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HAL is a

Introduction

With the continuously increasing of carbon dioxide (CO2) concentration in the atmosphere, the global warming has become one of the most critical issues presently [START_REF] Bp | Statistical Review of World Energy[END_REF]. To reduce CO2 emission, it is proposed to replace fossil fuels with other energy such as wind and solar energy. As one of promising renewable energy sources, solar energy is clean, abundant, and carbon-neutral [START_REF] Kuravi | Thermal energy storage technologies and systems for concentrating solar power plants[END_REF][START_REF] Tian | A review of solar collectors and thermal energy storage in solar thermal applications[END_REF][START_REF] Carrillo | Solar Energy on Demand: A Review on High Temperature Thermochemical Heat Storage Systems and Materials[END_REF]. However, it is dilute and intermittent. A potential solution is to utilize a concentrating solar system to convert solar energy into chemical energy and then store it [START_REF] Pardo | A review on high temperature thermochemical heat energy storage[END_REF]. The production of transportable and long-term storable solar fuels is an attractive approach [START_REF] Koepf | Liquid fuels from concentrated sunlight: An overview on development and integration of a 50 kW solar thermochemical reactor and high concentration solar field for the SUN-to-LIQUID project[END_REF]. In this context, solardriven methane (CH4) reforming attracts lots of attention, which produces syngas (a mixture of H2 and CO). Syngas is a crucial feedstock in the chemical industry, which can be converted to light olefins, methanol, or liquid fuels [START_REF] Vos | Optimization of spray dried attrition-resistant iron based oxygen carriers for chemical looping reforming[END_REF].

Syngas can be produced from the splitting of CO2 and H2O driven by solar energy [START_REF] Abanades | Thermochemical hydrogen production from a two-step solar-driven water-splitting cycle based on cerium oxides[END_REF]. However, direct thermal decomposition of H2O or CO2 has to be operated at extremely high temperatures (>2200 ℃), which makes both the construction and the operation of a large-scale solar reactor very difficult [START_REF] Furler | Thermochemical CO2 splitting via redox cycling of ceria reticulated foam structures with dual-scale porosities[END_REF]. On the other hand, solar-driven methane reforming can be carried out at relatively low temperatures (about 800-1000 ℃) [START_REF] Laboratories | Solar Energy Materials receiver/reactor: the CAESAR project[END_REF][START_REF] Skocypec | Solar reforming of methane in a direct absorption catalytic reactor on a parabolic dish: II-Modeling and analysis[END_REF][START_REF] Gokon | Kinetics of methane reforming over Ru/γ-Al2O3-catalyzed metallic foam at 650-900 °c for solar receiver-absorbers[END_REF][START_REF] Lu | High temperature energy storage performances of methane reforming with carbon dioxide in a tubular packed reactor[END_REF][START_REF] Yu | Thermochemical storage performances of methane reforming with carbon dioxide in tubular and semi-cavity reactors heated by a solar dish system[END_REF]. Nowadays, more than 90% of the world's methane is directly burned for heating and power generation [START_REF] Horn | Methane Activation by Heterogeneous Catalysis[END_REF], resulting in high exergy loss and CO2 emissions.

Compared with combustion, the conversion of methane to syngas driven by solar energy has more favorable economics. The conventional catalytic reforming consists of steam methane reforming (SMR) [START_REF] Salkuyeh | Techno-economic analysis and life cycle assessment of hydrogen production from natural gas using current and emerging technologies[END_REF] and dry reforming of methane (DRM) [START_REF] Choudhary | Energy-efficient syngas production through catalytic oxy-methane reforming reactions[END_REF].

The reactions are as follows, respectively:

CH4+H2O→3H2+CO (1) CH4+CO2→2H2+2CO (2) 
The commercial reforming nickel (Ni) catalysts are always prone to suffer from deactivation due to severe coke deposition [START_REF] Kathiraser | Kinetic and mechanistic aspects for CO2 reforming of methane over Ni based catalysts[END_REF]. Thus, an excess of steam (about 3-5 times the stoichiometric number) is fed to an industrial SMR reactor to suppress the carbon formation, which inevitably causes an energy waste [START_REF] Khodakov | Advances in the development of novel cobalt Fischer-Tropsch catalysts for synthesis of long-chain hydrocarbons and clean fuels[END_REF][START_REF] Dagle | Syngas conversion to gasoline-range hydrocarbons over Pd/ZnO/Al2O3 and ZSM-5 composite catalyst system[END_REF]. Moreover, the dry reforming of methane has not yet been commercialized because of rapid deactivation of Ni-based catalysts [START_REF] Vinum | Dual -Function Cobalt -Nickel Nanoparticles Tailored for High -Temperature Induction -Heated Steam Methane Reforming[END_REF]. These issues can be overcome by chemical looping reforming of methane (CLRM). Another advantage of CLRM over traditional reforming is the higher exergy efficiency.

