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TiO, Nanotubes — Annealing Effects on Detailed Morphology and Structure
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The present work deals with self-organized TiO, nanotube
layers formed on a Ti metal substrate by anodization. For vir-
tually any electrical or photoelectric application, these origi-
nally amorphous nanotube layers need to be converted to
anatase. Most frequently, this is done by annealing at tem-
peratures of approximately 450 °C. In the present work we
use TEM and XRD to compare the annealing at a signifi-
cantly lower temperature of 350 °C with that at the estab-
lished 450 °C. HRTEM results show that both annealing

treatments lead to comparable grain sizes in the nanotube
walls; however, at 450 °C numerous defects (nanoscopic
cracks) are created in the nanotube walls. Moreover, the
treatment at 450 °C leads to the formation of a (rutile) oxide
layer underneath the tube layers. These factors can consider-
ably affect the overall properties of the tubes. Additionally,
we point out some effects that should be carefully considered
when using HRTEM investigation on TiO, nanotubes such as
e-beam-induced crystallization or tube diameter shrinkage.

Introduction

In the last decade, TiO, nanotube layers have attracted
considerable interest for various scientific and technological
reasons. After the first report by Zwilling!'! on the self-
organized formation of TiO, nanotubes by electrochemical
anodization of Ti metal in a fluoride-containing solution,
the morphology, in particular, the tube-wall smoothness, as-
pect ratio, and diameter control were increasingly im-
proved.?! The TiO, nanotube layers have a high number of
potential applications based on their ion insertion,?! elec-
tronic or biomedical propertiest! (for an overview see
ref.Bl). After electrochemical formation, the oxide tubes are
amorphous, but for many applications the conversion to an
anatase crystal structure is desired. Typically annealing the
TiO, tubes in air at temperatures greater than 300 °C alters
them to an anatase structure,l® whereas at temperatures
greater than 500 °C, an increasing amount of rutile is for-
med.[°7] The anatase phase is beneficial for biomedical ap-
plications,*"! but full conversion to anatase is even more
significant in photoelectric applications such as photocatal-
ysis and other applications that critically depend on a high
electron-transport efficiency along the tube walls. Most re-
cently, it was reported that for TiO, nanotube layers used
in Grétzel type dye-sensitized solar cells, electron mobilit-
ies!® and electron diffusion lengths can be measured® that
are considerably higher than those in conventional particle-
based cells.”® First results showed that the electron trans-
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port times can be drastically affected by the annealing con-
ditions.['% In fact, an up to 10 X higher electron mobility
was reported for TiO, nanotubes used in Gritzel type solar
cells that were constructed with tubes annealed at 350 °C
rather than at 450 °C. Furthermore, this different behavior
is very significant as by far the most frequently used anneal-
ing temperature for TiO, nanotubes is approximately 400—
450 °C.1%4111 The present work provides investigations of
structural and morphological effects that occur at different
annealing temperatures.

Results and Discussion

TiO, nanotube layers were formed by anodization of a
Ti sheet in a fluoride-containing ethylene glycol electrolyte
as described in the Experimental Section. Figure la shows
a SEM cross-sectional view of the resulting TiO, nanotube
arrays. The tube length was reproducibly established at
25 um, and the outer tube diameter was about 160 nm. Fig-
ure 1b shows XRD spectra taken for the as-formed tubes
and for tubes annealed in air at 350 and 450 °C. The XRD
results show that annealing at both temperatures converts
the originally amorphous tubes entirely to anatase. The an-
nealed TiO, nanotubes show peak intensity characteristics
similar to the diffraction patterns for anatase powder with
the highest peak in the (101) direction. Thus, one may sup-
pose that there is no preferential orientation of crystallites
inside the tubes (Figure 1b).

