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Introduction

Calcium phosphates (CaP) are well-known for their broad range of applications as biomaterials in several medical fields, especially in dentistry and orthopedic surgery [START_REF] Legeros | Calcium Phosphate Materials in Restorative Dentistry: a Review[END_REF][START_REF] De Groot | Clinical applications of calcium phosphate biomaterials: A review[END_REF][START_REF] Dorozhkin | Calcium orthophosphate bioceramics[END_REF][START_REF] Surmenev | A critical review of decades of research on calcium phosphate-based coatings: How far are we from their widespread clinical application?[END_REF]. CaP cements [START_REF] Ginebra | Calcium phosphate cements as bone drug delivery systems: A review[END_REF][START_REF] Zhang | Calcium phosphate cements for bone substitution: Chemistry, handling and mechanical properties[END_REF][START_REF] Mellier | Design and properties of novel gallium-doped injectable apatitic cements[END_REF], CaP bioceramics [START_REF] Heise | Hydroxyapatite ceramic as a bone substitute[END_REF][START_REF] Parent | Hydroxyapatite microporous bioceramics as vancomycin reservoir: Antibacterial efficiency and biocompatibility investigation[END_REF][START_REF] Damia | Functionalization of phosphocalcic bioceramics for bone repair applications[END_REF] and biomimetic apatites [START_REF] Rey | Physico-chemical properties of nanocrystalline apatites: Implications for biominerals and biomaterials[END_REF][START_REF] Grossin | Biomimetic apatite sintered at very low temperature by spark plasma sintering: Physico-chemistry and microstructure aspects[END_REF] are among the most wellknown CaPs. The choice of specific CaP-derived biomaterials depends on the targeted applications.

For example, biocompatible ceramics, such as stoichiometric hydroxyapatite (HA) or biphasic calcium phosphate (BCP), are used as commercial bone substitutes [START_REF] Kobayashi | Ossicular reconstruction using hydroxyapatite prostheses with interposed cartilage[END_REF][START_REF] Fricia | Osteointegration in Custom-made Porous Hydroxyapatite Cranial Implants: From Reconstructive Surgery to Regenerative Medicine[END_REF][START_REF] Qing | Inflammatory responses to Hydroxyapatite implants in middle ear in rats[END_REF][START_REF] De Gabory | Biphasic calcium phosphate to repair nasal septum: The first in vitro and in vivo study[END_REF][START_REF] Yang | Infection associated with hydroxyapatite prosthesis and related factors[END_REF][START_REF] Dorozhkin | Biphasic, triphasic and multiphasic calcium orthophosphates[END_REF][START_REF] Lee | Fabrication and Evaluation of Porous Beta-Tricalcium Phosphate/Hydroxyapatite (60/40) Composite as a Bone Graft Extender Using Rat Calvarial Bone Defect Model[END_REF][START_REF] Wagner | Cytocompatibility evaluation of microwave sintered biphasic calcium phosphate scaffolds synthesized using pH control[END_REF][START_REF] Canillas | Calcium phosphates for biomedical applications[END_REF]. In view of the brittleness of CaP ceramics, organic-inorganic composite CaP-derived materials such as chitosanreinforced calcium phosphate cements [START_REF] Pan | Properties of a Calcium Phosphate Cement Synergistically Reinforced by Chitosan Fiber and Gelatin[END_REF] or apatite-collagen nanocomposites [START_REF] Pek | Porous collagen-apatite nanocomposite foams as bone regeneration scaffolds[END_REF][START_REF] Wang | The predominant role of collagen in the nucleation, growth, structure and orientation of bone apatite[END_REF] have also been introduced to improve the mechanical properties of the device [START_REF] Zhang | Mechanical properties and cytocompatibility of carbon fibre reinforced nano-hydroxyapatite/polyamide66 ternary biocomposite[END_REF][START_REF] Dorner-Reisel | Unreinforced and carbon fibre reinforced hydroxyapatite: resistance against microabrasion[END_REF][START_REF] Ślósarczyk | Hot pressed hydroxyapatite-carbon fibre composites[END_REF][START_REF] Banglmaier | Induction and quantification of collagen fiber alignment in a three-dimensional hydroxyapatite-collagen composite scaffold[END_REF][START_REF] Kane | Hydroxyapatite reinforced collagen scaffolds with improved architecture and mechanical properties[END_REF][START_REF] Wang | Biomimetic Collagen/Hydroxyapatite Composite Scaffolds: Fabrication and Characterizations[END_REF][START_REF] Wang | Design and fabrication of carbon fibers with needle-like nano-HA coating to reinforce granular nano-HA composites[END_REF]. Among the various calcium phosphate phases used for these biomedical applications, calcium-deficient hydroxyapatite (CDA) nanoparticles exhibiting a strong biomimetic character are known to show high surfacereactivity with biological molecules and good dissolution/resorption properties [START_REF] Rey | Physico-chemical properties of nanocrystalline apatites: Implications for biominerals and biomaterials[END_REF][START_REF] Kasten | Ectopic bone formation associated with mesenchymal stem cells in a resorbable calcium deficient hydroxyapatite carrier[END_REF][START_REF] Hutchens | Biomimetic synthesis of calciumdeficient hydroxyapatite in a natural hydrogel[END_REF][START_REF] Gustavsson | Ion reactivity of calcium-deficient hydroxyapatite in standard cell culture media[END_REF].

