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Summary Sentence:  

We report and validate a method for predicting the solar thermal water splitting abilities of novel 

materials using easily calculated quantities. 

 

 

Summary Paragraph:  

We develop and validate a method for predicting the solar thermal water splitting ability of new 

materials and their reaction mechanism using only the reduction energies of the novel material 

and a benchmark material. This method relies only upon the material’s reduction energy, which 

is easily obtainable from DFT calculations and does not require the calculation of reduction 

entropies, which are very challenging to determine with sufficient accuracy. We then 

demonstrate this method by predicting the STWS abilities of two novel materials, FeAl2O4 and 

CoAl2O4, using the previously demonstrated doped hercynite (Co0.33Fe0.66Al2O4) material as the 

benchmark material. We computationally predict that the aluminate cycles operate via an O-

vacancy mechanism rather than the previously suggested stoichiometric mechanism and that they 

produce H2 in a 1.0 to 0.7 to 2×10-4 ratio for FeAl2O4, Co0.33Fe0.66Al2O4 and CoAl2O4, 

respectively. We validated these predictions experimentally, where XRD analysis confirms that 

an O-vacancy mechanism is operative and water splitting experiments measure relative H2 

production capacities of 1.0 to 0.6 to 0.0 for FeAl2O4, Co0.33Fe0.66Al2O4 and CoAl2O4, 

respectively. 
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Abstract 

A screening method is developed to determine the viability of candidate redox materials to drive 

solar thermal water splitting (STWS) and the mechanism by which they operate using only the 

reduction enthalpy of the material. This method is applied to the doped-hercynite water splitting 

cycle, as well as FeAl2O4 and CoAl2O4, materials which have not been previously 

experimentally demonstrated for STWS. Density functional theory (DFT) calculations of 

reduction energies coupled with our screening method predict H2 production capacities for iron 

and cobalt aluminate spinels to be in the order FeAl2O4 > Co0.5Fe0.5Al2O4 > CoAl2O4 with 

relative H2 production capacity ratios of approximately 1.0 to 0.7 to 2×10-4, respectively.   

Experimental measurements for 1500/1350°C redox temperatures validate the H2 production 

capacity predicted by the screening method by demonstrating H2 production ratios of 1.0 to 0.6 

to 0. Un-doped hercynite (FeAl2O4) is shown to be a viable STWS material for the first time with 

a higher H2 production capacity than traditional doped-hercynite materials.  Theory and 

experiments show that redox of the aluminate family of spinel materials operates via an O-

vacancy mechanism rather than a stoichiometric one, which is more typical for ferrites. The 

screening approach is generally useful for predicting the ability of new complex materials to 

drive STWS and the mechanism by which they operate, thus, providing a method to identify 

promising new candidate STWS materials.  
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1.0 Introduction 

Solar energy has the potential to provide the energy needs of a growing and energy 

demanding population; however, the capture, storage, and distribution of this dispersed resource 

remain a challenge. Solar thermochemical water splitting (STWS) is a promising route to 

efficiently capture and store this resource because it converts radiation from the entire solar 

spectrum into the chemical energy stored in the bonds of an energy dense fuel, H2.
1-6 Because the 

entire solar spectrum is used, STWS has one of the highest theoretical solar to hydrogen 

efficiencies of processes reported, including solar driven electrolysis and photo-electrochemical 

water splitting.2  In two-step metal oxide based STWS, a metal oxide is heated using 

concentrated solar thermal energy to a temperature at which it reduces, generating O2. 

Subsequently, H2O is introduced to the system to re-oxidize the material and generate H2.
2, 4, 7, 8 

STWS operation can be categorized by the temperature difference between the reduction and 

oxidation steps. Conventional STWS operates in a temperature swing water splitting (TSWS) 

mode in which water splitting is driven solely by a temperature difference of at least ~150°C. We 

recently demonstrated that significant H2 could be produced by an isothermal water splitting 

(ITWS) redox cycle in which the reduction and oxidation steps are performed at the same 

temperature, and an oxygen chemical potential difference drives water splitting.7 STWS can also 

be driven by combinations of temperature and chemical potential differences using temperature 

changes between the reduction and oxidation steps of less than ~150°C, which we consider near-

isothermal water splitting (NITWS).9  

The ideal material for efficiently driving STWS has not yet been identified, even though 

a large number of materials have been examined. To be a STWS material, a candidate material 

must undergo both reduction and water oxidation; to be a practical STWS material, it must 
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reduce at temperatures which are achievable using concentrated sunlight and at which reactor 

containment materials do not degrade (<~1700°C). The assessment of STWS materials and 

cycles has generally been undertaken by one of two approaches: 1) evaluating a set of previously 

proposed water splitting cycles for their practical viability;8, 10-12 or 2) identifying novel materials 

from a broad set of candidates by predicting their ability to drive STWS.13,14 Because an optimal 

STWS material or cycle has not yet been identified, we focus here on the latter of these two 

approaches, which we call “STWS materials screening”.13, 14  

Novel materials are traditionally screened by calculating whether a candidate material 

decomposes at achievable reduction temperatures and whether water re-oxidizes the decomposed 

material back to the original oxide using standard enthalpies and entropies of formation of the 

oxidized and reduced compounds.13,14 The vast majority of simple binary metal oxides (MxOy 

where M is a metal) have been examined for use as STWS materials under the assumption that 

they operate via volatile or non-volatile stoichiometric mechanisms. 8, 10-14  In the stoichiometric 

reaction mechanism, the active material decomposes to a reduced phase to produce a 

stoichiometric quantity of O2, as exemplified by the mixed metal ferrite cycle4 shown in 

Equations 1 and 2.  

������� → 	��� + 2��� + �
� 	��							(1) 

��� + 2��� +	
�� → ������� 	+ 	
�							(2) 

Every mole of CoFe2O4 that reacts produces a stoichiometric half mole of O2. The amount of 

CoFe2O4 that undergoes reduction depends on the reaction temperature and oxygen partial 

pressure.  
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As the names suggest, the difference between the volatile and non-volatile stoichiometric 

chemistries is the phase of the reduced product; a gas in the case of the volatile stoichiometric 

mechanism, or a liquid or solid in the case of the non-volatile stoichiometric mechanism. These 

reaction mechanisms are convenient for screening candidate STWS materials because 

decomposition and oxidation reaction enthalpies and entropies of binary oxide materials are 

easily calculated from the heats of formation of the reduced and oxidized forms, which are 

commonly tabulated in online databases. However, researchers have only identified a few 

potential STWS materials using this screening method. Chief among these are ZnO, SnO2, and 

Fe3O4, but none of these are particularly promising because they generate gaseous and liquid 

reduction products and require high reduction temperatures.4, 15-17 This screening approach has 

over looked new STWS materials because it can be difficult to obtain the decomposition 

energetics of novel complex metal oxides, and, more importantly, this method assumes that the 

potential STWS materials operate by a stoichiometric chemistry.  

