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SUMMARY  

I. INTRODUCTION  

Total energy consumption grows every year, and more than 80 % of the total energy demand is 

still cover by fossil fuels such as coal, oil and natural gas. This dependence has important 

economic and environmental implications. From an economic point of view, it is noteworthy that 

the production is located in certain areas of the world which results in volatile and high prices 

governed by political factors. In addition, due to the absence of other viable alternatives, the 

depletion of oil reserves will result in a progressive rise of the prices that will change the overall 

economic development. On the environmental side, the combustion of the fossil fuels is the main 

cause of the greenhouse gases emissions (CO2), responsible for the global warming effect to our 

planet.1  

These problems make the situation unsustainable in the medium term, so they have motivated the 

research of other alternatives and energy sources. Among the different possibilities, hydrogen has 

been proposed for decades as a very promising energy carrier for a future low carbon energy 

economy2. Nowadays, there are many different ways to obtain hydrogen, but most of them do not 

release the world form the fossil fuel dependence3. In addition, those systems require a carbon 

sequestration to purify the obtained hydrogen, so it is evident that a massive use of hydrogen is 

reasonable only if renewable energy sources are used for its production, although current 

renewable energy-based hydrogen production methods are expensive and underdeveloped.  

Among all the possible renewable hydrogen production processes, direct splitting of water using 

concentrated solar energy is the cleanest the most direct method to obtain it (R1). 

ὌὕᴼὌ ὕ                                                                                                           (R1) 

From a practical point of view this process is hindered by the high temperatures required (> 4000 

°C)4, as modern solar concentrating systems only temperatures reach around 2700 °C5. There are 

also other problems associated to this technology, such as the huge radiation losses which are 

proportional to the fourth power of absolute temperature, and the need to separate the hydrogen 

and the oxygen to avoid explosive mixtures at lower temperatures. For those reasons, water 

                                                           
1 BP, BP Statistical Review of World Energy, BP Statistical Review of World Energy, (2016). 
2 M. Roeb, N. Monnerie, A. Houaijia, D. Thomey and C. Sattler, Chapter 4 - Solar Thermal Water Splitting, Renewable Hydrogen 
Technologies (Elsevier, 2013) . 
3 P. Nikolaidis and A. Poullikkas, A Comparative Overview of Hydrogen Production Processes, Renewable and Sustainable  Energy 

Reviews, 67 (2017), 597ï611. 
4 C. Perkins and A. W. Weimer, Likely near-Term Solar-Thermal Water Splitting Technologies, International Journal of Hydrogen 

Energy, 29,15 (2004), 1587ï1599. 
5 L. Xiao, S. Ying Wu and Y. Rong Li, Advances in Solar Hydrogen Production via Two-Step Water-Splitting Thermochemical 
Cycles Based on Metal Redox Reactions, Renewable Energy, 41 (2012), 1ï12. 
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splitting by solar-driven thermochemical cycles represents a promising technology to solve all 

these problems. 

Thermochemical cycles have as net result the dissociation of water (R1), although through a serie 

of two or more endo- and exothermic reactions with lower temperature requirements6. There are 

a huge number of cycles reported in the literature7, but among all of them, the metal oxides cycles 

of 2 or 3 steps have been the most attractive ones for being coupled with concentrated solar 

thermal energy8. It has been demonstrated that thermochemical cycles based on more than two 

steps require lower operational temperatures9. So, there are many 3-steps thermochemical cycles 

reported in literature10 but Mn2O3/MnO cycle, which was proposed by Sturzenegger and Nüesch 

in 1999, is the most studied one11. This cycle consists of three steps (reactions R2-R4) in which 

the Mn2O3 is reduced to MnO, that can react with NaOH, releasing H2 and producing NaMnO2. 

The final step is the regeneration of the initial oxide and the recovery of the NaOH to close the 

cycle. 

ὓὲὕ ᴼς ὓὲὕ ὕ  ͯρφππ ᴈ                                                                                             (R2) 

ς ὓὲὕ ς ὔὥὕὌOς ὔὥὓὲὕ Ὄ  ͯφππ ᴈ                                                                    (R3) 

ὔὥὓὲὕ Ὄὕᴼ ὓὲὕ ὔὥὕὌ    φππᴈ                                                                  (R4) 

The reduction reaction (R2) occurs through two consecutive reactions, being the Mn2O3 first 

reduced to Mn3O4 at 800 °C, and then reduced to MnO at 1600 °C12, which difficulties the 

chemistry of the process. In addition, although the required reduction temperature is lower than 

the ones needed by other materials reported in literature, this temperature is still high and much 

higher than the one required by the oxidation reaction (600 °C) which limits the exergy efficiency 

of the process13. Based on this and the difficulties associated to working with NaOH (corrosion 

problems and recovery of the materials), the researchers have diverted their attention towards 2-

steps thermochemical cycles. These cycles involve a first reaction in which the metal oxide is 

                                                           
6 C. Agrafiotis, M. Roeb and C. Sattler, A Review on Solar Thermal Syngas Production via Redox Pair-Based Water/carbon Dioxide 

Splitting Thermochemical Cycles, Renewable and Sustainable Energy Reviews, 42 (2015), 254ï285. 
7 R. Fernández Saavedra, Revisión Bibliográfica Sobre La Producción de Hidrógeno Solar Mediante Ciclos Termoquímicos, Informes 
Técnicos CIemat, (2007), 1ï16. 
8 C. Sattler and M. Roeb, Thermochemical Cycles, Reference Module in Chemistry, Molecular Sciences and Chemical Engineering, 

Encyclopedia of Electrochemical Power Sources, (2009), 384ï393. 
9 P. Charvin, S. Abanades, F. Lemont and G. Flamant, Hydrogen Production by Three-Step Solar Thermochemical Cycles Using 

Hydroxides and Metal Oxide Systems, Energy and Fuels, 21,5 (2007), 2919ï2928. 
10 P. Charvin, S. Abanades, E. Beche, F. Lemont, G. Flamant, Hydrogen Production from Mixed Cerium Oxides via Three-Step Water-

Splitting Cycles, Solid State Ionics, 180,14ï16 (2009), 1003ï1010.  
11 M. Sturzenegger and P. Nüesch, Efficiency Analysis for a Manganese-Oxide-Based Thermochemical Cycleô Energy, 24,11 (1999), 

959ï970.  
12 N. R. Rhodes, M. M. Bobek, K. M. Allen, D. W. Hahn, Investigation of Long Term Reactive Stability of Ceria for Use in Solar 

Thermochemical Cycles, Energy, 89 (2015), 924ï931. 
13 F. Shenouda and S. Aziz, Equilibria and Hysteresis in the System Mn2O3-Mn3O4-O2, Journal of Applied Chemistry, 17 (1967), 258ï
262. 
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reduced at high temperature releasing oxygen and a second step in which the reduced metal oxide 

reacts with water to form H2, regenerating the initial material14,15. ZnO/Zn, SnO2/SnO and 

Fe3O4/FeO are examples of redox systems which have been widely studied in the literature4,7,8,16,17. 

However, despite their simplicity, the temperatures requirement for the reduction step are very 

high (1630-2270 °C), so the researchers have focused their attention to decrease the temperature 

of the reduction step. As an alternative, non-stoichiometric oxides have been proposed as potential 

materials for solar thermal hydrogen production at lower operational temperatures. The 

advantageous properties of these non-stoichiometric oxides are the large degree of reduction at 

moderate temperatures, fast oxidation and reduction kinetics, favourable oxidation 

thermodynamics and stability at high temperatures18. In this context, perovskites oxides have been 

recently proposed as potential materials for this purpose19.  

The redox properties of perovskites, based on their particular structure, have been demonstrated 

in multiple applications such as solid fuel cells20 or as heterogeneous catalyst21. Perovskites are 

oxides with ABO3 or A2BO4 type structure (A: large cation such as La; B: smaller cation, such as 

Fe, Mn, Co), that allows the introduction of different metal ions into its structural framework. 

Moreover, the cation at both A and B site could be partially substituted by a foreign one (Aô) 

without destroying the matrix, allowing the creation of oxygen vacancies or the controlled 

alteration of the oxidation state of cations in order to keep the electroneutral state (Figure 1)21. 

 

                                                           
14 A. Steinfeld, Solar Thermochemical Production of Hydrogen - A Review, Solar Energy, 78,5 (2005), 603ï615. 
15 D. Yadav and R. Banerjee, A Review of Solar Thermochemical Processes, Renewable and Sustainable Energy Reviews, 54 (2016). 
16 M. Roeb, M. Neises, N. Monnerie,F. Call, H. Simon, C. Sattler, M. Schmücker, R. Pitz-Paal Materials-Related Aspects of 

Thermochemical Water and Carbon Dioxide Splitting: A Review, Materials, 5,11 (2012), 2015ï2054. 
17 S. B. Han,T. B. Kang,O. S. Joo,K. D. Jung, Water Splitting for Hydrogen Production with Ferrites, Solar Energy, 81,5 (2007), 623ï

628. 
18 P. Furler, J. Scheffe, M. Gorbar, L. Moes, U. Vogt, A. Steinfeld, Solar Thermochemical CO2 Splitting Utilizing a Reticulated Porous 

Ceria Redox System, Energy and Fuels, 26,11 (2012), 7051ï7059. 
19 J. R Scheffe, D. Weibel and A. Steinfeld, LanthanumïStrontiumïManganese Perovskites as Redox Materials for Solar 

Thermochemical Splitting of H2O and CO2, Energy & Fuels, 27,8 (2013), 4250ï4257. 
20 S. P. Jiang, Development of Lanthanum Strontium Manganite Perovskite Cathode Materials of Solid Oxide Fuel Cells: A Review, 

Journal of Materials Science, 43,21 (2008), 6799-6833. 
21 J. Zhu and A. Thomas, Perovskite-Type Mixed Oxides as Catalytic Material for NO Removal, Applied Catalysis B: Environmental, 
92,3ï4 (2009), 225ï233. 
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Figure 1. Substituted perovskite structures type a) AAôBO3 and b) (AAô)2BO4. 

A thermochemical cycle for a perovskite type material could be proposed as follows, firstly the 

perovskite is thermally reduced releasing oxygen (R5) and then the reduced perovskite react with 

water to produce hydrogen and regenerate the initial material (R6). 

ὃ ὃᴂὄὕ ᴼὃ ὃᴂὄὕ  ὕ                                                                (R5) 

! ὃᴂ"/ ə ɖ  ɖ(/ᴼ! !ᴂ"/ ə   ɖ(                                        (R6) 

On the other hand, it is remarkable that ceria and doped ceria are the non-stoichiometric oxides 

that have been widely investigated as materials for solar hydrogen production. CeO2 material 

requires a temperature of 2000 °C to be reduced to Ce2O3 and it is difficult to achieve such a high 

temperature using the current solar technology. However, ceria can be partially reduced at high 

temperatures22 with very fast kinetics23, following a non-stoichiometric reduction step at lower 

operational temperatures (R7). During the oxidation step (R8) the CeO2-ŭ can reacts with water at 

temperatures lower than 1000 °C. In addition, the presence of different non-stoichiometric states 

(ŭ) during the reaction, leads to the formation of oxygen vacancies that improve the mobility of 

oxygen atoms through the material. 

ὅὩὕO ὅὩὕ ὕ                                           (R7) 

ὅὩὕ ὌὕᴼὅὩὕ‏ Ὄ‏                                                                                        (R8) 

                                                           
22 S. Abanades and G. Flamant, Thermochemical Hydrogen Production from a Two-Step Solar-Driven Water-Splitting Cycle Based 

on Cerium Oxidesô, Solar Energy, 80,12 (2006), 1611ï1623. 
23 B. Bulfin, A. J. Lowe, K. A: Keogh, B. E. Murphy, O. Lübben, S. A. Krasnikov and I. V. Shvets, Analytical Model of CeO2 
Oxidation and Reduction, Journal of Physical Chemistry C, 117,46 (2013), 24129ï24137. 
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In these redox cycles, the fluorite structure of the ceria phase maintains its structure in a wide 

range of oxygen stoichiometry (ŭ) making it a stable material for subsequent cycles24.  

In spite of the advantages presented by the non-stoichiometric ceria, the temperatures required for 

the reduction step and the low hydrogen production are still the most serious drawbacks. Thus, 

the researchers have shifted their attention to Me-doped ceria materials in order to decrease the 

reduction temperature to a value lower than 1500 °C and to improve the hydrogen production 

during the oxidation step25.  

It is well known that the redox properties of CeO2 can be modified by replacing some of the 

cerium cations in the fluorite type structure with other metals. Particularly, it has been reported 

that the addition of ions (Men+) that have the same valence but lower ionic radius than ceria, such 

as Zr4+, can improve the reducibility26,27. Consequently, it should increase the overall efficiency 

of the thermochemical cycle, since the reduction of CeO2 is an energy intensive step28. In case of 

doping with metals ions with valences lower than that of the Ce4+ ions, such in the case of Fe, Mn 

or Co, the Me-doped ceria material will form a number of lattice defects as oxygen vacancies in 

order to keep the electro neutrality of the material. The presence of these defects enhances the 

release of oxygen from the cerium oxide during the reduction step, which could contribute to 

increase the production of hydrogen during the oxidation step in comparison to that of the un-

doped ceria24. 

Based on the above, the mains objectives of this work are: 

1. To study the application of Mn and Co spinels (Mn3-xCoxO4) redox cycle for water 

splitting, evaluating the required temperatures for the reduction and oxidation steps, their 

viability for hydrogen production and their cyclability. 

2. To evaluate the hydrogen production by water splitting using different perovskite 

materials (La1-xSrxMeO3Ñŭ) as thermal redox materials. The selected perovskites have 

different proportion of strontium, thus allowing evaluating the influence of the dopant in 

the operational conditions of the cycle. In addition, the materials have different metal in 

position B (Mn, Fe and Co), which allows evaluating the influence of this metal in the 

                                                           
24 N. Gokon, T. Suda and T. Kodama, Thermochemical Reactivity of 5-15 Mol% Fe, Co, Ni, Mn-Doped Cerium Oxides in Two-Step 

Water-Splitting Cycle for Solar Hydrogen Production, Thermochimica Acta, 617 (2015), 179ï190. 
25 Q. L. Meng, C. I. Lee, T. Ishihara, H. Kaneko and Y. TamauraReactivity of CeO2-Based Ceramics for Solar Hydrogen Production 
via a Two-Step Water-Splitting Cycle with Concentrated Solar Energy, International Journal of Hydrogen Energy, 36,21 (2011), 

13435ï13441. 
26 A. Le Gal and S. Abanades, Catalytic Investigation of Ceria-Zirconia Solid Solutions for Solar Hydrogen Production, International 
Journal of Hydrogen Energy, 36,8 (2011), 4739ï4748. 
27 A. Le Gal and S. Abanades, Dopant Incorporation in Ceria for Enhanced Water-Splitting Activity during Solar Thermochemical 

Hydrogen Generation, Journal of Physical Chemistry C, (2012), 13616ï13523. 
28 Y. Hao, C. K. Yang and S. M. Haile, Ceria-Zirconia Solid Solutions (Ce1-xZrxO2-Y, x<0.2) for Solar Thermochemical Water 

Splitting: A Thermodynamic Study, Chemistry of Materials, 26,20 (2014), 6073ï6082. 
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required temperature for the reduction step and in the amount of produced hydrogen. The 

cyclability behaviour is also evaluated. 

3. To evaluate the hydrogen production and the cyclability behaviour of ceria doped 

materials prepared with 10 % mol and 50 % mol of Me (Me = Fe, Co, Mn and Zr). Two 

different synthesis methods were selected in order to evaluate the influence in the 

obtained materials and the final results, physical mixture and co-precipitation. 

4. To analyse the solar to fuel efficiency and the exergy efficiency of the studied cycles 

(Mn3-xCoxO4 spinel, La1-xSrxMeO3Ñŭ perovskites and Ce1-xMexOy) as compared to other 

thermochemical cycles commonly reported in the literature. 

Funding for this research was provided by Madrid Regional Government through the project 

óStorage and Conversion of Concentrated Solar Energyô (ALCCONES S2013/MAE-2985).  

II.  METHODOLOGY  

II.1 Equilibrium calculations  

In a first approach, theoretical determination of the required temperatures for each reaction step 

of the cycles were performed by calculation of the corresponding Gibbs free energies (ЎὋ ). ЎὋ  

was determined from the standard enthalpies and entropies of formation (ЎὌ  and ЎὛ) and the 

temperature dependence of the specific heat (ὅ Ὕ) according to the following equations29: 

ЎὋ ЎὌ ὝЎὛ                    (1)  

ЎὌ ЎὌ ᷿Ўὧ ὝὨὝ                                                                        (2) 

ЎὛ ЎὛ ᷿ ὝὨὝ                (3) 

ЎὌ В „ ЎὌ В „ ЎὌ               (4) 

ЎὛ В „ ЎὛ В „ ЎὛ                 (5) 

Ўὅ Ὕ В „ ὅ Ὕ В „ ὅ Ὕ             (6) 

ὅ Ὕ ὃ ὄ ρπὝ ὅ ρπὝ Ὀ ρπὝ              (7) 

where „ represents the stoichiometric coefficients according to the reactions of the 

thermochemical cycle, being „ > 0 for the products and „ < 0 for the reactants. Coefficients for 

                                                           
29 J. Marugán, J. A. Botas, R. Molina, C. Herradón, Study of the First Step of the Mn2O3/MnO Thermochemical Cycle for Solar 
Hydrogen Production, International Journal of Hydrogen Energy, 37,24 (2011), 7017ï7025  
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the temperature dependence equation of specific heat at constant pressure (ὅ) and values for the 

standard enthalpies of formation (ЎὌ ), standard entropies of formation (ЎὛ ), and the derived 

standard Gibbs energies of formation (ЎὋ ) of Mn-Co oxides (mixed oxide was assumed) were 

obtained from the HSC Chemistry 6.0 software from ©Outotec Research Oy. The data for the 

mixed Mn-Co oxides were determined using the Neumann-Kopp Rule (NKR) for mixed oxides, 

following the procedure for complex mixed oxides described elsewhere29. 

Equilibrium compositions as a function of the temperature have been calculated following 

standard thermodynamic methods. Equilibrium constants (ὑ ) of the reactions at constant 

pressure as a function of temperature were calculated from the values of Gibbs energy of the 

reactions (ЎὋ ) calculated from the standard enthalpies and entropies of formation and the 

temperature dependence of the specific heat of the species, as explained above. 

