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1.1 Introduction

Today in the 21 century, energy is certainly one of the most critical and pressing issues on the
global stage. The modern society has experienced massive increase in the global energy
consumption due to the rapid growth of industrialization and human population. In the current
age, fossil fuels are the most important source of energy. More than 70% of the energy
consumption has been supplied by generating energy from traditional fossil fuels, e.g., oil,
natural gas, and coal [1-3]. In 2022, 82% of the world total primary energy consumption was
supplied by fossil fuels, including 26.7% of coal, 31.6% of oil, and 23.5% of natural gas,
respectively (Figure 1.1) [4]. Moreover, forecasts made predictions that the global energy

demand is set to grow by more than 25% to 2040 (International Energy Agency, 2018).
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Figure 1.1 The world total primary energy consumption by fuels in 2022 [4].

Despite primary energy source, the fossil fuel combustion also generates a range of harmful

pollutants such as CO2, NO,, and SOy as byproducts. The overconsumption of fossil fuel causes
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serious environmental issues such as global warming and atmospheric pollution that can
eventually affect our lives. According to worldwide data, the -electricity, heat, and
transportation sectors are the major sources of CO, emissions, and it is expected to continue

increasing in the future (Figure 1.2) [5].
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Figure 1.2 Worldwide distribution of CO» emissions by different sectors [5].

Therefore, it is important for modern society to switch to green energy carriers that can be
produced from sustainable and renewable energy resources (such as the solar, wind, tidal etc.)
to fulfil our ever-increasing energy demands [6-9]. Exploring and utilizing clean and renewable
energy resources for both the electricity and transportation sectors is a highly effective strategy
to decrease carbon emissions and mitigate the impacts on climate change [10]. Thus, shifting
towards a COz-neutral energy carrier has the potential to greatly reduce CO»-related emissions.
Among various alternatives, hydrogen fuel (Hz) can be used both in electricity and in

transportation sectors and offers the highest benefits in terms of low emissions of CO2 [11].
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1.1.1 Hydrogen energy as future fuel

The future era is based on the hydrogen economy. Hydrogen fuel is one of the green energy
carriers that can be used as a future energy source for next-generation (Figure 1.3) [12].
Currently, up to 96% of the hydrogen used in the world is generated from fossil fuels such as
natural gas (48%), crude oil (30%) or coal (18%) through steam reforming, and only about 4%
of the hydrogen is produced from water electrolysis [13-14]. Although steam reforming is the
most cost-effective method for hydrogen production today, but due to the massive release of
CO; emissions that should be controlled as the increasing greenhouse effect, this technology is
prevented for large production of hydrogen [15-17]. An alternative and environment-friendly
method to produce Hb is to use energy generated by hydropower, wind energy, solar energy,
and earth- abundant water as feedstock. Water electrolysis (electrochemical water splitting) is
the cleanest way to produce hydrogen and does not cause any adverse effect to the environment.
The hydrogen produced by this process is extremely pure (> 99.9%) that is a necessary
requirement for the use of hydrogen in fuel cells [18-21]. Hence, hydrogen is often considered
a clean energy carrier, because when it is produced from renewable energy sources, it can be

used without generating greenhouse emissions.

Fossil fuels Renewable energy
sources

Hydrogen Economy

Figure 1.3 Hydrogen production from fossil fuels to renewable sources [12].
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1.1.2 Importance of oxygen evolution reaction

Energy conversion from renewable sources is indeed a promising and encouraging solution to
reduce our dependence on fossil fuels and address various environmental and energy-related
challenges. But then the intermittent nature of such renewable energy sources poses a
significant challenge when it comes to their effective utilization [22-24]. Developing high-
performance energy conversion and storage (ECS) systems that can efficiently harvest, convert,
and store the renewable energy for later use in form of chemical and then reconvert at the point
of need, is of great importance, but presents significant scientific and technological challenges.
The oxygen evolution reaction (OER) is the core module in these energy conversion and
storage (ECS) devices to carry out their reversible process along with oxygen reduction

reaction (ORR) and/or hydrogen evolution reaction (HER) [25, 26].

Water
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Metal-air
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Figure 1.4 Illustrates the importance of OER in different energy systems.

Among the several energy systems driven by electrochemical reactions, the most notable and
relevant classifications are: water splitting, metal-air batteries, and fuel cells (Figure 1.4) [27-

29]. Unfortunately, oxygen electrochemistry plays a critical role in these ECS technologies.
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The efficiency of these energy technologies is strongly limited for the oxygen evolution
reaction (OER) due to a high overpotential associated with its sluggish kinetics [30-34]. Each
of these technologies has unique characteristics and applications, and known for their

simplicity, efficiency, and reliability in various context.

1.1.2.1 Water splitting (Electrolysis of water)

Water splitting, also known as water electrolysis, is a chemical process that involves breaking
of water molecules (H>O) into their constituent elements, hydrogen gas (H2) and oxygen gas
(O2). This process is a key component of various renewable energy and clean hydrogen
production technologies. Water splitting typically occurs in an electrolysis cell, which consists
of two electrodes (an anode and a cathode) submerged in an electrolytic solution (acidic or
alkaline). Figure 1.5 represents the schematic diagram of a typical water electrolyzer [35]. The
electrolyte solution may contain substances like potassium hydroxide (KOH) or sulfuric acid
(H2SOq4) to facilitate the flow of ions. Generally, overall water splitting is based on two half
reactions: reduction of H' ions at the cathode, i.e., the hydrogen evolution reaction (HER) and

oxidation of water at the anode, i.e., the oxygen evolution reaction (OER) [36], as shown below.

4H* + 4e~ - 2H,, E = (0 - 0.059 pH)V vs.RHE (1.1)
2H,0 > 0, + 4H* + 4e~, E = (1.23V - 0.059 pH) V vs. RHE (1.2)
2H,0 - 2H, + 0,, AE = —1.23V vs. RHE (1.3)

Although, water splitting seems to be an easy and straightforward way to produce Hy, but it is
not. The minimum theoretical voltage of 1.23 V is required to drive electrochemical water
splitting reaction at room temperature. However, the potential required is commonly much
higher at 1.23 V in order to overcome the electrodes’ kinetic barrier of the reaction [37, 38].
Water electrolysis is an area where the science and technology need to be improved to

overcome the issues associated with it. Yet the production of purest H» is the main objective of
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water electrolysis, we cannot neglect the counter-reaction (the OER), as it is the sluggish one
between them and affects the Faradaic efficiency of the electrolytic cell to a greater extent [39,

40].

Water splitting: H,O — H, + 20,

+ —
Acidic: Acidic:
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Figure 1.5 Schematic diagram of a typical water electrolyzer [35].

Water oxidation reaction (OER) involves the creation of oxygen-oxygen (O=0) double bond
by removing four protons (H") from water molecule, which is a crucial step in water splitting.
The low activity of water oxidation reaction (OER) at low electrode potential is indeed a
significant obstacle in the field of water splitting and this challenge is often referred to as “the
low overpotential” problem [39-43]. Researcher, and scientists in the field of electrolysis are
actively working to address this challenge and enhance the activity of OER catalysts. To make
the water oxidation happen at low potential, several catalysts have been developed. Among
them, noble metals occupy the top position due to their better performance [44]. However, their
high cost and scarcity hinder their practical applications, therefore recently several attempts
have been devoted to break these hurdles by developing inexpensive and earth abundant

catalysts [45, 46].
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1.1.2.2 Metal-air batteries

Electrochemical energy storage (EES) technologies have immense potential and a wide range
of applications, spanning from portable electronic devices to electric vehicles (EVs) and large-
scale grid storage. Metal-air battery (MAB) is indeed one of the most promising
electrochemical energy storage (EES) systems, mainly due to their high theoretical energy
density, eco-friendly nature, good thermal stability, high ionic and electronic conductivity. To
date, metal-air batteries have been enormously used in flexible and wearable energy devices
[47]. Generally, MABs function in an open system that consists of three basic parts: a metal
anode, a porous air cathode, and an electrolyte that separates the two electrodes from one

another. Figurel.6 represents the schematic diagram of the components used in MABs [48].

