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ABSTRACT

Calcium phosphate coatings have been widely used in orthopaedic and dental implants due to their
excellent bioactivity and ability to promote formation of new bone tissue. Among the techniques
used to manufacture these materials, electrochemical deposition has emerged as a promising
method due to several benefits, such as improved compositional control, coating uniformity,
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versatility, and low cost. Moreover, the use of a pulsed current has proved to be an effective
strategy to overcome electrochemical deposition’s major shortcomings. Herein, we provide an
overview of the electrochemical deposition method, highlighting the benefits of the use of a
pulsed current, as well as discussing the recent advances in the field. Overall, pulsed
electrochemical deposition represents a promising approach for the production of high quality
calcium phosphate coatings tailored for orthopaedic and dental implants.

Introduction

Calcium phosphate is a biocompatible and bioactive ceramic
material that is often used in medical implants for bone
repair. The presence of calcium phosphate in medical implants
actively promotes bone regeneration while ensuring excellent
adhesion between the device and the newly formed tissue.'?

Owing to its poor mechanical properties, calcium phosphate
is never used as a standalone material; instead, it is often
employed as a coating on biocompatible metals, ranging from
the state-of-the-art titanium and its alloys> to the more recently
introduced biodegradable alloys based on magnesium,**
zinc,®” or iron.®° While these metals are able to provide the
required mechanical support and are adequately biocompati-
ble, they are not intrinsically bioactive - i.e. they do not cause
the insurgence of adversary effects while in contact with a bio-
logical system, but at the same time they do not interact signifi-
cantly with the bone tissue forming around them.'® It has been
reported that poor bioactivity induces the formation of a fibrous
membrane that surrounds the implant without a cohesive inter-
face between the two."" Ultimately this might lead to premature
failure of the anchoring points of the growing bone tissue,
detachment of the implant and the requirement of a revision
surgery.'? Calcium phosphate coatings are therefore introduced
to provide appropriate surface characteristics, such as mor-
phology, roughness, porosity and, most importantly, chemical
composition. Moreover, in the case of biodegradable alloys, a
calcium phosphate coating serves the additional purpose of
tuning the corrosion rate of the metal, ensuring controlled
degradation of the implant.'®

Calcium phosphate coatings have been synthesised with a
wide array of deposition methods, with the main one being
plasma spraying.'* With this technique it's possible to fabri-
cate coatings with adequate thickness and superficial proper-
ties, while still maintaining high throughput and moderately
low cost. These features combined made plasma spraying the
most widespread technique for many decades. Plasma

spraying, however, is far from being an ideal fabrication
method; major shortcomings of this technique include the
high temperature and fast cooling rates required for the
process, which often lead to difficulties in control of the
coating composition.'® Moreover, plasma spraying is a so
called line-of-sight technique, meaning that only the surfaces
which are directly exposed to the plasma can be coated. This
aspect imposes a challenge when coating complex geome-
tries, especially when hollow features are present.'® Therefore,
a significant effort has been devoted to find an alternative
deposition technique. Some examples include, but are not
limited to, magnetron sputtering,'”'® sol-gel,'**° dip
coating,”' ™ pulsed laser deposition,* electrophoresis,®>%’
and electrochemical deposition.'***?°  Among these
methods, electrochemical deposition has gained meaningful
attention due to the low operating temperature, improved
composition control, low cost, and possibility of introducing
doping elements and molecules with relative ease.

In electrochemical deposition the samples are connected
to the cathode of a two-electrode cell containing an
aqueous solution of the calcium and phosphate precursors.
By applying a cathodic polarisation to the sample, it is poss-
ible to trigger a series of chemical reactions which ultimately
end up with the precipitation of the calcium phosphates on
its surface. An inert anode is also present in the electrochemi-
cal cell to close the circuit. The polarisation applied can be
either constant or pulsed; in this review the electrochemical
method will be initially described, showing how the
different initial parameters affect the coating final features.
Then an effort will be made to highlight the advantages of
the pulsed method over the continuous one.