ὑ Ὡὼὴ
Ў

Ὡὼὴ
Ў Ў

                                                                                  (8) 

Once calculated Kp, the evolution of the initial mixture to the equilibrium compositions at a 

constant pressure (ὖ) has been calculated. The molar amount of O2 or H2 formed through the 

reaction ὔ  or ὔ  were obtained from the difference between the initial amount of O2 ὔ  

or H2 ὔ  and its equilibrium amount ὔ  or ὔ , calculated from the reaction equilibrium 

constant through the partial pressure and the gas composition at equilibrium (ὖ  and ώ  or 

ὖ  and  ώ  respectively) as follows: 

 ὖ ὑ
Ⱦ

                                                                                                                        (9) 

 ὣ                                                                                                                              (10) 

 ὔ ὔ                                                                                                                (11) 

ὔ ὔ ὔ                                                                                                            (12) 

Finally, the molar amount of the solid phases at the equilibrium has been computed from the 

reacted O2 or H2 according to the stoichiometry of the reaction. For instance, the following 

equations have been used: 

ὔ  ὔ ὔ                                                                     (13) 

ὔ  ὔ ὔ                                                                          (14) 
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II.2. Materials  

a) Manganese and Cobalt mixed oxides 

Mn and Co mixed oxides (Mn3-xCoxO4) were synthesized by physical mixture of the respective 

pure metal oxides (Mn3O4 with a particle size of 44 ɛm, and Co3O4 with a particle size of 37 ɛm) 

purchased from Sigma-Aldrich and Alfa Aesar, respectively. The mixture was heated up to 800 

°C with a rate of 10 °C/min and calcined at that temperature during 5 h under air flow of 100 

mL/min30. 

b) Perovskites oxides 

Commercial perovskites with structures ABO3: LSM-20 (La0.8Sr0.2MnO3-ŭ), LSM-35 

(La0.65Sr0.35MnO3-ŭ), LSF (La0.6Sr0.4FeO3-ŭ) and LSC (La0.8Sr0.2CoO3-ŭ), were purchased from 

Sigma Aldrich. In these materials, the large cation (A: La) has been partially substituted by 

strontium, whereas the ŭ symbol represents the oxygen deficiency generated upon preparation of 

strontium doped materials at elevated temperatures under an inert atmosphere. Thus, the general 

structure can be expressed as A(1-x)AôxBO(3-ŭ). 

c) Ceria-based materials 

Me-CeO2-ŭ based materials were synthesized following two different methodologies. On one 

hand, the materials were obtained by co-precipitation solutions of Ce(NO3)3·6 H2O and Mn, Fe, 

Co and Zr nitrate metal sources (Co(NO3)2·6 H2O, Mn(NO3)2·6 H2O, Fe(NO3)3·9 H2O and 

ZrO(NO3)2·6 H2O) following a synthesis method described elsewhere24. Each metal precursor 

was dissolved in deionized water at a fixed concentration of 0.02 mol/L. After that, the two 

solutions were slowly mixed thoroughly in the desired proportion (Me:Ce molar proportion of   

10 %:90 % and 50 %:50 %) at room temperature under continuous stirring. The solution was 

basified up to pH of 10 with ammonium hydroxide (5 mol/L) in order to facilitate the precipitation 

of the mixed oxides. The resultant solid was washed with acetone and water, dried at 100 °C for 

24 h and finally calcined at 500 °C for 3 h under air atmosphere. On the other hand, materials with 

the same Me:Ce molar ratios were prepared by physical grinding and mixing of the pure oxides. 

The resultant powders were heated up to 800 °C with a heating rate of 10 °C/min and calcined at 

that temperature during 5 h under air flow of 100 mL/min29.  

                                                           
30 C.C. Agrafiotis, C. Pagkoura, A. Zygogianni, G. Karagiannakis, M. Kostoglou, A. Konstandopoulos and G. Athanasios, Hydrogen 

Production via Solar-Aided Water Splitting Thermochemical Cycles: Combustion Synthesis and Preliminary Evaluation of Spinel 
Redox-Pair Materials, International Journal of Hydrogen Energy, 37,11 (2012), 8964ï8980. 
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II.3. Samples characterization 

The materials were characterized by different techniques. The elemental composition of the 

materials was determined by a Varian Vista AX inductive coupled plasma-atomic emission 

spectrometer (ICP-AES), and their crystal structure by X-Ray diffraction (XRD) using a 

PW3040/00 X'Pert MPD/MRD equipment. Morphology of materials was observed by Scanning 

Electron Microscopy (SEM) using a Philips Scanning Electron Microscope XL30 FEG with an 

accelerating voltage of 5.00 kV and a magnification of 60,000.  

H2-TPR experiments of the studied materials and the pure metal oxides were performed by a 

Micrometrics (Norcross, GA, USA) Autochem 2910 equipment. The samples were previously 

degasified in flowing argon (35 mL/min) for 2 min at 100 °C with a heating rate of 5 °C/min. 

Afterwards, the H2-TPR profile was obtained by flowing 10 % H2 in Ar (35 mL/min) from 100 

°C to 1000 °C with a heating rate of 10 °C/min.  

II.4. Thermogravimetric measurements 

An evaluation of the redox properties of the materials was performed by thermogravimetric 

analysis (TGA) carried out in a TG apparatus model TGA/ DSC1 STARe System (Mettler, 

Toledo) with a maximum operation temperature of 1600 °C. Several cycles were performed to 

evaluate the re-oxidation capacity of the materials under air flow (50 cm3/min) conditions around 

the sample (50 mg) placed in a platinum crucible of 0.15 cm3 of total volume. The samples were 

heated up from 40 °C to 1400 °C with a heating rate of 10 °C/min, and then were cooled to 40 °C 

with a cooling rate of -10 °C/min. The weight losses and gains are consequence of the thermal 

reduction of the material and the consecutive re-oxidation of the metal oxides in contact with the 

air flow. 

II.5. Reactions in a high temperature furnace coupled to a gas analyzer 

Having assessed the re-oxidation capacity of each material by TGA, the evaluation of hydrogen 

production was carried out on a high temperature tubular furnace coupled to a gas analyser. In 

this equipment, the amount of oxygen and hydrogen produced during the reduction and oxidation 

processes, respectively, were measured. A Pt/Rh crucible was placed inside the furnace as support 

for the materials. In this case, a higher amount of solid reactant was placed as compared to the 

previous TGA measurements (1.15 g in all the cases). To carry out the reduction step, the 

temperature was increased up to 1400 °C with a heating rate of 10 °C/min. The O2 released was 

continuously removed with a nitrogen flow rate of 50 L/h and carry to a paramagnetic gas analyser 
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from Emerson Xtream (Figure 2 a). The analyser was previously calibrated using nitrogen as zero 

gas and 5 % O2/N2 as span. 

For the oxidation step, by hydrolysis with water, a nitrogen flow rate (50 L/h) was saturated with 

water at 80 °C before feeding the furnace. The other operating conditions were the same as for 

the reduction step. The gas flow from the reactor goes through a moisture trap to remove water 

that could interfere in the hydrogen detection. Then, part of the gas flow was released to the 

environment (Figure 2 purge) whereas the other part was conditioned to a proper pressure (Figure 

2 pump and recirculation) and cooled to 3 °C to remove traces of water. The analyser was 

calibrated using nitrogen as zero gas and mixtures of 5 % O2/N2 and H2/N2 as span.  

 

Figure 2. Schematic representation of the high temperature tubular furnace setup: a) 

representation of the system for the reduction step and b) for the hydrolysis step. 

In the case of using Mn and Co mixed oxides (Mn3-xCoxO4) the oxidation step was performed 

with NaOH instead of water. The same Pt/ Rh (90/10) crucible, resistant to NaOH corrosion, was 

placed inside the furnace as support for the Mn3-xCoxO4/NaOH mixtures. The reactants were 

milled before the reactions to yield and homogeneous mixture. The other operating conditions 

were the same as for the reduction step. In this case, an additional hydrolysis step is required to 

regenerate the initial material and recover the NaOH, closing the thermochemical cycle. This 

hydrolysis step was performed in two different ways, either washing the materials with water at 

70 °C during 2 h (Hydrolysis type A) or with water at room temperature for one day (Hydrolysis 

type B).   

III.  RESULTS AND DISCUSSION 

As it has been previously explained, the main objectives of this work are to evaluate the 

temperature requirements and the hydrogen production activity of different thermochemical 

cycles based on Mn3-xCoxO4, La1-xSrxMeO3Ñŭ and Ce1-xMexOy materials. 
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III.1. Manganese and Cobalt mixed oxides  

i. Thermodynamic study 

The evaluation of novel Mn1-xCoxO4 redox materials for thermochemical hydrogen production 

has to be theoretically analysed in advance to ensure the viability of the cycle and to determine 

the range of required temperatures for the reduction and oxidation steps. To the best of our 

knowledge, there are no previous thermodynamic studies of the Mn3-xCoxO4/Mn3-xCoxO3 

thermochemical cycle and the thermodynamic data of the species involved are not available. 

Therefore, in this work a thorough thermodynamic study of the process has been carried out. 

Following the steps of the pure oxides cycles reported by Charvin9, it can be assumed that the 

cycle of the synthesized materials proceeds through the reduction of Mn and Co mixed oxides in 

an endothermic reaction at high temperature (R9): 

 ὓὲ ὅέὕ O ὓὲ ὅέὕ  ὕ                                                                             (R9) 

The theoretical values of the Gibbs free energies for the reduction step of each material and the 

respective pure metal oxides are shown in Figure 3. Results shows that thermal reduction of the 

Mn-Co mixed oxides takes place at temperatures between 775 °C and 895 °C, depending on the 

amount of manganese presented in the material. The higher the quantity of manganese, the higher 

temperature is required in agreement with the higher reduction temperature of the pure Mn2O3 

(1300 °C30) in comparison with that of Co3O4 (800 °C31). The significant decrease in the required 

temperature in theory leads to a much higher efficiency of the solar collector system, and 

consequently to an increase in the global efficiency of the cycle. 

                                                           
31 C. Agrafiotis, M. Roeb, M. Schmücker and C. Sattler,  Exploitation of Thermochemical Cycles Based on Solid Oxide Redox 
Systems for Thermochemical Storage of Solar Heat. Part 1: Testing of Cobalt Oxide-Based Powders, Solar Energy, 102 (2014), 189ï

211. 
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Figure 3. Gibbs energy of the thermal reduction of different mixed oxides (Mn3-xCoxO4) and the 

respective pure metal oxides (Co3O4 and Mn3O4). 

Once calculated the required temperature for the reduction reaction, the viability of the oxidation 

with water was studied (R10).  

ὓὲ ὅέὕ Ὄὕᴼὓὲ ὅέὕ Ὄ                                               (R10) 
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Figure 4. Gibbs energy of the oxidation reaction with water of different mixed oxides (Mn3-xCoxO4) 

and the respective pure metal oxides (Co3O4 and Mn3O4). 

The results shown in Figure 4 indicate that the oxidation with water of the resulting material from 

the reduction step (Mn3-xCoxO3) is not feasible in the studied range of temperatures. The reaction 

between water and the reduced oxide is thermodynamically possible only if the Gibbs energy of 

the metal oxide redox pair is greater than the corresponding for the water reduction. Based on the 

diagram shown in Figure 5, it can be concluded that water-splitting is not possible with MnO or 

CoO, so neither with a mixture of them.  
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Figure 5. Gibbs energy of different oxides reduction reactions. 

The alternative consists of using a stronger oxidizing compound such as the sodium hydroxide 

(reaction 11). Figure 6 shows the results of ЎὋ  with the temperature for the generation of 

hydrogen by reaction of Mn3-xCoxO3 with NaOH. 

ὓὲ ὅέὕ ς ὔὥὕὌ O ὔὥὓὲ ὅέὕ  Ὄ                                 (R11) 

As it can be seen, the reaction with NaOH for hydrogen production is possible for all the studied 

materials, and it takes place at temperatures around 900 °C depending on Mn/Co proportion. The 

required temperature for the process decreases with increasing the quantity of manganese 

presented in the material. This could be explained because CoO does not react with NaOH, so the 

higher its content, the more difficult the oxidation step.  

It is noteworthy that the required temperatures for the reduction and oxidation steps of the Mn-

Co mixed oxides thermochemical cycle are very similar, improving the global efficiency of the 

cycle. The heat losses and the difference between the temperatures of the reduction and oxidation 

steps are the main factors affecting to a reduction in the exergy efficiency32, i.e. it is desirable that 

the temperature at which the steps of the cycle take place are as much similar as possible. 

                                                           
32 L. A. Weinstein, J. Loomis, B.Bhatia, D. M. Bierman, E. N. Wang abd G. Chen, Concentrating Solar Power, Chemical Reviews, 
115,23 (2015), 12797ï12838. 
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Figure 6. Gibbs energy of the hydrogen formation by reaction of Mn-Co mixed oxides with NaOH. 

Finally, a reaction to regenerate the initial oxide (Mn3-xCoxO4) and to recover the NaOH is 

necessary (R12). The hydrolysis reaction of the Na-Mn-Co mixed oxide with water will close the 

thermochemical cycle. The evolution of Gibbs energy with the temperature is shown in Figure 7. 

As it can be seen, this reaction is thermodynamically feasible even at ambient temperature for all 

the studied materials. 

ὔὥὓὲ ὅέὕ Ὄὕᴼὓὲ ὅέὕ ς ὔὥὕὌ                                      (R12) 
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Figure 7. Gibbs energy of the recover step by reaction with water. 

Summarizing these results, it can be concluded that the presence of cobalt has two opposite 

effects. On the one hand, the major presence of Co decreases the thermal reduction temperature. 

On the other hand, its presence affects negatively the oxidation temperature. For this reason, it is 

necessary to reach a compromise on the amount of Co presented in the manganese and cobalt 

mixed oxides. 

Taking these results into account, it can be concluded that a complete thermochemical cycle for 

hydrogen production based on Mn3-xCoxO4 materials is possible with operating temperatures 

lower than 1000 °C, being very attractive for a full-scale application. Among all the studied 

materials, Mn1.5Co1.5O4 and Mn2.1Co0.9O4 are the most promising ones due to their operating 

temperatures.   

a. Evaluation of the influence of the operation variables on the 

equilibrium temperatures 

Equilibrium temperatures are strongly influenced by the operation variables, so in this work an 

equilibrium study of different key variables of the process has been performed following the 

method described in section II.1. Figure 8  shows the influence of the total pressure on the process 

for the material Mn1.5Co1.5O4, while Table I summarizes the estimated values for the temperatures 

required for the reduction step. As it can be seen, the lower the pressure, the lower the required 

reaction temperature, ranging values between 790 and 870 °C. Particularly, the temperature value 
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necessary for the reduction reaction at 0.1 atm is 56 °C lower than the needed at 1 atm, whereas 

a similar shift to higher temperatures is obtained at 10 atm. Similar behaviour was reported by 

Marugán et al.29 and by Charvin et al.9 for the Mn2O3/MnO thermochemical cycle, although in 

that cases the effect was even more significant than the observed in the present study. In the case 

of the oxidation reaction the same behaviour has been observed although due to the higher values 

of the stoichiometric coefficient and the equilibrium constant the effect is even more pronounced. 

In this case the reaction temperature goes from 854 to 1000 °C, approximately.   

 

Figure 8. Influence of total pressure on the thermodynamic equilibrium of the solid phases of the 

Mn 1.5Co1.5O4 thermochemical cycle at a ratio N2/ Mn1.5Co1.5O4 of 1. 

Table I . Operational temperatures for different operational pressures in a Mn-Co mixed oxide 

based thermochemical cycle. 

Tred (°C) Tox (°C) 
P = 0.1 atm P = 1 atm P = 10 atm P = 0.1 atm P = 1 atm P = 10 atm 

791.5 829.0 869.5 854.5 926.5 1006.0 

From a practical point of view, it is common to use an inert gas as a carrier to remove from the 

reaction medium the oxygen and the hydrogen released in the different steps of the cycle. Thus, 

the influence of the inert gas/solid molar ratio was evaluated. The results are shown in Figure 9, 

while a summary of the required temperatures is shown in Table II. 

It is clearly evident that a shift to higher temperatures is obtained when the inert gas/solid molar 

ratio is lower. This effect is similar to the one observed by increasing the total pressure of the 

system, in agreement with the expected effect on the partial pressures of hydrogen and oxygen on 

the gas phase.  

In conclusion, the reduction in the required temperatures achievable by decreasing the total 

pressure or increasing the amount of inert gas must be technically and economically optimized to 
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determine the combination of both variables that minimizes de total cost, considering the energy 

requirements of the vacuum systems, and the production and recovery costs of the inert gas. 

 

Figure 9. Influence of gas/solid ratio on the thermodynamic equilibrium of the solid phases of the 

Mn 1.5Co1.5O4 thermochemical cycle at a total pressure of 1 atm. 

Table II . Operational temperatures for different amounts of carrier gas in a Mn-Co mixed oxide 

based thermochemical cycle. 

Tred (°C) Tox (°C) 
N2 = 0.1 

mol 

N2 = 1 

mol 

N2 = 

1.88 mol 

N2 = 10 

mol 

N2 = 0.1 

mol 

N2 = 1 

mol 

N2 = 

1.88 mol 

N2 = 10 

mol 

869.5 829.0 818.5 791.5 1006,0 926.5 905.5 854.5 

A remarkable decrease in the operation costs could be achieved by substituting the use of inert 

gas by air as carrier gas. Figure 10 shows the equilibrium calculations of the first step of the 

studied mixed oxides cycle under the presence of pure N2, a N2-O2 mixture (90 % N2-10 % O2) 

and air (79 % N2-21 % O2). Table III  summarizes the required temperatures. 
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Figure 10. Influence of the initial amount of oxygen on the thermodynamic equilibrium of the 

solid phases of the reduction step of the Mn1.5Co1.5O4 thermochemical cycle at 1 atm of total 

pressure and a ratio N2/ Mn1.5Co1.5O4 of 1. 

Table III . Operational temperatures as a function of the composition of the carrier gas for the 

reduction step of a Mn-Co mixed oxide based thermochemical cycle. 

Tred (°C) 

100 % N2 - 0 % O2 90 % N2 - 10 % O2 79 % N2 -21 % O2 

829.0 925.0 940.0 

As it can be seen, the presence of oxygen induces an increase in the temperature value in which 

the reduction reaction begins, but only a slight increase in the temperature for total conversion, 

narrowing the temperature range in which the reaction takes place. According to this behaviour, 

it is possible to substitute the inert gas by air as carrier gas. 

ii. Characterization of Mn3-xCoxO4 mixed oxides 

Table IV  shows the atomic ratio Mn/Co/O of the synthesized materials, determined by elemental 

analysis from ICP-AES measurements. As it can be seen, the composition of the different samples 

measured by ICP, are similar to the expected ones (molecular formula), indicating that the oxides 

were homogeneously mixed. 

Table IV . Molar ratio of the synthesized Mn-Co mixed oxides by ICP. 

Material  Mn Co O 

10 % Mn ï 90 % Co (Mn0.3Co2.7O4) 0.23 2.77 4 

30 % Mn ï 70 % Co (Mn0.9Co2.1O4) 0.82 2.18 4 

50 % Mn ï 50 % Co (Mn1.5Co1.5O4) 1.44 1.56 4 

70 % Mn ï 30 % Co (Mn2.1Co0.9O4) 2.05 0.95 4 
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Mn-Co mixed oxides and pure metal oxides (Co3O4, Mn2O3 and Mn3O4) were characterized by 

XRD in order to study their crystalline structure. The results are shown in Figure 11. As it can be 

seen, the material with the highest cobalt content (10 % Mnï 90 % Co) shows a cubic Co3O4 

phase (ICDD 01-080-1533) with no contribution of other crystal structures. As the manganese 

content increases new diffraction signals appear, indicating the presence of other crystalline 

phases. The material with 30 % of Mn and 70 % of Co presents mainly a cubic Co3O4 structure 

with small contributions of tetragonal Mn3O4 crystal phase (ICDD 00-008-0017). The material 

with 50 % of each metal oxide is formed by a mixture of cubic MnCo2O4 phase (ICDD 00-023-

1237) and tetragonal Mn2CoO4 crystal structure (ICDD 01-077-0471). This kind of mixture of 

cubic and tetragonal spinels has been previously reported in the literature for materials with 

similar compositions33,34,35. Finally, the material with the highest amount of manganese (70 % Mn 

ï 30 % Co) presents mainly a cubic Mn2O3 structure (ICDD 00-041-1442) with small 

contributions of tetragonal Mn3O4 crystal phase. 

 

Figure 11. XRD spectra of the synthesized Mn-Co mixed oxides and the pure metal oxide 

as known Co3O4, Mn2O3 and Mn3O4. 

                                                           
33 E. Vila, R. M Rojas, J. L. Martín de Vidales and O. García-Martínez, Structural and Thermal Properties of the Tetragonal Cobalt 

Manganese Spinels MnXCo3-XO4 (1.4 < X < 2.0 ), Chemistry of materials, 4,15 (1996), 1078ï1083. 

34 H. Bordeneuve, S. Guillemet-Fritsch, A. Rousset, S. Schuurman and V. Poulain, Structure and Electrical Properties of Single-Phase 

Cobalt Manganese Oxide Spinels Mn3-xCoxO4 Sintered Classically and by Spark Plasma Sintering (SPS), Journal of Solid State 

Chemistry, 182.2 (2009), 396ï401. 
35 A. J. Carrillo, J. Moya, A. Bayón, P. Jana, V. A. de la Peña O'Shea, M. Romero, J. González-Aguilar, D. P. Serrano, P. Pizarro and 
J. M. Coronado, Solar Energy Materials & Solar Cells Thermochemical Energy Storage at High Temperature via Redox Cycles of 

Mn and Co Oxides : Pure Oxides versus Mixed Onesô, Solar Energy Materials and Solar Cells, 123 (2014), 47ï57. 
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SEM images were taken to better understand the structure and morphology of these materials.  As 

it can be seen in Figure 12 the morphology of the synthesized oxides is formed by aggregates of 

primary particles, which is typical of metal oxide powders40, but each material has a different 

specific morphology depending on the amount of each metal present in the samples. The sample 

with 10 % Mn ï 90 % Co (Figure 12 a) has a uniform morphology, in agreement with the XRD 

data showing a single crystalline phase. Furthermore, the material with 30 % Mn and 70 % Co 

(Figure 12 b) has two different morphologies, being the predominant morphology similar to the 

previous one, but with other minor contribution of a tetragonal structure attributable to Mn3O4. 

