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Abstract

In the present work we report on the influence loé tage of ethylene glycol-based

electrolytes on the synthesis of self-organized,;Th@notube layers. Electrolytes of different
ages, defined by the total duration for anodizatwere explored in order to get insight about
how the tube structure changes with the electrobte. The results show a strong
dependence of the electrolyte age upon the nandamagh and diameter — a phenomena
surprisingly not discussed in existing literatul®hen fresh electrolytes are employed,
nanotube arrays with a high aspect ratio are redeiwhile in older electrolytes (i.e. already
used for anodization) the nanotube arrays exhavit dspect ratios. This is very important
aspect for the reproducible synthesis of the ndmeotiayers. Moreover, the effect of the

potential on the nanotube dimensions was investihdtinear dependence of the diameter
upon the potential was observed. Last, but nott,lehe influence of a potential change

towards the end of the anodization time was studdgdsweeping the potential to 100 V, or

to 5 V and keeping this for one hour after applyangonstant potential of 60 V for 4 hours,

nanotubes underwent interesting morphological cesntn particular, when slow sweeping

from 60 V to 5 V was carried out, small nanotubeswgin the gaps between the initial

nanotubes. Interestingly, these nanotubes layerwesth lower adhesion to the underlying

substrates.
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1. Introduction



Since the first reports by Assefpour-Dezfuly in 498] and by Zwilling et al. in 1999 [2],
the formation of TiQ nanotubes by anodization of titanium has attrastguificant attention
due to the great application of the nanotubes noua fields, such as dye sensitized solar
cells [3-7], sensors [8-12], photocatalysis [13;1&}d biomedical applications [16-18]. For
the first generation of nanotube arrays HF-contgjrelectrolytes were employed [1,19,20].
However, in such electrolytes the thickness ofrthrotube arrays is limited to about 500 —
600 nm due to a fast dissolution of Bi{20]. To expand the range of applications of the
nanotube arrays, a variety of different electradyitecombination with optimized anodization
conditions were applied during the last decadalitento different lengths and diameters.
This included the use of aqueous electrolytes 1 dlycerol based electrolytes[23,24], and
ethylene glycol electrolytes [25] with NR instead of HF.

Moreover, great efforts have been made to alterphwogies of TiQ nanotubes, for
example to produce nanotubes with bamboo struaburevith double-walls [26-29]. In
addition, highly ordered Ti©nanotube arrays were achieved by removing the tnbas
after the first anodization of the Ti foils, andpapng a second (and even third) anodization
step [30,31]. By using a lower potential for them®l step anodization, lotus-root shaped
nanotubes were obtained [32]. Furthermore, doubieerl titania nanotube arrays were
obtained by subsequent anodization steps, in twotrelytes [33]. Nanotube layers with
branched nanotubes were grown by applying diffetemtperatures [34], while n-branched
titania nanotubes were fabricated by reducing thyaied potential with a factor of 1vn
[35].

In the meantime, it has been established in tHd fleat ethylene glycol based electrolytes
need to be aged before their first use in ordegorgpare nanotubes with reasonable quality
(i.e. without unwanted debris, or oxide porous tayen the top of the nanotube layer) [36].
This means that the electrolyte has to be pre-aeddbefore the first use for growing
nanotubes in order to improve its performance. Heliest of our knowledge, however, no
systematic study has been reported until now,wioatld undertake efforts to find the optimal
electrolyte age for the anodization of titaniumabfdition, no such study on the dependence
of the nanotube length and diameter on the elgtéralge was performed until now. Potential
reasons for this involve the need for precise daesigexperiments, strict monitoring of the
electrolyte’s utilization time and also it might B#ficult to precisely evaluate the fluoride
and water content changes during the electrolygdarsanodization.

