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ABSTRACT

This study focuses on the synthesis and characterization of novel alternative non-
platinum electrocatalysts for hydrogen generation and fuel cell applications using
SPEEK nanocomposite membranes modified with mixed oxide fillers. Three different
mixed oxide electrocatalysts were prepared, namely cerium-zirconium (Ce0O2:ZrOz),
cerium-silica (Ce02:Si0O2), and sulfated zirconia-silica (SZr:SiOz). The cerium-
zirconium oxide electrocatalysts were synthesized using the coprecipitation method
and subsequently annealed with varying CeO2:ZrO2 ratios. Among the various
compositions evaluated, the CeO2:ZrOz nanocomposite demonstrated remarkable
efficiency at a 1:1 ratio. A current density of -2000 mA/cm2 was achieved on a
geometrical area of 0.20 cm2. The outstanding performance is attributed to the unique
mixture of spherical and rod-like morphology and surface area characteristics of the
nanocomposites, which have a BET surface area of 63.41 m2/g and electrochemical
active surface area (ECSA) of 4.4 cm?. In this system, SPEEK binder plays a dual role
as both a protective membrane (Ecorr
inorganic materials. When compared to platinum (Pt), these electrocatalysts showed
commendable performance, with only a 2.56% deviation in current. The hydrogen
generation rate followed first-order kinetics, with a rate of 9.6 x 10" °A/s and a rate
constant of "8.35 | 10715 s

Graphite electrodes (GE) were modified with SZr and varying proportions of SZr:SiO2
metal oxides. The GE/SZr:SiO2 (1:1) electrode demonstrated exceptional
performance, exhibited a hydrogen evolution current density of -1700 mA/cm?2 at -0.55
V vs. RHE based on ECSA dimension. Furthermore, the enhanced electrocatalytic
activity and durability of CeO2:SiO2 mixed oxides were also studied. The SPEEK-
promoted CeOz2: SiOz2 (2:1) exhibited the best HER activity, having a current density of
-260 mA/cm? at -0.50 V vs. RHE, an electrochemical surface area of 2.0 cm?, and a
turnover frequency of -1.42 s@.

The above-mentioned synthesized fillers that exhibited the highest HER activity was
utilized to modify the SPEEK membrane, enhancing the thermal stability, proton
conductivity, and mechanical properties of the composite membranes. The recast
method was used to prepare the composite membranes with varying weight% of fillers.

The modified membranes with CeO2:SiO2 nanoparticles showed a significant

viii
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improvement in water uptake, leading to enhanced hydrophilicity when compared to
the pristine SPEEK membrane. The presence of SiO2 enhanced proton conductivity,
while CeOz2 helped reduce the chemical degradation of the membrane by scavenging
free radicals. The proton conductivity of the SPEEK-CeO2:SiOz2 (5 wt.%)
nanocomposite membrane measured 0.037 S/cm, compared to only 0.004 S/cm for
the bare SPEEK membrane under the same conditions. Additionally, oxidative stability
tests conducted in 3 ppm Fe?* at 80 °C revealed that the membrane with 5%
Ce02:SiO2 exhibited the highest oxidative stability of 81.6% after 250 minutes.
Additionally, SPEEK-CeO2:ZrO2 nanocomposite membranes were also studied.
SPEEK-Ce02:ZrO2 (10 wt.%) exhibited higher proton conductivity of 0.07 S/cm.

Lastly, composite membranes incorporated with varying amounts of sulfated binary
metal mixed oxide (SZr:SiO2) were prepared. SPEEK-SZr:SiO2 (1wt%) membrane
exhibited the highest antioxidant stability at 82.87%, surpassing the pure polymer
matrix membrane, which had a stability of 77.24%. Furthermore, they also
demonstrated the highest proton conductivity of 0.087 S/cm. For assessing fuel cell
performance, all composite membranes that displayed the highest proton conductivity
within their respective groups were selected for testing. The SPEEK-SZr:SiO2 (1%)
membrane outperformed the other composite membranes with the highest current
density of 1370.77 mA/cm? and a peak power density of 54.9 mW/cm?2, demonstrating
its superiority as a catalyst in fuel cells due to its high conductivity and stability. Overall,
the SPEEK-SZr:SiO2 (1wt%) composite membrane shows great potential for polymer

electrolyte membrane fuel cell (PEMFC) applications.
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CHAPTER 1: INTRODUCTION

1.1. Introduction

Energy is crucial for human civilization, enabling technological advancement in our
daily lives. The majority of the world's energy is generated by fossil fuels such as coal,
natural gas and oil (gasoline and diesel), because of their low cost and widespread
availability [1]. However, rising energy demand in today's world has put a strain on the
limited supply of these fossil fuels, which will eventually run out. Furthermore, the
combustion of these fossil fuels emits greenhouse gases such as carbon dioxide,
nitrogen oxides and oxocarbons, which contribute to global climate change and
dilapidation of human health, animals and plant growth [2]. As a result, there is an
urgent need to replace fossil fuels with alternative renewable, clean, and low-carbon
energy sources.

Alternative renewable energy sources such as solar, wind, biomass, geothermal, and
hydropower can be utilized to reproduce energy and are therefore extensively useful
to combat energy crises. However, the major drawbacks of these energy sources are
the high cost involved in construction of their respective energy plants as well as
difficulties and limitations in operating those plants [3-5].

Among the various available renewable energy sources, fuel cells seem to offer a
promising solution. This technology enables direct conversion of chemical energy into
electrical energy, heat and water in high yield since it is not subjected to the limitation
of a Carnotds cycl e. tolprodude sleac energy astthe ondy dy-
product for H2/O2 fuel cell is water [6]. Some fuel cells use hydrogen as fuel and oxygen
as oxidant whereas others uses hydrocarbons and alcohol [7]. There are several types
of fuel cells currently under development namely; polymer electrolyte fuel cells also
known as proton exchange membrane fuel cells (PEMFCs), direct methanol fuel cells
(DMFCs), alkaline fuel cells (AFCs), molten carbonate fuel cells (MCFCs) and solid
oxide fuel cells (SOFCs) and each has its advantages, limitations and potential
applications [8, 9]. Of all types of fuel cells, PEMFCs and DMFCs are the most
promising candidates for the next generation energy source for transportation,

stationary and portable devices [10].

as
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Proton Exchange Membrane Fuel Cells (PEMFCs) utilize a water-based, acidic
polymer as their electrolyte and platinum as the primary electrode. They operate at
very low temperatures, and their electrical output can be optimized to meet varying
power demands On the other hand, Direct Methanol Fuel Cells (DMFCs) convert the
chemical energy in methanol (CH3OH) into useful electrical energy with minimal
emissions [11]. However, precious metal-based electrodes in these fuel cells can
suffer from deactivation due to low operating temperatures and issues like platinum
poisoning. Consequently, PEMFCs typically use pure hydrogen as their fuel source,
while DMFCs use methanol [12, 13]. Both types of fuel cells face several limitations,
including catalyst poisoning from carbon monoxide (CO), challenges with membrane
hydration, mechanical strength issues, and fuel crossover problems [14]. These
limitations has led to an increase in research interests to develop membrane
composites that can withstand high reaction temperatures (120 °C-150 °C) and
remain chemically and mechanically stable [15]. Currently, the state-of-the-art Nafion
membranes have been widely used as proton exchange membranes (PEMs) due to
their outstanding properties such as high proton conductivity under humid conditions
and long-term stability. However, drawbacks such as low proton conductivity at
operating temperatures above 80 °C due to water evaporation, high fuel permeability,
and high cost restricted their applications [16, 17].

So far, Sulfonated poly (ether ether ketone) (SPEEK) has demonstrated appropriate
properties for fuel cell applications when compared to other non-perfluorinated
membranes and perfluorinated membranes such as Nafion [18]. Due to their narrow
and less connected hydrophilic channels, SPEEK-based membranes have been
reported to have high proton conductivity, good thermal and mechanical stabilities and
low cost [19]. SPEEK can be easily synthesized by sulfonating PEEK with
concentrated sulfuric acid. Different properties of SPEEK are highly dependent on the
degree of sulfonation (DS), which can be controlled by altering the reaction
temperature, acid content, and sulfonation time [20]. The degree of sulfonation (DS)
of SPEEK is an important parameter for its performance because the proton
conductivity increases with DS, but the methanol crossover also increases, and the
dimensional stability of the membrane deteriorates up to dissolution due to the
ionomer's excessive hydrophilicity[18]. Above 80% DS, the membrane becomes
excessively hydrophilic, resulting in significant swelling and eventual dissolution in

2
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water. Furthermore, it is possible to reduce the water swelling of SPEEK by adding
inorganic nanofillers that may act as cross-linking agents [21].

To date, extensive work has been done to develop inorganic-organic composite
SPEEK membranes. This includes the incorporation of inorganic nanofillers such as
Titanium dioxide (TiO2), Zirconium oxide (ZrOz), metal oxides and carbon nanotube
(CNT). Amongst these materials, metal oxides has not been given most attention due
to its high thermal conductivity, excellent chemical resistance and low thermal

expansion properties, as a nanofiller [22].

1.2. Problem Statement

The rising global demand for energy has resulted in increased combustion of fossil
fuels, which emits toxic greenhouse gases that contribute to climate change, pollution,
and health issues. Drought has recently affected the agricultural sector in South Africa,
and there have been reports of fatalities as a result of heat strokes caused by
extremely high temperatures caused by climate change. Most of the hydrogen in the
world is produced by steam reforming and coal gasification processes; however, the
drawbacks of these processes are that they both require high energy (thus making
them expensive) and produce carbon dioxide as a by-product. Fuel cells have been
identified as one of the most promising and potential clean energy technologies,
meeting all of the requirements for energy security, economic growth, and
environmental sustainability, and have received considerable attention as a potential
replacement for power generation systems. PEMFC and DMFC are the most preferred
fuel cells. Dihrab et al. described them as "the perfect melding of benefits from energy
sources," as a result of their ability to emulate the ease of refuelling and continuous
operation potential of internal combustion engines, as well as the highly efficient and
quiet operation of batteries. As a result, fuel cells appear to be an ideal energy source
[23]. With these promising achievements remain several challenges associated with
working of PEMFC and DMFC in real life conditions. The main issues associated with
these fuel cells are humidity management at the electrodes, CO poisoning of the
anode (Pt) catalyst, slow cathode kinetics, mechanical strength, and the high cost of
the platinum electrode catalyst.

For this reason, this research focuses on developing electrocatalysts for hydrogen

generation, which can also be used as filler in SPEEK membranes for fuel cell
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applications. The electrocatalyst is designed to significantly boost current density and
stability for hydrogen generation. Meanwhile, the electrocatalysts are engineered to
optimize the oxygen reduction reaction, enhance CO tolerance, and streamline the
hydrogen oxidation reaction in proton exchange membrane fuel cells (PEMFC),
making them essential components in advancing fuel cell technology. Additionally,
incorporating the inorganic metal oxide into the organic proton-conducting SPEEK

membranes enhances proton conductivity, mechanical and thermal stability.

1.3. Aim of the study

This thesis aims to synthesize, characterize, and apply new alternative non-platinum
electrocatalysts for hydrogen generation and the development of proton conductive
membranes based on SPEEK. The approach involves using SPEEK nanocomposite
membranes modified with synthesized mixed metal oxide as fillers. This aim was

achieved by carrying out the following objectives:

1.4. Objectives and Research questions
1.4.1 Specific Objectives

a) Synthesis of electrocatalyst at varying ratios.

b) Synthesis of sulfonated polyether ether ketone (SPEEK) membrane.

c) Synthesis of SPEEK/inorganic metal oxide nanofiller composite membrane.

d) Characterization of the as-synthesized materials using conventional
spectroscopic, and morphological instrumental techniques such as ultraviolet-
visible (UV-Vis), Fourier transform infrared spectroscopy (FTIR), Powder X-ray
diffractometry (XRD), Thermal gravimetry analysis (TGA), Brunauer Emmett
Teller surface area, adsorption and porosity analyses (BET), Scanning electron
microscopy (SEM), Energy dispersive X-ray (EDX), Transmission electron
microscopy (TEM), and electrochemical approaches such as cyclic
voltammetry (CV), linear sweep voltammetry (LSV), chronoamperometry (CA)
and electrochemical impedance spectroscopy (EIS).

e) Evaluation of the as-synthesized electrocatalyst as viable working electrodes
alongside with SPEEK binder for hydrogen generation.

f) Evaluate the conductivity of the as-synthesized SPEEK/Inorganic metal oxide
filler.
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g) Optimize and utility of membrane materials for fuel cell application through the

construction of power density curves.

1.4.2. Research questions

a) How do varying synthesis ratios of the electrocatalyst affect its structural and
electrochemical properties?

b) Can a stable, proton-conductive SPEEK membrane be synthesized effectively for
fuel cell applications?

c) How does the incorporation of inorganic metal oxide nanofillers into the SPEEK
matrix influence membrane morphology and performance?

d) What are the structural, morphological, thermal, and electrochemical characteristics
of the synthesized materials as revealed by UV-Vis, FTIR, XRD, TGA, BET, SEM,
EDX, TEM, CV, LSV, CA, and EIS?

e) How effective are the synthesized electrocatalysts, when used with a SPEEK
binder, as working electrodes for hydrogen generation?

f) What is the proton conductivity of the SPEEK/inorganic metal oxide filler composite
membranes, and how does filler loading affect it?

g) How can the membrane materials be optimized for fuel cell application, and what

power density performance can be achieved under varying conditions?

1.6. Research gap
Despite extensive research on inorganic-organic composite SPEEK membranes for

PEM fuel cell applications, no study has systematically investigated the incorporation
of binary or mixed-metal oxide nanofillers (as opposed to single metal oxides) into the
SPEEK matrix. Existing literature focuses predominantly on single metal oxide
nanofillers such as TiOF, ZrOF, SiOF, or AIFOF incorporated into SPEEK. Binary or
mixed-metal oxide systems have not been tested as fillers in SPEEK membranes.
Furthermore, the dual functionality of such mixed-metal oxides serving simultaneously
as electrocatalysts for hydrogen generation and as proton-conductivity-enhancing
fillers in SPEEK has not been explored.

This research gap is significant because:
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1 Mixed-metal oxides often exhibit synergistic properties (e.g., enhanced thermal
stability, improved charge transport, and tailored hydrophilicity) that single
oxides lack.

1 The same mixed-oxide material could potentially optimize both hydrogen
evolution reaction (HER) activity and membrane proton conductivity, offering a
unified materials solution.

T Without testing binary/mixed oxides, the full potential of SPEEK-based
composite membranes remains unrealized.

Thus, this study explicitly addresses the gap by synthesizing mixed-metal oxide
nanofillers at varying ratios, incorporating them into SPEEK, and evaluating their

performance for both hydrogen generation and PEM fuel cell applications.

1.5. Scope of Study
This research focuses on the synthesis, characterization, and application of metal

oxide-supported sulfonated poly(ether ether ketone) (SPEEK) materials for two
interconnected energy applications: hydrogen generation and proton exchange
membrane (PEM) fuel cells.

The scope is limited to:

Non-platinum-based metal oxide electrocatalysts will be synthesized at varying
compositional ratios. These materials are intended to serve dual functions as working
electrode materials for hydrogen generation and as nanofillers within SPEEK
membranes. SPEEK will be synthesized via sulfonation of PEEK, with a controlled
degree of sulfonation (DS) to balance proton conductivity and dimensional stability.
Composite membranes will be prepared by incorporating the synthesized metal oxide
nanofillers into the SPEEK matrix.

All synthesized materials (electrocatalysts, SPEEK, and composite membranes) will
be characterized using Spectroscopic techniques (UV-Vis, FTIR), Structural
techniques (XRD), Thermal analysis (TGA), Surface and porosity analysis (BET),
Morphological techniques (SEM, EDX, TEM), and Electrochemical methods (CV, LSV,
CA, EIS)

Evaluation of electrocatalysts (with SPEEK as binder) for hydrogen generation via
water splitting or related electrochemical processes. Measurement of proton
conductivity of SPEEK/metal oxide composite membranes. Optimization of membrane
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electrode assembly (MEA) and construction of power density curves to assess fuel
cell performance under varying operating conditions.
The study is confined to ex situ laboratory-scale electrochemical testing. It does not
extend to full-scale fuel cell stack fabrication, long-term durability testing beyond the

experimental timeframe, or system-level economic analysis.

1.6. Justification

The justification for this research arises from the convergence of several critical gaps
in current energy materials science, particularly concerning proton exchange
membrane fuel cells (PEMFCs) and direct methanol fuel cells (DMFCs). While SPEEK
has emerged as a promising low-cost, non-perfluorinated membrane alternative, its
application is hindered by excessive swelling and loss of dimensional stability at high
sulfonation degrees, which this study addresses by incorporating metal oxide
nanofillers specifically CeOFEZrO2, CeOFESIO2z, and SZr:SiOz as cross-linking agents
to reduce swelling while maintaining or enhancing proton conductivity. These three
mixed oxide systems were strategically selected for their complementary properties:
Ce02:ZrO2 enhances oxygen vacancy concentration and electron transfer for the
hydrogen evolution reaction (HER); Ce0O2:SiO2 combines radical scavenging ability (to
prevent polymer degradation) with hygroscopic properties (to retain water and
enhance proton conduction); and SZr:SiO2 provides superacidic characteristics for
high proton conductivity while silica prevents sulfate loss and offers mechanical
reinforcement. Furthermore, the development of non-platinum metal oxide
electrocatalysts is justified to replace expensive, CO-sensitive platinum-based
electrodes, thereby reducing cost, enhancing CO tolerance, and improving reaction
kinetics. Given that most hydrogen is currently produced via energy-intensive, CO2
emitting processes such as steam reforming or coal gasification, this research
contributes to a pathway for green hydrogen production through electrochemical water
electrolysis. Uniquely, this study synthesizes a single class of metal oxide materials
for two integrated roles as working electrode catalysts for hydrogen generation and as
fillers in SPEEK membranes for fuel cell operation offering potential synergies in
material design, reducing development redundancy, and providing a more holistic
solution across the fuel cell value chain. Finally, the research is justified by its clear
and systematic objectives, which determine how synthesis ratios affect electrocatalyst

properties, how filler loading influences membrane conductivity and stability, and how
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optimized membranes perform in fuel cells via power density curves, thereby directly
advancing PEMFC technology for portable, stationary, and transportation applications.

1.7. Thesis Overview
This thesis is divided into seven different main sections/chapters. The description of

each chapter is briefly summarized below.

Chapter 1: Introduction

This chapter provides a background information about the thesis project. It describes
briefly the problem statement, aim and objectives of the project.

Chapter 2: Literature review

This chapter describes a detailed literature review involving sources where
background leading to the study originated from.

Chapter 3: Experimental

This chapter involves the briefly description of the methods and instrumentation
techniques used in the project.

Chapter 4: Hydrogen evolution on graphite/sulfonated polyether ether ketone
(SPEEK) surface using zirconium oxide-stabilized cerium oxide
nanocomposites.

This chapter provides details on the use of zirconium oxide-stabilized cerium oxide
nanoparticles for hydrogen generation.

Chapter 5: Hydrogen evolution reaction by sulphated zirconium oxide
nanoparticles.

This chapter focuses on the use of sulphated zirconium oxides for hydrogen
generation.

Chapter 6: Acidic water splitting of cerium-silica mixed oxides for sustainable
electrocatalytic hydrogen production.

This chapter describes the use of CeOz2: SiO2 mixed oxides for hydrogen generation.
Chapter 7: Membrane synthesis and fuel cell applications

This chapter describes the details of the preparation and characterization of the
SPEEK membranes, both pristine and mixed oxide nanocomposites, and their fuel cell
applications. The chapter is divided into three sections:

A: The proton conductivity and mechanical properties of SPEEK-Ce:Zr nanocomposite

membrane.
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B: Enhanced Conductivity of Sulfonated Poly(ether ether ketone) membrane by the

Incorporation of cerium-silica as a nanofiller for fuel cells.

C: Enhanced proton conductivity and oxidative stability of SPEEK-SZr:SiO2 composite

membrane for fuel cell application.

Chapter 8: Conclusion and recommendations

This chapter gives a general conclusion based on the results of the experimental work

and provides some recommendations for future study.
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CHAPTER 2: LITERATURE REVIEW

PART I. Published research paper: A New Frontier Towards Development of Efficient
SPEEK Polymer Membranes for PEM Fuel Cells Applications: A Review. Materials
Advances, 5, 7979-8006

2.1. Introduction
For decades, fossil fuels have been regarded as the primary sources of increased

pollution levels in the environment due to the emission of harmful greenhouse gases
such as COx, NOx, and SOx during their combustion [1-3]. There are increasing
concerns about the long-term viability of fossil fuels, which are expected to deplete
sooner rather than later. Consequently, sustainable, renewable, and environmentally
friendly fuels will become necessary. To tackle these issues, extensive research and
development efforts are underway to identify alternative sources of electricity that are
efficient, renewable, and ecofriendly. Among the many technologies being explored,
fuel cells stand out as a key solution that can support future sustainable hydrogen
production, carbon-free cycles, and a circular economy [4, 5]. In the past two decades,

the use of fuel cells has increased significantly as engines and as sources of stationary
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and portable power [6, 7]. Mohammed et al.[8] described a fuel cell as an
electrochemical device that converts the chemical energy of a fuel, such as methanol,
ethanol, or ethylene glycol, into electrical energy without combustion. In this process,
the fuel undergoes direct oxidation, generating electricity, heat, and water vapor. The
electrochemical reactions within the fuel cell can be summarized as follows: When
hydrogen flows through the anode, it is transformed into hydrogen ions, while electrons
are released. These electrons travel through an external circuit to the cathode,
producing electrical current [9]. The membrane electrode assembly (MEA) is the main
component of a fuel cell and consists of a gas diffusion layer, a catalyst, and an
electrolyte (membrane). Protons migrate through the electrolyte to the cathode, where
they combine with oxygen and electrons to produce water and heat. Fuel cell
technologies are distinguished by the type of electrolyte they use. The electrolyte is a
crucial part of the fuel cell, as it defines the cell's properties and operating conditions
[10, 11]. There are six distinct types of fuel cells: (i) Alkaline Fuel Cell (AFC), (ii) Direct
Methanol Fuel Cell (DMFC), (iii) Molten Carbonate Fuel Cell (MCFC), (iv) Phosphoric
Acid Fuel Cell (PAFC), (v) Proton Exchange Membrane Fuel Cell (PEMFC), and (vi)
Solid Oxide Fuel Cell (SOFC). Each of these fuel cells operates under different
reaction conditions and utilizes various electrolytes. Among these six, two fuel cells,
the Hydrogen Fuel Cell (H2-FC) and the Direct Methanol Fuel Cell (DMFC), use a
polymeric membrane as their electrolyte. In contrast, the others are based on different
electrochemical principles. The components, fuel types, and performance

characteristics of the various types of fuel cells are presented in Fig. 2.1.

13



¥
L | s
ol A,
PEMFC Perfluorosulfonic Acid | G,
Rt - 100 °C I H, l e | o —, ¢ 0,, Air I
DMFC Perfluorosulfonic Acid
E Rt - 100 °C CH;0H/H,0 Ht —— ‘ 0,, Air I
= PAFC Phosphoric Acid I
] PREDSEETRC H e — 0 Air
8 AFC H = _~  Potassium Hydroxide | &~ 0.. Ai
2| Re-250°c : ] +—— OH- Ot Z AN
E = — A - : %G‘ .
= _ Molten Carbonate Salt at |
cor | o # CO,, 0y, Air
= Solid Oxide Ceramic
4 e O
Fuel & Reaction ELECTROLYTE Oxidiser & Reaction

substance

L

Fig. 2. 1: Schematic representation of different types of Fuel Cells and their properties

substance

Among the fuel cells mentioned, proton exchange membrane fuel cell (PEMFC)
technology is a significant focus of global research [12]. Its high energy density and
efficiency, along with the potential for low emissions, make it a promising clean energy
solution. The proton exchange membrane (PEM) serves as a barrier between the fuel
gas and the electrodes, allowing protons to transfer from the anode to the cathode of
the PEMFC. The reactions that take place in the PEMFC are as follows:

Anode side: ¢O© 1O 1Q (2.1)
Cathodeside: 0 T1TQ 71O © ¢0O0 (2.2)
Overall cell reaction: ¢O 0 © ¢O0 "OQO O Q®OREADANDN(2.3)

In the anodic reaction, hydrogen gas flows through the gas diffusion layer before
dissociating into two electrons and two protons within the catalyst layer (as described
in equation 2.1). The two protons travel through the proton exchange membrane
(PEM) to reach the catalyst layer at the cathode, while the two electrons flow through
the external circuit to the cathode [13, 14]. The cathodic reaction, similar to the anodic
reaction that produces heat and water, occurs when air enters the catalyst layer
through the gas diffusion layer. In this reaction, air reacts with two electrons and two
protons (as described in equation 2.2). The most commonly used membranes in

proton exchange membrane (PEM) fuel cells are fluorinated membranes, with
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perfluorosulfonic acid (PFSA) polymers, such as Nafion membranes, being the most
prevalent type. Nafion is a sulfonated polymer featuring a perfluorinated backbone and
sulfonated side chains. It is widely used in PEM fuel cells because it performs
effectively at temperatures below 100 °C. The perfluoroether component in Nafion
contributes to its chemical stability, while the sulfonated side chains aggregate and
help maintain proper hydration [15]. Owing to its high ionic conductivity of
approximately 0.1 S/cm when fully hydrated, along with its thermal and chemical
stability, the Nafion membrane has been selected as the standard for polymeric
electrolyte fuel cells [16]. However, Nafion membranes have certain limitations, such
as a decrease in ionic conductivity and low humidity at high temperatures, which
complicates their commercialization. To address these issues, alternative proton-
conducting membranes utilizing either partially fluorinated or hydrocarbon-based
polymers with ionic transfer sites have been created to enhance fuel cell performance.
The chemical structure of Nafion is illustrated in Fig. 2.2.
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Fig. 2. 2: Chemical structure of Nafion.

In this context, many studies have focused on developing proton exchange
membranes (PEM) with enhanced performance characteristics, including low cost,
ease of synthesis, good thermal and mechanical stability, and eco-friendliness. One
approach to creating partially fluorinated PEM is by synthesizing block copolymers that
include a fluoropolymer. These partially fluorinated membranes, similar to fully
fluorinated membranes, have shown high proton conductivity. However, they tend to
be expensive due to the use of costly fluorinated materials. Additionally, the
commercialization of these membranes has faced challenges stemming from high

costs and a shortage of trifluorostyrene monomers [16].
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Non-fluorinated membranes are composed of polymer materials that feature aromatic
structures and functional groups in either the polymer backbone or side chains. These
membranes are being utilized in proton exchange membranes (PEMSs) as substitutes
for perfluorinated membranes. One significant advantage of hydrocarbon membranes
is that their polymeric structure can be easily designed to possess the desired
characteristics for fuel cell applications [17]. Different types of monomers are utilized
to manage the reaction conditions during the preparation of hydrocarbon membranes
with outstanding properties. Additionally, the cost of the monomers used in the
production of hydrocarbon-based polymers is generally lower than that of fluorinated
membranes, which presents a significant advantage for commercialization [15, 18].
Hydrocarbon-based polymers typically have a carbon backbone and polar groups,
resulting in high water uptake across a wide temperature range. While these polymers
exhibit increased proton conductivity, they may also suffer from poor dimensional
stability in membranes, leading to the formation of water channels [19]. Rigid
structures, such as aromatic rings, are incorporated directly into the polymer backbone
to enhance the stability and properties of membranes. These aromatic rings provide
rigidity, which contributes to both thermal and mechanical stability. Consequently, a
variety of hydrocarbon-based polymers, including polyether ketones (PEK),
poly(arylene ethers), polyether ether ketone (PEEK), polyesters, and polyimides (PI),
have been actively researched and developed for applications in fuel cells [20-23].
Among the various alternative aromatic polymers available, polyether ether ketone
(PEEK) stands out as the most promising material for proton exchange membrane
(PEM) applications in fuel cells. PEEK is a semicrystalline thermoplastic polymer
characterized by its ether and ketone functional groups. This polymer offers an
excellent combination of mechanical properties, cost-effectiveness, and exceptional
thermo-oxidative stability [22]. PEEK polymer features an aromatic, non-fluorinated
backbone consisting of 1,4-disubstituted phenyl groups linked by ether (6 Od ) and
carbonyl (8 C=0) groups, as illustrated in Fig. 2.3 below. This structure contributes to

its properties as a high-performance, thermostable engineering polymer [24].

OO

Fig. 2. 3: General structure of PEEK [24].
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The polymer's natural hydrophobicity is usually addressed by chemically modifying its
polymer chains. Sulfonic acid groups can be readily introduced onto the aromatic
backbone of poly(ether ether ketone) (PEEK). The resulting sulfonated poly(ether
ether ketone) (SPEEK) is a semi-crystalline, amorphous polymer that demonstrates
high chemical and thermal stability, thanks to its aromatic rings [25]. It is produced by
polymerizing various monomers using the following synthesis techniques: (i)
displacement reaction; (ii) nickel-catalysed coupling polymerization; (iii) ring-opening
polymerization with monomers containing sulfonic acid groups; and (iv) Friedel-Crafts
acylation [26]. The degree of sulfonation (DS) significantly affects the properties of
sulfonated poly(ether ether ketone) (SPEEK). This degree can be controlled by
adjusting the reaction conditions, including the reaction temperature, acid
concentration, and duration of sulfonation. SPEEK exhibits excellent chemical
durability at low DS, showing greater dimensional, mechanical, and thermal stability
compared to Nafion. However, it has lower water uptake and proton conductivity [27].
At higher degrees of sulfonation (DS), membrane swelling in aqueous solutions leads
to the formation of interconnected channels filled with hydrophilic clusters. This results
in high proton conductivity comparable to Nafion; however, it also presents
undesirable mechanical properties, excessive dimensional swelling, increased fuel
permeability, and consequently, low durability. Numerous studies have been
conducted to modify sulfonated poly(ether ether ketone) (SPEEK) membranes to
enhance fuel cell performance [28, 29].

