in acetone
The complex was synthesized and characterized earlier as part of a study on Fe''" complexes
exhibiting dioxygenase-like activity, e.g., capable of incorporating oxygen atoms into a catechol
substrate [181]. According to the reported single crystal structure of [Fe!'Cl(tia-BAl)], the
complex is five-coordinate, distorted trigonal bipyramidal with the tridentate, anionic tia-BAI
ligand occupying the two apical and one equatorial position in meridional topology [181]. The
central pyrrolic nitrogen atom (Fig. 4.14) resides closer to the Fe center than the two thiazole
nitrogen atoms (the Fe-N bond distances are 2.019(2) and 2.095(2) A in avg., respectively). Due to
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the greater Lewis basicity of the former, the Fe-Cl distances are equally ~2.23 A, all together in
agreement with a high-spin ferric center, in contrast with the homoleptic [Fe"!(tia-BAl),]*
exhibiting shorter bond distances of ~1.95 and 2.00 A, or similar bis-BAI" complexes with low-
spin ferric center [228]. Importantly, in the earlier report, two electrochemically responsive species
could be detected when 3 was dissolved in N, N-dimethylformamide solvent attributed to the
exchange of chloride to solvent upon reduction due to the more labile ferrous species [181].

| wished to examine the behavior of 3 in a non-coordinating solvent (miscible with water) to
elucidate the redox properties without any disturbance from chemical follow-up reactions.
Therefore, the initial electrochemical investigations were performed in acetone. Square wave
voltammetry (SWV) of 3 dissolved in acetone by using a boron-doped diamond (BDD) working
electrode revealed three predominant redox events (Figure 4.15a). At -0.27 V vs. Fc*/Fc, a fully
reversible redox transition was present that could be assigned as the Fe'"" transition of 3.
Electrolytic conductivity of acetone with 1 mM complex (0.1 zScm™) showed no significant
increase compared to that of pure acetone (0.0 xScm™); therefore, this redox transition could be
unequivocally associated with the non-dissociated [Fe"!Cl,(tia-BAI)] form; for comparison, the
conductivity of the entirely dissociating TBAP at 1 mM concentration is 152 xScm™ under
identical conditions.

Another quasi-reversible oxidation peak was present at +1.23 V vs. Fc*/Fc (Figure 4.15a) that could
be assigned as a ligand-based 1e™ oxidation of 3 since the free tia-BAIH ligand also undergoes
oxidation at a somewhat lower potential (+1.13 V vs. Fc*/Fc, Fig.4.15c). The inet current at +1.23
V correlated with that of the Fe3** transition, and both were linearly dependent on the complex
concentration (Figure 4.15a, inset). These observations suggest that both redox events can be
associated with 3 and its consecutive [Fe''Clo(tia-BAI)]*/[Fe'"'Cly(tia-BAI)]% [Fe"'Cla(tia-BAI)]*
oxidation states. Finally, [Fe''Cly(tia-BAI)]** underwent the last oxidation step, which was
irreversible and found at +1.43 V vs. Fc*/Fc (Figure 4.15a). This transition we tentatively
associated with the oxidation of the Fe''- to Fe'V-center, which probably triggers a chemical

reaction step involving the chloride ligand.
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Figure 4.15. (a) SWVs of 3, dissolved in acetone at different concentrations (L stands for tia-BAI- in the
assignments of the redox transitions); inset: inet peak currents as a function of complex concentration at -0.27 and
+1.23 V vs. Fc*/Fc; (b) changes in SWV current peaks upon addition of increasing amounts of water (see the legend)
to the solution, ¢ = 0.29 mM for 3. ¢) SWVs of the tia-BAIH ligand and 3 (c = 0.2 mM). WE: BDD, RE: non-
aqueous Ag*/Ag, CE: Pt, Ar atm., 25°C, 0.1 M TBAP, SWV settings: Py, =80 ms (f = 12.5 Hz), Pu =32 mV, Sy =4
mV.

4.2.3. Addition of water to the solution of [Fe!''Cly(tia-BAI)] in acetone

The above-detailed electrochemical transitions for 3 in acetone suffered fundamental changes when
water was added to the solution (Figure 4.15b). All current peaks that were initially present
decreased simultaneously as an increasing amount of water were added, roughly up to 0.12 M
(Figure 4.15b). A new current peak occurred at above 0 V vs. Fc*/Fc. The potential (Enet) for the
new inet current maximum changed with the water/complex ratio. At higher water concentrations
(0.12 to 2.0 M), a new current peak could be identified at +0.04 V vs. Fc*/Fc. Note that increasing
the proportion of water to a certain level in the mixture caused slow precipitation of a solid;

therefore, investigations were limited to a specific concentration regime. Based on the above
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observations, it was assumed that 3 is transformed to [Fe'"'CI(H20)(tia-BAI)]* and [Fe'"'(H.0)(tia-
BAI)]%*, or the singly deprotonated [Fe'''(OH)(H.0)(tia-BAI)]* via stepwise CI- to H,O ligand
exchange reaction upon addition of water. (The existence of six-coordinate variants with both
chloride and aqua ligands could not be excluded. However, the exact evaluation of the solution
equilibria and addressing the five- or six-coordinate specification was ambiguous; therefore, in the
course of further discussions, only the above assignments are considered for the sake of simplicity.
As explained later, from the viewpoint of water oxidation, the absence of chloride and the presence
of at least two adjacent coordinated water molecules are the most relevant pieces of information.
Although chloride, as an inner-sphere ligand, may have a role in catalysis [229], the investigation
of this aspect was beyond the scope of my studies.)

The conductivity of the solution should be sensitive to the presence of ionic species resulting from
the proposed ligand exchange. Indeed, when water was added in 3.0 M concentration (Xwater = 0.19)
to the solution of 3 (1 mM), the conductivity increased from 0.1 to 15.6 #Scm™ (in contrast, the
addition of water to pure acetone caused no change in conductivity). This could be clearly
associated with the presence of ionic species, uncoordinated Cl, the cationic forms of the aqua
complexes, and HsO* that may originate from the acidic proton of the Fe'''-OH, moiety (according
to pKa values of acetone and water, the latter will be the proton acceptor [230]). However, its value
suggested that only a low proportion of Cl- is dissociated [231] in the ferric state. On the other
hand, the complete changes in the Fe3*?* current peaks upon water addition in Figure 4.15b
indicated that reducing the metal center facilitated ligand exchange and pushed the equilibrium
towards aqua-complex formation (Scheme 4.2).

The electronic spectrum of the complex (like the redox transitions detected in SWV) also suffered
changes in the presence of added water (Figure 4.16a). In addition to the high-intensity intra-ligand
charge transfer (ILCT) bands originating from the z—z+ transitions of the coordinated BAI at 392,
413, and 441 nm, ligand-to-metal charge transfer (LMCT) bands were also observed above 480 nm
with lower intensity. The addition of water resulted in a bathochromic shift in the ILCT bands
(solvation); moreover, the LMCT bands were affected, indicating a change in the ligand
configuration (the LMCT bands somewhat overlap with the high-intensity ILCT absorptions and

therefore occur as the ill-defined shoulder).
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Scheme 4.2 Proposed ligand exchange steps leading from [Fe'""'Cl(tia-BAI)]%" to [Fe"""'(H,0),(tia-BAI)]*™.
The shift in the isosbestic points (in the vicinity of 420, 440, and 490 nm) indicated the presence
of more than two absorbing species in consistence with the proposed [Fe''CI(H.0)(tia-BAI)]",
[Fe''(H20).(tia-BAI)]** and/or [Fe"'(OH)(H20)(tia-BAI)]** forms in addition to 3. The addition of
the strong acid HCIO4 in the presence of 2 M water in acetone shifted the ILCT bands to lower
energy along with some increase in absorbance (Figure 4.16b). The most significant change
occurred in the LMCT region around 520 nm as soon as the 1% equiv. of HCIO4 (Figure 4.16b,
inset, compare the red and the orange spectra) supporting the occurrence of a Fe''-L to Fe'-LH
protonation step and the associated change in the LMCT band energy. The observations by SWV,
electrolytic conductivity, and UV-vis spectrophotometry in a homogeneous solution, the
coordination of water to the ferric center can occur via the exchange with chloride. Detailed NMR
investigations on high-spin five-coordinate Fe'- and Co'-BAI complexes revealed an associative
exchange mechanism for the rearrangement of CI-M-solvent units through a six-coordinate

transition state [232]. Accordingly, a similar addition-elimination mechanism can be suggested for
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the formation of [Fe"'CI(H.0)(tia-BAI)]* and [Fe'"'(H20).(tia-BAI)]?*, moreover, for the complex
forms involving Fe'!' (Scheme 4.2).
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Figure 4.16. (a) UV-visible spectra of 3 in acetone (I = 1 cm quartz cuvette) at different concentrations of water; (b)
the effect of acid (HCIO,) on the electronic spectrum of the [Fe'"'Cl,(tia-BAI)]* water mixture in acetone (the inset

shows the 460-610 nm range magnified). Conditions: ¢ = 0.2 mM in 3 mL acetone, 25°C, under air.

4.2 4. Electrocatalytic water oxidation in water/acetone with [Fe'''Cl,(tia-BAI)]
The current peaks in SWV at +1.23 V and +1.43 V vs. Fc*/Fc originally present for 3 gradually
gave place to new current peaks at +1.12 and +1.46 V vs. Fc*/Fc when water was added to the
solution (Figure 4.15b). This could be explained by CI" to H20 ligand exchange (Figure 4.15Db).
When H20 is present in higher amounts, it can act as ligand and proton acceptor to furnish
predominantly the [Fe'''(OH)(H.0)(tia-BAI)]* equilibrium form. The current peak at +1.12 vs.
Fc*/Fc (crzo = 3 M) thus might come from the ligand-based 1e- oxidation of [Fe'"'(OH)(H20)(tia-
BAD]* to [Fe"'(OH)(H:0)(tia-BAI')]* (PCET is also viable for the oxidation of [Fe"(H20)(tia-
BAD] to [Fe'"'(OH)(H20)(tia-BAI)]"). The peak at +1.46 V vs. Fc*/Fc could be associated with
subsequent oxidation to [Fe'V(O)(H20)(tia-BAI)]* (Scheme 4.3, on the right).

