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Speciation and transport properties in molten alkali carbonates at high temperature
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We study structural and transport properties of different eutectic mixtures of molten carbonate used for the capture and valorization of CO2. Different techniques: NMR, PFG NMR, electrical impedancemetry, were used to study Li2CO3-Na2CO3 (52:48 %mol), Li2CO3-K2CO3 (62:38 %mol), Li2CO3-K2CO3 (40:60 %mol), Li2CO3-Na2CO3-K2CO3 (43.5:31.5:25 %mol) compositions at high temperature. The NMR measurements confirmed only the presence of anionic species CO . No effect of composition or temperature on speciation was detected. From electrical conductivity and self-diffusion coefficients measurements, we have shown that the electrical 2 conductivity of carbonates does not only depend on the radius of the cations, but also depends on the electrostatic interaction between ions. With the addition of K2CO3 in the carbonate mixture, the interaction between the charge carriers present in the liquid increases and results in a decrease of electrical conductivity. We have shown that the high solubility of CO2 in compositions with high lithium carbonate content is associated with a high mobility of Li + cations.

Introduction

The global warming has become a strong problem for humanity. Every year billions tons of CO2 are produced. [START_REF] Benson | Carbon Dioxide Capture and Storage[END_REF] This pollution increases the temperature on earth and some places become uninhabitable. Nowadays it is possible to store the carbon dioxide [START_REF] Caprile | Carbon Capture: Energy Wasting Technologies or the MCFCs Challenge?[END_REF] and to produce electricity, using for example the Molten Carbonate Fuel Cells (MCFCs) [START_REF] Carter | The Fuel Cell Today Industry Review[END_REF]4 . In this case, humanity will win on the both aspects: first-one, decreasing the pollution by CO2 and second-one, producing electricity. These fuel cells work at high temperature, at about 800 K, 4 and suffer from difficulties in the study of physicochemical properties, which are needed for a better understanding of their operation. In these cells, the electrolyte is molten alkali carbonates. [START_REF] Frangini | Molten Carbonates for Advanced and Sustainable Energy Applications: Part I. Revisiting Molten Carbonate Properties from a Sustainable Viewpoint[END_REF] These molten salts are very corrosive at high temperature, and require careful selection of materials for analysis using experimental techniques.

To define the optimal conditions for CO2 consumption in MCFCs the solubility mechanism of CO2 in molten carbonates at high temperature has to be understood. Some Molecular Dynamic (MD) simulations have proved the presence of different species such as CO2, CO , C O , C O and CO. [START_REF] Carof | Carbon Species Solvated in Molten Carbonate Electrolyser Cell from First-Principles Simulations[END_REF] Nevertheless, some of these species are very scarce and have a very low lifespan, certainly too low to be detected by experimental techniques.

In this study, we explore Li2CO3-Na2CO3-K2CO3, Li2CO3-Na2CO3, Li2CO3-K2CO3 systems over a large temperature range (670-1020 K) using two experimental techniques: Nuclear Magnetic Resonance (NMR), [START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] which allow measuring self-diffusion coefficients D, [START_REF] Rollet | Measuring Self-Diffusion Coefficients up to 1500 K: A Powerful Tool to Investigate the Dynamics and the Local Structure of Inorganic Melts[END_REF] and chemical shifts, [START_REF] Zhadan | Transport Properties in Molten Carbonates: Self-Diffusion and Conductivity Measurements at High Temperature[END_REF] and Electrical Impedance Spectroscopy (EIS) to measure electrical conductivity, [START_REF] Gaillard | Carbonatite Melts and Electrical Conductivity in the Asthenosphere[END_REF] both in the liquid state at high temperature. The aim is to study the structure and dynamics in these melts as a function of temperature and composition. In a previous publication in LiCO3-NaCO3 system, we have combined the measurements of [START_REF] Desmaele | Atomistic Simulations of Molten Carbonates: Thermodynamic and Transport Properties of the Li2CO3 -Na2CO3 -K2CO3 System[END_REF] Na and [START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li self-diffusion coefficients with the electrical conductivity to explain the speciation and transport mechanism at high temperature. [START_REF] Zhadan | Transport Properties in Molten Carbonates: Self-Diffusion and Conductivity Measurements at High Temperature[END_REF] In this paper, we investigate the effect of the nature of alkali cation and the composition in such carbonates mixtures.

Self-diffusion coefficients in molten carbonates were measured with radioactive tracers methods by Spedding et al. 11 This technique does not allow to study some chemical elements with a low half-life time of radioactive isotopes, such as lithium.

In this work we have measured self-diffusion coefficients D by pulsed field gradients (PFG) NMR technique. This method allows to obtain the values of D in a wide diffusion time range (10 - 9 -10 -10 m 2 /s) without using radioactive isotopes. Other advantages are the selectivity toward the isotope and the possibility to provide in situ experiments at high temperature up to 1020 K.

