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Solar thermochemical hydrogen production is an attractive technology that enables the storage of 

intermittent solar energy in the form of chemical bonds. Efficient operation requires the identification 

of a redox-active metal oxide (MOx) material that can achieve high conversion of water to hydrogen 

at minimal energy input. Water splitting occurs by consecutive reduction and re-oxidation reactions 

of a MOx. The MOx is reduced to MOx- and, in the second step, is re-oxidized by water to recover 

the initial MOx and generate H2. The material must reduce to MOx- at temperatures achievable in 

concentrated solar receiver/reactors, while maintaining a thermodynamic driving force to split water. 

At equilibrium, extent of reduction depends on temperature and oxygen partial pressure, and in this 

analysis, a set of thermodynamic properties, namely enthalpy, and entropy of oxygen vacancy 

formation, is sufficient to represent the MOx. The work presented here is a method to easily classify 

materials based on these thermodynamic properties under any condition of oxygen partial pressure 

and temperature. This method is based on fundamental thermodynamic principles and it is applicable 

for any redox material with known thermodynamic properties. Despite the simplicity of the method, 
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we believe this analysis will support future research in targeting thermodynamic properties of redox 

active metal oxides.    

1. Introduction 

Solar energy is the most abundant and inexhaustible resource on Earth. The solar irradiation reaching 

the Earth´s surface is about 180 PW, which is between 7000 and 8000 times larger than the current 

rate of energy consumption [1]. However, the intermittent nature of solar energy poses a challenge as 

the energy produced must match the energy demand. One way to store solar energy is to split water 

and convert it into “green” hydrogen. Advanced water splitting (WS) technologies are mostly 

comprised of photochemical, electrochemical, thermochemical, or a combination of these.[2] 

Photochemical approaches use solar photons while electrochemical approaches first require the 

transformation of primary energy into electricity. [3],[4] Thermochemical processes generally use 

concentrated solar thermal energy to drive the reactions. Thermolysis of water is the direct splitting 

into hydrogen and oxygen in a single thermally-driven step, which requires very high temperatures 

(2573 K) to achieve a significant degree of conversion (~5%), and requires a challenging in-situ 

separation of hydrogen and oxygen. [5] Thermochemical cycles divide the thermally-driven WS into 

a series of consecutive chemical reactions (steps) that release oxygen and hydrogen separately, either 

temporally or spatially. In this series of reactions, water is consumed while one or more materials 

actively participate in the process and are regenerated in every cycle.[6] The most simple configuration 

of a thermochemical cycle uses a metal oxide that reduces and re-oxidizes in two consecutive steps 

[7]: 

 

MOx  MOx- + 
𝛿

2
 O2          (1) 

MOx- + H2O  MOx + H2        (2) 

The first reaction (Equation 1) is endothermic and can use concentrated solar energy to provide the 

heat required to reduce the material (MOx-) and generate oxygen. The re-oxidation reaction is 
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performed by adding water (Equation 2), producing hydrogen, and regenerating the original material 

(MOx). The endothermic reaction occurs at significantly lower temperature than water thermolysis 

(e.g., from 2573 K down to 1773 K) mitigating the challenges associated with extremely high 

temperatures in addition to avoiding the recombination reaction of H2 and O2.
[8]  Thermochemical 

cycles can be driven by two or more consecutive reactions. With more than two steps, the endothermic 

reaction temperature decreases significantly,[9]–[11] but increases the energy losses associated with 

each step and decreases the solar-to-fuel efficiency.[12] For this reason, two-step redox-active metal 

oxide thermochemical cycles are currently the most attractive processes for thermochemical WS.  

The metal oxides performing two-step thermochemical reactions must have a sufficiently 

endothermic energy to split water effectively. [13] From the redox-active metal oxide candidates, only 

a few are applicable in practice. Thermochemical cycles based on metal oxide systems such as 

ZnO/Zn, SnO2/SnO, and CdO/Cd, involve reduced metals or metal oxides having a low vapor 

pressure (Zn; SnO and Cd), producing gaseous compounds that are difficult to recover or separate 

from the evolved oxygen.[14] The Fe2O3/FeO thermochemical cycle undergoes water splitting 

reactions at reasonable temperatures and oxygen partial pressures;[15] however, it suffers from severe 

sintering after several thermal cycles and reactivity with water is limited to the near surface region.[16] 

Adding dopants to iron oxide can reduce sintering, temporarily.[17] NiFe2O4, CoFe2O4 and other 

ferrites have been intensively studied in the literature, [18]–[21] but still show signs of sintering after 

dozens of cycles. [22]  

The first thermochemical cycle demonstrating an extended long term performance under solar 

radiation was the CeO2/CeO2- 
[23]. Unlike previous materials, CeO2 reduces by producing oxygen 

vacancies in its lattice. Among other properties, CeO2 demonstrated reproducible hydrogen 

production, fast kinetics, and long-term sintering resistance.[23] CeO2 has also been substituted or 

doped to increase the oxygen non-stoichiometry and hydrogen productivity [24]–[28].  
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Recently, perovskite metal oxides (ABO3) have demonstrated the ability to split water with reduction 

temperatures lower than CeO2 
[7],[29]–[31]. The thermodynamic properties of perovskites are tunable by 

altering their chemical composition, with substitutions or dopants on either or both the A and B sites, 

altering the thermodynamics and therefore permitting  different optimal operating conditions [7]. 

