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Abstract
Sol–gel titania thin film coating was prepared on NiTi surfaces, modified with acidified ferric chloride solution. Nanogrids 
formed on chemical treatment were uniformly covered with titania coating. Cyclic voltammetry studies in phosphate-buffered 
saline solution revealed that sol–gel titania-coated surface displayed electrochemical properties which were similar to those 
observed for pure titanium. During polarization, the passive layer formed on modified NiTi was stable for potentials greater 
than 0.9 V. The overall resistance measured by electrochemical impedance spectroscopy for sol–gel titania surface was in 
the order of 105 Ω, which was approximately two orders higher than bare NiTi surface. The current noise analyzed using 
electrochemical noise measurements was minimum after sol–gel coating, which emphasizes the better protection power of 
the surface from the attack of corrosive species. Dynamic impedance studies carried out on bare and titania-coated NiTi also 
supports the results obtained from cyclic polarization.
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1  Introduction

There are several challenging issues in developing an 
implant material with requisite biological and mechanical 
properties for biomedical applications. The primary criterion 
for a biomaterial lies in its ability to exhibit good biocom-
patibility with a minimal amount of corrosion in the body 
environment. It is known that implant surfaces in the body 
will degrade over time due to the dissolution of individual 
metals [1–5]. However, the rate of metal dissolution can 
be controlled by modifying the surface and consequently 
the service life of the implant can be extended with mini-
mal or negligible disturbance to the patient. Thus, surface 
modification is often a recommended practice to improve 

the biocompatibility and corrosion resistance of implant 
materials.

Compared to conventional coating techniques such as 
chemical vapor deposition, physical vapor deposition and 
plasma spraying, sol–gel coating process is less expensive. 
In a sol–gel process, the nucleation and growth of particles 
can be controlled, and the desired thickness can be achieved 
by controlling the dipping cycles. Further, by tailoring the 
post-annealing conditions, the size and shape of particles in 
the coating can be varied to achieve the expected properties. 
Among the various alloys being used for biomedical appli-
cations, equiatomic NiTi alloy has found wide applicabil-
ity because of the shape memory and superelastic property. 
Several studies on sol–gel-derived titania coatings proved 
to be efficient in improving the corrosion resistance of NiTi 
alloys [6–8]. One of the drawbacks of sol–gel coatings, how-
ever, is the tendency to undergo de-lamination due to the 
weak interface between the coating and the base material 
[9]. To overcome this difficulty, recent trends were aimed 
at developing sol–gel coatings on a porous or an undulated 
surface, thus enabling the coating to penetrate and interlock 
with the base material [7, 10]. One such study by Tao et al. 
[7] involved the formation of a corrosion protective titania 
film on NiTi alloy by employing NaOH–HCl pretreatment 
before sol–gel coating. The pretreatment process was carried 
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out for 36 h to obtain the desired surface roughness that 
contributed to the better adhesion of titania coating with 
NiTi alloy. In a similar study, to obtain porous NiTi surface 
for sol–gel coating, Zhang et al. [10] used ammonium bicar-
bonate as a temporary space holder in green NiTi disk. On 
a titanium substrate, the rough surface for sol–gel coating 
was obtained after micro-arc oxidation treatment, and the 
combined process resulted in the enhancement of corrosion 
protection [11]. According to the study, homogeneity of the 
surface after sol–gel coating compared to micro-arc oxidized 
surface is the factor that promoted good corrosion resistance.

The pretreatment processes cited in the literature to 
obtain porous and rough surface are complex, expensive and 
time-consuming. In an earlier study by the present authors, 
the morphology of NiTi surface was altered by adopting a 
chemical treatment using ferric chloride solution to obtain 
a nanogrid surface [12]. In the present study, to enhance the 
bioactivity, a barrier coating of sol–gel titania is applied on 
chemically modified NiTi. The nanostructured NiTi surface 
formed after chemical treatment is aimed at improving the 
integrity and adhesion of sol–gel coating onto the surface. 
Even though numerous studies on sol–gel coatings on NiTi 
alloy were reported [6–8, 13, 14], thorough electrochemical 
understanding of the modified surface has not been described. 
In the present investigation, the nature of sol–gel titania coat-
ings is characterized using various electrochemical tech-
niques such as cyclic voltammetry, cyclic potentiodynamic 
polarization and electrochemical noise measurements. It has 
been reported that after implantation, the potential of the 
metallics may change in actual body environment. In order 
to account for the above, dynamic electrochemical impedance 
measurements were carried out by analyzing the variation of 
impedance of the coating with respect to potentials.

