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Introduction

Graphite fluorides CxF, are fluorine-graphite compounds presenting covalent (x≤2) or semicovalent (x>2) C-F bonds, depending on the fluorine content and the synthesis conditions. They exhibit excellent tribological and electrochemical properties and therefore are used in industry as solid lubricants or as cathode in primary lithium batteries [START_REF] Nakajima | Fluorine-Carbon and Fluoride-Carbon Materials: Chemistry, Physics, and Applications[END_REF][START_REF] Giraudet | Comparative performances for primary lithium batteries of some covalent and semi-covalent graphite fluorides[END_REF][START_REF] Hamwi | Chapter 17 -Fluorine-intercalated graphite for lithium batteries[END_REF]. The discharge potential and capacity in primary lithium battery can be controlled by fluorine concentration; for example it has been found that sub-fluorinated CF0.78 has a powder density 14 times higher than that of the typical Li/CF1 battery [START_REF] Hamwi | Chapter 17 -Fluorine-intercalated graphite for lithium batteries[END_REF][START_REF] Yazami | Fluorinated carbon nanofibres for high energy and high power densities primary lithium batteries[END_REF]. The presence of non-fluorinated graphitic carbons allows the electron flux to be ensured in the insulating CFx active material. Good performances of CxF as solid lubricants are also related to the presence of sp 2 carbons, in particular: i) low friction coefficients are observed for intermediate fluorine contents [START_REF] Thomas | Fluorinated Nanocarbons for Lubrication[END_REF] and ii) a defluorination process is observed during the tribofilm formation [START_REF] Nomède-Martyr | Tribological properties of fluorinated nanocarbons with different shape factors[END_REF]. Clearly, a deep investigation of the graphite phase distribution into the fluorocarbon matrix of CxF is of primary importance.

The fine tuning of graphite content, F concentration and C-F bonding allows adjusting the applicative properties such as chemical and thermal stability, tribological properties and the discharge potentials (the stronger the C-F bond, the lower the potential). For these reasons, there has been much interest in the last decades and many discussions in literature to clarify the structure of CxF compounds and the nature of C-F bonding as well as the repartition of remaining sp 2 carbon atoms. However, as it has not been possible until now to synthesize a homogenous and perfectly crystalline sample, it is difficult experimentally to clarify the crystal structure and a large variety of techniques have been applied to characterize these materials such as XRD, infra-red, optical Raman, XAS, NMR and many others [START_REF] Touhara | On the Structure of Graphite Fluoride[END_REF][START_REF] Giraudet | Solid state NMR studies of covalent graphite fluorides (CF)n and (C2F)n[END_REF][START_REF] Giraudet | Solid-State NMR ( 19 F and 13 C) Study of Graphite Monofluoride (CF)n: 19 F Spin-Lattice Magnetic Relaxation and 19 F/ 13 C Distance Determination by Hartmann-Hahn Cross Polarization[END_REF][START_REF] Sato | Short-range structures of poly(dicarbon monofluoride) (C2F)n and poly(carbon monofluoride) (CF)n[END_REF][START_REF] Dubois | EPR and Solid-State NMR Studies of Poly(dicarbon monofluoride) (C2F)n[END_REF][START_REF] Ahmad | NMR and NEXAFS Study of Various Graphite Fluorides[END_REF].

Theoretical studies suggest also a variety of possible structural models for each CxF compound [START_REF] Pischedda | Experimental and DFT high pressure study of fluorinated graphite (C2F)n[END_REF][START_REF] Pischedda | Fluorinegraphite intercalation compound (C4F)n at high pressure: Experimental and theoretical study[END_REF][START_REF] Han | Unraveling Structural Models of Graphite Fluorides by Density Functional Theory Calculations[END_REF].

