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Evyapiotiec

Oa MBelo va eKPPAc® TIC TTo BepUEG OV EVYOPIOTIEG OTOV EMPAETOVTO TG TPOTTVYLOKNG LLOV
dmilouatikng epyoaciog, K. Iavayidt Towokdpa, yio tqv moAdTun kabodynon, v auépiom
oP1EN KoL TNV VIOV OV £0€1EE GE OAN T dLapKEL TNG EKTOVNONG TG £pyaciog pov. H cupfoin
TOV W€ TIG EDOTOYES TAPOUTNPNOELS, TIC YVMDGELS KO TIG CLUPOVAES TOV VINPEE KAOOPIOTIKY TOGO Y10
TNV OAOKANP®OT) TG TOPOVCOS LEAETNG OCO KO Y10 TNV OKOOTLLOAKT Kol TPOCMOTIKY| Lov eEEMEN.

®a Mela emiong va gvyaprotom Bepud tov k. Iedpyro Xapordumovg Kot v Ko AyyeAikn
Mnpovlyov, péAn ™G TPWEAOVS €mTPOTNG ASIOAOYNONG, Yo TOV YPOVO TOL QPEPMOAV, TO
EVOLAPEPOV TTOL E£JEENV KL TIC OVGLUOTIKES TAPOTNPNOELS TOVS, Ol OT01eg GLVEPaANY ot PeAtimon
KOl OLOKANP®OT TNG TOPOVGAS SIMAMUOTIKNG epyocias. H cuppoirn tovg vimpée moidTiun 1660 y
TNV EMGTNUOVIKT] apTIOTNTO TOV £pYOL OGO KOt Yol Tn Ok Hov axodnuaikn mopeio. EmmAgov, Oa
Nn0eia va exkepdom v evyvopocHvn pov mtpog 1o [avemotuo Osocariag, 6To omoio xm v TN
va gourt®. H @oitnon oto Idpvpa avtd pov mpociépepe yvmoels, sumelpieg kot €podia mov Oa
OTOTEAEGOVV TOAVTILO 0ONYO Y10l TNV EMOYYEALATIKN KO TPOCMOTIKY LOV TOPEiaL.

Téhog, éva peyddo gvyopLoT® 0PEIA® Kot GTNV 0IKOYEVELY LoV, TOVS Yoveig pov EvayyeAia kot
Oopd kot ota adépela pov Mapkncio kot ZTéAL0, Yo TNV APEPIOTN AYAmn, KATOVONOT Kot 6TNPIEN
oL POV Tapeiye o€ OAn TN OBPKEI TOV GITOLOMV HOV Kol WO0iTEPA KOTE TNV €KTOHVNON NG
napovcag SIMAOUATIKNG epyacioc. H mapovaio tovg vanpée yio péva mnyn dvvaung kot evodppuvong

og kéOe Prpa avg TG Topeiag.
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Abstract

This thesis focuses on the study of catalysis and modern technologies for energy storage and
conversion, with a central emphasis on photocatalysis and its applications. Catalysis represents a
fundamental mechanism for accelerating chemical reactions, directly linked to key energy devices
such as batteries, fuel cells, and supercapacitors, which are crucial for sustainable energy
management.

Special attention is given to photocatalysis, the process of activating semiconducting materials
through light irradiation, which finds applications both in environmental remediation and in the
production of clean fuels. Photocatalytic water splitting for hydrogen generation is highlighted as one
of the most promising approaches, since hydrogen is internationally recognized as a zero-emission
energy carrier.

Within this context, the thesis examines the materials employed in photocatalysis, such as metal
oxides (e.g., TiO2, ZnO), composite semiconductors, and nanostructured systems, aiming to improve
their efficiency and stability. Particular emphasis is placed on the role of rare earth elements, which,
through doping and modification, enhance light absorption in the visible spectrum and reduce
electron—hole recombination.

Overall, the study underscores the significance of developing efficient photocatalytic materials
and systems as a decisive step toward the green energy transition and the establishment of a

sustainable future.
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Hepiinyn

H mopovoa dumthopatiky epyocion €oTidlel oTn HEAETN TG KATAALONG KOl TV GUYYPOVOV
TEYVOAOYLOV ATOONKELONG KO LETATPOTNG EVEPYELNG, LE KEVIPIKO AEOVA TN QOTOKATAALGT KOl TIG
EPAPLLOYES TNG.

[owitepn PopdtnTto divetor o1 EOTOKATAALGY, ONAdN TN JSwdikacio evepyomoinong
NUOYDOYIUOV VAMKOV UECH OOTOS, M omoio Ppiokel epapuoyéc 1000 otV mEPPUAAOVTIKN
amoppLTAVOT) OGO Kol 6TV Topaymyn Kabapov kavsipowv. H potokatadvtiky Sidomacr tov vepol
Yo TNV TOpAy@yn vopoyodvov amoterel €va amd ta TALov vooyoueva media, KabdS To vOPOYOVO
avayvopiletal 01e0vac Mg EVEPYELOKOG POPENS UNOEVIKAOV EKTOUTMOV.

>10 mhoiclo oTo, ££€TALOVTOL TOL VAIKG TTOL YPNGLUOTO0VVTAL GT PMTOKATAAVCT], 0TS T
o&eidwn petddhov (m.y. TiO2, ZnO), chvOeTor NUIAY®OYOL Kot VOVOSOUNUEVO GUGTHLLOTA, LLE GTOYO TN
Beitiowon g amodoTikdtnTag Kot TG otafepdtntds tovg. Idwaitepn éupaon divetar ot cvpfoin
TOV GTOVI®MV YO1OV, Ol OTTOIES, HEGM VIOMIVYK KOl TPOTOTOINGNG, EVIGXVOLV TNV AToppPOPNoN GTO
opaTod Paoua Kot TEPLOPILovY TNV EXAVOGVVIEST] NAEKTPOVIDV-0TTAOV.

YUVOMKA, 1 €PYOCIO OVOOEIKVVEL T ONUOGTO TNG AVATTLENG OTOSOTIKOV POTOKATOAVTIKOV
VAMKOV KOl cLOTNHATOV ©¢ KaBoploTikd Prpa yioo TV TPACIVN €VEPYEONKN HETAPOoT Kol N

onpovpyia evég Prdciov péEALOVTOC.
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Chapter 1

Introduction

The world's energy demands have been steadily rising for the past few decades, with fossil fuels like
oil, coal, and natural gas serving as the primary sources. Consequently, issues such as air pollution, global
warming, and climate change have become major concerns. Additionally, challenges like fluctuating oil
prices, geopolitical tensions, economic instability, and the depletion of oil reserves have highlighted the
urgent need to transition toward a more diverse and sustainable global energy system [1].

The 2022 energy crisis, triggered by Russia’s invasion of Ukraine, highlighted the ongoing risks of
dependence on fossil fuels and reignited national concerns about energy security. The International
Energy Agency (IEA, 2023) defines energy security as the continuous availability of energy sources at a
reasonable cost [1].

While various aspects of energy security are important, affordability remains a key issue,
particularly as concerns over energy poverty continue to grow. Renewable energy is becoming
increasingly significant in discussions on energy security. It is reducing reliance on energy imports while
also introducing new challenges. In some countries, renewables help stabilize electricity prices, whereas
in others, they contribute to price fluctuations. Since energy security is also linked to affordability, price
volatility remains a key concern [1].

The swift expansion of renewable energy presents new challenges for energy security, but advanced
solutions are already in place. One issue is that the extraction of transition metals is more centralized
compared to fossil fuel production. Metals are required only for expanding energy production capacity,
not for ongoing energy generation. Therefore, a potential metal shortage would not cause an immediate
energy crisis like a disruption in fossil fuel exports would. Additionally, metal resources are distributed
across multiple countries and can often be substituted for one another [1].

A central element of decarbonization is the adoption of "green energy" technologies, such as wind
turbines and electric vehicles. The 4.1% of energy is generated by wind power (compared to 39% by coal,
27% by natural gas, 19% by nuclear, 7% by hydropower, 1.5% by biomass, 1% by petroleum and gaseous
hydrocarbons, and less than 1% by geothermal, solar, and other sources). However, these technologies
also introduce new sustainability issues. While the use of green energy helps reduce fossil fuel
consumption, it simultaneously raises the demand for permanent magnets that contain significant
quantities of rare earth elements (REEs) [2].

The application of rare earth elements (REEs) in these technologies is difficult to replace due to their

unique physical and chemical characteristics. According to the IEA, reaching global net-zero emissions
16
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by 2050 would require a sixfold increase in mineral input, with a demand for 3—7 times more REEs by
2040 compared to current levels. Building wind farms and producing electric vehicles typically require
69 times more minerals than their fossil fuel-based alternatives. Wind energy generators are widely
recognized for producing no air or water pollution, not needing fuel extraction through mining or drilling,
and using no water in electricity generation. They also do not produce hazardous or radioactive waste that
would need permanent storage. Additionally, wind power is expected to prevent about one-third of global
annual carbon emissions by 2050. A 2 MW wind turbine, which contains approximately 350 kg of rare
earth elements (REEs), can offset up to 42,000 tons of CO2 equivalent over its lifetime [2].

The green energy industry's leading suppliers of raw materials are China, the US, and Australia,
whose production has the greatest environmental impact. Using China as an example, the eco-cost
analysis of 19 development pathways for the mining sector of rare earth elements (REEs) has given us
net costs for 2015 and 2025 that range from 14.8 to 16 US dollars, respectively [2].

In the long term, diversifying supply sources to meet the current demand for rare earth elements (REEs)
from existing technologies- without considering sustainability concerns—essentially shifts environmental
issues from one location to another and postpones them into the future, while failing to address the most
urgent problems. This emphasizes the need to implement various strategies aimed at increasing the reuse
and recycling of REEs (currently less than 1%), reducing material use, promoting substitution, and
developing new elimination technologies (such as engines without permanent magnets). These efforts
would contribute to the environmentally sustainable development of green energy technologies [2].

Along with materials, catalysts also play an important role. The catalyst can change a lot of molecules
and takes part in the process without being consumed [3]. Catalysis offers economical and environmentally
friendly ways to convert raw resources into useful compounds. As a result, catalytic processes are now
crucial to addressing the global energy and environmental issues that we are currently facing [4].

In Chapter 2, Catalysis, Electrocatalysis and devices for energy conversion and storage will be
presented.

In Chapter 3, the basis of photocatalysis will be described. The main applications will also be
mentioned.

In Chapter 4, the hydrogen production through photocatalytic water splitting will be examined and
materials used in photocatalysis, will be mentioned. Properties and information about rare earths will be
analyzed.

Finally, Chapter 5 will outline conclusions and future outlooks for the development of

photocatalysis involving rare earth elements, with a focus on practical applications.
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Chapter 2

Catalysis, Electrocatalysis and electrochemical devices for energy conversion and storage

2.1 Introduction

The word "catalysis" was first introduced in 1835 by Swedish chemist Berzelius. However, it
wasn't until 1894 that a clear definition was provided by Ostwald, who described it as speeding up
of a slow chemical reaction through the involvement of an external substance [3].

Catalysis plays a central role in chemical reactions that produce a wide range of synthetic
materials and commercial chemical products. In fact, over 80—85% of these products involve the
use of at least one catalyst during their manufacturing process. Without catalysts, the production of
many everyday items—such as medications, detergents, synthetic fibers, perfumes, fuels, paints,
lubricants, and countless other valuable chemical products—would be either impossible or highly

impractical [4].

2.2 The Catalyst’s work

Catalysts are chemical agents that facilitate the efficient conversion of fine chemicals into
valuable products or synthetic materials. They are essential in promoting these chemical
transformations by making the processes more effective resulting in lower costs, fewer by-
products, reduced energy use, or increased yields of the desired products within shorter reaction
times [4].

A catalyst speeds up a reaction by reducing the activation energy required. It does this by
binding to the reactant molecule and interacting with it. While the catalyst takes part in the reaction,
it isn’t consumed in the process and can act on many molecules. As a result, only a small amount
of catalyst is needed to bring about the transformation of a large quantity of reactants [3].

By keeping molecules or molecular fragments close together and possibly in a particular
relative orientation until the reaction is complete, it polarizes the molecule, which means that it
alters the electron distribution in a way that promotes the creation of new bonds. It also facilitates
the severing of current ties. Adsorption alone is frequently not the whole picture. The bond
strengths and, thus, the distribution of electron densities vary along the reaction path. Low
frequency vibrations enable flexible modifications of the local catalyst shape, which support these
changes. The flexibility required for energy reduction is provided by the edges, kinks, and corners

of crystals or clusters as well as catalyst surfaces with a wide range of imperfections [3].
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In addition to their widespread use in traditional chemical processes, catalysts have become
increasingly important in addressing major global challenges, such as renewable energy and
environmental issues. Developing catalysts that can aid in producing renewable energy and
cleaning up the environment is now considered one of the most crucial areas of scientific research.
Moreover, with fossil fuel reserves declining, creating catalysts that can efficiently convert CO:
into fuels and split water to generate hydrogen has become a highly relevant and essential focus in

modern research [4].

2.3 Catalyst’s requirements
2.3.1 Introduction

Catalysts are available in many ways to suit the wide range of operating conditions, raw
materials, and end products involved in different processes. The active metal components can be
applied to various types of supports, which are typically highly porous and range in size from fine
powders to large pellets. Regardless of the specific setup, achieving high activity and selectivity

for the target products is essential [5].

2.3.2 Stability

The stability of a catalyst is crucial, and it is essential to avoid processes like irreversible
particle growth or deactivation of active sites. A catalyst’s performance and durability are governed
by its so-called “DNA,” which includes the density, type, and accessibility of its active sites.
Notably, the accessibility of these sites is heavily influenced by the pore structure of the support

material [5].

A logical and knowledge-driven approach is required to identify potentially stable and active
catalysts. Unfortunately, our current microscopic understanding of stability issues is quite poor. In
general, powder materials with undefined particle shapes are not well suited for examining catalyst
stability because changes in morphology are difficult to recognize, for instance by electron
microscopy. High throughput screening methods can be used to find catalysts with high activity
and selectivity, possibly based on educated guesses provided by ab initio thermodynamics or
scaling relations [6].

The most important characteristic of an industrial catalyst is its long-term stability, particularly
in a corrosive reaction environment. Accelerated lifetime testing was created because long-term
stability tests take a very long period. The reaction parameters used in these studies, however, are
not representative of normal operating settings and may not be important. Thus, long-term stability
continues to be a significant obstacle in the creation of novel catalysts as well as in the enhancement

of current catalysts [6].
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The precise cause of unstable catalysts is frequently unknown; however, it can be linked to the
catalyst's sintering, corrosion, reconstruction, evaporation, contamination, or chemical alteration,
or a mix of these. However, because the catalyst can also react with the reactants to change its
composition and generate a new (metastable) molecule with differing catalytic activity, the problem
of chemical transformation is ubiquitous [6].

High-throughput screening can identify catalyst materials with high activity and selectivity,
and informed estimates based on ab initio thermodynamics may help with this process. Generally
speaking, finding long-term stable catalyst materials is not a good use for this type of screening
method. Although theoretical modeling and screening is still in its infancy, it is a viable option. At
the moment, the lack of conclusive investigations based on appropriate model experiments
significantly restricts the development of theoretical modeling [6].

For stability research, a wide range of model materials are possible, including shape-controlled
particles that reveal a distinct surface orientation, nanofibers with a particular morphology but
polycrystalline, or ultrathin single-crystalline films supported on different single-crystal substrates
[6].

The advantages of ultrathin single-crystalline films made using surface chemical techniques
are their great purity and low structural complexity. Although the preparation is difficult, the results
are occasionally straightforward and directly comparable to computer modeling. Because single
crystalline films are so thin (usually between 2 and 5 nm thick), even slight structural changes can
be detected using in situ methods like ambient pressure X-ray photoemission spectroscopy (AP
XPS) or surface X-ray diffraction (SXRD). The low specific surface area of this model system,
which is usually 1 cm2/g, is its obvious drawback. This makes catalytic testing more difficult and
necessitates the use of a batch reactor10,11 or a dedicated flow reactor. In model electrocatalysis,
these layer structures are especially helpful for corrosion investigations. For example, the
[rO2(110) —RuO2(110)/Ru (0001) model electrode has shown signs of possible induced pitting
corrosion under oxygen evolution reaction circumstances. In the hydrogen evolution reaction
regime, stability investigations of a 2 nm thick RuO2(110) layer show a mostly homogeneous and
partially heterogeneous chemical transformation that results in the synthesis of hydrous RuO2 in
association with metallic ruthenium [6].

The active phase is polycrystalline, which provides only limited insight into the microscopic
processes on the nanometer level;, however, morphological changes due to long-range transport
phenomena and chemical bulk transformations of the catalyst material can be easily visualized by
scanning electron microscopy (SEM), which is compatible with material screening. By using
electrospinning, the morphology of catalyst materials can be shaped in the form of fibers, still

exhibiting a high active surface area and thus being applicable in typical flow reactor setups [6].
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Even shape-controlled nanoparticles that reveal a single facet orientation can be stabilized by
certain materials. For example, CeO; and partially Ce;—ZrxO> materials can be used to achieve
form control. These model materials' gram-scale fabrication and investigation of structure-sensitive
characteristics—that is, the catalyst's stability and activity based on particular surface
orientations—are its main advantages. Assuming that the activity is not dominated by the particle's
corners and kinks, these tests can be carried out in ab initio modeling. More significantly, high
resolution transmission electron microscopy (HRTEM) makes it simple to observe corrosion

phenomena and may even be used to detect micro-scale processes [6].

2.3.3 Density of active sites

The activity of a catalyst is largely influenced by the density of active sites, which is
determined by the number of particles on the support and the amount of metal loaded. Because
industrial reactors are typically size constrained for practical purposes, using a high concentration
of active sites (i.e., high metal loading) is often preferred to enhance activity per unit volume.
Additionally, the spacing between particles—Ilinked to their local density—can significantly affect
the catalyst's stability. For example, increasing the distance between Cu particles significantly
improved the stability of methanol catalysts [5].

It should be noted that in the case of solid acids, supported metal nanoparticles, and atomically
dispersed catalysts, the active site may potentially be found at a single atom. This last kind of active
site is often sometimes referred to as single-atom catalysts, a phrase that is somewhat controversial
but describes heterogeneous catalysts with metal atoms that are atomically scattered. However,
without other atoms surrounding it, an active site might function considerably differently;
depending on the geometrical context, the same "active" atomic site might even be totally inert.
Because different classes of catalysts include different types of bonds and length scales, and
therefore varied geometries, this fact is externalized differently for each class. Although they are
closely related, geometric and electrical impacts on the active site can be distinguished using
Bronsted—Evans—Polanyi equations [7].

Distinct particle sizes can reveal distinct aspects of metal catalysts. Similar to Cratty and
Granato's "dislocations," it is now generally acknowledged that extremely under-coordinated sites,
such steps or kinks, can have significantly more catalytic activity than other sites. Their localized
geometry, or the geometric structure of their localized electron density (such as the distinct
localization of orbitals protruding from a site), is partly responsible for this [7].

The reactivity of a single Si—~O(H)—Al Brensted acid site or one that is integrated into a
particular location within a zeolite's ring can be used to conceptualize geometry for a zeolite. Even

while these sites can be constructed from the same basic components, their reactivity will vary
21

Institutional Repository - Library & Information Centre - University of Thessaly
11/09/2026 15:48:49 EEST - 216.73.216.250



based on factors such zeolite pore size (curvature/lattice strain). The same is true for zeolites' redox

sites [7].

2.3.4 Nature of active sites

Catalysis’s active sites are incredibly intricate. As scientists, we consequently try to simplify
such complicated systems, base new predictions on them, and test their viability through
experimentation [7].

The characteristics of active sites significantly influence the surface-specific activity—
commonly measured as turnover frequency (TOF)as well as the selectivity of a catalyst. These
characteristics are shaped by the nanoparticles' composition, size, and shape. When nanoparticle
size is reduced, the number of surface sites per unit mass of metal increases, typically leading to
more active catalysts. In structure-sensitive reactions that benefit from particular surface features—
such as low-coordination sites at defects, corners, steps, or edges—smaller particle sizes can lead
to an improvement in TOF [5].

Metal-based catalysts have drawn a lot of interest because of their high efficiency in a variety
of processes, including coupling, oxidation, hydroformylation, and hydrogenation. The researchers
have always been motivated to find the best metal-based catalysts that combine high activity and
selectivity with exceptional durability. A lot of work has gone into figuring out what characteristics
influences catalytic performance. In general, the intrinsic activity and/or selectivity, which are
critical for the overall catalytic performance of catalysts, may be significantly impacted by the local
fine structure of metal centers. Typically, a particular elementary reaction consists of multiple steps,
such as substrate chemical adsorption, surface reaction, and product desorption. According to 18-
electron rules or other comparable ideas, the coordination environments of metal centers may
control the covalent contact or coordination between metal sites and adsorbates in all of these
activities [8].

Surface metal sites may provide a varied binding configuration and strength to reactants,
intermediates, and products—all of which are critical determinants influencing reaction pathways
and turnover rates—because they usually have different coordination environments. To have a more
thorough grasp of the structure-performance relationship and the nature of active sites in metal
catalysts, it is first required to understand what the coordination environment is. Coordination
number (C.N.) or coordinated bond, electronic structure, steric hindrance of the active metal atoms,
and other factors are typically included in the coordination environment of the active center [8].

A minor alteration in the metal nanocrystals' particle size, shape, component, or phase would
typically have a noticeable impact on the coordinated surroundings of the active centers, resulting

in unique catalytic activity. By adjusting the aforementioned parameters or creating distinct
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interfacial sites, the characteristics of the support materials may also clearly affect the fine structure
of metal sites in supported metal catalysts. On a fine metal nanoparticle, different metal
coordination sites (terrace, edge, kink, or corner sites) will usually present at the atomic level with
varying C.N., and their distribution was directly related to the size or form of the nanoparticles.
With sizes down to the sub-nano range, the exposed metal atoms would all be weakly coordinated.
The main idea underlying size- or shape-dependent catalysis should be that changes in the active
center's coordination environment essentially reflect the effects of a catalyst nanoparticle's size or
shape on catalytic performance [8].

Furthermore, methods for alloying two or more metals to tailor the active center's catalytic
surface environment have also showed promise. Since it is simple to adjust the chemical and
physical characteristics of alloy nanoparticles by altering the composition, atomic ordering, and
size of the alloyed clusters, more and more work has been focused on creating model nanoalloy
catalysts. Apart from the aforementioned, additives are commonly employed to enhance the
catalytic performance in a variety of chemical reactions that employ metal nanocatalysts. These
additions work well as surface ligands to enhance peripheral steric hindrance and coordinately alter
the catalytic surface. By influencing the interaction between substrates and intermediates, each of
these adjustable parameters played crucial roles in catalysis [8].

