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Abstract

The aim of this work is to show the effect of the electrolyte chemical nature on the formation of self-organized TiO, nanotubes
(TNT) arrays synthesized via anodic oxidation, when using a Ti cathode. The synthesis was performed in situ in a poten-
tiostatic cell provided with an anode and a cathode (both Ti substrates pretreated) under constant hydrodynamic conditions
and different anodizing times, temperatures and electrical potentials. Ti electrodes were immersed in 300 mL of each of an
inorganic and organic electrolyte. Then, a thermal treatment varying the temperature and the heating rate in each case was
applied to convert the amorphous TiO, to crystalline TiO,. TNT were characterized by field-emission scanning electron
microscopy (FESEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) and atomic force microscopy (AFM).
FESEM showed the formation of nanotubular structures perpendicular to Ti substrate with average inner diameters of 84 and
57 nm for TNT synthesized in the electrolytes with different nature tested (inorganic and organic), and labeled hereafter as
TNT-I and TNT-O, respectively. EDS spectra from different zones of the substrate confirmed the presence of Ti (~34.2%)
and O (~66%) on the surface of the TNT. The anatase (~86%) and rutile (~ 14%) crystalline phases were detected via XRD
in both cases. AFM provided information about the topographic profile of TNT and the roughness of the substrates. Thus,
the use of a semiconductor cathode allowed the successful synthesis of the TNT and the electrolyte chemical nature was
found to influence its morphology, dimensions and formation mechanism.

1 Introduction

TiO, is a relatively abundant semiconductor material. Due to
its excellent properties such as low toxicity, excellent stabil-
ity to corrosion, and good chemical and biological stability,
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do not require expensive reagents, they are highly repro-
ducible, and have short production times. Such techniques
can generate a thin film of anodic oxide that is compact
or porous, amorphous or crystalline, strongly adhered to
the metal surface, and thermodynamically stable in the pH
range of 2—12 [7, 12, 15, 16]. Another advantage of elec-
trochemical techniques is that they allow better synthesis
control since the transformation of pure Ti into TiO, by
potentiostatic anodization can be monitored using curves
of current against time. As reported by various authors [12,
16-20], these curves can be used as a tool to predict the
formation of TiO2 nanotubes (TNT). It is well known that
by varying the experimental conditions in the electrochemi-
cal cell, such as the electrolyte concentration, voltage, and
time of anodization, the anodic oxide will have differing
physical characteristics, such as shape, dimension, color,
density, homogeneity, and insulating properties [19, 21-25].
However, other anodization parameters such as the geom-
etry, size, material, and cleaning of the electrodes; distance
between the electrodes; type and speed of stirring; the pH,
water content, temperature, and chemical nature of the elec-
trolyte have been less studied, while regarding the reuse of
electrolytes no report was found. Other characteristics such
as a change in the volume of the electrolyte or the potential
sweep speed do not affect the physical characteristics of the
nanostructures [9, 12, 26-30].

The material of the electrodes is a determining factor
of performance and cost of an anodization process. Metals
(e.g., platinum, stainless steel, nickel) and carbon materials
(e.g., graphite and activated carbon fiber) are the two most
commonly used materials as cathodes for an electrochemical
cell. Since the service life and stability are the most impor-
tant characteristics for cathode material, platinum (Pt) is
the most commonly cathode used in anodic oxidation pro-
cesses because it is an excellent electrical conductor, does
not oxidize easily, and has a longer service life and larger
surface area [31]. Ti and Pt have similar properties such
as a long service life and excellent electrical conductivity,
which allows for good electron transfer. Both have excel-
lent mechanical properties such as resistance, strength, and
hardness, and excellent anti-corrosive properties. On the
other hand, their chemical properties, particularly that they
are not reactive (inert materials), make them good catalysts.
However, one disadvantage of using Pt is that it is extremely
expensive and very scarce when compared with Ti, which is
cheaper and more abundant [32]. Therefore, in this work the
use of a Ti cathode, taking advantage of its potential use as
an anode, was more attractive.

Alternatively, the TiO, nanostructures that present
characteristics such as biocompatibility, photocatalytic
activity and superhydrophilicity have been found to offer
great potential in biomedical applications, and photoelec-
trochemical and photocatalytic processes [8, 9, 21, 24, 29,
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33-38]. In this regard, the advantage of TNT over other
nanostructures such as nanoparticles, nanowires, nanobars,
and nanofibers is the area provided by their internal and
external surfaces.