2 � Materials and Methods

Hot-rolled NiTi specimens (50.9  at% nickel) of 
10 mm × 10 mm × 1 mm size were employed in this study. 
Prior to sol–gel coating, the morphology of the sample sur-
face was modified by chemical treatment in a 3% acidified 
ferric chloride solution, the details of which are presented 
in an earlier study [12].

2.1 � Sol–Gel Coating

To apply the sol–gel thin film, titanium (IV) isopropoxide 
(TTIP) (Alfa Aesar 95%) was used as the precursor. The 
solution for titania coating was prepared by adding TTIP 
dropwise to a mixture of isopropanol and acetic acid at room 
temperature where the molar ratio of alcohol to alkoxide was 
50:1. The solution was stirred continuously to obtain a trans-
parent sol. The sol was coated on the prepared chemically 

treated NiTi samples by dip coating method. The samples 
were immersed in titania sol and withdrawn at a speed of 
6 cm/min. Multilayered coatings were prepared by repeating 
the above procedure. Subsequently, annealing at 400 °C for 
5 min was carried out to produce titania film on NiTi alloy.

2.2 � Surface Characterization and Electrochemical 
Studies

The morphology of chemically treated and sol–gel-coated 
samples was studied using Scanning Electron microscopy 
(Carl Zeiss, Supra 40 VP).

Electrochemical tests were conducted using Autolab 
PGSTAT302 N. Cyclic voltammetry studies were carried 
out in the potential range of − 1 to 3 V, at a scan rate of 
100 mV/s. Cyclic potentiodynamic polarization studies were 
carried out in phosphate-buffered saline (PBS) physiologi-
cal solution at 37 °C, at a pH of 7.3. The sample, platinum 
strip and saturated calomel electrode were used as working, 
counter and the reference electrode, respectively. Scan rate 
for potentiodynamic polarization measurement was 1 mV/s. 
Electrochemical impedance spectroscopy (EIS) measure-
ments were taken at open-circuit potential. The spectra were 
acquired in the range 10 mHz–100 kHz. Electrochemical 
noise measurements were also carried out using two identi-
cal working electrodes for selected samples. Current noise 
relates to the current variations between two identical work-
ing electrodes, connected through a zero resistance ammeter 
(ZRA) and potential noise relates to the variation in potential 
between coupled working electrode and reference electrode. 
The variation of potential and current with respect to time 
was analyzed for a duration of 512 s, and the noise resist-
ance was calculated from the ratio of standard deviation in 
potential and current fluctuations. The time domain curves 
were then converted to the frequency domain using fast Fou-
rier transform (FFT) analysis and the corresponding power 
spectral densities (PSD) were generated. All the experiments 
were repeated three times for confirming the reproducibility 
of the results. Dynamic impedance measurement was taken 
in selected range of frequencies to analyze the variation of 
impedance with potentials.

3 � Results and Discussion

3.1 � Surface Analysis

Surface morphology of chemically treated and sol–gel-
coated samples is given in Fig. 1. In the chemically treated 
condition, the surface exhibited a nanogrid structure com-
prising one- and two-dimensional channels (Fig. 1a). The 
dimension of the grid ranged between 50–100 nm, and the 
inter-grid spacing is around 1 μm (Fig. 1b). Figure 1c reveals 
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the morphology of the surface after sol–gel coating before 
annealing. The undulations between the grids are covered 
with titania, and the coating is almost uniform over the 
surface. Annealing treatment resulted in the formation of 

more compact titania layer (Fig. 1d) with a minor amount 
of cracks at some locations. Peel-off tests carried out as per 
ASTM D3359-09 confirmed that sol–gel titania coating is 
well adherent to NiTi surface with 4B rating (Fig. 2). 

