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Highly ordered TiO2 nanotubes (NTs) were synthesized by electrochemical anodization
of Ti foils. We investigated the effect of the Ti surface roughness (applying different pre-
treatments prior to the anodization) on the length, growth rate and degree of self-
organization of the obtained NT arrays. The mechanisms related to the TiO2 NT
formation and growth were correlated not only with the corresponding anodization
curves but also with their appropriate derivatives (1% order) and suitable integrated
and/or obtained parameters, to reveal the onset and end of different electrochemical
regimes. This enables an in-depth interpretation (and physical-chemical insight), for
different levels of surface roughness and topographic features. We found that pre-
treatments lead to an extremely small Ti surface roughness, offer an enhanced NT length
and also provide a significant improvement in the template organization quality (highly
ordered hexagonal NT arrays over larger areas), due to the optimized surface
topography. We present a new statistical approach for evaluating highly ordered
hexagonal NT array areas. Large domains with ideally arranged nanotube structures
represented by a hexagonal closely packed array were obtained (6.61 um?), close to the
smallest grain diameter of the Ti foil and three times larger than those so far reported
in the literature. The use of optimized pre-treatments then allowed avoiding a second
anodization step, ultimately leading to highly hexagonal self-ordered samples with large
organized domains at reduced time and cost.
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1. Introduction

Electrochemical anodization of Ti to obtain highly ordered nanotube (NT) arrays of
anodic TiO2 has gained much importance due to its large number of applications, such
as photo-electrochemical cells for H2 production (water splitting), supercapacitors,?
biosensors? and particularly for dye-sensitized solar cells (DSCs).*> In the latter case, the
1D architecture of the TiO2 NT structure provides a direct and efficient pathway for
electrons up to the energy surface where they are collected.! TiO2 NTs can be easily
obtained by electrochemical anodization of Ti in fluoride containing electrolytes. Since
the first report on anodic TiO2 NT synthesis in dilute fluoride electrolytes by Zwilling et
al. in 1999 (with a limited thickness of ~500 nm), great effort has been made to increase
the NT length.® Ethylene glycol-based electrolytes have become the main choice for the
growth of long (hundreds of microns) and ordered arrays of TiO2 NTs.””'3 More recently,
NTs with a length of 150 um were obtained in 1 h of anodization with ethylene glycol
electrolytes containing lactic acid.'* However, differently from the case of Al
anodization, several reports have indicated that the length of TiO2 NTs reaches a
maximum after a given anodizing time. This is attributed to the onset of an additional
chemical dissolution process at the NT top and to the progressive failure of the
dissolution at the NT bottom.>'>1° The TiO2 NT length dependence on the
oxide/dissolution balances on the NT bottom as well as the chemical dissolution on their
top is a process strongly influenced by other factors besides the electrolyte type and
anodization time, namely the electrolyte concentration, pH, anodization temperature,
and applied potentials, which have also been studied.”*>29-22 Other studies analyzed
the effect of NHisF and H;O concentrations (spanning 0.1-0.5 wt% and 2-15%,
respectively) with ethylene glycol-based electrolytes on the NT length,®%126 with the
fastest growth rate obtained for 2% of H,O and 0.3 wt% of NH4F.2 Furthermore, high
anodization voltages lead to longer NTs, while for low voltages the chemical dissolution
effects dominate the growth process and limit the NT growth.'®17:23 However, for high-
field hard anodization processes (from 90 to 220 V; giving 100 um NTs in only 4 h) the
NT diameters, wall and barrier layer thickness greatly increase as they grow in length.?*
The diffusion path along the barrier layer oxide for the ions involved in the NT formation
is then significantly extended. This leads to a non-steady-state equilibrium between
oxide formation and dissolution rate and to the deceleration of the NT growth.?42>

In contrast to the factors that increase the NT length, few studies targeted the
organization and final ordering of the TiO2 NTs in a closely packed hexagonal array.>=%°
Structural order is fundamental for several applications, particularly for efficient DSCs
with maximized charge transport and reduced recombination processes.3%3! This
requires an order-degree comparable to that already achieved for anodic alumina oxide
(AAO) nano-porous templates (10% porosity rule).32 In TiO2 NTs the order is mainly
influenced by the Ti foil purity, the anodization voltage?® and the local initial surface
morphology of the Ti substrate. For an irregular surface with many inter-grains, the
inhomogeneous distribution of the electric field (being higher in the valleys) provides
preferential sites for NT growth.33 However, regular or periodic dimples in a valve metal
can lead to an improvement of the organization degree of NT arrays, inhibiting their



