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� La0.8Ca0.2MeO3±d (Me ¼ Co, Fe, Ni,

Cu) can be reduced at 1200, 1000

and 800 �C.

� La0.8Ca0.2NiO3±d presents a

remarkable stability at 800 �C.

� La0.8Ca0.2NiO3±d can produced 5

cm3STP H2/gmaterial$cycle isother-

mally at 800 �C.

� La0.8Ca0.2NiO3±d presents a stable

behaviour during 15 consecutive

cycles at 800 �C.

� La0.8Ca0.2NiO3±d thermochemical

cycles are compatible with

concentrated solar power

technologies.
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a b s t r a c t

Solar-driven thermochemical water splitting has the potential to transform concentrated

solar energy into green hydrogen and other solar fuels. In this work, La0.8Ca0.2MeO3±d

(Me ¼ Co, Ni, Fe and Cu) perovskites have been synthesised by a modified Pechini method

and evaluated as materials for hydrogen production by two step thermochemical water

splitting cycles. Performing the thermal reduction at temperatures of 1200 and 1000 �C,

while the oxidation is done at 800 �C, allows a remarkable and stable hydrogen production

after 5 consecutive cycles. However, the perovskites suffer changes in the structure after

each redox cycle, with potential effects in the long-term cyclic operation. On the contrary,

the isothermal thermochemical cycles at 800 �C produce a stable amount of hydrogen with

each consecutive cycle maintaining the perovskite structure. This hydrogen production
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Calcium perovskites
Thermodynamic study
Please cite this article as: P�erez A et al., Hydr
Fe and Cu) perovskites, International Journ
ranges from 3.60 cm3 STP/gmaterial$cycle for the material with the lowest productivity

(La0.8Ca0.2FeO3±d) to 5.02 cm3 STP/gmaterial$cycle for the one with the highest activity

(La0.8Ca0.2NiO3±d). Particularly the Ni-based material shows the highest H2 productivity

accompanied by very good material stability after 15 consecutive cycles, being possible to

combine with current solar thermal facilities based on concentrated solar power tech-

nologies like plants with central receivers.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

One of the main concerns of current society is the energy

situation marked by fossil fuels dependence and their deple-

tion, the increase of prices, global warming and atmospheric

pollution. These facts make it mandatory to look for alterna-

tives that allow meeting the energy needs of today's society

without implying a decrease in the quality of life and without

harming future generations [1].

It is evident that the solution to these problems must be

based on increasing the percentage of energy production from

renewable sources. In this context, the Member States of the

European Union reached an agreement (June 14th, 2018) so

that 32% of the final energy consumed should be of renewable

origin by 2030 [2], which implies doubling the current use of

renewable energies by EU countries. Themain problem is that

renewable electrification is not possible in the short to me-

dium term in areas such as the transport sector or thermal

applications [3]. Thus, it is necessary to search for alternatives

that be technically and economically viable. Among the po-

tential alternatives, the most promising one is the use of

hydrogen, as it is an energy vector whose use has no impact

on the environment, nor does its production if required energy

comes from fully renewable sources [4,5]. Actually, renewable

hydrogen is an essential factor in the recently announced

recovery instrument of the Next Generation EU, and is

recognized as a key solution for i) the decarbonisation of the

economy, ii) the elimination of dependence on fossil fuels, iii)

the EU's commitment to achieve carbon neutrality by 2050,

and iv) the global effort to implement the Paris Agreement

[6,7]. It means that the share of hydrogen in Europe's energy

mix is projected to grow from the current less than 2% tomore

than 23% in 2050 for energy uses [8].

Green hydrogen can be obtained by electrolysis of water,

using renewable energy as a source of electricitywith zero CO2

emissions. This term is also applied to hydrogen obtained

from biogas reforming or biochemical conversion of biomass

if sustainability requirements are met during the production

[9,10]. Hydrogen can also be obtained from water through

thermochemical and photochemical processes, which are less

developed than electrolysis, but they also ensure obtaining

green hydrogen fromwater, using renewable energy and with

zero CO2 emissions [11].

