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with the adjacent tissue, thus enhancing 
osseointegration and promoting bone 
regeneration.[7] HAp, Ca5(PO4)3(OH), has 
been studied extensively for a variety of 
applications, such as bone cements, bone 
fillers, bone tissue engineering, drug 
and gene delivery, etc.[8] This is due to its 
chemical and structural similarity to bio-
logical apatite, which is the prime inor-
ganic constituent of bone.[9]

Currently, HAp coatings can be formed 
by several processes, such as plasma 
spraying, laser pulse deposition, sol–
gel coating, electrophoretic and electro-
chemical deposition.[10] Some of these 
techniques are expensive, form nonuni-
form coatings, and do not allow very pre-
cise control of the process. For example, 
plasma spraying, the most common 
method in industry today, is a non-line-of-
sight technique which forms a variety of 
poorly crystalline phases on the implant’s 
surface and introduces residual thermal 
stresses that eventually result in delamina-

tion and failure.[10,11] Another example is electrophoretic depo-
sition (EPD) of HAp.[1,3] This process involves applying high 
voltage to the substrate, and therefore the HAp nanoparticles 
(NPs) must be calcined before deposition in order to evaporate 
adsorbed water.[12] Furthermore, EPD requires densification by 
sintering the coating at high temperatures.[13] Electrochemical 
deposition is a low-cost, simple, and flexible technique for 
coating conductive substrates.[3,6,10] Electrochemical deposi-
tion of HAp from aqueous solutions is associated with local 
altering of pH in the vicinity of the cathode surface as a result 
of water reduction, which causes the precipitation of CaP from 
solution.[13–15]

Electrodeposition of HAp can be carried out in two different 
manners, depending on the building blocks used in the pro-
cess—ions or NPs. Starting with ionic species, i.e., calcium and 
phosphate ions, might form some undesired CaP phases in the 
coating. Hence, there is significant advantage in using NPs as 
the building blocks, thus dictating in advance the chemical com-
position and phase content of the resulting deposit. Moreover, 
nanoparticulate HAp possesses significant benefits, such as 
enhanced densification, improved fracture toughness and ele-
vated osteoconductivity due to its high surface area.[16] Higher 
osteoconductivity by HAp NPs is attributed to the increased 
adsorption, adhesion, differentiation, and proliferation of oste-
oblasts.[17,18] In addition, HAp NPs enhance the deposition of 
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1. Introduction

Orthopedic and dental implants are vastly used nowadays in 
reconstructive medicine.[1] Alloys, mainly titanium-based, are 
used to fabricate these implants.[2] Coatings are often applied to 
improve the osteoconductivity and osseointegration.[3–5] By far, 
coating of titanium with calcium phosphate (CaP) ceramics has 
become the dominant approach in this field. CaPs represent a 
family of materials consisted of various phases, among others, 
hydroxyapatite (HAp), α- and ß-tricalcium phosphate, and octa-
calcium phosphate.[6] The CaP coating increases both the bioac-
tivity and biocompatibility of the implant, forming direct bonds 
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bone minerals on its surface, and therefore increase the devel-
opment of a new bone tissue shortly after implantation.[18] It is 
known that HAp NPs can be synthesized by various approaches, 
including precipitation reaction, hydrothermal synthesis, sol-
gel process, biomimetic deposition, flame spray pyrolysis pro-
cess,[19] and microemulsion synthesis.[17,20]

Thus, combining electrochemical deposition and HAp NPs 
seems to offer both the advantages of a simple and straight-
forward technique with the formation of a controllable coating 
made of a HAp phase per se. Very few studies by which HAp 
NPs can be electrochemically deposited have been reported. For 
example, Thiemig et al. electrochemically deposited HAp-ZnFe 
nanocomposite film.[21] Pang and Zhitomirsky reported on EPD 
of HAp promoted by chitosan electrodeposition to create HAp-
chitosan nanocomposite on stainless steel substrate in mixed 
water–ethanol solution.[22] Park and Jang reported on electro-
deposition of HAp NPs onto TiO2 nanotube layer under high 
potential (28 V) in an electrolyte containing NH4F and (NH4)
H2PO4.[7]

