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Abstract: In this review, we want to explain how the burning of fossil fuels is pushing us towards
green energy. Actually, for a long time, we have believed that everything is profitable, that resources
are unlimited and there are no consequences. However, the reality is often disappointing. The use
of non-renewable resources, the excessive waste production and the abandonment of the task of
recycling has created a fragile thread that, once broken, may never restore itself. Metaphors aside, we
are talking about our planet, the Earth, and its unique ability to host life, including ourselves. Our
world has its balance; when the wind erodes a mountain, a beach appears, or when a fire devastates
an area, eventually new life emerges from the ashes. However, humans have been distorting this
balance for decades. Our evolving way of living has increased the number of resources that each
person consumes, whether food, shelter, or energy; we have overworked everything to exhaustion.
Scientists worldwide have already said actively and passively that we are facing one of the biggest
problems ever: climate change. This is unsustainable and we must try to revert it, or, if we are too
late, slow it down as much as possible. To make this happen, there are many possible methods. In
this review, we investigate catalysts for using water as an energy source, or, instead of water, alcohols.
On the other hand, the recycling of gases such as CO2 and N2O is also addressed, but we also observe
non-catalytic means of generating energy through solar cell production.

Keywords: hydrogen production; fossil fuel; N2O; CO2; H2; inorganic catalyst; climate change

1. Introduction

Let us put into context the relationship of energy with the human being. The Earth
is about 4.5 billion years old and the oldest known fossil is about 3.8 billion years old.
This gives a rough estimate of when life began. Our ancestors have proliferated for only
6 million years, and our species, the Homo Erectus, evolved about 2 million years ago.
Human civilization began 6000 years ago, followed by the industrialization of mankind.
This started in the 18th century, just 260 years ago. Despite having existed on our planet for
such a short time, we have been able to modify the entire ecosystem by ourselves in this
period of 260 years.

Currently, we face many global problems that have arisen due to our carelessness,
and the only way to solve them before it is too late is to try to combine all the efforts of
humanity. Here we summarize how the environment has been damaged by combustion of
fossil fuels and how evolution is pushing towards green energies [1,2], especially H2 from
green sources other than natural gas [3,4].

We need industrial processes such as food factories, vehicle production, IT businesses,
etc. They require the use of all our resources, such as clean air, water and soil, on a daily
basis. We pollute the air because of the tons of CO2, N2O and other harmful gases we
release, resulting from all our motorized vehicles and production plants’ exhaust pipes
without any environmental concern [5,6]. Our soil is absorbing all the waste and the
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water it contain [7], including the material generated by the industry, such as red mud; an
iron-containing mud formed by the extraction of the aluminum in bauxite, which currently
has no useful utility, this creates vast wastelands, and leaks its iron contents into the soil,
leaving it sterile [8]. We also pollute our water due to accidental spills such as the Kuwait
oil fires [9], which leaked 136 million tons of crude oil into the Persian Gulf Sea in 2000.

In addition, the enormous amounts of plastics dumped into the ocean are enough to
create the Great Pacific garbage patch [10]. This is an island made entirely of plastic waste
that is about 1.6 million square kilometers long, approximately twice the total length of
France. These problems arose to serve the needs of people, but there are more than eight
billion humans on Earth, and the number is growing, which portends a dangerous future.

With this impact on our planet, it is clear that all the aforementioned issues are
intertwined, becoming global problems that affect everyone simultaneously, not only the
group closest to each polluting site. Together, we have developed a notable and notorious
problem that is gaining more recognition: climate change.

To explain what climate change is, we have first to define the term climate: a set of
weather patterns related to a specific location that will remain the same for long periods
(thousands of years). The atmosphere obtains most of its energy from the Sun and a small
part from the Earth’s core. The energy balance is simple; if the energy taken from the Sun
and the Earth is greater than the heat going out into outer space, we obtain a Global Warm-
ing effect (Figure 1), while the opposite creates a Global Cooling effect. In general, we define
climate change as the change in weather patterns (climate) of a specified region, in this case,
the whole planet itself, depending on the input and output of energy from the biosphere.
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Figure 1. Global warming effect (left). The addition of significant amounts of CO2 to the atmosphere
increases the radiation bouncing back to Earth, heating it more than it should be (right).

According to this data, even though climate change has been occurring since the
beginning, as individuals we should barely be able to see it or not see it at all, since the
climate has remained stable for periods longer than our individual life. However, we must
consider the work of humanity. The reason that the Earth can harbor life is because, first,
it orbits in the habitable zone of our solar system and, second, it was able to create an
atmosphere, a gas distribution of the different elements that are part of the air (N2, H2, O2,
CO2, O3, . . . ). The planet retains these components thanks to its gravity and one of the
essential jobs they do is to insulate the Sun’s radiation.

As previously stated, the vast majority of the planet’s energy comes from the Sun in
the form of radiation. Without an atmosphere, all the radiation would reach the ground,
a tiny fraction would be absorbed, and then the rest would bounce off into outer space.
This phenomenon would not be enough to heat the planet and it would become an icy
rock. Thanks to the atmosphere, we do not receive all the radiation on the Earth’s surface,
and most UV radiation is dangerous to life, because it can damage cells. In addition, the
atmosphere acts as a radiation mirror that bounces it off the surface, meaning it heats the
surface again, instead of losing the energy all at once. Human industrialization can alter
the amounts and composition of the atmosphere to extraordinary limits. The combustion
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of fossil fuel and other industrial processes have considerably increased the proportion
of carbon dioxide [11], nitrous oxide, sulfur oxide, and other gases such as the chlorofluo-
rocarbons (CFCs) [12]. These changes in composition create different problems, some of
which we explain in the following sections.

2. Carbon Dioxide and Global Warming

The gas with the largest contribution to the global warming is carbon dioxide. Any
combustion process such as the use of fossil fuels or breathing produces it (Figure 2) [13,14].
CO2 is a very inert gas that is not directly harmful to life, although the daily anthropogenic
contribution is astronomical [15]. One of particularities of this gas is that it is an excellent
infrared reflector, or in other words, it is a heat mirror [16]. Instead of letting the radiation
leave the planet, only a fraction makes it, and the rest returns to Earth to reheat it again.
With larger amounts of CO2, more radiation is sent to reheat the planet. This process is the
Greenhouse effect [17]. For reference, according to the National Oceanic and Atmospheric
Administration, NOAA, if we did not have greenhouse gases, the temperature of our planet
would be −18 ◦C on average, while thanks to them we can be comfortable at 20 ◦C in our
life everyday [18].
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Figure 2. Annual global CO2 emission in millions of tons over 200 years (Adapted from Ref. [13]).

