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ELECTROCHEMICAL STUDIES ON TiO, NANOTUBES
MODIFIED Ti ELECTRODES

Cristina DUMITRIU', Cristian PIRVU?

Lucrarea prezintd un studiu cu privire la modificarea suprafetei titanului cu
nanotuburi de TiO, obtinute in electrolit organic vascos, PEG 600, cu o cantitate
micad de apa si NH,F, si de asemenea cu privire la posibilitatea elimindrii stratului
de ecranare TiO, — PEG, prin tratament cu ultrasunete.

Nanostructurile auto-organizate de tip nanotuburi de TiO,; au fost
caracterizate in functie de timpul tratamentului cu ultrasunete prin tehnici
electrochimice, respectiv curbe de polarizare Tafel, spectroscopie de impedanta
electrochimica dar si prin alte tehnici complementare precum microscopia
electronicd de baleiaj, masuratori ale unghiului de contact si spectroscopie FTIR.

The paper is a study about titanium surface modification with TiO,
nanotubes elaborated in viscous organic electrolyte, PEG 600, with small water
amount and NH,F, also about possibility to remove of created shielding layer TiO; —
PEG, with ultrasound treatment.

The self-organized nanostructures were characterized during ultrasound
treatment by electrochemical techniques such as Tafel plots and electrochemical
impedance spectroscopy, as well as other complementary techniques such as
scanning electron microscopy, contact angle measurements and Fourier transform
spectroscopy.
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1. Introduction

Titanium and its alloys represent known materials in implantology, and the
recent porous titanium and titanium alloys nanostructures show features which
make them more suitable as surgical implant materials.

Their stability in biological environments is due to the fact that Ti
spontaneously forms an oxide layer with a thickness of approximately 2—5 nm that
provides corrosion resistance. TiO, films are naturally deposited on titanium, but
in order to improve various properties of the surface, these films are produced
through a wide range of technological approaches on titanium and its alloys.
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In the last decades, many approaches have been made to improve the
surface activity of Ti and Ti alloys, by modifying TiO, properties in self organised
nanostructure such as TiO; nanotubes using different chemical and physical
procedures [1-3]. One of them is anodizing. This method allows easy, cheep and
fast fabrication and offers superior control on nanotube dimensions [4-6].

Anodizing can be carried in inorganic or organic electrolytes. Some
studies indicate that if organic electrolytes with F~ ions additions are used, the
chemical dissolution of nanotubes layer is lower, mobility of F ions could be
lower and also the current efficiency for TiO, nanostructures formation is
significantly higher than compared to inorganic electrolytes. So, in the case of
organic electrolytes with F~ ions, the formation mechanism and architecture of
nanotubes are different, due especially to the change of viscosity [7, 8].

In many studies ethylene glycol (EG) [4, 8] and glycerol [7, 9, 10] are
used as organic solvents. There are also few studies using polyethylene glycol for
Ti0O; nanotube formation [11, 12].

The various nanotubes structures indicated that electrochemical stability
and ion release are favourably modulated and significantly different, depending
on the conditions of nanotubes formation, in particular for the nanotubes obtained
in hybrid electrolyte with an organic component [7].

The TiO, nanotubes layer obtained in organic electrolytes with increased
viscosity is homogenous, but partially covered with a “hazy” layer [7].

For some applications, like those implicating bicompatibility, the presence
of PEG 600 in anodised electrolyte may be beneficial because PEG is known as
the most widely used biocompatible polymer [13]. It is worth to mention that for
other applications, like those in the dye-sensitized solar cells, for example, if TiO,
nanotube layers are covered with a PEG film, a supplementary treatment for
removing this shielding is necessary [14].

In this study, TiO, nanotubes, were obtained by Ti anodizing in electrolyte
based on polyethylene glycol (PEG) 600 with a viscosity of 131 ¢St at 25°C [15].

To control the formation and subsequent elimination of TiO,-PEG layer
that covered the TiO, nanotubes, the ultrasonication (US) procedure was applied
for different US time.