Figures 1c and d show TEM images of tubes annealed at
350 and 450 °C, respectively. From the images, one can de-
duce that the wall thickness of the tubes with 160 nm dia-
meter is approximately 40 nm. The diffraction patterns in
Figures le and f confirm that the tube walls consist of ana-
tase TiO,. During measurements, we observed in diffraction
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Figure 1. (a) SEM cross-section of as-formed TiO, nanotubes. (b)
XRD of the samples. (¢, d) TEM images of the samples annealed
at 350 and 450 °C. Insets represent selected areas. (e, f) Diffraction
pattern obtained from the chosen selected areas. (g, h) Dark-field
images of the TiO, nanotubes. (In XRD the peaks marked A repre-
sent anatase and those marked T show titanium [metal]).

patterns taken from entire nanotubes that some orienta-
tions give higher intensities, which indicated that the signal
is composed of contributions of considerably large crystals
and smaller crystallites. The dark-field images displayed in
Figures 1g and h, taken for a specific orientation from the
diffraction patterns, show the size of the analyzed crystal.
These are typical crystallites with lengths of about 1 pm
and diameters of approximately 160 nm. This means that
the crystals in the nanotube walls at 350 and 450 °C are of
similar size. Figure 2 shows a HRTEM image taken from
the top of a tube ring. It indicates that the crystals are of
cylindrical shape. In other words, under both annealing
conditions the tube wall mainly consists of crystals of com-
parable size with a cylindrical shape that can be several
hundred nanometers long in the direction of the nanotube
axis.
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Figure 2. (a, b, ¢, d) HRTEM images of a tube top showing a single
crystal with a cylindrical shape.

However, more detailed TEM and SEM investigations
as shown in Figure 3 reveal considerable differences in the
nanotube walls for the different annealing temperatures.
The samples annealed at 450 °C show in the SEM some
dark line patterns on the tube walls, whereas this pattern is
absent at 350 °C. These lines are, as we will show below,
interfaces/borders between crystallites. A closer look at the
interfaces between crystals by using HRTEM shows that
numerous cracks are present in samples annealed at 450 °C.
Figure 3¢ shows a HRTEM image of the sample annealed
at 350 °C with a generally smooth surface and a continuous
lattice structure across grain boundaries. In contrast, for
samples annealed at 450 °C quite large cracks are present
at many grain boundaries, and a high number of them can
be found along the nanotubes (Figure 3d). The appearance
of cracks and their increased density at higher crystalli-
zation temperatures may be ascribed to larger stress occur-
ring during crystallization, heating, and cooling.

One might assume that the cracks occurring at an an-
nealing temperature of 450 °C could be avoided by slower
ramping speeds. However, even at slow temperature-rise
rates such as 0.1 °C/s, one can still observe the crack mor-
phology as shown in Figure 3f. Furthermore, the findings
presented here (cracks) are not limited to the specific fabri-
cation conditions of the nanotubes used in this work but
can be observed for a wide range of growth conditions.

Another important effect of the annealing temperature is
shown in Figure 4. If the region at bottom of the tube is
inspected closely with FE-SEM (cross-sections shown in
Figures 4a, b), one can see that an additional oxide layer is
present underneath the tubes, that is, the annealing treat-
ment causes not only a conversion of amorphous tubes to
anatase TiO, but also some direct thermal oxidation of the
metal substrate underneath. It can be seen that, at 350 °C,
the layer is approximately 50 nm thick, while at 450 °C, the
thickness is approximately 140 nm. For comparison, we
also annealed a plain Ti substrate under the same condi-
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Figure 3. (a, b) High-magnification SEM cross-section of nano-
tubes annealed at 350 and 450 °C. (c) HRTEM image of nanotubes
annealed at 350 °C. (d) HRTEM image of tubes annealed at
450 °C. Arrows indicate the sites where a crack is formed; (e)
HRTEM image of a tube wall annealed at 450 °C showing the
interface of the crystals (see arrow); (f) High-magnification SEM
cross-section of nanotubes annealed at 450 °C with a lower tem-
perature-rise rate of 0.1 °C/s.

tions and obtained the thermal oxide layers shown in Fig-
ures 4c, d.

These layers were found to have a thickness of 20 nm for
350 °C and 50 nm for 450 °C. This thickness is well in line
with literature results for thermal oxidation of Ti in air.['?]
By comparison (the results are compiled in Table 1), the
oxide layer is much thicker underneath the tubes than the
oxide layer formed on a pure titanium surface under the
same annealing conditions.

