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Abstract

Renewable energy offers the potential for a sustainable and eco-friendly energy future for the planet.
Solar, wind, hydropower, biofuels, and other renewable energy sources are the key drivers of the shift
toward green energy systems that aggregated a significant expansion in their generation capacity in
recent years. In addition, hydrogen is a versatile energy carrier and storage medium known for its high
energy density of 141.9 MJ/kg . Due to its non-polluting properties and synthesis opportunity from
earth abundance water, hydrogen became one of the most attractive sources of energy in future.
Electrochemical water splitting is the key process which encompasses the critical reaction hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) to produce clean hydrogen using
external energy sources. To produce hydrogen at low cost, stable and cheap electrocatalyst is needed.
To progress the advancement of highly active, efficient and low cost electrocatalyst, nickel foam is
chosen for thermal treatment varying duration as it is a promising non-noble substrate material
exhibits excellent conductivity and robust mechanical properties. It is found in this study that nickel
foam is annealed at 600° C for one hour shows overpotential of 377 mV at current density 10mA/cm?
for OER and annealed at 500° C for half an hour shows the best performance among samples for HER
with overpotential 146mV at 10 mA/cm? under 1.0 M KOH alkaline condition, due to the resulted
combination of porous hole and nickel oxide active sites. In addition, produced electrodes show
excellent full cell performance in industrial water splitting condition in 6.0 M KOH solution with only
2.33 Ve to achieve 500 mA/cm? and exhibits stable long-term durability. The simplicity of synthesis
process makes it highly reproducible to overcome the challenges in hydrogen production due to high-
cost noble metal catalysts, limited stability and complex synthesis process.
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Sammendrag

Fornybar energi tilbyr potensialet for en baerekraftig og miljgvennlig energifremtid for planeten.
Solenergi, vindkraft, vannkraft, biodrivstoff og andre fornybare energikilder er de viktigste drivkreftene
bak overgangen til grenne energisystemer, som har opplevd en betydelig okning i
produksjonskapasitet de siste arene. | tillegg er hydrogen en allsidig energibaerer og lagringsmedium
kjent for sin hgye energitetthet pa 141,9 MJ/kg. Pa grunn av sine ikke-forurensende egenskaper og
muligheten for syntese fra vann, som finnes i overflod pa jorden, har hydrogen blitt en av de mest
attraktive energikildene for fremtiden. Elektrolytisk vannspalting er en ngkkelprosess som inkluderer
de kritiske reaksjonene hydrogenevolusjonsreaksjonen (HER) og oksygenevolusjonsreaksjonen (OER)
for & produsere rent hydrogen ved hjelp av eksterne energikilder. For & produsere hydrogen til lav
kostnad er det ngdvendig med en stabil og rimelig elektrokatalysator. For @ fremme utviklingen av
sveert aktive, effektive og kostnadseffektive elektrokatalysatorer, ble nikkelskum valgt for termisk
behandling over varierende tidsperioder, ettersom det er et lovende ikke-eddelt substratmateriale
som viser utmerket ledningsevne og robuste mekaniske egenskaper. Det ble funnet i denne studien at
nikkelskum som ble glgdet ved 600 °C i én time, oppnar et overpotensial pa 377 mV ved en
stromtetthet pa 10 mA/cm? for OER, og at skum glgdet ved 500 °Ci en halv time viser den beste ytelsen
blant prevene for HER med et overpotensial p&d 146 mV ved 10 mA/cm? under 1,0 M KOH-alkaliske
forhold. Dette skyldes den resulterende kombinasjonen av porgse hull og aktive nikkeloksidsteder. |
tillegg viser de produserte elektrodene utmerket ytelse i full celle under industrielle
vannspaltningsforhold i en 6,0 M KOH-lgsning, med kun 2,33 Vcelle ngdvendig for @ oppna 500
mA/cm?, og de utviser stabil langvarig holdbarhet. Enkelheten i synteseprosessen gjgr den sveert
reproduserbar og i stand til a8 overvinne utfordringene ved hydrogenproduksjon, som hgykostnads-
eddelmetallkatalysatorer, begrenset stabilitet og komplekse synteseprosesser.
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Chapter 1
Introduction

1.1 Background

Humans have employed renewable energy sources for millennia. In fact, until approximately 250 years
ago, hydro, wind, solar, and biomass were the sole energy sources known and available to humans.
Following the Industrial Revolution in the 18th century, human society witnessed unprecedented fossil
fuel consumption to support rapid technological advancements [1]. Because of the continuous
consumption of fossil fuel that has a limited reserve, it made an urgent call to find a sustainable
alternative fuel for future generations. Water electrolysis offers a promising solution to produce clean
hydrogen fuel [2]. Due to its high energy density of 141.9 MJ/kg and non-polluting properties,
hydrogen (H:) is receiving extensive attention for its renewable and environmentally favorable
characteristics to face the ever-growing energy demand[3].

Electrocatalytic water splitting presents a potential answer to the energy crisis as a viable strategy for
clean hydrogen production[4]. Electrochemical water splitting involves the breakdown of water into
hydrogen and oxygen using an external electric current, facilitated by two half-cell reactions: the
hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) [1]. However, the
hydrogen generation by water splitting is limited due to the sluggish oxygen evolution reaction
(2H20 = 0, + 4H* + 4e’), where four proton and four electron transfer is required for the formation of
oxygen-oxygen bond that consumes an extra potential, higher than the theoretical value of 1.23V [5].
The necessary extra potential than theoretical potential is referred to as overpotential [6]. As the
performance of water electrolysis is indicated by high overpotential, it is essential to develop an
electrocatalyst that is highly active exerting low overpotential, and increases the overall process
efficiency [7].

Till now, noble metal-based catalysts have shown the highest performance, such as RuO,/IrO; and
Platinum-based catalysts exhibit the highest activity for OER and HER, respectively [8]. However, the
limited abundance on earth, high cost, and poor long-term stability of these precious metals
dramatically impede their large-scale commercial applications. That's why, the development of an
earth-abundant non-precious metal-based highly active, and stable electrode material is essential for
the large-scale water-splitting process [9]. To date, numerous studies have been done to find non-
precious metal-based active electrocatalysts with durability[10]. The recorded electrocatalysts include
transition metal sulfides, phosphides, selenides, carbides for HER, and transition-metal hydroxides for
OER electrocatalysts [11]. Note that HER electrocatalysts perform well in acidic electrolytes, and OER
one works better under alkali conditions. The pH mismatch of the combined OER and HER
electrocatalysts may unavoidably result in less effective water-splitting [11]. The developed
bifunctional electrocatalysts to simplify and reduce the cost of water-splitting have shown high HER
activity with relatively poor OER catalytic activity or vice versa [12], [13], [14].

For industrial applications, a non-noble bifunctional electrocatalyst is needed to be designed that can
catalyze both OER and HER simultaneously [1]. Nickel foam (NiF) has been considered as a promising
substrate material to produce water-splitting electrodes having high surface area, excellent
conductivity, and robust mechanical properties. Traditional approaches to enhance the performance
of NiF include depositing platinum group metals, transitional metal nanoparticles, sulfides, and oxides,
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which have shown improved HER and OER activities [2], [15]. When catalysts are prepared in powder
form and powder slurry is pasted on the conductive substrate by using a binder, there are several
drawbacks. The use of binders reduces the performance by decreasing the contact area between
catalytic active sites and electrolytes [16].

500
400

300

200

100

Overpotential at 10 mA/cm?

LDH FeCo
NigsC040x

Figure 1. Catalytic activity of different electrocatalysts [17], [18], [19], [20]

To overcome this problem, a three-dimensional (3D) nickel foam substrate has gained great interest.
New techniques such as acid treatments, electrochemical oxidation, sulphidation and phosphidation
have further enhanced NF’s catalytic activity [2], [21]. For electrode preparation acid washing is
commonly used in the water electrolysis and battery technologies [22], [23]. Acid washing found to
increase current density of 17.9% for HER performance of MoS2- coated nickel foam electrode [23].

Despite having advancements in electrochemical water splitting, the high cost of noble metal catalysts,
additional support materials to deposit catalysts, overpotential issues, limited scalability and their
stability hindered the overall progress[24]. More innovative strategies to find low-cost, non-noble
electrocatalysts are urgent to overcome these challenges and advance the practical application of
water-splitting[10], [25]. For the past few decades, nickel foam has gained interest as a support
material to support or grow metal nanoparticles, sulfides, phosphides, oxides, and hydroxides.
However, advanced simple strategies for the activation of nickel foam without the addition of
additional elements as high-performing bi-functional electrodes have not been explored widely.
Considering these scopes, in this thesis simple thermal modification of nickel foam strategy designed
to tune the active site of nickel foam with uniform porosities as bi-functional high-performing
electrode materials for electrochemical water splitting.
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1.2 Aims and Objectives

This research aims to design a simple thermal treatment strategy to enhance the active sites of the

nickel foam as high-performing bifunctional electrodes for electrochemical water splitting. The aim
will be achieved through the objectives below,

Thermal treatment and optimization of the thermal treatment condition for nickel foam.
Characterization of thermally treated nickel foam.