Thermochemical production of hydrogen from water in-

volves a series of chemical reactions that convert water into

stoichiometric amounts of hydrogen and oxygen using heat as

the only energy source. Thermochemical cycles decrease the
ogen production by isothe
al of Hydrogen Energy, ht
temperature required for direct water thermolysis (close to

4000 �C), not reachable with existing concentrated solar power

technologies. A large number of thermochemical cycles for

water splitting has been proposed in the literature, and can be

usually grouped into two categories: high-temperature two-

steps processes and low-temperature multi-steps processes

[12e14]. Low-temperature multi-steps processes, typically

with the highest operating temperature below 1000 �C, allow
for the use of a broader spectrum of heat sources, such as heat

from nuclear power plants, and hence have attracted

considerable attention [15]. These cycles suffer from envi-

ronmental issues associated with the separation of acid

mixtures, decomposition of acids, heavy-metal processing,

and production of toxic or corrosive intermediates, as most

studied cycles are based on CueCl and SeI pairs, which are

mediated by the formation of strong acid mixtures of sul-

phuric, chlorine and/or iodic acids [16e18]. Alternatively,

solar-driven thermochemical hydrogen production systems

are mainly based on two-steps processes at high-temperature

involving the thermal reduction of a metal oxide and its sub-

sequent reoxidation with water, resulting in the dissociation

of water in its constituent elements (hydrogen and oxygen)

[19e22]. Somany differentmaterials have beenwidely studied

in the literature attending to different criteria such as cost,

environmental risk, or energy efficiency. However, these

materials require high reduction temperatures (>1000 �C) and
low oxidation temperatures (~600e800 �C), which imply low

energy efficiency of the whole process, as well as several

problems due to the high operating temperatures required for

the thermal reduction step, such us the stability of solar

reactor construction materials, or sintering problems of the

metal oxides leading to a lack of long-term stability [12,23].

Considering the above-mentioned problems, it is mandatory

to find new materials that can be thermally reduced at lower

temperatures without decreasing hydrogen production. In

this context non-stoichiometric oxides have been proposed as

potential materials for this application as they show a large

degree of reduction at moderate temperatures, rapid oxida-

tion and reduction kinetics, favourable oxidation thermody-

namics and stability at high temperatures. Particularly

perovskites and non-stoichiometric cerium oxide have been

proposed as potential materials for this application [24e29].

Perovskite typemixed oxidesmaterials have demonstrated

good activity in multiple applications, due to their structure,

such as solid fuel cells electrocatalysts or as heterogeneous

catalysts [30]. Perovskites are oxides with ABO3 or A2BO4 type

structure (A: large cation such as La or Sr; B: smaller cation,

such as Mn, Fe, Co, Ni or Cu) that allows the introduction of
rmal thermochemical cycles using La0.8Ca0.2MeO3±d (Me¼ Co, Ni,
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different metal ions into its structural framework. Moreover,

the cation at both A and B sites could be partially substituted

by a foreign one (A0 or B0) without destroying the matrix,

allowing the creation of oxygen vacancies or the controlled

alteration of the oxidation state of cations to keep the elec-

troneutral state. These changes improve the redox activity of

the perovskites due to the presence of oxygen vacancies and

the multiple oxidation states of metal in B-position [31e33].

However, despite the temperatures required for the thermal

reduction of non-stoichiometric oxides are lower

(1000e1300 �C) they are different from the oxidation one

(600e800 �C), which decreases the overall thermal efficiency of

the global process [34]. The influence of the composition in the

temperature required for the thermal reduction of the pe-

rovskites is well-known in the field, with perovskites AA’BO3

able to be reduced at temperatures as low as 400 �C, although
with their reoxidation capacity in the presence of water not

explored yet [35,36].

In previous studies, the authors have proposed and ana-

lysed new materials for H2 production by solar thermochem-

ical water splitting at reduction temperatures below 900 �C
[37,38] and working under isothermal reduction/oxidation

conditions (AA’BO3 perovskites with A¼ La, A’¼Al and B]Co,

Ni, Fe, Cu) [39]. Thus, a proper configuration of materials with

ABO3 structure, including selected cations partially

substituting the A position occupied by La or Sr, allows

obtaining materials with high reduction capacity at temper-

atures of 800 �C or even 700 �C and oxidizable with water,

producing hydrogen under isothermal conditions.

In this work, we focus on Ca as cation for partial substi-

tution of La in La0.8Ca0.2MeO3±d (Me ¼ Co, Ni, Fe, Cu) perov-

skites and the application of those materials for hydrogen

production by thermochemical water splitting (reactions R1

and R2).

La0:8Ca0:2MeO3±d / La0:8Ca0:2MeO3±d�a þ a

2
O2 (R1)

La0:8Ca0:2MeO3±d�a þaH2O/ La0:8Ca0:2MeO3±d þ aH2 (R2)