Several studies established that at low concentration of fluorine, correlated with a low treatment temperature, it is possible to preserve a graphitic structure, with mainly intercalated fluoride ions. This is the case of C4F in which the hybridization of the carbon atoms remains sp 2 as in the case of graphite. At lower value of x, that is higher fluorine content, as for C2F and CF, the structure corrugates; the C atoms become mainly hybridized sp 3 , as in the diamond structure, with the presence of out of plane C-F bonds [START_REF] Sato | Short-range structures of poly(dicarbon monofluoride) (C2F)n and poly(carbon monofluoride) (CF)n[END_REF][START_REF] Ahmad | NMR and NEXAFS Study of Various Graphite Fluorides[END_REF]. The nature of C-F bonds, covalent for intermediate and higher fluorine contents (C2F and C1F) and weakened covalence for low concentration (as C4F) was estimated by NMR, EPR and XAS techniques [START_REF] Giraudet | Solid state NMR studies of covalent graphite fluorides (CF)n and (C2F)n[END_REF][START_REF] Dubois | EPR and Solid-State NMR Studies of Poly(dicarbon monofluoride) (C2F)n[END_REF][START_REF] Ahmad | NMR and NEXAFS Study of Various Graphite Fluorides[END_REF][START_REF] Giraudet | Solid-state NMR study of the post-fluorination of (C2.5F)n fluorine-GIC[END_REF]. The origin of the weakened covalence (also called semi-covalence) is due to hyperconjugation, i.e. the electrons involved in the C-F covalent bonds are delocalized by the presence of out of plane pz orbitals from the graphitic planes due to the coexistence of conjugated C=C double bonds in non-fluorinated parts and covalent C-F bonds in fluorocarbon parts [START_REF] Sato | Short-range structures of poly(dicarbon monofluoride) (C2F)n and poly(carbon monofluoride) (CF)n[END_REF].

In previous works by in-situ high pressure Raman spectroscopy, XRD and ab-initio calculations we investigated the structural, vibrational and electronic behavior of C2F and C4F at ambient conditions and high pressure exploring the sp 2 -sp 3 carbon transition upon fluorination and physical compression [START_REF] Pischedda | Experimental and DFT high pressure study of fluorinated graphite (C2F)n[END_REF][START_REF] Pischedda | Fluorinegraphite intercalation compound (C4F)n at high pressure: Experimental and theoretical study[END_REF]. Density functional theory (DFT) calculations showed that the coverage of the graphene layer by fluorine is more stable in a single-sided fluorinated configuration (where all the F atoms bind on one side of the graphene layer), while the C2F structure has a complex mixed sp 2 -sp 3 character where graphene layers are intercalated among sp 3 carbon hybridized structural domains. However, the models do not take into account structural, chemical and core-surface inhomogeneity observed in the experimental data. Raman spectroscopy and XRD data clearly indicate the presence of disorder, meaning that conventional approach based on Bragg diffraction is not well adapted for structural studies of these compounds.

In this paper, we investigate the C-F bonding nature of graphite fluorides with different fluorine concentrations C4F, C2F and C1F using two techniques, which, to the best of our knowledge, have never been used before for characterizing these materials: X-ray Raman Scattering (XRS) and Pair Distribution Function (PDF) analysis. These are both bulk techniques very sensitive to the atomic local and electronic structure and C hybridization.

PDF is a well-established technique for studying disordered or semi-ordered materials. XRS is a non-resonant inelastic X-ray scattering technique that allows observing the core electron excitations in the sample, thus providing information about the C-F bonding character and the hybridization of the C states [START_REF] Suzuki | X-Ray Raman Scattering Experiment[END_REF][START_REF] Suzuki | X-Ray Raman Scattering. II. Experiment with Cr Kα Radiation[END_REF][START_REF] Huotari | A largesolid-angle X-ray Raman scattering spectrometer at ID20 of the European Synchrotron Radiation Facility[END_REF][START_REF] Huotari | X-ray-Raman-scattering-based EXAFS beyond the dipole limit[END_REF]. Compared to other techniques such as XPS and soft-XAS, that allow obtaining similar information, XRS has the great advantage that the penetration depth of the hard X-ray beam in the sample is of the order of hundreds of micrometers (compared to few nanometers or few hundreds nanometers for XPS and XAS, respectively). This bulk sensitivity is important for the study of graphite fluorides that often present core-surface heterogeneity, the fluorination process being limited by the diffusion of fluorine into the carbon lattice. DFT calculations allow data interpretation to be verified and validated.

Experimental

Sample preparation

Graphite fluorides at different levels of fluorination were measured: C4F, C2F and C1F.