random nucleation. The two-step anodization process, which is crucial and mandatory
to improve organization in AAO,3*3> was also used to improve the structural order of
TiO2 NT arrays.?>=27 On the other hand, the pre-treatment of the initial metal foil was
shown to be a simple and efficient method to induce a high degree of organization in
AAO templates.3® In the TiO2 NT array case, studies using pretreatments such as
electropolishing (EP) or mechanical polishing (MP) indicated that a Ti smooth surface is
crucial to obtain highly ordered NT arrays since it ensures a uniform electric field
distribution over the Ti surface during the anodization.?’~2%37 |n particular, Lee et al.
showed that a decrease of the surface roughness by EP leads to NTs with a more uniform
length and a higher density, but almost no hexagonal NT domains were observed.?”%8
So far high hexagonal ordering has only been achieved using expensive techniques like
ion beam or nanoimprint lithography.3®3° Furthermore, a direct correlation with the
underlying formation and growth mechanisms, using a high resolution analysis of the
anodization curves, was over-looked in previous reports.82>27-2937.38 |n this work, we
describe the microscopic mechanisms involved in the TiO2 NT nucleation, formation and
growth, which are key-issues of the degree of self-organization and growth rate. This
information was extracted from a detailed interpretation of the anodization curves:
current density curves j(t), their derivative (dj/dt), barrier layer thickness (db) and charge
(Q). This procedure was systematically applied to the study of NT arrays obtained from
initial Ti foils with different surface roughnesses (employing different pre-treatments).
We were then able to achieve an integrated view on the processes underlying the
formation of the NTs and their direct impact on the length and organization of the
obtained arrays. We focused on the factors limiting the NT length and the critical
balance between oxidation/dissolution processes, establishing a relationship between
these phenomena and identifiable parameters induced by the different pre-treatments
employed. A new statistical methodology to characterize ordering by SEM images is
presented. This work reveals a new overriding anodization parameter capable of
inducing a higher growth rate and improved self-organization of TiO2 NT arrays: the Ti
surface roughness prior to the anodization, a parameter which has so far been
overlooked. By tuning the Ti roughness using adequate pre-treatments, a single-step
anodization process readily produces highly ordered hexagonal closely packed arrays of
TiO2 NTs with lengths above 100 um.

2. Experimental details

Ti foils (0.127 mm thick, 99.99+% purity from Alfa Aesar) were ultrasonically cleaned in
ethanol and deionized water for 10 minutes. Prior to the anodization, three different
pre-treatments were performed on 1 cm2 pieces of the as-rolled (AR) Ti foil: (i) chemical
etching (CE) in a 4% (wt%) HF aqueous solution for 15 min at room temperature;24 (ii)
mechanical polishing (MP) on a plane disc at 150 rpm in three steps of 10 min each. In
the first two steps we used an ultrapol-cloth with 6 and 3 mm diamond particle
suspensions; in the third step a silica colloidal suspension (0.05 um) with H,0; (30%
concentration in volume) on a microcloth was used; (iii) electropolishing (EP) in a
H2SO4—-HF (8 : 3) solution, with an applied potential of 10 V between the Ti foil and an



inert Pt mesh (distance 2.5 cm) for 4 min; the solution was mechanically stirred (300
rpm) and kept at room temperature.*°

After each pre-treatment the corresponding Ti foil samples, as well as an AR Ti sample
without treatment, were analyzed using a Nanoscope Multimode Atomic Force
Microscope from Veeco Instruments to study the surface roughness (Rq). Subsequently,
the samples were electrochemically anodized in an in-house made anodization cell (two-
electrodes), where Ti acted as the anode and an inert Pt mesh was used as the cathode.
The time evolution of the current density [j(t)] was monitored during the anodization
using a Keithley 2004 Sourcemeter remotely controlled by a Lab-View application (using
a 100 ms acquisition step in the first 5 min). Electrochemical anodization was carried out
for each sample at a constant potential of 60 V for 17 h, in a freshly prepared ethylene
glycol solution containing NH4F(0.3wt%)and H,O (2 wt%) at room temperature with
mechanical stirring.8 The NT morphology was evaluated by FEI Quanta 400FEG Field
Emission Scanning Electron Microscopy (SEM) using the cross-sectional (for the NT
length calculation) and surface top and bottom views. The bottom views were prepared
by natural peeling-off, becoming a free-standing non-curling membrane (detachment
occurs without any assistance or other methods as described elsewhere).34! From the
SEM images, a statistical analysis was performed enabling a quantitative evaluation of
the organization pattern and NT structure dimensions.

