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Abstract 

Electrochemical water splitting has been empirically proven to be a potential 

technology for hydrogen generation. Hydrogen is a promising candidate in the context of 

energy conversion and storage application. The oxygen evolution reaction (OER) which 

demands a large overpotential, stands out as the most crucial process among the various 

stages involved in water electrolysis. Addressing this challenge primarily involves 

developing OER electrocatalysts that are efficient, long-lasting, environmentally friendly, 

and cost-effective. The objective of present research work was to fabricate transition metal­

based layered double hydroxides (TM-LDHs), and their composites with rOO (TM­

LDHlrOO), to study their OER performance. Different TM-LDH materials (NiFe-LDH, 

NiCo-LDH, CoFe-LDH, NiFe-LDH/rOO, NiCo-LDHIrOO and CoFe-LDH/rOO) were 

successfully synthesized by hydrothermal method and confirmed by XRD and FTIR 

analyses. The OER activity of synthesized electrocatalysts was systematically evaluated in 

an alkaline medium by employing linear sweep voltarnrnetry (LSV), cyclic voltammetry 

(CV), and electrochemical impedance spectroscopy (EIS) techniques using glassy carbon 

(OC) as substrate. The CV scans displayed the characteristic redox behavior related to each 

modified electrode. The OER performance of all synthesized electro catalysts was 

compared in tenns of overpotential at 10 rnA cm-2 and the Tafel slope, which declines in 

the order NiFe-LDHIrOO (260 mV, 46.4 mV dec-I) > NiFe-LDH (270 mV, 51.5 mV dec-I) 

forNi-Fe combination, CoFe-LDH/rOO (310 mV, 53.4 mV dec-I) > CoFe-LDH (330 mY, 

80.6 mV dec-I) for Co-Fe combination ofLDH and NiCo-LDH/rOO (320 mV, 77 mV dec­

I) > NiCo-LDH (390 mV, 77 mV dec-I) for Ni-Co combination of LDH. Among all the 

synthesized electrocatalysts, NiFe-LDH/rOO exhibited the highest OER activity with an 

overpotential of 260 m V. 

x 



Chapter 1 Introduction 

CHAPTERl 

INTRODUCTION 

There is a critical need to investigate clean energy resources to replace conventional 

fossil fuels due to the growth in environmental challenges and sustainable energy 

requirements in the 21 st century. Due to its significant gravimetric energy density, absence 

of carbon dioxide emissions, and eco-friendliness, hydrogen (H2) has recently been 

considered a useful energy source [1]. To create a stable and economically viable hydrogen 

economy, it is necessary to reduce the expense of sustainable hydrogen production by water 

electrolysis. Therefore, it is essential to develop economical and stable catalysts for the 

electrolysis of water [2]. Furthermore, by utilizing modem electro catalytic water splitting 

methods, renewable energy may be efficiently changed into more precious hydrogen 

energy, enhancing the diversity of sustainable energy consumption [3]. 

1.1 Electrochemical water splitting 

Water splitting is a procedure in which water breaks down into its pnmary 

components, oxygen, and hydrogen. In 1789, van Trostwijk and Deiman made initial 

observations regarding the electrolysis of water, marking the inception of this significant 

scientific advancement [4] . 

Industrially alkaline 
water electrolysis 

1789 1888 

Discovery of 
water electrolysis 

Discovery of Ni·based 
OER and HER catalysts 

1890 1900s 1939 

First pressurized 
electrolyzer 

1948 1966 

Asbestos First large electrolyzer Nation·based PEM 
membrane with 10,000 m3Hih water electrolysis 

Utilization of 
renewable energy 

21st century 

Clean H2 production with 
much cheaper cost 

Fig. 1.1 The advancements in water electrolysis [5]. 
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Chapter 1 Introduction 

Since its first discovery, over 200 years have passed in the history of water 

electrolysis. Three separate stages in the development of electrocatalysis include the 

discovery of process, the explosive expansion of industrial water electrolysis, and the 

present day application of renewable energy to manufacture inexpensive hydrogen. Fig. 

1.1 provides a concise overview of noteworthy events and key milestones in developmental 

history of water electrolysis [5] . 

The reaction for overall water splitting is given in equation 1.1 : 

E = 1.23 V vs. (RHE) (1.1) 

Electrochemical water splitting takes place when an external voltage is supplied 

across the cell. The water electrolysis process consists of two half-reactions carried out at 

cathode and anode are identified as hydrogen evolution reaction (HER) and the oxygen 

evolution reaction (OER) , respectively. When an electrical current flows through H20, 

hydrogen is generated at the cathode by reducing water, while oxygen is generated at the 

anode by oxidization of water [6]. 

Electrochemical water splitting uses low-cost water as a starting material to 

manufacture hydrogen that is highly pure at ambient temperature without any greenhouse 

emissions [7]. However, this approach has significant challenges, such as poor efficiencies 

and high overpotential due to slow four proton-coupled kinetics in OER and relatively large 

over-potential for HER. Thus, both OER and HER demand effective and stable 

electrocatalysts to increase the kinetics of used in practical hydrogen generation [8]. 

1.1.1 Oxygen evolution reaction 

Water oxidation (or hydroxyl ions in a basic medium) takes place at a positively 

charged electrode (anode) to form oxygen gas by the release of electrons. A four-electron 

transfer process occurs stepwise to produce one oxygen molecule. The overall reaction for 

OER is shown in equation 1.2 (in basic medium) and equation 1.3 (in acidic medium). 

Basic medium 40H-(aq) ~ 02(g) + 2H20 (I) + 4 e- P = OAO V vs.(RHE) (1.2) 

Acidic medium 2H20(l) ~ 4H+(aq) + 02(g) + 4 e- EO = 1.23 V vs.(RHE) (1.3) 

2 



Chapter 1 Introduction 

The hydroxyl ion-rich alkaline medium has a higher rate of water oxidation at the 

anode side than an acidic medium. However, the restricted current density hinders the 

potential for achieving higher performance and broader practical utility [9, 10]. 

1.1.2 Hydrogen evolution reaction (HER) 

At cathode, which is a negatively charged electrode, hydrogen ions (or water in an 

alkaline medium) are reduced to produce hydrogen gas. This process involves a stepwise 

reaction of two-electron transfers to yield one mole of hydrogen gas. For the production of 

hydrogen, HER has been thoroughly examined for almost all transition metals [9, 11].The 

overall reaction for HER is shown in equation 1.4 (in basic medium) and equation 1.5 (in 

acidic medium). 

Basic medium 4H20 (I) + 4 e- --t 40H-(aq) + 2H2 P = -0.83 V vs. (RHE) (1.4) 

Acidic medium 4H+ (aq) + 4 e- --t 2H2(g) EO = 0.00 V vs. (RHE) (1.5) 

0 
0 

0 
0 

0 
0 

0 

0 ° 
0 
0 

+ 

o 
o 

Fig. 1.2 A basic schematic representation of a simple alkaline water electrolysis 

system [13]. 
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Chapter 1 Introduction 

The activity of HER is higher in acidic media(low-pH) as compared to in basic 

medium (high-PH). This is mostly because the reaction is restricted by the slow water 

dissociation step. But on a commercial scale, alkaline electrolysis is preferable [12]. 

1.1.3 Kinetics and thermodynamics 

OER occurs at interface of electrode-electrolyte in which includes three different 

phases: solid (catalyst), liquid (water) and gaseous (oxygen). Three main stages that are 

typically involved in the evolution of oxygen are as follows: 

1) Adsorption of hydroxyl ions or water molecules onto the electrocatalyst's active sites. 

2) Simultaneous transfer of protons and electrons. 

3) Rearrangement of configuration to allow 02 to be released from the surface of catalyst 

and disperse into electrolyte [14]. 

Furthermore, for industrial electrolyzers, water electrolysis occurs at a significant 

cell potential from 1.8 V to 2.0 V , which is greater (0.55-0.77 V) than its theoretical value 

(1.23 V) under standard conditions (25°C and latm) [15]. The word "overpotential" refers 

to this extra potential necessary to break through the reaction system's energy barrier. This 

overpotential may be due to several reasons such as the activation barrier at the anode, 

resistance between electrolyte and electrode , circuit resistance, kinetic limitations of OER 

having a sluggish four-electron transfer process and the relatively easier reduction 

involving two-electron process HER etc. As a result, practically, the water splitting requires 

a potential more than theoretical thermodynamic potential. This overpotential can be 

reduced by using effective, long-lasting, and environmentally friendly electrocatalysts for 

HER and OER. Additionally, by improvement in the design of electrolyzer, additional 

causes producing resistance can be addressed. This method helps to make electrochemical 

water splitting more ecologically friendly and cost-effective [16, 17]. 

However the loss of energy for OER is much greater than that for HER due to its 

sluggish kinetics which is why OER has been referred to as a bottleneck reaction [14].At 

25°C, the standard potential (EO) required for water electrolysis is 1.23 V, and the 

4 



Chapter 1 Introduction 

corresponding change in Gibbs free energy for reaction is 237.2 kJ/mo!. This is according 

to equation that relates equilibrium cell voltage with change in Gibbs free energy LlG as 

shown in equation 1.6. 

LlGO = n FEo (1.6) 

Here n represents the number of moles of electron that transferred during the reaction (each 

mole of water needs two moles of electron), EO is equilibrium cell voltage and F shows the 

Faraday constant value indicating charge on one mole of electrons that is 96485 elmo!. 

This is an ideal case, but additional energy is also needed to control the entropy shift of the 

reaction. As a result, in the absence of external heatlenergy, the process cannot proceed 

below 286 kJ per mol [18]. 

1.2 Electrocatalyst 

Many types of electro catalysts are being used In water-splitting reactions to 

decrease the overpotential for both HER and OER. 

1.2.1 Working 

Electrocatalysts work at the electrode surface or can even be at the electrode surface 

[19]. The non-negative value of Gibbs free energy indicates that water electrolysis is not 

just an uphill reaction but requires overcoming a significant kinetic barrier. 

Fig. 1.3 Schematic illustration showing the role of catalyst in decreasing the activation 

energy barrier [20]. 

5 



Chapter 1 Introduction 

Electrocatalysts are essential for decreasing the kinetic barrier without being consumed 

(Fig. 1.3) [20]. An electrocatalyst facilitates specific chemical interactions or can increase 

the rate at which electric charge is transferred at the surface of the electrode [21] . 

1.2.2 Proper ties 

The assessment of an electrocatalyst's performance involves vanous critical 

characteristics such as activity, stability, selectivity, and efficiency [20]. In water 

electrolysis, the catalyst's structure plays a crucial role in achieving efficient performance. 

An optimal electrocatalyst structure should provide a broad active surface area, effective 

pathways for gas release, proficient electron conduction, and prevent excessive clustering 

[22]. 

1.2.3 Some general examples of electrocatalysts 

Costly metal oxide (Ir02 and RU02) and Pt-involved systems are often considered 

the most efficient benchmark electro catalysts in acidic environments with low Tafel slope, 

lower overpotential, extended strength, and large value of exchange current density for 

OER and HER, respectively [23 , 24]. But there are two issues : (1) high cost and limited 

availability; and (2) dissolution, catalyst poisoning during electro catalysis and 

agglomeration, due to these issues the practical use of water electrolysis over these 

precious metal-based electro catalysts is not captivating. Huge efforts have been taken to 

build affordable and efficient transition metal-based catalysts for both OER and HER (that 

work in alkaline medium) which might be the ideal replacement for these expensive and 

poorly stable electrocatalysts in the awareness of a hydrogen-based economy [25 , 26]. In 

recent times compounds based on first-row transition metal ( Cu, V, Co, Ni, Ti, Mn, Cr, Zn, 

Fe), such as phosphides, nitride, hydroxides, oxides, sulfides, and selenides have been 

recognized as the most effective OER and HER candidates [3 , 27]. 

1.3 Electrocatalyst materials for OER 

1.3.1 Transition metal hydroxides 

Innovative commercial catalysts like RU02 and Ir02 display exceptional catalytic 

performance for the OER. Nevertheless, this kind of catalyst depending on precious metals, 

are susceptible to instability when exposed to high anodic potentials in alkaline electrolytes 

this instability leads to the generation of RU04 and Ir03 respectively, which can gradually 
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dissolve in the solution. Furthermore, the constrained accessibility and significant expense 

of these catalysts based on noble metals, complicate their practical application [28, 29]. 