Sample preparation proceeded via treatment in fluorine gas of graphite powder used as a precursor. More details about the synthesis and fluorination process of the samples are reported in [START_REF] Giraudet | Solid state NMR studies of covalent graphite fluorides (CF)n and (C2F)n[END_REF][START_REF] Giraudet | Solid-State NMR ( 19 F and 13 C) Study of Graphite Monofluoride (CF)n: 19 F Spin-Lattice Magnetic Relaxation and 19 F/ 13 C Distance Determination by Hartmann-Hahn Cross Polarization[END_REF][START_REF] Dubois | EPR and Solid-State NMR Studies of Poly(dicarbon monofluoride) (C2F)n[END_REF][START_REF] Giraudet | Solid-state NMR study of the post-fluorination of (C2.5F)n fluorine-GIC[END_REF]. Pristine graphite powder was natural sample from Madagascar (grain size 75 μm), supplied by Mersen. Graphite and diamond powders were measured as references.

Characterization 2.2.1 Pair Distribution Function analysis

XRD data for real space analysis were collected at the ID15A beamline (ESRF, Grenoble, France), selecting an energy of E = 65.35 keV (λ = 0.18971 Å), of the incoming beam. Using a Pilatus CdTe detector, a 2D detector system and placing the samples to a sample-to-detector distance of 12.05 cm, a maximum momentum transfer Q = 4π sin θ/λ of Qmax ~ 35 Å -1 was reached. Power samples of C4F, C2F, CF and graphite were loaded into 1.5 mm diameter kapton tubes. 64 images of 10 s each were collected (for a total data collection time of about 10 minutes). Data on empty tube was also collected to obtain sufficient statistics for background subtraction. Sample spinning was used to increase powder averaging. Data collected on a CeO2 powder sample were used for geometrical calibration (7 images of 10 s).

Background was systematically subtracted on the raw images before azimuthal integration (using in-house software).

In this work, the PDF is described with the G(r) formalism [START_REF] Egami | Underneath the Bragg Peaks: Structural Analysis of Complex Materials[END_REF], which indicates the probability of finding a pair of atoms separated by a distance r. G(r) is experimentally determined via sine Fourier transform of the total scattering function F(Q):

where Q is the magnitude of the scattering vector, Q = 4π sin θ/λ, and r is the interatomic distance. S(Q) is the experimental coherent X-ray scattering intensity, after correcting the raw data for sample self-absorption, multiple and Compton scattering.

Data integration was performed using pyFAI [START_REF] Ashiotis | The fast azimuthal integration Python library: pyFAI[END_REF] and extraction of the G(r) functions was performed using PDFGetX3 software [START_REF] Juhás | PDFgetX3: a rapid and highly automatable program for processing powder diffraction data into total scattering pair distribution functions[END_REF], employing data for the Fourier Transformation to a Qmax = 35 Å -1 .

Neutron powder diffraction (NPD) data [START_REF] Cavallari | Neutron powder diffraction study of fluorinated graphites[END_REF] for real space analysis were collected at the D4C instrument (ILL, Grenoble, France) [START_REF] Fischer | D4c: A very high precision diffractometer for disordered materials[END_REF] at an incident neutron wavelength λ = 0.4964(5) Ǻ, covering a Q-range between 0.35 and 23.5 Ǻ -1 . Powder samples were placed inside a sealed 7 mm diameter Vanadium cylindrical cell and measured under ambient temperature and vacuum conditions.Vanadium rod, empty cans and boron powder patterns were also measured in order to properly subtract the background and normalize the data. Backgrounds were measured periodically during the experiment in order to assess their stability. PDFs from NPD data were obtained using the standard Placzek correction and Fourier transform, implemented into a software procedure developed at the D4C instrument [START_REF] Fischer | Neutron and x-ray diffraction studies of liquids and glasses[END_REF]. In particular, an appropriated background, taking into account a linear combination of the diffraction data for the empty bell jar and empty can and Placzek corrections, was subtracted from the raw data. In addition, multiple scattering and absorption corrections were made using the CORRECT program [START_REF]CORRECT: A correction program for neutron diffraction data[END_REF].

Resolution of the PDF (i.e. shorter distances which can be distinguished) in the real space covered by the X-ray and the neutron experiments was δr ~ 0.1 ÷ 0.16 Å, respectively.