Ceria (CeO2), perovskite (SrxLa1-xMnyAl1-yO3), and doped-hercynite (CoxFe1-xO4/Al2O3) 

cycles have been proposed as candidate commercial STWS materials and show more promise 

than the ZnO, SnO2, and Fe3O4 cycles due to their lower required reaction temperatures and their 

solid-state reduction products.9, 18-22 These cycles have only recently become of interest and were 

not identified by previous screening methods for a variety of possible reasons, including their 

non-standard reaction mechanisms, more complex compositions, or because O-vacancy materials 

were at first suggested to produce too little H2 per unit mass to be economical.11 The low 

temperature (Tred ≈1500-1700°C) CeO2 O-vacancy cycle was not identified by screening 

methods because CeO2 was originally only screened as a stoichiometric material; however, it 

does not decompose to Ce2O3 at temperatures below 2000°C,22 which is too high for practical 
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STWS. However, while attempting to lower the CeO2 decomposition temperature through 

doping with other metal oxides Kaneko et al. discovered that CeO2 splits water after reduction at 

1500°C and that at this temperature the CeO2 cycle operates by an O-vacancy mechanism.23 As 

the name suggests, reduction of O-vacancy materials produces oxygen vacancies within the 

lattice of the host material without it decomposing into a different phase; these vacancies are 

subsequently filled during oxidation by the O atoms of split H2O molecules.23 Equations 3 and 4 

show that, for every mole of CeO2 reduced, δ/2 moles of O2 and δ moles of oxygen vacancies 

form, where the extent of non-stoichiometry (δ) depends on the reduction temperature and 

oxygen partial pressure.  

���� → 	������ + �
� 	��   (3) 

������ 	+	�
�� → 	���� 	+ 	�
�   (4) 

It is difficult to screen for new O-vacancy STWS materials because the energy used to split 

water is not stored in a second, reduced phase for which heats and entropies of formation are 

readily available. Instead the water splitting energy is stored in O-vacancies for which the 

concentrations, reduction energy, and thermodynamic effects are not generally tabulated in 

thermodynamic databases.  

Perovskite based STWS cycles have also only recently been demonstrated using SrxLa1-

xMnyAl1-yO3.
17 Traditional screening methods based on stoichiometric reaction mechanisms did 

not consider these materials because their complex compositions make it difficult to determine 

their reduction products and the associated reaction thermodynamics, which are required for 

screening. Additionally, these materials have been shown to operate by an O-vacancy 

mechanism19, 21 and, thus, they do not decompose at practical STWS temperatures. Therefore, 
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even if SrxLa1-xMnyAl1-yO3 had been screened, it would likely have been rejected for requiring 

impractically high decomposition temperatures. While the SrxLa1-xMnO3 based cycles were the 

first perovskite cycles proposed,19, 24 other cycles have been suggested such as CaTixFe1-xO3, and 

BaxSr1-xCoyFe1-yO3, which indicates that other perovskites that can drive STWS likely exist.21, 25 

These materials were not identified by a systematic screening method. If perovskites are to be 

thoroughly examined for their use in STWS, a screening method appropriate for analyzing O-

vacancy materials must be developed which can quickly and accurately predict the STWS ability 

of candidate materials.  

Similarly, the doped-hercynite cycle was only identified relatively recently. In 2010, Scheffe 

et al.
20 reported a new STWS cycle based on a mixture of CoFe2O4 and Al2O3 which was named 

the “doped-hercynite cycle” as it was assumed to operate similarly to cobalt ferrite through the 

formation and decomposition of cobalt aluminate and hercynite (FeAl2O4), as shown in 

Equations 5 and 6. 

 ������� + 3����� →	������� + 2������� + �
� 	��						   (5) 

 ������� + 2������� +	
�� → ������� + 3����� 	+	
�							(6) 

Scheffe et al.20 demonstrated the doped-hercynite cycle experimentally and used the 

FACTSageTM Gibbs free energy minimization software package26 to predict the thermodynamic 

end states of the material. Additionally, they used FACTSageTM to estimate the O2 evolution 

produced from the reduction of a Fe3O4 and Al2O3, and a CoFe2O4 and ZrO2 mixture and found 

them to evolve less O2 than the reduction of the CoFe2O4 and Al2O3 mixture for temperatures < 

1450oC.  However, they did not investigate the water splitting ability of a mixed Fe3O4 and 

Al2O3 system experimentally or computationally. 
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As with the case of the perovskites, the doped-hercynite cycle was not considered by 

previous screening techniques, possibly because researchers screening STWS materials had 

previously only considered binary metal oxides while hercynite is a more complex material. 

Because screening for STWS materials with these complex reaction mechanisms and structures 

is difficult, no new cycles based on the doped-hercynite cycle have been demonstrated.  

The doped-hercynite STWS cycle is particularly promising as it produces significant 

quantities of H2 and requires a low reduction temperature (1200°C), which was the lowest 

reduction temperature of any two-step metal oxide based STWS cycle previously reported. The 

1200°C reduction temperature is ~200°C lower than the required reduction temperature of 

traditional ferrite cycles and ~300°C lower than that required for the ceria and ZnO cycles.9, 20, 27, 

28 Additionally, the aluminate reduction products do not melt at temperatures under 1600°C. 

Therefore, the doped-hercynite cycle can operate over a wide range of reduction temperatures 

without melting or sintering which are problems that plague other ferrite-based cycles because of 

the less than 150°C difference in the reduction and melting temperature of the traditional ferrite 

cycle.17 While promising, the reaction mechanism of the doped-hercynite cycle has not been 

fully investigated.  

The majority of the materials potentially involved in the doped-hercynite cycle are spinels, 

including Fe3O4, Co3O4, FeAl2O4, CoAl2O4, and mixtures thereof. Spinels are a class of materials 

with a generic composition of AB2O4, where A and B possess formal oxidation states of +2 and 

+3, and take on either a normal or inverse structure. In normal spinels, the A cations occupy 

tetrahedral sites while the B cations occupy octahedral sites, as shown in Supplemental 

Information (SI) Figure SI1a. In inverse spinels, half of the B cations occupy the tetrahedral sites 

while the remaining B cations and all of the A cations occupy octahedral sites, as shown in SI 
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Figure SI1b. Most spinels are not fully normal or inverse, but rather are a mixture of the two. 

The degree to which a spinel possesses an inverse or normal structure is quantified by the 

inversion parameter X, where X=0 indicates a completely normal spinel and X=1 indicates a 

completely inverse spinel. Of the materials of interest here, FeAl2O4, and CoAl2O4 are mostly 

normal while CoFe2O4 is a mostly inverse spinel.29  

In this work, we describe a method to predict the reaction mechanism and the capability of 

complex materials to split water. We apply this method in conjunction with density functional 

theory (DFT)12,13 to determine the reaction mechanism of the doped-hercynite cycle and analyze 

the previously undemonstrated FeAl2O4 and CoAl2O4 oxides for use in STWS. We validate the 

computational findings using H2 generation experiments, X-ray diffraction (XRD), and scanning 

electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDS) analysis.  

2.0 Results and Discussion 

We will first describe a set of criteria that can be applied to analyze the reaction mechanism 

and STWS behavior of candidate materials. Next, we will discuss the DFT-predicted behavior of 

the doped-hercynite and novel aluminates using these criteria. Lastly, we will report the 

experimental validation of these results in the following order: relative H2 production capacities 

of the various aluminates, the phases present during oxidation and reduction, and finally 

SEM/EDS analysis of the cation distribution in the oxidized or reduced forms of the materials.  