This species could be thermodynamically competent in the reaction of water nucleophilic attack

(WNA). Indeed, cyclic voltammetry in the presence of water revealed a catalytic current at more

77



positive potentials (vide infra, the CVs beyond the +1.3 V potential range of the re-dissolved
samples after long term electrolysis producing [Fe'"'(H20).(tia-BAI)]*, see section 4.2.2.4, and
Fig.4.17). The WNA step, i.e., the chemical reaction between H,0 and [Fe'V(0)(H20)(tia-BAI')]*
was proposed to yield [Fe""'(OOH)(H.0)(tia-BAI)]* by the dissociation of one proton (Scheme 4.3).
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Scheme 4.3. Proposed mechanism for the water oxidation electrocatalysis by the [Fe""'(H.O)(tia-BAI)]* active
complex form. Intermediates with tia-BAI" appear in blue. The Fe'-complex in green is the Fe'' form of the suspected
intermediate detected by CV, as shown in Figure 4.21c (potential values are given vs. Fc).

This step is most likely assisted by H-bonding interaction with the adjacent aqua ligand considering
the results of a detailed computational work by Lloret-Fillol et al.[216], where the adjacent
hydroxide ligand was held responsible for directing the H>O substrate molecules. By exchanging
H20 to D20, a kinetic isotope effect (KIE = ica?(H20) /ica’(D20) = Keat(H20)/kcatr(D20)) of ~1.4
could be estimated based on catalytically enhanced current range (> +1.3 V, see Fig.4.17). This
KIE value is lower than what we found earlier for 1 exhibiting the proposed ‘Fe¥(O)(OH)’ active

species (the KIE was 2.0) [233], and its value indicates a reorganization of the O-H bonds in the
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rate-limiting step with bulk water as the proton acceptor [212] (consistently with the proposed
WNA step in Scheme 4.3).
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Figure 4.17. Comparison of CVs for 3 in acetone when 2 M of H,0 (black line) or D20 (red line) is added, inset: CV
scans of freshly prepared 3 used in the corresponding experiments (solid lines, ¢ = 0.2 mM) and CVs recorded after
the addition of H,O or D,0O (dashed lines, magnified view of the main figure). Setup: BDD working el., non-aqueous
Ag*/Ag ref. el., Pt counter-el., Ar atm., 25°C, 0.1 M TBAP.

In contrast, KIE was absent for chemically activated catalysts using Ce' as the oxidant [215]. In
the presence of 4N ligands, a Fe'V(0)(x-O)-Ce'V adduct could be detected, and the FeV(O)(OH)
active form was generated by an inner sphere electron transfer mechanism [205,214]. This species
was suggested to react with H2O in the rate-determining step resulting in Fe'"'(OOH)(OH,); thus,

reorganization of the O-H bonds and KIE were minimal [215].

In our case, the further oxidation steps that close the proposed catalytic cycle will be discussed
later, considering the heterogenized samples' re-dissolution test and surface analysis. It is to note
here that similar results could be achieved in propylene carbonate (PC) or acetonitrile (ACN)
solvent since both are miscible with water. However, in the former case, the solubility is lower,

while in the latter, the coordination of ACN molecules complicates the analysis of redox transitions.
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4.2.5. Drop-casting and characterization of 3 as a solid ad-layer on ITO

The solid pre-catalyst complex is practically insoluble in water fostering its deposition from an
organic solvent to ITO/glass and subsequent utilization as an anode for WOC. Simple drop-casting
of 1 in methanol was found suitable and convenient to fabricate ad-layers that could be applied in
controlled potential electrolysis (CPE) experiments(see also, chapter 3, section 3.4)[52]. Like in
our earlier study (Part I), we hypothesized that the self-supporting ad-layer could be formed starting
from 3 on ITO, and the exchange of the chloride ligands with solvent molecules observed in
water/acetone mixtures could help to graft the catalytic activity of the Fe-(tia-BAI) moieties to the
solid electrode-aqueous electrolyte interface.

In the case of 3, the conductivity of its 1 mM solution in methanol was 83.7 xScm, indicating the
dominance of an ionic Fe'"'-complex. SWV showed the presence of a single, quasi-reversible Fe''""
redox couple at +0.08 V vs. Fc*/Fc (Figure 4.18). This is similar but not identical to the redox
potential found at +0.04 V for the sample re-dissolved from ITO after long term electrolysis (vide
infra); moreover, what we detected in water/acetone mixtures (Figure 4.15b) and associated with
water addition followed by chloride elimination (Scheme 4.2). Therefore, it hints at the existence
of a methanol-coordinated complex.

In turn, when copious amounts of water were added to the complex’s solution in methanol, the
Fe®*2* redox couple occurred at +0.04 V vs. Fc*/Fc (Figure 4.18). This supported the hypothesis
of easy access to the aqua-complex in this medium (note that the solvent window of methanol in
electrochemistry did not allow investigating the more positive potential region to detect catalysis).
Overall, our results suggested that methanol was suitable for DC. According to the solution
behavior, the layered crystalline solid from methanol (the SEM pictures are seen in Figure 4.19a)
should consist of [Fe"'Cl - (solvent)x(tia-BAI)](Cl)x (x = 1, or 2) species, where H,O molecules
from the aqueous electrolyte can generate the proposed [Fe''(H.0)z(tia-BAI)]?>* active form.
Indeed, this coating was catalytically active and produced O (vide infra), while layering from

acetone resulted in lower activity, thus underlining the pivotal role of the choice of solvent for DC.
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Figure 4.18. SWVs of 3 in acetone (red, ¢ = 0.29 mM), methanol (pink, ¢ = 0.75 mM) and 3 M water/methanol
mixture (blue, ¢ = 0.75 mM). WE: BDD, RE: non-aqueous Ag*/Ag, CE: Pt, Ar atm., 25°C, 0.1 M TBAP, SWV
settings: Py =80 ms (f = 12.5 Hz), P =32 mV, Sy =4 mV.

The surface morphology of the freshly prepared 3/ITO electrode (0.31 xmol 3 in 100 xL methanol,
spread over 2.37 cm? ITO, see also chapter 3, Fig. 3.5) was analyzed by SEM, and its composition
by EDX (Figure 4.19a) in addition to XPS (see Tables 4.3 and 4.4, and Appendix B, Figs. A4.4
and A4.5). The SEM view of the as-prepared 3/ITO showed submicron size crystallites attached to

the ITO surface in a relatively even distribution.

The SEM picture at x500 magnification in Figure 4.19a (50 xm scale bar) illustrates a typical
arrangement, i.e., areas covered by crystallites directly attached to ITO alternating with thicker,
micro-porous layers of crystals (darker patches). The elemental composition by EDX was
consistent with the expected presence of C, N, O, S, Cl, and Fe for 3, or the derived [Fe"'Cl .-
x(solvent)x(tia-BAI)](Cl)x complex and some contribution from In and Si (Fig. 4.19a) originating
from the support. The porous structure of the thicker patches was expected to increase the durability

of the layer since it might help the Oz bubbles leaving from the surface.
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Figure 4.19. (a) EDX spectrum of the as-prepared 3/1TO (0.31 uzmol over 2.37 cm?), inset: SEM pictures of the
sample at x500, x10,000, and x50,000 magnification (and the neat ITO surface at x10,000); (b) EDX spectrum of
the sample after 4.5 h CPE at +1.4 V vs. Ag/AgCl in 0.2 M borate buffer (pH 8.3, see Fig. 4.20 and discussion for

more details), inset: SEM pictures of the sample at x500, x10,000 and x50,000 magnifications after electrolysis.

The XPS analysis of the as-prepared 3/ITO sample revealed the chemical composition of the
surface layer that can make contact with the liquid phase and was thought to be responsible for
electrocatalysis. The surface ratio of the elements (as shown in Table 4.3) confirmed the expected
elements for the precursor (Fe, C, N, O, S, and Cl), in addition to Sn and In from ITO. The surface
atomic ratios were Fe: C: N: S = 1: 19.5: 5.5: 1.8 (expected, 1: 14: 5: 2 for 3), indicating that the
Fe: tia-BAl ratio is 1: 1, with some excess of C. Although it is tempting to say that excess C
originates from methanol molecules coordinated to Fe, XPS likely detected adventitious C. The
Fe:Cl ratio was 1.4 (Table 4.3), lower than the expected value of 2 for the original precursor
complex. This ratio was indicative of the dissociation of chloride from the coordination sphere and
its partial loss.
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Table 4.3. XPS surface composition of as-prepared 3/ITO drop-casted from methanol and the same sample
after 4.5 h of CPE at +1.4 V vs. Ag/AgCl.

surface ratio (at.%)

fresh after CPE
Fe 281 2.01
12.34 17.15
15.53 15.09
54.76 53.97
Cl 3.90 0.24
S 5.05 4.86
Sn  0.64 0.68
In 4.97 6.00
N/Fe 5.5 7.5
Cl/IFe 1.4 0.12

Table 4.4. Selected binding energy values from the fitting of XP spectra of a freshly drop-casted 3/ITO sample and
those collected after 4.5 h of CPE at +1.4 V vs. Ag/AgCl in borate buffer at pH 8.3 (in parenthesis). The associated

chemical states of the elements are provided.?

elements / component peak  binding energy (eV) chemical state

1/1TO
Fe2p1l 709.0 (709.6) Fe!l
Fe 2p 2 711.0 (711.3)
Fe2p 3 713.2 (713.0)
Fe 2p 4 716.4 (716.2)
Fe 3p 55.6 (55.6)
N1s1 398.9 (399.5) C=N-C and Fe—Nn¢
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N 1s?2 400.9 (401.1) C-NH-C

Cils1 284.8 (285.4)

Cl2p1 198.5 (198.7) CI-
Cl2p2 200.1 (200.3) -
S2p1l 164.4 (164.9) St
S2p2 165.6 (166.1) St

the same 3/ITO sample has been analyzed by SEM-EDX, then applied in CPE (Fig. 4.21), and re-analyzed

The Fe 2p peaks exhibited satellite features indicating high-spin Fe''' (Appendix B, Fig. A.4.4).
The splitting energy, A = B.E.(Fe 2p12) — B.E.(Fe 2p32) = 13.2 eV, was in accordance with a high-
spin ferric state with increased spin-orbit coupling [219], or A values typically observed for spin-
crossover complexes [220,221]. The fitting of the Fe 2p multiplet (‘Fe 2p 1-3”) and the shake-up
satellite (‘Fe 2p 4°) is illustrated in Figure A.4.4, Appendix B; the selected binding energy data
from the fitted component peaks are listed in Table 4.4. The analysis of the Cl 2p peaks (Appendix
B, Fig. A4.4) revealed that only a minor part of the remaining chloride was bound to iron (doublet
peaks ‘Cl 2p 3-4’ in Fig. A.4.4, Appendix B), and the majority of it was uncoordinated (doublet
peaks ‘Cl 2p 1-2). This result is in accordance with the outer sphere presence of chloride and the
predominance of a [Fe'''(solvent),(tia-BAI)](Cl)2 form.