Calcium has been proposed previously as candidate for

partial substitution of LaCoO3 for different applications,

including thermochemical water splitting [40e42]. However,

thermal reduction of La1-xCaxCoO3 (x � 0.4) has been only

evaluated at 1300 �C, although with outstanding results when

combinedwith hydrogen production by oxidation at 900 �C. Ca

cation has also been proposed as substitute in perovskites

La1-xCaxMnO3±d, and tested as effective catalysts in thermo-

chemical solar fuel production, but always at high reduction/

oxidation temperatures (1350e1450 �C and 900e1000 �C,

respectively), and obtaining a good performance in terms of

oxygen exchange capacity and fast oxidation kinetics, but

leading to sintering problems in consecutive thermal redox

cycles [43]. The partial substitution of La by Ca has been fixed

in advance at La/Ca¼ 0.8/0.2, as it has been demonstrated that

ratios higher than 0.6/0.4 lead to segregation ofmetallic oxides

during the synthesis of the perovskite, whereas values of 0.8/

0.2 and 0.6/0.4 promote the thermodynamics of the H2O

splitting reaction enhancing the oxidation yields of La1-xCax-
CoO3 materials, as compared to lower La/Ca substitution ra-

tios [40,41]. Considering the temperatures in which the
Please cite this article as: P�erez A et al., Hydrogen production by isothe
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reduction and oxidation proceed, traditionally the difference

between both is accepted as the thermodynamic driving force

in the two-step processes [44], due to the consideration of the

thermochemical cycle as a closed system. However, the cyclic

change between reduction and oxidation temperatures is

accompanied by irreversible heat and time losses and creates

thermal stresses on the system. Some studies have demon-

strated that thermochemical water splitting can be conducted

under isothermal conditions by increasing the partial pres-

sure of the steam as compared to the resultant H2, acting the

large partial pressure swing in the gas composition between

reduction and oxidation processes as the driving force [45,46].

An increase in the H2O partial pressure resulted in higher H2

production capacity, calculated as mass or volume of

hydrogen per mass of material and time unit. Consequently,

the objective with the La0.8Ca0.2MeO3±d materials proposed in

this work is not only to decrease the reduction temperature to

values compatible with current solar thermal facilities, such

as those based on solar power tower technologies [47], but also

to decrease the gap between reduction and oxidation tem-

peratures, looking for a thermochemical cycle at low tem-

perature and under isothermal conditions. Different studies

have demonstrated the feasibility of the thermochemical

water and CO2 splitting mediated by different mixed oxides

(perovskites and doped CeO2) at isothermal conditions with

temperatures lower than 1000 �C, even though at lower tem-

peratures the process is controlled by kinetics, reducing the

efficiency in terms of hydrogen production [39,48,49].
Materials and methods

Synthesis and characterization of La0.8Ca0.2MeO3-d

perovskites

All the materials were synthesised following a modified

Pechini method described elsewhere using nitrates as metal

sources [39]. In a first step, the metal nitrates were mixed in

different proportions according to the desired metal compo-

sition of each perovskite and incorporated into a citric acid

solution in a molar ratio citric acid:metal of 1.5:1. Themixture

was stirred at 70 �C for 10 min, acting the citric acid as a

chelating agent for metal ions. Then, ethylene glycol was

added in a molar ratio citric acid:ethylene glycol of 1:1 to

promote the polymerization reaction to transform the chelate

obtained with the citric acid into a polymer with a homoge-

neous distribution of cations. The obtained solution was

stirred at 90 �C during 2 h. During this step, ammonium hy-

droxide was also added until the pH was 8e9, as a basic pH

improves the cation distribution [39,50]. After this time, the

solution was heated at 130 �C during 4 h, obtaining a viscous

gel that was finally washed with water, filtered and dried at

120 �C for 12 h. The obtained resin was milled into a powder

form and calcined at 1000 �C for 6 h under static air. Once the

different perovskites were obtained, theywere analysed using

different techniques. First of all, the chemical composition

and the oxygen content of the prepared perovskites were ob-

tained using a Varian Vista AX inductively coupled plasma

atomic emission spectrometer (ICP-AES), while the crystalline

structure was determined by X-ray diffraction (XRD) using a
rmal thermochemical cycles using La0.8Ca0.2MeO3±d (Me¼ Co, Ni,
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Philips XPert diffractometer with CuKa radiation. The

morphology of the samples was studied by Scanning Electron

Microscopy (SEM) using a Hitachi TM1000 microscope with an

accelerating voltage of 15 kV and a magnification of

�20~10,000 (2�, 4� digital zoom). Both XRD and SEM tech-

niques were performed before and after the thermochemical

cycles. The specific surface area of the samples were

measured by N2 adsorption-desorption at 77 K using a TRIS-

TAR 3000 equipment. The samples were previous degassed at

150 �C for 8 h and the surface area was calculated using the

B.E.T. equation. Temperature-programmed reduction under

H2/Ar flow (H2-TPR) was used to investigate the reducibility of

the perovskite materials. The mixed metal oxides were

degassed under argon flow (35 NmL/min) for 30 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 NmL/min) from 100

to 1000 �C with a heating rate of 10 �C/min and, finally,

isothermal conditions were maintained for 20 min.