The influence of the anodization potential on thket diameter and length was shown for

early stage electrolytes approximately 10 years taygourely aqueous electrolytes [37, 38],
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mixed water:glycerol electrolytes [39], as wellfas some ethylene glycol based electrolytes
[39-42]. Recently, Loget et al. [40] used bipoldectrochemistry and prepared %O
nanotubes on the bipolar electrode. Due to thenpiatevariation over the bipolar electrode,
diameter and length of the nanotubes changed bedength of the electrode. Nevertheless,
in all of these contributions slightly differenteetrolytes (i.e. variations in water and NH
concentration) were employed. And so, these resultsdifficult for comparison as they
originate from differing conditions. Moreover, tleestudies were mainly focused on higher
anodization potentials [41, 42] or on substrateh aitificial Ti layers [43]. Therefore, in this
work, we examined the influence of the age of ethglglycol based electrolytes, containing
small amounts of water and NH on the tube length and diameter. Furthermore, we
performed different anodization procedures invajvpotential changes to higher or lower
potentials towards the end of the anodization titneelucidate the influence of such an
unusual step (as compared to common art in thd)fieh the nanotube dimensions and

morphology.

2. Experimental

Prior to anodization, the titanium foils (Sigma-Atdh 0.127 mm thick, 99,7 % purity) were
degreased by sonication in isopropanol and acetbar,rinsed with isopropanol and dried in
air. The electrochemical setup consisted of a 2trelde configuration using a platinum foil
as the counter electrode, while the titanium feaAlsrking electrodes) were pressed against an
O-ring of the electrochemical cell, leaving 1 Zopen to the electrolyte. Electrochemical
experiments were carried out at room temperaturplenmg a high-voltage potentiostat
(PGU-200V, IPS Elektroniklabor GmbH).

As electrolyte, ethylene glycol was used containing vol% deionized water and 88 mM
NH4F. All electrolytes were prepared from reagent grademicals. Before the first use, all
electrolytes were aged for 9 hours by anodizatibblank Ti substrates at 60 V under the
same conditions as for the main anodization exparim If not stated otherwise, titanium
foils were anodized for 4 hours after sweeping pla¢ential from 0 V to 60 V with a
sweeping rate of 1 V/s. After anodization the fiam foils were rinsed and sonicated in
isopropanol and dried.

The structure and morphology of the Fi@anotubes was characterized by a field-emission
electron microscope (FE-SEM JEOL JSM 7500F). Dinmss of the nanotubes were

measured and statically evaluated using proprietdenomeasure software. For each
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condition used in this work, we calculated averagkies and standard deviations from at
least 3 different locations on 2 samples of eachditmn with a high number of

measurementsit 100).

The pull-off tests for adhesion analyses were edrout using COMTEST®OP3P
(COMING Plus). A circular target, diameter 20 mmaswstuck on the sample by a bi-
component adhesive based on methyl methacrylatedabenzoyl peroxide mixed in ratio
10:1. One kilogram weight was put on each of sanipiel7 hours. The measurement
parameters were following: increasing the tensmid20 kPa/s; limit force 15 kN. The test
was made according to 1ISO 4624. The result oftdes 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 rdedrduring the anodization of titanium at 60
V for 6 hours in ethylene glycol (containing 88 miNH;F and 1.5 vol% DI water) as a
function of the electrolyte age, expressed by thelrer of hours for which the electrolyte
had been used to anodize titanium at 60V, afteiniti@l aging. As can be seen, in all cases
the current transients show the typical behaviaported in earlier papers [44,45]. Even
though this behaviour was deeply described andie@iin previous literature (for review see
ref. [28]), we briefly review it also here for tlsake of clarity and discussion of our results.
At the beginning of the anodization, when the poétins swept to 60 V, the current strongly
increased, an oxide layer was spontaneously formele surface of the titanium. Once the
final potential had been reached, a fast curremisitie decay was recorded. During the
following period, where the current density proceéarough its first minimum, small pores
started to grow randomly in the oxide layer, andrf after the current density increased
due to an increase of the active area, until a maxi number of pores was formed. This
stage corresponded to a maximum in current denSitpsequently, the tubes expanded in
length, and the current density slowly decayed tdwa steady-state (which is not reached
though within 4 hours of anodization used here)weher, depending on the electrolyte age

two deviations between the plots can be obsengthd time lag to reach the maximum is
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longer, and (ii) the current is generally lower tbieler the electrolyte. Considering the
reactions for the anodic nanotube formation oftiten, governed by a competition of the

anodic oxide formation and the chemical oxide digsmn [38]:

