
Advanced Redox Materials for Solar Fuel 

Production via Two-step Thermochemical Cycles 

 

 

 

Lulu Wang 

B.Sc, M.Sc 

 

School of Environment 

Griffith Sciences 

Griffith University 

 

A thesis submitted in fulfilment of the requirements of the degree of  

Doctor of Philosophy 

 

 

April 2017



2 

 

Abstract  

The transition of primary energy supply from fossil fuels to renewable and clean 

energy sources has become critical in the wake of concerns over ever increasing global 

energy demand and the urgent need to reduce carbon dioxide emissions. One promising 

and effective way of minimising carbon emissions is to convert abundant solar energy 

into storable and transportable fuels, e.g. solar fuels. In this context, solar-driven 

thermochemical water splitting represents an alternative clean and sustainable route to 

produce hydrogen (H2) from water. In a typical thermochemical solar energy conversion 

process, thermal reduction and water dissociation take place in separate steps. A metal 

oxide based catalyst is used to decrease the required high processing temperature and 

prevent mixing of the O2 and H2 produced by the process. The overall performance and 

energy conversion efficiency of a thermochemical water splitting cell is largely 

dependent on the inherent catalytic characteristics of the catalysts. Currently, fluorite 

type ceria (CeO2) is recognised as the state-of-the-art catalyst for two-step 

thermochemical water splitting due to its rapid reaction kinetics and high catalytic 

stability. However, the high thermal reduction temperature (> 1500 °C) of CeO2 makes 

the reactor design extremely challenging. Another important drawback of CeO2 is its 

low H2 production capacity which significantly limits the overall solar energy 

conversion efficiency. Therefore, the rational design and synthesis of advanced 

thermochemical catalysts (e.g. perovskites) which can accommodate low thermal 

reduction temperature and high solar fuel production capacity are of fundamental 

interest in the commercial application of two-step thermochemical water splitting 

devices.  

This thesis focuses on a series of purposely designed nanostructured perovskite 

type oxides which were synthesised via a facile modified Pechini method. The obtained 
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materials were comprehensively tested as the redox catalysts for two-step 

thermochemical water splitting. Some of the critical factors in the thermochemical 

catalytic process, e.g. the composition of introduced metal ion dopants, the doping level 

on the A and B sites of perovskite redox catalysts, the influence of thermal reduction 

and water splitting temperatures and the catalytic stabilities, were systematically 

investigated. Through this systematic investigation, several novel perovskite type 

catalysts, such as Mn- and Co- contained perovskites possessing remarkable catalytic 

activity and high H2 production at low thermal reduction temperature, were developed.  

Firstly, a perovskite analogue of La1-xCaxMnO3 (LCM) was chosen to investigate 

the effect of Ca
2+

 doping level on the overall thermochemical water splitting 

performance.  A wide range of Ca
2+

 doping level (x = 0.2, 0.4, 0.6, 0.8) into the LCM 

perovskites was tested to find the most suitable perovskite composition for two-step 

thermochemical water splitting processes. The re-oxidation temperature (700–1100 °C) 

of the thermochemical H2O splitting process was also optimised to maximise the 

catalytic outcome. The optimisation process strategy produced a LCM perovskite 

composition of La0.6Ca0.4MnO3 with good H2 production and excellent catalytic stability 

under operational temperatures between 1300 and 900 °C. 

After investigating A site doping in LCM perovskite, we examined the effect of 

Al
3+

 cationic doping into the B site. Perovskite series of La1-xCaxMn1-yAlyO3 (LCMA; x, 

y = 0.2, 0.4, 0.6, 0.8) were fabricated and used for two-step thermochemical water 

splitting processes for the first time. To optimise the redox behaviour and H2 production 

yield, a broad range of the doping contents of Ca
2+

 and Al
3+

 were systematically 

investigated. This doping content manipulation resulted in a highly efficient perovskite 

(La0.6Ca0.4Mn0.6Al0.4O3), which yielded notable and stable H2 production when the 

thermochemical cycle operated between 1400 and 1000 °C.  
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The second part of the study involved doping a series of different metal ions, 

including divalent Ca
2+

, Sr
2+

, Ba
2+

 and trivalent Al
3+

, Ga
3+

, in either A or B sites of the 

LaMnO3 (LMO) based perovskite to determine the effects of the resulting 

thermochemical catalytic behaviour on water splitting. A certain combination of Ca
2+

 

and Ga
3+

 doped LMO perovskite was discovered to be the most efficient redox catalyst. 

This novel perovskite (La0.6Ca0.4Mn0.8Ga0.2O3) maintained a steady-state redox catalytic 

activity during the thermochemical water splitting process. More importantly, the 

developed perovskite had a superior H2 yield which was twelve times higher than that 

of the benchmark CeO2 under the same experimental conditions.  

Oxygen vacancies (VO) formation strongly depends on the material composition.  

In this study, oxygen vacancies in the thermochemical catalyst systems were 

demonstrated to play a critical role in manipulating the vital redox properties during the 

thermochemical process. To experimentally confirm the theoretical prediction, the 

creation of oxygen vacancies (VO) in La0.6Sr0.4BO3 (LSB) perovskites was 

systematically investigated in relation to thermochemical water splitting processes. The 

extent of VO was controlled by introducing various transition metal cations (Cr
3+

, Mn
3+

, 

Fe
3+

, Co
3+

, and Ni
3+

; labelled as LSCr, LSMn, LSFe, LSCo and LSNi, respectively) into 

the B site of LSB perovskites. Based on our experimental results, the VO formation 

behaviours of LSB perovskites during the high temperature thermal reduction process 

were strongly dependent on the transition metal ions on the B site. The sequence of VO 

generation was established in the order of LSCo > LSNi > LSFe > LSCr > LSMn. More 

importantly, the subsequent H2 production is consistent with the O2 evolution trend. 

Consequently, the best thermochemical H2O splitting performance in the tested LSB 

perovskites was achieved by La0.6Sr0.4CoO3. 
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Finally, we conducted a detailed study of LaxCa1-xCoO3 (LCC; x = 0.2, 0.4, 0.6, 

0.8) perovskite oxides based on the fact that Co
3+

 can introduce a larger extent of 

oxygen vacancy into the perovskite systems. Ca
2+ 

was confirmed to be a good candidate 

for A site doping and the redox performances of LaxCa1-xCoO3 perovskite series were 

closely related to the Ca doping content. Through a careful composition tuning strategy, 

La0.6Ca0.4CoO3 was identified as the best trade-off for two-step thermochemical solar H2 

production. With further adjustment of thermal reduction and re-oxidation temperatures, 

La0.6Ca0.4CoO3 showed the maximum H2 production when two-step thermochemical 

H2O splitting cycling was conducted between 1300 °C and 900 °C. 

This thesis makes a significant contribution to understanding material science and 

thermochemical catalysis through: (i) designing novel perovskite-type redox catalysts 

based on the understanding of relevant thermochemical H2O splitting reaction 

mechanisms; (ii) developing a facile modified Pechini method for the preparation of 

varied nanostructured perovskite analogues; (iii) demonstrating the effect of introduced 

dopant cations and doping content on the A and B sites of perovskite-type catalysts to 

allow adjustment of the material composition depending on the catalytic ability and 

thermochemical solar fuel production performances; (iv) optimising the operational 

factors, e.g. reaction temperatures, during the H2O splitting process to further enhance 

H2 production; and (v) identifying perovskite compositions which have exceptional 

thermochemical catalytic stability. 
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Chapter 1.  Introduction 

1.1 General Background 

Due to economic and population growth, the world’s energy demand is projected to 

continue to increase in the foreseeable future. Fossil fuels, such as coal, oil and natural 

gas, are currently the backbone of the global energy demand. According to a recent 

study by the International Energy Agency (Figure 1.1), fossil fuels contributed 82% of 

the world’s total primary energy supply in 2012.
1
 However, fossil fuels are finite, non-

renewable and most importantly, their combustion is environmentally harmful. The 

desire to maintain global energy supplies and environmental security has resulted in the 

development of alternative renewable energy sources that are free of carbon emissions.  

 

Figure 1.1 Fuel components of the world’s total primary energy supply in 2012.
1
  

The most abundant renewable energy source is solar energy. If only 0.1% of the 

earth's land surface was covered with solar power collectors with a collection efficiency 

of about 20%, the whole world’s energy demand will be totally resolved.
2
 Despite the 

abundance of solar energy and huge storage resources, the widespread, large-scale use 

of solar energy is challenged by the fact that it is dilute, intermittent and unequally 
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distributed. To overcome these barriers, solar energy needs to be converted into high 

density energy and stored in easily transportable energy carriers, such as chemical fuels, 

that are available when and where needed.  

1.1.1 Solar Fuel  

One attractive way to utilise solar energy is to transfer it into chemical energy by 

producing solar fuel, which can satisfy both the required solar energy conversion and 

storage requirements.
3
 The term “solar fuel”, typically refers to a chemical fuel that is 

produced artificially, either directly or indirectly from sunlight (solar energy), using 

very abundant feedstocks, e.g. water (H2O). The process usually involves the reduction 

of protons to hydrogen (H2) and further processing into liquid hydrocarbon fuels via 

some industrially proven routes such as the Fischer-Tropsch synthesis,
4
 which 

essentially improve the utilising efficiency of solar energy and realise the final goal ‒ 

making solar energy available when and where needed. The advantage of solar H2 lies 

in the fact that it is a clean and carbon-free energy source (no greenhouse gas generated) 

with high energy densities. Traditional H2 production is generally accomplished by 

steam reforming of hydrocarbons and greenhouse gases are produced during the process, 

which is detrimental to the environment and climate change.
5-7

 Currently, there are three 

carbon-neutral routes for fuel production from solar energy and H2O: solar-powered 

electrolysis,
8-10

 photochemical
11-13

 and solar thermochemical cycles.
14-16

 All three 

concepts are based on the endothermic splitting of H2O into H2 (eq. 1.1) with substantial 

energy supply in the form of electricity, photons, or heat.  

H2O → H2 + 0.5 O2                                           ∆H = 286 KJ/mol                        (1.1) 

The solar-to-fuel energy conversion efficiency (η) is often applied as a primary 

indicator to compare different solar energy conversion technologies, and can be defined 
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based on the incident solar power (Qsolar) and the Higher Heating Value (HHV) of the 

produced H2: 

η = -ń HHV / Qsolar                                                                                                 (1.2) 

where ń is the molar flow rate of fuel. 

Solar-driven thermochemical routes directly make use of the entire sunlight 

spectrum and concentrate it as a high temperature heating source to drive endothermic 

chemical dissociation processes to convert solar energy into storable fuels, thus leading 

to a higher energy conversion efficiency.
17-19

 A typical thermochemical solar fuel 

production procedure is shown in Figure 1.2. 

 

Figure 1.2 Schematic representation of a thermochemical solar fuel production 

procedure. 

1.1.2 Solar-driven Thermochemical H2O Splitting  

The direct thermochemical splitting of H2O into H2 using concentrated solar 

radiation has been theoretically and experimentally investigated.
19-22

 However, H2O is a 

stable compound with high formation enthalpy of ‒286 kJ/mol
-1

. As a result, despite the 
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one-step H2O thermolysis process being conceptually simple, it requires extremely high 

thermal heating temperatures.
23,24

 As shown in Figure 1.3, the thermal heating 

temperature of H2O thermolysis needs to exceed 4000 °C at 1 bar, which imposes hard-

to-overcome problems in the practical design of concentrating solar power (CSP) 

devices. Furthermore, an effective gas separation technique is needed to separate the 

collected mixture product of H2 and O2 to avoid explosion hazards.
25-27

Figure 1.3 Temperature variations of one-step thermochemical water splitting (water 

thermolysis) at 1 bar.
23

The infeasibility of direct H2O thermolysis led to the development of solar-driven 

thermochemical routes with reduced thermal heating temperatures and more simple 

CSP engineering designs. One major solar-driven thermochemical route for fuel 

production is utilising metal oxide as redox catalyst to dissociate H2O in two separate 

steps, thereby significantly decreasing the required heating temperature and bypassing 

the need for high-temperature gas separation techniques.
28-30 A general two-step

thermochemical H2O splitting cycle is presented in Figure 1.4. In the first step, the 
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concentrated solar radiation provides the heating power to create the required high 

temperature for the endothermic thermal reduction reaction and the metal oxide based 

redox catalyst (MOox) is reduced to an oxygen-deficient oxidation status (MOred) by 

releasing part or all of its oxygen atoms (eq. 1.3). In the second step, the thermal 

reduced metal oxide MOred is re-oxidized to the original state MOox through a low 

temperature exothermic H2O splitting reaction and H2 is produced (eq. 1.4). The 

recovered redox catalyst MOred can be repeatedly employed in two-step thermochemical 

H2O splitting processes to continue the solar fuel production cycle. Moreover, as the H2 

and O2 are produced in two separate steps, no additional technology for their separation 

is necessary. 

 

Figure 1.4 A general solar-driven two-step thermochemical H2O splitting cycle for the 

production of H2. 

MOox + concentrated solar power → MOred + 0.5 O2 (g)                                      (1.3) 

MOred + H2O (g) → MOox + H2 (g)                                                                        (1.4) 
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For solar-driven two-step thermochemical H2O splitting cycles, the metal oxide 

based redox catalysts play a critical role in determining the overall energy conversion 

efficiency. The identification of advanced redox catalysts is therefore one of the major 

tasks for further practical application of thermochemical methods. To develop a suitable 

redox catalyst, numerous criteria need to be satisfied, including crystal morphology and 

structure porosity, phase stability, reaction thermodynamics and kinetics, oxygen 

exchange capacity, and elemental abundance.
27,28,31,32

 Over the past several decades, 

hundreds of metal oxides have been tested for thermochemical solar energy conversion 

purposes
33

 and only a few, such as ZnO,
34-37

 Fe3O4,
38-40

 and CeO2,
41-43

 have proven 

feasible. Generally, the fluorite type CeO2 is regarded as the state-of-the-art redox 

catalyst due to its rapid reaction kinetics and high catalytic stability during two-step 

thermochemical H2O splitting processes. However, several critical defects, including 

high thermal reduction temperature (>1500 
o
C) and small solar fuel production capacity 

(~ 4 mL/g), bring huge challenges to the reactor design and result in low solar energy 

conversion efficiency, which strongly restricts the further application of CeO2 in the 

thermochemical field. Therefore, to achieve large-scale practical running of two-step 

thermochemical H2O splitting cycles, the search for novel redox catalysts with desirable 

characteristics, such as reduced thermal reduction temperature and large solar fuel 

production capacity, is critically important. 
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1.2 Literature Review of Solar-driven Two-step 

Thermochemical H2O Splitting Cycles  

Solar-driven two-step thermochemical H2O splitting cycles combine catalytic H2O 

dissociation processes with a solar reactor system to convert solar energy into chemical 

energy in H2. This route is considered as a promising path to efficiently produce clean 

and renewable solar fuels. The success of two-step thermochemical H2O splitting cycles 

is highly dependent on two critical parts: the redox catalyst and the solar reactor system. 

The catalyst significantly decreases the unpractical temperatures of direct H2O 

thermolysis, divides O2 and H2 evolution into separate steps and facilitates solar reactor 

construction. The reactor system supplies the required high thermal heating temperature 

to drive the endothermic H2O splitting reaction via sunlight concentrating techniques. In 

the following literature review, I will first present a systematic discussion of 

thermochemical redox catalysts, which are the central focus of my PhD research. While 

my PhD study does not involve solar reactor systems, given their significance to the 

thermochemical field, I present a short summary of the different types of solar reactors 

in the second part of the literature review.  

1.2.1 Redox Catalysts  

Redox catalysts are one of the most important aspects of solar-driven two-step 

thermochemical H2O splitting cycles. The critical features of two-step thermochemical 

solar energy conversion routes, such as thermal heating temperature, solar reactor 

design, solar-to-fuel conversion efficiency and large-scale practical application, are 

strongly related to the applied redox catalysts. Screening and searching for suitable 

redox catalysts has been carried out since the 1960s
44

 and the first successful redox 

catalyst (Fe3O4) was reported by Nakamura in 1977.
16

 During the past several decades, 
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many different metal oxide based redox catalysts have been developed for 

thermochemical solar fuel production. Currently, the most intensively studied redox 

catalysts can be generally divided into two categories: the volatile metal oxide based 

redox catalysts, such as ZnO and SnO2, and the non-volatile metal oxide based redox 

catalysts including Fe3O4, ferrites, ceria, doped ceria, hercynites, and perovskites.  

1.2.1.1 Volatile Metal Oxide Based Redox Catalysts 

Due to their low boiling point, volatile metal oxide based redox catalysts used in 

two-step thermochemical H2O splitting cycles show a phase transition during the high 

temperature thermal reduction step. Therefore, an additional quenching step is generally 

required during the thermochemical process to avoid the recombination of the produced 

gas stream. The most studied volatile metal oxide redox catalysts are ZnO and SnO2. 

ZnO 

ZnO has been intensively studied as a favourable volatile type redox catalyst in 

solar-driven two-step thermochemical H2O splitting cycles due to its potential to 

achieve high solar energy conversion efficiency.
45-56

 General ZnO redox reactions 

containing a thermal reduction step and a H2O splitting step are presented below. 

ZnO → Zn (g) + 0.5 O2                                                                                         (1.5) 

Zn + H2O → ZnO + H2                                                                                         (1.6) 

The first thermal reduction step is the endothermic dissociation of ZnO to Zn and 

O2 and is experimentally demonstrated at ~1800 °C. Since the boiling point of Zn is 

around 900 °C, the mixed gas products (Zn (g) + O2) must be quenched quickly to avoid 

the recombination of Zn and O2.
17

 To meet the technical design challenges of rapid 

quenching and reducing the redox particles sintering problem, the thermal reduction 

temperature of ZnO was decreased by carrying out the reaction in lower oxygen 

surroundings and at a higher carrier gas sweeping rate.
57

 The subsequent H2O splitting 
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step is the exothermal reaction of Zn with H2O to generate H2. A combined process was 

reported by Wegner et al. using a tubular aerosol flow reactor, which has Zn 

evaporation, mixture gas quenching, and a Zn/H2O reaction zone.
36

 This combined 

design allowed both the continuous feeding of the required reactants and continuous 

collection of the solar H2 product. 

Some theoretical second law analyses attempted to establish the maximum solar-to-

fuel conversion efficiency for a two-step thermochemical H2O splitting route based on 

Zn/ZnO redox reactions.
48

 According to the results of these analyses, the rough solar-to-

fuel conversion efficiency utilising ZnO catalyst is around 35%. Furthermore, by 

decreasing the thermal reduction temperature, reducing the temperature gap between the 

two redox reaction steps, and enhancing partial heat recovery of the thermochemical 

operating process, the solar-to-fuel conversion efficiency can exceed 50%, which 

indicates huge potential for further improvement. However, due to the serious sintering 

and aggregation between Zn and ZnO particles during the high temperature 

thermochemical process, slow gas diffusion rates and weak reaction kinetics were 

detected. The recombination of Zn and O2 further significantly decreases the Zn yield 

after the thermal reduction step and limits the overall energy conversion efficiency. To 

overcome these limitations, Loutzenhiser et al. reported a novel inert supporting 

strategy to prevent the reactive particles sintering problem and enable significantly 

improved recovery of ZnO particles.
58

 Based on their design, a packed bed containing 

micron-sized Zn particles was employed as supports, where submicron-sized ZnO 

powders were mixed together as reactants. This method significantly restrained particle 

sintering and resulted in a high conversion of Zn to ZnO. The maximum conversion of 

Zn to ZnO reached 71% by mixing 25 w% Zn as supporting materials. Later, syngas (H2 

and CO) was successfully produced through thermochemical gas splitting using the 
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same redox system, reaching rapid reaction rates and high reactant (Zn-to-ZnO) 

recovery efficiency of ~ 96%.
59

SnO2 

In 2008, a novel two-step thermochemical H2O splitting cycle based on a SnO2 

redox catalyst was proposed and investigated by Abanades et al.
60,61

 The first step was a 

high-temperature thermal reduction of SnO2 into SnO (eq. 1.7). The direct hydrolysis of 

SnO was implemented in a second H2O splitting step to generate H2 (eq. 1.8).  

SnO2 (s) → SnO (g) + 1/2 O2     (1.7) 

SnO (s) + H2O → SnO2 (s) + H2 (1.8) 

The thermal reduction of SnO2 to SnO can be initiated at a temperature of 1600 °C. 

However, this thermal heating temperature still higher than the boiling point of SnO (~ 

1527 °C), thus similar to the ZnO/Zn redox pair, an additional quenching step is also 

needed for SnO2/SnO redox pairs. Compared to the ZnO/Zn redox pair, the SnO2/SnO 

system is less dependent on the quenching rate due to the significantly higher melting 

point (Tm) of SnO (Tm = 1042 °C) than that of ZnO (Tm = 420 °C). Furthermore, the 

lower thermal reduction temperature required by SnO2 helps the solar reactor design and 

enhances the solar energy conversion efficiency.  

A two-step thermochemical H2O splitting cycle using SnO2 catalysts was 

systematically studied through optimising the operational conditions such as oxygen 

partial pressure and re-oxidation temperature.
62,63

 The experimental results showed that a 

reduced oxygen partial pressure greatly reduced the recombination of thermally 

reduced products and improved the quenching rate. Moreover, the low oxygen partial 

pressure also efficiently enhanced the reaction rate of solid‒gas H2O dissociation 

reactions. By varying the H2O splitting temperature from 450 °C to 550 °C, the thermal 

reduced SnO nanoparticles after high temperature treatment can be hydrolyzed 

efficiently at 550 °C, leading to a high H2 yield (> 90%). 
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The two-step thermochemical H2O splitting performances of ZnO/Zn and 

SnO2/SnO redox pairs were compared by Chambon et al. Benefiting from the high 

recovery of SnO after the thermal reduction step, the SnO2/SnO redox pair had a much 

higher H2 production ability than that of ZnO/Zn redox pair.
64

 As shown in Figure 1.5,

due to the relatively slow rate of undesirable re-oxidation with O2, SnO contained at 

least 20% more reduced species than Zn at a given pressure. The slow oxidation rate of 

SnO arose from the significantly higher activation energy (~ 122 kJ/mol) than that 

required by Zn (~ 87 kJ/mol).
65

 Further improvement of the two-step thermochemical

H2 production capability of the SnO2/SnO redox pair was carried out with 

thermogravimetric analyses (TGA).
66

 Detailed measurements showed that up to 90% of

the thermal reduced SnO was transformed into SnO2 after the H2O splitting reaction.  

Figure 1.5 A comparison of the recovery extent of reduced Zn and SnO after thermal 

decomposition of ZnO and SnO2 under the same experimental conditions.
64

In conclusion, volatile metal oxide based redox catalysts experience phase 

transition between solid and gas in two-step thermochemical H2O splitting processes. 

While high entropy and large reduction extent are gained by ZnO and SnO2 during the 

thermal reduction step (which benefit reaction thermodynamic and theoretical energy 

conversion efficiency), serious reactive particle sintering and aggregation issues 



35 

significantly decrease the reaction kinetics of subsequent H2O dissociation and affect 

the long-term cycling application potential.
27

 Furthermore, the additional high

temperature quenching step also poses a huge technical challenge for the design of 

suitable solar reactors. Without significant enhancements to solve these issues, solar-

driven two-step thermochemical H2O splitting cycles with volatile metal oxide based 

redox catalysts will likely be impractical for commercial application.  

1.2.1.2 Non-volatile Metal Oxide based Redox Catalysts 

Two-step thermochemical H2O splitting cycles employing non-volatile metal oxide 

based redox catalysts have developed rapidly in recent years. Compared to volatile 

metal oxide based redox catalysts, non-volatile type redox catalysts remain condensed 

during the whole thermochemical water splitting process, avoid the additional rapid 

quenching step and bypass the undesirable recombination problem. In the following 

section, I will briefly review the most investigated non-volatile type redox catalysts, 

including Fe3O4, ferrites, CeO2, CeO2 based materials, hercynite and perovskite oxides.  

Fe3O4 

As mentioned previously, Fe3O4 was the first redox catalyst developed by 

Nakamura in 1977
16

 that showed the catalytic activity for two-step thermochemical H2O

splitting cycles. The redox reaction process based on the transition between the 

magnetite (Fe3O4) and wüstite (FeO) can be described as follows, 

Fe3O4 → 3FeO + 0.5 O2  (1.9) 

3FeO + H2O → Fe3O4 + H2  (1.10) 

Generally, thermal reduction of Fe3O4 is a highly endothermic process and is 

performed at a very high temperature (~ 2200 °C), while the H2O dissociation step is a 

slightly exothermic process and can be carried out at moderate temperature. Since 
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thermal decomposition of Fe3O4 proceeds under harsh conditions, it creates a huge 

challenge for engineering designs of the solar reactor. Another critical problem arises 

from the serious melting and sintering of Fe3O4 reactive particles, resulting in rapid 

deactivation of the catalytic activity during the thermochemical process.
67-70

To reduce the high thermal heating temperature and solve the subsequent sintering 

problems, one strategy is to optimise the operational conditions. Reducing the oxygen 

partial pressure is one possible way to decrease the extremely high thermal reduction 

temperature of Fe3O4.
71

 Kodama et al. demonstrated that single FeO phase or mixed

phase FeO and Fe3O4 can be formed at significantly decreased temperatures around 

1300–1400 °C if the oxygen partial pressure in the atmosphere ranges from 10
-6

 to 10
-8

bar.
69

 As the melting temperature of FeO is 1400 °C, lowered oxygen partial pressure (<

10
−6

 bar) can make the thermal decomposition of Fe3O4 to FeO occur at less than

1400 °C, at which the sintering and inefficiency problem is largely alleviated. Moreover, 

a reduced thermal reduction temperature also leads to fewer heating radiation losses 

compared to that at the normal atmospheric pressure.
72

 It is however, energy-intensive

and practically challenging to create such low oxygen partial pressure environments.  

Ferrite 

Another strategy to address the aforementioned problems is to partly replace the 

Fe(II) cations in the octahedral sites of Fe3O4 by different metal caions and form the 

mixed metal oxide (Fe1-xMx)3O4 (noted as ferrite redox catalyst). The two redox reaction 

steps are described as follows, 

(Fe1-xMx)3O4 → 3(Fe1-xMx)O + 0.5 O2         (1.11) 

3(Fe1-xMx)O + H2O (g) → (Fe1-xMx)3O4 + H2         (1.12) 

Compared with a pure Fe3O4 redox catalyst, most ferrite catalysts can be thermally 

reduced to a large extent at lowered thermal heating temperatures and the reduced phase 
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(Fe1-xMx)O is still capable of triggering the H2O splitting reaction. Furthermore, the 

melting problem of FeO at temperatures over 1400 °C can be alleviated in ferrite redox 

systems by introducing mixed metal ions with higher melting points, such as NiO or 

MnO. Various ferrite redox catalysts including Mn-ferrite, Ni-ferrite, Zn-ferrite, Ni-Mn-

ferrite and Co-Mn-ferrite, have been developed and intensively investigated for two-

step thermochemical H2O splitting cycles. 

A Mn-ferrite redox catalyst used for two-step thermochemical H2O splitting cycles 

was initially investigated by Ehrensberger et al. in 1995 and 1996.
73-75

 Various partial 

substitutions of Fe
2+

 with Mn
2+

 from 10 to 30 mol% were studied in detail and the 

corresponding H2 production performances were evaluated. The H2 production did not 

show obvious improvement with different Mn
2+

 contents and the H2O splitting kinetics 

decreased rapidly with increasing doping amounts of Mn
2+

 within the Mn-ferrite. The 

oxygen vacancy formation performances in Mn-ferrite during the thermal reduction 

process were also investigated at different thermal heating temperatures.
76,77

 The tested 

Mn-ferrite exhibited limited oxygen non-stoichiometry after the thermal reduction 

process, and thus relatively small amounts of H2 were produced during the H2O splitting 

step. Compared to Mn-ferrite, Ni-ferrite was able to be thermally reduced to a larger 

extent under lower O2 partial pressure (< 500 ppm).
127,128

 However, cation 

rearrangement problems were detected for Ni-ferrite during the H2O splitting reaction 

and no H2 production signal was detected from the second thermochemical H2O 

splitting cycle. Thereafter, Ni-Mn-ferrite (Ni0.5Mn0.5Fe2O4) was fabricated and 

thermally reduced at only 800 °C, significantly lower than the reduction temperature 

required for pure Fe3O4.
78

 More importantly, the oxygen-deficient Ni-Mn-ferrite formed 

after the thermal reduction also showed reliable activity for subsequent H2O splitting 

reactions. The introduction of Zn to the pure Fe3O4 redox catalyst was also tested for 

two-step thermochemical H2O splitting cycles.
79,80

 However, due to the relatively low
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melting point of Zn, the generation of impurities of Zn and ZnO at high temperature 

treatment prevent the practical application of Zn-ferrite. 

While ferrite redox catalysts can be thermally reduced at a lower temperature than 

pure Fe3O4, serious sintering phenomena still exist and significantly impair the catalytic 

stability in two-step thermochemical H2O splitting cycles. To solve this problem, a 

series of porous and thermal resistant supports, such as ZrO2 and yttria-stabilized 

zirconia (YSZ), were introduced to the ferrite catalyst systems. Kodama et al. first 

demonstrated repeatable two-step thermochemical H2O splitting cycles by mixing the 

correct amount of ZrO2 with ferrite catalyst, named “ZrO2-supported ferrite 

processes”.
81,82

 Not surprisingly, the use of ZrO2 nanoparticles as support material 

significantly alleviated the sintering problem of ferrite during high temperature 

treatment. Thus, the thermally reduced ferrite still possessed favourable catalytic 

activity for efficient thermochemical H2O splitting. Later, the same group fabricated a 

series of ferrite catalysts, MxFe3-xO4 (M = Mn, Co, Ni, Mg, Co-Mn) combined with 

ZrO2 support, and systematically investigated the thermochemical performances during 

repeated thermochemical H2O splitting cycles.
83,84

 The catalytic stability of the studied 

ferrites was significantly improved by mixing with the ZrO2 support. These supported 

ferrites retained their fine particle structure and catalytic activity over multiple 

thermochemical H2O splitting cycles with efficient H2 production.  