The sample with 50 % of each metal (Figure 12 c) presents two types of morphology in equal 

proportion, due to the two spinel phases (Mn2CoO4 and MnCo2O4). Finally, the sample with 70 

% Mn and 30 % Co (Figure 12 d) has two morphologies in different proportions due to different 

crystalline phases. It is notable that the particle size increases from the sample with the less 

quantity of manganese to the sample with 50 % of each metal, and then it decreases again. This 

implies that the higher purity of the material the smaller particle size is obtained, as reported by 

Carrillo et al.39
. 

 

Figure 12.  SEM photographs of the four synthesized spinels: a) 10 % Mn ï 90 % Co, b) 30 

% Mn ï 70 % Co, c) 50 % Mn ï 50 % Co and d) 70 % Mn ï 30 % Co. 

The H2-TPR results of the synthesized mixed oxides and the pure metal oxides are shown in 

Figure 13. All  the TPR spectra of the Mn-Co mixed oxides present two peaks, except for the 

sample with 10 % Mn and 90 % Co, which are due to the subsequent reduction of both cations 

presented in the materials. The first peak, in the range of 370-390 °C, is due to the reduction of 
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Co (II, III) to Co (II), which is in accordance with the TPR obtained for the Co3O4 and with other 

experimental studies for this oxide36,37. The second peak with maximum at 530-550 °C is 

attributed to the reduction of Mn (III) to Mn (II). This temperature is lower than the required for 

the pure Mn2O3, placed on the left side of the Figure 13, and it is due to the presence of cobalt 

cations with higher reducibility, so they promote the reduction of manganese cations at lower 

temperatures. This effect has been previously reported in the literature41 and has been attributed 

to the high rate of metal cluster formation, which acts as centres for the reduction. An important 

aspect is the fact that the lower the amount of Co present in the material, the higher temperature 

is required for the reduction. It is also remarkable that the first peak intensity decreases as the 

cobalt content is lower while the second peak increases as the amount of manganese is higher. 

 

Figure 13. H2-TPR profiles of the synthesized Mn-Co mixed oxides and the pure metal 

oxide as known Co3O4, Mn2O3 and Mn3O4. 

                                                           
36 D. Klissurski and E. Uzunova, Synthesis and Features of Binary Cobaltite Spinels, Journal of Materials Science, 29,2 (1994), 285ï

293. 
37 D.D. Do S. Bhatia, J. Beltramini, Temperature Programmed Analysis and Its Applications in Catalytic Systems, Catalysis Today, 
7,3 (1990), 309ï438. 
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iii.  Evaluation of the cyclability behaviour by TGA 

The mass variation derived of the oxygen released in the reduction step and subsequent uptake in 

the oxidation step of the Mn-Co oxides during redox cycles under air can be used to assess their 

performance and cyclability. This mass variation during the thermal treatment can be easily 

monitored using a thermobalance performing heating and cooling cycles under air flow. The 

results obtained for the synthesized materials are shown in Figure 14. 

  

Figure 14. Redox cycles (% weight versus temperature) of the synthesized materials (heating: 10 

°C/min, Gas flow: 50 cm3/min). 

It is evident that different proportions of manganese and cobalt oxides causes remarkable changes 

in the cyclability of the synthesized materials for the reduction and oxidation processes.  First of 

all, the material with the highest cobalt content (10 % Mn ï 90 % Co) presents a loss of cyclability 

in every cycle indicating that a large quantity of cobalt has a negative effect on the stability. The 

rest of samples show a stable behaviour during the 3 consecutive cycles but they show significant 

differences in the gains and losses of weight. 

The samples with 30 % and 50 % of manganese show similar mass variations (5 % and 4.5 %, 

respectively) while the material with the highest manganese content (70 %) shows the smallest 

weight variation (2 %). This fact indicates that the higher amount of manganese the lower 

variations of weight, being indicative of the maximum potential for hydrogen production per unit 
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mass of material. The material with 10 % of manganese does not follow this trend due to its loss 

of cyclability.  

A relevant information that can be also extracted from these experiments are the required 

operational temperatures. Table V compares the reduction temperatures calculated by 

thermogravimetric analysis with the theoretical values estimated by the thermodynamic 

calculations. Comparing both results, it can be noticed that the experimental values are shifted to 

higher temperatures in comparison with the theoretical ones. This fact can be attributed to the 

kinetics limitations that usually appear in solid-state reactions, and are not considered in 

theoretical equilibrium calculations38. 

Table V. Comparison of the reduction temperature values experimentally calculated by TGA and 

theoretically estimations by thermodynamics. 

Material  
Ttheo 

(°C) 

Texp 

(°C) 

10 % Mn ï 90 % Co 775 810 

30 % Mn ï 70 % Co 820 855 

50 % Mn ï 50 % Co 850 890 

70 % Mn ï 30 % Co 890 905 

 

iv. Production of hydrogen and cyclability behaviour on a high 

temperature furnace  

Finally, in order to assess the feasibility of these materials for thermochemical hydrogen 

production, the synthesized Mn-Co mixed oxides were tested in a high temperature tubular 

furnace, coupled to a gas analyser, to measure the amount of oxygen and hydrogen released during 

the reduction and oxidation processes according to reactions R9 and R11. The results obtained 

for the reduction and oxidation reactions are shown in Figure 15.  

                                                           
38 J. Marugán, J. A. Botas, R. Molina, C. Herradón, Study of the Hydrogen Production Step of the Mn2O3/MnO Thermochemical 
Cycle, International Journal of Hydrogen Energy, 39,10 (2014), 5274ï5282. 
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Figure 15. Evolution of the a) specific O2 production in cm3 of O2 per gram of material and 

operation cycle and b) specific H2 production in cm3 of H2 per gram of material and operation cycle 

(heating: 5 °C/min, N2 flow: 50 L/h). 

Regarding the results for the reduction step (Figure 15 a), it can be clearly noticed that all the 

materials require temperatures lower than 1400 °C to be reduced, in accordance with the 

theoretical thermodynamic values and the experimental thermogravimetric ones previously 

showed. These tempertures are lower thant the one needed by the pure Mn2O3 oxide. A plausible 

explanation is that during the thermal treatment some Co3+ cations that occupy the octahedral sites 

in the Co3O4 structure partially occupy the sites of Mn3+ in the manganese structure, resulting in 

a shift to lower reduction temperatures39. It is also remarkable that there are clear differences 

regarding the amount of oxygen released per gram of material and cycle. This fact indicates that 

both the composition of manganese and cobalt in the materials and the different crystalline phases 

have a clear influence not only on the required temperatures but also on the degree of reduction 

achievable. 

Regarding the hydrogen production, it can be observed that the material with 50 % of each metal 

shows the highest hydrogen production and it requires the lowest temperature due to its spinel 

structure. On the other hand, the material with the highest cobalt content (90 %) is the one which 

requires the highest temperature and presents the lower kinetics which is due to the high presence 

of cobalt. Moreover, materials with 30 % Mn ï 70 % Co and 70 % Mn ï 30 % Co show similar 

behaviour regarding the required temperature and the kinetics, reaching similar hydrogen 

productions. 

It can be noticed that the materials with higher Co content give lower hydrogen productions. 

Moreover, this amount of hydrogen is significantly lower than the expected based on the oxygen 

released during the first step of the cycle. The reason is that the cobalt oxide does not react with 

NaOH because it requires a stronger oxidizing compound, so a high amount of this element 

hinders the oxidation step although it has a positive effect in the required reduction temperature. 
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Finally, it can be concluded that the material with 50 % of each metal shows the best results, due 

to the presence of both spinel phases.  

From the XRD analysis it was concluded that all the samples show diffraction signals evidencing 

the presence of cobalt oxide and/or both manganese oxides (Mn2O3 and Mn3O4). However, the 

sample with 50 % of each metal presents two different spinel phases, Mn2CoO4 and MnCo2O4. It 

has been previously reported the effect of the different spinel phases regarding the decrease of the 

operational temperature. For example, Fe3O4 requires around 2000 °C to be reduced to FeO, while 

the NiFe2O4 requires only around 900 °C39. This is the same effect occurred in the case of the  

Mn-Co material. The first step (lower slope) is due to the oxidation of one of the spinel 

(MnCo2O4), while the second step (higher slope) is due to the oxidation of the other spinel 

(Mn2CoO4). 

Taken into account all the facts above it is evident that it is necessary to reach a compromise on 

the proportion of each metal to decrease the operating temperature without affecting the H2 

production, being the apparent optimum in the proportion of 50 % Mn ï 50 % Co. 

Closing the thermochemical cycle requires the reaction of the product with water to recover the 

NaOH and regenerate the initial Mn-Co oxide (R12). Thus, the materials were mixed with water 

during 2 h at 70 °C. After this, the obtained solutions were filtered, and the solids obtained were 

dried at 120 °C for 2 h. Then, the recovered materials were analysed by XRD and SEM in order 

to see the structural changes undergone by the material due to the high temperatures and the 

contact with NaOH. As it can be seen in Figure 16, there is a great difference in the morphology 

of the materials before and after the reduction and oxidation step. The material with 10 % Mn ï 

90 % Co shows a high degree of sintering which explains its lack of cyclability, showed during 

the thermogravimetric experiments. On the other hand, the rest of the materials show a faceted-

layered microstructure after a complete cycle. This new morphology is attributed to the 

rearrangement of the crystalline phases occurring at high temperature in the presence of Na43. The 

crystal surface energy is significantly affected by small amounts of impurities. Thus, this faceted-

layered morphology could be explained in terms of certain energetically unfavourable crystal 

planes which are replaced by a sequential and step-wise arrangement of energetically favourable 

planes43. 

 

                                                           
39 R. R. Bhosale, R. V. Shende and J. A. Puszynski, H2 Generation from Thermochemical Water-Splitting Using Sol-Gel Derived Ni-
Ferrite, Journal of Power and Energy Engineering, 4,6 (2010), 27-38. 
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Figure 16. SEM photographs of the four synthesized Mn-Co mixed oxides before and after one 

cycle on the tubular furnace: a) 10 % Mn ï 90 % Co initial , b) 10 % Mn ï 90 % Co after one cycle, 

c) 30 % Mn ï 70 % Co initial d) 30 % Mn ï 70 % Co after one cycle, e) 50 % Mn ï 50 % Co initial, 

f) 50 % Mn ï 50 % Co after one cycle, g) 70 % Mn ï 30 % Co initial and h) 70 % Mn ï 30 % Co. 

According to the X-ray diffractograms of the materials after one complete cycle (Figure 17 b), 

the samples with low manganese content (10 % and 30 %) present different XRD patterns after 

one complete cycle than they have as synthesized (Figure 17 a). In this case, the material with 10 

% Mn and 90 % Co presents the CoO phase, with no contribution of other crystal structures. This 

indicates that this material is not re-oxidized which is in accordance with the H2 obtained in the 

tubular furnace assay. Moreover, the material with 30 % of manganese shows a clear loss of the 

structure. It has been reported in the literature that there is a restriction stability in a temperature 

interval for cobaltite spinels with 0 < x < 1 (10 % Mn ï 90 % Co and 30 % Mn ï 70 % Co). At 

temperatures in the range of 825-930 °C the spinel structure of some cobaltites is no longer stable 

and a transformation to a rock salt structure takes place (R13)40: 

ὓὩὅέ ὕ ίὴὭὲὩὰᴼὓὩὅέ ὕ ίὴὭὲὩὰὓὩὕ ὓὩȟὅέὕ ὕ          (R13) 
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where (Me,Co)O is the rock salt. However, it has been also established by other authors that these 

phenomena can occur even at lower temperatures, depending on the nature of the Me cation40. In 

any case, due to this phenomenon both materials seem to have a lack of stability. In contrast, the 

rest of materials have the same crystal structure after the oxidation step than they have before the 

reduction (Figure 17 a), which indicates that there is not any significant variation in the crystalline 

structure. 

 

Figure 17. XRD spectra of the pure metal oxides as known Co3O4, CoO, Mn2O3 and Mn3O4 and 

XRD spectra of the synthesized Mn-Co mixed oxides a) initial materials and b) after one complete 

cycle. 

Taken into account the results obtained in the thermogravimetric experiments concerning the 

cyclability and the results of the high temperature tubular furnace regarding the H2 production, it 

can be confirmed that manganese and cobalt mixed oxides are promising materials for hydrogen 

production by solar driven thermochemical cycles. Moreover, according to the stability results, 

among all the synthesized and studied materials the one which is composed by 50 % of each metal 

oxide shows the best results. So three consecutive cycles in the high temperature tubular furnace 

were performed with this material in order to evaluate the cyclability of Mn-Co oxide. Two 

different hydrolysis procedures described in the methodology section were assessed, being the 

results summarized in Figure 18.  

                                                           
40 F. C. M. Driessens, G. D: Rieck and H. N. Coenen, Phase Equilibria in the system Cobalt oxide/Copper oxide in air, Journal of 
Inorganic and Nuclear Chemistry, 30,1958 (1968), 747ï753. 
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Figure 18. Released oxygen and produced hydrogen during the reduction and oxidations processes 

using the material 50 % Mn ï 50 % Co, during consecutive cycles at different hydrolysis 

conditions: Hydrolysis A (70 ºC, 2h), Hydrolysis B (room temperature, 24 h). 

Concerning the reduction reactions (Figure 18 a) it can be observed that there are significant 

differences in the results depending on the hydrolysis conditions. In the case of the hydrolysis 

performed at 70 °C during 2 h (hydrolysis A), there are low differences between the first and the 

second cycle, which implies that it has been achieved a complete re-oxidation during the first 

cycle. However, the activity during the third cycle decreases. Nevertheless, regarding the 

hydrolysis carried out at ambient temperature (hydrolysis B) there is a decrease in the oxygen 

released during the second cycle, but this amount is constant during the second and the third cycle 

indicating that this material has been completely re-oxidized and recovered during the hydrolysis. 

The differences between the first cycle and the following ones could be explained because the 

first cycle is usually considered as an activation step. 

Focusing the attention in the hydrogen production (Figure 18 b) it can be seen that the hydrogen 

production when the hydrolysis is performed at 70 °C during 2 h decreases significantly with each 

consecutive cycle. This indicates that the conditions used in the hydrolysis step are not the 

adequate ones, so a full recovery of NaOH is not reached and therefore the regenerated spinel 

losses activity. However, when the hydrolysis is performed at ambient temperature during 24 h 

the hydrogen production is almost constant, indicating that a total recovery of the spinel has been 

achieved, and that a full reversibility of the process ensures the cyclability of the material.   

To see the influence of the hydrolysis conditions in the crystal structure, the materials obtained in 

both cases have been analysed by XRD. The results are shown in Figure 19. 
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Figure 19.  XRD spectra of the initial material, after the oxidation step, and after one complete 

cycle performing the hydrolysis in both conditions being: *  MnO/Mn 2O3, ʉ  ɓ-NaMnO2, 

Ў monoclinic NaMnO2 and Å Mn3O4. 

As it can be seen in Figure 19, there are significant differences in the recovered material when the 

hydrolysis is performed under different conditions. In the case of the method A, the signal marked 

with a square is due to the presence of ɓ-NaMnO2 while the signal marked with a triangle indicates 

the presence of monoclinic NaMnO241. The existence of these crystalline phases shows that there 

are still Na remains in the recovered material, which affects the cyclability. On the other hand, in 

the case of the method B, the signal marked with a circle indicates the presence of Mn3O4, and 

the signal marked with an asterisk indicates the existence of Mn2O3
41, so the material has been re- 

oxidized.  

 

III.2. Perovskites  

i. Thermodynamic study 

As it has been already discussed, the temperature required for the reduction of the metal oxide 

is a critical factor that hinders the application of the materials in the hydrogen production by 

thermochemical water splitting. A theoretical study based on the evaluation of the dependence 

on temperature of the Gibbs free energy of reaction (æGr
T) was carried out to evaluate the 

theoretical temperature required for both reduction (R13) and oxidation steps (R14) with 

perovskites (La1-xSrxMeO3Ñŭ, with Me = Mn, Fe, Co, and 0.2 Ò x Ò 0.4) as redox materials.  

                                                           
41 Bay·n, A., De La Pe¶a OôShea, V. A., Serrano, D. P., Coronado, J. M. Influence of structural and morphological characteristics on 
the hydrogen production and sodium recovery in the NaOH-MnO thermochemical cycle. International Journal of Hydrogen Energy, 

38 (30), (2013) 13143ï13152. 
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ὒὥ ὛὶὓὩὕ ᴼὒὥ ὛὶὓὩὕ ὕ                                                            (R13) 

ὒὥ ὛὶὓὩὕ ‌ Ὄὕᴼὒὥ ὛὶὓὩὕ ‌ Ὄ                                            (R14) 

Results of Gibbs free energy of the reduction step as a function of temperature are shown in Figure 

20.  

 

Figure 20. ȹGr
T of the reduction for perovskites: a) LSM-20, b) LSM-35, c) LSF and d) LSC. 

Temperatures close to 1400 °C are required for the reduction of manganese based materials (LSM-

20 and LSM-35), whereas 1100 and 1000 °C are the theoretical temperatures needed for the 

reduction of the Feïbased and Co-based materials, LSF and LSC, respectively. According to the 

perovskites composition, lower reduction temperature values are obtained when metal in position 

B of the structure ABO3 goes from left to right in the periodic table (Co>Fe>Mn). This behaviour 

is supported by the linear and inverse relationship between the tolerance factor (t) and the Gibbs 

reduction energy for perovskites, established by Tejuca et al.42. These authors established that a 

stable perovskite structure exists as mixed oxides only if it satisfies the value of that tolerance 

factor, t, in the range of 0.75 < t < 1.0. t parameter is calculated by equation 15: 

                                                           
42 L. G. Tejuca, J. L. G. Fierro and J. M.D. Tascón, Structure and Reactivity of Perovskite-Type Oxides, Advances in Catalysis, 36 
(1989), 237ï328. 
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 ὸ  
Ѝ

                                                                                                                  (15) 

where, rA is the ionic radium of the element placed in the A-position (La3+ and Sr2+), rB is the 

radium of the respective metal in the B-position (Mn, Fe, Co) and rO is the radium of the O2-.  

Tejuca et al.42 also established that the higher the value of t, the lower free energy and therefore 

lower temperature requirement for the reduction step. The calculated tolerance factors for the 

perovskites studied in this work are shown in Table VI. It is clearly evident that the calculated t-

factor increases from Mn-perovskites to Co-perovskite in the same order in which the reduction 

temperatures required to achieve values of æGr
T Ò 0 decrease. 

Table VI . Values calculated for the factor t for the studied perovskite materials. 

Perovskite t T (æGr
T=0, °C) 

LSM-35 0.817 1360 

LSM-20 0.818 1370 

LSF 0.881 1100 

LSC 0.887 1000 

Regarding the oxidation reaction, the results of the thermodynamic analysis are shown in Figure 

21. In this case the oxidation reaction is spontaneous in the whole studied range of temperatures 

for the LSM materials, whereas for the iron perovskite is spontaneous till 1120 °C, and for the 

cobalt perovskite till 800 °C. 

 

Figure 21. ȹGr
T of the oxidation for perovskites: a) LSM-20, b) LSM-35, c) LSF and d) LSC. 