Investigate the electrochemical performance of the thermally treated nickel foam for HER and
OER

Evaluation of full cell water splitting performance and stability of the thermally treated nickel
foam.

1.3 Research Question

To guide the exploration and ensure the objectives are systematically addressed, this research is
framed by the following questions:

What are the optimal thermal treatment conditions (e.g., temperature and duration) for
enhancing the electrochemical performance of nickel foam?

How does thermal treatment influence the structural, morphological, and compositional
properties of nickel foam, and how do these changes improve its active sites?

How does thermally treated nickel foam perform as an electrode for the HER and OER, and
how do its kinetic and catalytic properties differ compared to untreated nickel foam?

How efficient is thermally treated nickel foam in full-cell water splitting, and how stable is its
performance over prolonged operation?

1.4 Thesis outline

This thesis contains five chapters.

Chapter 1:  This chapter presents a background introduction and information about the selected

problem and the objectives of this thesis followed by research questions.

Chapter 2:  This chapter presents an extensive review of existing literature and theory expressing

a deep insight into water splitting, electrocatalysts, their performance, advantages,
and disadvantages concluding with an overview of electrocatalysts for industrial water
splitting.

Chapter 3:  This chapter outlines the experimental setup, methodology, material synthesis,

characterization, and test procedures used for analyzing the sample.

Chapter 4:  This chapter contains results and discussions that indicate the performance of

modified NF analyzing the current density, overpotential, active sites, EIS, and stability.

Chapter 5: This chapter provides a concise summary of this research findings and discusses the

prospective research opportunities.
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Chapter 2
Theoretical Background

2.1. Water splitting

Water splitting is a fundamental electrochemical process in which water is broken down into its
constituent components, hydrogen (H,) and oxygen (O,) . External energy is provided to carry the
overall water-splitting process utilizing electrical energy or light energy (photoelectrochemical
process) to overcome the binding energy [26]. Overall reaction for the water-splitting process is,

2H,0 (/) = 2H2(g) + 02 (g)

As the reaction is not spontaneous, it requires energy input to proceed. The supplied electrical energy
is essential to break the bonds in water molecules. The key components of water electrolysis are
electrodes, electrolytes, and power sources. As pure water has poor conductivity, the electrolyte
facilitates the movement of ions in the water. NaOH or KOH is often added to water to increase the
conductivity. A two-electrode or three-electrode system is used in water electrolysis, where oxidation
occurs in the anode and reduction occurs in the cathode. In the anode, oxygen is produced by oxygen
evolution reaction (OER) and in a cathode, hydrogen is produced by hydrogen evolution reaction (HER).

At the cathode, as reduction occurs, the water molecules obtain electrons and are reduced to
hydrogen gas,
In an Acidic aqueous solution,
2H*+2e 9 H;
In an alkaline aqueous solution,
2H,0 + 2e” - H, + 20H"

At the anode, as oxidation occurs, oxygen gas and protons is produced,
In an acidic aqueous solution,

2H,0 - 0, +4H*+ 4e
In an alkaline aqueous solution,

40H = 0, +4e + 2H,0

The minimum energy required to electrolyze water is determined by the Gibbs free energy of the
reaction. The theoretical thermodynamic potential needed to split water is 1.23V [27]. Due to the
electrode's overpotential and resistance, extra energy is necessary to proceed with the reaction, the
actual potential required is higher than the theoretical potential. This extra potential needed is called
overpotential. Even with high overpotential, the OER and HER follow the Butler-Volmer reaction model
[12].
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2.2. Hydrogen

Yellow
H; from
electrolysis
using grid
electricity

Grey
H; from steam-
methane
reforming using
natural gas

White

H: from nature
or by-product
of industry

Figure 2. 1 The different colors are employed for hydrogen to indicate their origin and environmental
impact [22].

In 2024, global hydrogen production reached approximately 100 million tons (Mt), which represents a
continuous annual growth trend over the past decade. For the last ten years, the recorded average
hydrogen production per year is 95 Mt for industrial applications. Refining processes and ammonia
production for fertilizers dominate the traditional uses of hydrogen. However, emerging applications
in heavy industry, long-haul transportation, and energy storage. Since the application of hydrogen as
energy storage is at an early stage of development, representing less than 1% of total demand despite
significant growth in low-carbon hydrogen production in recent years. Currently, molecular hydrogen
is mainly produced in the chemical industry by the steam reforming of natural gas.

Hydrogen is pivotal in renewable energy systems as a versatile energy carrier and storage medium[28].
It provides solutions for balancing intermittent renewable energy sources, such as solar and wind, by
storing surplus energy in the form of hydrogen through electrolysis. This stored energy can be
reconverted to electricity or used in industrial processes. Moreover, green hydrogen, produced
entirely from renewable energy, has emerged as a critical component in decarbonizing sectors like
steelmaking and shipping, which are difficult to electrify .
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2.3. Electrochemical cell
2.3.1 Three-electrode system

The three-electrode system is a fundamental and widely employed configuration for studying
electrochemical processes, including water electrolysis. This electrode system provides precise control
and measurement of the electrochemical behavior of individual electrodes, making it indispensable
for characterizing the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) involved
in water splitting.

(2) (b) (c)

Figure 2. 2 (a) Working electrode (b) Reference electrode [23] (c) Counter electrode[24].

In a three-electrode setup for water electrolysis, the working electrode (WE) serves as the site of the
electrochemical reaction under investigation. Materials for the working electrode are chosen based
on their catalytic activity, conductivity, and stability, such as platinum, nickel, or advanced transition
metal-based electrocatalysts.

The counter electrode (CE), often made of an inert material like platinum or graphite, completes the
electrical circuit by providing a surface for the counter-reaction. For instance, if the HER is being
studied at the working electrode, the counter electrode facilitates the OER, ensuring the current flow
between the two electrodes. The counter electrode is designed to have sufficient size and stability to
handle the current densities involved in the process without affecting the accuracy of measurements.
The reference electrode (RE) is a critical component that allows precise measurement of the working
electrode’s potential relative to a stable and known reference point. Commonly used reference
electrodes for experiments are the saturated calomel electrode (SCE) or silver/silver chloride electrode
(Ag/AgCl). The reference electrode does not participate in the electrochemical reactions, like the
counter electrode, but provides a constant potential to accurately measure the working electrode’s
voltage. This decoupling of potential measurement from current flow is a key advantage of the three-
electrode system over a two-electrode system.

To perform a detailed investigation of the catalytic properties of electrode materials, a three-electrode
system is widely used to evaluate the critical parameters such as overpotential, Tafel slopes, and
exchange current densities, which are essential for understanding and optimizing HER and OER
kinetics. Additionally, using the system provides insight into reaction mechanisms, stability, and the
impact of electrolyte composition and pH on performance.

To develop efficient electrocatalysts, the three-electrode system is considered an essential tool for
research in water-splitting technologies. Isolating the behavior of the working electrode ensures
accurate and reproducible measurements, paving the way for improved energy conversion processes.
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A three-electrode system is used in this study where oxidized NiF is used as the working electrode, a
platinum (Pt) electrode is used as the counter electrode, and an Ag/AgCl (3M KCL) electrode is used as
the reference electrode.

2.3.2 Two-electrode system

A two-electrode system is a simple electrochemical configuration used to study the performance of
electrochemical reactions and devices. It consists of an anode and a cathode, both immersed in an
electrolyte. The working electrode is the site of the primary electrochemical reaction under
investigation, while the counter electrode completes the circuit and facilitates the current flow.

In this system, the potential difference is applied or measured between the two electrodes, and the
resulting current reflects the electrochemical activity. However, since the system does not include a
reference electrode, the potential of the working electrode is not independently controlled but is
measured relative to the counter electrode. The simplicity of two-electrode setup makes it suitable for
applications like energy storage devices, such as batteries and capacitors, where the focus is on overall
device performance rather than detailed mechanistic studies. However, its limitation lies in the
inability to decouple the contributions of individual electrodes, which can be addressed using a three-
electrode system for more detailed investigations.

2.4. Electrocatalyst

Electrocatalysts referred to the materials that can enhance and accelerate electrochemical reactions.
Electrocatalyst plays an important role in energy conversion and storage technologies, increasing the
efficiency and kinetics of critical reactions, such as the HER, OER, and ORR. Electrocatalysts consist of
metals, metal oxides, or metal alloys, with noble metals such as platinum and iridium.

The efficiency of an electrocatalyst depends on evaluation according to factors including activity,
stability, selectivity, and durability under operational settings. Improvements in electrocatalyst design
are essential for the advancement of sustainable energy technologies since they directly affect the
efficiency and viability of devices used in applications like water splitting, CO, reduction, and
renewable energy storage.