To further improve the morphology and control the composition of ferrites 

deposited on the surface of ZrO2 support, a novel atomic layer deposition (ALD) 

method was employed by Scheffe et al. who precisely deposited Co-ferrite films on 

ZrO2 supports.
85

 To increase the surface area, nano-sized ZrO2 particles (~ 50 nm) were 

synthesised (Figure 1.6a and b). Then, a thin layer of Co-ferrite film (2 nm) was 

successfully deposited on the surface of the ZrO2 support through the ALD method 

(Figure 1.6c and d). The achieved robust ALD-Co-ferrite film exhibited stable catalytic 
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activity during two-step thermochemical H2O splitting cycles. Due to these results, 

Scheffe et al. suggested using the ALD method to fabricate other ferrite systems on 

porous supports.  

 

Figure 1.6 (a) HRTEM image of ZrO2 support and corresponding diffraction pattern; (b) 

HRTEM image of ZrO2 nanoparticle within support; (c) HRTEM image after Co-ferrite 

deposition; and (d) HRTEM image showing crystalline Co-ferrite film on m-ZrO2.
85

 

Another widely applied support for ferrite catalysts is YSZ.
86-90

 Using YSZ as a 

supporting material was found to effectively prevent the thermally reduced Fe
2+

 back 

into the form of FeO but was incorporated into the stable cubic YSZ lattice. Therefore, 

the sintering problem of FeO under high thermal reduction temperature was 

significantly decreased and the H2 yields were high even after multiple thermochemical 
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cycles. Based on the extraordinary redox behaviour, a new mechanism for the two-step 

reaction was proposed by Kodama et al.,
91

 as shown below: 

x/3 Fe3O4 + YyZr1-yO2-y/2 → FexYyZr1-yO2-y/2+x + x/6 O2                                     (1.13) 

FexYyZr1-yO2-y/2+x + x/3 H2O → x/3 Fe3O4 + YyZr1-yO2-y/2 + x/3 H2                   (1.14) 

Kodama et al. carried compared the catalytic performance of ferrite in two-step 

thermochemical H2O splitting cycles using these two different supports (ZrO2 and 

YSZ).
92

 YSZ/ferrite redox catalysts showed higher H2 production than ZrO2/ferrite due 

to the fact that FeO was not formed as the reduced phase in YSZ/ferrite. More 

importantly, the catalytic activity of YSZ/ferrite was maintained during the 

thermochemical cycling test, whereas that of ZrO2/ferrite gradually decreased with 

increased thermochemical cycles. Kaneko et al. applied YSZ to a different Ni-ferrite 

redox catalyst and made detailed comparisons of thermal reduction and re-oxidation 

performance between Ni-ferrite/YSZ and pure Ni-ferrite.
93

 Their results confirmed that 

the Ni-ferrite/YSZ mixture system had the best performance for both O2 and H2 

production.  

In 2009, Kodama et al. coated Fe3O4/YSZ reactive particles on a porous Mg 

partially stabilised ZrO2 (M-ZrO2) foam disk and used the mixed system in a two-step 

thermochemical H2O splitting cycle.
94

 Higher catalytic stability and H2 production rate 

were detected with the Fe3O4/YSZ coating on M-ZrO2 foam disk than a pure 

Fe3O4/YSZ redox catalyst. Finally, 32 thermochemical H2O splitting cycles using the 

Fe3O4/YSZ coated M-ZrO2 foam disk were tested and stable H2 production profiles 

were achieved (Figure 1.7). 
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Figure 1.7 H2 production profiles in the repeated thermochemical H2O splitting cycles 

with Fe3O4/YSZ coated M-ZrO2 foam disk for the 3
rd

, 8
th

, 10
th

, 14
th

, 22
nd

, 27
th

, 30
th

, and 

32
nd 

cycles.
94

Other metal oxide supports, like aluminum oxide, titanium oxide, hafnium oxide 

and yttrium-doped hafnium oxide, were also tested as supports for ferrite catalysts.
95 

However, the catalytic stability and H2 production capacity using these supports were 

inferior to that of ZrO2 or YSZ support. 

However, due to the inherent defects of ferrite catalysts, sintering problems still 

existed during high temperature thermochemical water splitting cycles even with 

supporting materials like ZrO2 or YSZ.
96,97

 Scheffe et al. systematically investigated 

this phenomenon through preparing thin Co-ferrite film (20 mass%) on ZrO2 support by 

ALD method.
98

 Compared with the uniform distribution of Fe, the Zr elements 

originally observed (Figure 1.8a,c,e), the as-deposited thin Co-ferrite film morphology 

vanished and the Zr and Fe/Co phases segregated significantly (Figure 1.8b,d,f) when 

Co-ferrite/ZrO2 redox catalyst was thermally reduced under a high temperature of 

1450 °C. 
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Figure 1.8 SEM images of 20 mass% Co-ferrite deposited on the ZrO2 support before 

(a) and after (b) heat treatment; EDS maps of the Fe and Zr absorption edge before (c, e) 

and after (d, f) heat treatment.
98

 

Herein, we can conclude that due to the severe sintering and melting problems 

during the thermal reduction process, various metals ions have been introduced to pure 

Fe3O4 to form ferrite catalysts which can be reduced at lower thermal heating 

temperatures. Furthermore, supports, such as ZrO2 and YSZ, significantly alleviate the 

sintering issue and improve the catalytic stability of ferrite in two-step thermochemical 

H2O splitting cycles. To date, however, ferrite catalysts still suffer a certain degree of 

sintering, which significantly limits catalytic stability during consistent thermochemical 

solar fuel production applications. Furthermore, the mixing of ferrite with inert supports 
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decreases the specific H2 production capacity per weight of applied catalyst and affects 

the overall solar energy conversion efficiency.  

CeO2  

Ceria (CeO2) is an ubiquitous component in catalytic systems and is widely used 

for various applications such as automotive catalysts, oxidation catalysts, reforming 

catalysts and solid oxide fuel cells.
99-108

 Recently, CeO2 has emerged as a promising 

catalyst candidate for solar-driven two-step thermochemical H2O splitting cycles. As 

shown in Figure 1.9a, CeO2 has a cubic fluorite structure where an array of oxygen ions 

form a simple cubic lattice and the cations occupy the centres of each second oxygen 

cube.
109

 It exhibits comparable oxygen exchange capacity and the oxygen vacancy 

defects can be rapidly formed and eliminated through valence change between Ce
4+

 and 

Ce
3+

 (Figure 1.9b).
110

 Therefore, CeO2 can maintain a stable crystal structure and has 

favourable reaction kinetics during two-step thermochemical H2O splitting cycles.
111-114

  

 

Figure 1.9 (a) cubic fluorite-structured lattice of CeO2;
109

 (b) reactive defect in a ceria 

surface. Coordinated Ce
4+

 ions in a dimeric surface vacancy cluster are reduced to 

reactive Ce
3+

 when the trimer of oxygen ions is removed.
110

 

In 2006, Abanades et al. explored the catalytic activity of CeO2/Ce2O3 redox pairs 

in two-step thermochemical H2O splitting cycles on a lab-scale fixed bed reactor.
115

 The 

redox reactions are shown below, 

2CeO2 → Ce2O3 + 0.5O2                                                                                      (1.15) 

Ce2O3 + H2O → 2CeO2 + H2                                                                               (1.16) 

(b)
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The thermal reduction of CeO2 was conducted at a high temperature of 2000 °C and 

the thermal reduced phase Ce2O3 reacted with H2O at a moderate temperature ranging 

from 400-600 °C with a fast reaction kinetic. The CeO2/Ce2O3 redox pair also exhibited 

great catalytic stability during two-step thermochemical H2O splitting cycles. However, 

huge amounts of heat were required to fully reduced CeO2 to Ce2O3 during the 

thermochemcal process which brings enormous challenges to the design of the solar 

reactor. Moreover, CeO2 experiences a serious weight loss problem arising from rapid 

vaporisation during the high temperature thermal reduction treatment. Therefore, 

reducing the thermal reduction temperature of CeO2 catalysts is critical.  

Under moderate thermal temperatures, CeO2 can be transformed into non-

stoichiometric status CeO2-δ by releasing some of its lattice oxygen leading to the 

formation of oxygen vacancies within the fluorite structure.
116

 Chueh et al. in 2010 first 

investigated the catalytic activity of CeO2/CeO2-δ in two-step thermochemical H2O 

splitting cycles. A CeO2 porous monolith with a cylinder structure was fabricated and 

thermal treated at a reduced temperature (~ 1600 °C) using a solar cavity-receiver 

reactor.
42

 The proposed two-step reaction between CeO2 and non-stoichiometric CeO2-δ 

can be described as follows, 

Thermal reduction (~ 1600 °C)  

CeO2 → CeO2-δ + δ/2 O2                                                                                      (1.17) 

Water splitting reaction (~ 900 °C) 

CeO2-δ + δ H2O → CeO2 + δ H2                                                                           (1.18) 

As shown in Figure 1.10a, O2 released from CeO2 can be detected when the 

temperature increased to 1000 °C with its peak production rate (34 ± 2 ml min
−1

) after 

the temperature was held at ~ 1600 °C. When the temperature cooled down to ~ 900 °C, 

the H2O splitting reaction with non-stoichiometric CeO2-δ was carried out and the 

production of H2 was detected immediately with a peak rate of 760 ml min
−1

. The total 
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amount of gas production and peak value differed between thermochemical cycles and 

these variations were attributed to unsteady heat transfer within the solar reactor. The 

solar-to-fuel conversion efficiencies for two-step thermochemical H2O splitting cycles 

reached ~ 0.7%, which was about two orders of magnitude higher than that observed 

with photocatalytic methods. The catalytic stability of non-stoichiometric CeO2-δ was 

also confirmed by more than 500 H2O splitting cycles without interruption (Figure 

1.10b). Later, syngas (a mixture of H2 and CO) produced simultaneously by re-

oxidizing non-stoichiometric CeO2-δ with the mixture of H2O and CO2 was also studied 

using the same solar reactor.
117 

 

 

Figure 1.10 (a) thermochemical O2 and H2 production profiles of a CeO2 porous 

monolith (325 g) during two-step thermochemical H2O splitting cycles; (b) O2 (black) 

and H2 (red) evolution rates for 500 thermochemical water splitting cycles.
42

 

Gokon et al. in 2013 carried out a series of two-step thermochemical H2O splitting 

experiments with CeO2 at different thermal reduction temperatures (1300-1550 °C) and 

different water decomposition temperatures (400-1000 °C).
118

 The O2 releasing rate of 

CeO2 increased dramatically when the temperatures increased from 1300 to 1400 °C but 

remained almost the same within the temperature range of 1500 to 1550 °C. The H2 

production rate increased at higher re-oxidation temperatures while the total production 

amount was independent of H2O splitting temperatures (from 400 to 1000 °C). The 

solar fuel evolution rate also had a close relationship with the porosity of the CeO2 

(a) (b)



catalyst.
119,120

 A novel porous CeO2 ceramic with sub-submicrometer sized macropores 

was developed by Scheffe et al. through a template synthesis method.
167

 Significantly 

improved solar fuel production with fast H2 production rate was detected by the porous 

CeO2 ceramics in comparison with the nonporous CeO2 sample. 

In brief, the fluorite type CeO2 shows rapid reaction kinetics and high catalytic 

stability in two-step thermochemical H2O splitting cycles. However, the required 

thermal heating temperature for reducing CeO2 to acceptable levels is still too high, 

which produces challenges for the design of solar reactors.  

Doped CeO2 and CeO2 based Solid Solution 

Recently, numerous doped CeO2 incorporated with varied metal ions and CeO2 

based solid solutions exhibiting improved oxygen storage capacity (OSC) and redox 

properties have been developed with wide catalytic applications.
99

 Andersson et al. 

systematically investigated the redox properties of CeO2 doped with different tetravalent 

metal ions.121 Compared to pure CeO2, both oxygen vacancy formation energy (Ef) and 

migration energy (Em) decreased significantly with Ti
4+

, Zr
4+

, or Hf
4+

 doping. These 

phenomena were attributed to the favourable geometric relaxation of the Ce
3+‒M

4+‒

vacancy clusters in the doped CeO2 materials, which resulted in the motion of the 

localised Ce‒4f states in the band gap toward the valence band edge. The migration of 

oxygen vacancies in trivalent ions doped CeO2 was studied by Nakayama et al. using a 

nudged elastic band method.
122

 Their results showed that the substitution of trivalent 

ions in pure CeO2 reduced the energy barrier and favoured the formation of oxygen 

vacancies. 

A comparison study of lattice defects and OSC properties between 

nanocrystalline CeO2 and CeO2 ‒ ZrO2 solid solution was carried out by Mamontov et 

al. through a pulsed neutron diffraction technique.
123

 The smaller ionic radius of Zr
4+ 

ion (0.84 Å compared to 0.97 Å for Ce
4+

) removed some of the strain associated with 

46 
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the variation of ionic size and stabilised the Ce
3+

 ions, which enhanced the stability of 

oxygen vacancies and improved the OSC. Chen et al. utilized a modified spin-polarized 

density functional theory (DFT+U) calculation to study the formation and migration of 

oxygen vacancy in Ce1-xZrxO2.
124

 The crystal structures of reduced Ce1-xZrxO2 were 

optimized with varied Zr
4+

 content and a strong distortion of the oxygen sublattice was 

found at x = 0.5 – 0.875 (Figure 1.11). Later, Chen et al. used the same method to 

calculate oxygen vacancies formation in Ce1-xMxO2 (M = Fe, Ru, Os, Sm, Pu).
125

 

Interestingly, all calculated Ef of Ce1-xMxO2 were smaller than that of pure CeO2 (3.20 

eV). Moreover, the Ef of Ce1-xFexO2 and Ce1-xRuxO2 (1.09 and 1.03 eV, respectively) 

were even smaller than that of Ce1-xZrxO2 (2.03 eV), which indicated promising 

thermochemical catalytic activity. 

 

Figure 1.11 The optimised structures of the reduced Ce1−xZrxO2−δ.
124

 

Due to the high OSC, CeO2 based catalysts have attracted increasing attention in 

the thermochemical solar fuel production field. In 2007, Kaneko et al. investigated the 

O2 evolution performances of CeO2‒MOx (M = Mn, Fe, Ni, Cu) solid solutions at a low 
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thermal heating temperature ranging from 1300 to 1500 °C.
126

 The O2 evolution amount 

increased significantly with elevated thermal heating temperatures and CeO2‒MnO and 

CeO2‒NiO redox catalysts achieved higher O2 evolution than that of CeO2‒Fe2O3 and 

CeO2‒CuO under the same conditions.  

In 2010 Singh et al. utilised a novel Ce0.67Cr0.33O2.11 catalyst for two-step 

thermochemical H2O splitting cycles.
127

 Unlike the conventional thermal heating 

temperature (~ 2000 °C) applied by undoped CeO2, Ce0.67Cr0.33O2.11 was thermal heated 

at a very low thermal reduction temperature (465 °C). Interestingly, a remarkable O2 

evolution amount (0.167 M/mole) was achieved after the low temperature thermal 

heating treatment, and comparable H2 production was detected in the subsequent H2O 

splitting process. The unique thermochemical redox behaviour and H2O splitting 

mechanism of Ce0.67Cr0.33O2.11 are explained in Figure 1.12. With the substitution of 

Cr
4+/6+

 ions for Ce
4+

 ions in CeO2, the O2 evolution (reduction step) temperature was 

significantly reduced to lower than 500 °C. Meanwhile, H2 was produced at much lower 

temperature (~ 150 °C) with the evolved O2 being almost fully recovered after the H2O 

splitting process. Moreover, Ce0.67Cr0.33O2.11 also exhibited stable H2 production with 

high catalytic activity. The main drawbacks and limitations of utilising Ce0.67Cr0.33O2.11 

catalyst were the fast weight loss (~ 1.1% per cycle with thermal reduction temperature 

of 465 °C) and the formation of noxious Cr
6+

 during the two-step thermochemical H2O 

splitting cycles. 
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Figure 1.12 Representation of the mechanism of O2 and H2 generation.
127

  

A series of Ce0.9M0.1O2 solid solutions (M = Mg, Ca, Sr, Sc, Y, Dy, Zr and Hf) 

were synthesised through a polymerized complex method and applied in two-step 

thermochemical solar fuel production by Meng et al. in 2011.
128

 The oxygen evolution 

activities of Ce0.9M0.1O2 solid solutions were highly dependent on the valences and 

ionic radii of doping cations. As shown in Figure 1.13a, the reduced cerium of CeO2 

based solid solutions was enhanced if the dopant ionic radius was smaller than that of 

Ce
4+

(0.97 Å). Moreover, the higher bulk ionic conductivity enhanced the H2 evolution 

amount, which has a colse relationship with the activation energy for oxygen ion 

migration. Ce0.9M0.1O2 solid solutions with lower activation energies facilitated oxygen 

ion transportation within the fluorite structure. Figure 1.13b shows the bulk conductivity 

of each solid solution with the same trend as the molar ratio of H2 and O2 in two-step 

thermochemical H2O splitting cycles. The smaller molar ratio of H2 and O2 indicated 

that less Ce
3+

 in the interior of the grains was being re-oxidised by steam during the H2 

generation step. Therefore, the extent of re-oxidation and H2 production performances 



of CeO2 based solid solutions were significantly influenced by their bulk conductivities. 

As a result, Ce0.9M0.1O2 showed the highest reactivity in both the thermal reduction and 

H2O splitting step of the tested Ce0.9M0.1O2 solid solutions. 

Figure 1.13 (a) reduced cerium as a function of the effective ionic radius of dopant 

cations with different valences; (b) bulk conductivity as a function of 1000/T for CeO2 

based solid solutions in the temperature range of 400-700℃.
128

Zirconium oxide has excellent thermal stability and the substitution of Zr ions in 

CeO2 was expected to alleviate the sintering problem, reduce the material losses caused 

by sublimation and enhance the final H2 production in two-step thermochemical H2O 

splitting cycles.
129,130

 In 2011, Gal et al. investigated the influence of Zr content (10%

to 50%) on the catalytic properties of Ce1-xZrxO2 catalysts.
131,132

 The presence of Zr 

increased oxygen bulk mobility in the lattice structure and thus the yield of O2 

significantly increased with higher Zr doping content in Ce1-xZrxO2. However, Ce1-

xZrxO2 with higher Zr doping content did not achieve high H2 production due to the 

weakened H2O splitting reaction thermodynamics. Therefore, moderate Zr content in 

Ce1-xZrxO2 was selected as the most suitable trade-off with remarkable and stable H2 

production. Abanades et al. in 2012 also investigated the two-step thermochemical H2O 

splitting performance of ZrxCe1-xO2.
133

 Different material synthesis methods were

applied to prepare the tested ZrxCe1-xO2 catalysts and the Pechini method appeared to be 

50 

(a) (b)
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the most efficient route with remarkable solar fuel production and high catalytic 

stability. 

In 2012, Meng et al. investigated the reactivity of Ce1-xLixO2 (x = 0.025, 0.05, 

0.075 and 0.1) solid solutions during two-step thermochemical H2O splitting cycles.
134 

CeO2 doped with 2.5 mol% Li yielded the highest amount of H2 (4.79 ml/g) in the H2O 

splitting reaction step after Ce1-xLixO2 solid solutions were thermally reduced at 

1500 °C. Later, Pr doped CeO2 (Ce1−xPrxO2) were also applied as reactive catalysts for 

thermochemical H2 production.
135,136

 The promotion effect on thermochemical catalytic 

performance was detected with the introduction of 10 mol% Pr into CeO2 and the final 

evolution volume of H2 was 3.96ml/g for Ce0.9Pr0.1O2. CeO2 doped with pentavalent 

tantalum (Ta) and trivalent lanthanides (La, Sm, Gd) were also investigated at a thermal 

reduction temperature of 1400 °C and improved H2 yields were collected compared to 

pure CeO2 under the same conditions.
137

 Moreover, Jiang et al. doped a series of cations 

M (M = Ti
4+

, Sn
4+

, Hf
4+

, Zr
4+

, La
3+

, Y
3+

 and Sm
3+

) into CeO2 and showed improved 

performances of two-step thermochemical H2O splitting cycles.
138 

In brief, compared to pure CeO2, doped CeO2 with various transition metal ions and 

CeO2 based solid solutions exhibited improved oxygen evolution activity at reduced 

thermal heating temperatures during two-step thermochemical H2O splitting cycles. 

However, the overall H2 production capacity of doped CeO2 and CeO2 based solid 

solutions did not show significant improvement due to the weakened H2O splitting 

reaction kinetics and the catalytic stability during the thermochemical cycling test. 

Therefore, advanced CeO2 based catalysts with improved catalytic stability and better 

solar fuel production capacity are necessary for two-step thermochemical H2O splitting 

cycles. To realise this goal, it is critical to dope suitable metal ions with appropriate 

valence, ionic radii and bulk ionic conductivity into CeO2 based catalysts to increase 

oxygen bulk mobility, oxygen exchange capacity and thermochemical catalytic activity. 
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Hercynite 

Scheffe et al. in 2010 developed a thermochemical catalyst via depositing Co-

ferrite CoFe2O4 on Al2O3 supports through the ALD method.
139

 When applied to two-

step thermochemical H2O splitting cycles, the Al2O3 supported CoFe2O4 can be 

thermally reduced at 1200 °C, which is 300 °C lower than that of the CoFe2O4 deposited 

on ZrO2 support. Thus, Scheffe et al. proposed a new reaction mechanism in which 

CoFe2O4 reacts with Al2O3 supports and produces a new type of redox catalyst FeAl2O4 

(named hercynite) during the thermal reduction process. The redox process is generally 

described as follow: 

CoFe2O4 + 3Al2O3 + heat → CoAl2O4 + 2FeAl2O4 + 1/2 O2  (1.19) 

CoAl2O4 + 2FeAl2O4 + H2O → CoFe2O4 + 3Al2O3 + H2         (1.20) 

Unlike Fe3O4 and CeO2 redox catalysts which utilise the oxidation state change of 

the iron cation (Fe
2+

/Fe
3+

 or Ce
3+

/Ce
4+

), the formation and decomposition of hercynite

(FeAl2O4) were realised by incorporation of cobalt into a ferrite spinel during two-step 

thermochemical H2O splitting cycles.
140

 Muhich et al. in 2013 reported isothermal H2O

splitting using hercynite as the redox catalyst.
141

 Traditionally, two-step thermochemical

H2O splitting cycles involve a higher temperature thermal reduction step and a lower 

temperature H2O splitting step, and this temperature swing was always thought 

necessary based on the thermodynamic analysis. However, hercynite redox catalysts 

were employed as efficient catalysts in isothermal H2O splitting cycles without a 

temperature swing between the thermal reduction and water splitting steps. As shown in 

Figure 1.14, isothermal H2O splitting using hercynite redox catalysts was conducted at a 

constant temperature of 1350 °C and showed 3 times and 12 times higher H2 production 

than that of hercynite and CeO2 applied in normal two-step thermochemical water 

splitting cycles, respectively (thermal reduced at 1350 °C and re-oxidized at 1000 °C). 
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Figure 1.14 A comparison of H2 production curves of isothermal H2O splitting utilising 

hercynite catalyst (short dashed line) and normal two-step thermochemical H2O splitting 

utilising hercynite (solid line) and CeO2 (dotted line) catalyst.
141

 

However, similar to ferrite type catalysts, hercynites are also limited by slow 

reaction kinetics and weak catalytic stability due to the aggregation of reactive particles 

during thermochemical H2O splitting cycles. Therefore, the main improvement in 

hercynites for further application in the thermochemical field should focus on 

overcoming the slow reaction kinetics of O2 and H2 production and improving the long-

term catalytic stability. 

Perovskite 

Perovskite oxides (ABO3) have been widely used in various fields such as thin 

membranes,
142-146

 fuel cells,
147-151

 multiferroics,
152-155

 and solar cells.
156-160

 Recently, 

perovskite type redox catalysts have also shown great potential for two-step 

thermochemical H2O splitting cycles due to their unique crystal structure and large 

oxygen non-stoichiometry properties. In 2013 Scheffe et al. investigated the perovskites 

of La1-xSrxMnO3 (LSM; x = 0.3, 0.35, 0.4) for two-step thermochemical H2O splitting 
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cycles.
161

 Larger O2 exchange capacity and higher theoretical energy conversion 

efficiency were achieved by the investigated LSM perovskites compared to CeO2. Later, 

Yang et al. provided a quantitative assessment of thermodynamic and kinetic properties 

of LSM perovskites.
162

 As a result, remarkable and repeatable H2 production 

performances (9 mL/g) were achieved using La0.6Sr0.4MnO3 during two-step 

thermochemical H2O splitting cycles operating between 1400 °C and 800 °C (Figure 

1.15a). More importantly, the ratio between evolved O2 and H2 reached the theoretical 

ratio 1:2 (Figure 1.15b), which means that all the oxygen vacancies generated during the 

thermal reduction process can be recovered during subsequent H2O splitting reactions. 

The effect of varying A and B site dopants (Ba, Ca, Y, Al and Mg) of LSM perovskites 

was also systematically investigated.
163

 Different thermochemical H2O splitting 

performances were detected with various metal ions doping strategies. Dey et al. 

reported that La1-xCaxMnO3-δ (LCM) perovskite showed better thermochemical catalytic 

performance than LSM perovskite due to its distinct orthorhombic structure, which 

significantly promoted oxygen evolution during the thermal reduction process and thus 

resulted in higher H2 production. 
164

  

 

Figure 1.15 O2 and H2 production profiles (a) and yields (b) of La0.6Sr0.4MnO3 during 

two-step thermochemical H2O splitting cycles.
162

 

In 2014 Demont et al. studied a series of different perovskites, including La1-

xSrxFeO3-δ, La1-xSrxCoO3-δ, La1-xSrxMnO3-δ, La1-xSrxCo1-yFeyO3-δ, Ba1-xSrxCo1-yFeyO3-δ 

for two-step thermochemical H2O splitting cycles.
165, 166

 Most of the perovskites showed 

(a) (b)



55 

 

much better O2 releasing performances than pure CeO2 at the same thermal reduction 

temperature, and thus superior H2 production as well. Another perovskite family of 

Ln0.5A0.5MnO3 (Ln = La, Nd, Sm, Gd, Dy, Y; A = Sr and Ca) were also systematically 

investigated by Dey et al. in 2015.
167

 They found that the thermochemical solar fuel 

productions strongly depend on the ionic size of the doped metal ions, which leads to 

different tolerance factors and crystal distortion. Y0.5Sr0.5MnO3 achieved the maximum 

H2 production among the tested perovskites due to the highest extent of structure 

disorder. Jiang et al. prepared LaxA1-xFeyB1-yO3 (A = Sr, Ce; B = Co, Mn) perovskites 

and showed poor solar fuel production ability.
168

 After mixing with support materials 

like ZrO2, Al2O3 and SiO2, these supported LaxA1-xFeyB1-yO3 perovskites exhibited 

improved catalytic stabilities and increased solar fuel production capacities. Their 

results revealed that the H2O splitting rate can be significantly enhanced by properly 

mixing some IrOx with LaFeO3 perovskites.
169

 Zhang et al. also assessed the O2 

exchange capacity and thermochemical redox behaviour of perovskites with Ba and Sr 

doped on the A site and Fe, Co and Mn on the B site through TGA.
170

 The Co based 

perovskite was recognised as the most suitable thermochemical catalyst due to the 

highest oxygen exchange capacity among the tested perovskites. 

McDaniel et al. developed another promising Sr and Mn doped LaAlO3 (SrxLa1-

xMnyAl1-yO3, labelled as SLMA) perovskite type catalyst for highly efficient solar-

driven thermochemical solar fuel production.
171-173

 Through doping Mn
2+

/Mn
3+

/Mn
4+

 on 

the B-site and Sr
2+

 on the A-site of LaAlO3, significant improvements in redox 

thermodynamics and capacity were achieved by properly tuning the composition of 

perovskite oxides. The experimental results indicated SLMA perovskites exhibited 

much larger reduced extent than CeO2 under the same thermal reduction process. Over 8 

times more O2 was produced by SLMA perovskites (Figure 1.16a) than CeO2 and this 

suggested potentially high solar H2 producing capacity for the subsequent H2O splitting 
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reaction. Moreover, SLMA perovskites showed much lower onset temperatures for 

oxygen evolution than that of CeO2 (Figure 1.16b). Some other similar perovskites, e.g. 

CaxLa1-xMnyAl1-yO3-δ,
174-177

 La0.6Sr0.4MnySc1-yO3,
178

 La0.6Sr0.4CryCo1-yO3,
179

 and LaxSr1-

xFeyCo1-yO3
180

 also exhibited elevated thermochemical solar fuel production. 

 

 

Figure 1.16 (a) rate of O2 released and absorbed by SLMA and CeO2 in the same 

thermal reduction process. (b) oxygen evolution curves at the onset of thermal reduction 

showing SLMA3 reduces at temperatures 300 °C below CeO2.
173

 

To more efficiently develop promising perovslite type redox catalysts for two-step 

thermochemical H2O splitting cycles, advanced theoretical prediction strategies 

including first-principle density functional theory (DFT) calculations were applied. 

Emery et al. screened more than 5000 perovskite oxides and identified 139 potential 

redox catalysts with the help of DFT calculations.
181

 Some of them, like BiVO3 and 

CeCoO3, have yet to be experimentally explored for thermochemical purposes. Deml et 

al. theoretically investigated the effect of cation doping in perovskites on 

thermochemical catalytic performances.
182

 The perovskite oxide composition had a 

close relationship with thermal reduction enthalpy, which determines oxygen evolution 
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performance and the extent of oxygen non-stoichiometry during thermal reduction 

processes. Based on the DFT calculation results, Deml et al. developed a redox catalyst 

design strategy with a suitable range of thermal reduction enthalpy. More importantly, 

the thermal reduction enthalpy of previously reported efficient SLMA perovskites all 

fell within this range, which further confirmed the usefulness of thermal reduction 

enthalpy as a catalyst screening criteria.  