Within the perovskites used for water splitting, formulations using La and Mn on the A site and  B 

sites, respectively, have been extensively investigated.. [32]–[35] First, pioneering work demonstrated 

that LaxSr1-xMnyAl1-yO3 was able to split water at the relatively reduction low temperature of 1350 

oC [35] producing a larger amount of hydrogen per gram of metal oxide than ceria reduced at a higher 

temperature. [36] Additional work has demonstrated water splitting of perovskites based on Ba, Ce, 

Ca and Y on the A site and these species in combination with La [37]–[39]. However, most of these 

articles did not measure or estimate the water conversion of each cycle; therefore the comparison 

with ceria or other materials is insufficient to conclude superior performance of a material because 

water conversion directly effects several large energy costs to the system, such as steam heating and 

H2/H2O separation.   

Comparing materials effectively is an arduous task because it requires a priori knowledge about the 

optimal operating partial pressures and temperatures for both reduction and water splitting reactions 

and their ability to split water with a certain conversion. Several thermodynamic analyses have been 

performed to elucidate the operational conditions that maximize the solar-to-hydrogen (or fuel) 

conversion efficiency.[40]–[46] These thermodynamic analyses have been performed mostly for CeO2. 

Bader et al. [47] pioneered a steady-state thermodynamic analysis for hydrogen production using 

concentrated solar thermal, which was followed by many other works using a similar 

methodology.[40],[41],[48]–[50] Recently, these system models have been expanded to include the co-

production of hydrogen and electricity. [51],[52] Dynamic system models of a full concentrated solar 

thermal plant based on ceria have also been reported, [42],[43],[53],[54] and a few works have covered 

more than one material in their analysis, [46] thus enabling comparisons of material performance.  
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However, these thermodynamic analyses require considerable time and resources to explore every 

single material. Furthermore, they require detailed thermodynamic descriptions of the materials.  

A route for rapid evaluation of materials that could allow screening thousands of metal oxides in a 

wide range of operational temperatures and oxygen partial pressures. Meredig and Wolverton 

performed pioneering work in materials thermodynamics [55] that was later extended by other authors 

[56],[57]. These works found temperature and oxygen partial pressure regimes for which the thermal 

reduction and gas-splitting steps of thermochemical cycles are thermodynamically favorable in terms 

of the enthalpy and entropy of metal oxide reduction, which represents a valuable materials design 

goal. They also found that several driving forces, including low thermal reduction oxygen partial 

pressure and a large positive solid-state entropy of reduction of the metal oxide, have the potential to 

enable future, more promising two-step gas-splitting cycles. This manuscript aims to extend their 

framework to include the effects of variable oxygen vacancy formation enthalpy and entropy (Δℎ𝑜 

and Δ𝑠𝑜) allowing a general description for non-stoichiometric materials in a wide range of conditions 

under counter current operation. Additionally, this work will extend the exploration of the properties 

studied in [55]–[57], without any selection of the initial operational conditions. We elucidate the effects 

of the oxygen partial pressure and temperature on the thermodynamic properties (Δℎ𝑜 and Δ𝑠𝑜). At 

the end of the article, we compare the state-of-the-art materials in terms of operational conditions, 

motivating the exploration of materials with targeted thermodynamic properties.   

2. Methodology 

This work extends the thermodynamic analysis performed by Bayon et al. [7] which is based on  

fundamental thermodynamic principles and it is applicable for any redox material. Chemical 

equilibrium of a reaction is defined by a difference in Gibbs free energy of 0: 

∆𝑔 = ∑ 𝜇𝑖∆𝑥𝑖𝑖 = 0  (3) 
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where 𝜇𝑖  is the chemical potential of the species 𝑖 and 𝑥𝑖  the molar fraction of the substances in 

equilibrium. The chemical potential is defined as: 

𝜇𝑖 = {
𝑔°𝑖 + 𝑅𝑇 ln 𝑎𝑖  ( 𝑖𝑓 𝑠𝑜𝑙𝑖𝑑)

      𝑔°𝑖 + 𝑅𝑇 ln(𝑝𝑖/𝑝°) (𝑖𝑓 𝑔𝑎𝑠)
 (4) 

where 𝑔°𝑖 is the standard Gibbs free energy of formation of this species, 𝑎𝑖 is the activity, 𝑝𝑖 is the 

partial pressure of this species and 𝑝° is the reference pressure. The chemical equilibrium of the 

thermal reduction reaction per mol of oxygen at 𝑇𝑟𝑒𝑑 and 𝑝O2,𝑟𝑒𝑑  can be expressed by: 

Δ𝑔𝑜,𝑟𝑒𝑑 = Δ𝑔°𝑀𝑂 +
1

2
𝑔°𝑂2

+
1

2
𝑅𝑇𝑟𝑒𝑑ln (

𝑝O2,red

𝑝°
) = 0  (5) 

where we assume that the activities of the reduced and oxidized form of the MO are unity and  

