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Abstract: The thermochemical water-splitting method is a promising technology for efficiently
converting renewable thermal energy sources into green hydrogen. This technique is primarily
based on recirculating an active material, capable of experiencing multiple reduction-oxidation
(redox) steps through an integrated cycle to convert water into separate streams of hydrogen and
oxygen. The thermochemical cycles are divided into two main categories according to their operating
temperatures, namely low-temperature cycles (<1100 ◦C) and high-temperature cycles (<1100 ◦C).
The copper chlorine cycle offers relatively higher efficiency and lower costs for hydrogen production
among the low-temperature processes. In contrast, the zinc oxide and ferrite cycles show great
potential for developing large-scale high-temperature cycles. Although, several challenges, such as
energy storage capacity, durability, cost-effectiveness, etc., should be addressed before scaling up
these technologies into commercial plants for hydrogen production. This review critically examines
various aspects of the most promising thermochemical water-splitting cycles, with a particular focus
on their capabilities to produce green hydrogen with high performance, redox pairs stability, and the
technology maturity and readiness for commercial use.

Keywords: thermochemical water splitting; green hydrogen production; redox loop; high-temperature
cycles; low-temperature cycles; large-scale hydrogen production

1. Introduction

The ever-growing energy demand and its associated greenhouse gas emissions are
two of the most challenging issues which need to be addressed in the near future. Cur-
rently, the energy supply sector for industrial, transportation, and residential applications
is dominated by fossil-fuel-based power systems around the globe. However, the two
major concerns regarding these power systems are the depletion of limited fossil fuel
resources and the emission of greenhouse gases, specifically CO2 [1–3]. The development
of energy-saving systems, investments in new technologies for harnessing renewable en-
ergy sources, and legal commitments to the environmental protection plans like net-zero
emission pledges are some examples of the main strategies taken by local governments to
address the current climate crisis issues. A clean energy system should generally utilize
sustainable resources to supply reliable power at a low-levelized cost and high efficiency [4].
Clean energy systems such as fuel cells [5], batteries [6], solar cells [7], wind power [8],
geothermal systems [9], biogas [10,11], thermoelectric materials [12], hydrogen energy [13],
etc. can offer environmental, economic, and social advantages over the fossil fuels [14,15].
As the lightest and most efficient fuel with the highest energy density, hydrogen can serve
the clean energy systems through multiple roles, either as a standalone fuel, chemical en-
ergy carrier, or grid-balancing energy storage medium. The thermochemical water-splitting
techniques have a significant potential to efficiently convert renewable energy resources
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(such as solar energy) into green hydrogen and other valuable chemical energy carriers.
The interest in developing these cycles began in the late 1970s, shortly after proposing
several types of metal/metal oxide redox loops operating based on high-temperature solar
systems and nuclear power sources to produce carbon-free hydrogen fuel.

Hydrogen is considered an energy carrier that can store or deliver a significant amount
of energy. The energy density of the hydrogen is nearly three times higher than that of
gasoline or diesel with higher HHV (~141.9 kJ/g) and LHV (~119.9 kJ/g). The environ-
mental impact of hydrogen compared to the other fuels can be quantified by the following
equations [16,17]:

EIF =
kg CO2 product o f combustion reaction

kg f uel
(1)

GF =
EIFmax − EIF

EIFmax
(2)

HCF =
kg H2 in the f uel

kg f uel
(3)

where EIF, GF, HCF, and EIFmax are the environmental impact factors, greenisation factors,
hydrogen content factors, and maximum value of EIF, respectively. As shown in Figure 1,
greener energy sources (high GF) have high hydrogen content (high HCF) and more
negligible environmental effect (low EIF) [16,17].
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ary/portable applications [22,23], alternative fuels for automotive diesel engines [24], fuel 
cell-based combined heat and power plants [25], aerospace applications [26], etc. Unlike 
fossil fuels, hydrogen must be produced before being used as a clean energy source. The 
current main hydrogen source comes from burning fossil fuels (>95%) which results in 
CO2 emission itself [14]. As reported in 2005, fossil fuel reforming, oil reforming, coal gas-
ification, and water electrolysis produce about 50%, 30%, 18%, and 3.9% of the global H2 
demand, respectively [27,28]. Utilizing fossil fuels for hydrogen production has adverse 
effects on the environment, climate, and human health; thereby, green technologies for 
hydrogen production have been developed. However, these technologies suffer from 
lower effectiveness, high expense, and less quick accessibility than non-green technolo-
gies. For instance, hydrogen production from photovoltaic electrolysis costs more than 
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from [17], Elsevier: 2015).

Hydrogen can replace fossil fuels in feedstock required for oil refining [18,19], steelmak-
ing [20], commercial and residential heating [21], energy storage and stationary/portable
applications [22,23], alternative fuels for automotive diesel engines [24], fuel cell-based
combined heat and power plants [25], aerospace applications [26], etc. Unlike fossil fuels,
hydrogen must be produced before being used as a clean energy source. The current main
hydrogen source comes from burning fossil fuels (>95%) which results in CO2 emission
itself [14]. As reported in 2005, fossil fuel reforming, oil reforming, coal gasification, and
water electrolysis produce about 50%, 30%, 18%, and 3.9% of the global H2 demand, re-
spectively [27,28]. Utilizing fossil fuels for hydrogen production has adverse effects on
the environment, climate, and human health; thereby, green technologies for hydrogen
production have been developed. However, these technologies suffer from lower effective-
ness, high expense, and less quick accessibility than non-green technologies. For instance,
hydrogen production from photovoltaic electrolysis costs more than $5 per kg with energy
and exergy efficiency of less than 5% [29]. Thus, significant efforts have been invested in
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developing an efficient and low-cost hydrogen production technique. Figure 2 illustrates
the most important hydrogen applications.
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Hydrogen must be separated from its original compound to produce pure hydrogen.
Green hydrogen or renewable hydrogen is the term used for the hydrogen that comes from
the technologies utilizing renewable energy or biogas for hydrogen production [31]. There
are other types of hydrogen indexed by colours, such as blue hydrogen, grey hydrogen,
brown hydrogen, black hydrogen, turquoise, etc. Hydrogen is produced using natural gas
steam forming, brown or black coal, methane, and so forth [32,33]. There have been signifi-
cant advances in hydrogen production via various routes such as steam methane reforming
(SMR) [30], chemical looping [34], methane thermal cracking coupled with chemical loop-
ing combustion [35], water splitting technologies [36], integrated gasification combined
cycle (IGCC) [37], hydrogen bioenergy with carbon capture and storage (HyBECCS) [38],
etc. The following sections will discuss some hydrogen production methods, emphasizing
green technologies.

2. Fossil Fuel-Based Technologies

As mentioned earlier, fossil fuels are the dominant source of producing the required
hydrogen for the industry. Due to the high hydrogen content of hydrocarbons, they show
great potential for hydrogen production. Hydrocarbon decomposition and pyrolysis have
been extensively studied as efficient hydrogen production methods during the past decades.
These processes can be promoted using an appropriate catalyst [39]. In what follows, the
most critical fossil fuel-based technologies for hydrogen production are briefly discussed.

2.1. Steam Methane Reforming (SMR)

Steam methane reforming or natural gas reforming is the most industrial technology
for hydrogen production in which natural gas or other low-boiling hydrocarbon derivatives
is the primary feedstock. In the SMR process, natural gas is first de-sulfurized by passing
through active carbon and reforming at 700–825 ◦C in a continuous catalytic process and re-
acting with steam, finally producing syngas (a mixture of hydrogen and carbon monoxide).
Equation (4) shows the strong endothermic reaction of methane and steam [34,40]:
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CH4 + H2O � CO + 3H2∆H298K = +206.3 kJ/mol (4)

The general equation of the reaction between hydrocarbons and steam is as follows:

Cn Hm + nH2O � nCO + (0.5m + 2)H2 (5)

Syngas is cooled and passed through water-gas shift reactors to increase hydrogen
yield and decrease carbon monoxide. As a result, the reaction between CO and steam is
slightly exothermic [40,41]:

CO + H2O � CO2 + H2∆H298K = −41.16 kJ/mol (6)

Finally, gas impurities such as carbon dioxide, water, methane, and carbon monoxide
are removed from the flue gas, and the overall chemical process can be given by [40,41]:

CH4 + 2H2O � CO2 + 4H2∆H298K = +165.2 kJ/mol (7)

According to thermodynamics, removing carbon dioxide or hydrogen may shift the
equilibrium toward the product. Calcia (CaO) can remove carbon dioxide by reacting with
it and producing CaCO3, thus, reducing the costs of reactor wall materials and catalyst
sintering and coking. This exothermic reaction can also generate the heat needed for the
endothermic reaction of the SMR process [40]. The heat required by the endothermic
reactions can also be generated by the autothermal (or secondary) reformers (ATR), in
which methane oxidation partially supplies the heat in a single chamber [41]. Nickel-based
catalysts are the most common materials for reforming the feedstock due to their high
performance and cost-efficiency. Other candidates including noble metals (such as Rh,
Ru, Pt, Pd, Ir, etc.), transition metals (such as Ni, Co, Cu, Fe, etc.), and oxide supports
(such as Ni/MgO, Ru/Mg(Al)O, Ni.Al2O3, etc.) have also been investigated for potential
application as catalyst [42]. The highest conversion efficiency of the SMR process is about
75–85% [41]. A schematic of the SMR process is shown in Figure 3.
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2.2. Chemical Looping

Chemical looping is an environmentally friendly hydrogen production technology
with high energy efficiency and inherent carbon dioxide capture. Oxygen carriers (OCs)
constantly circulate between the fuel and air in this process. As a result, the oxidation
reaction (Reaction (8)) in the air reactor is exothermic, and the generated heat supplies the
energy needed for converting fuel into CO2 and H2O (Reaction (9)) in the second chamber,
thereby reducing the energy consumption (Figure 4) [34,44].

MxOy−1 +
1
2

O2 � MxOy (8)

(2n + m)MxOy + Cn M2m � (2n + m)MxOy−1 + mH2O + nCO2 (9)
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Generally, the following reaction may happen in air and fuel reactors [44,46]:

in air reactor


C + O2 � CO2

2C + O2 � 2CO
2Ni + O2 → 2NiO

(10)

in f uel reactor


C2H5OH + H2O(

Ni
�)2CO + 4H2

C2H5OH + 6NiO→ 6Ni + 2CO2 + 3H2O
CO + H2O � CO2 + H2

(11)

To produce hydrogen from chemical looping, chemical looping reforming (CLR) and
chemical looping hydrogen (CLH) have been proposed [34]. CLR is a relatively new method
to convert liquid, solid, or gaseous fuel into hydrogen, and according to the characteristics
and principles, CLR can be classified into three types; namely, steam reforming integrated
with chemical looping combustion (SR-CLC) or CLR(s), auto thermal chemical looping
reforming or CLR(a), and chemical looping steam methane reforming (CL-SMR or CLRM)
or two-step steam methane reforming. In CLR(s), the steam reforming tubes are [34,47]
metal-based materials such as Ni-, Fe-, Cu-, Ce-, Co-, and Mn-based materials have been
known to be suitable oxygen carriers [48]. The most extensively studied oxygen carriers
used in this process are nickel-based materials with superior redox properties and low cost.
However, they suffer from metal sintering and coke deposition [48,49]. To overcome these
drawbacks, bimetallic oxygen carriers such as Ni-Fe, Fe-Co, Cu-Ni, Fe-Ca, Fe-Cu, Co-Ni,
etc. [34,50–53] as well as oxide perovskite materials with a general formula of ABO3 (such
as LaNiO3, CaMn0.375Ti0.5Fe0.125O3−δ, etc.) [54,55].