2.5. Electrolyte

In electrochemistry, the electrolyte is the substance that conducts the electricity through the
movement of ions when dissolved in a solvent. Electrolytes are typically salts, acids, or bases that
dissociate into positively charged cations and negatively charged anions when dissolved in a solvent,
usually in water. 1M KOH solution is used as the electrolyte in this study to prepare the three-electrode
system. 6M KOH solution is used as electrolyte to investigate the full cell stability in a two-electrode
system.

2.6. Nickel foam

Nickel foam is a porous metal with a unique sponge-like structure. It offers 95% or higher porosity and
a high surface area to volume ratio. Its excellent electrical conductivity and chemical stability make it
suitable for catalysis, energy storage, filtration and heat exchanger. Its high porosity makes it efficient
for electron transfer and mass transfer, which properties are essential to produce batteries,
supercapacitors, fuel cells and electrolyser. Nickel foam is manufactured using various techniques to

8
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obtain desired structural properties and pore size including electroplating and chemical vapor
deposition.

Electrochemical test

2.7. Linnear Sweep Voltammetry

Linear sweep voltammetry (LSV) is a widely used electrochemical technique that involves sweeping the
working electrode's potential linearly with time relative to a stable reference electrode while recording
the resulting current. In a three-electrode system, the working electrode is where the reaction of
interest occurs, the reference electrode provides a stable potential for accurate measurements, and
the counter electrode facilitates current flow. For water electrolysis, LSV is used to investigate the HER
at the cathode and OER at the anode. During LSV, the potential is swept within a defined range while
the corresponding current is recorded, generating a current-potential curve. Critical data obtained
from LSV include the onset potential, which indicates the potential at which the reaction initiates, the
overpotential required to drive the reaction, and the current density, which reflects the
electrocatalytic activity. This data is analyzed to determine critical performance metrics such as Tafel
slopes, exchange current densities, and overall catalytic efficiency. For HER and OER, LSV data can
reveal the effectiveness of a catalyst in reducing energy barriers, as lower overpotentials and higher
current densities indicate superior catalytic performance. Additionally, it provides insights into the
stability and kinetics of the catalyst, aiding in the evaluation and optimization of materials for efficient
water-splitting technologies. The polarization curves were recorded by linear sweep voltammetry
(LSV), and the potentials were converted to a reversible hydrogen electrode (RHE) according to the
Nernst equation,

Erte = Eng/Hgo + 0.059 x pH + E° 1g/hgo (2)

where Eng/hgo is the measured potential against the reference electrode and E°g/Hgo equals
0.098 at standard room temperature and pressure[29].

2.8. Chronopotentiometry

Chronopotentiometry (CP) is an electrochemical technique in which a constant current is applied to
the working electrode in a three-electrode system, and the resulting potential is measured as a
function of time. In this configuration, the reference electrode ensures accurate potential
measurement, while the counter electrode facilitates current flow to complete the circuit. For water
electrolysis, CP is employed to study the stability and catalytic activity of materials for the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER). During the experiment, a steady current
density is applied, mimicking operational conditions, and the working electrode’s potential response
is recorded over time. The obtained data provides measure of the overpotential required to sustain
the reaction and any variations in potential, which may indicate changes in catalytic activity or
degradation of the electrode material. Analysis of this data involves monitoring the stability of the
overpotential, with a constant potential indicating stable performance and deviations suggesting
catalyst degradation or passivation. For HER and OER, CP data provides insights into the durability and
efficiency of electrocatalysts, with lower and more stable overpotentials reflecting superior catalytic
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activity and robustness under prolonged operation. Thus, CP is a crucial technique for evaluating the
long-term viability of electrocatalysts in water-splitting applications.

2.9. Electrical Impedence Spectroscopy

Electrical impedance spectroscopy is a technique for examining the electrical characteristics of
materials and interfaces. The electrical impedance is measured across a range of frequencies to
investigate charge transfer, ion diffusion, and capacitive phenomena. EIS characterizes these processes
by analyzing the system's response to an alternating current (AC) signal, allowing it to determine and
compare resistive, capacitive, and inductive behavior within the studied system. Data are typically
present in the form of Nyquist or Bode plots, from which parameters such as charge transfer resistance
and double-layer capacitance can be derived.

EIS is widely employed in electrochemistry to study electrode-electrolyte interfaces, corrosion
mechanisms, and battery systems. Its ability to decouple multiple concurrent processes makes it ideal
for analyzing electrochemical kinetics and diffusion phenomena. In water electrolysis, EIS is used to
evaluate the performance of catalysts, assess electrolyte properties, and optimize cell designs.
Analyzing the impedance spectra, the measure of losses due to ohmic resistance, charge transfer at
the electrodes, and mass transport limitations provides insights into improving hydrogen production
efficiency.

EIS calculations often involve fitting experimental impedance data to equivalent circuit models that
represent the physical and chemical processes within the electrochemical system. Commonly used
components include resistors, capacitors, and constant phase elements (CPEs), which approximate
non-ideal capacitive behavior. Mathematical techniques such as complex nonlinear least squares
(CNLS) fitting are used to extract parameters from the impedance spectra, which enable quantitative
analysis of the system's characteristics.

2.10. Onset potential

The onset potential in a three-electrode system is the specific potential at which a measurable current
begins to flow, signaling the initiation of an electrochemical reaction at the working electrode. For
water electrolysis, the onset potential represents the voltage at which the hydrogen evolution reaction
(HER) or oxygen evolution reaction (OER) starts to occur. To determine the onset potential, linear
sweep voltammetry (LSV) is typically employed, where the potential of the working electrode is swept
while the current response is recorded. The onset potential is identified as the point on the current-
potential curve where a significant deviation from the baseline current is observed. This data is
analyzed by extrapolating the linear portion of the current response to intersect with the baseline,
providing a precise value for the onset potential. A lower onset potential for HER or OER indicates a
catalyst's ability to initiate the reaction with minimal energy input, reflecting high catalytic activity.
Additionally, the onset potential provides insights into the kinetics and efficiency of the electrocatalyst,
as well as its potential to reduce energy losses in water-splitting applications. Evaluating onset
potential is therefore critical in assessing and optimizing materials for sustainable hydrogen
production. The onset potential is often considered a simple parameter used to determine a material's
relative activity.

10
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2.11. Overpotential

Overpotential is a critical factor influencing the efficiency of water electrolysis, particularly in the
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). In water electrolysis,
overpotential refers to the extra potential required, beyond the thermodynamic equilibrium potential,
to drive the HER and OER at a measurable rate. It arises from kinetic barriers such as charge transfer,
mass transport, and activation energy associated with these reactions.

For the HER, which occurs at the cathode, overpotential is primarily influenced by the slow kinetics of
proton reduction and hydrogen atom recombination on the electrode surface. The OER, occurring at
the anode, typically requires a much higher overpotential due to its inherently sluggish kinetics,
involving the transfer of four electrons and the formation of oxygen-oxygen bonds. The OER is
generally considered the rate-limiting step in water electrolysis because of its complex reaction
mechanism and higher activation energy.

Itis a crucial challenge to minimizie the overpotential for improving water electrolysis systems' energy
efficiency. It is typically achieved through high-activity and stability electrocatalysts, tailored electrode
materials, and optimized operating conditions. By reducing the overpotential for both HER and OER,
the overall energy consumption of water splitting can be significantly reduced, making it a more viable
method for sustainable hydrogen production.

2.12. Tafel equation

The Tafel equationin electrochemical kinetics describes the dependence of the overpotential (n) on
the logarithm of the current density (j) for an electrode reaction. It is expressed mathematically as,

n=a+ b log(j) (1)

where a is the intercept, b is the Tafel slope, and j represents the current density. The Tafel slope (b)
is a critical parameter that provides insights into the reaction mechanism and the rate-determining
step. Derived from the Butler-Volmer equation under conditions of high overpotential, the Tafel
equation is particularly useful for analyzing and comparing the performance of electrocatalysts in
processes such as hydrogen evolution, oxygen reduction, and other redox reactions. Its application
enables researchers to evaluate the efficiency and kinetics of electrode materials in various
electrochemical systems.

For, HER Tafel Slopes,

i 120 mV/dec: Volmer reaction(discharge step).
ii. 40 mV/dec: Heyrovsky reaction(electrochemical desorption).
iii. 30 mV/dec: Tafel reaction(recombination of adsorbed hydrogen).

For OER Tafel Slopes,

i 120 mV/dec or higher: Indicates sluggish kinetics (rate-limiting step likely involves multiple
electron transfers).
ii.  60-90 mV/dec: Suggests faster kinetics and more efficient OER catalysts.

