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Oxygen exchange materials for solar
thermochemical splitting of H2O and CO2:
a review
Jonathan R. Scheffe1,* and Aldo Steinfeld1,2

1Department of Mechanical and Process Engineering, ETH Zurich, 8092 Zurich, Switzerland
2 Solar Technology Laboratory, Paul Scherrer Institute, 5232 Villigen PSI, Switzerland

This review summarizes state of the art metal oxide materials used in two-step thermochemical redox

cycles for the production of H2 and CO from H2O and CO2 using concentrated solar energy. Advantages

and disadvantages of both stoichiometric (e.g. iron oxide based cycles) and nonstoichiometric (e.g. ceria

based cycles) materials are discussed in the context of thermodynamics, chemical kinetics, and material

stability. Finally, a perspective aimed at future materials development and requirements necessary for

advances of process efficiencies is discussed.
Introduction
Conversion of abundant but intermittent solar energy to fungible

liquid hydrocarbon fuels can potentially provide a seamless transi-

tion for the integration of renewable fuel sources in the existing

transportation infrastructure. There are numerous pathways to con-

vert sunlight to chemical intermediates, including photochemical,

electrochemical, thermochemical and their combinations. In parti-

cular, thermochemical processes using concentrated solar energy

offer the potential to achieve high solar-to-fuel energy conversion

efficiencies (hsolar-to-fuel, defined as the ratio of heating value of the

fuel to the solar energy input) [1]. This is primarily related to the fact

that solar thermal processes inherently operate at high temperatures

and utilize the entire solar spectrum, and as such provide a thermo-

dynamically favorable path to solar fuels production.

Solar thermochemical redox cycles most commonly operate in

two separate reduction/oxidation steps utilizing a metal oxide

(MO) as a reactive intermediate:

Reduction at Thigh : MO �!
þDh;Thigh

MO1�d þ
d

2
O2ðgÞ (1.1)

Oxidation at T low : MO1�d þ ðd � gÞH2OðgÞ

þ gCO2ðgÞ �!�Dh;T low
MO þ ðd � gÞH2ðgÞ

þ gCOðgÞ (1.2)
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Net reaction : ðd � gÞH2OðgÞ þ gCO2ðgÞ�!
þDhðd � gÞH2ðgÞ

þ gCOðgÞ þ d

2
O2ðgÞ (1.3)

In the first step the metal oxide is reduced at elevated temperatures

(generally Thigh > 1473 K) driven by concentrated solar energy

(qsolar). In the second step, the reduced oxide is reacted with

H2O and CO2 at temperatures Tlow � Thigh to produce H2(g) and

CO(g). The resulting synthesis gas mixture can be catalytically

converted to fungible liquid hydrocarbon fuels (gasoline, diesel,

kerosene, etc.) through industrially proven technologies such as

Fischer–Tropsch synthesis [2]. The deviation from stoichiometry,

d, otherwise known as the oxygen storage capacity, is directly

related to the maximum amount of fuel capable of being pro-

duced. Thus, process efficiencies are directly related to a materials

oxygen storage capacity (hsolar-to-fuel / d/qsolar). Because the metal

oxide is recycled, the net reactions are simply H2O(g) ! H2(-

H2(g) + O2(g) and CO2(g) ! CO(g) + O2(g). In contrast to direct

thermolysis, reactions occur at considerably lower temperatures

[3,4] (i.e. DGH2OðgÞ ! H2ðgÞþO2ðgÞ ¼ 0 at T = 4100 K [5]) and the need

for high-temperature separation of the fuel and O2 are eliminated.

Thorough reviews of thermochemical cycles that discuss reactor

considerations, theoretical efficiencies of different redox pairs, and

economics have been performed by Steinfeld et al. [6,7], Kodama

and Gokon [8] and the U.S. Department of Energy [9]. Here we

focus specifically on reviewing state of the art metal oxide redox
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pairs utilized within solar thermochemical reactors, compare and

contrast their physical properties (kinetics, thermodynamics, etc.)

and discuss how their properties affect operational strategies.