Here, we present a novel approach for electrochemical 
deposition of pure HAp NPs, which have been formed by pre-
cipitation reaction under mild potentials, for coating titanium 
substrates (Scheme 1). The electrodeposition was successfully 
performed, using well-defined HAp NPs dispersed in aqueous 
solution using water soluble stabilizing agents—tri-sodium 
citrate (Cit) and sodium polyacrylate (PAA). Deposition pro-
duces high purity, single phase, HAp coating under both poten-
tiostatic and galvanostatic conditions. The process is driven by 

applying positive potential (<3 V), which oxidizes water causing 
a reduction in the pH in vicinity of the implant surface. This 
results in the protonation of the carboxylic residues of the dis-
persants and diminishes the repulsion interactions among the 
NPs, thus driving irreversible aggregation of the particles.

2. Results and Discussion

2.1. Preparation and Characterization of HAp NPs

HAp NPs were synthesized via precipitation reaction from a 
solution of calcium nitrate into which diammonium phos-
phate solution was dropwise added (as described in Scheme 1). 
Figure 1S (Supporting Information) shows SEM images of the 
HAp NPs in aqueous solution. It can be seen that the NPs 
are elongated. Dynamic light scattering gave an average size 
of ≈94 ± 40 nm. The NPs are similar to those reported previ-
ously[10,23,24] using this precipitation method. Furthermore, 
energy-dispersive X-ray spectroscopy (EDS) and X-ray photo-
electron spectroscopy (XPS) analysis of the powder (Table 1S, 
Supporting Information) was performed. In addition, EDS 
spectrum and element mapping of the powder is provided 
in Figure 2S (Supporting Information). EDS showed that the 
ratio of Ca/P is 1.56 ± 0.04. This value is somewhat close to 
that of stoichiometric HAp (1.67). It should be noted that EDS 
analysis is not recommended for unambiguous distinction 
between different CaP phases.[25] In XPS measurement carbon 
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Scheme 1. Schematics of the electrochemical deposition of HAp NPs on Ti.
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is present in the spectra, which is 
related to CO2 contamination. 
The results indicate a similar 
Ca/P ratio of 1.58, which is yet 
somewhat lower than that of 
stoichiometric HAp. To further 
clarify the phase content, X-ray 
diffraction (XRD) measure-
ments were conducted. Figure 3S 
(Supporting Information) shows 
the XRD pattern of the HAp NPs. 
All reflections were assigned 
to the HAp phase (ICSD-PDF2 
file 01-084-1998).[26] No other 
CaP phases were detected. The 
degree of crystallinity of the HAp 
NPs calculated from the XRD is 
≈70%.[27]

We note that all previous 
studies involved the electro-
chemical deposition of HAp 
from ionic-molecular species.[7,14] 
The concept of this work is to 
start with well-defined HAp NPs 
dispersed in solution and cause 
their controlled deposition. In 
our case, stabilizing the HAp 
NPs is achieved by carboxylic 
acids, which enable their electro-
chemical deposition by induced 
protonation of the acid. The approach is based on applying a 
positive potential in aqueous solutions, which causes the forma-
tion of protons upon oxidation of water and, thus, the decrease 
of the pH on the electrode surface.[28] Hence, we examined the 
ζ-potential and size of the NPs as a function of pH to assure 
that a decrease of pH causes their aggregation and precipita-
tion. It should be noticed that our method differs substantially 
from EPD as the latter requires high voltage and is based on 
the migration of particles under electrical field.[7,12,13,23,29]

HAp NPs were stabilized by two acids; Cit and PAA, the 
pKA of which is 3.13, 4.76, 6.39, and 4.25,[30] respectively. 
This implies that the HAp NP dispersions are expected to be 
stabilized due to the strong negative repulsion between the 
NPs at pH > pKA, and at the same time will be destabilized at 
pH < pKA. The change in the dispersion stability can be studied 
by measuring the ζ-potential and particle size distribution as a 
function of pH (Figure 1).

It is evident that the decrease of pH affects the stability of 
both dispersions, i.e., stabilized by Cit and PAA. The ζ-potential 
shows a sigmoidal behavior where the particles attain negative 
potential of ≈−50 mV at pH > 8, while at pH < 3 the total charge 
of the NPs diminishes. The inflection point is at ≈pH 4, which 
is in good agreement with the pKA2 of Cit and pKA1 of PAA. 
Furthermore, the change of the ζ-potential with pH matches 
the change in particle size. The sharp decrease of the parti-
cles’ size at pH < 3 is due to their dissolution. This is also sup-
ported by the images of the dispersions (Figure 1C). A stable 
dispersion is obtained as pH > 5, whereas lowering the pH 
yields initially an opaque solution (due to increasing the NPs 

size). All these results indicate that by altering the pH, namely, 
decreasing it below pH < 4–5, we destabilize the HAp disper-
sion and cause their precipitation.

