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HIGHLIGHT
e TiO2 nanotube layers were grown on four different Ti substrates by anodization
e Ti substrates with completely different microstructures were used
e The grain size of the substrates ranged from nanocrystalline to single-crystalline
e Differences between the nanotubes grown on these substrates were evaluated

e Similar nanotube dimensions were received on all Ti substrates

Abstract

Four Ti substrates with various microstructures were investigated for the anodic growth of TiO2
nanotube layers: nanocrystalline and single-crystalline ingots as well as microcrystalline thick
Ti sheets and microcrystalline thin Ti foils. All substrates were anodized in a conventional
ethylene glycol based electrolyte under identical conditions. The resulting TiO2 nanotube
layers were compared in dimensions and the consumption of Ti required for their growth.
Unexpectedly, the results showed that on all substrates nanotube layers with a similar thickness
and nanotube diameter, as well as a similar degree of ordering and after annealing the same
crystallographic orientation of anatase were received, regardless the microstructures. However,
the nanotube layers grown on a Ti sheet revealed a slightly higher thickness compared to the
other substrates which were assigned to slower field-assisted dissolution rates due to different

impurities found in this substrate compared to other ones.
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Introduction

Since their first introduction in 1984 [1], TiO2 nanotube layers have attracted great interests
due to their wide applications in various fields, as described extensively in several reviews [2-
4]. During the recent years, significant knowledge has been gained about the influence of the
anodization conditions on the growth and properties of TiO2 nanotube layers [5-7]. In addition,
efforts were carried out to prepare hexagonally ordered TiO2 nanotube layers [8-15] resulting
in perfectly organized nanotubes shown recently [13-15], with similarly perfect ordering as the
nanoporous Al203 [16,17].

Titanium is a valve metal typically having a hexagonal close packed structure (a-Ti) consisting

of grains with different crystallographic orientations and sizes [18]. Ti substrates exist with



various microstructures and chemical grades, depending on the processing route [19]. The
physical, chemical and electrochemical properties of these Ti substrates are influenced by the
crystallographic defects and impurities the Ti [20,21], as any other solid substance, contains.
It can be expected that the microstructure of the crystalline Ti substrates has to play an
important role for the growth of the TiO2 nanotube layers. Several reports on the influence of
the microstructure of the substrate on the TiO2 nanotube growth have already been published
to address this expectation. It was shown that in some aqueous electrolytes some grain
orientations are nanotube retarding [22] or that non-uniform nanotube layers were received due
to the grain structure [23,24]. However, recently we showed that in ethylene glycol based
electrolytes, no grain orientation was nanotube growth retarding, but a sufficient anodization
time was required to obtain TiO2 nanotube layers without the remnant porous initial oxide [25].
The microstructure of the Ti substrates does not exclusively influence the nanotube growth (i.e.
whether and how the tube layers will grow), but might also influence the resulting ordering of
the nanotube layers. As shown recently, locally highly ordered TiO2 nanotube layers were
observed on the different grains but, in the vicinity of the grain boundaries, the order was
disturbed [19]. Su et al. [26] showed that on polycrystalline Ti foils a bimodal pore size
distribution was received on different grains, while monomodally distributed TiO2 nanotube
layers were achieved upon anodization of (0001) oriented Ti films sputtered on conductive
glass. Therefore, the use of nanocrystalline or, opposite, single-crystalline Ti substrates can be
interesting for the growth of highly ordered nanotube layers.

Zhang and Han refined the grain size of Ti substrates by surface mechanical attrition treatment
[27]. Upon anodization of these Ti substrates with nanocrystalline structure in a glycol (not
further specified) based electrolyte, the authors obtained a thicker TiO2 nanotube layer
compared to the as-received commercial Ti substrates. They ascribed the differences in the
TiO2 nanotube layer thickness to an accelerated growth rate due to an increased density of grain
boundaries and dislocations in the nanocrystalline substrates. Ferreira et al. annealed Ti
substrates at 1000 °C before anodization to reduce crystalline defects and increase the grain
size [28]. However, the authors received more uniform and thicker nanotube layers on the non-
modified Ti substrates after anodization in HF containing aqueous solution. Finally, Hu et al.
produced Ti substrates with grain sizes between 140 nm and 35 pm using high pressure torsion
[29]. After two-step anodization in a glycerol based electrolyte slightly thicker nanotube layers
with a less pronounced scatter in nanotube diameter were obtained on Ti substrates with smaller

grain sizes. However, in another study [30] the same authors showed that, using a glycerol



based electrolyte of the same nominal composition, the microstructure of the Ti substrate did
not have a significant influence on the nanotube diameter after one-step anodization.

