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ABSTRACT 

The effect of OH− concentration on the morphology of the hydroxyapatite (HA) nanorod synthesized using electropho- 
retic deposition (EPD) method has been investigated. The growth of HA nanorods was achieved on polished titanium 
substrates. The electrolyte used in this study was prepared by dissolving calcium acetate (Ca (CH3COO)2 H2O), and 
Ammonium dihydrogen phosphate (NH4H2PO4) in distilled water without any surfactant, and was maintained at 80- 
130˚C. Two electrolytes with OH− concentration of 10−4 and 10−10 were prepared. A highly homogeneous HA nanorods 
deposited on the titanium substrates were obtained after 1 h in the electrolytes with higher OH− concentration of 10−4. 
On the other hand, a flower-shaped HA nanostructures composed of needle-like HA crystals were obtained in the elec- 
trolyte of lower OH− concentration of 10−10. The deposits were identified as HA crystal rods grown along the c axis and 
perpendicular to the substrate. The HA deposits were characterized by scanning electron microscopy (SEM) while de- 
tailed structural characterization was done using a transmission electron microscope (TEM) equipped with selected 
area electron diffraction (SAED) patterns. 
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1. Introduction 

Hydroxyapatite (HA: Ca10(PO4)6(OH)2) is a particularly 
attractive material for human tissue implantation. HA has 
similar chemical composition and crystal structure to 
apatite in the human skeletal system and is therefore 
suitable for bone substitution and reconstruction [1]. Hy- 
droxyapatite can be synthesized via numerous production 
routes, using a range of different reactants, such as solid- 
state reactions [2], and wet chemical routes [3] based on 
precipitation at low temperatures. These conventional 
methods, however, usually prepare irregular forms of 
powders. A hydrothermal method, which has proved to 
be a convenient way to prepare materials including salts 
and metal oxides, has also been applied, but control of 
the morphology was poor [4]. Nevertheless, the size and 
morphology largely determine the behavior of a certain 
material, which is why a biomineralization process usu- 
ally involves complicated mediation and the final prod- 
ucts generally have a delicate microstructure [5]. Re- 
cently there have been some reports of attempts to as-  

semble the one-dimensional nanowires and nanorods di- 
rectly into organized superstructures with the assistance 
of surfactants. Kim et al. [6] explored the organization of 
barium chromate nanorods at the water-air interface us- 
ing the Langmuir-Blodgett (LB) technique. The inor- 
ganic nanorods were successfully assembled into iso- 
tropic, nematic, and smectic phases depending on the 
surface pressure. Kasuga and coworkers have developed 
a route to synthesize HA needle-like particles or fibers 
using crystalline -Ca3(PO4)2 fibers [7], but control of 
the morphology was poor. Therefore, synthesis of high 
crystalline HA nanorods is an urgent need of great sig- 
nificance, because bone itself is a composite consisting 
of HA nanorods embedded in the collagen matrix [8]. 
The application of surfactants as reverse micelles or mi- 
croemulsions for the synthesis and self-assembly of 
nanoscale structures is one of the most widely adopted 
methods reported in the literature [9-18]. However, to the 
best of our knowledge no studies have been reported on 
the mechanism of fabrication of highly uniform HA 
nanorods without a surfactant. In this paper, we report 
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the effect of OH− concentration on the morphology of the 
hydroxyapatite (HA) nanorod synthesized using electro- 
phoretic deposition (EPD) method. A simple and con- 
trollable synthesis, without any surfactants, for highly 
uniform HA nanorods based on the OH− concentration 
have been introduced. Two electrolytes with different 
OH− concentration, based on different pH values have 
been used. The morphologies and structures of HA 
nanorods were characterized with scanning electron mi- 
croscopy (SEM) and transmission electron microscopy 
(TEM). 

2. Materials and Methods 

Hydroxyapatite films were fabricated on polished tita- 
nium substrates using the electrophoretic deposition (EPD) 
method. A characteristic feature of this process is that 
colloidal particles suspended in a liquid medium migrate 
under the influence of an electric field (electrophoresis) 
and are deposited onto an electrode. A titanium plate (10 × 
20 × 1 mm) was used as the cathode while a platinum 
plate (20 × 20 × 0.5 mm) was used as the anode. The 
electrolyte used in this study was prepared by dissolving 
calcium acetate (Ca(CH3COO)2·H2O), and Ammonium 
dihydrogen phosphate (NH4H2PO4) in distilled water. 
The Ca/P ratio was adjusted to be 1.67, mimicking that 
of natural hydroxyapatite. The solution was buffered to a 
different pH value by ammonia. Calcium acetate and 
Ammonium dihydrogen phosphate solutions were ini- 
tially prepared separately, then mixing of the two elec- 
trolytic solutions and the heating process were started 
simultaneously to avoid excessive bulk precipitation. 
Two electrolytes with OH− concentration of 10−4 and 10−10 
were used, corresponding to the hydrogen ion [H+] con- 
centration of 10−10 and 10−4, based on the following equa- 
tion:  