2.2. Electrochemical Deposition and Coating Characterization

The next step comprised the electrochemical deposition of the 
stabilized HAp NPs dispersion onto Ti surfaces. We conducted 
a series of tests studying the effect of various applied potentials 
(1.5–2.5 V Ag/AgCl [1 m]) and duration on the deposition (not 
shown here). The application of a positive potential drives the 
oxidation of water on the anode and generation of protons 

2H O O 4H 4e2 2
+→ + + −

 (1)

Figure 2A,B shows a typical SEM image of the Cit-stabilized 
HAp NPs on Ti deposited at 2 V for 25 min. It can be seen 
that the deposition is uniform and resembles the shape of the 
initial NPs (Figure 1S, Supporting Information). It is conceiv-
able that electrochemical deposition is also particularly suitable 
for template deposition using micrometer scale structures such 
as polystyrene particles.[31] This template deposition may allow 
the selective deposition on implant’s surface as well as the crea-
tion of microporous films. Varying the deposition potential had 
no effect on the nature of the deposit. Yet, it can be seen that 
the thickness of HAp coating increases as the applied poten-
tial is raised up to ≈2 V, where it levels off (Figure 2C). There-
fore, we decided to apply a potential of 2 V for the following 
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Figure 1. A) ζ-potential, and B) particle size distribution of HAp NPs dispersed by Cit (red) and PAA (black) 
as a function of pH. C) Image of Cit-stabilized HAp nanoparticle suspensions as a function of pH. The pH 
was changed by adding HCl (0.5 m) or NaOH (0.5 m).
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experiments. Figure 2C shows that the thickness of the PAA-
stabilized coating is somewhat thicker at lower positive poten-
tials than that by the Cit-stabilized NPs. This can be attributed 
to the difference in the pKA of PAA (4.25) and Cit (3.13). This 
difference implies that it should be easier to protonate PAA 
than Cit.

EDS element analysis of the coating (Table 2S, Supporting 
Information, 10 × 10−3 m) revealed relatively large amounts of 
carbon, indicating that the coating was enriched with Cit. The 
Cit deposition is attributed to the formation of Ti-Cit com-
plex due to oxidation of titanium to Ti+4.[32,33] Ti-Cit complex 
is water-soluble and, therefore, large amounts of Ti-Cit in the 
coating might induce the dissolution of the film and impair 
the stability of the HAp deposit in aqueous solution. Ti-PAA 
complex was also reported as water soluble.[34,35] Therefore, dif-
ferent Cit concentrations were examined as shown in Table 2S 
(Supporting Information). Clearly, as the concentration of the 
Cit decreased, its content in the coating decreased respectively. 
Figure 4S (Supporting Information) shows the EDS spectrum 
and elemental mapping of the coated substrate in low Cit con-
centration, which definitely confirms that the deposit is com-
posed of pure HAp. We found that the HAp NPs dispersion 
was not affected, as long as the Cit concentration was higher 
than 1 × 10−3 m. Therefore, further experiments were conducted 
with either 1 × 10−3 m Cit or 0.03% (w/w) PAA.

Lowering the concentration of the ionic stabilizer, Cit or 
PAA, required the addition of an electrolyte to decrease the 

resistance of the solution. Thus, KNO3 (10 × 10−3 m) was added. 
Further inspection of the EDS analyses (Table 2S, Supporting 
Information) showed good agreement with the expected ratio of 
Ca/P.[36] The oxygen-to-calcium atomic ratio of stoichiometric 
HAp is 2.6, therefore only 53% of oxygen is attributed to the 
HAp while additional 9% of the detected oxygen comes from 
the Cit molecules. The oxygen-to-carbon ratio in Cit is 2.3, 
which should give rise to 3.9% of carbon, and therefore, is in 
accordance with the content that was found (4.1%). Hence, it 
is evident that most the carbon found in the coating originates 
from the Cit.