11
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2.13. Nyquist plot

A Nyquist plot is a graphical tool commonly used in electrochemical impedance spectroscopy (EIS) to
analyze the impedance of an electrochemical system. It plots the imaginary part of impedance (Z2) on
the y-axis against and the output impedance (Z1) on the x-axis, creating a curve that often takes the
shape of a semicircle or a series of arcs. Frequency is not explicitly shown on the axes but is represented
along the curve, starting from high frequency and decreasing to low frequency. In electrochemistry,
the Nyquist plot is often used in the scientific community to study reaction kinetics, evaluate double-
layer capacitance, and model equivalent circuits that simulate the physical processes, such as
resistance, capacitance, and diffusion, within the system. It is useful in the assessment of the
performance of materials in applications of batteries, fuel cells, catalysts, and supercapacitors. The
results of a Nyquist plot provide significant insights: the diameter of the semicircle corresponds to the
charge transfer resistance (R«t), with a smaller diameter indicating lower resistance and faster reaction
kinetics. The x-axis intercept at high frequencies reveals the solution resistance (Rs), which reflects the
electrolyte’s conductivity. A linear portion appears in the Nyquist plot due to the mass transportation
and diffusion-controlled processes at low frequencies. The deviations from the ideal semicircle indicate
other factors, including adsorption effects, surface roughness, or inductive behavior. Here, the Nyquist
plot is used as an analytical tool to investigate the charge transfer resistance for OER and HER in a
three-electrode electrochemical setup.
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Figure 3. 1 Flowchart of the experiment
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3.2 NiF sample preparation

99.8% pure porous nickel foam was purchased from Sunshinelantian, China. Its thickness is
1.5mm, porosity is (95-97)%, through hole rate is 95% and pore diameter is (0.2-0.6) mm. The porous
and open structure of NiF in Fig 3.2 allows it to hold element as a substrate and facilitate reactant for
better access into the three dimensional interior surface.

Figure 3. 2 Commercially available Nickel Foam sheet

After preparing the sample electrode to the required size (1 cm?), it was ultrasonically cleaned for 5
minutes using a ultrasonic cleaner (IRONSIDE, USA). Then, it was rinsed with deionized water to
eliminate the surface contaminants and dried in air at ambient temperature. To avoid any further
contamination, a cleaned beaker and tweezers were used.

3.3  Thermal treatment of NiF for the synthesis of NiO/NiF

Clean NiF sample was synthesized by direct thermal annealing in a muffle furnace (Nabertherm P330,
Germany) at the heating rate 5° C/min in an air atmosphere. To avoid contaminatin in furnace, it is
cleaned throughly and clean crucible is used. After thermal treatment each sample is allowed to be
cooled in ambient temperature before collection. Electrode samples treated in different temperature
and duration as table below.

Table 1 : Description of sample name, thermal treatment temperature and duration

Sample Number Sample name Thermal treatment Duration
temperature (° C) (Hours)
1 NiF - -
2 NiO-400-2/NiF 400 2
3 NiO-500-2/NiF 500 2
4 NiO-600-2/NiF 600 2
5 NiO-700-2/NiF 700 2
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MORE THAN HEAT 3-300°C

Figure 3. 3 (a) Ultrasonic cleaner (b) Muffle furnace[26] (c) X-ray Diffractometer (XRD)[27] (d) Field
emission scanning electron microscope[28]

3.4 Material characterization

3.4.1 X-ray Diffraction pattern analysis

To investigate the crystal structural properties of thermally modified NiF, a X-ray diffractometer
(XRDynamic 500, Anton Paar) is used. It is an analytical tool to study phase and crystallographic
structure of materials.
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3.4.2 Morphology and elemental composition analysis

A Field Emission — Scanning Electron Microscope (FE-SEM, JEOL JSM-7200F, Japan) is used for
morphological and structural characterization. It is a type of advanced electron microscope equipped
with a field emission source to produce high-resolution image of a sample. It uses field emission gun
which emits electron from a sharp tip under a strong electric field. This results a narrow electron beam
reducing samle damage. This technology provides high resolution image capturing capabilities with
detailed topographical and elemental information about the sample. The SEM was equipped with a
back-scattered electron (BSE) detector for imaging and energy-dispersive X-ray spectroscopy (EDS) for
compositional analysis. The SEM was operated at 15 kV during obtaining images and EDS results. To
investigate the elemental composition EDS images is analyzed for thermally modified NiF sample.

3.5 Experimental methods

3.5.1 1M KOH Electrolyte preparation

1M potassium hydroxide (KOH) electrolyte was prepared from KOH flakes with precision and safety.
First, 56.1 grams of KOH flakes were accurately weighed using a calibrated balance, as this amount
corresponds to the molar mass of KOH for 1 liter of a 1M solution. Since KOH is highly active base and
corrosive, all safety precautions were taken, including wearing gloves and goggles. The weighed flakes
were then slowly added to approximately 800 mL of distilled water in a heat-resistant beaker. During
the process, the solution became warm due to the exothermic nature of the reaction. The mixture was
stirred gently with a non-reactive stirrer to ensure the complete dissolution of the flakes. Once the
solution had cooled to room temperature, it was transferred into a 1-liter volumetric flask. More
distilled water was added to the solution gradually until the total volume reached 1 liter. The solution
was then mixed thoroughly to ensure uniformity and stored in a sealed, labeled container to prevent
contamination or absorption of carbon dioxide from the air.

3.5.2 6M KOH Electrolyte preparation

To prepare a 6M KOH electrolyte solution, 336.6 grams of KOH flakes were taken and mixed with
distilled water following the same procedure described at (3.4.1). All safety measure were taken during
solution preparetion and handling.
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3.5.3 Experimental setup

A three-electrode setup is employed consisting of thermally modified nickel foam as working
electrode, platinum wire as counter electrode with Ag/AgCl reference electrode and 1.0M KOH
solution as electrolyte as shown in figure. Using a small-scale setup eliminated the distance between
the three electrodes and allows a high degree of reproducibility.

Reference electrode

Ag/AgCl
o
- - Working electrode
Nickel foam
Counter electrode
platinum Electrolyte
1 M KOH

Figure 3. 4 Experimental setup of electrochemical test [21].

Using a potentiometer (IVIUMSTAT), linnear sweep voltametry (LSV) was performed at the range of 0
to 2.0 V for OER and from -0.9 to -3.0 Vgue fro HER with a sweep rate of 5 mV s. Open circuit
electrochemical impedance spectroscopy (EIS) was measured at frequiencies from 1x10° to 0.1 Hz with
a sinusoidal amplitude of 5mV and 10 points per decade. Chronopotentiometry (CP) was measured at
the current density of 100 mAcm™ for OER and at -100 mAcm for HER.
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Chapter 4
Results and Discussion

4.1 XRD Analysis of thermally modified NiF at different temperature

The phase constitution and crystalline structures of thermally treated NiF were studied using XRD. Fig
4.1 (a-c) shows the XRD pattern of NiF before and after thermal treatment at different temperatures
ranging from 400 to 700° C.
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Figure 4. 1 (a). XRD pattern of nickel oxide (NiO) on NF substrate after oxidation at different
temperatures.(b) Overlapped peaks of (43-45) 26 degree. (c) Overlapped peaks of (75-77) 26 degree.

The XRD pattern of bare nickel foam exhibits diffraction peaks at 20 angles of 44.5°, 51.8°, and 76.4°,
corresponding to the (111), (200), and (220) planes, respectively, of metallic nickel (Ni) with a face-
centered cubic (FCC) structure. observed peaks match JCPDS card 1-1260, a standard reference for
pure nickel. The peak at the plane (111) exhibits the highest intensity, which indicates that this
crystallographic plane is the most predominant in the metallic nickel lattice. Peaks at the relatively
lower intensities (200) and (220) also correspond well with the intensity of the JCPDS 1-1260 card.
These peak's sharpness and well-defined nature suggest that the nickel foam is highly crystalline. As
no other peaks are found corresponding to nickel oxides or other phases, this indicates that the nickel
foam is in its metallic state and is largely unoxidized. This establishes a baseline for understanding and
comparing oxidation effects on NiF crystal structure and surface properties.

The XRD patterns of nickel foam samples (NiO-400-2/NiF, NiO-500-2/NiF, NiO-600-2/NiF, and NiO-700-
2/NiF) exhibit significant differences compared to the bare NiF, with additional peaks corresponding
to the cubic phase of nickel oxide (NiO). These peaks, which appear at 20 angle = 37.2°, 43.3°, 62.9°,
75.4° and 79.4°, are assigned to the (111), (200), (220), (311), and (222) planes of NiO, respectively,
based on the reference data in JCPDS card 89-7131. The intensity of these NiO peaks increases

19



Modification of NiF as bifunctional electrode for industial WS ﬁ UiA University of Agder

Norway

progressively with the oxidation temperature (same duration), indicating enhanced oxidation and
crystallization of the nickel foam surface.

For NiO-400-2/NiF, the XRD pattern shows the initial formation of NiO, as evidenced by the weak peaks
at 37.2°, 43.3°, and 62.9° angles in Fig.4.1(a). However, the nickel peaks at 44.5°, 51.8°, and 76.4°
remain dominant, suggesting low oxidation at this temperature. According to the SEM image in Fig,4.2
(c-e), the thin and uneven oxide layer formed at 400°C-2 hour also supports the obtained NiO peaks in
XRD. The Ni peaks of this (NiO-400-2/NiF) sample do not suppress the nickel peaks of untreated nickel
samples, which retain much of their original intensity.