Intensive research into the development of modified sulfonated poly(ether ether
ketone) (SPEEK) membranes, particularly for fuel cell applications, plays a crucial role
in advancing this specific field. Significant efforts have been made to enhance SPEEK
membranes, and this review focuses on the development of proton exchange
membranes (PEMs) based on these polymers. The paper discusses the
physicochemical properties and characteristics of pure SPEEK membranes and
explores various strategies for improving the performance of the SPEEK matrix.
Additionally, it summarizes and analyzes the results of different types of modified
SPEEK membranes. The review concludes by addressing the challenges and
opportunities encountered during the development of SPEEK-based membranes for

fuel cell applications.
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2.2. Mechanism of proton conduction in PEM

Proton conduction is a crucial factor to consider when evaluating membranes for
potential fuel cell applications. In the operation of a Proton Exchange Membrane Fuel
Cell (PEMFC), the membrane must facilitate the systematic movement of water and
ions, prevent the passage of electrons, and enable the dissociation of reactant gases.
Maintaining sufficient hydration levels in the proton exchange membrane (PEM) is
essential for ensuring high proton conductivity during fuel cell operation. Two primary
mechanisms contribute to proton transfer at the molecular level: electro-osmotic drag
(where water molecules help transport protons) and proton hopping (known as the
Grotthuss mechanism) [30]. A schematic diagram illustrating the Grotthus, and
vehicular mechanisms is presented in Fig. 2.4.

— -
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Fig. 2. 4: A schematic representation of the Grotthus and vehicular mechanisms [30].

In the proton hopping (Grotthus) mechanism, protons move between hydrolyzed ions
(SOs7, H3O*) through polymeric matrices. The activation energy necessary for proton
conductivity in this mechanism ranges from 0.1 to 0.4 eV. Protons are drawn from
hydronium ions by adjacent water molecules, which facilitates the cycle of movement.
In this process, the ion area forms a specific hydrophilic cluster that expands in the
presence of water. As a result, protons undergo percolation phenomena. The Grotthus
mechanism plays a significant role in the conductivity of perfluorinated sulfonic acid
membranes, such as Nafion [31].

The ion exchange capacity (IEC) value influences the Grotthus-type transfer, as it

indicates the number of ionizable groups present in the fuel cell membrane. In this
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membrane, electro-osmotic drag facilitates the transport of hydrogen ions (HsO%)
through the aqueous medium. Consequently, water and methanol molecules function
as proton transporters within the polymeric membrane. An activation energy greater
than 0.5 eV is required to initiate proton conductivity [32]. In this mechanism, hydrated
protons (hydronium ions) move through an aqueous medium due to electrochemical
differences. Protons attach to carriers such as water or methanol before they diffuse
into the medium, forming cationic complexes like H3O*, HsO2", HoO4*, and CH3OH2*.
The presence of free volumes within the polymeric chains of proton exchange
membranes is crucial for this vehicular mechanism. Water enhances proton
conductivity in these membranes by affecting the size, stability, formation, clustering,
and connectivity of ion pathways. In agueous conditions, an increase in cluster size
leads to a corresponding increase in proton conductivity with respect to humidity.
Additionally, in polymeric membranes, selecting inorganic additives can improve
proton conductivity at high temperatures and low relative humidity by utilizing this

mechanism [33].

2.3 Sulfonation of PEEK

Poly(ether ether ketone) polymers exhibit chemical resistance and are thermally and
mechanically stable. However, due to their entirely hydrophobic segments, they are
unsuitable for direct use in fuel cell applications [29]. Adding a sulfonic acid group to
PEEK polymer enhances its hydrophilicity, solubility in polar solvents, and ion
exchange capacity. The solubility of the sulfonated form, known as SPEEK, varies with
different degrees of sulfonation (DS). Specifically: (a) a sulfonation degree of
approximately 30% allows solubility only in hot DMF (dimethylformamide), DMAc
(dimethylacetamide), DMSO (dimethyl sulfoxide), and NMP (N-methyl-2-pyrrolidone),
(b) a sulfonation degree of 40% to 70% enables solubility at room temperature in these
same solvents: DMF, DMAc, DMSO, and NMP, (c) a sulfonation degree above 70%
allows solubility in methanol and (d) a sulfonation degree of 100% results in solubility

in hot water.
This improved solubility facilitates various applications of SPEEK in different

environments [34]. There are three synthetic methods that can be employed to prepare

sulfonated poly(ether ether ketone):
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(a) Direct copolymerization reactions of sulfonated monomers with appropriate
monomers.
(b) Direct sulfonation reactions after polymerization of poly(ether ether ketone).
(c) Sulfonation reactions of poly(ether ether ketone)s introduce pendant sulfonate

groups into the polymer chains.

2.3.1 Direct sulfonated monomer copolymerization reactions with suitable
monomers.

A sulfonated dihalogenated diaryl ketone monomer or a sulfonated bisphenol
derivative can be directly copolymerized with a suitable dihalogenated diaryl ether
monomer unit to produce random (statistical) sulfonated poly(ether ether ketone) [35].
By carefully controlling the reaction stoichiometry, the sulfonate group can be
introduced specifically along the polymer backbone. This is achieved through a step-
growth copolymerization reaction that utilizes sulfonated monomers [36]. Electrophilic
aromatic substitution reactions using various sulfonating agents can produce
sulfonated dihalogenated diaryl ketone or bisphenol monomer derivatives [37].
Nguyen et al. [38] synthesised a sulfonated di-halogenated diaryl ketone monomer by
treating 4,4'-difluorobenzophenone with 25.3% fuming sulfuric acid, resulting in 100%

yield and high purity disodium-3,3'-disulfate-4,4'-difluorobenzophenone (Fig. 2.5).

O @]
(i) H,S04/S0O5/10 hrs/100 °C SO3Na
: - T
e F (i) NaOH/H,0 E E

SO;Na

Fig. 2. 5: The reaction formula of a sulfonated di-halogenated diaryl ketone monomer
[38].

A series of sulfonated poly(ether ether ketone) polymers were synthesized through a
base-catalyzed nucleophilic aromatic polycondensation reaction involving 4,4'-
difluorobenzophenone and the pure sulfonated monomer, disodium-3,3'-disulfate-4,4'-
difluorobenzophenone, along with hexafluoroisopropylidene diphenol (see Fig. 2.6)

[39]. The resulting high molecular weight polymers demonstrated thermal stability up

20



U N]SA of souah srica
to 260 °C. These sulfonated poly(ether ether ketone) polymers were subsequently

utilized as proton exchange membranes in fuel cells.
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Fig. 2. 6: Reaction mechanism for preparation of Sulfonated poly (ether ether ketone)

by the base catalyzed nucleophilic aromatic polycondensation [39].

2.3.2 Direct post-polymerization sulfonation reactions with poly (ether ether
ketone)

Poly(ether ether ketone) is a highly effective polymer that is insoluble in most organic
solvents. The incorporation of a sulfonic acid group along the polymer backbone
reduces crystallinity and enhances solubility [40]. Direct sulfonation of poly(ether ether
ketone)s with various sulfonating agents is not region-specific due to the lack of control
over the degree and location of sulfonation during the process [40]. In addition,
polymer degradation and various side reactions have been observed. The sulfonation
of poly(ether ether ketone)s occurs through an electrophilic substitution reaction
mechanism, using sulfonating agents like sulfuric acid (HFSOW, as illustrated in Fig.
2.7. The ether linkage activates the phenyl rings in the polymer chain for these
electrophilic substitution reactions, allowing the sulfonating group to be introduced into
the hydroquinone segment of the polymer chain [41, 42]. Typically, one sulfonic acid
group is added per unit because the carbonyl group attracts electrons, lowering the
electron density of the other aromatic rings [40, 43]. However, disulfonation reactions
can occur at elevated temperatures or with prolonged reaction times. Sulfonation
reactions involving poly(ether ether ketone)s are usually performed using sulfonating

agents such as chlorosulfonic acid or sulfuric acid [44]. The reaction time, temperature,
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and acid concentration all play a crucial role in the sulfonation process using sulfuric
acid. In their study, Daud et al. [45] prepared sulfonated poly(ether ether ketone)
(PEEK) using Victrex and 95-97% concentrated sulfuric acid along with chlorosulfuric
acid at room temperature. This approach was chosen to prevent the degradation of
PEEK and to avoid cross-linking reactions. They conducted the reaction over a range
of time periods and achieved a degree of sulfonation of 80%. In another study, Muthu
Lakshmi et al. [46] examined the effects of temperature and reaction duration on the
degree of sulfonation of Gatone, as well as on the characteristics of the sulfonated
polymers. Their sulfonation process was carried out at temperatures between 35-50
°C for 3-5 hours, resulting in a degree of sulfonation between 50-80%. The resulting
sulfonated poly(ether ether ketone) derivatives were utilized in fuel cells and

electrodialysis processes as electrochemical devices.

SO3H

Fig. 2. 7: Sulfonation reactions of Gatone poly (ether ether ketone) [46].

To simplify the incorporation of a sulfonic acid group into the polymer chain, standard
organic reactions are often employed to functionalize poly(ether ether ketone)s.
Reactive sites can be introduced directly along the polymer backbone or by adding an
appropriate functional group as a pendant to the chain before the polymer precursor
undergoes sulfonation functionalization.

Xu et al. [41]. utilized dihydroxy functionalized poly(ether ether ketones) as substrates
to synthesize a series of new sulfonated poly(ether ether ketones). They employed a
base-catalyzed nucleophilic aromatic substitution polymerization method to create the
corresponding poly(ether ether ketone) derivative based on dihydroxynaphthalene.
The sulfonated poly(ether ether ketone) was produced through a base-catalyzed
nucleophilic reaction between the dihydroxynaphthalene-based poly(ether ether
ketone) and 1,4-butane sulfone (see Fig. 2.8). The resulting sulfonated poly(ether
ether ketone) derivative demonstrated high proton conductivity, making it suitable for

direct methanol fuel cell (DMFC) applications.
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Fig. 2. 8: Nucleophilic reaction of dihydroxynaphthalene-based poly(ether ether
ketone) with 1,4-butane sulfone [41].

Another synthetic method for creating sulfonated poly(ether ether ketone)s with the
sulfonic acid group pendant to the polymer chain was created by Tsai et al. [47]. In
order to produce pristine sulfonated poly(ether ether ketone), poly(ether ether ketone)
was first treated with concentrated sulfuric acid. This was done by treating the resulting
sulfonated poly (ether ether ketone) with 1,1'-carbonyl-diimidazole (CDI). Novel main-
chain and side-chain sulfonated poly(ether ether ketone) with enhanced nano-phase
separation morphology were formed after reaction with 2-aminoethanesulfonic acid
(see Fig. 2.9). The addition of the new sulfonated group pendant to the polymer chain
resulted in well-defined nano-phase separation morphology and improved the

properties of the proton exchange membrane in DMFC applications.
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Fig. 2. 9: Sulfonated poly(ether ether ketone) synthesis route using 1,1'-carbonyl-
diimidazole (CDI) [47].

The sulfonic acid group can also be introduced to the poly(ether ether ketone) chain
through the thiol-ene reaction, which comprises the following steps:

(i) The synthesis of a poly(ether ether ketone) precursor derivative containing an
unsaturation site on the polymer chain.

(i) The double bond site of unsaturation reacts with a mercapto compound that
contains a sulfonate group through the classic thiol-ene reaction.

Li et al. [48] utilized the thiol-ene method to synthesize poly(aryl ether ketone)
ionomers that feature pendant sulfonic acid groups attached to the polymer backbone,
as shown in Fig. 2.10. They achieved quantitative yields of sulfonated poly(ether ether
ketone) by treating the propenyl derivative of poly(ether ether ketone) with sodium 3-
mercapto-1-propane sulfonate and AIBN in a mixed solvent of NMP and DMSO. The
resulting sulfonated poly(ether ether ketone) materials were used as substrates for
polymeric membranes in fuel cell technology.
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Fig. 2. 10: Synthesis of Sulfonated poly(ether ether ketone) using the Thiol-ene
method [48].

SPEEK modification methods

The sulfonation of SPEEK polymer is significantly influenced by various reaction
conditions, including reaction time, temperature, and the presence of an inert
atmosphere. If these conditions are not properly controlled, the degree of sulfonation
(DS) may either increase or decrease. A higher DS in the SPEEK material leads to
increased swelling at elevated temperatures before it dissolves in water. Furthermore,
a higher DS is often associated with enhanced ion exchange capacity (IEC) and proton
conductivity. As a result, several modification techniques, such as blending and cross-

linking, have been explored to develop effective SPEEK membranes [49].

2.4 Membrane crosslinking

2.4.1 Electron beam (EB) radiation
Radiation-induced crosslinking with electron beam (EB) technology is now widely

utilized for processing polymer materials because of its inherent advantages over UV

and thermal curing methods. This radiation crosslinking approach is a straightforward
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and effective way to reduce methanol permeability and enhance the thermal and
dimensional stability of membranes, as well as improve their mechanical properties,
all while maintaining proton conductivity [49]. Xiang et al. [50] utilized a combination
of cross-linking agents, including trimethylolpropane triacrylate (TMPTA), polyester
acrylate, 2-(2-ethoxy-ethoxy)ethyl acrylate (EOEOA), and 1,6-hexanediol diacrylate
(HDDA), to introduce electron beam (EB) cross-linking in the sulfonated poly(ether
ether ketone) (SPEEK) structure. Their study showed that the degree of cross-linking
and structural density was directly influenced by the exposure dose when different EB
irradiation samples were treated at a dose rate of 6 kGy ming. Higher doses of EB
irradiation led to improved thermomechanical and dimensional stability. They found
that the cross-linked polymer membranes exhibited a higher cluster transition
temperature compared to the Nafion 117 membrane, suggesting that the cross-linked
membranes could be more advantageous in high-temperature fuel cells. Small-angle
X-ray scattering (SAXS) analysis indicated that the ionic sites remained active during
the cross-linking reaction, leading to increased proton conductivity, particularly at
elevated temperatures (90 °C). Additionally, the membranes demonstrated enhanced
proton conductivity and dimensional stability at 80 °C under fully humidified conditions,
allowing for a maximum power density of 0.225 W/cm?2 at a higher EB irradiation
dosage of 200 kGy. Xiaomin et al. [51] synthesised 1,6-bis(4-vinylphenyl) hexane
(BVPH), an unhydrolyzable cross-linker, to enhance the dimensional stability,
mechanical strength, and methanol crossover resistance of SPEEK membranes
through electron beam (EB) irradiation at room temperature. By incorporating BVPH
at varying concentrations between 5% and 15% by weight and applying a constant
irradiation dose of 350 kGy with a dose rate of 6 kGy ming, a higher degree of cross-
linking was achieved. The membranes with 15% BVPH exhibited superior
performance compared to pristine SPEEK membranes, showing improved
dimensional and chemical stability, as well as greater mechanical strength. Moreover,
the SPEEK membranes containing 15% BVPH demonstrated enhanced oxidative
resistance, achieving a tensile strength of 93 MPa (when dry) and sustaining 38 hours
in a 3% H20:2 solution with 2 ppm Fe2$ at 80 °C. However, it is important to note that
the increased hydrophobicity and reduced water sorption, along with fewer active ionic
sites, led to a slight decrease in the proton conductivity of the cross-linked SPEEK

membranes.
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2.4.2 UV radiation
Before Hayes published a patent claiming that UV crosslinking enhances the

environmental stability and reduces the gas permeability of polyimide materials, the
crosslinking of polymer materials through ultraviolet (UV) irradiation had been studied
for a long time but received little attention in the field of proton exchange membranes
(PEM) research [52]. Since then, several studies have examined polymer membranes
that have been cross-linked through UV irradiation in order to improve their properties.
While many photo initiators and crosslinking agents are available on the market, they
can often be highly unstable or quite expensive [53]. Chemical crosslinking may
reduce the efficiency of polymer chain packing, which can lead to increased gas
permeability and alterations in the properties of membranes [54]. As a result, most
researchers have focused on incorporating photo initiators and suitable crosslinking
sites into the polymer backbone. The UV-crosslinked hybrid SPEEK membrane, when
combined with a biodegradable polymer, reduces the elasticity of the polymer chains
by forming a denser network. Ramly et al. [55] investigated SPEEK with
methylcellulose (MC) and UV radiation, employing benzoin ethyl ether (BEE) as a
photo-initiator. Radiation-induced demethylation, chain cleavage, acid group
production, and carbonyl in MC all contributed to increased hydrophilicity. When the
non-crosslinked membrane was crosslinked with BEE under UV light for 30 minutes,
the proton conductivity at 30 °C rose from 0.004 S cm™ to 0.008 S cm. Because of
its denser structure, the UV membrane demonstrated greater dimensional stability
after crosslinking. TeruelQuanes et al. [56] used UV irradiation to crosslink
polystyrene-ethylene-butylene block copolymers (SEBS) with DVB, rather than
sulfonation followed by crosslinking. The hardened membranes were then post-
sulfonated with trimethylsilyl chlorosulfonate solutions in 1,2-dichloroethane (DCE).
The dielectric relaxation spectrum (Fig. 2.11) indicated two major relaxations: the glass
transitions of the ethylene-butylene (EB) and styrene (S) blocks, and sub-Tg
intramolecular non-cooperative dielectric relaxation. In addition to affecting the fragility
of both styrene (S) and ethylene-butylene (EB) blocks, photo-crosslinking and post-
sulfonation operations have an impact on the dielectric relaxation spectrum. They
concluded that membrane behaviour can be estimated and reengineered depending
on changes to desired cell performance due to a correlation discovered between

relaxation processes and membrane performance in H2/O2-PEM single cells.
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Fig. 2. 11: Dielectric relaxation spectrum [56].

2.4.3 Chemical cross-linking
Chemical additives can also be used to initiate polymer crosslinking during the

membrane casting process. The literature identifies a large range of unique additions,
such as sulfonic acid groups and "free" hydrocarbon sites on the polymer chain, each
with a distinct crosslinking process.

Polyatomic alcohols like glycerol, ethylene glycol, and meso-erythrite can be utilized
as crosslinking agents to improve or preserve the flexibility of the SPEEK membrane
(Fig. 2.12) [41]. This is owing to the fact that the sulfone bond formed by thermal
crosslinking of two sulfonic acid groups is less flexible than the sulfonic ester bond
formed by condensation with polyatomic alcohol. The flexibility of macromolecular
chains allows them to align into hydrophilic and hydrophobic domains, which improves
conductivity [57]. Kumari et al. [58] examined the influence of polyatomic alcohol linker
length. They employed ethylene glycol (PEG) with varying molecular weights (MW/Da:
200 to 10000) and investigated the effect of molecular weight on the membrane's
ultimate qualities. The scientists discovered that PEG 400 could create many small
hydrophilic and hydrophobic clusters, which were more practicable than bigger
clusters formed by PEG with a MW less than 600. They discovered this using atomic
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force microscopy (AFM) and small-angle X-ray scatting (SAXS). The findings also
showed that there was an ideal linker length for stacking macromolecular chains into

hydrophobic and hydrophilic domains.
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Fig. 2. 12: Reaction scheme of SPEEK cross-linked with polyatomic alcohol [41].

In a separate investigation, Gupta et al. investigated the flexibility of diol crosslinking
agents [59]. To crosslink the SPEEK membrane, cyclohexane di-methanol (CDM) was
used as the stiff crosslinking reagent and PEG (MW 200) as the flexible crosslinking
agent. According to their findings, the optimal polymer-to-crosslinker ratio was
determined to be 3:1 after completing conductivity and water uptake trials with various
crosslinking agent ratios. Furthermore, membranes crosslinked with the rigid CDM had
worse characteristics as compared to membranes crosslinked with the flexible PEG.
When crosslinking SPEEK, it is also important to consider the flexibility of the

crosslinkers.

2.5 SPEEK blend polymer membrane

Blending is a simple way for defining and regulating phase separation in the
microstructure of homopolymers, assuming that the second polymer is entirely
compatible with the original polymer [59]. Hydrogen bonds and ionic interactions, the
two most frequent physical interactions amongst polymers, can be exploited to

strengthen blend membranes.
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2.5.1 Acid-base polymer blend
When benzimidazole side groups are added to the polysulfone backbone and blended

with SPEEK, they generate an acid-base blend membrane [60]. The benzimidazole
group uses basic nitrogen as a medium to transport protons between SPEEK's sulfonic
acid groups, which supports both the hopping-type and vehicle-type processes. In
PEMFC at 60-100 °C, the blended membrane surpasses the Nafion and pristine
SPEEK membranes [61]. Numerous researchers selected Poly(amide imide) (PAl) to
blend with SPEEK due to the effectiveness of sulfonated polyimides in preventing
methanol diffusion. The addition of PAI to the membrane structure decreases swelling
ratio and methanol permeability while boosting mechanical, thermal, and oxidative
properties. As expected, proton conductivity decreased as PAI content increased.
Raja et al. [62] incorporated BaCeO3 nanoparticles into SPEEK/poly (amide-imide)
(PAl) matrices to enhance mechanical properties. The inclusion of BaCeO3
nanoparticles increased conductivity, ion exchange, and water uptake (WU)
capabilities while retaining regulated stability due to the nanoparticles' strong
interfacial contact with the polymer. The polymer was shown to have stronger

methanol barrier characteristics, making it appropriate for DMFC.

2.5.2 Acid-acid polymer blend
Introducing hydrogen bonding between polymer chains in a blend PEM is a promising

strategy for reducing methanol permeability and increasing DMFC durability. Li et al.
[63] blended fully aromatic polyamide (fa-PA) with SPEEK with a sulfonation degree of
76%. There are numerous electronegative sites, such as carbonyl, amine, and
sulfonate groups, that can generate dense morphologies and produce H-bonds
between polymer chains, as illustrated in Fig. 2.13a. At 25 °C, fa-PASP-20 (20 weight
percent completely aromatic polyamide) outperformed pristine SPEEK in terms of

mechanical strength and swelling behaviour.
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Fig. 2. 13: Expected hydrogen bonding between the blend of sulfonated poly (ether
ether ketone) with fully aromatic polyamide (fa-PA), and (b) OCV of fa-PASP-20 blend

and Nafion 117 membranes at different methanol concentrations [63].

Additionally, in an aqueous methanol solution (2 M) at ambient temperature, faPASP-
20 had a comparatively low methanol permeability of 1.29 x 107 cm?/s, whereas
SPEEK's values were 3.06 x 1077 cm?/s. Figure 2.13b shows the open circuit voltage
(OCV) values of fa-PASP-20 and Nafion 117 as a function of methanol concentration,
revealing that the blend PEM has good methanol resistance even at high
concentrations.

Haragirimana et al. [64] used acid-acid blending and sulfone bridges to achieve a
synergistic effect in SPEEK and SPAES. In their investigation, they created a series of
PEEK/SPAES polymer blends using a three-component technique. Ductile and dense
membranes were effectively constructed using simple solution mixing and casting due
to the good compatibility and fine dispersion of both copolymers inside the membrane.
The inclusion of SPAES into SPEEK improved membrane water-swelling behaviour and
oxidative stability significantly, especially at high temperatures. The SPAES and SPEEK
chains formed strong hydrogen bondd eamd tii rotnest

2.5.3 Blending with Perfluorosulfonic acid (PFSA) membrane.
PEMs can be created by combining PFSA polymers and SPEEK. The SPEEK

nanofiber mat was first electrospun, then impregnated with PFSA polymers [65].
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Dimensional stability and mechanical qualities improved, while proton conductivity
dropped when compared to the original membrane. Fluoropolymers, such as poly(-
vinylidene fluoride) (PVDF) or poly(vinylidene fluoride-cohexafluoropropylene) (PVDF-
HFP), can easily be combined with SPAEKs or SPAESs to form composite
membranes [66]. The addition of PVDF or PVDFHFP reduced proton conductivity
while increasing water absorption, swelling ratio, and methanol barrier characteristics.
In another noteworthy investigation, Nayak et al. [67] blended non-fluorinated blend
membranes, SPEEK, and fluorinated blend membranes. Sulfonated poly (ether-ether-
ketone)/poly (vinylidene fluoride-co-hexafluoropropylene)/silica (SPEEK/PVdF-
HFP/SiO2) composite proton exchange membranes have been created for fuel cell
applications. The SiO2 (7.5 wt.%) polymer membrane with SPEEK (80 wt.%) and
PVAF-HFP (20 wt.%) had the maximum proton conductivity of 8 x 10" 2 S.cm™.
Furthermore, a maximum power density of 1.5 mW/m2 was found. This study suggests
that adding SiO2 to polymer composite membranes could result in a distinct PEM.

Cali et al. [68] created a high ionic conduction sulfonated poly(ether ether
ketone)/poly(vinylidene fluoride) (SPEEK/PVDF) blend membrane doped with boron
phosphate. At 0.6 V, SPEEK/ PVDF/10BP demonstrated the highest current density
(0.4 A.cm™) and power density (0.242 W.cm2). At 80 °C, the SPEEK/PVDF/10BP
sample had a proton conductivity of 39 mS.cm™. The combination of boron phosphate
and the SPEEK/PVDF mix membrane produced encouraging results for future fuel cell

operations.

2.5.4 Blending with non-fluorinated membrane
PVA-SSA/SPEEK composite membranes were prepared using sulfosuccinic acid

crosslinked with polyvinyl alcohol (PVA-SSA), according to Wang et al. [69]. Despite
their high tensile strength, the blended polymers had lower ion exchange capacity
(IEC) and water uptake (WU) than the pure membrane. Low DS and PVA crosslinking
may inhibit the PVA-SSA reaction when SPEEK is present. The presence of SPEEK
in the blend, as well as the crosslinking of PVA and SSA, appear to improve thermal
stability. When hydrated, PVA-SSA/SPEEK (70:30) has a proton conductivity of 0.070
S.cm?. Liu et al. [70] produced a combination of SPEEK and sulfonated poly
(phthalazinone ether sulfone ketone) (SPPESK). The disclosed SPPESK/SPEEK
membrane has an excellent water absorption rate and a low swelling ratio. At 80

32



U N ] SA of vouth rica
degrees Celsius, the mix membrane's proton conductivity was estimated to be 0.212

S.cmi.

2.5.5 The modification of SPEEK membranes with other polymers
Most polymers contain carbon atoms covalently bonded to additional elements such

as hydrogen, oxygen, or nitrogen. These organic compounds can be referred to as
polymers. Thus, mixing a polymer with SPEEK might result in the creation of acid-
base interactions or hydrogen bonds between polymer chains, which can significantly
alter the mixture's properties. SPEEK coupled with other polymers is a regularly used
approach in composite membrane manufacturing, providing good proton conductivity
and acceptable mechanical properties. Blends of SPEEK with various polymers,
including polyacrylonitrile (PAN) [71], polybenzimidazole (PBI) [72], poly(ether
sulfone) (PES) [73], polyimide (Pl) [74], polyphenylene oxide (PPO) [75],
polytetrafluorethylene (PTFE) [76], vinylidene fluoride [77] [87], polyvinylpyrrolidone
(PVP) [78] and poly(tungstophosphoric acid (TPA) [79] . According to Peng et al., the
performance of a SPEEK membrane can be improved by changing its microstructure
using either dibutyl phthalate (DBP) porogen or Nafion resin applied as a layer atop
polypropylene. A modified membrane structure made up of SPEEK membrane layers
covered with polydopamine (PDA) has been shown to improve mechanical strength
and selectivity. All of these technologies enhance performance and suggest the usage

of composite SPEEK membranes in PEMFC applications.

Phosphonate membranes have recently gained popularity as a viable substitute for
PEMFC applications.

The acid form of phosphorylated polysulfone (PPSU-As) with phosphonation (DP)
values of 0.4, 0.75, and 0.96 was effectively synthesized and blended by Abu-Thabit
et al. [80] using SPEEK with a DS of 0.75. The phosphoryl group (-POsH2) could make
strong hydrogen bonds with acidic SPEEK polymers, minimizing swelling while
sacrificing little proton conductivity. When compared to pure SPEEK, the
SPEEK/PPSU membrane had lower methanol permeability, higher mechanical
strength, and water uptake without losing proton conductivity. Proton conductivity was
higher in the mix membrane (30PPSU-A-0.96) compared to the pristine SPEEK
membrane. At 120 degrees Celsius, the maximal proton conductivity of 0.124 S.cm™
was achieved and maintained. Sultan et al. [81] developed a novel hybrid membrane
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poly (trimellitic anhydride chloride-co-4,4'-methylenedianiline) (SPEEK/PTCMA) with
PTCMA loadings ranging from 10% to 50% and a DS of 53%. At room temperature,
SPEEK/PTCMA (50 wt.%) had an 11% reduced water uptake due to the acid-base
interaction of the amine and sulfonate groups. At 90 degrees Celsius, the composite
membrane SPEEK/PTCMA (20 wt.%) had a greater proton conductivity of 0.004 S.cm-
1. PTCMA was added to boost proton conductivity since its nitrogen atom can be
protonated and contribute to proton transfer. Overall, the study found that the proton
conductivity value reduced as the PTCMA level increased. As a result, the number of
sulfonic acid groups in the composites decreases, increasing crystallinity and reducing
water uptake, a critical stage in proton transfer.