Metal oxide redox pairs
Over 350 thermochemical redox cycles are known to be thermo-

dynamically capable of dissociating H2O to produce H2, many of

which have theoretical efficiencies of over 40% [10]. Of these

potential cycles, only a minority operate in two discreet steps

according to Eqns. (1.1) and (1.2), while the remainders occur

in 3 or more steps. In general, two step cycles can be divided into

two categories; volatile and non-volatile. Non-volatile cycles uti-

lize metal oxides which remain in the solid state during reduction

(i.e. Fe3O4(s) ! FeO–Fe3O4(s) [4]), while volatile redox cycles con-

sist of metal oxides that undergo gas–solid phase transitions (i.e.

ZnO(s) ! Zn(g) [11]). In general, volatile reactions have a greater

oxygen exchange capability than non-volatile reactions (more O2

release/uptake, and thus fuel production, per mass of oxide) and

reduction is thermodynamically more favorable due to the

increased entropy generated resulting from gas phase products.

Nevertheless, the volatile products must be quenched rapidly to

avoid recombination, and to date this issue has not been solved in

an energetically efficient fashion [12].

Non-volatile metal oxides cycles can be further categorized into

two subcategories, namely stoichiometric and non-stoichiometric

cycles. Stoichiometric reactions generally form solid solutions upon

reduction (i.e. Fe3O4(s) ! FeO–Fe3O4(s) [4]) and Fe3+ is partially

reduced to Fe2+. Non-stoichiometric oxides remain crystallographi-

cally stable while the lattice accommodates changes in anion or

cation vacancies concentrations (i.e. CeO2(s) ! CeO2�d(s) [13]). For

both stoichiometric and non-stoichiometric cycles, doping or sub-

stitution strategies are often employed to affect their thermody-

namic, kinetic and physical properties. For example, doping ceria

with Zr4+ is known to increase its oxygen storage capacity due to its

ability to destabilize the fluorite lattice [14]. In general, stoichio-

metric reactions have a greater oxygen storage capacity than non-

stoichiometric reactions, but are hindered by slower reaction

kinetics (controlled by either bulk solid state diffusion or surface

reactions) and poor stability (either chemical or morphological),

properties which are practically related to hsolar-to-fuel because they

are directly tied to the specific reactor design chosen. This in turn

dictates how efficiently radiation and reactive gases are transferred

to the material. A current summary of the most commonly inves-

tigated two-step oxide pairs, their simplified reaction schemes, and

exemplary references are described in Table 1.
TABLE 1

Common two step redox pairs, their associated redox category, cyc

Category Cycle name 

Volatile Zinc oxide 

Tin oxide 

Non-volatile (stoichiometric) Iron Oxide 

Ferrite 

Hercynite 

Non-volatile (nonstoichiometric) Ceria 

Doped ceria 

Perovskite 
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Iron oxide
The first two step cycle was proposed by Nakamura [4] using Fe3O4/

FeO as a redox pair. Originally proposed to operate at temperatures

as high as 2500 K ðFe3O4  !DG¼0 @ T¼2500 K
3FeO þ ð1=2ÞO2Þ, this

cycle is complicated by melting of Fe3O4 which occurs at tem-

peratures greater than 2000 K, and the product wustite which

melts at temperatures as low as 1643 K [4,35]. Practically, this

reaction can be driven at lower temperatures by reducing the

oxygen partial pressure ð pO2
Þ. For example, from thermodynamic

data of Bransky and Hed [36], Darken and Gurry [37], and Salmon

[38], Fe0.95O (further reduction extents infringe the Fe–wustite

phase boundary) is thermodynamically favored at 1573 K and

1273 K at low oxygen partial pressures of 10�11 and 10�15 atm,

respectively. While classified as stoichiometric, the wustite phase

is stable over a range of stoichiometries, roughly between Fe0.95O

and Fe0.85O, but its stability range increases with temperature [38].

For lower reduction extents intermediate mixed phases of FeO–

Fe3O4 are thermodynamically predicted [39,40], while at very low

reduction extents, magnetite is nonstoichiometric [41].

Cycle feasibility at reduced oxygen partial pressures with pure

Fe3O4 has been experimentally demonstrated [19], but magnetite

is often stabilized on, or dissolved in, inert materials such as YSZ

and ZrO2 [18,20,21] to suppress problems associated with melting

and sintering. Kodama et al. have studied the reduction (1673 K)

and oxidation (1273 K) of pure Fe3O4 compared to 20–25 wt%

Fe3O4 mixed with 3YSZ and report two significant findings. Firstly,

that pure magnetite was capable of being reduced at low oxygen

partial pressures ð pO2
� 10�7 barÞ, but in the process became

dense, sintered and glossy, presumably due to the fact that opera-

tion was conducted above the melting point of the reduced wustite

phase (Tm = 1643 K). Secondly, that when supported on YSZ, the

reduced wustite phase (Fe2+) becomes dissolved in the YSZ lattice

and thus melting is avoided. Upon oxidation with steam, the

dissolved Fe2+ was capable of being re-oxidized to reform Fe3O4.

