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Evaluation of TiO, Nanotubes Changes
after Ultrasonication Treatment

CLAUDIU CONSTANTIN MANOLE,
CRISTIAN PIRVU, AND IOANA DEMETRESCU

Faculty of Applied Chemistry and Materials Science,
University Politehnica Bucharest, Bucharest, Romania

A study was undertaken on the influence of ultrasonication over the second-
generation TiO, nanotubes structured matrix. A 60V applied voltage for 2 hours
anodizing was used to create the ordered structures, with a high voltage power source
in low water glycerol electrolyte. The results were investigated using Environmental
Scanning Electron. The ultrasonication was performed after anodizing using an
ultrasonic cleaner. In correlation to different ultrasonication times, a variance of
nanotubes /nanopores was observed. The atomic composition at the surface indicates
proportionality between Ti and O in the nanostructures layers and an increase in flu-
orine with the increase of ultrasonication time. These measurements give information
on the wall composition as nanotubes layers are removed through the ultrasonication
process. The surface analysis and roughness evaluation of the Ti/TiO, nanotube
surface were completed with Atomic Force Microscopy (AFM) using an atomic
force microscope. The electrochemical behavior of the nanotubes structured surface
was performed using electrochemical impedance spectroscopy (EIS).

Keywords AFM characterization; EIS; nanotubes; TiO,

Introduction

With the success of the TiO, nanotubes growth by Zigwilling and his coworkers [1] in
1999 a path was opened for the wide interest over these highly ordered nanostruc-
tures. This interest was due to the simple process of growth through anodizing. A
variance of conditions related to the voltage, pH electrolyte compositions and time
of electrolysis [2,3] lead to nanotubes with various properties and conformations
regarding the diameters, lengths and heights [4—7]. These nanostructures present dif-
ferent optimum configurations for a wide appliance field, suited for biocompatibility
area [8,9], gas sensing [10-12], self-cleaning [13,14], solar energy conversion [15],
hydrogen generation [16,17], wettability [18], photocatalysis [19]. Due to the
exposure to ultrasonic treatment in water bath over a prolonged period of time, some
changes in surface morphology and topography can be observed. These changes are
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underlined by the electrochemical measurements that have indicated different
properties regarding the action of the ultrasonication over the surface. The ultraso-
nication is described as an intense and violent phenomenon of surface modifications
due to the action of a ultrasonic bubble that releases intense energy at its collapse
in the liquid environment, over the solid surface. The extended time period of
the exposure to ultrasonication resulted in a statistical modification of the surface,
generating two different surface structures of the same nanoarchitectures. Thus, a
nanopore towards nanotube aspect over the surface was attained. These two differ-
ent configurations present new perspectives related mainly to the different TiO,
geometries at the surface, resulting in the overall change of the nanostructures
properties.

Experimental

For the experiments titanium electrodes of 99.6% purity from Goodfellow
Cambridge Ltd. UK where used. Before the electrochemical process, the titanium
disks where manually polished with silicon-carbide paper of increasing granularity
of 600, 1000, 1200, 2400 and 4000 until a mirror-like surface was achieved, a final
rinse with distilled water being applied. All the electrochemical data were recorded
at room temperature using a conventional three electrodes cell: a working electrode,
a platinum counter-electrode and an Ag/AgCl, KCl reference electrode connected to
Autolab PGSTAT 302 N potentiostat with general-purpose electrochemical system
software.

The electrolyte solution used for anodizing was glycerol containing 4% H,0O and
0.36 M NH4F prepared with ultrapure water. The creation of nanotubes was
attained through an anodizing process at an applied voltage of 60V, using a high-
voltage MATRIX MPS-7163 power source. After the electro-oxidation process
the samples where rinsed and incubated in a Caloris EG-50 oven at 80°C for 2 hours.
Further, the ultrasonication (US) process was achieved using Raypa UCI-150 ultra-
sonic cleaner. The electrochemical measurements where made at the room tempera-
ture using the Autolab PGStat 100. The surface microscopy images were obtained
using Environmental Scanning Electron Microscope XL 30 ESEM TMP and Atomic
Force Microscope (AFM) from APE Research.

Results and Discussion

Ultrasonication phenomenon overview. The nanostructures were grown through
anodizing in glycerol electrolyte with low water content (4% H,O) and 0.36 M
NH4F as the promoter for the nanostructures formation mechanism. A further
US treatment over the obtained samples was applied in order to follow up the
changes over its properties and structures over a prolonged period of time for a
wide view over the effects on its properties.