Figure. 1.6 Diagram of metal-air batteries [47].

The low-cost metals such as lithium (Li), sodium (Na), potassium (K), iron (Fe), zinc (Zn),
magnesium (Mg), aluminium (Al) can be used as anode material. The utilization of oxygen
from ambient air as a cathode source has the additional benefit of lowering the cost and weight
of the MABs considerably. The electrolytes used in the MABs can be aqueous, non-aqueous
(aprotic), solid-state or hybrid, depending on the nature of the anode employed. Usually, the
anodes made of alkali metals (Li, Na, K) are used in non-aqueous electrolytes, due to their

extraordinary sensitivity to water. Whereas anodes made of Mg, Al, Fe, or Zn are well-suited
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with aqueous electrolytes; these aqueous systems need the addition of a hydrophobic protective
layer to prevent electrolyte leakage. This device is basically operating on a fundamental
working concept which involves the electrochemical reduction of oxygen from the air at one
electrode and the oxidation of metal at another electrode. This leads to the formation of solid
metal oxides that may often be recycled or regenerated. This method permits for considerable
drop in both the volume and weight of the battery as compared to the traditional Li-ion systems
[49-51]. Figure 1.7 shows the operation of a MAB in aqueous or non-aqueous electrolyte
medium. The oxygen behaves differently in an aqueous electrolyte medium from that in a non-

aqueous electrolyte, as depicted in Figure 1.7 [49].
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Figure.1.7 Schematic diagrams of MABs working principles for (a) non-aqueous electrolyte,
and (b) aqueous electrolyte [49].

The electrochemical reaction of metal (Zn, Al, Fe, Li) and oxygen in metal-air batteries are
described below.
Anode: M = M™ + ne~ (1.4)

Cathode: O, + 2H,0 + 4e™ = 40H™ (1.5)

In aqueous electrolyte:
The reaction kinetics of zinc-air batteries (ZABs) in the alkaline aqueous electrolyte is shown

below.
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Anode: Zn + 40H™ = Zn(OH)Z™ + 2e~ (1.6)

Zn(OH)Z™ = ZnO + 20H™ + H,0 (1.7)
Cathode: -0, + H,0 + 2™ = 20H~ (1.8)
Overall reaction: %02 + Zn = Zn0 (1.9)

In non-aqueous electrolyte:

The working principle of Li-air battery (LAB) in the non-aqueous electrolyte is given below.

Anode: 2Li = 2Li* + 2e” (1.10)
Cathode: 0, + e~ = 03 (1.11)
03 + Lit = Li0, (1.12)

LiO, + Lit + e~ = Li,0, (1.13)
Overall reaction: O, + 2Li = Li,0, (1.14)

Recent reports stated that metal-air batteries performed significantly better compared to metal-
ion batteries. MABs exhibit a great advantage regarding theoretical energy density, which is
about 3-30 times higher than commercial Li-ion batteries [52]. The theoretical energy density
of different types metal-air batteries is shown in Figure 1.8 [53]. Previous reports suggested
that the lithium-air batteries can deliver a theoretical energy density of 11,429 W h kg™ ! (based
on mass of Li metal), which is about 30 times higher compared to commercial Li-ion batteries
[52]. However, the current achievable energy density is around 21%, and the power of lithium-

air battery is ~0.46 m W g'!, which is only 10% of lithium-ion battery [54, 55].

The development of metal—air batteries has been restricted by problems allied with metal
anodes, air catalysts, and electrolytes. Presently, none of them are at a stage for large-scale
industrial deployment. Poor cyclic life is another big hurdle for the practical application of
metal-air batteries. Their feasibility to replace lithium-ion batteries for future EV applications

also remains unclear. Furthermore, these also suffer a poor round-trip efficiency that is ratio of
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energy released during discharging to energy required. Nevertheless, the reversible energy
process of metal-air batteries is typically controlled by the electrocatalysis of oxygen that
depends on the efficiency of catalyst towards ORR and OER reactions [56-58]. The
reversibility of metal-air battery mainly depends on the evolution of O from discharge
products (M20> and MO,, where M represents a metal) and highlights the importance of OER
in improving the life span and round-trip energy efficiency for metal-air batteries [59-61]. The
OER efficiency strongly depends on the catalytic activity of the cathode catalyst not only to
reverse the process but also to keep the air pathway clear for next cycle, by consuming solid
products through oxygen evolution [60]. Therefore, boundless efforts have been made to grow
new electrocatalysts at low cost that can overtake the state-of-art noble metals, e.g., RuO; and

IrO; [61, 62].
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Figure 1.8 Theoretical energy densities for different types of metal— air batteries [52].

1.1.2.3 Fuel cell

Fuel cell is a type of energy conversion device that converts chemical energy to electrical
energy by oxidizing the fuel catalysed by the catalysts immobilized on electrodes. Fuel cells
offer a cleaner, more efficient, and possibly the most flexible mechanism for energy conversion
[63-65]. They have great potential as sustainable power sources for both electric vehicles (EVs)

and portable electronics due to their high energy conversion efficiency (generally between 40
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to 60% or more), low operation temperature, low or even zero emission, high energy, and power
density [66-69]. Generally, a fuel cell is made up of three adjacent components: a fuel electrode
(anode), an oxidant electrode (cathode), and an electrolyte sandwiched between them. The
electrodes are mainly composed of a porous material that is coated with a layer of catalyst. The
molecular hydrogen undergoes an oxidation reaction at the anode, where it generates cations
that migrate to the cathode through the electrolyte and free electrons that flow the external
circuit. On the other hand, a reduction reaction occurs at the cathode, where oxygen is reduced
to water by the cations and electrons [70]. The electrochemical reaction that occurs at the anode

and cathode is given below:

At anode: H, » 2H* + 2e~ (1.15)
At cathode: 2H* 4+ 20, + 2e~ - H,0 (1.16)
2

The overall reaction in the fuel cell produces water (H,0), heat (Qj.q¢), and electrical work

(W) as follows:
Overall reaction: H, + %02 - Hy,0 + W, + Qpear (1.17)

There are different kinds of fuel cells, but solid oxide and reversible or regenerative fuel cells
(RFCs) get more attention recently, because of their ability of energy storage and fuel resurge,
respectively [71, 72]. Figurel.9 illustrates the basic operational processes within a typical RFC
system, which is mainly integrated with an electrolyzer (EL), fuel cell (FC), gas, water, and
heat management [71]. The EL and FC modes are the core modules of an RFCs and greatly
determine the system performance. During the charging (EL mode), the hydrogen evolution
and oxygen evolution reactions (HER and OER) occur at the cathode and anode, respectively.
During the discharging (FC mode), the oxygen reduction reaction (ORR) and hydrogen
oxidation reaction (HOR) occurs at the cathode and anode, respectively [73, 74]. The

electrochemical redox reactions of the EL and FC modes are given below:
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(i) EL mode:

Anode: 2H,0 - 4H* + 0, + 4e” (1.18)
Cathode: 4H* + 4e~ - 2H, (1.19)
Overall reaction: 2H,0 — 2H, + O, (1.20)
(ii) FC mode:
Anode: 2H, —» 4H* + 4e~ (1.21)
Cathode: 4H* + 0, + 4e~ — 2H,0 (1.22)
Overall reaction: 2H,0 — 2H, + O, (1.23)
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Figure 1.9 Schematic diagram of conventional discrete RFC combined with solar energy

sources [71].

RFCs can produce H> and O: from the waste water during the first cycle through
electrocatalysis using electricity. Thus, storing the electrocatalytically produced H> can be a
key advantage to support the intermittent renewable energy technologies [75-77]. Thus, a
regenerative fuel cell which operates in two modes of hydrogen production (electrolyzer cell
mode) and power production (fuel cell mode) can provide an economical means for efficient

long-term energy storage and on-demand conversion back to electrical energy only with the
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participation of powerful oxygen electrolysis. However, the major bottleneck in the market
availability of fuel cell is the high-cost of catalyst required for the core reactions involved in
both FC and EL modes as well as their poor efficiencies and stabilities. OER is one of the basic
chemical reactions in the electrolysis of water to store the energy from its intermittent
production systems by fuel cells. But a very little attention has been paid to develop suitable
OER catalysts for in-situ electrocatalysis of water in fuel cells. Various state-of-the-art catalysts
such as platinum-, ruthenium- or iridium-based materials are commonly used to catalyze these
reactions efficiently, but these catalysts cannot meet the large-scale commercialization due to
their high-cost and limited reserves. Therefore, the development of inexpensive and earth-
abundant material-based catalysts with high catalytic activity and stability are highly desired

in both FC and EL technologies [78-80].