In TNT synthesis by anodic oxidation, the electrolytes are
prepared on fluorinated compounds such as NaF, HF, and
NH,F, and a supporting electrolyte such as ethylene glycol,
glycerol, H,PO,, Na,SO,, (NH,),SO,, H,SO,, and NaHCO,
dissolved in water [20]. As published previously [12, 17,
24, 39, 40], in the absence of the supporting electrolyte, the
oxidation and hydrolysis of Ti is not uniformly catalyzed to
produce an ordered nanoporous structure. In addition, in a
fluorine-free electrolytic solution it is not possible to observe
the formation of TNT; therefore, in this case only a compact
layer of TiO, will be observed. Fluorine ions are responsible
for TNT formation, since these ions tend to perforate the
TiO, passive layer, resulting in a nanotubular morphology.
For its part, the chemical nature of the electrolyte plays a
very important role in determining the shape and dimen-
sions of the TNT, and, in addition, other properties, such
as its crystallinity, will depend on its efficiency [23, 41]. A
thermal treatment of the anodized substrates at 300-350 °C
generally allows the amorphous structure of the anodic oxide
to transform into photoactive crystalline phases [4, 12, 19,
21, 24, 42—-44]. Thus, using anodic oxidation, the pores of
the TNT grow directly from the Ti substrate (TNT/Ti) gen-
erating good size, uniformity, order, electrical conductivity,
and strong mechanical adhesion [9, 19, 44].

There are some studies about the synthesis of TNT pre-
viously published in the literature [11, 14, 45, 46]. Specifi-
cally, the synthesis of TNT using anodic oxidation is similar
to the present work and has been published before by several
authors [12, 16-19, 25, 42]. However, the aim of the pre-
sent research was to further study the TNT formation pro-
cess when synthesized in electrolytes of different chemical
nature to compare their physical, chemical and structural
characteristics, when a Ti electrode was used as a cathode
compared to most of the works on TNT that use a Pt cath-
ode. The bibliographic review did not find any reports in this
regard. Therefore, it is expected the usage of a Ti cathode
in the electrochemical system and the chemical nature of
the electrolyte would affect the synthesis of the TNT. In
addition, for this work, the electrolytes were reused several
times, a question that has not been addressed elsewhere in
the literature. The application of TNT as a photocatalyst for
removing highly pathogenic viruses and emerging pollutants
from drinking water [6, 8, 47] suggests that reducing costs
for its production is an important goal in the environmen-
tal sciences. As such, in the current work, the exploration
of material reuse to minimize chemical wastes and their
impacts during the synthesis process may allow for a lower
cost method that obtains the same, or even better, character-
istics than traditional synthesizing methods.
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2 Materials and methods

Pristine titanium foils (Ti, 99.7% purity, 0.127 mm thick-
ness, Aldrich) were treated as follows: polished with differ-
ent abrasive papers; sonicated in acetone (C;H4O, 99.99%,
J. T. Baker), iso-propanol (C;HgzO, analytical grade, J. T.
Baker), and methanol (CH,O, 99.97%, J. T. Baker); and
exposed to a chemical attack with nitric acid (HNO;, 65.1%,
J. T. Baker) and hydrofluoric acid (HF, 48%, Aldrich). The
foils were used as electrodes to synthesize TNT in inorganic
(0.5 M H;PO, 85.7% and 0.14 M NaF 99%, J. T. Baker) and
organic (0.5 wt% NH,F 98%, 10 vol% H,0 and 90 vol%
ethylene glycol 99.8%, Aldrich) electrolytes. The concentra-
tions of these electrolytes were determined with reference to
previous reports [18, 19, 42]. The electrolytes were prepared
with high purity deionized water (resistivity = 18.2 MQcm to
25 °C and TOC <5 ug L") from the Milli-Q water system
type Millipore advantage A10 Q-POD and reused in each
anodization made.

2.1 Synthesis of TiO, nanotubes by anodic
oxidation

The TNT synthesis was performed in situ via anodic oxi-
dation of pure Ti substrates, in an inorganic and organic
electrolyte, named as TNT-I and TNT-O in this study,
respectively. The selection of electrolytes was based on
an extensive literature review [12, 17, 21, 39, 40, 48, 49].
The steps followed during the process were done as recom-
mended by [12, 16-19, 25, 42, 48]; although some of them
were modified and detailed below.

