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ABSTRACT

This review explores the promising field of artificial photosynthesis, a technology designed to emulate the natural process of photosynthesis. In natural
photosynthesis, solar energy is converted into chemical energy stored in organic compounds. Catalysis is a key element in artificial photosynthesis, facilitating the
conversion of solar energy into chemical energy. The review provides a comprehensive overview of recent developments in artificial photosynthesis through
catalysis, delving into various catalyst types such as homogeneous catalysts, heterogeneous catalysts, and biocatalysts. Additionally, the discussion extends to
different strategies aimed at improving the efficiency and selectivity of catalytic reactions. These strategies encompass the utilization of nanomaterials,
photoelectrochemical cells, and molecular engineering. The insights presented contribute to a better understanding of the current state and potential future
advancements in the field of artificial photosynthesis by catalysis.

A comprehensive and critical analysis of the latest methods in artificial photosynthesis by catalysis is presented, identifying key research directions for future
advancements. Both academic and business communities have demonstrated significant interest in the potential and limitations of artificial photosynthesis as a
viable alternative source of renewable energy. This technology holds the promise of revolutionizing the energy sector by providing a clean and inexhaustible source
of energy. However, critical limitations must be addressed before artificial photosynthesis can become a practical alternative to fossil fuels. The process involves
mimicking natural photosynthesis, using sunlight to generate energy by splitting water into oxygen and hydrogen, with hydrogen fuel serving as a clean and efficient
energy source. Despite its potential, the technology is in its early stages, and several challenges must be overcome for commercial viability.

A critical limitation of artificial photosynthesis lies in the elevated costs associated with the materials and technologies essential for its production. The current
reliance on expensive and rare materials renders the process economically unfeasible. Furthermore, the efficiency of the artificial photosynthesis process remains
relatively low, limiting its capacity for large-scale energy production. Despite these challenges, there exists optimism surrounding the potential of artificial
photosynthesis to emerge as a viable source of renewable energy in the future. Ongoing research endeavors aim to develop more efficient and cost-effective
technologies, with concurrent investments from governments and businesses in research and development within this domain.
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INTRODUCTION:

Artificial photosynthesis, akin to the innovative development of airplanes inspired by the study of bird flight, stands as a testament to humanity's pursuit
of technological solutions by emulating natural processes. Otto Lilienthal's historic achievement in accomplishing the first documented, repeated flights
with unpowered planes marked a transformative milestone in the journey of human flight, illustrating the power of learning from and replicating nature's
mechanisms.In the face of escalating environmental concerns, safeguarding our natural resources has become imperative. The exploration of renewable
energy sources emerges as a strategic imperative to alleviate our reliance on traditional fossil fuels, the combustion of which not only releases harmful
gases but also contributes substantially to the depletion of our precious natural resources.

The urgency of addressing climate change has been underscored by the International Panel on Climate Change, calling for a radical reduction of global
carbon dioxide emissions to zero. To meet this monumental challenge, there is an increasing focus on the development of sustainable and carbon-neutral
energy technologies. This pursuit requires innovative approaches, interdisciplinary collaboration, and a commitment to fostering solutions that can reshape
our energy landscape. This introduction sets the stage for an exploration into the significance of artificial photosynthesis and its potential role in steering
us towards a sustainable future by addressing the pressing challenges posed by fossil fuel dependence and climate change.

In the pursuit of reducing our reliance on fossil fuels, scientists have explored diverse alternatives, with a contemporary focus on developing advanced
energy-generating systems inspired by nature. Among these alternatives, solar energy emerges as a promising solution, leveraging its abundance and
renewability to address pressing energy-related issues.

