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INTRODUCTION

Electrochemical rechargeable batteries are considered one of the leading technologies for electrical energy storage, especially for the development of sustainable and renewable energy sources, electric vehicles, and portable electronic devices. [START_REF] Ibrahim | Energy Storage Systems-Characteristics and Comparisons[END_REF] Liion batteries provide high energy density, 2 but lithium resources are unevenly distributed worldwide and might not meet the increasing demand for energy. 3 In addition, cost and safety are major drawbacks, particularly for large-scale applications such as stationary energy storage systems. [START_REF] Pan | Room-Temperature Stationary Sodium-Ion Batteries for Large-Scale Electric Energy Storage[END_REF] In this light, rechargeable Na-ion batteries can be considered a serious alternative because of the natural abundance and low cost of sodium, but also for the safety of the electrochemical systems that use, for example, aqueous electrolytes. [START_REF] Kim | Aqueous Rechargeable Li and Na Ion Batteries[END_REF] The main disadvantage of these batteries is the lower energy density compared to Li-ion batteries due to lower operation voltage and higher atomic mass of Na compared to Li. However, Naion batteries could be the best option for applications when cycle life and low cost are more essential factors than energy density.

The electrochemical properties of Na 2 FeTi(PO 4 ) 3 obtained by solid state reaction were first reported by Tillement et al. [START_REF] Guler | A Rapid Synthesis of Sodium Titanium 1082 Phosphate, NaTi 2 (PO 4 ) 3 by Using Microwave Energy[END_REF] The potential curve of the first discharge obtained by these authors in the galvanostatic mode at C/50 (1 Na/f.u. in 50 h) shows a two-phase plateau at 2.3 V versus Na + /Na 0 until 0.5 inserted Na/f.u. followed by a continuous decrease until 1.5 V versus Na + /Na 0 for about 2 inserted Na/f.u. The incremental capacity curve shows peaks at 1 and 1.5 inserted Na/f.u. that were attributed to local orderings. A material with the same composition was also synthesized by solid state reaction, but with a somewhat different procedure, by Patoux et al. [START_REF] Tillement | Electrochemical Studies of Mixed Valence NASICON[END_REF] The structure was accurately determined by neutron diffraction. The same rhombohedral space group (R3̅ c) as that of Na 3 Ti 2 (PO 4 ) 3 was obtained with slightly different lattice parameters. The potential curve obtained in the galvanostatic regime at C/10 for the first cycle shows neither a well-defined plateau as in the case of NaTi 2 (PO 4 ) 3 nor a two-step mechanism as observed by Tillement et al. [START_REF] Guler | A Rapid Synthesis of Sodium Titanium 1082 Phosphate, NaTi 2 (PO 4 ) 3 by Using Microwave Energy[END_REF] but a single-phase reaction. This result was also confirmed by potential intermittent titration technique (PITT) and by in situ X-ray diffraction (XRD). Recently, Aragon et al. 28 used sol-gel method and citric acid as carbon source to obtain Na 1+x Fe x Ti 2-x (PO 4 ) 3 /C composites with x = 0, 0.2, 0.4, and 0.6. For all the compositions, the structure is rhombohedral and the composites were formed by aggregation of carbon-coated nanoparticles. The potential curves measured in the galvanostatic mode at C/10 show a two-step reaction mechanism which differs from those described by Tillement et al. [START_REF] Guler | A Rapid Synthesis of Sodium Titanium 1082 Phosphate, NaTi 2 (PO 4 ) 3 by Using Microwave Energy[END_REF] and by Patoux et al. [START_REF] Tillement | Electrochemical Studies of Mixed Valence NASICON[END_REF] Along the discharge, there is a continuous decrease of the potential followed by a well-defined plateau at about 2.1 V versus Na + /Na 0 . The first domain is limited to about 0.1, 0.25, and 0.3 inserted Na/f.u. for x = 0.2, 0.4, 0.6, respectively, although the PITT curve for x = 0.6 shows a more extended domain until 0.6 inserted Na/f.u. In the latter case, the PITT curve exhibits a series of successive small plateaus characteristic of local Na orderings over the M2 interstitial sites. This first domain was attributed to change in Fe oxidation state from Fe 3+ for the pristine material to Fe 2+ based on ex situ [START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF] Fe Mossbauer experiments carried out for x = 0.4. For 1 inserted Na/f.u., the Fe 2+ Mossbauer component represents only 80% of the total spectrum area, which indicates that although most of the Fe 3+ were reduced in the first half of the discharge, there is no clear evidence that this change took place only in the first domain (<0.4 inserted Na/f.u.). The authors pointed out that substitution of Fe for Ti improves electrochemical performances compared to Na 3 Ti 2 (PO 4 ) 3 . The specific capacities of the first discharge were found to be 120, 130, 119, and 117 mAh g -1 , and the Coulombic efficiency were 79%, 91%, 87%, and 85% for x = 0, 0.2, 0.4, 0.6, respectively.

The observed decrease of the capacity with increasing x ≥ 0.2 was attributed to the increase of Na amount in the pristine material. Improved capacity retention and power rate were also observed with a Coulombic efficiency in the range of 85-92% and a decrease of the capacity lower than 10% from C/10 to C/ 2 that have been related to low internal impedance. Thus, the comparison of the results obtained by these authors suggests that different insertion mechanisms operate in Fe-Ti-based NASICON electrode material for Na-ion batteries that not only depend on the composition but also on other aspects of the pristine material like crystallinity, particle size, carbon coating, etc. This also depends on the experimental conditions used for electrochemical tests as observed, for example, from the differences between galvanostatic and PITT results that could be due to kinetic effects. 28 The Journal of Physical Chemistry C were recorded in the 100-2000 cm -1 range, at room temperature using a LabRAM ARAMIS IR 2 spectrometer equipped with a 632 nm laser diode, a 1200 gr mm -1 grating with X50 long work distance objective. Each spectrum was recorded with an acquisition time of 30 min.

Magnetic Measurements.

The magnetic susceptibility was measured with a Superconducting Quantum Interference Design (SQUID) magnetometer MPMS XL7.

The samples were first cooled to 2 K under a zero magnetic field (ZFC). Then, a magnetic field of 100 mT was applied, and the susceptibility was recorded from 2 to 300 K. Finally, the susceptibility was also measured by cooling the samples to 2 K with the same field (FC).

2.5. Mossbauer Spectroscopy. The 57 Fe Mossbauer spectra were recorded in transmission geometry and a constant acceleration mode at room temperature with [START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF] Co (Rh) as the γ source. The velocity scale was calibrated using the magnetic sixline spectrum of a high-purity iron foil absorber as a standard.