2.3. Integrated Gasification Combined Cycles (IGCC)

Integrated gasification combined cycle (IGCC), one of the most developed carbon
capture technologies with high energy efficiency and relatively low costs, combines a
coal gasification unit with a gas turbine-steam power plant to achieve higher efficiency
and performance [56–58]. In IGCC, the solid or liquid feedstock is partially oxidized. It
produces syngas followed by purifying it from dust and hydrogen sulphide which is then
sent to the combined cycle gas turbine (SCGT) to generate power. Producing one MWh of
electricity using natural gas and coal resulted in high carbon dioxide emissions of about
350–400 and 800–900 kg, respectively [59,60]. The mitigation costs of carbon dioxide in 2030
are predicated to be about 11, 26, and 19 €/t for IGCC, natural gas combined cycle (NGCC),
and pulverized coal (PC) power plants [61]. IGCC can generate 400 MW electricity with
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90% rate of carbon capture [59,62]. It has been reported that using the off-gases from the gas
turbine as an energy source can enhance the power generation capacity [63]. In this context,
Gholamian et al. [64] studied an improved IGCC system comprised of biomass gasification,
a supercritical carbon dioxide cycle, a gas turbine cycle, and a water heater. They showed
that the exergy efficiency reached a high value of about 40.10%. Soltani et al. [64] carried
out the energy and exergy analyses of the integrated biomass gasification and gas turbine
combined cycle and reported that adjusting the pressure ratio can maximize the thermal
efficiency. A comprehensive study on the state-of-the-art IGCC technologies as well as the
uncertainty, dynamics, controllability, etc. can be found elsewhere [63]. Overall, despite
all of the advances in optimizing the IGCC process, design complexity and higher costs of
IGCC plants in comparison with a conventional plant limit their application [61].

2.4. Biomass Gasification

Biomass gasification is another mature technology for hydrogen generation by con-
verting biomass or fossil-based carbonaceous materials to syngas without combustion and
under a controlled process. Compared with fossil fuels, biomass is less expensive and more
widely available, reducing greenhouse gas emissions and high energy efficiency [65,66].
Biomass gasification involves a thermochemical process at high temperatures (~900 ◦C) and
low pressure. The main steps include drying the feedstock, pyrolysis of the feedstock, and a
reaction part including oxidation, reduction, and cracking [67–69]. The products are carbon
monoxide, carbon dioxide, methane, and hydrogen. To maximize the hydrogen content,
purification with water-gas shift (WGS) reaction, carbon capture technologies, separation
stages for syngas purification, etc. [69–71]. The main drawback of this method is releasing
tar that should be removed from the syngas, which is expensive and reduces the overall
efficiency [67]. Over the past years, many studies have been carried out to optimize the
operating conditions. A novel steam/air biomass gasification combined cooling, heating,
and power generation system with solar energy has been proposed by Wu et al. [72]. They
reported that using solar-driven biomass gasification, the primary energy efficiency and the
increment rate of electric power improved about 5.98% and 5.91%, respectively. However,
the new design did not increase the overall annual electricity, cooling, and heating prof-
its. Zhang et al. [73] improved hydrogen yield, energy consumption saving, and overall
efficiency of a biomass gasification system by incorporating an autothermal calcia looping.
A novel approach including a biomass gasification system integrated with thermoelectric
generators with high energy and exergy efficiencies has been proposed by Ishaq et al. [74].
Energy and exergy analysis of biomass gasification were studied by Ebrahimi and Zi-
abasharhag [75] who proposed a new configuration including of a tri-generation of liquid
natural gas, power, and heat. Overall, despite all of the recent progress in developing
new technologies with higher efficiency, it is still economically unfavourable compared to
methane/natural gas steam reforming.

2.5. Other Fossil Fuel-Based Technologies

The energy density of Bio-oil, which is a mixture of organics such as aldehydes, car-
boxylic acids, furans, alcohols, phenolics, ketones, etc., is larger than biomass [76]. The
tendency for coking and reform is affected by the molecular structure. Due to the lack
of aliphatic carbon chains, which should be cracked during the process, formic acid and
methanol can be reformed at low temperatures. However, acetic acid, acetone, ethanol,
or acetaldehyde need much higher temperatures and may produce a significant amount
of coke deposits [77]. The most prevalent catalysts used in this process are Cu/Al2O3,
Ni/Al2O3, and Co [78]. Methanol steam reforming is a method that can produce hydrogen
from biomass and carbon dioxide. Due to the high H:C ratio and the absence of C-C
bonds, methanol shows a lower tendency to coke formation and by-products compared
to ethanol [79]. The most common catalysts for methanol steam reforming are Cu-based
compounds such as Mg-doped Cu-Al spinels [80], CuPd/TiO2 [81], CuFeO2-CeO2 [82],
Cu/ZrAl-based [83], etc. Due to the great potential of alkanes in large-scale chemical indus-
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tries, one of the relatively new technologies for hydrogen production is alkanes (such as
ethane, propane, etc.) dehydrogenation in a catalytic membrane reactor in which hydrogen
can be produced in the reaction zone and separated from the alkene-containing flow via a
membrane [84,85]. Dehydrogenation of propylene has also been investigated during the
past decade [86]. However, several aspects of this process need to be further studied to
assess its hydrogen yield and cost-effectiveness. Ethanol steam reforming can also be used
for hydrogen production and a Ni-based catalyst. However, the most challenging issue
with ethanol steam reforming is carbon formation. Carbon formation in this process can
be prevented by controlling the particle size of the metal [78]. Due to the suppression of
methanation reaction, the promoted catalysts show higher hydrogen production efficiency
than the unpromoted ones. These promoters include Na, Mg, La, Zr, Ce, K, Zn, etc., which
can be used on Co/Al2O3, Co/CeO2, Ni/CeO2, Pt/m-ZrO2, etc. [87–89].

3. Green Hydrogen Technologies

One of the carbon-free technologies for hydrogen production is water splitting. It has
been extensively investigated as a promising and effective approach for hydrogen produc-
tion, thus mitigating the energy crisis and reducing environmental pollution. However,
the decomposition of water into hydrogen and oxygen requires very high temperatures of
about 2500 ◦C. Thus, the need for technologies that can operate at lower temperatures is of
great importance to reduce the costs [90]. Several promising routes have been proposed
for hydrogen production through green technologies such as biological processes (such
as CO gas-fermentation, dark fermentation, etc.), electrical (such as alkaline electrolysis
cell, anion exchange membrane electrolysis cell, proton exchange membrane electroly-
sis cell, solid oxide electrolysis cell, etc.), photonic (bio-photolysis, photofermentation,
etc.), thermochemical, etc. [78]. Thermochemical cycles such as sulfur-iodine [91], hybrid
sulfur [92], sulfur ammonia [93], copper-chlorine [94], etc. have many advantages over
methods such as recovering and recycling all the chemicals except water into the cycle,
moderate operating temperatures, relatively low power input requirement, heat and water
are the only inputs, [95,96]. Water splitting methods based on solar energy can be divided
into three main categories:

- Thermochemical routes such as single- and multi-step water splitting cycles;
- Photochemical routes such as photoelectrochemical, photocatalytic, photobiological, etc.;
- Electrochemical routes such as PV-electrolysis [93,97].

Each of the cycles, as mentioned above, has its merits and demerits. For example,
PV-electrolysis is one of the most developed methods with a maximum solar-to-electric
energy conversion efficiency of about 32% for single-crystalline Si, CuIn1−xGaxSe2, CdTe,
GaAs [93]. On the other hand, water electrolysis is a matured technology with an electric-
to-hydrogen energy conversion efficiency of about 70–80%. It has been reported that the
highest solar-to-hydrogen energy conversion efficiency of PV-electrolysis is in the range of
15–20% [93]. Direct conversion of solar energy into hydrogen using the photoelectrochemi-
cal route is a single-step method with relatively low solar-to-hydrogen energy conversion
efficiency (<10%). Photobiological and photocatalytic cycles have also been under develop-
ment [93]. Generally, thermochemical water splitting cycles are divided into two classes
according to the operating temperature:

- Low-temperature cycles with an operating temperature below 1100 ◦C, such as sulfur-
iodine, hybrid sulfur, hybrid copper chloride, etc.

- High-temperature cycles with an operating temperature above 1100 ◦C, such as
Zn/ZnO, FeO/Fe3O4, manganese oxide-based, ferrite cycles, etc. [98]

3.1. Low-Temperature Cycle
3.1.1. Sulfur-Iodine Cycle

The sulfur-iodine cycle (S-I cycle) is a thermochemical water-splitting process that
the General Atomics Corporation first developed in the mid-1970s [99]. It has been exten-
sively studied and developed in the past decade, especially by the French Commissariat à
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L’Énergie Atomique in France, the Institute of Nuclear Energy Technology in China, the
Korean Institute of Energy Research in Korea, the Japan Atomic Energy Agency in Japan,
etc. [100]. Generally, the S-I cycle is composed of three steps as given below [101,102]:

2H2O(l) + SO2(g) + I2(s)→ H2SO4(aq) + 2HI(aq). T = 20–120 ◦C.
∆H = −75± 15 kJ/mol

(12)

H2SO4(g)→ 1
2

O2(g) + SO2(g) + H2O(g). T = 850 ◦C.∆H = 186± 3 kJ/mol (13)

2HI(g)→ H2(g) + I2(g). T = 450 ◦C. ∆H ∼ −12 kJ/mol (14)

The first reaction occurs at about 100 ◦C and is an exothermic reaction between solid
iodine and sulfur dioxide in an aqueous media, producing hydriodic and sulfuric acid
(Bunsen reaction) [103]. The product is an immiscible aqueous phase called the HIx phase
(composed of HI, H2O, and I2) and sulfuric acid (SA) phase (composed of H2SO4 and H2O).
The efficient separation of these phases has been reported that the efficient separation can
achieve the highest efficiency. SA impurities (such as HI) and HIx impurities (such as
H2SO4) may have side reactions, and removal of these impurities can further improve the
overall efficiency [100]. To prevent cross-contamination in each phase, excessive iodine can
be introduced into the liquid–liquid separator [104]. Reaction (13) is a high-temperature
endothermic reaction of sulfuric acid decomposition and usually takes place in bayonet-
type HEX/reactors at about 850–900 ◦C [101]. In this step, the SA concentration reached
about 90 wt.% by distillation followed by decomposition of sulfuric acid in two steps; (a)
decomposition of sulfuric acid to H2O and SO3; and (2) decomposition of SO3 to O2 and
SO2. Then, H2O and SO2 are cooled down to about 120 ◦C and recycled into Reaction (12),
and O2 is stored in the tanks [100]. Reaction (14) involves the endothermic decomposition of
hydriodic acid to gaseous iodine and hydrogen at about 400–500 ◦C [101,105,106]. Reaction
(14) can be divided into two steps: (1) HIx is separated to HIx solution of azeotrope HI
(~15.7 mol.%) and HI gas; and (2) decomposition of HI to H2 and I2 in a decomposition
reactor [107]. Therefore, the net reaction can be written as follows:

2H2O(l)→ 2H2(g) + O2(g) (15)

A schematic process diagram of the S-I cycle for hydrogen production is represented
in Figure 5.
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The efficiency of the S-I cycle increased with increasing temperature and reached about
52 and 60% at 900 and 1000 ◦C, respectively [100,101]. It has been reported that the efficiency
of the S-I cycle is amongst the highly efficient hydrogen production cycles [103]. However,
S-I cycle technology suffers from some drawbacks. In the phase equilibrium between H2O
and HI, the HI-H2O azeotropic solution is deficient (about 15.7 mol.%) [107]. Therefore, the
efficiency of the Bunsen reaction may be reduced by the incoming oxygen [109]. Another
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disadvantage of the S-I cycle is phase separation in traditional Bunsen reactions, reducing
the overall efficiency [110]. Introducing excessive iodine for improving the separation
efficiency of HI from sulfuric acid may cause problems such as clogging the pipes [100]. In
addition, the decompositions of hydriodic and sulfuric acid create a corrosive environment.
The aggressive chemical environment is one of the most significant drawbacks of the S-I
cycle because it can have a significant adverse effect on the reactors [101,103]. Reactor
materials and other materials used in the cycle may corrode because H2SO4 and HI are
corrosive compounds. Thus, these corrosive materials should be handled carefully [111].
The most important properties of catalysts are high catalytic activity, high catalyst stability,
cost-effectiveness, etc. [111].

Numerous researchers have focused their studies on overcoming the issues mentioned
above. Optimizing the feed to liquid-liquid separator conditions and minimizing the im-
purities can lead to a solution in the range of iodine solubility and above the azeotropic
condition [109]. Zhu et al. [107] optimized the solution composition and the operating
temperature of the S-I thermochemical cycle to efficiently separate the liquid-liquid phase
in the Bunsen section of a quaternary solution composed of H2SO4 HI, I2, and H2O (the sec-
ondary reactions were neglected in the experiments). According to their results, excessive
iodine was more vital than increasing the operating temperature. The iodine content and
temperature improved the separation characteristics and decreased the impurities. The op-
timum operating temperature and the I2/H2SO4 molar ratio were found to be in the range
of 70–85 ◦C and 2.45–3.99, respectively, resulting in obtaining a hyper-azeotropic HI con-
centration. To prevent phase separation in the Bunsen reaction section, electrochemical cell,
chemical precipitation, nonaqueous solvents, and electrolysis of HI/H2SO4/H2O/toluene
mixture has been proposed [112–114]. Optimization of the Bunsen reaction in the S-I cycle
has been profoundly investigated by Zhang et al. [114] and can be used as a guideline for
the Bunsen step of the process.

