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Abstract: The global demand for sustainable energy sources has led to extensive research regarding
(green) hydrogen production technologies, with water splitting emerging as a promising avenue. In
the near future the calculated hydrogen demand is expected to be 2.3 Gt per year. For green hydrogen
production, 1.5 ppm of Earth’s freshwater, or 30 ppb of saltwater, is required each year, which is
less than that currently consumed by fossil fuel-based energy. Functional ceramics, known for their
stability and tunable properties, have garnered attention in the field of water splitting. This review
provides an in-depth analysis of recent advancements in functional ceramics for water splitting,
addressing key mechanisms, challenges, and prospects. Theoretical aspects, including electronic
structure and crystallography, are explored to understand the catalytic behavior of these materials.
Hematite photoanodes, vital for solar-driven water splitting, are discussed alongside strategies to
enhance their performance, such as heterojunction structures and cocatalyst integration. Composition-
ally complex perovskite oxides and high-entropy alloys/ceramics are investigated for their potential
for use in solar thermochemical water splitting, highlighting innovative approaches and challenges.
Further exploration encompasses inorganic materials like metal oxides, molybdates, and rare earth
compounds, revealing their catalytic activity and potential for water-splitting applications. Despite
progress, challenges persist, indicating the need for continued research in the fields of material design
and synthesis to advance sustainable hydrogen production.

Keywords: ceramics; green hydrogen; photocatalytic water splitting; HER; OER

1. Introduction

The continuously growing global demand for sustainable and renewable energy
sources has spurred many research and development (R&D) activities in academia and
industry with respect to efficient technologies for hydrogen production. In the near future
the calculated hydrogen demand is expected to be 2.3 Gt per year [1,2]. For green hydrogen
production, 1.5 ppm of Earth’s freshwater, or 30 ppb of saltwater, is required each year,
which is less than that currently consumed by fossil fuel-based energy. Among the many
methods for producing hydrogen, water splitting has emerged as the green avenue in this
quest [3,4]. Among the various materials explored for water splitting, functional ceramics
have gained significant attention due to their unique combination of properties, including
high chemical stability, robust mechanical strength, and tunable electronic and optical
characteristics [5-10]. This review aims to provide a comprehensive overview of the recent
advancements in the field of functional ceramics for water splitting applications, shedding
light on the key mechanisms, challenges, and prospects associated with this burgeoning
research area. Hydrogen, as a clean and versatile energy carrier, holds immense potential
for addressing the escalating energy and environmental challenges facing the biosphere
of our planet. Water splitting, a process wherein water molecules are dissociated into hy-
drogen and oxygen gases, is a particularly attractive method for hydrogen production [11].
While various approaches, such as photoelectrochemical cells and electrolysis, have been
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explored for water splitting, the choice of materials plays a pivotal role in determining the
overall efficiency and viability of these technologies [12-14]. Functional ceramics, with
their diverse range of compositions and inherent catalytic properties, have emerged as
frontrunners in the race to develop cost-effective, sustainable, and thus, long-term running
water splitting devices [15-17]. The unique electronic structure and catalytic activity of
functional ceramics, such as perovskites, oxides, and nitrides, enable them to effectively par-
ticipate in the intricate electrochemical reactions involved in water splitting [15]. Figure 1
depicts an exemplary functional ceramic. In this context, this review will explore recent
breakthroughs in the design and synthesis of functional ceramics, highlighting innovative
approaches to enhance their stability, conductivity, and overall efficiency in water-splitting
applications. Despite the rapid progress in this field, several challenges persist, ranging
from limited long-term stability to the scarcity of certain raw materials. The process is hin-
dered by unfavorable thermodynamics; slow reaction kinetics, particularly for the oxygen
evolution reaction (OER); the presence of dissolved oxygen; and significant contributions
of backward reactions. Consequently, producing hydrogen through photocatalytic water
splitting remains difficult, both now and in the foreseeable future [18]. This review will
critically examine these challenges, offering insights into ongoing research efforts aimed at
overcoming these hurdles.

