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Abstract: Recently, interest in electrochemical formation
of hydroxyapatite has evolved. In this work, highly crystal-
line hydroxyapatite is electrodeposited on pure titanium
and Ti-6Al-4V alloy. In situ and ex situ imaging, coupled
with potentiostatic and potentiodynamic measurements, is
conducted by means of electrochemical atomic force micros-
copy. This allows for a study of the nucleation and growth
of hydroxyapatite as well as of its near-atomic structure.
Electrodeposition of hydroxyapatite is shown to result from
precipitation in solution, following two stages: (1) instanta-
neous nucleation, two-dimensional growth; (2) progressive
nucleation, three-dimensional growth. Although some nucle-

ation occurs already at �842 mV, potentials that are more
negative than �1.26 V versus SCE are required for enhanced
growth. Mass transport is found to have only secondary effect
on the deposition process. The conclusions of this work have
implications in optimization of coatings on implants as well
as in enhancement of the understanding of bone mineraliza-
tion in vivo. � 2006 Wiley Periodicals, Inc. J Biomed Mater
Res 80A: 621–634, 2007

Key words: AFM (atomic force microscopy); electrochemis-
try; hydroxyapatite coating; titanium; Ti-6Al-4V; crystal
growth

INTRODUCTION

The market of orthopedic devices is growing rap-
idly. While titanium-based alloys exhibit many ad-
vantages for orthopedic implants,1 their osseointegra-
tion is slow, typically taking 3–6 months. Apatite min-
erals are the major inorganic constituents of enamel,
dentin, and vertebrate bone. Biological apatites deviate
from the stoichiometric composition of hydroxyapatite
(HAP), Ca10(PO4)6(OH)2, and contain small amounts
of Mg2þ, Naþ, Kþ, CO3

2�, Cl�, and F�.2 They have an
hexagonal crystallographic structure (not close packed),3

and grow as platelets with typical length, width, and
thickness of 30–120, 25–120, and 1.5–9 nm, respec-
tively.4–7 The apatite crystals are typically planar with
respect to the a-c plane.5 Their c-axis in a cortical bone
is generally parallel to the bone axis.6 The size and
shape of bone apatite crystals change with species, age,
and disease state. Moreover, a single specimen contains
a range of particle sizes and shapes, and different mea-

surement techniques may yield different average val-
ues on polydisperse samples.4 In their synthetic form,
these bioactive ceramics are more osteoconductive than
the titanium surface, and form direct bonds with adja-
cent hard tissues via dissolution and ion exchange with
body fluids. Hence, apatite coatings, mostly plasma
sprayed, are often applied on metals and alloys.

Recently, much interest in electrodeposition has
evolved due to (1) the low temperatures involved,
which enable formation of highly crystalline deposits
with low solubility in body fluids and low residual
stresses, (2) the ability to coat porosive, geometrically
complex or non line-of-sight surfaces, (3) the ability
to control the thickness, composition, and microstruc-
ture of the deposit, (4) the possible improvement of
the substrate/coating bond strength, and (5) the
availability and low cost of equipment.

The course of crystal growth reactions and the
properties of the electrodeposits may markedly be
influenced by surface preparation of the substrate,
bath chemistry, oxygen level, pH, stirring, the applied
potential (or current density), temperature, and cell
geometry. Defects on the surface play a major role in
the nucleation and growth of electrodeposits.8 The
solubility isotherms show that HAP becomes thermo-
dynamically more stable compared to other calcium
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phosphate phases as the pH increases.9,10 Stirring has
been once reported to decrease the crystal size, indicat-
ing an increase in the number of nucleation sites.11 This
may result from either mass transport limitation or pre-
ferred nucleation on the metal surface as compared to
the surface of a weakly bonded calcium phosphate.
The formation of reasonably thick, highly crystalline,
stoichiometric HAP usually requires heating of the
bath. For example, Eliaz et al. found that tem-
peratures higher than 708C are required for electrode-
position of HAP on pure Ti from a bath containing 0.61
mM Ca(NO3)2 and 0.36 mM NH4H2PO4 at pH 6.0
and E ¼ �1.4 V versus saturated calomel electrode
(SCE).12

Several studies have involved ex situ high resolution
transmission electron microscopy (HRTEM) and/or
atomic force microscopy (AFM) of calcium phosphates
produced under different conditions.13–16 Manso et al.
used both AFM and HRTEM to study the structure of
thin (<0.3 mm) sodium- and carbonate-containing
HAP that was grown from a basic solution (pH 9.1) on
Si (100) and Ti/Si (100) surfaces, either spontaneously
or by þ2 V activation.13 Surface enrichment with hy-
droxyl ions, (OH)ads

� , due to the application of a posi-
tive potential resulted in numerous nucleation sites
and finer grains of HAP compared to the non-activated
condition. Onuma et al. used AFM and phase shift in-
terferometry to observe the surface topography of the
(1010) face of HAP single crystals synthesized from a
hydrothermal solution.16 The growth was observed to
proceed through a layer-by-layer mechanism.

Yet, as per to-date, no direct, in situ and real-time
observation of the electrochemical nucleation and
growth of HAP has been reported. The electrochemi-
cal scanning probe microscope enables to combine
real-time imaging of surfaces at near-atomic resolu-
tions with electrochemical measurements. Thus, it is
possible to study the effect of the substrate surface,
bath chemistry, and process parameters on the kinetics
and thermodynamics of deposition as well as on the
microstructure of deposits. The objective of this work
is to demonstrate the viability of the electrochemical
atomic force microscope (EC-AFM), in conjunction
with electrochemical measurements in standard mac-
rocells, for understanding the mechanisms of nuclea-
tion and growth of HAP.

