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Abstract: The interest in and need for carbon-free fuels that do not rely on fossil fuels are constantly
growing from both environmental and energetic perspectives. 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. Herein, two-step thermochemical water splitting processes
are discussed and the key aspects are analyzed using the most relevant information present in the
literature. Redox materials and their compositions, which have been proven to be efficient for this
reaction, are reported. Attention is focused on non-volatile redox oxides, as the quenching step
required for volatile redox materials is unnecessary. Reactors that could be used to conduct the
reduction and oxidation reaction are discussed. The most promising materials are compared to each
other using a multi-criteria analysis, providing a direction for future research. As evident, ferrite
supported on yttrium-stabilized zirconia, ceria doped with zirconia or samarium and ferrite doped
with nickel as the core and an yttrium (III) oxide shell are promising choices. Isothermal cycling and
lowering of the reduction temperature are outlined as future directions towards increasing hydrogen
yields and improving the cyclability.

Keywords: hydrogen; two-step thermochemical water splitting; redox cycles; temperature swing;
pressure swing; isothermal cycling; cyclability

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 [1]. 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
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water [2,3] and energy-dense [4,5]. Hydrogen can either be used in fuel cells or in internal
combustion engines [6–8]. In 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 [9,10]. In internal combustion
engines, hydrogen is combusted with oxygen, which generates water and heat [6–8]. In 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 [11]. How sustainable hydrogen is,
depending on the energy source, is indicated by three main colors: grey, blue or green [12].
The most polluting variant is grey hydrogen, because fossil fuels are utilized in the pro-
duction 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 [12,13]. There are several different pathways through which
hydrogen can be generated. Steam reformation of fossil fuels is currently the major pathway
for hydrogen 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 [14]. Although producing hydrogen in this way is relatively cheap [4,14,15], green-
house 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 [16], but many impurities can be present in the feedstock [15],
which induces operational difficulties. Next to hydrogen and carbon monoxide, methane
and carbon dioxide are formed [17], 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 elec-
tricity is used [16]. 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 [19]. 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 hydro-
gen production [20]. 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 [15,21,22].

Among others, thermochemical water splitting [23] is an attractive way of using
thermal energy, either from solar radiation by concentrating the sunlight or from renew-
able electricity in remote locations for hydrogen generation [4,24–26]. The features of the
hydrogen production methods discussed here are summarized in Table 1. The thermal
decomposition of water into hydrogen and oxygen occurs at temperatures higher than
2000 ◦C [27], although the utilization of redox materials to create the reduction and oxida-
tion cycles can effectively lower the temperature requirements down to 1000 ◦C [28–30].



Energies 2022, 15, 3044 3 of 24

Such redox-material-based thermochemical water splitting reaction cycles can be caried out
within a temperature range of 900–1500 ◦C, with successive higher and lower temperature
steps in cycles. The thermochemical water splitting cycle contains two reactions given
by Equations (1) and (2) [31] with M, Ce, Fe, Mg, Sn or Zn [4,25,32–34]. The first reaction
is the thermal reduction of the redox material at a temperature typically higher than the
oxidation reaction (Equation (2)) [2,31,35,36] to generate oxygen and oxygen vacancies
within the redox material. Subsequently, the reduced redox material reacts with water to
regenerate the redox material, as well as to generate hydrogen. Since oxygen and hydrogen
are produced in two different reactions, the separation of both gases is not required [31,37],
and the hydrogen produced via this approach can be directly utilized as a fuel [35]. The
reduction reaction is endothermic and is favored at elevated temperatures. Since the ox-
idation reaction is exothermic, it is preferably operated at a temperature lower than the
reduction reaction to increase the hydrogen yield [31]:

MOx → MOx−δ +
δ

2
O2 (1)

MOx−δ + δH2O→ MOx + δH2 (2)

Table 1. Overview of hydrogen production methods, including the feed, energy source and major
advantages and challenges.

Hydrogen Production
Method Feed Energy Source Major

Advantages Major Challenges

Steam
reforming Fossil fuels Thermal

- Cheap
- Production
- Already commercially

implemented

- Greenhouse gases
are emitted

- Fossil fuels are depleted

Biomass
gasification Biomass Thermal

- Large feedstock
- Conventional equipment

can be used

- Impurities in the feed
induce difficulties

- Greenhouse gases are
emitted

Electrolysis Water Electricity

- Abundant feed
- No emissions
- Integration with

renewable energy

- Large electricity
consumption

- Difficulties in storage
and transport

Photolysis Water Photonic

- Abundant feed
- No emissions
- Conversion of solar

energy to hydrogen

- Low efficiency
- Difficult to scale-up
- Requires for sunlight

(differs in different areas
of the world)

Photoelectrochemical Water Electricity +
photonic

- Abundant feed
- No emissions
- Less power required

compared to photolysis

- Low efficiency
- Difficult to scale-up
- Requires for sunlight

(differs in different areas
of the world)