Ti + 2H,0- TiO, + 4H™ + 4e 1)

TiO, + 6F~+ 4H" - [TiF4]% +2H,0 (2)

one can see that fluoride ions are consumed dosti@ation, leading to lower concentrations
in older electrolytes. This results in lower cutreensities since fewer fluoride ions remain
available, and the pH value and viscosity are ciman§d6]. Furthermore, more time is
needed to reach the maximum in current densitya Assult, the growth rate of the tubes was
slower and the length of the Ti@anotubes strongly decreased when older eleatolgte
used at the same anodization time as shown in2kigor example tubes produced in a fresh
electrolyte were ~26 um long while tubes producedrn electrolyte used for almost 50 hours

were ~3.5 pm long.
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Figure 1. Current-time curves for the anodizatidntianium for 6 hours at 60 V in
electrolytes of different ages: 0 h (dashed litely (dotted line), 25 h (dashed-dotted line)
and 50 h (full line). The inset shows the curremiet behaviour during the final two hours of
anodization.



A trend towards larger tube diameters can be obsgemhen older electrolytes are employed
as shown in Fig. 3. For example, the diameter obthin a fresh electrolyte (i.e. aged but had
not yet been used for any regular anodizationL&4~nm, while in the electrolyte which was

used for about 50 hours a nanotube diameter of ~+iB4was observed. This can be
explained by an increase in the conductivity am¢erease in the IR drop (potential loss due
to the electrical resistance of the electrolyte®][3During the anodization process the
conductivity of the electrolyte increased, as showimable 1, due to the reactions at the
electrodes (see equations 1 and 2, as well aserefer[36,45]). Subsequently the IR drop
becomes lower for older electrolytes and the reatlemtial on the working electrode

increased. Since the diameter of the nanotubesgiyradepends on the applied potential [38-

43,46], the diameter of the tubes increased witheising age of the electrolytes.

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

age for 6 hours anodization at 60 V.

Evidently, the electrolyte can actually be usedesaivtimes without any significant issues of
lower quality. However, when it is used for too doa time in total (regardless if for one
anodization run only or for a set of anodizatiomd)ecomes weak due to a lack of fluoride
ions. As a consequence, the nanotube growth isheddresulting in a decrease of the aspect
ratio, i.e. the aspect ratio is decreasing from0~21 a fresh electrolyte to ~23 in an
electrolyte used for 50 hours. The results showtti@optimal electrolyte age is in the range
of 0 to ~35 hours after aging for anodizations @tV6 However, one has to be aware of the

gradually decreasing aspect ratio of tubes produgddone electrolyte repetitively.

1

Electrolyte age Conductivity / 1S cm
Fresh electrolyte, not aged 585.3+1.2
Fresh electrolyte, aged 675.7+1.2

Electrolyte used for 50

801.7+2.3
hours

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

3.2. Influence of the anodization potential onrla@otube dimensions



The dependence of the nanotube diameter and lemgtthe anodization potential for
anodization times of 4 hours was investigated asvehin Fig. 4. A range of potentials were
used: 20, 40, 60, 80 and 100V. For all potentipldiad, electrolytes of exactly the same age
were used (i.e. electrolytes directly after agimg.expected, both the tube diameter and the
tube length, were increasing linearly when the @ain potential was increased. This
demonstrated that nanotubes of controlled lengtd drmmeter can be produced by
controlling the anodization potential. In fact, encgresented conditions nanotubes can be
prepared over a wide range of potentials, leadmgdnotubes with an inner diameter
spanning from approximately 50 to 175 nm. This eangas smaller than for mixed

water:glycerol electrolytes [39], yet it is verydei.
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Figure 4. Dependence of the nanotube diameter angtH on the anodization potential
applied for 4 hours using ethylene glycol electt®lwith 88 mM NHF and 1.5 vol% DI

water.
3.3. Tube morphology after potential changes duaimgdization

Fig. 5 depicts the current density-time plots foe anodization of titanium foils when the
applied potential was first maintained at 60 V 4dnours, and subsequently increased to 100
V, or reduced to 5 V with sweep rates of 1 V/s &@dnV/s. The second potential (100 V and
5 V, respectively) was held for 1 hour. The plot®w their typical transients when the
potential was held at 60 V as described in Fig.hen, due to the potential increase in case of

