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The electrochemical characterization of cpTi–2 during anodization was carried out to understand the formation
of nano–tubular structure at diﬀerent applied potentials (≤8 V). The linear sweep voltammetry, potentiostatic
polarization and impedance spectra analyses were conducted to estimate the possible reaction sequence during
anodization in ﬂuoride and phosphate containing electrolyte. Eﬀect of applied potential on the surface morphology was examined under scanning electron microscope. The generation of Lewis acid active sites within the
pre-formed passive ﬁlm beyond the critical potential (≥1.9 V vs. SCE) would enhance the growth of oxide ﬁlm
with simultaneous localized dissolution by the formation of [TiF6]2 − complex. It has been evaluated that the
competitive ﬁeld assisted oxidation and ﬁeld enhanced dissolution processes at the surface would result in the
formation of nano–tubular morphology at the surface of Ti.

1. Introduction
Titanium dioxide nano-tubular structure has very attractive electrochemical characteristics due to its wide band gap, electrical conductivity and chemical stability in very aggressive environments.
Owing to these properties, this material has been studied vigorously in
the past for many applications i.e. for photo-catalysis, water splitting,
dye degradation and for bio-implants [1–3]. The nanotubes have been
grown on Ti substrate by, hydrothermal, template assisted growth,
electrochemical anodization and sol-gel methods. The electrochemical
anodization is the simplest and more organized approach to form titanium dioxide nano-tubes (TNTs) on Ti or its alloys [4]. The morphology of TNTs can be simply tuned by adjusting the process parameters i.e. potential, pH, anodization time, solution concentration and
by the addition of some speciﬁc species in the electrolyte. The electrochemical anodization is a complex process and involves simultaneous but competing ﬁeld assisted growth and chemical dissolution
processes. The formation of titanium dioxide (TiO2) nano-structure on
the Ti and/or its alloys has been widely discussed in the literature
[5,6]. The nature and concentration of ionic and non-ionic species
(organic) in the electrolyte are the main contributing factors for effective growth and formation of nanotubes [7,8]. It is important to
understand the eﬀect of applied potential as same material exhibit
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diﬀerent properties as they possess diﬀerent microstructures with the
variation in the applied ﬁeld.
The eﬀect of applied potential on the anodization of Ti has been
discussed in this work. Based on the information obtained from the
current transient proﬁle, the inﬂuence of overpotential on the surface
morphology was investigated. The impedance spectra at high over-potential were obtained to simulate, the in-situ electrochemical processes
at the surface during formation and growth of TNTs. The surface features were observed by using scanning electron microscopy (SEM)
images to support the electrochemical ﬁndings.
2. Materials and experimental setup
2.1. Materials
Commercially pure titanium grade 2 (cpTi-2) (C 0.08%, N 0.03%,
O2 0.25%, Fe 0.2%, H 0.01%, others 0.4% & balance Ti) purchased from
Source One Metals® was used to study the TNTs formation mechanism.
The analytical grade chemicals i.e. ethylene glycol (C2H6O2), ammonium di-hydrogen phosphate (NH4H2PO4), ammonium ﬂuoride (NH4F),
glycerol (C3H8O3), sodium chloride (NaCl), acetone (CH3COCH3), and
ethanol (C2H5OH), were purchased from Fischer Scientiﬁc and used as
received without further puriﬁcation.
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2.2. Sample preparation
Circular rods (ϕ = 1.6 cm) were cut into thin discs having thickness
0.8 cm using high speed precision cutter. These circular discs were
polished sequentially over silicon carbide SiC papers from 180 to 1200
grit size. Further, these disc samples were degreased in acetone, ethanol
and deionized water successively by ultra-sonication followed by
drying in the nitrogen stream.
2.3. Electrochemical investigation for TNTs formation at low potential
(≤ 8 V)
To investigate the formation and growth of TNTs, the linear sweep
voltammetry (LSV) and potentiostatic polarization (PSP) tests were
conducted in a three-electrode cell connected with Gamry Reference
3000 potentiostat. The graphite rod and saturated calomel electrode
(SCE) (240 mV vs. SHE) were used as counter and reference electrodes,
respectively. The cpTi-2 disk samples were the working electrodes in
this cell setup. The electrochemical tests were conducted at room
temperature under steady state conditions in stagnant electrolyte. Prior
to each test, the initial delay was applied to achieve stabilized open
circuit potential (OCP) with a tolerance of (0.1 mV/min). In order, to
ensure the reproducibility, each test was repeated in triplicate. The
electrolyte used in this study was composed of ethylene glycol (92 mL),
glycerol (0.5 mL), ammonium dihydrogen phosphate (0.1 M), ammonium ﬂuoride (0.3 M) and deionized water (8 mL) as described elsewhere [7]. The LSV scan was obtained by polarizing the sample from
OCP to 10 V at a sweep rate of 20 mV/s in the anodizing solution. Based
on the current response under dynamic potential variation (LSV trend),
the potentiostatic polarization (PSP) tests were also conducted at various potentials to investigate the surface morphology in relation with
the electrochemical behavior. The electrochemical impedance spectra
(EIS) were also obtained at various DC potentials (under potentiostatic
control). The 5 mV AC perturbation was exerted over each applied DC
potential under varying frequency from 100 kHz to 10 mHz. The applied DC potential was maintained constant for an hour prior to impedance spectroscopy test.
Fig. 1. (a) The LSV trend of cpTi–2 sample at 20 mV/s showing the current potential
behavior in the anodizing electrolyte (b) The PSP trends showing the current response at
OCP, 1, 1.9, 2, 4, 6 and 8 V (vs. SCE) constant potentials.

