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Abstract 

In this work, we show that sono-electrodeposition is an efficient and versatile process for the 

coating of activated carbon fiber cloth (ACC) with biocompatible calcium phosphate (CaP) phases. 

The chemical composition, microtexture and structure of the coating were investigated by FTIR, 

SEM, TEM, XRD and solid-state NMR, highlighting the influence of cathodic polarization and 

water electrolysis on the coating characteristics. At low current density, the process leads to the 

formation of calcium-deficient hydroxyapatite (CDA) and octacalcium phosphate (OCP) phases 

with plate-like microtextures. At higher current density, the CaP coating consists of carbonated 

hydroxyapatite with a needle-like microtexture while, at intermediate regimes, both plate-like and 

needle-like microtextures are formed. The coatings were not uniform, however, for all the current 

density values employed, either on carbon fiber or ACC surfaces. Alternatively, it is shown that a 

uniform coating with a well-defined thickness can be obtained by using a constant potential value 

close to that of water electrolysis. In that case, the deposit consists of a homogeneous CDA phase 

with a plate-like nanocrystalline microtexture which exhibits a highly biomimetic structural 

character. 

Keywords: sono-electrodeposition; coating; carbon fiber cloth; biomimetic calcium phosphates.  
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1. 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 [1–4]. CaP 

cements [5–7], CaP bioceramics [8–10] and biomimetic apatites [11,12] are among the most well-

known 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 [13–21]. In view of the 

brittleness of CaP ceramics, organic-inorganic composite CaP-derived materials such as chitosan-

reinforced calcium phosphate cements [22] or apatite-collagen nanocomposites [23,24] have also 

been introduced to improve the mechanical properties of the device [25–31]. 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 surface-

reactivity with biological molecules and good dissolution/resorption properties [11,32–34].  

Another important use of CaP materials in the orthopedic field is prosthesis coating to 

improve its integration in the host body [35,36]. 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 [37–39]. Several 

processes have therefore been proposed for coating the prosthesis with a CaP layer. The most 

commonly used method is plasma spraying [40], but the sol-gel method [41,42], laser sputtering 

[43,44] or bio-mineralization [45] 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 [46], titanium [47–51], magnesium [52,53] or cobalt [39] 
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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 [31,54–57]. In order to improve the biological 

properties of the activated carbon fiber cloth (ACC) involved in such devices, Han et al. [58–60] 

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 

[58,59]. They also reported a significant influence of experimental conditions, such as sonication 

[58] and electrolyte concentration [60], 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).  

2. Experimental 

2.1. 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 
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(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. 

2.2. 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 [Ca2+] = 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, 30%) 

was applied during polarization (ultrasonic bath, Transsonic Ti-H-10, Fisher Scientific France). 

2.3. 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 
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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 
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operating at a magnetic field of 7.0 T (1H and 31P Larmor frequencies of 300.13 MHz and 

121.50 MHz, respectively), equipped with a 4 mm magic-angle spinning (MAS) NMR probehead. 

The 31P 1D quantitative MAS, {1H}-31P cross-polarization (CP) MAS and 2D {1H}-31P 

heteronuclear correlation spectra were recorded at a sample spinning frequency of 10 kHz. 1H and 

31P NMR chemical shifts were referenced to TMS and H3PO4 in solution (85%), respectively. 

3. Results and discussion 

3.1. 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.  

Table 1 

Chemical and textural characteristics of KIP 1200 ACC substrate. (2-column fitting image) 

Elemental 

analysis 

(mass.%) 

pKa distribution (mmol/g) N2 and CO2 adsorption 

% C % O pHPZC 3<pKa<7 7<pKa<11 

Acidic 

functional 

groups 

Vmicro1 

N2, DFT 

cm3/g 

Vmeso1 

N2, DFT 

cm3/g 

Vultramicro2 

CO2, DR 

cm3/g 

Vtotal 

cm3/g 

92.4 1.6 9.4 0.05 0.43 0.48 0.51 0.09 0.52 0.68 

1The microporous and mesoporous volumes were determined by applying the density functional theory (DFT) method to the N2 

adsorption isotherms. 
2 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 m2/g). It presents a narrow pore size distribution and it is almost exclusively 
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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. 