a sweep to 100 V the current density rose to apprabely 15 mA. In case of a potential



decrease to 5 V the current density decreasedpm@amately 10 pA. If the potential was
increased rapidly, i.e. with a sweep rate of 1 Wie,current density responded with a strong
increase as long as the potential was increasedn\Wie potential was then kept at 100 V the
current density continued rising, but with a lowstpe. A comparable behaviour can be seen
when the sweep rate was as low as 10 mV/s, budutrent density increased at a slower rate
during the potential sweep. However, after keereg potential at 100 V for an hour, the

current density was almost identical in both cases.
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Figure 5. Current-time curves for the applicatidraaonstant potential of 60 V for 4 hours
and then a) decreasing the potential to 5 V, andreasing the potential to 100 V with sweep
rates of 10 mV/s (full line), and 1 V/s (dashea)inand keeping the new potential for 1 hour.



When sweeping the potential towards lower potentiaé current density decreased. If the
potential decays with 1 V/s, the current decredases minimum of about 10 pA, rises for
approximately 50 pA when the applied potential ameuo 5 V, and decays again within
approximately two minutes. A similar behaviour vediserved when a slow sweep rate of 10
mV/s was applied. Due to the slower change thesotimeeds about one hour to decline to a
minimum of 10 pA and rises when a potential of agpnately 20 V is obtained. At the time
the potential is equal to 5 V, the current is dasegl to about 10 pA for a second time.

Fig. 6 demonstrates top and bottom views of theondoes obtained at 60V (Fig. 6a) and
after applying the different potential ramps to ¥Q@&ig. 6b and c) and 5V (Fig. 6d and e) as
described in Fig. 5. No change at the tube topslmmbserved since, in all cases, the
titanium foils were initially anodized applying egjuiconditions. However, the bottom of the
nanotubes exhibited considerable differences, whieh particularly apparent from high-
magnification views of the tube bottoms. The ddferes were quantified using thorough
morphological statistics, as shown in Table 2, thedvided an overview of the tube
diameters, nanotube counts and summarizes thedfitfes verbally. In comparison to the
nanotubes obtained under regular anodizationby.&eeping the potential constantly at 60 V
(Fig. 6a), larger gaps between the nanotube botteer® observed when changing the
applied potential towards the end of the anodipatime in all cases. In addition, different

counts of nanotubes on geometrically identicalamgfareas were revealed.
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Figure 6. SEM images of tops and bottoms of;Tim@notubes anodized 4 hours at 60 V (a),
anodized 4 hours at 60V and 1 hour at 100 V (b4 ¢)ours at 60 V and 1 hour at 5 V (d, e).
The potential was changed with 1 V/s (b, d) anan\s (c, e), respectively. The bar shows
100 nm in all cases. The inset in Fig. 6b showshitaén structure and the inset in Fig 6e

shows the new tubes in detail.
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Firstly the nanotube diameter will be discussedletail. As shown in Fig. 4, the nanotube
diameter increased with the applied potential,hé fpotential is applied from the very
beginning without any further change. However, wttem potential was increased to 100 V
after 4 hours at 60 V (see Fig. 6b and ¢ and Tathe2diameter did not increase to the value
obtained after anodization at 100 V for 4 hour® (B&y. 4). This was due to the fact that the
nanotubes were already formed (self-organized)atdwer potential with a certain diameter
(corresponding to 60V), and by the time of potdntiaange the nanotube layer was fully
developed. Nevertheless, if the potential is ineeelaafter the self-organization of the tubes
no space between adjacent tubes is left for anmgarteent of the nanotube diameter, and the
tubes retain the same diameter as for anodizati6 .

