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A series of four catalysts, CeO2, CePO4 and LaPO4 in a nanorod structure and CePO4 nanospheres were assessed for the oxidative coupling of methane (OCM) reaction in an electric field at room temperature. The applied current of 3 mA was kept constant throughout the study.

The cerium and lanthanum phosphates showed similar and high activity for OCM in the electric field, while CeO2 was not active for OCM reaction, and led only to total oxidation into CO2. C2 selectivity was improved as methane content increased in the feed and reached 27.6 % at a CH4/O2 ratio of 3. Switching the polarity of the current from positive to negative shifted the C2 selectivities to acetylene (18.2 %) for CePO4. It was suggested that this shift was related to the deposited power due to the polarity switch rather than the polarity effect on the electric field.

Changing the structure of the CePO4 catalyst from nanorod to nanosphere did not alter the conversion or selectivities, indicating that the morphology does not compromise the reactivity.

Introduction

The use of an electric field for gas phase treatment has become very attractive over the past decade and was first reported by [START_REF] Sekine | Catalytic degradation of ethanol in an electric field[END_REF], describing ethanol decomposition [START_REF] Sekine | Catalytic degradation of ethanol in an electric field[END_REF].

According to the authors, compared to a non-equilibrium discharge, the reaction in electric field requires less energy, proceeds in mild conditions, in which classical catalysis process would be negligible. The authors conducted the reaction in a flow-type reactor, where the catalyst bed, consisting of Pt/CeO2 material, was placed in between two stainless steel electrodes (electrode gap of 3-5 mm). The reaction was carried out between 3 and 8 mA using a high-voltage DC power supply. In such conditions, the authors claimed to have an electric field (or so called dark current), which is neither plasma nor discharge. However, a red glow was clearly observed in a similar work by the same group [START_REF] Oshima | Catalytic Oxidative Coupling of Methane with a Dark Current in an Electric Field at Low External Temperature[END_REF]. Up to 2013, the term electric field associated with dark current was used by this group in works such as methane steam reforming using metalsupported CeO2 or CexZr1-xO2 [START_REF] Sekine | Low temperature steam reforming of methane over metal catalyst supported on CexZr1-xO2 in an electric field[END_REF] and oxidative coupling of methane using Sr-La2O3 [START_REF] Oshima | Catalytic Oxidative Coupling of Methane with a Dark Current in an Electric Field at Low External Temperature[END_REF], where both electrodes were in contact with the catalytic bed. At the same time, one paper reported Sr-La2O3 system in oxidative coupling of methane, only referring to an electric field [START_REF] Tanaka | Catalytic oxidative coupling of methane assisted by electric power over a semiconductor catalyst[END_REF]. Since 2013 and onward, only the term electric field has been used in subsequent publications of this group, gathering works on oxidative coupling of methane (OCM) [START_REF] Oshima | Oxidative coupling of methane using carbon dioxide in an electric field over La-ZrO2 catalyst at low external temperature[END_REF][START_REF] Sugiura | Low-temperature catalytic oxidative coupling of methane in an electric field over a Ce-W-O catalyst system[END_REF][7][START_REF] Ogo | Catalytic oxidative conversion of methane and ethane over polyoxometalate-derived catalysts in electric field at low temperature[END_REF][START_REF] Han | Conversion of methane to C2 and C3 hydrocarbons over TiO2/ZSM-5 core-shell particles in an electric field[END_REF][START_REF] Ogo | Electron-Hopping Brings Lattice Strain and High Catalytic Activity in the Low-Temperature Oxidative Coupling of Methane in an Electric Field[END_REF][START_REF] Sato | Electric Field and Mobile Oxygen Promote Low-Temperature Oxidative Coupling of Methane over La1-xCaxAlO3-δ Perovskite Catalysts[END_REF][START_REF] Sato | Ambient-temperature oxidative coupling of methane in an electric field by a cerium phosphate nanorod catalyst[END_REF] , steam [START_REF] Oshima | Low temperature hydrogen production by catalytic steam reforming of methane in an electric field[END_REF][START_REF] Manabe | Surface Protonics Promotes Catalysis[END_REF][START_REF] Okada | Methane dissociative adsorption in catalytic steam reforming of methane over Pd/CeO2 in an electric field[END_REF][START_REF] Torimoto | Enhanced methane activation on diluted metal-metal ensembles under an electric field: breakthrough in alloy catalysis[END_REF][START_REF] Torimoto | Support effects on catalysis of low temperature methane steam reforming[END_REF][START_REF] Takahashi | Effects of metal cation doping in CeO2 support on catalytic methane steam reforming at low temperature in an electric field[END_REF], dry [START_REF] Yabe | Low-temperature dry reforming of methane to produce syngas in an electric field over La-doped Ni/ZrO2 catalysts[END_REF], and tri- [START_REF] Yabe | Ni-Mg Supported Catalysts on Low-Temperature Electrocatalytic Tri-reforming of Methane with Suppressed Oxidation[END_REF] reforming of methane, reverse water gas shift reaction [START_REF] Oshima | Low temperature catalytic reverse water gas shift reaction assisted by an electric field[END_REF][START_REF] Sekine | Low Temperature Catalytic Water Gas Shift in an Electric Field[END_REF], steam reforming of dimethyl ether [START_REF] Inagaki | Steam reforming of dimethyl ether promoted by surface protonics in an electric field[END_REF] and synthesis of ammonia [START_REF] Manabe | Electrocatalytic synthesis of ammonia by surface proton hopping[END_REF][START_REF] Murakami | The important role of N2H formation energy for low-temperature ammonia synthesis in an electric field[END_REF][START_REF] Murakami | Elucidation of the role of electric field on low temperature ammonia synthesis using isotopes[END_REF][START_REF] Sakai | Agglomeration Suppression of a Fe-Supported Catalyst and its Utilization for Low-Temperature Ammonia Synthesis in an Electric Field[END_REF], summarized in reviews [START_REF] Sekine | Reaction mechanism of low-temperature catalysis by surface protonics in an electric field[END_REF][START_REF] Hisai | Enhanced activity of catalysts on substrates with surface protonic current in an electrical fielda review[END_REF][START_REF] Ogo | Catalytic Reaction Assisted by Plasma or Electric Field[END_REF].