Hydroxides based on transition metals (like Fe, Mn, Ni and Co) have been extensively 

studied and shown promising OER performance. Among these active electrocatalysts for 

OER, 2D layered double hydroxides (LDHs) based on transition metals have been 

considered among the most promising materials because of their distinctive structural 

composition, physicochemical characteristics, synthesis methods, and better catalytic 

activity. These advantages have attracted significant research attention in using LDHs as 

electrocatalyst for OER [29]. 

1.3.2 Transition metal oxide families 

Transition metal-based oxides including spinal oxides, perovskites and amorphous 

metal oxides have been discovered to show good catalytic activity for OER. 

Spinel family: Transition-metal oxides having spinel structures, like C0304, and Mn02, 

have been extensively studied for their use in OER. These spinel oxides are part of a 

larger group known as AB204, which, includes cation A, which normally has a +2 

charge and is found in tetrahedral positions, and cation B, which typically has a +3 

charge and is found in octahedral positions. Spinel oxides are classified as either normal 

or inverse spinel structures based on how cations are distributed throughout the 

tetrahedral and octahedral positions. Spinel oxides are known for their exceptional 

OER capacity, attributed to their wide range of compositions, differing valence states, 

and the synergistic effects they exhibit. The majority of OER electrocatalysts derived 

from spinel oxides are primarily composed of cobalt-based and iron-based (ferrite) 

compounds, often doped with various transition and alkaline metals like Mn, Ni, Cu, 

Zn, and Li [14, 30]. 

Perovskite oxide: Perovskites belong to a category of materials characterized by a 

general chemical formula, AB03. Site A in this formula can be filled by either an 

alkaline or a rare-earth metal atom. The transition metal atom, indicated as B, is in the 

core of an octahedron, and these octahedra are joined at their corners. Site A can fill 

empty gaps, assisting in the creation of the perovskite structure. Depending on the 

oxidation state of atom A, the oxidation state of the transition metal (B) in perovskites 
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can be +3 , +4, or a combination of both. The elemental composition of perovskite 

materials is highly adaptable, with the potential to incorporate over 90% of metallic 

elements to synthesize various perovskite families [14, 31]. According to Bockris and 

Otagawa's complete OER investigation based on a perovskite family, OER activity for 

several transition metals in perovskites follows a pattern (Ni > Co > Fe > Mn > Cr) 

[32]. 

Amorphous transition-metal oxide: Recently, amorphous metal oxides have emerged 

as promising candidates for catalyzing OER. A significant portion of surface-exposed 

defects are derived from short-range ordered structures and these defects function as 

catalytically active sites. Furthermore, amorphous phases offer distinct advantages in 

terms of both mechanical and electrochemical stability, which has stimulated extensive 

research into amorphous metal oxide catalysts. Approximately 20 distinct amorphous 

complex metal oxide films, incorporating iron, nickel, and cobalt have been fabricated 

and assessed for their performance in OER. Remarkably, the a-Fe2oNiso film emerged 

as the most promising candidate. Notably, even minute additions of iron can impact 

Tafel slopes, while the inclusion of nickel or cobalt can effectively reduce the voltage 

required for catalytic initiation [33]. 

1.3.3 Transition metal based non-oxide electrocatalyst 

Non-oxides based on transition metal are also used as electrocatalyst both OER and 

HER. These includes transition metal-based sulfides and phosphides etc. 

Transition metal phosphides: Transition metal phosphides (TMPs) have attracted a 

lot of research interest due to their abundance in the Earth's crust and catalytic 

properties comparable to those of noble metals. TMPs formed by six distinct transition 

metals (Fe, Co, Ni, Cu, Mo, and W) have been discovered to be useful in 

electrochemical hydrogen evolution [34, 35] . 

The catalytic activity of TMP catalysts in water splitting is primarily attributed to 

the suitable surfaces for proton and hydride acceptance, which facilitate moderate 

bonding between the phosphorus within the catalyst'S structure and reaction 

intermediates [36]. Electrocatalysts containing cobalt-based phosphides, such as C02P, 

CoP, COP2, and COP3 have been extensively investigated for their ability to serve as 
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bifunctional electrocatalysts for HER and the oxygen evolution reaction OER. This is 

because of their exceptional electrical conductivity and strong durability, which holds 

in both acidic and alkaline environments [8,37]. 

Transition metal-based sulfides: Bifunctional electrocatalysts based on transition 

metal sulfide nanomaterials have a lot of potential because of their distinctive 

construction and significant concentration of defect locations [38]. Different phases of 

cobalt sulfides, including C09SS, C03S4, and COl-xS, have been explored OER catalysts 

[39]. Ni-based sulfide electrocatalysts have also been thoroughly researched as 

inexpensive HER and OER catalysts [8]. 

1.4 Layered double hydroxides 

Layered double hydroxides (LDHs), commonly referred to as anionic clays, known 

as materials having to resemblance to hydrotalcite, constitute a diverse category of 2D 

materials. They consist of layers of positively charged hydroxides with negatively charged 

anion in interlayer spaces. Hydrotalcite structures are notably robust and offer considerable 

versatility in terms of potential compositions and readily adjustable functional properties 

[40]. This particular lamellar ionic material consists of positively charged layers 

resembling brucite. These layers contain both trivalent and divalent metal cations, while 

the interlayer charge is balanced by inorganic/organic anions and water molecules. 

The structure of LDH is represented by general formula [Ml-x 2+ Mx3+(OH}2} x+ 

[Ax/n} n-. mH20 where M3+ (Fe3+, Tb3+ A13+, C03+, C~+, , Mn3+ , y 3+ and Ga3+) and M2+ 

(Pd2+ Mn2+ Ca2+ and Cd2+ Mg2+ Ni2+ C02+ Zn2+ Cu2+) are trivalent and divalent metal , " "" 
cations respectively, 'N represents the anion (C032-, NOf, RC02-, Y043-, sOi-, Cl- and 

M0042- etc.) that reside in between the interlamellar space metal hydroxide layer 

containing positive charge, ' n ' represents the charge carried by interlayer anions, while 'm ' 

denotes the water content.. Furthermore, ' x' represents the molar ratio of trivalent metal 

cation to the total metal cations, expressed as x = M3+/M2
+ + M3+.This ratio falls within the 

range of 0.2 ~ x ~ 0.33 . The fundamental structure of LDH is similar to hydrotalcite 

compounds found in nature, which are composed of A13+ and Mg2+ metal cations having 

chemical formula Mg6AI2.(OH)16.C03.4H20 [3]. 

9 



Chapter 1 Introduction 

The layers can be layered either with a hexagonal cell (2H) or rhombohedral (3R) 

structure. The 2H homolog is known as manasseite, and hydrotalcite has the 3R symmetry 

[41]. Fig. (1.4) shows the characteristic layered structure of LDH. 

-- [M1-x 2+Mx 3+(OH)21x+ ~ --+ -~ 
--+ [Ax/nln-.mH2O E 

>-
II) 

0:: 
C") 

T -" >C Basal spacing (d) C") 

II 

T Interlamellar space 

9 • 0 

a-t..b • H 
Anion,A"- H2O M2+/M3+ 

Fig. 1.4 Visual representation that depicts the layered structure of LDH. [Rhombohedral 

(3R-symmetry) corresponds to hydrotalcite] [41]. 

1.5 Properties of LDHs 

LDHs' characteristic 2D layered design provides various advantages: 

(i) It enables adjustable modification of metal cations inside the bulk layer. 

(ii) It allows for the interchange of different interlayer anions while keeping 

control over interlayer spacing. 

(iii) With the help of external driving forces, such as a simple ultrasonication 

technique, it becomes simple to increase the interlayer gaps and even exfoliate 

bulk LDHs into incredibly thin nanosheets [42]. 

M2+ ions undergo isomorphism and are replaced by M3+ cations within the layers of 

brucite. These layers are made up of edge connecting (M3+, M2+) (OH)6 Octahedral 

units that form continuous layers, featuring -OH bonds, aligned vertically along the 

planes. Furthermore, due M2+ and M3+ metal cations within M06 octahedral unit of 

brucite layer gives the metal hydroxide frameworks a positive charge. The degree of 
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positional arrangement of M3+ and M2+ ions within the hydroxide layer may differ 

based on the specific cation type involved. 

Cohesive force arises among the brucite layers because of: 

(i) H-bonding in between and O-atoms of interlayer anion and brucite layers 

of -OH groups, governed by co-ordination equilibrium . 

(ii) The electrostatic attraction that arises between negatively charged 

interlayer species M-OH sheets containing positive charge [3]. 

LDHs are ionic solids by nature so they have less issues related to ionic conductivity, 

they are efficient materials to use in electrochemical research, such as the OER process, 

and have enhanced OER performance. 

When LDH materials are subjected to a blend of stereoisomers and enantiomers of 

crucial organic compounds used in industry, such as benzene-dicarboxylates and p­

nitro phenol, they exhibit selective behavior in exchanging the interlayer species. As a 

result, it also aids in the purification of organic molecules and in raising the 

enantiomeric excess of various fine chemicals [43] . 

1.6 Transition metal based LDH (TM-LDH) 

TM-LDH is a type of LDH material having positively charged layers composed of 

transition metal cations in their characteristic layered structure. TM-LDH have been the 

subject of extensive research recently and shown to exhibit exceptional performance as 

electro catalysts for OER due to the following characteristics: 

Their affordable accessibility and the flexibility of chemical compositions within the 

layered structure containing positively charged multi-transition-metal cations and 

charge-balancing interspace anions and H20 molecule [44] . 

As compared to single metal hydroxides, TM-LDH exhibit the ability to accommodate 

a wide range of electron carriers, inorganic and organic anions, and can undergo orbital 

transformations to enhance their activity performance in OER, surpassing that of single 

metal hydroxides. tolerate. In TM-LDH the homogenous dispersion of trivalent and 

bivalent metallic ions serve as active electrocatalytic sites that lead to good OER 

efficacy [44] . 
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3D transition metal-based LDH are promising and trending OER electrocatalyst. In the 

case ofTM-LDH, a variety of combinations for divalent and trivalent like Co-Fe, Ni­

Co, Mn-Fe, Mn-Fe, Ni-V, Co-Cr, Ni-Fe and Ni-Mn are identified as suitable 

electro catalysts suitable for OER in basic medium. The presence of at least one among 

the three iron group metals (Co, Fe and Ni) is observed in those TM-LDH materials 

that are being applied as OER Catalyst. This means that, while several combinations of 

TM-LDH are conceivable, the main condition is that it should have a layered structure 

with the existence of any among these three iron group metals, preferably as divalent 

metal cation in hydroxide layers, show good OER activity [43 ,45-47]. 

1.6.1 NiFe-LDH 

In this combination ofTM- LDH the nickel and iron present in bivalent and trivalent 

states respectively and having the general chemical formula [Ni(II)1-xFe(III)x(OH)2)X+ 

(AO-)x/o·yH20, where, 'A' is an intercalated anion, ' x' indicates the molar ratio of Fe in 

NiFe-LDHs n is the charge of the anions and y represent water content between layers. It 

is widely understood and well-reported that NiFe-LDH exhibits excellent electro catalytic 

performance for the OER in basic conditions due to the following features 

A balanced push-pull sequence arises between the Fe and Ni metal centers, effectively 

distributing electron density and enabling the entry of OH ions that start the reaction 

[48]. 

NiFe LDHs exhibit notably lower Tafel slopes and overpotential (tV values in 

comparison to various alternatives within the LDH family and other metal oxides 

currently under examination for OER. This can be attributed to the presence of 

numerous highly active sites in proximity to the edges of the platelets [49-51 ]. 

Ni(OH)2 and NiOOH exhibit limited effectiveness as OER electrocatalysts. 

Consequently, there is a significant drive to investigate the OER performance of iron­

based LDH, as it is crucial for comprehending the enhanced activity ofNiFe-LDH and 

has generated substantial interest. and NiOOH are not as effective as OER 

electro catalysts [52]. 

During their investigation, Friebel and Bell examined the intrinsic OER performance 

ofy-FeOOH. They observed that it displayed a lower overpotential of550 mV@10rnA 
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cm-2 in a 0.1 M KOH solution compared to Fe-free NiOOH, which had an overpotential 

(rD of 660 m V at the same current density and electrolyte. However, this overpotential 

was considerably higher than that of (Ni, Fe) OOH, which exhibited an overpotential 

of 360 m V at lOrnA cm-2 in 0.1 M KOH [53]. 