The values of isomer shift (δ), quadrupole splitting (Δ), full line width at half-maximum (Γ), and relative area (RA) were determined by fitting Loretzian lines to experimental data with a nonlinear least-square method. The values of the isomer shift (δ) are given with respect to α-Fe, and the goodness of the fits was controlled by a classical χ 2 test. A specific electrochemical cell was used for in situ [START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF] Fe Mossbauer spectroscopy in the transmission mode. [START_REF] Leriche | An Electrochemical Cell for Operando Study of Lithium Batteries Using Synchrotron Radiation[END_REF] Two methods were considered to study changes in the Fe oxidation state during charge-discharge cycles. In the first one, the operando Mossbauer data were collected along the first cycle performed in the galvanostatic mode at C/25 during time steps of 5 h. Thus, each spectrum corresponded to the insertion (discharge) or extraction (charge) of 0.2 Na/f.u. However, the evaluation of the hyperfine parameters was made difficult by the rather poor signal-to-noise ratio due to the small amount of [START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF] Fe (natural abundance: 2.12%) in the electrode material, and only the relative contributions of the two oxidation states to the whole spectra were evaluated. The other method was based on GITT mode in order to record in situ Mossbauer spectra at equilibrium potentials. This allowed for the reduction of the influence of the kinetic effects and an increase in the recording time without increasing the number of inserted Na as in galvanostatic mode. In that case, one full discharge-charge cycle and the second discharge were conducted at C/10, interrupted every 4 h for the first cycle and every 1 h for the second discharge by relaxation periods of 12 h to collect the in situ Mossbauer data.

2.7. Theoretical Method. The theoretical structural optimizations of NaTi 2 (PO 4 ) 3 and Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 were performed with the pseudopotential method as implemented in CASTEP code [START_REF] Segall | First-Principles Simulation: Ideas, Illustrations and the CASTEP Code[END_REF] based on the density functional theory (DFT) [START_REF] Kohn | Self-Consistent Equations Including Exchange and Correlation Effects[END_REF][START_REF] Hohenberg | Inhomogeneous Electron Gas[END_REF] and the generalized-gradient approximation (GGA) using an exchange-correlation potential by Perdew, Burke, and Ernzerhof for solids (PBESOL). [START_REF] Perdew | Restoring the Density-Gradient Expansion for Exchange in Solids and Surfaces[END_REF] Ultrasoft pseudopotentials [START_REF] Vanderbilt | Soft Self-Consistent Pseudopotentials in a Generalized Eigenvalue Formalism[END_REF] and the reciprocal space representation were used. For Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 , a supercell of 37 atoms was used with the P1 space group in order to fully relax all the atomic positions. All the different configurations of Na atoms within the interstitial sites M1 and M2 were considered. The plane-wave kinetic-energy cutoff was set to 400 eV, and the kspace sampling was performed on a Monkhorst-Pack grid with 14 k points in the irreducible wedge of the Brillouin zone. Both the lattice parameters and the atom positions were relaxed until the mechanical equilibrium was achieved through conjugategradient minimization of the total energy to a tolerance of 10 -5 eV/atom, the forces to a tolerance of 0.03 eV Å -1 , the stress to a tolerance of 5 × 10 -2 GPa, and the atomic positions to a tolerance of 10 -3 Å. For the two most stable configurations of Na atoms, the convergence of the structural parameters was checked by increasing the energy cutoff (800 eV) and the number of k points (32 k), while the convergence parameters were changed to 10 -6 eV/atom, 5 × 10 -3 eV Å -1 , 10 -2 GPa, and 2 × 10 -4 Å. A density-mixing scheme with a conjugategradient Pulay solver was used for the energy minimization and a BFGS algorithm for the internal-coordinate optimization. The [START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF] Fe Mossbauer parameters of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 were evaluated with the linearized augmented plane-wave method (LAPW) as implemented in the WIEN2k code [START_REF] Blaha | WIEN2K An Augmented Plane Wave Plus Local Orbitals Program for Calculating Crystal Properties[END_REF] by considering the structural parameters of the most stable phase obtained from pseudopotential calculations. With this method, the unit cell is partitioned into atomic spheres centered at the atomic positions and an interstitial region. The muffin-tin radii of the atomic spheres were R mt (Na) = 2.2 au, R mt (Fe) = 2.0 au, R mt (Ti) = 2.0 a.u, R mt (P) = 1.4 au, and R mt (O) = 1.4 au. To improve the energy linearization, the basis set was extended with local orbitals. In the interstitial region, the wave functions were expanded in plane waves with wavenumbers k such as min(R mt )•max(k) = 8, and the charge density was expanded in a Fourier series with G max = 16 Ry -1/2 .

RESULTS AND DISCUSSION

3.1. Theoretical Structure of the Pristine Material. It has been reported previously that Na 1+x Fe x Ti 2-x (PO 4 ) 3 compounds with 0 ≤ x ≤ 1 are isostructural to NaTi 2 (PO 4 ) 3 . [START_REF] Guler | A Rapid Synthesis of Sodium Titanium 1082 Phosphate, NaTi 2 (PO 4 ) 3 by Using Microwave Energy[END_REF][START_REF] Tillement | Electrochemical Studies of Mixed Valence NASICON[END_REF][28] The structure of NaTi 2 (PO 4 ) 3 can be described in the rhombohedral system (space group R3̅ c, n°167). The rhombohedral primitive cell contains 36 atoms (Z = 2). In the most commonly used hexagonal description, Ti and P are in 12c and 18e Wickoff positions, respectively, and there are two different crystallographic sites for the oxygen atoms, O(1) and O(2), both in 36f Wyckoff positions. The structure consists of a three-dimensional framework of corner sharing PO 4 tetrahedra and TiO 6 octahedra, which are both slightly distorted. There are two possible types of interstitial sites that can be occupied by Na: M1 in 6b and M2 in 18e Wickoff positions, respectively. The M1 site is surrounded by 6 O firstnearest neighbors forming a distorted octahedron. These O atoms belong to the triangular faces of two adjacent TiO 6 octahedra along the hexagonal c axis. The M2 sites are located between the PO 4 tetrahedra and have 8 O first-nearest 377 neighbors that form a strongly distorted polyhedron. The 378 published experimental lattice parameters are found in the 379 ranges a hex = 8.48 ± 0.01 Å and c hex = 21.80 ± 0.02 Å, 380 depending on the synthesis method and the experimental 381 conditions of measurements. [START_REF] Delmas | Nasicon-Type Phase as Intercalation Electrode: NaTi 2 (PO 4 ) 3[END_REF][START_REF] Hagman | The crystal Structure of NaMe 2 IV (PO 4 ) 3 ; Me IV = Ge, Ti[END_REF][START_REF] Rodrigo | Thermal Expansion of NaTi 2 (PO 4 ) 3 Studied by Rietveld Method from X-ray Diffraction Data[END_REF] 

d(Na-O) (Å) 2.451 × 6 2.457 × 6 d(Ti-O) (Å) 1.906 × 3 + 1.967 × 3 1.902 × 3 + 1.958 × 3 d(P-O) (Å) 1.523 × 2 + 1.524 × 2 1.520 × 2 + 1.528 × 2
obtained with the PBESOL functional. Moreover, GGA and LDA calculations were also performed with the functionals of Perdew, Burke, and Ernzerhof (PBE) [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] and Perdew and Zunger (PZ), [START_REF] Perdew | Self-Interaction Correction to Density-Functional Approximations for Many-Electron Systems[END_REF] respectively. In the two cases, the most stable Na configuration is the same as that obtained with the PBESOL functional. However, the rhombohedral cell volumes were found to be 465.6 Å 3 (PBE) and 438.8 Å 3 (PZ), which overestimates and underestimates the experimental volume by about 3%, respectively. Finally, the effect of Ti 3d electron correlation was checked by a GGA (PBESOL) + U spin polarized calculation, with U = 4 eV. The calculated rhombohedral cell volume (459.1 Å 3 ) is slightly higher than that obtained with U = 0 eV, which does not improve the agreement with the experimental value. These results show the high accuracy of the DFT-PBESOL method for the geometry optimization of NaTi 2 (PO 4 ) 3 , which justifies its use for the structural analysis of the substitution of Fe for Ti in this compound.

