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Abstract Silicon-substituted hydroxyapaptite (Si-HA)
coatings were prepared on titanium substrates by electro-
lytic deposition technique in electrolytes containing Ca",
PO, and SiOs>~ ions with various SiOs> /(PO,*~ +
SiO5%7) molar ratios(y,;). The deposition was all conducted
at a constant voltage of 3.0 V, with titanium substrate as
cathode and platinum as anode, for 1 h at 85°C. The
coatings thus prepared were characterized with inductively
coupled plasma (ICP), X-ray diffraction (XRD), fourier
transform infrared spectroscopy (FTIR), field-emission-
type scanning electron microscope (FSEM). The results
show that the silicon amount in the coatings increases
linearly to about 0.48 wt% at first with increasing #ng;
between O and 0.03, then increases slowly to about
0.55 wt% between 0.03 and 0.10 and finally maintains
almost at a level around 0.55 wt% between 0.10 and 0.30.
The tree-like Si-HA crystals are observed in the coatings
prepared in the electrolyte of 1 = 0.20. And the presence
of silicon in electrolytes decreases the thickness of the
coatings, with effect being more significant as 7
increased. Additionally, the substitution of Si causes some
OH" loss and changes the lattice parameters of hydroxy-
apatite (HA).
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1 Introduction

Due to its similar chemical composition and crystallo-
graphic structure to the inorganic component of bone and
tooth [1], synthesized hydroxyapatite (HA) has already
been widely used in dentistry and medicine for decades.
However, stoichiometric HA has a lower reactivity with
natural bone in comparison with bioactive glasses, leading
to relative slower rate of osseointegration and, conse-
quently, longer rehabilitation times for the patients [2]. One
way that is often used to enhance the bioactive behavior of
HA is to obtain substituted apatite that resembles the
chemical composition of the mineral phase in bone. Among
the various ion substitutions (Na, Mg, Zn, Sr, Zn, Si) that
occur at trace (<1 wt%) levels in natural bone [3], silicon
is one of the most important trace elements known to be
essential in the early stages of bone mineralization and soft
tissue development [4]. Actually, in vitro and in vivo
studies have already demonstrated that the substitution of
phosphate with silicate into HA enhances osteoblast cell
activity and has a 14.5% increase in bone in-growth versus
HA controls [5, 6]. And, silicon-substituted hydroxyapatite
(Si-HA) has already been prepared with many different
methods in powder form by researchers all over the world,
such as sol-gel, hydrothermal, solid-state reaction, aqueous
precipitation and controlled crystallization.

On the other hand, HA coating is one of the most
important applications of HA material. Considering the
advantage of Si-HA powder, Si-HA coating is expected to
have better bioactivity than HA coating. Nowadays, a
number of coating techniques, including plasma spray [7],
biomimetic [8], magnetron co-sputtering [9], sol-gel [10]
and pulse laser deposition [11], have been developed to
prepare Si-HA coating. The coating technique of electro-
lytic deposition has attracted considerable attention
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recently, because of its low temperature and cost, the
control of coating thickness and chemical composition, and
the ability to coat irregular implant surface [12—14]. In our
laboratory, Jiao et al. [15] have synthesized magnesium-
substituted HA coatings successfully on titanium surface
using electrolytic deposition. So far, Si-HA coating
deposited by this technique has not been reported. In this
work, we tried the possibility of preparing Si-substituted
HA coatings by electrochemical deposition on titanium
substrates.

2 Materials and methods
2.1 Materials

The commercially pure titanium (CP Ti) plates in dimen-
sion of 10 x 10 x 1 mm were used as substrate for coat-
ing. Their surfaces were mechanically ground on SiC
papers from P400 to P800, etched in an acid mixture
(HF:HNO3:H,0O = 1:3:10), ultrasonicated in acetone and
then rinsed with deionized water.

2.2 Electrodeposition

Electrolytes for HA deposition were prepared by dissolving
given amounts of reagent-grade chemicals: CaCl,,
NH4H,PO,, NaCl and Na,SiO3-9H,O in deionized water,
with Na,SiO3-9H,0 served as silicon source and NaCl
(0.1 M/L) as conductive agent. The concentrations of Ca’™
and (PO437 + Si0327) in all electrolytes were kept at
1.2 and 0.72 mM, respectively, with various SiO32_/
(PO, + SiO5*7) molar ratios in electrolytes (#s;) of 0,
0.01, 0.02, 0.03, 0.04, 0.05,0.10, 0.20 and 0.30, assuming
that the silicate ions would substitute the phosphate ions.
The pH was adjusted to 6.0 by addition of hydrochloric acid
and ammonia at room temperature. The electrochemical
process was carried out with a potentiostat (CHI1140, USA)
at a settled voltage of 3.0 V for 1 h with Ti substrate used as
the working electrode (cathode) and platinum (Pt) plate as
the counter electrode (anode) at temperature of 85°C.