2. Experimental section

2.1. Sample preparation using electrochemical technique

Experimental tests were performed on samples cut from commercially
available titanium foil (2 mm thick, 99,7% Ti) from Sigma-Aldrich. Prior to
anodizing, samples were thoroughly cleaned mechanically using silicon-carbide
paper of increasing granularity of 600, 1000, 1200, 2400 and 4000 until a glossy
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surface was achieved, followed by ultrasonication in water (for 15 min), ethanol
(15 min) and acetone (for 15 min). Cleaned and degreased samples were dried in
air and were used immediately.

Electrochemical anodizing was carried out in a two-electrode arrangement
with a platinum foil as a counter electrode. Synthesis of TiO, nanostructures was
achieved by raising the voltage from 0 to 50 V using a MATRIX MPS-7163
electrochemical source. The voltage step used was 2 V/10 s and finally the voltage
was maintained at 50V. The total anodizing time was 2 hours. The current
variation during the anodizing process was recorded. The anodizing electrolyte
was prepared using polyethylene glycol (PEG) 600 with additions of NH4F (0.5
wt. %) and 4% ultrapure water. After the electrochemical treatment, the samples
were rinsed with ultrapure water, one of them was chemically analyzed (sample
A) and the other four were ultrasonicated in ethanol for 1 min. (sample B), 5 min.
(sample C), 10 min. (sample D) and 20 min. (sample E) and there were analyzed,
too. All the experiments were carried out at room temperature.

2.2. Samples analysis

The surface of the nanotube arrays synthesized via anodic oxidation was
studied using a scanning electron microscope (SEM) FEI/Phillips XL30 ESEM.

The wettability of samples has been assessed by static contact angle
measurements, recorded and analyzed at room temperature with a 100 Optical
Contact Angle Meter — CAM 100. Reported contact angles are the average of at
least three measurements. The ultrapure water was used for determinations.

To verify if any electrolyte remained on the surface of the samples,
infrared spectra were recorded with a Spectrum 100 Series FT-IR Spectrometer
from PerkinElmer USA.

The cell for evaluation of electrochemical stability of the samples
consisted of a three-electrode configuration with platinum and Ag/AgCl electrode
as a counter and a reference electrode, respectively. The electrolyte was a Hank
solution with the following composition (g/L): 8 NaCl, 0.4 KCl, 0.35 NaHCO:s,
0.25 NaH,PO4H>0, 0.06 Na,HPO42H,0, 0.19 CaCl,:2H,0, 0.19 MgCl,, 0.06
MgSO47H,0, 1 glucose [7]. Linear voltammetry and also electrochemical
impedance spectroscopy (EIS) measurements were conducted with Autolab
PGSTAT 302N using Nova software.

3. Results and discussion
The growth of the nanotube layer on the surface of the samples was

evidenced by recording the current—time characteristics (Fig. 1). From point A to
point B the voltage is increased from 0 to 50 V, with a 2 V/10 sec rate and
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between point B and F the voltage was kept constant at 50 V. In stage I, from
point A to B, when the voltage is increased, the current also increases and a
compact oxide layer is formed on the Ti surface. Between point B to C, in good
agreement with literature [7, 16, 17], the compact TiO, barrier layer is
consolidated, so a rapid decrease of the current density occurs. In the stage II, a
rapid increase of the current density occurs between points C and D. The
magnitude of the current density is higher compared to first stage. Due to the
fluoride ions presence, an active electrochemical corrosion induces irregular
nanoscale indents formed at the surface of oxide layer/solution [7, 16-19]. In this
stage, the reduced water content in the viscous organic electrolyte reduces the rate
of chemical dissolution of the oxide layer [5]. After the stage of pore initiation is
overpassed, between points D and E the density of pores increase under steady-
current conditions [16, 17]. When the density of the pores reaches saturation point
(point E), the current density begins to decrease step by step and the nanotubes
length is increasing [5] in stage III.

By integrating the area under the current density vs. time curve, the charge
density calculated was 4.85 C/em?.

Anodized sample in PEG 600 electrolyte
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Fig. 1 The measured current density versus time curve during anodized of Ti sample in
PEG 600 electrolyte at room temperature.

The SEM images presented in Fig. 2 show that the nanotubes are formed
on the Ti surface but they are covered with an oxide PEG layer.