Thermochemical Water Thermal

- Abundant feed
- Large-scale hydrogen

production
- Utilization of waste heat

- Requires heat-resistant
materials

- Slow heating–cooling
cycles

- Thermal losses
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Herein, we describe the current state of the art in the thermochemical water splitting
route for hydrogen production through two redox cycles, covering several important
aspects. Excellent reviews have been published summarizing the aspects of such reactions,
although individually. The thermodynamics of the reaction along with a comparison
between the most promising materials were discussed by Mao et al. [38]. A variety of
possible solar reactors and a thermodynamic analysis of solar thermochemical processes,
including solar efficiency, was reported by Steinfeld et al. [39]. An in-depth discussion
on perovskites, a promising class of materials, was carried out by Abanades et al. [40].
They also focused their attention on thermodynamic and kinetic aspects of thermochemical
cycles. Other information on the most promising materials applicable to thermochemical
water splitting cycles can be found in the literature [25,41]. Nevertheless, as far as we know,
there is still a lack of a work covering all of the different aspects and summarizing them
through a rational comparison of the main information present in the literature. The aim of
the present review is to present the current knowledge related to thermochemical water
splitting in order to provide a general overview of the topic and to present future prospects
in a single review. At first, the thermodynamics of water splitting cycles using metal oxides
is presented, then the most promising reactors applicable to thermochemical water splitting
are discussed, which are divided according to the method used to reach the operating
temperature. Each system is described and critically analyzed, highlighting its advantages
and drawbacks. Next, the most promising redox materials are examined, focusing attention
on the main methods with which it is possible to improve their performance (e.g., doping
with other metals, the use of supports or morphology controls). A multi-criteria analysis is
also included in this work in order to compare the different materials previously reported
in the literature. Moreover, the current work provides a direction for future research based
on the rational understanding of the different aspects involved in thermochemical water
splitting for hydrogen generation using mainly non-volatile redox materials.

2. Hydrogen Production through Thermochemical Water Splitting
2.1. Thermodynamics of Water Splitting Cycles Using Metal Oxides

Studying the thermodynamics of a thermochemical water splitting cycle allows one
not only to determine how the different variables affect the reactions but also how to act
on them to drive the reaction forward. In the literature, two-step thermochemical water
splitting cycles were treated both as closed and open systems [31,38,40]. The first approach
is the easier one and also the most reported. In a closed system, no mass transfer can occur
with the surrounding environment and only energy transfer is possible. In such cases, the
Gibbs standard free energy for the reduction and the subsequent oxidation step can be
expressed with Equations (3) and (4):

∆GTR,TTR = ∆Hred − TTR ·
(

∆Sred +
1
2

SO2
TTR

)
≤ 0 (3)

∆GWS,TWS = −∆Hred − ∆HH2O
f,TWS

− TWS ·
(

SH2
TWS
− SH2O

TWS
− ∆Sred

)
≤ 0 (4)

where ∆G is the Gibbs free energy variation, and ∆Hred and ∆Sred are, respectively, the
enthalpy and entropy changes of the metal oxide caused by the reduction. T is the tem-
perature expressed in kelvins and Si is the formation entropy for the specified compound.
TR stands for the thermal reduction step, whereas WS stands for water splitting. The
temperatures of the two steps are indicated by TTR and TWS, where the first refers to the
thermal reduction and the latter to the water splitting step [31,38].

Rearranging the previous two equations, it is possible to calculate the ∆T values
between the reduction and oxidation steps, as in Equation (5):

∆T =
−2∆GH2O

f,TWS
− TWS · ∆S

SO2
TTR

+ 2∆Sred
(5)
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where ∆GH2O
f,TWS

is the Gibbs free energy change for the water formation reaction and ∆S is
the entropy increase in O2 when it is heated from TWS to TTR.

Thus, by modeling the reactor as a closed system, the process is only possible if
a minimum temperature difference between the two steps is provided. By analyzing
Equations (3) and (5), it is also possible to observe that an ideal redox material should have
a low enthalpy variation (∆Hred) to favor the reduction step, even at lower temperatures,
and a high entropy variation (∆Sred) to ensure a small ∆T [31].

Modeling the process as an open system allows one to take into account the flows
that are going into and out of the reactor. An open system, indeed, is defined as a system
in which both energy exchange and mass transfer with the environment is possible. The
general definition of the Gibbs free energy, as reported in Equation (6), can be applied in
this case [31]:

G = PV− TS + ∑M
j=1 µj ·Nj (6)

where G is the Gibbs free energy; P, V, T and S are the pressure, volume, temperature and
entropy, respectively; µj is the chemical potential of species j; Nj is the number of species j,
while the sum is taken over all relevant species.

In order for the hydrogen evolution step to occur, the Gibbs free energy of the reactants
must be higher than that of the products, as expressed in Equation (7). The total pressure
and volume of the system are considered constants:

− TTR
(
SH2O + SMOx−δ

)
+ µH20NH20 + µMOx−δNMOx−δ > −TTR

(
SH2 + SMOx

)
+ µH2

NH2 + µMOx NMOx (7)

Since the reaction takes place on a solid redox material, the numbers of molecules in
the previous equations are referenced to the number adsorbed on the surface of the solid.
By isolating the water chemical potential and expressing the number of adsorbed molecules
as a function of the partial pressure Equation (8), it is possible to obtain Equation (9):

Nj = αj · Pj (8)

µH20αH20PH20 > −TTR
(
SH2 + SMOx − SH2O − SMOx−δ

)
+ µH2

αH2PH2 + µMOxNMOx − µMOx−δNMOx−δ (9)

where αj and Pj are, respectively, Henry’s adsorption coefficient and the partial pressure
of species j. From Equation (9), it is clear how an increase in PH20 along with a contextual
decrease in PH2 can drive forward the reaction, without any changes in temperature. Thus,
an isothermal approach is possible by operating at a temperature above the minimum one
needed for the reduction of the redox material. During the oxidation step, the incoming
flow swipes away the hydrogen generated, providing the driving force for the hydrogen
evolution reaction [31].