Typically, chemical looping reforming is a two-step, cyclic redox scheme [START_REF] Fan | Chemical Looping System for Fossil Energy Conversion[END_REF]. A redox material (also known as oxygen carrier) is firstly reduced by methane, producing syngas.

MeO x +δCH 4 →MeO x-δ +δCO+2δH 2 [START_REF] Tian | A review of solar collectors and thermal energy storage in solar thermal applications[END_REF] Subsequently, the reduced material is oxidized by H2O or CO2, replenishing the lattice oxygen and generating pure H2 or CO at the same time.

MeOx-δ+δH2O/CO2→MeOx+δH2/CO (4)

The reduction and oxidation steps are referred to as methane partial oxidation (CH4-POx) and water (or CO 2 ) splitting, respectively. For solar-driven CLRM, the performance of the oxygen carrier is very critical. A suitable oxygen carrier should be highly active and selective, thermally-stable, environmentally-friendly, and low-cost [START_REF] Luo | Review of hydrogen production using chemical-looping technology[END_REF]. Among various single metal oxides, Fe, Mn, Cu, Ni, Co, and Ce-based oxygen carriers have been widely studied [START_REF] Cho | Comparison of iron-, nickel-, copper-and manganese-based oxygen carriers for chemical-looping combustion[END_REF][START_REF] Johansson | Investigation of Mn3O4 with stabilized ZrO2 for chemical-looping combustion[END_REF][START_REF] Fan | Novel new oxygen carriers for chemical looping combustion of solid fuels[END_REF][START_REF] Zhu | Hydrogen and syngas production from two-step steam reforming of methane using CeO2as oxygen carrier[END_REF]. Fe and Mn-based oxides are cheap but have low activity [START_REF] Cho | Comparison of iron-, nickel-, copper-and manganese-based oxygen carriers for chemical-looping combustion[END_REF][START_REF] Johansson | Investigation of Mn3O4 with stabilized ZrO2 for chemical-looping combustion[END_REF]. The stability of Cu-based oxides is poor [START_REF] Cho | Comparison of iron-, nickel-, copper-and manganese-based oxygen carriers for chemical-looping combustion[END_REF]. Ni and Co-based oxygen carriers show high activity but are toxic and not environmentally friendly [START_REF] Cho | Comparison of iron-, nickel-, copper-and manganese-based oxygen carriers for chemical-looping combustion[END_REF][START_REF] Fan | Novel new oxygen carriers for chemical looping combustion of solid fuels[END_REF]. Ce-based single oxides have high oxygen exchange capacity but the raw materials are relatively expensive [START_REF] Cho | Comparison of iron-, nickel-, copper-and manganese-based oxygen carriers for chemical-looping combustion[END_REF][START_REF] Zhu | Hydrogen and syngas production from two-step steam reforming of methane using CeO2as oxygen carrier[END_REF]. In this context, bimetallic or polymetallic oxides attract lot of attentions, whose redox performance can be improved by doping, compositing, or encapsulating [START_REF] Neal | Dynamic methane partial oxidation using a Fe2O3@La0.8Sr0.2FeO3-δ core-shell redox catalyst in the absence of gaseous oxygen[END_REF][START_REF] Zhu | Ce-Fe oxygen carriers for chemical-looping steam methane reforming[END_REF][START_REF] Qin | Enhanced methane conversion in chemical looping partial oxidation systems using a copper doping modification[END_REF].

