
Electrochemical processes of nucleation and growth of
calcium phosphate on titanium supported by real-time
quartz crystal microbalance measurements and X-ray
photoelectron spectroscopy analysis

Noam Eliaz,1 William Kopelovitch,1 Larisa Burstein,2 Equo Kobayashi,3 Takao Hanawa3
1Biomaterials and Corrosion Laboratory, School of Mechanical Engineering, Tel Aviv University,
Ramat Aviv 69978, Israel
2The Wolfson Applied Materials Research Centre, Tel Aviv University, Ramat Aviv 69978, Israel
3Institute of Biomaterials and Bioengineering, Tokyo Medical and Dental University, Tokyo 101-0062, Japan

Received 22 June 2007; revised 2 April 2008; accepted 2 April 2008
Published online 18 June 2008 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/jbm.a.32129

Abstract: Real-time, in situ electrochemical quartz crystal
microbalance (EQCM) measurements are conducted to
better understand the electrocrystallization of calcium
phosphates (CaP) on CP-Ti. X-ray photoelectron spectros-
copy is used to identify the exact phase deposited, so that
reliable estimation of the electrochemical processes
involved is made. Analysis of the integrated intensity of
the oxygen shake-up peaks, in combination with the
determination of Ca/P and O/Ca atomic ratios, enables
to determine unambiguously that the octacalcium phos-
phate (OCP) is formed. Its role as a precursor to hydroxy-
apatite (HAp) is discussed. After an incubation period,
the process by which OCP is formed follows a Faradaic
behavior. The incubation time may be related to the need
for local increase of pH before precipitation from solution
can occur. The standard enthalpy of activation is �40 kJ/
mol, which excludes diffusion-controlled processes from

being rate determining. The OCP deposit has thickness
� 0.61 lm, apparent density � 0.95 g/cm3, 63.6% poros-
ity, and deposition rate of 23.5 ng/(cm2 s) or 15 nm/min.
The low-equivalent weight value of 20.5 g/equiv, and the
associated remarkably high number of electrons trans-
ferred in the reaction n � 24, indicates that most of the
current is consumed either by electrolysis of water or by
a complex set of parasitic reactions. The low-solubility
product allows precipitation of CaP even at relatively low
concentrations of calcium and phosphate/hydrogen phos-
phate ions. It is shown that HAp most likely forms via
transformation of precursor phases, such as OCP, rather
than directly. � 2008 Wiley Periodicals, Inc. J Biomed
Mater Res 89A: 270–280, 2009
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INTRODUCTION

Apatite is the major inorganic constituent of
enamel, dentin, and vertebrate bone. It belongs to
the family of calcium phosphates (CaP), which
includes, among others, hydroxyapatite (HAp), a-
and b-tricalcium phosphates (TCP), octacalcium
phosphate (OCP), dibasic calcium phosphate dihy-
drate (DCPD or brushite), dibasic calcium phosphate
anhydrous (DCPA or monetite), monobasic calcium
phosphate monohydrate (MCPM), and amorphous
calcium phosphate (ACP).1,2 Synthetic CaP coatings
are more bioactive and osteoconductive compared to
metal surfaces and form direct bonds with adjacent

hard tissues. Hence, apatite coatings, mostly plasma
sprayed, are often applied on implants when good
osseointegration is desired. Nevertheless, loosening
of implants has been reported during long-term
service, that is, from several months to several years,
depending on the properties of the coating.3–6 The
interest in electrochemical deposition has increased
in the recent years due to the inherent advantages of
this process, as summarized earlier.7–10

A better understanding of the electrochemical proc-
esses that take part in deposition of HAp is important
from a technological point of view, namely the ability
to form coatings with enhanced properties on ortho-
pedic and dental implants. Furthermore, because
electrochemical (and chemical) processes have been
proven successful in producing biomimetic CaP
coatings, the analogy to processes that may take
place in vivo could improve our understanding of
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biomineralization, and how it may be controlled. The
electrochemical quartz crystal microbalance (EQCM)
is a powerful method that can be applied for this pur-
pose. The correlation between the measured fre-
quency change Df and the elastic mass change Dm is
expressed via the Sauerbrey Equation11:

Df ¼ � 2f 20Dm
A� ffiffiffiffiffiffiffiffiffiffiqqlq

p ð1:1Þ

where f0 is the resonance frequency of the oscillating
quartz crystal (QC) prior to the mass change (6 MHz
in this study), A* is the piezoelectrically active area,
qq and lq are the density and the shear modulus of
the QC (2.648 g/cm3 and 2.947 3 1010 N/m2, respec-
tively). Thus, Eq. (1.1) may be rewritten as