2.2. Reactor Systems and Methodologies

The reactor system where the redox cycles can be carried out is at the core of this water
splitting route. Due to the high temperature requirements and cycling between different
temperatures (for two-step thermochemical water splitting), selecting an appropriate reac-
tor is essential. Over the years, various reactor designs have been demonstrated and used
for research relating to two-step thermochemical water splitting for hydrogen generation
using redox cycling. Some promising and interesting reactor designs are presented and
discussed below. A distinction is made based on the method used to reach the desired
temperature. Firstly, multiple reactor designs utilizing solar light for thermochemical water
splitting are discussed, followed by infrared reactors. These are the two types of reactors
frequently used for studying thermochemical water splitting. Lastly, the use of a microwave
oven as a reactor for this system is discussed.
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2.2.1. Solar Reactors

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 [38,42]. 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 [38].
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 [43].

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 [38].

Figure 2 describes the solar setup proposed by Chueh et al. to carry out the thermo-
chemical water splitting cycles over ceria [44]. 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 [44]. Reactors using an
infrared furnace are discussed in more detail in the next section.

Figure 2. 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 [44].
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In a setup similar to the one shown in Figure 2, Fe3O4 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 [45].

Figure 3. Schematic representation of the experimental setup used for the oxidation of FeO to Fe3O4

for hydrogen production. Reprinted from [45].

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 [42].

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 [42].
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A solar reactor was reviewed by Al-Shankiti et al. for isothermal and thermochemical
water splitting [46]. 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.

Figure 5. Isothermal reactor used for thermochemical water splitting. Reprinted from [47].

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 [48]. This reactor design was used
as inspiration for an experimental setup proposed by Gokon et al. for the thermal reduction
of NiFe2O4 supported on monoclinic zirconia. The subsequent water splitting step was
carried out in the setup shown in Figure 7b [49].

Figure 6. Fluidized-bed solar reactor 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 [48].
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Figure 7. Schematic representation of the experimental setup used for (a) thermochemical reduction
of Fe3O4 supported on yttria-stabilized zirconia and NixFe3−xO4 supported on monoclinic zirconia,
as well as (b) oxidation of NixFe3−xO4 supported on monoclinic zirconia. The reduction temperature
was 1400 ◦C and the oxidation temperature was 1000 ◦C for both redox materials. Reprinted from [50].

2.2.2. Infrared Reactors

Experiments have been conducted using an infrared furnace as a reactor, because
the main advantage of this reactor type over the solar reactors is that the temperature
can more easily be controlled. Although the maximum temperature that can be reached
using these furnaces is lower compared to solar reactors, it has been found that reasonable
hydrogen production (around 15 mL/g·cycle, [50]) is attained, as follows from the examples
discussed below. Furthermore, these high temperatures are no longer required due to
current research being focused on lowering the reduction temperature, among others.
Kodama et al. reported a setup where the sample is placed in a platinum cup, which
is then placed on a ceramic bar in a quartz tube. The redox material, Fe3O4 supported
on yttrium-stabilized zirconia, was reduced at 1400 ◦C for 1 h while a nitrogen flow was
passed over the redox material. After the reduction reaction, the sample was cooled down
to room temperature. Before conducting the oxidation step, the sample was pulverized.
The oxidation reaction was performed at 1000 ◦C for 50 min. The temperature was changed
from room temperature to 1000 ◦C within 10 min. A gaseous mixture of nitrogen and water
flowed through the reactor. In this experimental setup, the temperature of the reduction
reaction was controlled using an R-type thermocouple. A K-type thermocouple was used
to control the temperature of the oxidation reaction. A schematic representation of the
setup used for thermochemical reduction is shown in Figure 7a [30]. The setup as shown
in Figure 7 was used for another study by Kodama et al., where nickel-doped Fe3O4
supported on monoclinic-zirconia was analyzed for thermochemical water splitting. The
setups for the reduction and oxidation reactions are shown in Figure 7a,b, respectively.
The reduction reaction took place at 1400 ◦C over 10 min in a nitrogen atmosphere. The
sample was cooled down after the reduction reaction and pulverized, in agreement with the
above discussed above for thermochemical redox cycling of Fe3O4 supported on yttrium-
stabilized zirconia. The oxidation temperature, which was 1000 ◦C, was reached within
10 min. The oxidation reaction was performed for 60 min while a gaseous mixture of
nitrogen and water was passed over the sample. The same thermocouples were used for
controlling the temperatures of the different reactions as for yttrium-stabilized, zirconia-
supported Fe3O4 [50].

Instead of an infrared furnace, a vertical split electrical furnace was used by Bhosale
et al. A schematic representation of the setup is shown in Figure 8. The reduction reaction
of nickel-doped ferrites took place at 900 ◦C in a nitrogen atmosphere. After 2 h, steam
carried by nitrogen was supplied to the reactor. The oxidation temperature was altered, and
it was found that oxidation at 900 ◦C results in the highest average hydrogen production
per cycle (40 mL/g·cycle). However, the hydrogen production dropped quickly over four
cycles due to sintering [51].
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Figure 8. Schematic representation of the experimental setup used for thermochemical water splitting
for hydrogen generation. Reprinted from [51].

