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Abstract
In the present work we report on the influence of the age of ethylene glycol-based
electrolytes on the synthesis of self-organized TiO2 nanotube layers. Electrolytes of different
ages, defined by the total duration for anodization, were explored in order to get insight about
how the tube structure changes with the electrolyte age. The results show a strong
dependence of the electrolyte age upon the nanotube length and diameter – a phenomena
surprisingly not discussed in existing literature. When fresh electrolytes are employed,
nanotube arrays with a high aspect ratio are received, while in older electrolytes (i.e. already
used for anodization) the nanotube arrays exhibit low aspect ratios. This is very important
aspect for the reproducible synthesis of the nanotube layers. Moreover, the effect of the
potential on the nanotube dimensions was investigated. Linear dependence of the diameter
upon the potential was observed. Last, but not least, the influence of a potential change
towards the end of the anodization time was studied. By sweeping the potential to 100 V, or
to 5 V and keeping this for one hour after applying a constant potential of 60 V for 4 hours,
nanotubes underwent interesting morphological changes. In particular, when slow sweeping
from 60 V to 5 V was carried out, small nanotubes grew in the gaps between the initial
nanotubes. Interestingly, these nanotubes layers showed lower adhesion to the underlying
substrates.
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1. Introduction
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Since the first reports by Assefpour-Dezfuly in 1984 [1] and by Zwilling et al. in 1999 [2],
the formation of TiO2 nanotubes by anodization of titanium has attracted significant attention
due to the great application of the nanotubes in various fields, such as dye sensitized solar
cells [3-7], sensors [8-12], photocatalysis [13-15], and biomedical applications [16-18]. For
the first generation of nanotube arrays HF-containing electrolytes were employed [1,19,20].
However, in such electrolytes the thickness of the nanotube arrays is limited to about 500 –
600 nm due to a fast dissolution of TiO2 [20]. To expand the range of applications of the
nanotube arrays, a variety of different electrolytes in combination with optimized anodization
conditions were applied during the last decade, leading to different lengths and diameters.
This included the use of aqueous electrolytes [21,22], glycerol based electrolytes[23,24], and
ethylene glycol electrolytes [25] with NH4F instead of HF.
Moreover, great efforts have been made to alter morphologies of TiO2 nanotubes, for
example to produce nanotubes with bamboo structure or with double-walls [26-29]. In
addition, highly ordered TiO2 nanotube arrays were achieved by removing the nanotubes
after the first anodization of the Ti foils, and applying a second (and even third) anodization
step [30,31]. By using a lower potential for the second step anodization, lotus-root shaped
nanotubes were obtained [32]. Furthermore, double layer titania nanotube arrays were
obtained by subsequent anodization steps, in two electrolytes [33]. Nanotube layers with
branched nanotubes were grown by applying different temperatures [34], while n-branched
titania nanotubes were fabricated by reducing the applied potential with a factor of 1 / √n
[35].
In the meantime, it has been established in the field that ethylene glycol based electrolytes
need to be aged before their first use in order to prepare nanotubes with reasonable quality
(i.e. without unwanted debris, or oxide porous layers on the top of the nanotube layer) [36].
This means that the electrolyte has to be pre-anodized before the first use for growing
nanotubes in order to improve its performance. To the best of our knowledge, however, no
systematic study has been reported until now, that would undertake efforts to find the optimal
electrolyte age for the anodization of titanium. In addition, no such study on the dependence
of the nanotube length and diameter on the electrolyte age was performed until now. Potential
reasons for this involve the need for precise design of experiments, strict monitoring of the
electrolyte´s utilization time and also it might be difficult to precisely evaluate the fluoride
and water content changes during the electrolyte use for anodization.
The influence of the anodization potential on the tube diameter and length was shown for
early stage electrolytes approximately 10 years ago, for purely aqueous electrolytes [37, 38],
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mixed water:glycerol electrolytes [39], as well as for some ethylene glycol based electrolytes
[39-42]. Recently, Loget et al. [40] used bipolar electrochemistry and prepared TiO2
nanotubes on the bipolar electrode. Due to the potential variation over the bipolar electrode,
diameter and length of the nanotubes changed over the length of the electrode. Nevertheless,
in all of these contributions slightly different electrolytes (i.e. variations in water and NH4F
concentration) were employed. And so, these results are difficult for comparison as they
originate from differing conditions. Moreover, these studies were mainly focused on higher
anodization potentials [41, 42] or on substrates with artificial Ti layers [43]. Therefore, in this
work, we examined the influence of the age of ethylene glycol based electrolytes, containing
small amounts of water and NH4F, on the tube length and diameter. Furthermore, we
performed different anodization procedures involving potential changes to higher or lower
potentials towards the end of the anodization time, to elucidate the influence of such an
unusual step (as compared to common art in the field) on the nanotube dimensions and
morphology.