Another important use of CaP materials in the orthopedic field is prosthesis coating to improve its integration in the host body [START_REF] Røkkum | Total hip replacement with an entirely hydroxyapatite-coated prosthesis: 5 years' follow-up of 94 consecutive hips[END_REF][START_REF] Rogers | The ABG hydroxyapatite-coated hip prosthesis: One hundred consecutive operations with average 6-year follow-up1[END_REF]. Orthopedic prostheses are usually made of TiAl6V4 metallic alloy and in-vivo corrosion mechanisms can lead to the release of metallic particles or ions able to induce severe inflammatory reactions and rejection of the prosthesis [START_REF] Chassot | Contamination by metallic elements released from joint prostheses[END_REF][START_REF] Oliveira | Metallosis: A diagnosis not only in patients with metal-on-metal prostheses[END_REF][START_REF] Yan | Effect of metallic nanoparticles on the biotribocorrosion behaviour of Metal-on-Metal hip prostheses, 17th[END_REF]. Several processes have therefore been proposed for coating the prosthesis with a CaP layer. The most commonly used method is plasma spraying [START_REF] Eliaz | Electrocrystallization of Hydroxyapatite and Its Dependence on Solution Conditions[END_REF], but the sol-gel method [START_REF] Choudhury | Sol-gel derived hydroxyapatite coatings on titanium substrates[END_REF][START_REF] Tredwin | Hydroxyapatite, fluor-hydroxyapatite and fluorapatite produced via the sol-gel method: Bonding to titanium and scanning electron microscopy[END_REF], laser sputtering [START_REF] Khandelwal | Characterization of hydroxyapatite coating by pulse laser deposition technique on stainless steel 316 L by varying laser energy[END_REF][START_REF] Bolbasov | The formation of calcium phosphate coatings by pulse laser deposition on the surface of polymeric ferroelectric[END_REF] or bio-mineralization [START_REF] Macaskie | A novel non line-of-sight method for coating hydroxyapatite onto the surfaces of support materials by biomineralization[END_REF] have also been employed. Among these techniques, electrodeposition is specifically used to perform CaP coatings on conducting metallic alloys. It consists in a controlled co-precipitation of calcium and phosphate ions on the surface of a conducting electrode. In most cases, electrodeposition is used to perform the coating of rigid metallic substrates, such as stainless steel [START_REF] Gopi | A comparative study on the direct and pulsed current electrodeposition of hydroxyapatite coatings on surgical grade stainless steel[END_REF], titanium [START_REF] Dumelie | In vitro precipitation of electrodeposited calcium-deficient hydroxyapatite coatings on Ti6Al4V substrate[END_REF][START_REF] Eliaz | Electrochemical processes of nucleation and growth of hydroxyapatite on titanium supported by real-time electrochemical atomic force microscopy[END_REF][START_REF] Metoki | Effect of Decorating Titanium with Different Self-Assembled Monolayers on the Electrodeposition of Calcium Phosphate[END_REF][START_REF] Vidal | Single-step pulsed electrodeposition of calcium phosphate coatings on titanium for drug delivery[END_REF][START_REF] Drevet | Electrodeposition of biphasic calcium phosphate coatings with improved dissolution properties[END_REF], magnesium [START_REF] Walter | Influence of the cathodic activity of magnesium alloys on the electrochemical deposition of calcium phosphate[END_REF][START_REF] Monasterio | Analysis of electrodeposition processes to obtain calcium phosphate layer on AZ31 alloy[END_REF] or cobalt [START_REF] Yan | Effect of metallic nanoparticles on the biotribocorrosion behaviour of Metal-on-Metal hip prostheses, 17th[END_REF] alloys. The major advantage of the electrodeposition process is the ability to coat porous or complex surfaces at relatively low processing temperatures in a water-based electrolyte.

