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PREFACE

The increasing demand for clean and sustainable energy has encouraged
researchers to explore alternative fuels that can replace fossil fuels. Hydrogen is
considered one of the most promising clean fuels because it produces only water
as a byproduct when used. Electrochemical water splitting is an effective method
for hydrogen production; however, the Oxygen Evolution Reaction (OER) involved
in this process is slow and requires efficient catalysts to improve its performance.

In this project, zinc ferrite/silver chloride (ZnFe,0,/AgCl) nanocomposite was
synthesized as a potential electrocatalyst for the Oxygen Evolution Reaction (OER).
ZnFe;0,, a spinel-structured transition metal oxide, exhibits good chemical stability
and suitable electronic properties; however, its catalytic performance is often
limited due to the rapid recombination of charge carriers. To overcome this
limitation, silver chloride (AgCl) was incorporated to form a ternary composite,
which enhances charge transfer, improves electrical conductivity, and increases
catalytic efficiency. The synthesized material was characterized using X-ray
diffraction (XRD) to confirm the crystalline structure and phase formation of ZnFe, O,

along with AgCl components, thereby verifying the successful formation and
structural properties of the composite material.

By investigating ZnFe;O4/AgCl as a low-cost and earth-abundant catalyst, this study
aims to contribute toward the development of efficient electrocatalysts for

sustainable hydrogen production via oxygen evolution mechanism and clean
energy applications.
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1.1 ENERGY CRISIS AND RENEWABLE ENERGY

The world is facing an energy crisis due to the excessive use of fossil fuels like coal
and petroleum. These resources are limited and cause serious environmental
problems such as pollution and global warming. As energy demand keeps

increasing, it has become necessary to shift toward cleaner and sustainable energy
sources.

Renewable energy sources like solar and wind energy offer a promising solution.
One effective approach for storing renewable energy is the production of hydrogen
via electrochemical water splitting. In this process, electrical energy derived from

renewable sources is converted into chemical energy in hydrogen molecules, which
can be stored and later utilized as a clean fuel.

1.1.1 HYDROGEN AS A CLEAN FUEL

Hydrogen is considered a promising clean fuel because it is sustainable, energy-
efficient, and environmentally friendly. It can be produced from water through

electrolysis, and when used as a fuel, it forms water again—-making it a renewable
and virtually unlimited energy source.

Hydrogen has a very high calorific value (about 120 MJ/kg), which is much higher
than conventional fuels like CNG. This means a smaller mass of hydrogen can
produce a large amount of energy. Mostimportantly, hydrogen contains no carbon,
so its use does not release carbon dioxide or other greenhouse gases. This makes
it highly beneficial in reducing global warming and pollution.

Liquified hydrogen is also being explored as a potential aviation fuel due to its high

energy-to-weight ratio. Overall, hydrogen offers a clean and efficient solution to
future energy demands.

However, producing hydrogen efficiently is still a challenge. Water splitting involves
two reactions, OER and HER. The Oxygen Evolution Reaction (OER) s relatively slow
and requires extra energy. Therefore, developing efficient and affordable catalysts,
is essential to improve hydrogen production and make clean energy technologies
more practical and accessible.

1.1.2 WATER SPLITTING TECHNOLOGY

Water splitting is the process of using energy (usually electricity or sunlight) to break
H2O into hydrogen and oxygen. It's the cleanest way to make hydrogen when the
input electricity comes from renewables: the hydrogen can be stored, transported,
and later used in fuel cells or combustion with only water as the exhaust.

There are three main technical routes people use today:

o Alkaline water electrolysis (AWE): Mature and robust, it uses alkaline

electrolytes and inexpensive materials, but is less responsive to rapidly
varying power.

12




o Proton exchange membrane electrolysis (PEM): Faster start/stop and
compact (good for coupling to renewables), but requires expensive noble-
metal catalysts and proton-conducting membranes.

« Solid oxide electrolysis (SOEC) and Anion exchange membrane : SOEC runs
hot and can reach high efficiencies (good for co-production with heat), while
anion-exchange membrane (AEM) electrolyzers and other novel cells aim to

combine the best features of AWE and PEM. Each has trade-offs in cost,
durability and efficiency.

Among these, OER is kinetically slow and requires efficient electrocatalysts to
reduce energy loss (overpotential). Therefore, developing stable and cost-effective
catalysts such is essential to improve water-splitting efficiency

1.2 WATER SPLITTING REACTION

The water splitting reaction is an electrochemical process in which water (H20) is

broken down into hydrogen (H;) and oxygen (O,) using electrical energy. The
overall reaction can be written as:

2H0(1)—= 2Hz(g) + O2(9)

This process occurs through two half-reactions. At the cathode, the Hydrogen
Evolution Reaction (HER) takes place, where hydrogen gas is produced. At the
anode, the Oxygen Evolution Reaction (OER) occurs, where oxygen gas is formed.
Among these two, OER is more complex because it involves a four-electron transfer
process, making it slower and requiring higher energy (overpotential).

1.2.1 ELECTROCATALYSIS

Electrocatalysis is the process of accelerating electrochemical reactions at the
surface of a catalyst by facilitating electron transfer. In systems like water electrolysis,

electrocatalysts reduce the required overpotential, improve reaction kinetics, and
enhance overall efficiency.

The activity of an electrocatalyst depends on factors such as adsorption of reaction
intermediates, charge transfer rate, Tafel slope, and stability. According to the
Sabatier principle, optimal performance occurs when intermediates bind neither
too strongly nor too weakly to the catalyst surface. The OER mechanism typically
begins with the adsorption of hydroxide ions (OH~) onto metal active.

In water splitting, efficient electrocatalysts are essential for both HER and OER.

Materials like zinc ferrite are studied because their electronic structure and surface
properties can promote faster reaction kinetics, especially in alkaline media.

13




1.2.2 HYDROGEN EVOLUTION REACTION (HER)

The Hydrogen Evolution Reaction (HER) is the cathodic half-reaction in water
splitting where hydrogen gas (H,) is produced. It is a two-electron electrochemical

process and plays a crucial role in hydrogen generation for clean energy
applications.

In acidic media, Hydrogen Evolution Reaction (HER) occurs through the reduction
of protons:

2H* + 2e — Ha

In alkaline media, water molecules are reduced

2H,0+2e—H+20H

The Hydrogen Evolution Reaction (HER) mechanism generally proceeds through
three fundamental steps:

1. Volmer Step (Electrochemical adsorption):

Hydrogen ions (or water molecules in alkaline medium) gain an electron and adsorb
onto the catalyst surface as adsorbed hydrogen .

2. Heyrovsky Step (Electrochemical desorption):

The adsorbed hydrogen reacts with another proton (or water molecule) and an
electron to form hydrogen gas.

3. Tafel Step (Chemical recombination):
Two adsorbed hydrogen atoms combine to release hydrogen gas.

Depending on which step is rate-limiting, different reaction pathways such as
Volmer-Tafel or Volmer-Heyrovsky mechanisms occur. The efficiency of Hydrogen

Evolution Reaction (HER) depends strongly on the catalyst's ability to optimally bind
hydrogen ( neither too strongly nor too weakly).

1.2.3 OXYGEN EVOLUTION REACTION (OER)

The Oxygen Evolution Reaction (OER) is the anodic half-reaction in water
electrolysis where oxygen gas is generated. It Is a four-electron transfer process and

is considered the more challenging step in water splitting due to its complex
reaction pathway and slow kinetics.