1.1.3 Oxygen evolution reaction (OER)

Oxygen evolution reaction is a charge process of generating molecular oxygen (O2) by a
chemical reaction usually from water molecule. The oxygen evolution is one of the most
technologically important anodic reactions in electrolytic production of H» by water
electrolysis [81-83]. Water electrolysis is the simplest and well-known technology for the
storage of electricity in the form of non-pollutant hydrogen. The reaction involves the oxidation
of H,O or OH™ to produce O- at the anode of an electrolyzer cell. Ideally the reaction proceeds
around the thermodynamic limit of 1.23 V versus the reversible hydrogen electrode (RHE) but
typically requires large overpotentials of several hundreds of millivolts [84, 85]. The OER is a
kinetically sluggish because of their complex electrochemical reaction which proceeds via a
multistep, four electron-proton coupled transfer process with variable reaction pathways
depending on the pH of the electrolyte and the catalysts used [86]. In an acidic electrolyte, H,O
is oxidized into hydrogen and oxygen, while in alkaline or neutral electrolyte, the hydroxyl

ions are oxidized as oxygen and water. The kinetics of the reaction in acidic and alkaline media
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are completely dependent on the material by which the reaction is being catalyzed. Noble-metal
based catalysts such as Ir and Ru and their compounds catalyze the reaction more efficiently in
acidic media. On the contrary, the catalysts based on VIII group 3d transition metals (such as
Fe, Co, and Ni and their compounds) catalyze the reaction more favorably in alkaline media.
This is mainly correlated to the mechanism by which they catalyze it [87-89]. However, several
mechanisms have been proposed for OER in both acidic and alkaline conditions. A detailed
review on various reported OER mechanisms in both acidic and alkaline media were
summarised by Matsumoto and Sato in 1986 [90], and very recently reiterated by Fabbri et al
in 2014 [91], including the Krasil’shchkov [91], Bockris [92], Yeager [93], and Wade and
Hackerman [94] pathways together with the most familiar electrochemical oxide pathway and
the oxide pathway [95]. In alkaline media, all the anticipated mechanisms instigate with the
hydroxide coordination to the active site as an essential elementary step and succeed via other
elementary steps. The kinetic barriers accompanied with each elementary step of the reaction
mechanism upsurge the overall overpotential required for the OER. An elementary step with
the most sluggish kinetics is the rate-determining step (RDS) [89, 91].

% Mechanism of OER in acidic media:

(1) Electrochemical oxide path [95]

S+H,0 >S—0OH+H"(aq) + e~ (1.24)
S—OH->S—-0+H"(aq) + e (1.25)
25— 0" - 25 + 0,(g) (1.26)

(11) Oxide path [95]
S+H,0>S—O0OH+H*(aq) + e~ (1.27)
2S—0H >S—0 +S+H,0 (1.28)
25— 0" - 25 + 0,(g) (1.29)
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(ii1) Krasil’shchkov path [91]
S+H,0>S—0OH+H"(aq) + e~
S—OH->S—0"+H"(aq)
S—=0"->S8S-0+e"
2S—0" - 2S5+ 0,(g)

(iv) Wade and Hackerman’s path [94]

2S + 2H,0 > S— 0"+ S — H,0 + 2H*(aq) + 2e~

S—0"+2S—0H™ - S—H,0+ 2S5+ 0,(g)
% Mechanism of OER in alkaline media:
(1) Electrochemical oxide path [95]
S+0H (ag) >S—OH + e~
S—OH+O0H (aq) >S—0" +H,0+ e

25— 0" - 2S + 0,(g)

(11) Oxide path [95]
S+0H (ag) >S—OH + e~
2S—0H->S-0"+S+H,0
2S—0" - 2S5+ 0,(g)
(ii1) Krasil’shchkov path [91]
S+0H (aq) > S—OH + e~
S—OH+O0H (aq) »S—0" +H,0
S—0"->S—-0+e"
2S—0" - 2S5+ 0,(g)
(iv) Yeager’s path [92]
S+0H (aq) >S—OH+ e~

SZ—0H->S%*!' —0H+S+e”

(1.30)
(1.31)
(1.32)

(1.33)

(1.34)

(1.35)

(1.36)
(1.37)

(1.38)

(1.39)
(1.40)

(1.41)

(1.42)
(1.43)
(1.44)

(1.45)

(1.46)

(1.47)
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SZ+1 _ OH + 20H™(aq) — 2S + H,0 + 0,(g) (1.48)

(v) Bockris path [93]

S+O0H (aq) > S—OH + e~ (1.49)
S—OH + OH (aq) » S — H,0, + e (1.50)

S —H,0, + OH (aq) » S — 0,H™ + H,0 (1.51)
S —H,0, + S — 0,H™ - 2S + OH™(aq) + 0, (1.52)

Where, “S” is the surface-active site.

+H,0
290 e
+0OH-
e
M-OH
+0OH-
e
HZO(I)
+0OH-
H*
+H20(|) M‘O H*

Figure 1.10 The proposed OER mechanism for acid (blue line) and alkaline (red line)
conditions. The black line indicates that the oxygen evolution involves the formation of a
peroxide (M—OOH) intermediate (black line) while the other route for the direct reaction of
two adjacent oxo (M—O) intermediates (green) to produce oxygen is possible as well [96].

The aforementioned-pathways favor the experimental results of both hydroxide and oxide
catalysts but shows discrepancies in perovskite materials. To address these discrepancies, many
research groups have proposed the electrochemical peroxide path for the O evolution in both
the acidic and alkaline conditions. Figure 1.10 illustrates two possible approaches for OER in
both the acidic and alkaline conditions; one is the green route, while other is the black route.

Both routes involve the formation of M-O and M-OH intermediates. The green route involves
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the direct combination of 2M-O intermediates to release O2(g) and M directly (here, M is the
surface-active site). The other black route (peroxide path) involves the creation of M-OOH
intermediate (peroxide) which subsequently decomposes to O2(g) with the regeneration of the
free active sites (M) [96].

However, the major difference in the first elementary steps of all proposed mechanism is the
adsorption of water and hydroxide ion on the surface-active site (“S” or “M”). All the proposed
mechanism emphasized that the active site (“S” or “M”) undergoes a cycle of oxidation and
reduction reactions during OER in both acidic and alkaline conditions to evolve Oz molecules
and regenerate the surface sites for the next cycle, as shown in Figure 1.10. Thus, metals with
variable and stable oxidation states can act as efficient electrocatalysts for OER. Nevertheless,
for all the possible OER mechanisms, the formation of intermediates O*, OH* and OOH* on
the surface of the electrocatalyst is a prerequisite and behaves as the rate-determining step. This
is why Ir and Ru are good electrocatalysts for OER in acidic media and the oxides and
hydroxides of Ni, Co, Fe and Mn work better in alkaline conditions [97, 98]. However, it should
not be unconsciously believed that all metals which have stable and variable oxidation states
can catalyze OER efficiently. The catalytic activity depends on a few other significant
characteristics of the catalyst in addition to a favorable electronic configuration and variable
oxidation states. One important prerequisite is appropriate bond strength of the intermediates
formed in the elementary steps [99, 100]. The bond strength should be neither too strong nor
very weak. This is one reason why the oxides and hydroxides of other metals, such as Cu, Os,
Re, W, Mo, Cr, V, Ti, and Ta, are either inactive or poorly active materials for OER [101]. The
bond strengths of the formed metal-oxygen intermediate species are either too strong or very
weak with these metals. Another factor is the stability of the oxides/hydroxides of these metals

under two extreme pH conditions.
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1.1.4 Factors influencing the performance of OER

The choice of catalyst material is the most influencing factor that governs the kinetics of
oxygen evolution reaction (OER). Nevertheless, there are other factors that also affect the
reaction kinetics significantly, which are discussed in the following section.