In brief, perovskite oxides are promising potential catalyst alternatives for two-step 

thermochemical H2O splitting cycles. Compared to ferrite and CeO2 based catalysts, 

perovskite type redox catalysts have significantly improved oxygen exchange capacities 

at reduced thermal reduction temperature, and thus achieve higher H2 production. Some 

of the developed perovskite type redox catalysts also showed excellent catalytic stability 

during the multiple thermochemical cycling measurements, meaning a promising future 

for further large-scale practical applications. However, the current perovskites still 

suffer several critical issues such as weak reaction kinetics and low oxygen recovery 

extent. Considering the large size of the perovskite oxide family and the current small-

scale inspection for thermochemical purposes, effort should be made to set up 

systematic experimental models, together with advanced theoretical calculation tools, to 

develop excellent perovskite type catalysts for two-step thermochemical H2O splitting 

cycles.  

1.2.2 Solar Reactors 

Thermochemical dissociation of H2O becomes thermodynamically more favourable 

with increasing temperature since the Gibb’s free energy decreases.
19

 The maximum 

available processing temperature generated by solar radiation is governed by the 

incoming sunlight flux on a given area, which is only ~1 kW/m
2
 for earthly solar 

irradiation (I). This heating temperature is not high enough to drive the thermochemical 
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H2O splitting reaction. Thus, as shown in Figure 1.17, an advanced concentrating optics 

technique collects the dilute solar radiation and focuses it onto a central receiver, 

creating a highly concentrated radiative flux which is capable of supplying the required 

high processing temperatures for thermochemical solar fuel production. For a specific 

collector area (AC) and a focal spot area (AF), the geometric concentration factor is 

given by: 

C = AC / AF                                                                                                           (1.21) 

If we ignore optical losses, the average radiative flux (qsolar) reaching the central 

receiver in the focal spot can be defined as: 

qsolar = I * C                                                                                                          (1.22) 

 

Figure 1.17 Schematic diagram of a concentrating solar power system driving a 

thermochemical process. The solar collector focuses the incident solar radiation onto the 

receiver aperture.  
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To enhance the radiative properties of a blackbody, the solar receiver is normally 

designed as a well-insulated cavity with a small aperture which allows the concentrated 

solar radiation to enter. The available solar power as processing heat (Qsolar) is 

determined by both the average radiative flux and the aperture area Aap, which can be 

defined as: 

Qsolar = Aap * qsolar                                                                                                 (1.23) 

The burning surface of the solar receiver will emit part of the thermal radiation that 

leaves the aperture (Qrerad) and thus inevitably reduces the available process heat (Qabs). 

For a perfectly insulated blackbody cavity receiver operating at a certain temperature Tc, 

the absorption efficiency (ηa) is given by: 

ηa = Qabs / Qsolar = (Qsolar – Qrerad) / Qsolar = 1 – σ Tc
4
 / I C                                    (1.24) 

where σ represents the Stefan-Boltzmann constant.  

To date, four different solar reactor techniques have been developed for 

experimental and commercial CSP systems, i.e. parabolic trough (PT) collector system, 

linear Fresnel (LF) reflector system, dish–engine (DE) system, and central receiver (CR) 

system.
183

 These concentrating technologies, schematically shown in Figure 1.18, 

generally simulate parabolic geometries with large mirror areas. Herein, we will only 

discuss the developed solar reactors for experimental and research purposes. 

The first solar reactor was developed at the solar furnace of the Paul Scherrer 

Institute (PSI) in Switzerland.
31

 A small quartz tubular reactor was placed in the central 

part of a solar furnace and applied as a packed bed reactor. To ensure uniform 

distribution of the high temperature thermal irradiation within the tubular reactor, an 

extra secondary concentrator was added behind the tubular reactor and some ferrite 

powder (Ni0.5Mn0.5Fe2O4) mixed with small alumina grains were applied as the reactive 
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particle bed. During the thermal reduction process, Ar gas was used as the carrier gas to 

consistently sweep through the packed bed, and afterwards, a mixture of Ar gas and 

steam was introduced into the system to carry out the re-oxidation process. However, 

this solar reactor construction concept was not followed up by the PSI. 

 

Figure 1.18 Schematics of the four different solar concentrating technologies currently 

applied at experimental and commercial CSP plants.
183

 

In the past several years, some prototype solar reactors coupled with fixed high 

temperature resistant ceramics have been designed and investigated at the German 

Aerospace Center (GAC).
184-186

 The main idea of the project was to develop a novel 

porous structured ceramic capable of attaining high temperatures when heated under 

concentrated solar radiation. Furthermore, by coating some reactive redox catalysts on 

the external surface of the porous ceramics, thermochemical H2O splitting and solar fuel 

generation can be carried out under the high temperatures. Therefore, as shown in 

Figure 1.19, a solar reactor containing two adjacent but separated honeycomb-structured 

reaction chambers was developed.
185
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Figure 1.19 Solar reactor for quasi-continuous hydrogen production developed by the 

German Aerospace Center (DLR).
185

 

The honeycomb-structured monolith was fabricated of siliconized silicon carbide 

(SiSiC) and a thin layer of mixed reactive iron oxide was coated on the external surface. 

The porous monolith was then located inside a solar receiver-reactor and worked as the 

solar radiation absorber, supplying the required reaction temperature and area for the 

subsequent thermochemical H2O splitting cycles. The concentrated sunlight gets into 

the solar reactor through a small quartz window and then is absorbed on the 

honeycomb-structured chamber. For the quasi-continuous thermochemical solar H2 

production test, one chamber is thermal reduced at a higher thermal temperature ( ~ 

1200 °C) under a nitrogen (N2) atmosphere, while the other chamber is operated at a 

lower re-oxidation temperature (about 800 to 1000 °C) for the H2O splitting reaction 

step with nitrogen/steam mixture introduced. The different temperature requirements of 

these two steps during the thermochemical H2O splitting cycles was realised by 

infrequently adjusting the solar radiation on each chamber reactor when the status of the 

thermochemical cycles was switched from thermal reduction to re-oxidation. This was 

organised by a shutter system allowing tuning of the strength of concentrated sunlight 

flux on each of these two chambers individually. Shortly afterwards, a scaled-up solar 
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reactor coupled with a solar tower system was fabricated and the thermal power input 

was able to reach ~ 100 kW.
187

 The tower reactor also consisted of two separate reactors 

and each reactor module was formed with nine square porous ceramics. Stable 

thermochemical solar H2 production was detected during the cycling test when utilising 

the tower reactor. 

An internally circulating fluidised bed reactor concept combined with a beam-down 

model was proposed by Gokon et al.
92,188-190

 As shown in Figure 1.20a, this design was 

attempted to prevent the redox particles from contacting the transparent quartz window 

and thus avoid serious sintering caused by extremely high temperatures.
191

 Based on 

this internally circulating concept, a prototype reactor was developed and investigated 

using a concentrated Xenon lamp beam as the concentrated solar radiation to heat the 

redox particles. In the early thermochemical applications, only the thermal reduction 

step was performed in the internally circulating fluidised bed reactor while the H2O 

splitting was carried out in an electrically heated fixed-bed reactor.
192-194

 Later on, 

Gokon et al. improved the solar reactor design and a complete thermochemical solar H2 

production process, including thermal reduction and subsequent water splitting, was 

carried out in the same internally circulating fluidised reactor.
195

 However, the 

internally circulating fluidised bed reactor concept still had several critical problems, e.g. 

non-homogeneous absorption of solar radiation by the redox particles. Therefore, the 

heat transfer among the circulating particles was insufficient to completely heat up the 

fluidised bed reactor and only part of the area (the centre and the top) reached the 

required high temperature (1400 °C) for thermal reduction reactions.  

Due to the limitation of the internally circulating fluidised bed reactor, another solar 

reactor concept that utilised a coated foam device was developed by the same research 

group.
196-198

 The foam device was settled on a fixed quartz plate and placed inside the
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reactor. During the thermochemical treatment, the foam device was directly heated by a 

concentrated Xe lamp beam via a quartz window. To perform the thermal reduction step, 

the foam device was heated up to ~ 1500 °C under the protection of pure nitrogen gas. 

The second H2O splitting step was carried out in the same reactor when the temperature 

decreased to ~ 1200 °C by changing the feeding gas from pure nitrogen to 

nitrogen/steam mixture. After several thermochemical cycles, large temperature 

gradients were detected in the coated foam.
199

  

 

Figure 1.20 (a) design concept of solar chemical reactor with an internally circulating 

fluidised bed;
191

 (b) scheme of a rotary-type reactor with moving particle.
200

 

Based on the concept of constant motion of the reactants, a rotary-type reactor 

(Figure 1.20b) was designed at the Tokyo Institute of Technology for continuous solar 

H2 production.
200-202

 With the help of an electric motor, a rotary cylinder coated with 

reactive ceramics on the surface is rotated in the reactor chamber. The reactor is 

constructed with two different reaction cells: one O2 releasing cell and one H2 

(a) (b)
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generation cell. Ar gas is used as a sweeping gas in both reaction cells and an infrared 

image lamp is used as a solar radiation simulator to supply the required heat source. By 

controlling the rotor, the coated reactive ceramic moves consecutively through the 

reaction cells, leading to the continuous production of O2 and H2. Many different redox 

materials, e.g. Ni-ferrite, Ni-Mn-ferrite, CeO2 and CeO2-ZrO2 solid solutions, were 

coated on a silica-mullite substrate and applied as reactive ceramics.
203,204

 For pure 

ferrite-type reactive ceramics without yttria-stabilized zirconia (YSZ) support, serious 

sintering phenomena were detected during thermochemical H2O splitting cycle.
205

 The 

sintering problem was greatly lessened through mixing the ferrites with YSZ support 

and stable H2 production was detected without degradation over a certain period.
206

Chueh et al. from the California Institute of Technology and Steinfeld et al. from 

the Swiss Federal Institute of Technology in Zurich cooperated in the fabrication of a 

solar reactor consisting of a cavity containing porous CeO2 based cylindrical rings.
42

 As 

shown in Figure 1.21, the concentrated solar irradiation enters the solar reactor through 

a transparent quartz window and heats the inner porous CeO2 cylindrical rings. The 

carrier gases can flow through the porous ceria into the cavity and then exit from the 

bottom of the solar reactor. For the thermal reduction process, the heating temperatures 

were able to reach 1650 °C with pure Ar gas sweeping the reactor. When the 

temperature cools down to ~ 900 °C, the H2O splitting reaction happened via the 

thermally reduced catalyst reacting with the introduced steam gas. By using the solar 

cavity-receiver reactor, stable and rapid solar fuel generation was achieved over 

hundreds of thermochemical cycles for the first time. Later, this reactor was also able to 

produce syngas (H2/CO mixture gas) with comparable stability.
117
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Figure 1.21 Scheme of the solar cavity-receiver reactor for a two-step thermochemical 

solar fuel production cycle.
42

 

As discussed above, the experimental design and fabrication of CSP systems to 

utilise concentrated solar energy have progressed rapidly. Novel solar reactors based on 

volumetric absorption of directly irradiated porous ceramics, reactive particles, and 

circuiting fluids can operate at high temperatures/high solar fluxes and result in 

increased solar energy capture and conversion efficiencies. More importantly, these 

advanced CSP construction concepts can be used in thermochemical solar fuel 

production. Without an efficient CSP reactor system, no redox catalysts are perfect for 

commercialization of thermochemical solar fuel production.  



66 

 

1.2.3 Short Conclusion  

During the past several decades, significant efforts have been made to develop 

novel redox catalysts and design advanced solar reactors for solar-driven two-step 

thermochemical H2O splitting cycles. A series of metal oxide based redox catalysts have 

been explored for thermochemical application, including volatile type metal oxides such 

as ZnO and SnO2; and non-volatile type metal oxides such as Fe3O4, ferrites, CeO2, 

doped CeO2, hercynite and perovskite oxides. Table 1 summarises the developed redox 

catalysts and their key characteristics. Several advanced solar reactors including rotating 

cavity particle reactor, internally circulating fluidised bed reactor, moving particle 

packed bed reactor and porous monolith-based solar reactor have been experimentally 

tested. While the current redox catalysts and solar reactor techniques show great 

potential for two-step thermochemical solar fuel production, additional effort should 

focus on optimisation of current thermochemical techniques to improve the solar energy 

conversion efficiency, including super active and catalytically stable redox catalysts. 
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Table 1 Summary of characteristics of developed redox catalysts for two-step thermochemical water splitting cycles.  

Catalysts Redox reactions Advantages and Disadvantages 

ZnO Thermal reduction (~ 2000 °C) 

ZnO → Zn (g) + 1/2 O2 

Water splitting (400-900 °C) 

Zn + H2O (g) → ZnO + H2 

Advantages: high theoretical energy conversion efficiency; 

Disadvantages: relative high thermal temperature; rapid quenching 

technique required 

SnO2 Thermal reduction (~ 1600 °C) 

SnO2 → SnO (g) + 1/2 O2 

Water splitting (~ 550 °C) 

SnO + H2O → SnO2 + H2 

Advantages: high chemical conversion rates and fast reaction 

kinetics; 

Disadvantages: additional quenching step needed; side reaction 

happened during the water splitting process 

Fe3O4 Thermal reduction (~ 2200 °C) 

Fe3O4 → 3FeO + 1/2 O2 

Water splitting (600-800 °C)  

3FeO + H2O (g) → Fe3O4 + H2 

Advantages: high theoretical energy conversion efficiency; 

Disadvantages: high thermal temperature; quenching or low oxygen 

partial pressure required during dissociation step 

Ferrite Thermal reduction ( < 1600 °C)  

(Fe1-xMx)3O4 → 3(Fe1-xMx)O + 1/2 O2 

Water splitting (~ 800 °C)  

3(Fe1-xMx)O + H2O (g) → (Fe1-xMx)3O4 + H2 

Advantages: moderate operation temperature; 

Disadvantages: low fraction of evolved O2 and H2 per unit weight of 

ferrite; inert gas required during the thermal reduction process 

CeO2 Thermal reduction ( ~ 1600 °C)  

CeO2 → CeO2-δ + δ/2 O2 

Water splitting (~ 900 °C)  

Advantages: rapid reaction kinetics and high stability; 

Disadvantages: high thermal reduction temperature; limited fraction 

of evolved O2 and H2 per unit weight of CeO2 
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CeO2-δ + δ H2O (g) → CeO2 + δ H2 

Doped CeO2 Thermal reduction ( ≤ 1500 °C)  

(Ce1-xMx)O2 → (Ce1-xMx)O2-δ + δ/2 O2 

Water splitting (~ 900 °C)  

(Ce1-xMx)O2-δ + δ H2O (g) → (Ce1-xMx)O2 + δ H2 

Advantages: decreased thermal reduction temperature; 

Disadvantages: reduced reaction kinetics and catalytic stability; 

limited fraction of evolved O2 and H2 per unit weight of (Ce1-xMx)O2 

Hercynite Thermal reduction ( ~ 1200 °C)  

CoFe2O4 + 3Al2O3 → CoAl2O4 + 2FeAl2O4 + 1/2 O2 

Water splitting (~ 1000 °C)  

CoAl2O4 + 2FeAl2O4 + H2O → CoFe2O4 + 3Al2O3 + H2 

Advantages: moderate thermal reduction temperature; 

Disadvantages: slow water splitting reaction kinetics; limited fraction 

of evolved H2 per unit weight of CoAl2O4 

Perovskite Thermal reduction ( ≤ 1400 °C)  

ABO3 → ABO3-δ + δ/2 O2 

Water splitting (~ 900 °C)  

ABO3-δ + δ H2O (g) → ABO3 + δ H2 

Advantages: moderate thermal reduction temperature; large oxygen 

exchange capacity; 

Disadvantages: slow water splitting reaction kinetics; low oxygen 

recovery extent 
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1.3 Aims of the Project 

Compared to the fluorite type CeO2, perovskite oxides ABO3 are a more 

prototypical example due to their crystal structure which can sustain topotactical oxygen 

disincorporation and turning into the large extent of oxygen non-stoichiometry status. 

As shown in Figure 1.22 a, a general ABO3 perovskite structure commonly consists of a 

cation with a larger ionic radius on the A site and a smaller cation that is octahedrally 

coordinated with its neighbouring oxygen ions on the B site. This structure exhibits a 

high tolerance for extensive cation substitution on either or both of the A and B sites. As 

shown in Figure 1.22b, over 80% of the metal ions in the periodic table can be 

introduced into the perovskite structure. Substitutional cations may exhibit the same or 

different oxidation states resulting in significant tunability of the material properties 

such as reaction thermodynamics and kinetics, conductivity and oxygen non-

stoichiometries.
207-209

 Due to their unique structural-related properties, perovskites have 

been widely applied in a range of fields like solid oxide fuel cells,
210-212

 metal air 

batteries,
213-216

 oxygen evolution reaction,
217-219

 sensors,
220-222

 and gas separation 

membranes.
223-226

  

 

Figure 1.22 (a) a generic ABO3 perovskite crystal structure; (b) possible elements (red) 

of the periodic table which can occupy the A and B sites in perovskite crystal lattices. 

(a) (b)
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However, the investigation of perovskites as potential redox catalysts for 

thermochemical solar fuel production is still quite limited. Recently, some reports 

demonstrated the potential of using perovskite type metal oxide ABO3 as redox 

alternative for two-step thermochemical H2O splitting.
181,227,228

 Considering the unique 

structurally-dependent oxygen non-stoichiometry and vast composition tuning space, 

the rational design of advanced perovskite-type redox catalysts possessing high redox 

capacity at reduced thermal temperatures, favourable reaction thermodynamics and 

kinetics, and super stability is very important for H2 production and solar energy 

utilisation. 

The objectives of this project are to design a series of different perovskite-type 

metal oxides as highly efficient redox catalysts for two-step thermochemical H2O 

splitting applications. This project attempts to accomplish the following tasks in the 

thermochemical solar fuel production field: 

1) To design a series of efficient nanostructured perovskite-type redox intermediates

for two-step thermochemical H2O splitting (Chapter 2-6);

2) To develop a facile modified Pechini method for the fabrication of perovskites with

complex composition, highly pure phase and novel surface structure (Chapter 2-6);

3) To analyse the doping effect of metal ions in perovskites on the performance of

thermochemical solar H2 production (Chapter 2, 4, 6);

4) To understand the role of different dopant ions on the A and B sites of perovskite

redox catalysts on oxygen vacancies formation during the thermal reduction process

and subsequent H2 production during the H2O splitting process (Chapter 3, 5);

5) To optimise several critical operational factors during the thermochemical process,

such as thermal reduction temperature and re-oxidation temperature(Chapter 2, 6);



 

71 
 

6) To analyse the structural stability and catalytic activity of perovskite-type redox 

catalysts for long-term usage and to confirm the steadiness of solar fuel production 

through thermochemical cycling tests (Chapter 2, 3, 4, 6) 
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1.4 Catalysts Synthesis and Characterisation 

1.4.1 Catalysts Synthesis 

The redox behaviour and catalytic performances of applied perovskite-type 

catalysts for solar-driven thermochemical fuel production greatly depend on the adopted 

synthesis methods. The unique microstructure and particle size obtained by each 

method have a great impact on the chemical and physical properties of perovskite-type 

catalysts, e.g. ionic and electronic transportation. It has been recognised that for the 

same catalytic process with a particular perovskite-type catalyst, different synthesis 

methods result in significantly different experimental results. Traditionally, the 

perovskite oxides are synthesised through high-temperature solid-state reaction 

procedures.
229-232

 Unfortunately, the perovskite samples prepared by this process 

generally have a micron-scaled particle size, which leads to reduced surface area and 

decreased active sites.
233,234

 Recently, nano-sized candidates have drawn great attention 

due to their promising properties like high surface area and excellent ionic and 

electronic properties. Therefore, during the past few decades, huge efforts have been 

made to develop nanostructured perovskite oxides and several different preparation 

routes have been reported, e.g. sol-gel process (Pechini method),
235-237

 co-precipitation 

hydrolysis process,
238-240

 reverse micelle synthesis,
241-243

 and hydrothermal method.
244-

246

 The Pechini method is one of the most commonly used chemical routes to prepare 

nanostructured perovskite catalysts due to its unique versatility and flexibility. The 

following discussion on synthesis methods is limited to the Pechini method, which is 

the focus of this thesis. 
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1.4.1.1 Pechini Method 

The Pechini method, named after the author of the original patent,
247

 involves the 

complexation of metal precursors and citric acid followed by the addition of ethylene 

glycol (EG). Typically, the metal precursors are first dissolved in a solvent (normally 

water) and then mixed slowly with citric acid and EG to form a homogeneous mixture 

solution (Figure 1.23).
248

 Subsequent heating and stirring will initiate the 

polyesterification reaction between the citrate and EG, and yield thick gels containing 

extended covalent networks. By transferring the polymer network to a furnace and 

removing the organic matrix, the final perovskite powders can be collected. During the 

fabrication process, the ratio between metal precursors and chelating agents (i.e. citric 

acid and EG) is critical to guarantee all the metal ions are strongly bonded within their 

crystal structure, and thus avoid phase impurity and partial segregation. Due to the 

superior flexibility, two and more metal precursors are homogeneously dispersed 

throughout the polymer covalent network. The perovskite with the complex 

composition can be simply obtained with a pure crystal phase, high yield and surface 

area. The Pechini method has become one of the most popular chemical routes to 

prepare perovskite materials. 

 

Figure 1.23 Schematic of the typical process of the Pechini method to form 

metal/organic gels.
248

 



 

74 
 

1.4.1.2 Modified Pechini Method 

Taking the basic idea from the traditional Pechini method discussed above, a 

modified Pechini method was employed for the research in this thesis to synthesize a 

purposely designed and prepared series of different perovskite-type redox catalysts. The 

detailed preparation route is represented in Figure 1. 24.  

 

 

Figure 1.24 Flow chart of the detailed fabrication process for the perovskite-type 

catalysts through a modified Pechini method. 

Generally, the required metal nitrates were first dissolved in deionized (D.I.) water. 

Citric acid was then added to the solution with a molar ratio of 1.5:1 with respect to the 

metal cations. After 10 min, ethylene glycol (ethylene glycol: citric acid molar ratio = 

1:1) was added to the mixture and heated at 90 °C until a brownish gel was obtained. 

The resulting gel was transferred to an electric oven and kept for 12 h at 120 °C to 

obtain a resin. The resin was then collected and ground using a mortar and pestle. The 

final perovskite oxide powder was prepared by calcining the resin at 1300 °C for 6 h to 

remove any remaining organics or nitrates. Through this procedure, diverse perovskite 
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(C6H8O7)
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+
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samples were developed, as summarised in Table 2. The as-prepared perovskites had 

superior porous structure arranged with nano-sized particles and exhibited excellent 

performances of solar-driven thermochemical fuel production (detailed experimental 

results are discussed in Chapter 2, 3, 4,5, and 6).  

Table 2 List of perovskite samples synthesised by the modified Pechini method 

Sample name Abbreviation Chapter 

La0.8Ca0.2MnO3 LCMO-0.2 Chapter 2 

La0.6Ca0.4MnO3 LCMO-0.4 Chapter 2, 4 

La0.4Ca0.6MnO3 LCMO-0.6 Chapter 2 

La0.2Ca0.8MnO3 LCMO-0.8 Chapter 2 

La0.8Ca0.2Mn0.6Al0.4O3 LCMA-C0.2A0.4 Chapter 3 

La0.6Ca0.4Mn0.6Al0.4O3 LCMA-C0.4A0.4 Chapter 3 

La0.4Ca0.6Mn0.6Al0.4O3 LCMA-C0.6A0.4 Chapter 3 

La0.2Ca0.8Mn0.6Al0.4O3 LCMA-C0.8A0.4 Chapter 3 

La0.6Ca0.4Mn0.8Al0.2O3 LCMA-C0.4A0.2 Chapter 3 

La0.6Ca0.4Mn0.4Al0.6O3 LCMA-C0.4A0.6 Chapter 3 

La0.6Ca0.4Mn0.2Al0.8O3 LCMA-C0.4A0.8 Chapter 3 

La0.6Sr0.4MnO3 LSMO-0.4 Chapter 4 

La0.6Ba0.4MnO3 LBMO-0.4 Chapter 4 

La0.6Ca0.4Mn0.8Al0.2O3 LCMAO Chapter 4 

La0.6Ca0.4Mn0.8Ga0.2O3 LCMGO Chapter 4 

La0.6Sr0.4CrO3 LSCr Chapter 5 

La0.6Sr0.4MnO3 LSMn Chapter 5 
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La0.6Sr0.4FeO3 LSFe Chapter 5 

La0.6Sr0.4CoO3 LSCo Chapter 5 

La0.6Sr0.4NiO3 LSNi Chapter 6 

La0.8Ca0.2CoO3 LCC-0.2 Chapter 6 

La0.6Ca0.4CoO3 LCC-0.4 Chapter 6 

La0.4Ca0.6CoO3 LCC-0.6 Chapter 6 

La0.2Ca0.8CoO3 LCC-0.8 Chapter 6 

1.4.2 Catalysts Characterisation 

After the molecularly designed nanostructured perovskite-type redox catalysts are 

synthesised, it is essential to thoroughly analyse their structural and chemical properties 

for an in-depth understanding of their catalytic activity for thermochemical solar fuel 

production. The characterisation techniques include X-ray diffraction (XRD), electron 

microscopy (SEM and TEM), Brunauer-Emmett-Teller (BET) surface area analysis and 

thermogravimetric analysis (TGA). Detailed instrumental information is discussed in 

separate sections below. 

XRD 

XRD is widely used to confirm the phase structure and lattice dimension of 

polycrystalline materials. During the measuring process, the powder sample was placed 

in a small disk-shaped silicon wafer holder and then fixed in the geometry setup. After 

the measurement, a diffraction pattern with a number of distinct peaks is obtained by 

recording the intensities of scattered X-ray beams across a range of scattering angles 

(2θ). By analysing the diffraction peak locations, we can determine a series of inter-

planar spacings and calculate the crystal unit cell (lattice) and its size.  
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In this work, a Bruker D8 advance diffractometer equipped with a graphite 

monochromator was used to characterise the crystallographic structure with a Cu Kα 

radiation (λ = 1.5418 Å) operating at 40 kV and 25 mA. The peak intensity was 

recorded stepwise at every 0.05° in a continuous scanning mode typically in the 2θ 

range of 20° to 80°. All measurements were carried out at room temperature. 

Electron Microscopy 

Electron microscopy is used to analyse the surface structure and morphology of 

solid materials with enlarged resolution ranging from the micron scale to the atomic 

scale. Generally, scanning electron microscope (SEM) and transmission electron 

microscopy (TEM) are two standard means to detect the morphology of nanomaterials. 

The SEM and TEM images can provide accurate and valuable information on the 

structure and morphology of the catalysts, which are related to their catalytic activity. 

Furthermore, electron microscopy measurements not only supply structure and 

morphology information but also detect elemental composition and distribution of a 

solid catalyst.  

In this thesis, the SEM measurements of the prepared perovskite samples were 

investigated by JSM-7100F. The voltage and current of electron beam were 5 kV and 10 

mA, respectively. The energy-dispersive X-ray spectroscopy (EDX) measurements were 

also conducted using JSM-7100F under the electron beam voltage and current of 15 kV 

and 20 mA, respectively. The TEM observations were conducted using Philips Tecnai 

F20 with an accelerating voltage of 200 KV. 

BET 

BET analysis provides precise specific surface area evaluation of materials which is 

critical for the catalytic performance. In this thesis, the specific surface area and pore 

size distribution of the prepared perovskite samples were evaluated by nitrogen 
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multilayer adsorption measured as a function of relative pressure using a fully 

automated analyser (Quantachrome Autosorb-1). 

TGA 

Thermogravimetric analysis (TGA) is a thermal advice extensively applied to 

characterise certain physical and chemical properties of a material through monitoring 

the mass change when it is exposed to a controlled temperature program and 

atmosphere. The information on physical and chemical properties of the detected 

material can be provided by the TGA results that are accompanied with mass loss or 

mass gain during heating or cooling.  

In this thesis, TGA is used to characterise the oxygen off-stoichiometry and 

evolution performances of selected perovskites during the high temperature thermal 

reduction process. The TGA instrument (Netzsch STA 449F3) consists of an alumina 

support for a sample holder. The support is attached to a precision balance and placed in 

the centre of a furnace, which provides controlled heating and cooling process. During 

the TGA measurement, the mass variation of the sample is monitored regularly by a 

mass spectrometer (MS) during the experiment. The final oxygen evolution amount will 

be converted from the following equation, 

)(
22 materialOlossO mMmn                                                                               (1.25)  

∆mloss is the mass loss registered by TGA during reduction, MO2 is the molecular weight 

of O2 and 𝑚𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 is the mass of compound investigated during the TGA experiment. 

1.4.3 Two-step Thermochemical H2O Splitting Test 

The two-step thermochemical H2O splitting test was carried out in a home-made fix 

bed reactor, as shown in Figure 1.25. To facilitate effective testing, the freshly prepared 

perovskite sample (~ 0.5 g) was transferred into a solid porous monolith structure by 
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mixing with isopropanol and fired at 1300 °C for 6 h in air. The prepared redox sample 

was then packed at the centre of an alumina tubular reactor coupled within a high 

temperature programmable electric furnace (MTI, KSL-1800X-S60). Ar (ultra-high 

purity ~ 99.99%) was used as the carrier gas and the flow rate was controlled by a mass 

flow controller (Alicat Scientific). The thermal reduction step was carried out by 

heating the perovskite sample to a certain high temperature (1300 to 1600 °C) and 

holding it at that temperature for 1 h under an Ar flow rate of 200 sccm (the oxygen 

partial pressure was ~ 20 ppm). The temperature was then allowed to decrease to a fixed 

value (700-1100 °C) for H2O splitting. Due to the limitation of the tubular furnace, both 

the temperature increase and decrease rates were fixed at 10 °C/min. The water was 

introduced into the chamber by a water pump (Easypump, BT100N), then vaporised and 

mixed with Ar gas (the volume ratio of vapour in the mixture gas was ~ 40%). The 

whole H2O splitting process was kept for 1 h to complete the re-oxidation process. 