Yu et al. [115] developed a microporous membrane resistant to SO3, which consisted
of α-alumina as the membrane support, zirconia-silica as the intermediate layer, and
bis(triethoxysilyl)ethane-derived organosilicons sol as the top layer to be used in SO3/O2
separation. The membranes with a large pore of zirconia-silica and high Si:Zr ratio showed
high chemical stability against SO3 and high O2/SO3 selectivity of 10. Park et al. [116]
proposed a modified S-I cycle and conducted the economic evaluation, socio-economic
analysis, thermodynamic feasibility analysis, and risk assessment. The modified S-I cycle
was composed of fewer reactions than a typical S-I cycle and employed a steam boiler
instead of a nuclear heat source. The modified S-I cycle’s verification and thermodynamic
feasibility were carried out according to the second law of thermodynamics. The HI
decomposition and the Bunsen reactions were feasible at temperatures higher and lower
than 225 ◦C, respectively.

In comparison with the S-I cycle with a nuclear heat source, the results of the techno-
economic analysis of the modified cycle showed that the capital and operating costs were
reduced by 40% and 29%, respectively. Furthermore, the modified S-I cycle’s failure rate
and social health cost were about 64% and 41% less than the S-I cycle, respectively. Overall,
the results revealed that the modified cycle is a suitable alternative process to the S-I cycle
with improved cost efficiency and safety.

Due to the HI decomposition rate’s low equilibrium conversion rate on the S-I cy-
cle’s overall efficiency, some catalysts have been used to reduce the activation energy and
improve the decomposition rate of this process [117]. Several metallic and non-metallic
candidates have been proposed to be used as a catalyst. In the case of metallic catalysts,
Kim et al. [118] studied the effect of decomposition temperature, Pt content, and the amount
of absorbed iodine in Pt/C-based catalysts on the decomposition rate of HI. They reported
that 5 wt.% Pt loading resulted in the highest decomposition rate of about 22.5% HI at
550 ◦C and remained constant at higher Pt contents. HI decomposition rate increased with
increasing decomposition temperature from 6% at 450 ◦C to 16% at 550 ◦C. The results
showed that the adsorbed iodine decreased with increasing Pt content and decomposition
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temperature. Thus, removing adsorbed iodine is critical at lower temperatures to retain a
suitable catalytic activity. The same results have been reported for Pt content in Pt/Al2O3
catalyst [119]. Other types of metallic catalysts such as Pt/CeO2 [120], Ni/CeO2 [121], car-
bon nanotubes supported palladium catalyst (with equilibrium conversion of about 23.7%
at 550 ◦C for Pd(3%)CNT sample) [122], etc. have also been investigated for their potential
application as HI decomposition catalyst. Tyagi et al. [90] prepared carbon from rice and
used it to support Pt catalyst to promote HI decomposition reaction. The carbon-supported
catalysts enhanced the liquid phase HI decomposition and were chemically, structurally,
and catalytically stable under the operating conditions. Different types of supports have
been proposed, such as zirconia [123], ceria [120], graphite [124], alumina [119], etc. How-
ever, despite all advances in metallic catalysts, their high costs (Pt-based), low catalytic
efficiency (Ni-based), etc., hinder their large-scale applications.

Due to the challenges mentioned above, non-metal catalysts have been developed
during the past decades. Amongst the non-metallic catalysts, activated carbon (AC) has
attracted great interest. It has been reported that high specific surface area and carbon
content improve the catalytic performance of AC catalysts [125]. Wang et al. [126] concluded
that the main active constituents are the unsaturated carbon atoms. Due to the high
tendency of unsaturated oxygen atoms to integrate oxygen, lower oxygen contents result
in higher unsaturated carbons. Consequently, the low area density of oxygen promotes HI
conversion. Rong et al. [117] investigate the effect of specific surface area and pore structure
of coconut shell-activated carbon catalysts. The highest catalytic activity was achieved
for the sample with hierarchical pore structure (with macro- and micro-pores), while too
low or too high micropores reduced the catalytic efficiency. The results implied that the
catalyst with micropore proportion close to 50% and high specific surface area exhibits
the highest HI decomposition efficiency and hydrogen yield. Lin et al. [127] also reported
that a higher surface area and pore diameter could improve the catalytic activity, while the
ash content is detrimental to improving the HI conversion efficiency. Finally, Li et al. [102]
studied the effect of N-doping on the decomposition efficiency of activated carbon catalysts.
They reported that increasing N content facilitates HI decomposition by enhancing the
HI molecules’ chemisorption on carbon, and the sample containing 6.006% N showed the
highest HI conversion of about 22.84%. N-6 structure exhibited the higher HI chemisorption
than N-5 and N-Q structure. However, the highest HI chemisorption was achieved when
all N-containing functional groups were present in the sample simultaneously.

Some catalysts have been proposed to increase the rate of SO3 to SO2 decomposi-
tion reaction. The most active catalysts for this process are the Pt-based catalysts such
as Pt-Al2O3, mainly due to their low activation energy (~70.7–73.1 kJ·mol−1) and high
sulfur trioxide decomposition rates (>80%) [128,129]. Highly active and stable Pt-loaded
anatase catalysts are a new type of catalyst with high catalytic activity without anatase
to rutile transformation, decreasing the catalytic activity. The increased activity of Pt on
anatase is related to the abundance of metallic platinum, which facilitates the dissociative
adsorption of sulfur trioxide as well as SO2 and O2 removal from the surface. A slight
activity loss has been observed in these catalysts attributed to the slow sintering and loss
of platinum [130]. The catalytic activity of non-platinum-based catalysts has also been
studied. Kawada et al. [131] fabricated Ce-V oxide catalysts supported on mesoporous
silica through the wet impregnation method and studied their catalytic activity. The Ce-
V/SiO2 catalysts with Ce:V ratio of 0.9 showed the highest catalytic activity. The catalytic
performance of the Ce-V oxide catalysts with CeVO4 nanoparticles (~13 nm) dispersed in
the bimodal mesoporous silica support showed significantly higher turnover frequency
than the unsupported catalysts with an average particle size of 600 nm, mainly due to the
higher specific surface area of the supported catalysts. CuO-CeO2 based catalysts sup-
ported on SiC-Al2O3 showed high activity and stability and decreased the decomposition
temperature to about 625 ◦C. The high catalytic activity of the catalyst was attributed to a
large number of defective sites and higher sulfur trioxide adsorption [132].
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3.1.2. Hybrid Sulfur Cycle

As shown in Figure 6, the Westinghouse cycle or Hybrid Sulfur (HyS) cycle is a
two-step process for hydrogen generation using thermochemical and electrochemical tech-
nologies widely investigated for large-scale hydrogen production. The thermochemical
and electrochemical steps occur at temperatures higher than 800 ◦C and 80–120 ◦C, respec-
tively [133].
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The following reaction can be written for this cycle [133,134]:

H2SO4(aq)→ H2O(g) +
1
2

O2(g) + SO2(g) (Thermochemical step) (16)

SO2(aq) + 2H2O(l)→ H2(g) + H2SO4(aq) (Electrochemical step) (17)

Reaction (16) is an endothermic reaction in which the produced oxygen is extracted
from the process, while the SO2 produced in this step is circulated within the process to
drive the second step. On the other hand, reaction (17) is an exothermic reaction, and
the final products of the electrochemical oxidation of sulfur dioxide are sulfuric acid and
hydrogen. At the end of this process, hydrogen is separated, purified, and extracted
from the process, while sulfuric acid is re-circulated within the process [133,135]. This
cycle consists of three significant steps: (1) vaporization and decomposition of H2SO4, (2)
separation of SO2/O2, and (3) SO2 anode-depolarized electrolysis. The decomposition of
sulfuric acid can be divided into four processes given below [92,134]:

(a) The concentration of sulfuric acid by evaporating off the water;
(b) Evaporating of concentrated and still liquid H2SO4;
(c) Dissociation of gaseous acid into water vapour and SO3 at T = 350–400 ◦C;
(d) Decomposition of SO3 to SO2 at T = 700–1000 ◦C.

SO2/O2 separation happens at low temperatures (−45 ◦C) and high pressure (20 bar),
where sulfur dioxide is liquid and can be separated from the oxygen gas. The amount
of sulfur dioxide sent to the electrolyzer is essential in increasing hydrogen production.
Thus, this step should be optimized, i.e., by producing a maximum amount of liquid sulfur
dioxide and oxygen gas [92].
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The specific section of the HyS cycle is the electrochemical step in which sulfur dioxide
oxidizes and produces sulfuric acid and hydrogen ions (H+) at the anode side. Water and
sulfur dioxide are used to depolarize the anode, which the electrolyzer usually works in the
temperature range of 25–140 ◦C. The following reactions take place in this step [92,134,135]:

H2SO4(g)→ H2O(g) + SO3(g) T = 350–400 ◦C; ∆H◦ = +98 kJ·mol−1 (18)

SO3(g)→ 1
2

O2(g) + SO2(g) T = 700–1000 ◦C; ∆H◦ = +99 kJ·mol−1 (19)

The configuration of the electrochemical component is either a vapour-fed or a liquid-
fed electrolyzer. In the liquid-fed design, first developed at the Savannah River National
Laboratory, liquid sulfur dioxide and water mixture were oxidized at the anode side,
forming sulfuric acid, hydrogen protons, and electrons. Then, the protons migrate to
the cathode side by passing through the membrane and producing H2 by recombining
with external electrons [136,137]. Sulfur dioxide crossover through the membrane is one
of the most critical issues associated with liquid-fed design. To overcome this problem,
proton exchange membranes (PEMs), such as sulfonated polybenzimidazole (s-PBI) with
cell potential of about 0.6–0.7 V at a current density of 500 mA·cm−2, have shown great
potential to prevent sulfur dioxide crossover and accumulation [138,139]. The vapour-fed
design has been developed by a collaboration between the University of South Carolina
and Savannah River National Laboratory [135]. In this configuration, dry vapour, sulfur
dioxide, and water are fed to the anode and cathode sides, respectively. Due to the pressure
gradient and water activity difference, water diffuses through the membrane to the anode
side and is then re-transported to the cathode side due to electro-osmotic drag [135]. The
standard cell potential for the electrochemical step is about −0.158 V at room temperature,
which is about 13% of the water electrolysis potential (~−1.229 V) [137,140].

The first step occurs spontaneously, but the reaction rate of SO3 reduction to SO2 is low
and requires some catalysts such as Pt, Fe2O3, Cr2O3, NiO, etc. [141]. An issue associated
with this step is the kinetic overpotential of sulfur dioxide oxidation reaction, which has
been addressed by using Pt as the baseline catalytic formulation [142] or Au nanoparticle
catalysts with higher current density and stability than the Pt ones [140]. Kim et al. [143]
prepared Fe/Al and Fe/Ti binary metal oxide catalysts via the co-precipitation method
and reported that increasing Fe content improved the catalytic activity. They claimed that
the decomposition of SO3 on metal oxides occurs in two steps: (1) the formation of metal
sulphates and (2) the decomposition of metal sulphates. Corgnale et al. [135] reviewed
the sulfuric acid decomposition processes for thermochemical water splitting methods
of hydrogen production. They concluded that some metals such as Cr, Ce, U, Mn, and
Ni could form stable sulphates at elevated temperatures. Thereby, they are not suitable
catalysts for sulfuric acid decomposition. Due to the formation of Al2(SiO4)3, alumina can
poison Pt-based catalysts. Some catalysts such as vanadium pentoxide and chromia can
act as reverse catalysts and coat colder walls. Oxide materials such as Fe2O3 and CuO
can be used for high-temperature and low-pressure situations. They concluded that the
Pt/BaSO4-TiO2, Pt/TiO2, Pt/ZrO2, and Pt/SiO2 could be considered the most suitable
catalysts with the highest catalytic performance. As can be found from these reports, among
the numerous candidates which can be used as the catalyst for the decomposition reactions,
Pt-based compounds still show the highest catalytic performance.