The XRD pattern of NiO-500-2/NiF exhibits more visible NiO peaks, particularly for the (111) and (200)
planes at 37.2° and 43.3° respectively, corrresponding to JCPDS 89-7131, indicating the formation of a
thicker and well-crystallized NiO layer. At the same time, the metallic nickel peaks are reduced in
intensity compared to the bare NiF and NiO-400-2/NiF samples, suggesting that a significant portion
of the nickel surface is oxidized. This sample exhibits a balance between oxidation and metallic nickel,
containing in a well-defined NiO layer and porous NiF surface that increased conductive surface area.
In NiO-600-2/NiF, the NiO peaks become even more intense, while the metallic nickel peaks are
significantly diminished. This indicates the formation of a high amount of NiO on NiF surface. The
dominance of the NiO peaks for the (111), (200), and (220) planes at 37.2°, 43.3°, and 62.9° 26 angles
(JCPDS 89-7131) in Fig.4.1 (a) & (b) indicates that oxidation has progressed extensively, leaving
minimum exposed metallic nickel on the NiF surface. At 26 angle of 76.4° in Fig.4.1(c), peak shift is
observed for NiO-600-2/NiF sample that suggests formation of NiO . This obtained thick oxide layer
enhances the catalytic properties by providing more active sites but also slightly reduce electrical
conductivity covering the porous holes.

The XRD pattern of NiO-700-2/NiF exhibits the intense NiO peaks for the (111), (200), (220),(311),(222)
planes at 26 angle = 37.2°, 43.3°, 62.9°, 75.4° and 79.4° respectively in Fig4.1(a). It indicates the
formation of a high amount crystalline and thick NiO layer. Significant peak shift is observed for this
sample in Fig.4.1(b) and (c) that suggest of formation new composition of NiO on NiF surface. The
metallic nickel peaks are reduced and NiO peaks are increased in intensity, that hints high amount of
oxidation of the nickel foam surface. Though the active site is increased due to the extensive oxidation
, it covers the surface reducing porosity that lowers conductivity, potentially affecting the electrode's
electrochemical performance.

4.2 Morphology analysis of thermally modified NiF at different temperature

The morphologies of NiO/NF after oxidation at different temperatures were investigated at
different magnification using a Field Emission Scanning Electron Microscope. Fig.4.2 shows the
SEM images of electrodes before and after thermal treatment. In the low- and high-magnification
images Fig.4.2(a-b) of bare nickel foam, it exhibits a smooth and well-defined macropores, as seen.
The surface of the nickel foam appears relatively clean and unmodified, with no significant
microstructural or nano structural features, reflecting the pristine state before thermal treatment.
The sample oxidized at 400°C for 2 hours (NiO-400-2/NiF) demonstrates a slight roughening of
the nickel foam surface, as seen in Fig.4.2(d). Higher magnification images Fig.4.2(e) reveal the
formation of a thin oxide layer with grain-like structures. These features suggest the initial
formation of NiO with limited crystallinity surface coverage, likely resulting in moderate
enhancement of the surface area compared to the bare nickel foam. The surface became coarse
and rougher than before which increases the active sites for reactant molecules. Rough surface on
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nickel foam enhances performance of electrochemical reaction by increasing electron transfer and
reducing gas bubble adhesion on the surface.

At 500°C (NiO-500-2/NiF), the NiO layer becomes more prominent, as evidenced by the rougher
surface and more distinct microstructural features in Fig.4.2(f). The oxide grains appear larger
and more densely packed, indicating improved crystallinity and oxide growth. The NiO layer
observed in image Fig.4.2(g-h) suggests increased active surface sites, which can positively
influence the electrocatalytic activity for water-splitting reactions such as the HER and OER.

NiF

NiO-600-2/NiF NiO-500-2/NiF NiO-400-2/NiF

NiO-700-2/NiF

Figure 4. 2 FE-SEM images of NiO/NiF films oxidized at different thermal condition (a-b) Bare Nickel
Foam (c-e) NiO-400-2/NiF (f-h) NiO-500-2/NiF (i-k) NiO-600-2/NiF (I-n) NiO-700-2/NiF
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A significant morphological transformation results from the thermal oxidation of the sample (NiO-
600-2/NiF) at 600°C for two hours. The NiO layer develops a highly textured surface with clearly
visible interconnected structures Fig.4.2(i). At higher magnification images Fig.4.2(j-k), the
formation of nanostructured nanosheets and nano-petals features is observed. This significant
increase of nickel oxide microstructures contributes to excess specific surface area and enhances
the electrode material’s activity towards electrochemical reactions. The uniformity and
hierarchical nature of rough nanostructure indicate better oxidation conditions for generating a
high-density active surface.

The sample treated at 700°C (NiO-600-2/NiF) shows further structural changes, with a denser
and more rugged oxide layer Fig.4.2(1). However, at higher magnifications Fig.4.2(m-n), the
surface appears coarser and potentially more compact, suggesting excessive oxidation. This
overgrowth may reduce the effective active surface area due to the agglomeration of oxide grains.
Additionally, excessive thermal treatment could introduce mechanical stresses or defects and
reduce porosity, which compromises the stability and activity of the electrode material for HER
and OER.

4.3 Elemental composition analysis of thermally modified NiF at different temperature

The EDS maps of bare nickel foam Fig 4.3 (a-d) show a predominance of metallic Ni with minimal
oxygen presence, elemental composition image is indicating the absence of significant oxidation.
The lack of NiO coverage leads to poor catalytic activity for both HER and OER, as metallic Ni is
less effective in providing active sites for water-splitting reactions. The uniform metallic surface
ensures high electrical conductivity but lacks the essential chemical reactivity provided by oxides.
The absence of significant contaminant indicates the high purity of the material. Such features
make nickel foam suitable for electrocatalytic applications, where surface oxidation can enhance
activity in oxygen evolution (OER) and hydrogen evolution reactions (HER).

The EDS maps of NiO-400-2/NiF Fig.4.3(e-h) demonstrate the formation of a thin layer of nickel
oxide (NiO) distributed over the foam surface. Oxygen is detected in greater amounts compared
to the bare foam, but the proportion of NiO remains relatively low. This composition refers to
slight decrease of Ni amount due to partial oxidation. This reflects the formation of a thin NiO layer
while retaining a significant metallic Ni core. The incomplete oxidation limits the availability of
catalytically active sites, potentially leading to low performance for HER and OER. While the
presence of NiO enhances the chemical activity, the limited oxide coverage restricts the potential
catalytic performance.

NiO-500-2/NiF demonstrates a well-proportioned distribution of Ni and O in Fig.4.3(i-1) of the
EDS analysis. The formation of a moderately thick and uniformly distributed NiO layer, while
preserving a substantial amount of metallic Ni and maintaining porosity, creates an ideal
environment for efficient HER. The activity of electrode is enhanced for the increase of NiO layer
which enables the adsorption and mass transfer in the reaction. Additionally, increased porosity
of metallic Ni ensures superior electrical conductivity, enabling effective charge transfer during
the reaction. The increased ratio of oxygen content indicates an adequately oxidized surface,
which increases the number of active sites without compromising conductivity. This precise
balance between the oxidized NiO layer and the porosity of Ni foam surface is a key factor in
optimizing HER performance.
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Figure 4. 3 EDS images of NiO/NiF films oxidized at different thermal condition (a-d) Bare Nickel Foam
(e-h) NiO-400-2/NiF (i-1) NiO-500-2/NiF (m-n) NiO-600-2/NiF (g-t) NiO-700-2/NiF

The EDS images of NiO-600-2/NiF shows higher amount of oxidation on NiF surface having
uniform distribution of Ni and O in Fig.4.3(m-p). The elemental mapping shows increased amount
of oxygen that suggests higher amounts of NiO due to oxidation compared to NiO-400-2/NiF and
NiO-500-2/NiF. A higher amount of NiO on NiF substrate is advantageous for the performance of
the catalytic activity in OER reaction.

The EDS maps of NiO-700-2 /NiF Fig.4.3 (g-t) reveal a higher degree of oxidation compared to NiO-
500-2/NiF and NiO-600-2/NiF, with a dense and thick NiO layer covering the foam surface. The
amount of Nialtered much more by oxygen, indicating a thick and excessive NiO layer. The oxygen
content is significantly higher, with a corresponding decrease in porosity and Ni surface contact.
While the increased NiO coverage provides abundant active sites for OER, the excessive oxidation
negatively impacts HER due to reduced conductivity and impaired electron transfer. The thick
oxide layer also limits the accessibility of the active sites, reducing the porosity that results in
overall low performance.
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4.4 OER performance of thermally modified NiF at different temperature

Oxygen evolution reaction performance of different samples has been evaluated using Linner swept
voltammetry (LSV) at a scan rate of 5 mVdec in a three-electrode system. The NiO-600-2/NiF sample,
which is thermally treated at 600 °C for 2 hours, exhibits the best performance for OER among the five
samples followed by NiO-400-2/NiF, NiO-500-2/NiF, NiO-700-2/NiF, and Bare NiF respectively Fig.
4.4(a). Current density is observed increasing significantly with the increase of applied potential, that

indicates the OER activity of electrode samples.
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The NiO-600-2/NiF shows the highest current density across the potential range, pointing to the
superior OER activity among the five samples. The NiO-600-2/NiF sample exhibits the lowest
overpotential of 388 mV for current density 10mA/cm? and 547mV for the current density 100 mA/cm?.
While other samples show higher overpotential at both current density of 10 mA/cm?and 100 mA/cm?
Fig 4.4 (e-f). At the current density of 10 mAcm, the overpotential for NiO-600-2/NiF is 388 mV
whereas the overpotential for Bare NiF, NiO -400-2/NiF, NiO-500-2/NiF, and NiO -700-2/NiF are 449
mV, 448 mV, 430 mV and 499 mV respectively. At the current density of 100 mAcm?2, the overpotential
for NiO -600-2/NF is 547 mV whereas the overpotential for Bare NF, NiO-400-2/NiF, NiO-500/NiF, and
NiO-700-2/NF are 687 mV, 688 mV, 632 mV and 727 mV respectively.

