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Abstract

In terms of mechanical, chemical, and corrosion properties, the current research investigates the effect of nanotube’s length
by increasing the water content on the electrolyte. Self-assembled titanium dioxide (TiO,) nanotube was synthesized by
electrochemical anodization using a neutral medium of ethylene glycol and ammonium fluoride. The experiments were car-
ried out with two different water vol%. Subsequently, crystalline phases were achieved by annealing the sample at 550 °C.
A scanning electron microscope confirmed that an increase in water content elevates the length of nanotube by three times
than under normal conditions. The results demonstrate that the increased length of nanotube thus attained enhanced corro-

sion resistance and mechanical properties.
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1 Introduction

Nowadays, titanium (Ti) and titanium alloy-based materi-
als are highly preferred due to their widespread properties
in different applications. Ti with its lightweight and high
strength properties are one of the most sought materials for
various applications in aerospace, biomedical, solar, and
energy storage sectors [1]. Based on the biomedical appli-
cation, Ti is highly recommended for its biodegradable and
non-toxic nature. In general, materials that are non-modified
or un-treated are avoided due to the release of toxic ele-
ments into the biological environment. Surface modifica-
tion of Ti is usually performed in biomedical applications.
Different surface modification techniques available are
sol-gel, template synthesis, hydrothermal, physical vapor
deposition, chemical vapor deposition, electrochemical, etc.
[2-5]. Electrochemical anodization is one of the processes
used to modify the surface more easily. The electrochemi-
cal anodization technique generally follows the sources of
input voltage, anodization time, and fluoride ion present in
the electrolyte [6, 7]. An increase in input potential (V),
increase in anodization time are significant to increase the
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length of nanotubes [8]. The influence of anodizing voltage
and time has the functional property to change the thick-
ness of TiO, nanotube. Different levels of water content and
fluoride (NH,F) were analyzed for 1-14 h of anodization
and an improvement in coating thickness was reported due
to an increase in water content [9]. An increase or decrease
in water content in the electrolytes can increase the length
of nanotubes.

Without water content in the electrolyte, the oxygen atoms
are highly bound with the carbon atoms so the dissolution
process gets delayed, therefore, the addition of water helps
to improve the growth of NTs [10]. Two-step of anodization
was carried out and reported that fabricated nanotube on tita-
nium and removed by sonication and its regrowth affect the
bandgap energy [11]. The results of the initial anodization
process demonstrate favoring the growth of nanotubes. The
material containing ethylene glycol and ammonium fluoride
were anodized for 24 h at 5 and 10 V and the different phase
structures obtained have been analyzed [12]. The anneal-
ing process in general helps to change the material phases
such as anatase, rutile, and brookite [12—14]. Reports on the
influence of anodization voltage on the surface wettability
properties owing to the different chemical compositions are
also available [14, 15].

It has been reported that using 2 vol% of water content, 48 h
of anodization, nanotubes as long as 8.5 um (approximately)
can be achieved [16], and also using the electrochemical
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voltage ramp at 2 vol% of water, 500 nm nanotubes can be
achieved [17]. It is interesting to observe that different elec-
trolytes influence the geometrical parameters such as length
and diameter, which affect the hydrophilic properties [14, 18].

Concerning biomedical applications, the deposition of cal-
cium phosphate on TiO, nanotubes has proven to increase the
corrosion resistance [19]. Synthesis of TiO, nanotubes with
hydroxyapatite formations is advantageous in biomedical
applications [19, 20]. Reports on different kinds of surfaces
like unmodified Ti, nanotubes either crystalline, amorphous, or
rutile are compared with cell culture container and has shown
that the nanotube surface-modified titanium gives better results
[21]. For the enhanced cell, viability and growth rate are the
reason the nanotubes are encouraged in biomedical applica-
tions [22].

Studies on the synthesis of TiO, nanotubes by electrochem-
ical anodization have been reported over the past 15 years.
Though many are under investigation on the nanotubes, very
few works have been reported on the influence of electrolyte
water percentages [23-25]. The present work investigates the
impact of electrolyte water content by evaluating the length of
the nanotube and the mechanical, physical, and chemical prop-
erties of TiO, nanotubes. The results indicate that an increase
in crystallinity and the length of the nanotube helps to improve
the mechanical and physical behavior and thus improve its
material performance.