Pt-based catalysts are among the first catalysts used for the electro-oxidation of SO2.
Pure black platinum possesses a high catalytic activity with about 0.5 A·cm−2 at 0.7 V [144].
The mechanism of SO2 oxidation on Pt is an electrotransfer-electrochemical and mass-
diffusion controlled process at potentials lower than the potentials needed for the oxidation
of platinum (0.42 V). At the same time, the chemical reaction between anodically-formed
oxide and sulphite occurs at higher potentials [145]. Despite all the advantages of Pt-based
catalysts, the high price of platinum is a great disadvantage of Pt-based catalysts. Thus, the
combination of platinum with other metals has also been investigated. Falch et al. [146]
synthesized bimetallic PtxPdy thin-film catalysts deposited on a Si wafer and reported that
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Pt3Pd2 and PtPd4 showed the highest activity. In another attempt, they studied the effect
of thermal annealing on the performance of Pt3Pd2 thin film [147]. The surface smoothness
deteriorated when the annealing temperature surged from 600 ◦C to 900 ◦C. It was found
that the electrochemically active area decreased with the annealing process. The decrease
in the active area for the Pt3Pd2 thin film was more than the Pt catalyst, and the difference
increased with increasing annealing temperature. Later, they developed a co-sputtered
PtxPdyAl3 film and found that adding another metal has a significant effect on improving
the electrocatalytic performance. Zhang et al. [148] synthesized demetallized PtxNiy/C cat-
alysts via the organic-sol method and compared the properties of these catalysts with Pt/C
catalysts. Nickel doping increased the electron vacancies and compressed platinum lattice,
improving the catalytic activity and catalyst stability. The current density of Pt1Ni3/C was
80% higher than that of Pt/C catalyst after 4 h of electrolysis. Xue et al. [149] investigated
the electrocatalytic activity of Pt-based bi-metallic compounds including Pt-Pd/C, Pt-Rh/C,
Pt-Ru/C, Pt-Ir/C, and Pt-Cr/C catalysts and reported that the 60 wt.% Pt-Cr/C with Pt:Cr
ratio of 1:2 showed the highest electrocatalytic activity for SO2-depolarized electrolysis.

Further chromium content decreased the electrolysis performance. Xu et al. [150]
improved the SO2 electro-oxidation using a Pt/CeO2/C composite catalyst. Ceria ad-
dition increased the catalyst’s active area from 429.10 cm2·mg−1 Pt for Pt/C to about
810.60 cm2·mg−1 Pt for Pt/10CeO2/C catalyst, mainly due to the increased oxygen pro-
vided by ceria. Gold-based compounds have also been investigated as potential catalysts in
the HyS cycle. As gold surface oxide films can dissolve easier in acid solutions, activation
of Au-based catalysts is easier than Pt-based ones. However, substrate chemisorption
properties strongly affect the rate of SO2 oxidation and participation of O, OH, or H species.
Thereby platinum is more promising than gold due to its higher rate of these processes [144].
Palladium is another noble metal used as a catalyst for SO2 oxidation that exhibits a better
catalytic activity than platinum, mainly due to its higher limiting current density. However,
they are less stable compared to Pt-based catalysts [142].

Jayakumar et al. [151] compared Nafion and sulfonated polybenzimidazole (s-PBI)
proton exchange membranes in the HyS electrolyzer. While the conductivity of s-PBI did
not decrease at low water content and can be used in the temperature range of 100–200 ◦C,
Nafion could not be used at high temperatures, and its conductivity decreased under a
highly acidic situation. s-PBI membranes can operate at high acid concentrations, but their
kinetics and performance should be further improved [139]. Carbon supports can achieve
the highest currents; however, the most promising catalysts to be used in the HyS cycle
are Pt-based compounds, but their performance should be at least 0.5 A·cm−2 at 0.6 V for
full-scale application.

3.1.3. Sulfur Ammonia Cycle

The sulfur ammonia cycle is a four-stage hybrid thermochemical cycle that uses long
and short wavelength-solar spectrum to drive thermal processes and hydrogen using
photolysis. The main four steps of this cycle are given below [93]:

SO2 + 2NH3 + H2O(l)→ (NH4)2SO3 chemical absorption (20)

(NH4)2SO3 + H2O→ (NH4)2SO4 + H2 photochemical (21)

(NH4)2SO4 + X → 2NH3(g) + XSO3(s) + H2O thermal (22)

XSO3 → SO2 + X +
1
2

O2 thermal (23)

X is a mediator compound involved in oxygen evolution sub-cycles of Reactions (22)
and (23). Two types of X have been studied so far:

(a) Alkali metal sulphates such as sodium sulphate, potassium sulphate, caesium sul-
phates, etc.

(b) Metal oxide such as ZnO, MnO, etc.
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The fundamental five steps of the metal sulfate-pyrosulfate sub-cycle are given below
(based on S, N, H, K, and O) [135,152,153]:

SO2(g) + 2NH3(g) + H2O(l)→ (NH4)2SO3(aq) T = 25–50 ◦C (24)

(NH4)2SO3(aq) + H2O(l)→ (NH4)2SO4(aq) + H2 T = 80–150 ◦C (25)

(NH4)2SO4(aq) + K2SO4(l)→ 2NH3(g) + K2S2O7(l) + H2O(g) T = 400–450 ◦C (26)

KsS2O7(l)→ SO3(g) + K2SO4(l) T = 790 ◦C (27)

SO3(g)→ SO2(g) +
1
2

O2(g) T = 850–1200 ◦C (28)

Reactions (24) to (28) are chemical absorption, electrolytic oxidation, adiabatic mixing,
stored thermal and electric heat processes, respectively [152]. The separation of oxygen
from sulfur dioxide occurs in Reaction (24), where sulfur dioxide is absorbed in water [152].
The typical reaction of the process is Reaction (25), in which hydrogen and ammonium
sulfate are produced by electrocatalytic oxidation of ammonium sulfite at 80–150 ◦C and
low pressures [135,152]. Ammonium sulfate produced from Reaction (25) reacts with
potassium sulfate at about 400–450 ◦C, producing potassium pyrosulfate in (Reaction (26)),
which decomposes to K2SO4 and SO3 at about 790 ◦C and recirculates to the Reactions (26)
and (28), respectively [152,154]. Interestingly, this forms a miscible liquid melt comprised of
potassium sulfate and pyrosulfate, which facilitates chemical movements and separations
in Reactions (26) and (27). Reaction (28) takes place at high temperatures with the help of
a catalyst. The energy required for the process is supplied by a solar system that allows
continuous operation. The thermal energy needed to decompose potassium pyrosulfate in
a mid-temperature reactor comes from the storage system. The heat of reactants powers the
adiabatically operated low-temperature reactor. There is also an energy recovery system
that produces electricity required for heating the high-temperature and the operation of
electrolytic reactors [152]. A schematic of an electrolytic sulfur-ammonia cycle for hydrogen
production is shown in Figure 7.
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The photolytic sulfur ammonia cycle can also be used with other mediator materials
such as zinc oxide. For example, similar steps during hydrogen production in the metal
oxide-sulfate sub-cycle. According to Perret et al. [106], the following four steps are the
main reactions during this process:

SO2(g) + 2NH3(g) + H2O(l)→ (NH4)2SO3(aq) T = 120 ◦C (29)
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(NH4)2SO3(aq) + H2O(l) + hv→ (NH4)2SO4(aq) + H2 T = 80 ◦C (30)

(NH4)2SO4(s) + ZnO(s)→ 2NH3(g) + ZnSO4(s) + H2O T = 500 ◦C (31)

ZnSO4(s)→ SO2(g) + ZnO(s) +
1
2

O2 T = 870–1000 ◦C (32)

A novel solar hybrid sulfur-ammonia (HySA) water splitting method has been devel-
oped by T-Raissi et al. [155], in which ammonia acts as a working agent. Due to the less
challenging chemical separation stages, more efficient solar interface, and possibility of
thermal storage as an integral part of the process, the HySA cycle is a more efficient water-
splitting process. Enabling all-liquid operation and in situ thermal energy storage are the
two main advantages of the novel HySA cycle. Energy storage can be either through molten
salt storage at the range of 200–300 ◦C using K2S2O7/K2SO4 or through thermochemical
energy recovery or storage system in the temperature range of 300–500 ◦C [93].

The photocatalysis process can be carried out in the presence of a 0.5 wt.% Pt/Pd/Ru-
doped (or alloyed) CdS photocatalyst. The efficiency of photolysis, defined as the ratio of
LHV of hydrogen to the energy of the incident photons with λ = 520 nm, is about 29%. The
most important deficiency with this type of hydrogen production is the high cost of noble
metal catalysts, which have not yet been resolved. Other challenges include the formation
of zinc sulphate and ammonia as a product of the reaction between ammonium sulphate
and zinc oxide, transport of zinc sulphate and zinc oxide, coordinated operation of two
reactors, etc. [106]. Vagia et al. [93] studied the effect of temperature, catalyst, photocatalyst
loading, photoreactor window materials, and light intensity on the hydrogen production
yield through the photocatalytic process using CdS and CdS-ZnS core-shell photocatalysts
doped by noble metal nanoparticles such as Pt, Pd, and Ru. Many metal hydroxides and
metal oxides were generated due to the presence of CdS and ZnS particles (d = 0.5–15 µm)
and a trace amount of CdO. The photocatalyst activity of CdS and CdS-ZnS composite was
recovered after the depletion of ammonium sulphite. The optimum operating temperature,
photocatalyst loading of the solution, ZnS:CdS ratio, co-catalyst loading of CdS, and pH
of the system were about 40–60 ◦C, 0.5–1.0 wt.%, 0.0267, 0.2–1.0 wt.%, and 8, respectively.
According to the results, only a 2–2.5 cm suspension layer of the particle effectively took part
in photoreactions. Among the photoreactor window materials, including polymer sheets,
quartz, and dichroic glass (hot mirror), quartz exhibited the highest hydrogen production
rate while the polymer sheets showed the lowest rate. The hot mirror showed 30% lower
hydrogen production efficiency than quartz. Shazed et al. [153] simulated the photocatalytic
performance of the HySA cycle and reported that the overall solar-to-hydrogen efficiency
of the HySA was about 23%.

Corgnale et al. [136] studied the electric input needed for electrochemical oxidation of
sulfur dioxide in the HyS cycle. They reported that the electric input was about 20% of the
thermochemical stage input. The overall efficiency of the thermochemical cycle has been
reported to be in the range of 30–40% based on the hydrogen LHV [156,157]. Bilgen [158]
formulated the thermal efficiency process as follows:

η =
HHV(H2)

∑ Qi
(33)

where HHV(H2) and ∑ Qi are the higher heating value of hydrogen and the total thermal
energy consumption of the process, respectively [134]. In this context, solar-to-fuel efficiency
of iron oxide cycle, tin oxide cycle, zinc oxide cycle, cerium oxide cycle, and erbium oxide
cycles are about 30%, 29.8%, 29%, 20.2%, and 12%, respectively. Note that the overall
efficiency can be increased with increasing heat recuperation. For example, the solar-to-fuel
efficiency of the erbium oxide-based cycle can surge from 12% to about 18.86% with 50%
heat recovery [159].

Yao et al. [160] improved photocatalyst performance of Pt/CdS catalyst by photochem-
ical treatment in an (NH4)2SO3 solution under a vacuum degassed condition followed
by photo-radiation exposure (λ = 350–800 nm) for about 20 h. Compared to the conven-
tional Pt/CdS photocatalyst photo-platinized in an aqueous glacial acetic acid solution,
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the photocatalytic activity and hydrogen production rate of the photochemically treated
Pt/CdS improved about 130 times and 100%, respectively. In addition, Co-doping Pt/CdS
photocatalyst with another metal noble or incorporating a transition metal oxide such as
Cr2O3 can reduce the Pt required and improve the hydrogen production rate [161]. Other
CdS-contained compounds such as CdS-TiO2, CdS-Bi2WO6, CdS-ZnO, CdS-g-C3N4, CdS-
ZnWO4, (CdS + ZnS)/Fe2O3, etc. have also improved hydrogen production rate [162–165].