Taking into account the high corrosiveness of molten carbonates, a special set up with double containers was developed [START_REF] Zhadan | Transport Properties in Molten Carbonates: Self-Diffusion and Conductivity Measurements at High Temperature[END_REF] and allows working up to 1020 K with different gases during the experiment. [START_REF] Zhadan | Transport Properties in Molten Carbonates: Self-Diffusion and Conductivity Measurements at High Temperature[END_REF] To analyse carbonaceous species in molten salts we have obtained results on the [START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] C and [START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O nucleus by NMR spectroscopy, the only isotopes observables for this two nuclei. Both nuclei have very low natural abundance: 1.07% and 0.038% respectively. Commercial powders of alkali carbonates enriched by [START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] C were used in our experiments. It significantly reduced the time of analysis. In the case of [START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O, we did not find commercial carbonates enriched by [START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O exist and the synthesis of [START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O-enriched carbonates was difficult. So we have decided to show in this paper [START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O spectra obtained in natural abundance, with a very high number of acquisitions, to improve the resolution. Among the other nuclei observable in these systems by NMR, we have studied all the alkali metals [START_REF] Desmaele | Atomistic Simulations of Molten Carbonates: Thermodynamic and Transport Properties of the Li2CO3 -Na2CO3 -K2CO3 System[END_REF] Na, [START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li and 39 K by NMR at high temperature.

The conductivity cell used for these measurements consists of 4 platinum electrodes [START_REF] Zhadan | Transport Properties in Molten Carbonates: Self-Diffusion and Conductivity Measurements at High Temperature[END_REF] which is specifically adapted for measurements at high temperature in corrosive molten salts under different atmospheres.

Experimental

Samples preparation

For NMR experiments, Li2CO3-Na2CO3-K2CO3 (43.5:31.5:25 %mol), Li2CO3-Na2CO3 (52:48 %mol), Li2CO3-K2CO3 (62:38 %mol), Li2CO3-K2CO3 (40:60 %mol) eutectics were synthetized from dried Li2CO3 (99.998%), Na2CO3 (99.997%), K2CO3 (99.997%) powders [START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] C enriched (99%) (Sigma-Aldrich). Sodium and potassium carbonates are sensitive to moisture, so all mixtures were prepared and stored in a glove box under dried argon. The salt was firstly pressed in an alumina (Al2O3) crucible of 4 mm diameter and 4 mm height, and then placed inside a second magnesium oxide (MgO) crucible of 7 mm diameter and 15 mm height with a lid, which were glued using an alumina paste for better tightness. This system of crucibles has already been described in a previous paper. [START_REF] Zhadan | Transport Properties in Molten Carbonates: Self-Diffusion and Conductivity Measurements at High Temperature[END_REF] For electrical conductivity measurements, the same mixtures of carbonates were prepared from Alfa Aesar, with no [START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] C enrichment and stored in glove box. The salt was then melted in an alumina crucible of 40 mm diameter and 60 mm height, under air, and then cooled down to be stored in an electric oven at 423 K to prevent from any hydration of samples.

Characterization techniques NMR

High-temperature NMR experiments were performed with the laser heating system developed at CEMHTI, Orleans (France). [START_REF] Machado | Study of NaF-AlF3 Melts by Coupling Molecular Dynamics, Density Functional Theory, and NMR Measurements[END_REF] A Bruker AVANCE I NMR spectrometer (magnetic field of 9.4 T) associated with high temperature probe and two CO2 lasers (λ = 10.6 µm, 250 W) were used. It allows heating the sample crucible from top and bottom sides, insures a good homogeneity of temperature inside the crucible. The power of the lasers is increased slowly to avoid thermal shock of the sample during the experiments.

The spectra at high temperature were recorded on Bruker AVANCE I NMR (9.4 T) spectrometer using single pulse excitation consisting of 15 -90 µs pulses, recycle delays of 0.1 -35 s and 8 -18432 scans to obtain a reliable signal-to-noise ratio for the [START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li, [START_REF] Desmaele | Atomistic Simulations of Molten Carbonates: Thermodynamic and Transport Properties of the Li2CO3 -Na2CO3 -K2CO3 System[END_REF] Na, 39 K, [START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] C and [START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O nucleus.

The acquisition conditions and Larmor frequencies are presented in Table 1. [START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li, [START_REF] Desmaele | Atomistic Simulations of Molten Carbonates: Thermodynamic and Transport Properties of the Li2CO3 -Na2CO3 -K2CO3 System[END_REF] Na, 39 K, [START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] C and [START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O NMR measurements were realised at high temperature for Li2CO3-Na2CO3-K2CO3, Li2CO3-Na2CO3, Li2CO3-K2CO3 eutectics mixtures under CO2. [START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] C chemical shifts were referenced to silicone oil (C6H18OSi2). For 23 Na, [START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li and 39 K, 1M aqueous solutions of NaCl, LiCl and KCl were used respectively and water was selected as [START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O chemical shits reference.