Δ𝑔°𝑀𝑂 = 𝑔°𝑀𝑂𝑟𝑒𝑑
− 𝑔°𝑀𝑂𝑜𝑥

. Defining the Gibbs free energy of the oxygen vacancy formation at 

standard pressure as: 

Δ𝑔𝑜 = Δ𝑔°𝑀𝑂 +
1

2
𝑔°𝑂2

 (6) 

Additionally, Δ𝑔𝑜 can be defined in terms of enthalpy (Δℎ𝑜) and entropy (Δ𝑠𝑜): 

Δ𝑔𝑜 = Δℎ𝑜 − 𝑇Δ𝑠𝑜 (7) 

Note that Δℎ𝑜 and  Δ𝑠𝑜 are defined for a fixed value of δ. Substituting Equation 6 and 7 into 5 gives: 

Δℎ𝑜,𝑟𝑒𝑑 − Δ𝑠𝑜,𝑟𝑒𝑑𝑇𝑟𝑒𝑑 = −
1

2
𝑅𝑇𝑟𝑒𝑑ln (

𝑝O2,red

𝑝°
)  (8) 

The chemical equilibrium at the re-oxidation reaction conditions, 𝑇𝑜𝑥, 𝑝H2,𝑜𝑥, and 𝑝H2𝑂,𝑜𝑥, is given 

by the following expression: 

Δ𝑔𝑜,𝑜𝑥 = −Δ𝑔°𝑀𝑂 − 𝑔°𝐻2𝑂 + 𝑔°𝐻2
− 𝑅𝑇𝑜𝑥ln (

𝑝𝐻2𝑂,𝑜𝑥

𝑝°
) + 𝑅𝑇𝑜𝑥ln (

𝑝𝐻2,𝑜𝑥

𝑝°
) = 0.  (9) 

The Gibbs free energy of the water splitting at standard pressure is defined by: 
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Δ𝑔°𝑊𝑆 = 𝑔°𝐻2
+

1

2
𝑔°𝑂2

− 𝑔°𝐻2𝑂  (10) 

where Δ𝑔°𝑊𝑆 can also be defined in terms of the equilibrium constant (𝐾𝑊𝑆) as: 

Δ𝑔°𝑊𝑆 = −𝑅𝑇𝑜𝑥ln𝐾𝑊𝑆  (11) 

Finally, substituting Equation 10 and 11 into 9, we obtain the following expression: 

Δ𝑔𝑜,𝑜𝑥 = −𝑅𝑇𝑜𝑥ln𝐾𝑊𝑆 − Δ𝑔𝑜 + 𝑅𝑇𝑜𝑥ln (
𝑝𝐻2,𝑜𝑥

𝑝𝐻2𝑂,𝑜𝑥
) = 0  (12) 

The H2O to H2 splitting conversion is defined as: 

𝜃 =
𝑛𝐻2

𝑛𝐻2𝑂,𝑖𝑛
  (13) 

which can be substituted in Equation 12: 

Δ𝑔𝑜,𝑜𝑥 = −𝑅𝑇𝑜𝑥ln𝐾𝑊𝑆 − Δ𝑔𝑜 + 𝑅𝑇𝑜𝑥ln (
θ

1−𝜃
) = 0  (14) 
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Finally, replacing −Δ𝑔𝑜 of Equation 7 into 14 and subtracting both equalities: 

Δℎ𝑜,ox − Δ𝑠𝑜,ox𝑇𝑜𝑥 = −𝑅𝑇𝑜𝑥ln (
1−𝜃

θ
𝐾𝑊𝑆)  (15) 

Figure 1 illustrates a thermodynamic system model of the thermochemical water splitting cycle. Even 

with unknown material properties, we can determine the operational temperatures and partial 

pressures given a set of assumptions and constraints that reduce the number of degrees of freedom: 

1. Conservation of mass and energy in both reactors (physical requirement).  

2. Counter current operation (best case scenario) in both reactors, reduction, and re-oxidation. 

3. Infinitely fast chemical kinetics.  

4. Constant temperature in both reactors: Tred and Tox. 

5. Inlet partial pressure of oxygen for the reduction reaction and outlet H2/H2O conversion ratio 

are model inputs. 

Figure 1: Thermodynamic system of a thermochemical cycle based on redox reactions without 

knowing the thermodynamic properties a priori. The step of interest is highlighted together with the 

input variables. 
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6. Equilibrium conditions are reached at the outlet of the reduction reactor and at the inlet of the 

re-oxidation reactor. The inlet of the reduction reactor and the outlet of the re-oxidation 

reactor is out of the scope of this work. 

7. Δℎ𝑜 and  Δ𝑠𝑜 are functions of the extent of reduction (δ), but independent of temperature. 

As explained by Li et al. [58], the second and fourth assumptions can lead to a violation of the local 

Gibbs criterium when assuming chemical equilibrium at both ends of a counter current reactor. Here, 

we explicitly avoid that situation by making one of the ends of the reactor flexible; however, this 

avoidance comes at a cost, namely being unable to calculate the extent of reduction throughout the 

reactors.  