 

 

 

 
xxxiii  

 

Universidad Rey Juan Carlos Summary  

a. Evaluation of the influence of the operation variables on the 

equilibrium temperatures 

Temperature compositions are strongly influenced by operational conditions, so their influence 

was studied. Figure 22 shows the influence of the total pressure on the process while in Table VII  

are summarized the minimun temperatures for the reduction step and the maximun temperatures 

for the oxidation steps. It is clearly evident that the lower the pressure, the lower the required 

reaction temperature. In this case, this effect is less significant than for the Mn-Co oxides because 

of the smaller stoichiometric coefficient of the oxygen and the hydrogen in the perovskites, so 

reduction and oxidation reactions are less sensitive to changes. 

 

Figure 22. Influence of total pressure on the thermodynamic equilibrium of the solid phases of the 

LSC perovskite thermochemical cycle at a ratio N2/ perovskite of 1. 

Table VII . Operational temperatures for different total pressures for a perovskite based 

thermochemical cycle. 

Tred (°C) Tox (°C) 
P = 0.1 atm P = 1 atm P = 10 atm P = 0.1 atm P = 1 atm P = 10 atm 

1010 1020 1030 600 650 700 

The influence of the gas/solid molar ratio was also established by calculation of the equilibrium 

composition corresponding to 0.1, 1, 1.88 and 10 mol of N2. The results are shown in Figure 23, 

and the operational temperatures are summarized in Table VIII . In this case, an increase in the 

gas/solid molar ratio displaces the equilibrium to lower temperatures following Le Châtelierôs 

principle.  
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Figure 23. Influence of the gas/solid ratio on the thermodynamic equilibrium of the solid phases of 

the LSC perovskite thermochemical cycle at a total pressure of 1 atm. 

Table VIII . Operational temperatures for different amounts of carrier gas for a perovskite based 

thermochemical cycle. 

Tred (°C) Tox (°C) 
N2 = 0.1 

mol 

N2 = 1 

mol 

N2 = 

1.88 mol 

N2 = 10 

mol 

N2 = 0.1 

mol 

N2 = 1 

mol 

N2 = 

1.88 mol 

N2 = 10 

mol 

1030 1020 1017 1010 680 660 650 600 

The feasibility of operating the cycle using air as carrier instead of an inert gas was also studied 

(Figure 24 and Table IX). As it can be seen, the presence of oxygen since the beginning of the 

reaction has a slightly influence in the temperature at which the reduction begins similar to the 

one obtained changing the total pressure or the gas/solid molar ratio.  

 

Figure 24. Influence of the presence of oxygen on the thermodynamic equilibrium of the solid 

phases of the LSC reduction step at a ratio N2/ LSC of 1 and total pressure of 1 atm. 
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Table IX . Operational temperatures as a function of the Carrier gas composition for a perovskite 

based thermochemical cycle. 

Tred (°C) 

100 % N2 - 0 % O2 90 % N2 - 10 % O2 79 % N2 -21 % O2 

1020 1032 1038 

The presence of water since the beginning of the oxidation reaction was also evaluated. The 

results are shown in Figure 25 while the temperatures are summarized in Table X. In this case, 

the higher the amount of water presented in the process, the higher the operating temperature 

range. 

 

Figure 25. Influence of the presence of water on the thermodynamic equilibrium of the solid phases 

of the LSC oxidation step at a ratio N2/ LSC of 1 and total pressure of 1 atm. 

Table X. Operational temperatures as a function of the amount of water for a perovskite based 

thermochemical cycle. 

Tox (°C) 

H2O:H 2 = 1 H2O:H 2 = 2 H2O:H 2 = 3 

660 670 680 

 

ii. Characterization of La1-xSrxMeO3Ñŭ perovskites 

The elemental analysis and molar ratio La/Sr/Me/O (Me: Fe, Co, Mn) of the perovskites were 

calculated using ICP-AES measurements (Table XI). Once known the quantity of each metal 

present in the sample and the total mass it is possible to calculate the amount of oxygen in the 

material. The difference between the calculated oxygen and the stoichiometric one corresponds 

to the defect oxygen (ŭ) of the material. The results confirmed that the analysed perovskites, all 

of them with an ABO3 structure, show an oxygen defect due to the lanthanum substitution by 

strontium. When some of the lanthanum (III) atoms are substituted by strontium (II), the same 
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number of atoms of Me (III) are oxidized to Me (IV) in order to keep the electro neutrality. 

However, Me (IV) is not stable, so it trends to partially reduce itself to Me (III) releasing oxygen 

and forming oxygen vacancies in the lattice43. 

Table XI . Chemical analysis of the studied perovskites (mol based). 

 La Sr Me1 O ŭ 

LSM-20 (La0.8Sr0.2MnO 3±ŭ) 0.86 0.21 1.00 2.97 0.03 

LSM-35 (La0.65Sr0.35MnO 3±ŭ) 0.66 0.35 1.00 2.93 0.07 

LSF (La0.6Sr0.4FeO3±ŭ) 0.57 0.37 1.00 2.93 0.07 

LSC (La0.8Sr0.2CoO3±ŭ) 0.78 0.17 1.00 2.97 0.03 

1. Me: Mn, Fe and Co, respectively 

Figure 26 shows the XRD patterns of the studied perovskites. The results showed a single 

perovskite phase for all the materials with an orthorhombic structure (JCPDS 01-89-2471, space 

group Pnma)41,44. There were no additional signals from impurities or other crystalline phases. 

However, there were small differences in the position of the main signals for all the perovskites. 

Mn4+/Mn3+, Fe4+/Fe3+ and Co4+/Co3+ have different sizes so the effective ionic radium in 

octahedral coordination with oxygen are different causing small changes in the perovskite 

structure. 

In addition, there is a slight difference in the position of all the signals between both manganese 

materials (LSM-20 and LSM-35) which is due to the strontium substitution. Sr2+ (1.13 Å) is 

smaller than La3+ (1.15 Å), so the different quantity of strontium presented in both materials 

causes slight changes in the crystal structure.   

                                                           
43 A. Aguadero, H. Falcon, J. M. Campos-Martín, S. M. Al-Zahrani, J. L. G. Fierro and  J. A. Alonso, An Oxygen-Deficient Perovskite 

as Selective Catalyst in the Oxidation of Alkyl Benzenes, Angewandte Chemie - International Edition, 50,29 (2011), 6557ï6561. 
44 N. Rezlescu, E. Rezlescu, P. D. Popa, C. Dorftei and M. Ignat, Characterization and Catalytic Properties of Some Perovskites, 
Composites Part B: Engineering, 60 (2014), 515ï522. 
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Figure 26. XRD patterns of LSM-20, LSM-35, LSF, LSC and JCPDS 01-89-2471. 

The materials were also characterized by H2-TPR to evaluate the reducibility of the different 

cations presented in the materials. The results in Figure 27 show that all the materials present a 

first peak between 250-300 °C due to the non-stoichiometric oxygen (Oŭ) located in the 

structure45. Regarding the manganese materials, they present two additional signals, the first one 

at 350-400 °C is related to the reduction of Mn4+ to Mn3+, while the second peak located at 600-

750 °C is due to the reduction of Mn3+ to Mn2+. A remarkable fact is that the temperatures are 

slightly lower in the case of the LSM-35 material due to the major presence of strontium which 

improves the oxygen mobility in the structure making easier the reduction. 

The iron material (LSF) has a peak at 350-450 °C due to the reduction of Fe4+ to Fe3+. This peak 

is lower than the one attributed to the oxygen because the Fe4+ is very unstable so it is reduced to 

Fe3+ at ambient conditions, so there are a small number of Fe4+ cations. The last peak at 600-900 

°C is due to the reduction of Fe3+ to Fe2+. 

The cobalt perovskite (LSC) has a shoulder at 325 °C due to the reduction of Co4+ to Co3+. This 

peak is so small for the same reason as the iron material, as Co4+ cations are very unstable and 

they are reduced to Co3+ at ambient conditions. Finally, the peak located at 450-500 °C is due to 

the reduction of Co3+ to Co2+. 

                                                           
45 R. Ran, X. Wu, D. Weng and J. Fan, Oxygen Storage Capacity and Structural Properties of Ni-Doped LaMnO3 Perovskites, Journal 
of Alloys and Compounds, 577 (2013), 288ï294. 
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Figure 27. H2-TPR profiles of the studied perovskites a) LSM-20, b) LSCM-35, c) LSF and d) LSC. 

iii.  Evaluation of the cyclability behaviour by TGA  

Thermogravimetric experiments were performed in order to experimentally evaluate the redox 

capacity of the materials. The perovskites were heated in a TGA apparatus at 10 °C/min up a 

maximum temperature of 1400 °C and then cooled down to room temperature, in several 

consecutive cycles. The results in terms of weight as function of temperature are shown in Figure 

28. The weight loss measured is consequence of the thermal reduction of the materials and the 

weight gain results from the re-oxidation of the perovskites in contact with an air flow of 50 

cm3/min. 

All the materials showed a different behaviour during the first cycle as compared to the rest of 

cycles, so it could be considered as an activation step for the material. Focusing on the rest of the 

cycles, it is evident that only the perovskite with Co (LSC) shows a stable behaviour during the 

four consecutive cycles with considerable weight losses and gains (1.5 %). Both manganese 

perovskites (LSM-20 and LSM-35) have very low weight losses/gains (0.1 %), and the LSF 

material requires several cycles to achieve a stable behaviour, with a weight change of 0.97 % in 

the last cycle. 

The temperature values in which the reaction starts for each material are shown in Table XII , 

including those corresponding to the pure oxides. 
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Figure 28. Redox cycles (% weight versus temperature) in TGA (heating: 10 °C/min, Gas flow: 50 

cm3/min) for: a) LSM -20, b) LSM-35, c) LSF and d) LSC. 

Table XII . Experimental values of the starting temperature for the reduction step for the studied 

perovskites and the corresponding pure metal oxides. 

Perovskite TTGA (°C) Ttheo (°C) Pure Oxide T (°C) 

LSM-20 1150 1360 

Mn3O4 1100-1450 

LSM-35 950 1370 

LSF 800-6251 1106 Fe3O4 2200 

LSC 800 1004 Co3O4 850 

1For the last cycle. 

The results showed that the required temperature values for the reduction step are different than 

those reported in literature for the respective pure metal oxides29,39,46. The required temperature 

by the LSM-20 is in the range of that needed by the pure Mn2O3, although the LSM-35 requires 

a lower temperature. This fact confirms the influence on the reduction temperature of the quantity 

of strontium in the structure. Higher strontium contents (LSM-35) leads to lower reduction 

temperatures as compare to LSM-20, which presents lower strontium content. This result could 

be explained because the greater the amount of strontium presented in a perovskite, the higher 

oxygen vacancies are formed to maintain the electro-neutrality, improving the oxygen mobility 

in the perovskite network making easier the reduction19,20. The iron perovskite (LSF) shows the 

                                                           
46 W. C. Chueh and S. M. Haile, A Thermochemical Study of Ceria: Exploiting an Old Material for New Modes of Energy Conversion 

and CO2 Mitigation, Philosophical Transactions. Series A, Mathematical, Physical, and Engineering Sciences, 368,1923 (2010), 
3269ï3294. 
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highest difference in the required reduction temperature and consequently the greatest potential 

improvement in the cycle efficiency. Finally, in the case of the cobalt material (LSC), this 

temperature is only slightly lower than the required by the pure Co3O4, but this material shows 

the best redox behaviour, as explained above. 

As for the theoretical reduction temperatures, the higher reduction activity is obtained as the metal 

in B position is located more to the right of the periodic table (Co>Fe>Mn). Additionally, since 

the weight losses in the reduction steps do not reach a stable value (a plateau) during the heating 

process in any case, it can be concluded that the reduction processes require higher temperatures 

than 1400 °C to be finished. The slightly lower values for the reduction temperature obtained from 

the experimental data, as compared to the calculated by the theoretical thermodynamic study can 

be attributed to the continuous removal of the oxygen released during thermal reaction in the TG, 

whose effect is not considered in the equilibrium calculation29. 

iv. Production of hydrogen and cyclability behaviour on a high 

temperature furnace 

Once evaluated by TGA the re-oxidation capacity of the materials and determined the required 

reduction temperatures, a complete thermochemical cycle for each perovskite was performed in 

a high temperature tubular furnace coupled with an O2 and H2 analyser. The results of the amount 

of O2 and H2 released in both reactions are shown in Figure 29. 

 

Figure 29. Evolution of the a) specific O2 production in cm3 of O2 per gram of perovskite and 

operation cycle and b) specific H2 production in cm3 of H2 per gram of perovskite and operation 

cycle (heating: 10 °C/min, N2 flow: 50 L/h). 

The results obtained for the reduction step (Figure 29 a) are qualitatively in agreement with those 

obtained in the thermogravimetric study. Thus, the cobalt material (LSC) showed the higher 

activity followed by the iron material (LSF) and the manganese materials (LSM-20 and 35). As 
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expected, and according to the results obtained in the TGA experiments (Figure 28), the reduction 

proceeded in a wide range of temperatures, from 250 to 1400 °C. The H2 production (Figure 29 

b) follows the same behaviour than the reduction (LSC>LSF>LSM-35åLSM-20) and the range 

of temperatures is also very similar than that observed for the reduction step. 

The hydrogen production is lower than the expected according to the oxygen released in the 

reduction step. However, as it is shown in the thermogravimetric cycles (Figure 28), after the first 

reduction, the materials do not recover the initial mass, so this fact must be considered. Taken this 

into account, the hydrogen produced is closer to that predicted in the TGA experiments.  

The hydrogen production is similar to that of other non-stoichiometric oxides reported in 

literature27, being the LSC the most promising material of all the studied in this work, regarding 

its stable re-oxidation behaviour in TGA, the required temperatures for the thermochemical 

process and the hydrogen production. In addition, the cycle Co3O4/CoO is not feasible with water, 

so the use of the cobalt perovskite implies an improvement over the cobalt oxide. 

The cyclability of the LSC sample, the material with the highest hydrogen production of the 

studied perovskites, was tested in 6 consecutive cycles in the high temperature tubular furnace. 

The results of the amount of O2 released and H2 production in each cycle are summarized in 

Figure 30. 

 

Figure 30. a) specific O2 production in cm3 of O2 per gram of LSC and operation cycle and b) 

specific H2 production in cm3 of H2 per gram of LSC and operation cycle during 6 consecutive 

cycles at 1400 °C (heating: 10 °C/min, N2 flow: 50 L/h). 

Results revealed an unstable behaviour of the material along the cycles. The oxygen released in 

the reduction step was decreased in each consecutive cycle. The same results were obtained in the 

hydrogen production, showing that the cobalt perovskite (LSC) is a non-stable material after 
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cycles.  In order to know the reason for this behaviour, the LSC was characterized by SEM after 

each consecutive cycle. The obtained micrographs are shown in Figure 31. As it can be seen, there 

is an important morphological change before and after the reactions. The LSC is initially formed 

by the aggregation of small particles, of around 200 nm, in bigger particles, with sizes around 15-

20 ɛm (Figure 31 a). However, after the consecutive cycles, the macroparticle size were clearly 

increased (>50 ɛm) indicating a particle growth and agglomeration which hinders the diffusivity 

of O2 and H2. Micrographs of the sample after the consecutive cycles, taken by backscattered 

electrons, showed that the material has two different phases with different composition. An EDX 

microanalysis was performed in both phases, confirming that the majority phase corresponds to 

the perovskite phase, but the dark spheres correspond to pure Co (Co0). This fact indicates that, 

due to the high temperatures supported by the sample during the thermochemical cycles, the metal 

diffuses to the grain boundaries, creating a second phase. This second metallic phase is very stable 

and is not re-oxidized in the presence of water, explaining the unstable behaviour of the LSC in 

the range of the temperatures analysed. 

 

Figure 31. SEM micrographs of the LSC perovskite a) fresh material, b) after de 1st cycle, c) after 

the 2nd cycle, d) after the 3rd cycle, e) after the 4th cycle, f) after the 5th cycle and g) after the 6th cycle 

performing them at 1400 °C. 

These results indicate that after a consecutive number of cycles, the resultant cobalt material is 

different than the raw perovskite, making necessary additional experimental work at lower 

temperatures in order to determine the cyclability of the system without causing a decrease in the 
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H2 production. So, six consecutive cycles were also performed at 1000 °C to improve the 

operational stability of the material. The results are shown in Figure 32. As it can be seen, when 

the maximum operational temperature is 1000 °C the material presents a stable hydrogen 

production during six consecutive cycles.  

 

Figure 32. a) specific O2 production in cm3 of O2 per gram of LSC and operation cycle and b) 

specific H2 production in cm3 of H2 per gram of LSC and operation cycle during 6 consecutive 

cycles at 1000 °C (heating: 10 °C/min, N2 flow: 50 L/h). 

The material cycled at 1000 °C was also characterized by SEM after each consecutive cycle to 

check the possible morphological changes or the formation of segregated phases. The 

micrographs are shown in Figure 33. 
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Figure 33. SEM micrographs of the LSC perovskite a) fresh material, b) after de 1st cycle, c) after 

the 2nd cycle, d) after the 3rd cycle, e) after the 4th cycle, f) after the 5th cycle and g) after the 6th cycle 

performing them at 1000 °C. 

In this case, there is a slight morphological change due to a small sintering of the material. But 

most important is the fact that the analysed material after each cycle does not present segregated 

phases, and the EDX analyses confirm that the material has a uniform composition.  

 

III.3. Ceria based materials  

i. Thermodynamic study 

First of all, the Gibbs free energy of reactions was calculated to evaluate the theoretical 

temperature required for both reduction (R15) and oxidation (R16) steps.  

ὅὩ ὓὩὕ ᴼὅὩ ὓὩὕ  ὕ                                                                   (R15) 

ὅὩ ὓὩὕ ‌ Ὄὕ O  ὅὩ ὓὩὕ ‌ Ὄ                                                (R16) 

Ce1-xMexO2Ñŭ represents the studied materials (Me = Fe, Co, Mn and Zr, and x = 10 and 50 % 

mol). As an example, the values of the estimated Gibbs energy of both reduction and oxidation 

reactions as a function of temperature are shown in Figure 34 for the Ce0.9Fe0.1Oy material. 
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Figure 34. ȹGr
T of a) reduction and b) oxidation of the Ce0.9Fe0.1Oy. 

As it can be seen, the temperature required for reduction reaction is much lower than the one 

corresponding to the pure metal oxides (~ 2000 °C), confirming a synergistic effect on the 

combination of both metals. In contrast, the oxidation reaction is spontaneous only up to 780 °C, 

much lower than the value for the cerium oxide (~ 1300 °C). Similar results have been obtained 

for the rest of materials.  

a. Evaluation of the influence of the operation variables on the 

equilibrium temperatures 

Similarly to the case of Mn-Co mixed oxides and perovskites, the equilibrium temperature is 

strongly influenced by the operation variables like the total pressure, the amount of carrier gas, 

the amount of oxygen during the reduction step and the amount of water during the oxidation 

reaction. Figure 35 shows, as an example, the influence of the total pressure for the Ce0.9Fe0.1Oy 

material, being the operational temperatures summarized in Table XIII . As it can be seen, the 

lower the pressure, the lower the required temperature for the reduction process (Figure 35 a) as 

is predicted by Le Chatêlier principle. This effect is more significant than for the perovskites, as 

it depends on the values of ŭ and Ŭ. In the case of the oxidation reaction (Figure 35 b) the lower 

the pressure the higher the range of temperatures at which the reaction takes place.  

The influence of the gas/solid ratio is shown in Figure 36 and the operational temperatures are 

summarized in Table XIV. Results indicates that an increase in the solid/gas molar ratio shift the 

equilibrium to lower operational temperatures in the case of the reduction reaction (Figure 36 a), 

an increase the range of operational temperatures in the case of the oxidation (Figure 36 b). 
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Figure 35. Influence of the total pressure on the thermodynamic equilibrium of the solid phases of 

the Ce0.9Fe0.1Oy thermochemical cycle at a ratio N2/oxide of 1. 

Table XIII . Operational temperatures as a function of the total pressure for a Fe-Ce mixed oxide 

based thermochemical cycle. 

Tred (°C) Tox (°C) 
P = 0.1 atm P = 1 atm P = 10 atm P = 0.1 atm P = 1 atm P = 10 atm 

740 770 820 850 780 690 

 

 

Figure 36. Influence of the gas/solid ratio on the thermodynamic equilibrium of the solid phases of 

the Ce0.9Fe0.1Oy thermochemical cycle at a total pressure of 1 atm. 

