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In this study, calcium-phosphate (Ca-P) and graphene oxide (GO)/ calcium-phosphate (Ca-P) coatings 
were electrodeposited with different pulsed current densities on TiO2 nanotubes. Results showed that the 
co-electrodeposition rate in the presence of GO, especially at low current densities of 2 and 5 mA/cm2, 
significantly decreased. This might be due to the large size of GO sheets as compared to the size of calcium 
and phosphate ions. The SEM micrographs revealed that the surface of the anodized titanium could not be 
completely covered with the GO/Ca-P coatings applied at such low current densities. However, producing 
a considerable amount of H2 gases at higher current densities of 10 and 15 mA/cm2 caused the formation 
of a coating with poor quality. Regarding this, increasing the off part of the pulsed current by changing 
duty cycle from 0.3 to 0.1 led to the co-electrodeposition of GO/Ca-P coating with an acceptable quality. 
The FTIR and micro-Raman analyses also demonstrated that the current density of 15 mA/cm2 was more 
favorable to apply the coating predominantly consisting of hydroxyapatite (HA) phase. At last, studying 
the ability of apatite mineralization in simulated body fluid (SBF) displayed that both Ca-P and GO/Ca-P 
coatings electrodeposited at the current density of 15 mA/cm2 and duty cycle of 0.1 are acceptable for 
biomedical applications. 

1. Introduction
The population aging, increasing high-risk 

activities, and bone injuries have led to a growing 
worldwide demand to replace the lost or infected 
biological structures [1]. Titanium because of 
having the elastic modulus close to that of bone, 
high strength-to-weight ratio, biocompatibility, 
high corrosion resistance and low toxicity, has 
attracted significant interest as dental or orthopedic 
implants [2,3]. However, this bio-inert metal is 
usually encapsulated by the host organisms, and 

therefore, is loosened at the interface with the 
bone [4]. To overcome this drawback, the metallic 
implants are often coated with biomaterials such as 
hydroxyapatite (HA) [1,4,5]. However, the inherent 
brittleness of HA restricts its clinical applications, 
especially under mechanical loadings [6]. One 
approach to solve this problem is using the graphene 
or its derivatives as reinforcement in the HA matrix 
[7–9]. Among the various methods available for 
applying the HA coatings, the electrodeposition 
has some advantages including good control of the 
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coating composition and thickness, as well as the 
ability to form the coating on complex or porous 
shapes [10,11]. Nevertheless, the evolution of 
H2 gases in this method deteriorates the quality 
of coating and its adhesion to the substrate. To 
overcome these obstacles, using the pulsed current 
would be useful [12,13]. 

Besides, the incorporation of particles as second 
phase into the coating by co-electrodeposition 
process and quality of the obtained composite 
coating is dependent on many parameters such 
as concentration of particles in the electrolyte, 
surface charge and size of these particles and 
surely the applied current density [14,15]. 
Formation of the uniform coatings with suitable 
adhesion to the substrate is crucial for biomedical 
applications. Therefore, the main goal of this work 
is co-electrodeposition of the GO/Ca-P composite 
coating with satisfactory quality on the anodized 
titanium using pulsed current densities. For this 
purpose, optimization of the current density and the 
duty cycle has been done. Moreover, a comparative 
study has been performed on the microstructure, 
biocompatibility and chemical phases of the Ca-P 
and GO/Ca-P coatings electrodeposited under 
same conditions. It is worth noting that the results 
of further studies about the mechanical properties, 
cellular behavior and corrosion resistance of the 
GO/Ca-P composite coating electrodeposited at 
the optimized current density and duty cycle have 
been presented in our recently published papers 
[8,16]. 

2. Experimental
2.1. Development of Ca-P and GO/Ca-P coatings 
on the anodized titanium

The pure titanium samples (99.9%, Grade 1) 
with size of 10×10×1 mm3 were mechanically 
polished using SiC papers ranging from P120 to 
P5000 grit and then were chemically polished in 
HNO3/HF (1:3 in volume ratio) solution for 30 s. 
The edges and backside of the titanium substrates 
were sealed by epoxy resin so that only their front 
face with the surface area about 1 cm2 was exposed 
to the electrolyte. The samples were ultrasonically 
cleaned in acetone, ethanol and deionized water, 
respectively. Before applying the Ca-P based 
coating, anodizing of titanium was carried out 
in ethylene glycol based electrolyte at a constant 
voltage of 60 V [8]. 

