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Abstract 

Thermochemical splitting of H2O and CO2 applying redox materials constitutes a sustainable 

option for synthetic fuel production and CO2 valorization. It consists of two-step process 

based on the creation of oxygen vacancies in non-stoichiometric oxides during solar-driven 

thermal reduction, followed by the material re-oxidation with H2O and/or CO2 to generate 

syngas (H2/CO), the building block for a wide variety of synthetic hydrocarbon fuels. In this 

work, a monolithic solar reactor was designed and tested integrating reticulated porous ceria 

(open-cell foams) heated by concentrated solar energy. The influence of various operating 

parameters on the thermochemical reactor performance was investigated. Increasing the 

temperature or decreasing the pressure in the reduction step was found to enhance the 

maximum reduction extent reached by the redox material (CeO2-), thereby improving the fuel 

production capacity. In addition, a decrease of the oxidation temperature led to higher fuel 

production rate, despite an increase of the temperature swing between the reduction and 

oxidation steps. Increasing the oxidant concentration also sharply enhanced the oxidation 

rate. Peak CO production rate approaching 10 mL/min/g was achieved with ceria foams 

(exhibiting micron-sized grains forming an interconnected macroporous network within the 

struts) during their reoxidation upon free cooling with pure CO2 stream (after reduction at 
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1400°C), thus strongly outperforming (by a factor of about x8) the previous maximum values 

reported to date. This result was attributed to the fine and stable granular microstructure of 

the reticulated ceria foams. The solar reactor reliability and robustness during high-

temperature two-step redox cycling were demonstrated with an average cycle production of 

5.1 mL/g of H2 and CO, and peak solar-to-fuel efficiencies above 8%. The highly reactive 

reticulated foams with 10 and 20 ppi (pore per inch) were cycled for about 69 hours (51 

cycles) of continuous on-sun operation without any decrease in performance, thus 

evidencing their noteworthy thermochemical and microstructural stability.  

 

Keywords: solar fuel, solar reactor, ceria foam, reticulated porous ceramic, redox cycle, 

thermochemical splitting 

 

1. Introduction 

Production of synthetic fuels with solar energy is an advantageous solution to replace fossil 

fuels that increasingly contribute to global warming. Unlike fossil fuel-based energy sources, 

solar energy is particularly attractive due to its inexhaustibility and its capacity to reduce CO2 

emissions. However, the intermittent aspect of solar energy is of concern for its integration 

into the current energy market. To solve this issue, solar thermochemical processes 

represent an efficient route for converting high temperature solar heat into valuable chemical 

energy carriers (solar fuels). Seasonal solar energy storage via conversion into chemical 

fuels is therefore possible since such fuels can be used on demand while offering a high 

energy density. Solar-driven thermochemical cycles for H2O and CO2 splitting represent an 

interesting route to produce syngas that can be further converted to renewable liquid fuels 

[1]. Indeed, this approach utilizes the entire solar spectrum, thus providing an attractive path 

to solar fuels production with high energy conversion efficiencies and without any precious 

metal catalyst. This method can potentially outperform electrolysis because intermediate 

electricity production is not required. H2 and CO can be produced by H2O and CO2 

dissociation, thanks to thermochemical cycles using metal oxide redox pairs as chemical 

intermediates. H2 can be used directly as clean energy vector whereas CO/H2 mixture 

(syngas) can serve as the building block for the synthesis of various hydrocarbon fuels via 

the Fischer–Tropsch process [2]. Nowadays, ceria (CeO2) is considered as the benchmark 

material to perform two-step thermochemical cycles with stable long-term performance [3–8]. 

Indeed, ceria is able to maintain its crystallographic structure over a wide range of non-

stoichiometry. It provides high oxygen diffusion rates, thermodynamically favorable oxidation 

with rapid reaction rates, and attractive resistance to sintering. Recently, series of promising 
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perovskite materials have also been investigated in thermochemical cycles, due to their high 

non-stoichiometric oxygen exchange capacities and larger reduction extent in comparison 

with ceria [9–16]. Two-step thermochemical cycles consist of a solar-driven thermal reduction 

(eq. 1) at high temperature (Tred ~1400°C) followed by a re-oxidation step (eq. 2) at lower 

temperature (Tox ~1000°C) with an oxidizing gas (CO2 or H2O). Generic two-step metal oxide 

thermochemical cycles involving non-stoichiometric oxides are represented by the following 

reactions: 

MxOy → MxOy−δ +
𝛿

2
O2 (1) 

MxOy−δ + 𝛿CO2(H2O) → MxOy + 𝛿CO(H2)  (2) 

where 𝛿 represents the extent of non-stoichiometry reached by the reactive material. During 

the thermally-activated reduction step, the oxide is partially reduced leading to the creation of 

oxygen vacancies and release of O2. Subsequently, during the oxidation step, the reactive 

material is re-oxidized, yielding CO or H2 production [17]. Despite several promising results, 

the process has not yet been intensively explored, mainly because of low system productivity 

and/or poor material stability upon cycling. To date, different solar reactor concepts have 

been investigated for thermochemical cycles. Cho et al. [18,19] performed 13 

thermochemical cycles using a 40 kWth solar furnace with CeO2 reactive coating on inert 

zirconia foam, yielding an average H2 production per cycle of about 2.1 mL/g. An isothermal 

thermochemical cycle was carried out in a 4.4 kW solar reactor using ceria [20], producing 

360 mL/min of CO at constant temperature of 1477°C. Using a gas-phase heat recovery 

system, the solar-to-fuel efficiency reached 1.64 % without taking into account the inert gas 

energy costs [20]. An electrically-heated monolithic reactor irradiated by artificial light, with 

porous ceria as reactive material was developed elsewhere [21–23]. Stable and rapid fuel 

production was demonstrated over 500 cycles with peak and average solar-to-fuel 

efficiencies of 3.53 % and 1.73 %, respectively [22]. The highest efficiency of ~5% was 

obtained with Tred=1500°C, Tox=800°C and a total pressure of 10 mbar during the reduction 

step [24]. A counter rotating ring reactor was also designed [25–27], yielding instant solar-to-

fuel efficiency of 1.7% and peak CO production rate of 100 mL/min.  

