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Chemical looping dry reforming of methane (CLDRM) consists in reacting CH4 with an oxygen carrier (OC) to produce syngas and subsequently oxidizing the OC using CO2. Based on previous work on Ni/CeO2, several ceria based OCs are explored. First, different preparation methods are compared. OCs obtained by Ni impregnation on homemade ceria or coprecipitation method show similar results while the use of a commercial ceria leads to an inactive carrier.

Second, Zr doping of the carrier is shown to improve the thermal stability of the material but the increased oxygen mobility promotes the total oxidation of methane instead of syngas production. Simultaneously higher amounts of coke are produced. Then, the substitution of Ni by other active elements is explored. Iron doped OC leads to very low CLDRM activity in the temperature range explored (600-800°C). Furthermore, selectivity is negatively affected as iron oxide can contribute as oxygen carrier together with ceria, contrary to Ni or Co. Finally, substitution of Ni with Co is studied resulting in a lower reactivity towards methane. This proves to be particularly interesting at low temperature (600-650°C) by providing good balance between surface properties for methane activation and bulk mobility of oxygen species.

Introduction

Methane reforming to syngas is considered as a major route for synthetic liquid fuels production from natural gas or from renewable methane resources such as biogas. Among the different reforming reactions, dry reforming using CO2 offers the advantage of consuming another molecule responsible for global warming. This explains the wide interest for dry reforming of methane (DRM, eq. I) although this is a highly endothermic reaction and therefore needs to be carried out at high temperature i.e. above 600°C.

CH # + CO & → 2H & + 2CO

DH° = 247 kJ/mol (I)

Several side reactions occur during DRM which hinder the development of this process. For instance, decomposition of methane (eq. II) [START_REF] Amin | Review of methane catalytic cracking for hydrogen production[END_REF] or Boudouard reaction, (eq. III) produce carbon which accumulates on the catalysts surface and leads to deactivation [START_REF] Lahijani | Conversion of the greenhouse gas CO2 to the fuel gas CO via the Boudouard reaction: A review[END_REF]. Besides this, catalysts stability can also be affected by the elevated reaction temperature which may lead to the sintering of the active phase. Reverse water gas shift (RWGS, eq. IV)) is another side reaction occurring during DRM due to the presence of CO2 (reactant) and H2 (product) in the same reactor. This directly affects the selectivity towards syngas (CO + H2).

CO & + H & → CO + H & O

DH° = 41 kJ/mol (IV)

In summary, DRM process suffers from severe catalysts deactivation either by coke accumulation or active phase sintering while reactivity and selectivity is mostly governed by thermodynamic limitations and simultaneous RWGS reaction.

Chemical looping consists in using an oxygen carrier material which will alternatively react with each reactant. Such technique has been extensively studied for methane combustion as it allows CO2 sequestration [START_REF] Nandy | Present status and overview of Chemical Looping Combustion Technology[END_REF]. Chemical looping has also been proposed for hydrogen production through reforming reaction as it has been recently reviewed by Tang et al [START_REF] Tang | Progress in oxygen carrier development of methane-based chemical-looping reforming: A review[END_REF], and applied also to ethanol transformation [START_REF] Dou | Hydrogen production and reduction of Ni-based oxygen carriers during chemical looping steam reforming of ethanol in a fixed-bed reactor[END_REF][START_REF] Dou | Hydrogen production by sorption-enhanced chemical looping steam reforming of ethanol in an alternating fixed bed reactor: sorbent to catalyst ratio dependencies[END_REF]. For DRM, such chemical looping (CLDRM) process consists of two steps. In the first step (so-called "reductant step"), methane reacts with the oxygen carrier material that gets reduced and produces syngas (eq. V). In the second step (so-called "oxidant step"), the reduced solid is re-oxidized by CO2 to regenerate the oxygen carrier (eq. VI). The process globally corresponds to the DRM although, in practice, it consists of two independent gas-solid reactions. The overall process remains endothermic; however, the equilibrium conditions of each step involves the redox properties of the oxygen carrier, contrary to traditional catalysis for which only the reactant and products are concerned. CLDRM can be realized either by moving the oxygen carrier between two reactors (circulating bed reactor) or using a fixed bed reactor and switching the gas feed from CH4 to CO2 alternatively (switching feed reactor) (Figure 1). Performing the DRM process in chemical looping mode can help to overcome most of limitations encountered in classical co-feed. First, the deactivation by carbon is avoided: although carbon can be deposited during exposure to methane, the solid is regenerated in each cycle and deposited carbon can be re-oxidized by CO2 (reverse eq. III).

Thus, carbon does not accumulate on the solid contrary to co-feed operation. Second, provided that the oxygen carrier selectively produces syngas, the hydrogen produced in the first step is never in contact with carbon dioxide, thus avoiding the RGWS (eq. IV). Selectivity towards syngas can therefore be optimized. The nature of the oxygen carrier is crucial for such process and needs to fulfil several conditions.

CH # + Sol -O → 2H & + CO + Sol -R (V) CO & + Sol -R → Sol -O + CO (VI) Sol-O = oxidized carrier Sol-R = reduced carrier
In particular, both reduction by methane and oxidation of the reduced carrier by CO2 must be thermodynamically allowed. Then, during reduction by methane, selectivity towards synthesis gas is sought, contrary to chemical looping combustion processes.

Cerium oxide satisfies these conditions and is well known for its oxygen mobility and storage capacity. From the thermodynamic point of view, the oxidation of reduced ceria by CO2 is favorable at 25°C and up to more than 1000°C [START_REF] Assabumrungrat | Effect of oxygen addition on catalytic performance of Ni/SiO2-MgO toward carbon dioxide reforming of methane under periodic operation[END_REF], while the reduction from CeO2 to Ce6O11 has been observed as low as 650°C by Otsuka et al [START_REF] Otsuka | Direct partial oxidation of methane to synthesis gas by cerium oxide[END_REF] in line with thermodynamic calculations.