The N atoms in the ancillary ligand tia-BAIl were found in different environments, including
uncoordinated exocyclic imine groups (C=N-C) and coordinated heterocyclic donor groups (Fe-
Nhc). The fitting of the N 1s peak showed two components at 398.9 and 400.9 eV binding energy
(Table 4.4. & Fig. A.4.5, Appendix B). The former major component could be assigned as an
unresolved mix of the coordinated Fe-Nnc donor atoms and the exocyclic C=N-C imine moieties.
In metal phthalocyanines (MPc-s), a family of compounds closely related to our complex, it is
known that despite their nonequivalence, the 1s core levels of the metal-coordinated and iminic N
atoms lie close in energy [234,235]. This typically leads to an unresolved, single N 1s core level
peak, like in our case. The minor, blue-shifted peak at ~2 eV higher binding energy could be
tentatively associated with some hydrogenated N atoms, based on the DFT calculations by Sarasola

et al. [235]. This allowed us to presume the occurrence of Fe(tia-BAIH)** moieties, but a minimal
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demetallation of the ligand after its hydrogenation could not be excluded (vide infra). The S 2p1.2
and S 2pz doublet at 164.4 and 165.6 eV, respectively (Appendix B, Fig. A.4.5), were associated
with the ligand Siia atoms. According to the presence of a doublet at 167.0 and 168.2 eV (Appendix
B, Fig. A.4.5), a small amount of sulfone groups was present, probably formed by the oxidation of

the thiazole units at the ITO surface.

4.2.6. Utilization of 3 in water oxidation electrocatalysis as a solid ad-layer on
ITO anode

The 3/ITO electrode (0.31 umol complex spread over 2.37 cm? ITO) was applied in controlled
potential electrolysis (CPE) in borate buffer at pH 8.3. The potential was set to +1.4 V vs. Ag/AgCl,
the electrolyte was slowly stirred, and the electrolyte containing the counter electrode was
connected through a Nafion membrane. Fig. 4.20a shows the current and charge as a function of
CPE duration. After an initial drop, the current was steady for ca. 1 hour. The AQ was ~4 C, and
bubble formation was continuous in this period. The steady period was followed by a slow drop in
the current from 1.7 to 1.2 mA until the stop of CPE after 4.5 hours (the current on plain ITO
working electrode was negligible under the same conditions [236]). The evolution of O, gas was
followed by GC analysis of headspace samples taken after ~2 and ~4 hours; finally, after stopping
CPE (Figure 4.20b, the cell was purged with the air of known composition before CPE). In this
experiment, ca. 2 cm? of the complex/ITO anode, i.e., 0.26 umoles of the complex, was immersed
into the solution.

After the pass of 24.34 C corresponding to 252 pmoles of electrons (considering a 4e” process and
100% Faraday efficiency, this means 63 gmoles of produced O as theoretical maximum), 50.4
umol Oz could be detected by GC from the headspace. Based on GC detection this means an overall
turnover number (TON) of 193 and a turnover frequency (TOF) of 0.012 s, by 80% Faraday
efficiency (Figure 4.20c) at » = 0.86 V (7 = Ewe + E(Ag/AQCI) — E°(O2/H20) + 0.059pH).
However, the amount of dissolved O in the electrolyte also increased by 8.9 zmol by the end of
CPE (single-point detection before and after CPE by an optical probe [236]), which allowed us to
estimate an overall 94% Faraday efficiency, a TON of 228 and a TOF of 0.014 s™. However, this
gave only a lower limit for TON and TOF since not the entire immobilized complex contributed

equally to catalysis.
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Figure 4.20 (a) Current (black) and charge (red) during controlled potential electrolysis performed at +1.4 V vs.
Ag/AgClI for over 4.5 hours in 0.2 M borate buffer, at pH 8.3 by using an ITO working electrode drop-casted with 3
(0.31 zmol over 2.37 cm?, ~2 cm? was dipped into the electrolyte, dashed lines show the current and charge on
pristine ITO), Pt counter electrode separated by a Nafion membrane; (b) gas chromatograms of headspace samples
taken at different stages of electrolysis, the peak of O, comes first, N2 second, the cell was filled with the air of
known composition; (c) comparison of the theoretical and detected O, for results see the text.
According to the SEM pictures, the surface morphology after CPE showed changes (Fig. 4.19b).
Where crystallites remained attached to the ITO surface, areas exhibited similar features on the as-
prepared surface. Thicker layers of crystals (darker patches) were also observed, but the original
crystallites were missing from some patches. The loss of the crystallites of the catalyst from the
ITO support might be partly responsible for the gradual decrease of current in the course of CPE.
On the other hand, the composition by EDX (Fig. 4.19b) indicated the almost total absence of CI
and an increase in the O-content (along with that of In, which should be the result of the catalyst-
free patches). The elemental composition by EDX (Fig. 4.19b) suggested that the outer-sphere
counter-ions were almost entirely exchanged from beside the cationic Fe'"'(solvent),(tia-BAl)
assemblies. XPS also confirmed that less than 7% of CI" remained in the layer, indicating that CPE

induced ion exchange in the solid phase.
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Interestingly, the proportion and atomic% of elements (C, N, and S) that are characteristic of the
tia-BAI" ligand barely changed (Table 4.3). This indicated two phenomena, both of which may play
an essential role in the course of CPE. First, the lattice energy of the crystalline complex might be
supported by strong zstacking between the tia-BAI" ligands that are well-known [237,238], and in
our case, it could help stabilize a robust catalyst layer. Second, despite the absence of crystallites
in patches (Fig. 4.19b), the unchanged atomic% of C, N, and S in the outermost <3 nm layer (the
maximum depth of XPS in our case) indicated the existence of a quasi-monolayer of the complex
at the ITO surface. Notably, the atomic% for Fe was lower roughly by 30% than it had been before
CPE. We concluded that the primary route of losing the WOC activity should be the leaching of
Fe3* ions from the complex, leaving the ligand behind in the solid phase. One more change in the
XP spectrum is worth mentioning that may shade the above deactivation mechanism. The blue-
shifted peak for the N 1s at 401.1 eV (Table 4.4) associated with hydrogenated N atoms in Fe''(tia-
BAIH)*" moieties increased in intensity at the expense of the main N 1s peak (Appendix B, Fig.
A.4.5). This suggested that demetallation might be induced by a hydrogen atom transfer (HAT) to
the ligand as a side-reaction that would be in line with a proposed HAT step of the catalytic
mechanism in Scheme 4.3.

A re-dissolution experiment was carried out to analyze the complex layer in more depth after CPE.
In this case, CPE was performed in a standard 3-electrode cell at +1.4 V vs. Ag/AgCl, in borate
buffer at pH 8.3, with an ITO support drop-casted with 0.35 zmol complex (0.15 zmol/cm?).
Before CPE, a CV scan revealed the Fe"""" redox couple for the complex adsorbate at +0.65 V on
the anodic and +0.37 V on the cathodic branch, while the onset potential of catalysis occurred at
+1.15 V (Fig. 4.21a). (Note that upon multiple scans to turning potentials more negative than the
Fe'-to-Fe" reduction, a parallel and proportional decrease occurs in the Fe"""" redox peaks and the
catalytic current. This indicates that the reduction-oxidation cycle of the iron center accelerates
demetallation in the case of the drop-casted complex.)

The duration of CPE was set to ~1.5 h (AQ ~ 7 C) to avoid significant demetallation and maximize
the chloride dissociation. The 3/ITO was then rinsed with acetone in an ultrasonic bath for 5
minutes. The color of acetone quickly became brownish-yellow, and only a small remnant of the
complex coating was visible on the ITO surface. The SWV with a BDD working electrode of the

re-dissolved sample (Cmax ~ 0.09 mM) revealed a single, reversible Fe'""!" redox transition at +0.04
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V vs. Fc'/Fc (Fig. 4.21b), which matches with the redox peak associated with a proposed
[Fe''(H20)(tia-BAI]?** in the homogeneous system (Fig. 4.15 and Scheme 4.3).
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Figure 4.21 (a) First CV scan of 3/ITO electrode (0.35 zmol complex over 2.37 cm? ITO) at 100 mVs?in 0.2 M
borate buffer (pH 8.3), inset: magnified view of the Fe3*/?* redox couple; (b) SWV of the solid from the same 3/ITO
electrode re-dissolved in acetone after CPE (blue line, cmax ~ 0.09 mM), and the same sample after addition 1 M of
H,0 (dashed red line); (c) CV scans of the same solution as in (b), inset: scan rate dependence of the CV in the
potential range of the detected Fe3*?* redox couples. Cell setup for (b) and (c): BDD working el., non-aqueous
Ag*/Ag ref. el., Pt counter-el., Ar atm., 25°C, 0.1 M TBAP, SWYV settings: Py, =80 ms (f = 12.5 Hz), P, =32 mV, Sy
=4 mV.

The current peak at +1.16 vs. Fc*/Fc and the follow-up wave showed good agreement with the
transitions assigned as the ligand-associated 1e- oxidation to [Fe'(OH)(H:0)(tia-BAI')]* and
concomitant oxidation to [Fe'V(O)(H20)(tia-BAI)]* (Fig. 4.15b and Scheme 4.3). Note that a
shoulder preceding the peak at +1.16V indicated the presence of some free ligand and supported
our hypothesis of demetallation upon CPE. The addition of water (1 M) to this solution yielded

extra current in the electrocatalytic regime (Fig. 4.21b, dashed red curve), thus confirming that the
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re-dissolved species was responsible for WOC. The latter fact was also apparent from the multiple-
cycle CV recorded at a 100 mVs™ scan rate in the same solution (Fig. 4.21c).

Surprisingly, in addition to the features that were present in the SWV, a reversible redox couple
occurred roughly at -0.2 V vs. Fc*/Fc starting from the 2" cycle, i.e., after the electrode was
polarized through the potential range of electrocatalysis. An enlarged view is shown in the inset of
Figure 4.21c of the 1t (dashed green line) and the 2" cycle of CV recorded at 200 mVs™ (green
line). When the scan rate was lower, this reversible feature was absent, and only the Fe'"" redox
couple could be seen that has been associated with the [Fe'''(H.0).(tia-BAI)]>* complex (Figure
4.21c, inset). This suggested that an intermediate species was detected at -0.2 V vs. Fc*/Fc, which
was generated in the course of electrocatalysis. Based on its redox potential, we tentatively assigned
this transition as the Fe'"""" redox couple of a proposed intermediate, [Fe'"'(OO")(H.0)(tia-BAIH)]**
that might be generated from [Fe''(OOH)(H.O)(tia-BAI')]** by a HAT step from the
hydroperoxide to one of the uncoordinated iminic N atoms of the tia-BAI ligand, as it is illustrated
in Scheme 4.3 (see also the discussion about XPS N 1s binding energy data).