Perovskite-type oxygen carriers, with ABO3 formula, exhibit suitable redox properties, high oxygen capacity, and fast oxygen anion migration rate [START_REF] Haeussler | Investigation of reactive perovskite materials for solar fuel production via two-step redox cycles: Thermochemical activity, thermodynamic properties and reduction kinetics[END_REF][START_REF] Zheng | Designed oxygen carriers from macroporous LaFeO3 supported CeO2 for chemical-looping reforming of methane[END_REF]. Several strategies have been proposed to improve the redox performance of perovskite-type oxygen carriers [START_REF] Zhao | Perovskite-type oxides LaFe1-xCoxO3 for chemical looping steam methane reforming to syngas and hydrogen co-production[END_REF][START_REF] Haribal | Iron-Doped BaMnO3 for Hybrid Water Splitting and Syngas Generation[END_REF][START_REF] Haeussler | Two-step CO 2 and H2O splitting using perovskite-coated ceria foam for enhanced green fuel production in a porous volumetric solar reactor[END_REF]. He et al. doped LaFeO3 perovskite and found that Co doping could increase the reactivity of LaFeO3 and inhibit methane cracking, while LaFe0.7Co0.3O3 showed the best performance and remained stable over 20 redox cycles [START_REF] Zhao | Perovskite-type oxides LaFe1-xCoxO3 for chemical looping steam methane reforming to syngas and hydrogen co-production[END_REF]. Li et al. found that iron-doped BaMnO3 perovskite showed high activity in solardriven chemical looping steam methane reforming with the yield of syngas and the conversion of steam of nearly 90% [START_REF] Haribal | Iron-Doped BaMnO3 for Hybrid Water Splitting and Syngas Generation[END_REF]. Haeussler et al. coated ceria foam with La0.5Sr0.5Mn0.9Mg0.1O3 (LSMMg) for CO2/H2O splitting, and found that LSMMg coating could enhance the exchange of oxygen between the LSMMg and CeO2 phase in the reduction step [START_REF] Haeussler | Two-step CO 2 and H2O splitting using perovskite-coated ceria foam for enhanced green fuel production in a porous volumetric solar reactor[END_REF]. As a result, more fuel was produced over the modified ceria foam than over the pristine one.

Thermodynamic analysis suggests that strontium ferrite perovskite (SrFeO3-δ, SF) is a promising oxygen carrier for CLRM at temperatures of 800-1200 ℃ [START_REF] Zhang | Perovskite nanocomposites as effective CO2-splitting agents in a cyclic redox scheme[END_REF][START_REF] Wang | Coproduction of hydrogen and methanol from methane by chemical looping reforming[END_REF][START_REF] Yu | Effect of Composition on the Redox Performance of Strontium Ferrite Nanocomposite[END_REF][START_REF] Heifets | Thermodynamic stability of non-stoichiometric SrFeO3-:δ: A hybrid DFT study[END_REF].

Besides favorable thermodynamic properties, it has the advantages of low-cost while being easily tunable. Li et al. found that dispersing SrFeO3-δ in CaO medium could enhance the reactivity and thermal stability of SrFeO3-δ [START_REF] Zhang | Perovskite nanocomposites as effective CO2-splitting agents in a cyclic redox scheme[END_REF]. Wang et al. investigated the influence of dispersing media on CL-SMR. SrFeO3-δ-Ca0.5Mn0.5O (SF-CM) nanocomposite exhibited high activity. Moreover, the dispersing facilitated coke gasification [START_REF] Wang | Coproduction of hydrogen and methanol from methane by chemical looping reforming[END_REF]. Yu et al. studied the effect of the composition of SrFeO3-δ-CaO nanocomposite on CL-DRM and found that 10 wt.% SrFeO3-δ-CaO nanocomposite exhibited the highest methane conversion and production rate of syngas [START_REF] Yu | Effect of Composition on the Redox Performance of Strontium Ferrite Nanocomposite[END_REF].

Furthermore, various structures (chiefly made of ceria) were investigated such as porous foam [START_REF] Chuayboon | Solar chemical looping reforming of methane combined with isothermal H2O/CO2 splitting using ceria oxygen carrier for syngas production[END_REF][START_REF] Marxer | Solar thermochemical splitting of CO2 into separate streams of CO and O2 with high selectivity, stability, conversion, and efficiency[END_REF], honeycomb monolith [START_REF] Roeb | Solar hydrogen production by a two-step cycle based on mixed iron oxides[END_REF][START_REF] Kodama | Thermochemical cycles for high-temperature solar hydrogen production[END_REF], and fibers/felts [START_REF] Furler | Syngas production by simultaneous splitting of H 2 O and CO 2 via ceria redox reactions in a high-temperature solar reactor[END_REF] to obtain adequate reacting surface area and to improve the heat transfer. Most previous studies were performed in a reactor that was heated by an electric furnace, which is very different from a solar reactor usually operated under unstable sunlight and non-uniform heat flux conditions. Moreover, the macrostructure of the oxygen carriers has also a significant effect on the heat (conductive and radiative) and mass transfer in solar thermochemical processes [START_REF] Lim | Role of transition metal in perovskites for enhancing selectivity of methane to syngas[END_REF][START_REF] Melo | Study of the reactivity of Double-perovskite type oxide La1-xMxNiO4 (M = Ca or Sr) for chemical looping hydrogen production[END_REF]. However, previous works typically employed the oxygen carriers in the form of powders [START_REF] Yin | Chemical looping steam methane reforming using Al doped LaMnO3+δ perovskites as oxygen carriers[END_REF], which may cause several drawbacks such as: low volumetric solar radiation absorption due to high radiative opacity (leading to undesired temperature gradients across the bed), high flow resistance, as well as particles entrainment by the gaseous reactant in large-scale solar reactors [START_REF] He | La1-xSrxFeO3 perovskite-type oxides for chemical-looping steam methane reforming: Identification of the surface elements and redox cyclic performance[END_REF][START_REF] Medeiros | Double perovskite (La2-xCa-Bax)NiO4 oxygen carriers for chemical looping reforming applications[END_REF].