The chronopotentiometry results in Fig. 4.4 (b) also show the same trend as LSV result, showing the
NiO-600-2/NiF sample requires the lowest potential to maintain current density of 100 mA/cm?. The
sample NiO-400-2/NiF, NiO-500-2/NiF, NiO-700-2/NiF and NiF exhibits a trend of requiring higher
potential to maintain same current density of 100 mA/cm?.

In Fig.4.4 (d) the Tafel plots shows that the NiO-600-2/NiF has a Tafel slope of 124 mV dec?, which is
lower than NiO-400-2/NiF (118 mV dec?), NiO-500-2/NiF (128 mV dec), NiO-700-2/NiF (136 mV dec
1) and NiF (97 mV dec?). The lower Tafel slope value of NiO-600-2/NiF suggests faster catalytic kinetics
of this electrode for OER. Furthermore, electrochemical impedance spectra (EIS) were performed to
study the charge transfer kinetics of NiF and modified samples. In Fig4.4 (c), NiO-700-2/NiF shows the
higher charge transfer resistance (R«t) 2.35 ohm, while NiO-400-2/NiF, NiO-500-2/NiF, NiO-700-2/NiF
and NiF shows 5.02 ohm, 3.14 ohm, 6.17 ohm and 5.14 ohm respectively.

4.5 HER performance of thermally modified NiF at different temperature

HER performance of different samples has been evaluated using Linner swept voltammetry at a scan
rate of 5 mVdec? in a three-electrode system. The NiO-500-2/NiF which is thermally treated at 500 °C
for 2 hours, exhibits the best performance for HER among the five samples in Fig. 4.5 (a).

From the polarization curve it is derived that NiO-500-2/NiF requires only 160 mV to deliver 10
mA/cm?, which is 251 mV, 272 mV, 289 mV and 311 mV for NiO-600-2/NiF, NiO-400-2/NiF, NiF and
NiO-700-2/NiF respectively. At the higher current density 100 mA/cm?, the NiO-500-2/NiF also needs
lowest potential among the samples, that is 377 mV, while NiO-600-2/NiF, NiO-400-2/NiF, NiF and NiO-
700-2/NiF requires 476 mV, 535 mV, 511 mV and 551 mV respectively. The chronopotentiometry plot
reveals the performance of electrode sample by potential (V vs RHE) vs time in Fig. 4.5 (b). IT shows
also NiO-500-2/NiF electrode need consistently lowest potential, pointing out stable performance.
Stability of NiO-600-2/NiF and NiO-500-2/NiF follows the best sample respectively.

Nyquist plot in Fig.4.5 (c) shows NiO-500-2/NiF has the lowest semicircle, indicating lowest charge
transfer resistance (R«) that is 1.5 ohm. In Fig.4.5 (d) the Tafel plot shows that the NiO-500-2/NiF has
a Tafel slope of 106 mV dec®, which is lowest among the samples, that supports the best performance
of the sample for HER. The plot exhibits NiO-600-2/NiF, NiO-400-2/NiF (178 mV dec), NiO-700-2/NiF
(141 mV dec?) and NiF have Tafel slope of 125 mV dec?, 178 mV dec?, 141 mV dec? and 128 mV dec
! respectively. The lower Tafel slope value of NiO-500-2/NiF suggests faster catalytic kinetics of this
electrode for HER.
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Figure 4. 5 (a) LSV curves of NiO/NiF samples of different temperature at a scan rate of 5 mVs-1 (b)
Durability curve of NiO/NiF NiO/NiF samples of different temperature at constant current supply (c)
Nyquist plot of NiO/NiF samples of different temperature at 50mA

From the electrochemical test of samples for the duration of two hours, as NiO-500-2/NiF and NiO-
600-2/NiF showed best HER and OER performance respectively among the samples, these two samples
were selected for further study. In that process, further samples are prepared considering duration
ranges 30 mins to 4 hours for both 500 C and 600 C. Later a sample at temperature 500° C for duration
of 15 min was considered for extensive study.

Table 2. Description further of thermal treatment of NiF changing duration

Sample Number Sample name Thermal treatment temperature (° C) | Duration (Hours)
1 NiO-500-.25/NiF 500 0.25
2 NiO-500-.5/NiF 500 0.5
3 NiO-500-1/NiF 500 1
4 NiO-500-4/NiF 500 4
5 NiO-600-.5/NiF 600 0.5
6 NiO-600-1/NiF 600 1
7 NiO-600-4/NiF 600 4
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4.6 XRD Analysis of thermally modified NiF at 600° C at different duration.

The XRD patterns of nickel foam samples (NiO-600-.5/NiF, NiO-600-1/NiF, NiO-600-2/NiF and NiO-600-
4/NiF) exhibit peaks corresponding to the cubic phase of nickel oxide (NiO), which appear at 20 angle
=37.2°,43.3°,62.9°, 75.4° and 79.4°, are assigned to the (111), (200), (220), (311), and (222) planes of
NiO, respectively, based on the reference data in JCPDS card 89-7131. In the XRD pattern of NiO-600-
.5/NiF in Fig. 4.6 (a) , there is visible peaks for NiO at the 37.2°, 43.3°, 62.9° which became stronger in
NiO-600-1/NiF, NiO-600-2/NF and NiO-600-4/NF sample respectively. The NiO-600-4/NF shows the
stongest peaks for 37.2°, 43.3°,62.9°, 75.4° and 79.4° in Fig. 4.6 (a) indicating that this sample contains
highest amount of NiO among the sample. If XRD pattern of samples are compared from NiO-600-
.5/NiF to NiO-600-4/NiF, it is evident that the Ni peak in the sample treated for longer duration (NiO-
600-4/NiF) has a short peak of nickel (JCPDS 1-1260) than that of (NiO-600-.5/NiF), that suggests when
there is formation of more NiO for comparative long duration thermal treatment, the sample lose Ni
from its surface for the NiO formation. In Fig.4.6 (b) & (c) significant shift of Ni peak is observed at 26
angles of 44.5° and 76.4° that suggest formation of new composition while intensity peak at at 26
angle 43.3° increases that suggest formation of NiO on NiF surface.
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Figure 4. 6 (a). XRD pattern of nickel oxide (NiO) on NF substrate after oxidation at different
durations at 600°C temperatures. (b) Overlapping of peaks for (43 ~ 45) 20 degree (c) Overlapping of
peaks for (75~ 77) 26 degree.
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4.7 Morphology analysis of thermally modified NiF at 600° C at different duration.

NiO-600-1/NiF NiO-600-.5/NiF

NiO-600-2/NiF

NiO-600-4/NiF

Figure 4. 7 FE-SEM images of NiO/NiF films oxidized at different thermal condition (a-c) NiO-600-
.5/NiF (d-f) NiO-600-1/NiF (g-i) NiO-600-2/NiF (j-I) NiO-600-4/NiF

The SEM images of NiO-600-0.5/NiF in Fig. 4.7(a-c) depict a relatively thin and incomplete oxide layer
with a smooth surface compared to other samples. While some nanoscale features are visible, the
surface appears less porous and less developed. Limited porosity and incomplete oxidation reduce the
number of accessible active sites, resulting in lower catalytic activity for OER. The smooth morphology
indicates insufficient thermal exposure, which hinders the growth of a well-defined NiO layer critical
for improving OER performance.

The sample oxidized for 1 hour (NiO-600-1/NiF) retains a well-defined 3D porous structure, as shown
in Fig 4.7(d-f), with minimal distortion to the foam network. Image analysis indicates the sample has a
high porosity percentage (~70%), facilitating better electrolyte accessibility to the active sites. The
surface is covered with a thin and uniform NiO layer, contributing approximately 40-45% of the total
surface area. Although the NiO layer is not as thick as in the samples oxidized for longer durations, the
combination of high porosity and optimal NiO coverage enhances the electrochemical active surface
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area. This balance between porosity and oxide coverage supports efficient mass transport and rapid
charge transfer during OER, making NiO-600-1/NiF the most effective electrocatalyst in experimental
results. Babal et al,2018 found similar results in their study[16].