Coker et al. have further studied the Fe–8YSZ system and

report that Fe2+ concentrations as high as 9.4 mol% are stable

within the cubic lattice. Furthermore, they observed that dis-

solved iron is more redox active than undissolved, in agreement

with Kodama et al. [20]. This was attributed to the fact that

dissolved Fe2+ oxidation rates are limited by rapid oxygen diffu-

sion through the YSZ lattice, whereas undissolved Fe2+ present

within a magnetite–wustite solid solution is limited by the

relatively slow Fe2+ diffusion. This hypothesis was confirmed

with Time-of-Flight Secondary Ion Mass Spectrometry (ToF-

SIMS) analysis using isotopically labeled C(18O)2 as an oxidant
le name, reduction scheme and references.

Simplified reduction reaction Ref.

ZnO(s) ! Zn(g) [11,15,16]

SnO2(s) ! SnO(g) [17]

Fe3O4! FeO [4,18–21]

MxFe3�xO4! xMO + (3 � x)FeO [22–24]

Fe3O4 + 3Al2O3! 3FeAl2O4 [25–27]

MxFe3�xO4 + 3Al2O3! (3�x)FeAl2O4�x + xMAl2O4

CeO2! CeO2�d [13,28,29]

MxCe1�xO2! MxCe1�xO2�d [30–32]
ABO3! ABO3�d [33,34]
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[42]. 18O/16O ratios following oxidation of mostly dissolved Fe2+

were uniform throughout the sample, indicating complete oxy-

gen exchange of released 16O during thermal reduction with 18O

during oxidation. Samples with undissolved Fe2+, on the other

hand, show a noticeable decrease in the 18O concentration

within magnetite–wustite grains, as seen in Fig. 1. Additionally,

the effect is greater for larger grains (see particle 1 versus particle

2) and even after 7 h exposure to C(18O)2, large gradients of
18O/16O still existed in all but the smallest iron oxide grains

(daverage = 18 mm). This observation clearly shows that either

exceptionally small length scales (i.e. aerosolized particles or

engineered nanostructures [43]) or the presence of inert diluents

are required for this cycle to be feasible from a kinetic perspec-

tive. However, because of sintering and melting concerns, such

small length scales may not be practical. Additionally, the pre-

sence of inert materials (which are generally greater than 75% by

mass) implies an increase in the sensible heat required to drive

the reduction, which in turn decreases hsolar-to-fuel.
FIGURE 1

Raw ToF-SIMS image of 18O intensity (a) and masked 18O/16O ratio intensity (b) f
18O/(16O + 18O) intensity for particles 1 and 2 (c). Scan lines are defined in (b). Th
reproduced with permission from Coker et al. [42].
Ferrites
Substitution of transition metal ions for iron in the magnetite lattice

(i.e. M = Ni and Co in MxFe3�xO4) can increase oxygen storage

capacity compared to pure magnetite. As the concentration of

the substituted transition metal increases in the spinel lattice (x,

in MxFe3�xO4), the reduction extent at a given temperature and pO2

is increased compared to pure magnetite [24]. This is exemplified in

Fig. 2, where predicted equilibrium amounts of oxygen evolved

from CoxFe3�xO4 at 1473 K are shown for various degrees of cobalt

substitution and pO2
’s. Data are shown for relatively large reduction

extents where only nonstoichiometric cobalto-wustite is stable

((CoyFe1�y)1�dO, where y = x/3) because thermodynamic data for

this system is well documented [44], and as seen, reduction extents

clearly increase with increasing cobalt concentration for a given

pO2
. For lower reduction extents, solid solutions of magnetite–

wustite phases are thermodynamically predicted [45].

Although reduction extents are increased with cobalt content,

the resulting thermodynamic potential for oxidation is decreased,
or 14.5 mol% Fe in 8YSZ. The image area is 100 mm � 100 mm. Line-scans of

e vertical dotted line defines the center of the particles. Graphic

343
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FIGURE 2

Gaseous equilibrium oxygen yields resulting from the reduction of
CoxFe3�xO4 to (CoyFe1�y)1�dO, where y = x/3. Data extracted from Ref. [44].