A supercell of 37 atoms with the composition Na 3 FeTi 3 (PO 4 ) 6 was considered for the structural optimization of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 . The lattice parameters and the atomic positions of the rhombohedral cell of NaTi 2 (PO 4 ) 3 were used to initialize the calculations, but one Ti atom was replaced by Fe in the supercell and relaxation of all the atoms was allowed by considering the P1 space group. There are 56 possible distributions of the 3 Na atoms over the 2 M1 and 6 M2 sites (3 sites close to Fe: M2/Fe and 3 sites close to Ti: M2/Ti), among them some are equivalent due to the symmetry of the starting supercells. All the calculations provided high-spin Fe 3+ , whatever the Na distribution. The most stable configuration was obtained with 3 Na atoms in the 2 M1 sites and in 1 M2 site close to Fe (M2/Fe). However, the total energy is only 0.065 eV/f.u. lower than that obtained with Na in the 2 M1 sites and in the 1 M2/Ti site. The values of the total energy for the different configurations of Na in M1 + 2 M2 sites are about 0.2-0.4 eV/f.u. higher than those with Na in 2 M1+M2/Fe, while the values for the configurations of Na in 3 M2 sites are about 0.3-0.6 eV/f.u. higher than those with Na in 2 M1+M2/ Fe. The supercell volumes are about 462 Å 3 (461 Å 3 with improved computational parameters) for Na in 2 M1+M2, 466-470 Å 3 for Na in M1 + 2 M2, and 473-480 Å 3 for Na in 3 M2. Thus, the most stable Na configuration was obtained with fully occupied M1 sites and Na in a M2 site close to the FeO 6 octahedra. For a comparison with NaTi 2 (PO 4 ) 3 and the experimental data, the theoretical structural parameters of an equivalent R3̅ c crystal were evaluated from the P1 optimized supercell with improved computational parameters by averag-t2 ing the lattice parameters and atomic coordinates (Table 2).

The theoretical rhombohedral cell volume of the most stable configuration obtained for Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 is 5 Å 3 higher than the theoretical volume of NaTi 2 (PO 4 ) 3 . This increase of 1% is due to the increase of a hex (and b hex ) from 8.521 Å for NaTi 2 (PO 4 ) 3 to 8.582 Å since c hex decreases from 21.748 Å for NaTi 2 (PO 4 ) 3 to 21.685 Å. These changes are rather small but reflect a significant trend in the lattice parameters that was experimentally observed for other Fe contents. [START_REF] Tillement | Electrochemical Studies of Mixed Valence NASICON[END_REF]28 The decrease of c hex is mainly due to the decrease of the ionic charge from Ti 4+ to Fe 3+ , which lowers the repulsive interactions between the transition metal cations that are located along the c hex axis. As a result, the Fe-Ti and Fe-N a ( M 1 ) i n t e r a t o m i c d i s t a n c e s a l o n g c h e x i n Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 are smaller than those of Ti-Ti and f1 Ti-Na(M1) in NaTi 2 (PO 4 ) 3 , respectively (Figure 1a). Due to (Table 3). As an illustrative example, the 3). These local changes induced In addition, the relative occupations of the 12c sites with 25 at%

Fe and 75 at% Ti, the M1 sites with 100 at% Na and the M2 sites with 17 at% Na were considered for the initialization. An overall correct agreement is obtained between the experimental t4 (Table 4) and theoretical (Table 2) values of the lattice (Figure 2b). There are no additional peaks due to the sucrose pyrolysis that could be assigned to crystalline impurities. The structural parameters obtained from Rietveld refinement are close to those of the pure crystalline phase and are not reported here.

The [START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF] Fe Mossbauer spectrum of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 measured at room temperature was fitted with a symmetrical f3 doublet (Figure 3a). The small line width indicates that Fe local environments are similar within the overall crystalline phase t5 (Table 5). The values of the isomer shift, 0.437(1) mm s -1 , and the quadrupole splitting, 0.326(2) mm s -1 , are close to previously published values for iron-based NASICON compounds and can be assigned to high spin Fe 3+ ions in slightly distorted FeO 6 octahedra. [START_REF] Lajmi | Synthesis and Structural Study of a New Iron Phosphate K 3 Fe(PO 4 ) 2[END_REF][START_REF] Jirak | Magnetic and Mossbauer Resonance Investigations of the Weak Ferrimagnet Iron Molybdate (Fe 2 (MoO 4 ) 3 )[END_REF][START_REF] Beltran-Porter | Etude Magnetique et par Reśonance Mossbauer de l'Orthophosphate Na 3 Fe 2 (PO 4 ) 3 α et d'une Phase Vitreuse Deŕiveé[END_REF] Higher values of the quadrupole splitting (∼0.8 mm s -1 ) were recently reported for Na 1+x Fe x Ti 2-x (PO 4 ) 3 with x ≤ 0.6. 28 To confirm the present value, LAPW calculations of the electric field gradients at the Fe nucleus were performed for the theoretically optimized P1

supercell obtained for the most stable Na configuration with the pseudopotential method. The theoretical approach is described in section 2 and was previously used for different Mossbauer isotopes. [START_REF] Blaha | First-Principles Calculation of the Electric Field Gradient of Li 3 N[END_REF][START_REF] Lippens | Interpretation of the 119 Sn Mossbauer parameters[END_REF][START_REF] Lippens | Calculation of 121 Sb and 125 Te Mossbauer Spectra[END_REF][START_REF] Weibel | Local Atomic and Electronic Structure in Nanocrystalline Sn-Doped Anatase TiO 2[END_REF][START_REF] Yahla | First-Principles Calculations of the Electronic Structure and Mossbauer Parameters of Sb-Doped SnO 2[END_REF] The quadrupole splitting is given by

η Δ = + ⎛ ⎝ ⎜ ⎞ ⎠ ⎟ eQV 1 2 1 3 zz 2 1/2 (1)
where e is the electron charge, Q is the [START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF] Fe nuclear quadrupole moment of the first excited state (I = 3/2), V ZZ is the main a The polyhedron distance distortion Δ poly is defined by 552 component of the diagonalized EFG tensor, and η is the 553 asymmetry parameter defined by

Δ = (1/n)∑ i = 1 n [(d i -d av )/d av ] 1/2 .
η = - V V V XX YY
ZZ 554 (2) 555 where V XX and V YY are the other two components of the 556 diagonalized EFG tensor with V XX < V YY < V ZZ . We obtained 557 V ZZ = 0.9 V m -2 and η = 0.63, which gives Δ = 0.16 mm s -1 by considering Q = 0.16 b. [START_REF] Dufek | Determination of the Nuclear Quadrupole Moment of 57 Fe[END_REF] To take into account the Fe 3d electron correlation, we also performed a GGA+U calculation which gave V ZZ = 1.9 V m -2 and η = 0.62, leading to Δ = 0.32 mm s -1 in better agreement with the present experimental value. In the two cases, the rather small value of Δ originates from the weak asymmetry of the electronic density around Fe. This is due to the weak distortion of the FeO 6 octahedral environment (Figure 1b) and the high spin Fe 3+ electronic configuration. This result confirms the present interpretation of the Mossbauer spectrum. The recently published higher values of Δ could be due to the small size of the particles obtained by the sol-gel method, which provides higher surface-to-bulk ratio and more asymmetrical Fe local environments, or to structural disorder. [START_REF] Beltran-Porter | Etude Magnetique et par Reśonance Mossbauer de l'Orthophosphate Na 3 Fe 2 (PO 4 ) 3 α et d'une Phase Vitreuse Deŕiveé[END_REF] The 57 Fe Mossbauer spectrum of the composite Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C shows an additional small peak at about 2.4 mm s -1 and was fitted with two doublets (Figure 3b).