The crystallographic phases of Ni(OH)2-based catalysts reveal the presence of two 

dehydrated phases, namely P-NiOOH and P-Ni(OH)2, as well as two hydrated phases, 

NiOOH and a-Ni(OH)2. Trotochaud et al. have demonstrated that when Fe3+ is pal1ially 

included as metal centers in the hydroxide structure, as observed in the case ofNiFe­

LDH, it narrows down the phasing scheme to only the hydrated a and y phases. These 

structural transitions are known to enhance specific material properties, such as packing 

density and crystal order, resulting in heightened electro catalytic activity [54,55]. Both 

practical experiments and theoretical research in the literature have validated these 

enhancements. 

Furthermore, given that potassium hydroxide is frequently used as an alkaline 

electrolyte, it's worth noting that the layer contraction, primarily indicating a phase 

change, is followed by the intercalation of metal cations, typically K+ ions. Hence, the 

increased performance (in Ni-Fe based system) is mostly attributable to the structure's 

layer contraction and increase in crystallinity, which both boost conductivity and, in 

tum, the system's capacity to catalyze reactions at greater rates [48]. 

1.6.2 CoFe-LDH 

In of CoFe-LDH the cobalt and iron present in bivalent and trivalent states 

respectively in its layered characteristic structure and having the chemical formula 

[CO(II)1-xFe(III)x(OH)2]x+(An-)x/n' yH20.In this context, x denotes the molar ratio ofFe3+ 

in CoFe-LDHs, 'A' represents an intercalated anion, on' corresponds to the charge carried 

by the interlayer compensating anions, and 'y' signifies the quantity of water present 

between the layers [56]. For CoFe-LDH, it was discovered that the activity of OER was 

significantly improved by Fe inclusion over pure cobalt compounds [57]. 

CoFe-LDH, similar in structure to hydrotalcite, offers a substantial quantity of active 

sites that facilitate efficient OER due to their permeability to electrolytes. Additionally, 
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iron (Fe) exhibits the highest intrinsic activity and can function as dynamically active 

sites within the CoOxHy host [56]. 

The enhancement of OER is driven by favorable interactions between the Fe and Co 

sites. Hung et al. observed that during OER, Fe stabilizes Co ions at a higher oxidation 

state, which in turn promotes the generation of more resilient reactive intermediates 

[58]. 

CoFe-LDH serves as a substitution for cobalt in the octahedral arrangement of cobalt 

hydroxides. This substitution leads to a positive charge on the layers in CO(OH)2. To 

balance these positively charged layers, anions like C032-, sOi-, Cl-, and N03-

intercalate into the interlayer region of cobalt hydroxides. Therefore, CO(OH)2 can be 

used as a model to examine their crystalline structures. 

Cobalt hydroxides exhibit two primary crystallographic phases: stoichiometric p­

CO(OH)2 and isostructural a-Co(OH)2. The a-Co(OH)2 phase is metastable and consists 

of positively charged CO(OH)2-x layers with intercalated anions in the interlayer space 

to maintain charge neutrality. This phase readily transforms into P-Co(OHk 

(a) (b) (c) 

o 

Fig. 1.5 Optimal structure for (a) P-CO(OH)2 and (b) CoFe LDH (having Co/Fe = 3/1 ) 

extending along the c-axis in the crystallographic dimension, with randomly distributed 

interlayer carbonate anions and water. (c) Top view of Co Fe LDH in the direction of c-

axis [56]. 
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In contrast, ~-CO(OH)2 consists of hexagonally arranged hydroxyl ions, with bivalent 

cobalt ions occupying alternating rows of octahedral sites as shown in Fig. 1.5. 

Additionally, Van der Waals forces act between layers in ~-CO(OH)2, similar to other 

layered materials like MOS2 and graphite. The ~-CO(OH)2 structure resembles that of 

brucite, featuring a hexagonal lattice with trigonal crystal symmetry in the P-3ml space 

group [29, 56, 59]. 

Based on density functional theory (DFT) calculations, a synergistic effect of Fe and 

Co in CoFe LDHs for water oxidation is proposed, which is responsible for their 

enhanced OER activity. According to Dionigi et aI., single Fe sites and pure Co-Co 

centers are less effective for stabilizing intermediate ofOER as compared to surface Fe 

sites that synergize with nearest-neighbor Co sites via O-bridged Fe-Co reaction sites 

[60]. 

1.6.3 NiCo-LDH 

NiCo-LDH represents the general formula [Ni(II)1-xCo(II)x(OH)2]x+(An-)x1n' 

yH20, In this context, 'x' signifies the molar ratio of cobalt in CoFe-LDHs, 'A' represents 

intercalated anions, On' denotes the charge carried by the anions, and 'y' indicates the 

quantity of water situated between the layers. The following features show that NiCo-LDH 

can also be used: 

Single nickel hydroxide-based materials show poor have poor contact among active 

ions so because of synergistic effect between cobalt and nickel, incorporation of cobalt 

can amplify its electrical conductivity of electrode material. materials hence improving 

OER performance [61]. 

X-ray photoelectron spectroscopy (XPS) was employed to assess the chemical states 

of the synthesized NiCo-LDH materials by Ar plasma at various periods. After being 

bombarded by plasma, the peaks ofNi and Co change to have lower binding energies, 

suggesting that Co and Ni have undergone higher oxidation states [62]. 

These higher oxidation states may facilitate charge transfer at the electrode-electrolyte 

interface and improve electrolyte diffusion, which may be advantageous for 

electrocatalytic processes. Simultaneously, the greater density of these higher states 

facilitates OER [62, 63]. 
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NiCo-LDH nanosheets have Co and Ni in various valence states shown by XPS 

analysis. So, it is quite reasonable to anticipate that the solid-state redox pairs involving 

Ni2+lNi3+ and C02+IC03+ within NiCo-LDH nanosheets could yield significant 

electrochemical performance improvements. This is due to the recognition ofNi3+ and 

C03+ cations as the catalytically active sites for OER [64] . 

1.7 General mechanism of OER on TM-LDH surface 

On the surface of LDH (M), several electron-transfer stages, including those 

involved in the mechanism of OER in both alkaline and acidic mediums are depicted in 

Fig. 1.6. This sequential electron-transfer phenomenon is named the Adsorbate evolution 

mechanism (AEM). This series of electron transfers that take place as part ofLDH for the 

OER process in both acidic and basic medium are known as the adsorbate evolution 

mechanism (AEM) [3 , 44]. 

a In acid 
medium 

Fig. 1.6 OER mechanism on TM-LDH [Adsorbate evolution mechanism (AEM)] (a) in 

acidic medium (b) in basic medium [44] . 

Although metal components are frequently used as the active site III OER, 

understanding the OER procedure is necessary when building TM-LDH for OER. The 

kinetic barrier that arises during the OER can be significantly overpowered by the sluggish 

kinetics of 0 -0 covalent bonding. In both acidic and alkaline environments, 02 is produced 

from MO intermediates in two different pathways. In acidic medium, the combination of 
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MO and water results in the formation of MOOH, which subsequently breaks down to 

produce oxygen. Additionally, it is quite likely that MO encourages efficient 02 generation. 

However, in an alkaline medium, the successful generation of oxygen occurs by both the 

fragmentation of MO and the interaction of newly produced M-OOH with -OH. The 

complete effectiveness of the TM-LDH towards OER is further determined by the 

intermediate's capacity to attach to the surface of the catalyst. For better OER, a 

considerable overpotential is needed since M-OOH intermediate conversion has sluggish 

kinetics. Moreover, Adsorption-desorption at active sites ofTM-LDH i.e., transition metal 

components [M], resulting in producing [M-OH], [M-O] , and [M-OOH] intermediates 

start and proceeds the mechanism of the reaction [44, 65 , 66]. 

Sahoo et al. reported that electro catalytic OER has a mixed and complicated 

electro catalytic process involving H+ and 4e- in both alkaline and acidic enviromnents . 

However, to demonstrate high OER efficiency, In each stage, there is a respective barrier 

for Gibbs free energy (~Gn, where n = 1, 2, 3, and 4) that needs to be overcome, as 

illustrated in Fig. 1.7. 

OOH +3H- + 3e- .----t EJ-Eo = " <0 
----/::,.G4 

H20 + O(ad) + 2H + 2e­

H:20 + OlI(ad) + ,.----­
G 

HT + -

- ------­. 

Fig. 1.7 Reaction coordinates vs. Gibbs free energy, comparison for ideal and real TM­

LDH for OER[44]. 
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OER process involving TM-LDH is graphically depicted by plotting Gibbs free energy 

against reaction coordinates. The L1G3 shows, a thermo chemically unfavorable stage for the 

real OER catalysts when the M-OOH species are haphazardly connected to the catalyst [3, 

44]. 

1.8 Application of TM-LDH 

The ability to alter metal compositions, regulate the molar ratio of M3+ and M2+ in 

brucite layers, alteration in layered structure, go through geometric transformations, have 

a special 2D lamellar structure, exchange intercalated anions, make various host-guest 

assemblies using nano-design principles, and exfoliate TM-LDHs into 2D nanosheets are 

all capabilities that help in the development of desirable physicochemical properties [3] . 

TM-LDH has received considerable attraction in the research field because of many 

advantages such as abundant precursor sources, high catalytic activity for OER, stability, 

affordability, and a facile synthesis process. 

Moreover, with their flexible, modifiable chemical composition and adaptable 

structure, these TM-LDH nanomaterials have numerous potential uses [67]. Some of these 

are enumerated as follows: 

Beyond their use in OER, there are several other electro catalytic uses of2D TM-LDHs 

that are worthwhile to investigate. These applications have substantial relevance in both 

academic research and industry contexts. These include HER for producing hydrogen, 

the carbon dioxide reduction reaction (C02RR) for producing carbon monoxide (CO) 

as an environmentally friendly fuel, Oxygen Reduction Reaction (ORR) for producing 

H202, the Nitrogen Reduction (NRR) for producing ammonia (NH3), and the selective 

oxidation of organic compounds to synthesize value-added products [67] . 

LDH-based systems have widespread applications in areas such as drug delivery 

adsorption, artificial photocatalysis, metal-air batteries, and supercapacitors [68-72]. 

LDH materials have emerged as the preferred choice for semiconductor photocatalysis 

due to their numerous advantages, such as a stable chemical composition, substantial 

specific surface area, non-toxicity, ease of synthesis, a narrow energy band gap, and a 

well-structured layered composition, and strong charge separation abilities [73 , 74]. 
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These ionic clays are also used in many of other industries and fields , like in 

biotechnology, energy storage, fuel cells, medicine (particularly in drug delivery and 

release), and environment remediation (to clean up pollution) [75]. 

LDHs are currently attracting more attention because of their capabilities for anticancer 

applications, superhydrophobic surfaces, carbon capture, biosensors and adsorbents for 

water purification and treatment, resistance corrosion electrodes, ion exchangers and 

adsorbents, in thin film and for water treatment and purification [76-78]. 

1.8.1 Limitations ofTM-LDHs 

Some problems limit the electro catalytic perfonnance of TM-LDHs such as low 

density of active sites, decreased intrinsic activity, poor conductivity, bulk thickness, and 

slow ion transport rate. Electrocatalyst activity in water-splitting process is often 

influenced by number of active sites and intrinsic activity [3]. These factors suppress the 

high intrinsic activity of these catalysts. So, there are two successful methods to increase 

electro catalytic activity: 

Incorporating additional active sites per gram into the catalyst structure or improving 

catalyst loading to increase the number of active sites on a certain electrode. 

Increasing each active site's natural capacity for catalysis [79, 80]. 

More specifically, combining these two methods singly can increase catalyst activity 

through synergistic effects and lead to a considerable improvement in electrocatalysis. 

1.9 Various methods to enhance the electrocatalytic efficiency of TM­
LDH 

Scientists have employed a range of approaches to tackle the challenges arising 

from the limited electrical conductivity ofLDHs. Surprisingly, many LDH-based Catalysts 

can be synthesized through diverse methods such as, exfoliating dense materials to create 

thin nanosheets, construction of porous structures, vacancy with defect induction, anion 

exchange, and changing the distance between layers, using non-metals for doping, 

modification of surface, hybrid architecture utilizing metal complexes, regulating their 

morphology and their hybridization with conductive supports. All of these approaches 

contribute significantly and synergistically to the production of efficient LDH-based OER 

electrocatalysts [3 ,44, 65]. 
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1.9.1 Heterostructure carbon-based materials and TM-LDH 

Building LDH and other materials into a heterostructure, which is based on the 

distinct qualities of several materials, allows for the use of both their advantages as well as 

the synergistic effects of their combination. Carbon nanotube (CNT) and graphene 

materials often have excellent electrical conductivities. Therefore, the weak conductivity 

of LDH can be compensated for by including it in a composite framework. Furthermore, 

the improved OER activity can be linked with the electron transport between carbon 

materials and LDH. Various heterogeneous composite structures made of LDH and carbon 

materials have now been successfully synthesized and work exceptionally well. Generally 

speaking, nanocarbons offer a substantial surface area and electrically conductive paths to 

the loaded LDHs. Additionally, it can manage the clustering ofLDH crystals [65, 81 , 82]. 