Han et al. [82], Han et al. [83] developed SPEEK/PBI composite membranes by
dissolving the two polymers in DMAc before casting the membrane. The combination
of the -NH groups in PBI with the -SO3 groups in SPEEK creates a three-dimensional
network polymer structure that is beneficial for proton transport. At 80 °C, the PEM
showed outstanding proton conductivity, with a value of 0.14 S cm™, comparable to
Nafion 117 (0.142 S cm). Methanol has a permeability of 2.38 x 108 cm?. s, which
is significantly lower than that of Nafion. In addition to mechanical characteristics,
thermal stability is crucial. This type of polymer membrane design is effective and
almost ready for application in DMFCs. A sandwich-shaped PI/SPEEK/PI nanofiber
composite membrane with straightforward manufacturing procedures was proposed
by Wei et al. [74]. Proton performance was greatly enhanced by the development of
an acid-rich layer and the firm support of Pl nanofibers on the SPEEK matrix. The new
hybrid membranes PI/SPEEK with Pl loadings of 3% and PI/SPEEK/PI with PI
loadings of 1.5% have poorer methanol permeability than SPEEK membranes
because of the acid-base interaction between tertiary amide groups and sulfonated
groups. Excellent conductivity of 0.178 S.cm™at 60 °C was shown by the sandwiched
membranes, which is significantly higher than that of the neat SPEEK membrane. The
performance of the fuel cell can reach 0.152 W.cm™. At 60 °C and 100% relative
humidity, the PI/SPEEK nanofiber composite membrane's swelling ratio and water
uptake are 24.3% and 50.8%, respectively, indicating the sandwiched PEM's
exceptional dimensional stability. The polymers' outstanding performance suggests
that the PI/SPEEK membrane, with its balanced proton conductivity, stability, and
durability, is a viable option for commercial PEM. Other applications for the sandwich-
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structure membrane concept include gas separation membranes and vanadium redox
flow batteries.

Chitosan is another promising membrane with excellent hydrophilicity and strong
chemical resistance. Hidayati et al. [83] recommended combining SPEEK with the
natural polymer chitosan. SPEEK has been used to remove hydroxyl and amine
groups from chitosan that has strong conductivity and low methanol permeability. In
comparison to pristine chitosan, the SPEEK/Chitosan composite membrane
demonstrated improved methanol permeability of 2.46 x 10® cm?s? at normal
temperature. High proton conductivity is the result of higher SPEEK/Chitosan IEC
values. According to reports, SPEEK/Chitosan exhibited inconsistent results for

DMFC, suggesting that further study is necessary.

2.6. Modification of SPEEK membranes with inorganic materials

SPEEK polymer modification with inorganic components such as silica, clays, metal
oxides, HPA, carbon nanotubes, and others is currently being explored for fuel cell
applications. The addition of inorganic compounds to PEMs has been shown to
improve proton conductivity, mechanical strength, and composite membrane durability
[84]. Inorganic components can prevent methanol crossover and excessive water
swelling while also improving the mechanical and thermal properties of composites
[85]. These subtopics will go over a variety of SPEEK additions, including graphene,
silica, metal oxides, heteropolyacids (HPAs), carbon nanotubes, metal organic
frameworks (MOFs), and clay. Table 2.1 shows the influence of various additives on
the SPEEK matrix, as well as their impact on SPEEK performance with an emphasis

on fuel cells.
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Table 2. 1: The influence of different additives on the SPEEK polymer matrix

Additive Tvpe emperature Ate Droto Dowe o
ptake ond de
ed 0 %

SiO2@CNT 25 - 43 4.1x107 - [86]
SWCNT-fly ash 90 1.59 27.3 3.4x102 672 [87]
SsCNT-5 90 2.19 43.85 4.31x102 - [88]
CCNF 80 - 32.3 5.6x10% - [89]
b-CD-DHNTS/HPW - 1.04 30 9.0x10% - [90]
Cs-HPAs 80 - 40 2.25x10° 247 [91]
Pt-Cs25H05PW12040 60 1.96 46 6.82x1072 - [92]
PEOS/PWA/SIiO2 100 - - 6.25x10°3 25 [93]
Cs-TPA 80 1.5 37 1.3x10% - [94]
Pd-GO-L-Tyr - 2.05 50.6 2.56x10° - [129]
PANI-GO - 1.83 40 8.4x10%° 13.51 [96]
SPBI/PrSGO 90 2.02 - 1.7x101 820 [97]
SPVdF-HFP-SiO2 90 1.83 36.5 7.9x107? 110 [98]
HPW@KMSNs 60 - 315 2.43x101 - [99]
PVA/TEOS 80 2.02 76 8.1x107? 336 [100]
IL/SHMO 200 - - 4.6x10° - [86]
Bentonite/clesite30 80 - 18.4 1.24x10-° - [101]
fGO/halloysite - 0.35 4.7x10% 72.2 [102]
SiOz2-montmorillonite 100 - 25 1.58x101 [103]
BaZros 90 1.96 41.5 3.12x10* 183 [104]
Al-CeZrO4/HPW 80 1.65 8.1 1.3x10°3 1001 [105]
NBO 90 1.80 384 2.9x1072 601 [106]
ZCO 90 1.46 20.3 2.0x102 - [107]
HPW@ML 60 1.54 50 1.36x101 - [108]
MOF-C-SOzH 80 1.63 28.7 1.1x10? 82 [109]
Co-MOF- 120 6.5 90 2.6x10-2 - [110]
74/[IM2][H2PO4]

Cu-MOF 80 2.46 36.7 7.1x102 - [111]
ZIF-8/CNT 120 1.48 40.2 5.0x10% - 112]
ZIF-67 120 0.3 40 1.4x1072 28 [113]
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2.6.1 Carbon nanotubes as fillers for SPEEK membrane
Carbon nanotubes (CNTs) are one-dimensional tubular-like hexagonal graphene

sheets produced by sp2 bonding between carbon atoms. CNTs have extraordinarily
high mechanical properties because to their bonding structure, which is stronger than
the sp3 bonds found in diamonds. CNTs can be either single walled (SWCNT) or
multiwalled (MWCNT), with diameters ranging from 1 nm to more than 100 nm, as
illustrated in Fig. 2.14. The electrical conductivity of CNTSs is significantly affected by
the graphene sheet's rolling-up direction. This is because the chirality vector describes
the hexagonal lattice of carbon atoms. However, because to their larger surface flaws
and poorer electrical conductivity, MWCNTSs are preferred over SWCNTSs for usage in
PEM [114]. Carbon nanotubes (CNTs) have gained a lot of attention as a reinforcing
material for polymers because of its stiffness, low density, high aspect ratio, optical
characteristics, and extraordinary tensile strength of around 63 GPa, which is 50 times

stronger than steel [115].

Graphene Graphite
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Fig. 2. 14: Single walled and multiwalled carbon nanotubes [115].

Carbon nanotubes (CNTs) are a cutting-edge nanomaterial used in the creation of
high-performance polymer composites. SPEEK has recently used carbon nanotubes
as fillers to overcome DS-dependent difficulties. Nonetheless, CNTs have a

detrimental impact on proton conductivity since they are an electron conductor rather
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than a proton conductor, and this may offer a considerable risk of short-circuiting on
PEMs in fuel cells. Cui et al. [86] effectively produced silica-coated CNTs (SiO2:CNTS)
using a simple sol-gel process and then utilized them as a novel component to SPEEK-
based composite membranes, which benefit from silica's remarkable water retention
and electronic shield capabilities. Not only did the hydrophilic and insulated silica
coating on the CNTs' surface prevent short circuiting, but it also improved the CNTs'
interfacial interaction with the SPEEK matrix, resulting in uniform dispersion.
Additionally, compared to the pure SPEEK membrane (3.42 x 107cm?.s?), the
methanol permeability of the SPEEK/SIO.CNT composite membrane with a SiO2:CNT
loading of 5% was almost an order of magnitude lower at 4.22 x 10-8 cm?.s. The
conductivity of protons was still more than 102 S.cm 1 at normal temperature.
SPEEK/SiO2:CNT membranes can be employed as high-performance PEMs in direct
methanol fuel cells, as shown by the obtained results.

Sivasubramanian et al. [87] successfully synthesised Sulfonated poly (ether ether
ketone) (SPEEK-based polymer nanocomposite membranes that incorporated single-
walled carbon nanotubes (SWCNTSs) and fly ash as inorganic fillers using the solution
casting method. The degree of sulfonation in the poly(ether ether ketone) was
evaluated using proton nuclear magnetic resonance spectroscopy and was found to
be 64%. The researchers investigated and analysed the physicochemical
characteristics of the produced membranes and their potential applications in fuel
cells. At 90°C, the SP-CNT-FA-8 membrane exhibited the highest proton conductivity
at 3.4 x 1088 S cmad, compared to the pristine membrane, which had a conductivity of
3.1 x 108 S cmdd. In addition to their favourable proton conductivity, the electrolyte
membranes also demonstrated remarkable thermal and mechanical stability. These
findings suggest that the composite membranes utilizing SPEEK, SWCNTs, and fly
ash could be promising options for electrolyte membranes in fuel cell applications.
Gahlot et al. [88] employed solution casting to produce functionalized carbon
nanotubes (f-CNT) that are electrically aligned with SPEEK. CNTs were functionalized
by carboxylation and sulfonation. During the membrane's drying process, the CNTs
were aligned with a continuous electric field of 500 V.cm. The proton conductivity and
methanol crossover resistance were measured at temperatures ranging from 30 °C to
90 °C to establish their suitability for direct methanol fuel cell applications. According
to the findings, adding aligned carbon nanotubes (CNTs) reduces methanol

permeability while boosting ion exchange capacity, water retention, and proton
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conductivity. The SSCNT-5 nanohybrid PEM had the highest proton conductivity (4.31
x 102S.cm?), and it was more resistant to methanol crossover. The storage modulus
rose proportionally to the concentration of s-CNTs in the SPEEK matrix (Fig. 2.15).
The S-sCNT-5 membrane had the greatest modulus value of 2503 MPa, about 2.4
times greater than the SPEEK membrane. The increased storage modulus of S-sCNT
membranes suggests strong bonding due to the existence of a common sulfonic acid
group in CNT and PEEK, as well as the effect of an electric field on CNT alignment in
the SPEEK matrix. The electrically oriented functionalized CNT/SPEEK membranes

performed better than the randomly aligned composite membranes.
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Fig. 2. 15: (a) Proton conductivity vs temperature (b) TGA thermographs and (c) DMA
of SPEEK, S-sCNT-2, and S-sCNT-5 membranes [88].

Zhao Guodong et al. [89] created a PEM-compatible composite membrane by
integrating continuous carbon nanofibers (CCNFs) into SPEEK. The CCNFs were
equally distributed in an electrolyte polymer membrane after being easily mixed with
the SPEEK matrix. The analysis of the composite membranes reveals that all dense

composite membranes have low methanol permeability, strong proton conductivity,
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good mechanical performance, and great water swelling. The composite membrane
with 0.51 weight percent (wt.%) CCNFs was fully hydrated and had a proton
conductivity of 0.056 S.cm™ at room temperature. Furthermore, the hybrid membrane
with 2.52 weight percent CCNFs showed 1.5 times the relative selectivity of a pure
SPEEK membrane. These findings demonstrated that polyelectrolyte membranes for
fuel cells with CCNF support (SPEEK) are a promising option.

2.6.2. Heteropolyacids (HPASs) as fillers for SPEEK membrane
HPAs are crystalline inorganic materials that are both thermally stable and extremely

conductive. HPAs salts are made of MOx polyhedral, where M represents polyatoms
such as Molybdenum (Mo), Niobium (Nb), Tantalum (Ta),Tungsten (W), and
Vanadium (V), and x represents heteroatoms such as Iron (Fe), Phosphorus (P),
Silicon (Si), and Cobalt (Co) through an oxygen-atom coordination bridge [115]. They
are often identified by Wells-Dawson, Keggin, or lacunar structural arrangements (Fig.
2.16). By varying the core metal ion and addenda atoms, new salts with distinct
structures and properties can be produced. HPAs are soluble in polar solvents,
forming the Keggin structure (XMi12040), a heteropolyacid anion structure with a
condensation ratio of 1:12. The huge size of the polyanion causes a low delocalized
charge density, which accounts for HPAs' high acidity. HPAs are used for a variety of
applications, including chemical analysis, ion selective membranes, sensors, chemical
cleansers, catalysts, and additives in fuel cell component materials. Phosphotungstic
acid (PWA) is a viable inorganic addition for PEM composites because of its strong
proton conductivity and thermal stability.
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Fig. 2. 16: Structures of (a) Keggin,(b) Lacunary Kegging [116][88] and (c) Wells-
Dowson [117].

HPA can be partly substituted with cesium (CsHPA) to improve its surface acidity
[118].[89]. This substitution can improve interaction with the polymer matrix by
decreasing salt solubility in water while increasing surface area. Silica-based salts
improve the membrane's conductivity and mechanical qualities. Metal oxides (silica,
titania), functional metal oxides [119] clay [120], aluminium phosphate (ALP) [121] ,
and zeolites [122] have been used to modify the SPEEK membrane as a water
retainer.

Using polydopamine coating, He et al. [90] effectively added cyclodextrin (-CD) to
halloysite nanotubes (HNTs) to create water-insoluble -CD-DHNTs. Traditional
solution casting was then used to create SPEEK/-CD-DHNTs/HPW composite
membranes. It has been observed that the hydrogen bonding complexation between
[PW1204]>*andCb caused bot-GD-DHRTE tocdhaalenly distributed in

t he SPEEK matri x. The pr ot on-CheDHNTAHRW i vi t vy
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composite membranes rose as the HPW concentration increased (0.090 S cm™),
increasing by up to 120% in comparison to the SPEEK membrane. Oh et al. [91]
created composite membranes by adding Cs-HPAs to the SPEEK matrix. These
membranes showed the highest power density values (245 and 247 mW/cm?) and
increased conductivity of about 2.25 x 102 S cm™ at 80 °C under 80% RH. Zhang et
al. [123] and Peighambardoust et al. [92] achieved essentially identical findings when
Cs2.5Ho.sPW12040 was embedded on Pt in a SPEEK matrix. Zhang et al. measured a
proton conductivity of 5.3 x 102 S cm™ at 60 °C and 100% relative humidity, although
Peighambardoust et al. measured roughly 6.82 x 102 S cm-?, which is estimated to be
greater than Nafion 117. Colicchio et al. [93] studied SPEEK, polyethoxysiloxane
(PEOS), and PWA (H3sPW12040) with 20% silica (SiO2). According to the data, this
combination's proton conductivity is twice that of pure SPEEK at 90% relative humidity
and 100 °C. Overall, the HPA-modified SPEEK membranes demonstrated greater
stability and increased proton conductivity (6.25 x 10 S.cm?) than the normal SPEEK
membrane (2.21 x 102 S.cm™?). As a result of their superior proton conductivity and
long-term stability, HPA/SPEEK composite membranes are promising candidates for

replacing Nafion-based membranes in PEM fuel cells.

Dogan et al. [94] developed cesium salt of tungstophosphoric acid (Cs-TPA) particles
by mixing aqueous solutions of tungstophosphoric acid and cesium hydroxide, as well
as combining Cs-TPA patrticles with sulfonated polyether ether ketone (SPEEK). They
investigated the impact of Cs-TPA on SPEEK membranes, focusing on the sulfonation
degrees of SPEEK and the concentration of Cs-TPA. The performance of the
composite membranes was evaluated based on several factors, including water
uptake, ion exchange capacity, proton conductivity, chemical stability, hydrolytic
stability, thermal stability, and methanol permeability. It was found that the Cs-TPA
particles tended to aggregate as the sulfonation degree of SPEEK increased from 60%
to 70%. Specifically, the SPEEK (DS: 60%)/Cs-TPA membrane with a 10% Cs-TPA
concentration exhibited a reduced methanol permeability of 4.7 x 10w ¢ W] At &
temperature of 80 °C and a relative humidity of 100%, the membrane achieved an
acceptable proton conductivity of 1.3 x 1068 S cm@d. The authors also noted that weight
loss at 900 °C increased with the addition of inorganic particles, which was expected.
Moreover, the inclusion of Cs-TPA particles in the SPEEK/Cs-TPA-based composite

membranes enhanced their hydrolytic stability. The study revealed that the
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SPEEKG60/Cs-TPA composite membranes exhibited greater hydrolytic stability
compared to the SPEEK70/Cs-TPA composite membranes. Additionally, the
SPEEK60 composite membranes demonstrated lower permeability values for

methanol, water vapor, and hydrogen in comparison to Nafion.

2.6.3. Graphene as fillers for SPEEK membrane
Graphene, a two-dimensional carbon sheet, has captivated the world with its

remarkable chemical, physical, and thermal properties, paving the way for a wide
range of applications [114]. One of its most significant uses is as an electrode material
in various electrochemical applications, thanks to its large surface area, which is highly
valued in energy storage systems. Graphene is a carbon allotrope characterized by a
honeycomb lattice of sp2-hybridized monolayers [124] When compared to graphite
and carbon nanotubes (CNTSs), graphene boasts a larger surface area of 2629 m3/g,
while CNTs have a surface area of 1315 m?/g. This makes graphene a fundamental
building block for graphitic materials [125] Additionally, graphene exhibits excellent
electronic properties, including a half-integral quantum Hall effect, even at room
temperature [126, 127]. . Graphene was first isolated from graphite using a simple
scotch tape method and garnered the Nobel Prize in 2010 for its discovery [128]. Since
then, many researchers have redirected their focus toward graphene, particularly in
the synthesis, functionalization, and application of this material in various

electrochemical devices, such as fuel cells, solar cells, batteries, and ultra-capacitors.

Das et al. [95] synthesised solution-cast palladium graphite oxide-grafted amino acid
nanocomposites (Pd-GO-L-Tyr) in sulfonated poly(ether ether ketone) (SPEEK). The
composite membrane exhibited enhanced proton conductivity compared to the pristine
SPEEK membrane due to its increased hydrophilicity, improved surface wettability,
and greater ion exchange capacity, which are attributed to the higher presence of
hydroxy and carboxyl groups. The SPEEK/Pd-GO-L-Tyr membrane achieved a high
proton conductivity of 2.56 mS.cmw and demonstrated low methanol crossover,
resulting in significantly higher selectivity (5.57 x 1088 S cm@ std) compared to the
SPEEK membrane (4.8 x 102 S cm@ st) and Nafion 117 membranes (2.78 x 103 S
cm@ sud). Additionally, incorporating Pd-GO-L-Tyr into the SPEEK membrane matrix
created a physical barrier that effectively prevented methanol crossover. Based on

these factors, the authors concluded that the composite membranes (Pd-GO-L-Tyr-

43



of st sica

UNISA
SPEEK) are better candidates for direct methanol fuel cell (DMFC) applications
compared to standard Nafion 117 membranes. Graphene oxide (GO) and conductive
polyaniline decorated graphene oxide (PANI-GO) were synthesized by Yogarathinam
et al. [96] and applied to a sulfonated poly(ether ketone) (SPEEK) nanocomposite
membrane in order to reduce methanol crossover. Analysis of surface morphology and
crystallinity confirmed that PANI-coated GO nanostructures had formed (Fig. 2.17).
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Fig. 2. 17: (A) Transmission electron microscopy (TEM) morphology of GO, (B) TEM
morphology of PANI-GO nanocomposites and (C) X-ray diffractometer (XRD) patterns
of GO and PANI-GO nanocomposites [96].
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The analysis of membrane topography and morphology verified that PANI-GO and GO
were evenly distributed across the surface of the SPEEK membrane. With a water
uptake of 40% and an ion exchange capacity of 1.74 meq g, the 0.1 wt.% PANI-GO
modified SPEEK nanocomposite membrane demonstrated the highest performance.
The nanocomposite membranes' oxidative stability was also improved. The modified
SPEEK membrane containing 0.1 wt.% PANI-GO exhibited a lower methanol
permeability of 4.33 x 10-7 cm2 .s1. The incorporation of acidic and hydrophilic groups
from PANI and GO enhanced the proton conductivity of the PANI-GO modified SPEEK
membrane. Additionally, the selectivity of the PANI-GO modified SPEEK membrane
was measured at 1.94 x 10* S cm3. s. Overall, the PANI-GO modified SPEEK
membrane shows promise as a potential material for direct methanol fuel cell (DMFC)
applications. Maiti et al. [97] developed a unique technique for advancing proton
exchange membranes by adding propylsulfonic acid-functionalized graphene oxide in
crosslinked acid-base polymer blends, as well as its applicability in fuel cells. Different
PrSGO loadings were used in the molecular dynamics (MD) simulations of the
SPEEK/SPBI, XSPEEK/SPBI, and cross-linked SPEEK/SPBI composite systems.
After increasing the amount of SPBI and PrSGO filler in the polymer matrix and cross-
linking the polymer composites, the glass transition temperature (Tg) was raised. It
was also found that the mechanical, chemical, and thermal stability of the
XSPEEK/SPBI/PrSGO nanocomposite membranes increased dramatically with an
increase in PrSGO loading, due to the strong interfacial connection between PrSGO
and the XSPEEK/SPBI matrix. The proton conductivity of the XSPEEK/SPBI/PrSGO
nanocomposite membrane increased dramatically to 0.17 S.cm™ at 4 weight percent
PrSGO loading at 100% relative humidity (RH) and 90°C. Furthermore, at 100% RH
and 80 °C, the XSPEEK/SPBI/PrSGO nanocomposite membrane showed exceptional
fuel cell (FC) performance, with a maximum power density of 0.82 W.cm 2. Because
of the hygroscopic nature of PRs GO, the authors noticed a higher number of sulfonic
acid groups and a good interaction between the acid functionalized fillers and the
cross-linked SPEEK/SPBI matrix. The addition of PrSGO nanofillers to the polymer
matrix improved the membranes' overall performance as well as other essential

features such as proton conductivity.
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2.6.4. Silica as fillers for SPEEK membrane
The widespread research on silica-based nanoparticles is due to their inexpensive

cost, superior mechanical and water retention qualities. However, because to their low
organic compatibility and non-conductive qualities, SiO2z particles clump in the
polymeric matrix, reducing PEM conductivity [130]. Higher silica loading in the
membrane causes considerable dilution of the membrane's ion-exchangeable groups
[131]. As a result, as the concentration of pure silica increases, the membrane's ion
exchange capacity diminishes [132]. However, various experiments have been carried
out to increase membrane IEC by functionalizing silica filler with sulfonic group
derivatives. Optimal silica loading increases membrane strength [133]. Higher silica
content in the matrix, on the other hand, has a negative impact on the mechanical
characteristics of the polymer because it causes more filler-filler to contact than filler-
polymer interaction, destroying membrane homogeneity and causing the membrane
to become brittle. As a result, a perfect combination of inorganic material and
membrane can produce nanocomposites with enhanced mechanical properties [134].
Using the solvent cast process, Martina et al. [98] produced sulfonated silica (S-SiOz2)
nanoparticles that were mixed with sulfonated poly (ether ketone) (SPEEK) and
sulfonated poly (vinylidene fluoride-co-hexafluoropropylene) (SPVdF-HFP). They
asserted that the mechanical, IEC, and water-uptake characteristics of SPEEK were
enhanced by the addition of S-SiO2. Maximum proton conductivity and current density
were 7.9 x102 S.cm™? and 354 mA cm, respectively, at 90 °C and 100% relative
humidity using sulfonated silica with an 80-weight percent SPEEK-20 weight percent
SPVdF-HFP nanocomposite membrane. Because S-SiO: is present, the proton
conductivity is increased. The hydrophilic nature causes the membrane to enlarge and

encourages the ion channels, which improves proton conductivity.

Meng et al. [99] studied how amino-modified mesoporous silica nanospheres
influenced the characteristics of SPEEK/phosphotungstic acid (HPW). They claim that,
while immobilizing acids is problematic, adding acid proton carriers to a polymer matrix
is an effective way for enhancing proton conductivity. They found that incorporating
aminated mesoporous silica nanoparticles (K-MSNs) and HPW into SPEEK improved
proton conductivity and dimensional stability. The composite membrane's proton
conductivity was 243 mS/cm at 60 °C and 1 weight percent K-MSN loading, suggesting

that SPEEK/HPW/K-MSNs composite membranes have a lot of promise for use in
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methanol fuel cells. Tetraethyl orthosilicate (TEOS), PVA, and SPEEK were used to
create a blending polymer by Sahin et al. [100]. In order to improve proton transport
and oxidative and hydrolytic stability when TEOS is added, the author showed how
adding PVA could increase the number of modifiable groups. The author's findings
corroborated this conclusion, demonstrating that the SPEEK/PVA/TEOS blend
performed better in terms of oxidative and hydrolytic stability than the other samples
(pure SPEEK, PVA, and SPEEK/PVA composite). Water resistivity was enhanced by
the addition of TEOS, which also decreased the quantity of -OH groups and boosted
hydrolytic stability. Furthermore, the membrane exhibits superior cell performance
metrics in contrast to Nafion 117. The results show the membranes' potential as
PEMFC application candidates.

In a study conducted by Li et al. [86] composite membranes were successfully
synthesized by incorporating ionic liquid (IL) into a sulfonated hollow mesoporous
organosilica (sHMO) within a SPEEK polymer backbone. The research involved a
comparative analysis of various SPEEK/IL/SHMO composites with different weight
percentages (x) of 2.5, 5.0, 7.5, and 10 wt.%, alongside SPEEK/IL/HMO. The authors
reported that the SPEEK/IL-30/sHMO-7.5 membrane exhibited a conductivity of 1.13
mS/cm at 200 °C, which is double that of the SPEEK/IL-30/HMO-7.5 membrane, which

had a conductivity of 0.60 mS/cm under the same conditions.

2.6.5. Clay as fillers for SPEEK membrane
Clay is a commonly used nandfiller in various applications. Both natural and synthetic

clays, including talc, mica, layered double hydroxide (LDH), laponite (LAP), sodium
aluminosilicate (SAP), and montmorillonite (MMT), serve this purpose. The structures
of laponite clay, layered double hydroxide, and montmorillonite are illustrated in Fig.
2.18 [135]. Among these, montmorillonite (MMT), with the chemical formula
(Na,Ca)o.33(AIMQ)2(Sia010)(OH)2nH20, has garnered significant attention and is
widely used as a nanofiller in many applications, including fuel cells. MMT is a cation
clay that features a 2:1 crystal structure composed of one layer of octahedral
aluminium hydroxide or magnesium hydroxide sheets, along with two interconnected
tetrahedral silicon oxide sheets. Layered double hydroxide (LDH) consists of a
positively charged brucite-type metal hydroxide sheet, with various anions and water
molecules located in the galleries to balance the charge [136]. In addition to LDH,
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laponite (LAP) is another component of synthetic clay belonging to the 2:1
phyllosilicate  structural  group. LAP, with the chemical formula
Nao.7(SisMgs.5Li0.3)O020(0OH)4, has a structure and composition similar to that of natural
clay hectorite minerals [135]. It comprises octahedral magnesium oxide and two
parallel sheets of tetrahedral silica, forming two-dimensional layers. A single layer of
LAP has a diameter of 25 nm and a thickness of 1 nm, featuring positive charges on
the edges and negative charges on the faces. Clay is abundant in nature and can be
synthesized easily. It possesses a high ion-exchange capacity, chemical stability, and
favourable rheological properties. The thin platelet structure of clay contributes to its
high aspect ratio [137]. Due to its unique morphology, size, structure, and ionic nature,
clay nanofiller demonstrates exceptional performance as an electrolyte, particularly

in composite membranes for fuel cells.
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Fig. 2. 18: Structures of (A) montmorillonite (MMT), (B) layered double hydroxides
(LDH), and (C) laponite (LAP) clays with single laponite crystal [135].

He et al. [138] compared the performance of unmodified clays (CH3z(CH2)17N(CHz)2*)
(OC) and 1.44P (Na* montmorillonite changed by 1.24TL (Na* montmorillonite modified
by HOOC(CH2)17NHs*) (HC)) with that of unmodified clays (Na* montmorillonite) (IC).
When less than 10 wt.% of HC is loaded, SPEEK/HC membrane performs better

overall than all other SPEEK/clay composite membrane types and attains higher
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selectivity than pure SPEEK membrane. Proton conductivity and methanol
permeability have been found to be enhanced by these SPEEK/HC composite
membranes. Combining the HC carboxylic acid group improved dispersibility because
of increased proton conductivity and HC bonding between membrane ion groups
without sacrificing membrane stability. When the amount of filler in SPEEK/IC and
SPEEK/OC hybrid membranes increases, proton conductivity also decreases. Kumar
et al. [101] developed sulfonated polyether ether ketone (SPEEK) composites using
bentonite and Cloisite 30B nanoclays. They observed an enhanced glass transition
temperature and a change in membrane morphology in the pristine SPEEK membrane
(Fig. 2.19), indicating the presence of nanoclays. However, compared to the pristine
membrane, the addition of 0.5 weight percent of bentonite and Cloisite to SPEEK
resulted in decreased proton conductivity and water uptake. The authors suggested
that this decline could be attributed to blocked ionic micro-structure channels caused
by the nanoclay particles, which reduce the presence of ion exchange carriers. The
incorporation of Cloisite and bentonite into the SPEEK polymer matrix limits the
available nanometric channels for the migration of polar molecules, such as hydrogen
ions and water. Additionally, the increased rigidity of the Cloisite and bentonite layers
complicates proton transport, which contributes to the decreased conductivity.
Gokulakrishnan et al. [102] synthesised membranes of functionalized graphene oxide
(f-GO) nanocomposites with varying concentrations of halloysite nanoclay using the
dry phase inversion method. Their study found that the sulfonic acid group in SPEEK
and the silane functionalization of graphene oxide led to an increase in ion exchange
capacity from 0.22 to 0.35 meg/g, enhancing proton conductivity. In comparison, the
pure SPEEK membrane exhibited a proton conductivity of 0.31 mS cm' *and a power

density of 28 mW cm' 2
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Fig. 2. 19: SEM images of various membranes: (a) SPEEK, (b) SPEEK/bentonite, (c)
SPEEK/cloisite and (d)SPEEK/bentonite/cloisite, (B) TGA thermograms of SPEEK 1),
SPEEK/cloisite (M-2), SPEEK/bentonite(M-3) and SPEEK/cloisite/bentonite (M-4)
[101].