1.1.4.1 Working electrode

The choice of working electrodes/substrates is indeed critical factor in defining the
performance of electrochemical systems including the reactions involved in OER. The reaction
rate and the overall efficiency of electrocatalytic process are greatly influenced because of their
variable structure, conductivity, degree of wettability and access of catalyst to an electrolyte.
Depending on the structure and degree of electrolyte mobility, electrode substrates are
categorized into two categories: flat surface electrode and 3D electrode. The flat surface
electrodes, e.g., glassy carbon (GC), Cu/Ti foil and indium doped tin oxide (ITO) substrate,
permit one-way percolation of electrolyte that bounds the catalysis only on surface of catalyst,
whereas, the 3D substrates, e.g., carbon cloth/paper (CC and CP) and Ni foam, permit multiple
pathways for electrolyte percolation from all sides of catalyst and involve all the material in
catalytic reaction. Although all these electrode substrates have their own pros and cons such
as, GC electrode is easy to handle and largely used in literature, but suggests a limited mass
loading of catalyst (~1 mg cm™) [102]. Moreover, GC electrode needs a nonconductive binder
to stabilize the catalysts, resulting in poor wettability, undesirable and inevitable powder
accumulation. These binders can also surge the resistance, block the active sites, and stop
diffusion of ions [103]. Consequently, in order to avoid these nonconductive binders, several
researchers make efforts to grow catalyst directly on the conductive substrates such as Ni foam,
CC (carbon cloth), CP (carbon paper), that leads to strong electrical connection between the
catalyst and current collector and brings high gas diffusivity and easy percolation of electrolyte

that results in good electrocatalysis.
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1.1.4.2 Electrolyte

Different electrolytes (such as alkaline, neutral, or acidic) immensely affect the performance
of electrode material. In alkaline media, the OER electrocatalysis is more favourable, while it
is very difficult in neutral electrolytes, and come to very low performance in acidic electrolytes.
Presently, majority of research is looking for the OER electrocatalysts which are stable in
alkaline conditions e.g., carbon-based materials, oxides or oxyhydroxides of transition metals,
hybrids, complex ternary (spinel and perovskites). Although, most of these materials are not
stable in acidic condition due to high oxidative potential. Thus, an OER electrocatalysts that

can work under full range of pH (0-14) is highly desirable [101].

1.1.5 Key performance evaluating parameters for OER

In this section, we will discuss the activity parameters which are widely known for evaluating

and comparing the performance of electrocatalysts towards OER.
1.1.5.1 Overpotential (n)

The overpotential (1)) is one of the most important parameters for evaluating the performance
of OER electrocatalysts. In an ideal case, the reaction proceeds at the potential that will be
equal to the reaction potential at equilibrium (i.e., the reversible thermodynamic potential).
However, none of the electrochemical reaction proceeds at the potential anticipated only by the
thermodynamic considerations diminishing the kinetic barrier practiced in a real system.
Because of these kinetic barriers, an additional driving force in terms of an extra potential is
required to sustainably drive such electrochemical reactions, which is called the overpotential
(denoted by the symbol n). Thus, we can say that the overpotential is the difference between
the applied potential (Eryg) and the reversible thermodynamic potential (E,.,,). The reversible

thermodynamic potential (E,.,) for OER is 1.23 V vs. the reversible hydrogen electrode
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(RHE). Hence, the following equation can be used for OER to calculate the overpotential (1)

at a desired current density without iR compensation.

Noer = Erne — 1.23V (1.53)

In general, there are three sources of overpotentials; such as the activation overpotential, the

concentration overpotential, and the ohmic or resistance overpotential owing to the

uncompensated resistance (Ru), which is exerted by the electrochemical interfaces [91, 101,

104].

>

Activation overpotential: The activation overpotential (also known as onset
overpotential) is an intrinsic property of the catalyst material that catalyzes the electrode
reaction and differs from material to material. Hence, it can be reduced by selecting an
efficient catalyst.

Concentration overpotential: The concentration overpotential occurs when the electrode
reaction begins, there is a rapid drop in concentration at the interfaces due to concentration
variance between ions in the bulk of the solution and on the electrode surface. It can be
minimized by stirring the electrolyte solution or having a highly concentrated electrolyte.
Ohmic or resistance overpotential: The resistance overpotential can be omitted by
performing ohmic drop compensation (also known as iR-drop compensation), which is
currently accessible in many electrochemical workstations. If not, it can also be done
manually by multiplying the resultant current density (i) with uncompensated resistance
(Ru), that results in a potential (E). This drop in potential (iR-drop), needs to be subtracted
from the experimental potential. This means that all studies carried out on new
electrocatalytic materials must include data on the overpotential at a defined current density
without iR-compensation in addition to the iR-compensated overpotential at the same

defined current density [104-106].
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Since, all the proposed mechanisms of the OER proceed via a series of elementary step in both
acidic or alkaline media, the kinetic hindrance accompanying with each elementary steps will
take part in the overall activation overpotential of an OER catalyst. Man et al. [89] along with
other research group [91, 93] have studied the thermodynamics of the OER mechanism and
proposed an expression for calculating the theoretical OER overpotential (nogr) under ideal

conditions with U = 0 vs. reversible hydrogen electrode (RHE) as follows.

Nenp = (225) - 123V (1.54)

Nevertheless, the theoretical and experimental values had very huge difference in the standard
free energy change accompanying with the elementary step of oxide to peroxide conversion.
This evidently pronounces that while studying the thermodynamics of the overpotential, the
kinetic hindrances are not taken into consideration. The kinetics of these elementary steps is
varying from material to material. Thus, instead of the onset overpotential, the overpotential
(n;) at a fixed current density (j) is considered as benchmarking activity parameter to evaluate
an electrocatalyst performance for OER [107]. The widely accepted benchmark for current
density is 10 mA ¢cm 2 for comparing the OER electrocatalyst in different pH conditions. The
numerical figure of merit is the current density predicted for 10% competent solar to fuel
conversion device, under 1 sun illumination. Materials having an intense redox peak i.e., giving
a current density greater than 10 mA cm™ within the potential range of gas evolution and the
catalysts showing high performance like layered double hydroxides (i.e., giving current
densities more than 500 mA cm), the overpotentials at higher current densities such as 50 and
100 mA cm are used as alternative activity parameters. Also, the overpotential of a catalyst is
mass dependent i.e., it varies with different mass loading [108]. The lower the overpotential
value, the better the material's performance towards OER. In general, a catalyst with an

overpotential in the 300400 mV range is regarded as an effective catalyst for OER. The OER
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catalysts are classified as ideal (200-300 mV), excellent (300-400 mV), good (400-500 mV),

and adequate (beyond 500 mV) as shown in Figurel.11 [109].
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Figure 1.11 The figure of merit for comparison of OER performance of catalysts working in
full pH range (acidic to alkaline) [109].