Figure 5SA (Supporting Information) shows the XRD 
pattern of electrochemically deposited HAp coating on tita-
nium. The four intense peaks are related to the titanium sub-
strate (ICSF-PDF2 file 04-002-2539). Figure 5SB (Supporting 
Information) shows grazing incidence XRD (GIXRD) with 
Rietveld refinements, which was performed overnight in order 
to observe the HAp signal while eliminating the intense peaks 
of the substrate. These results prove that the coating is com-
posed of HAp.[37] The spectrum of the HAp deposit reveals 
peak broadening, which is typical to nanocrystalline HAp.[13,38] 
Indeed, the average crystallite size was between 12 and 18 nm. 
The hexagonal unit cell parameters were calculated and found 
to be a = 9.415 Å and c = 6.870 Å, which is in good agreement 
with the lattice parameters of stoichiometric HAp (a = 9.416 Å 
and c = 6.874 Å, space group P63/m, based on ICSD-PDF2 file 
01-084-1998). Figure 6SA,B (Supporting Information) shows 
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5 µm

B

500 nm 

Figure 2. A,B) XHR-SEM image of HAp NPs stabilized with Cit (10 × 10−3 m) and electrochemically deposited at 2 V for 25 min. C) Thickness of the 
HAp NPs coating as a function of the applied potential for both dispersions (t = 25 min). Black dots: PAA-stabilized HAp NPs; red dots: Cit-stabilized 
HAp NPs.
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the Fourier-transform infrared (FTIR) spectra of the HAp 
coating stabilized with PAA and Cit. All low bands are attrib-
uted to HAp, as shown before.[39,40] Moreover, a broad peak can 
be seen between 3100 and 3500 cm–1 centered at 3260 cm–1. 
This can be attributed to the stretching vibration mode of OH– 
groups.[41] Both are present in HAp, as well as in the PAA and 
Cit additives. No additional peaks were observed in the spectra.

Figure 3A shows the effect of the duration of deposition on 
coating thickness upon applying a constant potential of 2 V 
for 25 min. It can be seen that the thickness of the HAp layer 
increases linearly, which indicates that the process is Faradaic 
and that the diffusion layer is not disrupted. This has been pre-
viously demonstrated by us in a potential-induced electrochem-
ical deposition of sol–gel.[42,43] Nevertheless, we expect that the 
process will be self-limiting since the oxidation of water takes 
place at the Ti/electrolyte interface while deposition occurs 
at the HAp layer/electrolyte interface. Obviously, the distance 
between these two interfaces depends directly on the film thick-
ness, which increases over time.

To assure a constant rate of deposition, it is preferable to 
perform the electrochemical deposition under constant cur-
rent, as shown in Figure 3B. Specifically, a constant current that 
varied between 0.1 and 0.5 mA cm−2 was applied for 10 min. 
It is important to note that the current density during the 
potentiostatic deposition was ≈0.15 mA cm−2. It is evident that 
increasing the current density slightly increases the deposition 
rate for current densities below 0.4 mA cm−2. At higher current 
densities, the rate of deposition increases more significantly; 
however, the Ti substrate was severely oxidized and the deposi-
tion was inhomogeneous.

The tensile stress to failure of the PAA-stabilized coating, as 
a standard measure of the adhesion of the coating to the sub-
strate, was examined. The samples were first grid-blasted by 
alumina powder in order to increase the contact area between 
the glue and the samples, thus ensuring that the failure will 
not occur between the control sample and the glue. The stress 
to failure was 17.9 ± 1.5 MPa. ESEM-EDS analysis was used 
to determine the locus of failure; both parts of the specimen 
were analyzed. In EDS analysis, Ca and P indicated the pres-
ence of HAp on the surface while Si and C were considered 
as indicators for the presence of glue on the surface. Ca and P 
were found on both the uncoated glued sample and the coated 
sample. Glue was found on both sides as well. These findings 

indicate that the failure was cohesive—either within the glue or 
within the coating. Hence, the adhesion of the coating to the 
substrate remained intact, and is expected to be higher than the 
value shown here. This result satisfies the requirement of the 
US FDA as well as of ASTM and ISO standards for an adhesion 
strength of at least 15 MPa.[44]