The deposition process and resulting phases

The foundation of this process is the dissociation of phospho-
ric acid to generate HPOZ™ and PO} ions in situ. Since
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phosphoric acid is a weak triprotic acid, it will undergo proton
exchange reactions at different pH:

H3PO4 <> H+ + H2POZ (1)
H,PO, <> H" + HPOZ~ b))
HPOZ™ < H 4 PO3~ 3)

Reactions 1, 2 and 3 have a pKa of 2.14, 7.21, and 12.34
respectively and dictate which is the most stable phosphate
species as a function of pH.3° In electrochemical calcium
phosphate deposition, the pH of the electrolyte typically
ranges between 4 and 5, with the majority of phosphate
species being the dihydrogen phosphate ion, H,PO,. The
core mechanism in the electrochemical calcium phosphate
coating formation is to introduce an increase of pH
confined at the surface of the cathode, so that the equilibrium
is shifted towards the HPO;™ and PO3™ ions. When this con-
dition is met, calcium phosphate precipitation spontaneously
occurs on the cathode surface, due to the low solubility of the
secondary and tertiary phosphate species. The shift in pH is
obtained by applying a cathodic polarisation to the uncoated
bone implant, allowing hydrogen evolution to take place with
two different possible pathways:

2HY +2e~ < H, (4)
2H20 —+ 2e” < H2 + 20H7 (5)

Reaction 4 is favoured at acidic pH, while reaction 5 is
more common in neutral or alkaline pH. Regardless of the
actual pathway, the outcome of these reactions is always an
increase in pH, either by consumption of free H ions or by
production of OH™ ions. In general, hydrogen evolution is
not the only redox reaction contributing to the desired pH
increase and later some additional mechanisms will be pre-
sented. If the pH at the cathode interface is sufficiently
high, HPO2™ and PO3™ species will be formed and solid
calcium phosphates will precipitate due to their low solubi-
lity. Table 1 provides an overview of the most common
phases obtained with calcium phosphate electrochemical
deposition as well as their solubility.

The composition of the coatings produced with the elec-
trochemical method varies strongly with the adopted par-
ameters. Of these phases, hydroxyapatite (HA) is the most
researched in literature, due to its low solubility and similar
structure to bone and teeth mineral. Nevertheless, the
actual composition of human bones is more similar to
calcium-deficient apatite (CDA) with traces of secondary
ions, such as CO3; Mg?* and so on3? Other crystalline
phases such as dicalcium phosphate dihydrate (DCPD) and
octacalcium phosphate (OCP), as well as amorphous
calcium phosphate (ACP), are less studied due to their high
solubility which could hinder their application in medical
devices. Still, this aspect can also be exploited to engineer
the release of beneficial doping elements over time*® or to
induce the formation of HA and CDA in vivo.**

In 2009 Shaolin Chen et al. developed a model that could
correlate the parameters of a continuous current electroche-
mical deposition with the crystalline phases obtained.>® The
starting point of their work, which is based on thermodyn-
amics and kinetics of crystallisation, is the correlation
between the OH™ concentration at the interface (Cy) and
deposition parameters, such as current density (jo), time (t)

and initial concentration (Cop):

nFmD

where D is the diffusion coefficient of OH™ ions (D =5.28-10">
cm?s™"). From the hydroxyl ion concentration, it is then poss-
ible to estimate the pH at the interface and thus the differ-
ence in Gibbs free energy and nucleation rate for the
formation of the crystalline calcium phosphate species.
Although the model relies on fundamental principles and
does not consider the formation of other calcium phosphate
phases such as ACP and CDA, it could still provide some
insights on the composition of these coatings. For example,
in Figure 1 it can be observed that the precipitation of
DCPD is the fastest when comparing the nucleation rates,
but the AG for its formation becomes positive at high cur-
rents. Therefore, DCPD will be the most favourable phase
formed at low currents and short deposition times, but
might not form at all in other conditions. Finally, another
important consequence is that the nucleation rate of OCP
is higher than HA at any current. Because of this, the pre-
cipitation of OCP will always occur before HA, suggesting
that obtaining a coating with pure HA might not be a
possibility.