In the proposed mechanism, a concomitant transformation of [Fe!''(00")(H.0)(tia-BAIH)]?* re-
generates [Fe'''(H20)2(tia-BAI)]** thus closing the catalytic cycle with the involvement of an H.0
molecule. We think that detecting a relatively short-lived intermediate was possible because of the
depletion of water from the diffusion layer near the BDD electrode. Note that this was only one
possible assignment, and further evidence (either experimental or theoretical) would be required to
confirm or exclude the existence of the peroxo species.

As a final comment, it has to be noted that upon solvation by water, complex 3 might also rearrange
to six-coordinate species, with one CI” remaining in the coordination sphere beside the incoming
aqua ligands. The five-coordinate [Fe''CI(OH2)(tia-BAI)] could also prevail (Scheme 4.2). Still,
the XPS and SEM-EDX result in combination with the electrochemical investigations on the re-
dissolved samples after CPE do not support the presence of chloride. The lack of chloride from the
used 3/ITO samples and the single Fe®"/2* redox peak in SWV (Fig. 4.21b) identical to that resulting
from the addition of water to acetone rather suggests [Fe'"'(H.0)z(tia-BAI)]?* as the prevalent

species responsible for prolonged water oxidation catalysis.
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Part (111)

4.3. Electrodeposition of water-insoluble Fe(lll) complexes with pincer
ligands as Water Oxidation Catalysts

Based on the results from Part Il, | decided to investigate further possibilities to immobilize pincer
ligand-containing Fe complexes and investigate the influence of the ligand on the WOC activity. |
found an immobilization method that was more efficient than deposition techniques such as drop-
casting (DC) or dip-coating (DIP) (Chapter 3, section 3.4, for more details). Electrodeposition (ED)

methods were used for two Fe(III) complexes prepared with closely related NN’N pincer ligands.

4.3.1. Strategies to enhance the performance of immobilized molecular catalysts
The often-cumbersome covalent grafting of molecular catalysts to electrodes called for other
valuable methods to fabricate catalytic films, including DC, DIP, and ED. Relevant strategies
focusing on immobilizing the molecular catalysts have become essential. If it can be applied in the
case of a specific system, ED can be a desirable method and a unique way to prepare electrodes
with functional electrocatalytic properties [163,239-241]. Simplicity, low cost, mild operating
conditions, scalability, and manufacturability are common advantages of ED that often warrant
robust attachment deposits to the substrate [242]. Moreover, the morphology of the films can also
be influenced via the applied electrochemical method [164]. Finally, the oxidation state of
precursors is an additional option to control the ad-layer formation.

In Part Il, the structurally characterized complex 3 [181] has been discussed as a precursor to
immobilized ad-layers prepared by simple DC on ITO [178]. This work was inspired by the known
coordination chemistry and catalytic oxidation reactions by complexes made with derivatives of
tia-BAIH [243-245]. The choice of solvent for the DC of 3 seemed crucial to the OER activity. In
addition to the tia-BAI™ ligand, which warranted good solubility and detailed solution analysis for
complex 3 in various organic solvents, other NN’N pincer ligands would be of interest, too.
Considering surface deposition, ligand homologs with fused aromatic rings would be desirable to
favor surface stability of the ad-layer in the aqueous electrolyte and investigate the ligand oxidation
further suggested to play a role in electrocatalytic OER [178]. On the other hand, polycyclics are
expected to limit solubility, and thus the effectiveness of the DC technique was found suitable for

3 and some other Fe-complex precursors.
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Indeed, we illustrated with the [Fe''Cly(btia-BAI)] complex (4, btia-BAI- = 1,3-bis(2’-
benzothiazolylimino)isoindolinate(—), see Scheme 4.4) [181] the effectiveness of an ED method
(section 3.4.2, Fig. 3.3, method D) in a case when DC and DIP methods were unsuited to fabricate
catalytically active layers due to poor solubility in the obligate solvent mixtures. The layers
prepared by ED from complexes 3 and 4 showed better charge transfer properties and stability.
Beyond that, ED was the most atom-efficient, additive-free deposition method found so far for this
group of compounds. This simple ED method may also represent a viable alternative for other
molecular electrocatalysts. Different electrochemical methods were carried out to compare how the
deposition method affects the OER performance of the differently fabricated electrodes. The
methods (methods A-C) (see chapter 3, section 3.4, Fig. 3.3) were also applied in combination with
Nafion, a common additive for the stable deposition of molecular catalysts.

Ng®

/ N
|
N——Fell N\Fe”'/CI
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N /N: N /N
S / S
[Fe''Cl,(tia-BAI)] (3) [Fe''Cly(btia-BAl)] (4)

Scheme 4.4. Structure of the BAI- complexes used in Part I11.

4.3.2. Structural properties of complexes 3 and 4 and electrodeposition in DCM
Both complexes 3 and 4 were soluble in dichloromethane (DCM), and their electronic absorption
spectra were dominated by the very intense intra-ligand charge transfer (ILCT) and the less intense
ligand to metal charge transfer (LMCT) bands, as shown in Fig. 4.22a. These features can be related
to other known Fe-complexes with BAI ligands [227]. The anionic coordination mode of the BAI
ligands was clear from the ¥(C=N) bands present at 1534 and 1530 cm™ for 3 and 4, respectively,
in the FTIR spectra of the complexes isolated in a pure solid form (Fig. 4.22b) [181,227]. Cyclic
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voltammetry revealed a single, fully reversible Fe"""" transition at -0.27 V vs. Fc for 3 and -0.18 V
vs. Fc*/Fc for 4 (Fig. 4.23a, and the blue SWV inset in Fig. 4.23b), indicating a single complex
form in DCM. The zero electrolytic conductivity of the solution (~0 x«S/cm) indicated that no
electrolytic dissociation occurred, and the chloride ligands remained coordinated under these
conditions maintaining the rigid TBPY-5 geometry around the Fe(lll) center. The difference
between the redox potential of 3 and 4 thus can be attributed to the weaker donor strength of the
btia-BAI ligand in 4, since this ligand should force a larger bite angle together with longer Fe—Nntia
bond distances originating from its steric hindrance.
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Figure 4.22. (a) UV-visible absorption spectra of 1 and 2 in dry dichloromethane (DCM), the wavelengths for the
characteristic ILCT bands are given with numbers; (b) FTIR spectra of 1 and 2 as solid dispersed in KBr pastille.
On the other hand, chloride could dissociate from complex 3, and eventually, the exchange is traced
by the occurrence of new Fe""""" redox transitions at more positive potentials in methanol or other
organic-aqueous mixtures like water in acetone. This could be exploited to fabricate a self-
supported complex at electrode ad-layer that was depleted in ClI" and showed activity in
electrocatalytic OER. The layer made by DC consisted of adsorbed crystallites, in which only some
of the complex molecules can participate in catalysis, those, which are close enough to the polarized
electrode surface to gain sufficient driving force for the redox events to take place, and at the same
time, located near the crystallite surface to get in contact with water molecules. However, in the
case of 4, I could not follow the DC or DIP methods since this compound was practically insoluble

in alcohols or other volatile organic solvents that could aid ligand exchange.
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| looked for a suitable organic-aqueous mixture that allowed electrochemistry in the presence of
water. Since both 3 and 4 were soluble in DCM, a solvent immiscible with water, | added pre-
mixed water-acetone aliquots to their solution to achieve a reasonable excess of H>O in the same
phase as the complex (note that under the reaction conditions, drops of an aqueous phase was
usually observed on the top of the electrolyte). Cyclic voltammetry (CV) scans of 3 or 4 in DCM
mixed with acetone-water were recorded under argon (Figure 4.23a,b, red CVs) using a BDD as a

working electrode.
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Figure 4.23 (a) CV scans of 3 (0.4 mM) in dry DCM (in blue) or with added H.O (in red, 3 mmol H,O in 0.5 mL
acetone) on a BDD electrode (0.071 cm?); (b) CV scans of 4 (0.4 mM) under the same conditions as those in (a),
inset: SWV showing the potentials of the redox transitions in the two different media; (¢) CV scans of complex 3
(0.8 mM) on FTO (1.5 cm?) in DCM with added water (3 mmol of H,O in 0.5 mL acetone, see also the ED method);
(d) CV scans of complex 4 (0.8 mM) under the same conditions as those in (c). Settings: under Ar, v= 100 mV/s, 20
cycles (red CVs), Pt CE, and Ag*/Ag (0.01 M AgNOs, 0.1 M TBAP/acetonitrile) RE.

Reversible peaks increasing in intensity from cycle to cycle were observed. This behavior indicated
the deposition of an electrochemically active compound, while the symmetrical peak shape, a

single immobilized isomer with favorable electron transfer kinetics. (Simply immersing the
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electrode into the same electrolyte and follow-up CV scan did not show the appearance of the same
redox feature. Additionally, when the anodic turning point was lowered below the oxidation
starting at +1.1 V vs. Fc+/Fc, the increase in the peaks was negligible and reached a maximum

after a few cycles, Figure 4.24 below).
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Figure 4.24 (a) CV scans of 3 (0.4 mM) in DCM with added H>O (3 mmol in 0.5 mL acetone) on a BDD electrode
(0.071 cm?); (b) CV scans of 4 (0.4 mM) under the same conditions. Settings: under Ar, v=100 mV/s, Pt, and
Ag*/Ag (0.01 M AgNO3, 0.1 M TBAP/acetonitrile), as counter, and reference electrodes, respectively. Red curves:
20 cycles in a broader potential range in both cases show that the anodic oxidation above +1.2 V vs. Fc*/Fc is
required for electrodeposition (compare to the blue CVs, 10 cycles, in a narrower potential range). The green CV was
recorded in DCM (10 mL) with added H,O (3 mmol in 0.5 mL acetone) on a BDD electrode (0.071 cm?) for
comparison.