2.1 Method for the Computational Evaluations of Possible STWS Cycles  

In STWS, the overall enthalpy (286 kJ/mol) and entropy (44.4 J/mol·K) changes of the water 

splitting reaction must be met, as shown in Equations 7 and 8, and the overall process must be 

exergonic, as shown in Equation 9.30 Additionally, if a material is to drive STWS, both its 
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reduction and oxidation half-reactions must be spontaneous – i.e. have a negative Gibbs free 

energy, as shown in Equations 10 and 11.13 

∆
	���� =	∆
�� + ∆
�� 	≥ 286	 !/#��     (7) 

∆$���� =	∆$�� + ∆$�� ≥ 44.4	!/#�� ∙ ( (8) 

∆)���� = ∆
���� − +∆$���� < 0   (9) 

∆)�� = ∆
�� − +��∆$�� < 0    (10) 

∆)�� = ∆
�� − +��∆$�� < 0   (11) 

Here, STWS indicates the overall reaction cycle, TR indicates the thermal reduction step, and 

OX indicates the H2 generating oxidation step. From these equations, several general rules about 

the half-reactions can be identified. The entropy lost in forming H2 from H2O, ∆S ≈ -58 J/mol·K, 

is too unfavorable for any potential entropy gain from metal oxide re-oxidation to overcome; the 

maximum entropy gain from oxidation of a candidate material was demonstrated by Meredig et 

al. who showed that none of the 105 metal oxides they assessed gained more than 30 J/mol·K of 

entropy upon oxidation.13 Because the oxidation step is entropically unfavorable, the oxidation of 

the active material must be exothermic (∆H < 0) with a ∆H greater in magnitude than T∆S if the 

water splitting reaction is to be spontaneous, as shown in Equation 11. Because the enthalpies of 

both the reduction and oxidation steps together must be greater than the enthalpy of water 

splitting (Equation 7), the reduction enthalpy must be at least 286 kJ/mol. Through an analogous 

assessment, candidate materials for CO2 splitting require a reduction enthalpy of 284 kJ/mol. A 

material with a reduction enthalpy greater than the energy required for gas splitting releases the 

excess energy as heat during the exothermic oxidation reaction. Therefore, 286 kJ/mol represents 

a minimum reduction enthalpy for STWS and based on this requirement, we can assess the 

viability of candidate STWS materials or reaction mechanisms by comparing their reduction 

enthalpies to the enthalpy required for water splitting – i.e. if the metal oxide reduction enthalpy 
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is less than the water splitting enthalpy, the suggested material or reaction mechanism is unlikely 

to drive STWS without the input of external work.  

Although a reduced material may store sufficient energy to split water, this does not 

guarantee that it will do so after reduction at a reasonable operating temperature. As the 

reduction enthalpy of a particular material increases, the driving force for the water splitting 

reaction also increases, although the extent of reduction and the associated H2 production 

capacity at a given reduction temperature decrease. Therefore, the extent of reduction, if any, 

must be determined at practical reduction temperatures. This is straightforward when the entropy 

of reduction is known, for example from thermodynamic tables, and therefore the equilibrium 

constant can be calculated from the Gibb’s Free Energy change and the reduction temperature. If 

reliable thermodynamic data are not available, this information must be obtained either 

computationally or experimentally. Otherwise, the direct use of entropy to determine the extent 

of reduction is not feasible. While the direct use of entropy to predict the extent of reduction is 

desirable for the sake of completeness, it requires either experimentally evaluating all candidate 

materials, which defeats the purpose of rapid screening, or calculating the entropy of reduction 

for each candidate material from first principles. Unfortunately, the accurate calculation of 

reduction entropies is often challenging. Determining the entropy of a system requires highly 

accurate partition functions based on the accessible configurational, electronic, and vibrational 

energy levels. As the complexity of the material structure increases, for example when multiple 

cations occupy equivalent sites or upon the formation of vacancies, so does the difficulty of 

computing the configurational component of the partition function due to the combinatorial 

number of cationic and O-vacancy configurations. Additionally, the effects of local atomic 

configurations on the phonon modes must also be accounted for because local cationic site 
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heterogeneity and the introduction of O-vacancies lead to a loss of symmetry at these sites and, 

thus, more complex phonon calculations to determine the vibrational entropy. Consequently, for 

complex materials and materials that operate via an O-vacancy mechanism, extra care must be 

taken to determine the configurational and vibrational factors of the partition function. 

Furthermore, the electronic contributions to the partition function must be included for materials 

with band gaps that are small relative to kT, or roughly 0.35 eV at practical STWS temperatures. 

Therefore, when reliable entropic data are not available and reasonably demanding calculations 

are unlikely to provide sufficiently accurate results, a new method to estimate the degrees of 

reduction, and the resulting H2 generation capacities of candidate materials must be developed.  

We propose using a “benchmark” material to predict the H2 production capacities of 

candidate materials. We suggest a method in which a material known to drive water splitting, 

even if very poorly, is chosen as a standard against which to compare readily obtainable 

reduction enthalpies of candidate materials within a similar STWS class, i.e. a similar crystal 

structure and reaction mechanism. We assume that within a STWS reaction class the reduction 

entropy of the benchmark (subscript “ben”) and candidate (subscript “can”) materials are 

approximately the same (∆Sben ≈ ∆Scan). Therefore, when comparing the relative equilibrium 

extents of reduction between the two materials the T∆S terms cancel, as implied by Equation 12. 

./01,3415+6 = 07
8∆9:;<=> ?

0@
8∆9AB<=> C

≈ 07
8∆E:;<=> ?

0@
8∆EAB<=> C

= �@
8∆∆E:;<,AB<

=> C
  (12) 

Here, rben,can is the predicted relative extent of reaction and ∆∆
341,/01 is the difference in 

reduction enthalpies between the candidate and benchmark materials. The thermodynamic 

quantities (∆G and ∆H) all refer to the reduction reaction. When rben,can<1  the candidate material 

is predicted to have a lower H2 production capacity than the benchmark material. For this 
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analysis to be valid, the material must possess a reduction energy of at least 286 kJ/mol. Thus, 

we propose to assess the water splitting ability of materials by a two-stage screening: first, we 

determine if the material or reaction pathway has sufficient energy to split water. If so, then we 

compare its ability to drive water splitting to previously characterized materials of a similar class 

as outlined in Equation 12.  

2.2 Computational Evaluation of Possible Aluminate Cycle STWS Materials and 

Mechanisms  

Using the approach described in Section 2.1, we evaluated the abilities of the previously 

undemonstrated pure hercynite (FeAl2O4) and cobalt aluminate (CoAl2O4) cycles to split water in 

relation to the proven doped-hercynite (CoxFe1-xAl2O4) cycle. To do this, we must know the 

associated reaction mechanisms; therefore, we first determined the reaction mechanism using the 

minimum reduction energy criteria before predicting the STWS abilities of candidate oxides.  

In order to determine the reaction mechanism for a STWS material, the reduction energy for 

each considered path is calculated and then compared to the minimum reduction energy criteria. 

This results in three possible cases: 1) none of the analyzed mechanisms has sufficient reduction 

enthalpy to drive water splitting; 2) only one of the analyzed mechanisms has sufficient 

reduction enthalpy to drive water splitting; or 3) more than one analyzed reaction mechanism can 

drive water splitting. The first case is uninteresting as the material is incapable of splitting water 

by the analyzed mechanisms. In the second case, the mechanism with a reduction enthalpy 

greater than 286 kJ/mol is the active mechanism. In the third case, all mechanisms with reaction 

energies sufficient to drive water splitting are potentially active, and their activities are 

determined by their relative kinetics and thermodynamics at the operating conditions. A 

comparison of the O-vacancy and stoichiometric mechanisms shows that the O-vacancy 
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mechanism represents the initial stages of the stoichiometric reaction at a temperature where 

insufficient thermal energy is available to fully decompose the material into a separate phase. 

Therefore, at reduction temperatures below that required for phase decomposition, the O-

vacancy mechanism would be active and at reduction temperatures above this threshold, the 

stoichiometric reaction mechanism becomes active. The temperature at which this crossover 

occurs can be estimated from the stoichiometric reaction reduction enthalpy by determining the 

temperature at which the Gibbs free energy of the stoichiometric reaction becomes negative and 

making the approximation that the entropy change of the system is equivalent to the entropy of 

O2 formation, i.e. neglecting entropic contributions from the solid phase. These three cases allow 

us to easily assess the reaction mechanism only knowing the reduction energy.  