However, the quest for sustainable energy solutions involves more than mere imitation of biological systems. Artificial photosynthesis, often likened to
the evolutionary development of airplanes inspired by the study of bird flight, is emblematic of this transformative approach. Unlike a straightforward
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mimicry of nature, the creation of airplanes, exemplified by Otto Lilienthal's influential monograph, "Bird flight as the basis of aviation art," required a
departure from conventional wisdom.The fluid dynamics principles articulated by Bernoulli and Venturi in the 18th century provided a foundational
understanding shared by both birds and airplanes. Yet, attempts to directly replicate biological wing materials or mimic flapping wings proved
unsuccessful. Practical airplanes necessitated the exploration of different wing materials and their combination with technologies from disparate contexts,
such as the integration of combustion engines.

Similarly, the advancement of artificial photosynthesis may demand unforeseen material combinations and novel technological solutions. However, this
scientific endeavor can draw strength from interdisciplinary collaboration with other fields. Solutions in fuel cell and battery technologies, nanostructures,
and microfluidics offer valuable insights for the development of artificial photosynthesis.While the current landscape of artificial photosynthesis research
exhibits a rich variety of approaches and research directions, the pace of progress needs acceleration to contribute substantively to future CO2-neutral
energy systems. This introduction lays the groundwork for an exploration into the intricate interplay between nature-inspired technologies, emphasizing
the need for innovative solutions to address our evolving energy challenges.

Artificial photosynthesis stands as a comprehensive approach encompassing a spectrum of potential solutions that facilitate the intricate interplay between
light-harvesting and fuel formation. Distinguishing itself from Power-to-X technologies, which necessitate significant energy transport through electrical
grids, artificial photosynthesis offers a unique avenue for sustainable energy generation.

While both artificial photosynthesis and Power-to-X pathways contribute to the development of non-biological routes to fossil fuels, their distinct
characteristics become evident in the efficiency of energy transport and the requisite catalyst materials. Unlike Power-to-X technologies, artificial
photosynthesis does not demand extensive energy distribution through electrical grids. However, both pathways rely on the presence of efficient and
specific catalyst materials, signaling a common requirement for advancements in catalytic science.Looking forward, the evolution of these pathways may
involve more complex, multistep catalytic systems, pushing the boundaries of innovation. The focus of this Special Issue predominantly centers on the
pivotal role of molecular and non-molecular catalyst materials in advancing the field. Contributions within these sections will unravel the latest
developments and insights, shedding light on the critical catalytic aspects that propel artificial photosynthesis and Power-to-X technologies towards a
sustainable energy future.

At the heart of these endeavors lies the universal reliance of all living organisms on our planet on the sun's energy, either directly or indirectly. The
biological process of photosynthesis, often revered as the green engine of life, manifests in plants, algae, and many bacteria. Through the synthesis of
light, photosynthesis captures solar energy, transforms it into chemical energy, stores it, and subsequently fuels a myriad of cellular processes. With an
estimated annual production exceeding 100 billion tons of dry biomass, photosynthesis emerges as the most significant and transformative reaction on
Earth, underscoring the profound impact and potential of artificial photosynthesis in shaping the future of sustainable energy. Indeed, cyanobacteria played
a pivotal role in the evolution of photosynthesis, marking a significant turning point in Earth's history around 2.5 billion years ago. Prior to the emergence
of oxygenic photosynthesis, the Earth's atmosphere lacked significant amounts of oxygen and was dominated by high levels of carbon dioxide.

Cyanobacteria were among the first organisms to transition from anoxygenic to oxygenic photosynthesis. This transition had profound implications for
the planet's atmosphere and the subsequent development of life. In anoxygenic photosynthesis, organisms typically rely on sources such as hydrogen or
hydrogen sulfide as electron donors in the photosynthetic process. However, the shift to oxygenic photosynthesis by cyanobacteria introduced a
groundbreaking four-electron process known as the water oxidation reaction.This water oxidation reaction is crucial for the production of molecular
oxygen (O2) during photosynthesis. It involves the splitting of water molecules into oxygen, protons, and electrons. The incorporation of this process
allowed organisms to store oxidizing equivalents, contributing to the buildup of oxygen in the atmosphere.The emergence of oxygenic photosynthesis
was a game-changer as it altered the atmospheric composition, leading to an increase in oxygen levels. This shift had significant repercussions for life on
Earth, paving the way for the development of aerobic organisms that could utilize oxygen for respiration.