Table XIV . Operational temperatures as a function of the amount of inert gas for a Fe-Ce mixed 

oxide based thermochemical cycle. 

Tred (°C) Tox (°C) 
N2 = 0.1 

mol 

N2 = 1 

mol 

N2 = 

1.88 mol 

N2 = 10 

mol 

N2 = 0.1 

mol 

N2 = 1 

mol 

N2 = 

1.88 mol 

N2 = 10 

mol 

820 770 760 740 690 780 800 850 

Figure 37 depicts the influence of the use of air as gas carrier instead of inert gas, being the 

operational temperatures summarized in Table XV. As expected, the presence of oxygen has a 

clear influence in the temperature at which the reduction begins. However, although the use of air 
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as carrier gas implies an increase in the required temperature, the operating costs would be notably 

reduced. 

 

Figure 37. Influence of the presence of oxygen on the thermodynamic equilibrium of the solid 

phases of the Ce0.9Fe0.1Oy reduction step at a ratio N2/oxide of 1 and total pressure of 1 atm. 

 

Table XV. Operational temperatures as a function of the composition of the carrier gas for a Fe-Ce 

mixed oxide based thermochemical cycle. 

Tred (°C) 

100 % N2 - 0 % O2 90 % N2 - 10 % O2 79 % N2 -21 % O2 

770 850 860 

The amount of water used in the oxidation step is also an important variable to study. The results 

of its influence in the equilibrium compositions are shown in Figure 38 whereas Table XVI 

summarizes the operational temperatures. In this case, the higher the amount of water the higher 

the temperature range at which the oxidation takes place.  

 

Figure 38. Influ ence of the amount of water on the thermodynamic equilibrium of the solid phases 

of the Ce0.9Fe0.1Oy oxidation step at a ratio N2/oxide of 1 and total pressure of 1 atm. 
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Table XVI . Operational temperatures as a function of the amount of water for a Fe-Ce mixed oxide 

based thermochemical cycle. 

Tox (°C) 

H2O:H 2 = 1 H2O:H 2 = 2 H2O:H 2 = 3 

780 790 800 

Taking these results into account it is evident that it is necessary to perform a technical and 

economical optimization of the process to decide the combination of pressure, inert gas/solid ratio 

or air/solid ratio, and amount of water that minimizes the total cost. 

ii. Characterization of Ce1-xMexO2Ñŭ materials 

Table XVII  shows the composition of the ceria based materials prepared by co-precipitation, 

determined by elemental analysis from ICP-AES measurements. As it can be seen, the ratios 

measured by ICP are similar to the expected ones, indicating that the precipitation rates of the 

different metal oxides are similar between them. Only Ce1-xZrxO(2-ŭ) materials seems to have a 

slightly higher proportion of Ce than Zr, especially for the material with 50 % mol of Zr. These 

results indicate that the precipitation of Zr is less favourable than CeO2 and the other metal oxides.  

Table XVII . Chemical composition of the synthetized CeO2-ŭ prep materials determined by ICP-

AES. 

Material  Ce (% mol) Me (% mol) 

Ce0.9Fe0.1O(2±ŭ) prep 88.7 11.3 

Ce0.5Fe0.5O(2±ŭ) prep 49.3 50.7 

Ce0.9Mn 0.1O(2±ŭ) prep 92.1 7.9 

Ce0.5Mn 0.5O(2±ŭ) prep 51.3 48.7 

Ce0.9Co0.1O(2±ŭ) prep 92.3 7.7 

Ce0.5Co0.5O(2±ŭ) prep 50.1 49.9 

Ce0.9Zr 0.1O(2±ŭ) prep 93.3 6.7 

Ce0.5Zr 0.5O(2±ŭ) prep 64.5 35.5 

Figure 39 shows the XRD patterns of the synthetized materials, as well as pure cubic CeO2 with 

fluorite structure (JCPDS 34-0394), hexagonal ὄ-Fe2O3 (JCPDS 33-0664), cubic Mn2O3 (JCPDS 

41-1442), tetragonal hausmannite-Mn3O4 (JCPDS 24-0734), Co3O4 (JCPDS 42-1467) and 

monoclinic ZrO2 (JCPDS 00-037-1484).  
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Figure 39. XRD patterns of the synthesized materials: a) Ce1-xFexO(2-ŭ) materials; b) Ce1-xCoxO(2-ŭ) 

materials; c) Ce1-xMn xO(2-ŭ) materials and d) Ce1-xZr xO(2-ŭ) materials. 

The samples with 90 % mol on Ce, Ce0.9Me0.1O(2-ŭ)-mix retain the CeO2 fluorite structure with 

signals at 28.54º, 33.16º, 47.50º and 56.36º, with small contributions of reflections from other 

metal oxides. The physically mixed samples Ce0.5Me0.5Oy-mix displayed reflections from both 

CeO2 and the corresponding Me-oxide phase, particularly Mn3O4 in the case of the     

Ce0.5Mn0.5O(2-ŭ)-mix material (Figure 39 c). In samples prepared by co-precipitation there are 

differences between the materials with a 90 % mol on Ce (Ce0.9Me0.1O(2-ŭ)-prep) and the ones with 

50 % mol (Ce0.5Mn0.5O(2-ŭ)-prep). In the case of the Ce0.9Me0.1O(2-ŭ)-prep materials, only reflections 

arising from CeO2 but with wider signals, were visible. This could be due to a distortion in the 

fluorite crystalline CeO2 structure and the consequently variation in the lattice parameters24,47. 

Additionally, the broad XRD signals of these materials suggest a finer particle size 

conformation48. In the case of the Ce0.5Me0.5O(2-ŭ)-prep materials, the only one that showed clear 

diffraction signals was Ce0.5Fe0.5O(2-ŭ)-prep, which maintains a fluorite crystal structure. In 

                                                           
47 F. J. Pérez-Alonso, M. López Granados, M. Ojeda, P. Terreros, S. Rojas, T. Herranz, J. L. G. Fierro, M. Gracia and J. R. Gancedo, 

Chemical Structures of Coprecipitated Fe-Ce Mixed Oxides, Chemistry of Materials, 17,9 (2005), 2329ï2339. 
48 Aytekin Uzunoglu, H. Zhang, S. Adreescu, L. A. Stanciu, CeO2-MOx (M: Zr, Ti, Cu) Mixed Metal Oxides with Enhanced Oxygen 
Storage Capacity, Journal of Materials Science, 50,10 (2015), 3750ï3762. 
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addition, a slight shift to higher diffractions angles was obtained for this material as compared to 

the pure CeO2 powder, especially for angles of 33º and 57º, indicating that some cations of Ce4+ 

have been substituted by Fe3+. The change in the cell parameter of the cubic structure could be 

due to the difference in the ionic radius and the difference cation size, confirming the formation 

of a solid solution. 

The morphology of the synthesized materials as well as composition distribution was determined 

by scanning electron microscopy. The results for the Ce1-xFexO(2-ŭ) materials are shown in Figure 

40. 

 

Figure 40. SEM and TEM micrographs of the Ce1-xFexO(2±ŭ) materials: a) SEM-CeO2, b) SEM-

Fe2O3, c) TEM -CeO2, d) SEM-Fe2O3, e) SEM-Ce0.9Fe0.1O(2-ŭ) prep, f) SEM-Ce0.9Fe0.1O(2-ŭ) mix, e) 

TEM -Ce0.9Fe0.1O(2-ŭ) prep and f)TEM - Ce0.9Fe0.1O(2-ŭ) mix. 
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As it can be seen in Figure 40 a, the ceria is formed by spherical particles of around 0.25 ɛm, 

while the iron oxide (Figure 40 b) is formed by larger size particles (2 ɛm) without a fixed 

morphology. 

Regarding the synthesized Ce1-xFexO(2-ŭ) materials, the ones obtained by the co-precipitation 

method (Figure 40 c and e) are formed by amorphous particles of 60-200 ɛm. They have a 

homogeneous foamy appearance without any characteristic morphologies of the pure metal 

oxides. The EDX analysis of these materials in different parts of the sample reveal that they 

present a unique phase with the desired proportion of each metal. 

On the other hand, the materials obtained by physical mixture of the respective metal oxides 

(Figure 40 d and f) present two different morphologies. One of them is formed by small spherical 

particles like the cerium oxide, while the other is composed by bigger amorphous particles, similar 

to the iron oxide. These results suggest the presence of two different segregated phases. An EDX 

analysis of different parts of the sample confirm the presence of two different phases, one of them 

with a major proportion of cerium and the other one with a major content of the added metal. 

Similar results have been obtained for the rest of the synthesized materials. As the materials 

obtained by physical mixture of the respective pure metal oxides present segregated phases they 

were discarded for further studies.  

H2-TPR profiles for the co-precipitation materials are shown in Figure 41. This technique was 

used to characterize the reducibility of the materials as it is generally acknowledged that is a 

critical point in thermochemical cycles for water splitting, as reduction is the most energy 

demanding step of the process. 
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Figure 41. H2-TPR profiles of the obtained materials: a) Ce1-xFexO(2-ŭ) materials; b) Ce1-xCoxO(2-ŭ) 

materials; c) Ce1-xMn xO(2-ŭ) materials and d) Ce1-xZr xO(2-ŭ) materials. 

The capacity of ceria to be easily reduced to non-stoichiometric oxides is due to the properties of 

fluorite structured-mixed valence oxides23,24. As it can be seen in the CeO2 reduction profile, the 

reduction occurs via a stepwise mechanism, first reduction of the outer most layers of Ce4+ 

(surface reduction) at approximately 430 °C, and then the reduction of the inner Ce4+ layer (bulk 

reduction) at higher temperatures (740 °C)49,50. The reduction of single Fe2O3 by H2 is known to 

be stepwise, with Fe2O3 first converting to Fe3O4 (small peak at 360 °C) and then to Fe (590 °C)51. 

In the case of the Ce1-xFexO(2-ŭ) materials prepared by co-precipitation, three peaks appeared, the 

higher the intensity as the higher the iron content. These peaks are shifted to lower temperatures 

as compared to those appeared for the pure oxides, indicating a higher reducibility capacity of 

these materials. As mentioned above, the first peak can be assigned to the reduction of free Fe2O3 

                                                           
49 M. Boaro, M. Vicario, C. de Leitenburg, G. Dolcetti and A. Trovarelli, The Use of Temperature-Programmed and Dynamic/transient 

Methods in Catalysis: Characterization of Ceria-Based, Model Three-Way Catalysts, Catalysis Today, 77,4 (2003), 407ï417. 
50 S. Bernal, J. J. Calvino, G. A. Cifredo and J. M. Rodríguez-Izquierdo,  Comments on ñRedox Processes on Pure Ceria and Rh/Ce02 

Catalyst Monitored by X-Ray Absorption (Fast Acquisition Mode)ò, Journal of Physical Chemistry, 99,0 (1995), 11794ï11796. 
51 G. Magnacca, G. Cerrato, C. Monterra, M. Signoretto, F. Somma and F. Pinna, Structural and Surface Characterization of Pure and 
Sulfated Iron Oxides, Chemistry of Materials, 15.3 (2003), 675ï687. 
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(292 °C), then the overlapping reduction of Ce4+ and Fe2+ (526 °C) and the last peak can be 

assigned to the reduction of bulk CeO2
51 (718 °C). 

Regarding to Ce1-xCoxO(2-ŭ) materials (Figure 41 b), the bare Co3O4 showed one main peak centred 

at 350 °C due to the reduction of Co3O4 to Co. In the case of the co-precipitated materials, the H2-

TPR profiles are completely different. Sample Ce0.9Co0.1O(2-ŭ)-prep showed two overlapping 

peaks at 185 and 284 °C that could be attributed to the subsequent reduction of Co3O4 to CoO and 

CoO to metal Co. At higher temperatures, the peaks at 415 and 710 °C can be attributed to CeO2 

typical reduction signals. The higher Co content of the Ce0.5Co0.5O(2-ŭ)-prep sample allowed a 

better separation of the overlapped peaks previously mentioned, indicating that the reduction 

behaviour is strongly influenced by the Co content, as it has been reported for other                        

Ce1-xCoxO(2-ŭ) materials52. In the case of the Ce1-xMnxO(2-ŭ) co-precipitated samples, the H2-TPR 

profiles exhibited two overlapping peaks at low temperatures (220 and 300 °C), corresponding to 

the reduction of Mn4+/Mn3+ to Mn2+ reduction53 and a third peak at 730 °C, corresponding to the 

reduction of Ce species, which is shifted to a lower temperature and intensity when increasing the 

Mn content. The reduction analysis for bare zirconia showed a peak with very low intensity at 

525 °C. In the case of the co-precipitated materials, there is a change in the behaviour of the TPR 

profiles (Figure 41 d). Although there was not a remarkable shift to lower temperature, the 

intensity of the peak corresponding to the reduction of Ce4+ the surface (430 °C) showed higher 

intensity than that observed for reduction of the inner Ce4+ layer (bulk reduction, 740 °C). It was 

on the contrary that the relative intensities obtained for pure CeO2. The results demonstrate that 

the incorporation of Zr in the ceria structure promoted the reduction of Ce ions, mainly making 

the surface reduction easier as demonstrate the increase in the surface of the reduction peak 

obtained at temperature of 430 °C for the Ce1-xZrxO(2-ŭ)-prep materials54. 

iii.  Evaluation of the cyclability behaviour by TGA  

Reduction and re-oxidation capacity of the materials were experimentally assessed by means of 

thermogravimetric analysis. Figure 42 shows the results in terms of weight change and 

temperature, as consequence of releasing oxygen during the thermal reduction of the materials, 

and re-oxidation of the materials in contact with an airflow of 50 cm3/min. 

                                                           
52 M. Konsolakis, M. Sgourakis and S. A. C. Carabineiro, Surface and Redox Properties of Cobalt-Ceria Binary Oxides: On the Effect 

of Co Content and Pretreatment Conditions, Applied Surface Science, 341 (2015), 48ï54. 
53 L. E. Gómez, E. E. Miró and A. V. Boix, Spectroscopic Characterization of Mn-Co-Ce Mixed Oxides, Active Catalysts for 

COPROX Reaction, International Journal of Hydrogen Energy, 38,14 (2013), 5645ï5654. 
54 B. de Rivas, C. Sampedro, M. García-Real, R. López-Fonseca and J. I. Gutiérrez-Ortiz, Promoted Activity of Sulphated Ce/Zr 
Mixed Oxides for Chlorinated VOC Oxidative Abatement, Applied Catalysis B: Environmental, 129 (2013), 225ï235. 
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Figure 42. Redox cycles (% weight versus temperature) in TGA (heating: 10 °C/min, Gas flow: 50 

cm3/min) for: a) Ce1-xFexO(2-ŭ) materials; b) Ce1-xCoxO(2-ŭ) materials; c) Ce1-xMn xO(2-ŭ) materials and 

d) Ce1-xZr xO(2-ŭ) materials. 

All the materials showed a remarkable weight loss in the first cycle from the beginning of the 

analysis. This fact does not appear in subsequent cycles. Similar behaviour has been reported for 

other materials (ferrites) in literature, attributing the weight loss up to 100 °C to the removal of 

physisorbed molecules of water, and weight loss from 100 to 600 °C to the removal of the 

chemisorbed water molecules or hydroxyl groups17. Nevertheless, the first cycle is considered as 

an activation step prior to the properly thermochemical cycles by many authors. After that effect, 

Ce1-xFexO(2-ŭ)-materials showed a stable behaviour in terms of losing and gaining weight along 

the cycles. The material with higher iron content (Figure 42 a) exhibited higher weight variations 

as compared to the Ce0.9Fe0.1O(2-ŭ)-material. The reduction took place at ca. 1300 °C, whereas the 

re-oxidation during the cooling step was finished at that temperature too. The Ce1-xCoxO(2-ŭ) 

materials showed a remarkable weight change during the cycles. The reduction started at 

temperatures of 900 °C, whereas the oxidation started after cooling down to 750-800 °C. 

Nevertheless, the material with higher Co content showed a continuous loss of cyclability over 

the number of cycles, probably due to the major presence of Co in the ceria structure. The high 

temperatures necessary for the reduction allows the reduction of Co2+ to Co0 that can diffuse to 

the ground boundaries, causing phase segregation and loss of structure. Finally, a negligible 

change in the weight of the Ce1-xMnxO(2-ŭ) materials were observed after the first weight loss 

previously mentioned. On the other hand, the Ce1-xZrxO(2-ŭ) materials exhibited a small redox 
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signal (ca. 0.2%) after that first weight loss. Taking into account the obtained results, only the 

materials modified with 10 % and 50 % of iron and 10 % of cobalt were selected to evaluate their 

hydrogen production in the high temperature furnace. 

 

iv. Production of hydrogen and cyclability behaviour on a high 

temperature furnace  

The oxygen and hydrogen production in three consecutive cycles for each selected material were 

determined in a high temperature tubular furnace, as it has been described in the methodology 

section. The results obtained are depicted in Figure 43 and Figure 44.  

The Ce0.9Fe0.1O(2-ŭ) material showed a stable behaviour after the first redox cycle. The oxygen 

released (4 cm3 STP/gmaterial·cycle) and the hydrogen production (8 cm3 STP/gmaterial·cycle) are 

according to the stoichiometry of the thermal water splitting (R1), indicating a complete re-

oxidation in each cycle. 

ὌὕᴼὌ ὕ                                                                                                           (R1) 

The Ce0.9Co0.1O(2-ŭ) material exhibited a similar behaviour than the Ce0.9Fe0.1O(2-ŭ), although the 

oxygen and hydrogen released in each cycle is continuously decreasing, indicating a similar loss 

of activity and cyclability than that observed in the TG analysis for the other Co material.  

 

 

Figure 43. Specific O2 production in cm3 of O2 per gram of material and operation cycle for 

Ce0.9Fe0.1O(2-ŭ) material, Ce0.5Fe0.5O(2-ŭ) material and Ce0.9Co0.1O(2-ŭ) material (heating: 10 °C/min, N2 

flow: 50 L/h). 
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Figure 44. Specific H2 production in cm3 of H2 per gram of material and operation cycle for 

Ce0.9Fe0.1O(2-ŭ) material, Ce0.5Fe0.5O(2-ŭ) material and Ce0.9Co0.1O(2-ŭ) material (heating: 10 °C/min, N2 

flow: 50 L/h). 

As expected from TGA results, the ceria materials mixed with up to 50 % of other metal ion 

(Ce0.5Fe0.5O(2-ŭ)) exhibited a higher oxygen release than that obtained with less metal 

concentration. The higher presence of the other metal produces a greater degree of non-

stoichiometry in the materials, improving the diffusion of oxygen and making easier the reduction. 

Unfortunately, the hydrogen production is considerable lower than for the Ce0.9Fe0.1O(2-ŭ), 

indicating that the water decomposition did not proceed to completion in each cycle.  

In order to evaluate the possible degradation of the materials after the cycles, they were 

characterized by XRD (Figure 45). All the materials show a remarkable change in the XRD 

patterns after the redox cycles. The narrower XRD signals after the reactions suggests a bigger 

particle size conformation, probably due to severe sintering of the particles. Nevertheless, all of 

them maintained the structure of the CeO2 fluorite. In case of the Ce0.5Fe0.5O(2-ŭ) material, small 

signals at 36º and in the range of 60-65º also appeared after the cycles. Those signals can be 

attributed to the Fe2O3 material, or even to un-oxidized FeO segregated from the initial solid 

solution. In the case of the Co-modified material, also new signals from the Co3O4 structure 

appears, which indicates the presence of this phase. 
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Figure 45. Comparison of the materials prepared by co-precipitation method before and after the 

thermochemical cycles for water splitting: a) Ce0.9Fe0.1O(2-ŭ) material; b) ) Ce0.5Fe0.5O(2-ŭ) material 

and c) Ce0.9Co0.1O(2-ŭ) material. 

As the Ce1-xFexO(2-ŭ) materials are the ones that have shown the best results, SEM micrographs of 

these materials have been taken after the third consecutive cycle in order to check the possible 

morphological changes. The micrographs are shown in Figure 46. 