Therefore, in this study, strontium ferrite nanocomposite in the form of reticulated foam was investigated. This composite was used as an oxygen carrier because it provides attractive redox activity with high oxygen release capacity during methane partial oxidation, thus offering remarkable H2 (or CO) production yields in the subsequent H2O (or CO2) splitting step [START_REF] Wang | Coproduction of hydrogen and methanol from methane by chemical looping reforming[END_REF]. The thermochemical performance of the SF-CM foam was evaluated in a solar cavity tubular reactor and compared with powder SF-CM nanocomposite. The redox cyclability was investigated in detail during successive cycles to show performance stability. The foam nanocomposite was characterized by various analytical techniques to obtain a deep understanding of its physical and chemical properties. The thermochemical cycling of SF-CM nanocomposite foam compared with SF-CM powder, fully driven by real concentrated solar energy, provides novel insights into the performance bounds of the CLRM process as well as redox cyclability.

Experimental section 2.1 Preparation of foam nanocomposite

The detailed procedure of preparing SF-CM powder (30 wt% SrFeO3-δ) was described in a prior work [START_REF] Wang | Coproduction of hydrogen and methanol from methane by chemical looping reforming[END_REF]. SF-CM powder was ground to less than 20 μm and then mixed with the organic adhesive polyvinyl butyral (Butvar B-98). The mass ratio of SF-CM to Butvar B-98 was 5:1. The mixture was then placed in ethanol (Aladdin, AR).

The mass ratio of SF-CM powder to ethanol was 2:1. Afterwards, the slurry was agitated (300 rpm) at 60 ℃ until a suspension was obtained, followed by cooling down to room temperature. A polyurethane template of 10 ppi (pore per inch) was selected and shaped to match the reactor tube. The template was dipped into the suspension several times to obtain a sufficient SF-CM coating. The resulting template was first dried at room temperature for 20 min and then calcined for 6 h at 1000 ℃. The procedure for the preparation of foam SF-CM nanocomposite is illustrated in Fig. 1. 

Materials characterization

The foam nanocomposite was characterized by N2 physisorption at 77 K, X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy for elemental mapping (EDS). The detailed procedures of characterization are given in supporting information (SI).

Solar reactor configuration and experimental method

The experimental setup for solar-driven CLRM is shown in Fig. 2 and Fig. S1. A detailed description of the experimental set-up was given in previous work [START_REF] Levêque | Design and operation of a solar-driven thermogravimeter for high temperature kinetic analysis of solid-gas thermochemical reactions in controlled atmosphere[END_REF][START_REF] Oliveira | Sustainable High performance cork-templated ceria for solar water-splitting cycles[END_REF]. In brief, the system consists of a heliostat, parabolic dish concentrator, solar reactor, and gas analyzer. The heliostat tracks the sun and reflects incident solar irradiation to the parabolic dish concentrator (2 m diameter) through an intermediate shutter whose

opening can be adjusted. A graphite cavity receiver absorbs the solar irradiation through a 20 mm diameter aperture. In the cavity, a vertical alumina tubular reactor (with 20 mm inner diameter) is installed. The oxygen carrier was settled inside the alumina tube on a 3 mm thick ZrO2 felt disc (Zircar Inc., USA). A K-type thermocouple was placed in the oxygen carrier bed to monitor the reaction temperature. In addition, a solar blind pyrometer (Impac Inc) measured the outer wall temperature of the tubular reactor. The maximum thermal power of the solar reactor was about 1.5 kW for a DNI (direct normal irradiation) of 1 kW/m 2 . During the H2O/CO2 splitting step, either steam or CO2 gas was introduced to the reactor. The flowrates of H2O (deionized water) and CO2 (gas purity of 99.999%) were regulated by MFCs (range 0-30 g/h ± 1% of full scale for H2O and 0-2 STP L/min ± 0.2% of full scale for CO2, respectively). The flowrate of H2O was set at 0.19 g/min (48.6% and 32.1% in 250 and 500 mL/min Ar, respectively) and the volume fraction of CO2 was in the range of 5-50% at a total flowrate of 500 STP mL/min. The composition of the outlet stream was analyzed by the analyzer mentioned above. Although the oxidation of the oxygen carrier was an exothermic reaction that could occur off-sun using the residual heat, a lower solar energy input was maintained to keep isothermal cycling. When the signal of H2 or CO was close to zero, the feeding water or CO2 was cut off, followed by purging with argon until the signals of gases were stable. After that, the next redox cycle started.