2.1.1 Pre-treatment of titanium substrates

The Ti substrates were manually cut in rectangular
strips and used as anode (1.5 cm X 2.0 cm) and cathode
(3.0 cm % 3.7 cm). Then, they were polished with No. 400,
600, 1000 and 1200 silicon carbide abrasive papers using
water as a lubricant to remove the passive oxide layer from
the Ti surface caused by exposure to air. Next, the polished
Ti substrates underwent a sonication process for 15 min
using a BRANSON 2510 ultrasound equipment with 100 W
ultrasonic waves to remove the residue of silicon carbide
particles from the abrasive papers as well as any grease from
the manual handling of the substrates. The sonification pro-
cess used acetone, iso-propanol, methanol, and deionized
water successively and according to their polarity. After-
ward, the sonicated Ti substrates were chemically etched in
an acidic mixture of HF:HNO;:H,O in a volumetric ratio of
1:4:5 for 30 s to eliminate any superficial defects caused by
the abrasive paper and to obtain a smooth and homogeneous

surface. Finally, the Ti substrates were rinsed generously
with deionized water, and then dried at room temperature
(25 °C approximately). In this procedure, several Ti sub-
strates were cleaned at once, but not all were anodized at the
same time. To reduce the natural formation of a new passive
layer of Ti oxide on unused Ti substrates, they were placed
into a desiccator for a maximum of 3 h following cleaning
and prior to anodization, as mentioned by [24, 50].

2.1.2 Anodic oxidation of titanium substrates

TNT-I and TNT-O synthesis were each performed in a
potentiostatic cell provided with two electrodes. The pre-
treated Ti substrates previously described were used as
electrodes. Then they were immersed in 300 mL of the
electrolytes previously defined and their physicochemical
characteristics were tested using a HACH 389 multiparam-
eter equipment. The distance between the two electrodes
was fixed at 3 +0.8 cm. The TNT-I synthesis was performed
at 20 V with a scanning rate of 1 V s™! during 45 min and
the electrolyte temperature was maintained at 23 +0.7 °C.
Alternatively, the TNT-O synthesis was performed at 30 V
with a scanning rate of 1 V s™! supplied during 60 min and
with an electrolyte temperature of 30 +0.9 °C. A computer
was used to send the tested voltage and anodization time
data to a BK PRECISION 9184 power supply, and to moni-
tor the electric current. The electrolytes were continuously
stirred at 360 rpm to lead the synthesis throughout the entire
experiment using a magnetic stirrer on a stirring and heat-
ing electric plate (CIMEREC Barnstead, Thermolyne). The
temperature was controlled using a HANNA Instruments
digital thermometer. An electrode connected to a HANNA
Instruments 213 potentiometer was used to monitor the pH
conditions. Values of time against electric current were
recorded during the Ti anodization, and then plotted to pre-
dict the formation of TNT and to establish the mechanism.
The experimental procedure for the synthesis of TNT is
shown in Fig. 1.

2.1.3 Post-treatment of anodized titanium substrates.

After the anodic oxidation stage, a thermal treatment is
fundamental for the transformation of the amorphous struc-
ture of TiO, into its crystalline phases [19, 44]. Then, the
anodized substrates were washed generously with deion-
ized water for 3 min to remove any occluded ions from the
electrolytic solutions. The substrates anodized in the inor-
ganic electrolyte were dried in a heating furnace RIOSSA at
100 °C for 13 h, and subsequently annealed using a LIND-
BERG 847 furnace increasing at a rate of 5°C min™' and
then held at 500 °C for three hours in ambient air compo-
sition. Meanwhile, the substrates anodized in the organic
electrolyte were dried at room temperature (20-25 °C) for
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Fig. 1 Experimental procedure
for the synthesis of TNT—
anodic oxidation process

L[E]I]\

Computer

15 min, and then annealed using a heating rate at 3°C min~!

and held at 550 °C for 2 h in ambient air composition. In
both cases, the anodized substrates were cooled slowly at
room temperature (20-25 °C). Finally, all samples were then
ready for their characterization.

2.2 Characterization of anodized titanium
substrates

The nanostructure of the anodized substrates was charac-
terized by field-emission scanning electron microscopy
(FESEM, JEOL JSM 7600F, with accelerating voltage
1-30 kV and a maximum resolution 5 nm), and the surface
morphology of the anodized substrates was characterized
by atomic force microscopy (AFM, MFP-3D Origin). The
elemental composition of the anodized substrates was ana-
lyzed by energy dispersive spectroscopy (EDS) attached
with FESEM (OXFORD INCAX-ACT). The structural prop-
erties of the anodized substrates were determined by X-ray
diffraction (XRD, Bruker D8 Advance powders diffractom-
eter, LynxEye) with Cu Ka radiation (A=0.1540 A) over
an angular range between 20° <20 <80°, with an increase
in 20 of 0.02° and 0.6 s per step [2, 51]. High-resolution
transmission electron microscopy (HRTEM, JEOL JEM-
ARM?200F) analysis was used to observe the TNT-O bot-
tom layer thickness.