 

Figure 46. SEM micrographs of the Ce1-xFexO(2-ŭ) materials before and after the three consecutive 

cycles in the tubular furnace: a) Ce0.9Fe0.1O(2-ŭ) fresh material, b) Ce0.5Fe0.5O(2-ŭ) fresh material, c) 

Ce0.9Fe0.1O(2-ŭ) after the third cycle and d) Ce0.5Fe0.5O(2-ŭ) after the third cycle. 
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As it can be seen in Figure 46 there is a clear change in the morphology of the materials after 

three consecutive cycles due to a particle growth. The Ce0.9Fe0.1O(2-ŭ) (Figure 46 c) is still formed 

by a unique mixed oxide phase while, in the case of the material formed by 50 % of each metal 

(Figure 46 d), it can be noticed the existence of segregated iron from the structure which justifies 

the presence of new diffraction signals. 

 

III. 4. Energy and exergy study 

Once evaluated the hydrogen production and the cyclability of the different metal oxides 

prepared, the energy and exergy efficiencies of the thermochemical cycles based on the best 

materials were analysed. In Figure 47 is depicted the flow diagram of the thermochemical cycle 

based on the Mn1.5Co1.5O4 material. 

 

Figure 47. Flow diagram of the thermochemical cycle for the Mn-Co oxide materials. 

The thermochemical process consists of i) solar concentrator, ii) solar reactor where the reduction 

step takes place, iii) oxidizer, where the oxidation with NaOH for hydrogen production takes 

place and iv) hydrolysis reactor. Additionally, two cooling units for the O2 and the H2, a heating 

unit for the carrier gas and a NaOH heating unit are required.  

The LSC thermochemical cycle is a 2-step thermochemical cycle and the flow diagram is depicted 

in Figure 48. Additionally, the Ce0.9Fe0.1O2Ñŭ cycle is depicted in Figure 49. As it can be seen, 



 

 

 

 
lix  

 

Universidad Rey Juan Carlos Summary  

both diagrams are similar because both of them are 2-steps thermochemical cycles. The difference 

is the solar reactor operating temperature which is slightly higher for the cerium mixed oxide. 

 

 

Figure 48. Flow diagram of the LSC perovskite thermochemical cycle. 

 

 

Figure 49. Flow diagram of the Ce0.9Fe0.1O2-ŭ thermochemical cycle. 

The thermochemical process consists of i) solar concentrator, ii) solar reactor where the reduction 

step takes place and ii i) oxidizer, where the oxidation with water for hydrogen production takes 

place. Additionally, a cooling unit for the O2, a condenser/H2 separator, a heating unit for the 

carrier gas and a steam generator are required.  
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The complete cycle was assumed to occur at steady-state and viscous losses, kinetic and potential 

energies were neglected; and ideal gas behaviour was assumed. The thermodynamic properties 

for H2, H2O, O2, and metal oxides were extracted from HSC, and partial molar enthalpies and 

entropies for the reactant and products were determined as it was described elsewhere30. The cycle 

was normalized to 1 mol/s of H2 production. 

The solar reactor was assumed to be a perfectly insulated, blackbody receiver so the absorption 

efficiency is given by equation (16) 

– ρ                                                                                          (16) 

where Qsolar is the total solar heat rate input to the cycle (kW); Qreactor is the total heat needed by 

the reaction to take place (kW), ů is the Stefan-Boltzmann constant (5.67·10-8 W/m2·K4); Treactor 

is the solar reactor temperature; I is the direct-normal solar irradiation taken as 1 kW·m2; C is the 

concentration ratio which is defined as the solar radiative flux normalized to 1 kW/m2 and it is 

usually expresses in ñsunsò units. 

The initial oxide was assumed to enter the solar reactor with a carrier gas (N2) and reduced at a 

total pressure of 1 atm. The released O2 was continuously removed with the inert carrier gas. The 

necessary heat for the reaction to take place is given by equation (17)55: 

ὗ ὲ Ὕ ЎὛȿ
ͽ ᴼ ͽ

                         (17) 

However, it is also necessary to heat the carrier gas being that heating rate described by equation 

(18): 

ὗ ὲ ЎὌȿͽ ᴼ                                                                                 (18) 

Taking this into account, the necessary heat input (Qreactor) is given by equation (19): 

ὗ ὗ ὗ                                                                                     (19) 

So Qsolar is calculated combining equations 19 and 16 as expressed in equation (20): 

ὗ                                                                                                                 (20) 

The heat loss due to the re-radiation from the reactor to the environment is described in equation 

(21): 

ὗ ὗ ρ –                                                                                                     (21) 

                                                           
55 E.A. Fletcher and J.E. Noring, High Temperature Solar Electrothermal Processing-Zinc from Zinc Oxide, Energy, 8.4 (1983), 247ï
254. 
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The released oxygen was continuously removed with the inert gas and cooled down to ambient 

temperature, so the heat rejected in the cooling unit is calculated by equation (22): 

ὗ ὲ ЎὌȿȾ ͽ ᴼ  ὲ ЎὌȿͽ ᴼ                                             (22) 

The reduced material exiting from the solar reactor was introduced into the oxidizer and mixed 

with steam in the case of a 2-step thermochemical cycle. The required energy to generate the 

steam is also obtained by solar energy and it is given by equation (23): 

ὗ  ὲ ЎὌȿ ͽ ᴼ  Ȣ
‗ Ȣ ЎὌȿ ͽ ȢO

ὲ ЎὌȿͽ ᴼ  Ȣ
                                                                                                   (23) 

In the case of a 3-step thermochemical cycle, there is no need to have a steam generator although 

it is necessary to heat the NaOH before feeding the oxidizer as is expressed in equation (24): 

ὗ   ὲ ЎὌȿͽ ᴼ + ЎὌȿ ͽ ᴼ ‗

ЎὌȿ ͽ ᴼ                                                                                                   (24)                                                              

The oxidizer was assumed to operate adiabatically and isobarically.  

In the case of a 2-step thermochemical cycle, the gas mixture from the oxidizer goes through a 

condenser to separate the water from the hydrogen. As for the cooling unit, the heat loss to the 

environment is given by equation 25: 

ὗ ὲ ЎὌȿͽ ᴼ ὲ ЎὌȿ ͽ ᴼ Ȣ
‗ Ȣ

ЎὌȿ ͽ ȢO
ὲ ЎὌȿȟͽ ᴼ                                                                               (25) 

For a 3-step thermochemical cycle there is no need to have a condenser to separate the water and 

the hydrogen, but it is necessary to have a cooling unit for the mixture N2/H2. The heat loss in this 

unit is given by equation (26): 

ὗ  ȟ ὲ ЎὌȿͽ ᴼ ὲ ЎὌȿȟͽ ᴼ                             (26) 

Additionally, in a 3-step thermochemical cycle it is necessary to cool down the oxide before 

feeding the hydrolysis reactor as given by equation (27): 

ὗ  ὲ ЎὌȿ ͽ ᴼ                                                           (27)                   

The solar to fuel efficiency is used as a metric to compare the potential heat of the hydrogen with 

the solar heat inputs and it is determined by equation (28) and equation (29) depending if it is a 

2-step or 3-step thermochemical cycle: 
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–   
 

                                                                                (28) 

–   
 

                                                                                    (29) 

where HHVH2 is the hydrogen higher heating value 286 kJ/mol56. 

Regarding the exergy, the rate of exergy destruction across the solar reactor is described by Ɋsolar 

and Ɋloss which are the exergy rates associated with thermal radiation from the sun and the solar 

reactor determined as (equation (30)) and equation (31))57: 

  ὗ ρ                                                                       (30) 

  ὗ ρ                                                               (31) 

where Tsun has a value of 5777 K which is consider the effective temperature of the sun58. To 

estimate the exergy associated to the steam generation and the NaOH heating, equations 32 ad 33 

were used: 

   Ȣ ὗ  Ȣ ρ                                                      (32) 

   ὗ  ρ                                             (33) 

The exergy efficiency which relates the input to output work potential was also used to assess the 

cycle performance for electricity production. This efficiency is given by equations (34) and (35) 

depending on the number of steps of the cycle. 

‐
ȟ

 
                                                                                         (34) 

‐
ȟ

 
                                                                                              (35) 

where Ɋch,H2 is the chemical exergy of the hydrogen that has a value of 235 kJ/mol. The exergy is 

calculated on the amount of electrical work that is possible to obtain and for this it is assumed 

that the H2 is carried to a fuel cell with efficiency of 65 % because the efficiencies of the batteries 

ranges from 40 % to 65 %15. 

                                                           
56 A. Nixon, M. Ferrandon, M.H. Kaye and L. Trevani, Thermochemical Production of Hydrogen, Advances in Hydrogen Production, 

Storage and Distribution (Woodhead Publishing Limited, 2011). 
57 R. Petela, Exergy of Undiluted Thermal Radiation, Solar Energy, 74.6 (2003), 469ï488.  
58 J.E. Parrott, Choice of an Equivalent Black Body Solar Temperature, Solar Energy, 51.3 (1993), 195. 
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i. Mn 1-xCoxO4 thermochemical cycle 

The first thermochemical cycle to be analysed is the one based on the Mn and Co mixed oxides. 

The results obtained in the thermodynamic study allow the formulation of the following 

assumptions in order to perform the energy and exergy evaluation of the Mn/Co thermochemical 

cycles:  

i) As oxidation with NaOH is the step with higher temperature requirements, calculation of Qreaction 

and Qsolar will be done according to this step, instead of thermal reduction. Thus, general equations 

17, 18 and 22 can be reformulated in equations 36-38. 

ὗ ὗ                                           

ὲ Ὕ ЎὛȿ  ͽ ᴼ  ͽ                   (36) 

ὗ ὲ ЎὌȿͽ ᴼ                                                                            (37) 

ὗ ὲ ЎὌȿȾ ͽ ᴼ  ὲ ЎὌȿͽ ᴼ                                     (38) 

The thermal reduction step would be slightly overheated, and gases coming from this step should 

be cool down from that temperature to room temperature (T0, equation 38, first term) and after 

that, oxidation would occur adiabatically and isobarically, but at the temperature required for the 

reaction. No further losses between steps are taking into account. Additionally, the carrier gas 

should be heated to Toxidation in the first step, but this heat flow would be similar than that required 

for the corresponding heating of the gas carrier in the oxidation (equation 37). 

ii) Concentration ratio (C) is critical in this study, as the temperatures that can be reached in solar 

thermal facilities for a constant Qsolar are direct related with this parameter. Although a value of 

5000 is commonly found in literature for this kind of evaluations15,59, the influence of this 

parameter has been also taken into account in this study. 

iii ) The final recovering step proceeds at room temperature (T0) in order to facilitate the NaOH 

recuperation by dissolution in liquid water. 

The results of the efficiency analysis according to these assumptions and calculations described 

previously are presented in this section in order to assess overall cycle performance. 

                                                           
59 G.L. Schieber, E.B. Stechelb, A. Ambrosini, J.E. Miller, P.G. Loutzenhiser. H2O splitting via a two-step solar thermoelectrolytic 

cycle based on non-stoichiometric ceria redox reactions: Thermodynamic analysis. International Journal of Hydrogen Energy, 
Available online 8 July 2017 In Press, Corrected Proof doi.org/10.1016/j.ijhydene.2017.06.098. 
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The impact of C on adsorption efficiency is given in Figure 50. As it can be seen, the higher the 

solar concentration capacity, the higher absorption efficiency because the optical losses are lower. 

This difference is especially noticeable in the case of a solar concentration of 1000 suns.  

 

Figure 50. Relation between the solar efficiency absorption and the operational temperature as a 

function of the solar concentration capacity. 

The solar heat input requirements and the heat losses were also analysed seeing that is better to 

work with high concentration solar capacities in order to decrease the optical and the radiative 

losses. On the other hand, regarding the exergy analysis, the lower operational temperatures and 

the higher the solar concentration the lower exergy destruction rate is obtained. All of these 

variables were studied for different ratios N2:H2 from 1 to 3, showing that the higher the amount 

of inert gas, the higher the energy requirements. 

In Figure 51 are depicted the solar to fuel efficiency and the exergy efficiency for a cycle based 

on Mn1.5Co1.5O4 material regarding the solar concentration ratio and for different values of N2:H2. 

In both cases the lower the N2:H2 ratio the higher efficiencies were obtained due to a decrease in 

the energy requirements. On the other hand, the higher the concentration ratio, the higher the 

efficiencies due to a decrease in the optical losses. 
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Figure 51. a) Solar to fuel efficiency and b) exergy efficiency for the Mn 1.5Co1.5O4 thermochemical 

cycle. 

 

ii. LSC and Ce0.9Fe0.1O2Ñŭ thermochemical cycles 

The solar to fuel efficiency and the exergy efficiency were evaluated for both 2-steps 

thermochemical cycles regarding the solar concentration ratio and for different N2:H2 and H2O:H2 

ratios. The results for different N2:H2 ratios are depicted in Figures 52 and 53. 

 

Figure 52. Solar to fuel efficiency for a) LSC thermochemical cycle and b) Ce0.9Fe0.1O2-ŭ 

thermochemical cycle as a function of the solar concentration capacity and the N2:H 2 ratio . 
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Figure 53. Exergy efficiency for a) LSC thermochemical cycle and b) Ce0.9Fe0.1O2-ŭ thermochemical 

cycle as a function of the solar concentration capacity and the N2:H 2 ratio and for H 2O:H 2 = 1. 

As it can be seen in Figures 52 and 53, the higher the amount of carrier gas the lower efficiencies 

were obtained due to an increase in the energy requirements. Additionally, an increase in the solar 

concentration ratio implies an increase in the efficiencies because of a decrease in the optical 

losses. On the other hand, comparing both materials it is evident that the efficiencies were higher 

for the LSC material because it requires lower operational temperatures which implies a decrease 

in the radiative losses improving the overall efficiencies. The differences for both materials are 

significantly higher for low concentrations ratios. 

Then the influence of the amount of water introduced into the system was also analysed. The 

results obtained for the solar to fuel efficiency and the exergy efficiency are shown in Figures 54 

and 55. 

 

Figure 54. Solar to fuel efficiency for a) LSC thermochemical cycle and b) Ce0.9Fe0.1O2-ŭ 

thermochemical cycle as a function of the solar concentration capacity and the H2O:H2 ratio and 

for N2:H 2 = 1. 
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Figure 55. Exergy efficiency for a) LSC thermochemical cycle and b) Ce0.9Fe0.1O2-ŭ thermochemical 

cycle as a function of the solar concentration capacity and the H2O:H 2 ratio and for N2:H 2 = 1. 

As it can be seen, the higher the amount of water, the lower efficiencies because a greater heat 

input is required decreasing the global efficiency of the thermochemical cycle. However, most 

important is the fact that comparing the efficiencies of the Mn-Co mixed oxide with the LSC and 

the Ce-Fe mixed oxide, is the perovskite which provides the highest efficiency for a quantity of 

water double the stoichiometric due to the lower operational temperatures which decreases the 

radiative losses increasing the solar absorption efficiency, decreasing the required solar heat input 

and increasing the total efficiency of the cycle.  

Finally, a comparison among all the studied materials (MnCo = Mn1.5Co1.5O4, LSC = 

La0.8Sr0.2CoO3Ñŭ and FeCe = Ce0.9Fe0.1O2Ñŭ) and other reported in the literature was carried out. 

The results for the solar to fuel efficiency and the exergy efficiency are shown in Figure 56. 

 

Figure 56. a) Solar to fuel efficiency and b) exergy efficiency for different thermochemical cycles 

(H2O:H 2 = 1, N2:H 2 = 2 and C = 5000). 
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As it can be seen, in all the cases the solar to fuel efficiency and the exergy efficiency are higher 

for the Mn-Co mixed oxide than for the Mn2O3 due to a decrease in the operational temperatures, 

which decreases the radiative losses increasing the overall efficiency of the process. These 

comparisons reinforce the proposal of mixed manganese and cobalt oxides as promising materials 

for hydrogen production by a 3-step thermochemical water splitting cycle. 

As it can be seen the solar to fuel and exergy efficiencies for the 2-steps thermochemical cycles 

studied are higher than the ones obtained with other materials commonly studied in the literature, 

specially de cerium oxide, due to the lower operational temperatures. In the case of the 3-steps 

Mn-Co mixed oxide material, the efficiencies are slightly lower than the other cycles reported in 

literature due to the fact that is a 3-step thermochemical cycle. Nevertheless, this difference is 

small due to the lower operational temperatures required by the Mn-Co mixed oxide. 

 

IV.  CONCLUSIONS 

From this thorough study of different kind of metal oxides materials for thermochemical hydrogen 

it can be concluded that:  

- Mn and Co spinels (Mn3-xCoxO4) are suitable materials to be used for hydrogen production 

with a successful cyclability behaviour. Mixed Mn-Co materials were thermally reduced and 

subsequently oxidized showing successful hydrogen production during a three-step 

thermochemical cycle involving sodium hydroxide (NaOH). The spinel materials overcame 

the main limitation of the Mn3O4 redox cycle, reducing the required temperatures from 1350 

°C to 850-1050 °C. Additionally, the reduction process took place through a single step 

reaction, avoiding the formation of intermediate species that makes much more complex the 

chemistry of the Mn2O3 redox cycle. The best Mn ï Co mixed oxide was the one formed by 

50 % of each metal and it allowed a hydrogen production of 40 cm3/gmaterial·cycle when it 

reacted with NaOH, which is comparable to the obtained with other 3-steps cycles at similar 

temperature.  

- Commercial perovskites type La1-xSrxMeO3 (Me = Mn (LSM-20 and LSM-35), Co (LSC) 

and Fe (LSF)) have been studied for their application in hydrogen production by 

thermochemical water splitting. ICP-AES and DRX showed that the materials have a 

perovskite crystal structure without contribution of additional phases but with a defect of 

oxygen due to lanthanum substitution by strontium (non-stoichiometric oxygen, ŭ). The 

thermodynamic study of the thermal reduction step demonstrated that manganese and iron 

perovskites required lower temperatures than their respective metal oxides for the reduction 
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step, which implies higher efficiency of the solar collector system, especially in the case of 

the iron perovskite. In the case of the LSC material, the required temperature for the 

reduction step is only slightly lower than the required by the Co3O4. However, the utilization 

of this perovskite implies an improvement over the cobalt oxide cycle because this one does 

not react with water for further hydrogen production. The oxidation step needs similar 

temperatures, so the complete thermochemical cycle of this perovskite is compatible with 

solar energy concentration devices. Redox capacity experiments in TGA showed the LSC 

material as the best tested material in terms of reduction-oxidation stable behaviour over 

several consecutive cycles. Moreover, hydrogen production by thermochemical water 

splitting in a high temperature tubular furnace demonstrated that the Co-substituted 

perovskite is the material which higher hydrogen production capacity. The cyclability 

behaviour of this material performing the cycles at 1400 °C was not stable due to the 

segregation of metallic cobalt, so the cycles must be performed at lower temperatures, 1000 

°C. The hydrogen production was feasible and stable up to six consecutive cycles at this 

operating temperature. This study confirmed the LSC perovskite as a promising material for 

hydrogen production by solar-driven thermochemical water splitting. 

- Regarding the ceria mixed materials type Ce1-xMexOy (Me = Fe, Co, Mn and Zr; x= 10 % 

mol and 50 % mol) two different methodologies (co-precipitation method and physical 

mixture of the respective metal oxides) were used for a comparison purpose. Unfortunately, 

the physical mixture materials presented segregated phases, so they were discarded for this 

application. On the other hand, the co-precipitation method allowed the formation of solid 

solutions which resulted in homogeneous materials with lower temperature reduction 

requirements than the one needed by the cerium oxide. Moreover, an increase in the added 

metal content improved the reduction reaction, however it affected adversely to the hydrogen 

production and the cyclability behaviour. Finally, among all the precipitation materials the 

one that showed the best results regarding the hydrogen production and the cyclability 

behaviour was Ce0.9Fe0.1O2.  