2.2.1 Thermodynamics and Reaction Mechanism of the Doped-Hercynite STWS Cycle 

We calculated the reduction energy of the hercynite stoichiometric reaction to be 175 kJ/mol, 

as reported in Table 1. The low reduction enthalpy of the stoichiometric mechanism indicates 

that the stoichiometric doped-hercynite cycle does not possess the reducing power to split water. 

Additionally, if the reaction forms a single mixed aluminate rather than separate Fe and Co 

aluminates, the reaction energy is even lower (166 kJ/mol, as shown in Table 1). This indicates 

that, although the mixed aluminate forms during reduction, as it is lower in energy then separate 

aluminate phases, it is incapable of splitting water. Therefore, we predict that the stoichiometric 

reaction mechanism is not the active pathway in the doped-hercynite STWS cycle and another 

mechanism that is consistent with the demonstrated ability of the doped-hercynite cycle to drive 

STWS must be active. 
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The formation of O-vacancies in a doped-hercynite (Co0.5Fe0.5Al2O4) material is endothermic 

by at least 384 kJ/mol, as shown in Table 1. This indicates that reduced Co0.5Fe0.5Al2O4 has 

sufficient energy to split water and suggests that the doped-hercynite cycle could operate via an 

O-vacancy mechanism, where the CoFe2O4 initially reacts with alumina to form Co0.5Fe0.5Al2O4 

and then cycles between Co0.5Fe0.5Al2O4 and Co0.5Fe0.5Al2O4-δ.  

 Table 1: Comparison of the reduction energies of various possible doped-hercynite cycle 
reaction mechanisms. 

Reaction Type Reduction Reaction 

Reduction 

Energy 

(kJ/mol) 

Water Splitting 

Capable 

Stoichiometric 

CoFe2O4 + 3Al2O3 
� 

CoAl2O4 + 2FeAl2O4 + ½ O2 
175 No 

CoFe2O4 + 3Al2O3 
� 

3 Co0.33Fe0.66Al2O4 + ½ O2 
166 No 

O-vacancy 

Co0.5Fe0.5Al2O4  
�  

Co0.5 Fe0.5 Al2O4-δ 
+ δ/2 O2 

O-

neighboring 

cations
a 

  

One Fe 573 Yes 
Two Fe  508 Yes 

Three Fe  450 Yes 

Four Fe  384 Yes 

One Co  621 Yes 

Two Co  515 Yes 

Three Co  436 Yes 

Four Co 403 Yes 
aNumber and type of non-Al cations neighboring the O to be removed; the balance of the four 
O-neighboring cations is composed of Al cations. 
 

As shown in Table 1 and Figure 1a, the predicted O-vacancy formation energies of 

Co0.5Fe0.5Al2O4 span a range from 384-621 kJ/mol. The wide range stems from the variation in 

the local environments of the O atom whose removal generates the O-vacancy and which goes 

on to form O2. The geometries of the O-vacancies with different cationic configurations are 
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shown in Figure 1c. The more Al cations that neighbor an O anion, the more endothermic it is to 

produce an O-vacancy at that site. O anions in 

the spinel structure are tetrahedrally 

coordinated to three octahedrally coordinated 

cations and one tetrahedrally coordinated 

cation. In normal spinels, such as FeAl2O4, 

CoAl2O4, and CoxFe1-xAl2O4, the Al cations 

occupy the octahedral sites while the Co and 

Fe cations occupy the tetrahedral sites. This 

means that each O atom is nominally 

coordinated to three Al cations and one Fe or 

Co cation. However, at the high temperatures 

necessary for STWS, the cations of normal 

spinels become less ordered due to entropic 

driving forces and form structures which are 

partly normal and partly inverse.31 At 1200°C, 

which is the onset temperature for the doped-

hercynite STWS cycle, FeAl2O4 and CoAl2O4 

Figure 1: a) Calculated O-vacancy formation energies at 
sites with varying numbers of Co or Fe nearest neighbors 
and b) the relative energies of exchanging cations to 
produce O sites with multiple Co or Fe nearest neighbors. 
c) The configurations of the ions in the FeAl2O4 spinel for 
an O-vacancy with one (top left), two (top right), three 
(bottom left), and four Fe neighbors (bottom right). The 
large blue, medium gold and small red spheres represent Al, 
Fe and O atoms respectively and the black square indicates 
the location of an O-vacancy.  
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are predicted to be 23% and 2% inverted, respectively. These values are in good agreement with 

previously determined computational values29 and experimental results (15-20%32 and ~5%33). 

This suggests that atomic configurations in the doped-hercynite material exist where an O2- anion 

neighbors more than one Co or Fe cation. Additionally, using the rationale outlined in Equation 

12 and described at the beginning of Section 2.2, together with the relative O-vacancy formation 

energies reported in Table 1 we determine that reduction is most likely to occur at O atoms 

coordinated to four Co or Fe cations.   

When an O is removed from a site where it neighbors three Al cations and one Fe or Co 

cation, the O-vacancy formation energy is 573 and 621 kJ/mol, respectively. While O-vacancies 

at these sites certainly have the reducing power to split water, few are likely to exist at 

achievable STWS temperatures because of the high O-vacancy formation energy. However, as 

the extent of inversion increases and Al cations neighboring an O anion are exchanged for Co or 

Fe cations, the O-vacancy formation energy decreases down to 384 and 403 kJ/mol for an O 

anion neighboring four Fe and Co cations, respectively, as shown in Table 1 and Figure 1. This 

suggests that the O sites that neighbor multiple Fe and Co cations are the likely sites for O-

vacancy formation, and, therefore, are the likely sites for driving STWS because they both exist 

in significant quantities and possess the enthalpy required to split H2O.  

The preference for O-vacancies to neighbor multiple Co and Fe cations stems from the 

relative strengths of the O-cation bonds and the reducibility of the cations involved. It is well 

known that O forms a stronger bond to Al (∆Hf Al2O3 = -558 kJ/mol per Al-O bond), than to Fe 

(∆Hf FeO = -272 kJ/mol) or Co (∆Hf CoO = -237 kJ/mol).34 The formation of O-vacancies 

neighboring more than one Fe and Co cation breaks fewer strong O-Al bonds, thus lowering the 

O-vacancy formation energy. Additionally, when reduction occurs, the individual O2- anions 
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oxidize and donate two electrons to the cations in the system. As the number of Al cations 

neighboring the O-vacancy decreases, more Fe or Co cations are available to accept this charge, 

and, therefore, fewer Al cations reduce to an unfavorable oxidation state of less than +3, as 

shown in Table 2. Furthermore, when more Co and Fe cations neighbor the formed O-vacancy, 

the charge transferred to any individual cation generally decreases. This further lowers the O-

vacancy formation energy because the Co2+ and Fe2+ cations do not deviate as much from their 

stable +2 oxidation state to their less stable +1 oxidation states. Overall, these factors lower the 

energetic cost of O-vacancy formation at sites with multiple Co or Fe neighbors while still 

providing sufficient energy to split water. Therefore, it is likely that these sites are active in 

doped-hercynite STWS. These results suggest that the Co and Fe cations are the active cations in 

the doped-hercynite cycle and that Al cations are mostly inert but stabilize the spinel structure as 

the material reduces. 

