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Abstract. The interest in electrocrystallization of calcium phosphates (CaP) in
general, and of hydroxyapatite (HAp) specifically, results from the promising indus-
trial benefits, unique microstructures, and properties of the deposits produced by this
process, and the possible similarity to bone mineralization in vivo. In this paper, our
work on electrocrystallization of HAp and octacalcium phosphate (OCP) on CP-Ti
and Ti-6Al-4V alloy, in solution containing calcium nitrate and ammonium dihydro-
gen phosphate, is briefly reviewed. The early stages of nucleation and growth are
characterized in real time by means such as electrochemical quartz crystal microbal-
ance (EQCM) and electrochemical atomic force microscope (EC-AFM). The change
in growth mode and the role of precursors to HAp are explained. The role of charge
transfer and local increase in pH is discussed.

INTRODUCTION
Biocompatibility (i.e., the ability of a material to per-
form with an appropriate host response in a specific
application) and corrosion resistance are two important
factors in the selection of biomaterials. Corrosion con-
trol in vivo is currently limited mainly to careful design
of the device, proper material selection, and surface
modification.! New materials and customized medical
devices can be produced by advanced processes such as
three-dimensional printing.>* Surface modification by
electrochemical processes is gaining much interest. On
the one hand, electrochemical polishing (electropolish-
ing) can yield a smooth surface, free of contaminants
and internal stresses, more passive, with an increased
resistance against bacteria growth and a reduced protein
adsorption, which are helpful in preventing ingrowth
of tissue (e.g., restenosis in stent applications).* On
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the other hand, chemical deposition and electrochemi-
cal deposition can be used to form either monolayers
or coatings of synthetic materials on devices, possibly
while incorporating biological matter and drugs in the
deposit, e.g., for enhancing the osseointegration of an
orthopedic implant. This paper focuses on the latter.
Apatite is the primary inorganic constituent of all
mammalian skeletal and dental tissues. It belongs to the
family of calcium phosphates (CaP), which includes,
among others, hydroxyapatite (HAp, Cas(PO,);(OH)),
a- and B-tricalcium phosphates (TCP, Ca;(PO,),), oc-
tacalcium phosphate (OCP, Ca,(HPO,)(PO,),2.5H,0),
dibasic calcium phosphate dihydrate (brushite, DCPD,
CaHPO,-2H,0), dibasic calcium phosphate anhydrous
(monetite, DCPA, CaHPO,), and amorphous calcium
phosphate (ACP, Ca,(PO,),xH,0, x = 3-4.5).>6 Wet
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cortical bone, for example, is composed of 69 wt% in-
organic (mineral) constituent, 22 wt% organic matrix,
and 9 wt% absorbed water. Biological apatites devi-
ate from the stoichiometric composition of HAp, and
contain small amounts of Mg?*, Na*, K*, COZ%, CI, and
F. They have an hexagonal crystallographic structure
(not close-packed),” and grow as platelets with typical
length, width, and thickness of 30—120 nm, 25-120 nm,
and 1.5-9 nm, respectively.®!! In their synthetic form,
apatites are typically bioactive ceramics (i.e., materials
that elicit specific biological response at the interface),
which are more osteoconductive than metal surfaces
and form direct bonds with adjacent hard tissues'? via
dissolution and ion exchange with body fluids. Hence,
several types of synthetic apatites are now commercial-
ly available for use in bone repair, bone augmentation,
bone substitution, and as coatings on dental and ortho-
pedic implants.

Several methods have been explored to deposit CaP
coatings in order to enhance implant fixation. Plasma
spraying is the most common technology used commer-
cially. Since the early 1990s, however, much interest in
electrodeposition has evolved due to: (1) the low tem-
peratures involved, which enable formation of highly
crystalline deposits with low solubility in body fluids
and low residual stresses; (2) the ability to coat porous,
geometrically complex, or non line-of-sight surfaces;
(3) the ability to control the thickness, composition, and
microstructure of the deposit; (4) the possible improve-
ment of the substrate/coating bond strength; and (5) the
availability and low cost of equipment.

Electrocrystallization (i.e., the nucleation and crystal
growth in electrochemical systems under the influence
of an electric field) can be treated in a manner similar to
deposition from a vapor phase. The nucleation type can
be either instantaneous or progressive, and the growth
mode can be one-, two-, or three-dimensional, with the
resulting shape of growing crystallites being, for ex-
ample, needles, discs, and either cones or hemispheres,
respectively. The rate-determining step may be charge
transfer, cylindrical diffusion, hemispherical diffusion,
or Ohmic polarization. Different combinations of nu-
cleation type, growth mode, and rate-determining step
yield different functions of current density as a function
of time."