2 Materials and Methods

Fabrication of TiO, nanotubes was carried out with two vary-
ing input potentials, i.e., 30 and 50 V and two different water
contents (2.5 and 5 vol%) shown in Table 1. All the anodiza-
tion was carried out for 1 h at room temperature (36 +2 °C).
Before the anodization, all the samples were manually pol-
ished with 400-2000 microgrid (Si) sandpapers. After the
polish, samples were chemically etched by 1:4:5 ratio of
hydrofluoric acid, nitric acid, and water content present in the
chemical etchant. Then the samples were dried with hydrogen-
air to eliminate the moisture. Samples were annealed at 550 °C
(5 °C) were applied to all the samples using a furnace. The
Hitachi S-4800 scanning electron microscope was used to
analyze the surface morphologies. Nanoindentation was per-
formed using TI-900. BRUKER REFES 27 was used for the FT-
Raman analysis. The contact angle was measured using a 4 uL
(volume water) contact angle system (DSA100). Corrosion
analysis was measured under the gamry instrument interface

Table 1 Experimental condition of sample preparation

SL. no. Sample 1  Sample 2  Sample 3  Sample 4
Input voltage (V) 30 30 50 50
Water vol% 2.5 5 2.5 5
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1010. All the corrosion analysis was performed under fresh
simulated body fluid (SBF) solution. Preparation of SBF was
prepared using NaCl 7.99 g, NaHCO; 0.350 g, KC1 0.224 g,
K,HPO,-3H,0 0.228 g, MgCl,-H,0 0.305 g, 1 M HCL, CaCl,
0.278 g, Na,S0, 0.071 g.

3 Results and Discussion
3.1 Phase Analysis

The post-annealed samples were examined using X-ray dif-
fraction at (condition of experiments). Anodized samples
were subjected to heat treatment at 550 °C for 1 h. Sample
1 with an anodization condition of 30 V and 2.5 vol% water
content during phase transformation exhibited a low level of
crystallinity. Sample 2 at 550 °C delivered a phase transfor-
mation to crystallinity [26]. Sample 3, after the annealing
process, underwent the highest phase transformation process
as observed in the analysis. Sample 4 showed a change of
phase structure. The intensity of peak rise at 25.8°, 38.6°,
40.5°, 48.5°, 53.0°, 62.3°, 70.7°, and the corresponding
identified phases are noted in Fig. 1. The phase transforma-
tions started from the initial sample but the highest water
content and input potential exhibited high crystallinity phase
changes.

3.2 Surface Analysis

Figure 2 shows the fabricated samples of TiO, nanotubes
analyzed by high-resolution scanning electron microscope
(HR-SEM). The formation of nanotube in the presence of
ethylene glycol and fluoride as an electrolyte delivered a
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Fig. 1 X-ray diffraction of TiO, nanotubes annealed at 550 °C
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smooth and cylindrical shape. However, the presence of
water in the structure of the nanotube made it rough and wit-
nessed rib formation. The length of the nanotube obtained
was 1.5 pm as shown in Fig. 2a. The top view of TiO, nano-
tubes shown in Fig. 2b indicates that nanotubes were equally
distributed in the diameter range of 85-90 nm. When the
water content increased to 5 vol%, the length of the nanotube
(2.3 um) increased as indicated by the cross-sectional view
of nanotubes in Fig. 2c. In Fig. 2d, the nanotube top section
shows the presence of debris and is clogged in the open
side of the nanotubes. Upon an additional increase in input
potential to 50 V, the nanotube growth increased leading
to 5.35 um while using 2.5 vol%. water content. The cross-
sectional image (shown in Fig. 2e) indicates that an increase
in input voltage reduces the rib structure formation and the
tube diameter (shown in Fig. 2f).

The debris structure and clogged composition reduced
with an increase in input voltage. Moreover, when the water

2.6514m

5.0kV 8.1mm x20.0k SE(M)

(c) 30V at 5 vol. % - Cross section view

Fig.2 Anodized TiO, nanotubes

content increased to 5 vol%, the length of nanotube fur-
ther increased to 6.8 pm length as shown in Fig. 2g. By
increasing the voltage and water content the sample surface
structure showed low debris at the open end of nanotubes as
shown in Fig. 2h. With 7 wt% of water involved in the elec-
trolyte, a nanotube of 0.85 um (approx.) length was obtained
[27]. Jianshou Kong et al. reported that a nanotube of 1.4 um
length was acquired with 3 wt% of water content and with a
different input potential [28].