By the 20" cycle, the peak separation was gradually increased, more pronouncedly for 3 (black
arrows in Fig. 4.23). At the same time, the capacitive current was nearly unchanged, suggesting a
slight increase in the electroactive surface area (see the cathodic branches below -0.5 V in Figs.
4.23a and b). These two facts suggested non-homogeneous deposition yielding unevenly
distributed deposits with low specific capacitance. The growing peak separation probably
originated from the shifting mean value of the electron transfer constants due to the increasing
distance between the deposited compound and the conducting surface with the number of cycles.
A plausible morphological explanation would be the thickening of a patchy, non-conducting

complex deposit that was indeed observed on ED samples by SEM (section 4.3.2.3).
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The half-wave potential, E1» = (Epa + Epc)/2 (Where Epc is the potential of the cathodic and Epa is
the potential of the anodic peak), was found at +0.16 V for the solution made with 3 and +0.23 V
vs. Fc*/Fc for that of 4 after 20 cycles (black dashed lines in Figs. 4.23a and b). Note that SWV
performed on a cleansed BDD electrode revealed a redox transition at +0.14 V for the solution in
DCM-acetone-water made with 4 instead of -0.18 V vs. Fc*/Fc in dry DCM (Fig. 4.23b, red SWV
inset). A similar shift of the reversible Fe"""" potential from -0.27 to +0.04 V vs. Fc*/Fc has been
associated with chloride-to-aqua ligand substitution in the case of 3 [178], and the same explanation
may fit well the anodic potential shift for 4.

A second, non-symmetrical oxidation peak above +1.5 V vs. Fc+/Fc was also apparent in the SWV
of 4in dry DCM (Fig 4.23b, blue SWV) associated with non-separate ligand-based btia-BAl*/btia-
BAI- and metal-based Fe'V'""" oxidations. Note that the oxidation had been suggested in Part I to
generate the (BAI*)Fe'V=0?%" ternary unit that was held responsible for carrying out the water
nucleophilic attack (WNA) step [178]. Indeed, when water was present, the catalytic enhancement
of this oxidation current was apparent in the case of both complexes (compare blue and red CVs in
Fig. 4.23). Finally, based on the excellent match between the Ey/, potentials for the product formed
by chloride-to-aqua ligand substitution in the homogeneous phase and that of the deposited
compound, it was reasonable to conclude that an aqua complex had been deposited starting from 3
or 4. Efficient ED requires cycling through the anodic potential regime, where the coordinated
WOC occurs. Therefore, the participation of a catalytic intermediate occurring only in the close
vicinity of the electrode and exhibiting lowered solubility in the applied solvent mixture is likely a
scenario for the deposit buildup.

Based on the sharp, reversible, and symmetrical redox peaks for the deposited complex, a single
isomeric form was supposed to be present on the surface of BDD. Note that the redox peaks of the
chloride precursor complexes were suppressed after the first CV cycles, which might come from a
combination of reasons. First, the solution equilibrium produces the aqua complex, and the bulk
concentration of 3 and 4 is reduced. However, cycling through the Fe""""" redox transition helps to
generate the aqua form by favoring chloride dissociation upon reducing the metal center[178]. This
could be clearly seen when the anodic vertex potential was lowered, and only the Fe"""' redox
potentials were scanned (Fig. 4.24). However, after deposition commenced, 3 and 4 approached a
complex-coated surface that attenuated electron transfer; thus, the redox current was diminished

(this also implied that BDD coating should cover the whole surface).
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Notably, the same ED method worked on neat or Nafion-coated ITO and FTO electrodes, too.
When FTO was immersed in the same mixture as the BDD electrode, a similar redox feature for a
surface-adsorbed electroactive species could be observed (Fig. 4.23c and d). The main difference
was that the peak separation was greater on FTO (and similarly, on ITO, see Fig. 4.23c and d),
mainly due to the anodic shift and broadening of the oxidation current peak, indicating a more
sluggish electron transfer kinetics concerning the oxidation of the deposited compound on the
oxides compared to that on BDD. This phenomenon was more pronounced for 4 (Fig. 4.23d). As
discussed below, these samples from ED experiments were used in a comparison study involving
both 3 and 4 immobilized by other methods. Notably, the ED method was reproducible (Fig. 4.25).

700 + Sample2 —
600- Sample 1

-06 -03 00 03 06 09 12 15
E (V vs. Fc'/Fc)
Figure 4.25. Comparison of repeated electrodeposition experiments using complex 3 (0.8 mM) on ITO (1.5 cm?) in
DCM with added water (3 mmol in 0.5 mL acetone) illustrates good reproducibility. Settings: under Ar, v=100
mV/s, 20 cycles, Pt, and Ag*/Ag (0.01 M AgNOs, 0.1 M TBAP/acetonitrile), as counter, and reference electrodes,

respectively. See the analogous experiments on FTO in Fig. 4.23c for comparison.

4.3.3. Comparison of the differently immobilized complexes 3 and 4 in water
oxidation

The immobilized complexes on ITO, or FTO, were investigated employing linear sweep
voltammetry (LSV) at 5 mV/s and electrochemical impedance spectroscopy (EIS). The electrolyte
was borate buffer (pH 8.2) since it was found suitable in studies on molecular Fe-based catalysts
[178,233]. Its solubility in methanol allowed the addition of 3 to Nafion-coated ITO (or FTO)
electrodes by the DC and DIP methods. The same modified surfaces were applied as working

electrodes in CA experiments to test their catalytic activity towards the OER (Fig. 4.26a-f,
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representative examples). Nafion (Nf) significantly reduced the required amount of complex to
create a stable layer on the electrode surface (compared to the DC method discussed in Part Il using
the complex only, the amount necessary was roughly one order of magnitude lower). The
contribution of Nf to the activity was expected to be negligible (indeed, experiments with the DC-
Nf/ITO and DIP-Nf/ITO samples made by the DC and DIP methods confirmed this presumption,
see Fig. 4.26).

In Fig. 4.26a, LSV curves are shown, where the current density (j, mA/cm?) is plotted against the
overpotential (7 = Ewe — 1.23 + 0.059pH + Erer — IR, where R = Ry from EIS). It can be seen that
3-DC-Nf/ITO was less efficient in the catalysis of OER than 3-DIP-Nf/ITO (the amount of
deployed complex by DIP was calculated from the UV-vis spectroscopic analysis of the complex
solution before and after the dipping, suggesting 7"~ 0.05 zmol/cm?). Tafel plots were constructed
from the LSVs (Fig. 4.26b). Slopes were considered at low j to avoid un-subtracted mass-transport
contribution [246]. At j > 10 xA/cm? the slopes were drastically increased, indicating mass-
transport control that may be associated with the inhomogeneous coverage of the electroactive
areas by the complex and limited access of water or base to the active sites. With these
considerations in mind, the Tafel slope of 68.5(6) mV/dec for 3-DIP-Nf/ITO would be in tentative
consistency with a single-sitte mechanism and a limiting access of OH- to the active
(BAI*)Fe'V=02* form [178,246]. However, CA proved that the longer-term stability of this sample
was rather poor, and within 15 min, the current was significantly decreased (Fig. 4.26a, inset).
EIS was performed at an overpotential (77) of 0.67 V for all samples to evaluate the electron transfer
properties near the OER onset potential for the best performing ED samples, which showed j ~0.1
mA/cm? here. Still, above this current, the Tafel slopes started to increase (Fig. 4.26e). Since |
focused on the differences between the ED method compared to others, | adjusted the EIS potential
to the ED samples. Electrodes coated with Nf only, i.e., Nf-DC/ITO and Nf-DIP/ITO, were also
investigated for reference (Fig. 4.26¢). Fig. 4.26¢ shows the Nyquist plot and fit of the experimental
data based on a simple Randles-type equivalent circuit (see inset of Fig. 4.26¢) that revealed the
smallest charge transfer resistance (R2) across the electrolyte/electrode interface for 3-DIP-Nf/ITO
(Table 4.1).
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Figure 4.26 (a) LSVs (v=5 mV/s) and CPE currents at +1.5 V vs. AgCI/Ag (inset), (b) Tafel plot constructed from
LSV, and (c) Nyquist plot (from 200 kHz to as indicated) with fitted equivalent circuits (lines) for complex 3

immobilized by DC or DIP on ITO, and those for the complex-free electrodes. Inset in (c): equivalent circuit for

fitting the experimental EIS data, R is the solution + electrode ohmic resistance, R; is the charge transfer resistance,

and CPE is a constant phase element consisting of a pre-exponential factor P and an exponent (inhomogeneity factor)
n; (d) LSVs of 3 and 4 immobilized by ED, compared to 4 on ITO immobilized by DC. Inset in (d): CPE for the

same samples at +1.5 V vs. AgCI/Ag, 1%t and 2" run for the 4-ED@FTO show two consecutive tests with the same

electrode; (e) Tafel plot, and (f) Nyquist plot and equivalent circuits (lines) for the same samples as those in (e).

Conditions: 0.2 M borate buffer at pH 8.2, Pt auxiliary, and AgCI/Ag reference electrodes.
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The lower onset potential observed for 3-DIP-Nf/ITO with respect to the examined DC samples
was in accordance with its smallest Tafel slope and the relatively smaller R.. The n<1 value in the
CPE component indicated non-ideal behavior due to surface irregularities and complexity in the

double-layer structure that could be expected for such combined systems.

Table 4.1 Tafel slopes and fitting parameters of the equivalent circuit to the experimental EIS data.

Sample Tafel slope Ri(Q) R2(Q) P (uFs™™) n
(mV/dec)

3-DC-Nf/ITO(0.02 zmol) ~ 102.4(8) 61.6(13)  291(13)x10° 19.9(4) 0.947(5)

3-DC-Nf/ITO(0.04 zmol)  91.1(9) 96.4(8)  151(4)x10°®  19.3(3) 0.952(5)

3-DIP-Nf/ITO 68.5(6) 121.1(18) 51(2)x10°  16.0(4) 0.909(5)

3-ED/FTO 58.5(4) 242.5(3)  259.5(8) 122.7(6)  0.691(8)

4-ED/FTO 61.4(3) 211.7(3) 426.5(12)  86.5(3) 0.676(7)

4-DC-Nf/ITO (0.04 umol)  130.2(2)  388.6(7) 53(9)x10°  21.3(2) 0.964(10)

a Pre-exponential factor P represents a ‘non-ideal capacity’ for CPE. b ‘Ideality factor’ ranging from 0 to 1. For
details, see the corresponding paragraph in chapter 3, section 3.3.