- Finally, after evaluating the energy efficiencies of the studied cycles, it can be observed that 

the solar to fuel efficiency and the exergy efficiency of the cycles based on the LSC 

perovskite and Ce0.9Fe0.1O2-ŭ were higher than the ones reported in the literature for other 

metal oxides thermochemical cycles due to the lower operational temperatures which 

decreases the thermal losses improving the efficiency. In the case of the Mn-Co mixed oxide, 

these efficiencies were higher than the one for the Mn2O3 thermochemical cycle due to the 

lower operational temperatures, although these efficiencies were higher than other reported 

in the literature due to the major number of steps. 



 

 

 

 
lxx 

 

Universidad Rey Juan Carlos Summary  

Summarizing all the results, it can be confirmed the viability of Mn1.5Co1.5O4, La0.8Sr0.2CoO3Ñŭ 

and Ce0.9Fe0.1O2 cycles to be combined with concentrated solar energy for hydrogen production. 

Therefore, the use of the studied materials may potentially open new application perspective for 

thermochemical cycles, due to a reduction in the required temperatures. The studied metal oxides 

can be an attractive way to produce CO2 free hydrogen by renewable energy based solar 

technologies.
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1. RESUMEN 

El presente trabajo de investigación se ha desarrollado en los laboratorios del Departamento de 

Tecnología Química y Ambiental de la Universidad Rey Juan Carlos y ha sido financiado por la 

Comunidad de Madrid dentro del proyecto titulado ñAlmacenamiento y Conversión de Energía 

Solar Térmica de Concentración (ALCCONES)ò, ref. S2013/MAE-2985, perteneciente al 

programa de actividades I+D entre grupos de investigación en tecnologías. 

La demanda energética mundial crece año a año y más de un 80 % de la demanda total se cubre 

con combustibles fósiles como el carbón, el petróleo o el gas natural. Esta dependencia de los 

combustibles fósiles tiene importantes implicaciones económicas y ambientales. Desde el punto 

de vista económico, su producción está centralizada en algunos países con inestabilidad política, 

lo que provoca una gran volatilidad en los precios que, además, se ve influenciada por el 

agotamiento de estos recursos. Desde el punto de vista ambiental, la quema de los combustibles 

fósiles constituye el principal causante de la emisión de gases de efecto invernadero, 

principalmente de dióxido de carbono, responsable del calentamiento global del planeta. 

Estos problemas hacen que la situación no resulte sostenible a medio plazo y que sea necesario 

buscar otras alternativas energéticas. Entre las diferentes posibilidades, el hidrógeno se presenta 

como un vector energético muy prometedor. Sin embargo, el 96 % de la producción actual de 

hidrógeno proviene de los combustibles fósiles. Para que el uso del hidrógeno a gran escala sea 

sostenible su producción debe estar basada en energías renovables. Desafortunadamente, los 

métodos actuales de producción basados en estas energías son costosos y no están suficientemente 

desarrollados. 

De todos los posibles procesos renovables de producción de hidrógeno, uno de los que resulta 

más limpio y conceptualmente más sencillo es la termólisis directa del agua para producir 

hidrógeno y oxígeno. Desafortunadamente, la temperatura necesaria es tan elevada (> 4000 °C) 

que es imposible alcanzarla con la tecnología solar actual. Por ello, las investigaciones se han 

centrado en el desarrollo de los denominados ñciclos termoqu²micosò de reducci·n y oxidaci·n 

de óxidos metálicos, cuyo resultado neto es el mismo que en la termólisis directa del agua, pero 

operando a temperaturas inferiores.  

La presente investigación surge de la necesidad de desarrollar ciclos termoquímicos compatibles 

con la tecnología solar de concentración actualmente disponible y que permitan una producción 

de hidrógeno estable con el tiempo. Para ello se han estudiado tres tipos diferentes de materiales 

basados en óxidos metálicos que, de acuerdo a sus propiedades redox, podrían  ser utilizados para 

descomponer la molécula de agua en hidrógeno y oxígeno: i) óxidos mixtos de manganeso y 
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cobalto, Mn1-xCoxO4 (siendo 0,3 Ò x Ò 0,9), ii) materiales de tipo perovskita con diferentes 

metales,  La1-xSrxMeO3Ñŭ (siendo Me = Mn, Fe, Co, y 0,2 Ò x Ò 0,4) y 3), y iii) materiales basados 

en óxidos mixtos de cerio-metal,  MexCe1-xO2Ñŭ (siendo Me = Fe, Co, Mn y Zr y x = 0,1 y 0,5). 

Para cada uno de estos tipos de materiales se ha realizado un estudio termodinámico teórico en el 

que se ha comprobado la viabilidad del ciclo termoquímico, se han calculado las temperaturas 

teóricas de las etapas de reducción (producción de O2) y oxidación (producción de H2) y se ha 

analizado la influencia de las principales variables de operación. Posteriormente se han 

caracterizado los óxidos mixtos sintetizados mediante diferentes técnicas de análisis con objeto 

de determinar el tipo de fase cristalina obtenida, su morfología o sus propiedades redox. Se ha 

analizado la ciclabilidad de las diferentes muestras mediante análisis termogravimétrico en flujo 

de aire y finalmente se ha estudiado la producción de hidrógeno en ciclos termoquímicos en un 

horno de alta temperatura. 

Óxidos mixtos de manganeso y cobalto Mn3-xCoxO4: 

El análisis termodinámico de los óxidos mixtos de manganeso y cobalto Mn3-xCoxO4 ha 

demostrado que son viables para la producción de hidrógeno mediante un ciclo termoquímico de 

tres etapas: i) reducción térmica (producción de O2), ii) oxidación con NaOH (producción de H2) 

e iii) hidrólisis (recuperación del óxido inicial). Además, el ciclo basado en este tipo de materiales 

requiere de unas temperaturas máximas de operación de 1000 °C, lo que supone una mejora 

importante respecto del ciclo de Mn2O3 puro, que necesita temperaturas superiores a 1350 °C.  

La caracterización de los óxidos mixtos de manganeso y cobalto Mn1-xCoxO4 ha indicado que, de 

las diferentes muestras preparadas, la única que presenta fase espinela es la sintetizada a partir de 

un 50 % mol de cada óxido metálico, mientras que las preparadas con otras proporciones (90 % 

Co-10 % Mn, 70 % Co-30 % Mn y 30 % Co-70 % Mn) conducen a una mezcla de óxidos puros 

de Mn y Co. La muestra 50 % Co-50 % Mn tiene un comportamiento estable frente a ciclos en 

los ensayos realizados en termobalanza con flujo de aire a temperaturas por debajo de 890 °C. 

Además, en los ensayos realizados en horno tubular se ha conseguido una producción estable de 

H2 de unos 40 cm3/gmaterial·ciclo. La obtención de este resultado ha sido posible llevando a cabo la 

etapa de hidrólisis a temperatura ambiente ya que en caso de realizarla a mayores temperaturas 

no se recupera por completo el NaOH. 

Perovskitas La1-xSrxMeO3Ñŭ: 

El estudio termodinámico de estos materiales ha demostrado la viabilidad de su uso para la 

producción de hidrógeno mediante un ciclo termoquímico de dos etapas: i) reducción térmica 

(producción de O2) y ii) etapa de oxidación con H2O (producción de H2). Las temperaturas 

requeridas en cada etapa varían entre 1000 y 1400 °C para la etapa de reducción y temperaturas 
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máximas de 800-1100 °C para la etapa de oxidación, en función del metal empleado, Me = Mn, 

Fe o Co. 

La caracterización de las diferentes perovskitas La1-xSrxMeO3Ñŭ empleadas ha mostrado que tienen 

la estructura cristalina típica de este tipo de materiales con la presencia de vacantes de oxígeno 

debido a la sustitución parcial de átomos de La3+ por Sr2+. Por otra parte, los ensayos en 

termobalanza en flujo de aire permitieron demostrar que todos los materiales son capaces de 

reducirse a temperaturas inferiores a las requeridas por los respectivos óxidos puros, siendo la 

perovskita de cobalto la que presentó mayores ganancias y pérdidas de peso en las 

correspondientes etapas del ciclo. Finalmente, los ensayos en el horno tubular han permitido 

confirmar experimentalmente la capacidad de estos materiales para la producción de hidrógeno 

mediante ciclos en dos etapas, siendo la perovskita de cobalto la que proporcionó mejores 

resultados, con una producción de H2 de 6,72 cm3/gmaterial·ciclo. Este material mostró además una 

buena ciclabilidad al realizar los ensayos a 1000 °C, observándose a temperaturas superiores una 

pérdida de estabilidad por la segregación de fases de Co metálico.  

Óxidos de cerio modificado Ce1-xMexO2Ñŭ: 

El estudio termodinámico de los materiales basados en óxido de cerio modificado con otros 

metales MexCe1-xO2Ñŭ (siendo Me = Fe, Co, Mn y Zr y x = 0,1 y 0,5) demostró que la etapa de 

reducción se puede llevar a cabo a temperaturas claramente inferiores a las correspondientes al 

óxido de cerio puro, 1300 °C frente a 2000 °C. 

La preparación de los diferentes materiales estudiados se ha realizado mediante dos métodos de 

síntesis: mezcla física de los respectivos óxidos metálicos y co-precipitación de los precursores 

metálicos. La caracterización morfológica de los materiales sintetizados demostró que aquéllos 

obtenidos mediante mezcla física daban lugar a materiales heterogéneos formados por una mezcla 

de los óxidos de partida, mientras que los materiales obtenidos por co-precipitación permitieron 

la formación de una solución sólida en la que parte de los átomos del otro metal se incorporaron 

en la estructura de tipo fluorita del óxido de cerio. Los materiales con un 10 y 50 % de Fe y un 10 

% de Co mostraron un comportamiento estable en los ensayos en termobalanza, con valores más 

elevados de variación de masa y, por tanto, mayor capacidad potencial para intercambiar oxígeno 

durante los procesos de reducción y oxidación en aire. Sin embargo, los ensayos realizados con 

estos materiales en el horno tubular permitieron comprobar que sólo el material con un 10 % en 

Fe presentó un comportamiento estable, con una producción de hidrógeno de                                       

8,6 cm3/gmaterial·ciclo. 
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Influencia de las variables de operación:  

El análisis teórico de las principales variables de operación que pueden afectar a la producción de 

hidrógeno mediante ciclos termoquímicos (presión total del sistema, relación gas/sólido, cantidad 

de aire en la reducción o cantidad de agua en la oxidación) se analizó mediante un análisis 

termodinámico del proceso. Con dicho estudio se ha podido comprobar que la utilización de una 

baja presión del sistema o un aumento de la relación gas portador/óxido metálico desplaza el 

equilibrio de tal manera que se pueden emplear menores temperaturas tanto en la etapa de 

reducción como de oxidación. Además, se ha comprobado que aunque el uso de aire en lugar de 

nitrógeno como gas portador genera un cierto aumento en la temperatura de la etapa de reducción, 

el incremento energético que este hecho supone es poco significativo respecto de la ventaja 

económica que tiene usar aire en lugar de nitrógeno.  

Análisis exergético: 

Finalmente se ha llevado a cabo un estudio teórico para evaluar la eficiencia energética y 

exergética de la conversión de energía solar a combustible de los ciclos termoquímicos basados 

en los materiales analizados. En cuanto a los materiales basados en Mn y Co, la eficiencia de 

conversión de energía solar a combustible es un 4 % superior a la del Mn2O3, gracias a las menores 

temperaturas de operación requeridas por los óxidos mixtos, 1000 °C frente a 1350 °C, 

confirmando así la mejora que supone la adición de cobalto al material. Además, esta eficiencia 

también es entre un 5-7 % superior a la de otros ciclos de múltiples etapas encontrados en 

bibliografía.  

Por otra parte, las eficiencias obtenidas para el material La0,8Sr0,2CoO3Ñŭ y Ce0,9Fe0,1O2-ŭ son 

superiores a las de otros ciclos de 2 etapas habitualmente estudiados en bibliografía gracias a la 

disminución de las pérdidas por radiación debida a las menores temperaturas de operación, lo que 

aumenta la eficiencia en la conversión de energía solar a combustible y eficiencia exergética del 

ciclo. En el caso de la eficiencia en la conversión de energía ésta es un 15 % superior a la del 

óxido de cinc y hasta un 30 % superior a la del óxido de cerio, mientras que la eficiencia exergética 

es un 10 % superior. 
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2. INTRODUCCIÓN  

2.1. Situación energética actual 

Más del 80 % del consumo energético mundial actual proviene del uso de combustibles fósiles, 

carbón, petróleo y gas natural tal y como se muestra en la Figura 2.1 a. Este hecho plantea 

numerosos problemas ambientales y provoca una situación energética insostenible desde el punto 

de vista socioeconómico. 

 

Figura 2.1. Consumo de energía primaria en el año 2016 a) en el mundo, b) en Europa y c) en 

España. (fuente: BP Statistical Review, 2016). 

Las principales reservas de combustibles fósiles se encuentran localizadas en zonas del planeta 

que presentan una elevada inestabilidad política y social, lo que provoca una alta inseguridad en 

cuanto al abastecimiento se refiere, además de precios elevados y muy volátiles. Una de las zonas 

geográficas con mayor dependencia energética de combustibles fósiles es Europa, situándose en 

torno al 75 % (Figura 2.1 b). En el caso de España ésta supera el 80 % (Figura 2.1 c). Además, la 

demanda de energía no deja de aumentar año tras año (BP Statistical Review, 2016) lo que implica 

que España y la UE seguirán siendo sensibles a las variaciones en los precios de estos 

combustibles.  

La Figura 2.2 muestra la evolución del precio de los combustibles fósiles en los últimos 30 años. 

Como se puede observar, el precio del petróleo ha experimentado numerosas fluctuaciones en el 

periodo 2005-2015, llegando a precios de en torno a 160 $/barril, aunque se ha producido un 

descenso en los últimos años. Por otra parte, el carbón ha disminuido de precio alcanzando en 

2015 valores inferiores a los de 2005 debido a su menor demanda por parte las economías 

emergentes como China, que han sufrido una transformación de una economía industrial a una 

basada en servicios. Por último, aunque los precios de gas natural también han experimentado 

fuertes subidas en los últimos años (en torno al 100 % respecto al año 2005), es destacable que 

en 2015 se produjo un cambio en los flujos comerciales del gas natural licuado, desplazándose 

desde los mercados asiáticos hacia Oriente Medio, norte de África y Europa. Este cambio ha 
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provocado una reducción en precios (BP Statistical Review, 2016). Además de la volatilidad de 

los precios, es importante recordar que las reservas de combustibles fósiles son limitadas, y por 

lo tanto se agotarán o no será económico explotar los yacimientos remanentes, en un futuro más 

o menos cercano (Bilgen, 2014). 

 

Figura 2.2. Evolución de los precios de los combustibles fósiles en los últimos 30 años (fuente: BP 

Statistical Review, 2016). 

Por otra parte, el uso masivo de combustibles fósiles conlleva una serie de problemas ambientales 

dado que su combustión implica la emisión de gases contaminantes y de efecto invernadero, 

responsables del aumento de la temperatura media del planeta y del cambio climático. En 

concreto, las emisiones de CO2, principal gas de efecto invernadero, han aumentado desde 

1,13·1010 toneladas en el año 1965 a 3,35·1010 toneladas en el 2015 (Figura 2.3). En el caso 

concreto de España, las emisiones aumentaron un 6,8 % en 2015, muy por encima de la UE (1,3 

%). De hecho, España es el segundo país de la UE que ha registrado un mayor incremento de sus 

emisiones a lo largo de 2015 y se disputa con Colombia el séptimo puesto en el ranking mundial, 

por detrás de Turkmenistán (18,3 %), Qatar (13,0 %), Vietnam (11,4 %), Filipinas (8,6 %), 

Portugal (7,6 %) y Bangladesh (7,1 %). 
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Figura 2.3. Evolución de las emisiones de CO2 en los últimos 40 años (fuente: BP Statistical Review, 

2016). 

Teniendo en cuenta todos estos antecedentes, es evidente que hay que abordar el crecimiento 

económico, el aumento de la demanda energética y los problemas ambientales como una sola 

cuestión, de tal manera que se puedan satisfacer las necesidades de la sociedad actual sin 

comprometer el futuro de las generaciones venideras. En este contexto aparecen las energías 

renovables, claves para satisfacer la creciente demanda energética reduciendo el problema 

ambiental. De hecho, son consideradas por la Agencia Internacional de la Energía (AIE) como 

una de las alternativas con mayor contribución a la reducción de emisiones contaminantes en el 

período 2008-2050. 

Las energías renovables son aquéllas que se obtienen de fuentes inagotables o que se pueden 

regenerar de forma natural a un ritmo mayor del que se consumen. Entre ellas se encuentran las 

energías eólica, solar térmica y fotovoltaica, hidráulica, biomasa, mareomotriz y geotérmica. 

Estas energías son autóctonas, de forma que se garantizaría la seguridad del abastecimiento 

energético con independencia de la región geográfica, dado que en cualquier zona del planeta 

existe la posibilidad de aprovechar, al menos, una de estas energías. Por desgracia, estas energías 

son intermitentes porque dependen de la climatología. Además, en muchos casos, hay un desfase 

entre la producción y el consumo. Por este motivo surge la necesidad de investigar en sistemas 

de almacenamiento de energía de diferente índole como baterías, almacenamiento térmico o 

almacenamiento químico. Una de las posibles formas para almacenar energía es el uso del 

hidrógeno como vector energético, es decir como portador de energía en forma química captada 

desde otras fuentes primarias (Roeb y col., 2013). 
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2.2. El hidrógeno como vector energético 

El hidrógeno es un gas incoloro, inodoro y no tóxico, con un contenido energético de 120,7 kJ/kg, 

el más elevado si se compara con cualquier otro combustible. Cuando se emplea para obtener 

energía mediante combustión directa o en una pila de combustible, el único producto de reacción 

es el agua, por lo que se eliminan los problemas de emisión de contaminantes (Muhich y col., 

2013), aspecto muy importante para sus aplicaciones dentro del sector transporte. Además, la 

interconversión hidrógeno/electricidad sucede con una elevada eficacia, un 65 % si se usan pilas 

de combustible (Yadav y Banerjee, 2016). Por último, se puede producir en cualquier parte del 

mundo, dado que se puede obtener a partir de numerosas fuentes tanto renovables como no 

renovables, lo que favorece la independencia energética de las regiones no productoras de 

petróleo (Mazloomi y Gomes, 2012).  

Por todo esto, el hidrógeno es un vector energético muy prometedor como sustituto parcial de los 

combustibles fósiles en las próximas décadas, dado que su uso no tiene impacto sobre el medio 

ambiente y su producción tampoco, si se obtiene a partir de fuentes renovables (Perkins y Weimer, 

2004). El mayor inconveniente en este ámbito es que el 96 % de los métodos actuales de 

producción de hidrógeno se basan principalmente en la gasificación de combustibles fósiles a 

elevadas temperaturas y presiones (Yilmaz y Balta, 2017). Esto no sólo implica mantener la 

dependencia de los combustibles fósiles, sino, además producir emisiones de CO2, y es evidente 

que la implantaci·n de la ñeconom²a del hidr·genoò es posible si y s·lo si ®ste se obtiene a partir 

de fuentes renovables. Por este motivo, parte de los esfuerzos actuales de investigación se centran 

en el desarrollo de tecnologías de producción de hidrógeno basadas en energías renovables (Wang 

y col., 2012; Da Silva Veras y col., 2016; Nikolaidis y Poullikkas, 2017). 

Además de lo mencionado anteriormente, el hidrógeno cuenta con algunos inconvenientes. El 

primero de ellos es que es explosivo en contacto con oxígeno en determinadas proporciones, por 

lo que se tienen que tomar medidas de seguridad diferentes a las existentes para otros 

combustibles como la gasolina, el gasoil o el gas natural (Mazloomi y Gomes, 2012). 

