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Abstract

In this contribution, various Ti thin substratesrev@xplored and compared for the anodic
growth of self-organized Ti©nanotube layers for the first time. In order toalewate
differences in the electrochemical anodization abi@ristics and the tube dimensions, five
different Ti substrates from four established sigopl were anodized in the widely used
ethylene glycol electrolytes containing 88 mM MHand 1,5 vol.% water. Two anodizations
were carried out to elucidate an influence of theegnodized substrates used for the second
anodization. By thorough evaluation of the nanotdbeensions, large variations between
the dimensions of the nanotubes were found fodifierent substrates, ranging from ~32 pum
to ~50 um for the nanotube length and from ~109tmm127 nm for the nanotube diameter
after the second anodization. Upon AFM measurem@&usdfellow Ti substrates (99.99 %
purity), yielded the smoothest surface and the ésgldegree of ordering from all substrates.
Moreover, considerably different consumption ofslibstrates via anodization was revealed
by profilometric measurements between the originai-anodized part of the Ti substrates,

and the anodized part after the removal of the tdmeo layer. Orientation imaging



microscopy revealed considerable differences indize and orientation of the substrate

grains.
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1. Introduction

Since their introduction [1,2], Ti®nanotube layers produced by anodization of Ti have
attracted wide interest due to their applicatiorvamious fields, such as dye-sensitized solar
cells [3-7], sensors [8-10] or photocatalysis [1]-10verviews about applications are also
given in several review articles [14-16]. Duringethast 10 years, considerable attention was
given on the control of the nanotube dimensioes |eéngth and diameter, and the ordering of
the nanotubes. The nanotube diameter and lengtheaontrolled by the applied potential,
the anodization time and the electrolyte used food&ation [17-19]. Thus, the first
generation of Ti@Q nanotubes produced in HF-containing electrolyidsndt exceed a length
of approximately 500 - 600 nm due to a fast digsatuof TiO, by HF [20]. Later on, other
electrolytes, i.e. glycerol [21, 22] and ethylengcgl [23] based electrolytes, containing
NH4F instead of HF were explored, which enabled rebess to produce a wide range of
nanotube layers with different aspect ratios.

It is known from the sister material — porous alonat- that hexagonal packing and improved
ordering of pores in general is crucial for numerather applications, such as waveguides
and photonic crystals [24, 25]. Therefore, effévdse been carried out to improve the degree
of ordering of TiQ nanotube arrays. The simplest way to produce edd&iQ, nanotubes
turned out to be the repetitive anodization of siaene substrate, after the removal of the
nanotube layer grown during the first anodizatiang applying a second anodization step

[26-29]. Other attempts included either polishiddh® Ti surface by various means (such as



chemical, mechanical and/or electro- polishing)eéduce its roughness, [30, 31], or pre-
texturing of Ti by a nanoimprinting process [32Jowkver, the degree of ordering and the
ordering range are very likely strongly influencley the microstructure of Ti, which has
numerous grain boundaries. Nevertheless, to thedbesur knowledge no studies have yet
been reported that compare different Ti substriatésrms of roughness, microstructure and
electrochemical characteristics, and their infleean the nanotube characteristics.
Therefore, in this work, five different Ti subseat from established suppliers were
investigated (and compared) with respect to thetmehemical characteristics of the
nanotube growth, and their resulting dimensions.o Tkepetitive anodizations on each
substrate were performed followed by a thorougickle all resulting layers by scanning
electron microscope (SEM) Furthermore, the roughméthe Ti substrates after the second
anodization was analysed by atomic force microsco@deM). Additionally, the average
depth of the anodized area was measured usindfilopreter. Finally, the microstructure of

the substrates was investigated by electron battkschffraction (EBSD) technique.

2. Experimental

Five types of Ti substrates of different puriti@srmemonly used for the TiOnanotube growth
by researchers worldwide were purchased from fatalbdished suppliers for comparison;
Sigma-Aldrich (0.127 mm, 99.7 % purity, marked aal$ Advent Materials (0.125 mm,
99.6+% purity, marked as AM), Chempur (0.125 mm,69® purity, marked as CP),
Goodfellow (0.125 mm, 99.6+% purity, marked as G%6+%) and Goodfellow (0.125
mm, 99.99% purity, marked as GoFe99.99%).