The silicon oil (PDMS) was used as a secondary reference equal to 0 ppm relative to TMS. Using of PDMS is related to the design features of the high temperature NMR probe and volatility of TMS. Samples were heated up to 1010 K. For each experiment, the acquisition started after 6 min of heating to be sure that the thermal equilibrium inside the crucible was reached.

Self-diffusion coefficients were measured by PFG NMR technique specially adapted for molten salts at high temperature. [START_REF] Rollet | Measuring Self-Diffusion Coefficients up to 1500 K: A Powerful Tool to Investigate the Dynamics and the Local Structure of Inorganic Melts[END_REF][START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] To realise these measurements, a Bruker Diff30 probe adapted for high temperature experiments combined with laser heating was used. High gradient strengths (up to 1000 G/cm for this work) connected with convection-free NMR pulse sequence proposed by Jerschow et al. [START_REF] Jerschow | Suppression of Convection Artifacts in Stimulated-Echo Diffusion Experiments. Double-Stimulated-Echo Experiments[END_REF] were used for self-diffusion coefficient measurements. An example of the attenuation curves is presented in the Supporting Information (Figure S4). This technique is not destructive and does not need any additional treatment of the obtained data.

The self-diffusion coefficients were obtained for [START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li, [START_REF] Desmaele | Atomistic Simulations of Molten Carbonates: Thermodynamic and Transport Properties of the Li2CO3 -Na2CO3 -K2CO3 System[END_REF] Na and [START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] C nuclei at different temperatures from the melting temperature up to 1010 K. Short duration of experiment was fixed in order to avoid any overheating of the probe and the spectrometer. For 17 O, the self-diffusion measurements were not possible because of the low abundance of this isotope, and time needed for the experiment. We could not observe the 39 K, with the probe used for PFG NMR, not accessible for it's very low Larmor frequency (18,66MHz).

The measured self-diffusion coefficients versus temperature allows calculating the corresponding activation energies, to explain the mechanism of movement of ions in a molten carbonate.

Electrical conductivity

The electrical conductivity of molten carbonates was measured in the temperature range (373 K to 1023 K) under CO2 at 1 atm. A four-probe technique [START_REF] Simonnet | Electrical Conductivity Measurements of Oxides from Molten State to Glassy State[END_REF] using platinum electrodes combined to a Solartron SI 1260 impedancemeter working in the frequency range from 1 Hz to 1 MHz was used.

The four-probe technique consists of two platinum plates applying a current flow between which two platinum wires measure the voltage drop. This system is well adapted to obtain the electrical conductivity in molten salts at high temperature. [START_REF] Gaillard | Carbonatite Melts and Electrical Conductivity in the Asthenosphere[END_REF][START_REF] Pomier | Methodological Re-Evaluation of the Electrical Conductivity of Silicate Melts[END_REF] To minimize the leakage of molten salt and to protect the oven during the experiments, a system of three crucibles was specially designed for the analysis of molten alkali carbonates at high temperature. [START_REF] Zhadan | Transport Properties in Molten Carbonates: Self-Diffusion and Conductivity Measurements at High Temperature[END_REF] The principal advantages of the four-electrode method as compared to the classical twoelectrode method are that the polarization effects are minimized, especially at high temperature and low frequencies and that the method does not take into account the contribution of the platinum wires at the measured impedance, which is important for highly conductive solutions. [START_REF] Pomier | Methodological Re-Evaluation of the Electrical Conductivity of Silicate Melts[END_REF] The conductivity cell is calibrated using 1 M aqueous solution KCl at room temperature for a depth of immersion of 8 mm of the electrodes in the melt. [START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF][START_REF] Lair | Theoretical Predictions vs experimental measurements of the electrical conductivity of molten Li2CO3-K2CO3 modified by additives[END_REF] As an example, Figure 1 shows the complex impedance obtained at 930 K. The first few points where omitted because they are too noisy. This figure shows the Cole-Cole or Nyquist diagram [START_REF] Abelard | Dielectric Relaxation in Alkali Silicate Glasses: A New Intepretation[END_REF] where the opposite of the imaginary part of the impedance is plotted as a function of its real part, and as seen, it presents a semicircle arc at low frequencies followed by a vertical line at high frequencies. The arc of the semicircle corresponds to the residual electrode polarization effects and not to the sample response itself. The negative part at high frequencies is due to inductive phenomena linked to the measuring wires [START_REF] Yoshino | Effects of Pressure and Water on Electrical Conductivity of Carbonate Melt with Implications for Conductivity Anomaly in Continental Mantle Lithosphere[END_REF] . The intersection of this semicircle with the horizontal (real) axis, shown by the red arrow, gives the direct electrical resistance Rdc, which is linked to the direct electrical conductivity by the simple relation 𝜎 = 𝐾/𝑅 , where K is the cell factor [START_REF] Simonnet | Electrical Conductivity Measurements of Oxides from Molten State to Glassy State[END_REF] .

