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Introduction and Literature Review

This chapter presents a brief overview of global energy consumption and future energy demand
driven by present non-renewable energy sources, along with the necessity for viable
alternatives to fossil fuels and a comprehensive overview of electrochemical water splitting.
This chapter further includes brief survey of current state-of-the-art electrocatalysts utilized
for electrochemical water splitting and also provides several strategies used to enhance the
electrocatalytic activity towards HER and OER of transition metal oxide-based working
electrodes.
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1.1 Energy Demand and Need for Alternative Sources of Energy

In the last century, there has been an immense and fast increase in worldwide energy
consumption, mostly driven by globalization and rising populations. The projected energy
demand is expected to rise from 16 Terawatt (TW) in 2010 to 23 TW in 2030, with a potential
increase to 30 TW by 2050. [1] Currently, fossil fuels provide more than 80% of the energy
needed worldwide. In 2022, 82% of the world's primary energy usage provided by fossil fuels,
which include oil (31.6%), coal (26.7%) and natural gas (23.5%) (Figure 1.1). [2] On the other
hand, renewable energy sources are only about ~14 % of all the natural resources, as depicted

in Figure 1.1.
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Figure 1.1 The world total primary energy consumption by fuels in 2022. [2]

The heavy reliance on fossil fuels has led to their depletion and environmental issues
like global warming. As the fossil fuel reserves are fixed, sooner or later it will be exhausted,
increased sophisticated extraction techniques like offshore drilling and fracking may defer the
time of depletion. Industrialization and urbanization have caused a rise in greenhouse gases
such as CO2, NOx and SOy, which contribute to climate change. Fossil fuel combustion,

especially coal burning, is the primary source of CO2 emissions, [3] as depicted in Figure 1.2.
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Figure 1.2 Global distribution of GHG emissions by different sectors. [3]

Therefore, it is essential to promote the advancement of renewable and
environment friendly alternatives (such as solar, wind, tidal etc.) that are currently being
utilized on a large scale. Nonetheless, these energy sources display intermittent characteristics,
leading to energy wastage if not utilized or stored effectively. Consequently, there is a need for
a clean fuel that is devoid of carbon and has the ability to store intermittent energy. Hydrogen
stands out as a zero-emission fuel, seen as the cornerstone of renewable energy sources,
facilitating the development of the hydrogen economy. Hydrogen presents a significant

advantage compared to alternative fuels due to its impressive energy density of 143 GJ/tonne.
[4]

1.1.1 Hydrogen as a Fuel

Molecular hydrogen gas (Hz) stands out as a most appealing fuel option. Hz serves as
an excellent energy carrier and stands as a potential candidate for future low-carbon energy
systems, given its superior gravimetric energy density and the absence of pollutants during
combustion. [5] To successfully achieve the hydrogen economy, it is crucial to develop a clean,

renewable and efficient method for producing H; that does not introduce new challenges. [6]
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Currently, approximately 96% of global hydrogen production derives from fossil fuels,
specifically natural gas (43%), crude oil (32%), coal (20%) and 1% from biomass primarily
through steam reforming. On the other hand, only around 4% of hydrogen is produced via

water electrolysis, as depicted in Figure 1.3. [7-8]
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To mitigate CO, emissions and attain energy independence from fossil fuels, it is essential to
significantly enhance the share of hydrogen produced from renewable sources in the
next decades. Water electrolysis is an essential method that employs renewable energy to
dissociate water into hydrogen and oxygen. Increasing the share of renewable energy from
wind turbines or solar photovoltaic panels, along with the implementation of equitable CO>
emission pricing, will enhance the attractiveness of hydrogen synthesis through water
electrolysis. Integrating water electrolysis with renewable energy provides substantial
advantages, as excess electrical energy can be chemically stored as hydrogen to mitigate the
imbalance between energy demand and production. [10-11] The generated hydrogen gas can
be stored and applied in industrial contexts, or employed for power generation through fuel
cells or internal combustion engines, leading to zero CO> emissions. A sustainable approach
for the circulation of a hydrogen economy through the integration of renewable energy and
electrochemical water splitting depicted in Figure 1.4. Moreover, water electrolysis produces

highly pure oxygen, applicable in various sectors such as healthcare and the chemical industry.
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Figure 1.4 A sustainable pathway for the circulation of a hydrogen economy by
combining renewable energy and electrochemical water splitting. [12]

1.1.2 Electrocatalytic Water Splitting and Need for Non-Noble Metals-Based Catalysts

Water electrolysis is an effective method for generating high-purity hydrogen without
carbon emissions. The electrolysis cell for water splitting comprises three components: an
anode, a cathode and an aqueous electrolyte. The process consists of two half-cell reactions:
the reduction of water at the cathode, known as the hydrogen evolution reaction (HER) and the
oxidation of water at the anode, referred to as the oxygen evolution reaction (OER). Since
water is stable and not very conductive, conductive electrolytes like 0.5 M H2SO4 or 1 M KOH
are generally utilized. [13] Electrocatalytic water splitting takes place in a cell that comprises
two separate electrodes (Figure 1.5) under varying electrocatalytic conditions, mainly in basic
and acidic environments. The reaction sequences in acidic and basic solutions differ, [14, 15]

as illustrated in the following chemical equations,
Water Splitting Overall Reaction: 2H,0 (I) — 2H,(g) + 0,(g) (1.2)
In acidic electrolyte:

Cathode (Reduction): 2H* + 2e~ — H,(g) (1.2
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Anode (oxidation): 2H,0 (1) - 0, + 4H* + 4e™ (1.3)

In alkaline electrolyte:

Cathode (Reduction): 2H,0 (1) + 2e~ - H, + 2HO~ (1.4)
Anode (oxidation): 4HO~™ — 0,(g) + 2H,0 (1) + 4e” (1.5)
®
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A minimum thermodynamic potential of 1.23 V vs. RHE is necessary to facilitate water
splitting at 25 °C and 1 atm, regardless of the reaction medium in which the entire process
takes place. The slow kinetics at the electrode interfaces mean that both the HER and the OER
necessitate a significantly elevated potential to enable water splitting, making it essential to

have an effective catalyst to minimize the additional potential needed. [16, 17]

Currently, the most effective electrocatalysts consist of noble-metal-based materials,
specifically Pt and its derivatives for hydrogen evolution reactions, as well as Ir and Ru oxides
for oxygen evolution reactions. The development of stable, highly active, earth-abundant and
inexpensive electrocatalysts that are free from noble metals is critically needed for HER and
OER due to their scarcity. [18, 19] The use of non-noble metal-based catalysts is expected to

reduce overpotential, improve stability, enhance efficiency and boost OER Kinetics. [20, 21]
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Recent findings enabled the successful utilization of Iron group metals like Fe, Co and
Ni and they were mostly explored as oxides, [22] hydroxides, [23] phosphides [24] and
chalcogenides [25] for OER and HER at different pH conditions. However, the researchers
continue to find that OER in acidic electrolytes is a bottleneck. Consequently, total water
splitting under alkaline conditions using various 3d transition metal-based catalysts
demonstrated significant results, with enhanced activity achievable through innovative surface
modifications at the nanoscale. Literature analysis showed a significant utilization of earth-
abundant electrocatalysts for applications in both the oxygen evolution reaction and the
hydrogen evolution reaction. Electrocatalysts based on transition metals are synthesized
through various methods, including oxides, hydroxides, chalcogenides, phosphides and layered
double hydroxide (LDH) configurations, often in combination with other transition metal
catalysts, tailored for both OER and HER under specific pH conditions. The results of
transition metal-based catalysts demonstrate their potential in water splitting applications,
which can be further improved through various effective approaches. Therefore, materials
based on transition metals are in high demand for use as catalysts in the process of

electrocatalytic water splitting.

1.1.2.1 Hydrogen Evolution Reaction (HER)

The hydrogen evolution reaction serves as the cathodic half-reaction in the process of water
splitting. It involves a multi-step mechanism characterized by two-electron transfer occurring
on the cathode surface, which can proceed through two different mechanisms, leading to three

possible reactions, as shown in Figure 1.6. [26]

In these reactions, S stands for the catalyst surface and H* represents the absorbed hydrogen

intermediate.

In the acidic electrolyte, the following steps are included in the HER process: [27]
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(1) A proton from hydronium cation (H3O™) is captured by an electron from the catalyst

surface, resulting in the adsorbed hydrogen intermediates (H*) on the catalytic surface.
H;0*+ e+ S - H*+ H,0 ,Volmer reaction (1.6)

(2) The adsorbed hydrogen atom couple with a proton and an electron simultaneously

to generate hydrogen molecule.
H* + H;0* + e~ - 2H, ,Heyrovsky step 1.7)
(3) Followed by a combination of adsorbed species to form H; gas:

H*+ H* - H, Tafelreaction (1.8)
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Figure 1.6 Schematic illustration of HER pathways in acidic and alkaline solutions. [28]

In contrast, in the alkaline electrolyte, HER proceeds via Volmer and Heyrosky

reactions: [29]

(1) A proton from water molecule (H20) instead of hydronium cation (H3O*) combines

with an electron to form the adsorbed hydrogen intermediate (H*)
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H,0+ e+ S - H*+ OH",Volmer reaction (1.9)

(2) The adsorbed hydrogen atom attracts a water molecule and an electron

simultaneously to generate a hydrogen molecule.

H*+ H,0 + e~ - H,+ OH™,Heyrovsky step (1.10)

(3) As the same as the case of the acidic conditions, two absorbed hydrogen atoms are

joined together chemically to generate a hydrogen molecule

H*+ H* - H,, Tafelreaction (1.11)

1.1.2.2 Oxygen Evolution Reaction (OER)

The process of OER at the anode involves a multistep four-electron transfer
mechanism, which is inherently more complex compared to the HER occurring at the cathode.
The mechanisms and reaction pathways of OER are comparatively more complicated than
those of HER, largely due to the sluggish kinetics involved. In the acidic electrolyte, water
undergoes oxidation to produce oxygen and hydrogen ions, while in the neutral or alkaline
electrolyte, the hydroxyl ion is oxidized to yield water and oxygen. These possible OER
mechanisms usually involve three adsorbed intermediates OH*, O* and OOH* on the catalyst
surface (see Figure 1.7). [30] The major difference in the first elementary steps of OER in acid
and in alkali is the adsorption of water and hydroxide ion on the surface-active site S. All
elementary steps are related to the kinetic barriers, so it increases the overall overpotential of

OER. The slowest sluggish kinetic elementary step is the rate-determining step (RDS).
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Figure 1.7: OER mechanism (A) in alkaline and (B) in acidic media. [31]