The detailed operating conditions of each cycle are listed in Table S1. In methane POx step, methane conversion (X CH4 ), syngas and coke selectivity (S syn and S coke ) were evaluated. In H 2 O splitting step, water conversion (X H2O ) was considered. The solar-tofuel efficiency (ηsolar-to-fuel) and energy upgrade factor (U) were calculated to quantify the efficiency of solar conversion. The detailed calculation of the main performance indicators is described in Supporting Information.

Results and discussion

Effect of macrostructure

The performance of foam and powder nanocomposite for solar-driven CLRM at In H2O splitting step, the flowrates of H2, CO, and CO2 in the outlet stream monotonically increase to maxima and then decrease to zero after injecting water (Fig. 3b). The time to reach maximum flowrate of gaseous products is shorter for CO and H2 than for CO2. The occurrence of COx is attributed to coke gasification by steam, H2O+C→CO+H2

H2O+CO→CO2+H2 (6)

At the early stage of the oxidation step, water is almost totally consumed; therefore, water-gas shift reaction is negligible. At the late stage of the oxidation step, there exists enough water in the gas phase and thus the shift reaction (Eq. 6) becomes important. For the powder nanocomposite cycled in the same solar reactor, methane flowrate in the outlet stream rapidly increases and then remains almost stable (Fig. 4a). After feeding methane, the flowrates of H2 and CO first increase and then decrease, accompanied by the slight formation of CnHm. At the late stage of the reduction step, it appears that methane coupling and cracking are the dominant reactions. In the oxidation step, the amount of CO 2 produced was negligible. The key performance metrics of powder and foam nanocomposites, along with those of foam CeO2, are listed in Table 1. In methane POx step at 900 °C, the H2 yield over foam nanocomposite is 9.33 mmol/g, which is 22.6% and 53% higher than that over powder nanocomposite and foam CeO2 at 1000 ℃ [START_REF] Chuayboon | Syngas production via solar-driven chemical looping methane reforming from redox cycling of ceria porous foam in a volumetric solar reactor[END_REF], respectively. Given that the mass fraction of SrFeO3-δ in the nanocomposite is 30%, the syngas productivity of the proposed oxygen carrier shows a significant increase compared with CeO2 in previous study [START_REF] Chuayboon | Syngas production via solar-driven chemical looping methane reforming from redox cycling of ceria porous foam in a volumetric solar reactor[END_REF]. The yield of CO over foam nanocomposite is slightly higher than that over powder nanocomposite and foam CeO2. The maximum production rate of H2 over foam nanocomposite is 1.72 mmol/min/g, which is 89% higher than that over powder one. The maximum instantaneous methane conversion over foam nanocomposite is 2.5 times higher than that over powder nanocomposite. These results clearly demonstrate that foam structure promotes methane conversion, especially methane cracking. It would be possible to obtain complete methane conversion if the amount of redox active material loaded in the reactor was increased, thereby enhancing the amount of exchangeable oxygen available for the reaction of methane partial oxidation as well as the gas residence time inside the material. Accordingly, the amount of methane reacting with the oxygen carrier can be increased. In this study, methane was fed in excess with respect to the amount of oxygen carrier being cycled, which explains the incomplete methane conversion.

In H2O splitting step, the yields of H2 and CO over foam nanocomposite are 5.07 and 1.08 mmol/g respectively, which are 35.9% and 103.8% higher than those over powder nanocomposite, respectively. Both are also significantly higher than those over foam CeO2. The higher CO yield is due to the higher coke selectivity over SF-CM nanocomposite in methane POx step. The maximum instantaneous conversion of H2O over foam nanocomposite is close to 100% but it is below 72% over powder nanocomposite. This difference may be mainly attributed to the amount of coke formed in the reduction step instead of the morphology.

For the redox cycle, the solar-to-fuel efficiency of foam nanocomposite is 5.68%, 21.4% higher than that of powder nanocomposite and slightly higher than that of foam CeO 2 . This demonstrates an improvement in the solar-to-fuel efficiency compared with previous study [START_REF] Haeussler | Investigation of reactive perovskite materials for solar fuel production via two-step redox cycles: Thermochemical activity, thermodynamic properties and reduction kinetics[END_REF], thanks to the benefit of foam structure enabling to increase heat and mass transfer. The reaction period of foam nanocomposite is shorter than that of powder nanocomposite and the syngas yield over the foam is higher than that over the powder, which enhanced the solar-to-fuel efficiency for the former. The energy upgrade factor shows a similar trend.

To shed more lights on the redox performance of SF-CM nanocomposite, the asprepared samples are characterized by XRD, SEM and N 2 -adsorption. As shown in Fig.