EXPERIMENTAL

A sheet made of pure Ti grade 2 and a rod made of Ti-6Al-
4V grade 5 (both supplied by Scope Metal Trading and Tech-
nical Services) were used as cathodes. Electrical discharge
machining was used to cut slices of rod. Prior to electrodepo-
sition, the cathode was mechanically ground on SiC papers
from P120 to P1000 grit, polished on a cloth with colloidal
silica, rinsed with DI water, cleaned ultrasonically in acetone,

rinsed again with DI water, and dried. Several rod samples
were also electropolished in H2SO4 bath at room temperature
and at 2 V for 2 min, and subsequently etched chemically in
Kroll solution for 5 s, in order to expose the dual phase struc-
ture. The open-circuit potential of the working electrodes af-
ter these treatments was around �100 mV versus SCE. Elec-
trodeposition was carried out in a three-electrode cell. The
bath contained 0.61 mM Ca(NO3)2 and 0.36 mM NH4H2PO4

(AR-grade, Merck) in Milli-DITM water (Millipore). The pH
was adjusted to 6.0 by NaOH additions and measured by Ino-
Lab pH/Oxi Level 3 meter (WTW). These concentration
([Ca2þ]/[PO4

3�] ¼ 1.67) and pH values were chosen, to assure
formation of stoichiometric HAP based on solubility iso-
therms for calcium phosphates.9,10 The exposed surface area
of the working electrode (cathode) was either 1 cm2 or
*0.205 cm2 in the macrocell and AFM liquids cell, respec-
tively. A Pt foil and a Pt wire were used as counter electrodes
(anodes) in the standard macrocell and AFM liquids cell,
respectively. A SCE and a Pt wire were used as reference and
quasireference electrodes in the former and latter cell, respec-
tively. Preliminary measurements in a macrocell (T ¼ 608C,
no nitrogen purging) showed that 167 min are required for
the Pt wire to reach steady state at E ¼ 398 6 10 mV versus
SCE. Therefore, all of the in situ experiments started only after
the Pt wire was allowed to reach steady state. During deposi-
tion, both nitrogen gas (99.999% purity) purging and magnetic
stirring were used in the macrocell only. The temperature was
maintained at a constant temperature within a range of 60–
908C by means of an oil bath or a temperature controller (0.10
K, Lakeshore) in the macrocell and AFM cell, respectively. An
EG&G/PAR 263A potentionstat/galvanostat was used for
electrochemical control and measurements in the macrocell,
whereas a PicoStat bi-potentionstat/galvanostat (Molecular
Imaging) was used with the AFM. All potentiostatic experi-
ments were carried out at E¼ �1.4 V versus SCE.

Potentiodynamic experiments at a scan rate of 0.5 mV s�1

were conducted in the macrocell both in the standard elec-
trolyte mentioned earlier and in a supporting electrolyte,
where the 0.61 mM Ca(NO3)2 was replaced by 1.22 mM
NaNO3. Because sodium phosphate is soluble in aqueous sol-
utions, the subtraction of currents measured in the supporting
electrolyte from currents measured in the standard electrolyte
provides the net current associated with nucleation and growth
of HAP. Preliminary cyclic voltammetry (CV) experiments
were also carried out in a macrocell, with a standard electrolyte
at 608C. Usually, CV experiments are conducted at a scan rate
within the range of 0.01–100 V s�1. In our case, a series of
experiments was first carried out at different scan rates from
500 to 50 mV s�1, with 50 mV s�1 decrements. A scan rate of
100 mV s�1 was found the fastest to still yield overlap of vol-
tammograms. At this scan rate, stirring had a detectable effect
(in the form of a moderate increase in current density), and only
once the potential was scanned to below approximately �0.8 V
versus SCE. Hence, mass transport limitation may exist only at
potentials more cathodic than this value.

A PicoSPMTM (Molecular Imaging) EC-AFM was used
both in situ and ex situ. The AFM was preferred over the
scanning tunneling microscope, despite the compromise in
resolution, because of the nonconducting character of HAP.
Imaging was done under contact mode, using tips made of
Si3N4 (Veeco). The small volume of the warm electrolyte
(*1 cm3) limits the duration of in situ experiments and
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likely introduces a more significant pH change during dep-
osition. In situ CV and cathodic polarization experiments
were conducted at 5 mV s�1 while imaging the surface. This
very slow scan rate allowed for correlating the acquired
image with the cyclic voltammogram.

The surface morphology of deposits was imaged in a
JSM-6300 scanning electron microscope (SEM, Jeol). The
attached energy dispersive spectroscopy (EDS, Oxford Isis)
was used to estimate the Ca/P ratio and to perform X-ray
mapping of various elements. The structure of deposits was
analyzed by X-ray diffraction (XRD, Scintag).