In this paper, the work that has been carried out at
Tel Aviv University is reviewed. The early stages of
nucleation and growth are characterized.'*!* The change
in growth mode and the role of precursors to HAp are
explained. The role of charge transfer and local increase
in pH is discussed. The effects of bath pH and tempera-
ture are discussed briefly.'®!” Other aspects, such as the
structure, chemical composition and surface morphol-
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ogy of the coatings,'®!'® coating wettability,'® its adhe-
sion to the substrate,?*?! its corrosion resistance,'®'® and
the biologic response as evaluated both in vitro'*?' and
in vivo?>? shall not be reviewed in this paper in detail.
Yet, the main conclusions drawn in those papers are
summarized in the following two paragraphs. In addi-
tion, electrophoretic deposition of HAp on 316L stain-
less steel*** will not be discussed.

In our previous studies, the electrodeposition of uni-
form, single-phase, stoichiometric HAp coatings on CP-
Ti was demonstrated.'® The bath temperature was found
to have an important effect on the ability to get good
coatings, with an optimum reached somewhere between
70 and 95 °C." The composition and pH of the bath
were found to significantly affect the nature and surface
morphology of the CaP coatings. Coatings deposited
at pH, =4.2 were thicker, less crystallized, and more
porous than coatings deposited at pH, = 6.0, and also
revealed traces of OCP (and, possibly, of DCPA). Sam-
ples coated at pH,, = 6.0 also exhibited better corrosion
resistance. The content of OCP in coatings deposited at
pH = 4.2 was decreased as a result of increasing the bath
temperature. Texture (preferred orientation) of HAp was
observed, both at pH, =4.2 and at pH, = 6.0. Similar-
ity on the nanoscale was observed to the morphology
of HAp crystals in mature human dental enamel. The
addition of KCl to the bath resulted in the formation of
Ca-enriched, thicker coatings, with a different surface
morphology of needles. The addition of NaNO, also
resulted in thicker coatings, but with a less pronounced
preferred orientation and a dendritic surface morphol-
ogy. Speciation—precipitation calculations were made in
order to better understand the thermodynamic driving
forces.!® Cyclic potentiodynamic polarization scans in
Ringer’s solution revealed smaller hysteresis loops for
HAp-coated samples compared to bare CP-Ti, thus in-
dicating good resistance of the coated samples against
localized corrosion.'®

In vivo studies were carried out in two stages. First,
three different rods, bare Ti-6Al-4V alloy, Ti-6A1-4V
alloy coated with plasma-sprayed HAp (PS-HAp), and
Ti—6Al1-4V alloy coated with electrochemically depos-
ited HAp (ED-HAp), were implanted in the USA into
canine trabecular bone for 6 hours, 7 days, and 14 days.
Environmental scanning electron microscopy (ESEM)
study showed that PS-HAp coatings had higher bone ap-
position ratios than those exhibited by bare Ti—-6Al1-4V
and ED-HAp coatings after 7 days. The PS-HAp was
found to be of lower crystallinity and higher solubility
compared to ED-HAp. At 14 days after implantation,
ED-HAp and PS-HAp coatings exhibited similar bone
apposition ratios, much higher than that for the uncoated
alloy. In spite of poor adhesion of ED-HAp coatings to



the Ti—6A1-4V substrate, in the absence of proper sur-
face preparation, the surface morphology and higher
surface area of ED-HAp coatings apparently resulted in
better mechanical integration between the coating and
the mineralized tissue.? In the second stage, similar rod
implants were activated chemically and then grit-blast-
ed with high-purity alumina. Some of the implants were
also treated chemically in 5 M NaOH solution at 60
°C. Three groups of samples were prepared at Tel Aviv
University: uncoated but GB-NaOH treated, GB/ED-
coated, and GB/NaOH/ED-coated. A fourth group was
sent for plasma spraying at a company. Implantations
were done at Tel Aviv University in mature New Zea-
land white rabbits. The implants were press-fitted into
the medullary canal. The distal portion of the implant
was within the metaphysis, while the proximal portion
was within the diaphysis. Analyses were made at one
week and 12 weeks post-implantation. Advanced XPS
analysis revealed that both types of ED-HAp consisted
of both OCP and HAp, the content of the former being
possibly higher in the sample pretreated with NaOH.
On the other hand, the PS-HAp sample consisted of a
mixture of several phases, presumably OCP, DCPD, and
HAp. The PS-HAp coating was found to possess higher
tendency to delaminate compared to the ED-HAp.
One week post-implantation, the bone apposition ratio
(BAR) values were the highest for the PS-HAp and GB/
NaOH/ED-HAp groups. After 12 weeks of implanta-
tion, the BAR values were higher for all coated samples
compared to the uncoated implants. No significant dif-
ference was observed between the values measured in
the diaphysis and those measured in the metaphysis. The
NaOH alkaline treatment per se was found to enhance
the osseointegration of both uncoated and ED-HAp-
coated implants. Moreover, this treatment was found to
increase significantly the adhesion strength of the coat-
ing and its scratch resistance.??