3.1.4. Cu-Cl Cycle

The copper chloride cycle is a multi-step cycle operating at low temperatures with
several variations, including two-step, three-step, four-step, and five-step cycles. The
nature of the reaction is mainly thermochemical (such as chlorination, oxychlorination,
hydrolysis, and thermolysis), electrochemical (such as chlorination and disproportionation),
physicochemical (such as complexation), or thermophysical (such as crying) [166]. A
schematic illustration of the two-step cycle is shown in Figure 8. The reactions of a sample
four-step cycle can be written as follows [103,133]:

2CuCl → CuCl2 + Cu (34)

2CuCl2 + H2O→ CuO.CuCl2 + 2HCl (35)

CuO.CuCl2 → 2CuCl +
1
2

O2 (36)

Cu + HCl → CuCl +
1
2

H2 (37)
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The first step is an endothermic electrolytic reaction (∆H = 63 kJ·mol−1 H2 at 25 ◦C) at
temperatures lower than 100 ◦C (disproportionation process). The second step is composed
of an endothermic hydrolysis reaction (∆H = 117 kJ·mol−1 H2 at 400 ◦C) at the temperature
range of 300–375 ◦C, and the product is copper oxychloride and HCl gas [133,166,168].
The voltage needed for the electrolysis of CuCl solution at ambient temperature is be-
tween 0.4–0.6 V [108]. The third step is an endothermic oxygen production decomposition
at 450–530 ◦C (∆H = 130 kJ·mol−1 H2 at 500 ◦C), and the products are molten CuCl and
oxygen. The most important issue with this step is decreasing the contact area between
the heating medium and reactant particles due to the formation of bubbles (such as oxy-
gen, CuCl vapour, HCl gas, etc.) and their aggregation [133,169]. The fourth step is the
exothermic hydrogen generation reaction (∆H = −27.5 kJ·mol−1 H2 at 25 ◦C) takes place at
425–450 ◦C [108,170].

The efficiency of this cycle depends on the ability of electrode materials to produce
hydrogen, electrolytic solution, and the performance of each part [133]. The maximum
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efficiency of this cycle has been reported to be about 49%, but it decreases over several
cycles [103]. In another study, energy and exergy efficiencies of about 21.67% and 19.35%
were reported, respectively [171]. The low-temperature reactions offer low-grade waste
heat, relatively lower materials costs, and lower voltage needed for the electrochemical step.
However, product treatment and separation, as well as corrosive materials, are the most
challenging issues with this cycle [108]. Izanloo et al. [168] developed a novel integrated
system with high overall efficiency of about 19.6% for simultaneously producing N2, CH4,
NH3, O2, and CO2. Farsi et al. [172] carried out a comprehensive assessment of the CuCl
cycle and concluded that the decomposition temperature of CuCl2 and the amount of excess
steam significantly affect the hydrolysis step. Optimizing the temperature of the hydrolysis
step can minimize undesirable by-products such as chlorine. Dehydration of CuCl2 can be
conducted using spray drying and crystallization of CuCl2. They concluded that this cycle
has a promising potential for large-scale hydrogen generation through thermochemical
water splitting. Another study conducted an exergo-economic assessment of the cycle and
reported that hydrogen production cost is about $3.91 per kg hydrogen for a large-scale
plant [173]. More recently, Fan et al. [174] carried out energy, exergy, economic, and the
exergo-environmental analysis of the Cu-Cl cycle and reported that energy and exergy
efficiencies of the cycle is about 19% and 15%, respectively, and can be improved to 43%
and 44% using a cogeneration system consists of an absorption chiller, a gas cycle, a heat
recovery steam generator and the copper-chloride cycle which can be used for generating
power, cooling, and hydrogen production. They reported that the payback period for this
cycle is about 2.5 years. The exergo-environmental analysis revealed that the highest exergy
destruction (exergy stability factor) was 0.8 for the Cu-Cl cycle. Another detailed review
of the materials and unit operations has been carried out by Naterer et al. [175]. They
studied the kinetics of CuCl/HCl electrolysis, electrolysis membrane properties (such as
ion-exchange capacity, permeability, conductivity, selectivity, etc.), CuCl2 metastability in
H2O-HCl and its crystallization, materials corrosion in molten copper chloride, corrosion-
resistant coatings including metallic (such as Diamalloy 4006) and ceramic (Yttria-Stabilised
Zirconia, YSZ) compounds, and system operations (such as cascade heat pumps, Cu-Cl
cycle, and heat exchanger for supercritical water-cooled reactor).

A comparative study of some thermochemical cycles conducted by Safari et al. [176]
(Figure 9) revealed that the exergy efficiency of V-Cl was higher than the other cycles.
In contrast, Cu-Cl and Mg-Cl cycles were more sustainable at operating temperatures.
Production costs of the zinc oxide cycle were the highest, mainly due to the high costs of
materials, while the sulfur-based category costs less than $2 per kg H2. Global warming
potential (GWP) and hydrogen production costs of the Cu-Cl cycle were about 0.55 kg
CO2.eq per kg H2 and $2.24 per kg H2, respectively. Thus, they concluded that the Cu-Cl
cycle could be promising for large-scale hydrogen generation through thermochemical
water-splitting cycles. The essential advantages of the Cu-Cl cycle are low operating
temperature, low costs of materials, ability to improve energy efficiency using low-grade
waste heat. At the same time, some significant challenges such as solid handling between
processes, corrosive products/by-products, hydrolysis reaction optimization, etc., should
be addressed to improve this cycle’s overall efficiency further.

3.2. High-Temperature Cycles

Metal oxide cycles are high-temperature two-step thermochemical cycles for hydrogen
production through water splitting. These cycles involve fewer and less complex steps
while having higher efficiencies [177]. Generally, the main two steps in metal oxide-based
thermochemical cycles can be summarized as follows [178]:

MO→ MOreduced + O2 T > 1000 ◦C (38)

MOreduced + H2O→ MO + H2 T < 1000 ◦C (39)
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A number of redox pair cycles such as zinc-based cycles [179], titania-based cy-
cles [180–182], iron-based cycles [183,184], terbium-based cycles [185], manganese-based
cycles [186], samarium-based cycles [178,187], etc., have been investigated, but except for
some metal oxide cycles, the hydrogen production yield is below 1% [179,188]. Figure 10
shows a sample two-step MOox/MOred water-splitting cycle schematic. Thermal reduction
temperature (TTR) is always significantly higher than the water-splitting temperature (TWS).
For example, if the water splitting temperature is about 973 K, the minimum reduction
temperature will be about 2173 K. Furthermore, lowering oxygen partial pressure can
decrease thermal reduction temperature (Figure 11) [108].
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Figure 10. Two-step metal redox system for hydrogen generation [108].

The redox materials should always be in their lower oxidation states which exhibits
less noble characteristics than hydrogen. The energetic expenses of the reverse reaction from
higher to lower oxidation state (redox material regeneration) should be as low as possible.
Thermodynamically, the regeneration reaction should occur at the highest temperature
(Figure 12).
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D’Souza [189] summarized the maximum per-pass conversion of water to hydrogen
at 600 ◦C for different metal oxides, and the results are shown in Table 1. Note that the data
in this table have been derived at 600 ◦C to compare the hydrogen production yield at a
constant temperature. At the same time, the operating temperature may be higher than
600 ◦C. Thereby, each cycle’s hydrogen production rate is higher. Some of these cycles,
along with the other promising thermochemical water-splitting cycles, will be discussed in
this section.

Table 1. The highest conversion rate (γa) of water to hydrogen per pass at 600 ◦C [189].

Metal γa (%) Oxidized Phase

Ni 0.4 NiO
Cd 1.83 CdO
Cu 0 Cu2O
Co 2.27 CoO
Sn 40.82 SnO2

MnO 0 Mn3O4
Fe 74.79 Fe3O4
Fe 74.79 Fe2O3

In what follows, a brief discussion on the past and recent progress in some of the metal
oxide cycles with the highest hydrogen production yield have been carried out.
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3.2.1. ZnO Cycle

Due to the higher efficiency and cost-effectiveness of the ZnO/Zn thermochemical
cycle, the zinc oxide cycle arouses great interest. This cycle can be represented by the
following equations [190,191]:

ZnO→ Zn +
1
2

O2 (40)

Zn + H2O→ ZnO + H2 (41)

The first endothermic step is the thermal dissociation of zinc oxide at about 2000 ◦C.
This step includes the reduction of zinc oxide at high temperatures followed by quenching
to oxygen and zinc particles [106,179].

The second reaction is a non-solar water-splitting step in which the recycles zinc
from the first step is hydrolyzed, and produces zinc oxide and hydrogen at approximately
425 ◦C [106,179]. The theoretical maximum efficiency of this cycle is about 39%. Still, the
incomplete zinc hydrolysis in the second step, zinc and oxygen recombination in the first
step and challenging the heat recovery process of this cycle; significantly lower the overall
efficiency [192].

It has been reported that there have been some challenges for further developments of
this cycle:

(a) Limited reactor materials capable of enduring the reduction step high temperatures;
(b) Limited efficiency of ZnO decomposition (theoretically about ~70% at 1750 ◦C);
(c) Challenges with the hydrolysis step due to the formation of zinc oxide on zinc surface

area which inhibits further oxidation of the underlying zinc;
(d) Increased costs due to the utilization of a fluid wall reactor to counter particle deposi-

tion on reactor walls and loss of zinc metal to condensation;
(e) Low visible-light absorption;
(f) Photo-corrosion of materials [106,191].

Bhosale et al. [193] investigated the effect of ZnO partial reduction as a function of
thermal reduction and temperature on the efficiency of the ZnO/Zn cycle. The results
showed that the partially reduced ZnO (ZnO-R) performance at 1067 ◦C was higher than at
967 ◦C. The highest performance was recorded for the sample with a partial reduction of
about 57.2% (R = 57.2%) and operating at 967 ◦C. Higher ZnO reduction did not significantly
enhance the solar-to-fuel energy conversion efficiency and increased only 0.8% when the
reduction percentage increased from 57.2% to 100%. However, when 50% heat recuperation
(HR) was applied to the cycle operating at 967 ◦C with R = 57.2%, the solar-to-fuel energy
conversion efficiency surged from 57.2% to about 62.6%.

Adequate zinc and oxygen separation can significantly improve the overall efficiency
of the cycle. Recent research has focused on rapidly cooling and diluting the gaseous
products below the zinc saturation and solidification points [194]. It has been reported
that zinc oxidation is a heterogeneous process. If no nucleation sites are available, gaseous
zinc and oxygen can coexist in a meta-stable state. The quenching efficiency is affected
by the dilution ratio of gaseous zinc in the inert gas flow and the surface temperature on
which the products are quenched [179]. A more detailed description of the gaseous zinc
and oxygen can be found elsewhere [195]. In situ separation of gaseous zinc and oxygen at
high temperatures has also experimentally been an alternative method for zinc and oxygen
separation [196]. Wieckert and Steinfeld [197] lowered the reaction temperature of the
first step and hindered the recombination using CH4 or C as reducing agents. Complete
ZnO reduction happened at about 1350 ◦C for ZnO:CH4 or ZnO:C molar ratio of 0.3 or 0.6,
respectively. Müller and Steinfeld [196] investigated the thermal dissociation of zinc oxide
in a solar chemical reactor in the temperature range of 1427–1677 ◦C in a high-flux solar
furnace. Quenching the gaseous zinc and oxygen gas was carried out by argon injection
and water-cooled walls. The lowest and highest re-oxidation happened halfway in the
quench unit (~17%) and the inlet of the quench unit (~80%), respectively. Bhosale [198]
also used methane as the reducing agent. According to the results obtained from the
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experiments, the reduction of zinc oxide occurred at about 927 ◦C. It should also be noted
that the oxidation possibility of liquid zinc particles is higher than the solid ones [199].
The required solar energy to run the cycle decreased with increasing methane content
while increasing methane content increased the solar-to-fuel energy conversion efficiency.
A quenching apparatus has also been proposed by Gstoehl et al. [200] to prevent Zn(g)
and O2 recombination. According to the aerosol kinetic model proposed by Alxneit [201],
the separation of stoichiometric oxygen gas and gaseous zinc is unaffected by the quench
rate, but diluting the mixture before quenching could significantly increase zinc yield.
Lindemer et al. [199,202] improved the efficiency of the second cycle step by reducing
the proportion of steam and inert carrier gas using a negative axial temperature gradient.
Possible complete oxidation of zinc to zinc oxide may occur at a steam-to-zinc ratio greater
than 0.5. Xiao et al. [203] deeply investigated the effect of different parameters on the
performance of the ZnO-Zn cycle. In this context, Koepf et al. [204] fabricated a small-scale
solar reactor plant for zinc oxide reduction. The zinc oxide dissociation of this reactor,
which sustained the temperature above 1727 ◦C and operated for 97 h, was about 28 g/min.
The progress in enhancing the performance of the zinc oxide cycle is very promising. This
cycle is a promising method for hydrogen generation and has a great potential to improve
the efficiency and cost-effectiveness of hydrogen generation.