However, gaining a basic understanding of the coordination effect of metal nanomaterials on
catalytic performance remains difficult due to the absence of efficient techniques to characterize
the intricate surface and interface structures of metal nanoparticles. These difficulties are further
compounded by the pressure and material gaps between practical catalysis and surface science.
Furthermore, it has been disputed whether the knowledge gathered from model catalyst studies can
actually be applied to direct the design of real catalysts because the catalyst would frequently

experience a dynamic change in structure under working reaction circumstances [8].

2.3.5 Nature of the metal

A catalyst's stability may also be impacted by the kind of metal or metals and the support
material. For example, compared to magnesium oxide (MgO), minuscule silver (Ag) particles
adhered much more strongly to reduced cerium oxide (CeQ>). Furthermore, compared to platinum
(Pt) particles alone, 4 nm bimetallic platinum-rhodium (PtRh) particles showed higher thermal
stability. Given that 2 nm platinum nanoparticles in polymer electrolyte membrane fuel cells were
found to be highly unstable while 5 nm particles exhibited nearly no loss of activity, the initial
particle size may also be significant [5].

Cu, Au, Pt, Pd, Ru, Ag, Co, and Ni nanoparticles are highlighted. Because they can be used in

environmental catalysis, oil refinement, and chemical manufacture, supported metal nanoparticles,
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or M-NPs, are of significant scientific and commercial significance. Among the main processes
that supported M-NPs catalyze are oxidation and hydrogenation. There are still certain practical
concerns with the catalytic activity and deactivation of supported M-NPs, despite the fact that they
are better because they are simple to recover and reuse [9].

In recent years, synthetic organic chemistry has made extensive use of metal nanoparticles (M
NPs), which are typically referred to as such when their size falls between 1 and 100 nm. Because
of their unique characteristics in comparison to their bulk counterparts, nanoparticles (NPs) are of
great scientific interest. The characteristics of the materials typically alter at the nanoscale. The
size-induced metal—insulator transition (also known as the quantum size effect) is the phenomenon
that alters the materials' characteristics. The proportion of atoms at a material's surface increases
significantly as its size shrinks in the nanoscale. As a result, the surface-to-volume ratio rises
significantly, affecting the material's surface-related characteristics [9].

Generally speaking, NPs' intriguing qualities and beneficial traits include high surface-to-
volume ratios, which offer a lot more active sites per unit area than their bulk counterparts, they
are more cost-effective because to their higher zeta potential, which prevents nanoclusters from
aggregating in solution, potential separation and recyclability, and decreased likelihood of catalyst
contamination with the product [9].

Clusters of tens to thousands of transition metal atoms make up transition M-NPs. Their
diameters range from one nanometer to hundreds of nanometers. Nevertheless, the most active
catalysis is limited to a few nanometers. Therefore, one of the most important aspects of the
catalytic processes is the size of the M-NP catalysts. Size and stability in solution are two ways that
modern transition M-NPs (1-10 nm in diameter) vary from classical colloids, which are typically
[10 nm in diameter]. Modern transition M-NPs with narrow size distributions have attracted a lot
of attention in both scientific research and industrial applications because of their unique
characteristics, which are based on their naturally high surface-to-volume ratios. Transition M-NPs
are recognized for having a number of effective catalyst characteristics [9].

As catalysts, colloidal M-NPs are employed in homogeneous solutions or can be heterogenized
with a support like zeolite, silica, alumina, titania, or carbon compounds. Either a powder or a pre-
shaped, inexpensive solid with a large surface area that often exhibits minimal catalytic activity on

its own can serve as the support [9].

2.3.6 Accessibility of active sites
Catalyst porosity control is necessary for active site accessibility. This is crucial for the mass
transfer rate of reactants to and products from the active sites. It influences stability through

processes like coke formation and poisoning, activity through diffusion rates, and selectivity
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through the magnitude of secondary reactions. Fine powder grains are frequently employed in
academia to guarantee good accessibility to the active sites and avoid mass transfer constraints. On
the other hand, a catalyst bed of considerable height has a huge decrease in pressure due to tiny
grains. As a result, industry frequently uses catalyst support bodies or pellets that are a few
millimeters in size [5].

Specific surface locations that enhance a catalyst's activity are referred to as catalytically active
spots. When it comes to catalyzing a particular chemical reaction, the surface atoms at active sites
are far more active than other surface atoms. To improve our knowledge of catalytic reactions and
to direct the development of more effective catalysts, it is essential to identify catalytic sites [10].

Catalysts with porous structures can have several inherent benefits, such as a large specific
surface area, which increases the density of surface-active sites, the capacity to transfer reactants
and products through their structures efficiently, and improved accessibility of their surface-active
sites. Numerous publications have shown that the technique of creating porous structures can also
increase the intrinsic activity of catalytic sites or be employed specifically to do so. The pore-
making process can produce structural defect sites such corners, edges, voids, and grain boundaries,
which can frequently adjust the material's catalytic activity [10].

Additionally, catalytically active nanoclusters and even single metal active sites can be well
supported by the porous substrates. Since then, a wide range of porous materials have been
investigated for electrocatalysis of the reactions involved in the water and carbon cycles. These
materials include metals and alloys, metal oxides (such as oxides of the spinel and perovskite
types), monoxide compounds (such as sulfides and nitrides), and carbon-based materials [10].

The most popular techniques for precisely designing the pore architectures of target materials
are template-assisted synthetic processes, such as hard and soft templating techniques.
Furthermore, a number of adaptable techniques have been developed to create various kinds of
porous materials, including dealloying, surfactant-assisted synthesis, and pyrolysis of metal-
containing precursors (such as metal-organic frameworks, or MOFs) [10].

Attenuated total reflectance surface-enhanced infrared absorption spectroscopy (ATR-
SEIRAS), ambient pressure X-ray photoelectron spectroscopy (APXPS), surface enhanced Raman
spectroscopy, surface interrogation scanning electrochemical microscopy (SI-SECM), and
scanning tunneling microscopy (STM) are some of the in-situ methods that have been developed
recently for monitoring the surfaces and solid/liquid interfaces of catalysts. These cutting-edge
methods can improve our understanding of reaction processes and offer crucial direct data about

the active locations and adsorbed intermediates on catalyst surfaces [10].
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2.4 Types of Catalysis
2.4.1 Introduction

Biological (enzyme) catalysis, homogeneous catalysis, and heterogeneous catalysis are the
three types of catalysis. Heterogeneous catalysis was first widely used in commerce, which is
consistent with its historical evolution. The newest field is enzymatic catalysis, which has expanded
rapidly and found use in numerous commercial applications. In the middle lies homogeneous
catalysis, which began with nitrous oxides' activity in the lead chamber process before the effects
of heterogeneous catalysts were recognized. According to current estimates, 85% of all chemical
reactions are catalyzed, with a roughly 75:25 heterogeneous homogeneous catalysis application

ratio [11].

2.4.2 Practical and Mechanistic Views of Heterogeneous and Homogeneous Catalysis
Traditionally, catalysts are classified into two main groups: homogeneous and heterogeneous,
depending on the phase the catalyst is in in relation to the catalytic reaction mixtures. Catalysts in
the same phase as the reactants are known as homogeneous catalysts. They frequently produce
chemo-, regio-, and stereoselective products and are typically soluble organic or organometallic
complexes. Heterogeneous catalysts, on the other hand, are solid or insoluble catalysts. Solid
catalysts frequently incorporate homogeneous catalysts supported by non-neutral or catalytically
active solid support materials like alumina or porous silica. When compared to many of their
homogeneous equivalents, these catalysts frequently provide comparatively low reaction yields,
despite being readily separated and reusable at the conclusion of processes [3].

It's important to note that homogeneous catalysis avoids many of the major limitations
associated with heterogeneous catalysis, such as issues related to pressure differences and limited
understanding of complex surface-based processes. One of the main challenges in homogeneous
catalysis—namely, separating reactants, catalysts, and products that all exist in the same phase—
is made more manageable due to several factors: catalysts can be clearly defined both chemically
and spectroscopically, reaction kinetics can be directly linked to each active metal center, and the
catalysts themselves can be precisely designed or customized [11].

While homogeneous catalysts dissolve in the reaction medium and thus all catalytic sites are
available for reaction, heterogeneous catalysts are insoluble in the medium in which the reaction is
occurring, causing reactions of gaseous or liquid reagents to occur at the surface. Heterogeneous
and homogeneous catalysts are compared in Table 2.1, which compiles some of the catalysts'

characteristics [12].
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Table 2.1 Heterogeneous versus homogeneous catalyst comparison [12].

Heterogeneous Homogeneous
Catalyst form Solid, often metal or metal oxide Metal complex
Mode of use Fixed bed or slurry Dissolved in reaction medium
Solvent Usually not required Usually required — can be product or
byproduct
Selectivity Usually poor Can be tuned
Stability Stable to high temperature Often decompose < 100°C
Recyelability Easy Can be very difficult
Special reactions Haber process, exhaust clean up ete. Hydroformylation of alkenes, methanol

carbonylation, asymmetric synthesis etc

Heterogeneous catalysts are typically made of metals or metal oxides and often lead to
reactions with low selectivity. Since they do not dissolve in the reaction medium, they can often be
used in fixed-bed setups, where the reactants flow over them in either liquid or gas form. This
allows the catalyst to remain inside the reactor throughout the process. As a result, the catalyst does
not need to be separated from the products afterward, simplifying the process. Additionally, it
remains consistently exposed to the specific temperature, pressure, and reactant/product
environment for which it was optimized. They are highly resistant to heat and pressure, making
them suitable for high-temperature processes. However, only the atoms on the surface are involved
in catalytic activity [12].

In contrast, homogeneous catalysts are usually metal complexes surrounded by organic
ligands. These ligands help dissolve and stabilize the metal center, and they can be adjusted to make
the catalyst more selective for producing a specific product. By modifying the ligand’s size, shape,
and electronic properties, the catalyst can control how the substrate binds, allowing for the
formation of just one desired product from many possible outcomes. The separation process can be
quite time-consuming and energy-intensive for homogeneous catalysts, which are dissolved in the
reaction media that contains the substrates, products, and dissolved gases. In rare instances, where
the product is able to evaporate under continuous flow circumstances, in which the substrates are
continually added to the reactor and the products are continuously extracted, homogeneous
catalytic reactions can be conducted [12].

Homogeneous catalysis offers a far better mechanistic understanding of its microscopic
processes ("catalytic cycles") and the potential to influence the steric and electronic properties of
these molecularly defined catalysts, even though heterogeneous catalysis has advantages in
application (the main mineral oil processing methods use heterogeneous catalysis for good
reason).However, 85% of all known catalytic processes are thought to involve heterogeneous

catalysis, which dominates the industrial scene [13].
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2.4.3 The Rise of Enzyme Catalysis

2.4.3.1 Introduction

Over the course of around 3.5 billion years, enzymes have been developed to catalyze almost
all the chemical reactions essential to life. In general, enzymes are exceedingly efficient catalysts
that exhibit excellent selectivity and very substantial rate accelerations. But in addition to being
excellent catalysts, they have developed to satisty the specific evolutionary needs of the organisms
they live with and the shifting environmental situations they meet. Numerous environmental zones
are susceptible to temperature fluctuations, and life (and the constituent enzymes) has changed as
global temperatures have changed over the course of geology. Chemical durations for uncatalyzed
processes (1073-10'® s) are compressed by enzymes into life-suitable timescales (10°~10° s) across

the biological temperature range (—20°C to +120°C) [14].

2.4.3.2 The function of enzymes

There has been much debate about the exact processes by which enzymes increase their rates at
ambient temperatures, and numerous enzymatic mechanisms—such as mutagenesis and kinetic isotope
effects (KIEs)have been investigated through experimentation. Enzymes follow the rules of
thermodynamics as chemical entities, but because they are big biological molecules, their complexity
can mask the intricate mechanisms underlying the remarkable rate increases needed. The situation is
further complicated by the relative instability of enzymes, which results from the little difference
between the very substantial opposing contributions from enthalpy and entropy of folding [14].

The free-energy profile is usually projected onto a single collective reaction coordinate in
enzyme systems, which involve the motions of several atoms. The configuration at the top of the
free-energy barrier is known as the transition state [15].

The effects of enzymatic catalysis on the free-energy barrier and the transmission coefficient
in relation to the reaction in solution can be examined using basic reaction rate theory. The most
significant contributions to enzymatic catalysis are anticipated to come from the reduction of the
free-energy barrier rather than from dynamical effects on the transmission coefficient since the
transmission coefficient is a prefactor and the free-energy barrier is in the exponential of the overall

rate expression [15].

2.4.3.3 Improvements in enzyme function

The quick identification of novel enzyme variations through contemporary bioinformatics and
computer modeling-assisted enzyme engineering are significant motivators. Although enzymes'
enormous catalytic activity is well known, their stability and expense are sometimes viewed as
drawbacks [16].

Table 2.2 below presents some decisions that were solutions to the disadvantages of enzymes.
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Table 2.2 Problem descriptions and fixes [16].

Problem statements Solutions

Enzymes are expensive, not all are available Recombinant expression in a suitable {microbial) host, either in-house or with specialized enzyme
producer company, immobilization to facilitate re-use and cost reduction

Enzymes are unstable Enzyme engineering via rational design or directed evolution, immobilization to enhance stability

Dependency on expensive cofactors Far NADH, NADPH and more recently also for ATP, efficient recycling systems are available and
demonstrated an industrial scale

Development time is too long Use interdisciplinary teams for planning of best chemical route for integrated enzyme engineering and
process development early enough

Process development and down-stream Murmerous examples and concepts for bioreaction engineering are available
processing are difficult

2.4.3.4 The contribution of enzymes

However, the benefit of biocatalytic reactions is that they don't require any specific equipment,
and they may be used in reactors that are frequently used for chemical synthesis. As a result, they
are employed in commercial settings for the manufacture of a variety of target compounds,
including alcohols, amines, carboxylic acids, glycosylation, more complex molecules, and, lastly,

innovative biocatalytic reactions with the prospect for industrial expanding [16].

2.5 The Band theory and the electronic explanation
2.5.1 The Band Theory

The band theory of solids is a one-electron theory in which an electron moves within a periodic
potential that represents the nucleus and the averaged influence of other electrons, following
HARTREE'S self-consistent field approach. However, it extends beyond a simple one-electron
model, as group theory demonstrates that a perfect semiconductor crystal—with either a single
electron in the conduction band or a single vacancy in the valence band—will exhibit energy levels
of a similar nature. As long as the interactions between electrons and holes, as well as lattice
distortions caused by charges (such as polaron formation), can be ignored, this theory provides a
sufficiently accurate approximation [17].

In the early 1930s, Bloch, Brillouin, and Wilson introduced the concept of energy bands in
solids, exploring how the presence or absence of energy gaps distinguishes insulators,
semiconductors, and metals [17].

If electrons occupy the lowest possible energy states and completely fill certain energy bands
while leaving an empty gap above them, the material will be an insulator or a semiconductor,
depending on the size of the gap. In contrast, if electrons only partially fill certain bands, with
available states directly above them, the material will behave like metal [17].

2.5.2 The s-band and d-band mechanism
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The electrical structure of materials substantially determines their surface and the  catalytic

properties [18].

Electronic structure — Surface properties —— Catalytic performance
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Fig 2.1 Schematic illustration of the hierarchy between surface characteristics, catalytic properties
and electronic structure [18].

The state of electronics on transition metal surfaces may be categorized as two types: the s-band
and the d-band. The s-band is large overlapping band, whereas the d-band is narrower. When the metal
interface reacts with the adsorbed species the s-band initially links to the 2p orbital (Fig 2.2) [18].

The narrow d-band will then couple with the renormalized 2p orbitals to generate
bonding and anti-bonding states like those found in molecular orbitals.

The strength of adsorption is closely linked to the d-band since the s-band of most transition
metals is essentially the same. The concept served as the basis for Hammer and Norkov’s 1995
metal d-band model, which uses d-band analysis to explain the strength of adsorption [18].

The average position of the entire band can be easily and clearly described by the d-band center.
Following interaction with the adsorbed species, the anti-bonding orbital will be higher the higher the
d-band center. Stronger adsorption results from a comparable decrease in the filling of the antibonding
orbital. The d-band center of transition metals steadily decreases as the periodic table advances from
top to bottom and from left to right, which weakens adsorption. The gold in the right corner is the

«richest» because it has the lowest d-band center and the weakest adsorption energy [18].

Atomic energy state State after d-coupling
A A A A
S e
2
w S
Renormalized state Transition metal

electronic states

Fig 2.2 Diagrammatic representation of the creation of a chemical connection that links an
adsorbate valence state and the s/d states of the transition metal’s face [18].
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2.6 Electrocatalysis
2.6.1 Introduction

The subject of electrocatalysis is the studying and realization of means for the accelerating of
reactions underlying electrochemical methods of energy conversion, as well as searching for new
electrode materials. It is the electrocatalysis that provides R&D (Research and Development) in
the field of low temperature fuel cells and determines the undoubtedly practical character of the

activities in this area of electrochemistry [19].

2.6.2 Kinetics and Surface Effects

The paramount factor influencing the kinetics and mechanism of electrochemical reactions is
the adsorption interaction between the reactants/products of the reaction and the electrode
(catalyst). The compositional, structural, and dimensional parameters govern the electronic
configuration of the active sites on the catalyst, thereby influencing the conditions for adsorption
and the kinetic characteristics of the reaction. The activation energy required for a reaction is
influenced also by the energy required for medium reorganization, which is dictated by the
composition and type of solvent [19].
2.6.3 Revolution in energy production

As the economy rapidly advances, the availability of nonrenewable fossil energy for power
generation is diminishing. It is essential to pursue the development of hydrogen, wind, solar energy,
and other alternative energy sources to meet and balance energy demands. Additionally, the
excessive release of carbon emissions has disrupted the natural carbon equilibrium and harmed the
harmonious relationship between humanity and the environment. It is imperative to harness surplus
electrical energy from renewable sources like wind and solar power to facilitate effective energy
utilization through processes such as the oxygen reduction reaction (ORR), carbon dioxide
reduction reaction (CO2RR), oxygen evolution reaction (OER), hydrogen evolution reaction
(HER), and nitrogen reduction reaction (NRR), which are fundamental applications of
electrocatalysis. Consequently, accelerating the development of electrocatalysts that exhibit high

catalytic activity, stability, and selectivity is of utmost importance [20].

2.7 Electrochemical devices
2.7.1 Introduction

Electrochemical techniques provide versatile and efficient approaches for the development of
composites derived from conjugated polymers, which may encompass both elemental and

compound semiconductors. These polymers are frequently integrated with materials such as metal
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oxides (for instance, TiO2, WOs, ZnO, NiO, MnO:), metal chalcogenides (such as CdS, CdTe,
CdSe, Bi2Ss), and carbon-based nanomaterials including nanotubes, graphene, and graphene oxide.
The key applications of these composites synthesized through electrochemical methods are

highlighted, particularly in fields associated with energy [20],[21].

2.7.2 Solar Cells

The Earth is constantly bathed in an immense amount of energy from the sun. Despite being a
typical star, the sun acts as a massive fusion engine that has been active for more than 4 billion
years. Solar energy is abundant and freely available, but the concept of utilizing it efficiently is
relatively recent. Major improvements in solar power efficiency began with the development of
transistors and related semiconductor technologies. Photovoltaic solar power offers several key
benefits, making it one of the most promising forms of renewable energy. It produces no pollution,
has no moving parts that might fail, needs minimal upkeep or monitoring, and can operate for 20
to 30 years with low operating expenses [22].

Solar power has just two main drawbacks: limited sunlight and the high cost of equipment.
The amount of sunlight a place gets can differ significantly based on its geographic location, the
time of day, the season, and cloud cover. A solar cell, also known as a photovoltaic cell, is a device
that generates electricity directly from light through the photovoltaic effect combination of physical
and chemical processes. It falls under the category of photoelectric cells, which are defined by
changes in electrical properties like current, voltage, or resistance when exposed to light. These
cells form the core components of photovoltaic modules, commonly referred to as solar panels.
The term "photovoltaic" applies regardless of whether the light source is natural sunlight or
artificial light. In addition to power generation, solar cells can also function as photo detectors,
such as infrared sensors, and are used to detect or measure light and electromagnetic radiation close
to the visible spectrum [22].

A photovoltaic (PV) cell operates through three main processes: absorbing light to generate
electron-hole pairs or excitons, separating the charge carriers with opposite charges, and collecting
these carriers separately to form an external circuit. PV cells come in different types, typically
named according to the semiconductor material used in their construction. These materials must
have specific characteristics to efficiently absorb sunlight. Examples of PV cell types include
Amorphous Silicon Solar Cells, Biohybrid Solar Cells, Cadmium Telluride Solar Cells,
Concentrated PV Cells, Gallium Arsenide Germanium Solar Cells, Multijunction Solar Cells,
Nanocrystal Solar Cells, Photoelectrochemical Cells, and Polymer Solar Cells [22].

A recently identified nanotube structure has the potential to significantly increase the

efficiency of next-generation solar cells by transporting electrical charges at a pace 100 million
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times faster than previously known. The majority of solar cells nowadays use silicon to absorb
light, but because of the material's shortcomings, researchers are looking into using carbon
nanotubes, which can enhance existing cells' ability to absorb light. However, because they are
hard to organize, these nanotubes have up until now been haphazardly arranged in less-than-ideal
configurations. Perovskite is a mineral that can be used to create a new kind of solar panel that has

the potential to generate power for homes at a lower cost than previously possible [22].

2.7.3 Fuel Cells

Compared to well-established internal combustion engine (ICE) technologies, fuel cells (FCs)
are clean, effective devices that electrochemically convert the chemical energy of fuels like
hydrogen, natural gas (NG), methanol, ethanol, and hydrocarbons to electric energy with
significantly higher efficiency and significantly lower greenhouse-gas emissions. FCs are therefore
thought to be the most promising energy-conversion techniques for the development of sustainable
energy [23].

Depending on the type of electrolyte, FC technologies can be divided into high-temperature

molten-carbonate fuel cells (MCFCs), solid-oxide fuel cells (SOFCs), low-temperature proton-
exchange membrane fuel cells (PEMFCs), alkaline fuel cells (AFCs), and phosphoric acid fuel
cells (PAFCs). The characteristics of the electrolytes determine the operating temperatures and
ionic-transfer mechanisms of FCs [23]- [46].
The high-quality heat produced by MCFCs and SOFCs can be utilized for internal system usage or
as a hot water source, accounts for their high efficiency. The highly corrosive nature of the molten-
carbonate, alkaline, and phosphoric acid electrolytes in AFC, PAFC, and MCFC severely restricts
their economic viability and competitiveness. In the upcoming energy-conversion technology
areas, PEMFCs and SOFCs are thought to be the most competitive and promising [23]-[46].