X-ray Raman scattering

All XRS data were collected using the large solid angle spectrometer of the beamline ID20 at the ESRF (Grenoble, France) dedicated to XRS studies [START_REF] Huotari | A largesolid-angle X-ray Raman scattering spectrometer at ID20 of the European Synchrotron Radiation Facility[END_REF][START_REF] Huotari | X-ray-Raman-scattering-based EXAFS beyond the dipole limit[END_REF]. The pink beam from four U26 undulators was monochromatized by using a nitrogen cooled Si(111) monochromator and a Si (311) Channel Cut post-monochromator and then focused to a spot size of approximately 10 × 20 μm 2 (V × H) at the sample position with a mirror system in Kirkpatrick-Baez geometry. Measurements were performed by scanning the incident energy Ei so that the energy loss [Ef -Ei] matches the core-electron excitation of interest, in this case C and F K-edge. XRS data were collected in the vertical scattering plane using 36 spherically bent Si(660) analyzer crystals at the final energy Ef of 9.8 KeV and using 3 pixelated Maxipix detectors [START_REF] Ponchut | MAXIPIX, a fast readout photon-counting X-ray area detector for synchrotron applications[END_REF]. The overall energy resolution was 0.7 eV and the mean momentum transfer was 3.2 ± 0.3 Å -1 . All the samples were handled in air, ground into fine powder and pressed in an ad-hoc grooved flat Aluminium sample holder. The sample holder was placed on the goniometer stage at an incident beam angle of 10 degrees. All measurements were collected at room temperature and checked for consistency. The inelastic data were integrated over appropriated Region Of Interest (ROIs), averaged over the 36 crystals and treated with the XRS tools program package [START_REF] Sahle | Planning, performing and analyzing X-ray Raman scattering experiments[END_REF]. A background accounting for the valence Compton profile was subtracted following the procedure described in [START_REF] Sahle | Planning, performing and analyzing X-ray Raman scattering experiments[END_REF]. Finally normalization over the area across the edge was applied. XRS spectra are presented in energy loss scale.

Computational details

All the calculations were performed within the ab-initio framework of the density functional theory using the pseudopotential and plane waves method, as implemented in the VASP code [START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set[END_REF][START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF]. The parameters of the calculation are similar to those previously used in Ref [START_REF] Pischedda | Experimental and DFT high pressure study of fluorinated graphite (C2F)n[END_REF][START_REF] Pischedda | Fluorinegraphite intercalation compound (C4F)n at high pressure: Experimental and theoretical study[END_REF], with the van der Waals corrections to the total energy taken into account at the DFT level using the so-called Grimme's D2 method [START_REF] Perdew | Restoring the Density-Gradient Expansion for Exchange in Solids and Surfaces[END_REF]. The two 2s and two 2p outermost valence electrons of C and the two 2s and five 2p outermost valence electrons of F were dealt with explicitly in the calculations, while the rest of the electrons were considered frozen at the core. A projector augmented wave scheme was used [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF][START_REF] Grimme | A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu[END_REF] with a kinetic-energy cutoff in the plane waves expansions of 600 eV whereas for the integration over the Brillouin zone 15×15×5 Monkhorst-Pack grids were used. All these calculations correspond to hydrostatic pressures spanning the region of interest and zero temperature, with the small effect of the zero point energy neglected. The analysis of the electron localization function (ELF) was performed once electronic self-consistency was achieved and has provided very useful information on the bonding features for the studied materials. ELF was calculated from the valence electronic density obtained within the pseudopotential scheme implemented in VASP and the results were visualized using the VESTA 3.4.3 software and Jmol Visualization tool [START_REF] Momma | VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology data[END_REF][START_REF]Jmol: an open-source Java viewer for chemical structures in 3D[END_REF]. The net atomic charges (NAC) were also calculated by means of the DDEC6 code [START_REF] Manz | Introducing DDEC6 atomic population analysis: part 1. Charge partitioning theory and methodology[END_REF][START_REF] Limas | Introducing DDEC6 atomic population analysis: part 2. Computed results for a wide range of periodic and nonperiodic materials[END_REF] (the frozen core electrons were included in the charge analysis). We have also carried out calculations of the core level binding energies for the C-1s and F-1s core state, including final-state core hole effects (core-level relaxation energy), which involve the recalculation of the Kohn-Sham eigenvalues for the core states for the chosen atom using a half core-hole [START_REF] Köhler | Density functional study of CO on Rh(111)[END_REF].