The Mossbauer parameters of the main doublet (91% relative area), δ = 0.420(7) mm s -1 and Δ = 0.275(5) mm s -1 , are close to those of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 , while the isomer shift of the small doublet (9% relative area): δ = 1.178(7) mm s -1 is typical of high spin Fe 2+ (Table 5). The high value of the quadrupole splitting obtained for the latter doublet, Δ = 2.368(2) mm s -1 , indicates a strong anisotropy of the electron density around Fe. This is mainly due to the partial occupation of the Fe 3d spin down states but could also be related to the more distorted Fe local environment. This additional component arose from sucrose pyrolysis and could be related to intrinsic defects or external impurities such as olivine Na x FePO 4 , the Mossbauer parameters of which are close to the present values for Fe 2+ . [START_REF] Boucher | Elucidation of the Na 2/3 FePO 4 and Li 2/3 FePO 4 Intermediate Superstructure Revealing a Pseudouniform Ordering in 2D[END_REF] The absence of additional XRD peaks is in favor of intrinsic defects or impurities with small size and/or amorphous.

Whatever its exact nature, this defect will be called "Fe 2+ impurity" later in this paper, and its influence upon the reaction mechanism and electrochemical performances will be analyzed in the section 4.

The inverse magnetic susceptibility of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 progressively increases with temperature from the origin and f4 follows a Curie-Weiss law above about 30 K (Figure 4). This curve differs from that of Na 3 Fe 2 (PO 4 ) 3 , which shows a typical antiferromagnetic order at low temperature below the Neél temperature of 47 K. [START_REF] Beltran-Porter | Etude Magnetique et par Reśonance Mossbauer de l'Orthophosphate Na 3 Fe 2 (PO 4 ) 3 α et d'une Phase Vitreuse Deŕiveé[END_REF][START_REF] Greaves | The Nature of Magnetic Ordering at 47 K in Na 3 Fe 2 (PO 4 ) 3[END_REF] The present Curie temperature: θ NFTP = -8 K is close to 0 K and strongly differs from that of Na 3 Fe 2 (PO 4 ) 3 at -85 K. [START_REF] Beltran-Porter | Etude Magnetique et par Reśonance Mossbauer de l'Orthophosphate Na 3 Fe 2 (PO 4 ) 3 α et d'une Phase Vitreuse Deŕiveé[END_REF] This clearly indicates that the antiferromagnetic order is negligible in our samples and [START_REF] Beltran-Porter | Etude Magnetique et par Reśonance Mossbauer de l'Orthophosphate Na 3 Fe 2 (PO 4 ) 3 α et d'une Phase Vitreuse Deŕiveé[END_REF][START_REF] Greaves | The Nature of Magnetic Ordering at 47 K in Na 3 Fe 2 (PO 4 ) 3[END_REF] This value is typical of high spin Fe 3+ in the octahedral FeO 6 environment and is lower than the spin-only value of the Fe 3+ free ion (5.9 μ B ). The variations of the inverse magnetic susceptibility of the Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C composite are similar to those of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 except for a small decrease of the Curie constant: C = 3.57 emu K mol -1 , leading to a magnetic moment μ eff = 5.34μ B per Fe atom. If we consider, for simplicity, that the magnetization of the composite originates only from those of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 and Fe 2+ impurity, the Curie-Weiss law in the paramagnetic regime can be written:

χ θ θ θ = - = - + - + + C T C T C T 0.91 0.09 NFTP NFTP Fe Fe 2 2 (3) 
where C Fe 2+ and θ Fe 2+ denote the Curie constant and the Curie temperature of the Fe 2+ impurity, respectively. Since the Curie t e m p e r a t u r e s o f N a 1 . 5 F e 0 . 5 T i 1 . 5 ( P O 4 ) 3 a n d Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C are very close, we have considered, for simplicity, that all the Curie temperatures are identical in eq 3 and obtained C Fe 2+ = 2.56 emu K mol -1 . The resulting magnetic moment, μ eff = 4.5μ B per Fe atom, is lower than the spin-only magnetic moment of Fe 2+ (4.9 μ B ). This result confirms the existence of high spin Fe 2+ in the composite as observed from Mossbauer spectroscopy.

The SEM images show that Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 particles have an average size of several micrometers and rather smooth f5 surfaces (Figure 5a), while Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C is composed by micrometer-sized secondary particles formed by the 

f7

The Raman spectrum of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 (Figure 7) is 650 similar to those of LiTi 2 (PO 4 ) 3 and NaTi 2 (PO 4 ) 3 with rather 651 close frequencies. [START_REF] Yue | Hydrothermal Synthesis of MTi 2 (PO 4 ) 3 (M = 1080 Li, Na, K)[END_REF][START_REF] Cretin | Study of Li 1+x A1 x Ti 2-x (PO 4 ) 3 for Li + Potentiometric Sensors[END_REF][START_REF] Burba | Vibrational Spectroscopic Study of Lithium Intercalation into LiTi 2 (PO 4 ) 3[END_REF][START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF][START_REF] Yue | Hydrothermal Synthesis of MTi 2 (PO 4 ) 3 (M = Li, Na, K)[END_REF][START_REF] Bamberger | Synthesis and Characterization of Sodium-Titanium Phosphates, Na 4 (TiO)(P0 4 ) 2 , Na(TiO)P0 4 , and NaTi 2 (P0) 3[END_REF] On the basis of previously published 652 analyses, all the structures of the present Raman spectrum can 653 be attributed to the NASICON material. The broad band 654 around 1000 cm -1 and the small peak at 1093 cm -1 can be 655 assigned to intramolecular stretching modes of PO 4 : the 656 symmetric modes (ν 1 ) can be assigned to the 962 and 985 cm -1 657 frequencies and the antisymmetric modes (ν 3 ) to the 1005 and 658 1093 cm -1 frequencies. The small structures in the 500-700 659 cm -1 range and the sharp peak at 436 cm -1 arise from 660 antisymmetric (ν 4 ) and symmetric (ν 2 ) bending modes of PO 4 , Table 5. [START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF] respectively. The structures below 400 cm -1 are due to external modes and reflect mixtures of different atomic motions. However, it is possible to attribute the main contributions that are due to translational and rotational modes of PO 4 at 336, 310, 225, 195, and 157 cm -1 and to translational modes of Ti 4+ /Fe 3+ at 272 and 225 cm -1 . It is worth noting that frequencies in the range of 300-400 cm -1 are sensitive to metal substitution such as the Fe substitution for Ti in the octahedral environment. [START_REF] Barj | Raman and Infrared Spectra of Some Chromium Nasicon-Type Materials: Short-Range Disorder Characterization[END_REF] Compared to NaTi 2 (PO 4 ) 3 , some small shifts (<10 cm -1 ) were observed that can be explained by the difference between the atomic masses of Fe and Ti. In addition, the peaks are overall broadened as expected from the chemical disorder on the 12c crystallographic site that is responsible of bond length and bond angle distributions in both MO 6 (M = Fe, Ti) and PO 4 units as discussed above from DFT calculations (Table 3). Similar effects were observed previously for other cation-substituted NASICON compounds. [START_REF] Cretin | Study of Li 1+x A1 x Ti 2-x (PO 4 ) 3 for Li + Potentiometric Sensors[END_REF][START_REF] Junaid Bushiri | Raman and FTIR Studies of the Structural Aspects of NASICON-Type Crystals[END_REF] The spectrum of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C is similar except for a broad band at ∼1350 cm -1 and a narrower band at ∼1580 cm -1 , with notably higher intensities than the vibrational modes of the NASICON phase (Figure 7). There are also some small changes for frequencies higher than about 700 cm -1 , mainly due to overlapping with the main broad band at 1350 cm -1 .