The same experimental setup as shown in Figure 8 was also used for hydrogen pro-
duction from zirconium-doped ferrites in another study by Bhosale et al. The reduction
reaction was found to only be possible for temperatures above 1050 ◦C, while the water
splitting reaction could be performed at 800 ◦C [52]. Tin-doped ferrites were also investi-
gated by Bhosale et al., for which the same setup was again used. At 1100 ◦C the reduction
reaction was performed, while the oxidation reaction was performed at 900 ◦C [53]. The
setup shown in Figure 8 was also reported by Bhosale et al. for manganese-doped ferrites.
The influence of the reduction and oxidation temperatures on the hydrogen yield was
investigated. It was concluded that reduction at 1100 ◦C and oxidation at 900 ◦C results in
the highest hydrogen yield over multiple cycles (8.44 mL/g·cycle) [54].

2.2.3. Microwave Oven

The thermochemical water splitting reaction can also take place in a microwave
oven, which can be used to heat the sample [55]. The advantage of the use of microwave
ovens over other heating methods is that they are known for their fast and effective
heating [56]. However, a major disadvantage is that microwave ovens are uncontrollable,
which leads to unreliable temperature measurements as well as temperature gradients in
the sample [56,57]. It was shown that a microwave oven could successfully be used for
hydrogen production via the thermochemical water splitting cycle. In the specific setup
reported by Gao et al., the sample is placed in a quartz reactor, which is then placed inside
the microwave oven. The reduction step takes place in an inert nitrogen environment upon
microwave irradiation. For the oxidation reaction, a mixture of nitrogen and water is passed
over the sample in the microwave oven. The sample used in the study was (FeMgCoNi)Ox
supported on a silicon carbide foam [55]. This material is a poly-cation oxide. Although
poly-cation oxides are not discussed in detail in this paper, the experimental setup has still
been included as it could theoretically also be used for the redox materials discussed in
this paper. The experimental setup used for this particular research also includes several
other devices, such as an oscilloscope to measure the microwave light intensity. The water
trap and silica gel in between the microwave oven and the gas chromatograph prevent the
passing of unreacted water to the gas chromatograph, since this can possibly damage the
device. Figure 9 shows a schematic representation of the setup used in this research [55].
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Figure 9. Schematic representation for performing the thermochemical water splitting cycle using
(FeMgCoNi)Ox supported on silicon carbide foam using a microwave oven. Reprinted from [55].

In the research discussed above, the reduction reaction took 4 min, and the gaseous
mixture of nitrogen and water was passed over the sample for 30 min in order to oxidize
the sample. The fastest oxygen generation rate was found at a power of 900 W, which
corresponded to a temperature of approximately 650 ◦C. Although the fastest oxygen
generation rate was reached at a power of 900 W, the fastest hydrogen generation rate was
obtained for a power of 700 W. At this power, the highest oxygen and hydrogen yields were
also obtained. At 700 W, a temperature of 600 ◦C could be reached [55].

2.3. Temperature Swing vs. Pressure Swing Cycling

The two-step thermochemical water splitting redox cycle has conventionally been
treated as a closed system. Analyzing this system using thermodynamics by assuming a
closed system shows that there is a minimal temperature difference required in order to
drive the reduction and oxidation reaction. However, there are some challenges related
temperature swing, such as thermal losses, slow heating and cooling rates and thermal
stress on the materials upon cycling [31,46,58]. It is highly desirable to use a different mode
of operation that does not have these disadvantages or alleviates them.

Recent studies have shown that it is possible to operate the cycle isothermally by using
a pressure swing instead of a temperature swing [31,59]. This new approach solves some of
the challenges of the temperature swing approach, such as limiting thermal losses and the
thermal stress on the materials. It was shown by assuming an open system that isothermal
operation is possible because oxygen, unreacted water and hydrogen are removed from
the system. During isothermal operation, the reactions are driven by ensuring the high
partial pressure of water during the oxidation reaction and the low partial pressure of
oxygen while the redox material is reduced, such that the Gibbs free energy of the reactants
exceeds the Gibbs free energy of the products [31,46]. Oxygen and hydrogen should, thus,
continuously be removed from the system along with unreacted water in order to drive the
reactions to the right and obtain a reasonable hydrogen yield. However, keeping the partial
pressure of water high and the partial pressure of oxygen low could be a challenge. The
theoretical efficiency of the pressure swing operation is also lower compared to traditional
temperature swing operations, as the reactions are not operated at their most favorable
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temperatures [60,61]. Another challenge induced by isothermal redox cycling is that excess
steam needs to be added in order to regenerate the redox material [46,62,63]. Although
the amount of excess steam required for oxidation depends on the isothermal operating
temperature, it has been reported that the ratio of hydrogen produced to steam required is
much smaller than 1 (nhydrogen:nsteam << 1). For the temperature swing operation, this ratio
is around or close to 1 [62].

According to computational studies, the isothermal operation should attain a temper-
ature higher than 1300 ◦C in order to outperform the temperature swing approach in terms
of efficiency [64]. It has been reported that isothermal cycling results in faster kinetics com-
pared to the temperature swing approach, where the isothermal operating temperature is
equal to the reduction temperature for the other operation mode [46]. From the simulations,
it was concluded that heat recovery solely from the outgoing gases for the temperature
swing approach is insufficient to outperform the efficiency of an isothermal cycle, although
if heat can additionally be recovered from the redox material in the reactor, the temperature
swing approach is preferred over isothermal operation [64]. However, solid-state heat
recovery is highly challenging and no well-developed techniques for high-temperature
operation exist yet [46,60,64–66].