The ultrasound energy caused by the sound frequencies in the range of 20 kHz to
50 MHz is the promoter of violent and short lifetime phenomenon. At certain thresh-
old energies [20], cavities are formed due to the collapse of vapor bubbles generating
local jets with speeds of 100m/sec [21] or more and pressure gradients around
1000 atm with hot spot temperatures of about 5000°C and cooling rates above
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Figure 1. Schematic overview over the nanotubes with its connecting ridges, amorphous wall
and semi-crystalline bottom.

10'°K /s [23]. These conditions cause a series of changes, generating nanocrystals
[24] or enhancing crystallization [25,26] and generating corrosion [27], leading
to modifications of the properties’ exposed surface. The formation of these cavities
on the TiO, surface can be observed preponderant in Figure 2e) and f) after
the 30min and 35min of US time. The time period used for this experiments
is much too extended in order to surprise immediate short-lived effects, but
large enough to follow the significant changes in the conformation of these
nanostructures.

Concerning the atomic structure, it has been reported that the nanotubes have
an amorphous tube wall and semi-crystalline barrier layer at the bottom [28]. The
wall presents horizontal ridges that connect individual nanotubes (Fig. 1). These
ridges, characteristic to nanotubes grown in aqueous, ethylene glycol [29] and
glycerol electrolytes [30] give an increased mechanical resistance over horizontal
planes. These three elements — amorphous tube walls, barrier oxide layer at the
bottom and ridge connection of individual nanotubes — can be the key factors in
creating layered areas exposed in the US process and results in a different morpho-
logical and topographical distribution of the nanostructures.

SEM evaluations. After the US process a variance from nanopores (as seen in
Fig. 2a) towards nanotubes aspect can be observed. Random slits formed by the
combination of two or more nanopores are highlighted. These slits can be the
center for further cavitations in the US process. The specific cavitation can be
marked out especially in Figure 2e¢) for the 30 min US. After 25 minutes and
35 minutes of US process a tubular-like shape nanostructures emerge (Fig. 2d
and 2f). The diameter for the 20 minutes US nanotubes (Fig. 2c) walls varies
between 25nm and 35nm and for the 15 minutes US time (Fig. 2b) between
37nm and 57 nm.

In the case of multilayered removal of the grown TiO, oxide, this clear change in
the morphology of the nanotubes can offer a glimpse into the thinning of the walls
due to the process of fluoride attack over the current resistive oxide.

Over US time, an overall interior volume of the nanostructures constraint can be
observed, as the internal diameter shortens.

The SEM EDS measurements revealed that besides titanium and oxygen, in the
grown nanostructures fluorine is also present.
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Figure 2. Nanostructures morphology after the US times: (a) O min, (b) 15min, (c) 20 min,
(d) 25 min, (e) 30 min, (f) 35 min; the cavity formed by the ultrasonic bubble can be observed
for the last three US times.

Treated at different US times, as it was expected, after layer by layer exposure
under the intense and short lived US effects, the surface atomic proportion suffers
modifications (Fig. 3).

After this layered exposure, due to the presented morphological components, as
highlighted in the US phenomenon overview, in the sample that was not subjected
to US treatment an important percentage of fluorine (8.95%) is presented in the
structures.

After 15 minutes of US, the percentage of fluorine decreases drastically to
7.59%, followed by a stable increase to 9.83% for the 30 min US time. This is an
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Figure 3. Atomic proportions for the SEM 5pum? scanned areas; a strong variation in fluor
is observed.

indication that points out the retention of fluorine as a consequence of the formation
mechanism of the nanostructures. At the final 35 min US time the percentage value
reaches the highest point of 9.96%. This suggests that, during the extended US times
of determining the specific structural changes, the changes defined by the stages of
nanostructures growth [31] present a fluoride retention that is incorporated in
the TiO, nanostructure.

AFM results. The data were processed, applying leveling by mean plane subtrac-
tion and proceeding with corrections over the horizontal strokes. The normalized
histograms of the heights for the AFM images at different US times (Fig. 4) provided
the following statistical data.

Due to the planarity of the 0 min US surface shown in SEM image (Fig. 2a), the
AFM cantilever tip of 10 um encounters topography with small heights, the typical
height of around 0.05 pum being detected. At 15min US (Fig. 4b) the investigated
surface presents higher frequencies for the heights around 0.2 pm. The measured area
at 30min US and 35min US (Fig. 4e and f) present a statistical distribution of the
maximum heights at 0.26 um and 0.11 um respectively. For 20min US and 25 min
US (Fig. 4c and d) the widest plane of high densities for heights with an interval
of 50 nm each is obtained.