Dm
A� ng

�
cm2

� � ¼ �12:27Df Hzð Þ ð1:2Þ

The high sensitivity and the real-time monitoring
of mass changes on the sensor crystal make the QCM
a very attractive technique for a large range of appli-
cations. The EQCM also enables the application of
potential on the upper metal electrode, thereby creat-
ing an electrochemical cell and allowing electrochemi-
cal reactions or measurement of processes involving
charge transfer.12–19 EQCM measurements provide a
very sensitive means for the determination of equiva-
lent weight (EW), based on the following equation20:

EW � M

n
¼ FDm

A�DQ
ð2Þ

where M is the molar mass (g/mol), n is the number
of electrons transferred (equiv/mol), F is Faraday’s
constant (96,485 C/equiv), Dm/A* is given in units
of gram per centimeter square, and DQ is the charge
density (C/cm2). Thus, the EW can be deduced from
the slope of the line Dm/A* versus DQ.

In spite of the important mechanistic information
that may be extracted from QCM data, the use of this
method in studying the chemical or electrochemical
deposition of CaP has been very narrow so far.21–30

Even in these few papers, the extent to which new,
significant knowledge was extracted from the QCM
measurements, was fairly limited. This is because (1)
QCM was used to measure the mass gain and the
related deposition kinetics, with no attempt to iden-
tify the reactions involved; (2) the exact chemical
composition of the CaP phase was either hypothe-
sized or measured with some ambiguity; and (3) the
thickness of the deposit was calculated in two cases
based on the QCM data and the theoretical density of
HAp,27,30 instead of using complementary techniques.

The objective of this work is to extend the work of
Eliaz and Eliyahu7 and use real-time, in situ EQCM
measurements to better understand the electrocrys-
tallization of CaP on CP-Ti, focusing on the short-
term deposition. From Eq. (2), it is evident that
in order to determine the number of electrons trans-
ferred in the reaction the exact molecular mass of
the mineral deposited on the surface must be identi-
fied. To this aim, we use advanced, surface-sensitive
X-ray photoelectron spectroscopy (XPS) analysis.

EXPERIMENTAL

The EQCM apparatus for real-time deposition experi-
ments consists of a frequency counter (HQ-101B control-
ler), a computer-controlled potentiostat/galvanostat (HZ-
3000), and a cell (HQ-305A mass sensor), all from Hokuto
Denko, Japan. A QC element (AT-cut, 6 MHz) coated with
pure Ti is used as the working electrode. The upper metal
electrode [Fig. 1(a)] has a diameter d 5 1.3 cm and an
effective surface area A 5 1.327 cm2. The upper side of the
electrode is sealed with an O-ring, so that the bottom side
[Fig. 1(b)] remains dry and provides a two-point short-cir-
cuit to the mass sensor. The cell contains 30 mL of the
electrolyte solution. The latter is prepared by dissolving

Figure 1. The upper side (a) and bottom side (b) of the Ti-coated quartz plate.
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0.61 mM Ca(NO3)2 and 0.36 mM NH4H2PO4 (AR-grade,
Wako Pure Chemical Industries) in Milli-DITM water
(Millipore). The pH is adjusted to 6.0 by the addition of
0.1M NaOH and measured before the experiment starts by
HM-60V pH meter (DKK-TOA). The bath composition and
pH values are chosen so as to enable formation of HAp
based on solubility isotherms for CaP.31 A platinum coun-
ter electrode is electrically connected to one side of the
mass sensor. A standard SCE reference electrode is
immersed in the electrolyte. A potentiostatic mode is used,
setting the cathode potential at 21.29 V versus SCE for
40 min. Neither purging nor stirring is carried out during the
experiment. The bath temperature is fixed at 658C 6 0.18C.

An electrode resonance stability experiment is carried out
prior to the electrodeposition experiment. The complete
setup (i.e., mass sensor, electrode, and electrolyte solution)
is first placed inside a thermostatic bath. Twenty minutes
after reaching the desired bath temperature (658C), the sta-
bility experiment begins, and the variation in frequency is
monitored for nearly 40 min in the absence of applied
potential. The electrodeposition experiment itself starts im-
mediately (�1 s) after applying potential to the cell. The
preset parameters include fundamental frequency of
6,032,920 Hz, deposition time of 40 min, and data acquisi-
tion rate of 10 points per second.

The titanium electrode is imaged in a desk-top SEM
(TM-1000 Mini-Scope, Hitachi) before and after deposition
to ensure that a deposit actually formed on the surface.
The surface morphology, thickness, and chemical composi-
tion of the deposit are later characterized also by ESEM
(Quanta 200 FEG, FEI), equipped with an Oxford
INCA energy dispersive spectroscopy (EDS) system. A
PicoSPMTM (Molecular Imaging) EC-AFM is used to char-
acterize the surface morphology of the CaP deposit ex situ.
Imaging is done under contact mode using tips made of
Si3N4 (Veeco). Both topography and deflection (error sig-
nal) images are acquired. The mean length and mean
width of the CaP crystals are determined by direct mea-
surement of features on the deflection image. The mean
thickness, on the other hand, is determined from line scans
on the topography image.