In alkaline medium, the reaction is,

A40H —0O; + 2H,0 + 4e

In acidic medium,

2H,0 -0 + 4H* + 4e

14




The OER mechanism typically with the absorption of hydroxide ions onto metal
active sites of the catalyst surface. This is followed by the formation of surface-bound
intermediates such as *OH, *O, and *OOH. These intermediates undergo

successive electron-transfer steps, eventually releasing molecular oxygen (O2) and
regenerating the catalyst surface.

The catalytic activity of OER materials is strongly influenced by:

» The adsorption energy of oxygen-containing intermediate.
» The scaling relationship between *OH, *O, and *OOH species
o The Sabatier principle, which states that optimal catalytic =~ performance

occurs when the intermediates bind neither too strongly nor too weakly to
the catalyst surface

Because OER involves multiple proton-coupled electron transfer steps, it requires
higher overpotential compared to HER.

1.3 OXYGEN EVOLUTION REACTION (OER)
1.3.1 MECHANISM OF OER

The OER is the anodic (positive electrode)reaction in water splitting and a key
process in generating molecular oxygen . It can be represented by the equation
2H,0 — O, + 4H* + 4e". It is a complex process where oxygen is generated, most
commonly via the "Adsorbate evolution mechanism (AEM)”, a series of
electrochemical reactions on the surface of a metal catalyst. The AEM typically
involves the sequential adsorption of water or hydroxide onto active metal sites,
followed by deprotonation, oxidation and formation of molecular oxygen.

1) WATER/HYDROXIDE ADSORPTION

Water molecules adsorb onto the catalyst surface, often through hydrogen bonding
or electrostatic interactions. This is essential for subsequent formation of surface
bound oxygen species. Hydroxide ions can also adsorb onto catalyst surface. The
adsorption of hydroxide ions lead to formation of surface bound oxygen species.
The adsorption of water or hydroxide ions can affect the formation of key
intermediates, such as *OH*O , or * OOH which are involved in the OER
mechanism. Catalyst with optimized surface properties can facilitate the adsorption
and subsequent reaction steps, leading to improved oer performance.

2) DEPROTONATION AND OXIDATION

In the deprotonation step, a proton (H*) is removed from a surface bound species,
such as*OH or *OOH. Deprotonation can occur through various mechanisms
including chemical or electrochemical pathways. In the oxidation step, concurrently
with deprotonation, the surface bound species undergoes oxidation, resulting in
the formation of a more oxidized intermediate. Oxidation, involves the transfer of

15




electrons, which can occur through the catalyst or an external circuit. This step
enables the formation of oxygen-oxygen bonds and ultimately lead to release of
oxygen gas. It influences oer pathway and formation of key intermediates. The
energetics and kinetics of this step can significantly impact overall oer performance.

3) SECOND OXIDATION STEP IN OER

After the deprotonation and oxidation step in the Adsorbate Evolution Mechanism
(AEM), the next step indeed involves another oxidation. In this step:

o Formation of *OOH Intermediate:
The surface-bound *O species undergoes further oxidation, leading to the
formation of a *OOH intermediate. This step involves the nucleophilic attack
of a water molecule or hydroxide ion on the *O species, resulting in the
formation of the *OOH intermediate.

1.3.2 CATALYSTS FOR OER

Catalysts play a crucial role in facilitating the Oxygen Evolution Reaction (OER) in
energy storage and conversion applications.

Let's explore the different types of OER catalysts and their properties:
. Metal Oxides

e Metal oxides, such as iridium oxide (IrO;) and ruthenium oxide (RuQz), are
well-known OER catalysts.
e They exhibit high catalytic activity and stability in acidic and alkaline

environments.

—

2. Hydroxides
e Metal hydroxides, such as nickel hydroxide (Ni(OH)z) and cobalt hydroxide

(Co(OH)z), are also effective OER catalysts.
e They often exhibit high activity in alkaline environments and can be used in

various applications.

3. Perovskites
Perovskites, with the general formula ABX3, are a class of materials that can

exhibit excellent OER catalytic activity. d
o They offer tunable properties and can be optimized for specific applications.

4. Ferrites (Spinel Ferrites)
Ferrites (MFe;O4; M = Ni, Co, Zn, etc.) show good electrical conductivity,

stability, and abundant active sites.
e Mixed valence states (Fe2*/Fe3*) enhance electron transfer during OER.

« Their activity can be improved by doping or forming ternary composites.

16




1.3.3 KEY PARAMETERS FOR EVALUATING OER CATALYSTS
1. OVERPOTENTIAL (n):

Water splitting requires 1.23 V theoretically to produce oxygen.But in reality,
catalysts need extra voltage as OER is slow.

This extra voltage = overpotential(n).

The magnitude of n is a critical parameter in assessing OER electrocatalysts:
Lower n values correspond to higher intrinsic catalytic activity and energy.
Measurement Methods: Linear sweep or cyclic voltammetry

2. TAFEL SLOPE

* A measure of reaction kinetics which tells us how quickly current rises when
voltage increases.

* Relationship between overpotential (n) and log(current density), derived
from the Tafel equation.

» Tafel Equation: (1)
n=a+blogj

Where:

n = overpotential (V)

j = current density (A/cm?)

a = intercept (related to exchange current density)
b = Tafel slope (mV/decade)
o Tafel slope: (2)
, _ 2303RT

anF

Where:

R = gas constant (8.314 J-mol™"-K™")

T = temperature (K)

F = Faraday's constant (96485 C-mol™)

n = number of electrons in rate-determining step
a = charge transfer coefficient (0 <a < 1)

3.TURNOVER FREQUENCY

¢ The number of O, molecules produced per active site per second. Measures
intrinsic activity independent of surface area.

e Effective surface area accessible for reaction is called the Electrochemical
Surface Area (ECSA)

e Catalysts with more surface area leads to more places for reaction.

« TOF is Oxygen molecules formed per second /Number of active sites.

e More no: of active sites leads to more oxygen production which means more
efficient catalyst.

17




4. STABILITY AND DURABILITY

» Stability is a catalyst's ability to maintain its structure and properties during

operatic?n, while durability is its capacity to retain activity over long-term use
at practical current densities..

* Several electrochemical protocols are employed to assess stability:
a. Chronoamperometry (CA)
The current response is recorded over time at a fixed applied

potential. It show's the catalyst's ability to sustain a steady current
density.

b. Chronopotentiometry (CP)

The electrode is operated at a constant current density while

monitoring the potential drift; an increase in potential reflects catalyst
degradation.

c. Accelerated Durability Tests (ADT)
Repeated potenal cycling is applied to mimic long term operational
stress and evaluate the catalyst's structural resilience.

1.4 ZINC FERRITE (ZnFe,O,) AS ELECTROCATALYST

Zinc ferrite (ZnFe,O,) is a cubic spinel material known for its versatile and adaptable
nature. Its properties—whether magnetic, optical, or catalytic—largely depend on
how zinc and iron ions are arranged within the crystal structure and on the particle
size. Because it is chemically stable, relatively non-toxic, and easy to modify through
different synthesis.

1.4.1 CRYSTAL STRUCTURE OF ZINC FERRITE (ZnFe;O4)

Zinc ferrite is a classic spinel ferrite widely used in magnetic, optical, and catalytic
applications. Its structure is central to understanding its properties and how doping
or nanosizing changes its behavior.