The abuse of our production and consumption methods has led us to higher tem-
peratures that are steadily increasing every year. In September 2019, the average surface
temperature was 0.95 ◦C above that of the entire 20th century (Figure 3). Almost 1 ◦C may
not seem like much, but to put this in perspective, in the past 150 years we have been
warming the oceans at about a thousand times the annual global energy consumption, or
1.5 Hiroshima nuclear bombs per second [19,20]. The temperature will continue to rise by
between 1.4 to 5.6 ◦C during the current century [21].
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In addition to moving further into less optimal temperatures for sustainable living, we
see other problems caused by Global Warming. We see anomalies nowadays and natural
disasters, such as hurricane Dorian, category 5, which hit the Bahamas in September
2019 [23], or the melting of the ice caps, which, if they disappeared entirely, would raise
the water level by approximately 70 m [24]. In this case, we must also consider that the
amount of fresh water introduced into the ocean could change the marine currents of our
oceans, drastically altering the weather of the entire planet [25,26].

All in all, the real issue worldwide lies in moving away from burning fossil fuels and
towards CO2 recycling or storage to avoid the worst possible outcome.

3. Nitrous and Sulfur Oxides and Acid Rain

Carbon dioxide is undoubtedly one of the most notorious gases we produce every
day, responsible for more than 60% of the greenhouse effect, but others to consider such as
nitrous and sulfur oxides (N2O and SO2), when combined with water, create acid rain.

Nitrous oxide has a steady-state lifetime of 120 years, which means that it has been
accumulating in the air for the past few decades [25]. The Environmental Protection Agency
of the United States (EPA) recorded in 2010 that, of the 29.5 tons emitted of N2O into the
atmosphere, 36% is the responsibility of humanity [26]. Due to the proportionally low
amount of N2O emitted compared to the amount of CO2, we could consider it as a minor
problem. However, N2O is 300 times as efficient as CO2 at reflecting infrared radiation [27].
This means that the only reason carbon dioxide is the main problem for the greenhouse
effect are the mass quantities produced. Various developments and research have helped
to control the CFCs [28], but nitrous oxide is a major cause of the hole in the ozone layer.

We can find another critical gas, sulfur dioxide, at atmospheric concentrations of
1 ppm and with a useful life of days to weeks. Concentrated emissions can occur mainly
due to volcanic activity that releases about 20 million tons of SO2 [29]. Fortunately, in an
industrial process such as coal burning, where we find high amounts of sulfur, we have
already found solutions to avoid the creation of this gas. The Claus process can produce
sulfur as a byproduct [30], while the Stretford process can remove it from the fuel before it
is burned. In addition, we have retained most of the SO2 formed in power plants burning
sulfur-containing coal thanks to calcium oxide (CaO) filters [31]. When both react, we
obtain calcium sulfite (CaSO3) in order to recover, after oxidation, calcium sulfate (CaSO4).

Acid rain is the combination of the two gases in the atmosphere with water droplets.
Sulfur dioxide converts to sulfuric acid, while nitrous oxide (and any other nitrogen oxide)
is converted to nitric or nitrous acid [28]. This rain can reach very acidic pHs, as in the Poás
Volcano in Costa Rica or the Kilauea in Hawaii (pH = 2), and affect its environment [32,33].
These acidic conditions can kill most, if not all, fish species and microbiological life living
in lakes or rivers affected by the rain. Although animals can be irritated or even burnt by
exposure to rain, they are indirectly affected due to the soil pH. The plants that feed on the
soil nutrients can die due to nutrients leaching and the mobilization of toxic ions such as
aluminum to the surface [34,35], along with the prolonged acid exposure.

While sulfur dioxide is controlled and monitored, the impact of the N2O we emit may
not be obvious, but the potential risks are evident. Therefore, it is in our main interest to
find ways to use this gas.

4. Chlorofluorocarbons and the Ozone Layer

As for the final category of gases, the CFCs, we know them for their usefulness:
creating bubbles in rigid plastics, grease or glue cleaners, or as vaporizers for pesticides,
spray paint, etc. [36]. However, once these gases release into the atmosphere, they perform
a photometric reaction, which gives a chloride radical. This radical has an excellent affinity
for ozone (O3), and to make things worse, it has a catalytic reaction, which means that
a single chlorine radical can break up to 100,000 O3 molecules. Ozone is the best UV
radiation absorber enveloping the Earth, giving us protection. We denominate the ozone
layer for this reason. Without it, we would surely perish. Thankfully, we have stopped
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most of these CFC usage that created a hole in the Ozone layer and have begun the required
environmental repairs [37,38], see Figure 4.
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5. Energy Dependence

The environmental impact discussed in the previous section involves many different
variables, such as factory production. However, one of the most prominent issues in this
excessive carbon dioxide production is the energy needs of society. With innovation and
technology, we need more energy to power our vehicles, phones and computers, creating a
growing energy demand. Energy production in a power plant needs either fossil fuels or
renewable resources to operate.

Fossil fuels are a non-renewable source of energy generated over millions of years
from organic matter buried in the ground, where we can mainly distinguish three different
sources: natural gas, crude oil, and coal. All sources contain carbon atoms in varying
amounts, which, if burnt, generate carbon dioxide. They are a good source of profit, as
we only need to collect, refine and burn them to produce large amounts of energy. Even if
they are non-renewable, there are massive deposits worldwide; however, we have steadily
depleted them during our industrialization process that began 260 years ago. The scientific
community has estimated that in 2042 we would run out of crude oil, in 2044 of natural gas,
and in 2112 of coal [39]. We may have underestimated these values, since there are factors
such as the industrialization of developing countries or the increase in population that
could quickly reduce the amount we have left (Figure 5) [40–42]. This means that, at best,
we currently have between 20 and 25 years before we will not be able to drive diesel or gas
cars, since there will be no remaining fuel. Even earlier, the price that would arrive near
its depletion would become astronomical, so it is clear that the less wealthy already have
less time than the rest. Looking optimistically, if we end up burning all the non-renewable
sources of our planet, at least we will no longer have the power to affect our atmosphere as
much as we do now.