XPS measurements are performed in UHV (2.5 3 10210

Torr base pressure), using a 5600 Multi-Technique System

(PHI, USA). The sample is irradiated with an Al Ka mono-
chromated source (1486.6 eV), and the outcome electrons
are analyzed by a hemispherical analyzer, using a slit
aperture of 0.8 mm in diameter. Charging is compensated
with charge neutralizer. The binding energy (BE) of adven-
titious carbon at 285 eV is taken as an energy reference for
all measured peaks. A low-resolution survey spectrum is
taken over a wide energy range (0–1400 eV) to identify the
elements present at the sample surface. High-resolution
spectra are taken at pass energy of 11.75 eV at an incre-
ment of 0.05 eV/step. The atomic ratios Ca/P and O/Ca
are determined from these measurements.

RESULTS

Figure 2 presents the time dependence of the
measured frequency change during the stability test.
Ideally, the frequency change is expected to equal
zero through such an experiment if no changes occur
at the surface of the electrode and in the adjacent so-
lution during immersion. However, a positive shift
of �40 Hz is monitored here. This shift is several
orders of magnitude smaller than the change in fre-
quency measured during the subsequent electrode-
position experiment. In addition, for the last 10 min
of the stability test, the frequency change is negligi-
ble. Thus, it may be concluded that the system prop-
erly reached stability, and that the frequency change
monitored during the electrodeposition experiment
itself truly reflects the electrochemical processes that
take place.

Figure 3 presents the potentiostatic current tran-
sient and the related time-dependence of the accu-
mulated charge density DQ (mC/cm2) during the
electrodeposition experiment. It follows that DQ is
about 272 mC/cm2 at the end of the experiment.
During the first 11 min, the DQ versus time curve is
nonlinear, and the charge values are higher than

Figure 2. The change in frequency during a stability test,
that is, in the absence of applied potential.

Figure 3. The potentiostatic cathodic current transient
and the related time dependence of accumulated charge
density during electrodeposition of CaP on an EQCM
electrode.
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those extrapolated from the linear regime. Then,
however, DQ increases linearly with time. The slope
of the line is �107.5 lC/(cm2 s). This linear relation,
in combination with the linear time dependence of
the mass gain (see Fig. 4), indicates that a Faradaic,
namely charge transfer, reaction is taking place. The
current transient in Figure 3 consists of three egimes:
(1) rapid current rise (to –0.41 mA/cm2 in 1.5 s), (2)
current decay for �11 min, and (3) current stabiliza-
tion at around 20.1 mA/cm2. Applying linearization
procedures on the experimental data, by means of
the Cottrell equation (i 5 1/t1/2) or the exponential
law i 5 exp(2kt), does not reveal any linear relation-
ship. This result indicates that the CaP nucleation
process is not diffusion-controlled.

Figure 4 shows the measured frequency change
and the corresponding mass gain, as calculated by
the Sauerbrey Eq. (1.2). The dashed line illustrates
that, except during the first 7.3 min or so, the mass
increases linearly with time. As explained earlier,
this is characteristic of a Faradaic reaction. Linear
curve-fitting results in the following relation between
mass gain and time:

Dm ¼ 0:0235tþ 1:024; R2 ¼ 0:9994 ð3Þ

where R2 is the determination coefficient. This means
that the growth rate (slope) is 23.5 ng/(cm2 s). If we
divide this value by the slope of DQ versus t in the
linear regime, we get 218.6 lg/C.

During the first 7.3 min, the mass gain is not lin-
ear, and its values are lower than those extrapolated
from the linear regime. This initial behavior may be
a sign of some sort of incubation time, for example,
due to the need for the pH in vicinity of the working
electrode to increase above a certain limit. Curve fit-
ting (not included herein) shows that during the first

115 s, the growth rate is approximately half that dur-
ing the overall experiment. Note that the incubation
time observed herein by monitoring of Dm is shorter
than the time period during which DQ deviates from
linearity. It should be emphasized that the current
density and the frequency change are monitored in-
dependently; therefore, the time dependencies of DQ
and Dm are calculated separately too. Hence, it may
be concluded that during the earliest 11 min of dep-
osition, at least two different processes are moni-
tored by the EQCM measurements, for example, the
effect of local increase of the pH and the nucleation
of a precursor with lower mass density and higher
charge density.