In their review on the role of the electric field in catalysis, McEwen et al. [START_REF] Che | Elucidating the Roles of Electric Fields in Catalysis: A Perspective[END_REF] pointed out the possible confusion arising from the different terminologies used by different research groups.

The authors noticed similarities between the works of Lobban et al. [START_REF] Marafee | An Experimental Study on the Oxidative Coupling of Methane in a Direct Current Corona Discharge Reactor over Sr/La2O3 Catalyst[END_REF] using Sr-La2O3 (Sr/La≈0.11) and Sekine et al. [START_REF] Tanaka | Catalytic oxidative coupling of methane assisted by electric power over a semiconductor catalyst[END_REF] using Sr-La2O3 as well (Sr/La=0.05 or 0.005) in the oxidative methane coupling reaction and applying similar currents and voltages. Despite the similarities, Lobban et al. observed a corona discharge, while Sekine et al. claimed the reaction occurred in an electric field (a discharge was observed only for bare La2O3 and Sr/La=0.0005 ). Corona discharge has been described as a partial discharge characterized by a current of 10 -5 A, that is initiated around the active electrode. Corona discharge is unstable and can be easily turned to spark discharge, characterized by a current of 20-30 A [START_REF] Puliyalil | A review of plasmaassisted catalytic conversion of gaseous carbon dioxide and methane into value-added platform chemicals and fuels[END_REF][START_REF] Scapinello | The panorama of plasma-assisted non-oxidative methane reforming[END_REF]. Both corona and spark are classified as non-equilibrium plasma (or cold, low-temperature plasma), since the temperature of gas is substantially lower than that of generated electrons. However, the color of corona and spark discharges is different, and depends on the surrounding gas atmosphere [START_REF] Che | Elucidating the Roles of Electric Fields in Catalysis: A Perspective[END_REF].

Nevertheless, in the view of low-temperature catalysis, electric fields require much lower voltages than plasma discharges, although higher ones than NEMCA (Non-Faradaic Electrochemical Modification of Catalyst Activity) and electrocatalysis, and thus are considered promising processes [START_REF] Sekine | Reaction mechanism of low-temperature catalysis by surface protonics in an electric field[END_REF].

In the oxidative coupling of methane reaction (reaction 1) in an electric field, it seems that two main parameters are important to achieve methane conversion and selectivity to C2 products, avoiding plasma discharge.

CH 4 +½ O 2 → ½ C 2 H 4 + H 2 O (H °298 = -140.1 kJ.mol -1 ) (1) 
First of all, the catalyst has to be suitable for the electric field, namely having a suitable electric conductivity (10 -5 -10 -4 S/cm) [START_REF] Ogo | Catalytic Reaction Assisted by Plasma or Electric Field[END_REF]. The authors reported that a spark discharge is formed due to the low electric conductivities of the catalytic materials, whereas the ones with high electric conductivities caused a short circuit [7]. A good practice can be the doping of low-conductivity (low permittivity) materials such as La2O3 by Sr with an optimum concentration. Thus, the materials with ratios of Sr/La = 1/20 and 1/200 generated an electric field, exhibiting higher electric conductivities than bare La2O3 and Sr/La = 1/2000, for which a plasma discharge was observed [START_REF] Tanaka | Catalytic oxidative coupling of methane assisted by electric power over a semiconductor catalyst[END_REF].

Secondly, the formation of active oxygen species was found to be important in the OCM reaction in electric field. The authors found out that, upon application of an electric field, the structure of Ce2(WO4)3/CeO2 becomes distorted due to Ce 3+ species oxidation to Ce 4+ by extraction of electrons from Ce 4f orbitals near the Fermi level (so called electron-hopping), leading to a weakening of W-O bond. It acted as a reactive oxygen center suitable for the selective oxidation of methane to C2 hydrocarbons [START_REF] Sugiura | Low-temperature catalytic oxidative coupling of methane in an electric field over a Ce-W-O catalyst system[END_REF][START_REF] Ogo | Catalytic oxidative conversion of methane and ethane over polyoxometalate-derived catalysts in electric field at low temperature[END_REF][START_REF] Ogo | Electron-Hopping Brings Lattice Strain and High Catalytic Activity in the Low-Temperature Oxidative Coupling of Methane in an Electric Field[END_REF]. The presence of active oxygen species over the surface Ce sites was also observed for CePO4 nanorods catalyst in RAMAN analysis (538 cm -1 ) after their contact with electric field [START_REF] Sato | Ambient-temperature oxidative coupling of methane in an electric field by a cerium phosphate nanorod catalyst[END_REF]. In a perovskite-like structure, La0.7Ca0.3AlO3-δ, the lattice oxygen defect increased with the increase of Ca doping (the amount of surface mobile oxygen was confirmed by XPS measurements with a peak at 531 eV), which promoted OCM reaction through Mars van Krevelen mechanism [START_REF] Sato | Electric Field and Mobile Oxygen Promote Low-Temperature Oxidative Coupling of Methane over La1-xCaxAlO3-δ Perovskite Catalysts[END_REF].