Operation temperature is an important topic in FC research. The most pressing issue is the
expensive cost of the infrastructure required to generate, store, transport, and distribute high-purity
H2 (99%), notwithstanding the successful demonstrations of PFSA PEM-based FC cars. Raising
the working temperature of PEMFCs to high temperatures of 200—-300-C, or HT-PEMFCs, creates
opportunities for the use of different fuels as hydrogen carriers and may lower the cost of hydrogen
infrastructure for the use of FCs in the transportation sector. In applications where hauling bulky,
heavy H2 bottles is deemed impractical, such as remote communication, unmanned aerial vehicles
(UAVs), and soldier-portable electricity, FCs are also beneficial [23]-[46].

The inability of FC technologies to function without system integration is a significant
distinction from other electrochemical energy devices. Although FCs can be made on a micrometer

or even nanoscale, a functional FC would require a system that orders of magnitude more
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complicated and huger. Innovative system integration is necessary for commercial viability,
successful use, and market penetration of FC technologies. Therefore, system integration and
control are just as crucial to the development of future FC technologies as the FCs themselves.
Accelerated commercialization of FC technologies is made possible by compact and dependable
system control and integration. In this sense, problems with FC technologies are not just technical

and scientific; they are also engineering problems [23]-[46].

2.7.4 Batteries
2.7.4.1 Introduction

An electrochemical battery, which typically consists of two metals joined by an ion exchange
membrane or a salt bridge, generates electrical energy from spontaneous redox reactions. The
species in one half-chamber of the electrochemical batteries lose electrons to their electrode, while
the species in the other half-chamber get electrons from their electrode. To establish ionic contact
between two half-chambers with distinct electrolytes and stop the solutions from mixing and
producing undesirable side reactions, an ion exchange membrane or salt bridge is used. Paper
substrates can be used to create electrochemical batteries in one of two ways: (i) by putting
electrodes on the paper, or (ii) by injecting electrolytes into the entire paper or hydrophilic areas
that are patterned inside the paper. Because the electrode or electrolyte to be utilized is unstable,
explosive, flammable, and/or environmentally harmful, there is a fear that using electrochemical

batteries may not be economically or environmentally sustainable [47].

2.7.4.2 Progress and Obstacles in the Integration of Paper-Based Batteries

The first approach uses a flexible paper-based zinc-air battery that has a 0.5 mAhcm? discharge
capacity and an open circuit voltage of roughly 1.2 V. The paper/electrolyte combination has a
limited capacity to absorb anode oxidation products before experiencing a decrease in ionic
mobility, as seen by the inferior performance of this paper-based battery compared to its counterpart
made on a polyethylene naphthalate substrate. Evenly introducing the PPy through the cellulose
fibers is a clear way to enhance performance. With only 6% capacity loss over 100 subsequent
charge and discharge cycles, the cellulose-PPy conductive paper-like battery could be charged with
currents as high as 600 mAcm? [47].

However, the direct integration of paper-based batteries into multilayer paper-based
electronics for simple system integrations has been made possible by the techniques for patterning
microfluidic channels in paper. A more useful galvanic cell was created by Phillips et al. as an

inexpensive power source, particularly in environments with limited resources. Direct integration
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of the Ag—Al galvanic cells into the microfluidic channels allowed for a direct connection between
the device's analytical function and power source [47].

Direct fluorescent readings of the assay zone were made possible by a UV LED inside the pa
perbased device that was powered by a battery. They also demonstrated how several of these
batteries’ cells may be coupled predictably in parallel or series to achieve the required power levels.
They could only be used for one-time diagnostic checks, though, because their operating lifetime
was only 15 minutes. Furthermore, there are still significant obstacles to overcome to increase
battery stability and recycle the heavy and noble metals used [47].

The 2 most important types of batteries are the Lithium-ion and the Lead-acid.

2.7.4.3 Lithium-ion battery

Since its initial commercial development by Sony in the early 1990s, Li-ion batteries have
seen tremendous advancements. Demands for EVs, smart grids, and portable electronics have
largely fueled their success, displacing other battery types based on different chemistries, like Ni—
Cd and NiMH cells. Due to continuous cost and performance improvements, Li-ion battery
deployment is anticipated to increase rapidly soon, positioning them to dominate the energy storage
market. With an energy efficiency of 200-250 watt-hours per kilogram and a cost of $250 per
kilowatt-hour, Li-ion batteries are more costly than fossil fuels like gasoline and diesel.
Furthermore, throughout a battery's whole lifecycle, issues including safety, dependability, and
state of health (SoH) must be addressed [48].

Lithium ions are transported between the anode and the cathode by an electrically insulating,
ion-conductive electrolyte. Because of (i) their inherent qualities, notably their substantial surface
roughness and porous structure for enhancing power generation, and (i1) their mechanical flexibility
to completely actualize flexible electronics, paper or paper-like Li-ion batteries have also been
investigated. They often have far higher power and current densities than other kinds of paper-
based batteries that are used to power high-power devices. These batteries have a long lifespan and

can be recharged [47].

2.7.4.4 Lead-acid battery

Gaston Planté created the first lead-acid battery in 1859, and it is now one of the earliest
chemical systems that can store electrical energy. Many uses have been discovered over the past
160 years, and they are still widely used today, such as backup power or automobile batteries. The
lead-acid battery is a secondary cell that generates lead (II) sulfate (IV) from lead (IV) oxide (on
the positive electrode) and metallic lead (on the negative electrode) during a discharge [49].

The primary benefits of this kind of battery are its inexpensive cost, straightforward and well-

known technology, nearly 100% recycling efficiency, extended operation under floating charge
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conditions, and minimal self-discharge. Compared to modern battery types, the drawbacks include
low specific energy, a large mass, a limited number of full charge/discharge cycles, and the
requirement to be stored in a charged state [49].

Nowadays, most casings and separators are made of plastics like polypropylene and
polyethylene. Now, most plates have the lead alloy current collector and active mass (positive or
negative) adhered to them. This paste goes through the electrochemical processes of lead oxidation
or reduction while the battery is running. The progress of lead-acid battery technology is, however,

still continuous, and it can be enhanced in many ways [49].

2.7.5 Supercapacitors

In recent years, supercapacitors—energy storage devices based on electrochemical
processes—have garnered a lot of interest. In terms of charge/discharge rate, power density, safety,
and environmental effect, supercapacitors are usually better than batteries. They are potential
energy storage technology that is especially well-suited for storing and delivering large amounts of
energy quickly, such as during regenerative breaking and vehicle acceleration. Their favorable
performances such as their high-power density, high temperature tolerance, and exceptional
cyclability—is functionally responsible for these phenomena [48].

With two electrodes, an electrolyte, and a separator that electrically isolates the two electrodes,
supercapacitors are designed and manufactured similarly to batteries. Electrostatic supercapacitors
accumulate pure physical charges at the electrode/electrolyte contact, while faradaic super
capacitors store charges directly during charging and discharging [47].

Recently, there has been increased interest in the idea of paper-based supercapacitors, mostly because
of the potential for producing thin, flexible, inexpensive, and lightweight devices. "Paper-like"
supercapacitors, like Li-ion batteries, are more frequently used than commercially available paper because
cellulose reinforcement of the nanocomposites would significantly increase the Young's modulus, reduce
elongation at break, increase tensile strength, and improve electron/ion transfer rates [47].

Carbon nanotubes (CNTs) and graphenes are two examples of extremely conductive carbon-
based nanomaterials/nanocomposites that are mostly employed for "paper-like" supercapacitors.
Nanocomposite papers can incorporate all the fundamental supercapacitor components. The
electrolyte and carbon nanotube (CNT) electrode were aligned, and nanoporous cellulose paper
was used to embed them. The calculated specific capacitance of this paper-based supercapacitor
produced a higher working voltage (2.3 V) demonstrating good capacitive performance. At room
temperature, a power density of 1.5kWkg 1 was achieved, which is equivalent to and within the

stated ranges of flexible devices and commercial supercapacitors [47].
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They produced an energy density of 32.7 W h kg !, an improved cell voltage of 1.8 V, and an
86% capacitance retention after 10,000 continuous charge/discharge cycles. The effective operation
of a photoelectrochemical lab-on-paper device using a paper-based super capacitor for the
measurement of adenosine triphosphate (ATP) in human serum samples is an excellent example of

a supercapacitor application [47].

2.7.6 Electrochemical Sensors

A chemical sensor is a tool that transforms chemical data into a signal that can be used
analytically. This data can range from the concentration of a single sample component to a full
composition analysis. A chemical sensor's usefulness is in providing precise, up-to-date
information about the chemical makeup of its environment. Such a gadget should ideally be able
to react continuously and reversibly without affecting the sample. These devices use a transduction
element coated with a chemical or biological identifying layer. The electrical signal generated by
the interaction between the target analyte and the recognition layer is where the analytical data in
electrochemical sensors is extracted [50].

Maintaining a high level of specificity for the target analyte in the presence of possibly
interfering with chemical species is one of the fundamental needs for sensors to prevent false-
positive results. The transducer, which transforms the signal produced by the receptor—analyte
interaction into a readable value, is another essential part of sensors [50]-[66].

The two primary functional components of a chemical sensor are a physicochemical transducer and
a receptor. Depending on the sensitivity or selectivity requirements, the analyte's nature, and the sample
matrix's characteristics, a variety of electrochemical devices can be used for environmental monitoring.
Amperometric, potentiometric, impedimetric, photoelectrochemical, and electrogenerated
chemiluminescence are some of the classifications for electrochemical sensors [50]-[66].

An advancement in biological research is the use of electrochemical sensors. Furthermore, the
industry will benefit from improvements in processing time, sensitivity, and selectivity. A variety
of selected targets can be analyzed quickly, accurately, and nondestructively using electrochemical
technologies. To improve sensitivity, functional peptides, aptamers, and nanomaterials (such as
metal nanoparticles, gold nanoparticles, graphene, graphene derivatives, and carbon nanotubes)
have been employed. During the electrochemical measurement, a measurable read signal is

produced when the target interacts with a certain probe or composite [50]-[66].

2.7.7 Electrolysis and Electrolyzers
2.7.7.1 Water electrolysis
Water electrolysis is an electrochemical process that uses energy to break water molecules

into hydrogen and dissolved oxygen. Redox (reduction-oxidation) chemical processes are
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specifically involved in this electrochemical process. One anode will produce electrons (oxidation),
while the cathode will consume them (reduction). Whether the electrolyte is alkaline or acidic will
determine the reactions that take place at each electrode. The general response of water electrolysis,
independent of the kind of electrolyte, can be expressed as follows [67]- [81]:
2H200) — 2ZHag) + O2g) (1)
So, the same amount of hydrogen and half as much oxygen are created for every two moles of water.
At temperatures below 2250 °C, water electrolysis does not happen on its own. Additional
energy must be provided for it in the form of heat and electricity. The difference in enthalpy
between reactants and products is known as the enthalpy of reaction. This reads per mole of water
(AH in [kJ mol 1]) when the products hydrogen and oxygen are created in the gas phase [67]- [81]:
AH=AG+TAS (2)
Thermodynamically, the reaction of Equation (1) requires the application of at least 1.229 V [67]- [81].
The principles of water electrolysis can be used to make large-scale electrolyzers to
manufacture hydrogen on an industrial scale. Two commercially available and industrially
established low-temperature water electrolysis technologies—alkaline and PEM—are used to
accomplish this. Only a few commercial items of the third low-temperature electrolysis method,

AEM, are currently on the market [67]- [81].

2.7.7.2 Alkaline Electrolyzer

The most advanced electrolysis technology is alkaline electrolyzers. The electrodes are
separated by a porous separator after being submerged in an alkaline solution (potassium or sodium
hydroxide) with a typical concentration of 30 weight percent. The electrodes are usually composed
of nickel or coated with Raney nickel as a catalyst at the cathode. The electrodes' mesh design
makes it easier to remove bubbles [67]- [81].

The separator helps to keep the hydrogen and oxygen gases apart, preventing the formation of a
hazardous combination of them. Originally constructed of toxic asbestos, it is now made of materials
like a mixture of zirconium dioxide and polysulfone sold under the brand name Zirfon™. However, for
the reaction to occur, this separator needs to permit the movement of OH ions. The addition of this
separator raises the ionic resistance of the cell and makes it easier for bubbles to adhere to it, which
increases the electrical resistance that the bubbles produce. Bubbles will form in any space that
separates the electrodes from the separator. The gap will affect the ohmic losses by influencing the way
bubbles assemble and producing vacant spaces where no reaction takes place. Because the ions must
travel greater distances to reach the electrodes, the freely floating bubbles affect the electrolyte's
conductivity. The electrodes can alternatively be positioned in the zero-gap configuration to get around

this issue. In this case, the electrodes and separator are in direct touch. While this aids in lowering the
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resistance brought on by bubbles, it also presents additional difficulties for the separator, which must
be carefully designed to prevent gas crossover [67]- [81].

To generate 1 kilogram of hydrogen, alkaline technology uses 47-66 kWh of power. This
corresponds to 50-68% in percentage terms (for the lower heating value of hydrogen, LHV =33.33
kWh/kg) [67]- [81].

2.7.7.3 (PEM) Electrolyzer

When a solid membrane took the role of the fuel cells' liquid electrolyte during the Gemini
space program, alkaline technology advanced. The solid electrolyte in this new technology makes
it easier to adopt the zero-gap setup. A thin polymer membrane that permits ion conduction makes
up the solid electrolyte. The term Polymer Electrolyte Membrane (PEM) comes from this. This
technology is also known as solid polymer electrolyte or proton exchange membrane. One of the
most well-known membrane materials is Nafion™, which was created by DuPont [67]- [81].

The membrane becomes extremely acidic due to the presence of H' ions, which can damage
the electrodes and catalyst layers that come into contact with it. Using strong but frequently rare
materials, like platinum and ruthenium, in the electrodes and catalysts is the way to stop corrosion,
but it comes at a high cost [67]- [81].

The thickness of the membrane is another characteristic. Design decisions must be made for
thicknesses ranging from 50 to 300 um. On the one hand, the resistance of this component is correlated
with the thickness of the membrane. The resistance decreases with membrane thickness. However, to
prevent gas crossover and enhance safety and Faraday efficiency, a larger membrane is required if a
high-pressure operation is desired. The reaction is aided by the introduction of an intermediate (catalyst)
layer. The final layer in this stack is a gas diffusion layer, which is compressed to create a single unit
known as a membrane-electrode assembly, or MEA. In addition to allowing water to enter the cathode
and making gas extraction easier, the gas diffusion layer gives the catalysts strength, permits
compression, transfers heat, and shields them from fluid fluxes [67]- [81].

This method and the alkaline have comparable efficiency (50-68% with respect to the LHV) for
industrial size units (about 1 MW). The wider operating spectrum of PEM technology is its advantage.
PEM can operate as low as 5%, but alkaline technology has a minimum operating limit of 20% of its
nominal capacity. PEM, on the other hand, can function over the nominal capacity, something that
alkaline electrolyzers cannot do. PEM's capacity to function at greater current densities up to 2 A/m? is

another benefit. Better generation of hydrogen is the result of this [67]- [81].

2.7.7.4 (AEM) Electrolyzer
Utilizing the benefits of PEM electrolysis, anion-exchange membrane (AEM) electrolysis is a

new technology that functions in alkaline environments. AEM does not require rare elements like
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platinum or iridium because of the alkaline atmosphere. Like the PEM, the AEM electrolyzer is
constructed with a membrane positioned between two electrodes. The membrane maintains the
separation of the product gases (oxygen and hydrogen) while permitting the movement of hydroxyl
ions (OH") [67]- [81].

The separator is where the alkaline technique differs. This material is porous in the AEL, but
the membrane is not in the AEM. Only the OH ions are permitted to conduct across the membrane;
in the porous separator, these ions pass through the material's pores. As with PEM, pure,
demineralized water can be fed into the AEM electrolyzer. The low availability of hydroxyl ions in
the membrane, however, results in poor system performance and can cause electrode degradation
if fed only to the anode. As in AEL, a solution is created by adding an electrolyte, like KOH. It is
possible to lower the electrolyte concentration, which is normally 30% wt in AEL, to 3—10% wt
[67]-[81].

AEM is still a young technology having issues with mechanical, chemical, and thermal
stability that eventually affect durability. Materials for electrocatalysts, membrane design, and
membrane-electrode assembly (MEA) construction are also being studied. Commercial products
based on AEM are currently available, albeit they are still in the development stage. Examples of
these include the electrolyzers made by HydroLite and Enapter. AEM includes features of both
alkaline and PEM, however it is still less efficient than any of them (67%, based on LHV for a unit
size of a few kW). Similar to alkaline technology, it can function with a maximum current density
of 2 A/m?, which is the same as a PEM, but it cannot go over the nominal capacity [67]- [81].
2.7.7.5 Vital generation of hydrogen

The creation of hydrogen using electricity has gained attention as the world strives for net-
zero emissions by 2050. The International Energy Agency (IEA) has identified this gas as being
crucial to energy transition and has included it in its roadmap for Net Zero Emissions. Steam
Methane Reforming (SMR), which involves heating coal or natural gas with water vapor at high
temperatures and pressures over nickel-alumina catalysts, currently produces most of the hydrogen
generated worldwide. CO and hydrogen gas are the end products. This procedure uses a lot of CO
(gray hydrogen). Therefore, if this approach is to be employed, considerable effort must be made
to use carbon sequestration (blue hydrogen) to reduce the carbon footprint of gray hydrogen [67]-
[81].

Water electrolysis 1s a superior substitute. There will be no CO; emissions from the hydrogen
produced if the electricity used for electrolysis is generated using renewable energy (green
hydrogen). Only 2% of the hydrogen produced worldwide now comes from electrolysis; the
majority is a byproduct of the chlor-alkali process. Water electrolysis accounts for only 0.1% of all

hydrogen production out of all the procedures that primarily aim to produce it because the technique
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is still more expensive. In addition, the quantity of electricity required to convert grey to green
hydrogen is massive, easily approaching the Terawatt-hour range [67]- [81].

The hydrogen that is generated will be utilized as a raw material to make ammonia. This
emphasizes how crucial it is to produce hydrogen from renewable resources soon. The fact that
major oil-producing nations are also investing in hydrogen further supports this. One of the world's
top oil producers, Saudi Arabia, recently launched a $5 billion scheme to generate all its hydrogen
from renewable resources. By 2030, it is anticipated that the cost of hydrogen produced by this
project will be less than that of production methods based on fossil fuels, which contribute to the

annual emission of 830 million tons of CO» [67]- [81].
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Chapter 3

Photocatalysis basics and applications

3.1 Introduction

Since it is the foundation of all the most significant cycles (such the hydrologic cycle) and
processes that enable the presence of highly evolved forms of life on the Earth’s surface, the
astounding amount of electromagnetic energy that the Sun sends to our globe is the true fuel of the
planet [82].

An estimated 6000 GW of primary energy is consumed by all people worldwide, which is
7500 times less than the amount of energy that reaches the planet. The photosynthetic process,
which transforms light that reaches the surface into chemicals, is the foundation for the evolution
of higher species and has helped define the general makeup of the atmosphere [82].

The concept of conducting a photochemical reaction with the aid of a substance capable of
catalyzing the process was first introduced in the early 20th century by Plotnikow in 1910 and later
by Landau between 1912 and 1913. Around the 1920s, initial attempts were also made to replicate
natural photosynthesis. These efforts aimed to produce organic compounds, such as formaldehyde
and carbohydrates, through photochemical reactions involving carbon dioxide and water, as well
as organic nitrogen compounds through photoactivated reactions between carbon dioxide and
inorganic nitrogen sources like nitrate or ammonia [82].

The photocatalytic characteristics of oxides were not identified and explored until the 1940s,
primarily with the practical objective of enhancing the longevity of paints, paper products, and
fabrics that incorporated titanium dioxide or other white semiconductor materials as pigments.
Within this scope, the light-induced oxidative potential of certain semiconductors—such as zinc
oxide (Zn0O), antimony trioxide (Sb20s), and titanium dioxide (TiO:)—was examined, and the

possible emergence of reactive compounds like hydrogen peroxide (H20:) was detected [82].

3.2 Photocatalytic Phenomenon

The fundamental process of photocatalysis involves exposing a semiconductor to ultraviolet
(UV) or visible light, which initiates a series of chemical reactions [83]. After each catalytic cycle,
the photocatalyst must restore its original chemical composition and properties [82]. Consequently,

two processes occur: oxidation and reduction. When the semiconductor absorbs light with energy
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equal to or greater than its band gap, electrons are excited from the valence band (VB) to the
conduction band (CB), creating electron—hole pairs. As the electron moves to the conduction band,
it leaves behind a hole in the valence band—together, they form what's known as a photogenerated
or photoinduced electron—hole (e/h) pair. As shown in Fig. 3.1, this mechanism begins with the
generation of these charge carriers, followed by their separation and movement toward the surface

of the photocatalyst, where redox reactions occur at active catalytic sites [83].
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Fig.3.1 Core principle of the photocatalytic mechanism [53].

The following equations represent the overall photocatalytic mechanism [83]:

Photocatalyst + hv — photocatalyst (e—(CB) + h+(VB)) 3)
H>O+h"(VB) -OH-+H" 4)

02+ (CB) — Os” ©)

0, - + H" 2 HOO- (6)

2HOO" —H;0; +0, (7)

H>O, —»20H (8)

OH- + organic pollutants — CO; +H,O 9)

3.3 Influence of Various Factors on Photocatalytic Performance

The speed of oxidation reactions and the efficiency of photocatalytic processes can be
influenced by several factors, such as temperature, pH, light intensity, the amount of catalyst, and
the concentration of wastewater. The effects of these different operating parameters are discussed

in the following sections [84].

3.3.1 The structure of the catalyst

A catalyst's physical structure directly influences its photocatalytic performance. The

substantial surface area of nano photocatalysts enables numerous pollutants to react at once,
43

Institutional Repository - Library & Information Centre - University of Thessaly
11/09/2026 15:48:49 EEST - 216.73.216.250



rendering them more effective than bulk particles. The catalyst's configuration, dimensions, and
appearance all play a role in the degradation rate of wastewater pollutants. Smaller nanoparticles
break down pollutants more effectively due to their greater surface area and active spots. As a case
in point, the photocatalytic breakdown of methylene orange dye is better demonstrated by diverse

Zn0 forms, including nano spindles, nanoflowers, and nano-rods [84].

