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ABSTRACT

Titanium (Ti) is one of the most promising biomaterial for biomedical devices due to its high corrostancesand specific
combination of strength and biocompatibility. Titanium dioxide (Ji@anostructures are obtained by electrochemical
anodization of Ti foils under setfrganization condition; anodization parameters such as anodization time, vetagerdture

and most important electrolyte composition are critical for the resulting morphology. Nanostructures are grown in ethylene
glycol (EG) based electrolytes and we evaluated the influence of the water content, as no nanostructures are formed in tt
electrolyte without water addition, and with increasing water content, either nanopores or nanotubes are obtained (dependir
also on the applied potential and anodization time). The increase in water content in the electrolyte enables thet&low transi
from nanopores to nanotubes, which occurs by a-patksplitting mechanism. From the current results, one can conclude that
the water in the electrolyte has a definite effect on the type of hanostructures obtained by electrochemical anodigatien in o
electrolytes. This current investigation of effect of water in EG based electrolytes is useful for obtaining the dedi@dgyorp

of the nanostructures (diameter, length, efmgnmorphology) for specific bioapplicatiorGopyright © 205 VBRI Press.
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Introduction electrolyte, however the control over the morphology is
o . . ) _ limited [14]). Generally, the anodization electrolytes
T|tar)|un_1 and titanium alloys are (_Jf high |ntere§t in various 4ntain hydrofluoric acid HF) or fluoride salts in an
applications [1-5] more specifically for biomedical 54 gus acidic solution (generation[15, 16]), in basic
applications, due to thexcellent mechanical properties, gajts (generation 11[17]) or in organic electrolytes with
high corrosion resistance and good biocompatibfliss]. small additions of water (generation J118]). Currently, the
To improve stability of such implant materials, to enhance ¢t frequently used electrolytes are organic and are based
cell response and to inhibit detrimental phenomena, theon glycerolor EG[18, 19], and this is due to the fact that

surface of implantsis usually modified with vaous g chorganic electrolytes lead to much higher aspect ratio
coatings, thermal procedures or surface treatments at th?higher surface are) and more uniform growth with a
micro and nano level. Nowadays, for biomaterials, the hexagonal orderinfL3]

focus is on, the nano level, fi.e. nanostructuringhof t_he As a part of the continuing endeavor to utilize titanium
SI_Jrface _('Pcreas'”g q ?uraci ‘;rea,f e_T glnc'ngdioxide (TiG) nanostructures in the development of
blocompatlbl_llty, etc.) and from the p@ia of avallable o megical devices, the effects of various anodization
nanostructuring techniques, nanostructures can be easily.)jitions (time, voltage and water content in the
grown by elect_rochemuf:al_ ?”Od'za“%”- Alth?UQh tp? first electrolyte) on the formation of nanostubular structures on
report on anodization of Ti in 1984 (by Assefp@ezfuly both titanium[19] and titanium alloy§20-24] was further
et al. [6]) was overlooked, such structures were later j, estigated. The morphology and dimensions of ,TiO
reported aly in 1999 by Zwiling et al. [7, 8] and ~ angtbes play a critical roles in determining their
following, other methods were also reported on obtaining ertormance in various biomedical applications. That is,
TiO, nanotubes, methods such as hydrothermal prg8ss e efficiency of many Ti@biomedical devices depends on
sokgel[10] or template[11]. _ o the geometry and surface aref the nanostructured TjO
The advantages of electrochemical anodization lie in thelayers therefore the sedfganized anodic growth of TiO
ease of application and control of the nanostroCtures’ anqov hes has attracted significant intef&8t 25]. In this

morphology while ensuring that the coating is directly on yogpact the nanotube diameter and length determine the
the biomaterial's surfaci2, 13]. Nanostructures can be  ,qnact ratio of these structures and influeneestinsitivity

grown under sefbrganizing conditions on titanium or its ;4 selectivity of naoscale devices. Consequenttie

alloys, by an_odi_zing in fluoriel containing.electrqutes ability to control these parameters by modifying the
(reports also indicate growth of nanotubes in fluofide anodization conditions is imperative for new
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developements in various fields. Additionaly, in the field of Reverse osmosis equipment. Hydrofluoric acid (HF) and
biomimetic materials andissue implant technology, the the solvents, namely Ethylene Glycol (EG), ethanol, and
importance of nanometric scale surface topography andacetone, were purchased from Sigwlarich, Germany
roughness of biomaterials is, besides chemical surfaceand used without further puiggtion.