Ca-doped LaAlO3 perovskite-type catalyst generated active La2O2CO3 structure under electric field and high partial pressure of CO2 in the OCM reaction. The presence of this structure (1086 cm -1 ), in which O 2-ions were stabilized, was confirmed by CO2 TPD using FTIR and in-situ FTIR [7].

It is worth mentioning that the degree of the hydroxyl groups (or water) on the surface of the catalyst is considered to be essential to drive proton conduction through Grotthuss mechanism.

With the increase of hydroxyl groups density on the oxide catalyst surface, the proton conductivity increased (confirmed by EIS), which was in accordance with the catalyst activity.

It was suggested that in electric field, methane is activated by the collision of hopping protons from the oxide surface, thus increasing conversion and selectivity [START_REF] Torimoto | Support effects on catalysis of low temperature methane steam reforming[END_REF][START_REF] Sekine | Reaction mechanism of low-temperature catalysis by surface protonics in an electric field[END_REF].

According to these considerations, different cerium and lanthanum based catalysts were investigated in electric field for the oxidative coupling of methane as they are materials known for their electrical conductivity and proton conduction [START_REF] Adelstein | Structure and electronic properties of cerium orthophosphate: Theory and experiment[END_REF][START_REF] Dhaouadi | Structural and electrical properties of nanostructured cerium phosphate[END_REF][START_REF] Kitamura | Electrical Conduction Properties of Sr-Doped LaPO4 and CePO4 under Oxidizing and Reducing Conditions[END_REF][START_REF] Norby | Solid-state protonic conductors: principles, properties, progress and prospects[END_REF].

Four catalysts with different chemical nature and structure CeO2, CePO4 and LaPO4 nanorods and CePO4 nanosphere were examined in this study. The aim was to bring additional information on the activity of cerium phosphate catalyst, either by changing the nature of the cation to lanthanum, or its morphology from nanorod to nanosphere structure. The effect of the gas ratio, the chemical composition of the nanorods, the DC polarity and CePO4 morphology were investigated. DC polarity switch influence on OCM in the electric field was reported without catalyst and with both phosphates, CePO4 and LaPO4. XRD, Raman, SEM and TGA analysis provided structure characterization of fresh and spent catalysts.

Experimental 2.1. Catalyst preparation

The synthesis of CePO4 nanorods followed the hydrothermal method as reported elsewhere [START_REF] Kanai | A bifunctional cerium phosphate catalyst for chemoselective acetalization[END_REF]. First, Ce(NO3)3•6H2O and (NH4)2HPO4 precursors (9 mmol each, 1 : 1 molar ratio) were dissolved in water (105 mL) and kept under stirring at room temperature for 1 hour. Then, the solution was transferred into a stainless steel autoclave with Teflon cup and heated at 180 ºC for 96 hours. The precipitates were filtered and washed with deionized water (1 L). Finally, the collected precipitates were calcined at 900 ºC for 3 h. The synthesis of LaPO4 nanorods was similar to that of CePO4, instead La(NO3)3•6H2O was used as a precursor of La.

CeO2 nanorods were synthesized according to Liu et al. [START_REF] Liu | Oxygen Vacancy Promoting Dimethyl Carbonate Synthesis from CO2 and Methanol over Zr-Doped CeO2 Nanorods[END_REF] 35.05 g of NaOH dissolved in 210 ml of water were admixed to Ce(NO3)3.6H2O (2.18 g) dissolved in 12.5 ml of deionized water, and the solution was kept for 30 min under stirring. It was then placed in a stainless steel autoclave and kept in an oven at 100 °C (10 °C/min ramp) for 24 hours. The resulting solid was centrifuged, washed with deionized water until a pH=7 was reached and washed 2 times with ethanol. The final solid was placed in an oven overnight at 60 °C to dry, then calcined at 600 °C (2°C/min ramp) for 5 h in static muffle furnace. CeO2 commercial was purchased from Reactapur Prolabo (Cerium (IV) oxide) and used as received.

CePO4 nanosphere were prepared following the procedure described in [START_REF] Nuñez | Citrate mediated synthesis of uniform monazite LnPO4 (Ln=La, Ce) and Ln:LaPO4 (Ln=Eu, Ce, Ce+Tb) spheres and their photoluminescence[END_REF]. 0.005 mol.L -1 of Ce(NO3)3•6H2O was dissolved in ethylene glycol under magnetic stirring. Citric acid was then added to the mixture to keep a citrate/Ce ratio of 5 followed by phosphoric acid (0.15 mol.L -1 ).

The resulting mixture (total of 20 ml) was placed in a stainless steel autoclave with a Teflon cup which was placed in the pre-heated oven at 120 °C for 1.5 hours reaction. The autoclave was cooled down to room temperature. Then the mixture was centrifuged to remove the supernatant, washed 2 times with ethanol and once with deionized water. Finally, the solid was dried in oven overnight at 60 °C.