The electrolyte for electrodeposition of the 
Ca-P based coatings was an aqueous solution 

containing 0.042 M Ca(NO3)2, 0.025 M NH4H2PO4 
and 6 mL/L H2O2. The pH and temperature of 
this electrolyte were adjusted to 4.5 and 65±2 °C, 
respectively. To apply the GO/Ca-P coating, 100 
µg/mL of GO was also added to above electrolyte. 
It should be mentioned that, the GO sheets were 
synthesized according to the modified Hummer’s 
method [12,16]. Prior to the co-electrodeposition, 
the above electrolyte was ultrasonically treated 
for 20 min. A magnetic stirring of the electrolyte 
was also maintained at a speed of 120 rpm during 
electrodeposition. The anodized titanium as a 
cathode and graphite as an anode were set at a 
fixed distance of 2 cm. The GO/Ca-P and Ca-P 
coatings were electrodeposited at the pulsed 
current densities of 2, 5, 10 and 15 mA/cm2 with 
two different duty cycles of 0.3 and 0.1.

 
2.2. Characterization

The surface morphology of the anodized 
titanium and coatings was observed by scanning 
electron microscope (Cam Scan MV2300-Czech) 
coupled with an energy dispersive spectroscopy 
(EDS). 

The weights of Ca-P and GO/Ca-P coatings 
were obtained through measuring the weight 
of the anodized titanium before and after 
electrodeposition at the duty cycle of 0.3 and 0.1 
and current densities of 2, 5, 10 and 15 mA/cm2. 

The bonding strength of coating to anodized 
titanium was evaluated according to the ASTM 
F1044-05 standard, using a Universal testing 
machine (model: Santam STM50) at a constant 
crosshead speed of 1 mm/min.

The structure of graphite and GO was analyzed 
by X-ray diffraction (XRD, BRUKER-D8 Advance-
Germany Spectrometer) with Cu Kα radiation, the 
step size of 0.03° and the step time of 1s.

Transmission electron microscopy (TEM) image 
of the GO sheet was collected using a Philips CM30 
system operating at 150 kV. 

The chemical bands of the powder scrapped 
from coatings and the synthesized GO were studied 
by Fourier Transform Infrared Spectroscopy (FT-
IR, BRUKER) between 400 and 2000 cm−1.

The micro-Raman spectra of the coated samples 
were recorded using SENTERRA-BRUKER 
Germany spectrometer with a 532-nm laser source 
in the range of 300-1800 cm-1. Since fluorescence 
background is a serious challenge in the Raman 
analysis of apatite, the samples before the analysis 
were subjected to 30 minutes photo-bleaching.
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At last, in order to compare the apatite 
mineralization ability of the coated samples, they 
were immersed in 20 mL of simulated body fluid 
(SBF) and then were stored in an oven at 37 °C for 
7 days. 

3. Results
Fig. 1 shows the top-view SEM image of the 

porous TiO2 layer formed by anodizing on the 
titanium surface. As mentioned in the introduction 
part, electrodeposition is an attractive method 
to apply the Ca-P coatings, however, improving 
the adhesion of the coatings obtained by this 
method to the titanium substrate is necessary for 
clinical applications. Introducing an intermediate 
layer such as TiO2 can be a favorable way for this 
purpose [1,4]cell differentiation, and enhancing 
osseointegration.

Figs. 2 (a) and (b) present XRD pattern and 
TEM image of the synthesized GO. The GO sheets 

exhibit a distinct diffraction peak at 2q:10.35° 
corresponded to (001) reflection. Moreover, the 
transparent and wrinkled sheet can be seen in TEM 
image, indicating the well exfoliation of graphite 
oxide into few‐layered graphene oxide (GO).

Fig. 3 shows variations in the weight of the Ca-P 
and GO/Ca-P coatings electrodeposited at the 
current densities of 2, 5, 10 and 15 mA/cm2 and 
the duty cycle of 0.3 (ton:1s and toff: 2s) for 30 min. 
As it is clear, the weight of the Ca-P based coatings 
decreases in the presence of GO sheets. Increasing 
the current density up to 15 mA/cm2 results in 
achieving a higher co-electrodeposition rate for 
the GO/Ca-P coating. Under this condition, the 
differences between the weight of the Ca-P and 
GO/Ca-P coatings reduce, so that the measured 
values are close to each other. However, the weight 
of the composite coating is still lower than that for 
the Ca-P coating.

Moreover, SEM images show that the fully  

 

Fig. 1: Top-view SEM image of TiO2 layer formed on the anodized titanium.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1- Top-view SEM image of TiO2 layer formed on the anodized titanium. 