Fossil fuels and oxygen stand as vital components crucial to human existence and the sustenance of life on Earth. These resources, fundamental to our
energy needs and the breath of living organisms, are intricately linked through the intricate process of photosynthesis that has unfolded over millions of
years.Manganese (Mn) emerges as a key player in this complex dance of life, specifically in the water-oxidizing complex (WOC) integral to
photosynthesis. Early insights, unveiled by Barber and Iwata's research groups in 2004, disclosed a cubic structure within the WOC, featuring three Mn
atoms, one Ca atom, and potentially four bridging oxygen atoms. Notably, a fourth Mn atom extends beyond the cubane structure. Further investigations
within photosystem Il unveiled the coordination of five water molecules, contributing crucially to the understanding of this pivotal process.Building on
this foundation, Shen and Kamiya's 2011 revelations provided a more detailed portrayal of the WOC. The structure was unveiled as comprising four
manganese ions, one calcium ion, and five oxygen atoms, with four water molecules. The intricate arrangement, described as Mn4CaO5(H20)4,
underscored the complexity of the water-oxidizing process.

Advancements in structural analysis, particularly through X-ray free electron lasers (XFEL), allowed the exploration of intermediate S-state structures
during flash illuminations. Here, the insertion of an oxygen atom (O6) in proximity to O5 in the S3 state marked a significant breakthrough. Time-resolved
XFEL structural analysis, employing pump-probe techniques, offered insights into potential proton exit pathways and water inlet mechanisms.Beyond
the realms of molecular intricacies, the level of oxygen in the Earth's atmosphere plays a pivotal role in shaping various biological patterns, including
body size. Oxygen's multifaceted contributions extend to the creation of the ozone layer, positioned 20-40 miles above the Earth's surface, acting as a
protective shield against harmful ultraviolet radiation.Moreover, at the heart of life's sustenance lies photosynthesis, a process that not only captures
carbon dioxide from the air but also transforms it into organic products. Serving as the primary energy source for nearly all life forms on Earth,
photosynthesis symbolizes the delicate interplay between the biological and environmental factors that have shaped our planet over eons.The confluence
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of economic growth, population expansion, and the detrimental effects of fossil fuel consumption has given rise to substantial environmental challenges.
In response, a crucial paradigm shift is imperative, redirecting our focus toward sustainable energy sources like wind and solar power. Despite their
promise, the intermittent nature of these renewable energies necessitates the development of efficient energy storage systems. One potential avenue
involves drawing inspiration from photosynthesis, a process that converts sunlight into chemical energy, to design effective storage systems.Harnessing
insights from plant research technology stands as another key facet of this transformation. Enhancements in this field could markedly improve the
efficiency of light utilization in cultivated species. This, in turn, holds the potential to elevate overall performance and increase food production,
addressing the growing global demand.

Moreover, the exploration of new species for crop cultivation on low-quality lands, particularly in the context of global atmospheric changes, presents an
intriguing avenue of study. Adapting agriculture to challenging environmental conditions through the cultivation of resilient species holds promise for
sustaining food production amid shifting global dynamics.In essence, this multifaceted approach — incorporating lessons from photosynthesis, advancing
plant research technology, and exploring new species for cultivation — lays the groundwork for addressing environmental concerns while concurrently
addressing the demands of a growing global population and economy.

The progression of our understanding of photosynthesis, facilitated by advanced techniques, marks a significant evolution. Building upon this knowledge,
artificial photosynthesis emerges as a forward-looking endeavor, seeking to replicate the intricate process of photosynthesis in harnessing sunlight to
store energy.