To better evaluate the characteristics of the de-
posit, SEM and ESEM images of both the top surface
and cross-section are acquired. Figure 5(a,b) shows
SEM top view of uncoated and coated regions,
respectively. Comparing these two images, it is evi-
dent that a thin deposit actually formed on the sur-
face of the electrode. In the cross-section [ESEM, Fig.
5(c)], three layers can be distinguished: (1) thick
quartz substrate at the bottom, (2) Ti (white) layer in
the middle—about 0.19 6 0.01 lm thick, and (3) top
deposit layer, �0.61 6 0.13 lm thick. The deposit is
found to be well adherent to the surface and exhibits
surface morphology of needles. This latter finding is
similar to the previous observations.7 AFM images
(Fig. 6) reveal platelets of CaP that grow in preferred
orientation, while accumulating within domains. The
length, width, and thickness of each CaP platelet are
�0.44, 0.20, and 0.10 lm, respectively. These dimen-
sions are significantly higher than those reported by
Eliaz and Eliyahu for 2D growth of Hap, whereas
the crystal morphology is different from that
observed during 3D growth of HAp.7

EDS analysis reveals a Ca/P atomic ratio of nearly
1.0 in this work, when excluding all other elements
from the analysis (i.e., Ca þ P 5 100%). This ratio is
much lower than that in HAp, but is equal to the ra-
tio typical of DCPD, DCPA, calcium pyrophosphate
(CPP), or calcium pyrophosphate dehydrate (CPPD).
However, as will be shown below, such an EDS
analysis is not reliable. It should be noted that X-ray
mapping of the cross-section is also undertaken
inside the ESEM, but fails due to intermixing of sig-
nals from different layers. Hence, to proceed with
the analysis of the EQCM data, it becomes crucial to
identify the exact CaP formed on the Ti electrode.
To this aim, XPS analyses are used. A representative
low-resolution survey spectrum is shown in Figure
7. Besides, the expected Ca, P, and O peaks, Ti, and
C peaks are also evident. The presence of the Ti
peaks indicates that the CaP coating is either thin
compared to the electron escape depth or very po-
rous. The observed Ti(2p) peak at �459 eV is charac-
teristic of the titanium dioxide and reflects an oxi-

Figure 4. The time dependence of frequency change and
mass gain, the latter calculated using Eq. (1.2). [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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dized substrate surface. High-resolution scans (not
included herein) reveal the following peak positions:
P(2p) at 133.00 eV, Ca(2p) at 347.05 eV, and O(1s) at
531.00 eV. The C(1s) peak at 285 eV is related to
hydrocarbon impurities (‘‘adventitious carbon’’) and
used for BE calibration. The high-resolution mea-
surement of the carbon C(1s) structure (not pre-
sented herein) indicates that the coating is free of the
carbonate-type carbon (BE � 289.3 eV), an impurity
that is often incorporated into synthetic CaP due to
the presence of CO2 in the air or in solution. Angle-
resolved XPS measurements, not performed herein,
may further support this observation. The absence of
the carbonate species allows to present the atomic
ratios of elements as measured, with no adjustment,
unlike those made in the work of Lu et al.32 The
atomic concentration of elements obtained from
high-resolution measurements is given in Table I, to-

gether with the Ca/P and O/Ca atomic ratios. The
measured Ca/P ratio is more similar to the charac-
teristic of OCP. It is thus evident that the use of EDS
data for determining the Ca/P ratio might have led
to a wrong conclusion. Yet, it should be mentioned
here that the measured Ca/P atomic ratio, obtained
from conventional XPS analysis, has been found to
be always lower than the theoretical value for differ-
ent CaP on the surface, thus preventing their unam-
biguous identification.32,33

For further support in relating the CaP phase to
OCP, the oxygen loss spectrum is analyzed. Figures
8 and 9 depict the core level O(1s) peak at 531.00 eV
and the associated O(1s)I and O(1s)II shake-up satel-
lite structures at �553.10 and �566.60 eV, respec-
tively. It has been reported that the integrated inten-
sity (i.e., peak area) of the shake-up peaks is closely
related to different functional groups such as O��H

Figure 5. SEM/ESEM secondary electron images: (a) top view of an uncoated region, (b) top view of a coated region,
and (c) cross-section, exposing the CaP, Ti, and quartz layers (top to bottom).
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and P¼¼O.32,33 Hence, two different normalization
approaches have been used. In one case, the inte-
grated intensity of O(1s)II was divided by the total
O(1s) intensity (i.e., by the sum of the main core
level peak, O(1s)I and O(1s)II).