They also showed that the chemical looping concept could be applied to DRM. In this case, Pt was proposed as active metal to promote methane activation as ceria alone would not be reactive enough. In all processes studied for chemical looping transformation of methane with cerium oxide as main oxygen carrier another element is needed to improve methane activation.

Although it is considered as toxic element [START_REF] Egorova | Which Metals are Green for Catalysis? Comparison of the Toxicities of Ni, Cu, Fe, Pd, Pt, Rh, and Au Salts[END_REF] and could be less fashionable for development of new industrial processes, Ni still remains one of the most studied metal for DRM of alkanes [START_REF] Lavoie | Review on dry reforming of methane, a potentially more environmentallyfriendly approach to the increasing natural gas exploitation[END_REF][START_REF] Wang | Low-temperature catalytic CO2 dry reforming of methane on Ni-based catalysts: A review[END_REF][START_REF] Li | Dry reforming of methane over Ni/La2O3 nanorod catalysts with stabilized Ni nanoparticles[END_REF][START_REF] Djinović | Stable and selective syngas production from dry CH4-CO2 streams over supported bimetallic transition metal catalysts[END_REF] or oxygenates [START_REF] Li | Strategies for improving the performance and stability of Nibased catalysts for reforming reactions[END_REF] as substituent to Pt-group elements, in particular in association with ceria [START_REF] Elsayed | Low temperature dry reforming of methane over Pt-Ni-Mg/ceria-zirconia catalysts[END_REF][START_REF] Ay | Dry reforming of methane over CeO2 supported Ni, Co and Ni-Co catalysts[END_REF][START_REF] Wolfbeisser | Methane dry reforming over ceria-zirconia supported Ni catalysts[END_REF][START_REF] Muňoz | Highly stable ceria-zirconia-yttria supported Ni catalysts for syngas production by CO2 reforming of methane[END_REF][START_REF] Makri | Effect of support composition on the origin and reactivity of carbon formed during dry reforming of methane over 5 wt% Ni/Ce1-xMxO2-d(M = Zr 4+ , Pr 3+ ) catalysts[END_REF][START_REF] Vasiliades | Origin and reactivity of active and inactive carbon formed during DRM over Ni/Ce0.38Zr0.62O2-δ studied by transient isotopic techniques[END_REF][START_REF] Itkulova | Production of a hydrogen-enriched syngas by combined CO2-steam reforming of methane over Co-based catalysts supported on alumina modified with zirconia[END_REF].

In recent works dedicated to study of nickel-ceria materials as oxygen carrier for CLDRM [START_REF] Löfberg | Ni/CeO2 based catalysts as oxygen vectors for the chemical looping dry reforming of methane for syngas production[END_REF][START_REF] Löfberg | Chemical looping dry reforming of methane: toward shale-gas and biogas valorization[END_REF] we have shown that, as expected by thermodynamic calculations, reduced Ni species are not re-oxidized by CO2 and that Ni 2+ species in strong interaction with CeO2 are present even in reduced carriers and influence the mobility and reactivity of oxygen species and can also play a role in activation of methane.

Based on this previous work, we propose a comparative study on several ceria based oxygen carriers for CLDRM. First, we show the effect of different preparation methods, using either homemade ceria, commercial one or coprecipitation of both Ce and Ni precursors. Second, the modification of the oxygen carrier by doping with Zr is investigated as it is known that such doping easily leads to formation of a solid solution with ceria [START_REF] Djinović | Stable and selective syngas production from dry CH4-CO2 streams over supported bimetallic transition metal catalysts[END_REF] and can affect oxygen mobility, which is essential for chemical looping processes, but can also improve the thermal stability and resistance to sintering of the material [START_REF] Xu | Mesoporous nanocrystalline ceria-zirconia solid solutions supported nickel based catalysts for CO2 reforming of CH4[END_REF]. Finally, we consider the substitution of nickel by other elements known for their activity in DRM such as cobalt [START_REF] Djinović | Stable and selective syngas production from dry CH4-CO2 streams over supported bimetallic transition metal catalysts[END_REF][START_REF] Itkulova | Production of a hydrogen-enriched syngas by combined CO2-steam reforming of methane over Co-based catalysts supported on alumina modified with zirconia[END_REF][START_REF] Park | Effect of supports on the performance of Co-based catalysts in methane dry reforming[END_REF] or investigated in other chemical looping reforming processes such as iron [START_REF] Zhu | Chemical-looping steam methane reforming over a CeO2-Fe2O3 oxygen carrier: Evolution of its structure and reducibility[END_REF][START_REF] Galinsky | Effect of support on redox stability of iron oxide for chemical looping conversion of methane[END_REF][START_REF] Bhavsar | Chemical looping dry reforming as novel, intensified process for CO2 activation[END_REF][START_REF] Bhavsar | Chemical looping: To combustion and beyond[END_REF][START_REF] Bhavsar | Reducible supports for Ni-based oxygen carriers in chemical looping combustion[END_REF][START_REF] Bhavsar | Chemical looping beyond combustion: production of synthesis gas via chemical looping partial oxidation of methane[END_REF][START_REF] Galvita | Catalyst-assisted chemical looping for CO2 conversion to CO[END_REF].

The reactivity of these oxygen carriers is studied in same conditions taking the Ni/CeO2 studied previously [START_REF] Löfberg | Ni/CeO2 based catalysts as oxygen vectors for the chemical looping dry reforming of methane for syngas production[END_REF] as reference. The scope of this comparative study is to identify crucial preparation parameters and potential alternative materials for chemical looping dry reforming of methane.

