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Formation of Different Titanium Oxide Morphology via Anodization
and Its Effect on Hydrophillicity of the Substrate
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ABSTRACT

In this article, studies have been carried out to produce Titanium Oxide (TiO2) onto cp-Titanium (Ti)
substrate by simple electrochemical anodization process. Effect of electrolytic bath composition on TiO2
morphology was investigated by keeping all the other variables (voltage, Time period, pH, temperature and
current density) constant. Anodization was carried out in four electrolytes, viz. 1 M H2S04, 1 M H3PO4, 0.5 M
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HF and Ethylene Glycol (EG) mixed with 50% H20 with the addition of 0.14 M NH4F. TiO2 morphology and

its composition were examined with SEM and EDS. The contrast in surface morphology was observed for
anodization carried out in Ethylene Glycol and HF electrolyte compared to that of carried out in H2SO4 and
Hs3POa. In the presence of fluoride ions, TiO: anodic film developed has porous/tubular morphology.
Further, surface hydrphillicity was measured by simple Water Contact Angle (WCA) measurement

technique.
© 2017 JMSSE and Science IN. All rights reserved

Introduction

Titanium and Titanium alloys (Ti alloys) have attracted
special attention in the field of biomedical materials owing
to their excellent corrosion resistance, mechanical
properties, biocompatibility and non toxic nature[1-2]. Ti is
a trans-passive (or valve) metal thus instantly forms a thin
TiOz layer (in the nm range) when exposed to environment.
In order to exploit the properties of different TiO2
morphology[3] it is important to orient them in a particular
fashion onto the substrate. These well patterned and
reproducible TiO2 layers coated on Ti has great potential as
biomedical material due to their biocompatibility and good
wear resistance[4-6].

Several techniques have been explored over the years for
deposition of TiOz, such as, thermal oxidation, chemical
methods, physical vapour deposition, anodization etc [7].
Among all these techniques, anodization is considered to be
the cheapest, simplest and very popular technique to create
ordered TiOz pattern on the substrate. Anodic oxidation
allows the formation of much denser and thicker oxide
layer. Many attempts have been undertaken in order to
create different anodic oxide morphology and investigated
their effect for reducing the bacterial growth, thus creating
anti-bacterial surface, and enhanced cell adhesion.
Morphology of anodic oxide films mainly depends on the
choice of bath composition, voltage, current density , time
period, pH and temperature [8-9].

The present work focuses on creation of different oxide
morphology by varying the bath composition. Anodization
was carried out for inorganic (H2S0s, H3PO4 and HF) and
organic electrolyte (Ethylene Glycol with addition of NH4F).
Other parameters, e.g. voltage, time period and current
density, were kept constant. The WCA measurements were
carried out in order to investigate the effect of oxide
morphology on the hydrophillicity of the substrate.

Experimental
Materials and Methods
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The sample with dimensions 1cm x 1cm was cut from cp-Ti
foil (with thickness 0.125 mm) procured from Good fellow,
UK. The samples were prepared as prescribed in ASTM E8
standard for specimen preparation. The samples were
mechanically polished with SiC abrasive papers (upto 2000
grits) followed by diamond polishing. Afterwards, samples
were cleaned thoroughly with De Ionised (DI) water and
blow dried. Etching was carried out with Kroll's reagent (DI
: HNOs : HF :: 46 : 3:1) for 30 seconds and rinsed with DI
water.

Anodization

Anodization process was carried out in a two electrode
system (CH Instruments, USA [CH1600C], DC high voltage
power supply from APLAB [Model-H0310], India) as shown
in Figure 1, with cp-Ti as anode and stainless steel as
cathode electrode in both, inorganic (H2S04, H3PO4 and HF)
and organic electrolytes (Ethylene Glycol) as shown in
Table 1. The equipment used All the experiments were
carried out at Room Temperature (RT). Anodized samples
were rinsed and dried. The samples were annealed at 450
°C for 3 hours.