Two different methods are involved for oxygen production through MO intermediate. Figure
1.7a, b illustrates the two possible approaches for OER through MO intermediate in both the
acidic and alkaline conditions respectively. Here, M stands for metal atoms. First, the oxygen
is directly produced as a result from the combination of two MO molecules. Second, oxygen
generation through MOOH intermediate formation, taking place toward decomposition,

including acidic as well as basic mechanism. [31]

The mechanism of the oxygen evolution reaction involves the formation of several
intermediates, making it difficult to identify the exact reaction pathway. In all the elementary
steps, a common aspect is that the active site S experiences a cycle of oxidation and reduction
reactions during the oxygen evolution reaction in both acidic and alkaline conditions. This
occurs across all proposed mechanisms to produce O molecules and restore the surface sites
for the next cycle. Therefore, metals having stable and variable oxidation states work as
effective catalysts for OER. 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 well in alkaline conditions.
[32, 33] Other than this, 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 requirement is appropriate bond strength of the intermediates formed in the
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elementary steps. The Sabatier principle states, an effective catalyst should bind the reactant
(intermediate species) neither too strongly nor too weakly because these conditions result in
inadequate reactant adsorption or difficulties removing end products, respectively as illustrated

in Figure 1.8. [34, 35]

The catalyst surface must provide favorable conditions for reaction intermediates to be
adsorbed. Hence, catalysts at the top of the VVolcano plot are very good electrocatalysts (Figure

1.9).

Turnover frequency

Adsorption strength

Figure 1.8. Qualitative schematic of the Sabatier principle. For strong-binding materials,
the reaction is limited by slow formation or desorption of products. For weak-binding
materials, the reaction is limited by slow adsorption or activation of reactants. Thus, the
optimal catalyst features an intermediate binding strength. [36]

1.1.3 Noble-Metal Based Catalysts for OER and HER

Noble metals such as Ir, Ru, Pd, and Pt are extensively studied because of their outstanding
performance in the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER)
related to water splitting. Precious metal oxides play a vital role in improving the efficiency of
water splitting, Both RuO2 and IrO- are widely accepted as benchmark electrocatalysts for the
oxygen evolution reaction, owing to their high electrocatalytic activities in both acidic and

alkaline solutions. [37,38]
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Experimental evidence shows that Ir and Ru materials exhibit high activity towards OER due
to their superior stability, low Tafel value, and small overpotential when compared to Pt and

Pd (Pt < Pd < Ir < Ru). [19, 39]
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Figure 1.9: Theoretical overpotential for oxygen evolution vs. the difference between the
standard free energy of two subsequent intermediates (AG%- — AG°o) for various binary
oxides (left) and perovskite oxide (right). [40]

While not an oxide, Pt stands out as the most efficient catalyst for the hydrogen evolution
reaction. This material exhibits outstanding catalytic performance and is frequently utilized as
a benchmark in electrocatalytic research. RuO2 exhibits the most excellent OER activity
compared to other OER catalyst materials. Nonetheless, it is susceptible to significant
corrosion when operating in acidic electrolytes. In the course of the OER process, it has been
reported that oxygen molecules are generated from the lattice oxygen of RuO2, leading to
increased instability and significant depletion of the Ru element in the acidic electrolyte. [41,
42] To improve the stability of RuO., a doped bimetallic oxide system Ruxlri.xO, was
proposed. [43] Ir is a precious metal which is ten times scarcer than Pt. The limited availability
and high cost of Ir restrict its widespread application as a catalyst. The OER activity of IrO> is
marginally less than that of RuO: in acidic conditions, yet the durability of IrO, surpasses that

of RuO: by a factor of twenty. [44]
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An effective approach to enhance the stability of RuO- is to mix it with other metals (i.e., Pt
[45]) and metal oxides (Ta20s, [46] TiO2, [47] SnO2, [48] ZrO2, [49] and Sb20s[50]) to form
mixed oxides. However, the high cost and limited accessibility of these noble-metal based
oxides continue in obstructing their extensive commercialization. To tackle the issue of cost,
it is crucial to investigate non-noble metal catalysts as HER and OER catalysts for water

electrolysis.

1.1.4 Non-Noble-Metals Based Catalysts for HER and OER

Extensive research has been conducted for the development of efficient noble metal-
free electrocatalysts for HER and OER, e.g., transition-metal (e.g., Mn, Fe, Co, and Ni) oxides,
metals/alloys, [51] metal phosphides, carbides, nitrides, [52-56] single atoms, [57] functional
carbon materials, [58] and various synergistic hybrids. [59, 60] These materials have been

extensively studied and show high potential for use in the HER and OER. [61]

As a large category of inorganic solids, metal oxides composed of low-cost and earth-
abundant elements have been an important family of functional materials. In comparison to
other types of metal compounds, a clear superiority of metal oxides lies in the compositional
and structural diversity, which provides an electronic and crystal structure flexibility. The
advantages of compositional and structural diversity, along with flexible tunability, ease
of synthesis and environmental friendliness, have led to significant interest in metal oxide-

based materials for electrocatalysis applications. [30, 62-66]

Recent developments in metal oxide-based HER and OER electrocatalysts includes single
transition metal oxides, perovskites, spinels, metal (oxy)hydroxides, and oxide-containing

hybrids that have been employed for efficient electrocatalysis.
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Figure 1.10: Schematic illustration of transition metal-based electrocatalysts for OER
and the potential strategies for performance enhancement. [67]