EXPERIMENTAL
The experimental procedures have been described in detail
elsewhere.!*!5-2 In brief, electrodeposition was carried out in
a standard three-electrode cell. Either a sheet made of com-
mercially pure Ti grade 2 (10 x 10 x 5 mm) or a rod made of
Ti-6Al-4V grade 5 was used as a cathode. The exposed surface
area of the working electrode was either 1 cm? or ~0.205 cm?
in the macro-cell and AFM liquids cell, respectively. A Pt foil
and a Pt wire were used as counter electrodes (anodes) in the
standard macro-cell and AFM liquids cell, respectively. A
saturated calomel electrode (SCE), a commercial Ag/AgCl
electrode, and a Pt wire were used as reference and quasi-ref-
erence electrodes, the latter in the EC-AFM cell only. Prelimi-
nary measurements in a macro-cell (T =60 °C, no nitrogen
purging) showed that 167 min were required for the Pt wire
to reach steady state at E = 398 + 10 mV vs. SCE."* Surface
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preparations included mechanical grinding and polishing.

The electrolyte solution used for the electrodeposition of
CaP was based on calcium nitrate (Ca(NO;),) and ammonium
dihydrogen phosphate (NH,H,PO,). The powders were dis-
solved in Millipore water. Two types of solutions were pre-
pared: (i) 0.61 mM Ca(NO,),, 0.36 mM NH,H,PO,, pH = 6.0;
and (ii) 20 mM Ca(NO,),, 12 mM NH,H,PO,, pH = 4.2. The
bath composition and pH values were matched based on the
solubility isotherm for HAp in the ternary system Ca(OH),-
H,PO,-H,0.% The pH was adjusted to its initial desired value
by either HCI or NaOH additions. During the electrodeposi-
tion process itself, CO,-free nitrogen gas (99.999% purity)
was continuously purged into the electrolyte to minimize the
risk of contamination of the deposits by carbonates. In addi-
tion, stirring was carried out. Constant temperature (within
the range of room temperature to 95 °C) was maintained.
The cathode potential was kept constant at —1.4 V vs. SCE
for 2-3 h. A bi-potentionstat/galvanostat was used in the EC-
AFM. Potentiodynamic experiments at a scan rate of 0.5 mV/s
were conducted in a macro-cell both in electrolyte (i) and in
a supporting electrolyte, where the 0.61 mM Ca(NO;), was
replaced by 1.22 mM NaNO,. Because sodium phosphate is
soluble in aqueous solutions, the subtraction of currents mea-
sured in the supporting electrolyte from currents measured
in the standard electrolyte provides the net current associ-
ated with nucleation and growth of HAp. Preliminary cyclic
voltammetry (CV) experiments were also carried out in a
macro-cell, with a standard electrolyte at 60 °C. A scan rate of
100 mV/s was found to be the fastest to still yield overlap of
voltammograms.'*

The samples were weighed before and after deposition.
The structure of the deposits was analyzed by X-ray diffrac-
tion. Fourier transform infrared (FT-IR) spectroscopy was
used to determine the vibration modes characteristic of the
CaP coating. The morphology of the deposits after drying was
imaged by scanning electron microscope (SEM). The attached
energy dispersive spectroscopy was used to estimate the Ca/P
ratio as well as to identify other elements present in the de-
posit. Metallographic cross sections were also prepared and
analyzed for thickness, adhesion, and morphology. The thick-
ness of the coating was also measured by SEM.

An electrochemical atomic force microscope (EC-AFM)
was used both ex situ and in situ.'*!® Imaging was done under
contact mode. Both topography and deflection (error signal)
images were acquired. The mean length and mean width of
the CaP crystals were determined by direct measurement of
features on the deflection image. The mean thickness, on the
other hand, was determined from line scans on the topography
image. In situ CV and cathodic polarization experiments were
conducted at 5 mV/s while imaging the surface. This very
slow scan rate allowed for correlating the acquired image with
the cyclic voltammogram.