3. Results and discussions
3.1. Eﬀect of overpotential (≤8 V) on the formation of TNTs
Fig. 1a shows the LSV of cpTi-2 in the anodizing solution. The scan
was initiated in the positive (anodic) direction with respect to OCP at a
sweep rate of 20 mV/s.
The transient in the current response can be divided into three
distinct regions. The high current (0.35 mA/cm2) was observed in
region–I, which decreased rapidly to 0.20 mA/cm2 and remained almost constant up to 1 V. This behavior was associated with the kinetically controlled oxidation of Ti to Ti2 + (at relatively small potential
near OCP) followed by the formation of thin oxide ﬁlm with increase in
the potential (region–I). Initially, the large current response was related
with the oxidation of Ti (reactions (1) and (2)) and would result in the
increase of Lewis acid sites at the surface [9]. This could promote the
adsorption of OH− ions from the water molecules which is termed as
hydrolysis reaction (reaction (3)). This reaction would appreciably
lower the pH at the metal electrolyte interface. The decay in current
density corresponded to the formation of hydrated oxide ﬁlm and
suggests the maximum capacity for the water adsorption at the surface
of the metal. Further, increase in the potential (region–II) could promote the oxidation of the adsorbed water molecules at the surface
leading to the generation of more Lewis acid sites (increasing the holes
concentration within the space charge region) at the oxide ﬁlm. An
increase in current density and appearance of prominent current peak
at 1.9 V (vs. SCE) was also observed indicating the oxidation of chemisorbed water molecules and formation of TiO22 + at the oxide/