1.1.5.2 Tafel slope and exchange current density

Tafel slope and exchange current density are the two important kinetic parameters of the
catalyst performance which gives an insight into the intrinsic kinetic rates of the reaction [110].
In general, the Tafel plot of an electrochemical reaction is obtained by replotting the
polarization curves (i.e., Linear sweep voltammogram, LSV) as function of log current density
(j) versus overpotential (n). The Tafel equation arise from one of the limiting cases of the
Butler-Volmer equation, which gives the relationship between the overpotential and current at

the electrical interface. The equation is expressed as follows:
. F F
J=Jo [exp (aa Z—T X 77) — exp (—ac :—T X n)] (1.55)

where j stands for the electrode current density, jo is the exchange current density, which

represents the current at the equilibrium potential, o, and oc refer to the charge transfer
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coefficients for anodic reaction (OER) and cathodic reaction (HER), respectively, n is the
overpotential, n represents the number of electrons transferred in the reaction (2 in case of HER
and 4 in case of OER), F is the Faraday’s constant (96,485 C), R is the universal gas constant,
and T is the absolute temperature in Kelvin. It is assumed that the applied potential is far away
from the equilibrium potential with larger overpotential (Inl <<RT/nF) as denoted in eq. 1.55.
Thus, for the larger values of positive overpotential, (as in the case for OER), the second term

on the RHS of eq. 1.55 becomes zero, and reduces to the following form:

. F
Jj = joexp (a:—T X 77) (1.56)
It can be rewritten in its logarithmic form, which is also known as the Tafel equation:
. . F
Inj = Injo + (a3 x7) (1.57)
The slope of the linear portion of the Tafel plot is defined as the dependence between the iR-

compensated overpotential and the current density, which is expressed as follows:

n = b.log(j/jo) (1.58)

where b is the Tafel slope given by the formula:

dlog|j| _ 2.303RT
dan T anF

(1.59)

Tafel slope is inversely proportional to the charge transfer coefficient (o), as the remaining
other parameters are constants. This specifies that a catalyst with a high charge transfer ability
should have a small Tafel slope. The smaller slope value designates that increasing the same
current density would need smaller overpotential suggesting a faster reaction rate. This is why
it is considered as a primary activity parameter in evaluating the catalytic activity [110-113].

However, this LSV method leads to large error while determining the exchange current density
(Jo) when the catalyst is highly capacitive, because exchange current density (jo) is obtained via
the extrapolation of the linear fit which intersects at a point where equilibrium potential (zero

potential) of the electrocatalytic process meet the respective current density in logarithmic
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scale. In such a case the catalyst with a high overpotential will have a large exchange current
density value, which is not possible because a high exchange current density means that
transferring electrons across the catalytic interface will be facile and require a very low
activation energy. Hence, the result would be a low overpotential [113]. Besides, the
electrochemical techniques such as chronoamperometry, chronopotentiometry and
electrochemical impedance spectroscopy (EIS) can also be used the extracted Tafel plot with

more accuracy [101, 114].

1.1.5.3 Turnover frequency (TOF)

Another kinetic parameter is the turnover frequency (TOF) that is used to determine how
quickly a catalyst may catalyze the desired electrochemical reaction at a defined overpotential.
It is defined as the number of moles of gas evolved (O>) at each available catalytic site per unit
time and follow pseudo first order kinetics. The following equation is used to calculate the

TOFs of any electrocatalytic gas evolution reaction.

JXNg
nxFxT

TOF = (1.60)

Here, j stands for current density (A cm2), n is the number of electrons transferred (2 for HER
and 4 for OER), Na 1s Avogadro number, F is the Faraday constant (96485 C), I is the total or
surface concentration of active sites of the catalysts or the number of participating atoms in
electrocatalyst material. TOF is independent of mass loading but it is highly dependent on the
high coverage, i.e., shows linear relationship only if the coverage is below 100%. Higher the
TOF value better the catalyst. Several methods are available to determine the surface or total
concentration of catalyst in terms of number of atoms. The redox peak in the cyclic
voltammogram can be used to find the surface concentration after activation of the catalyst by
CV cycling. The total concentration of atoms can be calculated by the Avogadro’s number

method using the average particle diameter of the catalyst [114-117].
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1.1.5.4 Faradaic efficiency

Faradaic efficiency is another quantitative parameter which can be defined as the efficiency of
an electrocatalyst to transfer electrons provided by the external circuit across the electrode-
electrolyte interface which endorse the electrode reaction i.e., OER and HER. There are two
different methods to find the Faradaic efficiency (FE). The first one is the gas chromatography
(GC) which is applicable for both OER and HER and the second one is the electrochemical
method using a rotating ring disc electrode (RRDE) applicable only for OER. RRDE method
is used to determine the FE of an OER electrocatalyst in both acidic and alkaline medium. The
setup includes glassy carbon disc and Pt ring/Au disc and Pt ring electrode. The following

equation has been used to calculate the FE of an OER electrocatalyst using RRDE.

FE = &X' (1.61)

"~ jpxngxNcy
In the above equation, jr and jp is the current density at the ring and disc electrode, respectively,
np is number of electrons transferred at the disc electrode (4 for OER), nr is number of electrons
transferred at the ring electrode for O reduction (4, since the ring electrode is Pt and thus
electron pathway probable for ORR on Pt surface) and Nci is collection efficiency of ring
electrode. This is very useful method to find the precise activity of an OER catalyst that has
the following possibilities of losing its Faradaic efficiency: an OER catalyst with one or more
strong redox peaks within the potential window of the OER (almost all Ni-, Co-, and Fe-based
catalysts), an electrocatalyst that can facilitate other unwanted side reactions, and an

electrocatalyst that heats up during the electrocatalysis process [116-119].
1.1.5.5 Electrochemically active surface area (ECSA)

ECSA is an important parameter for investigating the surface properties of a catalyst. It can be
estimated by measuring double-layer capacitance (Ca) using cyclic voltammetry (CV) and

impedance spectroscopy (EIS). However, most widely used method to measure the ECSA’s of

IIT (BHU), Varanasi 25|Page



different catalysts is double layer capacitance (Cai) using cyclic voltammetry (CV). In this
method, CV measurements should be performed in a non-faradaic region at various scan rates.
The current (i.e., the anodic or cathodic current or the average of the anodic and cathodic
current) within the potential window (non-faradaic region) is a charging current (ic) which
exists because of the double layer charging phenomenon and is proportional to the scan rate
(v). The plot of charging current (ic) against the scan rate (v) will give a straight line and the
slope of this line will give Cai (eq.1.62).

i. =vCy (1.62)

The ECSA of a catalyst can be calculated by using the following equation.

ECSA = % (1.63)

N

Where, C;s is the specific capacitance of an electrode (metal, nonmetal, and semiconductors).
In different electrolytes, the value of Cs is typically varying from 0.015 to 0.130 mF cm?.
Therefore, considering the constant values Cs, it is possible to compare electrocatalysts with
their electrochemical double-layer capacitance (Cai), because it has a direct relationship with
ECSA. The higher the value of ECSA for catalyst material, the higher will be its OER activity

[120, 121].

1.1.5.6 Mass and specific activities

Mass and specific activity are the two another activity parameters that gains much attention for
the evaluation of catalyst performance. Both are obtained at a particular overpotential. The
overpotential obtained at current density normalized by mass loading of catalyst is specified as
mass activity which is expressed as A g~! whereas the overpotential obtained at current density
normalized by ECSA or BET is termed as specific activity and expressed as A cm 2. At the
present time, geometrical area normalized current density have been used which reflect the area

of electrodes with planar and smooth surfaces only. This is not appropriate for electrocatalysts
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with uneven or roughened surface area such as in situ grown catalysts or electrodes adapted
with nano-powders. N> gas adsorption and desorption measurements used in BET (Brunauer—
Emmett—Teller) adsorption isotherm determines the real surface area of catalyst, which is not
electrochemically active. This method has high chances of having inaccuracies, thus ECSA
normalized activity is gaining more attention over BET. Compared to geometrical surface area,
ECSA (electrochemically active surface area) is more accurate as they give an insight about
the inherent catalytic property of the catalyst. Their disadvantage is that there are number of
methods for ECSA determination and the measured values varies from method to method [91,

122].

1.1.5.7 Stability

Stability of an electrocatalyst is an important parameter to evaluate its potential for commercial
application. Usually, the stability of catalyst is tested by subjecting it to cyclic voltammetry
(CV) cycling at a higher scan rate, (also known as the accelerated degradation test), and to
chronoamperometry or chronopotentiometry operating at constant potential or current density.
In accelerated degradation test, the number of cycles determines the stability of catalyst
material. The number of cycles reported for OER ranges from 250 to 1000. Beyond 1000
cycles, it is rare to see such a report on an OER catalyst with extreme stability. The shift in
onset overpotential (1o) and the overpotential at a defined current density of 10 mA cm™ (110)
are measured as indicative parameters of stability. It is considered that a smaller increase in
overpotential (not more than 30 mV) indicates a higher stability of catalyst. Stability under
constant exposure to a fixed potential (chronoamperometry) or a fixed current density
(chronopotentiometry) is examined for durations of several minutes to hours. A stable current
density (e.g., 10 mA cm 2 and 50 mA ¢cm™ or 100 mA cm 2 in case of high-performance

catalysts with strong redox peaks) at their corresponding constant potential for more than 12 h
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in chronoamperometric measurements or a negligible increase in the overpotential at a current
density of 10 mA cm 2 for more than 12 h in chronoamperometric measurements is also another
widely recognized parameter for examining the stability of an electrocatalyst [104, 123, 124].
Recently, a set of techniques are also employed to determine the structural and compositional
stability of catalyst such as ex-situ and in-situ XRD, XPS, SEM and TEM along with

potentiometric studies.