Photocatalytic
ceramic

Transparent
conductive oxide:
e-conductive

h*-blocking Pt dots/grid

Figure 1. Sketch of a functional ceramic for water splitting.

2. Theoretical Aspects

The theoretical underpinnings of functional ceramics for water splitting involve a
nuanced exploration of various facets, each contributing to the overall efficacy of these
materials in catalyzing the essential electrochemical reactions. At the heart of water splitting
lies the OER and the hydrogen evolution reaction (HER), both orchestrated at the surface
of catalyst materials [19].

HER: 2 H* +2 e~ — H; [20]

OER:2H,O+4H" - O, +4e™ [21]

A fundamental grasp of these mechanisms is imperative for optimizing the catalytic
prowess of functional ceramics in the realm of water-splitting applications. Electronic
structure is at the forefront of theoretical considerations. Band engineering, a technique
that tailors the electronic band structure through controlled doping or alloying, emerges as
a key player in augmenting water-splitting efficiency [22-33].

Opverall, there are two main mechanisms of photocatalysis towards water splitting: the
one-step and the two-step photoexcitation system (Figure 2). Semiconductor photocatalysts
designed for water splitting via single-step photoexcitation must possess conduction band
minimum (CBM) and valence band maximum (VBM) levels that align with the H* /H, and
0O,/H;0 redox potentials. An alternative and increasingly popular method is two-step
photoexcitation, which combines two different photocatalysts that separately generate Hy
and O,. This technique, inspired by natural photosynthesis, is known as Z-scheme water
splitting. In this process, photogenerated electrons in the hydrogen-evolving photocatalyst
(HEP) reduce H* to Hj, while holes in the oxygen-evolving photocatalyst (OEP) oxidize
H,0 to O,. The photoexcited electrons and holes remain in the OEP and HEP, respectively,
and their recombination, facilitated by either an aqueous redox mediator or a solid-state
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electron mediator, completes the photocatalytic cycle [3]. An exemplary representation of
a possible electron-hole recombination can be seen in Figure 3. Theoretical models, such
as the density functional theory (DFT) model, illuminate the electronic configurations of
these ceramics, affording predictive insights into their catalytic behavior and the need for
nanoscale control over the catalyst composition and morphology [34-39]. Crystal struc-
ture, intimately intertwined with surface properties, controls the reactivity of functional
ceramics. Theoretical simulations, employing methodologies like Monte Carlo simulation
and molecular dynamics, unravel the dynamic behavior of these materials under the rigors
of water-splitting conditions, shedding light on the intricate relationship between crystal
facets, defects, and catalytic activity [40]. Central to the theoretical framework is the identi-
fication and characterization of catalytically active sites on the ceramic surface. Quantum
mechanical calculations and ab initio simulations navigate the energetic landscapes of
reaction pathways, aiding in the strategic design of catalysts with heightened activity and
selectivity [41]. Efficient ion and charge transport within functional ceramics form the
bedrock for high-performance water-splitting devices. Theoretical models, including the
Nernst-Planck equation and kinetic Monte Carlo simulations, unveil insights into the
diffusion and migration of ions and electrons, paving the way for materials with improved
conductivity and stability [40,42]. In summation, the theoretical landscape of functional
ceramics for water splitting is expansive, traversing electronic structure, crystallography,
and electrochemical processes. The symbiosis of theoretical models with experimental
validation emerges as a linchpin for advancing our comprehension and steering the rational
design of functional ceramics, poised to catalyze sustainable hydrogen production.
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Figure 2. Mechanisms of one-step and two-step photocatalysis towards water splitting.
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Figure 3. Recombination process of a particulate photocatalyst.