Since the extent of reduction at the outlet of the reduction reactor and the inlet of the re-oxidation 

reactor is the same, Δℎ𝑜 and  Δ𝑠𝑜 must be the same at both points. Therefore, the system is fully 

determined by the following two equations: 

Δℎ𝑜 − Δ𝑠𝑜𝑇𝑟𝑒𝑑 = −
1

2
𝑅𝑇𝑟𝑒𝑑ln (

𝑝O2,red,in

𝑝°
)  (16) 

Δℎ𝑜 − Δ𝑠𝑜 𝑇𝑜𝑥 = −𝑅𝑇𝑜𝑥ln (
1−𝜃𝑜𝑢𝑡

𝜃𝑜𝑢𝑡
𝐾𝑊𝑆) (17) 
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Note that 
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝°
 and 𝜃𝑜𝑢𝑡 are model inputs. Equations 16 and 17 allows for the determination of the 

reduction and re-oxidation temperatures for a pair of Δℎ𝑜 and  Δ𝑠𝑜. Figure 2a shows the effect of 
𝑝𝑂2

𝑝°
 

and 𝑇𝑟𝑒𝑑 in the logarithmic factor of Equation 16. For the reduction reaction to reach equilibrium, 

Δℎ𝑜 − Δ𝑠𝑜𝑇𝑟𝑒𝑑 must be equal to this factor. Figure 2b shows the effect of 𝜃 and 𝑇𝑜𝑥 in the logarithmic 

factor of Equation 17. For the re-oxidation reaction to reach equilibrium, Δℎ𝑜 − Δ𝑠𝑜𝑇𝑜𝑥 must equal 

this factor. 

3. Results 

This work aims to identify the properties Δℎ𝑜 and Δ𝑠𝑜, when the material exits the reduction reactor 

and enters the re-oxidation reactor, necessary to achieve water splitting. These properties are the most 

critical in the process and it is reasonable to assume that the rest of the process will occur 

spontaneously when they are sufficient to split water at the inlet of the re-oxidation reactor. First, we 

consider the effect of reduction pressure on Δℎ𝑜 and  Δ𝑠𝑜 then we will discuss the temperature and 

partial pressures required to operate water splitting cycles for a given set of Δℎ𝑜 and  Δ𝑠𝑜. Lastly, we 

consider this methodology in the context of known materials.  

3.1. Results at reduction 
𝑝𝑂2,𝑟𝑒𝑑,𝑖𝑛

𝑝°
 = 10-5 

Figure 2: (a) Dependence of the logarithmic factor in Equation 16 on  
𝑝𝑂2

𝑝°
 and 𝑇𝑟𝑒𝑑 .  (b) Dependence 

of the logarithmic factor in Equation 17 on 𝜃 and 𝑇𝑜𝑥. 
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Using Equations 16 and 17, Δℎ𝑜 can be obtained from Δ𝑠𝑜 and temperatures of reduction and re-

oxidation separately. To study the effect of these system variables, we hold fixed the reduction 

oxygen partial pressure at the inlet of the reduction reactor and the conversion of water into hydrogen 

(𝜃) leaving the re-oxidation reactor. This section reports the system effects for a reduction oxygen 

partial pressure of 
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜  = 10-5 and a value of conversion from H2O to H2 of 𝜃𝑜𝑢𝑡  = 10%.  

Figure 3a and b show the values of the resulting thermodynamic properties. For the thermal reduction 

(Figure 3a) the thermodynamic properties depend on the value of 
1

2
𝑅𝑇𝑟𝑒𝑑ln (

𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝°
), which is 

represented by the logarithmic curves. As expected, in the thermal reduction reaction, lower  Δℎ𝑜 and 

higher Δ𝑠𝑜  lower the reduction temperature. Conversely, larger Δℎ𝑜  and lower Δ𝑠𝑜  require higher 

reduction temperatures.  

For the re-oxidation, the thermodynamic properties follow a similar trend. The where lower  Δℎ𝑜 and 

the higher Δ𝑠𝑜 require lower  re-oxidation temperatures. Conversely, larger Δℎ𝑜 and lower Δ𝑠𝑜 need 

higher the re-oxidation temperatures. The Δℎ𝑜  and Δ𝑠𝑜  are limited by 𝑅𝑇𝑜𝑥ln (
1−𝜃𝑜𝑢𝑡

𝜃𝑜𝑢𝑡
𝐾𝑊𝑆) . As 

shown in Figure 3Figure 3b, for 𝜃𝑜𝑢𝑡= 10%, a Δℎ𝑜 of 260 kJ mol-1 requires a nearly constant Δ𝑠𝑜 = 

81 J mol – 1 K- 1 is required for operation at temperatures above 800 K. Simultaneously low ∆ℎ𝑜 and 

low Δ𝑠𝑜 lowers the re-oxidation temperature.  
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By overlapping the equilibriums shown in Figure 3, we can obtain Figure 4. Generally, higher Δℎ𝑜 

and  lower Δ𝑠𝑜  results in lower temperature differences between reduction and re-oxidation (note the 

difference of the height in the dashed and solid lines for 300, 400 and 500 kJ mol-1). Only with high 

reduction temperatures is it possible to split water at high re-oxidation temperatures. Lowering the 

reduction temperature results in an increased temperature difference between reduction and re-

oxidation (see distance between both dashed and solid lines in Figure 4)  

Figure 3: Values ho as a function of so and the temperatures of (a) reduction and re-oxidation (b). 