2. Experimental
Prior to anodization, the titanium foils (Sigma-Aldrich 0.127 mm thick, 99,7 % purity) were
degreased by sonication in isopropanol and acetone, then rinsed with isopropanol and dried in
air. The electrochemical setup consisted of a 2 electrode configuration using a platinum foil
as the counter electrode, while the titanium foils (working electrodes) were pressed against an
O-ring of the electrochemical cell, leaving 1 cm2 open to the electrolyte. Electrochemical
experiments were carried out at room temperature employing a high-voltage potentiostat
(PGU-200V, IPS Elektroniklabor GmbH).
As electrolyte, ethylene glycol was used containing 1.5 vol% deionized water and 88 mM
NH4F. All electrolytes were prepared from reagent grade chemicals. Before the first use, all
electrolytes were aged for 9 hours by anodization of blank Ti substrates at 60 V under the
same conditions as for the main anodization experiments. If not stated otherwise, titanium
foils were anodized for 4 hours after sweeping the potential from 0 V to 60 V with a
sweeping rate of 1 V/s. After anodization the titanium foils were rinsed and sonicated in
isopropanol and dried.
The structure and morphology of the TiO2 nanotubes was characterized by a field-emission
electron microscope (FE-SEM JEOL JSM 7500F). Dimensions of the nanotubes were
measured and statically evaluated using proprietary Nanomeasure software. For each
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condition used in this work, we calculated average values and standard deviations from at
least 3 different locations on 2 samples of each condition with a high number of
measurements (n≥ 100).

The pull-off tests for adhesion analyses were carried out using COMTEST®OP3P
(COMING Plus). A circular target, diameter 20 mm, was stuck on the sample by a bicomponent adhesive based on methyl methacrylate and di-benzoyl peroxide mixed in ratio
10:1. One kilogram weight was put on each of sample for 17 hours. The measurement
parameters were following: increasing the tension to 120 kPa/s; limit force 15 kN. The test
was made according to ISO 4624. The result of this test was the force needed to pull-off the
layer from the substrate.

3. Results and discussion

3.1 Influence of the electrolyte age on the nanotube diameter and length

Fig. 1 depicts the current density-time plots recorded during the anodization of titanium at 60
V for 6 hours in ethylene glycol (containing 88 mM NH4F and 1.5 vol% DI water) as a
function of the electrolyte age, expressed by the number of hours for which the electrolyte
had been used to anodize titanium at 60V, after the initial aging. As can be seen, in all cases
the current transients show the typical behaviour reported in earlier papers [44,45]. Even
though this behaviour was deeply described and verified in previous literature (for review see
ref. [28]), we briefly review it also here for the sake of clarity and discussion of our results.
At the beginning of the anodization, when the potential is swept to 60 V, the current strongly
increased, an oxide layer was spontaneously formed at the surface of the titanium. Once the
final potential had been reached, a fast current density decay was recorded. During the
following period, where the current density proceeds through its first minimum, small pores
started to grow randomly in the oxide layer, and shortly after the current density increased
due to an increase of the active area, until a maximum number of pores was formed. This
stage corresponded to a maximum in current density. Subsequently, the tubes expanded in
length, and the current density slowly decayed towards a steady-state (which is not reached
though within 4 hours of anodization used here). However, depending on the electrolyte age
two deviations between the plots can be observed: (i) the time lag to reach the maximum is
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longer, and (ii) the current is generally lower the older the electrolyte. Considering the
reactions for the anodic nanotube formation of titanium, governed by a competition of the
anodic oxide formation and the chemical oxide dissolution [38]:

Ti  2H2 O→ TiO2  4H   4e-

(1)