1.2 Transition Metal Oxides

For the past three decades, various metal oxides have been studied for electrochemical water
splitting approaches. The focused aim in the field of clean energy production and storage is to
fabricate non-precious, highly active and stable catalysts. Several earth abundant metal oxides
such as Co030s, [68] Mnz0s, [69] MoOs [70] and NiO [71] have been attempted for
electrochemical water splitting due to their suitable physico-chemical properties and earth
abundance. Metal oxides typically exhibit high electrochemical stability over extended periods
and demonstrate significant stability in alkaline electrolyte mediums when compared to other
metal derivatives, including metal chalcogenides, phosphates, carbides, and nitrides etc. [72]
They are regarded as outstanding catalysts for both OER and HER activities. However, there
are certain drawbacks linked to single metal oxides. In the context of electrochemical water
oxidation, poor electrical conductivity, electrochemical response and slow reaction kinetics are

the major problems encountered by the researchers during the reaction. [73]
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Therefore, exploring new kinds of transition metal oxides (TMOs) and devise efficient

strategies (Figure 1.11) to further enhance their OER activities is required.

< G
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Figure 1.11: Regulation strategies of metal oxide-based electrocatalyst. [74]

The regulation strategies used for enhancing the OER activities of TMO-based electrocatalysts
encompass electronic structure modulation through defect engineering, through doping,
surface reconstruction, phase engineering, interface engineering and the application of an

external field. [74]
1.2.1 REGULATION STRATEGIES

1.2.1.1 Defects Engineering
Usually, defects (anion defects or cation defects) engineering can significantly alter the
catalytic properties of TMO-based electrocatalysts by influencing their localized electronic

structure and orbital distributions.

1T (BHU), Varanasi Page |14



Chapter 1

1.2.1.2 Anion Defects

In TMO-based electrocatalysts, anion vacancy typically indicates the presence of oxygen
vacancies (Vo). Vo can tune the electronic structure of electrocatalysts by decreasing the
coordination members of metal sites to promote the adsorption of intermediates on the catalysts
and subsequently improving the reaction thermodynamics and kinetics, a recent report is Vo-
CoO. [75] The introduction of Vo enables the hybridization of O 2p, Co 3d and Co 3s in the
bandgap to generate new electronic states that promotes enhanced charge transfer for the OER.
A recent study examined NdNiOs (NNO) with varying Vo concentrations and systematically
investigated the correlation between Vo and OER performance. The optimal OER activity was
attained when the Vo concentration and the Ni®* /Ni?* ratio was balanced to ensure a moderate

binding energy with *OH and a more favourable occupancy of the eg orbital. [76]

1.2.1.3 Cation Defects

Metal vacancies are more stable than oxygen vacancies (Vo) and can facilitate electron
delocalization while offering active sites. More attention has been paid to the control cation
defects in TMO. [76] Wang et al. investigated the influence of Sn vacancies in
SnCoooFen1(OH)s by Ar plasma treatment. [77] The as-formed Sn vacancies result in an
amorphous surface and exposed more active CoFe sites and reduce their coordination number,
thereby optimizing the adsorption energy of O* on Co sites. Defects usually serve as the final

active sites for the OER process. [77]

1.2.1.4 Doping Effects

The geometry and electronic structure serve as crucial parameters for optimization in
the development of efficient HER and OER catalysts, alongside considerations of
electrocatalyst type and chemical stability. [78] Doping serves as a prevalent and effective

method for tailoring the electronic structure of catalytic materials. Adjusting the electronic
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structure is a critical factor of enhancing OER activities, and elemental doping is one of the
best ways of tuning the electronic structure. [79] The tuning of the electronic structure through
doping affects the binding energy of OER intermediates, including *O, *OH and *O-OH.
Therefore, in comparison to other approaches for enhancing OER activities, doping presents a
viable solution for attaining significant activity and enduring stability even under extreme

anodic overpotentials.

The enhancement of the Oxygen Evolution Reaction (OER) in perovskite oxides can
be achieved using various doping strategies that alter their electronic structure and catalytic

characteristics.

Substituting A-site or B-site cations in the perovskite structure through cation doping
is a method aimed at improving HER and OER activity. The enhancement of activity and
durability in SrRuO3 perovskite is primarily achieved through the doping of the Sr site with Na
(Sro.9sNao.osRuO3), leading to a decrease in octahedral distortion and an increase in the
oxidation state. [80] For example, the co-doping of transition metals like iron (Fe) and tin (Sn)
has demonstrated the ability to stabilize a cubic perovskite structure, leading to a notable
enhancement in OER performance. The ideal formulation of BaCog.9-xFexSng103-5 (x = 0.2)
exhibited an inherent OER performance surpassing that of IrO; in alkaline environments. [81]
The doping of SrTiOz at the B-site with cobalt and iron elements (SrCoo.9Ti0.10s-5) exhibited
enhanced OER activity due to its optimized eq filling value, leading to an improved

electrocatalyst for the OER. [82]

1.2.2 ABOs-type Perovskites and limenite Structures

ABOz-type represents two unique and important crystallographic structures in the field
of materials science, especially regarding catalysis and electronic characteristics. The ABOs-

type ilmenite exhibits an ordered corundum structure, characterized by layers of AOs octahedra
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that are sandwiched with two layers of BOs octahedra, representing a modified a-Al2O3

structure, as illustrated in Figure.1.12. [83]
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L R 4 diagram of ilmenite NiTiOs. [84]
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Metal titanates (ATiOs), where A = Pb, Mn, Fe, Co, Ni, Cu, or Zn, are recognized as inorganic

°

functional materials with wide uses. The compounds exhibiting an ilmenite structure within
the trigonal system hold significant relevance as chemical and electrical materials, attributed

to their weak magnetism and semiconductivity. [85]

In the early 1920s, Goldschmidt proposed a "tolerance factor” (t) to analyze the stability
of perovskites. The tolerance factor t proposed by Goldschmidt has gained significant

acceptance as a key criterion for the formation of the perovskite structure.