Cop=GCo+

Electrolyte composition

The vast majority of electrolytes operates in slightly acidic pH
condition, typically between 4 and 5. The choice of pH is a
delicate balance between an environment too acidic, where
the condition for calcium phosphate precipitation will never
be met and an environment too alkaline, where undesired
precipitation in solution might occur. The preferred Ca®* pre-
cursor salt is calcium nitrate (often in its tetrahydrate form),
with the reason being that the NO3 ions themselves can
undergo electrochemical reduction at the cathode surface,
contributing to the increase in pH necessary for phosphate
precipitation®:

NO; + 2HT + 2e~ <> NO; + H,0 7)
NO; + 2H" + e~ < NO + H,0 8)

Reaction 7 is especially desirable because, unlike hydrogen
evolution, it leads to pH increase without gas formation,
which is often responsible for defects in the coating. Phos-
phate ions on the other hand, are typically introduced as
dihydrogen phosphate salts, such as NH4(H,PO,) or
NaH,PO,. In most cases, the Ca/P ratio of the precursors is
fixed at 1.67. This ratio is specifically chosen to match the
ratio in HA and thus promote its precipitation. Besides the
Ca and P precursors, other additives are also present.

Hydrogen peroxide is possibly the most common additive
found in formulations for electrochemical calcium phosphate
deposition. In the deposition process, H,O, actually plays a
role quite similar to nitrate ions. In fact, it can be reduced in
OH™ ions at higher potential than water and the reaction
does not involve H, gas production®”:

Hzoz +2e” < 20H" 9)

For this reason, hydrogen peroxide is often added in con-
centrations up to 9% v/v. At the same time, an excessive con-
centration of H,O, is detrimental, as the rate of OH~
production exceeds the rate of consumption during
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Table 1. Main phases produced during electrochemical deposition, along with their solubility. Data taken from ref.3'

Compound Abbr. Chemical Formula Ca/P ratio Solubility at 25°C [-log (K;)]
Dicalcium phosphate dihydrate DCPD CaHPQ,4-2H,0 1.00 6.6

Octacalcium phosphate ocpP Cag(HPO4)»(P04)45H,0 133 96.6
Calcium-deficient apatite CDA Caq9x(HPO,)4(PO4)6x(OH) 5 1.34-1.66 85.1
Hydroxyapatite HA Ca19(P04)s(OH), 1.67 116.8

Amorphous calcium phosphate ACP Ca,H,(PO,),-nH,0 1.2-2.2 25.7-32.7

phosphate precipitation, leading to the formation of loosely
attached coatings.?”® The addition of H,O, enables the
possibility of working at higher current densities without
excessive formation of gas bubbles; as a consequence, the
composition of the resulting coatings will be improved. For
example, T. Mokabber et al.*° discovered that by introducing
up to 1.5 wt-% of H,0, in an electrolyte for constant potential
deposition, it is possible to suppress entirely the formation of
DCPD, while favouring the formation of OCP and HA. In fact,
by working at higher currents the pH at the cathode interface
can increase further, shifting the equilibria of the phosphate
species from HPOZ™ to PO, a result that agrees with the
model described in the previous section.

Introduction of secondary ions has been proposed as a
way to enhance calcium phosphate coatings properties.
These ions are introduced in small quantities, in order to sub-
stitute the calcium and phosphate ions present in the lattice
without the formation of new phases. Among all calcium
phosphate phases, hydroxyapatite has received significant
attention as it can incorporate a wide variety of cations and
anions. In fact, the composition of the human bone mineral
itself includes several ions as substitutes, with the most pro-
minent one being the carbonate ion (C0O37).3"32 In this
regard, electrochemical deposition has proved to be one of
the best techniques for ion substitution, as the only
additional step is the inclusion of the secondary ions’ precur-
sor salts in the electrolyte formulation. In fact, substitution
with multiple secondary ions in the same formulation has
already been explored.***'