In sharp contrast to the previously discussed samples, those made by ED (see Figs. 4.23c and d),
i.e., 3-ED/FTO and 4-ED/FTO, showed distinctly better performance in the OER. Moreover, this
method worked equally well for both complexes. The presence of Nf did not cause any notable
difference in the OER; therefore, the latter combinations will not be discussed hereafter. Figure
4.26d shows the almost identical LSVs of 3-ED/FTO and 4-ED/FTO. A drop-casted sample, 4-
DC-Nf/ITO, was also prepared despite its insolubility in methanol. The recorded LSV is shown in
Fig. 4.26d in red, as a contrast to the ED samples. In this case, the LSV current and the other
parameters in Fig. 4.26 were identical to those of the DC-Nf/ITO that was prepared without the
complex. This clearly showed that complexes insoluble in methanol were unsuitable for the DC
method since the ligand exchange reaction to provide the catalytically active form could be
complete only in homogeneous precursor solutions but not in a suspension.

The Tafel plot in Fig. 4.26e revealed similar slopes for the electrodes modified by ED compared to
that of 3-DIP-Nf/ITO (Table 4.1). However, at lower overpotential, roughly by 0.1 V. This can be
attributed to the more favorable reaction conditions for OER at the reaction centers formed by the
ED method. The relatively small charge transfer resistance (R2) for the 3-ED/FTO and 4-ED/FTO

were also consistent with this explanation (Fig. 4.26f and Table 4.1).
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CPE was performed for several hours to investigate the electrochemical stability and Faradaic
efficiency of the modified electrodes. The current vs. time plots at +1.5 V vs. Ag/AgCI (7 =0.95
V) are shown as inset in Fig. 4.26d. The complex-free Nf-DC/ITO or FTO electrodes exhibited
minimal current at this potential (inset of Fig 4.26a). When 4-ED/FTO was applied as the working
electrode, the reaction was stopped after 3.5 h (the 1% run in the inset of Fig. 4.26d), a sample was
taken from the headspace, and the evolved O, gas was quantified by gas chromatography (for
technical details see the chapter 3 and earlier publications [178,233,247]). The overall passed
charge was 16.4 C; thus, the theoretical maximum for O» was 42.4 gmol (n = Q/4F). The produced
Oz was 35.2 umol, corresponding to a Faradaic efficiency of 83% compared to 3 in the earlier study
[178]. Based on the detected O, the turnover number (TON) within 3.5 h of electrolysis at 77=10.95
V is over 5,000, corresponding to a TOF of 0.4 s? that indicates good stability especially
considering the simplicity of the system. More so, since the sample could be re-used in a new buffer
solution in a follow-up CPE experiment for 4.5 h without a noticeable decrease in the current. Note
that 3-ED/FTO containing the tia-BAl ligand (instead of the btia-BAI of 4) showed over 40%
decrease of the initial current (Fig. 4.26d, inset) that was attributed to the partial release of the
complex from the surface (and depletion of Fe, as mentioned in Part Il). This underlines the
advantage of hydrophobic ligand extensions during the design of future catalytic complexes.

4.3.4. Post-catalytic analysis of the ED samples by SEM-EDX

Following their use, in the electrocatalytic OER experiments, the 3-ED/FTO and 4-ED/FTO
electrodes were investigated by SEM, and the elemental composition was also analyzed by EDX
(Figures 4.27a and 4.28a). In the SEM images, the FTO surface is covered by a solid material in
patches of random morphology but in even relative distribution on a few hundred xm scale (Figs.
4.27a and 4.28a). The average composition by EDX confirmed the presence of the expected Sn, O,
and F for the substrate; however, the peak of F overlapped with that of Fe from the complex, as
indicated in Spectrum 7 (EDX inset in Figure 4.28a). The elemental composition of complexes 3
and 4 were also recognizable in the EDX spectra, but Cl was absent. However, the large, bare FTO
areas suppressed the C, N, Fe, and S peaks. To gain more information about the composition and
morphology of the patches, smaller regions were analyzed by SEM (Figs. 4.27b-c and 4.28b-c),
and EDX spectra were collected from selected spots (Spectrum 2 in Fig. 4.27a and Spectrum 10 in
Fig. 4.28a). The elemental composition at these spots suggested that the main components are C,

N, S, and Fe, but CI was still absent.
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Figure 4.27. (a) SEM image at X500 magnification of 3-ED/FTO after 4.5 h of CA at +1.5 V vs. Ag/AgCI
in 0.2 M borate buffer at pH 8.2, inset: EDX spectrum of the area in the white frame (Spectrum 1), and
from a small spot (Spectrum 2); (b) SEM images at x2,000; and (c) at 50,000 magnification (see Fig. 1
and Fig. 3c for further information on this sample).

Note that sulfur is a crucial signature element to the presence of the BAI ligands. The elemental
composition is thus concurring with the presence of Fe(tia-BAI) assemblies derived from 3 (the
same applies to the presence of Fe(btia-BAI) assemblies in the case of 4-ED/FTO). SEM-EDX
investigations on as-prepared samples revealed similar morphological features and elemental
composition to those of the used samples (see Figs. A.4.6 and A.4.7, the analogous SEM-EDX
results for 3-ED/ITO and 4-ED/ITO are shown in Fig. A.4.8).
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Figure 4.28. (a) SEM image at X500 magnification of 4-ED/FTO after 8 h of CA at +1.5 V vs. Ag/AgClin 0.2 M
borate buffer at pH 8.2, inset: EDX spectrum of the area in the white frame (Spectrum 7, and from a small spot
(Spectrum 10); (b) SEM image at x10,000; and (c) at x50,000 magnification (see Fig. 1 and Fig. 3d for further

information on this sample).

Morphology analysis at larger magnification revealed differences in the fine structures of the two
electrodes. In the case of 3-ED/FTO, typically coral-like deposits could be observed with a
scabrous surface (Fig. 4.27¢), while the formations on the surface of 4-ED/FTO entangled fibers
were seen (Fig. 4.28c). These differences indicated that the ligand structure has a determinant role
in the nanoscale structure of the electrodeposited compounds. Our results suggest that electrolysis
does not significantly affect the morphology and elemental composition. However, one must
consider the possible effect of drying on the morphology as the original state of the deposit can be
altered due to surface tension effects associated with solvent removal (either after the ED treatment
or after CA).
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5. Conclusions and outlook

Water splitting and fuel cells are technologies that will significantly determine the utilization,
conversion, and chemical storage of solar power. Both can be carbon-neutral if operated by solar
energy. In water-splitting, water oxidation to O, produces electrons and protons for the reduction
reaction: proton reduction, to produce Hz, or CO2 reduction, to generate carbon-based fuels.
Catalysts are vital for efficient oxidation and reduction reactions, ideally facilitating high reaction
rates at low kinetic overpotential. In this context, the water oxidation reaction to produce O
remains a challenge. Significant efforts have been made to develop homogeneous and
heterogeneous catalysts for water oxidation in the past decade. Systematic structural modifications
of molecular complexes such as introducing electron-donating or withdrawing substituents on the
backbone of the ligand, building protecting groups at locations prone to degradation, and
developments in immobilization methods resulted in actual progress in this field.

According to the aims of my Ph.D. dissertation, | joined this field by utilizing ancillary ligands
that appeared suitable to promote the immobilization of Fe complexes on various electrode
surfaces by exploiting simply secondary interactions instead of covalent linkage. In the
following, | highlighted the new scientific findings based on my work and contributed to the
progress of the field.

In the first study, two Fe(ll) complexes, 1 and 2, containing non-symmetric, bidentate heterocyclic
ligands were examined in electrocatalytic water oxidation as catalyst candidates. The working
hypothesis was that two labile coordination sites at cis-positions would be available in the presence
of the NN’ ligands to favor small molecule binding and transformation. It was revealed that
complex 2 was hydrolytically unstable in the presence of water, while complex 1 was a relatively
robust catalyst both in a homogeneous phase or immobilized on the oxide semiconductor ITO. This
could be attributed to the electron-withdrawing nature of O in PBO applied in complex 2, compared
with NH in PBI in complex 1. It was demonstrated for the first time that the non-coordinated
heteroatoms (or groups) of heterocyclic ligands sufficiently electron-donating to support higher
oxidation states of the Fe center could support water oxidation catalysis (Chapter4, Part I).
Consequently, complex 1 deposited as a solid on ITO (in contrast to 2) was suitable for longer-
term electrocatalysis to produce O2 without apparent decomposition of the catalyst layer. The
kinetic study of complex 1 in homogeneous water/MeCN mixtures indicated a single-site

mechanism involving a WNA rate-limiting step. The catalytically active form of complex 1
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generated by ligand exchange allowing the coordination of two H20 molecules in cis-positions,
followed a WNA mechanism and determined the effectiveness of the immobilized catalyst. It can
be clearly concluded that the ancillary ligand controls the favorable geometry, while the applied
solvent strongly influences the exchange (Chapter4, Part 1).

The work was continued with a Fe'" dichloride complex utilizing a heterocyclic pincer ligand,
which served as a precursor to the true electrocatalyst, an aqua-complex. Adjacent, labile sites were
shown to favor H>O binding and WOC in the presence of 4N and NN’ ligands. In contrast, the tia-
BAIH ligand was a rigid, meridional one, so the question emerged about how this configuration
would influence catalysis. In addition, due to its easy synthesis, a dichloride precursor has been
applied in this case. The electrochemical studies on 3 in homogeneous water/acetone mixture
revealed the signatures of Cl- to H>O ligand exchange, and a molecular mechanism could be
proposed for the catalytic cycle. For the first time, it was shown that the NN’N pincer ligands
could behave as redox-active compounds and carry a single electron vacancy stabilized by an
extended z-delocalization, thus generating the catalytically active [Fe'V(O)(H20)(tia-
BAI)]?(Chapter4, Part I1). It was also presumed that it played a role in proton channeling in the
course of the follow-up reaction steps (peroxide formation). It has to be underlined that considering
the single-site WNA mechanism and the importance of ligand exchange, the same postulations can
be made for the NN’ complex 1.

The complex could be grafted to ITO as a model anode from methanol. This solvent promoted
ligand exchange in the precursor, thus creating a catalytically active, solid ad-layer. The solvent
effect is more pronounced in the case of the NN’N ligand scaffold. Hence, deciding which
solvent to use for drop-casting can be essential for gaining an active immobilized catalyst
(Chapter4, Part I1). The water-insolubility of the complex that stems from the coordinated tia-
BAI" ligand supported surface attachment and left open sites necessary for WOC; thus, this
complex design was found suitable for new molecular catalyst/(photo)anode hybrids. The route of
catalyst deactivation appeared to be the demetallation of the complex. The water-insoluble
ancillary ligand remained at the electrode, indicating its strong attachment to the surface. These
results confirmed that water-insoluble Fe complexes utilizing hydrophobic ancillary ligands
with a two-way effect, i.e., control of the complex stability in the course of catalysis and strong
attachment to the surface by secondary interactions, represent a viable general strategy to
fabricate molecular catalyst/anode hybrids (Chapter4, Part I, 11, 111).
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Finally, practically insoluble complexes (as complex 4) in alcohols or other volatile organic
solvents make it inconceivable to follow the DC or DIP methods since this strategy could aid ligand
exchange; thus, techniques like electrodeposition (ED) were required. Therefore, it was
introduced that the simple ED method was a new method that allowed immobilizing
[Fe''Cly(BAIL)] precursors bearing aromatic NN°N pincer ligands from a suitable water/organic
mixture (Chapter4, Part I11).