2.3 Characterization

The coatings were dissolved in 50 ml of 0.1 M HCI and the
concentrations of Ca, P and Si in solutions were measured
by inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES, IRIS Intrepidll, XPS type ICP-AES,AEP
Co.Inc). The concentration of Ca was used to calculate the
total weight of each coating, supposing that the deposit is
stoichiometrical HA, and the concentrations of Si and P
were used to calculate the weight percent and molar per-
cent of silicon in the coatings.
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The surface morphology was observed with a field-
emission-type scanning electron microscope (FESM,
Hitachi S4800). The crystal phase of the deposit was
examined using an X-ray diffractometer (XRD, X-Pert Pro)
with Cu Ko radiation. The crystal structural parameters of
HA along with Si-HA deposited in the electrolyte of
nsi = 0.20 were calculated by Rietveld refinement of the
X-ray diffraction data, and the refinements were based on
the structural data of Kay et al. [16] using the space group
P63/m. In order to acquire high quality XRD spectra, data
were collected with a step size of 0.017° and a count rate of
0.025°/min for the use of Rietveld refinement. Spectro-
scopic analysis of the deposit powder was carried out with
fourier transform infrared spectroscopy (FT-IR AVATAR)
using KBr pellet technique. With the help of stylus profiler
(Dektak 3, Veeco), the coating thickness was determined.

3 Results and discussion
3.1 The composition of the coatings

The variation of silicon amount in the coatings with dif-
ferent 7; is shown in Fig. 1. It can be seen that the weight
percent of silicon in the coatings increases sharply to
0.48 wt% with increasing 775; when 5 <0.03, then increa-
ses slowly when 7 = 0.03-0.10, and finally maintains
almost at around 0.55 wt% when 7y = 0.10-0.30. The
molar percent of silicon (Si/(Si + P) molar ratio) in the
coatings follows the similar trend of the weight percent of
silicon versus 75 when 7 <0.20, but obviously deviates
from the trend for the electrolyte of 75 = 0.30. The results
confirm that the electrochemical deposition is a controlla-
ble method to prepare Si-HA coatings on Ti substrates. The
approximate linear relationship both for weight and molar
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Fig. 1 The measured wt% of silicon and Si/(Si + P) molar ratio in
coatings versus Si032_/(P043_ + Si032_) molar ratio in electrolytes
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percent of silicon in the coatings at #; <0.03 indicates that
silicon can be incorporated into coatings proportionally to
nsi. But the situation is different in the range of #g; from
0.03 to 0.30 where the silicon concentration in the coatings
increases slowly to a saturation value of 0.55 wt% and then
levels off. Interestingly, the silicon molar percent in coat-
ings prepared in electrolyte of 5y = 0.30 deviates sub-
stantially from the trend, which may correlate with the
formation of calcium phosphate phases other than HA (e.g.
amorphous calcium phosphate) in the coatings.

The limited silicon amount in electrochemically depos-
ited coatings may be dominatingly attributed to the greater
radius of Si** compared with P°* and thus higher obstacle
energy for silicon ions entering the HA lattice. Vallet-Regi
et al. [17] have pointed out that silicon is mainly incorpo-
rated during the subsequent thermal treatment after the
formation of calcium phosphate phases from aqueous
solution in Si-HA precipitation process. The Si-HA powders
[20] and coatings [10] with silicon content more than 1 wt%
have been reported prepared with high temperature treat-
ment in hydrothermal method and sol-gel method, respec-
tively. Obviously, the temperature of 85°C in present
electrolytic deposition cannot provide enough energy for
silicon incorporation. Moreover, the electrostatic repulsion
between silicate ions and substrate may dilute the silicon
concentration in the solution around the substrate, and,
consequently, affect the silicon amount in the coatings.
Zhang et al. [8] have shown that Si-HA coating on porous Ti
with 0.39 wt% silicon exhibited significantly higher bioac-
tivity than HA coating at the same condition. Other studies
have also reported that silicon content in natural bone
reached a level of 0.5 wt% in active calcification sites [4].

Thus, the silicon amount of around 0.55 wt% in the coatings
may be enough to yield substantial bioactive improvements.