A novel 1.5 kW monolithic solar reactor was designed and developed at PROMES laboratory 

for two-step thermochemical H2O and CO2 splitting with non-stoichiometric metal oxides as 

oxygen carrier redox materials. The ceria material was integrated in the form of reticulated 

foam inside the reactor cavity. Such a porous structure acting as the reactive material itself 

inherently combines the advantages of efficient volumetric radiative absorption, low pressure 

drop, high surface area, rapid reaction rates, and high mass loading of the reactive material. 
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Low optical thickness (i.e., low opacity) for incident thermal radiation is desired to enable 

both volumetric radiative absorption and uniform heating of the porous structure. On the 

other hand, the oxidation step with H2O or CO2 is known to be largely surface dependent, 

and thus a large surface area is required to enhance reaction kinetics. Hence, a trade-off 

must be found between rapid reaction kinetics and efficient radiation heat transfer, by 

combining both of the desired properties, namely: low optical thickness for volumetric 

radiative absorption during reduction and high surface area for rapid reaction rates during 

oxidation. In addition, low porosity is favorable for high material mass loading in the reactor. 

The above issues have to be considered when dealing with porous reactive structures. In this 

respect, the ceria reactant was loaded in the form of reticulated porous foams with both 

uniform cell size density (millimetric scale) for solar radiation volumetric absorption and 

granular microstructure (micron-sized grains forming an interconnected macroporous 

network) within the foam struts for enhanced oxidation reaction. The experimental 

performance assessment of the reactor has been conducted to determine the most relevant 

operating parameters encompassing the reactions temperatures, reduction pressure, type 

and concentration of oxidant, influencing the solar fuel production. Indeed, the identification 

of suitable operating parameters to reach optimized thermochemical performance is 

essential for further process scale-up. Specifically, the amounts of produced fuel and fuel 

production rates have been optimized. Such a detailed parametric optimization carried out on 

a real solar reactor operated with reticulated porous ceria structures under representative 

operating conditions has never been achieved to date. 

 

2. Materials and method  

The reactive ceria material (99.9% purity) was shaped as reticulated porous foams with a 

cylindrical geometry, as presented in Figure 1. Ceria foams (CF) with two homogeneous cell 

size densities were used (10 and 20 pores per inch, ppi), designated in the following as CF-

10 (10 ppi) and CF-20 (20 ppi). The center of the foam cylinder was hollow to form a cavity 

(closed at the bottom by a disc) in order to promote radiative heat transfer and uniform 

heating along the foam height. Both foams featured ~87% porosity (0.92 g/cm3 and 

0.93 g/cm3 bulk density for CF-10 and CF-20, respectively, not including the central cavity 

volume) and were produced according to the well-known process of polymeric sponge 

replication [28]. First, a selected polymeric and flexible open-celled sponge with defined pore 

density was immersed in a ceramic slurry containing organic binders. The excess of slurry 

was then removed by compressing the sponge and a drying step allowed hardening the 

ceramic-based material. Finally, a few hours thermal treatment in air at 1450°C was applied 
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to both remove the organics (binders and polymeric sponge), and sinter the foam thereby 

providing mechanical integrity to the final porous ceramic structure. 

 

  

Figure 1: Reticulated porous ceria foams composed of a hollow cylinder and a bottom disc, with a) 10 ppi 

(cylinder: ~44 mm o.d., 15 mm i.d., 40 mm height; disk: ~43 mm diameter, 10 mm height; total foam mass: 55.7 g) 

and b) 20 ppi pore density (cylinder: ~39 mm o.d., 15 mm i.d., 44 mm height; disk: ~42 mm diameter, 10 mm 

height; total foam mass: 55.9 g). 

 

Solar experiments were performed using vertical-axis medium-size solar facilities of 

PROMES-CNRS laboratory. The solar concentrating system consists of a 2 m-diameter 

parabolic dish along with a sun-tracking heliostat. The solar monolithic reactor (Figure 2) was 

designed to perform two-step temperature-swing cycles while alternately switching between 

inert gas for O2-releasing reduction and oxidant gas (H2O or CO2) for the splitting step. The 

reaction chamber was composed of an insulated alumina cavity with cylindrical shape (50 

mm inner diameter and 80 mm height) and closed by an alumina top cover with 19 mm 

diameter aperture at the upper front to absorb concentrated solar radiation. A fibrous layer of 

porous alumino-silicate wrapped the cavity to insulate it (40 mm thickness, density 400 

kg/m3, thermal conductivity 0.14 W/m.K at 800°C). In addition, a zirconia felt (3 mm thick) 

was used to insulate the front alumina wall of the aperture plate, thereby reducing radiative 

losses at the upper front. The cavity receiver configuration combined with the small aperture 

size advantageously led to maximum incident radiation absorption, while re-radiation loss 

from the cavity to the surrounding environment was minimized. A transparent Pyrex window 

was hermetically placed on top of the reactor in order to let the concentrated solar flux reach 

the cavity. The reactor stainless steel shell was water-cooled. The ceria foam (~ 55 g) was 
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settled within the cavity in which the gas flow was injected from the upper side (both via 

window and lateral inlets). The gas flow-rates (Ar: 99.999% purity with [O2] < 2 ppm, and 

CO2: 99.995% purity) were controlled and adjusted via mass-flow controllers (MFC, Brooks 

Instruments model SLA5850S). Ar gas was continually injected via the window to provide 

inert gas atmosphere. The gas then flowed through the cavity after entering via the aperture. 