The two bands at 1350 and 1580 cm -1 can be assigned to the D and G bands of residual carbon arising from pyrolysis, respectively. Following the approach of Sadezki et al., [START_REF] Sadezky | Raman Microspectroscopy of Soot and Related Carbonaceous Materials: Spectral Analysis and Structural Information[END_REF] these two bands were fitted to 5 peaks attributed to the vibrational modes of crystalline graphite (G), disordered graphite (D1, D2, D4), and amorphous carbon (D3) (Figure 7). The frequencies of the peaks D4, D1, D3, G, and D2 are 1231, 1346, 1464, 1575, and 1604 cm -1 , respectively, in line with the values reported for different types of disordered carbons with the same fitting procedure. The relative integrated intensities with respect to G are 0.63 (D4), 2.47 (D1), 0.84 (D3) and 0.43 (D2), respectively. There is no clear correlation between these values and structural information, [START_REF] Sadezky | Raman Microspectroscopy of Soot and Related Carbonaceous Materials: Spectral Analysis and Structural Information[END_REF] but the intensity ratio between D1 + D4 and G + D2 (∼2.2) is similar to the values obtained for different carbon blacks [START_REF] Jawhari | Raman Spectroscopic Characterization of Some Commercially Available Carbon Black Materials[END_REF] and carbon coating onto LiFePO 4 , [START_REF] Doeff | Effect of Surface Carbon Structure on the Electrochemical Performance of LiFePO 4[END_REF][START_REF] Julien | Characterization of the Carbon Coating onto LiFePO 4 Particles Used in Lithium Batteries[END_REF] revealing the existence of small crystalline domains. The rather large D1 line width (150 cm -1 ) suggests a lower degree of graphitization than highly graphitic carbon blacks [START_REF] Sadezky | Raman Microspectroscopy of Soot and Related Carbonaceous Materials: Spectral Analysis and Structural Information[END_REF][START_REF] Jawhari | Raman Spectroscopic Characterization of Some Commercially Available Carbon Black Materials[END_REF] but is comparable to that found for carbon coating on electrode materials. [START_REF] Doeff | Effect of Surface Carbon Structure on the Electrochemical Performance of LiFePO 4[END_REF][START_REF] Julien | Characterization of the Carbon Coating onto LiFePO 4 Particles Used in Lithium Batteries[END_REF] Thus, TEM and Raman spectros- more intense peak at 2.18 V (labeled B) that can be related to 724 the potential variations in R1 and R2, respectively (Figure 8b).

725

The first charge shows two structures A′ and B′ similar to A 726 and B, respectively, except for a broadening of the peak A′ 727 compared to A that is also observed in the following cycles. There is a voltage shift between B′ and B of about 20 mV, which indicates a small potential polarization of the electrode material due to low internal impedance and reflects the efficiency of the carbon coating.

The GITT curve of the first cycle was recorded in the 1.6-2.3 V range. At each insertion stage, a current of C/10 was applied for 1 h and followed by an 8 h relaxation period in f9 order to approach the equilibrium potential (Figure 9). This curve confirms the two-step mechanism with a change of the slope around 0.5 inserted Na/f.u. and also indicates that potential in R2 does not strictly form a plateau even at equilibrium. Such a two-step potential shape differs from the voltage profile of NaTi 2 (PO 4 ) 3 formed by a well-defined plateau due to a two-phase reaction between the pristine material NaTi 2 (PO 4 ) 3 (R3̅ c) and Na 3 Ti 2 (PO 4 ) 3 (P1̅ ) that reflects the Ti 4+ /Ti 3+ redox couple. 15,[START_REF] Delmas | Nasicon-Type Phase as Intercalation Electrode: NaTi 2 (PO 4 ) 3[END_REF] Previous studies on LiTi 2 (PO 4 ) 3 and Li 3 Fe 2 (PO 4 ) 3 NASICON-based electrode materials for Li-ion batteries show that Ti 4+ /Ti 3+15,18 and Fe 3+ /Fe 2+66 redox couples operate at about 2.5 and 2.8 V versus Li + /Li 0 , respectively. From the difference between the redox potentials of Li + /Li 0 and Na + /Na 0 (0.33 V), we can expect that Ti 4+ /Ti 3+ and Fe 3+ /Fe 2+ redox couples operate at 2.2 and 2.5 V versus Na + /Na 0 , respectively. For Ti 4+ /Ti 3+ , the former value is in line with that of the potential plateau observed for NaTi 2 (PO 4 ) 3 . The present study suggests that potential variations for Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C in R1 and R2 could be related to Fe 3+ /Fe 2+ and Ti 4+ /Ti 3+ redox couples, respectively.