The electrode inductance effects on impedance are calculated for this cell and impedance is corrected using the method detailed in reference. 15 In the literature, we did not find any study on NMR in molten carbonates, but some NMR solid state studies have been published for alkali carbonates at room temperature. Dunstan et al. [START_REF] Dunstan | Ion Dynamics in Li2CO3 Studied by Solid-State NMR and First-Principles Calculations[END_REF] studied the [START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O and [START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li chemical shifts in lithium carbonate. In their study on solid

Li2CO3 the structure indicates one lithium site and two oxygen sites that are attributed to δ( 7 Li) = 0 ppm and δ( 17 O) at 171.9 and 154.8 ppm. At high temperature, the bond lengths as well as the density can vary, which leads to a slight modification of the chemical shift (~2 ppm). The chemical shifts that we obtained in the liquid state of the four molten eutectic compositions, for [START_REF] Desmaele | Atomistic Simulations of Molten Carbonates: Thermodynamic and Transport Properties of the Li2CO3 -Na2CO3 -K2CO3 System[END_REF] Na, [START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li, 39 K and [START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] C, [START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O correspond to CO unit at high temperature. The variation of [START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] Transport properties [START_REF] Desmaele | Atomistic Simulations of Molten Carbonates: Thermodynamic and Transport Properties of the Li2CO3 -Na2CO3 -K2CO3 System[END_REF] Na, [START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li and [START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] C PFG NMR

As far as we know, this is the first time that the self-diffusion coefficient for Li + , Na + and CO ions in molten alkali carbonates mixtures are reported in the literature. Previous measurements of self-diffusion coefficients were performed by radiotracer techniques. [START_REF] Spedding | Trace-Ion Diffusion in Molten Alkali Carbonates[END_REF] This technique does not allow measuring diffusivity of lithium in molten carbonates, because of the short life-time of radioactive isotopes of lithium. The most recent diffusivity data in molten carbonates were calculated by molecular dynamics simulations by Desmaele et al. [START_REF] Desmaele | Atomistic Simulations of Molten Carbonates: Thermodynamic and Transport Properties of the Li2CO3 -Na2CO3 -K2CO3 System[END_REF] In Figure 4, we present a comparison between self-diffusion coefficients measured in our work, for Li + , Na + and CO ions in different mixtures of molten alkali carbonates such as Li2CO3-Na2CO3 (52:48 mol%), Li2CO3-Na2CO3-K2CO3 (43.5:31.5:25 mol%), Li2CO3-K2CO3 (62:38 mol%), Li2CO3-K2CO3 (40:60 mol%) with data found in literature. [START_REF] Spedding | Trace-Ion Diffusion in Molten Alkali Carbonates[END_REF][START_REF] Desmaele | Atomistic Simulations of Molten Carbonates: Thermodynamic and Transport Properties of the Li2CO3 -Na2CO3 -K2CO3 System[END_REF][START_REF] Spedding | Tracer Diffusion Measurements in Mixtures of Molten Alkali Carbonates[END_REF][START_REF] Spedding | An Interpretation of the Concentration Dependence of Mobilities in Fused Alkali Carbonate Mixtures[END_REF] The self-diffusion coefficients increase with temperature in all carbonates compositions. Li + cations diffuse faster regardless of composition. This can be explained simply by the small value of the ionic radius of the Li + cation. Conversely, the lowest diffusion coefficients are obtained for the "large" CO anions. We can thus state that the diffusivity values for Na + are always lower than those for Li + but higher than those for CO , fact that can be explained by their respective sizes.

For lithium, the highest values of self-diffusion coefficient correspond to compositions with the highest percentage of lithium carbonate. Self-diffusion coefficients decrease as: Li2CO3-K2CO3

(62:38 mol%) ˃ Li2CO3-Na2CO3 (52:48 mol%) ˃ Li2CO3-Na2CO3-K2CO3 (43.5:31.5:25 mol%) ˃ Li2CO3-K2CO3 (40:60 mol%). In the case of CO it is very difficult to make a correlation with the composition because the diffusivity values are too small (10 -10 m 2 /s). Concerning the sodium cation, a clear difference between the compositions is observed. As in the case of Li + , the autodiffusion coefficients of Na + increase for the compositions where the percentage of lithium carbonate is higher. From these observations, we can conclude that the self-diffusion coefficients are higher when the percentage of lithium carbonate in the mixture increases. Some authors claimed that the CO2 solubility also increases with the temperature and with the percentage of Li2CO3 in the molten carbonates [START_REF] Meléndez-Ceballos | Input on the Measurement and Comprehension of CO2 Solubility in Molten Alkali Carbonates in View of Its Valorization[END_REF] . This fact could be related to the high mobility of Li + cations in liquid carbonates. Self-diffusion coefficients of Li + , Na + and CO were fitted with Arrhenius equation ( 1) to calculate the activation energy, Ea. The results are presented and compared to data obtained by Spedding et al. [START_REF] Spedding | Tracer Diffusion Measurements in Mixtures of Molten Alkali Carbonates[END_REF] in the table 2.