3. Results and discussion

3.1Ti surface topography analyses

The surface topography of the Ti samples with different pre-treatments (and one as-
rolled) was investigated by Atomic Force Microscopy (AFM). Fig. 1 shows representative
1 um2 images of such Ti surfaces. The average surface roughness was extracted from
the topography, defined as the root-mean-square value of the image pixel height. The
AR sample presents a significant surface roughness of 8.3 nm [Fig. 1(a)]. Afer the CE pre-
treatment, the Ti foil showed a highly damaged surface, characteristic of a chemical
attack, giving a higher etching rate on surface defects, namely grain boundaries.?® This
led to the highest Rq value of all the studied samples [37nm ;Fig.1(b)].In contrast, a
significantly smoother surface was obtained in the MP and EP samples with the Rq of
1.0 nm and 2.4 nm, respectively [Fig. 1(c) and (d)]. With the MP pre-treatment, the Ti
foil surface became smooth and fairly plane. On the other hand, the Ti surface after EP
revealed a dimple-pattern structure. This shallow ripple-like structure is an EP
characteristic of metals*® and can be used as a pre-pattern prior to anodization to obtain
highly ordered oxide nanostructures, as shown in the case of Al.364042745 The
electrochemical polishing of Ti is usually achieved in sulphuric acid-based electrolytes,
which results in smooth surfaces.*® However, in this work the EP conditions used
(electrolyte type and voltage) resulted in organized dimple patterns,*® with an inter-
ripple spacial period A= 97 nm [Fig. 1(e)].
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Fig. 1 Ti surface topography prior to the anodization obtained using AFM and the
corresponding Rq: (a) as-rolled, (b) chemical etching, (c) mechanical polishing and (d)

electropolishing; (e) profile height for the EP sample.

3.2 Growth mechanisms of anodization current density curves

The mechanisms that lead to the formation and growth of the NTs can be monitored
during the anodization process using the current density curves and the corresponding
time derivative, as shown for the EP sample in Fig. 2(a) and (b). The evolution of the TiO2
barrier layer thickness (6b) at the bottom of the NTs was also estimated from the j(t)
curve [Fig. 2(c)]. According to the high-field conduction theory, the current density (j) is

related to the voltage (V) drop across the barrier layer as follows:

gL
J=ac, (1)




where a and B are electrolyte and material dependent constants (2.4 x 1037 Anm and
56 nm V1, at room temperature respectively) and the (V/3b) ratio is the effective
electric-field across 8b.*®2>4” From eqn (1) we obtain,
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during the anodization. Note that even if the effective area changes during the

(2)

anodization, its impact on the extracted value db is small, justifying the use of eqn (1).
Since the electrical resistance (R) across the Pt electrode—electrolyte—Ti electrode is
initially small, the current density starts with a large value, j(t * 0) ~ 65 mA cm [Fig.
2(a)]. Then, a continuous TiO2 barrier layer is rapidly formed, substantially increasing R
(rapid j decrease; stage 1) until a minimum (jmin) is reached (stage 2). This minimum
corresponds to the maximum of 8b. The subsequent increase of j (stage 3) indicates a
Ob decrease, which persists until j reaches a maximum (jmax) and db reaches a local
minimum (stage 4). From this point onwards new electrochemical processes come into
play, as evidenced from the slow j decrease, indicating a slow-rate increase of db (stage
5).

Commonly, jmin is associated with the onset of NT nucleation,3* likely on the surface
valley-type irregularities, where the higher electric field enhances oxide dissolution and
hole formation. To deeply study the effects of topography on NT nucleation and growth,
high resolution measurements of the time derivative (dj/dt vs. t) were used to
investigate the subtle features present in j(t) [Fig. 2(b)]. One sees that dj/dt exhibits no
singularity or change of behavior at j = jmin and thus jmin cannot represent the
beginning of the nucleation stage. In fact, considerably before reaching jmin [jl in Fig.
2(a)], dj/dt significantly slows down likely reflecting early random nucleation and pore
formation by chemical dissolution (F ions) in favorable spots of the TiO2 surface.*®
Although ob is still increasing [Fig. 2(c)], indicating Ti oxidation dominance, the
progressive emergence of the pores (the local dissolution of db gradually increases)
reduces the effective barrier resistance-rate increase. There is then a competition
between electrochemical Ti oxidation (increasing R) at the Ti/oxide interface and TiO2
dissolution (lowering R) at the oxide/electrolyte interface. Accordingly jmin marks the
balance between the two processes, thus the limiting oxide thickness (dbmax). In other
words, oxidation is weakened by the increase of &b, which progressively restrains 0>
electromigration through the thick TiO2 barrier, whereas the F~ dissolution processes
continue smoothly at the TiO2/electrolyte interface (Fig. 3). Consequently, 5b decreases
after jmin (smaller rate of Ti oxidation), while the tube formation accelerates, as
evidenced by the increase of dj/dt up to the j(t) inflexion point at jll (maximum dj/dt). It
is likely that a sufficient number of NTs already exist at jll, but the tube-formation
process goes on until it effectively eliminates the available oxide regions for nucleation.
Ultimately, saturation occurs at jmax, where dj/dt = 0 (and db is minimum). From this
point onwards, the incipient NTs adjust and compete among themselves to improve the