3.3.2 Temperature

Temperature is another crucial factor that significantly affects the breakdown of pollutants
and photocatalytic performance. While most photocatalytic reactions occur at room temperature,
studies indicate that the activation energy rises when the temperature drops below 0°C due to a
reduced desorption rate of the final products. Conversely, as the temperature exceeds 80°C, the
adsorption of reactants becomes a limiting factor. Increased temperature caused the nanorods to
grow longer and narrower, which expanded their surface area and absorption rate. In this context,
photooxidation at low pH (pH = 3) led to hydroperoxide formation, and fragmentation at a low

temperature (0°C) amplified the microplastic's surface area [84].

3.3.3 Impact of pH levels

The pH of the medium or environment is a crucial aspect that can influence photocatalytic
activity. Since some reactions are pH-sensitive, the ideal pH can differ based on the specific
photocatalyst and the substances reacting. The pH of the solution affects the extent of ionization,
clumping, the oxidation potential of the photocatalyst's band, and the presence of pollutants.
Another key factor impacted by pH in photocatalysis is the surface charge. The point of zero charge
(PZC) is the pH where the surface charge is entirely balanced. Studies have shown that increasing
the pH enhanced BiVO4's efficiency in breaking down phenol through photocatalysis. Enhanced
photocatalytic activity has been linked to smaller band gaps, less electron-hole pair recombination,

increased solar light absorption, and changed shapes [84].

3.3.4 Amount of the catalyst

Research indicates that the catalyst concentration in a photocatalytic reaction influences the
speed at which dyes break down. To boost the dye photodegradation percentage in a heterogeneous
photocatalytic process, increasing the photocatalyst amount is an option. More catalysts in the
photocatalytic process leads to more active sites, which promotes the creation of more reactive

radicals during photodegradation [84].

3.4 Heterogeneous Photocatalysis fields
Over the past forty years, the field of heterogeneous photocatalysis has grown significantly,

particularly with advancements connected to energy and environmental applications. This process
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involves enhancing the speed of a photoreaction by a catalyst (which is not in the same phase as
the reactant) [85].

The light-exiting photocatalysts produce electrons and holes, as seen in Figure 3.2. This
scheme can be used for a variety of purposes, such as the selective organic synthesis of high-value
products, energy production toward CO> reduction, water splitting, alcohol reforming reactions,
and the degradation of undesirable chemicals, pollutants, and pathogenic organisms. The electrons
and holes at the surface can start a reductive and an oxidative reaction pathway, respectively.
Furthermore, the most popular photocatalysts are TiO»-based materials and TiO»-based
photocatalytic processes [86] because they offer resilience, abundance, and strong photoactivity for

both disinfection and degradation at low cost [87].

Applications
Energy, Decontamination,
Synthesis of chemicals, |
biocidal properties

hv

Photoreactors
Gas and liquid phase
setups, Light-matter

interaction studies,
operating conditions.

Materials
TiO,-based materials,
ZnO-based materials, g-
C;N,-based materials

O+®
Volume
recombination

“Red

Advanced analysis
Operando spectroscopic
| tools, Advanced-optical
characterization, quantum
efficiency calculations

Fig 3.2. Diagrammatic representation of a semiconductor s photo-activation and major reaction
stages, as well as the primary areas of unresolved research in the field of heterogenous
photocatalysis [56].

The use of heterogeneous photocatalysis for synthetic applications is less common. This
finding illustrates a widespread lack of confidence in heterogeneous photocatalysis’s ability to
synthesize pertinent commercial chemicals. Although useful intermediates, naturally occurring
chemicals, and raw materials have been produced in good to exceptional yields, corresponding

improvements in process engineering are still needed [87].

3.5 Homogeneous photocatalysis
Homogeneous catalysis refers to a catalytic process where both the reactants and the catalyst

exist in the same phase, typically the liquid phase. In recent years, a more specific definition has
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gained popularity, limiting homogeneous catalysts to systems involving (organo)metallic
complexes as catalysts. Technically, organometallic compounds are defined by the presence of a
metal-carbon bond, though not all catalysts discussed necessarily meet this criterion. For
convenience, this narrower term will be used here, but it's important to remember that many
valuable homogeneous catalytic reactions involve catalysts that are not (organo)metallic complexes
[88],[89].

Examples of such systems or catalysts include general acid-base catalysis, as seen in ester
hydrolysis; Lewis acids, which are commonly employed in Diels-Alder reactions; and organic
catalysts, such as thiazolium ions involved in Cannizzaro reactions. Other notable examples are
porphyrin complexes, which play a role in epoxidation and hydroxylation reactions; enzymatic
processes; and coordination complexes that facilitate polyester condensation [88].

Ligands play a crucial role in homogeneous photocatalysis involving metal complexes. By
altering the ligands surrounding a single metal center, it's possible to produce different products
from the same substrate. This is illustrated in Figure 3.3, which shows the range of products that

can be derived from butadiene using different nickel catalysts [88],[89].
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Fig.3.3 Impact of valence states and ligands on selectivity in the butadiene process catalyzed by
nickel [88].

Photochemistry and homogeneous complex catalysis are connected by photoinduced
catalytic processes brought on by the photogeneration of coordinatively unsaturated species (Fig.
3.4). The benefits of photocatalytic reaction pathways are highlighted by the photochemical
activation of catalyst precursors, which takes place at a very moderate reaction temperature and
pressure. From a mechanistic perspective, the photochemical production of catalysts and the

identification of their structures provide new avenues for a deeper comprehension of the
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fundamental stages of intricate catalytic cycles. Electron-transfer methods using reducible or
oxidizable sacrificial ligands like azide or oxalate and dithiooxalate are one method for the

photogeneration of coordinatively unsaturated molecules that act as catalysts [89].
- 8

kM )l Coordinatively unsaturated species

h o
[LMXA] = [L.MXA]

Catalytically active free ligand

LM x) Catalytically active coordinated ligand
N
N\

-~ PX

Fig.3.4. An overview of how light-sensitive transition metal complexes of organometallic
compounds ([LnMX(A)]) cause substrates (S) to be photo catalytically  activated,  producing
products (P. PX and PZ respectively) [89].

3.6 Types of photocatalysis

I offer four groups of reactions in Figure 3.5 to classify current photocatalysis techniques.
The most effective photocatalysis is seen in the first category (Fig.3.5. a), organic photosynthesis.
The process, an inventive outcome of billions of years, has been the origin of our energy. The main
byproduct of these processes are carbohydrates [90].

A version of this reaction is depicted in figure 3.5.b, where microalgae perform reactions
comparable to those in plants but synthesis unique compounds such as H» or other useful chemicals
(e.g. ethanol, butanol, glycerol, and isoprene) [90].

There are several different types of artificial photosynthesis systems available. An
intrinsically low-cost system is produced when the reduction and oxidation reactions are not
purposefully segregated (Fig 3.5.c). Keep in mind that responses involving both homogeneous and
heterogeneous catalysts into this group. Physically separating the sites of oxidation and reduction
is another tactic [90].

Figure 3.5.d displays the wired version of the previous tactic. However, in this case, the wire
is not necessary. Back-to-back wireless setups belong to the same category additionally. One of the
main differences between Figure 3.5.c and 3.5.d examines if there is sufficient physical distance

(more than a few hundred feet) between the reduction and oxidation sites [90].
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Fig.3.5 Categories of photocatalytic processes. a) Natural photosynthesis by plants, b)
photosynthesis by microalgae, c) nanoparticles photocatalysis, d) photo electrocatalysis [90].

3.7 The applications of photocatalysis
3.7.1 Introduction

People's need for resources has significantly increased because of the growth of industry and
the improvement of living standards, leading to energy crises. The primary energy sources in the
world today are still fossil fuels including coal, oil and natural gas. Most of them are predicted to
run out in the twenty-first century due to the ongoing growth of industrialization. Furthermore,
using fossil fuels contributes to increasingly severe air and water pollution, which endangers
people's lives and health [91].

Photocatalytic technology has emerged as a popular study area in recent years due to its
demonstrated potential as an inexpensive, sustainable, and environmentally benign technology

[91]. Some of its applications are presented below.

3.7.2 Water Treatment

Organic contaminants, heavy metals, inorganic compounds, and several other complex
substances have been found in surface, ground, sewage, and drinking water resources over the past
few decades because of population development and fast industrialization. The Unites
Nations 2020 World Water Development Report states that modifications to the water cycle will
also endanger human health, food security, energy generation, economic growth, and poverty
alleviation, so putting the attainment of sustainable development goals in grave danger. As a result,
it is crucial to create sophisticated, eco-friendly, affordable, and highly effective wastewater

reclamation methods [92].
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Electrodialysis, membrane filtration, precipitation, adsorption, electrochemical reduction, and
electro deionization are among the various technologies used in wastewater decontamination. These
procedures typically use a lot of energy and can become more complex when pollutants are transferred
between diverse fluids, wastes, and byproducts produced during wastewater treatment [92].

Heterogeneous photocatalysis has been extensively researched and used since 1972 in several
fields, including N fixation, CO2 reduction, water splitting, and water/air purification (Figure 3.6).
Mild temperatures, a straightforward procedure, and green technology allow photocatalysis to
oxidize or convert inorganic pollutants to innocuous compounds while breaking down organic

contaminants in wastewater into water, carbon dioxide, or other tiny molecules [92].

H.O .
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X e 2
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Fig.3.6 The role of heterogeneous catalysts in photocatalytic applications [92].

The high rate of electron/hole recombination considerably reduces the photocatalytic activity of
single photocatalysts. Researchers are paying more attention to the subject of enhancing photocatalytic
activity by preventing their recombination. Numerous modification techniques have been created to
solve the shortcomings. Complexion can be somewhat avoided by metal doping and morphology
control, and the incorporation of plasma excitonic elements and up conversion effects into
photocatalysis materials significantly increases light absorption and utilization, which has significant
ramifications for the creation of new, effective photocatalysts with broad-spectrum absorption
capabilities. In addition to these methods, further methods have been investigated and documented in
the fields of biphasic semiconductors and the use of photocatalytic effects in the design of external
circuits, both of which can significantly enhance photocatalytic performance [92].

Additionally, because deactivated photocatalysts are unstable, the catalyst is prone to self-
etching in photocatalysis. The creation of heterojunction structures, doping, defect synthesis, and
the restoration of effective photocatalytic performance by the oxidative reduction of deactivated

photocatalysts for recycling have all been extensively investigated [92].
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3.7.3 Removal of Trace Metals

Wastewater from a variety of human endeavors and businesses, such as plating and electrolysis,
pesticides, batteries, rayon production, mining, metal rinsing, textile production, tanning, papermaking,
petrochemical processing, and electrolysis, might contain heavy metals. Serious health problems,
including harm to essential organs including the liver, heart, brain, and kidneys, are common in people
exposed to heavy metals. Mercury (Hg), chromium (Cr), and arsenic (As) are the three most prevalent

metal ions in contaminated water [93], whose removal procedures I present below.

3.7.3.1 Chromium Removal

Studies on the photocatalytic reduction of heavy metals like chromium (VI) have generally shown
an increase in the rate of chromium (VI) photocatalytic reduction in the presence of organics in natural
and wastewaters. Converting Cr (VI) to Cr (III) has been the focus of recent research due to the higher
toxicity of Cr (VI) ions in comparison to Cr (III) ions. When exposed to ultraviolet (UV) or visible light,
photocatalytic nanoparticles, including zinc oxide (ZnO), tungsten trioxide (WQ3), and titanium dioxide
(Ti0O2), go through a chemical reaction known as photoelectrons. While electrons, €, power the oxidation

of Cr (V1) to Cr (I), positive holes, H" drive the reduction of Cr (VI) to Cr (IIT) [93].

3.7.3.2 Arsenic Removal

The two oxyanions that are most found in natural waters are asenate (As(V)) and arsenite (As (III)).
As(V) in the form of HyAsO4 or HAsOs prevails in oxidizing and alkaline environments, while trivalent
non-ionized arsenite, H3AsOs, predominates in reducing environments, such as aquifers with a pH close to
neutral. Compared to arsenite, arsenate is less toxic and more stable. These water contaminants are
eliminated using heterogeneous photocatalysis. The hydroxyl radical (HOe radical), which produces
electron-hole pairs (¢H") that can reduce and oxidize molecules, is produced when the gap in
semiconductors is stimulated. As (III) is changed into As(V) by TiO> when the oxygen is present. Photon
efficiency is reduced by this material's significant e H" pair recombination rate. To address this issue,
scientists have created new materials by either (i) doping TiO» with nonmetal or transition metal ions or (i1)
incorporating other semiconductor oxides such as CuO, ZrO», Fe;03, MnO», GaO, SnO», and WOs. Since
they employ mild oxidants and have the potential to replace traditional high energy treatment methods,
photocatalytic oxidation processed-which combines UV light with nanoparticles such as Fe;O3, TiO», and

ZnO-have been extensively reported [93].

3.7.3.3 Mercury Removal
There are many different contaminants in chimney gas from coal-fired power plants, and the effects
of these contaminants on the environment are getting worse. The main pollutants, like SOx, NOx, and
hazardous particles, as well as the contaminants that contain trace amounts of heavy metals, like mercury
(Hg"), are getting even worse. Crucially, photocatalytic oxidation technology may be used to efficiently
50

Institutional Repository - Library & Information Centre - University of Thessaly
11/09/2026 15:48:49 EEST - 216.73.216.250



remove Hg’ in its gaseous state. Oxidation has been accomplished with success using photocatalytic
technology. Photocatalytic performance is limited by a high recombination rate of photogenerated
electron-hole pairs, a significant band gap that restricts the excitation of the pure semiconductor to the
UV, and a poor electron transfer rate. Mercury gas was extracted using BiOIOs photocatalysts exposed to
UV and LED light. The crystal structure and form of BiOIO3 were determined by the pH of the precursor.
Only in acidic settings could BiOIOs products develop. After exposing a BiOIO3 nanosheet sample to
UV light for 25 minutes and LED light for 100 minutes, almost all Hg0 was eliminated [93].

3.7.4 Organic Degradation

Different kinds of bacteria and other microorganisms, which can break down organic

contaminants through regular cellular responses, are usually the foundation of biological degradation
technologies. For the removal of organic materials from wastewater, physio-chemical methods such as
reverse osmosis, Fenton reagent, nanofiltration, hydrogen peroxide, electrochemical breakdown,
ozonation, flotation, coagulation, chemical oxidation, and adsorption demonstrate satisfactory results.
These technologies have advantages of low energy usage, inexpensive investment, and simple
maintenance. Some disadvantages of these treatment techniques include the fact that they can only turn
the non-biodegradable component into sludge, which creates a secondary waste product that must be
recycled or disposed of in a costly way [94].
The advanced oxidation process (AOP), which was initially proposed in the 1980s, has shown itself to
be a successful wastewater treatment technique. The in-situ production of strong hydroxyl radicals
(OH) and other reactive oxygen species (ROS) in sufficient to attempt to destroy the refractory
hazardous chemical pollutants in a non-selective and efficient manner is referred to as "advanced."
Furthermore, by producing extremely reactive radicals, AOPs like Fenton reactions, sulfate radical-
based AOPs, sonochemical oxidation, electrochemical oxidation reactions, and photocatalytic
oxidation can fully mineralize the hazardous organic pollutants, turning them into tiny molecules like
CO2 and H20 and less sludge [94].

It is important to note that there are two types of ROS generation: photochemical and non-
photochemical. The energy of photons is harvested to create various active radicals in
photochemical processes like the photo-Fenton process, ultraviolet (UV-photolysis), microwave
irradiation-included photocatalysis, gamma radiation-included photocatalysis, visible light-
assisted photocatalysis, and UV-light-assisted photocatalysis. Heterogeneous photocatalysis using
semiconductors has emerged as one of the most effective and sustainable methods for mineralizing

different kinds of organic contaminants in wastewater [94].
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This method offers several benefits, including environmental protection, total pollution
degradation, no secondary pollution, green technology (visible light harvesting), and repeated

usage without degrading catalyst capacity [94].

3.7.5 Elimination of Inorganic Substances

Carbon monoxide, sulfur oxides, nitrogen oxides, and hydrogen sulfide are a few significant
inorganic gas pollutants that need to be treated in both indoor and outdoor air. While there is
research on the removal of volatile organic compounds (VOCs) from the air, this is not the case for
inorganic contaminants. The use of photocatalytic oxidation to reduce air pollutants, such as
nitrogen oxides, ought to be economical. TiO2 is again the most extensively employed
photocatalyst in photocatalytic oxidation because of its comparatively low cost, non-toxicity, and
chemically stable nature [95].
Table 3.1 provides an overview of current research on the use of photocatalytic oxidation to remove

inorganic contaminants [95].

Table 3.1 Overview of research on the oxidation of inorganic compounds utilizing TiO2-based photocatalysts [95].

Order Catalysis Modification Optical ~ BET  Target MW Avarage Catalyst Gas Lamp  Total  Ininal Inirial Age Final pollutant Flow rate
property (gl (ppm) (g  wavelength dose (g) Retention power Reactor pollutant pollutant conversion  concentration (Lih)
(nm] '} M) [m) Time (h) (W) Volume concentration concentration degradation [mg/L}
i ppm} [mgfL) (%)
1 RulyTioy /Pt Combination of Rul,Tio, Pt 365 85 o 28.01 3EB5E-07 035 5.8 00 002186 470 0.53B44 100 0.0000 0.0038
2 Tio: Cobalt imidazole complex with 400 2058 MOw 30 400E-07 1029 2 B M. A 1 000123 51 0.0006 MoA
functionalized GO supparted on &
Tz film
3 Tio: Cobalt imidazole complex with 400 2058 0 28.01 4.00E-07 1029 2 B M. A 0 005728 46 0.0308 MoA

functionalized GO supparted on &
Tz film

4 WO T, Using two photocaralysts with 385 177 H2s 341 3B5E-07 M. A 0.31 B 012826 N. A N A 100 N A 04137
each other (WO, Ty,
3 Tioz iy coted on Polyamide 365 21 MOx 30 3E5E-07 3 HoAL 300 M A 1 000123 416 0.0007 NoA
nanofiber materials
B Crypromelane- No modification 365 137 03 48 3B5E-07 N A NoAL N.A MNA 40 0O7B53 B0 0.0157 MNoA
Lype
manganese
oatide
7 Fed 1%T-c FeThOy catalysts with 01 1% Fe  420-7000 1054 NOx 30 S.60E-07 005 0.0015 500 123 04 0.00D49 38 0.0003 H200.0000
B Fed 1%T-h FeThDy catalysts with 0115 Fe  420-7000 197.3 NOx 30 5.60E-07 005 0.0015 500 123 0.4 0.00D49 20 0.0004 §200.0000
a Fel 1%T-1 FerTiDy catalyses with 012 Fe  420-700 683 NOx 30 5.B0E-07 005 0.0015 500 123 04 0.00D49 9 0.0004 §200.0000
10 T-0 Pure titania nanotubes 365 3765 NOZ 46 3E5E-07 il 4 M.A  MNA 0o1g 0.00004 54 0.0000 MoA
n Mao/T-H Malybdenum-doped titania 385 4033 NO2 a6 3B5E-07 o1 4 N.A NA omse 0.00004 56 0.0000 MNoA
nanotubes (ammenium
medybdate terrahydrate added at
the same time as the W02
precursar)
1z MoT-P Malybdenum-doped titania 365 3872 NOZ 46 3E3E-07 o1l 4 M.A  MA oos 0.00004 5 0.0000 MoA

nanofubes (ammoniem
malybdate terrahydrate added
duning the acid washing process)
13 MaoyT-1 Malybdenum-doped titania 365 3333 NOZ 48 3B5E-07 o1l 4 N.A  MNA ooy 0.00004 7 0.0000 HoA
nanotubes (ammonim
meadybdate tetrahydrate
impregnated to THTs before
calcination)
14 T-0 Pure titania nanotubes 365 3765 C02 44.01 3E5E-07 ol 4
15 MaT-H Malybdenum-doped titania 366 4033 02 44.01 3EB5E-07 ol 4
nanotubes (ammonim
medybdate terrahydrate added at
the same time as the Ti02
precursar)
16 MoT-P Malybdenum-doped titania 367 3872 C02 44.01 3.65E-07 ol 4 M.A  MA M, A M. A M. A M.A MoA
nanotbes {amme nism

zz
S
=z =
-
=z
=
22
-
=z
=
- 4
2

meolybdate terrahydrare added
duning the acid washing process)
17 MaT-1 Malybdenum-doped titania 368 3333 o2 44.01 3EB5E-07 ol 4 N.A MNA N A N A MN.A N A MNoA
nanotubes (ammonim
mo]ybda(e te(nhynrale
impregnated to TNTs befare

calcination)
18 Tio Pr-doped T, 420 108 NOx o 30 420E-07 005 0.000375 500 0DOD45 40 004808 54 0.0226 12.0000
19 Tio: Pi-doped Te: 365 108 MOx 30 3E5E-07 005 0.000375 125 00D45 40 0.04908 MA. MNA 1z.0000
n AujCe0,—TeD, Au/Ce(Ti of 0.004:0.1:1 365 63.6 MNO 30.01 3E5E-07 oz 0.075 iz 18 05 0.0DDET BS 0.0001 240.0000
b3l AufCe02-Ti0y AufCe[Ti of 0.004:0.1:2 420 B6 NO 30.01 4.20E-07 02 0.075 150 1B 05 0.0DDE1 B7 0.0001 240.0000
2 Tio: oD madified with Ru{2,2'- 420 M.A NO 30.01 4.20E-07 o1l 0.083 00 Q00012 1000 122741 o9 00123 0.0o014
bipyridyl-4.4 -dicarboxylec acid)
2(NCS):
3 Tio, Cu doped ritanium dioxide 365 1107 02 G4.06 3.65E-07 N A 0.00083 125 Q1008 120 0371441 G2 0.1195 121.4458
24 Tioy Cu doped ttanium dioxide 365 1107 MO 30.01 3E5E-07 M. A 000083 125 QI00E 635 0.0BDW0 43 0.045E 121.4458
5 EiFely Immobilized BiFed; 365 55.1 MNOx 30 3B5E-07 12 3 15 15 5 0.00E14 35.83 0.0035 0.5000
nanoparticles
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3.7.6 Natural Organic Matter Decragation

Natural organic matter (NOM), a complex matrix of organic compounds primarily composed

of a mixture of humic and fulvic substances, including anionic macromolecules if various

molecular weights with both aromatic and aliphatic components, presents a serious risk to public

health and complicates standard processing methods, making NOM a major threat to drinking water

treatment [96].