To understand more deeply the effect of the substitution of Fe for Ti on the electrochemical process, we made use of [START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF] Fe Mossbauer spectroscopy during charge-discharge cycles in two different modes. Na insertion was performed in galvanostatic (C/25) and GITT (C/10 and 12 h open-circuit relaxation every 4 h) regimes, respectively, in order to investigate possible kinetic effects and improve the signal-to-noise ratio of the Mossbauer spectra. In the galvanostatic regime, the Mossbauer spectra were recorded every 0.08 Na/f.u. during the first cycle in the range of 1.6-3 V. All the spectra were fitted with two doublets assigned to Fe 3+ and Fe 2+ , respectively. Due to the poor signal-to-noise ratio of the spectra, unexpected randomly large variations of the isomer shift and quadrupole splitting were observed. This is mainly due to the small amount of [START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF] Fe in the sample and the short recording time for each spectrum (4 h). However, it was possible to extract values of the relative Na/f.u. (Figure 11a). More spectra were recorded at the 796 beginning of the second discharge, and this peak grows more 797 progressively (Figure 11c). Through the charge, the spectra 798 change significantly after the extraction of about 1 Na/f.u., 799 showing a decrease of the peak at 2.2 mm s -1 until the end of 800 the charge (Figure 11b). All the spectra were fitted with three arising from the quality of the spectra (Table 6). The average value is δ = 1.23 ± 0.04 mm s -1 . The quadrupole splitting exhibits stronger variations that could be related to changes in the local environments of the Fe atoms due to the continuous filling (emptying) of the M2 sites by Na along the discharge (charge). However, these variations do not exhibit a significant trend, which suggests a random occupation of the M2 sites. The average value is Δ = 2.05 ± 0.12 mm s -1 . The value of the isomer shift is close to that found for the Fe 2+ impurity, while the quadrupole splitting is significantly lower. However, these two parameters are both typical of high spin Fe 2+ . Almost all the Fe 3+ are transformed into Fe 2+ at the beginning of the discharge for less than 0.8 Na/f.u and only several percent of Fe 3+ remained in the second part of the discharge (Figure 10). This mechanism is reversible, since the amount of Fe 3+ increases only after the extraction of 1 Na/f.u. At the end of the charge, about 10 at % Fe 2+ remained in addition to the Fe 2+ impurity, which proves that sodium extraction was not complete. However, such a value could be due to the specific preparation of the electrode material for Mossbauer measurements as described in the Experimental and Theoretical Methods section (powdered sample with only carbon black additive) and the geometry of the in situ cell. This explains, for example, the observed maximum amount of 1.6 Na/f.u. inserted Na at the end of the first discharge. During the charge, 1.55 Na/f.u. were extracted and this difference of 0.05 Na/f.u. could affect 10% of the Fe 2+ atoms within the composite in line with the remaining amount observed by Mossbauer spectroscopy. Finally, the second discharge shows the decrease of the amount of Fe 3+ for Fe 2+ , as along the first discharge, but more accurately since more spectra were recorded (Figure 10). Compared to the galvanostatic mode, it is worth noting that the GITT mode provided more reliable experimental values of the Mossbauer subspectrum areas, as a result of a better signal-to-noise ratio, and larger amounts of Fe 2+ formed during the discharge probably due to kinetic effects.

For both galvanostatic and GITT regimes, the operando Mossbauer spectra clearly show the progressive reduction from Fe 3+ to Fe 2+ at the beginning of discharge. In the GITT mode, about 95% of Fe 3+ was transformed along the discharge until a Fixed. b Constrained to be equal. 

2. 6 .

 6 Electrochemical Measurements. The electrochemical tests were performed in coin cells. The working electrodes were prepared by mixing 75 wt % active material, 15 wt % Super P carbon powder, and 10 wt % PVDF (polyvinylidene fluoride) binder in NMP (1-methyl-2-pyrrolidinone). The mixture was spread on Al foil substrate and dried at 120 °C for 12 h under vacuum to remove solvent and water. Coin cells were assembled inside filled drybox under controlled argon atmosphere by using a sodium foil as the counter electrode, a borosilicate glass microfiber sheet (Whattman) as the separator, and an organic electrolyte with 1 M NaClO 4 dissolved in a solution of propylene carbonate (PC) and 5 vol % of fluoroethylene carbonate (FEC) as the additive. The cells were cycled in a voltage range between 1.6 and 3.0 V, under galvanostatic conditions with C/n current rate (1 Na/f.u. in n hours), where n = 10, 5, 2, 1, and 0.2.

and 1

 1 389 determine the most stable configuration of the Na atoms in the 390 M1 and M2 interstitial sites and to evaluate the structural 391 parameters. There are 28 possibilities to place the 2 Na atoms 392 over the 8 interstitial sites of the rhombohedral cell of 393 NaTi 2 (PO 4 ) 3 . However, only several starting configurations 394 have been considered because of the symmetries of the initial 395 rhombohedral primitive cell. Previously published experimental 396 lattice parameters and atomic positions obtained for 397 NaTi 2 (PO 4 ) 3 41 were used as starting values of the structural 398 optimizations except for Na in M2, where the coordinates 399 (0.65, 0, 0.25) close to those obtained for Na 2 FeTi(PO 4 ) 3 27 400 were considered. On the basis of the total energy values 401 obtained for the optimized structures, three types of Na 402 configurations were distinguished: 2 Na in M1, and 1 Na in M1 403 Na in M2, and 2 Na in M2. The total energy obtained for 404 Na in M1 was about 0.3 eV/f.u. lower than that obtained for Na 405 in both M1 and M2 and about 0.5 eV/f.u. lower than that 406 obtained for Na in only M2. This clearly indicates that the most 407 stable NaTi 2 (PO 4 ) 3 phase predicted by DFT is obtained with 408 the full occupation of the M1 sites by Na in agreement with 409 previously published experimental data. In addition, the 410 theoretical volumes of the rhombohedral primitive cells are 411 456.2, 461.7, and 466.7 Å 3 for M1, M1+M2, and M2 412 occupations, respectively. The comparison with the averaged 413 experimental value (452.5 Å 3 ) indicates that the best agreement 414 is also obtained for Na in M1. This agreement is slightly better 415 by considering improved computational parameters (see 416 Section 2) since, in this case, the rhombohedral cell volume 417 is V rho = 455.9 Å 3 , which overestimates the experimental 418 volume by less than 1%. The theoretical atomic positions and 419 the main interatomic distances of the most stable phase are 420 similar to the experimental data obtained in this work (

  485 local relaxations, all the bond lengths and bond angles in 486 Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 are distributed leading to local distortions 487 t3

  FeO 6 local 488 environment shows significant variations from perfect octahe-489 dron (Figure 1b). The average values of Ti-O and Fe-O 490 interatomic distances in TiO 6 and FeO 6 octahedra are 1.94 and 491 2.00 Å, respectively. This increase is in line with that of the 492 ionic radius from 0.605 Å for Ti 4+ to 0.645 Å for Fe 3+ . The 493 average P-O and Na(M1)-O interatomic distances are close 494 to those in NaTi 2 (PO 4 ) 3 , but there are local distortions around 495 Na(M1) and Na(M2) (Table

  DFT expected crystallographic site a (Å), c (Å) 8.582, 21.685 V rho (Å 3 ) 461.0 Na(M1) -0.0103, -0.0079, -0.0013 0, 0, 0 (6b) Na(M2) 0.6347, 0.0006, 0.2470 x, 0, 1/4 (18e) M -0.0012, -0.0002, 0.1458 0, 0, x (12c) P 0.2884, -0.0004, 0.2508 x, 0, 1/4 (18e) O(1) 0.1775, 0.9810, 0.1926 x, y, z (36f) O(2) 0.1921, 0.1663, 0.0874 x, y, z (36f) a The expected corresponding general coordinates of the crystallographic sites in R3̅ c are given for comparison.

Figure 1 .