The process involved the loss of inner-sphere chlorides leading to the formation of the
electrocatalytically active surface deposits. ED presented advantages over DC or DIP of the 3 with
Nafion in terms of overpotential and better charge transfer properties. ED also allowed reducing
the amount of complex required for long-term operando stability. In the case of 3, this amount by
ED was an order of magnitude lower compared to the self-supported system (prepared by DC of 3
from methanol).

Moreover, for [Fe''Cly(btia-BAI)] (4), which was practically insoluble in alcohols, making it
unsuitable for DC, the ED operated just as well, resulting in a very stable complex-electrode
combination that was able to produce O by TON of >5,000 in borate buffer at pH 8.2. The case of
complex 4 with the fused aromatic rings in the ligand, aiming at water-insolubility and better
surface affinity, illustrates that ED may be a practical immobilization method, even in the case of
precursors soluble only in solvents that are practically immiscible with water. Most importantly,
the extension of the molecular structure of the Fe complex by introducing aromatic groups on
the periphery of the NN’N polycyclic pincer ligands increases the surface stability of
electrodeposited samples.

Further work with complexes is a strategy that can lead to the atom-efficient and morphology-
preserving fabrication of active catalysts at the surface of semiconductors to overcome the sluggish
interfacial kinetics and enhance the efficiency of (PEC) water oxidation. Based on literature
reviews and results from this work, the development of new and efficient molecular WOCs based
on first-row transition metals such as iron is demanded. The utilization of these abundant metals
would solve the problem that originates from the scarcity of noble metals if we aim to utilize water
splitting on a broader scale. In my dissertation, successful candidates of Fe complexes as molecular
catalysts have demonstrated that redox-active ancillary ligands can assist metal centers in obtaining
the reactive form. While the stability of the electrodeposited Fe(btia-BAIl) complex is remarkable,

and to our knowledge, no similar system has been published before; its practical use would be an
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unrealistic goal. Despite the new accomplishments, catalysts that can operate at low overpotentials
with high catalytic rates and remain stable for tens of thousands of hours are still lacking.

On the other hand, further enhancing the efficiency of molecular WOCs can help better
comprehend the details of the reaction mechanism, particularly the catalytically active species, and
the rate-determining step. The WOC catalysis presented in this work is also a first step in
developing new hybrid co-catalyst/semiconductor systems, where the role of the co-catalyst
candidates is to enhance the efficiency of the wished chemical reaction, in our case, water
oxidation. According to the current trends, smart nanostructures are appealing to tune the light-
harvesting, charge transport, and —transfer properties of semiconductors. However, such
nanostructures can be sensitive to post-treatments. The water-insoluble complexes ensure that the
metal ion content remains at the surface, and the immobilization does not require complicated or
harsh thermal treatment methods that jeopardize the semiconductor's efficiency. The
decomposition mechanism of a molecular unit under dark conditions is an essential piece of
knowledge prior to any further application. Hence, the focus of my dissertation was placed on
effective co-catalyst/semiconductor coupling strategies. The outlook of my work includes the direct
utilization of the presented Fe complexes in PEC systems and investigating the real catalytic role
or precursor nature of the molecular units under operando conditions. Whichever scenario happens,
the applied ancillary ligands are thought to warrant that the metal content will be very efficiently
distributed as part of the real co-catalyst on the surface. Therefore, the immobilized complexes

discussed above may open new avenues toward novel systems.
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6. Scientific results and thesis points

The results of my work are summarized in the following thesis points concerning the ultimate
objective of finding Fe-based molecular catalysts for the oxygen-evolving reaction (OER, or water
oxidation). I selected known Fe complexes containing non-symmetric NN’ bidentate (complexes
1 and 2) or NN’N pincer ligands (complexes 3 and 4) and utilized those candidates successfully in
water oxidation electrocatalysis as a new application.

1. I demonstrated for the first time that the non-coordinated heteroatoms (or groups) of
non-symmetric bidentate heterocyclic ligands sufficiently electron-donating to support
higher oxidation states of the Fe center could support water oxidation catalysis.

The strikingly different redox behavior caused by two different, non-symmetrical, heterocyclic
bidentate ligands with analog structures and NN’ binding mode in the two corresponding
complexes highlights a determinant electronic effect of the non-coordinated heteroatoms. The
relative electron-withdrawing nature of O in PBO compared with NH in PBI makes the PBI ligand
a stronger donor. Therefore, the replacement of a non-coordinated O-atom in the ligand heterocycle
(complex 2) with an NH group (complex 1) enhances the redox stability. Specifically, oxidation
products occurring upon water oxidation catalysis are expectedly degradation-prone in the presence
of a weaker donor ancillary ligand like PBO. This leads to a non-homogeneous behavior of 2 in
water/acetonitrile, moreover, mineralization of the deposited complex on the ITO surface. Complex
1, on the other hand, is an efficient precursor to an Fe(PBI). assembly-based molecular catalysis.
2. I confirmed that the catalytically active form involved in water oxidation is generated
by ligand exchange in the case of Fe complexes made with non-symmetric NN’ bidentate or
NN’N pincer ligands. This ligand exchange allows the coordination of H2O molecules and
determines the effectiveness of the immobilized catalyst. The ancillary ligand controls the
favorable geometry, while the applied solvent strongly influences the exchange.

In the case of 1 (Fig. 1), the NN’ ancillary ligand allows cis-diaqua coordination that favors
efficient catalysis. In the case of the rigid NN’N pincer ligands (complexes 3 and 4), two equatorial
sites become available for H2O coordination, leading to the catalytically active form. The presence
of water induces the ligand exchange, but the organic solvent is also essential: methanol is
preferable over acetonitrile or dichloromethane. The solvent effect is more pronounced in the case
of the NN’N ligand scaffold. Consequently, selecting the solvent for drop-casting can be crucial

for gaining an active immobilized catalyst.
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3. I found that Fe complexes exhibiting tridentate NN’N or bis-bidentate NN’ ancillary
ligand environments follow the WNA mechanism in mixed water/organic solvent, where the
rate-limiting step is the nucleophilic attack of a water molecule at a single Fe center.
Detailed Kkinetic investigations in water/organic solvent mixtures using complex 1 support single-
site catalysis for the electrocatalytic O2-evolution since the observed rate-dependence is first order
in both the H20- and the catalyst-concentration. In the case of complex 3, the electrochemical
detection of a proposed peroxidic intermediate also hints at a single-site mechanism. The KIE
values in both cases are consistent with a rate-limiting, multiple-site electron-proton transfer WNA
step.

4. I discovered that the NN’N pincer ligands could behave as redox-active compounds
and carry a single electron vacancy stabilized by an extended zdelocalization.

The free tia-BAIH ligand undergoes oxidation at a similar potential like the Fe'!' complex formed
with it (3); therefore, the first 1e~ oxidation in the catalytic cycle is assigned as [Fe'"'(OH)(H2O)(tia-
BAD]Y* to [Fe'"'(OH)(H20)(tia-BAI®*)]?*. This fact implies that a ligand-based 1e~ oxidation occurs
in 3 and plays a role in water oxidation catalysis.

5. I found that water-insoluble Fe complexes utilizing hydrophobic ancillary ligands
with a two-way effect, i.e., control of the complex stability in the course of catalysis and strong
attachment to the surface by secondary interactions, represent a viable strategy to fabricate
molecular catalyst/anode hybrids.

Controlled potential electrolysis experiments using the drop-casted and dip-coated
complex/electrode samples showed that hydrophobic ligands could be utilized to favor a stable
surface attachment of the molecular architectures. | performed electrolysis to achieve several
turnovers in O production without considerable desorption of the metal-ancillary ligand moieties
in the case of complexes 1 and 3. This strategy is also promising when hybrid molecular co-
catalyst/semiconductor carrier photoelectrodes are considered. Importantly, by this strategy, the
application of additional immobilizing agents like Nafion can be avoided.

6. I introduced electrodeposition (ED) as a new method for the pincer ligand containing
Fe complex precursors that affords a catalytically active, chloride-depleted catalyst coating
that is non-homogeneously distributed on ITO and FTO electrodes.

The simple DC and DIP methods can be limited by the solubility of the complex, as complex 4

illustrates. In this case, ED may represent a more atom-efficient immobilization method that is
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morphology-preserving with respect to the carrier. The ED method is based on utilizing a chloride
precursor complex [Fe''CI(NN’N)], which is dissolved in an organic electrolyte and undergoes
chloride/aqua ligand exchange upon the addition of water. Compared to the amount of the catalyst
immobilized by DC and DIP combined with Nafion, lower amounts in samples fabricated by ED
are available by at least an order of magnitude that can be just as stable in long-term CPE. SEM
analysis of the deposits from 3 and 4 confirmed a patchy distribution of the compound. The charge
transfer resistance related to the electrocatalytic OER, determined by EIS, also demonstrates the
inhomogeneity of the deposited catalyst and a clear advantage of ED over the DC and DIP carried
out using Nafion.

7. I revealed that extending the molecular structure of the Fe complex by introducing
aromatic groups on the periphery of the NN’N polycyclic pincer ligands increases the surface
stability of electrodeposited samples.