3.3 Nanoindentation Test

The mechanical behavior of the material was evaluated
using the nanoindentation test. Fabricated TiO, nanotubes
were cleaned with ethanol and dried using the nitrogen air.
After polishing, the samples were placed in a table with
caution that even a thumb impression could lead to changes
in the material nanoindentation test results. The Berkovich

69.81 nm

. . -
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(d) 30V at 5 vol. % - Top View
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5.0kV 9.2mm x10.0k SE(M)

5.0kV 7.9mm x10.0k SE(M)

(g) 50V at 5vol. % - Cross section view

Fig.2 (continued)

indenter was used to analyze the nano hardness. The load
versus displacement chart is shown in Fig. 3. It can be
noticed that the indentation and hardness values differed for
every sample. A maximum load of 9 uN was used to identify
the hardness of the nanotube. The initial portion of no-load
starting from (1') was increased continuously to reach the
maximum load (2) p,,,., at a constant loading condition of
50 mN/s. After reaching the maximum load, it was held for
a few seconds ((2)—(3")). Then the load was released at the
same load rate (4'). In this, the section of unloading helped
in determining the material’s elastoplasticity (critical stress
existence), and plastic deformation. The values of nanoin-
dentation are shown in Table 2. The penetration of indenter
in the material or nanotube was identified and the maximum
load displacements were analyzed. H refers to the hardness
of the material by nanoindentation

H= max

o M
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Fig.3 Load vs. displacement nanoindentation
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Table 2 Nanoindentation hardness (load vs displacement) and contact angle measurement

Samples Contact depth Max. indenta- Unloading curve slope Contact area Max. penetrat- Elastic modu- Contact angle (°)
tion force ing depth lus of tips
H, (nm) P (UN) S (uN/nm) A (nm?) H,,. (nm) E, (GPa)
Sample 1 664.4577 8998.732 265.7275 11,197,137 690.7343 70.3587 15.59
Sample2  671.0665 8999.192 257.5965 11,408,377 697.0033 67.5714 86.36
Sample 3 725.3724 8998.949 258.5171 13,221,142 751.3568 62.99261 33.19
Sample 4 757.658 8997.632 278.652 14,364,071 781.7685 65.14157 31.19
P,..x denotes the maximum load applied to the material, A The Raman intensity shows anatase peaks appearing as

identified for the maximum contact between the indenter and
the material area. The area of surface contact to the sample
is calculated using Eq. 2

A=3 3hj§tan265.3 = 23.96}1}% 2)

The contact indentation is identified by the following
equation (Eq. 3)

hf = Npax — 5[% 3)
where S is known as the stiffness coefficient of the unload
indentation 3'—4’. In this unloading, the condition could be
observed by the material’s plasticity and elasticity condition
[29, 30]. The material maximum unloading point could be
calculated using Eq. 4

(%
= ().

‘max

The values of loading and unloading depend upon the
nanotube’s crystallinity. After the heat treatment, the crystal-
line sizes increased [31] and the increments were reflected
in the strength of nanoindentation hardness.

Table 2 depicts the variation of contact depth from mate-
rial to material due to the varying length of the nanotubes in
different materials. When the nanotube’s length increased,
the penetration depth and the contact depth were increased,
simultaneously. The maximum displacement was in the
range of 751-781 nm. Moreover, the maximum peak inten-
sity took place in sample 4 at 550 °C and the hardness val-
ues for the annealed sample were comparatively the same in
previous values [32].