2.4. Materials for Two-Step Thermochemical Water Splitting

Different redox materials were tested by various researchers in order to obtain a better
understanding of the two-step thermochemical water splitting reaction, as well as to reduce
the reduction temperature and to investigate the potential of producing hydrogen via
this route. A rough distinction between volatile and non-volatile redox materials can be
made. The performance of the materials could be improved, for example by doping and
supporting metal (nano)structures.

Perovskites and poly-cation oxides have also been investigated for two-step thermo-
chemical water splitting. Compared to the current state-of-the-art materials, modified
ceria and ferrites, perovskites generally form more oxygen vacancies and are more easily
reduced [67–69]. Poly-cation oxides were also recently investigated and compared to ceria
and ferrites, and it was found that a higher hydrogen yield can be obtained, meaning
that reduction can take place at a lower temperature [29,70]. Herein, we only discuss the
materials based on ceria and ferrites, because these are currently considered state-of-the-art
materials for thermochemical water splitting [29,71,72].

2.4.1. Volatile and Non-Volatile Redox Materials

Volatile redox materials become gaseous when the redox cycle is carried out, as the
name suggests, due to the high temperature required for the reduction reaction. The main
disadvantage of this is that gas quenching is necessary to separate the gaseous product and
the redox material. The latter should then be reinjected into the reactor, otherwise it cannot
be fully regenerated in the oxidation reaction and the produced hydrogen is contaminated.
As a consequence, the productivity drops and the material often requires replacement.
Examples of volatile redox materials for the two-step water splitting reaction include the
MgO/Mg [73], ZnO/Zn and the SnO2/SnO cycles [36,38,42,44,74].

Not all redox materials become gaseous during the two-step water splitting reaction,
which are denoted as non-volatile redox materials, for which quenching is not needed.
Therefore, these materials are often preferred over volatile materials, and more research has
been performed on these materials. Examples of non-volatile redox materials are ceria and
ferrite [36,38,42,74]. The ceria cycle especially has been found to be very promising due to
the fast kinetics [35,75], which is mainly caused by the large number of oxygen vacancies
generated during reduction of the redox material [3,76] due to the cubic fluorite crystal
structure [77]. It has been noted that this crystal structure can form a maximum theoretical
amount of eight oxygen vacancies per unit cell. This is higher than for the rock salt and zinc
blended structure [78,79], where a maximum theoretical amount of four oxygen vacancies
per unit cell can be formed.
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Figure 10 shows a comparison of the maximum theoretical hydrogen yields under
standard conditions based on the redox limit for two volatile (ZnO and SnO2) and two non-
volatile (CeO2 and Fe2O3) redox materials. As seen in the figure, higher hydrogen yields are
obtained for volatile materials, which is their main advantage over non-volatile redox materials.
Still, their cycle efficiency is very low due to the required quenching [38,80,81]. Hence, it is
desirable to focus on improving the hydrogen yields of non-volatile redox materials.

Figure 10. Comparison of the maximum theoretical hydrogen yields under standard conditions,
calculated based on the redox limits for the volatile redox materials ZnO and SnO2 and the non-
volatile redox materials CeO2 and Fe2O3. Redrawn from [38].

2.4.2. Improvements of the Performance of Non-Volatile Redox Materials

Several methods to improve the performance of non-volatile redox materials have
been experimentally tested over the years, and the main goals of these experiments were to
run the reduction reaction at a lower temperature, to reduce the cycling time, to mitigate
sintering and to maintain a reasonable hydrogen yield or to increase it.

Doping the redox material can lead to higher mobility of the oxygen vacancies [74,82,83]
and allows for a lower reduction in temperature [84], either via the formation of more oxygen
vacancies or by having the oxygen sites closer to each other. In the first case, the metal in the
undoped redox material is partly replaced by a metal with a smaller ionic radius, while in the
second case the metal is partly substituted by a metal with a lower valency [74]. Doping ceria
with zirconium has been shown to successfully enhance the mobility of oxygen vacancies,
and a higher hydrogen yield can be achieved when more zirconium is added. Compared to
undoped ceria, the same hydrogen yield can be achieved at a lower reduction temperature
when zirconium is added. The thermal stability is also improved, and isothermal operation
has been proven to be possible [36,38,74,85]. The hydrogen yields from isothermal cycling as
a function of temperature are shown in Figure 11 for different zirconium contents, where is
can be seen that an optimum level is reached when 15% to 20% of the cerium is substituted
by zirconium. Next to zirconium, ceria can be doped by samarium, which induces stable
hydrogen yields over multiple cycles [38,86] and reduces the reduction temperature [36]. The
values reported in Figure 11 are lower compared to what is shown in Figure 10. Whereas
Figure 10 shows the calculated maximum theoretical hydrogen production, the graph shown
in Figure 11 was obtained from experimental results. Differences in hydrogen production are
expected when varying the operating conditions, with assumptions being made to calculate
the values reported in Figure 10 and non-ideal behavior when testing real materials.
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Figure 11. Hydrogen yields for isothermal two-step thermochemical water splitting at different
doping concentrations of zirconium in cerium oxide, including cerium (IV) oxide without doping.
Reprinted from [85].