3.2.2. Tin Oxide Cycle

The tin oxide cycle is a relatively new approach for hydrogen generation through
thermochemical water splitting processes. Like zinc oxide, the tin oxide cycle is a volatile
metal oxide cycle that requires similar operating temperatures. [205]. The previous tin
oxide-based cycle known as the “Soria cycle” or “Sn-Souriau cycle” consisted of three
steps [189]:

SnO2 → SnO +
1
2

O2 (42)

2SnO→ SnO2 + Sn (43)

Sn + 2H2O→ SnO2 + H2 (44)

This cycle has some significant drawbacks such as low hydrogen yield, impractical
separation of metallic tin from tin dioxide by liquefying tin, and slow hydrolysis reaction
due to the weak reactivity of tin with water. Thus, a new two-step SnO2/SnO has been
developed [206]:

SnO2 → SnO +
1
2

O2 (45)

SnO + H2O→ SnO2 + H2 (46)

The first step is an endothermic solar reduction of SnO2 to SnO and oxygen
(∆H = 557 kJ·mol−1 SnO2 at 1600 ◦C), occurring at about 1600 ◦C. The hydrolysis step
involves an exothermic reaction between SnO and H2O at 450–600 ◦C (∆H = −49 kJ·mol−1

at 500 ◦C) to produce tin dioxide and hydrogen [207,208]. Due to the small gap between
the reduction temperature (1873 K) and SnO condensation temperature (Tm = 1315 K,
Tb = 1800 K), gaseous SnO should rapidly be quenched and condensed as nanoparticles
and can be favoured by decreasing oxygen partial pressure [108,206]. Hydrogen yield,
hydrogen productivity, intrinsic energy efficiency, and SnO2-to-SnO conversion of this cycle
is about 90%, 14.8 mgH2 /gSnO (or 166.3 mLH2 /gSnO) [96], 42%, and 54% [108], respectively.
The exergy efficiency of this cycle is about 29.8% at 1600 ◦C, which is close to that of the
zinc oxide cycle at 2000 ◦C [96]. Higher solar-to-fuel and cycle efficiencies of about 49.61%
and 41.17% can be achieved using 50% heat recuperation [209]. Similar to the zinc oxide
cycle, the rate of the hydrolysis step is relatively high in the beginning and gradually
levelled off during the process due to the formation and growth of a passivating oxide
layer. Thus, a fast reaction-controlled regime followed by a diffusion-controlled regime has
been proposed as the reaction mechanism in this cycle [96]. Bhosale et al. [209] carried out
a thermodynamic analysis of the SnO2/SnO cycle and reported that the thermal reduction
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temperature can be decreased by reducing the oxygen partial pressure in the carrier gas
to about 10−3 bar. The results showed that increasing thermal reduction temperature
decreased solar-to-fuel and cycle efficiencies. On the contrary, both efficiencies slightly
improved with increasing water splitting. The highest solar-to-fuel and cycle efficiencies of
this cycle were about 30.08% and 36.26%, respectively, and can be improved to 41.17% and
49.61% with 50% heat recuperation. SnO2 reduction is affected by the amount of inert gas
present in the process and reduction yield decreases with decreasing N2:SnO2 ratio [210].

The tin oxide cycle has advantages over the zinc oxide cycle, such as a high dissociation
rate of tin dioxide, less dependency on quenching rate due to the higher boiling and melting
point of SnO, etc. [205]. Chambon et al. [211] compared the zinc oxide cycle and tin oxide
cycle kinetics. The results showed that the hydrolysis step of the zinc oxide cycle was
much faster than that of the tin oxide cycle. However, the final hydrogen production of
SnO was higher than Zn, which resulted in similar hydrogen production at the end of
both cycles (about 6 mmol hydrogen per gram of zinc oxide or tin dioxide). Implementing
an empirical depletion model, they determined the kinetic parameters for an uncoupled
Arrhenius equation. The activation energy and reaction order for the hydrolysis step of
ZnO were about 87 kJ·mol−1 and n = 3.5, respectively, while the same values for SnO were
about 122 kJ·mol−1 and n = 2, respectively. These results were validated using a model-free
method at different heating rates. Despite several advantages of the tin oxide cycle, low
exothermic heat at 500 ◦C leads to a weak self-heating and promotes the reaction rate and
low-temperature back reaction, which increases the time needed for completing the cycle.
These challenges can be addressed using optimal partial pressure and steam feeding before
reaching the maximum operating temperature (~600 ◦C) [212]. Altogether, this cycle can
be considered a promising cycle for hydrogen production, and further developments can
improve its cost-effectiveness and performance.

3.2.3. Iron Oxide Cycle

While ZnO/Zn and SnO2/SnO cycles are known as volatile redox pairs, Fe3O4/FeO,
CeO2, CeO2-δ, perovskites, and ferrites are known as non-volatile redox pairs for hydrogen
generation. Iron oxide (Fe3O4/FeO) water splitting thermochemical cycle, which was first
discovered by Nakamura [213], is another two-step hydrogen generation process based
on the reduction and oxidation of iron ions (Fe3+ and Fe2+). Non-volatile iron oxide water
splitting cycle benefits from the continuous release and removal of oxygen during the solar
reduction step. This cycle avoids the recombination reaction with oxygen and involves
non-corrosive materials [96]. The main two steps of iron oxide redox pair can be written as
follows [96,188]:

Fe3O4(s− l)→ 3FeO(s− l) +
1
2

O2 (47)

3FeO(s) + H2O(g)→ Fe3O4(s) + H2 (48)

The first step is a highly endothermic solar reduction reaction (∆H◦ = 319.5 kJ·mol−1)
of magnetite, which happens at high temperatures (T > 2200 ◦C) below the atmospheric
pressure. The reduction step takes place at a temperature higher than the melting point
of magnetite (1597 ◦C). The high temperature required for this step results in materi-
als vaporization during the process, decreasing the surface area, and rapid materials
deactivation in cyclic reaction [96,108,214]. On the other hand, the second step is a low-
temperature wustite (FeO) hydrolysis (T < 1300 ◦C) which involves an exothermic reaction
(∆H◦ = −33.6 kJ·mol−1) [96,108,177]. As depicted in Figure 13, the most favourable the-
oretical hydrolysis temperature of FeO is below 800 ◦C, and the conversion rate of FeO
decreases with increasing temperature [96]. Product separation can be achieved using a
counter-current flow with a gas outlet opposite of the solid outlet in a solar reactor [215]. The
maximum theoretical efficiency of the Fe3O4/FeO according to the reactions temperatures
and HHV of hydrogen (286 kJ·mol−1) is about 37.1% [96], while the real solar-to-hydrogen
efficiency of the Fe3O4/FeO cycle is about 18% [216]. Due to the formation of a passive
oxide layer, the maximum chemical conversion of direct hydrolysis is about 75% [215].
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According to the results of the thermodynamic evaluation carried out by Charvin et al. [188],
a non-stoichiometric wustite phase (Fe1−yO) may form during the process. Stoichiometric
wustite presents more Fe2+ for hydrogen production, but non-stoichiometric wustite exhib-
ited higher reaction rates, probably due to the higher defect densities, serving as magnetite
nucleation sites. Lowering the total pressure decreased the required temperature needed
for the process and thus improved the exergy efficiency due to the lower radiation losses
(αT4). Hydrogen yield increased with increasing operating temperature, especially at the
beginning of the process. Due to the formation of a passive layer (Fe3O4) at the surface of
the particles, the reaction rate decreases with time. This indicates the importance of the ex-
posure of fresh non-oxidized layers to the steam. They have also reported that the diffusion
inside the porous outside layer of Fe3O4 is a key factor in determining the performance of
the cycle, and more than 90% of the evolved hydrogen was generated during the first 3 min.
Small particle size (~50 µ) improves the cycle performance by: (a) complete oxidation due
to the high surface-to-volume ratio, (b) increasing the surface area and reaction kinetics,
mass transfer, and heat transfer, and (c) enabling particle fluidization or continuous reactant
feeding and particle removal due to their possible entrainment in gas flow [188]. Thermo-
dynamics, mass/energy balance, reaction kinetics, etc., of the Fe3O4/FeO cycle have been
thoroughly discussed by Xu et al. [216]. On the whole, this cycle is a low-cost thermochemi-
cal water splitting method for hydrogen production that uses abundant chemical materials
and has a promising potential for large-scale hydrogen generation.

3.2.4. Ferrite Cycle

Lowering the reduction temperature can benefit the process by lowering the capital
costs and hindering materials vaporization. Therefore, several researchers have focused on
lowering the temperature needed to reduce the oxide and proposed mixed solid solutions
of mixed-metal oxides (ferrites) such as Fe3O4/FeO and M3O4/MO (M = Zn, Co, Ni, Mn,
etc.) with spinel crystal structure [108,177,188]. These cycles are known as “ferrite cycles,”
which can lower the initial temperature (~2230 ◦C) down to 1340–1500 ◦C [186,203]. The
following reactions take place during this process (M = Ni, Co, etc.) [217]:

MFe2O4 → (MO + 2FeO)ss +
1
2

O2 (49)

(MO + 2FeO)ss + H2O→ MFe2O4 + H2 (50)
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It should be noted that the cell parameter of the reduced phase and MO is close to
each other. Thus, the following reaction may happen [217]:

3MFe2O4 → 3MO + 2Fe3O4 +
1
2

O2 (51)

The most promising mixed oxide cycles for hydrogen production with high hydrogen
yield and cyclability are nickel ferrite (NiFe2O4) and cobalt ferrite (CoFe2O4) [203,217,218].

It has been reported that supporting ferrite over ZrO2 can simultaneously lower the
temperature and enhance energy radiation absorption in the solar setup [186]. Furthermore,
thermal stresses of the redox material during the thermochemical cycles can intensify
grain growth and decrease the specific surface area and pore volume. Thus, the rate of
hydrogen generation may decrease during the cycles. Therefore, ceramic nanoparticles
such as zirconia, yttria, and YSZ can reduce grain growth and slightly increase hydrogen
generation [219]. Dispersion of ferrite in zirconia improves reactivity and enhances the
kinetics of reduction and hydrolysis steps. Fe3O4/m-ZrO2 has high hydrogen productivity
and a high conversion rate of Fe3O4 to FeO of about 60% at 1600 ◦C without m-ZrO2 to
t-ZrO2 phase transition [220]. Zirconia supports can hinder iron oxide coagulation and
alleviate the high-temperature sintering. Thus higher activity and activity retention can be
achieved compared to the unsupported ones [218]. CoxFe3−xO4/m-ZrO2 with x = 0.4–0.7
showed high reactivity for hydrogen production at 1400 ◦C under inert atmosphere [221].
NixFe3−xO4/m-ZrO2 have also high reactivity when the value x reached x = 1.0 [214].
Reñones et al. [222] studied the ferrite conversion and hydrogen production of nickel
ferrite supported on calcium-stabilized zirconia and reported an enhanced hydrogen
generation efficiency due to the promoted high active phase dispersion caused by the
formation of calcium zirconate, which acted as a physical barrier and hindered sintering.
Fernández-Saavedra et al. [223] examined the hydrogen production and kinetic parameters
of commercial nickel ferrites. The results showed that the Ni ferrite cycle’s hydrolysis
reaction and activation reaction could fit a second-order reaction and two-dimensional
diffusion models, respectively. The calculated activation energies for the activation and
hydrolysis reactions were about 261.65 kJ·mol−1 and 34.53 kJ·mol−1, respectively. The
nickel ferrite cycle generated about 0.5 mmol(H2)·g−1 per cycle.

The overall conversion efficiency of the first step and oxidation rate in the second
step in the ferrite cycle is not high enough. Thus, co-precipitating and implementing
deposition techniques have been proposed to improve overall performance [106,203].
Teknetzi et al. [218] used zirconia and sacrificial plates (carbon black and polyethylene
glycol) to enhance the thermal stability of the nickel ferrite samples. The highest thermal
stability was recorded for the sample containing 20 wt.% carbon black and 10–30 wt.%
zirconia. Higher carbon black and zirconia contents decreased the mechanical strength
and porosity, respectively. The samples with the optimum distribution of pore size and the
highest porosity exhibited the highest performance. Encapsulating nickel ferrite particles
in a ceramic material can further mitigate grain growth and hinder sintering at high tem-
peratures. Amar et al. [219] synthesized core-shell NiFe2O4/Y2O3 nanoparticles via the
sol-gel method and reported a relatively stable hydrogen generation over multiple cycles.
The shell thickness and the d-spacing were about 3.26 nm and 0.48 nm, respectively. The
hydrogen volume generated in the first and fifth cycles and average hydrogen volume of
the core-shell nanoparticles were approximately 10.39 mL·g−1 and 8.7 mL·g−1, respectively.
In comparison, the same data obtained for the powder mixture were about 13.07 mL·g−1

and 3.25 mL·g−1, respectively. According to the results, the hydrogen volume was stable
in the case of core-shell nanoparticles. Still, the hydrogen generation rate of core-shell
nanoparticles was lower than that of NiFe2O4/Y2O3 powder mixture, probably due to the
diffusional limitations associated with the core-shell nanoparticles and the lesser grain
growth for the core-shell nanoparticles compared to the power mixture of NiFe2O4/Y2O3.