Fig. 1   Surface morphology of NiTi after different treatments (a, b) chemically treated NiTi- low and high magnification and c, d sol–gel titania 
coating on chemically treated NiTi before and after annealing

Fig. 2   Photographic images of sol–gel titania-coated NiTi surface a before and b after peel-off test
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3.2 � Electrochemical Behavior

Cyclic voltammetric (CV) curves obtained for bare NiTi, 
pure titanium (CP Ti), chemically treated NiTi and sol–gel 
titania samples in the scan range of − 1 to 3 V are given in 
Fig. 3. From the curve obtained for bare NiTi sample, an 
increase in the anodic current is noticed once the potential 
reaches approximately 1.5 V (Fig. 3a1). This peak can be 
assigned to the conversion of nickel from 0 to + 2 oxida-
tion state, followed by its dissolution [15]. The voltammetric 
behavior of chemically treated sample is similar to that of 
untreated NiTi (Fig. 3a2), but the maximum current attained 
is 0.039 A/cm2, whereas in the previous case it is 0.07 A/
cm2. This reduction in current might be due to a marginal 
enrichment of titanium at the surface after chemical treat-
ment. It should be noted that the dissolution characteristics 
of NiTi alloy are not altered by chemical treatment.

Figure 3b compares the CV curve obtained for CP Ti sub-
strate (Fig. 3b (3 and 4)) and sol–gel titania-coated surface 
(Fig. 3b5) in the same potential range. The cyclic voltam-
mogram for CP Ti during the first cycle is given in Fig. 3b3. 
The initial shallow peak observed at 0.3 V signifies the con-
version to Ti3+ state (Eqs. 1, 2). On increasing the potential, 
the current remain stable which may be due to the thicken-
ing of titania layer. At 1.2 V, the conversion of Ti from 3+ 
to 4+ initiates and the current increases until it reaches a 
peak potential of 2.3 V (Eq. 3). The slight decrease in cur-
rent after 2.3 V signifies the thickening of oxide layer [16]. 
The oxide layer formed during the process of anodization 
will prevent the dissolution of titanium. Along with anodic 
oxidation of titanium, oxidation of water will also occur at a 
potential of 2.3 V (Eq. 4) [17]. The various reactions occur-
ring during this process are given below.
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2
O → Ti

2
O

3
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+
+ 2e

−
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2
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O → 2TiO

2
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The current observed for CP Ti and sol–gel-coated 
NiTi are two orders lesser than that observed for bare and 
chemically treated NiTi. For CP Ti, during the second run, 
no oxidation peak could be observed, probably due to the 
complete conversion of titanium to Ti4+ state at the surface 
(Fig. 3b4). The voltammogram of sol–gel coating is simi-
lar to that observed for CP Ti, in fact, the current started 
increasing at around 1.5 V, which is observed for bare and 
chemically treated NiTi alloy. As evident from Fig. 3b5, 
the maximum current reached for sol–gel-coated NiTi is 
closer to that obtained for CP Ti (2nd cycle). Therefore, 
the surface behavior of the sol–gel-coated titania is similar 
to that of pure titanium.

Cyclic potentiodynamic polarization curves obtained for 
chemically treated, and sol–gel-coated samples in PBS solu-
tion at 37 °C are given in Fig. 4. There is approximately 