14
wH OH 10 K                     (1) 

The corresponding pH values of 10 and 4, respectively, 
were calculated as follows: Since the pH value is defined 
as: 

logpH H                     (2) 

The values of pH for the two solutions were 10 and 4, 
respectively. The electrolyte was prepared in a Teflon 
capped air-tight glass bottle with the electrode assembly. 
The assembly (with electrolyte and electrodes) was 
heated to a temperature ranging from 80 to 130˚C using a 
silicon oil bath. During heating and synthesis, the solu- 
tion was agitated with magnetic stirring at a constant 
speed. Continuous stirring and aging are usually carried 
out after the reactants have been combined while the cal- 

cium is slowly incorporated into the apatitic structure. 
This process also helps the material to approach stoi- 
chiometric Ca/P ratio. The current was maintained at 12.5 
mA/cm2 for 1 hour using a DC power supply. After elec- 
trodeposition, the titanium plates were rinsed with dis- 
tilled water and dried in air. General morphology of the 
deposited HA nanorods was observed using scanning 
electron microscopy (SEM, JEOL model JSM-6610LV, 
Japan) and field-emission scanning electron microscope 
(FE-SEM, JEOL model, Japan), while detailed structural 
characterization was done with a transmission electron 
microscope (TEM, JEOL JEM-2010, Japan) equipped 
with selected area electron diffraction (SAED) patterns. 

The SEM images were carried out by using a scanning 
electron microscope with an energy dispersive X-ray 
analyzer attached. Information about the phase and crys- 
tallinity was obtained by using Rigaku X-ray diffracto- 
meter (XRD, Rigaku, Japan) with Cu Kα (λ = 1.540 Å) 
radiation over Bragg angle ranging from 10 to 80˚. Spec- 
troscopic analysis of the grown HAp microcrystals was 
carried out by FT-IR (AVATAR) using KBr pellet tech- 
nique. 

3. Results and Discussion 

Hydroxyapatite nanorods deposited on the titanium sub- 
strates were obtained in the electrolytes with OH− con- 
centration of 10−4 of a pH value of 10, after 1 hour of 
electrophoretic processing at different electrolyte tempe- 
ratures in the range of 80-130˚C, as shown in Figure 1. 
The SEM observations show that the HAp crystals de- 
posited from the higher concentration electrolyte (10−4 
OH−) are rod-like with a hexagonal cross section and 
diameters of about 50-200 nm. The size of the deposited 
nanorods increased remarkably with the electrolyte tem- 
perature as shown in Figure 1. 

Figure 2(a) shows FE-SEM image of HA nanorods. A 
schematic representation of a single HA nanorod show- 
ing the growth direction is shown in Figure 2(b). Se- 
lected area electron diffraction (SAED) pattern image 
obtained from the single HA nanorod projected along the 
C-axis is shown in Figure 2(c). The schematic represent- 
tation of a single HA nanorod suggested that, the HAp 
crystal with the longitude (vertical) direction of [002], and 
the six surface of the rod are (100). The size and mor- 
phology of the as-synthesized hydroxyapatite products 
were further examined by TEM and by selected area 
electron diffraction (SAED) patterns (shown in Figure 
2(c)). The diameters of most nanorods are almost the 
same throughout their length, and all exhibited smooth 
and clean surfaces. 

There are numerous ways to grow crystals. The choice 
of method depends greatly upon the physical and chemi-  
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(a)                         (b) 

 

 
(c)                         (d) 

 

 
(e)                         (f) 

Figure 1. FE-SEM micrographs of the hydroxyapatite nano- 
rods deposited on the titanium substrates at (a) 80˚, (b) 90˚, 
(c) 100˚, (d) 110˚, (e) 120˚, and (f) 130˚C. 
 
cal properties of the sample. For solution methods of 
crystallization, the solubility of the sample in various 
solvent systems must be explored. If heating methods are 
selected for growing crystals, the thermal stability and 
melting point of the sample should be determined. Few 
experiments were done to understand the growth process 
of hydroxyapatite nanorods in the presence of much 
higher OH− concentration and based on that experiments 
and results; we suggest here the formation mechanism 
for the obtained products are as follows: the hydroxyapa- 
tite is a polar hexagonal and highly anisotropic crystal 
and generally grows along the c-axis direction. Due to 
the anisotropic structure of hydroxyapatite (HAp), the 
nanoparticles of HAp start to combine into one unit and 
would be self-organized with each other and grow in 
their most favorable crystallographic direction i.e. c-axis 
[19]. In this accumulation process of the hydroxyapatite 
nanoparticles, the presence of TiO2 (in the surface of the 
titanium plate) is significant and it plays an important 
role for the formation of well faceted hydroxyapatite 
nanorods. Lee et al. [20] reported that the TiO2 is an ef- 
fective nucleating agent for the calcium phosphates.  