 

Fig. 2: The synthesized GO. (a) XRD pattern and (b) TEM image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2- The synthesized GO. (a) XRD pattern and (b) TEM image.
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covered Ca-P coatings could be formed by 
electrodeposition at low current densities of 2 and 
5 mA/cm2 (see Figs. 4 (a and b)). While, there is 
a large difference in the coverage capability of the 
GO/Ca-P coating. To support the above statement, 
Figs. 4 (c and d) show remaining some uncovered 
areas throughout the coated surface (marked by the 
yellow circles), whereas the GO/Ca-P composite 
coating was co-electrodeposited at 2 and 5 mA/
cm2. This might be related to the fact that presence 

of GO sheets in the electrolyte reduces the rate of 
the coating formation. Hence, existence of these 
uncovered areas on the GO/Ca-P coated sample 
results in a significant difference between the 
weights of the composite coatings and the Ca-P 
ones applied at such low current densities (see Fig. 
3).

Moreover, despite increasing the co-
electrodeposition duration to 60 min, the surface 
coverage with the GO/Ca-P coating applied at 5 

 

Fig. 3: Variations in the weight of the Ca-P and GO/Ca-P coatings applied at the different current densities and 

the duty cycle of 0.3 for 30 min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3- Variations in the weight of the Ca-P and GO/Ca-P coatings applied at the different current densities and the duty cycle of 0.3 
for 30 min.

 

Fig. 4: The SEM micrographs of coatings electrodeposited for 30 min at the duty cycle of 0.3: (a) Ca-P; 2 

mA/cm2, (b) Ca-P; 5 mA/cm2, (c) GO/Ca-P; 2 mA/cm2, and (d) GO/Ca-P; 5 mA/cm2. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4- The SEM micrographs of coatings electrodeposited for 30 min at the duty cycle of 0.3: (a) Ca-P; 2 mA/cm2, (b) Ca-P; 5 mA/cm2, 
(c) GO/Ca-P; 2 mA/cm2, and (d) GO/Ca-P; 5 mA/cm2.
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mA/cm2 and duty cycle of 0.3 is still poor and some 
uncoated areas are distinguished on the surface 
(Fig. 5, yellow circles). Regarding this challengeable 
issue, it seems that a higher current density is 
necessary to obtain the GO/Ca-P composite 
coating with better coverage capability. 

The SEM images in Fig. 6 show that the co-
electrodeposition at high current densities of 10 
and 15 mA/cm2 leads to complete covering of the 
anodized titanium with the GO/Ca-P coatings. 
However, these coatings demonstrate poor quality 
and tracks of bubbling in some regions (marked 
with yellow arrows). As mentioned before, the 
gaseous bubbles produced because of water 
reduction during electrodeposition, in their own 
turn, could deteriorate the adhesion of the coating 
to the substrate [12,13]. Hence, poor quality and 
weak adhesion of the coatings applied at 10 and 
15 mA/cm2 can be as a consequence of producing 
a large amount of H2 bubbles due to the further 

reduction of water base electrolyte at such high 
current densities. 

Therefore, it has been attempted to provide the 
enough time for escaping H2 gases with increasing 
the off time of the pulsed current. Our investigations 
show that the co-electrodeposition under the duty 
cycle of 0.1 (ton:1s and toff:9s) results in formation 
of a uniform and crack free GO/Ca-P coating 
with an acceptable quality. In this duty cycle, the 
bonding strength of the GO/Ca-P coatings applied 
at 10 and 15 mA/cm2 to the anodized titanium are 
also measured to be 16±1.8 and 14.2 ±1.2 MPa, 
respectively.

Fig. 7 shows the cross sectional images of the 
Ca-P and GO/Ca-P coatings applied at the current 
densities of 10 and 15 mA/cm2 and the duty cycle of 
0.1. According to these images, the thickness of the 
GO/Ca-P coating is always lower than the Ca-P one, 
mainly owing to reduction of the electrodeposition 
rate in the presence of GO sheets. 

 

Fig. 5: The SEM micrographs with low and higher magnification (a and b, respectively) for the GO/Ca–P coating 

deposited at the constant current density of 5 mA/cm2 and the duty cycle of 0.3 for 60 min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5- The SEM micrographs with low and higher magnification (a and b, respectively) for the GO/Ca–P coating deposited at the 
constant current density of 5 mA/cm2 and the duty cycle of 0.3 for 60 min.