3 Results and discussion
3.1 Synthesis of TiO, nanotubes

The TNT were obtained under different synthesis conditions
as detailed in the methodology using electrolytes with the
characteristics indicated in Table 1.

In Fig. 2, the substrates anodized in the inorganic elec-
trolyte showed a litmus blue surface, while substrates
anodized in the organic electrolyte showed a dark brown

@ Springer
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Table 1 Physicochemical characteristics obtained for electrolytes

Parameter Inorganic electrolyte Organic
electro-
lyte

pH 1.62 7.3

Conductivity (mS cm™ at 23.1 1.13

20-25 °C)
Total dissolved solids 15,140 562
(mgL™h

(a)

Fig. 2 Ti substrates anodized in a inorganic and b organic electrolytes

surface. As reported by [24, 38, 52], the colors are due
to interference effects that are established in the metal-
oxide-light interface. This indicates that both colored sur-
faces were covered by homogeneous TiO, films hundreds
nanometers thick as mentioned by [12, 48, 53, 54].
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3.2 Characterization of the Ti substrates
3.2.1 Morphological characterization

The analysis was performed on different areas of the sub-
strates using images generated with FESEM by the inci-
dence of SEI electrons. Figure 3 corresponds to the surface
of the pristine Ti substrate (no anodizated) purchased from

Fig.3 a Surface of a pristine
Ti substrate and its b FESEM ( a)
micrography at 25,000X

Aldrich. The FESEM micrograph shows defects on the sur-
face, confirming a necessary pre-treatment to remove defects
such as curvatures or channels that could induce cracks and
fracture points between the TNT [55].

Figure 4 depicts a series of micrographs from FESEM
that correspond to the surface of the anodized substrates in
both electrolytes (inorganic and organic) after thermal treat-
ment. In Fig. 4, a porous layer on both faces of the substrate

Fig.4 FESEM micrographs of the anodized substrates at 100,000X in the inorganic (a—c) and organic (d—f) electrolyte showing: a and d top
view-front, b and e top view-back, and ¢ and f front view of the thickness of the Ti substrates
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and on its spine, understood as thickness (0.127 mm), is
observed. Therefore, the superficial area was doubled. Fig-
ure 4a shows the surface of the main face of the substrate
anodized in the inorganic electrolyte (face of the substrate
facing the cathode), while Fig. 4b shows the surface of
its back face. On both sides of the substrate, a porous and
uniform layer is observed over the entire surface and the
depth (darker regions) in the pores can be appreciated. The
observed depth in the pores indicates highly ordered arrays
of long tubes have been formed. It is also observed that the
diameter of the pores is very well defined. Figure 4c shows
the formation of pores on the thickness of the substrates,
although many of them appear to be blocked by a compact
TiO, undissolved layer from the beginning of the anodiza-
tion, called the passive layer [12, 55]. It is noted the diameter
of the pores formed on the thickness of the substrates was
less than that formed on the surface of their faces, and the
absence of this layer of TiO, remained at 45 min. The afore-
mentioned suggests a very fast speed of chemical dissolution
of the TiO, (r.4) formed, and an equilibrium between the
rate of electrochemical formation of TiO, (r.;) and the r 4
was reached quickly. Therefore, these observations indicated
that the r4 of TiO, over the thickness was slower than on
the faces.

Figure 4d corresponds to the surface of the main face
of anodized substrates in the organic electrolyte, while
Fig. 4e shows the surface of its back face. In these figures,
nanotubular structures form in different orientations but are
favored in the z direction (as projective way) attaching at
the top to form TNT-O clusters with abundant gaps among
them, resulting in an apparently considerable length, as men-
tioned by [41]. On the substrates, a smaller tube diameter
is observed on back face when compared to the main face,
suggesting a slower TiO, dissolution. Figure 4f shows a
nanoporous net formed on the thickness of the substrates,
indicating that on the thickness the TNT-O are in the forma-
tion process.