(4)2H
2
O → O

2
+ 4H

+
+ 4e

−

Fig. 3   Cyclic voltammograms 
obtained for the modified NiTi 
surfaces

Fig. 4   Potentiodynamic polarization curves obtained for chemically 
treated and sol–gel-coated samples
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20 mV shift toward anodic side for bare NiTi [12] and 
sol–gel-coated NiTi (corrosion potential − 0.18 V) when 
compared to chemically treated surface. The corrosion 
current density obtained for the sol–gel-coated sample is 
7.2 × 10−8 A/cm2 which is one order less than the value 
obtained for chemically treated and bare NiTi. During 
anodic polarization, the chemically treated surface exhib-
ited poor passivity as indicated by the sudden rise in current 
density at 0.08 V. For bare NiTi, the passive layer is stable 
until 0.45 V beyond which it is prone to pitting corrosion 
[12]. In the case of sol–gel-coated samples, a well-defined 
passive region which is stable up to 0.96 V is observed. The 
potential difference between Ecorr and Eb gives the resistance 
of the surface for pitting corrosion [18]. Results obtained in 
the present study shows that (Eb−Ecorr) value obtained for 
sol–gel titania surface is 0.69 V higher than for chemically 
treated surface. Hence, pitting resistance has improved due 
to sol–gel coating. For chemically treated sample, on revers-
ing the scan, the protection potential is 0.23 V less than the 
breakdown potential. It is also evident that the surface exhib-
ited sufficient positive hysteresis which signifies the corro-
sion of the exposed surface during polarization. In the case 
of sol–gel-coated sample, the surface showed negative hys-
teresis which conveys that the material attained its passivity 
at the vertex potential. The enhanced corrosion protection 
observed on the sol–gel-coated NiTi can be understood from 
the formation of stable TiO2 layer over the grid structure.

From the analysis of spontaneous fluctuations of electri-
cal parameters by electrochemical noise measurement, the 
efficiency of protective coatings and the mechanism of cor-
rosion can be understood. Figure 5a represents the oscilla-
tion of current with respect to time. The causes for current 
noise could be various electrochemical processes such as 
adsorption/desorption of ions at the metal/solution interface, 
pitting and ionic movement through pores [19]. The current 
fluctuations observed for the chemically treated sample is 
relatively high when compared to sol–gel-coated surface. 
The high current noise observed on chemically treated sam-
ple can be due to the severe attack of corrosive ions. Sol–gel 
titania-coated surface exhibited lower current noise which 
highlights its ability to protect the surface from the attack 
of chloride ions. The reduction in the electrochemical noise 
can be attributed to the better protection performance of 
the coating [20]. After sol–gel coating, the surface became 
homogenous and displayed improvement in the impedance 
and hence the current fluctuations were minimum during 
the measured interval of time. From the standard deviation 
of potential and current, noise resistance is calculated. The 
noise resistance calculated from the time domain spectra is 
found to be 3.3 × 104 and 7.8 × 105 Ω for chemically treated 
and sol–gel-coated NiTi, respectively. For bare NiTi, the 
noise resistance measured is 5.7 × 103 Ω. The time domain 
spectra are converted into the frequency domain by FFT to 
generate power spectral density (PSD) plots. PSD plots are 

Fig. 5   a Current noise measure-
ments for the samples under 
study and electrochemical noise 
analysis of b bare NiTi c chemi-
cally treated and d sol–gel-
coated samples
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then superimposed on Bode modulus plots to compare the 
accuracy of the measurement (Fig. 5b–d). It can be clearly 
observed from the figure that at 0.01 Hz, the resistance 
measured using PSD and Bode plots are almost compara-
ble. The slight mismatch or variation in resistance measured 
can be attributed to the fact that an impedance spectrum is 
generated using external ac excitation source, whereas in 
electrochemical noise analysis the measurements are made 
without any external perturbation. Both EIS and ENM tech-
niques show that the corrosion protection of bare and chemi-
cally treated surfaces is inferior compared to sol–gel-coated 
NiTi samples. Thus, titania sol–gel thin film increased the 
corrosion protection of chemically treated NiTi alloy and 
the impedance measured is two order higher than bare NiTi.

Dynamic impedance measurements were carried out for 
bare NiTi in the potential range from ocp (− 0.5 V) to the 
pitting potential (0.5 V), and the results obtained in the form 
of Nyquist plot-3D are shown in Fig. 6a. It is evident from 
the figure that as potential increases from ocp to higher, 
the impedance also increased. But as soon as the potential 
reaches 0.4 V, the data show scattered values which is due 
to the corrosion of the active surface [21]. The results are 
in consistent with the potentiodynamic polarization data 
obtained for bare NiTi [12].