SEM-EDAX Characterization

The morphology of oxidized specimen was investigated
using Scanning Electron Microscope (Tescan, 2012). The
SEM images were processed with Vega3 LMU software. The
chemical analysis of surface was carried out utilizing EDAX
(Energy Dispersive Spectroscopy) procured from Oxford
company.

Water Contact Angle (WCA) Measurements

Water contact angle (WCA) measurements were carried
out by placing a 10 pL drop of DI water. The droplet was
imaged using Coolingtech microscope software. The
contact angle was measured by Image] software. WCA
measurements were carried out for polished and anodized
Ti substrate. At least three measurements were carried out
at different places for each substrate.
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Figure 1: Two electrode anodization set-up

Table 1: Parameters for electrochemical anodization

S.No.  Electrolyte Voltage Time Current
(Volts) period Density
(minutes)  (A/cm?)
1. H2S04 (1M) 60V 30 10
2. HsPO4 (1M) 60V 30 10
3. HF (0.5M) 60V 30 10
4. Ethylene Glycol 60V 30 10
(25 ml) +H20
(25 ml)+NH4F
(0.14M)

Results and Discussion
Growth Kinetics and SEM-EDAX characterization

Mott-Cabrera (10) discussed the oxide film formed by
anodic oxidation under electric field in late 1940s. The
oxide growth is mainly governed by high-field conduction
mechanism. The diffusion of cations through the metal-
oxide interface into the oxide is considered as oxide growth
rate determining step. During oxidation, both the rate of
oxidation and rate of dissolution of oxide determine the
thickness of oxide layer. According to this approach, the
electrochemical oxidation of metal can lead to, either,
stable continuous oxide layer, if the formed oxide is not
soluble in the electrolyte, or, nanoporous/nanotubular
oxide, if the oxide is soluble in electrolyte (Figure 2) [11-
12].

Compact TiOz Intial pore growth due to simultaneous
' dissolution of oxide layer

Ti Substrate Ti Subsirate

STAGE 1 STAGE 2 STAGE 3

Self organized nanotube layer

TiSubstrate

Figure 2: Stages of growth for nanotubular TiO2

The anodic oxide growth was investigated in 1 M H2SO4
electrolyte (Figure 3). The oxide thickness linearly
increases up to 70 V which was established in literature.
The oxide layer after anodization in 1M H3PO4 electrolyte is
regular, thick layer (Figure 4.). The anodization in H2S04
and HsPOs results in thick oxide morphology. During the
initial stage of anodization, a thin compact TiO: layer is
formed.

The main reactions leading to anodic oxidation of cp-
Titanium are:

At the Ti/TiO2 interface
Ti o Tizt + 2e (1)

At TiOz/electrolyte interface:

2H20 < 207 + 4H* (2)
2H20 & 02 +4H* + 4e 3)

At both interfaces:

Tiz* + 20z < TiOz + 2e 4)
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Figure 3: SEM micrograph of TiO: for anodization carried
outin 1 M H2S04
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Figure 4: SEM micrograph of TiO: for anodization carried
outin 1 M H3SO4
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Figure 5: EDAX studies of TiO: for anodization carried out
in 1 M H2S04

The Ti2* and Oz ions formed during the reactions are
driven through the formed TiO: layer by externally applied
electric field. As long as the electric field is high enough to
drive the ions through oxide, a current will flow and the
oxide will continue to grow. The EDAX confirmed the
presence of TiOzfor anodization carried out in H2S04 and
HsPOaselectrolytes as shown in Figure 5 and 6 respectively.
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For samples anodized in 0.5 M HF, as shown in Figure 7,
SEM images show some cracks and pits on the surface,
while the SEM image at higher magnification shows porous
structure. SEM micrographs for Ti specimen anodized in
organic electrolyte, i.e. mixture of EG and H20, with the
addition of NH4F is shown in Figures 8 and 9. As, it can be
seen, the oxide morphology is quite different from the
surface anodized in inorganic electrolytes. The
micrographs show the formation of nanotubes on the
surface. The presence of TiO2 was confirmed with EDAX
(Figures 10 and 11).