Thermal reduction with fixed 
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜  = 10-5 and the water conversion out = 10%. Solid line shows 

ho are values of 200, 300, 400 and 500 kJ mol-1. 
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There is an intersection of both equilibriums at a specific temperature (see intersection between solid 

and dashed lines for the same values of Δℎ𝑜  in Figure 4). That is the isothermal operational 

temperature, which is met when 
1

2
ln (

𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜 ) = ln (
1−θ𝑜𝑢𝑡

θ𝑜𝑢𝑡
𝐾𝑤𝑠). Isothermal water splitting will 

only be possible, for a conversion of 10% of water, at a temperature of 2030 K and for unique pairs 

of of Δℎ𝑜  and Δ𝑠𝑜  values. The pairs of  Δℎ𝑜  and Δ𝑠𝑜 are: 300 kJ mol-1 and 100 J mol-1 K-1; 

400 kJ mol-1 and 149 J mol-1 K-1; and 500 kJ mol-1 and 200 J mol-1 K-1. There are no materials in the 

literature that can meet the isothermal criteria for a reduction pressure of 
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜  = 10-5 and 𝜃𝑜𝑢𝑡 = 

10% during re-oxidation. Either the values of entropy at a given enthalpy are too high or the values 

of enthalpy at a given entropy are too low. Table 1 shows some examples of pairs of Δℎ𝑜  and 

Δ𝑠𝑜 values for known materials. Above that intersection of oxygen partial pressures, we could 

potentially re-oxidize the material at a higher temperature than the reduction.  
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Figure 4: Overlapping of both equilibriums for several values of ho and so. The thermal reduction 

is represented by dashed lines of  
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜  = 10-5 and re-oxidation is represented by solid lines (out = 

10%). Lines highlighted shows ho values of 200, 300, 400 and 500 kJ mol-1. 
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Table 1: Thermodynamic properties (Δℎ𝑜 and Δ𝑠𝑜) for materials found in the literature at a specific . 

Displayed are the equilibrium temperatures calculated from Equations 16 and 17 for fixed 
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜 = 10−5 

in reduction and out =10%. 

Material Chemical Formula  ho 

(kJ mol-1) 

so  

(J mol-1 K-1) 

 Tred (K) Tox (K) T (K) Ref 

Ceria 1 CeO1.9186 410 176 0.0814 1833 1590 243 [29] 

Ceria 2 CeO1.9427 420 191 0.0573 1762 1475 287 [29] 

Ceria – Zr5 (Ce0.95Zr0.05)O1.9583 397 188 0.0417 1683 1304 379 [29] 

Ceria – Zr20 (Ce0.80Zr0.20)O1.9116 357 158 0.0884 1734 1294 440 [29] 

Ceria – Nb10 (Ce0.90Nb0.10)O1.9852 414 212 0.0148 1593 1199 393 [59] 

Ceria – Y10 (Ce0.90Y0.10)O1.9899 444 230 0.0101 1598 1254 344 [59] 

Ceria – La10 (Ce0.90La0.10)O1.9859 453 235 0.0141 1602 1271 330 [59] 

LSM10 (La0.90Sr0.10)MnO2.9502 327 134 0.0498 1798 1311 486 [29] 

LSM40 (La0.60Sr0.40)MnO2.93 270 128 0.07 1603 656 951 [29] 

LSM50 (La0.50Sr0.50)MnO2.93 242 110 0.07 1533 303* 1230 [29] 

LSM6464 (La0.6Sr0.4)(Mn0.6Al0.4)O2.9511 282 150 0.0489 1425 1000 425 [29] 

*Do not converge for go,ox = 0 in the range of Tox from 300 to 3000 K, returns negative value.  

To understand how some materials have successfully demonstrated isothermal water splitting, we 

next consider 1% water conversion (Figure 5). First, for 𝜃𝑜𝑢𝑡  = 1%, the isothermal splitting 

temperature decreases considerably to values around 1746 K, which is a common temperature for 
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conducting such experiments [60],[61]. The pair of thermodynamic properties are closer to the 

experimental data in Table 1, demonstrating that isothermal splitting is possible at relatively low 

temperatures with water conversions of 1% or less. The values of  Δℎ𝑜 and Δ𝑠𝑜 are: 300 kJ mol-1 and 

124 J mol-1 K-1; 400 kJ mol-1 and 181.2 J mol-1 K-1; and 500 kJ mol-1 and 238.2 J mol – 1 K-1. As 

compared to the values of properties for 𝜃𝑜𝑢𝑡 = 10%, now the Δ𝑠𝑜 values are higher by ~25%. From 

the list of materials collected in Table 1, pure ceria, ceria substituted with 5% zirconia, and LSM10 

can perform isothermal water splitting at a temperature close to 1746 K (see Table 1). However, 

isothermal water splitting is not possible if higher water conversions are desirable and therefore, novel 

materials showing very large Δℎ𝑜 and very low Δ𝑠𝑜 at the same time should be targeted (conditions 

for isothermal splitting for conversions of 10% were shown above).  