32 In the second case,
the sum of the areas underneath both O(1s)I and
O(1s)II was divided by the total O(1s) intensity.33 In
this work, both approaches are tested. However, the
first approach yields clearer phase identification and
is thus presented in this work. We use Shirley base-
line subtraction followed by Gaussian curve fitting
to calculate the integrated intensities of the O(1s),
O(1s)I, and O(1s)II peaks. The areas calculated this
way are A0 5 30,433, AI 5 2683, and AII 5 2091
counts/s, respectively (see Fig. 9). The integrated in-
tensity of O(1s)II normalized by the total O(1s)total in-
tensity results in a value of 0.059. Table II compares
the Ca/P, O/Ca, and O(1s)II/O(1s)total values mea-

sured in this study to those reported by Lu et al.32

From this comparison, it may be concluded with
high level of confidence that the CaP phase, which
has been electrodeposited on the EQCM electrode, is
indeed OCP. It should be noted that calculations
such as those made by Lu et al. to determine the rel-
ative contents of different CaP phases are not appli-
cable to thin coatings on substrates, because some of
the oxygen signal may be associated with an oxide
on the surface of the substrate and not only from the
CaP phases and carbonate contamination (if exists).

Realizing that the coating on the Ti electrode is
made of OCP, we may now continue analyzing the
EQCM data accordingly. Taking into account the
thickness of the coating (0.61 lm), as measured by
ESEM, and the mass gain at the end of the experi-
ment (57.9 lg/cm2), the apparent density of the OCP
coating is 0.95 g/cm3. The theoretical density of
OCP is 2.61 g/cm3;1 therefore, the porosity level
may be estimated as follows:

Porosity ¼ 1� 0:95

2:61

� �
3 100 ¼ 63:6% ð4Þ

Figure 6. AFM deflection mode images of the CaP coating at different magnifications: (a) 3000 3 3000 nm2 and (b) 1000
3 1000 nm2. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 7. A representative low-resolution XPS survey
spectrum, which shows the element composition of the
electrodeposited CaP coating on top of the Ti/quartz
EQCM electrode. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

TABLE I
Chemical Composition of the CaP Deposit on Top of the

Ti EQCM Electrode, as Determined by
High-Resolution XPS Scans

Element At. %

O 46.69
Ca 14.76
P 11.81
C 26.74

Ca/P 1.25
O/Ca 3.16
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This high porosity should be beneficial for orthope-
dic and dental implants, as it would allow cell inva-
sion and bone ingrowth. It is directly evident from
top view ESEM images and indirectly by the fact that
a peak from the TiO2 substrate was detected by XPS
analysis, even without sputtering. As the mass gain
versus time plot (Fig. 4) is essentially linear, it may be
assumed that the porosity remains nearly the same
during deposition. Thus, assuming a homogeneous
coating, the value of coating thickness at the end of
the experiment may be divided by the overall dura-
tion of experiment to extract the layer’s growth rate:

m ¼ 6100

2449
¼ 2:49 Å=s ffi 15 nm=min: ð5Þ

One may argue that if only an islandlike deposi-
tion actually took place, the value of deposit thick-
ness measured by ESEM is not representative, and
the related values of apparent density, porosity, and
deposition rate are incorrect. Such an argument may
arise, for example, because of the XPS data, in which
TiO2 is also noticed. However, the authors feel that
this possibility may be excluded based on ellipsome-
try measurements, which demonstrate uniformity,
and AFM images of the uncoated edge of the elec-
trode, which show a distinctly different surface
morphology.

At the end of the experiment, DQ 5 272 mC/cm2

(Fig. 3) and Dm 5 57.85 lg/cm2 (Fig. 4) are meas-
ured. Hence, using the right-hand-side of Eq. (2),
the EW of the deposit material is determined as EW
5 20.5 g/equiv. This very low value must reflect ei-
ther direct electroreduction of the electrolyte or para-
sitic electrochemical reactions involved in the elec-
trodeposition of OCP. The number of electrons trans-
ferred in the reaction(s) forming one mole of a
product may be estimated based on the middle term
in Eq. (2). Thus, the values listed in Table II for dif-
ferent CaP compounds are obtained. The very high
value n � 24, when assuming OCP, indicates that
the OCP is formed via a complex set of reactions

and not through a simple electrochemical reaction.
Possibly, the electrolysis of water consumes many
electrons first, and only when the local pH is
increased significantly, the deposition of OCP itself
takes place. The importance of identifying the exact
CaP formed by electrocrystallization before calculat-
ing the value of n is noticeable in Table II, as this
value may change from �7 to �25, for DCPA and
HAp, respectively.