(i) Crystal Structure and Cation Distribution

e ZnFe,0, crystallizes in a cubic spinel structure with space group Fd-3m, built
from close-packed O?” with cations in tetrahedral and octahedral interstices.

e In the ideal normal spinel, Zn?* occupies A sites and Fe®" B sites, i.e.
(Zn)[Fez]O.

« In nanoparticles, several studies report partial inversion (some Fe*" on A,
some Zn2* on B), inferred from XRD, Méssbauer, and magnetic behavior .
This inversion is linked to surface and size effects.

(i) Effect of Size and Doping on Structure

18




Nanosizing (sol-gel, co-precipitation, combustion) preserves the cubic spinel
but reduces grain size to 5-30 nm and may increase inversion, altering
magnetic order.

Substitution on Zn or Fe sites (e.g., Co, Mg,Cu, etc)generally keeps the spinel
lattice but slightly changes lattice parameter, bond lengths, and force
constants, reflecting cation radius and site preference.

1.4.2 ROLE AND MECHANISMS OF ZnFe,Q,

Active spinel ferrite catalyst:

Pure ZnFe,0, spinel exhibits good alkaline OER activity (n;o =~ 318 mV, Tafel = 50
mV dec™') with high stability (~100 h at 800 mA cm™2). Its spinel crystal structure

and oxygen vacancies enhance electrochemical surface area and reduce charge-
transfer resistance.

Lattice Oxygen Participation Mechanism (LOM):
ZnFe,0, thin films with higher oxygen vacancies (e.g., Ar-rich sputtering) show
lower bandgap, higher donor density, and improved OER activity. Here, lattice

oxygen atoms directly participate in O, formation rather than only surface
adsorbates (AEM).

Mixed mechanism in substituted ZnFe,O4:

In Al-substituted ZnFe, O, (ZFAO), different sites follow different pathways:
(i) Al (tetrahedral sites) — Adsorbate Evolution Mechanism (AEM).
(ii) Fe (octahedral sites) — Lattice Oxygen Mechanism (LOM).

Oxygen vacancies facilitate fast lattice oxygen transport, giving ny = 270 mV and
stability up to 10 days.

Comparison with other composites:

NiFe,O, & CoFe;Oy:

Show lower theoretical energy barriers and higher turnover frequency than Fe-only
spinels due to synergistic Fe-Ni or Fe-Co active sites and mixed AEM/LOM
pathways, enhancing OER kinetics.

Role of Zn in ZnFe,O4:
Zn?* is mostly redox-inactive, so ZnFe;O, mainly acts as a structural and defect host
rather than the primary active site.

Performance enhancement strategy:

OER activity significantly improves when ZnFe;0, is coupled with redox-active
Ni/Co phases or when defect-engineered interfaces increase oxygen vacancies and
conductivity.

1.4.3 REPRESENTATIVE OER METRICS FOR Zn-BASED FERRITES

Zn-based spinel ferrites exhibit improved OER activity when modified through
compositional tuning, defect engineering, or heterostructure formation.

19




1. ZnFe,0,@Zn(Fe)OOH core-shell:

Shows higher ca.ltalytic activity and stability than RuO,, due to synergistic interaction
between the spinel core and oxyhydroxide shell, providing more active Fe sites.(7)

2. Zng.25Fe2.7504 nanoparticles:

Exhibit moderate OER performance (4 = 454 mV at 1 mA cm™2, Tafel = 107 mV

dec™). Increased Fe content enhances redox-active centers but kinetics remain
slower compared to doped systems. (8)

3. (Zn,Cu)Fe;0, + CuO nanocomposite (ZCF-50):

Demonstrates significantly improved activity (n = 280 mV at 10 mA cm™?, Tafel = 80
mV dec™") due to synergistic Cu-Fe active sites and improved electrical conductivity.

9)
4. ZnFe,04 thin film with oxygen vacancies (Z-Ar):

Shows ~12.5% lower overpotential compared to stoichiometric ZnFe;Os,

confirming that oxygen vacancies enhance charge transfer and lattice oxygen
participation (LOM). (10)

1.4.4 LIMITATIONS OF PURE ZnFe,O,

Pure zinc ferrite (ZnFe;0,) is earth-abundant and can be OER-active, but it suffers
from intrinsically limited activity and stability compared with optimized spinel
ferrites or modified ZnFe,O,, mainly due to electronic structure, poor conductivity,
and the presence of OER-inactive Zn?".

1. Electronic structure and conductivity:
ZnFe,0, has low electron mobility and short minority carrier diffusion length,
leading to poor charge transport and recombination losses .

Its relatively small light absorption coefficient and slow surface reaction kinetics
further limit utilization of generated charges in OER settings.

2. Presence of OER-inactive Zn?":
Zn?* is essentially redox-inactive in the OER potential window; in ZnFe,O, it dilutes
active Fe centers, lowering the density of redox-active sites compared with Ni/Co

ferrites .

A major OER advance with ZnFe;O, uses it only as a precatalyst; under anodic
cycling it reconstructs to an active Zn(Fe)OOH shell, overcoming the inactivity of

lattice Zn2?*

3. Stability and surface reconstruction:
Pristine ZnFe,O, has been “largely ignored” for OER because of low stability and

conductivity, and the need for in-situ transformation to oxyhydroxides for high
activity .
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Multiple groups show best performance when ZnFe,O, is combined with
conductive scaffolds (N-doped graphene) or coated with NiFeO,/Al,O;

1.5 ZnFe;0,/AgCl BINARY NANOCOMPOSITE ELECTROCATALYST

Binary ZnFe,O, architectures demonstrate that combining multiple functional
components significantly enhances OER performance. For instance, ZnFe,O,/NiAl-
LOH/MWCNTSs show a low overpotential of 217 mV at 10 mA cm~2 with a Tafel slope
of 66.6 mV dec™, retaining activity after 2000 cycles, indicating good durability[13].
Similarly, Cu-doped ZnFe,O, + CuO nanocomposites achieve 280 mV at 10 mA

cm™2 due to increased electrochemically active surface area and reduced charge-
transfer resistance[14].

Hence, ZnFe,O,/AgCl is expected to exhibit synergistic enhancement in
conductivity, active sites, and overall OER efficiency.

1.5.1 ROLE, BENEFITS AND LIMITATIONS OF AgCl

AgCl is usually not the main conductive phase in ZnFe,O,/AgCl systems; instead, it
acts as a halide semiconductor that works synergistically with ZnFe,O,.

1. Electronic & active-site tuning:

AgCl modifies the electronic structure of Ag, improving adsorption of oxygen
intermediates (O*, OH*, OOH*). Ag-Cl environments often show better catalytic
behavior than metallic Ag alone due to optimized intermediate binding.

2. Interfacial synergy:
AgCl forms strong heterointerfaces with metal oxides (e.g., ZnFe,QO,), creating new
active sites and enhancing charge transfer, which improves catalytic kinetics.

3. Stability via AgCl 2 Ag transformation:

AgCl can partially convert to Ag under reaction conditions and regenerate back to
AgCl, helping maintain catalytic activity and surface stability over long-term
operation.