It should be pointed out, however, that the bottom layer
underneath the tubes typically contains a fluoride-rich lay-
er,l%131 that is, a different chemical environment is present,
which may be responsible for the thicker oxide layer forma-
tion observed for tubes. Figure 4¢ shows the XRD analysis
of the reference thermal oxides formed on the surface of
pure titanium. It can be seen that the oxide grown at 350 °C
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Figure 4. (a, b) HRSEM cross-sectional view near the bottoms of
the TiO, nanotubes at 350 and 450 °C; (c, d) thickness of the rutile
layer formed on top of pure Ti at 350 and 450 °C. (¢) XRD of the
oxides grown at 350 and 450 °C on pure titanium; (f) XRD of the
TiO, nanotube arrays of different thicknesses. (In XRD the peaks
marked A represent anatase, those marked R stand for rutile, and
those marked T show titanium [metal]).

Table 1. Layer thicknesses grown underneath TiO, nanotubular
layers and those grown on pure Ti surfaces.

Thickness of TiO, grown

Thermal conditions underneath tubes

350°C, 3h, 1°C/s
450 °C, 3h, 1°C/s

on a pure Ti surface

ca. 20 nm (rutile)
ca. 50 nm (rutile)

ca. 50 nm (rutile)
ca. 140 nm (rutile)

has a weak peak of rutile at 26 = 36.09°, which corresponds
to the (101) plane orientation. This peak has only 50% of
the intensity of the same peak in an XRD spectrum of rutile
powder.'Y This suggests that the rutile crystal nucleation
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has a preferential orientation in the layer. In the case of the
450 °C sample, the amount of rutile increases, and the main
(110) peak appears as the most intense of all three peaks of
rutile detectable in this layer [20 = 27.45° (110), 20 = 36.09°
(101), and 20 = 54.32° (211)]. The formation of rutile by
thermal oxidation of metallic Ti is quite commonly ob-
served.['] For the TiO, nanotube layers, one can show that
at 350 and 450 °C only the newly formed thermal oxide
consists of rutile, whereas the tube wall (converted from
amorphous material) consists fully of anatase. This is not
only supported by the TEM investigations in Figure 3 but
also by XRD spectra taken from different tube layer thick-
nesses (Figure 4f).

The preparation of these different tube lengths is de-
scribed in the Experimental Section. For thin tubular layers,
the XRD spectra contain information on the whole layer,
that is, the penetration depth is sufficient to include the
thermal oxide at the interface and the titanium substrate.
Under the present XRD analysis conditions, the X-ray
penetration depth is approximately 9 pm.['®) At higher
thicknesses, the TiO, nanotube layer is not anymore fully
penetrated and therefore only contains information on the
tube walls. Accordingly, a decrease in the rutile peak inten-
sity is observed for thicker layers. For the 30 pum thick lay-
ers, the rutile peaks are completely absent. Evaluated data
are compiled in Table 2.

Table 2. Intensity of the main rutile peak.

Thickness 1.6 um 4.3 pm 9 um
I (110) 33 3.2 1.8

30 pm
0

These results are a critical finding regarding the anneal-
ing of TiO, nanotubes, as a substantial part of literature
reports that rutile is formed in the tubes at temperatures as
low as 430 °C.l'71 Clearly, the findings of the present work
are in conflict with such statements.

Some interesting side aspects emerged during structural
investigations of the TiO, nanotubes by using HRTEM.
Namely, it was evident already after some few experiments
that significant changes in the structure and morphology of
amorphous nanotubes can be induced by e-beam irradia-
tion. As previously observed,['®] TiO, is prone to e-beam-
induced crystallization, as illustrated in Figure 5. Figures 5a
and b show the HRTEM images of amorphous TiO, nano-
tubes that were taken before and after e-beam exposure for
several minutes at 200 kV. Clearly, the formation of crystal-
line zones can be seen (lattice fringes appear) with increas-
ing TEM observation time. The amount and size of these
crystallites increase in time. Moreover, crystallization is ac-
companied by a shrinkage effect of the TiO, nanotubes, as
shown in Figure 6. Figures 6a, b show a tube bottom range
before and after TEM observations for some time, and Fig-
ures 6¢, d show a tube wall location before and after TEM
observation. Both images show that crystallization leads to
considerable volume contraction and therefore a defor-
mation of the nanotube geometry. In the case of Figure 6d,
after exposure of about 10 min, one side of the tube suf-
4354

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 5. HRTEM images of amorphous TiO, nanotubes before
(a) and after (b) e-beam exposure for several minutes at 200 kV.