 1 Figure 1. (a) Theoretical optimized rhombohedral unit cell of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 with Na(M1) (light green), Na(M2) (green), Fe (red), P(pink), Ti (blue), and O (yellow). The dots indicate the interatomic distances (in Å) between the cations located along the hexagonal axis c hex . Local structure of Fe bonded to 6 O first-nearest neighbors forming a distorted octahedron and the two closest Na in M1 and M2. (b) The interatomic distances (in Å) and the bond angles (in degree) are also shown.

  constants and atomic coordinates. For example, the experimental volume of the rhombohedral cell (456.8 Å 3 ) is only 1% lower than the theoretical one (461.0 Å 3 ). In addition, the theoretical increase of 1.05% of the unit cell volume from NaTi 2 (PO 4 ) 3 to Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 matches the present experimental value of 0.95%. Finally, the experimental occupation rates of Ti, Fe, and Na are close to the predicted values. This is a clear indication of the accuracy of the theoretical model and confirms the validity of our structural analysis given above, including the random substitution of Fe for Ti and the Na occupation of the M1 and M2 sites. The XRD pattern of the composite Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C is similar to that of the crystalline phase Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3

Figure 2 .

 2 Figure 2. XRD patterns of (a) Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 and (b) Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C: experimental data (red •), Rietveld refinement (black line), Bragg positions (green bars), and difference between experimental data and fitted curve (blue line).

aFigure 3 .

 3 Figure 3. 57 Fe Mossbauer spectra of (a) Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 and (b) Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C at room temperature. In the later case, the Fe 3+ and Fe 2+ subspectra are plotted in red and green, respectively.

  633 aggregation of smaller particles of several hundred nanometers 634 (Figure 5b). This indicates that sucrose pyrolysis produced 635 porosity and reduced the particle size, improving the Na + 636 diffusion length. The TEM image of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C 637 f6 shows light-gray zones at the surface of the particles (Figure 638 f6 6b) that were not observed for Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 (Figure 639 6a) and can be assigned to carbon. The amount of carbon was 640 estimated from TGA to 1.5 wt %. Thus, the sucrose pyrolysis 641 produced carbon coating, which improved the electrical 642 conductivity of the composite and decreased the polarization. 643 The BET specific area of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 and 644 Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C are 0.17 and 20 m 2 g -1 , respectively. 645 This strong increase of the specific area by 2 orders of 646 magnitude confirms the high porosity of the secondary particles 647 of the composite that is expected to improve electrolyte 648 impregnation and diffusion of Na + ions.

a

  Fe Mossbauer Parameters of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 and Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C at Room Temperature: Isomer Shift Relative to α-Fe (δ), Quadrupole Splitting (Δ), Line Width at Half Maximum (Γ), Relative Area of the Subspectra (RA), and Assigned Fe Sites δ (mm/s) Δ (mm/s) Constrained to be equal.

Figure 4 .

 4 Figure 4. Temperature dependence of the inverse magnetic susceptibility of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 (•) and Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 / C (red •).

Figure 5 .

 5 Figure 5. SEM images of (a) Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 and (b) Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C.

Figure 6 .

 6 Figure 6. TEM images of (a) Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 and (b) Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C.

  704copy confirmed the existence of graphitic carbon at the surface 705 of the Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 particles, which is crucial to 706 improve the electronic conductivity of the composite material. 707 3.3. Insertion Mechanisms and Electrochemical 708 Performances. The potential curve of the first cycle of 709 Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C-based electrode obtained in galvano-710 static mode (C/10) in the range of 1.6-3 V versus Na + /Na 0 is 711 f8 displayed in Figure 8a. The first discharge shows a continuous 712 decrease of the potential from 2.6 to 2.2 V in the range of 0-713 0.5 inserted Na/f.u. (region R1), followed by a "pseudo-714 plateau" slightly decreasing from 2.2 to 2.1 V in the range of 715 0.5-2 inserted Na/f.u. (region R2). The specific capacity for 716 the first discharge is 125 mA h g -1 , which is close to the 717 theoretical value of 128 mA h g -1 . This small difference can be 718 related to the capacity loss due to the 9 at % electrochemically 719 inactive Fe 2+ . A similar potential curve was obtained for the first 720 charge, except for an irreversible capacity loss of about 5 mA h g -1 . The incremental capacity curve of the first discharge 722 exhibits a rather broad band at about 2.3 V (labeled A) and a 723

Figure 7 .

 7 Figure 7. Raman spectra of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 (black line) and Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C (red line). Inset: curve fitting of D and G bands.

Figure 8 .

 8 Figure 8. Galvanostatic voltage curve (C/10, 1.6-3.0 V vs Na + /Na 0 ) for the first cycle of (a) Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C and (b) derivative curves for different numbers of cycles. R1 and R2 denote the regions of the two-step insertion mechanism.

  771 areas (RA) of the two components that can be assimilated to 772 the relative amounts of Fe 3+ and Fe 2+ by assuming they have 773 the same Lamb-Mossbauer factor at room temperature. The 774 variations of these relative amounts versus number of inserted 775 Na/f.u. show a strong increase of the Fe 2+ contribution until 776 80% for 0.5 inserted Na/f.u. followed by some erratic changes 777 f10 in the range of 80-95% until the end of the discharge (Figure 778 f10 10). The inverse trend is obviously obtained for the Fe 3+ 779 contribution. This mechanism is reversible since the Fe 2+ 780 amount shows a rather constant trend from the beginning of 781 the charge up to about 0.6 inserted Na/f.u. and then strongly 782 decreases until the end of the charge. In the GITT experiment, 783 the spectra were recorded every 0.4 Na/f.u. for the first cycle 784 and 0.14 Na/f.u. for half the second discharge. The recording 785 time of 12 h (open-circuit relaxation) was sufficient to extract 786 reliable values of the Mossbauer parameters and subspectrum 787 areas. As indicated in the previous section, the Mossbauer 788 spectrum of the pristine Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C is formed by 789 two components assigned to Fe 3+ (δ = 0.42 mm s -1 , Δ = 0.28 790 mm s -1 , RA = 91%) and Fe 2+ (δ = 1.2 mm s -1 , Δ = 2.4 mm s -1 , 791 RA = 9%), originating from high spin Fe 3+ in crystalline 792 Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 and Fe 2+ impurity, respectively. At the 793 beginning of the first discharge, there is a strong increase of the 794 intensity of a peak at 2.2 mm s -1 until the insertion of about 0.8 795 f11

  801 doublets. One doublet was assigned to Fe 3 + in 802 Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 and the Mossbauer parameters, δ = 0.42 803 mm s -1 and Δ = 0.28 mm s -1 , were kept fixed during the fitting 804 procedure of all the spectra. The second doublet was attributed 805 to an Fe 2+ impurity with the following values, δ = 1.2 mm s -1 , 806 Δ = 2.4 mm s -1 , RA = 9%, that were also kept fixed. The last 807 doublet was associated with Fe 2+ arising from the reduction of 808 Fe 3+ due to Na insertion, and its Mossbauer parameters were 809 allowed to vary. In the latter case, only small and insignificant 810 variations of the Mossbauer isomer shift with inserted Na 811 amount were observed that could be assigned to uncertainties 812 t6

Figure 9 .

 9 Figure 9. GITT potential curve of the first discharge of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C. R1 and R2 denote the regions of the twostep insertion mechanism.

Figure 10 .

 10 Figure 10. Variations of the relative areas of the subspectrum of Fe 3+ (red) and of the sum of the two subspectra assigned to Fe 2+ in Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C and to Fe 2+ impurity (blue). The results are given for operando galvanostatic (circles) and GITT (squares) modes. The solid lines are guides for the eye.