More recently, devices based on carbon materials have been developed to offer new perspectives in the field of orthopedic applications [START_REF] Wang | Design and fabrication of carbon fibers with needle-like nano-HA coating to reinforce granular nano-HA composites[END_REF][START_REF] Hong-Mei | Calcium phosphate sonoelectrodeposition on carbon fabrics and its effect on osteoblast cell viability in vitro[END_REF][START_REF] Wu | Biomimetic synthesis and characterization of carbon nanofiber/hydroxyapatite composite scaffolds[END_REF][START_REF] Wang | Controllable preparation of a nano-hydroxyapatite coating on carbon fibers by electrochemical deposition and chemical treatment[END_REF][START_REF] Zhao | Controllable preparation of SiC coating protecting carbon fiber from oxidation damage during sintering process and SiC coated carbon fiber reinforced hydroxyapatite composites[END_REF]. In order to improve the biological properties of the activated carbon fiber cloth (ACC) involved in such devices, Han et al. [START_REF] Han | Calcium phosphate sonoelectrodeposition on carbon fabrics and its effect on osteoblast cell viability in vitro[END_REF][START_REF] Han | In vitro cytotoxicity assessment of carbon fabric coated with calcium phosphate[END_REF][START_REF] Han | Sonoelectrochemical deposition of calcium phosphate coatings on carbon materials-effect of electrolyte concentration[END_REF] proposed to coat the ACC surface with a biocompatible CaP layer using sono-electrochemical deposition at a constant current density (20 mA/cm²), in order to take advantage of the electrical conducting properties of ACC. In their work, they pointed out that the CaP-coating significantly improved the in vitro biocompatibility with human osteoblasts when compared with pristine ACC [START_REF] Han | Calcium phosphate sonoelectrodeposition on carbon fabrics and its effect on osteoblast cell viability in vitro[END_REF][START_REF] Han | In vitro cytotoxicity assessment of carbon fabric coated with calcium phosphate[END_REF]. They also reported a significant influence of experimental conditions, such as sonication [START_REF] Han | Calcium phosphate sonoelectrodeposition on carbon fabrics and its effect on osteoblast cell viability in vitro[END_REF] and electrolyte concentration [START_REF] Han | Sonoelectrochemical deposition of calcium phosphate coatings on carbon materials-effect of electrolyte concentration[END_REF], on the morphology and the chemical composition of the CaP coatings. However, the influence of electrochemical parameters, such as the type of cathodic polarization, on the precise microtexture (TEM) and structure (XRD and solid-state NMR) of CaP coatings remain to be elucidated.

In this study we therefore investigated in detail the effect of electrochemical parameters, such as applied current density or electrical potential value, not only on the CaP composition and morphology but above all on the coating uniformity, the chemical homogeneity, microtexture and structure of the CaP coatings using a broad range of characterization techniques (FTIR, SEM, TEM, XRD and solid-state NMR).

Experimental

Substrate

The material substrate consists of an activated carbon fiber cloth (ACC) obtained by the weaving of carbon fibers further physically activated with water vapor. It is referenced KIP 1200 (Dacarb®, France). Prior to use, the ACC, 40 mm*30 mm* 0.5 mm in size, was washed with boiling distilled water using a Soxhlet® extractor to remove any traces of contaminants coming from the activation and carbonization steps. After 12 hours of washing, the ACC was dried under vacuum at 70 °C.

Synthesis of the CaP coatings

CaP coating on the ACC was performed at room temperature using sono-electrochemical deposition. The electrolyte consisted of a mixture of calcium nitrate tetrahydrate Ca(NO3)2, 4H2O (Sigma-Aldrich, BioXtra, purity 99.0%), and ammonium dihydrogenophosphate NH4H2PO4 (Alfa Aesar, purity 98.0%), maintaining a Ca/P ratio of 1.67 with [Ca 2+ ] = 5 mmol/L. The initial pH was kept at 4.8. An electrochemical cell was home-made to use ACC as the working electrode, a platinum basket surrounding the ACC was used as the counter electrode and Hg/Hg2SO4 (Radiometer analytical, France) was used as the reference electrode. The cathodic polarization of the carbon electrode was performed using a potentiostat/galvanostat (Biologic Science Instruments VMP-2, France) with current densities tested in a wide range from 25 to 270 mA/g for 6 hours.