3.4 Raman Shift Analysis

Raman spectroscopy was used to identify the phase compo-
sition and surface homogeneity. Figure 4 shows the Raman
spectrum for plain and samples 1, 3, 4 using 514 nm laser
lines.

four bands in 147, 398, 515, 636 cm™' ascribed to anatase
assigned E,, By, A} /B, and E,, respectively. Group theory
applied to molecular vibration uses notation for one dimen-
sion as A or B (non-degenerate mode), two dimensions as
E (double degenerate), three dimensions as T (triple degen-
erate) and the subscription number 1 or 2 represent the
symmetric and non-symmetric principle symmetric axis.
The final subscription of g or u refers to the symmetric or
anti-symmetric refer to the inversion of coordinates. Chen
et al. reported on multi-wall carbon nanotube (MWCNT), a
mixture of TiO,/MWCNT receives different spectrums in
Raman shift, and they reported that improved surface area
MWCNT improves the pH sensitivity [33]. Simultaneously,
the maximum length nanotube nano hardness for sample 4
differs from the all balanced sample.

3.5 Surface Wettability Analysis

The surface wetting behavior of prepared samples was inves-
tigated from contact angle measurement shown in Fig. 5.
The anodized sample length of 1.5, 2.3, 5.35, 6.8 um, and
the corresponding contact angle of the samples are shown
in Table 2.

0.015
Sample 4
Sample 3
0.010 1 Sample 2
Sample 1
3
°
> 0.005+
k7]
c
5]
£
0.000
-0.005 T T T T T T T T
200 300 400 500 600 700 800 900

Raman shift (cm™)

Fig.4 Raman spectra of TiO, nanotubes samples
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The different lengths of nanotubes exhibited different
wetting behaviors. Sample 2 had the highest contact angle
due to subsurface nanotube that became rough after ano-
dization, thus lead to a higher wettability martial turned
as hydrophilic. Alnoush et al. reported the surface radius,
chemical structure, flow dynamics, and interface interaction
[34].

Zhang et al. suggested that small water contact angle
materials deliver high cell viability and proliferation [19].
However, the increase in water content to 5 vol% increased
the contact angle of the material and simultaneously with
an increase in input potential, the material wetting behavior
was reduced below 35° indicating that an increase in voltage
may influence the surface wettability.

3.6 Corrosion Analysis

The role of the passive layer is to protect the material from
the harmful chemical environment, improve acidic anticor-
rosion and primary environment. Figure 6a shows us the
electrochemical polarization technique with anodized rapid
input current zone characterized by computerized potentio-
stats. The device was connected with working sense anode
as-fabricated end, counter electrode as platinum wire, and
reference electrode as calomel saturated electrode. The
working sample exposed area was 1.0 cm?. The balance area

Fig.5 Surface wettability of
different length anodized TiO,
nanotubes

(a) Sample 1

was sealed with adhesion tape. The SBF solution was used
to characterize the corrosion analysis. The potentiodynamic
polarization was initiated with — 1500 to 2000 mV with a
scan rate of 1 mV/s. Before the polarization analysis, the
sample was held for 30 min in the SBF solution for better
corrosion results. The solution temperature was continu-
ously monitored and every experiment was conducted with
a fresh solution. The table in Fig. 6a shows the corrosion
values measured from different TiO, nanotubes. The secure
passivation layer could lead to high corrosion resistance in
the titanium oxide nanotubes with a length of 1.5 pm. The
water content of 2.5 vol% of the corrosion current density
i Tesult indicates that higher than 5 vol% of water. Also,
an increase in input potential level up to 50V, the i, value
delivered more positive benefits of 140 shown in the table.
However, the final increase in water percentage the value
comes down to the same as 30 V 2.5 water percentage.
Gradually, the corrosion potential (E,,,) values shifted to
positive values showing that with an increase in voltage and
water content, the samples become more corrosion-resistant.

Reduction in anodic and cathodic curves indicate that
current density (i.,,) value reductions happen due to the
increase in the length of nanotubes. The low corrosion
rate and change in high corrosion rate were the reasons for
crystallinity change after heat treatment. The peak inten-
sity showed an increase relating to the crystallinity after

(b) Sample 2

(¢) Sample 3
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Fig.6 Potentiodynamic polarization of TiO, nanotubes and electro-
chemical impedance spectroscopy

550 °C of heat treatment. The maximum length of nano-
tubes sample under nano hardness testing, the deformation
of nanoindenter may increase the corrosion resistance.