2.3. Implant Characterization and In Vitro Bioactivity Test

To prove the applicability of our approach toward coating of 
medical devices, a commercial dental implant made of Ti–6Al–
4V alloy was used. It was coated at 2 V for 25 min, as described 
above. Figure 4 shows the SEM images of the coated implant. 
Clearly, the nanoparticulate coating covers well the surface of 
the implant; the complex geometry of the implant has no det-
rimental effect on the formation of the coating. Electroplating 
is very powerful for coating complex geometries, porous struc-
tures and non-line-of-sight surfaces. This benefit applies also to 
the HAp NP electroplating shown here. Since electron transfer 
is limited to a few nm from the electrode, the formation of a 
pH gradient will also follow the intimate structure of the sur-
face. Hence, our method is highly appealing for industrial use.

The bioactivity of the coated implant plays a major role in 
determining the success or failure of the implantation. There-
fore, the tendency of the coated implant to promote bone for-
mation was tested by soaking the implant in a simulated body 
fluid (SBF) at 37 °C. Figure 5 shows SEM images of the com-
mercial dental implant coated with HAp NPs after soaking in 
SBF at 37 °C for 30 d.

It can be clearly observed that the morphology of the HAp 
NPs coating turned into porous interconnected network of HAp 
layer. The elemental analysis of the coating by EDS is shown 
in Table 3S (Supporting Information). Normally, the forma-
tion of dense apatite layers on bioactive materials is observed 
after soaking in SBF for a certain time.[45–47] However, the 
formation of interlinked apatite has rarely been reported.[45] 
This porous apatite system can promote osseointegration and 
osteoconduction properties.[48] Moreover, it is shown that after 
30 d of incubation, processes of mineralization, nucleation and 
precipitation occurred presumably due to the interactions of 
the HAp NPs with the Ca2+ and PO4

3− ions in the SBF solu-
tion.[45] Previous studies[49] have shown that bone formation 
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Figure 3. The effect of A) time and B) current density on the thickness of coatings produced by HAp NPs stabilized by either Cit (red symbols) and 
PAA (black symbols).
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associated with HAp coating begins with surface dissolution 
of HAp, which releases Ca2+ and PO4

3− into the space around 
the implant and reprecipitating as new bone. The formation of 
apatite layer is based on the attraction of ions from the solution 
by positive (Ca2+) and negative sites (PO4

3− and OH−) on the 
HAp. This bioactive nature represents the sign of in vivo for-
mation of bone bonding on the surface of the implant.[47] The 
bioactivity test also reveals the stability of the electrochemical 
coating in SBF at 37 °C, which enables the biomineralization 
of bone-like apatite on a titanium implant. It can be observed 
that the presence of the organic stabilizer did not interfere with 
the formation of a new mineralized apatite layer. On the con-
trary, Cit is one of the bone components and has been reported 
to be a significant nucleation promoter of apatite crystals.[50,51] 
Li et al. reported that increased bioactivity of HAp sheets was 
observed after soaking in citrate-containing SBF compared 
to regular SBF.[52] It can be assumed that the combination 
between HAp and Cit as two components of the bone (70 and 
0.9 wt%, respectively[51]) can lead to a superior bioactivity of the 
transplant. Similarly, PAA coating on titanium was reported 
as both enhancing anticorrosion and promoting osteoblasts 
function.[34,53]

Elemental analysis (Table 3S, Supporting Information) 
shows elevated amount of calcium and phosphorus after 
soaking in SBF, which reflects the bioactivity of the HAp NPs 
coating. This is related to the enhanced deposition of Ca2+ 
and PO4

3− from the solution. The Ca/P ratio decreases from 
1.6 ± 0.1 before soaking to 1.5 ± 0.2 after soaking, but this is 
not statistically different. The presence of Cl−, K+, and Mg2+ 
in the coating also indicates the biomineralization of the HAp 
coating by absorbing ions from the solution. The loss of carbon 
in the coating may be related to ion-exchange between Cit/PAA 
on the NPs surface to phosphate ions in the solution as part of 
the biomineralization of the implant.