Moreover, the reactive gas was injected from the top lateral side of the cavity below the 

aperture for rapid switch of gas composition between the reduction and oxidation steps. Pure 

Ar was injected during the reduction step whereas a mixture of Ar and CO2 (or steam) was 

injected during the oxidation step. Water was injected using a liquid mass flow controller 

(range 0-60 g/h, accuracy ±1% of full scale) via an alumina capillary inside the lateral tube 

inlet. Water was vaporized when exiting the capillary tube and steam was transported by the 

Ar carrier gas to the cavity. The reactive gas then flowed through the foam and exited via a 

single outlet port at the cavity bottom. During the reduction step, Ar (1.2 NL/min) swept the 

reactor during heating (up to ~1400°C) thanks to the solar energy input controlled by an 

intermediate shutter placed below the reactor frame. During the heating stage, oxygen 

concentration in the outlet gas was continuously measured to monitor the progress of the 

reduction reaction. After complete reduction of the reactive material ascertained by 

continuous decrease of O2 concentration, the reactor was cooled down by closing the shutter 

and removing the solar input. When the oxidation temperature was reached (~1000°C), the 

oxidant gas (either H2O or CO2, at controlled molar fraction) was fed in order to re-oxidize the 

reactive material. The foam temperature was monitored with two B-type thermocouples (T1 

and T2) coupled to a pyrometer (measuring at 4.8-5.2 µm) pointing at the foam center inside 

the foam cavity (through a CaF2 window), as shown in Figure 2. T1 was in contact with the 

ceria foam and vertically positioned at the transition between the cylindrical and disc parts of 

the foam, whereas T2 was setback at about 1 cm from the foam to avoid direct exposure to 

solar radiation and overheating. It can be thus assumed that the representative minimum 

temperature of the foam was given by T1 (placed at the foam bottom) and the average foam 

cavity temperature was given by the pyrometer. The reactor pressure was measured by 

pressure transmitters placed at both gas inlets (window and lateral) and cavity. The operating 

pressure during the reduction step was possibly decreased by using a primary vacuum rotary 

vane pump at the reactor outlet, in order to study the effect of the total pressure (during 

reduction step) on both the reduction extent and associated fuel production yield. The pump 

was thus only used when aiming at decreasing the pressure during reduction. For the 

oxidation step, the pump was stopped, the pressure was increased again by filling with Ar 

and then the gas outlet was connected directly to the gas analyzer. In all cases, continuous 

flowing gas through the foam (with negligible pressure drop) was applied to remove and 

carry the gas product species to the outlet, thus favouring reactions completion. 
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The outlet gas flowed through a bubbler to condense and remove excess steam, and a gas 

dryer (desiccant column) was used to remove residual moisture before gas analysis. In the 

case of H2O splitting, the excess water was entirely condensed and trapped and the exit gas 

stream to be analyzed was thus composed of Ar/H2 binary mixture. In the case of CO2 

splitting, the outlet gas contained unreacted CO2 in addition to Ar and CO. The output gas 

was analyzed online (continuous evolution of concentrations versus time) to determine both 

the oxygen and fuel (H2 or CO) production rates at each step. The O2 concentration in the 

exhaust was measured by a trace O2 electrochemical analyzer (Systech, range from 0.1 ppm 

to 1%, precision ±2% of reading). Both CO and CO2 concentrations were measured by a 

NDIR analyzer (MGA3000, scale: 0–30% for CO, 0-100% for CO2, precision ±1% of full 

scale). H2 was analyzed by a catharometer based on thermal conductivity detection 

(calibrated for Ar/H2 binary mixture, scale: 0-10%, precision: 1% of full scale). The response 

time for both H2 and CO detection after oxidant injection was less than 10 s. Their 

concentrations reached a maximum just after CO2 or H2O injection (peak fuel production 

rate) and then steadily dropped to zero denoting complete ceria oxidation. The oxidizing gas 

feed was then stopped and the system was purged with Ar before increasing the temperature 

again for the next reduction step. An automated acquisition system (Beckhoff) was used for 

recording the data (i.e. reactor temperatures, pressures, gas flow-rates, and outlet gas 

concentrations with a time step of 1 s). The gas production yields (O2 and H2 or CO) were 

calculated by time integration of the gas production rates over the duration of the reduction 

and oxidation steps (with a relative uncertainty of ±2%). 
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Figure 2: a) Photo of the experimental set-up during on-sun operation and b) scheme of the SUNFUEL solar 

reactor enabling two-step thermochemical cycles with reticulated porous ceria foams for H2O or CO2 splitting. 

 

3. Results and discussion 

The influence of operating parameters on the solar fuel production was investigated. 

Unravelling their influence on fuel production was required to optimize the process 

performance and to determine the solar-to-fuel energy conversion efficiency. In such two-

step process, the parameters of both the reduction and oxidation steps need to be varied 

separately to determine their impact on fuel production. The detailed lists of the operating 

parameters for each cycle performed with the different ceria foams (CF-10 and CF-20) are 

given in Table 1. The CF-10 foam underwent 37 cycles, yielding a total production of 8.97 NL 

of CO (34 cycles) and 0.68 NL of H2 (3 cycles). Likewise, the CF-20 foam was submitted to 

14 cycles and produced 1.10 NL of H2 (4 cycles) and 2.78 NL of CO (10 cycles). In total, the 

CF-10 and CF-20 foams sustained 51 h and 18 h of continuous on-sun operation, 

respectively, with no apparent performance decline.  
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Table 1: Operational parameters and fuel production performance for the CF-10 and CF-20 foams (Tred is the reduction temperature, Pred the reduction pressure and Tox the 
oxidation temperature; gas flow-rates are given at normal conditions). 

Cycle 
# 

Reduction step parameters Oxidation step parameters 

Tred Pred 

Ar flow 
rate 

during 
reduction 

O2 
produced 

Oxidant 
gas 

Oxidation 
temperature 

regime 
Tox 

Oxidant 
gas molar 
fraction 

Oxidant 
gas flow 

rate (total 
flow rate) 

Fuel 
produced 

Peak fuel 
production 

rate 

(°C) (hPa) (L/min) (µmol/g)   (°C)  (L/min) (µmol/g) (mL/g/min) 

CF-10 foam 

1 1378 870 1.2 105 H2O Isothermal  967 0.17  0.25 (1.45) 208 0.57 
2 1417 870 1.2 109 H2O Isothermal  1006 0.17 0.25 (1.45) 216 0.76 

3 1404 870 1.2 106 CO2 Isothermal  1034 0.25 0.40 (1.60) 213 1.43 
4 1407 880 1.2 97 CO2 Isothermal  1032 0.25 0.40 (1.60) 188 1.32 

5 1400 872 1.2 107 CO2 Isothermal  1079 0.25 0.40 (1.60) 212 1.10 
6 1412 868 1.2 88 CO2 Isothermal  1114 0.25 0.40 (1.60) 120 0.59 