Oxidation for 2 hours (NiO-600-2/NiF) results in a denser oxide layer and slightly reduced porosity
(~65%), as observed in Fig 4.7(g). The NiO layer is more developed and covers approximately 45-55%
of the surface area. While the increased NiO content provides a greater number of active sites, the
reduced porosity hinders electrolyte penetration, which can negatively affect mass transport. At higher
maghnifications Fig 4.7(h-i), the grains are larger and more interconnected, increasing surface
roughness. However, the trade-off between thicker oxide coverage and reduced porosity limits the
overall efficiency of the OER, as the accessibility of the electrolyte and ion diffusion is somewhat
compromised.

The sample oxidized for 4 (NiO-600-4/NiF) hours exhibits a thicker and more aggregated NiO layer,
covering approximately 50-60% of the surface area, as shown in Fig 4.7(j). However, the porosity
decreases significantly to ~60% as the denser oxide layer fills the pores of the nickel foam. The
excessive NiO aggregation observed in Fig 4.7(k-l) results in larger grains that reduce the effective
number of exposed active sites. The dense oxide layer also impairs electron and ion transfer during the
OER, further reducing catalytic performance. While the thicker NiO layer may increase activity, it
sacrifices the balance between porosity and active site accessibility, leading to reduced OER activity
compared to the 1-hour oxidized sample.

4.8 Elemental composition analysis of thermally modified NiF at 600° C at different duration

The EDS elemental maps of NiO-600-.5/NiF reveal significant differences in elemental distribution
among the NiO/NiF films oxidized at 600°C varying duration from 0.5 to 4 hour. The NiO-600-.5/NiF
reveals porous hole in Fig4.8(a-d). The EDS images of NiO-600-.5/NiF indicates incomplete oxidation
for low duration thermal treatment. The sample NiO-600-1/NiF shows comparatively higher growth in
NiO layer in Figd.9 (e) and high amount of oxygen element in Fig4.8(e-h). Increased oxygen suggests
further growth in NiO layer, reducing porous hole in NiF surface. Fig4.8(i-I) shows increased amount of
oxygen element and further grown NiO layer in NiO-600-2/NiF sample. The NiO-600-4/NiF sample
shows the highly dense and rough layer of NiO depicting Ni and O elements in Fig4.8(m-p).
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Figure 4. 8 EDS images of NiO/NiF films oxidized at different thermal condition (a-d) NiO-600-.5/NiF
(e-h) NiO-600-1/NiF (i-1) NiO-600-2/NiF (m-p) NiO-600-4/NiF

4.9 OER analysis of thermally modified NiF at 600° C at different duration

As a part of further study, the samples thermally treated in 600° C for different duration have been
investigated for OER performance, the results are demonstrated in Fig.4.9. The LSV plot in
Fig.4.9(a) shows that the Ni0-600-1/NiF sample has the best OER performance both at low
current density and high current density. At the benchmark of low current density 10mA/cm?, the
NiO-600-1/NiF requires the lowest overpotential of 377mV, while for the same NiO-600-2/NiF,
NiO-600-4/NiF and NiO-600-.5/NiF requires higher overpotential of 390mV, 408mv and 407mV
respectively. At the higher current density 100mA/cm?, NiO-600-1/NiF also requires the lowest
overpotential of 514mV, where NiO-600-2 /NiF, NiO-600-4/NiF and NiO-600-.5/NiF requires the
overpotential of 546mV, 583 mV and 593mV respectively. The chronopotentiometry test
performed at 100mA in Fig.4.9(b) also shows that the NiO-600-.1/NiF sample requires
consistently lowest potential for maintaining same amount of current density indicating best
performance among the sample. The Nyquist plotin in Fig.4.9(c), the NiO-600-.1/NiF sample has
smallest semicircle which refers to the lowest charge transfer resistance that results in higher
OER performance. The NiO-600-4/NiF has the largest semicircle pointing out the highest amount
of charge transfer resistance among the sample. The Nyquist plot of NiO-600-.5/NiF has larger
semicircle than that of NiO-600-1/NiF, which refers to having higher R, that results overall low
OER performance. Though the sample NiO-600-2/NiF has an OER performance that follows best
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performance among samples, in Nyquist plot it exerts higher Rc, which is indicative for the OER
performance degradation at high current density.
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Figure 4. 9 (a) LSV curves of NiO/NiF at 600° C and different duration ranging from 0.5 hour to 4 hour
at scan rate of 5 mVs-1 (b) Durability curve of NiO/NF at constant current (c) Nyquist plot (d) Tafel
slope for OER

Considering the obtained results from LSV, CP, EIS and Tafel slope, it is evident that the sample
treated at 600° C for the duration of 1 hour (NiO-600-1/NiF) has the best performance for oxygen
evolution reaction (OER) having overpotential 377mV and 514mV for low and high current
density respectively.

4.10 XRD Analysis of thermally modified NiF at 500C at different duration.

The XRD patterns of nickel foam samples (NiO-500-.25/NiF, NiO-500-.5/NiF, NiO-500-1/NiF, NiO-500-
2/NiF and NiO-500-4/NiF) exhibit peaks corresponding to the cubic phase of nickel oxide (NiO) in
Fig.4.10(a), which appear at 26 angle = 37.2°, 43.3°, 62.9°, 75.4° and 79.4°, are assigned to the (111),
(200), (220), (311), and (222) planes of NiO, respectively, based on the reference data in JCPDS card
89-7131. In the XRD pattern of NiO-500-.25/NiF, there is visible peaks for NiO at the 37.2°, 43.3°,62.9°
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which became stronger in NiO-500-.5/NiF, NiO-500-1/NiF, NiO-500-2/NF and NiO-500-4/NF sample
respectively. The NiO-500-4/NF shows the stongest peaks among the sample at 28 angle of 37.2°,
43.3°,62.9° in Fig. 4.10(a) indicating that this sample contains highest amount of NiO. If XRD pattern
of samples compare from NiO-500-.25/NF to NiO-500-4/NF, it is evident that the Ni peak in the sample
treated for longer duration (NiO-500-4/NF) has a decreased intensity of Ni at 26 angle 44.5° (JCPDS 1-
1260) than that of (NiO-500-.25/NF), that suggests when there is formation of more NiO for
comparative long duration thermal treatment, the sample lose Ni from its surface for the NiO
formation. In Fig.4.10 (b) & (c) Significant peak intensity shift is observed at 26 angle 44.5° and 76.4°
respectively, suggesting formation of NiO.

(a) | (b)
NiO-500-4/NiF | =
I .| | I et ———— u § \I
\
— NiO-500-2/NiF £ ;
3 '| J
‘-‘-u-' NiO-500-1/NiF 43.0 435 440 445 450 455
> h | 20 (degree)
=
b4 NiO-500-0.5/NiF l (¢)
1) l A
- =3
£ | E
f g
NiO PDF 89-7131 I - y iV
| | M|
Nl PDF 1*1260 U 7 75.0 75.5 ';BB,(:deg:eF:;,S 77.0 T77.5
T T T " T T

20 30 40 50 60 70 80
20 (degree)

Figure 4. 10 (a). XRD pattern of nickel oxide (NiO) on NF substrate after oxidation at different
duration at 500°C temperatures. (b) Overlapping of peaks for (43 ~ 45.5) 26 degree (c) Overlapping
of peaks for (75~ 77.5) 26 degree.

4.11 Morphology analysis of thermally modified NiF at 500C at different duration

The SEM images NiO-500-0.25/NiF in Fig 4.11(a-c) reveal a highly porous structure with a
porosity of approximately 15-20% and a very thin layer of NiO. This porosity increases the
available surface area for catalytic activity, increasing active sites essential for the OER. The
combination of optimal porosity and conductive NiO layer provides an ideal platform for efficient
electron transfer in oxygen evolution reaction.

The SEM images NiO-500-0.5/NiF in Fig 4.11(d-f) reveal a highly porous structure with a porosity
of approximately 35-40% and a moderate layer of NiO. This significant porosity increases the
available surface area for catalytic activity, combination of optimum active sites essential for the
OER. The combination of optimal porosity and conductive NiO layer provides an ideal platform
for efficient electron transfer in oxygen evolution reaction.

The sample oxidized for 1 hour (NiO-500-1/NiF) shows an initial development of the oxide layer.
At low magnification Fig 4.11(g), the nickel foam retains its macro-porous 3D network with
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minimal surface modifications. However, at higher magnifications Fig 4.11(h-i), the formation of
comparatively thick and dispersed NiO grains is observed on the foam'’s surface. Grains are
relatively fine and not densely packed, indicating the early stages of NiO growth. Due to the limited
surface roughness observed in morphology, it is expected moderate catalytic activity provided by
active sites for electrochemical reactions.