Experimental

Oxygen carrier preparation

Four different nickel-ceria carriers were obtained with different preparation methods, supports (homemade or commercial) or Zr doping, noted Ni/CeO2-IMP, Ni/CeO2-COM, CeNi0.3Oy-CP, CeNi0.5Zr0.5Oy-CP, in which IMP stands for impregnation preparation method, CP for coprecipitation preparation method and COM for commercial support.

Two other carries were obtained by impregnation of Co (Co/CeO2-IMP) and iron (Fe/CeO2-IMP) on homemade support. The Ni, Co or Fe wt% is between 7 and 10 wt%.

Ceria support was prepared by precipitation using cerium nitrate (Ce(NO3)3.6H2O, Fluka, > 99%) and trimethylamine (TEA) (C2H5)3N, Sigma-Aldrich, ≥99.5%) as the precipitant agent as described in details in previous work [START_REF] Otsuka | Direct partial oxidation of methane to synthesis gas by cerium oxide[END_REF][START_REF] Egorova | Which Metals are Green for Catalysis? Comparison of the Toxicities of Ni, Cu, Fe, Pd, Pt, Rh, and Au Salts[END_REF]. Following sample drying at 100°C the support was calcined in air at 500°C prior to impregnation of metal. As comparison, commercial CeO2 (Sigma Aldrich, >99%) was also used.

Nickel, Iron, and Cobalt were loaded on ceria by the wet impregnation method. Nitrates of all the metals (Sigma-Aldrich, ≥98.5%) were used as precursors. The correct amount of metal nitrate was dissolved in water, and then 1g of ceria was added to it. The mixture was stirred during 1h. Afterwards, the water was evaporated at 60-70°C. Then, the solid was removed from the beaker and dried in the oven during 1h at 100°C. Finally, the powder was treated by calcination at 500°C during 4h in air with the heating ramp of 5°C/min.

CeNi0.3OY and CeNi0.5Zr0.5Oy compounds were prepared by using the coprecipitation method.

Ni and Ce and Zr nitrate solutions (0.5 molL -1 ) were coprecipitated with using trimethylamine [START_REF] Jalowiecki-Duhamel | Hydrogen production at low temperature from methane on cerium and nickel based mixed oxides[END_REF][START_REF] Jalowiecki-Duhamel | Low temperature hydrogen production from methane on cerium nickel and zirconium based oxyhydrides[END_REF]. After filtration, the solids were dried at 100°C and finally calcined in air at 500°C for 4 h with a heating ramp of 5°C/min.

Carrier characterization

The metal content for all the solids was analyzed by inductively coupled plasma (ICP)

technique.

The crystalline phases of the solids were measured by X-ray diffraction (XRD) using a Bruker D8 Advance X-ray diffractometer equipped with a fast detector type LynxEye with a copper anticathode. The analysis was made in the 2θ domain (20-90º) with a step of 0.02º and time integration of 0.3s. The average crystallites sizes were estimated from the XRD patterns by Scherrer equation.

N2 physisorption at 77 K data were collected on a multipoint and monopoint equipment to obtain the surface area of the different samples before and after test.

A Kratos Analytical AXIS Ultra DLD spectrometer was used for X-ray photoelectron spectroscopy analysis with a monochromatized aluminum source (AlKα=1486.6 eV) for excitation (X-ray beam diameter is around 1 mm). The analyzer was operated in a constant pass energy of 40 eV using an analysis area of approximately 700×300 µm. Charge compensation was applied to compensate for the charging effect occurring during the analysis. The C 1s (285.0 eV) binding energy (BE) was used as internal reference. The spectrometer BE scale was initially calibrated against the Ag 3d5/2 (368.2 eV) level. Pressure was in the 10 -10 Torr range during the experiments. Quantification of the experimental photopeaks was carried out using Casa XPS software taking into account a nonlinear Shirley background subtraction.

Chemical looping dry reforming of methane (CLDRM)

The experimental procedure for chemical looping activity measurements is described in detail in [START_REF] Löfberg | Ni/CeO2 based catalysts as oxygen vectors for the chemical looping dry reforming of methane for syngas production[END_REF]. Briefly, the experiments were conducted at temperatures between 600 and 800°C and at atmospheric pressure in a fixed bed quartz reactor (U Shape) containing 200 mg of oxygen carrier mixed with SiC. Preliminary tests have confirmed that both empty reactor and SiC do not have significant activities in the reaction conditions explored in this work. The total flow rate was maintained constant (FT = 100 mL/min). The oxygen carriers were used without any prior reduction or pretreatment and heated in Argon flow (5 °C/min) to the reaction temperature.

They were then exposed periodically to neutral gas (Ar 100%) for 2 minutes, to CH4 (5 vol %)

during so-called "reductant step" for 1 minute, again to Ar for 2 minutes and to CO2 (5 vol %),

during "oxidant step" for 1 minute. For internal calibration of the reactant flows He (5 vol %)

was introduced together along with CH4 and CO2. The outlet gas composition was online determined using a mass spectrometer (QMS200 from Pfeiffer), following m/z = 2, 4, 15/16, 18, 28, 40 and 44 and taking into account interferences between compounds on these m/z. Gas stream was sampled every 3 seconds. CLDRM cycles were repeated 12 or 60 times. The amount of unreacted CH4 and CO2 was integrated over a full cycle to determine the conversion of each reactant which should, ideally, be equal. In a similar way, the production of CO, H2 and H2O

were integrated on a full cycle. All quantitative data were obtained with a relative error of 5 % estimated from experimental data.