3.2 XRD and FTIR characterization of the coatings

The XRD patterns of as-prepared coatings were obtained
and are shown in Fig. 2. The patterns of all coatings exhibit
characteristic diffractions of HA, suggesting that the main
crystal phase of coatings is HA. And, the HA crystals in all
coatings are preferentially oriented with [001] direction
perpendicular to Ti substrate, as evidenced by the sub-
stantially stronger relative intensity of (002) diffraction
compared to the standard HA diffraction pattern. With
increasing 7, the intensity of the HA diffractions is
gradually decreased. This may be attributed to the
decreasing total mass of the coatings deposited on Ti
substrates, and probably, especially for the case of
nsi = 0.20 (Fig. 2d), the presence of amorphous calcium
phosphate or calcium phosphate phases other than HA.
Unfortunately, the low mass quantity of Si-HA coatings
deposited on Ti substrates in electrolytes of 7y >0.20
makes the detection of impurity phases difficult.

FTIR was used to qualify the effect of the silicon substi-
tution on the different functional groups of HA coatings. As
shown in Fig. 3, typical absorption bands from three ionic
groups of HA are observed: the bands at 3,570 and 630 cm ™"
correspond to the stretching and bending modes of O-H,
respectively, the bands at 1,089, 1,038 and 962 cm™! are
assigned to P-O stretching modes, the bands at 603 and
507 cm™! are associated with O—P—-O bending modes, and
finally the bands at 1,456, 1,410 and 875 cm ™! of carbonate
groups can be detected in all coatings, probably due to the

Fig. 2 XRD patterns of the
coatings deposited on titanium
in the electrolytes with various
Si05> /(PO + Si03%7)
molar ratio: (a) 0, (b) 0.05,

(c) 0.10, (d) 0.20
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Fig. 3 FTIR spectra of deposits scraped from the titanium surface
prepared in electrolytes with various Si0327/(PO43 T+ Si0327)
molar ratio: (a) 0, (b) 0.05, (¢) 0.10, (d) 0.20

absorption of CO, from the air [18]. Compared with the FTIR
spectra of the HA, PO, bands at 1,089, 1,038 cm~! seem to
be merged after silicon incorporation and the PO, bands at
962, 470 cm™! are all decreased with increasing silicon
incorporation, suggesting that the silicate tetrahedra are
substituted for the phosphate tetrahedra in the HA structure.
The OH absorption bands at 3,570 and 630 cm™! are also
decreased slightly with increasing silicon incorporation. And
some of obvious silicate absorption bands are not detected in
FTIR spectra, possibly due to the limited amount of silicate
and the stronger overlapping absorption bands from HA. The
main SiO4 bands are located at 1,185, 1,085-1,000, 890, 870
and 840 cm™' [19-21] where carbonated HA happens to
have various vibration bands.

Although the first additive used as silicon source in
electrolytes is SiO5”~, silicon ions may be incorporated
into HA in the form SiO4*~ rather than SiO5;>~. This could
be corroborated by the decreased OH™ groups in HA, as
evidenced in the FTIR spectra and that is required by the

charge balance during the substitution of PO,*~ with
Si04*™ [20-22]. At pH value of 6, the SiO5>~ may have
reactions in aqueous solution as follows [23]:

H,0 + Si03~ — H,Si0;~ (1)
H,Si03~ — H™ 4 HSiO}~ (2)

HSiO]~ — H' + SiO}~ (3)

When a voltage is applied, cathodic reactions (4)—(7)
occur during the deposition process [24]:

2H" 4+ 2e~ — H, (4)
2H,0 + 2¢e~ — H, + 20H™ (5)
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H,PO; + OH™ — H,0 + HPO?~ (6)
HPO?™ 4+ OH™ — H,0 + PO}~ (7)

Reactions (1)—(3) transform SiO32_ to SiO44_ in
solution. Reactions(4)—(5) yield OH™ ions which increase
the pH and the degree of supersaturation relative to HA at
the vicinity of titanium substrate [24]. Reactions (6)—(7)
yield PO4>~ ions. As a result, Si-HA crystals are deposited
on Ti substrates through the following reaction:

10Ca*" + (6 — x)PO;~ +xSiO;~ + (2 — x)OH™
- Calo(PO4)6—x(SiO4)x(OH)2—x (8)

3.3 Thickness measurement and the lattice parameters

The thickness and the total mass of the coatings are plotted
against the #g; in Fig. 4. The pure HA coating reaches to
3.5 pm in thickness. As silicon is added in the electrolytes,
the thickness of Si-HA coating decreases from 2 pm at
Nsi = 0.05-1.4 um at n,;; = 0.10, and further to 0.7 um at
N = 0.20. In most Si-HA preparation methods, both for
powders and coatings, the presence of silicon tends to
inhibit grain growth. It is also true for the electrolytically
deposited Si-HA coating. The gradually decreased thick-
ness with increasing 75 clearly demonstrates that the
presence of silicon in electrolyte inhibits the Si-HA crystal
growth. Meanwhile, the total mass of the coatings shows
the same trend with thickness change. These results are
consistent with XRD result. Furthermore, the change of the
coating thickness cannot be the effect of the decreasing
PO43_ concentration in electrolytes, as the same thickness
is observed in the coatings obtained in electrolytes of
reducing PO43 ~ ions without silicon addition, and still
many ions are remained in the electrolyte.
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Fig. 4 The thickness and total mass change of coatings prepared with
different SiO32~/(PO,~ + Si03*7) molar ratio in electrolytes
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Table 1 Lattice parameters of HA and Si-HA coatings