The best option right now is to use renewable energy sources. These sources must be
clean, unlimited, and rich in energy. We are developing the technology to do this efficiently;
therefore, they are more expensive and less profitable than fossil fuels. Even so, we have
different options to pursue, such as harnessing the kinetic energy of water in hydroelectric
power plants. This type of power station is built on large rivers or dams, containing large
amounts of water that run through a set of turbines, creating electricity when released.
However, it has a crucial flaw: the water needs to go through the turbine; it is not a reliable
energy income since dry seasons can be expected; therefore, there may not be enough water
to feed the plant. Another option is that of wind turbines, which can collect the kinetic
energy of the wind, as the name suggests. Once again, these face the same problem as
hydroelectric plants: there may not be enough wind to fill our energy quota. In addition,
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they have other problems, such as wind direction. Since they are big fans, they will only be
moved by the wind parallel to the blades. They also contribute to so-called visual pollution,
since the size and quantity of wind turbines required to produce sufficient energy tend to
transform the landscape, leaving a frightening sight for Don Quixote (Figure 6).
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These two previous sources are not reliable enough yet to use as our primary energy
source because they are neither constant nor energy rich. However, there is one thriving
and reliable source: nuclear power. In nuclear power plants, we use the heat produced
in nuclear fission (Figure 7) to heat water, turn it into steam and run it through a turbine.
Technically, it is clean energy because it does not produce carbon dioxide; however, nuclear
fission requires radioactive materials. To carry out nuclear fission, we have an assembly
of neutron-enriched uranium put together in the reactor. We take advantage of their
radioactivity to release free neutrons that will hit nearby enriched atoms, splitting them
into two. By doing so, we get an incredible amount of energy from this exothermic reaction
which is converted into kinetic energy for the particles involved and thermic energy that
will heat water to convert it to steam. Although this is a very energetic process, the result
is that we consume this radioactive material until radioactive isotopes appear that we
can no longer use them for energy production. These radioactive isotopes are what we
call nuclear waste. Once again, there is a problem: it will remain radioactive for tens of
thousands of years. Thus, we cannot just store it. To lessen the impact of the radiation,
we seal the waste in large lead barrels and then bury them deep in the ground, creating
nuclear cemeteries. Of course, this is not flawless. Over the years, the radioactive material
will begin to emit into the soil and permeate its environment. In addition, the security
risks it entails include long-lasting radiation that will damage the affected area, such as
Fukushima [43] or Chernobyl [44], and provokes the fear of the population and possible
future damage to the ecosystem.
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Figure 7. Nuclear fission of 235U (U = uranium; Ba = barium; Kr = krypton).

The ideal solution would be to have a process as energetic as a nuclear reaction without
dealing with all the waste and risks that comes with it. Fortunately, we have had one from
the beginning: a perennial self-sustaining nuclear reactor, so far away that the described
problems are non-existent: the Sun. This fulfills its role as an unlimited source, since we
want to use the radiation emitted by its reactions, and if the Sun ever runs out, we would
no longer need the energy. It is clean and very energetic, ideal for our needs. The main
problem is how to collect its energy for our consumption.

There are two possible approaches; one is direct, converting the radiation we receive into
electricity. A clear example are solar cells, which scientists develop using different materials
such as fullerenes [45–47]. The other is indirect, creating clean fuels with this radiation, such
as hydrogen production [48] from the water oxidation reaction for later consumption.

6. Catalysts

Before going into further details and considering that we want to be more efficient, we
need to connect the solar radiation with a specific reaction. If we use water oxidation as an
example, this happens slowly. If it were to occur naturally at the required rate, water would
be a very scarce resource. This is not the case, though, so we need something to speed it up.
This “something” should be selective for our target reaction; it should be able to do this as
many times as possible before decomposing, it should be as environmentally friendly as
possible, and most importantly it should be able to decrease the energy demands of our
target reaction and perform it at our desired speed (Figure 8). This desired molecule is
known as a catalyst.

Tailoring catalysts to specific needs is an art and we must take advantage of solar
radiation. Therefore, we need to connect them with photons; however, it is not necessary to
entangle catalyst efficiency with them, as photons can become an electron source in our
media and these electrons will later get involved in the catalyst mechanism. For instance,
in the chloroplast stroma of a chlorophyll pigment, located on a leaf, we can observe
Photosystems I and II. These systems can capture a photon and use it to excite an electron
to a higher energy level, which is transferred to an electron-acceptor molecule, pheophytin.
Once we have promoted the electron, a chain of reactions occurs leading towards the
chloroplast’s light-dependent reactions. These chain reactions are nature’s answer to light
conversion into chemical energy. Therefore, the goal is to reproduce their effects with
a human-made light acceptor that can release excited electrons. Therefore, it is possible
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to focus on catalyst design and optimization while thinking about the light to obtain the
necessary electrons.
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7. Hydrogen Production

From an indirect approach of sunlight conversion into a useful chemical, choosing
what to produce is mandatory. It must be highly energetic and easy to produce and when
burned to produce energy it must not generate carbon dioxide in the process. This ideal
implies discarding all carbon-based fuels. A fine choice is molecular hydrogen (H2), in the
sense that its combustion will only produce water (Equation (1)).

2 H2
gas + O2

gas → 2 H2Ogas (1)

Compared to hydrocarbon fuels, 1 kg of hydrogen produces the same amount of
energy as 2.8 kg of gasoline [49]. This seems to be ideal, since with less fuel we obtain the
same energy and the combustion products are non-toxic. However, this is far from reality.
It is imperative to understand this statement to know the properties of hydrogen [50].
First, hydrogen is a gas, which means that it fills the entire available container and, in
order to increase the amount stored, it must be pressurized. The hydrogen density under
ambient temperature and pressure is 0.00009 kg/L; thus, storing 1 kg of hydrogen requires
a container of over 10 thousand liters, which is not practical. If hydrogen is pressurized
to 700 atm, its density becomes 0.038 kg/L, so we could use a 26 l tank for 1 kg. Another
option is to liquefy it by cooling to lower temperatures than 20 K, obtaining thus a density
of 0.07 kg/L, where a 14 l tank would be sufficient [51,52]. Altogether, we obtain the same
amount of energy from a 14 l liquefied H2 tank at 20 K than a 3.8 l tank of gasoline at room
temperature. In addition, there are further problems with hydrogen, such as the liquid’s
boil-off, which increases the tank’s pressure and loses 1% of its contents per day [53], or
the high risk of explosion, as it is extremely flammable [54]. One of the most notable
hydrogen accidents in history is the Hindenburg disaster, New Jersey, 1937, where the
German zeppelin LZ 129 Hindenburg ignited, with 36 victims. If hydrogen must become a
reliable energy source, the development of better storage conditions is imperative for safer
fuel storage in our vehicles; actually, producing hydrogen on site according to need would
cause the problem with storage to disappear [55,56]. Many materials ranging from carbon
nanotubes [57], glass arrays [58] and activated carbons [59] have been tested for storage,
but they suffer from either low absorption (requiring more material for storage) or too high
absorption (not possible to recover the H2) [60].

Currently, the best catalysts for hydrogen production depend on the specific method
of hydrogen production being used [1,4,61]. The most common catalysts used in hydrogen
production are summarized in the following list: (1) Electrolysis: iridium, platinum, and
palladium are commonly used as catalysts in electrolysis; (2) Steam Methane Reforming
(SMR): nickel is the most commonly used catalyst in steam methane reforming; (3) Biomass
Gasification: iron and copper-based catalysts are often used in biomass gasification to
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produce hydrogen; (4) Photocatalytic water splitting: titanium dioxide (TiO2) is a com-
monly used photocatalyst in water splitting for hydrogen production; (5) Alkaline water
electrolysis: platinum, palladium, and nickel are commonly used catalysts in alkaline water
electrolysis. It is important to note that the efficiency and cost-effectiveness of the catalyst
can vary based on factors such as the specific method of hydrogen production, operating
conditions and the type of catalyst used.