modifications, increasingly becoming recognized as a

crucial factor for tissue acceptance and cell sunjg2ét Experimental

28]. For example, it is known that the diameter size is the
key factor dictating in the interactions with cells
(mesenbymal stem cefi, endothelial cells, osteoblast
osteoclas, etc.) and 15 nm diameter nanotubes enhance
cell adhesion, proliferation and féifentionation compared
to 100 nm diameter nanotubes, which lead to cell apoptosi
[29-32]. Moreover, it is worth mentioning that in all cases
small diameter nanotubes improved cell interactions 8Sie anodization experiments were carried out at room

compared to the nemanostructured substrateeither temperature 20 °C) in a twoelectrode system Wit a

untreated foil or a 50 nmthick TiO, compact layer). titanium foil as the working electrode and platinum gauze
Previous studies have also shown that surface modification 9 P 9

of Ti significantly changed bacterial respong2a] and can as the counter electrode. Experimental parameters such as

influence interactions with macrophage cells (especially assvg?gg;tigg a\;ﬂﬁgf’eég?Wzgdogggsgzlté%n dic;‘meelteé:rtsroallyétde
biomaterial implantantionsi often limited by macrophage

related inflammation[34-36]. lengths of obtainedTiO, nanostructures. Alrmed

Besides, nanostructured Ti©an be used as a platform nanostructlLljres were kept in etthanfol forthz holurst "’}S to
for various biomolecules coating/loading or growth factor remove at organic components irom the €lectro yte,
) o 4 : washed with distilled water and dried in a nitrogen stream.
immobilization [30, 37], Ag nanoparticle decoration
[38, 39] or other nanoparticles showing either antibacterial
effects or increasing osseointegrati@8, 39]. As-formed
TiO, nanotubes grown by anodization are usually The morphology of the a@®rmed TiQ nancstructured
amorphous but depending on the anodization conditionssurfaces was observed using a fieldission scanning
(temperature, time or how high is the voltagew electron microscope — Hitachi FESEM S4800.
crystallinity is observed (anatasg@hasg. Crystallinity Mechanically cracked samples were used to obtain cross
(anatase, anatase and rutile mixture) is induced bysection images. The chemical composition offcamed
annealing, and showed also promising properties in termsnanostructures was investigated byray photoelectron
of biocompatibility[21, 40, 41]. spectroscopy (XPS) (PHI 5608pectrometer, USA) using

The present study aims towards an understanditippo Al Ka monochr omatandz @ebks mwerel i at i
role of anodization parameters such as time, voltage andcalibrated to Cls peak a84.8eV. The crystallinity of the
water content in EG based electrof/te the synthesis of  TiO, nanostructures was evaluated byray diffraction
arrays of TiQ nanostructures and in tihecorresponding (XRD) patterns usinga X pert PhilipsMP
morphologies. The purpose of optimizing the anodizatonP a n a | y t ieraa Hetedtdr, Germany (graphite meno
parameters is to tait the morphology of nanotubes to a chromized Cu Il radiation, wavelength of 1.54056 A).
spefific diameter size and lengthyhich leadsto an
increased biocompatibility and outstanding cellular Results and discussion
interactions. The nanotopography of Fikas a significant . ) ) )
influence on the adherence and the cell behavior in!n the following sections, the influence of different

biomedical applicationsThough the influence ohe water ~ anodization — parameters on the morphology of
content in organic based electrolytes as/ previously nanostructrures (diameter, lengemd thetype of obtained
investigated [42, 43], the present paper mainly nanostructure- nanopores or nanotubes) as well as their

focuses on the influence of anodization parameters in EGChemical composition and crystallinity are evaluatieds
based electrolytes on the morpbgy of nanostructures Well knownthatthe morphology of Ti@nanotubes can be
with emphasis also on obtaining small diameter (15 nm) €asily tailored to specific diameter size or lengii3];
nanostructuresThe current investigation of the effect of the Neverthegss, to establish a good control ensuring all the
water contact in electrolyte and other anodization desired morphoI(_)g_lgaI_ characteristics as well as an open top
parameters on the morphology of nanostructures is usefufMorphology (no initiation layer or nanograss formation) an
for a beter tailoring of the desired morphology of the @&nodization parameters screening is helpful.