The C-1s and F-1s energy values are referred to the electrostatic potential at vacuum. The simulation periodic cell corresponds to a slab of material made up of a large enough number of layers (so as to recover bulk properties in the central layers of the slab) plus a large enough vacuum region between the periodic images.

Results and discussion

PDF analysis

A direct analysis of the Real Space data is carried out for the three C4F, C2F and C1F samples together with pristine powder graphite, for both X-ray and neutron diffraction data. The results are listed in Table 1. In Fig. 1 X-ray data in both reciprocal (left panel) and direct space (right panel) are plotted while the reference simulated models for the considered structures are sketched in Fig. 2 and described in Ref [START_REF] Pischedda | Experimental and DFT high pressure study of fluorinated graphite (C2F)n[END_REF][START_REF] Pischedda | Fluorinegraphite intercalation compound (C4F)n at high pressure: Experimental and theoretical study[END_REF]. Neutron data are reported in the SI file.

XRD data in reciprocal space clearly evidence the presence of the (002) pure graphite reflection at Q ∼1.9 Å -1 in all the samples, broader in C4F while sharp and well-defined in C2F and CF samples.

X-ray data in direct space show one single oscillation in the low r region of the G(r) of C4F, with the first shell distances centred at 1.44 Å (see Fig. 1 and Table 1 for esd). This value is in fair agreement with the DFT model a) in Fig. 2 and discussed in [START_REF] Pischedda | Fluorinegraphite intercalation compound (C4F)n at high pressure: Experimental and theoretical study[END_REF] that predicts three first (a) 25% -C4F [START_REF] Pischedda | Fluorinegraphite intercalation compound (C4F)n at high pressure: Experimental and theoretical study[END_REF]; (b1 and b2) 50% -C2F (sp 3 ) and C2F (sp 2 -sp 3 ), respectively [START_REF] Pischedda | Experimental and DFT high pressure study of fluorinated graphite (C2F)n[END_REF];

(c) 100% -CF [START_REF] Charlier | First-principles study of graphite monofluoride (CF)n[END_REF]. (model b1 in Fig. 2) and recently discussed in [START_REF] Pischedda | Experimental and DFT high pressure study of fluorinated graphite (C2F)n[END_REF]. In general, short distances at around 1.38 Å corresponding to C-F bonds may be enhanced by the presence of a larger number of dangling bonds at the edge of coherent (graphitic or not) domains. So, the smaller are the domains, e.g. in presence of a more disordered structure, the larger is the number of such C-F bonds. Therefore, this peak would appear stronger in the PDF. It should be noticed that the agreement with the model proposed by Han et al. [START_REF] Han | Unraveling Structural Models of Graphite Fluorides by Density Functional Theory Calculations[END_REF] and by Pischedda et al. [START_REF] Pischedda | Experimental and DFT high pressure study of fluorinated graphite (C2F)n[END_REF] (model b2 in Fig. 2) is poorer, i.e. with the distance at 3.2 Å not reproduced in the experimental data.

PDF

Moreover, both the models (b1 and b2 in Fig. 2) fail to reproduce satisfactorily the data above 5.8 Å. Data suggests that we are in presence of fragmented nanostructured domains of the structural models.

Similarly, in the C1F sample, both X-ray and neutron data (see Table 1) show two distances in the low r region of the PDF, at 1.36 Å and 1.58 Å (see Fig. model a in Fig. 2 ) and 100%-F coverage (CF, model c in Fig. 2).

Figure 3: (top) ELF profiles in function of the distance between the two bonded atoms (left panel: C-C and C-CF. Right panel: C-F). A value of one indicates a high localization of electrons. For covalent bonds the valence electrons are localized between the two bonded atoms whereas for ionic bonds the valence electrons are localized near the anions. (bottom) Net atomic charges (NAC) at 25%-F coverage (left image) and 100%-F coverage (right image). A blue color is used to report the value of NAC on the C atoms whereas red indicates the NAC on the F atoms.