7 1407 866 1.2 84 CO2 Isothermal  1121 0.25 0.40 (1.60) 161 0.53 
8 1380 170 1.2 102 CO2 Isothermal  907 0.25 0.40 (1.60) 203 1.61 

9 1408 870 1.2 88 CO2 Isothermal  1213 0.25 0.40 (1.60) 136 0.48 
10 1408 879 1.2 98 CO2 Isothermal  1059 0.25 0.40 (1.60) 194 0.81 

11 1453 870 1.2 116 CO2 Isothermal  1050 0.25 0.40 (1.60) 226 1.18 
12 1404 876 1.2 98 CO2 Isothermal  869 0.25 0.40 (1.60) 197 3.49 

13 1403 872 1.2 78 CO2 Isothermal  1011 0.25 0.40 (1.60) 151 0.91 
14 1405 880 1.2 86 CO2 Isothermal  1055 0.25 0.40 (1.60) 152 1.00 

15 1402 885 1.2 96 CO2 Isothermal  954 0.25 0.40 (1.60) 191 2.69 
16 1458 878 1.2 119 CO2 Isothermal  1061 0.25 0.40 (1.60) 237 1.40 

17 1405 875 1.2 77 H2O Isothermal  1057 0.17 0.25 (1.45) 129 0.12 
18 1407 851 1.2 110 CO2 Dynamic 1020-904 0.25 0.40 (1.60) 241 2.31 

19 1227 872 1.2 39 CO2 Dynamic 998-764 0.25 0.40 (1.60) 82 1.23 
20 1413 866 1.2 116 CO2 Dynamic 1062-828 0.25 0.40 (1.60) 250 1.95 

21 1410 863 1.5 125 CO2 Dynamic 1005-799 0.25 0.40 (1.60) 254 2.48 
22 1401 863 1.5 102 CO2 Dynamic 1042-833 0.25 0.40 (1.60) 208 2.29 

23 1240 870 2.0 58 CO2 Dynamic 1185-724 0.29 0.40 (1.40) 115 0.43 
24 1408 869 2.0 123 CO2 Dynamic 988-850 0.50 1.00 (2.00) 250 6.25 
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25 1410 862 2.0 110 CO2 Dynamic 993-836 0.50 1.00 (2.00) 217 5.41 
26 1407 862 1.2 114 CO2 Dynamic 1008-796 1.00 2.00 (2.00) 254 8.36 
27 1407 861 1.2 108 CO2 Dynamic 1018-791 1.00 2.00 (2.00) 237 7.27 

28 1403 861 1.2 120 CO2 Dynamic 1007-797 1.00 2.00 (2.00) 252 9.43 
29 1402 859 1.2 104 CO2 Dynamic 1014-770 1.00 2.00 (2.00) 201 8.08 

30 1401 858 1.2 90 CO2 Dynamic 1010-839 0.25 0.40 (1.60) 160 2.09 
31 1405 106 1.2 128 CO2 Dynamic 1001-772 0.25 0.40 (1.60) 258 2.57 

32 1403 110 1.2 141 CO2 Dynamic 986-825 0.67 2.00 (3.00) 283 9.93 
33 1409 116 1.2 130 CO2 Dynamic 1020-752 0.50 1.00 (2.00) 262 4.51 

34 1403 116 1.2 127 CO2 Dynamic 1010-834 0.50 1.00 (2.00) 241 5.22 

35 1401 114 1.2 141 CO2 Dynamic 1015-775 1.00 2.00 (2.00) 284 7.55 

36 1402 116 1.2 142 CO2 Dynamic 1013-744 1.00 2.00 (2.00) 282 7.47 

37 1328 92 0.8 85 CO2 Dynamic 1002-812 0.50 1.00 (2.00) 171 3.55 

CF-20 foam 

1 1410 876 1.2 110 CO2 Isothermal  1064 0.25 0.40 (1.60) 186 1.10 
2 1408 877 1.2 67 CO2 Isothermal  1162 0.25 0.40 (1.60) 81 0.34 

3 1411 879 1.2 60 CO2 Isothermal  1056 0.25 0.40 (1.60) 121 0.89 
4 1409 872 1.2 87 CO2 Isothermal  955 0.25 0.40 (1.60) 197 2.05 

5 1412 876 1.2 95 H2O Isothermal  1053 0.17 0.25 (1.45) 118 0.30 
6 1401 910 1.2 90 H2O Isothermal  870 0.17 0.25 (1.45) 250 1.20 

7 1410 870 1.2 106 CO2 Isothermal  903 0.25 0.40 (1.60) 210 3.38 
8 1410 874 1.2 118 CO2 Isothermal  705 0.25 0.40 (1.60) 273 5.02 

9 1424 110 1.2 174 CO2 Isothermal  1048 0.25 0.40 (1.60) 296 1.68 
10 1407 878 1.2 108 H2O Isothermal  858 0.17 0.25 (1.45) 222 0.83 

11 1409 872 1.2 123 CO2 Dynamic 1016-893 0.25 0.40 (1.60) 261 2.67 
12 1407 869 1.2 126 CO2 Dynamic 996-847 0.25 0.40 (1.60) 260 2.69 

13 1456 872 1.2 149 CO2 Dynamic 997-845 0.25 0.40 (1.60) 301 3.33 
14 1454 870 1.2 135 CO2 Dynamic 1004-673 0.25 0.40 (1.60) 266 1.34 
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3.1. Parameters investigated during the reduction step 

According to thermodynamics, the oxygen partial pressure and the reduction temperature are 

the key parameters determining the maximum reachable oxygen non-stoichiometry in the 

ceria structure [29,30]. In order to study the influence of oxygen partial pressure, a vacuum 

pump was placed at the reactor output to lower the total operating pressure by about one 

order of magnitude compared with atmospheric pressure. The total inert gas flow was kept 

unchanged, in order to assess only the effect of the total pressure. The minimum pressure 

achievable with flowing gas (~100 hPa) is still reasonable and easily accessible in large-

scale processes. Further decreasing the pressure would bring additional energy penalty 

(pumping work) and thus cannot be considered when aiming the development of a scalable 

process. Figure 3a depicts the evolution of the oxygen non-stoichiometry versus temperature 

while heating the reactor at two different pressures during the reduction step. The 

temperature increase leads to the rise of oxygen non-stoichiometry for both pressures. 