Hydrogen production by thermochemical water splitting

The activity of the materials in terms of hydrogen production

by thermochemical water splitting was evaluated in a high

temperature tubular furnace coupled to a gas analyser to

quantify the amount of oxygen released during the thermal

reduction step and the hydrogen produced during the oxida-

tion with water. The details of the reactor configuration have

been described elsewhere [51]. In all the experiments, 1 g of

material was placed inside the furnace into a Pt/Rh crucible,

resistant to the operational temperatures and non-reactive

with the metal oxides evaluated in this work. This amount

of sample was selected in order to generate a thin layer on the

crucible surface, minimizing the diffusional limitations [52].

The thermal reduction step was performed at different tem-

peratures (1200, 1000, 800 �C) to study the influence of the

temperature on the stability of thematerials and the degree of

reduction related to the subsequent hydrogen production.

During the reduction reaction, a N2 flow of 50 NL/h was

continuously fed to the furnace to keep an inert environment

(PO2 ¼ 10�5 atm) and to carry out the O2 released to a para-

magnetic gas analyser (Emerson XStream) previously cali-

brated using nitrogen as zero gas and 0.5% O2/N2 as span. A

heating rate of 10 �C/min was used until the desired temper-

ature was reached. After that, the temperature was kept

constant until oxygen was no longer detected in the analyser.

For the oxidation step, hydrolysis of water, the tempera-

ture was decreased to 800 �Cwith a cooling rate of�10 �C/min,

except when the reduction was also performed at 800 �C. After
that, a nitrogen flow of 50 NL/h saturated in water vapour at

80 �C was continuously fed to the furnace (PH2O-

¼ 7.2$10�4 atm). The resulting gas mixture from the reactor
Table 1 e Composition of the synthesised perovskites La0.8Ca0

Perovskite Label La

La0.8Ca0.2CoO3±d LCCo 0.83 ± 0.037

La0.8Ca0.2NiO3±d LCNi 0.84 ± 0.013

La0.8Ca0.2FeO3±d LCFe 0.81 ± 0.026

La0.8Ca0.2CuO3±d LCCu 0.79 ± 0.02

Please cite this article as: P�erez A et al., Hydrogen production by isothe
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passed through a moisture trap followed by a cooling step to

3 �C to condensate traces of unreacted water before the

hydrogen analyser (Emerson XStream equipped with a ther-

mal conductivity detector). The analyser was previously cali-

brated using nitrogen as zero gas and 0.5% H2/N2 as span. The

temperature was kept at 800 �C until hydrogen was no longer

detected in the analyser.

The reduction and oxidation temperatures were selected

according to a preliminary theoretical evaluation of the evo-

lution of Gibbs free energy,DGT
r , with the temperature, for both

reactions (R1 and R2). DGT
r was calculated from the standard

enthalpies and entropies of formation (DH0
f and DS0f ) and the

temperature dependence of the specific heat of the species

(CpðTÞ) according to theproceduredescribed elsewhere [51] and

applied to reactions R1 andR2. The thermodynamic data of the

perovskites have been estimated using the Neumann-Kopp

rule (NKR) for mixed oxides [53] combined with vacant model

calculations [54]. The properties of pure metal oxides,

hydrogen, oxygen and water were obtained from the HSC

Chemistry 6.0 software from ©Outotec Research Oy.
Results

Perovskites characterization

ICP-AES measurements were performed to determine the

elemental analysis and the atomic ratio (La/Ca/Me) of the

different synthesised materials. Additionally, it is possible to

calculate the oxygen composition of the materials and the

non-stoichiometry (defect or excess) of oxygen (d) by per-

forming a mass balance between the total mass used for ICP

analysis and the amount of each metal present in the sample.

The difference between the calculated and the theoretical

oxygen stoichiometry (3) corresponds to d. As it can be seen in

the results summarized in Table 1, all the materials show a

metallic composition close to the theoretical one, confirming

that the syntheseswere successful. All thematerials present a

degree of non-stoichiometry (excess or defect), with values

ranging from �0.04 to þ0.02 for the mean compositions.

This oxygen non-stoichiometry is due to the partial

lanthanum substitution by calcium. When some of the La3þ

cations are replaced by Ca2þ the same number of atoms of

Me3þ/Me2þ is oxidized to Me4þ/Me3þ in order to maintain the

electroneutrality of the materials. These new cations are not

stable enough and they tend to partially reduce themselves.

These processes inside the perovskite lattice improve the

formation of non-stoichiometric oxygen [55,56].

Once the samples were analysed by ICP they were also

characterised by XRD to study their crystal structure. Fig. 1
.2MeO3±d.