NiO-500-.25/NiF

NiO-500-1/NiF NiO-500-.5/NiF

NiO-500-2/NiF

NiO-500-4/NiF

Figure 4. 11 FE-SEM images of NiO/NiF films oxidized at different thermal condition (a-c) NiO-500-
.25/NiF (d-f) NiO-500-.5/NiF (g-i) NiO-500-1/NiF (j-I) NiO-500-2/NiF (m-p) NiO-500-4/NiF
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The 2-hour oxidation at 500 C sample (NiO-500-2/NiF) shows a significant change in morphology. The
porous network of the nickel foam is preserved Fig 4.11(j), but the surface is now covered with a denser
and more uniformly distributed NiO layer, as seen in images Fig 4.11(k-I). The NiO grains have grown
larger, forming a textured surface with an increased surface area. Though this nanostructured oxide
layer should have increased the material's catalytic activity due to the increased oxide layer, it has
reduced active sites by covering the porous nano-holes on the surface, affecting its activity for the
hydrogen evolution reaction (HER).

After 4 hours of oxidation at 500 C of sample (NiO-500-4/NiF), the NiO layer becomes thicker and more
compact, as shown in images Fig 4.11(m-n). The higher magnification images reveal larger and more
aggregated oxide grains Fig 4.11(0). While the prolonged oxidation increases the oxide layer thickness,
it produces excessive grain agglomeration, reducing the accessibility of active sites. Additionally, the
thicker and denser oxide layer hinders electrical conductivity by reducing porosity, potentially lowering
the electrocatalytic efficiency for OER & HER in water-splitting applications.

4.12 Elemental composition analysis of thermally modified NiF at 500C at different duration

The EDS maps of NiO-500-.25/NiF Fig.4.12(a-d) demonstrate the formation of a very thin layer of nickel
oxide (NiO) and smoother surface due to removal of surface contaminants by thermal exposure.
Porous holes resulted from thermal treatment are visible and that is advantageous for HER. Oxygen is
detected in greater amounts compared to the bare foam, but the proportion of NiO remains relatively
low compared to other samples. The images depicts to a slight decrease of Ni amount due to partial
oxidation. This reflects the formation of a thin NiO layer while retaining a significant metallic Ni core.
The incomplete oxidation limits the availability of catalytically active sites, potentially leading to low
overall performance for HER and OER.

The sample NiO-500-.5/NiF shows an increased number of porous holes in NiF substrate surface in
Fig.4.12(e) and high amount of Oxygen presence in elemental mapping images in Fig.4.12(f-h). The
indicates higher amounts of NiO formation compared to NiO-500-.5/NiF sample.

Fig4.12(i) shows that porous holes are covered and Fig4.12(j-I) depicts an increase in the amount of
oxygen element resulted in thermal treatment of NiO-500-1/NiF. Though NiO layer increased, it
covered the porous holes that are crucial in HER performance. Fig4.12(m-p) shows further growth of
NiO layer in NiO-500-2/NiF.

NiO-500-4/NiF shows a denser NiO layer in Fig4.12(q) and elemental mapping Fig4.12(r-t) shows the
highly dense oxygen element that refers to the result of high temperature thermal modification among
the sample.

34



Modification of NiF as bifunctional electrode for industial WS = Ui A University of Agder

@I Norway

Overlap

NiO-500-2/NiF NiO-500-1/NiF NiO-500-.5/NiF NiO-500-.25/NiF

NiO-500-4/NiF

Figure 4. 12 EDS images of NiO/NiF oxidized at different thermal condition (a-d) NiO-500-.25/NiF (e-
h) NiO-500-.5/NiF (i-I) NiO-500-1/NiF (m-n) NiO-500-2/NiF (g-t) NiO-500-4/NiF
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4.13 HER analysis of thermally modified NiF at 500° C at different duration

In this stage, HER performance of five samples is investigated, where NiO-500-.5/NiF Exhibits the best
performance for linear swept voltammetry at a scan rate of 5mV/sec. In Fig. 4.13(a) the NiF-500-.5/NiF
depicts that it requires lowest potential both in low and high current density. For the benchmark
10mA/cm? NiO-500-.5/NiF sample requires only 146 mV where NiO-500-1/NiF, NiO-500-2/NiF, NiO-
500-4/NiF and NiO-500-.25/NiF requires 207mV, 208 mV, 224mV and 258mV respectively. The low
performance of NiO-500-.25/NiF is due to insufficient amount of active NiO layer which is result of
thermal treatment for very short duration. The chronopotentiometry results in Fig. 4.13(b) also
support the result obtained from LSV, that shows NiO-500-.5/NiF sample is consistently requiring the
consistent amount of potential for current density of 100mA/cm?. NiO-500-1/NiF, NiO-500-2/NiF, NiO-
500-4/NiF and NiO-500-.25/NiF samples also follow the same trend of performance as LSV in
chronopotentiometry. The Nyquist plot obtained from Electrical Impedance Spectroscopy in Fig.
4.13(c) NiO-500-.1/NiF sample has lowest current transfer resistance, where best performing sample
NiO-500-.5/NiF has a higher current transfer resistance than that of sample of 1 hour. The NiO-500-
.25/NiF sample has shown a larger semicircle than NiO-500-.5/NiF, that indicates comparatively low
performance, which is followed by NiO-500-1/NiF and NiO-500-4/NiF.
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Figure 4.13 (a) LSV curves of NiO-500/NiF samples at different duration at a scan rate of 5 mVs-1 (b)
Durability curve of NiO-500/NiF samples at different duration at constant current supply (c) Nyquist
plot (d) Tafel slope of NiO-500/NiF samples at different durat
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4.14 Comparison of OER and HER performance with benchmark electrodes
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Figure 4. 14 (a) OER LSV of IrO2/NiF and NiF-600-1/NiF (b) HER LSV of Pt/C/NiF and NIO-500-0.5/NiF

The performance of NiO-500-.5/NiF electrode is compared with the performance of Pt/c/NiF for HER
and performance of NiO-600-1/NiF is compared with performance of IrO,/NiF electrode for OER.

Fig 4.14 (a) shows that thermally treated NiO-600-1/NiF sample perform better for OER than IrO,/NiF.
NiO-500-0.5/NiF sample also performs better for HER at high current density than Pt/C/NiF.

4.15 Full cell water splitting performance with 1.0 M KOH

Finally, considering the superior HER activity of NiO-500-0.5/NiF and OER activity of NiO-600-1/NiF,
two electrode is paired to cathode and anode respectively in a two-electrode cell with 1M KOH as
electrolyte solution to monitor overall water splitting. From the result in Fig 4.15(a), we can see that
NiO-500-0.5/NiF // NiO-600-1/NiF water electrolyser requires only 1.768 V and 2.221 V to deliver
10mA/cm? and 100 mA/cm? respectively.
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Figure 4. 15 (a) LSV curves of full cell having NiO-500-0.5/NiF at cathode and NiO-600-1/NiF at anode
at scan rate of 5 mVs-1 (b) Durability curve of full cell at constant current 100mA.

37



Modification of NiF as bifunctional electrode for industial WS = UiA University of Agder

@ I I Norway

4.16 Full cell water splitting performance with 6.0 M KOH

The electrocatalytic HER and OER performance of NiO-500-0.5/NiF and NiO-600-1/NiF is further
demonstrated in long duration durability test at high current density (500mA/cm?) . A
chronopotentiometry measurement was performed at 500 mA for 250 hours in 6M KOH electrolyte
solution using NiO-500-.5/NiF as cathode and NiF-600-1/NiF as anode. Obtained voltages in full cell
study are displayed as a function of time in Fig4.16, that depicts it operated in 2.5V with negligible
fluctuation/stability. It proves excellent stability and efficient performance of NiF-500-0.5/NiF for HER
and NiF-600-1/NiF for OER.
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Figure 4. 16 (a) Full cell LSV (b) Durability curve of full cell at constant current 500 mA/cm2.
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Conclusion

In summary, we developed a HER and an OER electrode using a simple thermal treatment to produce
NiO in NiF substrate. The NiO-600-/1NiF sample which is treated at 600° C for 1 hour exhibits the best
electrocatalytic performance for OER reaction with an overpotential 377 mV and 514 mV for the
current density of 10 mA/cm? and 100 mA/cm? respectively along with consistent durability. The NiO-
500-0.5/NiF sample which is treated at 500° C for 30 minutes shows the best electrocatalytic
performance for HER reaction with an overpotential 146 mV and 296 at the current density of
10mA/cm? and 100mA/cm? along with excellent durability. In the full cell test, NiO-500-0.5/NiF // NiO-
600-1/NiF water electrolyzer requires only 1.768 V and 2.221 V to deliver 10mA/cm? and 100 mA/cm?
respectively. That presents overpotential 538 mV and 991 mV for the current density of 10mA/cm?
and 100 mA/cm? respectively. To investigate the performance in industrial water splitting condition,
two developed best performing electrode is observed in a full cell setup with 6.0 M KOH electrolyte
solution, where it requires only 2.5 V to achieve 500 mA/cm? and exhibits long term durability. This
study introduces a cost-effective approach to synthesis bifunctional electrode for overall water
splitting which is potential to drive forward the water splitting technology
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