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Abstract

The effect of the viscosity of solvent mixtures éd ethylene glycol on the
formation of undesired structural defects (nancg®rdaring the electrochemical
synthesis of nanotubular Ti@tructures is analyzed. High quality nanotubul&,T
films can be achieved by diminishing the viscositethylene glycol-based media by
increasing the water content as well as using elresadditive. High surface tension of
water also promotes the film fracture and accumanadf agglomerates on the film
surface. A previously unexplored one-step stratagsisting in the addition of ethanol
to ethylene glycol/water mixtures as an alternaéimedization medium is proposed.
The evidence obtained indicate that this mediumwadlobtaining nanotubular T3O
films with superior structural stability againspdéary forces during the film drying,
avoiding the use of time consuming post-treatmsuth as the commonly employed

supercritical CQdehydrating, improving the properties of the afdi nanomaterials.
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1. Introduction

For several decades now, nanomaterials have adggm@mous interest due to
their exceptional physicochemical properties amgdaurface area. Among various
geometries and chemical nature of nanomaterial3; Manotubes (NT-Tig) have been
the subject of numerous studies due to its semigtond nature (band-gap ~ 3.0 eV),
biocompatibility and photocatalytic activity, bet@reother properties [1,2]. These
properties can be enhanced in the nanoscale fonitii@ementation in several
applications such as dye sensitized solar celq,[Bhotocathodic protecting films [5],
drug-delivery [6], electrochromic devices [7,8]phliedical implants [9,10], gas and

biomolecules sensors [11,12] and photocatalystd {13

Due to the wide field of uses, several NT-T&ynthesis methodologies have
been studied [15], such as hydrothermal [16,17]tanmplate-assisted [18,19] methods,
electrospinning [20,21] and electrochemical ro#2s24]. Electrochemical methods
are characterized by its simplicity, low-cost amghhcontrol in the morphology of the
structures achieved through the conditions of s3gith In the last decades, many works
concerning the anodic formation of NT-Tims were reported. In this way, it is well-
known that it is possible to obtain highly-ordesedl oriented NT-Ti@films by

anodization of titanium in fluoride containing madi

First studies using this methodology involved tke of HF agueous solutions [22,25]
as electrolyte which allowed obtaining NT-Li@@ms with nanotube lengths lower than
or in the order of um [26,27]. Later, highly viscous organic solvenists as glycerol

or ethylene glycol, allowed achieving highly ordtreexagonal NT-TiQarrays with

significantly larger nanotubes length (up to 1Q@Q@) [28-30].



At present, it is considered that Lifilms growth takes place by a "high field
mechanism" coupled to the Ti©hemical dissolution by Rttack giving Ti(IV) soluble

species according to the overall reactions:
Ti(s) + 2HO(l) = TiO4(s) + 4H(aq) + 4é (2)
TiO,(s) + 6F(aq) + 4H(aq) > TiFs*(aq) + 2H0(l) (2)

Also, some Hons incorporation into the Tikphase takes place. The high-field 7iO
growth occurs byonic transport of species within the Tigphase and thehemical
dissolution reaction (whatever the high or low value it présnonsumes titanium
species that are replenished by further metatioitum oxidation at the metal/oxide
interface due to the high-field mechanism. Thesmmeerall reactions describe the
faradaic processes involving the different titanium specie®ific current). Later,
several reports from the group of Prof. Xufei ZB&{33] have proposed an oxygen

bubble mould model due #&bectronic current that leads to oxygen evolution:
2H,0(l) > O4(g) + 4H (aq) + 4é (3)

In this approach, the gas bubbles generated ialdutrochemical step 3 could act as

tube moulds during coupled the plastic flow of giewing oxide phase [32,34].