1.10 Graphene oxide (GO) 

GO is a two-dimensional substance where the Sp2-C basal plane incorporates 0 

functional groups, distinguishing it from graphene as an oxidized variant. Unlike graphene, 

which is inherently hydrophobic, GO is hydrophilic, allowing it to disperse easily in 

aqueous solutions due to the presence of these 0 functional groups. GO is a desired 

substance that is employed in a variety of industries is employed in the production of 

composite materials, renewable energy devices, and electronics (sensors and transparent 

conductive films) and has uses in biology, and medicine due to tuning of its size from a 

few nm to mm and chemical characteristics [83]. 

1.11 Reduced graphene oxide (rGO) 

rGO is a nanostructured material that is based on cardon and easily soluble in 

solutions. It displays notable distinctions from graphene in various aspects, encompassing 

optical and electronic characteristics, along with its chemical composition. rGO maintains 

oxygen-related functional groups like hydroxyl carbonyl and epoxy. When rGO is 

incorporated into inorganic structures to create nanocomposites , it enhances electron 

transport properties because of rGO's remarkable ability to accept electrons [84]. 
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1.12 Synergistic effect ofTM-LDH with rGO 

In this regard, Long et al. were the first to discover the coupling of exfoliated FeNi 

-LDH and graphene oxide (GO) at the molecular level through the utilization of 

electrostatic attraction, a composite of FeNi-LDH and rGO was successfully synthesized 

via subsequent reduction, forming FeNi-LDHIrGO. The strong interactions between FeNi­

LDH and the integrated rGO effectively and precisely interspersed the LDH layers in an 

alternating manner. This separation facilitated the exposure of active sites for catalysis and 

enhanced the flow of charge across the rGO layers, leading to the superior performance for 

OER [85]. In the context of the TM-LDHIrGO composite, the LDH material is evenly 

distributed onto the extensive surface area and highly conductive rGO layers. In the realm 

of electrolysis, this composite demonstrates superior performance in OER when compared 

to the unmodified TM-LDH and the reference material, Ir02. Integrating TM-LDH material 

onto rGO layers offers the potential for two key benefits: 

1. The substantial surface area of rGO has the potential to amplify the area of interaction 

between the LDH and electrolyte, leading to an increase in the active sites. 

2. rGO can establish channels for electrical conduction in the NiFe, ultimately boosting 

the activity of each active site [82]. 

1.13 Different routes for the synthesis of TM-LDH electrocatalyst 

The following is a brief description of some methods that are being utilized for the 

synthesis ofTM-LDH. 

1.13.1 Co-precipitation synthesis 

The co-precipitation method stands out as the most widely employed technique for 

fabricating LDH materials, since it just requires one step, has a high yield, and uses 

inexpensive starting materials . Salt solutions of the bivalent, trivalent, and intercalating 

anion are combined, stirring continuously. The pH of mixture is kept in optimal alkaline 

range (PH range 6-11) by mixing in a soda solution, which encourages the concurrent 

precipitation of cation hydroxide. With the proper pH value and cations ratio, impurity 

phase development may be prevented. The produced nanohybrids' crystallinity can be 

improved by a further phase of processing at a moderate temperature (60-80 0c) for a few 

hours[39, 81]. The mechanism of co-precipitation depends upon the coordination activity 
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of hexa-aqua metal complexes within the mixed suspension, which is the consequence of 

the formation of positive sheet resembling brucite like structure, made up of trivalent and 

divalent cations and interlayer anions with water. A variety of TM-LDHs with their 

heterostructure and composites have been synthesized for electrocatalytic activity by using 

the co-precipitation method [3 , 87]. 

1.13.2 Hydrothermal/solvothermal method 

The hydrothermal approach is recognized for its operational simplicity and the 

uncomplicated chemical reactions it entails, which contribute to its success. During this 

preparation process, the metal salts from the precipitator are mixed with the solvent inside 

a Teflon container, and the resultant solution is subsequently heated to a specific 

temperature. Typically, solvents (like water, N-methyl pyrrolidone, dimethyl formamide 

dimethyl sulfoxide, , ethanol, and methanol) are used to mix precipitating agents like 

ammonia[88] , hexamethylenetetramine (HMT)[89] , methanol[90] , urea[91 ] 

,NaOHINa2C03 [92] etc., and some structure-directing substances like acetyl trimethyl and 

NH4F, under heating. 

The precipitator plays a crucial role in this process by providing the essential 

hydroxyl anions necessary for attracting metal ions and initiating the formation of metal 

hydroxides, which marks the initial stage of nucleation. Additionally, it aids in the 

development of layered structures in the subsequent hydrothermal treatment. Altering the 

reaction conditions, such as pressure, temperature, and reaction duration, LDH nanocrystal 

morphology, size, and structure can be smoothly controlled in this method. Moreover, a 

second hydrothermal treatment can be used to synthesize self-supported LDHs or doping 

and heterostructure-constructed LDHs [3]. This method is widely used because it's feasible 

and cost-effective. 

1.13.3 Electrodeposition 

The electrochemical deposition process is an effective way to produce 

nanostructure electrocatalysts. This procedure is commonly utilized for the production of 

self-supported LDH films on conductive substrates, this method employs either a two or 

three-electrode setup. Within this approach, the conductive surfaces serve as the cathodic 

working electrode during the electro-precipitation process. Concurrently, a metal-
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containing aqueous solution is introduced, typically containing metal ions derived from 

nitrate or sulfate solutions, is utilized as the electrolyte [3]. By employing a negative 

potential, a cathodic current is achieved due to water reduction, as expressed in the 

equation 1.7 : 

(1.7) 

The deposition process is achieved by converting nitrate/sulfate ions into hydroxide 

ions, resulting in an increase in the pH level in the immediate vicinity of the working 

electrode ... This causes the formation and precipitation of LDHs with similar properties. 

The characteristics of the LDHs, like their configuration, shape, phase, degree of 

crystallinity, and thickness on the conductive base, can be precisely adjusted by managing 

a range of factors. These factors include the applied voltage, current strength, temperature, 

duration of operation, pH levels, and the concentration of the metal salt solution [93 , 94]. 

1.14 Literature survey 

TM-LDHs have been the subject of thorough investigation within the realm of 

electrocatalysis, particularly for their prospective application as catalysts in OER. 

Extensive research efforts have been focused on investigating the functions and 

contributions ofTM-LDH as an OER electrocatalyst from the mid-2000 and many aspects 

in this regard are still unknown, so this is a rapidly growing field of research. 

(Jiang et aI., 2015) reported NiCo-LDH nanosheets produced by directly growing 

them on substrate made of nickel foam. These nanosheets exhibit better performance in the 

(OER) within an alkaline environment. This electrocatalyst featured a remarkably good 

OER activity a mere 290 m V low onset overpotential, an overpotential of 420 m V is 

achieved a current density of 10 rnA cm-2, which is close to the overpotential needed for 

the Ru02 catalyst. Additionally, it demonstrates long-term durability and maintains a 

significant anodic current density in a 0.1 M KOH solution. The exceptional OER 

performance of these NiCo-LDH nanosheets can be ascribed to their distinctive redox 

characteristics and intrinsic layered structure [64]. 

(Xiaowen et aI., 2015) employed electrodeposition technique to produce 

nanoplates of Ni-Fe LDH on electrochemically rGO in three dimensions for water 
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oxidation. The electrode displayed a minimal overpotential of 259 m Vat a CUlTent density 

of lOrnA cm-2, along with low Tafel slope of 39 m V dec-I. These characteristics render it 

a suitable candidate for serving as a primary catalyst for OER in an alkaline environment, 

making it suitable for use as a direct catalyst for OER in an alkaline medium without the 

using a conductive additive or binder. It is more effective than the costly Ir02 catalyst 

concerning its electrochemical durability, reaction kinetics, and effectiveness [95]. 

(Han et at, 2016) coupled CoFe-LDH with rGO, resulting in a 2D integrated 

structure known as CoFe-LDH/rGO nanocomposite. The configuration substantially 

reduces the overpotential needed to achieve a CUlTent density of 10 rnA cm-2 in OER, 

lowering it to 325 m V in 0.1 M KOH. Moreover, due to their enhanced abilities in 

transporting mass and charge, coupled with their high structural stability, these nanohybrids 

showed remarkable durability. The incorporation of these alternating components gives 

CoFe-LDHlrGO nanocomposite the potential to function as cost-effective highly efficient 

catalysts, easily available earth-abundant materials for a variety of water-related 

application [96]. 

(Feng et at , 2017) Co-based LDH materials incorporating both Fe and Al were 

synthesized using efficient coprecipitation method. In these catalysts, the presence of 

trivalent species, Fe3+ and AI3+, plays a crucial role in stabilizing the LDH structure, as 

confinned through comprehensive characterization employing various surface and bulk­

sensitive techniques. Their perfonnance in OER was assessed using rotating disk 

electrodes. Notably, for Co-AI-based LDH catalysts, an increase in Al content correlated 

with a decrease in OER activity. Conversely, in the case of Co and Fe-based LDH (CoFe­

LDH), a synergistic effect was observed, particularly with an optimal Fe content of 35%. 

This specific catalyst was applied through a spray-coating process onto Ni foam electrodes, 

exhibiting exceptional stability within a flow-through cell. It achieved an approximate 

overpotential of 350 mV@10 rnA cm-2 and featured a Tafel slope of 49 mV dec- l in a 0.1 

M KOH solution [97]. 

(Wang et aI., 2017) fabricated an electrocatalyst by depositing NiFe-LDH 

nanopaliicle (3-5 nm) onto Co, N-codoped cal'bon nano frames (Co, N-CNF). This 

electrocatalyst, known as NiFe-LDH/Co, N-CNF, exhibited a Tafel slope of 60 mV dec-1 
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and an overpotential of 312 m V at 10 rnA cm -2. This performance resulted from the 

combined OER activity ofNiFe-LDH and the enhanced conductivity provided by Co, N­

CNF [98]. 

(Liu et aI. , 2017) designed ultrathin nanosheet arrays of NiCo-LDH on a three­

dimensional (3D) porous structure using hydrothermal technique. These nanosheets 

functioned as a bifunctional catalyst for overall water electrolysis, representing a 

pioneering application. The distinctive hierarchical 3D porous design, consisting of 2D 

ultrathin nanostructures, provided several benefits, including enhanced diffusion of active 

species, increased number of active sites and better charge transport. Consequently, the 

NiCo-LDHlNF catalyst exhibited outstanding catalytic efficiency and durability in both 

HER and OER. 

In a 1.0 M KOH solution, it achieved a low overpotential of 162 mV for HER and 271 mV 

for OER, enabling a current density of 10 rnA cm-2
. Furthermore, the NiCo-LDHlNF 

catalyst achieved a current density of 10 rnA cm -2 at a remarkably low cell voltage of 1.66 

V, matching the performance of previously reported catalysts for bifunctional water 

splitting. This research opens up new possibilities for leveraging transition metals to 

advance the field of overall water splitting [99]. 

(Feng et aI., 2017) synthesized active CoFe-LDH and observed its OER activity in 

1M KOH. This catalyst on nickel foam substrate (CoFe-LDH) exhibited IL of 300 mv@10 

rnA cm-2 and on ITO (indium tin oxide) substrate the IL was 400 mV and estimated Tafel 

slop of 83 m V dec-1 [57]. 

(Yang et aI., 2020) performed hydrothermal synthesis of nanocomposite called 

CoFe-LDHlMWCNT/rGO, which proves to be active bifunctional electro catalyst, 

supporting both OER and the Oxygen Reduction Reaction (ORR). The inclusion of 

MWCNT and rGO alongside CoFe-LDH in tIlls nanocomposite introduces a hierarchlcal 

porous structure and boosts conductivity, greatly aiding efficient mass transport and charge 

transfer during OER and ORR processes. 

In practical terms, CoFe-LDHIMWCNT/rGO displayed impressive OER 

performance in aIM KOH solution, with a low onset overpotential of 330 m V. Moreover, 

25 



Chapter 1 Introduction 

it required an overpotential of 430 mV to achieve a current density of 10 rnA cm-2
. 