All these reports clearly show that there is some influence of the microstructure on the nanotube
layer growth, in particular on the nanotube dimensions. However, exact reasons remain
somewhat ambiguous and are by far not very clear. Additionally, no study compared single-
crystalline Ti ingots or foils, with nanocrystalline and microcrystalline substrates for
anodization under identical conditions in terms of the TiO2 nanotube dimensions and ordering.
Thus, in this work, for the first time, the growth and the order of nanotube layers on
conventional Ti sheets and thin foils was compared with nanocrystalline and single-crystalline
Ti substrates under otherwise identical conditions. A range of characterization methods was

applied to investigate the influence of microstructures on the nanotube growth and ordering.

Experimental

Four different Ti substrates were used, namely polycrystalline Ti sheets (Goodfellow, 2 mm,
99.6+% purity), Ti foils (Sigma-Aldrich, 0.127 mm, 99.7% purity), single-crystalline Ti
(MaTeck, 99.99% purity, polished to a roughness Rrwvs (root mean square) < 10 nm before
delivery) and nanocrystalline Ti prepared via equal channel angular pressing with applied back
pressure (ECAP-BP). The processing conditions of the latter substrate were described
previously [31]. Before the anodization the nanocrystalline Ti was carefully grinded on an
emery paper (P1200) to remove an eroded layer left on the samples the after electrical discharge
machining. The other Ti substrates were used as received.

The four different substrates were anodized at 60 V for 4 h in an ethylene glycol based
electrolyte containing 10 vol. % H20 and 150 mM NHaF. To receive electrolytes of the same
composition and age [32], the base electrolyte was split into four equal parts after aging and
each part was used for the anodization of one Ti substrate. The electrochemical cell consisted
of a 2 electrode configuration using a Pt foil as the counter electrode, while the Ti substrates
(working electrodes) were pressed against an O-ring of the electrochemical cell, leaving 0.071
cm? open to an electrolyte. Electrochemical experiments were carried out at room temperature
employing a high-voltage potentiostat (PGU-200 V, IPS Elektroniklabor GmbH). All
experiments were carried out twice for each substrate. After anodization the Ti substrates were
rinsed and sonicated in isopropanol and dried in air.

The structure and morphology of the TiO2 nanotube layers were characterized by a field-
emission scanning electron microscope (SEM, JEOL JSM 7500F). The dimensions (diameter
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and length) of the nanotube layers were measured and statistically evaluated using proprietary
Nanomeasure software.

To obtain an adequate surface for Electron Backscatter Diffraction (EBSD) the substrates were
grinded using P2400 SiC paper and then electrolytically polished using Struers LectroPol-5
with A3 electrolyte, at 253 K, 20V for 30 s. The microstructural analyses of the different
crystalline Ti substrates were carried out by EBSD technique using a Microprobe JEOL 733 or
Dual Beam FEI Quanta 3D FEG; both fitted with an EDAX EBSD detector. EBSD data was
analysed with TSL OIM software to obtain inverse pole figures (IPF), IPF maps and the grain
size distribution. The grain tolerance angle for the recognition of neighbouring grains was set
to 5°.

The chemical composition of the substrates was determined by glow-discharge optical
emission spectroscopy (GD-OES, Spectruma GDA 750HR). A direct current method with a
voltage of 1000 V, a current 20 mA and a chamber pressure of ~2.4 hPa was utilized for the
measurements. Certified reference materials were used for the measurement calibration.
Atomic Force Microscopy (AFM, Solver Pro M, NT-MDT) measurements were carried out to
evaluate the surface topography of the substrates in semi-contact mode following the
anodization, on the area of 5 x 5 um?, according to conditions described in [33]. The roughness
of the Ti non-treated samples (in form of the root mean square — RMS) was calculated from
the topology determined by a digital holographic microscope (DHM, R1000, Lyncée Tec) from
at least three individual measurements from the profiles with the length over 300 um [34]. The
depth profiles of the craters left on the substrates after removing the nanotube layers after the
anodization were measured using a mechanical profilometer (SSC-01, RMI Ltd.) [19].

Before X-ray diffraction (XRD) measurements, all nanotube layers were annealed at 400 °C
for 1 hour (heating rate: 2.1 °C/min). Microdiffraction analyses were carried out using 3 kW
diffractometer Smartlab from Rigaku equipped by detector Dtex Ultra. The diffractometer was
set up in parallel beam geometry, additionally focused by a collimator to a beam spot of size
0.5mm. The Cu lamp operated at current 30 mA and voltage 40 kV.