RESULTS

Electrocrystallization (i.e., the nucleation and crystal
growth in electrochemical systems under the influence
of an electric field) can be treated in a similar manner to
that of deposition from a vapor phase. The nucleation
type can be either instantaneous or progressive, and
the growth mode can be one-, two-, or three-dimen-
sional, with the resulting shape of growing crystallites
being, for example, needles, discs, and either cones or
hemispheres, respectively. The rate-determining step
may be charge transfer, cylindrical diffusion, hemi-
spherical diffusion, or ohmic polarization. Different
combinations of nucleation type, growth mode, and
rate-determining step yield different functions of cur-
rent density as a function of time.17

The nucleation process on real crystalline sub-
strates (i.e., those with crystal defects and/or inhomo-
geneities that result in preferred nucleation sites) with
a fixed number, N0, of randomly distributed, equally
active sites may be described by the following first-
order kinetics law17–19:

N ¼ N0½1� expð�AtÞ� ð1Þ

where N is the number of sites converted into nuclei
at time t and A is a nucleation rate constant (the
inverse of the mean nucleation time). When A is
very high, N % N0, all surface sites are converted
immediately into nuclei, and the nucleation is said
to be ‘‘instantaneous’’. On the other hand, when A
and t are both small, N % AN0t, the number of
nuclei depends on time, and the nucleation is
termed ‘‘progressive’’. In this case, nuclei appear
arbitrarily in space and time, eventually forming a
monolayer. Note that, in practice, nucleation is said
to be instantaneous whenever the rate of formation
of a nucleus at a given site is expected to be at least
60 times greater than the expected rate of coverage
of the site by the act of growth only. On the other
hand, the nucleation is called progressive when the
expected coverage of a site by the act of growth is at
least 20 times greater than the coverage of the same
site by the act of nucleation.20

The most important parameters determining the
mode of growth of a substance on a foreign substrate
are the deposit/substrate binding energy and the
crystallographic misfit between them. Considering
the deposition process at nearly equilibrium condi-
tions, that is, small supersaturation and negligible ki-
netic influences, a deposit may grow on a substrate
by different modes.17 First, if the binding energy be-
tween adsorbed deposit ions is lower than the bind-
ing energy between an adsorbed ion and a substrate
atom, and the crystallographic misfit is negligible,
growth takes place layer-by-layer according to the
Frank–van der Merwe model up to the disappearance
of the strong substrate-deposited substance attrac-
tion.21 Second, if the binding energy between ad-
sorbed deposit ions is higher than the binding energy
between an adsorbed ion and a substrate atom, for-
mation of three-dimensional islands occurs according
to the Volmer–Weber model,22 regardless of the crys-
tallographic misfit. Third, if the binding energy
between adsorbed deposit ions is lower than the
binding energy between an adsorbed ion and a sub-
strate atom, and the crystallographic misfit is signifi-
cant, formation of strained two-dimensional layers is
followed by growth of unstrained three-dimensional is-
lands according to the Stranski–Krastanov model.23

Figure 1(a) shows the current density transients
monitored during potentiostatic deposition at �1.4 V
versus 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.8 The transients may be divided into four peri-
ods. Initially, charging of the double layer leads to a
rapid current decay. Next, the current starts to in-
crease either due to growth of independent nuclei or
due to growth of dependent nuclei and simultaneous
increase in the number of nuclei. During this second
period, three-dimensional diffusion toward the grow-
ing surface occurs in the absence of overlap. During
the third period, an overlap between diffusion fields
around growing nuclei introduces a one-dimensional
diffusion limit, while growth of independent nuclei
still occurs. Consequently, the nucleation rate decreases
gradually until, eventually, the growth centers contact
one another and the growth stops. During the last,
fourth period, the overall current decreases slowly as
a result of a decrease in the effective surface area of
the electrode and a change from a hemispheric mass
transport condition to a linear mass transport condi-
tion. Based on Figure 1(a), it may be concluded that af-
ter *12 min at 80–858C, the HAP deposit changes its
morphology from two-dimensional to three-dimen-
sional. This conclusion is supported by microscopic
observations, as will be demonstrated later.

Scharifker and coworkers derived analytical expres-
sions for multiple nucleation phenomena followed by
diffusion-controlled growth of three-dimensional is-
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lands.24,25 Their model defines current as the product
of charge density by velocity of ions. Assuming a
hemispherical growth for the nuclei and a regular dif-

fusion process for the ions in the solution, they
arrived at an expression for current density, where
the overlap of adjacent nuclei was taken into account

Figure 1. Current density transients during electrodeposition of HAP on pure Ti. (a) Experimental data from three poten-
tiostatic depositions in a macrocell at T ¼ 80–858C. The transients may be divided into four time regimes where different
processes prevail. (b) A normalized experimental transient is compared to the counterpart calculated curves for instantane-
ous and progressive nucleation models. A change is observed from instantaneous nucleation at shorter deposition periods
to progressive nucleation at longer periods.
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via Avrami theorem. The resulting expressions for
the normalized current densities allow to distinguish
between instantaneous nucleation and progressive
nucleation24,26:

i2

i2m
¼ 1:9542

tm
t

1�exp �1:2564
t

tm

� �� �2
instantaneous

ð2:1Þ

i2

i2m
¼ 1:2254

tm
t

1�exp �2:3367
t2

t2m

� �� �2
progressive

ð2:2Þ

where im is the maximum current density in the cur-
rent density transient and tm is the time at this maxi-
mum point.

Figure 1(b) is a normalized representation of an ex-
perimental current density transient with tm ¼ 1108 s
and im ¼ �88.3 mA cm�2. For comparison, the calcu-
lated curves for instantaneous nucleation and progres-
sive nucleation are also drawn. It is evident that while
at times shorter than tm the experimental curve fits
better the instantaneous nucleation model, at times
longer than tm it better fits 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 the
charge is transferred, and precipitation from solution
(see later) instead of direct nucleation on the solid elec-
trode surface. The change from instantaneous nuclea-
tion to progressive nucleation may be attributed to po-
rosity and nonuniform electrical fields in the ceramic
HAP coating, as well as to changes in the pH and com-
position of the solution during the experiment. It
should be noted that a similar change occurs in elec-
trodeposition of metal on metal or metal on semicon-
ductor, only when the applied potential is changed,
and that in these cases the time scale for instantaneous
nucleation is much shorter (namely, tm is typically
within the milliseconds to seconds range) than that in
the experiments reported herein. These differences
further support the claim that the mechanism of elec-
trodeposition of HAP is basically different from con-
ventional electrodeposition of metals. It can also be
hypothesized that the rate of coverage of electrode
surface sites by the act of HAP growth only is very
slow under the studied conditions,20 and so instanta-
neous nucleation can still require fairly long deposi-
tion time periods. In addition, one should recall that
the model of Scharifker and Hills24 lacks a description
of the dynamic interaction between chemical species
in the solution and neglects the influence of reduc-
tion/oxidation rates and of external variables such as
the applied potential.27 For example, a small decrease

of 70 mV versus SCE in the cathodic overpotential has
been reported to result in an increase by more than
one order of magnitude in tm for electrocrystallization
of Cu on Pt.28