Conversely, the composite membrane containing 3 wt.% halloysite nanoclay and 2
wt.% f-GO achieved values of 0.47 mS cm' 'and 72.2 mW cm' 2 The membranes
comprising 2 wt.% f-GO and 3 wt.% halloysite with SPEEK showed improved proton
conductivity, making them significant for direct methanol fuel cell (DMFC) applications.
Charradi et al. [103] employed a porous SiO2-montmorillonite heterostructured
material filled with delaminated clay particles and a synthetic Mg-Al layered double
hydroxide (LDH) swapped with sulphate anions to build composite membranes with
varying nanofiller contents. The resulting composite electrolyte membranes seem to
have better water retention and thermal stability when Mg-Al LDH and SiO2-
montmorillonite fillers are added to the SPEEK. Si-montmorillonite had a greater
proton conductivity (0.158 S.cm' } at 120°C and 100% relative humidity than both Mg-
Al LDH and plain SPEEK (0.070 and 0.023 S.cm' ! respectively). Fuel cell membrane
performance at high temperatures may be enhanced as a result.
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2.6.6. Metal Oxide as fillers for SPEEK membrane
Interfacial interactions between membranes and catalysts, which are essential

components of Membrane Electrode Assemblies (MEAS), play a crucial role in the
effective operation of fuel cells. These interactions are strongly associated with the
structures of both the catalysts and the membranes, as well as with the methods used
to prepare the MEA [138]. Metal oxides, including ZrO2, SiOz, Al203, and TiO2, are
categorized into various types, each possessing distinct properties. The conductivity
of protons in the membrane is often enhanced when metal oxides are added as
additives in composite polymers for several reasons:

1. The presence of defects at the interface occurs when metal oxides occupy the
polymer matrix, leading to the formation of distance charge sheets.

2. Metal oxide nanofillers are particularly effective in amorphous conditions, as they
promote proton transport and increase the free volume within the polymer matrix.

3. There is an increase in ion dissociation within the polymer electrolyte membrane.
However, the water intake and conductivity of Proton Exchange Membranes (PEMSs)
are influenced by the properties and interactions of various metal oxides, such as
strontium cerate, silica, titania, zeolite, and zirconia. Due to their large aspect ratio and
surface area, metal oxide nanofibers are superior to other additives for improving
composite materials. The addition of FesOs to PEEK, SPEEK, SPES, and Nafion has
been shown to enhance proton conductivity by facilitating efficient water hopping
mechanisms. Additionally, molybdenum oxide (MoO3s) exhibits excellent conductivity
and favorable physicochemical properties, making it a suitable choice for applications
in energy-related fields.

Alumina, also known as aluminium oxide, is a widely used nanofiller in composite
materials. Its chemical formula is Al2O3, and it can be sourced from various minerals,
including bauxite, diaspore (Al2O3H20), and gibbsite (Al2033H20) [139, 140]. Alumina
can exist in different crystalline structures, but Al2O3 is the most thermodynamically
stable form. Due to its large surface area and high catalytic activity, it serves as an
effective nanofiller. Another metal oxide frequently utilized as a nanofiller in fuel cells
is silicon oxide, commonly referred to as silica (SiO2). There are several techniques
employed to produce nanoparticle silica, including sol-gel processes, microemulsions,
fuming, and precipitation. The hydrophilic properties of silica are attributed to the
formation of siloxane and silanol groups on its surface, which contribute to its three-

dimensional network structure. Surface-modified SiO2, available in various forms such
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as mesopores, spheres, fibers, and rods, has been used as a nanofiller in fuel cell
membranes. Common methods for producing silica/polymer composites include sol-
gel processes, in situ polymerization, and simple blending. Among these, simple
blending is the most popular technique due to its ease of controlling parameters like
sonication time and temperature, which are essential for achieving high homogeneity
in the polymer composite [141].
Selvakumar et al. [104] used the barium zirconate (BaZrOs) solvent casting technique
to generate sulfonation PEEK membranes. Adding 6 wt.% BaZrOs filler increased the
polymer electrolyte's proton conductivity to 3.12 x 10" ! S.cm™ at 90 °C. They
discovered that the values of proton conductivity increase with rising temperature.
Proton conduction occurs when BaZrOs nanoparticles dissolve protons from water in
moist settings. The composite membrane has a current density of 280 mA cm' 2and
power density of 183 mW cm' 2 The author concluded that the 94 wt.% SPEEK/6 wt.%
BaZrOs polymer composite membrane is a suitable alternative for PEM fuel cells.
Wang et al. [105] successfully synthesized a sulfonated poly(ether ether ketone)
(SPEEK) nanocomposite membrane by incorporating phosphotungstic acid (HPW)
and aluminium-doped cerium-based oxides (Al-CeZrOa) into the SPEEK matrix. The
inclusion of Al-CeZrO4 boosted the chemical stability of the SPEEK membrane while
retaining conductivity, while the addition of HPW increased proton conduction through
acid-base interactions. The SPEEK/AI-CeZrOs4+ nanocomposite membrane
outperformed the SPEEK/HPW nanocomposite membrane in terms of proton
conductivity by 15.5%. As a result, Al-CeZrO4/HPW is thought to be a valuable
inorganic nanofiller for improving the chemical stability and proton conductivity of
SPEEK membranes, and further research into the hybrid composite membrane is
warranted.
Gandhimathi et al. [106] produced sulfonated PEEK membranes by casting niobium
oxide in a solution. With a high weight ratio of 10% niobium oxide (NBO) filler, the
proton conductivity of the polymer electrolyte significantly increased to 2.9 x 10' 2S
cm' tat 90 °C, compared to 1.8 x 10' 2S cm' *for the pure SPEEK membrane.
Additionally, the thermal stability of the composite membranes was greatly enhanced
by the incorporation of NBO. The SP-NBO-10 nanocomposite membrane achieved a
maximum power density of 601 mW cm' 2 whereas the pristine membrane attained
only 497 mW cm' 2 This increase in current density and power density of the
composite membrane may be attributed to the vehicular proton transport mechanism
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of the sulfonic acid-based ionomeric membrane, which leads to the adsorption and
retention of more water molecules. Based on the electrochemical results, the authors
concluded that the SP-NBO-10 polymer composite membrane is a promising material
for proton exchange membrane (PEM) fuel cell applications. Prathap et al. [107]
successfully developed a new set of polymer composite membranes that used a linear
sulfonated poly(ether ether ketone) (SPEEK) polymer and zinc cobalt oxide (ZCO) as

an inorganic filler and were evaluated for fuel cells.

(e)

Intensity (a.u)

Angle (2 theta)

Fig. 2. 20: FESEM images of (a), (b) ZCO, (c) SP-ZCO-5, and (d) SP-ZCO-10, (e)
XRD spectra of SPEEK and SP-SZO nanocomposites [107].

SPEEK was made by immediately sulfonating PEEK with strong sulfuric acid and then
putting enough ZCO into it to make polymer composites. Proton nuclear magnetic
resonance studies revealed a 55% sulfonation of SPEEK, whereas XRD and
morphological analysis verified the successful incorporation of inorganic fillers into the
polymer matrix, as shown in Fig. 2.20. Furthermore, the authors reported that the
composite membranes loaded with 2.5 to 10 wt. % of ZCO displayed values in the
range of 1.2 x 1021 2 x 102 S cm' *at 30°C, whereas the pristine SPEEK membrane
had a proton conductivity of 9 x 10° S cm' ! The measured ion exchange capacities
of the membranes ranged from 1.26 to 1.46 meq g*. Up to 370°C, the composite
membranes showed exceptional thermal stability. The membranes developed in this
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study could therefore significantly aid in the development of novel proton conducting
SP-ZCO composite membranes for application in PEM fuel cells.

2.6.7. Metal-organic frameworks (MOFs) as fillers for SPEEK membrane
Metal-organic frameworks (MOFs) are highly porous materials with variable pore size

and chemical properties. They are formed by connecting metal ions or clusters with
organic linkers. MOFs' organic linkers give higher loading than other additives
because they are more compatible with organic polymers [142, 143]. The successful
modulation of MOF composition and pore size can be accomplished by selecting the
right precursors, adjusting synthesis parameters (reagent molar ratio, temperature,
etc.), or performing post-synthesis chemical changes. MOFs' variable functionality,
along with their large porosity and surface area, makes them ideal for applications that
need interactions with guest species [144]. Zeolite imidazolate frameworks, or ZIFs,
are an important subclass of metal-organic frameworks (MOFs) that provide high
surface area and thermal stability because of their structural resemblance to zeolite
and the structural diversity that MOFs offer through characteristics like chemical
functionality and pore size tunability [147]. For small molecules, such as hydrogen, the
huge internal cavities promote rapid diffusion, while the tiny pores at the entry provide
a molecular sieve action [148, 149]. It has been demonstrated that a number of ZIF-
polymer composite membranes comprising ZIF-7, ZIF-8, ZIF-22, ZIF-90, ZIF-100, and
other components greatly enhance hydrogen separation; however, given its greater
stability and superior resistance to acidic and alkaline environments, ZIF-8 has been

successfully commercialized and is now widely used [150].

Zhang et al. [108] developed a membrane called SPEEK/HP-MIL by combining amino-
modified chromium MIL-101 with heteropolyacid (HPW) to create nano-hybrid
membranes for proton exchange membrane fuel cell (PEMFC) applications. The HPW
was anchored using hydrogen bonds to reduce leakage and improve overall
compatibility. As a result of the effective anchoring of MIL-101(Cr)-NH2 on HPW and
the formation of a hydrogen bond network with both HPW and SPEEK, the proton
conductivity of the SPEEK/HPW-MIL composite membrane increased by 26%. Huang
et al. created a sulfonated spindle-like carbon derived from a metal-organic framework,
referred to as MOF-C-SOsH, which was employed as a filler for the SPEEK membrane
[109]. When 3 wt.% of MOF-C-SOsH was added, the resulting MOF-C-SOsH/SPEEK
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membrane exhibited enhanced properties as a proton exchange membrane (PEM) for
direct methanol fuel cells (DMFCs). They found that the MOF-C-SOsH/SPEEK
membrane had higher proton conductivity and significantly lower methanol
permeability compared to Nafion 115. The high performance of the MOF-C-
SOsH/SPEEK membrane was largely attributed to its unique porous and sulfonated
carbon structures. The effective dispersion of MOF-C-SOsH within the SPEEK matrix
reduced the membrane's methanol permeability and swelling ratio while
simultaneously enhancing proton transport and improving proton conductivity. The
authors reported a maximum power density of 83.91 mW cm?, which is approximately
50% higher than that of Nafion 115. The superior stability of the MOF-C-SOsH/SPEEK
membrane, in contrast to Nafion 115, suggests that it is a viable option for use as a

proton exchange membrane in fuel cells.

In a study conducted by Sun et al. [110], the researchers used the solution casting
method to incorporate Co-MOF-74/phosphate-4-phenylimidazole into SPEEK ternary
composite membranes, resulting in Co-MOF-74/[IM2][H2PO4]/SPEEK membranes.
They observed minor agglomeration on the surface of the Co-MOF-
74/[IM2][H2PO4])/SPEEK composites. Scanning electron microscopy (SEM) revealed
a gear-like structure in the cross-section of the prepared composite membrane, which
correlated with increased Co-MOF-74 content. The metal-organic framework (MOF)
effectively encapsulated the ionic liquid (IL) through hydrogen bonding, reducing IL

loss and enhancing the proton conductivity of the Co-MOF-74/[IM2][H2PO4])/SPEEK
membrane. The study found that a loading of 25 wt% Co-MOF-
74/[IM2][H2PO4]/SPEEK resulted in a proton conductivity increase of 25.96 mS-cmu
at 120 °C, along with a decrease in the IL loss rate. It was further proposed that the
Co-MOF-74/[IM2][H2PO4]/SPEEK ternary composite membrane could operate at
temperatures up to 320 °C. These findings suggest that encapsulating the IL within
the MOF not only increases the proton conductivity but also enhances the thermal
stability of the SPEEK membrane. Aparna et al. [111] fabricated Cu-MOF-anchored
SPEEK and SPEEK/PI composite membranes for proton exchange membrane fuel
cell (PEMFC) applications. This membrane exhibited high mechanical, thermal, and
physicochemical properties. A 3 wt.% loading of Cu-MOF resulted in a maximum
proton conductivity of 0.0711 S/cm, an ion exchange capacity (IEC) of 2.35 meqg/qg,
and a water uptake of 38.18%. The experimental results demonstrated that these

55



UNISA ==

membranes serve as efficient proton exchange membranes for PEMFCs. Sun et al.
also synthesized a novel two-dimensional (2D) zeolite structure, ZIF8/CNT hybrid
crosslinked networks (ZCN), using an in-situ growth procedure, as shown in Fig. 2.21
[112]. The introduction of ZCN into the SPEEK matrix significantly improved proton
conductivity while inhibiting methanol permeability. The proton conductivity of the
SPEEK/ZCN composite membrane reached 50.24 mS/cm at 120 °C and 30% relative
humidity, which was 11.2 times greater than that of the recast SPEEK membrane,
which had a conductivity of 4.50 mS/cm under the same conditions. Furthermore, it
was discovered that the proton conductivity of the membrane was greatly enhanced
by the hybrid structure.

Crystal growth

s,

CNTs decorated with ZIF-8/CNT hybrid
ZIF-8 clusters network

CNTs

Fig. 2. 21: Schematic illustration of the synthesis process of ZCN through in situ

growth procedure [112].

Barjola et al. [113] created nanocomposite membranes by casting a 1, 3, and 5 wt.%
(SPEEK-Z1, SPEEK-Z3, and SPEEK-Z5) cobalt-based zeolitic imidazolate framework
(ZIF-67) into a sulfonated poly(ether ketone) (SPEEK). The addition of 1 wt.% ZIF-67
to SPEEK improved both thermal stability and proton conductivity significantly.
SPEEK-Z1 composite membrane had a proton conductivity of 0.014 S cm' * Despite
promising results from Polymer Electrolyte Membrane Fuel Cells (PEMFC)
performance trials at intermediate temperatures above 100 °C, the authors suggest

that a rigorous optimization process is still required.
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2.7. Conclusion and future perspectives

Undoubtedly, the expanding fuel cell market will serve as a strong catalyst for further
investigation into non-fluorinated PEMs, which are less costly and outperform pricey
Nafion membranes. Sulfonated poly (ether ketone)-based polymers may find
application as fuel cell electrolyte membranes. The most recent developments in the
design of several SPEEK-based electrolyte membranes for PEMFC and DMFC
applications were reviewed in this review articleDespite their advantages, there are
still some challenges associated with the use of SPEEK membranes in practical
applications. These include: 1. SPEEK membranes cannot match the exceptional
performance of the C-F chemical bonds found in PFSA membranes without
modifications, 2. Higher degrees of sulfonation (DS) in SPEEK membranes often lead
to excessive swelling and reduced thermal stability, although they enhance proton
conductivity and 3. While cross-linked SPEEK membranes, formed through covalent
bonds, can improve dimensional and chemical stability, they tend to decrease proton
conductivity. To address these challenges, other polymers and fillers are being
incorporated into the fabrication of SPEEK membranes. A key focus for future
research will be to design and develop SPEEK membranes with an appropriate
structure that effectively incorporates these additional materials. When compared to
Nafi onE membr anes, -in@dafcEdéropssiteomembaands cresent
promising potential for superior performance. The inclusion of inorganic fillers may
enhance the mechanical and electrical properties of the membranes, making them
more suitable for fuel cell applications. Nonetheless, several issues still require further
exploration:

a) To enhance the proton conduction mechanisms towards the hopping
mechanism, it is essential to produce more hopping sites through the composite
process. This improvement will increase methanol permeability and proton
conductivity, especially at higher temperatures (preferably around 120 °C).

b) To strengthen the bond between the filler and the polymer, selecting the
appropriate inorganic filler and modifying their interface is crucial.

¢) Understanding the morphology and structure of polymer electrolyte membranes
(PEMs) requires dynamic simulations that utilize mathematical models and
computer software. This approach facilitates the design of modifications to
sulfonated poly(ether ether ketone) (SPEEK) and inorganic fillers, as well as

the optimization of their combinations.
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The SPEEK composite membrane offers significant advantages, such as low
methanol crossover and high proton exchange capability. Most SPEEK-related
composite materials exhibit proton conductivity on the order of 10 S cm™, which
is sufficient for use as membranes in hydrogen-oxygen fuel cells. This review also
addresses the effects of various metal oxides on the SPEEK matrix, concluding
that SPEEK-based membranes are among the best polymer electrolytes for proton

exchange in fuel cells.

Further research is needed to select the right inorganic particles and to enhance
the affinity of membranes towards water, thereby improving proton conductivity.
Looking ahead to PEM development, it is unrealistic to expect that a single type of
PEM will fulfil all requirements for a wide range of applications, including stationary,
mobile, and automotive fuel cells. Research priorities will differ based on specific
application goals; therefore, collaboration among specialists in various fields such
as physics, electrochemistry, polymers, composite materials, and simulation will
be essential. We hope this review provides a comprehensive overview of the
advancements in SPEEK-based PEMs and offers suggestions for creating high-

performing non-fluorinated PEMs in the future.
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PART II. Electrocatalysts for Hydrogen Evolution Reaction (HER)

2.8 Introduction

The ongoing and impending energy crisis, as well as the imminent threat posed by
climate change, necessitate the world's reliance on alternative sources of sustainable
and clean energy. Environmental difficulties caused by fossil fuels have sparked
widespread concern, and numerous initiatives are currently ongoing to discover a
cheap, carbon-free, and abundant energy substitute [145, 147]. Hydrogen energy is
emerging as a key source of sustainable energy due to its efficiency in conserving
energy and lowering pollution. Hydrogen fuel cell vehicles are a major application of
this clean energy source, with hydrogen generation playing an important part in their
uptake [148, 149]. Molecular hydrogen gas can be created by the electrochemical
hydrogen evolution process (HER) in the presence of a catalyst using renewable
energy sources such as solar energy, wind, geothermal heat, tides, biomass, and so
on. It is the most cost-effective and efficient approach to produce high pure hydrogen
in huge amounts [150].

Due to its great energy density and environmental friendliness, hydrogen has
received a lot of attention as a potential renewable energy [151]. Platinum group
metals (PGM) are known to be the most effective electrocatalysts for HER (2H+ 2e=
H2) [152, 153]. Metallic platinum (Pt) exhibits favourable activity for HER in acidic and
alkaline environments [154], but its high cost and restricted availability necessitate
the use of alternate and less expensive catalysts [155, 156]. In this context, it is critical
to produce low-cost, high efficiency HER electrocatalysts for Pt replacement, and the
purpose of this review is to summarize significant efforts in generating highly active

and resistant HER without Pt for economic hydrogen production.

2.9 Fundamental mechanism for HER

The initial half-reaction of the electrochemical cell used to generate hydrogen in water
electrolysis occurs at the cathode and involves the transfer of two electrons, which is
highly reliant on environmental conditions, influencing the mechanism of HER. The
HER response in acidic medium has three possible steps [156].

H* +e— Had (2.4)

59



UNISA %
H* +e" + Has—> H2 (2.5)
2Had—> H2 (2.6)
Had denotes adsorbed hydrogen atoms. The initial stage includes the Volmer process
(2.4), which generates adsorbed hydrogen. The hydrogen evolution reaction can then
proceed through the Heyrovsky step (2.5), the Tafel step (2.6), or a mix of the two to
produce Hz [157]. As shown in the equations, the HER reaction in alkaline conditions
consists of two primary steps: the Volmer step (2.7) and the Heyrovsky step (2.8).
H20+e=—» OH" + Had (2.7)
H20+e™ + Haa—> OH + H2 (2.8)
HER is a two-step reaction in both processes, with the reaction rate determined by
the Volmer step (adsorption) or the Heyrovsky/Tafel step (desorption). In particular,
the pH of the electrolytes has a significant impact on the mechanism. In acidic
solutions, proton adsorption and electrochemical conversion dominate reaction
kinetics in the Volmer step; nonetheless, under neutral or alkaline circumstances,
H20 dissociation and OH-desorption also play an important role in determining
reaction kinetics. Furthermore, a Tafel slope is tightly linked to reaction kinetics and
serves as a signal of the rate-determining step. The Tafel slopes of 120, 40, and 30
mV - dec-1 mirror the Volmer, Heyrovsky, and Tafel steps in particular. Interestingly,
for a high hydrogen coverage over 0.6, 120 mV.dec, the Tafel slope is also seen for
the Heyrovsky step, indicating the potential and coverage dependence of the Tafel
slope [158].

2.10 Catalysts for HER

The catalyst should exhibit high intrinsic activity for the hydrogen evolution reaction
(HER), meaning it can effectively facilitate the splitting of water into hydrogen and
oxygen. It should also have a low overpotential, which is the extra voltage required to
drive the reaction compared to the thermodynamic potential. A lower overpotential
indicates better energy efficiency [159, 160]. Additionally, the catalyst should support
rapid reaction kinetics to ensure that the HER occurs at an adequate rate under
practical operating conditions. Stability is essential for long-term performance in
electrocatalysts [161]. The catalyst should remain stable under the acidic or alkaline
conditions commonly used in electrochemical water splitting. To be considered high
performing, an electrocatalyst must achieve a maximum current density and a

minimal Tafel plot. Ideally, the catalyst should be made of abundant, low-cost
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materials to allow for widespread adoption and scalability. Additionally, the catalyst
needs to have good electronic conductivity to effectively transfer electrons during the
hydrogen evolution reaction (HER) [162]. [90]. A high surface area is important as it
increases the number of catalytic active sites available for the reaction, thereby
enhancing overall catalytic activity [163]. Some catalysts can demonstrate synergistic
effects when composed of multiple components, leading to improved performance
compared to individual components. By optimizing these characteristics, researchers
aim to develop HER electrocatalysts that can efficiently and sustainably produce
hydrogen for various applications, including renewable energy storage and fuel cell
technology [164, 165].

Numerous methods are being developed to enhance the performance of noble-metal
electrocatalysts, particularly platinum (Pt)-based catalysts, while also reducing costs.
For example, alloying platinum with inexpensive transition metals can improve
platinum utilization and create a synergistic effect that alters the electronic
environment, thus enhancing catalytic activity [166,167]. Additionally, combining
platinum with water-splitting promoters is an effective strategy to improve hydrogen
evolution reaction (HER) activities in alkaline conditions, which has significant market
applications. There has also been considerable interest in the development of non-
noble metal HER electrocatalysts, primarily due to their low cost and abundance. In
the following sections, we will first discuss selected examples of noble metal
catalysts. Next, we will focus on various categories of non-noble metal-based
electrocatalysts that have shown significant advancements in the field of
electrocatalytic HER, including transition metal phosphides, transition metal carbides,
and transition metal chalcogenides. Detailed descriptions of different types of HER

electrocatalysts are provided below.

2.10.1 Platinum-based catalysts
Platinum group metals (PGMs), which include Platinum, Palladium, Ruthenium,

Iridium, and Rhodium, are noble metals known for their exceptional catalytic activity
in the hydrogen evolution reaction (HER). Platinum (Pt) is positioned at the peak of
the volcanic curve shown in Fig. 2.22 [168]. PGMs excel as electrocatalysts for HER
due to their efficiency. When combined, Platinum and HER exhibit a modest Tafel
slope and an almost negligible onset overpotential, placing them near the volcano's
peak [169,170. According to the Sabatier principle,
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catalyst is attributed to its ideal conditions for hydrogen adsorption and desorption on
its surface, which is reflected in its moderate metal-hydrogen bond strength.
However, the cost and maintenance requirements of noble platinum catalysts limit
their practical applications. To address this issue, earth-abundant electrocatalysts
such as transition-metal nitrides, sulfides, and phosphides have shown significant

potential as effective HER catalysts [171].
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Fig. 2. 22: Hydrogen evolution reaction (HER) volcanoes in acid medium [168].

Currently, the most advanced hydrogen evolution reaction (HER) catalysts that
demonstrate exceptional activity are based on platinum (Pt). However, since platinum
is an expensive noble metal, research efforts have focused on reducing its loading
capacity or enhancing its efficiency. This can be achieved by forming alloys with other
elements, increasing the catalyst's exposed surface area, or by promoting the
exposure of higher-index crystal planes [172, 173]. Forming stable Pt alloys with high
HER performance can decrease the required amount of Pt while simultaneously
improving its efficiency. Extensive research has been conducted on Pt alloys for HER
performance, and platinum has been alloyed with various transition metals such as
copper (Cu), cobalt (Co), nickel (Ni), and iron (Fe), as well as with other noble metals
like ruthenium (Ru), rhodium (Rh), and iridium (Ir) [167,174, 175]. These modifications
aim to optimize the strength of the Pt-H bond for HER by adjusting the d-band centre
of platinum [176].
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Chen et al. [177] combined solvothermal and high-temperature calcination techniques
to create PtCo/PtSn heterojunction catalysts. XPS profiles indicated that PtCo and
PtSn had electrical interactions on their heterogeneous crystalline surfaces (Figure
2a-b). DFT simulations show that the PtCo/PtSn heterojunction modulates the
electronic structure of Pt surfaces, enhancing H20 dissociation capacity while
decreasing PttHad bond strength. The ideal H* Gi b
achieved under these conditions (Figure 2c-d). PtCo/PtSn has high intrinsic activity
and HER stability in alkaline electrolytes, resulting in the development of
heterogeneous formations. The overpotential was 25 mV at 10 mA cm' 2 with a Tafel
slope of 24 mV dec' ! By leveraging the benefits of Pt-based alloys and
heterojunctions, it is possible to efficiently tune the electronic structure of the Pt
surface to reduce the d-band centre of Pt, increase electron transfer capability, and
ultimately improve the intrinsic activity and stability of the catalyst. Sun et al. [178]
grew a Ni nano sheet array coated with ultrafine Patni nanoparticles onto carbon cloth
(PtNi-NiNA/CC) with a very low Pt loading concentration (7.7%) in situ and
demonstrated improved HER activity with a very low overpotential of 38 mV than the
Pt/C (20%). This growth was accomplished with a current density of 10 mA cm2 in
0.1 M KOH. A 90-h catalytic activity cycle test confirms its long-term effectiveness.
The higher HER activity of PtNi-Ni NA/CC is rationally linked to Pt's centre of d-band
down shift.
Cai etal. [179] used selective chemical etching and quick melting-quenching to
create a highly active bifunctional np/PtiRuii Nio.ssSe electrode. Single atoms of Pt
and Ru were evenly co-embedded in a Nio.ssSe nanoporous structure. In situ Raman
spectroscopy and DFT calculations show that the strong intracrystalline electronic
metal-support interaction in the np/PtiRuil Nio.ssSe electrode lowers the energy
barrier for H2 generation on Pt sites and water dissociation on Ru sites while
increasing the charge density on Pt and Ru atoms. Additionally, the Pt-Ru dual atoms
enhance the intrinsic activity of the np/PtiRuii Nio.ssSe by activating the Ni sites in
Nio.s5Se.
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2.10.2 Non-noble metal catalysts

The pursuit of efficient and cost-effective catalysts for the hydrogen evolution reaction
(HER) is vital for advancing water electrolysis and facilitating the widespread adoption
of hydrogen as a clean and sustainable energy source [180]. Although noble metals
like platinum (Pt) and palladium (Pd) demonstrate outstanding HER performance,
their scarcity and high prices create serious obstacles to large-scale use. This has
sparked a significant interest in non-precious metal-based catalysts as viable
alternatives. Transition metals such as iron (Fe), cobalt (Co), nickel (Ni), tungsten
(W), and molybdenum (Mo) offer promising solutions due to their abundance in the
earth's crust and greater affordability compared to their noble metal counterparts

[181, 182]. Embracing these alternatives can pave the way for a more sustainable
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and economically viable hydrogen economy.

2.10.2.1 Iron (Fe) non-noble metal catalyst

The iron (Fe) atom is rich in d-band electrons, making it effective in modifying the
electronic structure of parent catalysts. So far, most studies on Fe-doped, non-noble

metal-based catalysts have concentrated on substituting Fe for substrate metal atoms
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like cobalt (Co) and nickel (Ni), which have similar electronic structures and atomic
sizes. Typically, Fe doping is achieved by adding a specific amount of iron salt as a
precursor during the synthesis process. Generally, the enhanced catalytic
performance observed with Fe doping can be attributed to two main mechanisms: i)
alterations in the local electronic structure that influence hydrogen adsorption free
energy ( GH*) , and ii) i mprovements in
By comput i ng thelassocgue&dH OF valued, Chan et al. [183] developed
a number of models for doped transition metal phosphides (TMPs), such as CoP,
Feo.25C00.75P, Feo.sCoo.5P, Feo.7sC00.25P, and so forth, in order to clarify the doping
influence on the catalytic activity. The volcano plot's highest point was Feo.sCoo.sP,
which has been shown to have a catalytic capability comparable to Pt/C. This study
demonstrated the TMP activity caused by various metallic dopants and offered a solid
theoretical foundation for creating Fe-doped catalysts with high performance. The
potential of Fe doped TMPs catalysts for high-performance HER catalysis is
confirmed by the subsequent experimental studies [184, 185].

