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Green hydrogen production is at the core of the transition away from conventional fuels. Along with popularly
investigated pathways for hydrogen production, thermochemical water splitting using redox materials is an
interesting option for utilizing thermal energy, as this approach makes use of temperature looping over the material
to produce hydrogen from water. Solar reactors have conventionally been used for such reactions, as temperatures

up to 2000 °C can be reached, which are beneficial for the reduction of the redox material.

hydrogen two-step thermochemical water splitting redox cycles

| 1. Introduction

Over the past few years, there has been great interest in sustainable carbon-free fuels. A large portion of the fuels
used nowadays are fossil fuels, which have high energy density levels and with which carbon dioxide is emitted
upon utilization. The consequences of such emissions are now becoming increasingly visible by means of
increased carbon dioxide concentrations in the atmosphere, which are highly comparable to those 3-4 million
years ago. During those times, the earth’s average temperature was ca. 3 °C higher and the sea levels were ca. 25
m higher than now. The dire consequences of such drastic environmental changes are well documented [,
Therefore, a more sustainable energy alternative is needed in order to reduce carbon dioxide emissions and limit
the impacts of fuels on the environment. Owing to the finite nature of fossil fuels, there has been growing interest in
renewable carbon-free fuels, such as hydrogen. Hydrogen can be produced using water 2! and energy-dense 4
BBl. Hydrogen can either be used in fuel cells or in internal combustion engines Il |n fuel cells, hydrogen is split
into H* and electrons at the anode. These electrons flow through an external circuit to generate a current and then
flow to the cathode, where they form water with H* and oxygen 19 |n internal combustion engines, hydrogen is
combusted with oxygen, which generates water and heat [B7E, |n both cases, only water is formed and no carbon

dioxide or any other environmental pollutants are generated.

Although hydrogen is often proposed as a sustainable alternative, this largely depends on the method with which
the hydrogen is produced 1. How sustainable hydrogen is, depending on the energy source, is indicated by three
main colors: grey, blue or green 22, The most polluting variant is grey hydrogen, because fossil fuels are utilized in
the production of hydrogen. Blue hydrogen is also produced using fossil fuels, but the difference compared to grey
hydrogen is that the produced carbon dioxide is captured and stored, such that the impact on the environment is
reduced. The most sustainable type of hydrogen is green hydrogen. In order to receive this grading, the hydrogen
should be produced from 100% renewable energy 1213l There are several different pathways through which

hydrogen can be generated. Steam reformation of fossil fuels is currently the major pathway for hydrogen
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production. In the process of steam reforming, the fossil fuels react with water to produce hydrogen, carbon
monoxide and some carbon dioxide. In order to enrich the hydrogen phase, the water—gas shift reaction is often
performed after reformation. In this reaction, carbon monoxide and water are in equilibrium with hydrogen and
carbon dioxide 4!, Although producing hydrogen in this way is relatively cheap 41418l greenhouse gases are
emitted and fossil fuels are utilized, such that this hydrogen is classified as grey hydrogen, meaning this method
can no longer be regarded as sustainable. Biomass gasification is another method proposed for hydrogen
production. In this process, the biomass reacts with steam or air to generate hydrogen. Theoretically, this synthesis
method has a very large feedstock 18, but many impurities can be present in the feedstock 12, which induces
operational difficulties. Next to hydrogen and carbon monoxide, methane and carbon dioxide are formed X2, both
of which are greenhouse gases that contribute to global warming. Although renewable hydrogen is produced, the

fuel is not carbon-free, since carbon-containing gases are indirectly emitted.

Alternatively, hydrogen can also be produced through currently popular approaches, such as electrolysis and
photo-assisted water splitting methods, provided that green electricity is used €. The past decades have seen
extensive efforts regarding hydrogen production via water splitting reaction by employing different strategies, such
as photo-, electro-, photo-electro- or thermo-based methods. Electrolysis, photolysis and combined
photoelectrochemical water splitting for the production of hydrogen are a few of the actively investigated research
topics in the field of renewable energy research. For electrolysis-based systems, polymer electrolyte membrane
electrolyzers have attracted much attention due to their compactness, quick response times and improved current
densities 18, The photolysis method has been considered as a thorough solution as it utilizes solar energy, either
directly or in the form of electricity, to produce hydrogen 9. Despite the progress in renewable hydrogen
production methods, the majority (95%) of hydrogen is still coming from non-renewable sources, and water splitting
only accounts for 3.9% of the total hydrogen production 2%, In order to fulfil the future needs for green hydrogen

production, it is imperative to explore all possible pathways to harness hydrogen from water by using renewable
energy sources [121[21]122],