Based on the EQCM data in this work, the number
of moles of OCP actually deposited may be esti-
mated; thus, the amount of calcium ions consumed
in this process may be determined too. For a mass
density Dm 5 57.85 lg/cm2 (see Fig. 4), surface area
A 5 1.327 cm2 of the working electrode (see Experi-
mental), and a molecular mass MOCP 5 491.23 g/
mol (see Table II), we estimate that 1.56 3 1027 mol
of OCP is deposited. To achieve this, 6.24 3 1027

mol of Ca2þ are consumed, which, for a 30-mL solu-
tion (see Experimental), means 20.8 lM Ca2þ. This
value is much lower than 0.61 mM of Ca2þ initially
contained in solution. The dissociation of phosphoric
acid at 378C may be described by means of three-
acid dissociation equilibrium constants: Ka1 5 5.861
3 1023, Ka2 5 6.839 3 1028, and Ka3 5 6.607
3 10213.34,35 The corresponding pKi : 2log(Kai) val-
ues are 2.232, 7.165, and 12.18, respectively. Hence,
the log bnð Þ �Pn

i¼1 pKi values are 2.232, 9.397, and
21.577, respectively, where bn are the equilibrium
constants. Thus, phosphoric acid may exist in solu-
tion as the neutral molecule or as ions carrying a
negative charge of 1–3, depending on pH. The distri-
bution of these species as a function of pH is calcu-
lated using the three values of equilibrium constant for
an initial concentration 0.36 mM H2PO

2
4, as shown in

Figure 10. From this figure, it becomes clear that once a
solution containing 0.36 mM H2PO

2
4 at pH 6.0 is pre-

pared, some of the H2PO
2
4 ions deprotonte, forming

HPO22
4. For pH values in the range of 7.2–12.2, the pre-

dominant species is HPO22
4, whereas above pH 12.2 the

triply charged anion PO32
4 becomes the most abundant

Figure 8. High-resolution XPS scan, which shows the
core level peak of O(1s) and the associated satellite struc-
ture. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 9. Zoom-in on the shake-up satellite peaks shown
in Figure 8. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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species. Practically, the concentration of calcium ions in
solution is always much higher than the concentration
of hydrogen ions, thus statistically allowing the precipi-
tation of CaP in solution, while overcoming the fast
kinetics of the phosphate ions recombination with
hydrogen ions.

DISCUSSION

Based on Figures 3 and 4, it is concluded that the
rate of the CaP deposition reaction is controlled by
charge transfer. A charge-transfer reaction, which is
said to be under activation control, involves transfer
of charge carriers across the double layer. Other pos-
sible types of rate control are associated with diffu-
sion (mass transport); chemical reactions on the elec-
trode surface, preceding or following the electron
transfer; and adsorption, desorption, or crystalliza-
tion processes. The present observation of a Faradaic
behavior supports the conclusion of Eliaz and
Eliyahu7 that electrochemical reactions are more sig-
nificant than chemical reactions in the formation of
HAp. The present finding that charge transfer, and

not diffusion-controlled processes, controls that the
reaction rate is also supported by the determination
of standard enthalpy of activation. Eliaz et al. mea-
sured the mass of HAp on a 1-cm2 working elec-
trode made of CP-Ti, after 3-h deposition at different
temperatures, from a bath composition identical to
that used in this work.8 Plotting their measured data
in the form of v versus 1/T, where v is the deposi-
tion rate [g/(h m2)] and T is the absolute tempera-
ture, and comparing to Arrhenius equation

m ¼ A� exp �DGz
RT

 !
ð6Þ

the standard enthalpy of activation is estimated to be

DHz � 40� 4 kJ=mol ð7Þ

In Eq. (6), A* is a pre-exponential factor (also
known as frequency factor), R is the ideal gas con-
stant [8.3145 J/(K�mol)], and DG{ 5 DH{ 2 TDS{ is
Gibbs energy of activation (standard free energy of
activation). Equation (6) is derived based on the
transition-state theory (also known as the activated
complex theory).

It is well accepted that apparent activation ener-
gies below �20 kJ/mol observed in dilute aqueous
solutions are indicative of bulk diffusion-controlled
processes, whereas those above this value indicate
that the reaction kinetics are controlled by the inter-
facial area.36 It has also been reported that adsorp-
tion of species on the working electrode and subse-
quent chemical reaction is characterized by an appa-
rent activation energy higher than 43 kJ/mol.37 For a
wide variety of mineral-solution alteration processes,
apparent activation energies within the range of 32–
80 kJ/mol have been reported.27,30,38 Thus, it may be
concluded that the value of standard enthalpy of
activation given in Eq. (7) for electrodeposition of
CaP on Ti is reliable, and that a bulk diffusion-con-
trolled process cannot be rate determining. Because

Figure 10. The stepwise deprotonation of phosphoric
acid as a function of pH.