From simulation of anodizing current-time curvém\t were able to obtain the ionic
and electronic current contributions. The oxygeolavon reaction allowed describe
the current-time response found in different candg, but does not correspond to
oxidation of titanium species. This, in turn, leadsurrent efficiencies substantially
lower then 1 (based on titanium species), as has taekled by Schmuki et. al [35] by

determining that an important fraction of the tatairent corresponds to oxygen



evolution. Based on this, ionic current and eladtr@urrent are the driving force for
barrier oxide growth and oxygen evolution, respetyi, where oxygen evolution also
plays an important role in the growth of nanotuli&escent reports employing very
different experimental conditions for growth withultiple anodization steps combining
potentiostatic/galvanostatic potential programneegn at potentials where anodization
under breakdown takes place argued against tliedsdisted dissolution theory [36-

39].

Recently, ethanolic based media were employed adgesimilar nanotubes
structures as those obtained using HF aqueousas®yd0]. Despite of the advantages
found using non-aqueous solvents, it has been &fterd that performing the Ti
anodization for several hours or using highly coriaged fluoride media, generates a
disordered structure of fibbers or nanotubes debrithe film surface. The grassy
appearance of the surface, usually called “nansyjia8,41,42] or “nanoribbons’ [34],
could be a consequence of the non homogeneous @datrgsolution of the nanotube
walls. Alternatively, another explanation basedl@ micro-liquid-flow resulting of the
flowing gas from the bottom to the top of the tudasing the anodization, has been
given [34]. Furthermore, according to the mediustusity values, continuous wall
thinning takes place generating a partial tubegnfientation or even the complete
collapse of the nanotubular structure as fibbeyagthe film surface, covering up the
nanotube mouths [43]. Nanograss formation hasrafgignt impact on the properties
of the material as well as in its further applioas. For example, for one-dimensional
materials such as Tighanotubes or nanowires it has been found that the
interconnection between them modify the electrangport mechanisms and,

consequently, inhibits the charge transfer [44 ¥\gile this feature has been exploited



for some capacitor-related applications where déingd surface area increases the
capacitance obtained [46,47], the nanograss foomaépresents an important
limitation for using NT-TiQ films in photovoltaic [4,41,45,48] and photocatasy
applications [49,50] due to reduced light absomtlow ionic transport and blockage of
the tube mouths access to chemical species. Dadyihie effort in this research area,
the lack of in situ experimental measurements doésllow obtaining a single
accepted mechanism for understanding the NT:Til@s formation and structural

defects on their surface.

Different strategies have been proposed in ordebtain nanograss-free NT-
TiO, films by electrochemical routes that involve matbal post-treatments for
removing the tube fragments such as ultrasounthtiezds [51] or exfoliation [48].
Despite of their extensive application, these stias are lack of reproducibility and
have undesired effects such as partial or comgizchment of the film from the
substrate [52], induction of internal film fractsrer a wide-ranging length tube
distribution as a result of the inhomogeneity & tperating forces. On the other hand,
there have also been reported some strategiessidausthe inhibition of the nanograss
formation during the anodization procedure, whintiude the use of protective films
[4,53,54], electropolishing pre-treatments thatfeoto the oxide surface a high
resistance to the chemical dissolution [55-57], gnedoptimization of the synthesis
conditions such as applied voltage [58], use ofglexing agents [59] or modifying the
water content in the electrolytic medium [43]. &lation to the last strategy, the authors
have attributed the changes observed in the NT-fil@s morphology to the fluoride
lons gradient variation inside the tubes as theogty of the electrolytic medium

change when the water content is modified [43].yTm@posed that a low amount of



water generates large fluoride gradient alongube tength, which promotes the

vertical tube splitting by localized chemical etupinearby to their mouths. Contrarily,

as the water content increases, the fluoride gnadiecreases leading to a homogeneous
ring-split along the tubes and then, generatingrae film surfaces. Despite of this,

there is not enough conclusive evidence for expigithe role of the water content in

the complex mechanism of nanograss generation.