degree of order in a self-organized process. In this stage, db slightly increases,
particularly between jmax and jlll, which marks the onset of a new regime. Notice that
the nucleation time can now be defined as Atn = tnlll - tnl, where tnlll marks the kink at
jlll and tnl marks the beginning of nucleation at jl. As the anodization proceeds, the
formed NTs grow at a constant rate and 8b would remain constant if Ti oxidation
balanced oxide dissolution.”®1%1> However, at this stage (j < jlll), the
oxidation/dissolution processes are not quite in equilibrium, the TiO2 dissolution being
lower than its formation. This results in a smooth increase of db after the jlll kink and
the consequent slow decay of j(t) (stage 5). This is related to the lack of F ions at the NT
bottoms, since they are difficult to replace by fresh ones due to the high viscosity of the
electrolyte. As the NTs grow, large diffusion distances (lengths) must be travelled and
thus longer times are required to renew the F concentration at the pore bottom.
Consequently, the oxidation at this stage becomes higher than the dissolution, leading
to an increase of 8b that further inhibits the transport of F, Ti** and O% ions across the
barrier'? (Fig. 3) and further limits NT growth (stage 6).
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Fig. 2 (a) Transient period of the anodization curves for the EP sample; (b) the

corresponding derivate and (c) 0b associated with different stages of the TiO2 NT growth
mechanisms.
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Fig. 3 Schematic diagram illustrating the ion diffusion profiles inside the NTs during the
anodization. The dissolution of TIO2 occurs at both the top and the bottom of the NTs,
while the oxidation occurs only at the bottom.

Growth mechanisms for different levels of roughness.

The j(t) curves of the samples subjected to different pre-treatments used in this work
are shown in Fig. 4(a). The j(t) transient of the MP sample substantially differs from all
others in two critical aspects: (i) an extended period of time over which low-rate pore
nucleation smoothly takes place and (ii) the fairly small j(t) values over such a region,
indicating the growth of a thicker TiO2 barrier layer [Fig. 4(c)]. This is at first sight
unexpected when compared to the EP sample, which presents similar Rq values (2.4 nm
versus 1.0 nm of the MP sample). However, the MP sample has an almost flat and
smooth surface, whereas the EP surface reveals unique periodical rippled structures
[Fig. 1(d) and (e)]. These ripple structures act as nucleation points (valleys) so that
nucleation occurs simultaneously on many sites, making the overall nucleation time
fairly short. In opposition, the lack of topographic irregularities in the MP sample leads
to longer nucleation times (longer Atn) and a fairly low jmin value (1.5 mA cm), i.e. a
thicker 8b. The rapid dissolution rate of the EP sample is clearly observed in the dj/dt
and ob curves [Fig. 4(b) and (c)]: after jmin the pore dissolution accelerates as ob
decreases, with dj/dt rapidly reaching its maximum value at the inflexion point (jll),
appearing much earlier than for the MP sample. Additionally, the MP sample exhibits a
much higher and broader dbmax peak [Fig. 4(c)], confirming the much slower dissolution
rate during the porous formation. The consequence is the absence of the typical
shoulder-like behavior in j(t) ascribed to the competition between growing NTs and
consequent organization quality,3>3® being more readily organized during the slow



oxide-dissolution process. On the other hand, in the EP sample the vigorous faint
dissolution rapidly leads to a pronounced jmax and a shoulder-like trend. Furthermore,
in the inset of Fig. 4(c) we notice that at the end of the anodization, samples with lower
Rq (MP and EP) exhibit a final db-value lower than samples with higher Rq (CE and AR).
Fig. 5 shows a SEM image (backscattered mode) of the MP sample, with b = 73 nm, in
excellent accordance with the value obtained using the curve db(t) [Fig. 4(c)] after 17 h
of anodization. The j(t) curve of the AR sample presents a similar shape to that of the EP
sample, i.e. a smaller Atn despite its larger Rg. This shows that both samples have
enough easy-nucleation spots related to the topographic valleys. Nevertheless, the
ripple EP valley structure favors earlier and faster organized nucleation (smaller Atn)
than the broader random valleys of the AR sample. The previous analysis of the
anodization curves of the MP, EP and AR samples clearly reveals the importance of the
surface topography details (smooth, ripple-like and random broad valleys) in promoting
effective nucleation spots and thus the earlier emergence of NT nucleation and lower
Atn: Atn(EP) < Atn(AR) < Atn(MP). Fig. 6 shows jmin and jmax - jmin as a function of Rq
for the AR, EP and MP samples. With the decrease of Rq, jmin also decreases and higher
jmax - jmin values are reached. Therefore, Ti surfaces with lower Rq lead to higher TiO2
oxide barriers (dbmax) and quality, since less defects are present in the primordial Ti
surface, and the dominant oxidation process [at stage (1)] delays dissolution. Moreover,
lower Rq leads to thinner dbmin and db during the anodization, which allows higher j(t)
(due to a more uniform and optimized electric field and current) and consequently an
increase of the NT growth rate.