Decreasing the pressure significantly increases the maximum non-stoichiometry reached by 

the reactive material at the final reduction temperature T1=1400°C (=0.044 at 106 hPa 

versus 0.031 at 865 hPa). Furthermore, the onset temperature decreases by ~350°C when 

decreasing the pressure from 865 hPa to 106 hPa. Figure 3b shows the O2 and CO amounts 

produced for the two cycles performed at the different pressures during reduction. 

Decreasing the pressure during the reduction step significantly increases the produced 

oxygen amount (90 µmol/g to 128 µmol/g), which subsequently enhances CO production 

during the oxidation step. For a pressure of 106 hPa during the reduction step, a ceria 

reduction extent /max=8.8% is reached at T1=1400°C (max=0.5 for complete reduction of 

Ce4+ to Ce3+). This high reduction extent then boosts the amount of fuel produced during the 

oxidation step (from 160 µmol/g to 258 µmol/g). Moreover, the cycle performed at low 

pressure in Figure 3 shows a total CO2 conversion extent of 7.5% and a CO2 conversion 

peak of 36% measured at the peak rate of CO production (in comparison with 6.3% and 

29%, respectively, for the cycle at atmospheric pressure). A reduced oxygen partial pressure 

thus shows a beneficial impact on both the reduction extent and fuel production yield 

achievable by the reactive ceria material.  
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Figure 3: Investigation of CF-10 foam performance in the solar reactor (cycles #30 and #31). a) Evolution of non-

stoichiometry as a function of temperature for two different operating pressures and b) amounts of O2 and CO 

produced for different reduction pressures. 

The reduction temperature is the other key parameter affecting the thermochemical cycle 

performance. Figure 4 illustrates the O2 and CO production rates evolution for two cycles 

carried out at different reduction temperatures (1400 vs. 1450°C, T1 was selected as the 

reference temperature measurement). Increasing the reduction temperature by 50°C leads to 

an increase of the O2 production from 126 µmol/g to 149 µmol/g. The reduction extent 

reached with a reduction temperature of 1450°C is about =0.051 (at atmospheric pressure). 

As a result of the reduction extent being increased when the temperature increases, the 

amount of CO produced is also increased (from 260 µmol/g at 1400°C up to 301 µmol/g at 

1450°C). Furthermore, the CO2 conversion is increased from 8.7% to 10.9% together with 

the peak CO2 conversion (from 38% to 47%). The increase of the reduction temperature thus 

shows a beneficial impact on the production of both O2 and CO. Of course, such temperature 

increase must be limited due to the risk of the redox material sublimation and fastened 

ageing that may cause performance loss [7, 22]. Thus, the maximum temperature was kept 

at 1450°C (measured by T1 thermocouple), while admitting that higher temperatures are 

reached in the upper part of the foam exposed to high-flux radiation (as evidenced by the 

higher temperature values, ~30-50°C, measured by the pyrometer in the central foam cavity). 

Moreover, the increase of the reduction temperature implies an increase of the heat loss due 

to the increase of the temperature swing (Δ𝑇) between redox cycle steps.  
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Figure 4: Evolution of O2 and CO production rates along with the temperatures for two thermochemical cycles with 

reduction performed at a) 1400°C (cycle #12) and b) 1450°C (cycle #13) at atmospheric pressure for CF-20 foam. 

The argon flow also impacts the oxygen partial pressure by diluting the O2 released by ceria 

during the reduction step. As confirmed previously, the total pressure affects the oxygen 

partial pressure and sharply influences the ceria reduction extent. Varying the argon flow-rate 

is another way to tune the oxygen partial pressure. This parameter has thus been 

investigated to demonstrate its influence on the reduction step. Figure 5 shows the evolution 

of O2 amount produced according to the argon flow-rate during the reduction step. An 

increasing argon flow lowers the oxygen partial pressure, which thereby significantly favors 

the reduction extent. This result can be explained by a higher dilution of the oxygen released 

during the reduction step (lower oxygen partial pressure). Indeed, increasing the argon flow-

rate from 1.2 L/min to 2 L/min moderately increases the oxygen production yield from 99 to 

117 µmol/g whereas the CO yield increases from 198 to 234 µmol/g. In comparison with the 

decrease of the total pressure, increasing the argon flow rate enhances the oxygen yield by 

17%, whereas a pressure decrease from 865 hPa to 106 hPa improves the oxygen yield by 

42%. This can be explained by a difference in oxygen partial pressure, which decreases only 

twice when doubling the Ar flow whereas it drops ~8 times when decreasing the total 

pressure from 865 to 106 hPa. Thus, the Ar flow rate would need to be dramatically 

increased to obtain the same effect as the total pressure reduction, which would cause 

considerable heat loss together with high inert gas consumption. Therefore, decreasing the 

total pressure during the reduction step is more relevant than increasing the carrier gas flow-

rate.  
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Figure 5: Influence of the argon flow-rate on the average oxygen production for CF-10 foam (Tred~1400°C, 

atmospheric pressure). 

In summary, a reduction step at low pressure and high temperature is favorable to enhance 

fuel production yield. In contrast, the argon flow-rate does not impact significantly on the 

reduction step in comparison with total pressure reduction. In addition, significantly higher 

inert gas flow-rate would be required to obtain equivalent impact as total pressure reduction, 

although it is not realistic for process upscaling.  