TABLE II
Experimental XPS Identification of the CaP Phase and the Resulting Value of n, as

Derived From Eq. (2) Based on EQCM Measurements

HAp OCP DCPA DCPD TCP MCPM CPP CPPD

Ca/P, theoretical 1.67 1.33 1.00 1.00 1.50 0.50 1.0 1.00
Ca/P32 1.48 1.24 0.93 0.98 1.35 0.48 N/A N/A
Ca/P, this study – 1.25 – – – – – –
O/Ca32 2.76 3.4 4.3 5.4 2.72 10.38 N/A N/A
O/Ca, this study – 3.16 – – – – – –
O(1s)II/O(1s)total

32 0.065 0.053 0.037 0.020 0.072 0.008 N/A N/A
O(1s)II/O(1s)total, this study – 0.059 – – – – – –
M (g/mol) 502.33 491.23 136.06 172.09 310.18 252.07 254.10 290.13
n (equiv/mol) 24.5 23.9 6.6 8.4 15.1 12.3 12.4 14.1
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no mass gain measurements are conducted after dif-
ferent times of deposition, it is possible that the
value of standard enthalpy of activation provided in
Eq. (7) is actually an effective value, which is gov-
erned by the activation energies of several processes
that take place in a sequence. Finally, it should be
recalled that the EQCM experiments are carried out
at 658C, for which linear regression of the data
by Eliaz et al.8 predicts deposition rate v � 50 ng/
(cm2 s). This value is approximately double to that
measured directly by EQCM. This difference may be
attributed to variation in the deposition conditions,
as explained earlier.

Several electrochemical reactions have been con-
sidered before7 and will not be presented here again.
Although several of those reactions would lead to a
local increase in pH within the diffusion layer, only
the electrolysis of water can produce such high cur-
rent densities, so that no limiting current density is
detected in the cyclic voltammograms. Once the
proper composition and pH of the electrolyte solu-
tion are established in vicinity of the cathode, the
following precipitation reactions (among others) may
occur:

5 ðCa2þÞ þ 3 ðPO3�
4 Þ þ OHð Þ�$ HAp ð8Þ

4 ðCa2þÞ þ 3 ðPO3�
4 Þ þHþ þ 2:5H2O $ OCP ð9:1Þ

or

4 ðCa2þÞ þ 3 ðHPO2�
4 Þ þ 2:5H2O $ OCPþ 2Hþ ð9:2Þ

Comparing reactions (9.1) and (9.2), the latter
may have higher probability to actually occur
under the studied conditions, because (1) it
requires HPO22

4, not PO32
4, and therefore does not

need the pH to increase as much; and (2) the pro-
duction of the hydrogen cations partly compensates
for the production of hydroxyl ions, thus the
increase of pH is slowed down. Inspection of the
electrochemical reactions in Ref. 7 does not reveal
any set of reactions that actually require n 5 24
electrons to form one mole of OCP, following either
reaction (9.1) or (9.2). Therefore, it is concluded
that a large portion of the Faradaic current is con-
sumed by side reactions. The reduction of TiO2, for
example, is beneficial with respect to the activation
of the surface of the Ti substrate and attraction of
ions toward the surface by electrophoretic forces,
thus promoting deposition.

The current transient in Figure 3 is different from
the one observed by Eliaz and Eliyahu.7 This dissim-
ilarity may be associated with different CaP growth
morphologies, namely a columnar layer only in this

study, when compared with a columnar layer with
an underlying layer of nanosized cubical crystals
reported earlier.10 A question then arises, what is the
reason for the difference between the current transi-
ents in the present as opposed to the previous work
of Eliaz et al. The answer is, most likely, the varia-
tion of the experimental conditions during deposi-
tion. In the previous work, current transients were
acquired in a macrocell, at T 5 80–858C, E 5 21.4 V
versus SCE, and the surface of the working electrode
(ground and polished CP-Ti grade 2) having a verti-
cal orientation. In this work, on the other hand, the
current transients are acquired in the EQCM cell, at
T 5 658C, E 5 21.29 V versus SCE, and the surface
of the working electrode (vapor-deposited Ti) having
a horizontal orientation. Moreover, the deposition on
the EQCM electrode begins after it has been
immersed in the electrolyte solution for more than
an hour in the framework of the stability test. It is
well known that changes in the surface state of the
substrate, in the overpotential, and in the solution
concentration close to the surface may all affect the
shape of the current transient significantly. It cannot
be excluded, for example, that the adsorption of spe-
cific ions on the surface of the electrode during the
stability test modifies the initial conditions for
deposition.