electrolyte (O/E) interface according to reaction (4). The increase in the
concentration of acceptor sites (TiO22 + species within the thin oxide
ﬁlm) at the (O/E) interface and local decrease in pH (by the generation
of H+ ions) according to reactions (3) and (4) would accelerate the
migration of F− ions towards the surface. In other words, during anodic
polarization, the development of strong electric ﬁeld across the oxide
ﬁlm would enhance the concentration of electron acceptor sites (Lewis
acid sites) within the oxide ﬁlm. Therefore, with increase in potential,
the current response beyond this current peak (at 1.9 V; termed as
critical potential) would depend on the migration of anions (F−) and
cations (Ti4 +) towards the metal/oxide ﬁlm (M/O) and oxide ﬁlm/
electrolyte (O/E) interface, respectively. The current density in region–III conﬁrmed to these diﬀusion controlled processes occurring in
the opposite direction [7]. The migration of F− ions towards the O/E
interface strongly depends on the concentration in the electrolyte, ﬁeld
strength, pH drop at the surface and concentration of Lewis acid sites
within the pre–formed oxide ﬁlm. It is therefore, evaluated that the
competition between ﬁeld assisted oxidation processes (reactions
(1)–(4)) at the M/O interface and ﬁeld enhanced dissolution due to
migration of F− ions towards the O/E interface (reactions (5) and (6))
would control the formation of nanotubes over Ti substrate [10]. The
control of pH of the electrolyte especially at the metal surface is very
crucial for uniform growth of one dimensional nano-tubular structure.
These reactions suggest that under applied electric ﬁeld, the uniform
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Fig. 2. The trend showing the current values obtained from PSP scans after 1 h polarization. The SEM images depicting the surface morphologies of cpTi–2 samples achieved after 1 h
polarization at constant potentials.
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2+
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+
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To further explore the formation and growth of nanotubes, the
cpTi–02 samples were polarized at constant potentials (PSP scans) for
1 h. The current response at various potentials i.e. 1, 1.9, 2, 4, 6 and 8 V
(vs. SCE) is shown in Fig. 1b. The steady state current obtained at each
potential after 1 h polarization was measured and plotted as shown in
Fig. 2.
The surface morphology of these polarized samples was also examined in the SEM as shown in the inset. At, 1 V the surface of the
sample was almost like the one exposed to the same electrolyte for 1 h
but at open circuit potential (write value for OCP). The very small
current at 1 V was in conﬁrmation with the LSV result (region I) and
corresponded to the formation of thin oxide ﬁlm. The sample polarized
at 1.9 V (at the same potential where current peak was observed in the
LSV scan) resulted in relatively high current density (24.08 μA/cm2)
which was most likely associated with the oxidation of the thin hydrated layer (reaction (4)) resulting in the development of Lewis acid
active sites within the oxide ﬁlm. The current density again decreased
to (9.92 μA/cm2) at 2 V in support with the LSV scan. This behavior was
attributed to the increase in the concentration of the active sites within

Fig. 3. XRD patterns of cpTi-2 anodized at various potentials. Note: The highlighted area
shows the shifting of peak positions.

growth of oxide nanotubes (oxidation processes) would decrease the pH
at the M/O interface and dissolution process (reaction (6)) may increase
the pH locally within the nano-tube (O/E interface). It is therefore,
NH4H2PO4 was added in the electrolyte as pH buﬀering species (reaction (7)) to ensure the uniform growth of nano–tubular structure.

Ti → Ti2 + + 2e−

(2)

(1)
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Fig. 4. The impedance spectra data points and
ﬁtted curves of cpTi–2 samples at OCP and various applied potentials (≤ 8 V) in the anodizing
solution.

(in region III), the competitive ﬁeld assisted growth and dissolution
(formation of [TiF6]2 − species) proceeded simultaneously and resulted
in the highly dense nano-tubular structure [11]. It was evaluated that
with increase in the potential beyond a critical limit (here reported as
1.9 V) would result in the formation of nanotubes most likely due to the
development of Lewis acid active sites and ﬁeld enhances dissolution
(migration and complexation by the F− ions) processes as discussed

the oxide ﬁlm. The current density increased monotonically beyond 4 V
as shown in Fig. 2 corresponding to the ﬁeld enhanced migration of F−
species towards the active sites (TiO22 +) and formation of soluble
TiF62 − species. It has been observed that at relative high potential
(≥ 4 V) the surface contained some localize pores which at high magniﬁcation revealed the formation of nano–tubular structure as shown in
the inset of SEM images. It was indicated that with increase in potential
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Table 1
Electrochemical parameters obtained after simulating the EEC model with the experimental impedance spectra.

0V
1V
1.9 V
2V
4V
6V
8V

Rs
Ω-cm2

Ydl
μS·sn1·cm− 2

n1

Rp
kΩ-cm2

Yox
μS·sn1·cm− 2

n2

Rox
kΩ-cm2

L
H·cm2

Yads
μS·sn1·cm− 2

n3

Rdis
kΩ-cm2

W
mS·s0.5·cm− 2

Fitting goodness

207.0
169.1
175.7
126.7
199.9
205.7
87.29

90.8
20.8
10.5
8.0
6.73
1.78
1.53

0.91
0.94
0.96
0.96
0.99
0.97
0.96

241.3
170.5
7.76
1.11
18.8
2.558
1.87

–
–
0.016
0.0023
0.0058
0.972
0.0025

–
–
0.96
0.94
0.50
0.98
0.45

–
–
2.02
6.66
7.43
2.24
1.81

–
–
805.8
1907.0
5998.8
312.1
129.4

–
–
–
6.27
394.6
387.0
437.7

–
–
–
0.99
0.98
0.98
0.98

–
–
–
7.79
63.38
68.86
2.5

–
–
–
0.445
0.058
1.12
1.51

0.7 × 10− 3
0.9 × 10− 3
1.1 × 10− 3
1.0 × 10− 3
0.3 × 10− 3
1.2 × 10− 3
1.5 × 10− 3