Otro de los problemas a los que hay que hacer frente al trabajar con hidrógeno es su transporte y 

almacenamiento, ya que debido a su baja densidad (0,09 kg/m3) se necesitan elevados volúmenes 

para hacer frente al abastecimiento de procesos de elevada demanda energética. Afortunadamente, 

este problema se encuentra en vías de solución ya que actualmente se está investigando en el 

desarrollo de tanques a elevada presión (Zheng y col., 2012; Zhang y col., 2016), adsorbentes 

porosos (Villajos y col., 2014; Villajos y col., 2016; Pareek y col., 2017) e hidruros metálicos 

(Jain y col., 2010; Zhang y col., 2016; Kumar y col., 2017) que permitan almacenar elevadas 
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cantidades de hidrógeno en espacios reducidos. Además, es necesario desarrollar un sistema de 

distribución de hidrógeno análogo al existente para la distribución de gas natural.  

En cuanto al uso del hidrógeno en sí, la principal barrera a la que hay que hacer frente es la mejora 

en cuanto a precio de las pilas de combustible. En este ámbito, las investigaciones se centran en 

el desarrollo de catalizadores diferentes a los de platino y paladio usados en la actualidad, los 

cuales además de ser muy costosos, sufren graves problemas de envenenamiento cuando el 

hidrógeno utilizado no es de elevada pureza (Du y col., 2016; Guida y Minutillo 2016; Fallisch y 

col., 2017). 

2.2.1. Tecnologías de producción de hidrógeno 

El hidrógeno no es una materia prima sino un vector energético y, como tal, debe obtenerse a 

partir de otras materias primas y fuentes de energía. En la Figura 2.4 se resumen las principales 

fuentes de energía y las materias primas empleadas para la producción de hidrógeno con la fuente 

de energía necesaria. 

 

Figura 2.4. Principales fuentes de energía y materias primas para la obtención de hidrógeno 

(fuente: Zhang y col., 2016; Da Silva Veras y col., 2016; Nikolaidis y Poullikkas, 2017). 

El hidrógeno se puede obtener a partir de la ruptura de compuestos hidrocarbonados, para lo que 

se usan combustibles fósiles o biomasa como materia prima, o a partir de la disociación de la 

molécula de agua.  

La producción anual de hidrógeno es de 1 Gt (Nikolaidis y Poullikkas, 2017) y los métodos más 

empleados a nivel industrial para su obtención son el reformado con vapor, la oxidación parcial 
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y el reformado autotérmico de hidrocarburos, la gasificación de carbón e hidrocarburos pesados 

(96 % de la producción) y la electrólisis del agua (4 % de la producción).  

a) Reformado de hidrocarburos con vapor 

El reformado con vapor es el proceso más desarrollado de todos, y por tanto es el más 

económico y el más utilizado. Consiste en una reacción endotérmica entre el gas natural 

o hidrocarburos ligeros con vapor de agua, en un rango de temperaturas de 500-900 °C, y 

presiones de entre 3 y 25 bar, obteniéndose una mezcla de H2 y CO conocida como gas 

de síntesis (R. 2.1). La reacción es catalizada por un material basado en óxido de níquel 

y tiene lugar en un reactor tubular (Da Silva Veras y col., 2016; Nikolaidis y Poullikkas, 

2017). 

ὅὌ ὲ Ὄὕᴼὲ ὅὕ ὲ Ὄ                                                           (R. 2.1) 

A pesar de ser el proceso más económico, los costes de producción son altamente 

dependientes del precio y la disponibilidad del gas natural, que puede llegar a suponer 

entre el 52-68 % de los costes totales de producción.  

Existe una variante de este proceso conocida como reformado seco de metano, y consiste 

en utilizar como reactivo el CO2, lo que permite valorizarlo (Navarro y col., 2007) (R. 

2.2). 

ὅὌ ὅὕ ᴼς ὅὕ ς Ὄ                                                                             (R. 2.2) 

b) Oxidación parcial de hidrocarburos 

El proceso consiste en hacer reaccionar gas natural o hidrocarburos con una cantidad 

limitada de oxígeno para producir gas de síntesis mediante una reacción exotérmica (R. 

2.3).  

ὅὌ ὕ ᴼὲὅὕ Ὄ                                                                   (R. 2.3) 

Si el proceso es térmico, se requieren temperaturas de 1150-1315 °C y presiones de 30-

80 bar, pero si es catalítico la temperatura de reacción se reduce a 590 °C y la presión es 

de 60-80 bar (Nikolaidis y Poullikkas, 2017). Los catalizadores empleados están basados 

en níquel, cobalto y rutenio (Da Silva Veras y col., 2016). 
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c) Reformado autotérmico 

El reformado autotérmico combina el reformado con vapor y la oxidación parcial, de 

forma que una mezcla de metano e hidrocarburos reacciona con oxígeno y vapor de agua 

para dar gas de síntesis (R. 2.4). Este proceso puede ser convencional o catalítico. En el 

reformado autotérmico convencional, primero se lleva a cabo la oxidación parcial y el 

calor generado por ésta se utiliza en el reformado con vapor. En el reformado autotérmico 

catalítico, el empleo de catalizadores disminuye las temperaturas de operación de ambos 

procesos. Los catalizadores empleados están basados en óxido de níquel, al igual que en 

el reformado con vapor y la oxidación parcial (Da Silva Veras y col., 2016; Nikolaidis & 

Poullikkas, 2017). 

ς ὅὌ  ὕ ὲ Ὄὕᴼςὲ ὅὕ ὲ ά Ὄ                                     (R. 2.4) 

d) Gasificación de carbón e hidrocarburos pesados 

Este proceso consiste en transformar un combustible sólido en gas de síntesis mediante 

una oxidación parcial con agua y oxígeno o agua y aire a través de una serie de reacciones 

con diferentes requerimientos térmicos (400-1600 °C) y presiones moderadas (5-10 bar). 

Como reactivos se puede usar cualquier compuesto con un elevado contenido en carbono, 

incluso residuos de refinería. 

El proceso de gasificación tiene lugar en tres etapas simultáneas. En la primera (R. 2.5), 

al producirse el aumento de la temperatura en el gasificador se produce la pirólisis del 

alimento con la rotura de los enlaces químicos más débiles, obteniéndose diferentes 

compuestos. En la segunda etapa (R. 2.6-2.8), ocurre la combustión de C, CO y H2 para 

dar CO2 y H2O. En la última etapa (2.9-2.13) tiene lugar la gasificación, en la cual el 

carbono que permanece tras la volatilización reacciona con O2, H2O e H2 para dar gas de 

síntesis (Da Silva Veras y col., 2016; Nikolaidis y Poullikkas, 2017). 

ὅὌ ὕ ὗᴼὌ ὅὕ ὅὌ ὅὌ Ễ                                            (R. 2.5) 

ὅ ὕ ᴼὅὕ                                                                                                  (R. 2.6) 

Ὄ  ὕ ᴼὌὕ                                                                                           (R. 2.7) 

ὅὕ   ὕ ᴼὅὕ                                                                                           (R. 2.8) 

ὅ ὅὕ ᴾς ὅὕ                                                                                             (R. 2.9) 

ὅ Ὄὕᴾὅὕ Ὄ                                                                                     (R. 2.10) 
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ὅὌ Ὄὕᴾὅὕ σ Ὄ                                                                             (R. 2.11) 

ς ὅ  ὕ ᴾς ὅὕ                                                                                         (R. 2.12) 

ὅ ς Ὄ ᴾὅὌ                                                                                            (R. 2.13) 

La composición final depende del alimento empleado, la temperatura, la presión, la 

relación O2/H2O y el tipo de gasificador utilizado. En lo que respecta a los catalizadores, 

hay muchos tipos de metales y óxidos metálicos que pueden catalizar las reacciones, pero 

a nivel industrial, los más utilizados son el carbonato de sodio (Na2CO3), el carbonato de 

potasio (K2CO3), el sulfuro de sodio (Na2S) y el sulfuro de potasio (K2S) (Sikarwar y col., 

2016). 

e) Electrólisis de agua 

La electrólisis del agua consiste en disociar la molécula de agua en H2 y O2 mediante el 

uso de una corriente eléctrica continua que circula a través de unos electrodos sumergidos 

en una disolución electrolítica (R. 2.14). En el ánodo tiene lugar la oxidación y producción 

de O2 mientras que en el cátodo sucede la reducción y producción de H2. 

Ὄὕ ὩὰὩὧὸὶὭὧὭὨὥὨᴼὌ  ὕ                                                                (R. 2.14) 

El problema que existe con la electrólisis de agua es que, aunque se consigue H2 de 

elevada pureza, es una tecnología más cara que el reformado con vapor, la oxidación 

parcial o el reformado autotérmico. 

Una vez presentadas las diferentes formas de obtener hidrógeno se puede concluir que los 

procesos para su producción a partir de la transformación de los combustibles fósiles son los más 

maduros, pero tienen dos grandes problemas. En primer lugar, no se elimina la dependencia de 

los combustibles fósiles, y, en segundo lugar, el balance de CO2 de estos procesos es positivo, por 

lo que es necesario el desarrollo de sistemas de captura de CO2. Además, el H2 obtenido se 

encuentra contaminado con otros gases como el CO, por lo que es necesario purificarlo. En cuanto 

a la electrólisis de agua, además de ser una tecnología más cara, tiene el inconveniente de que si 

la electricidad que se emplea no tiene un origen renovable no se elimina la dependencia de los 

combustibles fósiles ni las emisiones de CO2. Por otra parte, si se usara la energía nuclear como 

fuente de electricidad el principal problema asociado sería el tratamiento de los residuos 

nucleares. Teniendo esto en cuenta, es evidente que un futuro sistema energético basado en el 

hidrógeno implica su producción a partir de fuentes renovables. De todas ellas, la energía solar es 

la más abundante (Agrawal y Mallapragada, 2010; Da Róz y col., 2017), por lo que los procesos 

de producción de hidrógeno a partir de energía solar son la alternativa más prometedora. 



 

 

 

 
13 

 

Universidad Rey Juan Carlos 2. Introducción 

2.3. Producción de hidrógeno a partir de energía solar 

Las tecnologías de producción de hidrógeno a partir de energía solar se agrupan en tres grandes 

grupos: procesos fotoquímicos, procesos electroquímicos y procesos termoquímicos. En cuanto a 

las materias primas empleadas, éstas son dos fundamentalmente, agua y biomasa. En la Figura 

2.5 se indican las principales tecnologías de producción de hidrógeno a partir de energía solar. 

 

Figura 2.5. Procesos de producción solar de hidrógeno (fuente: Steinfeld, 2005; Abbasi y col., 2011; 

Dincer, 2012; Koumi Ngoh y Njomo, 2012; Yilmaz y col., 2016). 

2.3.1. Procesos fotoquímicos para la producción de hidrógeno 

Los procesos fotoquímicos para la producción de hidrógeno se fundamentan en el uso de la 

energía de los fotones de luz para llevar a cabo reacciones químicas de disociación del agua en 

oxígeno e hidrógeno (Ladomenou y col., 2015). En los procesos fotoquímicos puros se usa la 

energía lumínica para excitar los electrones de la banda de valencia de los fotocatalizadores y 

promocionarlos a la banda de conducción, donde pueden llevar a cabo la descomposición de la 

molécula de agua en hidrógeno y oxígeno. Desafortunadamente, la eficiencia actual de este 

proceso, inferior al 10 %, no es suficiente para que la tecnología sea económicamente viable 

(Wang y col., 2012). 

Los sistemas fotobiológicos consisten en usar microorganismos capaces de aprovechar la energía 

solar para llevar a cabo diferentes reacciones metabólicas que liberan hidrógeno y, por lo tanto, 

es una producción fotosintética de hidrógeno (Puyol y col., 2015). Estos procesos resultan muy 

interesantes pero las eficiencias de conversión de la energía fotolumínica están en el rango del 1-

5 %, por lo que es necesario un gran esfuerzo de investigación para que resulten viables en el 

futuro (Sturzenegger y Nüesch 1999; Kreider y col., 2011). 

Por último, los sistemas fotoelectroquímicos, que combinan procesos fotoquímicos y 

electroquímicos, consisten en poner en contacto un semiconductor y un electrolito para que se 

produzca una transferencia de carga en la interfase existente entre ambos en condiciones de 
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iluminación. Como consecuencia se van a producir una serie de reacciones químicas que producen 

hidrógeno (Rai y col., 2017). Pese a que estos procesos resultan más eficientes que los sistemas 

puramente fotoquímicos, dado que la presencia del electrolito facilita la transferencia de 

electrones, las eficiencias son inferiores al 16 % (Wang y col., 2012). 

2.3.2. Procesos electroquímicos para la producción de hidrógeno 

Los procesos electroquímicos para la producción de hidrógeno se basan en utilizar electricidad 

para llevar a cabo la disociación de la molécula de agua en hidrógeno y oxígeno. La energía 

eléctrica necesaria se obtiene por la trasformación de la energía solar mediante la tecnología de 

paneles fotovoltaicos con un requerimiento eléctrico de 60 kW para una producción de hidrógeno 

de 10 Nm3/h a 70 °C y 5 bar de presión (Bhattacharyya y col., 2017).  

La conversión de electricidad a hidrógeno tiene una eficiencia muy elevada, 50-80 %, pero el 

rendimiento global de energía solar a hidrógeno es tan solo del 10-15 % si se usan paneles 

fotovoltaicos. Aunque dicha eficiencia pueda parecer baja, los electrolizadores están muy 

desarrollados, por lo que estos procesos son de los más prometedores para la obtención de 

hidrógeno a partir de recursos renovables (Wang y col., 2012). 

Una forma de disminuir la demanda de energía eléctrica del proceso es realizar la electrólisis a 

alta temperatura (> 100 °C). En estos procesos, que se conocen con el nombre de 

termoelectroquímicos, la electricidad se obtiene mediante la tecnología solar de concentración, 

que además, aporta el calor necesario por el sistema (Yilmaz y col., 2016; Liu y col., 2017). Así 

se consigue que la electrólisis del agua se pueda llevar a cabo de forma más eficiente con un 

rendimiento de energía solar a hidrógeno del 14-19 % si se usan discos Stirling o sistemas de 

torre. Los últimos avances en este tipo de procesos apuntan a que para el año 2050 se podría 

conseguir una eficiencia solar a hidrógeno superior al 30 % (Zhang y col., 2013). 

2.3.3. Procesos termoquímicos para la producción de hidrógeno 

Las tecnologías de producción de hidrógeno basadas en procesos termoquímicos utilizan las 

elevadas temperaturas que se obtienen a partir de la energía solar de concentración. Dicho foco 

caliente se usa para llevar a cabo diferentes reacciones químicas, como la gasificación o el 

reformado con vapor de biomasa o la termólisis del agua. 

Las tecnologías que precisan de biomasa se encuentran muy desarrolladas, ya que han sido 

ampliamente usadas durante décadas con combustibles fósiles para la producción de hidrógeno. 

Aunque la producción de hidrógeno a partir de biomasa genera emisiones de CO2, el crecimiento 
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de dicha biomasa ha necesitado el consumo previo de CO2 atmosférico, por lo que el rendimiento 

neto a CO2 del proceso sería nulo (Koumi Ngoh y Njomo, 2012).  

La gasificación, tal y como se ha explicado anteriormente para combustibles fósiles, consiste en 

transformar la biomasa en gas de síntesis (monóxido de carbono e hidrógeno) mediante la 

reacción de la biomasa con una cantidad controlada de oxígeno o vapor de agua. El consumo 

energético es elevado, aunque inferior al requerido por la electrólisis (Li y col., 2017). El principal 

inconveniente de este proceso es que los rendimientos son bajos, 28-49 % (Xu y col., 2017).  

Por otra parte, en el reformado de biomasa con vapor se hace reaccionar biomasa con vapor de 

agua para formar hidrógeno y dióxido de carbono. Como se trata de una reacción endotérmica, la 

energía solar de concentración se usa para aportar el calor necesario para que la reacción tenga 

lugar. Este proceso es el más maduro de todos, y con combustibles fósiles se obtienen 

rendimientos superiores al 90 % (Koumi Ngoh y Njomo, 2012). Pero el principal inconveniente 

es la formación de alquitrán, ya que los residuos pesados polimerizan formando estructuras más 

complejas que no resultan apropiadas para la producción de hidrógeno mediante reformado con 

vapor (Fierro y col., 2011). 

Otro proceso termoquímico alternativo, completamente renovable, sería la termólisis o ruptura 

directa de la molécula de agua usando para ello un foco caliente a elevada temperatura. La 

reacción neta se muestra a continuación (R. 2.15): 

Ὄὕ O ὕ Ὄ                                                                                                (R. 2.15) 

Los únicos productos de esta reacción son hidrógeno y oxígeno, aunque para que la reacción tenga 

lugar se necesitan temperaturas superiores a los 4000 °C, tal y como se observa en la Figura 2.6 

(Perkins y Weimer, 2004). El principal problema es que la tecnología solar actual sólo permite 

alcanzar temperaturas en torno a 2700 °C, aproximadamente (Roeb et al. 2012).  

Otros problemas asociados a esta tecnología son: la necesidad de desarrollar materiales capaces 

de soportar las altas temperaturas de operación, las pérdidas de calor por radiación, y la necesidad 

de separar el oxígeno e hidrógeno obtenidos a elevada temperatura para evitar su recombinación 

y la formación de mezclas explosivas (Xiao y col., 2012; Yilmaz y col., 2016). 
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Figura 2.6. Variación de la energía libre de Gibbs en función de la temperatura para la termólisis 

del agua (fuente: Perkins y Weimer, 2004). 

Teniendo en cuenta que las condiciones de operación y los requisitos de separación son demasiado 

severos, la termólisis directa del agua no resulta una tecnología económicamente viable. Debido 

a esto, las investigaciones se están dirigiendo a los ciclos termoquímicos mediante los cuales el 

agua también es separada en oxígeno e hidrógeno pero en diferentes etapas gracias a sucesivas 

reacciones químicas endo y exotérmicas que además, tienen lugar a temperaturas inferiores a los 

2500 °C, solucionando gran parte de la problemática de la termólisis directa del agua (Yilmaz y 

col., 2016).  

 

2.4. Tecnología de concentración solar para la producción de hidrógeno 

Las temperaturas necesarias para la producción termoquímica de hidrógeno deben obtenerse 

mediante una fuente de energía renovable para que el proceso sea sostenible desde un punto de 

vista ambiental. La mayor fuente de energía en la superficie terrestre es la radiación solar. De 

hecho, ocupando solamente el 0,1 % de la superficie terrestre del planeta con colectores solares 

que operasen con una eficiencia de tan sólo el 20 %, se podrían abastecer las necesidades 

energéticas de toda la humanidad (Steinfeld y Palumbo, 2001). No obstante, el uso de la energía 

solar también cuenta con serias limitaciones, tales como el hecho de que la radiación solar que 

alcanza la superficie esté muy diluida (1 kW/m2), es intermitente dado que sólo está disponible 
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durante el día, y su distribución sobre la superficie terrestre es desigual, predominando en la 

región comprendida entre 30° latitud norte y 30° latitud sur (Steinfeld y Palumbo, 2001). 

Estas limitaciones han motivado la búsqueda de procesos que puedan convertir la radiación solar 

intermitente en energía química almacenable en forma de combustible, que pueda ser transportada 

y distribuida. Considerando la superficie solar como una reserva térmica a 5527 °C, y la terrestre 

como un disipador, el 95 % de la energía solar podría ser transformada en energía química 

(Steinfeld y Palumbo, 2001), por tanto, es necesario diseñar y desarrollar la tecnología necesaria 

para alcanzar este límite. 

2.4.1. Dispositivos para concentrar la radiación solar 

La producción de hidrógeno mediante ciclos termoquímicos necesita energía solar concentrada 

para poder alcanzar las temperaturas de operación (1000-2000 °C). La concentración de la luz 

solar directa se consigue mediante dispositivos ópticos conocidos como colectores de 

concentración, que están compuestos por un concentrador y un receptor. La luz solar incide sobre 

el concentrador y es reflejada hacia el receptor, donde la radiación es absorbida y convertida en 

otro tipo de energía (Winston y col., 2004). En la Figura 2.7 se muestran los principales tipos de 

colectores de energía solar térmica de alta temperatura.  

 

Figura 2.7. Principales colectores de energía solar térmica de alta temperatura: a) cilindro 

parabólico, b) torre central de energía, c) disco parabólico y d) doble concentración (Winston y col., 

2004). 






























































































































































































































































































































































































































































