 

Figure 2. (a) FE-SEM image of HA nanorods and (b) A 
schematic representation of a single HA nanorod showing 
the growth direction, (c) Selected area electron diffraction 
(SAED) pattern image obtained from the single HA nano- 
rod projected along the C-axis. 
 
Hence, one can propose that the TiO2 in this synthesis 
acting as a catalyst to obtain a well crystallized c-axis 
oriented hydroxyapatite nanorods.  

On the other hand, the possible nanorod nucleation and 
growth could be attributed to the relative specific surface 
energies associated with the different planes of HA crystal 
or nucleus. It is known that the crystal shape is deter- 
mined by the relative specific surface energies associated 
with the facets of this particular crystal. Hence, some 
facets of the crystal have a preference to absorb OH− ions 
due to the different surface energies of the crystallite 
facets, prior to the growth units are incorporated into a 
crystal lattice, and this possibly restricts the movement of 
Ca2+ and PO4

3− in the formed nucleus in one particular 
direction. In this condition, OH− templates the nucleation 
process where free Ca2+ and PO4

3− react with OH− in 
uniaxial direction (planes with less OH− concentration), 
nucleating into HA nanorods. Thus, the shielding effect 
of the OH− ions on the interface will control the growth 
rate of the OH− absorbed facets [21]. Different facets of 
the crystals have different quantity of the OH− ions and 
its hindrance effect. If the larger quantity of the OH− will 
be available at the interface, the hindrance effect of the 
OH− ions will be stronger on the facets which will affect 
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the growth rate in the various crystal facets. As the syn- 
thesis of the HAp nanorods was done at pH 10 (higher 
OH− concentration), HAp nanoparticles may generate 
active site due to the strong absorption of the OH− ions. 
Moreover, the HAp crystals have faster growth rate along 
the c-axis, i.e. (001) direction as compared to other 
growth facets [22]. To know the role of higher OH− con- 
centration and TiO2, various experiments are underway. 
Clearly more studies are required to obtain more con- 
clusive evidences regarding the detailed growth process 
for the formation HAp nanorods in the presence of higher 
OH− concentration and TiO2.  

These HAp nanoparticles with OH− ions in the pres- 
ence of TiO2 may act as nuclei for the formation of HAp 
nanorods. So the subsequent attachment and merging of 
adjacent nanoparticles in accordance with the crystal 
lattice of the HAp give rise to the phase transformation 
from HAp nanoparticles to the HAp nanorods in the 
presence of higher OH− concentration and TiO2. Even 
one can predict that the TiO2 is acting as a catalyst for the 
transformation of HAp nanoparticles to the HAp nano- 
rods but the actual role of higher OH− concentration and 
TiO2 are unclear. Remarkably, the size of the deposits 
increased with increasing the electrolyte temperature. 
The growth of HA nanorods with temperature can be 
described by “oriented attachment” mechanism reported 
for other ceramics like TiO2 [23].  

In the present work, the electrolyte with much higher 
OH− concentration was employed and the rod-like HAp 
crystal has a much smaller diameter. The smaller size of 
the HAp crystal may be beneficial to the bioactivity of the 
coating. All the deposits were rod-like in shape, having a 
defined hexagonal crystal habit. Furthermore, it was found 
that the long rod-like crystals grew up perpendicular to 
the substrate. It is interesting to note that the synthesized 
HAp nanorods reported in this paper are also grown in 
c-axis at (001) direction as evident from the XRD data 
(Figure 3). Hydroxyapatite nanorods deposited on the 
titanium substrates were obtained in the electrolytes with 
OH− concentration of 10−10, based on the pH value of 10, 
after 1 h of electrophoretic processing at different elec- 
trolyte temperatures as shown in Figure 1. The SEM 
observation shows that the HAp crystals prepared with 
higher concentration electrolyte (1 × 10−4 OH−) are rod- 
like with a hexagonal cross section and diameters of about 
50-200 nm. 