The influence of ceramics on the mechanical properties of materials, particularly
dislocation-based mechanics, is an area that requires further exploration, particularly in
understanding the effect of point defects such as vacancies and interstitials on the me-
chanical properties of ceramics [43]. Ceramic materials are characteristically brittle, with
low tensile strength, poor plasticity, and limited toughness [44]. Additionally, conven-
tional single-structure ceramics suffer from high density, limited specific surface area, and
poor functionality. These drawbacks have compromised their reliability in engineering
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applications and significantly restricted their use in the field [45,46]. As a typical inor-
ganic nonmetallic material, ceramics foster advantages such as a high melting point, high
hardness, excellent wear resistance, and corrosion resistance [47,48]. Moreover, functional
ceramics have found utility in biomimetic modified ceramics and ceramic composites,
leveraging the diverse range of ceramic raw materials and their excellent thermal, magnetic,
and optical properties to prepare porous ceramics with a wide range of functionalities for
various applications [49].

3. The OER Process

The OER process is the key half-reaction in overall water splitting, as it involves a
four-electron transfer. The process requires a high overpotential in comparison to the
HER process [50]. Ru- and Ir-based materials are the current state of the art. RuO, and
IrO, are widely recognized for their high efficiency, stability, and durability under harsh
electrochemical conditions [51,52]. However, due to their high cost and limited availability,
extensive research has focused on developing alternative materials with comparable per-
formance. Strategies such as nanostructuring, alloying, and surface modification have been
explored to enhance the catalytic properties of these materials while reducing the usage of
precious metals.

4. Photoanodes for Water Splitting

Hematite (x-Fe;O3) has emerged as a leading candidate for photoelectrochemical
water splitting due to its stability and potential for solar-driven hydrogen production. The
development of efficient hematite photoanodes is crucial for advancing renewable energy
technologies. Hematite, as a semiconductor material, possesses favorable properties for
photoelectrochemical water splitting. However, its practical application has been hindered
by challenges such as limited charge carrier diffusion lengths, sluggish charge transfer
kinetics, and poor conductivity.

To address these limitations, extensive research has been conducted to enhance the
performance of hematite photoanodes through various strategies. One approach involves
the modification of hematite photoanodes with heterojunction structures. For instance, the
in situ synthesis of a-Fe,O3/Fe304 heterojunction photoanodes via fast flame annealing has
been shown to enhance charge separation and water oxidation efficiency [53]. Additionally,
the formation of n-FepO3-TiO, heterojunctions has been demonstrated to suppress charge
recombination, leading to improved photoelectrochemical behavior [54]. Furthermore,
the integration of cocatalysts onto hematite surfaces has been explored to facilitate water
oxidation. For example, surface-oxidized titanium diboride (TiB;) has been utilized as a
cocatalyst on hematite photoanodes, aiming to accelerate the kinetics of oxidative water
splitting and inhibit electron-hole recombination [55].