FIGURE 3

Dgoxd and DgH2O versus temperature for the wustite system, derived from

thermodynamic data from Nowotny and Rekas [40]. Shown in the inset is
the effect of increasing cobalt concentration on Dgoxd (only at 1473 K),

derived from thermodynamic data presented in Ref. [47].
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and in the extreme case of complete substitution of Co3+/2+ for

Fe3+/2+ (Co3O4), the resulting reduced oxide (CoO) is not capable of

being reoxidized with water or carbon dioxide [8]. Thus, oxygen

storage capacity is not necessarily increased because reduction

extents are greater. Allendorf et al. performed a systematic ther-

modynamic study of various ferrite compositions and concluded

that both NixFe3�xO4 and CoxFe3�xO4, where x = 1, are preferable

for maximizing oxygen storage capacity and thus fuel yields [24].

However, it was reported that compared to a purely iron system,

care must be taken to ensure that stable intermediate phases are

not formed during redox reactions, especially when x is >1 or

x < 1.

The oxidation potential with H2O or CO2 as a function of

cobalt concentration can be realized through knowledge of the

partial molar free energy of oxygen (DgO) in the region where

nonstoichiometric cobalto-wustite is stable. The oxidation of

(CoyFe1�y)1�dO with H2O, for example, can be described by the

sum of the following reactions (typically, cobalto-wustites are

designated as (CoyFe1�y)1�dO to indicate that cation vacancies

are the predominant defect. For simplification purposes, we use

instead (CoyFe1�y)O1�d to show how O moles change during

reaction):

ð1:4Þ

DgH2O is the free energy of water dissociation, Dgrxn is the free

energy of the oxide oxidation with H2O, and Dgoxd is the free
344
energy of oxide oxidation with O2 and is related to the DgO

through the following relationship [46]:

Dgoxd ¼
R di

df
DgO dd

di � df
(1.5)

Thus, according to Eqn. (1.4), oxidation is thermodynamically

favorable when Dgoxd < � DgH2O. DgO for cobalto-wustites has

been determined from equilibrium data as described by Raeder

et al., but only at 1473 K [47]. More complete partial thermo-

dynamic (DhO and DsO) properties are documented for non-

stoichiometric wustite that allow one to solve forDgO as a

function of temperature (DgO = DhO + TDsO) [40]. Shown in

Fig. 3 is Dgoxd and �DgH2O (H2O thermodynamic properties

determined from the NIST-JANAF thermochemical tables) ver-

sus temperature for a purely iron system and as seen Dgoxd is

lower than �DgH2O at low temperatures (T < 850 K), indicating

that Dgrxn is thermodynamically favorable below this tempera-

ture. The negative effect of increasing cobalt content on Dgoxd

(and thus Dgrxn) can be seen in the inset of Fig. 3. Results are

qualitatively consistent with predictions from thermodynamic

models that show that oxidation extents are minimal for large

cobalt concentrations [8,24].

Similarly to magnetite, ferrites are usually stabilized with or

dissolved in inert materials to prevent sintering and melting.

Kodama et al. experimentally demonstrated Ni and Co ferrite

based redox cycles when mixing with YSZ or ZrO2 [22,48]. H2

yields were greater on a per mass basis compared to Fe–YSZ

systems, qualitatively supporting the thermodynamic modeling

performed by Allendorf et al. [24]. Scheffe et al. has performed a

kinetic analysis of the water oxidation step over thermally reduced

Co0.9Fe2.1O4/ZrO2 composite samples [23] and their results further
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FIGURE 4

Gaseous equilibrium oxygen yields as a function of temperature and pO2

resulting from the reduction of CeO2 to CeO2�d. Data extracted from Ref. [55].
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support the C(18O)2 isotopic study performed by Coker et al. [42].

The analysis indicated that two simultaneous reactions are occur-

ring, namely (1) oxidation of Fe2+ dissolved in the ZrO2 lattice and

(2) oxidation of Fe2+ within a cobalt ferrite solid solution.