In this work, we analyze in detail the effect oé #lectrolytic medium viscosity
on nanograss formation in ethylene glycol/watertories by modifying either the water
content or by using ethanol as a third solventpkeeconstant the water content. The
choice of ethanol as additive was based on itdaimiscosity to that of water as well
as to the analogous chemical structure to thathglene glycol. In addition, the effect
of capillary forces originated during the dryingpopedure on the morphology of the

obtained nanomaterial, was also analyzed.

2. Materialsand methods

Polycrystalline titanium sheets with an exposechgetoic area of 0.5 ctn
(Sigma, 99.7% purity, 0.127 mm thickness) and t@5(Johnson Matthey Electronics,
99.7% purity, 0.890 mm thickness) were employedraxie and cathode electrodes,
respectively. The synthesis of NT-THi@ms was carried out using a two-electrode
electrochemical cell configuration. The anodizatwdnitanium samples was performed
applying a voltage step of 40 V between anode atfibde during 6 h by means of an
EG&G PAR model 173 potentiostat/galvanostat (irepower supply of 100 V). Prior

to anodizing, the electrodes were degreased bgsoltind treatment in a 50:50 acetone-



ethanol mixture for 30 min and then mounted ondrefiolders. The anodization
temperature was fixed at 5°C using a Lauda Alplgastat and continuous stirring was
applied. A content of 0.8 % w/v ammonium fluoridéefck, 98% purity) in
water/ethylene glycol (W/EG) or water/ethanol/etémg glycol (W/E/EG) mixtures
(Cicarelli, pro-analysis solvents and Milli-Q watarere employed as electrolytic
media. For this ammonium fluoride content (0.8 %paodizing time of 6 h, which is a
typical time where the nanograss develops on tHaiof the film, was employed.
After the anodization, all samples were copiousiged with water. All conditions
studied were analyzed from a duplicated set of $esnpne of them was dried in air at
room temperature, and the other one was immersegkcatively for 2 h in 100:0,
75:25, 50:50, 25:75 and 0:100 water/ethanol andnetlfacetone mixtures prior to

drying with supercritical C@using a BAL-TEC CPD 030 critical point dryer.

Film surface morphology was obtained usinggma FESEM Carl Zeiss field-
emission scanning electron microscope working ke\6 gun power, and film
thicknesses were determined using a LEXT 3D OLS4Digtnpus confocal
microscope (CM) [60]. Single tube geometric feasurere obtained using a 1200 EXII
Jeol transmission electron microscope (TEM) worlkah§0 keV gun energy. Prior to
TEM measurements, the NT-Ti@Ims were dispersed in water by ultrasonic treai
during 30 min and then, a drop of this dispersi@s wlaced on standard Cu grids. In
order to determine tubes inner diameter at filniesaer and oxide film thickness,
FESEM and Confocal images analysis were perfornsetguGwyddion 2.5 software.
Statistical measurement of tubes inner diameten fiap view FESEM images was
carried out considering a high enough number oé$uld>50) showing clearly visible

mouths. Film thickness measurement was performéees previously detailed [60].



On the other hand, statistical analysis of innertgaliameters and wall tube thickness
from TEM images was performed using ImageJ 1.52mvace. Both quantities were
measured from a total of 400 points along sev@&tak() tube fragments, which present

an average length of around 500 nm to 1-2 mm (sped-2 and 6 bellow).

Viscosity measurements were performed at 5°C usmnICR 301 Anton Paar
Rheoplus Physical rheometer employing a Peltigiesysvith 5 cm in diameter and an
1.006° angle cone-plate configuration. Surfaceitensieasurements were made using
the Wilhelmy method at room temperature by mearesif plate supported in a KSV
Microtrough Langmuir balance (KSV NIMA_Biolin Scigfic AB, Vastra Frolunda,

Sweden).