In the electrochemical quartz crystal microbalance
(EQCM) experiments, a quartz crystal element (AT-cut,
6 MHz) coated with pure Ti was used as the working elec-
trode. The upper metal electrode had a diameter d = 1.3 cm
and an effective surface area A =1.327 cm? The cell con-
tained 30 mL of electrolyte (i). A potentiostatic mode was
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employed, setting the cathode potential at —1.29 V vs. SCE
for 40 min. Neither purging nor stirring was carried out dur-
ing the experiment. The bath temperature was fixed at 65 °C.
An electrode resonance stability experiment was carried out
prior to the electrodeposition experiment. The complete set-
up (i.e., mass sensor, electrode, and electrolyte solution) was
first placed inside a thermostatic bath. Twenty minutes after
reaching 65 °C, the stability experiment began and the varia-
tion in frequency was monitored for nearly 40 min in the ab-
sence of applied potential. The electrodeposition experiment
itself started immediately after applying potential to the cell.'
X-ray photoelectron spectroscopy (XPS) measurements were
performed in order to determine unambiguously the CaP phase
that formed during the EQCM experiment, so that the number
of electrons transferred in the reaction could be determined.
To this aim, the Ca/P and O/Ca atomic ratios were measured
and the oxygen loss spectrum was analyzed, according to the
procedure suggested by Lu et al.'s?’

An innovative post-treatment was also applied, by expos-
ing some coated samples to low-energy electron irradiation,
thus modifying the surface energy on the nanoscale.'®?!
However, this will not be presented in this paper.

RESULTS AND DISCUSSION

The Mechanism of Electrocrystallization

The dependence of the measured weight of coatings
deposited at pH = 6.0 for 3 h on the bath temperature
is shown in Fig. 1."” The coating weight was found to
increase with increasing temperature. Plotting the data
from Fig. 1 in the form of v versus 1/T, where v is the de-
position rate (in units of g/(h-m?)) and T is the absolute
temperature, the following relation was obtained:!'>!¢

Ln(v) = 14.74 — 4,785%, R =09742 (1)

where R? is the determination coefficient. It should be
noted that the relatively low value of R? results from
the narrow range of temperatures (70-95 °C), based on
which eq 1 was derived. This narrow temperature range
was associated with the conditions under which good
electrodeposits of HAp could be formed on CP-Ti from
the same bath.!” Comparing to Arrhenius equation

e AG*) 2

v=A exp( ~RT 2

the standard enthalpy of activation was estimated to be
AH* = 40 + 4 kJ/mol 3)

Ineq 2, A" is a pre-exponential factor, R is the ideal gas
constant, and AG* = AH* — TAS* is Gibbs energy of acti-
vation (standard free energy of activation). Equation 2 is
derived based on the transition-state theory (also known
as the activated complex theory). The value of the stan-
dard enthalpy of activation given in eq 3 is similar to
the values reported by other investigators for apatite
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T(C)
Fig. 1. The dependence of the measured weight of coatings de-
posited at pH = 6.0 for 3 h on the bath temperature.'” Reprint-
ed with permission from Crystal Growth & Design. Copyright
2008, American Chemical Society.
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Fig. 2. Normalized cyclic voltammograms for Ti-6Al-4V in
a macro-cell at 60 °C. The non-overlapping curves indicate
that mass transport is not the rate-limiting step in the electro-
crystallization of CaP.'* Reprinted with permission from John
Wiley & Sons.

growth,?3° and is within the range typical of a wide va-
riety of mineral-solution alteration processes.*! Further-
more, while it is too high for a bulk diffusion-controlled
process, it is possible for reaction kinetics controlled by
the interfacial area.

Figure 2 shows three cyclic voltammograms that
were constructed at different scan rates and normalized,
each by the square root of its own scan rate.'* While the
normalized anodic current increases as the scan rate is
increased, the normalized cathodic current decreases.
Before normalization, the same voltammograms over-
lapped on the cathodic side. Because the normalized
voltammograms do not overlap, it may be concluded
that mass transport may have only a secondary role in
deposition of CaP, whereas charge transfer most likely
controls the process kinetically. This finding is somehow
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Fig. 3. (a) The potentiostatic cathodic current transient and the
related time dependence of accumulated charge density dur-
ing electrodeposition of CaP on an EQCM electrode. (b) The
time dependence of frequency change and mass gain, the lat-
ter calculated using the Sauerbrey equation." Reprinted with
permission from John Wiley & Sons.

in contradiction to previous reports that focused on mass
transport in nucleation and growth of HAp. However, in
most cases this was an assumption rather than based on
electrochemical or other direct measurements.