Hercynite
The thermodynamic barrier for reduction is decreased when iron

oxide based materials are reduced in the presence of Al2O3. Reduc-

tion of Fe3+ to Fe2+ proceeds via the formation of an iron aluminate

and substitute metal aluminate

(MxFe3�xO4 + 3Al2O3! (3 � x)FeAl2O4�x + xMAl2O4)25 and upon

re-oxidation the ferrite and alumina are reformed. The so-called

‘‘hercynite cycle’’ was demonstrated by Scheffe et al. who showed

that H2 yields of CoFe2O4/Al2O3 reduced at 1473 K approach

600 mmol gferrite, which is roughly 4 times greater than CoFe2O4

[25]. At 1673 K, however, H2 yields of CoFe2O4 are greater. The

results are in qualitative agreement with thermodynamic predic-

tions. Arifin et al. have demonstrated the cycle using CoFe2O4

deposited via atomic layer deposition (ALD) on high surface area

Al2O3 structures [26]. They show that the reaction kinetics are

rapid compared to bulk iron oxide structures, likely due to the

small length scales of the ALD films. More recently, Muhich et al.

demonstrated the cycle isothermally, where reduction and oxida-

tion are driven by changes in oxygen activity rather than tem-

perature swings [27]. They show that for isothermal water splitting

at 1523 K, H2 yields are >3 times the traditional hercynite cycle

and >12 times the ceria cycle (to be discussed) when they are

cycled between 1523 K and 1273 K. The increase in yields was

primarily attributed to increases of local oxygen activity near the

reactive surface, allowing the oxidation reaction to proceed further

than when only changing temperature. Several other researchers

have recently demonstrated the advantages of isothermal redox

cycling [49,50]. Specifically, thermal and mechanical stresses are

less of a concern because rapid temperature changes are not

necessary. Additionally, sensible heat recuperation from the gas

phase (a relatively mature technologically) dominates process

efficiencies rather than heat recuperation from the solid phase

[50].

Ceria
In 2006 Abanades and Flamant demonstrated a redox cycle based

on the stoichiometric reduction of CeO2 to Ce2O3 [51]. Reduction

was conducted at 2273 K, below the melting point of ceria, but

extensive sublimation was observed (>50%) [51]. Following these

results, Chueh and Haile proposed a similar cycle based on the

nonstoichiometric reduction of ceria (CeO2! CeO2�d) which

does not require the extreme temperatures necessary for stoichio-

metric reduction [52]. Several researchers have demonstrated this

cycle, and in 2010, Chueh et al. developed and tested the first

ceria-based solar reactor, successfully demonstrating the viability

of the cycle under realistic solar concentrating conditions [53]. The

simultaneous splitting of H2O and CO2 was experimentally shown

in 10 consecutive cycles, yielding syngas with a H2:CO molar ratio

that can be controlled by adjusting the H2O:CO2 molar ratio in the

reacting gas [54]. Panlener et al. [55] and Toft Sorenson [46] have

studied the oxygen nonstoichimetry and defect chemistry of

nonstoichiometric ceria at elevated temperatures, and while the

oxygen exchange capability of ceria is lower compared to iron
oxide based cycles, sintering is less problematic because the melt-

ing point is considerably higher [56]. Thus, it is not necessary to

support or dissolve them within more stable structures. Electronic

and ionic conductivities of pure ceria, which directly dictate

ambipolar oxygen diffusion rates, are also well documented

[57,58]. Diffusion of oxygen is orders of magnitude faster than

diffusion of Fe2+ in iron oxide and ferrites [58,59], rendering larger

length scales (l) suitable for driving redox reactions. This was

demonstrated in a solar reactor using a ceria reticulated porous

ceramic (l � 1 mm) by Furler et al. [28]. hsolar-to-fuel was 1.73%

average and 3.53% peak; which is roughly 4 times greater than

the next highest reported values to date for a solar-driven device.

Reaction extents during reduction were shown to be limited by

heat transfer rather than chemical diffusion of oxygen or surface

kinetic limitations. Oxidation rates with CO2 were dependent on

specific surface area (�30 min at 900 8C), but were shown to be

considerably faster than iron oxide based materials of much

smaller length scales [28,42]. Cyclical stability has been examined

by Chueh and Haile [13], yielding a noticeable drop in yields and

oxidation rates during the first 100 cycles due to sintering and

grain growth, followed by 400 cycles with remarkable stability of

H2/O2 yields and H2 rates.