Characterization

The TEM images of CePO4 were recorded using Jeol JEM 2100 UHR microscope with point resolution of 0.19 nm and lattice resolution of 0.14 nm. The instrument is equipped with energy dispersive X-ray and CCD camera GATAN Ultrascan with resolution of 2kx2k. The specimen is typically prepared in ethanol using ultrasonic bath, and deposited on holey carbon grid.

Reactor geometry and methodology

The electric field was generated in a reactor with a point to mesh configuration (Figure 1). A stainless steel electrode (2 mm diameter, flat polished end) was inserted in a Teflon hollow tube (10 mm diameter) and connected to the high voltage. The ground electrode consisted of a mesh crimped on a hollow tube (10 mm diameter), both in stainless steel. Both electrodes were hold tight in a Teflon connector with internal diameter of 7.4 mm.

The conditions used were similar to those reported in reference work [START_REF] Sato | Ambient-temperature oxidative coupling of methane in an electric field by a cerium phosphate nanorod catalyst[END_REF]. The feed consisted in a Ar-CH4-O2 flow of 60 ml.min -1 with different ratios. Prior to each test, a pre-treatment consisting in 15 min of Ar/O2 (33/9 ml.min -1 ) under electric field of 3 mA, followed by a purge of Ar (33 ml.min -1 at 3 mA) for 5 min. The catalysts were pelletized at 5 tons and meshed in 355/630 µm grain sizes. The reactions were carried out between 3 and 7 mA, using a DC highvoltage power supply (SPELMAN, SL300). The amount of catalyst was selected to maintain a chosen gap between the electrodes of 2 mm, so that both electrodes are in contact with the catalyst bed. The reaction was conducted at ambient temperature and pressure during one hour and repeated twice for each experiments. The reactor temperature was measured with an infrared thermometer on the external glass wall. At the reactor exit, the gas passed through a cold trap and was analyzed using a GC-FID (Agilent 7220A, SCION Al2O3/KCl column) for separation of possible >C2 hydrocarbons and a micro-GC-TCD (Varian CP4900 with a MolSieve 5A and Haysep columns) for the separation of H2, CH4, CO, CO2, C2H2, C2H4, and C2H6. The gases were calibrated using standards. The gases in mixture with methane in known concentrations were sent online to the GC system, and the response factor of each gas was calculated with respect to methane integrated peak area. The amount of converted methane and the products were calculated following the formulae below:

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝐶𝐻 4 (%) = ( 𝑆(𝐶𝐻 4 ) 𝑖𝑛 -𝑆(𝐶𝐻 4 ) 𝑓 𝑆(𝐶𝐻 4 ) 𝑖𝑛 ) × 100 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (%) = ( 𝑆(𝑝𝑟𝑜𝑑𝑢𝑐𝑡) × 𝑆𝐹(𝑝𝑟𝑜𝑑𝑢𝑐𝑡) × 𝑅𝐹(𝑝𝑟𝑜𝑑𝑢𝑐𝑡) 𝑆(𝐶𝐻 4 ) 𝑖𝑛 -𝑆(𝐶𝐻 4 ) 𝑓 ) × 100 𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (%) = 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (%) × 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝐶𝐻 4 (%) 100 𝐶𝑎𝑟𝑏𝑜𝑛 𝐵𝑎𝑙𝑎𝑛𝑐𝑒 (%) = ∑ 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝐶 𝑏𝑎𝑠𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (%)
Where, 𝑆(𝐶𝐻 4 ) 𝑖𝑛 , 𝑆(𝐶𝐻 4 ) 𝑓 , 𝑆(𝑝𝑟𝑜𝑑𝑢𝑐𝑡) are the integrated peak area under the chromatogram for methane initial (blank), final (after reaction), and product, respectively;

𝑆𝐹(𝑝𝑟𝑜𝑑𝑢𝑐𝑡) is the stoichiometry factor, and 𝑅𝐹(𝑝𝑟𝑜𝑑𝑢𝑐𝑡) is a response factor.

The specific energy input (SEI) and specific energy requirements (SER) were calculated as follow: SEI (J.L -1 ) = P(W) × 60/flow CH4 (L.min -1 ) SEI (kJ.mol -1 ) = SEI (J.L -1 ) × 24.45/1000

The energy required to transform one mole of CH4 is given by: SER (kJ.mol -1 ) = SEI/ CH4 conversion or Ce 3+ , is connected to seven tetrahedral PO3 4-groups [START_REF] Bao | Lowtemperature hydrothermal synthesis and structure control of nano-sized CePO4[END_REF]. CePO4 nanosphere also crystallizes in the monazite structure [START_REF] Nuñez | Citrate mediated synthesis of uniform monazite LnPO4 (Ln=La, Ce) and Ln:LaPO4 (Ln=Eu, Ce, Ce+Tb) spheres and their photoluminescence[END_REF].

In Figure 3 as observed in [START_REF] Sato | Ambient-temperature oxidative coupling of methane in an electric field by a cerium phosphate nanorod catalyst[END_REF]. The particle size of CePO4 nanosphere determined from SEM images (Figure 3g andh) is around 550 nm.