Additionally, this nanocomposite exhibited excellent catalytic activity for ORR, with an 

onset potential of 708 m V vs. RHE in a 0.1 M KOH solution and a preference for the 4-

electron pathway. The exceptional bifunctional catalytic performance of CoFe­

LDHIMWCNT/rGO in both OER and ORR results from the synergistic effects stemming 

from the incorporation of MWCNT, rGO, and CoFe-LDH [100]. 

(H. Sung et aI., 2020) synthesized NiCo-LDH nanowires and investigated their 

performance in (OER. The electrochemical assessments were conducted in aIM KOH 

solution, revealing an overpotential of 250 m V @1 0 rnA cm-2 and a Tafel slope of 89 m V 

dec-l [62]. 

(Wang et aI., 2021) Reported an OER electrocatalyst of NiFe-LDH nanosheets 

with oxygen and metal multivacancy showed It = 230 m Vat 100 rnA cm- 2. a Tafel slope 

of 37.1 mV dec-l [101]. 

(Yunqi et aI., 2021) fabricated NiFe-LDH and analyzed its OER activity in 1 M 

KOH and calculated It = 342 mV at 10 rnAcm-2 and Tafel slope of 57.4 mV dec- l [102]. 

(Guo et aI., 2021) A composite material comprising CoFe-LDH nanosheet arrays 

grown on rGO-modified Ni foam was successfully produced using a citric acid-assisted 

aqueous phase co-precipitation technique. Comprehensive analysis revealed that all 

compositions within the CoxFe1-LDH/rGOINF series (where x = 4,3,2) featured CoxFe1-

LDH nanosheets growing vertically on the surface of the rGO-modified Ni foam. 

Significantly, among this series, the C03Fel-LDHIrGOINF composite demonstrated the 

most impressive performance. It exhibited overpotentials of 250 m V for OER and 110m V 

for HER at a current density of lOrnA cm-2 in aIM KOH solution. When serving as both 

the cathode and anode concurrently in the process of complete water splitting, it requires 

cell voltages of 1.65 V and 1.84 V at current densities of 10 rnA cm-2 and 100 mA cm-2
, 

respectively. The remarkable performance of C03Fel-LDHIrGOINF can be ascribed to its 

nanosheet array architecture. Several pivotal factors contribute to its exceptional catalytic 

efficiency: 
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1. The distinctive nanosheet array structure featuring open channels, which provides an 

abundance of accessible active sites. 

2. The synergistic cooperation between C03Fel-LDH and rOO, enhancing electrochemical 

performance and elevating electrical conductivity. 

3. The in-situ growth of C03Fel-LDH on rOOINF aids in the release of gas bubbles and 

greatly enhances long-term stability [103]. 

(Wan et aI., 2022) fabricated NiFe LDH@Sn02INF composite, this electrocatalyst 

demonstrated efficient OER activity, obtaining a low l1. of 234 mV@10 rnA cm-2. Long­

term stability testing revealed no voltage fluctuations over a 12-hour operation @100 rnA 

cm-2, confirming its stability [104]. 

(Wang et aI., 2023) designed a method offabrication ofCoP@NiCo -LDH samples 

through a multi-step growth method, and CoP@NiCo LDH-I00 displayed remarkable 

electro catalytic performance. Specifically, it achieved a minimal overpotential of 68.7 m V 

for HER and an overpotential of 225 m Vat 50 rnA cm-2 for OER in 1 M KOH electrolyte, 

with outstanding stability over 50 hours [105] . 

According to the literature review, it is obvious that to date, numerous TM-LDHs 

OER electro catalysts have been fabricated using diverse synthetic techniques. This points 

to two crucial aspects: (a)TM-LDH electrocatalysts have promising potential as OER 

electrocatalysts and (b) there is still room to get its optimized form to commercialize it as 

an electrocatalyst. This prompted us to design the current study, with the hope that the 

results of this work may aid in further understanding of the potential material. 

27 



Chapter 1 Introduction 

1.15 Aims & plan of research work 

The primary objective of this project was to synthesize an OER active material that 

is eco-friendly, cost-effective, earth-abundant, and can show significant stability in an 

alkaline medium. For this purpose, TM-LDH materials (CoFe-LDH, NiCo-LDH and NiFe­

LDH) and their composites with rGO (CoFe-LDHI rGO, NiCo-LDHI rGO, NiFe-LDHI 

rGO ) were selected and following objectives were taken into consideration. 

To synthesize NiFe-LDH, NiCo-LDH, and CoFe-LDH materials via a simple and 

cost-effective hydrothermal route. 

To modify the above synthesized LDH materials by reduced graphene oxide to 

obtain, NiFe-LDH/rGO, CoFe-LDH/rGO, and NiFe-LDHIrGO composites via the 

same hydrothermal route. 

To determine the electro catalytic efficiency of these synthesized catalysts for OER 

through studying various kinetic parameters such as overpotential, Tafel slope, etc. 

In the work plan the first step was synthesis of TM-LDHs composites with (CoFe-LDH, 

NiCo-LDH and NiFe-LDH) and their composites with rGO (CoFe-LDH/rGO, NiCo­

LDHIrGO, NiFe-LDHIrGO) by cost effective and simple hydrothermal method. 

In the second step, catalyst ink was prepared for each electrocatalyst and applied on a glassy 

carbon (GC) electrode. Which was subjected to electrochemical investigations. Next these 

modified GC electrodes were then analyzed through LSV, CV, and EIS to investigate the 

OER activity of all the synthesized electrocatalysts. The data were obtained, and the critical 

parameters were calculated to evaluate the activity of the synthesized nanomaterials. The 

obtained results were interpreted and compared with the reported work. 
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Chapter 2 

EXPERIMENTAL 

The present work aims to synthesize layered double hydroxides based on transition 

metals (CoFe-LDH, NiCo-LDH and NiFe-LDH ) and their composites with reduced 

graphene oxide(CoFe-LDH/rGO, NiCo-LDH/rGO, NiFe-LDH/rGO) as OER 

electro catalysts to be used in alkaline water electrolyzer for hydrogen evolution. This 

chapter covers information regarding all experimental work performed during this research 

work. It includes information about the utilized chemicals and reagents, details of different 

adopted synthetic procedures and employed instrumentations and techniques, 

systematically. 

2.1 Chemicals and reagents 

The reagents and chemicals used in this research work are mentioned in Table 

2.1, along with their specifications and source. 

Table 2.1: List of chemicals and reagents with their specifications. 

Molar 
Sr Mass 

Chemicals/Reagents mass Source 
No. purity (%) 

(g/mol) 

1. Nickel(II) nitrate hexahydrate 290.79 99 Sigma- Aldrich 

2. Nickel(II) acetate tetrahydrate 248 .84 99 Sigma- Aldrich 

3. Cobalt(II) nitrate hexahydrate 291.03 98 Sigma- Aldrich 

4. Cobalt(II) acetate tetrahydrate 249.08 99 Merck 

5. Hexarnethy lenetetrarnine 140 .1 9 98 Sigma- Aldrich 

6. N, N-Dimethylformarnide 73.09 99 Sigma- Aldrich 

7. Urea 60 99 Fluka 

8. Iron(HI) nitrate nanohydrate 404 99 Sigma- Aldrich 
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9. Potassium hydroxide 56.10 99 Sigma- Aldrich 

10. Graphite flakes 12.011 99.9 Sigma- Aldrich 

II. Potassium permanganate 158.03 99 Merck 

12. Hydrogen per oxide 34.01 30 Sigma- Aldrich 

13. Sodium nitrate 84.99 99 Sigma- Aldrich 

14. Hydrochloric acid 36.45 37 Merck 

15. Sulphuric acid 98.09 95-97 Sigma- Aldrich 

16. Hydrazine 32.04 65 Merck 

17. Ethanol 46 99.1 Analar 

18. Isopropanol 60 99.7 Analar 

19. De-ionized water 18 - -

2.2 Instrumentation 

This section includes the details of all instruments and techniques namely X-ray 

diffraction (XRD), fourier-transform infrared spectroscopy (FTIR), centrifugation, 

sonication, and magnetic stirring, and describes the setup of the electrochemical 

workstation, utilized for the synthesis and characterization of desired electrocatalysts. 
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2.2.1 X-ray diffraction (XRD) 

The crystallographic and structural evaluation of synthesized material can be done 

by XRD. It has the potential to be an effective technique for identifying crystalline or semi­

crystalline compounds. The established X-ray diffractograms produced from comparable 

JCPDS (Joint committee on powder diffraction standards) references available in the ICDD 

(International center for diffraction data) repository are compared to the X-ray diffraction 

patterns of synthesized materials. Along with its ability to identify materials, XRD 

examination also reveals information about phase, crystal alignment, structure, and 

characteristics related to structure, such as average crystallite size, flaws , and stress [106]. 

For structural analysis of synthesized transition metal-based LDH (TM-LDH) 

material, their composite with rGO and graphene oxide (GO), an X-Ray diffractometer 

(Spectris Company Australia) model PANalytical 30440/60 X pert PRO was employed. By 

applying the voltage at 40 KeV and current at 40 m A, the Cu-Ka X-ray source was used 

for evaluation at a scan rate of 0.01 ° Isec over 28 values ranging from 10°_80°. A finely 

powdered form of synthesized LDH material was subjected to XRD analysis. The Debye­

Scherrer equation has been used to determine the average crystalline size, as shown in 

equation 2.1 : 

D-~ 
{3cos() 

(2.1) 

k is Scherrer's constant taken about 0.9 , D represents the size of the crystallite 

(nm), A denotes the wavelength of X-ray, and in the case of copper's Ka its value is 0.l54 

nm, B signifies the full width at half maximum (FWHM) of the diffraction peak (in radian) 

and 8 denotes the Bragg's diffraction angle. 

2.2.2 Fourier -transform infrared spectroscopy (FTIR) 

FTIR is an important technique in identifying the functional groups present in each 

sample. Functional groups and vibrational modes of all synthesized TM-LDH material 

were investigated using FTIR in frequency ranging 400-4000 cm-1 using provided by 

Thermo Scientific (NICOLET 6700). All the synthesized materials were analyzed by 

employing a resolution rate of 0.4 em-I. 
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2.2.3 Centrifuge and sonicator 

Extensive washing and separation of all synthesized materials was carried out by 

HermIe Labortechnik Z 206A centrifuge at 200-6000 rpm. 

The Elma Sonic E30H sonicator with a frequency of about 50/60 Hz and power of 

240 W was used to get a homogenous mixture of products for further proceedings. 

2.2.4 Electrochemical workstation 

All the electrochemical techniques i.e. , electrochemical impedance spectroscopy, 

cyclic voltammetry and linear sweep voltarnmetry were carried out on a Gamry Interface 

lOOOE (Louis Drive Warminster, PA 18974, USA) equipped with Gamry Framework 6.03 

software. This Gamry potentiostat model 1000E is a high-perfonnance electrochemical 

workstation that can operate well in both the potential control range (±1 mY, ±0.2% of 

setting and reading) and the current control range (±5 pA, ± 0.3% of range). 

Fig. 2.1 A photograph of electrochemical cell setup. 

The voltametric cell used for this research work was a 50 rnL glass vial with a Teflon 

cap having three standard taper ports for inserting the electrodes within the cell as depicted 

in Fig. 2.1 . All electrochemical analyses were carried out using an electrode system and 1 

M aqueous KOH was used as an electrolyte. The electrodes used are described below: 

1. Working electrode: Modified glassy carbon (GC) electrode with an area of 0.0707 cm2. 
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2. Counter electrode: Pt wire having a length of 37 mm and diameter of 0.5 mm. 

3. Reference electrode: Saturated calomel (Hg/Hg2Chl KCl). 

The reaction under consideration takes place on working electrode. As in present 

work, OER is under examination so modified glassy carbon functions as an anode. The 

circuit is completed by counter electrode. At the counter electrode, reaction opposite to that 

on the working electrode takes place here. To reduce the ohmic drop or IR drop effect, a 

minimal distance was maintained between the working and reference electrodes [107]. 

2.3 Experimental procedure 

This section covers the methods followed for synthesis of graphene oxide, TM­

LDH materials including CoFe-LDH, NiCo-LDH and NiFe-LDH, their composite with 

reduced graphene oxide (CoFe-LDH/rGO, NiCo-LDH/rGO, NiFe-LDHIrGO) and 

fabrication of working glassy carbon electrode. 