The computational investigation revealed that the reduction energy is lowered for
zirconium-doped ceria as the energy stored in strained Zr-O bonds is released when
oxygen vacancies are formed [87]. From atomistic simulations, it was concluded that the
oxygen vacancies are usually formed next to zirconium, which has been confirmed in two
computational studies [85]. The first study attributed this finding to the small zirconium
ion, which prefers 7-fold oxygen coordination over a coordination number of 8. The 7-fold
coordination can be accommodated in reduced ceria [85,88]. The second study reported
that the binding between oxygen vacancies and tetravalent ions is favorable for decreasing
ionic radii, such that it is more energetically favorable to form oxygen vacancies near the
zirconium ion instead of the cerium ion [85,89].

It has often been found for multiple redox materials that the hydrogen production
tends to decrease with the number of cycles due to deactivation of the material. A major
cause of deactivation in the two-step thermochemical water splitting reaction is sintering,
since the reactions are operated at high temperatures [36,83]. Sintering has especially been
found to be a major problem for the (unsupported) Fe3O4/FeO-cycle [30,38,44,50,74,90].
Another challenge with ferrites is the formation of an oxide layer, which leads to a reduction
in the active surface area, such that the hydrogen generation drops significantly [35,45,91].
The reducing temperature of Fe3O4 can be lowered by partially substituting the iron ions
with other metals, for example manganese or nickel [30,35,42,45,50], with nickel ferrites
especially showing promising results, as it was shown that the hydrogen yield increased
and was stable over multiple cycles [38].

Supports could solve some of the challenges related with unsupported materials, as
discussed above. For example, when Fe3O4 is supported on yttrium-stabilized zirconia [30,92]
or monoclinic zirconium (IV) oxide [30,93], sintering is alleviated. The results for Fe3O4
supported on yttrium-stabilized zirconia were found to be more promising compared to the
redox material supported on monoclinic zirconium (IV) oxide [30]. When Fe3O4 is supported
on yttrium-stabilized zirconia, the hydrogen yield is approximately constant, as also shown
in Figure 12.
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Figure 12. Evolved amount of hydrogen as a function of the run number for Fe3O4 supported on
yttrium-stabilized zirconia. The reduction temperature was 1400 ◦C. The solid circles represent
20 wt%-Fe3O4 and the open circles represent 25 wt%-Fe3O4. Reprinted from [30].

Supporting Fe3O4 or manganese ferrite on zirconium (IV) oxide also results in less
sintering [35], as well as increased reduction rates, a higher yield for the former and
improved cyclability for the latter. When nickel ferrites are supported on (monoclinic)
zirconium (IV) oxide, the reactivity is improved, which is possibly caused by the alleviation
of sintering [50] and a combination of the formation of more oxygen vacancies and increased
mobility of these vacancies [38]. The cyclability of the material was, thus, improved
compared to unsupported ferrites [50], as can also be seen in Figure 13, which shows
that the amounts of hydrogen generated are approximately constant over multiple cycles.
This relatively constant hydrogen production over multiple cycles would not be seen with
sintering. It is also shown in Figure 13 that the performance of the material is further
improved when the ferrites are also doped with nickel.

Figure 13. Amount of hydrogen generated as a function of the cycle number. The reduction
reaction took place at 1400 ◦C. The open circles represent NiFe2O4/m-ZrO2, the open triangles
Ni0.65Fe2.35O4/m-ZrO2, the diamonds Fe3O4/m-ZrO2 and the open squares Ni0.35Fe2.65O4/m-ZrO2.
Monoclinic zirconium (IV) oxide is denoted by m-ZrO2 in this figure and the ferrite loading on the
support was 20 wt%. Reprinted from [50].
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The operating conditions for testing the materials as shown in Figures 12 and 13
were almost identical; only the flowrate for oxidation, reduction time and oxidation time
differed. The materials shown in Figure 12 were reduced for 1 h and oxidized for 50 min.
For oxidation, the flowrate of nitrogen bubbled through water was 3 N cm3/min [30]. The
reduction and oxidation time were 30 min and 1 h, respectively, for the materials shown in
Figure 13. Nitrogen was bubbled through water at a flowrate of 4 N cm3/min during the
oxidation reaction [50]. Comparing the results reported in Figure 12 for 20 wt% loading
of Fe3O4 to those in Figure 13, once can see that the difference in hydrogen production
over multiple cycles is similar for ferrites supported on yttrium-stabilized zirconia and
monoclinic zirconium (IV) oxide. The hydrogen production increases with increasing
nickel-dopant concentration, as shown in Figure 13. Compared to 25 wt% loading of
Fe3O4 on yttrium-stabilized zirconia, the hydrogen production of NiFe2O4 supported on
monoclinic zirconium (IV) oxide is improved.

Oxide supports are frequently used to improve particle dispersion and stability. Re-
garding supporting materials suitable for this application, a large surface area combined
with good thermal stability is desirable due to the reactions taking place at elevated temper-
atures, such as γ-Al2O3. Combining this oxide with rhodium further improves the thermal
stability because of the strong interactions between them. The combination of rhodium with
γ-Al2O3 for ceria has been experimentally tested, where it was shown that although the
thermal stability was improved, sintering and the formation of cerium-aluminum oxides
at higher temperatures still lead to lower hydrogen yields. The hydrogen production has
been shown to be unstable over multiple cycles, especially for oxidation at temperatures
as high as 1200 ◦C. The feed for this process was a water-ethanol mixture, such that the
hydrogen production was increased due to the high hydrogen content of ethanol [3]. When
only rhodium is added to ceria, the cycling times are reduced during isothermal operation,
as also seen in Figure 14 [64].