1.2 Literature review

1.2.1 Oxygen evolution electrocatalysts

Since OER is a multistep four-electron transfer process, it involves the formation of different
reaction intermediates on the surface of electrocatalyst with the extraction of an electron at
each step. This makes the electrocatalyst material in a vital position. To be regarded as an
efficient catalyst for oxygen evolution, it must, in fact, overcome challenging obstacles.

» According to the Sabatier principle [126], an appropriate catalyst should bind the reactant
(intermediate species) neither too strongly nor too weakly because these conditions result
in inadequate reactant adsorption or difficulties removing final products, respectively. The
catalyst surface must provide favorable conditions for reaction intermediates to be
adsorbed. Hence, catalysts at the top of the Volcano plot are very good electrocatalysts
(Figure 1.12) [89]. One of the factors contributing to the outstanding activity of the state-
of-the-art OER catalysts is their intermediate bonding strength.

» An efficient electrocatalyst must have a greater number of active sites because the
electrochemical water oxidation reaction only occurs on active sites that are present at the
surface of the catalyst material [127].

» An electrocatalyst must be an electrically good conductor. Because, each intermediate step
in the OER process generates an electron that need to be transported via an external circuit

to another half part of the water splitting reaction, also known as anode [128].
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Therefore, an electrocatalyst that can get beyond these challenges is highly appreciable in the

field of electrochemical water splitting.
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Figure 1.12 Volcano plot presents the theoretical overpotential for oxygen evolution vs. the
difference between the standard free energy of two subsequent intermediates (AG%+ — AGno)
for various binary oxides [89].

1.2.2 Research progress in the field of OER catalysts

In the past decades, considerable efforts have been devoted to the development of an efficient
electrocatalyst for OER. To understand the development history of OER catalyst for alkaline
water splitting, some key highlights are summarized in Figure 1.13.

Rapid development of Non-noble metal (Niand Co)  Rapid development of cost-
alkaline water splitting based OER catalysts effective OER catalysts

First half of the o
1888 ,om s 1977-1979  1980-1981 1983-1984 21stcentury 2012-present

Industrial alkaline First report of OER on Reports on spinel Layered lithium transition
water splitting noble metal based oxides and perovskites metal oxides (LiIMO,; M = Co,
(RuO, and Ir0,) OER catalysts Ni, Mn, Fe) OER catalysts

Figure 1.13 Key highlights in the development of OER electrocatalysts.
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Luiz Diego Marestoni (1888) developed the industrial method for hydrogen production
through alkaline water electrolysis. Afterwards, the rapid development of alkaline water
electrolysis technology has been achieved before the first half of the 20th century. The first
studies of electrocatalytic OER using RuO» and IrO; in acid media were reported in 1977 [129]
and 1979, respectively [130]. Earlier reports on oxygen evolution catalysts showed that
semiconductor oxides (Ni and Co-based oxides) could be used as a material with excellent
performance in alkaline electrolytic water [131, 132]. In this section, we discuss about research

progress in the field of OER catalysts.
1.2.2.1 Noble-metal based OER electrocatalysts

Noble metals (Ir, Ru, Pd, Pt) and their alloys, oxides and composites are the most studied
catalysts due to their excellent performance towards OER. It is experimentally proved that Ir
and Ru materials are more active towards OER because of their high stability, low Tafel value
and small overpotential as compared to Pt and Pd (Pt < Pd <Ir <Ru) [133-136]. Although Ru
exhibits outstanding performance, but its practical applicability is prohibited by its lower
stability as compared with the other catalysts. Moreover, Ir and Ru oxides (RuO- and IrO») are
much more active and stable in alkaline media than their pure metal counterparts because pure
Ir and Ru are more soluble than oxides in alkaline electrolytes, leading to decreased stability
and potential in alkaline electrolytes for commercial scale applications [137]. However, both
[rO, and RuO; are considered as benchmark catalysts for the OER in both acidic [129, 130]
and alkaline [137-140] electrolytes. Cherevko ef al. [141] have demonstrated that IrO» is more
stable than RuO> under OER conditions, but both oxides are unstable at high anodic potentials.
The reason behind is that (Ru*)O» dissolves into the electrolyte in the form of hydrous
compound RuO>(OH), and deprotonate into a high oxidation state (Ru®*")O4 at high anodic
potentials; leading to the deterioration of RuOxz catalysts. Similarly, (Ir*)O2 also leaches out in

the electrolyte by forming (Ir°")O; at high anodic potentials. However, IrO2 shows considerably
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higher stability but lower OER performance, compared to RuO» [142, 143]. One effective
strategy to improve the stability of RuO» is to mix it with other metals (i.e., Pt [144]) and metal
oxides (TaxOs [145], TiO2 [146], SnO; [147], ZrO; [148], and Sb,Os [149]) to form mixed
oxides. Several studies have used RuO; and IrO; mixed oxides, and in combination with other
transition metals as OER catalysts. Mamaca et al. have shown that doping a small amount of
Ir in RuO> (Ru.lri-xO2) can significantly suppress the deterioration without sacrificing much
performance of OER [150]. However, the high cost and low abundance of these noble-metal
based oxides is still hinders their large-scale commercialization. As an alternative to address
the issue of cost, non-noble metal catalysts need to be explored as OER catalysts for alkaline
water electrolysis. Until now, the Ni- and Co-based materials have been intensively
investigated as promising non-precious OER electrocatalysts, which are discussed in the next

section.

1.2.2.2 Non-noble-metal based OER electrocatalysts

Since noble-metal based OER catalysts are very costly and scarce, there has been momentous
interests in oxygen evolution catalysts made of more abundant elements. According to a
comprehensive literature review, first row (3d) transition metals have been recognized as

efficient OER catalysts for decades, because of:
low cost and high abundance
high intrinsic activity

long-term stability under high anodic condition.

YV V VY V

in addition to this, the variable oxidation states, presence of 3d electrons and morphological
properties of the transition metal compounds make them potentially suitable for use as OER
catalysts.

» Modifying the particle sizes, surface areas, and microstructures of these compounds can

also improve their performance.
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In recent years, noble metals are gradually being replaced by 3d transition metal compounds
(such as Ni, Co, Mn, Fe, and Cr compounds) which have been thoroughly investigated as OER
catalysts. Among them, Ni, and Co based compounds are at the top of the hierarchy of transition

metal-based catalyst.

1.2.2.2.1 Ni- and Co-based oxides

Among the transition metal oxide-based catalysts, nickel and cobalt oxides are one of the earlier
used oxides as OER catalysts in alkaline medium due to their high stability and special 3d
electronic configuration. They have been identified as OER catalysts for more than 70 years,
and were intensively studied in 1980s. Nickel oxides were first identified as water oxidation
catalyst by Bode ef al. in 1966 [151] and further deep studies were made in the past two decades
[152, 153]. Nickel and cobalt oxides are considered as good candidates for the OER because
these catalysts are highly resistant to corrosion in alkaline media [99, 154]. In a detailed study
of iron-incorporated nickel oxides by Boettcher et al. who revealed that the accidental
incorporation of Fe as impurity improved the catalytic activity of NiOy, Trotochaud et al. (2014)
emphasized the significance of Fe impurity effects on catalyst performance [155]. The
electrochemical behavior of cobalt metal in alkaline media was first investigated by Wakkad et
al., and showed that three oxides, namely, CoO, Co0203, and CoO>, were accessible under
anodic bias [156]. Further, the development of alternative structures, such as Co30as, have
shown greater prospects [157]. While examine the mechanism of nickel and cobalt oxide
electrodes, Lyons et al. highlighting the significance of active species (such as Ni**/Ni*" and
Co**/Co*" redox couple), and putting forth a physisorbed peroxide mechanism that was more

broadly applicable [158, 159].