The criterion of ABOs-type ilmenite formability is expressed by the following

equations:

t=:

((ﬁ+1)R52+RB) + 2R’ )
3

RG%+ Ra RG%+ Rp

(1.12)

Where Ra, Rs and Ro are the ionic radii of A, B and O respectively and should be between

1 >t > 0.745. Another necessary condition is electronegativity difference (abbreviated to €)

of the present ABOs-type ilmenite e > 1.465. [83, 86]
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Recently, Barman et al. [87] reported the catalytic performance of ilmenite NiTiO3
nanoparticles for the oxygen evolution reaction, in terms of durability and efficiency,
perovskite-type NiTiOs materials have demonstrated exceptional stability throughout the
cycling process. Guiet et al. reported that Nio.gCuo2TiO3 nano oxide is highly active and stable

material for O evolution. [88]

The stability and good electrocatalytic activity of ilmenite-based compounds

necessitate further exploration to develop efficient OER catalysts.

1.2.3 Perovskites Oxide

Perovskite oxides represent a diverse group of functional metal oxides characterized by
the general formula ABO:s. In this structure, the larger A-site cations are typically rare-earth or
alkaline earth metals, while the smaller B-site cations are often transition metals, exhibiting
12-fold and 6-fold oxygen coordination, (Figure 1.13) respectively. This leads in a vast array
of oxides with a wide range of properties. In the 1990s, A-site deficient SrixNbOs5 was
reported for catalyzing HER in strong acids; however, the HER activity was notably low. [89,
90] Significant efforts have been dedicated to enhancing the HER catalytic performance of
perovskite oxides through a multi-strategy design, resulting in significant advances. The HER
electrocatalysts based on three types of perovskite oxides (i.e., simple perovskites, double

perovskites and Ruddlesden—Popper-type oxides) are developed.

1.2.3.1 Simple Perovskites

A pioneering investigation conducted by Xu et al. reported an A-site praseodymium
(Pr)-doped Pro.5(BaosSros)osCoo0sFe0 2035 (Pr0.5BSCF) perovskite characterized by a cubic
structure, demonstrating its efficacy and stability as an electrocatalyst for HER in alkaline
environment. [91] Pr0.5BSCF shows a significant enhancement of HER catalytic activity as

compared to the undoped Bao.sSrosCoo.sFeo203-5 (BSCF) perovskite which is ascribed to the
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Pr-doping induced changes in surface electronic structures and properties. Zhu et al., and group
prepared SrNbo.1C00.7Fe0.203-5 perovskite nanorod (SNCF-NR),
Lao.s(Bao.4Sro.4Cao.2)0.5C00.8Fe0.203-5 (LBSCCF) by a facile electrospinning method, displaying

excellent HER activity and stability in the basic electrolyte. [92, 93]

B-site cation

Oxygen ion

A-site cation

Figure 1.13: Sketch of a basic ABO; perovskite oxide structure. [94]

1.2.3.2 Double Perovskites

Double perovskite oxides with a formula of AA’B20s:+ 5 have a layered structure with
alternating layers of |AO;|BO2|A’O|BO2, where generally A is a large-radii alkaline-earth metal
element (e.g., Ba), A’ is a small-radii lanthanide element (e.g., La, Pr, Nd, Gd), B is transition
metal element, and the oxygen vacancies are located in the AO layer. Double perovskites
feature some unique electronic structures that are typically not found in single perovskites, [95,
96] which may generate several benefits to the HER electrocatalysis. Guan et al. carried out a
systematic study on A-site ordered RBaCo0.0s.s+ s (R = lanthanides) double perovskites for
alkaline HER electrocatalysis. [97] It was proposed that the A-site ionic electronegativity (AIE)
could act as a valuable unifying descriptor for predicting the HER activities of 13 cobalt-based
perovskites. The compound (Gdo.sLaos)BaCo20s 5+ 5, with an AIE value of approximately 2.33,

demonstrated the highest activity. (Figure 1.14). [98] The peak HER activity at a moderate
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AIE value of ~2.33 can be associated with the optimal electronic states of active B-sites via an

inductive effect in perovskite structure (Figure. 1.15).