𝐷 = 𝐷 𝑒𝑥𝑝(-) (1) 
where D (m 2 .s -1 ) is the self-diffusion coefficient, D0 (m 2 .s -1 ) a pre-exponential factor, Ea (eV) is the activation energy, R (J.K -1 .mol -1 ) the gas constant and T (K) is the absolute temperature. For binary mixtures, the activation energies are quite close for cations and anions given the error bars. This finding was also reported by Spedding et al. [START_REF] Spedding | Tracer Diffusion Measurements in Mixtures of Molten Alkali Carbonates[END_REF] has been explained by the presence of a cooperative mechanism between the cations (Li + , Na + , K + ) and the CO anion in the diffusion process. For ternary mixture, there is a significant difference between the activation energies of Na + , K + and CO showing non negligible increase from Na + to K + , and from K + to CO . Actually, for the CO anion, Ea is approximately twice the activation energy of Li + .

Electrical conductivity measurements

The obtained results of static conductivity for different mixtures of alkali carbonates as a function of temperature are presented in Figure 5 and compared with previous experimental results obtained by Kojima et al. [START_REF] Kojima | Surface Tension, and Electrical Conductivity of Ternary Molten Carbonate System Li2CO3-Na2CO3-K2CO3 and Methods for Their Estimation[END_REF][START_REF] Kojima | Physical Properties of Molten Li2CO3-Na2CO3 (52:48 Mol%) and Li2CO3-K2CO3 (62:38 Mol%) Containing Additives[END_REF][START_REF] Kojima | Electrical Conductivity of Molten Li2CO3-X2CO3 (X: Na, K, Rb, and Cs) and Na2CO3-Z2CO3 (Z: K, Rb, and Cs)[END_REF] Figure 5. Electrical conductivity at 1 bar CO2 from experimental results obtained in this study (squares) and those measured by Kojima et al. [START_REF] Kojima | Surface Tension, and Electrical Conductivity of Ternary Molten Carbonate System Li2CO3-Na2CO3-K2CO3 and Methods for Their Estimation[END_REF][START_REF] Kojima | Physical Properties of Molten Li2CO3-Na2CO3 (52:48 Mol%) and Li2CO3-K2CO3 (62:38 Mol%) Containing Additives[END_REF][START_REF] Kojima | Electrical Conductivity of Molten Li2CO3-X2CO3 (X: Na, K, Rb, and Cs) and Na2CO3-Z2CO3 (Z: K, Rb, and Cs)[END_REF] (dashed lines).

All studied compositions show high electrical conductivities as compared to other molten salts.

The lowest conductivity is observed for the Li2CO3-K2CO3 (40:60 mol%) mixture: at ~1000 K it is about 2.5 times lower than the most conductive Li2CO3-Na2CO3 (52:48 mol%) composition. We can also note the decrease of electrical conductivity with the addition of potassium, effect already observed by Kojima et al. [START_REF] Kojima | Surface Tension, and Electrical Conductivity of Ternary Molten Carbonate System Li2CO3-Na2CO3-K2CO3 and Methods for Their Estimation[END_REF][START_REF] Kojima | Physical Properties of Molten Li2CO3-Na2CO3 (52:48 Mol%) and Li2CO3-K2CO3 (62:38 Mol%) Containing Additives[END_REF][START_REF] Kojima | Electrical Conductivity of Molten Li2CO3-X2CO3 (X: Na, K, Rb, and Cs) and Na2CO3-Z2CO3 (Z: K, Rb, and Cs)[END_REF] We can conclude that the addition of cations with larger radius to the composition of alkali carbonates, decreases the electrical conductivity.

The activation energies and the pre-exponential factors were determined by fitting the Arrhenius equation ( 2) to the electrical conductivity:

𝜎𝑇 = 𝜎 𝑒𝑥𝑝(-) (2) 
where σ (Sˑcm -1 ) is the conductivity of molten carbonate, σ0 (Sˑcm -1 ) the pre-exponential factor, Ea (eV) is the activation energy, kb (JˑK -1 ) the Boltzmann constant and T (K) the absolute temperature.

Table 3 shows the obtained results for these two parameters. It can be seen that the activation energies of the four eutectic compositions are very close and in good agreement with those of Kojima et al. [START_REF] Kojima | Surface Tension, and Electrical Conductivity of Ternary Molten Carbonate System Li2CO3-Na2CO3-K2CO3 and Methods for Their Estimation[END_REF][START_REF] Kojima | Physical Properties of Molten Li2CO3-Na2CO3 (52:48 Mol%) and Li2CO3-K2CO3 (62:38 Mol%) Containing Additives[END_REF][START_REF] Kojima | Electrical Conductivity of Molten Li2CO3-X2CO3 (X: Na, K, Rb, and Cs) and Na2CO3-Z2CO3 (Z: K, Rb, and Cs)[END_REF] . The same observation can be noted for the pre-exponential factor 𝜎 . The fact that 𝜎 is nearly constant with composition means that the conductivity is driven by the activation energy Ea in these systems. 