The particular case of high roughness. The sample pre-treated with CE shows different
j(t) behavior from those previously discussed (or shown in the literature) due to severe
chemical etching effects (rise of Rq from 8.3 nm to 37 nm; see Fig. 1). In particular, it is
difficult to directly extract key-values such as Atn from the j(t) curves. One simply
observes a monotonic decrease of j along the whole anodization period, indicative of
stronger oxidation than dissolution processes. This explains the absence of the typical
transient period with nucleation and dissolution stages, as well as jmax and jmin. The
AFM topographic imaging was performed after 17 h of anodization and after removal of
the TiO2 NT template (Fig. 7). The Ti surface revealed the characteristic pre-pattern left
by the NTs, but different areas of organization and depth can be observed [zones 1 and
2 in Fig. 7(a)]. The regions with higher depth (zone 2) reached a higher anodization
growth rate since these areas correspond to the primordial etched Ti surface with valleys
(topographic minima). In contrast, the regions with hills had a lower anodization growth
rate and showed a lower depth (zone 1). Therefore, the measured macroscopic j(t) curve
has contributions from many different anodization zones.



1. (a)
80 o ;
]
S50 ==
g 10
E T w T T T T - w T T T
E 100 200 300 400 500 600 FOO  S00 900 1000
= 1 £{rminy
=< e
5- - -
WP
g: T T T T T T
EFP (b)
Jar
e I | B N, "y, N N, ¥ W v IiiiisigassEEEENE
k= Laaestt
E
< AR As-rolled
E, - CE Chemical etching
2 -5 4 +  EP Electropolishing
= - MP Mechanical polishing
g
]
|P T T T T T T T T T
(c)
74
p
100 2000 300 400 500 600 VOO 800 900 1000
f{min}
I r — — —
0 32 L 5 B 7

£(min)

Fig. 4 (a) Current density anodization curve transient for 8 min of anodization (inset: 17
h of anodization); (b) corresponding derivatives; (c) TIO2 barrier layer thickness (8b) for
8 min of anodization (inset: 17 h of anodization) for the AR, CE, MP and EP samples.
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Fig. 5 Measurements of db after 17 h of anodization for the MP sample in SEM
backscattered mode.
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Fig. 7 (a) AFM image of the Tl surface of the CE sample after 17 h of anodization and
removal of the TIO2 NT template; after the anodization the Ti surface reveals the NT
array hexagonal pattern. There are two different zones with different growth rates: zone
1 with a slower anodization growth rate and zone 2 with a higher anodization growth
rate; (b) the corresponding section of the height profile.

3.3 Growth rate of anodization charge curves

Fig. 8 shows the charge curves Q(t) obtained from the j(t) data. The Q(t) curves of all
samples present non-linear shapes characteristic of non-steady state processes. The
decrease of the slope during the Ti anodization is due to the lack of an oxidation-
dissolution balance (Ti oxidation is higher than TiO2 dissolution) that leads to an increase
of db as the anodization proceeds [Fig. 4(c)].

The Q(t) slope of the EP and MP samples is higher than that of AR and CE samples for
the entire anodization period (Fig. 8). This behavior is related to the steady-state balance
between the oxidation and dissolution processes in the EP and MP samples. Even though
the MP and EP samples have almost the same final charge transfer of 3900 C after 17 h,
the slope's trend is significantly different: whereas Q(t) behavior in the MP sample is
rather linear, providing an almost constant rate growth, the EP presents two distinct
growth regimes. After 500 min of anodization time, the growth rate of the EP sample
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slows down due to the thicker db [Fig. 4(c)] ultimately being surpassed by the MP
sample.

The charge transferred during the anodization process was found to be related to the
surface Rq. Lower Rq samples present higher j(t) and Q(t) values, since a more
homogeneous electric field over the whole sample is reached, originating an
oxidation/dissolution process more equally balanced and delaying the additional
chemical effects that limit NT growth. As a higher final Q(t) indicates higher NT template
thickness (L), one expects L(MP) > L(EP) > L(AR) > L(CE).

4500
E "~
3500 -
3000
2500 -
iy 2000
o ]
1500
1000 As-Rolled
= Chemical Etching
600 +  Electropolishing
] Mechanical Polishing
o T ] T H T . T T T T
0 200 400 €00 800 1000

t (min)

Fig. 8 Charge [Q(t)] curves obtained by integrating the j(t) anodization curves of the
studied AR, CE, MP and EP samples; the EP sample slows down due to the thicker db
[Fig. 4(c) inset] ultimately being surpassed by the MP sample.

3.4 Nanotube growth

Fig. 9 shows SEM cross-sectional and top view images of the NT templates for all samples
after 17 h of anodization. The resulting template thicknesses are shown in Table 1. The
AR sample has a mean NT template thickness (L) of approximately 89 um, while the CE
sample has (L) = 83 um. On the other hand, the EP and MP samples show a rapid NT
growth and enhanced mean lengths of 125 pm and 128 um, respectively, i.e. a length
increase of over 40% when compared with the AR and CE samples.