1.2.2.2.2 Spinel oxides
Spinel oxides are another group of compounds, who were studied as promising electrocatalyst

for OER, since last century [160, 161]. To date more than 100 compounds in the spinel family
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have been reported. The spinel structures contain two octahedral and one tetrahedral
coordination in one unit with the general formulation of AB>O4, where A and B atoms usually
are made up of group 2, group 13 and first-row transition metal elements. They are highly stable
with good electrical conductivity in alkaline solution under high anodic potential. Presently,
the most widely used electrocatalysts for OER in alkaline medium were Co304 [162] and

NiC0204 [163, 164].

1.2.2.2.3 Perovskites

Perovskites are a large family of oxide materials with the general formula ABO3, where A is an
alkaline-/and or rare earth metal ion, and B is a transition metal ion. The perovskite oxide as
OER catalyst was first reported in the 1979 [165]. Since then, several reports have been
published revealing that how their properties correlate with electrocatalytic activity. In 1980,
Matsumoto et al. [166] was the first who established the correlation between bonding
properties and catalytic activity. They conducted a detailed study on a La;..Sr.Fei,CoyOs
system, resulting that the OER activity would increase with increasing amount of x and y. They
correlate this result to the band distribution of the d character and the higher oxidation state of
the cobalt ion, showing that the OER electrocatalytic activity was closely related to the
electrons in the d band of the perovskite. Simultaneously, a very comprehensive and detailed
OER investigation based on a perovskite system was also reported by Bockris and Otagawa
[167], where they found a trend of OER activity for samples containing different transition
metals (Ni > Co > Fe > Mn > Cr). Recently, Shao-Horn and coworkers [168] have published a
design approach for high activity perovskite catalyst based on orbital principles and shown that
the occupancy of surface transition metal cations in an oxide with the 3d electron (e, symmetry)
has a volcano-shaped dependence. A nearly unity e; occupancy was projected to be the highest

OER activity (Figure 1.14).
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Figure 1.14 The relation between the OER catalytic activity and the occupancy of the eg-
symmetry electron of the transition metal (B in ABO3) [168].

According to the theory, Bao.sSro.5Coo0.8Fe0203-+ (BSCF) with eg occupancy close 1 exhibits the
highest efficient activity. Based on this finding, they came to two conclusions regarding how
to develop an effective OER catalyst: (1) the e; electrons should be near to unity, and (2)

stronger covalent interaction between transition metal and O atoms was preferable.
1.2.2.2.4 Layered lithium transition-metal oxides (LMOs)

Lithium transition-metal oxides (LMO) with the general formula LiMO> (M =V, Cr, Co, and
Ni), are well known cathode material in lithium-ion batteries. They were come in the existence
since 1980s, when layered LiCoO> was first demonstrated as cathode intercalation material by
Goodenough and Mizushima in 1979 [169] and garnered significant interest after the successful
commercialization of LiCoOx/carbon-Li-ion technology by Sony in 1991[170]. Nowadays,
most of the lithium-ion batteries use LiCoO». These materials crystallize in the a-NaFeO;
structure with space group R-3m (Figure 1.15). In this structure, O* ions form a cubic close-

packed array, where Li" and M>* ions occupy the octahedral interstitial sites on alternating
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(111) planes of the rock salt structure and gives an alternating sequence of Li-O-M-0O-Li-O-M-
O-Li... along the c axis of the unit cell. In Delmas notation [171], this is known as the O3
structure because the metal ions (Li* and M*") occupy the octahedral sites and three MOz layers
are present per unit cell. M are typically electrochemically active transitional-metal ions, such
as manganese, nickel, or cobalt. This layered structure allows fast two-dimensional Li"
diffusion, assuming there is no cation disorder. The edge-shared MOg octahedra provide direct

M-M orbital overlap, enabling excellent electronic conductivity.

o O

Figure 1.15 Crystal structure of layered LiMO». [Structure prepared with VESTA Software].

Although these layered oxide cathode materials of Li-ion batteries, in their charged states, are
metastable under ambient conditions and at elevated temperature (>200 °C), started to
decompose and release O, because of the high effective oxygen partial pressure. The evolved
oxygen can then react with the organic solvent in the electrolyte and producing heat [172, 173].
The oxygen release from cathode materials remains as one of the key degradation issues of
oxygen-containing cathodes. According to Chebiam et al. reports, the cathodes LiCo1-xO> and
LiN1;-<O; of a Li-ion battery have been observed to evolve oxygen at x > 0.55 and x > 0.8,

respectively, which is accompanied by the pinning of the Co*"/Co*" and Ni**/Ni*' redox
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energies at the top of the O-2p bands [174, 175], suggesting a strong covalent bonding between
the surface oxygen and redox cation, which is required for good OER activity. These findings

prompt investigation of LiMO» cathode materials as potential OER catalysts.

With this motivation, lithium metal oxides (LMOs) are now being explored as OER

electrocatalysts due to their notable catalytic activity and following advantages:

» LMOs show a highly concentrated high-activity area with a low overpotential and a fast
turn-over efficiency compared to the previously reported OER catalysts, such as
commercial [rO; and RuQO,, transition metal alloy, hydroxides, and phosphides, (Figure
1.16a) [176].

» LMOs have been commercialized for many years due to the rapid growth of lithium-ion
batteries, thus LMOs are easy to scale up from either new production or recycled LMOs
from battery wastes.

» By varying the lithium content, LMO catalysts can accurately measure the chemical

valence of transition metals, and alter their surface structures.

Li-O-M structures have demonstrated distinct physical and chemical characteristics (Figure
1.16.b). A new controlled surface is made possible by the insertion and extraction of lithium
ions, which are timed to coincide with the tuning of metal valence in LMOs. This structural
reconstruction alters the local electronic structure and reveal the real active centers for the OER.
The molecular interactions involved in the oxidation of water are finally tailored by this
mechanism. Specifically, the unique layered structure of LMOs can be exfoliated, forming
single/few-layer LMO. These properties considerably increase the number of active sites,

resulting in an enhanced catalytic activity [177, 178].
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Figure 1.16 (a) Catalytic activity comparison of typical OER catalysts and LMOs in aspects
of overpotential and Tafel slope at 10 mA cm 2. (b) Key features to understand LMO catalysts
[176].

1.2.2.2.4.1 Review on LiMO2 as OER catalysts

In recent years, LMOs have drawn a lot of attention because of their exceptional OER
capabilities. Being a typical cathode in lithium-ion batteries, lithium intercalation and
extraction allow for the tuning of its electronic structure, making LMOs a highly studied OER
catalyst [169, 179]. In 2012, Gardner ef al. investigated water oxidation catalytic activity of the
two polymorphs of lithium cobalt oxides (i.e., Li2C0204 and LiC00O) to test the bioinspired
hypothesis, and found that Li2C0204 possesses cubic Co404 unit in the lattice, which is active
in catalyzing the water oxidation reaction, while LiCoO; consists of alternating layers of Co-
O and Li-O octahedra forming LiCo304 units, not cubic Co4O4 unit [180]. In 2014, Maiyalagan
et al. [181] design a low temperature synthesized chemically de-lithiated LT-Lip.sCoO> catalyst
by NO2BF; for the first time, which exhibit a potentially high electrocatalytic activity than that
its low temperature-lithiated spinel phase (LT-LiCoO) and high temperature layered phase
(HT-LiCoO2). The high activity of this de-lithiated composition is attributed to the Co404
cubane subunits and a pinning of the Co*"** :3d energy with the top of the O** :2p band (Figure

1.17).
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Figure 1.17 (a) Mechanism of OER on Co404 cubane units in LT-LiCoO:. (b) Qualitative one-
electron energy diagram of Li;.CoOs, illustrating the pinning of the Co*"*": 3d energy with
the top of the O*: 2p band [181].