Similarly, the modification of hematite photoanodes with cobalt-based oxygen evolu-
tion catalysts has been investigated to enhance water-splitting efficiency [56]. In addition to
structural modifications, the influence of surface passivation and nanoparticle decoration
on hematite photoanodes has been a subject of interest. Ternary hematite nanocompos-
ite structures with fullerene and 2D-electrochemical reduced graphene oxide have been
developed to achieve superior photoelectrochemical performance [57]. Moreover, the
influence of the magnetic field and nanoparticle concentration on the thin film colloidal
deposition process of magnetic nanoparticles has been studied to optimize the efficiency
of hematite photoanodes [58]. The development of efficient hematite photoanodes also
involves understanding the influence of external factors such as halides and co-catalysts.
The influence of sodium halides on the photocatalytic performance of hydrothermally
synthesized hematite photoanodes has been investigated, emphasizing the critical role of
surface ion loading at the electrolyte-hematite interface [59]. Additionally, the stable and
efficient photoelectrochemical water splitting of GaN nanowire photoanodes coated with
Au nanoparticles has been explored, highlighting the potential of hot-electron-assisted
transport in enhancing water splitting efficiency [60].
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Despite significant progress, challenges remain in achieving high-performance hematite
photoanodes for water splitting. The co-dependency of TiO, underlayers and ZrO, top lay-
ers in sandwiched microwave-assisted Zr-Fe;O3 photoanodes has been studied to address
electron-hole recombination pathways that limit the photoelectrochemical capabilities
of hematite photoanodes [61]. Furthermore, the origin of photocurrent enhancement in
hematite photoanodes decorated with gold nanoparticles has been investigated, shedding
light on microstructural characterizations and performance improvements [62]. The study
“Hematite Photoanodes for Water Splitting from Directed Assembly of Prussian Blue onto
CuO-Sby05-5n0, Ceramics” outlines the development of hematite photoanodes on porous
CuO-Sby05-5n0O; ceramics for photoelectrochemical water splitting (Figure 4) [63]. This
research demonstrates the controlled layer-by-layer growth of Prussian blue to create a func-
tional hematite coating on the grain surfaces of the ceramics, which enhances the efficiency
of water splitting [64]. Such an approach is significant, as it presents a potential solution
for solar-driven water splitting, a critical process for renewable energy generation [65].
The use of Prussian blue in this context is notable due to its unique properties. Prussian
blue is a three-dimensional cubic polymeric porous network consisting of alternating ferric
and ferrous ions, allowing for facile assembly and precise interaction with active sites at
functional interfaces [66]. Additionally, Prussian blue analogues have been utilized in pho-
tocatalytic water oxidation, demonstrating their potential as earth-abundant and efficient
water oxidation catalysts [67]. Furthermore, the incorporation of Prussian blue structures
for sensitization of TiO, and water oxidation catalysis has been established, highlighting
its versatility in photoelectrode applications [68]. The combination of CuO-5b,O5-5nO,
ceramics with Prussian blue for the fabrication of hematite photoanodes represents a sig-
nificant advancement in the field of photoelectrochemical water splitting. The controlled
growth of hematite on these ceramics, facilitated by the directed assembly of Prussian blue,
offers a promising approach for the development of efficient and stable photoanodes for
renewable energy generation.

| CuD-5b,0,-5n0, |

Figure 4. Sketch of a Prussian blue-coated OER ceramic [63].

5. Compositionally Complex Perovskite Oxides

The quest for a sustainable and efficient solar-driven water splitting process has led to
significant research regarding the development of compositionally complex perovskite oxides.
Compositionally complex perovskite oxides have garnered attention due to their potential in
solar-driven water splitting applications. The study by Zhang et al. explores a new class of
compositionally complex perovskite oxides, (LaggSrg2)(Mn _y)3Feq ) 3CoxAl(1-4)/3)03,
with non-equimolar designs for solar thermochemical water splitting [69]. This research
expands upon the nascent high-entropy ceramics field, demonstrating the potential of
compositionally complex perovskite oxides in advancing solar-driven water splitting tech-
nologies. The non-equimolar designs of the perovskite oxides offer a novel approach to
enhancing solar thermochemical water splitting, presenting opportunities for the devel-
opment of efficient and sustainable energy conversion systems. The bifunctional nature
of perovskite oxides is highlighted in the work of Pornrungroj et al., where a bifunctional
perovskite-BiVO, tandem device achieved efficient solar-to-hydrogen conversion under
simulated solar irradiation [70]. This demonstrates the potential of compositionally com-
plex perovskite oxides for enabling uninterrupted solar and electrocatalytic water-splitting
cycles, paving the way for around-the-clock hydrogen fuel production.
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Furthermore, the surface defect engineering of perovskite oxides has been investigated
as an efficient bifunctional electrocatalyst for water splitting [71]. The study emphasizes
the significance of defect engineering through element doping or deficiency during the
synthesis process, offering insights into enhancing the catalytic activity of composition-
ally complex perovskite oxides for solar water-splitting applications. The integration of
compositionally complex perovskite oxides with solar cells has also been explored. Song
et al. employed all-perovskite tandem photoelectrodes wired to an iridium oxide anode,
achieving a high solar-to-hydrogen conversion efficiency of 15 % under simulated solar
illumination (Figure 5) [72]. This highlights the potential of compositionally complex
perovskite oxides in tandem photoelectrodes for efficient solar hydrogen production.
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Figure 5. Perovskite photoelectrode wired to an iridium oxide anode, modified from the work of
Ref. [72].
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Moreover, the computational analysis of oxide ion conduction in orthorhombic per-
ovskite structured LaggAg1InO, 95 has shed light on the behavior of compositionally
complex perovskite oxides as electrolytes, providing insights into their potential in solar
water-splitting applications [73]. In addition, the adsorption of copper ions onto poly(1,8-
diaminonaphthalene)/graphene film for the voltammetric determination of pyridoxine
provides insights into the utilization of advanced electrode materials, highlighting the
relevance of exploring innovative material compositions for enhancing electrochemical
processes. This parallels the exploration of compositionally complex perovskite oxides as
potential electrode materials for efficient solar water-splitting applications, emphasizing
the importance of advanced material design in achieving high-performance photoelectro-
chemical systems [74].