Most natural waters have NOM levels between 0.1 and 20 mg/L, nonetheless, there has been

a recent rise in its content in ambient water matrices, placing stress on nearby ecosystems and the

current water treatment infrastructure. Numerous significant alterations in the climate are to blame

for this rise on NOM concentration. The primary analytical methods for identifying and measuring

natural organic matter (NOM) in water are shown in Table 3.2 [96].

Table 3.2 Primary methods for detecting and measuring natural organic matter (NOM) in water [96].

Method Advantages Disadvantages Complexity of
Method
Adsorption Low
at254 nm —  Ease of use Measurement of unsaturated organics in
= Very fast measurement water (not only NOM /humic acid)
~  Cheap High nitrate content in low dissolved organic
carbon (DOC) waters may interfere the
measurement
coD
—  Simple Toxic treatment chemicals
~  Well known method Low accuracy
High minimum detection limit
TOC
Fast measurement Expensive specialised equipment
~  Tailorable modes of detection for Measurement of total organics in water (not
specific experiments only NOM /humic acid)
Fluorescence
spectroscopy ~  No pre-treatment required Only detects fluorescent NOM molecules
—  Gives information on specific NOM Sensitive to chemical environment, e.g., pH
FTIR
~  Good signal to noise ratio Can see large water band interference
~  Extensive libraries of humic Pre-treatment could alter chemical makeup
substances to identify specific of NOM
compound characteristics
HPLC
—  Good separation of NOM Requires expensive, high purity solvents,
compounds columns etc.
NOM can have unwanted interactions with
the stationary phase
GC-MS
—  Accurate detection of all substances Cost of reagents, columns, etc.
found in water Difficulty in analysing and interpreting results High

Due to its mostly unrealized potential for prospective environmental engineering

applications, photocatalysis is a rapidly developing field of study within the field of AOPs. The use
of semiconductors (such as TiO; and ZnO) as sensitizers for light-induced redox reactions is the

foundation of ongoing research on photocatalytic NOM elimination [96].
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3.7.7 Applications in Health

In 2019, the World Health Organization identified the top ten global health threats. These
included a worldwide influenza pandemic, antimicrobial resistance, dangerous pathogens like
Ebola, vaccine hesitancy, dengue fever, AIDS, and other infectious diseases, which together made
up 60% of the list. Over the past few centuries, bacterial infections have emerged as a major threat
to human life. Some of the most lethal bacteria include Mycobacterium tuberculosis,
Staphylococcus, Salmonella, Escherichia coli, and Bacillus anthracis. These infections claim
thousands of lives each year [97].

The use of antibiotics has become a common and successful antibacterial tactic since
Fleming’'s 1928 discovery. However, the overuse and prolonged use of conventional antibiotics
have encouraged the growth of germs resistant to these drugs, endangering public health through a
variety of pathways, including livestock, food, and water [97].

One of the most promising alternatives to antibiotics for treating bacterial infections and water
contamination brought on by specific pathogens are photocatalytic antibacterials agents, which have
no drug resistance or adverse effects because of their rapid and effective bactericidal efficacy.
Photocatalysis has special benefits in the field of antibacterials, and its controllability is crucial. Zinc
oxide (Zn0O), titanium dioxide (TiO2), copper sulfide (CuS), bismuth sulfide (Bi2S3), molybdenum
sulfide (MoSz), graphene carbon nitride (g-C3N4), and other inorganic semiconductor materials are
examples of materials used in photocatalytic antibacterial strategies. Organic photocatalysts include
antimicrobial peptides and polymerization induced luminescence (AIE) [97].

The reaction between bacteria and ROS, an intermediate product of the photocatalytic
reaction process, which has higher activity, is known as the photocatalytic antibacterial process.
ROS is primarily the result of an incomplete reduction reaction between light-excited

electrons/holes and oxygen (O2) or water [97].

DNA damage Protein
ROS damage

Cell
membrane
damage

Fig. 3.7 Schematic of the photocatalytic antibacterial action [97].
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3.7.8 Use of Photodynamic Therapy

Photodynamic therapy (PDT) was discovered more than a century ago by Oscar Raab, a
medical student working with Prof. Hermann von Tappeiner. He noticed that paramecia incubated
with a fluorescent dye and exposed to light died, while those kept in the dark were unaffected. Von
Tappeiner was the first to coin the term "photodynamic reaction". Light’s healing potential has been
recognized since antiquity, with phototherapy dating back to approximately 3000 B.C [98].

PDT is a unique form of light therapy that relies on the interaction of three primary
components: molecular oxygen, a light source, and a photosensitizer (PS) (Figure 3.8). Depending
on the target location, the photosensitizer’s absorption spectrum, and the necessary light dose, the

three primary light source types utilized in PDT are lasers, light-emitting diodes, and lamps [98].

! Hematoporphyrin, porfimer |

| sodium, verteporfin, chlorin i
i €6, pheophorbide a,
i curcumin, riboflavin, etc. |

_____________________

| Incandescent lamps, lasers, i
light emitting diodes i

Photosensitizer

i O2dissolved in the i
! cytoplasm, cytoplasmic H20 |

Fig. 3.8 Key elements of photodynamic treatment [98].

The in-situ oxygen molecules function as electron acceptors, and the non-toxic
photosensitizing substances deposited at the target site are activated under the right light irradiation,
allowing it to absorb and transfer electrons. As a result, harmful reactive oxygen species (ROS) are
produced, which rupture the cell membrane and cause necrosis or apoptosis, which results in
irreparable harm to microorganisms and target tissues [98].

PDT has become increasingly popular among different kinds of therapies because of the
advantageous interaction between light, photosensitive substances (also known as
photosensitizers), and oxygen. PDT has been used in several medical specialties over the past 40
years, including oncology, dermatology, urology, ophthalmology, and dentistry. It is effective in
curing a variety of illnesses. The primary benefits of PDT that make it more promising than
traditional treatment approaches like chemotherapy, radiation, and surgery are improves cosmetic
results, fewer functional disruptions, good patient tolerance, fertility preservation, and reduce

systemic toxicity [98].
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Classic PSs impede the use of PDT, despite the fact that it is a promising and helpful therapy
approach for many diseases. The most frequently cited disadvantages of conventional PDT are its
low water solubility, shallow light penetration depth, and ineffective tumor targeting. Complex
scheduling, the need for several treatments, post-treatment patient monitoring, and photosensitivity
problems in the initial weeks following therapy are additional drawbacks. Combinatorial
techniques with various therapeutic modalities show the prospect of overcoming PDT limitations
(Figure 3.9). This allows for the exploitation of each treatment’s benefits while counteracting its

drawbacks [98].

! Photodynamic therapy |
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Immunogenicity R Memory effect
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Limited light penetration Low response rate
Heat-shock response e R TR, Immune-related side-effects
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~ light independence

Many available drugs
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Fig. 3.9 Potential pairings of PDT with additional treatment approaches [9S].

3.7.9 Uses in the Building Industry

The use of cementitious materials as catalyst supporting media has gained popularity in
recent years. The primary tactic is to make use of urban building facades as media catalysts. A vast
amount of surface area is available for photocatalytic reactions in the cementitious materials
utilized in building facades. This approach has a strong chance of reducing urban pollutants while
preserving the building’s architectural appeal [99].

Moreover, by preventing the growth of germs by photocatalytic degradation, adding TiO»
photocatalyst to cementitious materials may be able to maintain the sterility of the cement-based
surface. Therefore, as seen in Figure 3.10, using cement-based materials as catalyst supporting
media has the potential to convert cementitious materials into environmentally friendly goods

including air-purifying pavement, self-cleaning external walls, and antibacterial concrete [99].
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Fig.3.10 TiOs-based solution for environmentally friendly construction [99].

Much effort is being made in the building sector to create novel building materials that
incorporate TiO; photocatalyst. Construction materials with sophisticated properties, such self-
cleaning, air purifying, and self-sterilizing surfaces, are now possible thanks to photocatalysis
technology. Applications include antimicrobial tiles for hospital interiors, self-cleaning buildings
facades, and photocatalytic concrete highways for air pollution removal. Additionally, as the use of
photocatalytic building materials expands, tunneling and road infrastructure may be useful in
reducing environmental pollution. Lastly, it can help manage the urban heat island effect in cities
with high population densities. By subjecting the cement to external UV radiation, modern
commercial technologies such as TXActive® and TioCem® photocatalytic cement, which contain
TiO> particles, may efficiently remove a variety of pollutants, such as NOX, SOX, NH3, CO, and

volatile organic compounds (Figure 3.11) [99].

ultre;\'iolcllrays
(the _sunlig,hl
NO + OH® = HNO2 + OH* =NO2 + H20

NO2 + OH® = HNOs

Water Molecule

H20 + hyy » OH" + H*

Fig.3.11 The steady-state process of photocatalytic oxidation of NOX [99].
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Chapter 4

Hydrogen production through photocatalytic water splitting,

Materials used in Photocatalysis and Rare Earth Elements

4.1 Introduction

The demand for energy has skyrocketed due to the world's population growth and rapid
urbanization. The main cause of global warming is the enormous rise in CO2 and other greenhouse
gases (GHGQG) in our atmosphere, which has been brought on by our heavy reliance on fossil fuels
as our main energy source since the industrial revolution. Thus, it is essential for future energy
sustainability and global security to decarbonize the energy supply by using clean, sustainable, and
renewable energy [100].

The transition to a clean and ecologically friendly energy system will require resources for
renewable energy (RE). The unpredictable and intermittent nature of these resources is the main
barrier to reaching 100% RE. This necessitates technical adaptation, particularly with regard to
balancing the varying supply and demand for energy. As renewable energy sources become more
integrated into the current energy systems, large-scale energy storage devices will be needed to
manage their unpredictability and intermittency [100].

The solution might lie in the ingenious idea of storing RE in a transportable, useable, and
storable energy carrier like hydrogen. The concept of hydrogen-based energy storage systems, or
HDESS, is therefore gaining traction as a cost-effective choice for extensive export, transportation,
and RE restoration. Hydrogen-powered gadgets are driving the hydrogen economy, a 100%

renewable energy sector [100].

4.2 Hydrogen assets and challenges

The most prevalent and basic element in the universe is hydrogen. Hydrogen's adaptability is
one of its main qualities. It can be made from a variety of sources, including fossil fuels (like steam
methane reforming) and renewable energy sources (like solar and wind energy). Because of its
adaptability, hydrogen can suit some industrial needs while also aiding in the decarbonization
process. The high energy density of hydrogen is another significant property. Hydrogen is a

desirable fuel for automobiles, ships, and even airplanes since it has more energy per unit weight
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than gasoline. When it burns, water vapor is emitted; no hazardous pollutants that promote climate
change are created [101].

Furthermore, hydrogen can be used in a wide range of industrial applications due to its special
chemical characteristics. For example, it is a perfect raw material for the synthesis of ammonia, a
crucial component of fertilizers, due to its capacity to react with nitrogen at high temperatures.
Furthermore, it is highly useful in the food and chemical industries for hydrogenation and metal
refining due to its reactivity with other elements [101].

The potential benefits of hydrogen are undeniable, though, and nations and industries
worldwide are investing resources in research and development, which is resulting in advancements
in hydrogen production, storage, and utilization. However, the use of hydrogen is associated with
several challenges, including the difficulty of transporting and storing hydrogen due to its low
density at room temperature and the high cost of building the infrastructure for large-scale hydrogen

production [101].

4.3 Hydrogen production through photocatalytic water splitting
4.3.1 The mechanism

Chemical energy (hydrogen) is produced from photonic energy, which originates from the
higher-energy spectrum of solar light, specifically the ultraviolet and upper visible spectrum.
Photonic energy, represented as hv, is proportional to the radiation frequency, where v is the
frequency and h is the Planck's constant. An electron-hole pair is created when a photon strikes the
photocatalyst, and the electrical charge that results is used to dissociate water. A photocatalyst must
have the right band gap and positioned valence bands (VBs) and conduction bands (CBs) for
oxidation/reduction reactions in order to split water and produce hydrogen. Furthermore, choosing
the right photocatalyst requires the quick creation and separation of electron ole pairs. Reactions

involving photo-oxidation and photo-reduction can be expressed as [102]- [105]:
h
Photoreduction: 2H,0+2¢” - Hay+20H" (10)
h
Photo-oxidation:2H,O e Ox+H4H +4e (11)

4.3.2 Critical Parameters for High-Efficiency Photocatalytic Water-Splitting

The basic idea behind photocatalytic water splitting is to create H2 and O2 from water by
using particles in solution with incident sunlight. It can supply hydrogen in a clean, sustainable
manner without causing greenhouse gas emissions or negatively impacting the atmosphere. Figure
4.1 shows some of the key elements influencing how well a photocatalytic hydrogen production

process works [102]- [105].
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PHOTOCATALYTIC HYDROGEN

PRODUCTION

4.1 Essential Factors in Optimizing Photocatalytic Water-Splitting Efficiency [102].

4.3.3 Photocatalyst Characteristics

Certain materials exhibit excellent quantum efficiency among the several photocatalysts that
have been investigated with UV light. Nevertheless, these current photocatalysts frequently exhibit
inefficiency during the water splitting process. Having a suitable band gap to support the maximum
amount of solar spectrum utilization, a suitable CB and valance band placement to drive oxidization
and reduction reactions of overall water splitting, stability in the redox environment, low
production and operation costs, recyclability, abundance, corrosion resistance, and suitability for
large-scale production are all necessary for an efficient process. Figure 4.2 lists the photocatalyst

requirements for effective hydrogen production [102]- [105].

RECYCLABILITY
Low cost STABILITY

s \ [ / oy

PHOTOCATALYST
e B ABUNDANCY
LONG LIFETIME / \
CORROSION SUITABLE EFFICIENCY
RESISTANCE CB+VB
POSITIONS

4.2 Core Features of Photocatalysts [102].
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4.3.4 Materials suitable for Water-Splitting

A range of semiconductors have been discovered to be capable of HER, oxygen evolution
reaction (OER), or water splitting by taking advantage of the characteristics of elements across the
periodic table. The most researched photocatalyst for water splitting is TiO2. It is affordable, plentiful,
stable, non-corrosive, and environmentally benign. However, because its band gap (3.2 e¢V) is in the
UV region, it cannot use the visible light spectrum. The photocatalyst's active light spectrum region has
a significant impact on how much solar energy is used. The solar conversion efficiency is just 2% up
to 400 nm, which is comparable to the efficiencies seen in plants' photosynthetic systems. At 600 nm,
the efficiency increases to 16%, and at 800 nm, it increases to 32% [106].

The most often utilized photocatalysts for water splitting are d° or d'° transition metal cations'
oxides, sulphides, and nitrides. Photocatalysts such as CdSe, CdS, TazNs, TaON, C3Na, SiC, BiVOs,
WO;, Cuz0, Fezx03, and others are among them. High charge recombination rates, poor charge
transport, and low light harvesting limit the performance of metal oxides such as WOs3, BiVOs, and
Fe>03. BiVO4's conduction band edge position renders it inappropriate for HER. CuO is prone to
self-reduction in aqueous solution, while having a potential 18% solar-to-fuel conversion
efficiency. Likewise, CdS is prone to self-oxidation. Table 4.1 lists the photocatalytic activity of
CdS-based and TiO»-based photocatalysts [106].

Table 4.1 An overview of the water splitting photocatalytic activity of several photocatalysts [106].

Photocatalyst Co-catalyst Photocatalyst  Reactant solution and Light source Activity AQY (%)  Stability
used amount sacrificial agents (hours)
Polymer P7 Pt 25mg 7.5 ml water, 300 W Xe Lamp with 116 pmolh™* g~* 0.0225 65
trimethylamine (TEoA) =420 nm cutoff
7.5 ml, methanol 7.5 ml filter
TFPT-covalent Pt 5mg 1 ml TEoA, 8 ml water 300 W Xe Lamp with 1970 umalh~tg~! 2.20 N/A
organic framework 420nm < A <900 nm
cutoff filter
NiS/ZnpsCdy s S RGO, NiS 50 mg 80 ml water, 0.35 M Na,5, - 375.7 umol h—* 31.10 12
/RGO composite 0.25 M Na,50;3
NGO-QDs - 12g 200 ml aqueous solution, 300 W Xe Lamp with 0.5 pmol h™! N/A 72
pH=3 420nm < 4 = 800 nm
cutoff filter
Hollow C3MNg 3wt % Pt 20mg 100 ml agueous solution, 300 W Xe lamp 275 pmol h! N/A 16
nanosphere 10% TEoA
g-CsNy/carbon NiS 50 mg 15 ml TEoA, 85 ml distilled 300 W Xe Lamp 992 pmol h~* g~* N/A 15
black/NiS water with = 420 nm
cutoff filter
mpg-g-CaNa/CNT/NIS  NiS 50 mg 90 ml water, 10 m| TEoA 300 W Xe lamp 521 upmol h~tg™! N/A N/A
composites
3wt % P3TH-g-CsN, 1wt % Pt 300 mg 600 ml agueous solution, 300 W Xe Lamp 560 pmol h~? 2.90 N/A
composite 0.25 M Nas5, 0.25M with = 420 nm
MNa:50; M cutoff filter
Hydrogenated ZnO - 164 gm 100 ml agueous solution, 300 W Xe lamp 122,500 pmol bt g™t N/A 30
nanaorods arrays 0.1 M Na;50s, 0.1 M
Na, S0,
Cu; 8452, Cd1.S Pt 20mg 50 ml DI, 0.1 Na;S, 01 M 300W Xe lamp 13,533 pmolh g * 26.40 N/A
Na;50; with = 420 nm
cutoff filter
CdS/ZnS core-shell - 1mg 20 ml agueous solution 300 W Xe lamp 239 pmol h=* mg~?* 16.80 46
with = 420 nm
cutoff filter
Si, Fe co doped TiO; - 400 mg 540 ml distilled water, 500 W Xe lamp 320 pmol h=* g! N/A N/A
60 ml ethanol
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4.3.5 The Reactors
Depending on the light source design, reactant and product hydrodynamics, and photocatalyst

usage mode, photocatalytic processes can be conducted in a variety of reactor types. Among the
reactors are parabolic trough reactors, moving beds, fluidized beds, and thin film reactor systems.
The efficiency of this reactor will be calculated taking into account the QY and photochemical
thermodynamic efficiency parameters. A recent study used CFD to predict the hydrodynamics and
radiation absorption of a compound parabolic collector. The development of photocatalysts has

received more attention than reactors [106].

4.3.6 The Electrolyte

For simplicity, electrolytes are assumed to consist only of deionized water, protons,
hydroxide ions, and any additional salts, acids, or bases. The role of ionic species in reaction
kinetics and thermodynamics, along with their effect on charge transport within the
photoelectrochemical cell, is analyzed in relation to their influence on photocatalytic water-
splitting efficiency. To clarify these functions and effects, four electrolyte properties were examined
for their impact on the hydrogen evolution rate: (i) pH, (ii) dissolved oxygen, (iii) electrolyte
conductivity, and (iv) electrolyte composition [107].

Since dissolved oxygen exerts minimal influence on the system, the decline in performance
observed during photocatalytic pollutant degradation is likely attributed to surface site deactivation.
In contrast, increased electrolyte conductivity enhances ion transport, thereby accelerating the
water-splitting rate. It was found that above pH 13, the improved conductivity—resulting from the
addition of extra base—was the primary factor driving the rise in photocurrent. Beyond this
threshold, further increases in pH had negligible effect. Additionally, the nature of the cation
species was shown to have little impact on the overall water-splitting rate. However, if the anion
species' oxidation potential makes it thermodynamically preferable to water, it might lower the
water splitting rate. The concept of seawater splitting is complicated by the anion oxidation

problem [107].

4.4 Material used in photocatalysis
4.4.1 Introduction

Noble metals, transition metal, non-metals, and metalloids are various elemental groups
based on their chemical & physical characteristics which can be used for fabrication of
photocatalysts and may not be limited. Some examples of noble metals are platinum (Pt), palladium
(Pd), ruthenium (Ru), and rhodium (Rh). Although nitrogen (N), clay, graphene, and carbon dots
(CDs) are non-metals and metalloids, copper (Cu), zinc (Zn), and titanium (Ti) belong to transition

metals. These materials will be discussed in the next section [108].
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4.4.2 Transition metals
4.4.2.1 Copper (Cu)

While Cu typically has a lower Fermi level than semiconductors, electrons typically move
from materials with a high Fermi level to those with a low Fermi level. Consequently, when the
semiconductor and Cu are combined, the semiconductor's electrons will move to Cu until their
Fermi levels match [109].

Cu is frequently utilized as a co-catalyst in reaction systems because of its high electronic
conductivity, which enables it to swiftly transfer charge to the material's surface and start the
reaction. Cu can also be utilized as a charge transfer channel to speed up electron migration between
interfaces and as a bridge to join two distinct materials. It is frequently thought of as the reactive
center due to its capacity to enrich electrons; its introduction can expand the active site;
additionally, its unique adsorption to the substrate can enhance the material's photocatalytic activity
and product selectivity [109].

By adding Cu, the materials' range of light absorption can be expanded. Cu's ability to react to
near-infrared light (NIR) has drawn attention to its localized surface plasma resonance (LSPR). If the
input photon's frequency matches the Cu particle's oscillation frequency under illumination, Cu will
absorb the photon and use Landau damping to decay into electron-hole pairs. The photogenerated
electrons and holes can be separated by transferring the hot electrons produced by Cu's LSPR effect
to the semiconductor that is coupled to Cu via the interface. The holes left on Cu can perform the
oxidation reaction, while the hot electrons that are produced can continue the reduction reaction in

the photocatalytic reaction [109]. Figure 4.3 recapitulates the properties of Cu.

-~

Prohibit charge ‘ Accumulate
recombination electrons

Accelerate Enhance light
electrons transfer absorption

Fig. 4.3 Copper's functions in photocatalysis reactions [109].
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4.4.2.2 Zinc (Zn)

The most important compound in which zinc takes part is ZnO. The semiconductor material
zinc oxide (ZnO) has a high exciton binding energy of over 60 meV and a broad band gap, usually
approximately 3.37 eV. Its properties are presented in table 4.2 [111].

Table 4.2 ZnO's structural and physical characteristics [111].