Discussion

The electrical conductivity of molten carbonates is related to the transport properties such as self-diffusion. To compare these two properties, we use the concept of the ideal or Nernst-Einstein conductivity (σ NE ) which assumes that the ions move independently in the molten salt, without interacting with each other. This parameter can be calculated using the equation (3).

𝜎 = ∑ 𝑁 𝑧 𝐷 ( 3 
)
where q is the elementary charge, s concerns the conduction species (Li , Na + and CO ), Ns is the number of s ions contained in the volume V, zs the conduction charge and Ds the experimental self-diffusion coefficients for the chemical species s. To calculate the molar volume V, we used the densities provided by Kojima et al. [START_REF] Kojima | Surface Tension, and Electrical Conductivity of Ternary Molten Carbonate System Li2CO3-Na2CO3-K2CO3 and Methods for Their Estimation[END_REF] , [START_REF] Kojima | Physical Properties of Molten Li2CO3-Na2CO3 (52:48 Mol%) and Li2CO3-K2CO3 (62:38 Mol%) Containing Additives[END_REF] .

The ideal conductivities were calculated for the different compositions: Li2CO3-Na2CO3 (52:48 mol%), Li2CO3-Na2CO3-K2CO3 (43.5:31.5:25 mol%), Li2CO3-K2CO3 (62:38 mol%), Li2CO3-K2CO3 (40:60 mol%) at different temperatures using the self-diffusion coefficients Li + , Na + and CO measured by PFG NMR. The results of the ideal conductivity (σ NE ) compared to the conductivities (σ) measured by impedance spectroscopy are presented in table 4. As we were not able to measure the self-diffusion coefficient of the K + cation by PFG NMR, we have used the simulation results of Corradini et al. [START_REF] Corradini | Insight into the Li2CO3-K2CO3 Eutectic Mixture from Classical Molecular Dynamics: Thermodynamics, Structure, and Dynamics[END_REF] for the mixture Li2CO3-K2CO3 (62:38 mol%) and those obtained by Spedding et al. [START_REF] Spedding | Tracer Diffusion Measurements in Mixtures of Molten Alkali Carbonates[END_REF] by the radio-tracer method for the composition Li2CO3-K2CO3 (40:60 mol%).

From a microscopic point of view, the electrostatic interactions between the different ions plays a major role on the electrical conductivity in molten carbonates. In the absence of these electrostatic interactions, the ionic conductivity would be identical to the Nernst-Einstein conductivity. [START_REF] Gheribi | First-Principles Determination of Transference Numbers in Cryolitic Melts[END_REF] So, the Haven ratio, 𝐻 = (4) defines the total effect of the electrostatic interactions on the conductivity. If this factor is equal to 1, it means that the movements of ions are not correlated and therefore the charge transport must strictly obey the Nernst-Einstein law. In general, in molten salts, H is greater than 1 because of the electrostatic interactions which attenuate the ionic mobility. The results of calculations for Haven ratios are presented in the table 4. [START_REF] Kojima | Electrical Conductivity of Molten Li2CO3-X2CO3 (X: Na, K, Rb, and Cs) and Na2CO3-Z2CO3 (Z: K, Rb, and Cs)[END_REF] , but also depends on the electrostatic interaction between ions in these molten carbonates.

Using Equation 3we can calculate the contribution of each type of ion to the ideal conductivity as a function of composition and temperature. Table 5 presents the results of these calculations.

Recall that the diffusion coefficients of potassium were taken from the literature. [START_REF] Spedding | Tracer Diffusion Measurements in Mixtures of Molten Alkali Carbonates[END_REF][START_REF] Corradini | Insight into the Li2CO3-K2CO3 Eutectic Mixture from Classical Molecular Dynamics: Thermodynamics, Structure, and Dynamics[END_REF] It is interesting to note that the Nernst-Einstein conductivity concerning the carbonate ions (CO ) is less than the sum of the conductivities concerning all the cations, even if the overall negative charge is equal to the overall positive charge (electrical neutrality). Additionally, we see that the electric current is mainly carried by the cations in these alkaline carbonates. [START_REF] Desmaele | Atomistic Simulations of Molten Carbonates: Thermodynamic and Transport Properties of the Li2CO3 -Na2CO3 -K2CO3 System[END_REF] and Carof et al. [START_REF] Carof | Carbon Species Solvated in Molten Carbonate Electrolyser Cell from First-Principles Simulations[END_REF] were not detected by used experimental techniques. These calculated species have a very short lifespan, of the order of a few femtoseconds (10 -15 s), with a very low concentration in the molten carbonate (around 1%), so NMR technique (10 -9 s) and the same for Raman spectroscopy (10 -13 s) do not make it possible to observe species with a much smaller lifespan.