Na 1 . 5

 15 852 0.8 inserted Na/f.u., which suggests that the remaining of the 853 discharge is mainly concerned with the Ti 4+ for Ti 3+ change. 854 This two-step mechanism, involving first the Fe 3+ /Fe 2+ change 855 followed by the Ti 4+ /Ti 3+ reduction, is in line with the 856 electrochemical results and can be related to the peaks A and B 857 of the derivative curve (Figure 8b). In the same way, the 858 beginning of the charge corresponds to the Ti 3+ /Ti 4+ oxidation, 859 indicating that the mechanism is reversible. The variations of 860 the relative amounts of Fe 3+ and Fe 2+ obtained in galvanostatic 861 and GITT regimes at the beginning of first or second discharge 862 are quasi-linear and match the expected linear variations for the operando experiments provide quantitative 866 evidence that reaction 4 proceeds at the beginning of discharge 867 in all the particles of the composite. This unambiguously proves 868 the one-phase reaction suggested by the shape of the 869 galvanostatic and GITT potential curves. However, it is 870 worth noticing that reaction 4 should be fully completed in 871 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C for 0.

  884retention can be related to the good reversibility of the charge-885 discharge cycles as shown by the stability of both the position 886 and the shape of the peaks A and B of the derivative curves 887 during cycling (Figure 8b). The rate capability test was 888 performed by 5 cycles at each rate C/10, C/5, C/2, 1C, 2C, and 5C, to return to the same rates 2C, 1C, C/2, C/5, and C/

Figure 11 . 3 and

 113 Figure 11. Operando 57 Fe Mossbauer spectra of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C recorded during the first cycle and at the beginning of the second discharge in GITT mode.

Figure 12 .

 12 Figure 12. Specific capacity and Coulombic efficiency of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C measured in the galvanostatic mode at C/10 in the range 1.6-3.0 V vs Na + /Na 0 .

Figure 13 .

 13 Figure 13. Rate and cycling performances of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C.
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 421 

1). It is worth noting that such an excellent agreement was

Table 1 .

 1 Theoretical (DFT) and Experimental (XRD) Values of the Structural Parameters of NaTi 2 (PO 4 ) 3 : Lattice Parameters (a, c) and Atomic Coordinates (x, y, z) Given in the Hexagonal System, Rhombohebral Unit Cell Volume (V rho ), and Interatomic Distances (d)

		DFT	XRD
	a (Å), c (Å)	8.521, 21.748	8.482(9), 21.794(3)
	V rho (Å 3 )	455.9	452.5
	Ti (x,y,z)	0, 0, 0.1442	0, 0, 0.1447
	P (x,y,z)	0.2870, 0, 0.25	0.2857, 0.0000, 0.25
	O(1) (x,y,z)	0.1754, 0.9803, 0.1928	0.1740, 0.9755, 0.1926
	O(2) (x,y,z)	0.1925, 0.1652, 0.0878	0.1910, 0.1661, 0.0884

Table 2 .

 2 Averaged Theoretical Values of the Structural Parameters of the Most Stable Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 Phase Obtained by DFT Calculations: Lattice Parameters (a, c), Atomic Positions (x, y, z) Given in Hexagonal System, Rhombohedral Unit Cell Volume (V rho ) a

Table 3 .

 3 Theoretical Interatomic Distances d i (i = 1,n where n is the Number of Nearest Neighbors), Average Distances d av and Polyhedron Distance Distortions Δ poly Obtained from DFT Calculations for MO 6 Octahedra with M = Ti or Fe (n = 6), Na(M1)O 6 (n = 6), and Na(M2)O 8 (n = 8) Polyhedra of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3

							a				
				interatomic distances (Å)				d av (Å)	Δ octa
	Ti1-O	1.871	1.872	1.948		1.957	2.025	2.027		1.950	1.05 × 10 -3
	Ti2-O	1.891	1.906	1.914		1.953	1.959	1.961		1.931	2.08 × 10 -4
	Ti3-O	1.905	1.936	1.938		1.951	1.966	1.974		1.945	1.36 × 10 -4
	Fe-O	1.914	1.915	1.993		2.012	2.088	2.089		2.002	1.27 × 10 -3
	Na1-O	2.374	2.388	2.414		2.458	2.555	2.600		2.465	1.20 × 10 -3
	Na2-O	2.343	2.410	2.414		2.427	2.475	2.583		2.442	9.10 × 10 -4
	Na3-O	2.294	2.343	2.374	2.400	2.409	2.532	2.741	2.913	2.501	6.63 × 10 -3

Table 4 .

 4 Structural Parameters of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 Obtained from Rietveld Refinement a

	space group	R3̅ c					
	a = 8.520(8) Å					
	c = 21.794(2) Å					
	vol = 456.8(1) Å 3					
	atom	site symmetry	x	y	z	occupation rate	B iso (A 2 )
	Na(1)	6b	0.0	0.0	0.0	0.9799(1)	4.627 (1)
	Na(2)	18e	0.6376(9)	0.0	1/4	0.5200(9)	2.374(1)
	Ti(1)	12c	0.0	0.0	0.1439(4)	1.500(1)	2.375(1)
	Fe(1)	12c	0.0	0.0	0.1439(4)	0.500(1)	2.375(1)
	P(1)	18e	0.2875(9)	0.0	1/4	3.000(1)	1.909(1)
	O(1)	36f	0.1747(8)	0.9759(1)	0.1926(2)	6.000(1)	0.207(1)
	O(2)	36f	0.1979(1)	0.1668(6)	0.0883(4)	6.000(1)	0.281(1)

Table 6 .

 6 [START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF] Fe Mossbauer Parameters of Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C-Based Electrode at Different Stages of the Electrochemical Discharge-Charge Process in Operando GITT Mode (See Text for Details): Isomer Shift Relative to α-Fe (δ), Quadrupole Splitting (Δ), Line Width at Half Maximum (Γ), Relative Area of the Subspectra (RA), and Assigned Fe Sites first discharge: number of inserted Na/f.u. δ (mm/s) Δ (mm/s) Γ (mm/s)

	RA	
	(%)	site

a 0.460(1) b 0.5 Fe 3+ [Oh]

DOI: 10.1021/acs.jpcc.5b07931 J. Phys. Chem. C XXXX, XXX, XXX-XXX I

The performances can also be related to the low internal impedance leading to a low potential polarization for the charge-discharge cycles. The substitution of Fe for Ti produces more complex insertion mechanisms than the two-phase and one-phase mechanisms observed for NaTi 2 (PO 4 ) 3 and Na 3 Fe 2 (PO 4 ) 3 , respectively. [START_REF] Butt | Raman Spectroscopy of Superionic Ti-Doped Li 3 Fe 2 (PO 4 ) 3 and LiNiPO 4 Structures[END_REF] Fe Mossbauer spectroscopy used in operando mode quantitatively shows linear variations of the Fe 3+ and Fe 2+ amounts in Na 1.5 Fe 0.5 Ti 1.5 (PO 4 ) 3 /C at the beginning of discharge and at the end of charge for less than about 0.5 inserted Na/f.u. in line with one-phase mechanism suggested by the potential profiles.
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