TiO2  6F   4H  → [TiF6 ]2- 2H2 O (2)
one can see that fluoride ions are consumed during oxidation, leading to lower concentrations
in older electrolytes. This results in lower current densities since fewer fluoride ions remain
available, and the pH value and viscosity are changing [46]. Furthermore, more time is
needed to reach the maximum in current density. As a result, the growth rate of the tubes was
slower and the length of the TiO2 nanotubes strongly decreased when older electrolytes are
used at the same anodization time as shown in Fig. 2. For example tubes produced in a fresh
electrolyte were ~26 µm long while tubes produced in an electrolyte used for almost 50 hours
were ~3.5 µm long.

Figure 1. Current-time curves for the anodization of titanium for 6 hours at 60 V in
electrolytes of different ages: 0 h (dashed line), 6 h (dotted line), 25 h (dashed-dotted line)
and 50 h (full line). The inset shows the current-time behaviour during the final two hours of
anodization.
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A trend towards larger tube diameters can be observed when older electrolytes are employed
as shown in Fig. 3. For example, the diameter obtained in a fresh electrolyte (i.e. aged but had
not yet been used for any regular anodization) is ~124 nm, while in the electrolyte which was
used for about 50 hours a nanotube diameter of ~154 nm was observed. This can be
explained by an increase in the conductivity and a decrease in the IR drop (potential loss due
to the electrical resistance of the electrolyte) [36]. During the anodization process the
conductivity of the electrolyte increased, as shown in Table 1, due to the reactions at the
electrodes (see equations 1 and 2, as well as reference [36,45]). Subsequently the IR drop
becomes lower for older electrolytes and the real potential on the working electrode
increased. Since the diameter of the nanotubes strongly depends on the applied potential [3843,46], the diameter of the tubes increased with increasing age of the electrolytes.

Figure 2. SEM cross-sectional images of the nanotube layers grown for 6 hours at 60 V in
electrolytes of different ages: a) fresh electrolyte, b) 6 h, c) 25 h, and d) 50 h.
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Figure 3. Dependence of the nanotube diameter and the nanotube length on the electrolyte
age for 6 hours anodization at 60 V.

Evidently, the electrolyte can actually be used several times without any significant issues of
lower quality. However, when it is used for too long a time in total (regardless if for one
anodization run only or for a set of anodizations) it becomes weak due to a lack of fluoride
ions. As a consequence, the nanotube growth is hindered resulting in a decrease of the aspect
ratio, i.e. the aspect ratio is decreasing from ~210 in a fresh electrolyte to ~23 in an
electrolyte used for 50 hours. The results show that the optimal electrolyte age is in the range
of 0 to ~35 hours after aging for anodizations at 60 V. However, one has to be aware of the
gradually decreasing aspect ratio of tubes produced with one electrolyte repetitively.

Electrolyte age

-1

Conductivity / µS cm

Fresh electrolyte, not aged

585.3 ± 1.2

Fresh electrolyte, aged

675.7 ± 1.2

Electrolyte used for 50
hours

801.7 ± 2.3

Table 1. Change of the conductivity with the electrolyte age.

3.2. Influence of the anodization potential on the nanotube dimensions
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The dependence of the nanotube diameter and length on the anodization potential for
anodization times of 4 hours was investigated as shown in Fig. 4. A range of potentials were
used: 20, 40, 60, 80 and 100V. For all potentials applied, electrolytes of exactly the same age
were used (i.e. electrolytes directly after aging). As expected, both the tube diameter and the
tube length, were increasing linearly when the anodization potential was increased. This
demonstrated that nanotubes of controlled length and diameter can be produced by
controlling the anodization potential. In fact, under presented conditions nanotubes can be
prepared over a wide range of potentials, leading to nanotubes with an inner diameter
spanning from approximately 50 to 175 nm. This range was smaller than for mixed
water:glycerol electrolytes [39], yet it is very wide.

Figure 4. Dependence of the nanotube diameter and length on the anodization potential
applied for 4 hours using ethylene glycol electrolyte with 88 mM NH4F and 1.5 vol% DI
water.