Cathodic polarization was also performed with a constant potential of -1 V/Hg/Hg2SO4, which is the theoretical barrier potential of water reduction at initial pH (= 4.8). Sonication (35 kHz,[START_REF] Wang | Biomimetic Collagen/Hydroxyapatite Composite Scaffolds: Fabrication and Characterizations[END_REF] was applied during polarization (ultrasonic bath, Transsonic Ti-H-10, Fisher Scientific France).

Characterization techniques

The characteristics of the ACC substrate (ACC) were analyzed. Elemental analysis (weight %) of C and O was determined using a Flash 2000 (CHON-S) analyzer (Thermo Scientific France).

The porosity was characterized by N2 and CO2 adsorption respectively at 77 K and 273 K, using an Autosorb-1 (Quantachrome). The total pore volume was estimated from the amount adsorbed at P/P0 = 0.95. The micropore (pore size < 2 nm) and mesopore (2 nm < pore size < 50 nm) volumes were determined by applying the density functional theory (DFT) method to the N2 isotherms assuming a slit pore shape. The Dubinin-Radushkevich (DR) theory was applied to the CO2 adsorption isotherm at 0 °C to estimate the volume of ultramicropores (pore size < 0.7 nm). The pKA distribution of functional groups grafted on the ACC surface and the pHPZC (pH value corresponding to an ACC net charge of zero) were measured by potentiometric titration with NaOH (0.1 mol/L) using a very low incremental volume (0.01 ml) in a wide range of pH = 3-11.

Characterizations of the morphology, microtexture, chemical composition and structure of the CaP coatings were performed. The CaP coating morphology and thickness were investigated by scanning electron microscopy (SEM-Hitachi S4500) operating at 5 kV. To determine the microtexture of CaP coatings, transmission electron microscopy (TEM) images were acquired with a TEM-PHILIPS CM20 operating at 200 kV. For sample preparation, 1 mg of coating was scraped from the carbon surface, dispersed in ethanol and sonicated for 30 sec; a droplet of the suspension was deposited on an amorphous carbon coated copper grid (Electron Microscopy Sciences). TEM-Energy dispersive X-ray spectroscopy (EDS) analysis (EDAX detector, Eindhoven, The Netherlands) was performed using a probe size of about 100 -150 nm to determine the Ca/P atomic ratios from the Ca peak (K Ca = 3.691 keV) and P peak (K P = 2.015 keV) of the TEM-EDS spectrum. The crystallographic structure of the CaP coatings was analyzed by X-Ray diffraction (XRD) using an INEL diffractometer (CSP120, France), working at 40 kV and 30 mA (Kα Cu = 1.5418978 Å) with a curve detector (angular instrumental resolution of 0.05°), in the range 2θ = 10° -80°, in transmission mode, using an Si (111) monochromator. Fourier transform infrared spectroscopy (FTIR) spectra were acquired on KBr pellets in transmission mode using a Nicolet 6700 spectrometer in the range 4000-400 cm -1 (resolution = 4 cm -1 , 256 scans). Pellets were prepared by admixing 1 mg of CaP sample (with ACC) with 99 mg of KBr. Solid-state nuclear magnetic resonance (NMR) experiments were performed using a Bruker Avance I spectrometer operating at a magnetic field of 7.0 T ( 1 H and 31 P Larmor frequencies of 300.13 MHz and 121.50 MHz, respectively), equipped with a 4 mm magic-angle spinning (MAS) NMR probehead.

The 31 P 1D quantitative MAS, { 1 H}-31 P cross-polarization (CP) MAS and 2D { 1 H}-31 P heteronuclear correlation spectra were recorded at a sample spinning frequency of 10 kHz. 1 H and 31 P NMR chemical shifts were referenced to TMS and H3PO4 in solution (85%), respectively.