While ceria is attractive from a kinetic and stability perspective,

its oxygen storage capacity suffers compared to most other redox

materials. See Fig. 4, for example, where equilibrium oxygen yields

resulting from the reduction of CeO2 are shown versus tempera-

ture and pO2
, extracted from thermodynamic data of Panlener

et al. [55]. Reduction yields are roughly 1/8 of cobalt ferrite

(x = 0.15) discussed in Fig. 2, at T = 1473, pO2
¼ 10�10 bar. As a

result, for this cycle to achieve a high hsolar-to-fuel, and thus become

economically feasible, efficient heat recuperation from either the

solid or gas phases are absolutely necessary [58].
345
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Doped ceria
The thermodynamic and kinetic properties of ceria can be altered

by doping its fluorite structure with transition metal and rare earth

metal oxides. Dopants considered for ceria-based cycles include +2

(Ca, Sr, Li) [32,60–62], +3 (Sm, Gd, Y, Cr, Pr, La, Sc) [32,52,61–64]

and +4 (Zr, Hf) [31,32,61,64–66] cations. The introduction of +2

and +3 dopants result in stable intrinsic oxygen vacancies [67,68],

and thus an increase in electronic mobilities within the ceria

lattice [69]. Because diffusion of oxygen in ceria occurs via ambi-

polar diffusion of both electrons and ions, the introduction of

intrinsic vacancies results in higher oxygen diffusion coefficients

compared to pure ceria [13]. Le Gal and Abanades introduced La3+,

Y3+, Pr3+ and Gd3+ into Zr-doped ceria and report that oxidation

rates are faster because of decreased diffusion limitations. More-

over, the addition of La3+ was shown to improve the thermal

stability upon repetitive cycling [65]. However, +2 and +3 dopants

have not been shown to increase reduction extents compared to

pure ceria (at conditions relevant to thermochemical cycles, high

Thigh and pO2
), and thus their introduction is not expected to have

a thermodynamic benefit [32,62].

Tetravalent dopants have been shown to have a positive effect

on increasing reduction extents under conditions relevant to

thermochemical cycles. Le Gal et al. [31] report that gravimetric

amounts of oxygen evolved for Zr-doped ceria level off at nearly

25 mol% Zr, but that the absolute amount of cerium ions reduced

increases with Zr4+ concentrations up to 54 mol%. These results

are in good agreement with Call et al. [66] and thermodynamic

data reported by Kuhn et al. [14] and Shah et al. [70] who show that

the reducibility of Ce4+ is increased with the introduction of Zr4+

dopants (<20 mol%) due to a decrease in the partial oxygen molar

enthalpy. Kuhn et al. report DhO values ranging between �364 and
FIGURE 5

Gaseous equilibrium oxygen yields as a function of temperature and pO2

resulting from the reduction of Zr0.19Ce0.81O2 to Zr0.19Ce0.81O2�d. Data
extracted from Ref. [71].

346
�250 kJ mol�1 with a minimum near 50 mol% Zr4+, while Shah

et al. report similar values for Zr4+ concentrations of 25 and

75 mol% (�290 to �250 kJ mol�1). As reduction extents increase

to d = 0.075, partial molar enthalpies linearly decrease, but for

larger reduction extents they are roughly constant. DhO for ceria,

on the other hand, are considerably larger and range from �480 to

�384 kJ mol�1 as d increases from 0 to 0.15 [55]. Meng et al. have

also shown improvement in reduction yields when doping with

10 mol% Hf4+ and doping of Hf4+/Pr3+ [32,61]. However, sufficient

thermodynamic data of hafnia–ceria systems is lacking for a direct

comparison to the zirconia–ceria system. Nonstoichiometry of

19 mol% Zr-doped ceria has been measured at elevated tempera-

tures by Hao et al. [71]. Results are summarized in Fig. 5, where d in

Ce0.81Zr0.19O2�d (translated to mol O g�1) is shown as a function of

T and pO2
. As seen, reduction extents for Zr-doped ceria are greater

than pure ceria under all conditions considered. For example, at

pO2
¼ 10�7 bar and T = 1673 K, expected reduction extents for

19 mol% Zr-doped ceria are 721 molO g�1 compared to

447 molO g�1 for pure ceria. Extrapolating the results from

Fig. 2, both pure and Zr-doped ceria systems are expected to reduce

less than iron oxide based systems. Yet, it cannot be overlooked

that iron oxide materials are usually supported within inert sta-

bilizer, effectively lowering their reduction yields on a basis of total

mass.