This innovative approach involves the transformation of water, CO2, or N2 into energy-rich compounds using sunlight, utilizing either engineered bacteria
or artificial means. Despite the promise inherent in artificial photosynthesis, current challenges lie in the inefficiency, non-durability, expense, and toxicity
of substances proposed for these systems.Addressing this hurdle necessitates a paradigm shift toward the utilization of affordable and eco-friendly
compounds, aligning with nature's inherently sustainable approach to photosynthesis. Learning from the efficiency of natural systems that have perfected
this process over millions of years becomes a guiding principle.

While there are various intelligent approaches to explore within the realm of artificial photosynthesis, the wisdom of emulating nature's successful
strategies remains paramount. The integration of affordable, environmentally friendly compounds into artificial photosynthetic systems aligns with the
long-term sustainability goals essential for the success of this groundbreaking technology.

NATURAL PHOTOSYNTHESIS VS ARTIFICIAL PHOTOSYNTHESIS

During photosynthesis, ATP and NADPH molecules are produced in the light reaction using energy from the sun. These energy-rich molecules are then
utilized in the light-independent reaction, also known as the Calvin cycle, to reduce carbon dioxide and create glucose. The Calvin cycle takes place in
the stroma of the chloroplast and involves a series of reactions catalyzed by various enzymes. This process was discovered by Melvin
Calvin.Photosynthesis depends on two photosystems, PS1 and PSII, which comprise light-absorbing pigments in the form of antennae systems, including
chlorophylls and carotenoids. Both photosystems contain a reaction center with a chlorophyll molecule. They are present in the thylakoid membrane and
absorb light photons transferring energy to the reaction center via resonance energy transfer. This process releases an electron from the chlorophyll
molecule in the reaction center. This electron passes through a series of electron carriers ultimately reducing NADP to NADPH and leading to ATP
formation.

Chlorophyll pigment creates a space for an electron. This space gets filled by breaking down water through photolysis, which happens alongside PSII.
This process produces oxygen and an electron, which is crucial for life on Earth. The light-dependent reaction uses a set of enzymes, including the
photosystems and hydrogenases, which react with hydrogen produced by water molecules. This process is called photophosphorylation, and it is a unique
way of generating chemical energy found only in organisms that undergo photosynthesis.During the light reaction, assimilatory powers are produced,
which leads to the reduction of carbon through the dark reaction, also known as the light-independent reaction. This reaction occurs in the stroma of the
chloroplast and involves a series of enzyme-catalyzed reactions discovered by Melvin Calvin, called the Calvin cycle. The Calvin cycle converts carbon
dioxide from the atmosphere into carbohydrates. Stomata on the leaves absorb carbon dioxide, which is ultimately converted into carbohydrates.
Photosynthesis is a complex process that allows autotrophic organisms to produce food by converting solar energy into chemical energy stored in the
bonds of carbohydrates. Scientists are working on artificial photosynthesis (APS), which aims to replicate the three main components of natural
photosynthesis. These components are:

(i) capturing light and transporting electrons,
(ii) splitting water into hydrogen and oxygen, and
(iii) reducing carbon dioxide.

APS is capable of producing two types of fuel: hydrocarbons, like methanol and formic acid, and pure hydrogen. Hydrogen is an eco-friendly fuel that
can be used in various ways, such as in liquid form, in fuel cells, in thermal and biological processes, and electrolysis. By utilizing APS to generate
hydrogen, we can decrease our dependence on nonrenewable energy sources.
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IMPROVEMENT STRATEGIES

Nanotechnology has made significant progress in various fields, including nanomaterial imaging and modification, as well as molecular manipulation.
For instance, researchers have been successful in adding impurities to semiconductors, resulting in an increased capability of light absorption, greater
selectivity, and more efficient catalyst performance.