 

 

 

Fig. 6: The SEM micrographs of the GO/Ca-P coatings applied at the duty cycle of 0.3 and the current density of 

(a) 10 and (b) 15 mA/cm2. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6- The SEM micrographs of the GO/Ca-P coatings applied at the duty cycle of 0.3 and the current density of (a) 10 and (b) 15 
mA/cm2.
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Moreover, a more growing in the thickness of this 
composite coating is obtained comparing to that of 
the Ca-P one by raising the current density from 10 
to 15 mA/cm2. Therefore, it can be concluded that 
applying the higher current density leads to more 
increasing in the electrodeposition rate of the GO/
Ca-P composite coating as compared to the Ca-P 
coating. 

Up to now, numerous theories have been 
reported for co-electrodeposition mechanism 
including connective diffusion, adsorption and 
electrophoresis [17]. The following is a review of 
these mechanisms.

 The incorporation of particles into the coating 
consists three steps of i) transport of ions and 
particles to the surface, ii) loose adsorption and iii) 
irreversible incorporation of particles by reduction 
of the ions adsorbed on their surface [18]. When 
particles are available as the second phase in the 
electrolyte, the mechanism of co-electrodeposition 
could be diffusion-controlled because of the 
transfer of these particles [19]. Regarding this, 
the size of particles influences their incorporation 
into the deposit and the co-electrodeposition 
rate. A large difference between the size of ions 

and particles causes they diffuse with different 
diffusion coefficient [18]. When the size increases, 
the amount of particles which are incorporated 
into the coating decreases owing to need a more 
time for reaching and adhesion of larger particles 
to the electrode surface [17]. Moreover, Whithers 
proposed that the charged particles are drawn to 
the electrode surface by electrostatic forces. Valdes 
also considered electrophoretic transport, which is 
the response of an electrical field [20]. In fact, by 
increasing the current density, the charged particles 
move and adsorb faster to the polarized surface as a 
result of producing the stronger electrostatic forces 
[21]we report on the successful incorporation of 
non-covalently functionalized multi-wall carbon 
nanotubes (MWCNTs). Then, these particles lose 
their adsorbed ions and strongly adhere to this 
polarized surface. Hence, when the matrix of the 
composite coating is deposited onto the substrate, 
the particles as the second phase are incorporated 
into this growing coating due to reduction of the 
ions adsorbed on their surface [14].

The electrolyte used in the current study for 
applying the Ca-P coatings is containing only single 
calcium and phosphate ions (Fig. 8a). These ions 

 

Fig. 7: The cross-sectional images for different coatings of a) Ca-P, 10 mA/cm2, b) Ca-P, 15 10 mA/cm2 C) 

GO/Ca-P, 10 mA/cm2 and d) GO/Ca-P 15 mA/cm2. 

 

 

 

 

 

 

 

 

 

Fig. 7- The cross-sectional images for different coatings of a) Ca-P, 10 mA/cm2, b) Ca-P, 15 10 mA/cm2 C) GO/Ca-P, 10 mA/cm2 and d) 
GO/Ca-P 15 mA/cm2.
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can easily move towards the cathodically polarized 
surface even under the relatively weak electrostatic 
forces at the low current densities. However, for 
co-electrodeposition of the GO/Ca-P composite 
coating, besides the calcium and phosphate ions, 
the suspended particles of GO are available in the 
electrolyte. The functional groups on GO sheets can 
interact with a portion of calcium and phosphate 
ions in the electrolyte [22] to form the GO-ions 
complexes (see Fig. 8b). 

Indeed, diffusion rate of the ions adsorbed 
on these complexes is dependent on the mass 
transport of GO sheets to the cathodically 
polarized surface. It is well known that GO sheets 
have a high specific surface area up to 2630 m2g–1 

[22]. Since size of the GO-containing complexes 
is larger than distinct calcium and phosphate ions; 
therefore, these complexes can diffuse and adsorb 
to the cathode surface with slower rates, causing 
a decrease in the co-electrodeposition rate of the 
GO/Ca-P composite coating. This is evident from 
the comparison of the weight and thickness of 
the Ca-P and GO/Ca-P coatings applied under 
the same conditions. Additionally, in low current 
densities, the electrostatic forces are not adequate 
for proper mass transport and adsorption of 
complexes to the cathode. Consequently, only 
single calcium and phosphate ions along with a 
small number of complexes, which are reached to 
the vicinity of the polarized surface, can participate 
in the co-electrodeposition process. As a result, 
the rate of co-electrodeposition at the low current 