2.3.1 Synthesis of graphene oxide 

The synthesis of graphene oxide was completed by employing modified 

Hummer's method, as shown in Fig. 2.2 [108]. 

I 

19 graphite 25 =I H2SO4 lvIagnetic I Stirred for 
flakes +lg ... 'W"as added ... stirring at 0- l.-.j 4 hours. 

NaN03 5 0 C (ice bath) 

• 
Reflux. at 98 DC r- Further Stirred 92 rnl of H 2 0 6 g of 

for 10-15 tnint. (2h vvithout ice ... 'W"as added .. KMn04 'W'as 

bath) 
(stirred for 2h) 

added 
(15O C) 

• 
Brovvn colored After 10:rn..i.n.. .. 20 rnl ofH202 100 Inl of 
solution ... 25°C "Was added ( I~ H20 v.ras 
obtained at 30°C maintained for color changed added and 

?h to yello"W) stirred for 1 h 

..... 
Graphene Dried at 600 C Filtra:tion and Kept for 3-4 
oxide (GO) .. for6h ... centrifugation ... h vvithout 

(10 % HCI and stirring 
DI "Water) 

Fig. 2.2 Schematic diagram representing the synthesis of GO by modified Hummer's 

method. 
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2.3.2 Synthesis ofTM-LDH materials (CoFe-LDH, NiCo-LDH and NiFe-LDH) 

The synthesis of TM-LDH electrocatalysts (CoFe-LDH, NiCo-LDH, NiFe-LDH) 

were carried out by utilizing hydrothermal method [104, 105]. To synthesize NiFe-LDH, a 

homogenous mixture containing 0.02 M of Ni(N03)2-6 H20 and 0.01 M of 

Fe(N03)3.9H20 in 50 DI water (1:2 ofFe3+ and Ni2+) was prepared. After this a solution of 

hexamethylenetetramine (HMT, 0.5g/20 mL) was added to the above mixture steadily 

while constant stirring at room temperature. Then this mixture was shifted into a Teflon 

lined autoclave (100 rnL) and placed in preheated oven at 180°C for time period of 12 

hours. After completing the reaction time, autoclave was naturally cooled to ambient 

temperature. After this, thoroughly washing of obtained product with deionized water and 

ethanol and then dried at 50°C overnight to yield NiFe-LDH. The synthesis ofCoFe-LDH 

and NiCo-LDH was performed by the similar above-mentioned procedure simply by 

altering the precursors. Such as, for the synthesis of CoFe-LDH cobalt nitrate hexahydrate 

and iron nitrate nano hydrate were used as precursors. In the synthesis ofNiCo-LDH cobalt 

nitrate hexahydrate and nickel nitrate hexahydrate were used as precursors and treated with 

HMT. 

In this synthesis procedure, a one-pot hydrothermal approach was used for 

producing nitrate-intercalated TM-LDHs utilizing HMT as a hydrolysis agent. The HMT 

was important in this approach because it supplied hydroxyl anions (HMT acts as a 

hydrolysis agent and base) that were attached with metal ions for formation of metal 

hydroxides. This was primary nucleation step helped in the construction of layered 

structure in subsequent hydrothermal procedure [110]. 

2.3.3 Hydrolysis of HMT 

Equation 2.2 and 2.3 depict the hydrolysis ofHMT (C6H 12N4) 

C6H12N4 + 6H20 ~ 4NH3 + 6HCHO (2.2) 

NH3 + H
2
0 <= NHt + OH- (2.3) 

HMT was intended to hydrolyze in an aqueous solution at high temperatures, 

releasing ammonia and making the solution alkaline. Ammonia and formaldehyde are 

produced during the hydrolysis ofHMT and are not incorporated into the LDH [106]. HMT 
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acts as a hydrolysis agent, which means it reacts with water molecules to release hydroxide 

ions, which take part in generation of structure of LDH. Hydrolysis is a chemical process 

that involves the cleavage of chemical bonds through the incorporation of water, leading 

to the formation of new compounds, which is consistent with the process of fabrication of 

TM-LDH [3]. 

To summarize this synthesis method, it is concluded that the procedure involved in 

the breakdown of HMT leads to the release of hydroxide ions. These hydroxide ions then 

react with metal ions derived from precursor salts, resulting in the formation of layers of 

metal hydroxides. Subsequently, nitrate ions were introduced into the interlayer space of 

the LDH structure due to electrostatic interactions. Consequently, TM-LDH was formed, 

with nitrate serving as anion in its interlayer space. 

(" Hydrothermal Synthesis ofNiFe-LDH, CoFe -LDH and NiCo-LDH Materials 

0.02 M Ni(NQh . 6 H20 and 0.011\1 Fe(NQh . 9H20 in SOml 

DIW 

or 
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0.02 M Ni(NQh . 6 H20 and 0.011\1 Co(NQh . 6 H20 in SO 

mlDIW 
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or 

1< 
washed with DI I 

CoFe-LDH H20 & ethanol 
and dried at5~ 

< 
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Fig. 2.3 Pictorial representation of synthesis procedure for NiFe-LDH, NiCo-LDH, and 

CoFe-LDH electrocatalysts by hydrothermal method. 
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2.3.4 Synthesis of composite of TM-LDHs with rGO (NiCo-LDHlrGO, CoFe­

LDH/rGO and NiFe-LDHlrGO) 

The synthesis of TM-LDHlrGO composites was done solvothermal process [82, 

112]. Initially, GO was synthesized using Hummer's technique then it was dispersed 

ultrasonically in water(2 mg/mL). To synthesize NiFe-LDH/rGO, the aqueous solutions 

0.2 M Ni(CH CO )2.4H20 (20 mL) and 0.2 M Fe(N03)3.9H20 (4 mL)were mixed, 
3 2 

followed by addition of GO solution(12 mL), 24 ml ofDI water, 2 M urea solution (5mL 

DIW) and 30 mL DMF, and 20 uL of 65% hydrazine. Hydrazine was introduced into the 

solution acting as reducing agent. This entire solution was then shifted to a reactor 

(stainless -steel autoclave) coated with Teflon and subjected to solvothermal treatment, 

Initially, at 120°C for 18 hours, followed by a subsequent step at 160 °C for 2 hours. 

Following by centrifugation and thorough washing with DI water, the NiFe-LDHIrGO was 

obtained. The synthesis of NiCo-LDH/rGO and CoFe-LDHIrGo were carried out by the 

similar above-mentioned procedure simply by altering the precursor salts. For example, in 

production of CoFe-LDHIrGo the cobalt acetate tetrahydrate and iron nitrate nano hydrate 

were used as precursors. In the synthesis of NiCo-LDH/rGO the nickel acetate tetrahydrate 

and cobalt nitrate hexahydrate were used as precursors. 

In this synthesis method urea was used as a hydrolysis agent. Normally, urea undergoes 

hydrolysis when water molecules are present, resulting in the production of carbonate and 

hydroxyl (OH-) ions. These ions, in turn, facilitate the formation of metal hydroxide 

carbonates when metal salts (specifically nitrates) are also present, leading to precipitation. 

The hydrolysis reaction in the case of urea is as follows: 

NH2-CO-NH2 + H20 ~ 2NH3 +C02 

C02 + H20 ~ cOj- + 2H+ 

NH3 + H20 ~ OH- + NHt 

(2.4) 

(2.5) 

(2.6) 

During hydrothermal reaction, urea undergoes hydrolysis resulting in the formation of 

NH3 molecules and C02 (equation 2.4) . These molecules then react with H20 to give rise 

to the generation of NHt, cOj- and OH- ions, as shown in equation 2.5 and 2.6. 

Consequently, the OH- and cOj-, species combine with metal salts, leading to a 
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precipitation phenomenon [11 2]. Hence TM-LDHIrGO was formed, with C032- serving as 

the interlayer anion. 

It was concluded that HMT serves two functions while undergoing hydrothermal 

process: (i) as a hydrolysis reagent and (ii) as an inducer, resulting in nitrate ion intercalated 

into the LDH's interlayer gallery while urea induces carbonate anion in interlayer space of 

LDH. 

In-Situ Synthesis ofNiFe-LDH/rGO,CoFe-LDHIRGO and NiCo-LDHlrGO 
Composite Materials by Solvothermal Route 
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then shifted to lOOml TL 
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Fig. 2.4 Pictorial representation of synthesis procedure for NiFe-LDH/rGO, CoFe­

LDH/rGO, and NiCo-LDH/rGO composites by solvothermal method. 

2.3.5 Fabrication process of working electrode 

To conduct electrochemical analysis, the synthesized electro catalysts (NiFe-LDH, 

NiCo-LDH, CoFe-LDH, NiFe-LDH/rGO, CoFe-LDHIrGO, and NiCo-LDH/rGO were 

deposited separately on glassy carbon (GC) to fabricate working electrode as depicted in 

Fig. 2.5. For this purpose, 3.5 mg of synthesized powder of catalysts was added to 50 J.lL 
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isopropanol. Then 2 /-lL Nafion was added to this mixture. A slurry was formed through 

sonication of the above mixture for one hour. Subsequently, using a micropipette, 10 /-lL of 

the slurry was deposited on a well-polished GC electrode, and then it was dried completely 

using a blower. This modified GC electrode was then analyzed through LSV, CV, and EIS 

to investigate the electrochemical behavior of the synthesized material. 
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Alumina-water slurry 

Ji. ..... / ..... . 
: " .. 
\ .... ,,· ...... ...... 1 
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to make 
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+ 0.05 ml 
isopropanol 

+ 
2 III of 0.5% 

Nation 

Fig. 2.5 Illustration of the electrode fabrication process. 
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Chapter 3 
, 

Results and Discussion 

As previously discussed, the primary goal of this study was to synthesize an 

effective anode based on TM-LDH for electrochemical water splitting. Six different types 

ofTM-LDHs including three pristine LDHs i.e. , CoFe-LDH, NiCo-LDH, and NiFe-LDH 

and three composites of these LDHs with rGO i.e ., CoFe-LDHIrGO, NiCo-LDHIrGO and 

NiFe-LDH/rGO respectively, were targeted to be synthesized and examined for their 

electro catalytic efficiency in the OER. The reported experimental approach (hydrothermal) 

was used to fabricate the required catalysts . This chapter contains a detailed description of 

the results acquired from the experimental work performed throughout this research work. 

3.1 Structural and crystallographic properties by X-ray diffraction 

The synthesized electrocatalysts and GO were subjected to XRD and structural 

investigation of these materials was conducted through this technique. 

3.1.1 XRD analysis of graphene oxide (GO) 

The XRD pattern of GO exhibited sharp and prominent diffraction peak at a 28 

value of 11.33° corresponding to crystal plane (001) as shown in Fig. 3.1, confirming the 

successful synthesis of GO. 

(001) r-;- (GOf] 

.-. 
::i 
.!i 
~ 
'M = ~ 
.5 

\oJ\.... ..-"- ~ 

0 10 20 30 40 150 60 70 80 90 

29 (Degree) 

Fig. 3.1 XRD pattern of synthesized GO. 
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3.1.2 XRD analysis of NiFe-LDH and NiFe-LDHIrGO 

The XRD patterns of synthesized NiFe-LDH and NiFe-LDHIrGO composite is 

shown in Fig. 3.2, which corresponds to their reference XRD patterns (JCPDS card No. 

40-0215), available in the ICDD database [113]. As no additional phases were found, NiFe­

LDH was the dominant phase. The crystalline structure ofNiFe-LDH was preserved after 

combining with rGO as suggested by their similar XRD diffractogram. As rGO displays a 

characteristic peak at 28 of 24°, this peak merged with the peak of NiFe-LDH 

corresponding to (006) hence giving a little broader peak at 28 value of 23§ for NiFe­

LDHIrGO confirming the presence of rGO and showing successful reduction of GO to 

rGO. 

The peaks positioned at 28 values 11.2°,23°, 34.4°,39°, 46.71°, 61 ° and 62° were 

indexed as (003), (006), (012), (015), (018), (110) and (113) planes respectively. In case 

of NiFe-LDHIrGO composite a little peak shift for (003) and (006) planes compared to 

pristine NiFe-LDH was observed, showing that the d-spacing decreased for these two 

planes. This decrease in d-spacing was due to the change of interlayer anion as in the case 

of pristine NiFe-LDH the interlayer anion was nitrate and in the case of the composite the 

anion was carbonate confirmed by calculating the d-spacing (using the Bragg's equation as 

shown in equation 3.1). 

nA = 2d sin8 (3.1) 

where, A is the wavelength ofthe incident wave, d is the d-spacing, n is a positive 

integer and 8 is the glancing angle. For the same reflections, the relationship between 8 and 

basal spacing should be: 

(3.2) 

where dl and 81 are 0.72 , 0.39 nm and 12.34°, 23.9° for the (003) and (006) 

reflections of NiFe- LDHIrGO (JCPDS Card No. 40-0215) respectively. The tested 

glancing angles, 82 are 11.2° and 23° for pristine LDH. The results of d2 were calculated as 

0.81 nm and 0.4 nm for the (003) and (006) reflections of pristine NiFe-LDH , 

respectively. 
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Fig. 3.2 XRD pattern of (i) NiFe-LDH IrOO and (ii) NiFe-LDH. 