nanostructures (nanopores or nanotubes), Si®faces for . i
bioapplications. Influence of applied voltage on the diameter and length of

the nanostructures

Various TiO, nanostructures were fabricated by
electrochemical anodization. Prior to anodization, titanium
foils were degreased by successive ultrasonication in
acetone, ethanol and deionized (DI) water famis each
and dried in rirogen stream. For anodization experiments,
EG based electrolyte was used which contains varying
amounts of watebut with same concentration of HF. All

Characterization

Experimental First of all, the influence of the applied voltage on the
Materials growth and morphology of the nanostructures was
evaluated forEG based electrolyte containing @ water
and 0.2M HF. At the same time, we also evaluated samil
aspects using al water content electrolyte.

Ti-foils of 0.1 mm thickness (99.66 purity) were obtained
from Advent Research Materials, England. The iltist
water used during the entire study was purified by Werner
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331 gy 40 diameters of nanotubes increase with the agpgbetential
—sav £ (in the range of 1070V as shown irFig. 2) and the cross
304 ——8M,58V  E ‘ . .
< —oway 2 Lo section images of the nanotubular dayshow that the
2 254 § applied voltage has a clear effect also on lengths of
i 0] i nanostructures, increasing with increasing applied potential.
3 S z.anh""" ";Vs P e To note, that in all cases there is no initiation layer and in
T 15 T Tmew these conditions no nanograss formation on the top of the
£ m\\mm nanostructures, meaning that it is an opfep morphology.
~ . y The fact that the nanotubes are initiation layer free can be
51 L svwn oM, 20V due to the presence of HF in the electrolyte which makes it
o] “eww more acidic and etches much faster the initiation layer (for
oo s 10 s 70 2 example, for shaer anodization timesof 1.5 h, an
Time (h) initiation layer was also observed), while in NHEG

based electrolytes it is difficult to obtain initiation layer free
Fig. 1. Current profiles for nanostructrures obtained in EG based nanotube$44].
electrolytes (8 water content) at different anodization potential (10, 20
or 58 V) for an anodization time of 2.5 h. A current profifer
nanostructures grown inM water content at 1¥ for 2.5 h is also shown
for comparison.

Fig. 1 presents the current profiles-t(lcurves) for
selected samples, for an anodization time off2if 8 M
(10, 20 and 8 V) and in 6M (10 V). It is evident that the
I-t plots present typical curves for a highly organized oxide
pore arrangement or nanotube formations, where formation
and chemical dissolution of the oxide are in optimum range
[13]. The typical ¥ curve can be divided into three regions,
with region |- current decreases exponentially due to the
coverage of the surface with an oxide film, region d rise
in the current due to the surface area increase (as a result of
porosification), and region Il steadystate conditions
where the oxid is formed continuously at the bottom. In
our case, the three regions are observed for all studied
nanostructures, even for potentials as low a¥ Ihset in
Fig. 1). Furthermore, it is clearly evident that higher
applied potentials lead to higher curredensities, and
while a similar trend is observed for the water content

. . . @ Diameter in 8M electrolytes A Lentgh in 8M electrolytes
inside the electrolyte (comparing the @ and 8 M O Diameter in 6M electralytes A Laaighin oMt decriycs
anodization at 10V) one can see that Bl has a higher o IR L .
current value in beginning and that, after héurs of °
anodization, the sam&teadystate value of the current, as 2 3 E*
for 6 M, is reached. E 100] o r7 e
5 ° 2
T 80 ls &
£ ° 5
2 60 8 adi v g
[ ] -3
40 A 5
20 A 1
a Lo
0 T T T T T T T
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Fig. 3. (A) Top view and crossection SEM images for selected
nanostructures gwn in EG based electrolyte containingh water,