The Raman profile of CeO2 nanorods (Figure 5a) shows a band at 460 cm -1 , corresponding to the symmetrical stretching F2g mode of fluorite type CeO2, as seen on XRD pattern. The band near 250 cm -1 is identified as second order transverse acoustic (2TA) mode and the one at 595 cm -1 is related to oxygen or cerium vacancies. The second order longitudinal optical mode 2LO appears as a broad band at 1170 cm -1 and the band at 830 cm -1 could be second order phonon, or local mode centered on vacancies [START_REF] Liu | Oxygen Vacancy Promoting Dimethyl Carbonate Synthesis from CO2 and Methanol over Zr-Doped CeO2 Nanorods[END_REF][START_REF] Xu | The effect of CO-doped on the room-temperature ferromagnetism of CeO2 nanorods[END_REF][START_REF] Weber | Raman study of CeO2: Second-order scattering, lattice dynamics, and particle-size effects[END_REF]. Raman spectra of Ce-and La-based phosphates (figure 5b) displayed multiple bands: 399, 415, 469, 574 and 623 cm -1 associated with the bending vibration of PO4 tetrahedral. The bands at 970, 990, 1030, 1060 and 1075 cm - 1 are ascribed to the stretching vibration of PO4 tetrahedral of monoclinic Ce or LaPO4. The broadening of the peak of CePO4 nanosphere compared to the nanorods can be identified as strain and phonon confinement effects due to their spherical structure and small size [START_REF] Karim Gulnar | Nucleation sequence on the cation exchange process between Y0.95Eu0.05PO4 and CePO4 nanorods[END_REF].

Table 1 lists the BET surface area and sizes of the catalysts, calculated from N2 adsorptiondesorption isotherms. Cerium and lanthanum phosphate nanorods have similar surface areas around 45 m 2 .g -1 , with different pore sizes (163 Å and 254 Å, respectively) while their counterpart CePO4 nanosphere has a surface area three time higher (120 m 2 .g -1 ) and has the smallest pore size (52 Å).

CeO2 and CePO4 influence on oxidative coupling of methane in an electric field

The oxidative coupling of methane over CeO2 and CePO4 nanorod structured catalysts was conducted under a constant intensity of 3 mA in negative polarity (DC-). The results of the OCM activity tests are resumed in Figure 6. CeO2 is not active under electric field for methane activation (conversion 8%), nor OCM reaction and led to the total oxidation of methane into CO2, as mentioned in [START_REF] Oshima | Catalytic Oxidative Coupling of Methane with a Dark Current in an Electric Field at Low External Temperature[END_REF][START_REF] Tanaka | Catalytic oxidative coupling of methane assisted by electric power over a semiconductor catalyst[END_REF][START_REF] Oshima | Oxidative coupling of methane using carbon dioxide in an electric field over La-ZrO2 catalyst at low external temperature[END_REF].

CH4 + 2O2 → CO2 + 2H2O (H °298 = -891 kJ.mol -1 ) (2) 
On the contrary, CePO4 was active with a good C2 selectivity (25.6 %) and methane conversion of 28.8 %, in accordance with [START_REF] Sato | Ambient-temperature oxidative coupling of methane in an electric field by a cerium phosphate nanorod catalyst[END_REF], with a stable conversion within the reaction time. The detection of CO in high selectivity, CO2 and H2 (yield of 4.5 %0.4) indicated also the partial oxidation of methane.

CH4 + ½O2 → CO + 2H2 (H °298 = -36 kJ.mol -1 ) (3) 
CH4 + O2 → CO2 + 2H2 (H °298 = -319 kJ.mol -1 ) (4) 
The temperature of the reactor increased to 59 °C due to the exothermicity of the reactions (OCM and total oxidation) and was not influenced by the catalysts' nature, despite the different applied voltages (Table S1). The increase in temperature from room temperature to 59 °C not only came from exothermic reactions, but also from joule heating generated by electrical conduction. However, as highlighted in [START_REF] Ogo | Catalytic oxidative conversion of methane and ethane over polyoxometalate-derived catalysts in electric field at low temperature[END_REF], the joule heating effect arising from the electric field is negligible in the reaction activity since, in their study, low catalytic activity was observed without EF at 1073 K. CePO4 is an active catalyst for OCM and oxygen was found to play an essential role in the reaction [START_REF] Sato | Ambient-temperature oxidative coupling of methane in an electric field by a cerium phosphate nanorod catalyst[END_REF]. In fact, the formation of active oxygen species on the catalyst surface by activation of O2 in the electric field subsequently reacted with methane to form methyl group. The surface oxygen kept regenerating as oxygen was fed in the system.

Raman analysis of the CePO4 sample before and after reaction is shown in Figure S1 (ESI). The Ce-O band at 538 cm -1 , which was related to active oxygen species and surface reactivity [START_REF] Sato | Ambient-temperature oxidative coupling of methane in an electric field by a cerium phosphate nanorod catalyst[END_REF],

was still present after reaction in the electric field, the surface being regenerated by the oxygen in the electric field. No differences were detected on the XRD patterns of CePO4 before and after reaction (Fig. S2, ESI). The monoclinic structure remained intact indicating a high stability of the catalyst. CeO2 cubic structure was also not affected by the electric field.