3.1.3 XRD analysis of CoFe-LDH and CoFe-LDH/rGO 

The XRD patterns for CoFe-LDH and CoFe-LDH/rOO composite are shown in 

Fig. 3.3, corresponding to their reference JCPDS card No. 50-0235, available in the ICDD 

database [114]. As no additional phases were found confmning that CoFe LOH is the 

dominating phase. The crystal structure of CoFe-LDH was preserved after combining with 

rOO suggested by their similar XRD diffractogram. The distinct diffraction peaks were 

appeared at 28 values of11.05°, 22.4°, 33.9°,35.9°,45.88°, 60.6° and 61.6° can be indexed 

as (003), (006), (012), (015), (018), and (110) and (113) crystal planes, respectively. For 

CoFe-LDHIrOO composite a little peak shift for (003) and (006) planes compared to 

pristine CoFe-LDH was observed, this showed that the d-spacing decreased for these two 

planes. This decrease in d-spacing was due to a change of the interlayer anion as in the case 

of CoFe-LDH, the interlayer anion was nitrate and in the case of CoFe-LDHIrOO, the 

anion was carbonate (corresponding to the different hydrolysis agent in the synthesis of 

these materials as discussed earlier in experimental section) as confirmed by calculating 

the d-spacing by using equation 3.2. In this case, dl and 81 are 0.76 nm, 0.39 nm and 11.39° 

and 22.42° for the (003) and (006) reflections of CoFe- LDH/rOO (JCPDS Card No. 50-

0235) respectively. The tested glancing angles, 82 are 11.05° and 22.42° for CoFe-LOH. 

The results of d2 were obtained as 0.8 nm and 0.43 nm for the (003) and (006) reflections 

of CoFe-LDH, respectively. 
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A broader peak at 28 value of 22.6° for CoFe-LDH/rGO as compared to CoFe-LDH 

corresponds to the (006) plane confirming the presence of rGO and shows a successful 

reduction of GO to rGO. 

-:::i 
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III 
C 
.!! 
.5 
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(006) 

20 
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(015) 

(i)CoF<~LDH 

JCI'I)S NO. 50-0235 

30 28 (d~Ogree) 50 60 70 

Fig. 3.3 XRD pattern of (i) CoFe-LDH and (ii) CoFe-LDH/rGO. 

3.1.4 XRD analysis of NiCo-LDH and NiCo-LDHIrGO 

The XRD patterns for NiCo-LDH and Nio-LDH/rGO composite revealed in Fig. 

3.4, correspond to their reference JCPDS card No. 33-0419 available in the ICDD database 

[115]. The observed diffraction planes (003), (006), (01 2), (015), (018), and (110) and (113) 

confirmed their layered structure. In the case of NiCo-LDHI rGO composite, a little peak 

shift for (003) and (006) planes compared to pristine NiCo-LDH was observed, showing 

that the d-spacing decreased for these two planes because of the change of interlayer 

anIOns. 

The results of d-spacing for (003) and (006) planes are given as dl and 81 are 0.77 

nm , 0.31 nm and 13.87° and 29.32° respectively for the (003) and (006) reflections of 

NiCo- LDHIrGO (JCPDS Card No. 33-0419). The tested glancing angles, 82 are 13.12° 

and 26.12° for NiCo-LDH. The results of d2 were obtained as 0.8 1 nm and 0.34 run for the 

(003) and (006) reflections of CoFe-LDH respectively. 
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Fig 3.4 XRD pattern of (i) NiCo-LDH and (ii) NiCo-LDH /rGO. 

The discussion concludes that all electro catalysts were successfully synthesized 

and in the case of pristine TM-LDH, the interlayer anion was nitrate and for their composite 

with rGO, the interlayer anion was carbonate because of different synthesis conditions as 

discussed in the synthesis procedure of these materials. While undergoing solvothermal 

treatment, the crystallization of TM-LDHs and the reduction of GO to rGO occurred 

simultaneously. Furthermore, crystals ofTM-LDHs were preferentially deposited onto the 

rGO layer, likely because of oxygen containing functional groups. This was confirmed by 

XRD analysis. All the results relate to the current literature [110]. 

Furthermore, the average crystalline size of each catalyst was calculated (using the 

Debye-Scherrer equation, illustrated as equation 2.1) as shown in Table 3.1, and it was 

observed that the average crystalline size of composite material was less than the average 

crystalline size of pristine TM-LDH material. This is probably because of incorporation 

of rGO during the material synthesis process and different type of interlayer anions for 

pristine and composite materials. Furthermore, This addition of rGO seemed to enhance 

the formation of various nucleation sites, leading to a higher density of nucleation for TM­

LDHs\rGO. At the same time, it appeared to limit the uninterrupted growth of crystals. 
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Table 3.1: The average crystalline size of synthesized materials. 

S.No. Sample The average crystalline size (nm) 

1. NiFe-LDH 14.4 

2. NiFe-LDHIrGO 10.0 

3. COFe-LDH 22.0 

4. CoFe-LDH/rGO 17.4 

5. NiCo-LDH l3.5 

6. NiCo-LDH/rGO 11.0 

3.2 Fourier-transform infrared spectroscopy (FTIR) analysis 

The structural difference between bare TM-LDHs and their composite was 

investigated using FTIR spectroscopy. The FTIR spectra of all synthesized materials 

exhibited peaks indicating the presence of carbonate ions (in composites), nitrate ions (in 

pristine TM-LDHs), and water molecules in the layered structure of all LDHs. 

3.2.1 FTIR analysis of NiFe-LDH and NiFe-LDHIrGO 

In the case of Ni-Fe combination ofLDH, the FTIR spectra [Fig. 3.5 (a) and (b)] 

depicted the characteristic peaks for NiFe-LDH and NiFe-LDHIrGO composite_ 
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Fig. 3.5 FTIR spectra of (a) NiFe-LDH and (b) NiFe-LDHIrGO. 
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In both cases, the signals at :::::3350 cm-1 can be attributed to the stretching mode of 

the OH group arising from metal-hydroxyl groups and interlayer H20. The bands observed 

at 1610 cm-1 and 1200 cm-1 represented the bending vibration of water and c-o vibrations 

respectively. The peaks at 500 cm-1 and below region can be attributed to the M-O-M, M-

0, and O-M-O (M=Ni and Fe) vibrations. For NiFe-LDHIrGO interlayered carbonate 

observed at 1380 em-I, the vibrations ofC=O at 1718 cm-1 can be attributed to rGO. While 

NiFe-LDH exhibited a peak at 1330 cm-1 for interlayer nitrate anions. 

3.2.2 FTIR analysis of CoFe-LDH and CoFe-LDHIrGO 

In the case of the Co-Fe combination of LDH, the FTIR spectra [Fig. 3.6 (a) and 

(b)] contained characteristic peaks for CoFe-LDH and CoFe-LDHIrGO composite. The 

absorption bands in the region of 3400-3500cm-1 represented the stretching mode ofO-H 

and H20. The bands at 1600 cm-1 represented the bending mode of H20 
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:"'-CoFe/RGO 
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3550 
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mode oftht o~-
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COt 

468 (O-M-O 
Bending 

1000 

wavelenghl em-1 

Fig. 3.6 FTIR spectra of (a) CoFe-LDH and (b) CoFe-LDH/rGO. 

The peaks in the region below 700 cm- I can be assigned to the M-O-M, M-O, and 

O-M-O (M=Co and Fe) vibrations. As CoFe-LDH/rGO was interlayered with carbonate 

anions, so for this the peak was observed at 1370 em-I, while CoFe-LDH exhibited a peak 

at 1330 cm- I related to interlayer nitrate anions. For CoFe-LDH/rGO vibrations at 171 2 

and 1070 cm-1 for C=O and c-o respectively, can be attributed to rGO which are missing 

in CoFe-LDH. 
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3.2.3 FTIR analysis of NiCo-LDH and NiCo-LDHIrGO 

For NiCo-LDH and NiCo-LDH/rOO, the FTIR spectra [Fig. 3.7 (a) and (b)] contained 

characteristic peaks. For both these compounds the absorption peak at 3400 cm-l 

represented the stretching mode of O-H and H20. The bands observed at 1610 cm- l 

represented the bending vibration of water. 
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Fig. 3.7 FTIR spectra of (a) NiCo-LDH and (b)NiCo-LDHIrOO. 

The peaks in the region below 700 cm-1 can be attributed to the M-O-M, M-O, 

and O-M-O (M=Ni and Co) vibrations. For NiCo-LDHIrOO, the peak was observed at 

1380 cm-l for interlayer carbonate anions and the vibrations of c=o at 1735 cm-1 can be 

attributed to rOO. While NiFe-LDH exhibited a peak at 1330 cm-1 for interlayer nitrate 

aruons. 

From FTIR analysis it is confirmed that the all-synthesized TM-LDHs were 

intercalated with nitrate anions while their composites were intercalated with carbonate 

anions. Furthermore, observed vibrations of c=o at 1718 cm-1 in FTIR spectra of all 

synthesized TM-LDHIrOO are related to the presence ofrOo. These results ofFTIR were 

matched with previously reported data [11 0, 115, 116]. 
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3.3 Linear sweep volta metric (LSV) analysis 

OER activity of all six synthesized TM-LDHs and TM-LDH/rGO electrocatalysts 

was investigated by performing LSV in the potential range of 0-1.7 V vs RHE in 1 M KOH 

solution at a scan rate of 50 m V S-I. The electrode potential of all modified electrodes was 

measured at a current density of 10 rnA cm-2 to investigate the OER performance of all 

synthesized electrocatalysts . As, the 11.10 value serves as a standard reference for evaluating 

the performance of OER catalysts, as a solar light-assisted hydrogen production system 

typically operates at a current density range of 10 to 20 rnA cm-2 . Tafel plots were derived 

from the corresponding LSV curves by plotting overpotential (tV vs. log j following 

equation 3.3: 

f\. = a + b log (j) (3.3) 

Where j stands for current density 11 represents overpotential, and b shows the Tafel slope. 

3.3.1 LSV of NiFe-LDH and NiFe-LDHIrGO 

GC modified with NiFe-LDH were analyzed through LSV as shown in Fig. 3.8. 

The onset potential was noted to be 1.38 V. The electrode potential was measured as 1.5 V 

generating an overpotential of 270 m V to achieve the current density of 10 rnA cm-2
. Tafel 

plot was used to evaluate the reaction kinetics of the electro catalyst. 
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Fig. 3.8 (a) LSV analysis of GCE modified with NiFe-LDH at scan rate of 50 m V S-1 in 

1 M KOH solution, (b) Tafel plot. 
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The Tafel slope was calculated 51.5 m V dec- I by plotting overpotential (rD vs. log 

j. The low value of the Tafel slope shows that a lower potential is required to generate 

significant current density, reflecting better OER kinetics. 

GC modified with NiFe-LDH/rGO was analyzed through LSV (Fig. 3.9). The onset 

potential was noted to be 1.31 V. The electrode potential was measured as 1.49 V showing 

an over potential of260 mV to achieve the current density of 10 rnA cm-2
. The Tafel slope 

was obtained 46.4 m V dec-I indicating a fast electron transfer reaction. 
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Fig. 3.9 (a) LSV analysis of GCE modified with NiFe-LDHIrGO composite at scan rate 

of 50 m V S-I in 1 M KOH solution, (b) Tafel plot. 

3.3.2 LSV of CoFe-LDH and CoFe-LDWrGO 

LSV curve GC modified with CoFe-LDH (Fig. 3.10) indicated that the onset 

potential was 0.7 V. The value of the electrode potential was 1.56 V showing an over 

potential of260 mV to achieve the current density of 10 rnA cm-2
. Tafel slope was obtained 

80.6 m V dec-I. 
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Fig. 3.10 (a) LSV analysis of GCE modified with CoFe-LDH material at scan rate of 50 

m V S-1 in 1 M KOH solution, (b) Tafel plot. 