3. Results and discussion

3.1. Effect of water content

Figure 1 shows top-view FESEM images for NT-Tidms obtained by
titanium anodization in ethylene glycol electrotythedia containing 3%, 9% and 15%
v/v water, pointing out that there exists an imantteffect of water content on the film
morphology. For low water content (3%), the filmrfage presents abundant amount of
nanograss that hinders the observation and measaot@ithe nanotubes mouth size
(Figs. 1a and b), indicating that a high chemigs$alution of TiQ takes place. On the
other hand, increasing the water amount to 9%Mmiys( 1¢ and d) or 15% v/v (Figs. 1e
and f) produces a significant diminution in nansgrgeneration, which allows

observing a nanograss-free surface with a compldtéerentiated tubular structure.



Despite of this, for the higher water content ereth nanotubes agglomeration regions

delimited by important film fractures are also abveel (Figs. 1e and f).

<<Figure 1>>

Regarding the internal structure of single nanasu&M images reflect an important
difference in the tubes morphology (Figure 2)sihoticeable that for tubes prepared at
low water content (Figs. 2a and b), a gradual meen the wall thickness from their
mouth to the bottom (“V” inner cavity shape morpdgf). This observation is also
qualitatively evidenced in the intensity variatiaisserved in the TEM images for the
different conditions explored. Also, for high watemtent (Figs. 2e and f), the tubes
show higher average inner diameter and thinnerswade Table 1 below), being these
morphologic characteristics more uniform alongftiietube length in comparison to

those obtained using a low water content (Figsarithb).

<<Figure2>>

Table 1 shows the average and dispersion valuggedtibes inner diameter; (il
measured at the surface from top view FESEM iméges 1), the inner diameter along
the tubes length (d) and the tube walls thickness (T) obtained by T@E\. 2), as well
as the average NT-TEdilm thicknesses estimated using Confocal Micrgsci®0],
which represents approximately the tubes lengthfr)nanotubes obtained in different
water/ethylene glycol mixtures. The dispersion ®altor ¢, as well as T, would
correspond to changes along the length of therdifteube fragments. The average
tubes lenght shows a pronounced decrease witimtheaise in water content, in
agreement with the increase in the rate of theeogltemical dissolution [61]. It is also

noticeable that the tubes wall thickness decreasése viscosity of the electrolyte
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decreases, showing a smaller relative dispersioagieement with a “V”- to “U”-inner
cavity shape transition (Figs 2a-f). In additidme tnner diameter shows a marked
increase and the relative dispersion decreasd®agdter content increases. These
observations are also a consequence of the higdemare homogeneous oxide
chemical dissolution along the tubes. It has beponted that organic solvents such as
glycerol produce a marked increase in the viscadithe medium, favouring the
establishment of high fluoride concentration gratsealong the tubes, which thins
preferentially the walls in the external oxide mrgand produce their subsequent

longitudinal rupture as nanograss [28,43].

<<Table1>>

Figure 3 shows the viscosity values measured aa5°@®ell as the surface
tension values for all the W/EG and W/E/EG mixtueagployed. It is noticed that the
increase up to 15 %v/v in the water content progacdecrease in viscosity of
approximately 32.8% in comparison to the valueaf@r% v/v water mixture (Fig. 3a).
According to the surface morphologies obtained.(E)gthe water variation chosen is
enough to obtain nanograss-free structures focaheitions employed. In this sense,
the addition of water in order to decrease theodiy of the medium reduces the
fluoride concentration gradient along the tubesdpcing a homogeneous wall
thickness in all the channel extension, withoutwhg accumulation of nanograss on
the NT-TIQ;, film top surface (Figs le,f and Figs 2e,f). Simiasults have been
reported by varying the anodization temperaturacivhlso modify the viscosity of the

medium, but might also generate non-homogeneowedim dissolution [62].