Scientists have also created highly efficient antennae complexes that imitate the light-harvesting complexes involved in natural photosynthesis. These
complexes are composed of a hexad nanopatrticle containing four zinc tetraarylporphyrin molecules (PZP)3-PZC, linked to a free-base porphyrin-fullerene
molecule, P-C60, forming a hexad structured nanoparticle (PZP)3—PZC—P—C60. By using a "bottom-up" nanofabrication process, researchers have
created nanoscale materials and devices, including supramolecular structures that can be employed to construct more effective catalysts. These
supramolecular cages can prevent degradation and improve catalyst performance. Additionally, the use of nanostructured materials, single
photoelectrodes, and photovoltaic-coupled electrolyzers can significantly improve the performance and efficiency of devices. It's worth noting that the
physical environment, such as temperature, pressure, and ion concentration, can also have a significant influence on device function.

A significant amount of carbon dioxide is produced during the process of wastewater treatment (WWT), but it can be utilized as a renewable energy
source. A combination of hybrid microbial photoelectrochemical (MPEC) technology and microbial electrochemical systems, along with artificial
photosynthesis, has been developed to address the challenges of waste disposal, energy generation, and carbon emissions reduction. This integrated
approach not only helps to achieve carbon neutrality objectives, but also supports solar harvesting, conversion, and storage.

LIMITATIONS AND CHALLENGES

Although natural photosynthesis can separate charges efficiently, it has a low overall conversion rate of solar energy to chemical energy, which is
approximately 1%. Researchers have demonstrated an efficiency of up to 10% or higher using artificial photosynthesis (APS), but the major challenge
lies in finding a stable and cost-effective catalyst material. Organic-based catalysts tend to lose stability after multiple uses and can corrode or obstruct
the system equipment. Metal-based catalysts have been tested, but finding a cost-effective and stable option has been ongoing for ten years. Replicating
the complex process of photosynthesis is a challenging task. Scientists have struggled to recreate the intricate level of detail found in natural
photosynthesis due to the complex molecular geometry present in photosynthesizing organisms. Many catalysts have been synthesized in the last few
decades, but they have proven to be unstable. However, with the use of supramolecular strategies and nanotechnology, researchers can now manipulate
the structure and molecular composition of their devices with ease. The study of molecular catalyst heterogeneity is limited due to difficulties in matching
the details present in natural photosynthesis. The development of efficient molecular catalysts will allow the field of APS to advance towards a viable
system.

FUTURE IMPACT AND CONCLUDING REMARKS:

Research into renewable energy sources is currently a top priority as scientists strive to combat the global crisis. They are looking towards natural
photosynthesis as a model to imitate the self-sustaining functions of photo-autotroph organisms, with the aim of creating a self-sustaining world. The
development of artificial photosynthesis (APS) has already proven to be efficient and is surpassing natural catalytic systems in terms of simplicity, charge
transport, and light absorption spectral range. Similar to solar panels, future APS devices could be installed to provide a secondary source of electricity
and power homes by storing energy for later use. Since over 60% of global oil is used in transportation, hydrogen-powered vehicles fueled by the
byproduct of APS are being touted as a game-changer in the industry. These vehicles require a very short refueling time, are environmentally friendly,
and could revolutionize the way we travel.

Life on Earth has evolved over billions of years, from single-celled organisms to complex, multicellular photosynthesizing systems. However, replicating
this process in an industrial setting is a complex task that requires extensive research. It may take over a decade before we can use it for industrial
purposes. Therefore, it is vital to explore biomimetic approaches to extract energy from this natural process. While many versions of artificial
photosynthesis (APS) have been developed successfully, not all models are perfect and have some limitations such as inefficiency, instability, or high
costs. Organizations such as the Liquid Sunlight Alliance (LiSA) and the Center for Hybrid Approaches in Solar Energy to Liquid Fuels (CHASE) are
seeking a cost-effective, robust, and scalable APS.

Scientists have been working on finding environmentally friendly ways to produce energy on a global scale. They have made strides in the laboratory
with solar fuel production through natural photosynthesis, but it is still in its early stages of practical application. These experts are familiar with concepts
such as artificial leaf, solar fuel, and artificial photosynthesis.
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