In another study, Yangetal. [186] f ound t hat iintroducing
I NS) resulted i n t hdNSwithenatallic propertee$ andhaecxangg
in the electronic structure of the active centres, causing H2 molecules to preferentially
form at the Fe sites. The Fe-doping and localized electronic structural modification
reduced the energy barrier of the Heyrovsky step from 0.19 eV for NiS to 0.01 eV for
U-INS, resulting in a significant increase in reaction rate. Yan et al. go on to show that
Fe(lll) doping in Fe-NiS2 enhanced NiSz2's electrical conductivity while simultaneously
lowering the activation energy for hydrogen generation. Similarly, the Fe-Co9Ss
nanosheet grown on carbon cloth (Fe-CosSs NSs/CC) benefited from the strong
charge interplay caused by Fe doping. The Fe-Co9Ss NSs/CC demonstrated excellent
catalytic performance throughout a wide pH range, with an overpotential as low as 83
mV required to obtain 10 mA cm and an effective specific double-layer capacitance,
Cdl, of 373.19 mF cm achieved in 1.0 m KOH.

Based on the examples provided, it is clear that iron (Fe) doping can reduce the
overpotential and enhance the durability of non-noble metal-based materials. This is
achieved by modulating the hydrogen adsorption free energy, altering the local
electronic structure, particularly around the active centres and improving the electrical
conductivity of the catalysts. Despite the demonstrated effectiveness of Fe doping in
certain non-noble metal-based hydrogen evolution reaction (HER) catalysts, there is
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still a lack of systematic studies exploring the relationships among doping levels, local
doping structures, and catalytic performance. More comprehensive research in these
areas is urgently needed. Additionally, while it is known that substrates or host
materials, such as graphene, carbon nanotubes (CNTSs), graphitic carbon nitride (g-
CsNa4), and metal-organic frameworks (MOFs), also influence the performance of Fe-
doped catalysts, further investigation into how these substrates contribute to catalytic

performance is necessary.

2.10.2.2 Nickel (Ni) non-noble metal catalysts
Nickel's propensity to trigger HER in basic settings has been known for nearly a

century. Numerous hypotheses with empirical results suggest that Nickel holds a

significant HER interchange rate and the minimum energy content for adsorbed
hydrogen (@@GH*value) across numerous major
Wang et al. [187] used a kinetically regulated selenium reaction to create Ni-doped

MoSe: films with rough surfaces. The hydrogen binding energy at the Se-edge was
significantly decreased upon the addition of Ni, rendering the Se-edge active for HER.

As a result, the overpotential decreased by 30 mV in comparison to MoSe:z due to the

high density of active edge sites in Ni-MoSe2. Ni doped Mo2C nanowire arrays

supported on Ni foam were created by Xiong et al. [188] using a hydrothermal and
post-carburization technique. In comparison to the undoped electrocatalysts, the
NiMo2C/NF provided a small Tafel slope (36.8 mV dec'') and a low onset potential

(21 mV) in alkaline solution. According to DFT calculations, the addition of Ni to Mo2C
caused the charge density to redisti(fl8%ute, I
presented an acid-etching approach for generating ultrathin Ni(OH)2 nanosheets,

followed by topotactic phase engineering to produce nonlayered NiSe nanosheets

(Fig. 2.24a-b). The ultrathin structure's template effect resulted in the intact
transformation of layered Ni(OH)2to nonlayered NiSe. The Rs and Rct values of the

NiSe electrode are lower than those of Ni(OH)2, showing that charge transfers quickly

i n Ni Se. Ni Se has a | ower oV é¢inpbasicenadium a | of
than Ni(OH)2 ( 278 mV) , making it an effective HER
Xiang et al. [190] reported a one-step hydrothermal method for preparing

NiTex nanosheets, specifically NiTe, NizeTe2, and NizssTe2. The theoretical results

indicated that the d-band centre of the nonstoichiometric Ni2.ssTe2 approaches the

Fermi level, which enhances the adsorption of hydrogen intermediates on the catalyst
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surface. Additionally, the electronic states near the Fermi level were significantly
increased, indicating a higher charge carrier density, as well as improved charge
transfer and conductivity of NizssTez for hydrogen evolution reaction (HER).
Furthermore, the Gi bbsH*"fforN:2esTeewasfougdtobe@.&ange ( ¢
eV, which is lower than the 0.8 eV for NiTe. This suggests that NizssTez can
significantly enhance HER activity. When used as a HER catalyst, NixsgsTe2
demonstrated excellent performance, with overpotentials of 166 mV and 253 mV
required to achieve current densities of 10 mA/cm? and 100 mA/cmz, respectively, in
the presence of H2SO4. These overpotential values are lower than those of NiTe,
which is 297 mV.
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Fig. 2. 24: (a) Structural evolution of ultrathin 2D layered Ni(OH)F nanosheets and
ultrathin 2D non-layered NiSe nanosheets through combinatorial acid etching and
topotactic salinization, (b) Schematic illustration of two-tiered nanosheet formation via
in situ self-regulating acid etching [189].

2.10.2.3 Cobalt (Co) non-noble catalysts
The cobalt (Co) element's moderate H-bonding energy has made it a viable HER

catalyst. It is possible to effectively change the electronic structure of catalysts by
introducing a trace amount of Co into their lattice [191]. A suitable doping level is
benefici al to enhance i1intrinsic conducti vi
investigations showed that the catalytic performance is highly dependent on the Co
doping levels. Co-doped non-noble metal-based catalysts' catalytic performance is
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heavily impacted by a number of other factors, including the substrates, coordination
environments, and host catalysts. This section covers the impact of substrates on
HER catalysis in particular, in addition to the improvement in catalytic performance
brought about by the co-doping effect.

A potential class of HER catalysts are transition metal chalcogenides (TMCs), and
co-doping has proven to be a successful tactic for boosting their catalytic activity.
Wang et al. [192] developed a highly active and stable catalyst composed of cobalt-
doped, earth-abundant iron pyrite (FeSz) nanosheets hybridized with carbon
nanotubes (Fe1 1 @oxS2/CNT hybrid catalysts) for hydrogen evolution reaction (HER)
in acidic solutions. Electrochemical measurements demonstrated a low overpotential
of approximately 0.12 V at a current density of 20 mA/cm2, a small Tafel slope of
about 46 mV/decade, and long-term durability over 40 hours of HER operation using
bulk quantities of Fe0.9C00.1S2/CNT hybrid catalysts at high loadings of around 7
mg/cm?. Density functional theory calculations revealed that the high catalytic activity
is primarily due to a significant reduction in the kinetic energy barrier for hydrogen
atom adsorption on the FeS: surface when cobalt is doped into the iron pyrite
structure. The enhanced HER catalytic activity of Feo.9C00.1S2 is also attributed to the
hybridization with carbon nanotubes, which facilitates strong heteroatomic
interactions between the CNTs and Feo.9C00.1S2. By employing controllable interface
engineering and Co metal ions doped into MoS: nanosheets, Xu et al. [193]
successfully demonstrated the synergistic regulations of both interface structural and
electronic conductivity in their nanoflower-like Coi MoS2/NiCoS structure supported
on reduced graphene oxide (rGO), which was logically developed via a
straightforward hydrothermal route. The interface coupling effect between MoS: and
the Nii Coi S phase, the 3D flower-like nanostructure with enormous active sites, and
the ability of Co-doped MoS:2 to modify its surface electronic density are all attributed
to this. The ideal Coi MoS2/NiCoS/rGO hybrid has a low Tafel slope (46 mV dec' 3, a
tiny overpotenti al ( fHahdoutstaBding stelility. laalso shdvs
great HER activity in 1.0 M KOH.

.These cases illustrate that co-doping is an effective method to enhance the hydrogen
evolution reaction (HER) catalytic activity of non-noble metal-based catalysts by
altering their electronic structure and increasing electrical conductivity. It's important

to note that the choice of substrates plays a crucial role in improving catalytic activity
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alongside the co-dopants. Generally, substrates enhance catalytic activity in several
ways:
a) They provide new nucleation sites and serve as nanostructure templates, helping
to shape the catalysts into a highly active morphology.
b) They create additional strain or confinement effects that promote the growth of
catalysts in an active non-equilibrium state.
c) They facilitate stronger heteroatomic interactions, which enhance charge and mass
transfer around the active centers.
d) They maintain a more open structure that allows for easier access to reaction
centers and faster diffusion of electrolytes.
e) They aid in the formation of interfacial defects and active centers.
f) They contribute additional stability and durability to the catalysts.
The effects of substrates are relevant to nearly all types of electrocatalysts and

warrant comprehensive investigation in the near future.

2.10.2.4 Molybdenum (Mo) non-noble catalysts
Mo is positioned on the right side of the curve in the volcano plots. The hydrogen

adsorption energy can be modified by incorporating the Mo element into the lattice
that includes the metal on the left side of the "volcano plots.” In this context, a
moderate metal-H bonding could be beneficial for the hydrogen evolution reaction
(HER). It is crucial to consider the appropriate dosing of Mo during the catalyst design
process, as the amount of Mo doping, similar to other non-noble metal dopants,
significantly influences catalytic performance. Moreover, studies have shown that Mo
doping notably alters the shape of the original catalyst, often resulting in a catalyst
with a larger specific surface area [194] .However, if the Mo concentration is too high,
phase separation will occur, compromising the activity. As a result, it is extremely
difficult to precisely regulate the level of Mo doping while achieving uniform
distribution and high concentration doping.

Using MoOs/ZIF-67 as the precursor, Zhuo etal. [195] created CoP/M02C-NC
nanorods using a continuous calcination and phosphating procedure (Fig. 2.25a). The
catalyst required only a 55.7 mV overpotential to achieve a current density of 10 mA
cm' 2(Fig. 2.25b). The electron transfer from Co to Mo via the Co-P-Mo link, which
produced Co®*and Mo?*/Mo3* active sites, is responsible for the high catalytic activity.

Furthermore, the combination of CoP, Mo2C, and N-doped carbon cloud effectively
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optimizes the @GH*, which is neither too hi
Mo2C, achieving a balance for the adsorption/desorption of hydrogen, according to

density functional theory (DFT) calculations. In another study, Huang et al. [196]

created Ni-doped Ni-Mo-based sulfide (N-NiMoS) as chalcogenide systems and

shown good HER performance. The N-NiMoS catalyst outperformed the Ni-NiS
catalyst with a d ®&nd8amVTahel 18l mpécmf 8
Additionally, it demonstrated outstanding long-t er m st abi |l ity for 100
single metal sulfides, bimetal Ni-Mo based sulfides showed extensive interfaces

formed by nickel sulfides (NiS and NiS2) and molybdenum sulfides (MoSz2), which can

serve as excellent active sites. Furthermore, it was confirmed that N doping in NiMoS

improves electron transport and electrical conductivity by modifying electronic
characteristics. The doping of molybdenum (Mo) can also be effective for other non-

noble metal chalcogenides. Jaramillo et al. [197] introduced S to the surface of MoP

via post-sulfidation of MoP at 400 °C under a 10:90% H2S:H2 gas mixture. The

produced MoP|S largely reduced the overpotential of HER to 86 mV in 0.5 m H2SOa.
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Fig. 2. 25: (a) fabrication of CoP/M0o2C-NC (lllustration), (b) CoP/M0o2C-NC HER

polarization curves [195].

It was suggested that the implantation of S atoms obviously slows down the oxidation
of MoP surface in air or during the catalytic process, thus ensuring the stability of the
catalyst in an acid medium. S-doped MoSe: ultrathin nanosheets with more edge sites
and rich plane defects were studied for HER. Owing to that S-doping increased
unsaturated active sites and enhanced the electric conductivity, the S-MoSe:2
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exhibited a much lower overpotential(156 mV at 30 mA cm'?) than that for pristine
MoSez2.

2.10.2.5 Tungsten (W) non-noble catalysts
W and its compounds share similar properties as Mo for HER. In addition, single-atom

catalysts and atomic clusters have outstanding catalytic activity compared to their bulk
counterpart [198]. Li et al. [199] developed a cobalt tungsten phosphide as an effective
electrocatalyst for HER by creating hollow polyhedrons with a tuneable composition
using the metal-organic frameworks (MOFs) template process. The as-prepared
catalyst, which has a composition of Co0.9W1.1P2/C, was found to be able to achieve
a current de n $3attoyer poténtials 6f 35@Ad 54 mV and in alkaline and
acidic media, respectively. The surface W-doping enhances the free energy of
hydrogen absorption and the kinetics and thermodynamic barriers for water
dissociation, which, when combined with the hollow structure of Co-W phosphides,
contributes to the remarkable HER catalytic efficiency. In a study conducted by Chen
et al. [200]. Highly mesoporous tungsten phosphide was fabricated using a
mesoporous model to create cationic tungsten positions within organized mesoporous
tungsten phosphide (WP) nanostructures. The synthesized catalyst, referred to as
WP-Mesoporous, demonstrated superior catalytic efficiency compared to catalysts
without mesopores, attributed to the presence of tungsten vacancies and an ordered
mesoporous structure. The WP-Mesoporous catalyst exhibited an overpotential of 229
mV in alkaline media and 175 mV in acidic media at a current density of 100 mA cm' 2
maintaining its performance for 48 hours without structural damage. Durability is a
crucial factor when evaluating electrocatalyst performance, and after 48 hours, WP-
Mesoporous showed improved stability compared to WP-Nano (Fig. 5a-b). In both
alkaline and acidic environments, the WP-Mesoporous catalyst consistently generated
hydrogen (H2) at the same density for 48 hours, with only an 18 mV increase in applied
bias in alkaline media and a 9 mV increase in acidic media. Remarkably, the
polarization curves of the used WP-Mesoporous catalyst were nearly identical to those
of the fresh catalyst, showing only a slight positive shift (Fig. 5c-d). The mesoporous
structure and its crystallinity were preserved in both acidic and alkaline media after 48
hours, demonstrating the strong corrosion resistance and structural stability of the

mesoporous catalyst.

71



UNISA ==

0.0

00
o ( a /=10mA em? ( b
e s 014 J=10mA cm?
= 02 A A AP AN APt oo Nt i PP
u - .02
% 03 « 03 N ——
ke WP-Mesop in 05 M H.SO, 8 ==
< i : >
W o4 —— WP-Nan> in0.£ MH,SO, Q -04- ——WP-Mesop in 1 M KOH
e WP-Nano in 1 M KOH
05 054
06 . . . - . 06 . r . . '
0 8 i 24 32 “0 48 0 8 16 24 32 40 48
Time (h) Time (h)
0 0 ——
- e
( C /,/ > //
> S /i
50 / i / =
' a’
e ’ i
E / / ,// §
<0 ; /, s S
, [ 1M KOK
E d [/ 05MHSD, < . :
— s ;/‘, ’ ! /" - - = WP Mesop
150 ' / - - WP-Mesop -150 4 k) [+ —— afler 48 h test
’ A
‘ [/ = after 48 h test L [} === WP-Nano
! oasm:s WP-Nano P 2 |t —— afier 48 h test
( '/ — after 48 h test 200 1. . § .
200 ———— L, oo 05 0.4 0.3 0.2 0.1 00
05 €4 23 0.2 0.1 0.0 ————
vs,
E(Vvs. RHE) ( ,

Fig. 2. 26: Chronopotentiometry curves of WP-Mesoporous and WP-Nano in (a)
0. 5 2804 $dlution, (b) IM KOH and LSV curves before and after a 48-hour
evol uti on 2904 Hlatipn add.(dd LMWKOH [200].

2.11 Emerging material for HER

2.11.1 2D materials
In recent years, there has been an astonishing breakthrough in 2D materials, ranging

from fundamental investigations to the creation of next-generation technologies and
materials engineering. Among them, 2D transition metal dichalcogenides (TMDs)
have been extensively studied in various fields of research over the last few decades,
and these 2D TMDs, which are semiconductors of the type MX2, where M is a
transition metal atom (such as Mo or W) and X is a chalcogen atom (such as S, Se,
or Te), provide an advantageous alternative. 2D monolayer TMDs are distinguished
by their unusual physical and chemical features, which include atomic-scale
thickness, direct band gap, strong spin-orbit coupling, and favourable electrical and

mechanical properties.
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Thus, monolayer 2D TMDs have been recognized as the most promising low-cost
replacements to noble metals (such as Pt and Pd) as catalysts for the HER because
of their low cost and strong electrochemical stability in acidic circumstances [201,
202]. Recently, 2D transition metal dichalcogenide (TMD) materials have been shown
to significantly enhance hydrogen evolution reaction (HER) activity, establishing them
as promising alternatives to platinum due to their exceptional catalytic performance.
These 2D TMDs possess unique characteristics that are crucial for electrochemical
HER processes. The atomically thin layered structure provides numerous exposed
active sites at the edges and a high specific surface area, facilitating effective HER
[203].

Monolayer TMDs demonstrate in-plane resistivity that is lower than their resistivity
through the basal planes. This property allows electrons to transport more easily
along the basal plane to reach the catalytic sites located at the edges [204].
Consequently, these materials can serve as substitutes for platinum based HER
catalysts, enabling sustainable hydrogen evolution at a lower cost and in scalable
guantities. To leverage the catalytic activity of 2D TMDs for hydrogen evolution,
effective conducting pathways are essential. These pathways accelerate the
transport of electrons from the solvent to the system, initiating HER. Phase
engineering, which converts the 2H phase into a metallic 1T phase, is one approach
to enhance intrinsic electrical conductivity due to the higher electron density in the d-
orbitals of the metals. However, the high cost and labour-intensive nature of phase
engineering pose challenges for producing large quantities of 2D materials for
industrial applications. Monolayer TMDs, such as WSz, MoS2, WSe2, and the 2H
phase of these materials, as well as their nanosheets, have been extensively studied
for their excellent HER catalytic properties [205, 206]. This is largely due to three
factors: (i) their increased surface area with active catalytic sites at the W-/Mo-edges
or S-/Se-edges, (ii) effective electron transfer along the basal plane to the active
catalytic sites, thanks to the lower resistivity of TMD nanosheets compared to the
inert basal planes, and (iii) variations in the electronic structures of TMDs resulting
from the d-orbitals of different transition metals. It is noteworthy that 2D 2H-MoS2 and
other 2H-TMD catalysts, among the earliest studied electrocatalysts, have shown
remarkable enhancements in their electrocatalytic activity over the past decade.
While the catalytic activity is primarily attributed to the edge sites, it is important to
recognize that in-plane domains are generally considered inert. Comprehensive
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investigations into their HER catalytic mechanisms have provided valuable insights
for the development of new HER catalysts [207]. The pure 2H-MoS: (particularly the
2D monolayer) has been shown to be a potential catalyst and energy storage material
due to its inexpensive cost, abundance on Earth, specific hydrogen binding energy,
and ease of electron acceptance. Fig.2.27 [207] depicts the detailed reaction steps
and mechanisms involved in the HER process on the surface of a pristine 2D

monolayer MoS2 TMD.
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Fig. 2. 27: Overall chemical reaction mechanism for Hz evolution on the surface of 2D
monolayer MoS2 material using the M06-L DFT method, and this MO6-L method has
shown to give accurate energies for the reaction barriers involving in the reactions on
the surfaces of TMDs [207].
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2.11.2 Metal organic framework (MOFs)
Pristine metal-organic frameworks (MOFs) have Ilimited effectiveness as

electrocatalysts for the hydrogen evolution reaction (HER) due to their instability and
low conductivity in both alkaline and acidic environments. To enhance their
conductivity and overall catalytic performance, various modifications have been
explored for these pristine MOFs. MOFs can be applied to electrodes either by
coating them onto the working electrode or by mixing them with conductive materials
like graphite or acetylene black, which allows the MOFs to participate directly in the
electrocatalytic process. To further improve conductivity during electrocatalysis,
electrically conductive components can be incorporated while maintaining the
structural integrity of the MOFs. Using MOF-based catalysts reduces the hydrogen
free energies at the electrodes, enabling HER to occur in both acidic and alkaline
media through different mechanisms. In acidic media, the reaction proceeds via the
Volmer pathway, where a proton from the electrolyte combines with an electron from
the electrode surface. Hydrogen is produced by combination of existing hydrogen
atom with another adjacent hydrogen atom as per the Tafel pathway. As per the
Heyrovsky pathway hydrogen molecule can be produced by combination of proton
from electrolyte and electrons from electrode surface [208]. The Heyrovsky and Tafel
processes are used to create hydrogen because protons are lacking in alkaline
media, which causes water to dissociate (Vomer pathway) [209].

Shi et al. [210] using trinuclear and octanuclear nickel clusters as secondary building
blocks that were joined by 4-connected ligands (Fig. 2.28a).The two metals'
synergistic catalytic utility allowed CuxNi1i-NKU-101 to outperform other MxNii 1
NKU-101 catalysts in acidic media in terms of HER electrocatalytic performance. The
as-prepared Cuo.19Nio.s1-NKU-101 had the maximum exchange current density (jO)
and the smallest charge transfer rate, reaching an overpotential of 324 mV at 10 mA
cm' 2and a Tafel slope of 131 mV dec' 1(Fig. 2.28b-c) [211].

Chen et al. [212] used a simple template-based solvothermal reaction and redox
post-processing strategy to create ultrathin tetragonal composites of a conductive
copper-based MOF (Cu-MOF) with high carrier mobility and excellent conductivity
loaded on the surface of iron hydroxide [Fe(OH)x] nanoboxes (Fig. 2.28d). The
produced Fe (OH)x/Cu-MOF showed good HER catalytic activity, with an
overpotential of 112 mV at 10 mA cm' 2(Fig. 2.28e) and a small Tafel slope of 76 mV

dec' 1
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2.11.3 Metal Oxide Nanoparticles
Metal oxides have attracted considerable attention from the research community due

to their compositional and structural diversity, flexible tunability, low cost, abundance,
and environmental friendliness, making them suitable for use as electrocatalysts [213,
214]. however, pristine metal oxides have not proven satisfactory for practical
applications, particularly in the hydrogen evolution reaction (HER), because of
unfavorable intermediate binding strength and stability issues. To address these
challenges, mixed metal oxides have emerged as a promising strategy to fully utilize
the unique properties of metal oxides for HER electrocatalysis [215]. These mixed
metal oxides can achieve optimized adsorption energies and potentially surpass the
limits of intrinsic catalytic activity found in heterostructure forms, leading to improve
HER efficiency. Moreover, the stability of these electrocatalysts in aqueous
environments and alkaline electrolytes has been significantly enhanced. Compared
to other mixed metal-based ceramic materials, heterostructured mixed metal oxides
represent a potential approach for affordable electrocatalysts in industrial
applications, thanks to their easy synthesis methods and reduced dependence on
noble metals [216, 217]. Despite these advantages, clear guidelines for the use of
mixed metal oxides as HER electrocatalysts are still lacking.

Wei et al. [218] created NiO/CosO4 concave surface microcubes using a metal-
organic framework (MOF) precursor (Nis[Co(CN)e]2). The MOF precursor promotes
uniform dispersion of NiO/Co03O4 on the cubes. X-ray diffraction (XRD) investigation
confirmed the presence of both NiO and Co304 in the sample. Furthermore, the step-
by-step annealing produces a concave surface that permits electrolyte penetration
and increases surface area. The catalyst facilitated electrolyte penetration and HER
kinetics, with a Tafel slope of 119 and an overpotential of 169.5 mV, resulting in a
current density of 10 mA cm2. The flexible transition valence state between Ce** and
Ce®* [219, 220] has demonstrated potential electrocatalytic activity in cerium oxide
(CeO2). Zhang et al. [221] have used the concept to create a TMO/CeO2
heterostructure rich in oxygen vacancies (VO). CeO2 and TMOs, such Co0304, can
interact to adjust the electrical structure and lower HBE. Moreover, an abundance of
VO may be produced on the surface by the presence of Ce3* and Ce** as well as
Co?* and Co**. In order to attain a 10 mA cm? current density and a Tafel slope of 48
mV dec' ! the Coz04/CeO2 catalyst demonstrated a high HER performance of 88 mV

overpotential. The flexible transition valence state between Ce** and Ce®* [220] has
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demonstrated potential electrocatalytic activity in cerium oxide (CeOz2). Zhang et al.
[221] have used the concept to create a TMO/CeOz2 heterostructure rich in VO. CeOz2
and TMOs, such Co304, can interact to adjust the electrical structure and lower HBE.
Moreover, an abundance of VO may be produced on the surface by the presence of
Ce?®* and Ce** as well as Co?* and Co** To attain a 10 mA cm current density and
a Tafel slope of 48 mV dec' ! the C0304/CeO: catalyst demonstrated a high HER
performance of 88 mV overpotential.

By adding oxygen vacancies to the catalyst, Singh et al. [222] were able to increase
the HER activity of a TiO2/ZrO2 composite and achieve an overpotential value of 160
mV at 10 mA cm2 and a Tafel slope value of 87 mV dec' ! A charge imbalance on
the heterostructure could be caused by the ZrO2 induced grain boundary defects.
Consequently, an additional proton attaches itself to the oxygen atom linked to the
charge imbalance, generating an excess of -OH groups on the surface and raising
the acidity of the surface. Additionally, the density of state calculation demonstrated
that adding oxygen vacancies to the resulting composite heterostructure results in the
creation of new electronic states and a decrease in the bandgap from 3.18 to 0.52

eV, which raises the catalyst's electronic conductivity.

2.12 Key Performance Parameters for HER

2.12.1 Exchange current density and Tafel slope
The Tafel slope can be calculated using impedance data, polarization curves, or the

electrochemical workstation. The voltage utilized here is the same as for the LSV test.
The Tafel slope is calculated by re-plotting polarization data as overpotential vs.
current density. At large overpotential values, current density typically deviates from
the linear relationship. Therefore, at low over-potentials using the Tafel equation:

d = b. | ogj + a (2.9)

where b is the Tafel slope, h is the overpotential, and j is the current density. Lastly,
Tafel slopes are derived from the impedance data by linearly fitting the Rct v/s over-
potential plots [223]. Tafel slope provides information about HER kinetics, as
previously explained. The experimental temperature, electrode surface, and
electrolyte composition all affect exchange current density. The favorable HER

kinetics are demonstrated by the high magnitude of this current density.
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2.12.2 Over potential
The Nernst equation indicates that, under normal circumstances, the Nernst potential

(E_HER) of the hydrogen electrode is defined as zero, which refers to the standard
hydrogen electrode [224]. However, to overcome barriers resulting from increased
activation energy, a higher reference potential for the hydrogen electrode is required.
The overpotenti al of the catalyst (d)
potential and the potential needed to drive the hydrogen evolution reaction (HER).
Therefore, the expression for the applied potential can be written as E = Ener +

Additionally, the internal resistance of the electrocatalyst, the resistance of the
solvent, as well as the resistance in wires, equipment, and the electrochemical
system itself generate internal resistance. This internal resistance causes an ohmic
potential drop in the current flow of the measurement system, necessitating

adjustments in potential-current density [225, 226].

q .
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which indicates the starting point of the HER. Furthermore, a solar water-splitting
device operating at a current density of 10 mA/cm? achieves an efficiency of 12.3%.
Therefore, a useful method for comparison is to examine the overpotential required
to achieve this current density of 10 mA/cm2. When comparing the activity of different
catal yst swiisn tHERI,cadl | y ut iibdgignifeesigreatér actvityn

however, since the amount of active material loaded on the electrode can vary

mu m

(

significantly even with the samewnwleescaet ri cal

be directly used to compare catalyst activity. Researchers strongly recommend
standardizing the quality and amount of catalyst, such as using 0.1 mg loaded on a
glassy carbon electrode with a standard area of 0.071 cm?, to accurately compare
catalyst activity and evaluate the potential of HER for further study [227]. For practical

eval uati on o fooigas®an onadrtant factert , g

2.12.3 Turn over frequency (TOF)
The number of product molecules produced per active site in a given amount of time

is known as the turnover frequency (TOF) (Equation 2.10) [228]. The definition states
that in order to determine the quantity of H2 molecules, H2 must be collected. Using
Faraday's laws of electrolysis Eq. (2.10), where n is the amount of substance (mol), |
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is the current (A), z is the number of electrons transferred per molecule, and F is the
Faraday constant (96485 C mol' ), the theoretical number of H2 can be determined
from the charge passing through the circuit assuming a 100% Faradic efficiency. Eq.
(2.10) and Eq. (2.11) then allow for the achievement of a TOF vs overpotential curve
Eq. (2.12). As a result, calculating TOF is largely dependent on determining the
number of active sites, which can be evaluated using a variety of methods such as
the copper underpotential deposition method, calculating the number of molecules on
the exposed surface, or quantifying using cyclic voltammetry (CV) tests. To create a
reasonable TOF or TOF-overpotential curve, it appears that the number of active sites
must be defined and evaluated [229]. It is notable that the overpotential value should
always be indicated when reporting the TOF values, because TOF increases with

rising overpotentials.