<< Figure 3>>
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Despite of the beneficial effect observed in theatabular structure by
lowering the viscosity due to water increase (Ejgthe presents results also indicate
that addition of water promotes tubes agglomeradiuh film fracture (see Figs. 1e and
f). According to previous studies [45], accumulataf bundled nanotubes may be
produced during the titanium anodization as well@sng the later solvent evaporation
in contact with the film dying medium. These stisdiperformed with different drying
post-treatments in the presence of air, ethanokapércritical C@ have shown that
capillary forces that operate during this processegate bending and deflection of the
nanotubes, which also depend on the tube geomeigr(and outer diameter, length),
the material stiffness and the intrinsic propertiethe evaporating solvent (contact
angle and surface tension). In addition, the pestttnent using supercritical GO

drying allowed obtaining bundle-free and crack-i€e TiO, films [45].

Based in the discussion above, the structural tyuafiithe NT-TiG films may
be also determined by the mechanical propertiesobtubes, which depend on their
geometrical parameters [63,64]. It has been fohatthe mechanical behaviour of
single TiQ nanotubes against axial compression, shows aakeie the Young
modulus of the material as the wall thickness daioed [65], and then higher tube
deflections may take place [45]. This behaviour maylso enhanced by employing
very aggressive anodizing conditions, becausentreased dissolution rate leads to
thinner walls that promote critical points appeasaalong the tube (see inset in Figure
2f). Then, the local stress at these ultra-thin waints (< 10 nm) may contribute to the
structural collapse of the weakened tubes eithgri&stic deformation or by cross tube
fracture. For the different water/ethylene glyatios employed, the measured surface

tensions values (Fig. 3b) show a low variation,alihis insufficient to explain the

12



phenomenology obtained (Figs. 1 and 2). Even feldivest water ratio (3 %v/v), a

widespread nanograss effect on the NT-I$Orface is observed (Figs. 1a and b).

In order to obtain high quality NT-Tisurfaces, supercritical G@rying post-
treatment has also been employed, even for systheaditions that promote nanograss
formation [45]. Figure 4 shows top-view FESEM imagbtained for NT-Ti@surfaces
prepared in the same conditions as the films shaviAiigure 1, after performing the
CO, drying treatment as described in the MaterialsMethods section. The obtained
morphology and trends are similar to those obtaindeéigure 1 but showing a
significant improvement in terms of the deleteritwises agglomeration phenomenon.
Even for low water content (Figs. 4a and b), theaggass appearance is different,
showing thin tube fragments without agglomeratisiihese observed in Figure 1a. As
water content is increased, the nanotubular, Bidface obtained is nanograss-free and
no important agglomeration effects are observeal @disect consequence of the partial
inhibition of the lateral deflection forces duritlge drying process using supercritical
CO; (Figure 4). In this sense, the drying post-treatinpeevents the fragment tubes
agglomeration by decreasing drastically the capiffarces in the surface, even when
the mechanical properties of the material are aabdirable to maintain straight long or
thinner tubes in the film structure [29,45]. Despf these advantages, the main
drawback of this procedure is the time-consumingydeating steps needed prior to put
in contact the NT-Ti@films with CG, supercritical fluid. In addition, for several
characterization techniques, film modification pgdares or other specific applications,
it could be necessary re-expose the material terdifit solvents, especially agueous

solutions.

<<Figure4>>
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3.2. Effect of ethanol addition

In order to minimize the nanograss formation byréasing the viscosity of the
electrolytic medium without the addition of high anmts of water, different ethanol
additions to the W/EG mixture with 3% water takeraaeference, were analyzed.
Figure 3a shows the measured viscosity at 5°Ctl@am®| contents in the range of 6-
20% v/v maintaining the water content as low asids (3 % Vv/v). It is noticed that
the ethanol addition leads to a decrease in tlo®sity of the medium up to
approximately 38.9% for the highest ethanol con{2@%o) mixture (3:20:77), which is

similar to the obtained for the higher water cohamployed (15 %vV/v).