Representative OER Performance with Ag Modification

1. Ag/C in alkaline medium:

Ag acts as the main active phase for OER; however, it suffers from significant Ag
dissolution at high potentials, resulting in poor long-term catalytic stability. [22]

2. Ag-impregnated perovskite (LBCF-A):

Ag functions as a surface modifier at low loading, which reduces overpotential
(~317 mV at 10 mA cm~2) and improves charge transfer, enhancing overall OER
efficiency.[23]
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Limitations of AgCl for OER

1. Thermodynamic and kinetic instability:

Under anodic OER potentials, AgCl is unstable and tends to transform into Ag or
Agz0 or undergo dissolution. Similar to Ag/C systems, this instability leads to loss
of active material and reduced durability during operation.

2. Lower intrinsic activity:

Compared with state-of-the-art OER catalysts such as IrO;, RuO, and transition-
metal oxides/perovskites, AgCl shows inferior catalytic activity and stability. Modern

catalyst design principles (eg occupancy, scaling relations, O-O coupling pathways)
rarely identify silver halides as efficient OER hosts.

3. Competition with chlorine evolution reaction (CER):

In Cl--containing electrolytes, OER competes with chlorine evolution (CER). Ag-

modified systems are often designed to favor CER rather than OER, making AgCl
less suitable as a primary OER catalyst.

1.5.2 RELEVANT STUDY INTERPRETATIONS OF ZnFe,O4,/AgCl IN OER
Relevant ZnFe, 0, and Zn-Fe OER behavior

OER activity:

Bare or modified ZnFe,O, spinel shows good alkaline OER performance (nio = 240-
320 mV, Tafel = 50-80 mV dec™). Activity improves with oxygen vacancies, Al/Cr

substitution, or graphene supports, which enhance conductivity and increase active
sites.

Reaction mechanism:

ZnFe,0, catalysts follow Adsorbate Evolution Mechanism (AEM) and/or Lattice
Oxygen Mechanism (LOM/LOPM) depending on cation substitution and oxygen

vacancy concentration, which influence oxygen intermediate formation and charge
transfer.

Silver- and ZnO-based systems relevant to AgCl

1.Silver Oxide-Carbon Composites:

AgO@rGO and ZnO@rGO nanocomposites are OER-active, with AgO@rGO slightly
outperforming ZnO@rGO (n = 440 vs 470 mV at 10 mA cm~2; Tafel 184 vs 212 mV
dec"). Differences are linked to surface area and double-layer capacitance,

showing that noble-metal silver oxides can contribute active OER sites while carbon
improves conductivity and ECSA. [33]

2 Transition-Metal-Doped ZnO:
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Fe/Cf'dOPed ZnO nanoparti'clles reach n = 305 mV and an unusually low Tafel slope
(a6 mvV dec™) emphasizing that transition-metal doping into Zn-based
oxides greatly improves OER kinetics compared with pure ZnO. [34]

3.ZnO Composite Heterostructures:

Multiple ZnO-contaiping composites (Co;0,@Zn0, Co3;0./Zn0O) exploit p-n
junctions and interfacial charge transfer to lower overpotentials (=260-290 mV at 10
mA cm~?) and Tafel slopes (59-80 mV dec™). [35][36]

Key Design Implications for ZnFe,O,/AgCl| OER System

1. ZnFe,O4 core:

Acts as the main OER active phase, providing Fe-based active sites that follow AEM
and/or LOM pathways. Oxygen vacancies are crucial for improving conductivity and
facilitating oxygen intermediate formation. [10] [24] [26]

2. AgCl phase:

| Primarily functions as an electronic or structural modifier, helping improve
| interfacial charge transfer. Current evidence mainly supports its role in ORR or
photocatalysis, rather than as a direct OER active site. [28][29]

Defects and vacancies at the ZnFe,0,/AgCl interface that could promote a
LOM-type pathway, as oxygen-deficient ZnFe,O, shows superior OER via lattice

oxygen participation.
1.5.3 IMPORTANCE OF HETEROSTRUCTURE

Across photocatalysis and electrocatalysis, heterostructures are important because
nterfacial electronic reconstruction, charge separation, and synergistic active sites
systematically improve activity, selectivity, and durability beyond what single-phase

catalysts can offer.

1. Improved charge separation & transport
Heterojunctions create built-in electric fields that separate electrons and holes,

reducing recombination and enhancing charge transfer. Large interfacial contact
(e.g., 2D/2D structures) enables faster electron movement and higher current

density.

2. Tunable electronic structure

Heterostructure formation modifies band
optimizing adsorption strength of reaction intermediates and lowering reaction

barriers, resulting in improved catalytic kinetics.

edges, work function, and d-band center,

3. More active sites via synergy
Interfaces provide defect-rich, strained, or fizect ermaesition] sites that ack as

high'y active catalytic centers. Combining materials with complementary roles

23




/

duces strong synergistic enhancement in reactions such as HER, OER, and CO2
ro

reduction

1.6 IMPORTANCE OF ALKALINE MEDIUM IN OER

Alkaline electrolytes are crucial because they enable cheap, earth-abundant
catalysts, change the reaction mechanism and kinetics, and shape interfacial
structure and stability, all of which strongly affect OER performance.

| 1 Mechanistic and kinetic effects of alkaline pH:

In alkaline media the OER proceeds via OH™ adsorption rather than water
deprotonation, changing the elementary steps and energetics of *OH, *O
and *OOH intermediates.

At medium-high pH, microkinetic modeling and experiments show alkaline
conditions dominate OER rates compared with acidic/near-neutral systems,
especially at technologically relevant current densities (>20 mA cm™2).

High pH favour's formation of active transition-metal oxyhydroxides (e.g.
ZnFeOOH) that are the real catalytic phase in alkaline media.

Lattice-oxygen-mediated mechanisms, which can bypass thermodynamic
limits of the classical adsorbate evolution pathway, are most readily activated
in alkaline oxyhydroxides with flexible layered structures.

2. Materials choice, stability, and interfacial engineering:

o Strongly alkaline media allow replacement of scarce Ir/Ru with non-precious

Ni, Fe, Co oxides/(oxy)hydroxides, carbon composites, and reconstructed
phases that are unstable in acid but active in base. Benchmark acidic OER
catalysts typically include Ir- and Ru-based oxides such as IrOz, RuO,, and
mixed oxides (e.g., IrRuOy), which are highly active but limited by cost and
scarcity..

Alkaline operation still faces degradation (e.g., Fe leaching, phase
reconstruction), but mechanisms and mitigation strategies (defect
engineering, supports, ionomers) are now well mapped.