Comparing (L) with the Rq results, one can infer that the surface topography is directly
correlated with the NT growth and template thickness (Fig. 10). In fact, the pre-anodizing
surface conditions are crucial to reach higher growth rates and thicker NTs, i.e. by
decreasing Rq, longer NTs are obtained. It is important to notice that the large Rqg value
of the CE sample is responsible for the decrease of the NT growth rate and length up to
660 min anodization time. However, due to the acidity increase of the electrolyte at the
NT top (top dissolution), the F ions can then more easily reach the NT bottom, being
readily available to again increase the NT growth rate. This is clearly seen in the j(t) curve
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presented in the inset of Fig. 4(a), where a jincrease is observed at t = 660 min, indicating
that L restarts to increase. The enhancement of the growth rate concerning EP and MP
samples should result from the decrease of Rq and the presence of small nucleation sites
(see Fig. 11). A smoother surface favors to the mobility of ions in the dominant
anodization processes, promoting greater accessibility of F-ions that reach the Ti surface
and thus favoring the dissolution processes. On the other hand, the additional chemical
effects (namely pH decrease throughout the anodization) are retarded since the
anodization growth limit (i.e. when oxidation surpasses the dissolution, causing a thick
Ob) is delayed. Also, for samples with low Rq, the db increase during the anodization is
slower [inset of Fig. 4(c)], which promotes ion electro-migration (F and O?%) through the
db, fundamental for the dissolution/oxidation balance processes. This is clearly visible in
the MP and EP samples (Rq of 1 and 2.4 nm, respectively) that reach a template
thickness enhancement of over 40%, keeping an almost intact oxide nucleation layer
after 17 h of anodization.

Fig. 9 Top view and cross-section (insets) of the TiO2 NT templates from the different
samples after 17 h of anodization: (a) AR Ti foil, (b) CE, (c) MP and (d) EP.
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Fig. 11 Schematic diagram illustrating the influence of the Ti surface Rq (prior to the
anodization) and topography on the growth mechanisms at the nucleation stage, NT
ordering and length. To have longer and more ordered NTs steady-state anodization,
that delays the dob increase, is crucial.
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3.5 Nanotube array organization

To reveal the degree of organization of the produced NT arrays, we performed a
statistical evaluation of SEM images (25 000x) of the NT template bottoms in a random
area of each sample. Since the analyses of the top surface would show the initial random
nucleation pores, the bottom analyses arise as a more adequate technique to evaluate
the degree of organization.?®%®

Based on this analysis the following parameters were quantified: (i) the NT hexagonal
domain area (delimited area where the NTs have a hexagonal arrangement); (ii) the
organized area (% organized area/total evaluated area); and (iii) the NT density (number
of NTs per unit area) and NT diameter distribution.

NT hexagonal domain area. The degree of order of the NT domains as a function of their
hexagonal arrangement and individual shape was analyzed.?® The NT organization
increases as the NTs tend to pack themselves in a closely packed hexagonal
arrangement, leading to tubes with a hexagonal section. The deviations from this shape
due to Ti defects and grain boundaries result in pentagons, heptagons or circular
shapes.?® To quantify the order-degree of the domains, they were first classified into
two types of classes: class 1 has a lower order-degree domain with an ideal Hexagonal
Closely Packed Array (HCPA) structure, exhibiting NTs with diverse polygon shapes other
than hexagonal; and class 2 domains having a higher order-degree domain with the
same HCPA structure, but each NT exhibiting a hexagonal shape (Fig. 12). To calculate
the domain areas, the HCPA areas of each SEM image were delimited and labeled using
Imagel).* Fig. 13 shows SEM images of the bottoms of the NT layers of each sample (AR,
CE, MP and EP). For each SEM image, besides the delimitation of these HCPA domains,
the maximum sized ones were differently colored as class 1 (orange) and class 2 (green).
Fig. 14 displays the statistical results of the analyzed SEM images. The CE sample displays
large areas with completely disorganized NT arrays (darker areas) of small diameter [Fig.
13(b) and (f)]. Therefore, for the CE sample the statistical calculations were only possible
on the small areas with NTs of large diameters, where some degree of organization
occurs [inset of Fig. 13(b)]. These domains correspond to the valleys present in the Ti
foils after the CE pre-treatment (see AFM images in Fig. 7) where the anodization rate is
higher. In this sample, the obtained ordered array size presents an average value of 0.92
um2. However, the organized area represents only 75% of the total area from the
considered SEM image. The AR, MP and EP samples have the same organized area
fraction (296%), with the MP and EP samples clearly having larger average domain sizes
(0.80 and 0.92 um2, respectively) than the AR sample (0.50 um2). Note that, while the
AR sample presents a class 1 maximum domain size of 1.8 um2, the EP and MP samples
show much larger class 2 maximum domain sizes (6.61 and 4.32 um2, respectively).
Therefore, a clear improvement of the NT quality and organization was obtained with
the simple application of pre-treatments such as EP and MP in the Ti foil before
anodization. The most relevant improvement found was the increase of the class 2
domain size from the EP sample. It is also important to mention that the area for the
class 2 domains in the EP sample (or even in the MP sample) largely exceeds the
maximum value of 1.83 um2 reported in the literature?> (or in the case of nano-porous
template structures the reported domain area is about 0.25-1 um2).27 In fact, the use
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of these pre-treatments pushed NT domain sizes close to the smallest grain diameter of
commercial Ti sheets (5 to 50 um on average).”®