 

3.2. Parameters investigated during the oxidation step 

The oxidation step was performed by adding the oxidant gas in the feed via the lateral gas 

inlet located above the ceria foam. Kinetics of CO2 reduction over nonstoichimetric ceria has 

been investigated [31]. The CO2 molar fraction (𝑥CO2
) injected in the reactor during the 

oxidation step is a key parameter mastering the fuel production rate. In order to highlight the 

influence of this parameter on CO production rate, three thermochemical cycles have been 

performed with the same reduction temperature (T1=1400°C) and different CO2 molar 

fractions (25%, 50% and 100%) during the oxidation step. The results are presented in 

Figure 6a (for the oxidation test with pure CO2, the argon flow usually injected in the window 

zone was replaced by CO2). Increasing the CO2 concentration results in a sharp increase of 

CO production rate, while the oxidation duration is concomitantly reduced (from 3.8 min to 

1.7 min to obtain 90% of the maximum CO amount produced). The maximum CO production 

rate reached ~9.4 mL/g/min for oxidation in 100% CO2 (cycle #28 in Table 1). This means 

that a 8 fold-increase of the fuel production rate was achieved with the studied micro-

structured ceria foams (microstructural characterization provided in the next section), when 

compared to previously reported values [18,23,24,32]. The fuel production rate can even be 

enhanced further (up to 9.9 mL/g/min for cycle #32) by increasing the total gas flow-rate 
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(inducing products dilution). The peak of CO2 to CO conversion reached 21%, 25% and 36% 

whereas the global CO2 to CO conversion over the oxidation step duration reached 1.6%, 

2.1% and 7.4% for CO2 molar fractions of 1.00, 0.50 and 0.25, respectively. Furthermore, the 

produced CO amounts were similar regardless of the CO2 molar fraction (in the range of 258-

284 µmol/g), which denotes complete ceria oxidation even though the kinetics is strongly 

dependent on the oxidant gas concentration. This result also means that the conversion of 

pure CO2 streams (e.g. issued from post-combustion CO2 capture processes) is particularly 

attractive to favor reaction kinetics. Increasing the CO2 molar fraction increases the driving 

force of surface oxidation reaction (by increasing the amount of CO2 available at the surface) 

and further promotes oxygen diffusion within ceria thanks to the gradient of oxygen 

concentration. In addition, it also decreases the CO:CO2 ratio as shown in Figure 6b, which 

thermodynamically favors the oxidation step. In other words, larger CO2 concentration favors 

the thermodynamic equilibrium towards CO production. However, considering an industrial 

process, a lower CO:CO2 ratio will require higher amount of supplementary energy to 

separate CO from CO2. In summary, a high CO2 molar fraction in the oxidation step promotes 

kinetics, which leads to a fast (short-time duration) oxidation reaction, but at the expense of 

lower CO2 to CO conversion extent. 

 

Figure 6: Evolution of a) CO production rates (solid lines) and b) CO to CO2 ratio (solid lines) for different inlet 

CO2 molar fractions (0.25, 0.50 and 1.00) along with T1 temperatures (dashed lines), during cycles #31, #33 and 

#35 with CF-10 foam, respectively. 

The temperature plays a major role in the oxidation step performance. To study its influence 

on the fuel production, three thermochemical cycles were carried out at different oxidation 

temperatures (T1=1150, 1050 and 950°C), as shown in Figure 7a. The lower the oxidation 

temperature, the higher the amount of CO produced. For instance, CO production increases 
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from 81 µmol/g to 197 µmol/g when the oxidation temperature decreases from 1150°C to 

950°C. Furthermore, the CO peak production rate at 950°C roughly increases by a factor x5 

when compared with an oxidation performed at 1150°C. Therefore, decreasing the oxidation 

temperature leads to fuel production enhancement by improving both the production rate and 

the fuel yield. On the other hand, decreasing the oxidation temperature increases the 

temperature swing (Δ𝑇) between the reduction and oxidation steps, which induces sensible 

heat losses. This basically explains why isothermal or near-isothermal cycling has been 

commonly proposed based on theoretical efficiency calculations when kinetic aspects are not 

addressed [33-34], despite other studies pointed out the lowest efficiencies for isothermal 

operation [35-36]. Anyway, the strong effect of oxidation temperature on kinetics suggests 

that low temperature swing is definitely not appropriate to operate such redox cycle as the 

oxidation kinetics would be too slow and thus extend tremendously the reaction duration, 

which is unsuitable in practice. Conversely, high temperature swing inducing heat losses is 

often associated with a requirement for sensible heat recovery system, and the benefits of 

heat-recovery strategies on system efficiency [37], especially solid heat recuperation for 

lower oxidation temperatures have been shown in thermodynamic analyses [38]. However, 

solar energy is freely available and decreasing the amount of solar energy between steps 

has in reality no impact on the global cycle performance, because it does not change the 

size/cost of the solar concentrating system which is primarily required for the reduction step 

only. Therefore, the sole parameter of importance being cycle duration, the reaction kinetics 

should be favored in priority as it mostly influences the amount of fuel produced during a 

working day. The global kinetic rate of the two-step process that determines the cycle 

duration thus mainly depends on both the heating rate (determining the rate of reduction 

step) and the oxidation rate (favored by low temperature and high oxidant concentration). 
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Figure 7: Evolution of CO production rate (solid lines) for (a) different oxidation temperatures T1 (dashed lines) in 

isothermal regime, during cycles #2, #3 and #4 with CF-20 foam, and (b) isothermal and dynamic oxidation 

temperature regimes along with temperature T1 (dashed lines), for cycles #3 and #12 with CF-20 foam, 

respectively. 

 

During the oxidation step, two temperature regimes were considered (isothermal and 

dynamic). The former consists of an oxidation at constant temperature maintained by solar 

energy input, whereas the latter proceeds with an oxidation during free cooling without any 

energy input. Figure 7b compares the CO production rate using either isothermal or dynamic 

regime. The maximal production rate in isothermal condition (at 1050°C) is lower than in 

dynamic conditions. Moreover, the CO production in the dynamic regime occurs on shorter 

duration when compared with the isothermal one (CO2 injection was started at ~1000°C and 

stopped at ~850°C). This is due to the higher oxidation temperatures (thermodynamically 

unfavorable) for the isothermal condition. In contrast, the constant temperature decrease 

during dynamic oxidation raises the thermodynamic driving force of the oxidation reaction. 

Moreover, the CO production yield during dynamic oxidation (260 µmol/g) is higher than 

under isothermal conditions (121 µmol/g). The fuel production is thus favored by the dynamic 

free cooling temperature regime. However, the temperature swing (Δ𝑇) is higher with the 

dynamic regime, which induces sensible heat losses.  