Fig.5 FESEM micrographs

at x50,000 and x25,000 from
cross section of the anodized
substrates in: a inorganic and
b organic electrolyte. The inset
in b from HRTEM depicts the
bottom layer thickness of the
TNT-O
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In addition, the cross-sectional view of the substrates was
analyzed to observe the TNT morphological profile (Fig. 5).
Figure 5a corresponds to the cross section of the anodized
substrates in the inorganic electrolyte. This figure shows the
formation of a compact array of TNT-I, adjacent and parallel
to each other, with a structural regularity that contrasts with
their base, which indicates that there was uniformity in the
length of the TNT-I. In addition, a conical shape is shown
with an apparently rough outer wall that presents undula-
tions, attributed to the high water content of the electrolyte
as has been reported earlier by [9, 12]. In this figure, severe
fractures along the TNT-I, seen as ruptures and tilt of the
nanotubes wall are visible. This phenomenon is observed
because the cutting technique used was not appropriate and
can also be seen in the cross-sectional samples. Figure 5b
corresponds to the side view of the anodized substrates in
the organic electrolyte. In this figure, a compact array of
long and thin tubes with smooth walls is observed. The
TNT-O seems perpendicular to the Ti substrate. It is prob-
able that the considerable longitudinal development of the
TNT-O is due to the slow dissolution rate of the passive
TiO, layer due to the relatively low electrolyte conductiv-
ity (1.13 mS cm™!) and to its neutral pH. In the inset of
Fig. 5b obtained by HRTEM the bottom layer thickness of
the TNT-O is observable.

Table 2 compares the dimensions of the TNT obtained in
this work with others reported in the literature. Nevertheless,
no reports for the characterization of the thickness of the Ti
substrates (spine) and the back face substrates were found.

The chemical nature of the electrolytes revealed changes
in the morphology characterized by the shape and dimen-
sions of the TNT [41]. Thus, the synthesis in the organic
electrolyte produced TNT-O with smaller values for the face
diameters (~57 nm), and thickness (~ 54 nm), thinner wall
thicknesses (~ 14 nm), and bottom layer thickness (~48),
and a larger value for the length (~2.3 pm) than the TNT-I
with inner diameters on the faces, thickness, length, wall

om IIN-UNEM
¥D 3. 0um
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Table 2 Comparison of the dimensions of the TNT synthesized in an inorganic and organic electrolyte

Dimensions Author

Inner diameter (nm) Length (um) Bottom layer ‘Wall thickness (nm)
thickness® (nm)

Synthesis in 84.1+£22.7 0.77+0.16 144 +44.0 18.3+0.71 TNT-I obtained in this work
inorganic 120 0.6 - 15-20 [19]
electrolyte 50-60 036 B B [26]
90-130 0.5-0.65 - - [18, 39, 56]
Synthesis in 57.0+£13.3 2.26+0.35 48.3+7.64 14.0+0.00 TNT-O obtained in this work
organic elec- 50 35 - 25-30 [19]
trolyte 50-90 1545 - - [23, 42, 56]
80-100 4.89 - - [42]
50 0.75 - 15 [57]

#Bottom layer thickness refers to the remaining space between the internal and external nanotube walls at the bottom as in [12]

thickness, and bottom layer thickness of ~ 84 nm, ~ 74 nm, ~
0.8 um, ~ 18 nm, and ~ 144 nm, respectively. Therefore, it is
assumed that the superficial area of the TNT-O was greater
than the superficial area of the TNT-1. Additionally, there
is clearly some minor inhomogeneity in the morphology of
the TNT-O. On the other hand, according to [9, 12, 19], the
properties of the chemical dissolution of TiO, to form TNT
are influenced by the water content in the electrolyte. This
aspect affects the TNT wall morphology. Thus, the TNT-I K ; :
wall showed different characteristics when compared with Full Scale 117 cts Cursor: 0.000
the TNT-O wall. The TNT-I adopted a conical shape pre-
senting undulations in the outer wall and giving an aspect
of corrugated nanostructures, while the TNT-O adopted a
cylindrical shape showing smooth walls with different thick-
nesses along the tube. This suggests that the mechanism of
TNT formation in both electrolytes is significantly differ-
ent and affects the resulting TNT morphology, dimensions,
and, most likely, superficial area, which agrees with previ-
ous findings in the literature [12, 17, 19, 20]. It should be 0 1

noted that in this work, the reuse of the electrolytes sev- e
eral times showed no alteration on the TNT morphological
characteristics.