The formation of an oxygen vacancy in doped-hercynite causes the local structure to contract 

with the lattice constants of our supercell models of the vacancies shrinking by 0.028Å (0.24%) 

and 0.022 Å (0.19%) for the cases of an O-vacancy with four Fe and four Co nearest neighbors, 

respectively. The Fe-Fe distances of the O-vacancy with four Fe cation nearest neighbors 

decrease dramatically; the average tetrahedral Fe to octahedral Fe distance shrinks from 3.46 Å 

to 2.96 Å, while the average octahedral Fe to octahedral Fe distance shrinks from 2.84 Å to 2.68 

Å. Although the Fe-Fe distances decrease, the Fe-O bonds elongate slightly with the average 

distances between the tetrahedral and octahedral Fe cations neighboring the O-vacancy to their 

neighboring O atoms increasing by 0.09 and 0.03Å, respectively. Overall, the relaxation of the 

cations towards the O-vacancy compresses the lattice. We find similar behavior for the case of 

forming an O-vacancy with four nearest neighbor Co cations.  The contraction of the hercynite 
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material upon O-vacancy formation is noteworthy because this is in contrast to O-vacancy 

formation in ceria systems which causes a lattice expansion.35 Our calculations that predict that 

the O-vacancy mechanism is active in hercynite also predict an associated lattice contraction and 

expansion upon reduction and oxidation, which could be measured by HT-XRD.  

Table 2: The reduction energy of spinel aluminates by stoichiometric and O-vacancy 
mechanisms  

Stoichiometric Reaction 

Reduction Reaction 
Reduction energy 

(kJ/mol) 

CoFe2O4 + 3Al2O3 � 3Co0.33Fe0.66Al2O4 +  ½ O2 166 

Fe3O4 + 3Al2O3 � 3FeAl2O4 +  ½ O2 182 

Co3O4 + 3Al2O3 � 3CoAl2O4 +  ½ O2 101 

O-Vacancy Reaction 

Spinel 

stoichiometry 

Type and 

number of 

neighboring 

Fe or Co 

cations 

Relative 

energy of 

structure 

(kJ/mol) 

Reduction 

energy 

(kJ/mol) 

Average change in oxidation after 

O-vacancy formation 
tetrahed

ral 
neighbo

r 

 Al octahedral 
neighbors  

Fe/Co 
octahedral 
neighbors  

Co0.5Fe0.5Al2O4 
 

One Fe - 573 1.08 0.13 - 

Two Fe 43 508 0.64 0.17 0.46 

Three Fe 75 450 0.49 0.00 0.50 

Four Fe 153 384 0.50 - 0.30 

One Co - 621 0.77 0.11 - 

Two Co 39 515 0.58 0.12 0.49 

Three Co 82 436 0.34 0.00 0.49 

Four Co 135 403 0.34 - 0.32 

FeAl2O4 

One Fe - 515 0.85 0.20 - 

Two Fe -15 518 0.65 0.21 0.38 

Three Fe 66 457 0.54 0.00 0.44 

Four Fe 148 366 0.48 - 0.32 

CoAl2O4 

One Co - 578 0.80 0.18 - 

Two Co 64 521 0.54 0.00 0.78 

Three Co 169 443 0.57 0.13 0.30 
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Four Co 270 389 0.42 - 0.31 

 

3.2.2 Predicting the STWS ability of Un-doped Fe- and Co-Aluminate  

With an understanding of the mechanism of the doped hercynite cycle in hand, we 

investigated the ability of un-doped FeAl2O4 and CoAl2O4 to drive STWS by calculating the 

reduction enthalpy for both the stoichiometric and O-vacancy formation reaction mechanisms; 

the results are shown in Table 2. In a stoichiometric reaction, analogous to that proposed for the 

hercynite cycle, Fe3O4 or Co3O4 reacts with Al2O3 to form the relevant aluminates upon 

reduction, i.e. FeAl2O4 or CoAl2O4, and subsequently oxidizes back to separate phases when 

splitting water.20 These reaction mechanisms are shown in Equations 13 and 14 in which M is 

either Fe or Co. We calculate that the reduction energy for the stoichiometric Fe- and Co-

aluminate cycles are 182 and 101 kJ/mol, respectively; therefore, these cycles are not capable of 

splitting water, in accordance with the thermodynamic argument based on the minimum 

reduction energy to split water. 

F��� + 3����� → 3F����� + �
���      (13) 

3F����� + 
�� → F��� + 3����� + 
�      (14) 

We calculate that O-vacancy formation energies in FeAl2O4 and CoAl2O4 range from 366 to 

578 kJ/mol depending on the O-nearest neighbor arrangement, as shown in Table 2. This 

suggests that FeAl2O4 and CoAl2O4 are thermodynamically capable of driving water splitting via 

an O-vacancy mechanism. As we found for the doped-hercynite material, the lowest O-vacancy 

formation energies occur when the O-vacancy neighbors four Fe or Co cations. This is once 

again ascribable to the relative preference of Al cations over the Fe and Co cations to be fully 

Page 21 of 39 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



22 
 

coordinated to O atoms, as described in Section 2.2.1. Additionally, calculations predict that 

reduction is accompanied by a lattice contraction of 0.036 Å (0.30%) and 0.044 Å (0.38%) for 

FeAl2O4 and CoAl2O4 respectively, in good agreement with our DFT calculated lattice changes.  

Although the O-vacancy formation energies of the various aluminate spinels are similar at a 

given number of Fe or Co nearest neighbors, as shown in Figure 1, the O-vacancy formation 

energies of FeAl2O4 are slightly lower than Co0.5Fe0.5Al2O4 and CoAl2O4. This difference is 15 

kJ/mol and 19 kJ/mol, as averaged over the four possible O-nearest neighbor configurations, and 

can be up to 18 and 23 kJ/mol when four Fe or Co cations neighbor the O-vacancy, respectively. 

This indicates that FeAl2O4 is likely to form more O-vacancies than Co0.5Fe0.5Al2O4 and 

CoAl2O4 under similar reducing conditions. Additionally, the energy to exchange an Al cation at 

an octahedral site with a tetrahedrally coordinated Co or Fe cation is not constant across the 

aluminates. It is more energetically favorable to form an O atom coordinated to four Fe or Co 

cations in FeAl2O4 and Co0.5Fe0.5Al2O4 than in CoAl2O4 by roughly 120 kJ/mol, as shown in 

Table 2 and Figure 1b. This is consistent with the experimental inversion parameters of 0.15-

0.2032 and 0.0533 for FeAl2O4 and CoAl2O4, respectively. This predicts that more active sites 

exist in FeAl2O4 and Co0.5Fe0.5Al2O4 than in CoAl2O4. For example, at 1500°C for every oxygen 

site with four Co or Fe nearest neighbors in FeAl2O4, roughly 0.7 and 2×10-4 such sites exist in 

Co0.5Fe0.5Al2O4 (four Fe cations as these have lower O-vacancy formation energies) and 

CoAl2O4, respectively, based on Equation 12.  

2.2.3 Predicted Relative H2 Production Capacities of Fe- and Co-Aluminates 

Using the reaction energies described in Sections 2.2.1 and 2.2.2, and the method 

outlined in Section 2.1, we can make predictions of the relative H2 production capacities and 
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potential mechanisms of STWS driven by Co0.5Fe0.5Al2O4, FeAl2O4, and CoAl2O4. First, we 

predicted that Fe- and Co-based aluminates operate via an O-vacancy mechanism rather than a 

stoichiometric one. For the materials investigated here, the O-vacancies have sufficient energy to 

drive water splitting. This is evidenced by the O-vacancy formation energies which exceed the 

threshold required to split water, whereas the stoichiometric reduction energies are less than 286 

kJ/mol.  