In the exposure to methane phase (reductant step), the following quantitative values can be determined:

(i) the H2/CO ratio, which should ideally be equal to 2 (Eq. V) in CLDRM instead of 1 for co-feed DRM (Eq. I)

(ii) the Cdeposited/Cconv ratio representing the amount of methane converted into carbon during the reductant step. This value is obtained by calculating the mass balance between inlet C species (CH4) and outlet products (CH4, CO and CO2) during reductant step. This ratio should be as low as possible, (iii) the CO/(CO2+CO) ratio which represents the selectivity of the system towards the partial oxidation and should be ideally equal to 1 if no CO2 is produced (full selectivity towards Eq. V).

To allow comparison between the catalysts the chemical looping experiments are performed in strictly the same reaction condition. As a matter of fact, the way that the results are reported will be strongly dependent on several experimental parameters such as exposure times to respective reactants, reactant concentrations, oxygen carrier amounts, flow rates, etc. The following results describe the overall reactivity of the solids in these given conditions and should therefore be considered in comparison to each other more than in absolute way. Also, as they represent overall reactivity over a full cycle, they do not reflect the actual kinetics of reaction that can only be analyzed considering the transient nature of the process [START_REF] Löfberg | Ni/CeO2 based catalysts as oxygen vectors for the chemical looping dry reforming of methane for syngas production[END_REF].

Results and discussion

Carrier characterization before and after CLDRM

Specific surface area and average crystallites sizes data on all samples tested in CLDRM are reported in Table 1 as well as the corresponding values for samples before the experiments while the corresponding diffractograms are shown in figures S3 to S8. The ceria phase is well observed for all the samples. All samples prepared by impregnation on the CeO2 synthetized at the laboratory show a decrease in surface area from the original 53 m 2 /g even to 28 m 2 /g according to the metal. The average CeO2 crystallites size is not affected by the impregnation suggesting that such decrease is due to pore blocking by the active phase and not sintering of the support. Ni impregnated on the commercial CeO2 does not show any significant evolution of the specific surface area that was already low. On the other hand, no NiO phase is detected by XRD. This could be due to the high precursor/surface area ratio for this sample in comparison to the one impregnated on the synthetized support. Such high surface concentration could may be need higher calcination temperature to achieve a good crystallization of NiO. NiO and CoO average crystallites sizes on Ni/CeO2-IMP and Co/CeO2-IMP samples are very similar (18 and 16 nm, respectively) while no iron oxide is detected on Fe/CeO2-IMP suggesting that iron oxide particles may be either too small to be detected or in amorphous state. In comparison to Ni/CeO2-IMP, sample CeNi0.3Oy-CP exhibit a much higher surface area (79 vs 32 m 2 /g) and, correspondingly, much smaller average ceria crystallites size (5 vs 10 nm). No NiO phase could be detected indicating either small crystallites or amorphous NiO are present. However, the formation of Ni-Ce-O solid solution has been already evidenced on this kind of compound containing such a low Ni content [START_REF] Jalowiecki-Duhamel | Hydrogen production at low temperature from methane on cerium and nickel based mixed oxides[END_REF][START_REF] Lamonier | Studies of the ceriummetal-oxygen-hydrogen system (metal = Cu, Ni)[END_REF]. Finally, the zirconium doped sample (CeNi0.5Zr0.5Oy-CP) showed the highest specific surface area confirming that the presence of this dopant contributes to decrease the sintering of the material during calcination [START_REF] Xu | Mesoporous nanocrystalline ceria-zirconia solid solutions supported nickel based catalysts for CO2 reforming of CH4[END_REF][START_REF] Kambolis | Ni/CeO2-ZrO2 catalysts for the dry reforming of methane[END_REF]. Very low intensity NiO diffraction patterns could be observed indicating approx. 10 nm crystallites. No phase related to the presence of Zr could be detected either suggesting, such as previously, that small crystallites, amorphous phases or Ce-Zr-Ni-O solid solution could be achieved. But the presence of a solid solution has often been shown on this type of compound [START_REF] Djinović | Stable and selective syngas production from dry CH4-CO2 streams over supported bimetallic transition metal catalysts[END_REF][START_REF] Wolfbeisser | Methane dry reforming over ceria-zirconia supported Ni catalysts[END_REF][START_REF] Jalowiecki-Duhamel | Low temperature hydrogen production from methane on cerium nickel and zirconium based oxyhydrides[END_REF]. Except the oxygen carrier using the commercial support which already had a low starting specific surface area, all samples show an important sintering after having been tested in CLDRM up to 800°C with surface areas decreasing to even 1 m 2 /g which is the detection limit of the equipment. This can also be seen on the CeO2 average crystallites size being between 34 and 40 nm for all samples. The only exception is the Zr doped sample which, again, shows the best resistance to sintering with a specific surface area of 10 m 2 /g and with an average crystallites size of approx. 8 nm for CeO2 phase. Metallic species (Ni° and Co°) are observed for Ni and Co based carriers with an average crystallites size of 23 to 33 nm evidencing the sintering due to high temperature operation (800°C). The corresponding oxides are no more detected confirming that NiO and CoO cannot be regenerated during CLDRM once reduced in these conditions. No metallic iron species appear on Fe/CeO2-IMP after DRM experiments. However, CeFeO3 is present, evidencing the formation of this mixed oxide involving Fe and Ce species during the reaction. The formation of CeFeO3 is attributed to the following solid-state reactions: 3CeO2 + Fe2O3 + Fe ® 3CeFeO3 or/and CeO2 + FeO ® CeFeO3 [START_REF] Li | Modification of CeO2 on the redox property of Fe2O3[END_REF][START_REF] Robbins | Preparation and properties of polycrystalline cerium orthoferrite (CeFeO3)[END_REF]. Even though the reactivity of this sample is low as will be seen later, activation of methane over Fe-Ce based catalysts with the formation of CeFeO3 has been reported in some studies on steam [START_REF] Zhu | Chemical-looping steam methane reforming over a CeO2-Fe2O3 oxygen carrier: Evolution of its structure and reducibility[END_REF][START_REF] Zhu | Hydrogen and syngas production from twostep steam reforming of methane over CeO2-Fe2O3 oxygen carrier[END_REF] or oxidative [START_REF] Galinsky | Effect of support on redox stability of iron oxide for chemical looping conversion of methane[END_REF] reforming of methane in periodic feed conditions. Interestingly, metallic Ni crystallites are observed on both samples prepared by coprecipitation while the NiO phase was detected only on the fresh Zr doped sample with an average crystallites size of 8 nm. Ni/CeO2-IMP exhibits the highest conversion of reactants followed, in order, by Co/CeO2-IMP > CeNi0.5Zr0.5Oy-CP ≈ CeNi0.3Oy-CP > Ni/CeO2-COM > Fe/CeO2-IMP. In terms of selectivity, Ni-ceria and Co-ceria systems show practically nominal H2/CO ratio. Among these, some carbon deposition occurs on Ni/CeO2-IMP only. Zr doped carrier exhibits a very high carbon deposition selectivity, and hence H2/CO ratio, while iron containing carrier shows the worst syngas selectivity. Following the study of the reactivity of these carriers at different temperatures, the most promising carriers in terms of reactants conversions and selectivity (i.e. Ni/CeO2-IMP, CeNi0.3Oy-CP and Co/CeO2-IMP) were tested again at 800 °C for 60 cycles. The evolution of CH4 conversion during the second exposure to CLDRM at 800 °C is compared to the initial one in Figure 3. Corresponding evolutions of CO2 conversion, carbon deposition and H2/CO selectivity are reported in Figures S2a to S2c. For the two carriers prepared by impregnation (Ni/CeO2-IMP and Co/CeO2-IMP), the reactivity very rapidly returns to that observed during the first exposure to CLDRM cycling and remains stable for the whole 60 cycles experiment.