5,

The diffraction patterns of the two nanocomposites (as foam and powder) are identical. For both samples, the main crystalline phases are Ca0.5Sr0.5MnO3 (PDF#50-1749) and CaFeO3 (PDF#41-0753). It seems the crystal structure of SF-CM nanocomposite is not dependent on the macrostructure. According to the previous study [START_REF] Wang | Coproduction of hydrogen and methanol from methane by chemical looping reforming[END_REF], after the as-prepared samples are reduced by methane, the main crystalline phases become Ca0.5Mn0.5O, SrO, and metallic iron (Fe). The latter two transform into SrFeO2.5

in the oxidation step (oxidized either by H2O or CO2), which is the active phase in the subsequent redox cycles. As illustrated in Fig. 6, the average size of secondary particles of foam nanocomposite is smaller than that of powder, and the porosity of the foam is higher than the powder. The N2-adsorption results show that the specific surface areas of both samples are low (Table S2) because of the relatively high calcination temperature (1000 o C). Specifically, it was 2.22 and 1.26 m 2 /g for foam and powder nanocomposite, respectively. This difference is consistent with microscopic investigations (Fig. 6), and it may be because the organic template was fired, leaving porous and hollowed structure in the foam struts. The surface area of the foam remains limited due to the hightemperature thermal treatment required to stabilize the structure, but it does not affect the material activity during the redox steps. Actually, the main benefic property is the interconnected porosity of the foam with open cells that provide homogeneous volumetric heating of the material, good solid/gas interface and gas species access to the bulk material. Indeed, the foam structure may further favor heat transfer and thus reduce the temperature gradient in the bed. Moreover, more gas-solid interface is beneficial for methane activation in the reduction step. Thus, methane transformation is accelerated for the foam SF-CM nanocomposite. As a result, the syngas production yield, solar-to-fuel energy efficiency and energy upgrade factor of solar-driven methane reforming are also improved. The effect of the methane flowrate (that is related to the partial pressure of methane in the feed) on the redox performance of foam nanocomposite was investigated in the 2 nd , 3 rd , 4 th , and 5 th cycles with CH4 flowrates of 250, 150, 75, and 25 STP mL/min, respectively. The total flowrate of gas mixture at the inlet and the temperature were maintained at 500 STP mL/min and 900 °C, respectively. The performances are summarized in Table 2 and Fig. 8, and the evolution profiles of gaseous species in each cycle are given in Figs. 3,S3, S5, and S6.

In methane POx step, the yield and the maximum production rate of H2 increase but the yield of CO varies slightly as methane flowrate increases (Table 2). However, the maximum production rate of CO increases. The increase in the maximum production rate is due to the fast partial oxidation at high methane partial pressures. In contrast, the yield of CO is mainly dependent on the amount of available lattice oxygen involved in the reduction step, which is independent of feeding conditions as long as the reduction step proceeded to completion. Thus, the yield of CO remains nearly the same. The yield of syngas becomes high as the methane flowrate increases from 25 to 250 STP mL/min (Fig. 8). The increase in syngas yield mainly comes from methane cracking and coupling instead of partial oxidation.

In water-splitting step, the yields of H2 and CO are positively correlated with the coke selectivity in the reduction step. It seemed that the effect of the methane flowrate on the maximum H2 production rate is insignificant, possibly because both the replenishment of lattice oxygen and gasification of coke predominantly depend on the oxidation temperature and partial pressure of water which are maintained unchanged in the redox cycles.

The solar-to-fuel efficiency of the cycle reduces from 5.68 to 2.70% as the partial pressure of methane decreases, which is mainly because of the low reduction rate and long reduction period (thus increasing solar energy consumption) at low partial pressure of methane in the reduction step. However, the energy upgrade factor increases from 1.02 to 1.12 as the methane flowrate changes from 250 to 25 STP mL/min, which is because CH4 conversion becomes high when the methane flowrate decreases (the maximum instantaneous conversion of CH4 is enhanced from 35.6% to 90.2% when the methane flow rate is reduced from 250 to 25 STP mL/min, Table 2).

The effect of total flowrate (Ar+CH4) is also investigated. For example, in cycle #4, Ar and CH4 flowrates in the reduction step are 425 and 75 mL/min, respectively.

The average CO production rate is 0.11 mmol/min/g. Both flowrates of CH4 and Ar are doubled (thus the concentration remains the same) in cycle #9. The average CO production rate increases to 0.18 mmol/min/g. This is the effect of both the higher methane flowrate that favors mass transfer and the increase of global dilution of products with Ar and CH4 (decrease of partial pressure of CO) that thermodynamically favors the reaction shift to the products side.