S 200

E

2
% 2104 Figure 1.14: HER activity
;E; trends of overpotential at 10
<E( 220 A mAcm™ oxide as a function of
= " T Sm0.5La0.5 A-site ionic electronegativity.
T 230 1./ | * [98]

@ 0M/ *. Pro5Gd0.5

5 240 - 1

= , I

3 250 -+ . 1 N

2.30 2.32 2.34 2.36

A-site ionic electronegativity

Figure 1.15: Inductive
effects and electron

_ exchange interactions
/\/\/\/\[\ between A-sites and B-

sites in perovskites from

\BO ny _ molecular orbital theory.
. [98]

Inductive effect

1.2.3.3 Ruddlesden—Popper-type Oxides

Layered Ruddlesden Popper (RP) type oxides (formula of An+1BnOsn+1 O equivalently
AO(ABO:3)n, wherein n ABO3 perovskite layers are sandwiched between two AO rock-salt
layers (Figure 1.16), have received considerable attention due to their chemical flexibility,
layered structure, wide element accommodation and labile lattice. [99, 100] Sr.RuQO4 oxide
presents an ultrahigh HER activity in alkaline media. This work emphasizes the advantages of

RP-layered oxides can benefit from their unique structural features and thus boost the alkaline
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HER through combined control over key HER steps such as water dissociation and hydrogen
adsorption. [101] We note that the utilization of RP-layered oxides as the HER electrocatalysts
is currently in its early stages. One direction of future research is to develop RP-type oxides
composed of nonprecious transition metals such as Fe, Co and Ni as potential catalysts for the

HER, since Ru is a costly metal that can impose restrictions on practical applications. [102]

One direction of future research is to develop RP-type oxides composed of non-noble

transition metals as potential catalysts for the HER.

Y3*Q?- (+1)
Ti**0,% (0)
Nal*O? (-1)
«— TiOg octahedra
+«— Y-0 layer
Y30 (+1)
Ti**0,> (0)
Nal*0? (-1)
Nal*0? (-1)
Ti**0,> (0)
Y30 (+1)

Figure 1.16: Sketch of NaYTiO, Ruddlesden—-Popper-type oxide structure plotted from
VESTA software.

1.3 Key Performance Evaluating Parameters for HER and OER
1.3.1 Overpotential (1)

The overpotential at a defined current density (typically 10 mA cm) serves as a crucial
activity parameter, frequently employed as the main assessment criterion for electrocatalytic
activity in both HER and OER electrocatalysts in all media. The overpotential of an
electrochemical process refers to the additional potential required to sustainably drive a
reaction from its reversible voltage. [103, 104] The reversible potentials for HER and OER are
0 V and 1.23 V vs. the reversible hydrogen electrode (RHE), respectively. Therefore, the

equations for the OER and the HER are given by npgr = Eryrp — 1.23V and nygr =
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Eryr — OV, respectively. The current density of 10 mAcm™ serves as a standard for
evaluating the performance of electrocatalytic materials in the context of HER and OER across

all mediums. [105]

In electrochemical reactions, various sources of overpotential exist, the overpotential
arising from the intrinsic resistance of the catalysts, known as charge transfer resistance (Rc),
the overpotential related to solution resistance (Rs) or uncompensated resistance (Ry), and the
overpotential caused by the concentration difference (1 conc.) Of electroactive species at the

electrocatalytic surface compared to the bulk.

The overpotential resulting from the intrinsic resistance (Rct) of the electrocatalyst can
be minimized by adjusting the electronic properties of the materials at the nanoscale or by
combining them with synergistic support materials such as graphene, CNTs, carbon dots, and

others, both at the catalytic surface and in bulk. [106]

The overpotential resulting from uncompensated or solution resistance cannot be
significantly minimized, as it is minimally affected by the electrode fabrication method and the
characteristics of the catalytically active interface. The uncompensated or solution resistance
represents the total of the resistances generated at different junctions within the circuit,
including the connecting points and the distance between the reference electrode and the
working electrode. This can be significantly reduced by designing the electrochemical cell in
such a way that the distance between the reference, counter, and working electrodes are

minimum.

The overpotential arising from the concentration gradient of electroactive species at
catalytic sites compared to the bulk can be mitigated through the agitation of the electrolyte

using mechanical stirring or sonication. [104]
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1.3.2 Tafel Slope

Tafel analysis serves as an important study for evaluating electrocatalysts employed in
water electrolysis. Through the analysis of the Tafel slopes for both the oxygen evolution
reaction and the hydrogen evolution reaction, we obtain valuable insights into the fundamental
kinetics of the electrocatalyst being studied. This analysis facilitates predicting the kinetics
associated with electrocatalytic reactions taking place at the catalytic interface. The Tafel slope
is often linked to the mechanism of the hydrogen evolution reaction at a specific
electrocatalytic interface. A notably low Tafel slope, generally ranging from 30 to 40 mV dec
! indicates that the hydrogen evolution reaction proceeds through a more rapid and efficient
Tafel pathway. [103] The Volmer—Heyrovsky mechanism stands out as the primary pathway
identified in numerous non-precious metal-based electrocatalysts for hydrogen evolution
reactions, including chalcogenides of Fe, Co, Ni, W, and Mo. The Tafel slope noted in this
mechanism generally falls between 50 and 120 mV dec?, influenced by the availability of
surface-active sites essential for the reaction. It is important to highlight that these mechanisms
are predominantly relevant in acidic environments. Nonetheless, predicting the mechanism of
OER through the Tafel slope presents more complexity compared to HER, primarily because
of the multiple intermediate steps involved in the anodic half-cell reaction of water electrolysis.