Fig. 2. Top view and crossection SEM images for nanotubes grown in  anodization time was fixed at 2t5(Scale bar is 500 nnf) Influence of

EG based electrolyte containingVBwater, anodization time was fixed at ~ the anodization voltage on the diameter and length of nanotubular

2.5h (Scale bar is 500 nm), at different anodiaatpotentials of a) 1¥, structures for EG based electrolyte containing8and 6 M water
b) 20V, c) 30V, d) 50V, €) 58V and f) 70V. (anodization time of 2.8).
Fig. 2 presents toiew and crossection SEM images Further, we also evaluated the morphology of

for nanotubes obtained in EG based electrolyte witt 8  hanostructures grown in an EG based electrolyte containing
water content and fixed time (219, emphasizing on the 6 M water andFig. 3(A) presents the top view and cress
influenceof apl i ed potential on segtion SEM images ¢f selected ganastetures (grown at
and length. From the top view images, it is evident that 10, 58 and’0V). Similar trends were observed as in case of
structures obtained in 8 water. The influence of the

Adv. Mater. Lett. 2016, 7(1), 23-28 Copyright © 2016 VBRI Press
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anodization voltage on the diameter and length of nanostructures were of 148m, 379 nm and 370nm,
nanotubular structures for EG based electrolyte containingrespectively with 2V, 4 M and 8M water corent in the

8 M and 6M water content (anodization tinef 2.5 h) is electrolyte. Furthermore, a similar trend was observed for
summarized inFig. 3(B). From Fig. 3(B) it can be 5 h experiments, where 2M water content led still to NPs,
observed that foboth 6and8 M water content, the applied while 4 M and 6M lead to NTs (data not shown). The
potential has a defined effect on the diameter and lengths ofengths of nanostructurdsr 5 h experiments were 32#m,
nanostructures, significantly increasing with increasing 350 nm, 495nm and 590hm respectively for 2, 4, 6 and 8
anodization vltage. However, at voltages higher tharMB0 M water content in the electrolyte.

for an anodization time of 2.6, the nanostructures get
etched and nanograss is formed (that is, at the anodization
time of 2.5 h, the growth rate of nanotubes at the
metal/oxide interface is already smallbam the chemical
dissolution occurring at the nanotube top/electrolyte
interface); for such high voltages in the range ofl80V

and using 6or 8 M water EG electrolytes, shorter
anodization times are needed (around-1@ata not shown.

#® Diameter

— v

E 35 v -

T a0 A 03 &
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Fig. 4. Infl uence of water content on 54 -
evaluated at a fix applied potential of ¥0and anodization time of 2.5 h o ; - T - 0.0
for a water content of a) No water, b)M, ¢) 4 M, and d) 8M water ° Time (h) )

(Scale bar is 500 nm).
Fig. 5. (A) Top view SEM images of nanostructures obtained & iba

Influence of water content and anodization time on the _Gf:VI Waterf contg_nt EG based elecr:rclﬂyte (fScale bar is 500 nm), (B)
morohol f Ti nan r I In ue_nce of anodization timenomorphology of nanostructures grown at
orphology of TIO nanostructures 10V in a 6M water content EG based electrolyte.

It was previously observed that the amount of water inside
the electrolyte dictates the obtained morphology of the
nanostructures (either nanopores or nanotubes), an
nanotube surfaces (NTs) arerferd through a porevall-
splitting mechanism from the nanopores (NPs) structures
[45]. Nandube formation is assigned to the selective
dissolution ofthe fluoride rich layer present at the cell

One more key parameter influencing the formation and
ype of obtained nanostructure is the anodization time.
herefore we fixed the anodization potential at ¥Q and
using a 6M water content electrolyte, we evaluated the
influence of the anodization time on the resulting
nanostructure morphology Fig. 5 presents the SEM
boundaries of ordered porous structures formed in fluorideftp[gﬁg gz%?;aﬁlgg t?r:e(;\'/ir;/:]eovi\;:rfatri;efOngpdhg&)g%:\za.