Sample a/nm c/nm Unit cell volume/nm®
HA 0.94344 0.68815 0.52997
Si-HA(ng = 0.2) 0.94303 0.68969 0.52995

The lattice parameters and unit cell volume of the Si-HA
were calculated from Rietveld structure of the X-ray dif-
fraction data, which are shown in Table 1. The substitution
of silicon results in a slight decrease in the a-axis and
increase in the c-axis of the HA unit cell, although the
actual unit cell volume remains almost unchanged. These
small changes in the crystal structure of HA may be
attributed to the incorporation of larger silicon ions and the
loss of some OH ions in the crystal structure.

Obviously, silicon is incorporated into HA lattice in the
coatings as demonstrated by FTIR and the change of HA
lattice parameters. Once silicon exists in HA lattice, it will
cause HA crystals to be more soluble in aqueous solution
and to release more Ca®" and PO43 * jons into the culture
medium [25], thus forming a new apatite layer on substrate
more quickly which provides an ideal site for the cells to
attach, proliferate and form new bone [26]. With trace
silicate being in the culture medium, it will form a bound
silicate network structure on the coating surface which has
been shown to have the capability of bonding proteins
together in an organized manner [27], and in turn to pro-
mote better cell attachment via an interaction with the
integrin on the human osteoblast cells.

Fig. 5 SEM images of the
coatings prepared in electrolytes
with various SiO5”/

(PO,>~ + Si03%7) molar ratio:
a0, b 0.05, ¢0.10, d 0.20

3.4 Surface characterization

Figure 5 shows the crystal morphology of Si-HA coatings
formed in electrolytes of various #g;. As revealed by SEM,
rod-like crystals with a hexagonal cross section and
diameters of about 100 nm are observed in the pure HA
coating. And almost the same morphology is observed in
the Si-HA coatings obtained in electrolytes of 5y = 0.05
and 0.10, except that these Si-HA crystals are denser and
more compact compared to pure HA crystals. Increase in
nsi to 0.20 results in the appearance of tree-like crystals
(Fig. 5d) in the coatings whose branches keep the same
hexagonal morphology.

The early growth stages of the tree-like crystals are shown
in Fig. 6. As can be seen, the plate-like precursor is firstly
deposited on Ti substrate, then converts to rod-like crystals
after continuous electrochemical deposition process. Several
rod-like crystals are able to be transformed simultaneously
from one plate-like precursor during the process of conver-
sion, forming a bundle of rod crystals (Fig. 6¢). Due to their
slow rate of growth, particularly in [001] direction, the
crystal morphology in Fig. 5d is obtained. Nevertheless, the
growth in [100] direction is not inhibited significantly,
leaving the characteristic hexagonal cross section of HA
crystals unchanged after 1 h deposition. Another possible
explanation is that the substitution of more negatively
charged silicate ions for phosphate ions may occur on (100)
prism surfaces on which the PO,’~ anions are usually
exposed. As a consequence, the (100) prism surfaces become
more negative charged, and thus may facilitate the secondary
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Fig. 6 SEM images of the tree-like crystals in early stages time in electrolyte with SiO;>/(PO4>~ + SiO5>") molar ratio being 0.20: a 8 min,

b 10 min, ¢ 12 min

nuclei on the (100) surfaces [28]. Thian et al. [29] have
already demonstrated that it is the modification of the surface
wettability and increased surface charge by the substitution
of silicon into the HA crystal lattice, that enhance the early
stage protein expression on the Si-HA surface.

4 Conclusions

Using electrolytic deposition, uniform Si-HA phase coat-
ings with 0.7-1.4 pm in thickness were successfully pre-
pared on Ti substrates. The weight percent of silicon in the
coatings increases linearly to about 0.48 wt% at first with
increasing 7 between 0 and 0.03, then increases slowly to
about 0.55 wt% between 0.03 and 0.10 and finally main-
tains almost at a level around 0.55 wt% between 0.10 and
0.30. The presence of silicon in electrolyte plays an inhib-
iting role in the growth of Si-HA crystals, leading to the
decreasing of coating thickness and the formation of tree-
like Si-HA crystals in the electrolyte of 7y = 0.20. The
substitution of silicon results in loss of some OH™ ions
which is associated with charge balance, and causes some
minor changes of HA crystal structure.
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