Next, the electrochemical and chemical reactions
involved in the deposition of HAP are summarized.
When a voltage is applied, several electrochemical
reactions may occur:

O2 þ 2H2Oþ 4e� ! 4ðOHÞ�ads ð3:1Þ

2Hþ þ 2e� ! H2 ð3:2Þ

2H2Oþ 2e� ! H2 þ 2ðOHÞ�ads ð3:3Þ

NO�
3 þH2Oþ 2e� ! NO�

2 þ 2ðOHÞ�ads ð3:4Þ

TiO2 þ 2H2Oþ e� ! TiðOHÞ3 þ ðOHÞ�ads ð3:5Þ

H2PO
�
4 þH2Oþ 2e� ! H2PO

�
3 þ 2ðOHÞ�ads ð3:6Þ

H2PO
�
4 þ e� ! HPO2�

4 þ 1

2
H2 ð3:7Þ

H2PO
�
4 þ 2e� ! PO3�

4 þH2 ð3:8Þ

HPO2�
4 þ ðOHÞ�ads ! PO3�

4 þH2O or HPO2�
4 þ e�

! PO3�
4 þ 1

2
H2 ð3:9Þ

Reactions (3.1) through (3.6) all lead to a local in-
crease in pH within the diffusion layer. The increase
in the concentration of the hydroxyl ions results in an
increase in the concentration of phosphate ions that
are required for the deposition of HAP, according to
reaction (3.9). Chemical, acid–base reactions may also
provide the necessary phosphate ions even in the ab-
sence of applied voltage.

The equilibrium reactions for decomposition of
phosphoric acid at 258C are defined as follows29,30:

H3PO4 ÐH2PO
�
4 þHþ ð3:10Þ

H2PO
�
4 ÐHPO2�

4 þHþ ð3:11Þ

HPO2�
4 ÐPO3�

4 þHþ ð3:12Þ

Reaction (3.11) is an important biological buffer sys-
tem that operates in the internal fluid of all cells. The
acid dissociation equilibrium constants for reactions
(3.10–3.12) at 378C are Ka1 ¼ 5.88 � 10�3, Ka2 ¼ 6.85 �
10�8, and Ka3 ¼ 4.35 � 10�13, respectively.30 Hence, for
equal concentrations of hydrogen phosphate ions and
phosphate ions in reaction (3.12), pKa3 ¼ 12.36. This
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means that the local pH must increase significantly
from the initial value of 6.0, before chemical reactions
start playing a significant role in the supply of phos-
phate ions for deposition of HAP. In practice, this dif-
ference of 6.36 pH units means that the concentration
of phosphate ions formed in a simple acid–base reac-
tion is approximately six orders of magnitude smaller
than the concentration of the hydrogen phosphate ions
in solution and may thus be neglected herein. The
actual pH in the vicinity of the cathode was not moni-
tored during deposition in the present work. Neverthe-
less, a rough estimation was made based on a third-
order polynomial fitting of data from Zhang et al.,31

who used a pH microsensor to measure in situ the pH
as a function of current density. This fitting yielded the
relation:

pH ¼ 0:0525 i3 � 0:5455 i2 þ 2:1558 iþ pH0 ð4Þ

where i is the current density (absolute value in units
of mA cm�2) and pH0 is the initial pH of the bulk so-
lution (i.e., before application of current). Substituting
a value of i ¼ 424 mA cm�2, which corresponds to E ¼
�1.4 V versus SCE in one of the potentiodynamic
polarization measurements in the present work, into
Eq. (4)—an estimated value of pH 6.8 is found. This
value is much lower than pKa3. Moreover, for an elec-
trolyte that initially contains 0.36 mM H2PO4

� at pH
6.0, it can be shown that log[PO4

3�] ¼ 2 pH � 22.97,
meaning that pH * 9.8 is required to fully consume
the 0.61 mM Ca2þ in solution while forming HAP. It
is thus concluded that the local pH is not actually
high enough to allow chemical reactions, being signif-
icant in production of phosphate ions. However, this
raise in pH makes the formation of HAP more favor-
able thermodynamically compared to other calcium
phosphate phases.9 It should be noted that Eq. (4) is
only a rough approximation of the real conditions in
the present study, because it is based on experimental
data which was constructed under galvanostatic con-
ditions at an initial pH 4.5 and cell volume different
from that in the present work. Although the equation
was adjusted for an initial pH 6.0 during its construc-
tion, it cannot be excluded that the derivative of pH
on time is slightly different in both studies.