The following reaction would take place as the electric field is applied to the catalyst. Oxygen in the electric field would generate active oxygen species on the surface by their reaction with the cerium cation as follows:

O2 + e → O(3P) + O(1D) (5a)

O2 + e → O(1D) + O(1D) (5b) 2O + e → O -+ O (6) O 2 + e → O 2 - (7) 
O -would react with methane to form methyl radical:

O -+ CH 4 → CH 3 + OH - (8) 
High CO selectivity would arise from:

CH3 + O2 → CH2O + OH (9) 
CH2O + H → HCO + H2 (10)

HCO → CO + H (11) CH2 + O → CO + 2H (12) 
As well as from reverse water gas shift reaction:

CO2 + H2 → CO + H2O (13) 
Subsequent coupling reaction would then take place and produce C2 hydrocarbons. CH3 coupling would lead to the formation of ethane:

CH3 + CH3 → C2H6 (14) 
And CHx coupling would generate ethylene and acetylene:

CH2 + CH3 → C2H4 + H (15) CH2 + CH2 → C2H2 + 2H (16) CH + CH → C2H2 (17) 
Ethylene would also be generated from the oxidative dehydrogenation of ethane thanks to active oxygen species at the catalyst surface:

C 2 H 6 + 2O -→ C 2 H 4 + 2OH -(18)
And C2H2 from oxidative dehydrogenation of ethylene:

C 2 H 4 + 2O -→ C 2 H 2 + 2OH -(19)

3.3.Effect of methane/oxygen ratio with the CePO4 catalyst

The OCM reaction in the electric field was studied under different CH4/O2 ratios in the feed gas at a constant residence time of 0.08 s. The tests were achieved with CePO4 catalyst under 3 mA in DC-. Results are displayed in Figure 7 (Table S3, ESI). The conversion of methane reached a maximum of 32.8 % at the lowest CH4/O2 ratio (1.25). As for the two other gas ratios, methane conversion was only slightly lower, with close values of 28.8 % (CH4/O2 =2) and 30.2 % (CH4/O2 = 3.5), with the ratio 2 providing the best tests stability (0.4 standard deviation). At a CH4/O2 ratio of 1.25, the main reaction was the partial oxidation of methane to carbon monoxide and hydrogen. The highest carbon monoxide and hydrogen selectivities were 70.6 % and 19.5 %, respectively. The presence of high content of oxygen active species favored the partial oxidation, limiting the selectivity to C2 hydrocarbons and providing a high carbon balance. As the methane content increased in the feed, the opposite trend occurred and C2 selectivity increased, mainly acetylene. The carbon monoxide selectivity dropped from 70.6 % to 43.5 % (along with CO2 and H2) while C2 increased from 17.1 % to 27.6 %. The drop of ethylene and ethane selectivities by merely 1 % at higher methane content were considered negligible. The acetylene selectivity reached 22.2 % (yield of 6.7 %) at the ratio of 3.5. At high ratio, partial oxidation of methane to carbon monoxide was limited by the low content of oxygen. Our results were consistent with the work reported on CePO4 nanorods [START_REF] Tanaka | Catalytic oxidative coupling of methane assisted by electric power over a semiconductor catalyst[END_REF], and also on Sr-La2O3 (Table S3, ESI), where the authors observed an increase of C2 selectivity in excess of methane in the feed [START_REF] Oshima | Catalytic Oxidative Coupling of Methane with a Dark Current in an Electric Field at Low External Temperature[END_REF]. Conversely, our results did not follow the same trend as in Han et al. reported work [START_REF] Han | Conversion of methane to C2 and C3 hydrocarbons over TiO2/ZSM-5 core-shell particles in an electric field[END_REF] (Table S3, ESI). In their case, C2 selectivity decreased with methane content in the feed, and dropped to zero at ratios higher than 2.5. In their case, ethylene and ethane were the dominant products. They observed that, at low CH4/O2 ratio, their TiO2/ZSM-5 catalyst promoted selectivity to ethane that would encounter oxidative dehydrogenation to produce mainly ethylene and not acetylene. Acetylene formation was not quite explained, using the term "other reaction pathways" (presence of micro discharges at the interface ZMS-5 core and TiO2 shell) besides ethylene dehydrogenation. Worth noticing, the results of Han et al. were collected from DC+ current.

In our study, higher CH4/O2 ratio increased the deposited power (Table S2), enhancing oxygen activation and C-H bond breakage. It was reported [START_REF] Sato | Ambient-temperature oxidative coupling of methane in an electric field by a cerium phosphate nanorod catalyst[END_REF] that active oxygen species (O -) and surface oxygen species (O -and O2 2-) formed by reaction of oxygen with metal cation on the catalyst surface under electric field would contribute to the C-H scission to form methyl radical.