Figure 3a presents the potentiostatic current transient
and the related time-dependence of the accumulated
charge density AQ during an EQCM experiment. During
the first 11 min, the AQ-versus-time curve was non-linear,
and the charge values were higher than those extrapolated
from the linear regime. Then, however, AQ increased lin-
early with time. Figure 3b shows the measured frequency
change and the corresponding mass gain, as calculated by
the Sauerbrey equation. The dashed line illustrates that,
except during the first 7.3 min or so, the mass increased
linearly with time. The linear dependencies of AQ and
Am on time indicate that a Faradaic reaction was taking
place. During the first 7.3 min, the mass gain was not
linear, and its values were lower than those extrapolated
from the linear regime. This initial behavior may be a
sign of some sort of incubation time, e.g., due to the need
for the pH in vicinity of the working electrode to increase
to above a certain limit. The incubation time is shorter
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than the time period during which AQ deviated from lin-
earity. A possible explanation is that during the early 11
min, at least two different processes were monitored by
the EQCM, e.g., the effect of local increase of the pH and
the nucleation of a precursor with lower mass density and
higher charge density. Future EQCM experiments, to be
carried out with the same ion concentrations but adjusted
to different pH values, are expected to show that with the
increase of pH, the incubation time is shortened."
Several electrochemical and chemical reactions po-
tentially involved in electrocrystallization of CaP on Ti
are listed below. Under cathodic polarization, the fol-
lowing electrochemical reactions may take place:'*

02+ 2H,0 + 4~ — 4(OH s 4.1)

2H" + 2e” — H» 4.2)

2H,0 + 2¢~ — H, + 2(OH)ws 4.3)
NO3 + H,0 + 2™ — NO3 + 2(OH)ys 44
TiO2 + 2H,0 + e — Ti(OH)s + (OH)us  (4.5)

H,PO: + H,0 + 2e™ — H,PO3 + 2(OH)uss (4.6)
1

H,PO; + e - HPO; + sz “@.7
H,PO; + 2¢~ — POi™ + H» (4.8)
H,PO; + (OH)ws — POi™ + H,0
or
H.PO; + e — POI™ + %Hz 4.9)

Reactions 4.1 through 4.6 all lead to a local increase in
pH within the diffusion layer. The increase in the con-
centration of the hydroxyl ions results in an increase in
the concentration of phosphate ions, which are required
for the deposition of HAp, according to reaction 4.9.
Calculation of the limiting current densities i; of these
reactions showed that electrolysis of water (reaction
4.3) had by far the highest i; value (6.4 A/cm?). This
high value can explain the absence of a limiting current
density in the cyclic voltammograms. The following
values were 224, 81, 56, 28, and 14 nA/cm? for reac-
tions 4.4, 4.1, 4.8, 4.6, and 4.7, respectively.'* The idea
that much current is consumed during the process of
electrocrystallization of CaP on electrolysis of water
is supported by calculation of a very low equivalent
weight (EW = 20.5 g/equiv). This value, which is based
on EQCM data, means that a high number of electrons,
n = 24, were transferred in the reactions that formed one
mole of the product. The importance of identifying the
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exact CaP phase that had been formed by electrocrys-
tallization when calculating the value of n was demon-
strated before." It was shown that this value may change
from ~7 to ~25, for DCPA and HAp, respectively.

Even when significant concentrations of phosphate
ions are produced by reduction of hydrogen phosphate
ions and dihydrogen phosphate ions, as in reactions
4.8 and 4.9, one should consider the fast kinetics of the
phosphate ions recombination with hydrogen ions. This
implies that the concentration of calcium ions in solu-
tion must be high compared to the concentration of hy-
drogen ions, thus statistically allowing physical precipi-
tation of CaP in solution. The experimental conditions
in the present work satisfy this requirement, with the
concentrations of calcium and hydrogen cations being
0.61 mM and 1.0 uM, respectively.'*