Similarly, Lu ef al. (2014) [182] performed electrochemical lithiation on LiCoO; catalyst in
organic electrolytes to convert it into LiosCoO2 (electrochemical de-lithiated phase) by
successively extracting lithium ions from LiCoO2, and tuning the electronic structure of the
catalyst. The highly oxidised state of Co ions makes them more hydrophilic to oxygen species,
which facilitates their facile binding to OH ions to generate OOH and enhances OER
performance. Like LiCoO2, LiNip.5C002Mng 302 (NCMS523) also forms a spinel structure at low
temperatures, and its electrochemically de-lithiated state exhibit remarkable OER activity,
which is better than the benchmark iridium/carbon catalyst [183]. According to many earlier
reports, layered LiCoO> has a lower catalytic activity than its spinel counterpart and is inert
towards OER catalysis. Colligan et al. (2015) [184] reported that the LT-LiCoO; (low
temperature spinel form) exhibit better OER performance than HT-LiCoO, (high temperature
layered form), although they share same OER mechanism. The reason behind is because LT-
LiCoO:; offers easier surface reconstruction to form the real active centers. Considering this,
scientists are still working to prepare layered LiMO> with high catalytic activity by regulating

the morphology, doping, and electrochemical de-lithiation. Recently, Wang et al. carefully
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controlled the in-situ catalyst leaching to modify the dynamic surface reorganisation of layered

LiCoO2 [185].

In a report, Augustyn et al. systematically investigated the behavior of layered LiMO; oxides
(LiCo1xMn,O2, LiNi;xMn,O2, and LiCo1-,NiO2 with 0.25 <x <0.7) for the OER in an alkaline
electrolyte. They found that high catalytic activity of Ni- and Co-rich oxides is associated with
the low Mn content and the electrochemical surface activation accompanying with the redox
of Co and Ni [186]. According to a report, a series of LiNij—,Al:O2 with different amount of
Al doping were also synthesised by solid-state and solution combustion method and found that
the combustion synthesized LiNiosAlo2O2 have shown remarkable OER activity. This
technique works well to reduce the mixing of Ni** in the Li* layer, and acquire a high
concentration of Ni**. This thought has been serving as a crucial role to achieve outstanding
and stable OER activity [187]. Moreover, LiNip.5sC002Mno30: (denoted as NCM523) was
successfully synthesized into three distinct structures by Huang ef al. (2020) [188], which are
referred as: low temperature synthesized spinel NCM (LT-NCM), high-temperature
synthesized lithium-deficient disordered NCM (DO-NCM), and high-temperature layered
hexagonal NCM (HT-NCM). Among them DO-NCM displays considerably high OER activity
with a low onset potential of 1.48 V vs. RHE. This has been made possible by introducing
lithium deficiency in the DO-NCM structure, which can cause the Ni oxidation state to shift
from Ni*" to Ni** by tuning the crystal structure to give more active redox centers, thereby

resulting in higher catalytic activity.
1.2.2.2.4.2 Surface chemistry of LiMO2 during the OER

During OER, LMO-based catalysts typically go through structural and chemical changes that
are directly related to their durability and activity. The surface chemistry of LMO involved

during the OER are as follows (Figure 1.18).
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» Lithium de-intercalation and surface reconstruction: Lithium-ion de-embedding during
OER is a special characteristic of LMO materials. This might change the surface electronic
structure by altering the interlayer spacing between surface atoms. Surface reconstruction
in conjunction with de-lithiation helps identify the true active sites involved in the OER
process [189].

» Lattice oxygen activation: With the activation of lattice oxygen, the catalyst surface
becomes unstable and changes dynamically during the OER process. The oxidation,
exchange, and release of lattice oxygen ligands on the catalyst surface are crucial for OER
performance. Lattice oxygen is often activated at two adjacent metal sites, requiring either
the catalyst or the lattice oxygen, to exhibit distinct electronic structure [190].

> Change of metal oxidation states: The catalyst’s oxidation state affects the intrinsic
activity of the OER. Higher oxidation states in metal cations result in decreased charge
transfer energy due to orbital contraction and valence band shift. The oxidation state of the
active metal cation in LMO catalysts can be regulated by doping with other metal elements
or de-embedding lithium elements [188].

Li-intercalation

Lithium
mediated

Figure 1.18 Schematic illustration of the chemistry behind changes to the LMO during the
OER [176].
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1.3 Objective of this work

With an aim to develop highly active electrocatalyst based on earth abundant 3d transition
metal for oxygen evolution reaction and considering layered LiMO; (M = Mn, Fe, Co, and Ni)
phases, I chose layered LiCrO> as the material of interest, which is an inactive cathode material
in Li-ion battery and not yet studied as an OER electrocatalyst. As priorly discussed, a lot of
research has been focused on doping metal oxides with lithium ions to develop efficient catalyst
with different active metal sites. The kinetic deficits of the OER can be effectually addressed
by the synergistic effects of different metal sites, which include changing the electronic
structure and producing more active centers. However, to the best of our knowledge, most of
the studies is based on Ni, Co, Mn, and Fe based catalyst and Cr has rarely been investigated

as an OER electrocatalyst.

* Why LiCr0O;?

> crystallize in layered R3m structure, like highly active LiNiO> and LiCoO> structures,
where Li* and Cr** ions occupy the octahedral interstitial sites on alternating (111)
planes.

» creating disordering in the structure by introducing partial cation-mixing and Li-
vacancy.

» showing irreversible lithium-ion percolation behavior during electrochemical cycle.

> a unique three electron oxidation of Cr** into Cr®" accompanied by the partial Li-ion
extraction.

» not yet explored as OER catalyst.

This thesis tries to offer a unifying idea between electronic structures and electrochemical
properties. In this work, I have trying to tune the redox energy of transition metal (3d) orbital

with respect to the O(2p) orbital by introducing foreign metal substituents (Fe, Ni, Al) in

IIT (BHU), Varanasi 41|Page



LiCrOs structure, to access the superior OER catalyst. According to previous research, metal
substituents (X" with a higher affinity for electrons (i.e., higher electronegativity or stronger
Lewis' acid) than the parent metal (M"") can lower the energy of the antibonding states of M-
O bonds by shifting electron density from the parent metal (M) to the ligand (O) through the
inductive effect, resulting in a more ionic M-O bond, (as shown in Figure 1.19) [191]. This
would result in an anodic shift in the redox potential, suggesting a greater overlap between the

M(3d) and O(2p) orbitals, which can often lead to higher OER catalytic activity.
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Figure 1.19 Schematic illustration of molecular orbitals of M-O-X presenting the X"
substituted LiMO,, where substituent X" is more electronegative than M™. For more
electronegative X", forming more covalent bond with oxygen than M™", the energy separation
between antibonding and bonding state (AEx.o) is higher than that of M-O bond (AEm-0). By
substituting X", M-O bond gains more ionic character resulting in a smaller energy separation
between bonding and antibonding orbitals (AEwm.o0).
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Encouraged by these findings, I used inductive effect concept for the tuning of redox potential

3*67y in LiCrOz by introducing metal ion substituents (X" = Fe, Ni,

of transition metal ion (Cr
Al) with higher electronegativity or stronger Lewis' acidity in the structure. Doping of highly
covalent metal ion (X™") substituents can effectively increase the ionicity of M-O bond due to
the inductive effect, which gives loosely bounded O atom to the active metal ion surface,

making O: evolution more feasible. The general orbital diagram of X" substituted LiMO; is

shown in the Figure 1.19.

The main objective of this thesis is to design a highly efficient and robust OER catalysts for
water splitting through a cost-effective route. In this perspective, this thesis is primarily focused

on the following objectives, which are summarized as:

» To synthesize Fe-, Ni- and Al-substituted layered LiCrO» with different doping
concentrations by using solid-state reaction method and solution combustion method.

» To characterize these synthesized materials by several characterization techniques such as

XRD, XPS, ICP-MS, SEM, HR-TEM, FTIR, BET etc.

To study the OER activity of the synthesized materials by performing different electrochemical
characterizations such as cyclic voltammogram (CV), linear sweep voltammogram (LSV), and

electrochemical impedance spectroscopy.
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