There were some noticeable differences, at theimotif the tubes grown at 100 V; a brain
structure or nano-crinkles can be observed (Figalsth c). This pattern might be due to
comparably increased field-aided dissolution amthiag of the TiQ at the nanotube bottom
by fluoride ions [46]. Furthermore, looking at thébe length in detail, when the potential
was increased to 100 V at the end of the anodizdiioe, the resulting nanotubes were
significantly longer than those nanotubes fabrdatgth a constantly applied potential,
which have a length of approximately 10 um and speaet ratio of ~71. For comparison,
tubes with a length and an aspect ratio of ~44 37, and ~56 pm / ~337 were observed
after an additional 1 hour at 100 V, reached witswaeep rate of 1 V/s and 10 mV/s,
respectively. This shows that the nanotubes werwiigg faster at higher potentials, in line
with Figure 4, and previous literature [38-42].

By decreasing the applied potential to 5 V usirgy faveeping (1 V/s) the growth of the tubes
stopped. No new nanotubes were made any longenpoe precisely, the existing nanotubes
do not get longer upon these conditions, even vthemotential (5 V) was kept for longer
time (e.g. 1 hour). As a consequence of the gratdp of the initial nanotubes, the aspect
ratio of the nanotubes in case of a rapid potengidiiction to 5 V was similar to the aspect
ratio obtained by applying a constant potentig®@1V, i.e. 71 vs. 90, respectively. In the case
of a slow potential reduction to 5 V the aspedbralightly increased to 123. This was due to
the fact that the tubes kept on growing until tleetic field became too low for the nanotube
growth. In case of a slow potential reduction a pamatively longer time (approximately 90
minutes more) was needed until the electric fiedss woo small for the tube growth.
Nevertheless, if the potential is reduced slowl§ (4V/s) large gaps between the tubes are

observed at the end of anodization (5 V kept foo(r), and numerous new small tubes with
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a diameter of approximately 20 nm, were developetheé cavities between the bottoms of
the big tubes (Fig. 6e). The observation of smadles represents an interesting mechanistic
aspect of the tube growtffhis phenomenon was not seen when the potentisireduced
quickly (1 V/s, as shown in Fig. 6d). The differescmight be explained by the current
density-time plots. As previously mentioned, if thetential decays fast, the current density
becomes comparably small (the smallest from akotiensities). The electric field over the
oxide layer suddenly becomes too small. As a resudire is no driving force for the tube
growth. Even though the current density increagginashortly after 5 V have been reached,
the electric field was not sufficient for the tugeowth. Instead, the current goes to some
parasitic reactions, such as growth of a thin défwxide layer at the bottoms of the tubes,
which is apparent from Fig. 6d. Due to this it vilmpossible to obtain sharp SEM images of
the nanotube bottoms.

On the other hand, in case of a slow decay of titenpial, the current density increased
when a potential of about 20 V is reached. At gotential the initially grown nanotubes (at
60 V) do not grow any further but, however, smalbds in the gaps between the initial
nanotubes can grow. Similar to our observation, §Vainal. found small tubes in the gaps
between the initial nanotubes when the appliedniatewas abruptly changed from 30 V to
15 V [47]. Although in this work different conditie were employed, the growth of small
nanotubes occurred at a comparable potential aod similar action.

For both cases (increase to 100 V from 60 V, deerdaom 60 V to 5 V), as a consequence
of changes between the size of the gaps, therataber of nanotubes occupying the given
surface area is changed. As one can see from Patthe number of nanotubes/fiia the
highest in case of constantly applied 60 V. Undesé conditions the gaps between the
nanotube bottoms were small in comparison to tlinerst The largest gaps, and smallest

number of nanotubes/|fmwere received in case of a potential decreaseto

Applied voltage /
\"

Number of tubes /

2
pum (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 39+4 162.4+17.9 Comparably large
(10 mV /s) gaps between

tubes + new small
tubes in gaps
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60->5 37+6.6 163.2£27.5 Comparably large

(AV/s) gaps between
tubes

60 - 100 41+1.7 159.1+23.7 Slightly larger gaps

(10 mV/s) between tubes

60 - 100 435143 154.8 £ 22.6 Slightly larger gaps

(1V/s) between tubes

Table 2. Evaluation of the amount of nanotubesypef, bottom diameters and deviations

from the standard behaviour.