The electrolyte solutions in this study contained di-
hydrogen phosphate. Its deprotonation reaction, forming
HPO7, serves as an important biological buffer system,
which operates in the internal fluid of all cells, stabiliz-
ing the pH at around 7.21 (in mammals, pH = 6.9-7.4).
Thus, the speciation curves of phosphoric acid may
aid, at least to some extent, in understanding the effect
of pH on the electrocrystallization of CaP. The rel-
evant acid dissociation equilibrium constants at 37 °C
are K, = 5.861 x 1073, K, = 6.839 x 10, and K; =
6.607 x 1071333 We have used the chemical equilib-
rium code ChemEQL version 3.010% to generate these
speciation curves, as shown in Fig. 4.1 The total analyti-
cal concentration of phosphate was defined as 0.36 mM.
This figure shows the speciation of phosphoric acid at
37 °C. It is evident that once the solution is prepared,
some of the H,PO; ions deprotonate, forming HPOj3 .
For pH values in the range of 7.2-12.0, the predomi-
nant species is HPO3, whereas above pH = 12.0 the
triply-charged anion POj3~ becomes the most abundant
species. Similar calculations can be made for the bath at
pH, = 4.2. In this case, however, some of the H,PO; ions
immediately protonate, forming H;PO,. It should be em-
phasized that only orthophosphate salts are considered
herein, because metaphosphates and pyrophosphates
hydrolyze in body fluids. Thus, it is evident that the lo-
cal pH in vicinity of the working electrode must first in-
crease significantly before pronounced precipitation of
HAp can take place. This conclusion is supported by the
incubation period observed in the EQCM plots.

In several papers (e.g., refs 36—44), deposition of
apatite bioceramics from electrolytes has been assumed
to follow one or more of the following reactions: (1)
electrochemical reactions, (2) acid-base reactions, and
(3) physical precipitation from solution. Based on their
experimental results, Eliaz and Eliyahu suggested the
model shown in Fig. 5 for the formation of HAp by
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Fig. 4. The distribution of phosphate species as a function of
pH at 37 °C, 0.36 mM total analytical concentration of phos-
phate, and free hydrogen concentration of 10-° M.!¢ Reprinted
with permission from Crystal Growth & Design. Copyright
2008, American Chemical Society.
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Fig. 5. The processes that allow formation of HAp in electrolytes.
Following route A1, the increase in pH first facilitates chemical
deprotonation reactions. In route A2, the increase in pH lowers
the solubility of the apatite phase in accordance with the solubili-
ty isotherms. Following route B, the potential is cathodic enough
to allow direct production of sufficient phosphate ions according
to reactions 4.8 and 4.9 (the former being more dominant)." Re-
printed with permission from John Wiley & Sons.

Cathodic
voltage

Precipitation
in solution

electrocrystallization.' According to this model, a suf-
ficiently cathodic potential allows for various interplays
between electrochemical reactions, chemical reactions
and local pH increase. The three possible routes may all
result in precipitation of HAp in solution.

Once the proper composition and pH of the electrolyte
solution are established in vicinity of the cathode, the fol-
lowing precipitation reactions (among others) may occur:

5(Ca*) + 3(PO3") + (OH) <= HAp G.D

4(Ca*) + 3(PO}) + H* + 2.5H,0 <> OCP  (5.2)
or
4(Ca*) + 3(HPOZ) + 2.5H,0 <> OCP + 2H* (5.3)

Comparing between reactions 5.2 and 5.3, the latter may
have higher probability to actually occur under the stud-
ied conditions because: (1) it requires HPO?-, not PO;-,
and therefore does not need the pH to increase as much;
and (2) the production of the hydrogen cations partly
compensates for the production of hydroxyl ions, thus
the increase of pH is slowed down.
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Fig. 6. Current density transients during electrocrystallization
of HAp on CP-Ti. (a) Experimental data from three poten-
tiostatic experiments at 7 = 80-85°C. (b) A normalized ex-
perimental transient is compared to the counterpart calculated
curves for instantaneous and progressive nucleation models.
A change is observed from instantaneous nucleation at shorter
deposition periods to progressive nucleation at longer peri-
ods."*Reprinted with permission from John Wiley & Sons.

The Role of Precursors

The nucleation process on real crystalline substrates
with a fixed number, N, of randomly distributed, equal-
ly active sites may be described by the following first-
order kinetics law:!34346

N =Ny[1 - exp(-An)] (6)

where N is the number of sites converted into nuclei at
time 7 and A is a nucleation rate constant. When A is very
high, all surface sites are converted immediately into
nuclei and the nucleation is said to be “instantaneous”.
On the other hand, when A and ¢ are both small, the
number of nuclei depends on time and the nucleation is
termed “progressive”.