Figure 14. Effects of rhodium added to cerium (IV) oxide on the reduction and oxidation times,
as well as on the hydrogen production rate during isothermal cycling at a temperature of 1500 ◦C.
Reprinted from [64].

Decreasing the particle size of the redox materials has been shown to positively
influence reactivity. The reason for this is the reduction in diffusion length [35,42,45,74,85],
as well as the continuous entrainment of the particles by gas [35,45,94]. However, it has
also been shown that a very fine powder is not desired, as it will sinter easily and form a
dense mass [85,95,96], leading to reduced hydrogen production.

In order to increase the surface area, ceria core nanowires with a tin (IV) oxide shell
around it were synthesized on a porous nickel foam disk. It was found that more hydrogen
was produced compared to a thin film of ceria and that no substantial reduction in surface
area was observed after multiple cycles [2], indicating good cyclability. The use of different
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ordered materials has been proposed to improve the results from undoped and unsupported
ceria [74,97–99].

Ceria has also been synthesized using cork templates, and good cyclability together
with a drastically increased hydrogen generation rate were found. The cork came from
Mediterranean evergreen oak bark, which has been found to exhibit a 3D ordered macrop-
orous cellular microstructure [42]. The authors were able to use cork granules as a hard
template to obtain 3D-ordered ceria through an impregnation process. The increased
hydrogen production rate may be partly explained by the increased surface area. The
results from this material were better than for ceria foams, which can be explained by the
highly ordered structure obtained from the cork templates, because the structure allows for
controlled transport of the reactants towards the active sites [42,100,101]. In practice, the
structure of foams is usually random [102], so transport is hampered compared to with an
ordered structure [99].

Another method that has been researched to obtain stable hydrogen yield over multiple
cycles involves encapsulating a nickel ferrite nanoparticle core in an yttrium (III) oxide
shell. The hydrogen yield was shown to be approximately constant over at least five cycles,
possibly due to the lower level of sintering because of the ceramic shell. In Figure 15,
the hydrogen production rate over time is plotted, showing five cycles. A comparison
between the core–shell nanoparticles, the powder and the nanoparticles without a shell
is also shown, and it can be seen that the core–shell nanoparticles improve the cyclability
compared to the other configurations. It can also be seen that the amount of hydrogen
produced is lower for the core-shell nanoparticles compared to the amount produced by
the nickel ferrite nanoparticles or the powdered mixture consisting of nickel ferrite and
yttrium (III) oxide [103]. The reduced yield may be caused by the ceramic shell inducing
mass transfer limitations [103–105].

Figure 15. Hydrogen production rate in mL/s/g over time, showing five redox cycles for nanopar-
ticles with a nickel ferrite core and an yttrium (III) oxide shell and a powdered mixture including
nickel ferrite and yttrium (III) oxide and nickel ferrite nanoparticles. Reprinted from [103].
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2.4.3. Multi-Criteria Analysis of Non-Volatile Redox Materials

A comparison between several promising non-volatile redox materials was performed
using a multi-criteria analysis, as shown in Figure 16. Several criteria were defined together
with their weights, with 1 indicating not important and 5 indicating very important. The
scores for the different materials ranged between 1 and 5, with 1 being very bad and 5 being
very good. If information for a criterion was found in the literature, the cell in the table
was colored grey and an estimation was made if possible. For example, it was found that
ferrites generally are accompanied by long cycling times, but when an estimation could
not be made, the number 3 (meaning indifferent) was filled in. When redox materials were
discussed in multiple reports, the scores were defined for each article and then the average
was determined and provided in the table.

Figure 16. Multi-criteria analysis including the criteria and weights of the redox materials suitable
for thermochemical two-step water splitting.

According to this analysis, ceria with rhodium supported on γ-Al2O3 seems to be
the most promising. However, a large error margin should be taken into account when a
multi-criteria analysis is used for selection, as all numbers are relative. Therefore, it could
also be stated that nanowires with a ceria core and a tin (IV) oxide shell on a porous nickel
foam disk, ceria with rhodium, iron oxides supported on yttrium-stabilized zirconia, ceria
doped with zirconia or samarium and iron oxide doped with a nickel core and an yttrium
(III) oxide shell are also promising approaches at this point, with the last three materials
having the same total score.

Table 2 contains all of the examined materials with the relative hydrogen production
rates and total amounts of hydrogen per cycle. The reaction conditions and oxidation
temperatures are also included. It is possible to notice that not all the data were obtained
under similar experimental conditions, so it is quite difficult to make a reliable comparison.
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Table 2. Multi-criteria analysis including the criteria and weights of the redox materials suitable for
thermochemical two-step water splitting.

Number on the
Multi-Criteria

Analysis
Redox Material

Reduction
Temperature

(◦C)

Oxidation
Temperature

(◦C)

Maximum H2
Production

Rate
(mL·g−1·min−1)

H2 Production
on a Single

Cycle
(mL·g−1)

Ref.