Scheffe et al. [224] deposited Co-ferrites on alumina substrate through atomic layer
deposition (ALD) technique. Due to the reaction between alumina and Co-ferrite at low
temperatures (200–300 ◦C), the hercynite phase (FeAl2O4) was formed during the process.
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Due to this reaction, alumina substrate is unfavourable because it deactivates the ferrite
phase; however, ferrites can be reduced at lower temperatures in the presence of an alumina
substrate. The results confirmed that water splitting started at about 1000 ◦C, and a large
amount of hydrogen was generated at about 1200 ◦C when hercynite was formed, while
little or no hydrogen was generated at 1400 ◦C using Co-ferrite coated on zirconia.

Goikoetxea et al. [217] compared the hydrogen generation efficiency of Co ferrite and
Ni ferrite thermochemical cycles. XRD results showed that due to the partial reduction of
spinel ferrites, a new wustite phase with a general formula of M1−xFexO (M = Co or Ni)
was formed during the activation process. Both ferrites have homogeneous distribution.
However, only Ni ferrite exhibited a total recovery of the original spinel phase, and Co
ferrite was enriched by the wustite phase, which hindered the full recovery of the original
spinel phase during the thermochemical cycle. Thereby, although the hydrogen produc-
tion yield of Co ferrite was higher than that of Ni ferrite in the first cycles, the hydrogen
production yield of Co ferrite decreased as previously discussed. Other ferrites, such as
Mn-ferrites, Zn-ferrites, etc., showed lower performance than the compounds mentioned
above [108]. Ferrite cycles can produce large amounts of hydrogen, and depositing thin
films of ferrites on supports can hinder the sintering and enhance the performance. Numer-
ous ferrite compounds have been investigated so far. However, Ni-ferrites and Co-ferrites
with zirconia support are the most suitable compounds for hydrogen generation through
water-splitting thermochemical cycles.

3.2.5. Manganese Oxide Cycles

Manganese oxide cycle is a three-step thermochemical water splitting method that
consists of three main reactions:

Mn2O3 → 2MnO +
1
2

O2 (52)

2MnO + 2NaOH → 2α− NaMnO2 (53)

2α− NaMnO2 + H2O→ Mn2O3 + 2NaOH (54)

The first step is the reduction of Mn2O3 to MnO at about 1873 K, the second step
is the oxidation of Mn2+ to Mn3+ as α-NaMnO2 and hydrogen evolution from the re-
action between MnO and NaOH at about 973 K, and the final step is the formation of
Mn2O3 and NaOH from the reaction between H2O and α-NaMnO2 at about 100 ◦C [225].
Marugán et al. [226] carried out a thermodynamic assessment of the Mn2O3/MnO cycle.
They concluded that the hydrogen production step starts at 50 ◦C and completes at 150 ◦C
at the total pressure of 1 bar and N2/MnO ratio of 1. The temperature required to com-
plete the reaction increases with increasing the total pressure of the system. On the other
hand, the higher the N2/MnO ratio, the lower the temperature needed for completing
the reaction.

It should be noted that three phases are present in the phase diagram of Na-Mn-
O in the temperature range of 650–850 ◦C, namely α-NaMnO2, β-Na0.7MnO2, and α-
Na0.7MnO2.05. Amongst these phases, only α-NaMnO2 can be hydrolyzed in water to
recover Mn2O3. Thus, the structure of the mixed oxides can have an immense influence on
the performance of the cycle [227,228]. The highest efficiency of this cycle with and without
heat recovery is about 74% and 16–22%, respectively [229]. It has also been reported that
when oxygen concentration exceeds a critical point (0.25%), the recombination reaction
is the dominant process, and the only way to obtain higher conversion efficiency is by
elevating operating temperature.

On the other hand, gas flow rate and temperature control the dissociation process
when the oxygen concentration is below the critical point. The results showed that a higher
conversion rate could be achieved using an inert atmosphere and a rapid quench [230].
Hydrogen formation can be promoted using a vacuum environment; however, the com-
bined effect of low pressure and high temperature can evaporate 30% of Na during the
process [231].
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Kreider et al. [225] improved the hydrolysis of α-NaMnO2 and recovery of Mn3+ by
modifying the manganese oxide cycle. The hydrolysis step requires a large amount of water
to remove Na and recover NaOH. Using Fe with the mixed oxide, surged NaOH recovery
from 10% to 35% in the hydrolysis step at NaOH concentration above 1M. The highest
conversion rate of the third cycle was about 65%. It is interesting to note that the excess
water reduces the thermal efficiency of the cycle. Thereby, the addition of a secondary metal
such as zinc, iron, or cobalt has shown promising results in improving the hydrolysis step’s
performance and reducing the amount of water needed for the cycle by a factor of three [98].
In this context, Orfila et al. [232] fabricated Mn3−xCoxO4 mixed oxides (0.9 < x < 2.7) and
reported that the metal oxide reduction occurred in the temperature range of 1048–1164 K,
which is much lower than the temperature needed for the Mn2O3/MnO oxides (1723 K).
The operating temperature decreased using a higher inert gas flow. The Mn2.1Co0.9O4
sample showed the lowest operating temperature and the highest solar-to-fuel and exergy
efficiencies among all of the samples. The optimum temperature for the oxidation step
was about 1165–1325 K. Furthermore, the secondary metal can hinder the formation of
sodium/manganese birnessite. On the one hand, if this phase does not decompose, it can
accumulate and prevent the cycle from being closed. On the other hand, decomposition of
this phase can reduce the efficiency of the cycle [106].

Bayón et al. [231] studied the effect of morphology and structural characteristics on the
performance of the manganese oxide cycle. They used four types of MnO: (a) commercial
MnO (Sigma Aldrich, St. Louis, MO, USA, 99%) (C-MnO), (b) commercial MnO mechani-
cally milled for 30 min (M-30-MnO), (c) commercial MnO milled for 10 min (M10-MnO),
and (d) synthesized MnO from Mn3O4 (S-MnO). The results showed that decreasing the
particle size favoured contact with NaOH and improved hydrogen production. In addition,
the highest conversion rate of about 83% was recorded for the S-MnO sample. Mn3O4-
Na2CO3 [233], MnO-Na2CO3 [234], Mn3O4-NaOH [235], sodium manganese ferrite [236]
are other multi-step manganese oxide-based thermochemical water-splitting cycles that
have also been investigated as potential hydrogen production methods. A schematic
representation of a four-step manganese-based thermochemical water splitting cycle is
shown in Figure 14. Note that, as defined before, this cycle is considered a low-temperature
cycle according to the operating temperatures specified in the table below the figure [233].
Altogether, the main advantages of this cycle are its high thermal efficiency, abundance and
non-hazardous reactants [106]. In contrast, the main drawbacks are the high conversion
temperature of Mn2O3-to-MnO, volatility of sodium hydroxide at above 800 ◦C, loss of Na,
poor crystallinity, and large particle size [229,231].
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3.2.6. Other Metal Oxide Cycles

Ceria-based oxide cycle is a two-step water splitting technique in which the products
of the first step at about 2000 ◦C are non-stoichiometric ceria and oxygen. In the second step,
the non-stoichiometric ceria rapidly reacts with water vapour and produces hydrogen and
stable ceria [210]. Hydrogen generation and reduction efficiencies can be improved using
dopants and additives such as Al, Mn, Fe, Co, Zn, or Zr [237]. For example, 50% zirconia
addition can result in a 70% reduction yield at 1500 ◦C. Ce0.75Zr0.25O2-δ can be reduced at a
low temperature of about 1500 ◦C [238]. However, the low solar-to-fuel efficiency of this
cycle compared to the other cycles such as zinc oxide or tin oxide is the main disadvantage
of this cycle. The two-step erbium oxide cycle (Er2O3/ErO) has also been investigated as a
potential thermochemical water splitting route. Still, the efficiency of this cycle has been
reported to be much lower than the other cycles [159]. Samarium oxide cycle is another
thermochemical water splitting method with slightly higher efficiency than Er oxide, but
the efficiency is still low (~31% with 50% heat recuperation) [187]. Barium oxide cycle
(BaO/Ba) has recently been studied and reported that the operating temperature can be
lowered using some additives such as CuO, MnO2, or Fe2O3, or by applying a vacuum
condition or reducing oxygen partial pressure. However, its efficiency, energy density,
reversibility are not high enough [210]. The cadmium oxide cycle is a high-temperature
two-step volatile metal oxide cycle.

The first step involves decomposition of CdO to gaseous Cd and oxygen at about
1450 ◦C, and the next step is the hydrolysis reaction between Cd and H2O to produce
CdO and hydrogen at about 450 ◦C [106]. The hybrid cadmium cycle is a cadmium oxide-
based cycle in which the second step of the conventional cadmium oxide cycle is divided
into two reactions: (a) formation of Cd(OH)2 and hydrogen from the reaction between
Cd and H2O, and (b) formation of CdO and H2O at about 375 ◦C [98,189]. Cadmium
carbonate is another cadmium oxide-based cycle which consists of three steps, namely
decomposition of CdO to Cd and oxygen at 1450–1500 ◦C, the reaction between Cd, H2O,
and CO2 at 350 ◦C to produce CdCO3 and H2, and decomposition of CdCO3 to CO2
and CdO at 500 ◦C [98]. It has been reported that rapidly quenching the decomposition
product is necessary because gaseous Cd can rapidly recombine with oxygen after CdO
dissociation and reduce cycle efficiency and cadmium yield. Mixing CdO with ZrO2
can hinder this recombination due to the dispersion of cadmium metal in the zirconia
matrix [106,189]. The hydrogen production capacity of binary oxide systems such as Ni-
Mg-O and Co-Mg-O have also been investigated. It has been reported that an appropriate
composition of the oxides enhances the reduction degree in these systems. The uniform
incorporation of cobalt oxide particles into the magnesium oxide structure in the Co-Mg-O
oxide system may result in a strong chemical interaction between the two oxides. MgO
matrix protects the cobalt oxide species from agglomeration and migration at high operating
temperatures. Thereby, the Co-Mg-O system has stable and reproducible performance in
cyclic reduction/reoxidation reactions in the hydrogen production industry [239]. Ni-Mg-O
is another binary system where nickel oxide species are uniformly distributed within the
magnesium oxide matrix. Partial substitution of magnesium ions with nickel ions can result
from a solid solution during the process, and the prominent hydrogen uptake occurs at
about 350–550 ◦C [240]. Overall, among the metal-oxide cycles, Zn/ZnO and FeO/Fe3O4
thermochemical cycles represent higher hydrogen production and can be used as a new
research direction. Other cycles such as SnO2/SnO, CeO2/Ce2O3, perovskite, GeO2/GeO,
MgO/Mg, CdO/Cd, Mn2O3/MnO, etc. suffer from the low recovery of the reduced
materials, low solar-to-fuel efficiency, difficulties with handling the reduced product, low
hydrogen yield, high operating temperature, high operating costs, high heat capacity,
toxicity of the materials, etc. [106,178,203,241,242].

It should also be noted that microstructure stability, atomic mobility, the surface
of the redox material, and solid-state transformation play essential roles in determining
the performance and efficiency of the cycle. Reconstructive transformation can form
significant nucleation barriers and decrease the overall efficiency [108,243]. If the nucleation
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density of the new phase is not high enough, significant coarsening will go along with
the phase transformation. The change in oxidation state within a parent structure can
benefit nucleation in certain multi-valent metal oxides. Nonstoichiometric defect structures
offer high oxygen diffusion, promoting redox reaction from the surface to the bulk of the
compound [108]. High atomic mobility can cause rapid sintering and coarsening. The
high surface area has an immense influence on promoting the solid/gas redox reaction,
and small particle size with a high surface area is mandatory. Particle and crystal growth
can be hindered by lowering the grain boundary mobility by segregating solutes in grain
boundary precipitates or zones [243–245]. Using the redox material as a coating on a stable
substrate can also be beneficial [108]. Doping metal oxide systems with a specific dopant
can reduce the operating temperature and improve cycle stability, reducing the hydrogen
yield. Composite systems can further reduce the operating temperature and improve
hydrogen production [210].