Figure 6. (a, b) Shrinkage effect of the amorphous nanotubes at
the tube bottom under exposure to the TEM e-beam for about
12 min; (c, d) shrinkage effect of the amorphous nanotubes under
exposure to the TEM e-beam for about 10 min.
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fered a lateral shrinkage of about 15 nm. The exposed area
is filled with arbitrary oriented crystallites with sizes of ap-
proximately 25 nm.

Conclusions

The present work shows that annealing of anodic TiO,
nanotubes at two different temperatures (both frequently
used to crystallize the nanotubes to anatase) can induce
some significant differences in the detailed tube structure.
While the crystallite size in the tube walls is approximately
the same for both temperatures, HRTEM reveals a signifi-
cant amount of cracks in the tube wall when annealing is
performed at 450 °C. Moreover, annealing in air leads to
a comparably thick rutile layer at the metal/tube bottom
interface (due to thermal oxidation of the substrate). Both
effects (cracks and rutile layer) are a plausible origin of the
significantly slower electron transport times observed for
tubes annealed at 450 °C, as reported in literature.’*!°1 On
the one hand, the cracks represent obstacles for electron
transport and thus may lead to larger effective diffusion
lengths (around the crack). On the other hand, the forma-
tion of rutile layers may affect the electron transport in so-
lar cells to the back contact (Ti substrate), as rutile has a
significantly lower electron mobility than anatase.”®! At the
present stage, it is not clear whether observed cracks or ru-
tile layers can be avoided by an optimization of the anneal-
ing treatment at higher temperatures. For solar cells, an-
nealing at higher temperature is desired, as it has been ob-
served that for dye-sensitized solar cells (DSSCs) the areal
loading of dye is improved for tubes annealed at higher tem-
peratures.[1]

When investigating amorphous TiO, nanotubes by
HRTEM experiments, we found some significant e-beam-
induced crystallization effects, which, in turn, also affect the
overall tube morphology. In other words, HRTEM work
reporting the presence of crystallites in as-formed TiO,
nanotubes (without additional proof) has to be examined
very carefully.

Experimental Section

As substrates for TiO, nanotube growth, we used titanium foil
(99.6% purity, Goodfellow) with a thickness of 0.1 mm. Prior to
tube formation, the foils were cleaned by sonication in acetone and
ethanol followed by rinsing with deionized water and drying in a
nitrogen stream. To perform the electrochemical TiO, nanotube
formation, the foils were anodized by using a high-voltage po-
tentiostat (Jaissle IMP 88 PC) in a two-electrode configuration with
a counterelectrode made of platinum gauze. The electrolyte was a
fresh solution of ethylene glycol (Riedel-de Haén, 24204) with ad-
dition of HF (0.5 m, 40%, Merck) and deionized H,O (1 m). Anod-
ization was carried out at 100 V, and layers of 25 pm thickness were
grown by passing a charge density of 45 C/cm?. Other tube lengths
were obtained under the same conditions by varying the anodiza-
tion time to reach a specific charge density (1.6 um, 3 C/cm?;
4.3 um, 7.7 C/em?; 9 pm, 16 C/cm?; 30 pm, 54 C/cm?;). After the
experiment, the samples were immersed in ethanol for 1 h and then
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dried in an N, stream. All experiments were carried out at a tem-
perature of 20 °C. Samples were annealed at two different tempera-
tures (350 and 450 °C) for 3 h in air with a temperature-rise rate of
1 °C/s by using a Rapid Thermal Annealer — Jipelec JetFirst 100.
To investigate the influence of the annealing rate, some experiments
were performed at 0.1 °C/s. The complete thickness of this layer
was obtained by dissolution of the Ti substrate with a very highly
selective anhydrous methanol/Br, (9:1 vol) solution. This solution
dissolves titanium, but not titanium dioxide. A field-emission scan-
ning electron microscope (Hitachi FE-SEM S4800) and trans-
mission electron microscope (Hitachi TEM H-800 and HF-2000)
were used for morphological characterization of the samples. The
length of the nanotubes was measured from SEM cross-sections.
X-ray diffraction analysis (XRD) was performed with a Xpert Phil-
ips PMD having a Panalytical Xcelerator detector using graphite-
monochromatized Cu-K, radiation. The incident X-ray beam im-
pinged on the sample at an angle of 5° and stayed fixed during the
measurement in a 26 scan mode.
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