* The alkaline double-layer environment (hydrated cations, OH~, water

structure) stabilizes oxygenated intermediates and can tune lateral
interactions, sometimes yielding similar intrinsic activity to acid for IrOx but
with different interfacial physics.
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1.7 OBJECTIVE OF THE PROJECT

gased on the urgent need for sustainable energy technologies. electrochemical
water splitting has emerged as a Promising approach for hgdrc; en production
However, the Oxygen Evolution Reaction (OER), which occursyat thge anzde suffers;
from sluggish reaction kinetics dye to the complex four-electron :cransfer
mechanism, resulting in high overpotential and reduced overall efficiency
Although transition mfatal oxides such as ZnFe;0, possess good chemical Stability'
low cost, and environmental compatibility, their practical application as'

electrocataly%ts is‘li‘mited by poor electrical conductivity, slow charge transfer
kinetics, and insufficient active catalytic sites,

To overcome these limitations, heterostructure engineering through the
incorporation of conductive components has been widely explored as an effective
strategy to enhance electrocatalytic performance. In this context, the formation of a
ZnFe,04/AgCl nanocomposite is expected to improve interfacial charge transfer,
electrical conductivity, and catalytic activity through synergistic interactions
between the metal oxide and AgCl phases. The presence of AgCl can facilitate
faster electron transport and improve the adsorption-desorption behavior of
oxygen intermediates, thereby enhancing OER efficiency in alkaline medium

Specific Objectives
» Tosynthesize ZnFe,04/AgCl nanocomposite using an appropriate chemical

synthesis method that enables controlled formation of heterostructure
interfaces.

o To characterize the crystalline structure and phase composition of the
synthesized material using X-ray diffraction (XRD) analysis.

* To investigate the formation of heterojunction interfaces between ZnFe,Q,
and AgCl and evaluate their influence on charge transfer behavior.

¢ To examine the effect of AgCl incorporation on the electrical conductivity,
surface properties, and catalytic active sites of ZnFe;O,.

» To evaluate the electrocatalytic activity of the ZnFe,O4/AgCl nanocomposite
toward the Oxygen Evolution Reaction in alkaline medium using
electrochemical techniques.

* To analyze the stability and potential applicability of the synthesized
nanocomposite as an efficient OER electrocatalyst.

* To contribute to the development of cost-effective, non-precious metal-
based catalyst materials for clean energy conversion and sustainable

hydrogen production.
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EXPERIMENTAL METHODS
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1 pREPARATlON OF ZINC FERRITE
2.

_ferrite (ZnFezO4) is a cubic spinel ferrite widely used in catalysis, photocatalysis,
ZlndC eledrochemical applications. In this work, ZnFe,O, was synthesized via a
8"~ led co-precipitation method, followed by stabilization using trisodium citrate

troll : ‘
C-l?sncr) and in-situ incorporation of Ag species through silver nitrate (AgNO3). The
(method ensures controlled nucleation, uniform particle formation, and high phase
purity-
MP_IEBIBLS REQUIRED
—Chemical | Molecular Concentration Volume Calculated
weight mass
FeCly-6H;0 270.3 0.1M 200ml 5.4069
— ZnCl, 136.28 0.05M 200m| 1.3628 g
NaOH 40 0.4M 400m] 6.4g
AgNO; 169.87 0.01M 400ml 0.6794g
TSC 294.1 0.1M 400ml 11.764g
(Trisodium
citrate)

The required masses were calculated usi

Mass = Molecular weight x Molarity x Volume
1000

2.2 SYNTHESIS METHOD OF ZINC FERRITE / SILVER CHLORIDE

Step 1: Preparation of metal precursor solution:

Prepare aqueous solutions of ferric chloride (FeCls) and zinc chloride
(ZnCl;) (200 ml each). Mix the two solutions and stir continuously for
15 minutes to obtain a homogeneous distribution of Fe** and Zn2* ions

(Fig 1.1).

Step 2: Preparation of alkaline solution:
Prepare 400 ml sodium hydroxide (NaOH) solution in water. Transfer
this solution to a burette for controlled addition.
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Step 3: Formation of Zn-Fe hydroxide precursor:
Heatthe mixed FeCl3-ZnCl; solution to 80

solution drﬁpwi;e from dthe burette (Fig 1.3). Continue addition until about 300 ml
of NaOH has been added and the pH reaches ~12. A brownish / greenish

initate forms, indicating f i :
precipitate y/ NG g tormation of mixed Zn-F : ;
is the precursor for spinel ZnFe,0, (Fig 1.4). s hyciexicipracaman whish

°C under constant stirring. Add the NaOH

Chemical reaction:

o Formation of metal hydroxides:
Fe3* + 30H— Fe(OH);|
Zn?* +20H — Zn(OH),|
(| indicates the formation of a solid precipitate )

Fig 1.4

o Formation of spinel zinc ferrite on heating:
Zn(OH)2 + 2Fe(OH)3 = ZnFe, O, + 4H,0

I ZnFe,O, forms through dehydration and rearrangement of hydroxide
intermediates at elevated temperature.

Step 4: Preparation of Ag precursor solution:

Prepare 200 ml trisodium citrate (TSC) solution and 200 ml silver nitrate (AgNQO3)
solution separately in water.

Step 5: Reduction of AgNO3; using TSC:

Heat the AgNOj solution to 80 °C under continuous stirring. Add the TSC solution
slowly to the AgNOj solution.

Here, TSC acts as a reducing agent, converting Ag* ions to metallic Ag nanoparticles
and assisting in controlled formation of silver species.

e Reduction reaction:
AgNO3; — Ag* + NO3
Ag*+e —Ag’|

TSC provides electrons for reduction of Ag* — Ag® nanoparticles

Step 6: Formation of ZnFe 2,04/AgCl composite
Transfer the Zn-Fe precursor solution to a burette and add it dropwise into the hot

AgNO,-TSC solution under continuous stirring at 80 °C.

During this process:
Reduced Ag nanoparticles (Ag®) are formed
» Ag* reacts with Cl™ ions (from FeCls/ZnCl,) forming AgCl precipitate

Zn-Fe hydroxide converts into ZnFe,0, spinel phase
AgCl formation reaction: Ag*+Cl-—AgCl|
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Step 7: Final product:

' The obtained precipitate was separated from the reaction mixture by
centrifugation (Fig 1.5). The solid product was washed several times
with distilled water (and ethanol if used) to remove impurities and
unreacted ions. The collected material was then dried at 100 C at 2
| hours. The dried sample was ground into powder and calcined at
| Fig 1.5 700°C for continuous é hours and sample was named as CS700.

The same dried sample, after grounded to powder was calcinated at
800°C for continuous 6 hours and named as CS800.
Thus two samples C5700 and CS800 was obtained (Fig 1.6).

Fig 1.6

2.3 CHARACTERIZATION TECHNIQUES
2.3.1 X-RAY DIFFRACTION

X-ray diffraction is a nondestructive method to probe the atomic structure of
crystalline materials, using the interference of X-rays scattered by periodic arrays of
atoms. It underpins modern materials science, geology, metallurgy,
pharmaceuticals, and increasingly fields like food technology and battery research.

Fundamental Theory of XRD

X-ray diffraction (XRD) is based on the constructive interference of X-rays scattered
by atoms arranged in a periodic crystal lattice. When monochromatic X-rays interact
with a crystalline material, they are diffracted by atomic planes. The condition for
diffraction is described by Bragg’s law, which relates the wavelength of X-rays and
the spacing between crystal planes.

ni = 2dsiné (3)
Where

A = wavelength of X-ray (Cu Ka = 1.5406 A)

8 = diffraction angle (half of 28 from XRD peak)
d = interplanar spacing

n=1 (usually)

Since the interatomic spacing (=0.15-0.4 nm)is comparable to the wavelength of X-
rays (3-8 keV), crystals behave like natural diffraction gratings. Each crystalline

;’ﬂtaterial produces a unique XRD pattern (fingerprint) based on peak positions and
Nensities.

X ; i : :
RD analysis provides important structural information such as:

— 30
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The X-ray diffractometer is used to analyze the crystal structure, phase composition,

and crystalline size of materials by measuring the diffraction of X-rays from atomic
planes.