Nevertheless, among the list of solutions the aim should be to produce hydrogen on
site according to our needs. With this approach, storage would not be a problem if the
source of hydrogen were secure. Fortunately, water is a source of hydrogen. It is often safer
to store water in a deposit than compressed or liquefied hydrogen. Moreover, if we use
water as a source, we obtain it due to H2 combustion; this is the definition of a renewable
source of energy. There are two main pathways to obtain hydrogen from water: water
splitting [62] and water oxidation.

8. Water-Splitting

We define the water-splitting reaction as water breaking down into both hydrogen
and oxygen:

2 H2O→ 2 H2 + O2 (2)

This reaction is also present in the photosynthesis at Photosystem II (PSII, Figure 9) [63].
In the light-dependent phase, a photon is absorbed in PSII, which excites an electron,
starting an electron chain reaction that will convert CO2 into sugars and oxygen gas. Water
dissociates into oxygen gas and protons to recover the excited electron in PSII. This reaction
loads the inner part of the membrane with protons and creates a gradient. The ATP synthase
uses this gradient and releases the protons to the outside. Once on the outer part of the
membrane, the protons react with ferredoxin-NADP reductase (FNR), where they convert
NADP into NADPH.
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They also return to the plastoquinone to reduce it into plastoquinol, thus restarting
the whole process.

Photosynthesis is a refined process of several steps that we would like to reproduce,
more precisely, water dissociation through light. However, scaling it for commercial use
has its flaws. There are several ways to produce water splitting, including electrolysis,
radiolysis, and thermal decomposition [64,65].

Water electrolysis occurs once we apply an electric current of at least 1.23 V into the
water through two electrodes. This energy can split water into H2 and O2 gas and it is
pH independent. However, the energy required to produce H2 gas is higher than that
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produced by burning the hydrogen obtained, and since the efficiency of the reaction is not
100%, it needs even more. The correct approach would be to place solar panels that produce
electricity, which we want to store as chemical energy, but even so, neither electrolysis nor
solar cells are very efficient, resulting in a net energy loss. However, a production plant for
hydrogen storage could be the right choice if we need the gas for synthesis.

Radiolysis benefits from nuclear radiation, more specifically alpha radiation (He+2

nuclei emitted from larger radioactive material). When alpha radiation is used to split
water, it is converted into different radicals and ions (Equation (3)) [66].

H2O →
α

e−aq, HO·, H·, HO2·, H3O+, OH−, H2O2, H2 (3)

As seen above, water radiolysis gives both ions, radicals, and hydrogen. Although
the possible combinations could lead to water or ozone, it is possible to recover and reuse
them until the desired hydrogen production is increased. As it is based on alpha radiation,
it could be a possible solution for nuclear waste, producing hydrogen while containing the
waste, with all the risks considered. Although this can be an efficient option for producing
and storing molecular hydrogen, as on-site production it is not the best.

The thermal decomposition of water involves high temperatures to dissociate it into
a combination of H2 and O2 gas and H, O and OH radicals [67]. There are solar-thermal
hydrogen producers that concentrate the sun’s rays using mirrors to reach 1000 K, com-
bining gas diffusion gradient optimizations to produce ~1 kg of H2 per hour, which is
approximately 33.3 Kw/h.

Water splitting requires significant amounts of energy to occur. Nevertheless, there is
still a possibility to use catalysts, or even better, photocatalysts. These catalysts focus on
the reduction and oxidation of water, hydrogen and oxygen. The main goal is to mimic the
efficiency of Photosystem II and use light to promote the movement of electrons through
media. We show the target reaction in Equation (4).

2 H2O→ O2 + 4 H+ + 4 e− (4)

This reaction is only the half-reaction of water splitting, since we get protons and
electrons separately [68], and it combines with the second half-reaction as Equation (5).

4 H+ + 4 e− → 2H2 (5)

Therefore, we aim to split water through two redox processes, water oxidation and
proton reduction. Equation (4) shows the water oxidation step.

Among the catalysts able to perform water splitting [4,69], the best metals are the
following, ordered by efficiency: (1) platinum is considered one of the best catalysts for
water splitting due to its high activity and stability; (2) iridium has similar properties to
platinum and is often used as a replacement due to its lower cost; (3) cobalt has been shown
to be an effective catalyst, particularly in combination with other metals such as nickel
and iron; (4) ruthenium is another metal that has been shown to be an effective catalyst for
water splitting due to its stability and durability; (5) other metals, including nickel due to
its high activity and low cost, which is also valid for manganese, compensating for lower
activity with more availability, whereas iron, zinc, and aluminum have been found to be
poorly active.

9. Water Oxidation Catalysis

As stated in the previous section, water oxidation catalysis (WOC) separates the
water-splitting reaction into its half-reactions consisting of the oxidation of water and the
reduction of protons to hydrogen (Equations (4) and (5)).

There is a step where two water molecules must combine to form the oxygen molecule.
Depending on how they interact and the catalyst’s design, the reaction goes through
the Interaction of two Metal-oxide centers (I2M) or through a Water Nucleophilic Attack
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(WNA). First, to have either I2M or WNA, the catalyst must interact with a water molecule
and deprotonate it to generate the reaction center where the other water molecule binds.

According to the I2M mechanism, it needs two reactive centers, as the name suggests.
The typical procedure is that a water molecule attacks the catalyst’s metal center and then
releases protons and electrons from the water into the media. This procedure is repeated
twice in order to obtain the two necessary M = O units that will react later. The design
of the catalysts based on this mechanism can be monometallic [70], which means that the
I2M mechanism is intermolecular, or bimetallic [71]; thus, the mechanism is intramolecular
(Figure 10).
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On the other hand, there is the WNA mechanism. As its name suggests, this occurs
when a water molecule reacts nucleophilically due to the oxygen polarization. This means
that an electrophilic counterpart must be present, and since we want an O-O bond, another
water molecule must be converted into this electrophilic reagent. As water interacts with
the metal center, it releases protons and electrons, meaning it goes from a neutral H2O to a
hydroxyl (-OH) and then to an oxide (=O). To do this, the metal center is oxidized to high
oxidation states (for Ru, it reaches a +5 oxidation state).