In this work we coupled the electrical conductivity measurement with self-diffusion coefficients to better understand the transport mechanism in eutectic mixtures. Using the Nernst-Einstein relation, we propose that the electrical current is mainly carried by the cations in molten carbonates. Considering the Haven ratio (H), we suggest that the electrical conductivity does not only depend on the radius of cations as reported by Kojima et al. [START_REF] Kojima | Electrical Conductivity of Molten Li2CO3-X2CO3 (X: Na, K, Rb, and Cs) and Na2CO3-Z2CO3 (Z: K, Rb, and Cs)[END_REF] but that the electrostatic interaction between the ions also plays an important role. Finally, we showed that this interaction increases with the amount of K2CO3 in the mixture of carbonates.

Last but not least, we have measured for the first time the self-diffusion coefficients of Li + cations in the different compositions of alkali carbonates in the molten state using the pulse field gradient NMR technique.
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Figure 1 .

 1 Figure 1. Cole-Cole representation of the complex impedance of the Li2CO3-Na2CO3 (52:48 %mol) eutectic point at 930 K. Measured impedance (Z*meas, solid symbols) and corrected impedance (Z*meas -Z"induct, open symbols). The Rdc is indicated by the red arrow.Results and discussion23 Na,[START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li, 39 K and 13 C,[START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O NMR spectra At high temperature, when the salt is completely melted, the different ionic species present in the system are in fast exchange (few picoseconds) as compared to the time scale of the NMR measurements (10 -9 s). As a result, a single line is obtained instead of several narrow signals from each chemical species (Figure2and Supporting Information: FiguresS1, S2, S3). Theoretically, the NMR line shape should be Lorentzian, but it is in some cases distorted due to magnetic field inhomogeneities (imperfect 'shims'). The position of this signal or its chemical shift in ppm

Figure 2 .

 2 Figure 2. Evolution of[START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li, 39 K and[START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] C,[START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O spectra with the temperature for the composition Li2CO3-K2CO3 (40:60 %mol).[START_REF] Desmaele | Atomistic Simulations of Molten Carbonates: Thermodynamic and Transport Properties of the Li2CO3 -Na2CO3 -K2CO3 System[END_REF] Na,[START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li, 39 K and 13 C,[START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O chemical shifts obtained for the eutectic compositions Li2CO3-Na2CO3 (52:48 %mol), Li2CO3-K2CO3 (62:38 %mol), Li2CO3-K2CO3 (40:60 %mol), Li2CO3-Na2CO3-K2CO3 (43.5:31.5:25 %mol) at different temperatures are presented in Figure 3. For the different compositions we do not observe any significant changes of the chemical shifts with

Figure 3 .

 3 Figure 3. Evolution of 23 Na (△), 7 Li (◇), 39 K (○) and 13 C (□), 17 O (✱) chemical shifts for the

  O chemical shift with composition indicates only a change of environment (cations) around the oxygen. It can be caused by the different atomic radius of Li + , Na + and K + which in turn effects on the distance O-Cation.

Figure 4 .

 4 Figure 4. Self-diffusion coefficients in eutectic mixtures a) Li2CO3-Na2CO3 (52:48 %mol) , b) Li2CO3-K2CO3 (62:38 %mol) and Li2CO3-K2CO3 (40:60 %mol), c) Li2CO3-Na2CO3-K2CO3 (43.5:31.5:25 %mol) obtained by PFG NMR in this work (squares) and measured by Spedding et al. 11,23-25

Table 1 .

 1 Spectrometer's Larmor frequencies and typical acquisition conditions used for high

	temperature NMR experiments.				
	Nucleus	Frequency (MHz) at 9.4 T	Natural abundance (%)	Pulse length (µs)	Recycle delay (s)	Number of scans
	7 Li	155.44	92.41	15	35	8

  [START_REF] Papenguth | 13 C MAS NMR Spectroscopy of Inorganic and Biogenic Carbonate[END_REF][START_REF] Dunstan | Ion Dynamics in Li2CO3 Studied by Solid-State NMR and First-Principles Calculations[END_REF] δ( 13 C) is observed at 168.4 ppm for lithium carbonate and 169.8 ppm for sodium carbonate. These values are attributed to CO species and are in good agreement with the values measured in this work in solid carbonates: δ( 13 C) = 169.4 ppm for Li2CO3, 170.8 ppm for Na2CO3 and 170.6 ppm for K2CO3. The difference of 1 ppm could be explained by some impurities in the used carbonates.

Table 2 .

 2 Activation energies (Ea) of the NMR self-diffusion coefficients for the eutectic compositions of carbonates and the values of Ea reported in the literature[START_REF] Spedding | Tracer Diffusion Measurements in Mixtures of Molten Alkali Carbonates[END_REF] 

	Composition	Ea(Li + ) (eV)	Ea(Na + ) (eV) Ea(K + ) (eV) Ea(CO ) (eV)
	Li/Na (52:48 mol%)	0.34 ± 0.05	0.30 ± 0.04	-	0.48 ± 0.07
	Li/Na (53.3:46.7 mol%) 24	-	0.48	-	0.50
	Li/K (62:38 mol%)	0.28 ± 0.05	-	-	0.40 ± 0.06
	Li/K (40:60 mol%)	0.37 ± 0.06	-	-	0.30 ± 0.05
	Li/K (42.7:57.3 mol%) 24	-	-	0.50	0.52
	Li/Na/K (43.5:31.5:25 mol%)	0.25 ± 0.04	0.39 ± 0.06	-	0.60 ± 0.09
	Li/Na/K (43.5:31.5:25 mol%) 24	-	0.48	0.44	0.44

Table 3 .