During the thermal reduction and H2O splitting processes, the produced O2 and H2 were 

detected by the mass spectrometer (MS, Omni Star GSD 320). For quantitative 

measurement of evolved gas, the ion current signal of the MS result was calibrated by 

the standard O2 and H2 gases. 

 

Figure 1.25 Two-step thermochemical H2O splitting set-up for H2 production. 
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1.5 Content and Structure of the Thesis 

This thesis contains seven chapters: a general introduction and background 

(Chapter 1), five experimental data chapters (Chapters 2-6) and conclusions (Chapter 7). 

The result chapters (Chapters 2-6) are in the form of PDFs of manuscripts, which are 

already published, submitted or prepared for submisson to peer-reviewed journals. This 

thesis has been prepared in accordance with the Griffith University policy on preparing 

a PhD thesis as a series of published and unpublished papers (see the policy in the 

section of “All papers included are co-authored”). As a result, there are some 

differences on the formats and inevitable repetitions among the results chapters, 

including the descriptions of the studies and the reference lists.  
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1.6 Thesis outline 

This thesis focuses on preparing molecularly designed nanostructured perovskite-

type redox catalysts via a facile modified Pechini method for catalytic applications in 

thermochemical solar fuel production as schematically illustrated in Figure 1.26. 

 

Figure 1.26 Schematic illustration of the thesis structure as a “series of published and 

unpublished papers”. 
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In Chapter 1, the introduction and background of this PhD project are described 

based on the available literature. First, the basis and importance of thermochemical 

chemical fuel generation routes for solar energy conversion applications among various 

carbon-neutral conversion methods were introduced followed by the explanation and 

description of two-step thermochemical H2O splitting cycles. Second, a systematic 

literature review discussed the developed redox catalysts and solar reactor technologies 

for two-step thermochemical solar fuel production. The literature review identified and 

described the limitations of current redox catalysts and the necessity of developing new 

advanced redox catalysts for further large-scale practical application of two-step 

thermochemical H2O splitting cycles. Therefore, a series of research points were 

identified for the studies in this thesis:  

1) Search of rationally designed nanostructured perovskite type redox catalysts to 

satisfy the critical aspects of thermochemical solar fuel production;  

2) Development of a unique and facile perovskite type redox catalyst synthesis 

method;  

3) Enhancement of the structural porosity and reaction kinetics for solid-gas H2O 

splitting;  

4) adjustment of the introduced dopant cations and doping content within the studied 

perovskites;  

5) Improvement of the experimental setup and optimization of the operational 

conditions; and  

6) Confirmation of catalytic stability during thermochemical H2O splitting cycles for 

further large-scale practical applications. 

In Chapters 2-6, a series of nanostructured perovskite-type redox catalysts were 

prepared by a modified Pechini method, which can be generally divided into two 
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categories: Mn-based perovskites, including La1-xCaxMnO3, La1-xAxMn1-yByO3 (A = Ca, 

Sr and Ba; B = Al and Ga), and La1-xCaxMn1-yAlyO3; and Co-based perovskites, 

including La1-xSrxBO3 (B = Cr, Mn, Fe, Co and Ni) and La1-xCaxCoO3. The redox 

catalytic properties of these perovskites were systematically evaluated in the 

thermochemical H2O splitting process, and compared to the state-of-the-art redox 

catalyst (CeO2) or similar perovskite analogues studied to date.  

In Chapter 2, a perovskite series of La1-xCaxMnO3 were systematically investigated 

for two-step thermochemical H2O splitting cycles at a reduced thermal heating 

temperature. To optimise the thermochemical redox behaviour, several critical factors 

such as Ca doping content and re-oxidation temperature were studied. The catalytic 

stability was also tested in multiple thermochemical H2O splitting cycles. 

In Chapter 3, considering the critical role perovskite composition played in the 

thermochemical catalytic process, both the A and B site dopants of LaMnO3 based 

perovskites were purposely tuned with various metal ions. Through this manipulation, a 

novel perovskite composition La0.6Ca0.4Mn0.8Ga0.2O3 was developed with remarkable 

and stable H2 production performance in two-step thermochemical H2O splitting cycles. 

La1-xCaxMn1-yAlyO3 perovskites were previously reported as efficient catalysts for 

two-step thermochemical CO2 splitting, a similar process to two-step thermochemical 

H2O splitting. However, the investigation of the catalytic performance of La1-xCaxMn1-

yAlyO3 perovskites in two-step thermochemical H2O splitting cycles is still limited. In 

Chapter 4, we carried out the first systematic investigation of La1-xCaxMn1-yAlyO3 

perovskite two-step thermochemical H2O splitting cycles via varying the doping content 

on both A and B site dopants. As a result, La1-xCaxMn1-yAlyO3 was recognised as the 

best trade-off among the tested perovskites with noteworthy and stable H2 production 

performance. 
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In Chapter 5, we investigated the thermochemical catalytic ability of La1-xSrxBO3 

(B = Cr, Mn, Fe, Co and Ni) perovskites, which have been widely studied in other 

catalytic fields. The oxygen vacancies (VO) formation in La1-xSrxBO3 (B = Cr, Mn, Fe, 

Co and Ni) perovskites during the thermal reduction process had a close relationship 

with the transition metal ions incorporated on the B site. More importantly, the 

performances of VO in La1-xSrxBO3 (B = Cr, Mn, Fe, Co and Ni) can be applied as a 

precise descriptor for the subsequent H2O splitting reaction, leading to the same 

sequence of H2 production. 

In Chapter 6, perovskite series of La1-xCaxCoO3 were investigated for two-step 

thermochemical H2O splitting cycles for the first time. During the thermochemical 

process, the Ca
2+

 doping contents in La1-xCaxCoO3 perovskites had a significant effect 

on the O2 and H2 production performances. As a result, La0.6Ca0.4CoO3 was identified as 

the best trade-off among the tested La1-xCaxCoO3 perovskites via tuning the Ca
2+

 doping 

content from 0.2 to 0.8. The thermal reduction and water splitting temperatures were 

also systematically investigated to optimise the thermochemical operational conditions. 

In Chapter 7, a general conclusion and the new findings or developments in this 

work are briefly discussed. In addition to the conclusions, a series of possible future 

research pathways based on the results of this thesis are outlined.   
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Enhanced H2 production of lanthanum manganite perovskites 

through optimising Ca dopant level and re-oxidation temperature 

for two-step thermochemical H2O splitting 

Lulu Wang,[a] Mohammad Al-Mamun,[a] Lixue Jiang,[a] Porun Liu,[a] Yun Wang,[a] Hua Gui Yang,[b] and 

Huijun Zhao*[ac] 

 

Abstract: Perovskite material is one of the promising redox catalysts 

for hydrogen production through two-step thermochemical H2O 

splitting. Herein, an analogue of La1-xCaxMnO3 perovskites as 

efficient catalysts were systematically investigated. Ca doping level 

(x = 0.2, 0.4, 0.6, 0.8) and re-oxidation temperature were 

comprehensively optimised for improved catalytic performance. Our 

results reveal that La0.6Ca0.4MnO3 perovskite catalyst displays the 

highest yield for H2 production at re-oxidation temperature of 900 °C, 

which is ~10 times higher than that of the benchmark ceria catalyst 

under the same experimental condition. Evenly importantly, 

La0.6Ca0.4MnO3 perovskite catalyst has demonstrated impressively 

stable with repetitive O2 and H2 production in cycling stability test. 

Introduction 

The increasingly environmental deterioration and global 

warming that associated with the emission of greenhouse 

gases has resulted in serious attention towards 

development of alternative renewable, clean carbon-neutral 

energy sources.[1, 2] Hydrogen (H2) has long been 

considered as an ideal fuel with high energy density and 

zero carbon footprints.[3-5] Recently, solar-based H2 

generation routes such as photochemical and electrolytic 

processes have attracted wide-spread interests.[6-8] Among 

them, the solar-driven thermochemical H2O splitting method 

is exclusively promising due to the high energy conversion 

efficiency over the entire solar spectrum.[9-11]  

 During the past several decades, tremendous efforts 

have been devoted to a search for efficient catalysts for 

solar-driven thermochemical H2O splitting. Numerous 

promising candidates, Fe3O4
[12-14], ZnO[15-17], SnO2

[18, 19], 

CeO2
[20-22], ferrites[23-25], hercynites[26-28] and transition metal 

ions doped CeO2
[29-31] have been identified. Currently, non-

stoichiometric CeO2 has been regarded as the state-of-the-

art catalyst due to its high stability as well as desired 

reaction thermodynamics and kinetics during 

thermochemical cycles.[32] However, the small oxygen 

exchange capacity and high thermal reduction temperature 

(≥ 1500 °C) limit its large-scale application. On this regards, 

the search for new catalyst candidates with high oxygen 

exchange capacity and low thermal reduction temperature 

becomes imperative. 

 Recently, perovskite oxides with ABO3 structure 

emerged as promising alternative materials for 

thermochemical solar fuel production.[33-37] As shown in 

Figure 1, owing to the high tolerance factor, ABO3 

structured perovskite can keep the stable perovskite crystal 

structure even after losing a mass of lattice oxygen atoms 

(Equation (1)). As a result, a highly non-stoichiometric 

perovskite structure (ABO3-δ) can be achieved via a thermal 

reduction process without compromising the crystal 

structure.[38] Thereafter, the thermally reduced ABO3-δ 

structure can be recovered through introduction of H2O 

vapour, resulting in overall water splitting and production of 

molecular H2 (Equation (2)). 

 

Figure 1. Scheme of two-step thermochemical H2O splitting cycle. In the first 

step, the ABO3 perovskite is thermally reduced to ABO3-δ via a high-

temperature treatment generating O2. In the second step, the oxygen deficient 

ABO3-δ is re-oxidized by reacting with H2O to produce H2. 
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ABO3 + thermal energy → ABO3-δ + δ/2O2…………………(1) 

ABO3-δ + δH2O → ABO3 + δH2………………………………(2) 

 It is generally acknowledged that the catalytic properties of 

perovskites depend extensively on their atomic structures which 

on another hand can be easily tuned through material 

engineering. For instance, Scheffe et al. first investigated the 

La1-xSrxMnO3 (x = 0.3, 0.35, 0.4) for two-step thermochemical 

H2O splitting.[39] Compared to CeO2, higher O2 exchange 

capacity and theoretical energy conversion efficiency were 

achieved by the investigated perovskites. Later, Yang et al. 

carried out a detailed quantitative assessment on the La1-

xSrxMnO3 (x = 0.1 to 0.4) perovskites from both thermodynamic 

and kinetic aspects.[40] A remarkable H2 production performance 

(9 mL/g) was achieved using La0.6Sr0.4MnO3 at a 

thermochemical H2O splitting cycle between 1400 °C and 800 °C. 

Some other perovskites including Sr- and Mn-doped LaAlO3,
[41] 

La0.6Sr0.4Cr0.8Co0.2O3,
[42] Y0.5Sr0.5MnO3

[43] and 

La0.6Sr0.4Mn0.95Sc0.05O3
[44] were also studied as promising 

thermochemical H2O splitting catalysts. 

 Another similar perovskite analogue, Ca doped 

lanthanum manganite (La1-xCaxMnO3) perovskites were 

reported to be an effective class of catalysts for a 

thermochemical CO2 splitting process to produce CO.[45-47] 

To date, however, the investigation of such catalysts for 

two-step thermochemical H2O splitting is quite rare. To our 

best knowledge, the only report was published by Dey et al. 

who investigated La0.5Ca0.5MnO3 perovskite as a catalyst 

for thermochemical H2O splitting at relatively higher 

operation temperatures (1400 °C for thermal reduction 

process and 1000 °C for water splitting process, 

respectively).[47] Therefore, the Ca doping level and the two-

step thermochemical H2O splitting operational conditions 

deserve further optimisations to improve the catalytic 

performance of La1-xCaxMnO3 catalysts. 

 Herein, we report La1-xCaxMnO3 (LCMO) perovskites as 

highly efficient and durable catalysts for two-step 

thermochemical H2O splitting at low thermal reduction 

temperature (1300 °C). To find out the optimal composition, 

a series of LCMO perovskites with a wide range of Ca 

doping levels (0.2 to 0.8) have been studied. More 

importantly, the thermochemical operational condition (e.g., 

re-oxidation temperatures) has been optimised and cyclic 

stability has been investigated. 

Results and Discussion 

Structural characteristics 

A series of La1-xCaxMnO3 (LCMO) perovskites (x = 0.2, 0.4, 0.6, 

0.8; labelled as LCMO-0.2, LCMO-0.4, LCMO-0.6, LCMO-0.8, 

respectively) have been synthesised for the following 

thermochemical measurements. 

 As shown in Figure 2a, the XRD pattern of the as-

synthesised perovskites (take LCMO-0.4 as the 

representative one and the rest XRD results refer to Figure 

S1, ESI†) can be indexed as an orthorhombic crystal 

structure (ICSD# 89-8086). With the increase in Ca doping 

level, the main Bragg peaks of La1-xCaxMnO3 perovskites 

were found to be shifted to a higher angle (Figure S2, ESI†) 

due to the relative smaller ionic radius of Ca (1.34 Å) when 

comparing to that of La (1.36 Å), meaning a successful 

incorporation of Ca ions to the perovskite crystal structure. 

 

Figure 2. (a) XRD pattern, (b) SEM images (insert shows the high 

magnification), (c) TEM images and HRTEM image (top inset), and (d) EDX 

elemental mapping of La, Ca and Mn distribution of the LCMO-0.4 perovskite 

sample. 

 Figure 2b shows a typical SEM image of LCMO-0.4, 

revealing an irregular porous structure with nano-sized 

particles (~ 90 nm, see inset of Figure 2b). From the SEM 

images of the other samples (Figure S3, ESI†), it has been 

confirmed that Ca doping level only slightly affects the 

surface nanostructures of the perovskites. The TEM image 

(Figure 2c) further confirms the particle size of ~ 90 nm with 

an irregular porous structure of LCMO-0.4. The high-

resolution transmission electron microscopic (HRTEM) 

image (inset of Figure 2c (top right)) shows a lattice spacing 

of 0.28 nm corresponding to the (121) plane of the 

orthorhombic structured LCMO-0.4 perovskite, which is 

consistent with the XRD result (Figure 2a). Furthermore, 

EDX mapping was also performed to analyse the cation 

distributions in the perovskites. As EDX mapping images 

shown in Figure 2d, a homogeneous distribution of the 

corresponding La, Ca and Mn elements in LCMO-0.4 

sample is observed. Based on the XRD, SEM, HRTEM and 

EDX analysis, it can be conferred that a series of LCMO 

perovskites with different Ca doping levels were 

successfully synthesised. 

Effect of Ca doping level 

For perovskites, their properties and catalytic activities have 

a close relation with their chemical compositions.[48] The 
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recent density functional theory (DFT) calculations by Deml 

et al. revealed that the oxygen vacancy formation energies 

(EV) and reduction enthalpy (∆Hred) of perovskites are 

strongly dependent on metal dopant level, which further 

exerts a critical effect on their thermochemical 

performances.[49, 50] Thus, a catalyst design strategy need to 

be developed based on the optimisation of EV and ∆Hred 

through tuning the perovskite compositions. Furthermore, 

the dopant content in the perovskites was also 

experimentally demonstrated to be an important factor 

which can greatly influence the overall performances of the 

catalysts in two-step thermochemical H2O splitting cycles.[40, 

44, 47] For example, Yang et al. reported that the H2 yield 

increased monotonically with the increase of Sr doping level 

within the La1-xSrxMnO3 perovskites, while the H2O splitting 

reaction kinetics favoured the opposite trend.[40] Therefore, 

a detailed investigation on the Ca doping level in LCMO 

perovskites is interesting. It is worthwhile to mention that 

LCMO perovskites can retain their perovskite structure over 

the entire doping range (0 ≤ x ≤1).[51] This special feature 

of LCMO perovskites enables us to choose a wide range of 

Ca doping level from 0.2 to 0.8 to systematically investigate 

the effect of Ca doping content on the two-step 

thermochemical H2O splitting performances in this study. 

 

Figure 3. (a) O2 and (b) H2 production curves for La1-xCaxMnO3 perovskites 

series with the Ca doping level from 0.2 to 0.8 in a two-step thermochemical 

H2O splitting cycle carried out between 1300 °C and 900 °C. 

 As evident from Figure 3a, the temperature required to 

initiate the O2 evolution significantly decreased and the O2 

releasing rate increased rapidly with the increase of Ca 

doping level. Also, the peak maxima were shifted to lower 

temperature with the increase of Ca doping level. This 

linear relationship resulted in higher O2 evolution (402 

µmol/g) by LCMO-0.8 compared to LCMO-0.6 (224 µmol/g), 

LCMO-0.4 (167 µmol/g) and LCMO-0.2 (94 µmol/g). 

However, the H2 production performances recorded by 

using LCMO perovskite series at 900 °C were not in full 

accordance with the O2 releasing trend. As shown in Figure 

3b, the H2 production rate was found to be improved with 

the increase of Ca doping level from 0.2 to 0.4 and then 

decreased rapidly. As a result, the H2 production achieved 

by LCMO-0.4 (314 µmol/g) is significantly higher than those 

achieved by the rest LCMO perovskites, e.g., LCMO-0.2 

(187 µmol/g), LCMO-0.6 (243 µmol/g) and LCMO-0.8 (162 

µmol/g). 

 

Figure 4. (a) O2 and H2 production amounts and (b) re-oxidation yield of La1-

xCaxMnO3 perovskite series with the Ca doping level from 0.2 to 0.8 8 in a two-

step thermochemical H2O splitting cycle carried out between 1300 °C and 

900 °C. 
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 The variation of O2 and H2 production tendency as a 

function of Ca doping level can be pictorially presented in 

Figure 4a. It is quite obvious that the ratio of H2 and O2 

production remains close to the theoretical ratio of 2:1 up to 

Ca doping level of 0.4. However, the ratio decreases 

significantly at the higher Ca doping levels, which indicates 

undesired reaction pathways for H2 production. To gain 

further insight of this anomalous behaviour, we have 

calculated the re-oxidation yield (in percentage) of each 

perovskite based on the recovery extent of O2 after an 

intact thermochemical cycle. As shown in Figure 4b, with 

the increase of Ca doping level, the re-oxidation yield 

decreases rapidly, especially when Ca doping level is 

beyond 0.4. For LCMO-0.2 and LCMO-0.4, the O2 released 

during the thermal reduction process can be almost fully 

recovered after H2O splitting reaction. However, only 

around 20% of the O2 was recorded to be recovered for 

LCMO-0.8, further justifying the importance of an optimal 

level of Ca dopant in LCMO perovskites. From the 

aforementioned discussion, the optimisation of perovskite 

compositions is an efficient way to enhance the 

thermochemical catalytic performance. Based on the Ca 

doping level investigation, LCMO-0.4 is confirmed to be the 

optimised composition among the investigated LCMO 

perovskites for two-step thermochemical H2O splitting. 

Actually, we also prepared one more LCMO perovskite with 

the Ca doping level of 0.5 which proved to be the most 

suitable composition for thermochemical CO2 splitting as 

reported previously.[47] Based on the two-step 

thermochemical H2O splitting performances (Figure S5, 

ESI†), the H2 production result of LCMO-0.5 (274 μmol/g) is 

lower than that achieved by LCMO-0.4 (314 μmol/g). Thus, 

it further proves the necessity of optimising the Ca dopant 

level in LCMO perovskites for thermochemical H2O splitting 

purpose. 

Effect of re-oxidation temperature 

After optimising Ca doping level in LCMO perovskites, the 

re-oxidation temperature was further optimised for LCMO-

0.4 sample. From the thermodynamic point of view, the re-

oxidation temperature needs to be at least 200 °C lower 

than the thermal reduction temperature to favour the overall 

H2O splitting performance of a catalyst.[35] However, the 

water splitting reaction cannot happen at very low re-

oxidation temperature due to the limitation of reaction 

kinetics.[39] Herein, a re-oxidation temperature ranging from 

700 to 1100 °C was studied. Figure 5a and 5b show the H2 

production curves and total gas production amounts using 

LCMO-0.4 as the catalyst. Clearly, with the increase of re-

oxidation temperature, the H2 production trend showed a 

typical convex parabolic shape (Figure 5b). A maximum H2 

production amount with a steeper rate was observed at the 

re-oxidation temperature of 900 °C. Thus, we can conclude 

that 900 °C is the most suitable re-oxidation temperature for 

LCMO-0.4 to carry out water splitting. 

 

Figure 5. (a) H2 production curves and (b) summarised H2 production amounts 

of LCMO-0.4 sample at different re-oxidation temperatures. 

Comparative H2 production performance 

Since CeO2 is recognised as the benchmark material for 

two-step thermochemical H2O splitting, the performance of 

our catalyst (LCMO-0.4) was rationally compared with CeO2 

under same experimental conditions. Figure 6a shows the 

O2 releasing curves for LCMO-0.4 and CeO2. It is evident 

that for both cases, thermal reduction is completed within 1 

h at 1300 °C. Unlike CeO2, LCMO-0.4 started to release O2 

at the onset temperature of ~900 °C, which is ~300 °C 

lower than that of CeO2 (1200 °C). Also, the amount of 

evolved O2 by LCMO-0.4 was larger than that by CeO2. 

This observation justifies the utility of perovskite catalysts 

with superior O2 releasing capacity over CeO2 in the 

thermochemical reduction process.  

The H2 production curves of the catalysts via the H2O 

splitting at 900 °C are also presented in Figure 6b. As 

evident, the H2 production rate of LCMO-0.4 is significantly 

higher than that of CeO2, consistent with the O2 releasing 
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performances (Figure 6a). Also, the LCMO-0.4 sample can 

deliver O2 and H2 productions of 167 and 314 µmol/g, 

respectively (Figure S5), which are about 10 times higher 

than those of CeO2 (17 and 34 µmol/g). Moreover, we also 

investigated the thermochemical performance of Sr doped 

LMO (LSMO-0.4) with the same doping level under the 

same experimental condition as LCMO-0.4. As shown in 

Figure S6, both the O2 and H2 productions detected by 

LSMO-0.4 (126 and 234 μmol/g, respectively) are 

significantly lower than that of LCMO-0.4. In addition, the 

performances of our optimally prepared perovskite (LCMO-

0.4) catalyst is comparable with best results reported for 

La0.6Sr0.4MnO3
[40] and La0.6Sr0.4Mn0.6Al0.4O3

[41] perovskites, 

but with a much lower thermal reduction temperature. 

 

Figure 6. (a) O2 and (b) H2 evolution curves of CeO2, LSMO-0.4 and LCMO-

0.4 in the two-step thermochemical H2O splitting cycle carried out between 

1300 °C and 900 °C. 

Cyclic stability test 

Further, we checked the catalytic stability of LCMO-0.4 

sample by running a total of five consecutive 

thermochemical H2O splitting cycles between 1300 and 

900 °C. As shown in Figure 7a, relatively stable O2 and H2 

production behaviours were observed during the entire 

cycling test. The summarised O2 and H2 production 

amounts for each cycle are also presented in Figure 7b. It 

demonstrates that the H2 to O2 production ratio of LCMO-

0.4 is close to the theoretical value of 2. Therefore, all the 

oxygen vacancies generated during the high-temperature 

thermal reduction process have been successfully 

recovered during H2O splitting process. After five 

consecutive thermochemical H2O splitting cycles, the 

sample was characterised by XRD (Figure S7, ESI†) and 

SEM (Figure S8, ESI†) measurements. No significant 

change in the crystal structure was observed (Figure S7, 

ESI†), confirming a stable perovskite structure of LCMO-0.4 

sample is preserved after the redox reactions. On the other 

hand, only negligible change in surface morphology (Figure 

S8, ESI†) was observed without serious sintering or 

aggregation, referring a stable porous structural property. 

Therefore, LCMO-0.4 exhibits a reliable stability and 

possesses the potentials for long-term thermochemical 

solar H2 production applications. 

 

Figure 7. (a) five consecutive O2 and H2 production profiles and (b) O2 and H2 

yields and their corresponding ratio as a function of cycle number. 

Conclusions 

Ca doped lanthanum manganite perovskites (La1-xCaxMnO3) 

were systematically investigated at low thermal reduction 

temperature (1300 °C) by choosing a wide range of Ca doping 

level. An optimised composition of La1-xCaxMnO3 perovskite 
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(La0.6Ca0.4MnO3) was found to deliver an outstanding O2 

evolution and H2 production performance in the two-step 

thermochemical H2O splitting. In addition, the re-oxidation 

temperature of 900 °C was demonstrated to be the optimal one 

for the La0.6Ca0.4MnO3 catalyst. More importantly, under the 

same experimental conditions, a maximum H2 production of 314 

µmol/g was achieved using La0.6Ca0.4MnO3 as a catalyst which 

is about 10 times higher than that produced by the current 

benchmark CeO2 catalyst. Besides, La0.6Ca0.4MnO3 also exhibits 

superb stability during the cycling test with stable O2 and H2 

production. We, therefore, believe that the optimisation of doping 

level and operational condition in the perovskites is of 

paramount importance to achieve much enhanced 

thermochemical water splitting performance, which can also be 

essential for the molecular design of catalysts for other 

thermochemical applications e.g., CO2 splitting. 

Experimental Section 

Materials 

La(NO3)3·6H2O, Ca(NO3)2·4H2O, Mn(NO3)2·xH2O, ceria, citric acid and 

ethylene glycol were purchased from Sigma-Aldrich. All chemicals were 

used as received without any further purification. 

Catalyst synthesis 

All the perovskite oxides were synthesised by a modified Pechini 

method.[52] In brief, stoichiometric amounts of metal nitrate precursors 

were dissolved in deionized (D.I.) water and heated at 70 °C with 

continuous stirring. Citric acid was then added to the solution with a 

molar ratio of 1.5:1 with respect to the metal cations. After 10 min, 

ethylene glycol (ethylene glycol: citric acid molar ratio = 1:1) was added 

to the mixture and heated at 90 °C until a brownish gel was obtained. 

The resulting gel was transferred to an electric oven and kept for 12 h at 

120 °C to obtain a resin. The resin was then collected and ground with 

mortar and pestle. The final perovskite oxide powder was prepared by 

calcining the resin at 1300 °C for 6 h to remove any remaining organics 

or nitrates. 

Characterisations 

The X-ray diffraction (XRD) patterns of the samples were collected with a 

Bruker D8 X-ray diffractometer operated at 40 kV with the current of 25 

mA using a Cu Kα radiation. The measurements of 2θ symmetrical scans 

were carried out in the range of 20–80° with a step size of 0.02 ° and a 

scanning rate of 2 °/min, respectively. Phase identification was 

conducted by comparing with the standard Inorganic Crystal Structure 

Database (ICSD). Scanning electron microscopy (SEM, JSM- JSM-7100), 

energy dispersive X-ray (EDX, JSM-7100) mapping and transmission 

electron microscope (TEM, Tecnai F20) techniques were also employed 

to characterise the surface morphology and elemental distribution within 

the samples. 

Thermochemical H2O splitting test 

The two-step thermochemical H2O splitting activity was investigated at a 

laboratory-scale fix-bed reactor, as shown in Figure 8. To facilitate the 

effective testing, the freshly-prepared perovskite samples (~ 0.5 g) were 

transferred into a solid porous monolith structure by mixing with a proper 

amount of isopropanol and fired at 1300 °C for 6 h in the air.[40, 53] Then 

the prepared redox sample was packed at the centre of alumina tubular 

reactor coupled within a high temperature programmable electric furnace 

(MTI, KSL-1800X-S60). Ar (ultra-high purity ~ 99.99%) was used as a 

carrier gas and the flow rate was controlled by a mass flow controller 

(Alicat Scientific). Thermal reduction step was carried out by heating the 

perovskite sample to 1300 °C and held for 1 h under an Ar flow rate of 

200 sccm (the oxygen partial pressure was around 20 ppm). Then the 

temperature was allowed to decrease to a fixed value (700-1100 °C) for 

H2O splitting. Both the temperature increase and decrease rate was fixed 

at 10 °C/min. The water was introduced into the chamber by a water 

pump (Easypump, BT100N) with a proper rate, then vaporised and mixed 

with Ar gas (the volume ratio of vapour in the mixture gas was around 

40%). The whole H2O splitting process was kept for 1 h to complete the 

re-oxidation process. During the thermal reduction and H2O splitting 

process, the produced O2 and H2 were detected by the mass 

spectrometer (MS, Omni Star GSD 320). For quantitative measurement 

of evolved gas, the ion current signal of MS result was calibrated by the 

standard O2 and H2 gases. 