Property Wurtzite ZnO Sphalerite ZnO
Crystal system Hexagonal Cubic (Zinc Blende)
Tetrahedral (each Zn and O
Coordination number atom is coordinated with Tetrahedral
four atoms)
Lattice Parameters a=3.25 A, c=52A a=462A
. Thermodynamically stable ~ Metastable; forms under
Stability : 2. o L
/ at ambient conditions specific conditions
. . Piezoelectric and Centrosymmetric; lacks
Physical properties . L ..
pyroelectric piezoelectricity

Slightly similar (depends

Electronic Bandgap =3.37 eV .
on preparation)
Application Sensors, optoelectronic Rare; specialized
PP devices, catalysts conditions

Because of these characteristics, it can be used in a variety of fields, such as photocatalysis
and optoelectronics. Its broad range of applications in airborne volatile organic compounds (VOC)
breakdown, water disinfection, and organic pollutant degradation highlights its importance to the
environment. Also, ZnO's promise as a renewable energy source is highlighted by its capacity to
produce hydrogen through water splitting. Notwithstanding these benefits, issues including
photocorrosion, stability issues, and low quantum efficiency still restrict its usefulness in practical
applications. To overcome its inherent limitations, current developments have concentrated on
increasing ZnO's visible light activity (VLA), which was first acknowledged for its effectiveness
under ultraviolet (UV) light [111].

To improve ZnO's performance in these domains, they have concentrated on altering its
structural and electrical properties. To change ZnO's electrical and magnetic characteristics, one
method is to dope it with transition metals. For example, ZnO films' electrical and magnetoelectric
transport characteristics have been demonstrated to be enhanced by titanium ion implantation,
which may increase the films' applicability for electronic devices. The impact of chloride ion
doping on ZnO nanostructures was investigated in another study. The study showed that different
amounts of chloride ions can greatly increase the photocatalytic breakdown efficiency of methylene
blue in both acidic and alkaline conditions, suggesting possible uses in environmental cleanup.
Additionally, effective room-temperature techniques have been used to synthesize silver-doped
ZnO nanoparticles. These nanoparticles are effective materials for antibacterial and environmental
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cleanup applications because of their distinct structural and optical characteristics as well as their
increased photocatalytic activity. Finally, it has been investigated how stacking order affects the
optical and physical characteristics of Cu2ZnSnS4 absorber layers made from DC-sputtered
oxygenated precursors. This study offers important insights into how material performance in solar

applications might be affected by structural changes. The forms of ZnO and their properties are

displayed in Table 4.3 [111].

Table 4.3 Synthesis and photocatalytic activity of ZnO photocatalyst [111].

Synthesis Target Removal Experimental
Zn0 Morphology Method Contaminants Efficiency Condition
Nanowires Hydrothermal Mcth{‘ﬁg}c Blue 86% after 180 min UV irradiation
Nanowires Hydrothermal Mcth(yr‘iig;angc 49% after 180 min UV irradiation
Nanowires Hydrothermal Acid Red 14 (AR14)  93% after 180 min UV irradiation
Zn0O/Cu-DPA o Methylene Blue B/ ol . Visible light
Composite Co-precipitation (MB) 87% within 80 min irradiation
Zn0O e Methylene Blue o Direct sunlight
Nanoparticles Precipitation (MB) 96.5% irradiation
ZnO/PVP N Industrial dye Significant . -
Nanoparticles Sol-gel wastewater degradation UV irradiation
Porous ZnQO
Coral-like Wet-chemical Methylene Blue Enh;ﬁmmd UV irradiation
(MB) efficiency
Nanoplates
ZnO/ Activated o Acid Green 25 . . -
Carbon Composite Co-precipitation (AG25) Faster degradation UV irradiation
Ty 3 ~§3
ZnO_ Green synthesis Various organic Effeahv_e UV irradiation
Nanoparticles ! dyes degradation

4.4.2.3 Titanium (Ti)

It is essential to use self-sustaining and clean technologies while interacting with the scientific
community. Titanium dioxide (TiO2) is a member of a class of materials with enormous practical
potential that, in every way, helps to address some of the new problems facing humanity. Because of
its high photocatalytic activity, chemical and biological stability, insolubility in water and acidic and
basic environments, corrosion resistance, nontoxicity, low cost, and availability when compared to
oxide, sulfide, and other materials, it is the most widely used photocatalyst [112].

In the presence of TiO> as a photocatalyst, heterogeneous photocatalytic oxidation of organic
compounds in an aqueous solution offers the potential for effective waste, drinking, surface, and
groundwater treatment as well as the production of ultraclean water appropriate for the
pharmaceutical industry and microelectronics. Many organic substances and their intermediates are
fully mineralized. Degradation leads to carbon dioxide, water, nitrates, chalcogenides, phosphates,

and other inorganic ions, depending on the parent compound's structure [112].
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TiO2's photocatalytic activity is mostly determined by its morphology and crystal structure.
Consequently, crystallite size and specific surface area are crucial elements for TiO2 photocatalytic
activity. Compared to their 0D and 2D counterparts, 1D TiO2 nanostructures have drawn more
interest because of their efficient electronic charge characteristics, larger surface area, and higher
aspect ratio. TiO; is found in one rhombic form (brookite) and two tetragonal forms (rutile and
anatase). While rutile and anatase are readily made, brookite is challenging to obtain in a lab setting.
Although rutile is the stable phase in bulk, the anatase structure is typically preferred in solution-
phase production techniques for TiO». Surface energy and precursor chemistry are the two primary
causes of these findings. It has been discovered that anatase has a lower surface energy than rutile
and brookite. At ambient temperature, rutile, anatase, and brookite TiO2 are estimated to have
bandgap energies (also known as optical absorption edges) of 3.00, 3.21, and 3.13 eV, respectively.
As the crystal growth temperature drops, the photon energy values of the rutile and anatase optical
absorption edges rise. In general, bulk rutile and anatase bandgaps are regarded as indirect [112].

But despite all the benefits listed above, TiO> has certain disadvantages when it comes to
real-world use. Only around 3—4% of the radiation from a nearby UV region of sunlight is used
during the photocatalytic process because of the wide band gap. As a result, TiO> is essentially
inactive in the presence of sunshine. This lessens the sun's suitability as the most cost-effective
light source. With a normal UV flux of 20-30 Wm™2, there are 0.2-0.3 mol photons m?h™! in the
300—400 nm region close to the Earth’s surface [112].

By enhancing its photosensitivity and determining the relationship between its surface,
interfacial, and microstructural features and the corresponding mechanisms essential to its photoelectric
properties, recent experimental and theoretical studies have attempted to improve the optical properties
of TiO;. Element doping in conjunction with other semiconductors to create heterojunctions, the
synthesis of nanostructures with specific morphologies, surface sensitization to improve optical
characteristics using organic dyes, metal nanostructures or metal complexes, etc. are common
techniques to improve the optical properties of TiO,. One way to describe the doping approach is the

intentional introduction of contaminants intoa substance that is semiconductor-like [112].

4.4.3 Noble Metals
4.4.3.1 Platinum (Pt)

Optimizing the atomic-scale structure of photocatalysts to enable the separation of electron-
hole pairs for improved performance is a highly desirable yet difficult task. Currently, a highly
effective photocatalyst is created by combining single Pt atoms on Pti/def-TiO> (adefective TiO2)
support [113].
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Pt is thought to be the finest co-catalyst among different metals because of its low potential
for H» evolution and appropriate Fermi level for trapping electrons. The sensible design of phase
interfaces within this hetero structured photocatalyst is crucial for establishing charge transfer
efficiency and ensuing reaction activity. In addition to acting as sites for proton reduction, Pt atoms
can encourage nearby TiO» units to produce surface oxygen vacancies through a hydrogen spillover
effect. This results in the creation of an atomic interface between the isolated Pt atom and the Ti>"
defect with the atomically distributed Pt-O-Ti*" active center [113].

The presence of the Pt-O-Ti*" atomic interface contributes to the increased transfer efficiency
of the photogenerated electrons from Ti** defective sites to single Pt atoms, which makes it easier
to separate electron—hole pairs and prevents their subsequent recombination, according to several
photo-electrochemical characterizations and density functional theory (DFT) calculations. The
Pti/def-TiO, catalyst has exceptional photo-electrochemical properties and record-level
photocatalytic hydrogen production performance due to its unique Pt O-Ti*" atomic interface
construction (Figure 4.4). Its remarkably high turnover frequency (TOF) of 51423 h'! is 591 times
higher than that of the Pt nanoparticle supported TiO; catalyst (Pt NPs/f-TiO2) and outperforms the

Vg

Ox ,g.X vacancy P single stom

majority of known photocatalysts [113].

HPIC, Caicination
——_— —_—
0.1 M HCI Hy/Asr 160 °C

NaH, , THO, Pt-Na, M, . T1,0, P1,/det-TiO,

Fig.4.4 The Ptl/def-TiO: catalyst's preparation procedure [113].

However, the existing hetero-structured photocatalysts' restricted fraction of interfacial sites
prevents further enhancement of photocatalytic activity. Furthermore, the application of these
heterostructured photocatalysts is hampered by the low atom-utilization efficiency, high cost, and

shortage of Pt [113].

4.4.3.2 Palladium (Pd)

A good noble metal for plasmonic photocatalysis is palladium. Table 4.4 displayed typical
Pd enhanced photocatalyst instances. Pd NPs have been shown to increase photocatalytic activity
in a variety of applications, such as water splitting, CO reduction, organic pollutant breakdown in
air and water, and many more [114].

When the electrons oscillate at the same frequency as radiation, free electrons may be

produced on nanostructures. This effect has been used to improve photocatalysis triggered by
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visible light. Palladium nanocubes were able to produce free electrons through the SPR effect and

absorb photons of visible light [114].

One important metric for assessing a catalyst's performance is its chemical stability. High stability was

demonstrated by the Pd NPs modified photocatalyst in the breakdown of organic contaminants [ 114].
Table 4.4 Typical instances of photocatalysts improved by Pd NPs [114].

Photocatalyst Application Phaotoactivity
Pd-Ti0; Oxidation of benzene gz = 28.2%
o 1ine = B5.3%
Reduction of CO; fepg rioz = 0075 pmol/glh
nerd, pd—Tioz = 0,212 pmol/glh
Degradation of Methylene Blue iy = B%
Bpg. oz = 35%
Oxidation of NO fitine = 43.9%
Bpg. iz = B7.2%
Pd—Zn0 Degradation of RhB fzno = 31%
Bpd. 2o = 9B%
Pd—C3N,4 Reduction of Cr{VI) Heamg = 0%
tod.cang = 99.89%
Hydrogen evolution fuzcivg = 152.9 pmol/g/h
Mz pi—cang = 1208.6 pmol/gh
Degradation of bisphenal fheqms = 6.0%
Do comg = 93.9%
Reduction of COz Mepg,cing = 0.08 pmol{g/h

Ncyaoncang = 0.39 umol/gfh
N pa—cing = 040 pmol/gfh
Mewaonrd—cang = 3.17 pmal/gfh

Pd—BizW0Og Degradation of phenol Haizwos = 60.0%
fpd. gizwos = 95.2%
Pd—BizMo0; Degradation of phenol Haizpinos = 10%
Bpd. izntons = 100%
Pd—BiOBr Degradation of phenol Hgingr = 67%
Hog.gioer = 100%
Pd—BiVO, Degradation of phenol ey = 3.4%
Bpa. mivoq = 100%

Only light photons with wavelengths less than 429 nm can initiate the photocatalytic process for
pure BiOBr. Nearly all visible light photons can activate BiOBr for a photocatalytic reaction when Pd
NPs are placed onto the surface. Additionally, the absorbance intensity increased with the loading
amount of Pd NPs. It showed that Pd NPs held great promises for increasing the solar spectrum's use.
It was discovered that Pd NPs could absorb light with wave lengths between 200 and 1000 nm [114].

Although TiO: is the most popular and commercially available photocatalyst, its use under
solar light is limited by its wide band gap, which allows only UV light to be used as its light source.
Nevertheless, loading palladium nanoparticles onto the surface of TiO2 may be a useful technique
to increase its visible light-driven photocatalytic activity. The photocatalytic activity in the
oxidation of NO was significantly enhanced by Pd NPs-modified TiO2, and it was 72% greater than
that of P25. To evenly distribute the Pd nanoparticles across the TiO2 nanotubular surface, a
straightforward incipient wetness impregnation technique has also been used. The photocatalytic
activity of TiO> nanotubes in the breakdown of organic contaminants was significantly enhanced
under simulated solar light following treatment with Pd NPs. Comparable outcomes were also
documented, demonstrating that Pd NPs work well as a co-catalyst to increase TiO2's visible light-

driven photocatalytic activity [114].
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Another photocatalyst that does not react to visible light is ZnO. It’s treated with Pd show
enhanced photocatalytic activity. Because the work function of palladium and the Fermi level of ZnO
differ, Pd NPs may operate as a carrier of photogenerated electrons from the conduction band of ZnO
when they are placed onto the photocatalyst. Furthermore, the SPR effect may cause palladium
nanoparticles on the surface to absorb light photons and move excited plasmonic-state electrons to
Zn0O's conduction band. The separation of photogenerated charge carriers is made easier by the electron
transfer between Pd and ZnO, which raises ZnO's photocatalytic activity [114].

In contrast, the best photocatalytic activity in the elimination of organic pollutants from water
was demonstrated by the Pd NPs modified peanut-shaped BiVO4 (Pd-BiVOs4). The photocatalytic
activity of pure BiVO4 was low when considering the ratios of concentration to removal of total organic
compounds (TOC). BiVO4's photocatalytic activity in the breakdown of phenol under visible light was
greatly enhanced by the surface modification of Pd NPs, and it was even on par with TiO2 under UV
light [114].

4.4.3.3 Ruthenium (Ru)

Hydrogen peroxide (H203) is a significant green oxidant that is used extensively in chemical
synthesis, pulp production, wastewater treatment, and disinfection. Adopting the
clean/environmentally friendly photocatalysis technology is therefore crucial for producing value-
added compounds and H>O» simultaneously by effectively utilizing both photo-generated electrons
and holes in redox reactions [115].

In situ hot injections are used for designing and creating Ruthenium (Ru) atom-incorporated
CdS quantum dots (QDs) employing oleylamine as the stabilizer and thioacetamide (TAA),
cadmium chloride (CdCI2), and ruthenium (III) chloride (RuCl3) as the precursors. When
compared to CdS QDs (Ru0), Ru (0.1 weight percent) included CdS QDs (Ru0.1) show the highest
activity of H202 evolution (8.78 mmol g ' h™!) with the maximum enhancement factor of =1372%.
Additionally, Ru0.1's typical benzaldehyde (BAD) evolution rate (11.70 mmol g ! h™!) is
approximately 168% greater than Ru0's (6.96 mmol g ' h™!) [115].

High oxidation state (+3) Ru atoms can both significantly attract photogenerated electrons
moving from the bulk to the Ru0.1 surface as a whole and, evidently, increase the number of
photogenerated holes moving to the surface by limiting their electron recombination. The majority
of photogenerated electrons on the surface can be easily captured by oxygen (O>), a strong electron
scavenger, in ~0.1 ps, according to in situ transient state SPV spectroscopy. The remaining
photogenerated holes are roughly ten times higher than those of Ru0. Furthermore, in situ TAS

shows that under practical circumstances, Ru0.1 can still hold onto roughly 16% of the photo-
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generated electrons at about 3100 ps following light excitation, but Ru0 can only hold onto about

8% of the photo-generated electrons simultaneously [115].

4.4.3.4 Silver (Ag)

While it can be controlled in terms of size, shape, temperature, and irradiation intensity,
silver, a common plasmonic metal. In the included heterogeneous systems, metallic Ag enables
morphological surface alteration, localized spatial charge separation, and quick charge separation
and trapping, all of which significantly improve photocatalytic performance. Metallic Ag plays two
main roles in improving photocatalysis: the LSPR effect and the Schottky effect [116].

The LSPR eftfect, which is triggered by visible light, can produce additional electrons and
holes to take part in photocatalysis. By creating a Schottky junction or Ohmic contact inside the
metal-semiconductor structure, Ag is able to effectively separate charges between the
semiconductor and Ag thanks to the appropriate work function. Ag's numerous functions as an
electron trapper, visible light response inducer, and hot carrier provider efficiently permit a wide
photoactive spectrum region and quick charging while impeding the recombination process [116].

Numerous Ag-based photocatalysts were investigated for a range of uses, including CO>
reduction, antibacterial application, water splitting, pollutant removal, etc., as shown in Figure
4.5.The low selectivity towards liquid fuels like alcohol and other hydrocarbons in the
photocatalytic CO> reduction process on Ag-based photocatalysts, the slow oxygen evolution
kinetics during water splitting, how to control equitably Ag” release over an extended period of
time, and the low charge separation efficiency during pollutant degradation are all critical issues

that still need appropriate solutions [116].
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Fig.4.5 Ag-based photocatalysts (gray: hydrogen atom, black: carbon atom, pink: oxygen atom)
and their photocatalytic uses [116].
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4.4.3.5 Rhodium (Rh)

One of the metals in the platinum group is rhodium (Rh). Since no acid or combination of
acids, including aqua regia, can attack it, it is more noble than platinum. A commercial process
based on rhodium plating has existed since the early twentieth century. It belongs to the platinum
group of metals, which makes it incredibly resistant to corrosion. Rh deposits are rare and found in
trace amounts, that’s why it is prohibitively expensive to purchase [117].

Rh is electrodeposited for functional or aesthetic purposes. The procedure of
electrodeposition is thought to be a simple, economical, and efficient way to create a noble metal
coating. By dramatically reducing the amount of cathode material on the substrate during coating,
pulse current electrodeposition (PC) aims to increase coating quality while saving a substantial
amount of money and time [117].

Rhodium can also be used to flash plate precious stone mounts and settings to increase their
brilliance. The most common contact surface for reed switch contacts is still rhodium deposit due
to its acceptable electrical contact resistance values and resistance to abrasion and arcing [117].

When doped with rhodium, BaTiOs3, a potentially environmentally friendly photocatalyst, can
destroy the color methylene blue by 96%. Rh-doped SrTiO3 nanostructure with Rh preserved in the
photoactive +3 oxidation state. When exposed to visible light, this shows efficient methyl or ange
breakdown [117].

The breakdown of organic pollutants was enhanced by the conversion of inactive Rh & Sb
doped TiO2 nanorods into an active composite photocatalyst. When exposed to visible light,
rhodium (IV)-doped titania shows photocatalytic activity toward the oxidation of organic materials.
The Rh complex's covalent bond with modified TiO; is responsible for the photocatalyst's increased
stability. TiO2 modified with rhodium is utilized in methyl orange breakdown and esterification
reactions. Rhodium and antimony-coated rutile TiO2 nanorods that are visible-light active are

utilized to break down organic contaminants [117].

4.4.4 Non-metals and metalloids
4.4.4.1 Nitrogen (N)

Research has demonstrated that by decreasing the TiO2 band gap, nitrogen doping enhances
the material's photocatalytic properties. This was accomplished because the addition of nitrogen
reduces the TiO2 band gap by generating an intermediate band gap. More electrons will be excited
to the conduction band because of absorbed visible light when the band gap narrows. The generated
holes and the excited electron in the conduction band conducted a redox reaction in which the OH-

ions and oxygen molecules, respectively, scavenged the electron and hole [118].
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By creating a single electron-trapped oxygen vacancy site in the form of Ti-O-N, nitrogen
added to the TiO2 crystal structure will decrease the recombination of photon-generated electron-
hole pairs. Nitrogen doping of TiO2 preserved its UV light activity while enhancing wider
absorption in the visible spectrum. They pointed out that nitrogen doping lowers electron-hole
recombination in addition to changing the crystal structure. When nitrogen is added to the TiO2
crystal lattice, the transition from anatase to rutile structure is prevented, allowing the annealing
temperature to rise. The doping parameters, such as electrolyte concentration, reaction voltage, and
reaction time, have a significant impact on the photoelectrochemical characteristics of N-doped
TiO2 nanotubes [118].

The nitrogen doping of TiO2 in both wet and dry methods. Titanium nitride (TiN) powder is
oxidized in flowing oxygen gas or nitrified with ammonia gas passing over titanium dioxide power
in the dry process. The rutile phase N-doped TiO2 is the product of the oxidation process, whereas
the anatase TiO2 doped with nitrogen is produced by treating anatase TiO2 for three hours at 600
degrees Celsius in ammonia/argon gas. The wet process is made using techniques such as sol-gel,
in which titanium trichloride (TiCI3) or titanium sulfate (Ti (SO4)2) solution is mixed with
ammonia solution (NH4OH) [118].

Numerous techniques, such as hydrothermal, sol-gel, ball milling, ion implantation, titanium
nitrate oxidation, chemical vapor deposition, etc., have been used to add nitrogen to the TiO2
crystal structure. Nitrogen dioxide, tert-butylamine, ammonia, hydrazine, urea, triethylamine, and
thiourea are examples of nitrogen sources. When triethylamine is used as a nitrogen precursor, the

maximum photocatalytic activity is seen [118].

4.4.4.2 Clay

Clays are essential in many fields due to their outstanding physiochemical characteristics.
These include robust surface reactivity, biocompatibility, swelling properties, cation-exchange
capacity, and good adsorption capacity. Layered (like smectites) and fibrous (like sepiolite) clays
are considered attractive materials because of their demonstrated effectiveness as a semiconductor
substrate for the catalytic degradation of several organic contaminants. The characteristics of clay
materials could be characterized by either cationic or anionic clays (e.g., stacked double
hydroxides). One or more Si-O tetrahedral sheets and one AlI-O (Mg—O) octahedral sheet make up

the layers of aluminosilicate that are frequently found in clay minerals (Figure 4.6) [119].
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Fig.4.6 Several parts of a simple clay construction [119].

Heterogeneous photocatalysts have been generated more frequently using clay minerals. The
following clay minerals have been used as supports montmorillonite, bentonite, kaolinite, hectorite,
halloysite, and LDH. To create TiO2/clay nanocomposites, TiO2 is impregnated onto the clay's
surface or between its layers. A lower charge recombination rate in TiO2/clay nanocomposites is
responsible for increased photocatalytic activity [119].

Clay minerals have been extensively studied as support for many types of photocatalysts in
recent years. When photocatalyst nanoparticles are distributed across clay mineral surfaces, more
active surface sites are created and the aggregation of photocatalyst particles is decreased,
increasing the photocatalytic activity of the catalysts. Furthermore, certain clay impurities, like
iron, can improve the material's optical qualities and adjust its photo response activity [119].

Additionally, the main photocatalyst and clay must make surface contact in wastewater
treatment. Clay with a large surface area, like two-dimensional or sheet-structure clay like
montmorillonite, may have more surface interaction with the main photocatalyst than one-
dimensional or pillar-loke-structure clay like attapulgite and sepiolite, which would improve the

separation of the main photocatalyst's electron and hole [119].

4.4.4.3 Graphene

Research on artificial photocatalysis is currently focused on graphene (GR), a single-layer
carbon sheet with a hexagonal packed lattice structure that has demonstrated promise in enhancing
surface reactions, light absorption, and electron transfer kinetics [120].