3. Conclusions

For the first time, titanium plates and implants were electro-
chemically coated by HAp NPs. The proposed electrochemical 
mechanism involves oxidation of a protic solvent, i.e. water, to 
generate an acidic environment on the titanium surface. This 
causes discharge of the negatively charged HAp NPs and their 
irreversible deposition. Citrate as well as poly(acrylic acid) were 
used for dispersing the HAp NPs. Both ζ-potential and particle 
size distribution measurements support this mechanism. HAp 
coating was obtained both by potentiostatic and galvanostatic 
deposition in which the thickness of the deposit was very well 
controlled by the applied potential or current and their dura-
tion. Coating of a dental implant with complex geometry was 
successful, which implies that the process developed herein 
is well adequate for industrial use. The coated implants were 
highly bioactive and resulted in the growth of an inorganic film 
upon soaking in SBF for 30 d at 37 °C. The morphology of the 
soaked implant confirmed the formation of bone-like apatite 
layer, which resembles in vitro bone regeneration. This method 
has proven as highly efficient, straightforward, and economic, 
hence, could be well implemented in industrial use.

4. Experimental Section
HAp NPs Synthesis: HAp NPs were synthesized using a precipitation 

method.[10] 4.722 g of Ca(NO3)2 (ACS EMSURE, Merck, Darmstadt, 
Germany) was dissolved in 18 mL of high purified water (Barnstead, 
Dubuque, Iowa, USA) using a magnetic stirrer. The pH of the solution 
was adjusted to 12 by adding 0.6 mL ammonium hydroxide (25%, Baker 
Analyzed, J.T Baker, Deventer, The Netherlands) and 17.4 mL water. 
1.584 g of (NH4)2HPO4 (BioUltra≥99.0%, Sigma-Aldrich, St. Louis, 
Missouri, USA) was dissolved in 30 mL water while stirring. The pH 
of the solution was adjusted to 12 by adding 15 mL of concentrated 
ammonium hydroxide and another 19 mL deionized water. The 
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Figure 5. SEM images at different magnifications of a commercial dental implant coated with HAp NPs after 30 d soaking in SBF at 37 °C.

Figure 4. SEM images at different magnifications of a dental implant electrodeposited with HAp NPs stabilized by Cit at 2 V for 25 min.

www.wileyonlinelibrary.com


fu
ll p

a
p
er

8009wileyonlinelibrary.com© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2016, 26, 8003–8010

www.afm-journal.de
www.MaterialsViews.com

diammonium phosphate solution was slowly added dropwise using a 
separatory funnel to the calcium nitrate solution while vigorously stirring. 
The slow addition resulted in a turbid suspension. The latter was boiled 
for 1 h. Then, the suspension was cooled to room temperature and left 
until the pH decreased to 7 (after ≈3 d). The precipitated NPs were 
washed with water and centrifuged at 4000 rpm. This was repeated three 
times. The so obtained gel-like suspension was collected and freeze-
dried using liquid nitrogen. After 48 h, pure HAp powder was obtained. 
The HAp NPs were characterized by XRD (Bruker, D9 Advance), XPS 
(Axis Ultra), and extreme high resolution scanning electron microscope 
(XHR-SEM, FEI Magellan 400L) equipped with energy-dispersive X-ray 
spectroscopy (EDS). All XRD results were compared to the ICSD 
(Inorganic Crystal Structure Data) files.

HAp Suspension Preparation: Suspension of HAp was prepared 
using either tri-sodium citrate (AnalaR, BDH Laboratory Supplies, 
Poole, England) or sodium PAA (Mw ≈ 5100 based on gel permeation 
chromatography, GPC, Aldrich) as dispersing agents. Specifically, 0.5% 
(w/w) HAp NPs were added to either 10 × 10−3 m citrate (Cit) solution or 
0.3% (w/w) PAA solution. Later on, HAp dispersions were prepared at 
low concentration of Cit or PAA (1 × 10−3 m or 0.03% respectively) with 
the addition of 10 × 10−3 m KNO3 (ACS EMSURE, Merck, Darmstadt, 
Germany). Stable NP dispersions were obtained following sonication 
of 100 mL solution for 15 min at 100% amplitude, and pulse rate of 
1 s on, 1 s off, using tip-sonicator (Sonics, Vibra cell). The suspension 
stability was examined by measuring the (zeta) ζ-potential and particle 
distribution size (Zetasizer, Malvern ZS).