 

Figure 8. Two-step thermochemical H2O splitting set-up for H2 production. 
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Supporting Figures 

 

Fig. S1 XRD patterns of La1-xCaxMnO3 (x = 0.2, 0.4, 0.6, 0.8) perovskite series. 
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Fig. S2 Magnified view of the narrow ranged XRD patterns of La1-xCaxMnO3 (x = 0.2, 0.4, 

0.6, 0.8) perovskite series. 
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Fig. S3 SEM images of La1-xCaxMnO3 (x = 0.2, 0.4, 0.6, 0.8) perovskites fabricated via a 

modified Pechini method. 
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Fig. S4 (a) O2 evolution and (b) H2 production curves of La0.5Ca0.5MnO3 perovskite oxide in 

the two-step thermochemical H2O splitting carried out under the same conditions as 

La0.6Ca0.4MnO3. 
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Fig. S5 Summarised O2 and H2 production amounts by LCMO-0.4 and CeO2 during the two-

step thermochemical H2O splitting process. 
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Fig. S6 (a) O2 evolution and (b) H2 production curves of La0.6Sr0.4MnO3 perovskite oxide in 

the two-step thermochemical H2O splitting process carried out under the same experimental 

conditions used for La0.6Ca0.4MnO3. 
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Fig. S7 XRD pattern of the LCMO-0.4 sample after the two-step thermochemical H2O 

splitting cycling test operated between 1300 °C and 900 °C. 
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Fig. S8 SEM image of LCMO-0.4 after the two-step thermochemical H2O splitting cycling 

test operated between 1300 and 900 °C. 
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Solar‐driven	thermochemical	water	splitting	represents	one	efficient	route	to	the	generation	of	H2

as	a	clean	and	renewable	fuel.	Due	to	their	outstanding	catalytic	abilities	and	promising	solar	fuel	
production	 capacities,	 perovskite‐type	 redox	 catalysts	 have	 attracted	 significant	 attention	 in	 this	
regard.	In	the	present	study,	the	perovskite	series	La1‐xCaxMn1‐yAlyO3	(x,	y	=	0.2,	0.4,	0.6,	or	0.8)	was	
fabricated	 using	 a	modified	 Pechini	method	 and	 comprehensively	 investigated	 to	 determine	 the	
applicability	of	these	materials	to	solar	H2	production	via	two‐step	thermochemical	water	splitting.	
The	thermochemical	redox	behaviors	of	these	perovskites	were	optimized	by	doping	at	either	the	A	
(Ca)	or	B	(Al)	sites	over	a	broad	range	of	substitution	values,	from	0.2	to	0.8.	Through	this	doping,	a	
highly	 efficient	 perovskite	 (La0.6Ca0.4Mn0.6Al0.4O3)	 was	 developed,	 which	 yielded	 a	 remarkable	 H2

production	rate	of	429	μmol/g	during	two‐step	thermochemical	H2O	splitting,	going	between	1400	
and	1000	°C.	Moreover,	the	performance	of	the	optimized	perovskite	was	found	to	be	eight	times	
higher	than	that	of	the	benchmark	catalyst	CeO2	under	the	same	experimental	conditions.	Further‐
more,	these	perovskites	also	showed	impressive	catalytic	stability	during	two‐step	thermochemical	
cycling	tests.	These	newly	developed	La1‐xCaxMn1‐yAlyO3	redox	catalysts	appear	to	have	great	poten‐
tial	for	future	practical	applications	in	thermochemical	solar	fuel	production.	

©	2017,	Dalian	Institute	of	Chemical	Physics,	Chinese	Academy	of	Sciences.
Published	by	Elsevier	B.V.	All	rights	reserved.

Keywords:	
Two‐step	thermochemical	route	
Water	splitting	
Solar	fuel	
Perovskite‐type	redox	catalyst	
Hydrogen	production 

1. Introduction	

Concerns	regarding	fossil	fuel	depletion	and	climate	change	
have	resulted	in	the	development	of	alternative	renewable	and	
clean	energy	solutions,	such	as	solar	energy	technologies.	One	
viable	means	of	converting	concentrated	solar	power	into	clean	
energy	 sources	 such	 as	 hydrogen	 (H2)	 is	 via	 thermochemical	
water	splitting	[1,2].	Compared	with	various	other	solar‐based	

H2	 generation	methods,	 including	 photochemical	 and	 photoe‐
lectrochemical	water	splitting	[3,4],	the	thermochemical	water	
splitting	route	is	capable	of	utilizing	the	entire	solar	spectrum	
and	thereby	results	in	higher	solar	energy	conversion	efficiency	
[5–7].	 Since	 direct	 water	 thermolysis	 [8]	 requires	 very	 high	
temperatures	(>4000	°C)	that	are	not	practical,	 thermochemi‐
cal	water	splitting	 is	 typically	divided	 into	 two	separate	steps	
utilizing	a	metal	oxide	as	a	 redox	catalyst.	As	shown	 in	Fig.	1,	

*	Corresponding	author.	Tel:	+61‐7‐55528261;	Fax:	+61‐7‐55528067;	E‐mail:	h.zhao@griffith.edu.au	
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the	 metal	 oxide	 (MOx)	 is	 initially	 subjected	 to	 a	
high‐temperature	 endothermic	 thermal	 reduction	 step	 to	 re‐
lease	 part	 (or	 all)	 of	 its	 oxygen	 atoms,	 to	 generate	 oxy‐
gen‐deficient	 MOx‐δ	 (Eq.	 (1)).	 Subsequently,	 through	 a	
low‐temperature	 exothermic	 water	 splitting	 step,	 the	 oxy‐
gen‐deficient	MOx‐δ	 is	re‐oxidized	to	the	original	MOx	with	the	
simultaneous	production	of	H2	(Eq.	(2)).	

Thermal	reduction	step:	
MOx	+	concentrated	solar	energy	→	MOx‐δ	+	δ/2	O2	 	 	 	 (1)	

Water	splitting	step:	
MOx‐δ	 +	 δ	 H2O	 →	 MOx	 +	 δ	 H2	 	 	 	 	 	 	 	 	 	 (2)	

Over	the	past	several	decades,	numerous	metal	oxides	have	
been	 assessed	 for	 this	 purpose,	 although	 only	 a	 few,	 such	 as	
ZnO	[9–11],	Fe3O4	[12–14],	various	 ferrites	[15–17],	CeO2	and	
doped	 CeO2	 [18–23],	 have	 been	 found	 to	 exhibit	 sufficient	
thermochemical	 water	 splitting	 activity.	 Among	 these,	
non‐stoichiometric	CeO2	 is	generally	recognized	as	 the	bench‐
mark	catalyst	due	to	its	favorable	reaction	kinetics	and	superi‐
or	 catalytic	 stability.	 However,	 the	 high	 processing	 tempera‐
tures	 required	 when	 using	 this	 material	 (>1500	 °C)	 and	 its	
relatively	low	solar	fuel	production	capacity	limit	the	practical	
applications	of	CeO2	in	this	field.	 	

Perovskite‐type	metal	oxides	with	the	general	formula	ABO3	
have	 been	widely	 studied	 in	 applications	 such	 as	 solid	 oxide	
fuel	 cells	 [24],	 electrocatalysts	 [25],	 and	 sensors	 [26].	 Due	 to	
the	 unique	 structures	 of	 these	 compounds	 and	 their	 oxygen	
exchange	 properties,	 perovskite	 oxides	may	 also	 have	 signifi‐
cant	 potential	 for	 thermochemical	 solar	 fuel	 production.	 Re‐
cently,	La1‐xSrxMnO3	perovskites	were	investigated	for	the	first	
time	as	thermochemical	catalysts,	and	demonstrated	promising	
oxygen	 exchange	 capacities	 and	 high	 theoretical	 energy	 con‐
version	 efficiencies	 [27–29].	 McDaniel	 et	 al.	 [30,31]	 also	 re‐
ported	an	advanced	perovskite	system,	La1‐xSrxMn1‐yAlyO3,	that	
exhibits	 fast	water	 splitting	 kinetics	 and	 significant	 hydrogen	
yields.	 Furthermore,	 several	 other	 perovskites,	 including	
La1‐yCayMnO3	 [32],	 La0.6Sr0.4Cr1‐yCoyO3	 [33],	 Y0.5Sr0.5MnO3	 [34]	
and	La0.6Sr0.4Mn1‐yScyO3	 [35],	 have	 also	 been	 studied	 for	 ther‐
mochemical	applications.	However,	none	of	these	are	ideal	for	

practical	 thermochemical	 applications	due	 to	 challenges	asso‐
ciated	with	their	solar	fuel	production	capacities	and	long‐term	
catalytic	stabilities.	Considering	the	vast	range	of	compositions	
possible	with	these	compounds,	 the	discovery	of	new	and	ad‐
vanced	 perovskite‐type	 redox	 catalysts	 for	 two‐step	 thermo‐
chemical	water	splitting	is	of	significant	interest.	

Recently,	members	of	the	La1‐xCaxMn1‐yAlyO3	(LCMA)	perov‐
skite	 series	 were	 extensively	 studied	 for	 two‐step	 thermo‐
chemical	 CO2	 splitting	 to	 produce	 CO,	 a	 similar	 process	 to	
thermochemical	H2O	splitting	 [36,37].	Based	on	 the	outstand‐
ing	oxygen	exchange	capacities	and	promising	catalytic	behav‐
ior	observed	during	these	previous	trials,	 it	 is	considered	that	
LCMA	perovskites	may	be	applicable	to	two‐step	thermochem‐
ical	water	splitting	to	produce	H2.	However,	until	now,	no	such	
investigations	have	been	performed.	The	present	work	repre‐
sents	 the	 first‐ever	 systematic	 investigation	 of	 LCMA	 perov‐
skites	 as	 efficient	 catalysts	 for	 two‐step	 thermochemical	 H2O	
splitting,	 and	 demonstrates	 remarkable	 H2	 yields	 using	 these	
materials.	

2.	 	 Experimental	

2.1.	 	 Chemicals	

La(NO3)3·6H2O,	 Ca(NO3)2·4H2O,	 Mn(NO3)2·xH2O,	 Al(NO3)3·	

9H2O,	ceria,	citric	acid	and	ethylene	glycol	were	all	purchased	
from	Sigma‐Aldrich.	All	chemicals	were	used	as	received	with‐
out	any	further	purification.	

2.2.	 	 Perovskites	synthesis	

All	 the	 LCMA	 perovskite	 oxides	 were	 synthesized	 using	 a	
modified	Pechini	method	 [38].	 In	a	 typical	 synthesis,	 the	nec‐
essary	 metal	 nitrates	 were	 first	 dissolved	 in	 deionized	 (DI)	
water	 in	 the	appropriate	amounts.	Citric	acid	was	then	added	
to	the	solution	at	a	molar	ratio	of	1.5:1	with	respect	to	the	total	
metal	cations,	after	which	the	mixture	was	heated	to	70	°C	with	
stirring.	After	approximately	10	min,	ethylene	glycol	was	added	
to	the	solution	at	a	molar	ratio	of	1:1	relative	to	the	citric	acid.	
The	 solution	was	 then	held	at	90	 °C	until	 a	brownish	gel	was	
obtained,	which	was	transferred	to	an	electric	oven	and	heated	
at	120	°C	for	12	h	to	obtain	a	resin.	The	resin	was	carefully	col‐
lected	and	ground	using	a	mortar	and	pestle.	Finally,	the	resin	
was	calcined	in	a	tubular	furnace	(1300	°C	for	6	h)	to	remove	
any	remaining	organics	or	nitrates,	to	prepare	the	final	perov‐
skite	sample.	

2.3.	 	 Characterizations	

X‐ray	diffraction	 (XRD)	patterns	of	 the	perovskite	 samples	
were	acquired	with	a	Bruker	D8	X‐ray	diffractometer	operating	
at	 40	 kV	with	 a	 current	 of	 25	mA	using	 Cu	Kα	 radiation.	 The	
XRD	 measurements	 were	 carried	 out	 over	 the	 2θ	 range	 of	
20°–80°	with	a	step	size	of	0.02°	and	a	scanning	rate	of	2°/min.	
The	results	were	compared	with	the	standard	Inorganic	Crystal	
Structure	 Database	 (ICSD)	 to	 identify	 phases.	 The	 surface	
structures	and	particles	sizes	of	the	prepared	perovskites	were	

Fig.	 1.	 Schematic	 illustration	 of	 the	 two‐step	 thermochemical	 water
splitting	 process.	 In	 the	 first	 step,	 the	metal	 oxide,	 MOx,	 is	 thermally
reduced	to	MOx‐δ	via	a	high‐temperature	treatment	to	release	O2.	In	the	
second	step,	the	oxygen	deficient	MOx‐δ	is	re‐oxidized	by	splitting	H2O	to	
produce	H2.	
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confirmed	 by	 scanning	 electron	microscopy	 (SEM,	 JSM‐7100)	
and	transmission	electron	microscopy	(TEM,	Tecnai	F20).	En‐
ergy	dispersive	X‐ray	(EDX,	JSM‐7100)	mapping	was	also	used	
to	characterize	the	surface	morphologies	and	elemental	distri‐
butions	within	the	samples.	

2.4.	 	 Thermochemical	H2O	splitting	tests	

The	two‐step	thermochemical	H2O	splitting	activity	of	each	
specimen	was	 investigated	 using	 a	 laboratory‐scale	 fixed‐bed	
reactor.	 To	 facilitate	 effective	 testing,	 each	 freshly	 prepared	
perovskite	sample	(approximately	0.5	g)	was	made	into	a	solid	
porous	monolithic	structure	by	mixing	with	a	suitable	quantity	
of	isopropanol	and	heating	at	1300	°C	for	6	h	in	air	[28,39].	The	
resulting	 redox	 sample	was	 placed	 in	 the	 center	 of	 a	 tubular	
alumina	 reactor	 within	 a	 high	 temperature	 programmable	
electric	 furnace	 (MTI,	 KSL‐1800X‐S60).	 Ar	 (ultra‐high	 purity;	
approximately	 99.99%)	 was	 used	 as	 the	 carrier	 gas,	 with	 its	
flow	 rate	 determined	by	 a	mass	 flow	 controller	 (Alicat	 Scien‐
tific).	Thermal	reduction	was	carried	out	by	heating	the	perov‐
skite	sample	to	1400	°C	and	holding	at	that	temperature	for	1	h	
under	an	Ar	flow	of	200	sccm	(with	an	oxygen	partial	pressure	
of	approximately	20	ppm).	The	temperature	was	subsequently	
decreased	 to	1000	 °C	 for	H2O	 splitting.	Both	 the	 temperature	
increase	 and	 decrease	 rates	 were	 fixed	 at	 10	 °C/min.	 Water	
was	 introduced	 into	 the	 reaction	 chamber	 by	 a	 water	 pump	
(Easypump,	BT100N)	at	a	set	rate,	whereupon	it	vaporized	and	
mixed	with	the	Ar	gas	(such	that	the	volume	percentage	of	wa‐
ter	 vapor	 in	 the	mixture	was	 on	 the	 order	 of	 40%).	 The	H2O	
splitting	 reaction	 was	 performed	 for	 1	 h	 to	 complete	 the	
re‐oxidation	 process.	 During	 the	 thermal	 reduction	 and	 H2O	
splitting	 process,	 the	 amounts	 of	 O2	 and	 H2	 produced	 were	
quantified	using	a	mass	spectrometer	(MS,	Omni	Star	GSD	320)	
that	had	been	previously	calibrated	using	O2	and	H2	gas	stand‐
ards.	 	

The	 re‐oxidation	 yield	 (α)	 of	 each	 thermochemical	 H2O	
splitting	 test	 trial	 was	 calculated	 as	 α	 =	 (nH2/2nO2)	 	 100%,
where	 nO2	 and	 nH2	 represent	 the	 total	 moles	 of	 O2	 and	 H2	

evolved	during	two‐step	thermochemical	H2O	splitting.	

3. Results	and	discussion	

3.1.	 	 Structural	characteristics	

The	 XRD	 pattern	 of	 a	 typical	 as‐synthesized	 LCMA	 perov‐
skite	 (La0.6Ca0.4Mn0.6Al0.4O3	or	 LCMA‐C0.4A0.4)	 is	 displayed	 in	
Fig.	2(a),	with	the	remainder	of	the	XRD	results	shown	in	Figs.	3	
and	4.	In	keeping	with	results	in	the	literature	[36,40],	the	ob‐
served	 diffraction	 peaks	 indicate	 a	 typical	 orthorhombic	 per‐
ovskite	 structure	 (Pnma	 group)	 without	 impurity	 phases,	
demonstrating	 the	 successful	preparation	of	perovskite	 struc‐
tured	 oxides.	 During	 the	 high‐temperature	 treatment,	 all	 the	
LCMA	perovskites	fabricated	in	this	work	were	found	to	main‐
tain	a	stable	crystal	structure	without	any	phase	changes.	The	
surface	morphologies	of	these	perovskites	were	also	observed	
by	 SEM.	 As	 shown	 in	 Fig.	 2(b),	 the	 representative	

LCMA‐C0.4A0.4	perovskite	had	a	hierarchical	porous	structure	
composed	 of	 interconnected	 small	 particles.	 Similar	 surface	
microstructures	were	also	observed	 for	 the	other	LCMA	sam‐

Fig.	2.	 (a)	 XRD	 pattern,	 (b)	 SEM	 image,	 (c)	 TEM	 image,	 and	 (d)	 EDX	
elemental	 mapping	 of	 Ca,	 Mn	 and	 Al	 distributions	 for	 the	
LCMA‐C0.4A0.4	perovskite.	The	inset	in	(c)	shows	a	high	magnification	
local	TEM	image.	

Fig.	3.	XRD	patterns	of	La1‐xCaxMn0.6Al0.4O3	perovskites	with	Ca	doping	
levels	of	0.2,	0.4,	0.6	and	0.8.	

Fig.	4.	XRD	patterns	of	La0.6Ca0.4Mn1‐yAlyO3	perovskites	with	Al	doping	
levels	of	0.2,	0.4,	0.6	and	0.8.	
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ples	having	different	doping	levels.	TEM	was	also	performed	to	
further	 confirm	 the	 structure	 and	 particle	 size	 of	 the	
LCMA‐C0.4A0.4.	In	keeping	with	the	SEM	results,	a	porous	sur‐
face	 structure	 was	 observed	 (Fig.	 2(c)).	 The	 local	
high‐resolution	 TEM	 image	 include	 as	 an	 inset	 in	 Fig.	 2(c)	
shows	that	the	particle	size	of	the	LCMA‐C0.4A0.4	was	less	than	
50	nm.	EDX	mapping	was	employed	to	determine	the	elemental	
distributions	 in	 the	 LCMA	perovskites.	 As	 shown	 in	 Fig.	 2(d),	
homogeneous	distributions	of	the	metal	cations	(Ca,	Mn	and	Al)	
were	 evident	 in	 the	 LCMA‐C0.4A0.4	 sample.	 Based	 on	 these	
results,	 it	 is	apparent	that	LCMA	perovskites	with	different	Ca	
and	Al	doping	levels	were	successfully	synthesized.	

3.2.	 	 Thermochemical	activity	tests	

The	 catalytic	 performance	 of	 a	 perovskite	 is	 strongly	 de‐
pendent	on	its	composition.	Thus,	to	optimize	the	catalytic	be‐
havior	of	 these	 LCMA	perovskites	during	 the	 thermochemical	
H2O	splitting	process,	we	systematically	investigated	the	effects	
of	both	the	A	site	dopant	Ca	and	the	B	site	dopant	Al	through	
varying	their	levels	over	a	broad	doping	range.	

3.2.1.	 	 Effect	of	the	Ca	doping	level	
We	first	examined	the	 two‐step	 thermochemical	H2O	split‐

ting	performance	of	these	materials	while	varying	the	Ca	dop‐
ing	level	from	0.2	to	0.8	at	the	A	sites	(samples	LCMA‐C0.2A0.4,	
LCMA‐C0.4A0.4,	 LCMA‐C0.6A0.4	 and	 LCMA‐C0.8A0.4).	 During	

these	trials,	the	Al	level	at	the	B	sites	was	fixed	at	0.4	based	on	
previously	reported	results	 [30].	As	shown	in	Fig.	5(a),	differ‐
ent	O2	 evolution	 profiles	were	 obtained	 during	 the	 high	 tem‐
perature	thermal	reduction	process	(T	=	1400	°C).	Clearly,	 in‐
creasing	 the	 Ca	 doping	 level	 improved	 the	 O2	 evolution	 per‐
formance	 of	 the	 LCMA	 perovskite.	 As	 an	 example,	 compared	
with	 LCMA‐C0.2A0.4,	 LCMA‐C0.8A0.4	 exhibited	 a	 lower	 onset	
temperature	for	O2	evolution	and	showed	a	significantly	higher	
peak	production	rate.	In	these	trials,	the	H2O	splitting	reaction	
was	carried	out	at	a	relatively	low	temperature	of	1000	°C	upon	
introducing	 the	 steam/Ar	 mixture	 to	 the	 reactor	 system.	 In	
contrast	to	the	O2	evolution	rate,	which	increased	in	proportion	
to	the	increases	in	the	Ca	doping	level,	the	specimens	exhibited	
different	 H2	 production	 behaviors	 during	 the	 H2O	 splitting	
process.	Fig.	5(b)	demonstrates	that	the	H2	production	profiles	
of	 the	 LCMA	 perovskites	 were	 initially	 improved	 as	 the	 Ca	
doping	 level	 increased	 from	 0.2	 to	 0.4.	 However,	 further	 in‐
creases	above	0.6	resulted	in	reduced	H2	generation.	 	

The	 different	O2	 and	H2	 evolution	 characteristics	 resulting	
from	 the	 thermal	 reduction	 and	 re‐oxidation	 processes	 are	
evident	from	the	final	amounts	summarized	in	Fig.	5(c).	The	O2	
evolution	 shows	 a	 linear	 increase	 as	 the	 Ca	 level	 increases.	
Thus,	 the	maximum	O2	 evolution	 (419	μmol/g)	was	 achieved	
using	 LCMA‐C0.8A0.4,	 which	 gave	 a	 value	 much	 higher	 than	
those	obtained	from	the	other	LCMA	perovskites	(176,	231,	and	
280	 μmol/g	 for	 LCMA‐C0.2A0.4,	 LCMA‐C0.4A0.4	 and	
LCMA‐C0.6A0.4,	 respectively).	 These	 data	 demonstrate	 that	

 
Fig.	5.	(a)	O2	and	(b)	H2	production	curves,	(c)	final	O2	and	H2	production	amounts,	and	(d)	re‐oxidation	yields	of	LCMA	perovskites	with	Ca	doping	
levels	from	0.2	to	0.8	in	a	two‐step	thermochemical	H2O	splitting	cycle	carried	out	between	1400	and	1000	°C.	
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increasing	the	extent	of	Ca	doping	significantly	promotes	the	O2	
evolution	 reaction	 during	 the	 thermal	 reduction	 process.	 In	
contrast,	 the	 H2	 production	 exhibits	 a	 different	 trend,	 with	 a	
parabolic	 shape.	 The	 LCMA‐C0.4A0.4	 showed	 the	 highest	 H2	
production	 rate	 (429	μmol/g)	 relative	 to	 those	 achieved	with	
the	 LCMA‐C0.2A0.4	 (334	 μmol/g),	 LCMA‐C0.6A0.4	 (364	
μmol/g),	 and	LCMA‐C0.8A0.4	 (260	μmol/g).	To	 further	 clarify	
this	anomalous	behavior,	the	re‐oxidation	yields	of	LCMA	per‐
ovskites	were	 calculated	based	on	 the	 extent	 of	O2	 recovered	
after	the	overall	thermochemical	H2O	splitting	cycle.	As	shown	
in	 Fig.	 5(d),	 at	 Ca	 doping	 levels	 less	 than	 0.4,	 the	 O2	 evolved	
during	 the	 thermal	 reduction	 process	 could	 be	 almost	 fully	
recovered.	However,	the	re‐oxidation	yields	decreased	rapidly	
above	 this	 concentration,	 such	 that	 only	 30%	 of	 the	 O2	 was	
recovered	in	the	case	of	LCMA‐C0.8A0.4	after	the	thermochem‐
ical	H2O	splitting.	This	result	explains	the	poor	water	splitting	
reaction	thermodynamics	observed	at	doping	levels	of	0.6	and	
0.8.	 	

Based	on	the	above	results,	it	is	evident	that	higher	levels	of	
A	site	Ca	doping	within	the	LCMA	perovskites	greatly	promotes	
O2	 evolution.	 At	 the	 same	 time,	 elevated	 levels	 of	 Ca	 are	 also	
significantly	detrimental	to	the	reaction	thermodynamics	of	the	
H2O	splitting	process,	leading	to	reduced	levels	of	O2	recovery	
and	 lower	 H2	 yields.	 Therefore,	 a	 Ca	 doping	 level	 of	 0.4	 was	
determined	to	be	the	most	suitable.	

3.2.2.	 	 Effect	of	the	Al	doping	level	
The	extent	of	Al	doping	at	the	B	sites	in	the	LCMA	may	also	

have	 a	 pronounced	 effect	 on	 the	 thermochemical	water	 split‐
ting	 results.	 Therefore,	 after	 determining	 the	 optimal	 A	 site	
doping	 level,	 the	 thermochemical	 behaviors	 of	 LCMA	 perov‐
skites	with	Al	substitution	at	the	B	sites	ranging	from	0.2	to	0.8	
(LCMA‐C0.4A0.2,	 LCMA‐C0.4A0.4,	 LCMA‐C0.4A0.6	 and	
LCMA‐C0.4A0.8,	respectively)	were	systematically	investigated.	
As	can	be	seen	from	the	oxygen	release	curves	presented	in	Fig.	
6(a),	in	contrast	to	the	data	obtained	when	varying	the	Ca	con‐
tent	of	the	A	sites,	the	O2	evolution	of	the	perovskites	is	initially	
improved	with	increases	in	the	Al	doping	content,	up	to	a	level	
of	0.4,	and	then	starts	 to	decrease.	Similar	H2	production	pro‐
files	(Fig.	6(b))	were	found	during	the	subsequent	water	split‐
ting	process.	According	to	previous	reports,	specific	Al	doping	
levels	at	the	B	sites	of	perovskites	can	lower	the	thermal	reduc‐
tion	 enthalpy	 and	 thus	 improve	 the	 thermochemical	 perfor‐
mance	[35,36].	However,	in	the	case	of	LCMA	perovskites,	Mn	is	
the	only	element	with	a	variable	valence,	such	that	the	transi‐
tion	between	Mn3+	and	Mn4+	 is	critical	 to	 the	 thermochemical	
catalytic	process.	Therefore,	the	proper	tuning	of	the	ratio	be‐
tween	Al	and	Mn	at	the	B	sites	of	the	LCMA	is	important.	This	
can	 be	 seen	 by	 assessing	 the	 overall	 O2	 and	 H2	 production	
amounts.	As	shown	in	Fig.	6(c),	both	the	O2	and	H2	rates	exhib‐
ited	 exactly	 the	 same	 production	 trend	 and	 LCMA‐C0.4A0.4	

Fig.	6.	(a)	O2	and	(b)	H2	production	curves,	(c)	the	overall	O2	and	H2	production	amounts,	and	(d)	re‐oxidation	yields	of	La0.6Ca0.4Mn1‐yAlyO3	perov‐
skites	with	Al	doping	levels	from	0.2	to	0.8	in	a	two‐step	thermochemical	H2O	splitting	cycle	conducted	between	1400	and	1000	°C.	
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showed	the	best	thermochemical	performance	(231	μmol/g	O2	
and	429	μmol/g	H2),	which	was	much	higher	than	that	shown	
by	the	other	samples	(201	and	374,	186	and	349,	126	and	239	
μmol/g	 O2	 and	 H2	 for	 LCMA‐C0.4A0.2,	 LCMA‐C0.4A0.6	 and	
LCMA‐C0.4A0.8,	 respectively).	 Furthermore,	 all	 the	 specimens	
with	varied	Al	doping	levels	gave	high	re‐oxidation	yields	(Fig.	
6(d)).	These	data	demonstrate	that	the	variation	of	Al	at	the	B	
sites	of	LCMA	perovskites	has	a	slight	effect	on	the	water	split‐
ting	 reaction	 thermodynamics,	 and	 that	 most	 of	 the	 oxygen	
vacancies	are	recovered	after	the	overall	thermochemical	pro‐
cess.	 	

Based	 on	 these	 detailed	 investigations	 of	 the	 two‐step	
thermochemical	water	splitting	performances	of	LCMA	perov‐
skites	while	 tuning	both	 the	Ca	 and	Al	 doping	 levels	 at	 the	A	
and	B	sites,	LCMA‐C0.4A0.4	was	confirmed	as	the	most	suitable	
composition.	This	material	exhibited	remarkable	thermochem‐
ical	solar	H2	performance	(429	μmol/g).	A	simple	comparison	
test	was	 carried	out	between	our	LCMA‐C0.4A0.4	 sample	and	

the	 current	benchmark	material	CeO2	under	 the	 same	experi‐
mental	 conditions.	 The	 H2	 production	 of	 LCMA‐C0.4A0.4	was	
found	to	be	almost	eight	times	higher	than	that	achieved	by	the	
CeO2	(56	μmol/g,	Fig.	7).	More	importantly,	the	performance	of	
the	 LCMA‐C0.4A0.4	 was	 also	 superior	 to	 that	 of	 other	
state‐of‐the‐art	 perovskite‐type	 redox	 catalysts,	 such	 as	
La0.6Sr0.4MnO3	[28]	(397	μmol/g)	and	La0.6Sr0.4Mn0.6Al0.4O3	[30]	
(307	μmol/g).	

3.3.	 	 Catalytic	stability	tests	

Stability	 is	 another	 critical	 factor	 used	 to	 assess	 the	
long‐term	 application	 of	 redox	 catalysts	 to	 thermochemical	
solar	fuel	production.	Thus,	multiple	thermochemical	H2O	split‐
ting	trials	were	performed	with	the	same	LCMA‐C0.4A0.4	sam‐
ple	between	1400	and	1000	°C.	As	shown	in	Fig.	8(a),	steady	O2	
and	H2	production	rates	were	observed	during	five	consecutive	
thermochemical	 cycles.	 This	 stability	 is	 also	 evident	 from	 the	
summarized	 O2	 and	 H2	 production	 amounts	 per	 cycle	 (Fig.	
8(b)).	Moreover,	 the	molar	ratio	of	H2	 to	O2	 throughout	 these	
trials	was	reasonably	to	the	theoretical	value	of	2:1,	indicating	
that	 almost	 all	 the	 oxygen	 vacancies	 generated	 during	 the	
thermal	 reduction	 process	 were	 recovered	 during	 the	
re‐oxidation.	The	XRD	and	SEM	assessments	also	demonstrate	

Fig.	7.	(a)	O2	evolution	and	(b)	H2	production	curves,	and	(c)	summary	of	
the	results	obtained	with	CeO2	during	two‐step	thermochemical	H2O	split‐
ting	between	1400	and	1000	°C.	