Second, we predict that, after reduction at 1500°C, the aluminates possess a H2 

production capacity ratio of roughly 1 to 0.7 to 2×10-4 for FeAl2O4, Co0.5Fe0.5Al2O4, and 

CoAl2O4, respectively.  The predicted ratio of H2 production capacities is based on the relative 

number of sites within each material with four Co or Fe neighbors, as calculated using Equation 

12. This is because each of the materials has comparable O-vacancy formation energies at sites 

with the same number of Co or Fe neighbors, which suggests that O-vacancies will form at these 

sites in similar proportion, but that the number of active sites that each of the materials has 

differs, as discussed in Section 2.2.2. Therefore, the material which has the largest number of 

STWS active sites, i.e. O-sites with four Co or Fe neighbors, should produce the most H2.  

Finally, if the predicted enthalpic minimum for water splitting does not exist, we predict 

based on Equation 12 that the relative H2 production capacities of the aluminates would be 

CoAl2O4 > Co0.5Fe0.5Al2O4 > FeAl2O4 in ratios of 1 to 0.012 to 0.004 if a hypothetical 

stoichiometric reaction was active. This assumes that all of the reduced material is capable of 

splitting water regardless of the reduction enthalpy. The predicted relative H2 production 

capacity of these materials operating via a stoichiometric reaction mechanism is the opposite of 

the predicted H2 production capacity of the materials operating via an O-vacancy mechanism. 

This suggests that the operational mechanism, the validity of the thermodynamic arguments, and 
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STWS material screening criteria outlined in Section 2.2.1 can be validated by experimentally 

determining the relative H2 production capacities of the three aluminates and comparing their 

relative H2 production capacities.  

2.3 H2 Generation by Fe- and Co-Aluminates 

We determined the STWS H2 

production capacities of CoAl2O4, FeAl2O4, and 

Co0.4Fe0.6Al2O4 in a SFR by cycling the 

materials near-isothermally between 1500°C 

and 1350°C. The results are shown in Figure 

2a. Overall, the H2 production capacities of the 

aluminate materials are FeAl2O4 (510±40 μmol 

H2/g) > Co0.5Fe0.5Al2O4 (310±30 μmol H2/g) > 

CoAl2O4 (6±10 μmol H2/g). Because no 

statistically significant quantity of H2 was 

produced by the CoAl2O4, (6±10 μmol H2/g is 

statistically indistinguishable from 0 μmol H2/g 

at a 95% confidence level) we will refer to its 

production as 0 μmol H2/g for the rest of this 

discussion. The H2 production ratios of the 

aluminates are 1 to 0.6 to 0 for FeAl2O4, Co0.5Fe0.5Al2O4, and CoAl2O4, respectively. This agrees 

with the computationally predicted relative H2 production capacities for the aluminates operating 

via an O-vacancy mechanism of 1 to 0.7 to 2×10-4 for FeAl2O4, Co0.5Fe0.5Al2O4, and CoAl2O4, 

Figure 2: a) The H2 production capacities of FeAl2O4, 
Co0.4Fe0.6Al2O4, and CoAl2O4 during near-isothermal water 
splitting cycling at 1500/1350°C over multiple cycles. The 
CoAl2O4 cycles are labled as cycles 7-12 but represent 
cycles 1-6 so they can be displayed on the same horizontal 
axis. b) The rate of H2 production of FeAl2O4, 
Co0.4Fe0.6Al2O4, and CoAl2O4 for a typical cycle (the ninth 
cycle for FeAl2O4 and Co0.4Fe0.6Al2O4, and the third cycle 
for CoAl2O4).  
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respectively. This suggests that the screening parameters for STWS viability and reaction 

mechanism are valid.  

The peak H2 production rates are 1.64±0.02 and 1.32±0.07 µmol H2/s·g for 

Co0.4Fe0.6Al2O4 and FeAl2O4, respectively, as shown for represented H2 production traces in Fig. 

2b. While Co0.4Fe0.6Al2O4 produces less H2 than FeAl2O4, the presence of Co cations increases 

the rate of the oxidation reaction. This could occur either by catalyzing the surface water splitting 

reaction or increasing the rate of O2- cation diffusion through the bulk material. Based on 

previous work which indicated that the doped-hercynite cycle oxidation reaction is surface 

limited,36 we hypothesize that the presence of Co cations increases the rate of surface H2O 

splitting and/or H2 formation reactions.  

Overall, these experimental findings demonstrate that, after reduction at 1500°C, both 

doped- and un-doped-hercynite (FeAl2O4) are capable of driving STWS while CoAl2O4 is not. 

This is consistent with the computational predictions that doped- and un-doped-hercynite both 

operate via an O-vacancy STWS mechanism and that the thermodynamic argument suggesting a 

reduction enthalpy of ≥286 kJ/mol is valid. Additionally, this shows that the reduction enthalpy 

requirement is a valid metric for assessing candidate STWS materials and for determining which 

mechanism is active. Lastly, by comparing the relative number of active sites available at a 

reduction temperature and the O-vacancy formation energies of novel materials, the relative H2 

production capacities can be predicted. 
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2.4 Analysis of the Phases Present during Doped-Hercynite STWS 

Page 26 of 39Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



27 
 

We isothermally cycled ALD-produced doped-hercynite material in a HT-XRD at 1400 

°C under He and CO2 atmospheres to 

determine the phases present during reduction 

and oxidation to validate the computationally 

determined reaction mechanism. The 

characteristic peaks of an aluminate spinel and 

alumina were present during both the reduction 

and oxidation steps, but a CoFe2O4 signal was 

absent from both steps; as shown in Figure 3. 

The lack of a CoFe2O4 peak in the HT-XRD 

pattern indicates that this phase does not form 

nor decompose as the material cycles between 

the reduced and oxidized states. Additionally, 

the intensity of the Al2O3 peak does not change 

significantly over the course of cycling. This 

indicates that no significant change occurs in 

the quantity of Al2O3 present during redox 

cycling, which would be expected if a 

stoichiometric reaction mechanism were 

active. The XRD pattern of the specimen 

measured at room temperature after redox 

cycling at 1400 °C showed that the same 

Figure 3: Top: HT-XRD of doped-hercynite material as 

it undergoes several cycles of CO2 splitting at 1400 °C. 

The horizontal axis displays 2θ while the vertical axis 

represents time. Each row of pixels is the XRD scan at a 

given time point. The scans progress with time from the 

bottom of the graph to the top, as indicated by the arrows 

on the right hand side of the graph. The intensity of the 

XRD spectrum at each 2θ is indicated by the color of the 

pixel where warm colors (red, bright green, and blue) 

indicate a more intense XRD signal and cool colors 

(purple and dark blue) represent a low signal. The 

atmosphere present in the HT-XRD during any given 

XRD scan is indicated on the right side of the plot, where 

the presence of He and CO2 drive reduction and 

oxidation, respectively. The bottom panel shows the 

XRD patterns of Al2O3 and various spinels. Gray bars 

have been added to aid the eye in aligning the XRD peaks 

of the three graphs. The Al2O3 peaks in the HT-XRD 

scan are aligned to the room temperature Al2O3 XRD 

peaks for ease of comparison. 
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phases are present as those observed during high 

temperature cycling as well as at room 

temperature prior to cycling. This verifies that 

irreversible changes to the structure of the 

doped-hercynite did not occur under cycling 

conditions. Therefore, we conclude that the 

doped-hercynite cycle does not likely operate 

via a stoichiometric reaction mechanism in 

agreement with our computational predictions 

that the stoichiometric reaction does not have sufficient reducing power to split water or CO2.  

The aluminate spinel peak also provides information about the reaction mechanism. The 

location of this observed peak is close to the characteristic 2θ of both CoAl2O4 and FeAl2O4. 