The ELF profiles depicted in Fig. 3 XRS spectra at the energy loss corresponding to the C K-edge and F K-edge for C4F, C2F and CF are shown in Fig. 4a and 4b respectively. The features at the C-K edge will be discussed first. Graphite and diamond powder have been measured as a reference and the experimental data are in good agreement with previous soft-XAS and EELS measurements [START_REF] Batson | Carbon 1s near-edge-absorption fine structure in graphite[END_REF][START_REF] Ma | Soft-x-ray resonant inelastic scattering at the C K edge of diamond[END_REF]. In graphite, the main features at the C 1s absorption edge are associated to the transitions of the C 1s electron of the empty π and σ states in the conduction band. These states, indicated as π* and σ*, come from the C π2pz orbitals oriented perpendicular to the carbon plane and the sp 2 hybridized C 2s,2px,y oriented in the carbon plane respectively. Therefore these are a clear indication of the C sp 2 hybridization that gives the trigonal C coordination within the graphene plane. In the graphite spectrum, the π* resonance is well defined at an energy of 285 eV, whereas the σ* band emerges at ~291 eV. The excitonic contribution expected at the edge onset [START_REF] Brühwiler | π * and σ * Excitons in C 1s Absorption of Graphite[END_REF] cannot be clearly distinguished from the σ* band itself because of the experimental resolution, both these features merging in one unique asymmetrical peak. The broader features extending above the threshold are attributed to core electron transitions to the empty σ electronic states in the conduction band associated to the interaction of carbon rings within the plane [START_REF] Batson | Carbon 1s near-edge-absorption fine structure in graphite[END_REF]. In the case of diamond, the σ* band is broader, with an onset energy of ~289 eV. In this case, the sharp excitonic contribution is distinguishable at the edge onset. In addition, the feature c emerges at ~ 305 eV. It originates from a large intensity dip at 302 eV due to a second absolute gap in the diamond band structure [START_REF] Gloter | Improving energy resolution of EELS spectra: an alternative to the monochromator solution[END_REF]. Globally, the shape of the σ* band (including the features indicated as σ*, σ*' and c in Fig. 4a) is a fingerprint of the C sp 3 hybridization in diamond. This confirms that the chemical bonding between carbon atoms in highly graphite fluorides is mainly due to covalent σ bonds. It is noteworthy noticing that the features are globally illdefined, most likely because of increased disorder and probable coexistence of several phases.

The XRS spectra at the F K-edge are reported in Fig. 4b. The features here are given by the F 1s electron transitions to the unoccupied electron states in the conduction band. The edge has an onset at around 685 eV and it is basically flat above 710 eV. We can distinguish three main bands: d from 686 to 688.5 eV, e at 693 eV and f from 695 to 700 eV. The edge onset shifts towards higher energy for the CxF compounds with higher degree of fluorination (x=1,2).

Moreover the relative intensity between d and f changes varying the stoichiometry: in C4F e is more intense than d, in C2F and CF this behavior is inverted, like for covalent C-F bonding in fluorobenzine [START_REF] Hitchcock | Antibonding .sigma.* valence MOs in the inner-shell and outer-shell spectra of the fluorobenzenes[END_REF]. This contrast is related to the number of free available electron states in the conduction band and gets modulated by the spatial orientation of the C-F bonds. Data of C4F do not correlate well with NEXAFS spectra of ionic C6F [START_REF] Seki | High-Energy Spectroscopic Studies of the Electronic Structures of Organic Systems Formed from Carbon and Fluorine by UPS, Vacuum-UV Optical Spectroscopy[END_REF], even though a precise comparison cannot be done as the samples were synthetized differently and XRS provides a powder averaged signal with high sensitivity to the core.

For both the edges, the agreement with previous soft X-ray NEXAFS characterization of the same CxF (x=4,2,1) compounds [START_REF] Ahmad | NMR and NEXAFS Study of Various Graphite Fluorides[END_REF] is very good: the global spectral shape, energy position and relative intensity of the peaks in the two datasets show an excellent match. However it should be noticed that, for all the stoichiometries and in particular at high F content, the fine structure of the XRS spectra is less clear and defined than the NEXAFS data. The first reason must be associated to the different energy resolution of the employed techniques: ~ 700meV (XRS) vs ~100 meV (NEXAFS). In addition, the sample depth probed by the two techniques is very different: few nm for the soft X-ray NEXAFS measurements [START_REF] Ahmad | NMR and NEXAFS Study of Various Graphite Fluorides[END_REF] vs hundreds of μm of XRS. XRS data suggests that in the bulk the F atoms do not show a homogenous local atomic environment and coordination as at the surface.