Fig. 5. Schematic representation of nanotubular growth as a function of the applied potential.

to the increase in anions mobility towards the surface under applied
electric ﬁeld. However, the regain of Rs values at 4 and 6 V indicated
the balance in the migration of F− species towards the active sites
(TiO22 +) and formation of soluble TiF62 − species at the surface. The
large applied potential (8 V), the lowest Rs value (87.3 Ω–cm2) was
associated with the surface morphology and could be related with the
enhanced ionic activity within the nano–porous structure. The relatively large ‘Rp’ (241.3 kΩ-cm2) at OCP compared to 170.5 kΩ–cm2
obtained at 1 V corresponded to the presence of pre–existing thin passive ﬁlm which may restrict the charge transfer. However, at 1 V the
lower Rp and decrease in the double layer capacitance (presented as
constant phase element) (Ydl); 20.8 μS–sn1/cm2 compared to
90.8 μS–sn1/cm2 represented the non–uniform distribution of the active
sites within the ﬁlm. Relative to the Rp values observed at low and high
applied potentials, the larger Rp (18.8 kΩ-cm2) at 4 V was also attributed to the limited charge transport across the double layer due to
balance in the concentration of active sites (within the surface ﬁlm) and
anionic species at the interface. At critical potential value (1.9 V), the
Nyquist plot showed a second time constant as small negative impedance loop followed by increase in the − Zimg value at low frequency.
This behavior justiﬁes to the development of Lewis acid active site
within the oxide ﬁlm which may enhance the migration of cationic and
anionic species (i.e. Ti4 + and F− etc.) towards the O/E and O/M interfaces. This was presented as capacitive (Yox) and faradaic (Rox) elements in the EEC model. Also, the formation of active sites within the

above. Fig. 3 shows the XRD patterns of cpTi–2 anodized at various
potentials. The XRD patterns matched with the reference patterns COD
# 95-152-9956 and COD # 96-900-8518 which corresponded to the
Ti6O (space group P-31c) and α–Ti (space group P63/mmc) phases,
respectively as given in crystallography open database. It was observed
that the diﬀraction peaks at 2θ = 34.93°, 40.01° and 62.68° depicted
the formation of Ti6O phase and the peaks intensity were found to be
directly related with the anodizing potential. At potential < 1.9 V these
peaks also shifted to the lower angle which could possibly be either
related with the lattice strain (development of compressive stresses) or
any change in composition of the surface ﬁlm i.e. formation of Lewis
acid sites. In other words, the shift in diﬀraction peaks at low potentials
and increase in peaks intensity beyond 1.9 V, evidently conﬁrmed the
formation and growth of oxygen deﬁcient (Ti6O) TNTs which also
supported our proposed reaction sequence.
The impedance spectra (EIS) obtained at OCP and at various potentials (1, 1.9, 2, 4, 6 and 8 V) are shown in Fig. 4. The equivalent
electrical circuit (EEC) models were developed (Fig. 6) to ﬁt the experimental spectra and to simulate the interfacial electrochemical
processes occurring at the metal/electrolyte under applied potentials.
The quantitative information about the electrochemical parameters
used in the EEC models is also provided in Table 1. At OCP and 1 V, the
impedance spectra presented one time constant and EEC model is
shown in Fig. 6a. The decrease in the solution resistance (Rs) from
207 Ω–cm2 (at 0 V vs. OCP) to 126.7 Ω–cm2 (at 2 V) was corresponded
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Circuit

Physical Model

Fig. 6. Equivalent electrical circuit models used to simulate the impedance spectra with the interfacial electrochemical processes for (a) 0 V, 1 V (b) 1.9 V (c) 2, 4, 6 and 8 V.