Figure 5 shows top-view FESEM images of NT-Tilms synthesized using
the different W/E/EG mixtures. For the lowest ethlazontent (3:6:91 mixture), less
nanograss formation is observed at the film sur{gags. 5a and b) in comparison to
the obtained using the same water content in theetivzanolic medium (Figs. 1a and b).
Also, as the ethanol content is increased up to 2@%a significantly cleaner
nanotubular TiQsurface free of nanograss is obtained, showingdegined mouths
without tubes agglomeration (Figs. 5c-f). In aduftifor the 20 % v/v ethanol addition
(Figs. 5e and f), the tubes are well ordered anghsgtric showing homogeneous
diameters throughout the full surface in comparisothose obtained using high water
content (Figs. 1e and f) or after supercritica,@@/ing in the same anodizing
conditions (Figs. 4e and f). These evidences gleadicate that the use of low
viscosity media is required to obtain nanograss-N&-TiO, surfaces for ethylene

glycol-based electrolytes with high fluoride ior@centration (0.8 % w/v).

<<Figure5>>
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Figure 6 shows TEM images obtained for the NT-lfidns anodized in the
selected W/E/EG mixtures and Table 2 summarizes\keall morphological features
(inner diameter at film surface and along the tubdent, tubes wall and tubes lenght).
Similarly to the trends obtained as water contgimcreased (see Table 1), there is a
decrease in the tubes wall thickness and an inelieabe inner diameter as well as a
decrease in the film thickness as the ethanol obigencreased (Table 2). These trends
are attributed to a higher transport of chemicakggs due to the decrease in viscosity.
This generates both a higher oxide chemical disisoluate, which explain the
tendencies observed, and a moderate fluoride griadlieng the tubes that leads to a
more homogeneous chemical dissolution observedrassition from “V” (Figs. 6a

and b) to “U” (Figs. 6e and f) inner cavity shapes.

<<Figure 6>>

<<Table2>>

In addition, variation of the different geometriarpmeter values listed in Table

1 (water content effect) are more pronounced ti@de shown in Table 2 (ethanol
content effect). For example, despite that the 3. &@h-ethanolic and the 3:20:77
ethanolic mixture have similar viscosity valuesg(R3a), thinner walls and shorter tubes
are obtained in the non-ethanolic medium. Thesdtseeould indicate that the increase
in the chemical dissolution rate is greater whestasity is changed by increasing water
content in comparison to the addition of ethand@ thua better solvation of chemical
species. Consequently, more fragile and susceptldtacture are the NT-Tilfilms
obtained. Contrarily, the use of ethanol-contaimmegia produces thicker tube walls

leading to more stable films against lateral déibeceffects and minimizing the

15



capillary forces due to decrease the surface terdithe medium (see Figure 3b).
These promising characteristics confer importamaathges to this synthesis strategy
since additional post-treatments steps are noinej(see schematic representation in

Figure 7).

<<Figure 7>>

In summary, we have shown that high quality NT-Jiilns can be easily
achieved by diminishing the viscosity of ethylemgcgl-based medium by increasing
water content as well as using ethanol as addithe demonstrate that water content
affects directly the oxide film dissolution ratengeating a more homogeneous
concentration gradient of fluoride along the tubddss effect clearly produces both
nanograss-free surfaces and “U™-inner cavity shmpghology along the tubes (Figs. 2
and 7), similarly to nanotubular T}@iIms obtained using HF aqueous media [66].
However, too high water content leads to fragild fxacturable films due to the thin
walls of the tubes. In this regard, the additiortbfanol to the anodization medium
maintaining a low water content in highly fluoridentaining electrolytes allows
obtaining nanograss-free NT-Ti@Ims with greater structural stability against

capillary forces (Fig. 7).