 

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) 

3.2. Uniformity and mass uptake of CaP deposits 

ACC substrate surfaces were observed before (Fig. 2 (a)) and after sono-electrodeposition 

experiments at different current densities,  i.e. 25 mA/g (Fig. 2 (b)), 75 mA/g (Fig. 2 (c)), 270 mA/g 
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(Fig. 2 (d)) and for a -1 V constant potential (Fig. 2 (e)). Whatever the current density, a non-

uniform CaP coating with uneven thickness was observed. On the contrary, at constant potential a 

uniform CaP coating was deposited on the ACC surface. 

 

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 illustrates the mass uptake of CaP/ACC materials as a function of the cathodic 

polarization. For CaP coatings performed at a constant current, the mass uptake increases from 2 

to 10 wt% with the current increase. When the CaP mass uptake obtained at -1 V constant potential 

is plotted on the curve, it is close to 60 mA/g current density. It should be noted that, in such 

experimental conditions, a much lower standard deviation is obtained, indicating a better control 

of the sono-electrodeposition process. 

 

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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3.3. Morphology and thickness of CaP coatings 

SEM micrographs illustrating the CaP coatings synthesized at different cathodic 

polarizations are depicted in Fig. 4. It clearly shows that different coating morphologies can be 

obtained with the sono-electrodeposition process: low current densities (25 and 50 mA/g) and 

constant potential (-1 V) lead to a plate-like morphology, while intermediate (75 mA/g) and high 

current densities (100 and 270 mA/g) lead to the formation of aggregates. Plate-like particles and 

aggregates do not form bridges between fibers, maintaining the flexibility of the ACC substrate. 

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. 
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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. 5. Examples of SEM micrographs used to measure the thickness of CaP coatings deposited on carbon fibers. 

3.4. Microtexture and Ca/P ratio 

TEM characterization was used to define and describe the SEM morphologies (plate-like 

and aggregate-like). Three kinds of microtexture are observed, depending on the cathodic 

polarization (Fig. 6): nanocrystallites with a plate-like microtexture at 25 mA/g (Fig. 6 (a)) and -1 

V (Fig. 6 (d)); a needle-like microtexture at 270 mA/g (Fig. 6 (c)); and a mixture of these two 

microtextures at 75 mA/g (Fig. 6 (b)). Due to the thinness of CaP plate-like nanocrystallites, a 

folding of their edges is often observed (Fig. 6 (a) and (d)). Needles are several 100 nm in length 

and less than 50 nm in width (Fig. 6  (c)). 

The Ca/P ratios are: Ca/P = 1.40 ± 0.08 at 25 mA/g current density; Ca/P = 1.44 ± 0.04 at 

50 mA/g current density; Ca/P = 1.68 ± 0.14 at 75 mA/g current density; Ca/P = 1.62 ± 0.11 at 100 

mA/g current density; Ca/P = 1.71 ± 0.08 and Ca/P = 2.3 ± 0.3 at 270 mA/g current density; and 

Ca/P = 1.4 ± 0.1 at -1 V constant potential (Fig. 6 (e)). At 25 mA/g, the measured Ca/P ratio (1.40 

± 0.08) is close to that of octacalcium phosphate (OCP, Ca/P = 1.33) and a plate-like morphology 

is observed (Fig. 6 (a)). From 75 to 270 mA/g, Ca/P ratios are close to that of hydroxyapatite (HA, 

1.67) and a needle-like morphology is observed (Fig. 6 (b) and (c)). CaP ratios ranging between 
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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 calcium-

deficient 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). 
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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. (2-

column fitting image) 

3.5. Crystallographic structure of CaP/ACC materials 

Fig. 7 shows the needle-like and plate-like microtextures observed at high magnification in 

TEM, associated with their selected area electron diffraction (SAED) patterns. The SAED pattern 

of the needles (Fig. 7 (a), 270 mA/g) shows well-defined Bragg reflections attributed to (002), 