In order to interpret the binding energies of the core levels measured by XRS, these were calculated for the C1s and F1s core states in the final state approximation. We compared the binding energies of the C1s core levels for C4F and C2F to those of C bonded only to C or F atoms. The calculated values of the binding energies from graphite (0% fluorination) to C1F (100% fluorination) are given in Table 3. From these results we can see that in compounds in which the C atoms are bonded only to other C atoms, the C-1s values are similar to the ones obtained for graphite, however when the C atoms are attached to fluorine the energy value is higher.

Material

The presence of the electronegative F atoms in the nearest surroundings of the C atoms causes some electron transfer from C towards F; therefore the effective positive charge on C increases as well as the C-1s electron binding energy. This explains the progressive up-shift of the edge onset upon fluorination, particularly evident in highly graphite fluorides like CF. The results appear in good agreement with the reported binding energies measured by XRS and with the often reported values for the graphite core level [START_REF] Susi | X-ray photoelectron spectroscopy of graphitic carbon nanomaterials doped with heteroatoms[END_REF]. C2F compound is the one that shows the poorest agreement with the structural models proposed (models b1 and b2 in Fig. 2) Following the analysis procedure described in [START_REF] Ahmad | NMR and NEXAFS Study of Various Graphite Fluorides[END_REF], C-1s and F-1s spectra were aligned in energy by taking into account the energy separation between the F-1s and C-1s core levels. A value of ∆E ~399 eV was used for both C1F and C4F [START_REF] Sato | Short-range structures of poly(dicarbon monofluoride) (C2F)n and poly(carbon monofluoride) (CF)n[END_REF]. The result is shown in Figure 5a.

and
The fine structures of these two spectra are similar for features' number, shape and energy position, confirming that they are associated to the transition of C-1s and F-1s core electrons to the same set of final states, formed primarily by F-2p and C-2p states [START_REF] Ahmad | NMR and NEXAFS Study of Various Graphite Fluorides[END_REF]. We can see a clear correlation between the main peaks in both CF and C4F spectra. In particular, d becomes 

  short distances C-Cshort = 1.40 Å, C-F = 1.46 Å and C-Clong = 1.50 Å, whose weighted average is about 1.46 Å. It is to note that these three distances cannot be resolved within the experimental resolution of the neutron and even synchrotron X-ray PDF data. The overestimation of the overall first short distances in the DFT model can be interpreted as an overestimation of the presence of the F atoms in the structure, with respect to the nominal fraction F/C = 0.25.
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 12 Figure 1. XRD patterns in the q-range [0.8-10] Å -1 (left panel) and corresponding PDFs of graphite (green), C4F (blue), C2F (red), and CF (black) samples plotted up to 3.5 Å (right panel) collected at the ID15A beamline of the ESRF, using λ=0.18971 Å.

For

  the C2F sample, experimental data show two distances in the low r region of the PDF at 1.37 Å and 1.56 Å (see Figure1, right panel), which agree very well with the distances C-F = 1.37 Å and C-C =1.56 Å predicted by the DFT model firstly proposed by Sato et al.[START_REF] Sato | Short-range structures of poly(dicarbon monofluoride) (C2F)n and poly(carbon monofluoride) (CF)n[END_REF] 

  1, right panel), which are in good agreement with the distances predicted by the DFT calculated model [40] (model c in Fig. 2), i.e. C-F = 1.38 Å and C-C =1.57 Å. In this case, experimental data also seem to agree on second and third coordination shells. C1F being the compound with the highest F/C ratio (x= 1), the proposed theoretical model is close to the observation. To better understand the character of the C-C and C-F chemical bonds we report in Fig. 3 a theoretical study of the projected ELF along the C-F and C-C bonds at 25%-F coverage (C4F,

Table 2 :Figure 4 .

 24 Figure 4. (a) XRS spectra at the Carbon K edge of graphite fluorides at different fluorination degree. From the bottom to the top: in green graphite, in blue C4F, in red C2F, in black CF, in pink diamond. (b) XRS spectra at the Fluorine K-edge of graphite fluorides at different fluorination degree. From the bottom to the top: in blue C4F, in red C2F, in black CF.

  Fig 4a, can be observed at higher degree of F (x=2,1), together with a progressive change in the global shape of the σ* band, that approaches the one of diamond. Upon fluorination, F atoms bond to the carbon plane through the C 2pz orbital and the carbon plane corrugates.