 3 Fit parameters of equation (2) and comparison with Kojima et al. values.[START_REF] Kojima | Surface Tension, and Electrical Conductivity of Ternary Molten Carbonate System Li2CO3-Na2CO3-K2CO3 and Methods for Their Estimation[END_REF][START_REF] Kojima | Physical Properties of Molten Li2CO3-Na2CO3 (52:48 Mol%) and Li2CO3-K2CO3 (62:38 Mol%) Containing Additives[END_REF][START_REF] Kojima | Electrical Conductivity of Molten Li2CO3-X2CO3 (X: Na, K, Rb, and Cs) and Na2CO3-Z2CO3 (Z: K, Rb, and Cs)[END_REF] 

	Li/Na (52/48)	This work	Kojima et al. 27-29
	Ea (eV)	0.28	0.29
	ln(𝜎 ) (Ω -1 ˑcm -1 ˑK)	11.92	11.29
	Li/Na/K (43.5/31.5/25)		
	Ea (eV)	0.32	0.33
	ln(𝜎 ) (Ω -1 ˑcm -1 ˑK)	11.37	11.32
	Li/K (62/38)		
	Ea (eV)	0.32	0.34
	ln(𝜎 ) (Ω -1 ˑcm -1 ˑK)	11.22	11.36
	Li/K (40/60)		
	Ea (eV)	0.34	0.31
	ln(𝜎 ) (Ω -1 ˑcm -1 ˑK)	11.13	10.78

Table 4 .

 4 Ideal conductivity (σ NE ), experimental conductivity (σ) and Haven ratio (H) of the molten carbonates at different temperatures. and having a direct effect on the electrical conductivity, despite the high contents of Li2CO3 in the composition. So, the electrical conductivity of alkali carbonates does not only depend to the radius of cations as reported byKojima et al. 

	In Li2CO3-Na2CO3 (52:48 mol%) and Li2CO3-Na2CO3-K2CO3 (43.5:31.5:25 mol%)
	compositions the values of Haven ratio are close to 1. This allows us suggesting that the ions move
	independently of each other in both salts, which can be directly related to the fact that the electrical
	conductivity values are the highest among the studied compounds. But when adding potassium
	carbonate in the mixture, the H factor increases. For the two compositions of lithium and potassium
	carbonates, we obtained high values of H (1.1 to 1.5), suggesting that the ions in the Li2CO3-
	K2CO3 (62:38 mol%), Li2CO3-K2CO3 (40:60 mol%) mixtures interact with each other hindering

Table 5 .

 5 Ideal conductivities calculated from equation 3 for the different charge carrier's Na + , Li + , K + and CO depending on the composition and the temperature. In this paper, we presented experimental results obtained for molten eutectic compositions of alkali carbonates. From high temperature NMR results we determined the melt speciation in eutectic compositions Li2CO3-Na2CO3 (52:48 mol%), Li2CO3-Na2CO3-K2CO3 (43.5:31.5:25 mol%), Li2CO3-K2CO3 (62:38 mol%), Li2CO3-K2CO3 (40:60 mol%). Only the presence of CO species has been detected whatever composition and temperature. The other carbonate species proposed in theoretical approaches (C O , C O ) by Desmaele et al.

	Composition	T(K)	σ Li + NE (S/m)	σ Na + NE (S/m) σ K + NE (S/m) σ CO 3 2-NE (S/m)
	Li/Na (52:48 mol%)	861 952 1003	57 87 101	51 71 72	---	53 113 138
	Li/K (62:38 mol%)	861 952 1003	70 80 124	---	35 47 55	75 103 99
	Li/K (40:60 mol%)	861 952 1003	25 40 52	---	29 45 61	45 59 76
		861	36	15	15	42

Na,[START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li, 39 K and 13 C,[START_REF] Miyazaki | An Apparatus for Electrical Conductance Measurements with Molten Carbonates[END_REF] O NMR spectra at high temperature; attenuation curves of[START_REF] Bessada | Structural and Dynamic Approaches of Molten Salts by High Temperature Spectroscopies[END_REF] Li,[START_REF] Desmaele | Atomistic Simulations of Molten Carbonates: Thermodynamic and Transport Properties of the Li2CO3 -Na2CO3 -K2CO3 System[END_REF] Na and[START_REF] Rollet | Self-Diffusion Coefficient Measurements at High Temperature by PFG NMR[END_REF] C from PFG NMR at 1003 K (PDF)
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Speciation and transport properties in molten alkali carbonate eutectic mixtures were investigated using a combination of high temperature NMR, pulse field gradient NMR and electrical impedancemetry. Electrostatic interactions in molten carbonates are observed and discussed.