Results and discussion

Characterization of the ACC substrate

The chemical and textural characteristics of KIP 1200 ACC are given in Table 1. The data obtained from elemental analysis show that the ACC substrate contains 92.4 wt% of carbon and 1.6 wt% of oxygen. The potentiometric titration indicates that KIP 1200 ACC pHPZC is basic (9.4) and that it presents a low amount of acidic functional groups (0.48), leading to a rather hydrophobic surface. microporous with a negligible amount of mesopores (Table 1 and Fig. 1 (b)). The mesoporous volume represents 13% of the total pore volume, and among the micropores (0.7 < pore size < 2 nm) the ultramicroporous volume (pores narrower than 0.7 nm) represents about 76% of the total pore volume. From high magnification SEM images, the CaP coating thickness (t) was determined by measurement on fiber cross-sections or on coating fractures (Fig. 5). It is respectively: t < 0.1 µm at 25 mA/g current density; t < 0.1 µm at 50 mA/g current density; 0.25 < t < 0.6 µm at 75 mA/g current density; 0.6 < t < 2 µm at 270 mA/g current density; and 1.3 < t < 1.7 µm at -1 V constant potential. Thus, an increase in current density from 25 to 270 mA/g leads to an increase in CaP coating thickness from less than 0.1 µm to 2 µm. At -1 V constant potential, the CaP coating is uniformly spread and a 1.5 µm thickness maintains the flexibility of the carbon cloth. these two values were measured when using a 50 mA/g current density or for a -1 V constant potential, suggesting that the CaP coatings formed under these conditions could be a calciumdeficient hydroxyapatite (CDA) phase or a mixture of OCP and HA. At 270 mA/g, two distinct

Ca/P ratios (1.71 ± 0.08 and 2.3 ± 0.3) were obtained; the higher one results from a mixture of HA and calcite (CaCO3) phases, as was confirmed by XRD (Fig. 8). an intense ring with some Bragg reflections that can be assigned to (211), ( 112) and (300) reflections of HA (JCPDS n°74-0566) or of CDA. Weaker intensity Bragg peaks can also be assigned to (002) and (004) reflections of HA/CDA. However, the presence of other CaP phases with similar reflections such as OCP cannot be excluded on this basis. without scraping the ACC substrate). The reason is that at 25 mA/g, the low CaP uptake and small thickness did not enable a sufficient quantity of CaP coating to be collected, whereas at -1 V, the high adherence between the CaP coating and the ACC substrate makes it difficult to collect only the CaP coating without carbon fibers. 

Chemical composition of CaP coatings

To further characterize the CaP phases formed during the sono-electrodeposition process, FTIR spectra were recorded. Four main absorption domains are observed in the FTIR spectra (Fig.

(a)):

 in the 450-800 cm -1 range, the double adsorption band located at 566 and 603 cm -1 with the shoulder at 580 cm -1 is attributed to the bending mode of apatitic PO4 3-. The shoulder observed at 633 cm -1 is attributed to the vibration mode of apatitic OH -(Fig. 9 (b)) [START_REF] Rey | Physico-chemical properties of nanocrystalline apatites: Implications for biominerals and biomaterials[END_REF][START_REF] Vandecandelaere | Biomimetic apatite-based biomaterials: on the critical impact of synthesis and post-synthesis parameters[END_REF].

 in the 800-1300 cm -1 range, the most intense and broad band centred at 1036 cm -1 with the shoulder at 1094 cm -1 is attributed to the  bending mode of apatitic PO4 3-. The weak band located at 962 cm -1 is attributed to the  mode of PO4 3-[62]. The very weak absorption band at 873 cm -1 can be attributed to HPO4 2-ions and/or CO3 2-ions (Fig. 9 (c)) [START_REF] Rey | Bioactive Ceramics: Physical Chemistry[END_REF].

 in the 1300-1580 cm -1 range, the narrow and weak adsorption band at 1385 cm -1 is attributed to a small amount of NO3 -ions coming from calcium nitrate precursor. Absorption bands between 1400 and 1580 cm -1 indicate the existence of structural CO3 2-(Fig. 9 (d)) [START_REF] Rey | Physico-chemical properties of nanocrystalline apatites: Implications for biominerals and biomaterials[END_REF][START_REF] Rey | The carbonate environment in bone mineral: A resolution-enhanced fourier transform infrared spectroscopy study[END_REF].

 in the 1580-4000 cm -1 range, broad absorption bands between 1600 and 1800 cm -1 and between 2500 and 3700 cm -1 are attributed respectively to the occurrence of structural water and adsorbed water in the CaP coating. The weak band observed around 3570 cm -1 is attributed to the stretching mode of apatitic OH - [START_REF] Weber | Enzyme-functionalized biomimetic apatites: concept and perspectives in view of innovative medical approaches[END_REF].

An expansion of the 4 domain corresponding to phosphate ions is shown in Fig. 9 (b).