Titanium Surface Pretreatment: Ti (Grade 4) plate and Ti–6Al–4V rod 
were purchased from Bramil LTD. The surface area of the Ti plate was 
1.08 cm2, and that of the Ti–6Al–4V rod was 1.27 cm2. The Ti plates were 
manually ground on Grit 600 and Grit 4000 grinding paper (Microcut, 
Buehler, USA), rinsed in acetone, ethanol, and water in ultrasonic bath 
(Elmasonic P, Elma) for 10 min, and etched in (40%)HF/(65%)HNO3 
(2 vol% and 20 vol%, respectively) for 1.5 min. Commercial dental 
implants made of Ti–6Al–4V from SGS Dental Implants (Schaan, 
Liechtenstein) were tested.

Electrochemical Deposition: Electrochemical deposition was carried 
out using the potentiostat of a scanning electrochemical microscope 
(CH Instruments) in a conventional three-electrode cell. Platinum wire 
(35 mm long) was used as counter electrode, Ag/AgCl [1 m] as reference 
electrode, pretreated Ti (Grade 4) or Ti–6Al–4V as working electrode. For 
each experiment, a fresh 17 mL dispersion (0.5% w/w HAp) was used. A 
constant potential, between 1.5–2.5 V versus Ag/AgCl [1 m] was applied 
for a given time. During deposition, the solution was moderately stirred. 
Then, the Ti surface was carefully withdrawn from the solution, washed 
with clean water, and dried under atmospheric conditions. In another 
set of experiments, a constant potential of 2 V was applied for different 
times (5–25 min). Alternatively, a constant current density, between 0.1 
and 0.5 mA cm−2, was applied for a certain time. Commercial dental 
implants were electrochemically coated by applying 2 V for 25 min using 
PAA (0.03% w/w) as dispersing agent.

Coating Characterization: The coated substrates were analyzed by 
XRD (2θ = 15°–60° at step size 0.02° per s) and overnight GIXRD (2θ = 
24°–35° at step size 0.02° per 20 s). High magnification images of the 
coated surface were taken both by XHR-SEM and by environmental 
SEM (ESEM, FEI Quanta 200FEG). The thickness of the samples was 
measured by profiler (KLA Tencor). Element analysis was performed by 
EDS. FTIR spectra were recorded using Bruker EQUINOX 55 in reflection 
mode. A liquid-nitrogen-cooled mercury cadmium telluride detector was 
used for high wavenumbers spectra, while deuterated triglycine sulfate 
detector was used for low wavenumbers spectra. The samples were 
scanned 2500 times with 4 cm–1 resolution. The spectra were recorded 
between 400 and 4500 cm–1.

Adhesion Test: The strength of adhesion of PPA-stabilized HAp coating 
to the metal substrate was tested by a standard tension test. Each test 
specimen was an assembly of a coated sample and a matching uncoated 
sample with exactly the same dimensions and surface pretreatment 
which included grit blasting by alumina powder (high purity white 
alumina powder from Calbex Mineral Trading, Inc., Henan, China). 

The blasting machine was model SandyPlus GD from Carlo DeGiordi 
(Italy). Blasting parameters were: grit size of F200–F180 (59–68 μm), 
pressure of ≈6 atm, and working distance of 3 cm or higher. The grit 
blast operation lasted until a dark gray shade evenly covered the sample. 
The sample was then washed in DI water and cleaned ultrasonically 
in acetone. The two parts of the assembly were bonded together by a 
thin layer of a 3M Scotch-Weld Epoxy Adhesive DP–420 Off-White, 
which was left to cure at room temperature for 24 h while exposing 
each assembly to a compression stress of 138 kPa (20 psi). The sample 
was held by grips of an MTS 20/M tensile machine. The tensile load 
was applied at a constant cross-head velocity of 0.5 mm min−1. This 
velocity, which is slightly lower than that recommended in ref. [54], was 
found most suitable for the samples used in this study, where both the 
cross section and the thickness of the coating were smaller than the 
values referred to in ref. [54]. Four assemblies were tensile tested. In 
addition to monitoring the maximum applied load, the locus of failure 
was determined by inspecting both parts of the assembly by means of 
ESEM-EDS.

Bioactivity Test: SBF was prepared according to a procedure that 
was elaborated elsewhere.[45,46] The coated implant was soaked in SBF 
solution at 37 °C for 30 d in thermostatic bath (Firstek B300). The 
morphology of the implant was examined by ESEM and XGR-SEM-EDS.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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