3.2.2 Elemental characterization

An EDS detector attached to the FESEM was used to deter-
mine the elemental composition from the surface of the sam-
ples. Thirty-three locations from anodized substrates in the
inorganic and organic electrolytes and four from a sample
of pristine Ti at 99.7% purity were analyzed. Representative  jq 6 EDS spectra from a TNT-I, b TNT-O and ¢ pristine Ti sub-
spectra (Fig. 6a, b) from synthesis in both electrolytes con- strate (99.7% purity). The inset in ¢ depicts the surface morphology
firmed the presence of Ti and O. A representative spectrum  of the pristine Ti substrate with carbon impurities

(Fig. 6¢) from the sample of pristine Ti showed the presence

of Ti (87.4 at. %), C (12.3 at. %), and Si (0.3 at. %). In the

inset from Fig. 6¢, the areas delimited by red circles cor-

respond to the carbon deposited on the pristine Ti substrate.

Full Scale 361 cts Cursor: 0.000 keV|
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This was attributed to traces of organic material (i.e., fatty
material) left from the manipulation of the samples. Never-
theless, other impurities such as Si are typical of the sub-
strate since it is not 100% pure.

Table 3 shows the average atomic percentages of each
element referenced in Fig. 6. These findings showed that
Ti and O contents on the surface of the TNT-I and TNT-O
samples were similar and consistent with the atomic com-
position reported by [58]. However, [57] reported large dif-
ferences in the composition. It is likely that the TiO, layer
obtained by [57] is thinner than the one obtained in this
work because the previous study was conducted in a nitrogen
atmosphere while the current study was conducted in ambi-
ent air conditions.

3.2.3 Structural characterization

The crystal structure of the TNT was determined using the
diffractograms obtained from the XRD analysis (Fig. 7). The
patterns exhibited by the TiO, in its anatase form constituted
the dominant crystalline phase while only traces of rutile
were detected. The diffractograms also showed some charac-
teristic peaks for Ti attributed to the subjacent Ti substrate,
as has been reported earlier [12, 19, 22, 42, 44, 57, 59, 60].

As shown in Fig. 7, the rutile/anatase relationship is dif-
ferent in both XRD patterns. The diffractogram from TNT-O
showed a decrease in the Ti peak at 63.2° 71°, and 76.5°,
and subsequent appearance of anatase at 63.1°, 70.8°, and
76.3° 20. The conversion of Ti peaks to anatase peaks was
attributed to the transformation of amorphous TiO, into its
anatase crystalline phase. Other anatase peaks than those
observed in the diffractogram from TNT-I as well as the
appearance of rutile peaks at 27.5° and 77.5°, and traces of
one at 36.2° and 56.7° 20 were observed. This was likely due
to the higher annealing temperature applied in the synthesis
of the TNT-O (550 °C) with respect to that of the synthesis
of TNT-I (500 °C). On the other hand, the intensities of
these peaks were also affected, becoming more intense in
TNT-O than TNT-I, meaning more crystallinity for TNT-O
than TNT-1. However, the semiquantitative analysis in both
samples indicated 86% of TiO, was found in the anatase
phase and 14% in the rutile phase. The change in the inten-
sity of the Ti peaks varies as the transformation of amor-
phous TiO, to crystalline TiO, takes place. The diameter of
the TiO, crystals was calculated using the Debye—Scherrer

Table 3 Average composition (at.%) of the surface of the TNT deter-

A Anatase
R Rutile
T T Titanium

A
T
A
L R_JAMA 3 R
A T

- A

L T
™ LJJ JL__JLJ\L

T T T T T T T T T T T

0 30 40 50 60 70 8

2 theta (degree)

Intensity (a.u.)

L

2 0

Fig. 7 X-ray diffraction patterns of the TNT-I and TNT-O

equation and the results were compared with those reported
by [61] as shown in Table 4. In this way, the greater size of
the TNT-O crystals for the anatase phase was also attributed
to the higher annealing temperature applied in the synthesis
of the TNT-O. In comparison with this work, the absence
of rutile crystals was reported by [61] as due to formation
of only the anatase phase when conducting the experimen-
tal work at a lower temperature [43, 44]. According to the
studies carried out by [43], a mixture of rutile (28.1%) and
anatase (71.9%) is formed at 600 °C, while 100% of the
anatase phase is exhibited at 300 °C, 400 °C, and 500 °C. In
[61] the authors used a lower temperature (at 450 °C) than
those used in this work (at 500 °C and 550 °C). Therefore,
the formation of ~ 14% rutile and ~86% anatase is possible
between 500 and 600 °C [44]. Thus, the formation of the two
crystal phases was attributed to the annealing temperature
and the percentages were obtained by a semiquantitative
XRD analysis.