Bode plots are generated at open-circuit potential 
(− 0.5 V) and in the passive region (0.3 V). The results 
obtained after fitting with appropriate equivalent circuit are 
shown in Fig. 6b and Table 1. At rest potential, the sur-
face shows single time constant behavior and the equiva-
lent circuit used for fitting the measured data is R(QR). The 
breakdown of the oxide film on bare NiTi is in the range of 
0.3–0.6 V [22, 23]. The impedance attained its maximum at 

0.3 V and the Bode plots (Fig. 6b) are fitted with two time 
constant circuit R(Q[R(QR)]). It is evident from the figure 
that at the passive region, bare NiTi shows highest imped-
ance. During anodic polarization, the NiTi surface forms 
an oxide layer whose thickness increases with increase in 
potential [24]. This is reflected in the lowering of capaci-
tance value in the passive region. The np value signifies the 
extent of stability of the porous oxide layer formed during 
polarization. The deviation of np value from unity and lower 
capacitance confirms that even though the thickness of the 
oxide layer is higher at the passive region, it lacks the pro-
tectiveness. The surface of a bare NiTi is non-uniform and 
hence, the oxide layer formed on polarizing the surface is 
defective [25]. This might be the reason for the sudden pit-
ting of bare NiTi surface, at still higher potential (0.4 V).

Dynamic impedance studies were carried out on sol–gel-
coated NiTi surface, and the obtained Nyquist plot is shown 
in Fig. 7a. It is evident from the figure that impedance 
increases with increase in potential, reaches maximum 
impedance at 0.4 V, beyond which it decreases. Higher 
impedance can be accounted to the defect-free oxide layer. 
However, the discharge of oxygen from NiTi surface domi-
nates at still higher potentials and the impedance decreases.

Bode plots were obtained at rest potential (− 0.2 V), pas-
sive region (0.4 V) and oxygen evolution regions (1.2 V) for 
the sol–gel-coated NiTi surface (Fig. 7b). The plots were 
fitted with appropriate equivalent circuit and are given in 
Table 2. At ocp and in the passive region, the surface shows 
two layer structure which is fitted with the equivalent cir-
cuit R(Q[R(QR)]). The impedance measured at − 0.4 V is 
approximately double than at the rest potential. There is a 
slight decrease in the capacitance value on moving from ocp 

Fig. 6   a Nyquist plot-3D and b 
Bode plots obtained at different 
potentials for bare NiTi alloy

Table 1   EIS parameters 
obtained after fitting the data for 
bare NiTi alloy

Potential (V) Circuit Qp (Ssn cm−2) np Rp (Ω cm2) Qb (Ssn cm−2) nb Rb (Ω cm2)

− 0.5 R(QR) – – – 2.3 × 10−5 0.91 8110
0.3 R(Q[R(QR)]) 9.0 × 10−6 0.84 4.0 × 104 1.0 × 10−7 0.94 1.9 × 105
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to higher, which can be attributed to the thickening of the 
passive layer. The phase angle measured at ocp and at the 
passive region are the same (− 83°). Along with anodic oxi-
dation of NiTi surface, oxidation of water proceeds simul-
taneously. Beyond 0.4 V, oxygen evolution reaction initiates 
because of which, the impedance decreases with potential. 
At 1.2 V, the surface shows single layer structure with lower 
impedance. The phase angle dropped to − 63° and the capac-
itive behavior decreases. This is due to the high rate of oxy-
gen evolution process which dominates under highly polar-
ized condition. The passivity of the surface is still higher as 
evident from the negative hysteresis loop formation for the 
sol–gel-coated NiTi surface.

4 � Conclusions

Titania coating was successfully developed on chemically 
treated NiTi alloy by sol–gel process. The electrochemi-
cal behavior of sol–gel-coated NiTi surface was similar 
to that of pure titanium. The passive layer formed on the 
surface was stable until 0.96 V and displayed good corro-
sion resistance than chemically treated or bare NiTi. This 
confirms the improvement in pitting resistance of NiTi sur-
face due to sol–gel titania coating. Electrochemical noise 
analysis revealed that the fluctuations in current observed 
were least for titania-coated surface, and there was two 
order improvement in the impedance values than bare NiTi. 
There was a good correlation for the impedance data meas-
ured by dynamic impedance and electrochemical noise 
measurements.
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