Today, multifunctional GR-based photocatalysts, including GR-semiconductors, GR-metal,
and GR-organics, are widely used in carbon dioxide (CO2) reduction, environmental purification,
selective organic transformation, photocatalytic water splitting, and fixing of nitrogen (N2), to

offer a practical and sustainable solution to the issues of rising energy demands and environmental

73

Institutional Repository - Library & Information Centre - University of Thessaly
11/09/2026 15:48:49 EEST - 216.73.216.250



crises. The applications are compiled in Table 4.5. Ideal GR has been viewed as a promising
cocatalyst to increase the conversion efficiency of solar energy in artificial photosynthesis systems
because of its distinctive and intriguing characteristics, which include a 2D flat structure, a high
theoretical specific surface area, superior optical transmittance, excellent electron conductivity, and

good chemical stability. Furthermore, GR can also function as a macromolecular photosensitizer

to produce photoelectrons on its own in certain particular photocatalytic systems [120].

Table 4.5. An overview of the recent photocatalytic uses of GR-based hybrids [120].

Entry Composite photocatalyst

Light source

Reaction type

Reaction conditions

1 TNTAs@rGO/MoSz® 300 W Xe lamp, Hz evolution vacuum, methanol (10 vol%) or
320-780 nm lactic acid (10 vol%)

2 NizP-FGR b 300 W Xe lamp, = 420 nm Hz evolution vacuum, TEOA< (10 vol%), Eosin Y

3 CdS-EGRE CdS-rGO 300 W Xe lamp, = 420 nm Hz evolution vacuum, lactic acid (10 vol%)

4 CH:NH3Pbls,/rGO 300 W Xe lamp, = 420 nm Hz evolution HI solution

5 Fex0:/rGO/PCN = 300 W Xe lamp, = 420 nm overall water splitting Hz0, HzPtCle

4] graphene/carbon nitride 1300 W xe lamp, = 420 nm 'Hz evolution !Nz, TEOQA (10 vol%), HzPtCls

ZLED solar simulator

photooxidation of 1,4-DHP!

210-* mol/L 1,4-DHP

7 -Co0,/BiVD,- overall water splittin Ar gas flow, H:0
;’E?nf;?bi?::liti 300 W Xe lamp, 2 420 nm C0; rEductiunF::U Cﬂg C'nggas flow, H20
B CsPbBr: QD/GOR 100 W Xe lamp, AM 1.5 G CO: reduction to CO CO0z, ethyl acetate
9 nanographene-rhenium 100 W tungsten lamp, = 490 CO; reduction to CO COg, tetrahydrofuran, TEOA
complex nm
10 NHz-rGO/Al-PMOF* 125 W medium-pressure COz reduction to formate 0z, TEOA/acetonitrile (vv = 1:5)
mercury lamp
11 hypercrosslinked C0:z reduction to CH4 and CO C0z, H20
polymer-Ti0z-GR 300'W Xe lamp, = 420 nm
12 N-doped GR/CdS 350 W Xe lamp, = 420 nm C0; reduction to CO and CH, COz, HaO
13 o-Fez0szfamine-rGO/ 150 W Xe lam p, = 420 nm or C0; reduction to CH, and CO COz Hz0
CsPbBrs AM15G
14 CsPbBrz/USGO/o-Fe:0z1 300 W Xe lamp, = 400 nm CO; reduction to CO €Oy, acetonitrile /Hz0 (v =200:1)
15 Cs4PbBrs/rGO 300 W Xe lamp, = 400 nm CO; reduction to CO COz, ethyl acetate/H:0 (v:v = 1000:1)
16 InPc/GR/BIVO4E 300 W Xe lamp, = 420 nm C0; reduction to CH, and CO COg, Hz0
17 TaON@GR 300'W Xe lamp, = 420 nm COz reduction to CH; C0z, H20
18 transition metal CO: reduction to CO C0z, TEOA, acetonitrile/H:0
hydroxide-GR' 3D0'W Xe lamp, = 420 nm (v = 3:2), [Ru(bpy):]Cla-6Hz0
19 Co-metal-organic Blue LED, CO: reduction to CO C0z, TEOA, acetonitrile/H:0
layers@GR A=450 nm {(w:v = 4:1), [Ru(phen)s] (PFa)z
20 single Co atoms/GR COz reduction to CO COz, acetonitrile/TEOA/H=0

300'W Xe lamp, = 420 nm

(vaev = 3:1:1), [Ru(bpy)s] Clz-6H:0

Nevertheless, the existing GR-based hybrids' photocatalytic performance remains
inadequate. Researchers have developed a variety of optimization strategies to achieve preferable
photoconversion efficiency, including chemical doping, dimensionality optimization, reducing the
defect density of GR, depositing cocatalysts, and optimizing interfacial parameters. These
strategies are crucial for the future design and fabrication of high-performance GR-based hybrids.
Thus, before talking about the synthesis of GR-based composites oriented by the various roles of
GR in photocatalysis, the optimization methodologies of multifunctional GR-based hybrids are
briefly described [120].
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4.4.4.4 Carbon dots (CDs)

When light is absorbed by CDs, charge carriers can be photogenerated. Additionally, organic
molecules, including organic colors, can adsorb onto the highly functionalized surface of the CDs.
Because the reaction occurs on the surface of the CDs and less energy is lost as a result of charge
recombination (which might happen because of the small band gap that CDs present), this
encourages the photocatalytic reaction. It is therefore not surprising that CDs have been used in
photocatalytic applications, given their characteristics. The nanoparticles have been employed as
spectral converters, electron mediators, photosensitizers, and, lastly, as a single photocatalyst. To
date, their primary applications have been in the areas of photocatalytic organic compound
degradation, photoreduction, and hydrogen production through water splitting [121].

With a sp2 conjugated amorphous or nanocrystalline core, CDs exhibit a spherical or quasi-
spherical shape. Depending on the synthesis, their typical size ranges from 1 to 10 nm (Figure 4.6).
Although the surface of CDs may contain oxygenated functional groups (such as -OH, -COOH,
and CHO), the majority of the core is made up of sp2 carbon or graphene/graphene oxide sheets
joined by sp3 carbon atoms. A number of functional groups, including alcohols, amines, and
carboxylic acids, may be present on the surface of CDs. These groups help the CDs become more
soluble in water and enable them to go through further functionalization processes by serving as a
binding site for other molecules when necessary. This leads to the complex internal and exterior
structure of CDs, whose composition is heavily influenced by the precursors and synthetic
conditions. This is especially true given that the core type of the CDs can also be modified

throughout the synthesis process [121].

Fig. 4.7 TEM picture of CDs at 10 nm [121].
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Top-down and bottom-up techniques are the two categories into which CD synthesis can be
separated based on the method selected. Breaking down macroscopic carbon-based materials (such
graphite or activated carbon) into smaller nanosized particles, or CDs, is the foundation of top-
down synthesis techniques. Techniques including arc discharge, laser ablation, chemical and
electrochemical oxidation, and ultrasonic synthesis can be used to accomplish this. The bottom-up
method, on the other hand, is predicated on creating CDs from molecular constituents like citric
acid. Thermal breakdown, hydrothermal therapy, template-based methods, microwave treatment,
and plasma treatment are among methods that can be used for this. CDs can be made in almost any
setting without the need for costly and time-consuming processes because of their low cost and
relative ease of preparation in some cases [121].

Numerous favorable characteristics of CDs, including high photoluminescence (PL),
broadband optical absorption, a large photoresponsive region, excellent chemical and photo-
stability, good water solubility, biocompatibility, and low toxicity, are among the factors driving
interest in them. Additionally, CDs with up conversion PL (UCPL) can be made. This technology
is helpful for photocatalytic nanocomposites because it can transform lower-energy, higher-

wavelength radiation into higher-energy, lower-wavelength radiation [121].

4.5 Rare Earth Elements
4.5.1 Atomic Properties

Yttrium (Y), scandium (Sc), and the fifteen metallic elements in the lanthanide series are among
the seventeen chemical elements that make up the rare earth elements (REEs), according to the
International Union of Pure and Applied Chemistry (IUPAC). The only one of them that is not found
in nature is promethium (Pm). Although scandium only demonstrates this similarity in aqueous
solutions, yttrium and scandium are both categorized as REEs because of their similar geochemical
behavior to lanthanides. While cerium (Ce) can take on a tetravalent state, and europium (Eu) can also
occur in a divalent state, these metals are mainly found in a trivalent oxidation state. In general, as more
electrons are introduced to the outer shell, atomic radii rise with atomic number. However, a mechanism
called lanthanide contraction causes atomic radii to decrease as atomic number increases in REEs. This
happens because the electrons in the "f" orbitals are drawn inward, decreasing the atomic radius,
because they are unable to adequately protect other electrons from the nucleus’ attraction. Because of

this special characteristic, REEs can display a variety of chemical reactivities [122].

4.5.2 LREEs and HREES
Light rare earth elements (LREEs) and heavy rare earth elements (HREEs) are the two subgroups
into which rare earth elements (REEs) are usually separated (Figure 4.7). Electrons from gadolinium (Gd,

atomic number 64) to lutetium (Lu, atomic number 71) and yttrium (Y) are HREEs, whereas elements
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from lanthanum (La, atomic number 57) to europium (Eu, atomic number 63) are LREEs. Except for
scandium (Sc), which does not fall within either group, these two classes of REEs are typically found in

the same mineral formations. In general, there are more LREEs than HREESs in nature [ 122].
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Fig. 4.8 Periodic table of the elements, showing their division into LREEs and HREEs [122].

4.5.3 Global Extraction
4.5.3.1 Introduction

REE deposits and associated resources are comparatively numerous in the earth's crust and
were created during geological time in a variety of geographical locations and deposit types.
However, they are rarely concentrated on concentrations of mineable ore, in contrast to a number
of other deposits. Alkaline/peralkaline igneous systems and carbonatite are commonly linked to
economically significant REE deposits. Hydrothermal aqueous fluids can cause the mobilization,
transport, and deposition of REE ores in intraplate tectonic settings, which can result in the
formation of deposit-scale alteration zones [123].

Carbonatites and alkaline rocks, like the massive Bayan Obo REE deposit in China and possible
REE deposits like Bear Lodge, Wyoming in the US, are common hosts for hydrothermal REE-bearing
calcite. The other main sources of carbonatite deposits include Araxa in Brazil, Mount Weld in
Australia, and Mountain Pass in the United States. A summary of some of the major REE deposits and
their locations around the world is given in Table 4.6. Although REE deposits from a variety of other
settings are also recognized, the most prolific resources in Europe are carbonatites and alkaline igneous
rocks. Long acknowledged as possible REE deposits in India are the Amba Dongar carbonatite complex

and a carbonatite REE deposit in Kamthai, Barmer district, Rajasthan [123].
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Table 4.6 The global distribution of REE resources [123].

Depaosit Location Tvpe Main REE REE mineral(s)
Bayan Obo China Carbonatite/hydrothermal La, Ce, Nd Bastnasite, parisite, monazite
Mountain Pass USA Carbonatite LREE Bastnasite
Mount Weld Australia Laterite/carbonatite LREE Apatite, monazite, synchysite, churchite
[imaussag Denmark Peralkaline igneous La, Ce, Nd, Eudialyte, steenstrupine
HREE
Pilanesberg South Peralkaline igneous Ce, La Eudialyte
Africa
Steenkampskraal South Vein La, Ce, Nd Monazite, apatite
Africa
Hoidas Lake Canada Vemn La, Ce, Pr, Nd Apatite, allanite
Thor Lake Canada Alkaline igneous La, Ce, Pr, Nd, Bastnasite
HREE
Strange  Lake and Canada Alkaline igneous’ La, Ce, Nd, Cradolinite, bastnasite
Misery Lake hydrothermal HREE
Nolans Bore Australia Ve La, Ce, Nd Apatite, allanite
MNorra Karr Sweden Peralkaline igneous La, Ce. Nd. Eudialyte
HREE
Khibina and Russia Peralkaline igneous LREE+Y, Eudialyte, apatite
Lovenzero minor
HREE
Nkwombwa Hill Zambia Carbonatite LREE Monazite, bastnasite
Kagankunde Malawi Carbonatite LREE Monazite-Ce, bastnasite-Ce
Tundulu Malawi Carbonatite LREE Synchesite, parisite, bastnasite
Songwe Malawi Carbonatite LREE, Nd Synchesite, apatite
Chinese ion China Soils La. Nd, HREE Clay minerals
adsorption deposits
Maoniuping China Carbonatite LREE Bastnasite
Dong Pao Vietnam Carbonatite LREE Bastnasite, parisite
Amba Dongar India Carbonatite LREE Bastnasite
Kamthai, Rajasthan India Carbonatite LREE Bastanasite-La, bastanasite-Ce,

synchysite, carbocernaite, cerianite,

ancylite, parisite

Weathering and sedimentary transport are two processes that create secondary deposits like
placers and ion adsorption deposits. India has the largest and richest placer deposits of heavy
minerals that contain rare earth elements (REEs) along its 7517-kilometer coastline. These
resources can be further categorized according to their mineralogy, form of occurrence, and genetic

relationships. Different types of REE resources are shown in Figure 4.8 [123].
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Fig. 4.9 An example of the various kinds of REE resources [123].
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4.5.3.2 Primary Deposits

Primary REE deposits are frequently found in vain and skarn deposits, pegmatites, carbonatites,
alkaline igneous rocks, and iron oxide copper-gold deposits. The most significant REE resources among
these carbonatites are peralkaline silicate rocks with noticeable REE concentrations. For many years,
these REE reserves in igneous rocks have been crucial in supplying the industrial need. Furthermore,
based on the origin, magma evolution, and rock types that host mineralization, these igneous mineral
deposits can be categorized into five different groups: (i) carbonatites; (ii) peralkaline silica
undersaturated rocks; (ii1) peralkaline granites and pegmatites; (iv) pegmatites associated with sub- to
meta-luminous granites; and (v) Fe oxide—phosphate deposits. Globally, skarn deposits of rare earth
elements (REEs) are crucial for sustainable economic growth. These elements are abundant in apatite
crystals found in Fe oxide—phosphate deposits [124].

4.5.3.3 Secondary Deposits

Laterites, ion adsorption clays, low- and high-grade bauxites, and placer deposits are a few
of the significant secondary sources of rare earth elements. More than 95% of the world's HREE
requirement is met by ion-adsorption deposits, which are created when primary deposits within
weathering crusts are eroded and weathered. Various secondary deposits, ranging in composition
from aluminous bauxites to hematite, goethite, and titanium sands, as well as REE, can be formed
by intense lateritic weathering of bedrocks in tropical or sub-tropical climates [124].

An important source of essential REE is ionic clays, which are created when REE minerals
weather naturally and the released REE ions are adsorbed on the clay surface. The best mining
method for these ion-adsorption clay deposits is in situ leaching. REE ions are mostly adsorbed on
clay minerals, and weathering of REE-rich granites is the primary cause of ion-adsorption REE
deposits. One of the main sources of REE in the world today is regolith-hosted REE deposits from
regions with significant REE resources [124].

Around Meizhou City in Guangdong Province, China, there are numerous regolith-hosted
REE deposits, with the greatest REE range of 1162 pg/g. It was discovered that the REE
concentrations in the regolith-hosted REE deposits in the central Andes coastal region of Chile
might reach 2000 pg/g. Allanite, sillimanite, garnet, rutile, zircon, monazite, and ilmenite are
among the heavy minerals that are economically concentrated in beach sands, which are the result
of weathering, fragmentation, and degradation. Some of these minerals, especially monazite and
allanite, are rich in REE. For these precious metals, black shales can also be regarded as a
supplementary resource. The Safaga-Qussier section of Egypt's black shales have an average REE

enrichment of 255.3-325.3 pg/g. China's black shale region, where the average REE concentration
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is about 245 pg/g. Paleoproterozoic black shales from Eastern India's Singhbhum mobile band
contain up to 372 pg/g. Prior to considering black shale deposits as an alternate source of REE,
more research on black shale formations was conducted globally, in addition to the industry
standard of ~300 g/g cut-off grade for mining. Black shales have an average global REE content of
134.19. oil shale samples in Tongchuan City, Southern Ordos Basin, China, showed moderately
high amounts of REE (105-195 g/g, with an average concentration of 151 g/g). This necessitates
additional research to determine the REEpotential of these rocks. The aforementioned value is
much lower than the 1000 g/g (ash base) cut-oftf grade for REE deposits hosted by coal. In actuality,
determining the cut-off value for the economic recovery of REE depends on the sizes of various
deposits, the total REE concentrations, and the specific REE compositions [124].

Important supplies of precious metals and minerals may be found in geothermal fluids.
Geothermal waters have an approximate total REE concentration of 0.17 ng/mL. Discovered that
a high temperature (T >60 C) promoted the release of the more readily soluble REE from rocks
into the water in the mineral and thermal waters of the Polish Lowlands. Geothermal water in the
Ganzi—Litang fault region of western Sichuan, China, with total REE concentrations between 0.059
and 0.547 ng/mL. The lithology of the reservoir is linked to the REE levels in geothermal waters,
which are greatly impacted by pH, HCO3, Na+, and Mn minerals. Even though there is not much
REE in geothermal waters, if you consider how common geothermal waters are in locations like
Iceland, this source can be one of the more promising ones for REE if you have an effective
extraction method. Since geothermal brine can be a financially viable mineral resource,
considerable efforts have recently been undertaken to develop technology for the extraction of rare
earth elements (REE) from geothermal brine. Right now, it only appears to be possible to extract
REE from geothermal brine when combined with other byproducts like silica and lithium [124].
4.5.3.4 Alternative Deposits

Global demand and requirements cannot currently be met by the primary and secondary REE
resources that have been identified. Over the past ten years, there has been a lot of interest in finding
and creating alternate resources for REE. In order to satisfy the expanding demand globally,
numerous research are conducted to identify possible alternative resources. Strong analytical
methods are being used to comprehend the potential of different alternative REE resources in the
future. These methods include inductively coupled plasma mass spectrometry (ICP-MS),
inductively coupled plasma optical emission spectrometry (ICP-AES), scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM-EDX), X-ray fluorescence
spectrometry (XRF), X-ray diffractometry (XRD), and integrated mineral analysis (IMA) [124].

Continental shelf sediments and ocean bottom deposits are among the most promising of

these resources. Extensive sedimentary basins formed through continental rifting provide favorable
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environments for REE accumulation. These rifting processes enhance subsidence and reduce basal
heat flow, thereby expanding the depth of hydrothermal circulation and promoting the formation
of massive deposits of elements such as copper, lead, zinc, nickel, and REE [124].

Phosphorites and their associated formations also represent major potential reservoirs. Phosphate
ores are generally classified according to their origin as either sedimentary or igneous. Approximately
80% of global phosphate ores are of marine sedimentary origin, around 17% are linked to volcanic
activity, and the remaining fraction occurs in residual sedimentary or guano-type deposits [124].

Fluvial, lacustrine, and stream sediments offer another important source of REE enrichment.
Through the physical and chemical weathering of REE-bearing source rocks, erosion and transport
processes enable the continuous accumulation of these elements in downstream deposits. For
example, sediments of the Yellow River exhibit a progressive increase in REE concentration from
upstream regions to the estuary and adjacent bay [124].

Coal and its combustion by-products, such as fly ash and bottom ash, have also gained
recognition as promising alternative resources. Coal is a highly complex geological material
containing approximately 200 minerals and about 73 elements, including REE, which occur in
multiple forms—ranging from inorganic and organic associations to intimately bound phases. Key
mineral hosts include carbonate, silico-phosphate, crandallite-group minerals, and apatite. A
detailed understanding of these modes of occurrence is essential for efficient recovery [124].

Industrial by-products such as low-grade bauxite, red mud, phosphogypsum, gem mining
residues, and metallurgical slags further expand the range of potential REE sources. Both low-
grade and high-grade bauxites—particularly those located in the basal sections of karst-type
deposits—are regarded as significant prospective resources, as demonstrated by numerous studies
of Mediterranean bauxite formations [124].

Finally, waste rock and tailings from closed and abandoned mines represent an attractive
secondary source of REE. Mining operations worldwide generate more than 100 billion tons of
solid waste annually, and these materials offer considerable potential because they have already
been extracted and partially processed, reducing the costs associated with accessing and

concentrating the elements [124].

4.5.4 The geopolitical significance of critical rare earth resources

Variations in rare earth prices (REP) significantly influence the global economy and national
strategies. Rare earth reserves and their extraction are distributed very unevenly, primarily
concentrated in a limited number of countries like China, Vietnam, Myanmar, and Brazil. As per
the U.S. Geological Survey in 2021, China's rare earth mine output reached 140,000 tons in 2020,

representing over half of the worldwide total production. China has emerged as the leading

81

Institutional Repository - Library & Information Centre - University of Thessaly
11/09/2026 15:48:49 EEST - 216.73.216.250



producer, consumer, and exporter of rare earth elements globally. Consequently, rare earth is
distinct from other conventional commodities and resources due to its extensive applications and
limited availability, enhancing its geopolitical significance, implying that rare earth is regarded as
a negotiating tool in political agreements [125].

Because there is no standardized global market for trading REEs and because China has
reportedly used—or could use—these materials as a diplomatic instrument, some political analysts
consider its near-monopoly a potential risk to regional security [126]. Geopolitical risk (GPR) is
commonly applied to energy and resource dynamics. GPR assesses the probability of wars, terrorist
activities, and geopolitical tensions using information from 11 leading global newspapers. Elevated
GPR can trigger panic among countries, resulting in increased demand for rare earth elements due to
their extensive applications in energy and defense security. The rise in demand leads to a surge in the
REP. For example, a price increase took place in the REP when the export of rare earths to Japan was
postponed due to a territorial conflict in September 2010 [125]. Figure 4.9 shows the diagrammatic

change from 2012 until 2022 between rare earth price, geopolitical risk and global economic activities.
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Fig 4.10 The patterns of REP, GPR, and GEA.REP refers to the right axis; GPR and GEA refer to
the left axis [125].

Rare earth elements (REEs) drew significant attention in 2011 following a diplomatic dispute
between China and Japan. When China opted to limit REE exports, prices skyrocketed to record levels.
In the 1990s, Deng Xiaoping, who was China’s leader at that time, notably stated, “The Middle East
has oil; China possesses rare earth,” emphasizing China's perception of REEs as critical strategic assets.
Prior to China's ascendance, the United States was at the forefront of REE production and distribution
but ultimately relinquished its top status, probably because of regulations regarding the management of
radioactive substances. Following the withdrawal of Western industries in the 1980s, China dedicated
many years to exploring and developing untapped regions, resulting in the establishment of the largest

REE mine globally in the northern part of the country [126].
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Our focus is on China and Japan because Japan ranks among the world’s top importers of
rare earth elements (REEs), while China is one of the leading exporters. Data from the Japan Oil
Gas and Metals National Corporation (JOGMEC) shows that in 2017, China exported a total of
51,190 gross metric tons of rare earth metals and REE compounds. During the same year, Japan
imported 12,461 metric tons (based on metal content) of these rare earth metals and compounds
from China [126].