Results and discussion

Figure 1 shows the inverse pole figure maps, the inverse pole figures (IPF) and the direct pole
figures of all Ti substrates investigated in this study, namely a thin Ti foil, a thick Ti sheet, a

single-crystalline Ti substrate and a nanocrystalline Ti substrate. As expected, all substrates,
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except the single-crystalline one, were polycrystalline with different grain sizes. In case of the
polycrystalline substrates, the largest grains were found for the sheet with an average grain size
of 25 + 16 um, followed by the foil with an average grain size of 8 £ 5 um. The nanocrystalline
substrate had at some parts a grain size of 100 - 200 nm, however other parts of the substrate
showed unrecrystallized regions i.e. highly deformed regions with a very high concentration of
defects. In the black regions of the IPF map of for the nanocrystalline Ti, EBSD was not able
to acquire any signal due to a high defect concentration. Thus, no information could be
extracted about grains.

The inverse pole figures (IPF) show that the texture (i.e. the statistical representation of
crystallographic orientations) was different for the four substrates. The orientation of the
single-crystalline substrate was solely (0001), in line with the manufacturer’s specification. In
case of the Ti sheet and the Ti foil, most of the grains were also oriented towards the (0001)
direction. However, for the nanocrystalline substrate less grains with a (0001) orientation were
found and c-axes of the grains were rather aligned perpendicular to the surface. The texture
plots, represented by direct pole figures, also shown in Fig.1, clearly confirm this observation.
As shown by Jager et al. [31], the resulting texture of the nanocrystalline sample obtained by
EBSD is after proper rotation of the sample reference frame almost identical to the texture
measured by x-ray diffraction.
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Figure 1. EBSD analyses of the substrates: inverse pole figure maps (IPF map), inverse pole

figures (IPF) and direct pole figures of the Ti foil, Ti sheet, single-crystalline Ti and

nanocrystalline Ti. Note different scale bar in IPF map for the nanocrystalline Ti.

It has to be pointed out that for the anodizations one base electrolyte was prepared and split
into four equivalent portions to have equal electrolytes, i.e. electrolytes of the same
composition and age, for the anodizations of the different substrates. This is especially
important since small differences in the composition of ethylene glycol based electrolytes can
lead to differences in the current-time plots and in the nanotube dimensions [32].

The polarization plots and current transients for the four different Ti substrates upon
anodization at 60 V in an ethylene glycol based electrolyte are shown in Figure 2. It can be
seen, that all substrates exhibited similar curves which resemble the typical anodization
behaviour of Ti with three distinct stages. This behaviour has been extensively described in the
literature [2, 35]. However, differences in the polarization curves and current density transients
can be seen in the absolute current density values measured at the beginning of the anodizations
of the four different Ti substrates. It is known from the literature [19,36] that higher initial
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current densities are obtained when the Ti substrates have a higher roughness. Thus, the
differences in the current densities which can be seen in the polarization curves in Fig. 2 can
be connected with the different initial roughness of the substrates (see Table 1). The roughness
of the single-crystalline substrate was not measured. However, the substrate was polished by
the producer to a roughness Rrwvs < 10 nm. Thus, the single-crystalline substrate had the lowest
roughness, which is in agreement with the lowest absolute initial current density.

More important for the present study is the steady state current density at the end of the
anodization, where the layer growth is terminated and the nanotube dimensions are compared
(see inset in Figure 2). After four hours of anodization, similar steady state current densities
were recorded for all Ti substrates, ranging between ~0.45 and ~0.55 mA cm. In the literature,
the difference in current densities during the anodization of different substrates is often
assigned to stress on the Ti substrates” surface due to grain boundaries [19]. Nevertheless, in
the case of the single-crystalline substrate, no grain boundaries were observed, as shown in Fig.
1, but still no significant variations among the substrates were obtained in the current densities.
Thus, grain boundaries are not exclusively responsible for this behaviour and other influences
must also be taken into account.

Another factor that can affect the current densities, is the content of impurities in the Ti
substrates, as already shown in our previous work on substrates obtained from different
producers [19]. In this work, GD-OES measurements were carried out for all four Ti substrates
employed herein. The five main impurities for each substrate are listed in Table 2. As can be
seen, for all Ti substrates, except the Ti sheet, Fe and V were the main impurities. Similar to
the other substrates, the Ti sheet contained Fe as the main impurity but the second impurity
was Al. This is interesting since Al does not readily dissolve during anodization, but it
passivates the Ti surface [37,38], while V, present in the other substrates in higher amount,
hardly forms an oxide in the used electrolyte and mainly dissolves [19]. This is in agreement
with the measured crater depth, i.e. the average height difference between the non-anodized
and the anodized area of the Ti substrates after removal of the nanotube layers, given in Table
1: while the Ti foil and the nanocrystalline substrate (V richer) showed similar crater depth of
~2.5 ym, the crater on the Ti sheet (Al richer) was shallower (~1.4 um). Unfortunately, the
crater depth on the single-crystalline substrate could not be measured after destructive GD-
OES measurements. It must be stated that the impurities of the Ti substrates are not embedded
into the TiO2 nanotubes, as a recent study shows [39].