GC modified with CoFe-LDH/rGO was analyzed through LSV (Fig. 3.11). The 

onset potential was noted to be 0.6 V. The electrode potential was measured as 1.54 V 

showing an over potential of 310m V to achieve the current density of 10 mA cm -2. Tafel 

slope was obtained 53.4 m V dec- i indicating a fast electron transfer reaction. 
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Fig. 3.11 (a) LSV analysis of GCE modified with CoFe-LDHIrGO composite at scan rate 

of 50 m V S-1 in 1 M KOH solution, (b) Tafel plot. 
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3.3.3 LSV of NiCo-LDH and NiCo-LDHlrGO 

Recorded LSV scan for GC electrode modified with NiCo-LDH (Fig 3.12) 

showed on set potential about 0.93 V. In this case, the electrode potential was noted to be 

1.52 V giving rise to an overpotential of 390 m V. The calculated value of the Tafel slope 

was 77 m V dec-I. 
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Fig. 3.12 (a)LSV analysis of GCE modified with NiCo-LDH material at scan rate of 50 

mV S-I in 1 M KOH solution, (b) Tafel plot. 

GC modified with NiCo-LDH/rGO were also analyzed through LSV (Fig. 3.13). 

The onset potential was noted to be 0.89 V. The electrode potential was measured as 1.55 

V showing an over potential of 320 m V to achieve the current density of 10 rnA cm-2. Tafel 

slope was obtained 72 m V dec-I indicating a fast electron transfer reaction. 
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Fig. 3.13 (a)LSV analysis of GCE modified with NiCo-LDH material at scan rate of 50 

mV S-I in 1 M KOH solution, (b) Tafel plot. 

3.3.4 Comparative LSV analysis of all synthesized material 

To examine the OER activities of all synthesized LDH materials, LSV was 

performed in 1M KOH. The overpotential of270 mY, 260 mY, 330 mY, 310 mY, 390 mV 

and 320 m V were required for NiFe-LDH, NiFe-LDHIrGO, CoFe-LDH, CoFe-LDHIrGO, 

NiCo-LDH and NiCo-LDHIrGO respectively, to attain the current density of lOrnA cm-2
. 

The overpotential for NiFe-LDH/rGO was 260 m V, much lower than the approximately 

370 mV required for highly active ruthenium oxide OER electrocatalyst. 

Tafel slope values for all synthesized catalysts, were obtained as 51.5 m V dec-I , 

46.4 mV dec-I , 80.6 mV dec-I, 53.4 mV dec-I, 77 mV dec- I and 72 mV dec- I for NiFe­

LDH, NiFe-LDH/rGO, CoFe-LDH , CoFe-LDH/rGO , NiCo-LDH and NiCo-LDHIrGO, 

respectively. It is obvious from Table 3.2 that all these electro catalysts have shown good 

OER activity and, the NiFe-LDH/rGO composite displayed an outstanding OER 

performance by having the lowest Tafel slop and over potential values. It is also observed 

that the Ni-Fe combination of LDH exhibited the best OER performance as compared to 

other combinations [(Co-Fe) and (Ni-Co)]. Furthermore, the OER activities of composites 

of TM-LDHs with rGO have been increased with a smaller Tafel slope and overpotential 

values as compared to pristine TM-LDHs due to synergistic effects of both these 

components, indicating facile electron transfer for water oxidation. Based on these 
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findings, we can conclude that TM-LDHIrGO has not only increased the activity of active 

site but also exposed additional active sites with the help of rGO suggesting easy electron 

transport for water oxidation in comparison to pristine LDH materials. 

Table 3.2: OER parameters for all synthesized electrocatalysts. 

Onset Tafel slope Q.@ 10 rnA crn-2 

Material 
(V) (rnV dec-I) (mV) 

NiFe-LDH 1.38 51.5 270 

NiFe-LDHIrGO 1.31 46.4 260 

CoFe-LDH 0.7 80.6 330 

CoFe-LDH/rGO 0.6 53.4 310 

NiCo-LDH 0.93 77 390 

NiCo-LDHIrGO 0.89 72 320 

3.4 Cyclic volta metric (CV) analysis 

Cyclic voltametric analysis of synthesized materials was done to investigate their 

electrochemical behavior in selected potential ranges. For this purpose, first of all bare GC 

electrode was scanned at a scan rate of 50 m V S-1 in the desired potential range of 0 V to 

1.7 V vs. RHE in 1 M KOH. There was no anodic or cathodic peak observed as shown in 

Fig. 3.14. 
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Fig. 3.14 Voltarnmogram of bare GC at scan rate of 50 mV S-l in 1M KOH solution. 
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3.4.1 CV analysis NiFe-LDH and NiFe-LDHIrGO 

GC electrodes modified with NiFe-LDH and NiFe-LDH/rGO were analyzed in 1M 

KOH and potential was scanned at 50 m V S-l. A pair of characteristic redox peaks was 

observed as shown in Fig. 3.15. 
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Fig. 3.15 Voltammograms of GC electrode modified with(a) NiFe-LDH material, (b) 

NiFe-LDHIRGO composite at a scan rate of 50m V S-l in 1 M KOH solution. 

An anodic peak appeared at around 1.43 V (A) due to the oxidation of Ni(II) to 

Ni(III), which overlaps with the onset of OER and with the corresponding reduction peak 

at 1.35 V VRHE (B) for NiFe-LDH [Fig. 3.15 (a)] . CV voltammogram ofNiFe-LDHIrGO 

showed that these characteristic peaks had shifted to lower voltage values depicting the 

enhanced electrochemical behavior and facilitating the overall process due to the 

synergistic effect ofrGO [Fig. 3.15 (b)]. Overlay of both voltammograms ofGC modified 

with NiFe-LDH and NiFe-LDH/rGO is shown in Fig. 3.16. 
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LDB/rGO. 

3.4.2 CV analysis of CoFe-LDH and CoFe-LDH/rGO 

GC electrodes modified with CoFe-LDB and CoFe-LDHIrGO were analyzed in 

1M KOB and at 50 m V S-l scan rate (Fig. 3.17). 
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Fig. 3.17 Voltammograms ofGC electrode modified with (a) CoFe-LDB material (b) 
CoFe-LDB/rGO composite at a scan rate of 50 m V S-l in 1 M KOB solution. 
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The primary oxidation peak at + l.35 VRHE (labeled as A) is observed before the OER 

activity, moving towards higher anodic potential, a secondary and minor oxidation feature 

at approximately + 1.55 VRHE (labeled as C) for CoFe-LDH coincides with the onset of the 

OER. The broad peaks, B at +l.1 VRHE and D at +1.4 VRHE correspond to the respective 

reduction events on the cathodic scan [Fig. 3.17 (a)]. CV scan of CoFe-LDHIrGO has 

shown a peak shift toward lower potential for this redox reaction [Fig. 3.17 (b)]. The 

overlay of both voltammograms of GC modified with CoFe-LDH and CoFe-LDHIrGO is 

shown in Fig. 3.18. 

Fig. 3.18 Overlay of both voltammograms ofGC modified with CoFe-LDH and CoFe­

LDH/rGO. 

2.2.3 CV analysis of NiCo-LDH and NiCo-LDHIrGO 

GC electrodes modified with NiCo-LDH and NiCo-LDH/rGO were analyzed in 1M 

KOH and potential was scanned at 50 m V S-l. A broad oxidation peak appeared at around 

l.53 VRJ-IE for NiCo-LDH ,as both Ni and Co are part of the LDH structure as shown in 

Fig. 3.19. The back scans revealed a broad cathodic peak suggesting deoxidation of the 

oxidized species. The Overlay of both voltarnmograms of GC modified with NiCo-LDH 

and NiCo-LDH/rGO is shown in Fig. 3.20. 
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3.5 Electrochemical impedance spectroscopy (EIS) 

Charge transfer properties of all synthesized electrocatalysts were analyzed VIa 

impedance measurements in 1M KOH with an AC voltage of 10m V in the frequency range 
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of 0.1 to 105 Hz. The corresponding Nyquist plots is shown in Fig. 3.21. For better 

visibility, the zoom-in portion of these Nyquist plots is shown in Figure 3.22(a). 
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Fig. 3.21 Nyquist plots for (a) NiFe-LDH and NiFe-LDHIrGO, (b) CoFe-LDH and 

CoFe-LDH/rGO, (c) NiCo-LDH/rGO and NiCo-LDHIrGO (d) Overlay of Nyquist plots 

for all catalysts in 1 M KOH in the frequency range of 0.1 to 105 Hz. 

The solution resistance (Rs), charge transfer resistance (Rct) Warburg (W) and double layer 

capacitance (Cdl) for all six electrocatalysts were calculated using Nyquist plots and their 

equivalent EIS circuit [Fig. 3.22 (b)] as given in Table 3.3. 
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Table 3.3: EIS parameters of synthesized LDH-based materials. 

Material RCT(kO) Rs (0 ) Cdl (p.tF) W (p.tO) 

NiFe-LDH 0.49 8.7 2 1768 

NiFe-LDHIrGO 0.15 8.4 3 1000 

CoFe-LDH 1.61 8.8 4 2502 

CoFe-LDHIrGO 1.35 8.5 5 200 

NiCo-LDH 1.86 8.9 7 342 

NiCo-LDH/rGO 1.65 8.6 9 304 

From collected EIS data it was observed that the NiFe-LDH/rGO displayed lowest 

RCT value among synthesized catalysts, which was about 0.15 kO, exhibiting the highest 

charge transfer efficiency and NiFe-LDH also showed less charge transfer resistance 

(0.49kO). Whereas the RCT value of 1.86 kO was measured for NiCo-LDH showing the 

least charge transfer efficiency among synthesized catalysts. EIS parameters for CoFe­

LDH, CoFe-LDHIrGO and NiCo-LDH/rGO lie in between these two extremes. 
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Conclusions 

This study was designed to develop a cost-efficient and highly effective 

electrocatalyst for the OER using a simple and affordable chemical synthesis method. NiFe­

LDH, NiCo-LDH, and CoFe-LDH, were synthesized by the hydrothermal process using 

hexamethylenetetramine (HMT) as a hydrolysis agent resulting in the formation of TM­

LDHs having nitrate anions in their interlayer gallery. While TM-LDH/rGO composites like 

NiFe-LDHIrGO, CoFe-LDHIrGO, and NiCo-LDHIrGO were prepared via hydrothermal 

scheme using urea as hydrolysis agent resulting in intercalation of carbonate anions in 

interlayer space ofLDH composite. The XRD analysis revealed the successful formation of 

well-defined layered structures with high crystallinity. FTIR spectra of synthesized 

materials exhibited characteristic peaks related to these LDH family and indicate the 

presence of nitrate group in the interlayer space of pristine TM-LDHs and carbonate group 

in interlayer gallery TM-LDG/rGO composite. Furthermore, the characteristic bands related 

to the functional group of rGO indicated the presence of rGO in the composite. 

Electrochemical analysis (LSV, CV and EIS) was conducted to assess the OER catalytic 

activity of these TM-LDH and TM-LDH/rGO in an alkaline medium of pH 13.8. OER tests 

were conducted, and the performance was assessed based on overpotential at a CUlTent 

density of 10 rnA cm-2 and Tafel slope. The results showed that in the Ni-Fe combination, 

the order ofperfOlmance decline is as follows: NiFe-LDHIrGO (260 mY, 46.4 mV dec-I) > 

NiFe-LDH (270 mY, 51.5 mV dec-I). In the Co-Fe combination, the decline is as follows: 

CoFe-LDH/rGO (310 mY, 53.4 mV dec-I) > CoFe-LDH (330 mY, 80.6 mV dec-I) . For the 

Ni-Co combination of LDH, the order of performance decline is as follows: NiCo­

LDH/rGO (320 mY, 77 mV dec- I) > NiCo-LDH (390 mY, 77 mV dec-I). All the synthesized 

materials demonstrated good response for OER as overpotential value ranges from 260-390 

m V. Moreover, the catalytic activity ofLDH composite with rGO has increased as compared 

to the pristine LDH material. Among all the synthesized materials, NiFe-LDHIrGO 

exhibited the best OER activity with lowest Tj of 260 m V and the lowest Tafel slope i.e. , 

46.4 mV dec-I. Moreover, NiFe-LDH/rGO have shown the least charge transfer resistance 

(RCT) value of 0.15 kO. The obtained results suggest that these TM-LDHs can serve as 

promising OER active electrocatalysts. However, some aspects of these TM-LDHs need to 

be further investigated. 
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