CLDRM experiments

The case of co-precipitated Ni-ceria system (CeNi0.3Oy-CP) is different as a significantly higher reactivity is observed compared to the initial one.

Surface composition determined by XPS on these samples show a singular behavior of CeNi0.3Oy-CP carrier as compared to the impregnated ones. For the latter, the surface Ni/Ce ratio decreases after CLDRM experiments as compared to freshly calcined samples. This is consistent with the sintering of the support (which may embed metal particles) and/or the migration of Ni species within the ceria. On the contrary, fresh CeNi0.3Oy-CP carrier shows a low surface Ni/Ce suggesting a better distribution of Ni species within the carrier due to the coprecipitation preparation. This initial lower Ni concentration at the surface of the carrier -as well as the slightly lower Ni loading -could explain the lower initial reactivity of this sample.

After CLDRM testing, this surface Ni/Ce ratio increases considerably suggesting a redistribution of Ni species. In fine, most of the physico-chemical characteristics of coprecipitated CeNi0.3Oy-CP carrier become similar to those of impregnated Ni/CeO2-IMP and this reflects also on CLDRM reactivity which become similar with time.

These results suggest that most of the sintering of the materials observed in terms on specific surface area decrease and crystallite size increase occur very rapidly, eventually during the heating of the carrier to the reaction temperature. This is supported by the fact that no significant loss of reactivity is observed during subsequent exposures to CLDRM reactants. However, the increase of reactivity of co-precipitated carrier suggest a slower process occurring during redox cycling leading to surface Ni enrichment and, consequently, to a gain in reactivity while selectivity remains unaffected. 

Ni/CeO2-IMP

As mentioned previously, the impregnated nickel on homemade ceria (Ni/CeO2-IMP) is to be considered as the reference material for this work as it has been extensively studied in a previous work on CLDRM in our laboratory [START_REF] Löfberg | Ni/CeO2 based catalysts as oxygen vectors for the chemical looping dry reforming of methane for syngas production[END_REF]. Here we report cycling data collected at several temperatures. At each one, 12 cycles were performed as shown at 800 °C in Figure 3, and the different carriers will be compared in these conditions. The average conversion and selectivity values obtained on the last three cycles are then collected and reported as a function of temperature. Figure 4 shows that the conversions obtained on the Ni/CeO2-IMP carrier increases steadily with temperature, as expected. Above 650°C, conversions of both reactants are practically identical (with, e.g., 65% conversion of CH4 and 65 % conversion of CO2 at 700°C), the H2/CO ratio maintains at 2 and selectivity of the system is clearly in favor of partial oxidation as the CO/(CO2+CO) ratio is very high (>0.97 above 650°C). Some carbon deposition can be observed above 700°C but is low (<5%) especially considering that this carbon is not accumulating on the solid but is removed during the re-oxidation step. Above 650 °C, the conditions are thus optimal for syngas production by CLDRM as desired. Below 650°C high carbon formation is observed with almost 50% of methane converted to C. In this case, carbon dioxide conversion is lower than that of methane indicating that part of the carbon deposited may not be oxidized during the re-oxidation step.

These results show that high performances can be achieved even though the resulting surface area of the solid is low. As a matter of fact, it should be reminded that CLDRM is not exclusively a surface reaction as in traditional catalysis but involves bulk reduction of the carrier. To give an idea, the amount of oxygen involved in the transformation of 85% of methane to syngas (as observed at 800°C) corresponds to the full reduction of CeO2 to Ce6O11 within the bulk of the carrier [START_REF] Löfberg | Ni/CeO2 based catalysts as oxygen vectors for the chemical looping dry reforming of methane for syngas production[END_REF]. 