However, others believe that China’s 2011 REE export restrictions were mainly driven by
domestic priorities, such as conserving resources, protecting the environment, and fostering high-
tech and downstream industries. Since expanding REE production, whether mining or refining, is
difficult, expensive, and often environmentally damaging, the factors influencing REE imports and
exports are closely watched by many industries around the world [126].

Rare earth elements serve as a crucial resource, extensively utilized in contemporary
economic endeavors. The sectors that utilize rare earths create new energy vehicles, permanent
magnet motors, and equipment for wind power production. Thus, REP assesses the extent of
renewable energy usage. Specifically, REP alterations adversely impact the stock market
performance of renewable energy indices. Consequently, the matter of REP is crucial for the
government, investors, and companies related to resources to evaluate risk and devise appropriate
policies and initiatives [ 125].

The rapid expansion in the REP has been observed, with geopolitical events happening
regularly, including the U.S. election, Brexit, and the U.S.—China trade conflict. Moreover, the
increase in the REP during the Russia-Ukraine conflict offered further compelling proof.
Consequently, we can deduce that REP will rise during significant geopolitical events [125].

The continuous trade embargo between China and the U.S. places extra pressure on the
renewable energy industry and rare earth sector. Significantly, the COVID-19 pandemic has
heightened this concern as businesses are eager to diversify their supply chains beyond China. In
particular, the pandemic has seldom influenced the upstream sector of rare earth, as the effect of
the outbreak in the production areas is relatively limited. Nonetheless, the requests for downstream
manufacturing of rare earth elements experience significant disruption during an epidemic,
impacting sectors like new energy vehicles and the energy-efficient appliance industry, resulting in
adverse feedback on the REP. For example, a reduction in Chinese automobile manufacturing
during the first half of 2022 contributed to falling prices. From January to June, vehicle production
fell by 2.1% year-over-year, as government data revealed, attributed to supply chain issues
stemming from COVID-19 lockdowns in Shanghai. Additionally, consumer demand was declining
because of the economic downturn caused by the pandemic. Consequently, the economic cycle

appears to influence rare earth demand and price variability [125].
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4.5.5 The recycling of rare earth elements

Recycling and reusing metals are essential in an economy that uses few resources. Products with
rare earth elements (REEs) nearing the end of their life cycle should ideally be preprocessed to produce
recycled materials high in REEs. These materials can then be processed further to produce rare earth
compounds, making it easier to reuse them in later production cycles. Disassembly, physical separation,
and size reduction are all parts of preprocessing. Due to differences in element type, metal content, and
composition, choosing the right technique can be difficult when recovering metals and other REEs from
electronic trash. It is essential to reduce pollution while increasing the recovery process's technical
efficiency using a material-centered approach. Nevertheless, there are disadvantages to the
preprocessing processes used today, such as the loss of important components like shredding dust. Thus,
it is essential to optimize the pre-treatment phase to stop the loss of REEs during recovery. Energy
recovery and the elimination of hazardous components also require the integration of pre-treatment
procedures with chemical and other physical techniques [127].

When materials containing rare earth elements (REEs) are no longer economically viable for
industrial use, they are considered waste and become secondary RE resources, such as electronic
waste (e-waste), mine tailings, red mud, and phosphogypsum. Extracting REEs from these
secondary resources presents a promising solution to address challenges linked to RE mining and
processing, such as the removal of radioactive substances, energy demands, and resource
availability. Recycling can be classified into two types: closed-loop and open-loop. In closed-loop
recycling, the recovered RE alloys are reused for similar purposes, though it faces challenges in
terms of collection, sorting, separation of components, and processing. In open-loop recycling, the
recovered REEs from RE alloys are repurposed for different applications [122].

There are many obstacles to developing scalable and long-lasting benefits in circular
economic business models (CEBMs). Closed-loop manufacturing, material reuse, extending
product life, and developing creative recycling methods to extract materials' intrinsic value are the
main focuses of CEBMs. Upcycling and downcycling are two types of closed-loop cycles.
Materials that have reached the end of their useful lives are recycled to create higher-value products
in up-cycling and lower-value products in down-cycling. Closed-loop cycles serve as the
foundation for recycling models, which provide chances to maximize inputs, cultivate effective
components, and understand the dynamic effects of changing CEBMs. Upcycling makes a
substantial contribution to the sociotechnical system's sustainability [127].

Notwithstanding the difficulties, some rare materials have significant potential for recycling
and provide financial advantages. However, there are still many environmental issues associated
with the costly and complex extraction and separation of REEs. The mining and beneficiation of

REEs raise significant environmental concerns, especially given their frequent correlation with
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uranium and thorium. To stop radioactive elements from spreading into the environment, strict
control procedures are necessary. The evaluation of REE recycling's efficacy and potential, as well
as secondary sources and production waste, will continue to be a priority, requiring ongoing
research for various REEs in various circumstances. This ongoing focus is essential for assessing
REEs' total environmental impact and their role in promoting "clean energy" [127].

By 2040, the demand for rare-earth elements (REEs) is expected to increase by up to seven times.
Recycling has difficulties gathering and disassembling items that include rare earth elements (REEs),
but it can avoid many of the difficulties associated with starting new mining operations. Both challenges
and benefits result from the significant differences in the amounts and proportions of rare earth elements
(REEs) and related compounds found in recycled sources compared to natural ores. The "REE
balancing problem" that is widespread in natural deposits is avoided since produced goods only contain
the precise REEs required, even though REE concentrations in trash are often low. As opposed to
processing the complete lanthanide group, this implies that fewer REEs need to be separated.
Furthermore, recovering common metals like copper, tin, and zinc or expensive metals like gold, silver,
and platinum from electronic waste can help offset the costs of recycling [128].

The United States Geological Survey (USGS) estimated that 240,000 tonnes of rare earth
elements (REEs) were produced globally in 2020. Permanent magnets, which account for around 80%
of the total economic value of REEs, are made from about 25% of this quantity, mostly neodymium,
praseodymium, dysprosium, and terbium. By 2025, there will be 6.9 million electric cars (EVs) in the
U.S. alone, up from 1.4 million in 2020. This demand could represent about 10% of the global REE
supply utilized in magnet manufacture, since an average EV motor or generator needs 2 to 5 kg of
magnets, with about 1 kg of REEs included [128].

Neodymium (Nd) and other rare earth elements (REEs) are predicted to be in high demand
worldwide, meaning that recycling will be crucial to supplying these vital metals in addition to
increased primary production. Currently, relatively little REEs are recycled from industrial waste or
end-of-life consumer products, primarily due to the fact that it is not profitable. Ineffective or
nonexistent collecting infrastructure, the high cost of disassembling products to extract the elements,
and the lack of reasonably priced recovery methods for recycling materials are some of the obstacles to
recycling. Furthermore, the concentrations of REEs in many possible recycling sources are quite low,
and the amounts that are accessible are frequently insufficient to warrant the expenditure of money on
recycling infrastructure [128].

However, due to the anticipated gap between supply and demand, incentives for recycling rare
earth elements (REE) are expected to grow. Consequently, significant efforts have recently focused on
developing new methods specifically designed to recover REEs from end-of-life (EOL) products or

secondary sources. The most promising materials for recovery are those that can yield substantial
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amounts of critical rare earths because of their high concentration, large quantity, or ideally both, along
with cost-efficient collection and pre-processing. Examples of such materials include permanent
magnets from hard disk drives (HDDs), actuators like the low-profile speakers found in TVs and mobile
devices, and compact motors or generators, such as traction motors used in electric and hybrid vehicles.
Additionally, industrial waste—such as machining debris (swarfs), manufacturing breakages of
magnets, and large quantities of spent catalysts—also represent potential sources for recovery [128].
Mineral acids are most commonly used to extract rare earth elements (REEs) into the aqueous
phase. Using acids including sulfuric, hydrochloric, and nitric acid, numerous research has shown how
REEs may be leached from sources such as permanent magnets, fluorescent phosphors, catalysts, and
different REE-containing wastes. In order to make the recovery of rare earth elements (REEs)
commercially viable, the researchers began with mixed scrap materials and combined the recovery of
REEs from the ferromagnetic section with the processing of the non-magnetic fraction to extract both
base and precious metals. A novel electrochemical technique that included an extraction column for
effective separation was used to recover base metals like copper, tin, zinc, and lead in a selective
manner. The residues from electrochemical leaching were subsequently used to recover precious
metals, such as palladium, gold, and silver. Because it used less electricity and chemical input than
conventional pyrometallurgical and hydrometallurgical processes, this approach not only recovered a
larger percentage of the total metals but also performed better environmentally. Biologically generated
leaching agents have been proposed by some scientists as an alternative to mineral acids. This method
lowers the costs associated with high energy consumption, reagents, and capital investment while also
reducing many of the environmental problems associated with the corrosive chemicals commonly

utilized in conventional hydrometallurgy [ 128].

4.5.6 Future Visions

Mineral resources are crucial to the development of sustainable energy technologies, as many
of them are intrinsically dependent on rare earth elements (REEs), copper, lithium, nickel, cobalt,
and other essential minerals. Because of their special optical and electromagnetic characteristics,
REEs are essential for clean energy technologies such as heat pumps, solar panels, wind turbines,
electric car batteries, and hydrogen electrolyzers. [129].

The demand for rare earth elements (REE) has increased significantly from 75,500 tonnes
(t) of REO in 2000 to 123,100 (t) REO in 2016. This is because the uses of REE have evolved from
rare earth metal used in lighter flints to high purity separated rare earth metals used in advanced
electronics, lighting, power generation, and military applications [130].

As the different applications have varied, the types of REE products used have also changed.

The use of elements like Eu, terbium (Tb), and more recently, Lu, in lighting, the use of La in
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specialty glass goods, and the creation of REE permanent magnet alloys have all historically
demonstrated this, as has the rise in the usage of Sm, Nd, and dysprosium (Dy) [130].

The U.S. Department of Energy prioritizes REEs in its domestic supply chain when
developing energy transition policies, the European Union established the European Raw Materials
Alliance, and Australia classified the REEs market as a critical mineral market and created the
"2023-2030 Critical Minerals Strategy" to support the industry's expansion. According to the
European Commission, key raw materials are those for which, in comparison to the majority of
other raw materials, there is a substantial risk of supply disruption and its associated economic
impact. According to Japan, key minerals are those that have significant industrial demand, both
now and in the future, driven by technological advancements, but are challenging to mine
economically or technically [129].

Dysprosium, terbium, praseodymium, and neodymium are critical REEs, according to lists
of critical materials from different nations and the great importance of REEs to clean energy
technology. They are vital to the manufacturing of permanent magnet generators, which are
necessary for renewable energy technologies to be efficient and competitive in the market. There
will be a situation where supply cannot keep up with demand for essential rare earth elements
(REEs), which is necessary for the development of sustainable energy technology [129].

The rise of hybrid electric vehicles (HEVs) and full electric vehicles (EVs) is predicted to be
the most disruptive technology for the consumption of REE over the next ten years. This is expected
to result in significant changes to the types and quantities of raw materials that the automotive
industry consumes. Due to the development of HEV and EV models by almost all of the major
automakers, production of these vehicles is expected to rise from 2.3 million units in 2016 to over
10.1 million units in 2026. Compared to HEV models, EV models have significantly lower
operating expenses throughout the course of their lifetimes, and they are expected to expand at the
fastest rates until 2026. The demand for neodymium-iron-boron (NdFeB) magnets is expected to
rise sharply as a result of this production expansion [130].

The demand for neodymium, dysprosium, and praseodymium in China's electric vehicle
market in 2030 is expected to be 3.90 to 15.90 thousand tons, 1.60 to 6.30 thousand tons, and 0.70
to 3.00 thousand tons, respectively, under pessimistic, natural, and optimistic scenarios. Under a
quick development scenario, the overall demand for praseodymium and neodymium in China's
wind power sector will reach 37.00 thousand tons in 2040, excluding technical advancements. The
combined demand for terbium in wind power and electric vehicle development in 2030 will be
0.52,000 tons under a net-zero emissions scenario in 2050 [129].

In 2022, China produced 210,000 tons of rare earth elements, which accounted for 70% of

global production. The country produced 6.10 thousand tons of dysprosium, 1.10 thousand
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kilograms of terbium, 8.90 thousand tons of praseodymium, and 30.20 thousand tons of
neodymium. The demand for neodymium and dysprosium in China's electric vehicle market in
2030, under the most pessimistic scenario, has already surpassed the present level of domestic
extraction if the future supply capacity of essential REEs is calculated based on China's current
output. Similarly, under the rapid development scenario for 2040, the demand for praseodymium
and neodymium in China's wind power sector surpasses the amount of domestic extraction. A more
severe scenario of supply not meeting demand will arise in the future with regard to the supply of

REEs for the worldwide wind power and electric car market [129].

4.5.7 REE Challenges

There are numerous potential applications in digital and green technologies, and the recent
increase in the search for rare earth element (REE) deposits presents a number of technological,
financial, and geopolitical difficulties [130].

Better knowledge of the mineralogy of REE deposits and related research to develop
effective and environmentally acceptable processing techniques may be the more pressing
challenge, particularly for those minerals and deposit types that have never been mined before.
Throughout the 1980s, 1990s, and 2000s, very little research on REE ore processing was conducted
outside of China. Since then, a lot of effort has been made, including updating reference works and
publishing several reviews [130].

Every new project requires thorough mineralogy, customized processing flow sheets, and
geometallurgy studies since, even for carbonatites that are presently mined, the mineralogy of the
REE differs from carbonatite to carbonatite. Processing deposits linked to alkaline igneous rocks
1s extremely difficult due to mineralogy’s complexity. Although the granitic and syenitic magmatic-
hydrothermal deposits, like Strange Lake, would be able to yield sizable amounts of Nd and Dy
without having an excess of La and Ce, their complicated mineralogy actually makes them much
less desirable for REE beneficiation. The REE may be found in a very broad variety of minerals in
these rock types, such as fergusonite, zircon, apatite, and allanite, for which there is currently no
known processing pathway; research into the creation of processing techniques is still in its infancy.
Processing techniques for ion adsorption deposits are rather straightforward and include either heap
leaching or in situ leaching of the clays using a chemical cation exchange agent, usually ammonium
sulfate. The problem is that no commercial processing has been carried out outside of China, where
the usage of ammonium sulfate and ground clearance have seriously harmed the environment
[130].

An appealing method of quickly bringing new supplies online, possibly even switch-on,

switch-off supplies that could respond swiftly to demand fluctuations—is the extraction of rare
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earth elements (REE) as byproducts from already-existing mines. Getting the primary commodity's
miners to change their processing pathways in order to create REE appears to be the difficult part
of this situation. The extra money is frequently insufficient to promote the recovery of rare earth
elements (REE) from waste products or to force modifications to long-standing procedures. It is
necessary to have both creative business models and innovative procedures. Globally, placers are
mined for elements like zirconium and titanium, and occasionally, REE may be a byproduct.
However, several nations currently avoid this because of radiation concerns [130].

It is difficult for all mining operations to obtain the required permits, including the less
obvious social license to operate, but it is especially difficult for REE producers if their ores contain
naturally occurring radioactive minerals and will generate radioactive waste. The typical mining
issues of water use, waste and wastewater management, dust, noise, excessive traffic, and social
considerations are among the other environmental issues. Although they could be harmful in
extremely high concentrations, the REEs themselves are not thought to be poisonous; nothing is
known about how harmful the individual elements are. Although responsible sourcing is not
currently a significant concern in the manufacturing of REEs, the necessary social and
environmental requirements are only going to rise [130].

Lastly, the cost of mining, processing minerals, dissolving, and separating the rare earth
elements (REE) to create particular rare earth metals are usually included in the major capital
expenditure estimates. Since there is hardly any supply chain to sell into outside of China, it is
challenging to establish a lower cost development to make an ore concentrate or intermediate
product. With the exception of China, very few processors will take a mixed REE product and
perform toll separation. In a situation where REE prices are low, building a supply chain will be
difficult if no government is willing to adopt an interventionist approach. The ability to create
domestic high-tech markets without having to pay exorbitant rates for REE raw materials from
China is another reason why REE is important, in addition to the modest amounts used in military
applications. The development of the complete value chain, from mining through processing and

separation to end uses, is the main obstacle to the supply of REEs outside of China [130].
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Chapter 5

Conclusions

The present work has provided a comprehensive exploration of catalytic and photocatalytic
processes, with a particular emphasis on their applications in energy conversion, storage, and
hydrogen production. By examining the fundamental principles of catalysis and the design of
advanced catalytic devices, the basis and practical applications of photocatalysis, as well as the
specific role of photocatalytic water splitting for hydrogen production, this study highlights the
central role of materials science in addressing urgent global energy challenges. Furthermore, the
investigation into the use of rare earth elements within photocatalytic systems underscores the
delicate balance between scientific innovation, material availability, and environmental
responsibility.

Catalysis lies at the heart of modern chemical and energy industries. As discussed in Chapter
2, catalysts not only enhance the efficiency of chemical reactions but also enable processes that
would otherwise be energetically or kinetically unfavorable. The development of catalytic devices
for energy conversion and storage represents one of the most critical technological frontiers,
bridging chemistry, materials science, and engineering. Devices such as fuel cells, batteries, and
supercapacitors increasingly rely on advanced catalytic materials to improve energy efficiency,
durability, and cost-effectiveness.

The findings of this chapter demonstrate that significant progress has been achieved in
tailoring catalytic surfaces, nanostructures, and hybrid materials to improve reaction selectivity and
conversion rates. Importantly, the intersection between catalysis and renewable energy systems
shows that these advances are not merely incremental but transformative, offering pathways toward
a low-carbon economy. However, despite notable achievements, challenges remain in terms of
scalability, cost reduction, and long-term stability, especially when considering real-world
deployment.

Chapter 3 provided an overview of photocatalysis, a field that merges photochemistry with catalysis
to utilize light—particularly solar radiation—as a sustainable energy input. The fundamental
principles of photocatalysis, including photon absorption, electron-hole generation, and charge

transfer processes, were carefully examined. These mechanisms serve as the foundation for a wide
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variety of applications, from environmental remediation (such as pollutant degradation and
wastewater treatment) to renewable energy conversion.

The versatility of photocatalysis lies in its capacity to harness a clean and abundant energy

source—sunlight—while directly driving chemical transformations. Advances in semiconductor
design, heterojunction engineering, and surface modification have expanded the operational
efficiency of photocatalysts, making them increasingly viable for practical use. The reviewed
applications underscore that photocatalysis is not only a promising research field but also a strategic
technology for sustainable development. Nevertheless, the intrinsic limitations of photocatalytic
processes, such as low quantum efficiency, rapid recombination of charge carriers, and limited
spectral response, highlight the importance of continued material innovation.
The final substantive chapter addressed one of the most urgent applications of photocatalysis:
hydrogen production through water splitting. As emphasized in Chapter 4, hydrogen is widely
recognized as a clean energy carrier, with the potential to decarbonize sectors ranging from industry
to transportation. Photocatalytic water splitting represents a direct and elegant approach to
generating hydrogen, using only water and solar energy. This reaction epitomizes the broader goals
of renewable energy research—transforming inexhaustible resources into clean fuels with minimal
environmental impact.

The performance of photocatalysts for water splitting is strongly influenced by the choice of
materials. Traditional semiconductors such as TiO: have been extensively studied, yet their
limitations in visible light absorption necessitate the development of novel materials. Here, rare
earth elements (REEs) have proven valuable. Their unique electronic structures, optical properties,
and capacity to modify band gaps render them critical in designing efficient photocatalysts. Rare
earth-doped materials have demonstrated enhanced light absorption, improved charge separation,
and greater photocatalytic stability.

At the same time, reliance on rare earth elements introduces a new dimension of complexity.
While REEs offer remarkable advantages in photocatalysis, their extraction and supply are
associated with geopolitical, environmental, and economic challenges. This duality underlines the
importance of developing recycling strategies, exploring alternative materials, and optimizing REE
utilization to ensure that their deployment in photocatalysis remains sustainable.

Taken together, the chapters demonstrate a clear narrative: catalysis and photocatalysis are
indispensable pillars of the transition toward sustainable energy systems. Catalytic devices support
efficient energy conversion and storage; photocatalysis extends the frontiers of renewable energy
utilization; and photocatalytic water splitting offers a direct pathway to a hydrogen economy.
Across these domains, the strategic incorporation of rare earth elements enhances material

performance but also necessitates careful resource management.
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Looking forward, several perspectives emerge:

1. Material Innovation: The continued discovery and design of novel catalytic and photocatalytic
materials will remain essential. This includes not only rare earth-based systems but also earth-
abundant alternatives, nanostructured composites, and advanced heterostructures.

2. Integration into Devices: Laboratory-scale demonstrations must evolve into scalable, robust, and
economically viable devices. Bridging the gap between fundamental science and industrial
application will require multidisciplinary collaboration.

3. Sustainability Considerations: Energy technologies cannot be evaluated solely on efficiency
metrics. Environmental impacts, resource availability, and lifecycle sustainability must be integral
to future developments, particularly concerning rare earth elements.

4. Hydrogen Economy: Photocatalytic hydrogen production remains one of the most ambitious yet
promising research directions. Overcoming efficiency bottlenecks, ensuring material stability, and
integrating hydrogen generation with storage and distribution networks will be critical to realizing
its potential.

5. Policy and Collaboration: Finally, the advancement of these technologies is not purely a scientific
challenge but also a societal one. International cooperation, supportive policies, and investment in
research infrastructure will be necessary to accelerate progress and ensure equitable access to clean
energy innovations.

In conclusion, this work affirms that catalysis and photocatalysis represent key enabling
technologies for the sustainable energy transition. By coupling fundamental insights with
innovative material design and practical applications, these fields can contribute significantly to
addressing the pressing global challenges of climate change, resource scarcity, and environmental
degradation. The promise of hydrogen production through photocatalysis exemplifies the
transformative potential of this research, offering a vision of a clean, renewable, and resilient
energy future. At the same time, the consideration of rare earth elements highlights that
technological progress must be accompanied by responsible stewardship of natural resources.
Thus, the findings presented here not only reinforce the scientific and technological significance of
catalysis and photocatalysis but also call for a holistic approach—one that unites innovation,

sustainability, and international collaboration in the pursuit of a greener world.
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