Introduction of strontium ions has been reported as a
viable strategy to enhance biological properties of calcium
phosphate coatings.**** The release of Sr** ions from substi-
tuted hydroxyapatite stimulates cell proliferation and osteo-
blastic activity, while also inhibiting osteoclastic bone
resorption.** Osteoblasts and osteoclasts are cells responsible
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for bone tissue formation and degradation respectively.
Under normal circumstances, the two types of cells
cooperate, ensuring periodic renewal of bone tissue;
however, in the case of bone repair it is preferable to offset
the activities of the two, with the overall effect being favour-
ing bone regrowth. Finally, the presence of Sr in the hydro-
xyapatite lattice changes the morphology of the coating,
favouring needle-like crystals over the most common plate-
like ones as can be seen in Figure 2. Silver,**™*’ zinc*'84°
and copper’®®' ions on the other hand have frequently
been explored to provide antibacterial properties to the
calcium phosphate coatings. Ensuring that the coatings
have good antibacterial properties while maintaining every
other biological function intact would drastically reduce the
risk of infection during and after surgeries. These elements
are ordinarily introduced in small amounts, as they can
become cytotoxic in high concentrations, with silver being
the most dangerous of the three.> In addition to the antibac-
terial properties, the presence of Zn?* is also correlated to
improvement in bone tissue healing.’> Magnesium is
another element that is naturally occurring in human bone
mineral and whose presence in HA coatings has proved to
be beneficial.>* In fact, magnesium can significantly
improve cell adhesion by interacting with osteoblast integrin,
a receptor that mediates cell-surface interactions.>> Interest-
ingly, due to the difference between Mg®* and Ca’* ions
radii (about 0.28 A), the introduction of magnesium in HA
leads to distortions of the lattice, which ultimately end up
increasing its solubility.”®

Conversely, the presence of fluoride ions replacing the
hydroxide ions in HA leads to lower solubility of the
coating, which makes it particularly helpful when dealing
with biodegradable alloys.’””® Furthermore, fluoridated
calcium phases also exhibit improved osteoblast differen-

tiation, while suppressing osteoclast activity.”¥%°
—a—DCPD3s
" —e— DCPDS0s
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Figure 1. AG (left) and nucleation rate (right) for DCPD, OCP and HA as a function of the cathodic current. Adapted from ref. 35 with permission from Elsevier.
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Figure 2. Morphology of Sr-substituted hydroxyapatite coatings, with 10%
Sr substitution (a) and 50% Sr substitution (b). Adapted from ref.# with
permission from Elsevier.

The advantages of pulsed deposition

By providing a pulsed input, whether it's current or voltage,
rather than a continuous one, it's possible to solve the
major shortcomings of electrochemical deposition, as well
as opening up additional possibilities. In fact, the application
of pulsed current is already a well-established technique for
electroplating at the industrial scale because of the advan-
tages it provides.®’ Optimisation of pulsed deposition proto-
cols is often more challenging than continuous current
deposition because of the additional parameters that define
the impulse. Figure 3 highlights the differences between a
continuous and a pulsed deposition protocol. Aside from
temperature, electrolyte composition and stirring, the only
parameters to set for a continuous deposition are the
current (j) or voltage (V) and the total duration (tro7) of the
process. On the other hand, a pulsed deposition process is
defined by the duration of the ‘on-time’ of the pulse (ton),
the current (jon) or voltage (Von) during toy, the duration of
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the break time (torf), as well as the total duration of the depo-
sition, tror. In Most cases toy and tore are in the range of
seconds or even milliseconds, but for calcium phosphate
pulsed electrodeposition it's not uncommon to extend
these durations to minutes. Moreover, the current (jorr) or
voltage (Vorr) during the break time are often set to 0, but
it is also possible to reverse the polarisation during the
break time, giving rise to the pulsed reverse deposition
method.