This electron deficiency in the metal tightens all the electrons in the surrounding bonds
and results in electrophilic oxygen, perfect for WNA. Once the water attacks the metal oxide
center, the deprotonation continues, creating hydroperoxide (-OOH) and finally peroxide
(-OO) bonds, which ultimately releases oxygen (Figure 11).
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Of course, having either I2M or WNA does not exclude the other. Some catalysts can
perform both mechanisms simultaneously, since both mechanisms are based on the same
M=O bond (Figure 12). There are many ways to distinguish between mechanisms and
know which one regulates water oxidation. Monometallic catalysts can attach to a surface
and attempt to carry out the reaction. If there are no results, or the reaction barely occurs,
but works when the catalyst is free in the media, it would show a clear preference towards
I2M. Distinguishing between mechanisms is more difficult for bimetallic catalysts or if
both I2M and WNA occur on a given catalyst [72,73]. In general, research should tailor the
catalysts according to their efficiency and pathways.
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Figure 12. The general mechanism for a catalyst that can perform both I2M and WNA.

Historically, when reproducing the Photosystem II activity, as previously mentioned,
nature is the first reference. In this case, the water oxidation of the PSII is the target
mechanism. Between 1982 and 1985, Meyer and coworkers reported the first catalyst that
performed WOC [74,75], known as “the blue dimer” because of its color (Figure 13).
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This catalyst was the starting point for the development of further water oxidation
catalysts with different metal centers such as Ru [76,77], Mn [78,79], or Ir [70,80]. Unfortu-
nately, the TurnOver Numbers (TON) and TurnOver Frequencies (TOF) of these catalysts
were not enough. The blue dimer had a TON of 13 and a TOF of 0.004 s−1, meaning
that it was slow and had a short life. Until 2005, the catalysts were bimetallic [81,82], but
Thummel and Zong [83] were able to report a monometallic catalyst. In 2009, carboxylate
ligands were introduced to the Ru catalysts [84], increasing ten-fold the TONs obtained
until that moment, while also increasing the TOFs up to 41 s−1 [85]. In 2012, Sun and
coworkers reported a colossal leap in WOC [86], a Ru catalyst with a TON of 8360 and a
TOF of 303 s−1 (Figure 14) [87]. This is indeed comparable to the PSII, with a TOF between
100–400 s−1 [88]. Attempts to move towards first row transition metals [89] still show
poorer performance [90–93].
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Why is this new catalyst so good? What is the reason for this leap in efficiency?
The revolutionary step was to use Bipyridine-6,6′-dicarboxylate (bda) as a ligand. This
bda ligand binds to the Ru metal center through the two carboxylates’ oxygens and the
pyridine’s nitrogen, forming a tetradentate chelate. The most crucial characteristic of this
ligand is that the angle O-Ru-O formed is wider than in a standard octahedral compound
(123◦ vs. 90◦ respectively). This larger angle allows a water molecule to interact with the
metal center, creating a 7-coordinated Ru. This geometry creates a very reactive metal oxide
center, which develops into the fast catalysis stated above. Although this is indeed a great
discovery, this catalytic mechanism had yet to be fully understood. Thus, the first objective
is to determine the mechanism of the best WOC catalyst known to date.

Still, there is a good basis for improving the catalyst and there are already several
articles trying to do so [94–96]. Since the most remarkable feature is the 7-coordinated Ru
center, some researchers have focused on changing the axial ligands [97]. Their research
shows that including more π-π interactions increases the dimers’ stability formed through
the I2M mechanism and improves the TON of the catalyst. Other reports have changed car-
boxylates to phosphonates [98], which are quite similar and include a fascinating property
for the catalyst—pH dependence. This dependence is available thanks to the phosphonate
ligands’ protonation, which translates into different catalytic activities according to the pH.
In 2016, Concepcion et al. [99] and Grotjahn et al. [100] reported a phosphonated catalyst (B),
Ru(2,2′-bipyridine-6,6′-diphosphonato)(picoline)2, and compared it with the carboxylated
(A) (Figure 15). Other researchers have also studied this catalyst, experimentally [101–103]
and computationally [104,105].
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Computational analysis determined that B had lower barriers in the known rate-
determining step, either the dimerization of the I2M or the second water attacking through
WNA, which should translate into faster reactions, but the experimental results pointed in
the opposite direction. The phosphonated catalyst had worse activity than the carboxylated.
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Is this difference related to the pH dependence, or is it due to the mechanism’s oxidant?
Understanding this difference is vital, as the rate determining step (rds) may not be the
same depending on the ligand; no report includes a comprehensive overview of the
mechanism at different pH which is able to explain this. As for the carboxylated catalyst (A)
mechanism, it would be possible to replicate it with the phosphonated ligands and include
all possible pathways, achieving a meaningful result. In addition, the full mechanism at
different pH should be determined for the phosphonated catalyst (B), comparing it with
the mechanism of the carboxylated counterpart (A), and finding an answer to the disparity
of the experimental and computational results. In detail, determining the full mechanism
for the Ru(2,2′-bipyridine-6,6′-dicarboxylato)(4-picoline)2 WOC catalyst at acid (1) and
basic (8) pH, we revealed that, at different pH, the intermediates of the mechanism are not
the same [106]. The lower pH enables some species’ deprotonation, but the final monomer
previous to the rate-determining step is the same at both pHs. We ruled out the previous
mechanistic proposal via an intermediate predicted by Concepción and coworkers, since
the energy barriers were much higher than the most well-known path [107]. Next, we found
the mechanism of the Ru(2,2′-bipyridine-6,6′-diphosphonato)(4-picoline)2 WOC catalyst,
which is the phosphonated analogous of the previous catalyst. There are three possible
biphosphonate conformations according to the pH: biprotonated, monoprotonated and
deprotonated. At pH = 1, the two proton coupled electron transfers (PCETs) [108] of the
mechanism occur through the monoprotonated state, but the rest of the species involved
are biprotonated. At pH = 8, the deprotonated state predominates over the mechanism. The
pH is critical in the determination of the rds since the media’s oxidant, Cerium Ammonium
Nitrate (CAN), only works under acidic conditions. In the absence of CAN, at pH = 8,
the rds goes through an I2M path. The high energy barrier combined with the catalyst
dimerization correlates with the poor to inexistent experimental catalytic activity. In the
presence of CAN in excess, the mechanism does not undergo WNA despite its low energy
barrier, since the water would not be able to deprotonate afterward. We hypothesized an
I2M between CAN-catalyst that could explain the need of CAN to increase the catalytic
activity. and providing all necessary experimental evidence. Since CAN could be part of
the catalysis [109], lower amounts could reduce the reaction chemical waste.

Overall, the best metals for WOC are iridium for excellent oxygen evolution activities,
high stability and durability, while ruthenium-based catalysts are known for their high
stability and low overpotential, making them ideal for water oxidation catalysis [88,110,111].
Ruthenium-based catalysts have been found to have high activities in acidic and alkaline
environments, while platinum-based catalysts have been found to have excellent activity
and stability in acidic and alkaline environments. Other metals that have been successful
in WOC are cobalt and nickel. Nevertheless, the most promising applications for industry
come from nanoparticles [112], or metal oxides, using iron, manganese or cobalt due to
their high stability and ability to generate high oxidizing potentials.