S Element | Weight%  Atomic%

CK 1.30 1.86
0K 38.50 63.81
60.20 3333

Full Scale 26914 cis Cursor: 0.000

Figure 6: EDAX studies of TiO: for anodization carried out
in 1 M H3S04
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Figure 8: SEM micrograph of TiO: for anodization carried out in
EG:H:0 (50:50) with the addition of NH4F
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Figure 9: Higher magnification SEM micrograph of TiO2 for
anodization carried out in EG:H20 (50:50) with the
addition of NH4F
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Figure 10: EDAX studies of TiO: for anodization carried out
in 0.5 M HF
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Figure 11: EDAX studies of TiO: for anodization carried out in
EG:H:0 (50:50) with the addition of NH4F
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Figure 12: Bar graph showing the Water Contact Measurements
for different oxide morphology

In fluoride containing electrolytes, current densities are
higher than those in fluoride-free electrolytes. The
dissolution reaction of the anodic oxide layer is induced by
F- ions. The formation of TiOz nanotubes is clearly affected
by the fluoride in the electrolyte. This is due to additional
chemical dissolution of the electrochecmically formed
oxide layer due to soluble [TiFs]2- complexes. In the first
step, the current density decreased sharply due to oxide
formed on the surface with low conductivity. The current
density start to increase by active chemical dissolution
reaction due to F- ions from the electrolyte[11]. The porous
structure is formed as a result of localized chemical
dissolution of the oxide by [TiFes]?- according to the reaction

TiOz + F-+H* = [TiFs]? +2H20 5)
Ti +H20 - TiOz2 + H* + e (6)

This leads to a higher field at the bottom of the pore that
drives further oxidation, and field assists dissolution where
Ti ions come out of the metal and dissolve in solution.
Finally, the current reaches a steady state. However, if
there are no F- ions in electrolyte, the oxide layer is
composed of only compact layer instead of nanotubular
layer according to equation 2 because acidification from
[TiFe]?- is not established at the electrolyte/oxide interface.
So Ti4* can be complexed to [TiFe]2- before reacting with a
hydroxide layer.

This layer consists of some statistically break down sites
where next to compact oxide dissolution occurs. After 1-3
min, these pore nucleation events are apparent on the
entire surface. After 3-10 min., from the beginning of
anodization, the pores have random appearance. In this
period, pronounced dissolution at the pore bottom takes
place making them significantly deeper. Further, no
remnant TiOz layer from the stage 1 is present on the
surface. After additional, 20 min have passed, the porous
structure starts to readily convert into nanotubular
structure (in the presence of fluoride ions).

Water Contact Angle Measurements

The wetability of different TiO2 and unoxidized Ti was
characterized by water contact angle measurements. The
WCA measurements are shown in Figure 12 for all the
anodized samples. As polished specimen exhibited the
highest WCA, i.e., 83.215. The formation of TiOz reduced the
values for water contact angle irrespective of oxide
morphology. The Ti substrate anodized in inorganic

electrolyte (1 M H2SO4 and 1 M H3PO4) shows the contact
angle values as 55.654 and 52.142 respectively. The
anodization in electrolytes containing fluoride ions
resulted in much lower WCA values. The porous TiO2
morphology obtained for anodization in 0.5 M HF exhibited
the WCA value of 30.265, which shows that the surface is
more hydrophillic in nature compared to unoxidized or
substrates oxidized in inorganic electrolyte. The formed
nanotubes showed the least values for WCA measurements.
It shows that the nanotube morphology is the most
hydrophilic surface among all the substrates.

Conclusions

The bath composition is a crucial factor in determining
TiO2 morphology during electrochemical anodization. The
anodization is 1 M H2S0s and 1 M H3PO4 resulted in the
formation of compact oxide, while anodization in 0.5 M HF
created porous morphology. When anodization was carried
out in organic electrolyte (EG+H20 with the addition of
NH4F), nanotubes were formed on the surface.

The hydrophillicity of the substrate depends on the
substrate surface morphology. The polished Ti substrate
was hydrophobic in nature, while the nanotubular TiO2
shows most hydrophillicity with a contact angle of 17.965.
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