The Ti substrates were degreased prior to anodizdily sonication in isopropanol and
acetone, then rinsed with isopropanol and drieginnThe electrochemical setup consisted of

a 2 electrode configuration using a platinum fal the counter electrode, while the Ti



substrates (working electrodes) were pressed agam®©-ring of the electrochemical cell,
leaving 1 crfi open to an electrolyte. Electrochemical experimemtre carried out at room
temperature employing a high-voltage potentiof&\J-200V, IPS Elektroniklabor GmbH).
For the electrolyte, ethylene glycol was used dairtg 1.5 vol.% deionized water and 88
mM NHF. All electrolytes were prepared from reagent gratiemicals. Before 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, Ti
substrates were anodized for 14 hours during tsednodization and for 6 hours during the
second anodization. The first nanotube layer wasowed by cathodic reduction of the
substrate, as reported previously [33], followed dmnication of Ti in isopropanol, in
preparation for the second anodization. For alleexpents new electrolytes were employed,
which were freshly aged and not used in any prevembdizations, resulting in electrolytes
of the same age for all anodizations. At the bagmrof the anodization process, the
potential was swept from 0 V to 60 V with a swegpiate of 1 V/s. After anodization, the Ti
substrates were rinsed and sonicated in isopro@antbtried.

The structure and morphology of the Fi@anotubes were characterized by a field-emission
SEM (JEOL JSM 7500F). Dimensions of the nanotubesewmeasured and statically
evaluated using proprietary Nanomeasure softwase.eBch condition used in this work,
average values and standard deviations were ctdduieom at least 3 different locations on
2 samples of each condition, with a high numbene&surements ¥n1100).

An Atomic Force Microscope (AFM, Solver Pro M, NTEM) was used to evaluate the
surface topography of the substrates in semi-contade following the second anodization,
on the area of 5xim?, according to conditions mentioned elsewhere [34k roughness
(root mean square - RMS) of the surface of Ti gabst was monitored by a digital

holographic microscope (DHM, DHMR1000, Lyncée Tdo)m a representative area



415x415 urh [35]. The depth profiles of the craters left oe Bubstrates after removing the
nanotube layers after the second anodization wegsuared using a mechanical profilometer
(SSC-01, RMI Ltd.) on the length scale 50@& with the step of 0.mm [36]. The raw data
from the profilometer was corrected for the longtaince deflection of the material’s surface
by the 29 order polynomial function.

The chemical composition of the substrates wasrm@ted by glow-discharge optical
emission spectroscopy (GD-OES, Spectruma GDA 750 ARlirect current method with a
voltage of 1200 V, a current 15 mA and a chambessgure of ~3.5 hPa was utilized for the
measurements. Certified reference materials wezd f the measurement calibration. The
data represent an integral value of the chemicalpaosition through a depth profile in the
interval from ~5Qum to ~70um below the surface of the substrates.

Microstructural information about polycrystallinei Bubstrates was acquired by EBSD
technique using a Microprobe JEOL 733 or Dual B&&hQuanta 3D FEG; both fitted with
an EDAX EBSD detector. EBSD data was analyzed wiBL OIM software to obtain
inverse pole figures (IPF), IPF maps and the gsie distribution. The grain tolerance

angle for the recognition of neighbouring grainswsat to 5°.

3. Results and discussion

Fig. 1 shows the polarization curves and curraridients for all five substrates, for the first
(a), and second (b) anodization. The curves wetentionally kept in the same scales in
order to see differences between both anodizatimisthe first anodization, in all cases, the
curves showed the typical behaviour for the anditinaof Ti in ethylene glycol, as reported
earlier [14]. Briefly, within polarization curveké current increased with increasing potential
until a maximum was reached, corresponding to ¢nedtion of a compact oxide layer on

the Ti surface. This was typically the case shdrdfore or when the final potential of 60 V



was reached. Afterwards a fast current decay waerebd within the current transients.
When a minimum in current density was reached ¢l after a few minutes from the
beginning), small pores began to form randomhhmaxide layer. Due to a larger active area
the current increased again until a maximum nurob@ores was developed, corresponding
to a second maximum in current density. Subsequetiitt pores grew in length and the
current density decreased slowly towards a stetatg-galue.

Small differences in the behaviour of the subssiate. in the time needed to reach the first
maximum, can be explained by differences in theyhmess of the surfaces in line with the
reported literature [30]. These differences appeam the rolling of the Ti substrates,
imprinting rolling lines into the surface.

As can be seen in Fig. 1b, all five substrates glba similar behaviour within the second
anodization. The differences in the current denbiggween the five substrates became
comparably smaller. This is likely due to the fdbat the initial surface before the
anodization was similar, i.e. a smooth surface wite imprints (dimples) of the first
nanotube layer [26]. In addition, the current deesiat the end of the second anodization
(approx. 2-3 mA/crhafter 6 hours) were comparable to the currentidessiuring the first
anodization (after 6 hours).