3.3. Tube morphology after potential changes during anodization

Fig. 5 depicts the current density-time plots for the anodization of titanium foils when the
applied potential was first maintained at 60 V for 4 hours, and subsequently increased to 100
V, or reduced to 5 V with sweep rates of 1 V/s and 10 mV/s. The second potential (100 V and
5 V, respectively) was held for 1 hour. The plots show their typical transients when the
potential was held at 60 V as described in Fig. 1. Then, due to the potential increase in case of
a sweep to 100 V the current density rose to approximately 15 mA. In case of a potential
8

decrease to 5 V the current density decreased to approximately 10 µA. If the potential was
increased rapidly, i.e. with a sweep rate of 1 V/s, the current density responded with a strong
increase as long as the potential was increased. When the potential was then kept at 100 V the
current density continued rising, but with a lower slope. A comparable behaviour can be seen
when the sweep rate was as low as 10 mV/s, but the current density increased at a slower rate
during the potential sweep. However, after keeping the potential at 100 V for an hour, the
current density was almost identical in both cases.

Figure 5. Current-time curves for the application of a constant potential of 60 V for 4 hours
and then a) decreasing the potential to 5 V, or b) increasing the potential to 100 V with sweep
rates of 10 mV/s (full line), and 1 V/s (dashed line), and keeping the new potential for 1 hour.
9