Fig.	8.	(a)	Five	consecutive	O2	and	H2	production	profiles	obtained	from	
LCMA‐C0.4A0.4	and	(b)	O2	and	H2	yields	and	their	corresponding	ratios
as	functions	of	cycle	number.	
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that	 no	 significant	 changes	 in	 the	 crystal	 structure	 or	 surface	
morphology	 (Fig.	 9)	 took	 place	 during	 the	 thermochemical	
cycling.	Thus,	we	can	conclude	 that	LCMA‐C0.4A0.4	maintains	
its	 superior	 catalytic	 stability	 throughout	 thermochemical	 cy‐
cling	and	therefore	has	significant	potential	for	practical	appli‐
cations	in	thermochemical	solar	fuel	production.	

4.	 	 Conclusions	

A	systematic	investigation	of	La1‐xCaxMn1‐yAlyO3	perovskites	
with	regard	to	their	thermochemical	H2O	splitting	performance	
was	carried	out	at	temperatures	of	1400	and	1000	°C.	To	opti‐
mize	the	thermochemical	redox	behavior	of	these	materials,	the	
substitutions	of	both	the	A	site	dopant	Ca	and	the	B	site	dopant	
Al	 were	 varied	 over	 a	 broad	 range	 (from	 0.2	 to	 0.8).	
La0.6Ca0.4Mn0.6Al0.4O3	was	 recognized	 as	 the	 optimal	 composi‐
tion	 among	 the	 various	 perovskites,	 and	 generated	 a	 H2	 pro‐
duction	 rate	 (429	 μmol/g)	 that	 was	 significantly	 higher	 (by	

approximately	eight	times)	than	that	of	a	CeO2	catalysts	under	
the	same	experimental	conditions.	This	same	material	showed	
outstanding	 cyclic	 stability	 during	 replicate	 thermochemical	
H2O	 splitting	 trials	 and	 thus	 is	 anticipated	 to	 have	 future	
long‐term	practical	applications.	
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钙铝掺杂镧锰钙钛矿高效催化剂用于两步法热化学分解水取得出色产氢表现 

王路路a, Mohammad AL-MAMUN a, 刘珀润a, 王  云a, 杨化桂b, 赵惠军a,c,* 
a格里菲斯大学清洁环境和能源中心, 昆士兰4222, 澳大利亚 

b华东理工大学材料科学与工程学院, 上海200237, 中国 
c中国科学院合肥固体物理研究所, 安徽合肥230031， 中国 

摘要: 太阳能热化学分解水是一种高效生产清洁和可再生氢能源的方法.  由于出色的催化活性和太阳能燃料生产能力, 钙

钛矿型的催化剂在热化学领域引起了强烈关注.  我们采用改良的Pechini法合成了一系列钙铝掺杂的镧锰钙钛矿并系统考

察了其在两步法热化学分解水中的产氢表现.  为了优化热化学催化性能, 我们进行了镧锰钙钛矿A, B位上钙和铝的掺杂量

(从0.2到0.8)的详细考察.  通过调整掺杂比例, 得到了一种极其高效的钙钛矿催化剂La0.6Ca0.4Mn0.6Al0.4O3.  当两步法热化学

分解水在1400和1000 °C之间, La0.6Ca0.4Mn0.6Al0.4O3取得了429 μmol/g的出色产氢表现, 比同等条件下基准催化剂氧化铈产

氢结果高出8倍.  与此同时, 钙铝掺杂镧锰钙钛矿在两步法热化学循环测试中展现出极其稳定的催化活性.  因此, 这种新颖

的钙铝掺杂镧锰钙钛矿具备巨大的潜质用于未来热化学太阳能燃料的实际生产.  
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Ca2+ and Ga3+ doped LaMnO3 perovskite as a highly
efficient and stable catalyst for two-step
thermochemical water splitting†

Lulu Wang,a Mohammad Al-Mamun, a Yu Lin Zhong, a Lixue Jiang,a Porun Liu,a

Yun Wang, a Hua Gui Yang b and Huijun Zhao *ac

High performance and stable catalysts for two-step thermochemical

water splitting are key to synthesising direct fuels in the form of H2 or

liquid hydrocarbon fuels by the Fischer–Tropsch process. Herein, we

designed and synthesised LaMnO3 perovskite structured oxides doped

on both the A and B sites for two-step thermochemical water splitting.

First, Ca2+, Sr2+ and Ba2+ divalent cations were successfully doped on

the A site of LaMnO3 and the thermochemical water splitting perfor-

mances were analysed. After that, Al3+ and Ga3+ ions were doped on

the B site of the perovskites produced in the first step. Through this

strategy, a novel perovskite composition (La0.6Ca0.4Mn0.8Ga0.2O3) was

found with remarkable water splitting performance, producing 401

mmol g�1 of H2 at low thermochemical cycle temperatures between

1300 and 900 �C. The as-prepared perovskite exhibits twelve times

higher H2 production than the benchmark CeO2 catalyst under the

same experimental conditions. This novel perovskite is also capable of

maintaining steady-state redox activity during the water splitting

cycles.

The thermochemical water splitting process represents an effi-
cient way to convert solar energy into chemically storable fuels
in the form of H2, which is an important precursor for synthe-
sising liquid hydrocarbon-based fuels.1–3 Since the direct ther-
molysis of water takes place at extremely high temperatures4–6

(>3000 �C), efficient catalysts are required to lower this pro-
cessing temperature for practical applications. Typically, the
catalysed thermochemical process involves two steps: a higher
temperature endothermic reduction step and a subsequent

lower temperature exothermic gas splitting step.7–9 The pro-
cessing temperature and solar fuel production performance of
the two-step thermochemical method greatly depend on the
redox properties of catalysts, typically metal oxides. Over the
past several decades, hundreds of metal oxides have been tested
but only a few (e.g. Fe3O4,10–12 ZnO,13–15 and CeO2

16–18) were
reasonably active for thermochemical solar fuel production.
Currently, non-stoichiometric CeO2 is regarded as the bench-
mark catalyst due to its rapid reaction kinetics and high
stability.19 However, the high operation temperature ($1500 �C)
and relatively small oxygen exchange capacity of CeO2 limit its
large-scale utilisation. Being a versatile material, perovskite type
oxides, ABO3, have received widespread attention, particularly
as a promising alternative catalyst for thermochemical water
splitting. In principle, the perovskite-structured ABO3 can
release its lattice oxygen through a high-temperature thermal
reduction process resulting in the highly reduced ABO3�d (eqn
(1)). Subsequently, the ABO3�d can effectively reduce introduced
H2O to molecular H2 (eqn (2)), while recovering back to its
original ABO3 state.

ABO3 + thermal energy / ABO3�d + d/2O2 (1)

ABO3�d + dH2O / ABO3 + dH2 (2)

To date, a number of perovskite oxides have been studied for
two-step thermochemical gas splitting.20–27 These include
reports demonstrating the effectiveness of LaMnO3 based
perovskite catalysts, e.g. LaxSr1�xMnO3,28–30 LaxCa1�xMnO3,31

and LaxSr1�xMnyAl1�yO3,32 in thermochemical processes. Based
on the available scientic evidence, the catalytic performance of
perovskite oxides is closely related to their inherent catalytic
properties and corresponding chemical compositions.33,34 The
thermochemical gas splitting behaviour of LaMnO3 perovskite
oxide can be purposely tuned by doping different metal cations
onto its A and B sites. Very recently, Demont et al. reported
improved thermochemical CO2 splitting performances via the
successful incorporation of different chemical elements into
the LaMnO3 perovskite oxide.35 To date, however, no work has
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investigated the thermochemical H2O splitting performance of
LaMnO3 based perovskites with different elemental doping,
especially the main group metal ions on the A and B sites.

Herein, for the rst time, we have investigated the two-step
thermochemical H2O splitting performances of LaMnO3 based
perovskites with Ca2+, Sr2+ and Ba2+ doped on the A site and Al3+

and Ga3+ doped on the B site. The doped LaMnO3 exhibits
signicantly enhanced O2 and H2 production as well as re-
oxidation yields compared to the parent LaMnO3. More impor-
tantly, through this process, a novel La0.6Ca0.4Mn0.8Ga0.2O3

perovskite oxide is developed which shows excellent H2O split-
ting performance at a low thermal reduction temperature (1300
�C) with superb stability.

La1�xAxMn1�yByO3 (A ¼ Ca2+, Sr2+, and Ba2+; x ¼ 0 and 0.4;
B ¼ Al3+ and Ga3+; y ¼ 0 and 0.2) perovskite oxides were
prepared via a modied Pechini method36 (refer to the ESI† for
details). To facilitate effective testing and increase H2O splitting
activity, the freshly prepared perovskite powders (�0.5 g) were
transformed into a solid porous monolith structure by mixing
with isopropanol (1.5 ml) and then heating at 1300 �C for 6 h in
air.29,37 Fig. 1a shows the X-ray diffraction (XRD) pattern of
La0.6Ca0.4Mn0.8Ga0.2O3 (LCMGO) as a representative of all the
samples and the main diffraction peaks are characteristic of the
typical orthorhombic perovskite structure. However, when the
Ga3+ doping content was further increased to 0.3, the impurity
of Ga2O3 was detected in the XRD pattern (Fig. S1, ESI†). A
similar observation was reported by Dey et al.38 Compared to
those of the parent structure of LaMnO3 (LMO), the Bragg peaks
of LMO perovskites doped on both the A and B sites were
noticeably shied due to the distinct ionic radii of the intro-
duced metal ions (Fig. S2, ESI†). The partial substitution of La3+

(1.36 Å) with a smaller Ca2+ (1.34 Å) causes the decrease of
lattice parameters, which is reected by the shied main Bragg
peak (110) towards a higher diffraction angle. Similar upshi
trends in the XRD results of LCMAO and LCMGO were also
detected because of the introduced Al3+ (0.535 Å) and Ga3+ (0.62

Å) ions, which also have smaller ionic radii in comparison with
Mn3+ (0.645 Å). However, the doping of Sr2+ and Ba2+ on the A
site of LMO shows a downshi of XRD patterns due to the fact
that the ionic radii of Sr2+ (1.44 Å) and Ba2+ (1.61 Å) are larger
than that of La3+ (1.36 Å). Fig. 1b shows the scanning electron
microscopy (SEM) image of LCMGO, revealing a porous struc-
ture with interconnected nano-sized particles (<100 nm, see the
inset of Fig. 1b). Although the introduction of metal ions into
the A and B sites of LMO leads to varied crystal lattice param-
eters, the surface morphologies of the perovskites remain
similar, reecting the retention of the parent structural
morphology (Fig. S3, ESI†). The transmission electron micros-
copy (TEM) image (Fig. 1c) further conrms that the particle
size of LCMGO is smaller than 100 nm. The high-resolution
transmission electron microscopy (HRTEM) image (bottom
inset of Fig. 1c) shows a lattice spacing of 0.27 nm corre-
sponding to the (110) reection plane of the crystal structure of
LCMGO, which is consistent with the XRD result (Fig. 1a).
Furthermore, the elemental distributions in the perovskites
were mapped by the energy dispersive X-ray (EDX) spectroscopic
technique. As shown in Fig. 1d, a homogeneous distribution of
the corresponding Ca, Mn and Ga elements in the LCMGO
sample was observed. Furthermore, the BET surface areas of
LaMnO3 based perovskites before and aer thermochemical
measurements were also investigated. As summarised in Table
S1,† LCMGO showed the largest surface area among the tested
perovskite samples, which could promote reactant trans-
portation during the thermochemical process and lead to
higher solar fuel production yield. Based on the XRD, SEM,
HRTEM, EDX and BET analyses, it is evident that LCMGO
perovskite was successfully synthesised through the manipu-
lation of metal ion doping on both A and B sites of the parent
LMO perovskite.

The thermochemical H2O splitting performances were eval-
uated in a laboratory-scale xed-bed reactor (Fig. S4, ESI†) and
the O2 and H2 produced during the thermochemical process
were monitored using a mass spectrometer (MS). First, we
compared the thermochemical performances of LMO with the A
site doped La0.6A0.4MnO3 (A ¼ Ca2+, Sr2+, and Ba2+, labelled
LCMO, LSMO and LBMO, respectively) perovskites. The extents
of oxygen vacancies generated by the prepared samples in high-
temperature thermal reduction processes were investigated by
measuring O2 production, which in turn will determine the
maximum solar fuel production. As shown in Fig. 2a, LMO and
the A site doped La0.6A0.4MnO3 perovskites started to release O2

at around 950 �C and the O2 evolution process was completed
aer holding at 1300 �C for 1 h. The gure demonstrates that
compared to the parent LMO, the A site doped La0.6A0.4MnO3

perovskites exhibit signicantly improved O2 evolution proles.
In particular, LCMO required the shortest time to reach the
peak rate due to its unique orthorhombic perovskite structure,
which can signicantly promote oxygen transportation during
the thermal reduction process.31 As a result, LCMO (167 mmol
g�1) has the highest O2 evolution performance among all the
tested A site doped La0.6A0.4MnO3 perovskites, which is 2.19
times higher than that produced by using the parent LMO (76
mmol g�1). Thus we can conclude that partial substitution of

Fig. 1 (a) XRD pattern, (b) SEM images, (c) TEM, and (d) EDX elemental
mapping of Ca, Mn and Ga distribution of LCMGO perovskite. The
insets of (b) and (c) show the high magnification SEM and local HRTEM
images.
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La3+ with alkali earth metal ions (Ca2+, Sr2+ and Ba2+) on the A
site of LMO can greatly promote O2 evolution during the
thermal reduction process and thereby achieve a larger extent of
O2 non-stoichiometry.

In the second step, H2O splitting tests were conducted at
900 �C and H2 production was immediately detected aer the
aspiration of H2O vapour into the system. Fig. 2b shows the H2

production curves of the LMO and the A site doped La0.6A0.4-
MnO3 perovskites. The H2 production had not completely
ceased aer 60 min of reaction, leaving a long tail aer 30 min,
which is consistent with the results reported elsewhere.29,38,39

The sluggish H2O splitting reaction kinetics of perovskites may
arise from several factors, such as limited chemical diffusion
and decreased surface reaction constants.29 Nevertheless, over
80% of the total H2 production was achieved within 30 min. The
H2 production trend of the A site doped perovskite concurs with
the trend obtained for O2 production (Fig. 2a). As expected,
LCMO shows signicantly improved O2 production (312 mmol
g�1), which is almost 6 times higher than that of LMO (48 mmol
g�1). From the nal results summarised in Table 1, it is clear
that both O2 and H2 production follow the same trend, i.e. LMO
< LBMO < LSMO < LCMO. In addition, their re-oxidation yields
also follow the same trend. The better thermochemical perfor-
mance of LCMO may be attributed to the lower reduction
enthalpy and lighter atomic weight of Ca2+ when compared to
those of Sr2+ and Ba2+ at the same doping level.35 To conrm the
effectiveness of transforming perovskite powder into a porous
monolith structure, we compared their thermochemical
performances under the same conditions. The O2 evolution
results (Fig. S5, ESI†) obtained for the porous monolith and
perovskite powder are very close. This conrms the identical

material composition of both powder and porous monolith
structured perovskites. However, a signicant difference in the
H2 production performance was observed which is mainly due
to the increased surface area of the monolith structure
compared to that of the powder sample.

The B site doping of perovskites can also signicantly affect
their thermochemical performances. Trivalent metal ion
doping on the B site of LMO has enhanced the extent of oxygen
vacancies and redox behaviour for some catalytic reac-
tions.38,40,41 Therefore, to further improve the thermochemical
performance of LCMO, two different trivalent metal ions, Al3+

and Ga3+, were partially doped on the B site (La0.6Ca0.4Mn0.8-
Al0.2O3 and La0.6Ca0.4Mn0.8Ga0.2O3, labelled LCMAO and
LCMGO, respectively). As shown in Fig. 3, both LCMAO and
LCMGO exhibited higher thermochemical performances than
LCMO, conrming the positive effect of the B site doping
strategy. More importantly, the doping of Ga3+ on the B site of
LCMO showed better promotion of H2 production performance

Fig. 2 (a) O2 and (b) H2 production curves of LaMnO3 and A site doped
La0.6A0.4MnO3 (A ¼ Ba2+, Sr2+ and Ca2+) perovskites.

Table 1 Summarised thermochemical H2O splitting performances of
LaMnO3 and LaMnO3 based perovskites with A and B sites doped with
Ba2+, Sr2+, Ca2+, Al3+ and Ga3+ metal ions, including O2 and H2

production amounts and re-oxidation yields

Redox
materials

O2

(mmol g�1)
H2

(mmol g�1)
Re-oxidation
yield (%)

LMO 76 48 31
LBMO 113 179 79
LSMO 126 215 85
LCMO 167 312 93
LCMAO 184 339 92
LCMGO 212 401 95

Fig. 3 (a) O2 and (b) H2 production curves of LCMAO and LCMGO
perovskites. The thermochemical process was carried out under the
same conditions as those used for LCMO, operated between 1300 �C
and 900 �C.
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than Al3+ doping. As summarised in Table 1, LCMGO exhibits a H2

production of 401 mmol g�1, which is 30% higher than that ach-
ieved by LCMO (312 mmol g�1), 20% higher than that of LCMAO
(339 mmol g�1) and twelve times higher than that of the benchmark
CeO2 under the same experimental conditions (Fig. S6, ESI†).

The noteworthy thermochemical performance of LCMGO
may arise from its outstanding BET surface area, which greatly
promoted the solid–gas reaction during the thermochemical
catalytic process with remarkable H2 production. Furthermore,
as reported by Patrakeev et al., the doping of Ga3+ in similar
La1�xSrxFeO3 perovskite systems was proved to decrease the
reduction enthalpy and resulted in enhanced oxygen vacancy
formation.41 To the best of our knowledge, the H2 production of
LCMGO is at the top level of all the reported perovskite type
catalysts (Table S2†). It is worth mentioning that the thermal
reduction temperature (1300 �C) we applied in this study is
lower than those used for most of the reported perovskites
($1400 �C, refer to Table S2†). The lowered thermal reduction
temperature is benecial for the ease of solar reactor design and
may result in higher energy conversion efficiency. The H2 yield
of LCMGO was further improved to 473 mmol g�1 (Fig. S7, ESI†),
which is the highest H2 production amount reported to date
when the thermal reduction temperature was increased to
1400 �C during the thermochemical H2O splitting process.
However, serious sintering and aggregation phenomena were
detected in LCMGO when thermally reduced at 1400 �C (Fig. S8,
ESI†) and the re-oxidation yield was found to drop from 95%
(1300 �C) to 74% (1400 �C), which will signicantly decrease the
catalytic durability for long-term thermochemical application.

Durability is another critical parameter for assessing the
viability of redox materials for thermochemical solar fuel
production. Thus, multiple cycles of thermochemical H2O
splitting tests were conducted on LCMGO between 1300 �C and
900 �C. As shown in Fig. 4a, stable O2 and H2 evolution proles
were observed during the cycling measurements. This trend can
also be seen in the summarised O2 and H2 production amount
per cycle (Fig. 4b). Moreover, the molar ratio of H2 to O2 is quite
close to the theoretical value of 2, which means that almost all
the O2 released during the thermal reduction process is recov-
ered during the re-oxidation process. Furthermore, the sample
exhibited reliable stability and no crystal structure change
(Fig. S9, ESI†) or severe sintering phenomena were observed
aer the cycling test (Fig. S10, ESI†).

Conclusions

A systematic investigation of the effects of doping LaMnO3

based perovskites on both the A and B sites on their thermo-
chemical H2O splitting performances was carried out at a low
operating temperature of 1300 �C. Our results demonstrate that
doping on either A (Ca2+, Sr2+, and Ba2+) or B (Al3+ and Ga3+)
sites of LaMnO3 perovskites has a positive impact on the two-
step thermochemical H2O splitting performances. More
importantly, the partial doping of Ca2+ on the A site and Ga3+ on
the B site produces a novel perovskite composition (La0.6Ca0.4-
Mn0.8Ga0.2O3) which shows a much higher H2 production (401
mmol g�1) than the benchmark CeO2. Furthermore, La0.6Ca0.4-
Mn0.8Ga0.2O3 perovskite exhibited superb cycling stability
during the thermochemical H2O splitting process. We, there-
fore, believe that this doping strategy can help develop highly
efficient and stable perovskites for other energy conversion and
storage applications.
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27 A. M. Deml, V. Stevanović, A. M. Holder, M. Sanders,
R. O'Hayre and C. B. Musgrave, Chem. Mater., 2014, 26, 6595.

28 J. R. Scheffe, D. Weibel and A. Steinfed, Energy Fuels, 2013,
27, 4250.

29 C. K. Yang, Y. Yamazaki, A. Aydin and S. M. Haile, J. Mater.
Chem. A, 2014, 2, 13612.

30 A. Demont and S. Abanades, RSC Adv., 2014, 4, 54885.
31 S. Dey, B. S. Naidu, A. Govindaraj and C. N. R. Rao, Phys.

Chem. Chem. Phys., 2015, 17, 122.
32 A. H. McDaniel, E. C. Miller, D. Arin, A. Ambrosini,

E. N. Coker, R. O'Hayre, W. C. Chueh and J. H. Tong,
Energy Environ. Sci., 2013, 6, 2424.

33 M. A. Peña and J. L. G. Fierro, Chem. Rev., 2001, 101, 1981.
34 L. G. Tejuca, J. L. G. Fierro and J. M. D. Tascon, Adv. Catal.,

1989, 36, 237.
35 A. Demont and S. Abanades, J. Mater. Chem. A, 2015, 3, 3536.
36 Y.-S. Han and H.-G. Kim, J. Power Sources, 2000, 88, 161.
37 Y. Hao, C. K. Yang and S. M. Haile, Chem. Mater., 2014, 26,

6073.
38 S. Dey, B. S. Naidu and C. N. R. Rao, Dalton Trans., 2016, 45,

2430.
39 S. Dey, B. S. Naidu and C. N. R. Rao, Chem.–Eur. J., 2015, 21,

7077.
40 S. Cimino, L. Lisi, S. De Rossi, M. Faticanti and P. Porta,

Appl. Catal., B, 2003, 43, 397.
41 M. V. Patrakeev, E. B. Mitberg, A. A. Lakhtin, I. A. Leonidov,

V. L. Kozhevnikov, V. V. Kharton, M. Avdeev and
F. M. B. Marques, J. Solid State Chem., 2002, 167, 203.

This journal is © The Royal Society of Chemistry 2017 Sustainable Energy Fuels

Communication Sustainable Energy & Fuels

Pu
bl

is
he

d 
on

 2
7 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

on
 0

5/
06

/2
01

7 
08

:3
9:

36
. 

View Article Online

150



Supporting Information

Ca2+ and Ga3+ doped LaMnO3 perovskite as highly efficient and 

stable catalyst for two-step thermochemical water splitting

Lulu Wang,a Mohammad Al-Mamun,a Yu Lin Zhong,a Lixue Jiang,a Porun Liu,a Yun Wang,a 

Hua Gui Yangb and Huijun Zhao*ac

aCentre for Clean Environment and Energy, Griffith University, Gold Coast Campus,

QLD 4222, Australia

bKey Laboratory for Ultrafine Materials of Ministry of Education, School of Materials 

Science and Engineering, East China University of Science and Technology, 130 Meilong 

Road, Shanghai 200237 China

cCentre for Environmental and Energy Nanomaterials, Institute of Solid State Physics, 

Chinese Academy of Sciences, Hefei 230031, P. R. China

E-mail: h.zhao@griffith.edu.au; Fax: +61 7 5552 8067; Tel: +61 7 5552 8261

Electronic Supplementary Material (ESI) for Sustainable Energy & Fuels.
This journal is © The Royal Society of Chemistry 2017

151



I Experimental Section

Perovskites synthesis

All the perovskite oxides were synthesised by a modified Pechini method.1 . In brief, 

stoichiometric amounts of metal nitrate precursors were dissolved in deionized water 

and heated at 70 °C with continuous stirring. Citric acid was then added to the solution 

with a molar ratio of 1.5:1 with respect to the metal cations. After 10 min, ethylene 

glycol (ethylene glycol: citric acid molar ratio = 1:1) was added to the mixture and heated 

at 90 °C until a brownish gel was obtained. The resulting gel was transferred to an 

electric oven and kept at 120 °C for 12 h to obtain a resin. The resin was then collected 

and ground with a mortar and pestle. The final perovskite oxide powder was prepared 

by calcining the resin at 1300 °C for 6 h to remove any remaining organics or nitrates.

Characterisations

The X-ray diffraction (XRD) patterns of the samples were collected with a Bruker D8 

X-ray diffractometer operated at 40 kV with the current of 25 mA using a Cu Kα

radiation. The measurements of 2θ symmetrical scans were carried out in the range of

20–80 ° with a step size of 0.02 ° and a scanning rate of 2 °/min, respectively. Phase

identification was conducted through comparisons with the standard Inorganic Crystal

Structure Database (ICSD). Scanning electron microscopy (SEM, JSM- JSM-7100),

energy dispersive X-ray (EDX, JSM-7100) mapping and transmission electron

microscope (TEM, Tecnai F20) techniques were also employed to characterise the

surface morphology and elemental distribution within the samples.

Thermochemical H2O splitting test

The two-step thermochemical H2O splitting activity was investigated using a laboratory-scale 

fix-bed reactor, as shown in Fig. S4. To facilitate effective testing, the freshly-prepared 

perovskite samples (~ 0.5 g) were transferred into a solid porous monolith structure by mixing 

with isopropanol then fired at 1300 °C for 6 h in air.2 The prepared redox sample was then 

packed at the centre of an alumina tubular reactor coupled within a high temperature 

programmable electric furnace (MTI, KSL-1800X-S60). Ar (ultra-high purity ~ 99.99%) was 

used as a carrier gas and the flow rate was controlled by a mass flow controller (Alicat 

Scientific). The thermal reduction step was carried out by heating the perovskite sample to 1300 

°C and holding for 1 h under an Ar flow rate of 200 sccm (the oxygen partial pressure was ~20 

ppm). The temperature was then allowed to decrease to 900 °C for H2O splitting. The 
152



temperature increase and decrease rates were fixed at 10 °C/min. The water was introduced into 

the chamber by a water pump (Easypump, BT100N), then vaporised and mixed with Ar gas 

(the volume ratio of vapour in the mixture gas was ~ 40%). The whole H2O splitting process 

was maintained for 1 h to complete the re-oxidation process. During the thermal reduction and 

H2O splitting processes, the O2 and H2 produced were detected by mass spectrometer (MS, 

Omni Star GSD 320). For quantitative measurement of evolved gas, the ion current signal of 

the MS result was calibrated by standard O2 and H2 gases. 

The re-oxidation yield (α) of thermochemical H2O splititng test was calculated as follow,

%100)2/(
22
 OH nn

where  and  repersent the total amount (mole weight) of O2 and H2 evolved during two-
2On

2Hn

step thermochemical H2O splitting process.
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II Supporting Figures
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Fig. S1 XRD patterns of LaMnO3 based perovskites with the Ga3+ doping content of 0.2 (black) 

and red (0.3) on the B site. The square represents the impurity of Ga2O3 in the fabricated 

perovskite sample.

154



20 30 40 50 60 70 80

In
te

ns
ity

 (a
.u

.)

2 Theta (degree)

LCMGO

LCMAO

LBMO

LSMO

LCMO

LMO

 

Fig. S2 XRD patterns of parent LaMnO3 and A site (Ca2+, Sr2+, Ba2+) and B site (Al3+ and Ga3+) 

doped LaMnO3 perovskites. 
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Fig. S3 SEM images of of parent LaMnO3 and A site (Ca2+, Sr2+, Ba2+) and B site (Al3+ and 

Ga3+) doped LaMnO3 perovskites.. 
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Fig. S4 Two-step thermochemical H2O splitting set-up for H2 production.
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Fig. S5 A comparison of O2 evolution and H2 production between perovskite powder and 

porous monolith during two-step thermochemical H2O splitting process.
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Fig.S6 O2 and H2 production results of CeO2 from thermochemcial H2O splitting operated 

between 1300 and 900 °C.
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Fig. S7 (a) O2 evolution and (b) H2 production curves of La0.6Ca0.4Mn0.8Ga0.2O3 perovskite 

oxide with the two-step thermochemical H2O splitting carried out between 1400 and 900 °C.
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Fig. S8 SEM images of La0.6Ca0.4Mn0.8Ga0.2O3 perovskite oxide after thermally reduced at (a) 

1300 °C and (b) 1400 °C.

(a) (b)

161



20 30 40 50 60 70 80

Before Cycling

After Cycling

Fig. S9 XRD patterns of LCMGO before (black) and after (red) the thermochemical cycling 

measurements
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Fig. S10 SEM image of LCMGO after the two-step thermochemical H2O splitting cycling test 

operated between 1300 and 900 °C.
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Table S1 BET surface area of LaMnO3 based perovskites with various metal ions doped before 

and after two-step thermochemical H2O splitting process.

Perovskite sample BET surface area before 

thermochemical test (m2/g)

BET surface area after 

thermochemical test (m2/g)

La0.6Ba0.4MnO3 10.4 7.9

La0.6Sr0.4MnO3 11.5 9.4

La0.6Ca0.4MnO3 14.2 11.5

La0.6Ca0.4Mn0.8Al0.2O3 16.9 13.4

La0.6Ca0.4Mn0.8Ga0.2O3 19.6 15.2
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Table S2 Comparison of thermochemical performances of the present study with those reported 

by other perovskite type catalyst and benchmark CeO2 in the literature.

Redox Catalyst Thermal 

reduction 

temperature 

(°C)

O2 evolution

(μmol/g)

H2 production

(μmol/g)

Re-

oxidation 

yield (%)

Ref.