Ca Me ¼ Co/Ni/Fe/Cu d

0.19 ± 0.015 1 ± 0.09 �0.04

0.23 ± 0.008 1 ± 0.07 �0.02

0.21 ± 0.017 1 ± 0.01 þ0.02

0.18 ± 0.019 1 ± 0.012 �0.01

rmal thermochemical cycles using La0.8Ca0.2MeO3±d (Me¼ Co, Ni,
tps://doi.org/10.1016/j.ijhydene.2023.06.272
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Fig. 1 e XRD patterns for the La0.8Ca0.2MeO3±d materials.
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shows XRD diffractions for all the materials, as compared to

the reference ABO3 pattern. The results showed a single

perovskite phase for all thematerials with small contributions

of other crystal phases in the case of Cu perovskite, assigned

to CuO (35�) [57]. Table 2 shows the lattice parameters ob-

tained from Rietveld refinement, demonstrating that Co, Ni

and Fe perovskites showed a cubic structure (Pm3m-221)

while Cu perovskite presented a tetragonal one (P4/mmm-

123). The shift to a higher angle for Co- and Ni-basedmaterials

indicates the insertion of a smaller B atom into the crystal

lattice. The effect is less remarkable in the case of Cu, due to

the basic pH during the synthesis [39]. The different structure

of LCCu as compared to the other perovskites can be due to the

different oxidation states of the metals in B position, leading

those with charge 3þ or 4þ (Co, Fe, Ni) to lower distortions in

the structure than that with 2þ charge (Cu).

Table 2 also shows the Goldschmidt's tolerance factor (t)

calculated for all the perovskites as described elsewhere [39].

This parameter is also ameasure of the distortion produced in

the perovskite due to the partial substitution of La by Ca

(obtaining AA’BO3 instead ABO3 perovskite). This parameter

should be in the range of 0.75 < t < 1. A value of t ¼ 1 is

attributed to the perfect cubic ABO3 perovskite structure, and

values far from 1 are characteristics of other perovskites

structures, such as orthorhombic or tetragonal structures.

The surface morphology of the LCMe (Me ¼ Co, Ni, Fe, Cu)

perovskites was observed by scanning electron microscopy

(SEM). As shown in Fig. 2, an irregular porous structure ar-

ranged with many small particles was observed for all the
Table 2 e Goldschmidt's tolerance factor (t) and crystal structu
obtained from Rietveld refinement.

Material t Crystal structure

Reference Pm3m-221 - Cubic

Reference P4/mmm-123 - Tetragonal

LCCo 0.899 Cubic

LCNi 0.914 Cubic

LCFe 0.838 Cubic

LCCu 0.805 Tetragonal

Please cite this article as: P�erez A et al., Hydrogen production by isothe
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materials. Similar surface structures were observed in other

LCCo-based perovskites [41]. This porous structure can

enhance the gas-solid reactions during the reduction/oxida-

tion processes, promoting a faster reactants and products

transportation and overall reaction kinetics.

The specific surface area (SBET) of the synthesisedmaterials

was analysed by N2 adsorption-desorption, and the obtained

results are summarized in Table 3.

The low SBET obtained for all the materials are character-

istics of similar mixed oxides structures reported in the liter-

ature [58], ranging from 3.45 m2/g for the material with the

lowest surface (LCFe) to 8.89 m2/g for the material with the

highest surface (LCCo).

Finally, temperature programmed reduction (TPR) was

used to evaluate the reducibility of the materials. Fig. 3 shows

H2-TPR profiles of the LCMe synthesised perovskites.

All the materials present several reduction signals except

for LCCu perovskite. First of all, it should be noticed that the

shoulder peaks presented in all the perovskites at tempera-

tures between 250 and 300 �C are due to the removal of non-

stoichiometry oxygen (Od) and some other weakly bonded

oxygen in the perovskite network [59]. In the case of the LCCo

material the small signal at 319.5 �C could be attributed to the

reduction of Co4þ, which is very unstable, while the peak

located at 412 �C could be attributed to the reduction of Co3þ.
Finally, the signals located at 814.3 and 978.6 �C are due to the

reduction of Co2þ [60]. Regarding the LCNi perovskite, the

signal located at 337.2 �C could be due to the reduction of Ni3þ

to Ni2þ, while the signals at 581 �C and 798.5 �C are due to the

reduction of Ni2þ to Ni0, outer and inner ions, respectively [59].

Concerning the LCFe material the signal located at 423.6 �C
could be due to the reduction of Fe4þ to Fe3þ. Fe4þ ions appear

in order to maintain the electroneutrality of the material due

to the partial substitution of La3þ by Ca2þ. On the other hand,

the peak located at 557.6 �C is due to the reduction of Fe3þ,
while last signals are attributable to outer and inner Fe2þ [52].