densities of 2 and 5 mA/cm2 significantly reduces 
and the obtained coatings have poor ability to cover 
the whole surface of anodized titanium (see Fig.4 
c, d). In contrast to this, the stronger electrostatic 
forces at higher current densities accelerate the 
mass transport and adsorption of the complexes 
to the cathode surface. As a result, the co-
electrodeposition rate of the GO/Ca-P composite 
coating increases by applying the higher current 
densities of 10 and 15 mA/cm2, and therefore, the 
coverage capability of this coating can improve. 
Under this condition, the differences between the 
coating weight and thickness of the Ca-P and GO/
Ca-P coatings reduce, although the values of weight 
and thickness measured for the composite coatings 
are still lower.

Fig. 9 displays FTIR spectra of the synthesized 
GO, as well as the Ca-P and GO/Ca-P coatings 
applied at the current densities of 10 and 15 mA/
cm2 and duty cycle of 0.1. The spectrum of GO 
in Fig. 9 (a) shows the bands located at 1053, 
1252, 1408 and 1721 cm−1 corresponded to the 
stretching vibration of C–O, C-O-C, C–OH and 
C=O, respectively. The presence of these oxygen-
containing groups proves the successful oxidation 
of graphite during synthesis of GO. Also, the band 
at 1625 cm-1 is related to the C=C stretching of un-
oxidized graphitic domains in the GO phase [23]. 
Meanwhile, in the FTIR spectra of the coatings 
(Figs. 9 (b-e)), there are the bands at 474,564, 602, 
972, 1031 and 1086 cm−1 assigned to phosphate 
groups (PO4

3-), indicating the formation of a well-

 

Fig. 8: Schematic illustration of the ions and GO-ions complexes in the electrolyte used for applying a) Ca-P and 

b) GO/Ca-P coatings. 

 

 

  

Fig. 8- Schematic illustration of the ions and GO-ions complexes in the electrolyte used for applying a) Ca-P and b) GO/Ca-P coatings.
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crystallized HA phase [8,24]. The weak or shoulder 
peaks at 525, 1075, and 1110 cm-1 are also attributed 
to the hydrogen phosphate groups (HPO4

2-), 
suggesting the deposition of the other calcium 
phosphate phases like octacalcium phosphate 
(OCP) and brushite (dicalcium phosphate 
dehydrate: DCPD) [7,25]. The additional peaks at 
870, 1390 cm-1 and between 1400-1500 cm-1 show 
the partial substitution of CO3

2- in the HA structure 
and so formation of the carbonated hydroxyapatite 
(CHA) as a dominant phase in both Ca-P and 
GO/Ca-P coatings [7,25]. The source of these 
carbonates is CO2 gases dissolved from atmosphere 
into the electrolyte during electrodeposition 
process. It has been reported that the carbonated 
type of HA is more similar to biological apatite and 
hence it is very useful for biomedical applications 
[26]the mechanical and biological properties of 
Ni-doped hydroxyapatite (HA. Other rest bands at 
1625, 1645, and 1672 cm-1 are corresponded to the 
adsorbed water [8,22]. 

Comparing the results reveals that increasing 
the current density to 15 mA/cm2 could be more 
favorable to form the HA phase. In fact, reduction of 
water on the cathode surface according to reaction 
(1) provides the alkaline condition required for 
electrocrystallization [27].

2𝐻𝐻2𝑂𝑂 + 2𝑒𝑒− → 2𝑂𝑂𝐻𝐻− + 𝐻𝐻2 (1) 

 

 

10Ca2+ + 6PO4
3− + 2OH− →  Ca10(PO4)6(OH)2 (HA) (2) 

 

 

 Ca2+ + HPO4
2− + 2H2O →  CaHPO4.  2𝐻𝐻2𝑂𝑂 (brushite ) (3) 

 

 

8Ca2+ + 2HPO4
2− + 4 𝑃𝑃𝑂𝑂4

3− + 5 𝐻𝐻2 →  Ca8𝐻𝐻2(PO4)6. 5𝐻𝐻2𝑂𝑂 (𝑂𝑂𝑂𝑂𝑃𝑃) (4) 

 

 

 

 

 

  

 

                                 (eq. 1)

A sufficient concentration of OH- and PO4
3- is 

needed to deposit HA phase through  reaction (2) 
[5,27]:

2𝐻𝐻2𝑂𝑂 + 2𝑒𝑒− → 2𝑂𝑂𝐻𝐻− + 𝐻𝐻2 (1) 