The most important parameters determining the
mode of growth of a substance on a foreign substrate
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are the deposit/substrate binding energy and the crystal-
lographic misfit between them. Considering the deposi-
tion process at nearly equilibrium conditions, i.e., small
supersaturation and negligible kinetic influences, a de-
posit may grow on a substrate by different modes, e.g.,
in accordance with the Frank—van der Merwe, Volmer-
Weber, or Stranski—Krastanov models."?

Figure 6a shows the current density transients moni-
tored during potentiostatic deposition at—1.4 V vs. SCE.
The shape of these transients is similar to that drawn for
theoretical transients in the presence of overlap between
diffusion fields around growing nuclei.'**” Based on
Fig. 6a it may be concluded that after approximately
12 min at 80-85 °C, the CaP deposit changed its mor-
phology from two-dimensional (2D) to three-dimen-
sional (3D).

Scharifker et al. derived analytical expressions for
multiple nucleation phenomena followed by diffu-
sion-controlled growth of 3D islands.*®# The resulting
expressions for the normalized current densities allow
distinguishing between instantaneous nucleation and
progressive nucleation:*$>°

i’ fn 1\
= 19542711 — exp| — 1.2564 -

instantaneous (7.1)

& t 2 \[
= 1.22547m 1—- exp<—2.3367t2)]

progressive (7.2)

where i, is the maximum current density in the current
density transient and #,, is the time at this maximum
point. Figure 6b is a normalized representation of an
experimental current density transient with ¢, = 1,108 s
and i, =-88.3 uA/cm?. For comparison, the calculated
curves for instantaneous nucleation and progressive
nucleation are also drawn. It is evident that while at
times shorter than t#,, the experimental curve fits better
the instantaneous nucleation model, at times longer than
t, it fits better the progressive nucleation model. The
deviation of the experimental curve from the theoretical
curves may be explained in terms of both accompanying
cathodic reactions in which charge is transferred, and
precipitation from solution instead of direct nucleation
on the solid electrode surface. The change from instan-
taneous nucleation to progressive nucleation may be
attributed to the formation of a precursor, porosity and
non-uniform electrical fields in the ceramic HAp coating,
as well as from changes in the pH and composition of the
solution during the experiment. It should be noted that a
similar change occurs in electrodeposition of metal on
metal or metal on semiconductor only when the applied
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Fig. 7. (a) ESEM image of a cross section of ED-HAp coating, demonstrating two layers.’! Reprinted with permission. Copyright
2009, Research Signpost. (b) Typical surface morphology (SEM) of HAp coating deposited at pH, = 6.0 and 80 °C for 3 h. The scale
bar is 10 wm long.'* Reprinted with permission from Crystal Growth & Design. Copyright 2008, American Chemical Society.

potential is changed, and that in these cases the timescale
for instantaneous nucleation is much shorter (namely, #,,
is typically within the milliseconds to seconds range)
than that in the experiments reported herein. These dif-
ferences further support the claim that the mechanism of
electrocrystallization of HAp is basically different from
conventional electrodeposition of metals.'*

ESEM study showed (see Fig. 7a) that the deposit
that had been formed on the titanium consisted of two
layers: (1) a uniform, 500-nm-thick dense layer adja-
cent to the substrate; and (2) a thicker layer composed
of crystals with varying sizes.””*! Figure 7b shows the
typical surface morphology of an ED-HAp coating de-
posited at pH, = 6.0 and 80 °C for 3 h. A platelets mor-
phology is evident, with each platelet being presumably
composed of whiskers. The Ca/P ratio for this coating
(EDS) was 1.65. Transmission electron microscopy also
revealed that formation of nano-sized cubical crystals
was followed by growth of columnar single crystals with
preferred orientation.””>' These experimental results
support the claim for occurrence of both instantaneous
and progressive nucleation mechanisms, as well as for
transition from 2D to 3D growth. Ex situ AFM study
also demonstrated that a transition from 2D growth to 3D
growth occurred sometime between 10 min and 30 min
of deposition.'* Interestingly, in the case of bone miner-
alization in a given species, the average crystal size is
smallest at formation and increases to maturity, at which
time there is a leveling of this growth process.?

Eliaz and Sridhar'® observed substantially different
current density transients when electrocrystallization
took place in a bath initially at pH, = 6.0 versus when it
occurred in a bath initially at pH, = 4.2. As mentioned
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before, while at pH = 6.0 only the HAp phase was ob-
served, at pH, = 4.2 traces of OCP were observed too.
When increasing the bath temperature to 90 °C, the con-
tent of OCP decreased and that of HAp increased. This
behavior is in accordance with a previous observation
that pH values lower than 4.4 would require high tem-
peratures for the precipitation of stoichiometric HAp.*
In another study, XPS analysis proved the formation of
OCP on the EQCM electrode.?