Finally, the perovskite with Cu in B position showed a

completely different profile. In this case, the first peak could

be due to the reduction of Cu2þ to Cu0which occurs at very low

temperatures [61].
Evaluation of the hydrogen production activity

The temperature required for the thermal reduction of the

metal oxide (reaction R1) is a critical factor that hinders the

application of the materials for hydrogen production by

thermochemical water splitting. Additionally, the gap in the

reduction and oxidation temperatures induces irreversible
ral values of synthesised La0.8Ca0.2MeO3±d perovskites

a (�A) b (�A) c (�A) V (�A3)

3.903 3.903 3.903 59.456

3.786 3.786 11.386 163.25

3.826 3.826 3.826 56.008

3.824 3.824 3.824 55.942

3.907 3.907 3.907 59.659

3.806 3.806 11.51 166.75

rmal thermochemical cycles using La0.8Ca0.2MeO3±d (Me¼ Co, Ni,
tps://doi.org/10.1016/j.ijhydene.2023.06.272
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Table 3 e Specific surface area (SBET) of the synthesised
La0.8Ca0.2MeO3±d perovskites.

Material SBET (m2/g)

LCCo 8.89

LCNi 7.67

LCFe 3.45

LCCu 4.38

Fig. 2 e SEM micrographs of the LCMe materials: a) LCCo, b) LCNi, c) LCFe and d) LCCu.
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heat losses and creates thermal stresses on the system. Thus,

for a first approximation to the temperatures of the process, a

theoretical evaluation of the evolution of Gibbs free energy

with temperature for the thermal reduction was performed

for all the materials, assuming an extent of the reaction

0.25 � a � 1. Table 4 shows temperatures for DGT
r ¼ 0, at

different values of a (complete results are shown as supple-

mentary information).

Depending on the extent of the reaction, temperatures

ranging between 700 �C and 1100 �C are necessary to promote

the thermal reduction of the LaeCa-based perovskites under

study. It should be remarked that these results are at ther-

modynamic equilibrium, and they do not take into account

the influence of temperature in kinetics or the continuous

removal of the oxygen released in a further experimental

reactor [51,62,63]. Consequently, and also taking into account

other works related to isothermal (low temperature) thermo-

chemical water splitting systems, a range of reduction tem-

peratures from 1200 to 800 �C, and an oxidation temperature

of 800 �C were fixed for the experimental study (considering

the isothermal conditions at 800 �C, close to the temperature
Please cite this article as: P�erez A et al., Hydrogen production by isothe
Fe and Cu) perovskites, International Journal of Hydrogen Energy, ht
suggested in other studies for this process of water splitting)

[48,49].

Fig. 4 shows the hydrogen production after five consecutive

cycles (a) and the XRD diffractions (b) of all the materials

before and after the cycles, using a reduction temperature of

1200 �C. LCNi and LCFe show stable production of 11 and 9.4 H2

cm3 STP/gperovskite in each consecutive cycle, respectively.

LCCo and LCCu show a slight decrease in the activity after

each cycle, higher in the case of the LCCo. In all cases, the

obtained H2/O2 molar ratio was 1.97 ± 0.02, close to the theo-

retical value of 2 for water splitting to H2 and O2 according to

reaction R3.

H2O/H2 þ 1
2
O2 (R3)

There are several differences between XRD spectra of ma-

terials afteractivity cyclesandthecorresponding to thestarting

materials (except for the LCFe), mainly due to changes in the

perovskite crystal structure and the appearance of new crystal

phases. The structure of the LCComaterial changes from cubic

to tetragonal, with signals of segregated phases of pure metal

oxides attributed to Co3O4 and CoO. Similar behaviour exhibits

the LCNi, with segregation of NiOx and NiO after the thermo-

chemical cycles at reduction temperature of 1200 �C [64]. In the

case of LCCu, it retains its tetragonal structure, but the signals

attributed to segregation of CuO become more relevant,

evidencing the poor stability of the material, although that

obtained after each cycle also seems active. The lower stability

of this material could be explained by the different oxidation

statesof thismetal.Assomeof theLa3þ ionshavebeenreplaced

by Ca2þ ions, it is necessary to maintain the electroneutrality,
rmal thermochemical cycles using La0.8Ca0.2MeO3±d (Me¼ Co, Ni,
tps://doi.org/10.1016/j.ijhydene.2023.06.272
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Fig. 3 e H2-TPR profiles of the synthesised perovskites: LCCo, LCNi, LCFe and LCCu.

Table 4 e Theoretical temperature necessary for DGT
r ¼ 0

in thermal reduction step of LCMe materials.