Effect of oxidizing gas

The redox performance of foam nanocomposite at CO2 concentrations of 15, 30, and 50 vol.% in the input stream was investigated and compared with that using H2O as oxidizing gas in the splitting step. The gas evolution profiles of SF-CM nanocomposite foam in H2O/CO2 splitting step are illustrated in Fig. S7. At the initial stage, CO2 conversion is almost close to 100% (Fig. S7). As the oxidation proceeds, This may suggest that the activation of oxidizing gases cannot be the rate-controlled step in the oxidation step.

As CO2 concentration increases, the solar-to-fuel efficiency increases gradually but the energy upgrade factor changes marginally (Fig. 9). When the concentration of CO2 is similar to that of H2O (30 vol.% vs. 32 vol.%), the solar-to-fuel efficiencies are close (2.27% vs. 2.11%). Thus, the nature of the oxidizing gas has little effect on the solar-to-fuel efficiency. However, it should be noted that the reaction temperature should not be lower than 850 ℃ when CO2 is used as the oxidizing gas. Otherwise, SrO produced in methane POx step will transform to SrCO3, causing the restoration of the active phase becoming impossible.

Furthermore, it is possible to inject both H 2 O and CO 2 during the oxidation step to generate a synthesis gas composed of both H2 and CO. Thus, it would be needed to study the effect of H2O/CO2 ratio in the feeding gas to obtain a synthesis gas with a controlled H2/CO ratio. It appears however easier to produce separately pure streams of H2 and CO and then mix these gases to obtain a syngas with a desired H2/CO ratio for subsequent conversion into various hydrocarbon fuels (methanol, liquid fuels via Fisher-Tropsch synthesis). 

Conclusions

In this study, SrFeO3-δ-Ca0.5Mn0.5O nanocomposite foam was prepared by a hardtemplating method and its redox performance toward chemical looping reforming of methane was evaluated in a solar cavity tubular reactor. In comparison with powder nanocomposite, the foam exhibits a higher solar-to-fuel efficiency (5.68% vs. 4.68%) at 900 o C and methane concentration of 50 vol.% in the input stream (the total flowrate was 500 STP mL/min). The high energy efficiency stems from the large gas-solid interface that is favorable to methane activation, but also promoting methane cracking.

As a result, coke selectivity over the powder nanocomposite is lower than that over the foam one in the reduction step under the same reforming conditions. More coke deposited on foam results in fast hydrogen production rate in the oxidation step.

High reaction temperatures favor both the solar-to-fuel efficiency and the energy upgrade factor, which is due to the fast reaction kinetics. At a given feed flowrate, a high methane flowrate (concentration) in the input stream is beneficial to the solar-tofuel efficiency but has a negative effect on the energy upgrade factor because of the low methane conversion. The redox performance of foam nanocomposite is weakly dependent on the nature of oxidizing gas.

Over total 27 successive cycles, both the yield and the production rate of syngas in the reduction step maintain relatively stable in the last 22 redox cycles, even though sintering occurs. After the performed consecutive redox cycles, both the crystalline phase and the distribution pattern of main elements remain unchanged. The proposed redox material exhibits excellent selectivity toward syngas and satisfactory cyclability in a lab-scale solar reactor under real solar irradiation conditions. The redox performance in scaled-up solar reactor and long-term thermochemical stability should be investigated in detail.
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  900 o C was evaluated and compared. The flowrates of gaseous products versus time for both foam and powder nanocomposite are illustrated in Figs.3 and 4, respectively. For foam nanocomposite, methane flowrate in the outlet stream increases rapidly after feeding methane into the solar reactor and then reaches a maximum (initial stage). At the initial stage of the reduction step, H2 and CO are produced. Besides these two products, CO2 is also detected in the outlet steam although its flowrate is extremely low in the whole reduction step. The formation of CO2 is attributed to complete oxidation of methane by adsorbed surface oxygen species (CH4+4[O]S→CO2+2H2O).

Fig. 3

 3 Fig. 3 Reaction profiles of SF-CM nanocomposite foam for (a) methane POx and (b) H2O splitting

Fig. 4

 4 Fig. 4 Reaction profiles of SF-CM nanocomposite powder for (a) methane POx and (b) H2O

Fig. 5

 5 Fig. 5 XRD patterns of as-prepared SF-CM nanocomposite foam and powder.

Fig. 6 3 . 2

 632 Fig. 6 SEM images of SF-CM nanocomposite foam (a) and powder (b)

Fig. 7

 7 Fig. 7 (a) Syngas yield, (b) XCH4, Ssyn, Scoke, XH2O and H2 purity, (c) Solar-to-fuel efficiency (ηsolarto-fuel) and energy upgrade factor (U) of SF-CM nanocomposite foam in two-step cycles at 850, 900, and 950 ℃.