Besides adsorption bands attributed to apatitic phosphate ions (at 566 and 603 cm -1 with the shoulder at 580 cm -1 ), Mochales et al. [START_REF] Mochales | Dry mechanosynthesis of nanocrystalline calcium deficient hydroxyapatite: Structural characterisation[END_REF] attributed the broad bands located around 550 and 620 cm -1 to non-apatitic HPO4 2-and non-apatitic PO4 3-, respectively.

As shown in Fig. 9 (c), the 1 and 3 domains attributed to phosphate ions exhibit broad bands characteristic of CDA, except for the FTIR spectrum of 25 mA/g coating which shows

several absorption bands at 916 cm -1 (P(-OH) stretching mode of HPO4 2-), at 1025, 1038, 1054 and 1077 cm -1 (stretching mode of PO4 3-), at 1108, 1121 and 1140 cm -1 (stretching mode of HPO4 2-

) and at 1193 cm -1 (O-H in-plane vibration mode of HPO4 2-). Amongst these bands, those at 916, 1025 and 1193 cm -1 are characteristic of OCP [START_REF] Fowler | Infra-red spectra of hydroxyapatite, octacalcium phosphate and pyrolysed octacalcium phosphate[END_REF].

The 3 domain showing bands related to CO3 2-ions is also illustrated in Fig. 9 (d). For all samples, FTIR spectra show broad absorption bands at 1421, 1457 and 1489 cm -1 which are attributed to A-type and B-type carbonated HA [START_REF] Rey | Physico-chemical properties of nanocrystalline apatites: Implications for biominerals and biomaterials[END_REF]. The carbonate ions originate from CO2 dissolved in the electrolyte and the local basic pH close to the carbon scaffold at high current density promotes the formation of carbonate ions, which are incorporated in the apatitic structure during precipitation. This also occurs at low current density and the corresponding FTIR spectra reveal the presence of carbonated CDA beside the OCP phase. For all current densities, it is also possible to assign weak-intensity absorption bands to calcium carbonate phases such as calcite, vaterite or aragonite [START_REF] Maeda | Apatite formation on titania-vaterite powders in simulated body fluid[END_REF]. MAS spectra of all samples mainly display an intense peak with an isotropic chemical shift in the range 2.7-2.9 ppm typical of carbonated nanocrystalline HA and CDA [START_REF] Panda | SEM and solid state NMR investigations of carbonate-containing hydroxyapatite nano-particles synthesized by hydroxide-gel technique[END_REF][START_REF] Aue | Solid-state phosphorus-31 nuclear magnetic resonance studies of synthetic solid phases of calcium phosphate: potential models of bone mineral[END_REF]. The linewidth (FWHM ~ 1.5 ppm) associated to structural disorder is almost the same for all conditions except for the lowest current density for which the quantitative MAS spectrum exhibits a slightly higher signal intensity at lower isotropic chemical shifts (red star). Indeed, cross-polarization (CP) MAS { 1 H}- 31 P experiments, which enable only the signal of phosphorus atoms in close proximity to hydrogen ones to be selected, were carried out and revealed the presence of a second resonance located at about 0 ppm which corresponds to the position of the highest-intensity resonance of the OCP CP MAS spectrum (HPO4 P5 and P6 sites) [START_REF] Tseng | High resolution 31P NMR study of octacalcium phosphate[END_REF][START_REF] Davies | Applications of NMR Crystallography to Problems in Biomineralization: Refinement of the Crystal Structure and 31 P Solid-State NMR Spectral Assignment of Octacalcium Phosphate[END_REF]. For the coating obtained at 25 mA/g, the The short-range proximities between P and H atoms (cross-polarization contact time of 1 ms) were deciphered from the 2D 31 P-1 H heteronuclear correlation (HetCor) MAS NMR spectra, shown in Fig. 11. As expected, these spectra exhibit an intense correlation peak between the 31 P resonance at 2.8-2.9 ppm and the 1 H resonance at 0 ppm which are assigned to the phosphate groups and the OH -hydroxyl ions of the apatitic structure, respectively. In addition, they all show weaker intensity correlation peaks between a wider 31 P contribution at almost the same chemical shift (~ 2.8 ppm) and broader 1 H signals between 5 and 15 ppm assigned to water molecules and HPO4 hydrogenophosphate ions. As discussed in previous studies [START_REF] Mellier | Design and properties of novel gallium-doped injectable apatitic cements[END_REF][START_REF] Roussière | Hybrid materials applied to biotechnologies: coating of calcium phosphates for the design of implants active against bone resorption disorders[END_REF][START_REF] Jäger | A solid-state NMR investigation of the structure of nanocrystalline hydroxyapatite[END_REF][START_REF] Wang | Water-mediated structuring of bone apatite[END_REF], the former correlation peak is characteristic of the apatitic core of the HA and CDA nanoparticles while the latter ones are associated to the formation of a hydrated disordered surface layer involving HPO4 2-groups. The observation of these features reveals here the strong biomimetic structural character [START_REF] Wang | Water-mediated structuring of bone apatite[END_REF][START_REF] Von Euw | Amorphous surface layer versus transient amorphous precursor phase in bone -A case study investigated by solid-state NMR spectroscopy[END_REF] of the carbonated HA and CDA phases deposited onto the carbon cloth and ACC surfaces. Depending on the applied current density or potential, three water electrolysis rates can be distinguished. At high current densities (100 to 270 mA/g), the water electrolysis rate is fast since absolute values of measured potentials are greater than the water reduction potential value (-0.94 V). Consequently, this leads to a significant increase in the local pH close to the carbon cloth and inside its pores, which promotes the precipitation of PO4 3-ions (and HPO4 2-to a much lower extent), to form a nanocrystalline HA phase with a needle-like morphology.