When sweeping the potential towards lower potentials the current density decreased. If the
potential decays with 1 V/s, the current decreases to a minimum of about 10 µA, rises for
approximately 50 µA when the applied potential amounts to 5 V, and decays again within
approximately two minutes. A similar behaviour was observed when a slow sweep rate of 10
mV/s was applied. Due to the slower change the current needs about one hour to decline to a
minimum of 10 µA and rises when a potential of approximately 20 V is obtained. At the time
the potential is equal to 5 V, the current is decreased to about 10 µA for a second time.
Fig. 6 demonstrates top and bottom views of the nanotubes obtained at 60V (Fig. 6a) and
after applying the different potential ramps to 100V (Fig. 6b and c) and 5V (Fig. 6d and e) as
described in Fig. 5. No change at the tube tops can be observed since, in all cases, the
titanium foils were initially anodized applying equal conditions. However, the bottom of the
nanotubes exhibited considerable differences, which are particularly apparent from highmagnification views of the tube bottoms. The differences were quantified using thorough
morphological statistics, as shown in Table 2, that provided an overview of the tube
diameters, nanotube counts and summarizes the differences verbally. In comparison to the
nanotubes obtained under regular anodization, i.e. by keeping the potential constantly at 60 V
(Fig. 6a), larger gaps between the nanotube bottoms were observed when changing the
applied potential towards the end of the anodization time in all cases. In addition, different
counts of nanotubes on geometrically identical surface areas were revealed.
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Figure 6. SEM images of tops and bottoms of TiO2 nanotubes anodized 4 hours at 60 V (a),
anodized 4 hours at 60V and 1 hour at 100 V (b, c), 4 hours at 60 V and 1 hour at 5 V (d, e).
The potential was changed with 1 V/s (b, d) and 10 mV/s (c, e), respectively. The bar shows
100 nm in all cases. The inset in Fig. 6b shows the brain structure and the inset in Fig 6e
shows the new tubes in detail.
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Firstly the nanotube diameter will be discussed in detail. As shown in Fig. 4, the nanotube
diameter increased with the applied potential, if the potential is applied from the very
beginning without any further change. However, when the potential was increased to 100 V
after 4 hours at 60 V (see Fig. 6b and c and Tab. 2) the diameter did not increase to the value
obtained after anodization at 100 V for 4 hours (see Fig. 4). This was due to the fact that the
nanotubes were already formed (self-organized) at the lower potential with a certain diameter
(corresponding to 60V), and by the time of potential change the nanotube layer was fully
developed. Nevertheless, if the potential is increased after the self-organization of the tubes
no space between adjacent tubes is left for an enlargement of the nanotube diameter, and the
tubes retain the same diameter as for anodization at 60 V.
There were some noticeable differences, at the bottom of the tubes grown at 100 V; a brain
structure or nano-crinkles can be observed (Fig. 6b and c). This pattern might be due to
comparably increased field-aided dissolution and etching of the TiO2 at the nanotube bottom
by fluoride ions [46]. Furthermore, looking at the tube length in detail, when the potential
was increased to 100 V at the end of the anodization time, the resulting nanotubes were
significantly longer than those nanotubes fabricated with a constantly applied potential,
which have a length of approximately 10 µm and an aspect ratio of ~71. For comparison,
tubes with a length and an aspect ratio of ~44 µm / ~317, and ~56 µm / ~337 were observed
after an additional 1 hour at 100 V, reached with a sweep rate of 1 V/s and 10 mV/s,
respectively. This shows that the nanotubes were growing faster at higher potentials, in line
with Figure 4, and previous literature [38-42].
By decreasing the applied potential to 5 V using fast sweeping (1 V/s) the growth of the tubes
stopped. No new nanotubes were made any longer, or more precisely, the existing nanotubes
do not get longer upon these conditions, even when the potential (5 V) was kept for longer
time (e.g. 1 hour). As a consequence of the growth stop of the initial nanotubes, the aspect
ratio of the nanotubes in case of a rapid potential reduction to 5 V was similar to the aspect
ratio obtained by applying a constant potential of 60 V, i.e. 71 vs. 90, respectively. In the case
of a slow potential reduction to 5 V the aspect ratio slightly increased to 123. This was due to
the fact that the tubes kept on growing until the electric field became too low for the nanotube
growth. In case of a slow potential reduction a comparatively longer time (approximately 90
minutes more) was needed until the electric field was too small for the tube growth.
Nevertheless, if the potential is reduced slowly (10 mV/s) large gaps between the tubes are
observed at the end of anodization (5 V kept for 1 hour), and numerous new small tubes with
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a diameter of approximately 20 nm, were developed in the cavities between the bottoms of
the big tubes (Fig. 6e). The observation of small tubes represents an interesting mechanistic
aspect of the tube growth. This phenomenon was not seen when the potential was reduced
quickly (1 V/s, as shown in Fig. 6d). The differences might be explained by the current
density-time plots. As previously mentioned, if the potential decays fast, the current density
becomes comparably small (the smallest from all other densities). The electric field over the
oxide layer suddenly becomes too small. As a result, there is no driving force for the tube
growth. Even though the current density increased again shortly after 5 V have been reached,
the electric field was not sufficient for the tube growth. Instead, the current goes to some
parasitic reactions, such as growth of a thin diffuse oxide layer at the bottoms of the tubes,
which is apparent from Fig. 6d. Due to this it was impossible to obtain sharp SEM images of
the nanotube bottoms.
On the other hand, in case of a slow decay of the potential, the current density increased
when a potential of about 20 V is reached. At this potential the initially grown nanotubes (at
60 V) do not grow any further but, however, small tubes in the gaps between the initial
nanotubes can grow. Similar to our observation, Wang et al. found small tubes in the gaps
between the initial nanotubes when the applied potential was abruptly changed from 30 V to
15 V [47]. Although in this work different conditions were employed, the growth of small
nanotubes occurred at a comparable potential and upon similar action.
For both cases (increase to 100 V from 60 V, decrease from 60 V to 5 V), as a consequence
of changes between the size of the gaps, the total number of nanotubes occupying the given
surface area is changed. As one can see from Table 2, the number of nanotubes/µm2 is the
highest in case of constantly applied 60 V. Under these conditions the gaps between the
nanotube bottoms were small in comparison to the others. The largest gaps, and smallest
number of nanotubes/µm2, were received in case of a potential decrease to 5 V.

Applied voltage /
V

Number of tubes /
µm (Bottom)

Average diameter
of tube bottoms /
nm

Deviation from the
standard 60V
behavior / situation

60

48 ± 10.7

161.5 ± 31.7

N.A.

60 → 5
(10 mV / s)

39 ± 4

162.4 ± 17.9

Comparably large
gaps between
tubes + new small
tubes in gaps

2
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60 → 5
(1 V / s)

37 ± 6.6

163.2 ± 27.5

Comparably large
gaps between
tubes

60 → 100
(10 mV / s)

41 ± 1.7

159.1 ± 23.7

Slightly larger gaps
between tubes

60 → 100
(1 V / s)

43.5 ± 4.3

154.8 ± 22.6

Slightly larger gaps
between tubes

Table 2. Evaluation of the amount of nanotubes per µm2, bottom diameters and deviations
from the standard behaviour.