Samples with no US applied, and the last one of 35min US, present maximum
heights of about 135nm (£35nm). As for the rest of the US samples the average
maximum height is calculated at 334 nm (+36 nm).

Electrochemical results. The electrochemical measurements were made in a
simulated body fluid (SBF). The serum used was a variation of the Hank
solution with 8g/L NaCl, 0,4g/L KCIl, 0.35g/L NaHCOj;, 0.25g/L NaH,
PO, -H,0, 0.06g/L Na,HPO,-2H,0, 0.19g/L CaCl,-2H,0, 0.19g/L MgCl,,
0.06g/L MgSO,-7H,0, 1g/L glucose. The data processing from the Autolab
PG-Stat 100 measurements were made using Nova 1.4 software. Reference EIS
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Figure 4. AFM image and its corresponding height distribution to the right, where (a) is for
0Omin US, (b) 15min US, (c) 20 min US, (d) 25 min US, (¢) 30 min US and (f) 35 min US. The
highlighted area for 0 min US indicates a bimodal mixture of two normals, with contributions
to the rest of the US samples.

measurements were made using an untreated Ti sample. The initial fitting of the
EIS circuit measured in the SBF was made starting from the assumption of
one circuit defined by the charge resistance R, and a constant phase circuit
value (CPE) Q. The fitting result is shown in Figure 5.

Due to the high US times with respect to the short-lived violent effects of
the implicated phenomenon, the general study on certain large time intervals
presents an overall evaluation of the statistical events over the treated surfaces.
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Figure 5. Electrochemical measurement Bode fits for titanium.

The circuit fitting for the EIS is made having three modules connected in series
and is represented in Figure 6.

Table 1 expresses the values as circuit results, data that present different
behaviors for the samples with no US and the final 35min US sample.

The nanostructures’ experimental fitting results indicate a decrease of the resist-
ance, as the final conformation of the nanostructures takes place after the statistical
effect of the US bubble over the long period of time. For both samples the behavior
is preponderant capacitive, with a slight tendency towards diffusion for the 35 min
US sample. The pseudocapacitance of the constant phase element presents a clear
decrease as it drops with around 60% at the fitted US sample.

Regarding to the charge transfer, the pseudocapacitance has a drop of about
27% from the sample with no US towards the 35 min US sample. The n factor indi-
cates a tendency towards diffusion for the TiO, with no US treatment applied, and a
strong resistive value for the sample at 35 min of US. These results can be related to

Qm Q@t
P4 1z

R,

Rm R@t

Figure 6. The used circuit for the EIS data fit; Notations: R — solution resistance; Ry, Qpn; —
the resistance and the CPE for the nanotubes; R, Q. — the resistance and the CPE for the
charge transfer.
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Table 1. Simulated values for the EIS fit circuit; Ry — solution resistance; R, the
resistance for the nanotubes; R, the resistance for the charge transfer, CPE,, and
CPE. are the constant phase elements for nanotubes and charge transfer
respectively, n, — ng is the depression angle for nanostructures — charge transfer
respectively indicating the capacitive/resistive behavior

R Ry Rt Chi
Sample Q) (MQ) CPE, Ny (kQ) CPE,, Ngt square

Omin US 132,00 15,00 110,00 0,76 12,60 81,30 0,65 0,18
35min US 123,00 5,00 43,60 0,69 16,70 111,00 0,82 0,23

the fluoride remaining at the nanostructures’ interface after rinsing and drying and
prior to anodizing, which might be activated by the low amplitude EIS potential of
+10mV at different frequencies.

Conclusions

The ultrasonication effects over the TiO, highly ordered nanostructures’ surface
were investigated. The extreme events taking place at this surface through the action
of the ultrasonication effects lead to changes in morphology and implicitly in the
topography.

A nanotube/nanopore variance through ultrasonic treatment was achieved.

In regard to the nanostructures’ diameter, the SEM images indicate that nano-
tubes areas are more reproductively than nanopores with respect to the pores area,
with 3 and 3.5 um? differences in the diameters. After extended ultrasonication times,
a thickening of the tube walls can be observed.

The EIS data corresponds to a circuit where electrochemical parameters are
found for the fitted model that takes into consideration the SBF resistance, charge
transfer and nanostructures contribution. The EIS results denote an important
contribution with respect to the electrochemical properties due to the statistical
action of the ultrasonic bubble over the nanoarchitectures.
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