Ba0.5Sr0.5Co0.8Fe0.2O3 1000 600 83 7 3

La0.6Sr0.4Cr0.8Co0.2O3 1200 154 50 16 4

La0.5Sr0.5Co0.8Fe0.2O3 1200 503 90 9 3

La0.6Ca0.4Mn0.8Ga0.2O3 1300 212 401 95 This 

study

LaSrCoO4 1300 268 161 30 3

La0.6Sr0.4Mn0.4Al0.6O3 1350 120 220 92 5

La0.5Sr0.5Mn0.95Sc0.05O3 1400 390 250 32 6

La0.6Sr0.4MnO3 1400 219 397 91 7

La0.5Sr0.5MnO3 1400 298 195 33 3

La0.6Ca0.4MnO3 1400 272 407 75 8

Y0.5Sr0.5MnO3 1400 481 320 33 9

Y0.5Ca0.5MnO3 1400 593 310 26 9

CeO2 1400 66 144 109 10

CeO2 1640 111 178 80 11
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hydrogen generation for two-step thermochemical water splitting 

Lulu Wang,
a
 Mohammad Al-Mamun,

a
 Porun Liu,

a
 Yun Wang,

a
 Hua Gui Yang

b
 and Huijun Zhao*

ac

Oxygen vacancies in catalyst systems play a crucial role in 

manipulating vital redox properties, with their formation strongly 

dependent on the material composition. In this study, La0.6Sr0.4BO3 

(B = Cr, Mn, Fe, Co, and Ni) perovskite series were 

comprehensively studied for two-step thermochemical water 

splitting processes. The results revealed that oxygen vacancy 

formation is closely related to the individual transition metal ion 

incorporated within the perovskites. The sequence for oxygen 

vacancy formation was Co > Fe > Ni > Cr > Mn. The subsequent 

hydrogen production trend was very similar to the trend obtained 

for oxygen vacancy formation during the thermal reduction step. 

Using this strategy, remarkable O2 (718 μmol/g) and H2 (514 

μmol/g) productions were achieved by La0.6Sr0.4CoO3 perovskite 

under thermochemical water splitting between 1300 and 900 °C.  

The O-site deficiency in metal oxides results in the formation 

of oxygen vacancies (VO), which can greatly affect material 

behaviour such as ionic and electronic conductivity, optical 

properties and catalytic activity.
1, 2

 Recently, redox catalysts

operating via the VO mechanism have attracted significant 

attention for solar-driven two-step thermochemical water 

splitting reactions, one of the most efficient routes to convert 

concentrated solar power into clean and renewable chemical 

fuels, i.e. H2. Unlike traditional stoichiometric redox pairs such 

as ZnO/Zn,
3, 4

 Fe3O4/FeO
5, 6

 and CeO2/Ce2O3,
7
 which have

distinct compound formats in the reduced and oxidised states, 

the oxygen off-stoichiometric catalysts conduct their 

thermochemical catalytic activities through varying the Vo 

formation within the crystal structure. This permits 

maintenance of a constant phase during the thermochemical 

water splitting process, leading to simple operational 

requirements and rapid reaction kinetics. In a VO mechanism 

based two-step thermochemical water splitting process, 

oxygen vacancies in metal oxide (MOx) are first formed 

through a high temperature endothermic reaction (eq. 1) 

leading to an oxygen off-stoichiometric status (MOx-δ). 

Subsequently, the MOx-δ can be recovered to the original MOx 

by exothermal reaction with water (eq. 2) which produces 

hydrogen. Therefore, the overall thermochemical performance 

strongly depends on the extent of VO formation (δ) in redox 

catalysts, which determines the theoretical solar fuel 

production capacity.  

MOX + concentrated solar power → MOX-δ + δ/2O2   (1) 

MOX-δ + δH2O → MOX + δH2  (2) 

 As a classic type of oxygen off-stoichiometric catalyst, La1-

xSrxBO3 (LSB; B = Cr, Mn, Fe, Co, Ni) perovskite series have 

been widely exploited in various catalytic fields, e.g. fuel cells,
8-

10
electrocatalysis

11-13
 and chemical sensors

14-16
, due to their

structural tunability, rapid ion mobility and remarkable Vo 

formation ability. Recently, some LSB perovskite oxides with 

the Sr doping content of 0.4, such as La0.6Sr0.4MnO3
17

 and

La0.6Sr0.4FeO3
18

, have been proposed as promising alternative

catalysts for thermochemical water splitting applications with 

impressive VO formation and solar H2 production performances 

at lower heating temperature. Interestingly, the 

thermochemical catalytic properties of LSB-type catalysts are 

strongly related to their material compositions. Density 

functional theory (DFT) calculation results revealed that the 

LSB perovskite series has different VO formation energies with 

various transition metal ions incorporated on the B site which 

reach to the distinct extent of VO formation under the same 

conditions.
19

 To date, however, the experimental validation of

the VO formation performances of LSB perovskites in two-step 

thermochemical water splitting cycles is rare. Therefore, to 

further develop advanced redox catalysts, it is important to 

systematically investigate the thermochemical catalytic 

performances of LSB perovskites, including oxygen evolution 
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and VO formation, during thermal reduction and hydrogen 

production in the subsequent water splitting step.  

 In this study, we systematically investigated the VO 

formation behaviours of the LSB perovskite series with 

different transition metal ions (Cr, Mn, Fe, Co, and Ni; labelled 

as LSCo, LSMn, LSFe, LSCr and LSNi, respectively) introduced 

on the B site during the two-step thermochemical water 

splitting process. Consistent with reported theoretical 

calculations,
19

 the experimentally observed VO formation 

performances of the LSB perovskite series produced a series 

converse to that of the required VO formation energies from 

high to low, i.e. LSCo > LSNi > LSFe > LSCr > LSMn. More 

importantly, the detected VO formation extents of the LSB 

perovskite series during the thermal reduction were a valuable 

descriptor for the subsequent water splitting activity. Our 

result indicates that the overall H2 production yields followed 

the same trend as the VO formation.  

 To perform the two-step thermochemical water splitting 

investigation, a modified Pechini method was employed to 

prepare the required LSB perovskite series.
20, 21

 As shown in Fig. 

1a, the collected X-ray diffraction (XRD) patterns of the LSB 

perovskites (LSCo is presented here as the representative 

sample while the other samples are shown in Fig. S1) 

represent a typical perovskite crystal structure and no impure 

phases were detected. The surface morphology of 

La0.6Sr0.4CoO3 was measured by scanning electron microscopy 

(SEM) and a hierarchical porous structure composed of small 

particles was detected (Fig. 1b). From the inset of Fig 1b, we 

can clearly observe the abundant pores which were formed by 

interconnected nano-sized particles (< 100 nm). Similar surface 

structures were observed in the other LSB perovskites (Fig. S2). 

Due to the similar structural morphologies of all perovskites 

prepared in this work, the impact of chemical composition on 

the overall water splitting performances could be evaluated 

and compared.  

 
Fig. 1 (a) XRD pattern; (b) SEM images (insert shows the high magnification); (c) 

TEM and HRTEM (inset); and (d) EDX elemental mapping of La, Sr and Co 

distribution of the LSCo perovskite. 

 The interconnected porous structure and particle sizes of 

LSCo were further confirmed using a transmission electron 

microscope (TEM). As shown in Fig. 1c, the as-synthesised 

perovskite showed high crystallinity with particle size ranging 

from 50 to 80 nm. The high-resolution TEM (HRTEM) result 

(inset of Fig. 1c) showed a fringe distance of 0.27 nm which is 

consistent with the (110) plane as evidenced from the peak in 

the XRD pattern (Fig 1a). The elemental distribution of LSB 

perovskites was also measured by energy dispersive x-ray 

(EDX) mapping. As seen in Fig. 1d, a homogeneous distribution 

of the corresponding metal cations (La, Sr and Co) in the LSCo 

sample was detected. Thus, based on the XRD, SEM, TEM and 

EDX results, it is evident that LSB perovskite series with 

different transition metal ions (Cr, Mn, Fe, Co, and Ni) 

introduced on the B site were successfully synthesised. 

 
Fig. 2 (a) TGA results of LSB perovskite series with different transition metal ions 

incorporated on the B site (B = Cr, Mn, Fe, Co, Ni); (b) the trend of final VO 

formation extents corresponding to various B site metal ions doping.  

 Considering the critical role played by VO in the 

thermochemical solar fuel production process, the VO 

formation and oxygen evolution behaviours of the LSB 

perovskites were carefully analysed with thermogravimetric 

analysis (TGA) in a temperature programmed tubular furnace. 

TGA was first applied to detect the VO formation of LSB 

perovskites from the measured weight loss during the high 

temperature treatment. As shown in Fig. 2a, the weight of LSB 

perovskites started to decrease with increasing temperature. It 

experienced a rapid loss when the temperature reached 1300 

°C and finally stabilised after holding at 1300 °C for one hour. 
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LSMn and LSCr showed the smallest weight loss, LSFe and LSNi 

were in the middle while the greatest weight loss was 

observed in LSCo. The different weight loss profiles were 

collected at the end of the TGA measurement indicating varied 

VO formation extents within the tested LSB perovskites. These 

can be calculated via the following equation, 

δ = ∆m * (MLSB/MO)                                                                         (3) 

where ∆m is the collected weight loss of LSB perovskites (Fig. 

2a) during TGA, MLSB and MO are the molar mass of LSB 

perovskites and oxygen atoms, respectively. 

 After converting the weight loss results into the 

corresponding VO formation extents in LSB perovskites, the 

following trend of VO formation was found: LSCo (0.33) > LSNi 

(0.20) > LSFe (0.17) > LSCr (0.072) > LSMn (0.058) (Fig. 2b). 

Furthermore, the experimental VO formation results displayed 

in this study strongly concur with the theoretical predictions.
19

 

Based on the DFT calculation, the introduction of different B 

site transition metal ions (B = Cr, Mn, Fe, Co, and Ni) in LSB 

perovskites led to varied strength of the B-O bond and thermal 

reduction enthalpy, which collectively determine the overall VO 

formation energies. The perovskites of LSCo, LSNi and LSFe had 

significantly lower VO formation energetics than those of LSCr 

and LSMn, which could greatly promote the VO formation 

extent under the same experimental conditions. From the 

thermochemical catalysis perspective, the larger the VO 

formation in redox catalysts the higher the amount of solar 

fuel production, meaning a higher solar energy conversion 

efficiency. 

 
Fig. 3 (a) O2 evolution curves of LSB perovskite series with different transition metal 

ions incorporated on the B site (B = Cr, Mn, Fe, Co, Ni); (b) the trend of final O2 

evolution amounts corresponding to various B site metal ions doping. 

 To investigate the VO formation performances in different 

perovskite compositions, the LSB perovskites were thermal 

reduced at a temperature programmed tubular furnace up to 

1300 °C with a slow heating ramp (10 °C/min). The evolved O2 

was instantaneously recorded by a mass spectrometer (MS) 

device connected to the tubular furnace. Fig. 3a shows the O2 

evolution profiles of different LSB perovskites under the same 

experimental conditions. LSB perovskites with Fe, Ni or Co on 

the B site had significantly enlarged O2 evolution performances 

than those with Mn and Cr due to the lower oxygen formation 

energies. This can be further demonstrated via analysing the 

onset temperature required to initiate the oxygen evolution. 

The initial O2 evolution curves of La0.6Sr0.4BO3 perovskite series 

(from Fig 4a) were enlarged and are presented in Fig. 3a (inset) 

versus with the heating temperature. LSB perovskites with 

lower Vo formation energies started to release O2 at lower 

heating temperature, e.g. the onset temperature of LSCo is 

~900 °C, much lower than that required by LSM (~1020 °C). 

Furthermore, the final oxygen evolution amounts of LSB 

perovskites summarised in Fig. 3b exhibit the same sequence 

as the aforementioned TGA results, i.e. LSCo (718 μmol/g) > 

LSNi (437 μmol/g) > LSFe (375 μmol/g) > LSCr (166 μmol/g) > 

LSMn (131 μmol/g). Based on the combined TGA and tubular 

furnace results, we can conclude that the thermal reduction 

behaviours of LSB perovskites are strongly dependent on the 

transition metal ions incorporated into the B site resulting in 

different VO formation energies. Lower VO formation energy 

led to significantly increased oxygen evolution and enlarged VO 

formation extent. More importantly, the oxygen evolution and 

VO formation performances could determine the theoretical 

solar H2 production and thus can be an effective descriptor to 

evaluate the subsequent water splitting reaction.  

 To investigate the relationship between the H2 production 

performance and the extent of Vo formation, water splitting 

reactions were carried out when the temperature was 

decreased to 900 °C by introducing a steam/Ar (v/v 40%) 

mixture gas to a home-made fixed-bed reactor system (Fig. S3). 

The H2 production signal was immediately detected with the 

water decomposed by the oxygen nonstoichiometric LSB 

perovskite series. As shown in Fig 4a, the H2 production 

profiles reached the peak rate after ~10 min, and then slowly 

decreased. As expected, LSCo showed the best H2 production, 

much higher than that of LSNi and LSFe. LSCr and LSMn had 

the lowest H2 production performances. This H2 production 

trend is directly represented in Fig. 4b, and concurs exactly 

with the VO formation and O2 evolution trends from the 

previous thermal reduction step. LSCo achieved the highest H2 

production level (514 μmol/g), much higher than that of LSNi 

(368 μmol/g), LSFe (349 μmol/g), LSCr (280 μmol/g) and LSMn 

(234 μmol/g). Moreover, to the best of our knowledge, the H2 

production performance of LSCo achieved in our study is 

better than all other perovskite-type redox catalysts reported 

to date (see Table 1). Considering that the current operational 

conditions still allow room for further optimisation, the 
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thermochemical performances of the investigated LSB 

perovskites can be further improved by optimising the 

operating factors during the two-step thermochemical H2O 

splitting process, such as thermal reduction and re-oxidation 

temperatures, and the vapour percentage. 

 
Fig. 4 (a) H2 evolution curves and (b) summarised H2 production amounts of LSB 

perovskite series with different transition metal ions incorporated on the B site 

(B = Cr, Mn, Fe, Co, Ni).  

 

Table 1 Comparison of the current thermochemical H2 production performance with 

the results reported by other perovskites.  

Redox Material Processing 

Thigh (°C) 

O2 

(μmol/g) 

H2 

(μmol/g) 

La0.6Sr0.4CoO3  

(Current study) 

1300 718 514 

La0.6Sr0.4MnO3
17

 1400 219 397 

La0.5Ca0.5MnO3
23

 1400 272 407 

Y0.5Sr0.5MnO3
24

 1400 481 320 

Y0.5Ca0.5MnO3
24

 1400 593 310 

La0.6Sr0.4Cr0.8Co0.2O3
25

 1200 154 50 

La0.5Sr0.5Mn0.95Sc0.05O3
26

 1400      390    250 

La0.6Sr0.4Mn0.4Al0.6O3
27

 1350      120    220 

 

Conclusions 

A series of LSB perovskites with various transition metal ions 

(Cr, Mn, Fe, Co, and Ni) doping into the B site were 

systematically analysed in two-step thermochemical water 

splitting processes. The behaviours of the LSB perovskite series 

during the thermal reduction process were strongly dependent 

on the introduced transition metal ions which resulted in 

different VO formation energies. Higher VO formation extents 

and oxygen evolutions were achieved by the LSB perovskites 

with lower VO formation energies, in the order of LSCo > LSNi > 

LSFe > LSCr > LSMn. More importantly, the subsequent water 

splitting performances of the LSB perovskites were closely 

related to the VO formation trends in the thermal reduction 

step. Thus, the final H2 production results showed the same 

trend as the previously detected VO formation performances. 

Maximum O2 (718 μmol/g) and H2 production (514 μmol/g) 

were achieved by LSCo, which were also superior to previously 

reported perovskite-type redox catalysts applied in two-step 

thermochemical water splitting processes. Initial screening of 

the VO formation performances of perovskite oxides can be 

used to effectively identify potential redox candidates for solar 

thermochemical fuel production. 
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I Experimental Section 

Materials 

La(NO3)3·6H2O (99.999%), Sr(NO3)2 (≥ 99.9%), Cr(NO3)3·9H2O (99%), Mn(NO3)2·xH2O 

(98%), Fe(NO3)3·9H2O (≥ 98%), Co(NO3)2·6H2O (≥ 98%), Ni(NO3)2·6H2O (≥ 98.5%), ceria 

(99.95%), citric acid (≥ 99.5%) and ethylene glycol (99.8%) were purchased from Sigma-

Aldrich. All chemicals were used as received without any further purification. 

Perovskites synthesis 

The La0.6Sr0.4BO3 (LSB; B = Cr, Mn, Fe, Co, Ni) perovskite oxides were synthesised 

by a modified Pechini method.
1
 

2
 In brief, stoichiometric amounts of metal nitrate

precursors were dissolved in deionized (DI) water and heated at 70 °C with continuous 

stirring. Citric acid was then added to the solution with a molar ratio of 1.5:1 with 

respect to the metal cations. After 10 min, ethylene glycol (ethylene glycol: citric acid 

molar ratio = 1:1) was added to the mixture and heated at 90 °C until a brownish gel 

was obtained. The resulting gel was transferred to an electric oven and kept for 12 h at 

120 °C to obtain a resin. The resin was then collected and ground with mortar and 

pestle. The final perovskite oxide powder was prepared by calcining the resin at 

1300 °C for 6 h to remove any remaining organics or nitrates. 

Characterisations 

To observe the bulk crystal structure, X-ray diffraction (XRD) patterns of the samples 

were collected with a Bruker D8 X-ray diffractometer operated at 40 kV with the 

current of 25 mA using a Cu Kα radiation. The measurements of 2θ symmetrical scans 

were carried out in the range of 20–80° with a step size of 0.02 ° and a scanning rate of 

2 °/min, respectively. Phase identification was conducted by comparing with the 

standard Inorganic Crystal Structure Database (ICSD). The secondary electron 

microscopy (SEM) measurements of the prepared perovskite samples were 

investigated by JSM-7100F. The voltage and current of electron beam were 5 kV and 

10 mA, respectively. The energy-dispersive X-ray spectroscopy (EDX) measurements 

were also conducted using JSM-7100F under the electron beam voltage and current of 

15 kV and 20 mA, respectively. The transmission electron microscope (TEM) 

observations were conducted using Philips Tecnai F20 with an accelerating voltage of 

200 KV. 
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Thermochemical H2O splitting test 

The two-step thermochemical H2O splitting activity was investigated at a laboratory-scale fix-

bed reactor, as shown in Fig. S3. To facilitate the effective testing, the freshly-prepared 

perovskite samples (~ 0.5 g) were transferred into a solid porous monolith structure by mixing 

with a proper amount of isopropanol and fired at 1300 °C for 6 h in the air.
3, 4

 Then the

prepared redox sample was packed at the centre of alumina tubular reactor coupled within a 

high temperature programmable electric furnace (MTI, KSL-1800X-S60). Ar (ultra-high 

purity ~ 99.99%) was used as a carrier gas and the flow rate was controlled by a mass flow 

controller (Alicat Scientific). Thermal reduction step was carried out by heating the perovskite 

sample to 1300 °C and held for 1 h under an Ar flow rate of 200 sccm (the oxygen partial 

pressure was around 20 ppm). Then the temperature was allowed to decrease to 900 °C for 

H2O splitting. Both the temperature increase and decrease rate was fixed at 10 °C/min. The 

water was introduced into the chamber by a water pump (Easypump, BT100N) with a proper 

rate, then vaporised and mixed with Ar gas (the volume ratio of vapour in the mixture gas was 

around 40%). The whole H2O splitting process was kept for 1 h to complete the re-oxidation 

process. During the thermal reduction and H2O splitting process, the produced O2 and H2 

were detected by the mass spectrometer (MS, Omni Star GSD 320). For quantitative 

measurement of evolved gas, the ion current signal of MS result was calibrated by the 

standard O2 and H2 gases.  

The re-oxidation yield (α) of thermochemical H2O splititng test was calculated as follow, 

%100)2/(
22
 OH nn

where 
2On  and 

2Hn  repersent the total amount (mole weight) of O2 and H2 evolved during 

two-step thermochemical H2O splitting process. 
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II Supporting Figures 

Fig. S1 XRD patterns of La0.6Sr0.4BO3 (B = Cr, Mn, Fe, Ni) perovskite oxides synthesised 

through a modified Pechini method.  

20 30 40 50 60 70 80

La
0.6

Sr
0.4

CrO
3

La
0.6

Sr
0.4

MnO
3

La
0.6

Sr
0.4

FeO
3

La
0.6

Sr
0.4

NiO
3

2 Theta (degree)

In
te

n
s
it

y
 (

a
.u

.)

177



Fig. S2 SEM images of the surface morphology La0.6Sr0.4BO3 (B = Cr, Mn, Fe, Ni) perovskite 

oxides synthesised through a modified Pechini method.  
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Fig. S3 Two-step thermochemical H2O splitting set-up for H2 production. 
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Abstract 

The solar-driven thermochemical route is a promising and sustainable technology for H2 

production. Its efficiency and performance depend strongly on the redox properties of the 

applied catalysts. Perovskite type metal oxides have been proposed as novel catalysts for two-

step thermochemical H2O splitting cycles due to their remarkable oxygen exchange capacity 

at reduced thermal heating temperatures. This study is the first to investigate perovskite series 

of La1-xCaxCoO3 for two-step thermochemical H2O splitting cycles. La1-xCaxCoO3 

perovskites tested under reduced thermal reduction temperatures demonstrated impressive 

catalytic activity with remarkable H2 production compared to benchmark material CeO2. 

During the thermochemical process, the Ca doping contents in La1-xCaxCoO3 perovskites had 

a significant effect on the O2 and H2 production performances. Increasing the Ca doping 

content greatly increased O2 evolution during the thermal reduction process. However, high 

Ca dopant content significantly weakened the reaction thermodynamics of the subsequent 

H2O splitting and led to lower re-oxidation yields. After tuning the Ca doping content 

between 0.2 and 0.8,  La0.6Ca0.4CoO3 was identified as the best trade-off among the tested 

La1-xCaxCoO3 perovskites. The thermal reduction and water splitting temperatures were also 

systematically investigated to optimise the thermochemical operational conditions. 

La0.6Ca0.4CoO3 showed maximum H2 production of 587 µmol/g when the two-step 

thermochemical H2O splitting occurred between 1300 °C and 900 °C, a level 18 times higher 

than that of CeO2. More importantly, La0.6Ca0.4CoO3 also exhibited outstanding catalytic 

stability during the thermochemical cycling test and has strong potential for long-term 

applications. 

Keywords: perovskites; redox catalyst; thermal reduction; H2O splitting; solar H2 production. 
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1. Introduction 

Developing clean and sustainable carbon-neutral energy sources is critical to resolving 

the global energy crisis and environmental pollution. Hydrogen (H2) is an ideal fuel due to its 

high energy density and as water is the by-product, it is a promising carbon-neutral 

alternative fuel.
1, 2

 The current primary routes to produce H2, e.g. steam reforming method,
3, 4

 

however, are not green processes and carbon dioxide (CO2) is also generated as a by-product. 

Therefore, significant effort has been devoted to developing alternative technologies to 

satisfy the growing demand for clean and cost-efficient H2 sources. Among the variety of 

clean and renewable H2 production options, such as electrolysis and photocatalysis,
5, 6

 the 

solar-driven thermochemical route has attracted significant attention due to its potential high 

solar energy conversion efficiency.
7, 8

 This approach is based on a two-step mechanism 

applying a metal oxide (MOx) type catalyst to dissociate H2O into H2. As shown in Fig. 1, the 

first step is a high temperature endothermic thermal reduction step through which the MOx 

releases some of its lattice oxygen atoms and transforms into oxygen-deficient species 

denoted as MOx-δ. The second step is a low temperature exothermic re-oxidation step where 

the MOx-δ recovers to its original saturated state denoted as MOx by reacting with H2O 

molecules and producing H2. 

 

Fig. 1 Schematic illustration of a two-step thermochemical water splitting process including a 

high temperature endothermic thermal reduction step and a low temperature exothermic re-

oxidation step. 
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During the past several decades, numerous metal oxides were studied as active catalysts 

for two-step thermochemical solar H2 production, which generally being divided into 

stoichiometric and nonstoichiometric categories. Stoichiometric type of catalysts such as 

ZnO,
9, 10

 SnO2
11, 12

 and Fe3O4
13, 14

 generally experience distinct compounds with 

stoichiometric formula units during the thermal reduction and re-oxidation steps, resulting in 

high O2 exchange capacity and theoretical energy conversion efficiency. However, due to the 

phase change and physical state during the thermochemical process, these stoichiometric type 

catalysts suffer from serious sintering and slow reaction kinetics issues.
15, 16

 In contrast, 

nonstoichiometric type catalysts such as CeO2
17, 18

 utilise an oxygen vacancy formation 

mechanism where the oxygen content varies continuously between the thermal reduction and 

re-oxidation steps and thus avoid the phase change during the whole thermochemical 

process.
19, 20

 As a result, several benefiting aspects including ease of thermochemical 

operation, rapid reaction kinetics and stable catalytic activity are obtained. However, the high 

thermal heating temperature (> 1500 °C) and relatively small oxygen exchange capacity 

strongly limit the further application of the state-of-the-art CeO2 catalyst in the field of 

thermochemical solar fuel production. Therefore, the searching of novel nonstoichiometric 

type catalysts with higher oxygen exchange capacity at reduced thermal heating temperature 

is of primary interest in developing high efficient catalyst for two-step thermochemical water 

splitting.  

Perovskite oxides (ABO3) are an promising class of catalysts owning unique thermal 

stability, good ion conductivity and redox capacity and have been widely employed in the 

fields like solid oxide fuel cells and electrolysis.
21, 22

 Considering the tunable structural 

flexibility and the vast range of cationic substitutions, perovskite oxides have been proposed 

as promising alternatives to CeO2 with the potential of achieving better oxygen exchange 

capacity at relatively low temperature. The perovskite series of LaxSr1-xMnO3 was firstly 
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investigated for two-step thermochemical water splitting purpose, exhibiting higher oxygen 

exchange capacity and the theoretical energy conversion efficiency was comparable with that 

of the state-of-the-art CeO2.
23

 Further detailed thermodynamic and kinetic assessments on 

LaxSr1-xMnO3 perovskites showed that the solar H2 yields can be increased monotonically 

with the Ca doping content from the range of 0.1 to 0.4.
24

 As a result, a remarkable H2 

production of 9 ml/g was achieved by La0.6Sr0.4MnO3 when the thermochemical process 

operated between 1400 and 800 °C. Another perovskite series LaxSr1-xMn1-yAlyO3 also 

showed efficient thermochemical water splitting ability with fast reaction kinetics and 

remarkable solar fuel production yields.
25, 26

 With the help of density functional theory (DFT) 

calculation, the reduction enthalpy of LaxSr1-xMn1-yAlyO3 perovskites was proven to be 

properly tuned through the Ca dopant level and follow into the suitable range of efficient 

thermochemical catalysts.
27

 Later on, some other perovskites including La1-xCaxMnO3
28, 29

, 

La0.6Sr0.4Cr0.8Co0.2O3,
30

 Y0.5Sr0.5MnO3
31

 and La0.6Sr0.4Mn0.95Sc0.05O3
32

 also exhibited the 

feasibility for being catalysts in thermochemical solar fuel production.  

Currently, the developed perovskite type thermochemical catalysts mainly focused on the 

Mn-contained perovskites. As another important perovskite analogy, Co-contained 

perovskites such La1-xCaxCoO3 also proved impressive oxygen conductivity and exchange 

capacity.
33, 34

 However, the employment of La1-xCaxCoO3 perovskites for two-step 

thermochemical water splitting cycles is still limited. In this study, we prepared a series of 

La1-xCaxCoO3 perovskites through a modified Pechini method and used as redox catalysts for 

thermochemical solar H2 production for the first time. To optimise the catalytic behaviour, 

the Ca doping content, thermal reduction temperatures and re-oxidation temperatures were 

systematically investigated. Consequently, La0.6Ca0.4CoO3 showed remarkable and stable H2 

production capacity with two-step thermochemical water splitting operating between 1300 °C 

and 900 °C. 
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2. Experimental  

2.1 Materials 

La(NO3)3·6H2O, Ca(NO3)2·4H2O, Co(NO3)2·6H2O, ceria, citric acid and ethylene glycol 

were purchased from Sigma-Aldrich. All chemicals were used as received without any 

further purification. 

2.2 Perovskite oxides synthesis 

The La0.6Ca0.4CoO3 perovskite oxides were synthesised by a modified Pechini method.
35

 

36
 Stoichiometric amounts of nitrate precursors, including La(NO3)3·6H2O, Ca(NO3)2·4H2O 

and  Co(NO3)2·6H2O, were dissolved in deionized water and heated at 70 °C with continuous 

stirring. Citric acid (citric acid: the metal cations molar ratio = 1:1.5) was then added to the 

solution and the molar ratio of citric acid to all metal cations was 1.5:1. After 10 min, 

ethylene glycol (ethylene glycol: citric acid molar ratio = 1:1) was added to the above 

mixture and heated at 90 °C until a brownish gel was formed. The collected gel was 

transferred to an electric oven and kept for 12 h at 200 °C to obtain a resin. The resin was 

then ground evenly with a mortar and pestle. The final La0.6Ca0.4CoO3 perovskite oxides were 

prepared through calcining the resin at 1300 °C for 12 h to remove any remaining organics or 

nitrates. 

2.3 Characterisation 

To observe the bulk crystal structure, X-ray diffraction (XRD) patterns of the samples 

were collected with a Bruker D8 X-ray diffractometer operated at 40 kV with the current of 

25 mA using a Cu Kα radiation. The measurements of 2θ symmetrical scans were carried out 

in the range of 20–80° with a step size of 0.02 ° and a scanning rate of 2 °/min, respectively. 