10. Acceptorless Dehydrogenative Coupling

In addition to water splitting and water oxidation, there are other possible routes to
creating hydrogen-like industrial refining processes. With a few changes, they can produce
H2 for storage or to help power the factory. An exciting reaction that can fulfill this role is
dehydrogenative cross-coupling (Figure 16) [113].
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This reaction leads to C-C bond formation between reagents. The hydrogens attached
to the carbon atoms involved must be removed by an H2 acceptor. This agent is usually
an alkene that hydrogenates, ending up as a side-product or waste that must be isolated
from the main product, causing efficiency drops due to the additional steps required.
A significant improvement for this reaction is acceptorless dehydrogenative coupling
(ADC) [114,115], which can perform a dehydrogenative step without the need for an
acceptor [116]. Therefore, it produces hydrogen gas as a side-product, with no additional
steps required to separate it from the target product (Figure 17).
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Although this is a positive improvement towards green chemistry, ADC catalysts
usually contain heavy transition metals, such as Rh [117], Ir [118], or Pd [119], that are
both expensive and scarce. In 2017, Milstein et al. reported [120,121] an unprecedented
efficient α olefination of nitriles via ADC of nitriles and alcohols. They compared a few
tests with current catalysts, and one of them stood out from the rest: a Mn-based catalyst.
The Mn center is an excellent find as it is the third most abundant metal resource on Earth.
It reduces the catalyst’s production cost and the impact of its extraction is less than that
of the scarce metals such as Pd. In addition, this is also a catalyst that produces acrylo-
nitriles while also generating hydrogen in the process. As an observation, acrylo-nitriles
are widely used in different areas, mainly as precursors for the synthesis of pyrroles [122],
benzonitriles [123], or to synthesize drugs for medical treatments such as malaria [124],
and are produced in large quantities. Therefore, aiming for production with less waste and
more abundant metals such as Mn is a necessity, because of the need for eco/cost-friendly
catalysts involving this reaction that produces hydrogen for its storage or production in situ.
This catalyst is included in a group of high performing catalysts, which share a particularity:
its phosphorous-nitrogen-phosphorous (PNP) pincer ligand. PNP pincer ligands have been
a hot topic for many years [125–128] since they have multiple uses in metal center activation
or catalysis. It is possible to tune the PNP ligands as preferred, as we can functionalize
the backbone of the ligand to obtain different reactivity. Following the aforementioned
work with the Mn metal center PNP catalyst, along with DFT calculations [129], and to
look towards its diverse functionality, other hydrogen-producing catalysts were considered
for mechanistic studies [130], leading to aldimines from the interaction of alcohols with
amines [131].

Overall, there are several catalysts that have been found to be effective in ADC
reactions [132], including a broad range of metals, from noble metals like palladium and
platinum to first row transition metals, such as copper, manganese, nickel, cobalt, and iron.

11. Reuse of Atmospheric Gases for Waste Management

Apart from the production of hydrogen as a target fuel for its clean combustion and
chemical energy storage, there are more issues to be targeted in green chemistry. Carbon
dioxide and nitrous oxide are growing problems, the latter being the most important, espe-
cially due to their 120-year stationary life, which indicates that, although their production
is based on appearing as a byproduct in small quantities, over recent decades a problem
has arisen. One of the known ways of removing nitrous oxide is by hydrogenating it:

N2O + H2 → N2 + H2O (6)
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This is a simple reaction where nitrous oxide is converted into water and nitrogen, en-
vironmentally neutral gases that serve different purposes such as the synthesis of ammonia
in the Haber-Bosch process [133]. To make this reaction fast and viable, one type of catalyst
is making an impact in integral catalysis due to its flexibility and selectivity and is included
in Figure 18 [134], owing also to a PNP pincer ligand.
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Figure 18. Hydrogenation of N2O by the PNP-pincer Ru based catalyst (P = P(iPr)2) (Reprinted with
permission from Ref. [134]).

Actually, Milstein’s group reported a set of catalysts with ligand variations that could
perform this hydrogenation [135]. Thanks to their extensive experimental work, they
defined a hypothetical mechanism, but some parts were obscure. Thus, they labeled
them as a complicated mixture. In their experimental tests, they also compared different
phosphorous ligands with isopropyl, tert-butyl, and phenyl substituents, and according to
their data on the other catalysts, isopropyl was the best choice from the three, as the TON
increased ten-fold. Despite not having apparent involvement with the metal center, it is
clear that the ligands played an essential role in this catalysis, but there was no explanation
for this phenomenon.

On the other hand, manly from a quantitative point of view, the giant of global warming,
CO2, is a growing problem that we must face head on [136,137]. Although there are many
ways to reuse it, they often require high temperatures and pressures or use reactants that
produce high amounts of CO2 to obtain them. Therefore, we want to confront a relevant
procedure: the cycloaddition of epoxides into cyclic carbonates by experiments [138–141]
and calculations [142], or both approaches [143–145]. Basically, CO2 recycling is based on
using it as a building block for other carbon-based compounds [146,147]. However, the use of
electrocatalysts [148,149] for CO2 reduction in mild conditions is a research strategy.

12. Solar Cells and Batteries

Regarding future energy production, the above discussion has focused on using catalysts
to synthesize clean fuels like hydrogen and derive them in the catalytic recycling of both
nitrous oxide and carbon dioxide. According to the clean fuel production section, hydrogen
is the fuel of the future. Even with its flaws, it can store large amounts of energy, reused
by combustion. However, converting power into chemical storage and back to power is
inefficient [150–153]. It is well known that all chemical reactions have different yields, either
through the formation of side-products or, in this case, through the loss of energy.

Suppose we obtain an efficient catalyst that can produce hydrogen like those explained
above. This would obtain the electron transfers it needs through sunlight. Even if we obtain
the best possible catalyst, there is a net loss of energy in the process, either due to the
overpotential of energy required to perform redox reactions [154], due to side-products, or
conversion of a part of the energy into heat, known as heat dissipation. In general, chemical
reactions involve energy loss. A reasonable question would be: why bother designing
complicated mechanisms and catalysis to create chemical compounds that we want to
convert into energy if we could directly transform sunlight into energy through other
technologies such as solar cells? [155,156] This reasoning usually leads to using batteries to
store the energy so as not lose as much energy as in the chemical process. To answer this,
another question appears: how do we produce those batteries? As the level of technology
increases, energy needs not only become more extensive but also constant. Almost all
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everyday tasks require batteries: mobile phones, laptops, TVs, cars and, of course, power
reserves for distribution among the population. Newer technologies also tend to demand
more energy; in 1946, the first cellphone had a battery life of 30 min [157], but in 2019, with
more energy demanding devices with internet, apps, videos, etc., the battery lasts from a
full day if used extensively to several if it is not.