 

 

10Ca2+ + 6PO4
3− + 2OH− →  Ca10(PO4)6(OH)2 (HA) (2) 

 

 

 Ca2+ + HPO4
2− + 2H2O →  CaHPO4.  2𝐻𝐻2𝑂𝑂 (brushite ) (3) 

 

 

8Ca2+ + 2HPO4
2− + 4 𝑃𝑃𝑂𝑂4

3− + 5 𝐻𝐻2 →  Ca8𝐻𝐻2(PO4)6. 5𝐻𝐻2𝑂𝑂 (𝑂𝑂𝑂𝑂𝑃𝑃) (4) 

 

 

 

 

 

  

 

     (eq. 2)

However, the hydrogen phosphates could 
not be fully converted to phosphates if pH is not 
high enough. Under this condition, other calcium 
phosphate phases like OCP and brushite can be 
deposited by reactions (3) and (4), respectively 
[27,28]:

2𝐻𝐻2𝑂𝑂 + 2𝑒𝑒− → 2𝑂𝑂𝐻𝐻− + 𝐻𝐻2 (1) 

 

 

10Ca2+ + 6PO4
3− + 2OH− →  Ca10(PO4)6(OH)2 (HA) (2) 

 

 

 Ca2+ + HPO4
2− + 2H2O →  CaHPO4.  2𝐻𝐻2𝑂𝑂 (brushite ) (3) 

 

 

8Ca2+ + 2HPO4
2− + 4 𝑃𝑃𝑂𝑂4

3− + 5 𝐻𝐻2 →  Ca8𝐻𝐻2(PO4)6. 5𝐻𝐻2𝑂𝑂 (𝑂𝑂𝑂𝑂𝑃𝑃) (4) 

 

 

 

 

 

  

 

                                                                              (eq. 3)

2𝐻𝐻2𝑂𝑂 + 2𝑒𝑒− → 2𝑂𝑂𝐻𝐻− + 𝐻𝐻2 (1) 

 

 

10Ca2+ + 6PO4
3− + 2OH− →  Ca10(PO4)6(OH)2 (HA) (2) 

 

 

 Ca2+ + HPO4
2− + 2H2O →  CaHPO4.  2𝐻𝐻2𝑂𝑂 (brushite ) (3) 

 

 

8Ca2+ + 2HPO4
2− + 4 𝑃𝑃𝑂𝑂4

3− + 5 𝐻𝐻2 →  Ca8𝐻𝐻2(PO4)6. 5𝐻𝐻2𝑂𝑂 (𝑂𝑂𝑂𝑂𝑃𝑃) (4) 

 

 

 

 

 

  

 

                                                                               (eq. 4)

Considering the biomedical applications, 
among all Ca-P phases, HA is the most stable [29] 
and biocompatible [12] phase during implantation 
into the host body. Therefore, deposition of HA is 
preferred than the other Ca-P phases. Increasing the 
current density to 15 mA/cm2 results in the further 
reduction of water (reaction (1)). Consequently, 
producing a higher amount of hydroxyl ions could 
provide the appropriate condition for nucleation 
and growth of HA crystals. Moreover, based on 

 

Fig. 9: FTIR spectra of (a) the synthesized GO, and the coatings: (b) Ca-P; 10 mA/cm2, (c) Ca-P; 15 mA/cm2, (d) 

GO/Ca-P; 10 mA/cm2 , and (e) GO/Ca-P; 15 mA/cm2. 

 

 

 

 

 

 

 

 

 

 

Fig. 9- FTIR spectra of (a) the synthesized GO, and the coatings: (b) Ca-P; 10 mA/cm2, (c) Ca-P; 15 mA/cm2, (d) GO/Ca-P; 10 mA/cm2 
, and (e) GO/Ca-P; 15 mA/cm2.
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the FTIR results, in the presence of GO sheets the 
formation of HA phase becomes more possible. 
In this regard, the bands corresponded to OCP 
and brushite phases at 1075 and 1110 cm-1 are 
disappeared in the FTIR spectrum of the GO/Ca-P 
coating electrodeposited at 15 mA/cm2 (see Fig. 
9e). One reason for this result is the effective role 
of abundant oxygen-containing functional groups 
of GO sheets such as hydroxyl and carboxyl on the 
nucleation of HA crystals [22,30]. Besides, we believe 
that the rate of electrodeposition could possibly 
affect the type of phases formed in the coating. As 
previously demonstrated, the presence of GO sheets 
leads to a decrease in the co-electrodeposition rate. 
This means that there is probably an enough time 
to produce adequate hydroxyl groups via water 
reduction before electrocrystallization of the GO/
Ca-P coating. Therefore, several factors including 
the presence of oxygen containing groups such as 
hydroxyl on the GO sheets, applying the higher 
current density of 15 mA/cm2, and the reduction 
of the co-electrodeposition rate in the presence of 
GO can provide adequate hydroxyl groups required 
for nucleation and growth of HA phase in the GO/
Ca-P coating.