Because the characteristic peaks of these spinels exhibit only a small difference in 2θ and the 

width of the observed XRD peak is large, it is difficult to ascertain whether a single mixed 

CoxFe1-xAl2O4 phase or separate CoAl2O4 and FeAl2O4 phases are present. However, our 

calculations predict that at equilibrium a mixed phase exists due to its lower energy. As Figure 3 

shows, the aluminate peaks shift to higher and lower 2θ positions as the material undergoes 

reduction and oxidation, respectively, with a measured d-spacing change for hercynite (311), 

Figure 4, of roughly 0.007 Å  over a redox cycle indicating the extent that the material contracts 

during reduction and expands during oxidation. The d-spacing changes (Δd) on reduction and 

oxidation are consistent with our DFT predictions of lattice contraction upon O-vacancy 

formation and expansion upon re-oxidation.  In order to discount the possibility of Δd being 

caused by thermal expansion/contraction (i.e., changing sample temperature due to the difference 

Figure 4: The changes in the (311) d-spacing of the 
doped-hercynite material as it undergoes isothermal 
reduction and CO2 splitting oxidation at 1400 °C. The 
reduction and oxidation steps are indicated by the 
atmosphere in the system shown at the top of the graph, 
where helium and CO2 are present during the reduction 
and oxidation steps respectively.  
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in heat capacity/conductivity of He versus CO2), an identical experiment was performed using a 

Pt/Al2O3 standard in place of hercynite (Figure SI.3a).  Neither the Pt, nor the Al2O3 are expected 

to exhibit any chemical reactivity under these conditions, and the thermal expansion coefficients 

of Al2O3 and hercynite are of the same sign and of similar magnitude (<8% difference)37, 38.  The 

Al2O3 (104) Δd changes in the opposite direction to hercynite (311), and at a much lower 

magnitude, indicating that the hercynite (311) changes are due to chemical, not thermal changes.  

Furthermore, the excess Al2O3 in the hercynite specimen showed comparable behavior to the 

Pt/Al2O3 standard (Figure SI.3b), adding support to our conclusion that Al2O3 is not an active 

participant in the redox cycling.   

A further observation which can be made of the data in Figure 4 is the steady decrease in 

hercynite d(311) during each 50 minute helium soak (reduction step), which reflects the finite 

kinetics of oxygen vacancy formation in such systems, whereas upon exposure to CO2 the d-

spacing increases rapidly showing that re-oxidation of reduced hercynite is a more rapid process. 

Overall, the constant presence of the aluminate phase and the lack of CoFe2O4 suggest 

that a stoichiometric reaction between CoFe2O4 and Al2O3 is not occurring. Additionally, the 

expansion and contraction in the aluminate phase during oxidation and reduction is consistent 

with the computationally predicted O-vacancy mechanism. These findings are in agreement with 

the thermodynamic analysis, DFT, and SFR results, leading further credence to the validity of 

the minimum reduction energy screening criterion. 

2.5 Investigation of Phase Segregation During Doped-Hercynite STWS 

We determined phase and cation segregation (Co and Fe cations away from Al) after 

reduction or oxidation using SEM/EDS analysis on FIB-milled doped-hercynite samples. The 
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results are shown in SI Figure SI.4. The EDS maps of the cation distributions in the bulk 

materials show that there is no significant segregation of any of the cations in either the reduced 

or oxidized states, as is shown in SI Figures SI.4c-j. Therefore, it is unlikely that a major phase 

change occurs between the oxidation and reduction steps. This is in contrast to the cation 

distribution of CoFe2O4 deposited on ZrO2 which does not exhibit significant mixing of the 

CoFe2O4 and ZrO2 phases, as shown in the SEM and EDS maps of SI Figures SI.4k-p.39 The EDS 

results agree with the computational, SFR, and HT-XRD experimental results that the hercynite 

reaction is not a stoichiometric reaction.   

 

3.0 Conclusions 

In this contribution, we developed a method for evaluating the ability of complex metal 

oxides to drive STWS and the reaction mechanism by which they operate. We have shown that 

DFT accurately predicts the redox properties and thus STWS behavior of spinels based on their 

cationic exchange and reduction enthalpies. This is likely extendable to other crystal structures. 

Overall, materials or reaction paths with lower reduction enthalpies and/or more active sites 

produce the most H2 at a given temperature as long as they satisfy the thermodynamic condition 

of possessing a reduction enthalpy required to split water. DFT calculations show that Fe- and 

Co-aluminates operating via a stoichiometric reaction mechanism have insufficient reducing 

power to split water, having reduction enthalpies of 101, 182, and 166 kJ/mol for CoAl2O4, 

FeAl2O4, and Co0.5Fe0.5Al2O4, respectively. However, our DFT calculations predict that these 

materials can drive STWS via an O-vacancy mechanism instead, where CoAl2O4, FeAl2O4, and 

Co0.5Fe0.5Al2O4 have minimum reduction enthalpies of 389, 366, and 383 kJ/mol, respectively, 

when the O-vacancy neighbors four Fe or Co cations. O-vacancies preferentially occupy sites 
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neighboring multiple Fe or Co cations, suggesting that the Co and Fe cations are the active 

cations and Al cations stabilize the spinel phase. However, due to the relative formation energies 

of these sites, we predict relative H2 production capacities of 1 to 0.7 to 2×10-4 for FeAl2O4, 

Co0.5Fe0.5Al2O4, and CoAl2O4, respectively. We also determined relative H2 production 

capacities of 1 to 0.6 to 0 for FeAl2O4, Co0.5Fe0.5Al2O4, and CoAl2O4 based on their H2 

production capacities of 510±40, 310±30, and 6±10 μmol H2/g measured using SFR water 

splitting experiments. This validates the computational predictions of the aluminates to drive 

STWS behavior and confirmed that the O-vacancy mechanism we predicted using DFT is indeed 

correct. Additionally, our results suggest that FeAl2O4, which had not yet been experimentally 

demonstrated, may be a better STWS material than Co0.5Fe0.5Al2O4.  

These predictions were confirmed using HT-XRD and SEM/EDS analysis. Our HT-XRD 

analysis shows that during doped-hercynite cycling no CoFe2O4 was present, but the aluminate 

spinel persists throughout both reduction and oxidation. Additionally, the expansion and 

contraction of CoxFe1-xAl2O4 during oxidation and reduction suggests that vacancies are forming 

in the spinel material, further validating the computational assessment. EDS mapping shows that 

the Co, Fe, and Al cations are well mixed after both reduction and oxidation, further confirming 

our predictive analysis. Overall, this work demonstrates a simple approach to accurately predict 

the STWS ability of novel materials by employing a 286 kJ/mol reduction enthalpy lower bound 

and comparing their extents of reduction (based on their relative reduction enthalpies) to a 

benchmark material. We show this through the prediction and verification that the doped-

hercynite cycle operates via an O-vacancy mechanism rather than a stoichiometric mechanism, 

and demonstrates a new STWS material. The ability to predict the STWS ability of complex 

metal oxides for which experimental thermodynamic data do not exist will enable rapid 

Page 31 of 39 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



32 
 

screening and development of more efficient novel STWS materials and bring the promise of 

efficient STWS closer to fruition.  

 

4.0 Methods 

We will briefly describe the methods we employed, for a more detailed description see the 

SI.  