Batteries increase their capacity thanks to materials engineering and a particular small
alkali metal: lithium. This has a wide variety of applications, but the best known is in
cell batteries [158–160]. Unfortunately, working with lithium is a challenging task; its
extraction is too polluting as it can poison groundwater supplies, permanently damage
the soil, and produce air pollution [161]. Furthermore, even if all these problems were
solved and included automation to avoid human harm, there is still a finite amount of
lithium, between 20 and 40 million tons [162]. Given such a large amount, it could last
another 365 years, but when it runs out, what is the plan? The last 250 years of non-stop
burning of fossil fuels showed that it is not a good idea to deplete resources until it is too
late. Therefore, while it is crucial to develop other technologies that rely on lithium or other
metals, it is vital to have a backup plan. Hydrogen production is available in power plants
that are not using their full capacity, which means they can automatically store energy.
When the demand is low, we could direct all the surplus energy produced into hydrogen
production, therefore with less power loss in the meantime. Hydrogen is just another type
of “battery”, like lithium, but renewable.

The take home message is that it is essential to look for as many energy production
methods as possible, among them, promising direct solar energy conversion to electricity,
are solar cells, an exciting technology for creating energy, based entirely on the materials
and their disposition. To build a solar cell, we need different materials depending on their
conductivity. There are three types of materials according to their conductivity: conductor,
semiconductor, and insulator. They differ only in the energy gap between the highest
occupied energy state of their valence electrons, which is formed due to the combination of
all the bonding orbitals of the material. The lowest unoccupied energy states result from
the combination of all the anti-bonding orbitals (Figure 19).
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The difference in conductivity depends on the size of the bandgap. If the negative and
positive bands overlap, it acts as a conductor, as the electrons are free to move from one band
to the other. If the bandgap does not overlap, it is either a semiconductor or an insulator.
In this situation, it needs an external energy source to promote electrons from the negative
(N)-band towards the positive (P)-band. The insulating or semiconducting property depends
on the energy applied. If it can promote the electron, it becomes a semiconductor; while if
the energy were little, it would be an insulator. A common insulator is cork produced from
cork tree, but it is only an insulator for the voltage used at home, since the application of high
enough voltages, like lightning, would allow the electrons to pass through the band gap.

Solar cells work with this feature but through two different layers of materials. One
layer is rich in electrons, the N-layer, while the other layer is lacking, the P-layer. Combined,
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they have a bandgap small enough so that a photon to excite an electron; therefore, they are
semiconductors. Once they make contact, electrons from the N-band of the N-layer rush
to fill the gaps in the P-band of the P-layer to equilibrium at the junction. The opposite
charge at the junction creates an electric field that acts as a diode, allowing only electron
movement from the P-layer to the N-layer, causing the flow of electrons to stop. Now,
sunlight comes into play in the form of photons. When a photon hits an electron close to
this electric field, it has enough energy to excite it and create a free electron and a hole.
The electric field between layers will push this free electron towards the N-layer, and the
hole will go into the P-layer. Neither layer is in equilibrium anymore, so they will try to
recombine the electron and the hole, but now the N-layer cannot give this electron back to
the P-layer because of the junction electric field. By providing a passage in the form of a
cable through one layer to another, it is possible to take advantage of the electron gradient
and move electrons through the wire. This current, combined with the generated electric
field voltage, provides useful electrical power (Figure 20).
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Figure 20. Solar cell electron-hole movement.

Because solar cells depend on the gap between layers, they rely on their materials’
properties. There are three categories, starting with the first generation of solar cells [163],
based on crystalline silicones such as polycrystalline silicon. They are very expensive to
produce since their production is based on growth controlled silicon crystals, but they
are the best sellers worldwide since their research came first [164]. Second-generation
solar cells [165] are also called thin-layer or thin-film solar cells due to their technology,
which consists of micrometer-thick layers of material that function like a complete solar cell.
However, even if they are much cheaper than the first generation, their efficiencies pale in
comparison. The latest technology in solar cells is the third generation [166], which consists
mainly of organic materials such as dyes [167,168], polymers [169], and quantum dots [170].
They are very cheap to mass-produce as the target is to print them like paper, while also
having the best efficiency of all generations (up to 47.1%) [171]. Unfortunately, they are still
in research and have not yet been commercially available. Among the third-generation
solar cells, there are the dye-sensitized solar cells [172]. They show quite good efficiency
(12.0~12.5%) and physical properties [171]: flexible and semi-transparent, which enable
various applications, including printing by conventional roll-printing techniques. These
properties mean that their cost is minimum and mass production possible. Thus, they are
perfect candidates to compete with fossil fuels due to their reduced price. Other efforts are
devoted to silicon-based solar cells; however, they have a significant difference. While the
silicon acts as an electron carrier and donor, these roles are separated in the dye-sensitized
solar cell. The first layer includes a dye, a material that can absorb a photon and excite it to
allow its transfer. This electron is not transferred through the dye itself. Instead, a charge
separation process occurs between the dye and a semiconductor. A set of titanium oxide
(TiO2) particles acts as both scaffold and semiconductor. Once the electron has moved unto
the TiO2, it diffuses into the desired circuit. When the electron returns, it returns through a
platinum electrode, and this is where the most significant difference between silicon and
dye-based solar cells occurs; the platinum and the TiO2 do not touch. In fact, they are
connected via an I−/I3

− electrolyte. The triiodide ion takes electrons from the platinum
cathode and is reduced to iodide. This iodide is oxidized to the triiodide on contact with
the dye that was initially photoexcited, completing the circuit (Figure 21).



Inorganics 2023, 11, 88 19 of 27Inorganics 2023, 11, x FOR PEER REVIEW 21 of 29 
 

 

 
Figure 21. Dye-sensitized solar cell general mechanism. 

Although they require expensive metals such as platinum for the electrode or ruthe-
nium for the dyes [173], the amount needed is minimal. Since these cells do not need com-
plex assembly or materials like silicon cells, they are also one of the cheapest options for 
the future. These cells have technical problems. However, the charge transfer between dye 
and the scaffold is lower, one of the reasons for its low efficiency. Furthermore, the elec-
trolyte is a liquid; thus, high and low temperatures can expand or freeze it, respectively, 
potentially damaging the cell or further reducing its efficiency. As a critical observation, 
the dyes are usually in the nanometer spectrum; therefore, to absorb as many photons as 
possible, their density through the surface must be high. It needs scaffolds with large sur-
face areas, hence the reason for the TiO2 nanoparticles. Different nanoparticles can vary 
the efficiency of the process, depending on their charge transfer capabilities. With this in 
mind, there is an emerging field: carbon nanostructures, including fullerenes [174] and 
even combined with perovskites [175,176]. 