Fig. 10 illustrates the micro-Raman spectra of 
the Ca-P and GO/Ca-P coated samples, which are 
prepared at two different current densities of 10 
and 15 mA/cm2 and the duty cycle of 0.1. 

In these spectra, the peaks located at 397, 514 
and 635 cm-1 are assigned to the anatase phase [7]. 
This phase is formed because of the heat treatment 
of the anodized titanium at 500 °C and is appeared 
in the Raman spectra most likely due to the porous 
structure of the Ca-P based coatings. Moreover, 
the PO4

3− groups of the HA phase exhibit the peaks 
at 964, 1010 and 1048 cm-1 [7,12]. A low-intensity 
peak located at 780 cm-1 is also observable in the 
Raman spectrum of the Ca-P coating applied at 10 
mA/cm2, which is indicative of the formation of the 
OCP-like phase [31]. For the GO/Ca-P coatings, 
there are two additional bands assigned to the GO 
phase at 1355 cm−1 (D band) and 1597 cm−1 (G 
band) (Figs. 10 (c and d)). The appearance of these 
bands in Raman spectra indicates the successful 
incorporation of GO into these composite coatings. 
Moreover, as can be seen from Figs. 10 (c and d), 
the intensity of D and G bands increases by raising 
the current density to 15 mA/cm2 and the ratio 
of I (G) / I (PO4

3- at 964 cm-1) reaches from 0.67 
to 0.9. This suggests that the more concentration 
of GO sheets could be incorporated into the GO/

Ca-P coatings applied at higher current densities. 
In fact, during the co-electrodeposition process, 
hydrophilic particles as the second phase either 
ride or incorporate into the coating depending 
on the growth rate. The faster growth rate causes 
the incorporation of a higher amount of particles 
[32]. Hence, the riding effect of particles decreases 
by raising the current density [32,33]. Besides, 
increasing the amount of GO sheets in the coating 
applied at higher current density of 15 mA/cm2 
is in consistent with Guglielmi’s model, in which 
the electrical field-assisted adsorption of particles 
leads to their incorporation into the coating [19]. 
As mentioned before, the stronger electrostatic 
forces at the higher current densities leads to the 
more easily mass transport and adsorption of GO 
containing complexes to the cathodically polarized 
surface. The similar results have already been 
reported by other researchers about the effect of 
current density on the incorporation of particles 
into the coating applied by co-electrodeposition 
process [19,21]we report on the successful 
incorporation of non-covalently functionalized 
multi-wall carbon nanotubes (MWCNTs). 

According to the results, choosing the 
appropriate range of current density is very 
important for the co-electrodeposition of the 
GO/Ca-P coating. Applying the current densities 
of 10 and 15 mA/cm2 causes the formation of 
more uniform composite coatings, which could 
completely cover the whole surface of the anodized 
titanium. Additionally, at the higher current 
density of 15 mA/cm2, the formation of more stable 
phase of HA and incorporation of GO sheets into 
the coating could be more facilitated. 

Figs. 11 (a and b) show the high-magnification 
SEM micrographs of Ca-P and GO/Ca-P coatings 
electrodeposited at 15 mA/cm2 and duty cycle 
of 0.1, respectively. The GO sheets could not be 
distinguished clearly in the SEM image of the 
GO/Ca-P coating, most likely due to the covering 
of these sheets with Ca-P crystals. A comparison 
between the morphology of both Ca-P and GO/
Ca-P coatings shows that the incorporation of GO 
sheets results in the formation of a more compact 
and refined structure. This could be explained by 
considering the role of oxygen-containing groups 
of GO in adsorbing the Ca2+ ions and subsequently 
PO4

3- ions via an electrostatic interaction. Therefore, 
the GO sheets could provide anchoring sites for 
nucleation of the Ca-P crystals [30]. Moreover, Fig. 
11 (c) displays the wrinkled-paper-like morphology 
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of GO sheets. Comparing Figs. 11 (a-c) shows that 
the GO sheets have a larger size as compared to the 
Ca-P crystals as well as the calcium and phosphate 
ions, which is in good agreement with the schematic 
of GO-ions shown in Fig. 8.