In contrast, water electrolysis occurs much more slowly for low current densities (25 mA/g) since the measured potential never reaches the water reduction value (-0.94 V). This leads to a weak pH increase which allows the existence of HPO4 2-and PO4 3-ions [START_REF] Abdel-Aal | Electrocrystallization of nanocrystallite calcium phosphate coatings on titanium substrate at different current densities[END_REF] and enables the precipitation of CDA with a plate-like morphology. The observation of OCP to a lower extent suggests that the formation of the CDA phase occurs differently, likely through the precipitation of triclinic OCP with a plate-like morphology which is further transformed into hexagonal CDA as OCP hydrolysis into CDA is easily favored upon a slight increase in local temperature (final bath temperature of 45°C with sonication) and/or pH [START_REF] Brown | Octacalcium Phosphate and Hydroxyapatite: Crystallographic and Chemical Relations between Octacalcium Phosphate and Hydroxyapatite[END_REF][START_REF] Graham | Reactions of octacalcium phosphate to form hydroxyapatite[END_REF][START_REF] Arellano-Jiménez | Synthesis and hydrolysis of octacalcium phosphate and its characterization by electron microscopy and X-ray diffraction[END_REF]. During the OCP-CDA transition, the weak lattice reorganization occurring due to the loss of water molecules could also allow some carbonate ions to be incorporated in the apatitic structure while keeping a plate-like morphology.

Since the OCP hydrolysis rate increases with pH, it also increases with current density.

For intermediate current densities (75 to 100 mA/g), the variations of pH during the process and the crossing of the water electrolysis potential with time, lead to the occurrence of the two morphologies (plate-like and needle-like ones).

For the experiments performed at a -1 V constant potential (corresponding to an applied current density close to 60 mA/g) a better control of water electrolysis is achieved at a slow rate.

As a result, the CaP coating is uniform with a well-defined thickness and it consists of a carbonated nanocrystalline CDA phase with plate-like morphology.

Conclusion

This study has illustrated the versatility of the sono-electrodeposition process for the coating of carbon fibers and ACC with biomimetic calcium phosphate phases and has described the influence of electrochemical parameters on CaP coating characteristics (morphology, microtexture, chemical composition and structure). It is shown that the use of a constant potential near the water electrolysis potential enables a uniform and homogeneous CaP coating to be obtained. The coating consists of a carbonated calcium-deficient hydroxyapatite (CDA) phase, where the nanocrystalline particles exhibit a plate-like microtexture and are composed of an ordered apatitic core surrounded by a hydrated and disordered surface layer.

Fig. 1 .

 1 Fig. 1. a) SEM micrographs of pristine KIP 1200 ACC substrate made of woven carbon fibers 10-12 µm in diameter and b) Pore size distribution of KIP 1200 ACC substrate (N2 adsorption at 77 K). (2-column fitting image)

Fig. 2 .

 2 Fig. 2. Photographs of a) pristine KIP 1200 ACC; b) to d) different CaP coatings on ACC substrate observed at different current densities: b) 25 mA/g , c) 75 mA/g, d) 270 mA/g and e) experiment performed at a -1 V constant potential. (2-column fitting image)

Fig. 3 .