Extent of reaction LCCo LCNi LCFe LCCu

a ¼ 0.25 700 �C 725 �C 700 �C 800 �C
a ¼ 0.5 710 �C 825 �C 710 �C 825 �C
a ¼ 1 775 �C 1100 �C 775 �C 890 �C

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 7
and thus, themetal in B position should have higher oxidation

state. Due to this, if Cu2þ is reduced to Cuþ during thermal

reduction, it implies lower stability of the resultant material

because of thedifficulty ofmaintaining global electroneutrality

[65]. Additionally, the samples after cycles were also analysed

by SEM and the micrographs are shown in Fig. S3, confirming

the presence of new segregated phases at high temperatures. It

should be remarked that those changes in the materials could

affect the activity of the perovskites in the long-time, even

though the activity is not affected after only 5 cycles (case of

LCNi and LCFe), hindering the application of the materials at

least under the proposed thermal conditions.
Please cite this article as: P�erez A et al., Hydrogen production by isothe
Fe and Cu) perovskites, International Journal of Hydrogen Energy, ht
The decrease of the reduction temperature from 1200 �C to

1000 �C also produces a decrease in hydrogen production in all

cases (Fig. 5a), although it is stable during the cycles. The H2/

O2 molar ratio was also 2.02 ± 0.02, corresponding to the

completewater splitting (reaction R3). However, the distortion

in the LCMe structures is still noticeable except for the Fe-

based material (Fig. 5b). In LCCo, there are small changes in

the signals due to the presence of orthorhombic perovskite

crystal phase (Pnma-61) after reduction/oxidation at 1000/

800 �C. Regarding the LCNi perovskite, there are new arising

signals due to the presence of NiO, while the main perovskite

still maintains its cubic structure. Concerning the LCCu

perovskite, it remains a tetragonal crystal phase (P4/mmm-

123), with presence of CuO but in less extension than the

sample after performing the redox cycles at 1200/800 �C.
Finally, performing the thermochemical water splitting

under isothermal conditions at 800 �C implies a decrease in

hydrogen production, although materials maintain their

structure completely after the cycles (Fig. 6). It is remarkable

that the behaviour of the materials changes at these condi-

tions. Thus, LCCo is not the most active perovskite, being
rmal thermochemical cycles using La0.8Ca0.2MeO3±d (Me¼ Co, Ni,
tps://doi.org/10.1016/j.ijhydene.2023.06.272
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Fig. 4 e a) Hydrogen production and b) XRD before and after

5 consecutive cycles of thermochemical water splitting at

reduction and oxidation temperatures of 1200 and 800 �C,
respectively.

Fig. 5 e a) Hydrogen production and b) XRD before and after

5 consecutive cycles of thermochemical water splitting at

reduction and oxidation temperatures of 1000 and 800 �C,
respectively.
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overcome by the LCNi (5.02 vs. 4.01 H2 cm3 STP/gperovskite per

cycle, respectively). Even production with LCCu exceeds that

obtained by LCFe (4.14 and 3.60 H2 cm
3 STP/gperovskite per cycle,

respectively). This fact is related to the reducibility observed

by the materials in the TPR analysis (Fig. 3). From those re-

sults, the four perovskites could lose some of their reduction

capacity at 800 �C, being this effect in a higher degree for

materials LCCo and LCFe. In all cases, the H2/O2 molar ratio

was 2.00 ± 0.07, corresponding to the theoretical stoichiom-

etry of water splitting to hydrogen and oxygen (reaction R3).

Cyclic operation under isothermal conditions at higher

temperatures (for example 1000 �C) could be a possibility to

increase the reduction extent, and consequently the further

hydrogen production during the subsequent oxidation (hy-

drolysis) at the same temperature. However, it has been

demonstrated that the solar to hydrogen efficiency of the

isothermal systems is lower than thermochemical cycles

workingwith Treduction >Toxidation in the range of temperatures

usually employed for thermal reduction of perovskites or

cerium oxide based materials (>1100 �C) due to water splitting

thermodynamics [12,66]. The theoretical evaluation of the

evolution of the Gibbs free energy of the oxidation with water
Please cite this article as: P�erez A et al., Hydrogen production by isothe
Fe and Cu) perovskites, International Journal of Hydrogen Energy, ht
(see supplementary information) shows that 800 �C is in the

limit to obtain a DGT
r ¼ 0, and higher temperatures clearly

make positive that reaction parameter, making difficult the

spontaneity of the reaction. To check this hypothesis, the

isothermal water splitting with the LCNi perovskite was per-

formed at 1000 �C (not shown). Besides the distortion in the

material obtained after the redox cycle, the hydrogen pro-

duction hardly reached 5.99 ± 1.8 H2 cm
3 STP/gperovskite$cycle,

as compared to the results obtained with a swift of tempera-

tures between 1000 and 800 �C (9.25 ± 0.03 H2 cm3 STP/

gperovskite$cycle, Fig. 5) or even under isothermal conditions at

800 �C (5.02 ± 0.07 H2 cm3 STP/gperovskite$cycle, Fig. 6), but

reducing 200 �C the maximum temperature required for the

process.