Domain Area (2 Domain Area 5
Class 2 .

Fig. 12 Bottom TiO2 NTs for the two different classes. (a) Class 1: lower order (hexagonal
arrangement; NTs without a hexagonal shape), (b) class 2: higher order (hexagonal
arrangement; NTs with a hexagonal shape).

As-Rolled Chemical Etching Mechanical Polishing Electropolishing
(AR) (CE) (MP)

IO core 1 [ @ o 2

Fig. 13 SEM images of the TiO2 NT bottoms from the different samples: (a) AR, (b) CE,
(c) MP and (d) EP. For each sample, a SEM image was analyzed [(e), (f), (g) and (h)]: the
domain areas (um?) were delimited, labeled (not readable small white labels within each
domain) and the maximum domain area in the image colored with the corresponding
class types (class 1 and class 2).
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Fig. 14 Statistical results of the analyzed NT bottom SEM images for the different
samples, indicating the results obtained for the mean and maximum domain areas (class
1 and class 2) and the organized area (%).

NT density: number of NTs per unit area and NT diameters.

Fig. 15 shows the results of the NT density and diameter (D) of the studied samples. The
average diameter was estimated from the histogram of the size distribution, which was
then fitted to a log-normal distribution (inset of Fig. 15). The decrease of Rq in the MP
and EP samples leads to a decrease in the NT density since D increases. The NT density
is therefore also determined by the Ti Rq prior to the anodization. According to this
relationship one would expect the EP sample, which has a slightly higher Rq than the MP
sample, to have a higher NT density (and a slightly smaller D). The observed smaller
density of the EP sample is related to the fact that this sample has NT arrays with less
space between the hexagon corners than the MP sample. It should be noted that the EP
sample surface showed a pattern with small ripple-like structures, which act as
nucleation points on the valleys, forcing the nucleation to occur simultaneously in an
organized manner. Since this periodical structure has a spacial period of A =97 nm (D ~
157 nm), each valley behaves as a single nucleation site. The NTs then turn to be more
packed and with slightly higher diameters due to an increase of the current * owing
through these sites. Thus, almost no competition exists between the NTs, resulting in
optimized structures. As for the CE sample, the darker disorganized regions correspond
to NTs with small diameters (D = 130 nm and ¢ = 29.4 nm) and a NT density of 57 NTs
per um2. On the other hand, the highly organized areas (zone 2) have NTs with much
larger D (196 nm and ¢ = 0.286 nm) and a density of 32 NTs per um2. This increase of
the diameter is associated with the surface topography that increases the electric field
in the valley-sites.

In the case of the CE sample, the previously mentioned trend of increasing D (and
consequently the NT density) with decreasing Rq (Fig. 15) is not completely valid.
Although non-organized areas indeed show the expected trend, in the organized areas,
the Rq increase leads to an increase in D. Remember the special behavior of this sample
(in subsection “The particular case of high roughness.”), where two different areas cause
different anodization conditions and consequently NT organization, diameters and

18



density. Indeed, Raja et al. suggested that pore ordering originates from the effect of
local surface perturbations that causes the increase of the strain energy, i.e.
electrostriction, electrostatic and recrystallization stresses at the valleys.>! Since the
surface energy acts as a stabilizing force on a plane surface, when perturbed by a
sinusoidal morphology the energy density varies across the hills and valleys, showing
higher stress concentration and strain energy on the latter and leading to F- migration
and adsorption where the NT structure first occurs. Thus, due to the periodic
perturbations of such ripples, the electric field is higher on the valleys, which results in
NT growth in these sites. Therefore, one of the main achievements of this study is the
experimental proof that the NT diameter is not only associated with the anodization
potential but also with the Ti surface conditions.
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Fig. 15 Density number of NTs per area (NTs per um?), NT diameter (D) and standard
deviation (o) for the AR, MP and EP samples. D and ¢ were calculated by performing a
histogram of the NT diameter distribution and a log-normal fit; the upper inset shows
the NT D histogram and log-normal fit of the EP sample.