In order to quantify the current densities recordedng the electrochemical anodization, a
comparison of the passed charge through the namofayers was performed. Charge
densities were considered from the beginning ofahedization till a total time of 6 hours
and very comparable results were gained. For exanfpl the GoFe99.99% substrate
charges of 58.7 C/cfmand 59.9 C/cfhwere obtained for the first and second anodization
respectively. As a matter of fact, the faradaiccafhcy of the tube growth is nearly the same,
regardless the number anodization runs and regarthe substrate morphology for the tube

growth.



Fig. 2 depicts the top views (left column) and #@aded view on the cross sections (right
column) of the nanotube layers after the secondliaabon on the different substrates. The
top views of the nanotubes revealed locally orderadotubes on all substrates. However,
variations in the diameter of the nanotubes werenked, and the nanotube layers showed
some cracks at the uppermost part of the layer.

Remarkably, as observed from the detailed inspeabiothe tube cross sections, in most
cases the nanotubes had ripples while for the GhB8% substrate, very smooth tubes were
observed. For the CP substrate some intermedette was observed - some of the nanotubes
were smooth while some had ripples. The reasonthi®remain unclear. However, it might
be due to differences in the Ti microstructureparticular in the different grain sizes and
orientations. Investigations in this regard stdlvk to be carried out.

Fig. 3a shows a summary of the inner nanotube demdor all investigated nanotube
layers, shown in Fig. 2. Obviously, the Ti sub&rgtpe has an influence on the inner tube
diameter. This might be connected to the initiaigloness of the substrate [30]. In the case of
a rough, non-polished original substrate, the araidin and removal of the nanotube layer
smoothed the surface of the substrate. In comparieothe first anodization, the tube
formation during the second anodization was dicedte the dimples on the surface of the
substrate, presumably facilitating the beginninghef nanotube development.

Furthermore, it is evident that a lower tube dianetas obtained during the second
anodization. This phenomenon presumably originites the different morphology of the
substrate after the first anodization, when congbéoethe initial substrates. That means, the
starting substrates for the second anodization Bengother surfaces with dimples that act as
pre-defined initiation sites. As a result, thereaishift of average inner tube diameters to
lower values within the second anodization. Sirareafl anodizations electrolytes of exactly

the same age were employed (the influence of teetrelyte aging was reported recently



[37]) a change of conductivity in the electroly@naot be the reason for the changes in the
nanotube diameters.

However, thorough investigations of the tube dinmams showed not just large differences in
the inner tube diameter of the nanotubes, butem#émotube length as well, as plotted in Fig.
3b. The nanotube lengths after the first anodinati@ried between ~50 pm on the substrates
SiAl and GoFe99.6+% and ~65 pum on the substrate Altér the second anodization the
longest nanotubes were found on the CP substrakeani average length of ~50 um while
again GoFe99.6+% revealed the shortest tubes v@th tm. Considering the anodization
times of 14 hours for the first anodization andduis for the second anodization it is not
surprizing that in average longer tubes were obthiwithin the first anodization. This is
simply due to longer anodization time used. Anrggéng conclusion can be made from Fig.
3 about the trends achieved for different subsrateterms of both the tube diameter and
length. The shortest tubes and the smallest diantetees were for both anodizations
obtained for the GoFe 99.6% substrates. In contrdrg longest tubes and the largest
diameter nanotubes were obtained for the CP suéstraxcept that AM substrate revealed
longest tubes during the first anodization (whismot an experimental error). For all other
substrates, the trends were identical betweenrgteahd second anodization. This interesting
violation for the AM substrates might be causedsigyificantly different starting substrate,
compared to other ones.

In order to further elucidate differences betwele® substrates and the resulting nanotube
layers, the bottom part of the nanotube layers vieoeoughly investigated by SEM and
AFM after the second anodization. The left columiig. 4 shows SEM bottom views of the
nanotube layers after the second anodization. dbigous, that the nanotube bottoms were
locally well ordered (as also apparent from thepst shown in Fig. 2), but still exhibited

diameter variations on different locations. In @ddi, some minor variations in the flatness



of the tube layer can be seen. These variatiorsiprably stem from the roughness of the Ti
substrates. As evident, the Ti substrate GoFe99.8%Ptbited comparably the smoothest
surface of all five substrates, followed by the IS8Abstrate. These results were confirmed by
AFM measurements of the substrates, as shown imighé column of Fig. 4. The AFM
measurements were taken from the substrate surfalb@sing quantitative removal of the
nanotube layers. The Z scale (on the right sideeafh image) provides the roughness
variation of the dimpled area on the Ti substratesr removal of nanotubes grown during the
second anodization.