3.2.4 Topographic and textural characterization

Figure 8a shows the three-dimensional structure visible in
the topographic image in the 10 X 10 pm range of the TNT-I
with a root mean square (RMS) of 72.18 nm and a maximum
background-peak distance close to 0.68 um. Figure 8b shows
the surface topography of TNT-O with a RMS of 145.27 nm
and the maximum peak height was 0.85 pm. The roughness
is noticeably different between the two samples, thus, while

Table 4 TiO, crystallite size

mined by an EDS detector attached to the FESEM Crystal structure of the  Present work [61]
TNT

Element TNT-1 TNT-O [57] [58] TNT-I TNT-O

o 63.32 68.37 34.76 66.63 Anatase 12 nm 28 nm 25 nm

Ti 36.68 31.63 65.24 33.36 Rutile 24 nm 54 nm -
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Fig.8 Topographic profile of the a TNT-I and b TNT-O
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Fig.9 Time profiles vs current during anodization of Ti in the inor-
ganic and organic electrolytes

TNT-I shown a better homogeneity in distribution and peak
height, large irregularities were obtained on the surface of
the TNT-O, probably helping to increase the superficial area
[55].

3.3 Relationship between the current curves
and the TNT formation

During the Ti anodization, the behavior of the electric cur-
rent as a function of time was recorded and the values were

plotted as shown in Fig. 9. This figure compares the current
profiles achieved in the two electrolytes.

In the initial stages, the electric current recorded in the
synthesis of the TNT-I reached maximum values around
0.28 A at 5 min of the process, i.e., values almost five times
higher than those reached in the synthesis of the TNT-O due
to its acidic pH, high conductivity, and high water content
as was previously reported by [12]. Subsequently, the cur-
rent decreased abruptly to approximately 0.03 A, indicating
the formation of a thin and compact layer of TiO, (passive
layer). Thus, after 5 min, the current values observed in the
inorganic electrolyte were lower than those observed in the
organic electrolyte. This fact was attributed to the quick satu-
ration of the electric current because of the rapid formation
of the passive layer of TiO,. Finally, the decreasing trend
continued during the remaining anodization period at an
almost imperceptible speed, and at approximately 15 min it
began to saturate to a constant value indicating that repas-
sivation was about to occur. Therefore, in the inorganic elec-
trolyte, the drastic decrease and subsequent saturation of the
current indicates the fast speed of formation of the passive
layer of TiO, and of the TNT-I, respectively [12, 16-20].

On the other hand, in TNT-O synthesis, at 5 min the elec-
tric current reached a maximum value of the order of 0.06
A, and then began to decrease moderately. This decrease
is related to the competition between the development of
the compact layer of TiO, and the process of pore forma-
tion. Then, at 10 min, a point of inflection was observed
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indicating the formation of the compact layer of TiO, as the
dominant process for this period. Subsequently, the current
began to increase until the curve adopted a convex shape
(with a second maximum at 0.056 A) marking the begin-
ning of the formation of pores and subsequent growth of the
TNT-O. Immediately after this, the curve was preceded by
a slow drop of current because of the longitudinal growth
of the TNT-O. This continued until the end of the process
showing the development of the repassivation. In this way,
the gradual decrease of the current revealed a slow dissolu-
tion speed of the TiO, layer and then, a slow formation and
development of the TNT-O. This behavior of the current is
similar to that previously reported in the literature for elec-
trolytes containing fluoride in aqueous solution [12, 16-20].

Therefore, when comparing the current curves from
Fig. 9, it can be concluded that the rate of formation of the
TNT-I was significantly faster than that of the TNT-O, i.e., in
the inorganic electrolyte the equilibrium point between the
r.¢ and the r 4 was reached quickly. In addition, the behavior
of the curves from Fig. 9 was consistent with that reported
by several authors [12, 16-20, 54, 57, 62], who observed
in general that the current decays logarithmically until a
minimum value takes place during the formation of the pas-
sive layer of TiO,, which later stabilizes. In this work and
according observations by those authors, when the current
decreased and then stabilized, the formation of a tubular
layer of TiO, on the surface of the substrate had reached a
thickness limit. This behavior is adapted to the mechanism
of formation of the TNT established for aqueous systems
with additions of fluorine, consisting of the stages that are
schematized in the Fig. 10. It should be noted that, in the
acid electrolyte of pH 1.62 the high speed of TNT-I for-
mation compared to the speed of formation of TNT-O in
the organic electrolyte of pH7.3 can be explained by the
increased mobility of fluoridated species through diffusion
of the F~ ions and, the effusion of the [TiFﬁ]‘2 ions inside
and outside the nanotubular reaction channel, respectively
[18, 20].