TiO, nanotubes were studied to characterize the electro-
chemical impedance and the impedance spectra fitted with
an equivalent electrical circuit model using gamry instru-
ment. This analysis evaluates the insulation property and
structural defects. Figure 6b shows the Nyquist plot result
obtained from the EIS analysis. The plot of samples 1, 2,
3, and 4 indicate the flow of the plot in a semi-circle shape.
The semi-circled shape indicates the resistivity of mate-
rial in the SBF solution. These plot results are represented
by the equivalent electrical circuit and present three-time
constant as shown in capacitive behavior, where R, is the
solution resistance, R, denotes the charge transfer resist-
ance, Qg is noted as double-layer constant phase element
as shown in Fig. 7a, b. Table 3 shows the corresponding
values of equivalent circuits.
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Fig.7 Bode plots in SBF solution

The TiO, nanotube porous layer changed to the elec-
trochemical interface, as that circuit is shown in Fig. 8
and confirms the impedance changed in Fig. 7a, b bode
plots. The electrochemical AC impedance EEC (an equiva-
lent electrical circuit) is shown in Fig. 8. The polarization
resistance values decreased due to the TiO, nanotubes
coating invasion of the solution on nanotube surfaces. The
penetration of SBF to the TiO, nanotubes takes a three-
time constant in an equivalent electrical circuit. Figure 8
Model (a) shown as the plain smooth titanium immersed
and was used to analyze the corrosion resistance. Model
(b) represents titanium and the barrier layer while model
(c) represents the titanium barrier layer and nanotubes.
The result of resistance in nanotubes and coating resist-
ance was due to the improvement in length of nanotubes
and the crystallinity. The heat treatment process changed
the material phases and that phase conversion improved
the substantial corrosion resistance.
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Table 3 Parameters for an equivalent electrical circuit for TiO, nanotube fabricated samples

R, (Q.cm?) R, (Q.cm?) CPE, (Q5) (S*s) R; (Q.cm?) CPE, (Q,) (S*s ny 7
Sample 1 278.5 2.498¢~6 815.5¢73 2132 19.33¢7° 848.1¢73 119.5 496.6e~°
Sample 2 13.39¢° 27.44e7° 556.5¢7 123.7 10.45¢75 839.5¢* 63.73¢>  345.5¢7°
Sample 3 15.74¢ 35.04e7° 334.8¢7° 125.9 35.04e7° 862.1e* 5.850e®  129.7¢76
Sample 4 126 22.21e7° 920.5¢73 8.142¢> 31.63¢7° 876.6¢73 114.3¢3 353.1¢7°

s* represents the non-uniform distribution

Titanium : T <

7
2]

CPE1 CRE;

T
&)
=)

~

(a) Model 1 (b) Model 2

CPE3

(c) Model 3

Fig.8 Models of the equivalent circuit from the EIS-results used for
fitting electrochemical data

4 Conclusions

Fabrication of TiO, nanotubes by the electrochemical
method using the anodization process with various water
percentages was analyzed. XRD, HR-SEM, nanoindenta-
tion, Raman shift, contact angle measurement, and corro-
sion analysis were investigated. The annealing process led
to a crystalline sharp anatase peak at 25.8° as confirmed
by X-ray diffraction analysis. From the surface analysis
using HR-SEM, the sample anodized at 50 V with 5 vol%
of water presence in electrolyte delivered the maximum
length of 6.8 um of nanotubes. The nanoindentation test
revealed that mechanical property increased with an
increase in the thickness of nanotubes. Raman spectral
analysis helped in the identification of anatase phase-shifts

@ Springer

in Eg, Blg, Alg, Eg peak intensities at 636 cm~!in samples
3 and 4. Surface wetting behavior analysis indicated that
samples 3 and 4 achieved the maximum wetting behavior
of 33.19° and 31.19 shows that the material gained super
hydrophilicity behavior. The potentiodynamic polariza-
tion examination result indicated that a high passive range
occurred in the high coating thickness layer under the SBF
solution. The lowest icorr value of 140 nA (sample 3) des-
ignated the best outcome among the other samples. The
corrosion rate in samples 2 and 3 was lower compared to
others.

From the above results, it may be concluded that the
maximum length nanotube delivers the highest strength to
the material. For applications in mechanical and biologi-
cal sectors, sample 4 with conditions of 50 V and 5 vol%
of water content is observed as the best among the other
samples.
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