 

Both CO2 and H2O have been considered as oxidant gases for fuel production. Figure 8 

compares H2 and CO production rates in isothermal conditions at 900°C and 1050°C (after a 

reduction step at T1=1400°C). A decrease of the oxidation temperature enhances markedly 

the fuel production rate for both CO2 and H2O. Regardless of the oxidation temperature, the 

peak production rate of CO is higher than the H2 one. Considering thermodynamics, this 
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phenomenon can be attributed to more favorable CO2 dissociation than H2O dissociation. 

The output gas is a mixture of unconverted reactant and products that would require further 

separation step. While H2 separation from H2O is straightforward by steam condensation, CO 

removal from CO2 requires additional energy and/or advanced separation technology.  

 

Figure 8: Evolution of H2 and CO production rates with an oxidation temperature of a) 900°C (cycles #6 and #7 of 

CF-20) and b) 1050°C (cycles #5 and #9 of CF-20). 

 

3.3. Thermal stability of the porous ceria foams 

Considering that industrial processes require reactive materials withstanding multiple cycles 

without any performance decline, consecutive cycles have been performed with both CF-10 

and CF-20 foams. Due to solar energy variability in a real solar process, the material cannot 

be subjected to strictly identical parameters from cycles to cycles, and it will thus have to 

sustain multiple changes in the cycling conditions, thereby favoring process flexibility. Typical 

results are shown in Figure 9 for CF-20 foam tested with the reduction steps carried out at 

~1400°C and 110 hPa, and oxidation steps from 1000°C to 750°C (dynamic conditions with 

CO2 molar fraction of 0.5 for cycles #33 and #34, and 1.0 for cycles #35 and #36). 

Noticeably, repeatable results were obtained when using similar operational conditions. 

Furthermore, the CO production rate was remarkably high, in the range of 4 to 7 mL/g/min, 

representing the highest rates obtained to date with ceria and thus a strong improvement in 

the performance of solar fuel reactors based on reticulated porous ceria. In comparison, 

Furler et al. [23,24,32] obtained a maximal fuel production rate of 1.2 mL/g/min with more 

stringent operational conditions (1450°C and 10 hPa) in an electrically-heated high-flux 

simulator using ceria foams with dual-scale porosity. In the present study, the 

microstructured ceria foams were subjected to real concentrated high-flux solar radiation in a 

scalable solar reactor and were found to sustain fuel production cycles without any reactivity 
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loss. Accordingly, in comparison with previously reported results, a considerable increase in 

the fuel production rate was achieved with the designed ceria foams exhibiting millimetric 

cells size and fine granular microstructure within the foam struts.  

The studied foams (CF-10 and CF-20) underwent extended cycling during continuous on-sun 

operation under the various representative conditions reported in Table 1, without suffering 

any performance decline. Due to the good thermal stability of ceria that can withstand the 

harsh process conditions, the material performance was not altered during consecutive redox 

cycles. All the fuel production yields measured for both foams along the cycling experiments 

are plotted in Figure 10 by highlighting the main parameters influencing the produced fuel 

amount. The pressure decrease and/or temperature increase during the reduction step both 

enhance the fuel production yield (>250 µmol/g). Conversely, unfavorable conditions (high 

oxidation or low reduction temperatures) generally result in the lowest fuel yields (<150 

µmol/g). Overall, the two considered cells densities (CF-10 and CF-20) offer very similar fuel 

production performance at nominal conditions (typically around 200-250 µmol/g). The effect 

of cell size on temperature distribution and fuel production capacity will be investigated more 

thoroughly in next studies.  

 

Figure 9: Evolution CO and O2 production rates with CF-20, during consecutive cycles performed with reduction at 

1400°C and 110 hPa, and oxidation during free cooling (CO2 molar fraction was 0.5 for the two first cycles and 1.0 

for the two last ones). 
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Figure 10: Fuel production yield measured for both foams along the cycling experiments. The symbol color (red to 

blue) indicates the reduction temperature (T1), emptied interior symbols are related to low pressure during the 

reduction step, grey symbols are related to unfavorable high oxidation temperatures (T1>1050°C), and symbol 

shape (square, circle) represents the foam type. (Right: pictures of foams after cycling). 

The remarkably high fuel production can be attributed to the monolithic reactor integrating 

tailored ceria foam morphology and microstructure favoring the oxidation step that is chiefly a 

surface-controlled reaction [39]. Figure 11a displays a general and cross-section view 

(Scanning Electron Microscopy – SEM Hitachi S-4800) of CF-10 foam struts before cycling. 

The grain size, struts porosity, and pore size were estimated by image analysis (ImageJ 

software). Grain sizes were measured in the range from 3 µm to 10 µm in the fresh sample 

and micro-scale interconnected porosity within the struts was evidenced (strut porosity: 13%, 

pore size: 1-5 µm). The presence of hollow struts (cavities in the center of the struts) due to 

the departure of the organic template during calcination is noticeable, as well as surface 

cracks (ascribed to degassing during template calcination) which do enhance the available 

surface area for the oxidation step.  

After thermochemical cycling, white or grey zones were observed on the foams (Fig. 10), 

depending mainly on their position in the reactor cavity (top or bottom part, respectively). 

SEM micrographs of the white part reveal high densification/sintering but with still remaining 

residual (closed) porosity (Figure 11b). This densification presumably results from the high 

temperature occurring in the upper part of the foam, close to the zone receiving highly 

concentrated solar radiation. Image analysis confirms grain growth (10-40 µm grain size) and 

struts porosity decrease (7-8% with 3-7 µm pore size). The grey part of the foam is much 

less densified (Figure 11c) as interconnected macropores in the struts can still be observed 

(porosity: 10%, pore size: 1-6 µm) and the sizes of grains are similar to those observed 
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before cycling (3-12 µm). This could also mean that the structure has low thermal 

conductivity, leading to a lower internal densification as compared to the surface which is 

exposed to higher fluxes and temperatures. For both parts, the cavities (hollow struts) formed 

from the removal of the polymer template remain after thermochemical reactions. The cracks 

observed at the surface of the fresh samples were still observed after the cycles and did not 

evolve or collapse with time (they were ascribed to the departure of the gaseous species 

during template calcination/degradation). The presence of both cracks and cavities remaining 

after cycles suggests a favorable access of the oxidant gas to the reactive ceria grains 

surface along cycles. The oxidation reaction being surface-controlled [39], a high available 

geometrical surface and interconnected macroporous network most likely explain the fast 

oxidation rates obtained with these microstructured ceria foams. 