Even when significant concentrations of phosphate
ions are produced by reduction of hydrogen phosphate
ions and dihydrogen phosphate ions as in reactions
(3.8), (3.9), and (3.12), one should consider the fast
kinetics of the phosphate ions recombination with hy-
drogen ions [the reversal of reaction (3.12)]. This implies
that the concentration of calcium ions in solution must
be high compared to the concentration of hydrogen
ions, thus statistically allowing physical precipitation
of HAP in solution in accordance with the reaction:

10Ca2þ þ 6PO3�
4 þ 2ðOHÞ� ÐHAP ð3:13Þ

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 mM, re-
spectively.32

In order to determine which of the chemical and elec-
trochemical reactions (3.1) through (3.13) are mostly
reflected by current density measurements, calcula-
tions of the limiting current density iL were carried out
following Fick’s first law in the absence of stirring:

iL ¼ zFDc

d
ð5:1Þ

where z is either the number of electrons transferred
in the reaction or the valence of the species, F the
Faraday’s constant (96,485.3 C mol�1), D the diffusion
coefficient of the relevant species, c the concentration
of the reactant in the bulk solution, and d is the thick-
ness of the diffusion layer. By definition, the limiting
current density is the maximal current density that
can be reached in an electrode reaction for a given
concentration of reactant in the presence of excess
supporting electrolyte. It results from inability of the
reactant concentration on the surface of the electrode
to change anymore as to provide the concentration
gradient that is necessary for the diffusion flux.
Table I summarizes the values substituted into Eq.
(5.1) for each possible cathodic reaction. In most
cases, D * 10�5 cm2 s�1, as typical for diffusion of
gases and ions in aqueous solutions.33 The thickness
of the diffusion layer in the absence of stirring (i.e., as
in the AFM liquids cell) can be estimated based on
the relation:

d ¼
ffiffiffiffiffiffiffiffiffi
pDt

p
ð5:2Þ

where t ¼ 100 s is applied as the maximal time at
which convection is still not involved. Thus, one
obtains d * 5.6 � 10�2 cm. In contrast, when the elec-
trolyte is stirred (e.g., as in the macrocell), the thick-
ness of the diffusion layer decreases as a function of
the stirring velocity, and then d * (1–3) � 10�2 cm is
more likely. In Table I, the value d ¼ 2 � 10�2 cm
within this range is used. Another assumption in our
calculations is that the electrolyte is aerated, that is, in
contact with air. In several cases, instead of a typical
value of diffusion coefficient, our references listed the
typical value of the ion mobility, u, in an aqueous so-
lution at 258C. In these cases, the value of the diffu-
sion coefficient was calculated based on the Einstein’s
equation:

D ¼ uRT

zF
ð5:3Þ

where R is the ideal gas constant (8.314 J mol�1 K�1)
and T is the absolute temperature.

Several conclusions may be drawn based on Table I.
First, only reaction (3.3), that is, electrolysis of water,

626 ELIAZ AND ELIYAHU

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a



can produce high current densities that prevent the
detection of a limiting current density in the cyclic vol-
tammograms (as will be demonstrated later). Second,
reduction of nitrate ions [reaction (3.4)] is not negligible
under the potential applied in this work. Third, reac-
tion (3.8) is more dominant than reaction (3.9) in the
supply of phosphate ions (iL equals 56 mA cm�2 and
0.85 mA cm�2, respectively). The reduction of titanium
oxide does not involve any diffusion limitations and,
therefore, should not affect the limiting current density.

In electrochemistry, the nature of electrode reac-
tions can often be determined based on mathematical
expression of the peak current in CV. Possible proc-
esses include (1) a reversible, Nernstian process, for
which the peak current in the absence of stirring is
proportional to the square root of the potential scan
rate; (2) an irreversible process, for which the peak
current is also proportional to the square root of the
scan rate; (3) a surface reaction, for which the peak
current is proportional to the scan rate but is not
affected by stirring; and (4) a quasistable process, for
which only secondary parameters may make the peak
current dependent on the scan rate.34 In this work,
stirring was found to affect the current density at
potentials negative than �0.8 V versus SCE. Hence,
process (3) may be excluded. Figure 2 shows three
cyclic voltammograms that were constructed in a
macrocell at different scan rates and were each nor-
malized 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 de-
creases. It should be noted that before normalization,
the same voltammograms overlapped on the cathodic
side. Because the normalized voltammograms do not
overlap, it may be concluded that mass transport, ei-
ther reversible (1) or irreversible (2), may have only a
secondary role in deposition of HAP. Hence, charge
transfer most likely controls the process kinetically.

In several papers, deposition of apatite bioceramics
from electrolytes has been assumed to follow one or
more of the following reactions: (1) electrochemical re-
actions, (2) acid–base reactions, and (3) physical pre-
cipitation from solution.31,35–42 Here we suggest the
model shown in Figure 3 for the formation of HAP by
electrodeposition. According to this model, a sufficient
cathodic potential allows for various interplays among
electrochemical reactions, chemical reactions, and local
pH increase. The three possible routes all result in pre-
cipitation of HAP in solution.