4] & (2.10)
R (2.11)
4/ & (2.12)

2.12.4. Stability
It is the most critical parameter of an electrocatalyst utilized in HER. CV and chrono-

potentiometry are employed to test this stability. Cyclic voltammetry is used to
measure the current in electrochemical cells when a voltage is applied [230]. The
current that results from altering the working electrode’'s potential where our catalyst
is being used is measured. Kinetics, stability, and oxidation-reduction reactions are
all studied using this method. By comparing the polarization curves before and after
cycles, this stability is determined after 5007 10000 cycles of CV [231]. The pace at
which the working electrode's potential changes is measured in chrono-potentiometry
with a constant current. Chrono-potentiometry (current-time) curves are also

employed to assess the electro catalyst's stability.
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2.13. Conclusion and Future Perspectives

The hydrogen evolution reaction (HER) plays a crucial role in the future of renewable
energy, making the search for inexpensive and practical electrocatalysts an active
area of research. These findings highlight the urgent need for efficient and affordable
catalysts to support the transition to sustainable energy sources. This demand stems
from hydrogen's potential as a clean energy carrier, which can help meet global
energy needs and address climate change challenges. Researchers have explored a
wide range of catalytic materials with varying compositions and properties. While
noble metal catalysts, such as platinum, are highly efficient, their use is limited due
to their high cost and scarcity. This review emphasizes innovations in hon-noble and
emerging material catalysts that aim to maintain efficiency while reducing
dependence on expensive metals. Transition metal catalysts are gaining attention for
their abundance and versatility, with materials like transition metal nitrides and
molecular catalysts showing promising performance in the HER. Additionally,
advancements in nanostructured catalysts, metal oxide nanoparticles, and metal-
organic frameworks (MOFs) have revealed unique properties that enhance their
catalytic performance, marking a significant shift in catalyst design and application.
Despite recent progress, there are still a number of obstacles to overcome in the
development of catalysts for the synthesis of hydrogen. Since many high-
performance choices need intricate synthesis techniques that are difficult to
implement on a wide scale, scalability and cost-effectiveness of these catalysts are
major challenges. The stability and durability of these catalysts, especially in acidic
or alkaline environments, are still significant problems that affect their usefulness.
These difficulties highlight the necessity of more research to guarantee catalysts'
practical application in energy systems.This review identifies several promising
research directions that could revolutionize hydrogen production. One key area is the
integration of catalytic systems with renewable energy sources, which can
significantly enhance the sustainability and scalability of hydrogen production, making
it a viable alternative energy source. The broader implications of advancements in
catalysis for hydrogen production extend beyond this specific application. By
improving hydrogen production processes, these innovations could pave the way for
a cleaner energy landscape, reduce reliance on fossil fuels, and mitigate greenhouse
gas emissions. Furthermore, exploring diverse catalyst materials and innovative

designs holds potential for breakthroughs in other catalytic applications across
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various industries. This interdisciplinary research effort, which bridges material
science, engineering, and computational modelling, highlights the importance of
collaboration in addressing global energy challenges and supporting sustainable
solutions.

Despite the promising advancements in catalysis for hydrogen production, several
research gaps still need to be addressed. A critical area of investigation is the long-
term stability of catalysts, particularly transition metal and carbon-based catalysts,
under real-world conditions. Additionally, there is a pressing need for scalable and
cost-effective synthesis methods to produce high-performance catalysts, as this will
facilitate their widespread use in industrial applications. Furthermore, advanced in
situ characterization techniques are necessary to study the dynamic behavior of
catalysts during reactions. Such techniques would enable more focused design
improvements. Upon reviewing and summarizing the extensive information on
material functionalization discussed in the article, one gains insights into the robust
design and development of electrocatalysts for efficient hydrogen production through
the hydrogen evolution reaction (HER). It is important to note that our understanding
of catalytic mechanisms, active sites, and the structure of catalysts remains limited.
These factors can vary dynamically during electrochemical reactions, especially at
high current densities. The environmental impact of catalyst production is also a
significant concern, highlighting the need for eco-friendly and earth-abundant
materials in future research. Finally, integrating catalytic systems with renewable
energy sources is crucial for optimizing hydrogen production in response to
intermittent energy supplies. The field of catalysis for hydrogen production is rapidly
evolving, offering hope for a sustainable energy future. Continued interdisciplinary
cooperation and more funding for research are necessary to overcome present
obstacles and investigate novel opportunities in this game-changing field. These
initiatives will play a key role in ensuring that hydrogen production is sustainable and
feasible, which will advance the larger objective of a clean and robust energy

infrastructure.
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CHAPTER 3: EXPERIMENTAL

3. Instrumentations and methods

This chapter is an overview of various instrumentation techniques, such as Fourier
transform infrared (FTIR), Raman, Thermogravimetric analysis (TGA), Brunauer-
Emmet-Teller (BET), X-ray diffraction (XRD) spectroscopy, X-ray photoelectron
spectroscopy (XPS), ultraviolet-visible (UV-vis) spectrometer, photoluminescence
(PL), scanning electron microscopy (SEM) and Transmission electron microscopy
(TEM) used in characterising all synthesized samples. The overview encompasses a
brief detailed discussion on the theoretical aspects, working principles and
instrumentation infrastructures. The materials and methods associated with different
studies are described in the respective following chapters.

3.1. Fourier transform infrared spectroscopy (FTIR)

In analytical infrared-based studies, absorption or reflection of electromagnetic
radiation should be between 1-1000 mm. The infrared (IR) region of the
electromagnetic spectrum is generally subdivided into near IR (500 i 4000 cm™), mid
IR (40007 400 cm™) and far IR (4001 50 cm™). The mid-IR is most commonly employed
for laboratory investigations since it covers the vibrational transitions. The FTIR
spectroscopy is a crucial instrumental tool for determining the chemical structure of a
compound through the functional group associated with that particular chemical
structure. This tool provides absorption information measurements of various infrared

frequencies presented in the form of spectrum.

3.1.1 Working principle of FTIR

Fig. 3.1 illustrates a typical working principle of an FTIR instrument. In a typical working
FTIR, the sample is mounted in a sample holder in the path of IR radiation. The
Infrared beam enters the ATR crystal and becomes reflected through the crystal to the
sample interface. The molecules of the sample are excited to a higher energy state

after absorbing IR energy from a polychromatic IR radiation source that passes
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through the sample. The beam reflectance creates a momentary wave that is altered
in the region of the IR spectrum where the specimen absorbs energy. The attenuated
energy of the specimen then passes back to the IR beam after one or several
reflections, which then exits the attenuated crystal and gets directed to the IR detector.
The absorbed IR energy characterizes the molecular structure or chemical bonding of
the sample material. The complete IR spectrum of a sample can then be obtained over
a wide range of frequencies. Different electronic structures resulting from the different
atomic group symmetry governs the provision of the unique absorption patterns of

every material.

spectrum

light source
He-Ne Laser

interferometer

moving —»
mimor
beamsplitter

fixed mimror

‘W
l Fourier transform ]

Sample
compartment

interferogram

Fig. 3. 1: Schematic diagram of Bruker Vertex 70 FTIR working principle.

3.1.2 FTIR instrumentation
Fourier transform spectrometers is one of the infrared instrument categories (FTIR)

which contains a single beam optical assembly with an interferometer component
(often of Michelson type) located between the source and the sample. The
spectrometry was developed in order to overcome the limitations encountered with
dispersive instruments such as the slow scanning process. Employing an
interferometer optical device allowed the reduction of time element per sample
measurement from minutes to few seconds. Most interferometers use a beam splitter
to divide the incoming infrared beam into two optical beams. One beam reflects off on

a flat mirror in a fixed position while the other reflects off on a flat mirror in a manner
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that allows the mirror to move a short distance away from the beam splitter. The two
beams reflecting off from their respective mirrors are recombined when they meet at

the beam splitter. The resulting signal is called interferogram.

Fig. 3. 2: Bruker Vertex 70 FTIR spectroscopy.

The signal has information about every infrared frequency which comes from the
source thus allows frequencies to be measured simultaneously. i Decodi ngo
interferogram signal is attained mathematically via Fourier transformation technique in
order to make identification of measured frequencies. Bruker Vertex 70 FTIR

spectrometer, in Fig. 3.2, was used to record sample spectra, for this study.

3.2. Raman spectroscopy

Raman spectroscopy is a versatile non-destructive light scattering technique that can
be used qualitatively and quantitatively, to probe the molecular vibrations of a sample.
The technique is based on the frequency of a small fraction of a scattered radiation
called Raman effect. The Raman effect where the scattered photons have an energy
or wavelength that is either greater or smaller than that of the incident radiation light,
is said to be inelastic. Only molecular object whose major dimension is less than 1-1.5
wavelengths will scatter light, while others will diffusely reflect it. The selection of the
laser is critical not only for the lateral resolution but also for any broad fluorescence
background influencing prominent Raman bands. The commonly used solid-state
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3.2.1 Working principle of Raman spectroscopy

Fig. 3.3 illustrate a typical working principle of Raman spectroscopy. The sample is
irradiated with a monochromatic laser beam that interact with sample molecule to
initiate the Raman light scattering. During Raman scattering process, the photon of
the laser radiation interacts with characteristic vibrational modes of the molecules due
to polarizability. The shift causes the photon to either loss or gain of energy and

provide information on the vibration, rotational and other low frequency transitions in

molecules. Detection of scattered light is presented as spectrum.

Laser and
line filter

Macro beam mirror '
”
7”7

Beam
splitter

-

Microscope
lens

Sample

Notch
filter

CCD detector

Spectrograph
grating

oL

/ Mirrors

Adjustable entrance slit

Fig. 3. 3: Schematic diagram of working principle of Raman spectroscopy [1].

Spectrum obtained comprises of number of peaks, which are indicative of particular

chemical bonds and their vibrations. Raman spectroscopy technique can be used to

examine the solid, liquid and gaseous samples.
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3.2.2 Raman instrumentation

Raman spectrophotometers can be dispersive or non-dispersive. Dispersive
instrument use prism or grating while the non-dispersive spectrophotometer uses
interferometer, such as Michelson interferometer as in FTIR spectrophotometer. The
Raman spectra cover the range of 4000i10 cm?, depending on the
spectrophotometers design and optical components. Fig. 3.4 illustrate a typical
WITech Alpha300 Raman spectroscopic instrument.

Fig. 3. 4: Raman spectroscopy analyzer.

The instrument consists of light source, sample cell (or glass), beam filters, grating
monochromators, optical lens, photomultiplier tubes and detectors. The WITech
Alpha300 Raman spectroscopy (Germany) was used for this study to obtain spectral
analysis, with argon ion (Ar*) laser light of wavelength (I) = 532 /514 nm at room

temperature.

3.3. Thermogravimetric analyzer (TGA)

Thermogravimetric analyzer (TGA) is an analytical tool frequently used to measure the
change on a sample mass as a function of temperature over time, under a controlled
temperature programmed. It provides an information for the measure of the structural

decomposition where a mass loss is recorded during heating process and predicts the
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thermal stability of the material. TGA instrument can detect and quantify the presence
of bulk water or hygroscopic water within the sample. It also provides the thermal
stability information at which the material may start to decompose and how many

different stages or steps are involved during degradation.

3.3.1 Working principle of TGA
The instrument comprises of a sample holder connected to precision balance that is

located inside a furnace, a sensor detector to measure the sample parameters and
temperature, an enclosure to control the experimental parameter, and a computer for
electronic collection and processing of data. Aluminium or platinum pan is used to hold
the sample. The sample is then heated in an electronic furnace at a preferred heating
rate, i.e., 5 °C or 10 °C mint. Platinum pan is usually employed for sample analysis
required at extremely high temperatures. The sample analysis may be performed
under various pressures (such as constant pressure, high pressure, or high vacuum)
and atmospheres (such as but not limited to vacuum, oxidising or reducing gases,
corrosive gases, ambient air, or inert gas). The sample weight changes from the TGA
measurements are quantified and plotted against temperature to obtain the thermal
curve called thermogram. Thermogram curve provide the extent of the thermal stability

of the sample.

3.3.3 TGA instrument
In this study, a Perkin-Elmer Pyris 1 thermogravimetric analyser (TGA) was used as

shown in Fig.3.5. The thermal degradation of the samples was evaluated from 30 to
900 °C at a heating rate of 10 °C mint under nitrogen atmosphere with 20 ml min-L.

The sample masses were ~10 mg.
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Fig. 3. 5: Perkin Elmer Pyris 1 TGA spectroscopy analyzer.

3.4. Surface area analysis

Evaluation of surface area of a sample, especially in a powder form, is an important
physical property of a solid phase chemical that impact its utility and quality. The
commonly applied technique for surface area measurement is a Brunauer-Emmet-
Teller (BET).

3.4.1 Working principle of BET
BET measures surface area based on physical adsorption of gas or vapour on a

surface of a solid sample and the analysis provide the specific surface area of a

sample. The amount of adsorbate (gas) corresponding to a monomolecular layer on
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the surface measured as a function of relative pressure can be calculated. The
analysis provides the specific surface area of the sample. Measuring the pressure of
the gas above the sample as a function of the volume of the gas into the chamber
using the micromeritics gas adsorption analyser, provides an adsorption isotherm.
Surface area of the material and specific surface area (Seer) can be calculated using
BET equations 3.1 and 3.2, respectively as follows:

— 7 — — (3.1)

P= equilibrium pressure of the adsorbate P, = saturation pressure of the adsorbate at
the temperature of adsorption, n = amount of gas adsorbed (in volume units), nm =

volume of the gas required to form a monolayer, c= BET constant.

Seer = 0.269 Nm Sm (3.2)
Ssm= area that one adsorbed molecule will occupy in a complete monolayer.

3.4.2 BET instrumentation
Brunauer, Emmett, Teller adsorption technique applying nitrogen (N2) isotherm under

vacuum, was used to determine the surface area of prepared samples. Micromeritics
TriStar 11 3020 BET instrument was used for analysis in this study. Fig. 3.6 illustrate a

micromeritics TriStar [l 3020 instrument.
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Fig. 3. 6: Micromeritics Trista Il 3020 analyzer

3.5. X-ray diffraction spectroscopy (XRD)

X-ray diffraction is a versatile, non-destructive technique that depicts detailed
information about the chemical composition and crystallographic structure of natural
and man-made samples. The technique allows to determine whether a sample to be
analysed has crystalline or amorphous nature. X-ray powder diffraction technique is
unique in that it is capable of providing qualitative and quantitative information about
compounds present in a solid sample. The constituent particles: atoms, ions or

molecules; in a crystalline solid are arranged in a regular order.

3.5.1 Working principle of XRD
For analytical diffraction studies, a finely grounded homogeneous powder is placed in

a thin-walled glass. XRD is based on constructive interference of monochromatic X-
rays from a crystalline sample. When the crystals of a powdered solid are randomly
orientated, then some of the crystals in the powder will be in the correct horizontal
orientation with respect to the X-ray source, for all sets of planes (h k I), in order to
sati sfy Br ag ggoAdleastéewof themineral grgins a a powder will diffract
X-ray beam for each of the planes (h k I) during a scan through the angles.
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The focused x-rays generated from a cathode tube is filtered to produce a
monochromatic radiation, and a collimated beam is directed towards the sample.
When the focused beam interacts with atomic planes causes the beam to go through
modification stages such as transmission , absorption, refraction, scattering and
di ffraction, to provide a peak intensi
equation (3.3):

2d Sing =nl (3.3)

d =spacing between the planes in the atomic lattice, g = angle between the incident
ray and the scattering planes, n = an integer, | = wavelength of the incident wave. The
correlation between the wavelength of electromagnetic radiation to the diffraction
angle and the lattice spacing in a crystalline sample is described by this equation (3.3).
The sample in X-ray diffractometer rotates at an angle q and the X-ray detector rotates
at an angle of 2q in order to collect the diffracted X-rays and record the intensity of the
reflected X-rays. Characteristic of the sample diffraction pattern is obtained by plotting
the angular position (2q) and intensities of the diffracted peaks of radiation. Fig. 3.7
illustrate a working principle of XRD spectroscopy.

|
, 1t

1 Incident X - rays Diffracted X - rays
pis -

—e

Fig. 3. 7: Schematic diagram of X-ray diffractometer working principle.

112

w h ¢



UNISA ==

3.5.2 Powder X-Ray Diffraction (XRD)
Generally, a typical X-ray diffractometer consists of radiation source, a

monochromator to select the wavelength, slits for adjustment of the beam shape, a
sample and a detector. The goniometer is used for fine adjustment of the positions of
a sample and the detector. The common component of the X-ray source includes Ky
and Ks. while the specific wavelengths are characteristics of the target materials such
as tungsten (W), rhodium (Rh), molybdenum (Mo), chromium (Cr), copper (Cu), or

cobalt amongst others.

R, B g

Fig. 3. 8: Rigaku SmartLab 9KW X-ray diffraction instrument.

Filters and monochromators are used to absorb the unsolicited emissions with
wavelength Ks while allowing Ku (desired wavelength) to pass through. Copper has a
characteristic wavelength for Ko radiation of 1.5418 A and has been frequently used
as X-ray radiation source. The diffracted beam in every possible 2q from a sample
after radiation can be detected through a movable detector (for example, Geiger
counter) that is connected to the signal recorder. In this study, XRD sample spectra
were recorded using Rigaku SmartLab X-ray diffractometer (Japan) with
monochromatic Cu-Ka radiation source (I = 1.54 A), 45 kV and 200 mA. The 2q
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scanning range of 5-90° was used. Fig. 3.8 illustrates the Rigaku SmartLab XRD
analyser.

3.6 Ultraviolet-visible (UV-vis) spectrophotometer

UV-visible is an analytical instrument used for both qualitative and quantitative
analysis of a sample. The absorption spectroscopy employs electromagnetic
radiations to provide information regarding the adsorption of ultraviolet or visible
radiation of different substance in the visible or ultraviolet region, mainly in 190-900

nm. Optical properties of materials can be studied with the help of UV-vis spectra.

3.6.1 Working principle of UV-vis spectrophotometer
Absorption of radiation energy (E = hv, Eisenergyinjoules,hi s Pl anckos

6.62 x 10°* J s and v is frequency in Hertz) at a wavelength by various inorganic
metals or ions, exhibit absorption in the visible or ultraviolet region of the
electromagnetic radiation that effect the electronic transition within the structure.
Quialitative information regarding the electronic structure of the sample is determined
by the wavelength at which maximum adsorption occurs. Intensity of the light passing
through the sample (I) and compared with light intensity before passing through the
sample (lo) is measured by UV-vis spectrometer at defined wavelength using the
formula (3.4):

A =logaio (I/lo), (3.4)
A is the absorbance at a defined wavelength. Quantitative information of the sample
relate to the concentration of the absorbing species in the solution, is determined using
the Lambert-Beer law as given in equation (3.5):

o

A=U. c¢. L (3.5)
U = mol ar absor pt concentratonm @ff tliei analyte ispecies io the=

solution, L=path length of the light in the sample.

3.6.2 UV-vis instrumentation
Generally, UV-vis spectrometer consists of five components that includes the source,

monochromator, sample holder (cuvette or glass slides in case of powder sample
analysis), detector and signal processor. Deuterium discharge lamp is the usual light
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source for UV measurements while tungsten-halogen lamp serves as the light source
for visible and near-infrared (NIR) measurements. The instruments swap the lamps
automatically when scanning between the UV and visible region. Light from lamp
source passes through the slits then enters the monochromator. Monochromatic light
passes through several sets of mirrors that resulted in splitting of a beam into two
halves where one gave rise to reference beam and the other is referred to as sample

beam since it is directed towards the sample and passes through the sample.

Fig. 3. 9: Perkin-Elmer UV-vis instrument.

Sample and the reference are kept in transparent quartz sample holders. Fig. 3.9
illustrate a typical working UV-vis spectrometer. In this work Perkin-Elmer UV-Lambda
6505 was used to characterize the optical properties of the synthesised powdered

materials.

3.7. Scanning electron microscopy SEM

The detailed knowledge of the physical nature and chemical composition of the
surfaces of solids on a submicrometer scale is important for investigation of surface
morphology of the sample. SEM is a non-destructive technique; thus, the sample
volume is not affected generated X-rays from the s a mp lintke@aion with electron
and same sample can be used repeatedly.

3.7.1 Working principle of SEM
To perform an electron microprobe analysis and obtain an electron microscopic image

the following procedural steps must occur repeatedly; (1) the surface of a solid sample
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is brushed in a raster pattern with a finely focused beam of electrons in a straight line,
(2) beam is returned to its starting position, and (3) shifted downwards by a standard

increment.

e
Electron gun I
—
Cathode-ray tube
for viewing
F p—
Scanning coil | —
Cathode-ray tube
('muicn-:cr/ for photography
lenses .
Primary \
electrons Scanning
) Detector circuit
Secondary
clectrons
Speci @\ Photo
Specimen multiplier
Specimen

holder

Vacuum system

Fig. 3. 10: Schematic representation of SEM instrument.

Several types of signals are produced from the surface after being scanned with
energetic beam of electrons, as injected into the system by means of electron gun.
External morphology, chemical composition and crystallographic structure of the
material are determined by these signals. The signals include backscattered and
secondary electrons (serve as basis of SEM), auger electrons, X-ray fluorescence
(used in electron microprobe analysis) and other photons of various energies. The
microscope chamber must be used under vacuum to prevent electron and gas
molecule collision that my lead to diminishing of microscope resolution, while low kV
primary electron is essential to avoid beam penetration into the sample necessary.

The schematic representation of a working principle of SEM is shown on Fig. 3.10.

Typical essential components of a SEM include electron source (gun), electron lenses,
a sample stage, detectors for all signals of interest, display data output devices. High
energy electrons generated by a field emission source in a high vacuum condition are
accelerated by a field gradient, allowing the passing through of electromagnetic set of

lenses, focussing onto the sample. Small quantity of a natural of synthesised sample
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is sprinkled on a metal stump containing a double-sided carbon tape and the excess
sample is removed by gently blowing it away with a duster spray. Structural
morphology and compositions of samples were obtained using Field emission
scanning electron microscopy (JOEL JSM-610 Plus) attached to the energy dispersed
X-ray spectrometer (EDS), shown in Fig. 3.11. The samples for SEM analysis were
first dried at ambient temperatures prior to being carbon coated as preparatory step

for analysis.

Fig. 3. 11: FE-SEM JSM 610 Plus instrument

3.8. Transmission electron microscopy (TEM)
Transmission electron microscope is essential technique to analyse the atomic and

molecular arrangement of a sample at an atomic scale. The technique allows to study

the size, shape and the internal structure of nanopatrticles.

3.8.1 Working principle of TEM
TEM working principle is like that of SEM and allows provision of higher resolution

images using high energy electron beam (~60-3000 kV). Fig. 3.12 illustrate the
schematic diagram of a TEM instrument. The high energy electron beam is ejected

from electron gun fitted with tungsten filament cathode as electron source and
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focussed through series of electromagnetic lenses. Ejected electron beam passes
through the sample, get transmitted after interacting with the sample. Electron beam
emerged from the sample carries the information about the fine structure of a sample
that is transformed into an image and can be observed on fluorescent screen.
Generally, TEM image resolution is in the range of few nanometres. The resolution
may be restricted by spherical deviation, however that drawback can be overcome by
high resolution transmission electron microscopy (HR-TEM) by producing images of

resolution below 0.5 angstrom (A).

3.8.2 TEM instrumentation
TEM instrument consists of an electron emission source, electromagnetic lens system,

sample holder, and imaging system. The system permits only electrons within small
energy range to pass through to have the electrons of the beam with a well-defined
energy. The transmitted beam replicates the pattern on the sample and get projected
onto a phosphor screen. Microstructural images of all research samples were
observed using JEOL field emission electron microscope (JEM-2100F) analyzer at an
accelerating voltage of 200 kV. Sample preparation began by dispersing the sample

in alcohol, sonicated, and then drop casted on a carbon coated copper (Cu) grid.

|

v
. - Filament

Electron beam
Magnetic lens
o Specimen

' j Projection lens

Fig. 3. 12: Schematic diagram of TEM microscopy.
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3.9. Electrochemical studies

Cyclic voltammetry (CV) and Electrochemical impedance spectroscopy (EIS) studies
were performed within a potential window of -0.3 and +0.70 V and at 1 x 10° Hz to 0.1
Hz frequency with the applied potential of 0.24 V using a three-electrode cell (TEC)
connected to a Metrohm Autolab Potentiostat (PGSTAT30) equipped with Nova
software version 2.1. The TEC consists of platinum wire, Ag/AgCl (3M KCI) and as-
synthesized materials on graphite electrode as counter, reference and working

electrode respectively.

3.10. The membrane properties

3.10.1. Proton conductivity measurement
Proton conductivities of the composite membranes were measured by AC impedance

spectroscopy using an electrochemical workstation (Autolab PGSTAT302N,
Switzerland) in the frequency range of 1 MHz to 100 Hz with an amplitude of 5 mV.
Prior to testing, all membranes were hydrated by immersion in deionized water for 24
h at room temperature. A sample of the pre-hydrated membrane was wrapped around
graphite electrode, then the tip of the covered electrode was immersed in H2S0O4 0.5M
during proton conductivity measurement. Th e pr ot on ¢ o asdcalaulatedv i ty (

as follows:

A — (3.6)

where L, refers to the thickness of the membrane (2.16 cm), R= resistance of the

me mbr ane ( q) -senotidnalArea(@mf)o s s

3.10.2 lon Exchange Capacity
The ion exchange capacity provides information on the density of ionizable functional

groups present in the membrane matrix, which are responsible for the charged nature
of the membrane and thus membrane conductivity [2]. IEC is a measure of the number
of counter ions exchangeable in SPEEK. IEC is defined as the milliequivalents of
H* per weight of the dry polymer. The prepared SPEEK membranes were stored in 1

M HCI for 24 hours to bring the sample into complete SPEEK-H* form. Membranes

119



UNISA %
were then rinsed in DI water and equilibrated in 1 M NaCl solutions for 24 hours to
completely exchange the cations and achieve SPEEK-Na* form. The ion exchange
capacity was measured using the back-titration method as described in several
previous papers [3-5]. The NaCl solution was back titrated with 0.01 M NaOH using
phenolphthalein as an indicator to determine the cations exchanged. The IEC was
calculated as the ratio of total charge by dry weight of the membrane samples.

) 9 (3.7)

Where, CnaoH is the concentration of the sodium hydroxide solution used, VnaoH is the
volume of NaOH solution consumed in the titration and mary is the dry weight of the

membrane.

3.10.3 Oxidative stability
The oxidative stability of SPEEK and SPEEK/SZr:SiO2 composite membranes was

studied using Fenton's test. Fenton's reagent was prepared by producing a solution
with 3 vol% of hydrogen peroxide and 3 ppm of F?* ions. The weight of the dried
membrane was measured before immersing it into the Fenton's reagent at different
temperatures. The membranes were constantly weighed (every 10 minutes) and the
change in dried weight of the membrane was used to evaluate its degradation
oxidative stability as shown in Equation (3.8).

| OEAOORAGHI E6Y— pnm (3.8)

where:Wayi s t he dry weight of the memhbiliathee aft el

initial dry weight of the membrane (g).

3.10.4 Water uptake and dimensional swelling
Water uptake and dimensional swelling/swelling ratio were measured in the

temperature range 25i 80 °C. For the water uptake measurement, a membrane was
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first equilibrated in deionized water at the target temperature for 8 hours and weighted
immediately after the removal of surface water (Wwet). The membrane was then
vacuum dried for approximately 2 hours at 60 °C so that it reached a constant weight

(Wdry). The water uptake (WU) of the membrane was calculated as:

75 —  pmm (3.9)

The measurement of membrane dimensional swelling proceeded similarly. Firstly, the
membrane was cut into a strip with predetermined dimensions (2cm in length and 1
cm in width) and equilibrated in water at the target temperature for 8 h to obtain the
wet length (Lwet). The sample was then dried in vacuum at 60 °C to yield the dry
length (Ldry). The extent of water swelling (SR) of the membrane was calculated as:

32 ——— pnm (3.10)

3.11. Preparation of MEA and evaluation of single-cell performance
The performance of the resulting membrane was evaluated in a PEMFC single cell.
The MEA preparation method was adapted from techniques utilized by Wu et al. [6]
and Moreira et al. [7] with some modifications.The electrode and gas diffusion layer
(GDL) were created using a brushing method. The palladium catalyst (Pd/C, 10%) was
mixed with isopropanol and deionized (DI) water in a volumetric ratio of 6:4 (catalyst
to solution) to prepare the ink slurries. Next, a 5 wt.% SPEEK solution was used as a
binder at a ratio of 6:2 (catalyst to SPEEK solution) and sonicated for 40 minutes. The
GDL was prepared by brushing the slurry onto carbon paper with a palladium loading
of 0.2 mg. The coated materials were then dried at 60 °C under vacuum for 5 hours.
Single cell experiments were performed by measuring the voltagei current density
curves, placing the MEA in a commercial fuel cell hardware. Hydrogen and oxygen
gas were fed to the anode and the cathode, respectively. A voltage of 0.6 V was
applied to the cell for 5 minutes prior to each polarization curve in order to activate

the electrocatalysts
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CHAPTER 4: HYDROGEN EVOLUTION ON GRAPHITE/SULFATED POLYETHER
ETHER KETONE (SPEEK) SURFACE USING ZIRCONIUM OXIDE-STABILIZED
CERIUM OXIDE NANOCOMPOSITES

Published research paper: Hydrogen evolution on graphite/sulfonated polyether
ether ketone (SPEEK) surface using zirconium oxide-stabilized cerium oxide

nanocomposites. Journal of Power Sources, 629, p.235975.

4.1. Introduction

The extensive exploitation of fossil fuel resources has serious consequences for
carbon emissions, leading to unpredictable and catastrophic natural events caused by
climate change, such as flooding, unusual tornadoes, wildfires, and extreme
temperature fluctuations [1-3]. In 2022, approximately 72% of global greenhouse gas
emissions were attributed to COz2, which is the primary contributor to global warming
[4]. As global warming and its consequences continue to worsen over time, there is
growing concern about the lack of assurance that most countries will achieve zero
carbon emissions anytime soon. As a result, there has been an increasing call to
intensify efforts in alternative energy use over the past few years [5]. In response to
this urgent issue, significant attention is now being directed toward exploring hydrogen
as an alternative fuel source [6-8].