13. Limitations and Perspectives 
Water splitting, water oxidation catalysis, and acceptorless dehydrogenative cou-

pling are important processes in the field of electrochemistry and materials science. De-
spite their potential for applications in energy conversion and storage, there are several 
limitations associated with these processes that need to be overcome in order to achieve 
their full potential. One of the main challenges in water splitting is to develop efficient 
catalysts that can reduce the overpotential required to split water into hydrogen and oxy-
gen. Additionally, the stability and durability of these catalysts are also important factors 
that need to be addressed. Another limitation in water oxidation catalysis is the low turn-
over rate of catalysts, which limits the practical efficiency of this process. Additionally, 
the catalysts used for water oxidation tend to corrode quickly, reducing their efficiency 
and lifespan [Error! Bookmark not defined.]. Slightly differently, one of the main chal-
lenges in acceptorless dehydrogenative coupling is to achieve high selectivity and effi-
ciency in the reaction, as this process often results in the formation of a variety of byprod-
ucts. Additionally, the lack of good electron acceptors can also limit the practical efficiency 
of this process. In summary, these limitations must be addressed through further research 
and development in order to achieve the full potential of these processes and their appli-
cations in energy conversion and storage. Anyway, recently several promising materials 
have proved valuable in widespread electrocatalytic fields due to their efficiency as electro-
catalysts for hydrogen or oxygen evolution reaction [177-179]. This could lead to industrial 
applications working with the water splitting, especially when dealing with low overpoten-
tials. 

Knowing the electroreduction of carbon dioxide (CO2) is a process in which CO2 is 
reduced to useful chemicals and fuels using electrical energy, this process can help miti-
gate the impact of greenhouse gas emissions by converting excess CO2 into valuable prod-
ucts: formic acid, methanol, ethylene, and others, and even to carbon-rich products [Error! 
Bookmark not defined.]. However, there are still some technical challenges to overcome 

Figure 21. Dye-sensitized solar cell general mechanism.

Although they require expensive metals such as platinum for the electrode or ruthe-
nium for the dyes [173], the amount needed is minimal. Since these cells do not need
complex assembly or materials like silicon cells, they are also one of the cheapest options
for the future. These cells have technical problems. However, the charge transfer between
dye and the scaffold is lower, one of the reasons for its low efficiency. Furthermore, the
electrolyte is a liquid; thus, high and low temperatures can expand or freeze it, respectively,
potentially damaging the cell or further reducing its efficiency. As a critical observation,
the dyes are usually in the nanometer spectrum; therefore, to absorb as many photons
as possible, their density through the surface must be high. It needs scaffolds with large
surface areas, hence the reason for the TiO2 nanoparticles. Different nanoparticles can vary
the efficiency of the process, depending on their charge transfer capabilities. With this in
mind, there is an emerging field: carbon nanostructures, including fullerenes [174] and
even combined with perovskites [175,176].

13. Limitations and Perspectives

Water splitting, water oxidation catalysis, and acceptorless dehydrogenative coupling
are important processes in the field of electrochemistry and materials science. Despite their
potential for applications in energy conversion and storage, there are several limitations
associated with these processes that need to be overcome in order to achieve their full
potential. One of the main challenges in water splitting is to develop efficient catalysts that
can reduce the overpotential required to split water into hydrogen and oxygen. Addition-
ally, the stability and durability of these catalysts are also important factors that need to
be addressed. Another limitation in water oxidation catalysis is the low turnover rate of
catalysts, which limits the practical efficiency of this process. Additionally, the catalysts
used for water oxidation tend to corrode quickly, reducing their efficiency and lifespan [88].
Slightly differently, one of the main challenges in acceptorless dehydrogenative coupling is
to achieve high selectivity and efficiency in the reaction, as this process often results in the
formation of a variety of byproducts. Additionally, the lack of good electron acceptors can
also limit the practical efficiency of this process. In summary, these limitations must be ad-
dressed through further research and development in order to achieve the full potential of
these processes and their applications in energy conversion and storage. Anyway, recently
several promising materials have proved valuable in widespread electrocatalytic fields due
to their efficiency as electrocatalysts for hydrogen or oxygen evolution reaction [177–179].
This could lead to industrial applications working with the water splitting, especially when
dealing with low overpotentials.

Knowing the electroreduction of carbon dioxide (CO2) is a process in which CO2 is
reduced to useful chemicals and fuels using electrical energy, this process can help mitigate
the impact of greenhouse gas emissions by converting excess CO2 into valuable prod-
ucts: formic acid, methanol, ethylene, and others, and even to carbon-rich products [148].
However, there are still some technical challenges to overcome in order to make the elec-
troreduction of CO2 a viable and economically competitive process, but ongoing research
and development efforts are working towards this goal.
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CO2 can also be used as a feedstock in the production of chemicals and fuels, replacing
traditional feedstocks such as fossil fuels. Using CO2 as a feedstock in this way has the
potential to close the carbon cycle and reduce the net release of CO2 into the atmosphere.
This approach also offers an opportunity to use renewable energy sources to produce
chemicals and fuels, as the electrical energy used in the electroreduction process can come
from renewable sources such as solar and wind power.

14. Conclusions

Considering the problems of burning fossil fuels, we review green solutions. It is vital
to have better optimized catalysis towards an environmentally friendly chemistry, but it
is also necessary to use as raw materials the unwanted products of the industry that we
already have in order to avoid waste. In dealing with global pollution, one of the causes of
climate change is nitrous oxide, which is not as present as carbon dioxide but has a much
greater impact.

Starting from the catalysis of water to produce hydrogen, we analyzed the best molec-
ular catalysts involved in water oxidation catalysis, with some clues on solar cells. The next
option present is the dehydrogenative reaction with a first row transition metal catalyst that
enabled it to become acceptorless, since this type of reaction usually requires a sacrificial
molecule, or acceptor, to accept the free hydrogens.

On the other hand, the waste must be recycled, involving carbon dioxide or nitrogen
based oxides, the gases most responsible for climate change. It is particularly efficient to
recycle the atmospheric CO2 with the cyclization of epoxides to obtain cyclic carbonates. In
general, we discuss several families of catalysts in a move towards green chemistry and we
demonstrate that it is possible to improve their related industrial processes to save our planet.
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ADC Acceptorless Dehydrogenative Coupling
ATP Adenosine TriPhosphate
bda 2,2′-Bipyridine-6,6′-Dicarboxylic Acid
CFC ChloroFluoroCarbons
DFT Density Functional Theory
FNR Ferredoxin NADP Reductase
I2M Interaction between 2 Metal-oxo centers
NADP Nicotinamide Adenine Dinucleotide Phosphate
NADPH Hydrogenated NADP
NOAA National Oceanic and Atmospheric Administration
PCET Proton Coupled Electron Transfer
PNP Phosphorous-Nitrogen-Phosphorous
PSII Photosystem II
SMR Steam Methane Reforming
TOF TurnOver Frequency
TON TurnOver Number
WNA Water Nucleophilic Attack
WOC Water Oxidation Catalysis
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