eledrolytes [45]. The nanopores have a honeycomb like small diameters®(l3 nm) and with increasing anodization

structure with no tube to tube separation, as opposed to. . ; ) .
nanotubes P PP time, the diameters slightly increas1% nm). With a

To evaluate this aspect, the anodization voltage and{urthgt( mcfrease of the extperlmerltatlj anod|zatt|)on tlmde, tthze5
anodization time were fixed to Mand 2.5h respectively, ~ ansition Irom nanopores 1o nanotubes was observed at 2.

but the electrolyte coposition was varied, namely, the h and then at even longer anodization timehj5the tubes

water content was varied between no added water, up to Z€t Slightly etched at the top (as seefim. 2(d), there are
water content of 81. The resulting structures are presented small remnants on the top of the nanqtubem) me_ twbe

in Fig. 4, and the key influence of the water content on the yvaII thlc;kness |§further etched resulting in a small increase
morphology of the nanostructures is evidest for the N the diametesize.
electrolyte with no added water tiselforganizedanodic
growth conditions are not estabksh while for 2M and 4

M nanopores are obtained and for M the resulting
nanostructure is nanotubular (a water content bf ads

to a mixture of bth, as in some parts the structure is
nanoporous while in others it is nanotubulahese aspects
will be further discussed inextsection). The lengths of the

Chemical composition and crystallinity of as-formed TiO,
nanostructures

To verify the chemical composition and the crystallinity of
the different nanostructruresselected samples were
examined by XPS and XRDOror XPS we evaluated the

Adv. Mater. Lett. 2016, 7(1), 23-28 Copyright © 2086 VBRI Press 26
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following nanostructures: nanopores (obtained M &ater various water content in the electrolyte (6 oMV§ and
content EG based electrolyte, by anodizing a¥/X6r 1 h), different applied voltages in the 1@ 58 V range, for

and nanotubediameter ofLl5 nm, 50nm, and 100im - that anodization times of up to 25 We further investigated
were all obtained in 8M water content EG based the influence of anodization time on crystallinitgnd we
electrolyte by anodizing for 2.5 at 10,20 and 58V, evaluated amnoporous | ayer (di amete
respectively. in 5 h and by further increasing the anodization time to 24

Fig. 6(a) presents the XPS survey pattewith, typical h, the resulting nanotubular layer (digere= 2 0 nm) .
peak signals of Ti (Bp at =3 8p 4ate Vs 4 5T8Interestingly, even though at 5 we notice a very small
Ti2sat =565 eV), O (0Ol1ls at aanatase5pdathat dan also e dgeRdl bacoumd noiseh 8 2

eV), and C ( Clalso, aveak¥Nddehldsig®a dovthe 24h anodization we observe distinct anatase peaks:

i s obser ve(@lshaThe ighr€s@lutiom¥canof t he mai n anat ase loweniktensties =25.
the Ti2p (Fig. 6(b)) with the Ti2pz, position at 458.4eV peak atan=d4 7= 58 foB lbnger anodization
indicates the T state in the Ti@ The O1s peak at 530 eV  times, the agrown layer contains anatase crystals in the
confirms this. Furthermore, due to the presence of theamorphousTiO, lattice, but the amorphous phaseniot

fluoride in the eletrolyte, F1s is also present in the sample fully converted to a crystalline one.

(see F1s peak at 684 eV,kig 6(c)).