In addition, profilometric measurements were cdrioait to evaluate i) the initial roughness
of the Ti substrates before the first anodizatiod &) the depth differences between the
surface after the second anodization and the limba-anodized Ti surface. The results are
summarized in Table 1. Evidently, in the case oft#anodization led to the deepest crater
while in the case of GoFe99.6+% the shallowestecrats received. This is in accordance
with the measured nanotube length in Fig. 3b: lortgbes were accompanied by a deeper
crater in the Ti. Generally, the measured valuesaniotube length are higher than the depth
measured by the profilometer. This interesting olageon can be explained by the fact that
the nanotubes are growing to the depth as web #set height, which is in line with previous
literature [38].

Significant differences were also observed in teghsghe initial roughness of the foil. By
comparing the initial profilometric roughness ofwith the AFM roughness of the dimpled
Ti substrates after the second anodization, a miagtiveen both types of roughness was
revealed, except for AM substrates. In other wotlds, rougher the substrates were before
anodization, the rougher was the anodized area®substrates after the second anodization.
However, the AM substrate showed the highest Iniiighness but the second lowest

roughness after the anodizations. This can be mgulaby observations from the optical



microscope that revealed that AM substrates havethemr surfaces some Ti stumps
originating from the materials processing, excegting lines which are present on all
substrates. The stump regions occupy approxim&t&%o of the whole substrate area. The
substrates are otherwise comparably rough as tex stibstrates. However, the presence of
stumps (or, say, increased roughness of this p&tisubstrate) could be the reason, why the
tubes grown during the first anodization on thissttate were the longest from all substrates,
as evident from Fig. 3b However, the stumps disblwithin the first anodization. As a
result, they did not influence the roughness o$ thi substrate and corresponding tube
dimensions after the second anodization. Nevedbelde general trend that upon repetitive
anodizations all substrates become smoother is sbwous from the presented results.
These observations might have implications for g¥amn the preparation of highly uniform
and robust TiQ nanotubular membranes.

To gain more insight about the differences in tla@atube length among the different Ti
substrates, the chemical composition of the sulestnaas analysed using GD-OES. Table 2
summarizes the Ti content and the 3 main impuritieall cases, except for GoFe99.99%, Fe
was the main impurity. Interestingly, the CP sufitstrhad a comparably high content of V
that was not one of the main impurities in othdys$tates. From the electrochemical point of
view, vanadium oxides are much less stable in webetaining electrolytes compared to
TiO2[39]. In our water-containing electrolytes, ande contrary to Ti, V does hardly form
any oxide during anodization. In fact, it mainl\gsblves in the electrolyte. Another proof of
an accelerated field-aided dissolution of the CBssate is the highest current density
recorded for it (see Fig. 1). The field-aided digson of the growing oxides is more
pronounced compared to other ones. This is a dessdplanation for the deepest crater and
longest tubes measured in case of CP. On the lo#mel, GoFe99.99% was the substrate with

the highest purity of Ti. As a consequence, thessate contained a lower quantity of

10



impurities which form oxides faster during anodiaatthan Ti or only dissolve. Therefore,
the nanotubes received at this substrate werenthntest. These results suggest that the purity
of the Ti substrates plays an important role imgpof the consumption of the substrates and
the aspect ratio of the Tianotube layer.

Finally, the microstructure of all Ti substratesswamalysed by EBSD. Fig. 5a shows the IPF
map of the substrate with the smallest grains, @8R9%, and Fig. 5b the IPF map of the
substrate with the largest grains, CP. Fig. 5¢c &ddshows grain size distributions of
corresponding substrates. The difference in thengizes between these two substrates is
approximately 20-fold. Grain sizes in all other stnates are within this range. Different
grain sizes stem from different thermomechanicelatinents of the Ti substrates by
producers. However, the microstructure is also eoted to the impurities in the Ti
substrates (compare with Table 2), since the iniparsignificantly influence, for example,
recrystallization processes and grain growth durihngrmomechanical treatment of the
substrates [40]. GoFe99.99% is the purest substwéte just very few impurities, but
possesses the smallest grain size. This is ratinprising as very pure materials usually tend
to grain growth more easily than counterparts \kitgher impurity content. Fig. 5e and 5f
shows preferential orientation of crystallites afrresponding substrates via inverse pole
figures. Strong texture clearly indicates wrougtdlléd) nature of the substrates. Similar
texture is revealed on essentially all substraieghe majority of the grains are close to the
(0001) orientation.