(211), (112), (300) and (004) reflections of hexagonal HA structure (JCPDS n°74-0566) with P63/m 

space group symmetry. The occurrence of arcs for (002) reflections is related to a preferred 

direction for the HA crystal growth along the c-axis of the hexagonal structure. The plate-like 

microtexture formed at low current density (25 mA/g) or at constant potential (-1 V) consists of 

nanocrystallites with a lamellar organization (Fig. 7 (b) and (c), respectively). SAED patterns show 

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.  
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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) 

As expected, the XRD diffractograms of CaP coatings obtained from 50 to 270 mA/g 

current density (Fig. 8 (a)) show intense diffraction peaks located at 2 = 25.9°, 32° and 32.9° 

corresponding to (002), (211) and (300) reflections of HA (JCPDS n°74-0566). The peaks are 

relatively broad which could be due to the nanometric size of coherent diffraction domains, or to a 

structural disorder related to the partial substitution of phosphate and hydroxyl ions by carbonate 

ions in the HA structure, or to both phenomena. A similar diffractogram is obtained for a CaP 

coating deposited at -1 V potential constant (Fig. 8 (c)). It is only for a current density of 270 mA/g 

that additional peaks characteristic of the allotropic form of CaCO3 (JCPDS n°05-0586) are 

observed at 2 = 29.4° 36.0° and 39.4°. In contrast, the diffractogram of the CaP coating obtained 
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at 25 mA/g (Fig. 8 (b)) exhibits peaks at 2 = 9.42°, 9.80° and 24.32°  characteristic of OCP 

(respectively (200), (010) and (321) reflections (JCPDS n°79-0423). Additional peaks at 2 = 32° 

and 32.9° also reveal the presence of an HA or a CDA phase ((211) and (300) reflections), in 

addition to OCP. Note that for CaP coatings formed at 25 mA/g and -1 V (Fig. 8 (b) and (c)) with 

plate-like morphologies, diffractograms were directly recorded on the ACC/CaP materials (i.e. 

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.  
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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) 

3.6. 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. 

9 (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)) [11,61]. 

 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)) [63].  

 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)) [11,64]. 

 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- [65]. 

 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 
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shoulder at 580 cm-1), Mochales et al. [66] 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 [67].  

 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 [11]. 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 [68]. 
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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) 

3.7. Quantitative structural analysis of CaP coatings 

Further structural analyses of the deposited CaP phases were performed using solid-state 

31P magic angle spinning (MAS) NMR spectroscopy. As shown in Fig. 10 (a), the quantitative 31P 

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 [69,70]. 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 

{1H}-31P experiments, which enable only the signal of  phosphorus atoms in close proximity to 
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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) [71,72]. For the coating obtained at 25 mA/g, the 

31P 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. a) Quantitative 31P 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) 

The short-range proximities between P and H atoms (cross-polarization contact time of 1 

ms) were deciphered from the 2D 31P-1H heteronuclear correlation (HetCor) MAS NMR spectra, 

shown in Fig. 11. As expected, these spectra exhibit an intense correlation peak between the 31P 
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resonance at 2.8-2.9 ppm and the 1H 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 31P contribution at almost the same chemical shift (~ 

2.8 ppm) and broader 1H signals between 5 and 15 ppm assigned to water molecules and HPO4 

hydrogenophosphate ions. As discussed in previous studies [7,73–75], 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 [75,76] of the 

carbonated HA and CDA phases deposited onto the carbon cloth and ACC surfaces. 

 

Fig. 11. Two-dimensional {1H}31P 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) 
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3.8. Mechanism of CaP coating formation 

The findings described above clearly show that electrochemical parameters make it possible 

to tune the formation of CaP coatings with different morphologies, compositions, chemical 

homogeneities, microtextures and structures. These observations can be explained by considering 

the variations in potential over cathodic polarization time that drive the rate of water electrolysis 

during the sono-electrodeposition process. These variations for different current densities ranging 

from 25 to 270 mA/g and at a -1 V constant potential are shown in  

Fig. 12. The water reduction potential (-0.94 V) at the initial pH of 4.8 (23°C) is also 

indicated as a dashed line. 

 

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) 

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 (-
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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 [77] 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 [78–80]. 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. 

4. Conclusion 
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 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.  
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