[107]

The Tafel slope measurements are used to assess the intrinsic electron transport at the
electrode/electrolyte interface. From the derived Butler-Volmer equation at both higher anodic
and cathodic overpotentials, it follows the Tafel equation, indicating that the current density |
is directly proportional to the exchange current density jo and inversely proportional to the

Tafel slope b. It is given as,

J = Jolog(n/b) (1.13)
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where, j is the current density, jo is the exchange current density, 7 is the overpotential and b
is the Tafel constant. [108, 109] Typically, the Tafel plot is derived by transforming the
polarization curve, such as the linear sweep voltammogram (LSV), into a graph of log(j)
against . The slope of the linear segment on the Tafel plot represents the relationship between

the overpotential and the current density. which is expressed as follows:

log(j)/dy = 2.303RT/ anF (1.14)

The Tafel slope is inversely proportional to the charge transfer coefficient (a), as the remaining
other parameters are constants (viz., the ideal gas constant (R), temperature (T), Faraday
constant (F), and the number of electrons transferred (n), which is equal to 4 for the OER and
2 for the HER). This suggests that a catalyst exhibiting a high charge transfer ability is expected
to have a low Tafel slope. This is why it is frequently utilized as a key activity parameter in
assessing catalytic activity. The LSV acquired at the lowest possible scan rate provides the
Tafel slope with minimal inaccuracy. [110] However, as it is potentiodynamic, the observed
current cannot be the actual one and leading to potential discrepancies that could affect the
Tafel slope values. Therefore, the potentiostatic analysis is essential for achieving a steady
state current, and based on this, the static current densities observed at various overpotentials
can be utilized to derive Tafel slope values, offering greater accuracy in comparison to the
potentiodynamic  method.  Furthermore, electrochemical techniques such as
chronoamperometry, chronopotentiometry, and electrochemical impedance spectroscopy

(EIS) provide alternative approaches for analysing Tafel plots with better accuracy.

1.3.3 Electrochemically Accessible/Active Surface Area (ECSA)

The ECSA indicates the intrinsic catalytic characteristics of the catalyst being studied
in the context of water electrolysis. The double layer capacitance (Cqi) serves as a quantitative

measure of the surface area accessible to the electrolyte ions. [111] The electrochemical
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double-layer capacitance of the catalytic surface can be used to estimate ECSA. [112] There
are two distinct methods to determine the electrochemical capacitance: (1) through the
assessment of the non-Faradaic capacitive current associated with double-layer charging,
derived from the scan-rate dependence cyclic voltammograms (CVs) and (2) by evaluating the
frequency-dependent impedance of the system using electrochemical impedance spectroscopy
(EIS). [113] To assess double-layer charging through cyclic voltammetry, a non-Faradaic
potential range of approximately 0.1 V can be determined from static cyclic voltammetry
analysis. It is assumed that all measured current in this non-Faradaic potential region arises
from double-layer charging. The double-layer charging current is determined by multiplying
the scan rate v by the electrochemical double-layer capacitance Cq, as given by equation 1.14.

[114]

iC = del (115)

Thus, a plot of ic as a function of v yields a straight line with a slope equal to Ca.

The ECSA of a catalyst sample is calculated from the double layer capacitance

according to equation:

ECSA = Cy/C; (1.16)

where Cs is the specific capacitance of the sample or the capacitance of an atomically smooth

planar surface of the material per unit area under identical electrolyte conditions. [115]

1.3.4 Turnover Frequency (TOF)

The TOF is used as a quantitative metric for assessing an electrocatalyst at a
defined overpotential. The turnover frequency of the catalyst is characterized by the number of

moles of O2/H, evolved per unit time. Since both HER and OER exhibit pseudo first order
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kinetics, their TOF are expressed per unit time. The equation presented here is used to

determine the TOF for an electrocatalytic gas evolution reaction:

TOF = jN,/nAFT (1.17)
where j is the current density (A cm™), Na is the Avogadro constant, A is the geometrical
surface area, n is the number of electrons transferred to evolve a molecule of product (for Hz,
it is 2 and for Oy, it is 4) and I is the surface or total concentration of catalyst in terms of
number of atoms. The TOF presents an additional kinetic parameter for various
electrocatalysts; however, its application is limited due to challenges in determining the surface
concentration or the active sites on the surface. The strong dependency of the active surface
concentration on the determination method presents a limitation, making TOF less effective as

a primary activity parameter for assessing materials in water splitting electrocatalysis. [116]

Several methods are available for determining the surface or total concentration of a
catalyst in terms of number of atoms. The redox peak observed in the cyclic voltammogram
serves as a means to determine the surface concentration following the catalyst's activation
through CV cycling. [117] The total atom concentration can also be derived using Avogadro’s
number in conjunction with the average particle diameter of the catalyst. Additionally, one can

employ the assumption of a monolayer as another approach. [118]
1.3.5 Faradaic Efficiency (FE)

Faradaic efficiency serves as a quantitative measure for both the HER and OER, as it
is intrinsically linked to the efficiency of electrolysis. The efficiency of an electrocatalyst can
be characterized by its ability to transfer electrons supplied by the external circuit across the
interface to the electroactive species, thereby influencing the electrode reaction, whether it be

the hydrogen evolution reaction or the oxygen evolution reaction. [119]
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The two most widely accepted methods include the electrochemical approach, which
employs the rotating ring disk electrode (RRDE) experiment, specifically applicable to the

OER. [120, 121]

Following is the equation used for the calculation of Faradaic efficiency by RRDE method:

[120]
FE: IRXnD/IDXnRXNCL (118)

where Ir and Ip are the current at the ring and disc, respectively, nr and np are the numbers of
electrons transferred at the ring and disc, respectively, and Nc. is the collection efficiency of

the RRDE used.