 

 

Figure 11: SEM images of CF-10 foam surface and cross-section at different magnifications: a) before cycling, b) 

white part after cycling, and c) grey part after cycling. 

 

3.4. Energy conversion efficiencies  

The solar-to-fuel conversion efficiency is an essential indicator to evaluate the 

thermochemical process performance. Indeed, thermochemical cycles should reach a solar-
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to-fuel conversion efficiency of 20% to be competitive with the combined electrolytic and 

photovoltaic technologies [40]. The instant solar-to-fuel energy conversion efficiency was 

calculated according to equation (3), 

𝜂𝑠𝑜𝑙𝑎𝑟−𝑡𝑜−𝑓𝑢𝑒𝑙 =
𝑛̇𝑓𝑢𝑒𝑙𝐻𝐻𝑉𝑓𝑢𝑒𝑙

𝑃𝑠𝑜𝑙𝑎𝑟
 (3) 

where 𝑛̇𝑓𝑢𝑒𝑙 is the fuel production rate, 𝐻𝐻𝑉𝑓𝑢𝑒𝑙 the high heating value of the fuel, and 𝑃𝑠𝑜𝑙𝑎𝑟 

the solar power input during the reduction step. For the highest CO production rate 

(9.93 mL/g/min, cycle #32 of CF-10), the solar-to-fuel conversion efficiency reached ~7.8% 

(considering maximal power input Psolar=1.5 kW, and neglecting the power associated with 

pumping work and energy penalties arising from inert gas recycling). The order of magnitude 

of solar-to-fuel was then estimated in a more realistic case, accounting for the losses at the 

aperture and due to the presence of the window, which enhances the calculated efficiency. 

Taking into account the incident radiation spillage around the cavity aperture due to 

concentration defects and attenuation by the window due to reflection and absorption (losses 

amounting to ~10% of Psolar), the calculated solar-to-fuel rises to 8.6%.  

Another conversion efficiency was assessed by considering the cycle energy conversion 

efficiency not linked to the solar power input but related to the actual mass of cycled ceria, as 

defined with equation (4), 

𝜂𝑐𝑦𝑐𝑙𝑒 =
𝑛𝑓𝑢𝑒𝑙𝐻𝐻𝑉𝑓𝑢𝑒𝑙

(Δ𝐻𝑟𝑒𝑑(𝛿𝑓) + 𝐶𝑝CeO2
Δ𝑇)𝑛CeO2

 (4) 

where 𝑛𝑓𝑢𝑒𝑙 is the total amount of produced fuel per cycle, Δ𝐻𝑟𝑒𝑑(𝛿𝑓) is the reduction 

enthalpy for the final non-stoichiometry reached (𝛿𝑓), 𝐶𝑝CeO2
 is the heat capacity of ceria, Δ𝑇 

is the temperature swing between the reduction and oxidation steps, and 𝑛𝐶𝑒𝑂2
 is the quantity 

of reacting ceria. The ceria heat capacity was taken at 80 J/(mol·K) [41] and the reduction 

enthalpy at 453 kJ/mol [30]. This efficiency is related to the actual energy consumed by the 

reaction (ceria heating with T=400°C and reduction enthalpy) and permits to skip the heat 

losses caused by the small reactor scale. For the cycle #35 of CF-10 (reduction at 1400°C 

and low pressure), achieving δ=0.049 with a total cycle production of 15.8 mmol of CO (284 

µmol/g), 𝜂𝑐𝑦𝑐𝑙𝑒 yields 2.9%. Increasing the amount of reacting ceria (using higher density 

foams with smaller cell sizes) or decreasing the solar power input (by reducing heat losses or 

improving radiation absorption efficiency of the foam) are possible strategies to improve the 

solar-to-fuel efficiency. In addition, the above calculated efficiencies should be further 

enhanced by up-scaling the solar reactor (lower surface-to-volume ratio) and using a 

sensible heat recovery system. Anyway, it is clear that the solar-to-fuel conversion 
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efficiencies achieved in this study with reticulated microstructured ceria foams are among the 

highest obtained to date in a solar-heated reactor.  

 

4. Conclusion 

A novel solar reactor was designed and operated for thermochemical splitting of H2O and 

CO2 by two-step redox cycling of microstructured ceria foams. The 10 and 20 ppi open-cell 

foams underwent 18h and 51h respectively, of on-sun operation without any noticeable 

performance decline. In total 1.78 NL of H2 and 11.75 NL of CO were produced by both 

foams with an average production of 5.1 NmL/g per cycle. An exhaustive investigation of the 

reactor operational parameters was useful to identify optimal reaction conditions for 

maximized fuel production. Reactor flexibility was assessed by testing various operating 

conditions. Robustness in solar processing was demonstrated by operating the system for 

extended periods at high temperatures under high-flux solar irradiation. During the reduction 

step, a low pressure (~100 hPa) and a temperature at ~1450°C were found to enhance the 

reaction extent and associated fuel production yield. The highest non-stoichiometry extent 

was =0.051 at a reduction temperature of 1450°C and atmospheric pressure, which can be 

further improved by combining also a low reduction pressure (maximum =0.060 at 110 

hPa). During the oxidation step, both the dynamic temperature regime (free cooling between 

1000°C and 800°C) and high oxidant gas concentration resulted in a fast and short duration 

oxidation step, thus enhancing the fuel production rate. Moreover, the decrease of CO:CO2 

ratio also favored the oxidation rate. The fine granular microstructure of the ceria foam 

(micron-sized grains forming an interconnected macroporous network within the foam struts) 

remained unchanged after cycling, which is a favorable asset for fast oxidation step. The fuel 

production rates achieved in the developed solar reactor with reticulated microstructured 

ceria foams strongly outperformed the previously obtained values (by a factor ~8), and the 

solar-to-fuel efficiencies (maximum at 8.6%) were also among the highest reported to date 

for thermochemical cycles performed in a solar reactor. The reactor performance should be 

further enhanced via scaling-up and optimization of the ceria foam geometry, cell size and 

macrostructure for maximum solar radiation absorption and uniform heating. 
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