Main Components and Functions
1. X-ray source (Mo anode):

Generates monochromatic X-rays using a rotating molybdenum (Mo) anode. The
emitted X-rays interact with the crystal lattice of the sample.

2. Multilayer optics (VariMax):

Focuses and directs the X-ray beam into a parallel and intense beam,

. ; improving
diffraction accuracy and signal intensity.

3. Monochromator (Ge(111) crystal):

Filters the X-rays to obtain a single wavelength, removing unwanted radiation and
'MProving peak resolution.
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ystem and flight tube:

A Motorized slits

s the beam size and divergence. The evacuated tube minimizes air
Cont®™ " nd absorption of X-rays.

scattering

5. video mi
o accurate alignment and positioning of the sample before measurement.

croscope camera:

Helps |
& Six-circle g

he sample and allows precise angular movement (8, 28) and positioning

long X, Y 7 axes, ensuring correct orientation for diffraction.

a i L

7. Area detector (PILATUS 300K-W):

Detects diffracted X-rays and converts them into digital signals to produce the XRD

oniometer with XYZ stage:

Holds t

pattern (intensity vs angle).

The X-ray beam strikes the crystalline sample mounted on the goniometer. When
the Bragg condition is satisfied, constructive interference occurs, producing
diffraction peaks that are recorded by the detector. The obtained pattern is used to

determine crystal structure, phase purity, lattice parameters, and crystallite size.

2.4 STUDY OF OER

OER is usually studied as an electrochemical reaction at an anode in water-splitting
cells. Researchers measure catalyst performance (how fast O, forms at a given
voltage) and, at the same time, monitor the catalyst surface and intermediates with

advanced "in situ” and “operando” techniques.
Basic Electrochemical Measurement

1. Setup: Catalyst coated on a conductive substrate in an electrochemical cell with
aqueous electrolyte; potential is applied vs. a reference electrode.

2. Key measurements:

* Polarization curves and Tafel plots to get activity and reaction kinetics.

* Overpotential at a target current density (e.g., 10 mA/cm?) as a performance
metric.

[ )
antrol of substrates, gas bubbles, impurities, and cell design to ensure
reliable data.

E "
l:"::::mlcal f‘erformance Parameters for OER Evaluation
ward the gtalytuc peﬁormance of ‘the synthe_sized ZnFeZOJ_AgCI nanocomposite
electroche ’Xygen Evolution Reaction (OER) is evaluated using several important
Mical parameters. These parameters provide insight into the catalytic

Activity
i » reacti ; ; - ihi
in alk action kinetics, surface properties, and long-term stability of the material

to

aline medium.
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nd Tafel Slope
L otential i one of the most important parameters used to evaluate OER
I

©r 1t represents the ex_tra potential required beyond the thermodynamic
activ'®f: 1(1.23Vvs RHE) to drive the oxygen evolution reaction at a desired current
ote'_‘t'aA]ower overpotential indicates better catalytic efficiency and faster
dens’ty: kinetics. The Tafel slope provides information about the reaction
rea!o™ m and rate-determining step of the OER process. A smaller Tafel slope

Chanis ; :
s ests faster electron transfer and improved catalytic performance of the

slectrocatalyst:

ial

E|ectrochemicallv Active Surface Area (ECSA)
/-——_-_——.___f .
ElectrochemicaHy active surface area (ECSA) is used to estimate the number of

sctive catalytic sites available for the OER process. A higher ECSA indicates greater
exposure of active sites, which enhances the interaction between electrolyte and
catalyst surface. This helps distinguish between intrinsic catalytic activity and activity

dueto increased surface area.

Stability Analysis

The stability of the electrocatalyst is evaluated using chronoamperometry or
chronopotentiometry techniques. These methods measure the ability of the catalyst
to0 maintain consistent current density or potential over an extended period of time.
High stability indicates strong structural integrity and resistance to degradation
under alkaline OER operating conditions, which is essential for practical energy

applications.

Gas Evolution and Faradaic Efficiency
Gas evolution measurements and Faradaic efficiency analysis confirm that the
measured current is effectively used for oxygen production. High Faradaic
efficiency indicates that most of the electrical energy supplied during electrolysis
contributes to the generation of oxygen gas, demonstrating the effectiveness and
selectivity of the catalyst toward OER.

In Situ / Operando Characterization
To see what happens during OER, measurements are done while the reaction
runs:

* Spectroscopies: Raman, X-ray absorption, X-ray photoelectron, Mossbauer,
UV-vis, IR, differential electrochemical mass spectrometry

These help to determine :
o Okxidation states and structure changes (e.g., CoOOH — Co(IV)

superoxide, NiFe oxyhydroxides).
o Chemical oxygen species like M-OH*, M-O*, M-OOH?*, superoxides.
o Surface reconstruction and oxygen defects that create the real active

sites.

33




_ e

o

Mechanistic and Data-Driven Approaches

Combine electrokinetics with spectroscopy and isotope labeling (160/'°0O)
to identify mechanisms such as adsorbate evolution, lattice oxygen redox,
and oxide path mechanisms.

Use simulation and machine learning to fit current-voltage data and extract
hidden energy profiles and rate-limiting steps.
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CHAPTER 3
RESULTS AND OBSERVATIONS
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| XRAY DIFFRACTION ANALYSIS OF ZINC FERRITE / g1 ygp CHL
ORIDE

3
ffraction XRD pattern confi
Ray Diffra ‘ irms the formation |
Thesent i the synthesnzed ZnFe;O,/AgCl nanocomposite b cof CWS‘Fa”Ine phases
pre s with standard JCPDS reference data. Y comparing diffraction
pe:
- 4 ___csm
‘ -
g ] 4 . i e
8 Tl 4 8- 0]
5 =
£
8 -
<

20 (degrees)

Fig 3.1 XRD graph of C5700 and CS800

Based on the given diffraction patterns and JCPDS references for ZnFe,O, (00-022-
1012) and AgCl (01-071-5209), both samples show formation of a spinel ferrite-
halide heterostructure. The main difference arises from the calcination temperature
(700 °C vs 800 °C), which affects crystallinity, peak sharpness, and phase purity.

1.Spinel ZnFe,O4 phase (Common for both)

The diffraction peaks observed at:
18.28° 30.01°, 35.36°, 42.93°, and 62.27°

Correspond to the crystal planes:
(111),(220), (311), (400), (440)

Which match well with the standard data for spinel ZnFe204 (
1012).

JCPDS No. 00-022-

corresponding to the (311) plane,

The most intense k ears at 35.36°
peak ape ucture of ZnFezO4. The sharp

confirming the formation of a cubic spinel crystal str
Peaks indicate good crystallinity of the ferrite phase.