The mechanisms of formation of synthesized TNT in both
electrolytes (inorganic and organic) is in agreement of those
reported in literature [12, 17, 18, 20, 39, 54], since similar
current profiles denote an abrupt decrease in the initial stage.
The aforementioned is due to the formation of a compact
layer of TiO, that is gradually stabilized until it reaches a
stable state signifying the dissolution of compacted TiO,
by the fluorine ions. Figure 10 presents the formation and
growth stages of the TNT from the anodization sequentially
at different anodization times from 5 min until 60 min. On
the left side of Fig. 10, the sequence of FESEM images cor-
responding to TNT-I indicates the random formation of a
microporous layer at the first 5 min of anodization. Next,
at 10 min the micropores are present on the entire surface
of TiO,. Subsequently, from 20 min these pores grow until
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acquiring a pronounced depth at 30 min. Later, at 45 min the
pores are separated to form individual self-ordered tubular
nanostructures. Finally, the dilatation of the pores and the
reduction of their thickness is evident at 60 min. On the right
side of Fig. 10, the mechanism of formation of the TNT-O
is presented, starting at the first 5 min when the passive
layer was formed. Then, the passive layer is followed by
a stage of thickening at 10 min and subsequent microfis-
suring at 20 min of anodization. Subsequently, at 30 min
the pores grow disorderly in both diameter and depth. At
45 min the porous structure acquires a well-defined nanotu-
bular structure formed by common walls between adjacent
TNT. Finally, by 60 min the nanotubular structure continues
its longitudinal development, separation, pore dilatation, and
thinning of the walls of the TNT-O. Then, it is concluded
that, until minute 30, the kinetics of formation of TNT-O is
slower than that of TNT-I. Therefore, the chemical nature
of the electrolyte is a factor that affects the speed and the
mechanism of formation of the TNT. Thus, the TNT forma-
tion mechanism can be described in general terms as: (1)
formation of a thin and compact layer of TiO, (passive layer)
during first few minutes of anodization, (2) thickening of the
passive layer and subsequent pore nucleation, (3) formation
and growth of a porous layer, (4) formation of nanotubular
structures, and (5) dimensional development of the nanotu-
bular structures [55].

The pore formation is a complex process. Chemically dur-
ing the process of anodic oxidation in an aqueous electrolyte
the Ti is oxidized to form TiO, according to the reactions
(oxide-reduction) mentioned in Egs. 1 and 2. A complexing
ligand (F™) leads to localized and substantial dissolution of
the pores, generating a pH gradient between the bottom and
the mouth of the pores until repassivation occurs [12, 15,
16]. Thus, the formation of TNT is given by the reaction
indicated in Eq. 3 [18, 20, 25, 63].

2H,0 — O, +4e™ + 4H* (1)
Ti + O, — TiO, )
TiO, + 6F + 4H* — [TiFg] > + 2H,0 3)

According to these reactions, amorphous TiO, forma-
tion generally occurs by the migration of Ti** ions from the
anode toward the electrolyte and by the migration of O, from
electrolyte to the anode. Subsequently, the nanotubular form
is produced by the migration of fluorine ions (with faster
penetration than observed for O,) and ions [TiFG]_2 toward
the interior and exterior of the pores of TiO,, respectively
[20, 54]. Thus, the formation of TNT is a direct consequence
of the competition between the r,; referred to oxidation
speed of the pure Ti and the r_4 of the newly formed TiO,
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due to the F~ ions of the electrolyte. The relation r,/r 4 is the
one that will determine if the formation of the TNT begins.

4 Conclusions

Using a Ti foil as a cathode, successful synthesis of TNT
was achieved in inorganic and organic electrolytes. Their
chemical nature influence on the morphology, dimensions,
mechanism, and speed of formation of the TNT without
affecting their chemical composition. Crystalline TNT-I and
TNT-O with potential photocatalytic activity were obtained
after an annealing process at 500 °C and 550 °C, respec-
tively. TNT of smaller diameter, greater length, and prob-
ably greater superficial area were obtained using the organic
electrolyte, while the opposite was found when the inorganic
electrolyte was used. Alternatively, a greater uniformity in
the morphology, roughness, and ordering of the TNT-I was
observed than that in the TNT-O. Likewise, formation of
TNT-I was much faster than that of TNT-O. Finally, the
electrolyte reuse does not affect the nanotubes formation.
Moreover, for further researching about electrolyte reuse it
would be helpful to explore the structural and physicochemi-
cal characteristics, formation mechanism, and how is this
influenced.
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