One would expect that the grain size must havenfinence on the ordering of the tubes.
Indeed, as can see in Fig.4, there are differeessof ordered patterns on the substrates. On
GoFe99.99% substrate, there is a higher numbenall $ocally ordered patterns, whereas on
the CP substrate, there is a lower number of lpcatiered large patterns. From the practical

point of view, an effort to make extremely orderexhotube layers over large areas (i.e. to
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achieve large patterns of hexagonally arrangedtnlgs, similar to porous alumina [24,25]),
may require specific microstructures of the sulbssiasuch us single-crystalline, nano-
crystalline or highly deformed yet un-recrystalizenicrostructures. However, due to
complex microstructural character of polycrystalisolids it is not feasible to make general
conclusions and further work is necessary to ratina an exact influence of the

microstructure.

Conclusions

In summary, the influence of different Ti substsaten the nanotube growth and dimensions
has been demonstrated in this work. It is obvitas the selection of the Ti substrate, even
though identical conditions are used for the aretthn, has a great impact on the nanotube
features, namely on their diameter, length androrgeFor all substrates lower average tube
diameterswere revealed after the second anodization. Thgelstnnanotubes were received
for the AM substrate after the first anodizatiord dor the CP substrate after the second
anodization. The utilization of the GoFe99.99% stabs led to the highest level of ordering
from all substrates, owing to the smoothest surfAcalyses of the Ti composition identified
major impurities that might be the reason for d#éfe aspect ratios of the obtained nanotube
layers. Furthermore, the EBSD analysess unambidpondicate that the microstructure
plays an important role for the ordering of the atabe layers, though further work is needed
to explain an exact influence of all microstructdeatures on the tube growth. In conclusion,
the results show interesting differences betweenstibstrates which should be considered

for future anodization efforts.
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Figure captions

Fig. 1: Polarization plots (left) and current treemés (right) recorded for the anodization of
different Ti substrates for thé' nodization (a) and for thé“anodization (b). The curve for

the £ anodization shows initial 6 hours of the totaldidy hours.

Fig. 2: Top (left) and detailed cross section (fighews of the nanotube arrays after the
second anodization. a) AM, b) SiAl, c) CP, d) Gd¥.€3%, e) GoFe99.99%. All scale bars

show a distance of 100 nm.

Fig. 3: Evaluation of the average inner diametérafad length (b) for the first and second

anodization of the different substrates.

Fig. 4. Left column: Bottom views of the Ti@anotube layers after the second anodization.
Right column: AFM topography of the Ti substratdterathe second anodization step

(measured on an area of the size fix%). Nanotube layers were quantitatively removed
from the surfaces before these AFM measuremen#&Ma)) SiAl, c) CP, d) GoFe99.6+%,

e) GoFe99.99%.

Fig. 5 Inverse pole figure maps for (a) GoFe99.8@ @) CP substrates; (c-d) histograms of

grain size distributions and (e-f) inverse poleifgs for the same substrates, respectively.
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Figure 3

Bl 1. Anodization

a
) B 2. Anodization

160+
1401
120 4

-

(=4

(=]
1

80-
60
40
20

Diameter / nm

CP GoFe99.6+% GoFe99.99%

O
N

Substrate

70 -

60

N W

Length / ym
= By [4)]
2 2. 9. . 8.9

SiAl AM CcP GoFe99.6+% GoFe99.99%
Substrate

20



Figure 4
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Tables

RMS of the Ti RMS of the Ti Average crater
Substrate roughness beforg roughness after de t% (um)
anodization (nm) |anodization (nnj) Pt (1
AM 610 + 80 69 +4 42 +3
SiAl 380 +50 82+5 38+3
CP 290 + 30 77+1 68+7
GoFe99.6+% 130+ 10 75+0.5 35+2
GoFe99.99% 25+4 18+1 372

Table 1. Summary of the measured parameters ofdiTaO, nanotubes: Roughness of the
initial Ti substrates (acquired by DHM), roughnedsthe anodized Ti substrates after the
second anodization (acquired by AFM) and deptfedihce between the anodized area after
the second anodization and the non-anodized areaheofTi substrate (acquired by

profilometer).

Ti sample Ti Impurity 1 Impurity 2 Impurity 3

AM 99.719% | Fe - 0.180% Al - 0.036% W -0.011%
SiAl 99.874% | Fe - 0.036% Cr-0.01% Al - 0.013%
CP 99.729% | Fe - 0.081% V - 0.051% Sn - 0.0399
GoFe99.6+%| 99.764% | Fe - 0.109% Al - 0.023% Cu - 0.0209
GoFe99.99% | 99.956% | Al - 0.012% Si - 0.006% Cu - 0.004%

Table 2. Ti content and the three main impuritiethe Ti substrates measured by GD-OES,

given in weight %.
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