Hydrogen offers the advantage of being a relatively cost-effective and environmentally
friendly energy source, producing only water as its combustion byproduct. Additionally,
the production process for hydrogen features improved energy efficiency and cost-
effectiveness, making it a viable option for large-scale industrial use [9]. However, the
transition from pilot-scale to large-scale hydrogen production has encountered
numerous practical challenges related to performance and maintenance issues.
Furthermore, the use of platinum, the metal commonly regarded as the gold standard
in catalysis, is limited due to the scarcity of its raw materials and the high costs
associated with processing these resources. As a result, significant efforts are
currently underway to identify non-platinum alternatives. While many alternative
materials have been studied so far [10-15], very few investigations have focused on
the use of polymeric membranes within catalytic compositions. Polymers are unique
materials that can help address the durability limitations of current electrodes. By

incorporating polymers through composting or surface coverage, they can enhance

123



UNISA %

the functionality of electrodes by providing benefits such as ion binding, ion exchange,
increased conductivity, sensing capabilities, energy storage, and protection against
corrosion. For example, Garcia-Raminez et al. [16] used CuoteZnot1Al204 powders
along with a polymeric blend membrane to effectively generate hydrogen in an
agueous medium. They highlighted the role of a blended polymeric compositiond
comprising cellulose acetate, nanocrystalline cellulose, and polyvinyl alcohold as a
viable catalytic support for hydrogen production. Despite their potential, many of these
alternative materials still fall short of achieving the desired performance levels.
Therefore, significant efforts are focused on identifying non-precious metal (NPM)
catalysts that can demonstrate ideal performance characteristics.

Ceria and zirconia, which are semiconductive materials with excellent catalytic
properties, have been extensively studied for their potential industrial applications [17].
Cerium oxide (CeO2) is a stable rare earth oxide, known as a good electron acceptor,
and it boasts excellent biocompatibility with minimal toxicity. Additionally, it is
inexpensive and environmentally friendly. However, ceria is recognized for its poor
thermal stability and susceptibility to photo-corrosion. Despite these challenges,
incorporating zirconium into the ceria lattice has been shown to enhance these
properties.

To produce mixed oxides of cerium and zirconium, various strategies have been
developed, including solid-state reactions, milling, citrate methods, wet impregnation,
sol-gel processes, and precipitation. Chemical reactions typically yield more
homogeneous materials. The catalytic efficiency of these oxides is influenced by
several factors, such as the Ce/Zr ratio, morphology, particle size, catalyst
homogeneity, and the crystallographic nature of the phases formed. These
characteristics can be improved based on the chosen preparation method [18-20].
Cerium-zirconium-based oxides with different Ce/Zr ratios exhibit distinct
physicochemical properties. For instance, Eaimsumang et al. found that the catalytic
activity of CexZrl-xO2 for CO oxidation decreases as the Ce/Zr ratio increases [21].
Additionally, Zhang et al. [22] observed that while zirconium-rich ceria-zirconia solid
solutions are more thermally stable than cerium-rich samples, they are still prone to
transitioning from a cubic to a tetragonal phase. Despite the significance of thermal
behavior in industrial applications, the thermal characteristics of ceria-zirconia-based

oxides with varying Ce/Zr ratios have attracted relatively little attention in the literature.
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4.2 Materials and methods

Cerium (Ill) nitrate hexahydrate (Ce(NOs3)3.6H20), sodium hydroxide pellets (NaOH,
98% purity), Zirconium acetate (ZrsO4(OH)4(0O2CCHzs)12, dimethylformamide (DMF),
potassium ferricyanide, and potassium ferrocyanide were purchased from Sigma-
Aldrich (South Africa).

4.2.1 Synthesis of CeO2-ZrOz2 nanocomposites

The ceria-zirconia binary oxide nanoparticles were synthesized using a coprecipitation
method. Cerium nitrate hexahydrate and zirconium acetate were mixed in various
molar ratios of CeO2 to ZrO2: 1:1, 1:2, 2:1, 1:0, and 0:1, corresponding to 4:4, 4:2, 2:4,
4:0, and 0:4 g/g, respectively. In the experiment, a calculated amount of cerium nitrate
hexahydrate and zirconium acetate (ZrsO4(OH)4(O2CCHs)12), along with 10 g of
sodium hydroxide (the precipitating agent), were added to 100 mL of deionized water.
The mixture was stirred magnetically until the materials were fully dissolved. The
resulting precipitates were then centrifuged, washed multiple times with distilled water,
and dried at 100 °C for 24 hours. The dried samples were subsequently calcined at
600 °C for 2 hours. The final products were designated as CeO2:ZrO2 (1:1), CeO2:ZrOz2
(1:2), Ce02:Zr0O2 (2:1), CeO2, and ZrOs2.

4.2.2 Working electrode fabrication

8 mg of each catalyst were applied to the surface of graphite, which was coated with
a drop of sulfonated polyether ether ketone (SPEEK) previously dissolved in
dimethylformamide (DMF) (0.27 g in 9.4 mL, followed by 5 minutes of sonication). The
mixture was then dried in an oven at 80°C for 4 minutes. The SPEEK solution had a
slightly viscous consistency, allowing for membrane formation in the presence of moist
air or water. For stability and comparison experiments, the SPEEK-Ce: Zr mixture was
simply dipped in water (using the phase inversion method) and used directly, as the
membrane had already formed on the graphite electrode substrate (see Fig. 4S1 in

the Supplementary Materials).

4.2.3 Material Characterization

The morphologies of Ce02:ZrO2 samples were examined using transmission electron
microscopy (TEM) Joel JEM-2100 model. Thermal properties were investigated using

a PerkinElmer thermogravimetric analyser (TGA) in air and nitrogen flow at a heating
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rate of 10 °C/min from 35 °C to 900 °C. Diffraction patterns were obtained through
Rigaku SmartLab X-ray diffractometer (XRD) with Cu-K Uradiation source operated at
30 kV and a current of 200 mA with a scanning rate of 0.026 °/sec from 5° to 90°.
Cyclic voltammetry (CV) and Electrochemical impedance spectroscopy (EIS) studies
were performed within a potential window of -0.3 and +0.70 V and at 1 x 10° Hz to 0.1
Hz frequency with the applied potential of 0.24 V using a three-electrode cell (TEC)
connected to a Metrohnm Autolab Potentiostat (PGSTAT30) equipped with Nova
software version 2.1. The TEC consists of platinum wire, Ag/AgCl (3M KCI) and as-
synthesized materials on a graphite electrode as counter, reference, and working
electrode, respectively. The electrochemical electrolyte solution temperature was at
20.3 °C except for the comparative experiment, in which the experiment was run at 25
OC. The hydrogen was generated in 0.5 M H2SO4 ata pH of 0.00. The current density
was estimated by dividing the output current by the geometrical area of the graphite
electrode. The overpotential was calculated by subtracting the open circuit potential
from the applied potential. The potential of the Ag/AgCI electrode was converted to
RHE using the relation Eq (4.1 6 ) :

ErHE = Eapplied (VS AQ/AGCI)+0 . 059 pH +0. 197¢ééeéedéléhdé e é

4 .3. Results and discussion

4.3.1 Material characterization

The results X-ray diffraction patterns of the as-synthesized materials are presented in

Fig. 4.1a. The characteristic cubic face-centred fluorite structure of ceria was
confirmed at a 2d value of 28.62A, 33.34A,
corresponding to the (111), (200), (220), (311), (222), and (400) planes, respectively

(JCPDS card number 34-394). In contrast, the tetragonal phase of zirconia (ZrOz),
identified by the (101), (110), (112), and
30.36°, 35.17°, 50.40°, and 60.15° (JCPDS card number 80-2155). Additionally, a
monoclinic phase was detected atCPDXcardd al ues
number 7-3430). The XRD patterns for the hybrid materials, CeO2:ZrO: in ratios of

1:1, 1:2, and 2:1, exhibited cubic phases resembling those of ceria. The observed

peak shifts towards higher 2d *viathaileyrid i ndi c

material, confirming the successful preparation of the composite [23].
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Fig. 4. 1: Crystallinity, thermal and surface area characterizations of the as-
synthesized materials. (a) XRD;(b) TGA; (c-g) N2 adsorption and desorption.

The thermogravimetric analysis (TGA) results for the ceria and zirconia
electrocatalysts are shown in Fig. 4.1b. The thermograms reveal two stages of thermal
degradation for each sample. The initial weight loss around 100 °C is attributed to the
release of water trapped within the material. The subsequent weight loss, occurring
from 100 to 900 °C, represents the actual weight loss of the catalysts. The
thermograms indicate that the samples were stable, as there was minimal oxide
decomposition. The total weight loss for the ZrO2, CeOz2, Ce02:ZrO2 (1:1), CeO2:ZrO2
(2:2), and Ce02:ZrO2 (2:1) samples was recorded as 3%, 7%, 4%, 5%, and 2%,

respectively.
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4.3.2 Surface area, morphology and elemental composition
The results of the N2 adsorption and desorption BET surface area analyses of the as-
synthesized materials are shown in Fig. 4.1c-d and Table 4.1. As indicated in these
figures and the table, the CeO2:ZrOz (1:1) composition demonstrated superior
characteristics compared to all other tested materials, exhibiting a higher specific
surface area and smaller pore size. Additionally, all materials showed similar pore
volume characteristics, suggesting that the addition of ZrO2 to the ceria structure did
not significantly impact the overall pore volume.
However, it was observed that increasing the amounts of either CeO2 or ZrO2 resulted
in a decrease in surface area compared to pure CeO2. Specifically, higher ZrO:2
content led to a reduction in both pore volume and pore size, while increasing CeO2
content similarly decreased pore volume and pore size relative to CeO:2 alone.
Consequently, it is reasonable to expect that the CeO2:ZrO2 (1:1) mixture would exhibit

better catalytic performance than the other materials tested.

Table 4. 1: BET, Pore Volume and Pore size of CeO2, ZrO2 and Ce0O2:ZrO2 oxide at
different CeO2 and ZrO2 loading.

Sample Surface Area  Pore Volume Pore size
(m?g) (cm®/g) (hm)
CeO2 52.37 0.11 1.93
ZrO2 44.75 0.10 4.78
Ce02:Zr02 (1:1) 63.41 0.12 1.71
Ce02:Zr02 (1:2) 14.99 0.10 1.75
Ce02:2r02 (2:1) 48.75 0.11 2.81

Fig. 4.2a-l presents the results from the TEM and SEM analyses. As illustrated in
Figures 4.2a-h, all materials displayed a mixture of spherical and rod-like
morphological structures with highly crystalline properties. Notably, the CeO2 and ZrO2
in a 1:1 ratio exhibited a greater presence of rod-like structures compared to ceria,
ceria-zirconia in a 1:2 ratio, and ceria-zirconia in a 2:1 ratio. Additionally, as the
zirconium (Zr) content increased, a higher number of spherical structures were

observed. The predominant rod-like characteristics of CeO2:ZrO2 (1:1) may provide a
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competitive advantage over the other materials due to its three-dimensional
configuration. Figures 4.2i- show the SEM analyses of the synthesized materials,
specifically CeOz and CeO2:ZrO2 (1:1).
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4.3.2 Electrochemical surface area (ECSA) and turnover frequency (TOF)

As shown in Egs. (4.2-4.3), the ECSA is an effective tool for assessing electrocatalyst

efficiency. The capacitance plot is a useful graph for predicting ECSA, which is used

to calculate TOF.

ECSA = Scdix Aceo/Cs (4.2)

TOF =jEcsa)/ Ne . Ncat. F (4.3)

Where Sca = slope of the plot of average difference in current density of the anode

and cat h®@y @) vy gcanjrate of a capacitance plot, where a = anode, ¢ =
cathodeand Cs= speci fic capacitanc®), fe=aqusmbendfngl y =

electron required to produce 1 mol of hydrogen molecule (Hz), i.e. 2 as shown in Eq.

(4.4),ncaa= number of mole of the catalyst on the
constant (96485 C mol™).
2H* (ag) + 2e—>  H2(g) (4.4)

As shown in Table 2, the capacitance and ECSA values decreased after adding all

catalysts in a variable manner relative to the supporting material.

Table 4. 2: Capacitance and ECSA values of various electrocatalysts.

Materials Capacitanc ECSA
(cm?)
Graphite 80 7, 04
Graphite + SPEEK* 70 6, 16
Graphite + SPEEK + CeO2 60 5,28
graphite+SPEEK-CeO2-Zro2 (1:1) 50 4, 4
graphite+SPEEK-Ce0O2-Zro2 (1:2) 50 4, 4
graphite+SPEEK-Ce02-Zro2 (2:1) 60 5,28

*SPEEK = sulfonated poly (ether ether ketone) as a binder
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From Table 4.2, it can be deduced that the modification of the supporting graphites
with SPEEK resulted in approximately a 12.50% decrease in both capacitance and
ECSA (Electrochemical Surface Area) values. In contrast, blending SPEEK with CeO2
before applying it to the surface of the graphites led to a more significant reduction,
with capacitance and ECSA values decreasing by 16.67% and 14.29%, respectively.
Furthermore, modifying the Graphite/SPEEK surface with a 1:1 ratio of CeO2 to ZrO2
caused an additional decrease in capacitance and ECSA values of about 16.67%.
Interestingly, increasing the amount of ZrO2 in the surface matrix did not affect the
capacitance or ECSA values. However, an increase in CeOz2 resulted in a change in
capacitance and ECSA values from 50 to 60 and from 4.4 to 5.28, representing an
increase of approximately 16.67%. While excess ZrO2 did not enhance the ECSA
value, a moderate amount contributed to an improvement in the HER (Hydrogen
Evolution Reaction) current, as illustrated in Figures 4.3a-c.

In Fig. 4.3a-b, adding ZrO:2 to the CeO2 framework (1:1) boosted the currents from 3 x
10°to 2.3 x 10° A (capacitance) and 4.7 to 6.1 mA/cm? (faradaic), resulting to a TOF
transition from 5.2 X 10“to 1.1 x 102 cm? s. Furthermore, as the ZrO2 content
increased, the current and TOF decreased dramatically, consistent with the data
shown in Table 4.2. Similarly, as demonstrated in Fig. 4.3b-c, increasing the CeO:
content significantly decreased the current, demonstrating that CeO2-ZrO2 (1:1) is the

material with the best catalytic properties.
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Fi g .3: ECSA and TOF estimations. (a) Capacitance plots at 0.4V (1 = Graphite, 2
= Graphite-SPEEK, 3 = Graphite-SPEEK-CeO2, 4 = Graphite-SPEEK-CeO2-ZrO2
(2:1), 5 = Graphite-SPEEK-CeO2-ZrO2 (1:2), 6 = Graphite-SPEEK-CeO2-ZrO2 (1:1);
(b) CVecsa plot (1 = Graphite-SPEEK, 2 = Graphite-SPEEK-CeO2, 3 = Graphite-
SPEEK-Ce02-ZrO2 (2:1), 4 = Graphite-SPEEK-Ce02-ZrO2 (1:2), 5 = Graphite-
SPEEK-Ce02-ZrO2 (1:1); (c) TOF (1 = Graphite-SPEEK, 2 = Graphite-SPEEK-CeOz,
3 = Graphite-SPEEK-Ce02-ZrO2 (1:1), 4 = Graphite-SPEEK-CeO2-ZrO2 (1:2), 5 =
Graphite-SPEEK-Ce02-ZrO2 (2:1)

4.3.4 Role of SPEEK

SPEEK is a proton exchange membrane (PEM) material commonly used in PEM fuel

cell assemblies. In this study, SPEEK was utilized for two main purposes. First, it
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served to strongly bond ceria-zirconia particles to the supporting graphite, while also
protecting the underlying electrode from corrosion. As illustrated in Fig. 4.4a-b,
modifying the surface of the graphite with SPEEK resulted in an Ecorrosion Overpotential
(Ecorr) of approximately -0.33 V. However, after binding with ceria and zirconia
composites, the Ecor value became more positive, from -0.33 V to -0.29 V for all
SPEEK-CeO:2 systems without ZrO2, except for graphite-SPEEK-CeO2-ZrO2 (1:2) and
graphite-SPEEK-Ce02-Zr0O2 (2:1) and from -0.33 V to -0.28 V for the graphite-SPEEK-
Ce02-Zr02 (1:2) system. This suggests that addition ZrO2 caused a more tendency for

the catalyst to be less prone to corrosion (see Table 4.3).

Table 4. 3: Corrosion potentials for graphite-SPEEK electrochemical catalysts

Catal yst EcodrV)
Graphite/ SPE -0 .33
Graphitel SPE -0 .92
Graphitel/ SPE -0 .92
Graphite/ SPE -0. 28
Graphitel/l SPE -0 .92

Thgeometric current densi#y mé%fsomr egdr aapphpirtoex i
Graphite/ SPEEK, while for the Graphite + SPE
43 mA?fcom Laye&#2 ImAZfhcdm Layer 2 (see Fig. 4..

significant c¢change was observed when the su

once or twice withsthd | lmusnoadammposinteig. 4. 4
for graphi®@® Waswhereas for the Graphitel/ SPE
Ce: Zr compas0.tOe7s ,V.i tThws i ndicates that modi f

wi t h SPEEK aCdr-ZBPEBKI a composites resul te
approximately 0.02 V in the applied potenti e
and the <circuihte foiptttiimmd d¢eetrd ofromi ntg el ectr od

Ce: Zr (1:1), Layer 2) are presented in Fig.
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As shown, there was no significant differen

surface when coated once (Layer 1) compared to twice (Layer 2).
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Table 4. 4: Circuit fitting data of Graphite + SPEEK + CeZr (1:1) nanocomposite

electrode.

Material Rp Rs
k q q

Graphitel/ SPEEK/ CeZr 1: 1 3.54 4.44

Graphite/ SPEEK/ CeZr 1:1 7.14 4.27
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4.3.5. Cell voltage and current behavior

The results of the chronoamperometric and chronopotentiometric analyses at various
applied potentials and a current of 0.001 A are presented in Figures 4.6a and 4.6b,
respectively. As shown in Figure 4.6a, all current readings remained stable over time.
Additionally, the current signals were correlated with an increase in solution
temperature at higher applied voltages. However, at a lower applied voltage of -1.0 V
(vs. Ag/AgCl with a 3M KCI reference electrode), there was a slight decrease in
temperature from 20.6 °C to 20.3 °C.

This increase in temperature at higher voltages was attributed to the rapid formation
of hydrogen gas bubbles at the electrode's surface, which created vigorous bubbling
in the solution and led to an exothermic effect. In contrast, the slight drop and
subsequent stabilization of the temperature at -1.0 V were likely due to less vigorous
bubbling of hydrogen molecules at the electrode's surface. The experiment was
conducted at room temperature and under normal atmospheric pressure, meaning that

the pressure remained constant even as the temperature gradually increased.

As shown in Fig. 4.7, the results from the chronoamperometric (CA) analysis indicated
that the rate of hydrogen production increased over time as the electrode interaction
continued. The current measured during the CA is directly proportional to the volume
of hydrogen produced. According to Charles's Law, the increase in volume results in
a temperature rise, while the pressure remains constant at approximately 1
atmosphere. Furthermore, an increase in the rate of gas bubbling correlates with an

increased rate of Hz production, again supporting Charles's Law.
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Fig. 4. 6: Current and voltage stability test. (a) Chronoamperometry at -1.0 to -2.5 V,
(b) Chronopotentiometry at 0.001 A; (c) J-V curve at different temperatures. GRA =
Graphite; SPK =SPEEK/CeO2-ZrOa.

As shown in Fig. 4.6b, the voltage generation rate using the Graphite/SPEEK-ceria-
zirconia nanocomposite electrode was approximately 5 x 10-° V/s at an applied current
of 1 mA. Additionally,the -V cur ves il lustrating the
51°C are presented in Fig. 4.6¢c. The results indicate that coating the graphite with
SPEEK/CeO2-ZrO2 improved the overpotential by 44.44% at 20°C and 11.11% at
51°C. Notably, there was no change in the voltage after applying the SPEEK/CeO2-
ZrO2 coating at both temperatures, highlighting the protective nature of the SPEEK

nanocomposites.

Fig. 4.7a-b display the hydrogen production rate over time. The data reveals that the
hydrogen production rate increases over time at a rate of 9.6111 x 10° A/s, with a rate

constant of 8.35 x 10-5 s™. When compared to conventional electrocatalysts such as
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platinum (Pt) and palladium (Pd), as illustrated in Fig. 4.7c, the as-synthesized material
combined with SPEEK on the graphite surface demonstrated competitive performance
in terms of current generation (-0.38 A for SPEEK/Ce0O2:ZrOz2) on graphite vs. -0.39 A
for Pt). However, it did show a slightly higher onset potential (-0.75 V for
SPEEK/Ce02:ZrO2 on graphite vs. -0.40 V for Pt).
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Fig. 4. 7: Chronoamperometric rate and linear sweep voltammetric (LSV) studies. (a)
Increase of current with time; (b) First order kinetic plot; (c) Comparative
voltammograms with other electrocatalysts; (d) LSV stability studies. 0.3D, 0.5D,
0.75D = Graphite with variable diameter of 0.3, 0.5 and 0.75 cm.

Remarkably, the as-synthesized material produced a higher current than palladium
black (-0.38 A for the as-synthesized material vs. -0.29 A for Pd), as depicted in Fig.
4.7c. This figure also suggests the potential of the as-synthesized material for large-
scale hydrogen production, as evidenced by the increase in current with the increase
in electrode diameter (comparing 0.30D vs. 0.5D, or 0.75D, where D is the diameter

in cm).As illustrated in Fig. 4.7c, electrocatalysts with larger electrode diameters (0.5D
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or 0.75D) produced more current than those with lower diameters (0.3D). The modest
decrease in current relative to 0.75D graphite from 0.5D was caused by variations in
manufacturing conditions (0.5D (Gamry), 0.7D (obtained from a dry cell battery) (Fig.
4S2, Supplementary Material). Fig. 4.7d depicts the findings of current stability
measured using linear scan voltammetry. Despite using two different graphite sources
(0.5D (Gamry) and 0.7D (obtained from a dry cell battery), the current remained steady
(Fig. 4.7d).

4.3.6 SPEEK and hydrogen production mechanism

Sulfonated polyether ether ketone (SPEEK) is a powerful proton exchange membrane
that was applied to the surface of graphite to effectively bind semiconductor
nanoparticles. It was previously noted that coating the graphite surface with SPEEK
did not significantly alter the current. However, as shown in Fig. 4.5b, the hydrogen
evolution reaction (HER) current increased on the graphite-SPEEK surface with the
introduction of electrocatalysts, observed in the order of CeO2 < Ce02:ZrO2 (2:1) <
Ce02:Zr02 (1:2) < Ce02:ZrO2 (1:1). Notably, the Ce02:ZrOz (1:1) formulation
outperformed all other tested electrocatalysts. This superior performance of the
Ce02:ZrO2 (1:1) nanocomposite can be attributed to its enhanced crystallinity, BET
surface area, particle and pore sizes, and electrochemically active surface area
(ECSA) values. The binding mechanism of SPEEK involves complexation between its
sulfonic acid groups and the cerium and zirconium ions within the nanocomposite
matrix. The formation of the membrane further strengthens this interaction through the
nonsolvent phase inversion process, which occurs during the immersion of the mixture
in water (the nonsolvent medium) (see Fig. 4S1, Supplementary Material).

According to the Volmer-Tafel mechanism, hydrogen production happens in three
stages: protons are reduced to hydrogen atoms, which then adsorb onto the catalyst
surface as H*. Subsequently, two H* atoms combine on the surface to form a hydrogen
gas molecule (Hz), which eventually desorbs from the surface [24, 25]. In this study,
hydrogen bubbles were observed growing on and detaching from the catalyst's
surface. Therefore, it is reasonable to conclude that the HER mechanism mediated by

Ce02:ZrO2 (1:1) on the graphite surface followed the Tafel-Volmer mechanism.
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Scheme 4.1. Proposed HER mechanism by CeO2:ZrO: electrocatalysts overpotential
at 10 mA/cm? than most of the previously reported catalysts.

Table 4.5 compares the current work to various previous works described in the
literature. As demonstrated in Table 4.5, the present material outperformed all
previously reported materials in terms of current density, indicating the significant
potential of combining SPEEK/CeO2:ZrO2 on a graphite surface to generate hydrogen
gas from aqueous sulphuric acid. Table 4.5 and Fig. 4S2 (Supplementary Material)
reveal that the SPEEK/CeO2:ZrO2 graphite electrode has a current density of up to
2000 mA/cm?.
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Table 4. 5: Comparison between present work and works reported in the literature.

Materi al Current d Ref eren
(MA/Cc M)Geomet r i
Pt RuisGE 175. 7 2 3
Pt Ni / Pt DNPs 250 2 %
Mo Set 2 86 .7 2 6
StRu © 1000 27
Co Mo Sx 500 2 8
RuNi Se 1000 29
Col P 500 30
CoOXT1 RNP 1500 31
MaC-MaN @CNWs / L 1000 32
Gr apisiPEE& K @Ce 2000 This wo

4.4. Conclusion

SPEEK in combination with zirconium oxide-stabilized cerium oxide, was used as an
effective electrode on a graphite surface to generate hydrogen in an acidic medium.
Among the materials tested, the CeO2:ZrO2 (1:1) showed the highest efficiency,
outperforming palladium black. When compared to platinum, it produced a nearly
equivalent current, indicating its strong potential as a cost-effective alternative to this
more expensive standard electrode. The enhanced current efficiency is attributed to
its superior morphology, which features a mix of spherical, rod, and sheet-like
structures, as well as its impressive surface area with a BET of 63.41 m2/g, ECSA of
4.4 cm?, and a pore size of 1.71 nm. The optimal material achieved a hydrogen
production current rate of approximately -9.61 x 10w A/ s, worder Rinetic ratei r s t
constant of 8.35 x 10w wisAdditionally, a current density of 2000 mA/cm2 was
recorded for the synthesized electrocatalyst on a 0.5 cm diameter graphite electrode,
which is a remarkably high value compared to previous work reported in the literature.
In this study, SPEEK acted as both a binder and a complexing ligand for the inorganic
components, securing them firmly to the electrode surface to prevent detachment
during the experiments. This research highlights the benefits of using SPEEK as a

nanoparticle binder on graphite electrodes for hydrogen gas generation. It is
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recommended that future evaluations consider SPEEK as a binder for semiconducting
materials currently employed for hydrogen gas generation on various conventional

electrode materials.
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Fig. 4S1: Digital images of electrodes. (a) SPEEK/Ce:Zr after hydrogen generation;
(b) Phase
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Fig. 4S2: LSV plot of current/current density vs Potential (V) vs RHE. (a- b)
SPEEK/Ce:Zr on 0.5 cm diameter graphite (Gamry); after hydrogen generation; (c-
d) SPEEK/Ce:Zr on 0.75 cm diameter graphite (from a dry cell battery).
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CHAPTER 5: HYDROGEN EVOLUTION REACTION BY SULFATED ZIRCONIUM
OXIDE NANOPARTICLES

5.1. Introduction

The combustion of hydrocarbon-based fuels releases a substantial amount of carbon
dioxide (a greenhouse gas) into the atmosphere, contributing to global warming. It is
now cl ear that this signi f condtians [llyAs a maqulg
developing alternative energy sources, particularly non-carbon-based fuel, is critical
and, thus, an attractive area of research globally. As one of the alternative fuels
currently being considered, hydrogen has proven to be a fascinating energy source.
Hydrogen, the universe's most abundant element, has long been known for its energy
potential. It is a versatile fuel that may be utilized in a variety of applications, including
heating, manufacturing, power generation, and transportation [2, 3]. One of the
primary benefits of hydrogen is its ability to generate electricity without producing
greenhouse gases or other hazardous pollutants when used as fuel for fuel cells or
combustion engines [4]. This makes hydrogen an intriguing choice for accomplishing
decarbonisation and dealing with climate change challenges. Several processes can
be used to produce hydrogen, including reforming, electrolysis, and the autothermal
procedure [5]. Hydrogen produced by reforming and autothermal technologies
demands high temperatures and contributes significantly to environmental pollution
[6]. On the other hand, hydrogen produced through electrolysis is an environmentally

beneficial method, making electrolysis a desirable and promising process [7].

The hydrogen evolution reaction (HER), one of the half-reactions in the process of
electrocatalytic water splitting, has received a lot of attention in the last few decades,
leading to the discovery and design of several active catalysts [8-10]. Extensive
research reveals that catalysts with high intrinsic performance have a large surface
area and promote faster electron transfer. This means that increasing these properties
should be a major goal while designing and preparing these catalysts. Catalyst
fabrication methods can be customized to the aforementioned features based on their
internal impacts and extrinsic assistance [11]. The fabrication strategy of intrinsic or

extrinsic influences seldom affects the structural or electrical performance of catalytic
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materials independently but improves both together. For example, nano-structuring
impact and narrow size distribution are effective in increasing both interfacial area (due
to structural impact) and the number of catalytically active sites that are inherently

exposed (electronic impact), increasing electrocatalytic effectiveness [12].

The catalytic properties of metal oxide surfaces are commonly discussed in terms of
acid-base properties. Some reactions require acidic sites, whereas others occur at
basic sites. Many oxides employed as industrial catalysts are multicomponent
materials [13]. It has been discovered that the acid characteristics of mixed metal
oxides can be altered by using different metal oxide ingredients at varying
concentrations and modifying the sample treatment. Thus, it appears that by carefully
selecting the aforementioned variables, mixed oxides can be used to create new

catalysts with the appropriate acid characteristics [14, 15].

Zirconia catalyst is an amphoteric oxide with a monoclinic structure at ambient
temperature [16], which transforms reversibly to tetragonal [17] and ultimately cubic
(distorted fluorite) at higher temperatures [18]. The sulfation treatment of ZrO:2
transforms the material into a large surface area and highly acidic tetragonal sulfated
structure. Furthermore, dopants such as SiO2 might alter the characteristics of SZrO-
based catalysts by slowing surface area loss and structural modifications that
ordinarily occur during heat exposure [19]. Because oxygen vacancies are not
expected to form in SiO2-ZrO2 catalytic systems, the observed thermal stability is

driven by silica inhibiting the development of ZrO:2 particles [20, 21].