Electropolishing as a one step anodization route.

MP and EP pre-treatments led to the best results, both regarding the total NT length and
their level of organization. Nevertheless, to achieve MP samples with a high level of
smoothness (Rg~ 1 nm) is a long and expensive process with low reproducibility. In this
context, the EP process becomes more attractive and easy to perform. Despite not
leading to the smallest Rq values, the EP pre-treatment actually facilitates NT growth
and organization due to the intrinsic formation of the periodic ripples pre-patterned in
the Ti surface. This process is similar to the two-step anodization where the dimple
pattern left by the first anodization is crucial to achieve the ideal hexagonal ordering in
the second step.3* These dimples on the Ti surface act as initiation sites for tube growth
and thus may well be a pre-condition to obtain extended order.
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Macak et al. showed that performing two step anodization on Ti foils significantly
improves the hexagonal ordering, decreasing the number of packing errors (pentagons,
heptagons, etc.), although it further increases the number of anodization steps.?® In the
present work, we explained that MP and EP pre-treatments successfully led to the best
results: NT length and their level of organization, avoiding the second anodization.
However, to achieve MP samples with a high level of smoothness (Rq ~ 1 nm) is a long,
hard and expensive process with low reproducibility. The use of EP pre-treatment leads
to highly hexagonal self-ordered samples with large domains of organization at a
reduced time and cost. In this context, the EP process becomes more attractive and easy
to perform.

Furthermore, the degree of order can be evaluated calculating the porosity (P) of the NT
arrays. For an ideal hexagonal arrangement of pores, P can be estimated using:

P

2w D, 2N
—T( i ) - (3)
"..-'3 -Unll

where the pore diameter is Dp = 2r and Dint is the interpore distance. Using Imagel) we
calculated a mean wall thickness of w ~ 51.78 nm (SEM image of the MP sample of Fig.
5) and with the external diameter previously extracted from the histogram analyses
(D =158.3 nm), we obtain the internal diameter Dp = 54.78 nm. Due to the hexagonal
geometry, we considered the interpore distance (Dint) equal to the external diameter
(D = Dint). Using eqn (3), Dp = 54.8 nm and Dint = 158.3 nm, we obtain a porosity of P ~
10.8%. The NT templates thus present a porosity close to the 10% benchmark reported
for the self-organized-regime in AAO templates.??

The closely packed hexagonal structure with a degree of order comparable to that of
AAO templates was not reported so far for TiO2 templates. Comparing the results
achieved in this work with the already reported domains of 1.83 pum? with 20% of
porosity,?> the proposed approach contributes to the improvement of both ordered
(HCP) domain areas and porosity of hexagonal arrays of TiO2 nanotubes.

4. Conclusions

By bonding the formation and growth mechanisms of the TiO2 NTs with the analyses of
the anodization curves, this work reveals a new overriding anodization parameter, the
Ti surface roughness, capable of inducing a higher growth rate (extended NT length) and
improved self-organization.

The analyses of the anodization curves, j(t), dj/dt and Q(t), clearly revealed the
importance of the surface topography details: ripple-like (EP) and random broad (AR)
valleys promote effective nucleation spots and thus the earlier emergence of NT
nucleation and lower Atn than a smoother topography (MP). Furthermore, the samples
with lower Rq (and the presence of small nucleation sites) show a uniform enhancement
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of the growth rate as well as a highly organized array. With a lower surface Rq, we obtain
a more homogeneous electric field over the sample surface, causing a thinner db that
promotes ionic electromigration (F- and 0?%) through 8b. This is fundamental for the
dissolution/oxidation balance in steady state anodization. Indeed, samples with
smoother surface Rq (MP and EP) presented higher j(t) and Q(t), a thinner db and a
smaller 0b(t) increase during the anodization. Furthermore, a smoother surface
promotes a higher mobility of F~ions in the dominant anodization processes, promoting
greater accessibility of F~ions to reach the Ti surface (and thus favoring the dissolution
processes), overcoming the main cause of increasing db. Also, the additional chemical
effects (namely pH decrease throughout the anodization), which limit the NT growth and
lead to a non-steady state anodization, are delayed since the anodization growth limit
is postponed. We observed that the degree of ordering is highly extended by decreasing
Rg. We developed a new method to quantify the degree of such organization including
the measurement of HCPA domain areas. Large areas with an ideal structure
represented by a HCPA of hexagonally arranged cells were obtained (4.32 and 6.61 um?
for MP and EP samples respectively), two times larger than those previously reported.
Furthermore, the obtained TiO2 NT array structures present a degree of order
comparable to that of AAO templates (a porosity of 11%).

Finally, we emphasize that by using a single anodization step with the presented
optimized pre-treatments one can produce high quality TiO2 NT arrays, with large
organized domains at a reduced time and cost, making it a straightforward application
on Ti foils.
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