Ideally, researchers would target materials that maximize the conversion of water into hydrogen. 

Therefore, we next consider out = 50% (Figure 6). In this case, the water splitting equilibrium lines 

shift towards lower values of Δ𝑠𝑜. Additionally, the thermodynamic properties consistent with water 
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Figure 5: Values of ho and so to fulfill reduction and water splitting equilibrium. Dashed lines 

represent thermal reduction for 
𝑝O2,red,in

𝑝𝑜  = 10-5 and solid lines represent water splitting with water 

conversion out = 1%. Highlighted lines are for ho values of 200, 300, 400 and 500 kJ mol-1. 
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splitting are even more restrictive, requiring higher Δℎ𝑜 and lower Δ𝑠𝑜 values as compared to the 

values at lower conversions, as well as a higher temperature difference between both reactions.   

The specific pair of Δℎ𝑜  and Δ𝑠𝑜  when both reactions cross at the isothermal temperature are: 

400 kJ mol-1 and 120.1 J mol-1 K-1; and 500 kJ mol-1 and 161.9 J mol-1 K-1. In this case, materials 

with Δℎ𝑜 equal to 200 kJ mol-1 and 300 kJ mol-1 will require very low Δ𝑠𝑜. If we compare the values 

of  Δℎ𝑜 and Δ𝑠𝑜  with the materials shown in Table 1, we cannot find any that can meet the isothermal 

operation with 50% water conversion. The minimum Δ𝑠𝑜 for any material having a Δℎ𝑜  higher than 

400 kJ mol-1 is 45% larger than 120 J mol-1 K-1. However, some materials could work under non-

isothermal conditions. Among the materials in the range of 400 to 500 kJ mol-1 (see Table 1), the 

lowest temperature difference will be for pure ceria with a formula CeO1.9186. 

3.2. Results at reduction 
𝑝𝑂2,𝑟𝑒𝑑,𝑖𝑛

𝑝°
 = 10-3 and 1 
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Figure 6: Values of ho and so to fulfill reduction and water splitting equilibrium. The thermal reduction is 

represented by dashed lines of  
𝑝O2,red,in

𝑝𝑜   = 10-5 and water splitting is represented by solid lines with a water 

conversion of out = 50%. Lines highlighted shows ho values of 200, 300, 400 and 500 kJ mol-1. A
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Similarly, to the previous section it is possible to calculate analogous curves for milder reduction 

conditions, e.g., 
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜   = 10-3 (see Figure 7). Overall, there is a general shift of the reduction Δℎ𝑜 

to higher 𝑇𝑟𝑒𝑑 while maintaining the same logarithmic shape. The temperature difference between 

both reactions increases as compared to the case of  
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜   = 10-5. This observation means the same 

materials will require a higher reduction temperature given a higher oxygen partial pressure of 

reduction to obtain the same degree of non-stoichiometry (), which is expected and in agreement to 

the experimental demonstration [39]. The same conclusion can be obtained for a fixed 
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜  = 1 

(Figure 8). The differences between the temperatures of reduction and re-oxidation can be observed 

at the intersections of the dashed and solid lines in Figure 8 and Figure 9. The separation between the 

dashed (reduction) and solid (water splitting) equilibrium lines are higher as compared to the example 

Figure 7: Values of ho and so to fulfill reduction and water splitting equilibrium (as in Figure 2) 

with 
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜   = 10-3 and out = a) 1%, b) 10%, and c) 50%. 
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of 
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜  = 10-5. The isothermal operational temperatures are now: 2008 K and 2600 K for 
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜  

= 10-3 and 1, respectively, for fixed out = 1%. Higher isothermal operational temperatures are required 

instead of the 1746 K for 
𝑝O2,𝑟𝑒𝑑,𝑖𝑛

𝑝𝑜
 = 10-5 and out = 1% conversion shown previously. This trend is 

the same for any reduction temperature in temperature swing operation.  For other values of out, the 

required operational temperatures are even higher than for the example of 1% as Figure 6 and Figure 

7 show.  

3.3. Temperatures of equilibrium for reduction and re-oxidation  

Following the same methodology, the equilibrium temperatures for each pair of values of Δℎ𝑜 and 

Δ𝑠𝑜 can be obtained. Figure 9 shows the resulting temperatures for 
𝑝O2,red,in

𝑝𝑜   of 10-5
 and 𝜃𝑜𝑢𝑡  10%.  

Figure 8: Values of ho and so to fulfill reduction and water splitting equilibrium (as in Figure 2) with 
𝑝O2,red,in

𝑝𝑜   = 1 and out = a) 1%, b) 10%, and c) 50%. A
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First, we observe that the relationship of Δℎ𝑜 and Δ𝑠𝑜 is a straight line with different slopes depending 

on the value of the 𝑅𝑇ln (
𝑝O2

𝑝𝑜  ) . The value of  𝑅𝑇𝑟𝑒𝑑
1

2
ln (

𝑝O2,red,in

𝑝𝑜  )  varies only with  𝑇𝑟𝑒𝑑  as 

1

2
ln (

𝑝O2,red,in

𝑝𝑜
 ) is constant in the reduction reaction and the slope does not vary significantly in Figure 

9a. However, for the re-oxidation, the slope changes with the value of 𝑅𝑇𝑜𝑥ln (
1−𝜃,𝑜𝑢𝑡

𝜃,𝑜𝑢𝑡
𝐾𝑤𝑠) in Figure 

9b. The re-oxidation reaction converges to a single value of Δℎ𝑜 and 𝑇Δ𝑠𝑜 when both are equal to 

ln (
1−𝜃,𝑜𝑢𝑡

𝜃,𝑜𝑢𝑡
𝐾𝑤𝑠) at any temperature. These values for the example in Figure 9 are close to 260 kJ mol-

1 and 81 J mol-1 K-1.  