The ability of bone mineralization is very 
important to induce the rapid bone healing. 

Regarding this, the second particles used as the 
mechanical reinforcing in the Ca-P based coatings 
should also retain the original biocompatibility 
of the calcium phosphates (Ca-Ps) such as HA. 
Therefore, here, we studied the effect of GO adding 
on biocompatibility of the Ca-P coatings through 
immersion of the coated samples in SBF solution. 

 

Fig. 10: The micro-Raman spectra of the samples coated with a layer of (a) Ca-P; 10 mA/cm2, (b) Ca-P; 

15mA/cm2, (c) GO/Ca-P; 10 mA/cm2, and (d) GO/Ca-P; 15 mA/cm2. 

 

 

 

 

 

 

 

 

 

Fig. 11: The surface morphologies of the coatings applied at 15 mA/cm2 (a) Ca-P, and (b) GO/Ca-P. (c) The SEM 

image of the synthesized GO. 
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mA/cm2, and (d) GO/Ca-P; 15 mA/cm2.

Fig. 11- The surface morphologies of the coatings applied at 15 mA/cm2 (a) Ca-P, and (b) GO/Ca-P. (c) The SEM image of the 
synthesized GO.
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The SEM micrograph of the Ca-P and GO/Ca-P 
coatings applied at 15 mA/cm2 and duty cycle of 
0.1 after 7 days of immersion are shown in Figs. 
12 (a and b). These images demonstrate that both 
coatings are covered with the spherical shaped 
particles of bone-like apatite. The precipitation 
of these apatite particles from SBF solution on 
the surface of the coated samples indicates the 
satisfactory biocompatibility of both coatings. 
The Ca/P ratio of the apatite-like layer formed on 
the Ca-P and GO/Ca-P coatings is also measured 
by the point EDS analysis ( Ca% + P% + O% = 
100%) to be 1.52 and 1.58, respectively, which are 
closed to this ratio in the human biological apatite 
(1.67). Moreover, as can be seen from Fig. 12 (c), 
the apatite particles could not completely cover 
the whole surface of the GO/Ca-P coated sample, 
which is prepared at the current density of 5 mA/
cm2. This is due to the existence of some uncoated 
areas on the surface of this sample (see Fig. 4d), 
while, the apatite spheres during 7 days immersion 
in SBF could be formed only on the areas where the 
Ca-P based coating is present.

4. Conclusion
In the present study, the surface pretreatment 

of titanium substrate was done by anodizing. 

Subsequently, the Ca-P and GO/Ca-P coatings 
were applied on this anodized surface by the pulsed 
electrodeposition method at four different current 
densities of 2, 5, 10 and 15 mA/cm2. The results 
showed that the co-electrodeposition of the GO/
Ca-P coatings at low current densities of 2 and 5 
mA/cm2 led to remain some uncoated areas on the 
surface of the anodized titanium. It was because 
of the large size of GO sheets as compared to 
calcium and phosphate ions, which in turn caused 
a decrease in the co-electrodeposition rate of these 
composite coatings. The better coverage of surface 
was achieved by increasing the current density to 
10 and 15 mA/cm2. However, the quality of the 
resulting coatings reduced as a consequence of a 
high amount of H2 bubbles evolved at the surface 
during the co-electrodeposition. To overcome 
this problem, the off time of the pulsed current 
increased with changing the duty cycle from 0.3 to 
0.1. Under this condition, the GO/Ca-P coatings 
with acceptable quality and better surface coverage 
were formed at 10 and 15 mA/cm2. Meanwhile, 
the GO/Ca-P coating applied at 15 mA/cm2 

predominantly consisted of the HA phase and a 
higher concentration of GO sheets as compared 
to this coating which was prepared at 10 mA/cm2. 
The SEM images demonstrated that in the presence 
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Fig. 12- The SEM images and EDS analysis taken from the coated samples after their immersion in SBF at  37 °C for 7 days: (a) Ca-P; 
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of GO sheets a more compact coating could be 
achieved. Indeed, the negatively charged GO sheets 
could provide the nucleation sites and facilitate the 
formation of HA phase. Finally, both Ca-P and GO/
Ca-P coatings applied at 15 mA/cm2 revealed the 
good biocompatibility as a result of the formation 
of apatite spheres on their whole surface during 7 
days immersion in SBF solution.
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