The Coulombic growth efficiencies (represented by a ratio of the charge devoted to the
nanotube growth and the total charge passed through the electrochemical cell) were calculated
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in order to assess the effectiveness of the consumption of the Ti during anodization for the
nanotube growth, as described previously in [40]. The calculations considered porosity of
nanotube layers of approx. 20 % and yielded efficiencies of 27.3 %, 27.1 %, 21.5 % and 19.3
% for the anodization of the single-crystalline substrate, the Ti thick sheet, the Ti thin foil and
the nanocrystalline substrate. This in accordance with the measured crater depth - a lower
current efficiency results in a deeper crater due to stronger dissolution of the TiO2 being formed
upon anodization.
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Figure 2. Polarization plots (left) and current density transients (right) recorded during the
anodization at 60 V for 4 h for four different Ti substrates.

Table 1. Roughness of the initial Ti substrates (acquired by DHM), and depth difference
between the non-anodized area and the anodized area of the Ti substrate (acquired by
profilometer). NC Ti — nanocrystalline Ti, SC — Single-crystalline Ti.

Substrate RMS of the Ti roughness (nm) Average crater depth (um)
Ti foil 100.2 2.45

Ti sheet 52.4 1.56

NC Ti 53.0 2.56

SCTi <10 n/a

Table 2: Average Ti content and the average content of the five main impurities of the Ti
substrates measured by GD-OES, given in weight %. SC — Single-crystalline Ti, NC Ti —
nanocrystalline Ti.

| Substrate [ Ti [ Impurity 1 | Impurity 2 | Impurity 3 | Impurity 4 | Impurity 5 |
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Ti foil 99.91 |Fe—-0.055 |V-0.040 Cu-0.016 |Cr—0.015 | Si—0.005
Tisheet [ 99.94 |Fe—0.038 |AI-0.021 |V-0.015 Cu-0.008 | Cr—0.006
NC Ti 99.88 | V-0.045 Fe—0.035 | Cu-0.028 | Al-0.009 |Si-0.007
SC Ti 99.92 | Fe—0.057 |V -0.026 Si—0.015 | AI-0.013 | Cu-0.009

Figure 3 shows top views and cross-sectional SEM images of the nanotube layers grown on
the different substrates. Obviously, on all used substrates uniform nanotube layers were
received over the whole anodized area, which grew very straight and were free of grass or
remnant porous oxide. In particular, this is also the case for the nanocrystalline substrate. This
has to be pointed out since this substrate showed some unrecrystallized, highly deformed
regions with a very high concentration of defects, as described above. That means that the
unrecrystallized, deformed regions of the Ti substrate did not influence the TiO2 nanotube
growth.

Figure 4 summarizes the average inner nanotube diameters and nanotube layer thicknesses
measured for the four different substrates. Interestingly, hardly any differences in the average
diameter (measured on nanotubes distributed over the whole nanotube layer) were observed
among the resulting values: 147.4 = 14.2 nm, 152.9 £ 15.3 nm, 149.6 + 15.6 nm and 149.9 +
16.5 nm for nanotube layers grown on the Ti foil, the Ti sheet, the single-crystalline Ti substrate
and the nanocrystalline Ti substrate, respectively. Similarly, no differences were found for the
nanotube layer thickness on the Ti foil, the single-crystalline Ti and at the nanocrystalline Ti
substrate with average thicknesses 0f 6.3 + 0.2 um, 6.5+ 0.3 pmand 6.3 £ 0.5 um, respectively.
However, thicker nanotube layers were received on the Ti sheet with an average thickness of
7.5+ 0.2 um. This is interesting, since, as described earlier, the shallowest crater was obtained
on this substrate (after removal of the nanotube layer). This might be due to the relatively high
Al content in the Ti sheet, as revealed by GD-OES. The thickness of the nanotube layers was
in all cases higher than the depth of the crater after the nanotube removal. This is due to the
volume expansion during the oxide formation and in accordance with the literature [41].