Despite the promising advancements, challenges remain in the development of com-
positionally complex perovskite oxides for solar water splitting. The redox property of
perovskite-type oxides, closely related to the nature of B-site or A-site cations, presents a
challenge in optimizing the catalytic performance of compositionally complex perovskite
oxides [75]. Additionally, issues surrounding the efficiency and stability of photoelec-
trode materials impose restrictions on the large-scale implementation of solar-driven water
splitting, necessitating further research and development in this area [76].

6. Superfunctional High Entropy Alloys and Ceramics for Water Splitting

High-entropy alloys and ceramics have garnered significant attention due to their po-
tential applications in various fields, including water splitting. The versatile application of
high-entropy materials has been highlighted in integrating high-entropy metal phosphides
into electrocatalytic water splitting, demonstrating their potential in this area [77]. While
extensive research has been conducted on high-entropy alloys, comparably little has been
performed for high-entropy ceramics, especially high-entropy diborides [78]. However, the
functional properties of high-entropy ceramics span a wide range, including water splitting
and catalysis, indicating their potential in these applications [79].
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Coatings composed of high-entropy alloys and ceramics have attracted global at-
tention due to their outstanding properties, including their potential for water-splitting
applications [80]. Additionally, the combination of metal oxynitrides and high-entropy
ceramics has shown promise in significant CO, photoreduction, indicating the potential of
high-entropy ceramics in addressing environmental challenges [81].

Furthermore, the rapid fabrication of high-entropy ceramic nanomaterials for catalytic
reactions has been explored, emphasizing the importance of finding efficient fabrication
methods for high-entropy ceramics to overcome synthesis challenges [82]. The synthe-
sis of high-entropy ceramics has been a subject of interest, with studies focusing on the
development of defective high-entropy oxide photocatalysts with high activity for CO; con-
version, indicating their potential in addressing environmental concerns through catalytic
processes [83].

Moreover, the reliable brazing of ceramics to high-entropy alloys has been achieved,
laying the foundation for further research on ceramic high-entropy alloy dissimilar joining,
which could have implications for water-splitting applications [84]. The effect of ceramic
phases on high-entropy alloys has also been investigated, indicating the potential for
the development of high-entropy alloy—ceramic composites with enhanced properties for
water-splitting applications [85]. High-entropy ceramics have rapidly developed as a class
of materials based on high-entropy alloys, attracting increasing interest due to their unique
structure and potential applications, including water splitting [86].

7. Further Inorganic Materials for Water Splitting

In the pursuit of efficient water splitting, the interaction of water with inorganic clus-
ters, such as manganese oxide, has been investigated due to their potential as versatile and
earth-abundant catalysts [87]. Additionally, the development of inorganic catalysts, like
nanoporous carbon-coated bimetallic phosphides, highlights the importance of synthesiz-
ing transition metal compounds to meet the cost-effective and high-efficiency requirements
for water-splitting applications [88]. The significance of inorganic materials in water
splitting is further emphasized by the discovery of over 130 inorganic catalysts since the
pioneering work on TiO; and Pt-based systems in 1972 [89]. While precious metals like
platinum, ruthenium, and iridium have traditionally been used in water-splitting catalysts,
there is a growing interest in exploring earth-abundant materials like copper for catalytic
hydrogen production and water oxidation [90]. Studies have shown that mixed metal
oxides exhibit enhanced catalytic activity for both HER and the OER. Combinations of
metals such as nickel, iron, cobalt, and other transition metals have demonstrated high
efficiency as water oxidation electrocatalysts [91]. The utilization of binary and ternary
metal oxide compositions in amorphous phases has paved the way for the development of
advanced catalysts for water oxidation, offering improved performance and stability [92].