deﬁcient TiO22 + containing oxide ﬁlm through oxidation at the interface. Simultaneously, the localized dissolution of this defective ﬁlm is
promoted in an organized manner by the anionic species, particularly
F− ions to oxidize at relatively less conductive (TiO2/TiO22 +) surface.
This occurs by the formation of very small pits underneath the upper
oxide ﬁlm and inward growth of the nanotubes as represented by
moving the boundary (stage 2). The combined inﬂuence of F− and
H2PO4 − species in the electrolyte and high electric ﬁeld could modify
the growth pattern of TNTs as a function of anodizing potential as
discussed above. The ﬁeld enhanced dissolution and growth will take
place simultaneously and this behavior could be veriﬁed by the existence of oxide ﬁlm at the top of nanotubes as evident in Fig. 2. Due to
further increase in the anodizing potential, the preferential dissolution
at the inter-tubular region and inward growth of the nanotubes would
take place simultaneously (stage 3). The dissolution of TNTs from intertubular region would be enhanced with further increase in anodizing
potential (stage 4 and 5). It has been evaluated that the balance between dissolution and growth reactions would decide the ﬁnal morphology of the nano-tubular structure and is inﬂuenced by the magnitude of applied potential.

oxide ﬁlm could be represented by an inductor (L) as shown in Fig. 6b.
Beyond the critical potential (up to 4 V) the slight increase in the Yox
and Rox was aﬃliated with the charge relaxation and formation of active sites within the oxide ﬁlm. The large value of ‘L’ at 2 and 4 V also
validated this feature. Further increase in the potential (≥ 4 V) depicted
relatively larger loop within low frequency regime attributing to the
simultaneous growth and localized dissolution processes, resulted in the
formation of nano–tubular structure at the surface [12,13]. The decrease in Rox at high potentials (> 4 V) was also in support with the
explanation provided above for reactions (5) and (6). In other words,
the high ﬁeld strength across the oxide ﬁlm would accelerate the adsorption of F− species and localized dissolution (due to the formation of
soluble complexes; TiF62 −) would form the nano–porous structure
within the oxide ﬁlm as shown in Fig. 2. This behavior could be simulated with the third time constant as shown in Fig. 6c. The Warburg
admittance (W) indicated the migration of ionic species within the
electrolyte and across the oxide ﬁlm.
By considering the electrochemical response of cpTi-2 at low voltages and morphological features observed at various potentials, the
mechanism of TNTs formation and growth pattern could be explained.
The schematic of TNTs formation and growth pattern is shown in Fig. 5.
It is assumed that at the very early stage of nanotubes formation the
relatively higher electric ﬁeld across the inherent TiO2 oxide ﬁlm could
accelerates the localized dissolution by the action of anionic species in
the electrolyte (stage 1). It can be evaluated that penetration of ionic
species through the O/E could accelerate local attack at the M/O interface. The presence of small amount of water and anionic species
under high applied electric ﬁeld could enhance the growth of electron

4. Conclusion
In this study, the possible reaction mechanism of titanium oxide
nano-tubular structure formation has been proposed based on the
electrochemical results at potential (≤8 V). It has been evaluated from
the LSV and PSP analyses that there exists a stable oxide ﬁlm below a
critical potential (≤ 1.9 V) in the F− containing electrolyte. Beyond this
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potential the development of Lewis acid active sites within the oxide
ﬁlm would accelerate the migration of anionic species (F−, H2PO42 −
etc.) towards the surface. These species could form the soluble complexes ([TiF6]2 −) which resulted in the formation of nano–tubular
structure. It has been deduced from the results that the formation of this
typical morphology strongly depends on the migration of Ti4 + and F−
ions towards the O/E and M/O interface under applied electric ﬁeld. In
the XRD patterns, the shift in peaks at low potential < 1.9 V and increase in their intensity at high potential also conﬁrmed the formation
of oxygen deﬁcient Ti6O phase in the surface ﬁlm. The competitive
growth and localized dissolution of the oxide ﬁlm would take place
beyond a critical potential which is reported as 1.9 V vs. SCE in our
case. In support with the LSV and PSP analysis the surface features
revealed under SEM and simulated EEC models for the impedance
spectra also supported the proposed reaction sequence.
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