3. 3

 3 Effect of CH4 flowrate

Fig. 8

 8 Fig. 8 Syngas yield at methane flowrate of 25, 75, 150 and 250 STP mL/min in methane POx step.

CO 2

 2 conversion drops rapidly. Because of coking in the reduction step, coke gasification by CO2 (C+CO2→2CO) and CO2 splitting (CO2→CO+OL) could occur simultaneously in the oxidation step. With increasing CO2 concentration, CO2 transformation becomes fast. As shown in Fig.S7, the oxidation behaviors are similar when the concentration of CO2 is very close to that of H2O (30 vol.% vs. 32 vol.%).
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 9 Fig. 9 Solar-to-fuel efficiency (ηsolar-to-fuel) and energy upgrade factor (U) of SF-CM
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 5 Figs.[START_REF] Laboratories | Solar Energy Materials receiver/reactor: the CAESAR project[END_REF] and S8 illustrate the redox performance of foam nanocomposite in 27

Fig. 10

 10 Fig. 10 Performance of SF-CM nanocomposite foam in 27 successive cycles: (a) syngas yield in
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Table 1 .

 1 Performance of powder and foam of SF-CM nanocomposite compared with CeO2 foam

		powder	foam	CeO2 [52]
	Temperature (℃)	900	900	1000
	CH4 (STP mL/min)	250	250	300

Table 2 .

 2 Performance of SF-CM nanocomposite foam at different methane flowrates

		Temperature (℃)	900	900	900	900
		CH4 (STP mL/min)	250	150	75	25
		Yield of H2 (mmol/g)	9.33	6.69	5.31	5.13
		Yield of CO (mmol/g)	2.07	1.94	1.91	2.04
	Methane	Maximum production rate of H2 (mmol/min/g)	1.72	1.38	0.87	0.35
	POx	Maximum production rate of CO (mmol/min/g)	0.41	0.44	0.33	0.17
		Maximum instantaneous conversion of methane (%)	35.6	42.1	56.0	90.2
		Coke selectivity (%)	32.0	24.0	21.4	20.4
		Yield of H 2 (mmol/g)	5.07	4.16	3.97	3.30
		Yield of CO (mmol/g)	1.08	0.65	0.50	0.48
	H2O splitting	Maximum production rate of H 2 (mmol/min/g) H2 purity (%)	2.29 77.3	2.08 84.2	2.17 87.3	2.21 86.0
		Maximum instantaneous conversion of water (%)	98.6	89.7	93.6	95.2
	Cycle	ηsolar-to-fuel (%) U	5.68 1.02	3.91 1.04	3.00 1.07	2.70 1.12

gaseous species in the outlet stream are similar to those shown in Fig. 3. The redox performance of foam nanocomposite at the above three temperatures are summarized in Fig. 7. As illustrated in Fig. 7a, both H2 and CO yields in the reduction step increase as the reaction temperature varied from 850 to 950 ℃ in agreement with thermodynamic studies [START_REF] Haeussler | Investigation of reactive perovskite materials for solar fuel production via two-step redox cycles: Thermochemical activity, thermodynamic properties and reduction kinetics[END_REF][START_REF] Ezbiri | Tunable thermodynamic activity of LaxSr1-xMnyAl1-yO3-δ (0 ≤ x ≤ 1, 0 ≤ y ≤ 1) perovskites for solar thermochemical fuel synthesis[END_REF]. However, both H2 and CO yields in the oxidation step first increase and then decrease as the reaction temperature changed from 850 to 950 ℃. This is because the amount of carbon deposited in the reduction step followed the same trend.

The transformation rate of methane increases with the reaction temperature. As shown in Fig. 7b, the maximum instantaneous conversion of methane reaches 74.1% at 950 ℃, two times higher than that at 850 ℃. However, the selectivity of coke first increases and then decreases as the temperature increases from 850 to 950 o C. The reason is that dispersing medium is contributing to carbon gasification at higher temperatures [START_REF] Wang | Coproduction of hydrogen and methanol from methane by chemical looping reforming[END_REF], which becomes important as the temperature increases. The amount of coke formed in the reduction step depends on the relative rate of methane cracking to carbon gasification. When the reaction condition changes, more coke forms if methane cracking becomes faster than coke gasification. The highest coke selectivity at 900 o C suggests that the relative rate of coke formation is the highest at this temperature.

As shown in Fig. 7c, the energy upgrade factor rises from 1.05 to 1.09 as the temperature increases from 850 to 950 ℃, which is consistent with the trend of methane conversion. The solar-to-fuel efficiency increases from 2.04 to 3.66%. The