The formation of methane radical up to carbon (CH3→ CH2 → CH → C) was confirmed by the drop of carbon balance (from 95 % to 72 %) and increased carbon deposit (from TGA analysis:

Figure S3, ESI). C2 products would then be formed from CHx coupling at the surface. Since ethane selectivity was the lowest at all ratios, we could suggest that ethylene would be produced from the oxidative dehydrogenation of ethane. Acetylene would be produced from CH radical coupling and possibly from the oxidative dehydrogenation of ethane. However, studies on ethane oxidative coupling [START_REF] Ogo | Catalytic oxidative conversion of methane and ethane over polyoxometalate-derived catalysts in electric field at low temperature[END_REF][START_REF] Han | Conversion of methane to C2 and C3 hydrocarbons over TiO2/ZSM-5 core-shell particles in an electric field[END_REF][START_REF] Sato | Electric Field and Mobile Oxygen Promote Low-Temperature Oxidative Coupling of Methane over La1-xCaxAlO3-δ Perovskite Catalysts[END_REF] showed that oxidative dehydrogenation of ethane to acetylene was unlikely to occur, but the works were on La1-xCaxAlO3- [START_REF] Ogo | Catalytic oxidative conversion of methane and ethane over polyoxometalate-derived catalysts in electric field at low temperature[END_REF], TiO2/ZSM-5 [START_REF] Han | Conversion of methane to C2 and C3 hydrocarbons over TiO2/ZSM-5 core-shell particles in an electric field[END_REF], polyoxometalate-derived catalysts [START_REF] Ogo | Catalytic oxidative conversion of methane and ethane over polyoxometalate-derived catalysts in electric field at low temperature[END_REF], and under positive polarity current, which could account for different reaction kinetics [START_REF] Che | Elucidating the Roles of Electric Fields in Catalysis: A Perspective[END_REF].

3.4.Influence of the phosphate -metal cation on OCM activity in EF

The influence of metal cation was investigated by comparing OCM activity on cerium and lanthanum phosphates, at 3 mA in DC-at a CH4/O2 = 2. The results are displayed in Table 2 and Figure 8(a andb). Very interestingly, the two catalysts have similar methane conversion ( 28 %) and selectivities, with high acetylene selectivity (22 %). Carbon monoxide was produced in high selectivity (up to 50 %) and water condensation on the reactor walls was observed. Carbon balance was not complete for both catalysts (80 %), mostly due to carbon deposits since, after reaction, the catalyst was partially black (especially closer to the electrode's tip). Both catalyst were not modified under electric field as their monoclinic structure remained intact (Figure S5, ESI). Moreover, the change of cation did not alter the conductivity. Both catalysts showed similar conductivities: CePO4 was 1.44*10 -5 S/cm and LaPO4 1.36*10 -5 S/cm, which could also account for the similar activity.

It was shown from isotopic exchange experiments that oxygen mobility was poor in monazite CePO4 (pointing out the lack of oxygen vacancies) for WGS reaction [START_REF] Navarro-Jaén | Evaluation of the Oxygen Mobility in CePO4-Supported Catalysts: Mechanistic Implications on the Water-Gas Shift Reaction[END_REF]. In fact, the authors highlighted that bidentate formate were responsible for the activity of the WGS reactions with monazite CePO4, but carbonate intermediates (from CO2 interaction with surface) along with monodendate formate had antagonist effect, thus limiting the reaction performance. The presence of electric field would hinder carbonate formation on the surface and favor CO formation. Acetylene would be generated as described above.

The switch of current polarity over CePO4 and LaPO4 nanorod catalysts was investigated next in order to evaluate the effect of polarity on C2 selectivity.

Switching current polarity on CePO4 and LaPO4 nanorods in EF

Activity tests were performed in presence of CePO4 and LaPO4 nanorods in order to evaluate the influence of polarity in presence of a semiconductor on OCM reaction. The results of the activity tests are displayed in Table 3.

A negative polarity (DC-) enhanced methane conversion for both catalysts, reaching 28.8 % in presence of CePO4 and 30.1 % with LaPO4. It has been proposed, in the literature, that the electric field alters the electronic structure of adsorbed species and changes their electronic interactions with a surface (the reported study was on a Ni(111) surface) [START_REF] Che | Elucidating the Roles of Electric Fields in Catalysis: A Perspective[END_REF]. The same authors highlighted that C-H dissociation energy decreased in negative DC in presence of a catalytic surface, enhancing CH4 conversion [START_REF] Che | Improving Ni Catalysts Using Electric Fields: A DFT and Experimental Study of the Methane Steam Reforming Reaction[END_REF]. Figure 8 shows the results of activity tests on C2, COx, H2 selectivities, and carbon balance as a function of polarity on CePO4 and LaPO4. CO selectivity was not affected by the polarity and remained the major product for both catalysts.

The C2 selectivity dropped between DC+ and DC-from 30.5 % to 25.6 % (for CePO4) while the C2 yield (Table 3) improved from 2.6 % to 7.4 %, thanks to the improved conversion. (compared to a plane electrode) is favored due to the strong localized electric field. A direct consequence is the higher power under DC-compared to DC+, thus enhanced activity.

Effect of the CePO4 morphology

The effect of the CePO4 structure was investigated on nanorods and nanospheres shaped materials, under DC-polarity. The activity results are displayed in Table 4. Very interestingly, there were no differences in methane conversion, selectivities, or carbon balance between the two catalysts, indicating that the CePO4 morphology did not affect the OCM reaction. Looking at BET analysis of both structures after treatment (Table S4), this proved that the catalyst surface area and the pore diameter did not influence the reactivity. Despite a reduction of the surface area, XRD analysis (Figure S7, ESI) of the nanosphere did not show any modification of the structure, confirming the stability of the material.