Similar to the effect of increasing Co concentrations in Cox-

Fe3�xO4, oxidation thermodynamics of Zr-doped systems are not

as favorable as pure ceria. Following the methodology described in

Eqns. (1.4) and (1.5), and applying partial molar thermodynamic

properties reported by Kuhn et al. [14], Dgoxd values are shown

versus temperature for various Zr4+ concentrations and compared

to �DgH2O in Fig. 6. As seen, Dgoxd of reduced ceria is lower than

both 5 and 20 mol% Zr4+ for all temperatures, and lower than
FIGURE 6

Dgoxd and DgH2O versus temperature for various degrees of Zr

concentrations in ZrxCe1�xO2�d, derived from thermodynamic data from

Kuhm et al. [14].
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�DgH2O until roughly 1300 K. On the other hand, 20 mol% Zr-

doped ceria is lower than �DgH2O only below 800 K. Several reports

have indicated that oxidation of Zr-doped systems is more difficult

than pure ceria, but it is not clear if this is purely a thermodynamic

phenomenon and or also related to kinetic limitations [30,65].

Perovskites
Perovskites of the form ABO3�d remain a class of nonstoichio-

metric oxides that are widely unexplored for thermochemical

cycles. Dopants can be substituted on both A and B cation sites,

and thus the number of potential material configurations is sub-

stantially greater than ceria based systems. A thermodynamic

analysis based on evaluation of oxygen nonstoichiometry data

and extraction of partial enthalpies and entropies by Scheffe et al.

has shown that LSM perovskites (La1�xSrxMnO3�d) can increase

oxygen exchange capacity compared to pure ceria [34]. Experi-

ments indicated that reduction extents are considerably greater

(�2 times by mass at Thigh = 1773 K), but oxidation thermody-

namics are less favorable, resulting in incomplete oxidation.

Nevertheless total CO yields during CO2 splitting cycles are still

substantially greater than ceria. An even more promising class of

perovskites was explored by McDaniel et al. [33]. By doping

LaAlO3�d perovskites with Mn2+/3+/4+ on B sites and Sr2+ on A

sites, so called SLMA perovskites, they were able to increase H2

yields by 9� and CO yields by 6� compared to ceria when reduced

at 1523 K and oxidized at 1273 K. Shown in Fig. 7 is an exemplary

plot of the temporal oxidation behavior of three different SLMA
FIGURE 7

(Top) H2 and (bottom) CO production rates as a function of time for three

different SLMA perovskites reduced at 1523 K in He. Parentheses indicate

total yields in mmol/g material. SLMA1 = Sr0.6La0.4Mn0.6Al0.4O3�d,
SLMA2 = Sr0.4La0.6Mn0.6Al0.4O3�d, SLMA3 = Sr0.4La0.6Mn0.4Al0.6O3�d.

Reproduced with permission from McDaniel et al. [33].
perovskites (see figure caption for exact compositions) compared

to pure ceria. Remarkably, reaction kinetics are shown to be similar

to ceria and stability has been demonstrated for up to 80 redox

cycles, in contrast to ferrite based systems. Evdou et al. have

studied La1�xSrxFeO3�d for chemical looping applications [72].

CH4 is used during reduction, resulting in lower temperatures

(1000–1273 K) than a thermally driven process, and synthesis

gas is simultaneously generated. Maximum H2 yields are achieved

using La0.3Sr0.7FeO3�d mixed with 5% NiO. These results show the

potential promise of perovskite based systems, and based on the

number of doping schemes which one could consider, a number of

even more attractive materials certainly remain to be discovered.

Conclusions
The ultimate factor dictating commercial viability of solar thermo-

chemical fuel production is a high solar-to-fuel energy conversion

efficiency [73]. Discovery of new materials with large oxygen

exchange capabilities at moderate temperatures and their imple-

mentation in efficient solar reactors are essential. Thermodynamic

analysis based on either first principle calculations [74] or empiri-

cal data (i.e. ternary or quaternary perovskite systems), for exam-

ple, can provide insights into material screening. Additionally,

rapid chemical kinetics and material stability over thousands of

cycles must be demonstrated for each material considered. Ulti-

mately, design and testing of prototype solar reactors and opti-

mization through heat and mass transfer modeling will lead to

improvements in solar-to-fuel energy conversion efficiencies.
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