 

For the reduction equilibrium, higher Δℎ𝑜  directly implies a higher reduction temperature for a 

constant Δ𝑠𝑜 and a higher Δ𝑠𝑜 implies a lower reduction temperature for a constant Δℎ𝑜. This trend 

is also true for the re-oxidation equilibrium, but it becomes more evident as Δℎ𝑜  decreases. For 

example, for materials with Δℎ𝑜 = 400 kJ mol-1, lower Tox is achievable only with higher  

Figure 9: Temperatures of operation for each pair of ho and so to set go = 0 for reduction and water 

splitting equilibrium: a) reduction temperatures for 
𝑝O2,red,in

𝑝𝑜   = 10-5 and b) re-oxidation temperatures for 

out = 10%. The white background represents temperatures above and below the limits indicated in the 

graphs. The solid line in a) is 1500 K as a guide for the reader. 
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Δ𝑠𝑜  because Δℎ𝑜 − 𝑇𝑜𝑥Δ𝑠𝑜 = 0  (see narrower range of Δ𝑠𝑜  for a constant value of  Δℎ𝑜  at 

400 kJ mol-1 as compared to 600 kJ mol-1). This result implies the operational range of temperatures 

is smaller as well.  

Figure 10 shows the overlapping of Figure 9a and b for two different water splitting conversions, 

10% and 50% The conversion of 1% is not shown here as it has limited application from a practical 

point of view.  

It can be observed that higher T between reduction and re-oxidation enables a wider region of 

thermodynamic properties that fulfill both equilibrium requirements. Generally, the higher the water 

splitting temperature is, the higher the reduction temperature must be (as concluded in the previous 

section). As the slope of the water equilibrium lines becomes parallel to the reduction equilibrium at 

very high temperatures (e.g., 1600 K), having materials with adequate properties in the region of 

extremely high reduction and re-oxidation temperatures becomes very restrictive (see for water 

splitting/re-oxidation temperature of 1800 K, that the minimum value of Δℎ𝑜 is 380 kJ mol-1 and 

matches in the reduction temperature of 2000 K in Figure 10a). The same can be observed for higher 

water conversion (Figure 10Figure 10b) with even more restrictive temperature of operation between 

reduction and re-oxidation.  

It is also possible to observe the minimum reduction temperatures for a given re-oxidation 

temperature. For a conversion of 10%, and a reoxidation temperature of 1000 K (see dashed line at 

1000 K in Figure 10a), the minimum reduction temperature will be 1300 K (see intersection of dashed 

line of 1000 K with contour temperature of 1300 K at the end of the right-hand side of the Figure 

10a). A temperature difference of 300 K together with 1300 K reduction temperature would require 

values of  Δℎ𝑜 > 530 kJ mol-1 and Δ𝑠𝑜 > 375 J mol-1 K-1. Any other material with lower Δℎ𝑜 and Δ𝑠𝑜 

will have a higher reduction temperature (see intersections of 1000 K dashed line with colored line). 

For materials with a Δℎ𝑜 of about 400 kJ mol-1 (like pure ceria) a minimum reduction temperature 

will be 1500 K, at the maximum limit of Δ𝑠𝑜, making the minimum T of 500 K (see Figure 10a by 
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assuming a straight line from 400 kJ mol-1 until the dashed line of 1000 K). For values of higher water 

conversion, a T of 600 K is needed in the same example.  

 

 

3.5. Application of fundamental thermodynamic principles to classify known materials 

The method applied above can be plotted together with known materials properties for temperatures 

of operation allowing a quick comparison between them. In Figure 11a and b, 
𝑝O2,red,in

𝑝𝑜  of reduction 

is 10-5 and out = 10%. Figure 11a shows an imposed maximum thermal reduction temperatures of 

2000 K and minimum water splitting or re-oxidation reactions temperature of 1000 K . The properties 

of known materials are shown in dots as per Table 1.  

For these wide allowable operating conditions (here the T is set to 1000 K), most of experimentally 

proven materials (except for LSM40 and LSMA6464) fall in the region of favorable thermodynamic 

properties. The two perovskites below that require water splitting temperatures below 1000 K. 

However, if we limit the operational temperatures to 1800 K for reduction and 1400 K for water 

splitting, representing low temperature swing operation, we observe that only CeO1.9427 (named Ceria 
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Figure 10: Temperatures of operation for each pair of ho and so for reduction and water splitting 

equilibrium with reduction temperatures for a fixed 
𝑝O2,red,in

𝑝𝑜  = 10-5 and re-oxidation/water splitting 

temperatures for: a) out = 10% and b) out = 50%.  