Before presenting the in situ EC-AFM observations,
let us analyze the structure of the HAP deposits as
determined ex situ by various characterization techni-
ques. Figure 4 demonstrates the surface morphology
of electrodeposited HAP as revealed by SEM. The de-
posit is constructed from platelets with a typical width
of several microns and a submicron thickness. A com-
plementary, independent environmental SEM (ESEM)
study shows that the deposit is composed of two
layers: (1) A uniform, 500-nm thick dense layer adja-
cent to the substrate; and (2) a thicker layer composed

TABLE I
Limiting Current Density Values for Different Cathodic Reactions Obtained From

Eq. (5.1) by Substituting the Parameter Values

Reaction Ion/Molecule Reacting Species z D (cm2 s�1) c (mol cm�3) iL (mA cm�2)

3.1 O2 O2 4 1.9 � 10�5 a 2.2 � 10�7 b 81
3.2 H3O

þ (Hþ) Hþ 1 9.3� 10�5 c 1.0 � 10�9 d 0.45
3.3 H2O Hþ 1 2.4 � 10�5 e 5.56 � 10�2 f 6.4 � 106

3.4 NO3
� N5þ 2 1.9 � 10�5 c 1.22 � 10�6 g 224

3.5 TiO2 Ti4þ 1 N/A N/A N/A
3.6 H2PO4

� P5þ 2 *8.0 � 10�6 h 3.6 � 10�7 i 28
3.7 H2PO4

� P5þ 1 *8.0 � 10�6 h 3.6 � 10�7 i 14
3.8 H2PO4

� Hþ 2 *8.0 � 10�6 h 7.2 � 10�7 i 56
3.9 HPO4

2� Hþ 1 *8.0 � 10�6 h 2.2 � 10�8 j 0.85
3.13 Ca2þ N/A N/A *1.0 � 10�5 6.1 � 10�7 k N/A

aAccording to Ref. 17.
bThe concentration of oxygen dissolved in water at 358C.
cBased on ion mobility data.
dThe concentration of hydrogen cations at pH 6.0. The formation of hydrogen cations by buffer dissociation is neglected

based on reaction (3.11) and the corresponding equation defining Ka2.
eThe self diffusion coefficient for water at 258C.
fThe concentration of pure water is 55.6M (the ratio between density and molecular weight of water). This concentration

does not change as a result of reactions in dilute aqueous solutions.
gThe concentration of the nitrate ions is twice the concentration of Ca(NO3)2 � 4H2O in solution.
hAccording to Ref. 17 for H3PO4.
iThe concentration of the phosphate ions is equal to the concentration of (NH4)H2PO4 in solution. The dissociation of the

latter may be neglected according to reaction (3.11).
jThe concentration of the hydrogen cations which is equal to the concentration of HPO4

2� based on the equation defining
Ka2 at pH 6.0.

kThe concentration of calcium ions is equal to the concentration of Ca(NO3)2 in solution.
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of crystals with varying sizes. TEM also reveals that
formation of nanosized cubical crystals is followed by
growth of columnar single crystals with preferred ori-
entation.43,44 These experimental results support our
claims for occurrence of both instantaneous and pro-
gressive nucleation mechanisms, as well as for transition
from two-dimensional to three-dimensional growth.
The evident porosity in Figure 4 is desirable with re-
spect to biomedical applications, because it allows for
ingrowth of tissues and enhanced fixation of implants.
EDS semiquantitative analysis of the deposit shows
that the calcium-to-phosphorus atomic ratio is within
the range of 1.63–1.66, indicating the formation of the
HAP phase. XRD spectra from the pure Ti-coated sam-
ples show that only the stoichiometric HAP phase is
deposited on the substrate. The HAP exhibits a [002]
preferred orientation, which correlates to the [002] pre-
ferred orientation of the pure Ti substrate surface.
Analysis of XRD data leads to the conclusion that the
content of the amorphous calcium phosphate phase in
the electrodeposited coating is less than 5%, much

lower than that in commercial plasma-sprayed coat-
ings. Consequently, the solubility of the electrodepos-
ited HAP in DI water during periods of as long as
240 h is very low, resulting in negligible release of cal-
cium ions into solution and slower kinetics of bone
apposition in vivo.43,44

Figure 5(a–d) present AFM deflection mode images
that were taken ex situ after potentiostatic deposition
on pure Ti at 858C for varying periods. The deflection
image, also known as the error signal image, represents
the gradient of shape change and is thus more sensitive
than topography images to delegate spatial information
such as sharp edges. From Figure 5, it is evident that af-
ter 10 min the deposit structure is still two-dimen-
sional, whereas after 30 min it is already three-dimen-
sional. During the two-dimensional growth stage, the
platelet crystals are smaller than 200 nm in length and
width, and less than 20-nm thick (the latter dimension
was determined by AFM line scans of the surface pro-
file). As deposition proceeds, the platelets continue to
grow in a preferred orientation [Fig. 5(c,d)], while accu-
mulating within domains *1 mm in diameter. The
length and thickness of each platelet is of the order of
600 and 40 nm, respectively. These observations are in
accordance with data from electrochemical measure-
ments (Fig. 1), ESEM, and TEM.43,44 The dimensions
reported herein are less than one order of magnitude
larger than those of biological apatites. This implies that
the conditions in vivo limit the progressive nucleation
stage and three-dimensional growth of apatite crystals,
as will be discussed in the following section.

Preliminary experiments in a macrocell with a sup-
porting electrolyte at 608C show (Fig. 6) that a net cur-
rent due to nucleation and growth of HAP may exist
only at potentials that are more cathodic than �1.1 V
versus SCE. Figure 7 presents a cyclic voltammogram
[Fig. 7(a)] and a cathodic polarization curve [Fig. 7(b)]
that were both constructed at a scan rate of 5 mV s�1,
as well as several AFM deflection images that were
acquired in situ and in real time while constructing Fig-
ure 7(b). An arrow marks the forward scan in Figure
7(a). Note that the current density in the reverse scan is

Figure 2. Normalized cyclic voltammograms for Ti-6Al-
4V in a macrocell at 608C. The nonoverlapping curves indi-
cate that mass transport is not dominant in the kinetics of
HAP electrodeposition.