It was Ostwald who first suggested that upon phase
transformation, whether crystallization, melting, or con-
densation, the phase that nucleates first is not necessar-
ily the thermodynamically most stable one, but the one
with free energy that is closest to the original state.™
This statement has become known as “Ostwald’s rule”.
In agreement with this rule, it has been suggested that
several CaP phases, such as OCP, DCPD, and ACP, may
serve as precursors to the formation of HAp in vivo.53*%
Moreover, it has been argued that the precipitation of
CaP phases from a saturated solution is not only gov-
erned by the thermodynamic solubility product, but also
by kinetic factors. Thus, the precipitated phase may un-
dergo solution-mediated transformation to more stable
phases.’ Actually, at low pH values dicalcium phos-
phates as brushite become more stable,’”** and HAp
has been proposed as a precursor of brushite.® It has
been suggested that the transformation of OCP into HAp
may proceed via: (1) a process of OCP dissolution and
reprecipitation of HAp crystals, and (2) in situ hydro-
lysis, which is accompanied by calcium consumption
from the surrounding solution and release of phosphate
ions into the solution.”® Wang et al. also found that dur-
ing early-stage mineralization (<7 d), the Ca/P ratio in



the mineralized tissue adjacent to the electrodeposited
HAp coating resembled that in OCP, although DCPD or
ACP could not be excluded.?* As precipitation of OCP
may occur in the presence of either HPOF or PO}~ (see
eqgs 5.2 and 5.3), whereas precipitation from solution of
HAp requires a supersaturated concentration of PO}~ to
be established first (see eq 5.1), it may be expected that
OCP will form within a lower pH range compared to
HAp. Indeed, it has been reported that in aqueous solu-
tions at 25 °C, the pH stability ranges for OCP and HAp
are 5.5-7.0 and 9.5-12.0, respectively.

The very high value of pH that is required to favor the
formation of PO;~ by chemical reactions, according to
Fig. 4, is obviously unattainable in vivo. Therefore, the
following conclusions may be drawn: (1) The formation
of either OCP or HAp may not be under simple chemical
equilibrium conditions. (2) The solubility product K,
must be very low, allowing precipitation of CaP even at
relatively low concentrations of calcium and phosphate/
hydrogen phosphate ions. Indeed, pK, values of 47.08
and 58.6 have been reported for OCP and HAp at 37 °C,
respectively.® It is well known that CaP salts are only
sparingly soluble in aqueous solutions. (3) It is more
likely for HAp to form via transformation of precursor
phases, such as OCP, rather than directly. The author
assumes that in those studies, where no precursor was
observed, the reason may be either its morphological
and structural similarity to HAp (in the case of OCP),
conversion over time to the more stable HAp, or the use
of insensitive analytical techniques for determination
of the chemical composition of the coating just at the
interface with the substrate. (4) The precipitation from
solution of CaP may take place only within a very small
volume adjacent to the surface of the substrate.

CONCLUSIONS
In this paper, the work carried out at Tel Aviv University
on electrocrystallization of CaP was reviewed. The fol-
lowing conclusions were drawn:

1. Except for a short incubation time, the process by
which the CaP is formed was found to follow a
Faradaic behavior, thus demonstrating the impor-
tant role that charge transfer plays. The incubation
time may be related to the need for local increase
of pH before precipitation from solution can take
place. The high equivalent weight value of 20.5 g/
equiv, and the associated remarkably high number
of electrons transferred in the reaction n~24, indi-
cate that most of the current is consumed either by
electrolysis of water or by a complex set of parasitic
reactions.

2. Based on the experimental data, the standard en-
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thalpy of activation was calculated to be approxi-
mately 40 kJ/mol. This high value is typical of
interfacial reactions, and indicates that diffusion
in the bulk solution did not play a major role in the
electrocrystallization process.

3. Electrocrystallization of HAp was shown to result
from precipitation in solution, following two stag-
es: (i) instantaneous nucleation, 2D growth, and (ii)
progressive nucleation, 3D growth.

4. Calculations based on acid dissociation equilibrium
constants and solubility products indicate that HAp
may most likely form via transformation of precur-
sor phases, such as OCP, rather than directly. The
very low solubility product allows precipitation of
CaP even at relatively low concentrations of cal-
cium and phosphate/hydrogen phosphate ions.
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