Polycyclic ligands would be beneficial to supporting surface stability of the immobilized
complexes in the aqueous electrolyte and further investigate the role of ligand oxidation in
electrocatalytic OER. Electrodeposition may be a fruitful immobilization method, even in the case
of precursors that are only soluble in solvents that are practically immiscible with water. The
example of complex 4 offers the same metal-binding geometry and donor pattern as 3 but contains
fused aromatic rings on the periphery to provide a better surface affinity, illustrating that such
molecular design enhances the stability of the complex/electrode assembly. This strategy can be

beneficial for future co-catalyst/semiconductor hybrids in advanced PEC systems.
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Appendix (A)

Evaluation parameters for the performance of electrocatalysts

It is necessary to study some indispensable parameters that define the effectiveness of
electrocatalysts. Generally addressing, the electrochemical analyses are presented in a three-
electrode system, which is employed to assess the two half reaction activities (HER and OER),
consisting of the working electrode (anode for OER and cathode for HER), reference electrode,
and auxiliary electrode (counter electrode) as it is shown in the Experimental work (Chapter 3).
Exhaustively, many reviews have reported the benchmarking methods to evaluate the activity of
various electrocatalysts [248-251]. Specific parameters are essential for insightful information
concerning the electrochemical reaction mechanism. Herein, we present a brief introduction to

kinetic parameters that are generally utilized to evaluate the performance of electrocatalysts:

A. Overpotential ()
In brief expression, The overpotential (1) represents the driving force of a reaction and is defined
as the additional potential, beyond the thermodynamic requirement, needed to drive a reaction at a
specific rate[185]. The catalytic current is normalized concerning the geometric surface area of the
electrode[252]. (1) is one of the significant standard parameters to evaluate the performance of
electrocatalysts. It reflects the difference between the applied potential E (actual electrode voltage
needed to drive the reaction) and the potential theoretical need (potential under equilibrium

conditions) Eeq, as shown in Equation A.1.1:

N =E — Eg Eq.A.1.1

In concise expression, the (1) can be defined as the additional potential required to drive an
electrochemical reaction from its reversible potential (where reversible potentials for HER and
OER are 0 and 1.23 V vs NHE, respectively). The 1 is the most crucial factor in assessing the
performance of electrocatalysts and is generally related to a value that must be applied to
accomplish a specified current density. Thus, one can calculate the overpotential for the OER as
noer = E - 1.23 V and the HER as nuer = E - 0 V [60,249]. A lower overpotential for an
electrocatalyst means reducing the kinetic energy barrier for the electrochemical reaction [250]. It
is also noted that different current densities can be achieved at various overpotential values, and by

relying on this note, it is essential to declare the current density of the read overpotential [253].
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In homogeneous catalysis, the two significant activity parameters are the onset overpotential (o)
and overpotential at 1 mA c¢m2 (1); these two parameters. 1 is commonly obtained via employing
linear sweep voltammetry (LSV) or cyclic voltammetry (CV) curves by carefully choosing the
experimental conditions [254]. In heterogeneous catalysis, 7o and #; at a specific current density
are also often defined, but especially at higher current densities, the IR drop caused by the
electrolyte (ohmic resistance) should be considered. Equation A.1.2 can calculate the overpotential
for heterogeneous catalysts [253]. Additionally, pH associated with overpotential is driven mainly
by the Nernst equation, which only shows the equilibrium potential shift induced by the pH

gradient:
N = Eapp — IR — Eg, .., +0.059pH Eq.A.1.2

Where Eapp is the applied potential, IR is the potential loss caused by the electrolyte resistance. The
potential applied for the OER may supply to the oxidation of the electrocatalyst itself [49]. The
OER includes elementary steps that undergo different acidic or alkaline media mechanisms. The
OER reaction could occur in multiple conditions across the pH range depending on the specific

cell.
B. Faradaic efficiency (FE)

Faradaic efficiency describes electrons' efficiency in catalyzing the desired electrochemical
reaction versus undesired reactions such as electrode redox [251]. FE is the amount of evolved
oxygen Oz (product) divided by the theoretical maximum according to the current passed during
the electrolysis. It is a significant activity parameter in water splitting electrolysis that indicates the
selectivity of the catalyst under study [45]. FE for OER can be obtained by calculating the total
amount of charge Q (C) passed through the cell and the total amount of O, produced no. (mol); see
Equation A.1.3.

Faradaic efficiency = nOZ/(Q/4F) Eq.A.1.3

where F is the Faraday constant = 96,485 C/mol.

The total charge can be obtained from integrating the measured current during electrolysis. The
total amount of O, produced can be measured by using gas chromatography (GC), optical oxygen
sensor, rotating ring disc electrode (RRDE), or Clark electrode [255]. Notably, the Faraday

efficiency should ideally be 100% [250]. As the overpotential need increases, unwanted side
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reactions may lower FE (this is typically the case). Accordingly, the decreasing overpotential

should be considered as the superiority task of electrocatalyst design [251].
C. Tafel analysis and exchange current density

Tafel analysis is an essential method to evaluate an electrocatalyst by profit information on the
inherent kinetics of the electrocatalyst [256]. The Tafel equation in its original form is an empirical
formula stating that the logarithm of the current density is linearly proportional to the applied
potential (7 = a + blogj). The Tafel slope (b) may carry information on the rate-determining steps
involved in electrocatalysis, and it can be associated with the reaction mechanism of
electrocatalysts (in case the whole Kinetics is known). It is also suitable for comparing the activity
of different catalysts [256]. The Tafel slope explains the current density (j) and the overpotential
(m) relationship. The same relationship can be deduced from the Butler—\VVolmer equation (Equation
A.1.4) [55]:

acn FE)

j=Jo|exp (=)0 + exp n| Eq.A.1.4

Where aa and oc anodic and cathodic charge transfer coefficient is a specific material property for
a given electrochemical reaction, at high overpotentials, the overall current is attributed to either
the anodic or the cathodic process, while the other process is negligible; thus, the Butler—\Volmer
equation simplifies and transformed to the Tafel equation, (Equation A.1.5).

j = joexp( “nFE)I] Eq.A.1.5

By taking the logarithm function, Eq. 1.5 can be re-written as Equation A.1.6, where the exchange

current density (jo) and Tafel slope (b) can be calculated [55].
n=»s 1ogji Eq.A.16

Figure A.1.1 shows how the overpotential need can be plotted against the logarithm of the anodic
current. The exchange current (io) is another indicator to evaluate the electrocatalytic kinetics,
which can be calculated at intercepts at 1 = 0 (see Fig. A.1.1). Exchange current (io) reflects the
inherent activity of electrocatalysts at equilibrium potential or the intrinsic bonding/charge

transferring interactions between electrocatalyst and reactant [251].
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Figure A.1.1. Tafel plot for an anodic process.

A sizable value of i and a slight Tafel slope indicate an excellent purposed electrocatalyst reaction
[66,257]. In practice, Tafel slopes are estimated from slow polarization curves replotted as
overpotential vs log (j), or, from the impedance data, the linear fitting of log (Rct) vs overpotential,
in which Rt represents the charge transfer resistance in the equivalent circuit fitted in impedance
spectrum [249,258].

D. Turnover frequency (TOF) and Turnover number (TON)

The intrinsic rate of a catalytic reaction is also known as turnover frequency (TOF) [259]. For a
fair comparison of the catalytic activity, the number of exposed active sites on the catalyst should
be indicated by the TOF, which translates as the number of reactant molecules transformed per
catalytic site over a unit of time, as shown in Egs. (A.1.7, and A.1.8). The higher value of TOF
implies a better electrocatalytic activity [49,253].

jx A
zXFxn

TOF = Eq.A.1.7
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Where j is the current density at a particular overpotential (mA cm), A is the working electrode
area, F is the Faraday constant, z is the number of transferred electrons, and n is the number of
moles of the active materials. Eq.A.1.8 shows another form to calculate the TOF for heterogeneous
OER electrocatalysts [248]:

No. of evolved 0 molecules

TOF =

Eq.A.1.8

No.of active sites X time

It is challenging to achieve the specific TOF value because not all catalytic cities are involved in
catalytic reactions due to the various experimental designs and catalyst loading, making it difficult
to estimate the molar number (n) [251]. However, TOF still represents an influential role in
electrocatalytic activity comparison between different electrocatalysts.

TON is a dimensionless number and a significant value to evaluate the stability of the catalysts. It
can be defined as the amount of product converted from the reactant per mol of the effective catalyst
(catalytic site) [259,260]. TON can be for water oxidation can be calculated by Equation A.1.9:

No. of evolved O, molecules

TON =

Eq.A.19

No.of active sites

Significantly, stability is an essential parameter for assessing electrocatalysts in practical
application. Usually, the stability can be measured by carrying out a chronoamperometry
experiment by reading the current change vs reaction time at fixed potential or by carrying out a
chronopotentiometry experiment by potential variation and fixing the current density [251].
Finally, the higher review of the parameters clearly shows that determining the catalytic activity of
an OER electrocatalyst is not a simple duty. Three or more of the parameters must be achieved

while examining the activity of the electrocatalyst.
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Appendix (B)

Part(l)
350
1.0
300 08 pslmTTT
<
0.6
2504 £
. T 0.4
i 2004 02
P 0057386 600 9061200
O, 150+ time (s)
100 -
504

o

0O 200 400 600 800 1000 1200
time (s)

Figure A.4.1. An increase in the oxygen concentration was followed with an optical probe (NeoFox, immersed in the
electrolyte near the working electrode) during electrolysis with 1/ITO (drop-casted, 0.78 umol), conditions: 0.2 M
borate buffer, pH 8.3, +1.2 VV vs. Ag/AgCI. The red line represents the expected increase in O, concentration based

on 100% Faradaic efficiency as calculated from the electrolysis current shown in the inset.
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Figure A.4.2. XP spectra of 1/ITO and 2/ITO after electrolysis.
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Figure S4.3. XP spectra and fitting of 1/ITO and 2/ITO used in CPE in the Fe and N binding energy region.
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Figure A.4.4 (a) The Fe 2p and (b) the CI 2p binding energy region of XP spectra of the as-prepared
3/ITO with the fitted components; (c) and (d) the corresponding spectra after CPE.
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Figure A.4.5 (a) The S 2p and (b) the N 1s binding energy region of XP spectra of the as-prepared 3/ITO with the
fitted components; (c) and (d) the corresponding spectra after CPE
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Figure A.4.6 (a) SEM image of 3-ED@FTO as-prepared and cleansed with MilliQ water to remove salt residues, (b)
EDX spectrum of the area within the white circle; (c-d) SEM images at different magnifications (see the footers for
experimental settings).
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Figure A.4.7 (a) SEM image of 4-ED@FTO as-prepared and cleansed with MilliQ water to remove salt residues, (b)
EDX spectrum of the area within the white circle; (c-d) SEM images at different magnifications (see the footers for
experimental settings).
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Figure A.4.8 (a) SEM images at different magnifications and EDX spectrum of 3-ED@ITO as-prepared and
cleansed with MilliQ water to remove salt residues, (b) SEM images at different magnifications, and EDX spectrum
of 4-ED@ITO as-prepared (see the footers for experimental settings). Insets on the top: CA currents at +1.5 V vs.
AgCI/Ag by using these electrodes.
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