 3 Fig. 3. Variation of the CaP mass uptakes as a function of the cathodic polarization applied. Error bars were determined statistically by taking into account five experiments. **During the constant potential (-1 V) application, a constant current density close to 60 mA/g was measured. (1-column fitting image)
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 45 Fig. 4. SEM micrographs of CaP coatings synthesized under different cathodic polarizations: a) 25 mA/g, b) 75 mA/g, c) 270 mA/g and d) -1 V. (2-column fitting image)

Fig. 6 . 2 - column fitting image) 3 . 5 .

 6235 Fig. 6. From a) to d) TEM micrographs of different CaP coatings synthesized under different cathodic polarizations: a) 25 mA/g, b) 75 mA/g, c) 270 mA/g and d) -1 V; e) Ca/P atomic ratio obtained from TEM-EDS analysis as a function of the cathodic polarization. *During the constant potential (-1 V) application, a constant current density close to 60 mA/g was measured. (2column fitting image)

Fig. 7 .

 7 Fig. 7. TEM micrographs and their SAED patterns for coatings formed at: a) 270 mA/g, b) 25 mA/g and c) -1 V. (2-column fitting image)

Fig. 8 .

 8 Fig. 8. XRD diffractograms of coatings synthesized at different cathodic polarizations: a) from 50 up to 270 mA/g; powder analysis, b) 25 mA/g; ACC/CaP material analysis, compared with ACC material without coating and c) -1 V constant potential; material analysis (K Cu = 0.154056 nm). (2-column fitting image + color)

Fig. 9 . 31 P

 931 Fig. 9. FTIR spectra of CaP coatings: a) full spectra, b) detail of of the PO3 4-region, c)detail of of the PO3 4-region and d) detail of the CO3 2-region. (2-column fitting image + color)

31 P

 31 MAS spectrum was thus simulated with two subspectra corresponding to the CDA and OCP phases, in agreement with FTIR and XRD results (Fig.10 (b)). The signal area of these two contributions indicates that roughly 10 and 90 % of the P atoms are involved in the OCP and the carbonated CDA phases, respectively.

Fig. 10 .

 10 Fig. 10. a) Quantitative 31 P MAS NMR spectra of coatings obtained at current densities ranging from 25 to 270 mA/g and at a constant potential (-1 V). b) CP-MAS (contact time of 1 ms) and quantitative MAS NMR spectrum of coating obtained at 25 mA/g. Red: Simulated signal, Black: carbonated CDA contribution, Green: OCP contribution. (2-column fitting image + color)

Fig. 11 . 21 3. 8 .

 11218 Fig. 11. Two-dimensional { 1 H} 31 P HetCor MAS NMR spectra of coatings obtained at a) 25 mA/g, b) 75 mA/g, c) 270 mA/g and -1 V (contact time, tCP = 3 ms). (2-column fitting image + color)

Fig. 12 .

 12 Fig. 12. Variations of potential over time during the sono-electrodeposition at current densities ranging from 25 to 270 mA/g and at -1 V constant potential. (2-column fitting image + color)

  

  

Table 1

 1 Chemical and textural characteristics of KIP 1200 ACC substrate. (

2-column fitting image)

  

	Elemental analysis		pKa distribution (mmol/g)			N2 and CO2 adsorption	
	(mass.%)								
	% C	% O	pHPZC	3<pKa<7	7<pKa<11	Acidic functional groups	Vmicro 1 N2, DFT cm 3 /g	Vmeso 1 N2, DFT cm 3 /g	Vultramicro 2 CO2, DR cm 3 /g	Vtotal cm 3 /g
	92.4	1.6	9.4	0.05	0.43	0.48	0.51	0.09	0.52	0.68

The microporous and mesoporous volumes were determined by applying the density functional theory (DFT) method to the N2 adsorption isotherms.

The ultramicroporous volume was determined by applying the Dubinin-Radushkevich (DR) theory to the CO2 adsorption isotherm. SEM images show that the ACC substrate is made of woven carbon fibers. Their diameters are in the 10-12 µm range and micropores are assumed to be directly accessible all along the fibers (Fig.1 (a)).As obtained from the gas adsorption characterization, KIP 1200 ACC exhibits a high BET surface area (1693 m 2 /g). It presents a narrow pore size distribution and it is almost exclusively
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