A question of power

In order to keep 3 mA between the electrodes, the voltage had to be adjusted and the deposited power fluctuated when the different catalysts (CePO4, LaPO4 and CeO2) were placed in the electric field. On Figure 9, a direct correlation was observed between methane conversion and acetylene selectivities with the deposited power, the latter depending on the type of polarity and catalyst nature placed in the electric field. As expected, CH4 conversion increased with input power which was the highest at DC-with LaPO4 catalyst. It was evident that the improvement of acetylene selectivity between DC+ and DC-was also linked to power increase in the reactor but tend to stabilize above 3.8 W. As mentioned, a power increase would favor methyl radical formation (from CH3 to CH and C) on the surface thanks to the oxygen-rich surface and subsequent CHx coupling, as well as ethane oxidative dehydrogenation into ethylene. The limitation in acetylene selectivity at higher power would mostly come from high surface reactivity and degradation of hydrocarbons into carbon deposits, since a decrease of carbon balance was observed at higher power.

The temperature bed increase was also plotted against methane conversion and acetylene selectivities but no correlation was evidenced (Figure S8, ESI). The temperature increase came from Joule heating and reaction heat since OCM is exothermic, but only a small gradient difference was observed between DC+ and DC-electric fields and at different powers, thus, this parameter was not considered as an actor in the reaction activity.

Conclusion

The oxidative coupling of methane in the presence of an electric field has been investigated over cerium oxide, cerium and lanthanum phosphates nanorods and a CePO4 nanosphere. The CePO4 nanorod showed high acetylene selectivity (18.2 %) and C2 yields (7.4 %) while CeO2 nanorod promoted only the total oxidation of methane in carbon dioxide. Acetylene and COx selectivities were found to be dependent on the CH4/O2 ratio, as a high ratio enhanced acetylene selectivity (22.2 %) decreased COx selectivity but decreased the carbon balance, resulting in the coking of the material. The change of metal cation from Ce to La did not alter the conversion, nor the selectivities. Both catalysts showed the same activity, which seemed related to the deposited power. Comparing current polarity, a negative polarity improved the methane conversion and acetylene selectivity on CePO4 nanorod but decreased the carbon balance. A correlation was found between methane conversion and deposited power, which increased from positive to negative polarity and would account for the enhanced acetylene selectivity from CHx coupling, while no correlation was deduced from the temperature increase of the reactor bed.

No difference in results was observed for different CePO4 structures from nanorod to nanosphere, indicating that the morphology of the catalyst did not impact the OCM reaction. 

  crystalline structure of CePO4 was determined with diffractometer Malvern Panalytical ® , Empyrean model. The source is a copper tube working with a voltage of 45 kV and a current of 40 mA. Diffractograms were recorded in the range of 15-115°2θ with a step of 0.053°2θ and time per step of 360 s. The specific surface area of CePO4 was measured by N2 physisorption technique at 77 K using TriStart 3000 Micromeritics instrument, applying single-point BET analysis (Brunauer, Emmett, Teller). Raman analyses were carried out with a Raman Labram HR 800 confocal microscope from the HORIBA JOBIN YVON brand. The operating conditions are as follow. Laser: 532 nm, power: 0.20 mW, width: 200 µm, diffraction grating: 1800 lines/mm, objective: 100x, acquisition time: 300 s, number of scans: 4, spectral window: 50-1400 cm -1 .

  (a,b), scanning electron microscopy (SEM) images show CeO2 nanorods of sizes 20-300 nm long and 5-20 nm wide. The samples LaPO4 and CePO4 have rod like structures with two populations of distinct sizes (Figure 3 c to f). One population with rod sizes in the micron range and another set 50 to 200 nm long. Both rod sets have 5-20 nm widths. The EDS analyses showed that these 2 populations have the same chemical composition close to LaPO4 and CePO4. CePO4 presenting (110) dominant facet was deduced from the TEM image (Figure 4)

  Looking closer at the C2 distribution, a change in selectivities was observed only for CePO4 catalyst. When treated in DC+ electric field, close C2 selectivities (C2H4, C2H6 and C2H2) were obtained. Switching to DC-, a shift of selectivities from ethane and ethylene to acetylene was observed along with a drop in the carbon balance (drop of 11.8 %) and hydrogen selectivity (drop of 35.1 %). As mentioned previously, CePO4 grains were partially black after reaction due to carbon deposits. TGA analysis showed a slightly larger weight loss after EF treatment under DC-than under DC+ (FigureS4, ESI). The catalysts were not affected by the polarity as the monoclinic CePO4 and LaPO4 structures were intact after EF (FigureS5, ESI). Ce-O (active oxygen bond at 538 cm -1 ) was still present on both samples independently of the polarity so the presence of active oxygen species could not account for the difference in C2 selectivities (FigureS6, ESI). In the same publication[START_REF] Che | Improving Ni Catalysts Using Electric Fields: A DFT and Experimental Study of the Methane Steam Reforming Reaction[END_REF], it was deduced from DFT and experimental work that a positive DC could increase both activation energy and reaction energy of the CH → C + H reaction, limiting the carbon deposits on the surface. In fact, the transition state structure of adsorbates was modified under an electric field. A shift from DC-to DC+ electric field would modify the reaction mechanisms by changing the rate limiting steps and thus altering the kinetics of the overall reaction. Another hypothesis would suggest that switching the polarity of a point to plane configuration alters the electron energy and mobility between the electrodes.A negative polarity on the point electrode would favor the extraction of electrons from the electrode tip and their propagation in the gap towards the plane electrode, enhancing electron collision probability, thus methane conversion. The extraction of electrons from a tip electrode
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