CeNi0.3Oy-CP

Ni based catalysts are largely studied in the DRM literature and it is often reported that the preparation method is of high importance [START_REF] Li | Strategies for improving the performance and stability of Nibased catalysts for reforming reactions[END_REF]. Usually, the coprecipitation method is used to increase the interactions between the cations. In CLDRM, each step involves redox properties of the oxygen carrier that can be then modified when Ni species are inserted inside the ceria phase. The CLDRM properties of CeNi0.3Oy-CP are reported in Figure 5. Globally, the behavior is similar to that of the sample prepared by impregnation. As mentioned previously, a slightly lower conversion of both reactants can be observed (e.g. 45% for CH4 and CO2 conversions at 700°C instead of 65 %) which may be due to a lower Ni content, lower surface area after test or higher embedding of nickel particles inside the support matrix during the sintering process.

At low temperature, it can be noted that some carbon deposition occurs below 700°C while this was observed up to 750°C on Ni/CeO2-IMP sample. The selectivity towards partial oxidation is optimal as the CO/(CO2+CO) is above 0.97 in the full temperature range. 

Ni/ CeO2-COM

Figure 6 shows that Ni impregnated on the commercial support is not very active as very low conversions of both CH4 and CO2 are observed only at high temperature (>700°C). Such low activity could be surprising considering that surface area and CeO2 average crystallites size after sintering are very similar to those of the nickel-ceria samples prepared by impregnation on the homemade support or by coprecipitation. Selectivity towards syngas is also less good as higher conversion of CO2 is observed, in line with some total oxidation of methane in the reductant step and a lower H2/CO ratio. This highlights the importance of the distribution of Ni species within the CeO2 structure to generate highly active/selective oxygen carrier. 

CeNi0.5Zr0.5Oy-CP

The addition of Zr to ceria phase has been often studied as it is known that it leads to the formation of solid solution and so influence the redox properties of ceria [START_REF] Djinović | Stable and selective syngas production from dry CH4-CO2 streams over supported bimetallic transition metal catalysts[END_REF][START_REF] Elsayed | Low temperature dry reforming of methane over Pt-Ni-Mg/ceria-zirconia catalysts[END_REF][START_REF] Wolfbeisser | Methane dry reforming over ceria-zirconia supported Ni catalysts[END_REF][START_REF] Jalowiecki-Duhamel | Low temperature hydrogen production from methane on cerium nickel and zirconium based oxyhydrides[END_REF]. Due to the importance of these parameters in DRM, the cerium and zirconium based compounds have been often studied in DRM literature [START_REF] Djinović | Stable and selective syngas production from dry CH4-CO2 streams over supported bimetallic transition metal catalysts[END_REF][START_REF] Elsayed | Low temperature dry reforming of methane over Pt-Ni-Mg/ceria-zirconia catalysts[END_REF][START_REF] Wolfbeisser | Methane dry reforming over ceria-zirconia supported Ni catalysts[END_REF][START_REF] Muňoz | Highly stable ceria-zirconia-yttria supported Ni catalysts for syngas production by CO2 reforming of methane[END_REF][START_REF] Makri | Effect of support composition on the origin and reactivity of carbon formed during dry reforming of methane over 5 wt% Ni/Ce1-xMxO2-d(M = Zr 4+ , Pr 3+ ) catalysts[END_REF][START_REF] Vasiliades | Origin and reactivity of active and inactive carbon formed during DRM over Ni/Ce0.38Zr0.62O2-δ studied by transient isotopic techniques[END_REF]. Zr promotion can also improve the thermal stability of the solids on one hand and increase oxygen mobility within the bulk of the solid on the other. The first objective is clearly reached as shown by specific surface area and average crystallites size evolution. Regarding reactivity in CLDRM, the system shows a very different behavior as illustrated in Figure 7. Although the conversions of CH4 and CO2 are near to each other and similar to non-doped solids at all temperatures (with about 65% conversion of CH4 and about 65 % conversion of CO2 at 700°C), they differ considerably in terms of selectivity.

In particular, high amount of methane cracking (Eq. II) and carbon deposition occur leading to high H2/CO in the full range of temperatures with a maximum around 700°C while cracking tends to reduce with temperature on non-doped carriers. On the other hand, more CO2 is produced due to methane combustion as can be observed through the CO/(CO2+CO) ratio which is significantly lower (0.67 to 0.87) compared to non-doped samples. It can therefore be concluded that Zr doping does increase the reactivity of oxygen species but favors total oxidation reactions. As this reaction requires more oxygen than for the production of synthesis gas, a large amount of the reacting methane cannot be fully transformed to syngas or CO2 and more coke formation occurs. processes [START_REF] Zhu | Chemical-looping steam methane reforming over a CeO2-Fe2O3 oxygen carrier: Evolution of its structure and reducibility[END_REF][START_REF] Bhavsar | Chemical looping dry reforming as novel, intensified process for CO2 activation[END_REF][START_REF] Bhavsar | Chemical looping: To combustion and beyond[END_REF][START_REF] Bhavsar | Reducible supports for Ni-based oxygen carriers in chemical looping combustion[END_REF][START_REF] Bhavsar | Chemical looping beyond combustion: production of synthesis gas via chemical looping partial oxidation of methane[END_REF][START_REF] Galvita | Catalyst-assisted chemical looping for CO2 conversion to CO[END_REF], the reactivity of Fe/CeO2-IMP carrier is very low as compared to Ni based systems prepared in same conditions (Figure 8). Some reactivity of methane can barely be measured at 800°C, mostly leading to carbon dioxide as shown by the extremely low CO/(CO+CO2) ratio. The small amount of CO produced explains the relatively high H2/CO ratio. In this carrier iron is present in the form of oxide and can act as an oxygen carrier along with ceria, contrary to nickel-ceria based carriers. It has been reported that the reduction of Fe2O3 to Fe3O4 by methane can occur and leads to unselective oxidation whereas further reduction can produce more selectively synthesis gas. Although the use of iron based materials can be interesting to avoid nickel for environmental and toxicity reasons, clearly the reactivity and interest for this reaction is more limited. Performing the reaction at even higher temperature could be one solution but this would obviously increase the energetic cost of the process. 