The first main advantage of the pulsed protocol is the
reduction in hydrogen bubbles formation during deposition.
As previously mentioned, the cathodic polarisation used in
electrochemical deposition promotes hydrogen evolution
according to reactions 4 and 5. Although this reaction is fun-
damental for the deposition of the calcium phosphate coat-
ings, an excessive production of H, leads to bubble
formation. These bubbles can stick to the surface of the
coating during the deposition, leaving crater-like defects in
their place.”> When using pulsed deposition, however, the
break time allows for the hydrogen bubbles to leave the
surface rather than coalesce and grow in size, thus the defec-
tivity of the coatings is significantly reduced.*® Additionally,
when using the pulsed reverse method, the change in polar-
isation during the break time allows for desorption of
adsorbed hydrogen on the active sites of the cathode
surface.®®> One clear example of improvement in coating
defectivity is shown in Figure 4.

The advantages associated with reduced H, formation are
not simply limited to the reduced coating defectivity; hydro-
gen evolution poses a strict limitation on the maximum
current density that can be used in the deposition. As
stated previously, the current density directly influences the
phases obtained and the formation of hydroxyapatite,
which is often the most desirable calcium phosphate phase,
becomes favourable only at high current densities. Therefore,
a constraint in the current density will automatically lead to
formation of DCPD and OCP phases in the coating. Although
these phases can still be converted in HA and B-tricalcium
phosphate by heat treatment or alkaline conversion,®* the
final average Ca/P ratio will always remain below 1.67. By
reducing the extent of H, formation through pulsed
current, it's therefore possible to increase the maximum
current density jon without formation of defects in the
coating and increase the Ca/P ratio as a consequence.”’

Although many electrolyte formulations are explicitly
designed with a fixed Ca/P ratio in mind, the concentration
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Figure 3. Current or voltage profile over time during continuous deposition (a) or pulsed deposition (b).



Figure 4. Calcium phosphate coatings obtained with constant current depo-
sition (a) and pulsed current deposition (b). The average current density was
kept constant in both experiments at 5 mA cm™2. Reprinted from ref. 3 with
permission from Elsevier.

of the electrolyte at the cathode surface will never coincide
with the concentration of the bulk solution. As ions are con-
sumed at the surface to form the calcium phosphate coating,
they need to be replenished with ions moving from the sol-
ution to the cathode surface. This transport of ions towards
the cathode surface is mediated by diffusion and leads to
the formation of concentration gradients.®®> As different ions
like Ca®" and HPOﬁ’ possess different diffusion constants, it
is expected that their concentration gradients will not be
the same; consequently, the Ca/P ratio at the cathode inter-
face will differ from the bulk Ca/P ratio. In addition to this,
calcium ions are positively charged and when placed in an
electric field, they will travel towards the region at lower
potential, i.e. the cathode; conversely, phosphate species
are negatively charged and will move in the opposite direc-
tion. Overall, this asymmetry contributes to the concentration
imbalance at the cathode surface. During the break time in
pulsed electrodeposition, however, the concentration gradi-
ents can relax, and the electrolyte can homogenise. The net
consequence is that, on average, the deposition occurs with
concentrations at the interface that are closer to the
nominal concentration when employing pulsed deposition
methods, ensuring better composition control. Finally, the
ion replenishment during the break time also ensures that
the effect of mass transport can be severely reduced or
even completely neglected.®® This translates in the formation
of denser coatings, with improved morphology and smaller
grain size, which in turn exhibit superior mechanical perform-
ances and corrosion resistance.®”°®
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Conclusions

In summary, electrochemical deposition has proved to be a
highly effective method for the synthesis of calcium phosphate
coatings for medical applications. The coatings produced with
electrochemical deposition feature desirable properties such
as good adhesion, compositional homogeneity, and excellent
biocompatibility. The low cost and extraordinary versatility of
the technique could soon make electrochemical deposition a
viable alternative to plasma spraying. Moreover, the major
shortcomings of the continuous current method can be
easily overcome with the adoption of the pulsed deposition
method. In fact, coatings produced with pulsed electrochemi-
cal deposition have proved to have lower defects, better com-
position control and improved morphology.
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