Figure 5 :

 5 Figure 5: a) Comparison between the XRS spectra at the C (top) and F (bottom) K-edge of CF (black curves) and C4F (blue curves). The spectra are aligned in energy using the energy separation ∆E (F 1s -C1s) equal to ~ 399 eV [10]. b) DOS and PDOS for both C4F and CF with a zoom of PDOS corresponding to C atoms from DFT calculations.

  up-shifts in energy as the feature b does, while increasing the fluorination content from C4F to CF, both being associated to the out of plane C-F bonds in the structure[START_REF] Ahmad | NMR and NEXAFS Study of Various Graphite Fluorides[END_REF][START_REF] Seki | High-Energy Spectroscopic Studies of the Electronic Structures of Organic Systems Formed from Carbon and Fluorine by UPS, Vacuum-UV Optical Spectroscopy[END_REF].In Figure5(b) we present the calculated total density of states (DOS) for the cases of 25% fluorination (C4F) and 100% fluorination (C1F), together with the projected density of states (PDOS) for each C and F species and projections onto s, px, py and pz orbitals of the C atoms. Therefore, the way the peaks in the PDOS overlap can shed light on the hybridization character in the compound, confirming the main covalent character of the C-F bonds (as discussed from the analysis of the ELF data). The comparison of the calculated PDOS at 25% and 100% fluorine coverage shows substantial differences at the top of the valence band and a bottom of the conduction bands, being the contribution of C-px+py and C-pz orbitals quite different. At 25% coverage a prominent peak of C-pz character is observed for non-fluorinated neighbouring C atoms at the edge of the valence (bonding states) and conduction band (antibonding states) edges indicating a π-type bond, whereas in the case of 100% coverage the loss of this peak is observed. A significant hybridization of C-pz states and C-px+py orbitals is observed. These results confirm the experimental data.

  In the present paper we show two new advanced methodologies to investigate graphite fluorides C4F, C2F and C1F as function of the fluorine and the residual sp 2 carbon atom contents, making use of XRS data and of PDF-analysed diffraction data, supported by DFT simulations. Information about the character of the C-F bonding were extracted, as well as about the first neighbour distances, the C-C and C-F bond lengths and finally the nature of the final states for 1s core-electron excitations probed by XRS. Our diffraction data, both in reciprocal and direct space, indicate the presence of a graphitic phase in the graphite fluorides compounds with stoichiometry C4F, C2F and CF. The analysis of XRS data confirms the presence of a graphitic phase, even at the highest fluorine content. With respect to the models proposed in literature, our study shows evidence for structural disorder and most likely coexistence of different phases, e.g. graphitic ones at the core of the particles where the diffusion of fluorine during the fluorination process is limited. Such data are crucial to deeply understand and therefore to optimize and control the synthesis with the view of practical applications. In the field of electrochemistry or tribology, the presence of a C-sp 2 phase in the fluorocarbon matrix is believed to trigger an improvement in the material performances.

Table 1 .

 1 First

		calculation / Å	Observed distances / Å from X-ray PDFs	Observed distances / Å from neutron PDFs
	graphite C4F	1.40, 1.46 and	1.425 ± 0.003 1.438 ± 0.006	1.417 ± 0.005 1.432 ± 0.005
		1.50 (model				
		a)				
	C2F	1.37 and 1.56 (model	1.375 ± 0.003	1.562 ± 0.003	1.50 ± 0.01
		b1)				
	CF	1.38 and 1.57 (model	1.361 ± 0.002	1.574 ± 0.002	1.330 ± 0.005	1.570 ± 0.005
		c)				

neighbours distances in the three fluorinated compounds, C4F, C2F and CF as observed in the experimental X-ray and neutron PDF data. The estimated standard deviations of the experimentally observed distances are derived from Gaussian fits of the G(r) curves.

Table 3 :

 3 Core Level Energies obtained from the DFT calculations.

		Core hole level site	DFT calculation
			(eV)
	C1F	C1s	285.9
		F1s	689.0
	C2F (sp 3 )	C1s (C)	284.6
		C1s (F)	285.8
		F1s	688.9
	C4F	C1s (C)	285.5
		C1s (F)	286.9
		F1s	687.0
	C-graphite	C1s	285.4
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