2. Solar Reactors in Hydrogen Production through
Thermochemical Water Splitting

Solar reactors have conventionally been used for such reactions, as temperatures up to 2000 °C can be reached,
which are beneficial for the reduction of the redox material. In order to collect the solar energy, the solar light must
first be concentrated. The concentrated light is then reflected onto a receiver where the temperature is reached 22!
(241 Concentration of the solar light is achieved through a heliostat field or a parabolic dish system. These two
technologies are well-developed and their schematics are shown in Figure 1 [22]. Although these high temperatures
are required to reach high hydrogen production rates, a major drawback is that the solar radiation can damage the

samples, for example through degradation 23,
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Figure 1. Schematic representation of a heliostat field (left) and a parabolic dish system (right), which are two

well-developed technologies used to concentrate sunlight 23],

Figure 2 describes the solar setup proposed by Chueh et al. to carry out the thermochemical water splitting cycles
over ceria (28, The concentrated sunlight passes through a quartz window and is concentrated onto the sample.
The reduction reaction was performed at a temperature of approximately 1600 °C for 1 h in argon, whereas at 500
°C the hydrogen was generated by passing a gaseous mixture of argon and water for about 30 min over the
reduced redox material. In the same research, the performance of the solar reactor for thermochemical cycling of
ceria for hydrogen generation was compared to the performance using an infrared furnace. The conditions slightly
differed as higher flow rates could be attained in the furnace. Furthermore, the reduction reaction was performed at
1500 °C for 20 min and the oxidation reaction was performed at 800 °C for 10 min. It was found that higher
generation rates for oxygen and hydrogen could be reached using an infrared furnace compared to the solar
reactor. An additional advantage of the furnace over the solar reactor was that a stable temperature could be

maintained 28, Reactors using an infrared furnace are discussed in more detail in the next section.
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Schematic representation of the solar reactor used for thermochemical water splitting. The redox material used in
porous ceria. As the same setup was used in another experiment for syngas production, carbon dioxide and carbon
monoxide are also denoted in the figure, as well as a scanning electron microscope image of ceria after 23 cycles.
Reprinted from (28],

In a setup similar to the one shown in Figure 2, Fe;0, was reduced to FeO in a report by Charvin et al. The
sample was placed in the solar reactor and cooled by water. During the reduction reaction, nitrogen was supplied
to the reactor. Only the reduction reaction was performed in the solar reactor, while the oxidation reaction was
carried out in an electrical furnace to reach temperatures below 800 °C, which are preferred for this reaction type
according to its thermodynamics. Steam carried by argon was supplied to the furnace containing the sample. A

schematic representation of the setup used for water splitting is shown in Figure 3 [27],
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representation of the experimental setup used for the oxidation of FeO to Fe3O, for hydrogen production.
Reprinted from [ZZ],

Oliveira et al. reported on a solar reactor used for thermochemical cycling of cork-templated ceria. The samples
were placed in an alumina tube and then placed in the solar reactor. In contrast to the setup shown in Figure 2, the
concentrated solar light entered the reactor from the side instead of from the top. The reduction temperature was
1400 °C and the reaction took place while argon was passed over the sample. At the end of the reduction process,
the material was marked by low and constant oxygen generation for 15 min. The temperature was then lowered by
not supplying any solar radiation to the reactor and without additional cooling. When the oxygen concentration was
approximately zero, a gaseous mixture of argon and water was supplied to the reactor and the oxidation reaction

took place. A schematic representation of the reactor is shown in Figure 4 [24],
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Figure 4. Schematic representation of a solar reactor used for thermochemical redox cycling of cork-templated
ceria. The reduction temperature was 1400 °C and the oxidation reaction took place during free cooling when the

oxygen concentration dropped to approximately zero. Reprinted from [24],

A solar reactor was reviewed by Al-Shankiti et al. for isothermal and thermochemical water splitting [28. The reactor
is a packed bed reactor, where the bedding is indirectly radiated by solar light. Either steam or an inert gas can be
supplied to the bed through different openings. The main disadvantage of this reactor is the non-uniformity of the
temperature profile inside the reactor, which can be mitigated by fluidizing the particles. The reactor’s schematic

representation is shown in Figure 5 where numbers from 1 to 6 are the fixed bed reactor tubes.
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Figure 5.

Isothermal reactor used for thermochemical water splitting. Reprinted from 221,

Figure 6 shows a schematical representation of a solar reactor with fluidized particles, as used by Kodama et al.
The solar radiation passing through the quartz window directly heats the particles, such that the bed can reach
temperatures of up to 1400 °C. Due to the fluidization of the bed, the heated particles move down, while the
unheated particles move up towards the quartz window. As the particles move counter-currently, heat can be
exchanged. In order to conduct reduction and oxidation reactions for hydrogen production using two-step
thermochemical water splitting, the gas flow is either nitrogen or steam for the reduction and oxidation reaction,
respectively. The temperature of the bed is changed from 1400 °C to 1000 °C upon steam injection B9 This
reactor design was used as inspiration for an experimental setup proposed by Gokon et al. for the thermal
reduction of NiFe,O4 supported on monoclinic zirconia. The subsequent water splitting step was carried out in the

setup shown in Figure 7b (11,
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for two-step thermochemical water splitting. The reduction reaction takes place in a nitrogen atmosphere at 1400

°C and steam is supplied for the oxidation reaction, which is conducted at 1000 °C. Reprinted from 22,
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Figure 7. Schematic representation of the experimental setup used for (a) thermochemical reduction of Fe;O4
supported on yttria-stabilized zirconia and Ni,Fe;_,O, supported on monoclinic zirconia, as well as (b) oxidation of
NiyFe3_,O,4 supported on monoclinic zirconia. The reduction temperature was 1400 °C and the oxidation

temperature was 1000 °C for both redox materials. Reprinted from 221,
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