3.4. Adhesion of the nanotube layers on the substrates

When samples shown in Figure 6 were submitted for SEM analyses, noticeable differences
were observed in the adhesion of the nanotube layers upon cross-sectioning. In other words, it
became obvious that the adhesion of the prepared nanotubes on the substrates changed. This
was an interesting feature for further applications of nanotube layers, for instance for an
easier preparation of free-standing membranes compared to the state-of-art [28]. Therefore,
adhesion tests were carried out.
For adhesion tests the nanotube layers on the substrates were thoroughly removed by 1 kgweights attached to the nanotubes with a two-component adhesive. The advantage of this
adhesive is the capability of quantitative nanotube removal from the substrates, as shown in
Fig. 7. In performing these tests, the adhesion between the nanotubes and the titanium
substrate was analysed, with fabrication performed under the following conditions; titanium
foils were anodized constantly at 60 V, and then the potential was reduced to 5 V towards the
end of the anodization time with 1 V/s and 10 mV/s, respectively, and held at 5 V for 1 hour.
The results have shown that the adhesion of nanotubes prepared by a slow sweep to 5 V is
about 6 % lower than nanotubes grown constantly at 60 V, while the nanotubes produced
with a fast sweep rate have a slightly higher adhesion (~ 1.5 % higher) compared to
nanotubes grown constantly at 60 V.
Presumably, differences in the adhesion were due to variations in the contact area between
the nanotubes and the substrate. In case of a fast potential sweep towards 5 V a diffuse oxide
layer was developed between the nanotube bottoms and the substrate resulting in a slightly
stronger adhesion than for nanotubes produced at a constant potential of 60 V. On the other
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hand, when the potential was swept slowly towards 5 V the contact to the substrate was made
by the new small tubes which partly exceeded the original nanotubes in length (see inset of
Fig. 6e). Therefore, the contact area between the nanotubes and the substrate was smaller
than in the other cases and, thus, a lower adhesion was received.

Figure 7. Photographs of the nanotube layer on titanium substrates (a) before and (b) after the
quantitative removal of the nanotube layer for adhesion tests. The circular shape seen in Fig.
7b stems from the circular target used for nanotube detachment.

Until now, several alternatives are reported to obtain free-standing nanotube membranes, e.g.
by dissolution of the substrate in Br2/CH3OH, by sonication in an alcohol or by etchants [4850]. These procedures typically involve the use of toxic chemicals. However, since the
adhesive is soluble in some organic solvents, e.g. xylene, this adhesion approach has
demonstrated a new pathway in the delamination of nanotube layers from the titanium
substrate, for facile fabrication of free-standing membranes.

4. Conclusions
The results have demonstrated that ethylene glycol based electrolytes perform well for the
anodization of titanium, also with repetitive use. However, the older the electrolyte is the
weaker it becomes for the nanotube growth due to the loss of fluoride ions. When applying
the conditions used in this work, i.e. an applied potential of 60 V for 6 hours, the aspect ratio
decreased strongly from ~210 in a fresh electrolyte to ~23 in an electrolyte used for about 50
hours. The optimal electrolyte age for anodizations at 60 V in the presented electrolyte is in
the range from 0 to ~35 hours after aging.
When the applied potential was swept towards 100 V at the end of the anodization period,
longer nanotubes were obtained, when compared with a constant potential applied during
anodization. The nanotube diameter remained the same as for nanotubes grown at 60 V,
15

while the nanotube length significantly increased at 100 V. This clearly shows that nanotubes
with a higher aspect ratio, but same tube diameter, can be grown under these conditions
compared to 60 V only. However, the bottoms of nanotubes grown at 100 V showed a brain
structure due to an increased attack of the bottoms by fluoride ions. By reducing the applied
potential slowly to 5 V after anodization at 60 V for 4 hours, the small nanotubes with a
diameter of 20 nm were grown in the gaps between the initial nanotubes.
Adhesion tests revealed lower adhesion of the nanotube layers to the substrates when the
potential was reduced slowly to 5 V than when a constant potential of 60 V was applied
during anodization. However, when the potential was swept rapidly to 5 V a slightly higher
adhesion was received. Furthermore, the use of the adhesive demonstrates a new pathway for
the delamination of nanotube layer.
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