2AgCl phase identification (Common for both)

g\;iditional peaks observed at:
90°,32.32°, 46.28°, 54.85°, and 67.48°

GT indexed to the planes:
- 1200), (220), (311), (400)
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ntense peak appears at 32.30°, correspondin

to th
ese peaks

e in the composite.

fhe most!

conSPO" csful formation of the s
firms successful formation of t e silver chloride phas
o

i+ and composite formation

The XRD comparison c.)f CS-7OO. a_nd CS-800 reveals that calcination temperatur

olays 3 significant role in determn'\lng the crystallinity and structural orderir? of ?he
7nFe;04/AGC! composite. The diffraction peaks observed for C5-800 are Ehar ;
and more intense than those of C5-700, indicating higher crystallinity and im rmﬁeedr
ructural ordering at the higher calcination temperature of 800 °C. In mi i cs
700 exhibits relatively broader peaks, suggesting smaller crystallite size and' the.
presence of greater lattice strain or structural defects. The background noise in the
£5-700 pattern is slightly higher, while CS-800 shows a cleaner diffraction profile

- dicating better phase purity. :

The characteristic peaks corresponding to spinel ZnFe,O, are present in both
samples; however, they appear more pronounced in C5-800, confirming enhanced
formation of the cubic spinel structure at higher temperature. Similarly, the AgCl
peaks are observed in both patterns, but they are clearer and better defined in CS-
800, indicating improved composite formation and stronger phase integration.
Secondary phases are minimal in CS-700 and nearly negligible in CS-800,
suggesting that higher calcination temperature improves phase stability. Overall,
the increase in calcination temperature from 700 °C to 800 °C promotes crystallite
growth, resulting in larger grain size, improved structural stability, and better
crystallinity, which are beneficial for enhanced electrochemical performance.

5. Relevance to OER performance

The formation of ZnFe,O./AgCl heterointerfaces is expected to enhance
electrocatalytic performance due to:

« modified electronic structure via AgCl
* stable spinel framework of ZnF
* e,0, providing active catalytic sites

Thus, the XRD pattern verifies the successful synthesis of a crystalline binary
nanocomposite suitable for oxygen evolution reaction (OER) applications.

3.1.1 CRYSTALLITE SIZE AND LATTICE PARAMETER
1. Crystallite Size:

The average crystallite size of the synthesized ZnFe,04/AgCl nangcomposite was
estimated from the X-ray diffraction (XRD) peak broadening using the Debye-
Scherrer equation.

KA *

b= Bcosé
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Where:

D= crystallite size (nm)

K = shape factor (0.89)

) = wavelength of Cu Ka radiation (1.5406 A = 0.15406 nm)
g = full width at half maximum (FWHM) in radians

g = Bragg angle (8 = %2 of 26)

Calculation from XRD peaks

The most intense diffraction peak of ZnFe,O, and AgCl corresponding to the planes

(311)and (200) respectively was selected for size estimation because it represents
the dominant phases.

Sample 260 ] B (degrees) D
ZnFe;0, CS700 35.359° 17.679° 0.369° 22.616
CS800 35:369° 17.679° 0.392° 21 .;:?nnm
AgCl CS700 32.3257 16.162° 0.146° 56.718
CS800 32.325° 16.162° 0.162° 51n.r2n00
nm

Interpretation

The calculated crystallite sizes confirm that both ZnFe,O, and AgCl exist in the
nanocrystalline range. The relatively small crystallite size increases the surface-to-
volume ratio, exposing more active catalytic sites and facilitating faster electron
transfer during the oxygen evolution reaction (OER).

The smaller crystallite size of ZnFe; O, (~32.5 nm) suggests a high density of surface-
active sites, while the larger AgCl crystallites (~51.5 nm) contribute to stable
heterointerface formation with ZnFe,QO, . Such nanoscale structural features are

beneficial for improving electrocatalytic efficiency, charge transport, and durability
of the ZnFe,0,/AgCl binary nanocomposite.

2.LATTICE PARAMETER

The lattice parameter of the synthesized ZnFe;O4/AgCl nanocomposite was
determined from the X-ray diffraction (XRD) peak positions using Bragg's law and
the geometric relation for cubic crystal systems. The obtained lattice parameter
values were compared with standard JCPDS data to confirm the phase formation
and structural integrity of the nanocomposite.
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uation (3)

Frol“ eq

nA = 2dsin@

sructures such as ZnFe,O4 and AgCl, the lattice parameter is calculated

FOr Ctlbic
usil'\g:

am dyh® + k*+ 12 (5)
Where

a = lattice parameter (A)
hk,| = Miller indices of the plane (from JCPDS card)

d = interplanar spacing calculated from Bragg law

" Sampl | 20 0 (hkl) | Calculated Standard

Py lattice lattice
parameter parameters
a a

"ZnFe,0, | CS700 35.36° | 17.68° | (311) 8.44 A 8.44 A
CS800 [ 35.36° | 17.48° | (311) 8.44 A 8.44 A
AgCl CS700 | 32.30° | 16.15° | (200) 5.54 A 5.54 A
CS800 | 32.30° | 16.15° | (200) 5.54 A 5.54 A

This matches the standard lattice parameters, confirming Correct phase formation,
Good crystallinity, No major lattice distortion after composite formation in
InFe;0,/AgCl nanocomposite.

3.2 ELECTROCHEMICAL PERFORMANCE OF OER

EL?;:SChemic_a| measurements for the oxygen evolution reaction (OER) were

e|ectr°|°t“l _‘;;'”9 a Stgndard three-electrode configurmiqn in 0.2 M KOH aqueous

symhes?z:g e working electrodg was prepared by coa‘tmg the catalyst ink of the

% D5 Thsamples Opto a graphite sheet‘substrate havmg a geome‘tric area of 0.5

(Polyvin I" ¢ Cata|Y§T ink was prepared using DMF (Dimethylformamide) and PVDF
Yiidene fluoride) as solvent and binder, respectively.

A platin -
ectrod“e"(‘S(Pt) wire served as the counter electrode, while a Saturated Calomel
i CE) was used as the reference electrode. All electrochemical potentials
lally recorded with respect to SCE.

Inear Sy
e
my ¢ P Voltammetry (LSV) measurements were performed at a scan rate of 5

! |n the : .
anodic potential region to evaluate OER catalytic activity.
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the measured potentials were referenced to SCE, conversion to the Reversible

ince ;
o gen Electrode (RHE) scale was carried out using the Nernst equation:

Hydro
Erue = Esce + 0.241 + 0.059 x pH (6)

For 0.2 M KOH electrolyte, the pH was estimated to be approximately 13.3, which
resulted in a correction factor of approximately +1.02 V. Thus yielding,

Egne = Esce + 0.241 + (0.059 x 13.3)
Erue = Egce +1.02 V (6.1)

Therefore, all reported potentials were converted to the RHE scale by adding 1.02
V to the experimentally measured potentials versus SCE.

3.2.1 RESULTS AND OBSERVATIONS
3.2.1a LINEAR SWEEP VOLTAMMETRY (LSV) ANALYSIS
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2
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°
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E
=)
o
04
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Fig 3.1Linear Sweep Voltammetry (LSV) curves for
oxygen evolution reactions by C5700 and CS800 samples.

The electrocatalytic activity of CS700 and CS800 ( Fig 3.1) towards the oxygen
evolution reaction was evaluated using Linear Sweep Voltammetry (LSV) in 0.2 M
KOH electrolyte under a three-electrode configuration. The catalyst-coated
graphite sheet acted as the working electrode, with Pt wire as the counter electrode
and SCE as the reference electrode.

The polarization curves exhibit the typical anodic behavior associated with oxygen
evolution. At lower potentials, both samples show negligible current density
corresponding to the non-faradaic region. As the applied potential increases, the
onset of oxygen evolution becomes evident, followed by a rapid increase in current
density, indicating activation of catalytic sites and progression of the OER process.