4.1 Computational Methods 

We performed plane wave periodic boundary condition DFT simulations using the Vienna 

Ab-initio Simulation Package (VASP).40, 41 Calculations employed the Perdew-Burke-Ernzerhof 

(PBE) generalized gradient approximation (GGA) exchange and correlation functional42 coupled 

with projector augmented wave (PAW) pseudopotentials.43 Hubbard on-site correction terms44 of 

Ueff = 3 and 2 eV on the Fe and Co d-electrons, respectively, were included in the calculations 

because the GGA functional alone does not adequately describe the electron correlation in these 

systems. These values of U have been shown to accurately model the electronic structure of Fe 

and Co aluminates.45 Bader charge analysis was conducted using software from the Henkelman 

group.46, 47 The 112 atom spinel supercell is composed of eight primitive cells in a 2×2×2 

arrangement, as shown in SI Figure SI1. We chose a random distribution of cations for inverse 

spinels where multiple elements reside on the A sites. The calculated relative energies of the 

inverse and normal configurations of the spinels considered in this work are reported in SI Table 

SI 1. Several spin configurations were attempted for each spinel, including ferromagnetic and 

multiple anti-ferromagnetic structures. The relative energies of the various spin configurations 
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are also shown in SI Table SI1. The lowest energy spin configurations were used in calculating 

reaction energies. 

4.2 Materials Preparation 

Doped-hercynite was produced by both atomic layer deposition (ALD) and a modified 

Pechini (citrate gel) method.48 All ALD depositions were performed in a vibrating fluidized bed 

reactor described elsewhere.27, 49, 50 Thin films of Al2O3 were deposited on CavilinkTM polymer 

supports, followed by deposition of CoFe2O4. This produced material that is 19.8% CoFe2O4 

with the balance being alumina. This results in a material that is 47% active on a mass basis 

where the active material is defined as the percent of the total material which is capable of 

forming CoxFe1-xAl2O4. The ALD produced material was used in the HT-XRD and SEM/EDS 

experiments reported herein. Citrate gel fabrication was used to produce FeAl2O4 and 

(Co0.4Fe0.6)1.2Al1.8O4 for use in the H2O splitting stagnation flow reactor experiments. ICP-OES 

determined that FeAl2O4 and (Co0.4Fe0.6)1.2Al1.8O4 had compositions of Fe1.19Al1.81O4 and 

(Co0.41Fe0.59Al2O4 + 0.105 Al2O3), respectively. CoAl2O4 (≥99% purity) was purchased from 

Sigma Aldrich. XRD analysis confirms that we formed the desired spinel phases for the 

materials fabricated by the Pechini method, as shown in SI Figure SI.2. For additional details of 

the fabrication methods employed, see the SI Section SI.2. Throughout this work we consider 

any excess Al2O3 to be a segregated inert phase; for a justification of this assumption see SI 

Section SI.4. While two methods of material preparation were used, we do not directly compare 

results obtained from the different fabrication methods.  

4.3 Experimental Methods 
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We used three different experimental approaches to validate the computational results: H2O 

splitting experiments carried out in a stagnation flow reactor, high temperature XRD analysis, 

and SEM/EDS analysis.  

4.3.1 Method for Determining H2 Production Capacity of Aluminates 

We determined the H2 production capacity of the doped-hercynite material and the 

CoAl2O4 and FeAl2O4 materials in an in-house fabricated stagnation flow reactor coupled to a 

Stanford Research QMS200 mass spectrometer with a capillary sampling port to measure the H2 

generation.7 The active materials were allowed to reduce for 60 min at 1500°C and a total 

pressure of 760 Torr; a 300 sccm flowrate of He swept the generated O2 out of the reactor. 

Oxidation occurred for 15 min at 1350°C and a 760 Torr total pressure in a 50% H2O/50% He 

environment with a total gas flow rate of 400 sccm. Steam was fed using an RSIRC steam 

feeder.  Blank runs with no active material present in the reactor were conducted and the H2 

production from heterolytic water splitting was subtracted from the sample runs. The FeAl2O4 

and Co0.4Fe0.6Al2O4 materials were cycled 12 times while the CoAl2O4 was only cycled 6 times 

because no STWS activity was observed. The first six cycles of FeAl2O4 and Co0.4Fe0.6Al2O4 are 

not reported as these cycles are not representative of the long term material behavior due to 

material sintering in the initial cycles.51 Average H2 production capacity confidence intervals are 

reported for the last six cycles at a 95% confidence level.  

4.3.2 Method for Determining Solid Phases during Doped-Hercynite Driven STWS 

We performed high temperature X-ray diffraction (HT-XRD) experiments to determine the 

solid species present during isothermal doped-hercynite CO2 splitting. CO2 was employed as the 

oxidizing gas instead of water to prevent condensation within the HT-XRD and because CO2 and 
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H2O behave similarly as oxidants in solar redox cycles. The XRD patterns were measured using 

a Scintag PAD X diffractometer (Thermo Electron Inc.; Waltham, MA). See the Supporting 

Information for further details about the HT-XRD. In situ HT-XRD experiments were conducted 

at atmospheric pressure under gas flow rates of 150 sccm. Experiments typically involved 

purging the reaction chamber with He, then ramping the temperature to 1400 °C which was held 

for three isothermal reduction and oxidation cycles. During each cycle the material was allowed 

to reduce under He for 50 min, and then oxidize under CO2 for 26 min.  

4.3.3 Method for Determining Phase and Cation Segregation 

In addition to XRD analysis, we conducted SEM/EDS analysis to determine if separate spinel 

and alumina phases form or if a single phase is present after both reduction and oxidation. 

Additionally, this analysis enabled us to determine if the Fe, Co, and Al cations remained well 

mixed or were segregating within a single phase during cycling. This study used ALD-produced 

doped-hercynite material which had been pre-cycled over 200 times.  Both a reduced and 

oxidized sample were produced in the SFR, and then analyzed via SEM/EDS. We produced the 

reduced sample by heating the doped-hercynite material to 1450°C and allowing it to reduce 

under a 300 sccm He flow for four hours to ensure the material reached equilibrium. The active 

material was subsequently cooled to room temperature under inert flow. The oxidized sample 

was produced by first reducing it, as described above, and then oxidizing the reduced material 

for four hours at 1450°C under a CO2 atmosphere before the sample was cooled to room 

temperature in the oxidizing environment. Surface material was removed from the samples via 

focused ion beam (FIB) milling to expose cross sections of bulk material. This was then used to 

determine the distribution of cations within the material. FIB milling was performed using a dual 

beam FEI Nova 600 Nanolab with a Ga beam for ablation. The milled samples were Au coated 

Page 35 of 39 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



36 
 

to minimize sample charging. SEM/EDS analysis was conducted using a JEOL JSM-6480LV 

scanning electron microscope.  
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Broader Context 

 Solar thermal water splitting (STWS) has the potential to efficiently generate renewable 

hydrogen from water and concentrated sunlight. STWS is typically accomplished using a two-

step reduction-oxidation cycle commencing with thermal reduction of a metal oxide to generate 

O2 followed by reoxidation of the reduced metal oxide by steam to generate H2. The 

thermodynamic and kinetic properties of the metal oxide dictate the viability and efficiency of 

the STWS process. An optimum metal oxide has not yet been identified, although active searches 

have been undertaken. Rapid computational assessment of candidate STWS materials has been 

primarily hindered by the complexity and intensity of calculations necessary for the accurate 

prediction of the reduction entropies of complex oxides, and oxides that operate via an O-

vacancy mechanism, two characteristics of the most promising materials discovered to date. Here, 

we develop an elegant computational screening method based on O-vacancy formation energies 

for characterizing the ability of redox materials to split water. We demonstrate this method for 

rapid screening of novel STWS materials using the hercynite cycle, experimentally confirm its 

predictions and show that the doped-hercynite cycle is governed by an O-vacancy 

mechanism.  This method could be extended to other redox cycle processes such as chemical 

looping.   
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