Hu et al. [29] showed that on Ti substrates with a fine grained microstructure, slightly thicker
nanotube layers than on Ti substrates with coarse grains can be received upon two-step
anodization in glycerol based electrolyte with a low water content, due to increased stresses
and more defects in the Ti substrates with smaller grains. However, the same authors showed
in another study [30] that the microstructure of the Ti substrates does not have an influence on
the bottom diameter of the nanotubes prepared in the same electrolyte after one-step

anodization. Our previous work [19] showed that nanotube layers with different average
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diameters and length were obtained upon the anodization of Ti foil of various producers in
ethylene glycol based electrolytes with a low water content.

The reasons for the opposite observation in this study remain still unclear. Nevertheless, this
study shows that the microstructure of the substrates does not necessarily influence the
nanotube dimensions. One could assume that the situation is of higher complexity and that
there is an interplay between several different factors, which are important for the nanotube
dimensions. These factors include the specific anodization conditions, the selection of Ti
substrates (microstructure, impurities), the choice of the electrolyte (e.g. in this study an

ethylene glycol based electrolyte with a relatively high water content compared to the other

mentioned studies was used), the temperature, etc.

Figure 3. SEM top views (left column) and cross section views (right column) of the TiO2

nanotube layers on Ti foil (a,e), the Ti sheet (b,f), the single-crystalline Ti (c,g), and the
11



nanocrystalline substrate (d,h). All bars in the left column show 100 nm. The arrows in the
right column indicate the average thickness of the nanotube layers grown on the different

substrates.
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Figure 4. Evaluation of the average inner diameter and the average thickness of the nanotube

layers grown on the different substrates at 60 V for 4 h.

AFM investigations were carried out on the anodized area of the Ti substrate after the removal
of the TiO2 nanotube layers. Figure 5 shows AFM images of the dimples imprinted on the Ti
substrates after removal of the TiO2 nanotube layers. These dimples resemble the structure of
the previous nanotube layer [8,42]. As can be seen, no significant differences could be observed
between the different substrates. All substrates showed some variation in the diameter of the
dimples, as well as in the dimple depth and the local ordering. Usually, these local differences
are explained with the grain microstructure of the substrates, concluding that nanotubes grow
slightly differently on grains with different orientations. [19,26]. However, these differences in
the nanotube diameter and in the dimple depth were found on all substrates including the single-
crystalline substrate. Furthermore, in the case of the nanocrystalline Ti substrate, it must be
noted that the average nanotube diameter was of approximately the same size as the Ti grains
of the substrate, which were in the recrystallized areas between 100 and 200 nm in diameter as
described above. Thus, it can be concluded that the grain structure of the Ti substrates with
local stress at the grain boundaries is not the (only) reason for the local ordering of the nanotube
layers. Instead, the differences must also be connected to other factors, for instance different
field-assisted dissolution rates due to local variations in the concentration of the impurities.
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Figure 5. AFM images of dimples imprinted in the Ti substrates after the nanotube layer
removal from a) the Ti foil, b) the Ti sheet, c) the single-crystalline Ti, and d) the

nanocrystalline substrate.

Finally, XRD characterizations of the TiO2 nanotube layers were carried out after annealing at
400 °C to convert the as-anodized nanotube layers from amorphous into anatase phase. The
XRD patterns are shown in Figure 6. No significant differences in the crystallographic planes
of anatase between the four different Ti substrates can be seen. In all cases the (101) peak was
the main anatase peak. Furthermore, signals for anatase (200), (105), (211), and (204) were
received with (200) showing the second highest intensity. Just in case of the nanocrystalline
substrate the signal at 20 ~ 63 deg (corresponding to the anatase (204) plane) was more
pronounced than for the other three Ti substrates. However, in this region two signals are very
close to each other: the anatase (204) signal (26 = 62.750 deg) and the Ti (110) signal (26 =
62.965 deg). Thus, the high intensity of this signal might be due to an overlay of the two signals

here.
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Figure 5. XRD patterns of the TiO2 nanotube layers on a) Ti foil, b) Ti sheet, c) single-
crystalline Ti, and d) nanocrystalline Ti after annealing at 400 °C with indicated

crystallographic planes for anatase. A — anatase, Ti — titanium.

Conclusions

In summary, the present work demonstrates that TiO2 nanotube layers with similar dimensions,
namely diameter and thickness, can be received upon identical anodization procedure of Ti
substrates, beside totally different microstructure. Furthermore, after annealing at 400 °C all
TiO2 nanotube layers show the same crystallographic planes. Thus, the microstructure of the
Ti substrates may not necessarily have a dominant influence on the nanotube dimensions as
one could assume and as envisaged in previous studies. This suggests that there are other
significant factors influencing the nanotube growth and the resulting nanotube dimensions,
such as chemical impurities, as well as the choice of the anodization electrolyte. More efforts

need to be carried out to understand these factors in more detail.
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