Co/CeO2-IMP

Cobalt has been proposed for DRM as alternative or associated to nickel in the form of bimetallic active phases in bulk [START_REF] Rouibah | Dry reforming of methane on Nickel-Chrome, Nickel-Cobalt and Nickel-Manganese catalysts[END_REF] or supported catalysts [START_REF] Djinović | Stable and selective syngas production from dry CH4-CO2 streams over supported bimetallic transition metal catalysts[END_REF][START_REF] Ay | Dry reforming of methane over CeO2 supported Ni, Co and Ni-Co catalysts[END_REF][START_REF] Itkulova | Production of a hydrogen-enriched syngas by combined CO2-steam reforming of methane over Co-based catalysts supported on alumina modified with zirconia[END_REF][START_REF] Park | Effect of supports on the performance of Co-based catalysts in methane dry reforming[END_REF]. Contrasted behaviors have been reported regarding the activity of cobalt compared to nickel. This is strongly dependent on the nature of the support as lower Co activity have been observed on TiO2 [START_REF] Takanabe | Titania-supported cobalt and nickel bimetallic catalysts for carbon dioxide reforming of methane[END_REF] or SiO2 [START_REF] Gao | Highly reactive Ni-Co/SiO2 bimetallic catalyst via complexation with oleylamine/oleic acid organic pair for dry reforming of methane[END_REF] supported materials. On the opposite, higher activities have been reported using Al2O3 [START_REF] San-Jose-Alonso | Co and bimetallic Ni-Co catalysts for the dry reforming of methane[END_REF] or Mg(Al)O [START_REF] Li | Hydrotalcite-derived Co/Mg(Al)O as a stable and coke-resistant catalyst for low-temperature carbon dioxide reforming of methane[END_REF]. On CeO2, Luisetto et al [START_REF] Luisetto | Co and Ni supported on CeO2 as selective bimetallic catalyst for dry reforming of methane[END_REF] have observed very similar conversions for Ni or Co supported catalysts. As for Ni based catalysts, the activity of cobalt based catalysts seems to be strongly affected by metal particle size and on the oxidation state of the active phase in reaction conditions which is dependent on preparation method, prereduction conditions and metal-support interactions. However, it has been reported that Co based DRM catalysts exhibit better stability towards coke deposition due to lower activity in methane decomposition (II) with respect to Ni [START_REF] Li | Hydrotalcite-derived Co/Mg(Al)O as a stable and coke-resistant catalyst for low-temperature carbon dioxide reforming of methane[END_REF]. In terms of selectivity, slightly lower H2/CO have been reported indicating more RWGS occurring on Co based catalysts, in particular with CeO2 support [START_REF] Luisetto | Co and Ni supported on CeO2 as selective bimetallic catalyst for dry reforming of methane[END_REF].

Figure 9 illustrates Co/CeO2-IMP performances in CLDRM. In comparison to nickel based carrier prepared by impregnation, it shows slightly lower conversions of reactants (52% conversions of CH4 and CO2 instead of 65% at 700°C). The selectivity towards syngas is excellent in the full range of temperatures explored both in terms of H2/CO ratio (between 2.0 and 2.1) and CO/(CO2+CO) ratio (above 0.95). In particular, at the lowest temperature of 600°C, the Co based carrier still shows near ideal selectivity towards syngas with very low coking (approx. 5%). For comparison, low coking could be achieved only at 750°C for the impregnated Ni carrier (Figure 4) and 700°C for the coprecipitated one (Figure 5).

For such CLDRM reaction, the reactivity of the system is clearly a delicate balance between surface reaction (in particular towards methane activation) and bulk mobility and reactivity of oxygen species. In this last case, the lower reactivity of Co towards methane, with respect to Ni, allows to reach this balance at 600°C, temperature at which the bulk diffusion of oxygen species is obviously the most limited. Interestingly, although RWGS was observed [START_REF] Luisetto | Co and Ni supported on CeO2 as selective bimetallic catalyst for dry reforming of methane[END_REF] on CeO2 supported Co catalysts studied in co-feed DRM, ideal selectivity is obtained in CLDRM conditions due to the absence of CO2 during the reductant step of the chemical looping process. Although the conversions are low due to the experimental conditions chosen for this comparative study, the Co/CeO2-IMP carrier system is promising for further development of CLDRM process at such low temperature. In this temperature range (i.e. around 600°C) "traditional" co-feed DRM is subject to most difficulties such as thermodynamic limitation and coke formation, difficulties that can be overcome by the chemical looping approach.

Conclusions

The principle of periodic, or chemical looping, dry reforming of methane has been successfully applied on the solid like Ni supported on ceria in a previous work. Considering this material as a reference, a comparative study has been carried out on different ceria based oxygen carriers.

The effect of different synthesis methods has shown the importance of the sintering process on the optimal distribution of Ni species in the system to achieve efficient materials for CLDRM.

Zr doping has proven to be efficient in terms of improving the thermal stability of the material.