1 Ce0.75Zr0.25O2 1450 1045 0.47 5.33 [38,74]

2 Ce1−xSmxO2 1500 900 4.1 3.8 [38,86]

3 Rh/CeO2 1500 1500 1.5 n.a. [64]

4 Rh/CeO2/γ-
Al2O3

1050 1200 n.a. 1424.5 [3]

5
CeO2/SnO2

core-shell
nanowires

Reduced material
obtained after

CeO2 pulse laser
deposition

800 2.14

720.4 mL per
gram of CeO2

(not referred to
total material)

[2]

6 cork-templated
CeO2

1450 1050 1.6 3.83 [42]

7 NixFe3−xO4
1400 1000 n.a. 11 [38,50]

1450 1000 0.314 14.11 [38,106]

8
Fe3O4 on yttrium-
stabilized, cubic
zirconia (YSZ)

1400 1000 0.5 9 [30]

9
NixFe3−xO4

supported on
ZrO2

1400 1000 0.65 15 [50]

10
NiFe2O4/Y2O3

core-shell
nanoparticles

1100 900 0.162 10.39 [103]

3. Conclusions, Current Challenges and Future Directions

Thermochemical water splitting using redox cycles has potential for sustainable hy-
drogen production. By employing non-volatile redox materials, it is possible to avoid
the quenching required for thermochemical cycling with volatile redox materials. This
was found to be a major advantage of non-volatile materials, such as CeO2, over volatile
materials, such as ZnO and SnO2.

The thermodynamic analysis showed that the reaction can be driven forward using either
a temperature swing or a pressure swing approach. The main challenges encountered using a
temperature swing during operation are related to the fact that the process is energy-intensive.
The pressure swing operation would be highly desirable, as this allows for isothermal cycling.
Considering the advantages and disadvantages of both temperature looping and the pressure
swing, it might be desired to operate nearly isothermally, such that the advantages of the
pressure swing approach are utilized with an additional driving force in the form of a small
temperature difference. It is expected that the minor temperature swing would not suppress
the advantages of the pressure swing, while it would have the major advantage of the
temperature swing approach. This was also suggested by Muhich et al. [63].

The reactors described in this report are mainly suitable for non-volatile redox ma-
terials. The technology used to concentrate solar light is already well-established and
allows for operation at temperatures up to 2000 ◦C, which is favorable for the reduction
reaction. However, the oxidation reaction is favored at lower temperatures [31]. In order
to obtain reasonable hydrogen yields using a solar reactor, the temperature needs to be
heavily decreased, although with solar reactors this cooling action is slow. Moreover, the
availability and intensity of the sunlight differ in various regions, which could also limit the
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widespread adoption of solar light-based reactors. Using an electrically powered furnace
could be an interesting option, provided that the electricity is produced from renewable
sources. Moreover, in such furnaces, extremely high temperatures equal to those seen in
solar reactors cannot be reached, although the oxidation temperatures can be obtained
faster and a reasonable amount of hydrogen is still produced. Hence, a system where
the samples can be heated and cooled fast is highly desirable. As described above, this
is one of the main features of microwave-oven-based systems, although it is necessary to
overcome the technical challenges in microwave oven use. An interesting option could
be to develop a reactor with two zones, one where the material can be heated fast, after
which it is transported to a cool region similar to a fluidized bed reactor to avoid the
heating–cooling cycles.

In terms of redox material development, volatile redox materials have higher theo-
retical hydrogen yields compared to non-volatile redox materials, as seen in Figure 10.
Although this is a major advantage of volatile materials over non-volatile materials, the
quenching of the material is a major bottleneck, and a trade-off has to be made. From a
research perspective, it would be advisable to predominantly focus on non-volatile redox
materials to obtain a better understanding of how the materials in the system behave,
without losing material during cycling due to volatility. A highly interesting approach
could be to incorporate the properties of volatile materials into non-volatile materials. The
most promising materials shown in Figure 16 should be investigated further.

A well-known challenge with the current materials is the decrease in hydrogen yields
over multiple cycles due to sintering. Figures 12 and 13 show relatively constant hydrogen
production. Therefore, one could look into the workings of the nickel dopant and the
yttrium-stabilized zirconia and (monoclinic) zirconium (IV) oxide supports. Another
strategy could be the use of a core–shell structure. As shown in Figure 15, the core–shell
nanoparticles show approximately constant hydrogen yields over multiple cycles. However,
the shell provides a mass transport barrier, such that the hydrogen yield is low compared to
other materials. Core–shell nanoparticles with a thinner shell could provide more hydrogen
per cycle. The hydrogen yields could possibly be further improved by using a volatile
core with a non-volatile shell around it. The shell could form a mass transport barrier,
which would keep the volatile matter inside the core, where it should recombine into the
original composition. Although the shell should be of sufficient thickness to keep the
volatile components in the core, it should not be too thick in order to allow for reactants and
products to penetrate through the shell and to produce a reasonable amount of hydrogen.
Instead of altering the shell thickness, the pore size of the shell could be varied. As oxygen,
hydrogen and water are relatively small molecules compared to metal oxides, adjusting the
pore size such that only product gases and water can pass through the shell would be the
ideal solution.

Other common methods used to improve conventional non-volatile redox materials,
such as ceria and ferrite, are doping, the addition of ceramic supports and decreasing the
size of the enhanced surface areas through the use of nanosized particles or structures. The
use of ordered structures, such as nanowires or cork templates, has led to higher hydrogen
production rates, possibly due to enhanced mass transfer to and from the oxygen vacancies
as a pre-defined path is constructed.

In situ spectroscopic studies would be interesting to include in future research to
reveal the formation of oxygen vacancies during the reduction reaction and the subsequent
hydrogen generation while the redox material is being oxidized, because this is expected to
assist in the development of novel materials and their ordering for thermochemical water
splitting for hydrogen generation.
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