In the electrolyte of lower OH− concentration of 10−10, 
a flower-shaped hydroxyapatite nanostructures composed 
of needle-like HA crystal was obtained. Figure 3 shows 
the SEM images of flower-shaped hydroxyapatite nanos- 
tructures composed of nanorods grown on Ti substrate by 
electrophoretic deposition at (a) 80˚C and (b) 100˚C (Fi-  

 
(a)                         (a1) 

 

 
(b)                         (b1) 

Figure 3. SEM images of flower-shaped hydroxyapatite na- 
nostructures composed of nanorods grown on Ti substrate 
by electrophoretic deposition at (a) 80˚C and (b) 100˚C (a1 
and b1 are high magnification images). 
 
gures 3(a1) and 3(b1) are were taken at high magnifica-
tion). From this Figure, we can see that at low temperature 
of 80˚C, a block-like morphology is found. As the proc-
ess is maturated, a morphological change from “blocky” 
crystals to more needle-like crystals occurs, as shown in 
Figure 3(b). Figures 3(a1, b1) shows high magnification 
images of the as-grown materials. It is seen that hydro- 
xyapatite precipitated uniformly on the surface to cover 
the surface entirely and consists of needle-like crystals 
radiating from a point in the form of a flower. Higher 
temperature produces a higher crystallinity product. The 
full width of one flower-like structure is about 50-60 m. 
In addition, the HA nanorods are randomly grown and 
they originate from the center of the flower. It seems that 
the central part of the flower-shaped structures provides a 
root for the growth of these HA nanorods. The precipita- 
tion behavior of hydroxyapatite on the titanium plate at 
low temperature resulted in block-like crystals and works 
as a root for the growth of HA nanorods at higher tem- 
perature. 

Different morphology of crystal may imply the differ- 
ent mechanism of formation. Several authors have sug- 
gested that the electrolytes of lower OH− concentration 
usually accompanied with lower pH value and the octa- 
calcium phosphate (OCP, Ca8H2(PO4)6·5H2O) could be a 
precursor phase for HAp formation. Brown and Smith [24] 
suggested that OCP is the original precipitate on which 
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biological apatite nucleates. In the present work, the elec- 
trolyte associated with ribbon-like HAp has a pH value of 
4.0, more acidic than the electrolyte depositing rod-like 
HAp (pH = 10). Therefore, it might be possible that in the 
electrolyte of lower OH− concentration the OCP was 
formed during the deposition and took the morphology of 
needle-like. 

The XRD patterns of the representative HAP samples 
are shown in Figure 4. This Figure shows that the two 
coatings exhibit typical apatite peaks at 2θ of 25.9˚ and 
31-33˚, which correspond to the HAp (002) diffraction 
and a combination of the poorly resolved (211), (202) and 
(300) diffractions. The peaks from both coatings are in 
good agreement with the standard HAp patterns. All peaks 
could be indexed to a hexagonal HAp crystal. No char- 
acteristic peaks of impurities, such as calcium hydroxide 
and calcium phosphates, were observed, meaning that 
phase pure HAp was prepared under the present experi- 
mental conditions. 

FT-IR studies also confirmed that the coatings consist 
of HAp crystals (Figure 5). The stretching mode of the 
OH− group appears at 3572 cm−1. The bands that corre- 
spond to the internal modes of PO4

3− group occur at v1 
(600, 570 cm−1) and v2 (1085, 1033 cm−1). The OH stretch-
ing band at 3572 cm−1 is considered as the indication of 
HAp structure [25]. 

4. Conclusions 

A simple and controllable synthesis, without surfactants, 
of hexagonal hydroxyapatite nanorods by using electro- 
phoretic deposition has been reported. The hydroxyapa- 
tite nanorods were formed on a titanium electrode at 
temperatures ranging from 80 to 130˚C. 

1) The morphology of hydroxyapatite crystal can be 
effectively controlled by the concentration of OH− in the 
electrolytes prepared for the deposition.  

2) When OH− concentration was 10−4, a highly uniform 
nanorod HAp crystal can be deposited on the titanium 
surface. The size of the deposited nanorods increased 
remarkably with increasing electrolyte temperature, While, 
in the electrolyte with lower OH− concentration of 10−10, a 
needle-like flower-shaped HA can be prepared.  

3) In the electrolyte with lower OH− concentration of 
10−10, a block-like HA crystals were obtained at electro- 
lyte temperatures of 80˚C, while a gradual change to 
needle-like flower-shaped HA occurred at 100˚C elec- 
trolyte temperature. 

4) The high resolution FE-SEM images and selected 
area electron diffraction patterns showed that the nanos- 
tructures obtained are single crystalline with hexagonal 
structure, grown along the direction of the c-axis. 

 

Figure 4. The XRD patterns of the representative HAp na- 
norods. (a) HA Flowershape; (b) HA Nanorods. 
 

 

Figure 5. The FTIR spectra of HA synthesized under dif-
ferent OH− concentration. 
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