The second approach to assessing Faradaic efficiency is applicable to both the HER
and OER. The amount of gas (H2/O-) evolved is determined through integration derived from
the chronoamperometric or chronopotentiometric analysis. The quantity of gas (H2/O>)
practically obtained is then calculated, which can be done by conventional water gas

displacement method and the gas chromatography. [119]
1.3.6 Mass Activity and Specific Activities

The activity of electrocatalysts is certainly affected by the catalyst loading, making it crucial
to correlate the measured current densities with this parameter for the accurate calculation of
mass activity. The concept of "mass activity" denotes the current normalized against the loaded
mass of a catalyst, usually expressed in Ag™. [122] On the other hand, the current density
normalized by the geometrical area of the electrode, typically represented in mA cm?,
effectively represents the actual area of electrodes that possess smooth and planar surfaces. In
the context of roughened electrocatalytic surfaces, commonly examined in the studies of

hydrogen evolution reaction and oxygen evolution reaction, mass-normalized activity is more
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suitable, resulting in less biased outcomes. A model catalyst surface (Figure 1.17) that

illustrates the concepts of geometric activity, specific activity and mass activity.

Thus, employing mass-normalized activity alongside geometrical area-normalized
activity offers a more thorough insight into the catalytic characteristics, particularly for

nonplanar and roughened interfaces like in situ grown catalysts.

Figure 1.17: A model catalyst surface that
visualizes the definition of geometric activity,
specific activity and mass activity [123]

Specific activity

Mass activity
(mA/mg__. )

Example catalyst

The current normalized by the electrochemical surface area (ECSA) or the Brunauer-
Emmett-Teller (BET) surface area is referred to as specific activity and is expressed as A cm 2.
The BET surface area identified through gas adsorption and desorption represents the actual
surface area of the catalyst, which does not necessarily have to be electrocatalytically active.
The ECSA (or roughness factor)-normalized current density is preferable, as it demonstrates

greater sensitivity to catalyst loading and will vary accordingly.

The current normalized by the ECSA (in units of A/cm?ecsa) accurately represents the
intrinsic catalytic property of the catalyst, in contrast to the normalization based on the

geometrical surface area. [124]
1.3.7 Screening an Electrocatalyst for Stability:

The stability of an electrocatalyst is crucial, as robustness is essential for practical and

commercial applications. An efficient electrocatalyst is one that can sustain its stability,
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activity, and morphology, remaining unaffected during corrosive electrocatalytic reaction
conditions. In addition to the activity parameters concerning the kinetics and thermodynamics
of HER and OER catalysis, the stability of an electrocatalyst is another crucial metric to be
proven. It can be verified via both potentiostatic analyses like chronoamperometry (potential
is static and current is monitored as a function of time) and chronopotentiometry (current is
static and potential is monitored as a function of time) and potentiodynamic analysis like cyclic
voltammetry at high scan rates usually ranges from 100 mV s to 300 mV s for 1000 to 5000
cycles. The negligible difference in activities before and after the stability studies ensures the

stable nature of electrocatalyst. [125]

Recent findings demonstrated the stable characteristics of catalysts based on 3d-
transition metals in alkaline OER and HER. Currently, the search for bi-functional catalysts is
ongoing, aimed at substituting scarce metals while enhancing both activity and stability. The
evaluation and critical consideration of parameters such as overpotential, Tafel slope, mass
activity, TOF and stability are essential for the development of improved catalysts for

electrocatalytic water splitting in multiple pH conditions.

The stability claims of a water splitting catalyst must be supported by a series of post-
electrochemical characterizations to assess the structural and compositional stability of the
catalyst. This includes techniques such as ex-situ and in-situ XRD, XPS, SEM, and TEM, in

addition to potentiometric studies. [126-128]
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1.4 Motivation and Objective of this Work

The electrolysis of water, which produces hydrogen and oxygen, has been the subject
of research since long time. However, it continues to face challenges in terms of
commercialization due to its overall low efficiency. For an effective electrocatalyst cost and
stability are the primary requirements, together with superior catalytic activity, in this context,
transition metal oxides are optimal choice due to their high stability, multi-valent states, ease
of synthesis, tunable morphology, environmentally safe and economic abundance. Till date,
various metal oxides based electrocatalysts have been reported for generation of oxygen and
hydrogen. However, the challenge persists in overcoming the thermodynamic barrier more
effectively, aiming for an overall efficiency of unity. This led to investigation into more

suitable electrocatalytic materials to improve the overall efficiency of water splitting.

The primary aims of the present thesis work are as follows:

1) Selection of transition metal- based oxides due to their high stability and bulk
conductivity for application as electrocatalytic materials.

2) Tuning of the redox energy level of transition metal (3d) with respect to O (2p)
orbital in different lattices to develop efficient HER and OER catalyst

3) Understanding of the band -position conduction band (CB) and valence band
(VB) of different transition metal ions to get HER

4) Doping of foreign elements into the lattice of semiconductor to study the effect
on band position or redox level of O (2p)

5) Study of effect of electronegativity/ inductive effect of dopants in different
lattices on electrocatalytic activity

6) Investigating the influence of defects in the lattice of transition metal oxides

on their electrocatalytic performance
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