A layer on the top of the nanotubes was reported also in the case of
anodizing of Ti samples in ethylene glycol with 0,2M HF.
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The film obtained in such electrolyte with increased viscosity is
homogenous, but partially covered with a “hazy” layer, which according to the
literature data [7] for nanotubes obtained in ethylene glycol consists in
conglomerates of partially dissolved nanotubes. Ti—PEG complex existing in
environments may be a part of such layer as well.

Fig. 2 Top view SEM images of anodized sample in PEG 600 with detail to show
nanotubes shielded

To see if this layer contained remaining electrolyte, FTIR spectra were recorded.
The samples were carefully rinsed with purified water and let to dry in the air
before FTIR recordings. The spectra of PEG 600 and anodized sample are
presented in Fig. 3 (a). The peaks for PEG 600 were attributed as follows: in the
region of 3400 cm™ is due to the stretching vibration of OH group, stretching
vibration of CH, gives an intense peak in region 2860 cm™, in the region of 1348
cm’ stretching vibration of - C-O-C- bond gives a peak and the most intense and
sharp peak in the region of 1100 — 1980 cm™ is caused by the C-C stretching. The
same peaks appear in the case of anodized sample (A) more or less intense or
shifted, evidenced that the electrolyte is still present meaning that the rinsing is
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Fig. 3. The FTIR spectra of PEG 600 and anodized sample (a) and PEG 600 and anodized
samples after ultrasonication (b)

In the Fig. 3 (b) the spectra show that after 1 min. at ultrasound, some of

the electrolyte is still present, but it completly desapeared after 5, 10 and 20 min.
US treatment.
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The data presented in Fig. 4 show that after anodizing, water droplets
exhibit contact angles of 12° so the sample surface is highly hydrophilic. After 1
min of ultrasonication treatment, the sample surface becomes hydrophobic. If
ultrasonication time increases, the contact angle is decreasing, reaching the value
around 88° after 20 min US, close to the value obtained for Ti untreated (Ti

blank) 81°.
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Fig. 4 Contact angle values for Ti blank, anodized sample and anodized samples after different
ultrasonication times

Applications, like those in the dye-sensitized solar cells for example, those

covered nanotubes are not beneficial and an treatment for removing this shielding
is necessary [14]. In this case the ultrasonication treatment was applied and for
understanding how this US treatment affect the anodized sample, the
electrochemical characterization of the samples is presented.
Fig. 5 shows comparatively the Tafel plots for Ti, anodized sample and anodized
samples after different US treatment times, obtained in a Hank solution. From
Tafel diagrams we can observe that all anodized samples after US treatment
treatment increase their corrosion resistance of Ti. Data from Tafel plots obtained
with the Nova software were summarized in Table 1, that contains the values of
corrosion potential (Ecorr), corrosion current (jcorr), corrosion rate and
polarization resistance.
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Fig. 5 (a) The Tafel plots in Hank solution for simply anodized sample (A), anodized

sample after 1 min US (B), 5 min. ultr. (C), 10 min. US (D), 20 min. US (E) and untreated Ti
sample; (b) the corrosion current versus US time plot; (¢) the corrosion potential versus time plot

Table 1
The corrosion data obtained from Tafel plots
Sample Ecorr (V) vs. | jeorr x 10® | Corrosion rate x10* | Polarization resistance x10~°
P Ag/AgCl (A/em?) (mm/year) (Q.cm?)

Ti blank -0.41 19.24 16.75 28.27
Sample A -0.14 1.94 1.69 58.2
Sample B -0.12 62.28 54.20 5.30
Sample C 0.04 0.27 0.24 620.2
Sample D 0.23 1.66 1.45 281.6
Sample E -0.09 6.01 5.23 87.89
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In the graph from Fig. 5 (b), the corrosion current is increasing from 0 to 1
min US due to some cracks apparition in the oxide layer and partial removing of
the PEG 600/oxide shielding layer from the TiO; surface. From 1 to 5 min US, the
corrosion current is decreasing because the repasivation probably occurs, and a
new barrier oxide layer is formed.