A
ut

ho
r 

M
an

us
cr

ip
t

 21944296, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ente.202100222 by O

ffice O
f Scientific A

nd T
echnical Inform

ation, W
iley O

nline L
ibrary on [28/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 This article is protected by copyright. All rights reserved 

2 in Table 1 and Figure 11b) is operable.  The closer the temperatures of operation, the harder it is to 

find appropriate thermodynamic properties and materials.  

Depending on the targeted operational conditions, this method allows one to obtain different 

thermodynamic properties plots that will allow them to quickly determine the temperatures of 

operation given the oxygen partial pressure of reduction and the water conversion. Thus, enabling 

quick classification of materials, and comparison between them under the same equilibrium 

assumptions without a complicated description of the system.   

4. Conclusions 

In this work, we developed a method to easily classify thermodynamic properties for redox-active 

metal oxide materials capable of two step thermochemical water splitting cycles. This method is 

based on fundamental thermodynamic principles and it is applicable for any redox material with 

known thermodynamic properties. An initial investigation is given by the assumption that a set of 

thermodynamic properties (∆ℎ𝑜 and ∆𝑠𝑜) define the equilibrium of reduction and re-oxidation, with 

Figure 11: Temperature ranges for each pair of ho and so to achieve go = 0 for reduction and water 

splitting equilibrium with for fixed  
𝑝O2,red,in

𝑝𝑜   = 10-5 and re-oxidation temperatures for out = 10%. The 

white background is the region of operation for reduction below 2000 K and re-oxidation above 

1000 K (in b) the region between 1800 and 1400 K is highlighted). Dots represent values of selected 

materials collected in Table 1. 
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a fixed oxygen partial pressure at the inlet of the reduction as well as a fixed water conversion at the 

outlet of re-oxidation.  

First, we evaluated the values of ∆ℎ𝑜 given T and ∆𝑠𝑜for both reactions in a wide set of conditions. 

We found that for thermal reduction, higher ∆ℎ𝑜 implies a higher reduction temperature for a fixed 

∆𝑠𝑜. In contrast, for the same value of ∆ℎ𝑜, higher ∆𝑠𝑜 implies a lower temperature of reduction. For 

the water splitting reaction, we observed that higher ∆ℎ𝑜 results in higher temperatures for re-

oxidation given a fixed ∆𝑠𝑜. In contrast, for the same value of ∆ℎ𝑜, the higher is ∆𝑠𝑜 the lower is the 

temperature of re-oxidation. The temperature difference between both reactions can be reduced by 

decreasing ∆𝑠𝑜 until isothermal splitting is met for unique pair of values of ∆ℎ𝑜 and ∆𝑠𝑜.  

This work demonstrates that isothermal splitting is thermodynamically possible, however, it requires 

materials with ∆ℎ𝑜 and ∆𝑠𝑜 properties out of the range of experimental values found in the literature 

for high water conversions. For water conversion of more than 1%, the isothermal splitting 

temperature will be higher than 1746 K and if the water conversion higher than 10%, then the 

isothermal temperature is higher than 2030 K. Novel materials with targeted properties are required 

if isothermal splitting is aimed. For current materials under investigation, isothermal splitting is 

possible only at low water conversions.  

The range of operational thermodynamic properties is wider if a temperature swing operation is 

considered. If a temperature swing operation is desired, there are 3 different scenarios for targeted 

properties:  

1) If the temperature difference between both reactions is not critical, a low ∆ℎ𝑜 and a high ∆𝑠𝑜   

should be targeted. This set of materials will have a relatively low reduction temperature (e.g., below 

1800 K) but at the cost of a low re-oxidation temperature and a large temperature difference. The 

higher ∆𝑠𝑜 is the lower will be the re-oxidation temperature and larger will be the temperature 

difference. These materials may be like current perovskites found in the literature. 
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2) If the temperature difference is critical and it is to be minimized, then finding materials with high 

∆ℎ𝑜 and relatively low ∆𝑠𝑜  should be targeted. This result implies that these materials will be reduced 

at higher temperatures (e.g., above 1800 K) but also oxidized at higher re-oxidation temperatures, 

reducing the overall temperature difference between both reactions. The lower ∆𝑠𝑜  is, the higher the 

water splitting temperature needs to be, and a smaller temperature difference between the reactions 

is required. These materials may be like ceria and doped ceria.  

3) A low reduction temperature, and, at the same time, a low temperature difference between reactions 

is thermodynamically favorable only for very large ∆ℎ𝑜 and ∆𝑠𝑜. Therefore, if both a low temperature 

difference and low reduction temperature is desired completely novel materials must be discovered. 

Note that low reduction temperatures are not always associated with low ∆ℎ𝑜 because it depends on 

∆𝑠𝑜.  

Finally, we conclude that depending on the targeting temperatures, pressures, water conversion and 

temperature difference between reduction and water splitting, different set of values of ∆ℎ𝑜 and ∆𝑠𝑜 

should be targeted for material design. The method presented here can facilitate the search for these 

specific properties depending on the operational conditions pursued by the materials under 

investigation with any a priori set of conditions.   
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