In this work, sulphated zirconia (SZrO2) and SZr: SiO2 mixed oxides at varying ratios
were synthesized, characterized and explored for use as suitable catalysts for
hydrogen evolution reaction (HER). The optimal catalysts were adsorbed onto a
graphite el ect r od-énpnethadand tisedtegenenate lydraben@as
under acidic conditions. The kinetics, bubble behaviour as well as mechanism of

interaction were comprehensively explored and described.

5.2. Materials and methods

5.2.1 Materials

Zirconium oxychloride hydrate and tetraethoxysilane (TEOS) were obtained from

Sigma Aldrich. Ammonium sulphate, ammonia hydroxide (30-33%), and ethanol were
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purchased from Merck. All the chemicals were used without further purification.
Mi Il Il i pore ul tr apm)rweas usedforaltaqgueduspreparakibegs.

5.2.2 Synthesis of SiO2

Silica (SiO2) materials were synthesized by the Stober method using tetraethyl
orthosilicate (TEOS) as a silica source [22]. In a typical procedure, a certain amount
of ethanol, deionized (DI) water, and ammonia were stirred together. The TEOS was
added dropwise into the mixture to form a turbid suspension. The resultant mixture
was stirred for 6 hours, and then placed in a sonicating bath for 10 minutes at room
temperature. The colloidal suspension was centrifuged and washed several times with
ethanol until the pH dropped to 7 (sonicating for 5 minutes between washes to avoid
agglomeration). The material was then dried overnight at 70 °C and subsequently
calcined at 600 °C for 2 hours.

5.2.3 Synthesis of sulfated zirconia (SZr) nanoparticles

ZrO2 nanoparticles were synthesized by precipitation technique, with starting
components being ammonia (NHs) and zirconium oxychloride hydrate (ZrOCl..8H20)
[138]. The precipitation of zirconium hydroxide (Zr(OH)4) was achieved by adding an
aqueous (NHs3) solution dropwise to an aqueous solution of 0.2M ZrOCl2.8H20 at room
temperature while rapidly stirring until the necessary pH of 10 was reached. The
precipitate was centrifuged and washed with deionized water until the chlorine ions
(CI) were undetectable by the silver nitrate (AgNO3) test, on the suspension [Zr(OH)a4].
The suspension was dried in an oven overnight at 80 °C. Then dried material and
ammonium sulfate were ground for 10 minutes and placed for 18 hours at room
temperature to produce sulfated zirconia (SZr). The resulting solid was then calcined
at 600 °C for 2 hours, and then further ground to an ultra-fine powder using a mortar

and pestle.

5.2.4 Synthesis of SZr: SiOz2 powder

Varied amounts of silica and sulfated Zirconia powder were suspended in 60 ml
ethanol solution and stirred for 15 minutes, then ultrasonicated in a bath for 1 hour.
After sonication, the sulphated zirconium-silica (SZr: SiO2) material was collected by
centrifugation, washed several times in ethanol then dried overnight at 70 °C, and

subsequently calcined at 550 °C for 5 hours.
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5.2.5 Material Characterization

The morphologies of SZr and SZr: SiO2 metal oxides were examined using scanning
electron microscopy (SEM) JEOL JMS-7800F model coupled with electron dispersive
spectroscopy (EDS) Oxford Aztec 350 X-Max80. To investigate the changes in
chemical bond structures and identification of functional groups, Bruker Vertex 70
Fourier-transform infrared spectroscopy (FTIR) was used. The FT-IR spectra were
recorded within a wavenumber window of 4001 4000 cm'®. Diffraction patterns were
obtained through Rigaku SmartLab X-ray diffractometer (XRD) with a Cu-K Uradiation
source operated at 30 kV and a current of 200 mA with a scanning rate of 0.026 °/sec
from 5° to 90°. Cyclic voltammetry (CV) and Electrochemical impedance spectroscopy
(EIS) studies were performed within a potential window of -0.05 and +0.70 V and at 1
x 10° Hz to 0.1 Hz frequency with an open circuit potential (OCP) of 0.24 V using a
three-electrode cell (TEC) connected to a Metrohm Autolab Potentiostat (PGSTAT30)
equipped with a Nova software version 2.1. The TEC consists of platinum wire,
Ag/AgClI (3M KCI) and as-synthesized materials on a graphite substrate as counter,

reference and working electrodes, respectively.

5.3. Results and discussion

5.3.1 XRD and FTIR characterizations

The X-ray diffraction patterns of SZr and SZr: SiO2 mixed oxides are shown in Fig.

51a. As shown in Fig.la, the XRD pattern

23.99°,28.05°, 31.33°, 33.98°,40.95°, 45.28°, 48.65°, 55.42°, 59.73°, 65.59° and
74.88° attributed to the monoclinic mineral baddeleyite phase of zirconia
corresponding to (100), (011), (-111), (111), (002), (102), (-202), (-212), (122), (-302),
(-231) and (140) planes (JCPDS card number 70-7359), respectively. In addition, the
pattern of SZr shows other peaks at 2d
to the monoclinic phase corresponding to (101), (110) and (112) planes (JCPDS card
number 5-4252).
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Fig. 5. 1: Crystallinity and functional group characterizations. (a) XRD patterns; (b)
FTIR.

These results suggest that both monoclinic and tetragonal phases coexisted in this
sample. Thec har acteristic broad peak of anBc phous

was observed in all mixed metal oxides. The XRD patterns of the SZr: SiO2 (1:1
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through 2:1) samples were found to be amorphous as no distinct diffraction lines were
observed, which signifies that zirconia is distributed uniformly within the structure with

little to no phase separation.

The IR spectra of all samples displayed absorption bands within 33867 3405 cm™ and
at 1620 cm'?, corresponding to O-H stretching and bending modes of water molecules,

respectively (Fig. 5.1b). A small band situated at 1342 cm' ! for SZr was also observed,

representing t he sul fate groud®ls AlcSZror di nat

SiO2 samples showed the silanol Si-OH bond at around 451-445 cm'! and the
asymmetric stretching vibration for Si-O-Si at 808 cm™. When SZr was fully
incorporated into the SiO2 material, it was expected that the silanol groups of the
SiO2 spheres should be modified [25]. The band at 1056 cm'! underwent a shift at
1091 cm'! caused by the Si-O-Zr formation, and the degree of the band shift depends
on the number of Si-O-Zr bonds, in line with the increment in zirconium precursor
concentration [26]. The appearance of absorption bands around 820 cm' ! associated
with a Zr-O stretching vibration signal was found readily displayed in SZr: SiO2 (1:1),
SZr: SiO2 (1:2), and SZr: SiO2(2:1). The infrared vibration peaks at 451 and 445 cm™
were ascribed to the characteristic vibration of tetragonal zirconia (Zr-O) clusters in

agreement with the XRD results.

5.3.2 SEM analysis

The SEM and elemental mapping analysis were carried out to study the morphology
of the prepared samples. The SZr image showed that the sample contained rod/bar-
like nanoparticles that had undergone agglomeration (Fig. 5.2a). The SiOz image (Fig.
5.2b) showed that the sample was made up of agglomerated small spherical-like
particles. Fig. 5.2c-d shows the SEM image of composite SZr: SiO2 material prepared

at a ratio of 1:1 with insert magnification (Fig. 5.2 d Nj) . It was obser ve

morphology of the SiOz underwent a change from agglomerated spherical-like
particles to a multilayered-like material after being loaded with SZr particles.
Furthermore, it was observed as well that the degree of agglomeration of SZr particles
was drastically reduced when loaded on the surface of silica material, suggesting that
the SZr particles might be evenly dispersed on the surface of SiO2. When the
preparation ratio of the composite material was adjusted to 1:2 (SZr: SiO2), the

material displayed bigger pore defects (Fig. 5.2e-f).
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Fig. 5. 2: SEM images of the as-synthesized materials. (a-b) SZr and SiOz,
respectively; (c-d) SZr: SiO2 (1:1); (e-f) SZr: SiO2 (1:2); (g-h) SZr: SiO2 (2:1), with insert
magni fication (dNj, fNj, hi§9). and el ement al mappi
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When the preparation ratio was adjusted to a ratio of 2:1 (SZr: SiOz2), the SEM imaging
showed material with reduced pore defects (Fig. 5.2g-h).

The elemental mappings of the materials are shown in Fig 5.2 (S1-S3), which further
confirmed the even distribution of SZr on SiO2 for all tested materials. The
instrumentation confirms the successful preparation of the composite materials by
identifying the presence of S, Zr, and Si as compositional elements in the as-

synthesized materials.

5.3.3 Electrochemical characterizations

Cyclic voltametric analyses alongside the Randles-Sevcik plots were used to evaluate
the redox properties of the as-synthesized electrocatalysts in the presence of the
ferrocyanide redox probe (Fig. 5.3a-j). As shown in Fig. 5.3a-j, all materials favoured
the diffusion-controlled process. Also, the electrocatalysts improved the oxidation
process of the graphite support. In addition, it is worth noting that increasing the
amount of SZr improved the cathodic interactions than increasing the amount of SiO2
in the composites. Thus, among the tested electrocatalysts, SZr: SiO2 (2:1) exhibited
the highest redox activity relative to oxidizing Fe(ll) to Fe(lll) system and vice versa,
having R? of 0.99855 and 0.98203 for both anodic (oxidation) and cathodic (reduction)

reactions.

The results of the Nyquist plots and Bode analyses are shown in Fig. 5.4a-b. Fig. 5.4c
shows the circuit representation of the EIS analyses. As shown in Fig. 5.4a-b, in the
high-frequency region (1000-10000 Hz), the semicircle and phase angle decreased in
the following order: GE-SZr: SiO2 (2:1) > GE-SZr: SiO2 (1:1) > GE-SZr: SiO2 (1:2) >
GE-SZr > GE revealing the superiority of the SZr: SiO2 (2:1) compared to other tested
materials in terms of better charge transfer effectiveness relative to the redox probe
couple (Fe(ll/Fe(lll) (Table 5.1). The reversibility of an electron exchange process on

an electroactive surface can be determined using the value corresponding to the

di fference bet ween t he anodi c and cathodic

representing a reversible charge transfer process at 25 °C for a one-electron exchange
process [27, 28]. The extent of deviation from this value at this temperature suggests
a quasi-reversible (smaller deviation) or irreversible electron exchange process. As
shown in Tabl e 1, t hesynthadizedanateriald weie Bgbtooffay
from 57 mV (0.057 V), implying their characteristics to be quasi-reversible [27-29]
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Fig. 5. 3: Voltammograms of the as-synthesized electrocatalysts with Randles-Sevcik
plots. (a) Graphite Electrode (GE); (b) GE-SZr; (c) SZr: SiO2 (1:1); (d) SZr: SiO2 (1:2);
(e) SZr: SiO2 (2:1); (f-)) Randles-Sevcik plots of GE, GE-SZr, GE-SZr: SiO2 (1:1), GE-
SZr: SiO2 (1:2) and GE-SZr: SiO2 (2:1) respectively. Redox probe: [Fe(CN)s]¥* Scan
rates: 251 500 mV/s.
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Fig. 5. 4: EIS analyses. (a) Nyquist plots; (b) Bode plot. Electrolyte: 0.1 M KCI
containing [Fe (CN)s]*"* '; (c) Randles fitting circuit model (Table 5.1).
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Table 5. 1: Summary of CV and EIS data in 1 mM [Fe (CN)g]>"/*

Electrode Rct (kY Rs (kY) Phaseangle &Ep (V)
Deg.

Bare GE 12.1 29.9 48.13 0.1602
GE-SZr 101 -23.7 43.45 0.1929
GE-SZr:SiO2 59.5 -37.9 49.83 0.1762
(1:1)

GE-SZr:SiO2 77.8 206 49.63 0.1636
(1:2)

GE-SZr:SiO2 4.42 35.7 55.16 0.1588
(2:1)

5.3.4 ECSA and Tafel polarization.
The results of the ECSA and Tafel polarization of the as-synthesized materials are

shown in Fig. 5.5a-d and Table 5.2. The ECSA was estimated using the Eq (4.2). As
shown in Fig. 5.5a and Table 5.2, the capacitance and thus the ECSA values of the
bare electrode (GE) did not change after modification of the surface with the as
synthesized electrocatalysts except for SZr which reduced the value by a 100 unit.
Also, the corrosion potential remains the same as that of the bare electrode for all
tested materials except for GE-SZr and GE-SZr: SiO2 (2:1) which increased the values
from -0,2389 to -0,2413 and -0,2438 V respectively. These results shows that all the
tested electrode materials were less prone to corrosion since their corrosion potentials
lied slightly in the negative potential window. However, GE/SZrSi (2:1) showed higher
tendency to corrosion than GE, GE/SZr, GE/SZrSi (1:1) or GE/SZrSi (Table 5.2). These
facts were further supported by the Tafel slopes of the tested electrocatalysts. In terms
of the Tafel slopes, the lower the values, the faster is the reaction rate occurring at either
the anode or cathode to cause a change in the potential. Thus, materials corrode easily and
faster at lower Tafel slopes. As shown in Table 5.2, the GE/SZrSi (2:1) exhibited the least
Tafel slope value (111.37) while the bare electrode GE showed the highest. This
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makes GE the material with the slowest corrosion rate while GE/SZrSi (2:1) exhibits the

fastest corrosion speed.
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Fig.5.5: Polarization properties of the as-synthesized materials. (a) Capacitance

values; (b) ECSA,; (c) Corrosion potentials; (d) Tafel slopes.

Table 5. 2: ECSA and Tafel polarization

Catalyst Cdl ECSA Ecorr (V) Slope log A Tafel Slope
(UF)2  (cm?) Vs n (mV/dec)
GE 400 10 -0,2389 8,093 123,56
GE-SZr 300 7,5 -0,2413 8,673 115,30
GE-SZr:SiO2 (1:1) 400 10 -0,2389 8,252 121,18
GE/SZr:SiO2 (1:2) 400 10 -0,2389 8,346 119,81
GE/SZr:SiO2 (2:1) 400 10 -0,2438 8,979 111,37
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5.3.4 Hydrogen Production, mechanism and Turnover frequency.

The synthesized materials were investigated for HER activity in an acidic medium. The
electrochemical hydrogen evolution reaction was carried out using linear scan
voltammetry (LSV) in 0.33 M H2SO4 at a scan rate of 10 mV/s in a potential range
between -2.3 and 0.25 V (vs. RHE). Fig. 5.5a shows a comparison of HER activity of
Graphite-SPEEK/SZr and Graphite-SPEEK/SZr: SiO2 mixed oxides with that of bare
graphite electrode. The HER current density values of 880, 126, 1482 and 1442
mA/cm? at -2.3 V were observed for catalysts SZr, SZr:SiO2 (1:1), SZr:SiOz2 (1:2), and
SZr: SiO2 (2:1), with onset potentials of -0.69, -2.2, -0.61, -0.66 V, respectively. The
current density of the bare GE and Graphite/SPEEK was 1740 and 1159 mA/cm?. The
higher HER activity Graphite-SPEEK/SZr:SiOz2 (1:2) followed by Graphite-SPEEK/SZr:
SiO2 (2:1) metal oxides can be attributed to the strong interaction between the surface
functional group SiO-Hand H* ion Eq. (5.1-5.3) Scheme 1.

Si-OH (s) + Hfag) —> (SIO*(H(g)-H)s) (5.1)
(SiIO*(H@g)-H)s) + e —> (SiO*(Hads)-H)es) (5.2)
2(Si0*(Heds))-H)s) —* 2SiO-He) + THZ(g)(Bubee) (5.3)

Scheme 5.1: Proposed mechanism of hydrogen evolution on Szr:SiO..
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According to Eg. (5.1-5.3) Scheme 5.1, the silanol group (Fig. 5.1b) on the as-
synthesized materials attracted a proton from the aqueous stream via covalent
donation forming a protonated species Eq. (5.1). The protonated silanol system then
interacted with an electron under the reducing electrode environment to generate an
atom of surface adsorbed hydrogen Eg. (5.2). Afterwards, combination of two surface
adsorbed H atoms formed the hydrogen gas, the bubble of which detached from the

silanol surface Eqg. (5.3).

In order to establish the stability of the current produced by the material,
chronoamperometric experiments at a controlled potential were carried out. Fig. 5.5b

shows the chronoamperometric profiles measured at room temperature in 0.3333 M

H2S0O4 a t an applied potenti al 56U tha1l:2Zomposité .

material showed the highest stability among all tested materials. This stability property
may be related to the presence of excess SiO2z on the surface of the material Eq. (5.1-
5.3).
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Fig. 5.6: HER outputs of the as synthesized electrocatalysts. (a) LSV plots vs. RHE;
(b) Chronoamperometry plots at -2.5 V (vs Ag/AgCl (3M KCI)). Electrolyte solution:
0.33 M H2SOa.

Turnover frequency (TOF) measures the catalytic activity of a catalyst, defined by the
number of substrate molecules that are converted to the product per active site of the
catalyst per unit time. It helps in assessing how effective a catalyst is by showing the

efficiency of its active sites in propelling a reaction. The values of the estimated TOF
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of the tested electrocatalysts are shown in Table 5.3. as shown in Table 5.3, the order
of increasing TOF for all tested electrocatalysts is GE < GE/SZr <GE/SZr:SiO2 (2:1) <
GE/SZr:SiO2 (1:2) < GE/SZr:SiO2 (1:1), making the GE/SZr:SiO2 (1:1) the best
material for the hydrogen generation in terms of TOF at -0.55 V vs RHE. The TOF
data was obtained from LSV results shown in Fig. 5.7 in conjunction with the ECSA
data in Table 5.3 and Eq. (4.3).

Table 5. 3: Turnover frequency data of the as-synthesized materials.

Catalyst ECSA Jecsa at -0.55 V TOF= Jecsa/2ncatF TOF

(Afem?) (cm2s?) (s1)

GE 10 -0,725 -0,0045 -0,0451

GE/SZr 7,5 -0,600 -0,0719 -0,5392

GE/SZr:Si02 10 -1,700 -0,2566 -2,5662
1:1

GE/SZr:Si02 10 -1,275 -0,2322 -2,3216
1:2

GE/SZr:Si02 10 -0,550 -0,1455 -1,4551
2:1

15 - GE
——GE/Szr

-3 - GE/SZrSio2

35 - 11
GE/SZrSiO2
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Fig. 5. 7: Polarization curves of the tested HER electrocatalysts.
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Table 5.4 shows the comparison between the hydrogen production current density
data value of the present work and some work reported in the literature. As shown in

Table 5.4, the present material exhibits better HER activity than the reported works.

Table 5.4: Comparative HER activity data with some reported literature works.

Material Current density vs. RHE Ref.
(mA/cm?)
Ni-Ce-Pr-Ho/NF -50 [30]
Biochar -100 [31]
nPdNFs -50 [32]
VN/Co@GNC > -200* [33]
Copper-N-SiO2 -60 [34]
MoS2@AB -550 [35]
GE/SZr:SiO2(1:1) -1700 Present work
GE/SZr:SiO2 (1:2) -1275 Present work
*Slightly.

5.4. Conclusion

This research investigates SZr:SiO2 mixed oxides as alternatives to platinum catalysts
for the hydrogen evolution reaction (HER). The modified graphite (GE) electrodes,
particularly the GE/SZr:SiO2 (1:1) and GE/SZr:SiOz2 (1:2), respectively demonstrated
exceptional performance with a hydrogen evolution current density of -1.70 and -1.28
Alcmz? at -0.55 V vs. RHE based on ECSA dimension. These high performances were
attributed to the easy exchange of electron between their surfaces and aqueous
hydrogen ions and availability of numerous active sites on their surfaces. The research

significantly advances the development of effective electrocatalysts for energy
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conversion devices in acidic environments and highlights the potential of non-platinum

alternatives in sustainable energy applications.

5.5. References

1.

10.

Dhamodar an, G. , G. S. Esakki mut hu, T. Pa
Reducing gasoline engine-bamiesls iooxnysgemsait e
reviEeme.r gent mat 6(r5)a:l spl.4 21832933
Badea,HWdriagen as edBaglyc soEmee i se.s , 202
1418): p. 5783.

Mc Cay, M. H. anHly dS.og®maf iAee ,e nreurt guyr ec.aernreir egry
2020, El se¢®8r. p. 475

| shagq, H. , . DindAerevaedadw Gn Gyawbaged, pr
utilization: Chall ehgeer raantdi oonpaplor X aiwnri rt a le
Ener gy,4 [202)2:. p2 6 226642.3 8

Mi nutill o, M., A. GPeema,hyadamdgAn $Hoodect.
bi ogas steam and autot her mal reforming

anal yAspepsl.i ed Enéwv:dgyp. 2DR2D45 2.

Song, H. , Y. Liu, H. BEmrar gW,. €&rwinr, 0 nammedn
economic analyses on a novel hydrogen pro
met hane reforming with renewmaellgey eCoenrvgey sa
and Managemé@hi8,p202R5513.

Wang, T., X. CRBM vaatderL .elJdctor,ol ysi s for |
fundamentals, advaraedb,onameupn@ipe gph s 2D12.2
Liu, F., C. Shi , X. Guo, Z. He, L. Pan,

Rational design of better hydrogen evol ut
a rewWwidewnced Sci¥id8¢, »022200307.

Gong, Y., J. Yao, P. Wan®erZpektitjvB. oZhby

energy and recent progress Chieleset dJowaatna
of Chemical Engdgi3neel2Bg, 2022,

Xu, Y. , X. Zhang, Y. Liu, R. cWanpgcaly. r ¥ai
research progress for met al all oy materi e
evoluti onEmwiarcanment al Science and Pol | u

305): p-1132802

164



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

UNISA %
Rahamat hul | a, N. Adawmwan c;Ae P. heMuet vyt r uct ur es
el ectrocatal ysts f er reewdaead.nalwadferEmerlgy t
20283 p. 109127.
Yu, J ., X. Du, H. Liu, C. Qi Mi nR. r¥wuij e®. C
active s-baesdiprl €Eetrocatal ysts Emnemr gyl Kal i
Fuel s,38P2)1: pl19011910.00
Bosi ca, G. anRdeckRnt Aladlivialn,es i n mul ticom
catalysed under operationalClayt ahgt €5 p g erle
127): p. 725.
Qumar , u. , J. Z. Hassan, R. A. Bhatt i, A.
| kr mot ocatal ysis vs adsor pti oho uryn anie t aafl
Materials Science 1&8:1Tec-h@d&@l2oqgy, 202 2.

Mari kutsa, A., M. Rumyant seva, TEh&.k&pnst
role of active sites in the development o
Sensors21Z021p. 2554.

Wen, Y., C. Zhou, L. Yu,PQepdhanhgonWof Haart
zirconia by hydrother mal met hod: I nfl uen
Solid State Slcdizepced 072873

Asgerov, E.B., A.Il. Beskrovnyy, N. V. Dor o
Chicea, M. D. Lazar, A. A. Tatarinova, S.
Reversible martensiticSphlaaisleiaa@dng@Eo ®doms i

by adsor pt iNemmomfatveatiéa®.3) : 2022435.

Ci ss®, C. andA Mpias &lacemod-ebotfloer immaoln p h a
transformati on and pl ast isdiatby | ii ne dpotl ggtcnr
zircAaota. Materlalip-l 2131012 0.
ELDesoukD. S.hr &aAh iH8 . bW e | Aa z NnbAo.«GIMAeg i tand D. R.
Abddéafi,Zaae opti mum conditions for met han
et her over modified sulfated zirconia cat
Jour nal of Fuel Chemi s49y) and,. TEShnol ogy,
Shearer, A. , M. Mont azeri an, BZi Detmmgi,a J.
cont ai nifnegr agmiacsss: From nucleating agent t
Il nternational Journal of Cer@&mfi)c PngielderC

165



21.

22.

23.

24.

25.

26.

27.

28.

29.

UNISA =

Zhang, M. , Y. Hu, H. Wa n g, H. ALirevX.ewHard,
b i-oi | upgrading by catalytic hydrotreatn
prospkReltecul ar Cab@ahym.i sl 112403281..

Kaur , H., S. Chaudhary, H. Kadwyrd,r oM.y sG hsa uadth
condensation of tetraet halgueaou hrosiinltiecrafte
i mplications for si |l iA@S nammplpiaed i chaeo f ma
2028(.1): 4922411

Sadr , S., A.E. Langroudi, A. Rejsaai ¢ ANdF
|l ead removal fromphwabent ablyyt nanosystems
Ant hropogenic ¥Holl)l:u8w.on7,2 2021.

Cao, J., D. Zhang, Y. Yue, R. Chanajaree,
and Y. Regobating sol vati on structure t

fastening the free water mol ecul Nanwith a
Energy,93201R2.2.106839.

Mader-6el era, R., S. RGcmeerr, CaBarhio?, m@n elz
Gar dwaa eo s, J. M. RoBast,, RlI. AMor @erwi I-i a, an
Tor rPeosr,ousn®@n®spheres mogarfd etdh evirt-pwea O n
catalytic procesasckdeded oc meédbmiaad anl Isvnadl wusetmr if ailr f
Engineering Chemi s60Q%1Res la8805.92021.

Bhaskar, S., E.W Awin, K.H. Kumbesi g4n Lal
of nanoscal ed heteroj-diercit v-®doh® Sti OC pNgcCL
nanocomposites: Transgressing the boundar
visi blSecileinghitf.i c Y@pprtp., 2320.

El grishi, N. , K. J. Rountree, B. D. Mc Car tt
J. L. Dempprygctical beginner s goudmalt oo fc:
chemical edueh2)onp0@098g.

Fakayode, o.J. , R. L. Mohl al a, R. Rat shi e
Feleni, and TEITe c tNkoacnabtualley,t i ¢ oxi dafti on
reversible silver nanodumbbel | particl e
producCthieann stryOdens,) :2®P24.e202300212.

Li, M., S. A. Odom, A.R. Pancoast, L. A. RO

Doan, Y. Wang, T.M. Suduwé&kbperiaedat@l RprBH
for studyingqoegasicedorn fa2®m2avl ,baAG@rRuebsl i c

166



30.

31.

32.

33.

34.

35.

UNISA %
Liu, W. , W. Tan, H. He, Y. Roanreg t, e pY. C
el ectrodepoiGeatPirldam/ Nd&f aMi an efficient el
hydrogen evolution r ed&mnteiragry,2 5200a8I2k all2i3mBe3 1n
Yi ng, Z. Y. Du, X. Gu, X. Bu 0o cHagiZhtean @ ,

water el ectrodspvisngf dydeaoagegy production:

st raavs ed bi ochar structur e and i ts enhan
Energy,3025034. 132277.
Raj , S. K., K. B. Pat el , V. Shar ma, D. N.

Nanopal-aadhaomed MXene Nanofl owers for b «
hydrogen evolbEBhneogyr&akEBdl@d, : 2 pR S 816658.5 6

Feng-L. tM.D.L4iQ, Qi-w., RKY, Mi n, IH. Reng,H.Y.Che
and-XX. ZWwlut,r as mal | VN/ Co heterostructure w
anchoredopgend Ngraphitic nanocarbons for bo
Advanced Sensor and Emhe3r)gy pMatleOrOiOa27s., 202

Khdary, N.H., M. A. Ghanem, M. E. Abdel sal a
CoppeSiOnanoparticles catal yst for hydr
international jJournal4481hydp202gRPR.26er gy,
Guo, L., Q. Liu, Y. Liu, Z. Chen, Y. Ji ar

Sebstupported ithkee M8l Saar ti cl es on nickel fo
el ectrocatal ysts f oNanoovebnaelrl@ wWwap2e0r22Zs.p7 0 7 .t

167



UNISA =

CHAPTER 6: ACIDIC WATER SPLITTING OF CERIUM-SILICA MIXED OXIDES
FOR SUSTAINABLE ELECTROCATALYTIC HYDROGEN PRODUCTION.

6.1. Introduction

Over the last few decades, energy demand has skyrocketed due to increases in
population, automobiles, and energy-based devices, resulting in massive use of fossil
fuels [1]. The development of alternative fuels has been strongly encouraged by
environmental pollution and the "greenhouse effect" caused by conventional energy
sources. As an alternative to fossil fuels, hydrogen is currently seen as a clean and
renewable energy source [2]. Hydrogen generation from alkaline water electrolysis is
a key component of various emerging clean-energy technologies such as
thermochemical water splitting, electrolysis, and photoelectrolysis [3-5]. However, the
fundamental issue with electrolytic hydrogen is its low energy conversion efficiency
and high energy consumption. From an electrochemical standpoint, the energy
conversion efficiency of electrolytic hydrogen can be improved by selecting a suitable
cathode material with high inherent catalytic activity for the hydrogen evolution process
(HER) and/or increasing the electrode's active surface area [4, 6, 7].

Platinum group metals, such as Pt and Ru, are well-known as top HER catalysts, but
their scarcity and high cost now prevent their widespread use [8, 9]. To address the
issue, extensive research on the HER is being conducted to develop new electrode
materials that will minimize both the cathodic overpotential and the cost. It is critical to
address the aforementioned energy crisis by utilizing low-cost, earth-abundant
electrocatalysts. Many non-precious metals, including transition metal-based
compounds and metal-free carbonaceous materials, have been employed in both HER
and oxygen evolution reaction (OER) processes [10]. Furthermore, diverse TiOXx,
MoOx, Fe203, WOX, and rare earth metal oxides such as CeOz, La203, and so on have
been used in both half-reactions, greatly improving the catalytic activity towards the
OER and HER processes [11].

Cerium oxide (CeQy) is particularly important among rare earth metal oxides due to its
favourable features such as low toxicity and good chemical stability. It has also been
used in a variety of applications, including fuel cells, photocatalysts, polishing
materials, and sensors [12]. Cerium's unique redox properties and high oxygen
storage/release capacity via the Ce*’Ce3" pair play an important role in these
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