Figure 3. The processes that allow formation of HAP in electrolytes. Following route A1, the increase in pH first facilitates
reactions (3.11) and (3.12). In route A2, the increase in pH lowers the solubility of the apatite phase in accordance with the
solubility isotherms.9 Following route B, the potential is cathodic enough to allow direct production of sufficient phosphate
ions, according to reactions (3.8) and (3.9) (the former being more dominant).
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more negative than the current density in the forward
scan. This behavior indicates that the deposition pro-
cess is irreversible and that the kinetics of hydrogen

evolution is faster on the surface of HAP in comparison
to the surface of the titanium alloy. No horizontal pla-
teau, indicative of the existence of a limiting current
density, is noticed at the cathodic side of the voltammo-
gram. This behavior has already been explained ear-
lier. Furthermore, based on this cyclic voltammogram
per se, the desirable potential range for electrodeposi-
tion of HAP may be �1.26 to �1.54 V versus SCE, be-
fore the hydrogen evolution reaction becomes dominant
(as evident by a sharp, nearly linear, increase in the ca-
thodic current density). The value�1.4 V versus SCE, at
which potentiostatic deposition of HAP was carried out
in the present work, falls within this range. The corre-
sponding images (not included herein) showed that at a
potential of�922mV versus SCE no deposit had formed.
At a potential of �1.23 V versus SCE, a noisy image
due to hydrogen evolution in solution and only few de-
posit nucleation sites were observed. At a potential of
�1.89 V versus SCE, the image was very noisy because
of extensive hydrogen evolution, but a notable HAP
deposit had already formed. Figure 7(c–f) present
images that were acquired at four different potentials

Figure 4. A SEM image demonstrating the platelet mor-
phology and porosity on the surface of HAP electrodepos-
ited in a macrocell on pure Ti at 858C.

Figure 5. AFM deflection images acquired ex situ after 1 (a), 10 (b), 30 (c), and 60 (d) min deposition on pure Ti in a macro-
cell at 858C. The transition from a two-dimensional growth to a three-dimensional growth is evident. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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during cathodic polarization. Each potential value
refers to the time at which an image scan (top to bot-
tom) is completed. In Figure 7(d), two nuclei that did
not reach a critical size and consequently dissolved
[compare to Fig. 7(e)] are surrounded by circles. The
construction of this image was completed at �842 mV
versus SCE, which is not cathodic enough to overcome
the free energy barrier for growth. For a process of
nucleation of a hemispheric nucleus from an electro-
lyte, the classical Young-Dupré equation45 may be re-
produced as follows32:

ln
csol
ceq

¼ �

kBT

4ð1� cos jÞgFL þ 2 sin2 jðgSF � gSLÞ
ð2 þ cos jÞð1 � cos jÞ2 � 1

rcr

ð6Þ

where csol is the concentration of the deposit ions in
the bulk of the electrolyte, ceq is the solubility of the
deposit material, O is the atomic volume of the de-
posit material, kB is the Boltzmann constant, T is the
absolute temperature, j is the wetting angle, gFL is the
deposit/electrolyte surface energy, gSF is the substrate/
deposit surface energy, gSL is the substrate/electrolyte
surface energy, and rcr is the critical radius of the nu-
cleus. Typical values of gFL, gSF, and gSL for HAP on tita-
nium in electrolytes are around 35, 39, and 2.17 mJ m�2,
respectively. The values csol ¼ 0.61 mM and T ¼ 608C
are chosen based on the experimental conditions in the
present work. The mean atomic volume of the constitu-
ents of HAP is calculated from the periodic table as O ¼
3� 10�29 m3 atom�1. The values j ¼ 68 and rcr ¼ 57 nm
are measured by a surface profile scan on a high-magni-
fication AFM image of one of the unstable nuclei. Sub-
stituting these values into Eq. (6), ceq is calculated to be

0.225 mM. The corresponding value for pH 6.5 is deter-
mined based on the solubility isotherm.9 Substituting
this value into Eq. (4) yields a calculated value i ¼ �247
mA cm�2 as the critical current density for formation of
HAP nuclei. The corresponding potential is �1.183 V
versus SCE, according to the experimental cathodic
polarization curve that was used in constructing Eq. (4).
Returning to Figure 7(d), the potential was obviously
not cathodic enough to provide the necessary electro-
motive for growth of stable nuclei. Therefore, both
nuclei in this figure dissolved. Figure 7(e,f) were fully
constructed at �1.21 and �1.57 V versus SCE, respec-
tively. In these two images, HAP deposit is noticed
between the topographically high b phase hills in the
etched dual phase alloy. Interestingly, the HAP first
nucleates on the a phase (hcp structure) and only later
on the b phase (bcc structure). This behavior led to lev-
eling of the coated surface as time elapsed. Hence, it
may be concluded that the crystallographic misfit
between the structure of the substrate and the coating
plays an important role in electrodeposition of HAP.

In order to make sure that the real-time AFM images
truly represent the nucleation and growth of HAP, one
sample was analyzed in the SEM following EC-AFM
study. Figure 8(a) shows a typical EDS spectrum from
the coated surface. In addition to peaks of Ti, Al, and V
from the substrate, peaks of Ca and P from the coating
are clearly observed. A semiquantitative EDS analysis
demonstrated a mean atomic ratio of 1.67 between the
calcium and phosphorus atoms, indicating the formation
of the stoichiometric HAP. Figure 8(b) shows a secondary
electrons image that was taken as part of X-ray mapping.
The corresponding element maps are shown in Figures
8c–e for Ti, Ca and P, respectively. By comparison to the
secondary electrons image, it is evident that the bright
charged area in Figure 8(b) is indeed a HAP deposit.