However, with respect to CLDRM reactivity, the enhancement of oxygen mobility proved to be unfavorable as more methane combustion occurs and more carbon formation occurs simultaneously. The iron-ceria based carrier did not show interesting properties in the temperature range explored. Higher temperatures are certainly necessary to consider such materials for CLDRM but it should also be taken into consideration that, contrary to Ni or Co, iron oxide can also act as an oxygen carrier together with ceria. Finally, the Co based carrier showed very promising results, in particular in the lower temperature range (e.g. at 600°C). In the given operating conditions in which this work was performed, Co/CeO2 showed the best balance between surface reactions towards CH4 and CO2 and bulk reactivity, which is the crucial point for chemical looping processes. This opens perspectives for the development of low temperature dry reforming of methane processes which would, in classical co-feed DRM, be hindered by thermodynamic limitations and severe coking. References patterns for CeO2 (PDF 01-800), Fe2O3 (PDF 02-0919), Fe3O4 (PDF 01-1111) and CeFeO3 (PDF 12-0166)

Fig. 1 .

 1 Fig.1. Schematic representation of CLDRM process using a circulating bed reactor (A) or switching feed reactor (B)

Figure 2

 2 Figure 2 shows the evolution of CH4 conversion during first exposure of different carriers to CLDRM cycling at 800 °C. Corresponding evolutions of CO2 conversion, carbon deposition and H2/CO selectivity are reported in Figures S1a to S1c. Except for Fe/CeO2-IMP which shows low reactivity and selectivity, other carriers reach a repetitive cyclic behavior both in terms of reactants conversion and selectivity after only 4 to 5 cycles.

Fig. 2 .

 2 Fig. 2. CH4 conversion on all studied carriers upon first exposure to CLDRM at 800 °C.

Fig. 3 .

 3 Fig. 3. Comparison of CH4 conversion on Ni/CeO2-IMP, CeNi0.3Oy-CP and Co/CeO2-IMP carriers upon initial exposure to CLDRM at 800 °C (12 cycles, full symbols) and second exposure after reactivity studies (60 cycles, open symbols).

Fig. 4 .

 4 Fig. 4. CLDRM activity of Ni/CeO2-IMP, dashed lines represent optimal H2/CO and CO/(CO+CO2) ratio.

Fig. 5 .

 5 Fig. 5. CLDRM activity of CeNi0.3Oy-CP, dashed lines represent optimal H2/CO and CO/(CO+CO2) ratio

Fig. 6 .

 6 Fig. 6. CLDRM activity of Ni/CeO2-COM, dashed lines represent optimal H2/CO and CO/(CO+CO2) ratio

Fig. 7 .

 7 Fig. 7. CLDRM activity of CeNi0.5Zr0.5Oy-CP, dashed lines represent optimal H2/CO and CO/(CO+CO2) ratio

Fig. 8 .

 8 Fig. 8. CLDRM activity of Fe/CeO2-IMP, dashed lines represent optimal H2/CO and CO/(CO+CO2) ratio

Fig. 9 .

 9 Fig. 9. CLDRM activity of Co/CeO2-IMP, dashed lines represent optimal H2/CO and CO/(CO+CO2) ratio.

Figure S1

 S1 Figure S1 XRD patterns for Ni/CeO2-IMP after calcination (green) and after DRM experiments (blue). References patterns for CeO2 (PDF 01-800), NiO (PDF 01-1239) and Ni (PDF 01-1260)

  

  

  

  

Table 1 .

 1 Surface area and average crystallites size (from XRD) of the different carriers

	Oxygen carrier	M content* (wt.%)	Before CLDRM (calcined at 500°C)		After CLDRM (at max. 800°C)
			S (m 2 /g)	Ø CeO2 (nm)	Ø Me-O (nm)	S (m 2 /g)	Ø CeO2 (nm)	Ø Me(-O) (nm)
	CeO2	0	53	6				
	Ni/CeO2-IMP	9.5	32	10	18	2	38	Ni: 33
	Ni/CeO2-COM	7.9	5	38	n.o.	3	40	Ni: 31
	CeNi0.3Oy-CP	7.9	79	5	n.o.	1	38	Ni: 30
	CeNi0.5Zr0.5Oy-CP	9.9	90	4	8	10	8	Ni: 23
	Fe/CeO2-IMP	10.4	41	10	n.o.	2	34	CeFeO3: 31
	Co/CeO2-IMP	7.2	28	10	16	2	36	Co: 30
	* M corresponds to Ni, Co or Fe (determined by ICP); n.o.: not observed			

Table 2 .

 2 Surface composition determined by X-ray photoelectron spectroscopy.

	Oxygen carrier		Ni or Co (at %)	Ce (at %)	O (at %)	Ni/Ce or Co/Ce
	Ni/CeO2-IMP	calcined	30	17	53	1.76
	Ni/CeO2-IMP	after CLDRM	13	28	59	0.46
	CeNi0.3Oy-CP	calcined	5	16	79	0.31
	CeNi0.3Oy-CP	after CLDRM	12	28	61	0.42
	Co/CeO2-IMP	calcined	20	18	62	1.11
	Co/CeO2-IMP	after CLDRM	14	22	64	0.64
	"calcined": after calcination at 500 °C; "after CLDRM": after testing at max temp. of 800 °C.

Acknowledgments

The Fonds Européen de Développement Régional (FEDER), CNRS, Région Hauts-de-France and Ministère de l'Education Nationale de l'Enseignement Supérieur et de la Recherche are acknowledged for funding of XRD instruments. JGC and TK are grateful to Univ. Lille and Région Hauts-de-France for providing financial support.

Ni, Co, Fe supported on Ceria and Zirconia doped Ceria as oxygen carriers for chemical looping dry reforming of methane

Jesús Guerrero-Caballero, Tanushree Kane, Louise Jalowiecki-Duhamel*, Axel Löfberg* Univ. Lille, CNRS, Centrale Lille, ENSCL, Univ. Artois, UMR 8181 -UCCS -Unité de Catalyse et Chimie du Solide, F-59000 Lille, France * Corresponding authors: Axel.Lofberg@univ-lille1.fr; Louise.Duhamel@univ-lille1.fr Supplementary Information