4. Conclusions

The effect of the viscosity in ethylene glycol/wateixtures on nanograss
formation during titanium anodization in fluoridertaining media has been studied.
The evidences obtained indicate that the nanodpasstion can be controlled by

regulating the viscosity of the electrolyte. Themase in the viscosity by adding a

16



solvent with low intrinsic viscosity and similaremical structure to the base ethylene
glycol solvent such as ethanol, promotes both tmedgeneous chemical dissolution
along the tubes length as well as the inhibitiofradtures and tubes agglomeration on

the film surface.

The one-step strategy proposed allows obtaininggrass-free nanotubular
TiO films, avoiding the use of time consuming posétneents such as supercritical
CO, drying. This, in turn, produces structural highatjty materials for further

applications.
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Captionsfor figuresand tables

Figure 1. Top-view FESEM images for NT-Tidilms grown at 5°C applying a voltage
step of 40 V during 6 hin 0.8 % w/v NH+ x % v/v water + (100-x) % v/v ethylene

glycol electrolyte. x: 3 (a and b); 9 (c and d) d&d(e and f).

Figure 2. TEM images for NT-TiQfilms grown at 5°C applying a voltage step of 40 V
during 6 h in 0.8 % w/v NkF + x % v/v water + (100-x) % v/v ethylene glycol
electrolyte. x: 3 (a and b); 9 (c and d) and 1&r(d f). Inset in Fig. 2f shows the

presence of critical points along the tube extemsio

Figure 3. Viscosity at 5°C (a) and surface tension at roemperature (b) for the

water/ethylene glycol and water/ethanol/ethylenegl mixtures employed.

Figure 4. Top view FESEM images for NT-Tidilms grown at 5°C applying a voltage
step of 40 V during 6 hin 0.8 % w/v NH+ x % v/v water + (100-x) % v/v ethylene
glycol electrolyte after supercritical G@rying post-treatment. x: 3 (a and b); 9 (c and

d) and 15 (e and f).

Figure5. Top view FESEM images for NT-Tidilms grown at 5°C applying a voltage
step of 40 V during 6 hin 0.8 % w/v NH+ 3 % v/v water + X % v/v ethanol + (97-x)

% v/v ethylene glycol electrolyte. x: 6 (a and 12;(c and d) and 20 (e and f).

Figure 6. TEM images for NT-TiQfilms grown at 5°C applying a voltage step of 40 V
during 6 h in 0.8 % w/v NkF + 3 % v/v water + x % v/v ethanol + (97-x) % v/v

ethylene glycol electrolyte. x: 6 (a and b); 12(a d) and 20 (e and f).

Figure 7. Schematic representation of the effect of anodimahedium viscosity on the

pore wall thickness.
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Table 1. Geometric parameters for NT-Ti@Ims obtained using different water

contentin the anodizing medium.

Table 2. Geometric parameters for NT-Ti@Ims obtained using different ethanol

contentin the anodizing medium maintaining a 3 % v/v oteva
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Tablel

Inner diameter
Inner diameter Tube wall
Water/Ethylene along the tubes Tubes length
at film surface thickness (T)
glycol mixture lenght (d.) /nm (L) /um©
(dio) /nm®@ /Inm®
(b)
3:97 7714 69 + 24 38+15 6.7+0.8
9:91 82+11 79+13 26+ 6 55+0.6
15:85 110+ 10 114 + 13 12+4 4.4+0.7

@ From top-view FESEM images
®)From TEM images

© From Confocal microscopy analysis



Table?2

Inner diameter
Water/Ethanol/| Inner diameter Tube wall

along the tubes Tubes length
Ethylene at film surface thickness (T)

lenght (d.) /nm (L) /jum ©
glycol mixture | (di ) /nm® o /Inm®
3:6:91 75+12 68 £ 17 34+£13 8.7+0.8
3:12:85 75+7 78+ 14 305 6.3+0.5
3:20:77 816 84 +£13 23+4 5.0+£0.8

@ From top-view FESEM images
®) Erom TEM images

© From Confocal microscopy analysis
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