3.4. Adhesion of the nanotube layers on the suiestra

When samples shown in Figure 6 were submitted Evl &inalyses, noticeable differences
were observed in the adhesion of the nanotubedaymon cross-sectioning. In other words, it
became obvious that the adhesion of the prepaneotulzes on the substrates changed. This
was an interesting feature for further applicatiamisnanotube layers, for instance for an
easier preparation of free-standing membranes c@dpa the state-of-art [28]. Therefore,
adhesion tests were carried out.

For adhesion tests the nanotube layers on theratdstvere thoroughly removed by 1 kg-
weights attached to the nanotubes with a two-compibadhesive. The advantage of this
adhesive is the capability of quantitative nanottdraoval from the substrates, as shown in
Fig. 7. In performing these tests, the adhesionwdah the nanotubes and the titanium
substrate was analysed, with fabrication performeder the following conditions; titanium
foils were anodized constantly at 60 V, and thengbtential was reduced to 5 V towards the
end of the anodization time with 1 V/s and 10 mVéspectively, and held at 5 V for 1 hour.
The results have shown that the adhesion of naastpbepared by a slow sweep to 5 V is
about 6 % lower than nanotubes grown constantl§OaV¥, while the nanotubes produced
with a fast sweep rate have a slightly higher aidimeg~ 1.5 % higher) compared to
nanotubes grown constantly at 60 V.

Presumably, differences in the adhesion were duatations in the contact area between
the nanotubes and the substrate. In case of adésttial sweep towards 5 V a diffuse oxide
layer was developed between the nanotube bottoohghensubstrate resulting in a slightly

stronger adhesion than for nanotubes producedcanhstant potential of 60 V. On the other
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hand, when the potential was swept slowly towarlstbe contact to the substrate was made
by the new small tubes which partly exceeded tigira nanotubes in length (see inset of
Fig. 6e). Therefore, the contact area between #motabes and the substrate was smaller

than in the other cases and, thus, a lower adhesisneceived.
a) b)

Figure 7. Photographs of the nanotube layer onitita substrates (a) before and (b) after the
guantitative removal of the nanotube layer for adhre tests. The circular shape seen in Fig.

7b stems from the circular target used for nanotldiachment.

Until now, several alternatives are reported tawbfree-standing nanotube membranes, e.g.
by dissolution of the substrate in,BEH3;OH, by sonication in an alcohol or by etchants [48-
50]. These procedures typically involve the usetadic chemicals. However, since the
adhesive is soluble in some organic solvents, eygne, this adhesion approach has
demonstrated a new pathway in the delamination asfotube layers from the titanium

substrate, for facile fabrication of free-standmgmbranes.

4. Conclusions

The results have demonstrated that ethylene glyaséd electrolytes perform well for the
anodization of titanium, also with repetitive ustowever, the older the electrolyte is the
weaker it becomes for the nanotube growth due éddhbs of fluoride ions. When applying

the conditions used in this work, i.e. an applieteptial of 60 V for 6 hours, the aspect ratio
decreased strongly from ~210 in a fresh electraiyte23 in an electrolyte used for about 50
hours. The optimal electrolyte age for anodizatiah§0 V in the presented electrolyte is in
the range from 0 to ~35 hours after aging.

When the applied potential was swept towards 106X Ythe end of the anodization period,
longer nanotubes were obtained, when compared avitonstant potential applied during

anodization. The nanotube diameter remained thee sasnfor nanotubes grown at 60 V,
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while the nanotube length significantly increased@0 V. This clearly shows that nanotubes
with a higher aspect ratio, but same tube diametsn, be grown under these conditions
compared to 60 V only. However, the bottoms of mabes grown at 100 V showed a brain
structure due to an increased attack of the bottoyrffuoride ions. By reducing the applied
potential slowly to 5 V after anodization at 60 d 4 hours, the small nanotubes with a
diameter of 20 nm were grown in the gaps betweernitial nanotubes.

Adhesion tests revealed lower adhesion of the miéeotayers to the substrates when the
potential was reduced slowly to 5 V than when astam potential of 60 V was applied
during anodization. However, when the potential wagpt rapidly to 5 V a slightly higher
adhesion was received. Furthermore, the use addhesive demonstrates a new pathway for

the delamination of nanotube layer.
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