4. Summary

Optimal energy strategy plays an essential role in improving process optimization to
increase lifetime and cost-effectiveness. Energy and exergy analysis of an S-I cycle coupled
with HI-I2-H2O electrolysis has been conducted by Ying et al. [110]. The whole cycle was
divided into three sections, i.e., Bunsen reaction, sulfuric acid decomposition, and HI-I2-
H2O electrolysis. According to the results, the energy and exergy efficiencies of the system
were about 15.3–31.0% and 32.8%, respectively. Due to the transformation of electricity to
exergy in an electrolytic cell, sulfuric acid decomposer and condenser and Bunsen reaction
sections accounted for about 93.0% and 63.4% of the exergy destruction, respectively. The
highest exergy efficiency of the proposed S-I cycle was about 32.8% which was lower
than the four-step Cu-Cl cycle (75.7% [246]) and Zn/ZnO cycle (~40%) [247]. The highest
energy efficiency was also about 31.0%, which was lower than the Cu-Cl (41.9% [246]) and
Zn/ZnO cycles (~40% [192]), implying that more studies should be conducted to improve
the overall energy and exergy efficiencies of the proposed cycle such as appropriate waste
heat recovery and internal heat exchange was recommended by the authors.

Juárez-Martínez et al. [91] optimized the energy efficiency of an S-I cycle using a new
network consisting of four heat exchangers and a heuristic-ruled method. The effect of the
new network of heat exchangers on the system’s efficiency was analyzed, and it was found
that the energy needed for cooling decreased. Thus, the overall thermal energy efficiency
improved by about 10%.

Wang et al. [248] analyzed the energy efficiency of direct solar hydrogen using low-cost
materials. As the current hydrogen production systems suffer from either low efficiencies
or expensive materials, they claimed that their proposed hydrogen generation system
comprised of catalysts and low-cost light-absorbers could reach 20% efficiency of solar-
to-hydrogen (STH) conversion by coupling high-performance perovskite-Si tandem cells
with earth-abundant catalysts. The electrodes were made of high-density NiMo with
flower-stem morphology with minimal reaction overpotential (~6 mV at 10 mA·cm−2) and
increased reaction sites. Enhancing the performance of perovskite cells with an open-circuit
voltage of 1.271 V can improve surface passivation and, consequently, surge the overall
efficiency from 20% to 25%. In another attempt, Jia et al. [249] reported a higher hydrogen
efficiency of over 30% using photovoltaic-electrolysis technology for water splitting. The
system includes an InGaP/GaAs/GaInNAsSb triple-junction solar cell in series with two
polymeric electrolyte membrane electrolyzers. Since the mentioned assembly produced
a high voltage to drive the electrolyzers, no extra input power was used in the system.
The operating capacity of the electrolyzers was well matched to the maximum output
power of the photovoltaic cell by adjusting the solar concentration. A schematic of the
PV-electrolysis is shown in Figure 15. High STH efficiency of about 30% was reported for
the PV-electrolysis system. It is interesting to note that using two electrolyzers in series
with a high-efficiency solar cell minimized the required additional voltage, thus improving
the water splitting efficiency.
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According to the techno-economic assessments in 2009, the cost of hydrogen pro-
duction using the HyS process with nuclear reactor is $5.34–6.18 per kg [250]. On the
other hand, the costs of solar-driven hydrogen production are approximately in the range
of $2.64–7.58 per kg depending on the solar plant efficiency, heliostat cost, location, ther-
mochemical efficiency, etc. [136,251,252]. It has been reported that the sulfur dioxide
depolarized electrolyzer (SDE) can significantly reduce the costs and electrical power
required for the process [134]. It should also be noted that the realistic thermochemical
efficiency of the S-I cycle is in the range of 35–38% based on hydrogen LHV, and costs of
hydrogen production with an S-I cycle equipped with a nuclear reactor is in the range of
$3.50–12.0 per kg [253,254]. As listed in Table 2, D’Souza [189] estimated the overall cost
of hydrogen production (per kg hydrogen) in different cycles in 2015 and 2025. US DOE
chose these technologies in collaboration with the TIAX laboratory as the most promising
thermochemical water-splitting cycles. As has been established by the US DOE, hydro-
gen production costs should be in the range of $6 and $2–3 per kg H2 in 2015 and 2025,
respectively. As can be seen in this table, the ferrite cycle (Ni ferrite thin film) shows
great potential for hydrogen production, followed by the HyS cycle. However, further
developments are required to satisfy the long-term stability and efficiency of these cycles to
decrease capital expenditures (CAPEX) and operating expenses (OPEX).

Table 2. Hydrogen production costs ($ per kg H2) of different thermochemical water splitting cycles [189].

Years HyS CuCl Ferrite SA ZnO MnO S-I

2015 5.68 6.83 4.06 7.78 6.07 - -
2025 3.85 5.39 2.42 4.71 4.18 4.63 4.68

Hydrogen production through thermochemical water-splitting cycles is a clean and
attractive method for addressing the global hydrogen energy demand. Currently, the
most common methods for hydrogen generation are fossil-based technologies, and they
result in air pollution and greenhouse gas emissions, resulting in global warming. Clean
hydrogen can be produced using thermochemical cycles, but these cycles need to be studied
to improve efficiency and lower the overall operation costs. A number of the recent studies
and their significant findings has been summarised in Table 3. As listed in this table,
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each technology has weaknesses and strengths compared to the other ones. Overall, it
is suggested that future studies should focus on improving the overall efficiency of the
cycles, especially the Cu-Cl low-temperature cycle as well as zinc oxide and ferrite high-
temperature cycles, by using the most cost-effective catalysts, optimizing structural and
microstructural properties, removing impurities from the cycles, promoting the redox
reactions and conversion rates, doping, handling the byproducts, etc. Since catalysts
can enhance reaction rates and help improve the hydrogen yield, a cost-effective catalyst
selection will be helpful. Nanomaterials can also improve the efficiency of the cycles, but
their weaknesses, such as agglomeration, grain growth, and costs, should be addressed
efficiently. Non-stoichiometry can facilitate the reactions and promote hydrogen production
in metal oxide cycles. The potent combination between the thermodynamics and kinetic
properties of the reactions and the structural/microstructural properties of the materials
such as structure, morphology, composition, etc. and possible new synthesis routes should
be considered in the subsequent studies to improve the cost-effectiveness of the cycles
further. Implementing simulations for predicting the results of using new materials, new
synthesis conditions, rate of reactions in each step, etc., can be beneficial.

Table 3. Summary of the significant discoveries of some of the essential thermochemical water-
splitting cycles.

Cycle Major Discovery Ref.

S-I
Optimization of the Bunsen section for liquid–liquid separation.
Increasing iodine content improved separation characteristics.

The optimum I2/H2SO4 ratio was in the range of 2.45–3.99 at 70–85 ◦C
[107]

S-I
Developed a microporous membrane resistant to sulfur trioxide composed of α-alumina support,
ZrO2-SiO2 intermediate layer, and organosilica sol top layer. High Si:Zr ratio and large pore of

the ZrO2-SiO2 showed higher O2/SO3 selectivity and higher chemical stability against SO3

[115]

S-I Developed a modified cycle with fewer steps and used a steam boiler. The modified cycle has a
higher HI decomposition rate, and the Bunsen reaction happened at lower temperatures. [116]

S-I Catalysts with hierarchical pore structure and higher specific surface area and micropore
proportion of about 50% showed higher catalytic activity. [117]

S-I N doping promotes HI decomposition rate [102]
HyS Increasing Fe content in Fe/Al and Fe/Ti binary metal oxide catalysts improved catalytic activity [143]

HyS
Cr, Ce, U, Mn, and Ni form stable sulphates and are not suitable catalysts for sulfuric acid

decomposition. t/BaSO4-TiO2, Pt/TiO2, Pt/ZrO2, and Pt/SiO2 are the most suitable
catalysts for the HyS cycle.

[135]

HyS PtxPdy thin film deposited on a Si wafer showed high catalytic activity [146]

HyS Increasing Ni dopant in PtxNiy/C catalysts increased electron vacancies and
improved catalytic performance [148]

HyS Incorporating ceria in Pt/C composite catalyst increased catalyst active area and
improved its performance [150]

Cu-Cl Developing a novel integrated system for producing nitrogen, methane, ammonia,
oxygen, and carbon dioxide [168]

Cu-Cl Optimizing the temperature of the hydrolysis step can minimize the number of byproducts. [172]
Cu-Cl Cu-Cl is the most promising cycle for large-scale hydrogen production. [176]

ZnO/Zn Partially reduced ZnO showed higher catalytic performance at elevated temperatures (R = 57.2%) [193]

ZnO/Zn Hindered recombination and lowered the reaction temperature of the first step (methane or
carbon as reducing agent) [197]

ZnO/Zn A negative axial temperature gradient reduced the steam and inert gas proportion [199,202]
SnO2/SnO Reducing O2 partial pressure to about 10−3 bar decreased thermal reduction temperature [209]
Fe3O4/FeO Non-stoichiometric wustite have higher defect densities and showed higher reaction rates [188]

Ferrite Zirconia support enhances the energy radiation absorption and lowers the temperature [186]
Ferrite Ceramics nanoparticles can slightly increase hydrogen yield and hinder grain growth [219]
Ferrite ZrO2 can reduce the high-temperature sintering and improve catalytic activity [218]

Ferrite Calcium-stabilized zirconia forms calcium zirconate promotes high active phase
dispersion and improves hydrogen yield [222]

Ferrite Sacrificial (carbon black and PEG) and zirconia plates improved
the thermal stability of Ni-ferrite samples [218]

Ferrite Core-shell NiFe2O4/Y2O3 nanoparticles showed stable hydrogen volume, but lower rates of
hydrogen production than that of mixed powders [219]

Ferrite Hercynite formation in alumina and cobalt ferrite decreased ferrite reduction temperature [224]
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5. Conclusions

Several efficient thermochemical water-splitting cycles have been discussed above.
Each cycle has some strengths and weaknesses. Low-temperature cycles can produce
hydrogen at temperatures below 1100 ◦C. S-I cycle has advantages such as low operating
temperature, low costs of materials, continuous flow process, and simple thermal storage
concept. However, corrosive compounds, difficulties with non-ideal solutions for predicting
equilibrium states with high accuracy, and HI decomposition issues are the main challenges
with this cycle. HyS cycle exhibits similar advantages and disadvantages to the S-I cycle
but offers lower hydrogen production costs with slightly higher efficiencies. The Cu-Cl
cycle requires low voltages, offers desirable hydrogen production costs and high efficiency,
and can be further improved using efficient catalysts. To improve the efficiency and
long-term durability of the Cu-Cl cycle, some issues such as copper crossover, materials
destruction, formation of by-products such as chlorine, and separation of spent anolyte
should be addressed.

Among the high-temperature metal oxide cycles, zinc oxide, ferrite, iron oxide, and
manganese oxide-based cycles have been discussed. Higher hydrogen yield and lower
hydrogen production costs of these cycles are the most important advantages over the other
metal oxide cycles. However, some cycles such as BaO/Ba still need further investigations
to improve cost-effectiveness. Mixed metal oxides can also be considered potential thermo-
chemical cycles with reduced costs and improved performance. Still, kinetics, long-term
stability, economic analysis for large-scale plants, etc., should be addressed and satisfy the
required techno-economic targets.

Overall, according to the advantages mentioned earlier and the disadvantages of
different cycles, the Cu-Cl cycle seems the most suitable cycle for large-scale hydrogen
production. Other cycles such as HyS and nickel ferrite cycles have also shown great
potential, but further improvements in efficiency and hydrogen production costs are needed
for large-scale applications of these cycles.

Besides the cycle type, the structural and microstructural properties of the materials
used in the process should also be optimized to improve the overall efficiency of the cycle.
Addressing the material-related challenges and reasonable hydrogen production costs are
the two crucial factors for sustainable and cost-effective hydrogen production. Thus, future
research should focus on improving the lifetime and efficiency of hydrogen production
technologies and operational, maintenance, and capital equipment costs.
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