T a. NP (6M H,0, 10V,1h)

j A ———bh. 1SnmNT (8M H O, 10V,2.5h)
- . . y ;o
a) _ ; = i " NP - €. SOnmN l, (8M H O, 20V.2.5h)
= o 8 15nm NT N ——d. 1nmNT (8M H,0, 58V 2.5h)
i = = 50nm NT Influence of anodization time:
i a 100nm NT 7 T €. Sh-NP(13nm) (2M l[:ﬂ. 10V,5h)
:§ — i = 7] —— 1. 24h-NT(20nm) (2M H,0, 10V 24h)
3 3
& - T
= . A T T T
= ] A T T
2 1 E el L _‘. ._A... . 24h-NT(20nm)
g £ e, A L JL_JL_. €. Sh-NP(13nm)
] E _-*N»\J
= I
B b \ A A . 100RMNT
g ] Jm ¢ S0nmNT
T T T T T 1 e A A A b. 1SnmNT
1200 1000 800 600 400 200 0 - a. NP
Binding energy, eV —— 7T
§ 20 30 40 50 60 70 80
b) —ne €) —ne Ots d) —ne Fis 20,°
——15nm 15nm ?
50nm 50nm
5 100nm . 100nm .
< 3 Fig. 7. XRD patterns of the selected nanostructures, nanopores and
z 2z J\‘ different diameter (15, 50 or 100 nnmanotubes (a. to d.) and for
3 : . o .
g wonm & “/\—«SOIW nanostructures obtained at different anodization time, of 5h and 24h (e.
- c - .
2 tsom 1snm and f., respectily).
NP NP
468 465 462 459 456 ‘537 534 531 528 525 690 687 684 681 H
Binding energy, eV Binding energy, eV Binding energy, eV ConCIUS|On

Fig. 6. XPS characterization of the selected nanostructures, nanoporesThe present work reportls on the key factors mfluenc!ng the
and different diameter (15, 50 or 100 nm) nanetutr) survey patterns ~ Mmorphology of seforganized Ti@ nanostructures obtained

and highresolution scanfor c) Ti2p, c) Ols and d) F1s. by electrochemical anodization of Ti foils HF containing

EG based electrolytes. The resulting nanostrustugi¢her
Table 1 Atomic percent (%) composition determined from XPS nanopores or nanotuhdgvean open top morphology with
measurements a hexagonal, uniform arrangement. Further investigations
were performed for establishing the effect of water content
in the electrolyte on the nanostructured acef morphology

Sample Cat% Nat% Oat% Fat% Tiat.% F/Ti

ratio
nanopores 23.30  1.78 49.06 763 1823 042 and the effects o the porewall-splitting mechanism
égnm gg-gi i-gg gg-gg g-gg %ﬁgg 8-;1; converting nanopores to nanotubes. XPS measurement
100 nm 1099 129 t495 033 2343  0.39 confirmed that there is no significant difference in &#hé&o

composition at the top of nanosttures, either nanopores
Table 1 shows theat(_)mic percent (a) composition gtrrugﬁr:gtucl;)festh engDrovE/)r?tt?ar;eSrs,cor? ;I\;vrgvgr, € f Oa:mlz:]pgh(;us
;)(fptshe dse?ggilgﬁ ddeetg:hmmigd ;L?;n fé\?vs nn;ﬁzzgm?rngz (theanodization times (e.g. 49 there is Iomprystallinityin the
- ; L : form of anantasephase Improvement in the morphology
composition of the samples is quiimilar, although there and unifomity of TiO, nanostructures (nanopores or
s some C contamination on thesamples surface nanotubes of desired morphology) impacts their use for

(adventitious C and organic remnants from the electrolyte,S e L - -
: = ) pecific bioapplications, for which surface morphology
in the form of GC, GO and C=0 bonds), if one evaluates sensitivity or high aspect ratio are required.

the F/Ti ratio, quiteisilar results are obtained.

The crystal structure of different morphologies of Acknowledgements
nanosructures was e?(ammed by XRBe(e inFig 7) For The authors would like to acknowledgeo®&nian Researci\gency
the same morphologies evaluated by XPS, we observe NQarrs) grants No. PR232, P30388, J16728 for financial support.
difference in the XRD patterns; namelyayers are Ulrike MartenJahns is adkowledged for XRD measurements. DFG and
amorphous and there is no sign of (muinity (no anatase Erlang?n DFG cluster of excellena@e acknowledged fofinancial
peaks are detectedhcluding the main peak 2 5. 4 ° ) SUPP{o ¢
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