Mixed metal anion compounds, including oxynitrides, oxysulphides, and oxyhalides,
have emerged as promising photocatalysts for water splitting due to their unique proper-
ties, such as a negative valence band maximum (VBM) compared to that of conventional
oxides [92]. Common processes typically involve two-step redox cycles: first, the solar
thermal reduction of a metal oxide to release oxygen, and second, the exothermic oxidation
of the reduced oxide with water to generate hydrogen, as displayed in Figure 6. Developing
redox-active and thermally stable oxide materials is crucial for achieving high fuel produc-
tivities and conversion rates. The main relevant two-step metal oxide systems include both
volatile (e.g., ZnO/Zn, SnO; /SnO) and non-volatile redox pairs (e.g., Fe304/FeO, ferrites,
CeO,/CeO, -0, perovskites) [93]. Additionally, the design of hierarchical structures, such
as hierarchical NiCo,O4 hollow microcuboids, has shown bifunctional electrocatalytic activ-
ity for overall water splitting, highlighting the potential of mixed metal oxides in achieving
efficient electrolysis processes [94]. Metal-organic frameworks (MOFs) possess the highest
surface area and the lowest densities among known materials. These properties brand
MOFs as particularly advantageous for numerous technological applications, especially in
photocatalysis [95].
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Hzm H,0

Figure 6. Water splitting cycle based on a MxOy system, modified from the work of Ref. [93].

The development of yolk—shell nanostructures has garnered significant attention due
to their numerous advantageous features, including a large surface area, efficient light
harvesting, a uniform catalytic environment, and improved molecular diffusion kinet-
ics [96]. The development of mixed metal oxide catalysts for water splitting also extends to
photoelectrochemical applications. Nanoscale porosity in mixed metal phosphonates, such
as Ni-W mixed metal phosphonate, has been found to be responsible for efficient photo-
electrochemical OER in alkaline conditions, showcasing the versatility of these materials in
harnessing solar energy for water splitting [97]. Furthermore, the combinatorial synthesis
and screening of ternary NiFeCoOx libraries have provided insights into the optimization
of mixed metal oxide combinations for the oxygen evolution reaction [98].

Some boundary conditions of inorganic materials which are applicable as a water-
splitting photocatalyst are depicted in Figure 7. Molybdates have emerged as promising
materials for water-splitting applications due to their unique properties and catalytic capa-
bilities. The utilization of molybdates in water-splitting processes offers a pathway towards
developing efficient and sustainable catalysts for electrolysis. Various studies have high-
lighted the potential of molybdates in enhancing the efficiency of both the HER and OER
in water-splitting systems [99]. One notable example is the use of nickel-based molybdates,
which have been reported as multifunctional catalysts for photocatalytic reactions, water
splitting, and electrochemical applications [100]. The incorporation of molybdates into
transition metal hydroxides has been shown to enhance the electrocatalytic activity for
overall water splitting, providing insights into the role of molybdates in improving the
bifunctional electrocatalytic activity of low-cost catalysts [101].

Recent advancements have focused on the synthesis of ultrathin bimetallic molybdate
nanosheets coated on CuOy nanotubes to form hierarchical heterostructures for efficient
overall water splitting [102]. This approach demonstrates the synergistic optimization of
active sites through the combination of different metal oxides, showcasing the potential of
molybdates in enhancing the catalytic activity of water-splitting electrocatalysts.