Phase identification was conducted by comparing with the standard Inorganic Crystal 
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Structure Database (ICSD). The secondary electron microscopy (SEM) measurements of the 

prepared perovskite samples were investigated by JSM-7100F. The voltage and current of the 

electron beam were 5 kV and 10 mA, respectively. The energy-dispersive X-ray spectroscopy 

(EDX) measurements were also conducted using JSM-7100F under an electron beam voltage 

and current of 15 kV and 20 mA, respectively. The transmission electron microscope (TEM) 

observations were conducted using Philips Tecnai F20 with an accelerating voltage of 200 

KV. 

2.4 Two-step thermochemical H2O splitting reaction test 

The two-step thermochemical H2O splitting test was carried out in a home-made fixed 

bed reactor. The prepared redox sample was then packed at the centre of an alumina tubular 

reactor coupled within a high temperature programmable electric furnace (MTI, KSL-1800X-

S60). Ar (ultra-high purity ~99.99%) was used as the carrier gas and the flow rate was 

controlled by a mass flow controller (Alicat Scientific). The thermal reduction step was 

carried out by heating the perovskite sample to a certain high temperature (1300 to 1600 °C) 

and held at that temperature for 1 h under continuous Ar flow (200 sccm, oxygen partial 

pressure was ~ 20 ppm). The temperature was then allowed to decrease to a fixed value (700-

1100 °C) for H2O splitting. The temperature decrease and increase rates were fixed at 

10 °C/min. The water was introduced into the chamber by a water pump (Easypump, 

BT100N), then vaporised and mixed with Ar gas (the volume ratio of vapour in the mixture 

gas was ~ 40%). The whole H2O splitting process was conducted for 1 h to complete the re-

oxidation process. During the thermal reduction and H2O splitting processes, the produced O2 

and H2 were detected by the online mass spectrometer (MS, Omni Star GSD 320). For 

quantitative measurement of evolved gas, the ion current signal of the MS result was 

calibrated by the standard O2 and H2 gases. 
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3. Results and discussion 

3.1 Structural characteristics 

La1-xCaxCoO3 (LCC-x) perovskite series with various Ca doping content (x =0.2, 0.4, 0.6, 

0.8; labelled as LCC-0.2, LCC-0.4, LCC-0.6, LCC-0.8) were synthesised through a modified 

Pechini method. The crystal structure, surface morphology and cation distribution of 

fabricated LCC-x perovskites were comprehensively analysed by XRD, SEM, TEM and 

EDX techniques. 

 

Fig. 2 (a) XRD patterns of LCC-x (x = 0.2, 0.4, 0.6, 0.8) perovskites; (b) magnified view of a 

narrow 2θ region (30-35°) shows a significant shift of main diffraction peak due to the 

distinct radii of doped Ca ions. 

XRD patterns of the freshly-prepared LCC-x (x =0.2, 0.4, 0.6, 0.8) perovskites are 

displayed in Fig. 2a. Consistent with the literature,
37, 38

 this set of Ca doped lanthanum cobalt 

catalysts adopts a typical rhombohedral perovskite structure (JCPDS-36-1389) and no 

impurities were detected. The main peak (110) at about 33° is magnified in Fig. 2b. Upon 

increasing the doping content of Ca in La1-xCaxCoO3 perovskites, a noticeable shift of the 

main peak towards higher 2θ angles is observed, in line with the expected decrease of lattice 
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parameters due to the partial replacement of La
3+

 (ion radii 1.36 Å) with a smaller Ca
2+

 (ion 

radii 1.34 Å). 

The surface morphology of LCC-x perovskites was measured by SEM. As shown in Fig. 

3a, an irregular porous structure arranged with many small particles was observed for the 

representative sample LCC-0.4. Under high resolution (Fig. 3b), we can determine that the 

particle sizes were ca. 50-80 nm and numerous pore arrays were formed within the porous 

structure. Similar surface structures were observed in the other LCC-x based perovskite 

samples (Fig. S1). The porous structure and nano-sized particles of LCC-x perovskites might 

be beneficial for the gas-solid reaction during the thermochemical solar fuel production 

process, leading to rapid reactants transportation and fast reaction kinetics. Fig. 3c shows the 

TEM image of LCC-0.4, which further confirms the porous structure formed with nano-sized 

particles. The elemental distribution within LCC-0.4 was measured by EDX mapping. As 

shown in Fig. 3d, a homogeneous distribution of the corresponding La, Ca and Co cations in 

LCMO-0.4 perovskite sample was observed. 

 

Fig. 3 (a, b) SEM images; (c) TEM image and (d) EDX elemental mapping of La, Ca and Co 

distribution of the LCC-0.4 perovskite sample. 
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3.2 Two-step thermochemical H2O splitting activity test 

The thermochemical activity test of LCC-x perovskites was carried out using a home-

made fixed bed reactor. To optimise the catalytic behaviour during the thermochemical 

process, several critical factors, such as Ca doping content, thermal reduction temperature 

and re-oxidation temperature, were systematically investigated.  

3.2.1 Effect of Ca doping content 

The contents of doped cations in perovskite oxides can be tuned within a wide range and 

permit significant structural flexibility. In particular, the doping content of cations on the A 

site of perovskite oxides played an essential role in modifying the catalytic activity.
39, 40

 Other 

recent reports further confirm the importance of A site cation doping content in perovskite 

type catalysts for thermochemical solar fuel production performance.
24, 29, 41

 Therefore, this 

study examined the thermochemical performances of LCC-x perovskites with A site dopant 

Ca varying from 0.2 to 0.8. 

LCC-x perovskites were thermally reduced at 1300 °C and held for 1 h to check the O2 

evolution behaviour. As shown in Fig. 4a, improved O2 evolution profiles were achieved with 

increasing Ca doping content in the LCC-x perovskites. As the Ca doping content increases 

from 0.2 to 0.8 in LCC-x perovskites, it becomes easier to initiate O2 evolution with lowered 

onset temperature, while the O2 evolution peak rate showed an obvious rising trend. 

Therefore, the final summarised O2 evolution amounts significantly increased from 715 

μmol/g with LCC-0.2 to 1213 μmol/g with LCC-0.8 (Fig. 4b). However, the H2 production 

performances of LCC-x perovskites in the second H2O splitting step were not consistent with 

the O2 evolution trend in the first thermal reduction step. As shown in Fig. 4c, the H2 

production rate of LCC-x perovskites improved with Ca doping content increase from 0.2 to 

0.4 and then decreased rapidly at higher Ca levels. Consequently, as summarised in Fig. 4b, 
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LCC-0.4 (587 μmol/g) had the highest H2 production among the tested LCC-x perovskites, 

much higher than that of LCC-0.2 (496 μmol/g), LCC-0.6 (472 μmol/g) and LCC-0.8 (204 

μmol/g). In short, increasing the Ca doping content of LCC perovskites significantly 

increases the O2 evolution performance, however, the excessive Ca doping content weakened 

the reaction kinetics of H2O splitting and resulted in decreased H2 production. To gain further 

insight into this anomalous behaviour, we calculated the re-oxidation yield (in percentage) of 

LCC-x perovskites based on the recovery extent of O2 after two-step thermochemical H2O 

splitting cycle. As shown in Fig. 4d, the re-oxidation yield showed a slightly increasing trend 

when Ca doping content increased from 0.2 to 0.4 and then decreased rapidly. The lowered 

re-oxidation yield of LCC-x perovskites with high Ca doping content (0.6 and 0.8) suggests 

undesired reaction pathways for H2 production. Therefore, based on the Ca doping content 

investigation, LCC-0.4 is recognised as the best trade-off among the tested LCC-x 

perovskites for two-step thermochemical H2O splitting cycles. 

 

Fig. 4 (a) O2 evolution; (c) H2 production; (b) summarised O2 and H2 production amounts and 

(d) re-oxidation yields of LCC-x perovskites with the Ca doping content varying from 0.2 to 

0.8 in two-step thermochemical H2O splitting operated between 1300 °C and 900 °C. 
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3.2.2 Effect of thermal reduction temperature 

The thermochemical performances of redox catalysts are critically dependent on 

the thermal reduction temperatures applied.
42

 After optimising the Ca doping content 

in LCC-x perovskites, the thermal reduction temperature was investigated to optimise 

the operational conditions for LCC-0.4 perovskite samples.  

Fig. 5a shows the O2 evolution profiles of LCC-0.4 thermal treated at various 

thermal reduction temperatures. The O2 evolution performance improved rapidly when 

the temperature increased from 1100 to 1400 °C during the thermal reduction process. 

As summarised in Fig. 5b, the final O2 evolution amounts of LCC-0.4 are 501 μmol/g 

(1100 °C), 658 μmol/g (1200 °C), 824 μmol/g (1300 °C) and 1082 μmol/g (1400 °C), 

respectively. The subsequent H2O splitting reaction of LCC-0.4 perovskite sample 

thermal reduced at various temperatures was carried out at 900 °C. As shown in Fig. 

5c, the H2 production performances show a similar trend to the O2 evolution 

performances of LCC-0.4 when the thermal reduction temperature increased from 

1100 to 1300 °C. However, the H2 production of LCC-0.4 shows a significant 

decreasing trend when the thermal reduction temperature reached 1400 °C. 
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Fig. 5 (a) O2 evolution curves; (c) H2 production curves; (b) summarised O2 and H2 

production results and (d) re-oxidation yield of LCC-0.4 perovskite sample thermal reduced 

at temperatures of 1100-1400 °C and re-oxidised at 900 °C. 

The surface morphology of LCC-0.4 after thermal reduction at different temperatures of 

1100-1400 °C was measured by SEM. As shown in Fig. 6, LCC-0.4 retains its porous 

structure with the thermal reduction temperature increasing to 1300 °C. However, after 

thermal reduction at 1400 °C, LCC-0.4 suffered serious sintering and aggregation, which can 

explain the sluggish and significantly decreased rate of H2 production (Fig. 5c). Therefore, as 

shown in Fig. 5d, LCC-0.4 thermal reduced at 1400 °C showed significantly lower re-

oxidation yields than when thermal reduced at lower thermal reduction temperatures (1100-

1300 °C). Consequently, 1300 °C was selected as the most suitable thermal reduction 

temperature for LCC-0.4. 

 

 

Fig. 6 SEM images of LCC-0.4 after thermal reduced at temperatures of (a) 1100 °C; (b) 

1200 °C; (c) 1300 °C; and (d) 1400 °C. 
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3.2.3 Effect of re-oxidation temperature 

Re-oxidation temperature is another critical factor for two-step thermochemical H2O 

splitting cycles. A series of thermochemical measurements with different re-oxidation 

temperatures (700-1000 °C) were carried out to ensure a reasonable gap between the applied 

thermal reduction temperature (1300 °C) and the re-oxidation temperature and maintain 

comparable H2O splitting reaction kinetics. The various H2 production curves and 

summarised production amounts of LCC-0.4 are presented in Fig. 7. The H2 production trend 

showed a typical convex parabolic shape with the increase in re-oxidation temperature (Fig. 

7b). The maximum H2 production amount with a steep rate was observed at the re-oxidation 

temperature of 900 °C. Thus, we can conclude that 900 °C is the most suitable re-oxidation 

temperature for LCC-0.4 to carry out water splitting under the experimental conditions. More 

importantly, the H2 production of LCC-0.4 (587 μmol/g) is 18 times higher than that of CeO2 

(32 μmol/g, Fig. S2) when the thermochemical splitting cycle operated between 1300 °C and 

900 °C. 

 

Fig. 7 (a) H2 production curves and (b) summarised H2 production amounts of LCC-0.4 

perovskite sample at different re-oxidation temperatures. 

3.3 Catalytic stability test 

To test the running stability of LCC-0.4, five consecutive H2O splitting cycles 

were conducted between 1300 and 900 °C. As shown in Fig. 8a, a limited re-oxidation 
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yield of LCC-0.4 was detected at the end of the first cycle, which may be due to 

structural decomposition during the thermochemical process. As shown in Fig. S3, 

some CoO impurities were detected in the XRD result of LCC-0.4. However, LCC-0.4 

showed stable O2 and H2 productions from the second cycle onwards which suggest 

the effects of decomposition could be negligible after the first cycle. The calculated re-

oxidation yield for each cycle (Fig. 8b) confirmed this result and LCMA-0.4 can be 

almost fully recovered from the second cycle. Therefore, LCC-0.4 has great potential 

for the long-term running of two-step thermochemical H2O splitting cycles.  

 

Fig. 8 (a) five consecutive O2 and H2 production profiles and (b) O2 and H2 yields of LCC-

0.4 as a function of cycle number. 

4. Conclusion 

A series of LCC-x perovskites were systematically studied for two-step thermochemical 

H2O splitting cycles. The Ca dopant content has a great effect on both the thermal reduction 

step and the H2O splitting step. The O2 evolution of LCC-x perovskites significantly 

improved with increasing Ca doping content. However, the increased Ca also weakened the 

reaction thermodynamic of H2O splitting and led to low re-oxidation yields. LCC-0.4 was 

recognised as the best trade-off among the test perovskites. To further improve the 

thermochemical solar fuel production performance, a range of thermal reduction temperatures 

and re-oxidation temperatures were investigated. The most suitable thermochemical 

operational condition for LCC-0.4 was between 1300 °C (thermal reduction temperature) and 
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900 °C (re-oxidation temperature), producing a remarkable H2 yield of 587 μmol/g. This 

yield is more than 18 times higher than that of CeO2 under the same conditions. Furthermore, 

LCC-0.4 also exhibited comparable H2 production stability during the cycling test and has the 

potential for further practical long-term application. 

Acknowledgements 

This work was financially supported by the Australian Research Council (ARC) and 

the National Natural Science Foundation of China (Grant No. 51372248, 51432009). 

 

References 

1. S. E. Hosseini and M. A. Wahid, Renew. Sustainable Energy Rev., 2016, 57, 850-866. 

2. M. Wen, Y. Cui, Y. Kuwahara, K. Mori and H. Yamashita, ACS Appl. Mater. Interfaces, 

2016, 8, 21278-21284. 

3. L. Zhu and J. Fan, Int. J. Renew. Energy Res., 2015, 39, 356-369. 

4. M. V. Gil, G. Esteban-Díez, C. Pevida, D. Chen and F. Rubiera, Energy Procedia, 2014, 

63, 6815-6823. 

5. O. A. Ulloa, M. T. Huynh, C. P. Richers, J. A. Bertke, M. J. Nilges, S. Hammes-Schiffer 

and T. B. Rauchfuss, J. Am. Chem. Soc., 2016, 138, 9234-9245. 

6. J. Zhang, L. Qi, J. Ran, J. Yu and S. Z. Qiao, Adv. Energy Mater., 2014, 4, 1301925-

1301930. 

7. A. Steinfeld, Sol. Energy, 2005, 78, 603-615. 

8. P. G. Loutzenhiser, A. Meier and A. Steinfeld, Materials, 2010, 3, 4922-4938. 

9. D. Weibel, Z. R. Jovanovic, E. Galvez and A. Steinfeld, Chem. Mater. , 2014, 26, 6486-

6495. 

10. A. Stamatiou, P. G. Loutzenhiser and A. Steinfeld, Chem. Mater., 2010, 22, 851-859. 

11. G. Leveque and S. Abanades, Thermochimica Acta, 2015, 605, 86-94. 

12. G. Leveque and S. Abanades, Chem. Eng. J., 2013, 217, 139-149. 

13. N. Gokon, T. Mataga, N. Kondo and T. Kodama, Int. J. Hydrogen Energy, 2011, 36, 

4757-4767. 

14. T. Kodama, N. Gokon and R. Yamamoto, Sol. Energy, 2008, 82, 73-79. 

198



15. J. E. Miller, A. H. McDaniel and M. D. Allendorf, Adv. Energy Mater., 2014, 4, 

1300469-1300488. 

16. M. Roeb, M. Neises, N. Monnerie, F. Call, H. Simon, C. Sattler, M. Schmucker and R. 

Pitz-Paal, Materials, 2012, 5, 2015-2054. 

17. M. Takacs, J. R. Scheffe and A. Steinfeld, Phys. Chem. Chem. Phys., 2015, 17, 7813-

7822. 

18. J. R. Scheffe, M. Welte and A. Steinfeld, Ind. Eng. Chem. Res., 2014, 53, 2175-2182. 

19. T. Cooper, J. R. Scheffe, M. E. Galvez, R. Jacot, G. Patzke and A. Steinfeld, Energy 

Technol., 2015, 3, 1130-1142. 

20. C. L. Muhich, B. D. Ehrhart, I. Al-Shankiti, B. J. Ward, C. B. Musgrave and A. W. 

Weimer, Wiley Interdiscip. Rev. Energy Environ., 2016, 5, 261-287. 

21. S. Tao and J. T. Irvine, Nat. Mater., 2003, 2, 320-323. 

22. A. Petric, P. Huang and F. Tietz, Solid State Ion., 2000, 135, 719-725. 

23. J. R. Scheffe, D. Weibel and A. Steinfeld, Energy & Fuels, 2013, 27, 4250-4257. 

24. C. K. Yang, Y. Yamazaki, A. Aydin and S. M. Haile, J. Mater. Chem. A, 2014, 2, 13612-

13623. 

25. A. H. McDaniel, E. C. Miller, D. Arifin, A. Ambrosini, E. N. Coker, R. O'Hayre, W. C. 

Chueh and J. H. Tong, Energy Environ. Sci., 2013, 6, 2424-2428. 

26. A. McDaniel, A. Ambrosini, E. Coker, J. Miller, W. Chueh, R. O’Hayre and J. Tong, 

Energy Procedia, 2014, 49, 2009-2018. 

27. A. M. Deml, V. Stevanović, A. M. Holder, M. Sanders, R. O’Hayre and C. B. Musgrave, 

Chem. Mater., 2014, 26, 6595-6602. 

28. M. E. Galvez, R. Jacot, J. Scheffe, T. Cooper, G. Patzke and A. Steinfeld, Phys. Chem. 

Chem. Phys., 2015, 17, 6629-6634. 

29. S. Dey, B. S. Naidu, A. Govindaraj and C. N. R. Rao, Phys. Chem. Chem. Phys., 2015, 

17, 122-125. 

30. A. H. Bork, M. Kubicek, M. Struzik and J. L. M. Rupp, J. Mater. Chem. A 2015, 3, 

15546-15557. 

31. S. Dey, B. S. Naidu and C. N. R. Rao, Chem. Eur. J., 2015, 21, 7077-7081. 

32. S. Dey, B. S. Naidu and C. N. R. Rao, Dalton Trans., 2016, 45, 2430-2435. 

33. E. Gerasimov, N. Kulikovskaya, A. Chuvilin, L. Isupova and S. Tsybulya, Top. Catal., 

2016, 59, 1354-1360. 

34. K.-I. Murai, K. Nagai, M. Takahashi, S. Takakusa and T. Moriga, Mod. Phys. Lett. B, 

2015, 29, 1540026. 

199



35. M. Oumezzine, J. Amaral, F. Mompean, M. G. Hernández and M. Oumezzine, RSC Adv., 

2016, 6, 32193-32201. 

36. C. Dueso, C. Thompson and I. Metcalfe, Appl. Energy, 2015, 157, 382-390. 

37. D. A. Kumar, S. Selvasekarapandian, H. Nithya, J. Leiro, Y. Masuda, S.-D. Kim and S.-

K. Woo, Powder Technol., 2013, 235, 140-147. 

38. D. Melo, F. Vieira, T. Costa, L. Soledade, C. Paskocimas, D. Melo, E. Longo, E. 

Marinho, A. Souza and I. Santos, Dyes Pigment., 2013, 98, 459-463. 

39. H. Zhu, P. Zhang and S. Dai, ACS Catal., 2015, 5, 6370-6385. 

40. D. D. Athayde, D. F. Souza, A. M. A. Silva, D. Vasconcelos, E. H. M. Nunes, J. C. Diniz 

da Costa and W. L. Vasconcelos, Ceram. Int., 2016, 42, 6555-6571. 

41. A. Demont and S. Abanades, J. Mater. Chem. A, 2015, 3, 3536-3546. 

42. N. Gokon, S. Sagawa and T. Kodama, Int. J. Hydrog. Energy, 2013, 38, 14402-14414. 

 

200



     

 

Supporting Information 

Systematic investigation of LaxCa1-xCoO3 perovskites as efficient 

catalysts for two-step thermochemical water splitting  

Lulu Wang,
1
 Mohammad Al-Mamun,

1
 Porun Liu,

1
 Yun Wang,

1
 Hua Gui Yang

2
 and Huijun 

Zhao*
1,3 

 

 

1
Centre for Clean Environment and Energy, Griffith University, Gold Coast Campus, 

QLD 4222, Australia 

2
Key Laboratory for Ultrafine Materials of Ministry of Education, School of Materials 

Science and Engineering, East China University of Science and Technology, 130 Meilong 

Road, Shanghai 200237 China 

3
Centre for Environmental and Energy Nanomaterials, Institute of Solid State Physics, 

Chinese Academy of Sciences, Hefei 230031, P. R. China 

E-mail: h.zhao@griffith.edu.au; Fax: +61 7 5552 8067; Tel: +61 7 5552 8261 

 

 

 

 

 

 

 

201



     

 

Supporting Figures 

 

Fig. S1 SEM images of La1-xCaxCoO3 perovskites with Ca doping content of 0.2 (a), 0.4 (b), 

0.6 (c) and 0.8 (d). 
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Fig.S2 (a) O2 evloution; (b) H2 production cuvres of CeO2 under two-step thermochemical 

H2O splitting operated between 1300 and 900 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 1000 2000 3000 4000 5000 6000
800

900

1000

1100

1200

1300

T
e

m
p

e
ra

tu
re

 (
°C

)

O
2
 e

v
o

lu
ti

o
n

 r
a

te
 (

µ
m

o
l/

g
/s

)

Time (s)

 

0.00

0.01

0.02

0.03

0 500 1000 1500
0.00

0.05

0.10

0.15

0.20

H
2
 p

ro
d

u
c

ti
o

n
 r

a
te

 (
µ

m
o

l/
g

/s
) 

 

 

 

Time (s)

16 μmol/g
32 μmol/g

(a) (b)

203



     

 

 

Fig S3 XRD pattern of La0.6Ca0.4CoO3 perovskite sample before (black) and after (red) two-

step thermochemical H2O splitting cycling test operated between 1300 °C and 900 °C. 
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Chapter 7.  Conclusions and Outlook 

7.1 Conclusions 

A series of novel perovskite compositions were prepared and applied as redox 

catalysts for two-step thermochemical H2O splitting cycles. Significant advances were 

achieved in relation to increased redox capacity at reduced thermal heating temperature. 

The main findings of this thesis are summarised as follows: 

(1) Rational design and fabrication of various perovskite-type redox catalysts for 

thermochemical solar fuel production applications. 

(2) Modification of the Pechini method to prepare varied perovskites with pure phase 

and advanced porous structure; 

(3) Enhanced oxygen vacancies generation and H2 production ability through 

adjustment of various metal ion dopants and corresponding doping contents 

within perovskite series; 

(4) Improved thermochemical solar H2 yield via optimising the operational factors 

including thermal reduction and re-oxidation temperatures during the 

thermochemical energy conversion process; and 

(5) Confirmation of the catalytic stability for potential long-term running through the 

thermochemical H2O splitting cycling test. 

The research work presented in this thesis has described the specific design and 

fabrication of nano-structured perovskite-type redox catalysts for thermochemical solar 

energy conversion routes. A series of perovskites including La1-xCaxMnO3, La1-

xCaxMn1-yAlyO3, La1-xAxMn1-yByO3 (A = Ca
2+

, Sr
2+

 and Ba
2+

; B = Al
3+

 and Ga
3+

), La1-

xSrxBO3 (B = Cr
3+

, Mn
3+

, Fe
3+

, Co
3+

 and Ni
3+

) and La1-xCaxCoO3 were synthesized 
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through a modified Pechini method. The research results and essential details of each 

experimental chapter are briefly summarised below: 

Chapter 2 discussed the critical role played by Ca
2+

 dopant in La1-xCaxMnO3 

perovskites during the thermochemical process, which can significantly affect the 

thermal reduction behaviour and subsequent H2O splitting performance. An optimised 

composition of La0.6Ca0.4MnO3 perovskite was found to deliver outstanding O2 

evolution and H2 production performance in the two-step thermochemical H2O splitting. 

In addition, the re-oxidation temperature was optimised by investigating a wide 

temperature range to further improve the thermochemical performance of 

La0.6Ca0.4MnO3. The tested perovskites also exhibited superb stability during the 

thermochemical cycling test with stable O2 and H2 production. 

Chapter 3 carried out a systematic examination of the thermochemical H2O 

splitting performances of La1-xCaxMn1-yAlyO3 perovskites. A broad range (from 0.2 to 

0.8) of both the A site dopant (Ca) and B site dopant (Al) were analysed to optimise the 

thermochemical redox behaviour. The La0.6Ca0.4Mn0.6Al0.4O3 was recognised as the 

most suitable composition among the tested La1-xCaxMn1-yAlyO3 perovskites with 

noteworthy H2 production and outstanding cyclic stability during the thermochemical 

H2O splitting cycling test.  

Chapter 4 studied the effect of introduced metal ions into the A and B site of 

LaMnO3 based perovskite on the thermochemical application. The doping on either A 

(Ca
2+

, Sr
2+

, Ba
2+

) or B (Al
3+

, Ga
3+

) sites of LaMnO3 perovskites had a positive impact 

on the two-step thermochemical H2O splitting performances. More importantly, the 

partial doping of Ca
2+

 on the A site and Ga
3+

 on the B site enabled us to find a novel 

perovskite composition (La0.6Ca0.4Mn0.8Ga0.2O3) which showed remarkable and stable 

thermochemical catalytic activity. More importantly, the H2 yield achieved by 
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La0.6Ca0.4Mn0.8Ga0.2O3 was twelve times higher than that of CeO2 under the same 

experimental conditions. 

Chapter 5 validated the composition of dependent oxygen vacancies (VO) 

formation behaviour of oxides during high temperature thermochemical treatment. 

Through incorporating a group of different transition metal ions (Cr
3+

, Mn
3+

, Fe
3+

, Co
3+

 

and Ni
3+

) on the B site, the O2 evolution performances of La0.6Sr0.4BO3 perovskites were 

revealed to be in charge of VO formation energy, which was closely related with the B 

site metal ions. More importantly, the subsequent H2O splitting performances of 

La0.6Sr0.4BO3 perovskites were in complete accordance with the VO formation results. 

As a result, both the O2 evolution and H2 production performances of La0.6Sr0.4BO3 

perovskites followed the same sequence, i.e. Co
3+

 > Ni
3+

 > Fe
3+

 > Cr
3+

 > Mn
3+

. 

Therefore, the initial screening of VO formation performances of perovskite oxides can 

be applied as an effective strategy to discover potential redox candidates for solar 

thermochemical fuel production.  

Chapter 6 described the first detailed thermochemical study of LaxCa1-xCoO3 (x = 

0.2, 0.4, 0.6, 0.8) perovskite oxides. The Ca dopant content played a critical role in the 

thermochemical H2O splitting process and La0.6Ca0.4CoO3 was recognised as the best 

trade-off among the tested LaxCa1-xCoO3 perovskites. The thermal reduction and water 

splitting temperatures were also systematically investigated to optimise the 

thermochemical operational conditions. La0.6Ca0.4CoO3 showed the maximum H2 

production of 587 µmol/g when two-step thermochemical H2O splitting process 

occurred between 1300 °C and 900 °C, which was over eighteen times higher than that 

of CeO2.  
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7.2 Outlook 

The ultimate goal of research and development in the field of two-step 

thermochemical H2O splitting is to produce clean and renewable solar fuels, which are 

economically competitive with conventional fossil fuels. To achieve this goal, several 

related issues and critical aspects, such as solar reactors, redox catalysts and reaction 

mechanisms, require further investigation and in-depth understanding. The details are 

given as follows: 

 To achieve an impressive solar-to-fuels conversion efficiency, suitable and 

perfectible redox catalysts will be needed. Given their great potential, further 

research should concentrate on the perovskite type redox catalysts to identify 

suitable redox candidates for two-step thermochemical water splitting. There are 

several considerations for improving the catalytic performances of perovskite 

catalysts including structure stability, composition tuning, oxygen recovery extent, 

fuel production capacity, low-cost and long lifetime. Furthermore, recent progress 

in computational techniques like DFT calculations can enable material screening 

and selection. Future advanced catalyst design should therefore combine 

experimental research with theoretical modelling.  

 With the rapid development of two-step thermochemical H2O splitting, more 

detailed thermodynamic and reaction kinetic analysis work is needed to achieve 

optimised thermochemical splitting reaction conditions. Based on traditional 

thermodynamic analysis, a large temperature swing between the thermal reduction 

and re-oxidation processes is necessary. This swing leads to significant efficiency 

penalties during the thermochemical solar fuel production cycles due to the 

irreversible heat losses during the cooling process. Some recent research has 

focused on isothermal or near-isothermal thermochemical processes and has led to 
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improved efficiency. Thus, in the near future, different operation models need to be 

evaluated to increase the efficiency of the thermochemical process. 

 As another important part of two-step thermochemical H2O splitting cycles, more 

attention is needed on the design of more advanced solar reactor devices. A series 

of critical factors must be considered in the design of an efficient solar reactor. 

Firstly, the heat loss caused by reradiation from the sunlight concentrating optics 

device should be strictly limited. Secondly, the heat transfer from the heating 

source to the reactive catalyst needs to be rapid. Thirdly, the unnecessary 

temperature swing between the redox catalyst and solar reactor will result in 

inefficient heat recuperation and should be avoided. Finally, an efficient gas (O2 

and H2) transportation route is required within the reactor to prevent back reaction. 

Only with a more powerful solar reactor can the high thermal temperature be 

acquired and ensure the possibility of splitting H2O within two steps. The search for 

suitable redox materials should therefore ocurr hand in hand with the development 

of solar reactors.  

 