Among the two samples, CS800 exhibits a lower onset potential and higher current
density compared to CS700, indicating superior electrocatalytic performance

The improved performance of CS800 can be attributed to the effect of higher
thermal treatment temperature, which enhances:
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inity of the material

al conductivity

fer efficiency
atalytically active sites

, cryste!
E|ectric

Chafge trans
Exposuré of c
reduces grain boundary resistance and facilitates faster electron
from active sites to the current collector.

Higher erystallin®y

yranspO™t S ‘
Furthermore: catalytic activity Is strongly influenced by cation distribution and
u

idation states of iron. The presence of the Fe3*/Fe?* redox couple, observed as a
Oeak near 0.25 V, plays an important role in facilitating adsorption and
iransformation of OER intermediates such as OH*, O* OOH*.

These intermediates are essential for oxygen evolution, and their optimized
adsorption lowers the activation energy barrier for OER.

in contrast, CS700, synthesized at lower temperature, likely contains higher
structural disorder and fewer accessible active sites, resulting in comparatively
Jlower reaction kinetics and lower catalytic efficiency.

3.2.1b TAFEL SLOPE ANALYSIS
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Fig 3.2. Tafel slopes for OER by CS700 and CS800 samples

Ehe. kinetics of the OER process were further analyzed using Tafel slope calculations,
erived from the LSV polarization curves.

T . .
he Tafel equation, derived from the Butler-Volmer relationship, from equation (1),

=a+blogj

* N =overpotential
) = current density
b = Tafel slope
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ed in mV dec™") provides insight into the reaction kinetics

e (express y
determining step of the OER mechanism.

dentify the rate-

re obtained by plotting overpotential (n) against the logarithm of
hin the linear region of the polarization curve.

fel slop

and helP® :

| plots W€ s
TZ:fenpt density (109 Jp
¢
Jlts indicate that CS800 exhibits a lower Tafel slope compared to CS700,

he rest™ ©
demonstratlng-

Faster reaction kinetics
More efficient charge transfer
Reduced energy barrier for the rate-determining step

The improved kinetics of CS800 may be attributed to:

Improved electronic structure

Optimized adsorption energies of OER intermediates
Enhanced conductivity due to higher crystallinity
Favorable Fe3*/Fe?" cation distribution

CS700 shows a relatively higher Tafel slope, indicating slower
quired to achieve similar current densities. This

ductivity, fewer exposed active sites, and less

On the other hand,
kinetics and higher overpotential re
behavior may result from lower con
favorable adsorption characteristics for oxygen intermediates.
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CHAPTER 4
FUTURE SCOPE
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2.1 FUTURE DIRECTIONS IN (OER RESEARCH

R limits the efficiency of water splitting and many energy devices. Recent work
O'Ehlights that fully understanding charge transfer, recombination, and dynamic
hl%alyst restructuring under realistic (often illuminated) conditions is central to
ca

future progress.

4.1.1 CHARGE TRANSFER, RECOMBINATION AND IMPEDANCE SPECTROSCOPY

Photoelectrochemical impedance spectroscopy (PEIS) is used to analyse charge
wransfer kinetics, recombination behaviour, and interfacial resistance in
semiconductor photoanodes during the photo-oxygen evolution reaction (photo-
OER). In hematite (a-Fe;O3), PEIS helps distinguish between rate constants for
electron transfer and electron-hole recombination, enabling identification of key
efficiency limitations.

Charge Transfer and Recombination Behaviour
PEIS studies show that bulk electron-hole recombination is the major factor limiting

a-Fe,O; performance. Many photogenerated carriers recombine before reaching

the surface, reducing the number of holes available for OER and lowering
photocurrent efficiency.

Fermi-level pinning caused by surface states also affects band bending at the

semiconductor-electrolyte interface, shifting the photocurrent onset potential and
increasing the required applied bias.

Role of Impedance Spectroscopy

Impedance analysis provides quantitative information on charge transfer resistance,
carrier lifetime, and recombination rates through equivalent circuit modelling.
These parameters help identify rate-limiting steps and guide material modifications
such as surface passivation, heterojunction formation, and catalyst integration.

4.1.2 PHOTO-INDUCED OER AND INTERFACIAL ELECTRIC FIELDS

Interface-specific sum frequency generation (SFG) spectroscopy is used to study
surface processes occurring during the photo-oxygen evolution reaction (photo-
OER) on hematite (a-FezO3). SFG can directly detect the formation of highly

oxidized surface species such as Fe(lV)=0O, which represent accumulated
Photogenerated holes involved in the OER mechanism.

Role of Interfacial Electric Fields

Under illumination, a space-charge electric field develops at the semiconductor-

electrolyte interface. This field drives separation of photogenerated electrons and

holes and influences the population of reactive Fe(IV)

=0 intermediate
observations s. The

4 support multi-hole OER mechanisms, where multiple holes
CUmulate at surface sites before oxygen evolution occurs.
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oPERANDO AND COMPUTATIONAL PROBES OF OER MECHANISM

413

tudies emphasize the importance of combining operando spectroscopy
Recent S Jtational modelling to understand the oxygen evolution reaction (OER)
with cO’:‘eglistic working conditions (applied potential, current density, and
ynder o environment). These approaches help identify true active sites,
::zg:zabw phases, and reaction intermediates that may not be detectable under

ex-situ conditions.

sCo

Techniques such as operando X-ray spectroscopy and ambient-pressure X-ray
photoelectron spectroscopy (AP-XPS) allow direct observation of surface chemical
states during OER. These methods provide evidence for key reactive species such

as:

. Electron-deficient oxygen species
. Lattice oxygen participation
. 0O-O bond formation via oxide pathway coupling

Such observations improve understanding of catalytic behaviour in both noble-
metal oxides (e.g., RuOz, IrO;) and 3d transition-metal oxides (e.g., Fe, Co, Ni based

catalysts).

4.1.4 BROADER RESEARCH OPPORTUNITIES IN OER MECHANISM STUDIES

1. Advanced Reaction Mechanisms

Future research should move beyond the conventional adsorbate evolution
mechanism (AEM) and explore alternative pathways such as lattice oxygen
mechanism (LOM), oxide-path mechanisms, and direct O-O radical coupling. These
mechanisms can be systematically verified using isotope-labeled mass
spectrometry and operando spectroscopic techniques, enabling direct
identification of oxygen sources and reaction intermediates.

2. Multi-Scale Theoretical Modelling

ZZE: '-’;la need to develop realistic .rn_ufti-scal‘e mo'delsf that incorporate electric

bencll'\maelft':jjlyt'e effects, and expl.ucn reaction kinetics. Such models, whe_an

i rke ‘Wlth operando.experlmer'\tal data.,hcan more accurately predict
ytic behaviour under practical operating conditions.

és::):gy. Defects and Structural Evolution
egfadat?o:?Ols can also be used to investigate defects, catalyst_ restructuring, and
oxidatio, pProcesses, such as the ermatson of oxygen vacancies and Fhanges in
states (e.g., Ir redox evolution). Understanding these factors is essential

0 achije : ; a i
stability.ve an optimal balance between high catalytic activity and long-term

|

.
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regrating advanced experimental and th :

Mau,m ng 4 g theoretical a _

ochanistic U" orstanding and support the ratioaz{ojches will enable
esign of hi

ghly

or M
" nd Jurable OER electrocatalysts.
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