Considering all the previous results, isothermal conditions

at 800 �C seem a good option to obtain a remarkable activity

maintaining the structure of the materials over the cycles.

However, in addition to the overall hydrogen production in

each cycle, an interesting parameter is the hydrogen average

production rate. Each material has different total hydrogen

production per cycle but also different oxidation times to

reach the maximum extent of the oxidation in each cycle.
rmal thermochemical cycles using La0.8Ca0.2MeO3±d (Me¼ Co, Ni,
tps://doi.org/10.1016/j.ijhydene.2023.06.272
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Fig. 6 e a) Hydrogen production and b) XRD before and after

5 consecutive cycles of thermochemical water splitting at

isothermal conditions (800 �C).

Fig. 7 e Hydrogen and Oxygen production rate using LCNi

in 15 consecutive isothermal thermochemical cycles at

800 �C.
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Consequently, comparison of hydrogen average production

rates could be used to check the most productive material to

maximize hydrogen production in a further up-scale appli-

cation. Table 5 shows the data of H2 and O2 productions and

average production rates per cycle for the isothermal ther-

mochemical cycles at 800 �Cwith the synthesised perovskites.

The average production rates are calculated as the H2 and O2

production data divided by the total time required by the

perovskite oxidation or reduction steps, respectively.

The hydrogen average production rate follows a different

behaviour for eachmaterial, being 0.080, 0.070, 0.067 and 0.062

H2 cm3 STP/gperovskite$min for LCNi, LCCu, LCCo and LCFe,

respectively. The oxygen average production rate was also
Table 5 e H2 and O2 productions and average production rates

Production (cm3 STP/gperovskite$cycle)

H2 O2

LCCo 4.01 ± 0.024 1.93 ± 0.034

LCNi 5.02 ± 0.038 2.43 ± 0.032

LCFe 3.60 ± 0.022 1.79 ± 0.016

LCCu 4.14 ± 0.014 2.06 ± 0.017

Please cite this article as: P�erez A et al., Hydrogen production by isothe
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calculated, reaching values of 0.033, 0.030, 0.027 and 0.026 O2

cm3 STP/gperovskite$min for LCNi, LCCu, LCCo and LCFe,

respectively, confirming the LCNi material as the most

promising one for the isothermal thermochemical water

splitting at 800 �C. In view of these results, the activity of this

perovskite was tested during 15 consecutive cycles showing a

very good reproducibility (Fig. 7).

Although the production is lower than that reported in the

literature for other isothermal water splitting processes, such

as that based on hercynite, it should be emphasized that

commonly isothermal processes are based on reduction/

oxidation temperatures higher than 1000 �C, instead of 800 �C
tested in this work [45].
Conclusions

Partial substitution of La3þ ions by Ca2þ ions in the LaMeO3

(Me ¼ Co, Ni, Fe and Cu) perovskites allows obtaining mate-

rialswith remarkable redox properties to be used for hydrogen

production by thermochemical water splitting. LCMe mate-

rials can be thermally reduced in a range of temperatures

from 1000 to 800 �C, maintaining a remarkable hydrogen

production even under isothermal conditions of 800 �C. At

those conditions, the structure of the materials remain unal-

tered after the thermochemical cycles, without hindering

their performance in the long-termoperation. Particularly, the

LCNi material (La0.8Ca0.2NiO3±d) has proven a stable behaviour

in terms of hydrogen production during 15 consecutive cycles.
at 800 �C.

Average production rate (cm3 STP/gperovskite$min)

H2 O2

0.067 ± 4$10�4 0.027 ± 5$10�4

0.080 ± 6$10�4 0.033 ± 4.6$10�4

0.062 ± 3.6$10�4 0.026 ± 2.2$10�4

0.070 ± 2.3$10�4 0.030 ± 2.4$10�4

rmal thermochemical cycles using La0.8Ca0.2MeO3±d (Me¼ Co, Ni,
tps://doi.org/10.1016/j.ijhydene.2023.06.272

https://doi.org/10.1016/j.ijhydene.2023.06.272


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x10
These results are critical for the commercial viability of solar

thermochemical active materials. Moreover, the low temper-

ature required for this material as compared to common two-

step thermochemical cycles working at different reduction/

oxidation temperatures (cerium oxide) or under isothermal

conditions (hercynite) could be a solution to the variability of

the hydrogen production that could be expected in solar re-

actors due to drastic changes in those systems that occur with

cloud coverage, for example. The results demonstrate the

potential interest of this material to produce hydrogen under

isothermal conditions at a temperature as low as 800 �C, being
possible to combine this system with current solar thermal

facilities based on concentrated solar power technologies like

plants with central receivers.
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