The incubation time observed in the Dm versus
time plot (Fig. 4) is similar to that observed
earlier26,27 and may be related to the occurrence of
side reactions that increase the local pH, thus pro-
moting the formation of OCP, in accordance with
Figure 10. To support this hypothesis, further EQCM
experiments should be carried out with the same ion
concentrations, but adjusted to different pH values.
It is anticipated that with the increase of pH, the
incubation time will be shortened. In addition, it
should become more probable to form HAp coatings
at higher Faradaic efficiencies.

The next issue to be discussed is that of the forma-
tion of OCP as a precursor to HAp. It was Ostwald,
who first suggested that upon phase transformation,
whether crystallization, melting, or condensation, the
phase that nucleates first is not necessarily the ther-
modynamically most stable one, but that with free
energy, which is closest to the original state.39 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.2,40,41 The OCP phase has triclinic crystallo-
graphic structure (space group P�1) and consists of
alternating apatitic and hydrated layers, which are
stacked together parallel to their (100) plane. There-
fore, it was suggested that the transformation of
OCP into HAp may proceed via: (1) a process of
OCP dissolution and reprecipitation of HAp crystals
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and (2) in situ hydrolysis that is accompanied by cal-
cium consumption from the surrounding solution
and release of phosphate ions into the solution.41

Wang et al. also found that during early stage min-
eralization (	7 d) in canine trabecular bone of dogs,
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.10 As precipitation of OCP may occur in
the presence of either HPO22

4 or PO32
4 [see Eqs. (9.1)

and (9.2)], whereas precipitation from solution
of HAp requires a supersaturated concentration of
PO32

4 to be established first [see Eq. (8)], it may be
expected that OCP will form within a lower pH
range compared to HAp. Indeed, it has been
reported that in aqueous solutions at 258C, the pH-
stability ranges for OCP and HAp are 5.5–7.0 and
9.5–12.0, respectively.1

The very high value of pH that is required to
favor the formation of PO32

4 by chemical reactions,
according to Figure 10, 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 condi-
tions, but instead be controlled largely by electro-
chemical process that increase the local concentration
of phosphate ions. (2) The solubility product Ksp,
which is equal to the ion activity product at equilib-
rium, must be very low, to allow precipitation of
CaP even at relatively low concentrations of calcium
and phosphate/hydrogen phosphate ions. Indeed,
pKsp values of 47.08 and 58.6 have been reported for
OCP and HAp at 378C, respectively.35 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. In this investigation, this
precursor is clearly identified. We assume that, in
those studies, where no precursor was observed, the
reason may be either its morphological and struc-
tural similarity to HAp (in the case of OCP), conver-
sion over time to the more stable HAp, or the use of
insensitive analytical techniques for the determina-
tion of the chemical composition of the coating just
at the interface with the substrate. (4) The precipita-
tion from solution of CaP may take place only
within a very small volume adjacent to the surface
of the substrate.

CONCLUSIONS

EQCM data acquired in situ and in real time
allows for analyzing the time dependence of the cur-
rent transient and mass gain during electrocrystalli-
zation of CaP onto pure Ti. In combination with

advanced XPS chemical analysis, AFM, and ESEM
imaging, the following conclusions are drawn:

1. Except for a short incubation time, the process
by which the CaP is formed is found to follow
a Faradaic behavior, thus demonstrating the
important 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.

2. The deposition process is characterized by a rate
of 23.5 ng/(cm2 s) or 15 nm/min. The high-EW
value of 20.5 g/equiv, and the associated
remarkably high number of electrons transferred
in the reaction n � 24, indicates that most of the
current is consumed either by electrolysis of
water or by a complex set of parasitic reactions.

3. Based on macroscopic, three-electrode cell
measurements, the standard enthalpy of activa-
tion is �40 kJ/mol. This high value is typical
of interfacial reactions and indicates that diffu-
sion in the bulk solution does not play a major
role in the electrocrystallization process.

4. Analysis of the integrated intensity of the oxy-
gen shake-up peaks in the XPS spectra, in com-
bination with the determination of Ca/P and
O/Ca atomic ratios, allows for identifying that
OCP was deposited on the Ti electrode. This
phase plays an important role as a precursor to
HAp during in vivo biomineralization too.

5. The OCP layer is found to be �0.61 lm
thick and has an apparent density of 0.95 g/cm3,
thus reflecting a high porosity of 63.6%, which
may be useful as a scaffold for bone ingrowth.

6. Calculations based on acid dissociation equilib-
rium constants and solubility products indicate
that HAp may most likely form via transforma-
tion of precursor phases, such as OCP, rather
than directly. The very low solubility product
allows precipitation of CaP even at relatively
low concentrations of calcium and phosphate/
hydrogen phosphate ions.

7. The EQCM can provide valuable information
on the nucleation and growth of different CaP
phases due to chemical or electrochemical reac-
tions, far beyond its use a sensitive balance.
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