DISCUSSION AND CONCLUSIONS

This work presents the first direct, in situ, and real-
time observation of the nucleation and growth of
HAP by electrochemical reactions. The nucleation of
HAP is influenced by the crystallographic structure
and orientation of the metal substrate. In biological
mineralization too, epitaxial considerations have been
found to be of primary importance in understanding
the formation of teeth and bones, as well as in patho-
logical processes such as the development of urinary
calculi.30 Epitaxy, or oriented overgrowth, is a special
case of heterogeneous nucleation in which the growth
of the nuclei on the substrate follows a specific orien-
tation. When the substrate and the deposit are made
of different materials, the term heteroepitaxy is com-
monly used. Epitaxial behavior of two- and three-
dimensional deposit phases exists if some or all of
their lattice parameters coincide with those of the top

Figure 6. A subtracted cathodic polarization curve drawn
in a macrocell at 608C. This curve is the output of subtract-
ing the cathodic polarization curve drawn in a supporting
electrolyte from the curve drawn in the deposition electro-
lyte. It shows that electrodeposition is likely only at poten-
tials more cathodic than �1.1 V versus SCE.
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layer of substrate. The epitaxy is determined by a mini-
mum of the Gibbs function at constant temperature
and pressure. Specifically organized organic surfaces
have already been reported to induce growth of specifi-

cally oriented inorganic thin films either catalytically or
epitaxially.15 However, in the present study, no self-
assembled organic templates or surfactants were used.
Hence, this finding should affect both the material

Figure 7. In situ and real-time EC-AFM under potentiodynamic conditions, demonstrating the potential dependence of the
nucleation of HAP on Ti-6Al-4V at 608C. (a) A typical cyclic voltammogram. (b) A cathodic polarization curve. (c–f) AFM
deflection images acquired, while constructing (b), at �482 mV, �842 mV, �1.21 V, and �1.57 V versus SCE, respectively.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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selection stage and the fabrication stage in future opti-
mization of implants that are expected to integrate with
bone. For example, materials for implants may be
selected more carefully with respect to their heat treat-
ment, which forms the preferable phases. Then, machin-
ing and forming should be carried out along specific
crystallographic orientations.

The deposition of HAP is distinguished from typical
electrodeposition processes by division into two stages.
During the first 12 min or so, the nucleation is instan-
taneous and is accompanied by a two-dimensional
growth. Subsequently, the nucleation becomes pro-
gressive and is accompanied by a three-dimensional
growth. Interestingly, for bone mineralization in a
given species, the average crystal size is smallest at for-
mation and increases to maturity, at which time there

is a leveling of this growth process.4 The conditions in
the human body apparently limit the growth of HAP
in vivo. Indeed, several publications describe the effects
that specific molecules have on the crystal growth
of HAP. The most effective inhibitors seem to be poly-
anions, particularly polyphosphates or polyphosph-
onates. It was observed that salivary peptides and
proteins, such as statherin and PRPs (praline-rich
proteins), respectively, are powerful inhibitors. These
macromolecules appear to prevent the precipitation of
calcium phosphate phases in saliva in spite of the
supersaturation of this secretion with respect to HAP.
The inhibiting mechanism was related to their adsorp-
tion onto the surface of apatite seeds.41 Proteoglycans,
even at low concentrations, can delay or prevent apatite
formation. On the other hand, bone collagen is consid-

Figure 8. SEM analysis proving the formation of HAP during the EC-AFM study. (a) An EDS spectrum with Ca and P
peaks. (b) A secondary electrons image with a bright-coated area. (c–e) X-ray maps of Ti, Ca, and P, respectively, which cor-
respond to (b).
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ered to be intimately involved in the nucleation of bone
mineral.4

Charge transfer is more dominant than mass trans-
port in controlling the kinetics of deposition. This find-
ing is somehow 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 and
other direct measurements. The pH that raises during
deposition makes the formation of HAP more favor-
able thermodynamically, compared to other calcium
phosphate phases, although it does not become high
enough to make chemical reactions significant in pro-
duction of phosphate ions. The direct decomposition
of dihydrogen phosphate ions is more significant than
decomposition of hydrogen phosphate ions in produc-
tion of the phosphate ions, which are necessary for the
precipitation of HAP. Physical precipitation of HAP in
the electrolyte is possible because the concentration of
calcium ions is much higher than the concentration of
hydrogen ions. Applying a potential within the range
of �1.26 to �1.54 V versus SCE is mandatory in order
to form useful HAP by electrochemical processing in
the specific electrolyte. This direct observation demon-
strates the power of using EC-AFM when studying
the effects of substrate surface, bath chemistry, and
process parameters on the structure and related prop-
erties of HAP.

It is anticipated that EC-AFM becomes more com-
mon in the optimization of electrochemical processing
for biomedical applications in the coming years. In
addition, the body environment is very complex from
an electrochemical point of view. All mineralization
processes involve the precipitation of inorganic phases
from solution. It has already been argued that homo-
geneous nucleation of particles in the solution will
only dominate at relatively high levels of supersatura-
tion where the precipitation process becomes kineti-
cally controlled.15 On the other hand, formation of the
inorganic phase directly on a substrate (i.e., heteroge-
neous nucleation) is the dominant precipitation mech-
anism in the case of thermodynamically controlled
systems. The synthesis of inorganic crystalline or am-
orphous minerals, such as HAP, fluoroapatite, calcium
carbonate, and magnetite by living organisms, is there-
fore highly dependent on the local conditions such as
ion concentrations, pH, and potential. The EC-AFM
may aid in better understanding the biomineralization
and other biomimetic processes on metals or other
solid surfaces (e.g., organic scaffolds). A first trial in
this direction has started in our lab, simulating the in-
terstitial fluid environment at 378C.
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