Moreover, the use of molybdates in photoelectrochemical water splitting has shown
promising results, with molybdate-based microcrystals exhibiting efficient water splitting
under blue-light excitation [103]. The energy conversion applications of molybdates as
photocatalysts and anodic materials for batteries underscore their versatility in harnessing
solar energy for water-splitting processes. Studies have shown that rare earth molybdates
can play a crucial role in enhancing the efficiency of water splitting systems. The incorpo-
ration of rare earth elements into molybdates has been found to influence the structural
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and energetic properties of these compounds, providing insights into their potential as
water-splitting catalysts.

The introduction of rare earth elements into synthetic [MnyCaO4]™* clusters, mim-
icking the oxygen-evolving center in photosynthesis, has shed light on the design of new
water-splitting catalysts for artificial photosynthesis [104]. Furthermore, the adjustable
electronic structure of transition metal molybdates between molybdenum, oxygen, and
transition metals renders them active electrocatalysts for both the HER and OER [105].
The tunability of molybdates offers opportunities for optimizing the catalytic performance
of water-splitting systems, contributing to the development of efficient and cost-effective
electrolysis technologies.

Recent advancements have focused on band gap engineering in rare earth high-
entropy oxides with fluorite structures for photocatalytic water-splitting applications [106].
The tunability of the band gap in these materials offers opportunities for optimizing
their photocatalytic behavior, contributing to the development of efficient water-splitting
technologies. Efforts to develop non-noble metal catalysts, such as V4Pg 93/ VO(PO3);, have
been expended to address the challenge of achieving high activity for water splitting in
alkaline media [107]. Furthermore, the design of hybrid bioinorganic systems presents a
unique approach where the biological component utilizes reducing equivalents generated
from water splitting for CO; fixation, leveraging the near-thermodynamic potential of
biological catalysts [108].
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Figure 7. Boundary conditions for inorganic materials applicable as a water-splitting photocatalyst,
modified from the work of Ref. [109].

8. Conclusions

The development of efficient photoanodes for water splitting, e.g., based on hematite,
is a multidisciplinary endeavor that encompasses materials science, chemistry, physics, and
engineering. The advancements in heterojunction structures, cocatalyst integration, surface
passivation, and nanoparticle decoration have significantly contributed to improving
the performance of hematite photoanodes. Compositionally complex oxidic perovskites
hold great promise for solar water-splitting applications. The advancements in defect
engineering, tandem devices, and computational analysis have significantly contributed to
understanding and harnessing the potential of these materials. High-entropy alloys and
ceramics have shown promise in various applications, including water splitting. Their
unique properties and potential for integration into electrocatalytic and photocatalytic
processes brand them as a subject of significant research interest, with the potential to
contribute to advancements in sustainable energy technologies. Many other inorganic
ceramic materials show promising results towards water splitting, even though they have
not yet been tested as functional ceramic bodies. Therefore, much more research is essential
to address the remaining challenges and unlock the full potential for sustainable and
efficient solar-driven water splitting by photocatalytic ceramics.
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9. Outlook

A novel proposal to address the future energy demand also concerns a solar light-
splitting tandem cell, as illustrated below. A water-splitting flatbed reactor with an embed-
ded photocatalytic (PC) ceramic layer may be combined with a conventional photovoltaic
(PV) unit, which is typically mounted onto roofs (Figure 8). Such a tandem device com-
prising a PV unit and a PC cell offers some advantages, i.e., the PV cell will be cooled
by the water film, which leads to less thermalization and thus, a higher yield of the PV
unit. Moreover, the UV to green solar radiation will cause less harm to the PV unit, as this
spectral fraction is absorbed by the photocatalyst to cleave water for hydrogen generation.
Since the PV unit is the most efficient from the yellow to the NIR range, the removal of
the UV to green spectral range will scarcely diminish the efficiency of the PV unit. Such a
tandem device delivers hydrogen by the high energy fraction of the solar spectrum, which
is storable on site, while the remaining solar visible light and NIR is well utilized by the
conventional PV unit to produce instant electricity [110].
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Figure 8. Proposed light-splitting tandem cell: PV unit topped by a photocatalytic unit, modified
from the work of Ref. [110].
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