With increasing of US time, the corrosion current is increasing again, but
with a slower rate, because of the continuum ruptures in the barrier and nanotubes
layers.

In the graph from Fig. 5 (c), until 10 min US, the corrosion potential is
shifted almost linearly towards more positive values, proving the passivation due
to new protective layers; at 20 min US may be explained because of the removing
of those protective layers.
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Fig. 6. (a) Nyquist diagrams for Ti blank and A-E samples in Hank solution

The processes at interface of Ti/TiO, nanotube layer/electrolyte are also
illustrated in terms of EIS measurements data obtained in a Hank solution
according to Nyquist diagrams presented in Fig. 6 (a).
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Q, Q, (b)

Fig. 6
Fig. 6 (b) Used circuits for fitting the data. In the three electrical schemes R is an ohmic
resistances and Q is a constant phase element (CPE): Rs — solution resistance; R- resistance and Q
constant phase element (CPE); R1, Q1 — for the titanium oxide/PEG 600 shielding layer, R2, Q2 —
for the nanotubes layer and R3, Q3 - for the titanium oxide barrier layer

The data were fitted using the equivalent circuits drawn in Fig. 6 (b). For
the untreated Ti sample and the anodized sample after 20 min US (E sample), the
first circuit was used. In this case the circuit has only the solution resistance
connected in series with a second circuit consisting of resistor (attributed to the
polarization resistance) in parallel with a constant phase element (CPE)
corresponding to an oxide layer. For the anodized sample and anodized sample
after 1 min US the second circuit was used. In this case the circuit is more
complex. Rs is the resistance of Hank solution, R; and Q; correspond to the PEG
600/oxide layer covering the nanotubes, shown also in the SEM images, R, and
Q; are for the nanotube layer and Rj;, Qs for the titanium oxide barrier layer
associated with high impedance. For the anodized sample after 5 and 10 min US
the third circuit is proposed having three modules connected in series. In this case
the resistance and CPE for the PEG 600/oxide layer were eliminated indicating
that this layer is removed.

Table 2 presents the results of the fitting process.
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Parameters from EIS fitting data

Table 2

Parameter ~ Sample A  Sample B SampleC  Sample D Sample E | Tiblank
Rg (Q-cm?) 289 453 402 375 379 242
R, (Q-cnt’) 19855 10789
Yo (Q's") 2410 5.2-10°
Q] n 0.70 0.87
R, (Q-cm’) 7.83-10° 6.23-10° 37507 8576
Y, (@s") 549-10° | 8.56:107 5.57-10° 6.56:10°
Q. n, 0.92 0.41 0.88 0.89
R; (Q-cm?) 3.3-10° 1.4-10° 1.3-10° 1-10° 6.9-10° 6.6:10*
Yo (Q1s") 2.78:10° | 1.03-10" 2.65-10° 8.63-10° 1.3510° | 6.04:10°
Qs n; 0.71 0.87 0.80 0.89 0.91 0.84

From the Table 2 the resistance for the nanotube and oxide barrier layer
were extracted for each sample and compared in Figs. 7 (a) and (b). All results
show a diminishing influence of the resistive oxide layers, and damage also in the
nanotubes layer with the increasing of US time.
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Fig. 7 Comparison of the ohmic resistances assigned to the nanotube and oxyde layer (R;) for
simply anodized sample and anodized sample after different US times

The obtained results offer an overall perspective evolution of ultrasonication action in

time, illustrated also by Figures 8 (a)-(e).
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Fig. 8 The initial anodized sample surface and surface evolution during US treatment

6. Concluding Remarks

Self-organized TiO, nanotubes obtained in the presence of PEG 600
electrolyte with a small amount of water and NH4F are obtained by forming a
TiO, —PEG layer over TiO; nanotubes.

It is demonstrated and this is the new finding of the paper that the
ultrasound treatment of anidized Ti samples is useful to control the shielding layer
removing. The formation and damage of shielding PEG 600/oxide layer is an
original part of the paper. This layer acts as a protective against corrosion layer,
but is cracked after 1 minutes of US treatment and can be completly removed
after 5 min. US time. When the time of US treatment is increased to 20 min, the
Ti0O, nanaotubes barier layer is damaged.
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